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ABSTRACT: Common wheat (Triticum aestivum L.) is a global staple crop,
and insect pests can impact grain yield. The wheat stem sawfly (Cephus
cinctus, WSS) is a major wheat pest, and while partial resistance has been
deployed by breeding for a solid-stem trait, this trait is affected by
environment. Here, a proteomics and metabolomics study was performed on
four wheat cultivars to characterize a molecular response to WSS infestation.
The cultivars Hatcher (hollow-stem partially tolerant), Conan (semisolid-
stem-resistant), and Denali and Reeder (hollow-stem-susceptible) were
infested with WSS, and changes in stem proteins and metabolites were
characterized using liquid chromatography−mass spectrometry. The
proteome was characterized as 1830 proteins that included five major
biological processes, including metabolic processes and response to stimuli,
and the metabolome (1823 metabolites) spanned eight chemical super-
classes, including alkaloids, benzenoids, and lipids. All four varieties had a molecular response to WSS following infestation. Hatcher
had the most distinct changes, whereby 62 proteins and 29 metabolites varied in metabolic pathways involving enzymatic
detoxification, proteinase inhibition, and antiherbivory compound production via benzoxazinoids, neolignans, and phenolics. Taken
together, these data demonstrate variation in the wheat stem molecular response to WSS infestation and support breeding for
molecular resistance in hollow-stem cultivars.

KEYWORDS: liquid chromatography−tandem mass spectrometry, defense to herbivory, direct and indirect defenses,
primary and secondary metabolisms

■ INTRODUCTION

Common wheat (Triticum aestivum L.) is a global staple crop,
and grain yield can be greatly reduced by biotic stresses. A
major pest of wheat is the wheat stem sawfly (Cephus cinctus
Norton, WSS hereafter), and infestations cause an estimated
U.S. $350 million of annual losses in North America.1 C.
cinctus was first described in 1872 from specimens of native
grass in Colorado,2 and it was later observed that WSS also
utilizes spring wheat as a host.1,3 This grass-feeding insect
exclusively infested spring wheat varieties until the early
1980s, after which there was another host shift to winter
wheat. Rich genetic diversity exists among species of WSS
from across the world, and distinct haplotypes identified in
North America suggest phenotypic variation that allows rapid
adaptation to new hosts.4 Recent field studies conducted on
winter wheat in Colorado indicate a southward expansion of
the WSS and support its ability to colonize wheat at an
alarming pace.5

Most of the WSS life cycle is spent in the larval stage, and
larval feeding causes major tissue damage to wheat stems.
After the larvae pupate, they emerge from stems, mate in the
spring, and females oviposit (i.e., deposit eggs) into wheat

stems for approximately 10 days.6 Over the remainder of the
season, WSS larvae chew through the inner stem tissue
downwards to reach the soil level, cut a V-shaped notch inside
the stem, and prepare for overwintering.7 Sawfly infestation
reduces grain yield through two mechanisms: (1) “girdling”,
that is, larval chewing within the stem that causes plants to
lodge and affects harvesting efficiency, and (2) larval feeding
within the stem vascular tissue that reduces assimilate
transport and therefore grain yield per plant.8−10

No single control measure has been broadly adopted to
combat WSS. Chemical and biological controls are difficult
because most of the WSS life cycle occurs inside the stem.
Partial control through host plant resistance has been attained
by breeding for increased stem solidness (i.e., degree of pith
expression inside the stem, whereby the larvae have difficulty
chewing through the dense tissue),11,12 as reported for the
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cultivar Conan (which has a dense pith early in development
and later becomes hollow).13 However, the solid-stem trait
has low levels of adoption due to a perceived influence of
grain yield in the absence of infestation,1 and stem solidness is
an inconsistent trait that can vary due to weather conditions.7

Therefore, there is a critical need to identify and characterize
resistance phenotypes that occur in hollow-stem cultivars.
Hollow-stem cultivars may confer resistance through

changes to plant metabolism that modify the composition of
proteins and metabolites. One type of defense against insects
is “direct” defense, whereby the plant changes the morphology
and chemistry of its tissues in response to physical contact by
the pest. The recognition is attained through release of
damage- and herbivore-associated molecular patterns (DAMPs
and HAMPs), which bind to plant cell receptors and trigger
signaling cascades that include increased calcium fluxes,
oxidative burst and detoxification activities, and upregulation
of wound-induced protein kinases, specialized metabolites
(e.g., phytoalexins), and proteinase inhibitors,14−16 detoxifica-
tion enzymes (e.g., peroxidases and glutathiones), and toxic
proteins (e.g., lectins and remorins).14,17−19 This response
may be integrated with preformed (basal) resistance
metabolites, such as alkaloids, phenolics, and benzoxazinoids
(the latter are common in the Poaceae family, including
wheat).20

Several studies have characterized metabolic changes that
occur during plant−pest interactions, specifically in areas of
central and toxin metabolism. Changes to photosynthesis
(decrease), gluconeogenesis (decrease), and phenylpropanoid
synthesis (increase) commonly occur during an herbivore
infestation, allowing the plant to shift metabolism to protect
against oxidative damage, increase specialized metabolite
pathways, and fortify tissues. Research on maize (Zea mays)
plants infested with caterpillars of Spodoptera exigua revealed a
decreased expression of genes encoding proteins in the
gluconeogenesis pathway that co-occurred with a temporal
readjustment of photosynthetic capacity, as well as over-
expression of phenylpropanoid-related genes.21 Biosynthesis of
lignin through the phenylpropanoid pathway promotes
structural fortification of cell walls, and wound-induced
overexpression of lignin biosynthesis-related genes has been
described in maize.22 Likewise, increased levels of detox-
ification enzymes in common wheat exposed to aphids
(Sitobion spp.) support the importance of an oxidative burst
during response to herbivory.23 Importantly, a recent study on
the molecular response of wheat to WSS feeding described
protein and metabolite variations in the phenylpropanoid and
pentose phosphate pathways and in wheat cultivars with
different levels of resistance to the insect.24

However, a metabolic basis of resistance to WSS has not yet
been validated. In the present study, we compare the
proteomic and metabolic responses of wheat during the
WSS infestation. The objectives were to (i) provide a
comprehensive overview of the stem proteome and metab-
olome of wheat and (ii) characterize biochemical differences
in the stem response to infestation among different wheat
cultivars.

■ EXPERIMENTAL PROCEDURES

Plant Materials

Protein and metabolite profiles were obtained from hard red
winter wheat cultivars “Hatcher” (PI 638512)25 and “Denali”

(PI 664256)26 and from hard red spring wheat cultivars
“Conan” (PI 607549) and “Reeder” (PI 613586). For
proteomics and metabolomics, Hatcher and Denali were
vernalized for 8 weeks at 3 ± 2 °C. Spring wheat cultivars
were vernalized for 10 days at 3 ± 2 °C to facilitate
synchronous development with the winter wheat cultivars.
Wheat seedlings were planted in 12.7 cm circular pots (737
cm3) in the following mix: seven parts Fafard professional
metro mix (45−55% Canadian Sphagnum peat moss,
vermiculite, bark, dolomite lime, and wetting agent; Sun
Gro Horticulture, Agawam, MA), two parts coarse perlite, one
part Fort Collins, CO, loam soil supplemented with aged
manure, and Osmocote slow-release fertilizer (Greenhouse
Products Pty Ltd., Princess, South Africa) as per the
manufacturer’s instructions. Plants were fertilized weekly
with Peters Professional Fertilizer (J. R. Peters Inc., Allen-
town, PA) to promote tillering. The Colorado State University
insectary facility (Fort Collins, CO) was used for this study.
Controlled growth conditions included temperature held at
18−24 °C with a photoperiod of 15/9 h light/darkness and
bottom watering three times per week. Proteomics and
metabolomics experiments were conducted independently,
and plants were arranged in a complete randomized design for
n = 6 stem samples per cultivar for proteomics (three infested
and three uninfested control), and n = 10 samples per cultivar
for metabolomics (five infested and five uninfested controls).
Infested and uninfested stem tissues were collected at the
same time.

