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Preface

Rust disease, caused by strains of the fungus Puccinia, is a major threat to global wheat
production and food security. For instance, the Ug99 stem rust that emerged in Eastern
parts of Africa overcame the majority of genetic resistance present in commercial bread
wheat. Along with the ability to evolve additional virulence, the pathogen spread rapidly to
neighboring regions, and to date there are more than eight Ug99 lineage races spread across
13 countries. The emergence of highly virulent and temperature adaptable isolates of wheat
stripe rust in parts of Europe, USA, Southeast Asia, Africa, and Australia has become an
additional threat to worldwide wheat cultivation. To combat the threat posed by these
rapidly evolving fungi, the global wheat rust research community came together through
programs such as the Borlaug Global Rust Initiative and identified state-of-the-art techni-
ques and tools for monitoring and preventing the spread of wheat rust diseases. Therefore,
this Springer Protocol Series on “Wheat Rust Diseases” is a valuable collection of advanced
tools that are currently used for characterization of rust, the host plant wheat, and the
interactions between the two. Parts I and II of this volume consist of routinely used and
advanced tools for characterizing rust pathogen where protocols for rust surveillance,
genotyping, and molecular pathogenicity studies are discussed. Part III describes tools for
genetic analysis of rust resistance while the subsequent Part IV covers new methods on rust
resistance gene cloning which were based on next-generation sequencing and assembly
tools. It also covers molecular assays for the functional analysis of cloned resistance genes.
The last part (V) of the volume has a chapter on the isolation and screening of bacterial
endophytes as biocontrol agents for rust disease management.

In summary, this volume covers a wide range of topics right from the rust pathogen to
the genetics of the host plant wheat. Techniques covered in this volume are of value to both
established and new generations of wheat rust researchers and to some extent to the whole
of plant science and the microbial research community.

Canberra, ACT, Australia Sambasivam Periyannan
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Wheat Rust Surveillance and Genotyping



Chapter 1

Wheat Rust Surveillance: Field Disease Scoring and Sample
Collection for Phenotyping and Molecular Genotyping

Sajid Ali and David Hodson

Abstract

Long-distance migration capacity, emergence of invasive lineages, and variability in adaptation to a wide
range of climatic conditions make wheat rusts the most important threat to wheat production worldwide.
Efficient and coordinated efforts are required for surveillance of the pathogen population at different
geographical levels to enable tracking of rust pathogen populations at local, regional, continental, and
ultimately worldwide scale. Here we describe a standard procedure for rust surveillance to enable compari-
son across various research groups for a final compilation. The procedure described would enable tracking
of disease severity, field level expression of host resistance, and collection of samples for further virulence
phenotyping and molecular genotyping.

Key words Rust pathogens, Disease epidemics, Tracking populations

1 Introduction

Wheat rust pathogens cause severe epidemics on wheat worldwide
[1–4]. The long-distance dispersal capacity of rusts has resulted in
continental and global spread of invasive lineages, representing an
important threat to wheat production [5–7]. Efficient and coordi-
nated efforts must be made to track the pathogen population across
various geographical levels. Surveillance is usually carried out on a
local scale in various parts of the world. To enable an overall
compilation, surveillance data must be shared and must be under-
taken in a coordinated manner following predefined procedures.
This enables tracking of rust pathogens at country, regional, conti-
nental, and ultimately worldwide scale [8]. Appropriate scoring of
disease severity and host response also provides other useful infor-
mation such as disease epidemics status and field level expression of
host resistance [9]. Here we describe a procedure for wheat rust
surveillance and sample collection, which is based on the methods
used successfully in the Borlaug Global Rust Initiative (BGRI) rust
monitoring system and during rust surveillance project at the

Sambasivam Periyannan (ed.), Wheat Rust Diseases: Methods and Protocols, Methods in Molecular Biology, vol. 1659,
DOI 10.1007/978-1-4939-7249-4_1, © Springer Science+Business Media LLC 2017
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University of Agriculture, Peshawar, Pakistan. The surveillance
procedure is defined with the objectives to track disease severity,
field level expression of host resistance, and sampling for further
virulence phenotyping and molecular genotyping (detailed in sepa-
rate chapters). The sampling procedure of live sample collection is
described for multiplication and phenotyping, while the procedure
of dead sample collection is described for molecular work only.

2 Materials

1. Scissors.

2. Notebook, pen, and pencil.

3. Permanent marker.

4. Paper bags, glycine bags.

5. Ethanol.

6. 2 mL Eppendorf tubes/Cryotubes.

7. Parafilm or Scotch tape.

8. GPS.

9. Standardized survey form (paper or electronic).

3 Methods

3.1 Selection

of Location/Fields

and Rust Scoring

Considering the aerial dispersal of rust pathogens, it is recom-
mended to cover the maximum representative area for a given
wheat growing region. The selection of site will depend on the
objective of surveillance such as phenotyping or genotyping and of
course considering the time and cost limitations. However, to cover
the maximum region and for efficient sample collection, we recom-
mend the following points:

1. Select locations to be surveyed in a given wheat production
region and identify representative sites within each location
(Fig. 1).

2. The selection of sites must be representative of the area, though
considering logistic and other limitations. Consider geography,
types of cultivars. and other attributes in selection of survey site
(see Note 1).

3. At each site, make a survey at 5–15 fields, dependent on the
heterogeneity in host varieties and prior information on patho-
gen diversity. Alternatively, the semirandom survey could be
made while following a specific route and surveying each
10–20 km.

4 Sajid Ali and David Hodson



4. Depending on the size of field plot, make a survey at 3–5 spots
within the field.

5. Record maximum information for each field plot (like GPS
points, host varieties, geographical barriers, etc. as in
Table 1). Alternatively, a standardized survey form (paper or
electronic) could be used as provided by the Rust Tracker
website (http://rusttracker.cimmyt.org/?page_id¼279).

6. Record if the plots are naturally infected or inoculated, or near
to an inoculated trial. For population biology studies, naturally
infected plots must be surveyed.

7. Also record additional information such as alternate hosts and
other cereals, if present, nearby the sites (see Note 2).

8. Record rust severity scores using modified cob scale [9]. Simi-
larly record the host resistance response following the scale
described [10] and detailed in Table 2.

3.2 Sampling for

Rust Multiplication

and Phenotyping

Live rust samples are collected for multiplication and for phenotyp-
ing various traits such as virulence and aggressiveness.

1. For stripe or leaf rust, select a freshly sporulating young leaf
with multiple lesions. Avoid old leaves or the lesions which are
dry or wet due to rain. For stem rust, select heavily infected
stems.

2. For stripe or leaf rust, collect the infected samples from
leaves, while for stem rust use stem segments of 4–5 cm
length and remove the core stem tissue (to facilitate drying
of samples).

Wheat product ion region at the 
north of Pakistan

Wheat growing locat ions in the 
produc�on region

10 sites at a given locat ion

Sit-2

Sit-4 Sit-7

Sit-5

Sit-1

Sit-3

Sit-9

Sit-6

Sit-8

Sit-10

Khyber
Peshawar

Nowshera
Haripur

Abbo�abad
Sawabi Mansehra

BalakotSwat
Torghar

Ba�agram

Islamabad

Buner

Bajaur

Charsada

Dir

Mardan

Fig. 1 Schematic representation of a geographical region of wheat production potentially divided into locations
and surveillance sites to maximize representation. The survey sites could also be based on the semirandom
sites while following a specific route and surveying each 10–20 km

Wheat Rust Surveillance 5
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3. Place the leaf or stem samples into the glycine bag. If glycine
bags are not available, use a paper bag as an alternative. Never
use plastic bags, and also keep the envelopes in dry condition.

4. Properly label all sample envelopes—it is recommended to
include date, location, variety (if known), rust disease type,
disease score, and a unique sample code. The same code must
be recorded on the survey form (or in Table 1) where all the
information related to the samples are recorded (see Note 3).

5. Several leaves or stems from the same field site could be placed
into the same envelope.

6. Disinfect your fingers and the scissors with ethanol between
samples and at the end.

7. Keep the samples at room temperature and air-dry for at least
24 h and then pack all the samples in a large paper envelope
representing a location. While drying, you can place a light
weight on the bags to avoid further rolling of the leaves.

8. The dry samples could be dispatched, under a permit if neces-
sary, to the laboratories which can work with the live samples.
Ideally, samples should be sent within 7–10 days of collection
(see Note 4).

9. The number of live samples collected may vary according to the
objectives and capacity to revive them, but 2–5 leaf samples or
5–10 stem samples per field plot could be collected to give a
representative number of isolates.

Table 2
Host reaction categories and its symptoms to be recorded during field scoring of rust infection

Host
reaction Host reaction Symptoms

Increment for CI
valuesa

I Immune No visible infection 0.00

R Resistant Necrotic areas with or
without small pustules

0.10

MR Moderately resistant Small pustules surrounded
by necrotic areas

0.25

M Moderately resistant-
Moderately susceptible

Combination of both MR
and MS

0.50

MS Moderately susceptible Medium-sized pustules, no
necrosis, some chlorosis

0.75

S Susceptible Large pustules, no necrosis
or chlorosis.

1.00

aCoefficient of infection ¼ increment � severity (e.g., 70 MS ¼ 70 � 0.75 ¼ 52.5)
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3.3 Sampling for

Molecular Genotyping

Molecular genotyping could be done using DNA from live rust
samples generated through spore multiplication or from dead sam-
ples [11]. To avoid the requirement of quarantine measures, the use
of dead samples is usually recommended for molecular genotyping
(particularly for microsatellite analysis).

1. For stripe rust, infected leaves with a single lesion collected
from the rust infected hot spot of the field are used. For stem
rust, use infected stems with a clear single pustule. Similarly,
for leaf rust leaf, samples with a single isolated pustule are used
(see Note 5).

2. For stripe or leaf rust, excise the lesion/pustule from the whole
leaf by discarding the healthy part around (Fig. 2). Keep only
the infected part so as to get more DNA from rust than the
wheat plant. For stem rust, cut either side of the pustule and
then remove the core stem tissue (Fig. 2).

3. Place the excised lesion or pustule into a Cryo tube or Eppen-
dorf tube.

4. Add ethanol to kill the rust pathogen.

5. Seal the tube with Parafilm or Scotch tape to avoid opening
while handling.

6. Label the tubes properly with a code (prelabeled barcoded
tubes can also be used), with an identical code used on the
survey form or in Table 1 (see Note 3).

7. Disinfect your hands and scissors with ethanol between
handling of two samples.

8. It is recommended to sample more than ten samples per field
plot, which could be stored, and the exact number to be
genotyped could be decided later considering the exact scien-
tific question and available resources [12].

4 Notes

1. Geographical barriers like mountains and valleys can influence
pathogen dispersal and population structure, so adjust the
survey accordingly and record due information. Similarly,
host barriers like distribution of durum and bread wheat in
different sites in a given wheat growing area may also influence
the pathogen and could preferably be considered during the
surveillance effort.

2. There is an increasing interest in understanding the role of non-
wheat hosts in rusts epidemiology, particularly the role of
alternate hosts [12]. Thus, information of these species must
be recorded, and sampling of rusts on these species could be
useful, if found. Details on their sampling could be found in
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Fig. 2 Characteristic multiple and single pustule lesions of wheat rust diseases (wheat stem rust, leaf rust, and
yellow rust)
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relevant publications and the BGRI training video “Going to
the Source of New Virulence: Isolating Cereal Rust Pathogens
from Barberry Species” (see http://www.globalrust.org/
page/videos).

3. It is important to code the bags and record maximum informa-
tion in a precise manner. Along with the code it is also recom-
mended to record date, location name, host variety/type (if
known), disease and disease score on the bags to enable
tracking.

4. Live samples should be treated in the local laboratories having
facilities to multiply and phenotype the pathogen. These could
also be shared with foreign laboratories, if required permits are
obtained prior to shipping, and the international labs should
have quarantine facilities and permission to receive such exotic
samples, e.g., Global Rust Reference Centre, Denmark; Cereal
Disease Laboratory-USDA, USA; and AAFC laboratory at
Morden, Canada. It is essential to contact international labs
prior to sampling to obtain an import permit and to follow
shipping protocols.

5. For the molecular work, use a single lesion or pustule as
multiple lesions arise from different spores, which could be
potentially different genotypes. Genotyping of multiple lesions
will give mixed genotypes. Along with the above mentioned
labs for live samples, Dr. Ali lab at The University of Agricul-
ture, Peshawar, Pakistan, also receive and process samples for
molecular genotyping, particularly from Central, West and
South Asia.
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Chapter 2

Field Pathogenomics: An Advanced Tool for Wheat Rust
Surveillance

Vanessa Bueno-Sancho, Daniel C.E. Bunting, Luis J. Yanes,
Kentaro Yoshida, and Diane G.O. Saunders

Abstract

Traditionally, diagnostic tools for plant pathogens were limited to the analysis of purified pathogen isolates
subjected to phenotypic characterization and/or PCR-based genotypic analysis. However, these
approaches detect only already known pathogenic agents, may not always recognize novel races, and can
introduce bias in the results. Recent advances in next-generation sequencing technologies have provided
new opportunities to integrate high-resolution genotype data into pathogen surveillance programs. Here,
we describe some of the key bioinformatics analysis used in the newly developed “Field Pathogenomics”
pathogen surveillance technique. This technique is based on RNA-seq data generated directly form
pathogen-infected plant leaf samples collected in the field, providing a unique opportunity to characterize
the pathogen population and its host directly in their natural environment. We describe two main analyses:
(1) a phylogenetic analysis of the pathogen isolates that have been collected to understand how they are
related to each other, and (2) a population structure analysis to provide insight into the genetic substructure
within the pathogen population. This provides a high-resolution representation of pathogen population
dynamics directly in the field, providing new insights into pathogen biology, population structure, and
pathogenesis.

Key words Filamentous plant pathogens, Population genetics, Pathogen surveillance, Phyloge-
nomics, Emerging pathogens

1 Introduction

Emerging and re-emerging pathogens pose a continuous threat to
food security and human health. Recent disease outbreaks in plants
have been associated with expansions of pathogen geographic dis-
tribution and increased virulence of known pathogens, such as the
European outbreak of ash dieback and wheat stem rust across Africa
and the Middle East. Independent of the host organism, the scale

Sambasivam Periyannan (ed.), Wheat Rust Diseases: Methods and Protocols, Methods in Molecular Biology, vol. 1659,
DOI 10.1007/978-1-4939-7249-4_2, © Springer Science+Business Media LLC 2017
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and frequency of emerging diseases have increased with the global-
ization and industrialization of food production systems [1]. Such
invasive species can cause significant economic and ecological pro-
blems within the new habitat as the population grows. Therefore,
new surveillance tools to identify and track the spread of these
pathogens are urgently required. Traditionally, for plant pathogens
diagnostic tools were limited to the analysis of purified pathogen
isolates subjected to phenotypic characterization and/or PCR-
based genotypic analysis. However, these approaches detect only
already known pathogenic agents, may not always recognize novel
races and can introduce bias in the results [2]. Recent advances in
next-generation sequencing technologies have provided new
opportunities to integrate high-resolution genotype data into path-
ogen surveillance programs [3, 4].

In this chapter, we describe some of the bioinformatic analysis
incorporated into the newly developed “Field Pathogenomics”
technique that has been recently used to reveal a complete shift in
the population of the wheat yellow rust pathogen, Puccinia strii-
formis f. sp. tritici (PST), in the UK [4]. The speed of this method
was recently demonstrated during the response to the wheat blast
outbreak in Asia early in 2016 where the causal agent was deter-
mined to be a wheat-infecting lineage of Magnaporthe oryzae, and
the origin determined to be South America, within just 6 weeks of
sample collection in the field [5]. This approach has the potential to
substantially accelerate pathogen diagnostics, while providing
detailed genotypic substructure of pathogen populations at an
unprecedented resolution. Furthermore, the approach uses RNA-
seq data that is generated directly from pathogen-infected leaves
collected in the field, providing a unique opportunity to character-
ize the pathogen population and its host directly in their natural
environment.

In order to study the pathogen population, we perform two
main analyses: (1) a phylogenetic analysis of the isolates that have
been collected to understand how they are related to each other
(Subheading 3.2), and (2) a population structure analysis to pro-
vide insight into the genetic groups that constitute the pathogen
population (Subheading 3.3). These analyses are based on the
genetic variation between isolates, which is encapsulated by the
single nucleotide polymorphism (SNP) variant sites. Therefore,
the SNP sites need to be determined before running these analyses
(Subheading 3.1).

The basic workflow of this method is divided into three main
sections (Fig. 1):

1. SNP calling

2. Phylogenetic analysis

3. Population structure
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The first step in this method is the SNP calling (Subheading
3.1). The input for this pipeline is the raw RNA-seq reads that are
filtered to remove low-quality reads and subsequently aligned to
the reference genome to extract variant sites. These sites are then
used in the phylogenetic analysis to generate a phylogenetic tree
using the RAxML software (Subheading 3.2). Finally, synonymous
SNP sites from each sample are extracted and compared across all
samples to define the genetic groups within the population using
the software STRUCTURE (Subheading 3.3).

2 Materials

All scripts included herein are to be executed using the Linux
command line. These commands are shown below with a ‘$’ prefix
in italics. Before starting, all required programs and packages need
to be installed.

Reference 2x SNPs files

Quality Boxplot
Nucleotide distribution

GFF file

Allele_freq graph

Consensus files

Filtered files

Concat Alignment

Phylogenetic
Tree

SNPeff files

Syn sites

Input file for STR

STRUCTURE
analysis

Reference Genome

Note 1, 2

Note 3

Note 4

Note 6,7

Note 8
Note 9

Note 5

BAM files

RNA-seq reads

Filtered reads

3.2 3.3

3.1

Reference
2x

Fig. 1 Overview of the ‘Field Pathogenomics’ approach. Numbers refer to
subheadings of Subheading 3. There are three main pipelines, highlighted in
three different colors; SNP calling in blue, phylogenetic analysis in orange and
population structure in purple. The green boxes are input files required for the
pipeline and the red boxes are outputs. The stars indicate checkpoints explained
in Subheading 3.1. Notes are also included in the different steps
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2.1 Software

and Tools

1. FASTX_Toolkit: This method uses the FASTX_Toolkit version
0.0.13.2 that can be downloaded from the FASTX-Toolkit
website (http://hannonlab.cshl.edu/fastx_toolkit/down-
load.html). The following packages from this software are
used: fastx_trimmer, fastx_quality_stats, fastq_quality_box-
plot_graph.sh, and fastx_nucleotide_distribution_graph.sh.

2. TopHat Software: For the TopHat software, download version
2.0.11. from the TopHat website (https://ccb.jhu.edu/soft
ware/tophat/index.shtml).

3. Bowtie Software: Download version Bowtie-0.1.19 from
http://bowtie-bio.sourceforge.net/index.shtml.

4. SAMTools (version 0.1.19): Version 0.1.19 of SAM (Sequence
Alignment Map) tools is used here and can be downloaded
from http://samtools.sourceforge.net/.

5. RAxML (version 8.2): For RAxML (Randomized Axelerated
Maximum Likelihood), download version 8.2.9 (http://sco.h-
its.org/exelixis/web/software/raxml/index.html).

6. Bedtools: Install bedtools-2.17.0 from http://bedtools.
readthedocs.io/en/latest/content/installation.html.

7. SnpEff: A variant annotation and effect prediction toolbox that
can be downloaded from the website: http://snpeff.
sourceforge.net/. Install the program within the SCRIPTS
folder, in the Population_STRUCTURE directory. Follow
the installation instructions from the SnpEff manual (http://
snpeff.sourceforge.net/SnpEff_manual.html#run).

8. Make sure that the database includes the organism you will use.
If not, you can build a database manually as described in the
instruction manual.

9. STRUCTURE Software: Version 2.3.4 can be downloaded
from the Structure Software website (http://pritchardlab.
stanford.edu/structure.html)

2.2 Programming

Languages

and Libraries

All scripts used for the “Field Pathogenomics” approach are
included in the SCRIPTS directory (Supplemental File 1). Copy
this folder into your working directory. Within this folder, you will
find three subdirectories containing the scripts needed for each
section (SNP_calling, Phylogenetic_Analysis, and Population_-
STRUCTURE) and five bash scripts required for this demonstra-
tion. These bash scripts will call other scripts located in the
corresponding directory.

This method uses scripts that are written in several program-
ming languages and utilize different packages. It is necessary to
download the appropriate version and the given packages before
running the scripts.
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The following programming languages are required:

1. R version 3.2.2: Used in the command line or using the R-
studio software (https://www.rstudio.com/products/rstu-
dio/download3/). The ggplot2 package is also required for
Step 2 of Subheading 3.1.2 (https://cran.r-project.org/web/
packages/ggplot2/index.html).

2. Perl version 5.22.1: Downloaded from https://www.perl.
org/get.html, and Bioperl-1.6.922 from (http://bioperl.
org/INSTALL.html). Make sure that all the following
packages are included: Solexa::Parser; Solexa::Fastq; File::Base-
name; Bio:SeqIO; Bio::AlignIO; Bio::SimpleAlign; Bio::Loca-
tableSeq; and Bio::Align::Utilities.

3. Python version 2.7.9: Installed from https://www.python.
org/downloads/.

4. Java version 7.11: Install Java Runtime Environment (JRE)
from https://www.neowin.net/news/java-runtime-environ-
ment-7-update-11.

2.3 RNA-seq Data For demonstration purposes of this method, a sample dataset is
provided. This dataset consists of RNA-seq data that has been
extracted from PST-infected wheat and triticale samples [4]. A
total of 39 samples will be used (Supplemental Table 1). The raw
RNA-seq reads are available on the NCBI (National Centre for
Biotechnology Information) website (www.ncbi.nlm.nih.gov/sra).

1. Install SRA Toolkit tools from the following website: http://
trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?view¼toolkit_
doc&f¼std.

2. Access and download the data on the website using the acces-
sion numbers given in Supplemental Table 1.

3. In your working directory create a directory with the name of
the library. LIB4468 (Sample 13/23) is used here as an
example:

$ mkdir LIB4468

4. Unzip the paired-end reads and copy them to the directory:

$cp *LIB4468*R1.fastq LIB4468/

$cp *LIB4468*R2.fastq LIB4468/

5. Carry out this step for each of the libraries in Supplemental
Table 1 until a total of 39 directories in your working directory
containing both paired-end reads per library has been created.

2.4 Reference

Genome

The reference genome used here to align the raw RNA-seq reads in
Subheading 3.1 step 2 is the PST130 genome [6] (Supplemental
File 2).
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To create the consensus files for the phylogenetic analysis in
Subheading 3.2, step 2, the reference genome in gff3 format is also
required (Supplemental File 3).

1. Create a directory to store the PST130 genome in your work-
ing directory:

$ mkdir –p Genomes/PST130/

2. Copy the PST130 genome to the recently created directory:

$ cp PST130.fasta Genomes/PST130/

$ cp PST130.gff3 Genomes/PST130/

3 Methods

This approach has three main pipelines: (Subheading 3.1) SNP
calling, (Subheading 3.2) phylogenetic analysis, and (Subheading
3.3) population structure analysis.

3.1 SNP Calling This pipeline describes the procedure to extract the single nucleo-
tide polymorphisms (SNPs) from the RNA-seq raw reads. It is
important to make sure that the reads included are of good quality;
therefore, the first step in the pipeline is to filter the reads, verifying
their length and quality. Then proceed to trim any adaptor
sequences as required (see Note 1). Since the paired-end reads
used here were sequenced using Illumina, we need to add the
parameter -Q33 to specify that the reads use the Sanger FASTQ
encoding with quality score offset of 33. The quality of the reads as
well as the nucleotide distribution will be plotted to check the
samples reach a sufficient quality threshold. The filtered reads are
then aligned against the reference genome and will be sorted and
indexed to proceed with the SNP calling. For SNP calling, hetero-
karyotic sites with allelic frequencies ranging from 0.2 to 0.8, and
20� depth of coverage will be extracted.

As mentioned in Subheading 2.3, before running this pipeline,
the raw reads need to be located inside a directory in your working
area. Then proceed with the following method:

1. Index the reference genome. To align the raw RNA-seq reads
Bowtie requires a reference genome that has been previously
indexed. This needs to be carried out just once per genome:

$ bowtie2-build Genomes/PST130/PST130.fasta Genomes/

PST130/PST130

2. To run the SNP_pipeline.sh script, the length of the reads
needs to be specified, alongside the name of the library and
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the genome that will be used for the alignment (see Note 2).
Do this for each one of the 39 libraries:

$ bash SNP_pipeline.sh –l 101 –n LIB4468 –g Genomes/PST130/

PST130

3.1.1 Quality Checkpoint 1. Check the quality of the samples by inspecting the plots located
in LIB4486/Plots (Fig. 2). Inside this directory, there will be
two subdirectories: Quality_plots and Nt_distribution.

2. Go to the Quality_plots directory. Look at the graphs to ensure
the quality of the reads is at least above 20, ideally above 30
(Fig. 2a).

3. Go to the Nt_distribution directory and verify that the chart
follows a random distribution, that is, there is no preference for
a specific nucleotide in a given position as shown in Fig. 2b.

4. Check the quality of the alignments. Open the alignment
summary created inside the top_hat directory to see if the
percentage of aligned data is sufficiently high, and therefore
the amount the data is sufficient to be included in the down-
stream analyses (Supplemental Table 2).

$ less LIB*/top_hat/align_summary.txt

3.1.2 Heterokaryotic

Sites Checkpoint

When the SNP_pipeline.sh script has successfully finished, a file
with heterokaryotic sites and their allele frequencies can be found
inside each library directory. This file is the input file for the
Allele_freq_ggplot.R script that will plot in pdf format an allele
frequency graph to make sure that the sample consists of a single
PST genotype (Fig. 2c).

1. Copy all the allele frequency files into a directory:

$ mkdir Allele_freq

$ cp LIB*/Allele_freq/*ggplot2input_allele_frequency.txt

Allele_freq/

2. Go to the Allele_freq directory and run the following R script
to check the results:

$ cd Allele_freq/

$ R ../SCRIPTS/SNP_calling/Allele_freq_ggplot.r

3. Open the pdf files that are generated to check that each one of
the samples contains a single genotype. For PST that is a
dikaryon, with two haploid nuclei per cell, the mean read
counts at heterokaryotic positions should have a single mode
at 0.5.

3.2 Phylogenetic

Analysis

To establish the genetic relationship between the collected isolates,
we perform a phylogenetic analysis. Here, we will only include
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libraries of high quality (Subheading 3.1.1) and that consist of a
single PST genotype (Subheading 3.1.2). To run the phylogenetic
analysis, the first step is to obtain consensus files for the libraries
containing the nucleotide residues per gene. If a site is identical to
the reference base then it must have a minimum of 2� depth of
coverage to be included. However, if a site differs from the refer-
ence then to be included it must satisfy a minimum of 20� depth of
coverage. These consensus files will then be used to generate a
phylip alignment that is the input for the RAxML software to
construct the phylogenetic tree.

1. Create a list with all the names of the libraries to be included in
the analysis. All of them should be in your current working
directory as stated in Subheading 2.3. This file can be created
manually or using the following command:

$ ls | grep “LIB” > libraries.txt

2. Get the consensus files. Run the get_consensus.sh script. The
reference genome needs to be specified in gff3 format, and the
file containing the names of the libraries included in the analysis
provided (libraries.txt) (see Note 3). A new directory called
“Reference2x” will be created with a file per library that con-
tains each position that matches the reference genome and has
at least 2� depth of coverage. Then, the Reference2x, the
SNP_freq_20x files (that contain all the positions that differ
from the reference with at least 20� coverage) and the gff3 file
will be used to create the consensus files.

$ bash SCRIPTS/get_consensus.sh –g Genomes/PST130/PST130.

gff3 –l libraries.txt –o consensus

3. Step 2 will create a directory with the output consensus files in
it. Now, create a new directory where the Tree_pipeline.sh
script will be executed and generate the phylogenetic tree (see
Note 4):

$ mkdir Tree

4. Run the Tree_pipeline.sh script. There are a few parameters
that can be given to the program (see Note 5). First, the
consensus files of all the libraries are sorted by contig name
and the ones with sufficient coverage pulled out, depending on
the parameters specified when running the pipeline (-s, and –l).
The specified codon is used for making the alignment (codon3
by default), and then the phylip alignments are extracted and
merged into a single file that is called PST_concatinatelan.phy:

$ bash SCRIPTS/Tree_pipeline.sh –o Tree –i consensus–n PST

–c codon3 –s 0 –l 0 –d SCRIPTS
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5. Once the merging step is complete, run the RAxML package to
generate the tree. The RAxML package allows the construction
of the phylogenetic tree using several threads to parallelize the
process. Remember to also generate a tree with bootstrapping
values that provides confidence estimates for the individual
branches of the tree [7]:

$ cd Tree

$ bash raxmlHPC-PTHREADS-SSE3 -T 10 -s PST_concatinatelan.

phy -m GTRGAMMA -n PST_3rd_codon_tree.phy -p 100

$ bash raxmlHPC-PTHREADS-SSE3 -T 10 –s PST_concatinetalan.

phy –m GTRGAMMA –n PST_3rd_codon_bootstraps.phy –p 100 –b

1234 –N 10

6. Use the two files generated in Step 2 to obtain the branch
labels file with the bootstrap values:

$ bash raxmlHPC-PTHREADS-SSE3 –T 10 –m GTRGAMMA –p 100 –f b

–t RAxML_result.PST_all_3rd_codon_tree.phy –z RAxML_boot-

strap.PST_all_3rd_codon_tree_boots.phy –n PST_all_3rd_co-

don_Tree_bipart.phy

The RAxML software provides the tree in phy format, but this
can be changed to nwk to be visualized with any standard visualiza-
tion tool such as MEGA [8]. A total of 3,883,679 sites were used in
the example phylogenetic analysis, and the final tree obtained is
shown in Fig. 3.

Cluster 1
Cluster 2
Cluster 3
Cluster 4

Fig. 3 Phylogenetic analysis of the 39 PST isolates analyzed herein indicates the presence of four different
genetic groups within the population. Phylogenetic analysis was carried out on a total of 39 PST UK isolates
collected in 2013 using the third codon position of 18,023 PST-130 gene models (3,883,678 sites) using a
maximum-likelihood model. Clusters indicate the potential grouping of isolates based on the phylogenetic
analysis
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3.3 Population

Structure

As in Subheading 3.2, only the libraries with sufficient quality and
consisting of a single genotype should be included in the analysis.
In this section, the synonymous SNP sites are extracted (seeNote 6)
for each library and used to study the structure of the pathogen
population.

1. Create a file with the name of the libraries, as done in Subhead-
ing 3.2, step 1 that are going to be included in the STRUC-
TURE analysis:

$ ls | grep “LIB” > libraries_structure.txt

2. Obtain SnpEff input files (see Note 7). To do so, the SNP
frequency 20x files from Subheading 3.1 step 2 need to be
converted to BED format, and then to SnpEff format using the
gff3 file (see Note 8). Once all the SnpEff files have been
generated, they can be found inside their library directory
within the SNPs directory. To run the script, the gff3 file (-g)
must be specified, and the file that contains the name of the
libraries included in the analysis (-l):

$ bash SCRIPTS/create_snpeffs.sh –g Genomes/PST130/PST130.

gff3 –l libraries_structure.txt

3. Create a new directory in which to execute the Structure
pipeline:

$ mkdir Structure

4. Create a directory to store the SnpEff files created in Step 2,
and copy them into the new directory:

$ mkdir SNPEFF

$ cp LIB*/SNPs/LIB*_snpEff.txt SNPEFF/

5. Run the STRUCTURE pipeline (see Note 9). Remember to
give the list of libraries (-l) and the directory where the SnpEff
input files are located (-i).

(a) Extract the synonymous SNP sites from the snpEff files.

(b) Match the extracted sites to the original file (the SNP
ratios files will be used for this) and generate a ‘positions’
file with all the positions that will be used for the analysis
(this will depend on the samples used).

(c) Extract all data where there is either a syn/non-syn SNP at
20� coverage or covered by at least 2� in the reference.
This step uses the “Reference 2x file” created in Subhead-
ing 3.2, step 2.
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(d) Merge all the individual files into a single file, the multi-
allelic sites are then removed and the matrix is transposed
to obtain the STRUCTURE input file.

$ bash Structure_pipeline.sh –l libraries_for_structure.

txt –i SNPEFF

6. Now run STRUCTURE using the output file obtained in Step
5 as input (Structure_syn_all_data_biallelic_flip.str) and the
python StrAuto program, version 3.1 using the guidance in
the associated manual [9].

The results of the STRUCTURE software (Supplemental
Table 3) show a stabilization at k ¼ 4 (Fig. 4a), which indicates
the existence of four subdivisions within the population (Fig. 4b).
These results agree with the phylogenetic tree generated above.
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Fig. 4 Population Structure Analysis of 39 PST isolates from the UK in 2013. (a) Distribution of the average log
probability (LnP(D)) of all k values for the PST population. Population analysis of the 39 PST isolates indicated
stabilization at k¼ 4, that is, there are four subpopulations within the population. (b) Four clusters were found
within the population (k ¼ 4). A total of 30,226 biallelic synonymous SNP sites were used to define
subdivisions within the population, using the average log probability (LnP(D)) of each k value in the model-
based clustering program STRUCTURE
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4 Notes

1. The SNP_pipeline.sh script will remove adaptors automatically.
By default, the first 14 nucleotides will be removed (that is
given in the fastx_trimmer command by the –f parameter).
Change this number, or delete this step according to your data.

2. The SNP_pipeline.sh script accepts three arguments:

(a) –l, Length of the reads, in the example this is 101 bp,
which is the default value. This value is used for filtering,
and it has to be replaced by the length of the input reads.

(b) –n, Name of the library, in our example LIB4468. Change
this when running the script for each of the libraries. The
name also needs to be the same name of the directory
where the reads are located.

(c) –g, Genome, previously indexed (Subheading 3.1 step 1)
against which the reads will be aligned, that is: Genomes/
PST130/PST130. This can be changed if the pipeline is
being used for another pathogen.

3. All SNP ratio files that were created in Subheading 3.1 step 2
should be located in the SNPs folder, inside each library directory
and will be created there by default. All the library directories
should be located in your working directory.

4. It is possible to change the name of the directory where the tree
will be made; to do this, specify the directory when running the
Tree_pipeline.sh script.

5. The Tree_pipeline.sh script has seven arguments.

(a) –o, Output directory (‘Tree’ by default). See Note 3.

(b) –i, Input directory, where the consensus files for each
library are located. This argument needs to be given for
the script to run. This will be the directory specified with
the argument –o when running the get_consensus.sh
script in Subheading 3.2, step 2.

(c) –n, Name of the species you are working with (PST by
default). This will only be used to name the output file.

(d) –c, Codon you want to use for the tree. The third codon is
given by default, but the first; second; third; both first and
second; or all codons can be used (using the options:
codon1, codon2, codon3, codon12, or codon123,
respectively).

(e) –s. Minimum percentage of Sequence required to be
known per contig. For each contig in the consensus files,
specify the minimum percentage of non-missing data for
the contig to be considered as valid (0 by default). Give a
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value from 0 to 100. A value of 0 means there is no
threshold (a contig is accepted even if all sites are missing),
whereas when 100 is specified it will only consider a contig
if there is no missing data in the sequence (100% of the
sequence is known).

(f) –l, Minimum percentage of accepted Libraries. For each
contig in the reference genome, specify the minimum
percentage of libraries that need to have that contig cov-
ered to be included in the analysis (0 by default). Give a
value from 0 to 100. A value of 0 means there is no
threshold (a contig is included as long as at least 1 library
has it), whereas with 100 it will only consider a contig that
exists in all samples (100% of samples have that contig).

(g) –d, Scripts directory, this is SCRIPTS by default. Give the
path to the scripts directory in case the directory
SCRIPTS is not located in your working directory.

6. The synonymous sites are extracted by default when obtaining
the SnpEff files, using the ‘SNPs_extract_snpEff_syn_coding.pl’
script. To work with the non-synonymous sites or with all sites,
the script that is called in the first step of the Structure_pipeline.
sh shell script needs to be modified.

(a) To use the non-synonymous sites, use the SNPs_ex-
tract_snpEff_NonSyn_coding.pl script.

(b) To include all sites, call the SNPs_extract_snpEff_ALL_-
coding.pl script.

All scripts are located in the same directory within the
SCRIPTS folder (Population_STRUCTURE/snpeff_and_-
structure/).

7. To obtain the files, SnpEff is needed. SnpEff is a variant anno-
tation and effect prediction toolbox (see documentation here:
http://snpeff.sourceforge.net/) that includes databases for
over 2500 genomes. See Subheading 2.1, item 7 to install it.
Make sure that the snpEff program is located in SCRIPTS/
Population_STRUCTURE.

8. The create_snpeff.sh shell script calls ‘PST-130’ by default, as it
is the species used in this demonstration. To work with another
organism, change this by passing the argument –n <species>
when running the script. To check if a particular organism is
included in the database use the following command (run it in
the directory where the snpEff.jar is located, that is, SCRIPTS/
Population_STRUCTURE/snpEff):

$ java –jar snpEff.jar database | grep –i <species>
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If it is not included, you will need to build the database manu-
ally. To do so, you will need the reference genome (PST130.fa
in this case) and the annotation (you can use the GFF3 file
provided here or a GTF file). Add the new genome to the
configuration file, editing the snpEffect.config file and create
the database using the -gff3 flag:

$ java –jar snpEff.jar build –gff3 –v PST-130

You will then have to pass the name of the new genome you just
added to the create_snpeff.sh script using the –n flag.

9. The Structure_pipeline.sh script has three arguments:

(a) –l, File containing the names of the libraries that will be
included in the analysis.

(b) –i, Input directory. This is the directory where the SnpEff
files that are created in Subheading 3.2, step 2 are located.
This is ‘SNPEFF’ by default.

(c) –d, Working directory. The directory where all the files are
going to be created. This is ‘Structure’ by default.
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Chapter 3

Race Typing of Puccinia striiformis on Wheat

Mogens S. Hovmøller, Julian Rodriguez-Algaba, Tine Thach,
and Chris K. Sørensen

Abstract

A procedure for virulence phenotyping of isolates of yellow (stripe) rust using spray inoculation of wheat
seedlings by spores suspended in an engineered fluid, Novec™ 7100, is presented. Differential sets
consisting of near-isogenic Avocet lines, selected lines from the “World” and “European” sets, and
additional varieties showing race-specificity facilitate a robust assessment of race, irrespectively of geograph-
ical and evolutionary origin of isolates. A simple procedure for purification of samples consisting of multiple
races is also presented.

Key words Race, Infection type, Yellow (stripe) rust, Spray inoculation, Genetic interpretation,
Purification

1 Introduction

In cereal rust pathology, “race” is often defined by the pattern of
compatible and incompatible interactions between host and patho-
gen. The pathogen phenotype is described as “virulent” in case of a
compatible interaction, conferred by “high” infection type scores
on host differential lines, and “avirulent” in case of incompatible
interactions conferred by “low” infection types ([1], Fig. 1). The
genetic interpretation of such race (pathotype) data depend on the
extent that R-genes have been identified in the host differential
lines, and additional resistance specificities have been resolved by
exposure of the lines to a wide array of pathogen isolates of diverse
geographical and evolutionary origin.

Historically, the study of race dynamics in Puccinia striiformis
populations in Europe [2–4], North America [5, 6], China [7], and
Australia [8] has often focused on virulence dynamics of national or
regional relevance, with limited overlap of host differential lines
among laboratories. Significant influences of experimental condi-
tions such as light quality, intensity and duration, temperature
regimes, local procedures, interpretation of data, and the presence

Sambasivam Periyannan (ed.), Wheat Rust Diseases: Methods and Protocols, Methods in Molecular Biology, vol. 1659,
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of undetected resistance specificities toward particular isolates, have
further restricted the comparison of race typing results from differ-
ent parts of the world. The initiative by Ron W. Stubbs and collea-
gues in Wageningen, the Netherlands, is one significant exception
since they offered yellow rust race typing for many countries world-
wide between the 1960s and 1980s [9]. The service was stopped
around 1990, and in 2010 the collection of more than 5000 spore
samples preserved in liquid nitrogen was transferred to the Global
Rust Reference Center, Aarhus University, Denmark [10]. The
escalating yellow rust epidemics worldwide in recent years [11],
and the spread of epidemics to new areas, where the disease have
previously been absent or nonsignificant, have increased the need
for understanding spread, establishment, and evolution of yellow
rust races at a global scale [12, 13].

The methodologies presented in this chapter are based on the
experiences of virulence phenotyping at the Global Rust Reference
Center of more than 1000 isolates from recent years, representing
46 countries and five continents, and linking to results in the past
by the recovery of more than 200 spore samples from the Stubbs
collection [14]. Procedures for purification of spore samples of
mixed races and the rationale for a robust phenotyping by taking
into account the results from multiple differential lines with shared
R-genes are also presented.

Fig. 1 Disease scoring scale (0–9) of infection types (IT) for yellow (stripe) rust according to McNeal et al.
Distinct appearance of chlorosis and necrosis for individual IT may vary depending on R-genes involved; IT
0–6 generally considered incompatible (avirulent) and IT 7–9 compatible (virulent). IT from left to right, 0: no
visible disease symptoms (immune), 1: minor chlorotic and necrotic flecks, 2: chlorotic and necrotic flecks
without sporulation, 3–4: chlorotic and necrotic areas with limited sporulation, 5–6: chlorotic and necrotic
areas with moderate sporulation, 7: abundant sporulation with moderate chlorosis, 8–9: abundant and dense
sporulation without notable chlorosis and necrosis
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2 Materials

1. Six to eight seeds of each wheat differential line per set
(Table 1; see Note 1).

2. Plastic pots (7 � 7 � 8 cm).

Table 1
Current standard and extended set of wheat differential lines used for race typing of P. striiformis
isolates at the Global rust Reference Center (GRRC), www.wheatrust.org

Differential set Differential line
Yellow rust resistance
genes (Yr)a

GRRC
standard set

GRRC
extended set

World (W) Chinese 166 1 X X

Vilmorin 23 3, þ X X

Heines Kolben 6, þ X X

Lee 7, þ X X

Moro 10 X X

Strubes Dickkopf Sd, 25, þ X

Suwon 92/Omar Su X

European (E) Hybrid 46 4, þ X X

Heines Peko 2, 6, 25, þ X

Heines VII 2, 25, þ X

Compair 8, þ X

Carstens V 32, 25, þ X X

Spaldings Prolific Sp, 25, þ X

Avocet near-isogenic
lines

Avocet S AvS X X

Avocet/Yr1 1, 18b, AvS X

Avocet/Yr5 5, 18b, AvS X

Avocet/Yr6 6, AvS X X

Avocet/Yr7 7, AvS X

Avocet/Yr8 8 X X

Avocet/Yr9 9, AvS X X

Avocet/Yr10 10, 18b, AvS X

Avocet/Yr15 15, 18b, AvS X

Avocet/Yr17 17, AvS X X

Avocet/Yr24 24, AvS X

(continued)
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3. Standard peat-based substrate with slow release nutrients opti-
mized for cereal growth.

4. Plastic trays with transparent lids: Standard set trays of the size
50 � 40 � 8 cm (L:W:H) were used to fit up to 36 pots, one
pot for each differential line.

5. Airbrush spray gun, vacuum pump and glass flask.

6. Novec™ 7100, a hydroflourether engineered fluid.

7. Urediniospore sample from a single isolate (10–20 mg dried
spores).

8. Hand mist sprayer with distilled water.

Table 1
(continued)

Differential set Differential line
Yellow rust resistance
genes (Yr)a

GRRC
standard set

GRRC
extended set

Avocet/Yr27 27, AvS X

Avocet/Yr32 32, AvS X

Avocet/YrSp Sp, 18b, AvS X X

Additional Ambition Ambc X X

Anja 25, + X

Brigadier 17, 9, þ X

Cortez 15 X X

Kalyansona 2, þ X X

Opata 27, 18b, + X X

Sleipner 9, þ X

TP 981 25, þ X X

VPM1 17, þ X X

References Cartago Unknownd X X

Morocco Unknowne X

Number of entries 20 36

aAccording to [8, 15, 16] and the present study.
bYr18 detected by PCR test at GRRC according to [17]
cResistance specificity of variety Ambition.
dGenerally susceptible except for particular isolates from Himalayan region.
eResistance specificity toward Yr2 avirulent isolates.



3 Methods

3.1 Inoculation

and Incubation

1. Seeds of each wheat differential line are sown in individual pots
containing Pindstrup peat-based substrate. One pot of each
line is placed in a tray and grown in spore-proof greenhouse
cabins (see Note 2) with 16 h of natural light supplemented
with sodium light at 100 mE/m2/s when daylight is
<10,000 lux. Temperature is set to 17–12 �C (day–night)
and relative humidity to 70–80%.

2. The seedlings are kept in the greenhouse until inoculation at
the time when the second leaf is halfway unfolded
(12–14 days).

3. Connect the airbrush spray gun to the vacuum pump. Ten
to twenty milligrams of urediniospores of a single isolate
(see Note 3) is suspended in 5 mL Novec™ 7100 in a glass
flask and connected to the airbrush spray gun (Fig. 2a).

4. Inoculate seedlings in fume hood using the airbrush spray gun
from 10 to 15 cm distance on all sides and from the top by
turning the tray (Fig. 2b).

5. Mist the transparent lid and the seedlings with water before
covering the tray to ensure dew formation during incubation at
10 �C in the dark (Fig. 2c, d). Transfer the tray to a spore proof
greenhouse cabin after 20–24 h of incubation, after which the
lid is removed (Fig. 2e).

6. The plants are scored for infection types after 15–18 days
(see Note 4; Fig. 2f).

3.2 Scoring

and Interpretation

of Infection Types

1. Visual assessment of infection type is carried out according to
McNeal et al. [18]. Scores are from 0 to 9 which represent no
or less infection to severe infection as detailed in Fig. 1.

2. Infection type is scored individually on the first and second leaf
of each plant within a pot. Number of leaves with a particular
infection type is noted.

3. Leaves showing no signs of infection (including chlorosis and
necrosis) are categorized as escape.

4. The general disease level is assessed based on susceptible lines.
The disease level is categorized as low, medium or high where
low represent cases with many escapes per pot, in which case
the results may not be reliable.

5. If one or few plants within a pot show distinct different
responses than the rest this is noted as seed contamination
(see Note 5).
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Fig. 2 Procedure for inoculation of differential sets for virulence phenotyping. (a) Pipette, glass flask, spore
sample, airbrush spray gun, vacuum pump, and Novec™ 7100 engineered fluid, (b) 12–14-day-old seedlings
inoculated using an airbrush spray gun in a fume hood, (c) seedlings misted with water before incubation to
ensure dew formation, (d) seedlings covered and ready for incubation, 20–24 h at 10 �C in darkness,
(e) inoculated plants transferred to spore-proof greenhouse cabins with automatic watering, (f) virulence
phenotyping 15–18 days after inoculation when infection types are well developed
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6. Contrasting infection types conferred by clearly compatible
and incompatible interactions within a leaf may indicate the
presence of more than one race (Fig. 3; see Note 6). Contami-
nation involving intermediate infection types (IT 4–6) of indi-
vidual races may be difficult to resolve.

7. The virulence phenotype of individual isolates is generally
inferred based on infection types across multiple wheat differ-
ential lines carrying shared host R-genes (Table 2). The com-
plementarity of Avocet near-isogenic lines and additional
differential lines is illustrated by three Yr6-virulent isolates of
different origin (Fig. 4) and three Yr17-virulent isolates and
one avirulent isolate (Fig. 5).

8. Avirulence to resistance genes present in multiple differential
lines, e.g., the resistance specificity in Avocet S (present in all
Avocet lines considered except Avocet/Yr8) and Yr25 present
in seven differential lines, generally restrict the genetic resolu-
tion of results (Tables 1 and 2).

Fig. 3 Signs of multiple races revealed by contrasting infections types (IT) of
compatible and incompatible interactions on the second leave of the near-
isogenic lines Avocet S and Avocet/Yr9. (a) Avocet S displaying IT 1 (lower to
middle part of the leaf) and IT 6–7 (upper part of the leaf), (b) Avocet/Yr9
displaying IT 1–2 (lower tomiddle part of the leaf) and IT 7 (upper part of the leaf)

Virulence Phenotyping of Puccinia striiformis 35



Table 2
Rationale for the assessment of virulence phenotype of isolates of P. striiformis of diverse origin
based on infection type scores on wheat differential lines

Virulence
inferred Differential lines Resistance genes Refinement comment

v1 Chinese 166 Yr1 AvrAvS: consider Chinese 166
Avocet/Yr1 Yr1, Yr18, YrAvS

v2 Heines VII Yr2, Yr25, þ Avr25 and Avr6: consider Kalyansona
Kalyansona Yr2, þ
Heines Peko Yr2, Yr6, Yr25, +

v3 Vilmorin 23 Yr3, þ High and intermediate IT (5–6) imply v3

v4 Hybrid 46 Yr4, þ High and intermediate IT (4–6) imply v4, often
associated with high IT on Suwon/Omar

v5 Avocet/Yr5 Yr5, Yr18, YrAvS AvrAvS: consider Triticum spelata album; v5
rarely observedTriticum spelta

album
Yr5

v6 Avocet/Yr6 Yr6, AvS AvrAvS: consider Heines Kolben and Heines
Peko.

Heines Kolben Yr6, þ Low IT (1–3) on Heines Kolben and Heines
Peko: consider Avocet/Yr6Heines Peko Yr2, Yr6, Yr25, þ

v7 Lee Yr7, þ AvrAvS: consider Lee
Avocet/Yr7 Yr7, AvS

v8 Compair Yr8, þ Intermediate IT (4–6) on Compair: consider
Avocet/Yr8,Avocet/Yr8 Yr8

v9 Sleipner Yr9, þ Low IT on Sleipner: consider Avocet/Yr9

Avocet/Yr9 Yr9, AvS AvrAvS: consider Sleipner

v10 Moro Yr10 AvrAvS: consider Moro
Avocet/Yr10 Yr10, Yr18, YrAvS

v15 Cortez Yr15 AvrAvS: consider Cortez; v15 rarely observed
Avocet/Yr15 Yr15, Yr18, AvS

v17 VPM1 Yr17, þ AvrAvS: consider VPM1
Avocet/Yr17 Yr17, AvS Low IT (1–3) on VPM1: consider

Avocet/Yr17

v24 Avocet/Yr24 Yr24, AvS AvrAvS: v24/Avr24 not accessible

v25 TP 981 Yr25, þ Intermediate IT (5–6) on TP981: consider
Anja

Anja Yr25, þ Intermediate IT (3–5): consider TP981

v27 Opata Yr27, Yr18, þ AvrAvS: consider Opata
Avocet/Yr27 Yr27, YrAvS Intermediate IT (5–6) on Opata: consider

Avocet/Yr27

v32 Carstens V Yr32, Yr25, þ AvrAvS: consider Carstens V
Avocet/Yr32 Yr32, AvS Low IT (0-2) on Carstens V: consider

Avocet/Yr32

(continued)
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Table 2
(continued)

Virulence
inferred Differential lines Resistance genes Refinement comment

vSp Spaldings Prolific YrSp, Yr25, þ AvrAvS: consider Spaldings Prolific
Avocet/YrSp YrSp, YrAvS Low and intermediate IT on Spaldings Prolific:

consider Avocet/YrSp

vAvs Avocet S YrAvS AvrAvS conferred by IT 0–1

vAmb Ambition YrAmb Resistance component(s) in Ambition
conferred by IT 1–5

Reference Cartago None Susceptible check, avirulence only observed in
particular isolates from Pakistan. IT 6–7
observed for isolates of Warrior race

Virulence is generally inferred by the highest infection type within groups of two or more differential lines sharing a
considered resistance gene

Fig. 4 Infection types (IT) on a 0–9 scale for the isolates DK02d/12, HU226/16, and PK7690 inoculated on
wheat lines carrying Yr6, i.e., Avocet/Yr6 (Av.6) and Heines Kolben (H.K.). Cartago (Ca.) and Avocet S (Av.S) are
included as susceptible controls. (a) DK02d/12 displaying a compatible interaction (IT 7–8), (b) HU226/16
displaying IT 8 on Ca., IT 2 on Av.S, IT 1 on Av.6, and IT 9 on H.K., (c) PK76090 displaying IT 7-8 on Ca., Av.S,
and Av.6 and IT 2 on H.K
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4 Notes

1. Commercial local varieties or other lines of special interest may
be included in the set. New races are often identified because
they overcome resistance in widely grown varieties.

2. It is important that the plants are grown in disease-free envi-
ronment prior to inoculation to avoid unintentional
contamination.

Fig. 5 Infection types (IT) on a 0–9 scale for the isolates AF118/16, DK01/95,
UK94/519, and MA82/16 on Yr17 resistant wheat varieties, i.e., VPM1, Avocet/
Yr17 (Av.17). Morocco (Mo.) and Anja are included as susceptible controls. (a)
UK94/519 displaying a compatible interaction (IT 7–8); note chlorotic flecks on
Avocet/Yr17 which is consistent for Yr17-virulent isolates from the NW-European
P. striiformis population, (b) MA82/16 displaying IT 8-9 on Mo., Anja and Av.17,
and IT 4 on VPM1, (c) AF118/16 displaying IT 7-8 on Mo. and Av.17 and IT 1-2 on
Anja, and VPM1, (d) DK01/95 displaying IT 8-9 on Mo. and Anja, and IT 1-2 on
VPM1 and Av.17
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3. Safe handling of spore samples to minimize the risk of uninten-
tional spread is vital.

4. Optimal time of scoring may vary depending on the season and
isolate.

5. Seed contamination is based on plant morphology and infec-
tion type. Off-type plants are not considered in the analyses.

6. Samples containing more than one race can be purified as fol-
lows: single lesions of high infection types are collected from at
least two different differential lines, rinsed with water, trans-
ferred to petri dish with moist filter paper, and incubated for
2–3 days at 12–14 �C under light to allow germination of
detached spores of the off-type and production of new spores
from the lesion. The single lesions are subsequently used as basis
for new spore multiplications using susceptible lines. Purity of
the new isolates can be confirmed on new differential sets.
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Chapter 4

Assessment of Aggressiveness of Puccinia striiformis
on Wheat

Chris K. Sørensen, Tine Thach, and Mogens S. Hovmøller

Abstract

A simple point-inoculation method using Novec™ 7100, a volatile engineered fluid, is presented for the
assessment of aggressiveness of Puccinia striiformis isolates on seedlings of wheat. The method allows for
quantification of the applied inoculum with a minimal risk of cross-contamination of rust from leaves grown
side by side. The method is also applicable for the assessment of qualitative differences inferred by
compatible and incompatible host–pathogen interactions, and it can be adjusted to other cereal rust and
powdery mildew fungi on other host species, and other plant growth stages as appropriate.

Key words Aggressiveness, Epidemiological parameters, Plant pathogen, Fungus, Puccinia, Point
inoculation, Latent period, Lesion growth

1 Introduction

Accurate assessment of pathogen aggressiveness often represents a
significant challenge in host-pathogen systems. This is particularly
the case for biotrophic pathogens, where the assessment is
restricted to observations on live host plants [1, 2]. Aggressiveness
can be quantified by parameters like infection efficiency, latent
period, pathogen growth, and spore production, i.e., parameters
defining the ability of a virulent isolate to cause disease on a suscep-
tible host [3].

