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The bird cherry-oat aphid (Rhopalosiphum padi) is one of the most destructive insect
pests in wheat production. To reduce aphid damage, wheat plants have evolved various
chemical and physical defense mechanisms. Although these mechanisms have been
frequently reported, much less is known about their effectiveness. The tetraploid wild
emmer wheat (WEW; Triticum turgidum ssp. dicoccoides), one of the progenitors of
domesticated wheat, possesses untapped resources from its numerous desirable traits,
including insect resistance. The goal of this research was to determine the effectiveness
of trichomes (physical defense) and benzoxazinoids (BXDs; chemical defense) in aphid
resistance by exploiting the natural diversity of WEW. We integrated a large dataset
composed of trichome density and BXD abundance across wheat genotypes, different
leaf positions, conditions (constitutive and aphid-induced), and tissues (whole leaf
and phloem sap). First, we evaluated aphid reproduction on 203 wheat accessions
and found large variation in this trait. Then, we chose eight WEW genotypes and
one domesticated durum wheat cultivar for detailed quantification of the defense
mechanisms across three leaves. We discovered that these defense mechanisms are
influenced by both leaf position and genotype, where aphid reproduction was the
highest on leaf-1 (the oldest), and trichome density was the lowest. We compared
the changes in trichome density and BXD levels upon aphid infestation and found only
minor changes relative to untreated plants. This suggests that the defense mechanisms
in the whole leaf are primarily anticipatory and unlikely to contribute to aphid-induced
defense. Next, we quantified BXD levels in the phloem sap and detected a significant
induction of two compounds upon aphid infestation. Moreover, evaluating aphid feeding
patterns showed that aphids prefer to feed on the oldest leaf. These findings revealed
the dynamic response at the whole leaf and phloem levels that altered aphid feeding
and reproduction. Overall, they suggested that trichomes and the BXD 2,4-dihydroxy-7-
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methoxy-1,4-benzoxazin-3-one (DIMBOA) levels are the main factors determining aphid
resistance, while trichomes are more effective than BXDs. Accessions from the WEW
germplasm, rich with trichomes and BXDs, can be used as new genetic sources to
improve the resistance of elite wheat cultivars.

Keywords: benzoxazinoids, defense, phloem sap, Rhopalosiphum padi, trichome, wild emmer wheat (T. turgidum
ssp. dicoccoides), electrical penetration graph recording

INTRODUCTION

Plants are continuously confronted by various types of
herbivorous insects that cause significant yield loss. Aphids
(Hemiptera, Aphididae) are phloem-feeder herbivores that
consume water and nutrients from their host, reduce plant
growth, and transmit devastating plant viruses (Blackman
and Eastop, 2000). Plants have evolved physical and chemical
defense strategies to control plant-aphid interactions and ensure
plant survival and fitness (Mitchell et al., 2016). Constitutive
defense mechanisms are present in plant tissues as anticipatory
strategies in preparation for forthcoming adverse conditions
(Mertens et al., 2021). Defense mechanisms can also be dynamic
and induced upon herbivore attack, depending on plant age,
developmental stage, and genetic background (Howe and
Jander, 2008; Brunissen et al., 2009; Chandrasekhar et al.,
2018; Batyrshina et al., 2020a). Variation in these mechanisms
at the spatial level (individual parts within a plant) may
be one of the key determinants of pest reproduction and
feeding behavior (Awmack and Leather, 2002; Karley et al.,
2002; Jakobs and Müller, 2018). The relationship between
the defense mechanisms, their anticipatory variation, and
their effectiveness in response to aphid attack has not been
fully addressed.

Physical structures, such as trichomes, epidermal barriers
including the cuticle, waxes, and cell wall, and feeding-induced
callose deposition, act as the first barriers between the insect
and the plant (War et al., 2012). Glandular trichomes are
used for exudate storage and secretion, while non-glandular
trichomes, specialized epidermal hair-like structures, may affect
aphid movement and reproduction rates (Riddick and Simmons,
2014). The leaf surface of young wheat, barley (Hordeum
vulgare), and tef (Eragrostis tef ) plants are covered with non-
glandular trichomes (Leybourne et al., 2019; de Correa et al.,
2020; Gyan et al., 2020). Trichome-based insect resistance is
distributed unevenly across plants, tissues, and organs. It is
usually more evident in young tissues than in older ones
(Valkama et al., 2004; McCall and Fordyce, 2010). Several studies
have shown that herbivore feeding induces the subsequently
formed leaves to produce higher trichome densities. The
inducibility of trichome density is ecologically significant,
affecting insect feeding behaviors and limiting their performance
in wheat and barley (Roberts and Foster, 1983; de Correa
et al., 2020). One chemical defense strategy used in a variety
of plants is the production of toxic indole-derived specialized
metabolites called benzoxazinoids (BXDs) (Lattanzio et al., 2000;
Kettles et al., 2013). These compounds are highly abundant
in monocots, such as wheat, maize, rye, and several wild

