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Preface

It has been several decades since Skoog and Miller described the contrasting behavior of
auxin and cytokinin in influencing the growth of root and shoot in plants. Since then, a
profound understanding concerning the implications of auxin and cytokinin for plant
growth and development has been achieved. Complex processes such as the maintenance
of stem cell in niches such as root apical meristem, shoot apical meristem, and lateral root
meristems have recently been unearthed. Robust stem cell signaling networks, leaf position
determination, and emergence of leaf primordia, lateral root formation, and de novo
hormone-induced organogenesis are the processes that are stringently fine-tuned by a bal-
ance between auxin and cytokinins in plants.

More intriguingly, for various plant processes synergistic and antagonistic interactions
have been demonstrated for auxin and cytokinins. Auxin exerts its inhibition on cytokinins
at several levels; mechanisms range from its biosynthesis to the suppression of its signaling.
Reciprocally, cytokinins antagonistically impact the flux, distribution, and signaling of
auxin. Not only in growth and development but both these hormones have recently been
shown to modulate plant regulatory networks that govern the adaptation of plants to biotic
and abiotic stresses. The interaction between cytokinin and salicylic acid and that of auxin
and jasmonate have opened new avenues in the study of plant-pathogen interactions.
Furthermore, reports also highlight the emerging role of cytokinin in abiotic stresses as well
as its crosstalk to stress hormone abscisic acid.

All these groundbreaking discoveries concerning the biology of auxin and cytokinins
are by the virtue of dedicated efforts made by the plant science community. Besides phe-
nomenal description of these important plant hormones in many publications, a method-
ological focus on tools, assays, and techniques that enhance our understanding of the
functional role of auxin and cytokinins is worth a special compilation. To accomplish this
task, we aimed at collecting vital protocols with their background information as well as
potential applications in the form of this volume of Methods in Molecular Biology (MiMB).
We are thankful to our humble authors who did spare time and efforts to contribute to this
timely topic of plant biology. We hope that this volume will provide a unique opportunity
to plant scientists, graduate and undergraduate students in adopting these vital methods in
addressing their biological questions pertinent to the functional implications of auxin and
cytokinins.

Wiirzburg, Gevmany Thomas Dandekar
Wiirzburyg, Gevmany Mubammad Naseem
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Chapter 1

Methodological Advances in Auxin and Cytokinin Biology

Andrej Hurny and Eva Benkova

Abstract

The history of auxin and cytokinin biology including the initial discoveries by father—son duo Charles
Darwin and Francis Darwin (1880), and Gottlieb Haberlandt (1919) is a beautiful demonstration of
unceasing continuity of research. Novel findings are integrated into existing hypotheses and models and
deepen our understanding of biological principles. At the same time new questions are triggered and hand
to hand with this new methodologies are developed to address these new challenges.

Key words Auxin and cytokinins, Auxin signaling and metabolism, Auxin transport, Cytokinin
signaling

1 Introduction

The concept of plant hormones as chemical messengers that
control plant growth and development is not a new one. Already
in 1758, Duhamel du Monceau’s experiments suggested commu-
nication between plant organs and showed that sap moving from
the leaves controls root growth [1]. More than a century later
Julius-von-Sachs proposed that plants produce “organ-forming
substances”-molecules moving to different parts of the plant where
they control initiation and development of specific plant organs
[2]. Finally, Charles and Francis Darwin, with their experiments on
phototropism of coleoptiles (described in “The Power of
Movement in Plants” [3]) that later led to the discovery of auxin
by Went [4], fully launched the modern research in plant growth
substances.

The first note about cytokinin comes from 1913 when Gottlieb
Haberlandt observed that compounds from phloem could stimu-
late cell division in potato parenchyma cells [5]. In the 1950s, kine-
tin, an active compound stimulating cell division, was isolated from
herring sperm [6]. The first naturally occurring cytokinin in plants
named zeatin was isolated from immature maize endosperm [7].

Thomas Dandekar and Muhammad Naseem (eds.), Auxins and Cytokinins in Plant Biology: Methods and Protocols,
Methods in Molecular Biology, vol. 1569, DOI 10.1007/978-1-4939-6831-2_1, © Springer Science+Business Media LLC 2017
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Since these initial discoveries, a great number of studies have
demonstrated an essential role of both auxin and cytokinin in the
regulation of many aspects of plant growth and development
including embryogenesis [8, 9], postembryonic organogenic pro-
cesses such as root [10-14], and shoot branching [15-17], root
[18-21] and shoot apical meristem activity and phyllotaxis [22-25]
vasculature development [26-28] as well as tropic responses
[29-31]. Importantly, a classic series of experiments by Skoog and
Miller [32] demonstrated that the ratio of cytokinin to auxin pro-
foundly influences the morphogenesis of roots and shoots in plant
tissue culture. This was one of the first studies revealing auxin and
cytokinin interaction in the differentiation of plant organs and
pointed at hormonal cross talk as an important aspect of auxin
and cytokinin regulatory functions (reviewed in [33-35]).

Nevertheless, it has been primarily the recent boom of modern
technologies and approaches including analytical chemistry, bio-
chemistry, molecular biology, genetics, cell and developmental
biology that have enabled rapid progress in deciphering the auxin
and cytokinin activities at the molecular level. Due to ongoing
improvements and development of new methods, we are gaining
deeper insights into mechanisms that control auxin and cytokinin
biosynthesis, distribution, perception, and signal transduction as
well as insights into their functions in the regulation of plant
growth and development. In this review, we briefly discuss the
major recent progress made in this area, and highlight the impor-
tance of continuous methodological improvements.

2 Discovery of Auxin and Cytokinin

Discovery of auxin is tightly linked with Darwin’s early studies on
coleoptiles. Based on the bending of coleoptiles toward unilateral
light, the existence of a messenger molecule named auxein (from
the Greek “auxein” meaning “to grow”) was predicted, which was
apparently transported from the site of light perception at the tip
of coleoptile towards the site of response where bending occurs [3].
Later, it was demonstrated that an asymmetric accumulation of
auxin at the non-illuminated side compared to the illuminated side
correlated with differential cell growth and organ bending [36].
A model implementing a role for auxin and its asymmetric distribu-
tion in the regulation of plant tropic responses was proposed [4,
37, 38]. Although the existence of auxin as a molecule controlling
plant growth had been predicted already by Darwin in 1880, its
chemical identity remained unknown for a long time. In 1928,
Went succeeded in capturing this growth substance from coleoptile
tips into agar blocks and demonstrated its biological activity [4].
However, due to insufficient analytical methods for detecting low
amounts of the hormone, the first auxin (indole-3-acetic acid,
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TAA) was purified from human urine and culture filtrates of several
fungi, both of which are rich sources of substances with auxin
activity when tested in the bioassays [39, 40]. A decade later IAA
was eventually discovered in a plant (Zea mays) [41].

The first experimental indication of the existence of cytokinins
was reported by Gottlieb Haberlandt [5], who observed that
phloem sap can stimulate division of potato parenchyma cells.
Further studies showed that compounds which trigger cell division
are present in various other plant species [42, 43]. The first mole-
cule with the ability to promote cell division was purified from
autoclaved herring sperm DNA. The compound 6-(furfurylamino)
purine was named kinetin, and although it is one of the most bio-
logically active cytokinins, it is formed as a DNA degradation prod-
uct and is not detected in plant tissues [6, 44 ]. The first naturally
occurring cytokinin, zeatin, was almost simultaneously isolated
from Zea mays by Miller [45] and Letham [7]. Since then, many
naturally occurring cytokinins have been isolated and found to be
ubiquitous to all plant species [46].

The discovery and identification of auxin and cytokinins trig-
gered the interest of researchers, who then diversified to explore
pathways that underlie auxin and cytokinin biosynthesis and
metabolism, their distribution, as well as perception and signal
transduction of these two plant hormones. The establishment of
Arabidopsis thaliana as a model organism for plant molecular biol-
ogy was one of the important milestones in hormone molecular
biology. The use of Arabidopsis for mutant screens based on sensi-
tivities to auxin and cytokinin enabled the identification of genes
and pathways controlling their metabolism, transport, perception
and signaling. These in combination with novel technologies and
approaches, such as large-scale transcriptome profiling, proteomics,
chemical genomics, and most recently mathematical modeling,
resulted in major breakthroughs in our understanding of auxin and
cytokinin biology.

3 Auxin and Cytokinin: Insights into Biosynthesis

Although TAA had been recognized as the main native auxin
already in 1935 [40], the question as to how auxin is synthesized
remained unanswered for more than 70 years afterwards. Using
genetic and biochemical tools, it has been found that IAA is mainly
synthesized from r-tryptophan (Trp) via indole-3-pyruvate
(IPA) in a two-step reaction catalyzed by TRYPTOPHAN
AMINOTRANSFERASE OF ARABIDOPSIS (TAA) and YUCCA
(YUC) (Fig. la). The TAA family of amino transferases which
mediate the first step of the pathway was isolated from independent
genetic screens for mutants affected in shade, ethylene, and
responses to the auxin transport inhibitor NPA [47-49].
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Fig. 1 Biosynthesis of auxin and cytokinins. (a) Auxin (IAA) is synthesized from tryptophan (Trp) precursor in two
step pathway catalyzed by TAA and YUCCA. (b) Common plant cytokinins trans-zeatin (tZ) and isopentenyl-
adenine (iP). (c) Core steps of cytokinin metabolism. Biosynthesis of tZ cytokinin is initiated by adenosine
phosphate-isopentenyltransferase (IPT) using dimethylallyl diphosphate (DMAPP) and adenosine 5’-diphos-
phate (ADP), or adenosine 5’-triphosphate (ATP) to form iP-ribotides which are converted to the corresponding
tZ-ribotides by cytochrome P450 monooxygenases (CYP735As). tZ-ribotides can be dephosphorylated to
tZ-ribosides or directly converted to active free bases by cytokinin nucleoside 5’-monophosphate phosphori-
bohydrolase (LOG)

Severe auxin deficient phenotypes (in developmental processes
such as embryogenesis, seedling growth, flower development, vas-
cular patterning, root branching, tropisms, and shade avoidance)
as well as reduced endogenous auxin levels were observed in
mutants lacking activity of TAAl and the homologous TARI
and TAR2, which indicated their function in auxin homeostasis
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maintenance [47]. The phenotypic defects observed in TAALl/
TAR deficient mutants were partially rescued by auxin, whereas
induction of TAAl led to the accumulation of endogenous
IPA. Importantly, the recombinant TAAI protein has been found
to catalyze the conversion of Trp into IPA in vitro, thus providing
evidence for its direct involvement in auxin biosynthesis [47, 48].

Similarly to TAA1, YUC genes were originally identified by a
genetic screen in Arabidopsis. Using an activation-tagged mutant
library, a flavin-containing monooxygenase YUCI was isolated.
The YUCI (yuclD) gain-of-function mutant exhibits increase in
endogenous IAA and phenotypic alterations mimicking high auxin
activity. Disruption of several YUC genes in Arabidopsis leads to
defects in embryogenesis, seedling growth, flower development,
and vascular pattern formation [50, 51]. The developmental
defects of the loss-of-function yzc mutants are rescued by the bac-
terial auxin biosynthesis gene zaalM, supporting YUC genes func-
tion in auxin biosynthesis [50].

Although previously proposed to act in two independent path-
ways, recent genetic and biochemical studies showed that the TAAs
and YUC:s catalyze two consecutive reactions in the same pathway
that converts Trp to IAA. Multiple lines of evidence support this
model including similarities of both zaa and yuc mutants pheno-
types [52] and enhancement of the auxin related phenotypes when
both YUC and TAA are overexpressed in the same plants [53].
Additionally, the YUC auxin overproduction phenotypes are sup-
pressed in the zaa mutant backgrounds, indicating that TAA acts
upstream of YUC-mediated auxin biosynthesis [52]. Direct mea-
surement of IPA levels reveals that y#c mutants accumulate IPA
whereas zan mutants are partially IPA deficient, suggesting that
TAAs catalyzes synthesis of IPA which is converted by YUCs to
IAA [52, 53]. Finally, in vitro biochemical assays have demon-
strated that TAA can convert Trp to IPA and that YUCs produce
IAA using IPA as a substrate [53].

Early physiological studies on auxin biosynthesis suggested
that auxin is primarily synthesized in the young developing organs
such as leaves, shoot apical meristems, and developing fruits and
seeds [54, 55]. The expression pattern of TAA and YUC genes
modifies this established view on auxin biosynthesis. Local auxin
production seems to take place in very distinct cell types, including
root and apical embryo meristems, the root cap, quiescent center
(QC), root proximal meristem, vasculature of hypocotyls, as well
as apical hooks, thus hinting at the spatiotemporal control of the
IAA biosynthesis throughout plant growth and development [47,
48, 50, 51]. Several transcription factors which control TAA and
YUC genes expression have been identified and thus might
determine spatiotemporal pattern of the IAA biosynthesis. LEAFY
COTYLEDON2Z2(LEC2)[56],SHORTINTERNODES/STYLISH
(SHI/STY)[57], PHYTOCHROME-INTERACTING FACTORs
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(PIFs) [58,59], INDETERMINATE DOMAIN (IDD) [60], and
PLETHORA family members [61] have been reported as tran-
scriptional activators of YUC and TAAI genes. In contrast, the
SPOROCYTELESS/NOZZLE (SPL/NZZ) transcription factor, has
been shown to negatively regulate some of YUC genes [62].

Chemical biology-based studies provided additional support
for the central role of the IPA pathway in IAA production. Chemical
screens for auxin inhibitors uncovered L-kynurenine and L-amino-
oxyphenylpropionic acid (1.-AOPP) as TAA inhibitors and yucasin
as a YUC inhibitor. Application of these compounds reduces
endogenous IAA levels and results in phenotype alterations mim-
icking mutants deficient in auxin biosynthesis [63-65].

Overall, genetic and biochemical analyses support the YUCs/
TAAs mediated auxin biosynthesis as the major pathway used to
produce auxin during plant development, whereas other pathways
catalyzed by CYP79B2/B3, nitrilases, aldehyde oxidases, and
pyruvate decarboxylases might not be the main pathways in auxin
biosynthesis [23].

The great progress in elucidation of the cytokinin biosynthesis
pathway occurred almost 20 years after identification of the chemi-
cal nature of cytokinins by Miller [45] and Letham [7]. In 1978,
Taya and coworkers reported biosynthesis of free cytokinins in vitro
and demonstrated that cell-free extracts of the slime mold
Dictyostelinm  discoidenm converts adenosine monophosphate
(AMP) and dimethylallyl pyrophosphate (DMAPP) to the active
cytokinin iPMP (N6-(D2-isopentenyl)adenosine-5’-monophos-
phate [66]. Subsequently, the ISOPENTENYLTRANSFERASE
(IPT) gene from Agrobacterium tumefaciens was shown to encode
an enzyme with similar activity [67]. Later, nine IP7-homologs
genes were identified by an in silico search in the A. thaliana
genome. The expression of IPT genes (except AtIPT2 and AtIPT9)
in E. coli resulted in the secretion of the cytokinins isopentenylad-
enine (iP) and zeatin, confirming their function as cytokinin bio-
synthetic enzymes [68]. IPT genes display distinct, tissue-specific
patterns of expression, indicative of cytokinin production sites
[69,70].

Free iP-riboside generated via the IPT pathway, as well as the
corresponding base, are further stereospecifically hydroxylated to
trans-zeatin torms. The CYP735A1 and CYP735A2 encoding cyto-
chrome P450 monooxygenases with cytokinin trans-hydroxylase
enzymatic activity were identified in A. thaliana by a screen employ-
ing an (AtIPT14)/P450 co-expression system in Saccharomyces
cervevisine [71].

The final step in cytokinin biosynthesis, conversion of the cytoki-
nin ribotides to their active, free base forms is catalyzed by the
cytokinin nucleoside 5’-monophosphate  phosphoribohydrolase
LONELY GUY (LOG). These were first identified in rice by a gene-
tic screen for defects in the maintenance of shoot meristems [72].
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In A. thaliana, seven homologous genes that encode active LOG
enzymes were detected. The LOG genes are differentially expressed
in various tissues during plant development. In accordance with
their predicted function the conditional overexpression of LOGs in
Arabidopsis reduced the content of iP riboside 5’-phosphates and
increased the levels of iP and the glucosides [73]. Alternatively, the
cytokinin ribotides are dephosphorylated to the ribosides and subse-
quently converted to free-base cytokinins [ 74, 75], however the cor-
responding genes have not yet been identified (Fig. 1b, ¢).

Levels of active cytokinins in plant cells are tightly controlled.
They might be either converted to storage forms through conjuga-
tion to glucose [76] or inactivated through irreversible cleavage by
cytokinin oxidases [77, 78] (Fig. 1¢). Development of highly sensi-
tive analytical methods was instrumental in the detection of numer-
ous cytokinins metabolites and in deciphering complex cytokinin
metabolism, followed by identification of the corresponding meta-
bolic enzymes and genes [79-81].

4 Transport of Auxin and Cytokinin

By definition, hormones are chemical messengers that are trans-
ported to distant tissues and organs to regulate their physiology
and development. Darwin’s early experiments on coleoptiles had
already indicated that controlled transport of auxin from the tip of
coleoptile to the bending region might be an essential part of the
mechanism through which auxin executes its regulatory function.
Later, based on the transport studies, it was proposed that cytoki-
nins and auxin are synthesized only in root tips and shoot apices,
respectively, and translocated to target tissues. Although the recent
detailed investigations of expression patterns of auxin and cytoki-
nin biosynthesis genes questions this oversimplified model, the
tight control of hormone distribution through organs and tissues
is considered to be the crucial component of their regulatory
mechanisms. Nowadays, the broadly accepted concept is that both
hormones are synthesized and act at various sites in a plant body
and that they have coordinated functions as long-distance messen-
gers as well as local signals.

The classical transport assays using radioactively labeled auxins
outlined main routes of auxin movement in plants [82]. To trans-
port auxin, plants use two distinct pathways: a nonpolar passive
distribution through phloem and an active cell-to-cell polar auxin
transport (PAT). In the first pathway, most of the auxin and auxin
derivatives are rapidly transported via unregulated flow in the
mature phloem over long distances in both basipetal and acropetal
directions [83]. The second pathway is slower and acts over shorter
distances, transporting auxin in a cell-to-cell manner from the
shoot towards the root. In contrast to phloem transport, PAT is
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specific for active free auxins, occurs in a cell-to-cell manner and is
strictly unidirectional. The main PAT stream from the apex towards
the root occurs in the cambium and the adjacent partially differen-
tiated xylem elements [82, 84]. In roots, the auxin stream contin-
ues acropetally towards the root tip, where part of the auxin is
redirected backwards and transported through the root epidermis
to the elongation zone [85].

Based on the chemical nature of auxin and the physiology of
PAT, the model of cell-to-cell auxin of transport has been pro-
posed, known as the chemiosmotic hypothesis [86, 87]. As a weak
acid, a fraction of IAA exists in the acidic environment of the apo-
plast as the protonated, neutral form (IAAH), which may diffuse
through the plasma membrane. In the more basic cytosol, auxin
becomes deprotonated (IAA™) and is unable to pass passively
through the plasma membrane. The chemiosmotic hypothesis pre-
dicted that the exit of auxin anions from the cell is mediated by
active efflux carriers and that the passive diffusion of auxin can be
further facilitated by influx carriers. The polar membrane localiza-
tion of the auxin efflux carriers in a file of adjacent cells would
determine directionality of the auxin flow (Fig. 2a).

It has been primarily genetic studies that led to discovery of
genes required for auxin influx and efflux [31, 88-91]. An auxin
influx transporter AUXIN RESISTANTI (AUX1), encoding an
amino acid permease-like protein, was found in a screen for auxin
resistant plants [92 ]. Strong insensitivity to membrane-impermeable
auxin (2,4-D) suggested that the amxl mutation interferes with
auxin uptake [88], which was confined by the transport assays
using a Xenopus oocyte expression system [93]. The A. thaliana
genome encodes four auxin influx transporters: AUXIN
RESISTANTI (AUXI) and three Like AUXI (LAXI1, LAX2,
LAX3)[94-96]. Thorough exploration of mutants lacking AUX1 /
LAX activity revealed the essential role of the auxin uptake in the
regulation of gravitropism, phototropism, root branching, phyllo-
taxis, and root hair development [88, 95-99].

Genetic screens were also instrumental in identifying molecu-
lar components of auxin efflux. In the early 1990s, the A. thaliana
mutant, pin-formedl (pinl) with needle-like inflorescence was
described. The characteristic phenotype similar to wild type plants
treated with chemical inhibitors of auxin efflux indicated defects in
auxin transport. Auxin transport assays in pizl stem segments
confirmed severe reduction of the basipetal flow of auxin and
pointed to a function for PIN1 in auxin efflux [100]. Indeed,
identification of the mutant locus revealed that PINI encodes a
putative transmembrane protein with a predicted topology of
transporter proteins [89]. Auxin transport assays in Arabidopsis
and tobacco cell suspension culture as well as in heterologous non-
plant systems including yeast, mammalian Hel.a cells and Xenopus
oocytes have provided evidence for an auxin efflux capacity of PIN
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Fig. 2 Model of auxin transport and signaling. (a) Chemiosmotic hypothesis for polar auxin transport. In the
acidic apoplast auxin is protonated. The protonated auxin either passively diffuses through the plasma mem-
brane or is actively transported by AUX1/LAX influx carriers into the cell. In the neutral cytosol auxin becomes
deprotonated and can leave the cell only by auxin efflux carriers such as PIN proteins and PGP transporters.
(b) Under low auxin conditions, Aux/IAAs form a complex with ARF transcription factors and the TPL corepres-
sor, thereby inhibiting AuxRE-mediated gene transcription. At higher concentrations, auxin stimulates ubiquitin-
mediated proteolysis of Aux/IAA catalyzed by an SCF™" E3 ubiquitin ligase. Degradation of Aux/IAAs relieves
the ARF repression and allows transcription. (¢) Outside the nucleus PIN auxin efflux transporters cycle between
endosomes and the plasma membrane. The exocytosis requires the activity of GNOM, an ADP-ribosylation
factor GTPase guanine nucleotide exchange factor (ARF-GEF), whereas endocytosis occurs in a clathrin-
dependent manner. The PIN phosphorylation status, controlled by PINOID kinase (PID) and protein phosphatase
2A (PP2A), determines PINs recruitment to apical or basal targeting pathways. The short PIN proteins and PILS
located in the ER might regulate intracellular auxin homeostasis

proteins [101-104]. The Arabidopsis PIN gene family consists of
eight members [105, 106]. Based on the localization and domain
organization, these were divided into two groups. The first group
consists of PIN1, PIN2, PIN3, PIN4, and PIN7 and is located at
the plasma membrane. The second group comprising PIN5, PING,
and PINS has a reduced middle hydrophilic loop and is located at
the endoplasmic reticulum (ER), where they presumably control
auxin flow between the cytosol and ER lumen, thus possibly aftect-
ing subcellular auxin homeostasis [107, 108]. Similarly, PIN-
LIKES proteins (PILS) are located in the ER and might play a role
in regulation of intracellular auxin homeostasis [109] (Fig. 2).
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In addition to the PIN family of plant-specific auxin transporters,
plant orthologs of the mammalian ATP-binding cassette sub-
family B (ABCB)-type transporters of the multidrug resistance /
phosphoglycoprotein (ABCB/MDR/PGP) protein family [110,
111] have been implicated in auxin transport. Biochemical evi-
dence for the ABCB proteins auxin transport activity has been
demonstrated both in plant and non-plant systems. In contrast to
polar localization of PINs, which corresponds with known direc-
tion of auxin flow, the ABCBs presumably act in nondirectional
long-distance auxin transport controlling amount of auxin in these
streams [110-112].

The chemiosmotic hypothesis predicted that the polar mem-
brane localization of auxin transporters determines the directional-
ity of the auxin flow. This concept was supported by observations
of a polar subcellular localization for PIN proteins [31, 89] and a
tight correlation between PIN polarity and directions of auxin flow
[113]. Phosphorylation of PINs controlled by a set of kinases and
phosphatases [104, 114-118], Ca?* signaling [119], cell wall
[120], or mechanical signals orienting the plant microtubule net-
work [121] were found to determine PIN protein activity and
polarity. Cell-biological studies revealed that PIN auxin efflux
transporters may not solely reside at the plasma membrane since
they undergo constitutive cycles of endocytosis and recycling back
to the plasma membrane [122, 123] (Fig. 2¢). The constitutive
endocytosis and recycling of PIN proteins depends on complex
subcellular trafficking machinery including the coat protein clath-
rin [123-125], ADP-ribosylation factor guanine-nucleotide
exchange factors ARF-GEFs [122; 126-129]; ARF-GTPase-
activating protein  VASCULAR NETWORK DEFECTIVE3
[130], the related ARF-GEF GNOM-LIKEI [131] and small
GTPase Rablb [132]. Downstream of endocytosis, the early endo-
somal trafficking of PINs is controlled by another ARF-GEF, BFA-
visualized endocytic trafficking defectivel, and the Secl /Muncl8
family protein BEN2 [133, 134]. The endocytosis and constitutive
recycling of PIN proteins has been implicated in the maintenance
of PIN polar localization and as a mechanism for rapid modifica-
tions of PIN polarity during various developmental processes
including embryogenesis [8, 135], lateral root organogenesis
[11, 136], or tropic responses [18, 137-139].

Like auxin, cytokinins are highly mobile molecules. However,
in contrast to the well-characterized transport machinery of auxin,
the nature of cytokinin transport is less clear. Long-distance trans-
port of cytokinin is supported by the discovery of cytokinins in
xylem and phloem sap [140-142]. In xylem sap, the major form of
cytokinin is tZ-riboside (tZR) [68, 143, 144], while in phloem
sap iP-type cytokinins, such as iP-ribosides and iP-ribotides are
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detected [144, 145]. Accordingly, grafting experiments between
wild-type plants and cytokinin biosynthesis mutants showed
preferential transport of different cytokinins; trans-zeatin tZ-type
cytokinins were transported from the root to the shoot, while iP-
type cytokinins moved from the shoot to the root [146]. Thus,
plants might use tZ-type as an acropetal messenger and iP-type
cytokinins as basipetal messengers [ 147]. Recently, transport assays
using radiolabeled cytokinins confirmed basipetal movement of
cytokinin through the phloem and revealed that basipetal transport
of cytokinin occurs through symplastic connections in the phloem
[28]. Reverse genetics approaches applied to systematically charac-
terize the ATP-binding cassette transporter proteins in A. thaliana
yielded the identification of ABCG14 as a transporter involved in
the long-distance acropetal (root to shoot) translocation of the
root-synthesized cytokinin. Plasma membrane-located ABCG14 is
expressed primarily in the central cylinder of roots and loss of
ABCG14 activity interferes with the translocation of tZ-type cyto-
kinins from roots to shoots. In planta teeding of radiolabeled tZ
suggests that ABCG14 acts as an efflux pump [148].

Mechanisms of cytokinin uptake into cells have been studied
using radiolabeled cytokinins in Arabidopsis cell cultures. Exp-
eriments predicted the presence of proton-coupled high-, medium-,
and low affinity cytokinin transport systems [ 141, 149]. So far, the
equilibrative nucleoside transporter (ENT) family and the purine
permease (PUP) family have been found to facilitate cytokinin
transport [141, 144, 150]. Among Arabidopsis PUP tamily pro-
teins [140], active uptake of free cytokinin bases and several ade-
nine derivatives by PUP1 and PUP2 was demonstrated using
a yeast system [141]. Expression of PUP2 in the phloem of
Arabidopsis leaves suggested a role for PUP2 in phloem loading
and unloading for long-distance transport of adenine and possibly
cytokinins [141]. Among the plant ENT transporters, competitive
uptake studies in yeast cells showed that Arabidopsis ENT3, ENTO,
ENT?7 and rice ENT2 can facilitate uptake of iP-riboside and tZ-
riboside [144, 150]. Furthermore, mutants lacking either ENT3
or ENT8 exhibit reduced cytokinin uptake efficiency [151].
Distinct expression patterns of ENT genes detected in root, leaf,
and flower vasculature suggest that they may act differently during
plant growth and development [150-152], however their function
as cytokinin transporters iz planta needs to be experimentally
supported. In summary, in contrast to high substrate specificity of
the auxin transport system, translocation of cytokinins in planta
seems to be mediated through transporters with affinities to a
broader spectrum of molecules such as purine derivatives and
nucleosides.
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5 Perception and Signal Transduction of Auxin and Cytokinin

Solving the puzzle of auxin and cytokinin perception mechanism
has been undoubtedly one of the biggest challenges of the last
years. Establishment of the Arabidopsis genetic model has provided
excellent tools to address this long-standing question and it has
been forward genetic screens in Arabidopsis that have led to the
identification of backbone elements of both auxin and cytokinin
signal transduction cascades. Genetics in combination with
advanced molecular and biochemical approaches enabled the
achievement of a comprehensive view on the molecular principles
of auxin and cytokinin perception and signal transduction.

Several independent forward genetic screens for mutants
insensitive to auxin [29, 153, 154 ] and expression profiling to iso-
late auxin inducible genes [155-158] led to identification of all key
molecular components required for auxin response such as TIR1
(encoding for F-box component of the E3 ubiquitin ligase SCF®Y/
AFBs) " the auxin early inducible Aux/TAA genes as well as the ARF
transcription factors that recognize auxin response elements in the
promoters of the Awux/IAAs [159, 160]. However, how these
genes might constitute the pathway sensing and transducing hor-
monal signal was not obvious. Using advanced genetic and bio-
chemical approaches the auxin signaling circuit has been resolved
and TIR1 identified as the auxin receptor. It has been shown that
auxin mediates interaction between TIR1/AFBs and Aux/IAA
proteins which stimulates Aux/IAAs ubiquitination by SCFMRY/
AFBs E 3-ubiquitin ligases for subsequent degradation by the protea-
some. This leads to de-repression of ARFs, and transcriptional
regulation of downstream response genes. At low auxin concentra-
tion, Aux/IAAs form a complex with ARF transcription factors
and the transcriptional corepressor TOPLESS (TPL), thus prevent-
ing the ARFs from regulating target genes [ 161-166] (Fig. 2b).

Although the framework which outlines the core molecular
mechanism of auxin perception and signal transduction has been
recognized, the question as to how TIR1/AFB, Aux/IAAs and
ARF families, each comprising many homologous members, medi-
ate specific developmental output remains to be answered. As indi-
cated by recent studies, multiple levels of control appear to exist,
including spatiotemporal specific expression of individual auxin
signaling pathway components [ 167, 168], as well as differences in
affinities of the TIRI1/AFB auxin receptors for the Aux/IAA
repressors [169, 170], of Aux/IAA repressors for the ARFs tran-
scription factors [171-175], and of ARFs for their binding motifs
in promoters of the target genes [176], which may allow fine
tuning of auxin responses.

After a period of biochemical attempts in the early 1970s to
identity the cytokinin receptors, the forward genetic screens turned
out to be successtul strategies. In a screen of the activation tagged
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Arabidopsis mutants for cytokinin independent growth, the sensor
histidine kinase CKI1 was recovered. This finding suggested that
the multistep phosphorelay similar to bacterial two-component
signaling system might underlie the cytokinin signal transduction
[177]. Another screen for cytokinin insensitive mutants led to
identification of the CREI (CYTOKININ RESISTANT 1) encod-
ing a sensor histidine kinase related to CKI1 [178]. At about
the same time, the WOODEN LEG (WOL) mutant allele of the
AHK4/CREI gene (exhibiting severe defects in the vasculature
differentiation [179]) was identified, along with the AHK2 and
AHK3 homologs required for cytokinin response [180-183].
Elegant experiments in yeast and bacteria provided first evidence
that CRE1/AHK4 functions as a cytokinin receptor [178, 181,
184 ]; later corroborated by direct binding assays with radiolabeled
cytokinins [185-187].

Subsequent studies focusing on the downstream signaling cas-
cade revealed that genes with high similarity to molecular elements
of the multistep phosphorelay pathway including sensor histidine
kinases (AHKs), histidine phosphotransfer proteins (AHPs) and
response regulators (ARRs) are present in the Arabidopsis genome
[188, 189]. Genetic and biochemical characterization of their
functions in the cytokinin response yielded the current model of
the cytokinin signaling pathway. In brief, a cascade of autophos-
phorylation and transphosphorylation events triggered by cytoki-
nin leads to activation of AHK receptors and transduction of
the signal to downstream components. Downstream of the AHK
receptors, the AHPs continuously translocate between cytosol and
nucleus to mediate signaling by activating type-B ARABIDOPSIS
RESPONSE REGULATORS (ARRs), transcription factors which
then trigger the transcription of specific genes. A negative feedback
loop is provided by type-A ARRs, which inhibit the activity of type-
B ARRs by an unknown mechanism [ 180, 190-195]. Furthermore,
a family of F-box proteins, called the KISS ME DEADLY (KMD)
family, targets type-B ARR proteins for degradation and attenuates
cytokinin pathway activity [196] (Fig. 3). The large majority of
cytokinin receptors localize to the ER, suggesting a central role of
this compartment in cytokinin signaling [197, 198]; nevertheless,
a small part of the cytokinin receptors might perceive a signal from
the plasma membrane [198].

Recently, a set of cytokinin-regulated transcription factors
named cytokinin response factors (CRFs) have been described as a
potential branch emerging from the classical multistep phosphore-
lay parallel to that of type-B ARRs [199]. CRFs are members of
the AP2 /EREBP family of transcription factors, containing a sin-
gle AP2-DNA binding domain, distinct from both DREB and
AP2 proteins. There are eight members of CRF family in Arabidopsis
(CRF1-CRF8) with CRF7 and CREFS8 being atypical as they lack
C-terminal extensions [200-202]. The transcript abundance of
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Fig. 3 Model of cytokinin signaling pathway. Cytokinin binds to cytokinin receptor (AHKs) and initiates the
phosphorelay signal transduction cascade. The phosphate is transferred from receptor to histidine phos-
photransfer proteins (AHPs) followed by the phosphorylation and activation of the type B response regulator
(ARR) proteins in the nucleus. A negative feedback loop is provided by type-A ARRs, which inhibits the activity
of type-B ARRs

certain CRFs (CRF2, CRF5, and CRFO) is rapidly upregulated by
cytokinin [199]. Protein—protein interaction analysis indicated that
CRFs are able to interact with each other to form homodimers
and/or heterodimers as well as with components of the classical
cytokinin signaling pathway. Transcriptome analysis has revealed a
large overlap in CRFs and type B ARR targets, pointing at a close
link between both branches of the cytokinin signaling pathway.

However, how the specificity of cytokinin response is achieved
by the signaling cascade, where each step is supported by a gene
tamily comprising several members, awaits further investigation.

Importantly, elucidation of the molecular elements and mecha-
nistic principles of auxin and cytokinin transduction pathways has
enabled the development of specific sensors for monitoring auxin
and cytokinin iz planta. Nowadays, highly sensitive reporters such as
DR5[203]; DII-VENUS [204, 205], and TCS [9] are extensively
used for mapping auxin and cytokinin activities, respectively, and
demonstrate a great potential of these tools for better understanding
of the roles of auxin and cytokinin in plant development.



Methodological Advances in Auxin and Cytokinin Biology 15

6 Auxin and Cytokinin Interaction in Regulation of Plant Development

Since the initial discovery of auxin and cytokinin, the number of
reports supporting their regulatory role in various aspects of plant
development has accumulated. Moreover, studies of auxin and
cytokinin function in plant cell suspension growth provided the
first evidence of hormonal interaction and its role in directing plant
development. The experiments of Skoog and Miller [32] demon-
strated that both auxin and cytokinin are not only required to
induce and maintain cell division and growth in plant tissue cul-
ture, but that the auxin—cytokinin ratio determines distinct organ-
ogenic pathways. A high ratio of cytokinin to auxin stimulated
formation of shoots, whereas a low ratio induced root regenera-
tion. Tight communication between auxin and cytokinin is crucial
for proper establishment of meristems in early embryogenesis [9,
206], ovule development [207], shoot apical meristem activity and
phyllotaxis [22, 23, 78, 208], shoot and root branching [13, 14,
209-212], root growth and meristem maintenance [20]. Hence
the deciphering of molecular and mechanistic bases of auxin and
cytokinin interaction became one of the major themes in plant
biology. Over the years, research on developmental processes in
plants has uncovered genes and networks, giving first insights into
molecular mechanisms of auxin and cytokinin cross talk in the con-
text of these complex developmental programs. Here, a few exam-
ples of auxin—cytokinin cross talk mechanisms and their relevance
in coordination of specific developmental processes are discussed.

It has been shown that specification of the root pole during the
carly phases of embryogenesis is dependent on the tightly balanced
activity of auxin and cytokinin. Auxin was found to stimulate
expression of the cytokinin signaling repressors ARR7and ARR15
and thus to attenuate the output of the cytokinin pathway. Lack of
this auxin-driven negative feedback loop resulted in the upregula-
tion of the cytokinin response and severe patterning defects at the
embryonic root pole [9]. Interestingly, recent observations hint at
another auxin—cytokinin regulatory module acting in the early
embryogenesis. Among the transcriptional targets of AUXIN
RESPONSE FACTOR (ARF5/MP), previously linked with
embryonic root specification [213, 214], TARGET OF
MONOPTEROS (TMO3), coding for the CRF2 was identified
[215]. Expression of CRF2 and homologous genes is cytokinin
responsive and interference with their functions leads to severe
embryonic defects [199]. Furthermore, two auxin efflux trans-
porters (PINI and PIN7), both shown to control distribution of
auxin during early embryogenesis [8], were identified as CRF2
transcriptional targets [216]. However, how these two regulatory
circuits jointly coordinate early embryogenesis requires further
investigation.
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Auxin and cytokinin act in an antagonistic manner to define
the root apical meristem size by promoting cell division and dif-
ferentiation, respectively [21, 217]. A complex network of auxin
and cytokinin interactions has been implicated in the root meri-
stem activity control. Cytokinin modulates the auxin pathway by
affecting the expression of its signaling components. Cytokinin
(through the AHK3 receptor and ARR1 and ARRI12 response
regulators) was shown to directly activate transcription of the auxin
repressor ITAA3/SHORT HYPOCOTYL 2 (SHY2). This leads to
the attenuation of auxin responses and reduced expression of PIN
auxin efflux transporters [20, 21, 218, 219]. Consequently, a
decreased abundance of PINs limits the auxin supply to the root
apical meristem, thereby restricting its meristematic activity [20, 21].
Besides this transcription-based regulation of auxin activity and
distribution, cytokinin was also found to modulate the endocytic
trafficking of PIN1 by redirecting this membrane protein for lytic
degradation in the vacuoles [212, 220]. This alternative mode of
cytokinin action provides a mechanism for rapid control of auxin
fluxes; and as recently suggested, the enhanced depletion of PIN1
at specific polar domains by cytokinin might also modulate direc-
tion of the auxin flow [221].

Another mechanism through which auxin and cytokinin bal-
ance cach other’s activities occurs by a cross talk between their
metabolic pathways. High cytokinin levels promote auxin biosyn-
thesis [222] and auxin, in turn, gives feedback on the cytokinin
metabolism by inducing CYTOKININ OXIDASE (CKX) thereby
decreasing cytokinin levels [223-225]. On the other hand, in
the root apical meristem, auxin enhances (in an IAA3/SHY2-
dependent manner) the expression of ISOPENTENYL
TRANSFERASES (IPT5), which encodes a rate limiting enzyme
in the cytokinin biosynthesis, eventually resulting in the local
upregulation of cytokinin levels [20, 69].

Both auxin and cytokinin exhibit specific functions in the shoot
apical meristem. High cytokinin promotes proliferation of undit-
ferentiated cells, whereas auxin coordinates organogenesis in the
peripheral zone [35]. Cytokinin participates in the WUSCHEL/
WUS-CLAVATA /CLV, the core regulatory loop controlling shoot
apical meristem activity, by stimulating WUS expression [226]. By
direct repression of the ARR7 and ARRILS5 cytokinin signaling
repressors, WUS further reinforces the cytokinin promoting effect
on the WUS-mediated pathway [208]. An important additional
input in this cytokinin-driven regulation is provided by auxin. In
mutants defective in auxin biosynthesis, transport, and signaling,
expression of ARR7 and ARR 15 was found to be enhanced, and
the ARF5/MP transcription factor was identified as a direct repres-
sor of their transcription [23]. This constitutes a regulatory circuit
in which auxin enhances cytokinin response by attenuating the
expression of the cytokinin signaling repressors, and consequently
promoting WUS activity in the WUS-CLV loop.
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At the peripheral zone of the shoot apical meristem, new organ
formation is triggered by auxin [22]. Studies following pathways
regulated by auxin transport and response revealed that initiation
of the lateral organs is accompanied by modulations in the polarity
of PIN1 and redirection of the auxin towards incipient primordia
[227]. The accumulation of auxin correlates with a decrease in
SHOOT MERISTEMLESS (STM) expression, which eventually
results in lower cytokinin at the peripheral zone [228]. How PIN1
polarization throughout the shoot apical meristem is coordinated
and whether cytokinin contributes to the regulation of polar auxin
transport through mechanisms analogous to these detected in root
is unknown. Nevertheless, a reduced level of PINI in the maize
ARR repressor ortholog mutant abphyl I supports such a scenario
[229]. Recently, Besnard et al. [230] provide further evidence for
cytokinin function in the peripheral zone and coordination of lat-
eral organ initiation. Analysis of AHP6 expression patterns along
with monitoring of auxin and cytokinin sensitive reporters indicates
that AHPG6, which acts as a repressor of cytokinin signaling [26],
regulates the spatiotemporal pattern of cytokinin activity at the
shoot apical meristem periphery. The cytokinin inhibitory fields
generated downstream of auxin by AHP6 might stabilize auxin fields,
thereby increasing robustness of the phyllotactic patterning [230].

