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Abstract

The greenbug aphid, Schizaphis graminum (Rondani) is an important cereal pest, periodically
threatening wheat yields in the United States and around the world. The single dominant gene,
Gb3-based resistance is highly durable against prevailing greenbug biotypes under field
conditions; however, the molecular mechanisms of Gb3-mediated defense responses remain
unknown. We used Affymetrix GeneChip Wheat Genome Arrays to investigate the
transcriptomics of host defense responses upon greenbug feeding on resistant and susceptible
bulks (RB and SB, respectively) derived from two near-isogenic lines. The study identified 692
differentially expressed transcripts and further functional classification recognized 122
transcripts that are putatively associated to mediate biotic stress responses. In RB, Gb3-mediated
resistance resulted in activation of transmembrane receptor kinases and signaling-related
transcripts involved in early signal transduction cascades. While in SB, transcripts mediating
final steps in jasmonic acid biosynthesis, redox homeostasis, peroxidases, glutathione S-
transferases, and notable defense-related secondary metabolites were induced. Also transcripts
involved in callose and cell wall decomposition were elevated SB, plausibly to facilitate
uninterrupted feeding operations. These results suggest that Gb3-mediated resistance is less
vulnerable to cell wall modification and the data provides ample tools for further investigations

concerning R gene based model of resistance.
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1. Introduction

Bread wheat (Triticum aestivum) is the third largest cereal crop in the world

(http://faostat.fao.org/) and second most important cereal in the United States with a production

of 60 million tons during 2010. Most of the hard-red winter wheat in the US is cultivated in the
Southern Great Plains where the yields are hampered by several phloem feeding insect pests
primarily, the greenbug aphid, Schizaphis graminum (Rondani). Economic losses due to
greenbug vary each year but are estimated to reach $ 405 million annually
(http://www.wheatworld.org/wp-content/uploads/\Wheat-Pest-Initiative-FY11-Final.pdf). Given

the number of alternative hosts, biotypes, modes of reproduction, and frequency of outbreaks, the
greenbug poses a threat to farming and continues to vex the scientific community. Deployment
of resistance cultivars is an important component of integrated pest management for control of
greenbug aphids, but host resistance can potentially be defeated by new virulent biotypes [1].
Hence, a thorough understanding of the physiological and molecular basis of resistance
mechanisms serves as a key to the development of cultivars with durable resistance and better

tactics for insect control.

During the course of evolution, plants have developed sophisticated sensory mechanisms
enabling them to perceive the nature of herbivore feeding habits and to elicit appropriate defense
responses. In the context of crop production, ecology, and host plant resistance, induced defense
signaling plays a very important role by allowing plants to make necessary adaptation to
herbivore attack [2]. The induced defense responses of greenbug aphids with piercing/sucking
feeding behavior (preferentially feeding on phloem sap) contrast to those of chewing insects.
The phloem-feeders pierce through the physical barrier and consume photosynthates to alter
photosynthate composition and resource allocation that is primarily driven for defense [3, 4].
For successful feeding operations, aphids navigate their stylets between intercellular spaces to
reach phloem sieve elements [5]. Once the connection is established with phloem sieve
elements, the aphids may feed continuously for hours to days and even weeks. To facilitate an
uninterrupted feeding the aphids secrete salivary substances which may not only assist in easy
stylet penetration but also serve as an elicitor to trigger downstream pathways and suppress the

plant induced defense cues [6, 7].


http://faostat.fao.org/
http://www.wheatworld.org/wp-content/uploads/Wheat-Pest-Initiative-FY11-Final.pdf

Perception of herbivore induced elicitors and effectors by the membrane bound receptors
activate the putative herbivore or damage-associated molecular patterns (HAMP or DAMP),
some that are parallel to pathogen or microbe-associated molecular patterns (PAMP or MAMP),
critical in basal or induced immune system [8-10]. Since most phloem-feeders cause minimal
physical damage to the plant tissue, the resulting defense responses are similar to those
associated with PAMP or MAMP and are recognized by pattern recognition receptors (PRRS)
present on the surface of plant cells [3, 8]. Perception of phloem-feeding herbivores by R genes
similar to disease resistance R proteins encodes a coiled coil nucleotide-binding leucine rich
repeat (CC-NBS-LRR) protein [11-14]. Perception of feeding behavior by plants with R gene
was shown to activate phytohormone, salicylic acid (SA)-dependent signaling cascade and
callose deposition [14]. The detailed signaling cascades involving NB-LRR motif has been
thoroughly summarized in the context of disease resistance [15, 16] and plant-aphid interactions

[2] suggesting that the induced defense responses involve multiple signal transduction pathways.

Following perception of piercing/sucking feeding patterns, plants activate early signal
networks those trigger massive transcriptional reprogramming and downstream responses to
defend against phloem-feeders [17]. The early signal transduction events induced by phloem-
feeding insects are largely mediated by calcium flux, reactive oxygen species (ROS),
phytohormones, volatiles organic compounds, and nonvolatile secondary metabolites that can
serve as repellants, toxins, and even attract natural enemies [9, 18-20]. Calcium ions (Ca®*) in
the plants serve as secondary messengers mediating developmental responses, stress signaling,
and herbivore attack [18]. After sensing aphid feeding, Ca®* sensors activate downstream
defense signaling cascades by increasing expression of calmodulin, calmodulin binding proteins,
and calcium-dependent protein kinases (CDPKSs) [21]. The role of ROS in mediating herbivore
attack by either chewing or piercing/sucking insects is unquestionable; however, the nature of
response depends on type of herbivory and duration and intensity of feeding [4, 22-24].