Insect Collection, Handling, and Plant Infestation

The site for insect collection was located approximately 1.6
km west of New Raymer, CO (40.6080°N, 103.8439°W),
where 2014 infestation levels were found to be >96%. Wheat
stubble from the previous year’s crop was removed and placed
in 3.8 L plastic bags. The bags were stored at 3 ± 2 °C for
30−90 days (depending on collection date) for the insects to
complete their mandatory cold diapause period.27 The stubble
was misted weekly to prevent the larvae from desiccating.
After cold storage, stubs were moved to a greenhouse at 18−
24 °C with a photoperiod of 15/9 h light/darkness. Adult
WSS emerged within 4−6 weeks after removal from the
refrigerator, and bioassays were conducted within 24 h of
adult emergence.
For each plant replicate, a single tiller was infested with one

female WSS and was considered infested when the female was
observed probing the stem (indicating viability). Wheat stems
were enclosed with a cage to control the location of WSS
oviposition (Figure S1). Cages were made from a 5 cm long ×
1.5 cm diameter plastic tube (cut off from a 15 mL Falcon
tube) with organza netting on both openings to allow airflow.
Cages were slipped over stems between the third and fourth
internodes (starting from the peduncle) and held in place
using bamboo stakes. Clothespins were used to close both
ends of the cages by clamping the organza tight, without
disrupting the plant tissue. Female WSSs were allowed to
oviposit on stems within the caged area for 10 days, after
which the stem samples were flash-frozen in liquid nitrogen
and collected for chemical analysis. The 10 day time point was
chosen to allow for eggs to hatch and larvae to feed while
remaining within the third and fourth nodes. Plants were
infested with WSS females at approximately Zadoks growth
stage 55.28 Although this growth stage is at the end of the
time frame at which WSS infests in the field, it allowed for
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normalization of pith expression given Conan is semisolid
early in its development. A control treatment without WSS
infestation was prepared similarly. It is important to note that
the collected tissue may have also contained larvae and frass;
however, the experiment was designed to minimize metab-
olome and proteome changes due to disrupting the tissues by
dissecting out insect materials.

Protein Extraction, Detection, Data Processing, and
Annotation

Protein extractions were performed on 24 wheat plants (three
infestation replicates per each of the four cultivars and three
noninfested controls). Stems between internodes 3 and 4 were
cut, flash-frozen in liquid nitrogen, and then lyophilized for 72
h. Dried, frozen stems were then placed in 5 mL conical
centrifuge tubes and ground to a fine powder using a mix of
3.2 and 11 mm diameter stainless steel beads and a Bullet
Blender Storm 5 tissue homogenizer (Next Advance, Troy,
NY). For each sample, 50 mg of stem powder was transferred
to a 2 mL glass vial and immersed in a 1 mL tricholoroacetic
acid (TCA)/acetone solution (TCA 10% w/v, acetone 90%,
with 10 mM dithiothreitol; Sigma-Aldrich, Inc., St. Louis,
MO). The solution was vortexed for 30 s and centrifuged for
5 min (4 °C, 2850g); the supernatant was discarded, and the
pellet was reconstituted in 500 μL TCA/acetone. Centrifuga-
tion and discarding of the supernatant were repeated until the
pellets were white or lightly colored. Clean pellets were
further resuspended in 750 μL cold acetone/water (1:1, v/v,
with 10 mM dithiothreitol), centrifuged for 5 min (4 °C,
2850g), and dried under a nitrogen gas flow.
Solid matter from dried protein pellets was loosened by

pipette tip and transferred to microcentrifuge tubes. A total of
500 μL of 8 M urea was added to each tube and vortexed to
resuspend the protein pellet, followed by bath sonication at
room temperature for 10 min. The samples were then
centrifuged at 2850g for 5 min at 4 °C. A small aliquot of the
supernatant was diluted (1:20) in 2 M urea before being
subjected to a bicinchoninic acid (BCA) protein assay
following the manufacturer’s recommendations (Pierce,
Thermo Fisher Scientific, Waltham, MA). Fifty micrograms
of total protein extract was aliquoted from each sample and
processed for in-solution trypsin digestion as previously
described.29 To generate a mixed quality control (QC)
sample, 2 μg of total protein was pooled from each sample for
digestion. Briefly, proteins were resolubilized in 8 M urea and
a 0.2% ProteaseMAX surfactant trypsin enhancer (Promega,
Madison, WI). The samples were reduced and alkylated with
5 mM dithiothreitol and 5 mM iodoacetic acid. Trypsin
(Pierce MS-Grade, Thermo Fisher Scientific) was added at an
enzyme-to-substrate ratio of 1:50 and incubated at 37 °C for 3
h. Trypsin was deactivated with the addition of 5%
trifluoroacetic acid and desalted using Pierce C18 spin
columns (Thermo Fisher Scientific) using the manufacturer’s
instructions. Peptide eluate was dried in a vacuum evaporator
and resuspended in 5% acetonitrile (ACN)/0.1% formic acid
(FA). Once resolubilized, the absorbance at 205 nm was
measured on a NanoDrop (Thermo Fisher Scientific) and the
total peptide concentration was subsequently calculated using
an extinction coefficient of 31.30

Mass spectrometry analyses were performed using nano-
high-performance liquid chromatography−tandem mass spec-
trometry (nHPLC−MS/MS). A total of 0.5 μg of peptide
extract was purified and concentrated using an online

enrichment column (5 μm, 100 μm ID × 2 cm C18 column;
Thermo Fisher Scientific). Subsequent chromatographic
separation was performed on a reverse-phase nanospray
column (EASYnano-LC, 3 μm, 75 μm ID × 100 mm C18
column; Thermo Fisher Scientific) using a 90 min linear
gradient from 5 to 30% buffer B [99.9% ACN, 0.1% formic
acid (FA)] at a flow rate of 400 nL/min. Buffer A consisted of
99.9% H2O and 0.1% FA. Peptides were eluted directly into
the mass spectrometer (Orbitrap Velos, Thermo Fisher
Scientific) equipped with a Nanospray Flex ion source
(Thermo Fisher Scientific), and the spectra were collected
between 400 and 2000 m/z in positive ionization mode, with
charge states +2 and +3 selected for MS2. Dynamic exclusion
enforced a limit of 2 MS/MS spectra of a given m/z value
within 30 s (exclusion duration of 90 s). The instrument was
operated in Fourier transform (FT) mode for MS detection
(resolution of 60 000) and ion trap mode for MS/MS
detection with a normalized collision energy set to 35%.
Instrument suitability was monitored through analysis of
commercially purchased BSA standard digest and automated
monitoring using Panorama QC v15.0 (LabKey, San Diego,
CA).31 Quality control samples were injected every six
samples throughout the course of the experiment. Metrics
[e.g., mass accuracy, peak area, retention time (RT)] were
monitored and flagged as outliers should results be outside ±3
standard deviations of the guide set (i.e., optimal operation).
Values for all metrics were within normal limits throughout
the duration of the experiment, indicating instrument stability
and data robustness.
Compound lists of the resulting spectra were generated