Studies of auxin—cytokinin cross talk directing other develop-
mental process (including initiation and organogenesis of ovules;
vasculature differentiation, shoot and root meristem activity and
lateral branching (reviewed in [33-35]) point towards specific as
well as common aspects of mechanisms mediating mutual commu-
nication between these two hormonal pathways.

With increasing amounts of confirmed molecular interactions
and circuits that determine hormone activity at the level of metab-
olism, transport, perception, and signaling, the prediction of
hormone regulatory network behavior and output becomes
unfeasible Modeling and mathematical simulations provide a novel
means to address these issues and help to achieve better under-
standing of the complexity and dynamics of hormone action [231].

For example, studies of the transcription factor PHABULOSA
(PHB) and cytokinin in controlling the root meristem size showed
that cytokinin regulates microR NA165/166 and that both cytoki-
nin and microRNA165/166 jointly regulate PHB. In return, PHB
promotes cytokinin biosynthesis by stimulation IPT7 expression
[232]. One-dimensional model and mathematical simulations pro-
vided insights into the functioning of such a complicated molecu-
lar network, showing that this regulatory loop restrains the
reduction and accelerates the recovery of PHB levels, thus provid-
ing robustness against cytokinin fluctuations [232].

A combination of experimental and modeling approaches has
also been applied to integrate auxin and cytokinin pathways in the
specification of vascular patterning. A two-dimensional multicellu-
lar model of Muraro et al. [233] incorporated previous findings of
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a mutually inhibitory interaction between auxin and cytokinin,
mediated through the auxin inducible repressor of the cytokinin
signaling AHPG6; cytokinin feedback on the PIN auxin efflux carri-
ers and SHORT ROOT (SHR) promoted expression of the mobile
microRNA165/166 which silences PHB to form a gradient of PHB
mRNA that controls the specification of xylem and inhibits AHP6
expression [28, 234]. Mathematical simulations revealed that this
gene regulatory network is not sufficient to establish proper expression
patterns of key marker genes as observed experimentally, and predicted
additional negative regulators of cytokinin signaling and the mutual
degradation of both microRNA165/6 and PHB mRNA [233].

A genetic network tested in the model simulation of De Rybel
et al. [235] integrated two incoherent feed-forward loops and
evaluated their impact on the patterning of vascular tissues. One of
the feed-forward loops implements auxin—cytokinin antagonistic
regulations of PIN mediated auxin efflux [26, 28]. A second loop
is based on the experimental identification of interaction between
MONOPTEROS/ARF5 and TARGET OF MONOPTEROS5/
LONESOME HIGHWAY (TMO5)/LHW) and LONELY GUY4
(LOG4) which mediates auxin-dependent control of the cytokinin
biosynthesis [236]. The authors show that the individual subnet-
works provide specific regulatory inputs, one generating a high-
auxin domain whereas a second defines sharp boundaries between
the high auxin domain and the neighboring cytokinin response
domain. Integration of both regulatory circuits is sufficient to gen-
erate distinct hormonal zones and establishment of stable patterns
within a vascular tissue [235].

7 Conclusion

The history of auxin and cytokinin biology including the initial dis-
coveries by father—son duo Charles Darwin and Francis Darwin [3],
and Gottlieb Haberlandt [5] is a beautiful demonstration of unceas-
ing continuity of research. Novel findings are integrated into existing
hypotheses and models and deepen our understanding of biological
principles. At the same time new questions are triggered and hand to
hand with this new methodologies are developed to address these
new challenges.
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Chapter 2

Analytical Determination of Auxins and Cytokinins

Petre I. Dobrev, Klara Hoyerova, and Jan Petrasek

Abstract

Parallel determination of auxin and cytokinin levels within plant organs and tissues represents an invaluable
tool for studies of their physiological effects and mutual interactions. Thanks to their different chemical
structures, auxins, cytokinins and their metabolites are often determined separately, using specialized pro-
cedures of sample purification, extraction, and quantification. However, recent progress in the sensitivity
of analytical methods of liquid chromatography coupled to mass spectrometry (LC-MS) allows parallel
analysis of multiple compounds. Here we describe a method that is based on single step purification pro-
tocol followed by LC-MS separation and detection for parallel analysis of auxins, cytokinins and their
metabolites in various plant tissues and cell cultures.

Key words Auxin, Cytokinins, Phytohormones, Liquid chromatography, Mass spectrometry

1 Introduction

Plant hormones as small molecules occurring in minute concentrations
are of decisive importance for major physiological processes in
plants. Of those, auxin and cytokinins through their specific cross
talk are important cell fate modulators [1]. Indole-3-acetic acid
(IAA), the major endogenous auxin, is an indole derivative with
weak acidity due to the exocyclic carboxylic acid group (Fig. 1a).
TAA-associated metabolites include its precursors, i.¢., tryptophan,
indole pyruvic acid, indole acetonitrile, indole acetamide, conju-
gates with amino acids (mostly with aspartate and glutamate) and
carbohydrates (IAA-glucosyl ester), and oxidative catabolites rep-
resented by oxindole-3-acetic acid [2]. Cytokinins, with their com-
mon natural representative trans-zeatin (tZ, Fig. 1a) are adenine
derivatives with five carbon side chain connected to the exocyclic
amino group. The exocyclic amino group determines the alkaline
character of cytokinins. Common cytokinin metabolites include
N9-ribosides, N9-ribotides, N7-glucosides, and O-glucosides [3].

Thomas Dandekar and Muhammad Naseem (eds.), Auxins and Cytokinins in Plant Biology: Methods and Protocols,
Methods in Molecular Biology, vol. 1569, DOI 10.1007/978-1-4939-6831-2_2, © Springer Science+Business Media LLC 2017
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Fig. 1 Structures of IAA and Z. (a) Structures of IAA and Z with depicted ionisable parts that affect their isola-
tion. (b) Simplified purification scheme (SPE, solid phase extraction) with splitting of plant extract into two
fractions, fraction A containing auxins, and fraction B containing cytokinins. (¢) HPLC separation of metabolites
of *H-1AA and *H-1Z applied to 14-day-old Arabidopsis thaliana seedlings for 4 h from fractions A and B accord-
ing to the scheme above. Each fraction was run on HPLC coupled with online radiodetector

The determination of endogenous levels of'auxin and cytokinins
underwent significant progress in recent years. The trend of plant
hormone analysis is to switch from tedious multistep purification,
derivatization, and immunodetection or nonselective instrumen-
tal detection of limited number of compounds, to minimalistic
purification, consisting of few or even one step, followed by
sensitive and selective detection of many compounds [4-9]. This
“metabolite profiling” relies on the LC-MS and allows tracking the
whole metabolic paths and networks of phytohormones.

Here we describe the procedure that is applied in our labora-
tory for determination of auxin, cytokinins and their metabolites in
plants and cell cultures. It is based on single step purification,
tfollowed by LC-MS set at multiple reaction monitoring (MRM)
mode for simultaneous measurement of hormonal precursors,
active forms, and metabolites in single sample. Simplified scheme
of the procedure is shown in Fig. 1b. The purification step splits
the extract into two fractions, fraction A containing compounds of
neutral and acidic character, and fraction B containing basic com-
pounds. Since auxin and its major metabolites are acidic or neutral,
they remain in fraction A. On the other hand, cytokinins as weak
bases elute in fraction B. As shown here for samples purified from
Arabidopsis thalinna seedlings incubated with either *H-#Z or *H-
IAA for 4 h, the majority of IAA metabolites are found in fraction
A, without any appreciable radioactivity in fraction B, and vice
versa for the #Z (Fig. 1c¢). This separation of auxin and cytokinins
and their metabolites is crucial for their metabolic profiling by
LC-MS, as documented in our studies [7, 10].
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2 Materials

2.1 Plant Material

2.2 Sampling,
Extraction,
and Purification

2.3 LC-mMS

2.4 Solvent
Preparation

Prepare all water solutions using MilliQ deionized water. For
in vitro prepared plant material, all culture media should be steril-
ized as well as equipment for handling cells, seeds, or seedlings
(see Note 1).

The methods of sampling, extraction or purification may differ with
respect to particular material. Leaf tissue of approximately 100 mg
FW is most common representative of processed samples thus the
method of its extraction and purification is described in detail in
Subheadings 3.2 and 3.3. For procedures analyzing plant hormones
in liquid media or tiny materials of low weights, e.g., root tips, parts
of very young seedlings or etiolated ones (see Note 6).

1. Liquid nitrogen.

2. Methanol, deionized water, ammonium hydroxide 25%,
tormic acid, all p.a. grade.

3. Mixer mill MM301 Retsch, Teflon adapter racks for 2 mL
vials, 5 mm zirconium oxide grinding balls.

4. Pipettes, 50 pL, 1 mL.
5. Analytical balances.

6. Stable isotope labeled internal standards, 0.2 pM dissolved
into 50 % methanol in water (see Note 2).

7. 2 mL microcentifuge tubes.
8. Benchtop cooled centrifuge.
9. Freezers (—20 °C, —80 °C).

10. Solid phase extraction columns (SPE Oasis MCX), 1 mL /30 mg,
Waters.

11. SPE vacuum manifold, 12 or 24 port.

12. Rotary vacuum evaporator, SpeedVac.

. Acetic acid and acetonitrile, both LC-MS grade.

. Deionized water, MilliQ.

. Autosampler vials, 0.5 mL.

. HPLC column,e.g., Luna C18,3 um, 100 x 2 mm, Phenomenex.
. HPLC system, e.g., Ultimate 3000, Dionex.

. MS detector, e.g., 3200 QTRAP LC/MS/MS, AB Sciex.

(@)WY 2 U "N SN B (O I ]

1. Extraction solvent: mix the following p.a. grade solvents:
methanol-water—formic acid=15/4 /1, v /v /v, store at —20 °C.

2. SPE load solvent: 1 M formic acid, dilute 3.8 mL of 99% for-
mic acid with water to 100 mL.
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. SPE elute 1 solvent: methanol, 100 %, p.a. grade.
. SPE elute 2 solvent: 0.35 M ammonium hydroxide in 70%

methanol: to 70 mL methanol add 2.5 mL 25% ammonium
hydroxide and fill to 100 mL with water; prepare fresh.

. LC-MS solvent A: 5 mM acetic acid in 5% acetonitrile, to

50 mL acetonitrile for LC-MS add 286 pL acetic acid (99 %,
for LC-MS) and fill to 1000 mL with MilliQ water.

. LC-MS solvent B: 5 mM acetic acid in 95% acetonitrile, to

50 mL MilliQ water add 286 pL acetic acid (99 %, for LC-MS)
and fill to 1000 mL with acetonitrile for LC-MS.

3 Methods

3.1 Plant Material 1.

Sampling

Collect about 100 mg FW plant material and put it into labeled
and tared 2 mL microcentrifuge tube. Weigh and record the
precise weight of sample (see Note 3).

. Add one 5 mm zirconium oxide grinding ball (se¢ Note 4) and

close the tube.

. Quickly freeze the sample into liquid nitrogen bath (se¢ Note 5).

Store samples at —80 °C.

. Extremely small and tiny samples is worth to collect directly

into microcentrifuge tube with methanol (about 300 pL) pre-
cisely weighted before sample addition. In certain cases the
collecting of the samples may cause a loss of methanol due to
the quick evaporation then the counting must be related to the
number of collected parts instead of FW.

3.2 Homogenization Homogenization and extraction can be skipped in certain special
and Extraction cases (see Note 6).

1.

Place samples into Teflon adapter and leave at —80 °C to cool
down, at least for 15 min.

. Mount the cold adapter with tubes into the arms of mixer mill

MM 301. Apply frequency 25 Hz for 2 min. Repeat if tissue is
not fully homogenized. Add 0.5 mL cold (=20 °C) extraction
solvent (see Note 7).

. Add 50 pL internal standards (se¢ Note 8), mix and leave at

—20 °C for 1 h. Centrifuge at 20,000 x g at 4 °C for 20 min.
Transfer the supernatant into new 2 mL tube.

. Re-extract the pellet with additional 0.5 mL extraction solvent

for 30 min (see Note 9) and centrifuge as above.

. Evaporate pooled supernatants in SpeedVac at 10 mBar and

40 °C to Y of'initial volume (less than 0.25 mL, see Note 10).



3.3 Purification
(See Note 11)

3.4 Quantification
by LG-MS (See Note 12)

3.4.1 Fraction A

3.4.2 Fraction B
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Purification can be skipped in certain special cases (see Note 6).

1.

Mount Oasis MCX column on SPE vacuum manifold. Equi-
librate the column by washing it with 1 mL methanol, followed
by 1 mL SPE load solvent.

. Dilute partially evaporated sample extract in 0.5 mL of SPE

load solvent and apply to column. Discard flow-through.

. Wash the column with 0.5 mL SPE load solvent, followed by

1 mL water. Discard flow-through.

. Apply 0.5 mL SPE elute 1 solvent, collect the flow-through into

new 2 mL microcentrifuge tube, which represents fraction A.

. Apply 0.5 mL SPE elute 2 solvent, collect the flow-through into

new 2 mL microcentrifuge tube, which represents fraction B.

. Evaporate the collected fractions in SpeedVac at 10 mBar and

40 °C to dryness. Store dried fractions at =20 °C till LC-MS
analysis.

. Dissolve dried sample into 30 pl. 15% acetonitrile in water.

Centrifuge at 20,000x 4, 4 °C for 20 min. Transfer superna-
tant into autosampler vial.

. Inject an aliquot, usually 1/10, of sample into LC-MS

(see Note 13).

. Run linear gradient of LC-MS solvents A and B; 10-50%

LC-MS solvent B in 15 min at flow rate 0.3 mL/min. Flush
column with 100% solvent B for 5 min and equilibrate with
10% solvent B for 10 min.

. Set MS in negative electrospray mode. Ion source parameters:

ion spray voltage —4000 V, nebulizer gas 50 psi, heater gas
50 psi, curtain gas 20 psi, gas heater 500 °C.

. Set MS analyzer in MRM mode with the optimal compound

specific parameters like declustering potential, precursor ion
m/z, product ion m/z, collision energy, adjusted for each
compound and internal standard.

. Dissolve dried sample into 30 pL. 5% methanol in water.

Centrifuge at 20,000x 4, 4 °C for 20 min. Transfer superna-
tant into autosampler vial.

2. Inject an aliquot, usually 1,/10, of sample into LC-MS.

. Run linear gradient of LC-MS solvents A and B; 5-40%

LC-MS solvent B in 15 min at flow rate 0.3 mL/min. Flush
column with 100 % solvent B for 5 min and equilibrate at 10%
solvent B for 10 min (se¢ Note 14).

. Set MS in positive electrospray mode. lon source parameters:

ion spray voltage +4000 V, nebulizer gas 50 psi, heater gas
50 psi, curtain gas 20 psi, gas heater 500 °C.
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. Set MS analyzer in MRM mode with the optimal compound

specific parameters like declustering potential, precursor ion
m/ z, product ion m/z, collision energy; adjusted for each
compound and internal standard.

. Inject an appropriate number of calibration standards for

determination of the parameters of calibration curve. Quantity
the samples based on isotope dilution with calibration curve
(see Note 15).

4 Notes

. For the reliable analyses of auxins and cytokinins in in vitro

cultured plants or cell cultures it is absolutely essential to keep
this material in strictly aseptic conditions, i.e., all media and
materials should be sterilized before use. Since bacteria and
fungi can themselves be a source of auxins and cytokinins, they
could greatly influence their levels in analyzed plant samples.

. For list of internal standards, see ref. 7. It should be stressed

that chromatographic and MS optimalization of standards is
instrument-dependent and should be carefully optimized.

. The amount collected depends on the sensitivity of quantitation

method and on the losses during purification. For our
procedure an optimal amount is about 100 mg of fresh plant
material. Although most commonly the results are presented
in units of hormone amount per gram fresh weight (i.e.,
pmol/g FW) there are some cases where one has to consider
different units. Other alternatives can be hormone amount per
gram dry weight, per organ, per cell, per organ distance, etc.
Choosing different units of data presentation or even better,
having more alternatives, could improve for example the data
variability, or could give more biological sense of results. The
collected material should be representative of the experiment,
and as homogenous as possible. If the amount of plant material
is not limited, it is desirable to collect large representative batch
from which an aliquot is taken. Extremely small and tiny sam-
ples are worth to collect directly into microcentrifuge tube
with methanol (about 300 pL) precisely weighted before sam-
ple addition. In certain cases the collecting of the samples may
cause a loss of methanol due to the quick evaporation then the
counting must be related to the number of collected parts
instead of FW.

. We found that zirconium oxide balls are most appropriate for

homogenization. The use of wolfram or stainless steel balls
leads to significant loses of indole compounds, i.e., auxin and
its metabolites.
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. The sample is frozen in liquid nitrogen to stop any metabolic

Pprocesscs.

. In case of determination of phytohormones secreted into liquid

growth media, extraction step is omitted and the medium (up
to 1 mL) is acidified below pH 3 with formic acid. Purification
starts after addition of internal standards to each sample with
application on the SPE column (Subheading 3.3, step 2).
Similarly, in case of tiny plant material (root tips, etiolated
parts of seedlings, etc.) and amounts below 50 mg FW per sam-
ple the whole purification procedure might be skipped. Internal
standards are added to samples collected in methanol and evap-
orated to dryness as described in Subheading 3.3, step 6.

. The extraction is a process of quantitative release of phytohor-

mones from plant tissue into extraction solvent. Concurrently,
the extraction solvent should ideally fix the tissue, i.e., stop any
metabolic conversions during extraction. In our protocol the
extraction solvent contains organic solvent (methanol, 75 % by
volume) and formic acid. High organic and low pH deactivate
and precipitate enzymes in the tissue. Low temperature of
extraction also diminishes post-extraction reactions.

. Very important step is the addition of internal standards in the

beginning of extraction. Internal standards are compounds
with known purity and concentration, which ideally are chemi-
cally closest to the compounds of interest thus having same
behavior during extraction and purification. The quantitation
step should be able to discriminate between the target com-
pound and the internal standard and measure them separately.
The best internal standard is the stable isotope labeled equiva-
lent of the target compound that differs only by mass, which
can be distinguished by mass spectrometer. Since the concen-
tration of internal standard is used for quantitation calcula-
tions, itis important to add precisely known and equal amounts.

. The primary extraction recovers about 90 % of hormones with

re-extraction adding another 8-9 %.

It is important to remove the organic solvent from the extrac-
tion mixture, because it could interfere with the following
purification. Cool down samples at —80 °C before placing
them into SpeedVac to avoid sample losses due to splash.

Ideally, the purification should remove all unwanted com-
pounds that have been extracted and leave a solution where
target compounds dominate. To achieve this, several purifica-
tion steps can be applied, such as reversed phase, cation
exchange, and anion exchange, preferably with orthogonal
modes of action. Purification columns used here contain the
so-called dual-mode sorbent, having two functionalities:
reversed phase and cation exchange. This permits to use single
purification column, and by stepwise elution with appropriate
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solvents, to separate different groups of hormones into indi-
vidual fractions. As opposed to the silica based sorbents, the
sorbent we use can be air flushed without losing its activity and
capacity. We apply air flush between individual elutions to
increase the sample recovery and to better split them. The
sample is applied to column in aqueous acidic solvent, allowing
the hormones to bind to the sorbent by means of hydrophobic
(auxins, CKs) and ion exchange (CKs) interactions. Following
is the first elution with methanol, which releases from sorbent
hydrophobically bound hormones, i.e., auxins. The second
elution with ammonia and methanol increases abruptly pH,
thus weakening the electrostatic binding of CKs to sorbent
and releasing them in solution. As shown in Fig. 1¢ the metab-
olites of auxin and cytokinin at least in Arabidopsis have the
same affinities towards the sorbent, thus elute in the same frac-
tion with their precursor, i.e., the auxin metabolites in first
elution (A-fraction) and CK metabolites in second elution
(B-fraction). It should be noted that the order of elution sol-
vents is important and should be observed. To avoid signifi-
cant sample loss due to column overload, the maximal extracted
plant material should be below 0.5 g FW.

12. The resulting two fractions of purification step are each analyzed
individually on LC-MS. Fraction A containing the auxin and its
metabolites are separated on reversed phase HPLC column
using gradient of acidified aqueous mobile phase and acetonitrile.
The mass spectrometer utilizes electrospray (ESI) interface set
at negative mode, the most appropriate for the auxins. The
fraction B, containing cytokinins, utilizes essentially same chro-
matographic conditions, with exception of slightly different
gradient and the ESI in positive mode.

13. An aliquot of 1/10 corresponds to an extract from 100 mg
FW (typically Arabidopsis seedlings or tobacco cell cultures).
This aliquot can be adjusted up or down depending on the
plant sample amount or the expected hormonal content.

14. Cytokinin metabolites are more demanding chromatographi-
cally, because there are several positional isomers like cis-Zeatin
vs. trams-Zeatin, N7- vs. N9- vs. O-glucosides that must be
separated.

15. In order to have statistically robust results, it is recommended
to have at least three biological repetitions, with optimal five
and more repetitions.
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Chapter 3

Manipulation of Auxin and Cytokinin Balance
During the Plasmodiophora brassicae-Arabidopsis
thaliana Interaction

Jutta Ludwig-Miiller, Susann Auer, Sabine Jiilke,
and Sabine Marschollek

Abstract

The symptoms of the clubroot disecase on Brassica species caused by the obligate biotrophic protist
Plasmodiophora brassicae relies, among other factors, on the modulation of plant hormones. Signaling,
transport as well as biosynthesis and metabolism are key features how the levels of auxins and cytokinins
are controlled. We here describe (a) how to inoculate the model plant Arabidopsis thaliana with P. bras-
sicae, (b) qualitative and quantitative methods to evaluate disease severity in auxin and cytokinin mutants,
(c) molecular methods to monitor changes in plant and pathogen transcripts, (d) prerequisites for the
establishment of transgenic lines manipulated in an auxin or cytokinin pathway, and (¢) methods for
B-glucuronidase staining in root galls and sections of infected roots to determine auxin and cytokinin
responsive promoter activities.

Key words Arabidopsis thaliana, Auxin, Clubroot, Cytokinins, p-Glucuronidase, Hormone respon-
sive promoter, Plasmodiophora brassicae

1 Introduction

The clubroot disease is one of the most damaging diseases of the
Brassicaceae family. It is caused by the obligate biotrophic protist
Plasmodiophora brassicae. In addition to many crop plants such as
oilseed rape/canola and vegetable cabbages, the model plant
Arabidopsis thaliana is a good host for P. brassicae [1]. When this
particular disease is considered, two major topics are essential to be
assessed: first, the life cycle of the pathogen which is quite different
from other pathogens (see Fig. 1), and second, how to determine
disease symptoms in a reliable and reproducible manner.

Susann Auer, Sabine Jiilke, and Sabine Marschollek in alphabetical order.

Thomas Dandekar and Muhammad Naseem (eds.), Auxins and Cytokinins in Plant Biology: Methods and Protocols,
Methods in Molecular Biology, vol. 1569, DOI 10.1007/978-1-4939-6831-2_3, © Springer Science+Business Media LLC 2017
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Fig. 1 The life cycle of Plasmodiophora brassicae in Arabidopsis thaliana. The cycle is similar in other Brassica
hosts. The resting phase takes place in the soil and consists of the highly durable resting spores. These even-
tually hatch and the resulting primary zoospores multiply in a root hair of a host plant via a multinucleate pri-
mary plasmodium. The secondary zoospores can reinfect root hairs or enter the root cortex. There, they
develop into a multinucleate plasmodium that also alters host metabolism, especially the hormonal balance.
Disease symptoms are therefore assayed typically during this phase. The plasmodium develops into resting
spores which, upon tissue disruption, are released into the soil. During this late stage of infection, the host
plant is often highly stressed since water and nutrient supply from the root are compromised

During the life cycle [2] two distinct phases can be described:
the first is occurring in the root hair and is mainly used to multiply
the inoculum; the second is found in the root cortex and leads in a
susceptible interaction to the typical clubroot symptoms. For the
phenotypical rating of the disease only stages during the secondary
infection are used, while the pathogen can be detected in root hairs
as well by using PCR and staining methods. The highly durable
resting spores hatch in the soil and the biflagellate zoospores find
their host by swimming in capillary water during a small period of
a few hours. They encyst when they have attached to a plant and
inject their protoplast into the root hair of a suitable host, where it
develops into a multinucleate plasmodium. The latter finally forms
zoospores again (called secondary zoospores) that repeatedly infect
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root hairs or enter the cortex in a yet still unknown procedure.
Once in the cortex the structures develop into multinucleate (sec-
ondary) plasmodia which reorganize the host root tissue. In the
beginning only a few cells are infected and swelling of the roots
starts slowly. So, depending on the virulence of the isolate used
and also the genotype of the host, first swellings are clearly visible
after ca. 18 days after inoculation (dai). Large galls are visible 24
dai and around 28 dai the gall starts to decay. Routinely, gall sever-
ity is detected around 26-28 dai [1].

The progress of the disease during the secondary infection
cycle is dependent on plant hormones such as auxins, cytokinins
and brassinosteroids [ 3-5]. Cell divisions are controlled by cytoki-
nin and auxin, while the hypertrophied cells are most likely the
result of increased auxin levels only.

The contribution of individual hormones to the disease pro-
gression can be experimentally evaluated by using mutants and
transgenic plants altered in a respective hormone pathway. Auxin
biosynthesis, metabolism and signaling mutants [3, 6] as well as
cytokinin deficient transgenic plants [4] have been investigated
and resulted in a variation of disease symptoms. While nitrilase
mutants were partially resistant to the clubroot infection [6],
mutants in genes encoding proteins involved in the synthesis of
auxin conjugates as well as in auxin receptors were more suscepti-
ble [3]. A. thalianalines overexpressing a gene encoding cytokinin
oxidase/dehydrogenase were resistant to clubroot, even though
the plants were quite dwarfish [5]. Furthermore, it was shown that
the auxin and cytokinin response was activated using auxin and
cytokinin responsive promoter::reporter lines [5, 7, 8]. However,
the thickness of a clubbed root during late infection stages affects
histological methods, so that routine laboratory methods need to
be adapted. Due to the fact that in large clubbed roots all develop-
mental stages of the pathogen are detectable, it is difficult to
analyze individual cell populations for hormone levels. Even
though promoter::reporter lines cannot replace transcriptional or
hormone analyses on whole roots, they are an alternative to inves-
tigate the hormone response by using auxin and cytokinin respon-
sive promoter::reporter plants [4, 7-9].

For the evaluation of the disease protocols are needed to evalu-
ate the disease severity or resistance response of a host plant by
using qualitative and quantitative systems. A quantitative system is
the so-called disease index [1], which takes different rating classes
for infected roots into account. The definition of susceptibility
under optimum infection conditions and high spore number (10°-
107 spores,/ml) for wild type would be a disease index (DI) between
80 and 100. If a susceptible wild type shows such a DI, partial
resistance (or sometimes also called tolerance) is defined when the
DI is <75 (although exceptions to this rule also have been
reported). A resistance phenotype is categorized to occur with a
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DI <50. If a higher susceptibility is to be determined, then dilutions
of the resting spore solution have to be made. Under such inocula-
tion conditions, the wild type might show a DI <60, whereas the
mutant line that is more susceptible to infection hasa DI >70 [10].
It should be also noted in this context that hormone mutants have
often an altered phenotype even without infections [1, 3, 4]. This
needs to be taken into account when evaluating disease symptoms.
A solution, at least when generating transgenic lines, is the use of
either tissue specific [11] or inducible promoters.

A qualitative system uses QPCR to detect the DNA of P, brassicae
in the root of an infected host plant [12]. Sequencing of the
P, brassicae genome [13] indicated the presence of genes of the pro-
tist that could manipulate plant hormones. One example is a member
of the so-called GH3 protein family that in plants can conjugate
auxin, jasmonic acid and salicylic acid to various amino acids. In
plants the synthesis of amino acid conjugates of indole-3-acetic acid
(IAA) by members of the GH3 family results in the inactivation of
the hormone [14]. However, since P. brassicae cannot be transformed
so far so that the respective proteins are formed [15], manipulation
of plant hormones can be only done by alterations within the host.

In this chapter we therefore describe (a) the inoculation pro-
tocol for A. thalinna with P. brassicae, (b) how to evaluate the
severity of the disease in auxin and cytokinin-related mutant and
transgenic lines by using the disease index, (c¢) molecular methods
to monitor changes in plant and pathogen transcripts, (d) prereq-
uisites for the generation of transgenic lines altered in an auxin or
cytokinin pathway, and (e) histological pB-glucuronidase activity
staining for auxin and cytokinin responsive promoters (also appli-
cable for other promoters of interest).

2 Materials

2.1 Plant Material

2.2 Plasmodiophora
brassicae

2.3 CGulture
Substrate

A. thaliana ecotypes (NASC; The European Arabidopsis Stock
Centre).

Chinese cabbage Brassica rapa var. Graanat (Gatersleben,
Germany).

Single spore isolate ¢3 [16, 17].
“Field isolate” [18].
(see Note 1)

1. Standard soil type “Pikiererde CL P Classic” (Einheitserdewerke
Patzer, Germany), blend of weakly decomposed white sphagnum
peat (70%), clay and other additives; electrical conductivity: 200—
900 pS/cm; pH 3.3-6.3; contains nitrogen (180 mg/1), phos-
phate (200 mg/1), sulfur (130 mg/1), magnesium (130 mg/1),
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2.4 Buffers

potassium (240 mg/l), and <l.5 g/l potassium chloride
(see Note 2).

. Commercially available children’s playing sand, the sand

should not be too fine and include few small stones.

. Potassium buffer for inoculation: 50 mM KH,PO,, pH

adjusted to 5.5 with 1 M K,HPO,.

. Potassium buffer for GUS staining: 100 mM NaH,PO,

(x1H,0), 100 mM Na,HPO, (x2H,0), pH=7 4.

. Incubation butffer for GUS staining: 10 mM Na,-EDTA;

0.5 mM K;[Fe(CN)s]; 0.5 mM K [Fe(CN)s]; 0.5% Triton
X-100; dissolve in potassium buffer for GUS staining, immedi-
ately before use add 100 mM X-Gluc (see Note 3).

3 Methods

3.1 Plant Cultivation

3.2 Inoculation
Procedure with
Plasmodiophora
brassicae

. Stratity A. thaliana seeds in the dark in tap water for 2—4 days.

Pre-germinate Chinese cabbage seeds on wet filter paper in
petri dishes in the light at room temperature for 2-3 days
(see Note 4).

. Coarsely sieve the soil through a soil sieve (pore size 1 cm) and

steam sterilize it for 120 min (see Note 5).

. Mix three parts of soil with one part of sand (see Note 6) and

water it adequately (see Note 7). Spread the soil mixture in
cultivation pots with a size sufficient to grow an adult plant
and smooth the surface.

. Sow A. thaliana seeds using a pipette (20 pl) or a toothpick.

Place two to three seeds per spot on the soil surface which are
later thinned out to one plant per spot. Make sure that the plants
are spaced adequately (for A. thaliana at least 3.5 cm apart) to
ensure normal growth and development of the rosettes and
avoid shading effects. Carefully transfer the cabbage seedlings to
the pots and make sure the radicle points downwards to help the
seedling establish in the soil. Cover with a thin layer of soil.

. Place a translucent hood on the trays and pots for the first 2

weeks of the growth period to ensure adequate moisture for
the seedlings. Skip this step for cabbage seedlings.

. Place the trays and pots under long day conditions (16 h light,

8 h dark) in the greenhouse or in a climate chamber (23 °C
day/18 °C night).

. Adjust the spore suspension to the desired concentration using

potassium buffer for inoculation (sec Note 8).

. Cabbage plants are inoculated within 5 days after transferring

to pots, A. thaliana seedlings are inoculated 2 weeks after sow-
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3.3 Harvesting
of Plant Material

3.4 Isolating Resting
Spores from P,
brassicae

ing. Inoculate plants with 1-2 ml resting spores of P. brassicae
(10°-107 spores/ml in potassium buffer for inoculation) by
slowly injecting the soil around the hypocotyl of each plant
with the spore suspension using a pipette. Apply the same
amount of potassium buffer to a group of control plants. When
working with mutants always inoculate the corresponding wild
type as well (see Note 9).

. Do not water the plants for the next 2 days so that the spore

suspension is not diluted.

. Water the plants regularly throughout the experiment. To

obtain resting spores from Chinese cabbage you can fertilize
the plants one or two times throughout the growing period
with commercial fertilizer to enhance gall size.

. To harvest the roots carefully dig out the whole plant at the

appropriate time point. Transfer it (with adhesive soil) to a tray
with water and start with the cleaning procedure.

. Use a painters brush to remove soil and other particles from

the roots (see Note 10). Take care not to rupture the fine root
system, especially in severely infected plants they are quite frag-
ile. For RNA isolation you should work with highest accuracy
to ensure reliable results.

. Depending on your experiment use the plant parts you are inter-

ested in: Isolate spores from galls (see Subheading 3.4), use shoot,
hypcotyl, and /or roots for RNA isolation (see Subheading 3.5) or
rate the disease severity of the plants (see Subheading 3.6).

1. Galls can be stored at —20 °C for up to 10 years.

. To obtain the spores homogenize the galls with a small amount

of'water in a kitchen blender at the highest speed until a homo-
geneous liquid forms. Filter the homogenate through gauze
(pore size 80 pm).

. Centrifuge the homogenate at room temperature for 10 min at

2500xg and discard the supernatant. Wash the spores with
water and repeat the centrifugation, discard the supernatant
and resuspend the spores in a small volume of potassium buffer
for inoculation.

. Determine the spore concentration under a light microscope

using a Neubauer counting chamber and a hemocytometer.
If necessary dilute the solution 1:10 or 1:100 in order to be
able to count the spores.

. Adjust the spore density with potassium butfer for inoculation

to an appropriate dilution for your further experiments. We
recommend to store a stock solution of resting spores.

. Freeze the resting spore suspension in Eppendorf tubes at

—20 °C until needed (see Note 11).
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3.5 Extraction
of RNA from Galls
and PCR Analyses

3.6 Disease Rating

1.

To achieve high RNA quality and integrity when isolating
RNA from roots/galls we recommend to grind the freshly har-
vested material immediately in liquid nitrogen with a mortar
and pestle (see Note 12). The nitrogen will evaporate quickly
and must be replaced several times. Do not let the tissue thaw
during this process! Store the powder in an adequate solution
at —80 °C. RNAzol (Thermo Scientific) gives very good results
in our experience. Follow the standard manual for the amount
of starting material, incubation time and temperatures and pay
attention to standard RNA handling precautions.

. The RNA can be processed with RNAzol or other methods of

your choice. We recommend RNAzol in combination with
Directzol RNA MiniPrep (Zymo Research) or the RNeasy
Plant Mini Kit (Qiagen) for extraction.

. Always perform a DNAse digest (1 U/pg RNA) before cDNA

synthesis.

. Check the quality, quantity, and integrity of your RNA for

example with a spectrophotometer or a bioanalyzer (Agilent
Technologies) before cDNA synthesis. Consider general rules
and recommendations for purity and integrity to ensure a reli-
able result of your analysis.

. cDNA synthesis can be performed with any suitable kit and

primers of your choice. We usually use random hexamer and
oligo d(T) primers and transcribe 1 pg RNA to get enough
c¢DNA for detailed qPCR analysis.

. Do PCR or qPCR using your usual laboratory method

(see Note 13), but keep in mind to check for unspecific amplif-
icates caused by pathogen RNA or DNA (see Note 14). Test
your primers of interest on genomic DNA samples first.

. Calculate expression data for example with the AACt-method

by Livak and Schmidtgen [19] and compare for example
infected vs. uninfected roots or the expression of your gene of
interest during disease development.

. Disease rating should be done at 26-28 days after inoculation

[1] (see Note 15).

. Harvest the roots as described in Subheading 3.3. The rating

is based on grouping the roots and their disease symptoms into
five different classes ranging from 0 to 4 (see Fig. 2):

Class 0: Plant roots do not show any disease symptoms.

Class 1: Only minor swellings at the minor and /or secondary
roots appear and the typical root structure /architecture
is still present.

Class 2: The primary root is visibly thickened; the fine roots
and lateral roots are reduced and also thickened.
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class 0

class 1 class 2 class 3 class 4

Fig. 2 Typical disease symptoms from clubrooted A. thaliana for the different disease classes. Disease classes
range from 0=no symptoms visible to 4 =no fine root system present but one large root gall

Class 3: The root system is strongly reduced. Galls are clearly
visible at primary and secondary roots and usually fine
roots are no longer available. In part the hypocotyl
also shows gall development.

Class 4: The root consists of one big in part brownish gall.
Mostly this comes along with wilting and stunting of
the green aboveground plant parts.

(see Note 16)

. Based on this categorization calculate the disease index (DI)

(see Note 17).

(1n, +2m, +3n, +4n,)-100
/ 4Nt

Discase Index (DI)=

m to ny=number of plants in the different disease classes
Nt=Number of all inoculated plants per treatment

. Cut the plant parts above the hypocotyl and determine the

shoot fresh weight to calculate the shoot index (SI) to further
evaluate disease severity. The SI is the ratio between shoot
fresh weights of infected plants to the shoot fresh weight of
uninfected plants (se¢ Note 18).
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3.7 Manipulation

of Auxin and Cytokinin
Balance

During Clubroot
Disease

3.8 GUS Staining
and Embedding

p—

. Choose an appropriate promoter (se¢ Note 19).

. Choose an enzyme that can influence the natural hormone

metabolism. Clone the corresponding gene behind the chosen
promoter to construct an expression cassette for plant transfor-
mation (se¢ Note 20).

. Transform a clubroot host plant (e.g., A. thaliana using floral

dip method from Clough and Bent [20]).

. Select transgenic plants using the appropriate selection marker

and verify the mutation by PCR.

. First, it is reccommended to validate the expression of the trans-

gene in uninfected transgenic plants in comparison to wild
type plants. Second, if possible, check if the corresponding
protein is detectable in the transgenic plants. If the expression
of the transgene is confirmed, you can start with further
analyses.

. Analyze the hormone levels (see Chapters 12 and 19 by Dobrev

and Pollmann in this issue) in the mutants (infected vs. not
infected and vs. wild type plants; see Note 21).

. Select plants with a strong phenotype (altered hormone

level, changed gene expression, etc.) for infection tests (see
Subheadings 3.2 and 3.6) or analyze downstream processes
like gene expression, signaling processes etc. to analyze the
role of the altered hormone level during clubroot develop-
ment. See Table 1 for a summary of hormone mutants and
their disease severity during clubroot.

. The caretully harvested plants (see Subheading 3.3) are stained

immediately in incubation buffer. For A. thaliana we use the
whole plant and submerge it in a sufficient volume of buffer.
Usually we use 6-well plates and up to 10 ml butfer (see Note 22).

. Incubate the plants at 37 °C until you see the expected blue

staining. Usually 2 h is a good starting point, for weak pro-
moter activity or thick galls maybe overnight incubation is
required (see Note 23).

. To stop the reaction discard the incubation buffer and store

the plants in potassium buffer for GUS staining. Alternatively
you can follow up an ascending ethanol series to fix and dehy-
drate the sample: Incubate successively at room temperature
for minimum 30 min in 30, 50, 70, 90% ethanol. Store the
plants at last in 96-100 % ethanol (see Note 24).

. GUS staining can now be observed and documented by your

method of choice (see Figs. 3 and 4).

