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Abstract

Aphids are major pests in cereal crops that cause direct and indirect damage leading to yield

reduction. Despite the fact that wheat provides 20% of the world’s caloric and protein diet, its

metabolic responses to aphid attack, in general, and specifically its production of benzoxazi-

noid defense compounds are poorly understood. The objective of this study was to compare

the metabolic diversity of durum wheat seedlings (Triticum turgidum ssp. durum) under attack

by three different cereal aphids: i) the English grain aphid (Sitobion avenae Fabricius), ii) the

bird cherry-oat aphid (Rhopalosiphum padi L.), and iii) the greenbug aphid (Schizaphis grami-

num Rondani), which are some of the most destructive aphid species to wheat. Insect prog-

eny bioassays and metabolic analyses using chromatography/Q-Exactive/mass spectrometry

non-targeted metabolomics and a targeted benzoxazinoid profile were performed on infested

leaves. The insect bioassays revealed that the plants were susceptible to S. graminum, resis-

tant to S. avenae, and mildly resistant to R. padi. The metabolic analyses of benzoxazinoids

suggested that the predominant metabolites DIMBOA (2,4-dihydroxy-7-methoxy-1,4-benzox-

azin- 3-one) and its glycosylated form DIMBOA-glucoside (Glc) were significantly induced

upon both S. avenae, and R. padi aphid feeding. However, the levels of the benzoxazinoid

metabolite HDMBOA-Glc (2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-one glucoside) were

enhanced due to the feeding of S. avenae and S. graminum aphids, to which Svevo was the

most resistant and the most susceptible, respectively. The results showed a partial correlation

between the induction of benzoxazinoids and aphid reproduction. Overall, our observations

revealed diverse metabolic responses of wheat seedlings to cereal aphid feeding.

Introduction

Wheat was first domesticated more than 10,000 years ago, making it one of the earliest domes-

ticated crops, and it still remains the most widely grown crop in the world [1,2]. Its global pro-

duction throughout the world produces 749 million tons of grain that provides 20% of the

world population’s calories and protein [3]. With continuing population growth, the demand

for food is predicted to increase by 40% by the year 2050, triggering a need to increase crop

yield. Pests are one of the main causes of crop loss, with an average of 15% crop loss worldwide
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[4]. In tropical areas, the loss can be massive, up to 50% [5]. The most economically significant

pests are found in the aphid family (Hemiptera: Aphididae), which comprises approximately

5,000 species distributed globally [6]. Aphids cause enormous yield losses due to the direct and

indirect crop damage they inflict [7]. Aphid feeding causes a reduction in nutrients and photo-

synthetic efficiency while transmitting toxins in their saliva [8–12]. Additionally, aphids are

responsible for transmitting about 40% of all plant viruses, including the most harmful of

wheat viruses, the barley yellow dwarf virus (BYDV) [13,14].

Several of the most economically important aphids associated with wheat are extensively

described by Blackman and Eastop (2000), including the English grain aphid (Sitobion avenae
Fabricius), the bird cherry-oat aphid (Rhopalosiphum padi L.), the greenbug aphid (Schizaphis
graminum Rondani), the rose-grain aphid (Metopolophium dirhodum), and the Russian wheat

aphid (Diuraphis noxiaKudjumov) [15]. These aphids attack cereal crops and are commonly

called “cereal aphids” [16], though they may differ in their morphology and physiology. For

example, in Brazil, it was reported that R. padi is the species most frequently found in wheat fields,

especially during winter, followed by S. avenae, which is commonly observed during the wheat

heading stage [17]. Additionally, R. padi is relatively stable in abundance and is also the most effi-

cient in transmitting viruses in southern Brazil [18], as well as the most polyphagous with a host

range of well over 100 species [19]. The aphids S. graminum have been shown to cause unique

damage to wheat by generating yellow or red leaf spots, which may be caused by the secretion of

enzymes in the saliva that break down cell walls and chloroplasts in susceptible plants [20].

