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     Although microorganisms (archaea, bacteria), micro-eukaryotes (fungi), and macro- and 
mesofauna represent major components of the environment, we are far from appreciating 
their identity, diversity, functions, the interactions established between them, and lastly their 
relative impact on the ecosystem functioning [1, 2]. In both terrestrial and aquatic ecosys-
tems, they represent a considerable fraction of the living biomass [3] and several studies have 
now highlighted their key role in processes such as nitrogen and methane cycles, organic 
matter degradation, soil quality, and plant health and nutrition [4]. Most of the current 
knowledge was generated using monospecifi c or reductionist approaches, balancing between 
cultivation-dependent (sampling of organisms, morpho/phenotyping, physiological and 
biochemical characterization) and -independent approaches mostly based on low-through-
put sequencing technologies (e.g., fi ngerprinting or cloning/sequencing). Such approaches 
were, and remain, very important as they enroot the current physiological and biochemical 
knowledge of the microorganisms, macro- and mesofauna, and give the relevance to the 
content of gene or protein sequences of the international databases. However, the recent 
revolution in sequencing technologies with the advent of the high- throughput methods 
(454 pyrosequencing, Illumina, Ion Torrent, PacBio, etc.), associated with a real decrease in 
the sequencing cost, is now opening the way to really appreciate the tremendous distribution 
and diversity of our micro- and macroorganisms neighbors [5]. Aside from the sequence-
based approach, more and more analysis based on high- throughput chemical screening of 
environmental libraries (genomic DNA and cDNA cloned in expression vectors) are devel-
oped, revealing the common effort of the biologists to decipher the diversity and function of 
these organisms, especially the nonculturable and rare ones. At last, statistical analysis, mod-
eling, and bioinformatics are rapidly becoming more accessible to single investigator labora-
tories [6]. All these aspects have really revolutionized microbial ecology giving emergence to 
a new research fi eld entitled “Microbial Environmental Genomics.” Microbial environmen-
tal genomics seeks to understand how organisms and gene functions are infl uenced by envi-
ronmental (biotic and abiotic) cues while accounting for variation that takes place within and 
among environmental populations and communities. By combining multiscale and multidis-
ciplinary methods, we are now able to depict the complex assembly of organisms of the 
environment and to decipher their functional role (Fig.  1 ). Such developments should per-
mit to improve our ability to develop predictive models to better integrate the relative role 
of these organisms in the biogeochemical cycles and the ecosystem functioning [7].

   In this context, this book presents a series of 17 chapters to guide research into the 
identifi cation of still unknown organisms, of novel functional genes, and how environmental 
conditions drive gene responses and the fi tness of the complex guilds of organisms inhabit-
ing our environment. Methods to analyze the diversity of different organism types are pre-
sented in Chapters   1    –  8    , covering the archaea, bacteria, fungi, protists, and soil fauna. Chapter 
  9     presents a method to decipher the interactions between fungi and trees using RNA stable 
isotope probing (RNA-SIP). Notably, methods to identify and characterize functions 
and functional diversity of both pro- and eukaryotes are presented in Chapters   10    –  16    . 
Those include protocols for gene hybridization (gene capture, geochips), DNA stable iso-
tope probing, construction and screening of metagenomic and metatranscriptomic libraries, 
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and for bioinformatics analyses (MG-RAST). Chapter   17     presents a method to analyze both 
taxonomic and functional diversity using ancient DNA. We envision that this book will serve 
as a primary research reference for researchers and research managers in environmental 
microbiology working in the expanding fi eld of molecular ecology and environmental 
genomics. The level of presentation is technically advanced with a strong emphasis on 
describing cutting-edge protocols in light of the possible future directions for research.

Champenoux, France Francis Martin
 Stéphane Uroz  
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    Chapter 1   

 “Deciphering Archaeal Communities” Omics Tools 
in the Study of Archaeal Communities                     

     Lejla     Pašić     ,     Ana-Belen     Martin-Cuadrado     , 
and     Purifi cación     López-García      

  Abstract 

   Archaea constitute one of the three recognized phylogenetic groups of organisms living on the planet, and 
the latest to be discovered. Most Archaea resist cultivation and are studied using molecular methods. 
High-throughput amplicon sequencing and metagenomic approaches have been key in uncovering hith-
erto unknown archaeal diversity, their metabolic potential, and have even provided an insight into genomes 
of a number of uncultivated members of this group. Here, we summarize protocols describing sampling, 
molecular, metagenomic, and metatranscriptomic analyses as well as bioinformatics approaches that have 
proved useful for the study of archaea in natural samples.  

  Key words     Archaeal communities  ,   Metagenomic DNA  ,   Small insert-size library  ,   Large insert-size 
library  ,   Single-cell genomics  ,   Bioinformatic analysis  

1      Introduction 

  Archaea   constitute one of the three recognized  phylogenetic   
groups of organisms living on the planet, and the latest to be 
discovered [ 1 ]. Exploration of  microbial diversity   in diverse 
 ecosystems   made manifest that  archaea   hold records of 
extremophily [ 2 ,  3 ] and seem particularly well adapted to limit-
ing energy conditions [ 4 ]. However, they also thrive in non-
extreme environments [ 5 ,  6 ]. 

 Because  archaea   are diffi cult to get in culture, the use of 
molecular methods has been a key in uncovering a hitherto 
unknown archaeal  diversity  , including novel, highly divergent lin-
eages (Fig.  1 ). For instance, the molecular exploration of archaeal 
 diversity   in the environment revealed the occurrence of several 
new groups of  archaea   (groups I–IV) in marine plankton [ 7 – 10 ]. 
Whereas groups II–IV defi ned new mesophilic lineages within 
the Euryarchaeota, group I  archaea   turned out to be an indepen-
dent archaeal phylum, the Thaumarchaeote [ 11 ]. The discovery 
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of other potential new phyla, Aigarchaeota and Korarchaeota, 
forming a monophyletic group with Thaumarchaeote and with 
the Crenarchaeota has led to the proposal of the “TACK” 
 superphylum [ 12 ]. It was thanks to metagenomic analyses show-
ing the presence of  amo  genes, encoding different subunits of 
ammonium  monooxygenase, that the ability to oxidize ammonia 
aerobically was fi rst proposed as potential energy metabolism for 
the so-far uncultured members of Thaumarchaeote [ 13 ,  14 ]. 
This led to the isolation of the fi rst axenic culture for a 
thaumarchaeote, the aerobic ammonia-oxidizing chemolithoau-
totroph  Nitrosopumilus maritimus , and subsequently led to the 
discovery that Thaumarchaeote play a major ecological role as 
nitrifi ers in the global nitrogen cycle [ 15 ]. Other metagenomic 
studies of archaea have also provided clues on the metabolic 
potential of uncultured  archaea  , for instance, Group II 
Euryarchaeota [ 16 – 19 ]. Moreover, the reconstruction of archaeal 
genomes or pangenomes from  metagenomes   has also started to 
provide interesting evolutionary information, for instance on the 
genome plasticity of extreme halophilic  archaea   in saturated 
brines [ 20 ] or on the large impact of interdomain gene transfer 
affecting Thaumarchaeote and marine Groups II and III 
Euryarchaeota [ 18 ].  Single-cell genomics   appears as a comple-
mentary approach, not exempt of diffi culties ( contamination  , 
biased genome amplifi cation) to  metagenomics  , and a more 
direct approach to get functional and evolutionary information 
from specifi c organisms in complex communities [ 21 ]. In addi-
tion to the above approaches,  metatranscriptomics   and other 
RNA-based analysis (e.g., [ 22 ]) as well as metaproteomics and 
metabolomics are promising tools to better understand archaeal 
 function   in nature.

   With increasingly improving and cheaper  high-throughput 
sequencing  , the bottleneck no longer lies on sequencing tech-
niques, but on access and appropriate preparation of environmen-
tal samples and on the subsequent  bioinformatic   analyses.  Archaea   
present specifi c challenges on two grounds. From an experimental 
point of view, environmental studies of  archaea   are challenging 
because many of them are extremophiles thriving in diffi cult-to- 
sample habitats, such as deep-sea vents or the deep subsurface. 
Special equipment and conditions are therefore required. Also, the 
physicochemical nature of their environment imposes constraints 
on sample preparation. For instance, low or high pH or high salt 
may alter the effi cacy of cell lysis and nucleic acid purifi cation of 
most commercial kits. In addition, because  archaea   have specifi c 
molecular adaptations, especially resistant lipids and S-layers, cell 
lysis may be challenging and part of the archaeal population may 
escape lysis protocols that work well for their bacterial or eukary-
otic counterparts. Therefore, samples must be treated accordingly 
to overcome such diffi culties. For the  bioinformatic   analyses, 

“Deciphering Archaeal Communities” Omics Tools in the Study of Archaeal Communities
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 archaea   may represent a challenge because of the lack of reference 
genomes for many archaeal lineages that remain uncultured. Some 
 archaea   have also extremely low GC content [ 23 ], making more 
diffi cult some in silico analyses. In the present chapter, we briefl y 
describe protocols describing sampling, molecular, metagenomic, 
metatranscriptomic, and  single-cell genomics   strategies that spe-
cifi cally deal with these problems and have proved useful for the 
study of  archaea   in natural samples (Fig.  2 ).

2                 Materials 

     1.    Discrete sampler (CTD incorporated in an array of Niskin bot-
tles) or continuous sampling equipment. The latter may be a 
hose reinforced with fi bers or steel cord (15 mm diameter hose 
LT 362 25 031318, NOVA Agricola (  http://www.novaagri-
coladebraga.com/    )) connected to a water pump (Sterwins 
Jet-2 900 W, H max  40 m, Q max  3600 L/h, ADEO services 
(  http://www.adeo.com/    )).   

   2.    Sterile water/soil/ sediment   containers. Use amber containers 
when sampling aphotic environments, and heat-resistant 
thermo-containers when sampling hot environments.   

   3.    Grab sampler or core box. Alternatively,  sediment   can be sam-
pled using a sterile forceps or a syringe.   

   4.    Dry ice/liquid nitrogen containers and transport containers.    
    1.    0.22 μm Sterivex™ fi lter units and/or mixed  cellulose   ester 

hydrophilic fi lters with radius 90 mm/142 mm/293 mm and 
pore sizes 5.0 μm and 0.22 μm (MF-Millipore ® , EMD 
Millipore,   http://www.emdmillipore.com/    ).   

   2.    Peristaltic pump Millipore Easy-load Master-Flex (MF- 
Millipore  ® , EMD Millipore (  http://www.emdmillipore.
com/    )) ( see   Note 1 ).   

   3.    Standing Stainless Steel Filter Holders (90 mm, 142 mm, and 
293 mm) (MF-Millipore ® , EMD Millipore (  http://www.
emdmillipore.com/    )).   

   4.    Sucrose lysis buffer (SLB): 40 mM EDTA, 50 mM Tris-base, 
0.75 M sucrose, pH 8.3. Filter or sterilize by autoclaving for 
20 min at 121 °C.   

   5.    Low temperature freezer (−80 °C) (Heto, ThermoFisher 
Scientifi c (  http://www.thermoscientifi c.com    )).   

   6.    RNAlater (Ambion Inc. (  www.lifetechnologies.com    )). 
Cryovials V5132 Sigma (Nalgene, (  http://www.thermoscien-
tifi c.com/    )).   

   7.    Acid-washed beads 710–1180 μm (Sigma-Aldrich (  http://
www.sigmaaldrich.com    )).   

Lejla Pašić et al.
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  Fig. 2    Workfl ow of methods currently used in omics studies of archaeal communities       
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   8.    TE buffer: 10 mM Tris, 1 mM EDTA, pH 8.0 (all Merck & 
Co., Inc. (  http://www.merck.com    )). Autoclave for 20 min at 
121 °C and store at room temperature.   

   9.    50 % (v/v) glycerol stock solution (50 %): molecular-grade 
87 % glycerol aqueous solution (Sigma-Aldrich (  http://www.
sigmaaldrich.com    )) in TE buffer (Sigma (  http://www.sig-
maaldrich.com    )). Pass it through a 0.1 or 0.22 μm syringe fi l-
ter. Store at −20 °C for up to 1 year.   

   10.    50 % betaine stock solution: anhydrous betaine (Sigma-Aldrich 
(  http://www.sigmaaldrich.com    )) in distilled water. Pass it 
through a 0.1 or 0.22 μm syringe fi lter. This stock can be 
stored at 4 °C for up to 1 year. Re-fi lter it before every use.    

    1.    Acid-washed beads 150–212 μm (Sigma-Aldrich (  http://
www.sigmaaldrich.com    )).   

   2.    15 mL Conical Centrifuge Tubes (Fisher Scientifi c (  http://
www.fi shersci.com/    )).   

   3.    Heating cabinet (  www.genlab.co.uk/drying-warming-cabinets    ).   
   4.    Digester (Waldner Laboratory Systems).   
   5.    Amicon-15 Centrifugal Filter Units with NMWL 30 kDa 

(EMD Millipore (  http://www.emdmillipore.com/    )).   
   6.    10 mg/mL lysozyme (Sigma-Aldrich (  http://www.sigmaal-

drich.com    )).   
   7.    20.2 mg/mL  proteinase K   (Fermentas (  www.thermoscienti-

fi cbio.com/fermentas/    )).   
   8.    10 % sodium dodecyl sulfate (SDS) (Sigma-Aldrich (  http://

www.sigmaaldrich.com    )).   
   9.    Phenol:chloroform:isoamyl alcohol (25:24:1; pH 8.0) (Sigma- 

Aldrich (  http://www.sigmaaldrich.com    )).   
   10.    Chloroform:isoamyl alcohol (24:1) (Sigma-Aldrich (  http://

www.sigmaaldrich.com    )). Absolute ethanol (Merck & Co., 
Inc. (  http://www.merck.com    )).   

   11.    Mo Bio PowerSoil™ DNA extraction kit (Mo Bio (  www.
mobio.com/    )).   

   12.    Resuspension buffer: TE buffer (pH 8.0), 4 mg/mL lysozyme, 
0.2 mg/mL  proteinase K  . (The reagents were purchased from 
Sigma-Aldrich (  http://www.sigmaaldrich.com    )).   

   13.    RNeasy Mini Kit (Qiagen (  http://www.qiagen.com    )).   
   14.    2000 U/mL DNase I with 10× buffer (New England Biolabs 

Inc (  http://www.neb.com    )).   
   15.    50 μM Random Primers (Invitrogen (  http://www.lifetech-

nologies.com    )).   
   16.    SuperScript ®  III Reverse Transcriptase Kit (Invitrogen (  http://

www.lifetechnologies.com    )).   
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   17.    RNaseOUT ®  Recombinant Ribonuclease Inhibitor (Invitrogen 
(  http://www.lifetechnologies.com    )).   

   18.    10 mM dNTP Mix (Invitrogen (  http://www.lifetechnologies.
com    )).   

   19.    10,000 U/mL DNA polymerase I with 10× NEBuffer 2 (New 
England Biolabs Inc (  http://www.neb.com    )).   

   20.    10,000 U/mL  E. coli  DNA ligase (New England Biolabs Inc 
(  http://www.neb.com    )).   

   21.    2 U/μL ribonuclease H (Invitrogen (  http://www.lifetechnol-
ogies.com    )).   

   22.    PowerSoil™ Total RNA Isolation Kit (Mo Bio (  www.mobio.
com/    )).   

   23.    5 U/μL  Taq  polymerase (Invitrogen (  http://www.lifetech-
nologies.com    )).   

   24.     RNAse   ZAP RNase Decontamination Solution (Life 
Technologies (  http://www.lifetechnologies.com    )).   

   25.    End-It™ DNA End-Repair Kit (Epicentre (  www.epibio.com    )).   
   26.    QIAquick GEL extraction kit (Qiagen (  www.qiagen.com/    )).   
   27.    QIAquick PCR purifi cation kit (Qiagen (  www.qiagen.com/    )).   
   28.    pGEM ® -T Easy Vector System (Promega (  www.promega.

com/    )).   
   29.    Electrocompetent  E. coli  JM109 cells (Promega (  www.pro-

mega.com/    )).   
   30.    CHEF-DR ®  III Pulsed Field Electrophoresis Systems (Bio- 

Rad (  http://www.bio-rad.com/    )).   
   31.    CopyControl™  Fosmid   Library Production Kit with pCC1FOS 

vector (Epicentre (  www.epibio.com    )).   
   32.    Nunc ® 96 DeepWell™ plates (Sigma-Aldrich (  http://www.sig-

maaldrich.com    )).   
   33.    2 mL Eppendorf Safe-Lock Tubes™ (Eppendorf (  http://

www.eppendorf.com/    )).   
   34.    0.22 μm fi lter (Millex ® -GS fi lters, and EMD Millipore (  http://

www.emdmillipore.com/    )).   
   35.    40 μm BD falcon nylon cell strainer (BD Biosciences (  http://

www.bdbiosciences.com    )).   
   36.    Sheath fl uid: dissolve combusted (2 h at 45 °C) NaCl in DNA- 

free deionized water to a fi nal concentration of 1 %.   
   37.    10,000× SYBR Green fl uorescent nucleic acid dye (Invitrogen 

(  http://www.lifetechnologies.com/    )).   
   38.    Lysis buffer D2 and stop solution. It contains potassium 

hydroxide and it is corrosive and harmful. Avoid skin contact, 
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eye contact, and ingestion (REPLI-g Single Cell Kit (Qiagen, 
  www.qiagen.com/    )).   

   39.    RepliPHI Phi29 reagents kit (Epicentre (  www.epibio.com    )).   
   40.    50 μM random hexamers (Invitrogen (  http://www.lifetech-

nologies.com/    )). Order with “standard desalting” and “hand- 
mix randomization” parameters. Hexamers should have 
phosphorothioate bonds between the last two nucleotides at 
the 3′ end (5′-NNNN*N*N-3′). Store aliquots at −20 °C for 
1 year.   

   41.    Dimethylsulfoxide (DMSO) (Sigma-Aldrich (  http://www.
sigmaaldrich.com    )).   

   42.    50 mL Conical Centrifuge Tubes (Fisher Scientifi c (  http://
www.fi shersci.com/    )).   

   43.    Cell sorter (e.g., Infl ux (BD Biosciences) or MoFLo (Beckman 
Coulter)).   

   44.    Corning ®  96 well plates, UV-transparent (Sigma-Aldrich 
(  www.sigmaaldrich.com    )).   

   45.    SYTO 13 nucleic acid stain (Invitrogen   http://www.lifetech-
nologies.com/    ).   

   46.    Nextera ®  XT DNA Sample Preparation Kit (  http://www.illu-
mina.com/    ).   

   47.    GS FLX Titanium Rapid Library Preparation Kit (  http://454.
com/products/gs-FLX-system/    ).   

   48.    3 M sodium acetate (pH 5.5): 24.61 g of sodium acetate in 
80 mL of double distilled water. pH should be adjusted to 5.5 
with glacial acetic acid and the solution should be made to 
100 mL with double distilled water (The reagents were pur-
chased from Sigma-Aldrich (  https://www.sigmaaldrich.
com/    )). Sterilize by fi ltration and store at room temperature.   

   49.    Absolute ethanol (Merck & Co., Inc. (  http://www.merck.
com    )).   

   50.    Isopropanol (Merck & Co., Inc. (  http://www.merck.com    )).   
   51.    98 % dithiothreitol (DTT) (Sigma-Aldrich (  https://www.sig-

maaldrich.com/    )).   
   52.    100 mM dATP (Thermoscientifi c (  http://www.thermoscien-

tifi c.com/    )).   
   53.    Phosphate buffered saline (PBS): 8 g NaCl, 0.2 g KCl, 1.44 g 

Na 2 HPO 4 , 0.24 g KH 2 PO 4  per 1 L, pH 7.4 (The reagents 
were purchased from Merck & Co., Inc. (  http://www.merck.
com    )). Autoclave for 20 min at 121 °C or fi lter-sterilize and 
store at room temperature.   

   54.    LB medium: 10 g tryptone, 5 g  yeast   extract, 10 g NaCl, dis-
solve in 1 L of distilled water. Autoclave for 20 min at 121 °C 
and store at room temperature.   
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   55.    Agarose Low Melting (Roth,   https://www.carlroth.com/    ).   
   56.    10× TBE buffer (Thermoscientifi c (  http://www.thermoscien-

tifi c.com/    )).   
   57.    34 mg/mL chloramphenicol in 100 % ethanol (Sigma-Aldrich 

(  http://www.sigmaaldrich.com    )): Store at −20 °C.   
   58.    100 mg/mL ampicillin in water (Sigma-Aldrich (  http://www.

sigmaaldrich.com    )). Store at −20 °C.   
   59.    Ultrapure nuclease-free water (Sigma-Aldrich (  http://www.

sigmaaldrich.com    )).   
   60.    Sodium hypochlorite solution (Sigma-Aldrich (  http://www.

sigmaaldrich.com    )).    

3      Methods 

   Sampling is perhaps the most important step in an environmental 
study and should be carefully planned ( see   Note 2 ). 

       1.     Collect   between 50 and 300 L of water using the CTD incor-
porated in an array of Niskin bottles or using a pump and 
appropriate pre-cleaned containers ( see   Note 3 ).      

       1.    Sample the soil (~500 g) under sterile conditions. Collect  trip-
licate   samples from soil surface and sieve them through a 
2 mm mesh to remove large particles and plant material. Note 
that at least 0.25 g will be required for  DNA extraction  . Place 
the samples into individual sterile pre-cleaned containers ( see  
 Note 3 ) and keep them on ice until arrival in the laboratory.   

   2.    Use grab sampler or other sediment  sampling   tool to collect 
 sediment   samples in triplicate.   

   3.    Upon collection, subsample the  sediment   samples, homoge-
nize them, and transfer them to the appropriate pre-cleaned 
sample containers. Transport the samples on dry ice. 
Supplement the hot spring  sediment   samples with equal vol-
ume of sucrose lysis buffer (SLB) immediately upon sampling. 
For SLB preparation  see  Subheading  2 .       

          1.    Sequentially fi lter the water samples through 5 μm and 0.22-
μm pore size fi lters using fi lter holders and peristaltic pumping 
system until clogging. At least triplicate fi lters should be pro-
duced ( see   Note 4 ).   

   2.    Conserve Sterivex™ fi lters in Lysis buffer ( see  Subheading  2 ) at 
−20 °C until DNA extraction. If water is fi ltered through 
mixed  cellulose   ester fi lters, store the fi lters in 50 mL conical 
centrifugation tubes at −80 °C  until   DNA extraction.      

3.1  Sampling 
Methods

3.1.1  Water Samples

3.1.2  Soil and Sediment 
Samples

3.2  Sample 
Processing 
and Preservation

3.2.1  Processing 
and  Preservation   of  Water 
Samples   for Metagenomic 
Studies
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       1.    Process the soil  samples   within the 24 h from sampling—
sampling itself disturbs the soil and can alter the composi-
tion of microbial community.   

   2.    Upon arrival to the laboratory store the  sediment   samples at 
−80 °C  until   DNA extraction.      

       1.    Allow the fi ltration ( see  Subheading  3.2.1 ,  step 1 ) to proceed 
for 10 min then fi ll the Sterivex™ fi lter with 2 mL of RNAlater 
and freeze in liquid nitrogen ( see   Note 5 ).   

   2.    Produce at least triplicate fi lters and store at −80 °C until RNA 
extraction.      

       1.    Ground the soil samples in liquid nitrogen using a mortar and 
pestle until a fi ne powder is obtained. Suspend this powder in 
equal volume of RNAlater. Keep at −80 °C until RNA extrac-
tion (preferably within 24 h).   

   2.    Supplement the sediment samples with equal volume of 
RNAlater and keep at −80 °C until RNA extraction.      

       1.    Transfer aliquots of  water samples   (1.7 mL) to cryovials in 
triplicate.   

   2.    Resuspend soil and  sediment   samples (~5 g) in 10–30 mL of 
1× PBS ( see  Subheading  2 ).   

   3.    To disrupt cell aggregates, add 0.1 g acid-washed beads (diam-
eter 710–1180 μm) and vortex the sample for 30 s at the high-
est setting. Alternatively, expose the sample to sonication in an 
ultrasonic water bath for 10 min at room temperature.   

   4.    To confi rm the absence of aggregates, examine the sample 
 under   microscope.   

   5.    Remove acid-washed beads by passing the sample through a 
40 μm fi lter.   

   6.    To remove the remaining large particles centrifuge the sample 
for 30 s at 2500 ×  g .   

   7.    Transfer the supernatant (~1.7 mL) to a new cryovial.   
   8.    Add 240 μL (fi nal concentration 6 %) of 50 % glycerol or 50 % 

betaine stock solution ( see  Subheading  2 ) and store at −80 °C.       

   Environmental nucleic acids of suffi cient yield, purity, and integrity 
are the crucial starting material in metagenomic studies. The below 
protocols aim to extract high yields of DNA and RNA while mini-
mizing shearing DNA using mechanical lysis which is presumed to 
introduce minimal bias. 

 Working with RNA requires an  RNase  -free working environ-
ment. To achieve this, dedicate a separate laboratory area, pipet-
tors, and materials. Use only RNase-free reagents and plastic tubes. 

3.2.2  Processing 
and Preservation of Soil 
and Sediment  Samples   
for Metagenomic Studies

3.2.3  Processing 
and Preservation of Water 
 Samples   
for Metatranscriptomic 
Studies

3.2.4  Processing 
and Preservation of  Soil 
  and Sediment  Samples   
for Metatranscriptomic 
Studies

3.2.5  Processing 
and Preservation 
of Samples for    Single-Cell 
Genomics

3.3  Nucleic Acid 
Purifi cation
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Wear gloves at all times and treat the gloves, the utensils, and 
working surfaces with  RNase   ZAP. Pipet at a 45° angle with open 
tubes facing away from you and use PCR hood. When working 
with low biomass samples, scale up the volume of sample used for 
isolation (e.g., from ~0.5 g to 25 g). To ensure the absence of 
aerosolized contaminants include extraction blanks and confi rm 
the absence of DNA and RNA contaminants by no visible amplifi -
cation of  16S rRNA   from extraction blanks after 35 cycles of PCR 
( see   Note 6 ). 

    The protocol assumes that the sample was fi ltered through 
Sterivex™ fi lters, and the quantities should be adjusted if cut mixed 
 cellulose   ester fi lters are used for the fi ltration of the sample.

    1.    To the fi lters add 1.8 mL of SLB lysis buffer ( see  Subheading  2 ) 
and 50 μL of lysozyme (fi nal concentration 1 mg/mL). Add 
200 μL of acid-washed beads (150–212 μm) and incubate at 
37 °C for 45 min in slight movement.   

   2.    Add 50 μL of  proteinase K   (fi nal concentration 0.2 mg/mL) 
and 210 μL of 10 % SDS (fi nal concentration 1 % (w/v)). 
Incubate at 55 °C for 1 h in slight movement. Allow the glass 
beads to settle on the bottom of the tube.   

   3.    Recuperate lysate from the fi lter and transfer it to a 15 mL 
conical centrifugal tube. To remove remaining material, add 
1 mL of Lysis buffer to the Sterivex™ fi lter, incubate at 55 °C 
for 15 min, and transfer the lysate to a fresh 15 mL conical 
centrifugal tube.   

   4.    Extract twice with equal volume (3 mL) of 
phenol:chloroform:isoamyl alcohol (25:24:1; pH 8.0). Add 
3 mL of phenol:chloroform:isoamyl alcohol, vortex 1 min, and 
centrifuge 5 min at 5000 ×  g . Transfer the aqueous phase to a 
new tube and repeat the extraction and the centrifugation. 
Extract once with equal volume of chloroform:isoamyl alcohol 
(24:1). Transfer the aqueous phase to a new tube. Make sure 
no organic phase is transferred.   

   5.    Concentrate DNA on a 30 kDa Amicon Ultra fi lter, by spin-
ning it down to a volume of 200 μL.   

   6.    Add 1 mL of TE buffer and spin down to a volume of 
200 μL. Repeat this three times before collecting the DNA. The 
DNA can be stored at −20 °C.   

   7.    Alternatively, precipitate the DNA by adding to the aqueous 
phase 0.1 V (300 μL) of 3 M sodium acetate pH 5.5 ( see  
Subheading  2 ) and 2 V (6 mL) of 100 % ethanol. Allow the 
precipitation to proceed for at least 2 h at −20 °C. To collect 
the DNA, centrifuge at 20,800 ×  g  for 20 min at 4 °C.   

   8.    Wash the pellet twice with 1 mL of 80 % ethanol, air-dry, and 
resuspend in 100 μL of TE buffer.   

3.3.1   DNA Purifi cation   
from    Water Samples
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   9.    Determine the concentration of isolated DNA ( see   Notes 7  
and  8 ).    

         1.    Wash the sediment sample (0.25 g to 1 g) at room temperature 
for 1 h with gentle shaking in 2 mL of 3 % NaCl. This will 
remove extracellular DNA. If working with soil samples use 
0.25 g to 1 g of sample and start with  step 5 .   

   2.    Centrifuge the sample for 10 min at 3000 ×  g  and room tem-
perature and remove the supernatant.   

   3.    To 1 g of washed sample add phosphate buffered saline (PBS) 
( see  Subheading  2 ) to a fi nal volume of 0.5 mL. This will mini-
mize the effect of sample pH on DNA yields obtained.   

   4.    Subject the sample to six to six freeze/thaw cycles in liquid 
nitrogen to facilitate cell lysis of archaeal cells and increase 
DNA yield.   

   5.    Perform  DNA purifi cation   using Mo Bio PowerSoil™  DNA 
extraction   Kit [ 24 ].   

   6.    Determine the concentration of isolated DNA ( see   Notes 7  
and  8 ).      

         1.    To isolate  RNA   from the RNA preservation buffer in which 
the fi lter was stored:
   Transfer the buffer into a 15 mL conical centrifuge tube.  
  Add 1/10 V of 3 M potassium acetate (pH 5.5) ( see  
Subheading  2 ) and 1 V of isopropanol. Vigorously vortex the 
tube for 2 min. Incubate the tube at room temperature for 2 h 
with slight movement.  
  Centrifuge the sample for 30 min at 4 °C and 12,000 ×  g  and 
remove the supernatant.  
  To the pellet, add 1 mL of ice-cold 70 % ethanol.  
  Centrifuge the tube for 10 min at 4 °C and 12,000 ×  g  and 
remove the supernatant.  
  Repeat  steps 4  and  5 .  
  Air-dry the sample and resuspend the dried pellet in 600 μL of 
Resuspension buffer ( see  Subheading  2 ). Transfer 200 μL ali-
quots into three separate tubes.  
  Isolate  RNA   using RNeasy Mini Kit according to the manufac-
turer’s instructions.      

   2.    To isolate RNA from the fi lter:
   Add 600 μL of Resuspension buffer to the fi lter (Sterivex™ or 
mixed cellulose fi lter that was cut in small pieces).  
  Incubate 10 min at room temperature. Vortex the sample 10 s 
every 2 min. Transfer 200 μL aliquots into separate tubes.  

3.3.2   DNA Purifi cation   
from  Soil    and   Sediment 
Samples

3.3.3  RNA Purifi cation 
from Water Samples
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  Isolate RNA using RNeasy Mini Kit [ 25 ].      
   3.    Combine the RNAs obtained in  steps 1  and  2  and quantify the 

amount of RNA obtained ( see   Notes 7 – 10 ).   
   4.    To the isolated RNA add 1/10 V of 10× DNase I reaction buf-

fer. Add 1 U of DNase I per each μg of RNA. Mix by pipetting 
and incubate 10 min at room temperature.   

   5.    Add 1/10 V of DNase I Stop solution. Mix by pipetting and 
incubate 10 min at 65 °C.   

   6.    Concentrate RNA as described in Subheading  3.3.1 ,  step 7 . 
Resuspend the pellet in 10 μL of RNase-free water and quan-
tify the amount of RNA obtained.   

   7.    Confi rm the absence of DNA and RNA contaminants by no 
visible amplifi cation of 16S rRNA from extraction blanks after 
35 cycles of PCR ( see   Note 6 ).   

   8.    To synthesize the fi rst strand of cDNA combine 10 μL of 
0.5 μg/mL  RNA   with 1 μL of 3 μg/μL Random Primers, 
incubate 10 min at 70 °C, and chill on ice.   

   9.    To the tube on ice add 4 μL 5× fi rst-strand buffer, 2 μL 
100 mM DTT, 1 μL of SuperScript ®  III Reverse Transcriptase 
(all included in SuperScript ®  III Reverse Transcriptase Kit), 
1 μL of RNaseOUT™ Recombinant Ribonuclease Inhibitor, 
and 1 μL 10 mM dNTP Mix. Incubate the reaction mixture 
10 min at 25 °C, 6 min at 55 °C, and 15 min at 70 °C. Chill 
the tube on ice.   

   10.    To synthesize the second strand of cDNA add the following to 
the tube from previous step: 15 μL 10× NEBuffer 2 (supplied 
with DNA polymerase I), 4 μL DNA polymerase I, 1 μL  E. coli  
DNA ligase, 2.5 μL Ribonuclease H, 3 μL 10 mM dNTP Mix, 
and 104.5 μL RNase-free water.   

   11.    Incubate the reaction mixture 2 h at 16 °C. Stop the reaction 
by adding 10 μL 0.5 M EDTA (pH 8.0).   

   12.    Purify cDNA by QIAquick PCR Purifi cation Kit [ 26 ]. Quantify 
the amount of obtained cDNA ( see   Note 9 ).      

       1.    Extract the RNA from up to 2 g of soil (or up to 5 g of sedi-
ment) using PowerSoil™ Total RNA Isolation Kit [ 27 ] ( see  
 Notes 8 – 11 ). Include the extraction blanks.   

   2.    Remove the DNA from RNA samples using DNAse I treat-
ment ( see  Subheading  3.3.3 ,  steps 12  and  13 ).   

   3.    Purify RNA by using RNeasy Mini Kit [ 25 ].   
   4.    Confi rm the absence of DNA and RNA contaminants by no 

visible amplifi cation of 16S rRNA from extraction blanks after 
35 cycles of PCR ( see   Note 6 ).   

   5.    Proceed with  steps 15 – 19  of Subheading  3.3.3 .       

3.3.4  RNA Purifi cation 
from  Soil    and   Sediment 
Samples
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    In order  to   successfully clone the environmental DNA, a number 
of precautions should be undertaken. Avoid the prolonged storage 
of isolated environmental DNA at either 4 °C (days) or at −20 °C 
(months) as well as repeated freeze-thaw cycles. Preferably, pro-
ceed with cloning immediately upon the isolation of environmen-
tal DNA. 

        1.    Determine the  size   and the quantity of isolated environmental 
DNA ( see   Note 12 ) by running an aliquot (1–2 μL) of it on a 
1 % agarose gel in 1× TBE buffer on a pulse fi eld gel  electro-
phoresis   under following conditions: temperature 14 °C, volt-
age 6 V/cm, initial switch time 0.1 s, fi nal switch time 2 s, 
angle 120°, length of a run 11 h.   

   2.    If more than 50 % of isolated environmental DNA fragments is 
of desired insert size, proceed with Subheading  3.4.1 ,  step 5 .   

   3.    Shear the DNA by passing it though 200 μL pipette tips. Place 
2–10 μg of DNA diluted to 100 μL with TE buffer into a clean 
microcentrifuge tube. Aspire and expel the DNA up to 200 
times ( see   Note 13 ).   

   4.    Examine 1–2 μL of sheared insert DNA on an agarose gel as 
described in  step 1 .   

   5.    To generate end-repaired insert DNA add the following 
reagents on ice to a fi nal volume of 80 μL (included in End- It™ 
DNA End-Repair Kit as well as in CopyControl™  Fosmid   
Library Production Kit with pCC1Fos Vector): 8 μL 10× End-
Repair Buffer, 8 μL 2.5 mM dNTP Mix, 8 μL 10 mM ATP, 
sheared insert DNA (up to 20 μg), 4 μL End-Repair  Enzyme   
Mix, sterile water.   

   6.    Incubate at room temperature for 1 h.   
   7.    Inactivate the  enzyme   mix at 70 °C for 10 min.   
   8.    Fractionate the blunt-ended DNA in the absence of any DNA 

stain using pulse fi eld gel  electrophoresis   on a 1 % Agarose 
Low melt gel prepared with 1× TBE buffer. Prepare the gel 
with wide combs and use DNA size markers at both outside 
lanes of the gel.   

   9.    Upon  electrophoresis  , cut off the outer lanes of the gel that 
contain the DNA size marker and stain them.   

   10.    Visualize the DNA size markers with UV light and mark the 
position of the desired fragment size on both ladders with ster-
ile scalpel or pipette tip.   

   11.    Assemble the gel and cut out the gel slice containing insert 
DNA of desired size. Transfer the gel slice to a tared tube.   

   12.    Extract the DNA from the slice by using QIAquick Gel 
Extraction Kit [ 26 ].   

3.4  Cloning

3.4.1  Small (≤10 kb) 
Insert-Size Shotgun 
Libraries
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   13.    Generate 3′ A-overhangs to the insert DNA from  step 12  by 
adding the following reagents: 1 μL dATP (fi nal concentration 
0.2 mM), 5 μL  Taq  polymerase buffer with MgCl 2  (fi nal MgCl 2  
concentration 1.5 mM), 0.2 μL (1 U)  Taq  DNA polymerase. 
Add sterile water to 50 μL.   

   14.    Incubate at 72 °C for 30 min.   
   15.    Purify the resulting insert DNA by QIAquick PCR Purifi cation 

Kit [ 26 ] ( see   Note 14 ).   
   16.    Clone the insert DNA into pGEM ® -T Easy Vector System 

[ 28 ] and introduce the recombinant vectors into electrocom-
petent  E. coli  JM109 cells.   

   17.    Randomly pick several insert-positive clones, grow each over-
night in 10 mL LB medium with 100 mg/mL ampicillin. Use 
standard techniques to isolate, digest, and analyze  plasmid   
DNA.   

   18.    Store the insert-positive clones in 96-well plates as cultures in 
LB medium with 100 mg/mL ampicillin and 15 % glycerol. 
Keep at −80 °C for prolonged storage.      

       1.     Prepare the large insert-size  shotgun   library by using 
CopyControl™ Fosmid Library Production Kit [ 29 ] ( see   Note 
15 ).   

   2.    To evaluate the quality of the library, select a subsample of 
insert-positive clones and grow them in LB medium with 
12.5 mg/mL chloramphenicol overnight at 37 °C and 
250 rpm.   

   3.    To induce high copy number of  fosmids   in the cells, inoculate 
500 μL of overnight cultures from  step 2  into individual fl asks 
that contain 5 mL of LB medium with 12.5 mg/mL chloram-
phenicol and 5 μL of the 1000× CopyControl™ Induction 
Solution (included in CopyControl™ Fosmid Library 
Production Kit). Incubate for 5 h at 37 °C and 250 rpm.   

   4.    Use standard techniques to extract, digest, and  visualize   fos-
mid DNA.   

   5.    Store positive clones by  picking   them with sterile toothpicks 
and transferring them to separate wells of 96- of 384-well 
plates as a culture in LB medium with 12.5 mg/mL chloram-
phenicol supplemented with 15 % glycerol at −80 °C.         

    Single-cell genomics   consists of a series of integrated processes 
which imply the physical separation of the cells from a population, 
their lysis, and the whole genome amplification of the individual 
cells ( see   Note 16 ). Although new, this approach already yielded 
genomic sequence of several noncultured archaeons [e.g.,  30 ].

3.4.2  Large (10–40 kb) 
Insert-Size Shotgun 
Libraries

3.5  Single-Cell 
Genome Amplifi cation
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    1.    To decontaminate cell sorting instrument, install fresh sheath 
fl uid ( see  Subheading  2 ) and clean the sample lines by a succes-
sion of warm water, 5 % sodium hypochlorite solution, and an 
overnight fl ush with DNA-free deionized water. Adjust the 
instrument following the manufacturer's instructions. Perform 
cell sorting and genome amplifi cation in a HEPA-fi ltered 
environment.   

   2.    To stain the cells, add 10,000× SYBR Green fl uorescent nucleic 
acid dye to a fi nal concentration of 1×. Incubate 15 min at 
4 °C in the dark.   

   3.    Sort the targeted microbial population in UV-treated  microti-
ter plates   containing 1 μL of TE buffer (pH 8.0) per well. 
Centrifuge the plate for 1 min at room temperature and 
1000 ×  g  to spin down the reagents when necessary. Sorted 
cells can be stored at −80 °C for several months.   

   4.    Add 1 μL of Lysis buffer D2 (included in REPLI-g Single Cell 
Kit) to each individual well and incubate 5 min at room tem-
perature ( see   Note 17 ).   

   5.    Add 1 μL of stop solution (included in REPLI-g Single Cell 
Kit). Centrifuge the plate for 1 min at room temperature and 
1000 ×  g . Do not leave the centrifuged plate for more than 1 h 
at 4 °C.   

   6.    Prepare the multiple displacement amplifi cation master mix: 
mix 1.5 μL 10× Phi29 DNA polymerase buffer, 0.24 μL 
25 mM dNTP solution, 1.5 μL 0.5 mM Random hexamers, 
0.15 μL 1 M DTT, 0.75 μL DMSO, 7.5 μL water, and 0.4 μL 
of Phi29 DNA polymerase. UV-irradiate the master mix for 
90 min in a refl ective container on ice.   

   7.    To the master mix add 0.0015 μL of SYTO13 per reaction 
(fi nal concentration 0.5 μM). Add 12 μL of master mix to 3 μL 
of lysed cell sample.   

   8.    Allow the amplifi cation to proceed for 30 min at 
30 °C. Inactivate the polymerase by 15 min incubation at 
65 °C.   

   9.    Keep the amplifi ed genomic DNA (up to 40 μg) at −80 °C 
until sequencing. Then proceed to either targeted  loci  or whole 
genome sequencing. To identify  archaea   genomes of interest, 
amplify and sequence the  16S rRNA   ( see   Note 6 ). Other genes 
can be amplifi ed, such as the  amo  gen.    

       Prior to  sending   the samples to sequencing facilities, carefully 
consider the guidelines for sample preparation. Shotgun library 
clones are usually sent on 96-well plates as bacterial stab cul-
tures or as cultures in glycerol. The choice of 96-well plate and 
plate seals plays an important role as it must be compatible with 

3.6  Sequencing

3.6.1  Sanger Sequencing

Lejla Pašić et al.
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the sequencing  platform   and able to withstand pressure and 
temperature changes during transportation. If samples are trans-
ported to the sequencing facility by airmail, we recommend 
sending them early in the week to avoid prolonged storage dur-
ing labor-free days.  

    Next-generation sequencing (NGS)   is commonly used in metagen-
omic studies of complex  microbial communities  . Roche/454 and 
 Illumina platforms   have been shown to provide very comparable 
results for abundances of genes or genomes [ 31 ]. 

 The DNA that is to be sequenced should be free of all impuri-
ties and should not contain any biological macromolecules, chelat-
ing agents, divalent metal cations, denaturants, or detergents as 
these will interfere with the construction of the library. A 260 / 280  
ratio of DNA should be 1.8–2.0 and an A 260 nm / 230 nm  ≥ 1.9 and 
determined according to  Note 7 . The DNA should be dissolved in 
molecular-grade water ( RNAse   and  DNAse   free) or in TE buffer. 
While as little as 50–100 ng can be used as a starting material to 
construct sequencing libraries, the sequencing companies fre-
quently ask for 1 μg of DNA. 

 When sending the samples, place sealed individual microcen-
trifuge tubes in a 50 mL disposable screw up tube for additional 
insulation during the shipment. Prior to sealing, pack any remain-
ing space in the tube with clean tissue paper. Send the samples 
preferably with ice pack or on dry ice. 

 The 454 pyrosequencing  platform   was the fi rst NGS intro-
duced in the market. The GS FLX instrument generates ~400,000 
reads (per instrument run) of length up to 1 kb (~800 bp). The 
greatest advantage of this  platform   is the read length, making the 
system well suited for larger genomic projects. The major disad-
vantage of this method is the misinterpretation of homopolymers 
(consecutive nucleotides, e.g., AAA or CCC) and, regarding the 
cost, the low amount of DNA sequenced in comparison with other 
NGS technologies.

    1.    To construct the 454/Roche library use GS FLX Titanium kit 
[ 32 ].    
  Illumina  sequencing    platform   is one of the most popular in 

metagenomics. Here, the sequencing process takes place on a fl ow 
cell with eight channels, each of which can contain a different 
 sample (or many samples if  multiplexing  , up to 96 with the Nextera 
system). In early 2011,  Illumina   released HiSeq 2000 v.3 kits, 
which can produce >187.5 million reads (or >37.5 Gb per lane) of 
2 × 100 bp. MiSeq instrument offers the possibility of longer reads, 
2 × 300 bp, but produces less quantity of data: >25 million reads 
(or 15 Gb) per run. There is also the option of using micro and 
nano fl ow cells which produce up to four million and one million 
reads per run (1.2 Gb and 500 Mb).

3.6.2  High-Throughput 
Technologies
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    1.    To construct the  Illumina   library use Nextera ®  XT DNA 
Sample Preparation Kit [ 33 ].    

         To get  reliable    results   in downstream analysis, it is  essential   to 
remove sequences of low quality. Phred quality scores have become 
widely accepted to characterize the quality of DNA sequences and 
are assigned to each nucleotide base call in automated sequencer 
traces. The most commonly used method is to count the bases 
with a quality score of a minimum of 30 (base call accuracy 99.9 %).

    1.    To trim the sequences using SolexaQA DynamicTrim (  http://
es.sourceforge.jp/projects/sfnet_solexaqa/downloads/src/
DynamicTrim.pl.zip/    ) type: 
 > perl DynamicTrim.pl –h 30 trimseq input_fi le.fas tq  
 This command will individually crop each read to its longest 
contiguous segment for which quality scores are greater than a 
user-supplied quality cutoff (defi ned here as fl ag  –h 30 ).   

   2.    To remove duplicate sequences from 454 pyrosequencing data 
using CD-HIT submit your data to web server at   http://
weizhongli-lab.org/cd-hit/servers.php    .    

     De novo assembly of  metagenomic   sequences has been successfully 
used to reconstruct genomes of a number of uncultivated  archaea   
[ 17 ,  19 ]. Keep in mind that de novo assembly is computationally 
demanding in terms of memory and CPU resources.

    1.    To assemble the sequences using Velvet assembler type: 
 >  velveth assembly_71 71 –fastq fi le.fastq  
 where fi le.fastq is input fi le in fastq format; assembly_71 is the 
output fi le folder where the results are stored, and 71 is the 
size of k-mer used.   

   2.    In the next step type: 
 > velvetg assembly_71 –cov_cutoff auto 
 This command will generate assembly, which will be stored in 
folder assembly_71 along with some statistical descriptors, 
which can be used to evaluate the quality of the assembly, 
including N50 (defi ned as the largest length L such that 50 % 
of all nucleotides are contained in contigs of size at least L).   

   3.    To  assemble   the sequences using meta-IDBA assembler type: 
 >idba_udb –o output_fi le –r fi le.fastq –mink 70 –maxk100 –
step 10 –pre_correction   

   4.    To assemble larger contigs use overlap-based assembly tool 
Geneious (  http://www.geneious.com    ). To import the data 
use Import command.   

   5.    Generate contig assembly using Generate assembly command. 
Set strict overlapping parameters: at least 98 % of identity in 
100 bp, do not allow gaps or ambiguities.   

3.7  Bioinformatic 
Analyses

3.7.1  Quality Control 
of Sequences

3.7.2  Introduction 
to Metagenomics 
Sequence Assembly
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   6.    Focus your further  studies   on contigs larger than 10 kb.    

         1.    Calculate GC content for each nucleotide sequence using 
“geecee” from EMBOSS package (  http://emboss.source-
forge.net/download/    ). Use this data to generate a plot of dis-
tribution of GC content per sequence. These plots will be 
either uni- or bimodal indicating the predominating GC con-
tent of distinct population subgroups.   

   2.    GC content is used to bin the data as it carries a  phylogenetic   
signal. For each sequence calculate tetranucleotide frequencies 
using the TETRA package [ 34 ] (  http://www.megx.net/
tetra/index.html    ). Use  z  scores data values derived from the 
frequency matrix to conduct principal component analysis 
(PCA) using the MeV program [ 35 ] (  http://www.tm4.org/
mev.html    ) or FactoMineR [ 36 ] (  http://cran.r-project.org/
web/packages/FactoMineR/index.html    ).   

   3.    Calculate codon usage using “cusp” from EMBOSS package. 
Use this data to generate a plot of codon usage.   

   4.    Use Glimmer [ 37 ] (  https://ccb.jhu.edu/software/glim-
mer/    ) with the bacterial, archaeal, and plant plastid code 
(transl_table=11) to identify all open-reading frames (ORFs) ≥ 
30 amino acids.   

   5.    Defi ne candidate coding DNA sequences (CDS) using 
MetaProdigal [ 38 ] (  http://prodigal.ornl.gov/    ). Match the 
two generated sets. Validate as genes the predicted CDS that 
have matches in the RefSeq database with an  e  value ≤ 1e−10. 
Make a subset of CDS that match orphan RefSeq genes (i.e., 
hypothetical proteins).   

   6.    Submit all ORFs to similarity search using BLASTP [ 39 ] 
(   h t tp ://bla s t .ncb i .n lm.n ih .gov/Bla s t . cg i ?PAGE_
TYPE=BlastDocs&DOC_TYPE=Download    ) against the latest 
version of RefSeq_protein non-redundant  database   (GenBank), 
SWISSPROT database, the  clusters of orthologous group 
(COG)   databases (COG + KOG, arCOG), and  KEGG   path-
ways  database   (Kanehisa Laboratories (  ftp://ftp.bioinformat-
ics.jp/    )). Record fi rst hits to these databases and consider the 
respective  e  values informative if they remain below the 1e−05 
threshold.   

   7.    To search for motifs, submit all ORFs to the latest versions of 
conserved domain databases (CDD), Pfam, SMART,  COG  , 
arCOG, KOG, TIGR, and PRK using RPS-BLAST [ 40 ] (  http://
b l a s t . n c b i . n l m . n i h . g o v / B l a s t . c g i ? P A G E _
TYPE=BlastDocs&DOC_TYPE=Download    ). Record fi rst hits 
to these  databases   and consider the respective  e  values informative 
if they remain below the 1e−05 threshold.   

3.7.3  Sequence 
 Statistics  , Gene  Detection  , 
and Functional 
Classifi cation
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   8.    Retain the CDS that match orphan RefSeq genes if they (1) 
match a  COG   functional category; (2) contain any known 
motif in CDD databases provided their BLASTP and RPS- 
BLAST  e  values remain below the 1e−05 threshold. Switch the 
accepted annotation to that of the relevant match.   

   9.    Remove small (<100 aa) CDS that match orphan Refseq genes 
and look for signifi cant matches in RefSeq,  COG  , and CDD 
databases (with similar  e  value thresholds as above). Validate 
these as genes if they do not overlap any other gene having 
high similarity in  searched   databases.   

   10.    Identify tRNAs using tRNA-scanSE [ 41 ] (  http://lowelab.
ucsc.edu/tRNAscan-SE/    ).   

   11.    Identify  ribosomal RNA genes   with rRNA_hmm_fs/
hmmsearch 3.0  [ 42 ] (  http://hmmer.janelia.org/software    ).       

          1.     Filter      the metagenomic dataset for sequences of interest (e.g., 
using  BLAST  ) and transfer them into a local database. Name 
this database “query database.”   

   2.     Search      publicly available bacterial and archaeal genomes (use 
one genome sequence per species) for sequences that are 
homologous to those of interest and gather them into a sepa-
rate local database. Name this database “reference database.”   

   3.    Align the sequences in “reference database” using MUSCLE 
[ 43 ] (  http://www.drive5.com/muscle/downloads.html    ) or 
ClustalOmega [ 44 ] (  http://www.clustal.org/omega/    ).   

   4.    Detect the conserved positions in the “reference database” 
alignment using BMGE [ 45 ] (  https://wiki.gacrc.uga.edu/
wiki/BMGE    ) with default parameters and the BLOSUM62 
substitution matrix.   

   5.    Manually verify the trimmed “reference database” alignment 
using the program NET of the MUST package [ 46 ] (  http://
megasun.bch.umontreal.ca/Software/HPLab/must/must.
html    ).   

   6.    Use Prottest [ 47 ] (  https://code.google.com/p/prottest3/    ) 
to select the best-fi t models of amino acid replacement to be 
used in  phylogenetic   reconstruction.   

   7.    Reconstruct maximum likelihood phylogenetic trees with 
RaxML v.7.2.4 [ 48 ] (  http://sco.h-its.org/exelixis/software.
html    ) using trimmed “reference  database  ” alignment and the 
selected model. Estimate tree robustness using the Rapid 
Bootstrapping method as implemented in RaxML.   

   8.    Separately, align the “query database” using ClustalOmega.   
   9.    Place the aligned “query database” sequences onto the 

obtained reference tree using RaxML Evolutionary 

3.8  Phylogenetic 
and Phylogenomic 
Analysis

3.8.1  Phylogenetic 
Analysis of Metagenomic 
Sequences

Lejla Pašić et al.

http://lowelab.ucsc.edu/tRNAscan-SE/
http://lowelab.ucsc.edu/tRNAscan-SE/
http://hmmer.janelia.org/software
http://www.drive5.com/muscle/downloads.html
http://www.clustal.org/omega/
https://wiki.gacrc.uga.edu/wiki/BMGE
https://wiki.gacrc.uga.edu/wiki/BMGE
http://megasun.bch.umontreal.ca/Software/HPLab/must/must.html
http://megasun.bch.umontreal.ca/Software/HPLab/must/must.html
http://megasun.bch.umontreal.ca/Software/HPLab/must/must.html
https://code.google.com/p/prottest3/
http://sco.h-its.org/exelixis/software.html
http://sco.h-its.org/exelixis/software.html


21

Placement Algorithm [ 49 ] (  http://sco.h-its.org/exelixis/
web/software/epa/index.html    ).      

       1.     Gather   the protein  sequences   of publicly available bacterial and 
archaeal genomes (use one genomic sequence per species) into 
a  local   database.   

   2.    Perform BLASTP searches against Refseq database using pro-
tein sequences in genomes that you are interested in as queries. 
Retain only those protein sequences that give matches to least 
four phylum-level sequences with an  e  value threshold of 
1e−05.   

   3.    Subject the retained protein to preliminary  phylogenetic analy-
sis  . Manually inspect the phylogenetic trees and retain only 
sequences where the species belonging to different classes are 
monophyletic, irrespective of the relative order of emergence 
of the different classes.   

   4.    Remove the sequence datasets that show evidence of horizon-
tal gene transfer (HGT) (i.e., branch with members of other 
class/phylum).   

   5.    Remove the sequence datasets that produced trees that suggest 
the presence of paralogs (i.e., contain multiple sequences for 
some species, or species of the same class that branch in differ-
ent parts of the trees).   

   6.    Use the remaining sequences to reconstruct fi nal  phylogenetic   
trees.   

   7.    Select species that should be used as an outgroup.   
   8.    Align the homologous protein sequences using MAFFT [ 50 ] 

(  http://mafft.cbrc.jp/alignment/software/    ) with default 
parameters.   

   9.    Perform  steps 4 – 7  from Subheading  3.8.1 .   
   10.    Reconstruct Bayesian inference trees using MrBayes 3.2.1. 

[ 51 ] (  http://mrbayes.sourceforge.net/download.php    ) with 
selected model. Run the four independent chains for 2,000,000 
generation and sample trees every 100 trees. To construct a 
majority rule consensus tree, eliminate the fi rst 5000 trees as 
burn-in.       

   In a typical  metagenomics    recruitment   experiment, a bacterial 
genome is compared to the metagenome of an environment it 
inhabits. As a result, similarities of metagenomic sequences to 
genomic sequence are plotted along the length of bacterial genome. 
Recruitment plots are commonly used to indicate the presence of 
a microbe in an environment (shown by a large number of reads 
that are highly similar (≥95 %) to bacterial genome) and to delin-
eate variable genomic regions (visualized as genomic regions with 
little or no homologous sequences in  the   metagenome).

3.8.2  Phylogenomic 
Analysis

3.9  Metagenomic 
Recruitment
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    1.    Download the genome of interest in .fna format from   ftp://
ftp.ncbi.nlm.nih.gov/       

   2.    Create a custom database from the genomic sequence using 
the following blast command: 
 >formatdb –i RefGen.fna –n CustomDatabase –p F 
 where RefGen.fna is genome of interest in .fna format, 
CustomDatabase the name of database   

   3.    Blast metagenome in fasta format against CustomDatabase as 
follows: 
 >blastall –p blastn –i Metagenome.fasta –o Result.blastn –d 
CustomDatabase –m 8 –e 1e-5 –b 1 –v 1 
 where  blastn  specifi es comparison of two nucleotide sequences, 
– i  indicates the input fasta fi le, – o  specifi es the name of the 
output fi le, –d specifi es the name of the custom database.  –m 8  
specifi es that the results will be in tabular format, – e  indicates 
that only hits with e values equal or smaller than indicated will 
be retained, – b 1  and  –v 1  specify that only the best hit will be 
retained.   

   4.    From the resulting fi le, extract the column that contains the 
percent identity between  metagenomics   and genomic frag-
ment (column 3 entitled “percent identity”) and the coordi-
nates of metagenomics fragment in  reference   genome (columns 
9 and 10 entitled “subject start” and “subject end”). To do 
this in linux environment type: 
 >cat Result.blastn | cut –f3,9,10 >ResultFinal.csv 
 where  cat  opens the fi le Result.blastn,  cut –f  cuts the desired 
columns,  >  writes the results in novel fi le.   

   5.    Plot these data using a graphic  software   with the complete 
length of the genomic sequence on the  x  axis.    

     Comparative  metagenomics   provides an insight into processes and 
microbial groups which confer specifi c characteristics to a given 
environment. Metagenomes typically differ in sequence composi-
tion, taxonomic  diversity  , population  structure  , and diversity of 
functional genes. Currently available web servers which use a num-
ber of  bioinformatic   tools to provide comparative  metagenomics   
data are listed below:
   Camera   http://camera.calit2.net/    #  
  Galaxy   https://main.g2.bx.psu.edu/u/aun1/w/metagenomic-analysis      
  IMG/M   http://img.jgi.doe.gov/cgi-bin/m/main.cgi      
  MEGAN   http://metagenomics.anl.gov/      
  MetaLook   http://www.megx.net/metalook/index.php      
  MetaMine   http://www.megx.net/metamine/      
  MetaStats   http://metastats.cbcb.umd.edu/detection.html      

3.10  Comparative 
(Meta)genomic Tools
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  MG-RAST   http://metagenomics.anl.gov/      
  ShotgunFunctionalizeR   http://shotgun.math.chalmers.se/      
  STAMP   http://kiwi.cs.dal.ca/Software/STAMP      
  UniFrac   http://bmf.colorado.edu/unifrac/          

4    Notes 

     1.    Filtration can also be performed using a positive pressure sys-
tem using a dispensing pressure vessel (Millipore, 20 L 10 PSI, 
XX6700D20) in combination with an air compressor 
(Compressor DX25, DEXTER power, 24 L, 2.5 HP, 
115 PSI/8 bar). We recommend not to overcome the 4 mbar 
to prevent the breakage of the fi lters.   

   2.    When sampling for metagenomic studies, special care should 
be taken to not introduce contaminant DNA. It is highly rec-
ommended to collect replica samples, as these will allow to 
obtain suffi cient quantity of nucleic acids and to evaluate the 
amount of technical variability between samples which arises 
from “noise-prone” steps in downstream analysis. When sam-
pling for metatranscriptomic studies, special care should be 
taken to minimize sampling time. To this aim, it is imperative 
to transfer the samples to an RNA preservation buffer immedi-
ately upon sampling and to freeze the samples in liquid 
nitrogen.   

   3.    The containers should be made from inert material such as 
glass, high density polyethylene (HDPE), or polytetrafl uoro-
ethylene (PTFE). Pre-clean the containers prior to sampling by 
soaking them overnight in 1:1 concentrated acid and  rinsing 
them thoroughly with double distilled water. When sampling 
hot springs, keep the samples in thermal fl asks until fi ltration.   

   4.    Filtration can also be performed using a positive pressure sys-
tem using a dispensing pressure vessel (Millipore, 20 L 10 PSI, 
XX6700D20) in combination with an air compressor 
(Compressor DX25, DEXTER power, 24 L, 2.5 HP, 
115 PSI/8 bar). To prevent breaking of the fi lters do not over-
come pressure of 4 mbar.   

   5.    The transcription profi les of deep-sea (below 500 m depth) 
marine microbial communities are known to change due to the 
technical inability to rapidly process and preserve such samples. 
Although little can be done to minimize the transportation 
time of Niskin bottle along the water column, the processing 
time can be minimized by fi ltering small volume (1 L) of  water 
sample   immediately upon shipboard retrieval of the CTD.   
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   6.    Working with RNA requires an RNase-free working environ-
ment. To achieve this, dedicate a separate laboratory area, 
pipettors, and materials. Use only RNase-free reagents and 
plastic tubes. Wear gloves at all times and treat the gloves, 
the utensils, and working surfaces with RNase ZAP. Pipet at 
a 45° angle with open tubes facing away from you and use 
PCR hood. When working with low biomass samples, scale 
up the volume of sample used for isolation (e.g., from ~0.5 g 
to 25 g). To ensure the absence of aerosolized contaminants, 
include extraction blanks and confi rm the absence of DNA 
and RNA contaminants by no visible amplifi cation of  16S 
rRNA   from extraction blanks after 35 cycles of PCR. Perform 
amplifi cations of bacterial 16S rRNA using respective envi-
ronmental DNA templates,  Taq  DNA polymerase, 100 μM 
primers 27 F (5-AGA GTT TGA TCC TGG CTC AG-3), 
1492R (5-GGT TAC CTT GTT ACG ACTT-3) and the fol-
lowing program: 94 °C (5 min), followed by 25 cycles of 
94 °C (1 min), 45 °C (45 s), 72 °C (1 min), and a 20-min 
extension step at 72 °C. Perform amplifi cations of archaeal 
 16S rRNA   gene using 100 μM primers Arch21F (5-TTC 
CGG TTG ATC CYG CCG GA) and Arch958R (5-YCC 
GGC GTT GAM TCC AAT T) and the following program: 
94 °C (5 min), followed by 25 cycles of 94 °C (1 min), 
58 °C (1 min), 72 °C (2 min), and a 20-min extension step 
at 72 °C.   

   7.    For accurate quantifi cation of DNA for  next-generation 
sequencing  , we recommend using a fl uorescent dye based 
method (e.g., PicoGreen with Agilent 2100 Bioanalyzer 
System (  www.genomics.agilent.com    )) rather than an absor-
bance based method.   

   8.    To remove contaminating polysaccharides, add 1 V of 20 % 
PEG 8000 and centrifuge 10 min at 20,800 ×  g  and 4 °C.   

   9.    If the quantity of cDNA is lower than 300 ng, perform an extra 
step of total RNA amplifi cation (e.g., use Illumina ®  TotalPrep™ 
RNA Amplifi cation Kit (Illumina (  www.illumina.com    ))) to 
obtain suffi cient cDNA for downstream sequencing.   

   10.    Additional steps may be required to deplete the amount of 
 ribosomal RNA (rRNA)   transcripts in a sample in order to 
maximize mRNA recovery. However, keep in mind that a 
number of kits for rRNA depletion are not suitable for  archaea  . 
If quantifi cation of transcript abundance is required following 
sequencing, internal RNA standards may be added to biomass 
samples.   

   11.    If humic contaminants are still present in the sample upon 
extraction, include an additional precipitation step upon cel-
lular lysis (addition of solutions SR1, SR2, phenol:chloroform, 
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and bead beating). Precipitate organic material by adding 
1/10 V of 2 M sodium acetate (pH 4.0). Mix vigorously 
and incubate 5 min at room temperature. Centrifuge for 
10 min at 4 °C and 20,800 ×  g  and transfer the upper phase 
to a new 1.5 mL tube. Precipitate nucleic acids by adding 
0.7 V of isopropanol. Incubate for 1 h at −20 °C, centrifuge 
for 20 min at 4 °C and 20,800 ×  g . Remove the supernatant, 
wash the pellet with 70 % ethanol, air-dry, and resuspend in 
0.2 mL of  RNase  - free  water. Continue with the RNA extrac-
tion protocol.   

   12.     Cloning   of low quantity DNA generally results in poor quality 
of a shotgun library, even if pooled from several isolations. We 
recommend that you proceed further only if satisfying concen-
trations (~500 ng/mL) of DNA are obtained.   

   13.    To fi nd best parameters, the number of repeats should be 
optimized.   

   14.    If concentration of obtained DNA is too low, concentrate the 
DNA using freeze-drying. We use Speed Vac Model Savant SC 
110 (Global Medical Instrumentation, Inc. Ramsey, MN, 
USA).   

   15.    When size-selecting metagenomic DNA minimize the 
weight of cut gel slice as the amount of GELase  enzyme   is 
limited. Special care is needed not to introduce bubbles 
into transduction mixtures. Avoid shaking the phage 
extracts or transduction mixtures. Phage extracts expire by 
the end date. To determine the optimal ratio of packaged 
phage particles/cell, add 10, 20, 30, 40, and 50 μL of 
packaged phage particles to 100 μL of EPI300-T1 ®  cells. 
Incubate the transduction mixtures 1 h at 37 °C and spread 
the transduction mixtures on individual LB plates supple-
mented with 12.5 mg/mL  chloramphenicol. Incubate 
overnight at 37 °C. Count the colonies on each plate. Use 
the packaged phage/cell ratio that has yielded the highest 
number of clones and prepare the remaining transduction 
mixtures.   

   16.    We perform single-cell genome amplifi cation as developed by 
Bigelow laboratories using REPLI-g Single Cell Kit [ 52 ] 
designed to uniformly amplify genomic DNA from single cells 
without introducing bias [ 53 ].   

   17.    To lyse archaeal cell walls, other protocols have been success-
fully used. Alkaline lysis has been used to obtain single ampli-
fi ed genomes of marine Thaumarchaeote [ 54 ] while  DNA 
extraction   under hot (60–70 °C) and alkaline conditions effi -
ciently disrupted archaeal cells in marine sediment samples 
while minimizing fragmentation of DNA [ 55 ].         
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    Chapter 2   

 Investigating the Endobacteria Which Thrive in Arbuscular 
Mycorrhizal Fungi                     

     Alessandro     Desirò     ,     Alessandra     Salvioli    , and     Paola     Bonfante     

  Abstract 

   The study of the so-called unculturable bacteria is still considered a challenging task. However, given 
recent improvements in the sensitivity of culture-free approaches, the identifi cation and characterization of 
such microbes in complex biological samples is now possible. In this chapter we report how endobacteria 
thriving inside arbuscular mycorrhizal fungi (AMF), which are themselves obligate biotrophs of plants, can 
be studied using a combination of in vitro culture, molecular biology, and microscopy techniques.  

  Key words     Endobacteria  ,   Arbuscular mycorrhizal fungi  ,    Candidatus  Glomeribacter gigasporarum  , 
  Mollicutes-related endobacteria  ,   Transmission electron microscopy  ,   Fluorescent in situ hybridization  , 
  Real-time quantitative PCR  ,   Bacterial enrichment  

1      Introduction 

    Thousands   of  microbes   are commonly associated with  plant roots  , 
forming the so-called root microbiota which plays a pivotal role in 
plant life. Among them, a group of  soil fungi   that colonize the roots 
of most land plants, the  arbuscular mycorrhizal fungi (AMF)  , has a 
key role in improving mineral nutrition and protection of their host 
plant. AMF, which belong to the  phylum   Glomeromycota [ 1 ], have 
been considered as the oldest group of fungi capable of positively 
interacting with plants: they have been hypothesized to be crucial 
for the terrestrialization of fi rst land plants c. 450 Mya [ 2 ]. In addi-
tion to some distinctive features (AMF are asexual, multinucleated 
and obligated biotrophs), Glomeromycota may harbor endobacteria 
in their cytoplasm [ 3 ]. Two types of endobacteria have been so far 
described and identifi ed in  AMF  : a rod-shaped Gram-negative 
β-proteobacterium  called    Candidatus  Glomeribacter gigasporarum 
( Ca Gg) [ 4 ] and a coccoid bacterium which represents a still enig-
matic taxon  of   Mollicutes-related endobacteria (Mre) [ 5 ]. Differently 
from Mre, which show a wide distribution across the  Glomeromycota  , 
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the presence of  Ca Gg is limited to the Gigasporaceae family.  Ca Gg 
has been deeply investigated: its genome sequence has revealed that 
the endobacterium is nutritionally dependent on the fungus and has 
a potential role in providing its host with essential factors like vita-
min B12 [ 6 ]. The fungus, on the contrary, is not obligately depen-
dent on the endobacterium, even if the removal of  Ca Gg causes 
some morphological changes in  Gigaspora  spores and a reduced pro-
liferation of the presymbiotic fungal hyphae [ 7 ]. A recent step for-
ward was made in the understanding of this specifi c 
fungal-endobacterial association: it has been demonstrated that the 
 Ca Gg endobacterium improves the fungal fi tness by increasing the 
sporifi cation success, priming the mitochondrial activity and rising 
the detoxifi cation of reactive oxygen species. Furthermore, the bac-
teria seem to enhance the fungal responsiveness to plant strigolac-
tones, which are perceived by AMF as branching factors [ 8 ]. By 
contrast, information on Mre is much more limited: based on  16S 
rRNA   gene sequences, this novel bacterial taxon represents the sister 
clade of the Entomoplasmatales and Mycoplasmatales, within the 
Mollicutes and shows high level of sequence variability [ 5 ,  9 ]. Only 
recently the genome of Mre has been sequenced showing i) a highly 
reduced gene content and metabolic capacity, ii) metabolic depen-
dence on the fungal host, and iii) extensive chromosomal rearrange-
ments and trans-kingdom gene transfer between the two partners 
[ 10 ,  11 ]. Interestingly,  Ca Gg and Mre have been simultaneously 
detected in some   Gigaspora margarita    isolates (fam. Gigasporaceae) 
hosting what has been described as a  new   fungal microbiota [ 9 ]. 
Hence, single or multiple bacterial populations can thrive inside 
 AMF   that, being themselves obligate  symbionts  , need a host plant to 
complete their life cycle. Consequently, this complex “Russian dolls-
like” organization is diffi cult to dissect with traditional culture- based 
techniques. Furthermore, the endobacteria so far detected in  AMF   
are considered unculturable microbes; therefore, they cannot be 
obtained in pure culture. 

 In this chapter, we present several techniques that can be applied 
to investigate the endobacteria thriving in  AMF  . First, we describe 
three methods which have been set up to obtain the fungal material 
and, thereby, their associated endobacteria. The in pot culture is the 
recommended method for  G. margarita  routine propagation and 
the obtainment of large amounts of  spores  . The Millipore sandwich 
allows producing clean and intact extraradical  mycelium  , while the 
root organ cultures (ROCs) can be used to obtain in vitro spores 
and mycelium. As for  bacteria   living inside insect [ 12 ], the demon-
stration of the intracellular localization is the fi rst criterion to speak 
about endobacteria. Therefore, as a second step, we illustrate the 
protocols to process the biological material for transmission electron 
and confocal microscopy, in order to detect the endobacteria and 
describe their morphology. Third, we present some molecular tech-
niques that make possible a direct investigation of the endobacteria 
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from their fungal hosts. Having as a prerequisite the availability of 
specifi c primers and probes, PCR allows to identify the endobacte-
ria,  real-time quantitative PCR (qPCR)   to evaluate their abun-
dance and  fl uorescent in situ hybridization (FISH)   to reveal and 
simultaneously localize their presence. Last, we describe a fi ltering-
based protocol fi rst described by Ghignone and colleagues [ 6 ] that 
allows to obtain a spore lysate enriched in the endobacterial compo-
nent with a limited carryover of fungal nuclei. All the techniques 
described in this chapter have been applied with success to the study 
of the endobacteria  within   AMF [ 5 – 9 ,  13 – 15 ]. 

 The presence of endobacteria thriving inside the cytoplasm of 
fungi has been reported few times so far. In addition to 
 Glomeromycota  , endobacteria have been described inside other 
groups of fungi, such as Mucoromycotina. Among them,  Rhizopus 
microsporus , a rice pathogenic fungus whose pathogenicity is 
related to the  presence of a strain of  Burkholderia rhizoxinica  [ 16 ]; 
 Mortierella elongata , a fi lamentous fungus which hosts a 
 Burkholderia -related endobacterium [ 17 ];  Endogone , one of the 
oldest plant-associated fungi which host Mre in fruiting body- 
forming spores [ 18 ]. All these fi ndings strongly suggest that the 
presence of endobacteria in the cytoplasm of fungi is more wide-
spread than expected. Novel bacterial populations still wait to be 
discovered and characterized. As a consequence, the application of 
protocols which allow to unambiguously detect and identify these 
bacterial dwellers of fungi will drastically improve the knowledge 
of such complex symbiotic systems.  

2    Materials 

 Prepare all solutions using analytical reagents and deionized water 
(unless indicated otherwise). Use sterile consumables and reagents, 
or, prior to use, autoclave them at 120 °C for 20 min. Wear per-
sonal protective equipment, carefully handle dangerous reagents, 
and follow all waste disposal current regulations when disposing of 
waste materials. 

    The fungal material employed in the experiments described in the 
 Biological Materials and Growing Media  sections ( see  Subheadings  2.1  
and  3.1 ) consists of monoxenic inocula of the  AMF   G. margarita  
BEG34, purchased from specialized companies and/or in-house prop-
agated following the in pot culture technique ( see  Subheading  3.1.1 ). 

        1.    Plastic pots (0.9 L volume).   
   2.    Sterilized quartz sand (oven-sterilized at 180 °C for 3 h).   
   3.     Trifolium repens  (clover) seeds ( see   Note 1 ).   
   4.     AMF   spores.   

2.1  Biological 
Materials 
and Growing Media

2.1.1  Pot Cultures
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   5.    Long Ashton fertilization solution [ 19 ], modifi ed (low phos-
phate): 0.75 mM MgSO 4  7H 2 O, 1 mM NaNO 3 , 1 mM K 2 SO 4 , 
2 mM CaCl 2  2H 2 O, 32 μM Na 2 HPO 4 , 0.025 mM Fe Na 
EDTA, 0.005 mM MnSO 4  12H 2 O, 0.00025 mM CuSO 4  
5H 2 O, 0.0005 mM ZnSO 4  7H 2 O, 0.025 mM H 3 BO 3 , 0.0001 
mM Na 2 MoO 4  2H 2 O.   

   6.    Sieves (aperture 100 μm).      

       1.    Ultrapure water.   
   2.    Chloramine T.   
   3.    Streptomycin sulfate.      

       1.    Sulfuric acid (99.99 %).   
   2.    Sterile water.   
   3.    Water agar (0.6 % agar) plates, diameter 9 cm.      

       1.    Water agar (0.6 % agar)  plates  , diameter 9 cm.   
   2.    Magenta boxes.   
   3.    Sterile  cellulose   nitrate membranes (pore size 45 μm).   
   4.    Sterilized quartz sand (oven-sterilized at 180 °C for 3 h).   
   5.    1:2 diluted modifi ed Long Ashton solution ( see  Subheading 

 2.1.1 ).   
   6.    Surface-sterilized  AMF   spores.   
   7.    3–4 days germinating  L. japonicus  seedlings.      

       1.     Cichorium intybus  (chicory) transformed root cultures ( see  
 Note 2 ).   

   2.    Surface-sterilized  AMF   spores.   
   3.    Minimal (M) Medium [ 21 ]: 3 mM MgSO 4  7H 2 O, 0.79 mM 

KNO 3 , 0.87 mM KCl, 1.22 mM Ca(NO 3 ) 2  4H 2 O, 35.0 μM 
KH 2 PO 4 , 21.7 μM Na Fe EDTA, 4.5 μM KI, 30.3 μM MnCl 2  
4H 2 O, 9.2 μM ZnSO 4  7H 2 O, 24.0 μM H 3 BO 3 , 0.5 μM CuSO 4  
5H 2 O, 0.01 μM Na 2 MoO 4  2H 2 O, 40 μM glycine, 0.3 μM 
Thiamin HCl, 0.5 μM Pyridoxin HCl, 4 μM Nicotinic Acid, 277 
μM Myo-inositol, 10 g/L Sucrose, Phytagel 4 g/L, pH 5.5.       

         1.      Ultramicrotome   with glass and diamond knives.   
   2.    1 % toluidine blue (w/v).   
   3.    Polypropylene spot plate (well Ø 2 cm).   
   4.    Hot plate.   
   5.    Uranyl acetate solution: prepare a saturated solution by dis-

solving uranyl acetate in ddH 2 O.   
   6.    NaOH (pellets).   

2.1.2  Spore Sterilization

2.1.3   Lotus japonicus  
Seeds Sterilization 
and Germination

2.1.4  Millipore 
Sandwich Method

2.1.5   In Vitro  Fungal 
Propagation under Root 
Organ Culture (ROC) 
Conditions

2.2  Morphological 
Analyses

2.2.1  Transmission 
Electron Microscopy
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   7.    Lead citrate solution.
   (a)    Solution A (Lead nitrate stock solution): add 31.25 g in 

500 mL of doubled-distilled water (ddH 2 O). Add ten 
drops of HNO 3  10 N (HNO 3  10 N: 630 g in 1 L of 
ddH 2 O).   

  (b)    Solution B (Sodium citrate stock solution): add 41.50 g in 
500 mL of ddH 2 O. Add fi ve drops of solution A.   

  (c)    Solution C (NaOH 1 N): add 0.2 g in 5 mL of ddH 2 O. 
 Prepare the solution as follows: 2.1 mL solution A + 2.1 
mL solution B. Mix. Add 0.8 mL solution C. Mix. 
 Solution A and B can be stored at room temperature. 
Solution C must be freshly prepared every time.       

   8.    Philips CM10 transmission electron  microscope   (FEI, 
Hillsboro, OR, USA).       

       1.    SYTO 9 ®  Green-Fluorescent  Nucleic   Acid Stain (Life 
Technologies, Carlsbad, CA, USA), 5 mM solution in 
DMSO. Store at −20 °C and protect from light. Freshly pre-
pared working solution for bacterial (50 nM–20 μM) and 
eukaryotic (10 nM–5 μM) cell visualization: make a 1:1000 
dilution in ultrapure water. Vortex to mix. Store on ice and 
protect from light.   

   2.    Leica TCS-SP2 confocal  microscope   (Leica Microsystems, 
Wetzlar, Germany).       

           1.    10× PCR buffer (Sigma).   
   2.    Sterile plastic pestles for 1.5 mL tubes.      

       1.     2× CTAB (Cetyltrimethylammonium bromide)    extraction 
buffer: 100 mM Tris–HCl, pH 8.0, 1.4 M NaCl, 20 mM 
EDTA, 2 % CTAB (w/v). Adjust the volume of the solution 
with ultrapure water. Autoclave for 20 min at 120 °C.   

   2.     Polyvinylpyrrolidone (PVP).    
   3.    Chloroform:isoamyl alcohol (24:1).   
   4.    Chloroform.   
   5.    Cold 2-propanol.   
   6.    Cold 70 % ethanol.       

       1.    PCR reagents: 10 μM of suitable primers ( see  Table  1 ), 2.5 
mM of each dNTP, 5× Phusion ®  HF Buffer, Phusion ®  DNA 
Polymerase (2 U/μL) (Thermo Fisher Scientifi c, Waltham, 
MA, USA), ultrapure water.

2.2.2  Confocal 
Microscopy

2.3  Molecular 
Analyses

2.3.1  DNA Extraction

 Rapid DNA Extraction

 CTAB-Based DNA 
Extraction

2.3.2  PCR
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       2.    PCR purifi cation and clean-up: Wizard ®  SV Gel and PCR 
Clean-Up System (Promega, Fitchburg, Wisconsin, USA).       

       1.     Cloning   vector: pGEM ® -T Easy Vector Systems (Promega, 
Fitchburg, WI, USA).   

   2.    Chemically competent bacterial cells: One Shot ®  TOP10 
Chemically Competent  Escherichia coli  (Life Technologies, 
Carlsbad, CA, USA).   

   3.    Fresh LB plates (9 cm diameter) with ampicillin (fi nal concen-
tration 100 mg/mL).      

       1.    48-well StepOne™ Real-time  PCR   system and StepOne™  soft-
ware   (Life Technologies, Carlsbad, CA, USA) or similar Real- 
time PCR equipment.   

   2.    Qubit ®  2.0 fl uorometer (Life Technologies, Carlsbad, CA, 
USA).   

   3.    PCR reagents: 3 μM of each suitable primers ( see  Table  1 ), 2× 
Power SYBR ®  Green PCR Master Mix (Life Technologies, 
Carlsbad, CA, USA), ultrapure water.       

       1.     Sterile 1× and 10×    phosphate buffered saline (PBS), pH 7.2.   
   2.    Fixative solution: 4 % paraformaldehyde [ 26 ]. Heat up 45 mL 

of ultrapure water at 55–58 °C (avoid exceeding 60 °C). Add 
2 g of paraformaldehyde and stir with a magnet. If necessary, 
add a few drops of NaOH 10 N while stirring continuously 
until powder dissolves. Add 5 mL of 10× PBS. Cool on ice. 
Adjust pH to 7.2–7.4 with HCl. Filter the solution with 0.45 
μm fi lter. Store the solution a few days at 4 °C, or 2–3 weeks 
at −20 °C. Avoid repeated freeze-thaw cycles.   

   3.     Microscope   slides with eight individual wells (well Ø 6 mm) 
and large cover slides.   

   4.    Low melting point agarose.   
   5.    50 %, 75 %, and 100 % ethanol.   
   6.    Coplin jars.   
   7.     Hybridization   oven.   
   8.      Proteinase  K:   prepare a 1 mg/mL stock solution in ultrapure 

water. Aliquot and store at −20 °C. Prepare a 10 μg/mL work-
ing solution in ultrapure water.   

   9.    RNase A (40 μg/μL).    
   10.    Tween 20.   
   11.    Suitable labeled  oligonucleotide probes   ( see  Table  2 ).  Probes   

are 5′-end labeled with fl uorochromes like fl uorescein isothio-
cyanate (FITC) or cyanine dies (Cy3 or Cy5).  Resuspend in 
ultrapure water the probes to obtain a 500 ng/μL  probe   

2.3.3  Cloning

2.3.4  Real-Time qPCR

2.4  Fluorescent  In 
Situ   Hybridization 
(FISH) 
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stocks. Aliquot and store the stocks in the dark at −20 °C. Dilute 
 probe   stocks at the working concentration of 50–70 ng/μL 
with ultrapure water and aliquot in individual tubes (50 μL per 
tube). Avoid repeated freeze-thaw cycles. Store in the dark at 
−20 °C.

       12.    Sterile 20× saline-sodium citrate (SSC) buffer (3 M NaCl and 
0.3 M sodium citrate, pH 7). Aliquot and store at −20 °C.   

   13.    100 % formamide. Aliquot and store at −20 °C ( see   Note 3 ).   
   14.    50X Denhardt’s solution: dissolve the Denhardt’s powder in 

ultrapure water according to the manufacture’s instruction. 
Store at −20 °C for up to 2 years. Prepare 25×  working solu-
tion. Aliquot and store at −20 °C.   

   15.    Antifade mounting medium: 1,4-Diazabicyclo[2.2.2]octane 
(DABCO) solution (25 mg/mL). Dissolve 250 mg DABCO 
in 10 mL 1× PBS. Add 90 mL Glycerol. Adjust pH to 8.6 with 
HCl or NaOH. Store the solution at 4 °C.   

   16.    Leica TCS-SP2 confocal  microscope   (Leica Microsystems, 
Wetzlar, Germany).      

       1.    0.9 %  NaCl   in ultrapure water (w/v). Autoclave for 20 min at 
120 °C.   

   2.    Sterile plastic pestles from 1.5 mL tubes.   
   3.    Sterile 3 μm  cellulose   nitrate fi lters.   
   4.    Sterile syringes and syringe fi lter holders.   
   5.    RQ1 RNase-Free  DNase   (1 U/μL) (Promega, Fitchburg, WI, 

USA).        