. To further investigate the cellular localization of GUS

activity the samples can be embedded in resin and cut with
a microtome. We use Technovit (Heraeus-Kulzer) for this.


http://dx.doi.org/10.1007/978-1-4939-6831-2_12
http://dx.doi.org/10.1007/978-1-4939-6831-2_19
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Fig. 3 Arabidopsis thaliana AtEXPA1 promoter::GUS line showing roots and
hypocotyls after GUS staining, left. control, right 23 days after Plasmodiophora
brassicae infection

Fig. 4 A. thaliana AtEXPA1 promoter::GUS, 10 days after P. brassicae infection,
root hair with primary plasmodium and GUS activity, embedded in resin and cut
with a microtome

According to the manual the samples are pre-infiltrated
overnight, infiltrated, and polymerized in the appropriate solu-
tions. Be careful to embed the galls in the right orientation to
get the right sectional plane. Fix the sample with the Histobloc
system (Hereaus-Kulzer) and cut it with a microtome.
Subsequently you can either microscope the GUS staining

(see Fig. 4) or include another, e.g., P. brassicae specific staining
(see Note 25).
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4 Notes

. A lot of different P. brassicae isolates are described in the litera-

ture and were used to infect plants. These isolates comprise
single spore isolates like e; as well as mixed field populations
with different origins. These different races can vary strongly
in terms of pathogenicity and virulence [16]. Please take this
into consideration when comparing data like the disease index
or gene expression data from the literature (see Table 1).

. In our experience the soil nutrient and mineral content is a

critical feature that can influence disease outcome for instance
in lowering the infection rate even with virulent isolates.

. X-Gluc is very light sensitive. Dissolve powder in DMSO and

store in small aliquots at —20 °C in the dark. Freshly prepared
it is colorless, in our experience it is still active when yellowish
but you should discard it when it is turning into a rose color.

. Around 6-9 weeks after infection Chinese cabbage produces

relatively large galls that harbor millions of resting spores which
makes this plant ideal for the propagation of P. brassicae.

. We use a soil steam sterilizer manufactured by Friedrich

GmbH, Germany. Placing the soil in an autoclave bag and
autoclaving it could work as well, however, we prefer steam
sterilization.

. You can either bake the sand for 24 h at 60 °C in an open

bucket or you can include it in the right proportion in the soil
sterilizing process.

. Moisture is a critical factor in seedling development and for the

successful infection with clubroot. The soil mixture should be
thoroughly moist but not dripping wet. The soil water content
is correct when you can squeeze the soil and it releases some
water drops. You should closely monitor the soil moisture
throughout the whole experiment.

. With the single spore isolate e; a spore concentration of 10°—

107 spores,/ml is usually sufficient to achieve a 100 % infection
rate in the A. thaliana ecotype Columbia. The wild type from
which your mutants originate should reach 100% infection
rate and a disease index of 80-100 (see Subheading 1) to ensure
that your inoculation protocol works with sufficient efficiency.
For this it can be necessary to test different spore concentra-
tions, e.g., 10° or 10° spores/ml, on your wild type prior to
your main experiments.

For mutants with a higher susceptibility to clubroot you should
start with a lower spore concentration first (down to 10* spores/
ml) whereas for less susceptible cultivars 107 spores/ml is a
good starting point.
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9.

10.

11.

12.

13.

14.

15.

16.

It is mandatory for all experiments with mutants always to
grow the corresponding wild type as well in the same time
frame under the same conditions. Despite constant conditions
in the climate chamber we have encountered that the same
plants that were grown in different seasons can have a vastly
different phenotype. It is therefore necessary to analyze at least
30 plants from separate pots/trays per treatment per trial and
repeat each experiment at least twice.

For rating and spore extraction you do not have to clean the
roots too much whereas for nucleic acid isolation they should
be as clean as possible.

We typically obtain a spore concentration of 10° spores/ml. In
our experience the spore suspensions can be stored for at least
5 years or longer and still remain infectious.

Grinding small amounts of tissue (up to 300 mg) in liquid
nitrogen with a pestle and mortar is the most efficient method
to break down the plant cell walls. Mature galls might be quite
solid if frozen so homogenizing is difficult, nevertheless it
should be done thoroughly. However, do not overdue it as
RNA is sensitive to shearing forces.

You should use at least two, better three, reference genes for
your expression analyses [21]. We highly recommend to use
reference genes which show a stable expression during all
P. brassicae developmental stages in A. thaliana. This can be
validated by looking into several A. thaliana root microarrays
(e.g., [4,22]).

Since your samples are a mixture of infected and non-infected
plant cells they contain a certain percentage of pathogen cells
which can constitute a major part of the sample at late harvest
points from 22 dai on. We therefore recommend to retest the
primer efficiency of your primers of interest.

In most cases disease rating at 26-28 days is reasonable
(see Subheading 1). However, sometimes the time point has to
be adjusted if very strong disease severity is caused or if mutant
lines themselves show strong growth disturbance due to their
hormone imbalance. Take into account that you need appro-
priate wild type plants that are also infected and cultivated
under the same conditions like the mutant lines analyzed. For
A. thaliana the ecotype Columbia gives high DI numbers, but
other ecotypes could be more or even less susceptible and
therefore need prior testing.

Since not every infection cycle develops absolutely equal and
the disease symptoms used to categorize the plants into the
disease classes do not always match perfectly, it can be helpful
to sort all the plants ascending or descending according to the
disease symptoms. Based on this order it can be easier to define
the border lines between the different disease classes.
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Fig. 5 Variation in the disease index numbers from different biological replicates. A. thaliana plants were inocu-
lated with 2 ml spore suspension from P, brassicae (10° spores/ml; e3 isolate, see also Subheading 3.2) and
cultivated in the greenhouse at different periods throughout one year. Disease severity was rated at 26 days
after inoculation (see Subheading 3.7) from the same person. As you can see, the DI varies notably, even if the
same inoculation procedure is used and plant cultivation is done under equal conditions

17. The calculated disease index can have a maximum score of
100. This reflects that all plants show the strongest disease
symptoms (class 4, see Fig. 2). Thus, a high disease index shows
susceptibility, whereas a low disease index indicates resistance
or tolerance. Susceptible plants should have a disease index
between 80 and 100. If the disease index for A. thaliana eco-
type Columbia wild type plants is below 80 you should try to
improve your infection procedure (e.g., inoculum density,
composition of soil used). Please note that growth conditions
like light, temperature and soil water content also influence
disease development. This is why ditferent DI values can be
observed in biological replicates of the same plant line, even if
the same amount of inoculum is used. Thus, variations in the
DI and apparent high standard deviation appear (see Fig. 5).
To deal with this problem it is necessary that for mutant analy-
ses always wild type plants are also analyzed and compared to
elucidate the difference.



58

Jutta Ludwig-Mduller et al.

18.

19.

20.

21.

22.

23.

24.

25.

The shoot index can also be used to evaluate susceptibility or
tolerance. A high shoot index reflects a higher vitality of the
infected plants, whereas a low shoot index is indicative of club-
root susceptible plants.

The usage of an inducible promoter or promoters that confer
a local, spatial, or temporal expression is very reasonable, since
plants with strong hormonal imbalances often show distinct
and abnormal phenotypes. Many plant promoters are known
that are induced upon specific stimuli like hormones, abiotic
and biotic stimuli, or chemicals that can be applied separately,
which allows controlled gene regulation. For the selection of
such promoters in silico expression analyses can be performed
using tools like Genevestigator [23] or e-FP Browser [24],
respectively. Some promoters that were used successfully in the
clubroot interaction are the pyklO promoter [11, 25], cryptic
T80 [11, 26] and also the 35S CMV promoter [4].

From the model plant A. thaliana it is possible to select enzy-
matically characterized plant enzymes that are able to influence
the natural hormone balance like cytokinin oxidases or GH3.
Moreover, the recently published P. brassicae genome sequence
revealed that the protist itself exhibits some enzymes to manip-
ulate plant hormones like auxins, jasmonates and salicylic
acid [13, 27]. These enzymes are also interesting candidates to
manipulate plant hormones. In contrast to mostly well-charac-
terized enzymes from A. thaliana, it enzymes from P. brassicae
are used, make sure that they really function in hormone
metabolism like it was done for PbGH3, an auxin conjugate
synthetase [13].

If you analyze conjugated IAA in addition to the free IAA lev-
els using the method of alkaline hydrolysis, it is essential that
you take into account that A. thaliana and other Brassica host

plants contain indole glucosinolates that can contribute to the
values for hydrolyzed TAA [28].

Be careful not to use too much plant material per ml bufter. All
parts of the plant should swim freely in the butfer.

In our experience we never observed an “overstaining” during
long incubation durations.

If you only want to look at galls and roots, you should cut oft
and throw away the upper plant parts now. We recommend
staining of the whole plant because we observed that injuries
can induce GUS expression. We strongly recommend the etha-
nol treatment if plants should be kept longer than 2 days.
Additionally, stained plants can be stored at 4 °C.

A typical stain for P. brassicae is employing methylene blue,
azure II, and basic fuchsin [29, 30].
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Chapter 4

Microbial Manipulation of Auxins and Cytokinins in Plants

Anwar Hussain, Ilhsan Ullah, and Shahida Hasnain

Abstract

Microbial associations with plants are crucial for the survival of both the partners. Beside other ways of
establishing such associations, phytohormones enjoy a key role in plant-microbe interactions from initial
dialog between the two to the establishment of a viable partnership. Cytokinins (CKs) and TAA are among
the five classical groups of phytohormones implicated in plant immune response, early signaling, and
deciding the fate of interactions between plant and microbes. Here we describe a method to study modula-
tion of Cks and IAA in plant under the influence of a pathogenic bacterium, Pseudomonas syringae tomato
DC3000. A method for inoculating bacteria on host plant and subsequent determination of Cks and TAA
through HPLC-ESI-MS/MS is described.

Key words Cytokinin, Auxins, Plant immunity, Pseudomonas syringae, Arabidopsis, Plant—microbe
interactions

1 Introduction

No organism can survive on its own, thereby undergoing complex
interactions with other living organisms not only from closely
related groups but also with organisms from distantly related
groups. The same principle applies to plants which undergo interac-
tions with a diversity of organisms from other groups, the most
important among them are the microbes, both beneficial and harm-
ful [1-3]. To manage their enemies, plants have developed a highly
sophisticated defense system that resembles the innate immune sys-
tem of animals in terms of recognizing nonself molecules or signals
from their own cells invaded by the pathogens. Plants respond to
such anomalies by activating an effective immune response against
the invader encountered [4, 5]. To survive in plants, pathogens
establish a prolonged interaction with the host plant by actively
interfering with the plant immune system. Beneficial microbes are
also initially recognized as potential invaders, so they also have to
establish active interference with the plant immune system for
entering an intimate mutualistic relationship with the plant [6].

Thomas Dandekar and Muhammad Naseem (eds.), Auxins and Cytokinins in Plant Biology: Methods and Protocols,
Methods in Molecular Biology, vol. 1569, DOI 10.1007/978-1-4939-6831-2_4, © Springer Science+Business Media LLC 2017
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While interacting with plants, microbes are able to modulate
plant metabolism by releasing signaling molecules including phy-
tohormones [7, 8]. Plant metabolism is greatly affected by the in
planta absolute and relative concentration of phytohormones and
a slight shift of their ratio makes plants vulnerable to biotic and
abiotic stresses [9]. Similarly, overall plant health and homeostasis
is maintained by the in planta levels of different phytohormones
which regulate several fundamental processes of plant growth and
development [10, 11]. Among different phytohormones, cytoki-
nins (CKs) and auxins constitute the most important signal regard-
ing plant—-microbe interactions [12, 13]. Upon encountering a
host plant, microbial partner may modulate host’s endogenous
phytohormones positively or negatively. Modulation of in planta
phytohormone concentration is mostly due to microbial in planta
secretion or release into the rhizosphere which is then absorbed by
plant root [14, 15]. Many microbes including plant pathogens
(Pst) can produce auxins themselves or manipulate the host’s auxin
signaling [16, 17]. Pathogens exploit auxin-mediated suppression
of SA by producing in planta auxin to interfere with plant
defense [18].

Contrary to auxins, CKs synergistically act with SA signaling
for promoting plant resistance by activating ARR2 transcription
factors, which regulate CKs responsive genes. Product of such
genes can bind to SA activated transcription TGA3 to promote the
expression of PR-1 [19].

Pst can enhance in planta concentration of auxin by upregulat-
ing those genes that convert amino acid conjugates of IAA to free
TAA and genes for IAA-amido synthases [ 14 ]. Pathogens also dere-
press genes involved in IAA biosynthesis [20]. On contrary, CKs
biosynthesis genes are downregulated and promote CKs degrada-
tion by promoting the expression of those genes that are respon-
sible for CKs degradation. Hence this pathogens uses host arms
against the host by hijacking the immune signaling network of the
host [21].

To prolong their mutualistic association with plant, beneficial
soil bacteria also have decoy strategies to short-circuit hormone-
regulated immune responses that they have to face in the roots
once recognized by the host plant. For instance, the beneficial
PGPFE Piriformospora indica recruits the JA pathway to suppress
both early and late defenses, including SA-mediated defenses [22].
In addition, many free-living PGPR and PGPF produce substantial
amounts of plant hormones, such as auxins and GAs [23, 24 ], that
potentially attenuate SA signaling via hormonal cross talk mecha-
nisms. Production of CKs by microbes has been shown to reduce
growth of the primary root and promote the formation of second-
ary roots along with increase in the number of root hairs [25].

Keeping the importance of CKs and IAA signaling in
plant-microbe interactions, it is imperative to evaluate the modula-
tion of these hormones for better understanding of the phenome-
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non. For this purpose, concentration of Cks and IAA is determined
in plants hosting microbes such as bacteria. In this chapter we
report a method of establishing association between plants and
bacteria and subsequent determination of Cks and IAA by UPLC-

ESI-MS/MS.
2 Materials
2.1 Biologicals 1. Arabidopsis thaliana col0.
2. Arabidopsis ARRS5::GUS.
3. Arabidopsis DR5::GUS.
4. Pseudomonas syringae tomato DC3000 (Pst).

2.2 Ghemicals

. Make stock of CKs standards and stable isotope-labeled CKs

(see Note 1) in small amount of 1 N NaOH and dilute with
deionized water (see Note 2). Dissolve the required amount of
IAA and its stable isotope labeled species D,IAA in small amount
of ethanol and dilute with deionized water. Store at —20 °C.

. Make 10 mM solution of MgCl,, 0.1% HgCl,, Silwet L-77,

acetic acid.

. Prepare Luria—Bertani (LB) media by adding yeast extract

(5 g), tryptone (10 g), and NaCl (10 g) sequentially to dis-
tilled water with constant shaking and adjust final volume to
1000 mL. Adjust pH to 7-7.2.

. Murashige and Skoog basal salt (Sigma-Aldrich) solidified with

1% agar and containing 3 % sucrose.

. To make M9 salts aliquot 800 mL H,O and add 64 g

Na,HPO,-7H,0, 15 g KH,PO,, 2.5 g NaCl, 5.0 g NH,Cl,
0.2 % casaminoacids, 2 pg/L biotin, stir until dissolved, adjust
to 1000 mL with distilled H,O, and sterilize by autoclaving.
Add 200 mL of this mixture to approx. 700 mL of autoclaved
distilled H,O and then sequentially add the following: 2 mL of
1 M MgSO, (autoclaved), 20 mL of 20% glucose, 100 pL of
1 M, CaCl, (autoclaved) and adjust to 1000 mL with sterilized
distilled H,O.

. Bieleski buffer contains 60% methanol, 25% CHCIl;, 10%

HCOOH, and 5% H,O.

. Make water-saturated n-butanol by mixing n-butanol and

distilled water in equal proportion, shake well and allow the
mixture to stand for 30 min, then take the upper water-
saturated n-butanol phase.

. Prepare GUS bufter by mixing 1 mM 5-bromo-4-chloro-3--

indolyl-B-p-glucuronide at pH 7.0 (X-Gluc; Molecular Probes,
Eugene, OR, USA) with 50 pL dimethylformamide
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2.3 Golumns
and Filters

2.4 Instruments

(DMF). Dilute the mixture by adding 50 mM sodium phos-
phate buffer pH 7.2 at the rate of 5 mg/mL and supplemented
with 0.2 % Triton X-100.

9. 15 mM ammonium formate (pH 4.0).

1. Cellulose acetate filter (Millipore; 22 pm pore size; 47 mm
Diameter; Australia Pty Limited, Australia).

2. SPE column (CHROMABOND® HR-XC, 3 mL, and 200 mg).

3. 3-mm tungsten carbide beads (Retsch GmbH & Co. KG,
Haan, Germany).

—

. MM 301 vibration mill (Retsch GmbH & Co. KG, Haan,
Germany).

. Ultrasonicator.

. Lyophilizer.

. Centrifuge.

. HPLC-ESI-MS/MS (Waters, USA).

[S2 0" NG I \§)

3 Methods

3.1 Isolation
of Bacteria

Bacteria are grown in the lab on solid media or liquid culture
depending on the purpose and future use. To isolate bacteria,
media solidified with agar is used. For determining growth of bac-
teria, obtaining secondary metabolites such as CKs and IAA and
their quantification, bacteria are grown in liquid media called broth
culture. Common media of choice is Luria—Bertani (LB) called as
LB agar or LB broth. This media is prepared by taking 1% tryp-
tone, 1% NaCl, and 0.5 % yeast extract in distilled water. The media
and the glassware are sterilized by autoclaving at 121 °C for 15 min
under 15 Ib pressure.

Here we discuss Pseudomonas syringae pv tomato DC3000
(Pst) which is a pathogenic bacterium known to cause disease in
tomato and related plants. This pathogen can be readily obtained
from culture collection or isolated from infected parts of the plants.
For isolation, characterization, and identification purpose follow
any standard microbiology lab manual.

1. Once you have a pure culture of the pathogen, prepare inoculum
by growing bacteria in LB broth culture overnight and harvest the
culture next day by spinning at 12,000 rpm (13201 x 4) for 2 min.

2. Take pellet in equal volume of 10 mM MgCl,, make different
dilutions and record OD for all dilutions one by one. Prepare
dilutions by taking 4.5 mL sterile distilled water in six screw
capped tubes with capacity of holding 10 mL solutions. Label
tube 1 with 107!, tube 2 with 1072, and so on till the last one
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Calculation of cfu/mL by plate count experiment

Dilution factor (DF) No. of colonies on a spread plate (csp) Cfu/mL =csp x 10/DF
10-! 50 =50x10/10"1=5x103
O 50 =50%x10/102=5x10*
103 50 =50x10/1073=5x10°
10+ 50 =50x10/10~*=5x10°
10-° 50 =50x10/10°=5x107
10-¢ 50 =50%x10/10°=5x103

3.2 Plant Inoculation

is labeled as 1077, To tube 1, add 0.5 mL of the bacterial sus-
pension, then transfer 0.5 mL from this mixture to tube 2 and
continue in the same way until the final tube labeled as 107.

. Now, spread 100 pL of each dilution on separate LB agar plate

in triplicate and count the number colonies appearing on the
surface of media next morning. From this data calculate colony
forming units per mL (cfu/mL) by multiplying number of
colonies by 10. For example if you get 50 colonies in 100 pL
then in 1 mL total colonies will be 500. Now divide this num-
ber with dilution factor as shown in Table 1. Also note OD of
each dilution at 600 nm as reference for future.

. If you have decided to isolate, select the infected plant parts

showing specific symptoms of the disease and remove it from
the plant. Surface-sterilize the infected part to remove any
contaminant. Crush the infected part in pestle and mortar pre-
rinsed with 70% ethanol and then with sterile distilled water.
Add phosphate bufter saline to the crushed sample, centrifuge
and then serially dilute the supernatant by taking 0.5 mL in
4.5 mL water to make 107! dilution which is further diluted by
taking 0.5 mL of it in 4.5 mL sterile water and the process is
repeated till 1076 dilution. Spread 100 pL of each dilution on
a separate LB agar plate or selective media for Pst tomato (see
Note 2) and incubate at 28 °C overnight. Characterize the
obtained colonies under microscope after Gram’s staining to
check the purity of the colonies.

Plants can be inoculated by different ways such as soil inoculation,
seed priming, root inoculation, and inoculation of aerial parts.
Inoculation of aerial parts is done by aerial spray or syringe infiltra-
tion. As Pst is an aerial pathogen, it is inoculated by syringe infiltration
or aerial spray.

1. Select 6-week-old healthy and uniform seedlings of A. thialiana

col0 for inoculation purpose.
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3.3 Screening
Bacteria for In Planta
Modulation

of Phytohormones

3.4 Determination
of Auxins and CKs

3.4.1  Extraction of Auxin/
CKs from Pst DC3000

2.

For aerial spray or syringe infiltration make bacterial suspen-
sion (107 cfu/mL) in 10 mM MgCl, containing 0.01 % of the
wetting agent Silwet L-77 (see Note 3). Spray the suspension
on leaves to wet the leaf surface until shortly before droplet
run-off occurs. Allow the plants to grow at 22 += 1° C, 80%
relative humidity and long day photoperiod (16 hours light
and 8 hours dark cycles).

. Take bacterial suspension (10° cfu/mL) in a 1 mL syringe and

infiltrate approximately 200 pL. of this suspension on the
underside of leaves of Arabidopsis.

. Harvest leaves 24, 48, 72, and 96 h post inoculation and pro-

cess for phytohormones determination.

. To screen the isolated bacteria for in planta modulation of CKs

and IAA, infiltrate leaves of 6-week-old Arabidopsis ARR5::GUS
and DR5::GUS, respectively (se¢e Note 4), with bacterial
suspension in 10 mM MgCl,. Use 10 mM MgCl, as mock
inoculations.

. Harvest leaves at 24, 48, 72, 96, and 120 h post inoculation

and stain for GUS activity.

. For GUS staining, shift detached leaves to GUS bufter con-

taining 1 mM 5-bromo-4-chloro-3-indolyl-p-p-glucuronide at
pH 7.0 (X-Gluc; Molecular Probes, Eugene, OR, USA) dis-
solved in 50 pL. DMF and diluted in 50 mM sodium phos-
phate buffer pH 7.2 at the rate of 5 mg/mL and supplemented
with 0.2 % Triton X-100.

. Vacuum infiltrate leaves with staining buffer for 10-15 min

and then incubate at 37 °C for 3 h.

. Clear excess stain by vacuum infiltrating stained leaves with

clearing solution (70% ethanol) for 2 min and then keep the
leaves in the same solution for 24 h [26].

. Intensity of the localized GUS stain shows the levels of CKs or

TAA in the leaves.

. Grow bacterial strains in M9 medium supplemented with 20 %

glucose, 0.2% casaminoacids, and 2 pg/L biotin for 72 h at
28 °C (see Note 5). Centrifuge 100 mL culture at 14,000 rpm
(20,800 x g) for 10 min at 4 °C, filter through cellulose acetate
filter (Millipore; 22 pm pore size; 47 mm Diameter; Australia
Pty Limited, Australia) to obtain cells free culture filtrate.

. Lyophilize the cell free culture filtrate to dryness, redissolve in

10 mL distilled water acidified by adding drops of 7 N HCI
and extract three times with 1,/2 volume of ethyl acetate hav-
ing 10 pmol of D,IAA (internal standard for IAA).

. Neutralize the aqueous phase to pH 7.0-7.5 with 7 N NaOH

and extract three times with 1/2 volume of water-saturated
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n-butanol containing appropriate internal standards of CKs
[27]. Prepare water-saturated n-butanol by mixing n-butanol
and distilled water in equal proportion, shake well and allow
the mixture to stand for 30 min, then take the upper water-
saturated n-butanol phase. Dry the organic fractions obtained
in the extraction steps separately in rotary evaporator, reconsti-
tute in 5 mL deionized water (Millipore), and adjust to pH 3.0
with acetic acid (Sigma).

. Pass the reconstituted mixtures separately through SPE column

(CHROMABOND® HR-XC, 3 mL, and 200 mg) following
manufacturer’s instructions.

. Dry the eluent and resuspend it in 15 mM ammonium formate

(pH 4.0) for analysis by UPLC-ESI-MS/MS. Analyze CKs
and TAA in positive and negative modes respectively.

. Take 20-200 mg, FW of Arabidopsisleaves (see Note 6), crush

in liquid nitrogen and extract individually in 750-1000 pL of
Bieleski bufter by mixing leaves powder with the buftfer.

. Add 3-mm tungsten carbide beads (Retsch GmbH & Co. KG,

Haan, Germany) to each tube and vibrate the samples in an
MM 301 vibration mill (Retsch GmbH & Co. KG, Haan,
Germany) at a frequency of 30 Hz for 3 min.

. Now, ultrasonicate (se¢ Note 7) the tube contents for 3 min

followed by stirring for 30 min at 4 °C. Centrifuge the mixture
for 3 min at 15,000 rpm (20627 x g) and 4 °C) and transfer
the supernatant into a fresh tube stored at 4 °C.

. Re-extract the pellets in the same way as mentioned replacing

Bieleski buffer by 300 pL of 50% methanol with 2% formic
acid. Add stable isotope-labeled CK internal standards to
Bieleski buffer or plant samples at the rate of 1 pmol of each
compound per sample, to check the recovery during purifica-
tion and to validate the quantification.

. For Cks, use the following internal standards (IS): [BCs]tZ,

[H;stZR, [2H;]tZ9G, [*H:tZOG, [2H;]tZROG, [1*Cs]cZ,
[’H,|DHZ, [2H;|DHZR, [?H;|DHZ9G, [*H,]iD, [*H,]iPR.

. For IAA use D,-IAA as internal standard (see Note 8).

. Pool liquid phases obtained during extraction for each sample

in a separate tube and pass them individually through 100 mg
SCX columns as described earlier.

. Take the eluate in 15 mM ammonium formate (pH 4.0) for

analysis by UPLC-ESI-MS/MS as described earlier.

. To make calibration curves for different CKs and IAA plot

ratios of the analyte signal (peak are of Cks or IAA) to the
internal standard signal (stable radioisotope-labeled internal
standard) against standard analyte concentrations.
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3.4.4 Limit
of Detection (LOD)

3.4.5 Limit
of Quantification

3.5 Determination
of Cks and IAA

2.

Use these ratios: for Cks analyte/IS; 0.005, 0.05, 0.5, 5.0,
50.0 pmol/1 pmol and for TAA analyte /IS; 0.005, 0.05, 0.5,
5.0,50.0/10 pmol.

. To Plot ratios of analyte /IS against concentration of the ana-

lyte, feed the data obtain after analyzing the standards on
UPLC-ESI-MS/MS to Excel spread sheet, select data and
make scattered x,y chart.

. Insert a trend line by selecting linear option along with display

equation on the chart.

. Use the equation to determine the concentration of Cks and

IAA in the unknown sample using the ratios.

. It is the lowest amount of the analyte in a sample which can be

detected but not necessarily quantitated as an exact value.
Different approaches may be used to find out LOD including
visual evaluation, signal to noise ratio and Standard Deviation
of the Response and the Slope.

. Prepare samples with different known concentrations of the

analyte and compare their signals with those of the blank sam-
ples. Establish the minimum concentration at which the ana-
lyte can be reliably detected. A signal-to-noise ratio between 3
and 2:1 is generally considered acceptable for estimating the
detection limit. This means that the height of the peak pro-
duced by analyte should be three times greater than that of the
blank.

. The lowest quantifiable amount of the analyte with suitable

precision and accuracy is called limit of getection (LOQ). Con-
centration of analyte producing a peak ten times higher than
that of blank samp i.c. a signal to noise raio equal to 10:1 is
normally accepted as limit of quantification.

. Perform the experiment as described in Subheading 3.4.4,

step 2.

. Inject 5 pL of each sample taken in mobile phase onto UPLC

BEH C18 column (2.1 x50 mm, 1.7 pm; Waters).

. Eluted the column with a linear gradient of 90:10 A (15 mM

ammonium formate): B (methanol) to 50:50 A:B (v/v) at a
flow rate of 0.25 mL /min and column temperature of 40 °C.

. Pass the eluted fractions directly through tandem mass spectrom-

eter equipped with electrospray interface without post-column
splitting and quantify by multiple reaction monitoring (MRM).

. For MRM, conditions should be optimized as follows: capillary

voltage, 0.6 KkV; source/desolvation gas temperature,
100,350 °C; cone/desolvation gas flow rates, 2.0,/550 1/h;
LM/HM resolution, 12.5; ion energy 1, 0.3 V; ion energy 2,
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Optimized product ion scanning, diagnostic transition, cone voltage (CV), collision energy (CE), and
dwell time (DT) of the triple quadrupole mass spectrometer (electrospray interface in positive mode)
for each of the analyzed CKs and IAA

CKs Scan mode  Retention time  Transition CV(V) CE(ev) DT(s)
cZ + 3.57 220.1>136.1 22 17 0.07
tZ + 3.11 220.1>136.1 22 17 0.07
[’H;] tZ + 3.12 225.1>137 24 17 0.07
[2H;] tZ + 3.12 225.1>136 24 17 0.07
ZR + 3.9 353.2>220.1 30 19 0.18
DHZ + 3.44 222.1>136 24 21 0.07
[’H;] DHZR  + 43 357.1>225 24 22 0.07
DHZR + 4.33 354.1>222.1 26 21 0.07
720G + 2.46 382.1>220 22 17 0.07
TIAA = 2.18 176.1>130 -13 = =
[2H,] IAA - 2.19 178.1>132 ~14 - -
1.5 V; entrance, exit and multiplier voltages, 2.0 V, 2.0 V and
650 eV, respectively.
5. Use argon as collision gas at 5x 1073 mbar pressure.
6. Optimize dwell times (se¢e Note 9), cone voltages, and collision
energies for particular diagnostic transitions of different com-
pounds (Table 2).
4 Notes

. Phytohormones do not dissolve in water, so it is best to use

ethanol, NaOH, or HCl as solvent and then dilute with water.
Normally, 2-5% of the solvents are used. First completely dis-
solve the desired phytohormone in a small volume of solvent
which makes 2-5 % of the final volume and then add deionized
water to bring to final volume.

. Sometimes selective or differential media are used for isolating

a particular bacterium. while for others enrichment media may
be required. Selective media are used to culture selective bacte-
ria and avoid contaminations. For example, Pst is kept on media
containing antibiotic such as rapamficin so that contaimination
by repamficin sensitive is discouraged. Similarly, PHMO011
media containing CCTP supplement (HIMEDIA®) can be
used to selectively isolate Pst and differentiate it from other
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gram-negative bacteria by its small, flat pink colored colonies.
However, to confirm the identity of the bacteria molecular
techniques such as 16S rDNA homology and hybridization
experiments should be done.

. Wetting agent is used to inoculate bacteria in the form of aerial

spray for making it convenient to stay on the leaves and do not
wash away. If selective leaves are target on inoculation on the
plant, then cover the rest of the leaves with plastic cover such
as common plastic bags so that bacterial suspension doesn’t fall
on the leaves supposed to be uninoculated. Care should be
taken not to injure leaf during syringe infiltration. This can be
safely done by putting index finger on the upper side of the leaf
on the spot to be infiltrated and supporting syringe against the
finger followed by slowly pushing the plunger of the syringe.
Once the spot on the leaf infiltrated gives wet appearance stop
infiltration.

. The transgenic reporter lines of Arabidopsis, i.e., DR5:GUS

and ARRS5::GUS used to detect any increase in the endogenous
concentration of auxins and Cks respectively. These transgenic
line harbor auxin or CKs response promoters (DR5 or ARR5)
fused to the beta-glucuronidase (GUS) reporter gene. Any
change in the concentration of IAA or CKs upregulate or
downregulate the expression of GUS under the control of these
promoters which can then be detected by GUS staining.

. Phytohormones are secondary metabolites and are produced

maximally during the late stationary phase of bacterial growth
normally at 72 h of incubation or later. Production of CKs and
IAA by bacteria may be enhanced by providing their respective
precursors, i.e., adenine and tryptophan in the growth media.
Minimal media is good media of choice for obtaining second-
ary metabolites from bacteria.

. Leaves harvested for the determination of phytohormones

should be immediately frozen in liquid nitrogen to avoid any
post-harvest change in the concentration of plant hormones.
Harvest leaves treated in this way may be used directly for phy-
tohormones analysis or stored at —80 °C for future use. The
frozen samples must not thaw at any stage. Therefore, frozen
samples should be taken in liquid nitrogen-chilled pestle and
mortar. Add some liquid nitrogen to mortar containing pestle
and allow the nitrogen to evaporate. Frozen moisture on the
outer side of the mortar is an indication that it is now ready to
receive the frozen samples. Overlay the frozen samples with
liquid nitrogen and start crushing by slowly crushing the fro-
zen leaves with pestle against the mortor. Once liquid nitrogen
evaporates, forcefully rub the pestle against the mortar to make
fine powder of the plant material avoiding sample spill. During
this process liquid nitrogen may be added more than once.
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Transfer the fine powder with liquid nitrogen-chilled spatula
to the Eppendorf containing ice-chilled buffer.

. Ultrasonication is done for cell lysis and subsequent release of

phytohormones to the buffer and homogenization of the
tube contents. Ultrasonic bath or VialTweeter at UIS250v
(Hielscher Germany) may be used for this purpose.

. Internal standard is used to improve the quality of data.

Internal standard is a closely related compound such as a heavy
isotope-labeled compound which produces a peak at a differ-
ent retention time under similar conditions. In case of internal
standard calibrations are based on the ratio of response between
the analyte and the IS instead of absolute response.

. The dwell time of each MRM channel should provide 15-20

scan points per peak for good quantitation. Fewer scan points
don’t describe the peak adequately resulting in loss of informa-
tion, for example the top of the peak may be missed.
Additionally, reproducibility is also negatively affected. During
dwell time adjust the inter-channel delay to 0.1 s and the cycle
times to 0.55-0.65 s.
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Chapter 5

A Standardized Method to Assess Infection Rates

of Root-Knot and Cyst Nematodes in Arabidopsis thaliana
Mutants with Alterations in Root Development Related

to Auxin and Cytokinin Signaling

Rocio Olmo’, Ana Claudia Silva’, Fernando E. Diaz-Manzano,
Javier Cabrera, Carmen Fenoll, and Carolina Escobar

Abstract

Plant parasitic nematodes cause a great impact in agricultural systems. The search for effective control
methods is partly based on the understanding of underlying molecular mechanisms leading to the forma-
tion of nematode feeding sites. In this respect, crosstalk of hormones such as auxins and cytokinins (IAA,
CK) between the plant and the nematode seems to be crucial. Thence, the study of loss of function or
overexpressing lines with altered TAA and CK functioning is entailed. Those lines frequently show devel-
opmental defects in the number, position and /or length of the lateral roots what could generate a bias in
the interpretation of the nematode infection parameters. Here we present a protocol to assess differences
in nematode infectivity with the lowest interference of root architecture phenotypes in the results. Thus,
tailored growth conditions and normalization parameters facilitate the standardized phenotyping of nema-
tode infection.

Key words Auxin, Cytokinin, Root-knot nematodes, Cyst nematodes, Lateral root, Infection assay

1 Introduction

The phytohormones auxin (IAA) and cytokinin (CK) antagonisti-
cally regulate the formation and development of the lateral roots in
plants. CK negatively regulates the formation of lateral roots while
IAA induces their development [1]. Therefore, plant lines carrying
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mutations in genes related with the IAA and CK signaling path-
ways show developmental defects in the number, position, and /or
length of the lateral roots [2].

Plant parasitic nematodes, root-knot nematodes (RKN) and
the cyst nematodes (CN), constitute a major pest for the agricul-
ture these days, causing important yield losses worldwide per year
[3]. RKNs and CNs are obligate parasites and need to establish in
the plant roots to complete their life cycle [4, 5]. Therefore, root
shape and architecture strongly atfect the penetration and estab-
lishment capacities of these parasites into the roots. RKNs pene-
trate intercellularly into the roots through the root tip; therefore
the number of available root tips in the plant should be taken into
account to measure their infectivity capacity. CNs, however, pen-
etrate intracellularly through any part of the root surface and
therefore, root number and length are the parameters to be con-
sidered. Several studies reinforce the role of the IAAs and CKs
signaling pathways during RKNs and CNs establishment [6-10].
Moreover, it has been demonstrated that the nematode secretions
contain IAAs and CKs that could alter the balance of these two
phytohormones in the infection site [9, 11, 12]. Additionally,
genes directly involved in the TAA signaling pathway leading to the
formation of lateral roots are crucial during the CNs and RKNs
infection [7, 13, 14].

Infection tests are used routinely for the study of the plant—
nematode interactions as a way to infer the impact of the loss or
gain of function of a gene during the nematode infection by
comparing the number of infections between mutant/transgenic
and wild type plants. Plants affected in the IAA and CK signaling
or synthesis pathways show developmental defects in the number,
position and /or length of the lateral roots [2] what could gener-
ate a bias in the interpretation of the nematode infection param-
eters. Therefore, to assess differences in infectivity with the lowest
interference of root architecture in the final data, is unavoidable
to design growth conditions and to stablish normalization param-
eters that could facilitate the standardized phenotyping of nema-
tode infection in these lines with altered root growth. Bearing
this in mind, we developed a modified infection test system in
which the root phenotypes of wild type and mutant/transgenic
plants are equivalent at inoculation time. This method is suitable
to assess nematode-infection parameters in most mutant,/trans-
genic plants affected in the IAA and CK signaling pathways with
altered root systems. It facilitates the measurement of the num-
ber and length of the roots to normalize the number of infec-
tions. Moreover, our system could be useful for the study of
those plant lines interacting with other root microorganisms.
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2 Materials

2.1 Medium 1. Modified Gamborg B5 medium: 15 g/L sucrose, 3.05 g/L
Preparation Gamborg B5 basal salt mixture including vitamins, 6 g/L
and Arabidopsis Daishin Agar and adjust the pH to 7.0 with 1 M KOH.
thaliana Seeds 2. 90 mm @ petri dishes.

Sterilization 3. A. thaliana mutant/transgenic plants with alterations in root

and Sowing development plus the correspondent wild type accessions for
comparison.

4. Sterilization solution: 30% commercial bleach (35 g of active
chlorine per L) with 1 pg/pL Triton X-100.

. 1.5 mL Eppendorf tubes.
. Nutating mixer.
. Sterile distilled water.

. Laminar flow hood cabinet.

O 0 NN O v

. Micropipettes.

10. Micropipette tips (20-200 pL).
11. Parafilm.

12. Aluminum foil.

13. Growth chamber.

2.2 Nematode
Inoculation

. Sterile cell strainer (70 pm nylon mesh).
. 50 mL beaker.

. 300400 mL glass jar with hermetic lid.
. Tweezers.

. Glass bead sterilizer.

. Sterile tap water.

. 3 mM ZnCl, solution.

. Microscope slides.

O 0 N N Ul B W N

. Stereomicroscope.

—
(=)

. Modified Gamborg B5 medium (see recipe above).

—
—

. Micropipettes.

p—
o

. Micropipette tips.
. Parafilm®.

. Aluminum foil.

—
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. Growth chamber.

—
(o

. Gauze.
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2.3 Measurement
of Infection
Parameters

[ O S NS ]

. Stereomicroscope.

. Scanner.

. Image] software [15].
. Microsoft Excel.

3 Methods

3.1 Medium
Preparation,
Arabidopsis thaliana
Seeds Sterilization
and Sowing

3.2 Inoculation
with RKNs

. Prepare 1 L of modified Gamborg B5 medium as indicated in

the recipe and autoclave (121 °C for 20 min, +1 atm)—
see Note 1.

. Pour media into 90 mm @ petri dishes (25 mL/plate) and let

them to solidify (see Note 2).

. Surface sterilize A. thaliana seeds (50-100 seeds) ina 1.5 mL

Eppendorf® tube per independent line with 1 mL sterilization
solution for 12 min in constant agitation in a nutating mixer.

. Discard the solution and rinse the seeds 5-6 times, each with

1 mL sterile distilled water in the Eppendorf® tube.

. Immediately after the last washing step, place 8—10 seeds in a

single row with the help of a micropipette in the upper area of
the previously prepared modified Gamborg B5 media plates
(Fig. 1a)—see Note 3.

. Seal the plates with Parafilm® and cover them with aluminum

toil. Keep the plates at 4 °C for 2 days for seed stratification,
thereby promoting the synchronous germination of all the
seeds.

. Transfer the plates to a growth chamber at 23 °C with a long-

day photoperiod (16-8 h light—dark; 0% humidity—see Note
4—104 pmol/m? s light intensity) for 5 days. Place the plates
allowing the plants to grow vertically to prevent early appear-
ance of lateral roots. Five days after germination, roots should
not show any lateral root (Fig. 1b). Therefore, the root pheno-
types of the wild type (controls) and the mutant/transgenic
plants for the IAA/CK signaling pathways should be similar
regarding lateral root appearance. For infection with CNs root
length is also considered (see Note 5).