Pathogen growth and host response may be influenced by
factors like nutritional status of the host, light and shading regimes,
temperature and humidity conditions [3–6]. It is therefore impor-
tant to use a standardized experimental setup to reduce variability
caused by environment.

Here, we present a simple experimental setup and inoculation
method, which is based on materials available in most laboratories.
Seedling leaves are fixed on acrylic pedestals and point inoculated
by applying a drop of spore suspension with a pipette. This setup
allows assessment of several parameters associated with
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aggressiveness in an integrated manner. For instance, the latent
period and lesion growth can be continuously monitored on the
same individual leaves. The setup is flexible and can be modified to
other experimental designs. It is also expected that the method can
be easily adapted to other pathosystems and be adjusted for assess-
ment of other parameters than those described in this protocol.

A number of experiments were performed for evaluating the
most reliable and efficient inoculation method and the assessment
of both quantitative and qualitative parameters [7]. The presented
method allowed quantification of inoculum and resulted in high
infection efficiency with a minimal risk of cross-contamination of
leaves grown side by side. The system has been used for assessment
of aggressiveness in segregating progeny isolates of Puccinia strii-
formis [8] and for assessment of infection types caused by various
pathogen races on selected host genotypes. In this respect the
method may complement traditional methods, using settling
towers and spray guns for inoculation [9, 10].

2 Materials

1. Plastic trays with clear lids: Trays of different sizes can be used
depending on the purpose and experimental setup. Here trays
of the size 55 � 45 � 7 cm (Length–Width–Height) are used.

2. Standard peat based substrate with slow release nutrients opti-
mized for cereal growth.

3. Acrylic U-shaped pedestals of appropriate size for the experi-
mental setup: Here we used pedestal of the size
22.5 � 15 � 15 cm (L:W:H).

4. Transparent double-sided tape.

5. Water- and air-permeable transparent tape: Tape with a width
of 2.5 cm is used although this type of tape comes in different
sizes.

6. 20 μl pipette and compatible tips.

7. Spores are suspended in 3MTM Novec™ 7100 engineered
fluid.

8. 10� hand lens.

3 Methods

3.1 Fixation and

Inoculation of Wheat

Seedlings with

Urediniospores

of Puccinia striiformis

1. Acrylic pedestals are placed in plastic trays and soil is added.
Seeds are sown along the pedestals (see Note 1). The soil is
watered, covered with the lid, and transferred to the green-
house where the plants are grown for approx. 18 days (17 �C
day–12 �C night and 50–100 μE/m2/s of artificial light
applied when daylight <10,000 lux).
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2. The second leaf of the seedlings is fixed on the acrylic pedestals
when it is fully emerged (see Note 2). The double-sided tape is
placed near the edges of the pedestal (see Note 3), and leaves
are then gently pressed onto the tape and overlaid with the
permeable tape (see Note 4) (Fig. 1).

3. Spores samples are mixed with Novec™ 7100 at a concentra-
tion of 2 mg of spores per milliliter of Novec™ 7100 (seeNote
5). It is important to keep the suspension in a closed container,
e.g., a glass flask, after preparation as Novec™ 7100 evaporates
very fast (see Note 6).

4. Two microliter of the spore suspension is applied to each leaf
with a pipette (Fig. 1).

5. After inoculation of the leaves, the soil is watered and the tray is
covered with a lid to ensure passive dew formation during
incubation (see Note 7).

6. Plants are incubated in a dark cold room at 10–12 �C for
approx. 24 h.

3.2 Experimental

Design and Method

for Assessment

of Infection Type

1. Leaves of plants grown side by side are fixed on the acrylic
pedestals and inoculated with the considered pathogen isolates.

2. The progression of disease symptoms on the fixed leaves can be
easily monitored based on for example the timing of appear-
ance of disease symptoms and sporulation.

Fig. 1 The second leaf of wheat seedlings fixed on acrylic pedestals and inoculated with a pipette containing
spores of Puccinia striiformis suspended in Novec™ 7100
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3. The infection type on the host plants can be assessed from 16 to
19 days after inoculation (dai) using the 0–9 scale [11] (Fig. 2).

4. Photos can be taken for additional image analysis and docu-
mentation (Fig. 2), e.g., assessment of the size of the affected
leaf area and the number and size of the pathogen pustules.

3.3 Experimental

Design and Method

for Assessment

of Aggressiveness

1. Assessment of aggressiveness parameters, e.g., latent period
and lesion growth, can be carried out for isolates side by side.

2. For Puccinia striiformis, the latent period can be recorded as
the time from inoculation until the first pustules with visible
spores break through the leaf epidermis (Fig. 3a). Under opti-
mal conditions the first pustules of a fast isolate will emerge
approx. 9 dai. Daily monitoring is recommended to start 7 dai
and continue at 12–24 h intervals. Observations can be done
efficiently with a 10� hand lens.

3. Lesion growth can be assessed as the length of the full lesion at
a specified date after inoculation or as the lesion expansion
between two time points (Fig. 3b) (see Note 8).

4. Measuring lesion growth between two consecutive dates is
done by marking the edges of the lesion with a felt pen (see
Note 9) at specific time points, e.g., 4 and 8 days after the
latent period. The difference between the markings represents
the lesion growth in millimeter/4 days (Fig. 3b).

Fig. 2 Seedling of two different cultivars, (a) Heines Peko and (b) Spalding
Prolific, assessed for response to three different isolates of Puccinia striiformis:
AR00-05, GB75/30, and DK09/11
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4 Notes

1. Important to use high-quality seeds and to sow more plants
than needed to be able to produce and pick the best plants for
the experiment.

2. Different types of stands can be used for leaf fixation, but it is
important to align the height of the plants with the height of
the stand to avoid plant/leaf damage.

3. Double-sided tape can be left out. In some designs it may be
easier to fix the leaves without this tape.

4. It is important to use permeable tape for the top fixation of the
leaves to allow leaf transpiration. Use of conventional tape will
result in leaf yellowing under the tape which will most likely
affect the health status of the whole leaf.

5. This spore concentration gives a high infection rate and results
in very clear disease symptoms for Puccinia striiformis on

Fig. 3 Comparison of disease progression of three Puccinia striiformis isolates of
different races (GB75/30, AR00-05, and DK09/11) on seedling of Cropland
Genetic 514W. (a) Spore producing lesion 15 dai., Latent period was recorded
as the time from inoculation until the emergence of the first spore-bearing
pustules. AR00-05 started sporulation 264 hours after inoculation (hai), DK09/
11 started 276 hai., whereas GB75/30 started 288 hai. (b) Lesion growth was
estimated by marking the edges of the lesions 4 and 8 days after the latent
period. The length of the full lesion is measured as the distance between the
outer markings
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wheat. The concentration may need to be optimized if the
method is used for other pathosystems.

6. Based on our experience the urediniospores can stay for several
hours in Novec™ 7100 without losing viability.

7. Avoid direct misting of leaves as this may lead to movement of
spores between and within leaves. Instead, passive dew forma-
tion can be achieved by wetting the soil before incubation in
the tray with a lid on.

8. More variation can be expected in data when assessing the full
length of the lesion due to variation in the size of the inoculated
area.

9. The front of the lesions can sometimes be skewed, i.e., more
progressed in one side of the leaf than in the other. In this case,
different criteria can be used to define the lesion, but it is
important that the same criteria are used for consecutive mark-
ings. Suggested criteria are (1) marking the lesion front where
you observe the first spore-bearing pustule regardless of the
shape of the front, or (2) marking the lesion halfway between
the most and least advanced part of the lesion front.
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Chapter 5

Extraction of High Molecular Weight DNA from Fungal Rust
Spores for Long Read Sequencing

Benjamin Schwessinger and John P. Rathjen

Abstract

Wheat rust fungi are complex organisms with a complete life cycle that involves two different host plants
and five different spore types. During the asexual infection cycle on wheat, rusts produce massive amounts
of dikaryotic urediniospores. These spores are dikaryotic (two nuclei) with each nucleus containing one
haploid genome. This dikaryotic state is likely to contribute to their evolutionary success, making them
some of the major wheat pathogens globally. Despite this, most published wheat rust genomes are highly
fragmented and contain very little haplotype-specific sequence information. Current long-read sequencing
technologies hold great promise to provide more contiguous and haplotype-phased genome assemblies.
Long reads are able to span repetitive regions and phase structural differences between the haplomes. This
increased genome resolution enables the identification of complex loci and the study of genome evolution
beyond simple nucleotide polymorphisms. Long-read technologies require pure high molecular weight
DNA as an input for sequencing. Here, we describe a DNA extraction protocol for rust spores that yields
pure double-stranded DNA molecules with molecular weight of >50 kilo-base pairs (kbp). The isolated
DNA is of sufficient purity for PacBio long-read sequencing, but may require additional purification for
other sequencing technologies such as Nanopore and 10� Genomics.

Key words Rust fungi, Puccinia striiformis f. sp. tritici, Puccinia graminis f. sp. tritici, Long-read
sequencing, PacBio, Nanopore, 10� Genomics, HMW DNA

1 Introduction

Puccinia striiformis f. sp. tritici (Pst), P. triticina (Pt), and P.
graminis f. sp. tritici (Pgt) are the three major rust fungi that infect
wheat [1–3]. All three are heteroecious and undergo five different
spore stages to complete their entire life cycles. Urediniospores are
asexually produced spores that are able to reinfect wheat repeatedly
throughout the growing season, causing major crop losses globally.
The continuing threat to global wheat production from rusts is
caused by the stochastic appearance of novel hypervirulent rust
isolates and the rapid local adaptation of these isolates to locally
employed resistance wheat cultivars [1–3]. It is likely that the
dikaryotic genetic organization of urediniospores is fundamental
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to this evolutionary success. Our insights into the genetic architec-
ture of wheat rusts are limited as all genomes except for Pgt have
been produced using short read sequencing data only. This leads to
highly fragmented genome assemblies with over 10,000 contigs per
genome that lack any significant structural or haplotype specific
information [4–9]. These fragmented genomes limit evolutionary
studies as they reduce the analysis of genetic diversity to small
polymorphisms of only up to several base pairs in length. In addi-
tion, they lack higher order structure and miss most of the repeti-
tive regions. Current long-read single molecule sequencing
technologies such as PacBio [10, 11] and Nanopore [12], or
synthetic long reads produced by 10� Genomics [13], produce
much longer reads with average size >10 kbp and reads of
200–300 kbp reported. Such long reads together with novel assem-
bly algorithms have provided more contiguous genomes with rich
haplotype-specific information [14–16]. All long-read sequencing
technologies require high quality high molecular weight (HMW)
DNA to harness their full potential. Extraction of pure high quality
DNA is especially difficult for obligate biotrophic organisms such as
wheat rusts, because starting biomass and material is restricted to
spores or germinated spores. Here, we report an improved DNA
extraction method [17–19] that yields double-stranded (ds) DNA
fragments with an average size above 50 kbp using dried wheat rust
spores as starting material. This DNA is of sufficient purity to
generate 20 kbp insert size libraries for PacBio sequencing. For
other technologies such as Nanopore sequencing and 10� Geno-
mics, an additional purification step such as size selection and gel
purification using BluePippin is required to further purify the
dsDNA from residual contaminants.

2 Materials

2.1 Main Buffer

Components

2.1.1 Buffer A

1. 0.35 M sorbitol.

2. 0.1 M Tris–HCl, pH 9.

3. 5 mM EDTA, pH 8.

4. Autoclave to sterilize.

2.1.2 Buffer B 1. 0.2 M Tris–HCl, pH 9.

2. 50 mM EDTA, pH 8.

3. 2 M NaCl.

4. 2% [w/v] CTAB.

5. Autoclave to sterilize.

2.1.3 Buffer C 5% Sarkosyl (N-lauroylsarcosine sodium salt).
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2.2 Additional

Solutions

1. 5 M potassium acetate (KAc) pH 7.5.

2. 1% [w/v] polyvinylpyrrolidone (40,000 MW) (PVP40).

3. 3 M sodium acetate (NaAc) pH 5.2, filter-sterilized.

4. 100% isopropanol.

5. 70% [v/v] fresh ethanol.

6. Buffered phenol–chloroform–isoamyl alcohol (P/C/I) (25:24:1)

7. Autoclaved acid-washed sand.

8. AMPure beads (Beckman).

2.3 Enzymes 1. RNAse T1 (1000 U/mL).

2. Proteinase K (800 U/mL).

2.4 Additional

Materials

1. Washed and autoclaved mortar and pestle.

2. Vacuum or freeze-dried rust spores.

3. Qubit Broad Range (BR) DNA quantification dye.

4. NanoDrop DNA quantification.

5. 0.8% agarose gels TBE.

6. λ DNA–HindIII marker.

2.5 Optional

Materials

Pulsed-field gel electrophoresis apparatus.

3 Methods

3.1 Crude DNA

Extraction from

Dried Rust Spores

(See Note 1)

1. Prepare lysis buffer by mixing buffer components A þ B þ C
(2.5:2.5:1þ 0.1% PVP final) and heat to 64 �C for 30 min. Let
cool on bench to room temperature. Use a 50 mL Falcon tube
for each extraction containing 17.5 mL lysis buffer. Use up to
500 mg starting spore material for 17.5 mL lysis buffer.

2. Add 10 μL (10 kU) RNAse T1 to lysis buffer.

3. Add sand to prechilled mortar and cool with liquid nitrogen.
Add spores to sand once all liquid nitrogen has dissipated. Use
0.5 g of sand per 100 mg of starting material. Grind for 2 min
in four 15-s bursts, adding liquid nitrogen after each 15-s-
grinding burst. (see Note 2)

4. Transfer powder to a 50 mL Falcon tube containing lysis buffer
and RNAse, and mix well by shaking.

5. Incubate at room temperature for 30 min. Mix by inversion
every 5 min.

6. Add 200 μL Proteinase K, incubate at room temperature for
30 min. Mix by inversion every 5 min.
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7. Cool on ice for 5 min.

8. Add 3.5 mL (0.2 vol) of KAc 5 M, mix by inversion, incubate
on ice for a maximum of 5 min.

9. Centrifuge at 5000 � g for 12 min at 4 �C.

10. Transfer supernatant to fresh Falcon tube containing 17.5 mL
(1 vol) P/C/I and mix by inversion for 2 min.

11. Centrifuge at 6000 � g for 10 min at 4 �C.

12. Transfer supernatant to a fresh Falcon tube containing
17.5 mL (1 vol) (P/C/I) and mix by inversion for 2 min.

13. Centrifuge at 6000 � g for 10 min at 4 �C.

14. Transfer supernatant (~17 mL) to fresh Falcon tube and add
5 μL RNAse T1. Incubate for 20–30 min at RT.

15. Add 1.8 mL (~0.1 vol) NaAc and mix by inversion.

16. Add 18 mL (~1 vol) isopropanol at room temperature and mix
by inversion.

17. Incubate at room temperature for 5–10 min.

18. Centrifuge at 10,000 � g for 30 min at 4 �C.

19. Carefully remove supernatant using a pipette until about
1–2 mL remain. The DNA and other precipitates will form a
translucent to white film pellet at the bottom of the tube.

20. Use a 1 mL pipette tip to transfer the pellet and the remaining
supernatant into a fresh 1.7 mL Eppendorf tube. If the pellet
loses integrity during transfer, add 1.5 mL fresh 70% EtOH to
the Falcon tube and centrifuge it at 4000 � g for 5 min.
Discard 1 mL of the supernatant and transfer the remaining
volume containing the DNA pellet to the same 1.7 mL Eppen-
dorf tube.

21. Centrifuge the Eppendorf tube in a table top centrifuge at
13,000 � g for 5 min.

22. Remove the supernatant with a pipette and wash with 1.5 mL
fresh 70% ethanol. Invert several times to dislodge pellet.

23. Repeat step 22.

24. Remove supernatant with pipette and wash the pellet with
1.5 mL fresh 70% ethanol, inverting several times to dislodge
the pellet.

25. Remove the supernatant with a pipette.

26. Repeat step 22.

27. Remove remaining ethanol with a pipette.

28. Air-dry the pellet for 7 min on the bench.

29. Add 200 μL of 10 mM Tris-HCl pH 9 and leave at room
temperature for 3 h to dissolve the DNA.
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30. Flick tube slightly to mix, and add 200 μL of TE buffer.Do not
vortex as it shears the DNA.

31. Leave at room temperature overnight.

32. Incubate for 1 h at 28 �C on a rotary shaker at 1400 rpm.

33. Keep 10–20 μL of the DNA solution for quality control
analysis.

3.2 DNA

Quantification and

Purity Analysis

(See Note 3)

1. Measure the quantity of dsDNA on a Qubit BR using 2 μL of
the sample (Table 1).

2. Measure UV absorbance profile on the NanoDrop using 2 μL
of sample. Note estimated concentration, absorbance profile,
and 260/230 and 280/230 ratios (Table 1).

3.3 Second Step DNA

Enrichment and

Purification Using

AMPure Beads

1. Add 0.45 vol of room temperature AMPure beads to the DNA
solution. Mix gently and completely by flicking the tube with
your finger. Incubate on a rotary wheel for 10 min.

2. Place in a magnetic rack and wait until the solution clears. This
may take a long time (>10min) depending on your sample. Do
not remove the tube from the magnetic rack.

3. Pipette off all liquid while leaving the beads undisturbed.

4. Add 1.5 mL of fresh 70% ethanol while not disturbing the
beads, and incubate for 1 min.

5. Pipette off all liquid leaving the beads undisturbed.

6. Add 1.5 mL of fresh 70% ethanol without disturbing the beads,
and incubate for 1 min.

7. Pipette off all liquid while not disturbing the beads.

8. Remove the tube from the magnetic rack. Centrifuge briefly for
2 s to collect any residual liquid.

9. Place tube on the magnetic rack and remove all remaining
liquid.

Table 1
Purity control measurements on isolated dsDNA using NanoDrop and Qubit

NanoDrop
Qubit c ratio

Input (mg)
Volume
(μL) c (ng/μL) 260/280 260/230 c (ng/μL)

Qubit/
NanoDrop

DNA
extraction 3.1

380 400 1023.26 2.09 2.32 58.4 0.06

DNA
extraction 3.3

380 80 251 1.87 1.37 157 0.63
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10. Remove the tube from the rack and let beads dry with the lid
open for a maximum of 45–60 s.

11. Add sufficient 10 mM Tris pH 8 for a final dsDNA concentra-
tion of 150 ng/μL (Qubit), assuming a recovery rate of 50% in
respect to input dsDNA. Mix gently and completely by flicking
the tube with your finger. Incubate on a rotary wheel for
10 min.

12. Place the tube on the magnetic rack and transfer the liquid to a
fresh DNA-free low-bind tube, without disturbing the pellet.

3.4 DNA

Quantification, and

Quality and Purity

Analysis (See Note 3)

1. Measure the quantity of dsDNA quantity on a Qubit BR using
2 μL of the sample.

2. Measure the UV absorbance profile on the NanoDrop using
2 μL of the sample. Note the estimated concentration, absor-
bance profile, and 260/230 and 280/230 ratios (Table 1).

3. Load 50 ng (Qubit) dsDNA from the samples retained after
3.1 and 3.3 on a 0.8% agarose gel, including 1 kb and λ
DNA–HindIII marker (Fig. 1) (see Notes 3–5).

4. Optionally, run 200 ng of the samples retained after 3.1 and
3.4 overnight on pulsed-field gel electrophoresis (Fig. 2)
(see Notes 3–5).

Fig. 1 DNA quality control on a 0.8% agarose gel. Fifty nanograms of dsDNA was
resolved on a 0.8% agarose gel in 0.5% TBE buffer. No smearing could be
observed for either sample. The large low molecular weight band in sample I is
partially digested RNA carried over from the DNA purification described in
Subheading 3.1. M1, λ DNA–HindIII marker; I, the DNA sample described in
Subheading 3.1; II, DNA sample described in Subheading 3.3
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4 Notes

1. Never vortex DNA samples as this will shear the DNA. Only
use flicking or inversion to resuspend and mix solutions.

2. For how to best add spores to the liquid nitrogen-cooled sand,
see this video online.

3. The final aim for all sequencing platforms is to obtain the
following purity values of high molecular DNA: c ratio
Qubit/NanoDrop >0.5, 260/230 ~2, 280/230 1.8–2.2.

4. The DNA integrity of the samples shown in Figs. 1 and 2 was
above 50 kbp when measured by Bioanalyzer or BluePippin as
alternatives to in-house pulsed-field gel electrophoresis.

5. The DNA quality and purity described in this protocol is
sufficient to generate PacBio 20 kbp insert libraries even
though the 280/230 ratios are below 1.8. The average and
median read length for these libraries was >11 kb.

Fig. 2 DNA quality control on a 1% agarose gel using pulsed-field gel
electrophoresis. Two hundred nanograms of dsDNA resolved on a 1% agarose
gel using pulsed-field gel electrophoresis. Most of the DNA sample of I and II
runs above 49 kbp. Sample III is sample I cleaned over a DNA silica spin column
and is shown as a comparison highlighting the shearing induced by spin
columns (see Note 5). M1, λ DNA–HindIII marker; M2, Mid Range II PFG
marker NEB; I, DNA sample described in Subheading 3.1; II, DNA sample
described in Subheading 3.3; III, DNA sample I cleaned over a DNA silica spin
column
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Chapter 6

Microsatellite Genotyping of the Wheat Yellow Rust
Pathogen Puccinia striiformis

Sajid Ali, Muhammad R. Khan, Angelique Gautier, Zahoor A. Swati,
and Stephanie Walter

Abstract

To combat the ever-increasing threat of wheat yellow rust worldwide, understanding of the pathogen
(Puccinia striiformis) population biology is indispensable. Molecular markers, particularly microsatellites,
have been reported to be important tools for deciphering pathogen population structure, invasion sources,
and migration history. The utility of these DNA-based markers and sequencing has been increased by the
direct DNA extraction from infected leaves with subsequent multiplex-based SSR genotyping. In this
chapter we describe the protocol for direct DNA extraction and its genotyping with microsatellite markers
in multiplex reactions. We describe the procedure for allele scoring, and various troubles faced during
microsatellite scoring and potential solutions for them.

Key words Simple sequence repeats, Wheat stripe rust, Fragment analyses

1 Introduction

Wheat yellow rust represents a serious threat to the worldwide
production of wheat, a crop cultivated worldwide across diverse
agroecological zones [1–3]. This worldwide threat could be tackled
through understanding the pathogen population structure both at
regional and worldwide level using various molecular markers.
Microsatellite markers have recently been widely utilized to deter-
mine the regional and worldwide population structure of patho-
gens [4–6], sources of invasions [4, 7–9], ancestral migration
history [4], temporal maintenance [10], recombination signature
[11, 12], and centers of diversity [4, 6]. The utility of these markers
is further increased due to their applicability to isolates based on
direct DNA extraction from infected lesions, which avoids the
prerequisite of several cycles of spore multiplication [13]. In this
chapter we describe the detailed protocol for microsatellite geno-
typing for wheat yellow rust using a multiplex technique advocated
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and used in our previous studies [13, 14]. The present chapter thus
describes the procedure for DNA extraction from lesions and
spores followed by microsatellite genotyping.

2 Materials

1. Deionized or distilled water.

2. Geno/Grinder or any other instruments appropriate for grind-
ing of fungal mycelium/spores (see Note 1).

3. Liquid nitrogen.

4. Prepare the CTAB buffer as follows: For 200 mL of CTAB
buffer, add 5.0 g D-sorbitol, 2.0 g sarkosyl (N-lauroylsarco-
sine), 1.6 g CTAB (cetyltrimethylammonium bromide), 9.4 g
NaCl, 1.6 g EDTA, 2.0 g PVPP (polyvinylpolypyrrolidone)
insoluble, and 0.1 M Tris-HCl, pH 8 (we dissolve all ingredi-
ents in 0.1 M Tris-HCl, pH 8) and heat when stirring. The
solution will have a milky/grayish color. The buffer should be
stirred (because of the PVPP) before use and must be pre-
warmed at 65 �C before use every time.

5. Prepare the chloroform–iso-amyl alcohol at 24:1 ratio.

6. Isopropanol, absolute ethanol, and 70% ethanol.

7. 1.5 and 2 mL Eppendorf tubes.

8. RNase A (optional).

9. Microsatellite markers as listed in Table 1 and prepare their
working solutions as mentioned in Table 2.

10. PCR amplification plates, appropriate for later use in a
sequencer.

11. Thermocycler.

12. PCR kit.

13. Access to a sequencing platform to perform fragment
separation.

14. GeneMarker or any other software to read the microsatellite
peaks output generated by a sequencer.

3 Methods

3.1 DNA Extraction Yellow rust microsatellite genotyping could be made on DNA
extracted from single spore infected lesions or spores originating
from single pustule [13]. DNA extraction could be made through
various protocols with numerous commercial kits and automated
robots available. We described here the preextraction step which
will be helpful for all the protocols and then the modified CTAB
method, which could be used in many labs without expensive kits.
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3.1.1 Grinding the

Samples (Lesion/Spores)

The first step is to crush the spores or lesion (including spores and
mycelium) for subsequent DNA extraction.

1. Prepare the single stripe lesion from infected plants and place it
in a 2 mL Eppendorf tube (Fig. 1). A lesion of 3–10 cm will be
sufficient, while a minimum of 2–5 mg of spores will be
required for spore DNA extraction.

2. Add four mini steel balls (~1.5 mm in diameter) per Eppendorf
tube containing (freeze-dried, if possible) infected leaves or
spores.

3. Grind twice for 45 s at 1500 strokes/min speed using grinding
machines like Geno/Grinder (see Note 1).

Table 2
Concentration of individual primers to set up the two SSR multiplex primer mixes for P. striiformis
genotyping

SSR Multiplex-1 primer mix (final volume 750 μL) SSR Multiplex-2 primer mix (final volume 750 μL)

SSR locus Primera μL of primer stock
(100 pmol/μl)

SSR locus Primera μL of primer stock
(100 pmol/μl)

RJO4F RJO4F 14.25 RJO21F RJO21F 14.25
RJO4R 14.25 RJO21R 14.25

RJO24F RJO24F 14.25 RJN10F RJN10F 14.25
RJO24R 14.25 RJN10R 14.25

RJN12F RJN12F 28.50 RJO18F RJO18F 42.75
RJN12R 28.50 RJO18R 42.75

RJN8F RJN8F 14.25 WU6F WU6F 28.50
RJN8R 14.25 WU6R 28.50

RJN13F RJN13F 14.25 RJO20F RJO20F 14.25
RJN13R 14.25 RJO20R 14.25

RJN3F RJN3F 14.25 RJN2F RJN2F 28.50
RJN3R 14.25 RJN2R 28.50

RJO3F RJO3F 42.75 RJN4F RJN4F 28.50
RJO3R 42.75 RJN4R 28.50

RJN11F RJN11F 14.25 RJN9F RJN9F 28.50
RJN11R 14.25 RJN9R 28.50

RJO27F RJO27F 42.75 RJN5F RJN5F 14.25
RJO27R 42.75 RJN5R 14.25

RJN6F RJN6F 14.25 WU12F WU12F 14.25
RJN6R 14.25 WU12R 14.25

H2O to make final 750 μL 322.50 H2O to make final 750 μL 294.00

aIn case of weak signals for some loci, we recommend to increase the concentration of primers (e.g., 2� or 3�).

Otherwise, individual single PCR reaction for the locus in question could be made for a subset of isolate
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4. In case of first calibration for spores, it is recommended to
check the maceration of spores under a microscope.

5. The above-described steps would be the same for any DNA
extraction method. After this step, DNA extraction could be
done according to various protocols, like CTAB-based method
or commercial available kits for DNA extraction from plant
tissues.

3.1.2 DNA Extraction

with CTAB Method

Steps for a modified CTAB-based DNA extraction [16] are detailed
below, while for commercial kits the manufacturer’s procedure
must be followed:

1. Grind single lesions or spores in Eppendorf tube as described
above.

2. Add 400 mL preheated CTAB buffer to an Eppendorf tube
containing spore/lesion extract.

3. Incubate the CTAB–spore/lesion extract mixture for about
60 min at 65 �C.

4. After incubation, spin the tube at 2500 � g for 10 min to spin
down cell debris. Transfer the supernatant to clean Eppendorf
tubes.

5. To each tube add 0.6 μL of chloroform–iso-amyl alcohol
(24:1) and mix the solution by inversion. After mixing, spin
the tubes at 1000 rcf for 1 min.

6. Transfer only the upper aqueous phase to a clean Eppendorf
tube.

7. To each tube add 0.6 volume of prechilled (�20 �C) isopropanol
(seeNote 2).

Fig. 1 Lesion isolation for DNA extraction for subsequent genotyping from infected wheat plants from field
samples
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8. Invert the tubes gently 20 times to let the DNA precipitate.
Generally, the DNA can be seen to precipitate out of solution.
For a better outcome, the DNA can be precipitated on ice for
10–15 min.

9. Following precipitation, centrifuge at 2500 � g for 15 min.

10. Pellet will be formed at bottom of the Eppendorf tube.

11. Carefully remove supernatant and retain the pellet.

12. Wash the pellet with 70% ethanol.

13. Remove all the supernatant and allow the DNA pellet to dry
(approximately 15–30 min). Usually the dried pellet appears
white at the bottom of the tube.

14. Resuspend pellet in 100 μL 1� TE buffer (pH 8), store at
�20 �C.

15. Make a working solution of 50 ng/μL in autoclaved dist. H2O
(see Note 3).

3.2 PCR

Amplification

for Microsatellite

Screening

The PCR amplification protocol described here is based on
multiplex-based microsatellite genotyping for subsequent
sequencer based fragment analyses [13, 14]. The set of 19 SSRs
are set up in two multiplex reactions for PCR amplification [14]
from the original three multiplex setup [13]. We present the pro-
tocol using the Type-it Microsatellite PCR Kit (Qiagen, Germany),
based on our own experience, but any other appropriate kit could
be used.

Prepare the PCR mixes and run the PCR as detailed here:

1. Prepare the SSR multiplex primer mix as described in Table 2.

2. Set up the PCR reaction to a final volume of 15 μL per reaction
for each multiplex as detailed in Table 3.

Table 3
Details of the PCR setup for microsatellite genotyping of P. striiformis to be amplified in two multiplex
PCR reactions

PCR ingredient Single reaction (μL) Full plate (96 reactions)

H2O 1.95 235.20

Q-solution (Qiagen) 1.00 96.00

SSR Multiplex Primer Mixa 1.05 100.80

Type-it premix (Qiagen) 5.00 480.00

DNA (50 ng/μL)b 1.00 1 � 96

Total 10

aSSR Multiplex Primer Mix for each multiplex as prepared according to Table 2
bDNA quantity must be calibrated (adjust H2O quantity accordingly)
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3. Run the PCR reaction as follows:

– 95 �C for 5 min—for 1 cycle

– 95 �C for 30 s, 63 �C (with �0.5 �C/cycle) for 60 s and
72 �C for 30 s—for 17 cycles

– 95 �C for 30 s, 55 �C for 60 s and 72 �C for 30 s—for 25
cycles

– 72 �C for 10 min—for 1 cycle

– 4 �C for storage

4. It is recommended to check the amplification on a 1% agarose
gel before sending it for fragment analysis on an ABI capillary
sequencer system such as ABI 3730XL.

5. Prepare the plate or tubes for sequencer (see Note 4).

3.3 Fragment

Analyses

for Microsatellite

The sequencer output format may vary according to various
sequencer technologies. Various software programs are available
for scoring allele sizes in the sequencer outputs. Our comments
on fragments reading are based on GeneMarker software, which is
freely available as a demo version. However, following the devel-
oper guidelines any software could be used. It is recommended to
not use software for automatic reading of alleles, instead score each
allele visually (Fig. 1).

1. Open GeneMarker or other software and upload the sequencer
output files, and select appropriate color for the length marker
(orange).

2. Check for the length marker if the peaks are as expected with-
out any shift.

3. Then select the color according to the applied fluorescence for
the desired microsatellite marker and look at the peak in the
expected allele size range (given in Table 1).

4. It is recommended to have first an overall view of all the peaks
of a given multiplex and then look at a single locus at a time.
Some of the loci could be in the same range, but during
establishment of the multiplex reaction, they have been labeled
with different fluorescent dyes and thus will appear with differ-
ent colors. This is the example of RJN-12 and RJO-4 in Fig. 2.

5. As microsatellites are co-dominant markers and P. striiformis is
a dikaryotic organism, the single peak will reflect a homozy-
gous individual and a double peak will reflect a heterozygous
genotype. Figure 3 shows a homozygous and a heterozygous
genotype for two Pakistani isolates for the locus RJO-4.

6. Some of the isolates may have more than two peaks. If it is
several loci in both multiplexes (Fig. 4a, b), it could be a mix of
genotypes, which means that the isolate needs to be purified.
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If it is three or less loci, then it will be better to rerun those
markers separately in individual PCRs.

7. In cases where the PCR and sequencer separation have not
worked correctly, no clear peaks will be observed (Fig. 4c). In
some other cases a very low signal will be detected most proba-
bly due to low PCR product concentration (Fig. 4d). Rerun-
ning the PCR will be helpful in such cases.

8. In some cases there will be an overall shift in allele sizes (e.g., 20
bases) for all loci. Rerunning the sequencer through adding
size ladder could solve the problem in such cases (Fig. 4e, f). In
some cases oversaturation due to more DNA content could
also lead to this problem; a dilution could be useful in such
cases.

9. Some microsatellite primers reveal some additional very minor
peaks, which should not be included in scoring.

10. Based on our experience, RJO-3, RJN-2, and RJO-27 gener-
ally show peaks of low intensity when included in the multiplex
and could therefore be tested in single PCR as well.

Fig. 2 Sequencer chromatogram as visualized in GeneMarker® for Multiplex-1 amplified for a Pakistani
isolate, representing 9 SSR loci labeled with different fluorescent dyes, i.e., RJ0-4 and RJO-24 are labeled
blue; RJN-12 and RJN-8 are labeled green; RJN-13 and RJN-3 are labeled black; and RJN-11, RJ0-27 and
RJN-6 are labeled red
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11. RJN-3 and RJ0-18 generally show peaks of lower intensity for
which the primer concentration could be further increased
(Table 2).

12. RJN-3 may have null alleles in South Asian populations; how-
ever, this must be confirmed in individual PCR reaction.

13. Note the score in an Excel file or any other data file to be later
organized as infile for various population genetics software pro-
grams to carry out various population genetics analyses [10].

Fig. 3 Sequencer chromatogram for RJO-4 (visualized blue in GeneMarker®) for isolates having a homozy-
gous (top) or a heterozygous genotype (bottom) at this locus
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4 Notes

1. If no instrument is available, grinding in liquid nitrogen with a
mortar and pestle should work.

2. We do not use an RNase step, but if RNA is a problem (e.g., as
shown through the gel) an RNase step could be followed
between steps 6 and 7. Add 10 μL RNase A (10 mg/mL)
and mix, incubate for 1 h at 37 �C, Add 0.6 μl of chlorofor-
m–iso-amyl alcohol (24:1), mix samples by inverting gently 20
times, spin at 2500� g at 18 �C for 5min. Transfer supernatant
to a new 1.5 mL tube.

3. Quality of the extracted DNA could be checked with Nano-
Drop using 2� 1 μL DNA against the DNA solvent (e.g., 1�
TE) as well as on 1.5% agarose gel.

4. There are different requirements according to the sequencer
service provider. Some will take it directly after PCR amplifica-
tion; some require ladder markers to be added to the plate. In
case of saturation of allele peaks due to high DNA concentra-
tion (>500 ng/μL), dilution of DNA and/or PCR reaction is
recommended.
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Chapter 7

Computational Methods for Predicting Effectors
in Rust Pathogens

Jana Sperschneider, Peter N. Dodds, Jennifer M. Taylor,
and Sébastien Duplessis

Abstract

Lower costs and improved sequencing technologies have led to a large number of high-quality rust
pathogen genomes and deeper characterization of gene expression profiles during early and late infection
stages. However, the set of secreted proteins expressed during infection is too large for experimental
investigations and contains not only effectors but also proteins that play a role in niche colonization or in
fighting off competing microbes. Therefore, accurate computational prediction is essential for identifying
high-priority rust effector candidates from secretomes.

Key words Rust, Effectors, Effector prediction, Diversifying selection

1 Introduction

Plants provide us with food, fiber, and biofuels, but the worldwide
demands are threatened by plant pathogens such as rust fungi that
can cause devastating crop losses [1]. A common feature of many
pathogens is a reliance on effector proteins that are secreted from
the pathogen to the host plant and alter host-cell structure and
function, thereby facilitating infection [2]. Effectors can also be
recognized by host immune receptors, triggering defence
responses. In silico effector prediction is essential to prioritize
candidates for experimental investigation, to understand how
pathogens cause diseases and to enable the breeding of crops that
are disease resistant [3]. However, for many agronomically impor-
tant pathogens, including the rust fungi, only a handful of effectors
have thus far been identified [4].

We have summarized common approaches for predicting rust
effector candidates in Fig. 1. In the following, we make recommen-
dations on the practical aspects of rust effector prediction. Note
that in silico effector prediction is an active field of research.

Sambasivam Periyannan (ed.), Wheat Rust Diseases: Methods and Protocols, Methods in Molecular Biology, vol. 1659,
DOI 10.1007/978-1-4939-7249-4_7, © Springer Science+Business Media LLC 2017
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Best practice procedures and tools are likely to change and improve
with time, particularly as greater understanding of the functional
aspects is derived from increasing numbers of validated effectors.

1.1 Identification

of Secreted Rust

Proteins

Rust effector proteins are secreted from the pathogen to the host
and, therefore, signal peptide prediction is the first step in effector
prediction. One of the challenges is the ability to distinguish
between signal peptides and N-terminal transmembrane regions,
which are both hydrophobic. Before SignalP 4 was published in
2011 [9], the most accurate tools for eukaryotes were reported as
SignalP 2.0, SignalP 3.0, and TargetP [10]. While SignalP 4 has
been evaluated as more accurate than older versions of SignalP for
discriminating transmembrane regions from signal peptides, it has
lower sensitivity on cleavage site prediction and for signal peptide
prediction when no transmembrane domains are present. A recent
benchmark including SignalP 4 found that the neural network
predictors of SignalP 2 and 3, as well as TargetP were the most
sensitive tools for fungal effector secretion prediction [11].

Fig. 1 A suggested workflow for rust effector prediction. Starting from the assembled rust genome, gene sets
are predicted. Especially for effector gene prediction, using RNAseq data to support gene models is highly
recommended [5, 6]. Effectors are both secreted and expressed during infection. Therefore, in planta RNAseq
data can be used to filter the predicted secretome for those genes that are differentially expressed during
infection. Several criteria associated with rust effectors can then be used to predict likely effector candidates,
depending on the researcher’s aims. For example, some apoplastic effectors have been associated with a
small size and high cysteine content [7], whereas cytoplasmic effectors might carry subcellular localization
signals or undergo diversifying selection. Gene families can be predicted either from the whole proteome or
the secretome. Out of a gene family ranking based on typically observed effector features, candidate effector
families can directly be derived and conserved sequence motifs can be highlighted from such families using
tools such as MEME [8]. However, effectors occurring as singletons or in small families are equally important
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For example, most variants of the AvrP4 effector from Melampsora
lini are not predicted to be secreted by SignalP 4, but are predicted
to be secreted by earlier versions of SignalP. The use of the
mammalian-trained SecretomeP for predicting nonclassically
secreted proteins is not recommended for eukaryotes due to a
very high false positive rate [12].

Taken together, we currently recommend the following pipeline
for predicting rust secretomes for subsequent effector identification:

1. Predict signal peptides using an earlier version of SignalP (neu-
ral network predictors 2.0 or 3.0) and TargetP [13–15] for
signal peptide prediction with increased sensitivity.

2. Remove secreted proteins with predicted transmembrane
domains using TMHMM [16] or Phobius [17].

It is important to keep in mind that signal peptide prediction is
dependent on the quality of gene model predictions. N-termini of
effector genes can be misannotated and consequently, these genes
will not be called as secreted by tools such as SignalP. Improved
accuracy in gene models through the incorporation of RNAseq
data, more complete genome sequence or manual correction and
curation of gene models is likely to lead to improved signal peptide
prediction. Similarly, predicted gene families from the whole prote-
ome can reveal misannotated N-termini by comparing the structure
and exon/intron organization of genes falling in a given family (see
details in Duplessis et al. [18]).

1.2 Prediction

of Small, Cysteine-rich

Rust Effector

Candidates

from Secretomes

Rust secretomes tend to be large, with over a thousand predicted
secreted proteins [11], and thus need to be mined for likely effector
candidates for functional validation. Fungal effector proteins have
commonly been predicted from secretomes using the criteria of
small size and a cysteine-rich sequence [7]. Several recent studies
have cautioned against these requirements in effector prediction, as
many cytoplasmic effectors have been found to be relatively large
(e.g., someM. liniAvrMvariants are larger than300 aas), and contain
no or few cysteines in their sequences (M. lini AvrM, AvrL567,
AvrM14 and Puccinia graminis f. sp. tritici PGTAUSPE-10-1 have
only one cysteine in their sequence) [4, 19–21]. While the criteria of
small size and cysteine-rich can be appropriate for some rust effectors,
especially apoplastic ones, there are exceptions. For example, the M.
lini AvrP123 family proteins are small and cysteine-rich, yet intracel-
lular [22]. Therefore, additional methods for prioritizing effector
candidates in rust secretomes are essential.

1.3 Analysis

of Effector Gene

Families in Rust Fungi

Sequencing of rust genomes has revealed the presence of expanded
gene families, with many containing secreted proteins [18]. Such
family organization can be determined using gene family predic-
tion, e.g., using Markov Clustering (MLC; Enright et al. [23]),
from the whole predicted proteome or directly from the predicted
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secretome. Clusters of paralogous genes derived from this analysis
can be used for further diversifying selection tests (see Subheading
1.4). Beyond, gene family prediction can be performed at a broader
scale considering close-relative rust species or other fungi with
available genome data to reveal contraction and expansion in
given families. Specific conserved motifs can also be found from
protein conservation profiles in families [24–26]. Such motifs
maybe useful for functional analysis and valuable when more
knowledge will be gained on rust effectors by structural biology.

To rank gene families depending on their likelihood of contain-
ing effectors, Saunders et al. [25] developed a tribe clustering
method, which includes the following steps:

1. Two or more rust secretomes are clustered into “protein tribes”
based on sequence similarity using TribeMCL [23]. This returns
protein tribes or families that contain either more than two
members or only two members (protein pairs). Proteins that
share no significant sequence similarity with another one are
classed into singletons. Note that secretomes can also be clus-
tered with predicted non-secreted proteins to identify potentially
misannotated N-termini of bona fide secreted proteins.

2. The protein tribes are then annotated using a predefined list of
effector features. This can include in planta expression data,
sequence similarity to other rust effectors, the presence of effector
motifs, cysteine content or protein size [25, 27]. Note that so far
rust effectors have not been found to occur in specific genomic
location, e.g., in repeat-rich regions or in effector gene clusters.

3. Protein tribes can be scored according to their likelihood of con-
taining effectors. Each effector feature is associatedwith an e-value
that corresponds to the likelihood of obtaining at least the same
number of proteins with the given property by chance. These e-
values can then be log-converted into a score. Finally, a combined
score is calculated as the sum of scores associated to each effector
feature. Tribes are then ranked according to their combined score
to prioritize effector candidates for functional validation.

The tribe ranking method can be very effective for finding rust
effectors that occur in large, expanded families across different rust
pathogens and that are enriched for known effector features. How-
ever, some of the known M. lini effectors ranked fairly low in the
tribe scoring (e.g., AvrP4 and AvrP123 are ranked as 156 out of
940; Nemri et al. [27]). It is important to also investigate singleton
rust proteins as these are just as likely to constitute bona fide
effectors. Therefore, approaches complementary to the analysis of
gene families are needed for identifying rust effectors.

1.4 Identification

of Rapidly Evolving

Rust Effector

Candidates

Effector proteins may be recognized by intracellular immune
receptors in the host plant leading to resistance responses that
prevent pathogen spread to other cells [28]. Effectors that are the
target of such host receptors are under strong selection to escape
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recognition and often display signatures of diversifying selection
that can be identified when sufficient sequence data is available. For
instance, the alleles of the AvrL567, AvrP4, and AvrP123 effectors
in M. lini are highly diverse and show elevated rates of nonsynon-
ymous substitutions [29, 30]. Diversifying selection analysis is a
powerful way to prioritize effector candidates, especially for those
effectors that interact with resistance genes [24, 31].

The relative rates of nonsynonymous (dN) and synonymous
substitutions (dS) in genes is commonly used to assess selection
between species, whereas nonsynonymous and synonymous poly-
morphisms (PN and PS) are used similarly for comparison within
species [32]. A dN/dS ratio <1 indicates purifying selection and
functional conservation, dN/dS ¼ 1 is consistent with neutral evo-
lution, and dN/dS > 1 is indicative of diversifying selection or
potential functional divergence. The dN/dS measure was originally
developed to analyse distantly diverged genetic sequences, and lacks
power for samples drawn from a single population. However, for
microbes the distinction can be ambiguous [33] and the power of
the dN/dS ratio to detect selection depends on the time-scale over
which for example different Avr alleles have evolved and if they can
be considered as competing genotypes [33].

1.5 Other Evidence

for Effector Function:

EffectorP and

Subcellular

Localization Prediction

While diversifying selection analysis is a powerful approach for prior-
itizing rust effector candidates, it can only be applied to genes for
which sufficient sequence data is available. A machine learning
approach called EffectorP was recently developed which has been
trained on fungal effectors and can be used to predict rust effectors
from secretomes [34]. Predicted effectors are assigned a probability of
their likelihood of being effectors. EffectorP correctly predicts
AvrL567, AvrP123, AvrP4, RTP1, AvrM14, and AvrL2 [21] as effec-
tors, but predicts PGTAUSPE-10-1 and AvrM as non-effectors [34].

Cytoplasmic effectors are operating inside the plant cell and
many have been found to exploit the plant machinery to enter
specific subcellular compartments. Several high-confidence rust
effector candidates have recently been found to mimic chloroplast
transit peptides to enter plant chloroplasts and to carry nuclear
localization signals (NLSs) to enter plant nuclei [35–37]. Subcellu-
lar localization in the plant cell can be predicted by using plant-
trained classifiers such as WoLF PSORT [38] or ChloroP [39] on
mature effector sequences (without the signal peptide). However,
the variable lengths of signal peptides and pro-domains as well as
the rapid evolution of effectors pose challenges to plant-based
predictors, which assume that potential transit peptides start at
the first residue after the signal peptide and often rely on
homology-based information. A recent tool called LOCALIZER
has been developed to predict effector localization to chloroplasts,
mitochondria and nuclei and has been shown to give higher accu-
racy than plant-based predictors [40]. In particular, it predicts a
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nuclear localization signal for the rust effector RTP1 fromUromyces
fabae (Uf-RTP1), which localizes to the plant nucleus, but not for
its homolog from U. striatus (Us-RTP1) which has been found
only in the host cytoplasm and is barely visible in nuclei [41].
LOCALIZER and WoLF PSORT predict chloroplast localization
for the rust effector candidates CTP1, CTP2, and CTP3 which
mimic chloroplast transit peptides [35], whereas ChloroP only
predicts a transit peptide for CTP1 [40].

2 Materials

Many tools for effector prediction provide web servers, where
researchers can submit their sequences of interest and get results
back instantly. However, for reproducible workflows the recom-
mended procedure is the use of command line tools, Python or Perl
scripts or the Galaxy web platform and the release of these work-
flows and scripts alongside publication.

3 Methods

3.1 Identification

of Secreted Rust

Proteins

For secretome predictions, we refer to two comprehensive and
practical descriptions for reproducible workflows using the com-
mand line or Galaxy published by Cock and Pritchard [42] and
Reid and Jones [43].

3.2 Prediction

of Small, Cysteine-rich

Rust Effector

Candidates

from Secretomes

To filter a FASTA file of secreted proteins for those that are of a
small size, say <300 aas and �4 cysteines, a Python script can be
used. Note that this requires an installation of BioPython to read
and write FASTA files.

from Bio import SeqIO

small_cys_proteins ¼ [] # Setup an empty list for the output

# Make the sequences uppercase, for finding cysteines later

records¼ (rec.upper() for rec in SeqIO.parse("secretome.fasta", "fasta"))

# Go through each sequence and record the small, cysteine-rich ones

for record in records:

if len(record.seq) < 300 and record.seq.count(’C’) >¼ 4.0:

small_cys_proteins.append(record) # Add this record to our list

print("Found %i small, cysteine-rich proteins" % len(small_cys_proteins))

# Write the small, cysteine-rich proteins to new FASTA file

with open("small_cys_seqs.fasta", "w") as output_handle:

SeqIO.write(small_cys_proteins, output_handle, "fasta")
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3.3 Analysis

of Effector Gene

Families in Rust Fungi

The procedure for classifying effectors family with MCL detailed in
Enright et al. [23] is based on all-against-all sequence similarities.
The MCL algorithm is available from the authors (http://micans.
org/mcl/). We stress that the inflation parameter value, which
controls the “granularity/tightness” of clusters is critical to accurate
prediction, particularly with the low sequence similarity noticed in
the C-termini of candidate effector families. Several runs with dif-
ferent inflation rates may be used, depending also if intraspecific or
interspecific classifications are regarded. Manual annotation of a few
families of conserved candidate effectors in rust fungi (e.g., RTP1,
some haustorially expressed secreted proteins) can be used as a guide
to assess the quality of the family classification.

The selection of the most promising effector families is usually
done manually from simple table sorting upon the user’s selection
criteria (e.g., see pipeline described in Petre et al. [37]). Candidates
can also be selected using a tribe ranking approach as described in
Saunders et al. [25] using theMultiple Experiment Viewer program
MeV4 [44]. In both cases, we stress the importance of the weight
applied to the different effector features considered for analysis.One
might consider a given feature of prior importance over others,
depending on the type of effector that is under investigation.

3.4 Identification

of Rapidly Evolving

Rust Effector

Candidates

CodeML from the PAML package is a well-established software to
calculate diversifying selection [45], however it can be difficult to
use especially for researchers with limited exposure to the command
line. One recommended, accessible way for performing a CodeML
diversifying selection analysis is the ETE Toolkit and the ete-evol
module [46]. The ETE Toolkit can also be used to assemble a
reproducible workflow, from performing a multiple sequence align-
ment, masking gapped alignment columns and calculating phylo-
genetic trees from the alignment.

Install the ETE toolkit following the instructions (http://
etetoolkit.org/). To investigate dN/dS ratios for more than two
sequences, a multiple nucleotide (CDS) alignment and a phyloge-
netic tree of the sequences under investigation are required. To
calculate the CDS alignment and phylogenetic tree, it can be bene-
ficial to use the corresponding protein sequences, as this can give a
more accurate alignment than using the nucleotide sequences. The
ETE toolkit can be used for alignment and tree calculations.
For example, a phylogenetic tree can be built from unaligned
protein sequences using Clustal Omega [47] and RAxML [48]
with a simple command like this:

ete3 build -a seqs.fasta -w standard_raxml_bootstrap -o
mytree/.

Given the protein alignment, the gaps need to be mapped to
the nucleotide (CDS) alignment for input into CodeML. This can
be done for example using PyCogent (http://pycogent.org/
examples/align_codons_to_protein.html). Given the nucleotide
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alignment and phylogenetic tree, a test for diversifying selection
acting on specific residues can be applied if more than three
sequences are used [49]. Site-specific diversifying selection predic-
tion can be more powerful for effectors than pairwise dN/dS ratios
from entire genes as it allows varying dN/dS ratios across codons
[31]. Two likelihood ratio tests of site-specific diversifying selection
are commonly used in CodeML: model M1 (neutral) to model M2
(selection) and model M7 (beta) to M8 (beta&ω) [45]. A full
example is provided here: http://etetoolkit.org/cookbook/ete_
evol_hiv-env_site.ipynb.

If only two sequences are available, a pairwise dN/dS ratio test
can be used and is available through the yn00 module in PAML.
BioPython offers a simpler interface for running the yn00 than
PAML itself (http://biopython.org/wiki/PAML). For polymor-
phism data, the McDonald-Kreitman test is appropriate for asses-
sing adaptive evolution and is available through web servers such as
http://mkt.uab.es/mkt/MKT.asp

3.5 Other Evidence

for Effector Function:

EffectorP and

Subcellular

Localization Prediction

EffectorP is available as both a stand-alone Python script (http://
effectorp.csiro.au/software.html) as well as a web server (http://
effectorp.csiro.au/). For subcellular localization prediction of
effectors in the plant cell, we first need to obtain the mature
effectors sequences (without signal peptides). The location of the
cleavage site can be found in the SignalP output table.

Subcellular localization prediction tools such as ChloroP,
WoLF PSORT, or LOCALIZER are available as both stand-alone
scripts as well as web servers (http://www.cbs.dtu.dk/services/
ChloroP/; http://www.genscript.com/wolf-psort.html; http://
localizer.csiro.au/).

4 Notes

Effector prediction and its associated prediction methods (gene
prediction, signal peptide prediction, localization prediction, and
gene family and orthology prediction) are an active area of research
and the tools mentioned here are likely to improve in the future.
Improvements in effector prediction as well as in genome sequenc-
ing technologies and assemblies will reveal more insight into rust
effectors. While the general workflows and pitfalls described will
stay relevant, readers are encouraged to consider future develop-
ments in the area beyond the methods described here.
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Chapter 8

Protein–Protein Interaction Assays with Effector–GFP
Fusions in Nicotiana benthamiana

Benjamin Petre, Joe Win, Frank L.H. Menke, and Sophien Kamoun

Abstract

Plant parasites secrete proteins known as effectors into host tissues to manipulate host cell structures and
functions. One of the major goals in effector biology is to determine the host cell compartments and the
protein complexes in which effectors accumulate. Here, we describe a five-step pipeline that we routinely
use in our lab to achieve this goal, which consists of (1) Golden Gate assembly of pathogen effector–green
fluorescent protein (GFP) fusions into binary vectors, (2) Agrobacterium-mediated heterologous protein
expression in Nicotiana benthamiana leaf cells, (3) laser-scanning confocal microscopy assay, (4) anti-GFP
coimmunoprecipitation–liquid chromatography–tandemmass spectrometry (coIP/MS) assay, and (5) anti-
GFP western blotting. This pipeline is suitable for rapid, cost-effective, and medium-throughput screening
of pathogen effectors in planta.

Key words Agroinfiltration, Live-cell imaging, Affinity chromatography, DNA assembly, Proteomics

1 Introduction

Over the last decade, postgenomic analyses of eukaryotic plant
pathogens—such as nematodes, fungi, oomycetes, and aphids—
revealed hundreds of effector proteins [1–4]. Although effectors
are encoded by pathogen genomes, they are operationally plant
proteins, i.e., they function and have a phenotypic expression in
plant tissues [5]. One challenge in effector biology is to study
effectors in planta [6]. In many plant species this task is challenging
due to the lack of transient transformation method. To circumvent
this obstacle, scientists often use the model plant Nicotiana
benthamiana primarily because it enables transient expression of
effectors in leaf cells [3].