2.5  Bacterial 
Enrichment

    Table 2  
  List of the oligonucleotide probes used in FISH experiments   

 Target gene  Organism  Probe  Probe sequence (5′–3′)  Fluorochrome  References 

 16S rRNA 
gene 

  Ca  Gg 

 Mre 

 Bacteria 

  Buchnera  

 CaGgADf1 

 BLOsADf2 

 EUB338 

 Apis2Pa 

 CTATCCCCCT
CTACAGGAYAC 

 ATCCRTAGACC
TTCMTCCTTC 

 GCTGCCTCCC
GTAGGAGT 

 CCTCTTTGGG
TAGATCC 

 Cy5 

 Cy3 

 Fluorescein 

 Fluorescein 

 Desirò et al. [ 9 ] 

 Desirò et al. [ 15 ] 

 Amann et al. [ 26 ] 

 Koga et al. [ 27 ] 

 None  None  non- 
CaGgADf1 

 non- 
BLOsADf2 

 GTRTCCTGTAG
AGGGGGATAG 

 GAAGGAKGAAGGT
CTAYGGAT 

 Cy5 

 Cy3 

 Desirò et al. [ 9 ] 

 Desirò et al. [ 15 ] 

Alessandro Desirò et al.
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3    Methods 

       The in pot culture is the recommended method for  G. margarita  
routine propagation and for the obtainment of large amounts of 
 spores  , since it represents a “nearly natural” method to obtain 
 AMF   material under controlled conditions.

    1.    Place the oven-sterilized quartz sand in 0.9 L pots.   
   2.    Soak the sand with the modifi ed low phosphate Long Ashton 

solution and let it drain. Inoculate 100  G. margarita  spores 
under the sand surface by pipetting.   

   3.    Spread 80–100  T. repens  seeds on the sand surface and cover 
them with a thin sand layer.   

   4.    Put the pots in a climatic chamber with a photoperiod of 16 h 
and a temperature of 23 °C during the day and 21 °C during 
the night. Keep the pots in culture for at least 3 months.   

   5.    During the entire culturing period, fertilize the pots once a 
week with the modifi ed low phosphate Long Ashton solution. 
Irrigate the pots with water whenever needed.   

   6.    After 3 months of cultivation, collect the newly formed spores 
from the sand soil by putting a 100 mL aliquot of  substrate   in 
a beaker and adding water. Shake the beaker so that spores are 
temporarily kept in suspension and immediately pour the water 
in a 100 μm aperture sieve. Recover the sieve content in a large 
glass Petri dish by washing it with water. Manually collect the 
spores under a stereomicroscope by pipetting with a P1000 
pipette or by individually collecting them with laboratory 
tweezers ( see   Note 4 ).    

     The entire procedure should be performed under a biological hood.

    1.    Prepare a sterilization solution containing 3 % chloramine T 
and 0.03 % Streptomycin sulfate in ultrapure water. Shake well 
until the powders are completely dissolved. Typically, 50 mL of 
solution is prepared to sterilize up to 2000  AMF   spores.   

   2.    Place the collected spores in a tube and remove the residual 
water. Add the sterilization solution and shake the tube. 
Typically, 1.5 mL of sterilization solution is used for 100 spores 
( see   Note 5 ).   

   3.    Place the tube horizontally, so that spores are not pelleted at 
the bottom, and wait 10 min.   

   4.    Remove the sterilization solution by pipetting and add the 
same volume of ultrapure water; shake well and wait 5 min.   

   5.    Remove the water by pipetting and add the same volume of 
sterilization solution. Shake well, place the tube horizontally, 
and incubate 10 min.   

3.1  Biological 
Materials 
and Growing Media

3.1.1  Pot Cultures

3.1.2  Spore Sterilization
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   6.    Remove the sterilization solution by pipetting and add the same 
volume of ultrapure water; shake well and wait 5 min.   

   7.    Remove the water by pipetting and add the same volume of 
ultrapure water; shake well and wait 10 min.   

   8.    Repeat  step 7 . After having waited 10 min, remove by pipetting 
all traces of water.     

 Spores are now ready for subsequent treatments. If their 
intended use is DNA/RNA extraction, place tubes in liquid 
 nitrogen and store the frozen spores at −80 °C until use. If they 
will be employed for further vital manipulation, store them at 4 °C 
for at most 1 week.  

    The procedure should be performed under a chemical hood and 
wearing suitable gloves until  step 4 , since sulfuric acid is toxic and 
corrosive.

    1.    Extract  L. japonicus  seeds from pods and place them in a plastic 
tube ( see   Note 6 ).   

   2.    Add sulfuric acid to the tube so that seeds are completely 
soaked.   

   3.    Mix well by vortexing and leave the seeds soaked for 3 min.   
   4.    Eliminate the sulfuric acid by pipetting and rinse the seeds with 

sterile water for 10 min.   
   5.    Repeat  step 4  twice.   
   6.    Under a biological hood, take individual seeds with fl ame- 

sterilized tweezers and place them on water agar plates. Put 
approx. 5 seeds per plate.   

   7.    Incubate plates containing the surface-sterilized seeds in the 
dark at 22 °C for 4 days, then put them in the light at the same 
temperature until the cotyledons become green ( see   Note 7 ).    

      The  Millipore sandwich method   is the technique of choice to 
obtain clean and intact  G. margarita  extraradical  mycelium  , allow-
ing at the same time the collection of colonized root portions. The 
entire procedure needs to be performed under a biological hood.

    1.    Fill the Magenta boxes with quartz sand for 1/3 of their vol-
ume. Autoclave for 20 min at 120 °C.   

   2.    Pick an autoclaved  cellulose   nitrate membrane with fl ame- 
sterilized tweezers and place it on an water agar plate to let it 
moisten.   

   3.    Take a germinated  L. japonicus  seedling ( see  Subheading  3.1.3 ) 
and place it on the membrane, with the shoot apex going 
beyond the edge.   

   4.    Collect with a pipette 20–25 surface-sterilized  G. margarita  
spores and place them below the seedling rootlet; eliminate the 
excess liquid by pipetting.   

3.1.3   Lotus japonicus  
Seeds Sterilization 
and Germination

3.1.4  Millipore 
Sandwich Method
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   5.    Pick a second  cellulose   nitrate membrane with fl ame-sterilized 
tweezers and superpose it to the fi rst one to close the 
sandwich.   

   6.    Open the Magenta box and soak the sand with the 1:2 diluted 
modifi ed Long Ashton solution.   

   7.    With long, thick laboratory tweezers dig a groove in the sand, 
at the center of the Magenta box.   

   8.    With long, thick laboratory tweezers take the previously pre-
pared sandwich from the water agar plate and place it vertically 
in the groove, with the plantlet apex upside. Gently close the 
groove and soak again with the 1:2 diluted modifi ed Long 
Ashton solution ( see   Note 8 ).   

   9.    Eliminate the excess of 1:2 diluted modifi ed Long Ashton 
solution by pipetting and close the Magenta box.   

   10.    Incubate the Magenta boxes in a climatic chamber with a pho-
toperiod of 16 h and a temperature of 23 °C during the day 
and 21 °C during the night.   

   11.    After 30 days, disassemble the sandwiches and collect the 
material under a stereomicroscope.   

   12.    For the external  mycelium  , peel the root surface and place the 
collected hyphal bundle in tubes; for mycorrhizal roots, cut the 
root fragments in small pieces with a sharp scalpel and collect 
the material in tubes. Freeze the samples in liquid nitrogen and 
store them at −80 °C until use.    

      Root organ cultures can be used to monoxenically produce in vitro 
 G. margarita  BEG34 spores and  mycelium   ( see   Note 9 ).

    1.    Propagate clones of root-inducing T-DNA-transformed roots 
previously established by subculturing them every 4 weeks on 
minimal (M) medium in round Petri dishes (9 cm diameter). 
Keep the dishes in the dark at 26 °C.   

   2.    Using fl ame-sterilized tweezers, transfer a 4–5 cm long T-DNA 
transformed root fragment in the center of a round Petri dish 
(9 cm diameter) containing M medium. Gently sink the root 
explant below the medium surface with tweezers to avoid 
desiccation.   

   3.    Transfer about ten surface-sterilized  G. margarita  spores in 
the plate, all around the transformed root explant.   

   4.    Carefully seal the dishes with Parafi lm and incubate them in 
the dark at 26 °C.   

   5.    A new spore generation is produced within 1.5–2 months as a 
result of mycorrhizal colonization. To keep the spores sterile, 
collect them under a biological hood using fl ame-sterilized 
tweezers.    

3.1.5   In Vitro  Fungal 
Propagation under Root 
Organ Culture (ROC) 
Conditions
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         In  order   to preserve fungal  structures   and organelles, as well as the 
small endobacteria, single spores were processed by using 
 cryo- methods, that is, high-pressure and freeze-substitution prep-
aration. Subsequently, spore samples were infi ltrated with Epon/
Araldite resin and then embedded in resin blocks. For details on 
the cryo-preparation and the subsequent resin infi ltration and 
polymerization refer to [ 9 ]. In this section, we provide details on 
the processing of the samples for  transmission electron microscopy   
starting from the sectioning of the resin blocks.

    1.    Pre-warm the hot plate to about 50 °C.   
   2.    After embedding, the resin blocks are sectioned by using an 

ultramicrotome. Cut the blocks into semithin sections (1 μm) 
with a glass knife.   

   3.    Place the sections on a  microscope   slide. Stain the sections 
with 1 % toluidine blue (w/v). Let the microscope slide dry on 
the hot plate (about 50 °C). Observe the stained sections 
under a light  microscope   for the orientation of the sample 
within the block. Select a small area of the section for ultrathin 
sections.   

   4.    Cut the selected area of the block into ultrathin sections (70 
nm) with a diamond knife. Treat ultrathin sections as fl oating 
sections until the end of the counterstaining step.   

   5.    Prepare a humid chamber to prevent the sections from drying 
out. Place a wet paper towel inside a covered Petri dish (Ø 9 cm). 
Place the spot plate on the paper towel.   

   6.    Fill the spot plate well with 500 μL of uranyl acetate solution. 
Lay down the sections on the solution for 20 min. Cover the 
Petri dish and put it on the hot plate (about 50 °C). Place a 
piece of aluminum foil on the cover of the dish to keep the 
samples in the dark during the staining.   

   7.    Rinse twice the sections in water for 10 min.   
   8.    Fill the spot plate well with 500 μL of lead citrate solution. Lay 

down the sections on the solution for 2–3 min. In order to 
prevent excessive lead citrate precipitation by exposure to 
CO 2 , add NaOH pellets (~10 g) near the spot plate. Cover the 
Petri dish during the staining.   

   9.    Rinse twice the sections in water for 10 min.   
   10.    Mount the sections on a 200- or 300-mesh copper grids.   

   11.    Observe under a transmission  electron   microscope ( see  Fig.  1a, b ).

             Prepare  a   fresh aliquot of the SYTO 9 ®  Green-Fluorescent Nucleic 
Acid Stain working solution (1:1000 dilution in ultrapure water). 
Store on ice and protect from light. 

3.2  Morphological 
Analyses

3.2.1  Transmission 
Electron Microscopy

3.2.2  Confocal 
Microscopy
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   Fig. 1     Transmission electron and confocal microscopy of  Gigaspora margarita  ( a ,  c ,  d ) and  Rhizophagus clarus  
( b ) spores. Ultrastructure of ( a ) the rod-shaped  Candidatus  Glomeribacter gigasporarum and ( b ) the coccoid 
Mollicutes-related endobacterium as seen under a transmission electron microscope. ( c ) Crushed  G. margarita  
spore (sp) after staining with SYTO 9 ® : the cytoplasm spreads over the slide forming a halo rich in endobacteria 
( arrowheads ). Fungal nuclei ( empty arrowhead ) are trapped inside the cytoplasm. ( d ) FISH on a crushed spore 
of  G. margarita : the double labeling with the  Ca Gg-specifi c probe CaGgAD1f ( blue ) and the Mre-specifi c probe 
BLOsADf2 ( red ) confi rms the simultaneous presence of the two endobacterial types in the same AMF spore; 
bacteria are seen as rod-shaped or coccoid fl uorescent spots ( arrowheads ). Fungal cytoplasm (fc). Scale bars, 
( a ) 0.13 µm; ( b ) 0.12 µm; ( c ) 150 µm; ( d ) 13 µm       
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       1.    Transfer surface-sterilized spores (one to three spores per slide) 
on a  microscope   slide ( see   Note 10 ).   

   2.    Add a 40–100 μL drop (depending on the size and number of 
spores) of SYTO 9 ®  directly on the spores.   

   3.    Add a large cover slide covering the entire  microscope   slide. 
Slightly press the cover slide down until you crash the spores.   

   4.    Incubate the  microscope   slide for 5 min in the dark.   
   5.    Observe under a confocal microscope ( see   Note 11 ) ( see  Fig.  1c ).      

       1.    Transfer 10 μL of fi ltered bacterial suspension( see  Subheading 
3.5) on a microscope slide.   

   2.    Add 10 μL drop of SYTO 9 ®  directly on the bacterial suspen-
sion and mix gently by pipetting.   

   3.    Add a large cover slide covering the entire  microscope   slide.   
   4.    Incubate the microscope slide for 5 min in the dark.   
   5.    Observe under a  confocal   microscope ( see   Note 11 ).         

   In order to avoid  contaminations,   carry out all steps under a bio-
logical hood (unless indicated otherwise). Prior to use, clean all the 
instruments ( i.e. , micropipettes, tube racks, centrifuge, etc.). Use 
sterile fi lter tips. 

            1.     Prepare a fresh aliquot of extraction buffer with 10× PCR 
buffer:ultrapure water (1:1 dilution).   

   2.    Place 1–10 surface-sterilized spores in 1.5 mL tube.   
   3.    Crush the spore in a volume of 30 μL (single spore), 50 μL 

(pool of fi ve spores), or 70 μL (pool of ten spores) of freshly 
prepared extraction buffer.   

   4.    Incubate crashed spores at 95 °C for 15 min.   
   5.    Centrifuge the crude extract at 16,000 ×  g  for 10 min.   
   6.    Collect the supernatant and store at −20 °C.      

   The procedure should be performed under a fume hood.

    1.    Pre- warm   water bath at 65 °C.   
   2.    Prior to starting extraction, add 1 % (w/v) PVP to the 2× 

CTAB. Prepare 700 µL per sample of extraction buffer and 
pre-warm to dissolve PVP at 65 °C.   

   3.    Place 1–10 surface-sterilized spores or add up to 100 μL of 
bacterial suspension ( see  Subheading 3.5) in a 1.5 mL tube.   

   4.    Add 600 μL of extraction buffer. Crush the spore(s) (if extract-
ing from spores) with a plastic pestle.   

   5.    Incubate in the water bath at 65 °C for 1 h.   

 Spore Processing

 Bacterial Suspension 
Processing

3.3  Molecular 
Analyses

3.3.1  DNA Extraction

 Rapid DNA Extraction

 CTAB-Based DNA 
Extraction
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   6.    Centrifuge at 9,500 ×  g  for 10 min.   
   7.    Transfer the supernatant to a new 2 mL tube without disturb-

ing the pellet (if present).   
   8.    Add 1 volume of chloroform:isoamyl alcohol (24:1). Mix by 

inverting the tube until the solution becomes lactescent and 
homogeneous.   

   9.    Centrifuge at 6,000 ×  g  for 10 min.   
   10.    Transfer the supernatant to a new 2 mL tube without disturb-

ing the interface.   
   11.    Add 1 volume of chloroform. Mix by inverting the tube 10–15 

times.   
   12.    Centrifuge at 6,000 ×  g  for 10 min.   
   13.    Transfer the supernatant to a new 1.5 mL tube without dis-

turbing the interface.   
   14.    Add 2/3 of the volume of cold 2-propanol. Mix by inverting 

the tube 10–15 times.   
   15.    Incubate the tube at -80 ºC for 5–10 min.   
   16.    Centrifuge at 9,500 ×  g  for 10 min.   
   17.    Carefully discard the supernatant to avoid dislodging the 

pellet.   
   18.    Add 1 mL of cold 70 % ethanol and shake gently.   
   19.    Centrifuge at 9,500 ×  g  for 1 min.   
   20.    Remove the alcohol supernatant without disturbing the pel-

let. Air-dry the pellet.   
   21.    Resuspend the pellet in 30–50 μL of ultrapure water.        

        1.    Carry out individual PCR reactions in a fi nal volume of 20 μL 
containing Phusion® DNA Polymerase, Phusion ®  HF Buffer, 
375 μM of each dNTP, 750 nM of each primer ( see  Table  1 ), 
1–4 μL (from rapid  DNA extraction  ) or 40–50 ng (from CTAB 
extraction) DNA template. Bring the mix to the fi nal volume 
with ultrapure water.   

   2.    Use the following cycling conditions:

    (a)    Initial step of 98 °C for 4 min   
   (b)     Cycles (cycle conditions vary according to the primer pair 

used):
 ●    CaGgADf-CaGgADr: 35 cycles at 98 °C for 13 s, 69 °C 

for 30 s, 72 °C for 55 s  
 ●   GlomGIGf-GlomGIGr: 30 cycles at 98 °C for 10 s, 58 

°C for 25 s, 72 °C for 30 s  

3.3.2  PCR
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 ●   109F-1184R: 30 cycles of 98 °C for 10 s, 60 °C for 30 
s, 72 °C for 45 s ( see   Note 12 )  

 ●   AML1-AML2: 35 cycles at 98 °C for 10 s, 58 °C for 30 
s, 72 °C for 35 s  

 ●   ITS1f-ITS4: 35 cycles at 98 °C for 10 s, 57 °C for 30 s, 
72 °C for 30 s  

 ●   Efgigf-Efgig2r: 30 cycles at 98 °C for 10 s, 60 °C for 25 
s, 72 °C for 20 s  

 ●   rpoBf-rpoBr: 35 cycles at 98 °C for 10 s, 60 °C for 30 
s, 72 °C for 35 s      

   (c)    Final extension step of 72 °C for 7 min       
   3.    Purify PCR products directly from an amplifi cation reaction or 

extract DNA fragments from agarose gel by using Wizard ®  SV 
Gel and PCR Clean-Up System following the manufacturer’s 
instruction.   

   4.    Clone purifi ed PCR products using the pGEM ® -T Easy Vector 
System following the manufacturer’s instruction ( see   Note 13 ).   

   5.    Insert the cloned vector into One Shot ®  TOP10 Chemically 
Competent  E. coli  following the manufacturer’s instruction.   

   6.    Plate and grow transformed  E. coli  cells in the selective medium 
containing ampicillin.   

   7.    Screen clones for insert length by PCR. Select positive clones.   
   8.    Sequence the cloned inserts.      

     Real-time qPCR   is widely used for cultivation-independent detec-
tion and quantification of microorganisms. The estimation of the 
starting  target   quantities based on the amplification threshold cycle 
in each sample allows microbes (or nuclei for multinucleate organ-
isms) to be quantified when single-copy genes are considered. The 
present application of qPCR can be used to quantify the abun-
dance of endobacteria in a fungal sample, to determine the bacte-
rial–fungal ratio (number of endobacteria vs. number of fungal 
nuclei detected), and to relatively quantify different endobacterial 
populations when simultaneously present in a fungal sample ( see  
 Note 14 ). In order to avoid  contaminations   carry out all steps 
under a biological hood. Use sterile filter tips.

    1.    Obtain  plasmids   containing the target DNA sequences. 
Quantify  plasmids   with the Qubit ®  2.0 fl uorometer and esti-
mate the copy number/μL based upon the molecular weight 
of the template. Generate serial  plasmid   dilutions so that a 
10 6  to 10 1  plasmid   copies are present in 1 μL of sample solu-
tion ( see   Note 15 ).   

3.3.3  Real-Time qPCR
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   2.    Serially dilute by tenfold the fungal sample(s) to be tested in 
 qPCR   ( see   Note 16 ).   

   3.    Carry out individual real-time  qPCR   reactions in a fi nal vol-
ume of 20 μL containing 2× real-time mix, 150 nM of each 
primer ( see  Table  1 ), and 1 μL of appropriate DNA dilution. 
Bring the mix to the fi nal volume with ultrapure water. Prepare 
three technical replicates for each sample.   

   4.    Use the following cycling conditions: initial step of 95 °C for 3 
min, 40 cycles of 95 °C for 15 s followed by 60 °C for 40 s, 
with fl uorescence measurement during the 60 °C step ( see   Note 
17 ). At the end of the amplifi cation add a melting curve analy-
sis as follows: 55–95 °C with a heating rate of 0.5 °C per 10 s, 
with continuous fl uorescence measurement ( see   Note 18 ).   

   5.    As a fi rst  qPCR   run, perform a standard curve using     serial dilu-
tions of plasmids to calculate the PCR effi ciency. Do the same 
with the serially diluted fungal sample(s) to check that PCR effi -
ciency is comparable to that obtained from  plasmid   standards 
( see   Note 19 ). Those fungal sample dilutions falling into the 
standard curve dynamic range can be selected for the quantifi ca-
tion of the endobacteria/fungal nuclei ( see   Note 20 ).   

   6.    Perform the quantifi cation assay. Set up the  qPCR   plate so that 
both fungal sample(s) and    serial dilutions of plasmids are 
amplifi ed in the same run. The number of  target   DNA 
sequences present in each PCR mixture is calculated by com-
paring the crossing points of the sample TCs with those of the 
standard  plasmids   using the StepOne™  software  . If diluted 
fungal sample(s) were used for the quantifi cation run, multiply 
the fi gure obtained by the dilution factor to retrieve the actual 
number of  target   DNA sequences present in the starting 
sample.     

           1.     Prior to  hybridization  , fi x surface-sterilized spores in  fresh   and 
cold 4 % paraformaldehyde buffered with PBS. Incubate the 
spores at 4 °C for 3–6 h or, alternatively, at room temperature 
for 1–2 h.   

   2.    Remove the fi xative and wash the spores three times in 1× 
PBS. Process the spores immediately for the next  hybridization   
steps, or suspend them in 1:1 1 × PBS/100% ethanol  and store 
at −20 °C until use.   

   3.    Prepare a 2 % agarose solution in ultrapure water (w/v) in a 
small autoclaved fl ask.   

   4.    Transfer fi xed surface-sterilized spores ( see   Note 10 ) on an 
8-well  microscope   slide and immobilize them with a 20–30 μL 
drop of 2 % agarose (one to three spores per well).   

3.4  Fluorescent  
In Situ  
Hybridization (FISH)
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   5.    Dehydrate immobilized spores: plunge the entire  microscope 
  slide in an ethanol series (use Coplin jars): 3 min each, fi rst in 
50 % ethanol, then 75 % and 100 %. Let the ethanol evaporate 
but avoiding desiccation of the agarose drop.   

   6.    Crush the spores to allow the penetration of the  probes   into 
the cytoplasm during the  hybridization  : crush the spores by 
adding a cover slide on the spore-embedded agarose drop, and  
pressing slightly. Gently remove the cover slide.   

   7.    Carry out a pre-hybridization treatment with proteinase K  for 
10 min: add 50–70 μL of  proteinase K   on each well (agarose 
drop) ( see   Note 21 ).   

   8.    Remove  proteinase K   and carry out the following steps: rinse 
with 1× PBS for 5 min; wash with 1 % Tween20 in 1× PBS 
(freshly prepared) for 5 min; rinse twice with 1× PBS for 5 min.   

   9.    Pre-warm the  hybridization   buffer to 46 °C.
    (a)     Carry out the next steps in the dark and avoid exposing 

 probes   to the light.    
      10.    During the pre-hybridization steps freshly prepare the  hybrid-

ization   buffer (at 35 % formamide stringency) in a 2 mL tube, 
one tube per  microscope   slide, as follows:

    (a)     700 μL of 100 % formamide (fi nal concentration 35 %) 
( see   Note 3 )   

   (b)    200 μL of 20× SSC (fi nal concentration 2×)   
   (c)    100 μL of Denhardt’s solution (fi nal concentration 1.25×)   
   (d)     1000 μL of ultrapure water (according to the volume of 

formamide)   
   (e)    Store on ice.    

      11.    Deposit a 60 μL drop of the  hybridization   buffer on each well. 
Add 3 μL of each  probe (working concentration of 50–70 ng/
μl)   ( see  Table  2 ) directly on the surface of each drop. Avoid 
using more than three  probes   (labeled with different fl uoro-
chromes) at the same time ( see   Note 22 ). Gently mix with a 
pipet tip without disturbing the agarose drop.   

   12.    Prepare the humid chamber to prevent  probe   and buffer evap-
oration during the  hybridization  : fold a paper towel and place 
it into a 50 mL tube. Pour the towel with the remaining 
hybridization buffer.   

   13.    Place the  microscope   slide horizontally inside the 50 mL tube, 
over the moist towel, and close it tightly (the humid chamber 
must not dry out). Incubate in the  hybridization   oven at 46 °C 
for 1 h and 30 min.   

   14.    After  hybridization  , remove the hybridization buffer and rinse 
the samples twice with 2× SSC for 10 min and once with 0.1× 
SSC for 10 min. Let the  microscope   slide dry vertically.   
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   15.    Mount the  microscope   slide with a 20–30 μL drop of DABCO 
per well. Add a large cover slide to cover all wells ( see   Note 
23 ). Remove excess DABCO.   

   16.    Observe the microscope slide under a confocal microscope ( see  
 Note 11 ) ( see  Fig.  1d ). Store the microscope slide at −20 °C in 
the dark for several months.       

        1.     Distribute 1000–1200  surface-sterilized   spores in 1.5 mL 
tubes (about 100 spores per tube) ( see   Note 24 ).   

   2.    Resuspend the spores in 400 μL of 0.9 % NaCl.   
   3.    Crush the spores using a plastic pestle until the spore walls are 

well smashed, and the 0.9 % NaCl solution becomes opaque 
and with a slightly pasty consistency.   

   4.    Bring fi nal volume to 1 mL, adding 600 μL of 0.9 % NaCl.   
   5.    Using fl ame-sterilized forceps, place the 3 μm fi lter in the fi lter 

holder, and connect the syringe to the fi lter holder. Use a new 
1.5 mL tube to collect the fi ltrate.   

   6.    Transfer the suspension into the syringe and fi lter the crushed 
spores. Push thoroughly twice in order to allow the  bacteria   to 
pass through the fi lter pores. Remove the fi lter and place a new 
one in the fi lter holder. Repeat the passage with the other 100-
spore batches. Maintain the tubes separated.   

   7.    Centrifuge at 9,500 ×  g  for 10 min.   
   8.    Gently remove the supernatant to avoid losing the pellet.   
   9.    Resuspend the pellet in 30 μL of 0.9 % NaCl.   
   10.    Stain with SYTO 9 ®  10 μL of fi ltered bacterial suspension and 

observe under a confocal microscope ( see  Subheading  3.2.2 ).   
   11.    Treat bacterial suspension with RQ1 RNase-Free  DNase   A 

according to the manufacturer’s instruction: incubation at 37 
°C for 30 min followed by 10 min at 65 °C to inactivate the 
 enzyme  . The 100-spore batch tubes are still separated. Store at 
−20 °C.   

   12.    Pool the bacterial suspension and extract genomic DNA with a 
CTAB-based method ( see  Subheading  3.3.1 ).   

   13.    Check  DNA extraction   for fungal  contamination   using specifi c 
primers for  AMF   and  bacteria   ( Ca Gg and/or Mre) ( see  
Subheading  3.3.2 ). Fungal primers should not provide any 
 PCR amplifi cation   ( see  Fig.  2 ).

       14.    Check quantity and quality of extracted genomic DNA.   
   15.    Sequencing.        

3.5  Bacterial 
Enrichment 
for Genome 
Sequencing
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4    Notes 

     1.     Trifolium repens  is used here as host plant for  G. margarita  
propagation since it has a small size, suitable for climatic cham-
ber cultivation, and provides a good yield in terms of  AMF   
spores in a relatively short time. However, other host plants, 
such as  Sorghum bicolor  and  Allium porrum , can be used with 
success .    

   2.     Cichorium intybus  T-DNA-transformed roots are used in this 
protocol, and they have been obtained as described by Fontaine 
and colleagues [ 20 ]. However, both  Daucus carota  and 
  Medicago truncatula    transformed roots can be used to set up 
in vitro cultures of  AMF  , and the protocol to obtain the ROCs 
of such plant species is described by Bécard and Fortin [ 21 ] 
and Boisson-Dernier and colleagues [ 22 ], respectively.   

   3.    Avoid subjecting formamide to freeze-thaw cycles. After thaw-
ing an aliquot, it should be stored at 4 °C and used shortly. 
Adjust the concentration of the formamide depending on the 
stringency necessary for the  used   probes.   

22           24           26          28           30           32

Fungus CaGg

CaGgFungus

22           24           26          28           30           32 22           24           26          28           30           32

22           24           26          28           30           32

100 bp DNA ladder

100 bp DNA ladder

   Fig. 2     Agarose gel electrophoresis patterns of the PCR amplifi cation targeting the 18S rRNA gene of  G. mar-
garita  ( left ) and the 16S rRNA gene of  Ca Gg ( right ). The fungal and bacterial detection was carried out using 
the primer pairs AML1-AML2 [23] and GlomGIGf-GlomGIGr [ 13 ], respectively ( see  Subheading  3.3.2 ). After a 
rapid DNA extraction ( see  Subheading  3.3.1 ), the samples in the upper part of the gel were subjected to bacte-
rial enrichment prior to amplifi cation ( see  Subheading  3.5 ), whereas the ones in the lower part of the gel were 
directly amplifi ed. Six subsamples for each assay were prepared. Each subsample was amplifi ed with a differ-
ent number of cycles (22, 24, 26, 28, 30, 32, respectively). As expected, the greater was the cycle number, the 
higher was the amount of amplicons obtained. Interestingly, any fungal amplifi cation was observed from the 
samples enriched in endobacteria, suggesting a limited or absent carryover of fungal nuclei. These results 
confi rmed the effi ciency of the bacterial enrichment procedure here described       
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   4.    If the spores still look very dirty ( i.e. , several residues are 
attached to the spore surface), a mild sonication can be 
added prior to performing the sterilization (for not more 
than 30–40 s).   

   5.    Depending on the spore amount being surface-sterilized, the 
suitable tube should be chosen. As an example, use 1.5 mL 
tubes to sterilize individual batches of 100 spores each, and 50 
mL tubes when groups of 1000 spores are treated together.   

   6.    Depending on the seed amount being surface-sterilized, the 
suitable plastic tube should be chosen. As an example, use 2 
mL tubes to sterilize individual batches of 20 seeds each, and 
15 mL tubes when up to 100 seeds are treated together.   

   7.    After 4 days of germination in the dark, check whether the 
germination occurred and, if so, place the Petri dishes in the 
light, otherwise wait 2–3 days more. The seedlings are ready 
to be transplanted when cotyledons become green. From that 
moment, they can be kept in the Petri dish prior to use for at 
most 1 week.   

   8.    The sandwich, composed by two  cellulose   nitrate membrane 
containing the  L. japonicus  seedling and the  G. margarita  
spores, should be handled with extreme care; it should be 
placed in the Magenta box so that approximately 2/3 of its 
height is embedded in the sand.   

   9.    The mycorrhizal effi ciency is fast reducing in subsequent ROC 
cycles for this specifi c  AMF   isolate. Furthermore, the popula-
tion of   Candidatus  Glomeribacter gigasporarum   is dramati-
cally reduced in successive spore generations obtained with 
this cultivation method, and this effect is further amplifi ed 
when single spore inocula are employed [ 7 ]. Thus, it is recom-
mended not to perform more than one ROC cycle to monox-
enically produce  G. margarita  BEG34, unless the aim of the 
experiment is to obtain a cured line of the fungus, which is 
devoid of endobacteria [ 7 ].   

   10.    When transferring the spores on a  microscope   slide, remove 
with a micropipette or absorb with blotting paper the remain-
ing liquid ( i.e. , PBS, ethanol-PBS mixture, water).   

   11.    FITC and SYTO 9 ®  fl uorescence is excited at 488 nm and 
imaged with an emission window at 500–540 nm. Cy3 fl uo-
rescence is excited at 546 nm and imaged at 550–600 nm. 
Cy5 fl uorescence is excited at 633 nm and imaged at 
640–700 nm.   

   12.    If the primer pair 109F-1184R [ 5 ] does not succeed, use a 
semi-nested PCR approach. Carry out a fi rst PCR with 109F 
and 1387R [ 28 ]: cycling conditions were the same mentioned 
for 109F-1184R but with 55 s of extension in the cycles. Then 
apply a semi-nested PCR using the reverse primer 1184R: 
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cycling conditions were the same mentioned for 109F-1184R 
but with 25 cycles. Use semi-nested approach for particularly 
diffi cult templates ( i.e. , templates from scarce or poor quality 
starting material).   

   13.    Certain DNA polymerases add a single adenine to the 3′ ends 
of amplifi ed DNA fragments. The pGEM ® -T Easy linearized 
Vector contains a single 3′ terminal thymidine at each end 
which binds to the A overhang added by DNA polymerase. 
However, the DNA polymerase used in this protocol, as the 
other DNA polymerases that have a proofreading  function  , 
produce greater than 95 % blunt-end fragments. Thus, PCR 
fragments generated with such proofreading  enzymes   should 
be tailed at 72 °C for 15 min with dATP (200 μM fi nal con-
centration) prior to  cloning   into the pGEM ® -T Easy Vector.   

   14.    The primer pairs GlomGIGf-GIGrA [ 7 ,  13 ] and RpoBRTf- 
RpoBRTr [ 14 ] were used to detect and quantify  Ca Gg inside 
 G. margarita  BEG34, whereas the primer pair Efgig2f-Efgigr 
[ 14 ] was used to  target   the fungal host DNA. The same  qPCR   
approach was used to relative quantify the two bacterial popu-
lations (Mre and  Ca Gg) hosted inside  G. margarita  CM23, 
using the primer pairs CMsAD1f-CMsAD2r [ 9 ] and 
CaGgAD7f- CaGgAD6r [ 9 ] designed to specifi cally  target   the 
 16S rRNA   gene of Mre and  Ca Gg, respectively.   

   15.    Since the endobacteria of  AMF   are considered unculturable 
microbes, like their fungal hosts,  plasmids   carrying the target 
DNA inserts were used for the construction of the standard 
curve for each  target   gene.   

   16.    The maximum dilution to be used in  qPCR   assays depends on 
the concentration of the starting material. For the quantifi ca-
tion to be reliable, the fungal samples to be quantifi ed must 
generate threshold cycles (TCs) that fall in the dynamic range 
established with the standard curve generated by  plasmid   
amplifi cation ( see   Notes 18–20   ).   

   17.     qPCR   primers here described were designed so that their 
melting temperature is between 65 and 70 °C and the ampli-
fi ed fragment for each primer pair is comprised between 80 
and 150 bp. If these parameters are not respected, change 
annealing temperature and time accordingly.   

   18.    Melting curve analysis is necessary to assess the absence of 
primer-dimer formation and that only a target-specifi c amplifi -
cation occurs.   

   19.    The amplifi cation effi ciency ( E ) can be obtained from the 
slope of the generated standard curve using the following for-
mula:  E  = (10 (−1/slope)  − 1) × 100. This value should be between 
90 % and 105 % for each primer pair and on each tested tem-
plate (both whether coming from  plasmid   or from total DNA 
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extraction). Since the precision of microbial quantifi cation 
using  qPCR   relies on the assumption that the unknown sam-
ple and standard solutions share a comparable PCR effi ciency, 
this should be verifi ed prior to performing  qPCR   
quantifi cation.   

   20.    The  qPCR   output recorded for each sample is represented by 
threshold cycle (TC), which is the intersection between an 
amplifi cation curve and the threshold line in the  qPCR   graph. 
The dynamic range represents the TC interval in which the 
linearity of the  target   quantity with the TCs has been verifi ed 
for those specifi c reaction conditions, and within which the 
absence of an  inhibition   effect and the sensitivity of the ampli-
fi cation are assessed. Thus, the fact that the sample TCs fall in 
the dynamic range established with the standard curve assures 
the reliability of the quantifi cation.   

   21.    Prior to  hybridization  , prepare negative controls treating the 
samples with RNase A.   

   22.    In addition to  Ca Gg- and/or Mre-specifi c  probes  , use a non-
specifi c probe, such as the universal bacterial probe EUB338 
[ 26 ], as positive control. Use also a negative control probe 
which specifi cally  targets   other bacterial taxa, such as the 
 Buchnera- specifi c  probe ApisP2a [ 27 ]. As further negative 
control, use nonsense  probes  , such as the probe non- 
BLOsADf2, which is the reverse complement of the probe 
BLOsADf2 [ 15 ]. Nonsense probes have no known  rRNA tar-
get  , thus ensuring that nonspecifi c probe incorporation into 
the samples does not occur: they must not provide any fl uores-
cent signal.   

   23.    DABCO drops should spread when the cover slide is placed. If 
not, slightly press the cover slide down until DABCO is homo-
geneously distributed. Due to the thickness of the agarose 
drops, it could happen that the cover slide does not adhere 
well to the  microscope   slide. If so, to avoid DABCO and sam-
ples from drying out, use nail polish to seal the gap created by 
the agarose drop.   

   24.    The number of spores to be used as starting material to carry 
out the  bacterial enrichment   can vary depending on the goal 
of the experiment ( i.e. , bacterial genome sequencing,  FISH   
on bacterial suspension,  DNA extraction  , etc.), the abun-
dance of the endobacteria within the spores, and the size of 
the spores. This protocol describes the steps necessary to 
prepare the material for the genome/ metagenome   sequenc-
ing of the endobacteria from  Gigaspora margarita  (BEG34 
and MR104) and  Racocetra verrucosa  (VA105B) isolates. 
1000 (for BEG34)—1200 (for MR104 and VA105B) spores 
used as starting material allow the obtainment of about 1 μg 

The Endobacteria Thriving in Arbuscular Mycorrhizal Fungi



52

of enriched bacterial DNA.  G. margarita  and  R. verrucosa  
produce relatively big spores (mean spore Ø 321 and 308 μm, 
respectively), but different  AMF   isolates or species could 
require a lower/higher spore number to be used as starting 
material for a bacterial enrichment and following 
genome/ metagenome   sequencing.           
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    Chapter 3   

 GenoSol Platform: A Logistic and Technical Platform 
for Conserving and Exploring Soil Microbial Diversity                     

     Samuel     Dequiedt    ,     Pierre-Alain     Maron    , and     Lionel     Ranjard      

  Abstract 

   In 2008, the platform “GenoSol” (  http://www.dijon.inra.fr/plateforme_genosol    ) was created at the 
INRA (French National Institute for Agronomic Research) of Dijon. This platform was launched by sev-
eral soil microbial ecologist senior scientists to provide a logistics and technical structure dedicated to the 
acquisition, conservation, characterization, and supply of genetic resources (DNA) of soils from very large- 
scale samplings (several hundred to several thousand corresponding to large spatial and/or temporal 
scales). Thanks to this structure metagenomic analysis of soil microbial communities has been standardized 
as well as a reliable reference system for analysis of the microbial genetic resources of the collected soils 
(more than 10,000 soil samples to date). This platform also illustrates the usefulness of existing soil archives 
in providing a readily available source of ecological information that is relevant to microbial ecology, prob-
ably more than we can currently fathom.  

  Key words     Soil  ,   Microorganisms  ,   Biodiversity  ,   Molecular tools  ,   Soil conservatory  

1      Introduction 

   Soils  are      the principal reservoirs of microbial diversity and repre-
sent a core component of terrestrial  ecosystems  . There is an increas-
ing demand for assessing the impact of human activities on this 
environmental matrix, which provides at small and large scales  vari-
ous   ecosystem services [ 1 ]. To address this demand, taxonomic 
and functional diversity of soil  microbial communities   and their 
stability over time need to be characterized for predicting soil qual-
ity upon agricultural and industrial activities, the evolution of this 
quality being expected to affect environment quality and public 
health. Recent methodological progresses have led to the develop-
ment and automation of molecular biological tools (based on the 
extraction and characterization of nucleic acids), which can be 
applied, with moderate throughput, to characterize soil microbial 
genetic resources (taxonomic diversity and functional potential) 
[ 2 ]. These tools should now be applied systematically to large-scale 
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samples so as to extend their general usefulness and produce a reli-
able reference system for the characterization and interpretation of 
the  soil   microbial diversity. 

 In this context, the  platform   “GenoSol” (  http://www.dijon.
inra.fr/plateforme_genosol    ) was created in 2008 by several senior 
soil microbial ecologist from INRA (French National Institute for 
Agronomic Research). This initiative aimed to fi ll the gap in tech-
nical and logistical standardization of soil conservatory and molec-
ular tools to assess soil microbial diversity on large-scale sampling. 
The aim of this platform is to provide an appropriate logistic  struc-
ture   for the acquisition, storage, and characterization of soil genetic 
resources obtained by extensive sampling (several hundred to sev-
eral thousand soils), on very large space and/or time scales (net-
work of national soil survey, long-term experimental sites, etc.), 
and to make these resources readily available for the whole scien-
tifi c community and policy makers. The ultimate goal is to produce 
a reliable reference system based on molecular characterization 
(taxonomic and functional features) of the soil  microbial commu-
nities   that provide scientifi c interpretations of the analyses from 
large scales of time and space sampling. The platform also aims at 
building up and storing for long-term periods a library of soil 
genetic resources that is made available to national and interna-
tional scientifi c communities.  

2    GenoSol Facilities 

    The platform  GenoSol   is the fi rst “microbiological” soil conserva-
tory designed to manage, store, and make available soil microbial 
genetic resources obtained from large-scale sampling such as soil 
survey or network of experimental sites. Once received at the plat-
form, soils are freeze-dried at  − 40 °C and stored. The impact of 
processing on subsequent variability of the molecular analyses has 
been tested and optimized (S. Dequiedt, pers. comm.). A protocol 
producing high-quality nucleic acids, compatible with the molecu-
lar characterization tools, is systematically applied to extract, purify, 
and quantify the DNA from the stored soil  samples   and is currently 
undergoing normalization (Association Française de Normalization, 
International Standard Organization). The purifi ed DNAs are 
stored at  − 30 °C (INRA quality control). An automated, comput-
erized procedure ensures sample management and  traceability  . So 
far, more than 10,000 soils and corresponding DNAs have been 
referenced by the platform  GenoSol  . It is estimated that subse-
quently more than 1500 new soils will be processed each year. 
These soils come from French national soil survey and experimen-
tal sites in majority but also a non-negligible part from interna-
tional collaborations in the fi ve earth continents. Figure  1  presents 

2.1  Soil 
Conservatory
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the distribution on the French territory of the 10,000 soils stored 
in genosol conservatory and originating from either the French 
Soil Monitoring Network (réseau de mesures de la qualité des sols: 
 RMQS  ) or other experimental fi eld sites managed by research or 
technical institute.

      Microbial genetic resources of natural  ecosystems   are very diffi cult 
to characterize, which can be explained by the different degrees of 
accessibility of populations within a heterogeneous and structured 
matrix but also by the diffi culty of resolving an information repre-
senting 100,000–1,000,000 different species per gram/mL of 
material. However, during the past 20 years, major advances in 
molecular biology have allowed the development of “molecular 
ecology approaches” to investigate the diversity of natural  micro-
bial communities    in situ  . In this context, the  GenoSol   platform will 
provide facilities and dedicated services to all researchers’ commu-
nity (Fig.  2 ). GenoSol platform will develop  metagenomics   
approach directly on the DNA extracted from environmental 

2.2  Molecular Tools 
Development

  Fig. 1    Mapping of French soils stored in Genosol conservatory originating from the French Soil Monitoring 
Network (réseau de mesures de la qualité des sols: RMQS) and other experimental fi eld sites managed by 
research or technical institutes       
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matrices to assess the density, taxonomic and functional diversity of 
indigenous microbial. More precisely, this technical platform is 
involved in the development and technological surveillance of 
methods for extracting nucleic acids from soils and tools for char-
acterizing microbial genetic resources (genotyping, pyrosequenc-
ing,  metagenomics  , metaproteomics, measurement of activity, etc). 
This platform is involved in improving the standardization of pro-
cedures and molecular tools, with a view to normalization (AFNOR 
and ISO). A partnership with Genoscope was obtained in 2010 to 
develop high- throughput   sequencing techniques for investigating 
 soil   microbial diversity.

   Various signifi cant technical outputs have been obtained in the 
platform. Below are presented some examples:

 ●    Improvement of soil  DNA extraction   procedure to assess abun-
dance and diversity of soil microbial community [ 3 ]  

 ●   Evaluation of the  ISO standard soil DNA extraction procedure   
for assessing soil microbial abundance and diversity [ 4 ]  

 ●   Development of a robust procedure for applying pyrosequenc-
ing approach to assess soil microbial taxonomic inventory [ 3 ,  5 ]  

 ●   Development of a bioinformatics  pipeline   tool for analyzing 
pyrosequencing data for soil microbial taxonomic inventory [ 6 ]  

  Fig. 2    Genosol activities       
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 ●   Optimization and validation of real-time PCR of bacterial and 
fungal communities in soils [ 7 ].    

 In addition, the development of robust strategies for long- term 
storage and archiving of soil samples from large systematic surveys 
and long-term fi eld experiments and of molecular characterization 
of indigenous  microbial communities   allowed answering research 
questions unforeseen at the time of sampling. For example, 
 GenoSol   platform by making available the  RMQs    soil sampling   for 
microbial ecologist allowed elucidating the turnover of bacterial 
diversity and the processes associated at the scale of France [ 8 ].  

    To  develop   a reliable reference system for analysis of the microbial 
genetic resources of the collected soils, the platform  GenoSol   has 
set up a database called “MicroSol” [ 9 ]. This database is designed 
to allow interactions with other databases managed by the  GenoSol   
partners via computerized links. These external databases provide 
information on soil physicochemical characteristics, climatic data, 
plant cover, history of agricultural practices, and land use. This 
network of databases is only accessible to partners and users of the 
platform, and within the technical and legal frameworks laid down 
in the  GenoSol   charter. The platform  GenoSol   also promotes the 
selection and standardization of national and European procedures 
and tools for assessing soil quality. 

 In an agroecological context which requires the development 
of bioindicators for evaluating soil quality and the impact of agri-
cultural practices, the MicroSol database developed is an opera-
tional tool to develop and promote microbial indicators, but also 
the associated standards essential for their interpretation. Indeed, 
this database contains the results of molecular analyses of the abun-
dance and diversity of  microbial communities   acquired in a stan-
dardized methodological framework from samples covering the 
entire France territory. One of the main outputs is the development 
of statistical polynomial model allowing the prediction of optimum 
soil microbial biomass and biodiversity according to environmental 
parameters. This model is an innovative tool  providing optimal 
value of microbial biomass for a given pedoclimatic condition, 
which must be compared with the corresponding measured data to 
allow a robust  diagnostic   of soil quality and of the impact of land 
use (Horrigue et al., in revision Ecological Indicators). 

 More recently, the  Genosol   platform was integrated in the 
 AnaEE-France   (Analysis and Experimentation on  Ecosystems  ) 
research infrastructure services for experimental studies on soil 
biodiversity and associated ecological  functions  .  AnaEE-France   is 
the French node of a European research infrastructure dedicated 
to experimental research on continental  ecosystems  . It gathers a set 
of platforms selected for their originality, their quality, and their 
access to the scientifi c community. The infrastructure offers clear 

2.3  Reference 
System and Database
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access rules for a large set of services including in vitro, in natura 
experimental facilities, front hedge equipment, modeling plat-
forms, and data bases. In particular, a wide panel of complemen-
tary services is relevant for soil ecology and biodiversity .         
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    Chapter 4   

 Sample Preparation for Fungal Community Analysis 
by High-Throughput Sequencing of Barcode Amplicons                     

     Karina     Engelbrecht     Clemmensen     ,     Katarina     Ihrmark     , 
    Mikael     Brandström     Durling     , and     Björn     D.     Lindahl      

  Abstract 

   Fungal species participate in vast numbers of processes in the landscape around us. However, their often 
cryptic growth, inside various substrates and in highly diverse species assemblages, has been a major obsta-
cle to thorough analysis of fungal communities, hampering exhaustive description of the fungal kingdom. 
Recent technological developments allowing rapid, high-throughput sequencing of mixed communities 
from many samples at once are currently having a tremendous impact in fungal community ecology. 
Universal DNA extraction followed by amplifi cation and sequencing of fungal species-level barcodes such 
as the nuclear internal transcribed spacer (ITS) region now enable identifi cation and relative quantifi cation 
of fungal community members across well-replicated experimental settings. 

 Here, we present the sample preparation procedure presently used in our laboratory for fungal com-
munity analysis by high-throughput sequencing of amplifi ed ITS2 markers. We focus on the procedure 
optimized for studies of total fungal communities in humus-rich soils, wood, and litter. However, this 
procedure can be applied to other sample types and markers. We focus on the laboratory-based part of 
sample preparation, that is, the procedure from the point where samples enter the laboratory until ampli-
cons are submitted for sequencing. Our procedure comprises four main parts: (1) universal DNA extrac-
tion, (2) optimization of PCR conditions, (3) production of tagged ITS amplicons, and (4) preparation of 
the multiplexed amplicon mix to be sequenced. The presented procedure is independent of the specifi c 
high-throughput sequencing technology used, which makes it highly versatile.  

  Key words     Meta-barcoding  ,   High-throughput sequencing  ,   ITS (internal transcribed spacer)  ,   DNA 
extraction  ,   Multiplexing  

1      Introduction 

   The  biogeography      and autecology of fungal species producing 
macroscopic sporocarps have long been studied within the disci-
plines of botany and vegetation ecology. Classical fungal taxonomy 
is also based primarily on sporocarp morphology, traditionally 
being close to the discipline of botany. The microscopic nature of 
the vegetative  mycelium   and the lack of sporocarps in many  species, 
however, have rooted studies of fungal ecophysiology in the fi eld 
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of microbiology, with a parallel taxonomy based on anamorphic 
stages. Furthermore, the often cryptic growth of  fungi   within vari-
ous  substrates  —including other living organisms—and their pres-
ence in highly diverse species assemblages have been major obstacles 
to thorough analysis of fungal communities, hampering exhaustive 
description of the fungal kingdom. Recent technological develop-
ments allowing rapid,  high-throughput sequencing   of mixed com-
munities simultaneously from many samples are currently having a 
tremendous impact in mycology, yielding new insights into eco-
logical constraints on fungal niches (e.g. [ 1 ]), roles of fungal com-
munities in ecosystem-level processes (e.g. [ 2 ]), and enabling the 
discovery and description of novel major fungal lineages (e.g. [ 3 ]). 

 Universal  DNA extraction   followed by amplifi cation and 
sequencing of the fungal species-level barcode—for Dikarya pri-
marily the nuclear  internal transcribed spacer (ITS) region   of  the 
  ribosomal RNA genes [ 4 ]—is now common practice when study-
ing fungal communities in various  substrates  . A key to the applica-
bility of large-scale sequencing techniques for community studies 
is the use of sample-tagged primers [ 5 ] to generate DNA ampli-
cons from multiple samples that can subsequently be sequenced in 
one run at one of the high-throughput sequencing platforms. 
Based on the sample-specifi c tags, each DNA sequence can later be 
traced back to the original sample, and occurrences and relative 
abundances of barcode sequences can be analyzed, as a representa-
tion of community composition. 

 Particularly within the fungal kingdom, in which  sexual repro-
duction   is a widespread feature, species-level  taxonomic resolution   is 
useful and highly informative, similar to the situation in plants and 
animals. The species  identity   determines a certain set of traits that 
have been unifi ed during adaptation and speciation. For example, 
traits related to both adaptations to the environment and resource 
acquisition should be unifi ed within a species. Analysis of fungal spe-
cies composition across various experimental and natural conditions 
followed by organization of available data in public  databases  , such 
as the UNITE database [ 6 ], enable us to link sequence data to com-
plementary data on functional and ecological characteristics in a 
taxonomic setting. Furthermore,  barcoding   across many  substrates   
and biomes is presently generating fungal sequence data that enable 
a continuous verifi cation of new fungal species hypotheses and 
 re-evaluation of total  fungal   diversity (  https://unite.ut.ee    ). 

 Here, we present the sample preparation procedure (Fig.  1 ) 
presently used in our laboratory for fungal  community analysis   by 
 high-throughput sequencing   of amplifi ed ITS2 markers. We 
focus on the procedure optimized for studies of total fungal com-
munities in humus-rich soils, wood, and  litter  , although the pro-
cedure can be adjusted to other sample types and markers as well. 
We are not considering experimental design and fi eld sampling, 
although these issues represent major challenges that in many 
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cases may be the main restriction to which conclusions can be 
drawn from fungal community studies. Particularly, scale of inter-
est, independent replication, pooling of samples, and subsam-
pling are factors which should be carefully considered [ 7 – 9 ]. 
Once samples are collected, laboratory-based sample preparation 
consists of four main parts: (1) extracting pure DNA, (2) opti-
mizing PCR conditions, (3) producing tagged ITS amplicons 
from each sample, and (4) preparing the multiplexed sample to 
be sequenced.

   The development of new extraction protocols and kits is fast, 
but the fundamentals of DNA extraction remain the same: DNA 
must be purifi ed from cellular and  substrate   material in a manner 
that prevents degradation and enables amplifi cation. Optimal  DNA 
extraction   protocols, thus, vary depending on the organisms and 
 substrates   of interest. Although various “ready-to-use” kits are 
used in our lab, we here present our much-used CTAB-based pro-
tocol, as it is cheap, fl exible toward different sample types and 
extraction volumes, albeit labor-intensive in comparison to many 
commercial kits. Unlike animals, both  bacteria   and  fungi   have 
sturdy cell walls, and initial  freeze-drying   and grinding acts to 
homogenize samples and breaks down cell wall material, while 
harmful cellular  enzymes   remain inactivated. We further macerate 
subsamples in a beadbeater—fi rst in dry condition, then suspended 
in extraction buffer. By combining dry and wet bead beating with 
heating of the samples,  DNA extraction   from organisms with thick 

  Fig. 1    Flow chart of fungal barcode amplifi cation and multiplexing       
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cell walls or within tight aggregates is optimized. Insoluble parti-
cles are removed through centrifugation, while soluble proteins 
and other organic substances are removed through extraction with 
chloroform and centrifugation. Thereafter, DNA is precipitated 
with 2-propanol from the aqueous phase and washed thoroughly 
with ethanol to remove contaminating salts. Finally, the purifi ed 
DNA is resuspended and stored in water. This method has been 
shown to give suffi ciently intact genomic DNA from various sam-
ple types for the PCR reaction to work, although further  DNA 
purifi cation   may be needed for some sample types. 

 It is crucial that the extracted DNA is representative of the 
total DNA pool of the entire sample, which is usually much larger 
than the small amounts used in traditional  DNA extraction   proto-
cols. In the presented protocol, the proportion of sample subjected 
to the different homogenization and extraction steps may be 
altered according to the size and complexity of the original sam-
ples. In particular, this is important when samples are pooled into 
fewer composite samples to, e.g. represent a larger geographical 
area, and extraction of larger subsamples may be required to prop-
erly refl ect the  combined   diversity. 

 Although non-targeted approaches, based on sequencing of 
entire  meta-genomes   from mixed communities, are rapidly gaining 
in feasibility, targeted sequencing after  PCR amplifi cation   of spe-
cifi c genetic markers in most cases remains more attractive [ 10 ]. 
With read lengths currently limited to a maximum of 400–600 bp 
as available for the 454-pyrosequencing (Roche),  Illumina   MiSeq 
and Ion torrent technologies, an important step in the develop-
ment of our sample preparation protocol has been to design new 
 fungal-specifi c primers   that enable amplifi cation of the ITS2 region 
only [ 11 ]. The fungal ITS2 region has equally good species resolu-
tion as the full  ITS   region [ 12 ], and the amplicons targeted by our 
ITS7–ITS4 primer combination rarely extend beyond 500 bp in 
length (Fig.  2 ), allowing sequencing throughout their entire length 
with the available technologies. The shorter ITS2 amplicons with 

  Fig. 2    Diagram of the fungal rDNA gene cluster. Genes encoding 18S, 5.8S, and 28S ribosomal RNA subunits 
(SSU = small subunit, LSU = large subunit) are separated by the internal transcribed spacer regions 1 (ITS1) 
and 2 (ITS2) that are useful as a species-level barcode for most fungi. Primer sites used for obtaining ampli-
cons covering the majority of fungi are indicated by  single-headed arrows  above the diagram. The approxi-
mate size variation in amplicons of ITS2 ( upper broken line ) and the full ITS ( lower broken line ) are indicated 
below the diagram       
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much less size variation than full  ITS   amplicons have proved to 
give much better translation of DNA template relative abundances 
into sequence read relative abundances, probably due to fewer 
biases during both amplifi cation and sequencing [ 11 ]. However, it 
should be mentioned that most primers have mismatches for some 
fungal groups (including the used primers), and that competition 
for primers in amplifi cations of complex communities may be 
strongly biased even by single mismatches between primer and 
template [ 11 ,  13 ].

   In order for the composition of sequences in the amplifi ed 
sample to resemble the template community as much as possible, it 
is pivotal to optimize both the template concentration and the 
number of  PCR amplifi cation   cycles, preferably for each sample 
individually. The DNA template should be diluted enough to over-
come any  inhibition   of the PCR reaction caused by too high con-
centrations of inhibitors in the extracts. However, the template 
should not be diluted more than necessary, as larger amounts of 
template decrease the impact of stochastic processes and give more 
predictable and less  biased   PCR amplifi cation [ 14 ]. The number of 
PCR cycles should allow the reaction to reach (the middle of) the 
phase of exponential increase of product, but not to enter the satu-
rated phase in which the community could be altered due to, e.g. 
primer or dNTP limitation. Generally, PCR biases due to both ran-
dom drift and selection bias are minimized if the number of PCR 
cycles is reduced. Optimal dilutions and cycle numbers can be 
tested either with normal PCR or with  quantitative real-time PCR   
(Fig.  3 ). Here, we describe the procedure based on normal PCR 
and visualization of PCR products by agarose  gel electrophoresis  . 
Once the PCR conditions are settled, fi nal amplicons are produced 
with tagged primer combinations that are specifi c for each sample. 
We have designed [ 15 ] 104 primer pairs in which both primers are 
extended by a unique 10 bp tag (Fig.  4 , Table  1 ). Tagging at both 
ends allows us to later fi lter out sequences with unexpected tag 
combinations caused by chimera formation or tag switching [ 16 ]. 
All tagged primer pairs were tested for amplifi cation effi ciency, 
using  qPCR  , and primer combinations that clearly deviated from 
the average were discarded.

     Different sequencing platforms require different adaptors to 
be added to templates in a sample before sequencing. These adap-
tor sequences can, potentially, be included in the  ITS   primers, 
directly upstream the identifi cation tag, which would give control 
of the sequencing direction (sequencing starts at one of the adap-
tors). However, we have chosen to prepare our amplicons by prim-
ers fused with only the identifi cation tags. This precludes the use of 
excessively long fusion primers, which usually results in low ampli-
fi cation effi ciency, higher risk of primer dimers (and multimers), 
and often requires complex nested PCR approaches, leading to a 
high potential for biases. The adaptors are instead added to our 
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amplicons in random orientation by ligation according to the 
demands of the sequencing platform in question (adapter ligation 
is regularly performed by commercial sequencing facilities). 
However, since all our amplicons are short enough to be sequenced 
all through, obtained reads are easily reversed bioinformatically 
later. Addition of adaptors by ligation also means that our 
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  Fig. 3    Standards with different ITS copy numbers run in a quantitative real-time PCR (qPCR). Colored lines 
show the increase in PCR product for each cycle ( x -axis) for a series of triplicate standard samples differing in 
ITS copy concentrations by a factor 10. The optimal number of cycles for producing amplicons for sequencing 
can be determined by qPCR. The total number of ITS copies in a sample can also be determined by relating the 
sample to a standard curve like this       
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  Fig. 4    Example of a sample tagged gITS7 primer [ 10 ]. The 19 bp long part that is complementary to the tem-
plate contains two degenerated positions (R = equal mix between G and A) that increases the generality of the 
primer to cover a large fraction of all fungi (and also some other eukaryotes). The linker ensures that the bind-
ing part is restricted to 19 bp for all templates. We have developed a set of 104 primers that all differ in their 
sample specifi c tags on at least three positions. The conserved C at the 5′ end facilitate non-biased ligation of 
sequencing adaptors       
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procedure is independent of sequencing platform. Current 
sequencing platforms give excessive numbers of reads for most 
community studies, and our use of tag-encoded primers integrated 
in our laboratory procedure gives the possibility to further multi-
plex samples (to get fewer reads per sample, but more samples in 
one run) using the multiplex identifi er tags (MIDs) available from 
the sequencing platforms. 

 Initial evaluation suggests that both the  Illumina   and 
IonTorrent platforms are much more sensitive to variation in 
amplicon length than 454-sequencing, and preferably return 
sequences from shorter amplicons. These biases are probably the 
result of size fractionation during diffusion of DNA fragments 
toward the sequencing  substrates   (beads and fl ow cell for Ion 
Torrent and  Illumina  , respectively) as well as effi ciency differences 
during emulsion PCR combined with relatively low detection sen-
sitivity (Ion Torrent). Length biases may be overcome by fraction-
ation of DNA pools based on amplicon lengths, followed by 
individual sequencing or MID tagging of the resulting pools. An 
alternative technology is the Pacifi c Bioscience (SMRT sequenc-
ing), which preliminarily showed much less length biases than the 
other platforms. 

 In-house, we have developed a publicly available  bioinformat-
ics pipeline   adapted to fungal community studies based on  ITS   
sequencing, SCATA (Sequence Clustering and Analysis of Tagged 
Amplicons,   http://scata.mykopat.slu.se    ). This  pipeline   has been 
well-tested both by in-house projects and external users, and to 
date more than 2500 analyses have been run. No detailed accounts 
of the  pipeline   are given here, but settings optimized for fungal 
community studies can be found at the web page or in recent pub-
lications (e.g. [ 2 ]). In short, the  bioinformatics   procedure can be 
divided into three main parts: sequence quality fi ltering, sequence 
clustering into OTUs (operational taxonomic units), and OTU 
verifi cation and identifi cation. The initial quality fi ltering remove 
sequences that are incomplete (i.e. miss one or both primers) or 
are of low quality. Sequences are also scrutinized after reverse com-
plementing. The sequences are then de-multiplexed based on the 
tag  sequences  , to recover the sample identities, which are kept in a 
metafi le. Once this is done, amplicons are grouped by sequence 
similarity (i.e. clustered) into OTUs at the desired similarity thresh-
old. For the ITS7–ITS4 primer combination, clustering is based 
on 41 bp of the conserved 5.8S region, about 105–330 bp of the 
ITS2 region and 38 bp of the LSU (Fig.  2 ). Homopolymers can be 
collapsed to, e.g. 2 bp before clustering (and raw reads kept in the 
metafi le), which is desirable for sequencing technologies with high 
error rates in such regions. The number of sequences in each OTU 
will then represent the relative abundance of that OTU. Several 
program packages and web services are available for analysis of 
tagged sequence amplicons, e.g. QIIME ([ 17 ];   http://qiime.
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org/    ) and MOTHUR ([ 18 ];   http://www.mothur.org/    ). 
However, most of these have initially been developed to handle 
amplicon data from hypervariable  prokaryote   16S regions. This 
can be problematic to the analysis of fungal  ITS   sequences, since 
the evolutionary patterns of the bacterial 16S sequences and fungal 
ITS sequences are different and, thus, incur different assumptions 
to the  algorithms  . The most commonly used clustering method for 
bacterial data is full-linkage clustering with closed reference OTU 
 picking   (e.g. QIIME). However, given the unconstrained evolu-
tion of the  ITS   region and the lack of dense reference  databases  , 
other approaches are more appropriate for fungal  ITS   data [ 13 ]. In 
our  pipeline  , sequence similarity is established using USEARCH 
(  http://www.drive5.com/usearch/    ) as a search engine, and 
sequences are assembled into OTUs by single-linkage clustering. 
The major advantage of this approach is that OTU delimitation is 
based on the “ barcoding   gap” rather than the intraspecifi c varia-
tion and, thus, harmonizes better with taxonomic species delimita-
tion [ 4 ]. Clustering settings to approximate species level are 
validated by including known reference sequences in clustering 
runs at different similarity thresholds and scoring settings. Settings 
most closely refl ecting species taxonomy in fungal clades with 
many well-known references are then implemented for all 
sequences. To approximate species-level OTUs across kingdom- 
wide fungal community studies, we have mostly used a 98.5 % 
sequence similarity threshold required for sequences to enter an 
OTU in the single-linkage clustering process. The entire  UNITE 
  database ([ 19 ];   http://unite.ut.ee    ) and a curated selection of 
sequences from the NCBI  nr   database (  https://blast.ncbi.nlm.
nih.gov    ) are optionally included in the clustering procedure, pro-
viding validation of clustering stringency in a taxonomic context 
and identifi cation of OTUs based on the same criteria as the 
clustering.  

2    Materials 

 Prepare all solutions using ultrapure water and analytical grade 
reagents. 
 Avoid cross- contamination   at all stages. 

       1.    Freeze-drier.   
   2.    Mortar and  pestle  , alternatively ball mill.   
   3.    Screw cap tubes (2 mL) and microcentrifuge tubes (1.5 mL).   
   4.    2-mm-diameter glass beads.   
   5.    Pipettes and fi lter tips for volumes of 1 mL and 200 μL.   

2.1  DNA Preparation 
Components

Karina Engelbrecht Clemmensen et al.
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   6.    CTAB extraction buffer: 3 % CTAB, 0.15 M Tris–HCl, 2.6 M 
NaCl, 2 mM EDTA, pH 8. To prepare 50 mL CTAB buffer, 
dissolve 1.5 g CTAB (Hexadecyltrimethylammonium bromid) 
in 16.3 mL water by gently heating in microwave oven. Mix 
with 7.5 mL 1 M Tris–HCl ( see   Note 1 ), 26 mL 5 M NaCl ( see  
 Note 2 ), and 0.2 mL 0.5 M EDTA ( see   Note 3 ). Make a new 
bottle of 3 % CTAB buffer every day to obtain best extraction 
effi ciency and to avoid cross- contamination  .   

   7.    Microwave oven.   
   8.    Beadbeater machine for 1.5–2 mL tubes.   
   9.    Heating block (65 °C) for 1.5–2 mL tubes.   
   10.    Vortex.   
   11.    Microcentrifuge for 1.5–2 mL tubes.   
   12.    Fume hood.   
   13.    Chloroform.   
   14.    Isopropanol (2-propanol).   
   15.    Ice.   
   16.    Ethanol: 70 % dilution in water.   
   17.    NanoDrop machine     
 Optional; to be used for purifi cation with the Wizard DNA clean-
up kit (Promega):

    18.    Wizard minicolumns, one per sample.   
   19.    Wizard DNA clean-up resin.   
   20.    Disposable 3 mL Luer-Lock syringes, one per sample ( see  

 Note 4 ).   
   21.    Isopropanol (2-propanol): 80 % dilution in water.      

       1.    PCR thermal cycler.   
   2.    PCR-strips or plates.   
   3.    Pre- and post-PCR pipettes and tips (1000 μL, 200 μL, and 

10 μL fi lter tips).   
   4.    Ice.   
   5.    The  Taq  polymerase  enzyme   DreamTaq (stock at 5 units/μL) 

( see   Note 5 ).   
   6.    Reaction Buffer supplied with the  Taq  polymerase (stock at 

×10 of required fi nal concentration).   
   7.    Nucleotides, dNTPs (stock at 2 mM of each of dATP, dCTP, 

dGTP, and dTTP in a mixture).   
   8.    MgCl 2  (stock at 25 mM).   
   9.    The forward and reverse  ITS   primers, gITS7 [ 11 ] and ITS4 [ 20 ], 

both extended at the 5′-end with a ten base pair identifi cation 

2.2  Amplicon 
Preparation 
Components
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tag. In our laboratory, we have 104 uniquely tagged primer mix-
tures that are kept in mixtures (with unique tags on both primers) 
at stock concentration of 5 μM (gITS7; CXXXXXXXXT-
GTGARTCATCGAATCTTTG) and 3 μM (ITS4; CXXXXXXXT-
TCCTCCGCTTATTGATATGC) (Fig.  4 , Table  1 ) ( see   Note 6 ).   

   10.    Centrifuge(s) for tubes and plates.   
   11.    Gel tray system, combs and a submerged horizontal  electro-

phoresis   cell.   
   12.    500 mL glass bottle.   
   13.    Agarose.   
   14.    1xSB buffer: 5 mM sodium tetraborate (stock solution 

50 mM).   
   15.    Microwave oven.   
   16.    Nancy-520 dye (Sigma-Aldrich).   
   17.    DNA size standard GeneRuler DNA ladder mix 

(ThermoScientifi c).   
   18.    Gel documentation system with UV or Blue light.   
   19.    AMPure (Beckman Coulter) magnetic bead solution.   
   20.    AMPure magnetic plate.   
   21.    96-well PCR microplates with raised wells (chimney wells).   
   22.    Ethanol: 70 % dilution in water.   
   23.    Drying oven (37 °C).   
   24.    Thin-walled, clear 0.5 mL PCR tubes.   
   25.    Qubit instrument (Life Technologies).   
   26.    Qubit dsDNA HS Assay Kit components A, B, C, D.   
   27.    E.Z.N.A. Cycle-Pure Kit (Omega).   
   28.    Timer.   
   29.    Agilent 2100 Bioanalyzer (Agilent Tech) instrument.   
   30.    Agilent chip priming station and vortex.   
   31.    Agilent DNA 7500 Assay Kit, including gel-dye mix, marker, 

DNA ladder, chip.       

3    Methods 

 Take precautions to avoid cross- contamination   at all stages. Be 
careful to not use the same equipment and work surfaces for pre- 
and post-PCR work. 

       1.    Freeze environmental samples at −20 °C as fast as possible to 
avoid unintended growth of opportunistic  fungi   after sampling 
( see   Note 7 ).   

3.1  Sample 
Preparation
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   2.    Freeze-dry as large a sample volume as possible, typically 
0.5–3 dL of soil/ litter  .   

   3.    Grind the sample to a very fi ne powder manually by mortar 
and pestle or by using a ball mill for more sturdy material.      

         1.      Weigh 50–500 mg  powdered       substrate   into 2 mL screw cap 
tubes; less material for organic samples, more for mineral soils 
( see   Note 8 ). Note down the exact amount extracted for each 
sample ( see   Note 9 ). For every 23 samples, include an extrac-
tion blank (empty tube), which is treated as the samples in all 
following steps. Add three 2-mm-diameter glass beads to each 
tube ( see   Note 10 ) and close the lids.   

   2.    Homogenize samples in the beadbeater machine set at low 
speed for 10 s.   

   3.    Add 1000 μL CTAB extraction buffer ( see   Note 11 ).   
   4.    Run samples in the beadbeater machine once again. The CTAB 

will froth like detergent.   
   5.    Incubate for 60 min at 65 °C in a heating block and vortex 

every 15 min.   
   6.    Spin down particles in a table top centrifuge at 9600 ×  g  for 

5 min.   
   7.    Transfer 500–800 μL of the upper phase to a new, marked 

microcentrifuge tube using a pipette and fi lter tips ( see  
 Note 12 ).   

   8.    Add 500–800 μL chloroform (1× volume) and shake the sam-
ples vigorously by hand. All work with chloroform must be 
carried out in a fume hood ( see   Note 13 ).   

   9.    Centrifuge the mixture at 9600 ×  g  for 5 min.   
   10.    Transfer the upper phase (typically 400–600 μL, record 

amount) to a new marked 1.5 mL tube. Take care not to 
include any chloroform (lower phase) or interphase with the 
transferred phase.   

   11.    Repeat the chloroform extraction  steps 8 – 10 .   
   12.    Mix the supernatant with 600–900 μL 2-propanol (1.5 × vol-

ume) and leave on ice for 30 min ( see   Note 14 ). At this stage 
you may stop and store the samples at –20 °C.   

   13.    Centrifuge at 16,500 ×  g  for 10 min.   
   14.    Discard the supernatant by gently decanting it into a beaker. 

The DNA should now be in the pellet.   
   15.    Wash the pellet with 70 % ethanol (500 μL). Centrifuge at 

4100 ×  g  for 5 min. Discard ethanol by decantation.   
   16.    Optional: carefully remove remaining liquid with a pipette.   
   17.    Let the pellet air dry by resting tubes upside down on a paper 

towel for 30 min.   

3.2  DNA Extraction 
and Purifi cation

3.2.1  DNA Extraction 
Using the CTAB Method
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   18.    Resuspend the pellet in 50 μL water. Gently tap tube to dis-
solve pellet. The DNA template may be stored in the tube at 
4 °C for short term or at –20 °C for longer term. To avoid 
 contamination   of the DNA template, subsample with care and 
as little as possible.       

       19.    Use one Wizard minicolumn for each sample. Remove and set 
aside the plunger from a 3 mL disposable syringe. Attach the 
syringe barrel to the Luer-lock extension of each minicolumn 
( see   Note 4 ).   

   20.    Add 1 mL of Wizard DNA clean-up resin ( see   Note 15 ) to a 
1.5 mL microcentrifuge tube. Add the DNA extract ( see   Note 16 ) 
to the clean-up resin and mix by gently inverting several times.   

   21.    Pipet the Wizard DNA clean-up resin containing the bound 
DNA into the syringe barrel. Insert the syringe plunger slowly 
and gently push the slurry into the minicolumn with the 
syringe plunger. Discard the fl ow-through.   

   22.    Detach the syringe from the minicolumn and remove the 
plunger from the syringe. Reattach the syringe barrel to the 
minicolumn. To wash the column, pipet 2 mL of 80 % 
2- propanol into the syringe. Insert the plunger into the syringe 
and gently push the solution through the minicolumn. Discard 
the fl ow-through.   

   23.    Remove the syringe barrel and transfer the minicolumn to a 
1.5 mL microcentrifuge tube. Centrifuge the minicolumn for 
2 min at 10,000 ×  g  to dry the resin.   

   24.    Transfer the minicolumn to a new microcentrifuge tube. Apply 
50 μL of pre-warmed (65–70 °C) water to the minicolumn 
and wait for 1 min. The DNA will remain intact on the mini-
column for up to 30 min. Centrifuge the minicolumn for 20 s 
at 10,000 ×  g  to elute the bound DNA fragment.   

   25.    Remove and discard the minicolumn. The purifi ed DNA may 
be stored in the tube at 4 °C for short term or at –20 °C for 
longer term. To avoid  contamination   of the DNA template, 
subsample with care and as little as possible.      

       26.    Blank measurement:  Load   your blank sample (1.5 μL water, 
same as template DNA eluate) onto the lower pedestal, close 
the sample chamber, and press “Blank” on the screen. Confi rm 
that the blank has yielded a reproducible zero, by analyzing a 
blank as though it was a sample ( see   Note 17  ) .   

   27.    Clean the instrument between each measurement by wiping the 
sample from both the upper and lower pedestals using paper wipes.   

   28.    Sample measurements: Load your sample (1.5 μL), and select 
“Measure” on the measurement screen. DNA concentration 
and purity can be assessed ( see   Note 18 ).        

3.2.2  Optional: 
Purifi cation with the Wizard 
DNA Clean-Up System 
(Promega)

3.2.3  DNA Quantifi cation 
and Purity Check 
by NanoDrop
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         1.     Choose DNA  extracts   representing different sample types, typ-
ically 4–6 DNA extracts at a time ( see   Note 19 ).   

   2.    Dilute the samples to 5, 0.5, and 0.05 ng/μL with water based 
on the NanoDrop measurement ( see   Note 20 ).    

  Dilution formula : C V C V1 1 2 2´ = ´    

   C : concentration (ng/μL),  V : volume (μL), 1: initial, 2: fi nal
    3.    Prepare a master mix with suffi cient material for one 50 μL 

PCR reaction per sample plus three–fi ve extra samples to allow 
for pipetting losses ( see   Note 21 ). Run negative controls 
(blanks) with water added instead of DNA template; run at 
least one blank per 15 samples. Optionally, run the extraction 
blanks at the lowest dilution (highest concentration). Table  2  
can be used to establish how much of each ingredient is needed.

       4.    Take out the reagents from the freezer, defrost them and put 
them on ice.   

   5.    Pipet everything except your template DNA into a microcen-
trifuge tube. Vortex gently and quickly spin down the mixture 
using a centrifuge.   

   6.    Aliquot 25 μL into each PCR tube ( see   Note 21 ).   

3.3  PCR Optimization

3.3.1  Test of Template 
Concentrations and Cycle 
Numbers

    Table 2  
  Overview table of ingredients in PCR mix   

 Stock  Final  ×1 reaction  ×1 reaction  ×__ reactions 

 μM  μM  μL  μL  μL 

  Master mix:  

 Water  0.165  8.25 

 Buffer  ×10  ×1  0.1  5 

 dNTPs  2,000  200  0.1  5 

 MgCl 2   25,000  750  0.03  1.5 

 DreamTaq polymerase  5 units/μL  0.025 units/μL  0.005  0.25 

  Total volume:   0.4  20 

  Per reaction:  

 Master mix  0.4  20  20 

 Tagged gITS7/ITS4 
primer mix 

 5/3  0.5/0.3  0.1  5  5 

 Template DNA  0.5  25  25 

  Reaction volume:   1  50  50 
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   7.    Add the templates (25 μL) using new pipette tips for each 
sample.   

   8.    Cap the tubes properly and spin down in a centrifuge.   
   9.    Place tubes in the thermal cycler (PCR machine) and run the 

samples at the following cycle conditions: 5 min at 94 °C, typi-
cally 20–35 cycles of 30 s at 94 °C, 30 s at 56 °C and 30 s 
72 °C, and a fi nal 7 min at 72 °C ( see   Note 22 ). Enter infor-
mation on reaction volume and desired maximum number of 
cycles to run.   

   10.    Pause the PCR machine when the desired test cycle numbers 
are reached (for example 22, 25, 28, 31, and 35) and take out 
an aliquot of 10 μL from each PCR reaction into a new tube 
for each cycle number.    

          11.    Set up electrophoresis  cell  , gel tray and combs to run all test 
PCR products including blanks. Fill the electrophoresis cell 
with 1xSB buffer ( see   Note 23 ).   

   12.    To prepare 220 mL 1 % agarose gel ( see   Note 24 ), weigh 2.2 g 
of agarose into a 500 mL glass fl ask, and add 220 mL 1xSB 
buffer to the fl ask. Add 4 μL Nancy-520 dye ( see   Note 25 ).   

   13.    Melt the agarose in a microwave oven. Make sure there are no 
bubbles or agarose crystals left.   

   14.    Allow the melted agarose to cool to about 60 °C or cool 
enough to handle with your hands. Seal the ends of the gel tray 
and insert the combs, then pour the cooled agarose into the 
tray and allow it to solidify for about 30 min. When the aga-
rose has solidifi ed, carefully remove the combs and seals.   

   15.    Load 3 μL of standard ladder in the wells closest to both sides 
of each sample row of the gel. Then load 5 μL of your samples 
into the wells. We usually load the gel in dry condition.   

   16.    Place the tray with the gel in an  electrophoresis   cell and make 
sure that it is covered by buffer. Run the gel at about 10 V/cm 
for 20–30 min.   

   17.    Stop the power supply, remove your gel and take a photo under 
UV or blue light in a gel documentation system.   

   18.    Evaluate test PCR results.     

  Test PCRs:  If any of the blanks have obvious PCR products, 
consider re-running the PCR, or even the  DNA extraction  . For 
each sample, evaluate which dilution worked the best, i.e. which 
gave strongest bands on the gel. Observe that if inhibitors are pres-
ent in the DNA template, more diluted (less concentrated) samples 
may work better. Evaluate which cycle number worked the best; 
chose as few cycles as possible still giving suffi cient PCR product, 
i.e. ideally weak to intermediate, but not very strong, bands on the 

3.3.2  PCR Products 
Visualized by Gel 
Electrophoresis
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gel (Fig.  5 ) ( see   Note 26 ). Note that a complex community is 
amplifi ed, so PCR will not yield a single, sharp band, but com-
monly a pair of broad, diffuse bands (representing ascomycetes—
shorter—and basidiomycetes—longer) or a smear located between 
the 300 bp and 500 bp markers. 

             1.     Make new  dilutions   from the template as decided upon for 
each sample type. At least enough diluted sample to run three 
PCR reactions, each with 25 μL diluted sample, is needed.   

   2.    Group samples according to the number of PCR cycles they 
should be subjected to. Assign a tagged primer mix to each 
sample. Calculate how many PCR reactions to run, starting 
with the PCR with fewest cycles. Run three technical PCR rep-
licates of each sample.   

   3.    Prepare a master mix with suffi cient mix for all samples plus a 
few extra samples to allow for pipetting losses. Also include 
extraction blanks and PCR negative controls (blanks) with 
water added instead of DNA template; run at least one PCR 
blank per 48 samples. Table  2  can be used to establish how 
much of each ingredient is needed.   

   4.    Take out the reagents from the freezer, defrost them and put 
them on ice.   

   5.    Pipette everything but the tagged primer mix and your tem-
plate DNA into a microcentrifuge tube. Vortex gently and 
quickly spin down the mixture using a table top centrifuge.   

   6.    Aliquot 20 μL master mix into each PCR tube.   
   7.    Add 5 μL of the tagged primer mix to each PCR tube using 

new pipette tips for each primer mix. Use different ITS tags for 
each sample as well as for extraction and PCR blanks, but same 
for the three PCR replicates of each sample. Make sure to 
record which tagged primer mix is used for each sample.   

   8.    Add your template (25 μL) using new pipette tips for each 
sample. Prepare three technical PCR replicates of each.   

   9.    Cap the tubes properly and spin down in a centrifuge.   

3.4  Production 
of Tagged ITS 
Amplicons

3.4.1  PCRs with Sample- 
Tagged ITS Primers

  Fig. 5    The PCR products obtained with the gITS7–ITS4 primer combination separated on a 1 % agarose gel, 
stained with Nancy dye and visualized under UV light. Each sample is run in technical triplicates       
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   10.    Place tubes in the thermal cycler (PCR machine) and run the 
samples at the following cycle conditions: 5 min at 94 °C, typi-
cally 20–30 cycles of 30 s at 94 °C, 30 s at 56 °C and 30 s 
72 °C, and a fi nal 7 min at 72 °C ( see   Note 22 ). Add informa-
tion on reaction volume and desired number of cycles to run. 
Observe that when producing the fi nal amplicons, all PCRs 
should be run to the end of the program to ensure the highest 
possible quality of the product.   

   11.    Run 5 μL of the PCR products on an agarose gel ( see  
Subheading  3.3.2 ). Chose only good products for further pro-
cessing, ideally with weak to intermediate, but not very strong, 
bands on the gel (Fig.  5 ). In cases where samples gave no or very 
weak PCR products, these samples can be re-run at a higher 
cycle number, or other template concentrations considered.      

       12.    Add 81 μL AMPure magnetic bead solution (1.8 × sample vol-
ume) to each PCR product of 45 μL ( see   Notes 27 ,  28 ).   

   13.    Transfer the PCR-product/bead mix to a PCR-plate with 
raised wells.   

   14.    Incubate at room temperature for 3–5 min.   
   15.    Place the plate on the magnetic plate. Incubate for 5–10 min.   
   16.    Keeping the plate on the magnet, turn the plate upside-down 

and try to get rid of the liquid. The plate can be gently hit 
against a table with kitchen tissue paper to absorb the liquid.   

   17.    Add 200 μL 70 % ethanol to each well and incubate for 30 s at 
room temperature. Get rid of the liquid as in 16.   

   18.    Repeat  step 17 . This time it is important to get rid of as much 
liquid as possible. Hit the plate hard several times against the 
table, until no drops appear on the kitchen-roll paper. Keep the 
plate in the magnetic plate at all times.   

   19.    Let the plate dry at 37 °C for about 60 min; it is important to get 
rid of all ethanol. The magnetic plate is not necessary at this stage.   

   20.    Remove the plate from the magnet. Add 60 μL elution buffer 
to each well, cover with plastic foil, vortex and spin down.   

   21.    Place the plate on the magnet before pipetting the superna-
tant. Alternatively, the magnetic beads can be pelleted by cen-
trifugation at 1900 ×  g  for 10 s.        