. Prepare a hatching jar with 5 mL of sterile tap water and collect

50 egg masses from previously inoculated cucumber seedlings
growth in monoaxenic conditions, accordingly to Diaz-
Manzano et al. [16].

. Inoculate each root tip with around ten nematodes (sez Note 6).

Each root tip should be inoculated independently to ensure
that each plant is in contact to the same amount of
nematodes.



Fig. 1 Arabidopsis thaliana plates before inoculation. (a) Eight to ten seeds are sown in a single row in the upper
part of the plate; right panel, enlarged image of sown seeds. (b) Plants are placed vertically to avoid early
appearance of lateral roots. Up to 5 days after germination (dag); roots should not show any lateral root in all
lines treated; right panel, enlarged image with detailed view of the seedlings. (c) At inoculation time (5 dag), a
thin layer of temperate modified Gamborg B5 medium is placed on the roots covering them to facilitate nema-
tode penetration. White arrow heads marking start and end of the layer. Scale bars: 2 cm
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3.3 Inoculation
with CNs

3.4 Measurement
of Infection
Parameters for RKNs

3.5 Measurement
of Infection
Parameters for CNs

. Add 1 mL of a thin layer of temperate modified Gamborg B5

medium on the top of the roots until covering the root tips (see
Note 7), hence facilitating nematode penetration. When the
plants are maintained vertically, the roots grow over the
medium surface and do not penetrate into the agar (Fig. 1c).
RKNs have more difficulties to penetrate into roots grown in
the root surface; hence it is necessary to add this temperate
medium layer to cover the roots.

. When the medium is solidified, seal again the plates with

Parafilm®, cover them with aluminum foil (se¢c Note 8) and
transfer them to a growth chamber at 23 °C with a long-day
photoperiod (16-8 h light-dark; 0% humidity) for 3 days
keeping them vertically.

. Check the plates every 12 h after inoculation under the stereo-

microscope for nematode penetration. The first day post infec-
tion is established when the nematode is inside the root. It is
recommended to label a dot in the back of the plate with a
colored marker pen indicative of the T0 infection time.

. Three days post inoculation; remove the aluminum foil and

cover the plates with gauze to protect the plants and the nema-
todes from an excessive light exposure. Light intensity received
by the plants at this point should be around 48 pmol/m? s
(Fig. S1) (see Note 9).

. Heterodera spp. juveniles are obtained by the method described

by Bohlmann and Wieczorek [17].

2. Inoculate each root with ten nematodes (sec Note 6).

. Follow the same steps 3-6 described above for RKNs

inoculation.

. Count the number of galls at 14 days post inoculation per

main root under a stereomicroscope (Fig. 2). Avoid counting
those galls induced by RKNs in the lateral roots grown after
the inoculation was made.

. Before the inoculation, the plates should be scanned in order

to record the number of main roots per plate and its length by
using the imaging software Image] [15].

. Calculate infection rates (number of galls per plant or main root)

with the help of a spreadsheet such as Microsoft® Excel and
compare the results between the wild type and the mutant line
with alterations in root development. This protocol can be also
tollowed for galls phenotyping to check differences in size [18].

. Count the number of females and males at 14 days post inocu-

lation per main root under a stereomicroscope (Fig. 2). Avoid
counting those syncytia induced in the lateral roots grown
after the inoculation if present.
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Fig. 2 Infected Arabidopsis thaliana plant roots. Two representative lines, including the wild type Col-0, and
mutant 1 as indicated at 19 days after germination (14 days post inoculation) when galls are normally scored
to obtain the infection rate. Infective parameter (number of galls per plant per primary root). Mut-1 shows
clearly altered lateral root formation, whereas Col-0 shows profuse lateral root growth. Right panel, enlarged
area to observe the galls in the infected primary roots. Primary roots (black arrow heads) and lateral roots
(white arrow heads). Galls, black arrows. Scale bars: 1 cm

2. Before the inoculation, the plates should be scanned in order

to record the number of main roots per plate and its length by
using the imaging software Image] [15].

. Calculate infection rates (number of females and males per

plant; total number of nematodes per plant and female/male
ratio per plant and line) with the help of a spreadsheet such as
Microsoft® Excel and compare the results between the wild
type and the mutant line with alterations in root development.
It is recommended to measure the main root length per plant
and refer the infection rates to the root length. As every plant
has been imaged, the line tools (straight, segmented or free-
hand styles) from the imaging software Image] can be used
for it. Alternatively measure it directly in the plate with a ruler.

4 Notes

. From this step onwards, the protocol must be carried out

under sterile conditions in a laminar flow cabinet.

. Plates can be parafilm-sealed and stored at 4 °C if they are not

going to be immediately used. Do not allow accumulation of
liquid on the medium surface as it will promote future
contaminations.
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3. It is recommendable to prepare five plates with 8-10 seeds per
line and per assay in order to have around 50 plants per line
and a good infection rate for each one of them.

4. Humidity in the growth chamber should be set to low humid-
ity, near 0%, to avoid accumulation of water inside the plates
and therefore to prevent their contamination.

5. Before inoculation, wild type and mutant line roots should be
qualitatively compared. For both CNs and RKNs, the roots
that present a considerable different size as compared to the
rest within a plate /line should be removed.

6. Take up the necessary volume from the hatching jar containing
ten nematodes with an automatic pipette and add it directly
into the root tip. The number of J2/mL is normally assessed
under a stereomicroscope by counting the number of ]J2s in
three independent 30 pL drops from the hatching jar. The
average among the three estimations [16] is considered.

7. The medium should be approximately at 30 °C and should
only cover the plant roots and not the aerial part. The tempera-
ture could be measured in the laminar flow chamber with an
acetone-cleaned thermometer.

8. The plates should be covered with aluminum foil for 3 days in
order to facilitate the nematode penetration on the plant roots
in darkness.

9. The gauze should replace the aluminum foil in order to avoid
etiolation of the plants, while protecting the nematodes from
an excessive light exposition detrimental for the infection.
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Chapter 6

Reconstruction of an Inmune Dynamic Model to Simulate
the Contrasting Role of Auxin and Cytokinin in Plant
Immunity

Martin Kaltdorf, Thomas Dandekar, and Muhammad Naseem

Abstract

In order to increase our understanding of biological dependencies in plant immune signaling pathways, the
known interactions involved in plant immune networks are modeled. This allows computational analysis
to predict the functions of growth related hormones in plant-pathogen interaction. The SQUAD
(Standardized Qualitative Dynamical Systems) algorithm first determines stable system states in the net-
work and then use them to compute continuous dynamical system states. Our reconstructed Boolean
model encompassing hormone immune networks of Arabidopsis thaliana (Arabidopsis) and pathogenicity
factors injected by model pathogen Psendomonas syringae pv. tomato DC3000 (Pst DC3000) can be
exploited to determine the impact of growth hormones in plant immunity. We describe a detailed working
protocol how to use the modified SQUAD-package by exemplifying the contrasting effects of auxin and
cytokinins in shaping plant-pathogen interaction.

Key words Plant immunity, Auxin, Cytokinins, Boolean models, Signaling network, Network simula-
tion, Pathway prediction, Hormone immune networks

1 Introduction

The growing abundance of high-throughput omics datasets and
the development of complementary tools has enabled the recon-
struction of genome scale models. Interactions among genes, pro-
teins, and metabolites constitute the whole cellular interactome
that shapes cellular phenotypes in response to internal and external
cues. The activating and inhibiting interactions between genes,
proteins and signaling molecules orchestrate a highly complex
network that can be described as a “gene regulatory networks”
(GRNSs). The in silico prediction of the GRNG is still a challenging
task and needs incredibly higher computational power due to
the convoluted nature of genome scale biological networks. The
algorithm developed by Mendoza and Xenarios [1] and later on
implemented by DiCara et al. [2] in the form of Standardized

Thomas Dandekar and Muhammad Naseem (eds.), Auxins and Cytokinins in Plant Biology: Methods and Protocols,
Methods in Molecular Biology, vol. 1569, DOI 10.1007/978-1-4939-6831-2_6, © Springer Science+Business Media LLC 2017
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Qualitative Dynamical Systems (SQUAD-package) provides
unique opportunity to model biological processes without know-
ing detailed kinetics of the nodes of the network. The SQUAD
package manages to reduce the required computing power to the
size of a personal computer by splitting the analysis in sub-steps:
(1) calculation of discrete stable system states using Boolean char-
acteristics combined with detailed information on the interactions
and (2) hence using the results as a starting point for further analy-
sis by continuous dynamical systems modeling.

Phytohormones act in concert and their signaling crosstalk
plays a pivotal role in mediating immune networks in plants. The
plant hormone auxin regulates almost every aspect of plant growth
and development [ 3, 4]. The main precursor for indole acetic acid
TAA (naturally occurring auxin) is tryptophan (Trp) [3], which is
converted to IAA through YUCCA (YUC) family of flavin mono-
oxygenases [5, 6]. In case of low cellular auxin concentrations,
auxin repressor proteins (AUX /IAAs) bind to AUXIN RESPONSE
FACTORS (ARFs) and repress the transcriptional regulatory func-
tion of ARFs. On the contrary, higher cellular auxin concentrations
facilitate the degradation of AUX/IAA and thus allow ARFs
to initiate the transcription of auxin response genes [7-9]. Plant
pathogens manipulate auxin responses to mediate susceptibility of
the host [10, 11]. The interaction of pathogen delivered eftectors
with important auxin pathway proteins AUX/IAA provides mech-
anistic insight into auxin biology and plant immunity [10, 11].
Altered plant auxin responses have been shown to modulate the
central backbone (the antagonistic interaction between salicylic
acid (SA) and jasmonate pathways) of plant immunity [12-14].

Cytokinins on the other hand are N°-substituted adenine
derivatives. They bind to the central CHASE (cyclases/histidine
kinases associated sensory extracellular) domain of the HISTIDINE
KINASE 24 (AHK2-4) receptors and initiates a downstream
phosphotransfer cascade in a two-component system (TCS) depen-
dent manner [15]. This involves the phosphorylation of Arabidopsis
response regulators (ARRs) through histidine phosphotransfer
proteins (AHPs) [15]. Increased cytokinins responses positively
promote plant immune dynamics against infection with various
types of biotrophic [16], necrotrophic [17], and hemibiotrophic
[18] pathogens. Higher cytokinin accumulation due to infection
by microbial pathogens also mediate host susceptibility [19-21].
Mutual antagonism between auxin and cytokinins regulates impor-
tant developmental processes in plants [4]. Higher plant auxin
levels and responses promote the infection of Pst DC3000 in
Arabidopsis[10]. However, increased cytokinin levels and responses
have been shown to promote plant immunity against the infection
of Pst DC3000 [18]. Here, we exemplify these contrasting
responses by auxin and cytokinin in modulating plant pathogen
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interactions for the infection of model plant Arabidopsis by Pst
DC3000. We provide a detailed protocol and subsequent notes on
the handling of SQUAD based network model and simulations.

2 Materials

2.1 Required
Gomputing Hardware

2.2 Required
Software

2.3 Required Data

1. Personal computer running on a current operating system.

1. java RE 1.7 or newly installed version.

2. yEd. yEd [22] a is freeware and accessible for every major
operating system. https://www.yworks.com/products/yed/
download

3. The simulation software Jimena is provided as a java repository
and requires java 1.7 or newer. We recommend the most recent
version from February 2015. http://www.bioinfo.biozen-
trum.uni-wuerzburg.de /computing,/jimena [23].

1. Directed interaction data of covered proteins.

2. Experimental data for verification of simulation results.

3 Methods

3.1 Collection

of Interaction Data
of Proteins

and Creation

of Network

3.2 Creation
of Network File

In order to reconstruct a GRN for simulation using Jimena
(see Note 1), a detailed collection of interaction data is necessary
(see Note 2). Literature survey and previously curated pathway
databases are main attributes to network reconstruction phase. In
our research we collected literature and consulted various protein-
protein-interaction databases for the verification of plant hormone
immune interactions (se¢ Note 3). For instance databases such as
Kyoto Encyclopedia for Genes and Genomes (KEGG) [24, 25],
STRING based search tool for the retrieval of interacting Genes/
Proteins [26, 27] and PMN [28] can be screened to build hor-
mone immune network for reference plant Arabidopsis.

1. Reconstruct the network by using yEd text editor.
2. Left click in the program window to create a node.

3. In order to connect two nodes click + hold left mouse button
on the starting node and drag to target node. Release the
mouse button to create the edge.

4. Change edge/connection type according to literature (deci-
sion of activation or inhibition) information; arrows indicate
activating edges while all edges not ending with an arrowhead
are considered inhibitions (see Note 1 and Fig. 1).


https://www.yworks.com/products/yed/download
https://www.yworks.com/products/yed/download
http://www.bioinfo.biozentrum.uni-wuerzburg.de/computing/jimena
http://www.bioinfo.biozentrum.uni-wuerzburg.de/computing/jimena
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Fig. 1 Network topology illustrating the reconstructed plant hormone-immune network. Circles describe pro-
teins and hormones as participating nodes of the network, while /ines depict the interacting connections as
edges of the network. Blue colored circles highlight important plant hormones, the red colored circle illustrates
the Pst DC3000 proteins that invoke immune response in Arabidopsis. Edges in green show the activation
behavour while red lines depect inhibitions. Proteins nodes intrinsic to the immune system are surrounded by
a black line, while all pathogenic proteins are bordered by a red line (For network topology and interaction
details see Naseem et al. [18])

5. For better visualization you can change color and shape of
nodes and edges by selecting and changing them according to
the value appearing on parameter window.

6. After completing the task of reconstruction save the network
in “.graphml”-file format.

3.3 Analysis 1. Extract jimena.zip on your computer.

and Simulation 2. Open Jimena (on linux operating system use console to type:
of the Reconstructed “java -jar jimena.jar”.

Network

3. Import .graphml file already created in yEd (in Subheading 2.2)
(in Jimena Window: Network — Import yEd File).
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3.4 Analysis
and Simulation Using
Perturbations

4.

10.

Set general parameters or use preset values. Simulation Method:
preset and suggested is “SQUAD”, change in order to use
another algorithm. Simulation Time: preset are “50 time
units”, in most of the simulations “20 time units” are suffi-
cient. Adjust the value according to your simulation results.
When your network reaches an equilibrium or steady state, the
simulation can be stopped. dt: preset and suggested is “0.05”,
Max Speed: presetis “1”, can be increased to speed up simula-
tion speed, results will not differ from preset value.

. Analyze the network for stable steady states (in Jimena

Window: Analysis — Find Stable Steady States) to calculate
valid starting points for the simulation or use the reset-ed state
as a starting point.

. Open “Nodes Table” window (View—Nodes Table) to

modify the activation values of single nodes. In case that you
want to use steady states as starting point, copy the stable
steady state you chose to clipboard and paste it into the Nodes
Table by selecting the window and pressing “Ctrl + V”. During
the simulation all nodes values are changed here and still can
be altered manually.

. Run the simulation by selecting the green double arrow but-

ton, if you want to run the simulation by single time steps,
select the single green arrow button (see Note 3).

. To view the dynamic readout, open the “Charts Window”

(View — Charts Window/Data Export) and select the pro-
teins of interest. Multiple proteins can be selected by pressing
and holding the Ctrl-key on your keyboard or pressing
“Ctrl +A” to select all nodes.

. In order to export the simulation results select the “Export

Selected” button in the Charts Window and choose the direc-
tory you want to save your data.

In order to reset the network to import state use the button
showing a yellow circular arrow right of the green arrows.

Jimena has incorporated a possibility to additionally simulate the
effect of proteins to invasion the effect of knockout mutant or
overexpressing transgenic plant.

Open the Perturbations Table (View — Perturbations Table)

in Jimenas’ main window.

1.

Chose “Add New Perturbation” and select the targeted node
to initialize the perturbation. Furthermore you have to select
the type of your perturbation, “On-Off-Perturbation” to sim-
ulate knockout/unlimited abundance. “Random Perturbation”
and “Sine Perturbation” to simulate random or periodic
disturbances to test the robustness of the model.



88 Martin Kaltdorf et al.

2. Select “On-Off-Perturbation” and set Start and End time-
point as well as the activity value of the node (between 0 for no
activity and 1 for 100 % activity).

3. Adjust the “Nodes Table” to your preferred starting point and
run simulation.

4 Notes

1. General network evaluation can be achieved by using the
Jimenas’ built-in function to calculate the models’ control cen-
trality values [29]:

n

(a) Calculate Network Density D=

nodes

Desirable value range: 1.4-2.75

(b) Calculate Total Control Centrality*: Indicates Robustness
of network (the lower the value, the more robust is the
nodes’ influence on the network in case of mutations).

(c) Mean of all TC values*: indicates general vulnerability
of the network to mutations (high Mean (TC)=high
vulnerability).

(d) Calculate Value Control Centrality*: Indicates direct influ-
ence of the network by a node (the higher the value, the
more influence it has on the overall behavior of the
network).

¢) Mean of'a values*: general control over the network
M fall TC values*: g 1 | h 1
(high Mean (VC) =better steerability).

*All Control Centrality values have to be seen in relation to the
other components’ values of the network.

Overall guideline for quality of Centrality values:

Generalized Control Centrality scale:

(a) 1 to 107 strong influence
(b) 107 to 107%: intermediate influence
(¢) 1071 and smaller: weak influence

2. Background information on Jimenas algorithm:

In order to analyze the network for steady states, Jimena initi-
ates the processing by calculating the discrete stable states
according to differential Eq. 1 (according to Mendoza and
Xenarios [1]). Depending on the network topology and the
existing connections the boolean characteristics are calculated
resulting in a discrete version of the dynamical system repre-
senting the network.
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Based on the resulting discrete dynamical model the frame-
work is able to efficiently predict stable system states (SSS) with
a minimal required computing power. Since the characteristics
of continuous dynamical modeling are of a highly nonlinear
nature and have to be studied numerically, an efficient analysis
is almost unfeasible. Nevertheless it is possible to drastically
minimize the required computing space and time in continu-
ous systems by using the resulting steady system states from
discrete dynamical modeling (Eq. 2). Hence the analysis can be
accomplished even on local personal computers.

(xf (£)v a5 (2)...v a8 (t))/\—|(xf (£)v x5 (2)...v ), (t)) §
o) = (45 (1) s (0)..v (1) $
—|(x1’ (£)v x5 (2)...v ), (t)) §§S

logical operators : v (OR ), A (AND), —(NOT)
x; €{0,1}
{x;’ } is the set of activators of x;

{x;} is the set of inhibitors of x;

§ is used if x; has activators and inhibitors
§§ is used if x; has only activators
§§§ is used if x; has only inhibitors

5 —h(w;-0.5
dxi _e(r.5h+e (; )

E (1 — 05k )(1 n g*h(mi—O_S)) —7Vi¥X;

I 1+ Zan Zanx;’ - 1+ Zﬂm Zﬁmx; |
da, N1+ a,x; > B, \1+>.8,x,
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{x;’} : set of activators of x;
{x;} :set of inhibitors of x;

§ is used if «; has activators and inhibitors
§§ is used if &; has only activators
§§§ is used if x; has only inhibitor

. Network reconstruction encompassing host immune rveguintory

proteins and pathogenic fuctors associated diseases development

The model is based upon Boolean logic, where each key unit
of the involved function is designated as a node of the net-
work. The Pszt DC3000 epitopes such as PAMPs, effectors as
well as important host proteins such as R-genes proteins, tran-
scription factors, and proteins of host hormone signaling
pathways [11] (Fig. 1). The dynamics of the activation of
marker node pathogenesis related-1 PR-is a good indicator of
the overall immune response strength of the system for this
plant—pathogen interaction [11]. The connectivity among
nodes in the network is maintained through edges; they either
show activation or inhibition. Densely nodes of the network
serve as hub-nodes that have central positions in the network
and orchestrate the ultimate immune response of the system.
The Boolean model can be established using CellDesigner [30].
SQUAD converts the static network model (Boolean based
activation and inhibition) into a continuous dynamic system.
We simulated the effect of cytokinin and auxin on plant
immune system (Fig. 2). The simulation (Fig. 2) shows how
various activation levels of auxin and cytokinins impact the
immune output in terms of PR-1 gene activation as sigmoid
curve. System attains immunity when the activation of cytoki-
nins is maximized, whereas activation of auxin reduces the
activation of the immune markers genes and thus approxi-
mates decline in the level of immunity. This approach can be
extended to other phytohormones as well as other plant
process such as growth, development, and response to abiotic
stresses. The
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Chapter 7

Interplay Between Auxin and Cytokinin and Its Impact
on Mitogen Activated Protein Kinase (MAPK)

Pallavi Singh and Alok Krishna Sinha

Abstract

Plant physiology, in particular, is governed by a repertoire of endogenous as well as environmental cues.
Auxin and cytokinin constitute an indispensable phytohormonal system required for plant growth and
development. Another pivotal aspect of plant physiological process that thoroughly affects various plant
growth and developmental attributes is the signaling network, majorly comprising the canonical mitogen
activated protein kinase (MAPK) cascade. Striking a fine balance between the phytohormonal and signal-
ing components could be adopted as an intricate strategy by plants to counteract various stresses in ques-
tion. Thus, a brief understanding of this multifaceted complex could be of use for delineating numerous
plant physiological and developmental phenomena. Thus, the present section discusses the various MAPK
related assays in context to auxin and cytokinin crosstalk. Briefly, this chapter outlines the discrete MAPK
methods to better understand the fundamentals of MAPK signaling network in auxin and cytokinin treated
rice seedlings. Further, various phenotypic, genomic as well as proteomic protocols are discussed for a bet-
ter understanding of MAPK networks in the backdrop of auxin and cytokinin interplay.

Key words Auxin, Cytokinin, Mitogen activated protein kinase (MAPK), MAPK assays, In-gel kinase
assay, Immunoblotting, qRT-PCR, Root structure architecture (RSA)

1 Introduction

Rice has strongly emerged as a global food staple, catering to the
food demands of more than half of the present world population.
The surging global population demands have made it daunting for
crop breeders and plant biologists to focus their research endeav-
ors on nutritional and food security issues. Plant hormonal signal-
ing networks play decisive roles during the complete life span of
plants. Indole-3-acetic acid (IAA) is the predominant form of
auxin in plants, while cytokinins, the adenine derivatives are impli-
cated in regulating many developmental aspects. These two pivotal
phytohormones play a cardinal role in regulation of root growth,
root architecture, vascular and root development. Both auxin and
cytokinins regulate root gravitropic responses [1, 2]. An intricate

Thomas Dandekar and Muhammad Naseem (eds.), Auxins and Cytokinins in Plant Biology: Methods and Protocols,
Methods in Molecular Biology, vol. 1569, DOI 10.1007/978-1-4939-6831-2_7, © Springer Science+Business Media LLC 2017
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transporting array of auxin efflux carriers, i.e., PIN proteins as well
as influx carriers, i.e., AUX /LAX proteins which help in substanti-
ating a local maxima and minima of auxin. This localized variation
in auxin concentrations is instrumental in mediating numerous
downstream effects of auxin signaling.

Besides these pivotal phytohormones, other physiological fac-
tor affecting a myriad of environmental, endogenous and develop-
mental cues is the Mitogen Activated Protein Kinase (MAPK)
cascade. MAPK cascade is conventionally described as a three-tier
phospho-relay signaling module that is evolutionarily conserved
across all eukaryotes. Eukaryotic MAPK cascade transduces envi-
ronmental and developmental triggers into intracellular responses
and thus, in turn, play a central role as the controller of gene
expression [ 3—6]. Comprehensively, this divergent signal transduc-
tion network causes the activation of various downstream tran-
scription factors and cytosolic proteins, which cause a wide array of
transcriptomic,  cellular, and  physiological  responses.
Conventionally, this cascade is triggered by activation of mitogen
activated protein kinase kinase kinase (MAP3K/MAPKKK/
MEKK/MKKK), which phosphorylates and activates the down-
stream mitogen activated protein kinase kinase (MAPKK/MEKs/
MKK) which in turn activates mitogen activated protein kinase
(MAPK/MPK) upon phosphorylation [6-8].

Thus, plant physiology is governed by phytohormonal as well
as signal transduction interplay. Thus, a thorough inspection in this
realm of research is of particular pertinence for understanding plant
physiology. This in turn has paved way to better understanding of
diverse biological networks and their interplay, resulting in a dra-
matic drift to identification of multidisciplinary research tools and
methods. A deeper and profounder understanding of plant physiol-
ogy and convergence of diverse pathways would require a “com-
plete-omics approach” encompassing phenotyping both tolerant
and sensitive plants, study of their genetic transcripts as well as
assessing their translational machinery by analyzing the proteome.
Thus, phenomics, genomics as well as proteomic aspects could be
helpful in unraveling the complexities and convergence of diverse
physiological processes. This approach could further be harnessed
to increase crop yield and well-being. With this in the backdrop the
present section tries to assess the implications of MAPK signal
transduction pathway on auxin and cytokinin crosstalk.

2 Materials

1. GiA Roots Software Framework: GiA Roots is a software frame-
work which is especially formulated for high-throughput anal-
ysis of root system architecture [9]. This software framework is
particularly designed to be user friendly and helps in assessing
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Root System Architecture (RSA) traits of rice seedlings. The
software is freely accessible at the link http: //giaroots.biology.
gatech.edu/. The software along with the manual can easily be
downloaded in windows as well as Mac operating system com-
patible versions. The GiA roots software can easily assess
around a score of root-specific phenotypic traits which can tur-
ther help to delineate auxin and cytokinin dependent pheno-
type influenced by the presence of MAPK signal transduction
pathway in the present context.

Note: All buffers are prepared using deionized ultrapure MQ
grade water with a sensitivity of 18.2 MQ cm at 25 °C and
analytical grade reagents.

2. MAP Kinase (MAPK) compatible crude protein extraction buf-
fer: 50 mM HEPES pH 7.5, 5 mM EDTA, 5 mM EGTA,
1 mM DTT, 10 mM Naz;VO,, 10 mM NaF, 50 mM -glycerol-
phosphate, 2.5% PVPP, 10% (v/v) glycerol, 1 mM phenyl-
methylsulfonyl fluoride, and 25 pl of proteinase inhibitor
cocktail.

3. SDS PAGE resolving gel buffer (10%): 1.7 ml of 30% acryl-
amide, 1.3 ml of 1.5 M Tris—-HCI, pH 8.8, 50 pl of 10% SDS,
50 pl of ammonium persulfate, and 4 pl of TEMED. The final
volume of 5 ml is adjusted with water.

4. §DS PAGE stacking gel buffer (5%): 330 pl of 30 % acrylamide,
250 pl of 1.0 M Tris—HCI, pH 6.8, 20 pl of 10% SDS, 20 pl of
ammonium sulfate, and 2 pl of TEMED. The final volume of
2 ml is adjusted with water.

5. Tris—glycine gel running buffer: A working concentration of
5 mM Tris—-HCI, 250 mM glycine, and 0.1 % SDS pH adjusted
to 8.0. Note: Generally, a stock of 10x of the Tris-glycine gel
running bufter is prepared and diluted to 1x for running the
SDS-PAGE at the required time.

6. Protein loading SDS dye: 0.225 mM Tris-Cl (pH 6.8), 50%
Glycerol, 5% SDS, 0.05% bromophenol blue, and 0.25 M
DTT.

7. In-solution kinase veaction buffer: 25 mM Tris-HCI pH 7.5,
1 mM EGTA, 5 mM MgCl,, ] mM DTT, 1 pM ATP, and
0.10 pCi/pl y*P-ATPD.

8. Immunoblotting buffers:

Transfer buffer: Tris 48 mM, 39 mM glycine, and 20%
methanol

TBST bufter: 10 ml of Tris-HCI pH 7.5, 37.5 ml of 4 M
NaCl, and 1 ml of 20% Tween 20 are mixed to a final volume
for 1 L.

9. Inwyel kinase buffers:

Wash buffer: 25 mM Tris—-HCI pH 7.5, 0.5 mM DTT, 5 mM
Na;VO, 0.1 mM NaF, 0.5 mg/ml BSA, and 0.1% Triton
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X-100. Renaturation buffer: 25 mM Tris-HCl pH 7.5, 0.5 mM
DTT, 5 mM Naz;VO,, and 0.1 mM NaF. Reaction buffer:
25 mM Tris-HCI pH 7.5, 2 mM EGTA, 12 mM MgCl,,
1 mM DTT, 0.1 mM Na;VO,, 1 pM ATP, and 50 pCi of y¥2P-
ATP (3000 Ci/mmol).

3 Methods

3.1 Plant Growth
Conditions

and Phytohormonal
Treatments

3.2 Phenomic
Analysis of Rice
Seedlings Post Auxin
and CytokKinin
Treatment Using GiA
Roots Software

3.3 Genomic
Analysis of Rice
Seedlings Post Auxin
and Cytokinin Using
Quantitative Real Time
PCR Assay

. For exogenous phytohormonal treatments grow rice seedlings

in Y2 MS (Murashige and Skoog) media in sterile large glass
containers in growth chamber at 30 °C with 16/8 day light
condition for the stipulated period of time (se¢ Note 1).

. Give exogenous hormone treatments of auxin and cytokinin

by germinating and growing plants in the presence of 1 and
5 pM of indole-3-acetic acid (IAA) and 6-benzylaminopurine
(BAP) supplemented in 2 MS media, respectively.

. Complete rice seedlings, roots, or shoots in particular can be

used for the assays as per the experimental demands.

. The phytohormone-treated rice roots can be analyzed by rotat-

ing at a definitive angel of 360° and capturing an image for
every 18° resulting in the generation of a total of 20 snap
shots (see Fig. 1).

. All these 20 images are first cropped and processed by the ini-

tial section of the software. Further these cropped images are
processed for generation of threshold images which serve as
tools for analyzing various phenotypic parameters like average
root width (diameter), network bushiness, number of con-
nected components, network depth, ellipse axes ratio, network
length distribution, major ellipse axis, maximum number of
roots, network width, median number of roots, minor ellipse
axis, network area, network convex area, network perimeter,
network solidity, specific root length, network surface area,
network length, network volume, and network width-to-depth
ratio (see Fig. 1).

. All these factors or a few of them could be monitored as per

the experimental design and requirements.

. After total RNA isolation (see Notes 2, 3) post hormone treat-

ment, synthesize first strand ¢cDNA using any commercially
available first strand ¢cDNA synthesis kit following the direc-
tions of the manufacturer.

. Before starting with the cDNA synthesis, treat total RNA with

10 U of RNase-free DNase I. Further, combine total RNA
(1-5 pg) with 0.5 pg of oligo(dT),;s and DEPC treated water
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Fig. 1 An annotated snapshot of GiA roots software framework [9]. GiA Roots is an application that provides a
user interface to manage input images, define a processing pipeline and manage output. It features a main
window with several task windows that can be accessed through the left sidebar. Sequential access to each
window page accomplishes major tasks: managing data; selecting traits to measure; tweaking parameters;
performing processing; reviewing the results. This linear design helps users to keep track of progress and
proceed intuitively with processing of the data. The lower panel depicts data types enclosed in ellipses, inter-
actions are enclosed in rectangles. Interactions are realized by plugins, and have several variants [9]

3.4 Quantitative-
Real Time PCR
Analysis

to make the reaction volume upto 12 pl and incubate the
reaction mix at 70 °C for 5 min followed by chilling on ice and
briefly centrifuged.

. Add 5x reaction bufter (4 pl), 10 mM dNTP mix (2 pl),

Ribolock Ribonuclease inhibitor (1 pl), mix gently, and incu-
bate at 37 °C for 5 min.

. Finally, add 1 pl reverse transcriptase (200 U /ul) and incubate

the components at 42 °C for 1 h and finally reaction is stopped
by heating at 70 °C for 10 min.

. Perform qRT-PCR in a 10-pl reaction using SYBR Green PCR

master mix. Carry out the qRT-PCR in 384-well plate in the
sequence detection system, as described previously [6, 10].

. Calculate the relative expression level of each gene using the

2742 method [11] and by normalizing against an internal ref-
erence in accordance with the experimental setup. Use specific
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3.5 Proteomic
Analysis of Rice
Seedlings Post Auxin
and Cytokinin
Treatment Using
Various Kinase Assays

primer pairs for QRT-PCR analyses of different genes that are
designed by the specific software provided with the qRT-PCR
system (see Note 4).

. SDS-PAGE

SDS-PAGE is performed using 10% gels using the composi-
tion described in Subheading 2. The protein samples are dena-
tured by adding the protein SDS dye and boiling for 5 min.
After running the gel is either stained in Coomassie brilliant
blue R-250 (CBB-0.2%, 50% methanol, 10% acetic acid)
and destained by destaining solution (40% methanol, 10%
HCOOH) for visualizing the proteins or transferred to the
nitrocellulose membrane for immunoblotting protocols.

. MAPK Activity Assay

Grind rice seedlings post auxin and cytokinin treatment for the
stipulated time point in liquid nitrogen. Isolate proteins by
using MAP kinase compatible protein extraction buffer and
then quantify them by using Bradford assay [12]. Separate
total protein (30—40 pg) by 10 % sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis (SDS-PAGE), and later perform
immunoblotting analysis by using the desired MAPK specific
antibodies. Transfer the proteins from the gel to the mem-
brane at 100 mA for 1 h in transfer buffer in a semidry transfer-
ring module as per manufacturer’s instructions. After the
transfer of proteins, stain the membrane with Ponceau to con-
firm the transfer of proteins. Incubate the membrane for 1 h in
blocking buffer (5% nonfat dry milk in TBST pH 7.4) at room
temperature. Then incubate the membrane in primary anti-
body diluted according to manufacturer’s instructions in
TBST-milk buffer for 2 h at room temperature. Wash the
membrane with TBST five times (10 min of every single wash).
Add secondary antibody conjugated with HRP diluted in
TBST-milk as per instruction and add again for 2 h at room
temperature. Wash the membrane three times with TBST buf-
ter and perform western blot using western chemiluminescent
HRP substrate kit according to manufacturer’s instructions.

. In-yel kinase assay

Carry out in-gel kinase assay [13-15] by fractionating 20 pg of
total protein on a 10% polyacrylamide gel containing 0.1%
SDS and 0.5 mg/ml bovine brain myelin basic protein (MBP).
After electrophoresis, remove the SDS from the gel with serial
incubations with wash buffer for 30 min, 1 h at RT. Then per-
form renaturation in renaturation buffer at 4 °C first for 1 h
then 2 h and lastly overnight. Perform MBP phosphorylation
by incubating the gel in 20 ml of reaction buffer for 1 h at
room temperature. Wash the gel three times with 5% TCA and
1% sodium pyrophosphate and autoradiographed.
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4 Notes

1. Estimation of Root System Architecture (RSA) traits may give
a deeper understanding of rice phenotype and in turn physiol-
ogy. The elucidation of phenotypic characters may be helpful
in deciphering various complex nexuses of plant growth and
development [6].

2. Isolation of total RNA by TRIzol method. Prior to RNA isola-
tion by TRIzol method. All the glassware and plasticware used
are treated with 3% H,0O, to avoid RNase contamination.
Tissue samples (100-250 mg) are pulverized with liquid N,
and homogenized properly with 1 ml TRIzol reagent (phenol-
guanidine isothiocyanate). For separation of aqueous and
organic phases, 200 pl chloroform is added, mixed well and
incubated at room temperature for 15 min. The mixture is
centrifuged at 12,000 rpm for 15 min. The aqueous phase
containing RNA is collected in fresh microcentrifuge tube and
precipitated with isopropanol on ice for 10 min followed by
centrifugation at 13,000 rpm for 15 min. The RNA pellet is
turther washed with 70% ethanol at 6000 x4 for 10 min fol-
lowed by air drying the pellet. Finally, the pellet is dissolved in
20 pl of DEPC treated sterile water. The intactness of RNA is
determined by separating on a 1.5 % agarose gel.

3. RNA quantification. The quality and quantity of RNA are
determined by measuring the absorbance at 260 and 280 nm.
The concentration of RNA is calculated by comparing with the
standard value, i.e., 1 OD, =40 pg/ml. The purity of RNA is
determined by calculating the ratio A,qp/ Az for each sample.
The RNA samples with A,q0/ Asg ratio of 1.8-2.0 are consid-
ered pure.

4. Note: the primers are cross-checked for secondary structures
as well as dimerization properties. Primers have no or negligi-
ble structure and those not forming primer dimers are pre-
ferred over the other pairs.
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Chapter 8

Quantification of Cytokinin Levels and Responses
in Abiotic Stresses

Alfonso Albacete

Abstract

Since their discovery in the 1950s, it has been established that cytokinins (CKs) play important regulatory
roles in various physiological processes in plants. Only recently have CKs been also implicated in the
response of plants to biotic and abiotic stresses. During the last years, several analytical methods have been
developed to determine CK concentrations in plant tissues. Here we present a simple and robust method
for CK extraction, purification and analysis in plant tissues, using ultrahigh-performance liquid chroma-
tography coupled to high resolution mass spectrometry (U-HPLC-HRMS). The main advantage of this
methodology is the simplicity of the purification protocol and the possibility to extend it to the analysis of
other plant hormones and derivatives.

Key words Plant hormones, Cytokinins, Abiotic stress, Quantification, Internal standards, High-
resolution mass spectrometry

1 Introduction

Cytokinins (CKs) are plant hormones implicated in many aspects
of plant growth and development, including cell division, shoot
initiation and growth, leaf senescence, apical dominance, source—
sink relationships, nutrient uptake, phyllotaxis, vascular, gameto-
phyte, and embryonic development, as well as in the response to
biotic and abiotic factors [1, 2]. To date, naturally occurring CKs
are adenine derivatives carrying cither an isoprene-derived or an
aromatic side chain at the N° terminus [3]. They are convention-
ally called “isoprenoid CKs” or “aromatic CKs,” respectively, based
on the nature of their side chain (Fig. 1). An isoprenoid CK is
either an isopentenyladenine (iP)-type CK, which carries an iso-
pentenyl N°side chain, or a zeatin-type CK, which carries a hydrox-
ylated isopentenyl N° side chain. The side chain of a zeatin-type
CK occurs in either the cis or trans configuration, depending on

Thomas Dandekar and Muhammad Naseem (eds.), Auxins and Cytokinins in Plant Biology: Methods and Protocols,
Methods in Molecular Biology, vol. 1569, DOI 10.1007/978-1-4939-6831-2_8, © Springer Science+Business Media LLC 2017
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Fig. 1 Structures of representative active and synthetic cytokinin species; only trivial names are shown.
Commonly used abbreviations in parentheses

which of the two methyl groups of the side chain is hydroxylated [4].
In most cases, naturally occurring CKs are also present in plant tis-
sues as the corresponding nucleosides, nucleotides and glycosides.

Abiotic stresses modify source—sink relations which influence
plant growth and adaptation to stress, thus affecting plant produc-
tivity [5-7]. Growth regulation under abiotic stress conditions is
mediated primarily by the stress-related hormones abscisic acid
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(ABA) and ethylene [8-10]. However, other hormones, such as
auxins and CKs are also involved [6, 7,9, 11-16], and therefore,
an appropriate manipulation of CK levels is necessary to increase
not only leaflongevity and photosynthetic capacity but also growth
of sink organs under abiotic stress.

Diverse analytical methods have been developed in the past
few decades for the accurate identification and quantitative deter-
mination of plant hormones and related compounds. Each class of
phytohormones possesses its specific chemical characteristic as well
as its physiological effect at trace concentrations, which makes their
identification and quantification difficult [17]. In many cases
though, a profiling of a single phytohormone class, for example
CKs [18] or an analysis of the most active or most analysis-
technique suitable compound of the selected class is used in such
studies [19]. However, various phytohormones are being involved
in many different processes and they do not act in isolation, but are
prone to crosstalk in a way of modulating each other’s biosynthesis
or responses [20]. Therefore, although this chapter focuses on the
quantification of CKs, the method described here is also valid for
simultaneous profiling of multiple classes of plant hormones.

The determination of plant hormones, in general, and CKs, in
particular, in complex biological samples requires extensive sample
preparation techniques prior to instrumental analysis. Sample
preparation has become a major bottleneck, with a wide array of
techniques being used, including sampling, extraction, purifica-
tion, derivatization and concentration methods [18, 21-24].
Detection techniques generally involve bioassays, immunoassays,
electroanalysis, and most importantly, chromatographic methods
such as capillary electrophoresis or high-performance liquid chro-
matography (HPLC) connected to various detectors. Especially
HPLC coupled to mass spectrometry has shown good separation,
robustness and qualitative abilities, therefore representing a pow-
erful and up-to-date tool for the detection of various phytohor-
mones in complex plant samples [ 18, 21-23]. Particularly, coupling
(ultra) HPLC to high resolution mass spectrometry (HRMS) per-
formed with the Orbitrap Mass Spectrometer facilitates the quan-
tification of plant hormones and metabolites present at relatively
low concentrations in plant extracts with respect to hundreds of
other more abundant compounds [25].