using Xcalibur v3.0 software (Thermo Fisher Scientific) with a
signal-to-noise (s/n) threshold of 1.5 and one scan per group.
Tandem mass spectra were extracted, charge state deconvo-
luted, and deisotoped by ProteoWizard MsConvert v3.0.
Spectra from all samples were searched using Mascot v2.3.01
(Matrix Science, London, U.K.) against the reverse con-
catenated wheat_peptides_rev062716 in-house database
[200 688 entries from the International Wheat Genome
Sequencing Consortium (wheatgenome.org) accessed on
June 6, 2017] assuming the digestion enzyme trypsin. Mascot
was searched with a fragment ion mass tolerance of 0.8 Da
and a parent ion tolerance of 20 ppm. Oxidation of
methionine and carboxymethylation of cysteine were specified
in Mascot as variable modifications. Search results from all
samples were imported and combined using the probabilistic
protein identification algorithms32 implemented in the
Scaffold software v4.8.4 (Proteome Software Inc., Portland,
OR).33 Peptide thresholds were set such that a peptide false
discovery rate (FDR) of 0.49% was achieved based on hits to
the reverse database.34 Protein identifications were accepted if
they could be established at greater than 90% probability
(8.9% FDR) and contained at least two identified unique (not
Scaffold-exclusive) peptides. Protein probabilities were as-
signed by the Protein Prophet algorithm.35 Proteins that
contained similar peptides and could not be differentiated
based on MS/MS analysis alone were grouped to satisfy the
principles of parsimony. Protein clustering was not utilized,
and normalized total spectra (NTSp) were used for all
downstream statistical analysis. Protein accession numbers
obtained from the in-house database were further annotated
using the Wheat Protein Database.36 A match with a database
wheat accession was confirmed for peptide sequences with
>80% homology to a T. aestivum peptide sequence and >90%
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homology to a protein sequence from another model species.
The data was not searched against a contaminant database.
Gene ontology (GO) data were retrieved from the UniProt
database.37

Metabolite Extraction, Detection, Data Processing, and
Annotation

After infestation (or at an equal time point for the controls),
stems between the third and fourth internodes were excised,
flash-frozen in liquid nitrogen, and lyophilized for 72 h. Stems
were then placed in 5 mL conical centrifuge tubes and ground
to a powder as described for protein extraction. Nonvolatile

metabolites were extracted as described by Broeckling and
Prenni38 with modifications. Briefly, 50 mg of powdered stems
was transferred to 2 mL glass vials and immersed in 500 μL of
a cold methanol/methyl tert-butyl ether (MTBE) solution
(2:1, 75% methanol/MTBE; Sigma-Aldrich). Samples were
vortexed for 1 h at 4 °C, and 125 μL of cold liquid-
chromatography-grade water (Sigma-Aldrich) was then added
to the mixture. Samples were centrifuged for 15 min (4 °C,
2850g), and the isolated aqueous layer was transferred to a
new glass vial. The aqueous layer extracts were then
evaporated under a continuous gas nitrogen flow and
reconstituted in 120 μL of methanol/water (1:1, v/v).

Figure 1. Overview of the wheat stem proteome as 1039 biological processes. (A) Venn diagram showing the number and type of GO biological
processes represented in the wheat stem proteome and overlap of proteins involved in more than one process. Numbers in colored circles
represent unique low-level GO biological processes (e.g., 498 are related to metabolic processes), and the black circle is the total number of low-
level GO biological processes from detected proteins. Low-level processes of biological relevance in the study and largely represented among
detected proteins are indicated. As an example, hypersensitive response points toward the area of overlap between cellular process and response
to stimuli because it is associated with both these biological processes. For “significant” proteins in each cultivar (i.e., that varied in abundance
due to WSS infestation compared to those of control), the number of occurrences for a given biological process is provided (1/1 represents the
number of occurrences in controls and infested plants, respectively). (B) Pie chart of the highly represented GO biological processes. Each slice
represents the percentage of occurrence for a given process, calculated as such: (# of occurrences of the biological process/total # of occurrences
across the data set) × 100. Among the 1039 unique low-level processes identified, 143 were further grouped within 17 important processes,
including photosynthesis and response to biotic stress. These accounted for 18.33% of occurrences across the proteomics data set. Bold italic and
regular italic numbers in the right panel represent the occurrence within the whole data set and within the 17 subgroups of processes, respectively.
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Nontargeted metabolite profiling was performed using
ultraperformance liquid chromatography (UPLC)−MS/MS
as previously described.38 Briefly, 2 μL of extracts was injected
onto an Acquity UPLC system (Waters Corporation, Milford,
MA) in discrete, randomized blocks with a pooled QC
injection after every 10 sample injections, and the coefficient
of variance was used to ensure instrument stability over the
course of the experiment. Compounds were separated using a
Waters Acquity UPLC CSH phenyl hexyl column (1.7 μm,
1.0 × 100 mm2; Waters Corporation), using a gradient from
solvent A (2 mM ammonium hydroxide, 0.1% formic acid) to
solvent B (acetonitrile, 0.1% formic acid). Injections were
made in 100% A, held for 1 min, ramped to 98% B over 12
min, held at 98% B for 3 min, and then returned to starting
conditions over 0.05 min and allowed to re-equilibrate for
3.95 min, with a 200 μL/min constant flow rate. The column
and samples were held at 65 and 6 °C, respectively. The
column eluent was infused into a Xevo G2 Q-TOF mass
spectrometer (Waters Corporation) with an electrospray
source in positive ion mode, scanning 50−2000 m/z at a
rate of 5 scans/s, alternating between MS (6 V collision
energy) and MSE modes (15−30 V ramp). Calibration was
performed prior to sample analysis using sodium iodide with a
1 ppm mass accuracy. The capillary voltage was held at 2200
V, the source temperature at 150 °C, and the nitrogen
desolvation temperature at 350 °C with a gas flow rate of 800
L/h.
A matrix of molecular features as defined by retention time

and mass (m/z) was created from LC−MS data files after
conversion to.cdf format and processing by XCMS39 in R
software v3.3.1.40 The R package RAMClust was used to
deconvolute data into spectral clusters.41 Molecular features
were normalized to total ion current (TIC), the relative
quantity of each feature was determined by the mean area of
the chromatographic peak among two replicate injections, and
spectral clusters were quantified as a weighted abundance of
all molecular features in the cluster. Identification of
metabolites was performed by a computational annotation
of the spectral clusters using the R package InterpretMSS-
pectrum and the MS-FINDER program v2.40,42,43 which
determined molecular weights, and chemical formulas and
structures, respectively, and were matched to the spectra from
in-house (authentic standards) and external MS databases.
Next, the Chemical Translation Service web application
program interface (API) was used to retrieve chemical
names of compounds with available International Chemical
Identifiers (InChIKey), and the ClassyFire web API was used
to assign full chemical ontology.44 Annotations were then
manually validated through analysis of annotation data with
data published in METLIN45,46 and the Human Metabolome
Database (HMDB).47 Finally, each annotation was assigned a
1−4 confidence value as described by Sumner et al.48

Statistical Analysis

Protein (normalized total spectra, NTSp) and metabolite
(peak areas) abundances were compared using Student’s t
tests for treatments only (No WSS = controls vs WSS =
infested plants) and treatments within cultivars, and one-way
analysis of variance (ANOVA) was used for comparisons of
cultivars, with a p threshold of 0.05. Benjamini−Hochberg
correction was applied for all univariate statistics to account
for multiple comparisons.49 Fold changes due to WSS
infestation within cultivar were calculated as log2 of (mean

WSS treatment)/(mean control treatment). “Presence” of a
protein was determined when at least two out of three
replicates had NTSp values greater than zero, and “absence”
was when only one or none of the three replicates had a
calculated NTSp for each type of sample. A residual value of
10−6 was assigned to null NTSps to calculate fold change.
Orthogonal projection to latent structures discriminant
analyses (OPLS-DAs) were conducted on the metabolomics
data after mean-centering and unit variance (UV)-scaling
using SIMCA v14.1 (Sartorius Stedim Biotech, Umea,
Sweden) with infested and control as the two classes in the
model. Variable importance on the OPLS projection (VIP)
scores was calculated for each metabolite by summing the
squares of the OPLS loading weights, and weights were
according to the proportion of sum of squares explained in
each model component.