The phytohormones SA, jasmonic acid (JA), and ethylene (ET) activate herbivore induced
signals via independent, antagonistic, and synergistic pathways and interface with other
hormones auxin, abscisic acid (ABA), brassinosteroid (BR), gibberellins (GA), and cytokinin
(CK) [25-28]. Additionally, as part of the defense mechanisms against phloem-feeding insects

and other herbivores, plants are known to alter secondary metabolites, glutathione S-transferases
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(GSTs), peroxidases, and redox homeostasis [19, 29-31]. As a defensive mechanism, plants
resistant to phloem feeding herbivores increase callose deposition in sieve tubes; while
susceptible plants promote callose-decomposing enzymes such as f-1,3-glucanase (also present
in aphid saliva), resulting in unplugging of phloem occlusion [32].

From a plant breeding perspective, R gene-mediated host defenses play critical roles against
herbivore damage; however, the detailed physiological and molecular basis of gene-for-gene
interactions in the grass genomes like wheat remains unclear [33, 34]. Host resistance to
piercing/sucking insects is usually controlled by single or major genes [35]. Our previous
studies indicated that host plant resistance to greenbug infestation in the wheat cultivar TAM 110
is due to a single dominant gene Gb3, which has been mapped in the distal end of wheat
chromosome arm 7DL and tagged with molecular markers [36-38]. Previous behavioral and
phenotypic studies on greenbug biotype E infestation in the resistant (TXGBE273) and
susceptible (TXGBE281) NILs of Gb3 suggested that antixenosis, antibiosis, and tolerance were
responsible for host plant resistance against the greenbug aphid [39-43]. Using these
preconditioned R and S NILs we found that Gb3-mediated induced defense responses were
systemic, rendering uninfected young leaves more protected [43]. Systemic induced resistance
was also noticed in S NIL but at a much lower level compared to Gb3-induced resistance in R
NIL. When feeding on resistant TXGBE273 plants, the greenbugs spent more time wandering
on the leaf surface compared to susceptible plants (TAM 105) where feeding begins soon after
infestation [41]. However, the molecular basis of Gb3-mediated early defense responses and

associated signal transduction pathways triggered by greenbug feeding remain unknown.

The current study was conducted to explore the global transcriptomic responses of greenbug
feeding to elucidate the molecular mechanisms underlying Gb3-mediated as well as basal
defense responses. We used Affymetrix GeneChip Wheat Genome Arrays to assess the
transcriptomic changes in the resistant and susceptible bulks (RB and SB, respectively) within 24
and 48 h after greenbug infestation. A functional classification was performed based on pairwise
biologically meaningful comparisons constructed between R and S genotypes at 0, 24, and 48 h
after greenbug infestation and the results were validated using gRT-PCR.

2. Materials and methods



2.1. Plant materials, growth conditions, and greenbug infestation

Fg recombinant inbred lines (RILs) derived from two near isogenic lines of the greenbug
resistance gene Gh3, TXGBE273 (Gb3Gb3) and susceptible TXGBE281 (gh3gh3) [37, 44] were
developed. Sixteen RILs, eight homozygous resistant (Gb3Gb3) and eight homozygous
recessive, were chosen to construct two bulks, the resistant bulk (RB) and susceptible bulk (SB),
as the starting materials for transcriptome profiling in the present study. Homozygosity of the 16
RILs at the Gb3 locus was verified in three consecutive generations (Fg, F7, and Fsg) in greenbug
biotype E infestation tests with at least 100 plants for each RIL. Nine plants from each of the 16
RILs were grown in three replicates in plastic trays using LC1 growth medium (three plants per
replication per RIL). The plants were grown under controlled environmental conditions in a
growth chamber with mixed fluorescent and incandescent lights providing ~ 300 pmol m?s™
PPFD for a 12 h photoperiod. Healthy plant growth conditions were maintained throughout the
experiment with periodic watering. When the plants reached three-leaf stage, each plant was

infested with 25 biotype E greenbugs, as previously described [42, 43].
2.2. Sample collection and RNA preparation

Leaf tissues from three plants of each RIL were collected at 0, 24, and 48 hours after
infestation (hai). Prior to leaf sample collection, all greenbug aphids were carefully removed
from the seedlings with a fine hair brush. The leaf tissues were flash frozen in liquid nitrogen
and stored at -80° C until further processing. For RNA extraction, the leaf samples were ground
into fine powder in liquid nitrogen using mortar and pestle. The total RNA was extracted using
the TRIzol reagent according to manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA)
and quantified. Then the R and S bulks were constructed in such a way that for each replication
at each time point, equal amounts of total RNA from each of the eight resistant and susceptible
RILs was pooled to make the RB and SB respectively. Thus 18 total RNA samples (2 bulks; 3
time points; and 3 replications) were prepared for subsequent expression profiling using
Affymetrix GeneChip Arrays. RNA quality and concentration was determined using NanoDrop
spectrophotometer and 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). All
the RNA samples were of high quality and hence used for microarray analysis without any

elimination.



2.3. Microarray assay and data analysis

The Affymetrix GeneChip Wheat Genome Arrays (Affymetrix, Santa Clara, CA, USA) were
used for transcriptomic analysis. Each wheat GeneChip array contained 61,127 probe sets
representing 55,052 transcripts constructed using ESTSs distributed across wheat genome. cDNA
synthesis, labeling, and hybridization of the arrays were performed according to Affymetrix
protocol at the Integrated Genomic Facility, Kansas State University, Manhattan, Kansas, USA.
Following hybridization, chips were washed, stained and scanned using GeneChip scanner to
generate the CEL and CHP files.