2 Materials

The solvents utilized in this protocol are of HPLC-MS grade.
Water used is deionized, using a Milli-Q system (18.2 MQ cm at
25 °C). All chemicals and solvents are used as received, without
turther purification.
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2.1 CK Extraction
and Purification

2.2 LC-MS Analysis
and Quantification

1. Solution of plant bormones. This solution contains the following
CKs at a concentration of 0.4 pg/ml in methanol-water
(80:20, v/V): trans-zeatin (Z), isopentenyladenine (iP), dihy-
drozeatin (DHZ), isopentenyladenine 9-glucoside (iP9G),
trans-zeatin riboside (ZR), trans-zeatin 9-glucoside (Z9G)
(OlChemIm Ltd., Olomouc, Czech Republic) (see Note 1).

2. Solution of internal standard: This solution contains the
following deuterated version of the CKs at a concentration of
0.4 pg/ml: [*H;|trans-zeatin (D-tZ), [?Hg] NPisopentenylade
nine (D-iP), [?H;]dihydrozeatin (D-DHZ), [*H,] N°-isopen-
tenyladenine 9-glucoside (D-iP9G), [*Hs |trans-zeatin riboside
(D-ZR), [*Hs |trans-zeatin 9-glucoside (D-Z9G) (OlChemIm
Ltd., Olomouc, Czech Republic) (see Note 2).

3. Extraction solvent: The solvent used for CK extraction is meth-
anol-water (80:20, v/v) (see Note 3).

4. Ready-to-use solid phase extraction (SPE) Cg cartridges
(Chromafix, Macherey-Nagel, Diiren, Germany) (see Note 4).

5. Equilibrating solution: The solution used for the equilibration
of the SPE C,3 cartridges is the extraction solvent.

6. Eluting solution: The solvent used for eluting dry pellets prior
HPLC-MS injection is methanol-water (20:80, v/v) (se¢ Note 5).

1. The U-HPLC-MS system consists of an Accela Series U-HPLC
(ThermoFisher Scientific, Waltham, MA, USA) coupled to an
Exactive mass spectrometer (Orbitrap technology, Thermo-
Fisher Scientific, Waltham, MA, USA) using a heated electro-
spray ionization (HESI) interface (see Note 6).

2. Accucore reversed-phase column (50x2.1 mm) which con-
tains solid core particles, engineered to a diameter of 2.6 pm
and a very narrow particle size distribution (se¢ Note 7).

3. Calibration solutions: Six to eight calibration solutions should
be prepared in order to adequately describe the calibration
equations for each CK analyzed. These standard solutions
should contain each hormone in equal concentration, in the
range of concentration expected for the samples (from 0.1 to
100 ng/ml), along with 10 ng/ml of each internal standard
(see Note 8).

3 Methods

This method is applicable to a variety of plant tissues and organs,
such as leaves, roots, stems, seeds, fruits, flowers, and requires a
minimum of 75 mg fresh weight or 20 mg dry weight of plant
material. The main advantage of this method is the simplicity of
the extraction and purification protocol, which takes only a few
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Fig. 2 Flowchart showing the individual steps of cytokinin extraction and
purification

hours (the most time consuming step is the dryness process under
vacuum), while the HPLC-MS analysis takes only 10 min. A sche-
matic flow chart of the extraction and purification procedure is
shown in Fig. 2. However, due to the number of CKs (and other
potential analytes), an initial tuning of the mass spectrometer
parameters is required, which could take some weeks to be accom-
plished. Another important advantage of this method is that it
could be extended to the analysis of other plant hormone classes
and derivatives, as a simple and robust protocol for simultaneous
analysis of complex plant matrixes.

1. Collect plant tissues and immediately freeze them by immers-
ing in liquid nitrogen, and store at —80 °C until analysis.
Alternatively, samples could be lyophilized in a freeze-drier and
stored in the fridge at 4 °C until analysis.

2. Grind the frozen or lyophilized plant material to a fine and
homogenous powder in a ball mill (se¢e Note 9).
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3.2 LC-MS Analysis
and Quantification

11.
12.

. Weigh out the homogenized fresh or lyophilized plant material

in a 1.5 ml tube. Add 4 ml of internal standard mix at a con-
centration of 10 ng/ml and 5 or 20 pl of extraction solution
per mg of fresh or lyophilized plant material, respectively.
Shake the tubes in a vortex for at least 30 s and place them on
an orbital shaker at 4 °C for 30 min (se¢ Note 10).

. After extraction, shake the tubes in a vortex for 30 s, and

centrifuge them at 20,000x4 and 4 °C for 15 min. Transfer
the supernatant to a glass test tube (13 x 100 mm), and keep at
4 °C.

. Re-extract the pellets with the same amount of extraction solu-

tion, repeating the two previous steps, and mix the two super-
natants obtained per sample.

. Equilibrate each SPE cartridge with 3 ml of equilibrating

solution.

. Pass each supernatant through a SPE C,; cartridge (sec Notes

11 and 12), and collect them in glass test tubes (13 x 100 mm).

. Evaporate the solvents of the samples in a vacuum dryer

(see Note 13) at 40 °C and 400 rpm for 3 h (see Note 14).

. Elute the residue with 1 ml of eluting solution in a 1.5 ml tube.
10.

Sonicate the tubes in an ultrasonic bath for 10 min at room
temperature (see Note 15) to facilitate the resuspension of the
dried residue in the eluting solution.

Centrifuge the samples at 20,000 x4 for 15 min (see Note 16).

Pipet the samples in a 96-well plate together with the calibra-
tion solutions, cover with plastic film and store at —80 °C until
analysis (see Note 17).

. Set the pump flow to 300 pl/min in order to equilibrate the

HPLC column during 15 min with the initial mobile phase
(80 % water) (see Note 18).

. Put the 96-well plate in the auto-sampler and define the

sequence with the Excalibur software (ThermoFisher Scientific,
Waltham, MA, USA).

. Load the previously optimized HPLC method in the Excalibur

software (ThermoFisher Scientific, Waltham, MA, USA). We
used a gradient with two mobile phases (aqueous and organic,
see Note 19).

. Load the previously optimized MS method in the Exactive

Tune software (ThermoFisher Scientific, Waltham, MA, USA).
We perform the analyses in the negative mode [ M-H |~ because
the method has been optimized for a vast range of hormones
and derivatives, and not only for CKs (se¢c Notes 20 and 21).
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5.

Run the sequence. The time of analysis per sample is 10 min
(see Note 22).

. Record the total ion chromatograms of the samples and extract

the specific chromatogram of each compound with a mass tol-
erance of 5 ppm, using the Excalibur software (ThermoFisher
Scientific, Waltham, MA, USA) (Fig. 3, see Note 23). Table 1
shows the exact mass of the CKs analyzed.

. Set up the retention times and exact masses of the different

CKs and define the calibration levels of the analytes and inter-
nal standards, prior to the quantification of CK concentrations
(see Note 24).

. Concentrations and recovery rates of the different CKs in

the samples are calculated according to the internal standard
method (see Note 25).

4 Notes

. This standard solution should be freshly prepared before use,

from stock solutions of the different hormones at higher con-
centrations (typically 50 mg/1 or higher). These are the most
representative CKs, but other CKs and derivatives could be
also included in the analysis.

. The internal standard mix should be also freshly prepared

before use, from stock solutions of the different deuterated
compounds at higher concentrations (typically 50 mg/l or
higher).

. Different percentages of organic solvent/water could be also

used. The extraction solution could be slightly acidified with
1% of acetic acid (glacial) 99.9+% purity.

. Any other SPE Cy; cartridge of similar characteristics could be

used.

. The percentage of organic solvent/water should be similar to

that of the initial conditions of the (U)-HPLC mobile phase
gradient.

. Triple-quadrupole mass spectrometers are also widely used,

but the molecules must be fractionated (MS/MS) because the
resolution is lower than that of the Orbitrap spectrometer.

. Other columns are also suitable depending on the (U)-HPLC

system used (normally reversed-phase columns).

. This is a typical calibration range in the plant material, but can

be adjusted to the characteristics of the samples analyzed.

. Samples can also be ground with a mortar.
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Table 1
List of representative cytokinins (CKs) and exact masses of the corresponding negative ions

CKs Molecular formula [M-H]-

trans-zeatin (Z.) C,0H;3N:O 218.10473
Isopentenyladenine (iP) CioH3N; 202.10982
Dihydrozeatin (DHZ) CyoH5N50 220.12038
Isopentenyladenine 9-glucoside (iP9G) C16H23N;505 364.16264
trans-zeatin riboside (ZR) CsH, N:O¢ 350.14699
trans-zeatin 9-glucoside (Z9G) C16H33N504 380.15756
D-CKs Molecular formula [M-H]~

[2H; |zrans-zeatin (D-Z7) C,oHg?H:N:O 223.13612
[2HjJisopentenyladenine (D-iP) CoH,2HN; 208.14748
[?H;|dihydrozeatin (D-DHZ) CyoH1,?H;3N5;0 223.13921
[2H, Jisopentenyladenine 9-glucoside (D-iP9G) C16H,7HN:O5 370.20030
[2H; |zrans-zeatin riboside (D-ZR) C5sH,2H:N:O5 355.17838
[2H; | trans-zeatin 9-glucoside (D-Z9G) C16H 15?H:N:O4¢ 385.18894

10.

11.

12.

13.

14.

15.

16.

17.

It is desirable that the whole extraction and purification process
is done under low light conditions, since some hormones are
very sensitive to light.

This process should be carried out slowly. It removes proteins,
lipids, and pigments, which may interfere in the analysis by
HPLC-MS.

In the case of technical or biological replicates of plant mate-
rial, the cartridges can be reused up to three times.

We use a Univapo 150 ECH vacuum dryer coupled to a
Unicryo MC2L (—60 °C) unit (Uniequip, Planegg, Germany),
but any similar vacuum dryer of similar characteristics could be
employed.

The time needed for total dryness depends on the amount of
solvent and the sample characteristics.

The ultrasonic bath that we use to resuspend the samples is an
Ultrasons H-D system (Selecta, Barcelona, Spain). Any other
similar ultrasonic bath is also suitable for eluting the samples.

Alternatively, samples could be also filtrated through 13 mm
diameter Millex filters with 0.22 pm pore size and nylon mem-
brane (Millipore, Bedford, MA, USA).

The ACCELA auto-sampler allows the use of different plates,
facilitating the final preparation of the samples, but normal
HPLC vials could be also use.
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18

19.

20.

21.

22.

23.

24.

25.

. These parameters could be modified and adjusted depending
on the (U)-HPLC system employed.

The method should be optimized for the specific (U)-HPLC
used.

In fact, the MS tune will vary depending on the analyte and the
MS used, so it has to be optimized before. The typical instru-
ment settings include: sheath gas flow rate = 35 ml/min, auxil-
iary gas flow rate = 10 ml/min, spray voltage=2.5 kV, capillary
temperature=275 °C, capillary voltage=—40 V, tube lens
voltage=—110 V, skimmer voltage=—-20 V.

Due to the high resolution of the Orbitrap, we record the total
ion chromatogram of the samples and do not fragmentate the
molecules. However, it is also possible to fragmentate to dis-
tinguish between two different CKs with the same 2,/ z.

The time of analysis could vary depending on the LC system
used. In the case of ultra-HPLC systems this time could be
reduced up to less than 10 min. In the normal HPLC systems
the time of analysis is 30 min or even higher.

We detect the ions by exact mass due to the high resolution of
the Orbitrap (up to 100,000) and it is therefore possible to set
a mass tolerance window of 5 ppm. With other lower resolu-
tion mass spectrometers (i.c., triple quadrupole), ion fragmen-
tation is required.

This processing setup allows the determination of the limit of
detection (LOD) and limit of quantification (LOQ) of each
compound analyzed.

Acceptable recovery rates are those higher than 75 %.
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Chapter 9

Assessment of Cytokinin-Induced Immunity Through
Quantification of Hyaloperonospora arabidopsidis
Infection in Arabidopsis thaliana

Ruth A. Watson and Cristiana T. Argueso

Abstract

Cytokinins have been shown to regulate plant immunity. Application of high levels of cytokinin to plants
leads to decreased susceptibility to pathogens. In this chapter, we describe a fast and accurate protocol for
assessment of cytokinin-induced immunity in Arabidopsis plants against an oomycete plant pathogen.

Key words Cytokinins, Immunity, Defense responses, Hyaloperonospora arabidopsidis, Arvabidopsis

1 Introduction

Known mostly for its role in the promotion of cell division, the
plant hormone cytokinin has recently been shown to participate in
the regulation of plant immunity. Application of high concentra-
tions of cytokinin (in the micromolar range) to Arabidopsis plants
leads to decreased susceptibility to biotrophic and hemibiotrophic
pathogens [1-3]. Similar to application of exogenous cytokinin to
Arabidopsis, rice and tobacco plants also lead to a potentiation of
defense responses [1, 2, 4, 5], an effect similar to defense priming
[6]. In this chapter, we describe an assay for the priming of
Arabidopsis plants with cytokinin, followed by inoculation with the
oomycete Hyaloperonospora arabidopsidis (henceforth, Hpa) and
assessment of cytokinin-induced immunity.

Hpa is an obligate biotrophic pathogen, depending upon a liv-
ing tissue to feed and reproduce [7]. Several isolates of Hpa have
been identified that are virulent in different Arabidopsis accessions
[8]. Its true biotrophic nature makes it an excellent pathogen for
studies of cytokinin-induced immunity. However, Hpa can only be
grown iz planta, complicating pathogen quantification and conse-
quently the assessment of plant resistance or susceptibility. Several
assays have been described to measure Hpa growth in plants, based
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on the counting of Hpa asexual spores (sporangiospores) [9], the
tree-shaped sporangiophores that harbor sporangiospores [10,
11], or measurement of total iz planta Hpa growth by qPCR[12].
While these assays are generally accurate and widely used, they are
inherently laborious and time consuming, enabling the compari-
sons of only a few plant genotypes at a time. Here we describe a
protocol that allows quantification of Hpa asexual spores by an
automated cell counter, allowing for fast determination of patho-
gen growth, and amenable for high-throughput screenings of a
large number of plants for differential susceptibility to Hpa. This
method can be used to document how plants respond to Hpa
infection, as well as determine the effects of cytokinin-induced
immunity by assaying pathogen growth.

2 Materials

2.1 Growing Plants
for Priming and Hpa
Inoculation

2.2 Priming Plants
with Cytokinin

2.3 Inoculating
Plants with Hpa

and Maintaining Hpa
Isolates

. 15 mL conical tubes.

. 0.1% (w/v) sterile agarose solution.

Plastic transfer pipettes.

. Fafard 4P soil mix (Sungro, Inc.).

. Three inch (8 cm) diameter round pots.

. 10" x20” (25 cmx 50 cm) flats and transparent plastic domes.
. Spray bottle with water.

. Growth chamber set at short days (8 h light/16 h dark, 22 °C,
150 pmol /m? /s light intensity, 65 % humidity).

—

. 15 mL conical tubes.
2. Dimethyl sulfoxide (DMSO).

3. 6-Benzylaminopurine (BA) (Sigma, cat. #B3408-1G) (see
Note 1).

4. Preval™ sprayers (Preval, Inc.) (see Note 2).

5.10"x10” (25 cmx25 cm) or 10”x20” (25 cm x50 cm) flats
and transparent plastic domes. You need one flat and dome for
cach chemical treatment.

6. Healthy, susceptible, 2-week-old Arabidopsis plants.

7. Growth chamber set on short days (8 h light /16 h dark, 22 °C,
150 pmol/m? /s, 65 % humidity).

Ice.
. 50 mL conical tubes.

. Distilled deionized water.

NS SR S R e

. Forceps.
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2.4 Quantifying Hpa
Infection

0 N O U

14.

15.
16.

N O\ Ul b N~

13.

. Vortex mixer.
. Preval™ sprayers (Preval, Inc.) (sec Note 2).
. Three inch (8 cm) diameter round pots.

. 10" x10” (25 cmx25 cm) flats and transparent plastic domes

(see Note 3).

. Spray bottle with water.
10.
11.
12.
13.

Labeling tape.
Healthy, susceptible, 2-week-old Arabidopsis plants.
Dedicated space for working with the pathogen.

Dedicated growth chamber for growing pathogen (8 h
light/16 h dark, 18 °C day/16 °C night, 100 pmol/m?/s
light intensity, ambient humidity).

Hpua isolate growing on susceptible accession (for most of our
assays we use isolate Noco2, which successtully grows on the
Col-0 accession).

Headband magnifying glasses (Lehle Seeds, Inc.).

Counting device (either hemacytometer or TC20 automated
cell counter).

. 1.5 mL microcentrifuge tubes.

. Distilled deionized water.

. Analytical balance (readability of 0.1 mg).
. Forceps.

. Vortex mixer.

. Microcentrituge.

. Hemacytometer (Hausser Scientific Bright-Line Counting

Chamber, improved Neubauer ruling pattern, cat.
#0267110).

. Compound microscope (40x—100x total magnification).
. 95% ethanol.

10.
11.
12.

Tissue wipes.
Bio-Rad TC20 automated cell counter (see Note 4).

Bio-Rad cell counting slides, dual chamber for cell counter
(cat. #145-0011).

Flash drive (optional).

3 Methods

All methods are done cleanly, but non-sterilely, at room temperature,
unless otherwise specified.
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3.1 Growing Plants
for Priming and Hpa
Inoculation

3.2 Priming Plants
with Cytokinin

1.

We use three pots per plant genotype to be analyzed, each con-
taining 35 seeds per pot. Prepare seeds for stratification by adding
seeds to a 15 mL conical tube containing 7 mL of 0.1 % sterile
agarose. Shake to disperse seeds and stratify for 2 days at 4 °C in
the dark. As a negative control, include a wild type genotype
that is not susceptible to the Hpa isolate being used.

. Prior to sowing seeds, hydrate Fafard 4P soil mix (Sungro, Inc.),

until media is completely wet, but not dripping. Prepare 3 in.
round pots by putting media into pots and smoothing out the
top. Sow seeds onto pots using disposable plastic transfer
pipettes. Evenly distribute the seeds among the pots.

. Place pots in 10”x20” flats and cover with transparent plastic

domes sprayed with water. Place covered flats in a growth
chamber set for short days (see Subheading 2). Leave the dome
over the germinating plants to maintain high humidity until
the first true leaves start to emerge (usually 5-6 days). Water as
needed.

. Fourteen to sixteen days after sowing seeds on soil, inoculate

plants with Hpa. Plants should be thinned out before inocula-
tion, if needed, to obtain about 25 plants per pot. See
Subheading 3.3 for how to inoculate plants with Hpa.

. In order to prime plants, use Preval™ sprayers to spray chemicals

(i.e., cytokinin) onto plants.

. Prepare a 10 mM stock solution of BA by dissolving

6-Benzylaminopurine (Sigma Aldrich cat. #B3408-1G) in
DMSO. Store this solution at —20 °C.

. Prepare a fresh working stock of 100 pM BA by diluting the

10 mM BA in deionized water, just before spraying plants. For
a control, dilute an equivalent volume of DMSO in water (this
works out to be a 1% (v/v) solution of DMSO in water). We
typically use about 5-7 mL of solution to spray two pots or a
30—40 mL solution to spray a 10” x 20" flat containing 18 pots.

. Keep plants to be primed with 100 pM BA and control plants

in separate flats to avoid unintentional contamination with the
wrong chemical when spraying.

. Use dedicated Preval™ sprayers for each solution. Working

with one chemical at a time, spray the plants until the liquid
almost runs oft the leaves. Make a circular motion while spray-
ing each pot in order to evenly coat the plants.

. After each set of plants is sprayed with its appropriate chemical

treatment, cover the flat with a dome.

. Clean sprayers by rinsing the dip tubes with water and run-

ning water through the sprayers to rinse. Allow sprayers to
air dry.
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3.3 Inoculating
Plants with Hpa

and Maintaining Hpa
Isolates

8.

Place flats in a growth chamber set for short days (see
Subheading 2), keeping the domes on for 12 h after priming
plants.

. Two days after spraying plants, inoculate with Hpa using the

protocol described in Subheading 3.3.

. These instructions will guide in the inoculation of healthy,

2-week-old plants with Hpa using asexual spores from sporu-
lating tissue from a previous infection. For best results, inocu-
lations should be performed between 11:00 am and 1:00 pm
(see Note 5).

. Because Hpa is an obligate biotroph, it needs to be propagated

weekly on living plant tissue. A typical Hpa life cycle takes
approximately 7 days from the inoculation of plants with asex-
ual spores until new asexual spores are produced in large quan-
tity. Alternatively, plant tissue containing Hpa spores can be
frozen at —80 °C and revived to be used in inoculations,
although it may take several weeks to obtain a heavily sporulat-
ing Hpa population [11].

. Plants to be inoculated should be 14-16 days old. On inocula-

tion day, water the plants to be inoculated in the morning. You
want the plants to be well hydrated before you inoculate them
with Hpa.

. Use a 7-day old sporulating i planta culture of Hpa inoculated

on plants 1 week earlier as a source of inoculum (se¢ Note 6).
Carefully carry sporulating plants from the previous week to your
work area so as to not shake asexual spores off the
sporangiophores.

. Fill a 50 mL conical tube with some distilled deionized water.

The volume of water needed depends on how many plants
will be inoculated. About 5-7 mL can be used to inoculate
two pots, and 30-40 mL can be used to inoculate a 10” x 20"
flat containing 18 pots. We typically add 5-10 mL of water
to the tube initially and dilute as needed to achieve the final
spore concentration and/or volume. Keep the conical tube
on ice to keep the water cold while sporulating tissue is
collected.

. Using small forceps, carefully snip off sporulating true leaves

from susceptible plants and place them into the 50 mL tube
with water. Make sure the leaves submerge into the water. Try
to get green, sporulating leaves, and avoid transferring soil.
Work with one pot at a time and leave all other sporulating
plants under the dome in humid conditions. Sporangiophores
on leaves can be seen by the naked eye or with the aid of a
headband magnitying glass.



118

Ruth A. Watson and Cristiana T. Argueso

7.

10.

11.

12.

13.

14.

Keep adding leaves to the tube until enough tissue has been
obtained to inoculate plants. Vortex the capped tube for 45 s
at the highest setting.

. Check the concentration of spores in the suspension before

spraying onto plants. A hemacytometer or a TC20 automated
cell counter (Bio-Rad) can be used to check the concentration
of spores in the suspension. See Subheading 3.4 for how to use
the hemacytometer and TC20. Adjust the spore concentration
by either adding more sporulating leaves or by diluting the
spore suspension with water to achieve the standard concentra-
tion of 5x 10* spores/mL (see Note 7).

. Place healthy, 2-week-old plants onto 10” x 10” flats to get

them ready for inoculation. When ready to spray the healthy,
susceptible plants, vortex the spore suspension briefly
because spores tend to sink to the bottom of the tube. Using
a Preval™ sprayer, spray the pathogen onto the 2-week-old
plants (see Note 2). Spray the plants with the spore suspension
until the liquid almost runs off the leaves. Make a circular
motion while spraying each pot in order to evenly coat the
plants. It is a good idea to include a wild type genotype that is
not susceptible to the Hpa isolate being used, as a negative
control for infection.

Spray domes with water and cover 10”x10” flats containing
the sprayed plants. Use labeling tape to tape the domes to the
flats to ensure a high level of humidity for the first 2 days post-
inoculation (dpi). Place flats in a growth chamber that is dedi-
cated for Hpa growth. Keep one flat of the recently harvested,
wild-type, sporulating plants as a backup for the next week’s
inoculations in case something happens to the newly inocu-
lated Hpa (see Note 8). Spray and tape the dome and place in
the pathogen growth chamber.

Clean-up after Hpa inoculation involves rinsing scissors, for-
ceps, conical tube, and sprayer with tap water and allowing to
air dry. Run tap water through the sprayer to rinse out the
inside of it. Discard infected plants in biohazard waste, or
according to your institution’s guidelines. Pots, flats, and
domes should be washed and sterilized before the next use.

If using more than one isolate of Hpa to inoculate plants, make
sure to spray different isolates in different rooms/locations or
on a different time of day, to prevent cross-contamination of
airborne spores.

Check the domes for high humidity at 1 dpi. If needed, spray
domes with water and tape back down.

At 2 dpi, in the afternoon, remove tape and crack open the
domes to decrease the level of humidity (see Note 9).
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3.4 Quantifying Hpa
Infection

15.

16.

17.

1.

5.

Leave the domes cracked (or off) until 5 dpi (morning). Spray
the domes with water and cover flats in order to drastically
increase the humidity around the plants. Tape the domes to
the flats again.

At 6 dpi, check the domes for high humidity. At this point,
Hpa sporangiophores carrying asexual spores should be seen
on the leaves. Handle the flats gently after sporulation begins,
but in our experience, at this point in the Hpa life cycle, the
spores are not easily released from the sporangiophores, thus
allowing for a reliable count of spores. See Subheading 3.4 for
how to harvest tissue for assaying pathogen growth.

By 7 dpi, sporulation should be at its maximum. Harvest tissue
to be used in the inoculation of more 2-week-old plants.

The first part of quantifying Hpa infection is harvesting sporu-
lating plant tissue from the 6-day old, in planta Hpa culture.
Prepare 1.5 mL microcentrifuge tubes containing 300 pL of
distilled deionized water, using 10 tubes per genotype of plant
used in the experiment (see Note 10). Use an analytical bal-
ance to get an initial weight of the tubes containing 300 pL of
water. Record weight.

. Carefully snip oft sporulating leaves using forceps and place

into pre-weighed 1.5 mL microcentrifuge tubes, putting six
leaves per tube. Make sure leaves get submerged in the water
by flicking and tapping the capped tubes. Make sure to not
touch the forceps to the water, so as to not remove any liquid
from the tube, and thereby changing its mass. Work with one
genotype at a time and try to harvest leaves randomly from the
pots (see Note 11). The goal is to get a representative sporula-
tion for that genotype. For each plant to be sampled, pick true
leaves 1 and 3. Try to not harvest more than two leaves per
plant and to pick plants at random. Be careful to not shake off
spores from nearby leaves nor to intentionally pick only well-
sporulating leaves (sec Note 12).

. After harvesting tissue, weigh tubes again, obtaining the total

fresh weight of the plant tissue collected. Store the tubes at 4 °C
until ready to proceed with counting spores (sec Note 13).

. The second part of quantifying Hpa infection is releasing the

spores from the leaves so that they can be counted (see Note
14). Vortex tubes containing sporulating leaf tissue at maxi-
mum speed for 45 s to release spores from sporangiophores.

After vortexing, centrifuge the tubes for 10 min using a micro-
centrifuge, at room temperature, set for 5000 rpm (2348 rct)
to concentrate the spore suspension (see Note 15). Carefully
pipette out 200 pL (or 2 /3) of the supernatant, leaving 100 pLL
of spore suspension to work with to count spores, and leaving
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the leaf tissue in the tubes (see Note 16). Prepare all tubes for
counting (by vortexing, spinning, and concentrating) before
performing any spore counts. Store tubes at 4 °C if not pro-
ceeding to spore counts right away (see Note 13).

. The final step in quantifying Hpa infection is counting spores,

which can be done using either a hemacytometer or a Bio-Rad
TC20 automated cell counter. In general, the TC20 gives sim-
ilar results as the hemacytometer and is a best option for high-
throughput counting (see Note 17).

. Using the hemacytometer: You will need a compound micro-

scope with 40-100x total magnification to view the spores on
the hemacytometer. Rinse off the hemacytometer and glass
cover slip with 95 % ethanol, blot with a tissue wipe, and allow
to fully dry. Place the cover slip onto the hemacytometer to
prep for sample loading. Vortex one of the 1.5 mL microcen-
trifuge tubes containing the concentrated spore suspension for
10 s and quickly pipette 9 pL onto each side of the hemacy-
tometer. The spore suspension fills the chamber via capillary
action. Avoid pipetting from the very bottom of the tube
because debris tends to accumulate there, and you can get an
artificially high concentration of spores at the bottom of the
tube (see Note 18). Place the hemacytometer under the micro-
scope and count the spores on each side of the hemacytometer
using the 1 mmx1 mm squares. Spores look like colorless,
perfect circles with thick walls, 11-17 pm in diameter. Only
count spores that are in the middle of the 1 mm x 1 mm square
or those that are touching the top or left borders of the square
so as to avoid counting spores twice. Clean the hemacytometer
and cover slip by rinsing with 95 % ethanol, blotting with a tis-
sue wipe, and allowing to fully dry. Repeat this procedure for
each sample to get two technical replicates of each tube (see
Note 21).

. Using the TC20: Pull out a dual chamber counting slide. Vortex

one of the 1.5 mL microcentrifuge tubes containing the concen-
trated spore suspension for 10 s and quickly pipette 10 pL. onto
each side of the counting slide. The spore suspension fills the
chamber via capillary action. Avoid pipetting from the very bot-
tom of the tube because debris tends to accumulate there, and
you can get an artificially high concentration of spores at the
bottom of the tube (se¢ Note 18). Load the slide into the
front of the machine and follow the prompts on the machine.
We prefer to use the “gated counts” so that the machine only
counts objects that are 11-17 pm in size. The machine counts
an equivalent of four squares on a hemacytometer and will
report the spore concentration in cells/mL. The TC20 has a few
benefits over using a hemacytometer: (a) it is faster and easier to
use; (b) it can use size gates to eliminate background noise in
counting; and (c) image data from each spore count can be
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Fig. 1 Comparison of quantification of cytokinin-induced immunity against the
oomycete Hyaloperonospora arabidopsidis isolate Noco2 by counts of asexual
spores using a hemacytometer or a TC20 automated cell counter. Col-0 plants
were sprayed with 100 pM BA (BA-primed) or DMSO (control) 48 h prior to inocu-
lation with Hpa isolate Noco2. Error bars represent SE (n=9). Samples were
counted with either a hemacytometer or the TC20 automated cell counter, follow-
ing the protocol described here. Different letters indicate statistically significant
differences (p<0.05, one-way ANOVA, Tukey’s HSD test)

10.

saved onto a flash drive to refer back to later or to verify the
machine counts (se¢ Notes 19 and 20).

. If the technical replicates of spore counts were not similar to

each other, then load the hemacytometer or TC20 cell counter
again with the same sample and count again. Use an average of
the technical replicates for each tube before continuing to
other calculations.

Calculate the number of spores per mg of fresh weight for each
tube (see Note 21). Graph the data using a bar chart to com-
pare the differences in susceptibility between your chosen gen-
otypes. We have found that it is best to use ANOVA as a
residual diagnostic and to use the Dunnett’s test or Tukey’s
HSD test as post hoc tests (Fig. 1) when determining which
samples show a statistically significant difference (see Note 22).

4 Notes

. 6-Benzylaminopurine (BA) is a form of cytokinin that we use

for priming plants. Because BA is synthetic, it is not metabo-
lized by the plants, allowing for a continuous cytokinin signal
throughout the experiment.
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2.

10.

11.

We use Preval™ paint sprayers to spray the spore suspension
onto 2-week-old plants. These sprayers atomize the suspen-
sion and allow you to evenly coat the plants. We have dedi-
cated sprayers for each isolate of Hpa and each chemical
treatment used in priming.

. We use Jifty brand 10" x 10” flats and domes. These work well

to keep the moisture level high because the domes click into
place on the inside of the flats rather than on the outside of the
flats. They hold moisture in especially well if the domes are
taped down to the flats. The use of a flat and dome combina-
tion that is able to hold in moisture replaces the need for a
humidity feature on the pathogen growth chamber.

. We tested several automated cell counters, and chose the

TC20 from Bio-Rad, because it is compatible with a broad
range of cell sizes and types. It also allows us to specify the size
of cells to be counted to match the average size of Hpa asexual
spores (11-17 pm).

. Defense responses, including salicylic acid accumulation, have

recently been found to follow a circadian pattern [13-15].
Pathogen inoculations performed at midday (11:00 am-1:00 pm)
tend to result in stronger Hpa sporulation.

. We usually use a 7-day-old iz planta culture of Hpa as source

of inoculum, as this guarantees fresh and viable spores.

When preparing the inoculum for propagation, leaves should
be removed from tubes after vortexing, to prevent the release
of more spores into solution once the desired spore concentra-
tion has been reached.

. We keep one flat of sporulating plants of each isolate of Hpa in

the growth chamber for 1 week longer after sporulation, as a
backup source of spores for future inoculations. These flats are
kept under high humidity, using the procedures described
above. After 1 week, if these plants are not needed for the next
inoculation cycle, they should be discarded in the biohazard
waste or according to your institution’s guidelines.

Because Colorado (USA) is quite arid, we find that just crack-
ing the domes is enough to decrease the humidity around the
plants. If the environment where you work is generally humid,
then it is best to take the dome completely oft at this point.

You can use either distilled deionized water or tap water to
suspend spores.

This part of the protocol is prone to human bias so one must be
careful when harvesting tissue. The eye generally falls to well-
sporulating leaves first, but the leaves harvested should represent
the entire sporulation for that genotype, which includes leaves
with not as much sporulation. When using a virulent isolate,
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12.

13.

14.

15.

l6.

17.

18.

19.

leaves without any sporulation should be avoided, as they may
represent unintentionally non-inoculated plants.

When harvesting tissue, it is important to make sure that all
tubes have equally sporulating tissue in them and that the
sporulation does not taper oft with the later tubes.

The spores are kept well if they are stored at 4 °C, but ideally,
spores should be counted within 5 days of harvesting sporulat-
ing tissue. We have counted spores up to 14 days post-
harvesting and have noticed degradation in the quality of the
spores by then.

Having 300 pL of water in the tube seems to be an optimal
amount of liquid for the leaves to get shaken up during vor-
texing. More or less liquid volume in the tube does not work
as well at releasing the spores.

We have found that concentrating the spore suspension before
counting the spores gives more reliable and consistent results.
Additionally, it gets the concentration of spores in the tubes
within the optimal counting ranges for the hemacytometer
and the TC20 automated cell counter (see Note 17). We have
found that when using the stated protocol for concentrating,
very few spores are lost to the supernatant if pipetting is done
slowly and carefully.

We leave the leaf tissue in the tubes because we have noticed
that the liquid clings to the leaves when pipetting the spore
suspension into a new tube. This results in removing an
unknown number of spores with the leat tissue, which we
prefer not to do.

The TC20 and the hemacytometer both have similar upper
and lower limits of counting to be within the range of statisti-
cal significance. The lower limit on each device is about 5 x 10*
cells/mL, and the upper limit on each device is about 1x107
cells/mL. The TC20 has an optimal counting range of 1 x 10°
to 5x 10 and the hemacytometer has a similar optimal count-
ing range of 1 x10° to 2x10°. Dilution or concentration may
be required in order to get the spore suspensions within these
countable ranges. We have found that Hpa spore suspensions
tend to be on the lower end of the spectrum, so we have taken
to concentrating our samples.

Vortexing causes the spores to be randomly distributed in the
water, which is ideal for pipetting onto a counting slide. Shortly
after vortexing, the spores will sink to the bottom of the tube,
causing a temporary concentration gradient. This is why it is
important to pipette quickly after vortexing and to not pipette
from the very bottom of the tube.

We describe here the settings that we recommend for the
TC20 automated cell counter. Under “gating setup,” enable
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“user-defined gates” and use “saved gates.” This allows setting
the size range of cells to be counted. Using “Saved Gates” tells
the machine to remember the size range used during the previ-
ous count. This way you do not have to enter the sizes each
time. Image data can be saved to a flash drive using “Options,”
then “Autosave/Sample Name.” Enable “Autosave” so that
it will automatically export the image data to a flash drive.
Alternatively, image data can be manually exported each time.
We prefer to give a name to each sample counted so that it is
recognizable on the flash drive. To do this, enable “Sample
Name” under “Autosave /Sample Name.”

20. Bio-Rad offers a TC20 Data Analyzer program on their web-

site that you can download to a PC computer to use with the
TC20 automated cell counter. We have found that this pro-
gram can be helpful when veritying the counts made by the
TC20. To verity counts, load saved image data onto the pro-
gram and it will circle the cells that were counted, allowing the
verification of whether the correct objects (spores) have been
counted. We have noticed that the most common mistake the
machine makes when counting is missing spores rather than
counting objects that are not spores. It especially does not do
well with large clumps of spores, which in our observations
tends to be rare.

21. The following formulas can be used to calculate the final con-

centration of spores/mg of fresh weight:

11
[spores](Ce S) = #spores % 10,000 x dilution factor
mL #squares counted

total # spores = [spores ]| x volume (mL)

#spores  total # spores

mg B mg fresh weight

The first equation gives the average concentration of spores
in one I mmx1 mmx0.1 mm square on the hemacytometer.
Our dilution factor is always 1 because we do not dilute our
samples before counting. The TC20 counts an equivalent of
four squares, and using the hemacytometer one should count
from three to nine squares, trying to count at least 100 spores
in each counting chamber. This number is then multiplied by
10,000 because the volume of each square counted is equal to
0.1 pL, which is 1/10,000 mL. An average of technical
replicates should be taken before calculating number of
spores/mg. In the second equation, the volume of the spore
suspension is 0.1 mL after concentrating.
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22. Analysis of variance (ANOVA) can be used as a residual diag-
nostic to test the hypothesis that there is a difference between
the means of the different genotypes tested. If the data fails the
ANOVA test by showing a p-value <0.05, then the null hypoth-
esis that all the means are equal can be rejected. A post hoc test
(such as Dunnett’s test or Tukey’s HSD test) is only used if a
statistically significant difference between the means can be
shown after ANOVA (Fig. 1). These post hoc tests allow the
determination of which samples show a statistically different

mean from other

comparisons.

sample(s) by performing pairwise
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Chapter 10

Real-Time Genetic Manipulations of the Cytokinin
Pathway: A Tool for Laboratory and Field Studies

Martin Schafer and Stefan Meldau

Abstract

Although many established tools for cytokinin (CK) pathway manipulations are well suitable for the
analysis of molecular interactions, their use on a whole plant scale is often limited by the induction of
severe developmental defects. To circumvent this problem, different methods were developed that allow
for a more precise manipulation of the CK pathway. Here we present one of these systems, the pOp6/
LhGR system for chemically inducible gene expression. This system allows regulation on a spatial, tempo-
ral, and quantitative scale and therefore provides a superior tool for analyzing the role of CKs in the inter-
actions of plants with their environment. The pOp6,/LhGR system was tested for RNAi-mediated gene
silencing and heterologous gene expression and was successfully used for CK pathway manipulations in
different model organisms (Arabidopsis thaliana, Nicotiana tabaccum, Nicotiana attenuata, Citrus sinen-
sisx C. trifolinte). Here we describe specific aspects of the screening procedure and present an experimental
setup that can not only be used in the laboratory but is also applicable under field conditions.

Key words Cytokinins, Isopentenyl transferase, pOp6, LhGR, Dexamethasone, Stress response,
Ecology, Fieldwork

1 Introduction

Genetic manipulations have proven to be an important tool not
only for in-depth molecular investigations but also for research
that focuses on higher organizational levels such as tissue functions
and whole organisms, as well as on the interaction of multiple
organisms. For investigation of plant hormones, such as cytokinins
(CK), genetic methods are used to up- or downregulate their
abundance and to manipulate their signaling. This can be achieved,
for example, by overexpression, heterologous expression, RNAI-
mediated gene silencing, or knockout of genes coding for
rate-limiting  biosynthetic enzymes (e.g., ISOPENTENYL
TRANSFERASES, IPTs; [1]), degradation enzymes (e.g.,
CYTOKININ OXIDASES/REDUCTASES, CKX; [2]), CK
receptors (CHASE DOMAIN-CONTAINING HISTIDINE

Thomas Dandekar and Muhammad Naseem (eds.), Auxins and Cytokinins in Plant Biology: Methods and Protocols,
Methods in Molecular Biology, vol. 1569, DOI 10.1007/978-1-4939-6831-2_10, © Springer Science+Business Media LLC 2017
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KINASES, CHKs; [3]), or constituents of the signaling output
(e.g., CK-related RESPONSE REGULATORS, RRs; [4]). Genetic
manipulations are often done in a constitutive way (e.g., using
T-DNA insertion lines or constitutive overexpression). However,
there are many cases where this is not suitable, especially if the
permanent manipulation is lethal. Constitutive manipulations of
growth regulators may also interfere with the transformation and
regeneration procedure, impair the propagation of plants, or cause
other severe pleiotropic eftects. If not controlled precisely, unfet-
tered CK production can induce hypersensitive-like processes [5],
impair callus regeneration procedures [3], and cause severe devel-
opmental effects (Fig. la, b; [3]). Therefore, CK manipulations
are often done in a more refined manner, e.g., by the use of condi-
tional expression systems. Prominent examples include the IPT
expression driven by senescence and stress-activated promoters,
such as psag (senescence-associated gene 12;[6]) or psarx (senescence-
associated receptor kinase; [71). Still these methods do not allow for
direct control by the researcher and such constructs might be acti-
vated under multiple environmental conditions. Chemically induc-
ible expression systems in contrast allow direct influence on the
target expression. However, establishing and using an inducible
system is often more laborious and should therefore be mainly
used for scientific questions that require this level of control.