N. benthamiana is a dicot plant used as a model in plant
biology. Notably, the infiltration of leaves with solutions of Agro-
bacterium tumefaciens carrying a binary vector—the so-called
Agrobacterium-mediated transient expression or agroinfiltration
assay—allows rapid expression of proteins in leaf cells [7, 8].
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If the protein expressed is fused to a fluorescent protein tag, such as
the green fluorescent protein (GFP) for instance, it is then possible
to combine two different assays. Firstly, a live-cell imaging assay—
by using a laser-scanning confocal microscope—can be carried out
to identify the subcellular compartment in which the effector–GFP
fusion accumulates [9]. Secondly, a protein–protein interaction
assay—by using anti-GFP coimmunoprecipitation–liquid chroma-
tography–tandem mass spectrometry (coIP-LC/MS-MS or coIP/
MS)—can be performed to identify the plant protein complexes
with which the effector–GFP fusion associates [10–12].

Here, we detail the five-step pipeline that we routinely use in
our lab to identify the leaf cell compartments and protein com-
plexes in which effectors accumulate. This pipeline is aimed at
achieving fast-forward screening of medium-sized effector sets in
a cost-effective manner.

2 Materials

2.1 Golden Gate DNA

Assembly

1. Escherichia coli subcloning efficiency DH5α competent cells.
Store 50 μL aliquots at �80 �C.

2. Digestion/Ligation mix 1: 1 μL BbsI restriction enzyme, 1 μL
T4 DNA ligase, 2 μL Bovine Serum Albumin (1 mg/mL stock
solution), 4 μL T4 Ligase buffer, 1 μL Golden Gate Level
0 acceptor vector pICSL01005 (50 ng/μL in ddHOH stock
solution), 6 μL ddHOH. Prepare right before use.

3. Digestion/Ligation mix 2: 1 μL BsaI-High fidelity restriction
enzyme, 1 μL T4DNA ligase, 2 μL BSA, 4 μLT4 Ligase buffer,
1 μL Golden Gate Level 1 binary acceptor vector (CaMV 35S
promoter, OCS terminator, 50 ng/μL in ddHOH stock solu-
tion), 1 μL Golden Gate C-terminal GFP tag module vector
pICSL50008 (50 ng/μL in ddHOH stock solution), 9 μL
ddHOH. Prepare right before use.

4. Blue/White selection mix: 1/1 (v/v) 100 mM Isopropyl β-D-
1-thiogalactopyranoside (IPTG)/20 mg/mL 5-bromo-4-
chloro-3-indolyl-β-D-Galactopyranoside (X-Gal) in DiMethyl-
Formamide (DMF). Prepare right before use.

5. Luria–Bertani (LB) growth medium: 10 g/L Bacto tryptone,
5 g/L yeast extract, 10 g/L NaCl. Adjust pH to 7.0 with
NaOH. Add 20 g/L Agar for solid medium. Autoclave and
store at room temperature up to a month. Supplement with
appropriate combination of antibiotics at the following final
concentration: 100 μg/mL Carbenicillin (1000� stock solu-
tion), 50 μg/mL Kanamycin (1000� stock solution), 100 μg/
mL Spectinomycin (1000� stock solution in 50% Dimethyl
sulfoxide [DMSO]), 100 μg/mLRifampicin (100� stock solu-
tion in Methanol).
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2.2 Vector Insertion

into A. tumefaciens

and Infiltration

of N. benthamiana

Leaves

1. A. tumefaciens electrocompetent strain GV3101 (pMP90).
Store 50 μL aliquots at �80 �C (see Note 1).

2. N. benthamiana 3- to 5-week-old plants grown at 22 �C in a
glasshouse with 16 h day and 8 h night cycles.

3. MicroPulser Electroporator.

4. 2 mm gap electroporation cuvette.

5. Agroinfiltration buffer: 10 mM MgCl2 (100� stock solution),
150 μm Acetosyringone (3333� stock solution in DMSO).

2.3 Laser-Scanning

Confocal Microscopy

1. Leica DM6000B/TCS SP5 laser-scanning confocal micro-
scope equipped with a 488 nm laser line, a 10� air, and a
63� water-immersion objectives.

2. Super Premium 1.2 mm microscope slides.

3. 17 μm-thick 22 � 50 mm cover glass.

2.4 Protein Isolation

and Anti-GFP

Immunoprecipitation

1. Ultrasonic cleaner.

2. Miracloth.

3. 0.22 μm syringe filter.

4. 5 mL syringe.

5. 30 mL ultracentrifuge tube.

6. GFP_Trap_A beads. Store at 4 �C.

7. Immunoprecipitation buffer: 10% (v/v) glycerol, 25 mM
Tris–HCl pH 7.5 (40� stock solution), 1 mM Ethylenediami-
netetraacetic (EDTA, 500� stock solution), 150 mM sodium
chloride (NaCl, 33� stock solution), 0.1% Tween 20. Store at
4 �C up to a week.

8. Protein isolation buffer: Immunoprecipitation buffer, 2%
(w/v) Polyvinylpyrrolidone (PVPP), 10 mM dithiothreitol
(DTT, 100� stock solution), protease inhibitor cocktail
(100� stock solution). Prepare right before use.

9. Laemmli buffer: 0.5 M Tris–HCl pH 6.8, 50 mM DTT, 2%
[w/v] sodium dodecylsulfate [SDS], 20% glycerol, 0.0001%
[w/v] bromophenol blue. Store at 4 �C up to a month (see
Note 2).

2.5 Western Blotting 1. ImageQuant LAS 4000 luminescent imager.

2. Trans-Blot Turbo transfer machine.

3. Trans-Blot Turbo Mini PVDF Transfer Pack.

4. A4 transparency film.

5. Single step GFP (B2): sc-9996 horseradish peroxidase (HRP)-
conjugated antibody.
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6. Tris Buffer Saline (TBS): 24.2 g/L Tris, 80 g/L NaCl, adjust
pH to 7.6 with HCl (10�).

7. TBS-T: TBS (1�), 0.1% Tween 20.

8. Blocking buffer: 3% [w/v] BSA in TBS-T.

9. Probing solution: 1/5000 single step GFP (B2): sc-9996
horseradish peroxidase (HRP)-conjugated antibody in TBS-
T. Prepare right before use (see Note 3).

10. Pierce ECL Western Blotting substrate: 1/1 [v/v] Luminol/
Peroxidase.

11. SuperSignal West Femto Maximum Sensitivity Substrate: 1/1
[v/v] Luminol/Peroxidase.

12. Revelation buffer: 19/1 [v/v] Pierce ECL Western Blotting
substrate/SuperSignal West Femto Maximum Sensitivity
Substrate.

13. Ponceau S solution: 0.1% [w/v] Ponceau S, 5% [v/v] Acetic
Acid.

2.6 Protein

Separation by SDS-

PAGE, Gel Excision,

and Trypsin Digestion

1. Mini-Protean electrophoresis system.

2. EZ-2 Genevac evaporator.

3. TGX Precast polyacrylamide gels.

4. Prestained Plus protein ladder.

5. Instant Blue.

6. Protein low binding 1.5 mL centrifuge tubes.

7. 10� SDS-PAGE running buffer: 30 g/L Tris base, 144 g/L
glycine, 10 g/L SDS.

8. ABC buffer: 50 mM Ammonium Bicarbonate in ultrapure
water.

9. Gel destaining solution: 1/1 [v/v] ABC buffer/100% Aceto-
nitrile (ACN).

10. Reduction solution: ABC buffer, 10 mM DDT.

11. Alkylation solution: ABC buffer, 55 mM Chloroacetamide
(CAM).

12. Trypsin buffer: 100 ng/μL Trypsin, 5% [v/v] ACN, 50% [v/v]
ABC buffer.

13. Peptide extraction buffer: 5% [v/v] formic acid (FA), 45%
[v/v] ultrapure water, 50% [v/v] ACN.

2.7 LC-MS/MS 1. Orbitrap Fusion trihybrid mass spectrometer in positive ion
mode.

2. Nanoflow-UHPLC system Dionex Ultimate 3000.
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3. Reverse phase trap column Acclaim PepMap, C18 5 μm,
100 μm � 2 cm connected to an analytical column Acclaim
PepMap 100, C18 3 μm, 75 μm � 50 cm.

4. Nano-electrospray ion source with ID 0.02 mm fused silica
emitter.

5. Mobile phase A: 3% ACN, 0.1% FA.

6. Mobile phase B: 80% ACN, 0.1% FA.

2.8 In Silico Data

Analysis

1. Fiji (https://fiji.sc/).

2. Excel.

3. Scaffold v.4 (Proteome Software).

4. Mascot (Matrix Science).

5. Perl (https://www.perl.org/).

6. Blastclust program from Blast standalone program (http://
blast.ncbi.nlm.nih.gov/).

7. TextWrangler (Bare Bones Softwares).

8. MSConvert package (Matrix Science).

3 Methods

We obtain the coding sequence of effectors by PCR cloning or by
gene synthesis with codon optimization for expression in N.
benthamiana and removal of BbsI and/or BsaI restriction sites if
necessary. During this process, we replace the sequence coding the
predicted signal peptide by the following nucleotides: CACCGAA
GACACAATG. GAAGAC is the BbsI restriction site, AATG is the
overhang for Golden Gate assembly with a promoter, the last three
nucleotides (ATG) are the start codon. We also replace the stop
codon by the following nucleotides: ggTTCGCCGTCTTCGTAG.
GTCTTC is the BbsI restriction site, TTCG is the overhang for
Golden Gate assembly with the coding sequence of a C-terminal
tag. For more information about the Golden Gate DNA assembly
method in plant biology, we refer readers to these recent reviews
[13, 14].

3.1 DNA Assembly

into Golden Gate

Vectors

1. Mix 5 μL of purified PCR products or 1 μL of plasmid with a
synthesized DNA fragment with the Digestion/Ligation mix
1. Incubate in a thermocycler with the following program:
20 � (4 min at 37 �C, 4 min at 16 �C), 10 min at 50 �C,
10 min at 80 �C.

2. Thaw a 50 μL-aliquot of E. coli DH5 α thermocompetent cells
on ice for 5 min and add 5 μL of digestion/ligation reaction
product from step 1. Keep on ice for 30 min.
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3. Insert plasmids into E. coli cells by incubating at 42 �C for
20–30 s in a waterbath.

4. Keep the bacteria on ice for 1 min, then add 500 μL of LB
liquid medium preheated at 37 �C and incubate at 37 �C for
90 min.

5. Spread 100 μL of Blue/White selection mix on a plate with
LB-Agar supplemented with Spectinomycin. Keep for 1 h at
37 �C.

6. Plate 200 μL of bacteria and keep at 37 �C for 16–24 h.

7. Select 3–5 white bacterial colonies and verify the presence of
the recombinant vector by colony PCR (see Note 4).

8. Grow bacteria from one colony PCR-positive colony in 10 mL
liquid LB supplemented with Spectinomycin at 37 �C in a
shaking incubator for 16–24 h.

9. Purify the plasmid, adjust it to 50 ng/μL in ddHOH, and store
at �20 �C for further use or proceed directly to next step.

10. Mix 1 μL of plasmid with the Digestion/Ligation mix 2.
Incubate in a thermocycler with the program described at
step 1.

11. Repeat steps 2–9 but replace Spectinomycin by Kanamycin.

3.2 Vector Insertion

into A. tumefaciens

Strains and Infiltration

of N. benthamiana

Leaves

1. Thaw a 50 μL-aliquot ofA. tumefaciens competent cells on ice.

2. Add 0.2 μL of plasmid (see Subheading 3.1, step 11) to the
cells into a 2 mm-gap electroporation cuvette.

3. Electroporate with a micropulser with the following setting:
capacitance of 25 μF, voltage of 2.4 kV, resistance of 200 Ω (see
Note 5).

4. Add 0.5 mL of liquid LB medium preheated at 28 �C and
incubate at 28 �C for 1 h.

5. Plate 200 μL of bacteria on LB-Agar medium supplemented
with Rifampicin and Kanamycin. Incubate at 28 �C for
36–48 h.

6. Select 3–5 colonies and verify the presence of the recombinant
vector by colony PCR (see Note 5).

7. Grow bacteria from one PCR-positive colony in 10 mL liquid
LB medium supplemented with Rifampicin and Kanamycin at
37 �C in a shaking incubator for 16–24 h.

8. Mix 1 mL of bacteria with 500 μL of 60% glycerol in a 2 mL
centrifuge tube. Invert five times and store at �80 �C.
Centrifuge the remaining 9 mL of culture at 4000 � g for
10 min (seeNote 6).

9. Resuspend the bacterial pellet in 10 mL Agroinfiltration buffer
and adjust to OD600 of 0.1–0.4. Keep on ice for 1 h to activate
the bacteria.
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10. Infiltrate 2–4 leaves from ranks 3–5 (starting from top) of three
to five week-old N. benthamiana plants with a 1-mL syringe
without needle (see Note 7).

11. Harvest the leaves 2–3 days after infiltration and transport/
keep them in a plate with high humidity (see Note 8).

12. Cut 2–3 leaf stripes of approximately 2 mm by 10 mm per leaf
for immediate use for confocal microscopy (see Subheading
3.3).

13. Snap-freeze the leaf in liquid nitrogen, and store at �80 �C or
proceed further immediately (see Subheadings 3.4 and 3.5)
(see Note 9).

3.3 Laser-Scanning

Confocal Microscopy

1. Mount a leaf stripe (see Subheading 3.2, step 12) in ddHOH
between slide and cover glass, with the lower epidermis toward
the objective. Remove air bubbles from the mounting by gently
tapping the cover glass.

2. Place the mounting on the microscope and set up the micro-
scope with the following parameters: laser line: 488 nm at 15%
power; receptor 1: collection from 505 to 530 nm, 100% gain
(GFP fluorescence); receptor 2: collection from 680 to
700 nm, 50% gain (chlorophyll autofluorescence); receptor 3:
bright field; scanning frequency: 400 Hz; image resolution:
1024 � 512 pixels; line average: 4 (see Note 10).

3. Adjust the focus to epidermal cells, and screen the leaf using the
10� objective to select a region of interest with pavement cells
that show detectable accumulation of the GFP signal and no
sign of stress (see Note 11).

4. Use the 63� water-immersion objective to perform high mag-
nification imaging (see Note 12).

5. Repeat steps 1–4 with leaf stripes from other leaves.

6. Save data in .lif format.

7. Use the software Fiji to read the .lif file, perform post-
treatment as needed, and export final images as .png or .tif files.

3.4 Anti-GFP

Immunoblotting

1. Grind leaf tissues (see Subheading 3.2, step 13) into powder in
liquid nitrogen using mortar and pestle. Transfer the leaf pow-
der into a 50-mL centrifuge tube.

2. Use a 1 mL pipet tip with the narrow extremity bent on approx.
0.5 cm to pick up a small amount of leaf powder. Resuspend
the powder in 100 μL Laemmli buffer in a 1.5 mL centrifuge
tube and immediately incubate at 95 �C under vigorous agita-
tion for 15 min. Keep the 50 mL tube with the remaining
powder at �80 �C up to a week or proceed further directly
(see Subheading 3.5).

3. During step 2, set up a precast gel in the Mini Protean device
following manufacturer’s instructions. Poor 1 L of SDS-PAGE
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running buffer in the upper and lower chamber up to the
indicated levels 5 min before starting the electrophoresis.

4. Centrifuge at 15,000 � g for 5 min.

5. Transfer the supernatant in a new 1.5 mL centrifuge tube. Add
100 μL of Laemmli and incubate at 95 �C for 10 min.

6. Centrifuge at 15,000� g for 5 min. Transfer the supernatant in
a new tube.

7. Load 10 μL of protein mixture on the gel. Load 5 μL of
Prestained Page ruler in the wells at each extremity of the
sample(s) (see Note 13).

8. Start the electrophoresis at 120 V for 5 min, then increase to
160 V. Stop the electrophoresis when the migration front
reaches the bottom of the gel.

9. Disassemble the cassette and incubate the gel two min in
ddHOH.

10. Transfer the proteins to the PVDF membrane using the Trans-
Blot Turbo machine and kit following manufacturer’s instruc-
tions (see Note 14).

11. Incubate the membrane in TBS-T for 2 min.

12. Block the membrane in 15mL of Blocking Buffer for 1 h under
gentle rotating agitation.

13. Incubate the membrane in 15 mL of Probing Solution 1 h
under gentle rotating agitation.

14. Wash the membrane five times with 15 mL of TBS-T for 1 min.
Then wash the membrane with 15 mL of TBS for 1 min.

15. Cover the membrane with the 2 mL of Revelation Solution for
3 min.

16. Remove the excess of solution and place the membrane
between two transparency films. Position the montage in the
ImageQuant LAS 4000 luminescent imager, with the side of
the membrane facing the camera objective.

17. Expose the membrane for 30 s using the following settings:
chemiluminescence, tray position 1, precision, high sensitivity
(see Note 15).

18. Save data as a .gel file. Adjust image brightness/contrast and
save the image as an 8-bit .tif file.

19. Wash the membrane one minute with ddHOH. Stain the
proteins by incubating the membrane in Ponceau S solution
for 30 min. Wash the membrane with ddHOH for 1 min. Place
the membrane between two transparency films and scan it with
a standard scanner (see Note 16).
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3.5 Protein Isolation

and Anti-GFP

Immunoprecipitation

(IP)

1. Grind leaf tissues (see Subheading 3.2, step 13) into powder in
liquid nitrogen using a mortar and a pestle. Transfer the leaf
powder into a 50-mL centrifuge tube.

2. Weight leaf powder and resuspend it into 300% [v/w] ice-cold
Protein Isolation Buffer. Vortex and shake vigorously for 30 s
or until the powder is completely thawed and heterogeneously
in solution (see Note 17).

3. Sonicate the samples at 4 �C for 15 min in a waterbath soni-
cator, using maximal sonication parameters.

4. Centrifuge at 5000 � g at 4 �C for 20 min. Filter the superna-
tant through a four-layered piece of Miracloth and transfer it
into a 30-mL ultra-centrifuge tube.

5. Centrifuge at 50,000 � g at 4 �C for 90 min. Collect 10 mL of
the filtered solution into a 15-mL centrifuge tube.

6. During step 5, pipet GFP_trap beads with a 1 mL tip with a cut
extremity into a 1.5 mL tube. Use 30 μL of beads per sample.

7. Equilibrate the GFP_trap beads into IP buffer by adding 1 mL
of IP Buffer, inverting for 1 min, centrifugating at 800 � g for
1 min, and discarding the supernatant. Repeat two more times.
Keep the beads into 1 mL of IP buffer before use.

8. Mix the equivalent of the initial 30 μL of beads from step 6
with the 10 mL of protein solution from step 5. Incubate at
4 �C with gentle inversion for 30 min (see Note 18).

9. Centrifuge at 800 � g at 4 �C for 5 min. Discard the superna-
tant without disturbing the pellet, resuspend the pellet into
1mL of IP Buffer and transfer to a new 1.5mL centrifuge tube.

10. Centrifuge at 800 � g for 30 s. Discard supernatant without
disturbing the pellet and resuspend the pellet into 1 mL of IP
Buffer.

11. Repeat step 10 four more times.

12. Centrifuge at 800 � g for 30 s. Discard supernatant without
disturbing the pellet and resuspend the pellet into 200 μL of IP
buffer.

13. Centrifuge at 800 � g for 30 s. Discard the supernatant. Add
50 μL of Laemmli buffer to the beads and incubate at 70 �C for
15 min in a heating block under vigorous agitation.

14. Centrifuge at 800 � g for 1 min. Transfer the supernatant into
a new 1.5 mL centrifuge tube.

15. Centrifuge at 15,000 � g for 5 min. Transfer the supernatant
into a 1.5 mL centrifuge tube and proceed further directly (see
Subheading 3.6) or keep at �20 �C.
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3.6 Protein

Separation by

SDS-PAGE, Gel

Excision, and Trypsin

Digestion

1. Set up a precast gel in the Mini Protean device following
manufacturer’s instructions.

2. Poor 1 L of SDS-PAGE running buffer in the upper and lower
chamber up to the indicated levels 5 min before starting the
electrophoresis.

3. Load 15 μL of protein solution (see Subheading 3.5, step 15)
in one well. Load 5 μL of Prestained Page ruler in the wells at
each extremity of the sample(s).

4. Start the electrophoresis at 120 V for 5 min, then increase to
160 V. Stop the electrophoresis when the migrating front is
approximately 3 cm away from the wells.

5. Disassemble the cassette and incubate the gel in ddHOH for
2 min.

6. Stain the gel in 20 mL of Instant Blue for 30 min under gentle
rotating agitation.

7. Wash the gel with ddHOH for 1 min, then incubate the gel in
20 mL of 10% EtOH overnight to ensure destaining.

8. Transfer the gel to a fresh 10% EtOH solution. Cut up to five
gel slices and store them in 10% EtOH in 1.5 mL protein low
binding centrifuge tubes. Cut small gel slices for each major
protein band, and larger slices for gel sections that do not show
a band signal. Gel slices can be stored at �20 �C.

9. Incubate gel slices in destaining Solution for 2 � 30 min.

10. Destain gel slices in the Destaining Solution at 25 �C for
30 min under vigorous shaking. Repeat until gel pieces are
completely colorless (see Note 19).

11. Dry the gel pieces in 100% ACN for 10 min and remove
supernatant.

12. Reduce Cysteine residues by incubating the gel pieces in the
Reducing Solution at 25 �C for 30 min with gentle agitation.
Make sure that gel pieces are well-covered by the solution.
Then remove supernatant.

13. Alkylate Cysteine residues by incubating the gel pieces in the
Alkylation Solution in the dark at room temperature for
30 min. Make sure gel pieces are well-covered by the solution.

14. Wash the gel pieces in the destaining Solution for 2 � 10 min.

15. Dry the gel pieces in 100% ACN for 10 min.

16. Cover the gel pieces with the Trypsin Solution. When the gel
pieces are fully rehydrated (i.e., they are transparent), cover
them with ABC Buffer and incubate overnight at 37 �C.

17. Add one volume of Peptide Extraction Buffer, vortex for 10 s
and sonicate for 10 min.
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18. Transfer the supernatant to a 1.5 mL protein low binding
centrifuge tube.

19. Cover the gel pieces from step 17 with Peptide Extraction
Buffer, vortex for 10 s and sonicate for 10 min.

20. Transfer supernatant to the 1.5 mL tube from step 18.

21. Evaporate the peptide solution at 30 �C in an evaporator with
the HPLC setting until all the liquid is evaporated.

3.7 LC-MS/MS and

Peptide Search

1. Trap peptides to the reverse phase trap column.

2. Elute peptides using a 3–30% ACN gradient over 50 min,
followed by a 6 min gradient of 30–80% ACN at a flow rate
of 300 nL/min at 40 �C.

3. Operate the mass spectrometer in positive ion mode, apply a
spray voltage of þ2200 V, with transfer capillary temperature
set to 275 �C. Use a scan resolution of 120,000 at 400 m/z,
range 300–1800 m/z, automatic gain control set 2e5, and
maximum inject time to 50 ms. In the linear ion trap, use
data dependent acquisition method with “top speed” and
“most intense ion” settings to trigger MS/MS spectra. Use
the Universal Method (above 100 counts, rapid scan rate,
maximum inject time to 500 ms) to set the threshold for
collision induced dissociation (CID) and HCD. Set dynamic
exclusion to 30 s. Allow charge state between 2þ and 7þ to be
selected for MS/MS fragmentation.

4. Prepare peak lists in .mgf format from raw data using the
MSConvert package.

5. Search peak lists on Mascot server against a in-house N.
benthamiana database and a separate in-house constructs data-
base and an in-house contaminants database. Allow in the
search tryptic peptides with up to two possible miscleavage
and charge states þ2, þ3, þ4. Include the following modifica-
tions in the search: oxidized methionine as variable modifica-
tion and carbamidomethylated cysteine as static modification.
Search data with a monoisotopic precursor and fragment ions
mass tolerance of 10 ppm and 0.6 Da, respectively.

6. Combine Mascot results in Scaffold and export in Excel.

3.8 Protein Merging

and Removal of

Contaminants

1. Extract the sequences of putative interactors (“Accession Num-
ber” column) reported in the Excel spreadsheet exported from
Scaffold (see Subheading 3.7, step 6) into a .fasta file.

2. Cluster sequences that have at least 80% identity over 80% of
their length using the blastclust program. The command line to
use is as follows: blastclust -i infile -o outfile -L 0.8 -S 80 -e F.
The output of this program is a text file containing each cluster
per line of protein identifiers separated by spaces.
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3. Select a representative sequence (usually the longest sequence)
for each cluster and create a “lookup table” in the spreadsheet
to be used in next step.

4. Replace all the interactors belonging to a cluster with just one
representative sequence and its description using “vlookup”
function of the spreadsheet program and the lookup table
created above.

5. Consolidate the interactors by adding the peptide hits for
sequences in the same group.

6. Remove any rows containing the word “Decoy” in the spread-
sheet. These are added by spectral search programs as internal
controls.

4 Notes

1. To prepare competent cells, keep a liquid culture (OD600 at
0.5–0.7) 30 min on ice, then wash twice with ice-cold 10%
glycerol by centrifugation (3000 � g for 15 min). Prepare
50 μL aliquots in 10% glycerol and store at �80 �C.

2. Do not try to weight the bromophenol blue powder. Rather,
scratch it with a 1 mL pipet tip and dip it in the Laemmli buffer,
which should instantly become blue.

3. Spin the antibody solution before using it to pellet precipitates.
Also, it is possible to collect the antibody solution after use and
keep it at �20 �C, to be reused up to two times.

4. Standard reactions result in 10–200 colonies, 80–100% being
white. A lower rate of white colonies indicates a low efficiency
of the digestion/ligation reaction. Over 95% of the white
colonies are usually positive for the colony PCR screening.
Primers for the colony PCR are plCSL01005_For: GTCTCA
TGAGCGGATACATATTTGAATG and plCSL01005_Rev:
CGTTATCCCCTGATTCTGTGGATAAC (primers amplify
350 nt in addition of the effector coding sequence), and
pICH86988_For: GGACACGCTCGAGTATAAGAGCTC
and pICH86988_Rev: GGATCTGAGCTACACATGCT-
CAGG (primers amplify 190 nt in addition of the effector-
GFP coding sequence).

5. Electroporation time is usually between 5 and 6 ms. Smaller
time will decrease the electroporation efficiency.

6. Use the glycerol stock to start a fresh liquid culture or plate
when needed. If using a plate culture, it is recommended to
wash once the bacteria by resuspension–centrifugation in
Agroinfiltration buffer before proceeding to leaf infiltration,
in order to remove the excess of antibiotics.
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7. Perform this task during the light cycle to ensure maximal
opening of the stomata and optimal infiltration.

8. Achieve high humidity by placing a humid piece of paper roll at
the bottom of the plate.

9. When using large leaves, cut out petiole and main nerves before
snap-freezing.

10. All settings must be fine-tuned for each sample. As a general
recommendation, keep the gain and the laser power as low as
possible, the scanning frequency as fast as possible, and the
windows for fluorescence collection as narrow as possible.

11. Sign of stress includes autofluorescence and packing of chlor-
oplasts, irregular cell shapes, and bright artefactual light signal.
Avoid regions near the edge of the sample. Guard cells are not
transformed in agroinfiltration assays and should therefore
show no fluorescence.

12. We recommend performing z-stack imaging as often as possi-
ble as they allow to better appreciate the tridimensional context
of the sample.

13. Always keep the loaded volume as low as possible to avoid
migration artifacts and cross-contamination between wells.

14. Make sure to select the transfer mode according to the size of
the protein of interest. Disassemble the stack as soon as the
transfer finishes.

15. Adjust exposure time from 10 s to 1 h according to the inten-
sity of the signal.

16. Use the intensity of the band signal at 55 kDa to control the
equal loading and transfer of the proteins.

17. The more powder you use the longer it takes to thaw it.
Multiple steps of 30 s vortexing might be necessary. Keep the
tubes on ice 1 min between each vortexing.

18. Resuspend the beads to homogeneity by gently tapping the
tube before use.

19. If gel pieces still show some coloration, increase temperature to
55 �C.
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Chapter 9

Proteome Profiling by 2D–Liquid Chromatography
Method for Wheat–Rust Interaction

Semra Hasançebi

Abstract

Wheat–rust interactions are extremely complex biological processes which are accompanied with the
defense/attack responses to survive and overcome pathogen attack or plant defense. Understanding of
molecular mechanism of these interactions is a promising way to develop sustainable combat. Therefore,
many studies have been performed to reveal the active host and pathogen-derived genes and their products
during the infection or defense using different approaches for many decades. Particularly proteomics
technology and proteome profiling which is a large scale analysis of a protein mixture to reveal differently
expressed proteins under a certain conditions has become a very important tool for providing real insights
into the extremely complex interactions. Moreover, this type of research has the potential to explore target
proteins/genes such as effectors that can be used in disease management strategies. Hence, in this chapter
we describe the proteome profiling protocols by using 2D–LC system.

Key words Proteomics, Proteome profiling, Plant–pathogen interaction, Defense, 2D–LC, PF2D,
Leaf protein extraction, Wheat, Stripe rust

1 Introduction

One of the most important problems in our life has been feeding
the ever increasing world’s population. Agriculture and agricultural
production is the main source of our life. Therefore, agricultural
problems and yield losses can affect each person, and development
of fast, reliable, and sustainable solutions for them is of vital impor-
tance. Diseases caused by phytopathogens are one of the most
important factors that can bring about yield losses on agricultural
products. To develop effective combating strategies, we need to
understand the plant and pathogen communication and following
cellular events at the molecular level. Therefore, research on the
host–pathogen relationships has become one of the most interest-
ing and rapidly advancing fields in plant science. These interactions
include the most complex biological proccesses that require power-
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ful and fast transcriptional and posttranscriptional changes in
numerous genes belonging to both the plant and pathogen. This
complex process evolutionarily continues on both sides to over-
come defense and attack strategies of each other. In general, molec-
ular studies about the plant–pathogen interactions are more
focused on plant resistance than susceptibility, as it is thought
from the resistance perspective. However, disease and resistance
are a cluster of interaction responses, and pathogenic genes and
gene products are also important as much as the host-derived
counterparts.

Proteins are main actors of deep and extremely complex molec-
ular world that conduct all biological processes in living organisms.
Therefore, investigating the changes among proteome profiles
from one situation to another in an organism is more informative
because, unlike transcripts, these proteins participate directly in all
cellular events. As a natural consequence of this, proteomics tech-
nology has become a very important tool and is rapidly developing
for providing real insights into complex bioprocesses in cells and
helping us understand how changes in gene expression become a
cell response by completing the genomic and transcriptomic data.
Thus, molecular studies in plant science, particularly those of
plant–pathogen interactions, have recently moved to proteomics
area.

The success of proteomics approach is based on high-
resolution separation of complex protein mixtures and its repro-
ducibility [1]. Two-dimensional gel electrophoresis (2D–PAGE)
is routinely used in many laboratories for this purpose. Alterna-
tive separation methods such as 2D liquid chromatography
(2D–LC) systems have been developed because of the disadvan-
tages of 2D–PAGE that include application difficulties, low
reproducibility, and inability to separate hydrophobic proteins.
Here we describe protocols based on Proteome-Lab™ PF2D
that is one of the 2D–LC systems. The system separates the
protein mixtures in the first dimension according to their pI
using chromatofocusing column, followed by a fractionation
according to hydrophobicity, using reversed phase chromatogra-
phy in the second dimension [2]. Additionally, it has automation
for fractionation processes, which help separation of a protein
mixture into several hundred fractions, and thus a large number
of samples can be fractionated in a short time. Moreover, 2D–LC
allows the determination of a large set of proteins and novel
protein discovery [3].

In this chapter, detailed protocols for proteome profiling of
wheat leaves are presented.
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2 Materials

2.1 Total Protein

Extraction

1. PVPP: 0.1 g PVPP for 1 g tissue.

2. Mg/NP-40 extraction buffer (100 mL): 0.5 M Tris–HCl,
pH 8.3, 2% NP-40 (igepal), 20 mM MgCl2, 2% Beta-
mercaptoethanol, and 1 mM PMSF are weighed and dissolved
in 50 mL ultrapure water one by one, and the total volume is
filled up to 100 mL. The buffer solution is aliquoted into
separate 2.0 mL vials and stored at �20 �C.

3. 50% PEG4000 (100 mL): 50 g PEG4000 is dissolved in
80 mL ultrapure water. After PEG dissolves completely, its
total volume is filled up to 100 mL with ultrapure water, and
it is stored in room temperature.

4. Protease inhibitor cocktail (1 mL): Protease inhibitor is dis-
solved in 1 mL ultrapure water. The prepared protease inhibi-
tor is divided into 100 μL aliquots and stored at �20 �C. Right
before the extracted proteins are dissolved, they are added to
the solubilization buffer in proportion of 50 μL for 1 g tissue.

5. Solubilization Buffer (50 mL): 20 mL of 12.5% glycerol is
added to a 100-mL beaker. Add the following components in
order and keep stirring until it dissolves:

62.5 mM Tris–HCl, pH 7.8.

Slowly add 2.5 M Thiourea, stirring until dissolved.

Slowly add 7.5 M Urea, stirring until dissolved.

Slowly add 1.25 g of n-octylglucoside, FW 292.4, stirring until
dissolved.

6.25 mM TCEP [Tris-(2-Carboxyethyl) phosphine, hydrochlo
ride], stirring until dissolved.

Add 2.5% Octyl β-D-glucopranoside (OG), stir until dissolved.

Transfer entire solution to a 50-mL volumetric flask and add
12.5% glycerol to volume.

Aliquot the buffer solution into separate 2.0 mL vials and store
at �20 �C.

2.2 First Dimensional

Separation by PF2D

1. Start Buffer (SB) (1 L): 6 M urea, 25 mM Bis-Tris and 0.2%
Oktil-Beta-D-glucopyranoside are dissolved in ultrapure water
(pH 8.5, where pH is adjusted by ammonium hydroxide). It is
wrapped in aluminum foil and stored at 2–8 �C.

2. Eluent Buffer (EB) (1 L): 6 M Urea, 10–12.5% v/v Polybuf-
fer and 0.2% OG are dissolved in ultrapure water (pH 4.0,
where pH is adjusted by iminodiacetic acid).

3. High Ionic Strength Solution (HISS) (1 L): 1 M NaCl is
dissolved in 800 mL of ultrapure water. Its volume is filled up
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to 1 L with ultrapure water after complete dissolution. The
prepared buffer HISS (including SB and EB above) are sieved
through a cellulose acetate membrane filter with pore diameter
of 0.45 μm, and stored at 4 �C in a glass bottle wrapped in
aluminum foil. All buffers must be degassed for 5 min in
ultrasonic bath right before usage.

4. Water: suitable for HPLC.

5. HPCF (High Performance Chromatofocusing Fractionation)
column.

6. PD-10 SephadexTM G-25 gel filtration column.

2.3 Second

Dimensional

Separation by PF2D

1. Buffer A (0.1% Trifluoracetic acid (TFA) in water): 1 mL TFA
is added to 999 mL HPLC grade water and stirred intensively.
TFA is added right before usage.

2. Buffer B (0.08% TFA in acetonitrile): 800 μL TFA is added to
999.2 L HPLC grade acetonitrile and stirred thoroughly. TFA
must be added right before usage. All buffers are degassed for
5 min in ultrasonic bath.

3. HPRP (high performance reverse phase) column.

2.4 Trypsin Digestion 1. 50 mM NH4HCO3: 40 mg NH4HCO3 is dissolved in 7 mL
HPLC grade water and the volume is filled up to 10 mL.

2. 100 mM DDT: 15.5 mg Dithiothreitol is dissolved in 1 mL
50 mM NH4HCO3.

3. 200mM Iodoacetamide: 56 mg Iodoacetamide is dissolved in
1.5 mL 50 mM NH4HCO3.

4. Trypsin: Commercially supplied trypsin is 20 μg in each vial.
Prepare a solution by adding 1 mL 50 mM NH4HCO3 to vial.
Mix the vial briefly to ensure the trypsin is dissolved. The final
concentration of trypsin is 20 μg/mL.

5. ZipTip with 0.2 μL C18 resin.

3 Methods

3.1 Plant Material Minimum 5 g wheat leaves are harvested from Puccinia striiformis
inoculated and mock-inoculated (control) plants at different time
points and the leaves is stored in a � 80 �C freezer until protein
extraction (see Notes 1 and 2).

3.2 Total Protein

Extraction

1. 0.3 g PVPP in powder form is added onto 3 g leaf tissue from
infected and control plant samples stored in the�80 �C freezer.

2. Leaf tissues are ground in liquid nitrogen using mortar and
pestle or grinder until they take fine powder form.
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3. The powdered leaf tissues are transferred to 50 mL centrifuge
tubes, and 30 mLMg/NP-40 extraction buffer cooled in ice is
added on them. The mixture is stirred until it becomes homog-
enous and left in ice for 15 min.

4. The mixture is centrifuged at 12,000 � g and 4 �C for 15 min
and the supernatant is transferred to a new tube.

5. PEG4000 (50%) solution is added onto the supernatant for a
final concentration of 15% and left in ice for 30min. During the
waiting period, the mixture is vortexed every 10 min. In this
step, Rubisco proteins are removed from the total protein
extraction by precipitating.

6. At the end of the duration, it is centrifuged at 15,000 � g and
4 �C for 15 min. In this stage, Rubisco proteins are precipitated
and separated from the total protein extract. The supernatant is
taken into a new tube.

7. It is left at �20 �C for overnight by adding 4 volumes of
acetone on it. In this stage, removal of metabolites soluble in
acetone is achieved.

8. The next day, it is centrifuged at 12,000 � g and 4 �C for
20 min and the supernatant is disposed of.

9. The protein precipitate is washed. For this, 10 mL cold acetone
is added on the pellet, vortexed, and left at �20 �C for at least
30 min.

10. It is centrifuged at 5000 � g, 4 �C for 10 min and the fluid at
the top is removed.

11. The steps 9 and 10 are repeated 5–6 times until the pellet is
cleaned and the supernatant becomes colorless.

12. The fluid at the top is removed after the last wash and the
protein precipitate is left for drying under fume hood in room
temperature until the smell of acetone disappears (for about
30 min).

13. The pellet is dissolved by adding 3 mL Solubilization Buffer
and 150 μL protease inhibitor cocktail. To increase dissolution,
the mixture is sonicated five times at 7 W for 5 s each time.

14. It is centrifuged at 30,000 � g and 22 �C for 30 min.

15. Later, the dissolved protein mixture is transferred to ultracen-
trifuge tubes, centrifuged for 1 h at 100,000 � g and 20 �C,
and molecules with low molecular weight are separated from
the protein mixture by precipitation.

16. The protein mixture (supernatant) is taken into a clean LoBind
tube and 100 mL of it is separated for protein concentration
determination and one-dimensional SDS-PAGE analysis. The
remaining amount is divided into tubes to achieve a
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distribution of 500 μg/500 μL, and stored at �80 �C until
2D–LC separation.

17. The amount of protein is determined with the Bradford
method.

18. The qualitative analysis of extracted total protein samples are
achieved with the one-dimensional classical SDS-PAGE.

3.3 First Dimension

Separation of Total

Proteins by PF2D

System

The PF2D system is a 2D–LC system which consists of two mod-
ules that separate proteins based on their different characteristics.
The first dimension separation module carries a HPCF column
which separates proteins based on their isoelectric points (pI). In
order to separate proteins based on their pI, a pH gradient starting
from 8.5 and reaching 4.0 is established in the HPCF column. The
pH gradient is established using “Start Buffer” (SB, pH 8.5) and
“Eluent Buffer” (EB, pH 4.0). The proteins passing through the
column along the pH gradient via the mobile phase are sent out of
the column if their pI is higher than the pH in the column, stuck on
the column if the values are equal, and kept in the internal surface of
the column if pI is lower (Fig. 1). While the proteins leaving the
column are passing through the UV-1 detector, their absorbance
values at 280 nm are measured, and then proteins are fractionated
into the wells of a 2.2 mL 96-deep well plate. The preparation
stages and all operations for the device required for healthy opera-
tion of the PF2D system are achieved as follows.

3.3.1 Preparation of

Glass Materials

All glass materials to be used in the operation of the PF2D system
are subjected to a special washing process so that they do not
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Fig. 1 Separation of proteins in the first dimension column based on their pI
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contain any oil and protein contaminants. For this, all glass materi-
als are washed with detergent, rinsed, and dried after passing
through distilled water. In the next step, all materials are washed
in order with HPLC grade water, 2-propanol, dichloromethane,
and hexane. Then they are passed through dichloromethane and
2-propanol again, and finally dried after rinsing with HPLC grade
water.

3.3.2 PF2D System

Operation

It is crucial to establish a healthy and reproducible pH gradient in
first dimension separation of proteins. Therefore, Start (SB) and
Eluent (EB) buffers are prepared fresh right before separation of
each time point samples. The same SB and EB should be used for all
samples belongs to three biological replicates in one time point.
Total proteins are separated as the following:

1. Right before starting, the first dimension HPCF column,
50 mL SB and 50 mL EB, 500 mL HISS and 1000 mL
HPLC grade water are brought to room temperature.

2. PF2D operation program (32 KaratTM Software) is run by
turning on the computer and all modules connected to the
system.

3. All buffers are incubated in ultrasonic water bath for 5 min to
get rid of air bubbles. The buffers are put in their place on the
PF2D system (see Note 3).

4. The pH probe provided with the system is checked with stan-
dards of pH 4.0, 7.0 and 10.0. It is calibrated if needed.

5. The pH values of SB and EB are checked using the same probe.
pH should be 8.5 for SB and 4.0 for EB. pH adjustment is
made with NaOH and IAA if needed.

6. The same pH probe is mounted on its place on the PF2D
system, and measurements are made with the same probe
along the pH gradient.

7. Firstly, water is passed through the system for 10 min at a flow
rate of 0.2 mL/min, and it is ensured that all passages of the
system are clear.

8. First dimension HPCF column is put in its place.

9. Flush the HPCF column with 100% distilled water for 45 min
at 0.2 mL/min.

10. Then equilibrate column with 100% SB for 130 min at
0.2 mL/min.

3.3.3 Preparation of Total

Protein Samples

The samples to be loaded on the PF2D device should be purified
from salts and taken in to SB (see Note 4). For this:

1. The total protein extract (~4 mg) stored at �80 �C is brought
to room temperature.
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2. Volume of the samples is filled up to 2.5 mL with SB.

3. They are loaded onto the PD-10 column and passed through
the column completely.

4. 3.5 mL SB is added to the PD-10 column, the first couple of
drops are discarded, and the remaining amount is collected in a
clean tube.

5. The protein concentration in the collected sample is deter-
mined by micro BCA Protein Assay.

3.3.4 First Dimension

Separation

1. Before loading the sample, the fraction collector is cooled
down to 10 �C and the 96-deep-well plate is placed and made
ready.

2. About 3 mg of the protein sample prepared in the above
Subheading 3.3.3 is loaded onto the system with Hamilton
injector through the injection segment of the PF2D system, so
the maximum volume will be 3 mL. Attention should be paid
to avoid providing the system with air bubbles during the
sample loading process.

3. The program where the first dimension separation steps are
located in the system is selected and the process is given start
command.

4. In the first 40 min, only SB is passed through the column and
the pH value is kept at 8.5. In this period, proteins with pI
greater than 8.5 are separated and fractioned based on time
(90 s intervals).

5. Later, EB flow is slowly started and the pH inside the column
starts to drop. The proteins leaving the column are fractioned
by 96-deep-well plate for each 0.3 pH interval.

6. Along the gradient, proteins with pI values greater than the in-
column pH are taken out of the column (Fig. 1).

7. Proteins leaving the column pass through UV-1 detector
before being collected on the 96-deep-well plate. This detector
measures the absorbance values of proteins at 280 nm and the
first dimension chromatogram is established.

8. When the SB flow end, 100% of the flow from the column is EB
and the in-column pH drops to 4.0. During this 20-min pro-
cess, separation and fractionation of acidic proteins are
achieved based on time (90 s intervals).

9. After the completion of the pH gradient, the column is washed
with HISS solution. This way, proteins stuck on the column are
separated from the column and the column is cleaned.

10. In the last stage, the column is cleaned completely by passing
water through it for 45 min and removed from the system.
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11. Fractions should be stored at �20 �C if the second dimension
analysis will be delayed for more than 8–10 h. Store all fractions
long term at �20 �C or preferably at �80 �C.

3.4 Second

Dimension Separation

of Proteins

The second dimension module of the PF2D system includes a
“High Performance Reverse Phase” (HPRP) column, where a
hydrophobicity gradient is established and proteins are separated
according to their hydrophobic properties. While the hydrophobi-
city gradient is obtained by water and acetonitrile flow through the
column in changing proportions, TFA (trifluoracetic acid) is used
as ion-suppressor. The solutions used in this stage are given in
Subheading 2.3. The steps of second dimension separation are as
follows:

1. Buffer A and Buffer B are prepared fresh. They are rid of air
bubbles by degassing in ultrasonic bath for 5 min.

2. Buffer A and Buffer B are put into their places on the device,
and the lines that will provide flow to the system are placed
inside the buffers.

3. 100% Buffer A is passed through the system at a flow rate of
0.75 mL/0.5 min, and it is ensured that all lines are open, fluid
flow is achieved comfortably, and the waste line is open and
operational.

4. The second dimension column (HPRP) is mounted onto the
system and the heater set to 50 �C is placed inside the block.

5. 100% Buffer A is passed through the column for 10 min at a
flow rate of 0.75 mL/0.5 min.

6. The UV-2 detector is calibrated to 214 nm wavelength.

7. For balancing the HPRP column, Buffer B is passed through
for 5 min, followed by 5 min of Buffer A flow.

8. Among the protein mixtures separated in the first dimension
and fractioned in the 96-deep-well plate, 200 μL of each frac-
tion is automatically transferred to the HPRP module for sec-
ond dimension separation.

9. The protein mixture in each fraction is separated in the HPRP
column based on their hydrophobicity properties.

10. For this, while separation of hydrophilic proteins is achieved by
100% Buffer A flow at a rate of 0.75 mL/0.5 min through the
column at first, then a gradient flow toward 100% acetonitrile is
achieved in the column by increasing proportion of Buffer B
flow. Thus, an environment changing from polar to nonpolar is
established in the column and starting with the proteins with
the lowest hydrophobicity, separation is achieved in proteins
with increasing hydrophobicity along the gradient (Fig. 2).

Proteome Profiling Tool for Wheat-Rust Interaction 107



11. The proteins leaving the column, based on time (0.75 mL/
0.5 min) are fractioned into 96-well microplates in the second
dimension collector. Finally, the separation of the proteins with
the highest hydrophobicity is achieved by 100% acetonitrile
flow and the second dimension separation is completed.

12. The UV-2 detector in this module achieves more sensitive
protein detection by measuring the absorbance of peptide
bonds of proteins at 214 nm wavelength.

13. Each of the obtained UV peaks represents a single protein and
“UV-2 chromatogram” is established for each fraction from
these peaks.

14. Steps 7–13 are repeated for each fraction separated in the first
dimension and transferred to the second dimension.

3.5 Selection

of Differentially

Expressed Proteins

After the completion of two-dimensional separation, the obtained
data (pH intervals, UV1 and UV-2 chromatograms) are processed
by the ProteoVue software developed specially for the PF2D system
and these data is converted to virtual gel maps. For this, steps for
usage of the software are followed. Thus, for a single sample, pH
interval values of fractions collected in the first dimension separa-
tion and UV-2 chromatograms of these fractions obtained during
the second dimension separation are matched one to one. This way,
protein profiles of all fractions belonging to a single sample are
organized in virtual gel maps and obtained in the form of two-
dimensional gel image (Fig. 3). This step should be completed first,
in order to comparison of control and infected samples peak to
peak.

DeltaVue software, again, developed for the PF2D system is
used in comparing the protein profiles of control and infected
samples. For this, virtual gel maps prepared with ProteoVue
belonging to two samples to be compared are opened on the

100 % acetonitrile Hydrophobicity gradient 100 % water 
Flow

HPRF column

hydrophobic proteins Hydrophilic proteins

Fig. 2 Separation of proteins in the second dimension column based on their hydrophobicity
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DeltaVue software so that one sample profile would be placed on
the right, and the other would be on the left side. Both chromato-
grams and virtual gel images are followed together in the own map
of each sample. In the center, two profiles are analyzed by over-
lapping. For a more detailed comparison, protein bands of each
couple of samples in the same pH interval are compared on raw
chromatogram profiles peak to peak. Each protein peak in the UV-
2 chromatograms are matched one to one and numbered. Peak area
calculations are made for all numbered peaks, and expression
amounts are determined. Detailed information such as pH interval,
amount, ratio by the matched protein is obtained for the selected
and numbered peaks. Consequently, all fractions of the two com-
pared samples and all single proteins in all fractions are compara-
tively analyzed one by one. Hence, protein peaks with different
expression levels are easily observed (Fig. 4). UV-2 chromatograms
between two samples can be matched and analyzed on Offline
mode of the PF2D operation program [4] (Fig. 5). Later, proteins
with expression difference ratios �2 are selected and statistically
confirmed before mass spectrometry (MS) annalysis. Almost
700–900 protein peaks can be observed and compared for each
sample in this system.

Fig. 3 Two-dimensional virtual gel map
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3.6 Tryptic Digestion The proteins with observed expression differences selected for MS/
MS analysis are taken into 1.5 mL LoBind tubes and the following
steps are carried out.

1. The samples are dried in a vacuum concentrator.

2. Ten microliters of 50 mM NH4HCO3 is added onto the dried
protein samples, and dissolved by mixing in thermoshaker at
25 �C.

Fig. 5 Comparison of UV-2 chromatograms between Pst- and mock-inoculated samples (each peak repre-
sents a protein in the profiles of one fraction, and stars represent differentially expressed proteins)

Fig. 4 Comparative peak-to-peak analysis is quantitative and qualitatively carried out by DeltaVue program
(numbered peaks are differentially expressed proteins)
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3. In order to weaken the disulfide bonds of the protein, 5.5 μL
DTT (100 mM) is added and incubated at 60 �C for 15 min.

4. Then, in order to modify the weakened cysteine side chains,
6.1 μL iodoacetamide (200 mM) is added and incubated for
30 min at room temperature in dark.

5. Trypsin is then added to the samples (enzyme–protein ratio
would be 1:50) and incubated overnight at 37 �C.

6. The digested tryptic peptides are concentrated by using ZipTip
(Millipore, ZTC18M096) which have MicroC18 column at
the tip, and cleaned of salts and reaction compounds.

7. For this, samples are centrifuged at low speeds for 10–15 sc.

8. The C18 column at the ZipTip pipette tip is cleaned by pipet-
ting up and down in 70% acetonitrile containing 0.1% (v/v)
TFA three times, and then five times in HPLC grade water
containing 0.1% (v/v) TFA, and is made ready to bind the
peptides.

9. Peptides are bond to the column by slowly pipetting in the
sample for 30 times.

10. Then it is moved up and down three times in HPLC grade
water containing 0.1% TFA, removing the salts.

11. Finally, the elution of peptides is achieved by pipetting 30 times
in 70% (v/v) acetonitrile containing 0.1% (v/v) TFA in a
separate tube.

12. Eluted peptides are dried in a vacuum concentrator and dis-
solved in 5 μL HPLC grade water containing 0.1% (v/v) for-
mic acid.

13. 0.5 μL internal calibrant (50 fmol ADH1_YEAST-Waters Mas-
sPrep Enolase Digestion Standard) is added onto the obtained
tryptic mixture, vortexed for 3–5 s, and transferred to the MS/
MS device using special vials so that no air bubbles remained.

14. They are sent to mass spectrometry analysis.

3.7 Bioinformatic

Analysis

Protein identification with mass spectrometry is based on partial
sequence analysis, that is, it does not require knowledge of the
entire amino acid series of the protein. However, the higher the
number of definitions of peptides of a protein is, the wider its scope
of sequence, which increases the reliability of identifying a protein.
This method significantly widened data processing volume by
achieving identification of thousands of proteins simultaneously.
Nevertheless, the fact that large amounts of data have been gath-
ered with mass spectrometry does not mean that the data will have
meaningful correspondence, because protein identification with
mass spectrometry involves at least three different stages indepen-
dent from each other.
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In the first two stages of experimental processes, proteins are
broken by enzyme and from the end products: MS and/orMS/MS
spectra are obtained, where signal magnitude in on the vertical axis
and mass/load ratio is on the horizontal axis. Scanning these
spectra in databases via different matching software is the subject
of bioinformatics, which is concerned with computer systems.

Actually, precision is not present in protein identification with
mass spectrometry, because all software that does database scanning
provides the results with a certain probability value. The ones in the
confidence interval among these statistical calculations are assumed
to have made correct matching. While scanning peptide fraction-
ation spectra in appropriate databased via scanning engines has
become a standard practice today, databases unfortunately have
not yet been established for all living species. Thus, researchers
conducting the study should select a database suitable for mass/
load data they obtained about tryptic peptides, amino acid series
information and their own research material. In the study on
wheat–stripe rust interaction, Uniprot wheat and Broad Institute
Puccinia databases are used. IdentityE is calibrated by assuming
trypsin as the breakdown enzyme so that fragment ion mass toler-
ance is 0.028 Da; parent ion tolerance is 0.011 Da. Apex3D data
preparation parameters are set as 0.2 min chromatographic peak
width, 10.000 MS TOF resolution, 150 counts of low energy
threshold, 50 counts of high energy threshold and density thresh-
old of 1200 counts. The search query for the database is set as at
least three fragment ions for each peptide, at least seven fragment
ions for each protein, at least one peptide match for each protein
and one missed section. Carbamidomethyl-cysteine modification,
acetyl N-TERM, asparagine and glutamine deamidation, and
methionine oxidation are defined as variable modifications.

4 Notes

1. In general, three biological replicates must be made while
preparing plant material.

2. Time point selection following inoculation is a very important
point. Particularly first 12 h should be important because most
of resistance responses occur at an early stage following plant–-
pathogen interaction.

3. Air bubble is one of the most serious problems, therefore,
degassing of buffers must not be neglected.

4. Loading onto the PF2D is performed by application of direc-
tions by the manufacturer. As differences in expression are
directly related of protein amount, it is crucial that equal
amounts of protein must be loaded for samples to be
compared.

112 Semra Hasançebi
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Chapter 10

Investigating Gene Function in Cereal Rust Fungi
by Plant-Mediated Virus-Induced Gene Silencing

Vinay Panwar and Guus Bakkeren

Abstract

Cereal rust fungi are destructive pathogens, threatening grain production worldwide. Targeted breeding
for resistance utilizing host resistance genes has been effective. However, breakdown of resistance occurs
frequently and continued efforts are needed to understand how these fungi overcome resistance and to
expand the range of available resistance genes. Whole genome sequencing, transcriptomic and proteomic
studies followed by genome-wide computational and comparative analyses have identified large repertoire
of genes in rust fungi among which are candidates predicted to code for pathogenicity and virulence factors.
Some of these genes represent defence triggering avirulence effectors. However, functions of most genes
still needs to be assessed to understand the biology of these obligate biotrophic pathogens. Since genetic
manipulations such as gene deletion and genetic transformation are not yet feasible in rust fungi,
performing functional gene studies is challenging. Recently, Host-induced gene silencing (HIGS) has
emerged as a useful tool to characterize gene function in rust fungi while infecting and growing in host
plants. We utilized Barley stripe mosaic virus-mediated virus induced gene silencing (BSMV-VIGS) to
induce HIGS of candidate rust fungal genes in the wheat host to determine their role in plant–fungal
interactions. Here, we describe the methods for using BSMV-VIGS in wheat for functional genomics study
in cereal rust fungi.