The main approach to controlling the aphid population in crops is through insecticidal

treatments that while capable of inducing plant resistance to aphids after prolonged use, can

also have hazardous ecological effects [7,21]. When taking climate change and the introduction

of wheat to new regions into account, the negative impact of aphids on wheat yield could

potentially increase [4,22,23]. In response to herbivore attacks, plants produce specialized

metabolites to reduce damage and preserve their fitness [24,25]. Plant responses include large

defense mechanisms, such as the synthesis of deterrent molecules (i.e., benzoxazinoids), the

emission of volatiles (i.e. terpenoids), callose formation and deposition, and the biosynthesis

of flavonoids and cell wall compounds [11,25]. During the 1960s, researchers identified the

function of hydroxamic acids (HAs) or benzoxazinones in resistance to insect herbivores, bac-

teria, fungi, nematodes, mites and insects [26–32]. Previous studies suggested that the benzox-

azinoids’ protective effects are due to anti-feeding properties driven by inhibition of the insect

digestive proteases responsible for detoxification and salivation [28,33,34], and by regulation

of callose formation [32,35]. This class of metabolites is present in cereals such as maize,

wheat, rye, and several wild barley species [36–39], while their synthesis either occurs constitu-

tively in young seedlings, which varies between the plant species [40,41], or is induced by

insect feeding [42]. The main toxic benzoxazinoid abundant in maize and wheat is DIMBOA

(2,4-dihydroxy-7-methoxy-1,4-benzoxazin- 3-one), which is stored in the cell vacuoles in a

nontoxic form as DIMBOA-glucoside (Glc) [17,21,41], and can be hydrolyzed by a β-glucosi-

dase enzyme when the tissue is damaged. Although the benzoxazinoid compounds, such as

DIMBOA and its glycosylated form DIMBOA-Glc, as well as 2-hydroxy-4,7-dimethoxy-

1,4-benzoxazin-3-one glucoside (HDMBOA-Glc) and 6-methoxy-benzoxazolin-2-one

(MBOA), were reported in tetraploid and hexaploid wheat genotypes [17,41,43,44], thus far,

wheat biosynthetic genes orthologous to maize Bx7and Bx10-Bx14 have not yet been found in

this plant [45,46]. Additionally, Bx6 is only putatively annotated in the diploid goat grass

wheat (DD, Aegilops tauschii; NCBI accession number XM_020325695) and bread wheat

(AABBDD, Triticum aestivum; NCBI accession number JW033819) [47].

In this study, we investigated the constitutive and inducible benzoxazinoid levels in wheat

seedlings in response to cereal aphid infestation and the differences in aphid reproduction

Aphids’ metabolic effects on durum wheat
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[41]. We explored the metabolic responses of the durum wheat seedling (Triticum turgidum
ssp. durum) accession named Svevo to three selected aphid species: i) the grain aphid (Sitobion
avenae Fabricius), ii) the bird cherry-oat aphid (Rhopalosiphum padi L.), and iii) the greenbug

aphid (Schizaphis graminum Rondani). These aphids constitute major wheat pests and are

widely distributed in wheat-producing areas, with some effects driven by the geographic

region [48,49]. The interaction between aphid and wheat triggers plant defense responses,

which affect the plant metabolism including the biosynthesis of specialized metabolites which

then affect aphid reproduction. Pereira et al. (2017) recommended assessing wheat plant resis-

tance to aphids using three characteristics: i) antixenosis (negative effect on the insect accep-

tance), ii) antibiosis (negative effect on the insect physiology i.e. preproduction), and iii)

tolerance (ability to cope with the attack by the insects whilst sustaining only a small reduction

in some characteristic, i.e. yield) [17]. Therefore, we applied the same number of aphids (10

adults) and counted the progeny (antibiosis) on the same wheat genotype. We investigated the

diversity and abundance of benzoxazinoids in the young leaf tissue (seedlings) of durum

wheat, and we evaluated whether DIMBOA, DIMBOA-Glc, and HDMBOA-Glc compounds

are correlated with antibiosis effects on aphid reproduction. This research expands the knowl-

edge of defense mechanisms in durum wheat against aphid attacks, knowledge that can lead to

improved natural wheat resistance, resulting in a decrease of yield losses due to aphid damage.