Here we used the pOp6,/LhGR expression system that is one
of the most widely used chemically inducible expression systems. It
is characterized by a low background expression and a high expres-
sion capacity and is not associated with the plethora of side effects
that are reported for other systems (e.g., chimeric patterns or
elicitor-mediated side effects to the plant; [8, 9]). The system is
comprised of the target construct under the control of the pOp6
promoter and the steroid-regulated transcription regulator, LhGR.
The pOp6 promoter consists of a minimal CaMV promoter down-
stream of an array of lac operator repeats. Due to the lack of plant
inherent transcription activators, it is inactive under normal condi-
tions. LhGR is a chimeric transcription factor that consists of a
high-affinity DNA-binding region of the lac repressor, a Gal4 tran-
scription activator domain and the ligand-binding region of a glu-
cocorticoid receptor. LhGR is constitutively expressed, but in the
absence of a suitable ligand remains inactive. In the presence of
dexamethasone (DEX), the transcription factor binds to the lac
operator region of the pOp6 promoter and activates the transcrip-
tion of the target construct. It was shown that the pOp6,/LhGR
expression system can be applied to heterologous gene expression
[10-12] and RNAi-mediated gene silencing [12-14]. The success-
ful establishment in different plant species, including Arabidopsis
thalinna [10], Nicotiana tabaccum [11], Nicotinna attenunta
[12], and Citrange ( Citrus sinensisx C. trifolinte; [14]), indicates
the broad applicability of this method.
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Fig. 1 pOp6/LhGR-mediated CK level changes. (a) i-ovipt seedlings were germination on GB5 plates containing
20 pM DEX (+ DEX) or the same concentration of DMSO without DEX (—). The picture was taken after 2 weeks.
(b) i-ovipt plants 12 days after application of 0 (—) or 100 pM DEX (+ DEX)-containing lanolin paste to all
leaves. Treatment was done in the rosette stage. (c) i-ovipt plant 12 days after application of 1 pM DEX-
containing lanolin paste to a lower section of the stem (indicated by an arrow). (d) Application of lanolin paste
to a leaf petiole. Arrows indicate the applied lanolin paste. (e) CK level 12 days after application of differentially
concentrated DEX-containing lanolin paste to i-ovipt plants. Trans-zeatin (tZ), trans-zeatin riboside (tZR), trans-
zeatin riboside 0-glycoside (tZROG), and frans-zeatin 7-glycoside (tZ7G). Error bars show standard errors
(n>3). FM fresh mass. a, d, and e were modified from [12]. b was not shown in [12], but originates from one
of the presented experiments

Difterent methods were applied until now for DEX treatments,
including agar incorporation, soil drenching, spray application,
and painting. The application method should be selected accord-
ing to the developmental stage of the plants and the level of
regulation that has to be applied. Besides the scientific constrains,
it also has to be taken into account that DEX is bioactive in humans
and can also affect other organisms [15, 16]. Probably, one of the
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most common methods for the induction of full-grown plants is
spraying with aqueous DEX solutions. However, this method is
inappropriate for fieldwork because of the high risk of contamina-
tion to the environment and the researcher and should therefore
only be conducted under controlled conditions [17, 18]. Addi-
tionally, it might complicate the work with herbivorous organisms,
since coating plants with DEX will likely result in intensive DEX
exposure. Even the work under laboratory conditions could
become complicated since additional safety measures, such as the
use of a fume hood, might be necessary. To prevent these prob-
lems, we developed a lanolin-based application method and showed
its suitability for plant-herbivore interaction studies under field
conditions [12]. Importantly, the method supports spatial, tempo-
ral, and quantitatively regulated construct expression with the
pOp6,/LhGR system.

The system might allow us to gain further understanding of
local vs. systemic effects, the consequences of the heterogeneous
distribution of CKs within a plant, development-dependent CK
functions, short- vs. long-term effects of CKs, and finally their
quantity dependencies.

2 Materials

1. Dexamethasone (DEX; Enzo Life Sciences).

2. Dimethyl sulfoxide (DMSOj; Sigma-Aldrich).

3. Lanolin (Sigma-Aldrich).

4. Gamborg B5 medium including vitamins (GB5; Duchefa

Biochemie).

5. Phytagel (Sigma-Aldrich).

6. Syringes (1 mL, Omnifix).
3 Methods
3.1 Screening For the general screening procedures of transgenic lines, protocols
and Line Optimization: =~ are already available [19]. However, some specificities of the sys-
Specific Features tem have to be taken into account and the protocol should

be adjusted accordingly. We separately transformed and screened
plants with the vectors for LhGR (pSOLILHGRC, GenBank
JX185747) and the pOp6 driven ipt gene (pPOPOIPT, GenBank
JX185749). Because of their double hemizygous nature, the result-
ing crosses (abbreviated as i-ovipr) are less prone for insertion site
effects and transgene silencing [20]. Another advantage of this
procedure is that both parts of the expression system can be
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Screening
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screened separately, and an optimized inducer line could be
combined with multiple pOp6 constructs. Additionally, by emp-
loying different inducer lines (e.g., the constitutive active LhG4
reported by Moore et al. [21] or tissue- /stress-specific expressed
variants), a huge pool of transgenic lines could be established with
relatively few transformations and screenings (e.g., each four dif-
ferent inducer and pOp6 lines would result in 16 crosses with spe-
cific expression characteristics). In contrast, double transformation
of both parts of the construct into one line would allow complet-
ing the screening within fewer generations and would allow gener-
ating homozygous lines that could be used for crosses with other
transgenic lines (Fig. 2). Additionally, Wielopolska et al. [13] pres-
ent a vector that contains both parts of the system on the same
plasmid.

To easily determine the efficiency of an inducer or pOp6 line,
we used a phenotypic screening procedure (see Note 1). It allows
analysis of the induction capacity of a LhGR or pOp6 line and can
be used to identify the zygosity of the parent plants. This method
can partially replace antibiotic screening as proposed in Fig. 2
(see Note 2). There are also vectors available that already contain
GUS as a reporter system under the control of a bidirectional
pOp6 promoter [10, 11, 13]; however a high correlation to the
expression of the target construct was not reported in all cases given.

1. Cross the lines that are to be tested (LhGR or pOp6) with
their respective homozygous counterpart (not necessary to be
tully optimized at this stage).

2. After seed collection, cut the parent plants back to prevent
them from senescing and to induce regrowth, which will still
allow use of the plants for crossings and seed collection at later
time point.

3. Prepare germination media according to the used plant spe-
cies, e.g., GB5 plant agar for N. attenuata (see Note 3). After
sterilization of the media in the autoclave, let it cool to 65 °C
(still solid), add 2000x concentrated DEX in DMSO (see Note
4) to reach a final concentration of 20 pM, and pour the media
into petri dishes. As a control, prepare the media with the same
amount of pure DMSO. After solidifying, the plates can be
stored in the fridge until use.

4. Germinate the sterilized seeds (see Note 5) on a DEX-
containing plate and a respective control and observe the
potential phenotypical changes within the next few days.
Determine the intensity of changes and the percentage of
plants that are aftected.

Plants that already show changes on the control plates should
be discarded because of high background expression or inser-
tion site effects. Calculate the zygosity of parent lines (based
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Fig. 2 Simplified scheme for screening transgenic plants with pOp6ipt/LHGR constructs. Differences between
the two strategies are outlined in red color

on Mendelian inheritance). Lines that cannot be explained by
a Mendelian inheritance for a single copy gene should be dis-
carded to reduce the chance of lines with multiple insertions.

5. If parental plants with a desired zygosity are identified, transfer
them to bigger planting pots to support their regrowth and
use them to continue the screening.



3.3 Lanolin-Based
Application

3.4 Expression
Characteristics
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For the induction of full-grown plants, we used a lanolin-based
DEX application method. Lanolin is an often used matrix for
the application of hydrophobic compounds to plants [22-25].
Compared to spray applications, it has a strongly reduced risk
for self-contamination and allows for locally restricted treatment.
Additionally, it is expected to continuously supply the respective
chemical to the plant. For plant treatments with DEX, it addition-
ally offers the advantage that it likely reduces the light-dependent
DEX degradation (see Note 6; [12]). Importantly, its preparation
and application has minimal demands on the equipment and envi-
ronmental conditions, supporting its suitability for fieldwork.

1. Melt an aliquot of lanolin in a water bath at 60 °C (see Notes
7 and 8).

2. Add the respective amount of 100x concentrated DEX in
DMSO (see Note 4; final DEX concentrations commonly
between 0.1 and 100 pM). As a control, prepare a lanolin paste
containing the same amount of pure DMSO.

3. Thoroughly mix the paste, e.g., with a vortexer.

4. While the paste is still liquid, fill the paste into the syringes and
allow it to solidify.

5. Prevent the paste from extensive exposure to strong sunlight
until use (see Note 9).

6. Apply the lanolin directly with the syringe to the plant (e.g., to
the lower side of the leaf petiole; see Fig. 1d).

In the following part, we describe a procedure to analyze the
induction characteristics of a fully screened line. The presented
screening is based on the previously described DEX application
method (see Subheading 3.3). The system should be analyzed
according to its spatial, temporal, and quantitative expression char-
acteristics. For locally restricted changes, the transport of the DEX,
as well as the expressed construct and its consequences (e.g., small
RNAs from an RNAI construct or increased CK levels as a result of
IPT expression), should be taken into account. For temporal char-
acteristics, the stability of the target compound and its metabolism
play an important role.

An example is DEX-mediated elevation of the CK level. For
pOp6,/LhGR-mediated heterologous expression of the Agrobac-
terium tumefaciens IPT tumor morphology root (tmr, [26]), pro-
ceed as follows:

1. Apply different amounts of DEX-containing lanolin paste
(e.g., 1, 5,20, and 100 pM DEX) to single leaves, an interme-
diate part of the stem or a complete branch.

2. Since low amounts of CKs are already sufficient to induce vis-

ible morphological changes [27, 28], heterologous #pt expres-
sion allows for a phenotypic prescreening. Determine when
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3.5 Effects
on Herbivores

the treated areas show the first phenotypic changes and
compare their intensity relative to the used DEX concentra-
tion. Additionally, observe the nontreated plant tissues,/organs
for phenotypic changes.

3. Based on the phenotypic results, preselect the treatment con-
ditions. For example, systemic phenotypic changes after treat-
ment of an intermediate part of the stem (Fig. 1c¢) rule out this
treatment for an intended local manipulation.

4. Verity the results by qPCR against the IPT transcript and by
analyzing the CK levels (example shown in Fig. le).

The expression of tmr was reported to result in an increase in
trans-zeatin type CKs [29]. They are mainly transported in the
xylem by the transpiration stream [1]. Similarly, DEX was indi-
cated by soil-drenching experiments to be transported at least in a
basipetal direction [30]. Therefore, the expression of such a con-
struct likely allows leaf'and side-branch-specific CK level manipula-
tion, whereas it is not suitable for manipulating intermediate parts
of a stem. The use of substances with inhibitory effects on the
pOp6,/LhGR-mediated transcript expression, such as isopropyl-
b-d-thiogalactopyranoside (IPTG; [10]), might be used to gain
additional regulatory control for the intended manipulation.

The biological activity of DEX should not only be considered in
respect to the personal safety of the researcher but also for other
organisms that interact with the plant. It was reported that DEX
can suppress the immune responses of herbivorous insects such as
the tobacco hornworm, Manduca sexta, by inhibiting the phos-
pholipase A2 and the eicosanoid biosynthesis [15]. Additionally,
lanoline might function like an adhesive trap for smaller insects.
For investigations on plant interaction with other organisms, it is
therefore important to conduct respective control experiments.

1. Treat plants without a fully functional pOp6,/LhGR construct
(e.g., a LhGR line or wild-type plants) with DEX-containing
lanolin paste, and compare the performance of the interacting
organism to a lanolin control. Plant growth might influence
the effective DEX concentration for the interaction partner
(“dilution effect”). Therefore, it is recommended to include
DEX concentrations higher than intended for the actual inves-
tigation to compensate for potential growth variations.

2. In case of small insects, additionally check if they adhere to
lanolin paste or if it otherwise influences them (e.g., stick their
wings together).

Under the experimental conditions tested by Schifer etal. [12],
the M. sexta performance was not affected even for treatments with
up to 100 pM DEX-containing lanolin paste. Next to M. sexta, the
experimental setup was successfully applied for investigations with
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3.6.1 Single-Leaf
Treatment (Laboratory)

3.6.2 Side-Branch
Treatment (Field)

3.6.3 Simulated
Herbivory
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the small mirid bug, Twupiocoris notatus. Additionally, in our
fieldwork in the Great Basin Desert (UT/USA), we observed no
obvious negative effect of lanolin itself on small insects.

Below we describe two experimental setups that were used
for pOp6,/LhGR-mediated CK manipulation to investigate CK-
mediated effects on plant defense responses.

The first one was used under laboratory conditions and put a
special focus on the prevention of developmental alterations [31].
The second setup was done under field conditions and more
generally examined differences between plant parts with CK level
differences [12]. For this experiment, the changes were also applied
over a longer period of time, and the setup was adjusted to
compensate for some of the problems that can occur under field
conditions; high spatial variability and work demand dependent
limitations in plant number. The experiments were performed with
the i-ovipt line.

Choose a young, but fully expanded leaf of a rosette stage plant
and apply ~20 pL of 5 pM DEX-containing lanolin past to the
lower side of the leaf petiole. As a control, treat some plants with
lanolin paste without DEX instead. Treat the plants 1 day before
the simulated herbivory induction is conducted to allow the CKs
to accumulate (see Fig. 3a).

Elongation stage plants were decapitated and then allowed to grow
until similar sized side branches exceeded a length of 3-5 cm.
Subsequently, one side branch per plant was treated with different
concentrations of DEX-containing lanolin paste (e.g., 0 and
0.1 pM DEX). The lanolin paste was applied to all leaf petioles per
branch and renewed every 3 days. The treatment was continued
for 15 days until simulated herbivory induction was then con-
ducted (see Fig. 3b).

The defense responses of the plant were induced by rolling a fabric
pattern wheel three times on each side of a leaf, and subsequently
20 pL of 5x diluted M. sexta oral secretions were added to
the puncture holes (— simulated herbivory). After 2 days/1 h
(single-leaf treatment/side-branch treatment), the leat was
collected and immediately frozen (in liquid nitrogen or on dry
ice). The leaf tissue was subjected to a secondary metabolite or
phytohormone analysis [12, 31, 32], respectively.

Figure 3c, d shows exemplary results for DEX-induced CK
level elevation in i-ovipt plants under the presented experimental
conditions, as well as the subsequent elevation of herbivory-
induced defense responses.
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Fig. 3 Application of the pOp6/LhGR expression system for the analysis of
CK-mediated effects on plant defense responses. (a) Exemplary plant for single-
leaf treatments of rosette stage plants. The arrow indicates a potential treatment
position. (b) Exemplary plant for side-branch-specific treatments. Arrows indi-
cate similar sized side branches that elongated after decapitation of the plant. (c)
Trans-zeatin level of i-ovipt plants 1 day after pretreatment with 0 or 5 pM DEX-
containing lanolin paste in the single-leaf design. Caffeoylputrescine levels were
measured 2 days after simulated herbivory. (d) Trans-zeatin level of i-ovipt plants
15 days after pretreatment with 0 or 0.1 pM DEX-containing lanolin paste in the
side-branch design. 12-oxo-phytodienoic acid (OPDA) levels were measured 1 h
after simulated herbivory. Asterisks indicate significant differences between
DEX-treated samples and the control (¢, independent samples t-test: *P<0.05;
d, paired samples t-test: *P<0.05; **P<0.01). Error bars show standard errors
(¢, n>4; d, n>7). FM fresh mass. ¢ was modified from [31] and b and d from
[12]. The OPDA levels in d were not shown in [12], but originate from one of the
presented experiments

4 Notes

1. For the phenotypic screening, the manipulation should result
in an obvious seedling phenotype. Good examples are develop-
mental disturbance after zpr-mediated CK level elevation
(Fig. 1a) and photo bleaching after phytoene desaturase silencing
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[12, 13]. Phenotypic changes that occur in later stages or that
are laborious to monitor are not suitable.

. During the screening of our pOp6-ipt lines and also a line
for pOp6,/LhGR-mediated phytoene desaturase silencing, we
observed a high degree of gene silencing (perhaps mediated by
DNA methylation; [33]) of the used resistance marker, hygromy-
cin phosphotransferase (hptll; [12]). Currently, it is not clear if
this is related to the construct itself. However, the pOp6-driven
expression of the target construct was not noticeably affected.

. Prepare 1x strength GB5 (3.16 g/L) in 1000 mL distilled
water, adjusted to pH 6.80 with 6 g phytagel. Autoclave at
121 °C for 20 min.

. Dilute the DEX in DMSO. In contrast to ethanol, it does not
affect the plant at low concentrations [11, 34]. Additionally, it
might improve the uptake of the DEX by the plant [35].

. Sterilize seeds for 5 min in an aqueous dichloroisocyanuric acid
solution (0.02 g/mL) with 0.005 % Tween-20. After washing
the seeds three times with sterilized water, incubate them for
1 h in 50x diluted liquid smoke (House of Herbs) containing
1 mM GA; (sterilize the diluted liquid smoke by autoclaving
before addition of the GA; from a 0.1 M concentrated stock in
ethanol). Wash the seeds three times with sterilized water
before placing them onto the germination medium.

. While DEX seems to be stable for several days under ambient
temperatures and for short periods (30 min) at 60 °C, it shows
a pronounced light-dependent degradation [12]. Prevent
intensive light exposure, e.g., by treating the plant at shaded
positions, such as below the leaf petiole.

. Lanolin can easily be handled by melting a larger aliquot in the
water bath (60 °C) and subsequently pouring it into 50 mL
Falcon tubes using its inherent volume scale (amounts around
5 mL work best for the subsequentvortexing step ). Alternatively,
take up 1 mL with a syringe and mix it with the syringe in a
2 mL reaction tube. From experience, this is more accurate
than pipetting because of the high viscosity of melted lanolin.

. If necessary (e.g., for field work), the lanolin paste can be pre-
pared with minimal equipment. The water bath can easily be
exchanged by a pot of hot water or by placing the lanolin at a
sun-exposed position (works only in regions with sufficient sun
intensity, e.g., Great Basin Desert UT/USA), and vortexing
can be adequately replaced by thorough manual shaking.

. The exact durability of DEX in a lanolin paste is not clear at the
moment. Prepare the paste as fresh as possible. However, the
single time point treatments shown in Schifer et al. [12] indi-
cate that it stays stable for several days on the plant and prob-
ably even longer if cooled and protected from light.
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Chapter 11

Modulating the Levels of Plant Hormone Cytokinins
at the Host-Pathogen Interface

Muhammad Naseem, Shabana Shams, and Thomas Roitsch

Abstract

Cytokinins are adenine and non-adenine derived heterogeneous class of regulatory molecules that partici-
pate in almost every aspect of plant biology. They also affect plant defense responses as well as help micro-
bial pathogens to establish pathogenesis. The functional approaches that ensure desired and subtle
modulations in the levels of plant cytokinins are highly instrumental in assessing their functions in plant
immunity. Here, we describe a detailed working protocol regarding the enhanced production of cytokinins
from plants that harbor isopentenyltransferase (IPT) enzyme gene under the control of 4xJERE (jasmonic
acid and elicitor-responsive element) pathogen-inducible promoter. Our devised expression system is a
context-dependent solution when it comes to investigating host-pathogen interactions under the modu-
lated conditions of plant cytokinins.

Key words Cytokinins, Pathogen-inducible promoter, Host-pathogen interaction, Transient plant
transformation

1 Introduction

Plant hormones are a shared weaponry which is utilized by the
pathogen to propagate and is deployed by the host to mitigate the
infection. Phytohormones act in concert and their signaling cross-
talk highly modulates immune networks in plants [1-3]. The
antagonism between salicylic acid (SA) and jasmonate/ethylene
(JA/Et) being a central backbone of plant immune system has
long been established [1, 2]. However, the detailed implications of
other growth-related hormones such as auxin, cytokinins, and gib-
berellin for plant immunity are still not fully understood [1, 2, 4].
In order to optimally propagate the infection, plant pathogens
intervene in the actions of phytohormones and thereby counter
regulate the host defense responses [5]. Plant hormone cytokinins
are adenine-derived regulatory molecules that control almost every
aspect of plant growth and development [6]. Despite their poten-
tial for a broader crosstalk to host immune networks, only recently
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has it become known that cytokinins synergistically interact with
SA-mediated defense pathway in Arabidopsis [3, 7]. Also,
SA-independent but phytoalexin-based cytokinin protection
mechanism against pathogen infection in tobacco has been
reported [8]. Many plant microbial pathogens such as fungal bio-
trophs and tumor-causing bacteria also exploit the anti-senescent
and pro-organogenesis functions of cytokinins in establishing
pathogenesis of the host plant [9-12]. Therefore, cytokinins par-
ticipate in plant protection mechanisms but equally give benefits to
certain class of plant pathogens in causing infection. Assessment of
the multifaceted functioning of cytokinins in various plant-
pathogen interaction systems demands the availability of robust
molecular tools that should ensure desired modulation in the levels
of cytokinins in plants.

Conventionally, higher endogenous levels of cytokinins can be
maintained by overexpressing the cytokinin pathway enzyme gene
isopentenyltransferase (IPT) under the control of a constitutive
promoter (CaMV35S) in plants [7]. Likewise, key cytokinin cata-
bolic enzyme (cytokinin oxidase, CKX) can be overexpressed when
a decrease in the level of plant cytokinins is desired [7]. However,
at times, these practices bring about non-subtle changes that may
result in an undesirable phenotype due the over- or underproduc-
tion of cytokinins in a plant tissue [13]. Alternatively, tight gene
expression under the control of chemically inducible promoters
(such as tetracycline, ethanol, or dexamethasone-inducible pro-
moters) is a tangible solution that can address the issue of leaky
expression of the transgene [14, 15]. However, in case of plant-
pathogen interactions, the antimicrobial nature of these chemicals
(even in very low concentration) can create a bias whether reduc-
tion in the spread of the pathogen is an intrinsic host immune
response or is due to the toxicity of the underlying induction of
agents [14, 15]. To address this issue, the expression of hormone
biosynthesis pathway gene(s) under the control of pathogen-
inducible promoters is a plausible solution that can induce the
transgene only upon infection of the host plant with pathogens
such Pst DC3000.

To date, many native and synthetic pathogen-inducible promot-
ers have been identified [14-16]. The jasmonic acid and elicitor-
responsive element (4xJERE: 4xAGACCGCC) is one among these
promising synthetic pathogen-inducible promoters [8, 14, 16]. We
chose 4xJERE promoter to modulate the levels of cytokinins at the
host-pathogen interface due to (1) broader range of pathogens and
elicitors that can induce it, (2) minimal background expression, and
(3) context (plant-pathogen interaction)-dependent usage. Here,
we exemplify this expression system on the production of trans-
zeatin by Arabidopsis and tobacco plants upon infection with
Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) and
Pseudomonas syringae pv. tabaci (Ps tabaci), respectively.
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2 Materials
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. 4xJERE:IPT (promoter-gene cassette) binary construct

(pCAMBIA1380-4xJERE-IPT).

. Agrobacterium tumefaciens strain AB1L.4404.

. LB liquid medium for the growth of A. tumefaciens cells.
. LB plates supplemented with streptomycin (50 mg/1).

. YEB medium to grow A. tumefaciens cells.

. TE butffer (Tris-Cl and EDTA pH 8).

. 15% Glycerin to store A. tumefaciens competent cells.

. Kanamycin (50 mg/1) for the selection of A. tumefaciens

ABI4404 containing pCAMBIA1380-4xJERE-IPT plasmid.

. Incubator with adjustable temperature for giving heat shock to

A. tumefuciens cells and other necessary incubations.

Autoclaved flasks for growing overnight bacterial cultures,
sterile eppi tubes, and 50 and 15 ml culture tubes.

Centrifuges for harvesting A. tumefaciens cells from overnight
grown bacterial cultures and their distribution in 50 ml, 15 ml
culture tubes, and minimum as 2 and 1.5 ml eppi cups.

10 mM MES (pH 5.5) as an ingredient of Agrobacterinm-
mediated plant transient transformation cocktail.

10 mM MgCl, for bacterial resuspension and mock inocula-
tion on plant leaves.

Acetosyringone to increase the transformation efficiency of
plant cell.

Spectrophotometer for measuring bacterial growth through
optical density.

9-10-week-old wild-type tobacco plants ( Nicotiana tabacum
cv. W38).

5-week-old wild-type Arabidopsis plants (Arabidopsis thaliana
ecotype Col-0).

Bacterial strain of Pseudomonas syringae pv. tabaci (Ps tabaci)
for the induction of cytokinin production from IPT gene-
transformed tobacco leaves.

Bacterial strain of Pseudomonas syringae pv. tomato DC3000
(Pst DC3000) for the induction of cytokinin production from
the Arabidopsis IPT gene-transformed leaves.

Scissor, needleless syringes, protection glasses, and gloves.
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3 Methods

3.1 Transformation
of A. tumefaciens
with pCAMBIA1380-
4xJERE-IPT Binary
Vector

3.2 Transient
Transformation

of Tobacco Leaves
with IPT Transgene
and the In Planta
Accumulation

of Cytokinin

upon Pathogen
Infection

10.

. Inoculate freshly prepared 3 ml streptomycin (100 mg/1)-

enriched LB medium with A. tumefaciens strain ABL 4404 as
starter culture.

. Shake this starter culture at 28 °C on a shaker for 16 h.

. Take 1 ml of the overnight grown starter culture into 100 ml

YEB medium supplemented with 100 mg/1 streptomycin and
turther shake it on a shaker for 34 h at 28 °C.

. Shift this freshly grown A. tumefaciens culture into two falcon

tubes and centrifuge them at 4,500 x g at 4 °C for 20 min.

. Wash the pellet with 5 ml cold TE buffer. Repeat centrifuga-

tion as mentioned in step 4 and resuspend the pellet in 10 ml
Tris-EDTA and again centrifuge it.

. Finally, resuspend the clean A. tumefacienspelletin 10 ml YEB

supplemented with 2 ml of 15% ice cold glycerin. Make small
(200-500 pl) aliquots and freeze them in liquid nitrogen or
store at —80 °C and label as Agrobacterium tumefaciens strain
ABL 4404 competent cells for subsequent use.

. Next day, take two aliquots (200 pl) of A. tumefaciens strain

ABL 4404 competent cells and thaw them on ice.

. Add 2 pl (25-50 ng/pl) of pPCAMBIA1380-4xJERE-IPT plas-

mid (see Subheading 4.1) to 200 pl competent cells. Keep it on
ice for 5 min, then shift the tubes to 37 °C for 5 min, and
afterward feed the cells with 1 ml YEB medium.

. Keep on feeding the cells for 2-3 h. Collect the cells with brief

centrifugation, then spread them on LB plates enriched with
kanamycin (100 mg/1), and let them grow overnight at 28 °C.

The 4xJERE:IPT (cytokinin gene-pathogen-inducible promoter
cassette)-transformed colonies of A. twmefaciens can subse-
quently be confirmed through standard method of colony PCR.

. Grow pCAMBIA1380-4xJERE-IPT containing A. tumefi-

ciens strain ABL 4404 in 5 ml LB medium (enriched with
kanamycin 50 mg/1) as overnight starter culture at 28 °C. Also
grow A. tumefnciens strain ABL 4404 with no pCAMBIA-
4xJERE-IPT plasmid as negative control for transient plant
transformation (see Subheading 4.2).

. Shift 1 ml of the starter culture (pCAMBIA1380-4xJERE-

IPT plasmid containing A. tumefaciens strain ABL 4404) to
50 ml LB medium-containing kanamycin (50 mg/1), 10 mM
MES (pH 5.5), and acetosyringone (20 pM). Likewise, add
starter culture of the A. tumefaciens strain ABL 4404 (with no
pCAMBIA1380-4xJERE:IPT plasmid) into 50 ml LB
medium-containing kanamycin (50 mg/1), 10 mM MES
(pH 5.5), and 20 pM acetosyringone.
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3.

4.

10.

11.

12.

Grow A. tumefuciens cells to a level until both of these cultures
attain an optical density (OD) of 0.8.

Separately harvest the A. tumefaciens culture by centrifuging at
5000 rpm at 4 °C for 20 min.

. Resuspend the pallet of these two different cultures separately

cach in 50 ml MgCl, (10 mM), MES (10 mM, pH 5.5), ace-
tosyringone (200 pM).

. Keep the resuspended A. twmefnciens cells for 2 h at room

temperature.

. Arrange three tobacco wild-type (genotype W38) plants and

three Arabidopsis Col-0 plants (see Subheadings 4.2 and 4.3).

. Infiltrate ca. 300 pl (from step 6) of pPCAMBIA1380-4xJERE-

IPI plasmid containing A. tumefaciens strain ABL 4404 with a
needleless syringe at two to three sites on one side of the
tobacco leaf (Fig. 1b, d). Likewise, infiltrate A. tumefaciens
strain ABL 4404 (no binary plasmid) into the other side of the
leaf across the midrib as negative control (see Subheading 4.3).

. In case of Arabidopsis, infiltrate 100 pl of the pPCAMBIA1380-

4xJERE-IPI plasmid containing A. tumefaciens strain ABL
4404 suspension to one side of the leaf (see Subheading 4.3),
and for negative control infiltrate A. tumefaciens strain ABL
4404 without pCAMBIA1380-4xJERE-IPI plasmid suspen-
sion on a similar position leaf of another Arabidopsis plant of
the same age (Fig. le) (see Subheading 4.3, Note 5).

Keep the A. tumefaciens-infiltrated transformed plants at long
day conditions (16 h light and 8 h dark) for 24 h.

Induce the previously transformed sites with infection of Ps
tabaci (1x10* CFU/ml) in case of tobacco (Fig. 1lb; see
Subheading 4.3, Notes 1-4) plants and with Pst DC3000
(1x10* CFU/ml) in case of Arabidopsis plants (Fig. le; see
Subheading 4.3, Note 5).

Excise infiltrated patches (leaf segments) with the help of a

scissor for further analyses (Fig. 1c) at desired intervals (see
Subheading 4.3).

4 Notes

4.1 Description

of the Cloning Strategy
of Promoter Gene
Cassette (4XJERE:IPT)
into a Suitable Plant
Transformation Vector

. A vector construct harboring gene for the rate limiting cytoki-

nin pathway enzyme (IPT) as detailed by Grosskinsky et al. [8]
was previously generated. The bacterial IPT gene was PCR
amplified along with the insertion of restriction sites of Xhol
and Sacl enzymes. The amplified IPT gene fragment with
inserted restriction sites was then cloned into pGEMT easy
cloning vector. It was then restricted from pGEMT-IPT and
cloned at the sites of Xhol and Sacl by replacing GUS gene in
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A B
Mock inoculation ~ Pst DC3000 inoculation Ps tabaci inoculation Ps tabaci inoculation

24h

48h

4xJERE:GUS 4xJERE:GUS 4XJERE'GE Control 4xJEREIPT

ﬁﬁyﬁ’e’t"« L
i ,5’98&«8&’8

Fig. 1 Pathogen-inducible promoter system for the modulation of cytokinins at the host-pathogen interface. (a)
The pathogen-inducible promoter 4xJERE drives the expression of /PT gene in leaves of promoter-reporter GUS
(4xJERE::GUS) lines upon inoculation with Pst DC3000. The 5-week-old Arabidopsis 4xJERE::GUS plants were
syringe infiltrated with P. syringae pv. tomato DC3000 (106 CFU/ml) at the right half of the leaf (middle panel. red
arrows) as well as whole leaf (both halves: right panel red arrows). For mock induction, we use 10 mM MgCl,
instead of Pst DC3000 (/eft panel: black arrows). GUS staining is performed 24 and 48 h post pathogen and
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4xJERE containing pBT10-4xJERE plasmid. Subsequently,
both 4xJERE and IPT gene cassette was removed from pBT10
vector and cloned it into pPCAMBIA-1380 at the sites of Bgl 11
and HindIII restriction enzymes.

2. The resulting final binary plasmid pCAMBIA1380-4xJERE-
IPT [8] can be used to engineer stable as well as transiently
transformed plants with modulated cytokinin levels upon
pathogen infection.

4.2 Optimization 1. To get functional insight into the induction of a transgene
of Incubation Period (GUS: beta-glucuronidase reporter gene as an example in this
for the Induction case) under the control of 4xJERE promoter, we inoculate the
of 4xJERE Promoter leaves of 5-week-old Arabidopsis 4xJERE:GUS plants with Pst
in Transgenic Plants DC3000 (10° CFU/ml) with the help of a needleless syringe.
After Pathogen Infiltration of mock solution (10 mM MgCl, is agent that does
Infection not provoke immune from the plant) into the leaves of

4xJERE:GUS plants gives an estimate of the background
expression of the transgene. We chose 24 and 48 h post patho-
gen infiltration (PPI) as two distinct incubation time points
after pathogen infection (Fig. 1a). The pathogen and mock-
infiltrated Arabidopsis 4xJERE:GUS plants are then subjected
to GUS activity staining test as described by Naseem et al. [3].

2. Strong GUS activity was observed at Pst DC3000-infiltrated
4xJERE:GUS leaves as compared to that of mock-infiltrated
sites (Fig. la). It is noteworthy that areas on 4xJERE:GUS
leaves away from the site of Pszt DC3000 infection showed faint
GUS activity (Fig. la: middle and left panel). The extent of

Fig. 1 (continued) mock induction. (b) Transient expression of /PT gene in tobacco leaf under the control of
pathogen-inducible promoter. Two sites on right half of the leaf are infiltrated with Agro. strain ABL 4404 con-
taining the plasmid pCAMBIA1380-4xJERE-IPT (right half. green circle). The equivalent opposite sites in the left
half are infiltrated with the same Agro strain but with no pCAMBIA1380-4xJERE-IPT vector (left half in black
circle). After 24 h, these sites are inoculated with P. syringae pv. tabaci (red arrow bold). (c) The determination of
frans-zeatin (nmol/g fresh weight, y-axis) in IPT expressing sites (4xJERE::IPT) in tobacco leaf samples induced
with pathogen infection at various time points (30-IPT-Ps, 36-IPT-Ps, and 48-IPT-Ps) with and without Ps tabaci
inoculation (24-IPT-0 and 48-IPT-0) as well as without Agro. strain ABL 4404 infiltration but with Ps tabaci
inoculation (30-0-Ps, 36-0-ps, and 48-0-Ps) and untouched control samples (0-0-0) (P< 0.05, n=3). (d) Spread
of Pstabaci (red bold arrows) in 4xJERE::IPT sites (left half of the leaf with green circles) and no IPT expressing
sites (black circles on the right half). The IPT expressing sites 3 months post Ps tabaci infiltration (left half of the
leaf) are still juvenile in comparison to non-IPT expressing sites (right half of the leaf). (e) Transient transforma-
tion of the bacterial /PT gene under the control of 4xJERE promoter in Arabidopsis leaves confer resistance
against Pst DC3000. In upper inset 5-week-old wild-type Arabidopsis Col-0 leaves are infiltrated with Agro.
strain ABL 4404 containing the plasmid pCAMBIA1380-4xJERE-IPT, and the treatment of Pst DC3000 (10° CFU/
ml) showed minor bacterial symptoms (resistance phenotype), while the lower inset shows the same accession
infiltrated with Agro. strain ABL 4404 devoid of pCAMBIA1380-4xJERE-IPT plasmid depicts susceptible pheno-
type (appearance of diseased symptoms on leaves) after infection with Pst DC3000
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4.3 Cytokinin
Production

by Transiently
Transformed
4xJERE:IPT Tobacco
Leaves upon Pathogen
Infection

GUS staining at 48 h time point for Pst DC3000 infection is
stronger than 24 h incubation time post pathogen infection.

. These measures provide insights into to the optimization of

4xJERE promoter activity after pathogen inoculation and give
a hint on optimal time to modulate endogenous gene expres-
sion as well as gene product (metabolite or protein: Fig. 1)
accumulation. In our experience, 48 h post pathogen
infiltration culminates in sufficient promoter activity that leads
to higher cytokinins accumulation.

. To show enhanced cytokinin production at the host-pathogen

interface upon infection of tobacco leaves with hemibiotrophic
pathogen Ps tabaci, the A. tumefaciens strain ABL 4404 was
transformed with previously generated pCAMBIA1380-
4xJERE-IPT binary vector (see Subheading 3.1).

. Transient transformation of restricted leaf areas of wild-type

tobacco (genotype: W38) by a local infiltration of A. tumefn-
ciens strain ABL 4404 containing the plasmid pCAMBIA1380-
4xJERE-IPT is accomplished as per the above-described
protocol (see Subheading 3.2). Infiltrate the comparable sites
on other half of the leat with A. tumefaciens strain ABL 4404
devoid of pCAMBIA1380-4xJERE-IPT for control purpose
(Fig. 1b, d). To induce the IPT gene under the control of
4xJERE promoter, challenge these infiltrated areas with Ps
tabaci (1 x 10° CFU /ml) at various time points such as 30, 36,
and 48 h post pathogen infection (Fig. 1).

. To assess the time-dependent effect of 4xJERE promoter on

the accumulation of cytokinins, we specifically analyzed the lev-
els of trans-zeatin with and without the infiltration of Ps tabaci
(source of the induction of 4xJERE promoter). These experi-
ments clearly indicate that accumulation of cytokinin in IPT
gene-transformed  regions is highly pathogen dependent
(Fig. 1c). The level of cytokinin accumulation is significantly
higher at 48 h post the inoculation of Ps tabaci as compared to
carly time points (Fig. 1¢). Moreover, the difference for cytoki-
nin accumulation at 48 h time point with and without Ps tabaci
inoculation is also highly significant in our experiment (Fig. 1c).

. Much intriguingly, on prolonged incubation (more than a

month), IPT gene-induced areas under the control of 4xJERE
promoter exhibited phenotype reminiscent of plants with
delayed senescence. On the contrary, corresponding sites
devoid of 4xJERE:IPT construct went through complete
maceration owing to a full loss of chlorophyll (Fig. 1d) in the
infected areas. These observations substantiate the notion that
our devised pathogen-inducible cytokinin production system is
an efficient cytokinin modulatory tool for the investigation of
plant-pathogen interactions.
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5. We also transtormed Arabidopsis leaves with IPT gene under
the control of 4xJERE promoter, and subsequent (24 h later)
induction by infiltration with Pst DC3000 failed to show dis-
ease symptoms (Fig. le: upper panel), otherwise seen on con-
trol leaves (Fig. le: lower panel).

6. A cautionary note is that tissue wounding during pathogen
infiltration and elicitation effects of Agrobacterium must be
considered when transient expression assay is performed in
perspective of plant-pathogen interaction.
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Chapter 12

Analyzing Cytokinin Responses During Plant-Nematode
Interactions

Florian M.W. Grundler and Shahid Siddique

Abstract

Cyst nematodes are obligate biotrophs that induce the formation of a hypertrophied and hypermetabolic
syncytial-feeding site in roots of the host plants. Cytokinin signaling is activated at the site of infection and
contributes significantly to the formation of syncytium. Here, we describe a protocol for visualizing cyto-
kinin signaling activation in Arabidopsis upon infection with cyst nematode Heterodera schachtii using
promoter reporter lines, TCS#:GFP and ARR5:GUS.

Key words Cytokinins, Nematode, Giant cells, Syncytium, Cell cycle, TCSn:GFP, ARR5:GUS

1 Introduction

Plant parasitic nematodes are destructive pests that severely dam-
age crop plants either directly or as virus vectors. Most of this dam-
age is caused by a small group of sedentary cyst ( Globodera spp.
and Heterodera spp.) and root-knot nematodes (Melozdogyne spp.)
[1]. Infective stage juveniles of cyst nematodes (J2s) enter the
roots in the elongation zone and move through different cell layers
until they reach the vascular cylinder where they induce an initial
syncytial cell (ISC) for feeding. The ISC expands through incorpo-
ration of neighboring cells by local dissolution of cell walls leading
to the formation of a hypertrophied syncytium. Two days after
selection of an ISC, cells incorporated into syncytium are enlarged
and exhibit features of a typical syncytium. The cytoplasm is
strongly condensed and rich in mitochondria, plastid, and ribo-
somes. Further, nuclei are enlarged and a larger central vacuole is
replaced by several smaller vacuoles. Since nematode become
immobile, syncytium serves as the sole nutrient source for nema-
todes throughout their life span of several weeks [2, 3]. During the
following 2 weeks, nematodes feed from syncytium and molt three
times (J3, J4, adult) to develop into males or females. The devel-
opment of syncytium in host plants is accompanied by profound
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transcriptomic, metabolomics, and proteomic changes that have
been previously investigated [4-7]. Nevertheless, the mechanism
by which nematode transtorm initial root cell into a highly active
feeding site is not fully understood.