         1.     All  reagents   should be allowed to adjust to room temperature 
( see   Notes 25 ,  27 ,  29 ).   

   2.    Set up the number of 0.5 mL tubes you will need for standards 
and samples. The assay requires 2 standards.   

   3.    Prepare the working solution by diluting the dsDNA HS 
reagent (component A) 1:200 in dsDNA HS buffer (compo-
nent B) in a tube. Prepare 200 μL per sample/standard, plus 

3.4.2  Clean PCR 
Products 
with the AMPure Kit

3.5  Amplicon Mixing 
and Sequencing

3.5.1  Quantifi cation 
of Double-Stranded DNA 
with the Qubit dsDNA HS 
Assay Kit
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for one extra sample to account for pipetting losses. That is, 
mix 199 μL of component B (× number of samples) with 1 μL 
of component A (× number of samples).   

   4.    Load 190 μL of the working solution into each of the tubes 
used for standards.   

   5.    Add 10 μL of each standard (C and D) to the appropriate tube 
and mix by vortexing for 2–3 s. Careful pipetting is critical to 
ensure that exactly 10 μL of each standard is added to 190 μL 
of working solution.   

   6.    Load 197 μL working solution into individual sample assay 
tubes.   

   7.    Add 3 μL of your samples to assay tubes containing the work-
ing solution and mix by vortexing for 2–3 s. The fi nal volume 
in each tube should be 200 μL.   

   8.    Centrifuge the samples at 1000 ×  g  for 10 s to get rid of air 
bubbles.   

   9.    Allow all tubes to incubate at room temperature for 2 min.   
   10.    On the Home Screen of the Qubit Fluorometer, press “DNA,” 

and then select “dsDNA High Sensitivity” as the assay type. 
The Standards Screen is automatically displayed.   

   11.    On the Standards Screen, press “Yes” to run a new 
calibration.   

   12.    Running a New Calibration: Insert the tube containing 
Standard 1 in the Qubit Fluorometer, close the lid and press 
“GO.” Also press “START” on the computer screen if using 
complementary  software   to store recordings. The reading will 
take approximately 3 s. Remove Standard 1. Repeat for 
Standard 2.   

   13.    Insert a sample tube into the Qubit Fluorometer, close the lid, 
and press “GO.”   

   14.    Upon the completion of the measurement, the result will be 
displayed on the screen. The Qubit machine can do calcula-
tions to account for dilution in the assay directly after each 
measurement. Alternatively, see calculation below.   

   15.    Repeat sample readings until all samples have been measured.       

       16.    The Qubit Fluorometer (QF) gives values for the Qubit 
dsDNA HS assay in ng/mL. This value corresponds to the 
concentration after samples were diluted into the assay tube. 
To calculate the dsDNA concentration in your sample, use the 
following equation:

  
Sample dsDNA concentration ng L QF L L/ / /m m m( ) = ´( )200 1000X

 
  

3.5.2  Calculating 
the Concentration 
of dsDNA in Each Sample
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where QF = the concentration given by Qubit in ng/mL 
  X  = the number of μL of sample you added to the assay tube      

       17.    Decide how much DNA (ng) you wish to pool from each sam-
ple, aiming for the same amount from each sample ( see   Note 
29 ). Typically, this would correspond to the total amount of 
DNA in the sample with the lowest concentration. The DNA 
amount required per DNA pool that is sent for sequencing 
depends on the sequencing platform. Typically, at least 1 μg of 
total dsDNA is needed for amplicon samples. Also account for 
losses of DNA (typically one-third to half) in the fi nal cleaning 
of the DNA mix.   

   18.    Calculate the volume needed from each sample to obtain the 
decided amount of DNA in the mix. Typically, mix 50–100 ng 
DNA from each of the PCR reactions. If some samples have 
very little PCR product you may have to scale amounts of these 
samples down relative to the rest of the samples, i.e. take fewer 
ng of these samples, well-knowing that they may be under-
represented in the sequence data. Calculate the amount to be 
pooled from each sample:

  

mL sample to be pooled DNA amount to be pooled ng sample DNA conce= ( ), / nntration ng L, / m( )  
  

             19.     The fi nal  amplicon mix   is purifi ed to remove leftovers from 
the PCR mix and smaller (unwanted) DNA fragments, such 
as primer dimers. Determine the volume of the amplicon 
mix to be purifi ed. The volume can be reduced by speedvac 
or  freeze- drying    , but avoid drying out the sample com-
pletely. Pellet any remaining magnetic beads (from AMPure 
step) by centrifugation. Place the tube against a magnet and 
transfer the sample into a clean tube; avoid transferring 
magnetic beads as much as possible. Add 6 volumes of 
Cycle-Pure buffer CP; e.g., if your PCR mix is 100 μL, add 
600 μL of buffer CP.   

   20.    Vortex thoroughly to mix. Briefl y centrifuge the tube to collect 
any drops from the inside of the lid.   

   21.    Place a Cycle-Pure minicolumn into the 2 mL collection tube.   
   22.    Add the mixed sample from  step 2  to the minicolumn and 

centrifuge at 13,000 ×  g  for 1 min at room temperature. 
Discard the fl ow-through liquid and place the minicolumn 
back into the same collection tube. The column can hold up to 
700 μL at a time. If sample volume is larger than this, it can be 
loaded onto the same column multiple times and the centrifu-
gation repeated.   

3.5.3  Make an Equal Mix 
of all Amplicons

3.5.4  Clean Amplicon 
Mix with Cycle-Pure Kit 
(Omega)
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   23.    Add 700 μL of Cycle-Pure wash buffer (ethanol diluted) and 
centrifuge at 13,000 ×  g  for 1 min. Discard the fl ow-through 
liquid and place the minicolumn back into the same collection 
tube.   

   24.    Add 500 μL of wash buffer and centrifuge at 13,000 ×  g  for 
1 min. Discard the fl ow-through liquid and place the minicol-
umn back into the same collection tube.   

   25.    Centrifuge the empty minicolumn for 2 min at maximal speed 
(≥13,000 ×  g ) to dry the column matrix. Do not skip this step; 
it is critical for the removal of ethanol from the minicolumn.   

   26.    Place the minicolumn into a clean 1.5 mL microcentrifuge 
tube. Depending on the desired concentration of the final 
product, add 30–50 μL of water directly onto the centre of 
the column matrix. Incubate at room temperature for 
2 min. Centrifuge for 1 min at 13,000 ×  g  to elute the 
DNA. This eluates approximately 80–90 % of bound 
DNA. Repeat the eluation step once and pool the two 
eluates.   

   27.    Store samples at 4 °C for short term or at −20 °C for longer 
term.       

       28.    Allow the Agilent gel-dye mix to equilibrate to room tempera-
ture for 30 min before use ( see   Notes 25 ,  30 ).   

   29.    Put a new Agilent DNA chip on the chip priming station.   
   30.    Pipette 9.0 μL gel-dye mix into the well marked with G .   
   31.    Make sure that the plunger is positioned at 1 mL and then 

close the chip priming station.   
   32.    Press the plunger until it is held by the clip.   
   33.    Wait for exactly 30 s, then release the clip.   
   34.    Wait for 5 s and then slowly pull back the plunger to the 1 mL 

position.   
   35.    Open the chip priming station and pipette 9.0 μL gel-dye mix 

into the wells marked G.   
   36.    Pipette 5 μL of marker (green) into all 12 sample wells and the 

ladder well. Do not leave any wells empty.   
   37.    Pipette 1 μL of DNA ladder (yellow) into the well marked with 

a ladder.   
   38.    In each of the 12 sample wells, pipette 1 μL of sample (used 

wells) or 1 μL of de-ionized water (unused wells).   
   39.    Put the chip horizontally in the adapter and vortex for 1 min at 

the indicated setting (2400 rpm).   
   40.    Run the chip in the Bioanalyzer within 5 min. The result will 

appear in the screen (Fig.  6 ).

3.5.5  PCR Product 
Quantifi cation and Quality 
Control by Bioanalyzer 
(Agilent Tech)
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       41.    An  amplicon mix   with suffi cient DNA and of the expected size 
distribution can be sent for sequencing, in either frozen or 
freeze-dried condition.        

4    Notes 

     1.    To prepare 1 L stock of 1 M Tris–HCl [pH 8], dissolve 121.1 g 
Trisbas in 800 mL water on a magnetic stir. Adjust pH to 8 by 
adding about 42 mL concentrated HCl (12 N). Adjust the vol-
ume to 1 L with water. Sterilize by autoclaving and check pH 
again.   

   2.    To prepare 1 L stock of 5 M NaCl, dissolve 292.2 g NaCl in 
800 mL water on a magnetic stir. Adjust the volume to 1 L 
with water. Sterilize by autoclaving.   

   3.    To prepare 1 L stock of 0.5 M EDTA [pH 8], dissolve 186.1 g 
disodium ethylenediamine tetraacetate × 2 H 2 O (EDTA) in 
800 mL water on magnetic stir. Adjust pH to 8 by adding 
about 20 g NaOH. Adjust volume to 1 L with water. Sterilize 
by autoclaving and check pH again.   
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  Fig. 6    DNA size distribution profi les in a multiplexed ITS2 amplicon mix from 100 samples as analyzed by 
Bioanalyzer. The amplicon mix is represented by a smear of sizes between 200 and 500 bp. The main peaks 
around 300 and 400 bp probably represent ascomycetes and basidiomycetes, respectively. Two markers are 
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virtual gel image ( right ), respectively       
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   4.    Alternatively, a vacuum manifold speeds up sample handling 
signifi cantly when working with many samples.   

   5.    Depending on sample type and DNA concentration another 
polymerase may work better.   

   6.    The used fungal-specifi c forward primer, gITS7, paired with 
the general, eukaryote ITS4 primer  targets   some plant species 
as well. Usually, for soils including roots, at the most 15 % of 
sequences represent plants. Alternative fungal-specifi c forward 
primers, e.g. fITS7 or fITS9, may be used to  target   the ITS2 
region (Fig.  2 ). See the paper by Ihrmark et al. [ 11 ], for speci-
fi cities of these primers.   

   7.    If subsampling is needed before  freeze-drying  , mix the samples 
thoroughly in fresh condition, e.g. by cutting sample with scis-
sors. Split the sample into evenly sized subsamples for different 
purposes to avoid subsampling biases.   

   8.    This protocol, based on 3 % CTAB extraction buffer, has been 
used for a range of different  substrates   in our lab, although 
originally developed for  DNA extractions   from fungal tissues. 
DNA extracts from some sample types, such as humus-rich 
soils, need to be further purifi ed. An alternative commercial 
DNA  extraction   kit that we have found effi cient for diffi cult 
 substrates   is the NucleoSpin soil kit (Macherey-Nagel).   

   9.    Multiple extractions from each sample may be a way to obtain 
more correct representation of DNA present in the sample in 
the extracted DNA.  See  also  Note 11 .   

   10.    Alternatively, add two nuts to enhance fragmentation of more 
sturdy materials such as needle  litters   and wood.   

   11.    The fi rst step of the extraction can be done in a larger volume 
of CTAB if a larger amount of sample is extracted. This could 
be desirable if lowly abundant organisms or highly heteroge-
neous  substrates   are studied. For example, homogenization 
and extraction of 1 g of  organic matter   in 10 mL of extraction 
buffer followed by centrifugation and subsampling of extrac-
tion buffer (e.g. 500 μL) before the next step in the protocol 
may increase representativity of extracted DNA signifi cantly.   

   12.    Depending on how the phase separation works for different 
sample types, the volumes transferred from the supernatants 
can be adjusted. Keep track of the dilution factor of the DNA 
throughout the procedure, to enable later calculations of 
amount of DNA per original sample mass.   

   13.    Chloroform is a strong organic solvent. All work with chloro-
form must be carried out in a fume hood, wearing gloves and 
a lab coat. Waste chloroform must be kept in the fume hood 
and should not be poured out in the sink.   
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   14.    This step can also be done at room temperature, which gives 
less but cleaner DNA, or in the freezer, which gives more but 
less clean DNA.   

   15.    Thoroughly mix the Wizard DNA clean-up resin before 
removing an aliquot. If crystals or aggregates are present, dis-
solve by warming the resin to 37 °C for 10 min. The resin itself 
is insoluble. Cool to 25–30 °C before use.   

   16.    The sample volume must be between 50 and 500 μL. If the 
sample volume is less than 50 μL, bring the volume up to at 
least 50 μL with water. If the sample volume is >500 μL, split 
the sample into multiple purifi cations. The binding capacity of 
1 mL of resin is approximately 20 μg of DNA.   

   17.    The DNA concentration and purity in each extract is measured 
spectrophotometrically by the NanoDrop machine using the 
“DNA-50”  software  . DNA concentration in the fi nal eluate 
can be calculated from its absorption maximum at 260 nm 
( A  260 ) as an absorbance of  A  260  = 1 Absorbance Units (AU) 
corresponds to 50 ng/μL double-stranded DNA. This calcula-
tion assumes the absence of any other compound that absorbs 
UV light at 260 nm. Any  contamination   with, for example, 
RNA, protein, or especially humic substances signifi cantly con-
tributes to the total absorption at 260 nm and therefore leads 
to an overestimation of the DNA concentration. This method 
is therefore not recommended for exact concentration mea-
surements at <5 ng/μL. Confi rm that the blanks yield a repro-
ducible zero by analyzing blanks as though they were samples; 
the result should vary no more than 0.03 AU (±1.5 ng/μL) 
from the stored blank value.   

   18.    The ratio of absorbance at 260/280 and 260/230 nm is used 
to assess the purity of DNA; 260/280 ratios of about 1.7–1.8 
are accepted as pure for DNA. If the ratios are appreciably 
lower, it may indicate the presence of protein, phenol or other 
contaminants that absorb strongly at or near 230 or 280 nm. 
Also note that extracts purifi ed with the Wizard DNA clean- up 
kit have substances that interfere with DNA absorbance at 
260 nm, and therefore spectrophotometric methods cannot be 
used for DNA quantifi cation in Wizard cleaned samples. 
Instead, PCR tests are run without prior DNA quantifi cation 
( see   Note 20 ).   

   19.    In order to minimize  amplifi cation bias  —i.e. aiming to con-
serve the original relative abundances of  ITS   types, it is impor-
tant to optimize both the template concentration and the 
number of PCR cycles for each sample (or sample type) indi-
vidually. The samples should be diluted to overcome any  inhi-
bition   of the PCR reaction, but not more, enabling the desired 
amount of PCR product to be reached after as few PCR cycles 
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as possible. The PCR reaction should be interrupted during 
(the middle of) the phase of exponential increase in product, 
and should not be allowed to enter the “saturated” phase, in 
which the community could be altered due to, e.g. primer or 
dNTP limitation. Optimal dilutions and cycle numbers can be 
tested either with normal PCR or with quantitative real-time 
PCR ( qPCR  , Fig.  3 ). Here, we describe a procedure using 
normal PCR. When working with many samples, it may be 
practical to do the optimizations for a subset of samples repre-
senting all sample types, and optimizations can subsequently 
be generalized to other samples of the same type.   

   20.    In samples, such as humus-rich soils, where  inhibition   is often 
a larger problem than small or varying amounts of DNA, it is 
often more time-effi cient to leave out the NanoDrop measure-
ments and instead dilute DNA extracts directly, e.g. by factors 
×10, ×100, and ×1000 with water (giving fi nal PCR mix dilu-
tions of ×20, ×200, and ×2000). Note that suggested dilutions 
may not necessarily be optimal for all sample types and more 
levels could be tested.   

   21.    In the test PCRs there is no need to use differently tagged 
primer pairs for each sample, and a single primer mix can be 
added directly to the master mix, of which 25 μL should then 
be aliquoted to each reaction well.   

   22.    These PCR cycling conditions are adjusted to the gITS7–ITS4 
primer pair, and should be adjusted if other primers are used.   

   23.    PCR products can be visualized by  gel electrophoresis   in order 
to inspect amount and size of amplifi ed product. In  electropho-
resis  , DNA molecules are separated according to their size. When 
an electrical fi eld is applied to the agarose gel, DNA molecules, 
with their negatively charged phosphate groups, will migrate 
from the negatively charged starting point toward the positively 
charged end. Smaller DNA molecules move more quickly than 
larger molecules, and after some time DNA molecules will be 
spatially separated according to their sizes in the gel.   

   24.    This amount (220 mL) of gel fi ts into an approximately 15 by 
25 cm tray, with enough space for four combs, each with 26 
teeth. Observe that the gels do not need to run for very long 
to validate the products.   

   25.    Nancy-520 dye, Qubit and Bioanalyser kit components con-
tain DMSO, an organic solvent that can facilitate the entry of 
organic molecules into tissues. Because the dye binds to nucleic 
acids, it should be treated as a potential mutagen and used with 
appropriate care. Wear hand and eye protection and follow 
good laboratory practices when preparing and handling 
reagents and samples. Handle the DMSO stock solutions with 
particular caution.   
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   26.    Not every PCR is successful. The quality of the DNA may be 
poor, further purifi cation of the DNA may be necessary, the 
primers may not fi t, the concentration of starting template or 
any of the PCR ingredients may be non-optimal or cycle con-
ditions may be imperfect. Further, if the PCR product is of a 
different size than expected, at least one of the primers may be 
unspecifi c enough to amplify a different DNA region—eventu-
ally a different organism—than the targeted region/organism. 
This may be caused by unspecifi c primers or by PCR settings, 
e.g. to low annealing temperature.   

   27.    To save time and resources, the technical PCR replicates may 
be pooled either before the AMPure cleaning or the Qubit 
analysis. However, such pooling makes the procedure more 
sensitive to deviating PCR products, as the three technical rep-
licates will be pooled in equal proportion of PCR product vol-
ume (μL), but not necessarily in DNA amount (ng). Therefore, 
it is important to inspect that all three technical replicates look 
similar on the gel picture before such pooling. Also, the total 
volume of pooled PCR product to be cleaned with AMPure 
will be too large for one well in the PCR plate, with the bead 
solution also added. The maximum volume to clean with 
AMPure in one well is 70 μL giving a volume of 200 μL after 
adding the bead solution. The volume of pooled technical 
PCR replicates may be decreased by, e.g. freeze-drier or 
speedvac.   

   28.    The PCR products must be purifi ed to get rid of salts, unincor-
porated dNTPs, and unused primers. The AMPure kit consists 
of small magnetic beads that bind DNA. By using a magnet to 
retain the beads (with the DNA), it is possible to wash the 
DNA. Once the beads have been washed and dried, the DNA 
can be eluted from the beads with water. A multi- pipette is 
useful in this protocol. AMPure contains sodium azide, which 
is toxic. Be careful and use gloves.   

   29.    To use  high-throughput sequencing   technologies optimally to 
cover amplicons from many samples simultaneously,  multiplex-
ing   of amplicons using sample-specifi c tags is done by pooling 
of all the amplicons, to enable sequencing a single composite 
sample. To obtain the most even pooling among samples, exact 
quantifi cation of  DNA   concentrations is essential. Since ampli-
cons consist of  ITS   sequences of different lengths, a true equi-
molar mix with same number of sequences pooled from all 
samples would require analyses of size distributions and molar-
ity of all samples (e.g. by Bioanalyzer). However pooling same 
amount (ng) of dsDNA from each sample, for mixed commu-
nities, normally gives reasonably similar coverage of all sam-
ples. For exact quantifi cation of the PCR products, we use the 
Qubit HS (high sensitivity) assay. This method is based on a 
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fl uorophore that binds to the  double- stranded DNA (dsDNA)  , 
is highly specifi c for dsDNA over RNA, and is accurate for ini-
tial DNA concentrations between 10 pg/μL and 100 ng/
μL. The assay is performed at room temperature, and the sig-
nal is stable for 3 h, but it takes only a couple of min to mea-
sure a sample. The assay is insensitive to common contaminants, 
such as salts, free nucleotides, solvents, detergents, or protein.   

   30.    The fi nal DNA mix is run on a “gel on a chip” on a Bioanalyzer, 
providing information on the size distribution, concentration, 
and the molarity of the DNA.  See  Fig.  6  for an example of a 
Bioanalyzer output from an ITS2  amplicon mix  . Observe that 
it may be necessary (depending on sequencing platform) to 
size-fractionate amplicons with wide size range before sequenc-
ing in order to secure good coverage of all amplicon sizes.           
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    Chapter 5   

 Fungal Communities in Soils: Soil Organic Matter 
Degradation                     

     Tomáš     Větrovský     ,     Martina     Štursová     , and     Petr     Baldrian      

  Abstract 

   Stable isotope probing (SIP) provides the opportunity to label decomposer microorganisms that build 
their biomass on a specifi c substrate. In combination with high-throughput sequencing, SIP allows for the 
identifi cation of fungal community members involved in a particular decomposition process. Further 
information can be gained through gene-targeted metagenomics and metatranscriptomics, opening the 
possibility to describe the pool of genes catalyzing specifi c decomposition reactions in situ and to identify 
the diversity of genes that are expressed. When combined with gene descriptions of fungal isolates from 
the same environment, specifi c biochemical reactions involved in decomposition can be linked to individ-
ual fungal taxa. Here we describe the use of these methods to explore the cellulolytic fungal community in 
forest litter and soil.  

  Key words     Stable isotope probing  ,   Microbial communities  ,   Soil ecology  ,   Organic matter decomposi-
tion  ,   Metagenomics  ,   Metatranscriptomics  ,   Cellulose  

1      Introduction 

  Soils  contain   one of the largest pools of organic carbon on the 
Earth, and soil processes therefore play a major role in the global 
C cycle. Understanding organic matter  decomposition   and the 
involvement of microorganisms in this process are essential for cur-
rent and future carbon balance predictions. Most of the organic 
matter in soils is of plant origin and is composed of the polymers of 
the plant cell wall— cellulose  ,  hemicelluloses  , and  lignin   or of the 
cell wall of  fungi  —chitin.  Cellulose   is the most abundant of these 
biopolymers in  litter   where it typically constitutes 20–30 % of its 
mass while chitin is an important component of fungal mycelia 
abundant in soils [ 1 ,  2 ].  Decomposition   of soil  organic matter,   
especially  cellulose  , was the subject of intensive research for decades. 
Cellulolytic capabilities are relatively common in saprotrophic 
 fungi   and while it is these fungi that dominate  cellulose   decompo-
sition in soils [ 3 – 5 ], it is currently known that certain bacterial 
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groups also harbor these  functions  . Knowledge of microbial 
decomposers has been largely derived from laboratory studies on a 
small number of isolated strains. Nowadays, novel molecular 
approaches, such as  stable isotope probing (SIP)   and  next- 
generation sequencing  , make it possible to analyze  substrate   utili-
zation by all members of  microbial communities   concurrently and 
at suffi cient resolution [ 6 ]. Here, we demonstrate the use of these 
methods to explore the fungal community actively involved in  cel-
lulose   decomposition in  forest    litter   and soil and to characterize 
the potential and active producers of the  cbhI  gene encoding for 
GH7  glycosyl hydrolase   with exocellulase activity [ 7 – 9 ]. The 
results reveal that several fungal taxa contain and actively transcribe 
exocellulases and that many of them are able to accumulate cellu-
lose-derived C in their biomass in high quantities.  

2    Materials 

       1.     Sterile 160-mL serum  bottles   with airtight rubber stoppers.   
   2.     13 C-labeled  Zea mays   cellulose   (97 atom%  13 C; IsoLife, 

Wageningen, the Netherlands) or other  substrate   with high 
level of  13 C enrichment (>90 %) ( see   Note 1 ).   

   3.    N 2  purged syringes, tubes with airtight rubber septa, and mass 
spectrometer such as IsoPrime (GV Instruments, Manchester, 
UK) for the analysis of respired  13 C in CO 2 .   

   4.    Fast DNA Spin Kit for Soil (MP Biomedicals, Solon, OH) and 
a spectrophotometer or fl uorimeter for DNA  quantifi cation   
such as ND1000 (NanoDrop, Wilmington, DE) and Qubit 
(Life Technologies, Carlsbad, CA).   

   5.    ND1000 (NanoDrop, Wilmington, DE) and quantify dsDNA 
using Qubit (Life Technologies, Carlsbad, CA).   

   6.    CsTFA ( Cesium Trifl uoroacetate  ) solution: Mix 3.17 mL of 
CsTFA with 1.93 mL nuclease-free water in 5.1 mL tube ( see  
 Note 2 ). Unlabeled DNA will band around buoyant density 
(BD) of 1.60 g/mL. Adjust BD of master mix to 1.61 (because 
addition of sample will reduce the fi nal BD).   

   7.    For centrifugation, Beckman polyallomer quick-seal tubes 
(13 × 51 mm, 5.1 mL) and L-100XP Optima Ultracentrifuge 
with near vertical rotor such as the NVT 100 rotor (Beckman 
Coulter, Brea, CA).   

   8.    For fractionation of gradients after centrifugation: 
Fractionator—Fraction Recovery System, Puncturing, for 
Thin-Walled Tubes (Beckman Coulter, Brea, CA), ethanol, 
nuclease-free water, and syringe pump such as NE-1000 (New 
Era Pump Systems, Farmingdale, NY) and respective syringes.   

2.1  Stable Isotope 
Probing

Tomáš Větrovský et al.
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   9.    For processing of DNA fractions: vacuum concentrator such as 
SpeedVac (Thermo Fisher Scientifi c, Waltham, MA).   

   10.    For  RT-PCR    screening   in DNA fractions: 96 well optical PCR 
plates (Life Technologies, part no. 4306737), optical adhesive 
covers for PCR plates (part no. 4360954), SYBR green PCR 
master mix (part no. 4334973), 10 mg/mL Bovine Serum 
Albumin solution, PCR-grade water.   

   11.    For the quantifi cation of fungal  rDNA  : RT-PCR 5 pmol prim-
ers, such as ITS1 (5′-TCC GTA GGT GAA CCT GCG G-3′) 
and ITS2* (5′-TTY GCT GYG TTC TTC ATC G-3′) [ 10 ] 
and rDNA standard such as the cloned  rDNA   region of 
  Saccharomyces cerevisiae   .       

       1.    For DNA and RNA co-extraction and  purifi cation     : RNA 
PowerSoil Total RNA Isolation Kit (MoBio Laboratories, 
Carlsbad, CA, USA), RNA PowerSoil DNA Elution Accessory 
Kit (MoBio Laboratories), OneStep PCR Inhibitor Removal 
Kit (Zymo Research, Irvine, CA, USA).   

   2.    For  reverse transcription   of RNA: 200 U/μL Superscript III 
Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA), 
 DNAse   I (Sigma), Random hexamer primers (Sigma).   

   3.    For specifi c amplifi cation of partial sequence of fungal  cbhI  
exocellulase (GH 7 glycosyl hydrolase): 2.5 U/μL Pfu DNA 
Polymerase (Fermentas, Thermo Fisher Scientifi c, Waltham, 
MA), 2 U/μL DyNAZyme II DNA Polymerase (Finnzymes, 
Thermo Fisher Scientifi c, Waltham, MA), PCR Nucleotide 
Mix 10 mM (Finnzymes), 10 mg/mL Bovine Serum Albumin 
solution, PCR-grade water.   

   4.    10 pmol PCR primers cbhIF (5′-ACC AAY TGC TAY ACI 
RGY AA-3′) and cbhIR (5′-GCY TCC CAI ATR TCC ATC-
3′) [ 8 ] with sample-specifi c barcodes (short  oligonucleotides   
that extend the primers at the 5′-end).   

   5.    For purifi cation of PCR products: MinElute Kit (Qiagen, 
Valencia, CA) or Agencourt AMPure XP beads (Beckman 
Coulter, Brea, CA).       

3    Methods 

       1.      Collect  soil      or  litter   sample ( see   Note 3 ). Sieve soil through a 
5-mm screen or cut  litter   it into small pieces. Incubate at 4 °C 
for 1 month to stabilize  substrates  . Nutrients liberated as a 
result of sample collection and homogenization are consumed 
during this time.   

2.2  Gene-Targeted 
Metagenomics and 
Metatranscriptomics

3.1  SIP to Identify 
Cellulose- Utilizing 
Fungi
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   2.    Transfer samples to the desired experiment incubation tem-
perature (in our case 11 °C an average annual temperature at 
site in depth of 3 cm) and allow them to stabilize for 36–48 h.   

   3.    Mix 5.0 g wet mass sample with 100 mg of  13 C-labeled cellu-
lose in a serum bottle sterilized by autoclaving. Seal bottles 
with rubber stoppers and aluminum crimp caps to keep them 
airtight. This allows for later sampling and quantifi cation of 
the respired  13 C-CO 2 .   

   4.    Incubate microcosms in the dark at the desired temperature 
( see   Note 4 ). Harvest samples immediately (day 0) and after 8, 
15, and 22 days ( see   Note 5 ). Before collecting soil from the 
microcosms, collect 1 mL of the headspace gas using an N 2 - 
purged syringe to determine the carbon isotopic composition 
of CO 2  and store it in 12-mL airtight serum bottles with rub-
ber septa at room temperature until analysis ( see   Note 6 ).   

   5.    After harvest, proceed immediately with  DNA extraction   or 
freeze microcosm materials at −80 °C for later extraction.   

   6.    Extract DNA from 0.5 g aliquots of microcosm material using 
the Fast DNA Spin Kit for Soil (MP Biomedicals, Solon, OH) 
according to the manufacturer’s instructions, check DNA yield 
and ND1000 (NanoDrop, Wilmington, DE), and quantify 
dsDNA using Qubit (Life Technologies, Carlsbad, CA). The 
minimum amount of DNA required for subsequent steps is 
1 μg.   

   7.    Before the preparation of density gradients to be used for DNA 
separation, allow CsTFA solution to warm to room tempera-
ture ( see   Note 7 ).   

   8.    Prepare DNA for separation. One microgram or more of DNA 
is needed per gradient ( see   Note 8 ). Before application, stan-
dardize all DNA extracts to the same concentration (e.g., 
dilute to 100 ng/μL) in order to use same volume of all sam-
ples to be combined with CsTFA. Place the DNA samples on 
ice.   

   9.    Label Beckman polyallomer quick-seal tubes with sample num-
bers. With a 10-mL syringe, transfer 5.1 mL CsTFA solution 
to each tube. Leave a small airspace below the neck of the tube. 
Take the weight of all tubes and ensure that their weights do 
not differ by more than 10 mg.   

   10.    Using a micropipette, add DNA sample to the tube, ensuring 
that it enters the CsTFA solution. Add the same volume for all 
samples. All centrifugation runs should contain blank tubes 
used to determine buoyant density of each fraction. To blanks 
add water instead of sample.   

   11.    Heat-seal the tubes and place them into the NVT 100 rotor. 
Tubes should be placed in opposite positions and distributed 
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as equally as possible within the rotor when all positions are 
not used—check the centrifuge manual for recommended 
positions.   

   12.    Use torque wrench with plug adaptor to tighten down plugs 
to 11 N.m, pushing down on the plug adaptors as you turn it. 
Do no use plugs in empty rotor spaces. Carefully place rotor 
onto the drive hub of the ultracentrifuge.   

   13.    Perform centrifugation under the following conditions: speed: 
141,400 ×  g , temperature: 25 °C, acceleration: maximum, 
deceleration: 9. Run the centrifugation for 36–48 h.   

   14.    Prepare the fractionator by washing its needle with a 1-mL 
syringe full of ethanol followed by two washes of nuclease-free 
water. Prime the syringe pump by fi lling 10-mL syringe with 
nuclease-free water and allow running until no bubbles remain 
in lines going to the fractionator. Be sure that the syringe pump 
is set to the proper speed (0.5 mL/min).   

   15.    Stop the ultracentrifuge, remove two opposite samples for 
fractionation, and allow others to continue spinning. 
Fractionate blanks fi rst.   

   16.    For each tube, use a razor blade to slice off the top of the 
sealed tube. Using a 1-mL syringe, carefully fi ll airspace at the 
top of the tube with water. Cover the top with two layers of 
parafi lm and puncture 8–10 times with a syringe needle.   

   17.    Place the tube into the fractionator. While holding 1.5 mL 
tube beneath outfl ow, quickly turn on syringe pump and timer 
and puncture the bottom of the tube with needle assembly. 
Collect fractions every 30 s (250 μL each).   

   18.    For the blanks, collect all 20 fractions and check the BD of 
each fraction by weighing 100 μL (2 replicates per fraction). 
Select your  target   range for sample fractions: unlabeled DNA 
will band around BD 1.60, and  13 C DNA will be around 1.65 
or slightly less. As a rule of thumb, include about four to six 
fractions above 1.60 and six to eight fractions below it.   

   19.    Fractionate remaining samples. Fractions can be stored at 
room temperature on the bench until all samples are 
processed.   

   20.    After fractionation, add 1 mL of isopropanol (molecular biol-
ogy grade) to each DNA fraction and mix. Incubate DNA frac-
tions at room temperature for 1–2 h or at −20 °C overnight.   

   21.    Centrifuge at maximum speed in a microcentrifuge for 30 min 
at room temperature and pour off the isopropanol. Wash the 
pellet with 0.5 mL isopropanol, spin again for 30 min, and 
pour off isopropanol again. Repeat pellet wash and carefully 
pipet off isopropanol.   

Fungal Soil Organic Matter Degradation
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   22.    Dry the pellets (DNA) in a vacuum concentrator or on bench 
( see   Note 9 ).   

   23.    Resuspend pellets in 20 μL of nuclease-free water or in a PCR- 
compatible elution buffer. Mix well by fl icking. Store DNA at 
−20 °C.   

   24.    Quantify the amount of DNA in the fractions using Real-time 
PCR ( see   Note 10 ). For one 96-well plate prepare 1500 μL of 
PCR premix by mixing 7.5 μL of SYBR green master mix, 
0.6 μL of BSA (10 mg/mL), 0.9 μL of forward and reverse 
primers, and 4.1 μL of nuclease-free sterile water per one 
reaction.   

   25.    Use three replicates of each standard including negative con-
trol and two to three replicates of each fraction.   

   26.    Use 96-well optical PCR plates. In each well mix 1 μL of a 
DNA sample or DNA standard solution with 14 μL of PCR 
premix to make a total volume of 15 μL. Spin the plate down 
to mix all regents and remove air bubbles.   

   27.    Run PCR with the following cycling parameters: 2 min at 
56 °C, 10 min at 95 °C followed by 40 cycles of 95 °C for 15 s 
and 60 °C for 1 min. Use heated cover option (103–105 °C) 
and include the melting curve option (if available) to check the 
size of fragments.   

   28.    After  RT-PCR   make a plot with fraction numbers on the  x  axis 
and relative amount of DNA on the  y  axis. For each sample, 
plot the DNA amounts of the sample and the control (unla-
beled DNA).   

   29.    Those fractions that contain DNA after separation of the con-
trol DNA should be collected and pooled as “light”  12 C-DNA; 
those fractions that contain DNA after  ultracentrifugation   of 
the labeled sample but no DNA in the fractions containing the 
control DNA should be collected as the “heavy”  13 C-DNA ( see  
 Note 11 , Fig.  1 ).

       30.    Use the “light” and “heavy” DNA pools of each sample to 
analyze microbial community composition by  PCR amplifi ca-
tion   of a  fungal marker   gene of choice and high-throughput- 
sequencing and sequence analysis as described in other chapters 
of this book or [ 11 ,  12 ].   

   31.    Identify the microorganisms utilizing  cellulose   as those that 
occur in the “heavy” fraction from the  13 C-enriched micro-
cosm but exclude those where the ratio of their relative abun-
dance in the “heavy”/“light” fraction from the  13 C-enriched 
microcosm is smaller or similar to the same ratio in the unla-
beled microcosms because their appearance in the “heavy” 
 fraction may not necessarily be the result of  13 C-enrichment 
( see   Note 11 ).        

Tomáš Větrovský et al.
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       1.      In the  area   of  study  , select several study sites to represent the 
 ecosystem  . To ensure a representative sample at each sampling 
point, collect eight 5-cm-diameter soil cores around the cir-
cumference of a 4-m-diameter circle. In the fi eld, separate the 
 litter   horizon material and soil material up to the required 
depth, and treat them separately. Remove larger roots from soil 
and sieve it through a 5-mm sterile mesh. Combine the eight 
subsamples and mix well. Cut the  litter   material into 0.5 cm 
pieces with sterile scissors. Combine the eight subsamples and 
mix well.   

   2.    Prepare at least four aliquots of sample material for DNA/
RNA co-extraction (0.5–3.0 g) in cryogenic vials. Freeze the 
aliquots in liquid nitrogen immediately and store them on dry 
ice. Upon arrival to the laboratory, store the samples frozen at 
−80 °C for no more than 6 months.   

   3.    Co-extract RNA and DNA from each aliquot of each sample 
independently using the RNA PowerSoil Total RNA Isolation 
Kit and the DNA Elution Accessory Kit combined with the 
OneStep PCR Inhibitor Removal Kit ( see   Note 12 , Fig.  2 ).

       4.    For RNA extraction, follow steps 1–8 of the RNA PowerSoil 
Total RNA Isolation Kit instructions.   

3.2  Gene-Targeted 
Metagenomics and 
Meta-transcriptomics 
to Identify 
Exocellulase 
Producers
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  Fig. 1    Analysis of the members of fungal community involved in the decomposition of biopolymers using stable 
isotope probing       
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   5.    Before proceeding to step 9 (the addition of the Solution SR4) 
use the OneStep PCR Inhibitor Removal Kit columns to clean 
the supernatant following the manufacturer’s instructions. Use 
as many columns as needed to clean the whole volume of 
supernatant.   
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DNA/RNA
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DNA RNA

REVERSE
TRANSCRIPTION

TARGET AMPLIFICATION
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RNA ABUNDANCE

TRANSCRIPTIONAL 
ACTIVITY
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&

PHYLOGENETIC 
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METABOLIC 
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COMPARE

DNA RNA

  Fig. 2    Combination of gene-targeted metagenomics and metatranscriptomics to 
explore the potential and active decomposers of organic matter       
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   6.    Collect the cleaned supernatant in a new 15 mL Collection 
Tube of the RNA PowerSoil Total RNA Isolation Kit. Follow 
the steps 9–20 of the RNA PowerSoil Total RNA Isolation Kit 
instructions.   

   7.    To co-extract DNA, keep the columns from step 16 and use 
the DNA Elution Accessory Kit to elute DNA.   

   8.    Store the recovered DNA at −20 °C and RNA at −80 °C.   
   9.    Treat 50 ng of each RNA sample with  DNase   I and perform 

 reverse transcription   using Superscript III Reverse Transcriptase 
and random hexamer primers according to the manufacturer’s 
protocol to obtain single-stranded cDNA. Store the cDNA at 
−20 °C.   

   10.    Pool the aliquots of DNA or cDNA originating from the same 
soil sample before PCR amplifi cation.   

   11.    Perform  PCR amplifi cation   of each DNA or cDNA samples 
with the primers cbhIF and cbhIR containing sample-specifi c 
barcodes. Set up the PCR reactions in at least three indepen-
dent 50 μl reactions per sample containing 5 μl of 10× buffer 
for DyNAzyme DNA Polymerase, 3 μl of BSA (10 mg/mL), 
2 μl of each primer (0.01 mM), 1 μl of PCR Nucleotide Mix 
(10 mM each), 1.5 μl polymerase (2 U/μl, Pfu DNA 
Polymerase : DyNAZyme II DNA Polymerase mixed in a ratio 
1:24), and 2 μL of template DNA or cDNA ( see   Note 13 ).   

   12.    Run the PCR with the following cycling parameters: 94 °C for 
3 min; 35 cycles of 94 °C for 30 s, 51 °C for 45 s, 72 °C for 
1 min 30 s, followed by 72 °C for 15 min. Use heated cover 
option (103–105 °C).   

   13.    Pool the replicate PCR products and clean them using the 
MinElute Kit, elute DNA with 20 μL of sterile water. Measure 
the dsDNA concentrations in samples using Qubit and com-
bine the barcoded samples so that the same amount of DNA is 
included from each sample.   

   14.    To remove any short fragments that might interfere with  high- 
throughput sequencing  , clean the combined sample using the 
AMPure XP beads according to the manufacturer’s protocol. 
Measure the dsDNA concentrations in composite samples 
using Qubit and use them to prepare a library for  high- 
throughput sequencing  .   

   15.    Perform the high-throughput sequencing and sequence analy-
sis as described in other chapters of this book or [ 11 ,  12 ].   

   16.    When processing sequences after cleaning, separate the 
sequences from the DNA samples. For each sequence identify 
the positions of introns and remove introns from the sequences 
(Fig.  2 ).   

Fungal Soil Organic Matter Degradation
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   17.    Combine DNA sequences originating from RNA and those 
originating from DNA after intron removal and perform clus-
tering at desired similarity level. For each OTU, record the 
abundance of sequences in the DNA and RNA-derived 
sequence pools. The sequences contained in the DNA-derived 
pool represent the  cbhI  genes present in the environment (in 
the genomic DNA of fungi) while those derived from the 
RNA-derived pool represent those sequences being transcribed 
by the members of the fungal community at the time of sam-
pling   [ 7 ].       

4    Notes 

     1.    The ideal setup would be to use 13C litter from the dominant 
plant species of the considered experimental site/plot; how-
ever the Zea mays  cellulose   is the most  accessible   substrate.   

   2.    The amount of water to be added is theoretical. In practice, it 
is better to add less then suggested, check the buoyant density 
(BD), and add more water until the desired BD is reached. 
Check BD by weighing 100 μL on an analytical balance with a 
0.1 mg resolution or using refractometer.   

   3.    The amount of soil or  litter   to be collected depends on the 
number of intended replicates and sample moisture, e.g.: 500 g 
of soil for three replicates.   

   4.    Incubation temperature should preferably refl ect the tempera-
ture in the study area. When other temperature is used, there 
is a danger that selective growth of microorganisms with spe-
cifi c temperature optima occurs.   

   5.    The times of sampling indicated here are optimal for the study 
of  cellulose   utilization in C-rich acidic  forest   soils. When other 
soils are studied or other  substrates   are used, it is advisable to 
perform a pilot test to determine optimal sample collection 
times. For the optimal results of  SIP  , the time of incubation 
should be suffi cient for the  13 C-enrichment of microbial DNA 
but not longer than necessary as cross-labeling with  13 C may 
occur if the DNA of those microbes that originally fed on  cel-
lulose   are used as food for other organisms (cross-feeders). 
Please note that the relative rate of utilization is substrate- 
dependent with the time of biomass labeling increasing with 
the decreasing decomposability of  the   substrate.   

   6.    Analyze the CO 2  concentration and  12 C/ 13 C ratio in the stored 
bottles within 7 days using suitable equipment such as the 
Trace Gas system interfaced to an IsoPrime mass 
spectrophotometer.   

Tomáš Větrovský et al.
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   7.    Buoyant density of the CsTFA solution depends on tempera-
ture. The CsTFA should be stored at 4 °C.   

   8.    One microgram of DNA is the minimum for separation. Three 
micrograms for DNA still separates well and the separated frac-
tions after  ultracentrifugation   are easier to analyze by  qPCR  . 
Higher amounts of DNA should be avoided because these may 
fail to resolve  during   ultracentrifugation.   

   9.    Please note that the pellet is often invisible due to low amount 
of DNA.   

   10.     RT-PCR   is highly sensitive, keep all solutions sterile and 
nuclease- free. Always set up reactions in a PCR hood; wipe 
down pipettes with ethanol before use, use new or aliquoted 
PCR water, etc.   

   11.    To make sure that “light” and “heavy” DNA is identifi ed prop-
erly, it is possible to plot DNA concentrations in fractions 
against fraction BD. When pooling fractions, avoid those 
where  12 C and  13 C-DNA may overlap. If no “heavy” DNA is 
observable, it is probable that  13 C-labeling was insuffi cient. In 
such a case, use longer incubation time before  DNA extrac-
tion  . The “heavy” DNA fraction contains DNA with suffi cient 
 13 C-enrichment (at least 20 %) but it may also contain DNA 
with a specifi c sequence, such as the DNA with a high GC 
content. Please be sure to pool also the fractions of the control 
DNA that correspond to those observed as  13 C-enriched in the 
 13 C-supplemented sample. For more details, check [ 8 ].   

   12.    To increase the yield of DNA and RNA, grinding of samples in 
liquid N 2  with a mortar and pestle should be applied. RNA 
extraction is extremely sensitive to  contamination   and nucle-
ases. Please be sure to use nuclease-free water and plasticware 
throughout.   

   13.    The use of the Pfu DNA Polymerase/DyNAZyme II DNA 
Polymerase mixture decreases the error level during the PCR 
reaction. As an alternative, another DNA polymerase with a 
proofreading activity can be used.          
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    Chapter 6   

 DNA-Based Characterization and Identifi cation 
of Arbuscular Mycorrhizal Fungi Species                     

     Carolina     Senés-Guerrero     and     Arthur     Schüßler      

  Abstract 

   Arbuscular mycorrhizal fungi (AMF) are obligate symbionts of most land plants. They have great ecologi-
cal and economic importance as they can improve plant nutrition, plant water supply, soil structure, and 
plant resistance to pathogens. We describe two approaches for the DNA-based characterization and iden-
tifi cation of AMF, which both can be used for single fungal spores, soil, or roots samples and resolve closely 
related AMF species: (a) Sanger sequencing of a 1.5 kb extended rDNA-barcode from clone libraries, e.g., 
to characterize AMF isolates, and (b) high throughput 454 GS-FLX+ pyrosequencing of a 0.8 kb rDNA 
fragment, e.g., for in-fi eld monitoring.  

  Key words     454 GS-FLX+ pyrosequencing  ,   Arbuscular mycorrhizal fungi (AMF)  ,   DNA-based species 
identifi cation  ,   Evolutionary placement algorithm (EPA)  ,   Extended DNA barcoding  ,   Nuclear rDNA  , 
  Phylogenetics  

1      Introduction 

  Arbuscular mycorrhizal fungi (AMF)    are asexual, clonal organisms 
that currently cannot be defi ned by a biological species concept 
[ 1 ]. Thus, AMF species were historically characterized by spore 
morphology. However, this can be misleading, e.g., because some 
species form several spore morphs, and the occurrence of spores, as 
resting stages, does not represent the  active   AMF community [ 2 ]. 
Moreover, from intraradical or extraradical hyphae  AMF   species 
can only be identifi ed by molecular methods, a prerequisite being 
that the species to be identifi ed are already characterized for the 
used molecular markers. 

 For molecular systematics and molecular ecological studies with 
a wide taxonomic coverage, the nuclear  rRNA   gene regions are the 
most frequently used markers targeting the small subunit (SSU) [ 3 ] 
and/ or   internal transcribed spacer (ITS) [ 4 ] and/or large subunit 
(LSU) [ 5 ]  rDNA   regions. Yet, due to the low variability in the SSU, 
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an extremely high intraspecifi c variability in the ITS region of up to 
>23 % [ 6 ,  7 ], or the use of relatively short LSU fragments, most 
analyses led to a  phylogenetic   resolution at an undefi ned taxonomic 
level above species [ 8 ]. An extended  DNA barcoding   region with 
resolution power also for closely related  AMF   species was suggested 
[ 6 ]; it comprises a part of the SSU, the complete  ITS   region (includ-
ing the 5.8S rRNA gene), and approx. 0.8 kb of the LSU  rRNA   
gene. It can be (nested) PCR amplifi ed as a single ~1.5 kb fragment 
from spores, root fragments, and/or soil with AMF-specifi c primers 
[ 9 ]. These primers have the widest taxon coverage when compared 
to other commonly used ones targeting a single nuclear  rDNA   
marker [ 10 ] and they can be used to amplify DNA from fi eld sam-
ples [ 11 ]. A 0.8 kb fragment of this extended DNA barcode region 
can also be used for  454 GS-FLX+ pyrosequencing  , also to analyze 
fi eld samples ( see  Fig.  1 ). This fragment provides resolution of 
closely related species when using advanced methods based on an 
 evolutionary placement algorithm (EPA)   for data analyses and a 
solid and comprehensive reference sequence  database  . The pre-
sented method appears to be much more precise than other com-
monly used methods for monitoring  AMF   in the fi eld by 454 
GS-FLX+ sequencing [ 12 ].

2       Materials 

 The water and any other reagents used should be of molecular 
biological grade, unless stated otherwise. 

       1.    Entire root system.   
   2.    Scalpel, tweezers, and a fl ame source.   
   3.    100 % ethanol.   
   4.    Clean and sterile 2 mL microcentrifuge tubes.      

2.1  Root Fragments

5.8S
ITS1 ITS2

SSUmCfSSUmAf

LSUmBr LSUmAr

LSUD1f 

Small subunit Large subunitD1 D2

  Fig. 1    Schematic representation of the  nuclear ribosomal DNA   regions studied (not to scale).  Triangles  indicate 
the position of the priming sites; primer names are shown       
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         1.    FastPrep ®   Instrument      (MP Biomedicals, Heidelberg, 
Germany).   

   2.    Lysing Matrix A tubes with an extra big bead instead of Lysing 
Matrix E.   

   3.    Add the indicated volume of 100 % ethanol to the SEWS-M 
wash solution, mix, and store at room temperature.   

   4.    Clean and sterile 2 mL microcentrifuge tubes and 15 mL 
Falcon tubes.      

       1.    Tissue lyser.   
   2.    2× CTAB buffer: weigh 1 g of CTAB, 4.09 g of NaCl, and 

0.5 g of polyvinylpyrrolidone (PVP). Add 5 mL of 1 M Tris–
HCl, pH 8.0, and 4 mL of 0.25 M Na 2 EDTA. Make up to 
50 mL with water.   

   3.    Autoclave the 2× CTAB buffer and add 1 mL of 99 % 
β-mercaptoethanol ( see   Note 2 ).   

   4.    Prepare a 24:1 (v/v) chloroform/isoamylalcohol solution and 
store at room temperature.   

   5.    Prepare 10 mg/mL RNaseA and store at −20 °C.   
   6.    Prepare 50 mL of Tris–EDTA (TE) buffer: add 0.5 mL of 1 M 

Tris and 0.1 mL of 0.5 M EDTA. Make up to 50 mL with 
deionized water. Autoclave and adjust the pH to 8.0.   

   7.    Clean and sterile 2 mL microcentrifuge tubes.       

       1.    Prepare primers and  the   AMF-specifi c mixture of primers ( see  
Table  1 ). First, prepare primer stocks by diluting your primers 
to 100 μM. Prepare working solutions with a concentration of 
10 μM for each primer. E.g. for the forward primer SSUmAf, 
mix 10 μL of each primer SSUmAf1-2 with 80 μL of water. 
For the reverse primer LSUmAr, mix 10 μL of each primer 
LSUmAr1-4 with 60 μL of water.

       2.    Store primer stocks and working solutions at −20 °C.   
   3.    2× Phusion ®  High-Fidelity DNA polymerase Master Mix HF 

(NEB, Frankfurt, Germany).   
   4.    20 mg/mL Bovine Serum Albumin (BSA) (NEB, Frankfurt, 

Germany).   
   5.    Thermal cycler.     

       1.    Prepare the LSU primers.    We use the forward primer LSUD1f 
and the reverse primer mixture LSUmBr ( see  Table  1 ). The 
forward (fusion-) primer has to be synthesized together with 
the 454 adaptor A and different MIDs (5′-adaptorA-MID- 
LSUD1f-3′). The reverse primer is synthesized with the 454 
adaptor B (5′-adaptorB-LSUmBr-3′). For details regarding 

2.2  DNA Extraction: 
FastDNA ®  SPIN Kit 
for Soil or CTAB 
Method ( See   Note 1 )

2.2.1  FastDNA ®  SPIN Kit 
(MP Biomedicals, 
Heidelberg, Germany) 
for Soil

2.2.2  Cetyl 
Trimethylammonium 
Bromide (CTAB) Method

2.3  PCR 
Amplifi cation

2.3.1  454 Sequencing 
PCR Amplifi cation

Molecular Identifi cation of AMF
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the fusion-primer adaptors and multiplex identifi ers (MIDs), 
refer to the data provided by the supplier. Prepare stocks and 
working solutions of each primer as previously described.   

   2.    Store primer stocks and working solutions at −20 °C.       

       1.    Zero Blunt ®  TOPO ®  PCR  Cloning   Kit (Invitrogen, Darmstadt, 
Germany) using TOP10 chemically competent cells, according 
to the instructions of the supplier. However, we use only one 
third of the volumes and amounts of salt and  plasmid   vector 
and half of the chemically competent cells, to reduce costs.   

   2.    Go Taq ®  DNA Polymerase (Promega, Mannheim, Germany) 
or the Go Taq ®  Green Master Mix ( see   Note 3 ).   

   3.    Prepare M13F (-20) and M13R primer stocks ( see  Table  1 ) of 
100 μM and working solutions of 10 μM, each. Store at −20 °C.   

2.4  Cloning 
and Clone Analyses

     Table 1  
  Primers and primer mixtures   

 Step  Primer  Nucleotide sequence (5′–3′)  Primer mixtures 

 Subheading  3.5 , 
First PCR (1.8 kb) 

 SSUmAf1  TGGGTAATCTTTTGAAACTTYA  SSUmAf: mix 
SSUmAf1-2 
(equimolar)  SSUmAf2  TGGGTAATCTTRTGAAACTTCA 

 LSUmAr1  GCTCACACTCAAATCTATCAAA  LSUmAr: mix 
LSUmAr1-4 
(equimolar)  LSUmAr2  GCTCTAACTCAATTCTATCGAT 

 LSUmAr3  TGCTCTTACTCAAATCTATCAAA 

 LSUmAr4  GCTCTTACTCAAACCTATCGA 

 Subheading  3.6 , 
Nested PCR 
(1.5 kb) 

 SSUmCf1  TCGCTCTTCAACGAGGAATC  SSUmCf: mix 
SSUmCf1-3 
(equimolar)  SSUmCf2  TATTGTTCTTCAACGAGGAATC 

 SSUmCf3  TATTGCTCTTNAACGAGGAATC 

 LSUmBr1  DAACACTCGCATATATGTTAGA  LSUmBr: mix 
LSUmBr1-5 
(equimolar)  LSUmBr2  AACACTCGCACACATGTTAGA 

 LSUmBr3  AACACTCGCATACATGTTAGA 

 LSUmBr4  AAACACTCGCACATATGTTAGA 

 LSUmBr5  AACACTCGCATATATGCTAGA 

 Subheading  3.9 , 
Analyzing clones 
by PCR 

 M13F (-20)  GTAAAACGACGGCCAG 

 M13R  CAGGAAACAGCTATGAC 

 R377mod  CTCTCTTTTCAAAGTNCTTTTCATCT 

  Subheading 3.15.1 , 
454 sequencing 
PCR (0.8 kb) 

 LSUD1f  TAAGCGGAGGAAAAGAAAMTAAC 

 LSUmBr  Mixture of LSUmBr1-5 
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   4.    Prepare LB agar: weigh 10 g of peptone, 5 g of  yeast   extract, 
5 g of NaCl, and 12 g of agar. Add 1 L of deionized water and 
autoclave. Cool the LB agar until it reaches an approx. tem-
perature of 55 °C and add 1 mL of 50 mg/mL kanamycin 
(Sigma-Aldrich, Munich, Germany) to obtain a fi nal concen-
tration of 50 μg/mL.   

   5.    Pour the LB agar with kanamycin in Petri dishes (approx. 
90 mm diameter). For some plates, draw a grid in the backside 
and write numbers in ascending order in each square of the 
grid. Store the plates at 4 °C.   

   6.    Prepare LB medium with kanamycin as described before. Do 
not add agar.   

   7.    For  restriction fragment length polymorphism (RFLP)  , use 
three restriction enzymes:  Rsa I ,  Hinf I , and  Mbo I  (NEB, 
Frankfurt, Germany).   

   8.    For  electrophoresis   prepare 1 L of 50× Tris-acetate-EDTA 
(TAE) buffer: weigh 242 g of Tris base, 18.6 g of EDTA, and 
add 750 mL of deionized water to dissolve. Add 57.1 mL of 
glacial acetic acid. Make up to 1 L with deionized water and 
adjust the pH to 8.2. Dilute to 1× TAE buffer to prepare aga-
rose gels and  electrophoresis   buffer.   

   9.    Clean and sterile 200 μL tubes.   
   10.    SOC media (20 g/L tryptone, 5 g/L  yeast   extract, 4.8 g/L 

MgSO 4 , 3.6 g/L dextrose, 0.5 g/L NaCl, 0.19 g/L KCl; pro-
vided with the Zero Blunt ®  TOPO ®  PCR Cloning Kit).      

       1.    NucleoSpin ®  Plasmid Kit (Macherey-Nagel, Düren, Germany) 
   for single reactions or the NucleoSpin ®  8 Plasmid Kit, requir-
ing the NucleoVac 96 Vacuum Manifold and the Starter Kit A, 
for multiple reactions.   

   2.    Dissolve RNase A with 1 mL of Buffer A1 (both provided in 
the kit) and vortex.   

   3.    Add the indicated volume of 100 % ethanol to Buffer A4. 
Ethanol is not provided in the kit.      

       1.    Agencourt AMPure XP beads using solid phase reversible 
immobilization (SPRI) paramagnetic bead based technology 
(Beckman Coulter, Krefeld, Germany) to purify the 
amplicons.   

   2.    PicoGreen dsDNA Assay Kit (Invitrogen, Darmstadt, 
Germany) to quantify the purifi ed amplicons.   

   3.    The GS FLX+ Titanium Sequencing Kit (Roche, Basel, 
Switzerland) applying the LongAmplicon3 processing  pipeline   
which allows for 3′ end trimming, recommended for processing 
long amplicon reads.      

2.5  Plasmid 
Preparation 
(“miniprep”)

2.6  Sample 
Processing for 
454 Sequencing 
( See   Note 4 )

Molecular Identifi cation of AMF
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       1.    Create an  account   at the CIPRES Science Gateway Portal 
(  https://www.phylo.org/portal2/    ).   

   2.    Install a program to proofread and edit sequences. We use 
SEQASSEM (  www.sequentix.de    ).   

   3.    Install a program to manually edit sequence alignments. We 
use ALIGN (  www.sequentix.de    ).   

   4.    Familiarize with the Basic Local Alignment Search Tool 
(BLAST) at the National Center for Biotechnology Information 
(NCBI) webpage (  http://blast.ncbi.nlm.nih.gov/Blast.cgi    ).   

   5.    Familiarize with MAFFT [ 13 ] (  http://mafft.cbrc.jp/align-
ment/software/    ) to make multiple sequence alignments. It can 
be either downloaded or used through a web interface.   

   6.    Install a program to visualize  phylogenetic   trees. We use 
FigTree (  http://tree.bio.ed.ac.uk/software/fi gtree/    ).      

       1.     Install   the  software   Quantitative Insights Into Microbial 
Ecology (QIIME) [ 14 ] (  http://qiime.org/    ).   

   2.    Familiarize with QIIME. There are tutorials and explanatory 
documents found at the webpage.   

   3.    Install the Graphical User Interface (GUI) of the RAxML 
Workbench in Linux (  http://sco.h-its.org/exelixis/web/
software/epa/index.html    ).   

   4.    Install Archaeopteryx to visualize  phylogenetic   trees (  https://
sites.google.com/site/cmzmasek/home/software/
archaeopteryx    ).       

3    Methods 

 When working with small amounts of DNA (0.2–2 μL) and using 
nested  PCR protocols  , it is necessary to work in a  contamination  - 
free  environment. For example, use separate rooms for pre- and 
post-PCR steps and never expose the samples to an environment 
where, e.g.,  target   DNA carrying  plasmids   were extracted or PCR 
products handled; use only clean molecular biology grade water 
and make sure that all solutions are prepared and kept uncontami-
nated; work under UV decontaminated sterile benches for initial 
sample preparation and in strictly UV decontaminated PCR cabi-
nets; use clean pipettes and pipette tips that are only used for DNA 
extraction and separate pipette sets for the fi rst PCR and the nested 
PCR, respectively, which are used only for this purpose and decon-
taminated from DNA regularly. An overview of the steps for the 
molecular characterization and identifi cation of AMF by using 
Sanger- and/or 454 GS-FLX+ sequencing is shown in Fig.  2 .

2.7  Basic 
Bioinformatic 
Analyses

2.8  454 Sequencing 
Bioinformatic 
Analyses
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Sample preparation
(2.1, 3.1, 3.2)

DNA extraction
(2.2, 3.3, 3.4)

First PCR (1.8kb)
(2.3, 3.5, 3.7)

Nested PCR (1.5 kb)
(2.3, 3.6, 3.7)

Cloning
(2.4, 3.8)

Clone-check PCR
(2.4, 3.9, 3.10)

RFLP
(2.4, 3.11)

Plasmid preparation
(2.5, 3.12)

Sanger sequencing
(3.13)

Sequence alignment
(2.7, 3.14)

Phylogenetic tree
(2.7, 3.14)

Nested PCR (0.8 kb)
(2.3.1, 3.15.1)

454-sequencing
(2.6, 2.8, 3.15.2)

Raw output
(3.16.1)

De-multiplexing
(3.16.1)

Sequence clustering
(3.16.1)

Singletons and 
non-AMF sequences 

removal
(3.16.1)

Aligning 454 
sequences to 

reference 
sequences

(3.16.1)

Placing 454 
sequences into a 

reference 
phylogenetic tree

(3.16.2)

Taxonomic 
annotation of AMF

Reference sequence 
alignment

Reference 
phylogenetic tree

AMF species 
extended DNA 
barcoding by Sanger 
sequencing

AMF species 
monitoring by 
454 sequencing

  Fig. 2    Diagram of the steps for the molecular characterization and identifi cation 
of  AMF   by using Sanger- and/or 454 GS-FLX+ sequencing       
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         1.    Obtain the entire root system of the plant and wash with tap 
water to remove adherent soil.   

   2.    Cut root fragments by using a scalpel. To avoid  contamina-
tions  , fl ame the blade or change it before cutting a new sample. 
Cut ten pieces of 0.5–1 cm length, depending on root thick-
ness (0.5 cm is suffi cient for thick and well-colonized roots). 
For weakly colonized roots, use 20 pieces of 1 cm. If a major 
goal is to obtain highly representative samples for a root sys-
tem, the root material may be blended into small pieces and an 
amount no larger than 500 mg of material corresponding to a 
total of 5–20 cm root length can be taken, depending on thick-
ness and colonization level.   

   3.    To store samples, put them in ethanol (>80 % end concentra-
tion, consider the dilution effect by the samples and replace 
ethanol if there is too much dilution) in 2 mL microcentrifuge 
tubes. If possible, place samples at −20 °C until  DNA extraction   
( see   Note 5 ).      

       1.    Wash the sample once with clean 100 % ethanol ( see   Note 6 ). 
Transfer the root fragments into a new 2 mL microcentrifuge 
tube.   

   2.    Dry at 60 °C in a clean environment (e.g., put open vials in a 
sterile, closed plastic bag such as a “sunbag”; Sigma-Aldrich, 
Munich, Germany). The time depends on root thickness and 
the amount of root pieces. It is important that there is no 
ethanol left in the samples.   

   3.    Before DNA extraction, add 100 μL of water to the dried roots 
for 1 min ( see   Note 7 ).   

   4.    Remove excess water with a clean pipette and proceed with 
DNA extraction.      

       1.     Add the  processed   root material to a Lysing Matrix A tube 
(in a contamination-free environment).   

   2.    Add 978 μL of sodium phosphate buffer.   
   3.    Add 122 μL of MT buffer.   
   4.    Homogenize for 40 s at a speed setting of 6.0 using the 

FastPrep ®  Instrument. If roots are not completely disrupted, 
repeat the step. Then, while the instrument cools down, place 
the samples on ice or keep them at 4 °C.   

   5.    Centrifuge at 14,000 ×  g  for 15 min to pellet debris ( see   Note 8 ).   
   6.    Transfer the supernatant to a new 2 mL microcentrifuge tube. 

Add 250 μL of protein precipitation solution (PPS) and mix by 
inverting the tube 10 times.   

   7.    Centrifuge for 5 min at 14,000 ×  g  and transfer the supernatant 
to a clean 15 mL tube.   

3.1  Processing Root 
Material

3.2  Processing Root 
Material Stored 
in Ethanol

3.3  DNA Extraction 
with the FastDNA ®  
SPIN Kit for Soil

Carolina Senés-Guerrero and Arthur Schüßler
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   8.    Resuspend the binding matrix suspension and add 1 mL to the 
supernatant in the 15 mL tube.   

   9.    Invert by hand for 2 min. Place the tube in a rack until the 
silica matrix is precipitated (approx. 3 min).   

   10.    Remove and discard 500 μL of the supernatant avoiding the 
settled matrix.   

   11.    Resuspend the binding matrix in the remaining amount of 
supernatant. Transfer 600 μL of the mixture to a SPIN™ fi lter 
and centrifuge for 1 min at 14,000 ×  g . Empty the catch tube 
and repeat this step until there is no binding matrix left in the 
15 mL tube.   

   12.    Add 500 μL of prepared SEWS-M and resuspend the pellet by 
pipetting.   

   13.    Centrifuge for 1 min at 14,000 ×  g . Empty the catch tube and 
replace.   

   14.    Without adding any liquid, centrifuge again for 2 min at 
14,000 ×  g  to dry the matrix. Replace the catch tube with a 
new one.   

   15.    Air-dry the tube for 5 min at room temperature.   
   16.    Add 50–80 μL of  DNase  /pyrogen free water (DES) ( see   Note 

9 ).   
   17.    Centrifuge for 1 min at 14,000 ×  g  to elute the DNA.   
   18.    Discard the fi lter and store the DNA at 4 °C until use or at 

−20 °C for storage.       

       1.      Pre-cool the holders/ adaptors      of the tissue lyser by placing 
them in liquid N 2 .   

   2.    Add a single tungsten carbide bead (3 mm, DNA free) to the 
sample tube and freeze the tube with roots (water re-hydrated) 
in liquid N 2  for at least 30 s.   

   3.    Disrupt the frozen samples, e.g., for 3 min at 30 Hz in a Tissue 
Lyser II bead mill (Qiagen, Leipzig, Germany). Repeat this 
step if needed until the result is a fi ne powder.   

   4.    Add 1 mL of warm (60 °C) 2× CTAB buffer to the frozen fi ne 
powder and homogenize by vortexing ( see   Note 10 ).   

   5.    Incubate 30 min at 60 °C.   
   6.    Add one volume (1 mL) of 24:1 chloroform/isoamylalcohol 

and vortex.   
   7.    Centrifuge for 5 min at 2500 ×  g  and transfer the supernatant 

(aqueous upper layer, should be approx. 800 μL) to a new 
2 mL tube.   

   8.    Add 2.5 μL of 10 mg/mL RNaseA and incubate at 37 °C for 
30 min.   

3.4  DNA Extraction 
with CTAB Method

Molecular Identifi cation of AMF
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   9.    Add one volume (approx. 800 μL) of 24:1 chloroform/isoam-
ylalcohol and vortex.   

   10.    Centrifuge for 5 min at 2500 ×  g  and transfer the supernatant 
(aqueous upper layer, should be approx. 600 μL) to a new 
2 mL tube.   

   11.    Add 2/3 of the volume (approx. 400 μL) of isopropanol. Mix 
by inverting the tube 8 times and incubate at 4 °C for 15 min.   

   12.    Centrifuge at 10,000 ×  g  for 10 min and discard the 
supernatant.   

   13.    Wash the pellet with 500 μL of 70 % ethanol (dilute with 
molecular grade water). Invert the tube once and centrifuge 
for 1 min at 2500 ×  g . Discard the supernatant.   

   14.    Air-dry the pellet for 15–30 min (in a clean,  contamination  - 
free  environment).   

   15.    Resuspend the pellet in 50 μL of water and dissolve at 4 °C 
overnight. TE buffer may also be used.   

   16.    Store at 4 °C for direct use or freeze at −20 °C for later use.        

     We use the 2× Phusion ®  High-Fidelity DNA polymerase Master 
Mix HF (NEB, Frankfurt, Germany). With the Phusion DNA 
polymerase relatively high melting temperatures and short elonga-
tion times are applied. If you intend to use  Taq  polymerase, several 
modifi cations have to be made, please refer to publications where 
this has been adopted. We, however, recommend using a proof-
reading polymerase with DNA-binding domain such as the 
Phusion, as this reduces PCR errors and chimera formation.

    1.    Dependent on your sample number, you should prepare a master 
mix for all samples, e.g., for 15 samples use 165 μL master mix 
(15 times 15 μL plus 10 % as a buffer); calculate needed compo-
nents accordingly. For an individual 15 μL PCR reaction, mix 
7.5 μL of 2× Phusion ®  Master Mix, 0.75 μL of each, 10 μM for-
ward and reverse primers (0.5 μM fi nal concentration for each), 
0.075 μL of 10 mg/mL BSA (fi nal concentration of 50 μg/mL), 
5.725 μL of water, and 0.2 μL of DNA ( see   Note 11 ).    

          1.    For an individual 20 μL PCR reaction, mix 10 μL of 2× 
Phusion ®  Master Mix, 1 μL of each, 10 μM forward and reverse 
primers (0.5 μM fi nal concentration for each), 0.1 μL of 
10 mg/mL BSA (fi nal concentration of 50 μg/mL), 7.7 μL of 
water, and 0.2 μL of template from the fi rst PCR.      

   The following is an example of the thermal cycling conditions to 
amplify an approx. 1.8 kb fragment. The annealing temperature in 
the protocol is tested for the  AMF  -specifi c primers we use; when 
using other primers you need to adjust the protocol accordingly.

3.5  First PCR

3.6  Nested PCR

3.7  PCR Conditions
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    1.    Maintain your tubes always at cold temperature. Pre-heat the 
thermal cycler lid and place your tubes inside only when the 
program is about to start, to avoid unspecifi c reactions.   

   2.    Run an initial denaturation step for 5 min at 99 °C.   
   3.    For the fi rst PCR, run 35 (30–40) cycles of 10 s of denatur-

ation step at 99 °C, 30 s of annealing step at 60 °C, and 1 min 
of elongation step at 72 °C. For the nested 1.5 kb PCR, the 
annealing temperature is 63 °C and we usually run 30 cycles; 
other parameters are identical ( see   Note 12 ).   

   4.    Run a fi nal elongation step of 10 min at 72 °C.   
   5.    Check that a 1.5 kb fragment from the nested PCR was ampli-

fi ed by  electrophoresis   in a 1 % agarose gel in 1× TAE buffer 
( see   Note 13 ).    

         1.      Work under  sterile   conditions and maintain the cloning vector 
in a cold rack.   

   2.    Set up the cloning reaction by adding 1 μL of PCR product 
into a 200 μL tube.   

   3.    Add 0.3 μL of each salt, water, and  plasmid   vector (provided 
with the kit).   

   4.    Spin the tubes and incubate at room temperature for 30 min.   
   5.    From here onwards keep working under sterile conditions and 

place reactions on ice or in a cold rack.   
   6.    Place the cells on ice and let them thaw for 2 min. Divide the 

50 μL aliquot of cells into two aliquots of 25 μL in a clean, 
sterile 2 mL tube.   

   7.    Add 2 μL of the cloning reaction, mix very gently by moving 
the pipette tip, do not pipette up and down to resuspend 
 bacteria  . Incubate for 10 min on ice.   

   8.    Warm up a heat block to 42 °C and place your tubes for 30 s.   
   9.    Place the tubes on ice.   
   10.    Add 250 mL of SOC media (provided with the kit).   
   11.    Incubate in a shaker for 1 h at 37 °C.   
   12.    Plate 125 mL in each of two LB plates with kanamycin. 

Distribute evenly to obtain clone colonies that are separated 
one from another.   

   13.    Incubate the plates overnight at 37 °C.        

        1.    Identify and mark the desired number of clones on your LB 
plates.   

   2.    For each clone to be analyzed prepare a 25 μL PCR reaction, 
composed of 5 μL of the 5× Green GoTaq ®  Reaction Buffer 
(included with the DNA GoTaq ®  Polymerase), 0.75 μL of 

3.8  Cloning

3.9  Analysis 
for Positive Clones 
by Using PCR
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each of the 10 μM M13F (-20) and M13R primers, 0.5 μL of 
dNTPs, 0.125 μL of  Taq  DNA polymerase, and 17.88 μL of 
water. The reactions should be set up as a homogenous master 
mix from which 25 μL reaction aliquots are later pipetted into 
200 μL tubes.   

   3.    Pick the clone with a sterile pipette tip ( see   Note 14 ).   
   4.    Place the tip inside the 200 μL tube, just so it touches the liq-

uid, move slightly and very gently to wash  bacteria   into the 
solution.   

   5.    Take the same tip and streak out  bacteria   on an LB plate with 
the drawn grid. Use one drawn square of the grid as a boundary 
to defi ne where to streak one individual clone. Dispose the tip.   

   6.    Repeat the previous step for every clone. Each clone is thus 
analyzed by a single PCR reaction and streaked out in an indi-
vidual square of the grid on an LB plate.   

   7.    Place the LB plate at 37 °C overnight. Afterwards store at 4 °C.      

       1.    Maintain your tubes always at a cold temperature. Pre-heat the 
thermal cycler lid and place your tubes inside only when the 
program is about to start.   

   2.    Run an initial denaturation step for 5 min at 95 °C.   
   3.    Run 35 cycles of 30 s of denaturation step at 95 °C, 30 s of 

annealing step at 65 °C, and 1 min of elongation step at 72 °C.   
   4.    Run a fi nal elongation step of 10 min at 72 °C.   
   5.    Check that a 1.5 kb fragment was amplifi ed by  electrophoresis   

of a 1 % agarose gel in 1× TAE buffer.      

        1.     Prepare reactions for  every   positive clone using three restric-
tion  enzymes   ( Rsa I ,  Hinf I , and  Mbo I ). The reactions have to 
be done each in a separate 200 μL tube.   

   2.    Add 3.9 μL of water, 1 μL of buffer, 0.1 μL of the enzyme, and 
5 μL of the clone-check PCR product.   

   3.    Spin and incubate for 1 h at 37 °C.   
   4.    Run a 1.5 % agarose gel in 1× TAE buffer. The full amount 

(10 μL) of the  RFLP   reaction should be analyzed on the gel.   
   5.    Compare the RFLP patterns and select clones that differ 

among each other. This is to obtain different sequence variants 
from a sample.   

   6.    Pick the clones that correspond to the different RFLP patterns 
from the grid LB plate and grow each clone in a 15 mL tube 
containing 2 mL of LB medium with kanamycin.   

   7.    Incubate the tubes in a shaker at 37 °C overnight.       

3.10  PCR Conditions 
to Analyze the Clones

3.11  Restriction 
Fragment Length 
Polymorphism (RFLP)
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       1.     Prepare  column   holders: insert NucleoSpin ®  Plasmid Binding 
Strips in the fi rst column holder and NucleoSpin ®  Plasmid 
Filter Strips into the second column holder. Close unused wells 
of each column holder with NucleoSpin ®  Dummy Strips.   

   2.    Centrifuge the  bacteria   cultures that were grown overnight in 
Subheading  3.11  for 10 min at 1000 ×  g  and discard the 
supernatant.   

   3.    Add 250 μL of Buffer A1 with RNase A to each sample. 
Resuspend the  bacteria   pellet completely by vortexing.   

   4.    Add 250 μL of Buffer A2 and mix by inverting the tube 10 
times. Incubate at room temperature for a maximum of 5 min.   

   5.    Add 350 μL of Buffer A3 and mix by inverting the tube 10 
times.   

   6.    Transfer the crude lysates completely into the wells of the 
NucleoSpin ®  Plasmid Filter Strips.   

   7.    Apply vacuum (−0.4 bar) for 1–5 min. Release the vacuum 
when the crude lysate has passed completely through the fi lter 
strips.   

   8.    Remove and discard the NucleoSpin ®  Plasmid Filter Strips. 
Open the manifold lid. Remove the Column Holder A with 
the NucleoSpin ®  Plasmid Binding Strips with cleared lysates.   

   9.    Insert the MN Wash Plate on the spacers inside the manifold 
base. Close the manifold base with the manifold lid. Place the 
column holder with the binding strips on top of the manifold.   

   10.    Apply vacuum (−0.4 bar) for 1 min. Release the vacuum when 
the cleared lysate has drained off.   

   11.    Add 600 μL of Buffer AW to each well of the binding strips. 
Apply vacuum (−0.4 bar) for 1 min.   

   12.    Add 900 μL of Buffer A4 to each well. Apply vacuum (−0.4 bar) 
for 1 min. Repeat this step once.   

   13.    Remove the Column Holder A with the inserted NucleoSpin ®  
Plasmid Binding Strips. Remove the manifold lid, MN Wash 
Plate, and waste container from the vacuum manifold.   

   14.    Remove any residual wash buffer from the binding strips by 
placing the outlets of the strips in soft tissue until no further 
drops come out.   

   15.    Close the manifold base with the manifold lid. Place the col-
umn holder with the binding strips on top of the manifold. 
Apply vacuum (−0.4 bar) for 15 min until the membrane is 
completely dry.   

   16.    Remove the manifold lid with the Column Holder A from the 
vacuum manifold. Insert spacers “Microtube rack,” notched 
side up, into the grooves located at the short sides of the vac-
uum manifold.   

3.12  Plasmid 
Preparation 
(“miniprep”) 
with NucleoSpin ®  8 
Plasmid and Vacuum
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   17.    Insert the rack of tube strips on the spacers inside the manifold 
base and reinstall the vacuum manifold as previously described.   

   18.    Elute DNA by adding 100 μL of sterile distilled water to each 
well of the binding strips. Incubate at room temperature for 
3 min. Apply vacuum (−0.4 bar) for 1 min.   

   19.    Remove the rack of tube strips, seal with cap strips, and store 
at −20 °C.       

       1.    Sequence your reactions according to your sequencing service 
provider (we do not perform the cycle-sequencing ourselves). 
The amount of template and primer concentration will depend 
on the sequence provider.   

   2.    We use three sequencing reactions to sequence the full 1.5 kb 
fragment: besides the primers M13F (-20) and M13R we use a 
modifi ed version of the reverse primer R377 to cover the entire 
fragment with suffi cient overlap of the sequencing reads. If 
needed, you may use additional primers to completely sequence 
both strands of the template.      

          1.     We use SEQASSEM (  www.sequentix.de    ) to assemble and 
proofread the sequences,    but any other similar programs can 
be used.   

   2.    Assemble your sequences and arrange them in 5′–3′ (forward) 
orientation.   

   3.    Proofread the chromatograms for ambiguous bases, which 
may be facilitated by tools your  software   offers (e.g., “refi ne 
mode” in SEQASSEM).   

   4.    Remove the primer-binding site sequences and assemble the 
consensus sequence.   

   5.    Export the consensus sequences as a FASTA fi le.   
   6.    BLAST (  http:// blast  .ncbi.nlm.nih.gov/Blast.cgi    ) the sequences 

against a nucleotide sequence  database   (e.g., NCBI). To inter-
pret similar sequences, take into account the length of the result-
ing sequences, the E-value, and the percentage of similarity. 
Sequences can be roughly annotated based on such  BLAST   
results; however be aware that many  database   sequences are not 
correctly annotated. Therefore, consider basing your annota-
tions on reference sequences from defi ned isolates. To annotate 
sequences to the species level, computing a phylogenetic tree 
based on reference sequences is necessary.      

         1.     Obtain 1.5 kb SSU-ITS-LSU  reference   sequences from a 
sequence  database  , such as NCBI. For published datasets on 
 AMF   sequences you may use as a baseline the sequences ana-
lyzed in [ 15 ], available from   www.amf- phylogeny.com    , but 
note that recently published sequences should be implemented 

3.13  Sequencing
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to obtain an up to date reference sequences dataset. If there is 
no indication on the identity of the sample, use sequences from 
species of all  AMF   genera for your analysis. If you have such 
indication, e.g., after  BLAST  , and you are only interested in 
the placement within the group of close relatives, you should 
construct the tree based on sequences from species of the same 
genus or family only.   

   2.    Align your sequences together with the reference sequences. 
We use MAFFT (  http://mafft.cbrc.jp/alignment/software/    ). 
We usually select the alignment strategy based on the amount 
of sequences, while prioritizing the accuracy of the results in 
the settings of the program.   

   3.    If you already have an alignment and you want to introduce 
new and unaligned sequences, you should use the “--add” 
command in MAFFT, which allows aligning individual 
sequences against a fi xed alignment ( see     http://mafft.cbrc.jp/
alignment/server/add_sequences.html    ).   

   4.    Manually check and optimize the alignment of your sequences. 
We use ALIGN (  www.sequentix.de    ) but any similar program 
can be used ( see   Note 15 ).   

   5.    Save your alignment fi le as a relaxed PHYLIP format and 
upload it to the CIPRES Science Gateway (  https://www.
phylo.org/portal2/    ) in your data folder.   

   6.    Go to your tasks folder and create a new task. Select your align-
ment fi le as input data and select RAxML-HPC2 on XSEDE as 
a tool. You can adjust the parameters depending on your data 
(see the advanced help section when setting up your task 
parameters). We use the option GTR+ optimization of substi-
tution rates + GAMMA model of rate heterogeneity (alpha 
parameter will be estimated) for bootstrapping and fi nal tree 
evaluation.   

   7.    When RAxML is fi nished, download the fi le RAxML_biparti-
tions.result.   

   8.    Change the name of the RAxML_bipartitions.result to 
RAxML_bipartitions.tre (or chose a *.tre fi lename suiting your 
data analysis  pipeline  ) and open the Newick format tree fi le in 
your preferred  software   for tree visualization, e.g., FigTree 
(  http://tree.bio.ed.ac.uk/software/fi gtree/    ). To facilitate 
tree visualization and posterior editing, we normally replace 
the sequence annotations (usually the accession or clone num-
ber) in the RAxML_bipartitions.tre fi le with the desired infor-
mation (usually species, isolate identifi er, sampling site, etc.), 
which are implemented in our alignment fi le by using a batch 
replacement tool available in ALIGN. You may also use other 
programs for annotation of taxa in a tree fi le.   
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   9.    Once you open your tree, select a lineage to root the tree. 
When studying non-paraglomeralean  AMF   we normally use 
members of the  Paraglomerales  as outgroup, as this order is 
likely the most ancestral currently known lineage in the AM 
fungi [ 15 ]. However, if you analyze only a certain family or 
genus, you should use outgroups that are more closely related 
to that ingroup.   

   10.    We usually edit the text labels, fonts, line thickness, and the 
distance bar in MS Power Point after exporting the tree fi le as 
a vector graph (e.g., as an *.emf fi le) from FigTree.         

    We use an “ evolutionary placement algorithm” (EPA)    for   the 
assignment of short reads to the edges of a reference  phylogenetic   
tree under the maximum-likelihood model. EPA is integrated in 
RAxML, a frequently used and fast maximum-likelihood program 
[ 16 ,  17 ]. Briefl y, we  perform two steps. In the fi rst, a reference 
phylogenetic tree based on 1.5 kb sequences is computed with 
RAxML in the CIPRES web portal (  https://www.phylo.org/por-
tal2/    ) and in the second, reference sequences of a 98 % similarity 
cluster are individually placed into this reference tree and anno-
tated to species by using EPA through a web server (  http://epa.h-
its.org/raxml    ) ( see   Note 16 ). 

    The fi rst  PCR   is performed as described in Subheading  3.5 . A 
1.8 kb fragment is amplifi ed and used as template for amplifying a 
nested PCR product that will be pyrosequenced. 

 The protocol below is adjusted for the LSU primers used by 
[ 12 ] to amplify a 0.8 kb LSU rRNA gene fragment; if using other 
primers, the protocol needs to be adjusted accordingly.

    1.    Maintain your tubes always at cold temperature. Pre-heat the 
thermal cycler lid and place your tubes inside only when the 
program is about to start, to avoid unspecifi c reactions.   

   2.    Run an initial denaturation step for 5 min at 99 °C.   
   3.    Run 25 cycles of 10 s of denaturation step at 99 °C, 30 s of 

annealing step at 63 °C, and 30 s of elongation step at 
72 °C. The cycle numbers can be increased to 30 or 35 cycles, 
if no product was visible after 25 cycles.   

   4.    Run a fi nal elongation step of 10 min at 72 °C.   
   5.    Check that an approx. 0.8 kb fragment was amplifi ed by  elec-

trophoresis   of a 1 % agarose gel in 1× TAE buffer.      