Materials and methods

Plant growth conditions and aphid bioassays

Durum wheat plants were grown in a Conviron walk-in growth chamber at 23 ˚C with a 16:8

hr light: dark cycle and 180 µmol m-2 s-1 light intensity. Three aphid species were tested: Schi-
zaphis graminum (greenbug), Sitobion avenae (English grain aphid), and Rhopalosiphum padi
(bird cherry-oat aphid). Aphid colonies were maintained on cultivated barley (Hordeum vul-
gare) in a walk-in growth chamber at 20 ˚C with a 18:6 hr light: dark cycle [50]. Ten-day-old

plants were used for aphid bioassays (second leaf emergence to approximately 15 cm). For

whole-plant, non-choice aphid bioassays, ten adult aphids were confined on ten-day-old plants

using micro-perforated polypropylene bags (15 cm × 61 cm; http://www.pjpmarketplace.com)

[21,44]. After 96 hr of infestation, the nymphs and adults were counted to evaluate

reproduction.

Untargeted and benzoxazinoid metabolite analyses using liquid

chromatography/mass spectrometry

To measure wheat metabolites, approximately 10 cm of aphid-fed second leaf tissue was col-

lected in parallel with control leaves without aphids from the same non-choice aphid bioassay

described above. For non-targeted metabolite assays, frozen powder ground from fresh tissue

was weighed in a 1.5-ml tube, and extraction solvent including methanol/double-distilled

water/formic acid, 80:19.9:0.1, v/v/v was added in a 1:3 ratio to each leaf sample. After a brief

vortex, the tubes were shaken for 40 min at 4 ˚C, and centrifuged for 5 min at 14 000 g. The

samples were filtered through a 0.22-μm filter plate (EMD Millipore Corp., Billerica, MA,

USA) by using a centrifuge at 2000 g for 3 min. The supernatant was diluted 1:10 with the

extraction solvent, and the solvent was subsequently transferred to an HPLC glass vial [10].

For a liquid chromatography/time-of-flight/mass spectrometry (LC/TOF/MS) non-targeted

metabolite assay, the separation was performed using a Dionex UltiMate 3000 Rapid Separa-

tion LC System attached to a diode array detector and a Thermo Q-Exactive mass spectrome-

ter (LC/QE/MS; Thermo Scientific). The samples were separated on an Acclaim C18 reverse-
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phase column (Thermo Scientific) at the flow rate of 0.5 ml min-1, using a gradient flow of

0.1% formic acid in LC-MS-grade water (eluent A) and 0.1% formic acid in acetonitrile (eluent

B) with conditions as previously described [51]. Raw mass spectrometry data files were pro-

cessed using the XCMS [52], and CAMERA [53] software packages for R, and the negative ion-

ization dataset was transferred to Microsoft Excel. For targeted benzoxazinoid identification,

chromatographic peaks were compared with the retention time, accurate mass and UV spec-

trum of standards of DIMBOA, DIMBOA-Glc, and HDMBOA-Glc [39], which were provided

by Gaetan Glauser (University of Neuchatel, Neuchatel, Switzerland; S5 Table).

For measuring the benzoxazinoid levels, leaf tissue from 15-day-old Svevo plants was har-

vested, and the benzoxazinoids were extracted following the same method described above.

The extract was analyzed on a Dionex UltiMate 3000 Rapid Separation LC System using a C18

reverse-phase Hypersil GOLD column (Thermo Fisher Scientific) using the same conditions

described above. We used the authentic standard of DIMBOA (Toronto Research Chemicals,

Toronto, Canada), as well as DIMBOA-Glc, DIM2BOA-Glc, HDMBOA-Glc and

HDM2BOA-Glc, from a plant crude extract that was confirmed with a UV spectrum for

metabolites identification and quantification (the crude extract was provided by Matthias Erb,

University of Bern, Switzerland). By using calibration curves, we were able to confirm the con-

tents of DIMBOA, DIM2BOA-Glc, and HDMBOA-Glc in the leaf tissues.

Statistical analyses

Data for the principal component analysis (PCA) plot was normalized as follows: an average of

each parameter (mass signals) was calculated across all samples (treated and untreated), and

each individual parameter was divided by its average and subjected to a log 2 value [54]. The

normalized values were plotted with the MetaboAnalyst 3.0 software using the following

parameters: missing value estimation: remove features with more than 50% missing values and

replace by a small value (half of the minimum positive value in the original data), data filtering

of interquartile range, and no further data normalization transformation or scaling [55]. Venn

diagrams were made using the Venny 2.1.0 drawing tool http://bioinfogp.cnb.csic.es/). Statisti-

cal comparisons for Student’s t-tests with a false discovery rate (FDR) were calculated by

TMEV, a Multiple Experiment Viewer tool (http://mev.tm4.org/), and an analysis of variance

(ANOVA) was performed using JMP Pro 12 (SAS; www.jmp.com).