barley species (Frey et al., 2009), and in some distinct dicot
families (Schullehner et al., 2008; Hannemann et al., 2018).
The abundant BXDs in wheat are DIMBOA (2,4-dihydroxy-
7-methoxy-1,4-benzoxazin-3-one), DIMBOA-Glc, and its
methylated form HDMBOA-Glc [2-(2-hydroxy-4,7-dimethoxy-
1,4-benzoxazin-3-one)-β-d-glucopyranose] (Shavit et al., 2018).
The accumulation of these compounds is developmentally
variable, but they are usually present in high concentrations in
young leaves (Cambier et al., 2000; Batyrshina et al., 2020b).
These defensive metabolites can be synthesized de novo in
response to insect attack and can also be produced constitutively
and stored as an inactive form in the vacuole. BXDs possess
antifeedant and antibiosis properties (Niemeyer, 1988; Feng
et al., 1992; Escobar et al., 1999). For instance, DIMBOA is
required for callose formation, which accumulates in response
to aphid probing, thus possessing antifeedant characteristics
(Yan et al., 1999; Ahmad et al., 2011; Betsiashvili et al., 2015),
while HDMBOA-Glc acts as a deterrent to aphids (Meihls
et al., 2013), as well as generalist and specialist chewing insects
(Glauser et al., 2011).

The mobilization of resources between plant tissues relies
on the plant’s vascular system (Griffiths et al., 2016). This
process is mediated by the phloem tissue’s sieve elements
and associated companion cells, which allow transportation
and long-distance distribution of resources. Phloem-feeding
insects rely on the plant’s phloem sap composition and water
to support their life and reproduction. The phloem cell’s
architecture provides an additional line of defense in terms of
mechanical barriers, owing to latex exudation, resin, or callose
deposition around the sieve elements (Ahmad et al., 2011). The
interaction between the aphid and the host plant involves the
coordinated reconfiguration of metabolism, which is regulated
by developmental, genetic, and environmental inputs (Kooke
and Keurentjes, 2011; Batyrshina et al., 2020a). Many defensive
compounds, such as glucosinolates, terpenes, and BXDs, have
been detected in phloem sap (Chen et al., 2001), which may be
particularly effective against aphids and other phloem-feeding
insects. The abundance of BXDs in the phloem sap depends
on several factors, including (i) biosynthesis of glucosides in
the plastid, endoplasmic reticulum membrane, and cytosol, (ii)
translocation of glucosides from compartmentalized cells to the
vacuoles of undamaged plant cells and activation by specific
glucosidases near the damaged sites, and (iii) loading into the
phloem (Wouters et al., 2016; Niculaes et al., 2018). Hence, plants
can take advantage of BXD biosynthesis and interconversion
to improve their defensive strategy at either the leaf tissue
or phloem level. To date, most of the studies detailing the
function of BXDs in wheat-aphid relationships have focused
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on BXD composition in the leaf tissue. A few reports have
indicated that compounds have also been detected in wheat
phloem sap, indicating that their accumulation in sap may be
relevant for aphid feeding and resistance (Givovich et al., 1994;
Frébortová et al., 2010).

Wheat is a staple crop that provides 20% of human calories
and protein nutrition (Shewry and Hey, 2015). At current
population growth rates, the demand for food is predicted to
increase by 40% by 2050. To meet this need, crop yield must
be increased. One of the main reasons for crop loss is pest
damage, contributing to 15% of crop losses worldwide (Deutsch
et al., 2018). Cultivated wheat has been continuously bred for
high yield, but as a result of the various genetic bottlenecks in
domestication and breeding, not all alleles contributing resistance
to herbivory have been captured from wild relatives. Wild
wheat genotypes are adapted to a broader range of biotic and
abiotic conditions than cultivated wheat and may contain greater
resistance diversity than cultivated species that were developed
in a more uniform, protected environment (Huang et al.,
2016). Tetraploid wild emmer wheat (WEW) (T. dicoccoides;
genome BBAA; WEW hereafter) is the progenitor of both
durum and bread wheat and is distributed across the Fertile
Crescent. Variation in aphid resistance between Triticum species
demonstrated the potential of using ancient tetraploid wild
emmer to discover novel defense mechanisms (Nevo et al., 2002;
Migui and Lamb, 2003). Geneticists and plant breeders can
hybridize wild emmer to both tetraploid and hexaploid cultivated
wheat and transfer new alleles (Gerechter-Amitai et al., 1984;
Peng et al., 1999; Cheng et al., 2010).