For data analysis, the CEL files were imported into GeneSpring software v.11.5 (Agilent
Technologies, Santa Clara, CA, USA). Normalization of expression intensities on 61,290 probe
sets was carried out using Robust Multichip Average (RMA) summarization algorithm [45, 46].
Quality control on samples was assessed using Principal Component Analysis (PCA) as per the
Affymetrix GeneSpring GX guidelines. The PCA plots indicated that three biological replicates
were located close to each other and correlation coefficients were high for replicated samples
with similar treatment effects indicating less genetic background noise. The variability in the
normalized expression values was corrected by filtering the probe sets based on error (retaining
genes with Coefficient of Variation < 50%) across conditions. Followed by, a two-way analysis
of variance (ANOVA, p < 0.01) and multiple testing correction, Benjamini Hochberg approach
with false discovery rate (FDR, q < 0.01) was used to identify transcripts with statistically
significant expression differences. Statistical analysis suggested that there were robust
expression differences for main effects of genotype and greenbug feeding duration with
significant interaction effects. Based on objectives of the study, we pursued 692 transcripts with
significant expression difference showing interaction effects between genotype and greenbug
feeding for detailed functional analysis. The complete list of these differentially expressed
transcripts can be accessed in the supplementary data. Also, the metadata for this experiment
and related array data have been submitted to the National Center for Biotechnology Information

- Gene Expression Omnibus database repository (GSE45995).

Before functional analysis, nine biologically meaningful pairwise comparisons were created

on the differentially expressed genes. Three pairwise comparisons between the genotypes, RB



and SB at 0, 24, and 48 hai (RO vs. S0, R24 vs. S24, and R48 vs. S48) and three each within the
RB (RO vs. R24, RO vs. R48, and R24 vs. R48) and SB (S0 vs. S24, S0 vs. S48, and S24 vs. S48)
were generated. The first three pairwise comparisons between the genotypes at different
temporal greenbug treatment duration were selected for detailed functional analysis and are

presented in the manuscript.
2.4. MapMan analysis

Functional classification of the differentially regulated transcripts [47, 48] was performed
using the MapMan software version 3.5.1 (http://mapman.gabipd.org/web/guest/mapman). The

transcripts imported by the ImageAnnotator module were assigned to 32 out of 36 parent BINs
(hierarchical categories) defined in the MapMan software (Fig. 1). Each parent BIN was
structured like a tree with sub-BINs corresponding to different biological functions and known
cellular and metabolic processes. The functional BINs (or functional classes) were created for
processes including but not limited to photosynthesis, redox, cell wall regulation, carbohydrate,
lipid, amino acid, hormone and secondary metabolism, transport, signaling etc. The biotic stress
pathway overview identifies the transcripts that are known to be part of cascade of defense
signals in response to pest or pathogen attack [49] and groups into separate BINs and sub-BINs
(hierarchical functional classifications). The transcripts grouped together under a major BIN (ex.
signaling, cell wall, secondary metabolites, hormones, etc.) were investigated further to elucidate

the defense mechanisms.
2.5. qRT-PCR analysis

The Affymetrix based gene expression levels were validated by quantitative real-time
polymerase chain reaction (qQRT-PCR) using the SYBR Green detection method. The gRT-PCR
analysis was performed on a Bio-Rad iCycler iQ real time PCR detection system (Bio-Rad,
USA). Subset of RNA sample was drawn from the original RNA pool used for microarray to run
gRT-PCR analysis. For the validation process, 16 genes of interest selected from the pool of
statistically significant genes, including two reference genes with lowest standard deviation.
Changes in gene expression were determined for treatments 0, 24, and 48 hai in both RB and SB.
Primers were designed on the basis of 25mer Affymetrix probes using Beacon Designer
Software (PRIMIER Biosoft, Palo Alto, CA, USA). The gene specific primers were verified on


http://mapman.gabipd.org/web/guest/mapman

the agarose gel and then SuperScript 1l reverse transcriptase (Invitrogen, Catalog # 18064-014)
and T7 poly (T) primer was used to generate cDNA. Primer efficiency tests performed on all the
primers using serial dilution of one of the cDNA samples showed efficiency from 95 to 100%.
Four genes showing multiple peaks in the melting curve analysis were eliminated from further
analysis. The primers that passed the efficiency test and had a single peak in the melting curve
were used for the gene expression analysis. The primer combinations and annotation
information about these genes are presented in the supplemental data. The target threshold
cycles were determined and changes in expression levels for a given comparison were subtracted
from the counterpart. The relative expression of genes of interest in relation to a reference gene

was calculated using Livak method [50].
3. Results and discussion

In our continued efforts to understand the molecular basis of Gb3-mediated defense
responses, here, we present the transcriptomic investigations of greenbug aphid and wheat
interactions. The current microarray study was piloted by developing bulked RILs from a cross
between two NILs of Gb3 (resistant TXGBE273 and susceptible TXGBE?281) to reduce the
genetic background noise in the expression profiling data. The statistical analysis showed
significant interaction effects between the main factors, genotype, and greenbug treatment and
identified 692 differentially expressed transcripts. The global gene expression changes in
response to genotypic variation and temporal greenbug treatment were better captured by the
interaction effects hence, the transcripts classified under the interaction group were used for

further downstream analysis and functional classification.
3.1. Overview of greenbug induced transcriptomic changes

Differentially expressed transcripts were imported into the MapMan software for
classification based on the hierarchical functional categories, BINs and sub-BINs defined in the
software [47]. Three pairwise comparisons between RB and SB (out of nine biologically
meaningful comparisons) were used in functional classification to understand the global changes
in response to greenbug feeding. The overview analysis in the MapMan software grouped 692
differentially expressed transcripts into 32 BINs (Fig. 1). The BIN #35 featuring 316 transcripts

not assigned to any functional class was not considered for analysis and discussion and BINs



#12, 24, and 32 had no genes assigned. This global overview suggested that about 88 % of 376
genes grouped into MapMan BINs were classified under 15 major functional classes with 9 or
more genes (Fig. 1). The BIN 26 representing ‘Misc’ group comprised most transcripts (58)
with genes related to oxidases, peroxidase, GST, cytochrome P450, etc. The transcripts
identified to mediate amino acid metabolism (39), protein related (39), transport (38), stress (24)
and signaling related transcripts (23) comprised other major groups. Also, the BINs related to
lipid metabolism (15), secondary metabolism (15), hormone metabolism (14), RNA (14), redox
regulation (12), nucleotide metabolism (11), cell (11), development (10), and cell wall
modification (9) had substantial number of genes. Other important functional categories include
fermentation (8), photosynthesis (6) and photosynthetic byproduct-related processes such as
oxidative pentose phosphate (OPP) cycle (6), mitochondrial electron transport (4), and
tricarboxylic acid (TCA) cycle (5), etc. suggest alterations in photosynthate composition and

concentration.