■ RESULTS AND DISCUSSION

Variation Was Observed in the Proteome among the Four
Wheat Cultivars

Liquid chromatography−mass spectrometry analysis of the
four cultivars resulted in 255 401 spectra that were linked to
peptides, 1192 accessions, and annotated as 1830 proteins.
Gene ontology (GO) data were used to classify proteins based
on biological processes. Information on each detected protein
is presented in the Table S4, Supporting Information File 2:
proteomic data. The detected peptides were associated with
1039 low-level (i.e., lower-level child entry in the ancestor
chart) biological processes (Figure 1). These low-level
processes were then grouped under five major biological
processes and a miscellaneous term. The total number of
major process occurrences is higher than the number of
processes due to overlap across proteins (e.g., glutathione-S-
transferases is involved in “response to stimuli” and also
“metabolic” and “cellular processes”). Thereby, 498 proteins
were associated with metabolic processes, 651 with cellular
processes, 186 with biological regulation, 105 with local-
ization, 182 with response to stimuli, and 215 with other types
of processes (miscellaneous). The data indicate that all four
cultivars responded to WSS as a shift in the proteome
spanning many biological processes, including increased
protein abundances (denoted as n/n value by GO term in
Figure 1A). Among the 1039 low-level biological processes
associated with detected proteins, 143 were further explored
and grouped within 17 processes known for their importance
in plant stress response (Figure 1B). These represented
approximately 18% of the complete set of detected GO
biological processes (associated with both significant and
nonsignificant proteins) and included defense response to
biotic stress (3.36% of all detected processes), photosynthesis
(2.43%), sugar/H2O2 metabolism (1.76%), and hypersensitive
response (0.27%).
Proteins That Varied among Wheat Cultivars After
Infestation

The proteomics data demonstrated variation among the four
wheat cultivars in response to WSS infestation. Of the 1830
proteins detected among cultivars, 224 varied between
infested stems and noninfested control stems (ANOVA,
FDR-adjusted p < 0.05). The 224 proteins spanned five major
processes: metabolic process, cellular process, biological
regulation, localization, response to stimulus, and an addi-
tional miscellaneous category. The 224 proteins were further

Journal of Proteome Research pubs.acs.org/jpr Article

https://dx.doi.org/10.1021/acs.jproteome.9b00561
J. Proteome Res. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.9b00561/suppl_file/pr9b00561_si_002.xlsx
pubs.acs.org/jpr?ref=pdf
https://dx.doi.org/10.1021/acs.jproteome.9b00561?ref=pdf


analyzed using volcano plots to characterize specific responses
to infestation within each cultivar (Figure 2).
Further analysis was performed on Hatcher, a hollow-stem

cultivar that has exhibited a partial tolerance to WSS. Hatcher
had a total of 62 proteins that varied (Table 1 and Figure 2A).
Example proteins that varied included fructose-1,6-bisphos-
phatase (increased abundance) and cinnamoyl CoA reductase
(decreased). The analysis also revealed 5 downregulated and
11 upregulated proteins described as key regulators of
response to stimuli. Downregulated response regulators
included a heat-shock-related peptide, a mannose-binding
lectin, as well as a catalase, where upregulated proteins
included two glutathione-S-transferases, a calmodulin, and a
thioredoxin (Table 1). Detailed information on infestation-
affected proteins in Conan, Denali, and Reeder is provided in
Figure 2 and Tables S1−S3.
After infestation, cultivars showed a unique change in

protein expression, indicating genotypic differences in the
response to WSS. As an example, the cultivar-specific response
was characterized in Hatcher, whereby proteins that varied in
this cultivar were cross-referenced with the protein variation in
Conan, Denali, and Reeder. Of the 62 proteins that varied in
Hatcher, only 6 proteins also varied in at least one other
cultivar (Table 1, “Other Cultivars” column). One shared
response between Hatcher and Denali was an increase in a
vacuolar adenosine 5′-triphosphate (ATP) synthase subunit,
aspartate aminotransferase, a bifunctional enolase, and a

decrease in cinnamoyl CoA reductase (for all, FDR-adjusted
p < 0.05). An opposing trend was the downregulation of a
ubiquitin-activating enzyme and an alanyl-tRNA synthase in
Hatcher and an upregulation in Conan (for all, FDR-adjusted
p < 0.05).
A detailed characterization of the response to WSS was

performed for Hatcher (Figure 2 and Table 1). Many of the
proteins are known to be involved in molecular plant
resistance to insects or as general responses to tissue damage.
For example, three carbohydrate anabolism-related enzymes
were affected in Hatcher, including a UDP-glucose dehydro-
genase (a precursor of major cell wall polysaccharides50). A
cinnamoyl CoA reductase was also decreased, and this enzyme
is a key component for lignin biosynthesis used to fortify plant
cell walls.51 A calreticulin and a catalase (Ca2+ and H2O2

homeostases), known to be important in the molecular signal
cascade that leads to the stress response, were also reduced.
Other downregulated stress-related proteins included a heat
shock protein and a lectin. Whereas heat shock proteins are
often induced to limit molecular impacts of plant stress,
mannose-binding lectins can recognize specific foreign
elicitors.52,53 Finally, four protein biosynthesis-related enzymes
were downregulated under WSS infestation (i.e., three
ribosomal components and an alanyl-tRNA synthetase), as
well as two photosynthesis-related compounds [i.e., trans-
ketolase and ferredoxin:NADP(H) oxidoreductase; (Figure 2

Figure 2. Stem proteins that varied due to infestation within each of the four cultivars. Volcano plots showing increased and decreased
abundances of proteins after infestation, at the ANOVA FDR-adjusted p < 0.05 level for comparisons of n = 3 replicates per treatment. Circled
numbers indicate the total number of proteins that varied. Changes were calculated as such: (mean WSS)/(mean No WSS) treatments and
centered around zero using log2 transformation. “WSS” = infested plants, and “No WSS” denote controls. Dots in the extended regions of the
graph indicate the presence/absence of the detected protein. Corresponding proteins that varied are described in Tables 1 and S1−S3.

Journal of Proteome Research pubs.acs.org/jpr Article

https://dx.doi.org/10.1021/acs.jproteome.9b00561
J. Proteome Res. XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.9b00561/suppl_file/pr9b00561_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00561?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00561?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00561?fig=fig2&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.9b00561/suppl_file/pr9b00561_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00561?fig=fig2&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://dx.doi.org/10.1021/acs.jproteome.9b00561?ref=pdf


Table 1. Differentially Regulated Proteins between Control and Infested Plants in Hatchera

biological processb

MP CP BR L RS Oc predicted IDd FCe p valuef accession numberg
other

cultivarsh

Downregulated in the WSS Treatment
● ○ ○ ○ ○ cinnamoyl CoA reductase ‡i 2.2 × 10−2 Traes_5DL_D93D4EE55.1 D