Key words Virus-induced gene silencing, VIGS, Host-induced gene silencing, HIGS, Functional
genomics, Wheat rust fungi, Barley stripe mosaic virus, Puccinia gene silencing

1 Introduction

Wheat production is severely affected by rust fungi, belonging to
the genus Puccinia, despite continued efforts in understanding rust
fungus epidemiology, in breeding for resistance, and chemical con-
trol [1]. Recent advances in structural genomics of Puccinia species
have shed some light on various aspects of their complex lifestyle
with their cereal hosts. Genome sequence data for the three Pucci-
nia species that attack wheat, namely leaf or brown rust (P. triti-
cina), stem or black rust (P. graminis) and stripe or yellow rust (P.
striiformis), are now available [2–4]. The generation of these geno-
mic resources, and their computational and comparative analyses
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have laid the groundwork allowing the prediction of a wide array of
genes [2, 5–9]. However, the strict obligate biotrophic nature of
rust fungi and their recalcitrance to genetic transformation pre-
cludes the application of most commonly available genetic methods
to study the biological function of these genes. Recently, an RNA
interference (RNAi)-based concept called host-induced gene
silencing (HIGS) has emerged as an effective tool to characterize
gene function in biotrophic fungi [10–13]. The concept behind
this method is the downregulation of the target gene transcript in
the colonizing fungus by the uptake of siRNAs/dsRNA produced
by the host plant expressing hairpin RNA (hpRNA) specific to the
targeted fungal gene sequence [10]. The silencing of genes that are
vital for the pathogen can ultimately have a major effect on pheno-
typic outcomes, such as altered growth morphology or disease
suppression. We have demonstrated that HIGS induced by Barley
stripe mosaic virus-mediated virus-induced gene silencing (BSMV-
VIGS) is a robust approach for high-throughput functional geno-
mics analysis of candidate genes in rust fungi [11].

The VIGS system is a powerful forward and reverse genetics
tool for creating transient gene knockdown phenotypes from which
gene function can be inferred and is particularly useful for species
which are difficult to transform genetically [14, 15]. The mecha-
nism of VIGS is based on the fact that plants defend themselves
against invading viruses which act as a trigger to induce RNA-
mediated gene silencing [16]. By inserting a fragment of a gene
of interest into the viral RNA genome, transcripts of this gene
fragment are also targeted for degradation during the defence
response of plant, resulting in the downregulation of the
corresponding gene by sequence-specific posttranscriptional gene
silencing [17]. This leads to a reduction or in some cases the
complete abolition of target gene function, which in turn can result
in phenotypic changes. Compared with other reverse genetics
approaches for associating genes with traits, VIGS provides a
quick functional assessment or validation of candidate genes.
VIGS is well established for studying plant–pathogen interactions
in dicotyledonous plants, but the development of new viral vectors
based on BSMV has expanded its utility to monocotyledonous
plants such as wheat [18, 19]. BSMV is a single-stranded RNA
virus of the genus Hordeivirus that infects many monocot species
important to agriculture [20]. It has a tripartite positive sense
genome, consisting of three RNAs termed α, β, and γ which are
required for infection [21]. The BSMV-VIGS system has been
successfully implemented for functional characterization of genes
required for disease resistance in wheat and barley [18, 19, 22, 23].
Recently, we utilized BSMV as a vector to induce RNAi in wheat
leaves for silencing wheat leaf rust fungus P. triticina genes
involved in pathogenesis [11]. In this chapter we provide the
protocol for performing HIGS in rust fungi using BSMV-VIGS.
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2 Materials

2.1 Construction of

Recombinant BSMV

γRNA Vector

1. BSMV γ vector DNA.

2. Restriction enzymes: PacI, NotI.

3. Escherichia coli (E. coli) DH5α transformation competent cells.

4. Ampicillin.

5. Agarose.

6. Plasmid DNA extraction kit.

7. Luria-Bertani (LB) media (liquid and agar plates): To prepare
1 l LB: Add 10 g bacto tryptone, 5 g yeast extract, and 10 g
NaCl to 800ml of distilled H2O. Dissolve and adjust pH to 7.0
with NaOH. Adjust volume to 1 l and sterilize by autoclaving.
This can be stored at room temperature. For solid media, add
15 g of Bacto agar per liter and autoclave.

8. 1 kb DNA ladder.

9. 10� Tris–borate–EDTA (TBE) gel electrophoresis buffer: To
prepare 1 l 10� TBE: Dissolve 121.1 g Tris base, 61.8 g boric
acid, and 7.2 g EDTA in 800 ml of RNAse-free H2O. Make up
to 1 l and autoclave. This can be stored for 6 months at room
temperature. Dilute with sterile distilled H2O (dH2O) to make
1� working solution.

10. Gel DNA extraction Kit.

11. TE buffer (10 mM Tris–HCl, 1 mM EDTA).

12. T4 DNA Ligase.

2.2 Preparation

of BSMV In Vitro

Transcription

Reactions

1. BSMV α, β, and γ plasmids.

2. Restriction enzymes: MluI, SpeI, and BssHII.

3. mMESSAGE mMACHINE® High Yield Capped RNA Tran-
scription Kit.

4. RNase inhibitor.

2.3 Plant Inoculation

with Viral Transcripts

1. Seeds of wheat (Triticum aestivum).

2. Square Dura Pots (3.500) and germination trays.

3. Standard germination soil (substrate no. 1) and potting soil
(no. 3) for plant growth.

4. 10� Glycine Phosphate (GP) buffer: Dissolve 18.77 g Glycine
and 23.13 g of K2HPO4 (dipotassium phosphate) in 500 ml
dH2O and autoclave.

5. FES inoculation buffer. To prepare 250 ml FES: Dissolve 2.5 g
sodium pyrophosphate, 2.5 g Bentonite , 2.5 g Celite in 50 ml
of 10� GP buffer. Bring volume to 250 ml with ddH2O and
autoclave.

6. BSMV α, β, and γ in vitro RNA transcripts.
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3 Methods

3.1 Preparation

of BSMV Plasmids

and Construction

of Recombinant γ
RNA Vector

1. Streak E. coli glycerol stocks carrying BSMV plasmids α, β, and
γ on LB agar plates supplemented with ampicillin (100 mg/l)
and culture overnight at 37 �C.

2. Isolate a single colony from each α, β, and γ plasmid plate and
inoculate a 20 ml overnight LB culture containing Ampicillin
(100 mg/l) at 37 �C with constant shaking (200–250 rpm).

3. Carry out plasmid extraction using a plasmid miniprep kit as
per product instructions (seeNote 1). Check the quality of each
plasmid by running 1 μl of the eluted product on a 1% w/v
agarose–TAE gel. Determine the concentration of each plas-
mid using a spectrophotometer (e.g., NanoDrop).

4. Select a candidate fungal gene (see Note 2) and PCR-amplify a
segment of the gene-of-interest (GOI) using gene-specific for-
ward and reverse primers harboring an NotI and a PacI restric-
tion site, respectively (see Note 3).

5. Digest 5 μg of PCR-amplified product of the GOI with NotI
enzyme. After digestion, run a sample on a 1.5% (w/v) agar-
ose–TAE gel (see Note 4) along with a DNA ladder of appro-
priate size markers to confirm the expected size. Excise the
desired DNA fragment from the gel and purify the DNA
using the gel DNA extraction kit (see Note 5); elute the NotI
digested PCR segment using TE buffer. Measure the concen-
tration using a spectrophotometer and check the integrity and
purity of the eluted fragment by running (1–2 μl) on a 1%
agarose–TAE gel. Now, digest this fragment (1–5 μg) with
the second (PacI) enzyme. Perform gel electrophoresis to ana-
lyze the result of this restriction digest reaction. Elute the DNA
from the desired, excised gel band using the gel DNA extrac-
tion kit. Measure the concentration of the eluted DNA using a
spectrophotometer and check the integrity by running (1–2 μl)
on 1% agarose–TAE gel.

6. Similarly, treat the BSMV γ vector with PacI and NotI restric-
tion enzyme to create compatible ends at the multiple cloning
sites for cloning of the PacI- and NotI-digested fragment of the
GOI.

7. Set up the ligation reaction using a molar vector to insert ratio
of 1:3 (see Note 6). Ligate the restriction enzyme digested
BSMV γ vector and segment of the GOI with 1 μl T4 DNA
ligase and 2 μl 10� T4 DNA Ligase buffer overnight at 16 �C
in a total volume of 20 μl.
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8. Transform the ligated mixture into transformation competent
E. coli DH5α as per the manufacturer instructions. Incubate at
37 �C for 1 h by shaking at 200 rpm. Spread the transformation
mixture (10–100 μl) onto a LB agar plate supplemented with
ampicillin (100 mg/l), and incubate at 37 �C overnight.

9. Next day, pick 10–15 colonies (seeNote 7) and start 5 ml LB +
ampicillin (100 mg/l) cultures for 16 h at 37 �C. Use 4 ml of
bacterial culture to extract plasmid DNA and store the remain-
ing at 4 �C under sterile conditions.

10. Set up a diagnostic restriction enzyme digest with Not1 and
PacI to determine which plasmid contains the desired fragment
of the GOI in the correct orientation (see Note 8). After
identifying the correct construct, make a master plate using
the remaining stored culture and carry out a large-scale prepa-
ration of plasmid DNA (see Note 9). Freeze your clone by
adding 15% glycerol and storing at �80 �C.

3.2 Germinate Wheat

Seeds

Germinate wheat seeds in 3.500 Square Dura pots containing stan-
dard germination soil at 25 �C with 16 h light and 8 h dark period
with 74 μmol/m2s light intensity and 55–65% relative humidity.
Label each pot with transcripts to be inoculated.

3.3 Preparation of In

Vitro Transcripts

1. The α, β, and γ plasmid vectors are linearized by restriction
enzyme digestion with MluI, SpeI, and BssHII, respectively,
and used as templates for in vitro transcription using the
mMessage and mMachine transcription kits, following the
manufacturer instructions.

2. Run 1 μl of each of the digested plasmids on a 1% agarose–TAE
gel to confirm that linearization is complete (see Note 10;
Fig. 1). Having confirmed complete digestion, inactivate the
reaction by heating at 65 �C for 20–30 min (see Note 11).

3. Treat each linearized plasmid reaction with RNAse inhibitor to
prepare for in vitro transcription. Use 40 units RNAse inhibitor
per 20 μl linearized plasmid reaction.

4. Set up the in vitro transcription reaction using the mMES-
SAGE mMACHINE® High Yield Capped RNA Transcription
Kit following the manufacturer protocol and incubate at
37 �C for 2 h (see Note 12). Determine completion of tran-
scription by running 1 μl of each reaction with 9 μl of RNase
free H2O and 10 μl of loading dye provided in the mMessage
and mMachine transcription kit (see Note 13). A successful
in vitro transcription reaction should yield intact bands and
any smearing indicates degradation of the RNA transcripts (see
Note 14).

BSMV-VIGS for Functional Genomics in Cereal Rust Fungi 119



3.4 Plant Inoculation

with Viral Transcripts

1. For BSMV inoculation, combine the three transcripts (α, β, and
γ) in equimolar ratio (1:1:1) using 1 μl of each in vitro-
transcribed RNA in 22.5 μl of inoculation buffer (FES).

2. Apply the freshly prepared inoculum (transcript mix in FES
buffer) on the first leaf of 10 day-old wheat seedlings using a
pipette. Gently hold the base of the leaf with one hand and,
while firmly holding it between the thumb and index finger of
your other hand, rub the surface of the leaf with the inoculation
mixture from the base to the tip in a single motion. Repeat the
process one or two times as required (see Note 15).

3. Keep inoculated plants in the growth chamber at 25 �C with
16 h light–8 h dark cycle.

3.5 Symptom

Observations and

Fungal Inoculations

1. In wheat, BSMV symptoms can be seen as yellow mottling or
small streaks on the leaves at 7–8 days post inoculation (dpi)
(see Note 16; Fig. 2).

2. Once BSMV symptoms are observed, plants are challenged
with rust urediniospores at 10 dpi and observed for disease or
growth phenotype (see Note 17). Rust inoculations should be
done away from the control plants. Thoroughly spray uredi-
niospores suspended in Soltrol 170 on to the leaf surface using
an airbrush.

Fig. 1 Gel image of in vitro-synthesized RNA transcripts from linearized BSMV
plasmid templates. Lane 1, 1 kb DNA ladder: Lanes 2–6, BSMVα in vitro-
transcribed (IVT) RNAs; Lanes 9–10, BSMV β IVT RNAs; Lanes 11–14, BSMVγ
IVT RNAs. 1 μl of IVT full-length RNA product loaded in each lane. Plasmids α, β,
and γ linearized with restriction enzymes MluI, SpeI, and BssHII, respectively.
Transcription reaction run on 1% agarose–TAE gel
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3. Incubate plants in a dew chamber with near 100% relative
humidity overnight. Next day, remove plants from the dew
chamber and return to the growth chamber. For wheat leaf
rust (P. triticina), inoculated plants will display discolored
infected spots strating from 4 to 5 days post urediniospore
inoculation, depending on the pathogen isolate used. For
molecular analyses, rust fungus-challenged wheat tissues can
be harvested at different time points as desired by experiments.

4 Notes

1. Avoid using RNase A during BSMV plasmid preparation as it
may interfere with in vitro transcription. Any residual RNase
will degrade the in vitro-transcribed RNAs produced from
these plasmids.

2. HIGS relies on careful selection of fungal gene sequence as to
avoid off-target RNAi effects. Different gene fragments can
show variability in VIGS experiments. Fragments of
300–1500 bp are maintained in the γ-genome and have been

Fig. 2 Wheat plant inoculated with BSMV vector alone and derivative of
recombinant γ vector carrying P. triticina PtMAPK1 gene segment. Wheat
plants inoculated with empty vectors showing typical BSMV symptoms of
white mottling, spotting, and streaking in leaves (upper panel). Plants
inoculated with BSMV vectors harboring P. triticina gene show disease
suppression (middle panel) whereas FES treated (mock) controls are heavily
infected with fungus (lower panel). Photographs were taken 10 days after fungal
inoculation
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used successfully to induce VIGS. Silencing efficiency is
reduced by shorter fragments, whereas longer inserted frag-
ments run a strong risk of being lost from the recombinant
virus.

3. It is recommended to use cDNA as template for the PCR
amplification of the candidate fungal gene as it has no noncod-
ing sequences. Alternatively, the fragment with the flanking
restriction enzyme sites is synthesized.

4. Ethidium bromide used to stain nucleic acids in agarose gel is a
carcinogen and should be handled carefully. Always wear dis-
posable gloves when working with ethidium bromide. Any-
thing coming in contact with it must be handled as a
hazardous waste and disposed of accordingly.

5. PCR-amplified product can also be purified using any standard
PCR Clean-UP System following the manufacturer
instructions.

6. It is generally recommended to use 100 ng of total DNA in a
standard ligation reaction. When setting up the ligation reac-
tion, make sure to include a positive control (vector without
insert) and a negative control (vector DNA without T4 DNA
ligase) in parallel. This will provide information on how much
background level of uncut or self-ligating recipient plasmid
backbone is present. The plate with the ligated mixture should
contain more colonies as compared with the control plates.

7. Pick colonies depending on the number of background colo-
nies on the control plate. The higher the background, the more
colonies need to be checked.

8. It is highly recommended that the selected positive clones are
sequenced to confirm the presence of the correct insert.

9. All reagents and materials used should be nuclease-free to avoid
degradation of RNAs during in vitro-transcript preparation.

10. Partial linearization will result in production of less viral RNA
by T7 RNA polymerase. It is therefore important that com-
plete restriction digestion is obtained for optimum results.

11. Alternatively, restriction enzyme digestion can be followed by
DNA purification since any contamination in the digestion
reaction may inhibit subsequent transcription. If using phe-
nol–chloroform extraction, add one volume of phenol–chlor-
oform–isoamyl alcohol (25:24:1) to the digested sample and
vortex thoroughly by hand for 30 s. Centrifuge at room tem-
perature for 5 min at 16,000 � g and carefully transfer the
upper aqueous phase to a new tube. Precipitate the linearized
plasmid by adding one tenth of a volume of ammonium acetate
(5 M concentration) and two volumes of absolute ethanol and
storing at �80 �C for 1 h. Collect the pellet by centrifuging at
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16,000 � g for 15 min at 4 �C. Remove the supernatant and
wash the DNA pellet with 70% ethanol, air-dry, and resuspend
in TE to achieve a concentration of approximately 1 μg/μl.

12. Amplification of the transcribed RNA may require removal of
any DNA by addition of 1 μl of DNase (supplied in the kit) and
further incubation at 37 �C for 15 min.

13. The in vitro-transcribed product can be checked by running on
standard 1% agarose–TAE gel. However, as you are dealing
with RNA, make sure that the gel running buffer and electro-
phoresis unit is free of RNase contamination. Use gloves and
filter-pipette tips when working with RNA.

14. Any smearing of the bands indicates degradation of the RNA
transcripts. RNAs can be stored short term at �20 �C and for
longer at �80 �C.

15. Do not damage the leaf by squeezing it too hard or applying
too much force. Label each plant after inoculation to separate it
from non-inoculated plants. When using two or more different
constructs, make sure to change gloves after each application to
prevent cross-contamination.

16. For BSMV-based VIGS in wheat, the apparent virus phenotype
can usually be observed 10 days post-infection The timing of
onset and region of initial silencing can vary between different
genetic backgrounds. Since VIGS induces viral symptoms, an
empty virus vector-infected plant has to be included as a nega-
tive control in each experiment.

17. If the target fungal gene is essential for the fungus, then HIGS
will result in altered fungal growth in the host plant and/or a
changed disease phenotype (see Fig. 2). The silencing pheno-
type obtained in experiments might indicate a possible func-
tion of the target gene. However, repeats to obtain
reproducible phenotypes are often desirable. Silencing effi-
ciency can differ from plant to plant even if all conditions are
adjusted and standardized.
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Chapter 11

Apoplastic Sugar Extraction and Quantification from Wheat
Leaves Infected with Biotrophic Fungi

Veronica Roman-Reyna and John P. Rathjen

Abstract

Biotrophic fungi such as rusts modify the nutrient status of their hosts by extracting sugars. Hemibiotrophic
and biotrophic fungi obtain nutrients from the cytoplasm of host cells and/or the apoplastic spaces. Uptake
of nutrients from the cytoplasm is via intracellular hyphae or more complex structures such as haustoria.
Apoplastic nutrients are taken up by intercellular hyphae. Overall the infection creates a sink causing
remobilization of nutrients from local and distal tissues. The main mobile sugar in plants is sucrose which
is absorbed via plant or fungal transporters once unloaded into the cytoplasm or the apoplast. Infection by
fungal pathogens alters the apoplastic sugar contents and stimulates the influx of nutrients towards the site
of infection as the host tissue transitions to sink. Quantification of solutes in the apoplast can help to
understand the allocation of nutrients during infection. However, separation of apoplastic fluids from
whole tissue is not straightforward and leakage from damaged cells can alter the results of the extraction.
Here, we describe how variation in cytoplasmic contamination and infiltrated leaf volumes must be
controlled when extracting apoplastic fluids from healthy and rust-infected wheat leaves. We show the
importance of correcting the data for these parameters to measure sugar concentrations accurately.

Key words Rust fungi, Puccinia striiformis f. sp. tritici, Apoplastic fluids, Hexoses, Cytoplasmic
contamination

1 Introduction

The obligate biotrophic fungus Puccinia striiformis f. sp. tritici
(Pst) is present on all continents where wheat is grown and causes
widespread and severe stripe rust epidemics [1]. The fungus invades
the wheat leaf to obtain energy from the living plant. The major
sites of nutrient uptake are mesophyll cells and the leaf apoplast
[2, 3]. The apoplast along with the conductive tissues is one of two
major dissemination routes for water and nutrients. Changes in
apoplastic nutrient concentrations, among other parameters, deter-
mine whether tissue behaves as source exporting nutrients to distal
tissues, or as sink that imports nutrients. For example, high
apoplastic hexoses to sucrose ratios trigger nutrient import,
whereas low ratios or high levels of sucrose stimulate export to
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other tissues [4]. Consequently, changes in apoplastic nutrients
provide information about their allocation dynamics during
infection.

Apoplastic nutrients are commonly extracted by first infiltrating
leaves with water or a buffered solution, before centrifuging the
excised leaves to recover the apoplastic fluids. There are several
variables that affect measurement of apoplastic sugars that must
be carefully accounted for during experimentation. These include
the temperature at which leaves are treated, the osmolarity of the
infiltration solution, and careful leaf handling and solution infiltra-
tion procedures [5]. These variables can cause leakage from cells
due to changes in osmolarity or wounding and by induction of
plant responses to abiotic stress. Beside these technical aspects, the
leaf cell wall thickness, the number of stomata and the extent of the
fungal infection affect the infiltrated volume and as a consequence
the final concentration of apoplastic solutes. Here, we present an
improved extraction method for apoplastic solutes and show how
quantified sugar values should be corrected for accurate interpreta-
tion of the data.

2 Materials

2.1 Extraction of

Apoplastic Sugars

1. Infected leaves (see Note 1).

2. 70% ethanol (v/v).

3. Vacuum desiccator and Vacuubrand diaphragm vacuum pump.

4. Infiltration solution: 0.2 M sorbitol in sterile pure water (see
Note 2).

5. Refrigerated centrifuge containing a swinging bucket rotor for
50 mL Falcon tubes.

6. 10 mL disposable syringes.

7. Sterile disposable 50 mL Falcon tubes and 1.5 mL polypropyl-
ene Eppendorf tubes.

2.2 Estimation of

Cytoplasmic

Contamination

1. Malate dehydrogenase buffer solution (MBS): 100 mM
Tris–HCl, pH 7.5, 0.1 mM β-nicotinamide adenine dinucleo-
tide, reduced disodium salt hydrate.

2. Malate dehydrogenase substrate: 0.17 mM oxaloacetic acid
dissolved in sterile water. Can be stored at �20 �C.

3. 96-well plastic plates, clear, flat-bottom wells.

4. Plate reader for measuring absorbance at 340 nm.

2.3 Quantification of

Hexoses and Sucrose

1. Digestion of sugars: D-hexose-6-phosphotransferase, glucose-
6-phosphate dehydrogenase, phosphoglucose isomerase, β-D-
fructofuranosidase.
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2. Assay buffer: 100 mM HEPES, pH 7.5, 5 mM MgCl2, 1 mM
DTT, 0.02% (w/v) BSA, 8 mM NAD+, 4 mM ATP. These
components are prepared for a final volume of 200 μL but are
made up initially to a volume of 180 μL. Prepare fresh.

3. Glucose, fructose, and sucrose standards: Prepare standards
fresh from stock solutions as sugars oxidize at low concentra-
tions. Mix fructose, glucose, and sucrose solutions together for
final concentrations of 0.05 mM, 0.1 mM, 0.2 mM, 0.4 mM,
0.6 mM, and 1 mM.

3 Methods

3.1 Extraction

of Apoplastic Fluids

1. Wipe leaves with 70% ethanol to remove contaminating
microbes or fungal spores.

2. Use at least seven leaves for each treatment evaluated. Harvest
leaves 1 h before the commencement of the night cycle to
ensure maximal accumulation of sugars in the leaves. Extract
the apoplastic fluids immediately. Always collect tissue at the
same time relative to the night cycle.

3. Peel the wheat leaf from the blade. Do not wound the leaf by
cutting it.

4. Weigh leaves prior to infiltration.

5. Submerge leaves in infiltration solution within a vacuum desic-
cator of 14 mm diameter at room temperature (see Note 3).
Leaves normally float; to ensure that they are fully immersed in
the infiltration solution, cover the leaves with a light object
such as a plastic petri dish. Apply a vacuum for 30 s and then
release the pressure slowly (seeNotes 4 and 5). Repeat this two
to three times until the leaves become saturated (they will
appear darker in color). Wheat flag leaves often require a fur-
ther cycle of infiltration.

6. Blot the leaves quickly on absorbent paper to dry them and
reweigh (see Note 6).

7. Carefully bend the leaves so as not to damage the tissue and
place them within a 10 mL disposable syringe. Place the syringe
into a 50 mL polypropylene Falcon tube containing a 1.5 mL
Eppendorf tube such that the tip of the syringe sits in the
1.5 mL tube (Fig. 1).

8. Apoplastic fluids are then extracted from the leaves by centrifu-
gation. To reduce cytoplasmic contamination, flag leaves are
centrifuged at 400 � g for 5 min at 4 �C, and other leaves at
200 � g for 15 min (see Note 7). The liquid collected in the
1.5 mL tube is the apoplastic fluid. You should expect about
10–15 μL from 170–200 mg of leaf tissue.
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9. Aliquot apoplastic fluid for assays: 2 μL to assay cytoplasmic
contamination, and 5 μL for quantification of sugars. Snap
freeze the fluids and keep them at �20 �C until use.

3.2 Quantification of

Cytoplasmic

Contamination

The activity of the cytoplasmic enzyme malate dehydrogenase
(MDH, 1.1.1.37) can be quantified as an indicator of contamina-
tion of apoplastic fluids by cytoplasmic contents. The method was
modified from Dani et al. [6]. It measures the decrease in absor-
bance due to NADH oxidation by MDH as it reduces OAA.

1. Grind 100 mg of leaf (healthy or infected) in 1 mL Infiltration
solution at room temperature in a mortar and pestle. This is
considered as the 100% contamination reference. Sample refer-
ence leaves at each experimental time point.

2. Mix 2 μL of each apoplast extract with 196 μL of MBS in a
single well within a 96-well plate. Measure the absorbance at
340 nm every min for 5 min using the plate reader. Record the
final most stable value as A1.

3. Add 2 μL of OAA to each well and mix. Measure absorbance
again for 4 min. If absorbance values decrease, record the final
stable value as A2. If there is no change in absorbance, consider
the sample as not contaminated.

4. Use the following equation to calculate the percentage cyto-
plasmic contamination (see Note 8; Fig. 2):

Fig. 1 Apparatus for extracting apoplastic fluids from infiltrated leaves
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Contamination percentage ¼ A1sample � A2sample

A1reference � A2reference

3.3 Quantification of

Hexoses and Sucrose

The method is a modification of Scholes et al. [7].

1. Mix 5 μL of standard or sample with 185 μL of freshly prepared
assay buffer in 96-well plates.

2. Measure absorbance at 340 nm for 5 min. Record the last stable
value as A0.

Fig. 2 Variation of cytoplasmic contamination levels in wheat leaves. (a) MDH
activity (NADH absorbance) in reference samples. (b) Percentage cytoplasmic
contamination based on MDH activity in samples as a proportion of the refer-
ences. The X-axis represents healthy (H) and infected (I) leaves 2, 8, and 14 days
after infection or mock infection, n ¼ 6
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3. Add 5 μL of HKX + G6PDH solution (9 units of HXK and
3.2 units of G6PDH in water, prepare fresh) to each well, mix
and measure absorbance for 10–16 min. Record the last stable
value as AG (see Note 9).

4. Repeat step 3 with 5 μL PGI fresh solution (2 units of PGI in
water). Record the last stable value as AF.

5. Repeat step 3 with 5 μL INV fresh solution (85 units of INV in
water). Record the last stable value as AS.

6. The glucose concentration is derived from the difference
between AG and A0, fructose concentration from the difference
between AF and AG, and sucrose concentration from the differ-
ence between AS and AF.

7. Plot the data against a linear regression based on the absor-
bance values of the standards to calculate each molarity.

3.4 Cytoplasmic

Contamination

Correction for

Apoplast Sugar

Concentrations

Sugar values should be corrected based on all sources of variation,
including the percentage of cytoplasmic contamination and the
infiltrated volume (leaf weight difference before and after
infiltration).

1. Use the following equation to calculate the sugar
concentration:

Apoplastic sugar ¼ Sugar concentration� Sugar concentration�Cytoplasmic contaminationð Þð Þ
Infiltrated volume

2. Measurement of sugar concentrations will be incorrect if cor-
rections are not taken into account (Fig. 3).

Fig. 3 Apoplastic glucose quantification in Pst-infected and healthy wheat leaves without (a) and with (b)
corrections. Error bars represent standard error, n ¼ 5
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4 Notes

1. To ensure homogeneous infection across the leaf, use a paint-
brush to spread the spores which are first mixed 1:5 with talc
powder. Here, talc alone was used for mock inoculation. Cover
the infected leaf with aluminum foil and keep in the dark at
8 �C for 1 day. Transfer the plants to a growth chamber at
21 �C, 150 μE of light, 65% humidity, 400 ppm CO2, with a
16 h light–8 h dark cycle. Remove the foil and let them accli-
mate for at least 24 h before harvest. Wheat flag leaves are
technically more challenging than older leaves to extract apo-
plastic fluids from, because the flag leaf epidermis is thicker and
a smaller volume of extraction buffer penetrates the leaves. For
these leaves use 7–10 biological replicates per treatment to
increase the extracted volumes.

2. Do not use water as infiltration solution because the conse-
quent changes in osmotic potential can cause the release of
cytoplasmic sugars [8].

3. In respond to cold temperatures, plants accumulate more
hexoses as osmolytes to protect their membranes [9].

4. To reduce the damage caused by bubbles that form under
negative pressure, be sure to shake the desiccator regularly.

5. A syringe vacuum method was also tested for the extraction of
apoplastic fluids. Leaves were placed inside 50mL syringes with
20 mL of infiltration solution. Negative pressure was applied
(by moving the plunger outwards) to infiltrate the solution.
However, this method is more time consuming and gives
higher cytoplasmic contamination levels than the vacuum
pump method (Fig. 4).

6. The amount of infiltrated solution varies among different
leaves under different conditions, as shown in Fig. 5. Intercel-
lular hyphae occupy more of the apoplastic space as they multi-
ply during infection. Therefore, ensure that leaves are weighed
before and after infiltration to estimate the apoplastic volume
of each leaf. Another approach is to normalize volumes with a
dilution factor calculated by changes in indigo carmine absor-
bance [8]. Indigo carmine dye solution does not cross mem-
branes therefore can be used to calculate the apoplastic volume.
The dye is infiltrated into the leaves and after centrifugation;
the recovered dye will be diluted due to mixing with apoplastic
fluids. The extent of dilution can be converted to a factor and
used to modify the sugar concentration values. This method
was tested for Pst infected leaves at three time points: 2, 8, and
14 dpi. However, at 14 dpi, the absorbance increased and the
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Fig. 4 The influence of extraction conditions on cytoplasmic leakage in wheat leaves. Leaves were infiltrated
using vacuum (V) or syringe (S) infiltration methods described in Subheading 3 and in Note 5, respectively.
Apoplastic fluids were recovered using different centrifugation speeds and times as indicated. The extracts
labeled 1–6 were evaluated for protein content in Fig. 6

Fig. 5 Leaf volume differences before and after infiltration in healthy (H) and infected (I) wheat leaves 2, 8, and
14 days after infection with Pst or with mock (healthy leaves). The Y-axis represents the change in leaf volume
after infiltration, where the infiltration solution has a density of 1 mg/mL
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dye changed color. This suggests that the apoplast was alkaline
or a plant compound is reacting with the dye changing he
color; therefore, a dilution factor cannot be calculated late in
the infection period.

7. Different centrifugation speeds (equivalent to 80 � g, 200� g,
400 � g, and 600 � g) and times (5 and 15 min) were tested.
80 � g was discarded because less than 5 μL of fluid was
collected which is insufficient for the sugar assays. For some
of these treatments, the presence of chloroplastic RuBisCOwas
checked by SDS-PAGE gel electrophoresis (Fig. 6) as an indi-
cator of contamination. However, the MDH test was used for
routine assays because it is quantitative so can be used to
normalize the data.

8. Calculate the percentage with respect to fully homogenized
tissue (apoplastic + cytoplasmic sugars) at each time point. It
is recommended not to use samples with contamination values
higher than 25%. Centrifugation at low temperatures seems to
reduce the sugar export to the apoplast [10].

9. In contrast to MDH assays, beware of absorbance increases in
this experiment. Wait until the absorbance stabilizes which
indicates that all of the sugar substrate has been consumed.

Fig. 6 Protein content of apoplastic fluids from extracts 1–6 in Fig. 4. Samples
were run on a denaturing 12% SDS-PAGE gel. MW molecular weight standards,
R Reference sample (whole tissue extract). Star represents RuBisCO
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Chapter 12

Genetic Analysis of Resistance to Wheat Rusts

Caixia Lan, Mandeep Singh Randhawa, Julio Huerta-Espino,
and Ravi P. Singh

Abstract

Leaf rust, stripe rust, and stem rust pose a significant threat to global wheat production. Growing rust
resistant cultivars is the most efficient and environment friendly method to reduce yield losses. Genetic
analysis is undertaken to identify genes and study their roles in conferring rust resistance in a given wheat
background. This chapter summarizes the protocol for genetic analysis of rust resistance at both seedling
and adult plant stages. Additionally, it examines statistical analysis and related software to characterize
quantitative trait loci (QTL) linked with rust resistance.

Key words Wheat, Leaf rust, Stem rust, Stripe Rust, Resistance, Identification, Mapping

1 Introduction

Rusts are the most important diseases of wheat which cause signifi-
cant losses in the absence of proper chemical or genetic control
measures. Leaf (brown) rust, stripe (yellow) rust, and stem (black)
rust, which are caused by Puccinia triticina (Pt), P. striiformis f. sp.
tritici (Pst), and P. graminis f. sp. tritici (Pgt), respectively, are the
three important rust diseases of wheat. If any of these rusts reach an
epidemic level, devastating yield losses can occur and wipe out as
much as 100% of the crop in an individual field with susceptible
varieties. Leaf rust has caused serious epidemics throughout wheat
growing regions in Europe, North America, Oceania, Southern
Africa, South America, and South Asia [1]. Recently, its incidence
increased in China due to warmer temperatures favoring disease
development and the widespread cultivation of susceptible varieties.
Stripe rust is generally found in northern latitudes, highlands, and
wheat-growing regions with cooler temperatures during early
growth stages. However, recent large-scale epidemics are in warmer
wheat-growing areas with the emergence of two closely related Pst
strains with increased aggressiveness and tolerance to warm tem-
peratures [2]. Highly virulent stem rust is also moving into new
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areas with the emergency of a new Pgt race, Ug99 (designated as
TTKSK using the North American differentials set), which was
detected in Uganda in 1998 and has virulence to most of the widely
deployed race-specific resistance genes. It was recognized as a
significant threat to global food security [3]. There are many ways
to manage these diseases; however, development and cultivation of
resistant varieties are the most efficient control methods particularly
for low-income smallholder farmers of developing countries.

Two types of rust resistance genes are often defined in wheat.
Race-specific, or major, resistance genes which usually confer
protection throughout the growth cycle are also referred to as
“all-stage resistance” [4]. These resistance genes cause hypersensi-
tive reactions in the host when infected with rust isolates carrying
corresponding avirulence alleles [5]. In contrast, race nonspecific or
minor genes confer adult plant resistance (APR) and are normally
present together with other similar effect genes and are therefore
associated with quantitative inheritance [6, 7]. Most cultivars with
multiple genes for APR are susceptible at the seedling stage but
later display resistance to a number of races, as its name (APR)
indicates [8].

2 Materials

2.1 Phenotyping

at Seedling Stage

1. Greenhouse: Light and temperature controlled according to
the rust type.

2. Trays: Plastic trays filled with soil (a standard size which will
allow us to evaluate 24 entries for yellow and stem rust or 48
entries in the case of leaf rust).

3. Soil: Steam a mixture of raw soil and peat moss (3:1) at 95 �C
for 8 h, add fertilizer (for example, for 100 kg soil, add 22 g of
Urea, 11 g of Scat, 5 g of KCl, 10 g of Magnesium sulfate, and
0.3 g of Ultra mix) after 24 h to the cooled down soil. We mix
the prepared soil with peat moss (1:1) again before planting.

4. Inoculum: Dried urediniospores are usually kept at �70 �C.
Before inoculation, urediniospores of leaf rust and stem rust
have to be placed in a water bath (heat shock) at 40 �C for
4 min, then placed in a humid chamber (40 �C, at least 4 h) to
gain moisture, whereas stripe rust urediniospores can be put in
the humid chamber (40 �C, at least 4 h) directly.

5. Mineral oil: Soltrol 170. Specialized inoculators have been
designed to use compressed air to spray spore suspensions in
mineral oil with fine droplet sizes [9].

6. Chamber: High humidity is generated by humidity chambers,
which can be either permanent or temporary in design; the
temperature can be controlled.
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7. Several gelatin capsules or small glass bottles used to keep
urediniospores of purified rust pathotypes in ultrafreezer.

8. Test material: Seeds of wheat varieties, advanced breeding lines,
recombinant inbred lines, and a set of differentials carrying
known resistance genes.

2.2 Phenotyping

at Adult Plant Stage

1. Seeds: Wheat varieties, advanced breeding lines, recombinant
inbred lines, and a set of differentials carrying known resistance
genes.

2. Field: The experiment area should be in the “hot spot” of
disease.

3. Spreaders: Mixture of susceptible varieties or lines with specific
known resistance genes for specific disease.

4. Inoculum: Urediniospores can be mixed with carrier talcum
powder or paraffinic mineral oil such as Soltrol. Urediniospores
are very hydrophobic, so they do not mix readily with water;
however, water-based urediniospore suspensions can be
injected into elongating wheat stems to infect plants in the
field without the need for exogenous moisture. Suspensions
of urediniospores in mineral oil can be efficiently applied to
plants using sprayers of various kinds. Typically, handheld
sprayers are used [10, 11].

2.3 Genotyping 1. Genomic DNA of each line.

2. SSR markers and KASP assays.

3. SNP and GBS genotype platforms.

2.4 Softwares

for Analysis

1. MapManager QTXb20 [12] from http://mapmgr.roswellpark.
org/mmQTX.html.

2. Kyazma B.V. software from Wageningen University [13].

3. MapChart [14] from http://www.wur.nl/en/Expertise-
Services/Research-Institutes/plant-research/Download-
MapChart.htm.

4. Inclusive composite interval mapping (ICIM) [15] from
http://www.isbreeding.net/software/?type¼detail&id¼18.

5. QTL Cartographer software [16] from http://statgen.ncsu.
edu/qtlcart/WQTLCart.htm.

3 Methods

3.1 Phenotyping

at Seedling Stage

3.1.1 Sowing

For phenotyping of wheat varieties, about 8–10 seeds of advanced
breeding lines or recombinant inbred lines are sown as hills in a tray
or pot. Spacing of hills varies depending on the expected growth of
the seedlings and number of days required before notes to be taken.
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If the objective is to screen segregating populations, then the
number of plants per population or line is higher and depends on
the number of expected resistance genes. Simultaneously, a set of
differentials carrying known resistance genes is also sown to deter-
mine the race use in the study and the expression of resistance
genes. Differential sets are available as near-isogenic lines, single
resistance genes carrying lines, or varieties with known or tempo-
rarily designated genes (see Note 1). The trays are placed in a
greenhouse room or growth chamber with good light and opti-
mum temperatures (15–25 �C), allowing good seedling growth
and vigor. Seedlings are watered once every 2 days using a handheld
water sprinkler. A single dose (4 g/L) of Nitrogen fertilizer (Ultra-
sol) is applied to 7-day-old seedlings. About 9- to 12-day-old
seedlings with their second leaf one-third to halfway expanded is
the most common stage for carrying out inoculation.

3.1.2 Inoculation Nine- to twelve-day-old seedlings (two-leaf stage) are inoculated by
using an atomizer to spray urediniospores of purified rust patho-
types suspended in light-weight mineral oil, e.g., Soltrol 170, at
concentrations of 2–5 mg spores/mL or by observing the light
brown or yellow color of the suspension. For stripe rust, the trays/
pots carrying inoculated seedlings are subsequently placed in a mist
chamber in trays filled with water, covered with plastic hoods and
incubated at 7–9 �C for 24 h. However, for leaf and stem rust,
trays/pots are placed in chambers at 18–22 �C and subjected
to continuous mist produced by ultrasonic or other devices
(see Note 2). The next day, seedlings are moved into a greenhouse
maintained at 18–25 �C for leaf rust, 10–18 �C for stripe rust, and
18–28 �C for stem rust phenotyping. Disease scoring is conducted
10–14 days after inoculation; leaf rust about 10 days after inocula-
tion, whereas for the other two rusts it is conducted for about
14 days.

3.1.3 Scoring Leaf rust and stem rust infection types on wheat seedlings are
recorded after 10 and 14 days post-inoculation, respectively, and
are usually based on a 0–4 scale as described in Roelfs et al. [11],
where “0” ¼ no visible symptoms; “;” ¼ only necrotic/chlorotic
flecks without any uredinia; “1” ¼ small uredinia surrounded by
necrosis; “2” ¼ small to medium uredinia surrounded by chlorosis
or necrosis; “3” ¼ medium-sized uredinia without chlorosis or
necrosis; “4” ¼ large-sized uredinia without chlorosis or necrosis;
“X” ¼ random distribution of variable-sized uredinia; and “+” and
“�” were used when uredinia were somewhat larger or smaller than
normal for the infection types (ITs). Seedling ITs of 0, ;, 1, 2, and X
are generally considered as resistant, whereas 3 and 4 are susceptible.

For stripe rust the infection types are recorded about 14 days
post-inoculation using a 0–9 scale [17], where “0” ¼ no visible
infection; “1” ¼ necrotic/chlorotic flecks without sporulation;
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“2” ¼ necrotic/chlorotic stripes without sporulation; “3” ¼
necrotic/chlorotic stripes with trace sporulation; “4” ¼ necrotic/
chlorotic stripes with light sporulation; “5” ¼ necrotic/chlorotic
stripes with intermediate sporulation; “6” ¼ chlorotic stripes with
moderate sporulation; “7” ¼ stripes without chlorosis or necrosis
and with moderate sporulation; “8” ¼ stripes without chlorosis or
necrosis and with sufficient sporulation; and “9” ¼ stripes without
chlorosis or necrosis and abundant sporulation. ITs of 0–5, 6, and
7–9 are categorized as resistant, intermediate, and susceptible,
respectively.

3.2 Phenotyping

at Adult Plant Stage

Although phenotyping of plants at post-seedling growth stages can
be conducted in the greenhouse using the methods described for
seedlings, it is more common to conduct adult plant studies in field
trials where plants are exposed to multicycling disease progression
under natural conditions. These tests are important to determine
the effectiveness of race-specific as well as adult-pant resistance
genes in reducing the disease severity and crop losses.

3.2.1 Field Trials Layout For phenotyping varieties, advanced breeding lines and recombi-
nant inbred lines, the size of field plots can vary from hills to short
rows depending on the resources and objective. At CIMMYT we
use paired rows plots, i.e., two short rows of 0.7 m length, 30 cm
apart sown on top of 80 cm wide raised beds. This allows 50 cm
spacing between the rows of two different lines. If planting is done
on flat land, furrows are opened 30 cm apart; two furrows are used
for planting, and a furrow is left unplanted between each plot. We
also leave a 0.3 m alleyway and sow a hill plot using 8–10 seeds of
susceptible spreader on one side of the plot in the alleyway. This
allows each plot to have a spreader adjacent to it for a uniform
disease buildup and spread. About 60–80 seeds (about 3–5 g) of
each line are planted. If hill plots are sown, then using 8–10 seeds of
each line is recommended. The experimental field should also be
surrounded with two rows of spreader plots. The spreader plots are
often a mixture of susceptible varieties depending on the objective,
spreaders with differential susceptibility can also be used, e.g.,
varieties susceptible to leaf rust, but resistant to stripe rust and
vice versa, or varieties susceptible to a specific pathotype but resis-
tant to the other. For the screening of breeding materials, a mixture
of susceptible varieties allowing the establishment and multiplica-
tion of the most important and relevant pathotypes is recom-
mended for the field nurseries.

3.2.2 Field Inoculation The most efficient method of inoculation is spraying 4–8-week-old
spreaders with rust urediniospores suspended in Soltrol 170, similar
to inoculations in the greenhouse. Stripe rust inoculations are
carried out earlier in the season and should coincide with cool
night temperatures with good dew formation or wet conditions.
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Leaf rust and stem rust inoculations can be done at later growth
stages but should be completed by heading stage. Dew formation,
or availability of free moisture, on leaves and stems following the
inoculation is critical for establishing infections, however, tempera-
ture can also play role, especially for stripe rust. If Soltrol or another
similar lightweight mineral oil is not available, urediniospores can
be suspended in water with a few drops of Tween 20 to break the
surface tension, and can be used for spraying or injecting in plants
through a syringe as described in Roelfs et al. [11]. Syringe inocu-
lation can be done throughout the day, and is the safest method to
establish disease. However, new suspensions are recommended
every 3–4 h. The spore–water–Tween 20 suspension should be
made fresh and sprayed late in the evening so that water does not
evaporate and the process coincides with dew formation. Another
way to inoculate the nursery is to mix urediniospores with talcum
powder and dust the spreaders using a handheld duster or a cloth
bag. Finally, pots of spreader seedling inoculated in greenhouse can
also be placed at regular intervals in the field to establish rust
diseases on field spreaders. Depending on the objective, uredinios-
pores of different pathotypes of the same rust fungi or different rust
fungi can be mixed (see Note 3).

3.2.3 Disease Evaluation Disease evaluation in the field involves two components namely,
disease severity visually estimated by percentage using the modified
Cobb’s Scale [18], and host response to infection as described in
Roelfs et al. [11]. Host responses commonly used are: R
(resistant)—small uredinia (or stripes) with chlorosis or necrosis
and little sporulation; MR (moderately resistant)—medium sized
uredinia (or stripes) with chlorosis or necrosis and some sporula-
tion; MS (moderately susceptible)—medium to large sized uredinia
(or stripes) with slight or no chlorosis and without necrosis and with
moderate sporulation; and S (susceptible)—large sized uredinia (or
stripes) without chlorosis or necrosis and with profuse sporulation.
Disease severity and reaction can be recorded at the first appearance
of the disease, but it is common to wait until the susceptible checks,
parents or some lines in mapping population have close to a 60–80%
disease severity. Repeated disease data can be recorded at weekly to
10-day intervals until plants reach close to physiological maturity.
For breedingmaterials it is common to record one disease data at an
appropriate stage of disease development when data is more relevant
for the selection of resistant materials.

3.3 Methods

for Genotyping

With the advancement of genotyping technologies over the past two
decades, molecular markers have been widely used in the mapping
and identification of resistance genes to wheat rusts. Several molec-
ular technologies have been used, including restriction fragment
length polymorphisms (RFLP), random amplified polymorphic
DNA (RAPD), amplified fragment length polymorphisms (AFLP),
simple sequence repeats (SSR), diversity arrays technology (DArT),
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single nucleotide polymorphisms (SNP), and genotyping-by-
sequencing (GBS). RFLP markers were mostly co-dominant and
restricted to regions with low-copy sequences [19]. RAPD markers
are usually dominant, in combinaiton with low levels of polymor-
phism, and have reproducibility problems in wheat [20]. Although
AFLP markers offer higher reproducibility and resolution at the
whole genome level, the procedure of AFLP analysis is complex and
costly [21]. SSR marker was the preferred system due to co-domi-
nance, accuracy, high repeatability, high levels of polymorphism,
chromosome specificity, and ease of manipulation at the turn of the
century [22]. In the last 5 years, high-throughput technologies,
DArT, SNP, and GBS, have become the main genotyping platforms.
DArT have two genotyping platforms, including DArT-array and
DArT-GBS. The former system is dominant and needs SSR markers
to confirm their exact chromosomal locations. Some DArT markers
have been located on the physical map (http://www.cerealsdb.uk.
net/CerealsDB/Documents/FORM_ DArT_1A.php). DArT-GBS
can be read by twomethods, viz., SNP assays and Slico (presence–ab-
sence variance, PAV). SNP assays directly interrogate sequence varia-
tion, reducing genotyping errors compared to assays based on size
discrimination. SNPs are ideally suited for construction of high-
resolution genetic maps, investigations of population evolutionary
history, and the discovery of marker–trait associations [23, 24, see
Note 4]. With the development of sequencing technologies, the
various methods applied to genetic variation analysis will shift from
SNP-based genotyping to direct sequencing of all individuals in
populations [25]. The GBS approach was recently applied to con-
struct genetic maps of crops with large genomes [26, 27], allowing
direct analysis of genetic variation and reducing the effect of ascer-
tainment bias caused by the SNP discovery process.

3.4 Single Gene

Analysis

3.4.1 Mendelian Analysis

of Segregation Ratios

in Different Generations

Many genetic analyses have been conducted historically using the
segregation ratios in different segregating generations. UsingMen-
delian genetics, the observed segregation ratio is tested with the
expected segregation ratio to determine the number of segregating
genes and establish independence or linkage if more than one gene
involved. Monosomic analysis was then done to identify chromo-
some location, followed by telocentric mapping to establish chro-
mosome arm location. Reliable phenotyping in the seedling or
adult plant stage played a crucial role in these studies.

When inheritance of resistance is complex, i.e., based on minor
genes with additive effects, also known as quantitative trait loci
(QTL), inheritance studies are more reliable when conducted
using mapping populations of recombinant inbred lines in F5 or
F6 generations, or double-haploid populations. Phenotyping is
more accurate in these populations due to high homozygosity.
As a result, most of the remaining genetic effects are additive. The
number of rust resistance genes in the RIL population can be
estimated using Mendelian segregation analysis [28, 29], where
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the observed frequencies for each phenotypic category is tested
against the expected frequencies (Table 1) for different numbers
of additive genes using Chi-squared (χ2) analysis.

Moreover, the minimum number of resistance genes can also
be estimated using the quantitative approach described by Wright
[30] as n¼ (GR)2/4.57(σ2g), where GR (genotypic range) ¼ phe-
notype range � h2 (narrow-sense heritability), σ2g ¼ genetic vari-
ance of the F5 RILs in the present population, h2 ¼ σ2g/σ2g + σ2e.
The analysis of variance (ANOVA) is carried out using SAS 9.2
(SAS Institute, Cary, NC) with the final disease severity (FDS) in
each environment.

3.4.2 Single Gene

Mapping Using Molecular

Methods

The prerequisite for anymolecular mapping is consideration of both
phenotypic and genotypic data. Any relevant genotyping platforms
can be used and the cost and accessibility often dictates the selection.
It has become common to outsource genotyping as it is less expen-
sive than any alternative. Chi-square (χ2) tests are performed to
evaluate the goodness of the fit of observed segregation with
expected genetic ratios and to detect marker–trait linkages. Recom-
bination fractions are calculated using the software MapManager
QTXb20 [12] or Joinmap 4.0 [13] and converted to centiMorgens
using the Kosambi mapping function [31]. Logarithm of odds
(LOD) scores of 3–4 is usually used to determine significance of
genetic linkages. Linkage maps were graphically visualized with
MapChart [14]. Theworkflows ofMapManagerQTXb20, Joinmap
4.0, and MapChart are listed in Figs. 1, 2, and 3, respectively.

Table 1
Expected segregation ratios of resistance genes in F5 and F6 generation

Lines (%)

Number of genes Generation HTPRa HTPSb Otherc

1 F5 43.75 43.75 12.5

1 F6 46.875 46.875 6.25

2 F5 19.1 19.1 61.8

2 F6 22.0 22.0 56.0

3 F5 8.4 8.4 83.2

3 F6 10.3 10.3 79.4

4 F5 3.7 3.7 92.6

4 F6 4.8 4.8 90.4

5 F5 1.6 1.6 97.4

5 F6 2.3 2.3 95.4

a HTPR ¼ Homozygous parental type resistant
b HTPS ¼ Homozygous parental type susceptible
c Other ¼ Lines with intermediate levels of disease severity
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3.5 Methods for QTL

Analysis

Quantitative trait locus (QTL) mapping of biparental population is
conducted on the basis of available linkage maps with whole wheat
genome molecular markers and phenotypic data from multiple
environments/locations. The linkage maps can be constructed by
JoinMap software as mentioned above. QTLmapping using disease
severity from each experiment can be carried out using inclusive
composite interval mapping (ICIM) [15] and QTL Cartographer
software [16]. The workflows of IciMapping 4.1 and QTL Cartog-
rapher are listed in Figs. 4 and 5, respectively.

4 Notes

1. The number of lines in differential sets varies between labs and
rust diseases but often have about 50 lines for leaf rust, 30 lines
for stripe rust, and 50 lines for stem rust.

2. For stem rust, it is also important to add light about 12 h after
misting while seedlings are still wet and to let them dry slowly.

Fig. 1 Workflow of Mapmanger QTXb20 to construct linkage maps
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Fig. 2 Workflow of Joinmap 4.1 to construct linkage maps

Fig. 3 Workflow of Mapchart to draw maps
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Fig. 4 Workflow of Icimapping 4.1 to do QTL analysis

Fig. 5 Workflow of QTL Cartographer to do QTL analysis
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3. It is strongly recommended that single or a few pathotypes of
known virulences of the same fungi should be used for genetic
studies.

4. However, limited D genome markers, too many repeat markers
at the same position, and confusing chromosome information
from SNP markers in 90K SNP assays may affect widespread
use in genetic analysis (Per. Comm. Jizeng Jia).
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Chapter 13

Advances in Identification and Mapping of Rust
Resistance Genes in Wheat

Urmil Bansal and Harbans Bariana

Abstract

Genetic characterisation of new rust resistance loci in wheat using cytogenetic/low-throughput genotyping
systems required at least 5 years. Development of next-generation sequencing (NGS) based molecular
marker genotyping platforms in the last decade has provided scientists with the genomic resources to
expedite precise mapping of target loci. Here, we describe methodologies for genetic analysis and applica-
tion of NGS-based resources to determine the precise genomic locations of rust resistance loci in wheat and
development of closely linked markers for marker assisted selection.

Key words KASP assay, SNP genotyping, DArTseq marker, Mapping populations, Molecular markers

1 Introduction

Wheat is grown on 220million hectares worldwide. More than 50%
increase in global wheat production is necessary to achieve food
security. Wheat is attacked by many diseases and pests, and based on
comparative production losses and geographic distribution, rust
diseases, caused by Puccinia species, are considered very important.
Rust diseases have the potential to cause complete crop failures.
Breeding for rust resistance has been performed to sustain/increase
global wheat production [1]. Resistance to rust diseases can be
defeated by evolution of virulence in pathogen populations and
therefore characterization of new sources of resistance is necessary.
Genetically diverse sources of resistance against economically
important plant pathogens have been discovered and formally
named in many crops; however, a precise and systematic catalog
of genes is available only for wheat [2–4].

The modern wheat rust resistance gene discovery pipeline
involves identification of stocks carrying putatively new loci
through phenotypic assays, development of segregating popula-
tions and molecular mapping to determine genomic locations of
the target loci. It is then followed by detailed mapping of the target
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region to develop user-friendly markers for the deployment of
identified gene in future wheat cultivars through marker-assisted
selection (MAS). This chapter summarizes methodologies that can
be used for fast characterization of putatively new rust resistance
loci in wheat. The methodology can however be applied to disease
resistance/trait discovery work in other crops.