To understand the functional significance of induced defense responses to greenbug, we
utilized the built-in biotic stress overview in MapMan software which classifies genes putatively
involved in mediating biotic stress (pest or pathogen) responses [49]. The biotic stress response
visualization presents substantial alteration in the transcriptome of both R and S genotypes
within 24 h after greenbug infestation (Fig. 2). The pairwise comparison between RB and SB
before greenbug infestation showed negligible differences between the genotypes (Fig. 2A);
however, profound transcriptomic changes were noticed in RB compared to SB at 24 and 48 hai
(Figs. 2B and 2C). These results suggest that greenbug feeding was instrumental in altered
induced defense responses in RB and SB at 24 and 48 hai. A total of 122 transcripts belonging
to signaling, hormone metabolism, secondary metabolites, cell wall modification, and changes in
redox state, peroxidases, glutathione S-transferase (GST), beta glucanases, transcription factors,
proteolysis, PR-protein related categories were found to be altered within 24 and 48 h of
greenbug feeding (Fig. 3). The transcripts grouped in the above mentioned categories were
studied in detail to understand the functional significance and the resistance mechanisms
involved among R & S genotypes in response to greenbug feeding. The annotation details and
expression intensities of these differentially expressed transcripts mapped under biotic stress

pathway are presented in supplemental data.
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3.2. Perception and early signaling

Plant recognition of greenbug presence and feeding is the first committed step in activating
downstream signaling cascades to induce defense responses. Perception of invasion by phloem
feeding insects has been associated with unique transmembrane CC-NB-LRR protein kinases
plausibly involved in gene-for-gene mode of resistance [14]. Fourteen transcripts with more than
two FC and putatively associated with perception and signal transduction pathways were altered
at 24 and 48 hai in RB vs. SB comparison (Fig. 4A). Three transcripts encoding LRR family of
receptor kinases proteins were found to be gradually up-regulated with the onset of greenbug
infestation in RB compared to SB. The LRR transmembrane protein kinases have been
implicated to trigger plant defense responses to pathogen and herbivore attack [10, 51]; however,
it is not clear if these transcripts along with taaffx.4501.1.al1_at, a LRR XII are involved in
mediating similar responses to herbivore attack. Through a map-based cloning strategy, we
recently cloned a candidate gene for Gb3 that putatively encodes a NB-ARC-LRR type R
protein; however, this candidate gene was not present in the Affymetrix array (P. Azhaguvel and
Y. Weng, unpublished data).

The core early signaling events in response to phloem feeding insects include changes in
protein phosphorylation, calcium fluxes, ROS, phytohormones and related transcriptional
regulation. Transcripts associated with calcium signaling (ta.6853.1.a1_at, a calmodulin-binding
protein), sugar signaling (taaffx.813.1.s1_at), and phosphoinositide phospholipase
(taaffx.117121.1.s1 at) were also altered within 24 and 48 hai (Fig. 4A). In RB, calcium and
phospholipase signaling transcripts were down regulated at 0 h, but were gradually up-regulated
24 and 48 hai. Sugar signaling was down-regulated in RB compared to SB at both 24 and 48 hai.
Cysteine-rich Receptor Kinases (CRKSs) belonging to DUF26 class proteins are known to
mediate biotic and abiotic stress responses by activating ABA, SA, and JA hormone signaling
[52, 53]. Six transcripts related to Domain of Unknown Function 26 (DUF26) RLKs were also
altered in a comparison between RB and SB after greenbug infestation (Fig. 4A). The receptor
kinases including LRR and CRKSs are shown to activate downstream signals by inducing
production of ROS [52].

3.3. Phytohormone signaling and transcriptional regulation
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Phytohormones play key roles in mediating herbivore induced defense responses by
activating key early signal transduction pathways. Our study identified JA, ET, ABA, and auxin
related transcripts that are putatively involved in mediating greenbug induced biotic stress
responses (Fig. 4B). Transcripts similar to aldehyde oxidase 1 (AAO1) and ethylene forming
enzyme-like (EFE-like) dioxygenase were down-regulated in RB compared to SB at both 24 and
48 hai. AAOL1 is involved in the final steps of the auxin and ABA biosynthesis pathway [54] and
EFE-like catalyzes ACC oxidase in the final step of ET biosynthesis [55]. Also, transcripts
encoding ethylene response element binding protein 1 (EREBP1) and OsWRKY45, an ABA
inducible gene with a disease resistance component [56] were altered in response greenbug
feeding. Down-regulation of EREBP1, a member of AP2/ERF B-2 subfamily transcription
factor in RB suggests up-regulation in SB in response to greenbug feeding is consistent with
previous observations [57].

In plants, herbivore attack leads to rapid accumulation of JA; the process occurs in two
organelles, chloroplast and peroxisomes. Initial steps in JA biosynthesis, generating 12-0xo-
phytodienoic acid (OPDA) from a-linolenic acid (a-LeA) is mediated by lipoxygenase (LOX)
genes in chloroplast [58, 59]. The transitional steps involving release of OPDA from walls of
plastids and uptake by peroxisomes remain obscure while the later steps in JA biosynthesis are
catalyzed by OPDA reductase (OPR) and are localized to peroxisomes [58, 59]. Our study
identified nine transcripts mediating JA biosynthetic process (Figs. 4B and 5). Six transcripts
similar to LOX genes were up-regulated in RB compared to SB within 24 and 48 hai, while three
other transcripts putatively associated with OPR were down-regulated in RB compared to SB at
24 and 48 hai (Fig. 4B and 5). One transcript (ta.23763.1.s1_at) highly similar to LOX1 (rice)
and LOX5 (Arabidopsis) was up-regulated 41 and 93 fold at 24 and 48 hai, respectively, in RB
and was also confirmed using gRT-PCR (Fig. 7). Up-regulation of LOX related transcripts
suggest elevated OPDA levels in RB, while greater expression of OPR related transcripts in SB
propose increased JA or related oxylipins (Fig. 5). An increase in OPDA concentration in
response to wounding has been documented before [60-63], while JA levels were not necessarily
altered [64, 65]. On the other hand, increased expression of OPR related JA biosynthesis genes
in SB could be explained by our previous observations that greenbugs begin to feed on the S

genotype soon after infestation [41], triggering basal defense responses.
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3.4. Downstream signaling and induced defense responses