Cytokinins are adenine derivatives with either an isoprene-
derived or aromatic side chain that regulates a number of develop-
mental and physiological processes, including cell division,
senescence, root growth, branching, and various stress responses
[8, 9]. Cytokinin signaling in Arabidopsisis mediated by a complex
phosphorelay system (also called two-component signaling) in
which the signal is perceived by membrane-localized histidine
kinases (AHKSs) and transmitted to the nucleus via phosphotrans-
mitter proteins (AHPs). Inside the nucleus, transcription factors
known as response regulators (ARRs) become activated and induce
or suppress the transcription of cytokinin target genes [10-13].

One of the first events induced by cyst nematodes in the
infected tissues is activation of the cell cycle [14, 15]; therefore,
cytokinins have long been suggested of playing a role in syncytium
formation. Indeed, our recent study provided evidence that cytoki-
nin signaling is not only induced but also contributes significantly
to cell cycle activation during the syncytium formation [4]. The
activation of cytokinin signaling in Arabidopsis is widely assessed
using two promoter reporter lines: (a) ARRS5:GUS and (b)
TCSn:GFP 16, 17]. Both of these reporter lines have been previ-
ously used under various conditions and have helped describe
novel cytokinin functions. However, nematode root infection is a
complex process consisting of different stages of parasitism includ-
ing migration, ISC selection, syncytium expansion, and mainte-
nance. This has motivated us to develop a standard protocol for
cytokinin visualization during different stages of nematode infec-
tion. Although this procedure is primarily developed to visualize
cytokinin signaling activation in Arabidopsis upon infection with
beet cyst nematode Heterodera schachtiz, it may also be used in
other types of plant-nematode interactions.

2 Materials

2.1 Knop
Agar Medium

Prepare all solutions using double distilled water and analytical
grade reagents. Perform all steps under sterile conditions using
autoclaved pipette tips and glassware. Store all solutions at room
temperature (unless otherwise stated). Follow all waste disposal
procedures required by local laws and regulations.

1. Five different stock solutions I-V (see Note 1). Store at 4 °C.

2. Daishin agar (catalogue number 025, Brunschwig Chemie,
Amsterdam, The Netherlands).
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3. Sucrose.
4. 3 M KOH.

. Gamborg’s vitamin solution (catalogue number G1019,
Sigma-Aldrich, Munich, Germany). Store at 4 °C.

9%

. 6.1 L autoclavable clear glass bottles.
. pH meter.

. Autoclave.

. Petri dishes (9 cm).

10. Cover slips (24 x60 mm).

O & NN O

2.2 Arabidopsis . 0.6% Sodium hypochlorite (NaOCl).
Growth 2. Arabidopsis seeds.
3. Growth chamber.

—

2.3 Nematode 1. 12-day-old Arabidopsis plants.
Infection 2. Sterilized J2 of H. schachtii (see Note 2).

3. 0.7% Gelrite in water (catalogue number G1101, Haarlem,
The Netherlands).

4. Binocular microscope.

2.4 Microscopy 1. X-GLUC solution (see Note 3).

2. Propidium iodide solution (catalogue number P4864, Sigma-
Aldrich, Munich, Germany). Store at 4 °C.

3. Binocular microscope.

4. Fluorescent microscope.

3 Methods

3.1 Plant Growth 1. Prepare 1 L of Knop medium by mixing 2 mL of stock solu-
tion I, 2 mL of stock solution II, 2 mL of stock solution III,
0.4 mL of stock solution, and 0.2 mL of stock solution V in a
1 L clear autoclavable glass bottle. Add 20 g of sucrose and 8 g
of Daishin agar; add double distilled water until the solution is
1 L. Autoclave the media at 121 °C for 20 min. Let the media
cool down to 60 °C, and then add 1 mL of Gamborg’s vitamin
solution through sterile filtration. For ARR5: GUS assays, pour
20 mL of Knop medium into a 9 cm petri dish. Fora TCSn:GFP
analysis, pour 3 mL of Knop medium into a microscopy cover
slip (24 x 60 mm). Let the media solidify for 1-2 h.

2. Collect approximately 100 Arabidopsis seeds (TCSn:GFP or
ARRS5:GUS) in a 2-mL Eppendorf tube. Add 1.8 mL 0.6%
NaOCL to the tube and shake it for 5 min. Wait until the seeds
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3.2 Nematode
Infection

and Microscopic
Observations

3.2.1 ARR5:GUS Assays

accumulate at the bottom of the tube. Carefully remove the
NaOCI from the tube without disturbing the seeds. Add
1.8 mL of 70% ethanol and shake it for 5 min. Afterward,
remove the ethanol and wash the seeds five times with double
distilled autoclaved water. Spread the seeds on autoclaved filter
paper in a petri dish and let them dry for 1-2 h. Grow the plants
under long-day conditions (16 h light and 8 h dark) at 23 °C.

Grow four plants per petri dish in a Knop medium as described
above. Release two drops of 0.7 % Gelrite containing 60-70 sterile
J2 nematodes onto the surface of a Knop agar medium containing
12-day-old plants (Fig. 1). J2 search for roots guided by root exu-
dates and may require several hours before they invade the roots.
Mark the nematode infection sites with a permanent marker on the
back of the petri dishes using a binocular microscope. Submerge the
agar medium within the root system in an X-GLUC solution and
incubate it for 6 h at 37 °C. Remove the GUS solution and wash
the root system three times with 70% ethanol. Count the number
of positively and negatively stained infection sites using binocular
microscope (up to 50 infection sites in total). Carefully cut a root
piece containing a nematode infection site from the agar medium to
mount on glass slides with water. Examine them under a light
microscope. Repeat the experiments three times independently. To
perform a time-course analysis covering different stages of infec-
tion, we recommend staining at 24 hai (migratory), 3 dai (early
J2s), 5 dai (late J2s), 7 dai (J3s), 10 dai (J3s, J4s, male, female), and
15 dai (male and females).

Fig. 1 Infection of 12-day-old Arabidopsis plants with nematode J2 for ARR5:GUS
analysis
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322 TCSn:.GFP Place a single seed on a cover slip with Knop medium to the short
Analysis edge, allowing the roots to grow straight (Fig. 2). Keep the cover
slips under sterile conditions in petri dishes. Release two drops of
0.7 % Gelrite containing 60-70 sterile J2 nematodes onto the sur-
face of the Knop agar medium containing 12-day-old plants
(Fig. 3). Carefully remove the agar from the root especially around

Fig. 2 Activation of cytokinin signaling in Arabidopsis roots upon nematode infec-
tion. Cytokinin-mediated expression of ARR5:GUS reporter upon infection with
cyst nematode H. schachtii at 3 dpi is shown. N nematode

-—
b

T

Fig. 3 Infection of 12-day-old Arabidopsis plants with nematode J2 for TCSn:GFP
observations
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Table 1
Stock solutions

Amount
Stock solution Chemical (g/L)
1 KNO; 121.32
MgSO,-7H,0 19.71
11T KH,PO, 27.22
v FeNaEDTA 7.34
\Y% H;BO; 2.86
MnCl, 1.81
CuSO4'5H20 0.07
ZnS0O,-7H,0O 0.36
CoCl,-6H,O 0.03
H2M004 0.05
NaCl 2.0

the infection sites with the help of a razor blade under binocular.
To visualize the root anatomy, counterstaining with membrane-
impermeable dye propidium iodide (PI) is recommended (see Note
4). Subsequently wash the root twice with water, mount the
samples using a second cover slip, and examine the samples with a
fluorescent microscope. Use water for mounting and don’t let the

samples dry.

4 Notes

1. Table of stock solutions (se¢ Table 1) for Knop medium. The
stock solutions are prepared by combining the chemicals as
stated in the table. The values are for of 1 L stock solution.

2. X-Gluc solution:100 mM NaPO, buffer (pH 7.0) containing
10 mM EDTA, 0.01% Triton X-100, 0.5 mM Kz(Fe(CN)y),
0.5 mM K,(Fe(CN)s), and 1 mg/mL 5-bromo-4-chloro-3--

indolyl glucuronide.

3. Collect and surface sterilize the J2s of H. schachtii using HgCI2
as described previously [18]. The sterilization of J2s can be
skipped if observations have to be made during early stages
of infection (within 48 h). Add 0.7 % Gelrite to larvae before

inoculation.
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4. Add 200 pL PI (10 pg/mL) directly to the root and incubate
samples for 10 s. Do not press cover slips; otherwise, PI may
penetrate the root cells and stain xylem. Additionally, nema-
todes may be damaged by pressing of cover slips. Don’t ana-
lyze samples which are in PI for more than 20 min.
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Chapter 13

Examining H,0, Production in Arabidopsis Leaves Upon
Challenge by Cytokinin

Shahjahan Shabbir Ahmed, lhsan Ullah, Shazia Irfan, and Nazeer Ahmed

Abstract

Plant cells respond to stresses and exogenous environmental stimuli. Production of altered levels of reac-
tive oxygen species (ROS) is one of a typical cellular responses against such stimuli. These responses are
detectable through various techniques including luminol-based bioassays. Luminol-based bioassays pro-
vide an excellent opportunity for detection of ROS in plant leaf tissue when challenged with some exog-
enous stimuli like phytohormones, cytokinins, auxins, ABA, etc. The luminol-based protocol in point aims
at measuring changes in the H,O, levels of Arabidopsis leaf discs when exposed to phytohormone cytoki-
nins. However, utility of the luminol-based ROS determination protocol is quite wide. We specifically
optimized this protocol to quantify the effect of cytokinins on ROS production by Arabidopsis leaves.

Key words Cytokinin, Reactive oxygen species, H,O,, Signaling, Luminol, Scintillation counter

1 Introduction

Owing to the sessile nature of plants, development of sophisticated
mechanisms to cope with biotic and abiotic stresses is a logical
evolutionary outcome. Sensing and responding aptly and swiftly to
various stress factors thus become part of the plant survival system.
The survival instincts of the plants depend, among others, on dif-
ferent signaling molecules including reactive oxygen species (ROS)
which in turn are responsible for activation of complex signaling
pathways [ 1-5]. ROS are oxygen (O,) molecules having the ability
to readily oxidize other molecules. They include both free radicals
and nonradical species such as hydrogen peroxide, superoxide,
hydroxyl radical, and singlet oxygen. ROS have established roles in
growth, development, and biotic and abiotic stresses [6]. At the
organelle level in plants, they are produced in mitochondria, chlo-
roplast, and peroxisome, while plasma membrane together with
apoplast is the other main site involved in ROS generation particu-
larly when challenged with some endogenous signals or exogenous
environmental stimuli. Keeping in view the production of ROS
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particularly H,O, in response to a variety of stimuli, it is not
unlikely to consider H,O, as one of the key players mediating
cross-talk between signaling pathways [7]. An effective signaling
molecule is produced quickly and efficiently whenever needed. It
can induce distinct effects within the cell and is removed quickly
when needed no further [8]. ROS possess these characteristics
besides being very reactive.

The interplay between ROS and phytohormones is another
area of interest for plant scientists. Roles of various phytohormones
are well investigated in growth, development, and defense mecha-
nisms of plants. Traditionally, in defense responses, roles of phyto-
hormones like jasmonates (JAs), salicylates (SAs), and ethylene
(ET) have extensively been documented [9]. Similarly, incoming
evidence suggests the involvement of other phytohormones, such
as abscisic acid (ABA), auxins (indole-3-acetic acid [IAA]), brassi-
nosteroids (BRs) gibberellins (GA), and cytokinins (CKs) in defense
strategies employed by plants [10, 11]. Allied regulatory roles of
ROS and different phytohormones have been suggested [12, 13].
Cytokinins and ROS, for example, are found interacting in various
growth, development, and stress mechanisms [14-17]. Here, we
describe a detailed protocol to monitor the impact of cytokinins on
ROS production as well as to quantity how they inhibit ROS when
plant tissue is pretreated with ROS producing agents.

2 Materials

2.1 Growing
Arabidopsis

2.2 Measuring H,0,
Production

The use of analytical grade reagents and double-distilled water is
recommended for preparation of all solutions. Maintaining sterile
conditions and using autoclaved pipette tips, glassware, etc. are
advised. All solutions be stored at room temperature (unless indi-
cated otherwise). Safety precautions should be followed as per rec-
ommendations of the supplier. In vogue laws and regulations
regarding waste disposal procedures should strictly be observed.

1. Arabidopsis seeds.
(a) Col 0, wild type.
(b) Elongation factor receptor (¢f7’) mutants.
(¢) Arabidopsis ecotype Wassilewskija ( Ws).
2. Greenhouse.

3. Pots with soil.

—

. Six-week-old Arabidopsis plants.
2. Sterilized water.

3. 96-well microplate.
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. Round leaf discs excision tool.

. Scintillation counter or luminometer.

. Luminol.

. Horseradish peroxide.

. An elicitor (flg22, elf18 or any other) as positive control.
. Zeatin or other cytokinins.

10.
. Elicitor elf18.
12.

Elicitor flg22.

Micropipette.

3 Methods

3.1 Plant Growth

3.2 Validation
of the Experimental
System

Grow Arabidopsis thaliana

. Accession Columbia-0 (Col-0).

. Its T-DNA insertion line elongation factor receptor (efr)

mutant.

. Arabidopsis ecotype Wassilewskija (Ws) in pots for 6 weeks.

. Flg22, a 22-amino-acid-long peptide from Psendomonas spec.

acts as a potent elicitor inducing oxidative burst in cells of dif-
ferent plant species [4]. However, Arabidopsis ecotype Ws-0 is
insensitive to perceive flg22 due to mutation in the kinase
domain of its flagellin receptor FLS2 [18]. Similarly, another
microbial MAMP the elongation factor Tu (EF-TU) activates
signaling events and defense responses that are common to
flg22 [19]. The Arabidopsis efr mutant lacks the functional
EFR receptor and is unable to recognize the elicitor elf18.

. Conduct baseline experiments to confirm the proper function-

ality of experimental system being used.

. Cut round leaf discs of the size of the well of 96-well plates and

incubate overnight in sterilized water either in a petri plate or
directly in a 96-well microplate. Each well should contain
100 pl of sterilized water. Next day, add 50 pl of reaction mix
(20 pl/ml each of luminal 20 mM and horseradish peroxidase
1 mg/ml) to each well and incubate the leat disc for 30 min.

. As a positive control, apply 500 nM of flg22 or elf18 in wells

containing leaf tissues of wild-type Col-0 plants. Typically, it
should induce a transient oxidative burst.

. If the same experiment is repeated while changing the wild-

type plants with receptor mutant plants (gf7 and WS-0 ecotypes
for elf18 and flg22, respectively), no production of H,O, is
expected.
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6. In another scenario, when e¢f7 and WS-0 ecotypes are chal-
lenged by flg22 and elf18, respectively, oxidative burst response
is elicited.

3.3 ROS Similar protocol as described above is to be followed here (Fig. 1).
Measurements Briefly:
Upon Challenge 1. Cut round leaf discs of the size of the well of 96-well micro-

by Phytohormones plate with an appropriate tool.

2. Incubate the leaf tissues overnight in sterilized water preferably
in a petri plate.

3. Next day, gently shift the discs in microplate, each well con-
taining 50 pl of reaction mix (20 pl /ml each of luminal 20 mM
and horseradish peroxidase 1 mg/ml).

4. Incubate for 30 min.

5. Assay for different treatment/concentrations of cytokinins or
other phytohormones on scintillation counter.

6. Record the chemiluminescent signals in the form of counts per
second (CPS1) for 45 cycles (Fig. 1).

Fig. 1 ROS detection assay and the effect of cytokinins. Round Arabidopsis leaf discs of the size of well of
96-well microtiter plate left overnight in sterilized water leaf discs are then shifted into 96-well microtiter plate
for luminol-based assay. Leaf discs incubated overnight are shifted in plate wells, and elicitors such as flg22
with and without cytokinin in defined concentration are added to the Arabidopsis segments. Subsequently the
microtiter plate is subjected to luminol-based ROS counting equipment (scintillation counter)
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Chapter 14

A Systems Biology Methodology Combining Transcriptome
and Interactome Datasets to Assess the Implications
of Cytokinin Signaling for Plant Inmune Networks

Meik Kunz, Thomas Dandekar, and Muhammad Naseem

Abstract

Cytokinins (CKs) play an important role in plant growth and development. Also, several studies highlight
the modulatory implications of CKs for plant-pathogen interaction. However, the underlying mechanisms
of CK mediating immune networks in plants are still not fully understood. A detailed analysis of high-
throughput transcriptome (RNA-Seq and microarrays) datasets under modulated conditions of plant CKs
and its mergence with cellular interactome (large-scale protein-protein interaction data) has the potential
to unlock the contribution of CKs to plant defense. Here, we specifically describe a detailed systems biol-
ogy methodology pertinent to the acquisition and analysis of various omics datasets that delineate the role
of plant CKs in impacting immune pathways in Arabidopsis.

Key words Cytokinins, Plant immunity, Transcriptomes, Interactomes, Plant hormones

1 Introduction

Cytokinins (CKs) are adenine-derived regulatory molecules that
regulate many important functions in plants and are also impli-
cated in plant-pathogen interactions [1-6]. In Arabidopsis thali-
ana (Hereatter: Arabidopsis), the signaling of CKs is mediated by
a two-component system (TCS) involving a canonical phosphore-
lay mechanism. The binding of CKs to the central CHASE
(cyclases/histidine kinases associated sensory extracellular) domain
of the HISTIDINE KINASE 2—4 (AHK2-4) receptors initiates a
downstream phosphotransfer cascade [2, 7]. This results in the
phosphorylation of response regulators (ARRs) through histidine
phosphotransfer proteins (AHPs). ARRs are categorized into two
types: type-B ARRs which function as transcription factors and
positively regulate CK signaling and type-A ARRs which negatively
regulate CK responses and are transcriptionally regulated by type-
B ARRs [2, 8]. The isopentenyltransferase (IPT) and cytochrome
P450 monooxygenase (CYP735A) are important rate-limiting key
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enzymes that are involved in the biosynthesis of plant CKs.
However, the final conversion of CK nucleotides into active form
(iP: isopentenyladenine and tZ: #rams-zeatin) is catalyzed by a
CK-specific phosphoribohydrolase activity enzyme LONELY GUY
(LOG). CKs are catabolized by cytokinin oxidase /dehydrogenase
(CKX) [2, 9]. In comparison to their well-established role in regu-
lating dynamics of plant growth and development, their functions
in mediating plant immunity are not fully explored.

The increase in Arabidopsis resistance against infection with
hemibiotrophic pathogen Pseudomonas syringae pv. tomato
DC3000 (Pst DC3000) [3, 4, 10] and biotrophic pathogen
Hyaloperonospora arabidopsidis (Hpa: [6]) with higher plant CK
concentration points to positive crosstalk between CKs and sali-
cylic acid (SA) defense pathway in plants. However, increased CK
responses are also shown to inhibit the sporulation of necrotrophic
pathogen Alternaria brassicicola [3, 10], and CK overproduction
was coupled with protection against Bozrytis infection [11]. Also,
increased plant CK levels and susceptibility to gall-causing patho-
gens such as Rhodococcus fascians [12] and root-knot nematode
(RKN: [13]) and fungal biotrophs such as Claviceps purpurea [9]
reflect an antagonistic interaction between CK- and SA-mediated
defenses. Moreover, the mutual interaction between CKs and
auxin has its impact on immune balance in plants [4, 14 ]; however,
the underlying molecular mechanisms are yet to be determined. It
is therefore inferred that CKs play an important role in mediating
dynamics of tradeoff between growth and defense and needs sys-
tems biology approaches to better decipher these vital functions.
Here, we describe a multi-omics systems biology approach to high-
light important hubs and modules that impact defense responses
during increased CK status of the plant.

2 Materials

2.1 Databases

2.2 Software/
Programs

1. AINM (http://interactome.dfci.harvard.edu/A_thaliana/):
Arabidopsis interactome database.

2. BioGRID (http://thebiogrid.org/): interactome database for
several organisms including Arabidospis.

3. GEO (http://www.ncbi.nlm.nih.gov/geo/): a database of
experimental datasets on quantitative transcriptomes.

4. GeneVestigator (https://genevestigator.com/gv/doc/intro_
plant.jsp): a database of transcriptome datasets under various
biotic and abiotic conditions.

1. phpMyAdmin (MySQL database; https://www.phpmyadmin.
net/): data management software tool.
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2.3 Plugins/Tools

2.

Cytoscape 2.8.2 (http://www.cytoscape.org/): system biol-
ogy software for visualization and analysis of biological
networks.

. BINGO [15]: tool to identify overrepresented Gene Ontology

(GO) terms.

. NetworkAnalyzer [ 16]: tool to calculate topological properties

of the network.

. AllegroMCODE [17, 18]: tool to find highly connected func-

tional modules.

. ClueGO [19]: tool to identity biological signaling pathways

and processes.

3 Methods

3.1 Data Preparation

3.2 Transcriptome-
Interactome-Mapping
and Reconstruction

of an Immune-Specific
Subnetwork

. Exploit the well-known databases such as AINM or BioGRID

to download high-confidence protein-protein interaction
(PPI: interactome data) datasets of Arabidopsis (see Note 1).

. Generate a table containing three columns: column 1, node A;

column 2, interaction type; and column 3, node B (see Note 1).

. Upload the table to phpMyAdmin (MySQL database).
. Name the table as “Interactome.”

. Select differentially expressed genes (DEGs) (e.g., p-Value <0.05,

logFC>1, logFC<1) from the gene expression (se¢ Note 1)
dataset on the external application of CK to Arabidopsis seed-
lings (for instance, using GEO or GeneVestigator) (sec Note 4).

. Select direct interaction partners of DEGs by mapping them to

the interactome data in phpMyAdmin using the command:
Select * From “Interactome” WHERE (nodeA=“DEGI1” OR
nodeB =“DEG1”ORnodeA=“DEG2”ORnodeB=“DEG2”);
do this for each selected DEGs.

. Save the interactions as .sif (simple interaction file) format by

opening the identified interaction partners in phpMyAdmin as
.csv table and then upload the interactions into a text editor
and save the interactions as “Network.sif.”

. Upload and visualize the reconstructed network: Open

Cytoscape software version 2.8.2 and click “File” then click
“Import” and then click “Network” (Multiple File Types) and
then select “Network.sit” and click “Import.”

. Analyze the network for immune-relevant processes: Click

“Plugins” and then click “BiNGO” and there select organism
“Arabidopsis thaliana” and furthermore select “Biological
Processes.” From the BiNGO table, list all statistically signifi-
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3.3 Topological
and Functional
Analysis of the
Reconstructed
Immune-Specific
Subnetwork and
Functional Insights

cant (p-Value <0.05) immune-relevant functions and their cor-
responding genes.

5. Reconstruct an immune-specific subnetwork using direct
interaction partners of the immune genes from the BINGO
analysis (see Note 2) by mapping them to the interactome data.

1. Analyze the network topology: Click “Plugins,” then “Network
Analysis,” and then “Analyze Network,” select “Treat the net-
work as untreated,” and then select network parameters such
as average number of neighbors, network centralization, and
network heterogeneity (see Note 3).

2. Analyze the network for functional modules: Click “Plugins”
and then “AllegroMCODE” and then click “AnalyzeNetwork,”
and there select significant (e.g., Score > 1) clusters (see Note 1).

3. Analyze the network for relevant signaling pathways and pro-
cesses: Select all nodes in the network (or cluster nodes or
nodes of interest) and click “Plugins” and then «click
“ClueGO + CluePedia” and then select in the column “organ-
ism” “Arabidopsis thaliana” and then put the selected nodes
in the text field and then select in the column ClueGO “Settings
ofinterest,” e.g., “Biological Process,” “KEGG,” “Reactome,”
and “WikiPathways,” and click “Show only Pathways with
p<0.05” and then opt “Start” and select from the output
table list of relevant immune signaling pathways and functions
as well as the associated genes (see Note 1).

4. Based on the results (network topology and AllegroMCODE
and ClueGO), important functional hub nodes for CK-mediated
plant immune defense (see Note 5) can be figured out.

4 Notes

We established a methodology by combining different network biol-
ogy tools for elucidating the functional role of large-scale expression
datasets [20]. In this context, our integrated transcriptome-
interactome analysis allows investigation of changes in CK signaling
upon pathogen infection and can contribute to detect relevant func-
tional modules and hub nodes for CK-mediated defense responses
in Arabidopsis (see Fig. 1).

1. Transcriptome data (microarrays or RNA-Seq) of Arabidopsis
plants can be generated either by own experiments and /or can
be downloaded from public databases such as Gene Expression
Omnibus  (GEO;  http://www.ncbi.nlm.nih.gov/geo/).
High-confidence PPI data (interactome) of Arabidopsis can be
acquired from different databases such as the BioGRID data-
base (http://thebiogrid.org/) and from the Arabidopsis
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Fig. 1 Overview of the methodology. The methodology

combines transcriptome and interactome data to ana-

lyze the topology and function as well as to find important functional hub nodes

Interactome Network Map (Arabidopsis Interactome Mapping
Consortium, Science 2011, http://interactome.dfci.harvard.
edu/A_thaliana/). Transcriptome and interactome data can
further be warehoused in a MySQL database for an efficient
data management (see Fig. 1).

. Significantly DEGs from the transcriptome (data normaliza-
tion, preparation, and filtering [20] here not described) reflect-
ing changes in CK-mediated gene expression can be mapped to
the entire Arabidopsisinteractome to identify intersecting nodes
(transcriptome-interactome-mapping). The  reconstructed
expression-based network on the shared nodes between the
transcriptome and interactome and their direct interaction part-
ners can be detected by using the Cytoscape [15]. The
Cytoscape software is an open source platform for the visualiza-
tion and analysis of biological networks using several plugins
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(http:/ /www.cytoscape.org/). For example, the BINGO plu-
gin tool identifies overrepresented Gene Ontology (GO) terms
in a set of genes or a given biological network and maps them
into a GO term hierarchy network. Based on this GO term
analysis, statistically enriched biological processes relevant for
the immune system and their participating nodes can be
selected, which additionally reduced the complexity and num-
ber of nodes from the transcriptome-interactome mapping (see
Fig. 2, three example immune processes out of 110 immune
tunctions from the BiINGO analysis; here we used transcrip-
tome data (GSE 6832.1) of 2-week-old wild-type Arabidopsis
plants treated with zrans-Zeatin for 1 h in comparison to mock
treatment). Next, these immune-relevant functions and corre-
sponding nodes can be integrated into an immune-specific sub-
network (immune network) considering all direct protein
interacting nodes (direct neighbors) through mapping to the
whole interactome (visualization of the network using
Cytoscape) (see Fig. 2; example immune network based on 310
immune-relevant nodes contains 1216 nodes and 1596 edges;
310 immune nodes in green, nodes from the interactome in
blue). In addition, both reconstructed networks can also be
subdivided into pathogen-regulated networks based on their
up- and downregulated DEGs and their interactors (see Fig. 1).

. Subsequently, the reconstructed immune-specific subnetwork

can be analyzed for their topological behavior. Therefore, the
network topology can be analyzed using the plugin
NetworkAnalyzer [16], allowing the determination of differ-
ent network properties such as the average number of neigh-
bors, network centralization, and network heterogeneity.
These parameters give a better insight into the connectivity
and topology as well as the network tendency to contain hub
nodes [21], for instance, immune-relevant nodes with maxi-
mum connectivity from the network (see Fig. 1).

. As a next step, the immune-specific subnetwork can be investi-

gated for functional modules (called clusters) using the
Cytoscape plugin AllegroMCODE [17, 18]. Functional clus-
ters are highly connected subgraphs which have a strong impact
on the whole network [17, 18] (see Fig. 2; example cluster with
11 nodes in brown). In addition, the subnetwork and /or iden-
tified clusters can be further analyzed for associated biological
signaling pathways and processes using the Cytoscape plugin
ClueGO [19]. ClueGO works similar to BINGO but performs
functionally grouped networks of GO terms and pathways that
includes data from KEGG, WikiPathways, and Reactome data-
bases and allows comparison of gene lists [19], for example,
differences between the subdivided up- and downregulated
pathogen-mediated networks (see Fig. 1).
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p-Value x n  Biological Process
143E-05 9 39 cytokinin mediated signaling pathway

7.09E-08 54 637 defense response
1.02E-02 19 272 immune response

Immune
network

Highly
connected
cluster

Hub node Nr. p-Value logFC Name Description

AT1G80840 7 3.56E-04 3.86 WRKY40  putative WRKY transcription factor 40
AT1G32640 12 3,45E-06 3,95 MYC2 transcription factor MYC2

AT1G64280 15 2,65E-02 1,12 NPRI1 Regulatory protein NPR1

ATI1G19180 21 2.66E-05 4.59 JAZ1 iasmonate-zim-domain protein 1
AT1G74890 7 2,22E-04 -3.67 ARRIS two-component response regulator ARR15

Fig. 2 An example output from the BINGO analysis (3 out of 110 immune functions) and a reconstructed
immune network (containing 1216 nodes and 1596 edges, 310 immune-relevant nodes in green) with a highly
connected cluster and hub nodes are shown. Here we analyzed a transcriptome dataset from GEO transcrip-
tome depository (GSE 6832.1) of 2-week-old wild-type Arabidopsis plants treated with frans-Zeatin for 1 h in

comparison to mock treatment
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5. Finally, by combining both results from AllegroMCODE and
ClueGO with the network topology analysis, important func-
tional hub nodes for the plant defense can be identified that will
result in the identification of network connections as well as
bystander nodes. Hence, this can support the importance of dif-
ferent pathways and /or functional modules in the subnetwork
and highlight potential targets and new insights into previously
unknown cellular context (see Fig. 2; example immune-relevant
hub nodes with additional information).

The described systems biology methodology integrates gene
expression and Arabidopsisinteractome data to analyze the changes
in CK signaling upon pathogen infection. Thus, it allows a better
elucidation of gene expression datasets leading to the identification
of relevant functional modules and hub nodes for further experi-
mental characterization of previously unknown interactions.
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Chapter 15

Monitoring of Crosstalk Between Jasmonate and Auxin
in the Framework of Plant Stress Responses of Roots

Victor Carrasco Loba, Marta-Marina Pérez Alonso,
and Stephan Polimann

Abstract

Over the last few years, it became more and more evident that plant hormone action is to great parts deter-
mined through their sophisticated crosstalk, rather than by their isolated activities. Thus, the parallel analy-
sis of interconnected phytohormones in only very small amounts of tissue developed to an important issue
in the field of plant sciences. In the following, a highly sensitive and accurate method is described for the
quantitative analysis of the plant hormones jasmonic acid and indole-3-acetic acid in the model plant
Arabidopsis thaliana. The described methodology is, however, not limited to the analysis of Arabidopsis
samples but can also be applied to other plant species. The presented method is optimized for the working
up of as little as 20-50 mg of plant tissue. Thus, it is well suited for the analysis of plant hormone contents
in plant tissue of only little biomass, such as roots. The presented protocol facilitates the implementation
of the method into other laboratories that have access to appropriate laboratory equipment and compa-
rable state-of-the-art gas chromatography-mass spectrometry (GC-MS) technology.

Key words Jasmonic acid, Auxin, Crosstalk, Electron impact tandem mass spectrometry (EI-GC-MS /
MS), Solid-phase extraction, Stable isotopes, Derivatization, Plant hormone analysis

1 Introduction

Plant hormones are involved in the regulation of virtually all aspects
of plant growth and development, as well as in plant responses to
environmental stimuli. Up to date, a small number of such signal-
ing molecules are known, including among others auxins, cytoki-
nins, gibberellins, abscisic acid, salicylic acid, jasmonates, and
ethylene [1]. Initially, the various plant hormones have been stud-
ied in an isolated fashion. Deeper insight into their mode of action
and their pivotal impact on plant development and responses
toward external stimuli, however, revealed a high degree of inter-
action between the different phytohormones [2, 3]. To date, it is
commonly accepted that the plant hormone network can affect
both plant growth and development as well as their physiological

Thomas Dandekar and Muhammad Naseem (eds.), Auxins and Cytokinins in Plant Biology: Methods and Protocols,
Methods in Molecular Biology, vol. 1569, DOI 10.1007/978-1-4939-6831-2_15, © Springer Science+Business Media LLC 2017
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responses to external cues on different levels involving, e.g., the
control of mRNA and protein synthesis, the activity and turnover
rate of proteins, hormone transport, and the reversible or irrevers-
ible inactivation of active signaling molecules [4].

In this context, the mechanistic and conceptual crosstalk
between jasmonic acid (JA) and indole-3-acetic acid (IAA) is par-
ticularly interesting because, at first glance, those two plant hor-
mones possess antagonistic properties. While IAA is generally
considered the plant’s most important growth factor, JA is com-
monly associated with growth inhibitory effects. However, it has
been shown that the two plant hormones share components of the
perception and signal transduction machinery [5-7], which was
among the first evidence that highlighted a tight and intimate
interconnection of JA and IAA. Later on, further research substan-
tiated those findings, disclosing an important impact of jasmonates
and their precursors on the biosynthesis of IAA [8-12]. It is sug-
gested that the crosstalk between JA and IAA plays an important
role in plant stress responses, particularly toward biotic foes. As an
example, mechanical wounding, which is known to trigger the
rapid production of JA, is capable to induce gene expression of
YUCY, a flavin-containing monooxygenase involved in auxin bio-
synthesis [ 11]. So far, the role of auxin in plant stress responses and
the importance of JA/TAA crosstalk are not well established, but it
is considered that alterations in auxin homeostasis in the course of
stress responses of the root have a substantial impact on root archi-
tecture. In this context, the response toward the endophyte
Piriformospora indica is a very good example since the main target
of the fungus in the roots is auxin homeostasis [13, 14]. For fur-
ther reading on this particular topic, we refer to Chapter 3.

However, whole-genome covering transcriptomics approaches,
comparing transcriptional responses in wild-type Arabidopsis to
those in a number of available mutants, provided a wealth of very
valuable information on the mechanism through which JA may
impact on auxin homeostasis, incrementing [AA biosynthesis. At
this point, we have to put emphasis on the fact that final proof for
such a described impact has to come from the quantification of the
corresponding plant hormone levels in the responding tissue,
because this is the ultimate readout that matters. Bearing in mind
that particularly JA, but also IAA, abundance in plant tissues is
fairly low, the quantitative analysis of those signaling molecules still
remains a challenging task.

To overcome this problem, modern methods for the quanti-
tative analysis of trace substances nowadays rely on highly sensi-
tive mass spectrometric techniques. In combination with internal
standardization using stable isotope-labeled compounds, mass
spectrometry offers not only the unambiguous identification of
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plant hormones but also their absolute quantitation within a
given sample. It has to be remarked that the extraction and pre-
purification protocol presented here is suitable to enrich all kinds
of acidic plant hormones at once, which in fact makes multiplex
analysis of several acidic phytohormones, such as auxins, jasmo-
nates, salicylic acid, abscisic acid, and those with modifications of
gibberellins, from one sample possible if required GC-MRM-MS /
MS equipment is available [15-17]. Apart from very few entry-
level GC-MS machines, modern GC-MS setups generally possess
tandem MS (MS/MS or MS") capacities. In brief, working in
MS/MS mode refers to the selection of suitable parent or precur-
sor ions in the first MS step, which are then fragmented through
the collision with a noble gas, most commonly argon. The result-
ing so-called fragment, daughter, or product ions are finally
recorded in a second MS step. The upside of this methodology is
the substantial improvement of the signal-to-noise ratio that
offers the possibility to obtain clean spectra for given target com-
pounds even from very complex samples. On the downside, uti-
lizing a very sensitive technique such as GC-MS makes the
establishment of an efficient pre-purification /sample preparation
protocol mandatory, because primary extracts are generally not
considered suitable for direct assessment by GC-MS, even though
exactly this would be desirable. In this respect, it has to be noted
that there is no one universal method that facilitates the simulta-
neous pre-purification of all plant hormones at the same time,
due to their very different chemical properties. However, mainly
because of major advances in sensitivity, liquid chromatography-
mass spectrometry (LC-MS) moves more and more into the
limelight, also in the field of plant hormone quantification. This
can likely be attributed to the fact that the LC-MS setup is less
prone to malfunction and long-lasting contamination of the
hardware when sample quality is slightly on the low side. In any
case, it has to be emphasized that also in LC-MS comprehensive
sample preparation protocols are sometimes required to facilitate
analysis of the desired target substances [18-22].

The method presented in this chapter facilitates the parallel
quantitative analysis of JA and IAA in small tissue samples. As
stated above, the described purification procedure is also suitable
for several other acidic phytohormones and related substances.
The method has been validated and successfully used for a number
of plant species, for instance, Arabidopsis, barley, tobacco, potato,
tomato, corn, and rice. It is, however, not appropriate to purify
basic plant hormones, such as cytokinins and related derivatives. In
this case, the reader is referred to advanced literature for further
reading [23-28].
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2 Material

2.1 Plant Hormone
Extraction, Pre-
purification,

and Derivatization

All solvents should be prepared using exclusively reagents in pro
analysis or at least high-performance liquid chromatography
(HPLC) grade. If not directly using the pure reagents, it is recom-
mended to prepare the solvents freshly and to use them at room
temperature (if not explicitly stated otherwise). All reagents should
be stored at room temperature.

1.

10.

11.

12.

13.

14.

15.

16.

17.
18.

Acetic acid (Sigma Chemical Company, St. Louis, MO, USA).

2. Acetone (Sigma Chemical Company, St. Louis, MO, USA).
3.
4. Diethyl ether, dry, free of peroxides (Sigma Chemical Company,

Methanol (Sigma Chemical Company, St. Louis, MO, USA).

St. Louis, MO, USA).

. Chloroform (Sigma Chemical Company, St. Louis, MO,

USA).

. 2-Propanol (Sigma Chemical Company, St. Louis, MO, USA).
. (Trimethylsilyl)diazomethane solution, 2.0 M in diethyl ether

(Sigma Chemical Company, St. Louis, MO, USA).

. Washing solvent for solid-phase extraction: chloroform/2-

propanol [2:1, v/v].

. Elution solvent for solid-phase extraction: diethyl ether+2%

acetic acid [v/Vv].
Thermomixer (Thermomixer comfort, Eppendorf AG,
Hamburg, Germany).

Aminopropyl solid-phase extraction columns (Chromabond
NH, shorty 10 mg, Macherey-Nagel GmbH, Diren,
Germany).

Centrifuge and corresponding rotor (1-15PK with rotor
12024-H, Sigma Laborzentrifugen GmbH, Osterode am
Harz, Germany).

Speed-vac concentrator (Concentrator Plus 5305, Eppendorf
AG, Hamburg, Germany).

Extraction vacuum manifold (20-port, Waters Corporation,

Molford, MA, USA).

Membrane vacuum pump stand (PC 620 NT, Vacuubrand,
Wertheim, Germany).

Ball mill with Eppendort cup adaptor (Retch MM300, pur-
chased from Qiagen, Hilden, Germany).

Stainless steel balls, 3 mm diameter (Retsch, Haan, Germany).

Ultrasonic bath (Bansonic 5510E-DTH, Branson Ultrasonics
Corporation, Danbury, CT, USA).
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2.2 Stable Isotope-
Labeled Internal
Standard

Stable isotope-labeled indole-3-acetic acid ([*H,]-indole-3-acetic
acid) and jasmonic acid ([?H;]-jasmonic acid), respectively, to be
used as internal standards in the mass spectrometric analysis are
commercially available and can be purchased, e.g., from CDN iso-
topes (Pointe-Claire, Canada) or OlChemIm Ltd. (Olomouc,
Czech Republic). There is the possibility to use standards from
other vendors (see Note 1) given that the isotopic enrichment of
the substance is higher than 96 % and the compound does neither
decay nor detectably exchange the heavy isotopes during the sam-
ple preparation and analysis process. Please note that it is highly
recommended that the mass difference between internal standard
and analyte is not less than two AMU.

3 Methods

3.1 Extraction
of Plant Tissue

3.2 Pre-purification
and Enrichment

of Acidic Compounds
by Solid-Phase
Extraction

If not explicitly specified otherwise, all steps can be carried out at
room temperature.