   In our  pipeline  ,    we rely on a commercial service to perform 454 
GS-FLX+ sequencing of PCR amplicons. In brief, PCR samples are 
handed over to IMGM Laboratories (Martinsried, Germany) where 
each amplicon is separately purifi ed using the Agencourt AMPure 
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XP beads and quantifi ed using PicoGreen dsDNA Assay Kit. 
Libraries are generated containing the amplicon samples (pooled 
equimolarly) each coded with different MIDs. Each library is puri-
fi ed three times applying two different methods. First, a gel extrac-
tion, followed by a size selection step (>250 bp) using the Agencourt 
AMPure XP beads, is performed twice. Sequencing is done using 
the GS FLX+ Titanium Sequencing Kit (Roche, Basel, Switzerland). 
Image and signal raw pyrosequencing data are processed by the 
Roche 454 GS-FLX+ inherent  software   packages applying the 
LongAmplicon3 processing  pipeline   which allows for 3′ end trim-
ming, recommended for processing long amplicon reads.    

    As a  baseline   dataset the alignment described in Subheading  3.14  
is used to construct a “ phylogenetic   backbone” maximum- 
likelihood phylogenetic tree. This tree later serves to affi liate the 
0.8 kb 454-sequences. The tree is computed as described in 
Subheading  3.14.2  at the CIPRES web portal (  https://www.
phylo.org/portal2/    ). Download the RAxML_bestTree.result fi le, 
not the “bipartition fi le,” for later input  into   EPA (  http://epa.h- 
its.org/raxml    ). For this section, detailed examples of command 
lines are given in  Appendix . 

        1.    We use QIIME (  http://qiime.org/    ) to reduce the 
454-sequence dataset from the raw output and to obtain rep-
resentative sequences, after a 98 % clustering step. We do not 
use a 97 % clustering as such clusters may contain sequences 
from different closely related species. QIIME may also be used 
for other steps, from processing raw sequences to obtaining a 
 phylogenetic   tree; however we use different programs along 
our  pipeline  .   

   2.    QIIME already has detailed instructions in the 454 overview 
tutorial (  http://qiime.org/tutorials/tutorial.html    ); therefore 
we only describe our  pipeline   in a general manner. For more 
detail information, refer to the QIIME tutorial.   

   3.    Create your  mapping   fi le. This is a text fi le that contains basic 
information about the samples.   

   4.    De-multiplex. In this step you assign the samples to the reads.   
   5.    Combine your de-multiplexed sequences in a single fi le.   
   6.    Cluster your sequences.   
   7.    Remove singletons.   
   8.    Remove non-AMF sequences.   
   9.    Obtain a tabulator delimited table with information about the 

samples,  AMF   “OTUs” (98 % similarity clusters), and read 
amounts. This fi le will be used later in Subheading  3.16.2 .   

3.16  Bioinformatics 
Pipeline for Analyzing 
454 Sequence Reads

3.16.1  Preparing the 454 
Sequences
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   10.    Prepare a FASTA fi le without singletons and without non- 
AMF sequences. QIIME provides means to do further analy-
ses; however we continue with the aligning step using MAFFT.   

   11.    Align the 454 sequences to the reference sequence alignment. 
We do this in MAFFT by using the --add command previously 
described in Subheading  3.14.2 . Save the fi le containing your 
aligned reference sequences and the 454 sequences as a relaxed 
PHYLIP format fi le.      

        1.      Before running  EPA  ,    make sure that the reference sequence 
alignment does not contain undetermined values and sequences 
that are equal ( see   Note 17 ). There is an option in EPA to 
upload unaligned 454 sequences, but we prefer to align them 
and check the alignment before submission.   

   2.    Check that none of the sequences names is repeated, including 
the “OTUs” (98 % similarity clusters) as identical names can-
not be processed by the  software  .   

   3.    Upload your alignment with both, reference sequences and 
the “OTUs” (98 % similarity clusters) along with the RAxML_
bestTree.result fi le to EPA (  http://epa.h-its.org/raxml    ). The 
reference sequence alignment has to correspond to the refer-
ence tree entirely, which means that corresponding sequence 
names in the alignment and in the tree have to be identical and 
every reference sequence present in the alignment has to be 
found in the reference  phylogenetic   tree and vice versa. Any 
deviation will lead to termination of the EPA analysis.   

   4.    The EPA analysis results in several output fi les. Download 
them in a separate folder. We take the RAxML_classifi cation 
and the original_Labeled tree fi les to generate a phyloXML fi le 
by using the phyloXML converter in the GUI (graphical user 
interface) of the RAxML Workbench in Linux. With this fi le 
you can visualize your reference  phylogenetic   tree and the 
branches in which the 454 sequences have been placed.   

   5.    Open your phyloXML fi le in Archaeopteryx (  https://sites.
google.com/site/cmzmasek/home/software/archaeopteryx    ).   

   6.    Open the RAxML_classifi cation fi le in Excel. This fi le contains 
the names of your 454 sequences and the optimal reference 
tree branch to which the 454 sequences were inserted. You will 
see all the information together in a single column, split the 
information into three columns, one that contains the name of 
your sequence, one that contains the branch name, and one 
that contains the weight value ( see   Note 18 ). Sort the column 
of branch names alphabetically.   

   7.    In Archaeopteryx fi nd the branch name from the Excel docu-
ment. Once you located the branch name, you can make 
a  taxonomic annotation   based on the location of the branch in 
the  phylogenetic   tree.   

3.16.2  Evolutionary 
Placement Algorithm 
for Affi liation of Sequences 
and Their Annotation 
to AMF Species
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   8.    Make a MS Excel spreadsheet where you annotate each of the 
“OTUs” (98 % similarity clusters) to their related taxonomy, 
make a column for the name and a column for the annotation. 
We fi nd it easier to make a list of “species,” so we can just give 
a species number to each 454 sequence. Dependent on the 
comprehensiveness of the baseline dataset and, e.g., the  eco-
system   studied, EPA cannot annotate all of the sequences to 
branches that correspond to the species level; some can only be 
annotated to genus or even family, at deeper nodes in the refer-
ence  phylogenetic   tree ( see   Note 19 ).   

   9.    Once all data are annotated, open the tabulator delimited table 
fi le that contains information about the samples, “OTUs,” and 
reads (from Subheading  3.16.1 ,  step 9  and  Appendix ,  step 6 ) 
in Excel. In this fi le you have to replace the “OTUs,” which 
are your 98 % representative 454 sequences, with your species 
annotations. To do this, we sort the 454 sequences names 
from both documents alphabetically. The order within this col-
umn has to be identical in both documents. Then just copy the 
species numbers from your taxonomic annotations document 
and paste it on top of the 454 sequences names. You will now 
have a new table giving species names, sample information, 
and read amounts.     

 In general, be aware that there are other ways of running the 
RAxML-EPA pipeline and also visualizing the tree results, e.g., 
running RAxML-EPA at your computer or using the .jplace out-
put fi le to visualize the tree. Check the Google support group for 
both EPA and RAxML (  https://groups.google.com/
forum/#!forum/raxml    ) which cover all these related topics.       

4    Notes 

     1.    For  DNA extraction   from roots, we routinely use the FastDNA ®  
SPIN Kit for soil (MP Biomedicals, Heidelberg, Germany) 
with Lysing Matrix A tubes with an extra big bead instead of 
Lysing Matrix E, because this modifi cation performed better 
for weakly colonized roots. A FastPrep ®  Instrument (MP 
Biomedicals, Heidelberg, Germany) is needed to disrupt the 
roots. Alternatively, a cetyl trimethylammonium bromide 
(CTAB) protocol can be employed to extract DNA, by using a 
tissue lyser to disrupt the roots.   

   2.    Add 1–2 % (w/v) polyvinylpolypyrrolidone (PVPP) to the 2× 
CTAB buffer if polyphenolic compounds have to be removed. 
Hydrate the added PVPP in the 2× buffer at least for 2 h by using 
a magnetic stirrer, before using the buffer for DNA extraction.   

   3.    If using the Go Taq ®  DNA Polymerase, you have to addition-
ally add a solution mix of dNTP (NEB, Frankfurt, Germany) 

Molecular Identifi cation of AMF

https://groups.google.com/forum/#!forum/raxml
https://groups.google.com/forum/#!forum/raxml


120

in your PCR reaction. In the Go Taq ®  Green Master Mix, the 
dNTPs are included.   

   4.    It is important to pre-arrange a 454 sequencing strategy with the 
company or sequencing facility that will carry out the 454 run. 
We outsource these steps to a company, but the following is an 
example of material that is needed for our sequencing strategy.   

   5.    Label your vials with ethanol-resistant markers and use vials 
with tight screw lids, if samples are to be transported, e.g., after 
remote fi eld samplings, or over larger distances (leaking of 
1 vial can spoil all sample labelings!).   

   6.    If the storage ethanol is heavily colored, the material should be 
washed with fresh 100 % ethanol twice.   

   7.    The re-hydrated root samples can be stored at −20 °C until 
further usage.   

   8.    Even when extending the homogenization time, there are 
always small amounts of leftover debris.   

   9.    We do not resuspend the binding matrix because a lot of the 
material may get trapped in the pipette tip.   

   10.    Do not use more than 75 mg tissue (fresh weight) per 750 μL 
2× CTAB extraction buffer to avoid overloading the buffer.   

   11.    Higher template concentrations can cause PCR  inhibition   but 
may be used if the DNA concentration is too low.   

   12.    The Phusion DNA polymerase amplifi es 1 kb in 30 s even from 
complex DNA templates.   

   13.    Frequently, the DNA concentration in the PCR product from 
the fi rst PCR is too low to be visible after agarose  gel electropho-
resis  ; therefore we usually only run a gel for the nested PCR.   

   14.    We usually do not use wooden toothpicks because they may 
absorb a signifi cant amount of liquid.   

   15.    The ITS1 and ITS2 regions are diffi cult to align by standard 
programs. These regions are highly variable and it is recom-
mended to check and optimize automatic alignments manually 
to avoid misalignments.   

   16.    For more details visit the webpage of the Exelixis Lab, where 
RAxML, EPA, and other tools were developed (  http://sco.h- 
its.org/exelixis/web/software/epa/index.html    ).   

   17.    When you run a  phylogenetic   tree with RAxML, a fi le named 
infi le.reduced without undetermined values and identical 
sequences is automatically created.   

   18.    In addition you can see the other likelihood weight values of 
branch placements in the RAxML_classifi cationLikelihood-
Weights fi le.   

Carolina Senés-Guerrero and Arthur Schüßler

http://sco.h-its.org/exelixis/web/software/epa/index.html
http://sco.h-its.org/exelixis/web/software/epa/index.html


121

   19.    It is an advantage of EPA over, e.g., similarity-based methods 
like  BLAST   that it can give such placements also to nontermi-
nal nodes, together with likelihood values for the placements.         
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5       Appendix: Examples of Command Lines for 454 Sequencing Data Analysis 

   Bioinformatics pipeline for analyzing 454 sequence reads 

   1.    De-multiplex. 
 For example, when sequencing a full 454-plate split into four 
gaskets (physically separated compartments), we use the fol-
lowing command to de- multiplex the fi rst gasket: 
 split_libraries.py -m Mapping1.txt -f 1.TCA.454Reads.fna -q 
1.TCA.454Reads.qual -l 500 -o split_Library_Run1_Output/ 
-n 1000000 
 and this command to de-multiplex the second gasket: 
 split_libraries.py -m Mapping2.txt -f 2.TCA.454Reads.fna -q 
2.TCA.454Reads.qual -l 500 -o split_Library_Run2_Output/ 
-n 2000000 
 Consider that the parameters (such as sequence length) can be 
modifi ed according to your needs; in the previous example we 
set the minimum length of sequences to be implemented in the 
clustering to 500 bp.   

   2.    Combine your de-multiplexed sequences in a single fi le: 
 cat split_Library_Run1_Output/seqs.fna split_Library_Run2_
Output/seqs.fna > Combined_seqs.fna   

   3.    Cluster your sequences. 
 First you have to prepare a text fi le containing the parameters 
of the clustering. We use the following parameters and save the 
text fi le as parameters.txt: 
 pick_otus:otu_picking_method uclust 
 pick_otus:similarity 0.98 
 pick_otus:enable_rev_strand_match True 
 We afterwards perform the clustering by using the following 
command: 
 pick_de_novo_otus.py -i combined_seqs.fna -p parameters.txt 
-o uclust_picked_otus/   

Molecular Identifi cation of AMF
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   4.    Remove singletons. 
 After clustering, you obtain a biom table with your “OTUs” 
(representative sequences of 98 % similarity clusters). 
 First remove the singletons (sequences represented only once) 
from the table: 
 fi lter_otus_from_otu_table.py -i otu_table.biom -o otu_table_
no_singletons.biom -n2 
 Afterwards remove singletons from the fasta fi le: 
 fi lter_fasta.py -f combined_seqs.fasta -o biom_fi ltered_seqs.
fasta -b otu_table_no_singletons.biom   

   5.    Remove non-AMF sequences. 
 The previously created fi le “biom_fi ltered_seqs.fasta” contains 
your combined sequences without singletons. However, it still 
contains non-AMF sequences which in most cases have to be 
removed before further analysis. 
 To remove these sequences we use Blast2GO (https://www.
blast2go.com/b2ghome) which takes individual sequences 
and fi nds similar sequences in NCBI. 
 The output of Blast2GO is an Excel-format fi le with the hits of 
your query sequences. We normally order the hits alphabeti-
cally and simply manually delete the non-AMF rows from the 
Excel table. After deleting the non-AMF rows, copy the 
remaining names of sequences, which will be kept for further 
analysis, and paste them into a text fi le. Name the text fi le as 
seqs_to_keep.txt (or according to your naming system). 
 To remove the non-AMF sequences from the FASTA fi le write 
in QIIME: 
 fi lter_fasta.py -f seqs_no_singletons.fasta -o seqs_no_cont.fasta 
-s seqs_to_keep.txt 
 To remove the non-AMF sequences from the OTU table write: 
 fi lter_otus_from_otu_table.py -i otu_table_no_singletons.
biom -o otu_table_nosingletons_nocontaminants.biom -e 
seqs_to_keep.txt --negate_ids_to_exclude   

   6.    Convert the fi le otu_table_nosingletons_nocontaminants.
biom into a tabulator delimited table: 
 convert_biom.py -i otu_table_nosingletons_nocontaminants.
biom -o otu_table_nosingletons_nocontaminants.txt -b 
 This table contains information about the samples, AMF 
“OTUs” (98 % similarity clusters), and read amounts.        
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    Chapter 7   

 Molecular Identifi cation of Soil Eukaryotes and Focused 
Approaches Targeting Protist and Faunal Groups Using 
High-Throughput Metabarcoding                     

     G.     Arjen de Groot    ,     Ivo     Laros    , and     Stefan     Geisen      

  Abstract 

   While until recently the application of high-throughput sequencing approaches has mostly been restricted 
to bacteria and fungi, these methods have now also become available to less often studied (eukaryotic) 
groups, such as fauna and protists. Such approaches allow routine diversity screening for large numbers of 
samples via DNA metabarcoding. Given the enormous taxonomic diversity within the eukaryote tree of 
life, metabarcoding approaches targeting a single specifi c DNA region do not allow to discriminate mem-
bers of all eukaryote clades at high taxonomic resolution. Here, we report on protocols that enable study-
ing the diversity of soil eukaryotes and, at high taxonomic resolution, of individual faunal and protist 
groups therein using a tiered approach: fi rst, the use of a general eukaryotic primer set targeting a wide 
range of eukaryotes provides a rough impression on the entire diversity of protists and faunal groups. 
Second, more focused approaches enable deciphering subsets of soil eukaryotes in higher taxonomic detail. 
We provide primers and protocols for two examples: soil microarthropods and cercozoan protists.  

  Key words     454 Metabarcoding  ,   High-throughput sequencing  ,   Soil metazoa  ,   Soil protists  ,   Soil 
microarthropods  ,   18S rDNA  ,   CO1  

1      Introduction 

  Little is  known   about the distribution of the entity of soil eukary-
otes across landscapes and  ecosystems  , largely owing to the enor-
mous  diversity   of those largely tiny organisms. With the advent of 
molecular techniques, especially  high-throughput sequencing   
technologies, fungi have widely been targeted due to their high 
abundance in soils and ease of extracting molecular marker mole-
cules [ 1 ,  2 ]. 

 Among fauna, only representatives of the macrofauna, especially 
 earthworms   have been well studied. Mesofauna (e.g.,  nematodes   
(Nematoda), potworms ( Enchytraeidae  ) and  microarthropods   such 
as springtails ( Collembola  ) and  mites   (Acari)) and microfauna (e.g., 
rotifers) have received little attention, although some  attention has 
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been given  to   nematodes [ 3 ,  4 ]. Most of the work that has been 
done was based on conventional  barcoding  : sequencing individual 
specimens for identifi cation or  phylogenetic   purposes, and the 
establishment of reference  databases   for that purpose. Now that 
availability of such reference data is rising, community  screening   by 
 metabarcoding   approaches is within reach also for soil fauna. 
General metazoan barcodes targeting the mitochondrial encoded 
cytochrome c oxidase I (CO1) region or the 18S ribosomal DNA 
region of the majority of metazoan exist but miss part of the soil 
faunal diversity (e.g., [ 5 ]) as the targeted regions are often too con-
served to differentiate taxa [ 6 ]. To catch the full  diversity  , different 
faunal groups thus often need to be approached with different prim-
ers, targeting different genes and thus using distinct protocols. 

 Studying soil fauna, such as  microarthropods   (soil  mites   and 
springtails; Fig.  1 ), is of academic as well as applied interest, as they 
yield valuable indicator organisms for soil quality. Yet their use as bio-
indicators depends on a classifi cation into functional groups [ 7 ], which 
requires identifi cation to family or even species level. Morphological 
identifi cation is tedious and time consuming, and a molecular alterna-
tive is therefore needed for high-throughput analyses.

  Fig. 1    Microscopic photograph of multiple microathropod specimens (soil mites and springtails) extracted from 
a soil sample. Photographer: Wim Dimmers       
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   While soil fauna represents a single monophyletic eukaryotic 
clade of multicellular organisms, soil protists spread across the 
entire eukaryotic tree of life and host a huge variety of mostly het-
erotrophic, single celled organisms [ 8 ]. Nevertheless, protists rep-
resent the least studied soil organisms largely due to limiting 
methodological approaches attributed to the tiny size, transpar-
ency, and close attachment to soil particles, making them largely 
invisible in direct observations [ 9 ]. Morphological studies on the 
numerically most dominant protists, i.e., fl agellates and naked 
 amoebae  , rely on tedious enrichment cultivation methods [ 10 , 
 11 ]. Furthermore, subsequent morphological identifi cation of 
especially amoeboid groups such as cercozoan fl agellates (Fig.  2 ) is 
nearly impossible [ 12 ].

   These methods, however, are biased towards cultivable taxa 
which likely present only a fraction of all known protists [ 9 ]. Using 
molecular tools targeting protists without prior cultivation circum-
vent most of these problems and have revealed a wide range of 

  Fig. 2    Light microscopic image of  Cercomonas  sp., a common cercozoan amoebofl agellate, with ingested 
yeast ( Saccharomyces cerevisiae ). Scale bar: 10 μm. Pictures taken by Kenneth Dumack, assembled by Stefan 
Geisen       
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formerly unknown soil taxa [ 13 ,  14 ]. This broadened knowledge 
on the  diversity   of protists revealed, e.g., Foraminifera, 
Dinofl agellata, and Apicomplexa that were formerly unknown 
from soils [ 14 ,  15 ]. Molecular techniques also revolutionized the 
view on the community  structure   of soil protists showing profound 
differences of major protist clades between soils [ 13 ,  15 ]. 

 Next to analyses of functional genes, metagenomic and meta-
transcriptomic approaches can be applied to characterize the full 
eukaryote biodiversity in soil samples [ 13 ,  16 ]. However, these 
methods still require an immense sequencing effort, as the entity of 
soil DNA or RNA is being sequenced (thus including non- target 
regions and organisms, e.g., non-barcoding genes and  bacteria  , 
respectively). Here we report on  high-throughput sequencing   
 metabarcoding   approaches allowing easy and simultaneous analyses 
of tens to hundreds of samples to  target   the entity of soil eukary-
otes, specifi cally focusing on fauna and protists (Fig.  3 ). The fi rst 
approach targets a wide range of eukaryotes and consequently pro-
vides a cumulative overview of the  diversity   and community  struc-
ture   of all dominant taxa of eukaryotes. This includes major protist 
groups, and thus will also be the method of choice for targeting the 
full protist  diversity  . The second and third approach illustrates how 
specifi c eukaryotic groups can be targeted using specifi c  primers   
that enable a more detailed and more complete overview of the 
local taxonomic composition in this group. We show examples for 
a highly diverse group of protists, the phylum  Cercozoa  , and a 
highly diverse group of fauna,  the   microarthropods (Fig.  3 ).

  Fig. 3    Conceptual representation of a tiered metabarcoding approach using both 
a general 18S primer set to target a broad range of eukaryotes [ 18 ] ( a ) and mul-
tiple more focused primer sets to target the diversity in a particular taxonomic 
group in high resolution: microarthropods ( b ; G.A. de Groot, personal communi-
cation), Cercozoa ( c ; S. Geisen, personal communication) and enchytraeids ( d ; 
R. Schmeltz, personal communication). The general set captures most, but not all 
of the diversity captured by the focused sets       
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   We mainly cover the process of amplicon preparation, sequenc-
ing and taxonomic identifi cation (Fig.  4 ). The template DNA used 
for amplicon preparation can either have resulted from direct 
extraction of (extra)cellular soil DNA, or from an indirect method 
in which the community of organisms is fi rst extracted from the 
soil and then a metagenomic DNA is extracted from them. As we 
aim for the most time-effi cient method, we here describe only the 
direct extraction.

2        Materials 

         1.    Split  soil   core sampler (ø = 6 cm; length depending on the 
desired sampling depth).   

   2.    PVC rings (1 per sample; 2.5 cm high, ø = 5.8 cm).   
   3.    Plastic bags for carrying.   
   4.    Hammer.   
   5.    Sharp knife.   

2.1  Soil DNA 
Extraction

2.1.1  Soil DNA Extraction 
for  Microarthropods   or 
Entire Eukaryotic 
Communities

  Fig. 4    Schematic overview of metabarcoding strategy targeting the entity of soil eukaryotes ( a ) or individual 
groups in more focused analyses such as mites ( b ) and cercozoan protists ( c )       
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   6.    Cooling box.   
   7.    Water and brush  to   clean sampler.   
   8.    PowerMax ®  Soil DNA Isolation Kit ( Mobio Inc .).      

   Materials for extraction of protist  DNA   follow the ISOm standard 
protocol, as presented in Plassart et al. [ 17 ].   

        1.    (Environmental) template DNA with concentration standard-
ized to 10 ng/μL.   

   2.    Primers EUK20f (5′-TGC CAG TAG TCA TAT GCT TGT-3′) 
and EUK302r+3 (5′-ACC AGA CTT GYC CTC CAA T-3′) 
[ 18 ], preceded with 5 bp mid-tags, concentration: 10 μM.   

   3.    PCR Master Mix ( Supreme NZYTaq Green PCR Master Mix ; 
 NZYTech Ld;  containing 0.2 U/μL Taq polymerase, 200 μM 
of each dATP, and 2.5 μM MgCl 2 ); concentration: 1×.   

   4.    PCR equipment (Thermocycler, 50 μL PCR tubes).   
   5.    PCR product quantifi cation device ( Picogreen  ®  or  Qubit  ® ).   
   6.    PCR cleanup kit ( Agarose GelExtract Mini kit , 5 Prime).      

       1.    (Environmental) template DNA with concentration standard-
ized to 2 ng/μL.   

   2.    Primers 25 F (5′-CAT ATG CTT GTC TCA AAG ATT AAG 
CCA-3′) and 1256R (5′-GCA CCA CCA CCC AYA GAA 
TCA AGA AAG AWC TTC-3′; [ 19 ]); concentration: 10 μM.   

   3.    5 bp mid-tagged primers 1256R and PreV4 (5′-GYT GCA 
GTT AAA AAG CTC GTA GTT G-3′; concentration: 10 μM 
(Geisen et al., personal communication)).   

   4.    PCR ingredients (nucleotides (10 mM), ddH 2 O, GreenTaq 
Buffer (10×), and GreenTaq polymerase (5 U/μL), Fermentas, 
St. Leon-Rot, Germany).   

   5.    PCR equipment (Thermocycler, 50 μL tubes).   
   6.    PCR product quantifi cation device ( Picogreen  ®  or  Qubit  ® ).   
   7.    PCR cleanup  kit   ( Agarose GelExtract Mini kit , 5 Prime).      

       1    (Environmental) template DNA with concentration standard-
ized to 10 ng/μL.   

   2    Primers MiteMinBarF7 (5′-CAT CGI TTY RTI ATR ATT 
TTT TTY ATA G-3′) and MiteMinBarR4 (5′-GAT AHA 
CWG TTC AHC CWG TSC C-3′); concentration: 10 μM; 
(De Groot et al., personal communication), preceded with 
5 bp mid-tags.   

   3    PCR Master Mix ( Supreme NZYTaq Green PCR Master Mix ; 
 NZYTech Ld.; see Subheading    2.2    for contents); concentration: 1× .   

   4    PCR equipment (Thermocycler, 50 μL PCR tubes).   

2.1.2  Soil DNA Extraction 
for Protists

2.2  Amplicon 
Preparation 
for  Metabarcoding   
of Eukaryotes at Low 
Taxonomic Resolution

2.3  Amplicon 
Preparation for High- 
Resolution 
 Metabarcoding   
of Cercozoan Protists

2.4  Amplicon 
Preparation for High- 
Resolution 
 Metabarcoding   
of    Microarthropods
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   5    PCR product quantifi cation device ( Picogreen  ®  or  Qubit  ® ).   
   6    PCR cleanup kit ( Agarose GelExtract Mini kit,  5 Prime).       

3    Methods 

      Standard   processing of 1 g  of   soil as common for microbes will not 
result in a proper description of the community  diversity  , when 
eukaryotes with body sizes that strongly exceed those of microbes 
such as the majority of soil fauna are targeted. Therefore, we advise 
the use of an alternative approach based on processing of larger 
volumes of soil.

    1.    Using a split soil corer (ISO 23611 2-4), take a total of ten 
samples, evenly distributed along the outer edge of a circular 
plot with a 1 m radius. Sampling depth depends on habitat 
type and targeted community.   

   2.    Seal the samples individually in plastic bags and transported to 
the lab. Keep samples in a cool box during transport and store 
at 4 °C. In the lab, each individual soil sample is homogenized 
and a subsample of 10 g is taken for further processing.   

   3.    Separate  DNA extractions   are performed for each of the ten 
soil samples of 10 g obtained in  step 2 . The Power Max Soil 
DNA Isolation Kit is used for this purpose, as this kit allows 
the processing of up to 10 g of soil in a single DNA extraction 
and includes a lysis step.   

   4.    Obtained extracts may or may not be pooled in order to limit 
the samples for amplicon sequencing (Subheading  3.2 ), 
depending on the desire to test for heterogeneity within the 
sampled plot.    

     Different  soil DNA extraction   protocols can be adopted to study 
soil protists. Common DNA extraction methods used by microbi-
ologists can be applied as microbial protists are highly abundant in 
tiny amounts of soil. We advise the use of the following strategy, 
based on Plassart et al. [ 17 ]:

    1.    Take fi ve individual soil cores (20 cm depth) per site, evenly 
distributed along the outer edge of a circular plot with a 1 m 
radius. Pool replicated soil cores to obtain a composite sample 
for each site.   

   2.    Sieve the composite soil samples to <4 mm.   
   3.    Take an aliquot of 50 g from each sieved sample, and store at 

−40 °C prior to DNA extraction.   
   4.    For subsequent DNA extraction from the soil samples, follow 

the modifi ed ISO standard procedure (ISOm) as described in 

3.1  Soil DNA 
Extraction

3.1.1  Soil DNA Extraction 
for Microarthropods or 
Entire Eukaryotic 
Communities

3.1.2  Soil DNA Extraction 
for Protists
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Plassart et al. [ 17 ]. Perform three replicate extractions per ali-
quot (= per site).    

       Perform all steps in sterile conditions to  prevent   contamination. 

          1.    Use primers EUK20f and EUK302r+3 to  target   a 500–700 bp 
long region of the 18S  rDNA   of a wide range of eukaryotes 
including protists and fauna ( see   Note 1 ).   

   2.    Carry out PCR reactions in 50 μL PCR tubes in 25 μL volume 
consisting of 1.5 μL of each primer (10 μM), 12.50 μL PCR 
Master Mix, 2.5 μL template DNA ( see   Note 2 ).   

   3.    Apply the  following      PCR setup: Initial denaturation at 95 °C 
for 5 min, followed by 35 cycles of denaturation at 95 °C for 
30 s, annealing at 48 °C for 60 s, and elongation at 72 °C for 
2 min with a fi nal extension for 5 min at 72 °C ( see   Note 3 ). 
Use forward and reverse primers containing the same mid-tag 
for individual samples and randomly choose one of the remain-
ing primer pairs for subsequent samples ( see   Note 4 ).   

   4.    Replicate  steps 1 – 3  and pool both pseudoreplicates ( see   Note 5 ).   
   5.    Purify individual PCR products using a standard column-based 

purifi cation kit ( see   Note 6 ).   
   6.    Quantify purifi ed PCR products using a fl uorometric quantifi -

cation device ( see  Subheading  2  and  Note 7 ).   
   7.    Pool the amplicons in equimolar concentrations to form 

a library. In case of >16 samples, allocate the amplicons to mul-
tiple libraries ( see   Note 4 ).   

   8.    Send pooled libraries for pyrosequencing using the company’s 
standard protocol.      

       1.      Cercozoa      are specifi cally being amplifi ed using a hemi-nested 
PCR approach. Carry out all PCR reactions in 50 μL PCR 
tubes in 31 μL volume consisting of 0.6 μL of each primer 
(10 μM), 0.6 μL nucleotides (10 mM), 1.0 μL template DNA, 
24.5 μL H 2 O, 3 μL PCR Buffer, and 0.15 μL polymerase 
(5 U/μL) ( see   Note 2 ).   

   2.    In a fi rst PCR round, use the cercozoan-specifi c primer combi-
nation 25F and 1256R to generate amplicons of ~1200 bp 
from each sample [ 19 ]. Apply the following PCR setup: Initial 
denaturation at 95 °C for 1 min, followed by 35 cycles of dena-
turation at 95 °C for 30 s, annealing at 70 °C for 60s, and 
elongation at 72 °C for 2 min with a fi nal extension for 5 min 
at 72 °C ( see   Note 3 ).   

   3.    Replicate  steps 1 – 3  and pool both pseudoreplicates ( see   Note 5 ).   

3.2  Amplicon 
Preparation

3.2.1   Metabarcoding   
of Eukaryotes at  Low 
  Taxonomic Resolution

3.2.2  High-Resolution 
Metabarcoding Example 1: 
Cercozoan Protists
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   4.    Take 1.0 μL aliquots of the resulting PCR product mixtures as 
template for a hemi-nested PCR step using mid-tagged prim-
ers PreV4 and 1256R to produce amplicons of ~500 bp, 
appropriate for 454 sequencing. Apply the same PCR condi-
tions as above but decrease the annealing temperature to 66 °C 
and reduce the elongation to 90 s. Use primers with the same 
mid- tag for individual samples and randomly use one of the 
remaining primer pairs for subsequent samples ( see   Note 4 ).   

   5.    Replicate  steps 1 – 3  and pool both pseudoreplicates ( see   Note 5 ).   
   6.    Follow  steps 5 – 8  in Subheading  3.2.1 .       

       1.      Use  primers   MiteMinBarF7  and   MiteMinBarR4 to target a 
~200 bp minibarcode located within the cytochrome oxidase 
subunit 1 (CO1)    region. This minibarcode was designed to 
 target al l clades of Acari (Acariformes and Parasitiformes).   

   2.    Carry out PCR reactions in 50 μL PCR tubes in 25 μL volume 
consisting of 1.5 μL of each primer (10 μM), 12.5 μL PCR 
Master Mix, 2.5 μL template DNA ( see   Note 2 ).   

   3.    Apply the following PCR setup: Initial denaturation at 95 °C for 
5 min, followed by fi ve cycles of denaturation at 95 °C for 40 s, 
annealing at 43 °C for 40 s, and elongation at 72 °C for 1 min, then 
followed by 35 cycles of denaturation at 95 °C for 40 s, annealing 
at 49 °C for 40 s, and elongation at 72 °C for 1 min, with a fi nal 
extension for 5 min at 72 °C ( see   Note 3 ). Use forward and reverse 
primers containing the same mid-tag for individual samples and 
randomly choose one of the remaining primer pairs for subse-
quent samples ( see   Note 8 ).   

   4.    Replicate  steps 1 – 3  and pool both pseudoreplicates ( see   Note 5 ).   
   5.    Follow  steps 5 – 8  in Subheading  3.2.1 .         

    Below we describe  pipeline   for  bioinformatic   analysis of the 
sequencing output, largely making use of the USearch  software   
package [ 20 ,  21 ], and in some cases the Mothur [ 22 ] package. 
 Appendix  provides an example of the exact list of scripting com-
mand lines as applied on sequencing data for the  microarthropod   
primer set (Subheading  3.3.3 ). 

          1.       Convert   the raw output of  the   sequencer (sff-fi les) to fasta and 
quality fi les using the using the sffi nfo command of Mothur 
v.1.22.2 [ 22 ].   

   2.    Convert fasta and quality fi les into fastq fi le using the faqual-
2fastq.py script of Usearch v7.0.1001 [ 16 ].   

   3.    Use the fastq_strip_barcode_relabel2.py script (available in 
USearch package) to sort reads according to primer sequence, 
label reads with their multiplex identifi er (MID) tag and strip 

3.2.3  High-Resolution 
Metabarcoding Example 2: 
Soil Microarthropods

3.3  Bioinformatics 
Analyses

3.3.1  Metabarcoding 
of All Eukaryotes at Low 
Taxonomic Resolution
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primer and MID sequence from read. Use standard stringency, 
allowing up to two mismatches in the primer sequence 
( see   Note 9 ) and no mismatches in the MID sequence. 

 In this step reads not matching the barcode or primer 
sequence, with mentioned stringency, are discarded. This step 
is performed for the forward and the reverse primer separately, 
resulting in two separate fi les ( see   Note 10 ).   

   4.    For the fi le with reads that include the forward primer, fi lter 
out reads of low quality; maximum expected error allowed is 
0.5 ( see   Note 11 ). And truncate all reads to one and the same 
length of 250 bp ( see   Note 12 ), using Usearch command 
fastq_fi lter.   

   5.    Dereplicate truncated sequences to remove duplicated 
sequences using the derep_fulllength command of Usearch.   

   6.    Sort dereplicated sequences by decreasing abundance and dis-
card singletons using  sortbysize  command of Usearch.   

   7.    Generate operational taxonomic units (OTUs; an operational 
defi nition of a species or a group of species that is entirely 
based on sequence information), from abundance-sorted 
sequences using the cluster_otus command of Usearch for 
97 % similarity thresholds ( see   Note 13 ).   

   8.    Label OTUs using the fasta_number.py script (available in 
USearch package).   

   9.    Map trimmed sequences (including singletons) against the 
OTU representative sequences using the usearch_global com-
mand of Usearch. Identity threshold is 97 %.   

   10.    Generate matrices containing the sequence abundances of dif-
ferent OTUs in each soil sample based on these  mapping   
results using the  uc2otutab.py  script of Usearch ( see   Note 14 ).   

   11.    Determine taxonomic assignation for each OTU using the 
Basic Local Alignment Search Tool ( BLAST  ) algorithm v 
2.2.23 [ 23 ] against the Protist Ribosomal Reference  Database   
PR2 [ 24 ] using an e-value cutoff of 1 e  −5 , an identity cutoff of 
90 %, and a coverage cutoff of 80 % of the query sequence 
covered in the alignments ( see   Note 15 ).   

   12.    Assign OTUs to different taxonomic levels (class, order, fam-
ily, genus, species, and OTU level) ( see   Note 16 ).   

   13.    Repeat  steps 4 – 12  for the fi le with reads that include the 
reverse primer.        

       1.    Follow  steps 1 – 12  from Subheading  3.3.1 .   
   2.    Determine a rough taxonomic assignation for each OTU using 

the  Basic Local Alignment Search Tool (BLAST)   algorithm v 
2.2.23 [ 23 ] against the Protist Ribosomal Reference  Database   
PR2 [ 24 ] using an  e -value cutoff of 1 e  −5 , an identity cutoff of 

3.3.2  High-Resolution 
 Metabarcoding   Example 1: 
Cercozoan Protists

G. Arjen de Groot et al.



135

90 %, and a coverage cutoff of 80 % of the query sequence 
covered in the alignments ( see   Note 15 ).   

   3.    Assign OTUs to higher taxonomic levels (class, order, family) 
( see   Note 16 ). Discard any OTUs not assigned as  Cercozoa  .   

   4.    For assignation to genus or species level, we advise to also use 
a  phylogenetic   tree-based approach. For this purpose, down-
load a representative set of cercozoan sequences from the 
online  databases  . Align these with the newly gained OTUs and 
construct a maximum-likelihood tree.      

         1.     Follow       steps 1 – 3  from Subheading  3.3.1 .   
   2.    Reads produced by  sequencing      from the reverse primer are con-

verted into reverse complements using the reverse.seqs command 
in Mothur. And forward and reverse sequences are combined 
into one fasta fi le using the Mothur merge.fi les command.   

   3.    Using Usearch command fastq_fi lter, fi lter out reads of low 
quality, max expected error allowed is 0.5 ( see   Note 11 ) and 
truncate all reads to one and the same length of 158 bp 
( see   Note 12 ).   

   4.    Follow  steps 5 – 10  from Subheading  3.3.1 .   
   5.    Determine a rough taxonomic assignation for each OTU using 

the  Basic Local Alignment Search Tool (BLAST)   algorithm v 
2.2.23 [ 23 ] against the Protist Ribosomal Reference  Database   
PR2 [ 24 ] using an  e -value cutoff of 1 e  −5 , an identity cutoff of 
90 %, and a coverage cutoff of 80 % of the query sequence 
covered in the alignments ( see   Note 15 ).   

   6.    Assign OTUs to higher taxonomic levels (class, order, family) 
( see   Note 16 ). Discard any OTUs not assigned as  micro
arthropods  .   

   7.    For assignation to genus or species level, we advise to also use 
a  phylogenetic   tree-based approach. For this purpose, down-
load a representative set of Acari sequences from the online 
 databases  . Align these with the newly gained OTUs and con-
struct a maximum-likelihood tree.         

4    Notes 

     1.    A wide range of so called  general eukaryotic primers   have been 
tested and used in recent studies [ 15 ,  25 – 28 ]. All primer com-
binations will provide a different picture of the eukaryotic 
community due to primer biases and differences in amplicon 
lengths, leading to over-/underrepresented of some taxa [ 29 , 
 30 ]. Another issue is raised by profound differences in copy 
numbers of even closely related eukaryotes ruling out quanti-
tative information of the obtained sequence data [ 31 – 33 ]. 

3.3.3  High-Resolution 
Metabarcoding Example 2: 
Soil Microarthropods
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Therefore, relative abundance information needs to be used to 
investigate eukaryotic communities.   

   2.    Higher or lower volumes can be used in case more or less 
product is needed for subsequent sequencing.   

   3.    PCR conditions might depend on the polymerase and thermo-
cycler being used and should be tested using a gradient PCR 
before application. An altered annealing temperature will, 
however, provide a different picture of the resulting commu-
nity as higher annealing temperatures will benefi t those  targets   
that optimally bind primers, while lower temperature will also 
amplify less-specifi c targets [ 34 ,  35 ]. The approach taken 
depends on the experimental question but to compare differ-
ent studies, adopting an identical protocol is inevitable.   

   4.    If more libraries are to be created ( see   step 7  of 
Subheading  3.2.1 ), the same primers can be reused in different 
libraries, thereby reducing primer costs. In this case, consider 
the distribution of samples over libraries already before the 
PCR, so that samples can randomly be allocated to a library.   

   5.    Even more independent PCR replicates can be conducted and 
pooled to decrease the error rate occurring in individual PCR 
reactions [ 36 ].   

   6.    Running a subsample on gel may be worthwhile in order to 
check for additional unwanted products of different size. 
Especially products with smaller fragment size than the  target   
product may consume many sequencing reads, thus lowering 
the coverage of the targeted organisms. In case unwanted 
products are observed, gel extraction may be used to retain 
only the targeted product.   

   7.    DNA quantifi cation methods via NanoDrop is not recom-
mended as this does not allow specifi c product quantifi cation 
and consequently rules out subsequent equimolar pooling.   

   8.    Amplifi cation success is known to vary among primer–tag 
combinations. Based on tests with a limited set of tags, we can 
report good results for our primers using the following tags: 
AGTCT, AGCGA, ATCGT, ATAGT, ACGTA, CAGTA, 
CAGCT, CTAGT, CTCGA, TAGAT, TGAGT, and TACGT.   

   9.    For a more conservative approach, zero mismatches in the 
primer region can be used   

   10.    Given the length of the fragment amplifi ed here (500–700 bp), 
the forward and reverse reads show insuffi cient overlap to be 
pooled into a single fi le with stringent quality fi ltering and 
sequence cutoff resulting in short, but high-quality sequences. 
Therefore the next steps are done separately for the datasets 
with reads including the forward and reverse primer respec-
tively. Note that pooling is possible when using the focused 
 microarthropod   primer set (Subheading  3.3.3 ).   
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   11.    For a more conservative approach, higher quality values can be 
applied.   

   12.    Truncation of the sequencing length strongly depends on the 
sequencing  platform  , chemistry used, and data output. In case 
the majority of sequences remaining after the fi rst steps of 
quality fi ltering is much higher than 300 bp. truncation to lon-
ger amplicons is recommended as it allows deeper and more 
reliable taxonomic OTU assignments in subsequent steps 
[ 37 – 39 ].   

   13.    Investigating different OTU clustering levels give an overview 
of an appropriate OTU clustering level for subsequent analy-
ses. No standard clustering level is recommended as profound 
differences between and within eukaryotic groups exist [ 40 –
 43 ]. Also differences in error rates in the respective sequencing 
approach need to be considered [ 44 ,  45 ]. Therefore, OTU 
delineation depends on the group investigated and the 
sequencing approach taken. Yet, at similarity levels >98 %, the 
clustering algorithm might be less effective in fi ltering out chi-
meras (USearch Manual:   http://www.drive5.com/usearch/
manual/cluster_otus.html    ).   

   14.     Rarefaction   of the obtained OTU matrix is current practice in 
order to normalize read numbers among samples, thereby 
avoiding biased  diversity   differences due to unequal sequence 
depth. However, recent studies strongly advise to  avoid   
 rarefaction.  See  [ 46 ] for more information and potential 
alternatives.   

   15.    Alternative  databases   such as GenBank [ 47 ] or Silva [ 48 ] can 
be used, but PR2 has recently been introduced, providing 
quality fi ltered data especially suitable for protists and other 
eukaryotes [ 24 ].   

   16.    Automated assignment to deeper taxonomic levels, such as 
genus or species should be done with great care, as the species 
concept in many protist groups is far from common acceptance 
[ 42 ,  49 ,  50 ]. Many commonly defi ned species cannot be dis-
tinguished using short sequences due too very similar or even 
identical barcode sequences and clustering  algorithms   needed 
to compensate for sequencing errors often artifi cially lump 
together different species, while less stringent clustering infl ates 
species  diversity   [ 40 ,  42 ,  51 ,  52 ]. Therefore, we recommend 
applying stringent OTU clustering and keep the OTU level as 
a unique taxonomic level unless specifi c facts about certain 
genera or species are targeted. In that case, researchers are rec-
ommended to carefully evaluate all automatically assigned 
OTUs, e.g., using manual  BLAST   searches (  http://blast.ncbi.
nlm.nih.gov/Blast.cgi    ) and/or phylogenetic analyses of 
respective sequences with those of reference taxa.          
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5      Appendix: Example of Scripting Command lines as Applied for Bioinformatic 
Analysis of 454 Sequencing Data Gained for Microarthropods 

 Appendix provides an example of the exact list of scripting com-
mand lines.

    1.    Conversion of the sff fi le to a fastq and a quality fi le is often 
already done by the sequencing service provider. If not, apply 
the .sffi nfo command in Mothur.   

   2.    python faqual2fastq2.py 454_LibraryX_Reads.fna 454_
LibraryX_Reads.qual > 454_LibraryX_Reads+Qual.fq   

   3.    (a) python fastq_strip_barcode_relabel2.py 454_LibraryX_
Reads+Qual.fq CATGCNTTYRTNATRATTTTTTYATAG 
BarcodesX.fas FW > 454_LibraryX_Reads+Qual_FW.fq 
 (b) python fastq_strip_barcode_relabel2.py 454_LibraryX_
Reads+Qual.fq GATAHACWGTTCAHCCWGTSCC 
BarcodesX.fas RV > 454_LibraryX_Reads+Qual_RV.fq   

   4.    (a) usearch -fastq_fi lter 454_LibraryX_Reads+Qual_FW.fq 
-fastq_maxee 0.5 -fastq_trunclen 158 -fastaout 454_LibraryX_
Reads_FW_158bp.fa 
 (b) usearch -fastq_fi lter 454_LibraryX_Reads+Qual_RV.fq 
-fastq_maxee 0.5 -fastq_trunclen 158 -fastaout 454_LibraryX_
Reads_RV_158bp.fa   

   5.    mothur > reverse.seqs(fasta=454_LibraryX_Reads_RV_158bp.fa)   
   6.    mothur > merge.fi les(input=454_LibraryX_Reads_RV_158bp.

rc.fa-454_LibraryX_Reads_FW_158bp.fa, output=454_
LibraryX_Reads_FW+RVrc_158bp.fa)   

   7.    usearch -derep_fulllength 454_LibraryX_Reads_
FW+RVrc_158bp.fa -output 454_LibraryX_Reads_derep.fa 
-sizeout   

   8.    usearch -sortbysize 454_LibraryX_Reads_derep.fa -output 
454_LibraryX_Reads_sorted.fa -minsize 2   

   9.    usearch -cluster_otus 454_LibraryX_Reads_sorted.fa -otus 
454_LibraryX_Reads_otus1.fa   
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   10.    python fasta_number.py 454_LibraryX_Reads_otus1.fa OTU_ 
> 454_LibraryX_Reads_otus.fa   

   11.    usearch -usearch_global 454_LibraryX_Reads_
FW+RVrc_158bp.fa -db 454_LibraryX_Reads_otus.fa -strand 
plus -id 0.97 -uc 454_LibraryX_Reads_map97.uc   

   12.    python uc2otutab.py 454_LibraryX_Reads_map97.uc > 454_
LibraryX_Reads_otu97_table.txt       
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    Chapter 8   

 Identifi cation and In Situ Distribution of a Fungal Gene 
Marker: The Mating Type Genes of the Black Truffl e                     

     Herminia     De la     Varga     and     Claude     Murat      

  Abstract 

   Truffl es are ectomycorrhizal fungi harvested mainly in human managed agroforestry ecosystems. Truffl e 
production in truffl e orchards faces two important bottlenecks or challenges: the initiation of the sexual 
reproduction and the growth of the ascocarps during several months. The black Périgord truffl e,  Tuber 
melanosporum , is a heterothallic species and the mating type genes (MAT1-1 and M1T1-2) have been 
characterized. In this context, the unraveling of the  T. melanosporum  mating type strains distribution in 
truffl e orchards is a critical starting point to provide new insights into its sexual reproduction. The aim of 
this chapter is to present the protocol used to characterize the  T. melanosporum  mating type present in a 
truffl e orchard from ascocarps, hazel mycorrhizal root tips, and/or soil samples, by polymerase chain reac-
tions using specifi c primers for those genes, but it can be adapted for other fungal species.  

  Key words      Tuber melanosporum   ,   Mating type genes  ,   Polymerase chain reaction (PCR)  ,   Ascocarps  , 
  Ectomycorrhiza  ,   Soil  ,   DNA  

1      Introduction 

     Truffl es    are   soil  fungi   that  associate   with the roots of certain species 
of trees and shrubs to form a dual symbiotic organ called an  ecto-
mycorrhiza  . This ectomycorrhizal association is a mutualistic  sym-
biosis   occurring between fungi and the root of trees, wherein plants 
provide sugar and  fungi   help the tree with its mineral and water 
uptakes. When sporulating, truffl es form a fl eshy and scented  struc-
ture   called an ascocarp (i.e., truffl e fructifi cation), which attracts 
animals and disperses spores following ascocarp ingestion. In 
Europe, 32 species of truffl es have been identifi ed but few have 
been successfully commercialized. The Perigord black truffl e 
(  Tuber melanosporum   ) grows naturally in Southern Europe and in 
contrasting climates such as the warmer climate of the Mediterranean 
in southern Spain and Italy as well as in colder continental climates 
in northeastern France.  T. melanosporum  is harvested in different 
environments ranging from managed plantations to natural  forests  . 
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The fi rst inoculated seedlings with truffl es were commercialized 40 
years ago under an INRA/ANVAR (“ Institut National de la 
Recherche Agronomique/Agence National de Valorisation de la 
Recherche ”) know-how license [ 1 ]. The inoculation of seedlings 
with truffl e species is performed using  ascocarps   as inoculum con-
taining meiotic spores, which after germination form  ectomycor-
rhizas   on seedling roots. Truffl e production was moved in the 
twentieth century from sub-natural woodlands to truffl e  orchards  . 
In France, more than 80 % of black truffl e production is produced 
in truffl e orchards, i.e., in managed agroforestry  ecosystems   where 
seedlings, previously inoculated in nurseries with different  Tuber  
species, are implanted [ 2 ]. Truffl e production in truffl e  orchards   
faces two important bottlenecks or challenges: the initiation of the 
 sexual reproduction   and the growth of the  ascocarps   during several 
months. Thank to the sequencing of its genome, it has been dem-
onstrated that  T. melanosporum  is a heterothallic species and both 
mating type idiomorphs (MAT1-1 and MAT1-2) have been char-
acterized [ 3 ,  4 ]. The initiation of the  sexual reproduction   required 
therefore two compatibles  mycelium  . In order to better under-
stand how this sexual reproduction occurs we characterized the  T. 
melanosporum  small-scale  genetic   structure [ 5 ]. This highlighted 
the fact that  T. melanosporum  truffl e  orchards   are, in themselves, 
dynamic  ecosystems   which can contain up to 13 small black truffl e 
genets (group of genetically identical individuals) in 30 m 2 . 
Moreover, a nonrandom distribution pattern of  T. melanosporum  
was observed, resulting in fi eld patches exclusively colonized by 
genets of the same mating types (Fig.  1 ). The aim of this chapter is 
to present the protocol used to characterize the  T. melanosporum  
mating type present in the truffl e  orchard   from  ascocarps  , mycor-
rhizal root tips, and/or soil samples. The identifi cation of mating 
types for the most profi table truffl e species (i.e.,  T. aestivum ,  T. 
borchii ,  T. indicum ,  T. magnatum , and  T. melanosporum ) is pro-
tected by an international patent (n°WO2012/032098). The pro-
tocol presented here is therefore only useable for noncommercial 
purpose. This methodology can be extended to other fungal spe-
cies whether the sequences of their mating type genes are available 
and by adjusting the molecular markers.

2       Materials 

 Prepare all solutions using ultrapure water and analytical grade 
reagents. Prepare and store all reagents at room temperature 
(unless indicated otherwise).

   5.5 M Solution of guanidine thiocyanate: pH 7. Dissolve 324.94 g 
of guanidine thiocyanate in 350 mL of ultrapure water. Mix 
and adjust pH to 7. Make up to 1 L with ultrapure water. Store 
at room temperature in the dark (light sensitive).  
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  10× TBE or Tris/Borate/EDTA buffer: dissolve 81 g of Tris base 
and 41.25 g of boric acid in 500 mL of ultrapure water. Add 
30 ml of 0.5 M EDTA pH 8. Make up to 750 mL with ultra-
pure water. Autoclave and store at room temperature.  

  Stereomicroscope Zeiss Stemi 2000-C, with 20- to 40-fold zoom 
factor and a cold light  microscope   KL200 led.    

 DNA extraction kits (examples):

 ●     Dneasy   Plant Mini Kit (Qiagen SA, Courtaboeuf, France).  
 ●   REDExtract-N-Amp™ Plant PCR Kit (Sigma-Aldrich Co. 

LLC, St Louis, MO, USA).  
 ●   Fast DNA  Spin   kit for soil (MP Biomedicals, Illkirch, France).  
 ●   Power Soil ®  DNA isolation Kit (MoBio Laboratories, Carlsbad, 

CA).     

  Fig. 1    Mating type  mapping   under three trees (F10/F11/E10) in a  truffl e    orchard   
(modifi ed from ref.  5 ). The positions of the genotyped  ascocarps   ( dots ) and  ecto-
mycorrhizas   (ECMs) ( crosses ) are indicated. Samples that displayed the MAT1-1 
and MAT1-2 mating types are indicated in  green  and  blue , respectively       
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3    Methods 

         1.    Collect the  truffl e   and map their location, host species, and date.   
   2.    Clean truffl es with tap water and soft brush to remove all soil 

attached to the surface.   
   3.    With a sterile scalpel, remove the peridium and cut the truffl e 

in small pieces (0.5–1 cm).   
   4.    Store the truffl e pieces in microcentrifuge tubes at −20 °C for 

molecular analyses.      

       1.    Retrieve tree fi ne roots carefully from the fi rst 10–20 cm of soil 
layer, at a minimum distance of 30 cm from trunk trees. Map 
their location, host species, and date.   

   2.    Root pieces are washed in water, leaving the roots in water 
bath to allow the remaining soil to go down.   

   3.    Root samples are transferred to glass Petri dishes or containers 
with clean water and observed under stereomicroscope and a 
cold light  microscope   (KL200 led).   

   4.    With the help of fi ne forceps single  T. melanosporum  ectomy-
corrhizal tips are selected. The mycorrhizae are identifi ed by 
morphotyping on the basis of color, mantle shape, and surface 
texture [ 6 ,  7 ] ( see   Note 1 ).   

   5.    Each single mycorrhiza is stored individually in microcentri-
fuge tubes at −20 °C for molecular analyses.      

       1.    Collect soil samples in the fi rst 10–20 cm of soil layer, at a 
minimum distance of 30 cm from trunk trees and map their 
location, tree species, and date ( see   Note 2 ).   

   2.    Classify soil samples in plastic bags or tubes.   
   3.    Air-dry each soil sample at room temperature and then sieve it 

through 1 mm mesh to eliminate plant debris, stones, and roots.   
   4.    Keep soil samples at −20 °C until processing for molecular 

analyses.       

      Genomic  DNA   can be isolated from single mycorrhizal root tips 
and  ascocarps   (100 mg) using any commercial kit, such as the 
Dneasy Plant Mini Kit (Qiagen SA, Courtaboeuf, France) follow-
ing the manufacturer’s instructions, or faster ones such as the 
REDExtract-N-Amp™ Plant PCR Kit (Sigma-Aldrich Co. LLC, St 
Louis, MO, USA) ( see   Note 3 ).  

   Genomic DNA can be isolated from 0.25 or 0.5 g of soil using any 
commercial kit, as the Power Soil ®  DNA isolation Kit (MoBio 
Laboratories, Carlsbad, CA), following the manufacturer’s instruc-
tions, or the Fast DNA Spin kit for soil (MP Biomedicals, Illkirch, 
France) with some modifi cations ( see   Note 4 ).    

3.1  Sampling

3.1.1  Ascocarps 
Samples

3.1.2  Mycorrhizal 
Samples

3.1.3  Soil Samples

3.2  DNA Extractions

3.2.1  Ascocarps 
and Mycorrhizal Samples

3.2.2  Soil Samples
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    The  identity   of  T. melanosporum   ectomycorrhizas   (ECM),  asco-
carps  , and  T. melanosporum   structures   in soil samples ( see   Note 5 ) 
is assessed by PCR amplifi cation using species-specifi c  internal 
transcribed spacer (ITS)   primers of  the   nuclear ribosomal-DNA [ 8 , 
 9 ]: ITS4LNG (5′-TGA TAT GCT TAA GTT CAG CGG G-3′) 
and ITSML (5′-TGG CCA TGT GTC AGA TTT AGT A-3′). 

 For the identifi cation of the  mating type genes  , PCR reactions 
are carried out by using the specifi c primers for the two genes 
described by Rubini et al. [ 4 ].

   MAT1-2-1 primers: P1 (5′-CAG GTC CGT CAT CTC CTT CCA 
GCAG-3′) and P2 (5′-CCA CAT GCG ACC GAG AAT CTT 
GGC TA-3′).  

  MAT1-1-1 primers: P19 (5′-CAA TCT CAC TCG TGA TGT 
CTG GGT C-3′) and P20 (5′-TCT CGG GCT GGA GGT 
GCG GGT CGA GT-3′).    
 Prepare PCR reaction mixtures for DNA amplifi cation. PCRs 

are performed in 10 μL volume reactions mixture. Prepare enough 
mix for the number of reactions plus 5 %. (e.g., 3 samples + 1 nega-
tive control + 1 positive control = 6×).  Keep the tubes on ice. 

    1.    Mix 5 μL of REDExtract-N-Amp™ PCR ReadyMix™ (Sigma- 
Aldrich Co. LLC, St Louis, MO, USA)—a 2× PCR mix con-
taining—200 nM of each primer (0.2 μL of a 10 μM stock 
solution); 0.35 μL of BSA (16 μg/μL) for ectomycorrhizal and 
soil samples. Finally adjust volume to 8 μL/reaction with ultra-
pure water ( see   Notes 6  and  7 ). Mix by vortexing.   

   2.    Add 8 μL of reaction mixture to each PCR tube. Pipette so 
that the mix is on the bottom of the tube.   

   3.    Vortex the DNA tubes (2–3 s) or mix by pipetting, centrifuge 
them (short spin), and add 2 μL (5–20 ng) of the appropriate 
template DNA extract to each reaction tube. Pipette reaction 
mix so the DNA template is mixed with the Master Mix in the 
reaction tube. Close the tubes. If needed, perform a short spin 
of the sample tubes to bring the liquid down to the bottom.   

   4.    Place tubes into the thermal cycler and begin cycling according 
to the following parameters described in Table  1 .

               1.     Prepare a 2 % agarose  gel  , i.e., add 2 g of agarose to 100 mL 
of 1× TBE buffer in a glass bottle or Erlenmeyer. Microwave 
the solution for about 2 min, until agarose is completely dis-
solved. Cool the agarose solution to about 55 °C.   

   2.    Prepare the gel tray and place the well comb with the desired 
number of wells (samples) in the slots at the top of the gel.   

   3.    Pour the agarose into the middle of the tray until it is about 
half way up the teeth of the comb and has fi lled the tray to the 
corners. Let the agarose solidify during 20 min.   

3.3  PCR 
Amplifi cations

3.4  Electrophoresis
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   Table 1  
  Thermal profi les (temperature, time, and cycle numbers) for the different primer pairs used and the 
different samples   

 ITS1F-ITS4  ITS4LN-ITSML/MAT   Ascocarps    ECM/soil 

 Initialization  94 °C  4 m  94 °C  4 m 

 Denaturation  94 °C  30 s  94 °C  30 s 

 Annealing   55 °C    30 s    60 °C   30 s  30 cycles  35 cycles 

 Extension  72 °C  1 m 30 s  72 °C  1 m 

 Final extension  72 °C  5 m  72 °C  5 m 

   4.    When the gel is solidifi ed, put it into the electrophoresis cham-
ber, with the comb closest to the black electrode (on the top). 
Fill the chamber with 1× TBE buffer, covering the gel. Remove 
the comb carefully.   

   5.    Load 5 μL of the samples into the gel (one sample in each well 
of the gel). Load also a 100 bp DNA ladder in one well (fol-
lowing manufacturer’s protocol for quantities) ( see   Note 8 ).   

   6.    Place the lid on the gel box; connect the electrodes to the 
power supply. Make sure that the black wire goes into the black 
plug and the red into red.   

   7.    Turn on the power supply and set it at 110 V. Run the gel for 
60–70 min.   

   8.    After the gel has run, remove it from the gel box.   
   9.    Put the gel into a 0.5 μg/mL ethidium bromide solution bath 

for 5 min. Then wash it in a water bath for at least 10 min.   
   10.    Place the gel on the transilluminator Chemidoc ®  UV light box 

to visualize the DNA and to photograph it. Examples of the 
expected results in Fig.  2 .

4             Notes 

     1.    From each root sample, at least fi ve single  T. melanosporum  
 ectomycorrhizas   are selected along a root piece, to be sure that 
we have enough material to work with. It is better to collect 
young mycorrhiza.   

   2.    The sampling can be done by taking soil cylinders with a soil 
borer (e.g., 200 mL volume, 3.2 cm diameter and 20 cm deep) 
or, alternatively, directly by digging to that depth and sampling 
a similar volume with a small shovel.   

   3.    When using the REDExtract-N-Amp™ Plant PCR Kit to 
extract DNA from  ascocarps   the volume of buffer used can be 
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reduced to 50 μL of each solution and to 25 μL when extract-
ing DNA from ectomycorrhizal tips.   

   4.    When extracting soil DNA by using the Fast DNA Spin kit for 
soil (MP Biomedicals, Illkirch, France), we recommend doing 
it with some modifi cations in the manufacturer’s instructions:

    (a)     Add 4–6 mg PVPP (polyvinylpolypyrrolidone) when add-
ing MT Buffer ( step 3 ).   

   (b)    In  steps 7  and  8  use a 2 ml microcentrifuge tube.   
   (c)     Between  steps 9  and  10  wash each sample 10 times with a 

solution of 5.5 M guanidine thiocyanate (pH 7) by adding 
1 mL of solution, mix by vortexing for 2 s, followed by a 
centrifugation of 5 s. Remove the supernatant except on 
the last washing and continue with the protocol [ 10 ].       

   5.    For soil samples usually it is better to check if the DNA extrac-
tion worked by checking the presence of fungal species in soil 
samples by amplifying soil DNA with the fungal universal 
primers ITS1f (5′-CTT GGT CAT TTA GAG GAA GTA 
A-3′) and ITS4 (5′-TCC TCC GCT TAT TGA TAT GC-3′) 
with a denaturation step at 94 °C for 4 min, followed by 35 
cycles of denaturation at 94 °C for 30 s, annealing at 55 °C for 
30 s and extension at 72 °C for 1 min and 30 s, and a fi nal 
extension step of 5 min at 72 °C. Using the same PCR mix 
conditions described in point 3.3.   

  Fig. 2    Results of the amplifi cation by PCR of the  T. melanosporum   mating type 
genes   of different samples in multiplex PCR reactions. The expected sizes for the 
different mating type idiomorphs are 550 bp for  Mat 1-1  and 421 bp for  MAT 1-2 . 
The wells 1–24 present results for  ectomycorrhiza   samples; 26–39 present PCR 
results for  ascocarps  ; and wells 40–49 present soil samples results; in wells 25 
and 50 is shown a 100 bp DNA Ladder, which presents size bands of (bp): 100, 
200, 300, 400, 500/517, 600, 800, 900, 1000, 1200, 1517. Well 51 presents the 
results of the positive control and well 52 the negative control (water). For ecto-
mycorrhizal and  ascocarps   samples, we expect to fi nd only amplifi cation for one 
mating type. In the case of soil samples we can fi nd one or both mating types, as 
free-living soil  mycelium   of different strains can be found in the same sample (as 
in wells 45 and 47)       
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   6.    PCR reactions can be performed by using other buffers, i.e., 
25 μL reaction mixture containing 2.5 μL of 10× reaction buffer 
(Sigma-Aldrich Co. LLC, St Louis, MO, USA), 2.5 mM MgCl 2 , 
200 μM of each dNTP, 200 nM of each primer, 1 U of Taq 
polymerase (Sigma-Aldrich Co. LLC, St. Louis, MO, USA), 
16.55 μL of deionized sterile water, and 5–20 ng of DNA.   

   7.    For the free-living soil mycelia, sometimes it is better to per-
form two independent PCR reactions for each MAT primer 
pairs (200 nM of each primer). Each reaction is done with the 
same conditions as the reaction described before.   

   8.    The REDExtract-N-Amp™ PCR ReadyMix™ contains a loading 
dye buffer (pink), so that no addition of it is necessary for  electro-
phoresis  . If using different PCR buffer, add 1/6 volume of 6× 
Gel DNA Loading Dye (New England Biolabs, Ipswich, 
Massachusetts, USA) to your PCR sample before loading it into 
the gel. E.g.: 1 μL of 6× gel loading dye + 5 μL of PCR product.            
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    Chapter 9   

 Stable-Isotope Probing RNA to Study Plant/Fungus 
Interactions                     

     Amandine     Lê Van    ,     Marie     Duhamel    ,     Achim     Quaiser    , 
and     Philippe     Vandenkoornhuyse      

  Abstract 

   The use of stable-isotope probing (SIP) allows tracing specifi c labeled substrates into fungi leading to a 
better understanding of their role in biogeochemical cycles and their relationship with their environment. 
Stable-isotope probing combined with ribosomal RNA molecule, conserved in the three kingdoms of life, 
and messenger RNA analysis permits the linkage of diversity and function. Here, we describe two methods 
designed to investigate the interactions between plant and its associated mycorrhizal compartment by trac-
ing carbon fl ux from the host plant to its symbionts.  

  Key words     Stable-isotope probing (SIP)  ,   RNA  ,   qRT-PCR  ,   Fungal plant symbiont  ,   Carbon thirteen  , 
  Carbon transfer  

1      Introduction 

  To  identify   the actors of a particular biogeochemical process per-
formed  in natura , different strategies have been developed dur-
ing the last decade. While metagenomic analyses allow to address 
the functional potential of a microbial community based on mas-
sive sequencing of nucleic acids extracted from an environmental 
sample, more focused molecular tools have been successfully 
developed. Among these methods, stable-isotope probing (SIP) 
combined with high-throughput sequencing represents one of 
the most powerful tools [ 1 ]. The principle is simple (Fig.  1 ). The 
consumption of a stable isotope labeled  substrate   is refl ected 
within the cellular compounds (i.e. DNA, RNA, proteins, lipids) 
modifying their densities and allowing the fractionation of 
metabolized compounds. Subsequently, the microorganisms 
involved in a targeted  function   can be identifi ed from a complex 
environmental sample.



  Fig. 1    The consumption of a stable-isotope labeled substrate is refl ected within 
the cellular compounds       
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     One major challenge of  SIP   studies is fi nding a compromise 
between the quantity of labeled  substrate   used and incubation time 
that corresponds best to environmental conditions. SIP was fi rst 
applied using phospholipid-derived fatty acids (PLFA) [ 2 ] as well 
as DNA-labeled analysis [ 1 ,  3 ]. In these cases, cells must undergo 
lipid biosynthesis or DNA synthesis respectively to incorporate 
labeled molecules. Because of the limited resolution of taxonomic 
assignment of PLFAs, SIP-PLFAs method was mainly used to 
highlight groups of microorganisms involved in a process. 
Conversely, DNA labeling combined with  ribosomal RNA gene   
analysis allows detailed taxonomic affi liation, but requires relatively 
long incubation times due to the need of cell division and high 
levels of enrichment [ 4 ,  5 ]. A more direct method that allows miti-
gating these technical problems is the use of SIP-RNA [ 6 ].  

   SIP analyses have mostly used  13 C-enriched compounds such  as 
  methanol [ 2 ,  3 ], phenol [ 6 ] and trace molecules in soils such as 
atrazine [ 7 ]. Virtually all organic molecules that can be enriched in 
 13 C when chemically synthesized or biologically produced in vitro 
can be used within SIP-RNA-based study. SIP-RNA approaches 
have been used to analyze interactions and behavior between plants 
and  root   symbionts [ 8 ,  9 ]. In these two studies, after a   13 CO 2    pulse 
labeling at atmospheric concentration, the carbon fl ux from the 
host plant to its  symbionts   (i.e. through  13 C-enriched  photosyn-
thates  ) was estimated under the assumption that the more the sym-
biont receives  photosynthates  , the more it cooperates with its host 
plant. The two strategies and related methodologies developed 
and validated are provided below.   

2    Material 

         1.    Ultrapure nuclease-free water (Sigma-Aldrich).   
   2.    Filter tips for RNA manipulation  DNase  /RNase-free.   
   3.    Microtubes  DNase  / RNase  -free.   
   4.    70 and 96 % ethanol.   
   5.    Ice-cold isopropanol (>99 %).   
   6.    Liquid nitrogen.   
   7.    Precision balance (various manufacturers).   
   8.    Labtop centrifuge (Eppendorf 5417R).   
   9.    Thermocycler.      

       1.     Cesium trifl uoroacetate      solution, CsTFA 2 g/mL (GE 
Healthcare), store at 4 °C.      

1.1  Advantages 
and Limits among SIP 
Strategies

1.2  The Different 
SIP-RNA Applications

2.1  Material 
Common to Methods 
1 and 2

2.1.1  General Supplies

2.1.2  Isopycnic 
Ultracentrifugation

SIP-RNA
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       1.    Micropestle (Eppendorf ®  micropestle for 1.2–2 mL tubes) or 
bead beater and beads.   

   2.    RNeasy Plant Mini kit (Qiagen) ( see   Note 1 ).   
   3.     Electrophoresis   supplies (Ladder, 6× loading dye, 1 % Agarose 

gel, 0.5× Tris-Borate-EDTA, Ethidium Bromide) and electro-
phoresis machine or alternatively a Bioanalyser RNA 6000 
Pico chip, RNA 6000 Pico kit (Agilent).   

   4.    Nanodrop (Thermoscientifi c).       

           1.     13 C-labeled  substrate  :  13 C-CO 2 /N 2 /O 2  gas mix, ratio 
0.033/78/21.967, 99 %  13 C (CortecNet). In our conditions 
approximately 2 m 3  of gas was needed for one labeling 
experiment.   

   2.    A hermetic box (W50 × L50 × h70 cm) connected to the gas 
cylinder by a two-stage gas pressure regulator on one side 
(high position) and with an opening on the opposite side (low 
position) (Fig.  1 ) ( see   Note 2 ).   

   3.    Triton X100.      

       1.    Beckman  Coulter   Optima L-90k preparative ultracentrifuge.   
   2.    Beckman 90Ti rotor.   
   3.    Quick seal Ultra-clear centrifugation tubes, 13.5 mL 

(Beckman).   
   4.    OptiSeal™ tube kit (Beckman).   
   5.    Beckman tube topper (Beckman).   
   6.    Beckman tube caps (Beckman).   
   7.    Clamp  attached   on a retort stand (Fig.  2 ).
       8.    5 mL syringe.   
   9.    1 mL syringe.   
   10.    Needles 0.5 × 16 mm.   
   11.    Custom-made guide punctuated every 0.1 in (2.54 mm) 

(Fig.  2 ).      

       1.    Titan One tube  RT-PCR   kit (Roche).   
   2.    Primers NS31 and AM1 0.4 μM (each) targeting SSU rDNA 

of arbuscular mycorrhizal (AM) fungi ( see   Note 3 ) [ 10 ].       

         1.    Biological material: Plants colonized by AM  fungi  .   
   2.    Labeling chamber computer-controlled closed-system climate 

chambers (“Espas”).   
   3.    CO 2  scrubber.   
   4.      13 CO 2    in a pressurized cylinder (99 atom %  13 C, 1 atom %  12 C; 

Isotec).   

2.1.3  RNA Extraction 
and Quantifi cation

2.2  Specifi c Material 
of Method 1

2.2.1   13 C Labeling 
and Sampling

2.2.2  Isopycnic 
Ultracentrifugation

2.2.3  RT-PCR

2.3  Specifi c Material 
of Method 2

2.3.1   13 C Labeling 
and Sampling
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   5.     12 CO 2  in a pressurized cylinder.   
   6.    Sieve.      

       1.    De-ionized 100 % formamide (Sigma—store at −20 °C) 
( see   Note 4 ).   

   2.    Ultracentrifuge (Sorvall discovery m120 SE micro- 
ultracentrifuge (Thermo Fisher Scientifi c), S120 VT fi xed 
angle titanium vertical rotor).   

   3.    2 mL ultracentrifuge vials (Sysmex).   
   4.    Capping system for ultracentrifuge vials (plastic and metallic caps).      

       1.    10 mL syringe.   
   2.    Flexible plastic tubing (about 60 cm long).   
   3.    Green 21 gauge 40 mm (1.5 in.) needles and Blue 23 gauge 

25 mm (1 in.) needles.   
   4.    Fractionator (Harvard Apparatus).   
   5.    Vial carrier.   
   6.    Dry ice.      

       1.    5× Buffer.      
   2.    10 mM dNTP mix.   
   3.    1 μg/μL (microgram/microliger).   
   4.    M-MLV (Moloney Murine Leukemia Virus) reverse transcrip-

tase (200 U/μL, Promega).      

2.3.2  Ultracentrifugation

2.3.3  Fractionation

2.3.4  cDNA Synthesis 
by Reverse Transcription

  Fig. 2    Clamp attached on a retort stand       
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       1.    Specifi c primers for  qPCR  .   
   2.    LightCycler 2.0  instrument   (Roche).   
   3.    LightCycler TaqMan chemistry (LightCycler TaqMan Master).   
   4.    20 μL Lightcycler glass capillaries.        

3    Method 

   The aim of this method is to identify potential  symbionts   in  plant 
roots   by discriminating active fungi that received labeled plant 
 photosynthates   from other facultative  transient   endophytes. 

       1.    Before labeling, take a control sample of your plants to check 
the natural presence of  13 C in roots and to check fractionation 
in the  isopycnic ultracentrifugation   gradient (see below).   

   2.    Place plants in the box and apply an air fl ush during 5 min then 
decrease the air-fl ow at 25 pound per square inch (psi). After 
1 h of labeling decrease air-fl ow at 15 psi for 4 h. If available, 
an infrared gas analyzer can be used to accurately determine 
the air-fl ow (≈5 L/min) and CO 2  delivery by measuring the 
CO 2  concentration in the vent gas. Time duration of labeling 
should be adapted for each experiment accordingly to the 
incorporation rate of your system and your  target   ( see   Note 5 ).   

   3.    Immediately after labeling take core samples. Roots are washed 
in tap water, three times in 0.1 % Triton X100, and fi ve times 
in sterilized distilled water. For each plant, all the root system 
is sampled that represents approximately the volume of half an 
eppendorf tube (1.5 mL) or 200 mg. After the washing, roots 
are frozen in liquid nitrogen and stored at −80 °C until used.   

   4.    We recommend determining isotopic signature (δ 13 C) by iso-
topic ratio mass spectrometry in dried roots before to go fur-
ther. This analysis can also be used to determine the kinetic of 
carbon incorporation and accurately choose sampling times.      

       1.    Cleaned roots are grinded to powder either using liquid nitro-
gen and micro pestles or using a bead beater. The material has 
to keep frozen.   

   2.    Extract total RNA from  plant roots   following the provider’s 
instructions (RNeasy Plant Mini Kit, “Purifi cation of total 
RNA from plant cells and tissues and fi lamentous  fungi  ” proto-
col) or use any other validated protocol. For one RNA extrac-
tion, approximately 30 mg (fresh weight) of roots are needed. 
Skip the DNA-digestion step if you want to analyze the fungal 
community  diversity   from DNA and RNA (Fig.  1 ).   

2.3.5  Real-Time 
Quantitative PCR (qPCR)

3.1  Method 1: 
Identifi cation of  Fungi   
Interacting with Their 
Host Plant by SIP-RNA

3.1.1   13 C Labeling

3.1.2  RNA Extraction 
and Quantifi cation
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   3.    Quantify your total RNAs using any method of your conve-
nience. The use of the Bioanalyser RNA 6000 pico chip allows 
checking for RNA quality using 2 μL only of your extraction.   

   4.    Quantify RNA using Nanodrop (Thermo Scientifi c).   
   5.    Store RNA at −80 °C until use.      

    Follow  carefully   all safety instructions for ultracentrifugation. A 
cleaning of the rotor might be done before starting. To do so, see 
the instructions of the rotor provider.

    1.    Cool down the ultracentrifuge and the rotor at 4 °C.   
   2.    Dilute your CsTFA solution with nuclease-free water to obtain 

a starting density of 1.8 g/mL. Prepare a solution at the 
desired density for all tubes and then aliquot your working 
solution. For one tube add 2.993 mL of water to 12 mL of 
CsTFA at 2 g/mL.   

   3.    While the ultracentrifuge cool down, fi ll an even number of 
ultracentrifuge tubes with CsTFA (store at 4 °C) using a 5 mL 
syringe and needle. Fill the tube until the base of the dome-top 
( see   Note 6 ). Avoid air bubbles by slowly fi lling; any air bubble 
should be removed. Work on ice. Avoid preparing more than 
six tubes at a time, as RNA is fragile and must be handled 
quickly after  ultracentrifugation  .   

   4.    Load ~50 ng of RNA on the surface of the tube ( see   Note 7 ).   
   5.    Add about 1 mL of CsTFA.   
   6.    Balance your tubes pair-wise using a precision balance and add 

CsTFA solution at 1.8 g/mL to equal weights. Balance tubes 
to the nearest 10 mg using micropipettes. The volume should 
not exceed the base of the tube neck.   

   7.    Seal your tubes with the heat sealer following the manufac-
turer’s instructions. Insure that your tubes are well sealed by 
gently pressing them. The seal must be straight to allow cor-
rect positioning of the tube cap.   

   8.    Place the tubes in the rotor and note their position. Place the 
tube caps.   

   9.    Centrifuge for 48 h at 4 °C and at 45,000 rpm (173,192 ×  g  at the 
maximum radius—77,427 ×  g  at the minimum radius) in a 90Ti 
rotor with maximum acceleration and no brake ( see   Note 8 ).    

          1.    Proceed to fraction recovery immediately after  ultracentrifuga-
tion  . Manipulate the tubes gently to not disturb the gradient. 
Perform only one tube at a time. Remove the tube from the 
rotor with forceps. Clean the tube wall with ethanol 70 %. 
Place the guide on the tube and fi rmly hold them in the clamp 
(Fig.  2 ). Place a beaker under your tube to collect wastes.   

3.1.3  Isopycnic 
Ultracentrifugation

3.1.4  Fraction Recovery

SIP-RNA
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   2.    Pierce the top of the tube with a needle not connected to a 
syringe to depress the tube and allow air infl ux. Do not remove 
this needle.   

   3.    Puncture the wall with the needle by starting from the top of 
the tube. The aperture of the needle should be oriented toward 
the top. Collect about 1 mL of the fi rst fraction that contains 
DNA ( see   Note 9 ). Then, collect the other 23 fractions (approx-
imately 0.5 mL per fraction) from the top to the bottom of the 
tube. Make sure to collect the meniscus ( see   Note 9 ) to limit 
 contaminations   between fractions. Progressively remove needle 
after sampling and place each fraction into a nuclease-free 
microfuge tube of 1.5 mL. The 10th and 17th fractions contain 
 12 C RNA and  13 C RNA respectively ( see   Note 10 ).   

   4.    Add two volumes of ice-cold isopropanol. Mix by inversion 
and place the tubes at −20 °C for 3 h. The tubes can be kept 
overnight at −20 °C.   

   5.    Check you gradient fractionation by collecting all fractions of 
the blank tube (without nucleic acid). Weight each fraction 
using a precision balance. Labeled and unlabeled RNA are 
expected at buoyant densities of 1.82–1.85 g/mL and 1.78–
1.80 g/mL respectively. Notice that a gradient of enrichments 
in  13 C usually exists within the RNA population.      

       1.    Centrifuge the tubes for 20 min at maximum speed (20,000 ×  g ) 
at 0 °C using the labtop centrifuge. Note the position of your 
tube to know the pellet location as it will not be visible. Carefully 
remove the supernatant without touching the pellet side.   

   2.    Wash the pellet with 180 μL of ice-cold isopropanol. Centrifuge 
for 15 min at maximum speed (20,000 ×  g ). Remove the super-
natant. Centrifuge at maximum speed for 5 min and remove 
the last drops with a micropipette. Air dry at room tempera-
ture for maximum 5 min. Add 25 μL of ultrapure nuclease-free 
water. Immediately proceed to the  RT-PCR  . Alternatively, do 
not add water and store your dried pellets at −80 °C.      

   Run a  PCR   if you analyze the DNA fraction (mixture of  12 C and 
 13 C DNA) using any validated protocol. For RT-PCR use 4 μL of 
RNA in a fi nal volume of 50 μL. Follow Titan-One tube manufac-
turer’s instructions (Roche) ( see   Note 11 ). Annealing temperature 
for our primers is 58 °C for 1 min.   

   The aim of this method is to assess which arbuscular mycorrhizal 
(AM) fungus receives more carbon from the plant when several 
 fungi   are competing for carbon resource within the same root sys-
tem. It involves the need of specifi c primers for each of the fungal 
strains. 

3.1.5  RNA Precipitation 
(Work on Ice)

3.1.6  PCR and RT-PCR

3.2  Method 2: 
Analysis of the  Carbon 
Transfer   Intensity 
from the Plant to Fungi 
by SIP-RNA
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   After sterilizing and germinating plant seeds, inoculate them with 
several AM fungi competing for plant carbohydrate resources. 
Time of growth will depend on the plant used. For our  SIP   experi-
ments [ 9 ],   Medicago truncatula    had to be grown for 10 weeks.

    1.    Acclimate the plants colonized by AM  fungi   into the labeling 
chamber for 48 h before labeling.   

   2.    During the night period before labeling and in accordance 
with the  12 CO 2  respiration of the plant used in the experiment, 
remove  12 CO 2  using a CO 2  scrubber.   

   3.    One hour before the start of the day period, inject   13 CO 2    using 
a pressurized cylinder (99 atom %  13 C, 1 atom %  12 C; Isotec).   

   4.    Introduce   13 CO 2    at the atmospheric concentration, day/night 
period: 16/8 h, day/night temperature: 21 °C/17 °C, irradia-
tion at plant height: 700 μmol/m 2 /s, 80 % relative humidity. 
These parameters should be adapted for each experiment 
accordingly to the incorporation rate of the biological system.   

   5.    Maintain the CO 2  level in the chamber at 400 μL/L by inject-
ing  12 CO 2  from a pressurized cylinder. For 6 h, a total CO 2  level 
( 12 CO 2  +  13 CO 2 ) of 400 μL/L CO 2  should be maintained.   

   6.    After 6 h, open and fl ush the labeling chamber with fresh air to 
remove the labeled   13 CO 2   .   

   7.    Close the labeling chamber and maintain the  12 CO 2  level at 
400 μL/L.    

         1.    Harvest plants at the 6 h fl ushing period, at the 12 h and at the 
24 h time point.   

   2.    At each harvest, remove the aboveground plant parts.   
   3.    Gently wash the root systems using sieves and distilled water.   
   4.    Put roots onto towel paper to remove the water excess.   
   5.    Homogenize, weigh, and place root aliquots in Eppendorf 

tubes.   
   6.    Freeze them with liquid nitrogen.     

   see Method 1   

       1.    CsTFA solution: 
  RNA  gradient   density should be a 1.8 g/mL starting density. 
 For 1 × 2.2 mL gradient (one ultracentrifugation vial/one RNA 
sample), in a falcon tube, mix: —1.86 mL of 1.99 g/mL CsTFA 
(Amersham) (always check the density of CsTFA by weighing 
100 μL using a water calibrated pipette) ( see   Note 12 ).

 –    375 μL ultrapure nuclease-free water.  
 –   75 μL of formamide (aliquot stock at −20 °C). The for-

mamide should be added at the end and mixed before use.      

3.2.1    13 CO 2    Labeling

3.2.2  Root Harvesting

 RNA Extraction

3.2.3  Ultracentrifugation

SIP-RNA
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   2.    Once the CsTFA solution is ready, check its density by weigh-
ing if 100 μL is 1.8 g.   

   3.    Transfer 500 ng of RNA in 2 mL ultracentrifuge vials (Sysmex) 
pre-fi lled with the CsTFA volume needed to fi ll 2.2 mL of 
1.8 g/mL CsTFA solution. The quantity of RNA and the 
quantity of CsTFA solution must be adjusted depending on 
the RNA concentration to obtain the exact same weight in 
each vial used in the same ultracentrifugation run. Avoid any 
air bubble. All the vials should be fi lled equally. Deposit the 
amount of RNA in the vial at the top of the gradient.   

   4.    Include an extra vial without RNA in each ultracentrifugation 
batch for gravimetric estimation of density of each gradient 
fraction.   