● ○ dihydrolipoamide S-acetyltransferase ‡ 6.5 × 10−3 Traes_5BL_BA19E1CE3.1
● ○ ○ ○ embryo-defective 1473 ‡ 1.6 × 10−3 Traes_3B_62C323792.1
● ○ S-adenosyl-L-homocysteine hydrolase −0.47 1.9 × 10−2 Traes_2DL_488816050.2
● ○ ○ ○ ○ serine hydroxymethyltransferase ‡ 8.1 × 10−4 Traes_1AL_8EF2B803D.1
● ○ ○ transketolase ‡ 1.1 × 10−4 Traes_7AS_CB60FA3AE.1
● ○ ○ ubiquitin-activating enzyme E1 2 −1.89 1.6 × 10−2 Traes_5DL_0BE2B1D42.2 C
● ○ ○ UDP-glucose dehydrogenase −1.15 2.9 × 10−2 Traes_5DL_0A7630D1E.1
● ○ ○ ○ ○ ○ UDP-glucose pyrophosphorylase 2 ‡ 5.3 × 10−4 Traes_4AL_7CC1A63D3.1
● ○ UDP-XYL synthase 6 −0.84 1.9 × 10−2 Traes_4AS_C839DCF3A.1
○ ● ○ alanyl-tRNA synthetase −3.18 3 × 10−3 Traes_4AL_4CF27F6B1.1 C
○ ● ○ ○ ATP synthase β-subunit −0.94 4.9 × 10−3 Traes_3AL_964D4D4CF.1
○ ● ○ ○ ferredoxin:NADP(H) oxidoreductase ‡ 3.7 × 10−3 Traes_7AS_7BF04E4E6.1
○ ● pfkB-like carbohydrate kinase −1.43 2.6 × 10−2 Traes_7DL_1A847FDCC.1
○ ● ribosomal L18p/L5e family protein ‡ 1.9 × 10−2 Traes_5BL_FA3E0DB03.1
○ ● ○ ribosomal protein L35Ae −0.6 5.4 × 10−4 Traes_7BS_20CBEEF3C.1
○ ● ○ ribosomal protein S3Ae ‡ 8.1 × 10−4 Traes_4BL_66E76E6B0.1
○ ● serine carboxypeptidase-like 49 ‡ 2.7 × 10−4 Traes_6DS_972C7F490.1
○ ○ ○ ● ○ ○ H+ translocating inorganic pyrophosphatase ‡ 5.4 × 10−4 Traes_7BS_55CB27B54.1

● H+-ATPase subunit E isoform 3 −0.58 7.1 × 10−3 TRAES3BF081200010CFD_t1
○ ○ ○ ● ○ ○ sterol carrier protein 2 −2.56 9.7 × 10−3 Traes_6DL_5C12D3124.1

● ankyrin repeat domain-containing protein 2A −0.23 2.9 × 10−2 Traes_5BL_B66B801E5.1
○ ● calreticulin-1 −0.60 2.5 × 10−2 Traes_2AL_070A611F6.2

○ ○ ● ○ catalase-1 −0.34 4.7 × 10−2 Traes_4DL_4FC0D4B27.1
○ ○ ○ ● ○ heat shock protein 70 ‡ 9 × 10−4 Traes_4BS_15014415A.1

● mannose-binding lectin superfamily protein ‡ 1.1 × 10−3 Traes_2BS_A1F541056.1
Upregulated in the WSS Treatment

● ○ 6,7-dimethyl-8-ribityllumazine synthase ‡ 8.1 × 10−3 Traes_2DL_868EFCEB6.2
● α/β-hydrolase 2.01 6.2 × 10−3 Traes_5BL_885C2757D.2
● ○ aspartate aminotransferase 3 0.39 1.1 × 10−2 Traes_3DL_870617108.1 D
● ○ ○ ○ cysteine synthase 0.59 2.1 × 10−3 Traes_5BS_1AC8D3009.2
● ○ ○ cysteine synthase 1 0.89 1.2 × 10−3 Traes_5DS_581AB88F8.2
● ○ ○ embryo-defective 2171 0.92 4.6 × 10−2 Traes_1AL_D20D648FD.1
● ○ ○ fructose-1,6-bisphosphatase ‡ 5 × 10−4 Traes_1AL_DA0EE1337.2
● ○ ○ glyceraldehyde-3-phosphate dehydrogenase 0.58 3.1 × 10−2 Traes_4DL_F394FF94A.1
● ○ NADPH-dependent alkenal/one

oxidoreductase
0.48 5 × 10−2 Traes_6AS_0D08DEFD0.1

● ○ pfkB-like carbohydrate kinase 0.61 3.6 × 10−2 TRAES3BF078000040CFD_t1
● ○ ○ UBC35/UBC13A 1.38 2.1 × 10−2 TRAES3BF050900020CFD_t1
○ ● ○ ○ ○ 40S ribosomal protein S6-2 0.9 1.3 × 10−2 Traes_2AS_C7813CD47.1
○ ● ○ 50S ribosomal protein L16 ‡ 2.1 × 10−3 EPlTAEP00000010050
○ ● ○ ○ ○ ○ acidic protein associated with 40S ribosomal

subunit
0.38 3.9 × 10−2 Traes_2AS_3F458D2CF.1

○ ● ○ ○ ferredoxin:NADP(H) oxidoreductase 0.56 4.3 × 10−2 Traes_4AL_B9FA07247.2
○ ● ○ photosystem I light-harvesting complex 0.59 7.7 × 10−3 Traes_2AS_B86EFFF66.1
○ ● ○ photosystem I reaction center subunit VI-2 0.53 1.8 × 10−2 Traes_1AL_C42DE440F.1
○ ● ○ ○ ribosomal L28e protein family 1.42 3.4 × 10−2 Traes_1DL_115A0324A.1
○ ● ○ ○ ribosomal protein L10 0.58 4.2 × 10−2 Traes_4BL_C336491A71.1
○ ● ○ ribosomal protein S5 ‡ 10−3 Traes_5BL_E948DCA4A.2

○ ● ○ ○ profilin 5 0.49 4.7 × 10−2 Traes_7AS_DA1089F6B.2
● ○ plasma membrane intrinsic protein 2;8 0.97 3 × 10−2 Traes_2BS_D8EC76A3B.2

○ ○ ● ○ ○ vacuolar ATP synthase subunit 0.25 3.6 × 10−2 Traes_7DL_D4B6FF473.1 D
● adenylate kinase 0.29 3 × 10−3 Traes_7AL_B7810831E.1

○ ○ ○ ● bifunctional enolase 2 0.29 4.2 × 10−2 Traes_5AS_116663495.1 D
● calmodulin 0.95 1.7 × 10−2 Traes_4AS_E2D1D9E5D.1

○ ○ ● glutathione-S-transferase ‡ 6.8 × 10−4 Traes_5AL_72929F651.1
○ ○ ● glutathione-S-transferase Z1 ‡ 6.4 × 10−3 Traes_5DL_9F421ABDC.1
○ ○ ● hydroxypyruvate reductase 0.39 2.4 × 10−2 Traes_6AS_27483C00F.1
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and Table 1)] and a serine carboxypeptidase-like enzyme
involved in proteolysis.
Hatcher had increased abundances of four detoxification

enzymes: NADPH-dependent alkenal/one oxidoreductase,
thioredoxin M-type, and two glutathione-S-transferases.
Alkenal/one oxidoreductases have been described for their

activity in reactive carbonyl detoxification.54 Amino acid
biosynthesis was promoted through upregulation of two
cysteine synthases and an aspartate aminotransferase.
Upregulation of primary metabolites such as cysteine increases
defenses to biotic stress. Cysteine and other amino acids are
building blocks for the biosynthesis of numerous antioxidants

Table 1. continued

biological processb

MP CP BR L RS Oc predicted IDd FCe p valuef accession numberg
other

cultivarsh

Upregulated in the WSS Treatment
KH domain-containing protein ‡ 1.7 × 10−2 Traes_6AS_8C9DF7D23.1

○ ○ ○ ● ○ plasma-membrane-associated cation-binding
protein 1

0.6 3 × 10−2 TRAES3BF114000090CFD_t1

● PR-6 proteinase inhibitor 2.37 2.1 × 10−2 TRAES3BF070600020CFD_t1
● remorin 1.94 5 × 10−2 Traes_2AL_47B1A5BF2.1
● stress response component 2.32 1.9 × 10−2 Traes_5DL_DC720C4C0.2

○ ○ ● thioredoxin M-type 0.71 2.2 × 10−2 Traes_5BS_B72CD04F2.1
● plastid transcriptionally active 16 0.26 4.5 × 10−2 Traes_3DL_43F4381AA.1

aProteins were arranged based on their regulation after WSS infestation and major biological process and then arranged in alphabetical order. bThe
five major biological processes were selected based on gene ontology data. cMP = metabolic process; CP = cellular process; BR = biological
regulation; L = localization; RS = response to stimulus; O = other biological process; ● = most important GO biological process hit; ○ = GO
biological process hit. dPredicted IDs correspond to the best found hit using the wheat protein database.36 eFold changes were calculated as log2
(mean WSS)/(mean No WSS) treatments, where WSS corresponds to the infested plants and No WSS represents controls. fp values were
calculated from t tests (factors of treatment) and adjusted by a Benjamini−Hochberg correction. gSpectra were searched, and accession numbers
were obtained using Mascot v2.3.01 against the in-house wheat peptide database. hIf the Hatcher proteins were also affected by infestation in
another cultivar; C = Conan, D = Denali, R = Reeder; uppercase and lowercase indicate an increase or decrease in protein abundance, respectively.
i‡ = protein detected in only one treatment.