Perception of piercing and sucking cues could cause rapid changes in downstream signaling
including production defense compounds including GSTs, peroxidases, and secondary

metabolites, resulting in cell wall modification, nutritional status, and resource allocation etc.
3.4.1. GSTs, peroxidases, and redox state related transcripts

The GSTs in plants have antioxidant properties that can scavenge ROS and other toxic
compounds, maintain redox homeostasis, and mediate biosynthesis of certain defense molecules;
however, specific function vary by the class [66-68]. Our study identified altered expression of
seven transcripts putatively associated with GSTs in response to greenbug infestation (Fig. 6A).
Most of these transcripts were down-regulated by 2-6 folds in RB compared to SB at 24 and 48
hai. Reduced expression of GSTs in RB (or elevated expression in SB) indicated that the SB was
fed by the greenbug more than RB and activated the GST-mediated defense signaling cascade.
GSTF2 related transcripts localized in the plasma membrane encoding phi class of plant-specific
proteins mediating phytohormone induced oxidative stress [67, 68]. The only GST transcript up-
regulated in RB (ta.1878.3.s1_at) was putatively associated with membrane associated proteins
in eicosanoid and glutathione metabolism (MAPEG-like protein) and is also involved in

detoxification functions [69].

Like GSTs, peroxidases are also involved in defenses against pathogens and herbivores,
scavenging H,O5, lignifying cell walls, catalyzing auxin degradation detoxification, wound
healing, etc. [70]. The responses of peroxidase related transcripts showed similar trends where
the majority of the transcripts were down-regulated in RB compared to SB at both 24 and 48 hai
(Fig. 6B). Elevated expression of peroxidase related genes in SB also suggests that greenbug

feeding had induced detoxification-related defense responses.

Ascorbate (or Vitamin C), glutathione, dismutases, and catalases are shown to inactivate
ROS and help in maintaining redox homeostasis in plants [4, 71]. Seven transcripts putatively
associated to regulate redox reactions were found to be down-regulated in RB compared to SB
within 24 and 48 hai (Fig. 6C). Transcript associated with oxidoreductase family enzyme,
monodehydroascorbate reductase (MDAR) involved in ascorbate metabolism [72] was up-
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regulated in SB. Two transcripts similar to GDP-D-mannose 3,5-epimerase 1 (GMEL) involved
in ascorbate biosynthetic pathway were induced in SB at both 24 and 48 hai (Fig. 6C) suggesting
increased ascorbate content for ROS detoxification [73]. Also, up-regulation of two transcripts
encoding to glutathione synthase 2 (GHS2) involved in glutathione biosynthesis [74] in SB
consistent with other antioxidant related transcripts suggest severe feeding-induced stress
responses. Elevated expression of antioxidant related transcripts meditating biosynthesis of
GSTs, peroxidases, and redox homeostasis in absence of Gb3 in SB suggests basal defense
mechanisms have resulted in the production of H,O, and other toxic compounds in response to

greenbug feeding.
3.4.2. Secondary metabolites and other defense related transcripts

Chemical defenses in the form of secondary metabolites play a decisive role in induced
defense mechanisms against pathogens and herbivore infestation [75, 76] especially phloem
feeding insects [19]. Secondary metabolites of mevalonic acid pathway resulting in production
of volatiles such as methyl jasmonate (MeJA), methyl salicylate (MeSA), and terpenes are
induced in response to wounding or herbivore attack [19]. Greenbug infestation resulted in
differential regulation of ten secondary metabolite related transcripts (> 2 FC) that are putatively
associated with biotic stress responses (Fig. 6D). This is in agreement with other results
suggesting that greenbug feeding in S genotype caused more damage and activated transcripts
related to early defenses and antioxidants. Most of these transcripts were down-regulated in RB
compared to SB within 24 and 48 hai. Four transcripts (ta.6247.1.al_x_at, ta.2925.1.s1 x_at,
taaffx.86828.1.s1 X at, and ta.9592.1.s1_at) involved in biosynthesis of mevalonic acid, a
precursor in the biosynthetic pathway of four key hormones CK, ABA, GA and BR were down-
regulated in R compared to S within 24 hai. Two transcripts identified in phenylpropanoid and
lignin biosynthesis pathway (ta.1465.1.s1_at and taaffx.108005.1.s1_at) were also down-
regulated in RB compared to SB at 24 and 48 hai. Additionally, transcripts related to tyrosine
decarboxylase (ta.27284.1.s1_at), aldehyde dehydrogenase (ta.2907.1.s1_at) and cyanate
hydratase (taaffx.132143.1.s1_s_at) were down regulated in RB vs. SB comparison at 24 and 48
hai while a transcript related to cinnamoyl-CoA reductase (ta.5657.1.s1_x_at) was the only one
up-regulated at 24 and 48 hai (Fig. 6D). Following herbivore attack, plants face a major

dilemma about resource partitioning; whether to continue to produce primary metabolites for
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growth and development or increase secondary metabolites to strengthen defense responses.
Recent advances in plant-insect interaction using ‘omic’ methods have pressed the need for a

comprehensive approach addressing both primary and secondary metabolites [4, 77].
3.4.3. Cell wall modification