Results

Evaluating durum wheat resistance to cereal aphids by measuring

reproduction

The cereal aphids Rhopalosiphum padi, Schizaphis graminum, and Sitobion avenae are three of

the most damaging aphid species to wheat [15,56]. To evaluate the effect of these aphid species

on durum wheat, we used a whole cage bioassay applying ten adult aphids. After 96 hr of infes-

tation, the number of nymphs per adults was counted, and leaf tissue was collected for further

metabolic analysis (as described below). As shown in Fig 1, the major findings regarding the

resistance of Svevo wheat to the aphids are the following: the plants were susceptible to S. gra-
minum, resistant to S. avenae, and mildly resistant to R. padi. These results suggest that each of

the three cereal aphid species may trigger the plant defense responses in slightly different man-

ners or to different extents.

Aphids’ metabolic effects on durum wheat
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Measuring the impact of cereal aphid feeding on wheat metabolism

To explore the metabolic diversity of wheat in response to attacks by different cereal aphids,

we performed whole-plant, non-choice aphid bioassays (as described in above). After 96 hr of

infestation, we removed the aphids and harvested the leaf tissue from the second leaf tip

(approximately 10 cm). First, we performed an untargeted metabolic analysis using a liquid

chromatography/time-of-flight/mass spectrometry (LC/QE/MS) platform (S1–S5 Tables). The

raw mass spectrometry data files were processed using the XCMS, and feature (mass peaks)

retention times and m/z were calculated [52]. The feature levels of the negative ion mode were

used to conduct a principal component analysis (PCA; Fig 2A). Samples from each treatment,

as well as the control (untreated), clustered with one another, which indicates that all the bio-

logical replicates of each genotype were clustered together, highlighting the reproducibility of

the experiment. The PCA plot of the negative ion mode (components 1 and 2 explained 63.1%

of the variance) showed that samples from the S. avenae and R. padi treatments clustered fur-

thest from the control samples, indicating that a large change in the metabolome occurred

after the onset of these aphids. Also, these results revealed that the Svevo leaves treated with S.

graminum aphids were clustered separately from the other treatments. The PCA plot of the

positive ion mode (components 1 and 2 explained 65.0% of the variance) indicated that only

the samples of S. graminum-infested wheat were clustered separately from the untreated plants.

Overall, this suggested that in response to aphid feeding, the leaf metabolic profiles were

divided into two groups: i) S. avenae and R. padi, and ii) S. graminum.

The distribution of the total significant up and down-regulated features was calculated for

each treatment and is presented in Venn diagrams (Fig 2B and S2 and S4 Tables). For the neg-

ative ion mode, a total of 376 features were up- or down-regulated in at least one of the

Fig 1. Aphid production using whole-plant, non-choice aphid bioassays infesting durum wheat for 96 h (mean +/-

SE). Different letters above bars indicate significant differences, P value< 0.05, ANOVA followed by paired Student’s

t-test (n = 8).

https://doi.org/10.1371/journal.pone.0208103.g001
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treatments, 119 by S. graminum, 227 by S. avenae, and 187 by R. padi (P value < 0.05, FDR).

Although a unique set of features were altered in each treatment, a small number of features

Fig 2. An untargeted metabolic overview of durum wheat infested with S. graminum, S. avenae and R. padi for 96 hr. A) PCA plots of features

from negative (2,411 ESI) and positive (total 2,166 ESI) ion modes illustrated by using Metaboanalyst software (n = 4–5). B) Venn diagram illustrating

the number of total features significantly up- or down-regulated by cereal aphid treatment; negative ion mode (left) and positive ion mode (right). P
value< 0.05 FDR and fold change> 2 or< 0.5.

https://doi.org/10.1371/journal.pone.0208103.g002
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were modified by all treatments (23 features). Relatively large numbers of features were signifi-

cantly affected upon S. avenae and R. padi feeding with a large number of overlapping mass

signals (101 features). For the positive ion mode, the only significantly altered features were

detected in the leaf tissue after the S. graminum infestation, suggesting that most of the differ-

entially altered metabolites were detected using the negative ion mode.