Figure 3. Overview of the wheat stem metabolome. Pie chart illustrating the distribution of metabolites, classified based on chemical ontology
(Figure S1). A total of 607 metabolites (center of the chart) were annotated in the metabolomics data. Each colored segment represents the
proportion of a chemical superclass among the 607 annotated compounds, and shades within a segment color indicate the proportion of each
class/subclass within a superclass. Chemical superclasses included the benzenoids (light red segment), lignans (purple segment), and lipids (blue
segment). Minor superclasses (“other”) and metabolites with no ontology were reported in the grey and white segments, respectively. Number of
metabolites within each superclass are indicated inside colored bubbles. Example classes/subclasses within each superclass are provided and their
total amount is indicated as bold black numbers. Colored italic numbers indicate how many compounds were significant at the p < 0.05 level: red
for treatment comparisons (No WSS/WSS), blue for cultivars, and green for comparisons of treatment within the cultivar. Number of biological
replicates varied based on the comparison: n = 18−20 for treatment comparisons, n = 10 for cultivar comparisons (except Denali for which n =
8), and n = 5 for treatment within cultivar (except Denali untreated plants for which n = 3). t tests and one-way ANOVAs were conducted
between treatments and among cultivars, respectively. Abbreviations/notations: der. = derivative; cmp. = compound; H = Hatcher; C = Conan; D
= Denali; R = Reeder; No WSS = control, no treatment; WSS = treatment, infestation.

Journal of Proteome Research pubs.acs.org/jpr Article

https://dx.doi.org/10.1021/acs.jproteome.9b00561
J. Proteome Res. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00561?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00561?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00561?fig=fig3&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.9b00561/suppl_file/pr9b00561_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.9b00561?fig=fig3&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://dx.doi.org/10.1021/acs.jproteome.9b00561?ref=pdf


and toxic compounds.55 One starch biosynthesis and one
glycolysis-related enzyme were also induced (i.e., pfkB-like
carbohydrate kinase and glyceraldehyde-3-phosphate dehydro-
genase). Four enzymes involved in photosynthesis (including
a fructose-1,6-bisphosphatase), six in protein biosynthesis (i.e.,
ribosomal components), and one in proteolysis had increased
NTSps. The riboflavin synthase 6,7-dimethyl-8-ribityllumazine
synthase also had increased levels yet has mostly been
described as priming the defense of plants against microbial

pathogens.56 Likewise, upregulation of a proteinase inhibitor,
remorin, and calmodulin was observed in all infested plants.
Calmodulins are known calcium sensor proteins that initiate
signaling cascades and promote the defense response.57

In contrast to Hatcher, the molecular response of Conan to
WSS was characterized by downregulation of seven detox-
ification enzymes (e.g., peroxiredoxin and peroxidase) and
nine proteins related to photosynthesis (Table S1). In Conan,
11 key enzymes of protein biosynthesis and proteolysis were

Figure 4. Stem metabolites that varied due to infestation within each of the four wheat cultivars. (A) OPLS-DA biplot of correlation-scaled scores
(triangles) and loadings (all other shapes). Color shaded regions indicate metabolites that most strongly varied due to the WSS treatment: red
corresponds to downregulation, and blue means upregulation of metabolites upon WSS infestation. (B) Variable trend plots show z scores of
metabolite abundances within the red and blue shaded regions, and z-transformation was based on the mean abundance and standard deviation of
the metabolite within each model. (C) Fold change plot of metabolite abundances between control and infested plants. X axis numbers
correspond to metabolites listed in Table 2, which are strongly varying in the Hatcher model. Fold changes were calculated as such: (mean
WSS)/(mean No WSS) treatments and centered around zero using log2 transformation. WSS corresponds to infested plants, and No WSS
represents controls. For each cultivar, n = 5 replicates per treatment except Denali controls (n = 3 replicates). Abbreviations/notations: No WSS
= control, no treatment; WSS = treatment, infestation; der. = derivative; cmp. = compound; R2Y = fraction of y (i.e., sample classes) variance
explained by the model; Q2 = cross-validation estimate for the predictive ability of the model; south east arrow to corner = downregulated in the
WSS treatment; north east arrow to corner = upregulated in the WSS treatment.
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higher, along with enzymes involved in carbohydrate biosyn-
thesis such as sucrose synthase. The higher carbohydrate
synthesis activity observed in Conan supports the use of
energy to activate defenses upon larval damage. The major
downregulation in detoxification activity is in agreement with
a model where the solid stem provides mechanical defense,
and the plant thus does not require additional molecular
defenses, and larval manipulation of host response is efficient
enough to shut down reactive species scavenging.58

The cultivars Denali and Reeder showed typical reactions of
plants that undergo biotic stress, as both had increased
energy-related proteins in glycolysis pathways and the
tricarboxylic acid cycle (Tables S2 and S3). Hollow stems
allow for increased larval survival and fitness, the damage
inflicted upon chewing is not manageable, and reallocation of
energy to primary and specialized metabolisms (e.g.,
putrescine and spermine biosyntheses in Denali and lignin

biosynthesis in Reeder) is rendered inefficient. The balance
between energy synthesis and carbon flux toward stress
resistance is altered, and grain yield is impacted.59

Variation Was Observed in the Metabolome among the
Four Wheat Cultivars

Metabolite profiles were characterized using nontargeted LC−
MS metabolomics, and a total of 1823 putative compounds
were detected (Figure 3). Of these 1823 compounds, 1639
(90%) were assigned a chemical formula based on hydrogen
rearrangement rules using MS-FINDER v2.40,42,43 and 607
(33% of total) compounds were tentatively annotated as
distinct metabolites.48 A detailed description of all detected
metabolites is provided in the Supporting Information (Table
S4).
Classification of annotated metabolites based on chemical

structures yielded ontology trees for 489 compounds (Figure

Table 2. Metabolites with High Contribution to the Hatcher OPLS-DA Modela

#b superclassc subclassd chemical name (abbr...)e RTf m/zg p valueh
VIP
scorei

Increased in the WSS Treatment
1 alkaloid/der. harmala alkaloid 1-(9H-β-carbolin-1... 204 422.1744 7.7 × 10−3 1.58
2 lipid/lipid-like cmp. hydroxysteroid 313 806.3362 1.3 × 10−2 1.55
3 organic oxygen cmp. aminocyclitol glycoside (1R,2S,3S,4S,5S,6R)-2,3,4... 28 355.1485 5.1 × 10−3 1.64
4 organoheterocyclic cmp. indolizidine 300 434.1245 1.3 × 10−3 1.74
5 6-aminopurine 9-(β-D-erythro-pentofuran... 300 265.081 5.9 × 10−3 1.62
6 isoindolone (2R,2′R,4′aS,6′R,8′aS)-7-

aceton...
264 441.2505 2.1 × 10−2 1.5

7 4-{[(3R,4R)-4-(4-hydroxy-3... 225 520.1936 7.9 × 10−3 1.6
8 benzoxazinoid glycoside DIBOA-glucoside 106 343.0913 7.5 × 10−3 1.58