In this study, we investigated the effectiveness of wheat
physical and chemical defense responses against bird cherry-
oat aphid (Rhopalosiphum padi), a major insect pest, causing
serious economic damage to cereal crops (Rabbinge et al.,
1981; Blackman and Eastop, 2000). We hypothesized that
aphid resistance is determined by a combination of both BXD
levels (chemical defense) and non-glandular trichome density
(physical barrier defense). We analyzed the BXDs and trichome
densities on the first three leaves (leaf position) for constitutive
and aphid-feeding-induced variation. We also investigated
variation in phloem sap BXDs and aphid feeding behavior.
To sample the diversity in these traits, we first determined
aphid reproduction in a diverse panel of 203 accessions of
WEW germplasm. Then, we selected a representative subset
of eight genotypes for a detailed analysis that spanned the
range of aphid reproductive levels in the population, as well as
one domesticated durum wheat cultivar. This dataset allowed
us to ask several fundamental questions regarding wheat-
aphid interactions: (i) Do chemical and physical defenses vary
between leaves, and does this affect aphid reproduction? (ii)
What is the contribution of aphid-induced versus constitutive
resistance mechanisms? (iii) What is the BXD composition of
phloem sap, and is this similar to the BXD composition in
the whole leaf? (iv) Do these mechanisms contribute equally to
the control of aphid reproduction? Addressing these questions
has allowed us to identify WEW accessions that can be used
as genetic material to improve the aphid resistance of elite
wheat cultivars.

MATERIALS AND METHODS

Plant Genetic Material
A panel of 203 accessions of WEW (Triticum dicoccoides)
that maximized genetic diversity was chosen for screening
aphid resistance. This panel was obtained from The Harold
and Adele Lieberman Germplasm Bank, The Institute for
Cereal Crops Improvement (ICCI), Tel-Aviv University, Israel.
Accessions were collected from about 100 locations throughout
Israel, and each accession originated from a single plant.
The list of accessions and the locations of their collection
sites are described in Supplementary Table 1. Additionally, a
domesticated tetraploid durum wheat (Triticum turgidum ssp.
durum) cultivar named Svevo was used (Avni et al., 2014).
Svevo was previously characterized for its BXD profile, trichome
density, and aphid performance (Chandrasekhar et al., 2018;
Shavit et al., 2018; Batyrshina et al., 2020b), and therefore, it was
used as a reference genotype in this study.

Plant Growth and Aphid-Rearing
Conditions
Seeds were germinated on Whatman paper soaked in tap water
for 48 h before being stored in the dark; then, young seedlings
were planted individually in 330-cm3 plastic pots filled with
moistened soil mix containing >95% organic matter from
sphagnum peat moss. Plants of each accession were grown
in a randomized block design in the growth room under a
controlled photoperiod regime with a 16-h-light/8-h-dark cycle,
with an approximate 300 µmol m−2 s−1 light intensity at a
constant 25 ± 2◦C temperature. Experiments were conducted
on approximately 10-day-old seedlings when 2–3 leaves were
merged (Zadoks stage 1.2) (Zadoks et al., 1974). Simultaneously,
under similar growth conditions in the insectarium, a colony
of the bird cherry-oat aphid (Rhopalosiphum padi) was
maintained for many generations on 2-week-old barley plants
(Hordeum vulgare L. cv. Noga). The vitality of the colony was
preserved by transferring the colony to fresh non-infested plants
every other week.