When greenbugs pierce the cell wall into the leaf tissue for feeding on phloem fluids, they
secrete saliva into plant cells triggering modifications in cell wall composition and structure.
Studies have reported that plants up-regulate callose synthase, f-1,3-glucanase, and
polygalacturonase in response to herbivore attack, which are also found in insect saliva [23, 32].
Our results identified altered expression of three transcripts associated with -1,3-glucan
hydrolases and six other transcripts associated with cell wall modification process in response to
greenbug feeding (Fig. 6E). All B-glucanase related transcripts were down-regulated within 24
and 48 hai in RB vs. SB comparisons. Infestation by brown plant hopper (Nilaparvata lugens
Stal; BPH), a phloem feeder in rice resulted in increased callose deposition at the site of stylet
penetration in sieve tubes coupled with up-regulation of transcripts encoding £-1,3-glucanases to
unplug sieve tube occlusion [32]. The expression patterns of 5-1,3-glucanase genes in BPH
susceptible plants following infestation was much higher compared to plants carrying two
resistant genes, one of them is a potential R gene [14, 32]. Our results agree with these findings
where SB showed increased expression of three -1,3-glucanase related transcripts at 24 and 48
hai (Fig. 6E).

Among other cell wall modifying transcripts, a cellulose synthase related transcript
(taaffx.107485.1.s1_at), was down-regulated at RO vs. SO comparison, while up-regulated by 6
and 10 fold at 24 and 48 hai comparisons, respectively. Two other transcripts encoding cellulose
synthase (ta.7564.1.al1_at and ta.4084.1.s1_at) were down-regulated in RB compared to SB (Fig.
6E). Previous transcriptomic studies have reported that cellulose synthase and other cell-wall
modification genes were altered after sensing phloem feeding herbivores [65, 78-80] and
hormones JA and SA [81]. Our data identified three cell wall degradation related transcripts that
are putatively associated with polygalacturonase (pectinases) altered within 24 and 48 hai (Fig.
6E). Pectin-degrading family members including polygalacturonases have been reported to be

involved in triggering plant defenses to wounding [82]. Increased expression of transcripts
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related to f-1,3-glucanase, cellulose synthase, and pectinases in SB suggests that greenbug
feeding induced cell wall remodeling to facilitate stylet penetration and successful feeding

contrasting to RB.
3.5. qRT-PCR analysis of differentially expressed genes

To validate the changes observed in the microarray data, qRT-PCR analysis was performed
on a selection of representative transcripts showing significant expression difference under both
main effects and interaction effects. The pairwise relative expression differences used in the
manuscript to elucidate the induced defense responses at 24 and 48 hai comparing RB and SB
was considered for analysis. The transcripts used as reference genes, similar to elongation factor
1-alpha, showed similar expression difference in both microarray and qRT-PCR (Fig. 7).
Notably, the transcripts with smaller relative expression difference (< 10 fold) between RB and
SB at 0 (Fig. 7A), 24 (Fig. 7C), and 48 hai (Fig. 7E) showed better agreement between qRT-PCR
and microarray analysis compared to transcripts showing greater relative expression difference
(> 90 fold) for similar comparisons (Figs. 7B, 7D, and 7F, respectively). Annotation information
about the transcripts and primer combinations used in the gRT-PCR are presented in
supplementary data; functional roles of transcripts mediating JA biosynthetic pathway (LOX5)
has been discussed above. Overall, the FC differences between RB and SB across time points
obtained using microarray and gRT-PCR approaches were mostly consistent in capturing

changes in gene expression induced by greenbug feeding.
4. Summary

We present herein comprehensive transcriptomic profiling of induced defense responses to
greenbug feeding in winter wheat using resistant and susceptible bulks. When fed upon by
greenbugs, the Gb3-mediated defenses in RB responded by activating transcripts encoding
membrane-bound receptor kinases, calcium signaling, and other early biotic stress signaling
pathways. In SB, the basal herbivory defense responses induced expression of transcripts
mediating biosynthesis of key phytohormones and antioxidant-related transcripts such as GSTs,
peroxidase, ascorbate, and glutathione. It is likely that basal defense signaling (non GB3-
mediated) in SB lacks strong defense pathways to prevent accumulation of toxic compounds and

subsequent cell/tissue damage and eventual plant death. Activation of more secondary
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metabolite-related transcripts along with other defense related transcripts in the SB also suggests
excessive feeding and changes in photosynthate composition and allocation. Notably, elevated
levels of pectinases mediating cell wall decomposition and -1,3-glucanases that induce callose
decomposition resulting in unplugging phloem occlusion suggest preferential feeding in SB

compared to RB.

Together, these results suggest that in RB Gb3-mediated defense pathways prevented
greenbug feeding by being less vulnerable to cell wall modification and subsequent cell damage.
In comparison, non Gb3-mediated pathways in SB, the greenbugs could favorably alter cell
walls, facilitating uninterrupted feeding which resulted in activation of transcripts mediating
production of defense-related antioxidants and secondary metabolites. These results offer clues
about Gb3-based induced defense responses in winter wheat and provide ample of resources for
further investigation of R gene based gene-for-gene resistance model concerning herbivore

damage.
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Figure Legends

Fig. 1. MapMan overview analysis identifying functional BINs with respective gene numbers.
Differentially expressed transcripts with significant interaction effects (692 transcripts) were
used for the functional classification using MapMan. The legend presents the MapMan defined
parent BIN number, BIN name, and respective transcripts numbers in the parenthesis; the

numbers of transcripts classified under each parent BIN are also presented as data labels.

Fig. 2. Transcripts identified in MapMan biotic stress overview analysis at 0 (A), 24 (B), and 48
(C) hours after greenbug infestation in resistant bulk (RB) compared with susceptible bulk (SB).
The log2 fold changes in the transcript levels were used for the analysis and the color scheme on

the scale indicates the nature of gene expression; where blue means “overexpression in RB” and

22



red means “overexpression in SB”. Each individual box represents a transcript classified under

respective functional categories (BINs) defined by the MapMan biotic stress pathway.