   5.    Put the plastic plug and the metallic cap on the vials. Seal the 
vials following the manufacturer’s instructions (it should be 
really vertical). Sealed vials have to be cleaned using 70 % etha-
nol otherwise it can collapse in the centrifuge.   

   6.    Put the sealed vials in the S120VT fi xed angle titanium vertical 
rotor. Place the rotor vial caps.   

   7.    Put the rotor in the Sorvall discovery m120 SE micro ultracen-
trifuge (Thermo FisherScientifi c).   

   8.    Centrifuge vials for 48 h at 20 °C at a speed of 64,000 rpm 
(142,417 ×  g  at the maximum radius—91,128 ×  g  at the mini-
mum radius) with minimum acceleration (4 min from rest to 
5000 rpm) (869 ×  g  at the maximum radius—556 ×  g  at the 
minimum radius) and minimum deceleration (8 min from 
5000 rpm to rest).       

   Once the centrifuge is stopped, remove very carefully the vials 
from the rotor. Do not shake them, minimize movement as much 
as you can to not disturb the gradient.

    1.    Clean the fl exible plastic tubing and syringe fi rst with 96 % 
ethanol and then with ultrapure nuclease-free water. Attach 
the 10 mL syringe to the fi rst end of the fl exible plastic tubing 
and a blue needle to the other end. Put the syringe fi lled with 
ultrapure nuclease-free water in the fractionator (syringe pump, 
Harvard Apparatus) (Fig.  3 ).

       2.    Fix the vial to the carrier.   
   3.    Before putting the blue needle to the top of the vial, let the water 

go through the plastic tubing until it drops from the needle to 
avoid any air bubbles in the tube. Connect the upper needle 
(blue) horizontally to the top of the vial. Then plug a green 
needle vertically at the bottom in the middle of the vial (Fig.  3 ).   

   4.    Start the fractionator (speed 120–320 μL/min, depending on 
how experienced you are). This leads to a continuous fl ow of 
fractions from the lower needle.   

3.2.4  Fractionation

Amandine Lê Van et al.
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   5.    Collect 20 fractions, amounting to 100 μL per fraction in 
Eppendorf tubes. You can see that the entire gradient has been 
fractionated, as the water drops are bigger than the CsTFA drops.   

   6.    Add 200 μL of ice-cold isopropanol before doing the next 
sample (fi rst step from precipitation) and put the collected 
fractions on dry ice.   

   7.    Always check that there is enough water in the syringe for the 
next sample. Take two new needles (one blue and one green) 
for each new sample.   

   8.    Fractionate the extra vial for gravimetric estimation of density 
as above and weigh 100 μL aliquots of each fraction to deter-
mine the gradient. Beforehand, always calibrate the pipette 
with  RNase  -free water.     

 Do the fractionation as quick as possible as the gradient relaxes 
through time.  

       1.    Add 200 μL of ice-cold isopropanol to each 100 μL fractions 
(this step is already done just after the fractionation).   

   2.    Incubate at −20 °C for 30 min at least.   
   3.    Centrifuge for 20 min at maximum speed at 20,000 ×  g  at 4 °C.   
   4.    Remove supernatant with pipette and add a further 150 μL of 

ice-cold isopropanol.   
   5.    Spin at 20,000 ×  g  for 5 min at 4 °C and remove the superna-

tant with a pipette.   

3.2.5  RNA Precipitation 
(Work on Ice)

Speed
On
Off Carrier

Fractionator

Fraction

Ultra-
centrifugation

Vial

a

b

c

  Fig. 3    Syringe pump, Harvard Apparatus       
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   6.    Air-dry the samples in a laminar fl ow cabinet or in a vacuum 
desiccator at 4 °C.   

   7.    Resuspend RNA pellets (30 min at 30 °C) in 10 μL of ultra-
pure nuclease-free water.      

   Do a  reverse transcription   on RNA from each fraction:

    1.    Incubate 5 μL of RNA template at 70 °C for 5 min. Chill on 
Ice.   

   2.    Make a mix with, for each sample:

 –    5 μL of 5× reaction buffer.  
 –   1.5 μL of 10 mM dNTP mix.  
 –   0.5 μL of 1 μg/μL random hexamers.  
 –   1 μL of M-MLV reverse transcriptase (200 U/μL).  
 –   12 μL of ultrapure nuclease-free water.      

   3.    Add this mix to each RNA template to obtain a fi nal volume of 
25 μL.   

   4.    Incubate for 5 min at 25 °C followed by 60 min at 42 °C.   
   5.    Terminate the reaction by heating at 70 °C for 15 min.   
   6.    Check the cDNA on  electrophoresis   gel or with a Bioanalyser 

(Agilent).    

     Do a qPCR on each fraction:

    1.    Perform  qPCR   in 9 μL reactions, using the LightCycler 2.0 
instrument, LightCycler TaqMan chemistry (LightCycler 
TaqMan Master) and 20 μL-Lightcycler glass capillaries.   

   2.    Use a fi nal concentration of 0.5 μM of primers, 0.11 μM of 
hydrolysis probe and 1.8 μL of Roche Master Mix.   

   3.    Include 2.25 μL of cDNA template in each reaction.      

   Variation in host plant C allocation is calculated based on differ-
ences in peak front among the inoculated AM fungal species. Peak 
front is the density (in mg/mL) of the heaviest RNA fraction of 
each of the AM fungal species. Peak front in the heavier fractions 
of the density gradient means a higher  13 C enrichment, indicating 
a preferential C allocation to that particular AM fungal species. 
These peak front positions can be compared to each other. For this 
particular application, the number of replicates should be above 10 
to get enough statistical powerfulness.

    1.    Determine peak front for each sample: 

 To determine peak front differences among the AM fungal 
species within each  plant root   sample, fi rst measure the abun-
dance of each AM fungal species (targeted gene copy number) 

3.2.6  cDNA Synthesis 
by Reverse Transcription

3.2.7  Real-Time 
Quantitative PCR (qPCR)

3.2.8  Statistical Analyses 
of Peak Fronts

Amandine Lê Van et al.
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in each RNA density fraction by using  qPCR   with species- 
specifi c markers. Then, construct Gaussian regressions across 
the different fractions for each AM fungal species. Peak front 
is the fraction where the Gaussian regression curves cut 
through the detection limit of the  qPCR   assay (Fig.  4 ).

       2.    Measure the preferential C allocation: 

 To determine differences in  13 C enrichment of the AM fungal 
species, perform pair-wise comparisons of peak front position 
for all pairs of AM fungal species. Using non-parametric sign 
test, calculate the differences in peak front positions on the 
density gradient. Values different from zero indicate a prefer-
ential C allocation to one of the AM fungal species. Values 
equal to zero indicate no preferential allocation.   

   3.    Data analysis of the preferential allocation: 

 To further confi rm the results, a parametric generalized linear 
model (GLM) analysis can be performed. For each replicate 
and each AM fungal species pair, fi rst calculate differences in 
peak front positions between AM fungal species, and then pro-
duce a GLM to test the modalities. Use the Akaike criteria 
(AIC) to select the best possible GLM and the best data trans-
formation. Data are modeled by a saturated model. The rela-
tive importance of a given interaction term is estimated after 
removal of this term from the saturated model. Fisher tests are 
used to assess the statistical signifi cance of a given interaction 
term. These statistical analyses can be done using R (  http://
www.r- project.org/    ) or other statistical tools.    

  Fig. 4    Peak front is the fraction where the Gaussian regression curves cut 
through the detection limit of the  qPCR   assay       
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4        Notes (Table  1 ) 

        1.    Use any validated protocol or kit for RNA extraction.   
   2.    The labeling box can be custom made or an existing air-fl ow 

chamber can be used. A light meter can be used to check 
whether the box does not fi ltrate light that could reduce pho-
tosynthesis and jeopardize the experiment.   

   3.    Other specifi c primers or universal primers targeting fungal 
 18S rDNA   can be used.   

   Table 1  
  Troubleshooting table   

 Problems and notes  Comments and suggestions 

 RNA manipulation  Always clean pipettes, bench and vessels with ethanol and  RNase   
decontamination solution beforehand. Avoid RNAase contamination by 
wearing RNase-free gloves and changing them regularly. Work on ice. 

 Tubes collapsing  Clean the rotor and the vials using 96 % ethanol. Pay attention to seal the 
vial really vertically. Samples placed in opposite rotor compartments 
should have the exact same specifi c gravity. 

 Disturbed gradient  Minimize the fractionation time thus, do work with limited number of 
tubes. Avoid sudden movements. 

 Amplifi cation occurs 
in all fractions 

 Insure that no contamination occurs during the fractionation between 
fractions. To be sure that no contact between needles occurred remove 
the needle from the syringe before transferring the collected fraction in 
a nuclease-free microfuge tube (protocol of Subheading  2.2 ). 

 Decrease the RNA-loaded quantity on the gradient. 

 Reverse transcription 
fails 

 Could be due to RNA degradation. Avoid any RNase contamination 
(see above). 

 Check that all isopropanol from RNA precipitation step is completely 
evaporated before elution otherwise it can inhibit the RT reaction. 

 No amplifi cation of 
labeled RNA 
occurs 

 Check if labeling was effi cient by isotopic ratio mass spectrometry (IRMS) 
of dried roots. In our case a δ  13 C of 30‰ was high enough to 
successfully extract, fractionate, and amplify the  13 C-enriched 
RNA. Alternatively, you can assess IRMS of purifi ed RNA. 

 No amplifi cation occurs 
following RT-PCR 

 Insure the RNA integrity. 
 Increase the RNA quantity loaded on the gradient up to 250 ng (protocol 

of Subheading  2.2 ). 
 Make sure your RT-PCR protocol is effi cient with low RNA quantities. An 

increase of the number of cycle could improve the result. Do not forget 
to include a negative control. 

  These methods are not easy to handle. Training before starting should help.  
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   4.    Aliquot the formamide stock and freeze at −20 °C. Once 
defrosted, the formamide is no longer deionized. Use under 
fumehood cabinet. Formamide is highly toxic. Read carefully 
the formamide safety rules.   

   5.    Time duration of the experiment was determined based on 
previous experiments that showed maximum enrichment of 
microbial RNA 3 h after the end of a 6 h pulse [ 11 ]. To focus 
on the primary consumers of plant photosynthates the pulse 
was reduced to 5 h.   

   6.    Do not overfi ll your tubes because you will have to add CsTFA 
to have equal weights among tube pairs before centrifugation.   

   7.    We strongly recommend performing an unlabeled control 
tube without 13C RNA to check if heavy fractions are not con-
taminated by 12C RNA.   

   8.    Without brake the deceleration takes approximately 50 min.   
   9.    During the collection always keep your needle and syringe at a 

90° angle with your tube. Proceed to small movements to 
explore the whole surface while you collect the fraction. At the 
end of the fraction sampling, turn the needle aperture toward 
the bottom and collect the meniscus. If the sampling is too 
hard check that the fi rst needle allowing air infl ux is not 
obstructed.   

   10.    Insure that 12C RNA and 13C RNA are located in these frac-
tions in your conditions by collecting all fractions for the fi rst 
assays. Amplifi cation of each fraction will allow you to deter-
mine fraction of interest. After experimental settings, only frac-
tions of interest can be collected. Collect approximately 0.5 
mL of each fraction. Do not remove the needle until all the 
targeted fractions have been collected to avoid contaminations 
between fractions. Take over all your syringes and place each 
fraction into a nuclease-free microfuge tube of 1.5 mL.   

   11.    The RT-PCR and PCR conditions must be optimized with low 
quantities of RNA templates.   

   12.    If the density of CsTFA is different from 1.99 g/mL, use the 
following formula to calculate the volume of original CsTFA 
to use:
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where: 
  V  f : Final volume 
  V  o : Volume of original CsTFA in g/mL 
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  D  o : Density of original CsTFA in g/mL 
  D  x : Density of water in g/mL (0.998 g/mL at 25 °C) 
  D : Density of desired solution produced in g/mL (1.8 g/mL 
for RNA)      

5    Conclusions and Prospects 

 These SIP-RNA methods will likely be developed within the 
incoming years to address questions related to the link between 
diversity and functions possibly to discover new metabolic path-
ways or processes mediated by microorganisms. One of the main 
technological prospects of SIP-RNA-based methods is likely the 
possibility to develop subtractive meta-transcriptomic analyses .     

   References 

     1.    Radajewski S, Ineson P, Parekh NR et al (2000) 
Stable-isotope probing as a tool in microbial 
ecology. Nature 403:646–649  

     2.    Bull ID, Parekh NR, Hall GH et al (2000) 
Detection and classifi cation of atmospheric 
methane oxidizing bacteria in soil. Nature 
405:175–178  

     3.    Morris SA, Radajewski S et al (2002) 
Identifi cation of the functionally active metha-
notroph population in a peat soil microcosm by 
stable-isotope probing. Appl Environ Microbiol 
68:1446–1453  

    4.    Kalyuzhnaya MG, Lapidus A, Ivanova N et al 
(2008) High-resolution metagenomics targets 
specifi c functional types in complex microbial 
communities. Nat Biotechnol 26:1029–1034  

    5.    Kalyuzhnaya MG, Beck DAC, Chistoserdova L 
(2011) Functional metagenomics of methylo-
trophs, vol 495, 1st edn, Methods in methane 
metabolism, Part B. Elsevier Inc, Amsterdam, 
pp 81–98  

     6.    Manefi eld M, Whiteley AS et al (2002) RNA 
stable isotope probing, a novel means of link-

ing microbial community function to phylog-
eny. Appl Environ Microbiol 68:5367–5373  

    7.    Monard C, Vandenkoornhuyse P et al (2011) 
Relationship between bacterial diversity and 
function under biotic control: the soil pesticide 
degraders as a case study. ISME J 5:1048–
1056  

    8.    Vandenkoornhuyse P, Mahe S, Ineson P et al 
(2007) Active root-inhabiting microbes identi-
fi ed by rapid incorporation of plant-derived 
carbon into RNA. Proc Natl Acad Sci U S A 
104:16970–16975  

     9.    Kiers ET, Duhamel M, Beesetty Y et al (2011) 
Reciprocal Rewards Stabilize Cooperation in the 
Mycorrhizal Symbiosis. Science 333:880–882  

    10.    Helgason T, Daniell TJ, Husband R et al 
(1998) Ploughing up the wood-wide web? 
Nature 394:431  

    11.    Rangel-Castro JI, Killham K, Ostle N et al 
(2005) Stable isotope probing analysis of the 
infl uence of liming on root exudate utilization 
by soil microorganisms. Environ Microbiol 
7:828–838    

Amandine Lê Van et al.



167

Francis Martin and Stéphane Uroz (eds.), Microbial Environmental Genomics (MEG), Methods in Molecular Biology, vol. 1399,
DOI 10.1007/978-1-4939-3369-3_10, © Springer Science+Business Media New York 2016

    Chapter 10   

 Targeted Gene Capture by Hybridization to Illuminate 
Ecosystem Functioning                     

     Céline     Ribière     ,     Réjane     Beugnot     ,     Nicolas     Parisot     ,     Cyrielle     Gasc     , 
    Clémence     Defois     ,     Jérémie     Denonfoux     ,     Delphine     Boucher     , 
    Eric     Peyretaillade     , and     Pierre     Peyret      

  Abstract 

   Microbial communities are extremely abundant and diverse on earth surface and play key role in the eco-
system functioning. Thus, although next-generation sequencing (NGS) technologies have greatly 
improved knowledge on microbial diversity, it is necessary to reduce the biological complexity to better 
understand the microorganism functions. To achieve this goal, we describe a promising approach, based 
on the solution hybrid selection (SHS) method for the selective enrichment in a target-specifi c biomarker 
from metagenomic and metatranscriptomic samples. The success of this method strongly depends on the 
determination of sensitive, specifi c, and explorative probes to assess the complete targeted gene repertoire. 
Indeed, in this method, RNA probes were used to capture large DNA or RNA fragments harboring bio-
markers of interest that potentially allow to link structure and function of communities of interest.  

  Key words     Solution hybrid selection  ,   Metagenomics  ,   Metatranscriptomics  ,   Microbial diversity  ,   RNA 
probes  ,   Next-generation sequencing  

1      Introduction 

     Microbial communities      show the greatest organisms  diversity   on 
 earth   and are key players for  the   functioning of all the ecosystems. 
For example, 1 g of soil may contain up to 10 9  bacterial cells [ 1 ] 
and assuming 3000 genes per single  bacteria   genome [ 2 ] and an 
average of 1000 bp per gene, such cells will thus represent up to 
3 × 10 15  bp. To explore such  diversity  ,  next-generation sequencing 
(NGS)   technologies, especially  Illumina   systems, produce a great 
amount of sequence information (e.g. HiSeq 2500 produces six 
billion paired-end reads corresponding to 600 Gb of data).  High-
throughput sequencing   greatly improved the resolution for  micro-
bial diversity   description [ 3 ]. However, a substantial number of 
runs (6000) must be realized with a global cost of $267 million to 
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produce a dataset representing onefold coverage of the microbial 
from 1 g of soil [ 4 ]. 

 To reduce this biological complexity,  barcoding   is an effi cient 
method [ 5 ] but cannot establish the link between the microbial 
 structure   and the realized  functions   limiting the understanding 
levels [ 6 ]. Furthermore, various PCR biases could alter these 
descriptions [ 7 ]. Recently, promising approaches, based on the 
 SHS   (Solution Hybrid Selection) capture method for the selec-
tive enrichment in a target-specifi c  biomarker   from metagenomic 
[ 8 ] and metatranscriptomic [ 9 ] ( see  Chapter   14     for metatran-
scriptomic application) samples have been developed (Fig.  1 ). 
First results have showed that this technology allows the identifi -
cation of rare populations within the studied environment but 
also to participate to large DNA fragments reconstruction poten-
tially allowing to link  structure   and  function   in  microbial com-
munities.   The success of this innovating  gene capture   approach, 
however strongly depends on the determination of the best  probe   
set while taking the biological question into account [ 10 ]. 
Consequently, capture  probe   design is of critical importance and 
should therefore consider multiple parameters in order to assess 
the complete targeted gene repertoire. In addition, to being sen-
sitive and specifi c,  probes   must also anticipate genetic variations 
and thus must be able to detect known and unknown sequences 
in environmental samples. To design such explorative  probes,   
three  algorithms  , PhylGrid, KASpOD and HiSpOD have been 
developed. PhylGrid is a large- scale  probe   design  software   linked 
to the EGI (European Grid Infrastructure) [ 11 ]. It is an improve-
ment of the PhylArray  algorithm   presented in Militon et al. [ 12 ] 
which relies on initial multiple sequence alignments to defi ne 
regular and explorative  oligonucleotide probes   for SSU  rRNA   
genes. KASpOD is a web service dedicated to the design of sig-
nature sequences using a k-mer-based  algorithm   [ 13 ,  14 ]. 
PhylGrid and KASpOD software were used to defi ne 74,003 
 probes   of 25 mer targeting SSU  rRNA   genes from 2178 genera 
including  Bacteria   and Archaea. These  probes   are available using 
PhylOPDb, an online resource for a comprehensive  phylogenetic 
oligonucleotide probe    database   [ 15 ]. Finally,    the HiSpOD pro-
gram allows designing both gene-specifi c and sequence-specifi c 
probes to target any functional  biomarker   [ 16 ]. All these  soft-
ware  , developed in the context of microbial ecology, are then 
particularly appropriate for the design of highly sensitive, spe-
cifi c, and explorative  probes   in the context of  gene capture   by 
hybridization. Indeed, these probes, used for the  gene capture 
  molecular approach described below will ensure the selective 
enrichment of DNA or RNA ( see  Chapter   14     for metatranscrip-
tomic application) from targeted  phylogenetic   or functional  bio-
marker   genes of interest in complex environments.
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Proceed to the same steps as the 1st hybridization cycle with the 
captured library

Quantification and quality assessment 
Nanodrop

Agilent Bioanalyzer DNA 7500 or 12000 Chip

Gene capture
Second cycle of hybridization

Library preparation
TruSeq DNA PCR-Free Sample Prep LT kit

Amplification
GC-RICH PCR System, dNTPack

Size selection
Agencourt® AMPure® XP Reagent

Quantification and quality assessment 
Nanodrop

Agilent Bioanalyzer DNA 7500 or 12000 Chip

Library amplification

Illumina Plateform

Sequencing

Environmental sample

Metagenomic DNA

DNA extraction

Hybrid probes synthesis

Hybrid probes amplification
Platinum® Taq DNA Polymerase High Fidelity

Equimolar mix of  amplified hybrid probes

In vitro transcription of hybrid probe mix
MEGAscript T7 Transcription Kit with Biotin-16-UTP

Quantification and quality assessment 
Nanodrop

Agilent Bioanalyzer RNA 6000 Nano Chip

To get biotinylated 
RNA hybrid probes

To get dsDNA hybrid probes 
with a T7 promoter

Hybridization of amplified library
with biotinylated RNA hybrid probe mix

Elution of captured targeted genes
Dynabeads® M-280 Streptavidin

Size selection
Agencourt® AMPure® XP Reagent

Amplification of captured library
GC-RICH PCR System, dNTPack

Size selection
Agencourt® AMPure® XP Reagent

Gene capture
First cycle of hybridization

The dynabeads trap the RNA probe-
targeted gene heteroduplex by non-
covalent bonds between the
streptavidin coated on dynabeads and
the biotin of capture probes. The
targeted gene (capture products) are
retrieved by denaturation with NaOH

Formation of 
RNA probe-targeted gene heteroduplex

  Fig. 1    Process workfl ow of targeted gene capture by hybridization       
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2       Materials 

       1.    Agencourt ®  AMPure ®  XP Reagent (Beckman Coulter, Brea, 
CA, USA).   

   2.    Agilent DNA 7500 or 12000 Kit (Agilent Technologies, Santa 
Clara, CA, USA).   

   3.    Agilent RNA 6000 Nano Kit (Agilent Technologies, Santa 
Clara, CA, USA).   

   4.    Biotin-16-UTP (Epicentre, Madison, WI, USA).   
   5.    Dynabeads ®  M-280 Streptavidin (Life Technologies, Carlsbad, 

CA, USA).   
   6.    GC-RICH PCR System, dNTPack (Roche Applied Science, 

Basel, Switzerland).   
   7.    Glycogen (molecular biology grade).   
   8.    MEGAscript ®  T7 Transcription Kit (Life Technologies, 

Carlsbad, CA, USA).   
   9.    MinElute Gel Extraction Kit (Qiagen, Hilden, Germany).   
   10.    MinElute PCR Purifi cation Kit (Qiagen, Hilden, Germany).   
   11.    Platinum ®  Taq DNA Polymerase High Fidelity (Life 

Technologies, Carlsbad, CA, USA).   
   12.    QIAquick PCR Purifi cation Kit (Qiagen, Hilden, Germany).   
   13.    RNeasy Plus Mini Kit (Qiagen, Hilden, Germany).   
   14.    10 mg/mL sheared salmon sperm DNA (Life Technologies, 

Carlsbad, CA, USA).   
   15.    TruSeq DNA PCR-Free Sample Prep LT Set A or Set B 

( Illumina,   San Diego, CA, USA).      

   All buffers and solutions could be prepared in laboratory under 
 DNase/RNase  -free conditions or purchased in general lab supplier. 
Prepare all solutions using ultrapure water (prepared by purifying 
deionized water to attain a sensitivity of 18 MΩ cm at 25 °C) and 
molecular biology grade reagents. Prepare and store all solutions 
and buffers at room temperature (unless indicated otherwise).

    1.    100× Denhardt’s solution: 2 % bovine serum albumin (BSA) 
(Fraction V), 2 % Ficoll 400, 2 % polyvinylpyrrolidone. Weigh 
1 g BSA, 1 g Ficoll 400 and 1 g polyvinylpyrrolidone and 
transfer to a 50 mL graduated cylinder. Add water to a volume 
of 50 mL. Filter through a 0.2 μm syringe fi lter to sterilize. 
Divide into aliquots of 2 mL, and store at −20 °C.   

   2.    0.5 M ethylenediaminetetraacetic acid (EDTA): pH 8.0. Weigh 
46.53 g EDTA and transfer to a 250 mL graduated cylinder. 
Add water to a volume of 150 mL. Mix and adjust pH with 

2.1  Reagents 
and Kits

2.2  Buffers 
and Solutions
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NaOH. Make up to 250 mL with water. Sterilize by autoclav-
ing ( see   Note 1 ).   

   3.    80 % Ethanol ( see   Note 2 ).   
   4.    5 M NaCl. Weigh 73.08 g NaCl and transfer to a 250 mL 

graduated cylinder. Add water to a volume of 250 mL. Sterilize 
by autoclaving.   

   5.    1 M NaOH. Weigh 1 g NaOH and transfer into the plastic 
beaker. Add water to a volume of 25 mL. Stir vigorously and 
as precaution, place the beaker on ice ( see   Note 2 ).   

   6.    0.1 M NaOH. Make a dilution at 1/10 e  in nuclease-free water 
of 1 M NaOH solution ( see   Note 2 ).   

   7.    3 M sodium acetate: pH 5.2. Weigh 40.83 g sodium acetate and 
transfer to a 100 mL graduated cylinder. Add water to a volume 
of 80 mL. Adjust pH with glacial acetic acid. Make up to 100 mL 
with water. Filter through a 0.2 μm syringe fi lter to sterilize.   

   8.    10 % sodium dodecyl sulfate (SDS). Weigh 10 g SDS and 
transfer to a 100 mL graduated cylinder. Add water to a vol-
ume of 85 mL. Heat to 68 °C and stir with a magnetic stirrer 
to assist dissolution. Adjust pH to 7.2 by adding a few drop of 
concentrated HCl (36 %). Make up to 100 mL with water. 
Filter through a 0.2 μm syringe fi lter to sterilize.   

   9.    10× Tris-Borate-EDTA (TBE): 450 mM Tris-borate, 10 mM 
EDTA. Weigh 108 g Tris base, 27.5 g boric acid and transfer 
to a 1 L graduated cylinder. Add 10 mL of 0.5 M EDTA 
(pH 8.0) and water to a volume of 800 mL. Mix and adjust pH 
to 8. Make up to 1 L with water. Sterilize by autoclaving.   

   10.    10× Tris-EDTA (TE): 100 mM Tris–HCl, 10 mM 
EDTA. Weigh 0.24 g Tris base and 0.23 g EDTA and transfer 
to a 50 mL graduated cylinder. Add water to a volume of 
35 mL. Adjust pH to 7.5 with HCl. Make up to 50 mL with 
water. Sterilize by autoclaving.   

   11.    1 M Tris–HCl: pH 7.5. Weigh 60.57 g Tris base and transfer 
to a 500 mL graduated cylinder. Add water to a volume of 
350 mL. Adjust pH to 7.5 with HCl. Make up to 500 mL with 
water. Sterilize by autoclaving.   

   12.    20× SSC: 3 M NaCl, 0.3 M trisodium citrate. Weigh 17.53 g 
NaCl and 8.82 g trisodium citrate and transfer to a 100 mL 
graduated cylinder. Add water to a volume of 80 mL. Adjust 
pH to 7.0 by adding HCl. Make up to 100 mL with water. 
Sterilize by autoclaving.   

   13.    20× SSPE: 3 M NaCl, 0.2 M NaH 2 PO 4 , 0.02 M EDTA. Weigh 
17.53 g NaCl, 2.76 g NaH 2 PO 4 , and 0.74 g EDTA and trans-
fer to the cylinder. Add water to a volume of 80 mL. Adjust 
pH to 7.4 with NaOH. Make up to 100 mL with water. 
Sterilize by autoclaving.   

Gene Capture by Hybridization



172

   14.    Binding buffer: 1 M NaCl, 10 mM Tris–HCl (pH 7.5), 1 mM 
EDTA. Transfer 10 mL of 5 M NaCl, 500 μL of 1 M Tris–HCl 
(pH 7.5) and 100 μL of 0.5 M EDTA (pH 8.0) to the cylinder. 
Make up to 50 mL with water. Filter through a 0.2 μm syringe 
fi lter to sterilize ( see   Note 2 ).   

   15.    2× Hybridization buffer: 10× SSPE, 10× Denhardt’s solution, 
10 mM EDTA, 0.2 % SDS. Transfer 10 mL of 20× SSPE, 2 mL 
of 100× Denhardt’s solution, 400 μL of 0.5 M EDTA (pH 8.0), 
and 400 μL of 10 % SDS to a 20 mL graduated cylinder. Make 
up to 20 mL with water. Filter through a 0.2 μm syringe fi lter 
to sterilize. Divide into aliquots of 2 mL, and store at −20 °C.   

   16.    Wash buffer n°1: 1× SSC, 0.1 % SDS. Transfer 2.5 mL of 20× 
SSC and 500 μL of 10 % SDS to a 50 mL graduated cylinder. 
Make up to 50 mL with water. Filter through a 0.2 μm syringe 
fi lter to sterilize ( see   Note 2 ).   

   17.    Wash buffer n°2: 0.1× SSC, 0.1 %. SDS. Transfer 250 μL of 
20× SSC and 500 μL of 10 % SDS to a 50 mL graduated cyl-
inder. Make up to 50 mL with water. Filter through a 0.2 μm 
syringe fi lter to sterilize ( see   Note 2 ).    

         1.    Hybrid  probes.   Purchase hybrid  probes   at 100 μM. Adaptor 
sequences must be added to the 5′ and 3′ ends of the specifi c 
capture  probes.   These hybrid  probes   consist of 5′-ATCGCA
CCAGCGTGT( X )CACTGCGGCTCCTCA-3′, with  X  indi-
cating the specifi c capture probe.   

   2.    Primers for  probe   amplifi cation. Purchase  oligonucleotides   at 
100 μM, T7-A 5′-GGATTCTAATACGACTCACTATAGG
GATCGCACCAGCGTGT- 3′ and B 5′-CGTGGATGAGGAG
CCGCAGTG-3′.   

   3.    Primers for library amplifi cation.  Purchase   oligonucleotides at 
100 μM, TS-PCR Oligo 1 5′-AATGATACGGCGACCAC
CGAGA- 3′ and TS-PCR Oligo 2 5′-CAAGCAGAAGACGGCA
TACGAG-3′.      

       1.    Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, 
CA, USA).   

   2.    AFA System (Covaris, Woburn, MA, USA). One of these fol-
lowing items: M220, S220, S2 or E210 Focused-Ultrasonicator 
with the corresponding AFA Tubes ( see   Note 3 ).   

   3.    DynaMag™-2 Magnet (Life Technologies, Carlsbad, CA, 
USA).   

   4.    HulaMixer ®  Sample Mixer (Life Technologies, Carlsbad, CA, 
USA) (optional).   

   5.    Nanodrop spectrophotometer (Thermo Scientifi c, Wilmington, 
DE, USA) or other systems for  DNA   quantifi cation (e.g.: 

2.3  Oligonucleotides 
(Probes and Primers)   

2.4  Equipments
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Qubit ®  2.0 Fluorometer (Life Technologies, Carlsbad, CA, 
USA) or other fl uorometers).   

   6.    Speed vacuum.   
   7.    Thermal cycler (with heated lid).       

3    Methods 

       1.    First step of hybrid  probe   synthesis consists in amplifi cation of 
 oligonucleotide   to obtain  double-stranded DNA (dsDNA)  . 
Each amplifi cation reaction should contain 5 μL of 10× high 
fi delity buffer, 1 μL of dNTPs (10 mM), 2 μL of MgSO 4  
(50 mM), 1 μL of primer T7-A (10 μM), 1 μL of primer B 
(10 μM), 0.2 μL of Platinum ®  Taq DNA polymerase high 
fi delity, 38.8 μL of nuclease-free water and 1 μL of hybrid 
 probe   diluted at 10 μM ( see   Note 4 ). Include a negative con-
trol with 1 μL of nuclease-free water instead of 1 μL of hybrid 
 probe.   Use a thermal cycler with the following conditions: 
2 min at 94 °C then 35 cycles of 30 s at 94 °C, 30 s at 58 °C 
and 20 s at 68 °C and a fi nal elongation step at 68 °C for 5 min.   

   2.    Check the  probe   amplifi cation by  electrophoresis   on a 2 % aga-
rose-TBE gel containing 0.5× syber safe (or comparable nucleic 
acid stain). Deposit 5 μL of amplifi ed product (with loading 
buffer) ( see   Note 5 ). One lane is reserved for 100 bp DNA 
ladder. The gel is run in TBE buffer at 100 V for 45 min. The 
DNA is visualized on a UV transilluminator.   

   3.    If one band at the expected size is observed, proceed to the 
purifi cation of the remaining 45 μL of amplifi ed products using 
the MinElute PCR Purifi cation Kit, following the manufac-
turer’s instructions. If two amplifi cation bands are observed, 
deposit the remaining PCR product (i.e. 45 μL), excise with a 
clean razor blade or scalpel the band corresponding to the size 
of hybrid  probes   and proceed to their purifi cation using the 
MinElute Gel Extraction Kit, following the manufacturer’s 
instructions. The purifi ed product is eluted in 15 μL of 
nuclease- free water (Fig.  2 ).

       4.    Evaluate the concentration of purifi ed amplifi ed hybrid  probes 
  with Nanodrop spectrophotometer.   

   5.    For RNA synthesis, mix all hybrid  probes   in an equimolar 
amount taking into account the degeneracy of each  probe. 
  Each  probe   combination must be present in the same molecu-
lar amount ( see   Note 6 ). Validate the concentration of hybrid 
probe mix with Nanodrop spectrophotometer. Take 150 ng of 
hybrid  probe   mix, evaporate to dryness with a speed vacuum 
and resuspend in 4.75 μL of nuclease-free water. If the 150 ng 

3.1  Hybrid  Probe 
  Synthesis
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of hybrid probe mix is in a volume lower than 4.75 μL, do not 
evaporate and adjust the volume to 4.75 μL with nuclease-free 
water.   

   6.    The in vitro transcription (IVT) is realized with the 
MEGAscript ®  T7 Transcription Kit and using Biotin-16-UTP 
to produce biotinylated RNA. Each IVT reaction should con-
tain 2 μL of 10× reaction buffer, 2 μL of ATP solution 
(75 mM), 2 μL of CTP solution (75 mM), 2 μL of GTP solu-
tion (75 mM), 1.5 μL of UTP solution (75 mM), 3.75 μL of 
biotin- 16-UTP (10 mM), 2 μL of T7 enzyme mix, and the 
4.75 μL of previously prepared hybrid  probe   mix ( see   Notes 4  
and  7 ). Incubate at 37 °C for at least 6 h (or overnight).   

   7.    Add 1 μL of TURBO DNase (include in the MEGAscript ®  T7 
Transcription Kit) to each IVT reaction and incubate at 37 °C 
for 30 min.   

   8.    For RNA precipitation, transfer the IVT reaction mix in a 
1.5 mL microcentrifuge tube. Add 1/10 e  volume of 3 M 
sodium acetate (pH 5.2), 3 volumes of cold 100 % ethanol, 
and 1 μL of glycogen (20 μg/μL). The reaction is incubated at 

  Fig. 2    Amplifi ed hybrid probes  electrophoresis   on a 2 % agarose-TBE gel.  Lane 
1  shows DNA ladder (100 bp).  Lane 2  shows one amplifi cation band at the 
expected size, in this case at 112 bp corresponding to a hybrid probe of 50 bp 
with amplifi cation primers T7-A (41 bp) and B (21 bp).  Lane 3  shows two ampli-
fi cation bands, one at the expected size (same as  lane 2 ) and another one (at 
150 bp) corresponding to aberrant amplifi cation of the T7 promoter       
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−80 °C for 30 min. Centrifuge at 18,000 ×  g  for 15 min at 
4 °C. Discard the supernatant and wash two times the pellet as 
following: add 500 μL of cold 70 % ethanol, centrifuge at 
18,000 ×  g  for 10 min at 4 °C and discard the supernatant. Dry 
the pellet with a speed vacuum. Add 100 μL of TE for pellet 
resuspension.   

   9.    Proceed to the purifi cation of biotinylated RNA  probe   mix 
with the RNeasy Plus Mini Kit following the “Appendix D: 
Purifi cation of Total RNA Containing Small RNAs from Cells” 
instructions excepted the step D2 with the gDNA Eliminator 
spin column. Make two RNeasy Mini spin columns per hybrid 
 probe mix   (apply 50 μL of biotinylated RNA  probe   mix on 
each column), elute the product in 40 μL of nuclease- free 
water and pool the two obtained eluates.   

   10.    Evaluate the concentration of purifi ed biotinylated RNA  probe 
  mix with Nanodrop spectrophotometer. Assess their quality on 
an Agilent Bioanalyzer RNA 6000 Nano chip, according to 
the manufacturer’s instructions (Fig.  3 ).

       11.    Store at −80 °C.      

   The library is prepared for 550 bp insert using the TruSeq DNA 
PCR-Free Sample Prep LT kit by  Illumina   following the manufac-
turer’s instructions.  

            1.    Add 30 μL of nuclease-free water to the library.   
   2.    Proceed to the library amplifi cation with the GC-RICH PCR 

System, dNTPack. Realize ten 50 μL PCR reactions per library. 

3.2  Library 
Preparation (550 bp 
Insert)

3.3  Library 
Amplifi cation

  Fig. 3    Quality of biotinylated RNA probes assess on Agilent Bioanalyzer RNA 
6000 Nano chip. The electrophoregram shows a resolved peak at the expected 
size of a hybrid probe of 50 bp with amplifi cation primers T7-A (41 bp) and B 
(21 bp) (same probe as Fig.  2 )       
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Each amplifi cation reaction should contain 10 μL of 5× GC- 
RICH PCR reaction buffer, 2 μL of 25 mM MgCl 2 , 1 μL of 
PCR grade nucleotide mix, 1 μL of 25 μM TS-PCR Oligo 1, 
1 μL of 25 μM TS-PCR Oligo 2, 29 μL of PCR grade water, 
1 μL of GC-RICH enzyme mix and 5 μL of prepared library 
( see   Note 4 ). Use the following thermal conditions: 4 min at 
94 °C then 20 cycles of 30 s at 94 °C, 1 min at 58 °C and 1 min 
30 s at 68 °C and a fi nal elongation step at 68 °C for 3 min.   

   3.    Purify the amplifi ed library using the QIAquick PCR 
Purifi cation Kit following the manufacturer’s instructions. Use 
one column of the kit for two PCR reactions pooled from a 
same library (i.e. fi ve columns per library). The purifi ed prod-
uct is eluted in 50 μL of nuclease-free water.   

   4.    Select the DNA fragments size with the Agencourt ®  AMPure ®  
XP Reagent. Check that the eluate volume is equal to 50 μL. If 
necessary make up to 50 μL with nuclease-free water. Add 
50 μL of AMPure beads, gently mix by pipetting and incubate 
for 5 min at room temperature ( see   Note 8 ). Place the tubes on 
the magnetic stand for at least 5 min at room temperature 
(until the supernatant is clear). Remove and discard the super-
natant from each tube. Keep the tubes on the magnetic stand 
and wash two times the beads like following: add 500 μL of 
80 % ethanol to each tube without disturbing them, incubate 
for 30 s at room temperature, and then remove and discard all 
of the supernatant from each tube. Take care not to disturb the 
beads. Remove and discard any remaining ethanol with a 10 μL 
pipette and let the beads air-dry for 5 min at room tempera-
ture. Add 50 μL of nuclease-free water to each tube. Remove 
the tubes from the magnetic stand. By pipetting, resuspend the 
beads by repeatedly dispensing the water over the bead pellet 
until it is immersed in the solution. Incubate for 2 min at room 
temperature. Place the tubes on the magnetic stand for at least 
5 min at room temperature (until the supernatant is clear). 
Transfer all of the supernatant from each of the fi ve tubes into 
a new 1.5 mL microcentrifuge tube ( see   Note 9 ).   

   5.    Evaluate the concentration of purifi ed amplifi ed library with 
NanoDrop spectrophotometer. Assess its quality on an Agilent 
DNA 7500 or 12000 chip, according to the manufacturer’s 
instructions (Fig.  4 ).

       6.    Store the purifi ed amplifi ed libraries at −20 °C.      

       1.    Transfer 2.5 μg of sheared salmon sperm DNA and 500 ng of 
purifi ed amplifi ed library into a 0.2 mL PCR tube ( see   Note 10 ). 
Evaporate to dryness with a speed vacuum and resuspend in 
7 μL of nuclease-free water.   

   2.    Thaw an aliquot of 2× hybridization buffer, prewarmed it at 
65 °C and transfer 20 μL into a 0.2 mL PCR tube ( see   Note 11 ).   

3.4   Gene Capture 
by  Hybridization
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   3.    Thaw the biotinylated RNA  probe   mix on ice, transfer 500 ng 
into a 0.2 mL PCR tube and adjust the volume to 6 μL with 
nuclease-free water ( see   Notes 11  and  12 ).   

   4.    Incubate the salmon sperm DNA/purifi ed amplifi ed library 
(SL) mix in a thermal cycler with the following conditions: 
95 °C for 5 min and 65 °C at 5 min.   

   5.    Without removing SL mix from the thermal cycler, incubate at 
65 °C the 0.2 mL PCR tube with 2× hybridization buffer. Add 
quickly 13 μL of prewarmed 2× hybridization buffer to the 
tube containing the SL mix and homogenize by pipetting.   

   6.    Always without removing SL mix from the thermal cycler, incu-
bate at 65 °C the 0.2 mL PCR tube with the biotinylated capture 
 probes mix.   Add quickly 6 μL of  probe mix   to SL mix (hybrid-
ization mix) and homogenize by pipetting. Incubate at 65 °C for 
the obtained hybridization mix 24 h in the thermal cycler.   

   7.    Prior to removing the hybridization mix from the thermal 
cycler, prepare the Dynabeads ®  M-280 Streptavidin as follow-
ing: transfer 50 μL of dynabeads into a 1.5 mL  microcentrifuge 
tube ( see   Note 11 ), place the tube on the magnetic stand until 
the supernatant is clear, remove and discard it. Wash three 
times the dynabeads as following: add 200 μL of binding buf-
fer, gently tap the tube to resuspend the dynabeads, place the 
tube on the magnetic stand until the supernatant is clear, 
remove and discard the supernatant. Take care not to disturb 

  Fig. 4    Quality of amplifi ed library (prepared for 650 bp insert) assess on an 
Agilent Bioanalyzer High Sensitivity DNA chip. The electrophoregram shows a 
peak focused on 770 bp for the case of library prepared for 650 bp insert with 
120 bp  Illumina   adaptors. With a library prepared for 550 bp, the same profi le will 
be observed but with a peak focused on 670 bp       
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the dynabeads. After the three washes, resuspend the dyna-
beads in 200 μL of binding buffer.   

   8.    Add the 26 μL of hybridization mix to the washed dynabeads. 
Gently tap the tube to resuspend the dynabeads and incubate 
for 30 min at room temperature (off the magnetic stand). 
Regularly resuspend the dynabeads during the incubation by 
gently taping the tube ( see   Note 13 ).   

   9.    During the incubation, pre-warm the wash buffer n°2 at 65 °C 
(at least 1.5 mL per captured library).   

   10.    After the incubation, place the tube on the magnetic stand 
until the supernatant is clear. Remove and discard the superna-
tant. Take care not to disturb the dynabeads. Add 500 μL of 
wash buffer n°1 and resuspend the dynabeads by gently taping 
the tube. Incubate for 15 min at room temperature (off the 
magnetic stand). Regularly resuspend the dynabeads during 
the incubation by gently taping the tube ( see   Note 13 ).   

   11.    After the incubation, place the tube on the magnetic stand 
until the supernatant is clear, remove and discard it. Take care 
not to disturb the dynabeads. Wash three times the dynabeads 
as following: resuspend the dynabeads in 500 μL of pre- 
warmed wash buffer n°2, incubate for 10 min at 65 °C (off the 
magnetic stand). Regularly resuspend the dynabeads during 
the incubation by gently taping the tube. Place the tube on the 
magnetic stand until the supernatant is clear. Remove and dis-
card the supernatant. Take care not to disturb the dynabeads.   

   12.    Resuspend the dynabeads in 50 μL of 0.1 M NaOH by vortex-
ing the tube for 5 s ( see   Note 2 ). Incubate for 10 min at room 
temperature (off the magnetic stand).   

   13.    Place the tube on the magnetic stand until the supernatant is 
clear and transfer it to a 1.5 mL microcentrifuge tube contain-
ing 70 μL of 1 M Tris–HCl (pH 7.5). Take care not to disturb 
the Dynabeads.   

   14.    Purify the captured library using the QIAquick PCR Purifi cation 
Kit following the manufacturer’s instructions. The purifi ed 
product is eluted in 50 μL of nuclease-free water.   

   15.    Select the DNA fragment size with the Agencourt ®  AMPure ®  
XP Reagent as indicated in  step 4  of Subheading  3.3 .   

   16.    Amplify the captured library using the GC-RICH PCR System, 
dNTPack. Make fi ve 50 μL PCR reactions per captured library 
and proceed in the same way as the  step 2  of Subheading  3.3  
but realize 25 amplifi cation cycles instead of 20 in the thermal 
conditions.   

   17.    Purify the amplifi ed captured library using the QIAquick PCR 
Purifi cation Kit following the manufacturer’s instructions. 
Realize one column for 2.5 amplifi cation reactions from a same 

Céline Ribière et al.



179

library (i.e. two columns per library (125 μL)). The purifi ed 
product is eluted in 50 μL of nuclease-free water.   

   18.    Select the DNA fragment size with the Agencourt ®  AMPure ®  
XP Reagent as indicated in  step 4  of Subheading  3.3 .   

   19.    Evaluate the concentration of purifi ed amplifi ed captured 
library with Nanodrop spectrophotometer.   

   20.    Proceed to a second cycle of hybridization by repeating the 
 steps 1 – 15  with the purifi ed amplifi ed capture products 
obtained previously ( see   Notes 14  and  15 ).   

   21.    Amplify the captured library using the GC-RICH PCR System, 
dNTPack. Make ten PCR reactions per library and proceed in 
the same way as the  step 2  of Subheading  3.3  but realize 25 
amplifi cation cycles instead of 20 in the thermal conditions.   

   22.    Purify the amplifi ed captured library using the QIAquick PCR 
Purifi cation Kit following the manufacturer’s instructions. 
Realize one column for two amplifi cation reactions from a 
same library (i.e. fi ve columns per library). The purifi ed prod-
uct is eluted in 50 μL of nuclease-free water.   

   23.    Select the DNA fragment size with the Agencourt ®  AMPure ®  
XP Reagent as indicated in  step 4  of Subheading  3.3 .   

   24.    Evaluate the concentration of purifi ed amplifi ed captured 
library with Nanodrop spectrophotometer. Assess its quality 
on an Agilent DNA 7500 or 12000 chip, according to the 
manufacturer’s instructions (Fig.  5 ).

  Fig. 5    Quality of captured library (prepared for 650 bp insert) assess on an Agilent 
Bioanalyzer 12000 DNA chip. The electrophoregram shows a peak focused on 
770 bp for the case of library prepared for 650 bp insert with 120 bp  Illumina 
  adaptor. With a library prepared for 550 bp, the same profi le will be observed but 
with a peak focused on 670 bp       

 

Gene Capture by Hybridization



180

       25.    Store the purifi ed amplifi ed captured library products at 
−20 °C.   

   26.    Proceed to the sequencing of captured library on an  Illumina 
  sequencer compatible with the kit use to prepare the library.       

4    Notes 

     1.    EDTA will not go into solution until the pH of the solution is 
adjusted to ~8.0 by the addition of 1 M NaOH.   

   2.    Buffers and solutions must be extemporaneously prepared.   
   3.    For the fragmentation of gDNA, we recommend, as  Illumina,   

to use Covaris microTUBES with a focused-ultrasonicator. 
Covaris offers different models of focused-ultrasonicator and 
the material necessary for the fragmentation depends on the 
focused-ultrasonicator used.   

   4.    Include 10 % excess for multiple samples.   
   5.    The verifi cation of the amplifi ed hybrid  probe size   by  electro-

phoresis   on a 2 % agarose-TBE gel is absolutely necessary. It is 
possible to get two amplifi cation bands, one at the expected 
size (i.e. size of hybrid  probe with   amplifi cation primers T7-A 
and B) and another due to aberrant amplifi cation of the T7 
promoter. Only the correct band at the expected size must be 
excised and purifi ed.   

   6.    For example, three hybrid  probes   (specifi c capture  probe   and 
adaptor sequences) are necessary for the mix with specifi c cap-
ture probe as following: probe A 5′-CCCAGGATW
AGATACCCKCCYAGTTTAYRC- 3′, probe B 5′-TTCAGA
AGTAGATATGCTGGTAGTCTACCA-3′ and probe C 
5′-TGCACAATCAGATAGTYTGGYAGTGACCGC- 3′. The 
 probe   A has one W base (two combinations, T or A), one K 
base (two combinations, T or G), two Y bases (two combina-
tions, C or T), and one R base (two combinations, A or G), 
therefore there is 32 possible combinations for the  probe A   (1 
W × 1 K × 2 Y × 1 R = 2 × 2 × (2 × 2) × 2 = 32). In the same way, 
the probes B and C have a degeneracy of 1 (none degenerated 
base) and 4 (2 × 2) respectively. To make the hybrid  probe   mix, 
use 1/32 e  in quantity of the probe B and 1/8 e  in quantity of 
the  probe   C compared to the probe A. Thus, for 500 ng of 
probe A, add 15.6 ng of probe B and 62.5 ng of probe C. In 
this example, the three probes have the same size, otherwise 
you must calculate a number of molecules (taking into account 
the size of each probe) to realize an equimolar mix.   

   7.    The IVT reaction mix must be realized at room temperature. 
Indeed the spermidine in the 10× reaction buffer can copre-
cipitate the template DNA if the reaction is assembled on ice.   
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   8.    Remove the AMPure beads from 2 to 8 °C storage and let 
stand for at least 30 min to bring them to room temperature. 
Vortex the room temperature AMPure beads for at least 1 min 
or until they are well dispersed. Vortex the beads frequently 
and collect them by slowly pipetting (due to their viscosity) to 
make sure that they are evenly distributed.   

   9.    Be sure not to retrieve beads with the supernatant because the 
beads can interfere with the following steps. It is better to 
retrieve less volume of clear supernatant and if necessary to 
adjust the volume by adding nuclease-free water to the purifi ed 
product.   

   10.    The sheared salmon sperm DNA commercial solution is con-
centrated at 10 mg/mL. Make a dilution at 1/10 e  in nuclease- 
free water and pipette 2.5 μL to get 2.5 μg of sheared salmon 
sperm DNA.   

   11.    Make as many aliquots as captured library.   
   12.    It could be necessary to dilute the biotinylated RNA  probe 

  mix. The 500 ng of the biotinylated RNA  probe   mix should be 
in a volume less than or equal to 6 μL.   

   13.    Alternatively, incubate the appropriate time at room tempera-
ture with tilting and gentle rotation on a HulaMixer Sample 
Mixer or other similar device.   

   14.    If you do not plan to proceed immediately to the second cycle 
of hybridization, the protocol can be safely stopped here. If 
you are stopping, store the tubes at −20 °C.   

   15.    If the quantity of purifi ed amplifi ed capture products, obtained 
after the fi rst cycle of hybridization, is less than 500 ng, pro-
ceed to the second cycle of hybridization with the totality of 
the sample   .         

   References 

    1.    Schloss PD, Handelsman J (2006) Toward a 
census of bacteria in soil. PLoS Comput Biol. 
doi:  10.1371/journal.pcbi.0020092      

    2.    Vieites JM, Guazzaroni M-E, Beloqui A et al 
(2009) Metagenomics approaches in systems 
microbiology. FEMS Microbiol Rev 33:236–255  

    3.    Shokralla S, Spall JL, Gibson JF, Hajibabaei M 
(2012) Next-generation sequencing technolo-
gies for environmental DNA research. Mol 
Ecol 21:1794–1805  

    4.    Desai N, Antonopoulos D, Gilbert JA et al 
(2012) From genomics to metagenomics. Curr 
Opin Biotechnol 23:72–76  

    5.    Klindworth A, Pruesse E, Schweer T et al 
(2013) Evaluation of general 16S ribosomal 
RNA gene PCR primers for classical and next- 

generation sequencing-based diversity studies. 
Nucleic Acids Res. doi:  10.1093/nar/gks808      

    6.    Allen EE, Banfi eld JF (2005) Community 
genomics in microbial ecology and evolution. 
Nat Rev Microbiol 3:489–498  

    7.    Hong S, Bunge J, Leslin C et al (2009) 
Polymerase chain reaction primers miss half of 
rRNA microbial diversity. ISME J 3:1365–1373  

    8.    Denonfoux J, Parisot N, Dugat-Bony E et al 
(2013) Gene capture coupled to high- 
throughput sequencing as a strategy for tar-
geted metagenome exploration. DNA Res 
20:185–196  

    9.    Bragalini C, Ribière C, Parisot N et al (2014) 
Solution hybrid selection capture for the recov-
ery of functional full-length eukaryotic cDNAs 

Gene Capture by Hybridization

http://dx.doi.org/10.1371/journal.pcbi.0020092
http://dx.doi.org/10.1093/nar/gks808


182

from complex environmental samples. DNA 
Res 21:685–694  

    10.    Dugat-Bony E, Peyretaillade E, Parisot N et al 
(2012) Detecting unknown sequences with 
DNA microarrays: explorative probe design 
strategies. Environ Microbiol 14:356–371  

    11.    Jaziri F, Peyretaillade E, Missaoui M et al 
(2014) Large scale explorative oligonucleotide 
probe selection for thousands of genetic groups 
on a computing grid: application to phyloge-
netic probe design using a curated small sub-
unit ribosomal RNA gene database. Sci World 
J. doi:  10.1155/2014/350487      

    12.    Militon C, Rimour S, Missaoui M et al (2007) 
PhylArray: phylogenetic probe design algo-
rithm for microarray. Bioinformatics 23:2550–
2557  

    13.    Parisot N, Denonfoux J, Dugat-Bony E et al 
(2012) KASpOD—a web service for highly 
specifi c and explorative oligonucleotide design. 
Bioinformatics 28:3161–3162  

    14.    Parisot N, Denonfoux J, Dugat-Bony E et al 
(2014) Software tools for the selection of oli-
gonucleotide probes for microarrays. In: He Z 
(ed) Current technology, innovations and 
applications. Academic, New York  

    15.    Jaziri F, Parisot N, Abid A et al (2014) 
PhylOPDb: a 16S rRNA oligonucleotide probe 
database for prokaryotic identifi cation. 
Database. doi:  10.1093/database/bau036      

    16.    Dugat-Bony E, Missaoui M, Peyretaillade E 
et al (2011) HiSpOD: probe design for func-
tional DNA microarrays. Bioinformatics 27:
641–648    

Céline Ribière et al.

http://dx.doi.org/10.1155/2014/350487
http://dx.doi.org/10.1093/database/bau036


183

Francis Martin and Stéphane Uroz (eds.), Microbial Environmental Genomics (MEG), Methods in Molecular Biology, vol. 1399,
DOI 10.1007/978-1-4939-3369-3_11, © Springer Science+Business Media New York 2016

    Chapter 11   

 Hybridization of Environmental Microbial Community 
Nucleic Acids by GeoChip                     

     Joy     D.     Van     Nostrand    ,     Huaqin     Yin    ,     Liyou     Wu    ,     Tong     Yuan    , and     Jizhong     Zhou      

  Abstract 

   Functional gene arrays, like the GeoChip, allow for the study of tens of thousands of genes in a single assay. 
The GeoChip array (5.0) contains probes for genes involved in geochemical cycling (N, C, S, and P), metal 
homeostasis, stress response, organic contaminant degradation, antibiotic resistance, secondary metabolism, 
and virulence factors as well as genes specifi c for fungi, protists, and viruses. Here, we briefl y describe 
GeoChip design strategies (gene selection and probe design) and discuss minimum quantity and quality 
requirements for nucleic acids. We then provide detailed protocols for amplifi cation, labeling, and 
 hybridization of samples to the GeoChip.  

  Key words     GeoChip  ,   Functional gene array  ,   Microbial communities  ,   Microbial ecology  ,   Hybridization  , 
  Fluorescent labeling  ,   Whole community genome amplifi cation  

1      Introduction 

   Microorganisms are critical  for   global biogeochemical cycling of N, 
C, S, and metals; however,    a large percentage of microorganisms 
(>99 %) remain uncultured [ 1 – 3 ] making it diffi cult to fully  examine 
microbial community activity. To overcome this limitation,  culture-
independent   approaches are needed. Examination of functional 
genes, those genes that are involved in processes of interest (e.g., 
nifH for N fi xation, dsrA for sulfi te reduction, etc.), can shed light 
on the functional abilities of  microbial communities  . While there 
are a wide variety  of   culture-independent approaches that could be 
used to examine functional genes, most can provide information on 
only a small number of functional genes. Microarrays, on the other 
hand, allow the examination of tens of thousands of genes at one 
time, thus allowing for a comprehensive examination of a wide 
range of genes. 

  Functional gene microarrays (FGAs)   probe for multiple 
 functional genes involved in microbial functional processes of 
interest at one time [ 4 – 6 ]. Because  FGAs   can shed light on the 
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functional potential of  microbial communities,   they are ideal  linking 
microbial functional  structure   with environmental  processes. The 
most comprehensive  FGA   to date is the GeoChip microarray [ 5 – 7 ]. 
The GeoChip was designed to address two major challenges in 
using  FGAs   for microbial  community   analysis: (1) the need for ade-
quate oligonucleotide  probe   specifi city for genes that have high 
homologies and (2) the lack of a truly  comprehensive  probe   set [ 5 ]. 

 The following chapter briefl y describes the process of gene 
selection and  probe   design for the GeoChip microarrays and 
describes the sample preparation and hybridization protocols for 
the GeoChip arrays. The GeoChip is currently manufactured by 
Agilent Technologies (Santa Clara, CA, USA), but there are other 
companies that manufacture arrays and they can also be printed 
in-house. These hybridization methods included are specifi c for 
Agilent arrays, but other methods can be used for other array types 
and there are methods for using Agilent arrays with automated 
hybridization stations. A general overview of the GeoChip analysis 
protocol is shown in Fig.  1 .

   The fi rst step for GeoChip design is the selection of genes 
representing processes of interest. GeoChip was designed to 

  Fig. 1    Overview of the GeoChip protocol. Samples from the environment of inter-
est are collected and DNA is extracted. If the yield of DNA is insuffi cient, whole 
community genome amplifi cation can be performed to increase the quantity of 
DNA. The DNA is then labeled with a cyanine dye and hybridized to the GeoChip. 
Any unhybridized DNA is then washed off and the array is imaged       
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examine microbial  community   functional potential, so only genes 
for those proteins actively involved in a process of interest, i.e., 
those containing catalytic subunits or active sites, are included. 
Next, public  databases   are searched using keywords that are 
 chosen to select a wide range of sequences that may be the gene 
of interest. These sequences are then confi rmed by HMMER 
alignment (  http://hmmer.wustl.edu/    ) with seed sequences that 
have been experimentally confi rmed. These confi rmed sequences 
are then used for  probe   design (50mer) using experimentally 
determined criteria based on sequence homology (≤90 % identity 
for gene- specifi c    probes   and ≥96 % for group-specifi c  probes), 
  continuous stretch length (≤20 bases for gene-specifi c  probes   and 
≥35 for group- specifi c  probes),   and free energy (≥−35 kJ/mol for 
gene-specifi c  probes   and ≤−60 kJ/mol for group-specifi c  probes) 
  [ 8 ,  9 ] with new versions of the CommOligo  software   [ 10 ]. The 
fi nal step is to confi rm specifi city by BLASTing the  probe   sequences 
against the GenBank database.    

 There are a number of  DNA extraction   and purifi cation kits 
and methods available for microbial  community   samples. As long 
as the resultant nucleic acid quantity and quality is suffi cient and 
the fragment length is fairly large, any method can be used. The 
 absorbance ratio   (A260:A280) should be ~1.8 and >1.9 for DNA 
and RNA, respectively, and an A260:A320 > 1.7. The A260:A230 
ratio is most important for microarray success [ 11 ]. A high A230 
value may indicate  contamination   with EDTA, carbohydrates, 
 phenol, or guanidine HCl [ 12 ]. For samples with high humics, a 
gel purifi cation strategy followed by a phenol-chloroform-butanol 
extraction [ 13 ,  14 ] may be needed. If a low yield of nucleic acid is 
expected, large nucleic acid fragments are needed for effi cient 
amplifi cation. 

 GeoChip requires 0.5–1 μg of DNA or 10 μg of RNA. If this 
amount cannot be obtained, an amplifi cation step will be needed. 
 Whole community genome amplifi cation   (WCGA) using the 
 Templiphi 500 amplifi cation kit   (phi 29 DNA polymerase, GE 
Healthcare, Piscataway, NJ) and a modifi ed reaction buffer can be 
used. This method provides a sensitive (10 fg detection limit) and 
 representative amplifi cation (<0.5 % of amplifi ed genes showed 
>2-fold different from unamplifi ed) from 1 to 100 ng template DNA 
[ 15 ]. Whole community RNA amplifi cation (WCRA) provides a rep-
resentative amplifi cation with 50–100 ng of starting material [ 16 ].  

2    Materials 

       1.     Templiphi 500 amplifi cation kit   (GE Healthcare, Piscataway, 
NJ, USA).   

   2.    Single-stranded binding protein (SSB) (Affymetrix, Santa 
Clara, CA, USA).   

2.1  Reagents 
and Kits
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   3.    Quant-iT™ PicoGreen ®  dsDNA kit (Life Technologies, 
Carlsbad, CA, USA).   

   4.    dNTP mix: 5 mM (2.5 mM dTTP). Combine 5 μL each of 
100 mM dATP, dGTP, and dCTP and 2.5 μL 100 mM 
dTTP. Bring to 100 μL with 82.5 μL nuclease-free water.   

   5.    40 U/μL Klenow (IMER, Inc., San Diego, CA, USA).   
   6.    25 nM Cy3-dUTP (GE Healthcare).   
   7.    QIAquick PCR Purifi cation kit (Qiagen, Valencia, C, USA).   
   8.    Cot-1 Human DNA (catalog number 5190-3393) (Agilent).      

       1.    2.4 mM spermidine. Weight out 1.66 g spermidine and make 
up to 100 mL with water.   

   2.    Hybridization buffer: Part of the Oligo aCGH hybridization 
kit, large, catalog number 5188-5380 (Agilent).   

   3.    Blocking agent: Add 1350 μL water to the 10× aCGH Blocking 
Agent (Part of the Oligo aCGH hybridization kit, large, 
 catalog number 5188-5380) (Agilent). Incubate at room 
 temperature for at least 6 h before using.   

   4.    Wash Buffers: Oligo aCGH/ChIP-on-Chip Wash Buffer kit 
(catalog number 5188-5226, contains Wash Buffers 1 and 2) 
(Agilent).      

       1.    Random primers (mostly hexamers, 3 μg/μL, catalog number 
48190-011) (Life Technologies).   

   2.    Universal standard. The universal standard or common oligo 
reference standard (CORS)  target   is complimentary to a CORS 
 probe   printed onto the GeoChip microarray. The CORS  target 
  can be synthesized by an array of manufacturers. We use 
Eurofi ns MWG Operon for  target   synthesis. The nucleotide 
sequence contains Cy-5 label on the 5′ with purifi cation by 
desalting. [Cy5]GCCAGCACAGCTACACGTCCTCAAACG
ATTGTGTGCGGTCCGAGGTGCGG. See Liang et al. [ 13 ], 
for full details of the CORS development.      

       1.    NanoDrop spectrometer (Thermo Scientifi c, Wilmington, 
DE, USA) or similar instrument capable of measuring cy-dye 
incorporation (568 and 647 nm).   

   2.    General molecular lab equipment: thermocyclers, fl uorescent 
plate reader (for PicoGreen measurement), vacuum  concentrator 
for drying samples.   

   3.    Microarrays: GeoChip 5 uses Agilent arrays (SurePrint G3 
 custom array) in two sizes: 8 × 60K, 8 arrays of 60,000  probes 
  per slide or 4 × 180K, 4 arrays of 180,000  probes   per slide.   

2.2  Buffers 
and Solutions

2.3   Probes   
and Primers

2.4  Equipment
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   4.    Gasket slides (catalog number G2534-60013 for four arrays 
per slide or G2534-60016 for eight arrays per slide) (Agilent).   

   5.    Hybridization equipment: hybridization oven, hybridization 
oven rotator rack, hybridization oven conversion rod, 
 hybridization chamber (Agilent), magnetic stir plate with 
 heating element.   

   6.     Microarray scanner  : The SureScan  Microarray Scanner   (Agilent 
Technologies, Santa Clara, CA) is ideal for Agilent  microarrays, 
but other microarray scanners having a 2–3 μm resolution and 
the ability to image Cyanine 3 and 5 can be used.       

3    Methods 

   The GeoChip requires 1 μg DNA for hybridization. While many 
samples, such as soil, can easily meet this criterion, sites with low 
microbial abundance or that have restrictions on the amount of 
sample that can be taken, may not yield enough DNA. In these 
cases, WCGA can be used to increase the amount of DNA avail-
able. WCGA uses a  modifi cation of the  Templiphi 500 amplifi ca-
tion kit   (phi 29 DNA polymerase) [ 15 ]. The amplifi cation buffer is 
supplemented with  single-stranded DNA   binding protein (SSB) 
and spermidine and a larger amount of  enzyme   to increase sensitiv-
ity and representative amplifi cation. The SSB and spermidine likely 
assist with DNA  replication and bind inhibitors [ 17 ,  18 ]. Using 
1–100 ng DNA provides a sensitive (10 fg detection limit) and 
representative amplifi cation (<0.5 % of amplifi ed genes showed 
>2-fold different from unamplifi ed) [ 15 ]. 

 This amplifi cation reaction is very sensitive and will amplify any 
contaminating DNA. As such, all steps should be performed in a 
PCR hood. Zhang et al. [ 19 ] have outlined additional steps that 
should be followed to minimize  contamination.   These include UV 
irradiation of the hood and all items to be used in the protocol 
(i.e., tips, tubes, pipettors, tube racks, ice and ice bucket, etc.). 
Negative controls should always be run alongside the samples.

    1.    Add 10 μL sample buffer to a 0.2 mL PCR tube ( see   Note 1 ).   
   2.    Add DNA (preferably 100 ng) ( see   Notes 2  and  3 ).   
   3.    Mix DNA and buffer thoroughly and incubate at room 

 temperature (RT) for 10 min.   
   4.    While DNA and buffer are incubating, prepare Templiphi 

 premix in a 1.7 mL tube ( see   Note 1 ). [For each reaction: 
10 μL of reaction buffer, 0.6 μL  enzyme   mixture (both  supplied 
in the Templiphi kit), 1.25 μL of 5 μg/μL SSB (USB; 
Cleveland, OH), and 1 μL of 2.4 mM spermidine stock.]   

3.1  Amplifi cation
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   5.    Transfer 12.85 μL of the premix to the DNA/buffer mixture, 
mix well and spin twice.   

   6.    Incubate the reaction at 30 °C for 6 h then heat-inactivate the 
 enzyme   at 65 °C for 10 min.   

   7.    Run an aliquot (~2 μL) of the product on a gel. The product 
should produce a smear rather than a single band ( see   Note 4 ).   

   8.    Quantify the amplifi ed DNA using a dye-binding assay, such as 
PicoGreen (Quant-iT™ PicoGreen ®  dsDNA kit). Using the 
260/280 ratio will result in an erroneous quantity due to the 
primers and dNTPs remaining in the sample.    

     DNA for microarray hybridization is generally labeled using fl uo-
rescent dyes such as cyanine dyes. The DNA can be labeled directly 
(dyes are directly integrated into the  target DNA)   or indirectly 
(targets are labeled after hybridization). A direct labeling approach 
is detailed here. Either amplifi ed or unamplifi ed DNA can be used.

    1.    Combine 5.5 μL random primers (3 μL/μL) and 1 μg  target 
  DNA in a 0.2 mL PCR tube and bring to 35 μL with nuclease- 
free water ( see   Note 5 ).   

   2.    Mix well and incubate at 99.9 °C for 5 min, then immediately 
chill on ice.   

   3.    In a separate 1.7 mL microcentrifuge tube, prepare a master 
mix. [For each sample: 6 μL nuclease-free water, 5 μL 10× 
reaction buffer (included with  enzyme),   2.5 μL 5 mM dNTP 
mix (2.5 mM dTTP), 1 μL klenow (40 U/μL), and 0.5 μL 
CyDye (25 nM, Cy3-dUTP)] ( see   Notes 5  and  6 ).   

   4.    Add 15 μL of the master mix to primer/ target   DNA tube and 
mix well.   

   5.    Incubate the reaction at 37 °C for 6 h, heat-inactivate the 
 enzyme   at 95 °C for 3 min and then cool to 4 °C.   

   6.    Purify the labeled DNA with a Qiagen QIAquick Kit as described 
by the manufacturer.   

   7.    Elute the DNA using 100 μL H 2 O and check the CyDye 
 incorporation using NanoDrop ( see   Note 7 ).   

   8.    Dry the labeled DNA using a Speed Vac at Vacuum Level 5.1 
for 2 h at 45 °C.    

     There are currently two versions of GeoChip 5.0. The smaller array 
has ~60,000  probes   (60K) and is more for general microbial 
 ecology studies (~60K  probes)   and was designed to cover the core 
biogeochemical cycles (C, N, S, and P) as well as degradation genes 
for the more common contaminants (such as BTEX) and metals 
and antibiotic resistance genes as long as they changed the metal or 
antibiotic (oxidation, reduction, degradation) and not just acted as 

3.2  Labeling

3.3  Hybridization
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a pump. The larger version has ~180,000  probes   (180K) and 
 covers all the genes on the smaller array plus more contaminant 
degradation genes and includes genes for non-transformative metal 
resistance mechanisms (e.g., pumps) as well as general metal 
homeostasis genes, and several other categories (viral and protist 
genes, stress response, etc.). A complete list of genes covered by 
both GeoChip 5.0 versions can be found by clicking the GeoChip 
summary links at   http://ieg.ou.edu/entrance.html    . 

 GeoChip 5.0 uses an Agilent format and the following  protocol 
is based on one of Agilent’s hybridization protocols [ 20 ] but has 
some modifi cations. The 60K array has eight arrays per slide and 
there are four 180K arrays per slide; because of this, the 60K and 
180K arrays use different volumes of hybridization buffer. All 
quantities below are for the 60K array with the volumes for the 
180K in parentheses. 

       1.    Prepare hybridization buffer ( see   Note 8 ). (Per sample: 27.5 μL 
2 × HI-RPM hybridization buffer, 5.5 μL blocking agent, 
2.4 μL Cot-1 DNA, 1.1 μL universal standard [ 13 ], and 5.5 μL 
formamide.)   

   2.    Add 13 μL nuclease-free water to the labeled DNA.   
   3.    Add 42 μL of the hybridization buffer to the DNA and mix 

well by pipetting up and down and then spin to collect liquid 
in the bottom of the tube.   

   4.    Heat samples at 95 °C for 3 min, then immediately transfer 
samples to 37 °C and incubate for another 30 min ( see   Note 9 ).   

   5.    Centrifuge samples for 1 min at 6000 ×  g  to collect the sample 
in the bottom of the tube.      

       1.    Place a new gasket slide (gasket side up) into the Agilent 
SureHyb chamber. Make sure the slide is aligned properly and 
is fl ush with the chamber base.   

   2.    Slowly pipette 48 μL of the sample into a gasket well, avoiding 
touching the slide and making sure the liquid does not touch 
the gasket ( see   Note 10 ). Repeat with next sample until all 
gasket wells have been fi lled.   

   3.    Place the microarray onto the gasket slide, making sure the 
active side (the text Agilent is printed on the active side) is down 
and that the array slide is properly aligned with the gasket slide.   

   4.    Place the chamber cover on the slides, slide the clamp into 
place, and then fi rmly tighten the clamp ( see   Note 11 ).   

   5.    Lift the assembled chamber and rotate to wet the slides and 
confi rm that the air bubble moves freely and that there are no 
small bubbles that may inhibit mixing ( see   Note 12 ).      

3.3.1  Sample 
Preparation

3.3.2  Array Assembly
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       1.    Put the slide chambers in the hybridization oven’s rotator rack 
( see   Note 13 ). Use empty slide chambers to keep the rotator 
balanced, if necessary.   

   2.    Hybridize arrays at 67 °C for 24 h with a rotation speed of 20 rpm.      

       1.    Prepare the wash buffers in three separate wash dishes ( see  
 Notes 14  and  15 ).
   (a)    Wash 1—The Wash Buffer 1 (WB1) dish should be placed 

on the benchtop and maintained at room temperature.   
  (b)    Wash 2—A second room temperature WB1 dish should be 

placed on a magnetic stir plate and contain a slide rack and 
a stirbar. There should be suffi cient WB1 to completely 
cover the slide rack.   

  (c)    Wash 3—The third dish contains the prewarmed Wash 
Buffer 2 (WB2) ( see   Note 16 ). This dish should be placed 
on a magnetic stir plate with heating element to maintain 
the buffer at 37 °C. There should be suffi cient WB2 to 
completely cover the slide rack. Insert a stir bar.    

      2.    Remove one hybridization chamber from the incubator 
( see   Note 17 ).   

   3.    Check to determine if any bubbles formed, if there was any leak-
age, and if the sample is still able to rotate freely ( see   Note 18 ).   

   4.    Place the chamber on a fl at surface, loosen the screw and 
remove the clamp and chamber cover. Carefully lift one end of 
the array and gasket slide and then hold the sides of the array, 
maintaining its current orientation (array on top, gasket slide 
on bottom) quickly place it into Wash 1.   

   5.    Make sure the slide is completely submerged and then using 
forceps to make a gentle twisting motion, pry the array slide 
off the gasket slide. Leave the gasket slide and quickly place it 
in the slide rack in Wash 2.   

   6.    Repeat  steps 2 – 4  until all slides have been transferred or there 
are fi ve slides in Wash 2, whichever comes fi rst ( see   Note 19 ).   

   7.    Turn on the magnetic stirrer in Wash 2, such that there is a 
depression on the surface of the buffer without creating a vor-
tex. We were able to obtain this with a speed of 250–300 rpm 
on a VWR (Radnor, PA) model magnetic stirplate with a maxi-
mum speed of 1600 rpm. Incubate for 5 min.   

   8.    Transfer the slide rack to Wash 3 and then turn on stirrer as 
described in  step 6 . Incubate for 1.5 min.   

   9.    Slowly remove the slide rack from Wash 3. It should take about 
10 s to remove. No additional spinning or drying is needed. 
The slides are hydrophobic and should shed the buffer.   

   10.    Discard used buffers and replenish if additional slides need to 
be washed ( see   Note 14 ).      

3.3.3  Hybridization 
Protocol

3.3.4  Washing
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       1.    For the Agilent SureScan  microarray scanner,   the array slides 
must be placed into slide holders. The array should be placed 
array-side up. Close the holders, making sure you hear a click.   

   2.    Place the slide holders containing microarray slides into the 
scanner cassette.   

   3.    Select the appropriate scanning protocol and check the settings 
( see   Note 20 ). For GeoChip arrays, which use the Agilent  plat-
form  , using the SureScan  Microarray Scanner,   scanning is done 
in red and green channels (lasers with excitation wavelengths 
at 640 and 532 nm, respectively), 3 μm resolution, 20 bit Tiff 
dynamic range (>10 5 ), and 100 % photomultiplier tube sensi-
tivity for both channels.   

   4.    Scan the slides and then extract the data using Agilent’s Feature 
Extraction program. Select the appropriate grid template (each 
array design should have its own specifi c template fi le gener-
ated by the array manufacturer) and the Feature Extraction 
program will automatically place and optimize the grid place-
ment. Array features are automatically selected and mean  pixel 
intensity   is scored using the program’s default settings.   

   5.    Evaluate hybridization quality of the array. The slide image can 
be displayed in the Feature Extraction program once scanning 
is complete. Examine the images to make sure positive control 
spots are present. GeoChip 5 contains a series of  16S rRNA   
gene  probes   across the array in an easily observable pattern 
(green channel) and the CORS  probes   should also be visible 
across the array (red channel) (Fig.  2 ). Also make sure the 
arrays have even hybridization and no obvious problems [areas 
with no positive  probes,   very bright or dim areas, or “fl ares” 
where spots are obscured by dust or other fl uorescent contami-
nants (Fig.  3 )]. Make sure the background is even and that 
none of the arrays have a obviously higher background by 
switching to log scale.

            There are a large variety of microarray analysis  software   available to 
use. Select the  software   that best meets your particular needs. The 
GeoChip microarrays use an in-house developed data analysis  pipe-
line  . The pipeline allows the user to select normalization protocols, 
the method to determine signal cutoff and what controls to use. 

 GeoChip  data normalization   and quality fi ltering is performed 
with multiple steps [ 13 ,  21 ]. As a general rule, the following pro-
tocol is followed although other settings may be used depending 
on the samples ( see   Note 21 ). First, the average signal intensity of 
common oligo reference standard is calculated for each array, and 
the maximum average value is applied to normalize the signal 
intensity of samples in each array. Second, the sum of the signal 
intensity of samples is calculated for each array, and the maximum 

3.3.5  Scanning

3.4  Data Processing 
and Analysis
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  Fig. 3    Examples of poor quality hybridization or artifacts. ( a ) Low or no 16S rRNA gene probe signal and poor 
sample hybridization (compare with  b ). ( c ) A “fl are” likely from incomplete washing, and ( d ) an area of no/poor 
hybridization       

  Fig. 2    GeoChip 5 microarray image. Image to the  left  is a hybridized GeoChip array. The  circle spot  is fl uores-
cence from a piece of dust or other debris. The  boxed area  is enlarged to the  right . The  arrows  point to a few 
of the CORS control probes (shown as  red spots ). The  boxed area  in the  right image  shows the 16S rRNA 
control probes       
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sum value is applied to normalize the signal intensity of all spots in 
an array, producing a normalized value for each spot in each array. 
Spots are then scored as positive and retained if the signal-to-noise 
ratio [SNR = (signal mean − background mean)/background 
 standard deviation] is ≥2.0, the coeffi cient of variation (CV) of the 
background is <0.8, and the signal intensity is at least 1.3 times the 
background. In addition, spots with signal intensities less than 
~200 are discarded. The minimum signal value chosen should be 
at least twice the average background signal for a given set of 
 samples. Spots that were detected in less than two samples (either 
within a replicate group or across all samples) are also removed. 
Before statistical analysis, logarithmic transformation is carried out 
for the remaining spots, and the signals of all spots are transferred 
into relative abundances. 

 Microarray data analysis can be challenging due to the large 
amount of data generated and its multivariate  structure.   The 
GeoChip data analysis pipeline has a variety of analysis tools for 
microarray data. These include relative abundance of genes or 
gene categories or subcategories, richness and α and β  diversity   
of  functional genes, and gene overlap between individual 
 samples or  sample groups. To look at differences between 
 conditions, hierarchical cluster analysis,  T -tests, analysis of 
 variance (ANOVA), and  dissimilarity tests could be used. 
Response ratios can be used to compare gene levels or signal 
intensity between conditions (e.g., treatment vs. control, 
 contaminated vs. uncontaminated) [ 22 ]. Unconstrained 
 ordination methods, such as principal component analysis 
(PCA) and correspondence analysis (CA) maximize the visible 
variability of data sets by reducing the dimensionality of 
 variables. Due to the differences in the assumed data  structures 
  of ecological studies, CA may be preferred over PCA.  Non-metric 
multidimensional scaling (NMDS), which represents the  relative 
inter-relatedness of samples on a priori dimensions, could also 
be used. 

 Interrelationships among functional genes detected and 
other abiotic and biotic factors can be examined by constrained 
ordination, such as canonical correspondence analysis (CCA) 
[ 23 ], distance- based redundancy analysis (db-RDA) [ 24 ], 
 variation partitioning analysis (VPA) [ 25 ,  26 ], and Mantel test. 
CCA is commonly used for GeoChip-based studies to better 
understand how environmental factors impact and drive 
 community  structure,   while canonical VPA, based on the results 
of CCA and partial CCA, provides information on the relative 
influence of individual parameters on the microbial  community 
  structure. The  Mantel   test can be used to compare  environmental 
factors with functional genes detected by GeoChip.   

Hybridization of Environmental Microbial Community Nucleic Acids by GeoChip
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4    Notes 

     1.    Before use, mix reagents well, then briefl y spin them in a 
microcentrifuge or microfuge to collect all the liquid in the 
bottom of the tube. Repeat to make sure all reagents are well 
mixed.   

   2.    Make sure the same amount of DNA is used for all samples 
within an experimental group.   

   3.    Effi cient amplifi cation requires  high molecular weight DNA   of 
the highest quality obtainable.   

   4.    No or minimal amplifi cation is likely due to inhibitors in the 
sample. To overcome this, decrease the amount of sample vol-
ume used or run the sample through a serial dilution (two to 
three dilution steps) to reduce the concentration of inhibitor 
or “wash” the DNA. Inhibitors may be present even if the 
DNA quality is high. Additionally, the DNA can be re- 
precipitated (using ethanol or isopropanol protocols [ 27 ]) to 
reduce inhibitors. If there are still problems with the 
 amplifi cation, the incubation time can be increased or multiple 
amplifi cation products can be combined to obtain suffi cient 
DNA.   

   5.    For best results, high quality, fresh reagents should be used 
[ 4 ].   

   6.    CyDyes are light sensitive so the samples should be protected 
from the light as much as possible after the dye is added.   

   7.    Minimum dye incorporation should be >50 pmol (pmol/
μL × total μL).   

   8.    Prepare blocking agent ahead of time by adding 1350 μL 
nuclease-free water to the 10× aCGH Blocking Agent and 
keep at room temperature for at least 6 h.   

   9.    Prior to starting, preheat two heat blocks or thermocyclers to 
95 and 37 °C.   

   10.    The Agilent arrays use bubble mixing, so the hybridization 
buffer will not completely fi ll the array chambers.   

   11.    Make sure to tighten the clamp as fi rmly as possible using your 
hand. The clamp is designed to prevent damage to the slide so 
over tightening will not break the slide.   

   12.    If small bubbles are present, fi rmly tap the assembly on a hard 
surface to dislodge the bubbles.   

   13.    Preheat hybridization oven to 67 °C and allow it to equilibrate 
for at least 6 h.   

   14.    Prior to use and after use, thoroughly rinse all glassware and 
stirbars used in the washing steps with copious amounts of 
Milli-Q water or equivalent and allow to air dry.   
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   15.    Washing should be performed in a low ozone environment 
such as an ozone-free hood as ozone can degrade cy-dye signal 
[ 28 ,  29 ]. The most critical time for cy-dye signal loss is during 
the transition from wet to dry [ 30 ], so it is important to limit 
ozone exposure during washing.   

   16.    Preheat Wash Buffer 2 to 37 °C in an incubator. The Wash 
Buffer should be preheated in the wash dish and remain at 
37 °C overnight.   

   17.    Maintain rotation and temperature for the remaining 
chambers.   

   18.    Any of these issues may result in ineffi cient hybridization. 
Make note if any of these issues occurred and continue with 
washing. Once the slide is scanned, hybridization quality can 
be assessed.   

   19.    This setup is suffi cient for fi ve slides. If more slides need to be 
washed, fresh buffers should be used.   

   20.    Other  microarray scanners   can be used for scanning the 
GeoChip as long as the scanner has at least a 3 μm resolution, 
can scan both the red and green channels and has at least a 16 
bit dynamic range.   