Aphid Bioassays
The panel of 203 WEW accessions was screened for aphid
reproduction, as was the domesticated tetraploid durum wheat
cultivar, Svevo. For aphid bioassay, 10 apterous adult R. padi
aphids were confined with a fine paintbrush on 10-day-old
individual plants, covered with transparent micro-perforated
polypropylene bags (15 × 60 cm; Baumann Saatzuchtbedarf,
Germany). After 96 h of infestation, aphids on each plant
were gently brushed off, and the total number of nymphs and
adults were counted from the entire plant (non-choice whole
cage bioassay). Due to the large number of WEW accessions,
the non-choice whole cage bioassay screening was divided
into small batches where the bread wheat “Chinese Spring”
genotype was repeatedly used in each batch as a reference.
Then, a subset of the WEW was selected, and the total number
of nymphs and adult aphids were counted from plant parts
(leaves and stem; choice whole cage bioassay). The plant parts
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(leaf position) were (i) leaf-1: the bottommost and oldest leaf,
(ii) leaf-2: the midpoint and middle-aged leaf, and (iii) leaf-
3: the topmost and youngest leaf. Aphid counting on an
individual leaf was normalized to the average leaf area. The
average leaf area was calculated for the three leaves separately
for each accession, using the ImageJ software1. For evaluating
the constitutive (anticipatory) levels, plants were covered with
the bags without applying aphids and are referred to as the
untreated control. Leaf tissues from untreated and aphid-
infested plants were harvested for either trichome counting
or rapidly frozen in liquid nitrogen and stored at −80◦C for
metabolic analysis.

Non-glandular Trichome Density Analysis
The middle sections of leaf-1, leaf-2, and leaf-3, from untreated
and aphid-infested plants, were collected. From each leaf, 1 cm2

was excised, cleared with 80% ethanol at 85◦C for 15 min, and
rinsed with distilled water. The tissue segment was placed on
glass microscope slides facing the adaxial side, and the total
non-glandular trichomes were counted (Batyrshina et al., 2020b).
Images were acquired with a digital camera (Axiocam 305 color)
connected to a Zeiss Axioplan 2 Upright Light Microscope (Zeiss,
Oberkochen, Germany). For each accession, three images per
plant were captured from the middle portion of the leaves, and
trichome density in mm2 was calculated using ImageJ software
(see text footnote 1).

Benzoxazinoid Extraction and Analysis
From Whole Leaves
Approximately 4–6 cm of leaf-1, leaf-2, and leaf-3, from untreated
and aphid-infested plants, were cut and immediately frozen
in liquid nitrogen to prevent further changes. These samples
were referred to as a “whole leaf” fraction. The tissue was
ground to a fine powder, weighed, and homogenized with a
1:10 (w:v) benzoxazinoid extraction solution containing 80%
methanol, 19.9% DDW, and 0.1% formic acid. For each
sample, 10 µg of benzoxazolin-2(3H)-one (BOA; Sigma-Aldrich,
United States) from a 1-mg ml−1 stock was added. The
homogenized samples were vortexed briefly, sonicated for 40 min
at 4◦C, centrifuged for 5 min at 14,000×g, and filtered using
a 0.22-µm sterilizing filter membrane (EMD Millipore Corp.,
Billerica, MA, United States). Approximately 150 µl of the
filtered supernatant was transferred to a 200-µl glass insert
and placed in a 2-ml HPLC glass vial. Then, 5 µl of the
sample was injected, and BXD compounds were separated
and detected using a UV-vis detector on a DIONEX UltiMate
3000 high-performance liquid chromatography (HPLC) system
equipped with a C18 reverse-phase Hypersil GOLD column
(3 µm pore size, 150 × 4.60 mm; Thermo Fisher Scientific,
Germany), following the running conditions and data analysis
as previously described (Mijares et al., 2013; Shavit et al.,
2018). A metabolite with a BXD UV spectrum with a
retention time of 8.3 min was identified as either HDMBAO-
Glc or HM2BOA-Glc.

1https://imagej.nih.gov/ij/

Phloem Sap Collection for
Benzoxazinoid Analysis
Wheat plants were grown under controlled growth room
conditions for 10 days, then infested with 10 apterous adult
R. padi aphids for 96 h as described above. Phloem sap from the
untreated control and aphid-infested plants was collected from
leaf-1 and leaf-2 samples, while leaf-3 (topmost and youngest)
was too small and, therefore, not included in this analysis. Phloem
sap was collected using an EDTA-facilitated method as described
in Tetyuk et al. (2013). In brief, for each sample, eight leaves were
excised from the main shoot by cutting at the base of the petiole,
and immediately submerged in dishes containing 10 mM of K2-
EDTA. The cut leaves were gently stacked on top of each other,
cut again, and placed in 1 ml of a 10-mM K2-EDTA solution
for 10–15 min, followed by a thorough wash with deionized
water to remove all K2-EDTA. The phloem exudates were then
collected for 6 h in a new 15-ml tube, containing 3 ml of fresh
deionized water, and placed in the light, under similar growth
conditions, on a clear box container with wet paper towels at
the bottom to allow photosynthesis, maximize humidity, and
reduce leaf transpiration. After the intended collection time, the
phloem exudates were immediately frozen in liquid nitrogen.
Later, 1.5 ml of phloem exudate was dried in a vacuum and
resuspended in 100 µl of the BXD extraction solution, and the
filtered supernatant was transferred into a 100-µl glass insert and
placed in a 2-ml HPLC vial, and BXD compounds were detected
as described above.