Decreased in the WSS Treatment
9 benzenoid methoxyphenol - 383 208.0743 8.6 × 10−3 1.58
10 tyrosol/der. propanoic acid 4-hydroxy... 240 194.0946 1.4 × 10−2 1.55
11 lignan neolignan methyl (2E)-3-(4-{[(1R,2R)-

1,3...
285 404.1488 1.6 × 10−3 1.72

12 lipid/lipid-like cmp. guaianolide/der. 277 376.1521 1.9 × 10−2 1.5
13 fatty alcohol ester [(2Z,8Z)-10-hydroxydeca-2,8... 337 204.0789 2.1 × 10−2 1.49
14 organic acid/der. tricarboxylic acid/der. 8-O-acetyl-pumilin 343 416.1479 6 × 10−3 1.64
15 organic oxygen cmp. O-glycosyl cmp. β-D-glucopyranose, 6-O-D... 312 372.1274 5.2 × 10−3 1.63
16 thioglycoside isopropyl 4-O-(β-D... 349 400.1404 1.6 × 10−2 1.5
17 phenylpropanoid/

polyketide
coumaric acid/der. methyl (2E)-3-(4-hydroxy... 293 208.0745 1.1 × 10−2 1.57

18 flavonoid O-glycoside [(2S,4S,5R)-2-[(2S)-2-(3,4... 387 568.1588 1.4 × 10−2 1.53
19 angular pyranocoumarin 322 388.1522 1.8 × 10−2 1.51
20 nucleoside 1-ribosyl-imidazole carboxamide 23 380.0730 9.9 × 10−5 1.86
21 pyrimidine ribonucleoside

monophosphate
23 542.1261 1.2 × 10−2 1.54

22 organoheterocyclic cmp. butenolide 333 208.0744 2 × 10−5 1.89
23 azaphilone 335 416.1479 4.8 × 10−3 1.64
24 phenylimidazole 3-nitroso-2-phenylimidazo... 311 224.0703 6.2 × 10−3 1.63
25 2-benzopyran 8-hydroxy-5-(hydroxymethyl... 299 208.0745 7.4 × 10−3 1.62
26 pyranone/der. 4-methoxy-5-methyl-6-oxo... 318 208.0745 1.3 × 10−2 1.55
27 miscellaneous (2Z)-4-{2,6-dihydroxy-3-[(2E)... 337 546.1894 2.6 × 10−3 1.69
28 2-acetyl-5-methoxyphenyl... 339 622.2111 1.3 × 10−2 1.56
29 (4aR,6S,7R,7aR)-4-formyl-1... 239 522.1747 1.9 × 10−2 1.47

aCompounds were classified based on their regulation in the WSS treatment and superclass. Abbr... = abbreviated name, full names are available in
Table S1; RT = retention time; m/z = mass-to-charge ratio; VIP = variable importance for the projection; der. = derivative; cmp. = compound.
bBold numbers are used to reference compounds in the Results and Discussion section. cSuperclasses correspond to the second highest level of
ontology based on the ClassyFire algorithm. dSubclasses correspond to the lowest level of ontology based on the ClassyFire algorithm.
eCompounds were assigned chemical names using the International Union of Pure and Applied Chemistry (IUPAC) nomenclature. fCompound
retention times were measured based on the time of elution from the chromatography column. gMass-to-charge ratios were obtained from mass
spectrometry output. hp values were calculated from t tests (factors of treatment) and adjusted by a Benjamini−Hochberg correction. iVariable
importance of the projection (VIP) score was calculated by summing the squares of the OPLS loading weights and weighted by the amount of sum
of squares explained in each model component.
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3). Metabolites were sorted within eight chemical super-
classes: alkaloids, benzenoids, lignans, lipids, organic acids,
organic nitrogen/oxygen compounds, phenylpropanoids, and
an “other” class that contained minor superclasses (e.g.,
organoheterocyclic compounds and nucleosides). For clar-
ification, lignans share a common biosynthesis with lignin via
the phenylpropanoid pathway but have antiherbivory activities
rather than structural roles. Nine ontology levels were used in
the classification, from the chemical kingdom (highest
chemical hierarchy, i.e., organic compounds) to parent level
5 (lowest hierarchy, e.g., α amino acids). In our metabolomics
data set, the classification workflow characterizing the wheat
stem metabolome evaluated in this experiment was composed
of benzenoids, alkaloids, lignans, lipids, organic acids, amines,
organic oxygen compounds (e.g., carbohydrates and con-
jugates, alcohols, and polyols), phenylpropanoids, and
polyketides including flavonoids and coumarins, and 120
compounds classified in the “other” category (e.g., organo-
heterocyclic compounds and nucleosides; Figure 3).

Metabolites That Varied among Wheat Cultivars after
Infestation

Variation in metabolite abundance between treatments and
among cultivars was demonstrated using both univariate and
multivariate statistics. Of the 607 annotated metabolites, 44
varied between treatments (infested and control plants)
regardless of cultivars (for all comparisons, Student’s t test
FDR-adjusted p < 0.05), including two phenolics and two
flavonoids (Figure 3). Regardless of the treatment, 308
metabolites differed when comparing the four cultivars (for all
comparisons, ANOVA FDR-adjusted p < 0.05). These
included phenolics, lignan glycosides, terpenoids, flavonoids,
and coumarins. Hatcher had a total of 29 metabolites that
varied (ANOVA, FDR-adjusted p < 0.05). Metabolites that
decreased due to infestation included a benzoxazinoid
glycoside and DIBOA-glucoside. Metabolites that increased
included a neolignan, a flavonoid glycoside, a butanolide, and
two carbohydrates (Table S5).
In contrast to the protein data, metabolites in the other

three cultivars exhibited less change compared to Hatcher,
specifically 14 metabolites varied for Conan, and 11 for each
of Denali and Reeder. The metabolite data was further
analyzed using OPLS-DAs and further supports that each
cultivar had a unique metabolite response to infestation
(Figure 4). The Hatcher OPLS-DA metabolite model for
infestation had an R2Y = 95.1% and Q2 = 71.3%, indicating a
good predictive power of the model and that it was not
overfit. Of the 607 metabolites, 29 had a variable importance
projection (VIP) ≥1.45, a threshold used to specify
significance, and are highlighted in light red, whereby 8
metabolites decreased after WSS infestation and 21 increased
(Figure 4A). Detailed information for metabolites that varied
due to infestation is provided in Tables 2 and S5. The OPLS-
DA model for Conan was driven by a decrease of the
phenylpropanoid integerrimine and an increase of a lipid-like
structure (Figure 4B and Table S5). In Denali, a total of eight
metabolites varied, including decreased phenylpropanoid
integerrimine (as in Conan) and increased phenylpropanoids
(Figure 4B and Table S5). Only four metabolites varied in
Reeder.
Similar to the protein data, the line plots further support

unique changes in each cultivar. Line plots of normalized
metabolite abundances are displayed in Figure 4B, and

individual metabolites are denoted by symbols. Hatcher had
more metabolites (29) that varied compared to the three
other cultivars. The 29 metabolites that varied in Hatcher
were further analyzed for fold changes in abundance relative
to treatments and compared to those of other cultivars
(Figure 4C). Some metabolites exhibited similar variation
among all four cultivars, although Hatcher had the greatest
magnitude of change for most of the 29 metabolites.
The 29 metabolites of the Hatcher OPLS-DA model

included one alkaloid (1), one lipid (2), an organic oxygen
compound (3), three organoheterocyclic structures (4−6),
and a benzoxazinoid (8) (Table 2). The reduced abundance
of DIBOA-glucoside (8) suggests active use of this
phytochemical in Hatcher. Benzoxazinoid structures act as
antifeedant and insecticidal metabolites, are largely repre-
sented in the Poaceae, and affect both chewing and piercing−
sucking pests.20 Inactive benzoxazinone glucosides are stored
in the plant vacuole, released upon insect damage, and cleaved
to their active and toxic form by β-glucosidases.60 These
compounds are therefore classified as phytoanticipins, and
downregulation of their glycoside form leads to upregulation
of the toxic variant.20