   21.    Based on results from hundreds to thousands of samples 
 analyzed by various GeoChip versions, we anticipate about 
30 % of  probes   to be positive for most soil samples. Other 
sample types, such as groundwater or bioreactors, may have 
fewer positive probes. For samples with more positive probes 
than expected, settings can be adjusted by increasing the SNR 
cutoff used or increasing the minimum signal required. 
Removing singletons (those probes detected in only one 
 sample) can also reduce noise in the data.           
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    Chapter 12   

 Reconstruction of Transformation Processes Catalyzed 
by the Soil Microbiome Using Metagenomic Approaches                     

     Anne     Schöler     ,     Maria     de     Vries    ,     Gisle     Vestergaard    , 
and     Michael     Schloter     

  Abstract 

   Microorganisms are central players in the turnover of nutrients in soil and drive the decomposition of 
complex organic materials into simpler forms that can be utilized by other biota. Therefore microbes 
strongly drive soil quality and ecosystem services provided by soils, including plant yield and quality. Thus 
it is one of the major goals of soil sciences to describe the most relevant enzymes that are involved in nutri-
ent mobilization and to understand the regulation of gene expression of the corresponding genes. This 
task is however impeded by the enormous microbial diversity in soils. Indeed, we are far to appreciate the 
number of species present in 1 g of soil, as well as the major functional traits they carry. Here, also most 
next-generation sequencing (NGS) approaches fail as immense sequencing efforts are needed to fully 
uncover the functional diversity of soils. Thus even if a gene of interest can be identifi ed by BLAST similar-
ity analysis, the obtained number of reads by NGS is too low for a quantitative assessment of the gene or 
for a description of its taxonomic diversity. Here we present an integrated approach, which we termed the 
second-generation full cycle approach, to quantify the abundance and diversity of key enzymes involved in 
nutrient mobilization. This approach involves the functional annotation of metagenomic data with a rela-
tive low coverage (5 Gbases or less) and the design of highly targeted primer systems to assess the abun-
dance or diversity of enzyme-coding genes that are drivers for a particular transformation step in nutrient 
turnover.  

  Key words     Soil microbiome  ,   Metagenomics  ,   Next-generation sequencing  ,   Bioinformatics  ,   Primer 
design  ,   Amplicon libraries  ,   Quantitative real-time PCR  ,   Nutrient cycles  ,   Ecosystem service  

1      Introduction 

   Microbes   can be considered as architects of soil quality and drive 
most  ecosystem services   provided by soils, including the promo-
tion of plant growth, the safeguarding of drinking water and the 
sequestration of carbon [ 1 ]. 

 Specifi c  ecosystem services   can be linked to unique  functional 
traits   of  bacteria  ,  archaea  , and  fungi  . These include the degrada-
tion of complex organic compounds like xenobiotics or natural 
compounds like  lignin  , chitin or  cellulose   transformed into simpler 
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forms, which can be then used by other biota as essential nutrients 
[ 2 ]. In this context, the reconstruction of major soil nutrient cycle 
processes as well as the description of the related food web  struc-
tures   became a major issue in microbial ecology. In this respect 
research aiming to identify the key microbial players is in progress, 
combining network analyses with functional characterization. In 
the light of the ongoing climate change and the related threats for 
soil quality, many authors have claimed that by improving our 
understanding on soil microbes, we will be able to develop sustain-
able mitigation strategies, which ensure a protection of soil quality 
also for future generations [ 3 ]. 

 However, the development of such strategies requires the 
answers of very important questions, for example (1) Is there a 
core  microbiome   in soils that ensures the continuous mobilization 
of nutrients from biomass? (2) What is the role of the rare bio-
sphere for the resilience of soils after disturbance? (3) How can 
potential  functional traits   be induced and the corresponding genes 
expressed? (4) What is the best scale to study microbial processes? 
Although at a fi rst glance the answer to such questions seems easy, 
taking a second look it can be realized that we are still far away 
from being able to give answers. This is closely related to the fact 
that soils show the highest microbial biodiversity on earth [ 4 ]. 
Even today we are unable to describe the  microbiome   of 1 g of 
soil. Thus, we only have rough estimations, ranging from 5 × 10 4  
to 10 6  different species that live in 1 g of soil [ 5 ]. Taking even 
conservative estimations on the  microbial diversity   in soils into 
account, we would need to sequence 10 11  bases per gram soil to 
cover all the diversity if an average genome size of 2 Mbases per 
organism is assumed. Taking into account that for statistical rea-
sons and for the sake of building up larger contigs a coverage of at 
least 50-fold is needed, we end up with more than 5 × 10 12  bases 
that need to be sequenced to assess the  metagenome   of such a 
small amount of soil. Even most recent advances in  next-genera-
tion sequencing   technologies make it a very challenging and time-
consuming exercise. 

 Thus, considering the overall efforts needed to completely 
sequence 1 g of soil in relation to the well-known heterogeneity of 
microbes [ 6 ] in space and the dynamics in time, it might be worth 
to consider other approaches besides ultra-deep sequencing, mainly 
if the aim of a study is to understand the link between abiotic soil 
factors and a specifi c response of the  soil microbiome  . In this 
respect two approaches can be considered: One possibility is to 
couple the analysis of soil  metagenomes   with  stable isotope prob-
ing (SIP)   to identify functional communities for  certain   functional 
traits [ 7 ]. This method will be explained in detail in Chapter   14     of 
this book. The other possibility is to combine shotgun  metage-
nomics   with subsequent PCR-based techniques like  qPCR   or 
 amplicon sequencing  . In the second approach, the metagenomic 
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data are fi rst functionally annotated to identify genes or gene 
 networks to then permit the design of specifi c primers based on in 
silico analysis. Using these primers, a PCR-based assessment of 
functional genes is possible as well as a quantitative analysis of the 
dynamics of the respective populations in time and space. This 
approach has been named second-generation full cycle approach 
(Fig.  1 ) and will be described in the following in more detail focus-
ing as a specifi c example on the identifi cation of genes involved in 
 cellulose   degradation.

2       Materials 

     1.    DNA-isolation kit “Genomic DNA from soil” NucleoSpin Soil 
Kit (Machery–Nagel, Germany).   

   2.    2100 Bioanalyzer (Agilent Technologies, United States).   
   3.     Agilent DNA 1000 Kit  and  Agilent High Sensitivity DNA Kit  

(Agilent Technologies, United States).   
   4.    NEBNext ®  Ultra™ DNA Library Prep Kit for Illumina ®  (New 

England Biolabs, United States).   
   5.    Covaris ®  Ultrasonicator (Covaris, Inc., United States).   
   6.    Pippin Prep (Sage Science, United States).   
   7.    Illumina ®  MiSeq™ instrument ( Illumina  , Inc., United States).   
   8.    MiSeq™ Reagent Kit v3 (Illumina, Inc., United States).   
   9.    Agencourt AMPure XP (Beckman Coulter, United States).   

  Fig. 1    Depicted is the principle of second-generation full cycle approach. DNA is extracted from soil, frag-
mented, and shotgun sequenced using next-generation sequencing (e.g. Miseq). Open-reading frames (ORFs) 
are predicted from the reads and scanned for the presence of a protein family (PFAM) domain of interest. 
Subsequently, primers are designed that either detect several similar sequences (1) or one specifi c sequence 
(2). After careful validation, these primers can be used to quantify the abundance of genes or transcripts of 
interest. Miseq machine image is Courtesy of Illumina, Inc       
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   10.    Quant-iT™ PicoGreen ®  dsDNA Assay Kit (Life Technologies, 
United States).   

   11.    Adequate computing solution (  http://support.illumina.com/
sequencing/sequencing_software/casava/computing_
requirements.html    ).      

3    Methods 

 The described method is based on the use of the MiSeq ( Illumina  , 
San Diego, USA) sequencing  platform  , which is the most fre-
quently used benchtop solution at the moment. If other instru-
ments are used (e.g.  Roche 454 Sequencing  , Branford, USA), the 
workfl ow needs to be adapted according to the manufacturer. As 
the progress in NGS is very fast it might be useful to check also 
most recent developments of new kits, even if the described MiSeq 
is used. 

       1.    Total DNA is extracted from 300 mg of soil using a suitable 
 DNA extraction   method such as the DNA-isolation kit 
“Genomic DNA from soil” NucleoSpin Soil Kit (Macherey–
Nagel, Düren, Germany). This amount may vary depending 
on the microbial biomass of the soil. 300 mg are suffi cient for 
most soils under agricultural use in middle Europe. Amounts 
up to 5 g may be used if soils from low biomass environments 
like sand dunes or deserts are studied. The extracted DNA 
should be free from contaminating compounds like humic 
acids to avoid problems with any amplifi cation step needed.   

   2.    1–2 μg of the extracted DNA is fragmented by ultra-sonication 
for approximately 80 s using an Ultrasonicator (Covaris, 
Wobum, USA;  see   Note 1 ). The success of the fragmentation 
can be accessed using a Bioanalyzer with the Agilent DNA 
1000 Kit. The fragmented DNA should have a broad length 
distribution with a peak at around 600 bps ( see   Note 2 ).   

   3.    The library for DNA sequencing is prepared using the 
NEBNext ®  Ultra™ DNA Library Prep Kit for Illumina ®  (New 
England Biolabs, Frankfurt, Germany) according to the proto-
col of the manufacturer without size selection.   

   4.    Sequencing primers and barcodes are incorporated during the 
library preparation and allow  multiplexing   of many samples in 
one MiSeq™ run. These steps should be performed according 
to the protocol provided by Illumina.   

   5.    Size selection is carried out using Pippin Prep (Sage Science, 
US) to select a size range between 686 and 786 bps corre-
sponding to an insert size between 550 and 650 bps.   

3.1  Metagenomic 
Library Preparation 
and Sequencing
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   6.    DNA is quantifi ed using the Quant-iT™ PicoGreen ®  dsDNA 
Assay Kit (Life Technologies, Darmstadt, Germany) or other 
suitable methods and pooled to sequence multiple samples in 
one Miseq™ run.   

   7.    DNA libraries are denatured and diluted to a fi nal concentra-
tion of 15 pM and sequenced using the MiSeq™ Reagent Kit 
v3 to generate long high-quality reads using paired end 
sequencing according to the protocol provided by  Illumina  . 
This results in typical read length of 600 bps (2 × 300 bps). 
Overall the MiSeq instruments consistently generate 12–15 Gb 
of data, which can be used for further analysis.      

   The described  pipeline   can be used to assign reads to any microbial 
gene of interest. It uses  hidden Markov models (HMMs)   to iden-
tify homologs of known protein sequences that have the  function   
of interest. Functional predictions using  HMMs   are more accurate 
and more sensitive compared to  BLAST   searches because of the 
strength of the underlying mathematical models. To demonstrate 
the practicability of the approach, wherever useful we refer to a 
study where putative cellulases were identifi ed from agricultural 
soils. The size of the  metagenome   was 0.5 Gbases.

    1.    An overview of the entire workfl ow is depicted in Fig.  2 . Prior 
to analysis several quality-fi ltering steps need to be carried out 
fi rst to remove low-quality bases (e.g. trim read when at least 
three successive bases have a Phred score below 20), fi lter out 
primer sequences and remove sequences shorter than 50 bps. 
Several packages exist to this end, including Biopieces (  www.
biopieces.org    ) and Trimmomatic [ 8 ] ( see   Note 3 ). For a well- 
operated sequencing only few percent of reads will be removed 
at this step, but the reads are typically shortened to about 
250 bp average length.

       2.    If a reasonable sequencing depth is obtained (>10 Gbases), 
assembly of the sequences into contigs may be more informa-
tive but is not required.   

   3.    Next, open reading frames are predicted using for instance 
Frag Gene Scan [ 9 ] to obtain predicted amino acid sequences.   

   4.    The predicted proteins are then scanned for the presence of a 
protein family (PFAM) motif taken from the PFAM-A data-
base [ 10 ] using HMMER 3 [ 11 ] ( see   Note 4 ). For the identi-
fi cation of genes involved in  cellulose   degradation 32 different 
motifs exist for glycoside hydrolase (GH) families, carbohy-
drate binding modules (CBM) and auxiliary activities (AA). 
0.3 % of all predicted open reading frames were associated with 
 cellulose   degradation.   

   5.    Depending on the gene or group of genes of interest the 
PFAM motif can also be refi ned or generated  de novo  using a 

3.2  Using HMMER 
to Identify Reads that 
Are Homologous 
to Genes Involved 
in Nutrient Turnover
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seed of conserved sequences and HMMER 3 ( see   Note 5 ). For 
the identifi cation of  cellulose   degrading  enzymes   the CAZy 
database provides a valuable resource containing protein 
sequences of GH, CBM, and AA families [ 12 ]. These can be 
used to generate new HMMs.   

   6.    If a large number of PFAM domains are of interest, the motifs 
with the highest number of reads might be considered as the 
most important ones ( see   Note 6 ).    

         1.    After selection of the sequences of interest,  primer design   can 
be based on either conserved nucleotide or amino acid 
sequences shared between the sequences. In the case of our 
study, 32 sequences corresponding to three different GH fami-
lies were selected. Note that whereas  database   sequences 
derived from complete protein sequencing often include the 
catalytic or functional domain,  metagenome   sequences are 
mostly shorter and might code for a part of the sequence of the 

3.3  Design of Primer 
Systems that Amplify 
the Genes Identifi ed 
by HMMER 3

  Fig. 2    Depicted is the workfl ow of using protein family (PFAM) motifs for the identifi cation of genes of interest 
from metagenomic data. The sequencing data are quality fi ltered and can contain an optional step of assembly, 
if desired. Gene prediction is subsequently performed on either reads or contigs. These predicted proteins are 
then scanned (using HMMER 3) for the presence of a PFAM motif (taken from the PFAM-A database) to identify 
genes of interest. Miseq machine image is Courtesy of Illumina, Inc       
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gene of interest which is not the catalytic or functional domain 
and thus might be highly variable, which makes the fi nding of 
a conserved motif diffi cult, and targeting-success cannot be 
guaranteed. Thus, if possible, sequences should be used which 
code for the functional domain of  the   enzyme.   

   2.    If the goal is to design a primer pair that can identify a group 
of sequences with the same  function   (1), a clustering and align-
ment of the sequences within this group should be performed. 
If a primer pair is supposed to identify a single sequence of 
high importance (specifi c for a  function  ) (2), the primers can 
be designed based on this sequence alone. Table  1  gives a short 
overview about both strategies.

       3.    For designing primers with the fi rst goal (1), proceed as 
follows:

 –    The sequences that are predicted by HMMER 3 to have 
the desired  function   can be clustered using cd-hit [ 13 ]. 
Cd-hit can cluster sequences down to a similarity of 80 %. 
As a comparison or reference, one or more known 
sequences from relevant  databases   can be included in the 
alignment for correct localization of the functional 
domains. For cellulase sequences, clustering resulted in 
very few clusters per GH family. The largest clusters con-
tained two to three reads. If conserved regions exist, these 
can be used as templates for the  primer design  , if needed 
with degeneracy, i.e. including positions with variable 
nucleotides.      

   Table 1  
  Pros and Cons of two different  primer design   strategies   

 Strategy  Short description  Pro  Con 

 1—Coverage of a 
group of 
sequences coding 
for the same 
 function   of 
interest 

 Alignment of several 
sequences of interest 
and identifi cation of 
two (relatively) 
conserved regions 

 One primer pair can 
identify a high 
 diversity   and obtain a 
more complete 
overview of the 
investigated  function   

 There are chances that the 
primer pair is not specifi c 
enough and will amplify 
undesired sequences/false 
positives 

 2—Amplifi cation of 
one specifi c 
sequence of 
interest 

 Choice of two 
nucleotide regions in 
the sequence of 
interest. Check for 
specifi city against the 
NCBI nucleotide 
 database   

 The primer pair has a 
high specifi city 

 It the  target   sequence is not 
very abundant it might be 
diffi cult to amplify from 
metagenomic 
DNA. Detection of one 
specifi c sequence might 
have limited relevance for 
the entire pathway 
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   4.    For designing primers with high specifi city (2) proceed as 
follows:

 –    Primers can be designed that amplify specifi c sequences 
from a  metagenome   using a  primer design   tool from NCBI 
(  http://www.ncbi.nlm.nih.gov/tools/primer- blast/    ) 
selecting a size range of 60–120 bp for  qPCR   primers or 
100–400 bp for  amplicon sequencing   primers.      

   5.    If the obtained sequences from the  metagenome   show little 
conservation, public sequencing data from other  metagenomes   
can also be queried to identify a larger number of the gene of 
interest and to assess if this might aid with the primer design 
( see   Note 7 ).   

   6.    Finally, the primer melting temperature should also be taken 
into account (usually around 60–62 °C); too low melting tem-
peratures (caused by too short  oligonucleotides   or too high 
amount of A’s and T’s) will result in more unspecifi c binding. 
Furthermore, one can take into account the fact that binding 
is stronger if Gs or Cs are contained at the 3′-end of the primer 
(the so-called GC-clamp). In general, primers are 18–25 bps 
long, with 1–3 G’s or C’s at the 3′-end. The specifi city of all 
designed primers should be assessed with several tools:   

   7.    An  in silico  PCR   , using for instance DeMETA-ST [ 14 ] together 
with a  metagenome   of choice or the whole NCBI  database   as tem-
plate, is highly informative ( see   Note 8 ).  Functional annotation   of 
the  in silico PCR   products gives an indication of the predicted 
specifi city. If many predicted PCR products have an unspecifi c 
 function  , the primer sequences should be adjusted or reconsid-
ered. Adjusting the degeneracy of single bases by base substitution 
can lead to increased primer specifi city ( see   Note 9 ). Besides in 
silico analysis, the specifi city of primers should also be assessed by 
 cloning   or  next-generation sequencing   of the PCR products.       

4    Notes 

     1.    The duration of the ultra-sonication that is necessary to frag-
ment the DNA suffi ciently can differ with each soil and should 
be optimized before the experiment. Good sonication results 
for DNA extracted from several agricultural soils were achieved 
using the following settings on a Covaris E220: Duty Factor: 
10 %, Cycles per Burst: 200, and Peak Incident Power: 175.   

   2.    The proposed insert size of around 600 bp ensures that a maxi-
mal amount of the  metagenome   will be sequenced. If it is 
desired that the forward and reverse reads are to be merged in 
a later step the insert size should be reduced to 400–500 bps 
results, which will result in an overlap of around 100–200 bps 
of the paired end reads.   
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   3.    Useful Biopieces commands include: trim_seq for trimming 
reads and fi nd_adaptor and clip_adaptor for removing the 
sequencing primer sequence.   

   4.    The PFAM  database   is a large collection of protein families, 
and represents a good starting point for  functional annotation  . 
However, depending on the  function   of interest more specifi c 
 databases   might exist, that contain carefully curated annota-
tions about genes of interest. Using this information to gener-
ate new and possibly more specifi c  hidden Markov models   is 
highly recommended.   

   5.    It is important to keep in mind that PFAM motifs are not nec-
essarily specifi c for the  function   of interest and may contain 
many other  enzymes   with similar  structure   but different func-
tion. Therefore, careful assessment of motifs is suggested. 
Depending on the specifi city of PFAM motifs for the desired 
 function  , further fi ltering steps might be required. One option 
is to assess the specifi city of PFAM motifs by blasting the out-
put from HMMER 3 against the NCBI nr  database   and per-
form a keyword search of the best hits of the Blastp output for 
the desired  function  . This will give an indication about the 
specifi city of each PFAM motif for a  specifi c   function.   

   6.    If the original size of the DNA library was around 400 bp, this 
will result in an overlapping sequence in the forward and 
reverse reads. This overlap can result in a quantifi cation bias of 
the motifs that lie within the overlapping region as this region 
is sequenced twice as many times as the not overlapping region.   

   7.    The  diversity   of genes involved in  nutrient cycling   or any other 
process of interest can vary greatly. Whereas genes involved in 
the nitrogen cycle tend to be conserved this is not the case for 
cellulases, key players in the carbon cycle.   

   8.    It is important to keep in mind that a large extent of  microbial 
diversity   remains undiscovered and that public  databases   are 
incomplete, therefore  in silico PCR   can be informative but are 
not suffi cient to assess primer specifi city.   

   9.    The  in silico PCR   using the NCBI  database   as template can be 
informative, but is not a realistic scenario. PCR products of 
organisms that most probably will not be present in the ana-
lyzed samples might give a false indication of primers.          
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    Chapter 13   

 MG-RAST, a Metagenomics Service for Analysis 
of Microbial Community Structure and Function                     

     Kevin     P.     Keegan     ,     Elizabeth     M.     Glass     , and     Folker     Meyer      

  Abstract 

   Approaches in molecular biology, particularly those that deal with high-throughput sequencing of entire 
microbial communities (the fi eld of metagenomics), are rapidly advancing our understanding of the 
 composition and functional content of microbial communities involved in climate change, environmental 
pollution, human health, biotechnology, etc. Metagenomics provides researchers with the most complete 
picture of the taxonomic (i.e.,  what organisms are there ) and functional (i.e.,  what are those organisms 
doing ) composition of natively sampled microbial communities, making it possible to perform  investigations 
that include organisms that were previously intractable to laboratory-controlled culturing; currently, these 
constitute the vast majority of all microbes on the planet. All organisms contained in environmental 
 samples are sequenced in a culture-independent manner, most often with 16S ribosomal amplicon  methods 
to investigate the taxonomic or whole-genome shotgun-based methods to investigate the functional 
 content of sampled communities. Metagenomics allows researchers to characterize the community 
 composition and functional content of microbial communities, but it cannot show which functional 
 processes are active; however, near parallel developments in transcriptomics promise a dramatic increase in 
our knowledge in this area as well. 

     Since 2008, MG-RAST (Meyer et al., BMC Bioinformatics 9:386, 2008) has served as a public resource 
for annotation and analysis of metagenomic sequence data, providing a repository that currently houses 
more than 150,000 data sets (containing 60+ tera-base-pairs) with more than 23,000 publically available. 
MG-RAST, or the metagenomics RAST (rapid annotation using subsystems technology) server makes it 
possible for users to upload raw metagenomic sequence data in (preferably) fastq or fasta format. Assessments 
of sequence quality, annotation with respect to multiple  reference databases, are performed automatically 
with minimal input from the user ( see  Subheading 4 at the end of this chapter for more details). Post-
annotation analysis and visualization are also possible, directly through the web interface, or with tools like 
matR (metagenomic analysis tools for R, covered later in this chapter) that utilize the MG-RAST API 
(  http://api.metagenomics.anl.gov/api.html    ) to easily download data from any stage in the MG-RAST 
processing pipeline. Over the years, MG-RAST has undergone substantial revisions to keep pace with the 
dramatic growth in the number, size, and types of sequence data that accompany  constantly evolving devel-
opments in metagenomics and related -omic sciences (e.g., metatranscriptomics).  

  Key words     Metagenomics  ,   Comparative analysis  ,   Sequence quality  ,   Automated pipeline  ,   High- 
throughput    ,   matR  
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1      Introduction 

 Developing approaches  in   molecular  biology   are rapidly advanc-
ing  our   understanding of  the   composition and  functional content   
of  microbial communities  . This has led to a much clearer picture 
of the pivotal role these communities play in phenomena as 
diverse as  climate change, environmental pollution, human 
health, and  developments in biotechnology. Metagenomics uti-
lizes cutting- edge technology in sequencing and sequence char-
acterization to create an inventory of microbial genes that are 
present in any given  environment, including those contained in 
microbes intransigent to classical  culture-based methods; cur-
rently, these constitute the vast majority (estimates typically 
report 99 % or more) of all microbes on the planet. All organisms 
contained in native microbial communities (also referred to as 
assemblages) are sequenced in a  culture-independent   manner, 
most often with 16S ribosomal amplicon methods to investigate 
the taxonomic or whole-genome shotgun-based methods to 
investigate the  functional content   of sampled communities. This 
makes it possible to create a much clearer picture of the composi-
tion ( who is there ) and potential  functional content   ( what can they 
do ) of microbial communities than was possible with previous 
methods.  Metatranscriptomics   extends this knowledge by provid-
ing us with a catalog that can link functions active in a community 
( what are they doing ) to the temporal and conditional variables 
that drive them ( why are they doing  …). 

 For these kinds of sequence-dependent studies, the underlying 
quality of sequence data is a fundamental concern, complicated by 
the use of an ever-expanding assortment of methods, equipment, 
and  software  . Metagenomic analyses rely on the use of highly auto-
mated analysis tools; therefore, early identifi cation of quality- related 
problems is essential to avoid wasteful use of limited computational 
resources as well as interpretation of fundamentally fl awed data that 
can lead to erroneous biological inferences. 

 In regards to sequence quality, the scientifi c community faces 
another hurdle with the study of  metagenomics   data. Most 
researchers understand how critical it is for sequence data to 
exhibit the highest possible quality—especially in applications 
where a high level of functional or  taxonomic resolution   is 
desired—but do not possess the technical expertise to assess 
 quality (i.e., independently from metrics provided by black-box 
vendor-specifi c  software   and/or sequencing centers that may not 
be using the most current or best practices).  MG-RAST   possesses 
multiple features that make it easy for users to assess sequence 
quality and address some of the most common issues (e.g., high 
error rates,  contamination   with adapter sequences, contamination 
with artifi cial duplicate reads, etc.). 
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 In recent years, the sequencing costs have dramatically reduced 
whereas costs of computing have remained relatively stable. This has 
shifted the limiting factor in sequence-dependent investigations 
from data generation (i.e., sequencing) to data analysis (annotation 
and post-annotation analyses). Wilkening et al. [ 1 ] provide a real 
currency cost for the analysis of 100 giga-base-pairs of  DNA   sequence 
data using BLASTX on Amazon’s EC2 service, $300,000. A more 
recent study by University of Maryland researchers [ 2 ]  estimates the 
computation for a terabase of DNA shotgun data using their CLOVR 
 metagenome   analysis  pipeline   at over $5 million per terabase. As the 
size and number of sequence data sets continue to increase, costs 
related to their analysis will continue to rise. 

 In addition, metadata (data describing data—e.g., data that 
describe the temporal and environmental parameters for a sampled 
microbial community) provide an essential complement to experi-
mental data, helping to answer questions about its source, mode of 
collection, and reliability as well as making it possible answer mean-
ingful biological questions (e.g., what factor(s) cause a shift in the 
composition or  functional content   of a microbial community in a 
particular environment). Metadata collection and interpretation 
have become vital to the genomics and  metagenomics   community, 
but considerable challenges remain, including exchange, curation, 
and distribution. 

 Since 2008,  MG-RAST   [ 3 ] has served as both a repository and 
tool for the analysis of metagenomic data (and metadata)—annota-
tion and post-annotation analyses. Currently, the system has 
 analyzed more than 60 tera-base-pairs of data from more than 
150,000 data sets, with more than 23,000 available to the public. 
Over the years, MG-RAST has undergone substantial revisions to 
keep pace with the dramatic growth in the number, size, and types 
of sequence data that accompany constantly evolving develop-
ments in  metagenomics   and related -omic sciences (e.g.,  metatran-
scriptomics  ). These include innovations in engineering as well as 
modifi cations to our  bioinformatics    pipeline   to accommodate the 
evolving needs of novel sequencing technologies and growing data 
volumes. The MG-RAST system has been an early adopter of the 
minimal checklist standards and the expanded biome-specifi c 
 environmental packages devised by the Genomics Standards 
Consortium [ 4 ] and provides an easy-to-use uploader for metadata 
capture at the time of data submission.  

2    Materials 

   The  MG-RAST   automated analysis  pipeline   uses the M5nr (MD5- 
based non-redundant  protein    database  ) [ 5 ] for annotation. The 
M5nr is an integration of many sequence databases into one single, 

2.1   Database  
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indexed, searchable database. A single similarity search (using 
 BLAST   [ 6 ] or BLAT [ 7 ]) allows the user to retrieve similarities to 
several databases,

 ●    EBI, European  Bioinformatics   Institute [ 8 ]  
 ●   GO, Gene Ontology [ 9 ]  
 ●   JGI, Joint Genome Institute [ 10 ]  
 ●    KEGG  , Kyoto Encyclopedia of Genes and Genomes [ 11 ]  
 ●   NCBI, National Center for Biotechnology Information [ 12 ]  
 ●   Phantome, Phage Annotation Tools and Methods [ 13 ]  
 ●   SEED, The SEED Project [ 14 ]  
 ●   UniProt, UniProt Knowledgebase [ 15 ]  
 ●   VBI, Virginia  Bioinformatics   Institute [ 16 ]  
 ●   eggNOG, evolutionary genealogy of genes, Non-supervised 

Orthologous Groups [ 17 ]    

 Computation of sequence similarities is becoming a limiting 
factor in metagenomic analyses. Sequence similarity search results 
encoded in an open, exchangeable format distributed with the 
sequence sets have the potential to limit the needs for  computational 
re-analysis of data sets. A prerequisite for sharing of similarity 
results is a common reference—this is exactly what the M5nr 
 provides, a commonly indexed  database   that contains all of  databases 
noted above. 

 M5nr mechanisms are used for automatically maintaining this 
comprehensive non-redundant protein  database   and creating a 
quarterly release of this resource. In addition,  MG-RAST   provides 
tools for translating similarity searches into many namespaces, e.g., 
 KEGG  , NOG,  SEED Subsystems  , NCBI’s GenBank, etc.  

   The  pipeline   shown in Fig.  1  contains a number of improvements 
to previous  MG-RAST   versions. Several key algorithmic improve-
ments were needed to support the fl ood of user-generated data. 
Initial analysis differentiates amplicon-based  ribosomal 16S from 
whole-genome shotgun (WGS) samples and processed them sepa-
rately ( see  Subheading  3.1  below for processing of WGS data and 
Subheading  3.2  for processing of amplicon 26s data). WGS sam-
ples are analyzed with dedicated  software   to perform  gene predic-
tion   on nucleotide data prior to protein similarity-based annotation. 
This provides drastic runtime improvements over nucleotide 
similarity- based approaches. Clustering of predicted proteins at 
90 % identity provides additional performance improvement while 
 preserving biological signals. While protein-based annotation is 
used for proteins predicted from WGS samples, samples detected 
as 16S ribosomal data are annotated with nucleotide-based 
similarity.

2.2  Analysis Pipeline
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   In Subheading  3 , we describe each step of the  pipeline   in 
detail. All data sets generated by the individual stages of the 
 processing pipeline are made available as downloads.  

   While  MG-RAST   was originally built as a traditional, centrally located, 
cluster-based  bioinformatics   system, the most recent version embraces 
novel technologies that make it possible for it to utilize local and 
remote compute resources. MG-RAST data are stored in SHOCK 
[ 18 ] and computing is orchestrated by AWE [ 19 ]. These technologies 
were developed to enable execution on a variety of computational 
platforms; currently, computational resources are contributed by the 
DOE Magellan cloud at Argonne National Laboratory, Amazon EC2 
Web services provided by individual users, and a number of traditional 
clusters. An installation of the  pipeline   exists at DOE’s NERSC super-
computing center. In recent months, the system handles over 4 tera-
base-pairs of data per month. The use of Skyport [ 38 ] has enabled 
multi cloud workfl ows without introducing management overhead.   

3     Methods 

 The  pipeline   diverges after upload for 16S ribosomal amplicon and 
whole-genome shotgun (WGS) samples. The WGS pipeline is com-
posed of several steps from the removal of low-quality reads,  derep-
lication  ,  gene calling  , and annotation to creation of functional 
abundance profi les.  rRNA   samples run through  RNA   detection, 
clustering, and identifi cation, and the production of taxonomic 
abundance profi les. Subheading  4  found at the end of this chapter 
includes additional details. 

         1.     Preprocessing . After upload, data are preprocessed by using 
SolexaQA [ 20 ] to trim low-quality regions from FASTQ data. 
Platform-specifi c approaches are used for 454 data submitted 
in FASTA format, reads more than two standard deviations 
away from the mean read length are discarded [ 21 ]. All 
sequences submitted to the system are available, but discarded 
reads are not analyzed further.   

2.3  Compute 
Resources

3.1  The WGS 
 Pipeline  

  Fig. 1    Details of the analysis  pipeline   for  MG-RAST  . After upload, the pipeline 
diverges for amplicon and WGS data sets. Amplicon samples run through  RNA   
detection, clustering, and identifi cation. WGS samples undergo a number of addi-
tional processing steps to assess data quality prior to annotation       
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   2.      Dereplication   . For shotgun  metagenome   and shotgun 
 metatranscriptome data sets, we perform a  dereplication   step. 
We use a simple k-mer approach to rapidly identify all 20 
 character prefi x identical sequences. This step is required in 
order to remove artifi cial duplicate reads (ADRs) [ 22 ]. Instead 
of simply discarding the ADRs, we set them aside and use them 
later as a means to assess sample quality. We note that 
 dereplication is not suitable for amplicon data sets that are 
likely to share common prefi xes.   

   3.      DRISEE   .  MG-RAST   v3 uses DRISEE (Duplicate Read 
Inferred Sequencing Error Estimation) [ 23 ] to analyze the sets 
of ADRs and determine the degree of variation among 
 prefi x-identical sequences derived from the same template. See 
below for details.   

   4.      Screening   . The  pipeline   provides the option of removing reads 
that are near-exact matches to the genomes of a handful of 
model organisms, including fl y, mouse, cow, and human. The 
 screening   stage uses Bowtie [ 24 ] (a fast, memory-effi cient, 
short read aligner), and only reads that do not match the 
model organisms pass into the next stage of the annotation 
pipeline. 

 Note that this option will remove all reads similar to the 
human genome and render them inaccessible. This decision 
was made in order to avoid storing any human  DNA   on 
 MG-RAST  .   

   5.      Gene calling   . The previous version of  MG-RAST   used 
nucleotide- based similarity for annotation of WGS data, an 
approach that is signifi cantly more expensive computationally 
than de novo  gene prediction   followed by protein similarity- 
based annotation. After an in-depth investigation of tool per-
formance [ 25 ], we have moved to a machine learning approach 
that utilizes FragGeneScan [ 26 ] to predict proteins/protein 
fragments from de novo sequence data (FragGeneScan uses a 
well tested algorithm [ 25 ] to perform in silico translation of 
predicted protein coding nucleic acid sequences). Utilizing 
this approach, we can predict coding regions in  DNA   sequences 
that are 75 base pairs or longer. Our novel approach also 
enables the analysis of user-provided assembled contigs. We 
note that FragGeneScan is trained for prokaryotes only. While 
it will identify proteins for eukaryotic sequences, the results 
should be viewed critically.   

   6.     AA clustering .  MG-RAST   builds clusters of proteins at the 
90 % identity level using the uclust [ 27 ] implementation in 
QIIME [ 28 ], preserving the relative abundances. These clus-
ters greatly reduce the computational burden of comparing all 
pairs of short reads, while clustering at 90 % identity preserves 
suffi cient biological signals.   
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   7.      Protein identifi cation   . Once created, a representative (the 
 longest sequence) for each cluster is subjected to similarity 
 analysis.  Functional   identifi cation of representative sequences 
does not use  BLAST  , instead we use a much more effi cient 
algorithm, sBLAT, an implementation of the BLAT algorithm, 
which we parallelized using OpenMPI. We reconstruct the 
putative species composition of WGS data by looking at the 
 phylogenetic   origin of the  database   sequences hit by the 
 protein-based similarity searches. Note that processing of  rRNA   
16S amplicon data is covered in Subheading  3.2  below.   

   8.     Annotation    mapping   . Sequence similarity searches are 
 computed against a protein  database   derived from the M5NR, 
which provides nonredundant integration of many databases. 
Users can easily change views without recomputation. For 
example,  COG   and  KEGG   views can be displayed, which both 
show the relative abundances of histidine biosynthesis in a data 
set of four cow rumen metagenomes. 
 Help in interpreting results,  MG-RAST   searches the 
 nonredundant M5NR and M5RNA databases in which each 
sequence is unique. These two databases are built from multiple 
sequence database sources, and the individual sequences may 
occur multiple times in different strains and species (and some-
times genera) with 100 % identity. In these circumstances, 
choosing the “right” taxonomic information is not a straight-
forward process. To optimally serve a number of different use 
cases, we have implemented three methods for end users to 
determine the number of hits (occurrences of the input 
sequence in the database) in their samples.

 ●     Best hit , The best hit classifi cation reports the functional and 
 taxonomic annotation   of the best hit in the M5NR for each 
feature. In those cases where the similarity search yields mul-
tiple same-scoring hits for a feature, we do not choose any 
single “correct” label. For this reason  MG- RAST     double 
counts all annotations with identical match properties and 
leaves determination of truth to our users. While this 
approach aims to inform about the functional and taxonomic 
potential of a microbial community by  preserving all infor-
mation, subsequent analysis can be biased (e.g., a single fea-
ture may have multiple  annotations), leading to infl ated hit 
counts. For users looking for a specifi c species or  function   in 
their results, the best hit classifi cation is likely what is wanted.  

 ●    Representative hit , The representative hit classifi cation 
selects a single, unambiguous annotation for each feature. 
The annotation is based on the fi rst hit in the homology 
search and the fi rst annotation for that hit in the  database  . 
This approach makes counts additive across functional and 
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taxonomic levels and is better suited for comparisons of 
 functional and taxonomic profi les of multiple metagenomes.  

 ●     Lowest Common Ancestor (LCA)   , To avoid the problem of 
multiple  taxonomic annotation  s for a single feature,  MG- 
RAST     provides taxonomic annotations based on the widely 
used  LCA   method introduced by MEGAN [ 29 ]. In this 
method, all hits are collected that have a bit score close to the 
bit score of the best hit. The taxonomic annotation of the 
feature is then determined by computing the  LCA   of all spe-
cies in this set. This replaces all taxonomic annotations from 
ambiguous hits with a single higher-level annotation in the 
NCBI taxonomy tree.      

   9.     Abundance profi les . Abundance profi les (essentially tables that 
indicate detected taxa or functions and their relative abundance 
as determined by the methods described in Subheading  3.1 , 
 step 8 —examples can be found in the  MG-RAST   user manual, 
 see  the “additional documentation” in Subheading  4  found at 
the end of this chapter) are the primary data product that the 
MG-RAST’s user interface uses to display information in anno-
tated data sets. Using the abundance profi les, the MG-RAST 
system defers to the user to select several parameters that will 
defi ne their abundance data,  e -value, percent identity, and 
 minimal alignment length. As it is not possible to arbitrarily 
select thresholds suitable for all use cases, users can select their 
own thresholds for each of these values.     

 Taxonomic profi les use the NCBI taxonomy. All taxonomic 
information is projected against the NCBI taxonomy. 

 Functional profi les are available for data sources that provide 
hierarchical information. These currently include  SEED subsys-
tems  ,  KEGG   orthologs, and COGs.  SEED subsystems   represent 
an independent reannotation effort utilized by RAST [ 30 ] and 
 MG-RAST  . Manual curation of subsystems makes them an 
extremely valuable data source. The current subsystems hierarchy 
can be viewed at   http://pubseed.theseed.org//SubsysEditor.cgi     
which allows browsing the subsystems. 

 Subsystems represent a four-level hierarchy,

    1.    Subsystem level 1—highest level   
   2.    Subsystem level 2—intermediate level   
   3.    Subsystem level 3—similar to a  KEGG   pathway   
   4.    Subsystem level 4—actual functional assignment to the feature 

in question     

  KEGG   Orthologs.  MG-RAST   uses the KEGG enzyme num-
ber to implement a four-level hierarchy. We note that KEGG data 
are no longer available for free download; therefore, we rely on the 
latest freely downloadable version of these data.
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    1.     KEGG   level 1—fi rst digit of the EC number (EC,X.*.*.*)   
   2.     KEGG   level 2—fi rst two digits of the EC number (EC,X.Y.*.*)   
   3.     KEGG   level 3—fi rst three digits of the EC number (EC,X,Y,Z,.*)   
   4.     KEGG   level 4—entire four digits of the EC number    

  The high-level  KEGG   categories are as follows:

    1.    Cellular Processes   
   2.    Environmental Information Processing   
   3.    Genetic Information Processing   
   4.    Human Diseases   
   5.    Metabolism   
   6.    Organizational Systems    

   COG   and  EGGNOG   Categories. The high-level COG and 
EGGNOG categories are as follows:

    1.    Cellular Processes   
   2.    Information Storage and Processing   
   3.    Metabolism   
   4.    Poorly Characterized    

       The  rRNA    pipeline   starts with upload of rRNA reads and proceeds 
through the following steps:

    1.      rRNA detection   . Reads are identifi ed as rRNA through a simple 
rRNA detection. An initial BLAT search against a reduced  RNA   
 database   effi ciently identifi es RNA. The reduced database is a 
90 % identity clustered version of the SILVA database and is 
used merely to differentiate samples containing solely rRNA 
data from other samples (e.g., WGS or transcriptomic 
samples).   

   2.      rRNA clustering   . The rRNA-similar reads are clustered at 97 % 
identity, and the longest sequence is picked as the cluster 
representative.   

   3.      rRNA identifi cation   . A nucleotide BLAT similarity search for 
the longest cluster representative is performed against the 
M5rna  database  , integrating SILVA [ 31 ], Greengenes [ 32 ], 
and RDP [ 33 ].    

     The  MG-RAST   system provides a rich web user interface that cov-
ers all aspects of  metagenome   analysis, from data upload to ordina-
tion analysis of annotation abundances. The web interface can also 
be used for data discovery. Metagenomic data sets can be easily 
selected individually or on the basis of fi lters such as technology 
(including read length), quality, sample type, and keyword, with 
dynamic fi ltering of results based on similarity to known reference 

3.2  The  rRNA   
Pipeline

3.3  Using 
the  MG-RAST   User 
Interface
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proteins or taxonomy. For example, a user may want to perform a 
search such as “phylum eq ‘actinobacteria’ and  function   in  KEGG   
pathway Lysine Biosynthesis and sample in ‘Ocean’” to extract sets 
of reads matching the appropriate functions and taxa across 
metagenomes. The results can be displayed in familiar formats, 
including bar charts, trees that incorporate abundance informa-
tion, heatmaps, principal component analyses, or raw abundance 
tables exported in tabular form. The raw or processed data can be 
recovered via download pages or with the  matR   package for R 
( see  Subheading  4  below). Metabolic reconstructions based on 
 mapping   to KEGG pathways are also provided. 

 Sample selection is crucial for understanding large-scale patterns 
when multiple metagenomes are compared. Accordingly,  MG-RAST   
supports MIxS and MIMARKS [ 34 ] (as well as domain- specifi c 
plug-ins for specialized environments not extending the minimal 
GSC standards); several projects, including TerraGenome, HMP, 
TARA, and EMP, use these GSC standards, enabling standardized 
queries that integrate new samples into these massive data sets. 

 One key aspect of the  MG-RAST   approach is the creation of 
smart data products enabling the user at the time of analysis to 
determine the best parameters for, for example, a comparison 
between samples. This is done without the need for recomputation 
of results. 

   The  MG-RAST   website is rich with functionality and offers several 
options. The site at   http:// metagenomics  .anl.gov     has fi ve main 
pages and a home page, shown in blue in Fig.  2 .

3.3.1  Navigation

  Fig. 2    Sitemap for the  MG-RAST   version 3 website. On the site map the main pages are shown in  blue , manage-
ment pages in  orange . The  green boxes  represent pages that are not directly accessible from the home page       
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 ●     Download page—lists all publicly available data for download. 
The data are structured into projects.  

 ●   Browse page—allows interactive browsing of all data sets and is 
powered by metadata.  

 ●   Search page—allows identifi er, taxonomy, and  function  -driven 
searches against all public data.  

 ●   Analysis page—enables in-depth analyses and comparisons 
between data sets.  

 ●   Upload page—allows users to provide their samples and meta-
data to  MG-RAST  .  

 ●   Home (Metagene Overview) page—provides an overview for 
each individual data set.     

   Data and metadata can be uploaded in the form of spreadsheets 
along with the sequence data by using both the ftp and the http 
protocols. The web uploader will automatically split large fi les and 
also allows parallel uploads.  MG-RAST   supports data sets that are 
augmented with rich metadata using the standards and technology 
developed by the GSC. Each user has a temporary storage location 
inside the MG-RAST system. This inbox provides temporary stor-
age for data and metadata to be submitted to the system. Using the 
inbox, users can extract compressed fi les, convert a number of 
vendor- specifi c formats to MG-RAST submission-compliant for-
mats, and obtain an MD5 checksum for verifying that transmission 
to MG-RAST has not altered the data. The web uploader has been 
optimized for large data sets of over 100 giga-base-pairs, often 
resulting in fi le sizes in excess of 150 GB.  

   The Browse page lists all data sets visible to the user (the users own 
data sets as well as all public data and all data shared by other 
users). This page also provides an overview of the nonpublic data 
sets submitted by the user or shared with users. The interactive 
 metagenome   browse table provides an interactive graphical means 
to discover data based on technical data (e.g., sequence type or 
data set size) or metadata (e.g., location or biome).  

   The project page provides a list of data sets and metadata for a 
project. The table at the bottom of the Project page provides access 
to the individual metagenomes by clicking on the identifi ers in the 
fi rst column. In addition, the fi nal column provides downloads for 
metadata, submitted data, and the analysis results via the three 
labeled arrows. For the data set owners, the Project page provides 
an editing capability using a number of menu entries at the top of 
the page. Figure  3  shows the available options.

 ●     Share Project—make the data in this project available to third 
parties via sending them access tokens.  

 ●   Add Jobs—add additional data sets to this project.  

3.3.2  Upload Page

3.3.3  Browse Page: 
Metadata-Enabled Data 
Discovery

3.3.4  Project Page
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 ●   Edit Project Data—edit the contents of this page.  
 ●   Upload Info—upload information to be displayed on this page.  
 ●   Upload MetaData—upload a metadata spreadsheet for the 

project.  
 ●   Export MetaData2—export the metadata spreadsheet for this 

project.     

    MG-RAST   automatically creates an individual summary page for 
each data set. This  metagenome   overview page provides a  summary 
of the annotations for a single data set. The page is made available 

3.3.5  Overview Page

  Fig. 3    Project page, providing a summary of all data in the project and an interface for downloads       
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by the automated  pipeline   once the computation is finished. This 
page is a good starting point for looking at a particular data set. It 
provides information regarding technical detail and biological 
 content. The page is intended as a single point of reference for 
metadata, quality, and data. It also provides an initial overview of 
the analysis results for individual data sets with default parameters. 
Further analyses are available on the Analysis page. 

   The Overview page provides the  MG-RAST   ID for a data set, a 
unique identifi er that is usable as an accession number for 
 publications. Additional information, such as the name of the 
 submitting PI, organization, and a user-provided  metagenome   name 
are displayed at the top of the page. A static URL for linking to the 
 system that will be stable across changes to the MG-RAST web 
interface is provided as additional information (Fig.  7 ). 

  MG-RAST   provides an automatically generated paragraph of 
text describing the submitted data and the results computed by the 
 pipeline  . By means of the project information, we display addi-
tional information provided by the data submitters at the time of 
submission or later. 

 One of the key diagrams in  MG-RAST   is the sequence break-
down pie chart (Fig.  4 ) classifying the submitted sequences 
 submitted into several categories according to their annotation sta-
tus. As detailed in the description of the MG-RAST v3  pipeline   
above, the features annotated in MG-RAST are  protein coding 
genes   and ribosomal proteins.

 Technical Details 
on Sequencing 
and Analysis

13% 9.4%

9.9%

19.7%

48%

Failed QC

Sequence Breakdown

Unknown

Unknown Protein

Annotated Protein

ribosomal RNA

  Fig. 4    Sequences to the  pipeline   are classifi ed into one of fi ve categories: 
 grey  = failed the QC,  red  = unknown sequences,  yellow  = unknown  function   but 
protein coding,  green  = protein coding with known function, and  blue  = ribosomal 
 RNA  . For this example, over 50 % of sequences were either fi ltered by QC or 
failed to be recognized as either protein coding or ribosomal       
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   Note that for performance reasons no other sequence features 
are annotated by the default  pipeline  . Other feature types such as 
small RNAs or regulatory motifs (e.g., CRISPRS [ 35 ]) not only 
will require signifi cantly higher computational resources but also 
are frequently not supported by the unassembled short reads that 
constitute the vast majority of today’s metagenomic data in 
 MG-RAST  . 

 The quality of the sequence data coming from next-generation 
instruments requires careful design of experiments, lest the 
 sensitivity of the methods is greater than the signal-to-noise ratio 
the data supports. 

 The overview page also provides metadata for each data set to 
the extent that such information has been made available. Metadata 
enables other researchers to discover data sets and compare 
 annotations.  MG-RAST   requires standard metadata for data 
 sharing and data publication. This is implemented using the 
 standards developed by the Genomics Standards Consortium. 

 All metadata stored for a specifi c data set is available in 
 MG-RAST  ; we merely display a standardized subset in this table. A 
link at the bottom of the table (“More Metadata”) provides access 
to a table with the complete metadata. This enables users to pro-
vide extended metadata going beyond the GSC minimal standards. 
A mechanism to provide community consensus extensions to the 
minimal checklists and the environmental packages are explicitly 
encouraged but not required when using MG-RAST.  

   The analysis fl owchart and analysis  statistics   provide an overview of 
the number of sequences at each stage in the  pipeline  . The text 
block next to the analysis fl owchart presents the numbers next to 
their defi nitions.  

   The source hits distribution shows the percentage of the predicted 
protein features annotated with similarity to a protein of known 
 function   per source database. In addition, ribosomal  RNA   genes 
are mapped to the  rRNA   databases. 

 In addition, this display will print the number of records in the 
M5NR protein  database   and in the M5RNA ribosomal databases.  

    MG-RAST   also provides a quick link to other statistics. For  example, 
the Analysis Statistics and Analysis Flowchart provide sequence 
 statistics for the main steps in the  pipeline   from raw data to 
 annotation, describing the transformation of the data between 
steps. Sequence length and GC histograms display the distribution 
before and after quality control steps. Metadata is presented in a 
searchable table that contains contextual metadata describing 
 sample location, acquisition, library construction, and sequencing 
using GSC compliant metadata. All metadata can be downloaded 
from the table.   

  Metagenome   Quality 
Control

 Source Hits Distribution

 Other Statistics
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   The taxonomic hit distribution display divides taxonomic units 
into a series of pie charts of all the annotations grouped at various 
taxonomic ranks (domain, phylum, class, order, family, genus). 
The subsets are selectable for downstream analysis; this also enables 
downloads of subsets of reads, for example, those hitting a specifi c 
taxonomic unit. 

   The rank abundance plot provides a rank-ordered list of taxonomic 
units at a user-defi ned taxonomic level, ordered by their abundance 
in the annotations.  

   The  rarefaction   curve of annotated species richness is a plot 
( see  Fig.  5 ) of the total number of distinct species annotations as a 
 function   of the number of sequences sampled. The slope of the 
right-hand part of the curve is related to the fraction of sampled 
species that are rare. On the left, a steep slope indicates that a large 
fraction of the species  diversity   remains to be discovered. If the 
curve becomes fl atter to the right, a reasonable number of 
 individuals is sampled, more intensive sampling is likely to yield 
only few additional species. Sampling curves generally rise quickly 
at fi rst and then level off toward an asymptote as fewer new species 
are found per unit of individuals collected.

   The  rarefaction   curve is derived from the protein  taxonomic 
annotation  s and is subject to problems stemming from technical 
artifacts. These artifacts can be similar to the ones affecting  ampli-
con sequencing   [ 36 ], but the process of inferring species from 
 protein similarities may introduce additional uncertainty.  

   In this section, we display an estimate of the alpha  diversity   based 
on the  taxonomic annotation  s for the predicted proteins. The 
alpha diversity is presented in context of other metagenomes in the 
same project ( see  Fig.  6 ).

3.3.6  Biological Part 
of the Overview Page
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  Fig. 5     Rarefaction   plot showing a curve of annotated species richness (i.e., the number of unique species). This 
curve is a plot of the total number of distinct species annotations as a  function   of the number of sequences 
sampled       
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   The alpha  diversity   estimate is a single number that summa-
rizes the distribution of species-level annotations in a data set. The 
Shannon diversity index is an abundance-weighted average of the 
logarithm of the relative abundances of annotated species. We 
compute the species richness as the antilog of the Shannon 
diversity.  

   This section contains four pie charts providing a breakdown of the 
functional categories for  KEGG  ,  COG  ,  SEED Subsystems  , and 
EggNOGs. Clicking on the individual pie chart slices will save the 
respective sequences to the workbench. The relative abundance of 
sequences per functional category can be downloaded as a spread-
sheet, and users can browse the functional breakdowns. 

 A more detailed functional analysis, allowing  the   user to 
manipulate parameters for sequence similarity matches, is available 
from the Analysis page.   

   The  MG-RAST   annotation  pipeline   produces a set of annotations 
for each sample; these annotations can be interpreted as functional 
or taxonomic abundance profi les. The analysis page can be used to 
view these profi les for a single  metagenome   or to compare profi les 
from multiple metagenomes using various visualizations (e.g., 
heatmap) and statistics (e.g., PCoA, normalization). 

 The page is divided into three parts following a typical work-
fl ow (Fig.  7 ).

     1.    Data type 
 Selection of an  MG-RAST   analysis scheme, that is, selection of a 
particular taxonomic or functional abundance profi le  mapping  . 
For  taxonomic annotations,   since there is not always a unique 
mapping from hit to annotation, we provide three interpreta-
tions: best hit, representative hit, and  lowest common ancestor  . 
When choosing the  LCA   annotations, not all downstream tools 
are available. The reason is the fact that for the  LCA   annotations 
not all sequences will be annotated to the same level, classifi ca-
tions are returned on different taxonomic levels. 

 Functional Categories

3.3.7  Analysis Page

217.79

2σ σ σμ

294.29

α-Diversity = 377.113 species

377.11

  Fig. 6    Alpha  diversity   plot showing the range of -diversity values in the project the data set belongs to. The min, 
max, and mean values are shown, with the standard deviation ranges in different shades. The  alpha-diversity   
of this  metagenome   is shown in  red . The species-level annotations are from all the annotation source data-
bases used by  MG-RAST         
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  Functional annotation  s can be grouped into mappings to 
 functional hierarchies or can be displayed without a hierarchy. In 
addition, the recruitment plot displays the recruitment of pro-
tein sequences against a reference genome. Each selected data 
type has data selections and  data visualization  s specifi c for it.   

   2.    Data selection 
 Selection of sample and parameters. This dialog allows the selec-
tion of multiple metagenomes that can be compared individually 
or selected and compared as groups. Comparison is always rela-
tive to the annotation source,  e -value, and percent identity cut-
offs selectable in this section. In addition to the metagenomes 
available in  MG-RAST  , sets of sequences previously saved in the 
workbench can be selected for visualization.   

   3.     Data visualization   
 Data visualization and comparison. Depending on the selected 
profi le type, the profi les for the metagenomes can be visualized 
and compared by using barcharts, trees, spreadsheet-like tables, 
heatmaps, PCoA,  rarefaction   plots, circular recruitment plot, 
and  KEGG   maps.    

  The data selection dialog provides access to data sets in four 
ways. The four categories can be selected from a pulldown menu.

 ●    private data—list of private or shared data sets for browsing 
under available metagenomes.  

 ●   collections—defi ned sets of metagenomes grouped for eas-
ier analysis. This is the recommended way of working with 
the analysis page.  

 ●   projects—global groups of data sets grouped by the sub-
mitting user. The project name will be displayed.  

 ●   public data—display of all public data sets.    

  Fig. 7    Three-step process in using the Analysis page: ( 1 ) select a profi le and hit (see text) type; ( 2 ) select a list 
of metagenomes and set annotation source and similarity parameters; ( 3 ) choose a comparison       
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 When using collections or projects, data can also be grouped into 
one set per collection or project and subsequently compared or added. 

   Normalization refers to a transformation that attempts to reshape an 
underlying distribution. A large number of biological variables exhibit 
a log-normal distribution, meaning that when the data are trans-
formed with a log transformation, the values exhibit a normal distri-
bution. Log transformation of the counts data makes a normalized 
data product that is more likely to satisfy the assumptions of additional 
downstream tests such as ANOVA or  t -tests. Standardization is a 
transformation applied to each distribution in a group of distributions 
so that all distributions exhibit the same mean and the same standard 
deviation. This removes some aspects of inter-sample variability and 
can make data more comparable. This sort of procedure is analogous 
to commonly practiced scaling procedures but is more robust in that 
it controls for both scale and location.  

   The  rarefaction   view is available only for taxonomic data. The 
 rarefaction curve of annotated species richness is a plot ( see  Fig.  8 ) 

 Normalization

  Rarefaction  

  Fig. 8     Rarefaction   plot showing a curve of annotated species richness. This curve is a plot of the total number 
of distinct species annotations as a  function   of the number of sequences sampled       
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of the total number of distinct species annotations as a  function   of 
the number of sequences sampled. As shown in the fi gure, multiple 
data sets can be included.

   The slope of the right-hand part of the curve is related to the 
fraction of sampled species that are rare. When the  rarefaction   curve 
is fl at, more intensive sampling is likely to yield only a few additional 
species. The rarefaction curve is derived from the protein  taxonomic 
annotation  s and is subject to problems stemming from technical 
artifacts. These artifacts can be similar to the ones affecting  ampli-
con sequencing   [ 31 ], but the process of inferring species from 
 protein similarities may introduce additional uncertainty. 

 On the Analysis page, the  rarefaction   plot serves as a means of 
comparing species richness between samples in a way independent 
of the sampling depth. On the left, a steep slope indicates that a 
large fraction of the species  diversity   remains to be discovered. If 
the curve becomes fl atter to the right, a reasonable number of indi-
viduals is sampled, more intensive sampling is likely to yield only a 
few additional species. Sampling curves generally rise very quickly 
at fi rst and then level off toward an asymptote as fewer new species 
are found per unit of individuals collected. These rarefaction curves 
are calculated from the table of species abundance. The curves rep-
resent the average number of different species annotations for sub-
samples of the complete data set.  

   The heatmap/dendrogram allows an enormous amount of 
 information to be presented in a visual form that is amenable to 
human interpretation. Dendrograms are trees that indicate 
 similarities between annotation vectors. The  MG-RAST   heat-
map/dendrogram has two dendrograms, one indicating the simi-
larity/dissimilarity among metagenomic samples ( x -axis 
dendrogram) and another indicating the similarity/dissimilarity 
among annotation categories (e.g., functional roles; the  y -axis 
dendrogram). A distance metric is evaluated between every 
 possible pair of sample abundance profi les. A clustering algorithm 
(e.g., ward-based clustering) then produces the dendrogram trees. 
Each square in the heatmap dendrogram represents the abun-
dance level of a single category in a single sample. The values used 
to generate the heatmap/dendrogram fi gure can be downloaded 
as a table by clicking on the download button.  

    MG-RAST   uses Principle Coordinate Analysis (PCoA) to reduce 
the dimensionality of comparisons of multiple samples that con-
sider functional or  taxonomic annotation  s. Dimensionality 
reduction is a process that allows the complex variation found in 
a large data sets (e.g., the abundance values of thousands of 
functional roles or annotated species across dozens of metagen-
omic samples) to be reduced to a much smaller number of vari-
ables that can be visualized as simple two or three-dimensional 

 Heatmap/Dendrogram

 Ordination

MG-RAST, a Metagenomics Service for Analysis of Microbial Community Structure…



226

scatter plots. The plots enable interpretation of the  multidimensional 
data in a human-friendly presentation. Samples that exhibit  similar 
abundance profiles (taxonomic or functional) group together, 
whereas those that differ are found farther apart. 

 A key feature of PCoA-based analyses is that users can compare 
components not just to each other but to metadata recorded vari-
ables (e.g., sample pH, biome,  DNA    extraction   protocol) to reveal 
correlations between extracted variation and metadata-defi ned 
characteristics of the samples. 

 It is also possible to couple PCoA with higher-resolution statis-
tical methods in order to identify individual sample features (taxa or 
functions) that drive correlations observed in PCoA visualizations. 

 This coupling can be accomplished with permutation-based 
statistics applied directly to the data before calculation of distance 
measures used to produce PCoAs; alternatively, one can apply con-
ventional statistical approaches (e.g., ANOVA or Kruskal–Wallis 
test) to groups observed in PCoA-based visualizations.  

   The bar chart visualization option on the Analysis page has a built- in 
ability to drill down by clicking on a specifi c category. You can expand 
the categories to show the normalized abundance (adjusted for sam-
ple sizes) at various levels. The abundance information displayed can 
be downloaded into a local spreadsheet. Once a sub- selection has 
been made (e.g., the domain  Bacteria   selected), data can be sent to 
the workbench for detailed analysis. In addition, reads from a specifi c 
level can be added into the workbench.  

   The tree diagram allows comparison of data sets against a hierarchy 
(e.g., Subsystems or the NCBI taxonomy). The hierarchy is dis-
played as a rooted tree, and the abundance (normalized for data set 
size or raw) for each data set in the various categories is displayed 
as a bar chart for each category. By clicking on a category (inside 
the circle), detailed information can be requested for that node  

   The table tool creates a spreadsheet-based abundance table that 
can be searched and restricted by the user. Tables can be generated 
at user-selected levels of  phylogenetic   or functional resolution. 
Table data can be visualized by using Krona [ 37 ] or can be exported 
in BIOM [ 24 ] format to be used in other tools (e.g., QIIME). The 
tables also can be exported as tab-separated text. Abundance tables 
serve as the basis for all comparative analysis tools in  MG-RAST  , 
from PCoA to heatmap/dendrograms.  

   The workbench was designed to allow users to select subsets of the 
data for comparison or export. Specifi cally, the workbench  supports 
selecting sequence features and submitting them to further analysis 
or other analysis. A number of use cases are described below. An 
important limitation with the current implementation is that data 
sent to the workbench exist only until the current session is closed.   

 Bar Charts

 Tree Diagram

 Table

 Workbench
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    MG-RAST   is both an analytical  platform   and a data integration 
system. To enable data reuse, for example for meta-analyses, we 
require that all data being made available to third parties contain at 
least minimal metadata. The MG-RAST team has decided to  follow 
the minimal checklist approach used by the GSC. 

  MG-RAST   provides a mechanism to make data and analyses 
publicly accessible. Only the submitting user can make data public 
on MG-RAST. As stated above, metadata is mandatory for data set 
publication. Metazen [39] is a web based tool for assisting end-
users in the creation of metadata with the correct controlled vocab-
ularies and in the correct format. 

 In addition to publishing, data and analysis can also be shared 
with specifi c users (Fig.  9 ). To share data, users simply enter their 
email address via clicking sharing on the Overview page.

   4  matR  , Metagenomic analysis tools for R 
 We have recently produced a package for the R environment 

for statistical computing (  www.r-project.org/    ) that provides acces-
sory analytical capabilities to complement those already available 
through the  MG-RAST   website. The  matR   package is primarily 
designed for download and analysis of MG-RAST-based annota-
tion abundance profi les. It makes it possible to download annota-
tion abundance data from MG-RAST into R friendly data objects 
suitable for analysis with included analysis functions. We note that 
matR has been specifi cally designed to perform large-scale analyses 
on abundance profi les from dozens to thousands of data sets with 
suitable pre-processing, normalization, statistics, and visualization 

3.3.8  Metadata, 
Publishing, and Sharing

  Fig. 9    Data sets shared in  MG-RAST   by users ( orange dots ), shown as connecting 
edges       
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tools. Users can utilize these built-in tools or any of the enormous 
variety of tools available within the R universe. The release version of 
matR is available through CRAN (  http://cran.r-project.org/web/
packages/matR/    ); pre-release and development versions are avail-
able on github (  https://github.com/MG-RAST/matR/    ); a google 
group is available (  https://groups.google.com/forum/#!forum/
matr-forum    ); a publication demonstrating the ease with which matR 
can be used to conduct large-scale analyses is forthcoming.    

4       Notes 

 Typical  analysis parameters   
  MG-RAST   utilizes a number of tools and analyses to generate 
annotation abundance data, and subsequent visualizations of abun-
dance data, from raw sequence data. Users have the option to vary 
several of the parameters that defi ne several aspects of how 
MG-RAST performs. While the default settings have been selected 
to perform  well  in most circumstances, it is not possible to fi nd a 
single collection of analysis parameter values that will perform 
optimally on all data submitted to MG-RAST. Here we briefl y 
mention some of the most important parameters, discussion when 
a user may want to alter the default values, and how they can go 
about selecting the best values for their analyses in a methodologi-
cal fashion. We divide these parameters into two sections— pipeline   
options that users must be specifi c before their data are processed 
through MG-RAST and data options that defi ne the annotation 
abundance data that are returned to the user,

    Pipeline options  

 Pipeline options are specifi ed by the user during upload and prior 
to annotations with  MG-RAST  . These options are used to fi lter 
data with a number of metrics that characterize the quality of each 
individual read in a sample. Users can modify these key parameters 
from their default values,  

   Assembled  (NOT checked by default) 
 Select this option if your data are the product of any assembly- based 
tools applied to the data before upload to  MG-RAST  .  Note that we 
recommend upload of raw reads with their accompanying quality 
data (i.e., fastq fi les) . This allows MG-RAST to directly sequence 
QC information when processing reads. When assembled data are 
used, a great deal of abundance information is lost; with assembled 
data MG-RAST can only provide abundance that indicates the 
number of times a feature is observed in the assembly. Relative 
abundance information contained in the original reads is lost. In 
addition, assembly might introduce chimeric artifacts that will con-
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found subsequent annotation and analysis. Users should select this 
option if their data have undergone any assembly prior to upload.  

    Dereplication    (CHECKED by default) 
 A well-known artifact in NGS sequencing is the production of artifi -
cial replicate sequences. These are identical (or nearly identical) reads 
that occur with extremely high abundances (see   http://www.nature.
com/ismej/journal/v3/n11/full/ismej200972a.html    ). While the 
exact causes for such sequences are not well understood, it has been 
posited that they are due in part to inclusion of low complexity and/
or adapter sequences (sequences ligated onto reads to facilitate pro-
cessing with NGS that SHOULD NEVER appear in output). 
Artifi cial duplicates are utilized by  MG-RAST   as the basis for 
 DRISEE  -based error estimates (  http://www.ncbi.nlm.nih.gov/
pubmed/22685393    ); we maintain that the inclusion of such 
sequences constitutes a clear sequencing error/artifact, but this is a 
contested notion that remains to be resolved (  http://www.ncbi.nlm.
nih.gov/pubmed/23698723    ). However, what metagenomicists can 
agree on is that such sequences appear frequently, when they are not 
expected, and are present even after raw sequence data have been 
treated with vendor-specifi c tools to remove them. Dereplication 
should always be turned on for WGS sequencing—but, users may 
want to deselect this option for amplicon-based data (if reads start 
with a high conserved region, they could be misinterpreted as artifi -
cial replicates) or any other data sets where an extremely high level of 
replication among reads is expected.  

    Screening    (set to H. sapiens, NCBI v36 by default) 
 It is common for metagenomic NGS data to contain contaminant 
sequences from an undesired organism (e.g., human sequences in 
a human gut sampled  microbiome  ). Screening makes it possible for 
these sequences to be identifi ed and removed from subsequent 
analysis. Users have a number of other organisms that can be used 
to screen the data. Currently,  MG-RAST   supports fi ltering against 
a single contaminant organism. Users can select the most appropri-
ate organism, or select “none.” If a user wants to maintain all 
sequence data, they should select “none.” Note that MG-RAST is 
not designed to annotate eukaryotic data,  screening   is used as a 
means to remove such data (assumed to be host sequence data) 
from a number of known sources. Note that the currently collec-
tion of organisms against which screening is possible can be 
expanded. Users should contact MG-RAST if they want add addi-
tional organisms to those that can be screened.  
   Dynamic Trimming  (CHECKED by default with 15 as the mini-
mum retained phred score and 5 as the maximum number of bases 
allowed in each read that can contain a base lower than the phred 
minimum) 
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 Dynamic trimming is only possible if users have uploaded data in 
fastq format that contains sequence quality information. Dynamic 
trimming is used in place of length fi ltering and ambiguous-based 
fi ltering when a fastq is uploaded. More stringent values (e.g., 
higher phred, and lower allowance for base that do not meet the 
phred threshold) will reduce the length and amount of reads that 
 MG-RAST   processes, but can increase their overall quality. Users 
should increase stringency if they want to reduce annotated data to 
more constrained, higher quality sequences. We do not recom-
mend reducing stringency; this will lead to the inclusion of low-
quality data that will most likely produce no or extremely unreliable 
annotation.  

   Length fi ltering  (CHECKED by default, with a standard deviation 
multiplier set to 2; only applies to fasta data; it is not used on fastq 
data) 
 Only applied to fasta data, or fastq data with no quality informa-
tion (essentially, a surrogate for the dynamic trimming applied to 
fastq data that include quality information), length trimming cal-
culates the average sequence length for all reads in a data set and 
removes those that are, 
 Longer than than sample_mean + (standard_deviation_multiplier * 
standard_deviation) 
 or shorter than sample_mean − (standard_deviation_multiplier * 
standard_deviation) 
 This is an attempt to remove sequences that exhibit outlier lengths 
and are likely to be sequencing artifacts. 
 For fasta data we recommend that users always use length fi ltering, 
and that they do not use a standard deviation multiplier less than 
the default of 2. Users may want to increase the standard deviation 
multiplier if their reads exhibit a large degree of variation with 
respect to read length.  

   Ambiguous base fi ltering  (CHECKED by default with a maximum 
number of allowed ambiguous bases per read set to 5; only applies 
to fasta data or fastq without quality information) 
 Sequences frequently produce “ambiguous bases” (bases that are 
not A, T, C, or G), these represent bases for which the sequences 
could not make a defi nitive call for the identity of the base. 
Ambiguous bases are expected at the end of sequenced reads, and 
are generally considered to be an indication of low quality if they 
are found anywhere else in the read, particularly at the start. 
 MG-RAST   will reject any read that contains more than the speci-
fi ed number of ambiguous bases. We recommend that users should 
not use values less stringent (i.e., larger) than the default of 5. 
Users are free to specify more stringent criteria (smaller number of 
allowed ambiguous bases)—this will reduce the number of anno-
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tated reads, but will produce a set of reads that have a higher over-
all quality (less likely to contain artifacts that could lead to erroneous 
annotations).  

   Data options  
 After processing through  MG-RAST  , users have a number of 
options that they can use to fi lter annotation abundance data 
(accessed via the). Chief among these are the parameters described 
briefl y below,  

   Annotation source  (default m5NR) 
  MG-RAST   provides users with the unique ability to provide anno-
tations for analyzed data from multiple source databases. By 
default, the m5NR is used—but users are free to use any one of the 
numerous additional annotation sources. As the m5NR represents 
a non-redundant union of all annotation databases contained 
within MG-RAST, we generally recommend its use over any of the 
individual databases.  

   Max e-value cutoff (default 1e−5)  
 The max  e -value cutoff indicates the largest (least stringent)  e -value 
for an annotation to be included in the output annotations. We 
generally recommend that users not use larger (less stringent) 
 e -value cutoff. The use of smaller (more stringent)  e -values will 
ensure that annotations exhibit higher statistical fi delity; however, 
this will come at the cost of a smaller overall number of annotated 
features. We suggest that users experiment with multiple  e -values 
until they arrive at one that produces enough annotations to 
address the hypothesis(es) in question while minimizing the num-
ber of spurious (false positive) annotations.  

   Min % identity cutoff  (default 60 %) 
 The minimum percent identity represents the lower bound thresh-
old for annotations to be returned to the user. Matches between 
the query and selected annotation that match or exceed this value 
are retained, all others are rejected. We  recommend that users not 
select a value any lower than the default. Users may choose larger 
values to return annotations only if they meet more stringent 
match criteria. An increase in the minimum percent identity cutoff 
will produce annotations that exhibit closer matches to the refer-
ence  database   at the cost of a lower overall number of annotations. 
Once again, we encourage users to experiment with this threshold 
until it  produce the desired number of annotations at an acceptable 
level of stringency.  
   Min alignment length cutoff  (default 15) 
 The minimum length cutoff represent the lower bound threshold 
for alignment lengths to be included in output annotations. As 
with the  e -value and percent identity cutoffs, we recommend that 
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users do not attempt to select a less stringent (smaller) value. They 
can select larger (more stringent) values to produce a smaller set of 
longer matches (generally considered to be synonymous with 
higher quality and increased accurate). Once again, users need to 
experiment with this value to fi nd an optimal balance between 
stringency and number of annotations.  
   Additional Documentation  
 This chapter is intended as an introduction to  MG-RAST  , and nec-
essarily treats topics as concisely as possible; other topics were 
omitted entirely for the sake of brevity. Users interested in a much 
more detailed description of MG-RAST are referred to the 
MG-RAST user manual. The manual can be  downloaded from 
 metagenomics  .anl.gov/; simply click on the link for the  MG-RAST 
manual .            
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 Analysis of Active Methylotrophic Communities: When 
DNA-SIP Meets High-Throughput Technologies                     
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  Abstract 

   Methylotrophs are microorganisms ubiquitous in the environment that can metabolize one-carbon (C1) 
compounds as carbon and/or energy sources. The activity of these prokaryotes impacts biogeochemical 
cycles within their respective habitats and can determine whether these habitats act as sources or sinks of 
C1 compounds. Due to the high importance of C1 compounds, not only in biogeochemical cycles, but 
also for climatic processes, it is vital to understand the contributions of these microorganisms to carbon 
cycling in different environments. One of the most challenging questions when investigating methylo-
trophs, but also in environmental microbiology in general, is which species contribute to the environmen-
tal processes of interest, or “who does what, where and when?” Metabolic labeling with C1 compounds 
substituted with  13 C, a technique called stable isotope probing, is a key method to trace carbon fl uxes 
within methylotrophic communities. The incorporation of  13 C into the biomass of active methylotrophs 
leads to an increase in the molecular mass of their biomolecules. For DNA-based stable isotope probing 
(DNA-SIP), labeled and unlabeled DNA is separated by isopycnic ultracentrifugation. The ability to 
 specifi cally analyze DNA of active methylotrophs from a complex background community by 
 high- throughput sequencing techniques, i.e. targeted metagenomics, is the hallmark strength of DNA-SIP 
for elucidating ecosystem functioning, and a protocol is detailed in this chapter.  

  Key words     Carbon-13  ,   DNA stable isotope probing  ,   DNA-SIP  ,   High-throughput sequencing  , 
  Isotopic labeling  ,   Methylotrophy  ,   Metagenomics  ,   One-carbon compounds  

1      Introduction 

 One carbon (C1)    compounds, as well as compounds with multiple 
carbons but no carbon–carbon bonds, such as methylated amines, 
are diverse and widespread in the environment. These compounds 
play key roles in the biogeochemical cycles of carbon, and also 
nitrogen, sulfur, and phosphorus [ 1 – 3 ]. Some of these compounds 
have an infl uence on climatic processes through their release to the 
atmosphere [ 1 ], and thus a direct relevance for global ecology. 
Microorganisms that can metabolize these compounds, called 
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methylotrophs, are ubiquitous in the environment. Next to 
 physicochemical reactions, microbial activities often are the only 
major processes involved in C1 compound conversion [ 3 – 5 ]. 
Thus, the composition and activity of the microbial community in 
a specifi c habitat is a major factor that modulates the release or 
uptake of C1 compounds into and from the atmosphere. 
Consequently, investigation of these microorganisms in different 
habitats, as well as assessment of their activity and contribution to 
biogeochemical cycles, is essential for understanding and modeling 
the environmental processes that shape and sustain our planet. 

 Most knowledge of C1 compound metabolism was obtained 
from isolation and characterization of pure cultures of methylotrophs 
[ 6 ]. However, insights deduced by these cultivation- dependent 
approaches are diffi cult to transfer directly to environmental systems, 
where microorganisms are tightly integrated in metabolic networks 
and potentially dissimilar to those readily cultivated microorganisms. 
Actual  microbial communities   that catalyze processes of interest often 
remain “black boxes” for the environmental microbiologist, making 
it diffi cult to answer the key question of “who is doing what, where 
and when?” [ 7 ] in a particular environment. 

 Classical approaches for environmental studies of methylotrophs 
rely on the analysis of specifi c  biomarkers.   The detection of 16S 
 rRNA   genes similar to those of known and characterized 
 methylotrophs in environmental samples is often used to infer a 
 corresponding  function   to these detected organisms. In addition, 
structural genes can be used to identify environmental distribution 
of key  enzymes   for the conversion of C1 compounds, including a 
range of dehydrogenases, monooxygenases, and methyl transferases 
[ 8 ]. Various  PCR   primer sets have been introduced to target these 
genes in environmental surveys [ 9 – 15 ]. For example,  pmoA  and 
 mmoX , encoding subunits of the particulate and soluble methane 
monooxygenase, have been used to target methanotrophs, and 
  mxaF   , encoding the large  subunit   of  methanol dehydrogenase  , to 
target methylotrophs [ 9 ,  10 ,  13 ].  High-throughput sequencing   
technologies have improved rapidly over the past decade, allowing 
much deeper sequencing of environmental samples. Pyrosequencing, 
reversible dye terminator sequencing, or ion semiconductor 
 sequencing [ 16 ] are often used in combination with  biomarker   
approaches. Selection for  biomarkers   of interest can either be done 
prior to sequencing, for example by using PCR amplicon pyrose-
quencing [ 17 ,  18 ], or by  screening   of shotgun metagenomic datas-
ets [ 19 ,  20 ]. However, these approaches do not provide information 
on the real metabolic activities of the  microbial communities   being 
investigated. 

 In order to unravel the  functional   contributions of methylotrophs 
in  microbial communities  , cultivation-independent approaches are 
needed that can establish a direct link between phylogeny and   function  . 
 Stable isotope probing (SIP)  , a metabolic labeling approach with 
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  substrates   enriched with heavy, nonradioactive isotopes, can fulfi ll 
these requirements. In a  SIP   experiment targeting methylotrophs, 
environmental material (e.g. water,  soil   or sediment) is incubated with 
a  13 C-labeled C1 compound. Active methylotrophs that use this com-
pound as a carbon source incorporate the heavy carbon atoms into their 
biomass, including and notably their  DNA  . Detection of  13 C enrichment 
in  biomarkers   of specifi c organisms is therefore evidence for methylotro-
phic activity resulting in  substrate   assimilation. This approach was fi rst 
described in combination with the investigation of microbial polar lipid 
derived fatty acids (PLFA), using isotope ratio mass spectrometry to 
detect the heavy isotopes [ 21 ]. The combination with  metagenomics   
(DNA-SIP) followed 2 years later, and allowed the implementation of 
 SIP   with the classical approaches described above to detect active 
 methylotrophs in the environment [ 22 – 26 ]. Compared to a PLFA-
based approach, DNA-SIP offers better  phylogenetic   resolution and 
provides substantial  functional   information from the labeled DNA 
sequences ( see  e.g. [ 14 ,  15 ,  27 ]). Even the retrieval of whole genomes of 
the active methylotrophs is possible [ 28 ]. 

 A  SIP   experiment employing  13 C-labeled C1 compounds, 
followed by  DNA    extraction  , typically results in a mix of heavy 
( 13 C-labeled) DNA from active methylotrophs and unlabeled 
light ( 12 C) DNA from other organisms, including inactive methy-
lotrophs. In this chapter, we outline requirements for a DNA-SIP 
experiment, describe the methods necessary for isolation and 
identifi cation of the labeled DNA and give advice for trouble-
shooting and interpretation of subsequent results. In addition, 
we highlight strategies for the analysis of  metagenomics   DNA by 
 high- throughput sequencing  . 

 Separation of heavy and light  DNA   is achieved in a density 
gradient because the substitution of  12 C with  13 C proportionally 
increases the density of DNA.  Ultracentrifugation   of the extracted 
DNA mix in a cesium chloride solution results in the migration of 
DNA according to its density within the gradient, forming bands 
of increasingly labeled DNA down the gradient. The density gradi-
ent is partitioned into a number of fractions, and the 16S  rRNA   
gene profi les of the DNA recovered from each of these fractions 
are investigated via denaturing gradient gel electrophoresis 
(DGGE) [ 29 ].    This fi ngerprinting technique represents a straight-
forward method that separates  PCR   amplicons based on their GC 
content and sequence [ 14 ,  15 ]. 

 The  rRNA   gene fi ngerprints are important to rapidly identify 
the fractions containing  13 C-labeled  DNA   by comparison with cor-
responding fraction profi les from an unlabeled ( 12 C) control 
 incubation. These fractions containing DNA enriched with genetic 
material of the active methylotrophs can subsequently be used for 
sequence analysis, starting with  amplicon sequencing   targeting 
16S rRNA genes and functional genes (e.g.  pmoA ,   mxaF   ), to 
obtain  phylogenetic   and functional information. If necessary, 

DNA-SIP for Analysis of Active Methylotrophs



238

labeled DNA can be amplifi ed by multiple displacement 
 amplifi cation (MDA) to obtain suffi cient material prior to shotgun 
 metagenomics   [ 30 ], enabling a more in-depth functional 
 investigation of active methylotrophs, including the potential for 
genome assembly even with very low quantities of labeled material.  

2    Materials 

 Use analytical grade reagents and ultrapure water for the  preparation 
of all solutions. For suspending  DNA  , use nuclease-free water. All 
solutions should be prepared and stored at room temperature, 
unless otherwise indicated. 

       1.    EDTA solution: 0.5 M EDTA, pH 8.0. Dissolve 186.1 g of diso-
dium ethylenediamine tetraacetate dihydrate (EDTA) in 900 mL 
of water. Add 2 M NaOH to adjust the pH to 8.0 ( see   Note 1 ) 
and make up to 1 L with water. Sterilize in an autoclave.   

   2.    Tris-EDTA (TE) buffer: 10 mM Tris–HCl, 1 mM EDTA, 
pH 8.0. Dissolve 60.6 mg of Tris in 40 mL of water. Add 
100 μL of a 0.5 M EDTA solution, mix and adjust pH to 8.0 
with 0.5 M HCl. Make up to 50 mL with water. Filter sterilize 
(0.22 μm) or autoclave.   

   3.     DNA   from a metabolic labeling experiment using the 
 13 C-labeled C1 compound of interest and DNA from a control 
treatment with the same  12 C compound, in TE buffer or water 
( see   Note 2 ), with known DNA concentrations.   

   4.    CsCl solution: Dissolve 603.0 g of CsCl in water to a fi nal 
volume of 500 mL, resulting in a 7.163 M CsCl solution 
( see   Note 3 ). Adjust the density to a fi nal value between 1.88 
and 1.89 g/mL at 20 °C ( see   Note 4 ).   

   5.    Gradient buffer (GB): 0.1 M Tris–HCl, 0.1 M KCl, 1 mM 
EDTA, pH 8.0. Dissolve 12.11 g of Tris and 7.46 g of KCl in 
900 mL of water. Add 2 mL of a 0.5 M EDTA solution, mix 
and adjust pH to 8.0 with HCl. Make up to 1 L with water. 
Sterilize in an autoclave.   

   6.    Ultracentrifuge tubes: 5.1 mL, 13 mm × 51 mm Polyallomer 
Quick-Seal Centrifuge Tubes (Beckman Coulter Ltd., High 
Wycombe, UK).   

   7.    Ultracentrifuge rotor capable of withstanding 177,087 ×  g  
average: e.g. VTi 65.2 Beckman Coulter Vertical (Beckman 
Coulter Ltd., High Wycombe, UK).   

   8.    Pump for fractionation: Syringe pump or peristaltic pump able 
to deliver a constant fl ow of 425 μL/min.   

   9.    Digital refractometer: e.g. AR200 Digital Handheld 
Refractometer (Reichert Technologies, Depew, NY, USA).   

2.1  Density Gradient 
Centrifugation 
Components
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   10.    APS solution: 10 % ammonium persulfate (w/v). Dissolve 1 g 
of ammonium persulfate (APS) in 10 mL of water. Aliquot in 
1 mL portions and store at −20 °C. Frozen APS solution can 
be used for several months.   

   11.    Linear Polyacrylamide (LPA): Mix (in order) 250 mg of acryl-
amide, 4.25 mL of water, 200 μL of 1 M Tris–HCl pH 8.0, 
33 μL of 3 M sodium acetate pH 7.5, 10 μL of 0.5 M EDTA 
solution, 50 μL of 10 % ammonium persulfate solution and 
5 μL of tetramethylethylenediamine (TEMED) in a 50-mL 
tube, leave at room temperature for 30 min. Add 12.5 mL of 
95 % ethanol to precipitate for 5 min. Remove liquid (squeeze 
pellet), wash with 70 % ethanol and remove liquid again. Air 
dry for 10 min. Suspend pellet overnight in 50 mL of water, 
aliquot and store at −20 °C.   

   12.    Polyethylene glycol-NaCl (PEG-NaCl) solution: 30 % PEG 
6000, 1.6 M NaCl. Dissolve 150 g of PEG 6000 and 46.8 g of 
NaCl into a fi nal volume of 500 mL. Sterilize in an autoclave. 
Two phases may form after autoclaving or prolonged storage, 
so mix well before each use.      

       1.     PCR    primers   for DGGE: Primer set 341f_GC (CGCCCG
CCGC GCGCGGCGGG CGGGGCGGGG GCACGGGG
GG CCTACGGGAG GCAGCAG) and 518r (ATTACCGCGG 
CTGCTGG) targeting bacterial  16S rRNA   genes [ 31 ].   