Measuring Feeding Patterns Using an
Electrical Penetration Graph
The feeding behavior of R. padi on selected WEW accessions
(TD-805, TD-2056, and Svevo) was monitored via the EPG on
a GIGA-8d system (EPG Systems, Wageningen, Netherlands)
(Tjallingii and Esch Hogen, 1993). Adult aphids were starved
for 1 h prior to wiring. The dorsal surface of the aphids was
glued with water-based silver conductive paint to a 2-cm-long
gold wire (20 µm in diameter). The experimental setup for EPG
recording was performed as previously described (Leybourne
et al., 2019). The feeding behavior of aphids on leaf-1 and leaf-
2 was monitored, while leaf-3 was excluded due to its small size.
The combination of plant accession and specific leaf position
was randomized, while data were acquired using the Stylet + d
software. New plants and aphids were used in each run, and
approximately 18 successful recordings per leaf in each accession
were made. Recordings were excluded if aphids spent more
than 70% of the recording time in non-probing + derailed
stylet + xylem activities, as suggested by Nalam et al. (2020).
Waveform recordings were analyzed every 30 s with the EPG
analysis software Stylet+ a installed in a computer connected to
a Giga direct current amplifier (van Helden and Tjallingii, 2000;
Nalam et al., 2018). Different waveform patterns, in which the
aphid is engaged in different activities, were identified according
to previously described categories (Tjallingii, 1978; Tjallingii and
Esch Hogen, 1993). Due to the large number of experimental
groups (two leaves from three accessions), aphid behavior was
recorded for 3 h to capture only the initial events of significant
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feeding differences among the accessions (Gyan et al., 2020).
Three main phases were analyzed, including (i) epidermis: time
until the first probing (t_1Pr), (ii) the total duration of C
(s_C), and (iii) the total duration in the phloem E (s_E), which
includes phloem salivation (E1) followed by phloem ingestion
E2 (s_E1–>E2). Annotated waveforms were converted into time-
series data using the Microsoft Excel macros developed by
Sarria et al. (2009).

Statistical Analysis
The statistical analysis in the present study was conducted
using Microsoft Excel 2010 and JMP13 software (SAS2).
The data obtained for aphid reproduction were subjected
to a quantile box-plot with continuous fit using the
Shapiro–Wilk test for histogram analysis. The effects of leaf
position, accession, treatment, and their interaction (leaf
position × accession × treatment) were tested using a two-way
Analysis of Variance (ANOVA). The differences among the
accessions were tested using a one-way ANOVA with Tukey’s
honestly significant difference (HSD) test (p ≤ 0.05). The
statistical differences between the untreated control and the
aphid-infested plants for each accession were evaluated using
Student’s t-test (p ≤ 0.05). Multivariate analyses, including
Pearson correlations and Principal Component Analysis (PCA)
plots, were performed. We measured the effectiveness of overall
physical defense (trichomes), chemical defense (sum of all
three BXDs), and total defense [each value (trichomes and each
BXD)] using median normalized followed by their sum on aphid
reproduction. Then a multiple linear regression analysis was
performed on the normalized data. GraphPad Prism was used
for figure presentation.

RESULTS

Variation in Aphid Reproduction in the
Wild Emmer Wheat Population
To determine whether the WEW plants differ in their
susceptibility, aphids (R. padi) were applied for 96 h on 203
different accessions, and their numbers were recorded. As shown
in Figure 1, the number of aphid progeny over the 203 accessions
ranged from 10 to 80 aphids per plant, with a median of 34.9
aphids per plant. A few accessions (13.8%; 28 accessions) were
found to be highly susceptible, resulting in 50–80 aphids per
plant. The number of aphids of the remaining accessions (86.2%;
175 accessions) was ranged from moderately susceptible to
resistance with 10–50 aphids per plant. The full list of accessions,
including geographic locations and the numbers of aphids on
each accession, is presented in Supplementary Table 1. To
further understand the resistance mechanism dynamics, a subset
of eight WEW accessions was selected from across the range of
aphid reproduction including: TD-2056 (10.0; aphids per plant),
TD-1855 (13.75; aphids per plant), TD-3115 (24.5; aphids per
plant), TD-805 (34.1; aphids per plant), TD-1059 (49.3; aphids
per plant), TD-728 (61.5; aphids per plant), TD-1405 (70.4;