2 Materials

1. Germplasm (national or international nurseries, landraces).

2. Set of differentials (genotypes carrying known genes/historic
sets).

3. Well characterized pathotypes or isolates or races (Puccinia
striiformis f. sp. tritici, P triticina, and P. graminis f. sp. tritici).

4. Good greenhouse facility for seedling response tests.

5. Irrigated experimental area (field) for evaluation of stocks car-
rying the target resistance gene at the adult plant stage.

6. KASP master mix containing the two universal FRET cassettes
(FAM and HEX), TAQ polymerase, and buffer.

3 Methods

3.1 Identification

of Genotype(s)

Carrying Putatively

New Rust Resistance

Locus (Multi-

Pathotype Tests)

1. Grow test entries and a set of known gene differentials
described in McIntosh et al. [2].

2. Inoculate 10 to 12-day-old seedlings with the appropriate rust
pathotype at the seedling stage [2].

3. Incubate inoculated plants for 24 h for leaf rust and stripe rust,
and 24 to 48 h for stem rust [2].

4. Move inoculated plants to microclimate rooms running at
specific temperatures for development of the respective disease
(Leaf rust 23 �C; Stripe rust 17 �C; Stem rust 25 �C).

5. Assess rust responses 12–16 days after inoculation using the
scales (for respective pathogen) given in McIntosh et al. [2].

Assessment of leaf and stem rust seedling responses:

(a) Infectiontype (IT) “0” is given when there is no visible
sign of infection, representing a immune response.

(b) IT “;” - strong hypersensitive response and no uredia
formation.

(c) IT “1” - small uredia accompanied with necrosis and/or
chlorosis are present.

(d) IT “2” - small to medium uredia with green islands.
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(e) IT “3” - medium to large sized sporulating uredia with or
without chlorosis.

(f) IT “4” - large sporulating uredia.

(g) IT “X” - presence of more than two infection types on the
same leaf.

(h) IT 0,1,2,3 and X are regarded as resistant and IT 4 as
susceptible.

Assessment of seedling stripe rust responses
Two scales are being used and details are provided below:

1. Description of 0 to 4 scale [see 2]:

(a) IT “0” - no visible signs of infection.

(b) IT “;” - necrotic flecks.

(c) “;N” necrotic areas without sporulation.

(d) “1” - necrotic and chlorotic areas with restricted
sporulation.

(e) “2” - moderate sporulation with necrosis and chlorosis.

(f) “3” - sporulation with chlorosis.

(g) “4” - abundant sporulation without chlorosis and
necrosis.

(h) ITs from 0 to 3 are considered resistant and 4 is
susceptible.

2. Description of 0–9 scale [5].

3. Compare infection types produced by test cultivars with the
known genes represented in the differential set as shown in
Table 1 [6].

4. For example in Table 1, Cultivar 9 was resistant against all
pathotypes indicating the presence of putatively new resistance
gene(s).

3.2 Characterization

of the Target

Resistance Locus

1. Cross the resistant genotype 9 with the susceptible genotype
10 and harvest F1 seed.

2. Grow F1 plants and harvest each F1 plant individually (F2 seed).

3. Grow 200 plants and harvest individually to produce F3
population.

4. Advance generations by growing single seed from each family
(F3 to F4) and harvest single spike.

5. Sow single seed from each F5 line and harvest whole plant (F6)
to name the resultant generation as recombinant inbred line
(RIL) population (Fig. 1; see Note 1).

6. Rust tests can be carried out on the F3 or RIL population.
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Table 1
Identification of a genotype carrying putatively new resistance gene(s) through multi-pathotype tests

Genotype/Pathotype 1 2 3 4 5 6 7 8 Gene 
postulation

Test entries
1 R S S S S S S S Gene 1
2 S R S S S S S S Gene 2
3 S S R S S S S S Gene 3
4 S S S R S S S S Gene 4
5 S S S S R S S S Gene 5
6 S S S S S R S S Gene 6
7 S S S S S S R S Gene 7
8 S S S S S S S R Gene 8
9 R R R R R R R R New gene
10 S S S S S S S S NIL
Controls
Differential 1 R S S S S S S S Gene 1
Differential 2 S R S S S S S S Gene 2
Differential 3 S S R S S S S S Gene 3
Differential 4 S S S R S S S S Gene 4
Differential 5 S S S S R S S S Gene 5
Differential 6 S S S S S R S S Gene 6
Differential 7 S S S S S S R S Gene 7
Differential 8 S S S S S S S R Gene 8

Resistant parent Susceptible parentX

First filial generation (F1)

Second filial generation (F2)

Third filial generation (F3)

Phenotyping

Selfing

Perform Chi-squared analysis to 
estimate number of segregating loci 

based on observed segregation
1 HR : 2 Seg:1 HS ( Monogenic)

or 
Any other genetic model

RIL  population

Selfing

Perform Chi-squared analysis to 
estimate number of segregating loci 

based on observed segregation
1 HR:1 HS (Monogenic)

or 
Any other genetic model

Selfing

Fig. 1 Schematic presentation of population development (F3 and RIL) and genetic analysis
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7. Classify the population into different categories based on the
phenotypic results (Table 2; see Note 2).

(a) Homozygous resistant (HR): All plants among F3 or an
RIL population produce resistant responses.

(b) Homozygous susceptible (HS): All plants among F3 or RIL
population produce susceptible responses.

(c) Segregating (Seg): F3 families or RILs include both resis-
tant and susceptible plants.

8. Genetic analyses results based on F3 and RIL populations are
given in Table 2. Chi-squared analysis of segregation was used
to predict the number of observed segregating loci. If the
calculated value of χ2 for a tested genetic ratio was less than
the table value at a given degree of freedom, then the segrega-
tion data were considered to conform to the genetic model
based on that ratio. In the case of segregation at two or more
loci development of single locus segregating population (SLSP)
for detailed molecular mapping should be performed [7].

3.3 Molecular

Mapping

3.3.1 DNA Extraction

1. Extract DNA from the eight or more plants from each F3 family
or RIL using a standard DNA isolation method such as mod-
ified CTAB method [8].

2. Quantify DNA using Nano-Drop (http://tools.thermofisher.
com/content/sfs/manuals/nd-1000-v3.8).

Table 2
Stripe rust response variation among F3 and RIL populations depicting monogenic and digenic
segregation models

Population/
frequency

F3

χ 2

RIL

χ 2Observed Expected Observed Expected

Monogenic 1:2:1 1:1

HR 27 24.5 0.26 54 49 0.51

Seg 48 49 0.02 – – –

HS 23 24.5 0.09 44 49 0.51

Total 98 98 0.37 98 98 1.02

Digenic 7:8:1 3:1

HR 40 42.9 0.19 74 73.5 0.003

Seg 50 49 0.02 – – –

HS 8 6.1 0.57 24 24.5 0.01

Total 98 98 0.78 98 98 0.013

Table values of χ2 at P ¼ 0.05 (1 d.f.) is 3.84 and (2 d.f.) is 5.99
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3. Check the quality by running DNA on the agarose gel (see
Note 3).

4. Make the working dilution at the concentration of 30 ng/μL
for setting PCRs.

3.3.2 Bulked-Segregant

Analysis (BSA)

1. Pool equal quantity of DNA from 8 or more HR and HS lines
to constitute the resistant bulk and the susceptible bulk, respec-
tively (see Note 4).

2. Pool equal quantity of DNA from 50 random lines to consti-
tute an artificial F1 (Fig. 2)

3. DNA from the F1 plant can also be used instead of artificial F1.

4. Set final concentration of DNA at 1 μg per sample.

5. Send DNA of bulks, parents and artificial F1 of a mapping
population for high throughput analysis to DArTseq (http://
www.diversityarrays.com/dart-application-dartseq) or iSelect
90K SNP array for genotyping [9].

6. BSA will infer the putative chromosomal location(s) of the
target resistance locus/loci based on marker–trait association
(s). Confirm chromosomal location(s) by genotyping linked
markers on the entire mapping population. Comparison of
these results with the genomic location(s) of known gene(s)
will be required to confirm the uniqueness of resistance gene(s)
carried by cultivar 9.

3.3.3 Marker

Development from 90K

SNP Results (See Notes 5

and 6)

1. The results of 90K SNP based BSA are given in Table 3.
Marker-trait linkages are calculated using Genome Studio soft-
ware developed by Illumina.

2. Each linked SNP has ~101 bp sequence and SNP is marked in
parenthesis; for example IWB22020.

Bulk segregant analysis (BSA)
DArTSeq

or 
iSelect 90K InfiniumSNP

F3 or RIL phenotype

Resistant Bulk
(Mix DNA equal

quantity of 
resistant Progenies)

Susceptible bulk 
(Mix DNA equal

quantity of  
susceptible  Progenies)

Artificial 
F1

(Mix DNA of 50 
progenies)

Resistant 
parent

Susceptible 
parent

Fig. 2 Diagram depicting the bulked segregant analysis
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3. Design three primers for each SNP using batch primer3 soft-
ware (http://batchprimer3.bioinformatics.ucdavis.edu/cgi-
bin/batchprimer3/batchprimer3.cgi).

(a) Allele 1

(b) Allele 2 and

(c) Common or reverse primer

4. Development of kompetitive allele specific PCR (KASP) mar-
kers for the linked SNPs is shown at the end of Table 3.

5. Allele specific primers were prefixed with FAM and HEX
sequences (21 bp each highlighted in red font). This corre-
sponds to one of the two universal FRET (fluorescent reso-
nance energy transfer) cassettes present in the KASP master
mix.

6. Similarly KASP markers can be developed from other linked
SNPs

KASP assay composition

DNA 3.0 μL (30 ng/μL)

KASP mix 4.0 μL

Primer* 0.11 μL

Water 0.89 μL

Total 8.0 μL

*12 μM of each allele specific primer and 30 μM of the common or reverse primer

Table 3
List of markers linked with resistance gene in the 90K SNP BSA
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IWB22020 2B 88.439297 [A/G] AAGTATGAGAACGCC 0.2 0.2 1.1 0.4 0.6 Strong AA AA AA BB BB
IWB6607 2B 88.863392 [A/C] AAGAAATTTACCACTG 0.2 0.2 0.9 0.3 0.7 Strong AA AA NC BB BB
IWB29853 2B 90.241699 [T/C] GCTTCATGTTCTTGTG 0.9 1.0 0.9 0.4 0.6 Strong AA AA NC BB BB
IWB6822 2B 90.971391 [T/C] TCGCCGTCGACCAGC 0.4 0.4 1.0 0.4 0.6 Strong AA AA NC BB BB
IWB1602 2B 91.102362 [T/C] AACTTCGAAGGATAG 0.4 0.3 1.1 0.5 0.6 Strong AA AA NC BB BB
IWB7331 2B 92.281095 [T/C] GACGTGATGGATCGC -0.3 -0.3 1.1 0.5 0.5 Strong AA AA NC BB BB
IWB6330 2B 95.823531 [A/G] CGTCGCGCAGCACCC 0.9 0.9 1.0 0.5 0.5 Strong AA AA NC BB BB
IWB4614 2B 96.135366 [A/G] GGCGTTGATGTTTATG 0.9 0.9 1.0 0.3 0.7 Strong AA AA NC BB BB
IWB28408 2B 99.160157 [T/C] 0.5 0.5 1.0 0.6 0.4 Strong AA AA NC BB BB

IWB22020: AAGTATGAGAACGCCTCATGGAGCGCTCCTCTTGCTCTTCATCCTGGCGT[A/G]CC
TCCGCGGTGCGTACTCCGGTGGCGGCCGGAGCCGCTTCACCTCCATAA

IWB22020-A1: 50GAAGGTGACCAAGTTCATGCTTGCTCTTCATCCTGGCGTA 30

IWB22020-A2: 50GAAGGTCGGAGTCAACGGATTTGCTCTTCATCCTGGCGTG 30

IWB22020-C: 50TTATGGAGGTGAAGCGGCTC 30
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PCR profile: This is a two-step PCR and profile is given below
(see Note 7):

94 �C 15 min

94 �C 20 s
10� (dropping down 0.8 �C/cycle)

65 �C 60 s

94 �C 20 s
30–40� depending upon SNP

57 �C 60 s

40 �C 30 s Fluorescence detection (End point reading; see
Note 8)

3.3.4 Genotyping of F3 or

RIL Population

1. Test all KASP markers developed from the linked SNPs on
parents.

2. Select KASP markers showing clear clusters between parents.

3. Run polymorphic KASP markers on the entire F3 or RIL
population and observe clusters for two alleles representing
parental types and mixture of both alleles representing hetero-
zygous families (Fig. 3).

3.3.5 Genotyping by

Sequencing Results

(See Note 9)

1. Results of BSA with DArTseq markers are given in Table 4.

2. BLAST DArTseq marker(s) (~30–40 bp) sequence (column 2)
closely linked with the resistance gene(s) against the flow-
sorted chromosome survey sequence (CSS) contigs of Chinese
Spring (CS) using BLASTN (https://urgi.versailles.inra.fr/
blast/?dbgroup¼wheat_all&program¼blastn) or identify
SNP between DARTseq seq and CSS contig. For example,
DArTseq marker sequence for 1257291 showed 100% identity
CSS contig CSS_1AS_3277420 (4e-28).

3. Use CSS_1AS_3277420 sequence to design SSRmarkers using
batch primer3 software (http://batchprimer3.bioinformatics.
ucdavis.edu/cgi-in/batchprimer3/batchprimer3.cgi). This
software will identify the repeat motif during the development
of primers (Table 5).

4. Add M13 sequence tail to each forward primer at 50 end. This
will help in resolving small differences using the 4300 DNA
Analysis system (LI-COR Biosciences).

5. Run polymorphic markers on the entire population, tabulate
data, and generate map as described in the previous section.
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Fig. 3 A snapshot of KASP assay using real-time PCR (Allele 1, Allele 2, and heterozygote)

Table 4
List of DArTseq markers linked with the resistance gene

Clone ID Sequence Chromosome Position (cM)

1104400 TGCAGTTCCATGGCACTCAAGTGCTGAAA
TTACCCAGATCTGATGATAATGGCACCCG
AGATCGGAAGA

1A 33

1257291 TGCAGCGAGCTTGCCAAGATCCGCGAGGAT
GCAGCGTCCGAGCCATGCCGTGCCCT
CATCACCACCTCG

1A 34

4404828 TGCAGCTCGCTGGAGTATTAGTCGGAATCG
AGCTAAATTGGGGATCGCCGAGATCG
GAAGAGCGGTTCA

1A 36

3222161 TGCAGAATTTGAAAATACGTCACCAATCCAT
TGTCGTCCAGCCCGAGATCGGAAGAGCG
GTTCAGCAGG

1A 36

2292464 TGCAGCTCCTCGACGGAGACGCCTTGCG
CCAGTTCAACATCAGCCTCAACGACGAAA
GCCGAGATCGGA

1A 37
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PCR profile for SSR markers: This is a three-step PCR and
profile is given below:

95�C-10 min

94 �C30 s
65 �C-30 s

5�
72 �C-30 s

94 �C-30 s

60 �C-30 s
72 �C-30 s 35�

72 �C-5 min

3.3.6 Construction

of Linkage Group

1. Export the allele discrimination data for each marker or score
marker data from gel and tabulate in an Excel sheet for
mapping using an appropriate statistical software.

2. Use any of the following software programs for preparing
genetic map: MapManager [10], MapDisto [11], ICIM
mapping (https://www.integratedbreeding.net/supplemen
tary-toolbox/genetic-mapping-and-qtl/icimapping), etc.,
using Kosambi mapping function [12].

3. Prepare the genetic linkage map using software MapChart [13]
as shown in Fig. 4.

Table 5
List of primers designed from the CSS_1AS_3277420 contig

No.
Orientation
(50–30) Start Length Temperature GC% Seq

Product
size

Repeat
motif Repeats

1 FORWARD 3 22 54.34 31.82 GACAATTATCAT
GAACAAGGAA

148 ATA 4

REVERSE 150 21 54.61 33.33 ACAAAACTTGT
TGATTTGCTC

2 FORWARD 7673 20 55.12 50.00 CTCCTGACAAG
GAAGCATAG

131 CTC 4

REVERSE 7803 21 55.02 47.62 CTATAGCGATC
GAGACGAGTA

3 FORWARD 4861 21 55.08 47.62 GTAAGAGCTGC
ACATTACCAC

144 AGCT 4

REVERSE 5004 20 56.09 45.00 AGCTCATTGCT
TGTGGAGTA
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4 Notes

1. Population size of 100–150 individuals is enough if it is a single
seedling resistance gene.

2. Some genes may be difficult to phenotype due to environmen-
tal sensitivity.

3. Make sure that DNA does not get degraded.

4. Bulks based on higher number of lines with contrasting phe-
notypes improve detection of marker–trait associations.

5. The advantage of the 90K SNP assay is that linked SNPs can be
converted into KASP markers without any further search.

6. This platform will test SNPs which were present in the array
and will miss the SNPs specific to the parents in a given bi-
parental population.

7. PCR for KASP markers can be carried out in 96-well thermo-
cycler and are also amenable to be used in robotic systems.

8. Allelic discrimination can be carried out using either a real-time
PCR machine or a plate reader.

9. The DArTseq method deploys sequencing of the samples using
the Next-Generation Sequencing (NGS) platforms and poly-
morphism is relevant to parental genotypes, therefore it results
in more precise marker development and less false positives;
however, their conversion to PCR-based markers involves an
extra step compared to designing of KASP markers from trait-
linked SNPs. If there is any SNP present in the contig, then
KASP markers can be developed as explained earlier.

1 2 43 5 6

IWB22624
IWB25528
IWB27367

New Gene

IWB33121
IWB39295

IWB44681
IWB50142, IWB54418

0.2
0.4

1.2

0.8
0.3

1.3

0.1

1AS

a b

SS S R R R

Fig. 4 (a) Infection types produced by susceptible (S) and resistant (R) parents.
(b) genetic linkage map of a population showing location of a new gene
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Chapter 14

Chromosome Engineering Techniques for Targeted
Introgression of Rust Resistance from Wild Wheat Relatives

Peng Zhang, Ian S. Dundas, Steven S. Xu, Bernd Friebe,
Robert A. McIntosh, and W. John Raupp

Abstract

Hexaploid wheat has relatively narrow genetic diversity due to its evolution and domestication history
compared to its wild relatives that often carry agronomically important traits including resistance to biotic
and abiotic stresses. Many genes have been introgressed into wheat from wild relatives using various
strategies and protocols. One of the important issues with these introgressions is linkage drag, i.e., in
addition to beneficial genes, undesirable or deleterious genes that negatively influence end-use quality and
grain yield are also introgressed. Linkage drag is responsible for limiting the use of alien genes in breeding
programs. Therefore, a lot of effort has been devoted to reduce linkage drag. If a gene of interest is in the
primary gene pool or on a homologous chromosome from species in the secondary gene pool, it can be
introgressed into common wheat by direct crosses and homologous recombination. However, if a gene of
interest is on a homoeologous chromosome of a species belonging to the secondary or tertiary gene pools,
chromosome engineering is required to make the transfer and to break any linkage drag. Four general
approaches are used to transfer genes from homoeologous chromosomes of wild relatives to wheat
chromosomes, namely, spontaneous translocations, radiation, tissue culture, and induced homoeologous
recombination. The last is the method of choice provided the target gene(s) is not located near the
centromere where recombination is lacking or is suppressed, and synteny between the alien chromosome
carrying the gene and the recipient wheat chromosome is conserved. In this chapter, we focus on
the homoeologous recombination-based chromosome engineering approach and use rust resistance
genes in wild relatives of wheat as examples. The methodology will be applicable to other alien genes and
other crops.

Key words Wheat, Triticum aestivum, Wild relatives, Chromosome engineering, Homoeologous
recombination, Interspecies gene transfer, Linkage drag, Rust resistance

1 Introduction

Hexaploid, common or bread wheat (Triticum aestivum L.,
2n ¼ 6x ¼ 42, AABBDD), belongs to the Triticum genus of the
tribe Triticeae in family Poaceae or Gramineae. Up to 36 genera
have been described by various taxonomists in the tribe Triticeae
[1]. The wild relatives of wheat represent a vast resource for

Sambasivam Periyannan (ed.), Wheat Rust Diseases: Methods and Protocols, Methods in Molecular Biology, vol. 1659,
DOI 10.1007/978-1-4939-7249-4_14, © Springer Science+Business Media LLC 2017
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agriculturally useful genes. For the rusts alone, which are the most
damaging foliar diseases of wheat, there are 38 cataloged leaf rust,
36 stem rust, and 17 stripe rust resistance genes that have been
transferred to wheat from the primary, secondary, and tertiary gene
pools [2]. These genes are from Triticum, Aegilops, Secale, Thino-
pyrum, Dasypyrum, and Elymus species, and some have been devel-
oped into widely cultivated, high yielding varieties [3]. Hybrids
(amphiploids) between genera in the Triticeae rarely result in agri-
culturally acceptable crops, the notable exceptions being tetraploid
wheat (T. turgidum ssp. dicoccum and durum, 2n ¼ 4x ¼ 28,
AABB), common wheat, and triticale (�Triticosecale Witt.,
2n ¼ 6x ¼ 42 or 2n ¼ 8x ¼ 56, AABBRR or AABBDDRR). In
the vast majority of cases, hybrids between wheat and wild relatives
contain too many deleterious or undesirable characters from the
wild species to be suitable for direct use in agriculture.

Chromosome engineering is directed at inducing transfer of an
alien chromosome segment carrying a targeted resistance gene to a
related wheat chromosome so that minimal alien chromatin lacking
deleterious or undesirable genes is transferred without loss of indis-
pensable wheat genes. This chapter describes the procedures of
utilizing modern chromosome engineering techniques for targeted
introgression from wild relatives into wheat using rust resistance
genes as examples.

2 Materials

1. Murashige and Skoog (MS) basal medium: 50 g/L sucrose, 8%
agar. In 750 mL of ddH2O, add 50 mL of 10� MS Basal Salt
Macronutrient Solution (Sigma, M0654), 100 mL of 10� MS
Basal Salt Micronutrient Solution (Sigma, M0529), 1.5 mL of
1000� MS Vitamin Solution (Sigma, M3900), 1 mL of 1 mg/
mLnaphthalene acetic acid (Sigma,N1641), and 50 gof sucrose;
adjust pH to 5.8 using 0.5M of KOH orHCl (seeNote 1). Add
ddH2O to adjust the volume to 1 L. Add 8 g of agar, autoclave
for 20 min at 120 �C. Pour the medium into petri dishes after
cooling (500 mL should be enough for 20 plates).

2. 0.03% colchicine solution:Dissolve 300mgof colchicine powder
and 100 mg of gibberellic acid (GA3) in 500 mL of ddH2O
water, add 20 mL of DMSO (dimethyl sulfoxide) and 300 μL
of Tween 20; adjust pH to 5.5 and volume to 1 L by adding
ddH2O.

3 Methods

Steps involved in successful targeted transfer of a rust resistance
gene from a wild relative to wheat are presented in Fig. 1. Details on
the critical steps are as follows.
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3.1 Production of an

Amphiploid

3.1.1 Hybridization

Procedure

The first step in engineering alien chromosomes is to combine the
genomes of the wild and cultivated species to produce a hybrid
(Fig. 1a). Depending on the specific wild relative carrying the
resistance gene, it may be necessary to grow the donor species
and recipient wheat line under quarantine conditions. In this case,
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Fig. 1 Scheme for targeted transfer of a rust resistance gene from a diploid wild relative to wheat. Wheat and
alien chromosomes are illustrated by yellow and blue colors, respectively. Solid and open circles on
chromosome 5BL represent the Ph1 and ph1b alleles, respectively (g–i)
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rust resistance needs to be tested in a Quarantine Containment
Level 2 (QC2) facility. There are a few criteria in choosing the
recipient wheat variety (see Note 2).

1. Select a wheat spike just emerging from the flag leaf. Remove a
few lower and upper spikelets and retain middle spikelets that
are well developed.

2. With fine forceps, remove the central florets of each spikelet,
retaining the primary and secondary florets.

3. With fine forceps, carefully open each floret and remove all
three anthers prior to dehiscence without damaging the
stigma.

4. With fine scissors, cut off the top one-third of the florets. Cover
the entire emasculated spike with a light-weight glassine bag to
exclude extraneous pollen/pollinators.

5. When stigmas become feathery (1–3 days after emasculation),
collect nondehisced anthers from the male parent (seeNote 3).

6. Apply pollen to each female floret using forceps. Re-cover the
pollinated spike with the glassine bag and secure with a paper
clip.

7. Successful fertilization should be obvious 2 days after pollina-
tion when the stigma appears withered. The glumes, lemmas
and paleae of unfertilized florets will open wider. After 5 days,
the young developing grain will become obvious. At this stage,
it is unconfirmed whether it is a genuine hybrid or a product of
self-pollination or haploidy.

Sometimes direct hybridization between wheat and a wild spe-
cies is unsuccessful irrespective of the direction of the cross. A
bridging cross may be used. For instance, hybridization between
tetraploid T. dicoccoides and diploid Ae. umbellulata followed by
crosses with T. aestivum was a successful means of incorporating
rust resistance from Ae. umbellulata into hexaploid wheat [4]. The
bridging host genotype must permit tracking of the target gene
from the donor parent.

3.1.2 Embryo Rescue 1. About 2 weeks after fertilization, the developing hybrid grain is
harvested.

2. Sterilize the seeds with 70% ethanol for 1 min and then 20%
Clorox® (commercial solution) for 15 min, and rinse three
times with sterilized distilled H2O.

3. Aseptically excise the embryos, and culture the large embryos
directly on MS basal medium in petri dishes. Culture the small
embryos on the MS media with transplanted nursing endo-
sperm. Keep the petri dishes with embryos at room tempera-
ture (20–24 �C) in darkness for 1–2 weeks.
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4. After the embryos germinate, transfer the small seedlings to
test tubes or jars containing half strength MS media with 30 g/
L sucrose and 8 g/L agar. Keep them at 20–24 �C, 16 h light/
8 h darkness for about 2 weeks.

5. When the plants grow to 5–6 cm, transfer them to small pots
(10 cm diameter) containing sterile potting mix and fertilize
with a slow-release fertilizer. Keep them in a high humidity
growth chamber at 18–20 �C and 16 h day/8 h night
photoperiod.

3.1.3 Chromosome

Doubling and Amphiploid

Production

As the seedlings grow, it is possible to verify whether the plantlets
are hybrids or products of accidental self-pollination (see Note 4).
An amphiploid is produced by using colchicine, which acts as a
spindle fiber formation inhibitor and disturbs normal polar chro-
mosomal migration in mitotic cells, thereby doubling the chromo-
some number [5]. The procedure is as follows (Fig. 1b) [6]:

1. When seedlings are at the 2–3 tiller stage (approximately
4 weeks after planting), remove them from the pot, wash the
roots thoroughly, and place in a beaker containing an aerated
solution of 0.03% colchicine that completely covers the roots
and stem base and place at 20–22 �C in darkness for 8 h (see
Note 5).

2. Remove the seedlings from the colchicine solution, thoroughly
rinse the plants with running water overnight, replant in sterile
potting mix in a small pot (10 cm diameter), and fertilize with a
slow-release fertilizer.

3. Keep the plants in a growth chamber (16 h day/8 h night
photoperiod at 14–16 �C) for about 2 weeks until recovery
(new tillers grow out) and then repot and move the plants to
the greenhouse (16 h day/8 h night photoperiod) at 20–24 �C
until maturity (see Note 6).

3.2 Backcrossing,

Resistance Testing,

and Production of

Alien Addition Lines

Attempts to produce amphiploids through colchicine treatment
may not be successful and the interspecific hybrids may be partially
or completely sterile. Maintenance of the hybrid line is essential and
can be best assisted by backcrossing to the hybrid using copious
amounts of pollen from a rust susceptible wheat variety (Fig. 1c).
Several generations of backcrossing may be required before the
lines become self-fertile.

During the backcrossing procedure, the chromosomes derived
from the wild species will be in a hemizygous state and will ran-
domly assort at meiosis to produce gametes with variable chromo-
some numbers. After several backcrosses or selfed generations, a set
of lines will eventually be produced each containing alien-derived
chromosomes ranging in number from the full genome comple-
ment to zero (¼ euploid wheat). These alien chromosome addition
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lines are not a “weed risk” and are able to be grown outside of
quarantine glasshouse facilities.

Rust resistance testing should take place during backcrossing or
at this stage to (a) confirm that the resistance gene detected in the
wild species effectively functions in the wheat background, and (b)
to identify rust resistant addition lines carrying single alien chromo-
somes. Markers specific to the seven homoeologous groups in
Triticeae species should be used to identify the alien chromosome
[7, 8]. The barley chromosome map [9] is a reliable starting point
as a guide for suitable molecular markers to identify chromosomes
from Aegilops and Thinopyrum spp. [8, 10]. When the alien chro-
mosome carrying the rust resistance has been identified, a range of
markers spread across both arms must then be selected. At this
stage, the exact location of the resistance gene is unknown.

3.3 Introgression of

Alien Chromosome

Segments into Wheat

Chromosomes

Transfer of a resistance gene from an alien chromosome to a wheat
chromosome can be achieved by (a) tissue culture or spontaneous
translocation, (b) radiation-induced translocation, or (c) homoeo-
logous chromosome pairing. Spontaneous (centric or Robertso-
nian, and noncentric) translocations occur after breakage of the
alien chromosome and any wheat chromosome followed by ran-
dom fusion of chromosome arms. The most widely grown sponta-
neous translocations involve the 1RS chromosome arm from rye.
Despite the huge success of wheat–rye T1BLl1RS and T1ALl1RS
translocations, such translocations occur at low frequency and are
mostly noncompensating. Radiation-induced translocations occur
following chromosome breakage caused by radiation [4, 12].
Breakage of the alien and wheat chromosomes is completely ran-
dom and may occur in interstitial regions of the chromosomes.
Fusion of broken chromosome ends may occur randomly. The
resulting translocations are usually genetically unbalanced and
show low fertility. However, if the targeted gene is in the proximal
region of a chromosome or the synteny between the alien chromo-
some carrying the target gene and wheat chromosome is not con-
served, these two methods will provide opportunities for
introgression. This procedure needs to be accompanied by strong
selection for compensating translocations [13].

The highest chance of producing an alien introgression line
with a balanced genetic content involves homoeologous recombi-
nation where genetically related alien and wheat chromosomes pair.
This is achieved by removing the Ph1 gene on wheat chromosome
5BL through the use of nulli-5B wheat lines or use of the ph1b
mutant [14], which has a deleted interstitial segment of chromo-
some 5BL that carries Ph1. Recombination rates are beyond the
control of researchers and the pairing frequency of the alien and
wheat chromosomes cannot be accurately predicted, because it
varies among the chromosomes and genotypes. However, it can
be estimated by analyzing meiotic metaphase I pairing in plants
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homozygous for ph1b and heterozygous for the homoeologous
wheat and alien chromosomes or chromosome segments. The
homoeologous recombination procedure involving ph1b is:

1. Cross the alien chromosome addition line, alien chromosome
substitution line or translocation line with a ph1bph1b wheat
genotype (Fig. 1g uses a chromosome translocation line as an
example) (see Note 7).

2. F1 plants should be screened and selected for the presence of
the alien chromosome using an appropriate rust testing
procedure.

3. Selected F1 plants are backcrossed to a ph1bph1b wheat geno-
type (Fig. 1h). BC1F1 seedlings from this cross should be
screened for the alien chromosome and ph1bph1b genotype
using rust testing and molecular markers, respectively. The
ph1bph1b plants can be identified using the PCR marker
ABC302.3 (F: 50-ATAAAGGAGAAGATTGAGTC-30, R: 50-
ATAAGGAACAGGAACAGAGT-30) with annealing at 51 �C
for 60 s and extension at 72 �C for 70 s [15].

4. Self BC1F1 plants (Fig. 1i). Screening for dissociation of mar-
kers linked to the alien chromosome is performed on BC1F2
seedlings carrying the alien chromosome and ph1bph1b geno-
type. Proximal and distal primary recombinants are recovered
(see Note 8).

5. Intercross proximal and distal recombinants to select interstitial
secondary recombinants (Fig. 1j) (see Note 9).

6. Plants showing dissociation of widely separated alien
chromosome-specific markers must be (a) progeny tested to
confirm the marker results, and (b) crossed with normal wheat
Ph1Ph1 genotypes to restore regular chromosome pairing
(Fig. 1k).

7. Screen 1000–2000 BC2F1 plants for rust reaction and reduced
alien segments using molecular markers and genomic in situ
hybridization (GISH) (see Note 10).

8. Self and select homozygotes with distal and interstitial transfers
(Fig. 1l).

9. Putative recombinants should be rust tested to determine if the
resistance gene is present.

3.4 Verification

of the Recombinant

Structure of

Dissociation Lines

Researchers should be cautious in assuming that dissociation of
alien markers represents the production of true recombinants.
Deletion mutants (including spontaneous production of telocen-
tric chromosomes from non-paired chromosomes) will also show
loss of some alien markers. Verification that wheat–alien chromo-
some interchanges have occurred involves proof by genetic and
cytological evidence.
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1. In lines segregating for the alien chromosome segment, mar-
kers associated with the wheat chromosome involved in recom-
bination/translocation events will cosegregate. By using a
codominant molecular marker specific to the alien and wheat
homoeologues, the researcher should look for segregation of
both the alien and wheat genome-related markers. For exam-
ple, self-fertilization of a plant monosomic for a recombinant
chromosome and its normal wheat homoeologue might show
25% of progeny with only the alien-specific markers, 50%
showing both the alien and wheat markers and 25% showing
only the wheat marker. This is the “expected” scenario only; in
many cases, the chromosomes with alien segments will show
biased transmission rates.

2. In lines homozygous for shortened alien chromosome seg-
ments, the researcher should determine which wheat-specific
markers are simultaneously absent. In this way, the wheat chro-
mosome involved in the recombination/translocation event
can be identified.

3. Testcrossing the putative recombinant with the corresponding
wheat line (or Chinese Spring) that is nullisomic for the homo-
eologue (or the corresponding arm) will produce a plant
monosomic for the wheat–alien chromosome recombinant.
Selfed progeny of that plant will show linkage of alien chromo-
some markers and wheat genome-specific markers [10].

4. GISH using labeled alien DNA in excess of unlabeled wheat
DNA can provide visual proof of the existence of a wheat–alien
recombinant chromosome and also will be the simplest and
quickest way to identify the wheat chromosome involved.
GISH can be used to determine the size of the transferred
alien segment and the size of the wheat segment that it replaced.

4 Notes

1. Add only one drop at a time. The pH will change dramatically.

2. Cultivated wheat is usually used as the female parent for several
reasons, (a) the florets are larger than those of most wild species
and hence are more easily emasculated, (b) wild relatives are
usually prolific pollen producers with large anthers making
them ideal male parents, and (c) retention of wheat cytoplasm
will reduce the chance of loss of important but perhaps undoc-
umented maternal influences or the introduction of deleterious
genes. Although not commercial cultivars, Chinese Spring and
many Chinese landrace genotypes carry one or more crossabil-
ity genes (kr1 to kr4) [2], thereby increasing the success of
producing interspecific hybrid embryos. In addition, it is
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important to choose a recipient wheat variety that is rust sus-
ceptible so that the presence of the resistance gene(s) from the
wild species can be verified easily in subsequent generations.

3. Anthers ready for pollination will be evenly yellow (not green)
and will dehisce within seconds of contact with a warm hand.

4. It is possible to verify whether the plantlet is a true hybrid by
the presence of (a) morphological characteristics from the male
parent and/or (b) molecular markers derived from the wild
species.

5. During the treatment, provide a gentle air flow into the colchi-
cine solution to supply the roots with oxygen. A small air pump
suitable for a domestic aquarium is ideal for aeration.

6. When the plants are growing vigorously, transplant them to
25 cm diameter pots to allow tillering, which is very important
because late tillers may be derived from cells with doubled
chromosome numbers and may show improved fertility over
early tillers.

7. Although the original ph1b mutant is in the Chinese Spring
[14], the researcher is encouraged to transfer the ph1b mutant
allele to a more agriculturally acceptable cultivar by backcross-
ing as was done for Pavon 76, Angas and Overley. This is to
improve the chance of producing wheat–alien chromosome
recombinants in agriculturally adapted genetic backgrounds.

8. Identification of putative wheat–alien chromosome recombi-
nants/translocations is dependent on the alien chromosome
being in a monosomic state. If BC1F2 seedlings do not show
segregation of alien markers, recross those plants with the
ph1bph1b wheat genotype and rescreen for populations segre-
gating for the alien chromosome. If this is unsuccessful, the
researcher may be dealing with a gametocidal (Gc) chromo-
some [16].

9. Alternatively, steps 4 and 5 can be skipped. Instead, the resis-
tant BC1F1 plants with ph1bph1b are crossed with normal sus-
ceptible wheat with genotype Ph1Ph1 to produce a large BC2F1
population, a procedure that can be more efficient in some
cases [6, 17].

10. Integrated use of molecular markers and cytogenetic techni-
ques, such as GISH and C-banding, improve the efficiency and
precision of homoeologous-based chromosome engineering.
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Chapter 15

Applications of Genomic Selection in Breeding Wheat
for Rust Resistance

Leonardo Ornella, Juan Manuel González-Camacho,
Susanne Dreisigacker, and Jose Crossa

Abstract

There are a lot of methods developed to predict untested phenotypes in schemes commonly used in
genomic selection (GS) breeding. The use of GS for predicting disease resistance has its own particularities:
(a) most populations shows additivity in quantitative adult plant resistance (APR); (b) resistance needs
effective combinations of major and minor genes; and (c) phenotype is commonly expressed in ordinal
categorical traits, whereas most parametric applications assume that the response variable is continuous and
normally distributed. Machine learning methods (MLM) can take advantage of examples (data) that
capture characteristics of interest from an unknown underlying probability distribution (i.e., data-driven).
We introduce some state-of-the-art MLM capable to predict rust resistance in wheat. We also present two
parametric R packages for the reader to be able to compare.

Key words Rust resistance, Genomic selection, Machine learning

1 Introduction

The development of low-cost, high-throughput, genotyping stra-
tegies has made it possible for genomic selection (GS) to offer new
opportunities for increasing the efficiency of plant breeding pro-
grams [1].

Using GS for predict quantitative adult plant resistance or APR
has its own particularities:

1. Although there is general consensus about the additive nature
of APR to rust, some populations present epistasis. Parametric
(linear) GS approaches are restricted to modeling additive
effects, whereas most MLM also allow modeling epistasis.

Sambasivam Periyannan (ed.), Wheat Rust Diseases: Methods and Protocols, Methods in Molecular Biology, vol. 1659,
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2. Most traits are affected by large numbers of small-effect genes,
whereas APR is based on effective combinations of major and
minor genes. MLM provide a general suite of flexible methods
for this purpose.

3. Disease resistance is commonly expressed in ordinal categorical
traits (e.g., 1–9, or 1–5. Even if the data are transformed, the
aforementioned problems may remain in the model. In MLM
there is no imposition regarding the distribution of both pre-
dictor and response variables, avoiding the problems that may
arise in parametric GS.

The objective of this work is to present several state-of-the-art
machine learning solutions developed for GS, able to deal with the
particularities of the architecture ofwheat diseases, and plant diseases
in general. We also present the protocols of BGLR and rrBLUP
packages, which are also suitable for predicting disease resistance.

2 Materials

All scripts included herein are to be executed in R [2]. Commands
are shown in the boxes. Before starting, we recommend all required
packages to be installed by typing install.packages() in the com-
mand line. Scripts in the boxes can be edited using the R-studio
software (https://www.rstudio.com/products/rstudio/down
load/). In supplementary materials we attach two complete rust
datasets for practice, Supplementary Tables 1 and 2. Additional
data sets and R scripts can be found by exploring the CIMMYT
repository (http://repository.cimmyt.org/) (see Note 1).

3 Methods

3.1 General Protocol

for GS

To perform GS, a population that has been both genotyped and
phenotyped, i.e., the training population (TP), is used to train or
calibrate a GS model, which is in turn used to predict breeding or
genotypic values of non-phenotyped selection candidates (Box 1).
This second set of individuals can be referred to as the breeding
population (BP) [1].

Before the GS procedure, it is necessary a protocol for load and
process the data (Box 1). Usually, the genotype and phenotype data
is presented in a numeric format (Table 1); however, raw marker
data, e.g., alleles coded as pair of observed alleles “A/T,” “G/C,”
or by genotypes “AA,” “BB,” “AB,” may be present, and it is
necessary to recode it into the numeric format [3]. In our protocol,
missing data is imputed by random forest [4]. If time is demanding
and missing data is less than 20%, imputation by the mean or
the mode of the nonmissing values at that marker is enough
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Box 1
R script load and preprocess data from training and a breeding population:

require(synbreed)

require(missForest)

setwd(’. . ./workingDirectory/)

## loading a numeric matrix (e.g. Table 1) a training and a breeding population

datasT <- read.csv("trainingpopulation.csv",header¼FALSE)

datasB <- read.csv("breedingpopulation.csv",header¼FALSE)

MarkersTrain <- datasT [,-ncol(datasT)] ## subtract the column of

phenotype

MarkersBred <- datasB[,-ncol(datasB)] ## there´s not phenotypic data

y <- datasT [,ncol(datasT)] ## extract the column of phenotypic data

u <- datasB [,ncol(datasB)] ## extract the column of phenotypic data

## standardized in the format (-1, 0, 1)

MarkersTrain <- MarkersTrain - 1 # SNPs

MarkersTrain <- 2* MarkersTrain - 1 # DArT

# DO THE SAME WITH THE MarkersBred DATA

# MarkersBred <- MarkersTrain - 1 # SNPs

MarkersBred <- 2* MarkersBred - 1 # DArT

## delete features with more than 50% missing data and imputing

## case A: when training and breeding populations are related

miss <- c()

data ¼ rbind(MarkersTrain, MarkersBred)

for(i in 1:ncol(data)) {

if(length(which(is.na(data [,i]))) > 0.5*nrow(data)) miss <- append

(miss,i)

}

if (!is.null(miss)) data <- data [,-miss] newMarker <-

missForest(as.data.frame(data))

impMarker <- newMarker$ximp

trn <- 1:nrow(MarkersTrain)

impMarkerTrain <- impMarker[trn,]

impMarkerBreed <- impMarker[-trn,]

## delete features with more than 50% missing data and imputing

## case B: when training and breeding populations are unrelated

miss <- c()

for(i in 1:ncol(MarkersTrain)) {

if(length(which(is.na(MarkersTrain [,i]))) > 0.5*nrow(MarkersTrain))

miss <- append(miss,i)

}

if (!is.null(miss)) MarkersTrain <- MarkersTrain [,-miss] miss <- c()

for(i in 1:ncol(MarkersBred)) {

if(length(which(is.na(MarkersBred[,i]))) > 0.5*nrow(MarkersBred)) miss

<- append(miss,i)

}

(continued)
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(see Note 2). In package Synbreed there are other alternatives for
imputation [3] (seeNote 3). To fulfill the requirements of rrBLUP,
in our protocol the numeric format is standardized in the format
centered in zero (�1, 0, 1) to carry out analysis (Box 1).

Finally, in Box 2, we present a general MLM protocol of GS.
Methods selected are random forest [5] and support vector regres-
sion with linear kernel [6] (seeNote 4). Later, we also present some
parametric alternatives (Subheading 3.3).

3.2 Cross-Validation

to Assess the

Performance of GS

Methods

There is a plethora of methods developed to GS, each one adapted
for a particular situation, the analyst does not know “a priori”
which the best to predict the non-phenotyped BP. To have an
idea of which method would perform better, we recommend to
perform a cross-validation scheme on the TP (Box 3). Briefly, k
random partitions are generated using a predefined random binary
matrix of order n � k (n is the number of phenotyped individuals,
and k is the number of folds, generally 10–50); each column of the
matrix randomly assigns 80–90% individuals of the TP to a training

Box 1
(continued)

if (!is.null(miss)) MarkersBred <- MarkersBred[,-miss] newMarkerT <-

missForest(as.data.frame(MarkersTrain))

impMarkerTrain <- newMarkerT $ximp

newMarkerB <- missForest(as.data.frame((MarkersBred))

impMarkerBreed <- newMarkerB$ximp

## minor allele frequency e.g. MAF <¼ 5% case A and B

S <- which(colMeans(impMarkerTrain) > 0.9)

impMarkerTrain <- impMarkerTrain[,-S]

impMarkerBreed <- impMarkerBreed [,-S]

S <- which(colMeans(impMarkerTrain) < -0.9)

impMarkerTrain <- impMarkerTrain[,-S]

impMarkerBreed <- impMarkerBreed [,-S]

Table 1
Example of a dataset with genotype and phenotype, in numeric format, as used in this work

M1 M2 M3 Mi Mp Y

1 �1 0 . . . 1 �14.67

0 1 1 . . . NA �3.14

. . . . . . . . . . . . . . . . . .

�1 0 NA . . . 0 49.55

�1 1 NA . . . 1 29.87

176 Leonardo Ornella et al.



set and the 20–10% remaining to a testing set (Table 2) (in Box 6
we present a protocol to generate this random matrix). Each GS
model is fitted to the training set; predictions for individuals in the
test set are compared with the observed values using Pearson’s
correlation coefficient or mean squared error (see Note 5). Finally,
the performances of different methods are contrasted by an appro-
priate statistical test, e.g., paired samples Wilcoxon test.

Box 2
R script for predict non-phenotyped individuals using MLM and a phenotyped training
population:

require(mlr)

require(randomForest)

require(kernlab)

p <- ncol(impMarkerTrain)

dataGG <- as.data.frame(cbind(impMarkerTrain,y))

rdesc <- makeResampleDesc("CV", iters ¼ 10L)

taski <- makeRegrTask (data ¼ dataGG, target ¼ "y")

ctrl <- makeTuneControlGrid()

###Random Forest Optimization

### Optimization is time demanding, default values may present good enough

predictions

lrner <- makeLearner("regr.randomForest")

ranMtry <- round (p/c(2,2.5,3,3.5,4))

psRF <- makeParamSet(

makeDiscreteParam ("mtry", values ¼ ranMtry),

makeDiscreteParam("ntree", values ¼ seq(400, 600, by ¼ 50))

)

resRF ¼ tuneParams( lrner, task ¼ taski, resampling ¼ rdesc, par.set ¼ psRF,

control ¼ ctrl)

myrf <- randomForest(impMarkerTrain, y, ntree¼ resRF[3] $x$ntree, mtry¼ resRF

[3] $x$mtry) #Random Forest Optimized

#myrf <- randomForest(impMarkerTrain, y) # default mtry ¼ p/3 ntree ¼ 500

RFpred <- as.numeric(predict(myrf, impMarkerBreed))

print (RFpred)

cor(u,RFpred) ## plot(u,RFpred)

###SVR Optimization

lrner ¼ makeLearner("regr.ksvm")

psSVR ¼ makeParamSet(

makeDiscreteParam("kernel", values ¼ "vanilladot"),

makeDiscreteParam("C", values ¼ 2^(-8:2))

)

res ¼ tuneParams( lrner, task ¼ taski, resampling ¼ rdesc,par.set ¼ psSVR,

control ¼ ctrl)

mySVR <- ksvm(y~.,data¼dataGG,kernel¼"vanilladot",C¼res[3]$x$C)

SVRpred ¼ as.numeric(predict(mySVR, impMarkerBreed))

print(SVRpred)

cor(u, SVRpred) ## plot(u, SVRpred)
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Box 3
Cross validation script to evaluate the performance of a gs method in a phenotyped population
using RF and a parametric model of BGLR package:

require(randomForest)

require(BGLR)

setwd(’. . ./workingDirectory/)

## required perform imputing and MAF protocol of Box 1

set <- read.csv("index.csv", header¼FALSE)

for (fold in 1:50){

train <- which(set[,fold]¼¼1)

pred <- which(set[,fold]¼¼2)

## Bayes B

yNa <- y

yNa[pred] <- NA

ETA<-list(list(X¼ impMarkerTrain, model¼’BayesB’))

fit_BGLR<- BGLR(y¼yNa, ETA¼ETA, nIter¼7000,

burnIn¼2500,thin¼3,saveAt¼’’,df0¼5, S0 ¼ NULL, weights¼NULL,R2¼0.5)

resultsBGLR <- fit_BGLR $yHat[pred]

## Random Forest ## optional: optimization protocol of box 1

myrf <- randomForest(round(impMarker [train,]), y[train])

Ypred <- as.numeric(predict(myrf,round(impMarker [pred,])))

CorBGLR <- cor(resultsBGLR,y[pred])

CorRF <- cor(Ypred,y[pred])

ouputCor <- cbind(fold, CorBGLR, CorRF)

mseBGLR <- ((resultsBGLR -y[pred]) %*%(resultsBGLR -y[pred]))/length

(y[pred])

mseRF <- ((Ypred-y[pred]) %*%(Ypred-y[pred]))/length(y[pred])

ouputMSE <- cbind(fold, mseBGLR, mseRF)

write.table(ouputCor,"resultsCorrelation.csv", sep ¼",",append ¼ TRUE)

write.table(ouputMSE,"resultsMSE.csv", sep ¼",",append ¼ TRUE)

}

Table 2
Example of a (n � k) binary matrix used to generate the k random partitions

Fold1 Fold2 . . . Fold2 Foldk

1 2 1 . . . 1

2 1 1 . . . 2

. . . . . . . . . . . . . . .

1 2 2 . . . 1

2 1 2 . . . 1

n is the number of individuals in the training populations
If the ith element in the j-th column is 1, the i-th individual is assigned to the train set, and if 2, the i-th individual is

assigned to the test set
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3.3 Alternative GS

Methods

We already have presented random forest and SVM with linear
kernel for GS. In Box 4, we introduce two linear, parametric
rrBLUP [7] and BGLR [8] packages of R project. They are easy
to implement, fast and can deal with the additives properties of rust
resistance. From our experience [9], although these linear methods
cannot reach the performance of random forest, in a very short time
an anxious researcher can have the idea of the success of GS in a
particular population. A key issue in BGLR is a two-level list used to
specify the regression function: ETA (ETA<�list(list(X¼ impMar-
ker, model ¼ “BL”))). The options for model allows FIXED (Flat
prior), BRR (Bayesian ridge regression with Gaussian prior),
BayesA (scaled-t prior), BL (Double-Exponential prior), BayesB
(two component mixture prior with a point of mass at zero and a
scaled-t slab), and BayesC (two component mixture prior with a
point of mass at zero and a Gaussian slab) (see Note 6).

Finally, in Box 5 we present an alternate protocol of classifica-
tion to deal with scale problems [9]. We must recall that this last
part is just to introduce the classification issue of GS, we strongly
encourage the reader to go deeper into this matter (see for example
https://mlr-org.github.io/mlr-tutorial/).

Box 4
R script to perform GS using rrBLUP and BGLR:

## RUNNING rrBLUP

require(BGLR)

require(rrBLUP)

yNa <- c(y,rep(NA,nrow(impMarkerBreed)) )

impMarker <- rbind(impMarkerTrain, impMarkerBreed)

A1 <- A.mat(impMarker,impute.method¼"EM",max.missing¼0.5,shrink¼FALSE)

rownames(A1) ¼ 1:nrow(A1)

set.seed(456)

data2 <- data.frame(y¼ yNa,gid¼ 1:nrow(A1))

ans1 <- kin.blup(data2,K¼A1,geno¼"gid",pheno¼"y")

trn <- 1: length(y)

results ¼ ans1$g[-trn ]

cor(u, results) ## plot(u, results)

## RUNNING BGLR options

#ETA<-list(list(X¼ impMarker, model¼’BayesA’))

#ETA<-list(list(X¼ impMarker, model¼’BayesB’))

#ETA<-list(list(X¼ impMarker, model¼’BayesC’))

#ETA<-list(list(X¼ impMarker, model¼’ BL ’))

## RUNNING BGLR gaussian

ETA<-list(list(X¼ impMarker, model¼’BayesB’))

fit_BGLR¼BGLR(y¼yNa,ETA¼ETA,nIter¼7000,burnIn¼2500,thin¼3,saveAt¼’’,df0¼5,

S0¼NULL,weights¼NULL,R2¼0.5)

results <- fit_BGLR$yHat[-trn]

cor(u, results) ## plot(u, results)
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Box 5
R script for predict non-phenotyped individuals using a phenotyped training population and
machine learning classification:

require(mlr)

require(randomForest)

require(kernlab)

p <- ncol(impMarkerTrain)

threshold <- quantile(y, probs ¼ 0.3, na.rm ¼ TRUE, type ¼ 7)

yQual <- rep("res",length(y)) #resistant

yQual[which(y> threshold)] <-"sus" # susceptible

dataGG¼ cbind(as.data.frame(impMarkerTrain), as.data.frame(yQual))

rdesc ¼ makeResampleDesc("CV", iters ¼ 10L)

taski ¼ makeClassifTask (data ¼ dataGG, target ¼ "yQual")

ctrl ¼ makeTuneControlGrid()

###Random Forest Optimization is time demanding, default values may present good

enough predictions

lrner ¼ makeLearner("classif.randomForest")

ranMtry <- round (sqrt(p)*c(0.5,0.75,1,1.25,1.5))

psRF <- makeParamSet(

makeDiscreteParam ("mtry", values ¼ ranMtry),

makeDiscreteParam("ntree", values ¼ seq(400, 600, by ¼ 50))

)

resRF ¼ tuneParams( lrner, task ¼ taski, resampling ¼ rdesc, par.set ¼ psRF,

control ¼ ctrl)

myrf <- randomForest(impMarkerTrain, as.factor(yQual), ntree¼ resRF[3] $x

$ntree, mtry¼ resRF[3] $x$mtry)

#myrf <- randomForest(impMarkerTrain, as.factor(yQual)) # R Forest default,

mtry ¼ √p ntree ¼ 500

RFpred <- predict(myrf, impMarkerBreed)

print (RFpred)

###SVR Optimization

lrner ¼ makeLearner("classif.ksvm")

psSVR ¼ makeParamSet(

makeDiscreteParam("kernel", values ¼ "vanilladot"),

makeDiscreteParam("C", values ¼ 2^(-8:2))

)

resSVR ¼ tuneParams( lrner, task ¼ taski, resampling ¼ rdesc,par.set ¼ psSVR,

control ¼ ctrl)

mySVR <- ksvm(yQual ~.,data ¼ dataGG, kernel¼"vanilladot",C¼resSVR[3]$x$C,

prob.model¼TRUE)

SVRpred ¼ predict(mySVR, impMarkerBreed)

print(SVRpred)
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4 Notes

1. The GS packages we present in this protocol are the most
recognized and tested in rust resistance. However, new tech-
niques are under continuous development, or new R packages
are adapted to nonadvanced users (e.g., NAM package). We
encourage the reader to explore these new alternatives.

2. We adapted our protocol to remove markers with 50% of
missing data; sometimes is better to lower this threshold to
30%.

3. Our protocols were designed for imputing unordered, low
budget, markers. However if an order set of markers is avail-
able, the reader can try other algorithms such as Beagle or
fastPHASE. Beagle is implemented in Synbreed.

4. An optimization of parameters is recommend in support vector
machines (e.g., Cost parameter). From our experience, random
forest, on the other hand, does not need a previous step of
optimization (see Box 2).

5. Classification methods need alternative statistics to measure the
success of the prediction, such as Area under the curve or
Balanced accuracy (http://mlr-org.github.io/mlr-tutorial/
release/html/measures/index.html.