Both the PCA clustering pattern and the Venn diagrams reveal the massive metabolic dif-

ferences caused by the aphid species, with the response to S. graminum being the most differ-

ent. Previous studies indicated that in response to R. padi and S. avenae infestation, there is

mainly a reduction in plant growth and grain yields, whereas S. graminum feeding also causes

plant chlorosis and necrotic spots at the feeding site [20,57]. Therefore, the observed differ-

ences in Figs 1 and 3B may be due to the feeding damage generated by S. graminum

Fig 3. Effects of aphid feeding on benzoxazinoid levels after 96 hr of infestation. A) Schematic representation of benzoxazinoid biosynthesis showing the main

enzymatic reactions and intermediates. In grey are the names of genes and metabolites that are detected in maize but are still unknown in wheat. In bold are the four

benzoxazinoids that are presented in this research. B) DIMBOA, DIMBOA-Glc, HDMBOA-Glc and DIM2BOA-Glc levels modified under the attack of three cereal aphid

species relative to the untreated control. An asterisk indicates the values that were determined by the Student’s t-test to be significantly different (P value< 0.05) from the

untreated control (n = 4–5). ns: not significant.

https://doi.org/10.1371/journal.pone.0208103.g003
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infestation. Overall, these results lead us to the conclusion that the metabolic responses of the

plant rely on metabolites that confer different modes of resistance to aphid attacks.

Benzoxazinoids constitute a class of plant defense compounds produced in cereals such as

wheat, maize, and rye [58–60]. The benzoxazinoid metabolic pathway in maize is well charac-

terized, while in wheat, the genes that lead from TRIBOA-Glc to DIMBOA-Glc and

HDMBOA-Glc are partially known (Fig 3A). To better understand wheat metabolic responses

to the different aphids’ attacks, we identified the following benzoxazinoids, DIMBOA, DIM-

BOA-Glc, HDMBOA-Glc and DIM2BOA-Glc, using the LC/QE/MS features, and we com-

pared them to the standards. We calculated the fold change of these compounds relative to the

untreated control (Fig 3B). We also identified ten putative aglycones of the benzoxazinoids

using UV spectra and ion mass (m/z) according to the literature [47] as presented in S5 Table.

As presented in Fig 3B, when analyzing the changes in the benzoxazinoid levels under aphid

feeding, significant changes in DIMBOA and DIMBOA-Glc levels were detected under both

R. padi and S. avenae attacks. The HDMBOA-Glc molecule was only significantly increased in

response to the S. avenae and S. graminum attacks, while there was no change in the amount

of DIM2BOA-Glc due to any of the aphids’ attacks (Fig 3B). We also measured the absolute

amount of three benzoxazinoids from untreated Svevo leaves. This analysis revealed that the

major compound is DIMBOA, which accumulates to 2.9 mg/g FW, while DIM2BOA-Glc and

HDMBOA-Glc levels were lower, 0.68 and 0.55 mg/g FW, respectively (Fig 4). Together, these

results reveal that although DIMBOA is only mildly induced under R. padi and S. avenae feed-

ing (fold change of 1.34 and 1.44, respectively), it may play a major role in determining the

aphids’ reproduction due to its high constitutive levels (2.9 mg/g FW). The other compounds

did not show any clear pattern related to the aphid reproduction.

Fig 4. Benzoxazinoid contents in Svevo leaves. DIMBOA, DIM2BOA-Glc and HDMBOA-Glc abundance detected

by HUPLC (mean ± SE; n = 5–7).

https://doi.org/10.1371/journal.pone.0208103.g004
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Discussion

The research reveals variability in the resistance levels and the corresponding metabolic

responses of the Svevo wheat to the feeding of three different aphids. The results indicated that

the aphid interaction with durum wheat triggers the defense responses in different manners,

ultimately affecting the aphid reproduction (Figs 1 and 2). When analyzing the progenies of

three different cereal aphid pests of Svevo wheat, it is apparent that although all of them are

common pests to wheat, their survival rates are different (Fig 1). The results indicated that the

durum wheat accession Svevo plants are more susceptible to S. graminum, mildly resistant to