Fig. 3. Summary of MapMan biotic stress pathway functional categories that are putatively
associated to mediate greenbug feeding induced responses. TF — transcription factors; PR —

pathogenesis related; GST — glutathione S-transferases.

Fig. 4. Transcripts putatively associated with signaling (A) and phytohormones (B) that are
differentially expressed in response to greenbug infestation as defined in MapMan biotic stress
pathway. Transcripts with > 2 fold change (FC) expression difference between resistant bulk
(RB) vs. susceptible bulk (SB) at 0, 24, and 48 hai (hours after infestation) are illustrated along
with homology based gene names. The symbol “*” indicate the transcript level altered 41 and
93 fold at 24 and 48 hai comparisons respectively and “#” indicates the transcript with 81 FC at
48 hai. TF — transcription factors.

Fig. 5. lllustrating transcripts putatively associated to mediate JA biosynthetic pathway in
response to greenbug feeding. Each box identifies a single gene differentially expressed between
resistant bulk (RB) vs. susceptible bulk (SB) at 0 (A), 24 (B), and 48 (C) hours after infestation
(hai). The color scheme on the scale indicates the nature of gene expression presented in log2
fold change; where blue means “overexpression in RB” and red means “overexpression in SB”.
LOX — lipoxygenase; 13-HPOT — hydroperoxyoctadecatrienoic acid; 12,13-EOT — 12,13(S)-
epoxy-octadecatrienoic acid; OPDA -12-oxophytodienoic acid; OPR — OPDA reductase; OPC-
8:0 — 3-0x0-2-(2’°(Z)-pentenyl)-cyclopentane-1-octanoic acid. The illustration is adopted and
modified from [59].

Fig. 6. Transcripts putatively associated with glutathione S-transferases (A), peroxidases (B),
redox state (C), secondary metabolites (D), and cell wall modifications (E) that are differentially
expressed in response to greenbug feeding. Transcripts with > 2 fold change (FC) expression
difference between resistant bulk (RB) vs. susceptible bulk (SB) at 0, 24, and 48 hours after
infestation (hai) are presented along with homology based gene names. The symbol “*” adjacent
to transcript indicate the expression level in RB vs. SB altered at 21 and 19 fold under 24 and 48
hai; “#” indicate 13 FC at 48 hai; “$” indicate 15 and 33 FC at 24 and 48 hai; “*” indicate 28 and
82 FC at 24 and 48 hai; and “@” indicate 7 and 11 FC at 24 and 48 hai, respectively.
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Fig. 7. qRT-PCR validation of representative transcripts from microarray analysis. The graphs
present the magnitude of the differences between resistant (RB) and susceptible (SB) bulks
derived from microarray (black filled bars) and qRT-PCR (open bars) for 12 genes. The panel
A, C, and E represent the differentially regulated transcripts (< 10 fold) between RB vs. SB
comparisons at 0, 24, and 48 hours after infestation (hai), respectively. Similarly, panel B, D,
and F present the genes with > 90 fold change (FC) under the above mentioned treatment
comparisons. The two reference genes (‘ta.27713.1.al_x_at’ and ‘ta.27712.3.al x_at’) are
presented in A, C, and E; and are labeled with a flower bracket.