6. Linear models of BGLR package are easy to implement and
relatively fast. The time of the processing is highly dependent
on burnIn, and nIter parameters. We recommend to set them
not less than 2000 and 5000, respectively.

Box 6
R script generate an index for random partitions:

setwd(’. . ./workingDirectory/)

datasT <- read.csv("trainingpopulation.csv",header¼FALSE)

###set the size of training population for crossvalidation e.g. 90% or 80%

p <- 0.9

siz <- nrow(datasT)

train <- round(p* siz)

pred <- siz-train

ind <- c(rep(1, train), rep(2, pred))

index ¼ sample(ind)

for (fold in 2:50){

index ¼cbind(index ,sample(ind))

}

write.table(index,"index.csv", sep ¼ ",",row.names¼FALSE,col.names¼FALSE)
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Chapter 16

Rapid Phenotyping Adult Plant Resistance to Stem Rust
in Wheat Grown under Controlled Conditions

Adnan Riaz and Lee T. Hickey

Abstract

Stem rust (SR) or black rust caused by Puccinia graminis f. sp. tritici is one of the most common diseases of
wheat (Triticum aestivum L.) crops globally. Among the various control measures, the most efficient and
sustainable approach is the deployment of genetically resistant cultivars. Traditionally, wheat breeding
programs deployed genetic resistance in cultivars, but unknowingly this is often underpinned by a single
seedling resistance gene, which is readily overcome by the pathogen. Nowadays, adult plant resistance
(APR) is a widely adopted form of rust resistance because more durable mechanisms often underpin it.
However, only a handful of SR APR genes are available, so breeders currently strive to combine seedling and
APR genes. Phenotyping adult wheat plants for resistance to SR typically involves evaluation in the field.
But establishing a rust nursery can be challenging, and screening is limited to once a year. This slows down
research efforts to isolate new APR genes and breeding of genetically resistant cultivars.
In this study, we report a protocol for rapid evaluation of adult wheat plants for resistance to stem rust.

We demonstrate the technique by evaluating a panel of 16 wheat genotypes consisting of near isogenic lines
(NILs) for known Sr genes (i.e., Sr2, Sr33, Sr45, Sr50, Sr55, Sr57, and Sr58) and three landraces carrying
uncharacterized APR from the N. I. Vavilov Institute of Plant Genetic Resources (VIR). The method can be
completed in just 10 weeks and involves two inoculations: first conducted at seedling stage and a second at
the adult stage (using the same plants). The technique can detect APR, such as that conferred by APR gene
Sr2, along with pseudo-black chaff (the morphological marker). Phenotyping can be conducted through-
out the year, and is fast and resource efficient. Further, the phenotyping method can be applied to screen
breeding populations or germplasm accessions using local or exotic races of SR.

Key words Wheat, Stem rust, Phenotyping, Seedling resistance, Adult plant resistance, Controlled
environment, Speed breeding

1 Introduction

Stem rust (SR) caused by Puccinia graminis f. sp. tritici Pers. Eriks.
& E. Henn. (Pgt) is one of the most destructive and geographically
widespread diseases of breadwheat (Triticum aestivum L.) [1, 2].
Pgt has caused severe yield losses (50–70%) to wheat crops [3] and
under favorable environmental conditions can destroy a field
completely in just 3 weeks [1]. SR presents a major challenge as
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plant breeders strive to boost the rate of genetic improvement of
wheat yield to meet the increasing food demand of growing human
population [4]. The most sustainable and environmentally friendly
strategy is the deployment of genetically resistant cultivars to
reduce the losses caused by SR [5].

To date, 59 stem rust (Sr) genes including seedling resistance
and adult plant resistance (APR) genes have been catalogued [6].
Seedling resistance is often underpinned by single major gene (R)
and is effective against some races of the pathogen (i.e., race-
specific). The deployment of R genes exerts selection pressure on
the pathogen, and it undergoes genetic variation (i.e., mutation,
gene flow, genetic drift, recombination, and natural selection) thus
results in the breakdown of resistance [7]. For instance, to date, 13
variants of the SR race TTKSK (synonym Ug99) lineage have been
detected (http://www.rusttracker.org, accessed February 23,
2017). On the other hand, multiple minor genes underpin APR
where each gene adds small effect to overall partial resistance
against all races of the pathogen thus, are considered more durable
[8]. APR genes often influence pustule size, infection frequency,
and latent period and thus do not exert selection pressure on the
pathogen, hence they are referred as “slow rusting” genes. For
instance, the APR gene Sr2 provides effective resistance against
SR and has been widely used in breeding programs for almost
100 years [5, 9–11]. APR genes are most effective at adult plant
stage, thus plant breeders typically perform phenotyping and selec-
tion in the field. Regardless, the detection and deployment of APRs
in breeding programs is challenging [12, 13].

Conventional breeding for disease resistance involves field-
based phenotyping, which is limited to once a year, except shuttle
breeding (allowing two field generations per year) at the Interna-
tional Maize and Wheat Improvement Center (CIMMYT), Mexico
[12, 14]. The environmental factors, plant growth stage, the rate of
epidemic progression, and unexpected pathotype or disease incur-
sion often compromise the success of field phenotyping [12, 15].
These limitations slows down progress in breeding and rust
research programs. Alternatively, various studies have reported suc-
cessful evaluation of adult plants for resistance to foliar pathogens
under glasshouse or controlled environmental conditions (CEC)
[12, 15, 16, 20]. A plant management system called “speed breed-
ing” uses constant light and controlled temperature to provide
accelerated growth conditions (AGC); enabling up to six genera-
tions of wheat per year [17]. Moreover, phenotyping protocols
have been adapted for other important traits in wheat (i.e., other
than foliar diseases) [18, 19].

In this study, we demonstrate the ability to rapidly phenotype
SR in the speed breeding system. The method involves two inocu-
lations; first at seedling stage and second at the adult stage. The
method has tremendous potential for screening large breeding
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populations or germplasm accessions using local or exotic patho-
types and could facilitate selection for resistance mechanisms that
are stable across a range of temperatures.

2 Materials

2.1 Plant Materials A panel comprising 16 wheat genotypes was assembled to test a
newly developed protocol for phenotyping SR resistance at the
adult stage using plants grown in the speed breeding system. The
panel included: near isogenic lines (NILs) carrying R genes (Sr33,
Sr45, and Sr50), APR genes (Sr2, Sr55, Sr57, and Sr58), and three
landraces carrying uncharacterized APR (Table 1). The landraces
were previously subjected to line purification by conducting one
generation of single seed descent (SSD).

2.2 Pathogen

Materials

A single Pgt pathotype (i.e., 343-1,2,3,5,6) was used for all speed
breeding experiments. However, a mixture of pathotypes (343-
1,2,3,5,6 and 34-2,12,13) was used to determine the field disease

Table 1
Information for the 16 wheat genotypes examined in this study

Sl. No. Name Gene information Type Source

1 Thatcher None Cultivar [21]

2 Thatcher þ Sr57 Sr57 Near isogenic line

3 Thatcher þ Sr58 Sr58 Near isogenic line

4 Thatcher þ Sr55 Sr55 Near isogenic line

5 Chinese Spring None Cultivar

6 Chinese Spring þ Sr2 Sr2 Near isogenic line

7 Chinese Spring þ Sr33 Sr33 Near isogenic line [22]

8 Chinese Spring þ Sr45 Sr45 Near isogenic line

9 CS1D 5405 (Chinese Spring þ Sr33) Sr33 Genetic stock [22]

10 E6-Sr33M Sr33M Mutant for Sr33 [23]

11 Gabo-B þ Sr50 Sr50 Genetic stock [24]

12 Gabo-D þ Sr50 Sr50 Genetic stock [24]

13 M7-2-Sr50 Sr50 Mutant for Sr50 [24]

14 WLA-025 Uncharacterized APR Landrace [25]

15 WLA-026 Uncharacterized APR Landrace [25]

16 WLA-065 Uncharacterized APR Landrace [25]
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response for all lines. Both 343-1,2,3,5,6 and 34-2,12,13 (com-
monly known as the “Satu triticale pathotype”) occur throughout
the eastern wheat belt of Australia. The 343-1,2,3,5,6 has virulence
for Sr5, Sr6, Sr7b, Sr8a, Sr9b, Sr11, Sr17 while 34-2,12,13 has
virulence for Sr5, Sr9g, Sr11, SrSatu, and Sr27 [26]. The rust
cultures used in this study were maintained through single spore
culture technique using the susceptible cultivar “Morocco” (see
Note 1). Other materials used in this study were;

1. Petri dishes.

2. Filter paper.

3. Refrigerator.

4. Plastic pots (140 mm, 1.4 L).

5. Potting media comprising 70% composted pine bark fines and
30% coco peat.

6. Slow-release fertilizer.

7. Standard glasshouse.

8. Speed breeding facility: controlled temperature glass-
house fitted with sodium vapor lamps.

9. Ultrasonic fogger to maintain humidity.

10. Airbrush for pathogen inoculation.

11. Mineral oil.

12. Deionized water.

13. Dew chamber made of plastic.

14. Agar (15 g).

15. Cyclone spore collector.

16. Glass desiccator filled with 60% sulfuric acid.

17. �80 �C freezer.

18. 0.5 ml self-standing screw cap tubes (i.e., 0.1 g/tube).

3 Methods

Out of three experiments, two namely “Adult plant integrated” and
“Adult plant independent” were conducted in the speed breeding
system, while the third “Field disease response” was performed in
the field. Below is the protocol for each experiment.

3.1 Adult Plant

Integrated Method

The method outlined here is an adaptation of the rapid phenotyp-
ing method for APR to leaf rust in wheat reported by Riaz et al.
[12]. The modifications for SR are reported below; however, the
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overall concept is the same. The adult plant integrated method
involves two inoculations: first at seedling stage and again at the
adult stage using the same set of plants.

3.1.1 Phenotyping

at Seedling Stage

The wheat panel was evaluated for SR response at the seedling stage
in a standard glasshouse at The University of Queensland, St Lucia,
Queensland, Australia.

1. Ten seeds of each genotype were imbibed in a petri dish lined
with a moist filter paper at room temperature for 24 h. To
encourage uniform germination across wheat genotypes the
imbibed seeds are placed in a refrigerator (4 �C) for 48 h.
After the cold treatment, plants are returned to room tempera-
ture for 24 h.

2. Germinated seeds were transplanted into the pots (140 mm)
filled with potting media (pH 5.5–6.5). At a rate of 2 g per pot,
a slow-release fertilizer was applied.

3. Each pot contained four evenly spaced positions, where posi-
tion one starts clockwise from the pot tag (i.e., 1–4). A single
germinated seed was transplanted at each position. Genotypes
were replicated three times adopting a completely randomized
block design.

4. Plants were grown in a standard glasshouse, a temperature of
25/17 � 2 �C (day/night) under natural diurnal photoperiod
conditions (12 h daylight).

5. Twelve days after sowing (i.e., two-leaf stage) seedlings were
inoculated (see Note 2). The SR urediniospores were sus-
pended in light mineral oil at a rate of 0.005 g/ml. Inoculum
at the concentration of 6� 105 spores/ml was applied using an
airbrush (see Note 3). Plants were then lightly misted with
deionized water and placed in a dew chamber maintained at
100% humidity using an ultrasonic fogger (see Note 4).

6. After 16–18 h of incubation, plants were removed from the
dew chamber and were returned to the standard glasshouse for
disease development (see Note 5).

7. Fourteen days post-inoculation seedlings were assessed for
infection type (IT) using the 0–4 Stakman scale [27] (Fig. 1).

8. To permit statistical analysis, the 0–4 Stakman scale which
includes both numbers (e.g., 0, 1, . . ., 4) and symbols
(e.g., ;, þ) was converted to the 0–9 scale [12] (see Note 6).

3.1.2 Phenotyping

at Adult Stage

At adult plant stage the panel was evaluated for resistance to SR in
the speed breeding system: a fully enclosed temperature-controlled
plant growth facility (5 m � 6 m) fitted with 20 low-pressure
sodium vapor lamps. The lamps provided 400 watts each, generat-
ing 400–550 μmol M�2 S�1 of photosynthetically active radiation
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(PAR) at pot height and 900 μmol M�2 S�1 at adult plant height
(45 cm above pot level) [12].

1. Following assessment of seedlings (as described above), the
same plants were re-located to the speed breeding system and
subjected to 22 h light and 2 h dark period with 12 h cycling
temperature regime of 22/17 � 1 �C. Pots were positioned on
the bench according to completely randomized block design.

2. Plants rapidly achieved the adult stage in just 4 weeks under
AGC (see Note 7). Once all genotypes had developed a fully
expanded flag leaf the plants are inoculated. Plant growth
stage (GS) was recorded using Zadoks decimal code scoring
system [28].

3. The plants were re-inoculated with a suspension of SR uredi-
niospores (343-1,2,3,5,6) using the methodology, as described
above. However, the elongated stems of the plants were tar-
geted during inoculation (seeNote 8). The infected plants were
then sprayed lightly with mist (deionized water) and placed in a
dew chamber for 12 h maintained at 100% humidity using an
ultrasonic fogger.

4. Post-inoculation, infected plants relocated to the standard
glasshouse with diurnal photoperiod and a 12 h cycling tem-
perature regime at 25/17 � 2 �C (see Note 9).

Fig. 1 Stem rust infection type on leaves of wheat seedlings grown under standard glasshouse conditions
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5. At 14 days post-inoculation, the SR response was scored using
the 1–9 scale reported by Bariana et al. [29] (Fig. 2; see Note
10). The genotypes that displayed a disease response �5 are
considered resistant. The method allowed clear detection of
both seedling and APR genes for SR (Fig. 2). The method also
enabled detection of pseudo-black chaff in genotype “Chinese
Spring þ Sr2,” which is a morphological marker for APR gene
Sr2 (Fig. 3).

6. The adult plant integrated method can be completed within
just 10 weeks. The method can be used to screen historical
germplasm in genebanks to identify useful sources of resistance
or evaluate breeding populations to eliminate highly suscepti-
ble genotypes in breeding populations—enabling testing of a
“better” set of lines in the field (see Note 11). This technique
can also accelerate the development of NILs for Sr genes and
cloning efforts.

3.2 Adult Plant

Independent Method

In this experiment, a subset of 9 genotypes from the panel was
directly sown and raised in the speed breeding system and was
inoculated with SR at the adult plant stage only.

1. Seeds of the wheat genotypes were germinated and trans-
planted as described above. The same experimental design
was used and speed breeding conditions were applied, as
described in the adult phenotyping section above (i.e., 22 h

Fig. 2 Stem rust on the stems of adult wheat plants in the adult plant integrated method grown under speed
breeding conditions
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light and 2 h dark period with 12 h cycling temperature regime
of 22/17 � 1 �C). Five weeks after sowing, wheat lines
achieved the adult plant stage (fully extended flag leaves) and
were inoculated with SR, as outlined above. Prior to inocula-
tion, the GS for all plants was recorded using the Zadoks scale.

2. At 14 days post-inoculation, plants were scored using the 1–9
scale reported by Bariana et al. [29] (Fig. 4).

3.3 Field Disease

Response

In the field, from July to October 2016 the wheat panel was
evaluated for response to SR at the Redlands Research Facility,
Queensland, Australia.

1. In the field nursery, two rows of disease spreader containing the
susceptible genotype “Morocco” were sown between each bay
comprising two rows of hill-plots. The test material was sown as
hill plots spaced 50 cm apart.

2. Three seeds of each genotype were sown as hill plots and
replicated thrice in the nursery.

3. The SR epidemics were initiated by transplanting Morocco
seedlings infected with 343-1,2,3,5,6 and 34-2,12,13 (as out-
lined above) into the field among the spreader rows about

Fig. 3 Completely susceptible adult SR response displayed by M7-2-Sr50 (left),
and restricted sporulation and pseudo-black chaff displayed by Chinese
Springþ Sr2 (right) obtained in the adult plant independent method
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8 weeks after sowing. Once the epidemic had sufficiently devel-
oped to allow a clear differentiation between susceptible and
resistant wheat lines, disease response was assessed on a whole
plot basis using the 1–9 scale reported by Bariana et al. [29].
Disease assessment was conducted at the grain filling stage (i.e.,
113 days after sowing; DAS). The genotypes that displayed a
disease response �5 are considered resistant (Fig. 5).

4. To compare disease response of the genotypes across the
experiments, all the 1–9 field scores were converted to 0–9
[30]. Analysis of variance (ANOVA) was performed for each
experiment. The mean disease response and standard error of
the mean (SEM) for each genotype were calculated and pre-
sented in the form of a bar chart created using GraphPad Prism
version 6.00 for Windows (GraphPad Software, La Jolla Cali-
fornia USA). The means and standard error of means (SEM)
are presented in Fig. 6.

4 Notes

1. Pgt urediniospores can be maintained and multiplied using the
susceptible cultivar “Morocco.” At 14 days post-inoculation,
spores can be collected using a cyclone spore collector, dried in

Fig. 4 The adult plant response to stem rust for the subset of nine wheat genotypes evaluated using the adult
plant independent method under speed breeding conditions
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Fig. 6 Comparison of mean disease response for the 16 genotypes evaluated against stem rust (SR) in three
experiments: adult plant integrated method, adult plant independent method, and in the field. The standard
error of the means (SEM) are calculated for each of the three experiments

Fig. 5 Stem rust response of wheat genotypes in the panel at adult plant stage in the field
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a desiccator filled with 60% sulfuric acid for 2 days and then
stored in 0.5 ml self-standing tubes with screw caps (i.e., 0.1 g/
tube). Tubes should be clearly labeled with the pathotype
information and date of collection and can be are stored in
plastic cryo boxes in the �80 �C freezer, until required.

2. Prior to inoculation, a tube containing Pgt spores should be
removed from �80 �C and heat-shocked by submerging the
tube in a water bath maintained at 42–45 �C for 3 min.

3. During inoculation of plants, a petri dish containing agar
(15 g/L of distilled water) can be sprayed with the spore
suspension and misted with deionized water. The petri dish
is best placed inside the chamber (lid off) to expose the spores
to the same conditions.

4. For small experiments, the inoculated plants can be incubated
using black polyethylene garbage bags. The inside of the bag
should be lightly misted with deionized water and then sealed
air tight.

5. When plants are removed from the incubation chamber, the
spore germination in the petri dish can be examined under a
microscope to determine the germination rate.

6. The 0–4 Stakman scale can be converted to the 0–9 scale,
where 0 ¼ immune and 9 ¼ very susceptible, using a conver-
sion table [30]. The ITs may be converted as follows: 0;, ;n, ; ,
1�, 1, 1þ, 2�, 2, 2þ, 2þþ, 3�, 3, 3þ, 3þþ, and 4 are coded
as 0, 0.5, 1, 2.5, 3, 3.5, 4, 5, 6, 6.5, 7, 8, 8.5, and 9,
respectively. For heterogeneous ITs, each score is converted
individually to the 0–9 scale, and the average calculated. These
converted datasets are more desirable for correlation analyses
to compare phenotypes across environments or QTL
mapping.

7. Under the fast growth conditions in the speed breeding sys-
tem, it is important to maintain plant health by applying liquid
fertilizer.

8. For plants grown at high density, the elongated stems can be
better targeted during inoculation by slowly rotating the pots
or using your arm to gently separate groups of plants and
leaning them side by side.

9. The SR inoculated plants can remain in the speed breeding
system if a diurnal photoperiod is adopted to favor disease
development.

10. Disease scoring can also be performed using the modified
Cobb scale for severity (0–100) and infection response (Resis-
tance, Moderately Resistance, Moderately Susceptible, and
Susceptible), as described in Roelfs et al. [31]. The host
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response and disease severity data are used to calculate the
coefficient of infection (CI) [32].

11. The SR phenotyping method reported in this study enables
efficient use of resources and time and can be performed all
year round—compared to traditional field-based phenotyping.
The method can be scaled up to screen large collections of
historical germplasm and breeding populations. If applied to
segregating populations, SR resistant plants can be identified
and crossed in same plant generation. Following crossing, SR
screening can be performed in parallel with SSD performed in
the speed breeding system. For instance, plants can be raised at
higher densities using a cell-based system (i.e., up to 900 plants
per meter square; [16]). This method enables rapid develop-
ment of inbred lines enriched with SR resistance. This pheno-
typing approach can also accelerate screening of mutant
populations, as required for gene cloning techniques such as
MutRenSeq [33].
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Chapter 17

Generation of Loss-of-Function Mutants for Wheat Rust
Disease Resistance Gene Cloning

Rohit Mago, Bradley Till, Sambasivam Periyannan, Guotai Yu,
Brande B.H. Wulff, and Evans Lagudah

Abstract

One of the most important tools to identify and validate rust resistance gene function is by producing loss-
of-function mutants. Mutants can be produced using irradiation, chemicals, and insertions. Among all the
mutagens, ethyl methanesulfonate (EMS) and sodium azide are most favored because of the ease of use and
generation of random point mutations in the genome. The mutants so produced facilitate the isolation,
identification and cloning of rust resistance genes. In this chapter we describe a protocol for seed
mutagenesis of wheat with EMS and sodium azide.

Key words Ethyl methanesulfonate (EMS), Sodium azide, Mutagenesis, Loss of function

1 Introduction

Mutagenesis is an important technique whereby DNA mutations
are deliberately generated to produce mutant genes. Various con-
stituents of a gene, such as its control elements and its gene prod-
uct, may be mutated so that the functioning of a gene or protein
can be examined in detail. The mutation may also produce mutant
proteins with interesting properties, such as enhanced or novel
functions that may be of commercial use.

Ethyl methanesulfonate (EMS) is a mutagenic and carcinogenic
organic compound with formula C3H8SO3. It produces random
mutations in genetic material by nucleotide substitutions resulting
in GC to AT transition. This changes the genetic information,
causing loss of gene functions such the rust resistance gene becom-
ing susceptible. Sodium azide (NaN3) also creates mutations and
has been a mutagen of choice in barley [1]. It causes AT to GC base
pair transitions. Sodium azide is a respiratory inhibitor, and hence,
its action may be affected by the presence of oxygen. Lack of
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aeration during sodium azide treatment is shown to have physio-
logical damage on M1 seedlings in barley [2].

Rust caused by the fungus of Puccinia sp. is one of the most
devastating diseases of wheat and barley. The most effective and
environmentally sustainable method to control rust is by using
effective resistance genes present in the cereal gene pool [3]. This
can be most efficiently achieved by marker-assisted breeding which
requires gene specific markers obtained from cloned resistance
gene. The cloned genes can also be introduced into wheat varieties
by developing transgenics. Several rust resistance genes have been
cloned from wheat [4–7], and mutants have been critical in con-
firming the identity of the resistance gene in each of the cases. More
recently, new techniques namely MutRenSeq [8] and MutChrom-
Seq [9] have been developed which use isolation and characteriza-
tion mutants and new sequencing technologies for rapid cloning of
rust resistance or other gene/s without the need of difficult and
time consuming map-based cloning. Stem rust resistance genes
Sr22 and Sr45 and barley Eceriferum-q gene and the wheat Pm2
were cloned using these techniques [8, 9].

The mutants produced using EMS or sodium azide have not
only been useful for resistance gene discovery but, have also been
used for understanding gene function in vivo and also fundamental
processes such as cell cycle control [10]. Chemical mutagenesis has
led to the development of the reverse-genetic strategy known as
Targeting Induced Local Lesions IN Genomes (TILLING) [11].
This along with next generation sequencing technologies have
allowed the development of methods to rapidly clone EMS-
induced alleles in plants, keeping forward genetic analysis an attrac-
tive approach to identify gene function [12, 13].

Here we report the protocols used for developing mutants with
both EMS and sodium azide which have been used for producing
mutants in wheat. The EMS treatment procedure is based onMago
et al. (2002) [14] and Jankowicz-Cieslak and Till (2016) [15]. The
sodium azide treatment has been adapted from Zwar and Chandler
(1995) [16].

2 Materials

2.1 Materials for

EMS Treatment

1. Plant seeds.

2. Beakers 250 ml and 1000 ml.

3. Orbital shaker.

4. Fume hood.

5. Micropipettes.

6. Graduated cylinders.

7. Capped bottles.
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8. 50 ml Falcon tubes.

9. Tube rack.

10. 0.1 M sodium thiosulfate (prepared from 1 M stock solution):
Dissolve 158.097 g sodium thiosulfate in 1 L deionized water
to make a 1 M stock and dilute it 1:10 in water to make 0.1 M
solution.

11. 2% DMSO (Dimethyl sulfoxide): Mix 2 ml DMSO in 98 ml
water to make a 2% solution.

12. Ethyl methanesulfonate (EMS).

13. Bin for dry hazardous materials disposal.

14. Plastic bucket with lid for hazardous liquid waste disposal.

15. Nitrile gloves.

16. Laboratory coat.

17. Goggles.

18. Deionized water.

19. Cheese cloth.

2.2 Additional

Materials for Sodium

Azide Treatment

1. Sodium azide.

2. Potassium hydroxide (KOH).

3. 0.1M pH 3.0 Phosphate buffer: Add 6.8 ml of phosphoric acid
to 800 ml deionized water, adjust pH to 3.0 using KOH, make
up volume to 1 L.

4. Pressurized air or a small pump used for fish tanks.

3 Method

It is advisable to consult the Materials Safety Data Sheets for all
chemicals used. Caution should be taken when using EMS or
sodium azide. Laboratory coats, gloves, and goggles should be
worn when working with hazardous chemicals. It is advised to
wear double gloves so that contaminated gloves can be removed
while avoiding contact of contaminated materials with skin and
carry out the mutagenesis in a fume hood to avoid any risk of
exposure to the toxic fumes.

A prerequisite for any mutagenesis is bulking up 2000–3000 or
more seed of the required genotype, which are homozygous resis-
tant to the desired rust isolate. It is important to start with a larger
number of seeds for mutagenesis as the final dosage of mutagen
chosen will only allow 50% normal plants, relative to the 0% control
concentration. The seed should ideally be from the same batch of
plants (grown at same time in same environment). It is also impor-
tant to determine the mutagen dosage required for the seed treat-
ment. The dose–response curve should be done for each seed batch
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closer to full treatment and needs to be repeated in case of delay
with the full treatment. Ten to fifty seeds for each mutagen concen-
tration are enough to determine the optimum concentration
required for final treatment. Fig. 1 shows the effect of various
concentrations of sodium azide on seed germination and plant
growth.

Development of a mutant population suitable for genotypic or
phenotypic screening requires the production of M2 or higher
generations. The timing of production of a suitable population
depends on the species. Thus, planning when to mutagenize seed
is especially important in field propagated plants as seed are typically
planted immediately after treatment with chemical mutagens.
Experiments should therefore be timed to synchronize with
sowing.

3.1 EMS

Mutagenesis of Seeds

This protocol gives detailed instructions for EMS mutagenesis of
wheat or barley seeds. This is a 3-day protocol consisting of three
major steps.

3.1.1 Day 1 1. Soak seed overnight in a beaker (~16 h) in water with orbital
rotation at 4 �C. Check that seeds are moving freely.

3.1.2 Day 2 1. Evaluate movement of seed under orbital rotation and adjust
water if necessary and test to ensure seed are moving freely.

2. Mark the beakers at the level of the adjusted volume of liquid to
estimate the volume of mutagen required for seed treatment
and also the volume of wash solutions required.

3. Drain water into a graduated cylinder, and record the volume
needed to reach the mark made in step 5. Store seeds at 4 �C
for few hours and bring them to room temperature an hour
before starting the EMS treatment.

Fig. 1 Effect of different sodium azide concentrations on seed germination and plant growth. Left to right,
0 mM (control); 1 mM; 2 mM; 3 mM; and 5 mM
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4. Add the required amount of water to the seeds (as estimated
in step 4) and add the EMS for required concentration (based
on dosage curve prepared: see Notes 1 and 2).

5. Keep the seeds on shaker with gentle shaking for 12 h at room
temperature.

3.1.3 Day 3 1. Gently pour of the EMS solution into a bucket for waste
disposal and add same volume of 100 mM Sodium thiosulfate
to the seeds. Shake for 15 min on a shaker and pour off the
liquid for disposal.

2. Repeat step 7 twice.

3. Rinse the seeds with water 2–3 times similar to wash with
Sodium thiosulfate for 15 min each.

4. Cover the beaker with a muslin cloth and secure with a rubber
band/string and keep it under running water for 1 h.

5. Pour off water and spread seeds on blotting paper and leave to
air-dry for 1 h.

6. Sow treated seeds in soil.

7. Let plants to maturity and harvest heads from each plant
separately.

8. Use M2 seeds from a single head of each plant to screen with a
desired rust pathotype for mutants (see Note 4).

3.2 Sodium Azide

Mutagenesis of Seeds

1. Soak seed overnight in a beaker (~16 h) in water with orbital
rotation at 4 �C. Check that seeds are moving freely.

2. Transfer seeds to a 2 L measuring cylinder filled with water.
Aerate with pressurized air for 8 h with a change of water after
4 h as lack of aeration is shown to have physiological damage in
M1 seedlings [2].

3. Replace water with a the desired concentration (as determined
by dosage response curve, seeNote 3) of sodium azide (in mM)
prepared in 0.1 M pH 3.0 phosphate buffer and aerate for 2 h.

4. Dispose the sodium azide solution in waste and transfer seeds
to a beaker.

5. Cover the beaker with a cheese cloth and secure with a rubber
band/string and keep it under running water for 2 h.

6. Pour off water and spread seeds on blotting paper and leave to
air-dry for at least 1 h (can be left overnight).

7. Sow treated seeds in soil.

8. Grow plants to maturity and harvest heads from each plant
separately.

9. Use M2 seeds from a single head of each plant to screen with a
desired rust pathotype for mutants (see Note 4).
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4 Notes

1. Making the Dosage Curve and Determining the Optimum
Concentration for EMS Treatment.

Treat 10–50 seeds each with EMS solution of the following
concentrations: 0, 0.2, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9% (see
step 4 above: variations 1 and 2) in a 50 ml bottle or Falcon
tube using the protocol described below. Sow seeds in soil and
determine the EMS concentration that gives approximately 50
germination; in some cases we found no effect of EMS on
germination, but reduction in plant growth. Hence, the con-
centration that gives 50% growth reduction was chosen for final
treatment.

2. Variation 2.

We found with certain wheat varieties that even a very low
concentration of EMS was toxic, resulting in no seed germina-
tion. Alternatively, we prepare required amount of EMS in 2%
DMSO solution, the rest of the protocol is same as described
above. If high lethality is observed with EMS it may be advis-
able then to try an alternative chemical mutagen like sodium
azide.

3. Making the Dosage Curve and Determining the Optimum
Concentration for Sodium Azide Treatment.

Treat 10–50 seeds each with sodium azide solution of the
following concentrations: 0, 0.5 mM, 1.0 mM, 2.0 mM,
3.0 mM, 4.0 mM, and 5.0 mM in a 50 ml bottle or Falcon
tube using the protocol described above (Fig. 1). Sow seeds in
soil and determine the sodium azide concentration that gives
approximately 50 germination; in some cases we found no
effect of sodium azide concentration on germination, but
reduction in plant growth. Hence, the concentration that
gives 50% growth reduction was chosen for final treatment.

4. Screening for Susceptible Mutants
This is common to both EMS and sodium azide-treated seeds.
Plant 8–15 M2 seeds from each separate spike (an M2 family),
inoculate with the desired pathogen isolate and screen for
families segregating for resistant and susceptible plants. For a
dominant resistance gene, the probability of obtaining at least
one recessive susceptible mutant in a segregating family is 0.90
if eight seedlings are screened, and 0.97 if 12 seedlings are
screened. In hexaploid wheat, a susceptible mutant is typically
obtained for every 100–200 single heads screened. Obtain self-
fertilized seed (M3) from each mutant to confirm the suscepti-
bility phenotype. Based on observations in barley [17], differ-
ent tillers in wheat are likely derived from different cell lineages
in the meristem, whereby individual tillers from the same M1
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plant will represent different mutagenic events. Therefore, the
effective M2 population size can be increased by harvesting
multiple individual tillers from each plant. To obtain indepen-
dentM2 families will require harvesting of each spike separately.
Harvest tissue from the M2 or M3 to extract DNA.
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Chapter 18

Isolation of Wheat Genomic DNA for Gene Mapping
and Cloning

Guotai Yu, Asyraf Hatta, Sambasivam Periyannan, Evans Lagudah,
and Brande B.H. Wulff

Abstract

DNA is widely used in plant genetic and molecular biology studies. In this chapter, we describe how to
extract DNA from wheat tissues. The tissue samples are ground to disrupt the cell wall. Then cetyltri-
methylammonium bromide (CTAB) or sodium dodecyl sulfate (SDS) is used to disrupt the cell and nuclear
membranes to release the DNA into solution. A reducing agent, β-mercaptoethanol, is added to break the
disulfide bonds between the cysteine residues and to help remove the tanins and polyphenols. A high
concentration of salt is employed to remove polysaccharides. Ethylenediaminetetraacetic acid (EDTA) stops
DNase activity by chelating the magnesium ions. The nucleic acid solution is extracted with chloroform–i-
soamyl alcohol (24:1) or 6 M ammonium acetate. The DNA in aqueous phase is precipated with ethanol or
isopropanol, which makes DNA less hydrophilic in the presence of sodium ions (Na+).

Key words Wheat, Tissue, Leaf, Seeds, DNA extraction, Cetyltrimethylammonium bromide, Sodium
dodecyl sulfate

1 Introduction

Wheat DNA extraction methods abound by the dozen. In terms of
purpose, they can generally be classified into two types: (1) those
laborious methods that yield large quantities of highly pure, high
quality, high molecular weight DNA suitable for generating whole
genome shotgun libraries for screening or next generation sequenc-
ing, and (2) those “quick-and-dirty” high-throughput methods
suitable for PCR genotyping purposes. Here, we present two meth-
ods covering these two aims, including a modified CTAB method
[1] for isolating large quantities of high quality DNA, and a mod-
ified SDS method [2] for rapidly isolating small quantities of DNA
from large numbers of samples. The modified CTAB method does
not require the use of phenol which is highly toxic. The modified
SDS method requires neither phenol nor chloroform. Both meth-
ods have been tested extensively in our labs.
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2 Materials

2.1 Materials for

Modified CTAB Method

1. H2O: deionized water or distilled water.

2. 1 M Tris–HCl (pH 8.0): Dissolve 121.14 g Tris in 800 ml
dH2O. Adjust pH to 8.0 with the appropriate volume of con-
centrated HCl. Bring final volume to 1 l with deionized water.

3. 4 MNaCl: Dissolve 116.9 g of NaCl (m.w. 58.44) in 250 ml of
deionized or distilled water. Then, add deionized or distilled
water to make a total volume of 500 ml of solution.

4. 0.5 M EDTA: Add 18.6 g EDTA (disodium salt, m.w. 372.24)
to 80 ml deionized or distilled water. Adjust to pH 8.0 by
slowly adding approximately 2.2 g of sodium hydroxide pellets
(m.w. 40.00).

5. Extraction buffer without β-mercaptoethanol: Transfer
65.8 ml of H2O, 14 ml of 1 M Tris–HCl, 49.0 ml of 4 M
NaCl, and 5.6 ml of 0.5 M EDTA to a 250 ml bottle and warm
it up to 37 �C, and then dissolve 2.8 g of CTAB in it.

6. Extraction buffer: right before use, add 2.8 ml of β-mercap-
toethanol to the bottle in a fume hood.

7. Mortar (10 cm in diameter) and pestle.

8. Sand (50–70 mesh).

9. Liquid nitrogen.

2.2 Materials for

Modified SDS Method

1. H2O: deionized water or distilled water.

2. 1 M Tris–HCl (pH 8.0): Dissolve 121.14 g Tris. Adjust pH to
8.0 with the appropriate volume of concentrated HCl. Bring
final volume to 1 l with deionized water.

3. 0.5 M EDTA: Add 18.6 g EDTA (disodium salt, m.w. 372.24)
to 80 ml deionized or distilled water. Adjust to pH 8.0 by
slowly adding approximately 2.2 g of sodium hydroxide pellets
(m.w. 40.00).

4. 10% SDS: Dissolve 10 g electrophoresis-grade SDS (m.w.
288.37) in 80 ml deionized water. Add deionized or distilled
water to make 100 ml total solution.

5. Extraction buffer: transfer 270 ml of H2O, 40 ml of 1 M
Tris–HCl, 40 ml of 0.5 M EDTA, and 50 ml of 10% SDS in a
500 ml bottle.

6. 6 M ammonium acetate: Dissolve 131.2 g of CH3COONH4
in 250 ml of H2O, and bring it up to 500 ml.

7. Isopropanol.

8. Deep-well microtiter plate and 8-cap strips.

9. Grinding beads (3 mm, Tungsten Carbide Beads).
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3 Methods

3.1 Modified CTAB

Method

Carry out steps 1 and 2 in the fume hood.

1. Harvest clean, young leaf material by placing ~2.5 cm cut
sections into a bag, sealing the bag, and placing into liquid
nitrogen. The samples can be stored at �80 �C until required.

2. Chill a mortar and pestle in liquid nitrogen for 5 min. Place
2.0–4.0 g leaf material in the mortar, add 2.0–4.0 g grinding
sand and some liquid nitrogen, and then carefully grind to a
very fine powder. Transfer the powder into a 50 ml polypropyl-
ene conical tube containing 20 ml CTAB extraction buffer and
immediately mix the powder with buffer using a spatula
(see Note 1).

3. Place in a 65 �C water bath for 60 min. Vortex every ~10 min.

4. In the fume hood, add 20 ml of chloroform–isoamyl alcohol
(24:1).

5. Mix thoroughly by inversion until a homogenous emulsion is
formed.

6. Centrifuge for 15 min at 2500 � g in a swing-out centrifuge to
separate the aequeous and chloroform phases.

7. Slowly remove the top phase (14 ml) with a disposable 25 ml
pipet and transfer to a fresh 50 ml polypropylene conical tube.

8. Do this one tube at a time. Add 28 ml of absolute ethanol
(99.9% v/v) down the side of each tube. Mix carefully by
holding the tube flat (sideways) and rocking slowly so that
the solution rocks back and forth from one end of the tube to
the other.

9. Using a pipette, carefully remove DNA from the tube and place
it into a fresh 15 ml tube.

10. Add 5.0 ml 1� TE buffer. Invert tube to dislodge the DNA.
Gently resuspend until no more DNA is visible. At this point
the samples can be placed in the fridge overnight.

11. Add 50 μl of RNase A (1000 μg/ml) to a final concentration of
10 μg/ml, mix gently, and digest at 37 �C for at least 1 h.
At this point the samples can be placed in the fridge overnight.

12. Add ~5 ml of chloroform–isoamyl alcohol (24:1) and rock
tubes until homogeneous.

13. Centrifuge for 15 min at 2500 � g to separate the phases.

14. Slowly remove 3 ml of the top phase with a disposable 1 ml
pipette and transfer to a fresh 15 ml polypropylene conical
tube.

15. Add 6 ml of absolute ethanol (99.9% v/v).
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16. Mix carefully by holding tube flat and rocking slowly so that
the solution rolls back and forth from one end of the tube to
the other. When mixed well, a DNA blob should become
visible.

17. Remove the DNA blob with a pipette and put into a fresh
15 ml tube.

18. Add ~3 ml 70% EtOH and wash the DNA overnight on an
orbital shaker at 50–100 rpm at room temperature.

19. Carefully transfer the DNA from the 15 ml tubes into 2 ml
tubes with a pipette.

20. Using a pipette tip squeeze the DNA blob. Continue to
squeeze the DNA until it has reduced in size and the alcohol
has mostly gone.

21. Place the tube with the DNA in a fume hood until it has
completely dried or leave on counter overnight.

22. Add 500 μl of TE buffer to dissolve the DNA and close the
tube. Let stand in fridge at 4 �C overnight to rehydrate it. If
required, further incubate at 37 �C at 300 rpm on a thermal
mixer.

23. Quantify and adjust to desired concentration (see Note 2).
The method should yield 100–200 μg of DNA. The DNA on
gel should look like those in the following image, i.e., with
little degradation and no obvious residual RNA (Fig. 1).

Fig. 1 10 DNA samples extracted with modified CTAB method. 1 μl of DNA prep was loaded per well. A 2-Log
(NEB, N3200S) DNA ladder was loaded on the far right. Note the absence of RNA contamination in the DNA
preps
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3.2 Modified SDS

Method

1. Sample leaf tissue or seed in a deep-well microtiter plate. About
3 cm of a seedling leaf (2–3 leaf stage) is enough. A half-seed
may also be used (see Fig. 2).

2. For leaf tissue, freeze-dry overnight or longer.

3. Add 1 or 2 (see Note 3) SDS-washed-and-ethanol-rinsed
grinding beads to each well. Seal plate with 8-lid strips. Shake
on the Qiagen shaker at a frequency of 28/s for 2 min each side
(change orientation). Store at �20 �C if required and allow
plates to warm up to room temperature before resuming
protocol.

4. Quick spin to settle contents down before opening lids. Then
add 400 μl extraction buffer to each well and put the respective
strips of lids back. Make sure they are tight.

5. Incubate at 55 or 65 �C (seeNote 4) for a minimum of 1 h in an
oven. Tightly seal caps and weigh down the lids to avoid cross-
contamination of samples.

6. Cool plates in fridge (or freezer) to room temperature.

7. Add 200 μl 6 M ammonium acetate (see Note 5). Tightly seal
caps then invert plates to mix, then leave in fridge for
15–30 min.

8. Centrifuge plates for 30 min at 2500 � g.

9. Recover 240 μl of supernatant into a new deep well microtiter
plate containing 150 μl isopropanol and mix well by inverting

Fig. 2 Wheat grain cut in half with a razor blade. DNA for molecular analysis can be extracted from the bottom
half, while the top half containing the embryo can be stored and germinated at a later date
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20 times. Allow DNA to precipitate for 5 min at room
temperature.

10. Centrifuge for 30min at 2500� g. Immediately (within 1 min.)
pour off supernatant (see Note 6).

11. Add 300 μl of 70% ethanol. Centrifuge for 30 min at 2500� g.
Pour off supernatant and dry off ethanol for 10 min.

12. Add 200 μl of H2O to every well, seal plates with adhesive sheet,
leave plates overnight at 4 �C for DNA pellets to dissolve.

13. Centrifuge plate for 20 min at 2500 � g.

14. Transfer 150 μl of supernatant to a fresh microtiter plate.

15. Test DNA concentration with Nanodrop and dilute to appro-
priate level for PCR. Store at 4 �C or �20 �C for long term
storage.

4 Notes

1. 50 mg of polyvinyl pyrrolidone (PVP) per 50 ml of extraction
buffer can be used to remove more polyphenols [1].

2. Quantification should be done with two or three methods,
including NanoDrop spectrophotometry (http://www.
nanodrop.com/nucleicacid.aspx), PicoGreen [3], Qubit fluo-
rometer [4], and agarose gel. The two ratios (260/280 and
260/230) obtained from a Nanodrop reading can be used to
indicate the level of contamination from protein and small
organic molecules. The PicoGreen and Qubit readings give a
realiable quantification of the double-stranded DNA concen-
tration. The agarose gel is useful for estimating the degree of
degradation and contamination with residual RNA.

3. Samples are ground better with 2 beads.

4. At 55 �C, the cross-contamination risk is less than at 65 �C.

5. The 6 M ammonium acetate is suitable for a robot work station
due to its low corrosive activity, but it can be substituted with
chloroform–isoamyl alcohol (24:1) when manually extracting
the DNA.

6. If RNA removal is required, continue with the following steps:

(a) Resuspend pellets in 100 μl of TE + 10 ng/μl RNAse.
Incubate plate at 37 �C for 60 min.

(b) Add 10 μl of 3 M CH3COONa (pH 5.2) to each well and
then add 200 μl of 100% ethanol. Mix well and allowDNA
to precipitate for 5 min at room temperature.

(c) Centrifuge for 30 min at 2500 � g. Immediately (within
1 min) pour off supernatant.
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Chapter 19

MutRenSeq: A Method for Rapid Cloning of Plant Disease
Resistance Genes

Burkhard Steuernagel, Kamil Witek, Jonathan D.G. Jones,
and Brande B.H. Wulff

Abstract

MutRenSeq is a method to clone disease resistance (R) genes in plants. Tips and detailed experimental
protocols for the pipeline, including the complexity reduction by R gene targeted enrichment sequencing,
and computational analysis based on comparative genomics are provided in this chapter.

Key words MutRenSeq, Gene cloning, NB-LRR, Resistance gene, Target enrichment sequencing

1 Introduction

Upon infection, pathogens secrete proteins that alter the plant host
in a way that is beneficial to the pathogen. These proteins are called
effectors. As a countermeasure, plants have evolved R genes, the
products of which can detect the presence of specific effectors [1].
MostR proteins consist of a multidomain structure encompassing a
nucleotide-binding (NB) domain fused to a variable number of
leucine-rich repeats (LRRs) [2]. The NB domain may be preceded
by a coiled-coiled (CC) or a Toll/interleukin-1 receptor homology
(TIR) domain [3]. NB-LRR genes are one the most numerous
gene families in plants, typically having hundreds of members in a
genome.

MutRenSeq is an R gene cloning pipeline, which combines
sequence capture targeting R genes belonging to the NB-LRR
structural class of genes and mutational genomics: the sequence
comparison of wild-type parental with multiple independently
derived mutants to identify causative mutations in a single candi-
date gene [4].

TheMutRenSeq pipeline requires that a singleR gene has been
genetically isolated in an otherwise susceptible background. On
this basis, with a certain probability, random mutations will knock
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out the R gene and instigate loss of resistance provided by that
gene. Typically, loss-of-function mutants are due to a mutation
directly in the R gene. Indeed, based on multiple R gene loss-of-
function screens in dicots and monocots, whether diploids or poly-
ploids, second-site suppressors in positive regulators have been
found to be uncommon (typically less than 10% of suppressors; see
Supplementary Table 1 in [4]). Nonetheless, it is prudent to per-
form complementation and testcross analyses to confirm that all the
mutants belong to a single complementation group defining the R
gene, particularly in diploid genomes where there is less genetic
redundancy in downstream signaling components compared to a
polyploid. The probability, that several independently derived
mutants, e.g., six, have a mutation in the same gene is extremely
low, except where these mutants have been selected for by screen-
ing for loss of resistance. Thus, sequencing of the resistant wild type
and the six susceptible mutants followed by comparative genomics
will reveal the target R gene (see Note 1).

The Triticeae genomes are very large (4–17 billion base pairs).
Therefore, whole genome shotgun sequencing of a wild type and
multiple mutant individuals would be cost prohibitive and impose
significant computational challenges. Since we are only interested
in NB-LRR genes, we can enrich DNA prior to sequencing using
exome capture targeted to the R gene complement only (i.e., R
gene enrichment sequencing; RenSeq [5]). Conveniently, this also
reduces the amount of data to be analyzed to much less than 0.1%
of the original genome size.

The method has successfully been applied to clone the stem
rust resistance genes Sr22 and Sr45 from hexaploid wheat [4].
Here, we provide a detailed step-by-step protocol of MutRenSeq.

2 Materials

2.1 Plant Material MutRenSeq includes the generation and screening for disease sus-
ceptible mutants followed by RenSeq. In order to obtain suscepti-
ble mutants, the disease resistance in the line used for mutagenesis
must be controlled by a single gene. The majority of mutations
caused by EMS are point mutations but some are deletion muta-
tions (e.g., found in cloning of Sr33 [6]). A wheat–alien introgres-
sion line, a near isogenic line (NIL) or a recombinant inbred line
(RIL) containing a single effectiveR gene against a given pathogen
isolate is usually still segregating for some unlinked loci. These
segregating loci may be confounded with true EMS-derived muta-
tions. A doubled haploid line would be ideal for EMS mutant
development. A line with two or more genes conditioning disease
resistance would generally not be suitable for MutRenSeq as it is
difficult to obtain susceptible mutants.
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2.2 Equipment and

Reagents

1. Covaris sonicator S2.

2. NEBNext Ultra DNA library preparation kit.

3. AMPure XP Beads.

4. Ethanol.

5. Magnetic stand.

6. KAPA HiFi DNA PCR kit.

7. PicoGreen ds DNA Assay kit.

8. MYcroarray MYbaits kit.

9. SeqCap EZ Developer Reagent, Roche.

3 Methods

Two detailed protocols describing enrichment of short insert-size
Illumina-style and long insert-size PacBio-style libraries with NB-
LRR-specific baits were previously published [5, 7]. Jupe et al.
2014 described the enrichment of short insert-size Illumina
libraries with the Agilent SureSelect system. Here we describe a
modified Jupe et al. (2014) protocol, to carry out enrichments with
the MYcroarray MYbait enrichment system.

In this protocol a sequencing library containing Illumina-style
adaptors is constructed, followed by hybridization with NB-LRR-
specific baits. We have successfully used barcoded libraries to carry
out one enrichment on up to six multiplexed samples [4]. Perform
the following library preparation protocol for the parental (non-
mutated) line and each mutant separately, and then combine mul-
tiple barcoded libraries into one enrichment reaction. We usually
enrich the resistant parent in a separate reaction, so that it can be
sequenced with longer reads.

3.1 DNA

Fragmentation

We use a Covaris sonicator S2 for genomic DNA (gDNA). We
typically start with 2 μg gDNA (dissolved in 130 μl of TE buffer)
and use the following settings on the Covaris device, which results
in fragments of ~500 bp appropriate for both HiSeq and MiSeq
libraries:

Duty cycle 5%.

Intensity 5.

Cycle/burst 200.

Time (s) 35.

Temperature of bath 4 �C.

3.2 Library

Preparation

The generation of gDNA libraries prior to enrichment comprises
purification of sheared gDNA, end repair, and adapter ligation. We
routinely use theNEBNextUltraDNALibraryPrepKit.However, any
other Illumina library preparation method can be used (seeNote 2).
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3.2.1 Purification of

Sheared gDNA Using

AMPure Beads (See Note 3)

1. Bring the AMPure® XP beads to room temperature and
homogenize by vortexing.

2. Add 80 μl of AMPure® XP beads (0.6�) to the 130 μl of
sheared gDNA, mix by vortexing and incubate at room tem-
perature for 5 min. Briefly centrifuge the tube to collect the
solution from the sides of the tube. Be careful not to pellet the
magnetic beads. Place the tube in a magnetic stand to separate
the beads from the supernatant. Wait for 5 min for the solution
to become clear. Carefully transfer the supernatant to a clean
tube without disturbing the beads.

3. Add 200 μl of freshly prepared 80% ethanol to the tube with
the beads whilst positioned in the magnetic stand. Incubate at
room temperature for 30 s to let the beads settle down and
then carefully remove and discard the supernatant. Repeat the
wash with freshly prepared 80% ethanol a further two times.

4. Carefully remove the residual ethanol using a small-volume
(10 μl) pipette after the third wash. Air-dry the beads for
10 min while the tube remains in the magnetic stand with the
lid open.

5. Elute the DNA from the beads by adding 60 μl water. Mix by
vortexing, briefly centrifuge the tube to collect the solution
from the sides and lid of the tube. Place tube in the magnetic
stand for 5 min to collect the beads and wait until the solution
becomes clear.

6. Transfer 56 μl of the supernatant which contains the eluted
DNA to a clean 1.5 ml tube.

3.2.2 End Repair of the

Sheared gDNA

1. Set up the end repair reaction using the NEBNext Ultra DNA
library Prep Kit (New England BioLabs, E7370S), by mixing
the following components in a sterile, nuclease-free PCR tube:

End Prep Enzyme Mix—3.0 μl.
End Repair Reaction Buffer—6.5 μl.
Sheared DNA—56 μl.
Total volume—65.5 μl.

2. Mix the components by pipetting, followed by a brief centrifu-
gation step to collect all liquid from the sides of the tube.

3. Transfer the tube to a thermocycler, with the “heated lid”
option engaged and run the following program:

20 �C for 30 min.

60 �C for 30 min.

Hold at 4 �C.
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3.2.3 Adapter Ligation 1. Add the following components from the NEBNext Ultra DNA
library Prep Kit (New England BioLabs, E7370S) directly to
the 65.5 μl of the end repair reaction and mix well by pipetting:

Blunt/TA ligase Master Mix—15 μl.
NEBNext Adapter for Illumina—2.5 μl.
Ligation Enhancer—1.0 μl.
Total volume—83.5 μl.

2. Briefly centrifuge the sample to collect liquid from the sides of
the tube before incubating the reaction mixture at 20 �C for
15 min in a thermal cycler with the “heated lid” option
enabled.

3. Add 3 μl of USER™ enzyme to the ligation mixture, mix well
by pipetting followed by a brief centrifugation to collect liquid
from the sides of the tube.

4. Place the reaction in a thermal cycler and incubate at 37 �C for
15 min, with the “heated lid” option enabled.

3.2.4 Purification and

Size Selection of Adapter-

Ligated gDNA

At this point, the first size selection of the library is performed using
a two-step AMPure purification. We usually select for fragments
between 400 and 600 nucleotides, which give optimal libraries for
all HiSeq and MiSeq platforms with various read lengths.

1. Transfer the 86.5 μl ligation reaction into a clean 1.5 ml tube
and adjust the volume to 100 μl with water.

2. Add 40 μl of resuspended AMPure XP Beads to the 100 μl
ligation reaction. Mix well by pipetting up and down at least 10
times.

3. Incubate for 5 min at room temperature.

4. Spin the tube briefly and place the tube on an appropriate
magnetic stand to separate the beads from the supernatant.
After the solution is clear (about 5 min), carefully transfer the
supernatant containing your DNA to a new tube (Caution: do
not discard the supernatant). Discard the beads that contain
the unwanted large fragments.

5. Add 20 μl resuspended AMPure XP Beads to the supernatant,
mix well and incubate for 5 min at room temperature.

6. Add 200 μl of freshly prepared 80% ethanol to the tube with
the beads whilst positioned in the magnetic stand. Incubate at
room temperature for 30 s to let the beads settle down and
then carefully remove and discard the supernatant. Repeat the
wash with freshly prepared 80% ethanol a further two times.

7. After the third wash, carefully remove the residual ethanol
using a small-volume (10 μl) pipette after the third wash. Air--
dry the beads for 10 min while the tube remains in the mag-
netic stand with the lid open.
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8. Elute the DNA from the beads by adding 25 μl water. Mix by
vortexing, then briefly centrifuge the tube to collect the solu-
tion from the sides and lid of the tube. Place tube in the
magnetic stand for 5 min to collect the beads and wait until
the solution becomes clear.

9. Transfer 22 μl to a clean PCR tube for amplification without
disturbing the beads.

3.2.5 PCR Amplification

of the Purified Adapter-

Ligated DNA

1. Mix the following components in the PCR tube:

Adapter-ligated DNA fragments—10 μl.
2� KAPA HiFi HotStart ReadyMix—25 μl.
Index Primer—1 μl.
Universal PCR Primer—1 μl.
Water—13 μl.

2. Run the PCR using the cycling conditions:

98 °C 30 s

98 °C 10 s

65 °C 30 s

72 °C 30 s

72 °C 5 min

4 °C ¥

8–15 cycles 

First, perform 8 cycles and run 5 μl of the reaction in a 1%
agarose gel next to 1 μl of unamplified library (as a control of
input DNA). See Fig. 1 for a typical result. In case there is not
enough DNA, put the reaction back in the thermocycler for an
additional 2–5 cycles. Do not amplify more than 15 cycles. If there
is no product after 15 cycles, the library preparation failed and you
need to start again.