1. Weigh between 20 and 50 mg of plant tissue (fresh weight)
into a 1.5 ml disposable reaction tube (see Note 2). Add 1 ml
of methanol, 30 pmol of [*Hjs]-jasmonic acid and 50 pmol of
[?H,]-indole-3-acetic acid internal standard (se¢ Note 3), and
three steel balls.

2. Use a thermomixer to heat the sample to 60 °C and incubate
it under gentle agitation for 3 min, then homogenize by heavy
vortexing or shaking for several minutes. Optimally, a vibrating-
ball micro-mill (Retsch MM300) can be utilized, subjecting
the sample to two rounds of 3 min, each at 30 Hz (see Note 4).
Further extraction will take place at room temperature for at
least 1 h. Over the course of the incubation, the sample should
be vortexed or inverted a couple of times.

3. Remove the steel balls by using a magnetic tool and centrifuge
the sample (14,000 x4, 1 min) to sediment cell wall debris and
other floating particles. Carefully transfer the supernatant to a
fresh reaction tube, omitting to pick up parts of the pellet.
Take the sample to complete dryness using a speed-vac set to
60 °C (see Note 5) and maximum vacuum. Please note that
after drying the sample can be stored at —80 °C until further
processing.

1. Thoroughly dissolve the crude residue in 50 pl methanol, then
add 200 pl of diethyl ether. Sonify the sample for 5 min in an
ultrasonic bath, before centrifuging it for 5 min at 14,000 x g.

2. During the preparation of the sample, already start with the
equilibration of the aminopropyl solid-phase extraction col-
umn (see Note 6). To do so, wash the column with 2x200 pl
diethyl ether.
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3.3 Derivatization
of the Sample Prior
to GC-MS Analysis

34 Gas
Chromatographic-
Mass Spectrometric
Assessment

3.4.1 GC Setup

3. Transfer the entire sample onto the conditioned column and
let the sample pass the matrix by gravity flow without applying
vacuum to the SPE manifold. This is likely to improve the asso-
ciation of acidic compounds to the NH, matrix.

4. After passage of the sample, wash the column twice with 200 pl
freshly prepared washing solvent (chloroform/2-propanol).
Clean the tip of the plastic insert holding the column with
some white laboratory paper.

5. Elute the sample from the matrix into a fresh reaction tube by
adding 2 x 200 pl of the elution solvent (acidified diethyl ether,
containing 2% acetic acid [v/v]). Finally, dry the combined
eluates using a speed-vac concentrator (10 mbar, 60 °C).
Remove residual acetic acid in a gentle stream of nitrogen.

The contained acidic plant hormones are preferentially analyzed by
gas chromatography-mass spectrometry (GC-MS) in the form of
their methyl esters, which are characterized by a substantially lower
melting point and, thus, better vaporization properties during the
subsequent GC-MS analysis (see Note 7).

1. Prepare 10 ml of an acetone/methanol [9:1 (v/v)] solution.
When kept in darkness and in an airtight vessel, the mixture
can be stored at room temperature over a longer period of
time.

2. To prepare the derivatization solvent for the methylation of
organic acids, mix 220 pl of the acetone/methanol solution
with 27 pl diethyl ether and 3 pl of the (trimethylsilyl)diazo-
methane solution (see Note 8). The resulting 250 pl are suffi-
cient for the chemical modification of at least ten samples (see
Note 9).

3. Dissolve the sample in 25 pl methanol and transfer the solution
into a 600 pl crimp top conical microvial (Chromacol Uni-VL
Supelco #27312). Dry completely in a gentle stream of nitrogen.

4. Add 20 pl of the freshly prepared derivatization solvent to the
sample. Immediately close the vial with a suitable 8 mm crimp
seal with PTFE /rubber septa. Let the sample rest for 30 min
at room temperature before proceeding with the GC-MS
analysis.

From the derivatized sample, a 1 pl aliquot is injected into the
GC-MS system for gas chromatographic separation and subse-
quent mass spectrometric analysis.

Injection of the sample was carried out in splitless mode. A pres-
sure pulse of 25 psi over 1 min was used to force the transfer of
compounds from the injector into the column. After that time, the
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34.2 Mass
Spectrometer Setup

split was fully opened for 1.5 min before it was set to a split ratio
of 20% for the remaining run time. The injector temperature was
250 °C and the column temperature was held at 50 °C for 1.2 min.
Then, it was increased by 30 °C/min to 120 °C, followed by a
further increase to 325 °C by 10 °C/min. Finally, a temperature of
325 °C was held for another 4 min. Separation was achieved by
using a 30 mx0.25 mm i.d. fused silica capillary column with a
chemical bond 0.25 pm ZB35 stationary phase (Phenomenex,
Torrance, USA) (see Note 10). Helium at a flow rate of 1 ml/min
served as the mobile phase.

The method described here is optimized for triple-quadrupole
mass spectrometers run with positive polarity. The mass spectrom-
eter was operated in EI-MRM mode. The transfer line temperature
was set to 250 °C, while the ion source temperature was set to
200 °C. Ions were generated with =70 eV at a filament emission
current of 80 pA. The dwell time was 175 ms. Argon set at
2.0 mTorr was used as the collision gas. For the target compounds,
derivatized endogenous IAA and JA as well as the two deuterated
internal standards, at least two transitions were recorded. One
transition was used as the quantifier ion, whereas the others served
as qualifier ion providing additional information about the analyte
as well as indicating the presence of possible impurities. The
selected precursor ions and corresponding diagnostic product ions
are listed in Table 1.

The amount of the endogenous compound was calculated
from the signal ratio of the unlabeled over the stable isotope-
containing mass fragment observed in the parallel measurements

(Table 1).

4 Notes

1. Stable isotope-labeled indole-3-acetic acid is also available
from Cambridge Isotopes (www.isotope.com), Isotec (Sigma-
Aldrich; www.isotec.com, www.sigma-aldrich.com), while
both labeled indole-3-acetic acid and jasmonic acid are com-
mercially available from Medical Isotopes (www.medicaliso-
topes.com).

2. It has to be noted that jasmonic acid production is strongly
induced by mechanical wounding. In case that organ-specific
plant hormone analysis is desired, which involves dissection of
the plants, fast quenching of the metabolism is required. We
strongly recommend freeze the harvested tissue directly in
reaction tubes containing liquid nitrogen. By this measure,
corruption of the obtained data by self-induced JA production
can largely be avoided.


http://www.isotope.com/
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Table 1

Characteristic precursor and product ions used for the detection of methylated jasmonic and
indole-3-acetic acid and its internal standards

Retention
Compound time (min)

Retention time Precursor Product Collision Scan Quantifier
window (min) ion (m/2) ion (m/Z) energy time (%) ion

MecIAA 13.42
13.42
[’H,]-MeIAA 13.42
13.42
MecJA 11.25
11.25
[’Hs]-MeJA  11.25
11.25

189 130 10 50 X
130 103 15 50
191 132 10 50 X
132 103 15 50
151 108 10 50 X
224 151 10 50
154 111 10 50 X
229 154 10 50

It has to be noted that the retention time for the target compound may moderately shift due to system-dependent
parameters. It is reccommended to use reference compounds to determine retention times for the actual setup prior to

the analysis (see Note 10)

3. Note that it is mandatory to determine the appropriate amount

of internal standard to be used in preliminary experiments.
The necessary standard content can change for different tissues
and developmental stages, respectively. It is recommended that
the amount of standard added to the sample should neither
exceed the endogenous content of the analyte by five times,
nor should it be less than 1/5 of the respective analyte to be
analyzed.

. More rigid plant organs, e.g., more lignified tissues such as

stems or seeds, may require longer vibration times. If no
vibrating-ball micro-mill is available, the tissue can alterna-
tively be ground in liquid nitrogen using micro-pistils and
standard reaction tubes. The resulting powder must not thaw
before the addition of the methanol.

. It is important that the sample is completely dried with no

traces of water left. Unnecessary processing in the speed-vac
concentrator, however, should be avoided as over-drying may
result in analyte loss. Given the fact that indole-3-acetic acid
and jasmonic acid have their melting points between 160 and
169 °C, the risk of analyte loss by evaporation is low though.
To our experience, processing times of up to 2 h do not nega-
tively affect analyte contents.

. It is possible to use commercially available microtips from other

vendors, e.g., from Glygen Corp., Columbia, USA, or Chromacol
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10.

Ltd., Welwyn Garden City, UK, for solid-phase extraction. Please
note, however, that the presented protocol has not been opti-
mized for such type of pipet microtips and, thus, needs to be
adapted in case that usage of microtips is desired.

. As an alternative to the methylation using (trimethylsilyl)

diazomethane solution, other reagents for the derivatization of
indole-3-actic acid and jasmonic acid can be used. In our
hands, trimethylsilylation using N, O-bis(trimethylsilyl)trifluo-
roacetamide (BSTFA) + trimethylsilyl chloride (TMCS), 99:1
[v/Vv] (Supelco, Bellefonte, PA, USA) proved to be very eftec-
tive. However, it has to be taken into account that BSTFA
does not only react with the —OH group of carboxy functions,
but with all type of alcohol, phenol, carboxyl, amine, amide,
and thiol groups at different reaction velocities, which some-
times results in nonuniform derivatization of compounds that
carry more than one group prone to the reaction with the
reagent. For example, in case of IAA, it can lead to the forma-
tion of TMS-IAA and (TMS),-IAA due to the rapid derivatiza-
tion of the carboxy function, whereas derivatization of the -NH
group in the heterocycle takes considerably longer. For this
reason, we recommend to allow a derivatization time of at least
45 min at 60 °C to ensure uniform and complete derivatiza-
tion of target compounds.

. Alternatively, ethereal diazomethane can be used for the

methylation. Ethereal diazomethane can be prepared from
N-nitrosomethylurea  recrystallized  from  methanol.
N-Nitrosomethylurea can be obtained from Sigma-Aldrich.
However, in any case, when preparing and/or handling
diazomethane containing solutions, safety precautions
should strictly be obeyed. All steps have to be performed in
a well-ventilated laboratory fume hood.

. It is recommended to prepare only the amount of derivatiza-

tion solution required for immediate use. The solvent should
only be used freshly prepared.

GC capillary columns with an intermediate polarity similar to
that of the here used ZB-35 column (35 % phenyl-65 % dimeth-
ylpolysiloxane, low bleeding) are standard for acidic phytohor-
mone profiling. However, other stationary phases (e.g.,
containing 5 or 50% phenyl) that provide either lower or
higher polarity can also be used. It has to be noted that such
columns may need a slightly different temperature program
than the one reported here to achieve satisfying separation of
the analytes.
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Chapter 16

High-Throughput Protoplast Trans-Activation (PTA)
Screening to Define Transcription Factors
in Auxin-Mediated Gene Regulation

Nora Wehner, Jorn Herfert, Wolfgang Drége-Laser, and Christoph Weiste

Abstract

Genome sequencing and annotation studies clearly highlight the impact of transcriptional regulation in
plants. However, functional characterization of the majority of transcriptional regulators remains elusive.
Hence, high-throughput techniques are required to facilitate their molecular analysis. Here, we provide a
detailed protocol to conduct a high-throughput protoplast trans-activation (PTA) screening, which enables
simultaneous analysis of up to 95 individual transcription factor activities on a customizable
promoter: LUCIFERASE reporter. This system is well suited to decipher complex transcriptional networks
such as that triggered by the phytohormone auxin.

Key words Transcription factor, Screening, High throughput, Protoplast, Gene regulation, Auxin

1 Introduction

At the beginning of this century, comprehensive genome sequenc-
ing projects and gene annotation studies let to the identification of
roughly 27,500 protein-coding genes in Arabidopsis thaliana | 1-
4]. Over 9 % (2492) of these genes are thought to encode for
transcription factors (TFs) [5], thereby constituting one of the
largest functional classes in eukaryotic genomes [6]. Although, this
clearly accentuates the impact of gene regulation in plant evolu-
tion, only a limited number of TF genes have been functionally
characterized, to date [5]. In order to enable molecular and bio-
chemical analysis on a genomic scale, joint efforts were undertaken
to generate large TF open reading frame (ORF) compilations [7—
10]. Building upon these repositories, a high-quality, sequence-
validated Arabidopsis TF ORF collection was recently generated,
covering almost 80 % (1956) of all currently annotated transcrip-
tional regulators [5]. Employing the GATEWAY® recombination
system, the deposited TF coding regions can be readily transferred

Thomas Dandekar and Muhammad Naseem (eds.), Auxins and Cytokinins in Plant Biology: Methods and Protocols,
Methods in Molecular Biology, vol. 1569, DOI 10.1007/978-1-4939-6831-2_16, © Springer Science+Business Media LLC 2017

187



188

Nora Wehner et al.

from their recombination-compatible donor to expression vectors,
thereby highly facilitating the ensuing functional analysis [5, 11].

Due to their high quantity, individual characterization of TF
genes is laborious and time-consuming. As moreover highly related
TFs frequently exhibit pronounced functional redundancy and
sophisticated TF networks cooperate in controlling promoter
activity, high-throughput strategies are essential to screen large TF
collections for their impact on gene regulation [12-14].

In this respect, classical yeast-1-hybrid screening approaches
proved to be powerful tools [15-18]. However, analysis of TF
activities on full-length promoters faces several limitations in this
heterologous system [12].

Arabidopsismesophyll protoplasts are an ideal high-throughput
applicable system for studying plant signal transduction pathways
[12-19]. Indeed, protoplasts can be easily isolated and transfected
[19, 20] and display physiological responses to a wide array of
endogenous [21-23] and environmental [12; 24] stimuli. In par-
ticular, they were found to be a valuable tool to decipher hormone-
triggered signaling events as they react sensitively and specifically
to treatments with phytohormones such as ethylene [23], abscisic
acid [21], cytokinin [25], or auxin [22].

Based on a previously published, highly efficient protoplast
transfection protocol [19], we established a high-throughput pro-
toplast trans-activation (PTA) screening platform [12]. By co-
transfecting protoplasts with a promoter: LUCIFERASE (LUC)
reporter, a normalization plasmid, and individual TF eftector con-
structs in a 96-well microtiter plate format, this system allows the
simultaneous and quantitative examination of up to 95 TF activi-
ties on a given promoter (Fig. 1). Thus, highly complex signal
integration processes can be readily assessed.

Transcription mediated by the phytohormone auxin serves as
an example for complex gene regulation. In this context, it has
been shown that auxin qualitatively controls auxin-responsive gene
expression by interfering with the activity of AUXIN RESPONSE
FACTOR (ARF) and AUXIN/INDOLE-3-ACETIC ACID
(Aux/IAA) proteins [26]. In Arabidopsis both types of regulators
belong to large gene families encoding for 23 ARFs [27] or
29Aux/I1AAs [28], respectively. Moreover, several reports revealed
a quantitative impact of specific MYB [29] and basic leucine zipper
(bZ1IP) TFs [22, 30, 31] on auxin-responsive genes. Making use of
the described high-throughput PTA screening platform, we could
unravel a selective impact of members of the bZIP TF family on
the well-characterized auxin-responsive GRETCHEN HAGEN
3.3 promoter (ProGH3.3) (Fig. 2), demonstrating the systems’
high capacity. In this chapter, we provide a detailed protocol to
analyze TF activities on any given promoter using the PTA screen-
ing system.
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Fig. 1 Schematic overview of the protoplast trans-activation (PTA) system. (a) Detailed presentation of the PTA
screening procedure [13]. To examine the activation or repression potential of up to 95 TFs on a promoter of
choice at a time, protoplast transfections are carried out in a standard microtiter plate. Therefore, a predefined
GATEWAY®-compatible TF collection is recombined in the plant expression vector p35S-HA-GW (b) [32], which
enables transient expression in protoplasts. Trans-activation of the promoter:LUC reporter can be readily
determined by quantitative luciferase imaging

2 Materials

2.1 Generation 1. Reporter construct (pBT10-fLUC) (see Note 1).

of Reporter and TF 2. Effector construct (p35S-HA-GW, GATEWAY®-compatible
Effector Constructs destination vector) (sec Note 2).
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Fig. 2 PTA screen to identify bZIP TFs controlling auxin-responsive GH3.3 promoter activity. Trans-activation
properties of 63 individual bZIP TFs on the full-length (—2000 bp) GH3.3 promoter [22] were analyzed in the
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3.

4.

2.2 Arabidopsis 1.

Mesophyll Protoplast
Preparation

QN Ul W

7.
8.
9.
10.
11.

12.
13.

<

TF OREF collection in GATEWAY®-compatible ENTRY vector
(see Note 3).

GATEWAY®-compatible ENTRY vectors (Thermo Fisher
Scientific).

. Phusion® High-Fidelity DNA Polymerase (New England

Biolabs).

. PrimeScript First Strand ¢cDNA synthesis kit (Clontech).
. GATEWAY® BP Clonase® 2 Enzyme Mix (Thermo Fisher

Scientific).

. GATEWAY® LR Clonase® 2 Enzyme Mix (Thermo Fisher

Scientific).

. Selected restriction endonucleases (Thermo Fisher Scientific).
10.
11.
12.
13.

T4 DNA Ligase (New England Biolabs).

NucleoSpin® Gel and PCR Clean-Up Kit (Macherey-Nagel).
NucleoSpin® Plasmid Kit (Macherey-Nagel).

Plasmid Plus Midi Kit (Qiagen, Cat. no. 12945) (see Note 4).

4-5-week-old Arabidopsis thaliana plants grown on soil under
a 12-h light/12-h dark regime (see Note 5).

. Forceps and scalpel.

. Standard plastic petri dish (9 cm diameter).

. Cellulase Onozuka R-10 (Serva).

. Macerozyme R-10 (Serva).

. Enzyme solution (1.25 % (w/v) Cellulase R-10, 0.3 % (w/v)

Macerozyme R-10, 0.4 M mannitol, 20 mM KCl, 20 mM
4-morpholineethanesulfonic acid (MES), 10 mM CaCl,, pH
5.7). Sterile-filtered stocks can be stored at 4 °C for 2 weeks
(see Note 6).

Exsiccator with vacuum pump.
Steel mesh (aperture 63 pm).
Falcon tube (50 mL).
Serological pipet (10 mL).

Isotonic washing buffer (154 mM NaCl, 125 mM CaCl,, 5
mM KCI, 2 mM MES, pH 5.7), treat by autoclave.

Cell-saver pipet tips, wide bore, 1 mL (Axygen).

Ice.

Fig. 2 (continued) absence (red bars) or presence (gray bars) of 0.3 uM of the synthetic auxin 1-naphthale-
neacetic acid (NAA) in Arabidopsis mesophyll protoplasts. Given is the mean firefly LUCIFERASE (fLUC) reporter
gene expression from two independent transfection events (+SD) relative to promoter 35S-driven renilla
LUCIFERASE (rLUC) expression. All results were normalized to GH3.3 promoter activity in the presence of NAA
(set to 100%), which is indicated by a dashed line. bZIP TFs are arranged in subgroups (A-I, S) according to
their phylogenetic relationship [33]
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2.3 High-Throughput
Protoplast
Transfection

12.

. Normalization construct (pHBT-Pro35S:7LUC) (see Note 7).
. Empty vector DNA (pHBT).
. 96-well microtiter plate (transparent, round bottom).

. Protoplast transfection buffer 1 (0.4 M mannitol, 15 mM

MgCl,, 4 mM MES, pH 5.7). Sterile-filtered stocks can be
stored at 4 °C for 2 weeks.

. Protoplast transfection bufter 2 (40 % (w/v) polyethylene glycol

(PEG) 4000, 0.2 M mannitol, 100 mM CaCl,) (see Note 8).

. Multichannel pipet (8 or 12 channels).
. Cell-saver pipet tips, wide bore, 200 pL (Axygen).

. Reagent reservoir for multichannel pipets, 25 mL (Thermo

Fisher Scientific).

. Timer.
10.
11.

Isotonic washing buffer (see protoplast preparation).

Incubation buffer (0.5 M mannitol, 4 mM MES, 20 mM KClI,
pH 5.7). Sterile-filtered stocks can be stored at 4 °C for 2 weeks.
1-naphthaleneacetic  acid (NAA) (Sigma-Aldrich) in
DMSO. Stocks (10 mM) can be stored at —20 °C for a few
months (see Note 9).

2.4 CQuantitative 1. 96-well microtiter plate (Nunc PP 0.5 mL, white, round bot-
and Semiquantitative tom, Thermo Fisher Scientific).
Luciferase Imaging 2. Luminometer plate reader (Robion Solaris, Stratec).
3. Lysis bufter (2x concentrated Lysis-Juice 2, PJK GmbH).
4. Firefly luciferase substrate (Beetle-Juice BIG KIT, PJK GmbH).
5. d-Luciferin potassium salt (SYNCHEM OHG).
6. Renilla luciferase substrate (Renilla-Juice BIG KIT, PJK GmbH).
7. 75 % ethanol.
3 Methods

3.1 Generation
of Reporter Gonstructs

Reporter constructs for the PTA screening platform can be easily
assembled by inserting a PCR-amplified promoter region of choice
directly upstream of the fLUC reporter gene in the pBT10-fLUC

vector [12]. The following step-by-step protocol describes a gen-

eral construct preparation.

1.

2.

Define the promoter region which should be screened. Using
a roughly 1500 bp intergenic region upstream of the transla-
tional start site is a good starting point (se¢ Note 10).

Design oligonucleotides to PCR-amplify the promoter region
of choice. Introduce restriction sites 5" of each primer, which
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3.2 Generation of TF
Effector Constructs

are present in the multiple cloning site (mcs) upstream of the
fLUC reporter gene in the pBT10-fLUC vector. Restriction
sites should be unique and not cut outside the vectors’ mcs or
within the desired promoter region (see Note 11).

3. Amplify promoter region from Arabidopsis genomic DNA
using a high-fidelity DNA polymerase, following the manufac-
turer’s protocol (see Note 12). Isolate the PCR fragment of
correct size by performing agarose gel electrophoresis and sub-
sequent gel extraction using a commercial kit (e.g., NucleoSpin®
Gel and PCR Clean-Up Kit, Macherey-Nagel).

4. Digest pBT10-fLUC vector and isolated promoter fragment
using the selected restriction endonucleases (see step 2), fol-
lowing the manufacturer’s instructions. Clean up vector back-
bone and promoter fragment by gel electrophoresis and
subsequent gel extraction using a commercial kit (e.g.,
NucleoSpin® Gel and PCR Clean-Up Kit, Macherey-Nagel).

5. Ligate pBT10-fLUC vector backbone and promoter fragment
using high-quality T4 DNA Ligase (New England Biolabs),
following the manufacturer’s instructions. A 1:3 molar ratio of
vector to promoter fragment DNA is a good starting point for
the ligase reaction.

6. Transform highly chemically competent E. coli cells (e.g.
DHS5a) with half of the ligation reaction using a standard heat-
shock transformation protocol [34]. Plate the transformation
reaction on LB agar plates (10 g/L NaCl, 10 g/L tryptone, 5
g/ L yeast extract, 15 g/L. agar) containing 100 mg/L ampi-
cillin. Incubate plates overnight at 37 °C.

7. Identify five individual bacterial colonies and inoculate with
each 5 mL of liquid LB medium containing 100 mg/L. ampi-
cillin. Incubate overnight at 37 °C in a shaker incubator.

8. Prepare reporter plasmid DNA from individual E. co/i cultures
using a commercial kit (e.g., NucleoSpin® Plasmid Kit,
Macherey-Nagel), following the manufacturer’s manual.
Validate promoter sequence by Sanger sequencing using
vector-specific primers (se¢ Note 13).

9. Prepare highly pure plasmid DNA from a sequence-validated
clone using the Plasmid Plus Midi Kit from Qiagen, following
the manufacturer’s instructions (sec Note 4).

In order to express TF transgenes in protoplasts, TF coding
sequences (CDS) need to be cloned into a transient plant expres-
sion vector. Required TF CDS can be either obtained by PCR
amplification from Arabidopsis cDNA preparations or taken from
already existing TF CDS collections [5, 7-10]. In the following
protocol, we describe both procedures using the GATEWAY®
cloning technology.
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3.2.1 Cloning of TF CDS
from cDNA Using
GATEWAY®

3.2.2 Transfer of TF CDS
from GATEWAY® Donor

to a GATEWAY®-
Compatible Plant
Expression Vector

1.

Determine under which growth conditions or in which devel-
opmental stage your TF of interest is expressed at high levels
(see Note 14.

. Cultivate Arabidopsisunder selected growth conditions and

prepare RNA from plants of the appropriate developmental
stage (see step 1). Highly pure RNA from Arabidopsis tis-
sues can be extracted using a TRIzol-based RNA isolation
protocol [35].

. Prepare ¢cDNA from extracted RNA using a cDNA synthesis

kit (e.g., PrimeScript First Strand cDNA synthesis Kkit,
Clontech), following the manufacturer’s manual.

. Design transgene-specific primers to PCR-amplify your TF

CDS from prepared c¢DNA. Primers need to contain
GATEWAY® a#tB attachment sites for integrating the PCR
product into the GATEWAY®-compatible ENTRY vector
pDONR201 (see Note 15).

. PCR-amplity TF CDS using the GATEWAY®-compatible

primers (see step 4). Clean up PCR product by agarose gel
electrophoresis and subsequent gel extraction using a commer-
cial kit (e.g., NucleoSpin® Gel and PCR Clean-Up Kit,
Macherey-Nagel).

. Perform GATEWAY® BP reaction using 200 ng of PCR prod-

uct, 200 ng of ENTRY vector, and 2 pL. of GATEWAY® BP
Clonase® Enzyme Mix 2 in 10 pL sample volume. Incubate
reaction overnight at room temperature (see Note 15).

. Transform highly chemically competent E. coli cells (e.g.

DHb5a) with 10 pL. BP reaction using a standard heat-shock
transformation protocol [34]. Plate the transformation reac-
tion on LB agar plates (10 g/L NaCl, 10 g/L tryptone, 5 g/L
yeast extract, 15 g/ agar) containing 50 mg/L kanamycin.
Incubate plates overnight at 37 °C.

. Choose two colonies and inoculate each with 5 mL of liquid

LB medium containing 50 mg/L kanamycin. Incubate over-
night at 37 °C in a shaker incubator.

. Prepare donor vector DNA from individual E. coli cultures

using a commercial kit (e.g., NucleoSpin® Plasmid Kit,
Macherey-Nagel), following the manufacturer’s manual.
Validate TF CDS by Sanger sequencing using vector-specific
primers (see Note 16).

. Perform GATEWAY® LR reaction using 200 ng of TF CDS

containing donor vector, 200 ng of p35S-HA-GW destination
vector, and 2 pL. of GATEWAY® LR Clonase® Enzyme Mix
2 in 10 pL sample volume. Incubate reaction overnight at
room temperature (see Note 15).
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3.3 Arabidopsis
Mesophyll Protoplast
Preparation

2.

Transform highly chemically competent E. coli cells (e.g.
DH5a) with 10 pLL LR reaction using a standard heat-shock
transformation protocol [34]. Plate the transformation reac-
tion on LB agar plates (10 g/L NaCl, 10 g/L tryptone, 5 g/L
yeast extract, 15 g/ agar) containing 100 mg/L ampicillin.
Incubate plates overnight at 37 °C.

. Choose two colonies and inoculate each with 5 mL of liquid

LB medium containing 100 mg/L ampicillin. Incubate over-
night at 37 °C in a shaker incubator.

. Prepare eftector construct DNA from individual E. co/i cul-

tures using a commercial kit (e.g., NucleoSpin® Plasmid Kit,
Macherey-Nagel), following the manufacturer’s manual.
Validate correct construct assembly by determining its specific
restriction pattern (see Note 17).

. Prepare highly pure plasmid DNA from a validated effector

clone using the Plasmid Plus Midi Kit from Qiagen, following
the manufacturer’s instructions (sec Note 4).

The following protocol describes the isolation of Arabidopsis
mesophyll protoplasts. However, it can be readily adapted to other
plant tissues such as roots [36] or other plant species [20]. The
whole procedure takes about 7 h.

1.

Cultivate soil-grown Arabidopsis plants for 4-5 weeks in a
growth incubator under a 12 h light (8000 Ix)/12 h dark
regime at 20 °C and a relative humidity of ~60 % (se¢ Note 5.

. To avoid leaf wilting, take plants out of the growth incubator,

water them, and let them acclimatize to lab conditions for %2
hour.

. Cut the petiole of two healthy, not serrated true leaves with a

scalpel and place them bottom-side up on the lid of a petri
dish. Do not remove more than two leaves at a time, as this
would result in severe leaf wilting.

. Hold the petiole of the leaf with forceps and cut the leaf’s

abaxial side into 1 mm strips using the scalpel.

. Turn the leaf around and place the sliced abaxial side into a

petri dish filled with 10 mL of enzyme solution. Remove
encased air bubbles by sweeping over the leaf with the scalpel.
For one PTA screen with 96 transfections, approximately
20-25 leaves need to be prepared.

. To ensure efficient penetration of the enzyme solution, leaves

are vacuum infiltrated in the dark for 5 h using an exsiccator.

. Release protoplasts by gently swirling the enzyme solution for

up to 3 min. Greening of the enzyme solution indicates suc-
cessful protoplast recovery (sec Note 18).
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3.4 High-Throughput
Protoplast
Transfection Protocol

10.

11.

12.

. Place the 63 pm metal mesh on a 50 mL falcon tube and wet

it with 1 mL of ice-cold isotonic washing buffer. Afterwards
clean protoplasts from residual leat' material by filtration.

. Centrifuge the solution for 2 min at 100 x g using a swing-out

rotor (see Note 19).

Remove as much supernatant as possible using a standard lab
pipet with wide bore tips.

Gently resuspend the protoplast pellet in 10 mL of ice-cold
isotonic washing bufter (sec Note 20).

Repeat steps 9-11. Place the solution on ice for 30 min and let
protoplasts settle by gravity.

The following universal protocol describes the procedure to simul-
taneously perform up to 96 independent Arabidopsis mesophyll
protoplast transfection reactions at a time [12]. The whole proce-
dure takes about 2 h.

1

. For quantitative PTA assays, a total of 5 pg vector DNA in 5

pL of water are used for each transfection reaction. In detail, 2
pg of a selected promoter:fLUC reporter plasmid and 1 pg of
a transfection normalization construct are combined in each
well of a standard 96-well, round-bottom microtiter plate. In
order to determine the promoter’s background activity, one of
the wells is supplemented with 2 pg of an empty vector DNA,
whereas the remaining 95 wells are supplied with 2 pg of indi-
vidual TF effector constructs, enabling screening of their trans-
activation properties on the given reporter (sec Note 4).

. Remove as much isotonic washing buffer as possible from the

protoplast pellet and adjust protoplasts to a final concentration
of 4 x 10> mL~! by gently resuspending protoplasts in proto-
plast transfection buffer 1 (see Notes 20 and 21).

. Add 30 pL of protoplast solution (approximately 1 x 10* cells)

to each well using a multichannel pipet and wide bore tips.
Gently mix protoplasts and DNA by pipetting up and down
twice (see Note 22).

. Add 33 pL of protoplast transfection buffer 2 to each well

using a multichannel pipet and wide bore tips. Gently mix pro-
toplasts and DNA by slowly pipetting up and down eight times
(see Notes 21-24).

. Incubate transfection reactions for 20 min at room

temperature.

. Stop the reaction by adding 120 pL of isotonic washing butfer

to each well using a multichannel pipet and wide bore tips.
Gently mix the solutions by slowly pipetting up and down five
times (see Notes 21-24).
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3.5 Determination
of Reporter Activity
via Dual Luciferase
Imaging

7. Seal microtiter plate with Parafilm and centrifuge it for 1 min
at 100 x g using a swing-out rotor (se¢ Note 19).

8. Remove 175 pL of the supernatant and add 100 pL of incuba-
tion buffer to each well using a multichannel pipet. Gently mix
the settled protoplasts by slowly pipetting up and down five
times using wide bore tips (se¢ Notes 21-25).

9. Incubate transfected protoplasts overnight in the same growth
incubator as used for cultivating the plants for protoplastation.

In order to quantitatively assess the trans-activation properties of a
selected set of TFs on a given promoter:fLUC reporter, differences
in protoplast transfection efficiencies among the 96 individual
reactions need to be taken into account. Hence, we routinely per-
form dual luciferase imaging to analyze both: (1) the activity of the
reporter-driven firefly LUCIFERASE and (2) for normalization
the activity of a 7enilla LUCIFERASE gene, controlled by the
strong constitutive CaMV 358 promoter. The ratio between firefly
and renilla luciferase activity has been found to be a reliable quan-
titative readout for TF activities on a given promoter [12]. The
described dual luciferase imaging procedure is generally performed
in around 2 h.

1. Carefully remove 90 pL of supernatant from the settled trans-
fected protoplasts.

2. Add 22 pL of the 2x concentrated Lysis-Juice 2 to each well
using a multichannel pipet and gently mix by pipetting up and
down eight times.

3. Incubate the microtiter plate for 15 min on ice to ensure
proper protoplast lysis.

4. Seal microtiter plate with Parafilm and centrifuge it for 10 min
at 4000 x g using a swing-out rotor.

5. Transfer 10 pL of cell lysate into the wells of two new white
round-bottom microtiter plates that are kept on ice. One plate
is used to measure firefly luciferase (see step 7) and the other to
determine renilla luciferase (see step 9) activity, respectively.

6. Clean injectors of the plate reader luminometer with 75 % eth-
anol and distilled water and fill 6 mL of firefly luciferase sub-
strate (Beetle-Juice BIG KIT) into the injector reservoir.

7. Let the liquid handling robotic device of the luminometer add
50 pL of firefly luciferase substrate to each well and directly
measure the upcoming luminescence.

8. Clean again the injectors of the plate reader luminometer (see
step 6) and fill 6 mL of renilla luciferase substrate (Renilla-
Juice BIG KIT) into the injector reservoir.

9. Let the liquid handling robotic device of the luminometer add
50 pL of renilla luciferase substrate to each well and directly
measure the upcoming luminescence.
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3.6 Semiquantitative
Determination

of Reporter Activity
via Firefly Luciferase
Imaging

10.

Calculate the ratio between fLUC and rLUC activity. The
resulting relative luminescence intensity serves as a quantitative
measure for TF trans-activation properties on the given
promoter.

Quantitative dual luciferase imaging is cost-intensive. Experienced
users will also obtain reliable semiquantitative results by perform-
ing at least triplicate fLUC activity measurements. We strongly rec-
ommend this procedure if large screening collections are handled.

1.

Clean injectors of the plate reader luminometer with 75 % eth-
anol and distilled water and fill 5 mL of firefly luciferase sub-
strate (1 mM d-luciferin potassium salt dissolved in incubation
bufter) into the injector reservoir.

. Caretully remove 90 pL of supernatant from the settled trans-

fected protoplasts.

. Dark-incubate the microtiter plate for 8 min in the luminom-

eter to reduce auto-phosphorescence of living protoplasts.

. Let the liquid handling robotic device of the luminometer add

40 pL of the firefly luciferase substrate to each well. Directly
measure the upcoming luminescence with an integration time
of 15 s.

. Calculate mean fLUC activity.

4 Notes

. The pBT10-fLUCreporter plasmid can be obtained at: http://

www.pbio.biozentrum.uni-wuerzburg.de /forschungwissen-
schaft/prof’_dr_wolfgang_droege_laser/

. The p35S-HA-GW destination vector allows transient effector

expression in protoplasts and can be obtained at: http://www.
pbio.biozentrum.uni-wuerzburg.de /forschungwissenschaft/
prof_dr_wolfgang_droege_laser/

. A high-quality, sequence-validated TF ORF collection in

GATEWAY®-compatible ENTRY vectors [5] is available via
the Arabidopsis Biological Resource Stock Center, http://
www.abrc.osu.edu

. High DNA purity and integrity is extremely important to

obtain a good protoplast transfection efficiency. We hence
strongly recommend to prepare all plasmid DNA required for
the PTA screening procedure making use of the Plasmid Plus
Midi Kit from Qiagen (Cat. no. 12945) or by classical CsCl-
based methods [34].

. Plants should be handled with care. Protoplasts derived from

plants that encountered pathogen infection or were exposed to
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10.

11.

12.

13.

drought or other unfavorable conditions display poor transfec-
tion rates. The same is true for protoplasts obtained from
plants older than 6 weeks.

. Cellulase and macerozyme are provided as powder that slowly

dissolves in water. Therefore, it is advisable to incubate freshly
prepared enzyme solution for at least 10 h in the fridge, prior
to sterile filtration.

. In order to account for variability in transfection efficiencies,

we recommend to normalize reporter gene expression to the
expression of a renilln LUCIFERASE gene driven by the con-
stitutive CaMV 35S promoter. The normalization plasmid
(pHBT-Pro35S-»LUC) 1is available at: http://www.pbio.
biozentrum.uni-wuerzburg.de /forschungwissenschaft/
prof_dr_wolfgang_droege_laser/

. We recommend to use PEG4000 from Sigma-Aldrich (St.

Louis, USA) or Carl ROTH (Karlsruhe, Germany) to obtain
good transfection efficiencies. Prior to sterile filtration, apply-
ing a 0.45 pm syringe-filter unit, incubate PEG solution in the
fridge for at least 10 h. Do not autoclave PEG solution.

. We recommend to use the synthetic auxin analog

1-naphthaleneacetic acid (NAA) in PTA assays as it elicits auxin
responses via the natural auxin perception pathway [37] but
shows an enhanced stability and membrane permeability com-
pared to the natural auxin indole-3-acetic acid.

Determination of promoter boundaries is still a challenging
task. Although the majority of regulatory cis-elements that
control promoter activities have generally been found within
~100-2000 bps upstream the translational start site, important
enhancer, or repressor elements might also be present in dis-
tant intergenic or coding regions. Hence, it can be advisable to
analyze several promoter regions in the PTA system.

For primer design, the freely available Primer3 program
(http://primer3.ut.ece/) can be used. To increase PCR effi-
ciency, primers should exhibit similar melting temperatures
and not show extensive inter- and intramolecular self-
complementarity. Addition of 4-5 extra nucleotides 5’ to the
attached restriction sites in the designed primers is generally
recommended for efficient cleavage of the resulting PCR prod-
uct by restriction endonucleases.

In order to enable discrimination between natural or PCR-
mediated sequence mutations, it is advisable to perform two
independent PCR reactions and compare the obtained
sequences with the publicly available Arabidopsis genome
information.

It is recommended to confirm the entire promoter sequence
using vector-specific primers (e.g., pBT10-LUC forward,
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14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

5-AGTCAGTGAGCGAGGAAGC-3’, and pBTI10-LUC
reverse, 5'-GTGATGTTCACCTCGATATGTG-3").

Information on gene expression profiles can be obtained online
from The Arabidopsis Information Resource (TAIR) at
https:/ /www.arabidopsis.org or from Genevestigator at
https://genevestigator.com

A detailed description on the GATEWAY® technology includ-
ing sequences of GATEWAY® attachment sites and an exten-
sive troubleshooting guide can be found in the GATEWAY®
manual at https://tools.thermofisher.com/manuals or in
related publications [11]. Propagation of all GATEWAY®-
compatible vectors containing the ccdB gene needs to be done
exclusively in the E. coli strain DB3.1.

The vector-specific primers SeqL1 torward
(5’-TCGCGTTAACGCTAGCATGGATCTC-3") and Seql2
reverse (5-GTAACATCAGAGATTTTGAGACAC-3’) can be
used to sequence-validate any TF CDS in the pDONR201
ENTRY-vector backbone.

GATEWAY® LR reactions do not result in sequence mutations
in TF CDS. Hence, validation of vector integrity by restriction
analysis is sufficient.

Protoplast quality should be checked under the microscope.
Complete cell wall digestion results in spherical protoplasts
and is crucial for efficient DNA uptake during the transfection
procedure.

To prevent compressing or resuspension of protoplasts during
centrifugation, we recommend to use extremely low centrifuge
acceleration or braking rates, respectively.

Protoplasts are sensitive to external forces. Therefore, it is
advisable to add buftfers slowly and to resuspend the protoplast
pellet by gentle swirling. Usage of wide bore tips prevents
extensive shearing of protoplasts during pipetting.

It is crucial that all buffers used for protoplast transtection are
kept for at least 1 h at room temperature before usage.

To ensure rapid and nearly simultaneous treatment of 96 trans-
fection reactions, the usage of multichannel pipets (8 or better
12 channels) is stringently required.

Thorough intermixture of protoplasts and protoplast transfec-
tion buffer 2 is essential to obtain high protoplast transfection
rates.

Butffers should always be added to the wells in the same succes-
sion to ensure equal incubation times for all reactions.

In order to analyze TF activity under auxin-promoted condi-
tions, supplement the incubation buffer with a final concentra-
tion of 0.25 pM of NAA.


http://www.arabidopsis.org/
https://genevestigator.com/
https://tools.thermofisher.com/manuals
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