Several phytoalexins increased in Hatcher individuals
infested with WSS, including benzenoids, lignans, and
organoheterocyclic compounds (Table 2). Methoxyphenol
benzenoids (9) can act as volatile attractants for natural
enemies of pests, for example, the soybean looper (
Pseudoplusia includens) and the parasitoid Microplitis demoli-
tor.61 Neolignans (10) have toxic and deterrent effects on
insect herbivores, and these properties have been demon-
strated in Magnolia virginiana plants that are resistant to the
swallowtail butterfly (Troilus spp.).62 The antiherbivory effect
of coumaric acids (17) was described in groundnuts (Arachis
hypogea) in response to various feeding lepidopterans.63

Several other defense-related metabolites that increased in
Hatcher included a pyranocoumarin (19), a butanolide (22),
an azaphilone (23), and a benzopyran.64−67 In addition, a
more than 4-fold increase in a pyrimidine nucleoside in
infested Hatcher and Denali indicated a large use of this
metabolic precursor to produce toxic specialized metabo-
lites.68

The three metabolites with the highest abundance
compared to controls in Conan included two unclassified
structures and a lipid-like structure (Table S5). Metabolites
that highly contributed to the Denali OPLS-DA model for
their increased abundance in infested plants included the same
pyrimidine nucleoside found in a more than 4-fold increase in
Hatcher. More evidence of phytotoxic activity in Denali was
illustrated by an increase in abundance for a flavonoid-7-O-
glycoside and a 7-O-methylated flavonoid. No metabolites
were found higher in abundance in Reeder-infested plants.

Proposed Model for Molecular-Based Defense of Wheat
Cultivar Hatcher to WSS

These data support a molecular response of wheat to WSS in
the stem that includes changes to primary and specialized
metabolisms, and this is consistent with previous reports on
wheat phenolics, lectins, and heat shock proteins.24,58,69 The
wheat stem may respond to infestation by attempting to
maintain steady levels of energy production and protein
synthesis enzymes. Further, small noncoding RNA exchanges
between wheat and WSS larvae have been characterized and
proposed to suppress the immune response.58 To counteract

Journal of Proteome Research pubs.acs.org/jpr Article

https://dx.doi.org/10.1021/acs.jproteome.9b00561
J. Proteome Res. XXXX, XXX, XXX−XXX

K

http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.9b00561/suppl_file/pr9b00561_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.9b00561/suppl_file/pr9b00561_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.9b00561/suppl_file/pr9b00561_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.9b00561/suppl_file/pr9b00561_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.9b00561/suppl_file/pr9b00561_si_001.pdf
pubs.acs.org/jpr?ref=pdf
https://dx.doi.org/10.1021/acs.jproteome.9b00561?ref=pdf


infestation, resistant wheat plants would respond with ion
fluxes for signal transduction, and the upregulation of a
calmodulin enzyme supports the ability of Hatcher tissue to
propagate Ca2+-based signals to trigger defense cascades.57,70

Consistent with this, the metabolite profile of Hatcher
appeared to shift from primary to specialized metabolism,
specifically with increased abundances of several antiherbivory
compounds.
Another response of resistant plants to infestation is the

formation of an oxidative burst. High levels of detoxification
enzymes were found in Hatcher and demonstrate an effective
defense response through active scavenging of reactive oxygen
species to mitigate oxidative damage.14 Proteinase inhibitors
can contribute to pest protection through inhibition of
digestive proteinases and, consequently, increased larval
mortality through starvation.16 Increased abundances of the
PR-6 proteinase inhibitor in Hatcher wheat plants may help
mitigate larval feeding. Likewise, two cysteine synthases had
increased levels in Hatcher-infested plants, and upregulation
of cysteine leads to the synthesis of additional antioxidants
and antiherbivory metabolites.55 A riboflavin synthase with
increased TSCs after infestation also indicates signal trans-
duction and allocation of energy to priming of noninfested
tissues through systemic acquired resistance (SAR).56,70,71

WSS responds to emissions of semiochemical compounds
from wheat, and detection of these chemical cues by females
determines the choice of host plant for oviposition.72,73 Once
they land on the plant cuticle, oviposition behavior of female
WSS mainly relies upon direct contact cues.74 Egg deposition
often involves the secretion of oviposition fluids by females,
and this can constitute the first instance of pest recognition by
the plant.75 Recognition of foreign tissue and activity through
the release of damage- and herbivore-associated molecular
patterns (DAMPs and HAMPs) also triggers plant defense
mechanisms (Figure 5).76,77 While receptors of insect elicitors
(e.g., NBS−LRR protein receptors) have not been detected in
the proteomics data, it is likely that these are constitutively
expressed in Hatcher plants and recognize DAMPs and
HAMPs such as volicitin-like structures. The fatty acid−amino
acid conjugate volicitin is an example of a chemical released
through saliva that elicits host responses.78 Volicitin has been
described in several interactions, including infestations of
maize (Z. mays) by the beet armyworm (S. exigua), and
promotes indirect responses through the release of volatile
organic compounds (VOCs) that attract natural enemies of
the pest (i.e., parasitoids; Figure 5). A similar response in
Hatcher is potentially triggered, and volatile methoxyphenol
benzenoids are then released to attract WSS parasitoids (e.g.,
Bracon cephi and Bracon lissogaster). Upon recognition,
triggered immunity involves the establishment of early events,
including changes in transmembrane potential and intra-
cellular Ca2+ concentrations, kinase cascades (e.g., WIPK),
jasmonic acid signaling, and the oxidative burst.14−16 Non-
coding RNAs are exchanged and regulate the plant response.58

While no hypersensitive response at the site of oviposition was
visible in any of the plants, evidence of calmodulin-based Ca2+

fluxes and reactive oxygen species scavenging has been
observed in molecular studies.57,70 Gene expression can then
be modified, and defense cascades involve upregulation of
proteinase inhibitors that reduce larval fitness.16 Although
there was no evidence of phytohormone signaling in Hatcher,
upregulation of a riboflavin synthase indicates a capacity to
prime intact tissue through SAR.56,71 Production and

activation of phenylpropanoid-pathway-related benzoxazinoids
can be promoted in resistant plants through cleavage of the
inactive glycoside form and release of the toxic variant.
Increased levels of two cysteine synthases and a pyrimidine
nucleoside enhance antiherbivory compound and antioxidant
biosynthesis.55,68 Several defense metabolites can be synthe-
sized de novo upon infestation and include neolignan
compounds, coumaric acids, and benzopyrans. The result
would be a broad yet efficient response that can lead to
increased performance in the field during WSS outbreaks.

■ CONCLUSIONS
Mass-spectrometry-based proteomics and metabolomics dem-
onstrated unique molecular responses to insect infestation
among four cultivars. Several metabolic pathways that may
contribute to resistance include detoxification, Ca2+ flux,
proteinase inhibition, and systemic signaling activities.
Increased metabolites upon infestation included antiherbivory
structures and associated precursors. Recent advances in
wheat functional genomics, genome editing, and breeding
techniques open new avenues for rapid identification and
introgression of desirable traits.79 These data provide a
foundation for wheat geneticists and breeders to discover and
deploy alternative resistance strategies to WSS.
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Insect container setup for the WSS infestation experi-
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Figure 5. Model for the molecular basis of WSS resistance in
Hatcher. Metabolites are indicated using their common name in italic
pink and structural formula. Proteins are represented by their name
in italic blue and schematic circles. Red triangles indicate late
molecular defense mechanisms. Abbreviations: cmp. = compound;
VOCs = volatile organic compounds.
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