3.2.6 Purification and

Quantification of the

Amplified Library

1. The ampified library is size-selected with AMPure® XP beads
(45 μl) as described in Subheading (3.1.2). DNA should be
eluted in 15 μl of water.

2. Quantify precisely the concentration of the purified libraries
using a fluorometric method such as a Qubit or the Pico-
Green® ds DNA Assay Kit (ThermoFisher Scientific).

3. Combine equimolar amounts of each barcoded library. You will
need at least 800 ng of combined library for enrichment.
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3.3 Targeted

Enrichment Using the

MYcroarray MYbaits

Kit

The enrichment of target DNA fragments is achieved through
hybridization of the PCR amplified genomic libraries generated in
Subheading 3.2 with complementary RNA (cRNA) baits. All
reagents, unless stated otherwise, are part of the MYcroarray
MYbaits kit.

Perform two enrichments, one for the combined susceptible
mutants and a separate one for the resistant parent (see Note 4).

3.3.1 Library Master Mix

Preparation

In a sterile, nuclease-free PCR tube, mix:

SeqCAP (from Roche, not in MYbaits kit)—5 μl.
Block #3—0.6 μl.
Illumina library 500–800 ng—max volume 7 μl.
Total volume—12.6 μl.

Transfer the tube containing the Library Master Mix to the
thermocycler and incubate at 95 �C for 5 min and then hold at
65 �C, with the “heated lid” option enabled. While Library Master
Mix is incubated in the thermocycler, proceed to Hybridization
Master Mix preparation.

Fig. 1 Typical Illumina library constructed with NEBNext Ultra DNA library Prep
Kit. A comparison of an adaptor ligated, size selected (PCR input, Subheading
3.2.4) gDNA (lane 1) with PCR amplified library (lanes 2 and 3). 1 μg of 2-log DNA
ladder (NEB, N3200S) was loaded on the agarose gel (lane 4). The asterisk
indicates a 500 bp fragment with a DNA mass of 124 ng. The next (above) band
with increased intensity is a 1 kb fragment with a DNA mass of 122 ng
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3.3.2 Hybridization

Master Mix Preparation

In a sterile, nuclease-free PCR tube, mix:

Hyb #1—9 μl.
Hyb #2—0.5 μl.
Hyb #3—2.5 μl.
Hyb #4—0.5 μl.
RNase Block—1 μl.
Baits—5 μl.
Total volume—18.5 μl.

1. Mix the components by vortexing, followed by a quick spin
to collect all liquid from the sides of the tube.

2. Transfer the tube containing the Hybridization Master
Mix to the thermocycler and incubate at 65 �C for 5 min.

3. While keeping the tube at 65 �C, transfer 9 μl of Hybridi-
zation Master Mix to the Library Master Mix and mix by
pipetting.

4. Hybridize solution at 65 �C for 16–24 h.

3.3.3 Recovery of

Captured Targets

Before starting, preheat the Wash Buffer 2 to 65 �C for at least 1 h,
then prepare Wash Buffer 2.2 as follows:

1. Combine 400 μl HYB #4, 39.6 ml nuclease-free water and
10 ml Wash Buffer 2 (to create Wash Buffer 2.2).

2. Heat the Wash Buffer 2.2 to 65 �C for at least 45 min before
use.
The prepared volume of Wash Buffer 2.2 is sufficient for wash-
ing 33 samples. It can be stored at 4 �C for up to 6 weeks.

3.3.4 Capture and

Washing

1. Transfer 30 μl of MyOne Streptavidin C1 magnetic beads to a
sterile, nuclease-free microcentrifuge tube.

2. Place the tube on a magnetic stand to separate beads from
supernatant. After the solution is clear, carefully remove and
discard the supernatant.

3. Add 200 μl Binding Buffer to wash the beads. Vortex the tube
for 5–10 s, place on the magnetic stand for 2 min, and then
carefully remove and discard the supernatant.

4. Repeat wash step twice for a total of three washes.

5. Resuspend the beads in 70 μl Binding Buffer and incubate at
65 �C for 2 min.

6. Transfer the hybridization solution to the Binding Buffer/
Beads and incubate for 45 min at 65 �C, mixing the solution
every 5–10 min.

7. Pellet the beads on the magnetic stand for 2 min and then
carefully remove and discard the supernatant.

222 Burkhard Steuernagel et al.



8. Add 500 μl of the Wash Buffer 2.2 from 65 �C to the beads and
mix by pipetting. Incubate for 10 min at 65 �C in a thermal
block. Flick the tube occasionally to resuspend the beads. Pellet
the beads on the magnetic stand for 2 min and carefully remove
and discard the supernatant.

9. Repeat washing step twice for a total of three 65 �C washes.
After the third wash, make sure that all additional buffer is
removed by giving the tube a quick spin after the supernatant
has been removed, and repelleting the beads with the magnetic
stand.

10. Resuspend the beads in 30 μl molecular biology grade water.

3.3.5 Amplification of the

Captured Library

This step consists of amplifying the captured DNA while it is still
attached to the streptavidin beads. It is important to limit the
number of cycles to get just enough material for sequencing while
minimizing PCR amplification bias. For this step, KAPAHiFi DNA
Polymerase is used, which compares favorably to other available
DNA polymerases.

1. Mix the following components in the PCR tube:

Captured Library—10 μl.
2� KAPA HiFi HotStart ReadyMix—25 μl.
P5 primer (10 μM)—1.5 μl.
P7 primer (10 μM)—1.5 μl.
Water—12 μl.
Total volume—50 μl.

2. Run the PCR using the following cycling conditions:

98 °C 30 s

98 °C 10 s

65 °C 30 s

72 °C 30 s

72 °C 5 min

4 °C ¥

14–18 cycles 

Start with 14 cycles and check 5 μl of PCR product on the 1%
agarose gel. Size and amout of the amplified library should be
similar to the one in Fig. 1 (lanes 2 and 3). If amplification is
weak (e.g., library not visible on gel), perform 2–4 additional
cycles. (see Note 5).
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3.3.6 Purification and

Size Selection of Enriched

and Amplified Library

1. Perform a two-step size selection and purification with
AMPure XP beads as described in Subheading (3.2.4).

2. Additional QC steps like Qubit and qPCR quantification may
be necessary, depending on the requirements of your sequenc-
ing service provider.

3.4 Sequencing The goal is to create a de novo assembly based on wild type RenSeq
data. Then, map RenSeq data from the susceptible mutants to the
assembly (see Note 6).

3.4.1 Preprocessing of

Read Data

You need to discuss with your sequencing service provider how
much effort has to be put into further processing of read data.
Adapters have to be removed. Programs such as fastqc (http://
www.bioinformatics.babraham.ac.uk/) help to assess read data
quality. Some de novo assemblers require quality trimming of
reads. In such a case, sickle (downloadable from https://github.
com/najoshi/sickle) can be used.

3.4.2 De Novo Assembly

of Wild Type RenSeq Data

We have tested the MutRenSeq pipeline with the commercial CLC
assembly cell (http://www.clcbio.com/products/clc-assembly-
cell/) and with the free software MaSuRCA [8]. Assemblies from
CLC assembly cell were slightly better, but since MaSuRCA is free
for scientific use, it is detailed below.

1. Reads do NOT have to be trimmed.

2. Generate a configuration file for MaSuRCA:

masurca –g config.txt

3. Edit config file. Set parameter USE_LINKING_MATES ¼ 1.
Add the correct location of your raw reads. Choose mean read
distance and standard deviation of read distances. This infor-
mation can be obtained from your sequencing service provider.

4. Generate assembly script and run assembly:

masurca config.txt

./assemble.sh

5. MaSuRCA creates a lot of files. The output file that is the
downstream reference.fasta is in the directory CA/10-gap-
close/genome.scf.fasta.

Some tools are not compatible with the naming conven-
tion for scaffolds/contigs of MaSuRCA. To avoid this, it might
make sense to rename contigs to conitg_1 .. contig_n.

3.4.3 Generation of

Mapping and Pileup Files

for Each Mutant and Wild

Type

The mapping of wild type data to the wild type de novo assembly is
used as a positive control and essential for running MutantHunter
(see below). This step requires the mapping software BWA [9] and
SAMtools [10]. The following steps are shown here as an example
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for wild type reads. The same has to be repeated for reads of each
mutant.

1. Create BWA index and fasta index (required for step d.).

bwa index reference.fasta

samtools faidx reference.fasta

2. Create mappings for separate reads

bwa aln reference.fasta wt_R1.fastq > wt_R1.aln

bwa aln reference.fasta wt_R2.fastq > wt_R2.aln

(see Note 7).

3. Combine mappings and create SAM file

bwa sampe reference.fasta wt_R1.aln wt_R2.aln wt_R1.fastq

wt_R2.fastq > wt.raw.sam

4. Convert SAM file to BAM, sort BAM and remove redundancy.
“SAM” stands for sequence alignment/map format. “BAM” is
the binary version. For subsequent steps the BAM file needs to
be sorted. During the PCR amplification steps of enrichment
the generation of PCR-duplicates is very likely and should be
removed before further processing.

samtools view -f2 -Shub -o wt.raw.bam wt.raw.sam

samtools sort wt.raw.sam wt.sorted

samtools rmdup wt.sorted.bam wt.rmdup.bam

(see Note 8)

5. Generate mpileup format from mapping. Mapping files are
read-centric. In SAM format, one line corresponds to one
read and it includes information about the mapping and the
position where the read maps within the reference. The mpi-
leup format is reference-centric. Each line corresponds to a
position in the reference.

samtools mpileup -f reference.fasta -BQ0 wt.rmdup.bam >

wt.pileup

3.4.4 Run NLR-Parser on

the Reference File

The NLR-Parser can be downloaded from github/steuernb/
MutantHunter/. You will need to install MAST [11] from the
meme suite, version 4.9.1 (download from http://meme-suite.
org/) and Java Runtime Environment 1.6 or higher for running
NLR-Parser.

java –jar NLR-Parser.jar -x meme.xml -y path/to/meme/bin/mast

-i reference.fasta -c nlr.xml –b nlr.bed

The nlr.xml file is used in step 7 and nlr.bed is used in step 10.

This step extracts all information from mpileup files that is neces-
sary for downstream analysis, thus reducing the data input for the
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3.4.5 Convert mpileup

Files to an Internal XML

Format

MutantHunter. The program Pileup2XML.jar can be downloaded
from github/steuernb/MutantHunter/. When performing this
step on wild type data, the argument (-w) needs to be added.

java -jar Pileup2XML.jar -m nlr.xml -i wt.pileup -o wt.xml -w

java -jar Pileup2XML.jar -m nlr.xml -i m1.pileup -o m1.xml

3.4.6 Define On-Target

Regions in Your Assembly

Use a set of NB-LRR sequences or the bait-sequence file as a
reference. Essentially, only those regions in the reference will be
used for subsequent analysis that have a BLAST hit to your refer-
ence file. This step requires NCBI BLAST [12].

makeblastdb -in baits.fasta -dbtype nucl

blastn -query assembly.fasta -db baits.fasta -outfmt 5 -out

blastn.xml

3.4.7 Run MutantHunter The program MutantHunter.jar can be downloaded from github/
steuernb/MutantHunter/.

java -jar MutantHunter.jar -w wt.xml -m m1.xml m2.xml [...] -b

blastn.xml -o output.txt

The program has a couple of additional parameters to adjust
the sensitivity:

1. Maximumreference allele frequency of a SNP to be reported (-a).

The default value is 0.1. This means that if less than 1 out of 10
reads support the same allele as the reference at a position this
position is reported as a SNP.

2. Minimum coverage for a position to be regarded (-c).

The default value is 10, which means if less than 10 reads map
at a position, no SNP will be called.

3. Number of coherent positions with zero coverage to call a
deletion mutation (-z).
The default value is 50. If a section of 50 or more bp in the
reference are not covered by reads, this is regarded as a deletion
mutation. This will create a lot of noise if the sequenced mate-
rial is not isogenic. Increasing this parameter reduces noise but
decreases sensitivity to call deletion mutations.

3.4.8 Manual Inspection

and Validation of Candidate

Contigs

Depending on the level of noise in the data, false positive candidates
can exist. The reference file as well as the nonredundant BAM files
can be loaded into a genome viewer, such as Savant [13] for manual
inspection (Fig. 2) (see Note 9). The nlr.bed can be loaded to add
information about the position of the NB-LRR gene. Further
information about motifs can be found in Jupe et al. [14]. Briefly,
motifs 17 and 16 mark a coil-coil domain of an NB-LRR gene.
Motifs 1, 6, 4, 5, 10, 3, 12, and 2 represent parts of an NB-domain,
and motifs 9, 11, and 19 mark LRR regions.
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4 Notes

1. The more isogenic the wild type and mutant genomes are the
better. Therefore, the source seed used for mutagenesis should
be in a homozygous state as residual heterogeneity complicates
the downstream comparative genomics analysis.

2. Make sure that blocking oligo reagent (Block #3) is compatible
with the adaptors you are using.

3. During this purification, a simple size selection step is per-
formed. Adding 0.6� volume of AMPure beads to sheared
DNA results in binding fragments above 400 bp. This step
can be adjusted by changing the ratio of AMPure beads to
volume of sheared DNA (http://core-genomics.blogspot.co.
uk/2012/04/how-do-spri-beads-work.html).

4. To save reagent, you can use a half-reaction volume for the
resistant parent.

5. It is highly recommended to check the performance of the
enrichment by qPCR. Primer pairs should be designed for a
few genes targeted in the enrichment. The difference between
enriched and nonenriched hexaploid wheat samples should
oscillate between 8 and 11 cycles.

Fig. 2 An example of a target contig visualized with Savant. The bed file derived from NLR-Parser can be
loaded (first track) as well as bam file from mapped RenSeq data. Here the second track is from mapped wild
type data and the following are data from individual EMS mutants (see Note 9)
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6. We recommend that at least the wild type is sequenced with
read length larger or equal to 250 bp, in order to minimize
assembly errors and to combine NB-LRR parts that are sepa-
rated by introns.

7. We found that the old version of BWA (e.g., version 0.7.12) is
sufficient. In particular, it is better to use the steps aln/sampe
instead of the recommended newer mem.

8. The enrichment will most likely create PCR duplicates. The
rmdup step gets rid of those. Comparison of mapping depth in
the sorted.bam and the rmdup.bam will reveal the level of
redundancy in the sequencing library. This can be rather high.
However, the only important fact is the average coverage
remaining in the rmdup.bam. This should not be below 25.

9. The default setting of Savant show alternative alleles in differ-
ent colors. We found it useful to change the display to red for all
alternative alleles as shown in Fig. 2.
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Chapter 20

Rapid Gene Isolation Using MutChromSeq

Burkhard Steuernagel, Jan Vrána, Miroslava Karafiátová,
Brande B.H. Wulff, and Jaroslav Doležel

Abstract

MutChromSeq is an approach for isolation of genes and DNA sequences controlling gene expression in
plants with complex and polyploid genomes. It involves a lossless complexity reduction by flow cytometric
chromosome sorting and shotgun sequencing DNA from isolated chromosomes. Comparison of sequences
from wild-type parental chromosome with chromosomes from multiple independently derived mutants
identifies causative mutations in a single candidate gene or a noncoding sequence. MutChromSeq does not
rely on recombination-based genetic mapping and does not exclude any DNA sequence from being
targeted.

Key words Chromosome isolation, FISHIS, Flow cytometry and chromosome sorting, Mutational
genomics, Gene cloning

1 Introduction

The knowledge of DNA sequences controlling traits of interest is
needed to fully exploit the potential of molecular techniques in
plant breeding and deliver a new generation of agricultural crops
with improved yield, quality, and resistance to pests, diseases and
adverse environmental conditions. Current evidence in human
shows that in addition to coding sequences, noncoding sequences,
including cell type- and stimulus-specific enhancer regions may be
involved in the control of phenotypic expression [1, 2]. The
advances in DNA sequencing technologies made the identification
of DNA loci controlling various traits a realistic goal in plants with
small genomes such as Arabidopsis and rice, where whole genome
sequencing is technically and economically feasible. Thus, it has
been possible to sequence genomes of individuals from mapping
populations to aid in gene mapping and cloning, or genomes of

Sambasivam Periyannan (ed.), Wheat Rust Diseases: Methods and Protocols, Methods in Molecular Biology, vol. 1659,
DOI 10.1007/978-1-4939-7249-4_20, © Springer Science+Business Media LLC 2017
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independently derived mutants with the same phenotype for direct
gene identification [3, 4].

Unfortunately, such mutational genomics approaches remain
prohibitively expensive and impose significant computational chal-
lenges in a number of important crops such as those from the tribe
Triticeae, which includes barley, rye, and wheat. Genomes of these
species are huge; their size exceeds many giga base pairs, and some
of them are allopolyploid. Consequently, only a limited number of
their genes have been cloned to date [5–9]. Most of these genes
were identified by map-based cloning, an approach that is costly,
time-consuming and hampered by low recombination regions
which span almost half of the length of each chromosome.
The advent of next generation sequencing technologies has allowed
new gene cloning approaches to be explored. These are typically
characterized by reduction of DNA sequence complexity to
decrease the sequencing costs, for example by methylation filtration
[10, 11], duplex-specific nuclease digestion [12], and more
recently transcriptome sequencing and exome capture sequencing
[13, 14]. A common disadvantage of these approaches is that they
do not capture all potentially relevant sequences.

To avoid any bias in complexity reduction, the MutChromSeq
(Mutant Chromosome Sequencing) gene cloning approach was
developed. It combines (1) mutagenesis and screening for mutants
with (2) a lossless complexity reduction based on flow cytometric
chromosome sorting, followed by (3) sequencing and sequence
analysis. The sequence comparison of the wild-type parental chro-
mosome with chromosomes from multiple independently derived
mutants allows the identification of causative mutations in a single
candidate gene or a noncoding sequence [15]. The extent of com-
plexity reduction depends on the number of chromosomes of a
species and in wheat and barley it is 21-fold and 7-fold, respectively.
MutChromSeq does not exclude any DNA sequence from being
targeted and, as it does not rely on recombination-based genetic
mapping, is particularly suited to complex genomes with large
chromosome regions practically devoid of recombination.

MutChromSeq can be applied to any plant species that is
amenable to mutagenesis and from which chromosomes can be
flow-sorted. Moreover, the target DNA sequence must be asso-
ciated with a distinct phenotype and the chromosome to which the
phenotype maps must be known. The method has successfully been
applied to reclone the Eceriferum-q gene in barley and clone de
novo the Pm2 gene from hexaploid wheat [15]. Here, we provide a
detailed step-by-step protocol of MutChromSeq.
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2 Materials

2.1 Plant Material Dried vernalized seeds of awild type and a set ofmutants (seeNote1).

2.2 Reagents

and Solutions

for Preparation

of Chromosome

Suspensions

1. Hoagland’s stock solution (10�): 4.7 g Ca(NO3)2·4H2O
(40 mM), 2.6 g MgSO4·7H2O (20 mM), 3.3 g KNO3

(65 mM), 0.6 g NH4H2PO4 (10 mM), 5 mL solution A, and
0.5 mL solution B, in deionized water. Adjust volume to
500 mL. Prepare just before use.

(a) Solution A: 45 mM H3BO3 (280 mg), 20 mM
MnSO4�H2O (340 mg), 0.4 mM CuSO4�5H2O
(10 mg), 0.8 mM ZnSO4�7H2O (22 mg) and 0.08 mM
(NH4)6Mo7O24�4H2O (10 mg) in deionized water
(100 mL). Store at 4 �C.

(b) Solution B: 0.05 mM concentrated H2SO4 (0.5 mL) in
deionized water (100 mL). Store at 4 �C.

(c) Solution C: 18 mM Na2EDTA (3.36 g) and 20 mM
2.79 g FeSO4 (20 mM) in deionized water. Heat the
solution to 70 �C while stirring until the color turns
yellow-brown. Cool down, adjust the volume with deio-
nized water (500 mL) and store at 4 �C.

2. Hoagland’s nutrient solution (0.1�): 100 mL Hoagland’s
stock solution (10�) and 0.5 mL solution C in deionized
water. Adjust volume to 1000 mL. Prepare just before use.

3. 2 mMHU solution: dissolve 121.6 mg hydroxyurea in 800 mL
0.1� Hoagland’s nutrient solution. Prepare just before use.

4. Amiprophos methyl (APM) stock solution (20 mM): dissolve
60.86 mg APM in 10mL ice-cold acetone and store at�20 �C,
in 1 mL aliquots.

5. APM working solution (2.5 μM): 101.3 μL APM stock solu-
tion in 800 mL deionized water. Prepare just before use.

6. Tris buffer: 10 mM Tris (606 mg), 10 mM Na2EDTA
(1.861 g), 100 mM NaCl (2.922 g) in deionized water
(500 mL). Adjust pH to 7.5 using 1 N NaOH.

7. Formaldehyde 2% fixative: 13.5 mL formaldehyde in Tris
buffer. Adjust volume to 250 mL. Prepare just before use.

8. LB01 buffer [16]: 15 mM Tris (0.363 g), 2 mM Na2EDTA
(0.149 g), 0.5 mM spermine·4HCl (0.0348 g), 80 mM KCl
(1.193 g), 20 mM NaCl (0.234 g), 0.1% (v/v) Triton X-100
(200 μL) in deionized water (200 mL). Adjust pH to 9. Filter
through a 0.22 μm filter to remove small particles. Add 220 μL
β-mercaptoethanol and mix well. Store at �20 �C, in 8 mL
aliquots.
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2.3 Reagents

and Solutions

for Chromosome

Sorting

1. 40,6-diamidino-2-phenylindole (DAPI) stock solution
(0.1 mg/mL): dissolve DAPI in deionized water by stirring.
Filter through a 0.22 μm filter to remove small particles. Store
at �20 �C, in 0.5 mL aliquots.

2. 10 MNaOH: dissolve solid NaOH in deionized water. Store at
room temperature.

3. 1 M Tris–HCl: dissolve Tris in deionized water by stirring;
adjust the pH to 7.5 using 1 N HCl. Store at 4 �C.

4. (GAA)7 microsatellite probe labeled with FITC: Dissolve the
probe to 100 μM concentration with 2� SSC (see recipe
below) according to manufacturer’s instructions. Prepare
working solution by adding 2� SSC to a final concentration
of 80 ng/μL. Store in the dark at �20 �C.

2.4 Reagents

and Solutions

for Fluorescence

In Situ Hybridization

(FISH)

1. P5 buffer: 10 mM Tris (30.28 mg), 50 mM KCl (93.2 mg),
2 mM MgCl2·6H2O (10.17 mg) and 5% sucrose (1.25 g) in
deionized H2O (25 mL). Adjust pH to 8 using 1 NHCl. Store
at �20 �C, in 1 mL aliquots.

2. 20� SSC stock solution: 3 M NaCl (175.3 g) and 300 mM
Na3C6H5O7·2H2O (88.2 g) in deionized H2O (1000 mL).
Adjust pH to 7. Sterilize by autoclaving. Store at room
temperature.

3. 4� SSC washing buffer: 20� SSC (200 mL) and 0.2% Tween
20 in deionized H2O (1000 mL).

4. 2� SSC washing buffer: 20� SSC (100 mL) in deionized H2O
(1000 mL). Prepare just before use.

5. 0.1� SSC stringent washing buffer: 20� SSC (5 mL), 0.1%
Tween 20 and 2 mM MgCl2·6H2O in deionized H2O
(1000 mL). Prepare just before use.

6. Hybridization mix: 40% formamide (10 μL), 20x SSC
(1.25 μL), 0.625 μL salmon sperm DNA (250 ng/μL), labeled
DNA probe(s) (1 ng/μL). Add 5% dextrane sulfate (final vol-
ume 25 μL). Prepare just before use. Labeled DNA probes
(either directly labeled with fluorescent probes, or labeled by
digoxigenin or biotin) may be prepared using PCR [17].

7. Detection of digoxigenin-labeled probes: FITC-labeled anti-
digoxigenin antibody raised in sheep.

8. Detection of biotin-labeled probes: Cy3-labeled streptavidin
antibody.

9. Blocking solution: dissolve 0.5 g blocking reagent in 50 mL 4�
SSC. Autoclave. Store at �20 �C, in 1 mL aliquots.

10. Vectashield antifade solution containing DAPI (Vector Labora-
tories, Inc., Burlingame, CA, USA).
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2.5 Reagents

and Materials for DNA

Amplification

1. Proteinase K buffer (40�): 100 μL 1 M Tris–Cl (pH 8.0),
100 μL 0.5 M EDTA (pH 8.0), 500 μL 10% SDS (Sigma-
Aldrich). Adjust volume to 1 mL with sterile deionized H2O.
Store up to 3 months at room temperature.

2. Proteinase K (10 mg/mL): 1 mg proteinase K (Roche).
Dissolve in 100 μL sterile deionized H2O. Store up to 1 week
at 4 �C.

3. Illustra GenomiPhi V2 DNA Amplification kit (GE
Healthcare).

3 Methods

3.1 Preparation

of Chromosome

Suspensions

(See Note 2)

1. For better germination results, soak the seeds in a beaker
filled with deionized H2O at room temperature for about
15 min (see Note 3).

2. Spread the seeds evenly on a layer of wet paper towel sand-
wiched by two layers of filter paper in a glass petri dish and
germinate in the dark at 25 �C, until optimal root length is
achieved (typically 3 cm).

3. For easier manipulation with the seedlings in subsequent treat-
ments, thread their roots through the holes of a plastic cover.

4. To synchronize the cell cycles of root meristems, transfer the
plastic cover with seedlings onto a plastic box filled with 2 mM
HU solution and incubate for 18 h by aerating in the dark at
25 �C.

5. Remove the seedlings from the HU solution and transfer them
onto a plastic box filled with 0.1� Hoagland’s solution. Incu-
bate by aerating in the dark at 25 �C for 5.5 h (wheat) or 6.5 h
(barley).

6. To accumulate cells in metaphase, transfer the cover with seed-
lings onto a box filled with 2.5 μM solution of APM and
incubate in the dark at 25 �C by aerating for 2 h.

7. Remove the cover with seedlings and put it into a container
filled with ice water containing ice cubes and keep it overnight
in a refrigerator (see Note 4). Make sure that all roots are fully
immersed.

8. Cut 100 roots (approx. 1 cm from apex) and transfer them into
a beaker filled with deionized H2O.

9. Place the roots into the beaker containing 2% formaldehyde
fixative solution and incubate at 5 �C for 20 min (see Note 5).

10. Wash the roots three times in Tris buffer at 5 �C for 5 min.
Keep the roots in the Tris buffer on ice after the last wash.
Process fixed roots within a few hours.
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11. Cut the root apices (1–2 mm long) and transfer them into a
5 mL polystyrene tube containing 1 mL LB01 buffer. Grind
the root tips using a blender using the following settings:
15,000 RPM for 13 s (barley), 20,000 RPM for 13 s (wheat).

12. Filter the crude suspension through 50 μm nylon mesh into a
new 5 mL polystyrene tube.

13. Keep the suspension on ice until FISHIS labeling.

3.2 Chromosome

Labeling Using FISH

in Suspension (FISHIS

[18]) (See Note 6)

1. Filter 1 mL of chromosome suspension (see Note 7) through
20 μm nylon mesh into 1.5 mL tube.

2. Add 10 M NaOH to reach pH range of 12.8–13.3.

3. Incubate the sample for 15 min on ice.

4. Adjust the pH in the range of 8.5–9.1 using Tris–HCl and keep
on ice for 1 min.

5. Add (GAA)7 probe working solution to final concentration of
4.6 ng/μL and let the suspension incubate for 1 h in the dark at
room temperature.

6. Keep the suspension on ice until the flow cytometric
experiments.

3.3 Chromosome

Sorting Using Flow

Cytometry

1. Start up the flow sorter. Make sure that optical path alignment
and sorting precision are in peak condition in order to get best
results. If not, follow manufacturer’s instructions to improve it.

2. Filter the sample through 20 μm nylon mesh.

3. Add DAPI to a final concentration 2 μg/mL (for 1 mL sample
use 20 μL of DAPI stock solution).

4. In acquisition software of the flow sorter, open or create the
appropriate histograms and dot plots. First, use dot plot FSC
vs. DAPI to visualize populations representing chromosomes.
Create a region surrounding the chromosomes and use this
gating on dot plot FITC vs. DAPI and use it for sorting
chromosome(s) of interest.

5. Run the sample and adjust instrument settings for each param-
eter so that the populations corresponding to chromosomes
are in the field. Analyze at least 20,000 chromosomes and save
the data.

6. Create sorting region surrounding the population of chromo-
some(s) of interest (see Fig. 1 and Note 8).

3.4 Estimation

of Purity in Sorted

Fractions (See Note 9)

1. Sort approximately 2000 chromosomes of interest into a 5 μL
drop of P5 buffer on a microscope slide. Leave to air-dry and
keep in the dark at room temperature until use.

2. Add 25 μL of hybridization mix, place a coverslip and seal with
rubber cement.
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3. Denature chromosomal DNA at 80 �C for 40 s on a hot plate.

4. Transfer the slide into a humidity chamber and incubate over-
night at 37 �C.

5. Transfer the slide into container filled with preheated (42 �C)
2� SSC and carefully remove the coverslip using tweezers.
Wash for 10 min at 42 �C.

6. Wash in preheated 0.1� SSC for 5 min at 42 �C.

7. Incubate in preheated 2� SSC for 10 min at 42 �C.

8. Remove the container from incubator. Replace the solution
with preheated (42 �C) 2� SSC solution, and incubate the
slide for 10 min at room temperature.

9. Wash in 4� SSC (RT) for 10 min at room temperature.

50

5D

100

10
4

10
3

10
2

Relative DNA content (DAPI)

R
el

at
iv

e 
G

A
A

 c
on

te
nt

 (
F

IT
C

)

150 200

Fig. 1 Biparametric dot plot obtained after flow cytometric analysis of chromosome suspension of bread wheat
T. aestivum cv. Chancellor after FISHIS with a FITC-labeled probe for GAA microsatellite. The region high-
lighted in red corresponds to chromosome 5D, which was sorted in this experiment. X axis: DAPI fluorescence
intensity (linear scale); Y axis: FITC fluorescence intensity (logarithmic scale). Inset: chromosome-specific
distribution of GAA microsatellite on chromosome 5D, which served to identify the chromosome and estimate
the purity in the sorted chromosome 5D fraction. FISH was done with FITC-labeled probe for GAA microsatel-
lite (green) and the chromosomes were counterstained by DAPI (blue)
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10. Remove the slide from the container and put 60 μL of 1%
blocking solution over the area with the chromosomes. Cover
the slide with parafilm and incubate for 10 min at room
temperature.

11. Add the solution of fluorescently labeled antibody (follow
manufacturer’s instructions regarding the concentration) in
60 μL of 1% blocking solution, and incubate for 1 h at 37 �C.
This step is omitted in the case of directly labeled fluorescent
probes.

12. Wash the slide three times in heated (42 �C) 4� SSC solution
for 10 min at 42 �C. Let the slides air-dry.

13. Add Vectashield solution containing DAPI and cover with a
coverslip.

14. Analyze the slide using a fluorescence microscope. Evaluate at
least 100 chromosomes on three different slides with the same-
sorted chromosome fraction (see the inset ofFig. 1 andNote10).

3.5 DNA Purification

and Amplification [19]

1. Sort chromosomes of interest into three 0.5-mL PCR tubes
containing 40 μL sterile, deionized H2O (see Note 11). The
number of chromosomes to be sorted into each tube should
correspond to 50 ng DNA.

2. Add proteinase K stock solution and 40x proteinase buffer so
that the final concentration of proteinase K reaches 60 ng/μL
and that of proteinase buffer reaches 1�. Incubate for 20 h at
50 �C on PCR cycler.

3. Add half amount of proteinase K stock solution used in step
2 and incubate for another 20 h at 50 �C on PCR cycler.

4. To remove proteinase K and buffer, use a Vivacon 500 column
(Sartorius). Add deionized H2O to the sample in the column
to reach 500 μL volume and centrifuge for approximately
10 min at 3000 � g at 24 �C.

5. Repeat step 4 three times. Do not let the sample dry. The
remaining volume should be about 10 μL.

6. Turn the column bottom-up and transfer the sample into a 1.5-
mL tube by centrifuging for 3 min at 1000 � g at 24 �C.

7. Estimate the concentration of purified DNA using fluorimeter
(see Note 12).

8. Use 10 ng of purified DNA as a template for amplification.
Reduce the volume to 1 μL by overnight evaporation at 4 �C.

9. Amplify the DNA using Illustra GenomiPhi V2 DNA Amplifi-
cation kit. Follow the manufacturer’s instructions.

10. Merge three independent amplification products (seeNote 13).
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3.6 Sequencing The goal is to create a de novo assembly of the wild-type target
chromosome. Subsequently, the data from the mutant chromo-
somes is mapped to the assembly, and the chromosomes are com-
pared to each other to identify induced, causative mutations in a
candidate gene. We have found that 35 Gb of Illumina HiSeq
150 bp paired-end reads per chromosome is sufficient.

3.7 Bioinformatics 1. Preprocessing of read data. You need to discuss with your
sequence service provider how much effort has to be put into
further processing of read data. Adapters have to be removed.
Programs such as FastQC (http://www.bioinformatics.
babraham.ac.uk/) can be used to assess read quality. Some de
novo assemblers require quality trimming of reads. In such a
case, sickle (downloadable from https://github.com/najoshi/
sickle) can be used.

2. De novo assembly of wild-type MutChromSeq data. We have
tested the MutChromSeq pipeline with the commercial CLC
assembly cell (http://www.clcbio.com/products/clc-assem
bly-cell/) and default parameters. Other softwares might be
sufficient or superior. The better the de novo assembly the
easier are the subsequent steps.

3. Mask repetitive sequences in the de novo assembly. Since we are
not interested in mutations within repetitive parts of the
genome we can reduce complexity further by masking transpo-
sable elements. Any software identifying repeats is sufficient.
We use RepeatMasker (www.repeatmasker.org) with the Triti-
ceaeRepeat Database (TREP) [20]. Download the nonredun-
dant nucleotide sequences from http://botserv2.uzh.ch/
kelldata/trep-db/downloadFiles.html. The program call for
RepeatMasker is as follows:

RepeatMasker -lib trep-db_nr_Rel-XX.fasta wt_assembly.fas-

ta

Among the result files of RepeatMasker a file

wt_assembly.fasta.masked

can be used for subsequent analysis.

4. Generate mapping and pileup files for each mutant and the wild
type. The mapping of wild-type data to the wild-type de novo
assembly is used as a positive control and essential for running
MutantHunter (see below). This step requires the mapping
software BWA [21] and samtools [22]. The following steps
are shown here as an example for wild-type reads (abbreviated
as wt in the code below). The same has to be repeated for reads
of each mutant.

(a) Create BWA index and fasta index (required for step d).
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bwa index wt_assembly.fasta.masked

samtools faidx wt_assembly.fasta.masked

(b) Create mappings for separate read files

bwa aln wt_assembly.fasta.masked wt_R1.fastq > wt_R1.

aln

bwa aln wt_assembly.fasta.masked wt_R2.fastq > wt_R2.

aln

bwa aln wt_assembly.fasta.masked MT1_R1.fastq >

mt1_R1.aln

. . .

bwa aln wt_assembly.fasta.masked MTx_R2.fastq >

MTx_R2.aln

(c) Combine mappings and create SAM file

bwa sampe wt_assembly.fasta.masked wt_R1.aln wt_R2.

aln wt_R1.fastq wt_R2.fastq > wt.raw.sam

Repeat this command for each mutant.

(d) Convert SAM file to BAM, sort BAM and remove redun-
dancy. “SAM” stands for sequence alignment/map for-
mat. “BAM” is the binary version. For subsequent steps
the BAM file needs to be sorted. During the PCR of
multiple displacement amplification and Ilumina library
preparation the generation of duplicates is very likely and
should be removed before further processing.

samtools view -f2 -Shub -o wt.raw.bam wt.raw.sam;

samtools sort wt.raw.sam wt.sorted;

samtools rmdup wt.sorted.bam wt.rmdup.bam;

Repeat this command for each mutant.

5. Generate mpileup format from mapping. Mapping files are
read-centric. In SAM format, one line corresponds to one
read and it includes information about the mapping and the
position where the read maps within the reference. The mpi-
leup format is reference-centric. Each line corresponds to a
position in the reference.

samtools mpileup -f wt_assembly.fasta.masked -BQ0 wt.

rmdup.bam > wt.pileup

Repeat this command for each mutant.

6. Run Pileup2XML

This step is part of the MutChromSeq pipeline [15] and
preprocesses a pileup file screens for single nucleotide variations
(SNV). It has to be executed for the pileup generated from
wild-type mapping as well as for every pileup file from each
individual mutant line. For running the Pileup2XML on the
wild-type data the parameter -w needs to be added.
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Download latest release of Pileup2XML.jar from Github
(github.com/steuernb/MutChromSeq/releases).

java -jar Pileup2XML.jar -i wt.pileup -o wt.xml -f refer-

ence.fasta -a 0.1 -c 10 -w

java -jar Pileup2XML.jar -i MT1.pileup -o MT.xml -f

reference.fasta -a 0.1 -c 10

Repeat the command for the other mutants.
The parameter -a is the reference allele frequency. A per-

fect SNV would have 0.0 reference allele frequency. Sensitivity
of the pipeline increases with increasing this parameter to up to
0.7. This will, however influence the file-sizes, runtime and
false positive rate. The parameter -c is the minimum coverage
to consider a position for SNV calling.

7. Run MutChromSeq

This step combines the individual xml output files from step 6
and calls candidate contigs.
Download latest release of MutChromSeq.jar from Github
(github.com/steuernb/MutChromSeq/releases).

java -jar MutChromSeq.jar -w wildtype.pileup.xml -m mu-

tant1.pileup.xml mutant2.pileup.xml [...] -o output.txt -n

6 -c 10 -a 0.1 -z 2

Parameter -n denotes the minimum number of mutants that
need to have a mutation in a contig to be reported as a candi-
date. Parameter -z denotes the maximum number of mutants
that are allowed to have a mutation at the same position.
Parameters -c and -a are the same as in step 6 (see Note 14).

8. Manual validation
Load the mapping data (.bam files from step 4d) into a
genome browser. For the large chromosome data sets we sug-
gest IGV [23] as a browser.

4 Notes

1. Several rounds of backcrosses are recommended to recover
homozygous material. If heterozygous material is used, the
sorted fraction consists of two chromosome types, which may
significantly complicate sequence analysis.

2. This protocol has been optimized for barley and wheat. For
protocols suitable for some other species, see Vrána et al. [24].

3. For better results, always use viable and healthy seeds. Check
the germination on a small sample of seeds before the experi-
ment. Thirty seeds of both barley and wheat are necessary for
preparation of 1 mL sample.

MutChromSeq for Rapid Gene Isolation 241

http://github.com/steuernb/MutChromSeq/releases
http://github.com/steuernb/MutChromSeq/releases


4. This treatment helps to reduce the frequency of chromosome
clumps for better yields of metaphase chromosomes.

5. As formaldehyde is harmful, always wear protective laboratory
gloves and work in a biosafety hood.

6. The FISHIS labeling procedure may be omitted if peaks of
chromosome(s) of interest are well resolved according to
DAPI fluorescence.

7. When using FISHIS to label chromosome repeats, it is advis-
able to double the amount of root tips per sample due to
dilution of the chromosome suspension.

8. If not sure which population corresponds to the chromosome
of interest, sort small number of chromosomes from several
populations separately onto a microscope slide and inspect
them microscopically after FISH with appropriate probe(s).

9. Estimation of purity in sorted chromosome population using
FISH relies on the availability of cytogenetic markers providing
chromosome-specific labeling patterns. This is a critical step as
it allows estimation of the frequency and identity of contam-
inating chromosomes.

10. Mutagenesis may change chromosome morphology, e.g., due
to deletions and translocations, and thus the hybridization
pattern of the probe on mutated chromosome may differ
from that on wild-type chromosome.

11. If the sorted fraction is not processed immediately, it can be
stored for up to 6 months at �20 �C.

12. The yield of purified chromosomal DNA typically reaches
about 50% of the original DNA amount.

13. The final product of DNA amplification can be stored up to
1 year at �20 �C before further processing.

14. The redundancy of parameters Pileup2XML and MutChrom-
Seq gives the opportunity to apply very sensitive values in
Pileup2XML and vary the strictness of thresholds in the Mut-
ChromSeq step. Pileup2XML is the long running data reduc-
tion step. But this can be executed in parallel for each mutant
separately.
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Chapter 21

Rapid Identification of Rust Resistance Genes Through
Cultivar-Specific De Novo Chromosome Assemblies

Anupriya K. Thind, Thomas Wicker, and Simon G. Krattinger

Abstract

“Map-based cloning” is a frequently used approach to isolate rust resistance genes. A critical step during
map-based cloning is the transition from genetic information, i.e., a genetic map, to physical sequence
information. Bacterial artificial chromosome clones are often used to establish sequence information
spanning a genetic interval. However, a major limitation of BAC clones consists in their small insert size
of 100–200 kb. Targeted chromosome-based cloning via long-range assembly (TACCA) is a method that
can replace BAC library screening. This approach involves chromosome flow-sorting and the establishment
of a long-range de novo assembly. This chapter provides an overview of TACCA as well as a detailed
description of sequence analyses, molecular marker development, and candidate gene identification.

Key words Map-based cloning, Long-range scaffolding, Chromosome flow-sorting, Molecular
marker, Candidate gene

1 Introduction

“Map-based cloning” is a widely used method for the isolation of
genes, including the rust resistance genes Lr1, Lr10, Lr34, Sr33, and
Sr35 [1–5]. This gene cloning strategy involves the generation of a
mapping population, most often a biparental population, from a
cross between parents that differ for the trait of interest. Genotyping
and phenotyping of a large number of progenies allows determining
the genetic position of a specific gene, i.e., a genetic interval flanked
by molecular markers. One of the major challenges in map-based
cloning consists in the establishment of continuous sequence infor-
mation spanning the genetic interval with the gene of interest.
Often, this is achieved through multiple rounds of bacterial artificial
chromosome (BAC) library screening, an approach referred to as
“chromosome walking” [6]. The insert size of BAC clones however
is limited to 100–200 kb. Chromosome walking is therefore tedious
in hexaploid wheat with its large 17 Gb and repeat-rich genome.
Often, wheat BAC clones are void of genes. The polyploid nature of
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the wheat genome further complicates the design of specific probes
for BAC library screening. Gene order and content can differ
between different wheat cultivars, and the gene of interest can be
missing in the reference cultivar Chinese Spring [7, 8], and it is thus
essential that the physical interval is established from a wheat line that
carries the gene of interest. To solve the problem of limited BAC
insert sizes, we developed targeted chromosome-based cloning via
long-range assembly (TACCA). This method includes the genera-
tion of a high-quality de novo assembly from single chromosomes
that are isolated through flow cytometry from a wheat cultivar
carrying the gene of interest. TACCA eliminates the need for chro-
mosome walking and allows for a rapid and inexpensive establish-
ment of physical intervals for leaf rust resistance genes. In this
chapter, we describe the principle of TACCA. In Subheading 3.1
we give an overview on the long-range de novo chromosome scaf-
folding. Subheadings 3.2 and 3.3 describe the scaffold annotation
and marker development in detail.

We used TACCA to clone the broad-spectrum leaf rust resis-
tance gene Lr22a [9]. Lr22awas crossed into hexaploid wheat from
the diploid wild wheat progenitor Aegilops tauschii in the 1960s
[10], and the gene was subsequently mapped to the short arm of
chromosome 2D [11]. The protocols in Subheadings 3.1, 3.2, and
3.3 will be described in the context of Lr22a as an example.

2 Materials

2.1 Plant Material To isolate high-molecular weight (HMW) DNA of isolated chro-
mosomes, 100 g of seeds of the Lr22a-containing Swiss spring
wheat line “CH Campala Lr22a” [12] are used.

2.2 Computer Setup

and Databases

Required

1. Computer with a Linux operating system is required for the
bioinformatics analyses.

2. CLC Main workbench (Qiagen) is required for the assembly.

3. Brachypodium distachyon predicted coding sequences and
genes can be obtained from http://plants.ensembl.org/index.
html. For our analysis, we use version 1.0 [13].

4. Repeat sequences for Triticeae can be obtained from the TREP
database (botinst.uzh.ch/en/research/genetics/thomas-
Wicker/trep-db.html) [14].

3 Methods

3.1 Generating of a

Long-Range De Novo

Chromosome

Assembly

Given the huge size of the wheat genome it is not yet feasible to
obtain complete high-quality genome sequences for specific wheat
cultivars for map-based cloning projects. A genome complexity
reduction is thus an essential step to obtain a fraction of the wheat
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genome that can be sequenced cost-effectively. Complexity reduc-
tion for TACCA is achieved through the isolation of single chromo-
somes. Chromosome flow-sorting is a well-established method in
wheat and single chromosomes can be isolated by flow cytometry
with purities of >90%. Chromosome sorting requires special equip-
ment and experience. It is thus advisable that this step is done in
collaboration with a laboratory specialized in chromosome flow-
sorting. The isolation of HMW DNA for the cloning of Lr22a was
done in collaboration with Prof. Jaroslav Doležel’s group at the
Institute of Experimental Botany, Olomouc, Czech Republic.
~640 ng of HMW DNA of chromosome 2D was isolated from the
Swiss spring wheat line “CH Campala Lr22a.” An essential consid-
eration for the generation of a de novo chromosome assembly is the
amount of input DNA that is required. This is because the amount of
DNA defines the time needed for chromosome sorting. It was thus
important to find a technology that allows generation of high-quality
genome assemblies from small amounts (<1 μg) of DNA. For the
cloning of Lr22a, Chicago long range linkage offered by Dovetail
Genomics was chosen [15]. Other long-range scaffolding or long-
read sequencing technologies that work with comparable amounts of
DNA however can also be incorporated into TACCA. Chicago
combines short read Illumina sequencing with proximity ligation
of in vitro reconstituted chromosomes. The preparation of libraries,
shotgun sequencing and scaffolding is provided as a full service by
Dovetail Genomics (Santa Cruz, CA). A Chicago library of isolated
chromosome 2D from “CH Campala Lr22a” was prepared from
250 ng HMW DNA (mean fragment length ~ 100 kb). Three
paired-end libraries are produced for shotgun sequencing, two
prepared from 50 ng of chromosomal DNA and one prepared
from 150 ng of chromosomal DNA. Libraries are sequenced on an
Illumina HiSeq 2500 (rapid run mode) and resulted in 145 million
150 bp paired-end reads for the Chicago library and 709 million
150 bp paired-end reads for the shotgun libraries, respectively. The
shotgun reads are trimmed for quality, sequencing adapters, and
mate pair adapters using Trimmomatic [16], and a de novo assembly
of shotgun reads was performed with Meraculous 2 (2.2.2.3) [17].
The input de novo assembly, shotgun reads, and Chicago library
reads are assembled with the HiRise software pipeline that was
specifically designed for Chicago data [15]. The resulting “CH
Campala Lr22a” assembly consisted of 10,344 scaffolds and had an
estimated physical coverage of 37�. The total length of the assembly
was 567.2 Mb with a scaffold N50 length of 9.76 Mb and a scaffold
N90 length of 1.93 Mb. The longest scaffold was 36.4 Mb in size
and covered 6.4% of the entire assembly.

The following two sections provide a detailed description of the
assembly analysis, candidate gene identification and the develop-
ment of molecular makers.
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3.2 Bioinformatics

Analysis of the

Chromosome

Assembly

3.2.1 Identification of the

Physical Region Between

Flanking Markers

For the identification of a Chicago scaffold(s) spanning a defined
genetic interval, the sequence information of the flanking markers
is used. The nucleotide or primer sequences of simple sequence
repeat (SSR) markers for example can be downloaded from Grain-
Genes (https://wheat.pw.usda.gov/GG3/). These sequences are
then used for a blast search against the Chicago scaffolds. For
Lr22a, the SSR markers gwm455, gwm296, wmc25, and wmc503
are identified as being linked to the gene [9, 11]. The protocol to
identify the physical interval containing these SSR markers is as
follows:

1. Create a database with the scaffolds of the Chicago assembly.

2. Obtain the primer sequence of the flanking SSR markers from
GrainGenes.

3. Perform a blast search of the marker sequences against the
scaffold database using blastn with a cutoff of 30 bp and 96%
identity.

4. Download the scaffold(s) with the best hit and the lowest E-
value. Check for the alignment identity and the position of the
hit on the scaffold from the output file. The forward and
reverse primer for a given SSR marker should be located at a
distance of 100–200 bp.

5. Repeat the above steps for all the mapped markers.

6. Note down the position of the flanking markers and splice out
the region between the markers to get the target region for
gene identification and annotation.

In the case of Lr22a, both flanking markers are located on a
single scaffold of 6.39 Mb in size.

3.2.2 Identification of

Genic Sequences in the

Target Interval

To identify genes in the physical candidate region identified in
Subheading 3.2.1, the Brachypodium protein database can be
used because Brachypodium distachyon is a well annotated model
species for cereals. In the case of Lr22a, a 438-kb region flanked by
upper and lower flankingmarkers on a single scaffold was annotated
using the Brachypodium protein database. For the gene identifica-
tion the following steps can be followed:

1. Perform a blast search with the nucleotide sequence of the
identified target region (see Subheading 3.2.1) against the Bra-
chypodium protein database using blastx with an E-value cutoff
of 10E-10.

2. Open the output file and download the coding sequence
(CDS) from the Brachypodium CDS database of the
corresponding Brachypodium protein hit with the lowest E-
value and make an annotation file as follows:
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(Start position) (stop position) (gene name);orientation of
gene (forward or reverse);(gene or pseudogene);(gene Id).
Example: 670,711 673,437 Leucine-rich repeat;for;gene;
Bradi4g06970

3. Mask the positions annotated in the previous step using a perl
script.

This script replaces the bases of the previously annotated
region with “x” in the sequence. The masked bases will be
ignored during the next blast search. Repeat the above steps
for the remaining sequence until no further genes can be
identified. For the 438-kb region of Lr22a target interval, six
rounds of annotations are performed.

Example of a masked sequence:

TTGCTAAGAGACAAGCAACACGAGAATGATACTGCATT
CGGACGCCCTCGTCTCGTCTGGACTGACTAGAGGAG
GAAGAAGACGGGGAGGGAGGGAGGGAGAAAAATGG
GGTCTTTGGCTGGTTCCGTTACXXXXXXXXXXXXXXX-
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX-
XXXXXXXXXXXXXXXXXXXXXXCTCGAACCTCTCCCTC
TCTACCACCGCCGCCGGCTCCACCCCTGCTGCTCTA
ACTTGCTGGCTCAGAGTCTCCGGGGAGAGAAAGAAT
GGCGCCGGCTCCTCTACTTATATGATAAGTATGATG
CTCTGCGGCTGCTGCTTCTTCGTCCTGCCA

3.2.3 Manual Annotation

of Candidate Genes

After the identification of genic sequences in the target region, the
next step is to perform a manual annotation of these sequences to
identify complete genes and pseudogenes. This will result in the
final list of candidate genes that are considered for gene validation.
For this, dot plots are generated between the identified genes in the
spliced target region and the corresponding Brachypodium CDS to
obtain the positions of start and stop codons. This CDS is then
translated to check whether the gene is full length or a pseudogene.
For Lr22a, we identified nine full length and two pseudogenes in
the target interval. The identification of the full length gene can be
done using the following steps:

1. Splice out the region between the putative start and stop posi-
tions of the hit mentioned in the annotation file of the chicago
scaffolds (see Note 1).
Example: 670711 673437 Leucine-rich repeat;for;gene;
Bradi4g06970.

2. Download the CDS of the corresponding Brachypodium gene
from the Brachypodium CDS database.

3. Make a dot plot between the spliced region of the Chicago
scaffold and the Brachypodium CDS (e.g., Bradi4g06970).
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4. Identify the start and the stop codon positions based on the dot
plot (see Note 2).

Apart from this, dot plots also provide information about the
orientation of the gene (forward or reverse), frameshifts, and the
intron–exon junctions (Fig. 1).

5. Splice out the region from start to stop codon and translate it
using the ExPASy translate tool (http://web.expasy.org/

Fig. 1 Dot plot for gene annotation (a) Example of a dot plot of a Brachypodium CDS (vertical) with a spliced
Chicago scaffold (horizontal). The gene is complete and the start and stop codon can easily be identified. The
gene has no introns. (b) Example of a gene with a frame shift which can be identified by the break in the line.
(c) Example of a gene with an intron at spanning positions 1600–1950. (d) Example of an intronless gene in
reverse orientation
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translate/) to check for internal stop codon that disrupt the
gene (see Note 3).

6. Genes that translate into full-length proteins will be considered
as candidate genes.

3.3 Marker

Development

This section describes the identification of polymorphisms and the
design of molecular markers based on the “CH Campala Lr22a”
assembly. In addition to “CH Campala Lr22a,” chromosome 2D
was also isolated from the susceptible near isogenic line “CH
Campala” and amplified by multiple displacement amplification
[18]. In contrast to the isolation of HMW DNA for the Chicago
scaffolding, multiple displacement amplification is not suitable for
long-range chromosome scaffolding, but it requires a lower num-
ber of chromosomes that need to be isolated (30,000 for multiple
displacement amplification and 1.5 million copies for long-range
scaffolding). The isolated chromosomes of “CH Campala” are
sequenced on a lane of Illumina HiSeq 2500 with 125 bp paired-
end reads and the “CHCampala Lr22a” Chicago scaffolds are used
to anchor the “CH Campala” reads. SNPs and InDel markers in
gene-containing contigs are subsequently identified and locus-
specific markers are developed.

3.3.1 De Novo Assembly

Using CLC Main

Workbench

This section describes the assembly of Illumina raw reads from
isolated chromosome 2D amplified by multiple displacement
amplification. For this, the CLC Main workbench 7 (Qiagen) is
used. The protocol is detailed below:

1. Go to the De novo sequencing in the tool box option which
opens a drop-down menu and select De novo assembly.

2. Select the files obtained from the Illumina Hiseq 2500 with
125-bp paired-end read.

Example:

CH_Campala_R1.fastq

CH_Campala_R2.fastq

3. Graph parameters can be set to automatic and minimum contig
length should be set to 500 bp.

4. For the paired reads parameters, select auto-detect paired dis-
tances and perform scaffolding.

5. For the mapping options, select map reads back to contig
(slow) and set the following parameters as follows:

Mismatch cost—2.

Insertion cost—3.

Deletion cost—3.

Length fraction—0.95.

Similarity fraction—0.9.
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Select the following options:

Global alignment.

Update contigs.

Create list of un-mapped reads.

6. Result handling: select create report and give a destination
folder to save results.

7. CLC de novo assembly tool creates five output files.

CH_Campala_R1(paired).clc.

CH_Campala_R1(paired) assembly.clc.

CH_Campala_R1(paired) assembly summary report.clc.

CH_Campala_R1(paired) un-mapped reads [CH_Campa-
la_R1] (paired).clc.

CH_Campala_R1(paired) un-mapped reads [CH_Campa-
la_R1] (single).clc.