Supplementary data

Presents all the differentially regulated transcripts from interaction group (sheet 1), transcripts
putatively associated biotic stress by MapMan (sheet 2), and primer combinations used in qRT-
PCR analysis (sheet 3).
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Fig. 1. MapMan overview analysis identifying functional BINs with respective
gene numbers. Differentially expressed transcripts with significant interaction
effects (692 transcripts) were used for the functional classification using
MapMan. The legend presents the MapMan defined parent BIN number, BIN
name, and respective transcripts numbers in the parenthesis; the numbers of
transcripts classified under each parent BIN are also presented as data labels.
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Fig. 1. MapMan overview analysis identifying functional BINs with respective gene numbers. Differentially expressed transcripts with significant interaction effects (692 transcripts) were used for the functional classification using MapMan. The legend presents the MapMan defined parent BIN number, BIN name, and respective transcripts numbers in the parenthesis; the numbers of transcripts classified under each parent BIN are also presented as data labels.
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Fig. 2. Transcripts
identified in MapMan
biotic stress overview
analysis at 0 h (A), 24
h (B), and 48 h (C)
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compared with
susceptible bulk (SB).
The 1og2 fold changes
in the transcript
levels were used for
the analysis and the
color scheme on the
scale indicates the
nature of gene
expression; where blue
means overexpression in
RB” and red means
“overexpression in SB”.
Each individual box
represents a transcript
classified under
respective functional
categories (BINS)
defined by the MapMan
biotic stress pathway.
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Fig. 2. Transcripts identified in MapMan biotic stress overview analysis at 0 h (A), 24 h (B), and 48 h (C) after greenbug infestation in resistant bulk (RB) compared with susceptible bulk (SB). The log2 fold changes in the transcript levels were used for the analysis and the color scheme on the scale indicates the nature of gene expression; where blue means overexpression in RB” and red means “overexpression in SB”. Each individual box represents a transcript classified under respective functional categories (BINs) defined by the MapMan biotic stress pathway.
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Fig. 3. Summary of MapMan biotic stress
pathway functional categories that are
putatively associated to mediate greenbug
feeding induced responses. TF, transcription
factors; PR, pathogenesis related; GST,
glutathione S-transferases. (For
interpretation of the references to color 1in
this figure Tegend, the reader is referred to
the web version of the article.)
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Fig. 3. Summary of MapMan biotic stress pathway functional categories that are putatively associated to mediate greenbug feeding induced responses. TF, transcription factors; PR, pathogenesis related; GST, glutathione S-transferases. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 4. Transcripts putatively associated with signaling (A)
and phytohormones (B) that are differentially expressed in
response to greenbug infestation as defined in MapMan biotic
stress pathway. Transcripts with >2 fold change (FC) expression
difference between resistant bulk (RB) vs. susceptible bulk
(sB) at 0 hai, 24 hai, and 48 hai (hours after infestation) are
illustrated along with homology based gene names. The symbol
“*” jindicate the transcript level altered 41 and 93 fold at 24
hai and 48 hai comparisons respectively and “#” indicates the
transcript with 81 FC at 48 hai. TF - transcription factors.
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Fig. 4. Transcripts putatively associated with signaling (A) and phytohormones (B) that are differentially expressed in response to greenbug infestation as defined in MapMan biotic stress pathway. Transcripts with >2 fold change (FC) expression difference between resistant bulk (RB) vs. susceptible bulk (SB) at 0 hai, 24 hai, and 48 hai (hours after infestation) are illustrated along with homology based gene names. The symbol “*” indicate the transcript level altered 41 and 93 fold at 24 hai and 48 hai comparisons respectively and “#” indicates the transcript with 81 FC at 48 hai. TF  - transcription factors.
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Fig. 5. ITlustrating
transcripts putatively
associated to mediate JA
biosynthetic pathway 1in
response to greenbug
feeding. Each box
identifies a single gene
differentially expressed
between resistant bulk (RB)
vs. susceptible bulk (SB)
at 0 h (A), 24 h (B), and
48 h(C) after infestation
(hai). The color scheme on
the scale indicates the
nature of gene expression
presented in Tog2 fold
change; where blue means
“overexpression in RB” and
red means “overexpression
in SB”. LOX, Tlipoxygenase;
13-HPOT,
hydroperoxyoctadecatrienoic
acid; 12,13-eoT, 2,13(S)-
epoxy-octadecatrienoic
acid; opPDA, 12-
oxophytodienoic acid; OPR,
OPDA reductase; OPC-8:0, 3-
ox0-2-(2_(2)-pentenyl)-
cyclopentane-1-octanoic
acid. The illustration is
adopted and modified from
[59].
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Fig. 5. Illustrating transcripts putatively associated to mediate JA biosynthetic pathway in response to greenbug feeding. Each box identifies a single gene differentially expressed between resistant bulk (RB) vs. susceptible bulk (SB) at 0 h (A), 24 h (B), and 48 h(C) after infestation (hai). The color scheme on the scale indicates the nature of gene expression presented in log2 fold change; where blue means “overexpression in RB” and red means “overexpression in SB”. LOX, lipoxygenase; 13-HPOT, hydroperoxyoctadecatrienoic acid; 12,13-EOT, 2,13(S)-epoxy-octadecatrienoic acid; OPDA, 12-oxophytodienoic acid; OPR, OPDA reductase; OPC-8:0, 3-oxo-2-(2_(Z)-pentenyl)-cyclopentane-1-octanoic acid. The illustration is adopted and modified from [59].
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Fig. 6. Transcripts
putatively
associated with
glutathione s-
transferases (A),
peroxidases (B),
redox state (C),
secondary
metabolites (D),
and cell wall
modifications (E)
that are
differentially
expressed 1in
response to
greenbug feeding.
Transcripts with >2
fold change (FC)
expression
difference between
resistant bulk (RB)
vS. susceptible
bulk (sB) at 0 h,
24 h, and 48 h
after infestation
(hai) are presented
along with homology
based gene names.
The symbol *“*”
adjacent to
transcript indicate
the expression
Tevel in RB vs. SB
altered at 21 and
19 fold under 24
hai and 48 hai; “#”
indicate 13 FC at
48 hai; “$”
indicate 15 and 33
FC at 24 and 48
hai; “"'' indicate
28 and 82 FC at 24
hai and 48 hai; and
“@” indicate 7 and
11 FC at 24 hai and
48 hai,
respectively.
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Fig. 6. Transcripts putatively associated with glutathione S-transferases (A), peroxidases (B), redox state (C), secondary metabolites (D), and cell wall modifications (E) that are differentially expressed in response to greenbug feeding. Transcripts with >2 fold change (FC) expression difference between resistant bulk (RB) vs. susceptible bulk (SB) at 0 h, 24 h, and 48 h after infestation (hai) are presented along with homology based gene names. The symbol “*” adjacent to transcript indicate the expression level in RB vs. SB altered at 21 and 19 fold under 24 hai and 48 hai; “#” indicate 13 FC at 48 hai; “$” indicate 15 and 33 FC at 24 and 48 hai; “ˆ'' indicate 28 and 82 FC at 24 hai and 48 hai; and “@” indicate 7 and 11 FC at 24 hai and 48 hai,
respectively.
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Fig. 7. gRT-PCR validation of representative transcripts from
microarray analysis. The graphs present the magnitude of the
differences between resistant (RB) and susceptible (SB) bulks
derived from microarray (black filled bars) and gRT-PCR (open
bars) for 12 genes. The panel A, C, and E represent the
differentially regulated transcripts (<10 fold) between RB vs. SB
comparisons at 0, 24, and 48 hours after infestation (hai),
respectively. Similarly, panel B, D, and F present the genes with
>90 fold change (FC) under the above mentioned treatment
comparisons. The two reference genes ( ta.27713.1.al x at' and
“ta.27712.3.al x at') are presented in A, C, and E; and are
Tabeled with a flower bracket.
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Fig. 7. qRT-PCR validation of representative transcripts from microarray analysis. The graphs present the magnitude of the differences between resistant (RB) and susceptible (SB) bulks derived from microarray (black filled bars) and qRT-PCR (open bars) for 12 genes. The panel A, C, and E represent the differentially regulated transcripts (<10 fold) between RB vs. SB comparisons at 0, 24, and 48 hours after infestation (hai), respectively. Similarly, panel B, D, and F present the genes with >90 fold change (FC) under the above mentioned treatment comparisons. The two reference genes (`ta.27713.1.a1 x at' and `ta.27712.3.a1 x at') are presented in A, C, and E; and are labeled with a flower bracket.
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