R. padi and resistant to S. avenae (Fig 1). A previous study by Pereira et al. explored the repro-

ductive rate of two cereal aphids reared on eight hexaploid Brazilian wheat genotypes and sug-

gested that these wheat genotypes are more resistant to S. avenae than R. padi [17]. The

variation in resistance can arise from two main adjustments: i) the aphid’s ability to attack the

plant, and ii) the plant’s ability to defend itself from an aphid attack. Both plant and aphid

responses are highly dependent on their genotype [17,44,61,62]. Because the plant metabolic

responses were unique after applying each aphid species, we suggest that the differences in

aphid reproduction occurred not only due to their intrinsic reproductive rates but also due to

their interactions with the plant that triggered the plant defense responses in slightly different

manners or to different extents. We further suggest exploiting the natural variation and diver-

sity of wheat to better understand the biosynthesis of defense mechanisms and utilize them to

improve resistance.

In this study, we focused on the specialized defensive compounds of benzoxazinoids. DIM-

BOA, the main benzoxazinoid isolated from wheat tissues, confers a toxic effect on aphids in

artificial diets [41], and has also been shown to induce callose deposition as a defense response

[21,32]. We demonstrated that DIMBOA and its glycosylated form, DIMBOA-Glc, slightly

over-accumulated due to R. padi and S. avenae attack but were not affected by S. graminum,

the aphid species to which the plants were most susceptible (Figs 1 and 3B). A previous study

on the benzoxazinoid levels in several tetraploid and hexaploid wheat genotypes showed only a

minor induction of DIMBOA levels and a reduction of DIMBOA-Glc levels after 24 and 48 hr

of R. padi infestation [41]. We should point out that although the DIMBOA and DIMBOA-Glc

levels were similarly induced under S. avenae and R. padi feeding, the Svevo wheat was most

resistant to the S. avenae aphid, and it also highly accumulated HDMBOA-Glc (Figs 1 and 3B).

Although DIMBOA levels were only slightly over-accumulated, it constitutes the predominant

benzoxazinoid in wheat seedlings (Fig 4)[63]. The constitutive and herbivore-induced, specifi-

cally by cereal aphids, benzoxazinoid levels should be further explored to discover the corre-

sponding genes involved in this pathway, mainly the unknown Bx6, Bx7and Bx10-Bx14 genes.

The role of HDMBOA-Glc in plant defense against aphids is less known, although it is toxic

to aphids in artificial diets [21]. It has been suggested that the main mode of action of

HDMBOA-Glc is related to caterpillar resistance [64] and that caterpillar-induced methylation

of DIMBOA-Glc to form HDMBOA-Glc leads to decreased aphid resistance [65]. In this

work, we show that levels of HDMBOA-Glc were enhanced due to the feeding of S. avenae
and S. graminum aphids, to which Svevo was the most resistant and the most susceptible,

respectively (Figs 1 and 3B). Taken together, this suggests that benzoxazinoids play a role in

plant resistance; however, this is not sufficient to determine resistance.

Conclusions

In this experiment, we revealed the differential metabolic responses of durum wheat (accession

named Svevo) to three different cereal aphid species. These responses include the varied resis-

tance levels of the plant and accumulations of defense components belonging to the
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benzoxazinoid pathway. Our findings indicated only a mild increase in the defense metabolites

DIMBOA, DIMBOA-Glc, and HDMBOA-Glc. They also indicated that DIMBOA and DIM-

BOA-Glc compounds are associated with aphid resistance, while HDMBOA-Glc does not

have a clear function in protection against aphids. Although the data suggest that wheat

defense mechanisms are complex and consist of multiple compounds acting simultaneously, it

seems that benzoxazinoids may play a significant role in this interaction. We propose studying

further the differences in defense responses and the roles of particular benzoxazinoids in order

to understand the mechanisms by which wheat plants defend themselves from aphids and

other herbivores. We also hope to examine the unknown biosynthetic enzymes of the benzoxa-

zinoid pathway in wheat (Fig 3A marked in grey font) and to reveal additional roles played by

these compounds during wheat development and interaction with the environment.
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