3.3.2 Filter De Novo

Assembly for Gene-

Containing Contigs

To eliminate contigs only consisting of repeats, a filtering step for
gene-containing contigs is introduced because transposable ele-
ments will hinder marker development and further mapping of
the markers. Gene-containing contigs for of the Illumina contigs
obtained from the susceptible cultivar and Chicago scaffolds from
the resistant cultivar will be used for the designing of SNP marker
and insertion/deletion (InDel) markers. For working with large
data sets, linux system works best to perform such blast analysis.

1. Develop a perl script for blast searches of multiple sequences
against any database. This is a simple perl script that loops
through flat file (i.e., concatenated fasta sequences) and uses
each sequence for a blast search against the respective database.
If a sequences has a blast hit stronger than the user-defined
cutoff, it is stored in a second flat file (sequences without hits
are not stored).

2. Perform a blast search with blastx using the above designed
script for the assembly generated from CLC against the Bra-
chypodium protein database to identify scaffolds that contain
gene sequences. Usually, an E-value cutoff of 10E-10 is used.

File to be used:

CH_Campala_R1(paired) assembly.clc.

3. This creates an output file with only gene containing contigs
Example: CH_Campala_R1_assembly_x_Bdis_proteins_hits.

3.3.3 Design of SNP or

InDel Markers

The goal of this section is to show how the Illumina contigs of the
susceptible cultivar “CH Campala” are aligned to the Chicago
scaffold of the resistant parent “CH Campala Lr22a” to identify
polymorphisms.
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1. Create a database of the gene containing contigs of the Illu-
mina contigs from the susceptible cultivar.

Campala_R1_assembly_x_Bdis_proteins_hits

2. Perform blast search of the nucleotide sequence of the putative
candidate genes identified in Subheading 3.2.3 against the
gene-containing contigs database of the susceptible cultivar.

3. Extract the corresponding Illumina contigs from the suscepti-
ble cultivar and the Chicago scaffold from the resistant cultivar
and align them using the clustal omega tool (http://www.ebi.
ac.uk/Tools/msa/clustalo/).

4. Check for SNPs, insertions or deletions within the gene or in
the 50 or 30 region of the gene which could be used to design
the SNP or InDel markers (Fig. 2) (see Note 4).

5. Design primers manually for 500–600 bp amplicon size from
the region outside of the SNP or InDel (see Note 5).

3.3.4 PCR Amplification

of the Designed SNP and

InDel Markers

Set up a gradient polymerase chain reaction (PCR) on the DNA of
resistant and susceptible cultivar to check if the specific SNP or the
InDel for which the primer is designed can be recovered. In case if
the deletion is more than 10 bp in one of the cultivars, it can be
resolved on an agarose gel and can be used as codominant marker.
However, for SNP based markers, Sanger sequencing or other SNP
genotyping technologies can be used. The PCR amplifications can
be done as follows:

1. Mix the Following Components in PCR Tube for One Sample
(20 μl Reaction Volume)

DNA (65 ng/μl)—1 μl.
dNTPs (2.5 mM)—1 μl.
Primer forward (10 μM)—1 μl.
Primer reverse (10 μM)—1 μl.
Sigma Buffer (10�)—1 μl.
Sigma Taq Polymerase—0.25 μl.
Milli Q water—13.75 μl.

Fig. 2 Development of SNP or InDel marker. Alignment of a sequence from the resistant and the susceptible
cultivar where (a) shows the possible positions such as 317 and 366 to design SNP based marker and (b)
shows region with deletion in one of the cultivar which can be used for the designing of InDel marker
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2. Run the gradient PCR using the cycling conditions:

95 �C 4 min

95 �C 30 s

35 cycles (steps 2–4)50–55–60 �C 30 s

72 �C 2 min

72 �C 5 min

10 �C 1

3. Run 1% agarose gel and elute the bands from the gel and purify
using GenElute™ Gel Extraction Kit (Sigma) using the man-
ufacturer’s protocol.

4. Sequence the extracted bands using Sanger sequencing.

5. Align the sequences using clustal omega to confirm the SNP or
InDel.

6. Ones the SNP or InDels are confirmed, map the marker on the
biparental population and look for critical recombination
between the mapped markers which would further narrow
down the candidate gene list.

4 Notes

1. In case the start and the stop codons are missed in the spliced
region, increase the length of the segment to be spliced by
~2 Kb upstream and downstream of start and stop positions,
respectively.

For example: splice out the region from 2 kb upstream of
670,711 to 2 kb downstream of 673,437.

2. For some of the dot plots with a Brachypodium gene, it can be
difficult to visualize the start and/or stop codon. In such cases,
try to find an ortholog in rice, sorghum or Arabidopsis for the
dot plot.

3. The splicing of intron–exon junction has to be very precise.
Otherwise a gene can be mistakenly classified as a pseudogene.

4. While designing the markers, perform a blast search with the
extracted scaffold sequence or contigs against the repeat data-
base to check for transposable elements.

5. For the SNP or InDel markers, design forward and reverse
primer approximately 100 bp before and after the SNP,
respectively.
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Chapter 22

BSMV-Induced Gene Silencing Assay for Functional
Analysis of Wheat Rust Resistance

Li Huang

Abstract

Virus-induced gene silencing (VIGS) is a widely used reverse genetics tool to knock down genes in plants
transiently without transformation. The assay has been successfully used to downregulate the transcript
abundance of a target gene at almost any plant developmental stages in any tissues. Here, we describe the
VIGS assay using a barley stripe mosaic virus (BSMV) for functional genomics analysis in wheat with the
focus on genes involved in rust resistance.

Key words VIGS, Reverse genetics, Gene silence, BSMV, Rust resistance, Functional analysis, Wheat

1 Introduction

Virus-induced gene silence in plants is an antiviral defense response
from the hosts [1–3]. Double-stranded RNAs (dsRNAs) generated
from either RNA viruses during replication or DNA viruses during
infection trigger homology-dependent posttranscriptional gene
silencing in the host [4, 5]. Once the host silencing machinery is
activated, the viral RNAs become the targets for degradation. Host
endogenous gene transcripts can also become degradation targets if
a sequence with sufficient homology to the targets is engineered
into the virus genome. Therefore, VIGS has been developed as a
reverse genetics tool for functional analysis in plants [6, 7].

Barley stripe mosaic virus (BSMV) is a tripartite, positive-sense
RNA virus [8] and can infect many agriculturally important mono-
cots including barley (Horedum vulgare), wheat (Triticum aesti-
vum), maize (Zea mays), rice (Oryza sativa), sorghum (Sorghum
bicolor), and millet (Pennisetum glaucum) [9]. Three DNAs
corresponding to the three sub-genomes (α, β, and γ) of the
BSMV strain ND-18 have been cloned into plasmid DNA vectors
[10]. BSMV induced gene silencing as a functional genomics tool
was first established in barley using a phytoene desaturase (PDS) as a
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report gene [11]. The assay was soon adapted in wheat for
dissecting genetic components in the defense response to leaf rust
pathogen [12]. The BSMV-VIGS system was further optimized for
rapidly cloning of a target gene fragment using a modified γ vector
for directly PCR product cloning and silencing multiple genes
simultaneously [13].

The entire BSMV-VIGS assay for functional analysis of wheat
rust resistance includes five major steps: (1) construct silencing
vector by cloning a target fragment into the γPCR vector; (2)
prepare BSMV RNAs for virus inoculation; (3) inoculate BSMV
with in vitro synthesized viral RNAs; (4) measure the silencing
level; and (5) inoculate rust spores on silenced wheat plants. A
videotaped protocol of BSMV-VIGS can be viewed at the link of
https://vimeo.com/48603055.

2 Materials

Prepare all solutions using nuclease-free water. Inoculate 20 wheat
plants for assaying one target gene.

2.1 VIGS 1. PCR-ready cloning vector kit: pγPCR vector and XcmI
enzyme, Taq polymerase, dNTPs, T4 ligase and buffer, E. coli
competent cells, LB broth, LB broth þ Agar, and carbenicillin
antibiotic.

2. Plasmid kit for BSMV RNA cloning: pα, pβ, pγ, and pγPDS
plasmid DNA vectors, a plasmid DNA extraction kit, andMluI,
SpeI, and BssHII restriction enzymes.

3. 10� cap/rNTPs buffer: Mix 10 μL H2O with 20 μL of
100 mM rATP, 20 μL of 100 mM rUTP, 20 μL of 100 mM
rCTP, 10 μL of 100 mM rGTP plus 10 μL of 25 A260 units cap
analog and make up to 200 μL using H2O.

4. T7 RNA polymerase and buffer.

5. RNase inhibitor.

6. Agarose.

7. GP buffer: Mix 18.77 g glycine and 26.13 g K2HPO4 dibasic in
500 mL H2O.

8. FES buffer: Mix 100 mLGP buffer, 5 g sodium pyrophosphate
decahydrate, 5 g bentonite, 5 g celite and bring the final
volume to 500 mL using H2O. Sterilize through autoclaving.

9. Pipette tips: 200 μL wide-bore pipette tips and regular 10 μL,
20 μL, 200 μL, and 1000 μL pipette tips.

10. RNase AWAY.

258 Li Huang

https://vimeo.com/48603055


2.2 Silencing Level

Test

1. RNA extraction kit.

2. iTaq universal SYBR 1-step quantitative real-time PCR kit.

2.3 Rust Inoculation 1. Soltrol170 oil.

2. Airbrush gun.

3. Rust spores.

3 Methods

3.1 Clone a Target

Gene Fragment into

γPCR Vector

1. Prepare γ PCR-ready cloning vector by mixing 2 μL of 10�
buffer, 1 μL of XcmI restriction enzyme, 2 μg of γPCR vector
plasmid and bring the final volume to 20 μL using H2O.

2. Incubate the above solution at 37 �C for 2 h and take 1 μL to
check on a 1% w/v agarose gel along with an uncut γPCR
vector as a control. Heat-inactivate the enzyme at 65 �C for
20 min if the digestion is completed (Fig. 1).

3. Prepare a target insert having �120 bp and �400 bp in length
and containing�25 bp identical base pairs with the target gene
either by direct DNA synthesize or through PCR amplification
from wheat cDNA (see Note 1).

4. Ligate the target gene fragment into the γPCR ready cloning
vector by incubating a mixture of 1 μL of 10� buffer, 1 μL of
γPCR (cutted by XcmI from above), 1 μL of 200 ng conc.
DNA Insert, 3 μL of H2O at 16 �C for 5 h. Then heat-
inactivate the enzyme at 65 �C for 20 min. Transform to E.
coli and select colonies on a LB þ carbenicillin plate. Select
positive bacterial colonies with target gene-specific primers and
confirm the accuracy of the insert through sequencing.

3.2 Prepare BSMV

RNAs

1. Linearize pα, pβ, pγ, and pγPDS plasmid DNA vectors by
preparing a mixture with 2.5 μg plasmid DNA, 2 μL 10�
buffer, 6 units of restriction enzyme and nuclease-free H2O
to make it up to 20 μL. Restriction enzyme and optimal incu-
bation temperature for each plasmid DNA of the BSMV is
indicated as follows:

Plasmid Enzyme Incubation temp (�C)

pα MluI 37

pβ SpeI 37

pγ MluI 37

pγPDS BssHII 50

pγtarget BssHII 50
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Incubate at corresponding optimal temperature for 5 h, and
check 1 μL of the digestion on a 1% w/v agarose gel using each
uncut plasmid DNA as controls. Complete digestion is shown
in Fig. 1. Heat-inactivate MluI and SpeI at 65 �C for 20 min,
and BssHII at 80 �C for 20 min. Add 1 μL of 40 units RNase
inhibitor per 20 μL linearization reaction (see Note 2).

2. In vitro-synthesize RNA of α, β, γ or γtarget by preparing a
mixture with 2 μL 10� buffer, 2 μL 10� cap/rNTP buffer,
1 μL T7 RNA polymerase, 7 μL linearized plasmid, and 8 μL
H2O. Incubate at 37 �C for 2 h, and take 1 μL from each
reaction to check on a 1% w/v agarose gel. A sufficient RNA
synthesis is shown in Fig. 2.

Fig. 1 Digestion of pα, pβ, pγ, and pγPDS plasmid DNA vectors. Bands encircled indicate the digested product

Fig. 2 In vitro synthesis of pα, pβ, pγ, and pγPDS RNA. Bands encircled are RNAs
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3.3 BSMV

Inoculation

1. Combine RNAs of α:β:γ or α:β:γtarget in 1:1:1 ratio or
10:10:10 μL ratio per tube. Keep the reaction in ice, or store
at �80 �C if the RNAs are not used immediately. In every
experiment, 20 plants inoculated with only BSMV α:β:γ
(BSMV:00) should be included as a control.

2. Add 220 μL FES buffer per 30 μL of combined αþ βþ γ RNAs
per tube immediately before the inoculation and keep the tube
in ice. Put on a new pair of gloves, spayed gloved hands with
RNase AWAY, and let them air dry. Mix the BSMV RNAs in
FES buffer thoroughly each time with a wide bore pipette tip
and pipette 25 μL the first and second time and 22 μL after that
onto the index finger and hold with the thumb. Use the other
hand to hold the stem of a selected plant, and rub the RNAs
onto a selected leaf from the base to tip by gently squeezing the
leaf between the index finger and the thumb. In general, 20
plants should be inoculated for one target gene (see Note 3).

3. Keep the BSMV inoculated plants at 25–27 �C and water only
from roots by placing the pots of the plants in a big tray with
sufficient water (see Note 4).

3.4 Measure the

Silencing Level

1. Viral symptoms of yellow mosaic should be visible on the newly
emerged leaves 5 days post a successful BSMV inoculation. At
8–9 days post inoculation, symptom-free (or virus-free) seg-
ments or leaves appear following the viral mosaic leaves. As
illustrated in Fig. 3 when the PDS gene was silenced in the
plant inoculated with α þ β þ γPDS, photobleach areas are

Fig. 3 Progress of BSMV-induced gene silencing. (A): BSMV-inoculated leaf; (B): BSMV symptoms; (C):
Photobleached stem resulted from PDS silence; (D): Photobleached leaf; (E): Photobleached flag leaf. The
photo was taken 20 days post BSMV inoculation
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corresponding to symptom-free regions if silencing of the
target does not cause photobleaching. Sample a one-inch
virus-free leaf segment each from the plants inoculated with
the only α:β:γ and with α:β:γtarget. Place the leaf tissues into
liquid N immediately.

2. Extract RNA from each sample using an RNA extraction kit.
Check the RNA quality by a 1% w/v agarose gel, and measure
the concentration via a Nanodrop.

3. Prepare a 60 μL reaction per RNA sample, mix thoroughly and
set up as triplets with 20 μL per tube for real-time PCR using
the following recipe:

30 μL of 2� SYBR Green Supermix.

30 μL of 5 mM forward primer.

30 μL of 5 mM reverse primer.

0.75 μL Reverse transcriptase.

6 μL of 37.5 ng/μL conc. RNA.

19.5 μL nuclease-free H2O.

For relative expression analysis, include one or two
housekeeping genes as internal standards for quantifying RNA
levels. For functional analysis of genes involved in wheat rust resis-
tance via BSMV-VIGS, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and β-actin are two commonly selected housekeeping
genes for internal references because the expression levels of these
genes remain unchanged during BSMV and rust infections based
on the RNAseq data. To estimate silencing level, each target gene
will be measured both in target-silenced plants and BSMV:00
inoculated plants. Primer sequences of the reference genes are as
follows:

GAPDH-F: GACTGTTAGACTTGCGAAGC.

GAPDH-R: CATCAACGTAACCCAAAATG.

Actin-F: CCAGCAATGTATGTCGCAATCC.

Actin-R: CCAGCAAGGTCCAAACGAAGG.

Relative expression is calculated using the ΔΔCt method as
described in the CFX96 manual (Bio-Rad, Hercules, CA), where
fold change ¼ 2-ΔΔCt. Silencing efficiency of a target gene is calcu-
lated as the expression level in the target-silenced plants relative to
that in the BSMV:00 inoculated plants.

3.5 Rust Inoculation 1. Rust inoculation is done when the symptom-free (or virus-free)
segments or leaves appear after the viral mosaic leaves at about
9–14 days post BSMV inoculation. Mark the borders of those
areas with a sharper.

2. Prepare a dew chamber to achieve air temperature of 15–16 �C
for leaf rust, 20–22 �C for stem rust, and 13–15 �C for stripe
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rust. For details, visit the website at https://vimeo.com/
48603055 to view a videotaped protocol for rust inoculations.

3. Prepare an inoculum immediately prior to use by suspending
urediospores in Soltrol170 isoparaffin oil at a concentration of
~6 � 106 spores/mL (40 mg spores/8 mL oil). Spray the
inoculumwith an airbrush gun about 6 in. away onto the plants
with one pass from front and back, making sure that the
sharper-marked areas get the inoculum.

4. Incubate the plants in the dew chamber for ~18 h and then
transfer the plants to a greenhouse under 16 h of photoperiod,
and ~22 �C for leaf rust, ~20 �C for stripe rust, and ~25 �C for
stem rust.

5. Disease scoring is done when the susceptible controls are fully
susceptible. Under the abovementioned condition, leaf rust is
scored at 8–10 days post inoculation (dpi), stem rust is scored
at 14–16 dpi and stripe rust is scored at 12–16 dpi. The
function of the target gene in the rust resistance is based on
the infection types and silencing level on the symptom-free
areas relative to the controls (see Note 5).

4 Notes

1. The DNA fragment inserted into the γPCR vector should be
between 120 and 600 bp in size, contain no region >25 bp
identical to any nontarget genes and no BssHII restriction site.

2. Linearization of the plasmids completely before in vitro tran-
scription is a crucial step.

3. Appropriate amount of initial BSMV RNAs inoculum is impor-
tant to trigger the post transcriptional gene silence but not
overwhelm the plant defense.

4. Plants post BSMV inoculation should be kept at 25 �C for
optimal silence.

5. Phenotyping the target genes should be done in the silenced
leaf segments, which are the viral symptom-free segments that
appeared after the leaves with viral symptoms.
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Chapter 23

Yeast as a Heterologous System to Functionally
Characterize a Multiple Rust Resistance Gene
that Encodes a Hexose Transporter

Ricky J. Milne, Katherine E. Dibley, and Evans S. Lagudah

Abstract

Recently, the Lr67 resistance gene was identified as a hexose transporter variant which confers adult plant
rust and mildew resistance in wheat. Methodologies used to characterize the protein encoded by Lr67may
be of use to non-transporter experts conducting similar experiments with other hexose transporters. Hence,
in this chapter, we detail a protocol for the functional characterization of hexose transporter proteins in the
Saccharomyces cerevisiae expression system. We also provide guidance on the use of metabolic inhibitors and
competing sugars to probe transporter structural features, energization, and specificity.

Key words Hexose transporter, Rust resistance, Heterologous expression, Yeast uptake, Transporter
characterization

1 Introduction

Plant fungal pathogens cause economically significant diseases in a
range of cereals and other crops. Pathogen resistance genes typically
confer race-specific disease resistance in plants and are utilized to
breed disease-resistant lines. However, a second, smaller class of
adult plant partial resistance genes which confer resistance to mul-
tiple pathogens, has been employed in hexaploid wheat breeding
for many decades [1, 2]. The recent cloning of one of these genes,
Lr67 (Lr67/Yr46/Sr55/Pm46), showed the putative resistance
gene belongs to the sugar transport protein 13 (STP13) clade of
hexose transporters [3]. Previous studies of other STP13 transpor-
ters in plants have implicated them in pathogen response, such as
AtSTP13 and VvHT5, both of which are induced during pathogen
infection [4, 5].

There are numerous challenges in measuring the functional
properties of such sugar transporters in planta, due to the presence
and action of endogenous sugar transport, signaling and
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metabolism. Heterologous expression systems can be used to
characterize sugar transporters, the most widely used being defi-
cient yeast strains and Xenopus laevis oocytes. Oocytes of the South
African clawed frog (X. laevis) represent a versatile system which
may be used to characterize sugar transporters [6]. The lack of
proton (Hþ) coupled transport activity associated with oocytes
[7] is an advantage for studying hexose-proton symporters includ-
ing STPs, as the only proton coupled transport present will be due
to the heterologous hexose transporter. Xenopus oocytes allow
analysis of biophysical properties that cannot be undertaken in
yeast by examining the proton motive force (pmf). Xenopus studies
allow examination of effects of ΔpH and membrane potential on
transporter activity, along with the stoichiometric relationship
between proton and hexose transport. Multiple experiments can
be carried out on the same oocytes [7]. Despite its advantages, the
Xenopus system is complex and requires extensive maintenance and
care of frogs for oocyte production, along with specialized equip-
ment to measure transporter activity. The yeast system represents a
simple solution which is able to be set up in most molecular biology
laboratories.

The yeast strain utilized is unable to perform hexose uptake as a
result of concurrent knockout of 23 hexose transporters and related
genes [8]. The basis of the yeast system is to complement this
phenotype with a functional hexose transporter and measure its
transport properties using radiolabeled substrates. Yeast can be
used to examine biochemical properties of transporters, such as
pH dependence, apparent Km values, substrate specificity, and
effects of inhibitors. A disadvantage of characterizing transporters
via heterologous expression systems is whether the characteristics
observed are relevant, as transporters may behave differently in
plant cells. However, measurement of transporter characteristics
gives a point of comparison between different transporters, and
also gives an indication into the optimal conditions the transporter
may function under in planta. The yeast system is much more
straightforward than the oocyte system, as no highly specialized
equipment is required, and will be the focus of this chapter.

The transport characteristics of a number of STP13 clade
members including AtSTP13, OsMST4, LeHT2, and VvHT5
have been described using the above systems [9–12]. STP13 trans-
porters generally exhibit a high glucose affinity in the micromolar
range, lower fructose affinity and an acidic pH optimum. The STPs
are hexose-proton symporters that co-transport a proton and hex-
ose in a 1:1 ratio into cells with the proton gradient. Studies using
compounds which disrupt proton gradients have also provided
evidence that STPs function by secondary active transport. Proto-
nophore compounds such as cyanide m-chlorophenyl hydrazone
(CCCP), and 2,4-dinitrophenol (2,4-DNP) have been used to
dissipate Hþ gradients and reduce hexose uptake in experiments
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with STPs expressed in yeast [3, 10, 12] and Xenopus oocytes [11].
Secondary active transport systems are unable to function in the
absence of a pmf. Further evidence was added by studies using
antimycin to inhibit ATP generation and thereby prevent active
transport. In contrast, a phylogenetically related group of sugar
transporters known as SWEETs are pH and energy independent,
and may facilitate diffusion of sucrose/hexoses driven by a concen-
tration gradient across plasma membranes of cells [13]. Sugar
transport mediated by SWEETs is unaffected by protonophores
and ATP inhibitors.

The functional characterization system described in this chap-
ter was used to characterize the Lr67sus and Lr67res alleles of
wheat [3]. Interestingly, the hexose transporter variant which con-
ferred multipathogen resistance (Lr67res) lacked hexose transport
ability, indicating that the pathogen may depend upon the func-
tional hexose transporter activity either directly (through substrate
transport) or indirectly (for example through sugar signaling
mechanisms) for successful infection of the host.

2 Materials

1. Yeast expression vector (preferably pDR196, see Note 1).

2. Hexose uptake deficient yeast (EBY.VW4000, see Note 2)
transformed with transporter of interest.

3. Media for growth and selection of yeast: synthetic dropout
lacking uracil (SDura�; 1.72 g/L yeast nitrogen base, 5 g/L
ammonium sulfate, 2% w/v maltose, 1.92 g/L yeast synthetic
drop out medium supplement without uracil). Maltose should
be filter-sterilized rather than autoclaved. Supplement with
15 g/L agar for solid media.

4. 50 mL screw cap tubes.

5. MES-HEPES solution: 25 mMMES þ 25 mMHEPES mixed
to obtain appropriate pH (see Note 3). Use Tris to reach pH
above ~5.2.

6. Ethanol solution (1.1 M) for energization of yeast prior to
uptake, diluted in appropriate pH buffer.

7. Sugar solutions in appropriate pH buffer.

8. [14C] glucose or [14C] fructose.

9. Whatman GF/C glass fiber filters.

10. Conical flask filtering apparatus.

11. Vacuum (vacuum line, vacuum pump or tap vacuum attach-
ment may be used).

12. Scintillation vials.
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13. Scintillant.

14. Liquid scintillation counter.

15. Spectrophotometer and cuvettes for determining OD values of
yeast cultures.

16. Haemocytometer and microscope with 20� objective for
determining number of yeast cells per reaction.

3 Methods

S. cerevisiae strain EBY.VW4000 [8] can be transformed [14] with a
vector such as pDR196 [15] containing a hexose transporter such
as Lr67 [3] or STPs from other species (e.g., tomato [10] or grape
[9]). From the transformation plate, each colony selected is con-
sidered a biological replicate. A minimum of three biological repli-
cates are recommended for each experiment. Glycerol stocks
should be prepared and plasmid rescue performed [16] to confirm
positive by restriction digest and sequencing.

3.1 Yeast Culture

and Preparation

1. Streak yeast from glycerol stock onto SDura� solid media,
grow at 28–30�C for 2–3 days.

2. Inoculate starter culture with a single colony in 5 mL SDura�

liquid media in a 50 mL screw cap tube, shake at 200 rpm,
28–30�C for ~16 h until OD600 ¼ ~1.0 (see Note 4). Starter
culture may be stored at 4�C and should remain viable for
approximately two weeks.

3. Inoculate 20 mL SDura� liquid media using 100 μL of starter
culture in a 250 mL conical flask.

4. Harvest culture at an OD600 of 0.6–1.0 by centrifugation at
4000 � g for 10 min at 4�C. Discard supernatant, wash pellet
with 0.5 volumes MES-HEPES. Recentrifuge and resuspend
to OD600 of 2 in MES-HEPES solution. Store on ice.

3.2 Uptake

Procedures

1. Divide yeast solution into two or three technical replicates of
500 μL in 50 mL screw cap tubes.

2. Shake replicates at 150 rpm, 30�C for 10 min prior to uptake.

3. Make uptake solution by diluting [14C]glucose in unlabeled
glucose (begin with 1/10 dilution, see Note 5) to achieve a
final concentration of 100 μM. This concentration should
ideally be at or near the transporter Km. This may be empiri-
cally determined, or estimated from affinities of closely related
transporters.

4. Energize yeast with 50 μL of 100 mM ethanol for 1 min prior
to addition of 50 μL uptake solution.
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5. Aliquot 5 mL of ice cold wash solution (100 μM, equal con-
centration to uptake solution) in filtering apparatus (Fig. 1).
Aliquot yeast replicate into wash solution at set time interval
and immediately apply vacuum. Wash yeast twice more with
5 mL wash solution.

6. Harvest further replicates at set time intervals for time course
uptake.

7. Place glass fibre filter containing washed yeast into scintillation
vialwith4mLscintillant and incubate atRTovernight in thedark.

8. Count disintegrations per min (DPM) on scintillation counter
for at least 2 min per sample.

9. Assay 10 μL of unfiltered yeast containing [14C]glucose, by
adding to 4 mL of scintillant in scintillation vial and counting
DPM. This allows determination of the specific activity of each
reaction.

10. Weigh filters containing yeast cells without [14C]glucose and
compare to wet filter (washed three times without yeast).

11. Yeast culture and reaction volume can be scaled up or down as
required. Smaller volumes may be desirable for single time
point experiments, e.g., 150 μL yeast þ 15 μL ethanol
þ 15 μL uptake solution.

Fig. 1 (a) Flow diagram of uptake procedure and (b) photograph of filtration apparatus
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3.3 Conversion

of Disintegrations per

min (DPM) to Amount

of Glucose

1. Counting unfiltered yeast allows determination of DPM per
μmol of [14C]glucose present in each reaction using the equa-
tion as follows:

S ¼ X

C
ð1Þ

Where:

S ¼ specific activity of reaction (DPM/μmol [14C]glucose).
X ¼ DPM of unfiltered sample.
C ¼ [14C]glucose in reaction (μmol).

2. Conversion of DPM from filtered yeast samples to the total
amount of glucose ([14C]glucose and unlabeled glucose) taken
up by the yeast cells can be calculated using Eq. 2 as follows:

Glucose uptake ¼
DPM
S � r

w
ð2Þ

Where:

Glucose uptake ¼ μmol/g fw yeast.
DPM ¼ disintegrations per minute.
S ¼ specific activity of reaction (DPM/μmol [14C]glucose).
r ¼ molar ratio of unlabeled glucose to [14C]glucose.
w ¼ weight of yeast per 100 μL reaction (g).

The data may also be expressed as nmol glucose/108 cells
(see Note 6).

3.4 Determination

of Michaelis-Menten

Constant (Km)

1. Concentration dependent uptakes are used to estimate a trans-
porter Km. Generally, three concentrations below and three
concentrations above the Km can be used as a minimum.
These may be estimated using the Km of closely related trans-
porters, or empirically determined.

2. Perform uptake on transporter of interest and empty vector at a
single time point where uptake remains linear. This can be
determined from time course uptake (4-min uptake is
recommended).

3. Calculate amount of glucose taken up by yeast per minute
(Eqs. 1 and 2), subtract uptake by empty vector control.

4. Organize data on Eadie-Hofstee plot (glucose uptake/sub-
strate concentration vs glucose uptake). The data should
resemble a straight line where the negative of the slope of the
line equals the Km. Alternatively the data may be fitted to the
Michaelis-Menten equation using software such as Prism
(GraphPad Software, Inc). Example data is shown in Fig. 2.

3.5 Inhibitors

of Hexose Uptake

1. Treatment of yeast using inhibitors enables examination of
transporter energy dependence, such as reliance on ATP and
a proton gradient. Perform single time point uptake where

270 Ricky J. Milne et al.



uptake remains linear (4-min uptake is recommended) using a
glucose concentration at the transporter Km.

2. Add the inhibitor to yeast 30 s prior to addition of uptake
solution. Inhibitors and concentrations used in previous
STP13 studies are shown in Table 1.

3. Perform a control uptake without inhibitor and compare. A
number of water-insoluble inhibitors need to be dissolved in
ethanol or DMSO. If this is the case, the same concentration of
solvent (minus inhibitor) should be added to yeast 30 s prior to
addition of uptake solution as a control.

4. Express data as percentage uptake compared to control
treatment.

Fig. 2 Example data demonstrating calculation of Michaelis-Menten Constant
(Km). (a) Concentration dependent uptake by a hexose transporter. Upper red line
indicates Vmax (maximal velocity of reaction). The concentration at half Vmax
represents the Km. Data was fitted to Michaelis–Menten equation using
Graphpad Prism software package. (b) Eadie-Hofstee plot representing an
alternative method used to calculate Km. Negative slope of the line represents
the Km
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3.6 Competing Sugar

Uptake

1. Testing competing sugars allows assessment of which sugars
bind to, or may be transported by a hexose transporter
(see Note 7). Perform single time point uptake where uptake
remains linear (4-min uptake is recommended) using a glucose
concentration at the transporter Km.

2. Add competing sugars at ten times the concentration of glu-
cose, in the same solution.

3. Perform a control uptake without competing sugar and com-
pare. A reduction in glucose uptake in the presence of another
sugar indicates it may compete with glucose for binding/
transport.

Table 1
Commonly used inhibitors to probe energization and binding of transporter proteins

Transport
relies on: Inhibitor(s) Action

Suggested
concentration

Example
study refs

A transporter
protein

p-chloromer-
curibenzene
sulfonic acid
(PCMBS)

Thiol modifying agent- binds
with cysteine residues on outer
face of transporter.

Membrane impermeable

100–1000 μM [3, 19]

N-ethylmaleimide
(NEM)

Thiol modifying agent
Membrane permeable

2 mM [3, 19]

Diethyl
pyrocarbonate
(DEPC)

Affects histidine residues on outer
face of transporter.

Membrane impermeable

500 μM [3, 19]

Cellular ATP Antimycin A Blocks ATP-generating
glycolysis/respiration systems
in endomembranes

2 μM [19]

Transmembrane
proton
gradient

Carbonyl cyanide
m-chlorophenyl
hydrazine
(CCCP)

Protonophore, collapses Hþ

gradient.
Membrane permeable and

affects endomembranes
(eg.mitochondria) at high
concentrations
and/or long incubations

50–200 μM [9, 11,
19 ]a

2,4-dinitrophenol
(DNP)

Protonophore, collapses Hþ

gradient
100–400 μM [3, 11,

19]a

A sugar
transporter

Phlorizin Competitive binding with
glucose moiety to transporter

1–2 mM [3, 19]

aNote—[11] studies carried out using Xenopus oocyte system
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4 Notes

1. Higher transporter expression is likely to be achieved using the
pDR196 vector, which contains the yeast plasma membrane
ATPase 1 (PMA1) promoter, in comparison to vectors contain-
ing alcohol dehydrogenase (ADH) or O-acetyl homoserine
sulfhydrylase (MET25) promoters [17, 18].

2. EBY.VW4000 is auxotrophic for uracil, histidine, leucine and
tryptophan, so each may be used as a selectable marker. The
pDR196 vector uses uracil selection, and this is incorporated
into the protocol described in this chapter. For co-transforma-
tion of two transporters, each transporter can be transformed
into yeast in separate vectors with different selectable markers
and grown on media lacking both selectable markers (e.g.,
media lacking uracil and tryptophan).

3. Dependence on pH can be determined using MES-HEPES
buffers to wash and resuspend yeast at appropriate pH (pH 4,
5, 6, 7, and 8 recommended). Use single time point uptake. It
is preferable to test other transport properties at the pH
optimum.

4. Amount of starter culture to inoculate 20 mL culture may vary
depending on transporter, selectable marker, and co-expression
of vectors.

5. Substitution of [14C]glucose for [14C]fructose may require a
higher final concentration of uptake solution, as the fructose
affinity of hexose transporters is generally lower. Additionally,
1/5 or 1/10 dilution of [14C]fructose may be required to
achieve DPM>1000. Be sure to account for dilution of uptake
solution when labeled and unlabeled hexoses are combined,
and for dilution when adding to yeast for uptake.

6. Expressing uptake data as nmol glucose/108 cells—calculate
the specific activity of the uptake solution using Eq. 1, but
express the concentration of glucose as nmol. Calculate the
number of cells per 100 μL reaction using a haemocytometer.
Divide the number of cells by 1 � 108 and use this number in
place of w in Eq. 2.

7. Previous competing sugar studies show that D-enantiomers but
not L-enantiomers of hexoses generally compete with glucose
for STP13 binding. Pentoses are occasionally able to compete
with glucose, but disaccharides and trisaccharides do not [3, 9,
11, 19].
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Chapter 24

Biocontrol Agents for Controlling Wheat Rust

Siliang Huang and Fahu Pang

Abstract

Bacterial endophytes are potential biocontrol agents of wheat rusts. Apart from disease control, these
bacterial endophytes have growth-promoting efficacies which differ significantly from one isolate to
another. Here, we describe the procedure for isolation, screening, and identification of endophytic bacterial
isolates with high capacities to suppress strip rust infection and better ability to enhance wheat yields.

Key words Wheat rust, Biocontrol agent, Bacterial endophyte

1 Introduction

Endophytic microorganisms are important bioresources which
have the potential for use as biocontrol agents for disease manage-
ment. Bacterial endophytes are the predominant endophytic micro-
organisms of wheat plants which have been used as biocontrol
agents for wheat rust [1–3] as well as for other wheat diseases
caused by phytopathogenic fungi [4–12]. Considerable biodiver-
sity exists particularly in the endophytes that reside in the roots of
the wheat plant [13]. Apart from disease suppression, they also
promote growth of wheat plants [14]. However, the efficacy of
bacterial endophytes in promoting wheat growth and controlling
wheat rust significantly varies from one isolate to another. For these
reasons, isolation, screening and identification of bacterial endo-
phytes with higher disease suppression as well as growth-promoting
and yield-enhancing capacity is a key factor for its successful use in
wheat cultivation.

2 Materials

Prepare double distilled water (dd-water) and analytical grade
reagents. Store them at ambient temperature unless otherwise
specified.
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2.1 Wheat Samples 1. Collect the whole healthy wheat plants from the field and
gently wash the plants with tap water to remove dusts and
soils from the plants.

2. Spread the plants on a washing basket to drain and air-dry
superfluous water from the surface of the plants. Snip the plants
into three parts (leaves, stems and roots) with sterilized scissors
after air-drying.

3. Cut each part of the plants separately into small tissue pieces
(5 mm length) in a sterilized Petri dish (7–9 mm in diameter
and varies with the amounts of samples) for the isolation of
bacterial endophytes.

2.2 NA Media Weigh 3 g beef extract, 5 g peptone, 3 g yeast extract, 10 g sucrose,
and 15 g agar powder, separately, and mix together in a 1000-mL
glass beaker. Add water to a volume of 1000 mL (natural pH).
Warm the beaker in boiling water and blend the medium with a
glass rod while heating. After the agar melts completely, dispense
150 mL of the medium into a 300-mL conical flask for NA plates,
and 5 mL into a 10 (diameter)� 100 (length) mm test tube for NA
slants (see Note 1). Plug the flasks/test tubes with respective silica
gel stoppers. Seal the stoppers with kraft papers or aluminum foil.
Transfer the flasks/test tubes in an autoclave and keep the pressure
at 1.15 bar under wet heat condition for 15 min to sterilize the
media. Lay the tubes obliquely on a long, square, woody club
(about 1.5 � 1.5 cm2 in cross section) to shape up the media in
the tubes to slants immediately after autoclaving.

2.3 1� TAE Buffer 1. Measure 242 g tris hydroxy methyl aminomethan (Tris) and
ethylene diamine tetra acetic acid (EDTA) separately, and trans-
fer them into a 1000-mL glass beaker.

2. Add 800 mL dd-water into the beaker and blend with a glass
rod.

3. Add 57.1 mL glacial acetic acid while blending the solution.

4. Add dd-water to 1000 mL, and store as 50� TAE buffer at
ambient temperature.

5. Dilute the TAE buffer 50 times with dd-water as 1� TAE
buffer before being used.

2.4 Agarose Gel 1. Weigh 0.2 g agarose in a 50-mL glass flask.

2. Add 20 mL of 1� TAE buffer and 2 μL of commercial
10,000� Gel Red into the flask.

3. Cover the flask with a piece of food packaging film and gently
shake the flask to mix solution uniformly. Heat the solution in a
microwave oven until the agar completely melts.
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4. After the temperature lowers down to about 50–60 �C, gently
pour the melting agarose onto a gel caster (6�6 cm2) to
prepare 1% agarose gel plate (about 5 mm thickness) for elec-
trophoresis of PCR products.

3 Methods

Carry out all procedures in a clean bench at ambient temperature
for the isolation of bacterial endophytes unless otherwise specified.

3.1 Isolation of

Bacterial Endophytes

1. Place a sterilized glass funnel resting on a metal support and
insert a sponge plug into the top of the tunnel. Connect one
side of a 10–15 mm latex tube to the base of the funnel and the
other end to a 250-mL conical flask. Set a spring water stopper
on the middle of the latex tube (Fig. 1).

2. Transfer wheat tissue pieces to the funnel. Transfer 10–20 mL
of 75% ethanol into the funnel and drain away the ethanol by
loosening the spring water stopper immediately after the elapse
of 10 s. Transfer 20–30 mL of 0.1% mercuric chloride into the
funnel and drain away the mercuric chloride solution by loos-
ening the spring water stopper immediately after the elapse of
3–5 min (3 min for the leaf samples, 4 min for the stem samples
and 5 min for the root samples). Rinse the samples 5–6 times
with sterile water. Collect 5 mL of the last rinsing fluid in a

Fig. 1 A simple device for efficient surface disinfection of wheat samples. (1)
glass funnel, (2) sponge plug, (3) latex tube, (4) spring water stopper, (5) conical
flask, and (6) metal support
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sterilized 50-mL flask for subsequent tests to evaluate whether
the bacteria isolated from the wheat samples are endophytic or
not (see Note 2).

3. Transfer approximately 0.1–0.2 g surface-disinfected wheat
tissue pieces to a sterile mortar, add 5 mL of sterile water into
the mortar and grind the samples with a sterile pestle to prepare
tissue and cell (TC) suspensions. Dilute the TC suspensions
10–20 times with sterile water. Transfer 200 μL of the diluted
TC suspensions to a NA plate and spread them uniformly with
a sterile glass/stainless steel spreader.

4. Incubate the plates in an incubator at 28 �C for about 2–3 days.
Select the plates with bacterial colonies clearly separating from
each other to isolate individual colonies. Perform three succes-
sive purifications for a colony by streaking a loopful of the
colony on a NA plate with a sterilized inoculating loop. Incu-
bate the plate at 28 �C for 3–4 days for each of purifications.
Transfer the purified colonies on NA slants and stored them at
4 �C before being further tested.

5. For a long period of storage, transfer a loopful of bacterial
colony in a 1.5-mL Eppendorf (EP) tube consisting of 1 mL
of 15% sterilized glycerol solution and gently mix the solution
with the inoculating loop. Close the cover lid and cover the lid
with Parafilm. Store the tube at �80 to �20 �C.

3.2 Tests on Growth

Promotion

1. Disinfect the seeds with 75% ethanol for 30 s, followed by a
7-min soak in 0.1% mercuric chloride and rinsing 5–6 times
with sterilized water. Inoculate a loopful of a bacterial colony
into 50 mL NB liquid medium (the same components as NA
except agar) in a 100-mL conical flask, and incubate the bacte-
rium at 28 �C for 24 h on a rotational shaker at 160 rpm to
obtain bacterial suspension.

2. Adjust the resultant bacterial suspension to an optical density
(OD) value of 0.6–0.7 using a spectrophotometer at 600 nm.

3. Spread the surface-disinfected wheat seeds uniformly on a ster-
ilized filter paper matting on a 9-cm petri dish and add 20 mL
bacterial suspension to the filter paper. Incubate the seeds at
30 �C for 24–48 h. Use the surface-disinfected wheat seeds
treated with NB medium as control. Set up three replicates for
each treatment including the control.

4. As the seeds show white sprouts, sow them in a flowerpot (up
diameter 25 cm, bottom diameter 15 cm, depth 20 cm) filled
with sterilized soil at a density of 30 germinating seeds per pot
and a depth of approximately 1 cm.

5. Transfer the potted plants to a flat ground with full sunlight
during daytime and watered twice a day (in the morning and in
the afternoon) to prevent excessive dehydration of the plants
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due to strong solar irradiation if necessary. Randomly sample
20 plants per pot after 25–30 days of growth. Gently wash the
plants with tap water to remove soil and dusts from the plants.
Measure the plant heights with a ruler and record tiller num-
bers per plant. To evaluate the influence of a bacterial strain on
the dry weight of different parts of a wheat plant, snip the plant
into three parts (stems, leaves, and roots). Separately package
each part of the plant with absorbent papers and dry the plant
samples in a blast drier at 102 �C for 24 h. Measure the dried
wheat samples separately with an electronic balance (preci-
sion ¼ 0.001 g). Evaluate the growth-promoting activity of a
bacterial strain based on its enhanced rates of growth para-
meters (plant height, dry weight, and tiller number per
plant). Select the bacterial strains with higher growth-
promoting activities as candidates for field trials on biocontrol
of wheat rusts (Fig. 2).

3.3 Field Screening 1. Use the selected bacterial strains with higher growth-promoting
activities for field trials on wheat rust control. Follow the proce-
dures of Subheading 3.2 to sterilize wheat seeds (seeNote 3) and
prepare bacterial suspensions.

2. Inoculate sterilized wheat seeds separately with bacterial sus-
pensions of selected strains in a ratio of 1 mL of bacterial
suspension for 4 g of wheat seeds in a beaker. Incubate the
wheat seeds soaking in the bacterial suspension for 24 h at
28–30 �C.

Fig. 2 Two bacterial endophytes (JD204 and SB127) show growth promoting
activities on a wheat cultivar (Pumai-9)
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3. Use randomized split plot design for the field trials with at least
three replications per treatment. Use the wheat seeds soaked
with sterile water as control. Perform fertilizer application by
using 500–600 kg per ha of compound fertilizer (18% nitro-
gen, 18% P2 O5, and 9% K2O) and 160–210 kg per ha of urea
shortly before rotary tillage of the wheat field soil based on soil
fertility. The seeding rate is 150–240 kg per ha according to the
agronomic traits of a cultivar, seed germination rates and soil
fertility as well as the date of seeding (see Note 4).

4. Investigate severity of wheat rusts 2–3 times with 7–10 days
interval during the occurrence of the diseases. Use a five-point
sampling method to survey disease severity on the wheat plants.
Investigate 20 plants for each sampling point. The investiga-
tion parameters include disease incidence and disease severity
(DS) which is expressed as a percentage of infected area over
the total leaf area. Divide the DS into six ratings: 0 ¼ no
symptom, 1 ¼ <5% leaf area infected, 3 ¼ 6–15% leaf area
infected, 5 ¼ 26–50% leaf area infected, 7 ¼ 51–75% leaf area
infected, and 9 ¼more than 75% leaf area infected. Record the
DS on each of the top-three leaves per plant. Calculate disease
incidence, disease index, and control efficacy using the follow-
ing formulae:

Disease incidence %ð Þ ¼ 100� No: of affected leaves=No: of leaves investigatedð Þ
Disease index ¼100�

X
No: of affected leaves� corresponding DSð Þ=

No: of total leaves� 9ð Þ
Control efficacy %ð Þ¼100� disease index of control�disease index of bacterial endophyte treatmentð Þ

=disease index of control

5. Harvest all of the spikes of five sampling points (20 plants per
point) and enclose them into a nylon mesh bag (one plot per
bag). Thresh the spikes of each plot and collect all of the wheat
kernels from the same plot into the same bag. Hang the bags
uniformly on a rope and dry them under sunlight for more than
5 days until the water amount of the kernels is lower than
12.5% (see Note 5).

6. Weigh the kernels of each plot separately on an electronic
balance to obtain data for evaluating yield performance of the
plots. Randomly select 1000 kernels from each plot, and mea-
sure the thousand kernel weights (TKW) of each plot separately
to evaluate the effect of a bacterial endophyte on the weight of
kernels.
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7. Evaluate yield-enhanced performance of a bacterial endophyte
by calculating a PEY (percent enhanced yield compared with
control) value using the following formula:

PEY(%)¼ 100� (yield of bacterial endophyte treatment—yield of control)/
yield of control.

8. Perform analyses of variance on the experimental data using a
statistical software such as SPSS (version 16.0; IBM corpora-
tion, New York, USA). Compare means of experimental data
using the least significant difference (LSD) at P¼ 0.05 between
treatments/cultivars.

3.4 Verification Field

Trial

1. Select wheat cultivar–bacterial endophyte combination(s), with
significantly higher rust control efficacy and/or significantly
enhanced yield compared to the control for a large scale verifi-
cation field trial.

2. Follow Subheading 3.2 to prepare bacterial suspension.

3. Inoculate wheat seeds in a bucket with bacterial suspension for
24 h. Remove superfluous water from the seeds, and spread the
seeds uniformly on a nylon film (approximately 20–30 μm
thickness) lying on the ground overnight to air-dry the seeds.

4. Select at least three experimental locations with different soil
fertility for the verification field trial. Load the endophyte-
treated seeds in a seeding machine and sow the seeds based
on a routine mechanical sowing method. Set up a control plot
in the same location in which the seeds are sown without being
treated by the endophyte.

5. Investigate rust severity, control efficacy and yield performance
on the endophyte-treated and control wheat plants based on
the methods described in Subheading 3.3.

3.5 Identification

of Bacterial

Endophytes

1. Streaking a loopful of a bacterial colony on a NA plate with the
inoculating loop and incubate the plate at 28 �C for 48 h.
Inoculate a loopful of a single colony to 100 mL NB liquid
medium in a 300-mL conical flask, and incubate at 30 �C for
24 h on a rotary shaker at 160 rpm.

2. Transfer 1 mL of the resultant bacterial suspension into 1.5-mL
sterilized EP tubes with a pipette and centrifuge at 18,514 � g
for 10 min. Remove the supernatant away from the tubes.
Collect the bacterial cells into a new EP tube and add 600 μL
cell lysate (2.29 g NaCl, 0.78 g EDTA, 0.3 g Tris, 1 g sodium
dodecyl sulfonate, 50 mL dd H2O).

3. Vortex the tube thoroughly and heat by water bath at 60 �C for
30 min. Centrifuge the tube at 18,514 � g at 4 �C for 10 min.
Collect the supernatant to a new EP tube, and add equal
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volume of phenol in the tube. Vortex and centrifuge the tube at
12,857 � g and 4 �C for 10 min.

4. Collect the supernatant in another EP tube and add equal
volume of chloroform into the tube. Vortex and centrifuge
the tube at 12,857 � g and 4 �C for 10 min. Repeat this
procedure twice. Collect the supernatant in a new EP tube
after the last chloroform extraction.

5. Add two volume of absolute ethanol and 1/10 volume of
3 mol/L sodium acetate solution to the tube to precipitate
the DNA samples at�20 �C for 60 min. Centrifuge the tube at
4 �C, 8,228 � g for 10 min and remove the supernatant from
the tube.

6. Add 75% ethanol to the DNA sample, centrifuge at 4 �C,
12,857 � g for 10 min, and remove the supernatant. Repeat
the rinsing procedure of DNA sample with 75% ethanol three
times. Add 30 μL of sterilized dd-water to the precipitate to
solubilize the DNA sample. Store the DNA samples at �20 �C
before being used.

7. Prepare 50 μL of PCR reaction mixture consisting of 5.0 μL
10� PCR buffer, 1 μL of dNTPs (25 mM), 2 μL of the forward
primer F27 (50-AGAGTTTGATCATGGCTC AG-30), 2 μL of
the reverse primer R1492 (50-TACGGTTACCTTGTTAC-
GACTT-30), 0.4 μL of Taq DNA polymerase (5 U/μL), 4 μL
of MgCl2 (25 mM), 1 μL of DNA template, and 34.6 μL of
autoclaved dd-water. Perform PCR on an automated thermo-
cycler device using the following parameters: denaturation at
94 �C for 4 min followed by 35 cycles of denaturation at 94 �C
for 40 s, annealing at 50 �C for 50 s, elongation at 72 �C for
80 s, and a final extension at 72 �C for 8 min.

8. Load 5 μL of PCR product on a 1% agarose gel immersing in
1� TAE buffer with DL2000 as DNA marker. Perform elec-
trophoresis at 100 V for approximately 40 min, and confirm
the existence of a target PCR product of approximately
1.4–1.5 kb under a UV gel transmission apparatus (Fig. 3).

9. Cut out the agarose with target PCR product and purify the
product with a PCR product purification kit based on the
specifications of the maker. Send the purified PCR product to
a commercial biotechnology company for sequencing (both
strands sequenced) of the amplified 16S rDNA.

10. Compare the 16S rDNA sequence of the bacterial endophyte
with those of bacterial strains in GenBank using NCBI BLAST
searching tool. Construct a phylogenetic tree of the bacterial
endophyte based on 16S rDNA sequences with the neighbor-
joining algorithm in the MEGA software (such as version 4.0)
to identify the bacterium (see Note 6).
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4 Notes

1. As the mixture of medium turns to be semitransparent, it can
be considered as the indicator of complete melting of agar.
Perform split charging of the melting medium into test tubes
(5 mL per tube) with a 5-mL pipette, and into 300-mL conical
flasks through a funnel (200 mL per flask) setting on the top of
the flask.

2. To confirm a bacterial colony developed on a NA plate was an
endophyte rather than an epiphyte, use three NA plates contain-
ing the last rinsing water of the surface-disinfected samples as
controls. Simultaneously incubate both the NA plates with
tissue-grinding fluid and control plates with the last rinsing
water at 28 �C for 4–5 days. If no colonies developed on the
control plates, the colonies that occurred on the NA plates with
the tissue grinding fluid can be considered as endophytes [3, 11].

3. The primary goal of field screening is to test the efficacies of
selected bacterial endophytes with high growth-promoting
activities in controlling wheat rusts and enhancing yields on
wheat cultivars. Based on the results of a previous study [3], the
sensitivity of wheat cultivars to a bacterial endophyte greatly

Fig. 3 Electropherogram for PCR products of 16S rDNA of bacterial endophytes isolated from wheat plants
Lane M: marker DNA(DL-2000); Lanes A to B are the PCR products of 16S rDNA of strains RC79, RB132,
RA135, SB127, LD161, and JD204, respectively
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varied from one to another. Some bacterial isolates have the
ability to enhance disease tolerance and/or resistance to stripe
rust on certain cultivars. In the case of enhanced disease toler-
ance on wheat plants by a bacterial endophyte, the disease
indices of the endophyte-treated plants might be higher than
the control plants, however, the yields of the former are signifi-
cantly higher than the latter. For these reasons, it is also one of
the purposes for the field screening to find those cultivars on
which the disease tolerance could be significantly enhanced by
the bacterial endophyte(s). It is better to include more cultivars
with excellent agronomical traits in the field screening trials.

4. Basic seedling number is an important parameter for determin-
ing seeding rate, and is about 1.2–3 � 106 per ha for a winter
wheat cultivar. The basic seedling number is determined by
multifactors, especially the tillering capacity of a cultivar.
Approximately 5–8� 106 productive spikes per ha are required
for normal wheat production [15]. In general, approximately
5 � 106 productive spikes per ha are suitable for the cultivars
with a large spike (dry kernel weight per spike �2 g), and
6–6.5 � 106 productive spikes per ha for the cultivars with a
moderate spike (1–2 g dry kernel weight per spike), and
approximately 8� 106 productive spikes per ha for the cultivars
with a small spike (dry kernel weight per spike �1 g). A large-
spike cultivar commonly has the lowest level of tillering capac-
ity, and needs more basic seedlings. A moderate-spike cultivar
has a medium level of tillering capacity, and needs moderate
basic seedlings. A small-spike cultivar has the highest level of
tillering capacity, and thus needs lesser basic seedlings. A winter
wheat cultivar is normally sown at the middle to late autumn
season. The seeding rate of the cultivar should be properly
increased as the sowing date delay in the late autumn. Besides
the agronomical characters of cultivars, the soil fertility also
affects the numbers of productive spikes. Seeding rate should
be properly reduced in the soil with higher fertility or vice
versa.

5. Water contents of wheat seeds can be rapidly determined with a
portable type of water tester with two parallel sensors. Transfer
the wheat kernels of a plot into a polyethylene bag (20–23 cm
length, 3–5 cm diameter). Set an appropriate parameter for
testing the water content for wheat kernel based on the speci-
fications of the maker. Insert the sensors into the wheat kernels
to test the water content of the kernels.

6. Analysis of 16S rDNA sequence is frequently carried out for
bacterial identification. Most of bacterial species can be identi-
fied based on their 16S rDNA sequences, however, some bac-
terial species cannot be clearly differentiated from one to
another merely based on their 16S rDNA sequences. Other
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DNA (gene) sequences specific for the identification of certain
bacterial species should also be amplified and analyzed as well as
the 16S rDNA sequences to identify the species more accu-
rately. For example, rpoD gene is considered as one of core
housekeeping genes and is used for the identification of Psedo-
monas spp. [3, 16]. Both Bacillus subtilis and B. amyloliquefa-
cient have been frequently isolated as bacterial endophytes
from winter wheat plants [13], however, the two Bacillus spp.
cannot be clearly differentiated from each other merely based
on their 16S rDNA sequences. Analysis of gyrA gene sequence
is needed for discriminating the two species from one to
another [17].
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