   2.    50× Tris-Acetate-EDTA (TAE) buffer: 2 M Tris–HCl, 1 M 
Acetic acid, 0.05 M EDTA. Dissolve 242 g of Tris in 800 mL 
of water. Add 57.1 mL of 100 % acetic acid and 100 mL of 
0.5 M EDTA solution. Make up to 1 L with water.   

   3.    30 %  DGGE   solution: 1× TAE, 10 % acrylamide/bis- 
acrylamide, 12 % formamide (v/v), 12.6 % urea (w/v). Dissolve 
6.3 g of urea in 10 mL of water. Add 6 mL of formamide, 
1 mL of 50× TAE buffer and 12.5 mL of 40 % acrylamide/bis 
(37.5:1). Make up to 50 mL with water while the remaining 
urea dissolves.   

   4.    70 %  DGGE   solution: 1× TAE, 10 % acrylamide/bis- 
acrylamide, 28 % formamide (v/v), 29.4 % urea (w/v). Dissolve 
14.7 g of urea in 10 mL of water. Add 14 mL of formamide, 
1 mL of 50× TAE buffer and 12.5 mL of 40 % acrylamide/bis 
(37.5:1). Make up to 50 mL with water while the remaining 
urea dissolves. 5 mg of bromophenol blue can be added for 
visual differentiation from the 30 % DGGE solution.      

   5.    5×  DGGE   loading dye: 50 % glycerol (v/v), 0.2 M EDTA, 
0.05 % bromophenol blue (w/v). Mix 2.5 mL of glycerol, 
2 mL of 0.5 M EDTA solution and 2.5 mg of bromophenol 
blue. Make up to 5 mL with water.   

   6.     DGGE   system: e.g. DCode Universal Mutation Detection 
System (Bio Rad, Hemel Hempstead, UK) or DGGEK-2001-
110 (C.B.S. Scientifi c, San Diego, CA, USA).      

2.2  DGGE 
Components
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       1.     PCR   primer sets targeting functional genes (Table  1 ).
       2.    Multiple displacement amplifi cation (MDA) kit: e.g. REPLI-g 

Mini Kit (QIAGEN Ltd., Manchester, UK).   
   3.     Software   package mothur:   www.mothur.org     [ 32 ].   
   4.     Software   package USEARCH:   www.drive5.com/usearch/     [ 33 ].       

3    Methods 

 Carry out all procedures at room temperature unless otherwise 
specifi ed. 

     Setup conditions for metabolic labeling experiments are complex 
and depend on many factors, including the composition of the 
microbial community,    type of heavy isotope  substrate   used, 
 metabolic activity of the  target   population, conversion effi ciency 
and biochemical processes of interest. Thus, no comprehensive 
protocol can be given for this part of the experiment ( see   Note 5 ). 

2.3   DNA   
Amplifi cation 
Components 
and  Bioinformatics   
Tools

3.1  Metabolic 
Labeling with 
 13 C-Labeled C1 
Compounds

    Table 1  
   PCR   primer sets for functional genes involved in methylotrophy   

 Gene  Name  Sequence  Reference 

  pmoA/amoA   pmoA189F  GGNGACTGGGACTTCTGG  Holmes et al. [ 9 ] 

  pmoA/amoA   pmoA682R  GAASGCNGAGAAGAASGC 

  pmoA   mb661R a   CCGGMGCAACGTCYTTACC  Costello and Lidstrom [ 11 ] 

   mxaF     1003F  GCGGCACCAACTGGGGCTGGT  McDonald and Murrell [ 10 ] 

   mxaF     1561R  GGGCAGCATGAAGGGCTCCC 

   mxaF     1555R  CATGAABGGCTCCCARTCCAT  Neufeld et al. [ 14 ] 

  mmoX   206F  ATCGCBAARGAATAYGCSCG  Hutchens et al. [ 13 ] 

  mmoX   886R  ACCCANGGCTCGACYTTGAA 

  mmoX   mmoX166F  ACCAAGGARCARTTCAAG  Auman et al. [ 12 ] 

  mmoX   mmoX1401R  TGGCACTCRTARCGCTC 

  mauA   mauAf1  ARKCYTGYGABTAYTGGCG  Neufeld et al. [ 14 ] 

  mauA   mauAr1  GARAYVGTGCARTGRTARGTC 

  gmaS   557F  GARGAYGCSAACGGYCAGTT  Wischer et al. [ 15 ] 

  gmaS   1332R b   GTAMTCSAYCCAYTCCATG 

  gmaS   970R c   TGGGTSCGRTTRTTGCCSG 

   a For nested  PCR   
  b Beta- and Gammaproteobacteria 
  c Alphaproteobacteria  
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The following section gives a basic guideline highlighting key steps 
and crucial points of a metabolic labeling experiment.

    1.    Obtain environmental material containing the microbial 
 community   of interest, e.g.  soil  ,  sediment  , sludge, biofi lm, 
or aquatic material. Ensure enough material to obtain 
 suffi cient  DNA   after incubation: 5 μg of genomic DNA are 
required. Furthermore, process the environmental material 
as soon as possible after sampling. Excessive transport or 
storage times might infl uence the microbial  community   and 
bias the experimental outcome.   

   2.    Mix the environmental sample to avoid experimental inconsis-
tencies due to sample heterogeneity. Split into individual 
batches (e.g. bottles, microcosms) for incubation. Prepare all 
incubations in duplicates or triplicates. In addition to  incubations 
with the  13 C-labeled C1 compound, incubations with the 
 corresponding  12 C compound are also required. This is critical 
to identify  13 C-labeled  DNA   later on. Also prepare controls 
without  substrate   and sterile controls as necessary.   

   3.    Select the incubation time(s) for your experiment. This 
depends largely on the metabolic activity of the microbial 
 community   of interest. Based on that, an incubation time that 
is too short will result in insuffi cient labeling; an incubation 
time that is too long results in unspecifi c labeling (i.e. cross-
feeding). A preliminary experiment to assess the microbial 
activity can be useful. Furthermore, performing a time series 
experiment can give additional information about the carbon 
fl ux through the microbial community.      

   4.    Choose the  substrate   concentration and incubation  conditions. 
The concentration of the added C1 compound should be as 
close as possible to the concentration present in the  environment. 
Too low a  substrate   concentration can result in insuffi cient 
labeling. Aim for incorporation of 5–500 μmol of  13 C per gram 
of  soil   or sediment and 1–100 μmol of  13 C per liter of water. 
Incubation conditions (i.e. temperature, light level, nutrient 
and oxygen concentration) should be as close to natural 
 conditions as possible to reduce biases on the active microbial 
 community   detected [ 34 ].   

   5.    Monitor  substrate   consumption. This will allow quantifi cation 
of incorporation and facilitate selection of the most suitable 
sampling times. If no reliable method for determination of  sub-
strate   concentrations is available, consider monitoring   13 CO 2    
production or enrichment in biomass (e.g. using  isotope ratio 
mass spectrometry) to have a proxy for microbial activity.    

            1.    Prepare a calibration curve for calculation of the density of 
mixtures of the CsCl solution and GB from refractive indices. 
Mix 450 μL of CsCl solution with 0, 10, 20, 35, 50, 65, 80, 

3.2  Preparation 
and Setup
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100, 120, and 140 μL GB. Measure the density of the mixtures 
( see   Note 4 ). Measure refractive indices with a digital refrac-
tometer with a resolution of at least 0.0001 and temperature 
correction (nD-TC) to 20 °C. Plot density versus nD-TC and 
calculate a linear regression. The calibration curve is required 
to convert nD-TC readings to density to set up samples of the 
correct density for density gradient centrifugation and to verify 
gradient formation afterward ( see   Note 6 ).   

   2.    Calculate the required amount of GB to get to the desired 
starting density for density gradient centrifugation of 1.725 g/
mL. This can be done using the formula:    

  
Required volume CsCl stock density g mL

volume of CsCl st
= -( )
´

1 725. /
oock added mL g´ ( )1 52. / .see Note 7    

    3.    Based on the  DNA   concentrations of each sample, calculate 
the volume required to obtain 5 μg of DNA per sample. The 
amount of GB for each sample needs to be corrected by this 
volume.   

   4.    Prepare a 15 mL tube for each  DNA   sample with 4.8 mL of 
CsCl stock solution. Add 5 μg of DNA for each sample. Add 
the calculated volume of GB that is reduced by the volume of 
DNA solution you added for each sample. Calculate the 
 targeted refractive index based on the calibration curve pre-
pared in step 1 for a desired fi nal density of 1.725 g/mL. This 
typically will be around an nD-TC of 1.4040, but can vary 
slightly for different stock solutions. Add small amounts of GB 
and CsCl stock solution to reach the desired refractive index, 
mix well after each addition ( see   Note 8 ). Samples should be 
within +/− 0.0002 of the targeted refractive index.   

   5.    Fill ultracentrifuge tubes with the prepared CsCl/GB/ DNA   
mixtures. Use disposable Pasteur pipettes for convenience. To 
remove air bubbles that stick to the tube walls, fi ll the tubes up 
to 1 cm below the top, then gently tilt and rotate the tube, 
allowing the remaining air to run over the tube walls to gather 
any smaller air bubbles. Carefully top up the tubes to the tube 
stem.   

   6.    Balance pairs of ultracentrifuge tubes using an analytical bal-
ance. Weight differences below 2 mg are essential for each pair. 
Heat seal the tubes according to the manufacturer’s instruc-
tion. Squeeze tubes fi rmly to make sure that they are properly 
sealed. Reweigh the paired tubes to ensure that they remain 
balanced ( see   Note 9 ).   

   7.    Load tubes into the ultracentrifuge rotor, taking care to posi-
tion balanced tube pairs opposite each other. Note sample 
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names and rotor positions; tube labels can come off during 
 ultracentrifugation  . Prepare the rotor according to the manu-
facturer’s instructions.    

          1.     Ultracentrifugation   should be carried out for at least 40 h to 
ensure proper gradient formation and focused migration of 
 DNA   to the corresponding densities. Extended run times of 
60–72 h, i.e. over weekends, can also be used. Set the  centrifuge 
to a speed according to 177,087 ×  g  average (e.g., 44,100 rpm 
for the VTi 65.2 Beckman Coultier Vertical rotor;  see   Note 
10 ) and a temperature of 20 °C. Note that temperature 
 infl uences density directly. Set the centrifuge to maximum 
acceleration and select the “no brake” option for deceleration. 
Calculate between 1.5 and 2 h of additional run time until the 
centrifuge has stopped. Follow the  manufacturer’s instructions 
when operating the ultracentrifuge.   

   2.    Collect all tubes carefully from the rotor, keeping each tube 
vertical at all times. A pump with adjustable speed and uniform 
fl ow rate is needed to fractionate each  SIP   gradient. The 
required fl ow rate is 425 μL/min. A syringe pump should be 
used for best results, or a peristaltic pump instead. Adjust the 
speed of the pump by running it with water for 10 min and 
measuring the volume of the fl ow-through to get to the desired 
fl ow rate. Make sure that the tubing connected to the pump is 
fi tted with a male Luer fi tting. Before fractionating the fi rst 
tube, rinse and fi ll tubing with water ( see   Note 11 ).   

   3.    After  ultracentrifugation  , fi t the ultracentrifuge tube in a stand 
with a suitable clamp for fractionation. Handle the tube care-
fully to prevent disturbing the density gradient. The clamp 
should be only tight enough to hold the tube securely, without 
squeezing it. Connect a 23-gauge (0.6 × 25 mm) needle to the 
tubing of the pump. Run the pump momentarily to remove all 
air from the needle. Carefully pierce the top of the ultracentri-
fuge tube with the needle, adjacent to the tube stem ( see   Note 
12 ). Ensure that the needle and tubing are secured and cannot 
slip away during fractionation. Use a second needle to pierce 
the tube at the bottom, then remove this needle again ( see  
 Note 13 ).   

   4.    Prepare a series of 12 tubes (1.5 mL) to capture all sample frac-
tions. Activate the prepared pump to fi ll the ultracentrifuge 
tube with water, replacing the CsCl solution, together with a 
timer ( see  Fig.  1 ). Collect the CsCl solution at the bottom of 
the tube in the prepared tubes. Collect 425 μL per fraction 
(i.e. 1 min per fraction). An automated fraction collector might 
be used, but is not necessary. A full ultracentrifuge tube will 
result in 12 fractions with a fl ow rate of 425 μL/min, but keep 
additional 1.5 mL tubes ready for a potential 13th fraction. 

3.3   Ultra
centrifugation   
and Fractionation
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Label the fractions in the order of collection, 1–12. Repeat the 
fractionation process with the next sample ( see   Note 14 ).

       5.    Measure the refractive indices of all individual fractions to 
ensure proper gradient formation ( see   Note 15 ). The refractive 
indices typically are +/− 0.0025 around the refractive index 
measured before  ultracentrifugation  , with the fi rst fractions 
having the highest refractive index and the last fractions the 
lowest. With the refractive indices, the densities of the fractions 

  Fig. 1    Illustration of the density gradient fractionation process after separation of 
labeled and unlabeled  DNA   by  ultracentrifugation  . ( a ) The ultracentrifuge tube is 
pierced at the top and bottom and the CsCl solution is replaced by water and 
collected in 1.5 mL tubes. The refractive indices of individual fractions are deter-
mined for calculation of densities.  13 C-labeled DNA is typically found in fractions 
6–8, at a density of around 1.725 g/mL. ( b ) The density curve typically shows a 
deviation from linearity for the fi rst fraction (due to diffusion) and the last fraction 
(due to mixing with water). Labeled DNA is indicated by diagonal line pattern, 
unlabeled DNA by a checked pattern       
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can be calculated based on the calibration curve prepared in 
Subheading  3.1 ,  step 1 . On average,  13 C-labeled  DNA   has a 
density of 1.725 g/mL; unlabeled DNA has an average density 
of 1.705 g/mL.   

   6.    In order to purify  DNA   from the CsCl solution, precipitate 
DNA by adding 5 μL LPA (5 mg/mL) per fraction and mix 
well ( see   Note 16 ). Add 850 μL of PEG-NaCl solution and 
mix well. Leave at room temperature for at least 2 h to allow 
precipitation. Incubation overnight is also possible. Centrifuge 
at 13,000 ×  g  for 30 min and withdraw supernatant with a 
1 mL pipette. A transparent pellet should be visible after the 
supernatant is removed. Wash with 400 μL of 70 % ethanol, 
centrifuging at 13,000 ×  g  for 10 min. Discard supernatant as 
before. A white pellet should be visible now, which can easily 
become detached from the tube wall. Air-dry for 15 min, then 
suspend in 50 μL TE buffer for 30 min on ice, tapping the 
tube every 5–10 min to ensure that DNA dissolves fully.      

       1.    Check retrieval and quality of  DNA   obtained from individual 
fractions by applying 5 μL to 1 % (w/v) agarose  gel  electrophoresis   
following standard laboratory procedures. Quantifi cation of 
DNA is possible by fl uorometric assays. Do not use photometric 
DNA quantifi cation based on absorbance in the UV range, 
because this is usually not sensitive enough to detect the low 
amounts of DNA that might be present. High molecular mass 
DNA bands should be visible under UV light after staining with 
ethidium bromide (0.5 μg/mL gel) in at least some of the 
 fractions, typically between fractions 6 and 12. For trouble-
shooting on DNA retrieval,  see  Table  2 .

       2.    Perform a  PCR   with primers targeting  rRNA   genes of the 
organisms of interest, including a GC clamp. To  target   bacterial 
 16S rRNA   genes, we typically use the primer set 341f_GC/518r 
which amplifi es a ~230 bp portion of the gene, spanning the V3 
hypervariable region. The PCR conditions are: 95 °C for 5 min, 
30 cycles of 94 °C for 1 min, 55 °C for 1 min, 72 °C for 1 min, 
followed by a fi nal extension of 72 °C for 5 min [ 31 ]. The fi nal 
reaction volume is 50 μL. Check the PCR products by applying 
5 μL to 1 % (w/v) agarose  gel electrophoresis  . Prepare samples 
for  DGGE   by mixing 4–40 μL of the PCR product, according 
to band intensity on the agarose gel, with  DGGE   loading dye 
to achieve a 1× fi nal concentration.   

   3.    Prepare a gel for denaturing gradient gel  electrophoresis  . The 
following volumes are given for  DGGE   equipment supporting 
20 × 20 cm glass plates in a 6.5 L tank. Transfer 12.5 mL of the 
30 % and 70 %  DGGE   solution to two 15 mL falcon tubes and 
keep them on ice. Add 12.6 μL of TEMED and 126 μL of APS 
solution to each tube and transfer to a gradient mixer. Cast 

3.4  Identifi cation 
of Labeled  DNA   
by  DGGE   
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gradient gel according to standard laboratory protocols, with 
the 70 % solution at the bottom and the 30 % solution on top. 
Overlay the gel with 0.5 mL of isopropanol to achieve an even 
surface. Wait 45 min for the gel to polymerize.   

   4.    Prepare the  DGGE   tank with 6.4 L of water and add 130 mL 
of 50× TAE buffer to a fi nal concentration of 1× TAE, heat up 
to 60 °C. Remove the isopropanol from the polymerized gel 
and rinse the surface with water three times. Cast top-up gel 
with 5 mL of 0 %  DGGE   solution, 5 μL of TEMED and 50 μL 

    Table 2  
  Potential sources of problems in fractionation of  DNA   from  SIP   experiments and recommended 
solutions   

 Problem  Potential reason  Solution 

 No gradient formation  Problems with 
 ultracentrifugation   

 Repeat  ultracentrifugation,   ensure no 
brakes are applied for deceleration and 
no errors during run 

 No  DNA   recovery  Wrong density ( DNA   
sticking on side of tube) 

 Check correct starting density 

  DNA   amount too low  Use >5 μg of  DNA   as starting material 

 Loss during  DNA   
precipitation 

 Make sure to use carrier. Make sure to 
visualize pellet 

  DNA   at unexpected densities  Incorrect calibration 
density/nD-TC 

 Repeat density calibration 

 Temperature deviation 
during 
 ultracentrifugation   

 Do  ultracentrifugation   at 20 °C 

 No difference between  12 C and 
 13 C experiment  or  Low 
amount of  13 C  DNA   

 Insuffi cient labeling  Increase  substrate   concentrations and/
or incubation times a  

 Try to amplify by MDA 

  DNA   at intermediate densities 
(partially labeled) 

 Insuffi cient labeling 
(partially and unlabeled 
 DNA)   

 Increase incubation time 

 Crossfeeding (partially and 
fully labeled  DNA)   

 Reduce incubation time 

 Organisms use alternative 
carbon source (e.g. CO 2 ) 

 Perform additional metabolic labeling 
experiment with  13 C-CO 2  for 
confi rmation 

 Only labeled  DNA   in  13 C 
experiment 

 High enrichment of active 
organisms 

 Reduce  substrate   concentrations and/
or incubation times 

 Crossfeeding  Reduce incubation time 

 Same  genotypes   in all fractions   Contamination   during/
after fractionation 

 Change solutions, repeat 
 ultracentrifugation   with fresh  DNA   

   a Organisms that metabolize a C1 compound without using it as carbon source cannot be detected  
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of 10 % APS solution. Insert a 16-well comb without introduc-
ing air bubbles. Wait 30 min for the top-up gel to polymerize.   

   5.    Submerge the gels in the  DGGE   tank and rinse the wells with 
buffer. Load the samples prepared in  step 3 . Load  DGGE   lad-
der if available and load empty wells with 1×  DGGE   loading 
dye. Run the DGGE at 75 V for 16 h overnight. Ideally, run 
all fractions of a  13 C sample and the corresponding  12 C sample 
on two gels in parallel. After  electrophoresis  , stain the gels 
according to standard laboratory protocols (e.g. with SYBR 
Gold) and image the gel for evaluating fractionation results.   

   6.    Check band patterns to identify fractions of the  13 C sample 
containing labeled  DNA   by careful comparison with the gel of 
the corresponding  12 C sample. Unlabeled DNA typically is 
found in fractions 10–12, fully labeled DNA in fractions 6–8. 
Ignore bands that are present in all fractions, as these are not 
likely to have originated from  13 C-DNA alone. Look for bands 
that are consistently present in the light fractions of both the 
 12 C and  13 C sample to identify unlabeled DNA. Then look for 
bands that change their position in relation to the unlabeled 
DNA to identify the labeled DNA ( see   Note 17 ). Select the 
appropriate fractions for further experimentation ( see  Fig.  2 ). 
 See  also Table  2  for troubleshooting advice.

  Fig. 2     DGGE   gels obtained from fractionated  DNA   of ( a )  12 C and ( b )  13 C incuba-
tions on  13 C-labeled  methanol   after  electrophoresis   for 16 h at 75 V.  Black box : 
bands occurring in the same fractions in  12 C and  13 C incubations representing 
unlabeled DNA.  White box : bands enriched in the heavy fractions of the  13 C incu-
bation due to labeling of DNA by methylotrophic activity       
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              1.    Perform  PCR   assays with primers targeting bacterial  16S 
rRNA   genes on the labeled  DNA  . Purify PCR products 
obtained using PEG-NaCl precipitation as described in 
Subheading  3.2 ,  step 6 . Perform sequencing of 16S rRNA 
gene PCR amplicons to acquire an overview of the  phyloge-
netic   composition of the labeled DNA and to identify putative 
methylotrophs ( see   Note 18 ). This may also be done with the 
unlabeled (light) DNA of the  13 C sample for comparison, to 
illustrate the relative enrichment of genes from methylotro-
phic organisms in the labeled DNA ( see  Fig.  3 ).

       2.    Screen for functional genes encoding key  enzymes   for methy-
lotrophy by  PCR  . Depending on the investigated processes and 
applied  substrates,   different genes can be of interest. Commonly 
targeted are   mxaF   , encoding the large subunit of  methanol 
dehydrogenase  ,  pmoA  and  mmoX , encoding subunits of the 
particulate and soluble methane monooxygenase, as well as 
 mauA  and  gmaS , encoding genes for alternative pathways of 
methylamine degradation ( see  Table  1  for PCR primers and 
 references). Purify obtained PCR products using PEG-NaCl 
precipitation as described in Subheading  3.2 ,  step 6 .   

   3.    Sequence functional gene  PCR   amplicons by 454 pyrosequenc-
ing. We commonly use the  software   packages mothur and 
USEARCH when analyzing data from a GS FLX Titanium system 
( see   Note 19 ). Use Mothur to extract fl owgrams from raw *.sff 
data fi les with the sffi nfo() command. Discard fl owgrams with 
less than 450 usable fl ows and cut remaining fl owgrams to 720 
fl ows with trim.fl ows(). Denoise fl owgrams and translate to 

3.5  Analysis 
of Labeled  DNA  

  Fig. 3    Theoretical expected results of 454 amplicon pyrosequencing data target-
ing 16S  rRNA   genes in unfractionated  DNA  , DNA from heavy fractions and from 
light fractions. The heavy fractions show a strong enrichment, compared to 
unfractionated DNA, of the putative active  methylotroph   of the family 
Methylococcaceae, while the light fractions show sequences of the remaining, 
non-methylotrophic/inactive  bacteria   also detected in the total DNA       
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nucleic acid sequences using shhh.fl ows(). Use the trim.seqs() 
command to demultiplex sequences and remove barcode and 
primer sequences, to discard sequences with errors in the 
 barcode or primer region, with ambiguous bases or homopoly-
mer runs >6 bp and to fi lter sequences by length, depending on 
the expected product size. The count.seqs() command can be 
used to obtain quantitative information. Use USEARCH to sort 
sequences by abundance (-sortbysize) and for binning of 
 operational taxonomic units (OUT), chimera removal and 
 singleton removal (-cluster.otus). Use a 90 % identity threshold 
for this step ( see   Note 20 ).   

   4.    The obtained OTUs can be analyzed either by approaches based 
on the basic local alignment search  tool   (BLAST, [ 35 ]) or by 
generating  phylogenetic   trees after aligning with reference 
sequences ( see   Note 21 ). The resulting  phylogenetic   affi liation 
of the functional genes of interest can be compared to the data 
obtained by 16S  rRNA   gene sequencing to confi rm the  presence 
of putative methylotrophs.   

   5.    For a more comprehensive analysis of the enriched  DNA  , 
shotgun metagenomic sequencing can be used. Due to the 
low DNA amounts typically present in the fractions, multiple 
displacement amplifi cation (MDA) can be used to obtain suf-
fi cient material for sequencing. Use a commercially available 
MDA kit and follow the manufacturer’s instructions. We 
commonly use the REPLI-g Mini Kit (QIAGEN) with 
1–10 ng of DNA as template, incubating for 16 h overnight 
at 30 °C, followed by heat inactivation for 3 min at 
65 °C. Perform amplifi cation in replicates and check fi delity 
of the amplifi ed DNA by  DGGE   ( see  Subheading  3.3 ,  steps 
2 – 5 ;  see   Note 22 ). Merge and purify amplifi ed DNA 
( see  Subheading  3.2 ,  step 6 ) before shotgun metagenomic 
sequencing.   

   6.    Perform shotgun metagenomic sequencing using in-house 
 protocols or a commercially available service (also  see   Note 19 ). 
First analysis of the sequences can be done by using the  metage-
nomics   Rapid Annotation using Subsystem Technology ( MG- 
RAST    ) analysis server ( metagenomics.  anl.gov, [ 36 ]). This 
 platform   is designed to call and annotate the genes in a large set 
of short  DNA   sequence reads by comparison with DNA and 
protein databases. This allows an in-depth  phylogenetic   and 
functional analysis of the reads, as well as  screening   for  functional 
genes of interest.  See  Chapter   4     “MG-RAST” for more 
 information. If one or a few species are specifi cally enriched, 
assembly of the reads can be used to obtain larger DNA 
sequence fragments or even nearly complete genomes of the 
investigated methylotrophs, leading to additional  information 
about organization of gene clusters and allowing reconstruc-
tion of bacterial metabolism.       
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4    Notes 

     1.    EDTA will slowly dissolve as the pH gets near 8.0. When using 
solid NaOH pellets, around 18–20 g are required. Use a 2 M 
NaOH solution for more precise adjustment of the pH.   

   2.     DNA    extraction   protocols will differ based on the source mate-
rial (e.g.  soil  , sediment, sludge, biofi lm, or aquatic samples) 
and, consequently, no specifi c instructions can be given. Do 
test extractions from source material obtained directly from 
the environment to establish a suitable DNA extraction method 
before starting a metabolic labeling experiment.   

   3.    The high amount of CsCl leads to an increase in volume when 
dissolving. Make sure not to add too much water initially. 
Stirring and gently warming in a water bath will help to dis-
solve the CsCl more quickly.   

   4.    For measuring density, use a digital density meter or carefully 
weigh 1-mL aliquots in triplicate. Make sure the solution is at 
20 °C before beginning this process. If the density is too low, 
add more CsCl. Adding 5–10 g of CsCl increases the density 
by ~0.01 g/mL. A density above 1.89 g/mL can still be used 
if adjustments are done when setting up samples for  ultracen-
trifugation   ( see  Subheading  3.1 ,  step 4 ).   

   5.    This is discussed in more detail elsewhere [ 24 ,  25 ].   
   6.    Density measurement using an analytical balance is tedious and 

much less accurate than refractive index measurement, and also 
provides a higher chance for sample loss or  DNA    contamination  .   

   7.    For example, when using 4.8 mL of a stock solution with a 
density of 1.890 g/mL, this equates to:     

 Required volume = (1.890–1.725 g/mL) × 4.8 mL × 1.52 mL/g 
 Required volume = 1.20 mL of GB

    8.    Before starting with your samples, prepare a sterile 15 mL tube 
with 4.8 mL of CsCl stock solution and the calculated volume 
of GB; mix well by inversion. Measure the refractive index and 
adjust as described. Addition of 10 μL of GB will decrease the 
refractive index by ~0.0001, and addition of 40 μL of CsCl 
solution will increase it by ~0.0001. Keep track of the addi-
tions to correct the required volume of GB calculated in  step 
2 . The prepared solution can later be used to top up ultracen-
trifuge tubes in case there is too little solution for a sample, or 
for balancing tubes.   

   9.    Sometimes the sealing process leads to a change in tube weight. 
If this occurs, or if you are in doubt about the sealing on a tube, 
it is best to prepare a completely new ultracentrifuge tube. For 
recovery of the sample, cut off the top of the  suspicious tube 
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and empty it into the 15 mL tube used to  prepare that sample 
by holding the ultracentrifuge tube upside down and squeezing 
repeatedly.   

   10.    Differences in centrifugation speed and thus centrifugal force 
will lead to differences in gradient formation. Higher centrifu-
gal forces result in a steeper gradients and thus in poorer sam-
ple separation. Lower centrifugal forces result in shallower 
gradients. Although this can increase sample separation slightly, 
lower centrifugal forces also require highly extended run times. 
The proposed centrifugal force of 177,087 ×  g  average is the 
best trade-off between sample separation and run time.   

   11.    Previous protocols suggested the use of mineral oil for this 
purpose, but we found that water can be used to simplify the 
process of fractionation. Due to the high density difference 
between the CsCl solution in the tube and the water, only 
 limited mixing will occur. For improved visualization, bromo-
phenol blue or another dye can be added to the water.   

   12.    Setting up the fractionation and piercing a tube can be diffi cult 
to do correctly for the fi rst time. Prepare sealed ultracentrifuge 
tubes with water to test this process beforehand to ensure that 
it is working smoothly before processing the  samples. Hold the 
tube with one hand to fi x it securely in the clamp, otherwise it 
might slide down when you apply force with the needle. Put 
your thumb on top of the tube next to the tube stem and two 
other fi ngers under the tube. This ensures that you have the 
best control of the tube without having any fi ngers in line with 
the needle when piercing (potential danger of injury!). Make 
sure to apply controlled force to prevent the needle from enter-
ing too deep. Twisting the needle slightly can help to “drill” 
through the tube wall. The sharpened tip of the needle has to 
penetrate the tube wall completely to avoid spillage later on. 
This means that the fi rst few millimeters of the needle will be 
inside the tube, but not more. Once through the tube wall, the 
needle will move much easier than before. To prevent deeper 
entry, you can wrap sticky tape around the needle or put a 
short piece of tubing over it beforehand, so the needle is 
blocked by the tube wall from going any deeper. If liquid from 
the tube is forced out once the tube is pierced, reduce the 
 pressure from the clamp holding the tube.   

   13.    Use the same precautions as when piercing the top of the tube. 
Under rare circumstances, when the needle at the top of the 
tube is not sealing properly, the tube can run out very suddenly 
at this step. Have a 15 mL tube ready to catch the CsCl solu-
tion in case this happens, so you can use the sample for a new 
 ultracentrifugation  . If a low amount of leaking occurs, a small 
drop of mineral oil applied to the top puncture hole can help 
prevent further sample loss. The following fractionation with 
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the pierced bottom of the tube will result in relatively large 
drops, and thus differences in fraction size. To create smaller 
drops and to allow easier fractionation, a detached 23-gauge 
needle can be fi tted into the hole at the bottom of the tube. To 
do so, break a needle from the Luer slip (plastic part) by gently 
bending it left and right with tweezers, then carefully push it 
into the prepared hole.   

   14.    The CsCl gradient is not stable over time and will mix again 
through diffusion. This will fi rst be noticeable at the top and 
bottom of the gradient when measuring the refractive indices. 
Thus it is recommended to carry out the fractionation of all 
samples in a row as soon as the ultracentrifuge run has ended. 
Calculate roughly 20 min per sample (12 min of fractionation 
and 8 min of preparation). Fractionating eight samples in 3 h 
usually gives optimal results. If multiple pumps are available, 
fractionation in parallel is an option.   

   15.    Although manufacturers of digital refractometers usually 
 recommend covering the entire prism before measurement, a 
single drop in the centre of the prism is often suffi cient for an 
accurate measurement. Depending on the model of  refractometer 
used, accurate measurements can be obtained with volumes as 
small as 20 μL. This greatly reduces the loss of material at this 
step. Consistency of measurements should be checked before 
attempting to work with actual samples.   

   16.    The addition of a carrier substance like LPA or glycogen is 
essential for the recovery of the small  DNA   amounts that 
might be present in the fractions (often <100 ng). Due to  con-
tamination   issues with commercially available glycogen [ 37 ], 
we recommend LPA, which can be easily prepared in-house for 
a fraction of the cost of the commercially available product. 
UV treatment prior to use can ensure nucleic acid  contamina-
tion   will not affect downstream analysis.   

   17.     DNA   density is not only infl uenced by  13 C incorporation, but 
also by GC content: DNA with low GC content has a lower 
density than DNA with high GC content. This can lead to unla-
beled genomic DNA spanning +/− 2 fractions in the described 
protocol. Hence it is essential to have fractions of a  12 C control 
experiment as reference for identifying labeled DNA bands; 
selecting fractions based only on density can be misleading.  See  
[ 14 ,  15 ] for examples on identifying labeled DNA bands.   

   18.    A variety of primer sets targeting different regions of bacterial 
16S  rRNA   gene sequences have been described and can be used 
to acquire amplicons for sequencing. Likewise, different  high-
throughput sequencing   methods are available for this purpose, 
also as commercial services that include   bioinformatics   analysis of 
the obtained sequences. If no in-house sequencing and analysis 
 pipeline   is available, use of such a service is recommended.   
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   19.    Alternative sequencing methods ( Illumina   dye sequencing, Ion 
semiconductor sequencing) can be used instead. Be aware that 
methods producing reads from a defi ned position of the gene 
of interest, i.e. the primer sequence, can be investigated in the 
way described and binned to OTUs. Methods producing ran-
dom reads from the amplicons cannot be binned to OTUs with 
the tools described, but can be analyzed using an approach 
based on the  basic local alignment search tool (BLAST)   using 
Megan [ 38 ].  See  [ 39 ] for an alternative approach employing 
Megan for 454 pyrosequencing data. Instead of mothur, also 
the  software   package QIIME can be used [ 40 ].   

   20.    Higher identity thresholds can be used, but be aware that 
sequence  diversity   for functional genes can be rather different 
than for 16S  rRNA   genes when trying to assign OTUs to differ-
ent  phylogenetic   levels. Furthermore, 454 pyrosequencing and 
ion semiconductor sequencing is prone to errors on homopoly-
mer repeats, sometimes introducing up to 5 % sequencing errors. 
Thus, while an identity threshold of 90 % might lead to the loss 
of resolution on the highest taxonomic levels, it will effectively 
reduce artifi cial diversity introduced by sequencing errors.   

   21.    Be aware that different  algorithms   can lead to different results, 
especially when only distantly related reference sequences are 
available. This is true for different clustering  algorithms   when 
constructing  phylogenetic   trees as well as for different  BLAST   
algorithms. Also be aware that reference data for functional 
genes are usually much more limited than for 16S  rRNA   genes, 
and environmental samples can often yield sequences that can 
only be classifi ed on lower taxonomic levels due to the lack of 
matching reference sequences.   

   22.    MDA is highly prone to  contamination   and most available kits 
can introduce an  amplifi cation bias   [ 41 ]. Thus, if somehow 
possible, it should be avoided. If very low  DNA   amounts are 
retrieved, and amplifi cation before sequencing is essential, 
there are several possibilities to improve product quality. Split 
your sample into replicates (5–10) before amplifi cation to 
reduce bias. Reduce the volume of each reaction as far as pos-
sible and reduce the incubation time to avoid  contamination 
  and unspecifi c amplifi cation.         
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    Chapter 15   

 Functional Metagenomics: Construction and High- 
Throughput Screening of Fosmid Libraries for Discovery 
of Novel Carbohydrate-Active Enzymes                     

     Lisa     Ufarté    ,     Sophie     Bozonnet    ,     Elisabeth     Laville    ,     Davide     A.     Cecchini    , 
    Sandra     Pizzut-Serin    ,     Samuel     Jacquiod    ,     Sandrine     Demanèche    , 
    Pascal     Simonet    ,     Laure     Franqueville    , and     Gabrielle     Potocki Veronese      

  Abstract 

   Activity-based metagenomics is one of the most effi cient approaches to boost the discovery of novel 
 biocatalysts from the huge reservoir of uncultivated bacteria. In this chapter, we describe a highly generic 
procedure of metagenomic library construction and high-throughput screening for carbohydrate-active 
enzymes. Applicable to any bacterial ecosystem, it enables the swift identifi cation of functional enzymes 
that are highly effi cient, alone or acting in synergy, to break down polysaccharides and oligosaccharides.  

  Key words     Metagenomic DNA  ,   Fosmidic libraries  ,   High-throughput screening  ,   Carbohydrate-active 
enzymes  ,   Complex glycans  

1      Introduction 

     Early  metagenomic    studies   focused on  exploring    microbial  diversity   
 through   sequencing of ribosomal RNA sequences and later, with 
the emergence of powerful sequencing technologies, of functional 
DNA recovered from environmental samples. Generated data usu-
ally cover several gigabases of sequence information in the form of 
short sequences, which need to undergo an assembly  pipeline   in 
order to extract useful gene information. However, gene  annotation 
provides only a functional potential to the annotated genes, 
 according to their sequence homology, the real activity requiring 
an experimental demonstration. 

 Activity-based  metagenomics   allows to by-pass these  challenges, 
as proven by numerous studies dedicated to the discovery of novel 
 enzymes  , in particular Carbohydrate-Active Enzymes  or   CAZymes 
[ 1 ]. Indeed, carbohydrates, in particular glycans, assure key and 
highly versatile  functions   in the living world, for energy storage, 
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cell signaling, recognition, or shape maintain. Carbohydrate 
metabolism is thus crucial for all organisms, and requires a large 
panel of  CAZymes   to cleave, modify, or create osidic linkages. 
Moreover, as plant polysaccharides constitute the main source of 
renewable carbon, the extraordinary  diversity   and natural effi ciency 
of microbial  CAZymes   can be exploited to develop green processes 
of plant biomass conversion into biofuels or sugar-based materials 
including surfactants, fi ne-chemicals, secondary metabolites, 
drugs, vaccines, among others. 

 As a result, in the last years, numerous studies have been pub-
lished, exploiting the immense potential of functional  metagenomics   
to explore various bacterial  ecosystems  . Indeed, many ecosystems 
like mammal and insect guts, soil and composts, are more or less 
specialized in polysaccharide breakdown, enabling the discovery of 
carbohydrate catabolism-related  enzymes  , like glycoside hydrolases. 

 Functional  metagenomics   consists in (1) constructing large 
libraries of thousands to several hundred thousands of recombinant 
clones, carrying metagenomic DNA fragments sizing between 2 
and 200 kbp, cloned into  plasmids  , cosmids,  fosmids   or even bacte-
rial artifi cial chromosomes, (2) screening them for the targeted 
activities, and (3) sequencing the  screening   hits in order to identify 
the genes that are responsible for the observed phenotypes (Fig.  1 ). 
By using this approach, several hundreds of novel  CAZymes   were 

  Fig. 1    Multistep activity-based metagenomic strategy for CAZyme discovery       
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retrieved from  metagenomes   these last few years [ 2 ,  3 ], most of 
them presenting very original sequences [ 4 ], sometimes belonging 
to novel protein families [ 5 ] and/or displaying inedited key 
  functions   of carbohydrate foraging [ 6 ] which would not have been 
 predicted by genomic or metagenomic sequence analysis.

   In this chapter, we describe a robust and inexpensive  procedure 
of high-throughput functional exploration of bacterial  ecosystems   
(soil being used as an example), to drive in-depth  metagenome   
sequencing and focus on genes encoding catabolic  CAZymes  . 
Even if alternative strains with different expression and secretion 
capabilities can be used [ 7 ,  8 ], we detail the construction of  E. coli  
fosmidic  metagenomic libraries  , as it allows to easily and rapidly 
explore extremely large sequence spaces, covering several Gbp of 
metagenomic DNA. Search for functional CAZyme encoding 
genes consists here in applying a multistep  screening   approach to 
(1) isolate clones producing catalysts with the desired specifi city 
toward polysaccharidic and oligosaccharidic  substrates  , (2) 
 discriminate endo- and exo-hydrolytic activities (Fig.  2a, b ) and 
even discover  enzyme   cocktails, encoded by multigenic clusters 
that are frequently found on large metagenomic fosmidic inserts 
(sizing between 30 and 50 kbp) that are involved in the break-

  Fig. 2    High-throughput screening of  E. coli  metagenomic libraries for endo- and exo-acting glycanases. ( a ) 
Pictures of primary screening results (solid medium) on ( a ) insoluble AZCL-polysaccharides,  blue halos  show-
ing the release of soluble AZCL-oligosaccharides; ( b ) solubilized Azo-polysaccharides,  clear halo  showing the 
degradation of the colored polymer; ( c ) X-mono/oligosaccharides,  blue color  showing the release of free 
X-compounds; ( d ) minimal medium supplemented with oligosaccharides as carbon source, the sole growing 
clone being able to degrade the targeted oligosaccharides. ( b ) Pictures of secondary screening results (liquid 
medium) on ( a ) AZCL-polysaccharides,  blue color  showing the release of soluble AZCL-oligosaccharides in the 
reaction medium; ( b )  p NP-mono/oligosaccharides,  yellow color  showing the release of free  p NP-compounds 
in the reaction medium; ( c ) HPAEC-PAD analysis of, in  black , oligosaccharides substrate (fructo-oligosaccha-
rides as an example) before enzymatic hydrolysis; in  red , hydrolysis reaction products (glucose and fructose 
as an example) after 24 h of reaction       
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down of plant cell wall. If the automated solid plate assays used in 
the primary screens can be easily carried out by only one person at 
a throughput of 240,000 assays per week (corresponding to the 
 screening   of 20,000 clones for 12 different activities) for only few 
k€, the discriminating assays in liquid media are used with a lower 
throughput of around 500 assays per week. However, they are 
highly recommended in order to avoid total or partial sequence 
redundancy between the hits presenting the same activities. 
Sequence redundancy can also be avoided by choosing to screen 
several little libraries (of few dozens of thousands clones) 
 constructed from different samples rather than only a large one (of 
hundred thousand clones) issued from one unique sample.

   This highly generic approach is applicable to mine all complex 
bacterial communities for novel catabolic  CAZymes  . Depending on 
their ability to face the structural complexity of plant cell wall, and to 
use it as the main carbon source for growing and maintaining them-
selves in their habitat, the hit rates will vary from less than 0.2 ‰ (for 
example for soil communities) to more than 4 ‰ (for highly special-
ized  ecosystems   like termite guts [ 9 ]). In any case, in order to increase 
hit yield, we recommend (1) increasing the  number of primary screens 
by using a large  diversity   of polysaccharidic and  oligosaccharidic  sub-
strates  , varying in nature of glycosidic residues, type of osidic  linkages, 
polymerization degree and  ramifi cation content; (2)  increasing the 
library size, preferably constructed from several metagenomic DNA 
samples, in order to minimize sequence redundancy. 

 After hit recovery,  fosmid   sequencing with high coverage 
(more than 10×) allows to easily identify the genes, or the gene 
clusters, that are responsible for the screened activity, and their 
taxonomic origin, sometimes up to species level. As the functional 
and taxonomical annotation procedures do not differ from those 
developed for sequenced-based  metagenomics   and genomics, they 
will not be detailed in this chapter.  

2    Materials 

 All plastics used are certifi ed free of  DNAse   and DNA. All tools 
and materials used should be washed and cleaned with 70 %  ethanol 
solution ( see   Note 1 ). Glass or metal materials, as well as solutions 
when specifi ed, are sterilized before use (121 °C, 20 min). Prepare 
all solutions using ultrapure water (18 MΩ cm at 25 °C) and 
 analytical grade reagents. Follow all waste disposal regulations 
when disposing waste materials. 

       1.    4-mm sterilized glass beads.   
   2.    0.2 % Sodium hexametaphosphate (HMP): Add about 400 mL 

water to a 500-mL measuring tube. Weight 1.0 g HMP and 

2.1  DNA Sampling
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transfer to the cylinder. Add water to a volume of 500 mL. Mix 
and transfer to a 1-L glass bottle. Sterilize and store at room 
temperature.   

   3.    Two 250-mL sterilized polypropylene Nalgene tubes.   
   4.    Sterile gauze.   
   5.    0.8 % Sodium chloride (NaCl): Add about 700 mL water to a 

1-L measuring tube. Weight 8.0 g NaCl and transfer to the 
cylinder. Add water up to 1 L. Mix and transfer 500 mL to two 
1-L glass bottles. Sterilize and store at room temperature.   

   6.    1.3 g/mL 5-( N -2,3-dihydroxy propylacetamido)-2,4,6-tri- iodo-
 N , N ′-bis (2,3 dihydroxypropyl) isophthalamide (Nycodenz ® ) 
(Axis-Shield): in order to obtain a density of 1.3 g/mL, mix 
50 mL water and 40 g Nycodenz ®  in a 100- mL glass bottle with 
a magnetic stirrer. Stir and heat to 50 °C to dissolve Nycodenz ® . 
Remove the stirrer, sterilize and store at room temperature.   

   7.    Tris-HCI-EDTA buffer (TE): 50 mM Tris-HCI (pH 8.0) with 
100 mM EDTA buffer.   

   8.    InCert ®  agarose (BMA).   
   9.    Plug molds (Bio-Rad).   
   10.    Lysis buffer A (LA): 50 mM Tris-HCI (pH 8.0), 100 mM 

EDTA, 5 mg/mL lysozyme, 0.5 mg/mL achromopeptidase.   
   11.    Lysis buffer B (LBB): 50 mM Tris-HCI (pH 8.0), 100 mM 

EDTA, 1 % lauryl sarcosyl, 2 mg/mL  proteinase K  .   
   12.    Storage buffer: 10 mM Tris-HCI (pH 8.0), 1 mM EDTA.   
   13.    0.1 mM Phenylmethanesulfonyl fl uoride (PMSF) (Sigma): 

dilute the weighed powder directly in storage buffer.      

       1.     Low-melting- temperature   agarose (Bio-Rad).   
   2.    Tris-acetate-EDTA (TAE): dilute 10× stock solution ten times 

(Promega).   
   3.     PFGE   ladder: lambda bacteriophage DNA (NEB).   
   4.    1 μg/mL Ethidium bromide: dilute in water.   
   5.    GELase (Epicentre Technologies).   
   6.    EpiFOS™ Fosmid Library Production Kit (Epicentre, Illumina ® ).   
   7.    50 mg/mL Chloramphenicol: prepare stock solution in etha-

nol and fi lter-sterilize before aliquots storage at −20 °C.   
   8.    Freezing medium: Luria-Bertani medium supplemented with 

20 % (w/v) glycerol and 12.5 μg/mL chloramphenicol.       

   For libraries using the pEpiFOS-5 Fosmid Vector (EPICENTRE).

    1.    1000× Cm stock  solution  : 12.5 mg/mL chloramphenicol 
(Cm) in ethanol, stored at −20 °C.   

2.2  Fosmid Library 
Construction

2.3  Media 
and Solutions 
for Functional 
Screening
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   2.    5× Salts stock solution: 18 g/L Na 2 HPO 4 , 12H 2 O, 3.31 g/L 
KH 2 PO 4 , 0.53 g/L NaCl, 2.11 g/L NH 4 Cl, deionized water 
(dH 2 O) up to 1 L. Autoclave.   

   3.    500× MgSO 4  stock solution: 1 M MgSO 4  in dH 2 O. Autoclave.   
   4.    333× CaCl 2  stock solution: 0.01 M in dH 2 O. Autoclave.   
   5.    1000× Salts stock solution: 15 g/L Na 2 EDTA-2H 2 O, 4.5 g/L 

ZnSO 4 -7H 2 O, 3 g/L CoCl 2 -6H 2 O, 1 g/L MnCl 2 -4H 2 O, 
1 g/L H 3 BO 3 , 0.4 g/L Na 2 MoO 4 -2H 2 O, 3 g/L FeSO 4 - 7H 2 O, 
0.3 g/L CuSO 4 -5H 2 O. Dissolve EDTA and ZnSO 4  in 800 mL 
of deionized water, adjust pH to 6.0 with HCl/NaOH. Dissolve 
the other compounds one by one and keep the pH at 6.0. Adjust 
pH to 4 and the volume to 1 L ( see   Note 2 ). The solutions are 
fi lter-sterilized.   

   6.    1000× Leucine: 40 g/L in dH 2 O ( see   Note 3 ). Filter-sterilize.   
   7.    100× Thiamine hypochloride: 10 g/L in dH 2 O. After dissolu-

tion, adjust pH to 2.0 with 2 N HCl. Filter sterilization and 
preservation at 4 °C hidden from light.   

   8.    Luria-Bertani-Chloramphenicol (LB-Cm) medium: 10 g/L 
tryptone, 5 g/L  yeast   extract, 10 g/L NaCl, 1 mL/L 1000× 
Cm stock solution. Autoclave LB medium and let it cool at 
50 °C before adding Cm stock solution. Prepare 200 mL 
LB-Cm medium for the underlay and 100 mL for the overlay 
for each large agar plate ( QTray  , 24.5 cm × 24.5 cm) ( see   Note 
4 ). For solid medium, add 15 g/L agar.   

   9.    Minimal (M9) medium: 15 g/L agar, 200 mL/L salts (5×) 
stock solution, 2 mL/L MgSO 4  (500×) stock solution, 
3 mL/L CaCl 2  (333×) stock solution, 1 mL/L salts (1000×) 
stock solution, 10 mL/L thiamine hypochloride (100×) stock 
solution, 1 mL/L leucine (1000×) stock solution, 1 mL/L 
Cm (1000×) stock solution. For each  QTray   (24.5 cm × 24.5 cm 
plates), prepare 200 mL medium for the underlay and 100 mL 
for the overlay, 24.5 cm × 24.5 cm ( see   Notes 5  and  6 ).   

   10.    pEpiFOS-5 library: Set of  Escherichia coli  EPI100 clones 
arrayed in 384-well plates, each well containing one copy of a 
 fosmid   clone in LB + glycerol 8 %.   

   11.     QTrays   (24.5 cm × 24.5 cm), sterile (Corning Incorporated).   
   12.    LB + 8 % glycerol: Autoclave separately 500 mL 2× LB and 

500 mL glycerol at 16 % (w/v) in deionized water, cool to 
room temperature, mix and add 1 mL/L Cm stock solution.   

   13.    Azurine-Crosslinked (AZCL)/Azo  substrates   (used for identi-
fi cation of endo-acting CAZymes): Autoclave separately 
500 mL 2× LB agar and 500 mL 2× AZCL/Azo-substrate in 
water. Cool to 60 °C, and mix the two preparations. The fi nal 
 screening   medium contains 2 g/L of these chromogenic 
 substrates  .   
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   14.    1000× 5-Bromo-4-chloro-3-indolyl (X-) substrates (used for 
identifi cation of exo-acting CAZymes): 60 mg/mL in dimethyl 
sulfoxide (DMSO). The fi nal screening medium contains 
60 mg/L of X-substrates.   

   15.    Glycerol stock solution: 30 % glycerol (w/v) in deionized 
water, autoclaved.   

   16.    Omnitrays (86 cm × 128 cm), sterile (Thermo scientifi c Nunc).   
   17.    Clear 96-well microplates, sterile (Corning Incorporated).   
   18.    Cryotubes, 2 mL sterile (Thermo scientifi c Nunc).   
   19.    Dinitrosalicylic acid (DNS) solution: 10 g/L DNS, 300 g/L 

potassium sodium tartrate, 16 g/L NaOH in dH 2 O ( see   Notes 
7  and  8 ).   

   20.    10×  para -Nitrophenyl ( p NP-)    substrates stock solution: 10 mM 
in dH 2 O ( see   Note 9 ).   

   21.    AZCL/Azo-substrate stock solution for discrimination  screen-
ing  : 0.2 % (w/v) fi nal concentration in deionized water.   

   22.    Lysozyme stock solution (10×): 5 g/L in activity buffer. Store 
at −20 °C.   

   23.    50 mM Potassium phosphate buffer, pH 7.0.   
   24.    1 M Na 2 CO 3  stock solution.   
   25.    5×  Oligosaccharide   stock solution: 5 % oligosaccharide (w/v) 

in deionized water.   
   26.    1 M NaOH stock solution: in water.   
   27.    Eluent A: 150 mM NaOH.   
   28.    Eluent B: 150 mM NaOH, 500 mM CH 3 COONa.      

       1.    Eppendorf centrifuge 5810 R, with swing-bucket rotor A-4-
81, fi xed angle-rotor F-34-6-38 (+ adaptors for 50 and 15 mL 
Falcon tubes), and a rotor for Eppendorf tube.   

   2.    Pulsed-fi eld CHEFDRII  electrophoresis   system (Bio-Rad).   
   3.    Liquid handling automat operating in sterile conditions 

(Biomek 2000, Beckman, Fullerton, CA).   
   4.    Pump PM600 Jouan.   
   5.     Colony picker   QPixII (Genetix, Hampshire, UK). Colony 

 picking   and microplate  replicating  .   
   6.     Microtiterplate   shaker incubator (Multitron, Infors, Massy, 

France).   
   7.    Automated microplate gridder (K2, KBiosystem, Basildon, 

UK): replication of microtiterplate organized libraries (384 
well plates) on solid agar plates ( QTrays  ).   

   8.    Bioblock Scientifi c Vibra-Cell 72412 ultrasonic processor.   

2.4  Equipments
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   9.    Microplate spectrophotometer (e.g., Sunrise, TECAN, 
Männedorf, Switzerland).   

   10.    Dionex ICS-3000 system (Dionex Corp., Sunnyvale, CA).   
   11.    CarboPac PA100 46250 column and guard column (Dionex).       

3    Methods 

         1.    Collect  soil   core samples of 6 cm in diameter from surface soils 
(0–20 cm) by using geostatistical methods as described for 
example by Atteia [ 10 ] on a grid of 6.20 × 3.20 m ( see   Note 10 ).   

   2.    Transfer soil cores as soon as possible to the laboratory in 
 plastic bags.   

   3.    Sieve soil at 2 mm and store it at 4 °C until rapid processing 
(within a week).      

       1.    Refrigerate HMP, NaCl and  Nycodenz   solutions at 4 °C and 
perform following procedures on ice unless otherwise speci-
fi ed. Mix the equivalent of 50 g of dry soil with 180 mL of 
HMP and about 20 glass beads and stir strongly (CATSSO 
stirrer, set to position 1/min) for 2 h at 22 °C.   

   2.    Centrifuge in a swing rotor (Eppendorf A-4-81) at 18 ×  g  for 
1 min at 10 °C to eliminate coarse particles.   

   3.    Filter supernatant on sterile gaze into a new 250-mL Nalgene 
tube and centrifuge in a swing rotor at 3,220 ×  g  for 20 min at 
10 °C.   

   4.    Eliminate supernatant and suspend pellet in 35 mL NaCl 
( see   Note 11 ).   

   5.    Fill two 50-mL falcon tubes with 11 mL  Nycodenz   solution 
and carefully add on surface half of the soil suspension in both 
tubes ( see   Note 12 ) [ 11 ].   

   6.    Centrifuge in a swing rotor at 3,220 ×  g  for 40 min at 10 °C 
without acceleration and deceleration (set to 0).   

   7.    Pipette the white bacterial ring (approximately 4 mL) without 
disturbing  Nycodenz   gradient at the interface between 
 Nycodenz   and NaCl ( see   Note 13 ), pool both rings in a single 
50-mL falcon tube and fi ll with NaCl up to 40 mL.   

   8.    Centrifuge the falcon tube with a fi xed-angle rotor at 9,000 ×  g  
for 20 min at 10 °C ( see   Note 14 ).   

   9.    Eliminate supernatant, wash pellet with 10 mL NaCl and 
transfer to a 15-mL Falcon tube.   

   10.    Centrifuge with a fi xed-angle rotor at 9,000 ×  g  for 15 min at 
10 °C.   

3.1  DNA Sampling

3.1.1  Soil Sampling

3.1.2  Bacterial Cells 
Recovery
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   11.    Eliminate supernatant, wash pellet with 1 mL NaCl and trans-
fer to a 1.5-mL Eppendorf tube.   

   12.    Centrifuge at 13,000 ×  g  for 5 min at 10 °C.   
   13.    Eliminate supernatant and suspend pellet in 50 μL TE buffer.      

       1.    Mix bacterial pellets  with   an equal volume of molten 1.6 % 
InCert ®  agarose ( see   Note 15 ) [ 12 ], transfer into disposable 
plug mold.   

   2.    Let it stand at 4 °C until solidifi cation, then unmold the solidi-
fi ed cell suspension and transfer into a 50-mL Falcon tube.   

   3.    Add 45 mL of LA solution and incubate at 37 °C for 6 h.   
   4.    Transfer the plug into a new 50-mL Falcon tube, add 45 mL 

of LBB solution and incubate at 55 °C for 24 h.   
   5.    Repeat the operation: transfer plug in 45 mL of fresh LBB 

solution into a new 50-mL Falcon tube and incubate at 55 °C 
for 24 h.   

   6.    Wash plug in 10 mL of storage buffer containing PMSF for 
2 × 1 h at 50 °C ( see   Note 16 ).   

   7.    Dialyze the plug in three successive 10 mL storage buffer baths 
for 8 h and store at 4 °C until use.       

       1.    Prepare 150 mL of 0.8 % low-melting- temperature   agarose gel 
( see   Note 17 ) in 1× TAE buffer ( see   Note 18 ) and wait for 
solidifi cation.   

   2.    Transfer high-molecular-weight bacterial DNA trapped in the 
agarose plug using a sterile pipette tip into wells of solidifi ed 
gel, place in the pulsed-fi eld  electrophoresis   system, load  PFGE   
ladder ( see   Note 19 ) and fi ll it with 1× TAE buffer.   

   3.    Migrate for 18 h at 4.5 V/cm with 5–40-s pulse times in 1× 
TAE buffer cooled at 12 °C for the whole  migration   time.   

   4.    After  electrophoresis  , stain the gel in a solution of ethidium 
bromide for 30 min at room temperature.   

   5.    Cut DNA fragments between 30 and 50 kbp and recover DNA 
with GELase following manufacturer’s procedure.   

   6.    Clone the extracted metagenomic DNA into  fosmid   and trans-
form in the  E. coli  strain EPI100 as recommended by the 
manufacturer.   

   7.    Using a  colony picker  , select transformants grown on plate 
supplemented with 12.5 μg/mL chloramphenicol and transfer 
them to 384 multiwell plates containing 70 μL freezing 
medium per well and incubate at 37 °C for 22 h ( see   Note 20 ).   

   8.    Duplicate the library and store in two −80 °C different freezers 
for safety reasons.      

3.1.3  High Molecular 
Weight DNA Extraction

3.2  Fosmid Library 
Construction
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       1.    The day  before   replication, place the metagenomic library at 
4 °C to allow gentle thawing from −80 °C storage.   

   2.    New 384-well  microtiter plates   are fi lled with LB + 8 % Glycerol 
solution, 70 μL per well, using an automated liquid handling 
station.   

   3.    The metagenomic library is replicated, using a QPixII  colony 
picker   (3 h for 54 microplates, totalizing 20,736 clones).   

   4.    The mother plates are stored back at −80 °C, covered with 
microplate aluminum sealing tapes. The copy plates are incu-
bated overnight (about 16 h) at 37 °C, covered by porous 
adhesive membranes.      

         1.      Sterilize the  autoclavable   tubing of the PM600 Jouan pump, as 
well as  deionized   water to wash the tubing between two differ-
ent media distribution. The quantity of water depends on the 
number of  substrates   ( see   Note 21 ).   

   2.    Calibrate the pump using sterile water.   
   3.    Pour 200 mL of underlay for each  substrate   using the pump 

( see   Note 22 ). For chromogenic  substrates  , use LB medium; 
for selective growth, use M9 medium. Leave them to dry 
under the hood, lid off, for ~30 min.   

   4.    Pour 100 mL of overlay medium for each substrate ( see   Note 
22 ). For chromogenic  substrates  , use LB medium containing 
2 g/L of AZCL/Azo-substrate, or 60 mg/L of X-substrates; 
for selective growth, use M9 medium containing a fi nal 
 concentration of 0.5 % (w/v) oligosaccharidic carbon source. 
Leave them to dry, stacked under the hood, lid off, for ~30 min 
( see   Notes 23  and  24 ).   

   5.    Until the day of the  gridding  , stock the plates at 4 °C, upside 
down.      

       1.    When storing the plates at 4 °C, place them at room tempera-
ture the day before the  gridding  .   

   2.     Microtiter plates   are gridded on large LB agar plates, using a 
K2 automated plate replication system. One  QTray   can accom-
modate the clones from six 384-well plates, for a total number 
of 2304  fosmid   clones per plate. In 7 h, 54  microtiter plates   
can be gridded on 12 different substrates.   

   3.    Plates containing arrayed clones are incubated at 37 °C.      

       1.    Positive clones are recognized: (1) for AZCL-substrates, 
thanks to the blue-colored halo formed around the colonies 
(Fig.  2a .a); (2) on Azo-substrates by the appearance of a 
 discoloration halo around positive clones (Fig.  2a .b); (3) as 
blue-colored colonies on X-substrates (Fig.  2a .c); (4) as the 
sole growing colonies on M9 media supplemented with tar-
geted carbon source ( see   Note 25 ) (Fig.  2a .d).   

3.3  Replication 
of the Metagenomic 
Library Prior 
to Functional 
Screening

3.4  High-Throughput 
Primary Screening

3.4.1  QTray Preparation

3.4.2  Gridding

3.4.3  Hit Isolation, 
Selection, and Validation
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   2.    Positive clones are picked from the  QTray   and streaked on 
Petri dishes containing LB and chloramphenicol, and grown 
overnight at 37 °C. For each selected clone, three isolated 
 colonies are selected to inoculate three adjacent wells of a 96 
 microtiter plate  , fi lled with 200 μL LB Cm ( see   Note 26 ). The 
plate is incubated at 37 °C with 200 rpm shaking (shaking 
throw 25 mm) for ~16 h.   

   3.    This microplate is then gridded on omnitrays containing the 
same medium used for the primary  screening  , and incubated at 
37 °C, until the awaited phenotype is observed.   

   4.    Colonies from validated wells are streaked on fresh LB Cm 
plate, and after colony growth, two isolated colonies are picked 
to inoculate two 3 mL of liquid LB medium. Cells are  incubated 
overnight at 37 °C, under shaking at 200 rpm (shaking throw 
25 mm).   

   5.    After overnight growth, 500 μL of culture are mixed into two 
cryotubes with 500 μL of glycerol stock solution (30 %). The 
two copies of each hit clones are stored at −80 °C in different 
freezers for safety concern.         

         1.    From an  isolated   colony,    inoculate a 20 mL culture in liquid 
LB medium, and cultivate at 37 °C with shaking at 200 rpm 
overnight (shaking throw 25 mm) ( see   Note 27 ).   

   2.    Measure the OD at 600 nm with a spectrophotometer.   
   3.    Centrifuge the culture at 12,857 ×  g , for 5 min at 4 °C. Discard 

supernatant.   
   4.    Suspend the pellet in activity buffer to obtain a fi nal OD at 

600 nm of 80 ( see   Note 28 ).   
   5.    To break the cells, use the sonication method: with the  probe   

at 30 % of the maximal power, do fi ve cycles of 20 s separated 
by 4 min in ice.   

   6.    Centrifuge the samples at 21,728 ×  g  for 10 min.   
   7.    Filter the supernatant with a 0.2 μm fi lter (Minisart). The solu-

tion obtained is called enzymatic extract from now on.   
   8.    To test the activity of enzymatic extracts on AZCL-substrates, 

mix in hemolysis tubes 500 μL of enzymatic extract, 100 μL of 
AZCL-substrate solution (0.2 % (w/v) fi nal concentration), 
and 400 μL of activity buffer. Incubate at 37 °C with regular 
shaking. After reaction times of 0, 15, 30 min, 1 h and 24 h, 
transfer 120 μL of reaction in an Eppendorf tube, centrifuge 
for 1 min at 21,728 ×  g , transfer 100 μL of supernatant into the 
well of a polystyrene microplate and read the OD at 590 nm, 
with a plate reader. Positive hits present an increase of the OD 
over time (Fig.  2b .a).   

3.5  Discrimination 
Screening of Validated 
Hits

3.5.1  Liquid Assays 
Using AZCL- 
Polysaccharides 
and  p NP-Sugars
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   9.    To test the activity of enzymatic extracts on  p NP-substrates, 
mix in hemolysis tubes 100 μL of 10 mM  p NP-substrate 
 solution, 200 μL of enzymatic extract, and 200 μL of activity 
buffer (the same as suspension buffer). Incubate at 37 °C. After 
reaction time of 0, 10 and 30 min, mix 50 μL of the reaction 
medium with 250 μL of 1 M Na 2 CO 3 . Transfer 200 μL of this 
medium into another polystyrene microplate and read the OD 
at 405 nm, with a plate reader. Positive hits present an increase 
of the OD over time (Fig.  2b .b).      

       1.    Clones are grown at 37 °C in 5 mL LB Cm medium, with 
shaking at 120 rpm for 24 h (shaking throw 25 mm).   

   2.    Centrifuge the culture for 5 min at 3,214 ×  g .   
   3.    Resuspend in 1 mL activity buffer, containing 0.5 g/L of lyso-

zyme. Incubate at 37 °C for an hour. Complete cell lysis with 
a freeze (−80 °C) and thaw (30 °C) cycle.   

   4.    Centrifuge cell debris at 21,728 ×  g  for 10 min and fi lter the 
cytoplasmic extracts with a 0.2 μm fi lter (Minisart).   

   5.    Enzymatic reaction medium contains 0.2 mL of the oligosac-
charide stock solution and 0.8 mL of cytoplasmic extract. 
Incubate at 37 °C for 24 h.   

   6.    After 30 s and 24 h of reaction, take a 100 μL sample out of 
the reaction medium, and heat at 90 °C for 5 min to deactivate 
 enzymes  .   

   7.    Dilute samples 200 times with ultrapure water.   
   8.    Perform HPAEC-PAD analyses on a Dionex ICS-3000 sys-

tem, equipped with a CarboPac PA100 4 × 250 column con-
nected to the corresponding guard column. Oligosaccharides 
are separated at 30 °C, with a fl ow rate of 1 mL/min with a 
multistep gradient: 0–30 min (0–60 % B), 30–32 min (60–
90 % B), 32–36 min (90–0 % B), and 36–46 min (0 % B). 
Samples of monosaccharides and oligosaccharides at 5, 10, 15, 
and 20 mg/L are used as standards (Fig.  2b .c). One unit of 
activity is defi ned as the amount of  enzyme   releasing 1 μmol of 
product per minute.        

4    Notes 

     1.    The main strategy for  prokaryote   cell segregation consists in 
applying a density gradient through centrifugation. Because of 
their size and density,  bacteria   will cluster apart from eukaryote 
cells into a specifi c fraction of the gradient which can easily be 
recovered. However, co-extraction of low-density eukaryote 
cells such as  fungi   spores and pico-eukaryotes ( see  ref.  14 ) is a 
possible source of  contamination  .   

3.5.2  HPAEC-PAD 
Analysis to Analyze 
Reaction Products 
of Oligosaccharide 
Degradation [ 13 ]
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   2.    The solution is green and becomes dark yellow during 
 preservation at 4 °C.   

   3.    To help leucine dissolution, add 5 M NaOH.   
   4.    Not only the system of overlay/underlay enable the use of less 

 substrate  , hence decreasing costs, but it is very important in 
the case of insoluble substrate such as  AZCL-polysaccharide   
because they naturally  sediment   at the bottom of the plate dur-
ing solidifi cation of the agar medium. Pouring 200 or 300 mL 
of such medium leads to the accumulation of all the  substrate   
far from the surface colonies, and functional  enzymes   liberated 
when  E. coli  cells die are located too far away from the  sub-
strate  . A top layer of 100 mL AZCL-substrate medium brings 
the insoluble  substrate   much closer to the recombinant clone.   

   5.    Water and agar are sterilized alone. Other sterile components 
are added one by one.   

   6.    To avoid solidifi cation of M9 medium before time, warm the 
bottle of 5× salts stock solution before mixing solutions.   

   7.    Shake overnight at room temperature for better solubilization, 
inside a volumetric fl ask.   

   8.    Cover the fl ask entirely with aluminum paper: the DNS solu-
tion is light-sensitive.   

   9.    Some  p NP substrates are diffi cult to solubilize. You might 
need as long as a night for them to be totally dissolved.   

   10.    For a large fi eld, a nested sampling of the kind devised and 
elaborated by Oliver and Webster ( see  ref.  15 ) may ensure that 
the important variation is captured.   

   11.    Depending on soil type, pellet can be diffi cult to suspend. 
However, soil solution imperatively needs to be homogeneous 
without any fragment. Using an ultrasonic bath can help.   

   12.     Nycodenz   solution must not be disturbed: soil solution has to 
lay on surface. To avoid disturbance, use the gravity  function   
of pipet-aid to add soil suspension.   

   13.    Bacterial rings are sometimes diffi cult to see. Soil pellet usually 
fi ll the tube up to the 10-mL graduation, above the Nycodenz 
solution reach the 15-mL graduation. Bacterial cells are usually 
near the 15-mL graduation on  Nycodenz   surface and above 
cells is the NaCl solution.   

   14.    Do not forget to readjust the centrifuge parameters to maximal 
acceleration and deceleration values.   

   15.    Warm briefl y the cell suspension at 37 °C to avoid premature 
gelation of agarose.   

   16.    This step can also be performed overnight at room tempera-
ture (22 °C) with gentle shaking.   

   17.    Use caution when handling low-melting agarose gel because it 
is very fragile.   
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   18.    TAE buffer is recommended for subsequent enzymatic 
reactions.   

   19.    Use embedded ladder supplied in a GelSyringe dispenser.   
   20.    This very high-throughput work can benefi t from dedicated 

facilities, gathering all the automats useful for such 
 experimentation: colony  picking  , microplate replication, liquid 
transfer, etc. The functional  screening   described in this chapter 
has been performed mainly using the ICEO facility (LISBP, 
INSA Toulouse) dedicated to  enzyme   screening and discovery, 
and part of the Integrated  Screening    Platform   of Toulouse 
(PICT, IBiSA).   

   21.    If you do not have a pump, use a measuring tube to pour the 
right volume of agar medium.   

   22.    Make sure that the plate is fully horizontal to have an even 
overlay. Be careful not to pour the overlay on cold agar, as it 
will solidify too quickly and impedes the obtention of a regular 
layer. To overcome this, incubate your  QTrays   containing the 
solidifi ed underlay at 37 °C for an hour, just before pouring 
the overlay.   

   23.    Do not let the medium inside the pipe solidify: if you need to, 
make a closed system within the bottle containing the medium.   

   24.    If you have some medium left, use it to pour omnitrays (media 
with  substrates  ) and Petri dishes (LB agar) that will be used for 
validation.   

   25.    Positive clones on Azo, AZCL and X-substrates are usually 
observed rapidly, between 2 and 7 days of incubation. Growth 
of the hits obtained by positive selection on oligosaccharides as 
sole carbon sources is visualized between 5 and 20 days.   

   26.    It is easier to streak the Petri dishes and wait to pick the  isolated 
colonies for a large group of positive clones, so that you can fi ll 
the microplates all at once and arrange them as you wish.   

   27.    You can also make a pre-culture the day before in 3 mL of 
 liquid LB medium from a freezed sample.   

   28.    An OD at 600 nm of 80 corresponds to the most effi cient 
 concentration for sonication.             
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    Chapter 16   

 Metatranscriptomics of Soil Eukaryotic Communities                     

     Rajiv     K.     Yadav    ,     Claudia     Bragalini    ,     Laurence     Fraissinet-Tachet    , 
    Roland     Marmeisse    , and     Patricia     Luis      

  Abstract 

   Functions expressed by eukaryotic organisms in soil can be specifi cally studied by analyzing the pool of 
eukaryotic-specifi c polyadenylated mRNA directly extracted from environmental samples. In this chapter, 
we describe two alternative protocols for the extraction of high-quality RNA from soil samples. Total soil 
RNA or mRNA can be converted to cDNA for direct high-throughput sequencing. Polyadenylated 
mRNA-derived full-length cDNAs can also be cloned in expression plasmid vectors to constitute soil 
cDNA libraries, which can be subsequently screened for functional gene categories. Alternatively, the 
diversity of specifi c gene families can also be explored following cDNA sequence capture using exploratory 
oligonucleotide probes.  

  Key words     Metatranscriptomics  ,   Environmental RNA  ,   cDNA synthesis  ,   cDNA size fractionation  , 
  cDNA libraries  ,   Sequence capture  

1      Introduction 

   Molecular   investigations on the taxonomic and functional  diversity   
of microbial communities have initially focused on environment-
extracted DNA [ 1 ]. Given the high diversity of microbial commu-
nities often dominated by uncultured species, metagenomic DNA 
also represents a large reservoir for new genes of potential interest 
in biotechnology [ 2 ,  3 ]. While the analysis of metagenomic DNA 
gives information on the microorganisms present in the environ-
ment as well as of the  functions   that they can potentially express, it 
cannot however be used as a proxy to infer actual microbial activi-
ties. They can instead be appreciated through the analysis of the 
more labile environmental RNA molecules, whose  diversity   and 
abundance refl ect both the  diversity   and the transcription levels of 
expressed genes. 

 Metatranscriptomic RNA encompasses the transcriptomes of 
the different organisms present in the original environmental 
 sample. As such it is dominated by  ribosomal RNA (rRNA)   which is 
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of little value to infer microbial activities as opposed to messenger 
RNA (mRNA). It is therefore desirable to obtain metatranscrip-
tomic RNA fractions enriched in mRNA. This can be achieved by 
depleting environmental RNA from  rRNA   by subtractive  hybrid-
ization   capture of the latter molecules [ 4 ,  5 ]. rRNA subtraction 
enriches in mRNA from all organisms, bacteria,  archaea   as well as 
eukarya. Alternatively, eukaryotic mRNA can be selectively isolated 
thanks to their specifi c 3′ poly-adenosine tail (poly-A mRNA) [ 6 , 
 7 ]. This latter approach represents an elegant way to specifi cally 
study the activities expressed by eukarya in the environment. In 
soils, the eukaryotic biomass is generally dominated by  fungi   which 
play an essential role in plant organic matter degradation, a key 
step of the global terrestrial carbon cycle, as well as in the delivery 
of key soil nutriments to symbiotically associated  plant roots  . Soils 
also host numerous parasitic and/or free living small animals, con-
stituting the so-called mesofauna, as well as phylogenetically 
diverse, mostly phagotrophic, unicellular species (“ protists  ”) which 
regulate bacterial biomass. Soil is however a complex matrix con-
taining, in variable amounts, clay minerals and humifi ed  organic 
matter   which can interfere with RNA extraction and purifi cation. 
As a consequence, RNA extraction protocols often need to be 
adapted to each soil and the quantities of extracted RNA are often 
low (in the range of 10 ng–1 μg/g of soil). 

 This chapter presents protocols to extract total soil RNA and 
to work with the poly-A mRNA fraction (Fig.  1 ). Although the 
systematic sequencing and functional/taxonomic annotation of 
cDNAs derived from poly-A mRNA are susceptible to give 

  Fig. 1    Flow chart of the metatranscriptomic approach dedicated to the study of 
environmental eukaryotic mRNA.  Text  in  bold characters  refers to the objectives 
of the studies.  Protocols  in  italics  are not described in the present chapter       
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essential information on the functional  diversity   of eukaryotic 
communities [ 8 ], the  cloning   and functional characterization of 
full-length cDNAs are also of major interest to identify potentially 
novel and unsuspected processes carried out by soil eukarya [ 9 ,  10 ] 
as well as to use eukaryotic  microbial communities   as a source of 
novel biocatalysts in biotechnology [ 11 ,  12 ]. In this respect we 
also present optimized protocols for the generation and  cloning   of 
full-length cDNAs as well as the selection of specifi c gene families 
through subtractive  hybridization   capture on cDNAs [ 13 ].

2       Materials 

       1.     Soil sampling   strategies need to be adapted to the scope and 
hypotheses to be tested in individual studies and therefore, only 
some general guidelines can be given in this chapter. The main 
factors to be taken into consideration regard sampling time and 
the number, spacing, and volume of soil samples. With respect 
to sampling time, soil microbial activity, and therefore meta-
transcriptomic RNA  diversity  , is highly responsive to environ-
mental parameters, such as plant cover, temperature, and water 
content. Concerning sample numbers, soil microbial communi-
ties and more specifi cally fungal ones are spatially structured 
and therefore a single soil core, of a few centimeters in diame-
ter, will only capture a small fraction of the taxonomic and func-
tional diversity of the corresponding microbial community. 
Finally, most non-agricultural soils are vertically structured in 
discrete soil horizons colonized by often taxonomically and 
functionally distinct microbial species. As a consequence, when 
fi ne scale spatial  structure   does not represent an issue, it may be 
advisable to collect multiple soil cores, regularly distributed in a 
plot of interest, across different horizons which can be mixed 
together to constitute a composite soil sample.   

   2.    As patterns of gene expression quickly change over time, it is 
advisable to process the soil samples as soon as possible (e.g. 
within 0–6 h) after sampling. Processing can be limited to siev-
ing (e.g. by using a 2 mm-mesh sieve) to remove most  plant 
roots  , coarse plant debris and stones as well as the macro-fauna. 
Aliquots of soils are then quickly frozen in either dry ice or 
liquid nitrogen and stored at −70/80 °C. We have successfully 
extracted seemingly undegraded RNA from  forest   soil samples 
stored frozen for more than 5 years.      

       1.    A bead-beater instrument accepting 2 mL tubes.   
   2.    Refrigerated microcentrifuge with rotors for 1.5 and 2 mL 

tubes.   
   3.    At least two water baths or heating blocks.   

2.1  Soil Sampling, 
Processing, 
and Storage

2.2  Equipment

Metatranscriptomics of Soil Eukaryotic Communities



276

   4.    A chemical hood for phenol and chloroform manipulation.   
   5.    A thermal cycler to perform PCRs.   
   6.    Two identical gel trays and a power supply for agarose  gel 

electrophoresis  .   
   7.    A “blue light” transilluminator ( see   Note 1 ).   
   8.    A spectrophotometer (e.g. NanoDrop™ from Thermo 

Scientifi c) and/or a spectrofl uorimeter (e.g. Qubit ®  from Life 
Technologies) allowing measurements of nucleic acid concen-
trations using volumes in the μL range.   

   9.    A capillary  electrophoresis   system (e.g. Bioanalyzer from 
Agilent Technologies) for RNA/DNA quantifi cation and 
quality control.      

       1.    Chemicals of the highest grade must be used (the purchase of 
so-called “RNase-tested” or “RNase-free” chemicals is however 
usually not necessary): sodium dodecyl sulfate (SDS), LiCl, Na 
acetate, Tris–HCl, Na 2 EDTA, NaCl, ethanol, isopropanol, iso-
amyl alcohol, chloroform, water-saturated phenol (at acidic pH 
or adjusted at pH 8.0, must be stored at 4 °C in the dark), beta- 
mercaptoethanol, orange G, xylene cyanol FF, ethidium bro-
mide, diatomaceous earth (e.g. from Sigma Chemical company), 
acid-washed glass beads (106 μm in diameter from Sigma).   

   2.    Molecular biology products include: agarose of molecular 
biology grade, low melting point agarose,  yeast   tRNA (e.g. 
10 mg/mL from Ambion),  Sfi  I endonuclease (which recog-
nizes and cuts the degenerate GGCCNNNNNGGCC restric-
tion sites), T4 DNA ligase (and its buffer containing ATP), 
RNase-free  DNase   I.      

   It is advisable to use kits for:

    1.    For cDNA synthesis by the Reverse Transcriptase template 
switching protocol [ 14 ] and amplifi cation, we used compo-
nents of the Mint-2 kit (Evrogen, Russia).   

   2.    RNA purifi cation (e.g. Nucleobond RNA/DNA 90 kit from 
Macherey-Nagel).   

   3.    Purifi cation of PCR products (e.g. Qiaquick PCR purifi cation 
kit from Qiagen).   

   4.    Extraction of DNA fragments from agarose gels (e.g. QIAEXII 
kit from Qiagen).   

   5.    Large-scale (maxipreparation) of  plasmids  .   
   6.    Quantifi cation of RNA by fl uorimetry (Qubit RNA assay kit 

from Life Technologies).   
   7.    Separation of DNA by capillary  electrophoresis   (cDNA Agilent 

2100 Bioanalyzer DNA 12000 chip).      

2.3  Individual 
Chemicals 
and Molecular Biology 
Products

2.4  Commercial Kits
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     RNA extraction from soil can be performed using commercial 
kits, which can sometimes fail to give high-quality 
RNA. Alternatively, the two RNA extraction protocols described 
below ( see  Subheadings  3.1  and  3.2 ) can be used.

    1.    When working with RNA it is advisable to work on a dedicated 
bench with dedicated pipette sets and labware.   

   2.    Filter pipette tips should be systemically used.   
   3.    Gloves must be worn all time.   
   4.    Glassware can be made free of  RNase   by baking for 2 h at 

160 °C.   
   5.    Reusable plasticware must be thoroughly washed with deter-

gents, abundantly rinsed with deionized water and sterilized 
water before being autoclaved twice at 120 °C for 20 min.   

   6.    Jars of microtubes (usual microbiology grade) must be fi lled 
with gloved hands and autoclaved twice at 120 °C for 20 min.   

   7.    To prepare RNase-free water, pour deionized or ultrapure 
water in baked glass bottles and immediately sterilize twice by 
autoclaving ( see   Note 2 ).   

   8.    All aqueous solutions or suspensions (20 % w/v SDS, 3 % dia-
tomaceous earth in water, 4 M LiCl, 3 M Na acetate pH 4.8 or 
5.2, Tris Borate EDTA (TBE)  electrophoresis   buffer) must be 
prepared in sterile RNase-free water and sterilized twice at 
120 °C for 20 min.   

   9.    pH measurements performed with thoroughly cleaned 
electrodes.   

   10.    The denaturing and lysis solutions used in  step 2  in 
Subheading  3.3  contain (per L): denaturing solution: 472.64 g 
of guanidine thiocyanate, 1.21 g of Tris–HCl, 0.37 g of 
Na 2 EDTA, pH 8.0; lysis solution: 12.44 g of Tris–HCl, 7.44 g 
of Na 2 EDTA, 5.84 g of NaCl, 20 g of SDS, pH 9.0.    

3       Methods 

         1.    This protocol was originally described in [ 15 ]. Ten different 
soil samples can be extracted contemporaneously. To each 
2 mL RNase-free screw-cap tube add 0.5 g of acid-washed 
glass beads (106 μm in diameter), 0.4 g of frozen soil and 
350 μL of RNase- free water. Vortex mix to homogenize and 
incubate immediately for 1 h at −80 °C ( see   Note 3 ).   

   2.    To the still frozen tubes add in the following order: 34 μL of 
20 % SDS, 167 μL of homogenized 3 % diatomaceous earth 
and 583 μL of water-saturated phenol at pH 8.0.   

   3.    Mix by shaking for 3 min at 1600 beats/min or 2.5 min at 
2000 beats/min at room temperature using a bead-beater. 

2.5  RNA Extraction 
and Manipulation

3.1  RNA Extraction 
Protocol 1
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Centrifuge for 15 min at 18,000 ×  g  and 4 °C and transfer the 
aqueous upper-phase to a 1.5 mL  RNase  -free tube.   

   4.    To each tube add 37 μL of 3 M Na acetate pH 5.2 and 478 μL 
of pure cold (−20 °C) ethanol. Mix and incubate overnight at 
−20 °C. Centrifuge for 15–25 min at 18,000 ×  g  and 
4 °C. Discard the supernatant with care and add to the pellet 
(usually visible) 100 μL of cold (−20 °C) 70 % ethanol. Mix 
swiftly and centrifuge for 15–25 min at 18,000 ×  g  and 
4 °C. Remove the ethanol without dislodging the pellet and let 
it dry at room temperature for 10 min.   

   5.    Resuspend each pellet in 20 μL of deionized RNase-free water 
and pool them by 2 (2 × 20 μL = 40 μL). Selectively precipitate 
the RNA by adding to each tube, 65 μL of 4 M LiCl and mix 
gently by pipetting up and down (not by vortex mixing). 
Incubate overnight at 4 °C and then centrifuge for 15–25 min 
at 18,000 ×  g  and 4 °C.   

   6.    Carefully remove the supernatant which contains the DNA 
and which can be kept for further purifi cation (not described). 
Resuspend each RNA pellet in 30 μL of RNase-free water and 
immediately proceed to the  DNase   treatment by adding 4 μL 
of a 10× concentrated  DNase   buffer and 6 μL of 1 U/μL 
RNase- free DNase I. Incubate for 1 h 30 min at 37 °C.   

   7.    Stop the reaction by adding 40 μL of cold (−20 °C) isopropa-
nol and incubate for 2 h at 4 °C. Centrifuge for 15–25 min at 
18,000 ×  g  and 4 °C and remove the isopropanol. Dry the pel-
lets at room temperature for 10 min and resuspend them in 
10 μL of RNase-free water ( see   Note 4 ).   

   8.    If all samples come from the same soil, pool all RNA extracts 
and proceed to the purifi cation with the “Nucleobond RNA/
DNA 80” kit according to the manufacturer’s instructions.   

   9.    The cheapest way of controlling RNA quality is to run 
5–10 μL of the extracted RNA on a RNase-free 1 % agarose 
gel and to visualize it under UV light after ethidium-bro-
mide staining. Undegraded RNA is characterized by two 
sharp bands representing the large (LSU) and small (SSU) 
 rRNA   molecules (Fig.  2 ). Quality control can also be per-
formed by running samples on an Agilent chip which also 
allows quantifi cation of the RNA ( see   Note 5 ). Alternatively, 
RNA quantifi cation can be performed by measuring absor-
bance at 260 nm or by fl uorimetry (using the Qubit RNA 
Assay Kit) ( see   Note 6 ).

                1.    This protocol was originally described in [ 7 ] and [ 16 ]. Ten 
different soil samples can be extracted contemporaneously. To 
each 2 mL RNase-free screw-cap tube quickly add in the fol-
lowing order: 0.5 g of 106 μm in diameter glass beads, 0.65 g 
of frozen soil, 950 μL of a mix of so-called denaturing and lysis 

3.2  RNA Extraction, 
Alternative Protocol 2
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solutions ( see   item 10  in Subheading  2.5 ) ( see   Note 7 ), 50 μL 
of beta-mercaptoethanol and 4 μL of 10 mg/mL  yeast   
tRNA. Proceed swiftly as to make sure that the soil samples do 
not thaw before mixing.   

   2.    Mix by shaking 5 min at 1600 beats/min and room tempera-
ture using a multi-tube shaker and centrifuge for 5 min at 
18,000 ×  g  and 4 °C. Transfer the aqueous upper-phase into a 
2 mL RNAse-free tube.   

   3.    Add 1 mL of water-saturated 25:24:1 (v:v:v) 
phenol:chloroform:isoamyl alcohol solution and vortex mix at 
room temperature for 1 min. Centrifuge for 10 min at 
18,000 ×  g  and 4 °C. Transfer the upper aqueous-phase into a 
1.5 mL RNase-free tube. Add 500 μL of a 24:1 (v:v) 
chloroform:isoamyl alcohol solution and vortex mix at room 
temperature for 1 min. Centrifuge for 10 min at 18,000 ×  g  
and 4 °C. Transfer the upper aqueous phase into a new 1.5 mL 
RNase-free tube and add 0.1 volume of 3 M Na acetate pH 5.2 
and 2.5 volume of cold (−20 °C) pure ethanol.   

   4.    Incubate for 4 h at −80 °C and centrifuge for 15–25 min at 
18,000 ×  g  and 4 °C. Remove the supernatant and dry the pel-
let for 10 min at room temperature.   

   5.    Resuspend each pellet in 20 μL RNase-free water and proceed 
according to  steps 5 – 9  in Subheading  3.1  ( see   Note 5 ).      

           1.    The protocol described here uses the components of the 
Mint-2 cDNA synthesis kit to synthesize eukaryotic cDNA 
starting from their 3′ poly-A tails and to introduce  Sfi  IA 
(GGCCATTACGGCC) and  Sfi  IB (GGCCGCCTCGGCC) 
restriction sites at their 5′ and 3′ ends respectively [ 17 ].   

3.3  Synthesis 
of First-Strand 
Eukaryotic cDNAs 
from Total Soil RNA

  Fig. 2    Electrophoretic separation of soil total RNA. RNA was size fractionated on 
an Agilent Bioanalyser using a RNA 6000 nano kit. Soil rRNA small subunits (SSU) 
usually form two discrete bands: the smallest most intense one presumably of 
bacterial origin (16S), the largest and faintest one presumably of eukaryotic ori-
gin (18S).  LSU  large rRNA subunit (of both bacterial and eukaryotic origin)       
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   2.    Place 3 μg of total soil RNA (1 μg/μL) in a 0.2 mL microtube. 
Heat at 65 °C for 2 min in a thermal cycler with the heating lid 
on. Sequentially add 1 μL of 10 μM CDS-4M primer and 1 μL 
of 10 μM PlugOligo-3M adapter ( see   Note 8 ). Gently mix the 
components in the tube and centrifuge briefl y. Incubate in a 
thermal cycler at 70 °C (heating lid on) for 2 min and then at 
42 °C for 10 min.   

   3.    Add 5 μL of  reverse transcription   master mix containing 2 μL 
of 5× fi rst-strand buffer, 1 μL of 20 mM DTT, 1 μL of 10 mM 
dNTPs, 1 μL of Mint reverse transcriptase, and 0.5 μL of 
20 U/μL  RNase   inhibitor. Mix the content of the tube by 
pipetting up and down, centrifuge and immediately place the 
tube back in the thermal cycler. Incubate the tube at 42 °C for 
30 min.   

   4.    Add 5 μL of IP-solution and mix by pipetting ( see   Note 9 ). 
During the addition, do not remove the tube from thermal 
cycler. Incubate the tube at 42 °C for 1.5 h. Stop the reverse 
transcription by placing the tube on ice.      

            1.    Sequentially add to a 0.2 mL PCR tube, 36 μL of sterile RNAse- 
free water, 5 μL of 10× Encyclo buffer (from the Mint-2 cDNA 
synthesis kit), 1 μL of 10 mM dNTP mixture, 2 μL of 10 μM 
PCR primer M1 ( see   Note 10 ), 5 μL (or even less) of fi rst- 
strand cDNA (i.e. only 1/3 of the synthesized fi rst strand 
cDNAs), and 1 μL of 50× Encyclo DNA polymerase mix. Mix 
the components in the tube by gently pipetting up and down.   

   2.    Place the tube in a thermal cycler and apply a  PCR amplifi ca-
tion   comprising an initial denaturation at 95 °C for 1 min, 
three cycles of 95 °C for 15 s, 66 °C for 20 s, and 72 °C for 
3 min ( see   Note 11 ).      

         1.    This  protocol    was   originally described by Wellenreuther et al. 
[ 18 ]. Melt the 0.7 % (w:v) agarose in half-strength (0.5×) stan-
dard Tris Borate EDTA (TBE) electrophoresis buffer. Cast two 
identical agarose gels (i.e. identical volumes) without ethidium 
bromide in two separate but identical electrophoresis trays. 
Add identical volumes of 0.5× TBE buffer to each of the trays.   

   2.    Mix 50 μL of previously synthesized ds cDNA (Subheading  3.4 , 
 step 3 ) to 10 μL of loading buffer ( see   Note 12 ) and load in the 
fi rst well of one of the two gels. Load in the fi rst well of the second 
gel 10 μg of a DNA size marker ( see   Note 13 ). Connect both gel 
trays to the same power supply and run both gels for the same 
length of time at a low voltage (e.g. 3 V/cm). Stop the electro-
phoresis after the Orange G dye has run out of the gel that is 
when the 0.1 kb DNA size marker reaches the near end of the gel.   

   3.    Without staining the gels, using a scalpel blade and a ruler, cut 
the gel lanes containing the cDNA and the DNA size marker. 

3.4  Double-Stranded 
cDNA Synthesis 
and Initial 
Amplifi cation

3.5  cDNA Size 
Fractionation by Two- 
Dimensional Agarose 
Gel Electrophoresis
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Rotate the gel slices at 90° and place them at the upper end of 
two separate but identical gel trays. Pour in each tray identical 
volumes of 1.4 % low melting point agarose in 0.5× TBE buf-
fer, enough as to cover the slices. As in  step 2  in Subheading  3.5 , 
connect both trays to the same power supply and run the gels 
for the same time-span at a low voltage, as to allow the 0.1 kb 
size marker to reach the near end of the gel.   

   4.    Stain the gel containing the DNA size marker for 30 min in a 
0.5 μg/mL ethidium bromide solution while leaving unstained 
the gel containing the cDNAs. Soak the gel for 15 min in ster-
ilized water to remove excess ethidium bromide. Place the 
DNA size marker-containing gel on a “Blue light transillumi-
nator” ( see   Note 1 ) and superimpose the cDNA gel over the 
DNA marker gel. Using a scalpel blade, cut out from the upper 
cDNA gel different pieces of agarose corresponding to differ-
ent cDNA size ranges ( see  Fig.  3a ). Place the pieces of agarose 
in 1.5 mL tubes. Extract the cDNA from the agarose gel using 
a (commercial) gel extraction kit. Elute the cDNA in as little as 
10 μL of elution buffer.

  Fig. 3    cDNA size fractionation by two-dimensional agarose gel electrophoresis. ( a ) Separation of a DNA size 
marker by two-dimensional agarose gel electrophoresis. The unstained gel containing the cDNA is superim-
posed to the DNA size maker gel placed on a blue-light transilluminator to cut out the different cDNA size 
fractions. ( b ) Electrophoretic separation of three different PCR-amplifi ed cDNA size fractions along a PCR- 
amplifi ed non-fractionated cDNA sample. ( c ) Electrophoretic separation of  Sfi  I-digested samples of three sized 
cDNA libraries, the large intense band corresponds to the linearized plasmid vector       
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              1.    As in Subheadings  3.3  and  3.4 , this protocol makes use of 
components of the Mint-2 cDNA synthesis kit. In a 0.2 mL 
PCR tube, mix 36 μL of sterile RNase-free water, 5 μL of 10× 
Encyclo buffer, 1 μL of 10 mM dNTP mix, 2 μL of 10 μM 
PCR primer M1 ( see   Note 10 ), 5 μL of gel-eluted cDNA (from 
Subheading  3.5 ,  step 4 ), and 1 μL of 50× Encyclo DNA poly-
merase. Mix the components by gently pipetting up and down.   

   2.    Place the tube in a thermal cycler and apply a PCR cycle com-
prising an initial denaturation at 95 °C for 1 min,  x  cycles of 
95 °C for 15 s, 66 °C for 20 s, and 72 °C for  y  min. Number 
of cycles ( x ) and extension time ( y ) must be adjusted for each 
cDNA size fraction. As an example, we used ( see  ref.  17 )  x  = 30 
and  y  = 0.5 min for size fractions between 100 and 500 bp, 
 x  = 26 and  y  = 1 min for size fractions between 500 and 1000 bp, 
and  x  = 22 and  y  = 3 min for size fractions between 1000 and 
3000 bp. Control the amplifi cation and the success of the size 
fragmentation by running 5 μL of the PCR reaction mix in a 
1 % agarose gel (Fig.  3b ).      

     The aim of  this   protocol is to specifi cally select the different mem-
bers of a specifi c gene family among the numerous and diverse 
environmental cDNA sequences. This protocol, fi rst reported in 
[ 19 ], represents a specifi c use of the DNA hybrid selection capture 
detailed in [ 13 ]. As for the fi rst-strand cDNA synthesis ( see  
Subheading  3.3 ) and the second-strand cDNA synthesis and ampli-
fi cation ( see  Subheading  3.4 ), the protocol makes use of the Mint-2 
cDNA synthesis kit.

    1.    Perform fi rst-strand cDNA synthesis from 2 μg of total soil 
RNA as described in Subheading  3.3 . Proceed to second-
strand synthesis and cDNA amplifi cation according to 
Subheading  3.4  by using a number of PCR cycles allowing 
recovery of μg amounts of cDNA (usually between 18 and 30 
cycles depending on the RNA sample) ( see   Note 14 ).   

   2.    Add 50 μL of water to 50 μL of amplifi ed cDNA and perform 
a phenol:chloroform:isoamyl alcohol extraction followed by a 
chloroform:isoamyl alcohol extraction as described in  step 3  in 
Subheading  3.2 . Transfer the upper aqueous-phase into a new 
1.5 mL tube and add 0.1 volume of 3 M Na acetate pH 5.2; 
1.3 μL of 20 mg/mL glycogen and 2.5 volume of cold 
(−20 °C) pure ethanol. Incubate overnight at −20 °C and cen-
trifuge for 20 min at 18,000 ×  g  and 4 °C. Remove the super-
nantant and wash the pellet with 100 μL of cold (−20 °C) 70 % 
ethanol. Dry the pellet for 10 min at room temperature and 
dissolve the cDNA in 10 μL of water. Quantify DNA by spec-
trophotometry at 260 nm.   

   3.    Perform a fi rst round of hybrid selection capture using 500 ng 
of cDNA as described in  steps 1 – 13  in Subheading 3.4 of 

3.6  Amplifi cation 
of the cDNA Size 
Fractions

3.7  cDNA Solution 
Hybrid Selection 
Capture

Rajiv K. Yadav et al.



283

Chapter   10     ( see  ref.  13 ) and 500 ng of gene-specifi c biotinylated- 
RNA probes designed and synthesized as described in 
Subheading 3.1 of Chapter   10     ( see  ref.  13 ).   

   4.    Perform a single purifi cation of the captured cDNA using a 
PCR purifi cation kit and recover the cDNA in 50 μL of water 
and amplify the cDNA using the Mint-2 cDNA synthesis kit. 
For each cDNA sample, prepare ten PCR reactions in 0.2 mL 
tubes as described in  step 1  in Subheading  3.4 . After an initial 
denaturation at 95 °C for 1 min, perform 25 cycles of 95 °C 
for 15 s, 66 °C for 20 s, and 72 °C for 3 min. Perform a fi nal 
elongation at 72 °C for 5 min.   

   5.    Pool the PCR products 2 by 2 and purify each pool of cDNA 
using a PCR purifi cation kit; recover the cDNAs in 50 μL of water. 
Pool all purifi ed cDNA and quantify by spectrophotometry.   

   6.    Perform a second round of hybrid selection capture on 500 ng 
of captured cDNA by repeating  steps 3 – 5  in Subheading  3.7 .   

   7.    Assess the quantity, quality, and size distribution of captured 
cDNA on an Agilent 2100 Bioanalyzer DNA 12000 chip. 
Captured cDNAs can be cloned as described in Subheading  3.8 .    

             1.     Purify  the   amplifi ed cDNA fractions by using a commercial kit 
(e.g. Qiagen Qiaquick PCR purifi cation kit) and separately 
digest overnight the cDNA fractions and the cloning vector 
( see   Note 15 ) with the  Sfi  I restriction  enzyme   at 50 °C.   

   2.    Deactivate the enzyme by successive phenol:chloroform:isoamyl 
alcohol and chloroform:isoamyl alcohol extractions. Precipitate 
the DNA using 3 M Na acetate pH 4.8 and pure ethanol. Wash 
the pellets with cold 70 % ethanol and resuspend in a small 
volume (e.g. 20 μL) of water. Measure the concentration by 
spectrophotometry at 260 nm.   

   3.    Ligate each of the cDNA fractions to the vector using the T4 
DNA ligase and an approximate insert to  plasmid   molar ratio 
of 3:1 by following the instruction provided with the DNA 
ligase  enzyme  .   

   4.    Perform an initial small-scale transformation of  E. coli  cells ( see  
 Note 16 ) using a small fraction of the ligation mix (5–10 %). 
Spread serial dilutions of the transformation mix on plates 
fi lled with a selective medium supplemented with the antibi-
otic corresponding to the  plasmid   antibiotic resistance gene. 
Incubate at 37 °C overnight and count the colonies.   

   5.    Amplify, by colony PCR, the cDNA inserts present in  ca  20 
bacterial colonies using PCR primers located on each side of 
the  plasmid    cloning   sites. Run the amplifi ed products on a 
1 % agarose gel to estimate the percentage of  plasmids   
devoid of inserts and the average size of the cloned cDNAs 
( see   Note 17 ).   

3.8  Cloning 
of the cDNA Size 
Fractions
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   6.    Scale up the transformation to obtain a library with the desired 
number of independent clones. Plate the transformation mix as 
to obtain a high density of discrete colonies on the Petri dishes 
( see   Note 18 ). After an overnight growth at 37 °C, pour 5 mL 
of liquid medium on each 140 mm Petri plate, scrap the colo-
nies using a glass/plastic spreader. Mix all colonies from all 
plates in a single fl ask. Perform a large-scale plasmid extraction 
using either a standard alkaline lysis protocol [ 20 ] or a com-
mercial kit.        

4    Notes 

     1.    Visualization of ethidium bromide-stained DNA by excitation 
with blue-light (in the 420–500 nm range, as performed by, 
e.g. the Dark Reader ®  instrument from Clare Chemicals) 
instead of UV light considerably minimizes  DNA damage   and 
increases both  PCR amplifi cation   and  cloning   effi ciency.   

   2.    We do not recommend the use of   diethylpyrocarbonate     
(DEPC), a hazardous compound, for preparing RNase-free 
solutions and plasticware.   

   3.    At that stage where no  RNase   denaturing agent has yet been 
added, care must be taken to proceed swiftly, to leave the soil 
for a minimum of time at room temperature and to place the 
tubes at −80 °C immediately after vortexing.   

   4.    At that stage, most samples still present a yellow to brown 
color indicative of the presence of non-RNA contaminants 
which need to be eliminated.   

   5.    At that stage, pure, undegraded good-quality RNA can be sent 
to a sequencing  platform  . A minimum of 200 ng may be 
required for the sequencing of total soil RNA (rRNA + mRNA). 
Microgram quantities may be required for the specifi c sequenc-
ing of mRNA which requires the elimination of  rRNA   
molecules.   

   6.    Estimation of nucleic acid concentration by spectrophotome-
try often leads to overestimation of the actual concentration 
due to the overlooked presence of UV-absorbing chemical 
contaminants.   

   7.    The relative proportions of “denaturing” and “lysis” solutions 
( see   item 10  in Subheading  2.5 ) need to be optimized for each 
type of soil. In a preliminary experiment, we recommend to 
perform a series of extractions using increasing amounts of 
denaturing solution (from 25 up to 150 μL) and decreasing 
amounts of the lysis one (from 925 down to 850 μL). Low 
ratios work usually better for soils poor in  organic matter   and 
high ratios for high organic matter contents.   
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   8.    CDS-4M primer contains an oligo-dT sequence that anneals to 
poly-A stretches of eukaryotic mRNA to initiate  reverse tran-
scription  . PlugOligo-3M adapter contains an oligo-dG sequence 
at its 3′ end. It pairs to complementary oligo-dC stretches 
“artifactually” added at the 3′-end of fi rst-strand cDNA by the 
reverse transcriptase (RT) when it reaches the 5′ end of the 
mRNA. As a consequence, the RT continues fi rst- strand cDNA 
synthesis to the end of the PlugOligo-3M incorporating its 
reverse complementary sequence at the 5′ end of the 
cDNA. PlugOligo-3M and CDS-4M also contain asymmetric 
sites for  Sfi  I restriction endonuclease ( Sfi  IA and  Sfi  IB respec-
tively). These sites allow  directional cloning   of the cDNA after 
their incorporation at 5′ and 3′ ends of synthesized cDNA.   

   9.    The IP-solution is a specially tailored solution which increases 
the effi ciency of PlugOligo-3M incorporation in the cDNA.   

   10.    The sequence of primer M1 
(AAGCAGTGGTATCAACGCAGAGT) is identical to the 5′ 
end sequences of CDS-4M primer and PlugOligo-3M adapter. 
It therefore binds to both 5′ and 3′ ends of all fi rst-strand 
cDNAs and allows synthesis and amplifi cation of all 
ds-cDNAs.   

   11.    Long-range  PCR amplifi cation   of the cDNAs for a limited 
number of cycles (three) signifi cantly increases the amount of 
cDNA that will be subsequently separated by agarose gel  elec-
trophoresis   without signifi cantly affecting the relative propor-
tions of “long” versus “short” cDNAs in the original sample.   

   12.    We use a 6× DNA loading buffer containing 0.15 % orange G, 
0.03 % xylene cyanol FF and 60 % glycerol in 10 mM Tris–HCl 
pH 7.6; 60 mM EDTA.   

   13.    It is advisable to use a DNA size marker with DNA fragments 
regularly distributed between 0.1 and 1 kb and between 1 and 
5 kb.   

   14.    The optimal number of cycles is selected by performing pre-
liminary  PCR amplifi cations   with cycles ranging from 18 to 
30. An optimal number of cycles leads to a visible smear of 
cDNA sequences on an agarose gel (between  ca  0.5 and 3–5 
kbp) without amplifi cation of longer, artifactual DNA 
fragments.   

   15.    All amplifi ed cDNA are bordered with a  Sfi  IA and a  Sfi  IB site 
at their 5′ and 3′ ends, respectively. Several   Saccharomyces cere-
visiae    expression  plasmids   with these two sites placed down-
stream of a strong promoter sequence are available [ 7 ,  9 ,  11 , 
 12 ].   

   16.    It is advisable to use commercially available chemically or elec-
trocompetent cells with transformation effi ciencies of at least 
10 9  colony forming units per μg of transforming  plasmid  .   
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   17.    An unsatisfactory high percentage of empty plasmids may 
result either from partial digestion of the cDNA inserts and/or 
of the  plasmid   ( see   step 1  in Subheading  3.8 ) which should be 
repeated or from an excess of  plasmid   respective of the insert 
in the ligation ( see   step 3  in Subheading  3.8 ).   

   18.    Up to 10,000–20,000 bacterial colonies can be plated on a 
single 140 mm Petri dish. Therefore, 50–100 Petri dishes may 
be required to obtain a  plasmid   library containing 10 6  inde-
pendent clones.          
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    Chapter 17   

 Analysis of Ancient DNA in Microbial Ecology                     

     Olivier     Gorgé     ,     E.     Andrew     Bennett    ,     Diyendo     Massilani    ,     Julien     Daligault    , 
    Melanie     Pruvost    ,     Eva-Maria     Geigl    , and     Thierry     Grange     

  Abstract 

   The development of next-generation sequencing has led to a breakthrough in the analysis of ancient 
genomes, and the subsequent genomic analyses of the skeletal remains of ancient humans have revolution-
ized the knowledge of the evolution of our species, including the discovery of a new hominin, and dem-
onstrated admixtures with more distantly related archaic populations such as Neandertals and Denisovans. 
Moreover, it has also yielded novel insights into the evolution of ancient pathogens. The analysis of ancient 
microbial genomes allows the study of their recent evolution, presently over the last several millennia. 
These spectacular results have been attained despite the degradation of DNA after the death of the host, 
which results in very short DNA molecules that become increasingly damaged, only low quantities of 
which remain. The low quantity of ancient DNA molecules renders their analysis diffi cult and prone to 
contamination with modern DNA molecules, in particular via contamination from the reagents used in 
DNA purifi cation and downstream analysis steps. Finally, the rare ancient molecules are diluted in environ-
mental DNA originating from the soil microorganisms that colonize bones and teeth. Thus, ancient skel-
etal remains can share DNA profi les with environmental samples and identifying ancient microbial genomes 
among the more recent, presently poorly characterized, environmental microbiome is particularly chal-
lenging. Here, we describe the methods developed and/or in use in our laboratory to produce reliable and 
reproducible paleogenomic results from ancient skeletal remains that can be used to identify the presence 
of ancient microbiota.  

  Key words     Ancient DNA  ,   NGS  ,   Double-stranded library  ,   Single-stranded library  ,   IonTorrent  , 
  Illumina  ,   Contamination  

1       Introduction 

   Ancient DNA (aDNA)   preserved in skeletal remains from past 
organisms can be a rich source of information on the evolution of 
species, of both the organism itself and its pathogens (for a typical 
ancient skeleton  see  Fig.  1 ). aDNA, however, is often highly 
degraded and the techniques for its analysis need to be optimized in 
order to ensure the production of authentic results. Indeed, 

 *Author contributed equally with all other contributors. 
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working with aDNA requires precautions that need to be applied 
even before samples enter the  paleogenetic   laboratory.  Archaeologists   
should be taught the constraints of aDNA research so that they can 
adapt their working procedures to increase the likelihood of obtain-
ing reliable aDNA results. For example, a common practice in 
archaeology is to wash bones after excavation. This washing leads to 
the dilution and  degradation   of the ancient DNA molecules as well 
as to  contamination   with environmental DNA [ 1 ,  2 ]. This is par-
ticularly problematic if only very low amounts of DNA are pre-
served in the skeletal remains. To increase the likelihood of DNA 
preservation in the sample, it is preferable to use freshly excavated 
remains for  paleogenetic   analyses [ 1 ]. This will be possible, how-
ever, only in a limited number of cases and does not concern previ-
ously excavated and curated remains. Moreover, DNA is heavily 
transformed after the death of an organism. Between several hours, 

  Fig. 1    Skeletal remains from a 7000-year-old Neolithic burial from Berry-au-Bac 
“le Vieux Tordoir” (Aisne, France). Excavation and photograph: CNRS, UMR 8215 
“Trajectoires”       

  Fig. 2    Qiavac Manifold equipped with Qiaquick Spin columns and extenders to 
purify DNA from large-volume extracts       
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and possibly up to the fi rst several years, after death, DNA is hydro-
lyzed enzymatically into small fragments leading to a median size of 
50–70 bp (Guimaraes et al., unpublished) [ 3 ]. Over time, DNA 
bases become modifi ed; in particular the cytosines become deami-
nated, which occurs preferentially close to the molecule ends [ 4 ]. 
The quantity of endogenous aDNA varies among samples, and even 
in different locations in the same skeletal remains. Although there 
may be other factors, temperature in particular has been character-
ized as playing a major role in aDNA preservation [ 5 ].

    In order to study the genomes of pathogens that are associ-
ated with an animal (vertebrate) at the time of its death, one must 
consider all the events taking place during the diagenetic transfor-
mation of biomolecules, including DNA, following death. The 
body and its constituents will begin to decompose, mostly due to 
the action of microorganisms and insects. They not only metabo-
lize biomolecules, but also deposit their own DNA, becoming the 
fi rst contaminants of skeletal remains. Once the soft tissues and 
accessible organic parts of the bones have been consumed, the 
skeletal parts will enter a slow decay phase involving mostly chem-
ical processes. When bones are buried, either intentionally at the 
time of death or simply due to natural burial of the skeleton over 
time, there will be a slow but regular exchange of biomolecules 
between bone and soil. Thus, at the time of excavation, the DNA 
that can be recovered may contain (1) DNA from the initial organ-
ism; (2) the DNA of the microbes, as well as parasites, that were 
associated with the organism during its lifetime (some of which 
may possibly have been the cause of its death); (3) the DNA of the 
organisms that have contributed to the  decomposition   of the body 
following its death; (4) and the DNA of the soil organisms that 
have penetrated into the bone. If at the time of excavation no 
special precautions are taken, and the bones are handled and 
washed as is routinely done, the bone can be further contaminated 
with fresh modern DNA, mostly of human and microbial origin, 
as well as from various other sources. The microbial composition 
of skeletal remains therefore refl ects the microbial composition of 
the burial environment, showing that fossilizing skeletal remains 
resemble environmental samples. Indeed, when DNA retrieved 
from ancient bones is sequenced with a shotgun approach, typi-
cally only a few percent, or tenths of percent, of the sequenced 
DNA correspond to the initial organism, the rest being identifi ed 
as “environmental DNA.” Most of this “environmental DNA” 
cannot be mapped to sequenced genomes, and remains as 
“unknown” [ 6 ]. Since older DNA is increasingly degraded until 
complete disappearance, one could expect that most of the envi-
ronmental DNA recovered from the skeletal remains is of recent 
origin. The  DNA decay   rate depends on the environment; how-
ever, special “molecular niches” within the bone may offer more 
protected DNA-stabilizing microenvironments [ 7 – 9 ]. This can 
explain the exceptional preservation found in a limited number of 
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bones [ 10 – 13 ]. The more the  microbiome   is intimately associated 
with the bone and teeth matrix, the better the likelihood that it 
can also benefi t from such “preserving molecular niches". Thus, 
the DNA of pathogens that can be spread to bones and teeth with 
the bloodstream, like  Yersinia pestis ,  Mycobacterium leprae , and 
 Mycobacterium tuberculosis , can be retrieved from well-preserved 
ancient skeletal remains (e.g., [ 14 – 16 ]). Similarly, the DNA of 
ancient buccal  microbiomes   can be retrieved from dental plaque, 
which appears to offer a suitable mineralized environment for 
long-term DNA preservation [ 17 ]. It remains to be determined if 
other organisms of the microbiome can also deposit their DNA 
into favorable “preserving molecular niches” allowing long-term 
DNA preservation. Such microorganisms are the fi rst players to 
colonize the body through the blood vessels and it is yet unknown 
whether most of the “environmental DNA” that can be retrieved 
from ancient bones is of recent or ancient origin. In fact, it is likely 
that the unique  taphonomic   history (the history of  postmortem  
decay) of each bone, in both macro- and microniches, shows suf-
fi cient bone-to-bone  diversity   to allow very different outcomes in 
terms of DNA preservation, and of the age of the DNA that is 
recovered. 

 In order to optimize the recovery of DNA from the ancient 
 microbiome  , improved methods adapted to the preferential recov-
ery of the most damaged molecules must be developed. Their use 
should prevent, as much as possible, the introduction and incorpo-
ration of modern DNA molecules into the sequencing libraries. 
After sequence production,  bioinformatics   methods adapted to 
analyze ancient molecules should be used. Since the analysis of 
ancient  microbiomes   is presently in its infancy, there are not yet 
reliable, established procedures available to ensure the recovery of 
authentic data. For the moment, one has to rely on the more estab-
lished procedures developed to analyze ancient host DNA. 

 Here, we provide some guidelines designed for the analysis of 
ancient  microbiomes  . First, it is essential to use all possible means 
to minimize  contamination   with modern DNA because the min-
ute quantities of DNA in the ancient bone and tooth extracts can 
readily be contaminated with traces of modern DNA from the 
same or other species. Indeed, the scarcer the endogenous DNA, 
the higher the ratio of contaminating DNA likely to be found in 
the extract. This requires a high-containment laboratory for 
extraction, purifi cation, and library construction of aDNA. In 
addition, very strict protocols to avoid carryover  contamination   
and to decontaminate reagents must be applied. Carryover  con-
tamination   results from molecules produced during previous 
amplifi cation or library construction steps being reintroduced into 
another sample. Another source of  contamination   is trace  DNA   
molecules present in reagents such as DNA from domestic ani-
mals, the proteins of which are often used to stabilize  enzymes  , 
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human DNA from employees at biotech companies, or bacterial 
DNA from either the bacteria used for  enzyme   production or the 
 bacteria   introduced from the environment during the production 
process. In order to ensure the authenticity of the results, reagents 
must fi rst be decontaminated to eliminate as much reagent-borne 
DNA as possible before use [ 18 ]. Here we describe the different 
protocols that we have developed to reduce the level of contami-
nating DNA found in reagents. 

 Second, because DNA is damaged and degraded, one. must 
use library construction methods that allow the best possible 
recovery of the most damaged molecules, and, if possible, discrimi-
nate against the recovery of modern ones. We present herein 
experimental procedures allowing optimal recovery of short 
double- stranded and of highly damaged molecules, which are best 
recovered  as   single-stranded DNA [ 19 ]. In the case of  amplicon 
sequencing   (i.e.,  16S rRNA   gene), short regions must be targeted 
because of the reduced length of ancient DNA. When analyzing 
soils or  sediments  , the vast majority of DNA, and consequently 
 16S rRNA   genes, is from modern organisms. As a consequence it 
is best to select for short DNA fragments, when possible, prior to 
 amplifying   targets. 

 Third, data produced must be analyzed using  bioinfor-
matic   workfl ows designed to characterize  ancient DNA   and 
ancient  microbiomes  . We  use   leeHom [ 20 ], to quality trim and 
merge paired-end reads produced from short ancient DNA tem-
plates and  mapDamage   2.0 [ 21 ] to assess the authenticity of the 
mapped DNA. To analyze shotgun sequencing reads or  16S rRNA   
amplicons, we use both  MG-RAST   (presented in Chapter   4    ) and 
homemade dedicated  pipelines   with  leeHom   to pre-process reads, 
and BWA [ 22 ] to map them against an in-house reference sequence 
consisting of concatenated bacterial genomes, before taxonomic 
characterization.  

2    Materials 

 Buffers are stored at room temperature while reaction mixes, prim-
ers, and most  enzymes   are stored at −20 °C. 

    Prepare   all solutions from autoclaved deionized water. We use 
household bleach (2.6 % sodium hypochlorite) and  RNase   away 
(Life Technologies, Carlsbad, CA, USA) as agents for decontami-
nation and DNA removal.

    1.    Commercial soil extraction and purifi cation kits are used, but 
the reagents are only opened in the high-containment labora-
tory, under controlled conditions to avoid  contamination  . We 
currently use MoBio PowerMax Soil DNA Isolation kit (MO 

2.1  DNA Extraction 
Reagents
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BIO, Carlsbad, CA, USA, ref. 12988), Qiagen Gel Extraction 
kit (Qiagen, Hilden, Germany, ref. 28704), and Qiagen PCR 
purifi cation kit (ref. 28104).   

   2.    Bone matrix disintegration and digestion buffer: 0.5 M EDTA 
pH 8, 0.25 M PO 4  3- , 0.14 M β-mercaptoethanol. 0.5 M EDTA 
pH 8 is prepared from EDTA powder and autoclaved water 
and pH is adjusted with NaOH pellets [ 2 ].   

   3.    Buffer QG (Qiagen, ref. 19063), solubilization and binding 
buffer.   

   4.    Buffer PE (Qiagen, ref. 19065), wash buffer.   
   5.    Buffer EB (Qiagen, ref. 19086), elution buffer.    

         1.    MixG (homemade  qPCR   mix) [ 23 ]: To prepare 100 μL of 10× 
mixG, mix 19.5 μL γ-irradiated water ( see   Note 1 ), 6.25 μL 10 
mg/mL bovine or horse serum albumin (BSA or HSA), 3 μL 
10 % Lubrol-17A17 (SERVA  Electrophoresis   GmbH, 
Heidelberg, Germany), 50 μL 50 % glycerol, 1.25 μL 5 M KCl, 
and 20 μL 2.5 M AMPD (2-amino-2-methyl-1,3-propanediol) 
pH 8.3 ( see   Note 2 ). For volumes higher than 200 μL, aliquot 
200 μL each in UV-transparent tubes (Qubit Assay tubes, Life 
Technologies, ref. Q32856) and treat with UV ( see   Note 3 ), 
dilute 10,000× SYBR-Green I (Life Technologies, ref. S-7585) 
1/40 in DMSO and add 1 μL diluted SYBR-Green I per 100 μL 
mix. Freeze overnight at −80 °C ( see   Note 4 ).   

   2.    BIOTEC buffer: To prepare 10 mL BIOTEC buffer, mix 200 
μL 1 M Tris–HCl pH 7.5, 800 μL 25 mM MgCl 2 , 20 μL 5 M 
NaCl, 5 mL 50 % glycerol, 10 μL 10 % Triton x100, complete 
to 10 mL with γ-irradiated water. Aliquot 540 μL each in UV- 
transparent tubes, UV irradiate 300 s on each side on a UV 
cross-linker ( see   Note 3 ).   

   3.    Thermolabile double-strand  DNase   (2 u/μL hl-dsDNase) 
from ArcticZymes (Tromsø, Norway, ref. #70800). For a fi nal 
 activity of 0.02 u/μL, add 1 μL 2 u/μL of hl-dsDNase to 99 
μL of BIOTEC buffer.   

   4.    Decontaminated Taq DNA polymerase: 108 μL of 5 u/μL 
Hot Start Taq polymerase in its storage buffer is supplemented 
with 6 μL premixed 200 mM MgCl 2 , 20 mM CaCl 2 , and 2.45 
μL 50 mM DTT, then incubated with 6 μL 2 u/μL hl- dsDN-
ase   for 30 min at 25 °C followed by a 20-min inactivation step 
at 50 °C. Aliquot to desired volumes. Final activity of decon-
taminated Taq is 4.4 u/μL.   

   5.    Decontaminated dNTPs: 20 μL of dATP, dCTP, dGTP, and 
40 μL of dUTP (100 mM stock solutions each) are mixed with 
100 μL of γ-irradiated water. 40 μL of this dNTP mix is mixed 
with 35 μL γ-irradiated water, 4 μL 50 mM DTT, 20 μL 250 
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Olivier Gorgé et al.



295

mM Tris pH 8, 80 μL 50 mM MgCl 2 , and 20 μL 10 mM 
CaCl 2  and then incubated with 1 μL 0.02 u/μL hl- dsDNase   
for 30 min at 25 °C followed by a 30-min inactivation at 55 °C. 
The fi nal dNTP concentration is 2 mM (4 mM for dUTP).   

   6.    1u/μL codUNG (ArcticZymes, ref. #70500): codUNG is a 
uracil- DNA   glycosylase from Atlantic cod that is  completely 
  and irreversibly inactivated by moderate heat treatment [ 18 ].      

        1.    Oligonucleotides
   (a)     Oligonucleotides   are those proposed by Life Technologies 

for genomic DNA Fragment Library preparation 1  ( see  
 Note 5 ).   

  (b)    Annealing buffer 10 × 
 ●    25 μL 5 M NaCl  
 ●   100 μL 250 mM Tris  
 ●   50 μL 250 mM MgCl 2   
 ●   75 μL γ-irradiated water ( see   Note 1 )  
 ●   40 μM annealed adapters ( see   Note 6 )          

   2.    End-repair  enzymes   (3 u/μL T4 DNA polymerase and 10 u/
μL T4 polynucleotide kinase), such as  NEBNext end repair 
module   (ref. E6050, New England Biolabs (NEB), Ipswich, 
MA, USA)   

   3.    Commercial purifi cation kit, based on silica columns (Qiagen 
or Macherey-Nagel, Düren, Germany) or SPRI magnetic 
beads (Ampure XP, Agencourt Technologies, Beverly, MA, 
USA, ref. 16388 or NucleoMag NGS clean-up and size selec-
tion, Macherey Nagel ref. 744970)
   (a)     DNA purifi cation   kit for 96 samples (96 silica column 

plate or SPRI magnetic beads)   
  (b)    Individual  DNA purifi cation   kit (silica column or mag-

netic beads)       
   4.    Quick ligase, such as  NEBNext Quick ligation module   (NEB, 

ref. E6056, 2000 u/μL T4 DNA ligase)   
   5.    Size selection reagents for E-gel or Caliper XT devices   
   6.    OneTaq Hot Start 2× Master Mix with Standard Buffer (NEB, 

ref. M0484)      

   Use γ-irradiated  water   for all solutions and buffer preparations as 
well as for any dilution or elution steps (unless otherwise indicated) 
( see   Note 1 ).

1
   Appendix E, p. 56–57, Publication Part Number MAN0009847; Revision 

C.0 Date 29 April 2014. 

2.3  Library 
Preparation for PCR 
Products
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    1.     Oligonucleotides   ( see   Note 7 )
   (a)    10 ×  Annealing buffer ( see  Subheading  2.3 ,  item 1 ) UV- 

irradiated ( see   Note 3 )   
  (b)    Annealed adapters 40 μM ( see   Note 6 )    

      2.    Deaminated cytosine repair 
 1 u/μL USER  enzyme   (NEB, ref. M5505)   

   3.    End repair 
  NEBNext End Repair Module   (NEB, ref. E6050)   

   4.    Purifi cation of  repaired   ancient DNA extract
   (a)    MinElute Column (Qiagen ref. 28604) ( see   Note 8 )   
  (b)    Qiaquick Gel Extraction Kit (Qiagen ref. 28704)   
  (c)    QG Buffer (Qiagen ref. 19063)   
  (d)    Isopropanol    

      5.    Blunt- end   double-stranded adapter ligation
   (a)    40 μM Double-stranded adapters   
  (b)     NEBNext Quick Ligation Module   (NEB ref. E6056)    

      6.    Elongation and pre-amplifi cation
   (a)    OneTaq Hot Start 2 ×  Master Mix with Standard Buffer 

(NEB, ref. M0484)   
  (b)    10 μM  Illumina   amplifi cation forward and reverse modi-

fi ed primers P5s/P7s ( see   Note 9 )       
   7.    Purifi cation and size selection

   (a)    NucleoMag NGS clean-up and size selection kit (Macherey 
Nagel ref. 744970)   

  (b)    Freshly prepared 80 % ethanol   
  (c)    DNase/RNase-free water       

   8.    qPCR determination of  the   optimal number of cycles for 
library amplifi cation 
 FastStart DNA Master PLUS  SYBR Green I mix (Roche Applied 
Science, ref. 035158)   

   9.    Final library amplifi cation
   (a)    FastStart Taq DNA Polymerase, dNTPack (Roche Applied 

Science, ref. 04738)   
  (b)     DNase  / RNase  -free water       

   10.    Library  characterization   and purifi cation 
 Agilent Bioanalyzer high sensitivity DNA kit (Agilent ref. 
5067-4626)    
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     Use γ- irradiated   water for all solutions and buffer preparations as 
well as for any dilution or elution steps (unless indicated other-
wise) ( see   Note 1 ).

    1.    Oligos ( see   Note 10 ) 
    (a)    10 ×  Annealing buffer UV-irradiated ( see   Note 3 )   
  (b)    40 μM Annealed CL53/CL73 adapters ( see   Note 6 )       

   2.    DNA preparation
   (a)    100 u/ μL    Circligase II ssDNA ligase   with 10 ×  Circligase 

buffer and 50 mM MnCl 2  solution (Epicentre, Chicago, 
IL, USA, ref. CL902)   

  (b)    10 u/μL  Endonuclease VIII   (NEB, ref. M0299)   
  (c)    1 u/μL codUNG from ArticZymes (optional)   
  (d)    1 u/μL FastAP (Thermo Scientifi c, Waltham, MA, USA, 

ref. EF065), a  thermosensitive   alkaline phosphatase       
   3.    First adapter ligation

   (a)    50 % PEG 4000 (Sigma-Aldrich, St. Louis, MO, USA, ref. 
95904)   

  (b)    Dynabeads MyOne Streptavidin C1 (Life Technologies, 
ref. 6500)   

  (c)    Bead binding buffer: 1 M NaCl, 10 mM Tris–HCl pH 
8.0, 1 mM EDTA pH 8.0, 0.05 % Tween-20, 0.5 % 
SDS. Prepare buffer just before use and discard immedi-
ately. Buffer has no shelf life after adding SDS.   

  (d)    Wash buffer A: 100 mM NaCl, 10 mM Tris–HCl pH 8.0, 
1 mM EDTA pH 8.0, 0.05 % Tween-20, 0.5 % SDS. Can 
be stored at room temperature for a month.   

  (e)    Wash buffer B: 100 mM NaCl, 10 mM Tris–HCl pH 8.0, 
1 mM EDTA pH 8.0, 0.05 % Tween-20. Can be stored at 
room temperature for a year.   

  (f)    Stringency wash buffer: 0.1 ×  SSC, 0.1 % SDS. Can be 
stored at room temperature for a month.   

  (g)    10 ×  ThermoPol Buffer (NEB, ref. B9004)   
  (h)    Bst 2.0 DNA Polymerase (NEB ref. M0537)   
  (i)    10 ×  Tango buffer (Thermo Scientifi c, Waltham, MA, 

USA, ref. BY5)   
  (j)    1 % Tween-20 (Sigma-Aldrich, St. Louis, MO, USA, ref. 

P2287)   
  (k)    T4 DNA polymerase (Thermo Scientifi c, ref. EP006)   
  (l)    Stop solution: 0.5 M EDTA pH 8.0, 2 % Tween-20       

2.5  Single-Stranded 
DNA Library 
Preparation
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   4.    Second adapter ligation
   (a)    T4 DNA ligase (Thermo Scientifi c, ref. EL001)   
  (b)    EBT: 10 mM Tris–HCl pH 8.0, 0.05 % Tween-20       

   5.    Library amplifi cation
   (a)     qPCR   master mix such as LightCycler FastStart DNA 

Master SYBR Green I (Roche Applied Science)   
  (b)    Either MinElute PCR purifi cation kit (Qiagen), AMPure 

XP (Agencourt Technologies), or NucleoMag NGS 
Clean-up and Size Select kit (Macherey-Nagel)        

         1.    qPCR-capable thermocycler such as LightCycler 2.0 (Roche 
Applied Sciences)   

   2.    UV-crosslinker such as Spectrolinker XL 1500 UV-crosslinker 
(Spectronics Corp., Westbury, NY, USA)   

   3.    Multi-purpose rotating tool such as Dremel 9100 Fortifl ex 
Heavy Duty Flex Shaft Tool (Robert Bosch GmbH, Stuttgart, 
Germany) with diamond cutting wheel (ref. 545) and high- 
speed cutting or drilling bits (e.g., ref. 194)   

   4.    Freezer-mill such as Spex Certiprep 6770 Freezer/Mill ®  
(SPEX, Metuchen, NJ, USA)   

   5.     Electrophoresis   system for DNA sizing and purifi cation, such 
as E-Gel SizeSelect (Life Technologies), Caliper Labchip XT 
(Perkin-Elmer, Waltham, MA, USA) or Pippin Prep (Sage 
Science, Beverly, MA, USA)   

   6.    Lab-on-chip  electrophoresis   system, such as Agilent 2100 
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA)   

   7.    Fluorimeter for DNA quantifi cation, such as  Qubit   2.0 (Life 
Technologies)   

   8.    Optional: Robotic  platform  , such as a TECAN EVO 100 
(Tecan, Maennedorf, Switzerland), to facilitate high- 
throughput sample treatment, but all steps can be performed 
manually   

   9.    Heating/cooling block with mixing capability, such as an 
Eppendorf Thermomixer Comfort (Eppendorf, Hamburg, 
Germany) ( see   Note 11 )   

   10.    Ice-water bath   
   11.    Magnetic rack for 1.5 mL tubes       

3    Methods ( See   Note 12 ) 

          1.    DNA extraction from soil 
 To extract and purify  DNA   from soil ( see   Note 13 ), we found 
PowerMax Soil DNA Isolation kit from MoBio useful for a 
wide range of samples ( see   Note 14 ). 

2.6  Equipment (other 
than common devices 
for molecular biology 
laboratories)

3.1   DNA Extraction   
and Purifi cation
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 Typically, 10 g of soil are processed following the guidelines 
recommended by the manufacturer. 

 After extraction and purifi cation, DNA is dissolved in 5 mL 
resuspension buffer. It is subsequently concentrated and repu-
rifi ed with a modifi ed Qiagen Gel Extraction protocol as 
follows:
   (a)    Set an incubator (e.g., heating block) or water bath to 

50 °C.   
  (b)    Heat an aliquot of EB to 50 °C (150 μL per sample to be 

extracted).   
  (c)    Add 30 mL of QG and 20 mL of isopropanol to the DNA 

solution.   
  (d)     Pass   through columns mounted on a manifold device 

(QIAvac 24 Plus, Qiagen, ref. 19413) equipped with 
extension tubes (Qiagen ref. 19587) ( see  Fig.  2 ).   

  (e)    Once all the samples have passed through the columns ( see  
 Note 15 ), remove extenders to wash them with auto-
claved water and install them in place again.   

  (f)    Wash columns with 2 mL PE.   
  (g)    Break vacuum and stop vacuum pump.   
  (h)    Remove  columns   from the manifold and transfer them in 

clean 2 mL collection tubes.   
  (i)    Centrifuge at 9300 ×  g  for 2 min to dry the columns.   
  (j)    Transfer columns to new clean 1.5 mL microcentrifuge 

tubes.   
  (k)    Carefully dispense 100 μL of preheated (50 °C) elution 

buffer (EB or molecular grade water) and incubate for 
1 min at room temperature.   

  (l)    Centrifuge at 9300 ×  g  for 1 min, discard columns, and 
store eluate ( see   Note 16 ).       

   2.     DNA extraction   from bone 
 Ancient bones and teeth can be considered as environmental 
samples ( see   Note 17 ), since they are a matrix in which  bacte-
ria  ,  fungi  , and other organisms reside. The dedicated proce-
dures developed to access the endogenous DNA also extract 
the degraded bacterial (as well as fungal and eukaryotic) DNA 
present in the ancient bone ( see   Note 18 ). 
 The cleaning and powdering steps of the skeletal remains are 
performed in a high-containment laboratory [ 19 ] ( see   Note 19 ). 
The surface of the remains is removed in a UV-irradiated pro-
tective hood. Bone is then drilled or ground to fi ne powder in 
a freezer mill (Spex Certiprep 6750). Further processing of the 
bone powder is performed as described [ 19 ]. Blank extractions 
are carried out for each extraction series.
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   (a)    Decontaminate the hood and all tools with pure household 
bleach (use RNAse away for decontaminating metal tools).   

  (b)    Cover the base of the working station with a sheet of alu-
minum foil.   

  (c)    Remove the outer layer of the sample with a scalpel. Use a 
new scalpel for each sample, and discard used scalpels.   

  (d)    Set up and turn on a vacuum cleaner during cutting to pre-
vent the dispersal of bone powder in the working station.   

  (e)    Sample preparation in a freezer mill:
 ●    Use a  Dremel multitool   equipped with a diamond cut-

ting wheel to cut pieces (up to 200 mg), adjusting the 
speed to the  density/mineralization of the bone. 
Decontaminate the cutting wheel using the medium 
fl ame of a Bunsen burner at around 500 °C, but not 
above, to avoid damaging the diamond wheel.  

 ●   Weigh the bone fragment(s) and pulverize it in a freezer 
mill in liquid nitrogen for 1 min (10 impacts per second).  

 ●   After transferring the powder to a clean tube, clean 
freezer mill tubes. Metal parts: remove remaining bone 
powder in a bath of  RNase   away, rinse in a water bath, 
and dry under UV light. Plastic tubes: brush with water 
to remove remaining bone powder, rinse in a bleach 
bath, then with water and let them dry overnight on 
clean aluminum foil. Do not expose to UV light.      

  (f)    Sample preparation using a drill
 ●    Depending on the density of the bone, its shape, and 

the location of the sampling area, various drill bits can 
be chosen according to the user’s needs. Assemble and 
decontaminate the drill bit using the medium fl ame of 
a Bunsen burner (ca. 500 °C). Drill at the lowest speed 
possible giving effi cient bone powder production.  

 ●   Transfer the bone powder in a pre-weighed tube and 
weigh it.      

  (g)    Cleaning
 ●    Between preparations of each sample, change the alumi-

num foil, clean the working station with bleach, and 
change gloves. Flame the drill bit or the cutting wheel 
using the medium fl ame of a Bunsen burner (ca. 500 °C).  

 ●   After completion of the preparation series, decontami-
nate the Dremel tool with 70 % ethanol and  RNase   
away (not bleach), and fl ame the drill bit or the cutting 
wheel using the medium fl ame of a Bunsen burner (ca. 
500 °C). Clean and decontaminate with bleach the 
working station and the vacuum cleaner, place a UV 
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lightsource inside the working station so that it irradi-
ates the surface of the bench at close proximity for at 
least 3 h. Clean the area around and wash fl oor with 
10 % household bleach.      

  (h)    Once powdered, the bone is mixed with digestion buffer 
(1 mL per 100 mg of bone powder) and incubated at 
37 °C in an orbital shaker (10 RPM) for 24/48 h or upon 
complete dissolution of the bone powder.   

  (i)    After disintegration of the bone matrix, DNA is purifi ed 
on silica columns.

 ●    Centrifuge the suspension for 10 min at 13,000 ×  g .  
 ●   Prepare manifold with QiaAmp spin columns and 

extenders as in Subheading  3.1 ,  step 1 .  
 ●   Transfer supernatant to 15 mL Falcon tubes and store 

pellets (−20 °C) for possible future re-extraction.  
 ●   Follow the modifi ed Qiagen Gel Extraction protocol 

described in Subheading  3.1 ,  step 1 .       

              1.    To test whether the DNA extracts from the ancient bone sam-
ples inhibit the PCR ( see   Note 20 ), serial dilutions of the 
extracts spiked with a known quantity of positive internal con-
trol are amplifi ed [ 24 ]. Subsequently, the Ct (crossing point at 
threshold) is analyzed for each serial dilution of the same sam-
ple. We dilute the extract two- and fourfold at the highest, con-
sidering that further dilution of ancient DNA extracts potentially 
containing only few molecules could cause the loss  of   targets.   

   2.    For DNA amplifi cation ( see   Note 21 ), we systematically use a 
home-made decontaminated  qPCR   mix (mixG). Endogenous 
DNA detection relies on the amplifi cation of DNA fragments 
that are informative enough to discriminate between animals 
or, for  bacteria  , between phyla, classes, orders, genera, or even 
species depending on the targeted genes. To assess bacterial 
 diversity  , the  16S rRNA   gene is a powerful tool, thanks to its 
ubiquity and  structure  , which make it an optimal marker for 
the characterization of environmental samples ( see   Note 22 ). 

 Amplifi cation is performed with a LightCycler 2.0 (Roche 
Applied Sciences). Prepare a PCR mix using 1 μL of DNA 
extract, 1 μL of mixG, 1 mM MgCl 2 , 1 μM each of primer, 0.01 
u of codUNG, 200 μM dNTPs (with dUTP in place of dTTP)   , 
0.1 u of Taq, and complete to 10 μL with γ-irradiated water. 

  Hybridization   times and temperatures are primer dependent 
and elongation times are defi ned according to user’s needs.   

   3.    With  qPCR  , amplifi cation is reported by fl uorescence emission 
of SYBR Green I intercalated in double-strand DNA. Non- 
specifi c products, which are sometimes synthetized during 
qPCR and are mainly primer-dimers, also lead to fl uorescence 

3.2  DNA 
Amplifi cation
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emission. A fi rst control is the use of several non-template con-
trols (NTCs) to monitor the cycle number required to amplify 
such dimers and to determine the Tms of the various possible 
dimers. If similar Cts and Tms are observed for both samples 
and NTCs, the amplifi cation of dimers can be suspected. 
Primer- dimers, however, may sometimes have a Tm close to 
that of the desired product. Gel visualization is then needed to 
discriminate between primer-dimers, other non-specifi c prod-
ucts, and the desired product. Direct sequencing of products is 
a mandatory step to authenticate ancient DNA PCR results. 
When amplifying a  target   gene present only in the species of 
interest, such direct sequencing can be done by  Sanger 
sequencing   (i.e., Eurofi ns Genomics, Ebersberg, Germany). 
When amplifying genes like the 16S rRNA, the PCR product 
is a mix of thousands of different sequences best analyzed 
through  high-throughput sequencing (HTS)  . The IonTorrent 
 platform   is well suited for this.      

       1.    For each sample, mix 20 μL of PCR product (diluted if neces-
sary— see   Note 23 ), 5 μL of 10 ×  enzyme buffer, 0.1 μL of end 
repair enzyme, and 24.9 μL of γ-irradiated water. Gently pipet 
the total volume up and down 1–2 times to mix and incubate 
for 30 min at 25 °C ( see   Note 24 ).   

   2.    Purify end-repaired products using a 96-well plate system (for 
high-throughput) or in tubes by magnetic beads or silica col-
umns according to the manufacturer’s instructions ( see   Note 
25 ). The fi nal elution volume is usually 50 μL.  Samples may be 
frozen at −20 °C at this point.    

   3.    In a 96-well plate, add 1 μL of a different barcoded adapter 
mix (A + P1) combination to each well to be used. Distribute a 
premix composed of 6 μL of 5 ×  ligation buffer, 1 μL of Quick 
ligase, and 2 μL of γ-irradiated water to each well and add 20 
μL of each purifi ed end-repaired sample ( see   Note 26 ). Gently 
pipet up and down 1–2 times to mix and incubate for 30 min 
at 16 °C.   

   4.    Immediately after the ligation, add binding buffer to each well 
according to the manufacturer’s recommendation (60 μL of 
NT buffer, Macherey-Nagel), mix well, and pool all samples 
before loading on a silica column. The binding, washing, and 
drying steps are performed as recommended. Elute in a vol-
ume between 30 and 50 μL.  Samples may be frozen at −20 °C 
at this point.    

   5.    Use an  electrophoresis   system for DNA sizing and purifi cation 
to size-select your library and eliminate adapter dimers or multi-
mers of amplicons. We use the E-Gel SizeSelect or the Caliper 
Labchip XT depending on the size range of amplicon size 

3.3  Library 
Preparation for PCR 
Products
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( see   Note 27 ). To determine the size range to select, add the 
length of the two adapters (85–87 bp depending on the bar-
code length,  see   Note 5 ) to your minimal and maximal ampli-
con size.   

   6.    Nick repair and amplifi cation are made sequentially with the 
same reaction mix ( see   Note 28 ). Add 8 μL of size-selected 
sample, 1 μL of 10 μM Primer A, 1 μL of 10 μM Primer P1, 
and 10 μL of 2 ×  OneTaq Hot Start Master Mix with buffer. 
Gently pipet up and down 1–2 times to mix, incubate for 
20 min at 68 °C (nick repair step), and then amplify the library 
using the following program: initial denaturation at 94 °C for 
5 min (94 °C for 15 s, 60 °C for 15 s, 68 °C for 40 s) for six 
cycles, fi nal elongation at 68 °C for 5 min ( see   Note 29 ).   

   7.    Purify the amplifi ed libraries with a silica column or SPRI mag-
netic beads. Final elution volume is usually 30 μL.  Samples may 
be frozen at −20 °C at this point.    

   8.    Qualitative analysis on a Bioanalyzer is recommended to check 
the fi nal library product ( see   Note 30 ). Products saved at inter-
mediate steps (sizing and amplifi cation) can also be run on the 
same chip and compared. Libraries are quantifi ed using a Qubit 
2.0 to determine the concentration and adapt it to the emul-
sion PCR for IonTorrent PGM sequencing. A  qPCR   is also 
recommended to compare the new library to a known refer-
ence to ensure that the Qubit measurement corresponds to 
samples ligated with the two adapters.   

   9.    Follow the manufacturer’s recommendations to prepare the 
chip for sequencing. Depending on the heterogeneity of the 
PCR product(s) and the number of samples analyzed, either 
314, 316, or 318 chips (V2) can be used.      

         1.    Mix in a 1.5 mL tube 1–500 ng of  DNA   extract, 3 μL of 10 ×  
NEBNext end repair buffer, 1.5 μL of 1 u/μL USER enzyme, 
and complete to 28.5 μL with γ-irradiated water. Mix by pipet-
ting and incubate for 1 h at 37 °C in a heating block.   

   2.    After the  cytosine deamination   repair step, add 1.5 μL of 
NEBNext End Repair  Enzyme   Mix directly to the tube. Mix 
well by pipetting gently times and incubate for 30 min at 20 
°C.   

   3.    The extract is purifi ed with Qiagen MinElute kit, following the 
manufacturer’s protocol, except that elution is done twice with 
17 μL of γ-irradiated water (preheated at 50 °C).   

   4.    Add 10 μL of 5 ×  Quick ligation reaction buffer, 1 μL of the 40 
μM annealed P50X adapter, 1 μL of the 40 μM annealed P7XX 
adapter ( see   Note 31 ), 2 μL of Quick DNA ligase, and 6 μL of 
γ-irradiated water to the sample. Gently pipet 1–2 times to mix 
and incubate for 30 min at 20 °C.   

3.4  Double-Stranded 
DNA Library 
Preparation
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   5.    Add to the sample 3 μL of each of the 10 μM Illumina ampli-
fi cation forward and reverse primers P5s and P7s and 50 μL of 
OneTaq 2x Master Mix. Transfer the 100 μL reaction solution 
into a 0.2 mL PCR tube, and run in a thermocycler with the 
following program: 15 min OneTaq elongation step of the 
ligated products at 68 °C, followed by six cycles involving 
denaturation for 20 s at 95 °C, annealing for 35 s at 60 °C, and 
primer extension for 70 s at 72 °C.   

   6.    The purifi cation of the six-cycle-amplifi ed library and the 
removal of potential artifacts (primer-dimers) are done using 
the NucleoMag NGS clean-up and Size Select kit:
   (a)    Add 130 μL (1.3 × ) Macherey-Nagel (MN) beads to the 

100 μL of amplifi ed library.   
  (b)    Vortex and let sit for 5 min at RT.   
  (c)    Quick spin and place on a magnetic rack; let sit for 2 min 

or until supernatant is clear.   
  (d)    Discard liquid.   
  (e)    Add 500 μL 80 % ethanol (freshly made).   
  (f)    Twist tubes two or three times, until beads no longer stick 

to the tube’s surface, and let sit for 2 min or until superna-
tant is clear.   

  (g)    Discard ethanol with a pipet, being careful to remove as 
much as possible.   

  (h)    Let dry for 2 min at RT on the magnetic rack.   
  (i)    Remove from the magnetic rack, add 52 μL γ-irradiated 

water, and pipet ten times to mix well.   
  (j)    Let stand for 2 min at RT away from the magnetic rack.   
  (k)    Quick spin and place on the magnetic rack; let sit for 2 min 

or until supernatant is clear.   
  (l)    Remove 50 μL to new tubes.   
  (m)    Add 65 μL (1.3 × ) MN beads.   
  (n)    Repeat  steps b – h .   
  (o)    Remove from the magnetic rack, add 25 μL γ-irradiated 

water or EBT, and pipet ten times to mix well.   
  (p)    Let stand for 2 min at RT away from the magnetic rack.   
  (q)    Quick spin and place on the magnetic rack; let sit for 2 min.   
  (r)    Remove 22 μL of purifi ed sample and place in a new tube.       

   7.    To obtain a suffi cient quantity of DNA while avoiding over- 
amplifi cation ( see   Note 30 ),  qPCR   quantifi cation of the pre- 
amplifi ed library is performed using three serial dilutions (1:10, 
1:100, 1:1000) and the modifi ed  Illumina   P5 and P7 primers. 
For each sample, the amplifi cation curves are analyzed and the 
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cycle number at the point between exponential phase and satu-
ration is determined. This value is used to calculate how many 
cycles are needed to amplify the library. For a typical reaction, 
the correct amplifi cation of the library will be 7–8 cycles less 
than the value determined with the 1/100 diluted sample ( see  
 Note 32 ).   

   8.    To further amplify the library, mix 20 μL of the library, 61 μL 
of γ-irradiated water, 2 μL of 5 mM dNTPs (A,T,C,G), 3 μL of 
each 10 μM  Illumina   amplifi cation primers P5s and P7s, 10 μL 
of the 10 ×  PCR reaction buffer containing 20 mM MgCl 2 , and 
1 μL of 5 u/μL FastStart Taq DNA Polymerase. Gently pipet 
1–2 times to mix and amplify the library using the following 
program: (95 °C for 20 s, 60 °C for 35 s, 72 °C for 70 s) for 
the appropriate number of cycles.   

   9.    Purify the PCR using the Qiagen PCR purifi cation kit.   
   10.    Quantify the amplifi ed libraries using a fl uorescence-based 

quantifi cation method; observe the size distribution of the 
amplifi ed library and possible presence of artifacts on an Agilent 
Bioanalyzer 2100 ( see   Note 33 ).      

   Prepare all  enzymatic   mixes prior to each step to avoid letting the 
beads dry between steps.

    1.    Dilute the purifi ed DNA extract (between 1 fmol and 1 pmol 
of DNA) with γ-irradiated water to a fi nal volume of 29 μL ( see  
 Note 34 ).   

   2.    To optimize  damaged DNA   recovery prior to library prepara-
tion, add 29 μL of diluted DNA extract, 8 μL of 10 ×  Circligase 
buffer, 4 μL of 50 mM MnCl 2 , and 0.5 μL 10 u/μL 
 Endonuclease VIII   to a 1.5 mL tube and incubate for 1 h at 37 
°C ( see   Note 35 ).   

   3.    Add 1 u of FastAP to  the   above reaction and mix. Spin briefl y 
and incubate for 10 min at 37 °C. Incubate the reaction for 
2 min at 95 °C to heat denature the DNA, then transfer tube 
to an ice-water bath, and leave for 1 min. Spin briefl y.   

   4.    To ligate the fi rst adapter
   (a)    Add 32 μL 50 % PEG-4000, 1 μL 10 μM adapter oligo 

CL78, and 1 μL 100 u/μL Circligase II. Incubate tube for 
1.5–3 h at 60 °C.  Samples may be frozen safely at −20 °C at 
this point .   

  (b)    For each sample, transfer 20 μL of MyOne C1 dynabeads 
into a 1.5 mL tube. Use additional tubes for more than 
fi ve samples. Wash beads by placing tube on a magnetic 
rack for 2 min. Discard supernatant and wash beads twice 
with 500 μL bead binding buffer ( see   Note 36 ).   

3.5  Single-Stranded 
DNA Library 
Preparation
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  (c)    Resuspend beads in 250 μL bead binding buffer per sam-
ple ( see   Note 37 ), vortex, and transfer 250 μL of beads to 
each ligated sample.   

  (d)    Rotate tubes slowly on a rotating wheel, making sure that 
the beads stay in suspension, for 20 min at room 
temperature.   

  (e)    Spin tubes briefl y, place on a magnetic rack for 2 min, and 
discard supernatant.   

  (f)    Add 200 μL wash buffer A.   
  (g)    Place tubes on the  magnetic   rack, wash by twisting tubes 

( see   Note 36 ), and then leave tubes on the rack for 2 min. 
Discard supernatant.   

  (h)    Add 200 μL wash buffer B.   
  (i)    Place tubes on the magnetic rack, wash by twisting tubes, 

and then leave tubes on the rack for 2 min. Discard 
supernatant.       

   5.    To create the second strand
   (a)    Mix together 38.5 μL γ-irradiated water, 5 μL 10 ×  

Thermopol buffer, 2.5 μL dNTP mixture (5 mM of each), 
and 1 μL 100 μM extension primer CL9.   

  (b)    Add mixture (47 μL) to beads in each tube. Vortex tubes 
and spin down briefl y.   

  (c)    Incubate tubes for 2 min at 65 °C, and then cool for 1 min 
in an ice bath.   

  (d)    Place tubes in an Eppendorf thermomixer set at 15 °C, 
and then add 3 μL Bst 2.0.   

  (e)    Incubate at 15 °C for 30 min, mixing 1000 RPM ( see  
 Note 11 ).   

  (f)    Place tubes on the magnetic rack for 2 min, and discard 
supernatant.   

  (g)    Add 200 μL wash buffer A.   
  (h)    Place tubes on the magnetic rack, wash by twisting tubes, 

and then leave tubes on the rack for 2 min. Discard 
supernatant.   

  (i)    Add 100 μL  stringency   wash buffer, and incubate for 
3 min at 45 °C in a Thermomixer, mixing at 1000 RPM.   

  (j)    Spin tubes briefl y, then place on the magnetic rack for 2 
min, and discard supernatant.   

  (k)    Add 200 μL wash buffer B.   
  (l)    Place tubes on the magnetic rack, wash by twisting tubes, 

and then leave tubes on the rack for 2 min. Discard 
supernatant.       
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   6.    Remove 3′ overhangs remaining from the extension step
   (a)    Mix 84.5 μL γ-irradiated water, 10 μL 10 ×  Tango buffer, 

2 μL dNTP mix (5 mM each), 2.5 μL 1 % Tween-20, and 
1 μL T4 DNA polymerase.   

  (b)    Add mixture (100 μL) to beads in each tube,    vortex, and 
spin down briefl y.   

  (c)    Incubate for 15 min at 25 °C in a Thermomixer, mixing at 
1000 RPM.   

  (d)    Add 10 μL stop solution to each tube.   
  (e)    Place tubes on the magnetic rack for 2 min, and discard 

supernatant.   
  (f)    Add 200 μL wash buffer A.   
  (g)    Place tubes on the magnetic rack, wash by twisting tubes, 

and then leave tubes on rack for 2 min. Discard 
supernatant.   

  (h)    Add 100 μL stringency wash buffer, and incubate for 
3 min at 45 °C in a Thermomixer, mixing at 1000 RPM.   

  (i)    Spin tubes briefl y, place on the magnetic rack for 2 min, 
and discard supernatant.   

  (j)    Add 200 μL wash buffer B.   
  (k)    Place tubes on magnetic rack, wash by twisting tubes, and 

then leave tubes on rack for 2 min. Discard supernatant.       
   7.    To ligate the second adapter

   (a)    Mix 71 μL γ-irradiated water, 10 μL 10 ×  T4 DNA ligase 
buffer, 10 μL 50 % PEG-4000, and 2.5 μL 1 % 
Tween-20.   

  (b)    Add mix (93.5 μL) to each tube, vortex, and spin down 
briefl y.   

  (c)    Add 5 μL 40 μM annealed adapters CL53/CL73 and 2 
μL T4 DNA ligase to each tube, vortex, and spin down 
briefl y.   

  (d)    Incubate for 1 h at 25 °C in a Thermomixer, mixing at 
1000 RPM.   

  (e)    Place tubes on the magnetic rack for 2 min. Discard 
supernatant.   

  (f)    Add 200 μL wash buffer A.   
  (g)    Place tubes on the magnetic rack, wash by twisting tubes, 

and then leave tubes on rack for 2 min.    Discard 
supernatant.   

  (h)    Add 200 μL wash buffer B.   
  (i)    Place tubes on the magnetic rack, wash by twisting tubes, 

and then leave tubes on rack for 2 min. Discard 
supernatant.   
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  (j)    To elute the single-stranded library, add 50 μL EBT buffer 
to each tube and resuspend the beads by pipetting gently 
up and down.   

  (k)    Incubate each tube for 1 min at 95 °C in a Thermomixer, 
mixing at 1000 RPM, and immediately move tube to the 
magnetic rack.       

   8.    Transfer the supernatant, which contains the single-stranded 
library molecules, to a new tube. This non-indexed, single- 
stranded “proto”-library must be amplifi ed with P7 and modi-
fi ed P5 indexing primers (preferably barcoded) before being 
ready for sequencing. Libraries can be stored at −20 °C for 
several months.   

   9.    Follow the same protocol as for double-stranded library prepa-
ration (Subheading  3.4 ,  steps 5 – 10 ) but using indexing prim-
ers P7 and modifi ed P5.   

   10.     When   setting up the Illumina  sequencing   run, be sure to 
replace the Read 1 sequencing primer with the custom primer 
CL72 using the manufacturer’s instructions for custom 
primers.    

4       Notes 

      1.      Water was decontaminated by γ -Irradiation   (at least 2 kGy) 
using a  37 Cs source that had been calibrated by Fricke dosim-
etry [ 18 ].   

   2.    MixG (home-made  qPCR   mastermix) is prepared with a high 
amount of BSA or HSA to allow its use with the LightCycler 
Carousel systems, since those systems use glass capillaries and 
BSA/HSA are needed to minimize DNA binding to the glass. 
We use the Carousel system for its sensitivity and its rapidity 
and to minimize carry-over  contamination  , each sample being 
in its own tube and capped after fi lling. The source of the albu-
min depends on the analyzed species. HSA is used for ancient 
bovine remains, and BSA in all other cases.   

   3.    UV irradiation decontamination of reagents is performed in 
thin-wall, UV clear tubes for 300 s on each side in a Spectrolinker 
XL 1500 UV cross-linker device equipped with 254 nm UV 
light bulbs (Spectronics Corp., Westbury, NY, USA) corre-
sponding to a total energy of 4.8 J/cm 2  [ 18 ]. The UV bulb 
must be at a close distance (we use 5 cm) from the tubes since 
the effi ciency of the destruction of DNA molecules with UV 
light is a  function   of the square of the distance [ 18 ].   

   4.    SYBR-Green I can be replaced by EvaGreen 25 mM diluted 
1/80 in DMSO [ 18 ]. The −80 °C freezing step is essential.   
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   5.    Primer sequences for IonTorrent library preparation 
 For sequencing on an  Illumina   sequencer, the adapters 

described in  Note 7  should be used instead.
   (a)    A barcoded adapter:

 ●    Long strand: 5′ CCATCTCATCCCTGCGTGTCTCC
GACTCAGXXXXXXXXXXCGAT 3′  

 ●   Short strand: 5′ ATCGXXXXXXXXXX 3′      
  (b)    P1 adapter:

 ●    Long strand: 5′ CCACTACGCCTCCGCTTTCCTC
TCTATGGGCAGTCGGTGAT 3′  

 ●   Short strand: 5′ ATCACCGACTGCCC 3′      
  (c)    Primer PCR A: 5′ CCATCTCATCCCTGCGTGTCTC 3′   
  (d)    Primer PCR P1: 5′ CCACTACGCCTCCGCTTTCCT

CTCT 3′    
      6.    Hybridize both strands to make double-stranded adapters by 

mixing 20 μL of each adapter (100 μM), 5 μL of annealing 
buffer (10 × ), and 5 μL of γ-irradiated water. Incubate for 30 s 
at 95 °C in a heating block, then turn off the heat block, and 
allow the tubes to come to room temperature. Annealed oligos 
may be stored at −20 °C. Final concentration of adapter is 40 
μM. For IonTorrent adapters, since only the A adapter is bar-
coded, it is more convenient to prepare a premix of equal vol-
ume of A and P1 adapters for each barcode.   

   7.    Primers for the double-strand library preparation are modifi ed 
from the Illumina  sequencing   primers, Nextera or TruSeq bar-
codes, and amplifi cation primers, to change the Y-shape adapter 
design back to the initial Solexa design with two different 
adapters, as this design minimizes dimer background when 
working with very low DNA amounts [ 19 ]. For sequencing on 
an IonTorrent sequencer, the adapters described in  Note 5  
should be used instead. In the example below, amplifi cation 
primers are in italics, barcodes are bold, and sequencing prim-
ers are in roman fonts.
   (a)    D7XX construct: 

  CAAGCAGAAGACGGCATACGAGAT   XXXXXXXX GT
GACTGGAGTTCAGACGTGTGCTCTTCCGATCT   

  (b)    D50X construct: 
  AATGATACGGCGACCACCGAGATCTACAC  
 X X X X X X X X  A C A C T C T T T C C C T A C A C G
ACGCTCTTCCGATCT   

  (c)    SLP5P7: 5 ′ -AGATCGGAAGAG-3 ′     
      8.    MinElute is used to allow small elution volume (here 17 μL). 

Columns are purchased independently of the purifi cation kit.   
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   9.    P5s sequence CAAGCAGAAGACGGCATACGAGAT 
 P7s sequence: AATGATACGGCGACCACCGAGAT   

   10.    Oligonucleotides [ 10 ,  25 ]
   (a)    CL78:    single-stranded adapter: 5′[Phosphate]-

AGATCGGAAGXX-[TEG-biotin] (X = C18 spacer). 
Alternatively, ten C3 spacers can be used in the place of 
two C18 spacers.   

  (b)    CL9: 5′-tailed extension primer: 
 5′GTGACTGGAGTTCAGACGTGTGCTCTTCCGA
TCT.   

  (c)    CL53: double-stranded adapter strand 1: 5′CGACGCT
CTTC-[ddC] (ddC = dideoxy cytidine).   

  (d)    CL73: double-stranded adapter strand 2: 
 5′[Phosphate]-GGAAGAGCGTCGTGTAGGGAAA
GAGTGTA. 
 Some protocols specify four phosphorothioate bonds at 
the 3′ end of CL73 [ 25 ]. We obtain good results without 
this modifi cation.   

  (e)    Modifi ed P5 indexing primer: 
 5′ AATGATACGGCGACCACCGAGATCTACAC[barc
ode]ACACTCTTTCCCTACACGACGCTCTTCC 
 Insert standard  Illumina   barcode of choice in the place of 
[barcode]. The modifi ed P5 indexing primer with the P7 
indexing primer is used to create, via PCR, full-length bar-
coded  Illumina   adapters fl anking the initial single-stranded 
library products. 
  IMPORTANT!  Modifi cations in the P5 barcoded primer/
adapter necessitate a corresponding custom sequencing 
primer, CL72, to be used in place of the Illumina Read 1 
sequencing primer during sequencing (CL72: 5' ACACT
CTTTCCCTACACGACGCTCTTCC [ 25 ]).   

  (f)    P7 indexing primer: Use a standard, non-annealed, bar-
coded Illumina P7 adapter oligo as the P7 indexing primer.    

      11.    Alternatively, a standard heating block or thermocycler with a 
heated lid can be used instead of Eppendorf Thermomixer 
Comfort, but tubes containing beads must be manually mixed 
periodically to prevent the beads from settling.   

   12.    All pre-PCR work is carried out in a physically isolated high- 
containment laboratory in a part of the building where no 
DNA amplifi cation is performed. Rooms are under positive air 
pressure with a gradient from low to high positive pressure 
from the airlock, through the extraction and purifi cation 
rooms, to the pre-PCR room with the highest positive pres-
sure. Incoming air is fi ltered. This installation minimizes  con-
tamination   with airborne environmental DNA.   
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   13.    Many techniques exist to extract DNA from soil. Authors pro-
pose different buffers, but the general purpose is to homoge-
nize and lyse the soil in a liquid buffer mechanically (Precellys, 
MoBio homogenizer, etc.) or using chemicals (SDS, NLS, 
etc.) while limiting the interactions between DNA and soil 
particles using a buffer of high ionic strength (such as NaCl 
1.5 M). Different  DNA extraction   techniques have been found 
to modify the representation of bacterial populations [ 29 ,  30 ].   

   14.    We use MoBio PowerSoil to obtain the least variable results 
and to be able to perform comparisons from one extract to 
another, since the various  DNA purifi cation   protocols extract 
different bacterial populations [ 26 ].   

   15.    Buffers usually pass through the column in a few minutes. 
With a vacuum pump capable of producing a vacuum of −800 
to −900 mbar, buffers pass through the column in 5–10 min. 
Clogging of the silica membrane by particles remaining in the 
sample can sometimes occur during the DNA binding step. 
When this occurs, the remaining sample can be passed through 
one or more fresh columns and combined after elution. If 
clogging continues to occur, columns can be centrifuged mul-
tiple times (10,000 ×  g  usually for 1 min) using 700 μL of buf-
fer per centrifugation.   

   16.    For maximal recovery, elution can be performed using 2× 75 
μL preheated (50 °C) EB as follows:
   (a)    Load spin columns with 75 μL preheated EB and incubate 

for 2 min.   
  (b)    Centrifuge for 1 min at 12,500 ×  g .   
  (c)    Load spin columns with 75 μL preheated EB and incubate 

for 1 min in the thermo-block at 50 °C.   
  (d)    Centrifuge for 2 min at 12,500 ×  g .   
  (e)    Pool the eluates and store at −20 °C.       

   17.    The situation is more complicated since the skeletal remains 
are chemically not homogeneous but rather consist of multiple 
chemical microenvironments, each with its specifi c chemistry, 
in which DNA preservation can be variable.   

   18.    Since there is no specifi c lysis procedure to open up microbial 
cells, it is likely that the DNA recovery from live microbial cells 
is low.   

   19.    A complete overview of the process can be seen in a movie, 
available at   http://www.univ-paris-diderot.fr/Mediatheque/
spip.php?article246&var_mode=calcul    , especially after the sev-
enth minute.   

   20.    In environmental samples, many soil compounds can interfere 
with molecular techniques used downstream, such as humic 
and fulvic substances.   
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   21.    The  16S rRNA   gene includes both conserved regions, which 
can be used for designing amplifi cation primers across taxa, 
and nine hypervariable regions (V1–V9), which can be 
 effectively used to discriminate between taxa [ 27 ]. Nearly 
every hypervariable region or combination thereof has been 
studied. Owing to the short size of DNA fragments in degraded 
ancient samples, we selected V5 (28 bp long in  Escherichia 
coli ). Among published primers, we selected the pair providing 
the best coverage according to SILVA TestPrime and SILVA 
SSU refNR r114 [ 28 ]. We selected a forward primer (E786F) 
from Baker et al. [ 29 ] and a reverse primer (926r) from 
Watanabe et al. [ 30 ], the pair producing a 141 bp long frag-
ment [ 29 ].   

   22.    To prevent carry-over contamination, we systematically use 
dUTP instead of dTTP in qPCR mixes [31]. Incorporation of 
dUTP during PCR allows for elimination of amplicons from 
previous PCR steps when incubation with uracil-N-glycosylase 
(UNG) precedes each PCR. We selected codUNG from 
ArcticZymes (Tromsø, Norway) for its enhanced thermolabil-
ity and high effi ciency [ 18 ].   

   23.    20 pmol of adapters are present in subsequent preparation 
steps and must be in excess with respect to PCR products. A 
maximum amount of 5 pmol of amplicon products is recom-
mended per sample.   

   24.    This step will create blunt-ended 5′ phosphorylated DNA 
using two  enzymes  : T4 DNA polymerase and T4 polynucleo-
tide kinase. T4 DNA polymerase fi lls in 5′-protruding ends 
and removes 3′-protruding ends, thus producing blunt ends. 
T4 polynucleotide kinase phosphorylates the 5′-ends of DNA.   

   25.    We use a TECAN EVO 100 and NucleoSpin 96 PCR clean-up 
(Macherey-Nagel ref. 740658) to achieve automated 96-well 
purifi cation.   

   26.    This step ensures ligation of DNA fragments with adapters. We 
use Quick Ligase to increase the ligation reaction and reduce 
incubation time.   

   27.    E-Gel is preferred when amplicons have similar sizes (within 
about 50 bp) whereas the Caliper XT is better suited when the 
amplicon sizes are more heterogeneous.   

   28.    This step allows the removal of the small fragment of the adapt-
ers and the fi ll-in of the 3′-protruding end of the ligated 
adapter. We use OneTaq from NEB, a blend of Taq and Deep 
VentR™ DNA Polymerases.   

   29.    Save 1 μL for bioanalyzer analysis if desired.   
   30.    If libraries are amplifi ed beyond the point at which PCR starts 

saturating, multimers of PCR products may form due to the 
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cross- hybridization   of library molecules via their adapter 
sequences, both preventing the proper determination of frag-
ment size distribution and DNA concentration using an 
 electrophoresis  - based system and causing abnormal chimeric 
sequences.   

   31.    By using 1 μL of the 40 μM adapters, considering an average 
size of the ancient DNA fragment in the extract of 50 bp, the 
adapter excess is 2.5× if the starting input is 500 ng and 1250× 
if the starting input is 1 ng. The adapter concentration can be 
modifi ed according to the quantity of the input material.   

   32.    For example, considering a  qPCR   amplifi cation plot obtained 
from quantifying the library with the 1:100 dilution: (1) qPCR 
was performed in a 10 μL reaction volume, whereas library 
amplifi cation is performed in 100 μL. Thus, 3.5 cycles should 
be added to allow for ten times more end product. (2) One 
microliter of a 1:100 library dilution was used for measure-
ment, whereas 20 μL of the library is used for the library ampli-
fi cation (2000 times more). This corresponds to roughly 11 
cycles that should be deducted. Thus, 7.5 cycles should be 
deducted from the number of cycles just prior to the begin-
ning of the saturation phase (around roughly 75 % of the pla-
teau height) of the 1:100 dilution amplifi cation curve. In this 
way we estimate the optimal cycle numbers for PCR.   

   33.    If excessive adapter dimers or small inserts are present in your 
library, additional size selection may be desired following the 
library purifi cation. If AMPure XP SPRI or NucleoMag beads 
are used, two rounds of purifi cation using a bead volume of 
1.3× sample volume are recommended to best remove adapter 
dimers while preserving inserts of 30 bp and above, as described 
in Subheading  3.4 ,  step 6 .   

   34.    For optimal results, the purifi ed DNA extract should fi rst be 
quantifi ed with a fl uorescence-based quantifi cation method, 
and length distribution can be observed in most cases using an 
Agilent 2100 BioAnalyzer. Positive and negative control librar-
ies should be included with each procedure. A positive control 
 oligonucleotide   should be 5′-phosphorylated and have inter-
nal primers to allow quantifi cation with  qPCR  . Use 29 μL of 
water for a negative control.   

   35.    This step will remove DNA with abasic sites to maximize incor-
poration of  damaged DNA   molecules into the library. To addi-
tionally remove uracils, the result of DNA  cytosine deamination  , 
0.5 μL codUNG (1 U) may also be added at this step. If uracils 
are not removed, some cytosines may be improperly rendered 
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