2www.jmp.com

FIGURE 1 | Distribution of 203 wild emmer wheat (WEW) accessions
according to their aphid performance. The total aphids per plant (X-axis) were
evaluated after 96 h following infestation using a whole cage bioassay (n = 8).
The distribution ranged from 10 to 80 aphids per plant using the Shapiro–Wilk
test shown in red color (p < 0.0025). The plot above the histogram displays
the quantile box plot with quantile marks (2.5th, 10th, 90th, and 97.5th
quantile). The Y-axis represents the number of WEW genotypes in each bin.
The purple arrows indicate the nine selected WEW accessions further used in
this study.

aphids per plant), and TD-2390 (73.7; aphids per plant). The
domesticated durum tetraploid Svevo, with 35.5 aphids per plant,
was also included in this subset. These nine genotypes spanned
the entire panel distribution, and their positions are marked in
Figure 1.

Leaf Position Affects Aphid Progeny
We determined whether leaf position led to differential aphid
performances in the selected WEW subset. Therefore, a choice
whole cage bioassay was used to evaluate the number of aphids
on each leaf. In Figure 2, the numbers of aphids on leaf-1,
leaf-2, and leaf-3 are presented. A two-way ANOVA revealed
that the aphid number per unit of leaf area was significantly
affected by leaf position (F2,215 = 1052.63, p < 0.0001). The
mean value of aphids per leaf was found to be highest in leaf-
1 (7.14), lower on leaf-2 (2.99), and lowest on leaf-3 (1.21).
This is consistent with the optimal defense theory, where plant
defenses are allocated to younger leaves, which have greater
potential to contribute to future fitness (McCall and Fordyce,
2010). There was also a significant effect of wheat accession
(F8,215 = 147.38, p < 0.0001) and interaction between leaf
position and accession (F16,215 = 32.37, p < 0.0001) on aphid
performance. Overall, this suggests that the leaf position and
genetic background affect aphid reproduction in WEW seedlings.
This might be the outcome of the differential magnitudes of
defense strategies.

Trichome Density Varies Across Leaf
Position
The differential aphid performance on the youngest leaves
(leaf-3), as compared to more mature leaves (leaf-1), prompted
the quantification of non-glandular trichomes as a physical
defense. As presented in Figure 3, the constitutive number
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FIGURE 2 | Spatial performance of aphids on selected wheat genotypes. Aphid performance was evaluated in three leaf positions: leaf-1, leaf-2, and leaf-3. The
number of total aphids per cm2 in each leaf was shown at 96 h following infestation with Rhopalosiphum padi using the choice whole cage bioassay (mean ± SE,
n = 8). The dashed purple lines represent the mean value of aphids per cm2 on an individual leaf type among the accessions. The effects of leaf position, accession,
and their interaction (leaf position × accession) were tested by two-way analysis of variance (ANOVA) analyses. In bold are the parameters that were significantly
affected, p < 0.05. Significant differences between accessions are indicated by different letters (one-way ANOVA, Tukey’s honestly significant difference test,
p < 0.05).

of trichomes was the highest in leaf-3 (64.85), lower in leaf-
2 (44.79), and lowest in leaf-1 (35.84). Aphid infestation
enhanced the trichome density with the strongest effect
in leaf-3 (69.63), followed by leaf-2 (49.70) and leaf-1
(38.64). Then, a two-way-ANOVA was used to elucidate
the contribution of each parameter: genotype (accession),
leaf position (leaf-1-3), and treatment (untreated control
and aphid-infested). In the control plants, the trichome
density was highly variable, with major significant differences
across leaf position (F2,809 = 1620.93, p < 0.0001), the nine
accessions (F8,809 = 810.17, p < 0.0001), and their interaction
(F16,809 = 44.07, p < 0.0001). The aphid-infested results
showed that the trichomes were significantly increased by
6.04–29.13% (F1,809 = 90.32, p < 0.0001) upon aphid feeding.
The induction was also significant between accessions × aphid
infestation treatment (F8,809 = 2.11, p = 0.033) and the
interaction between accession × leaf position × aphid
infestation treatment (F16,809 = 1.65, p = 0.049). The leaf
position did not interact with treatment (F2,809 = 2.42,
p = 0.089). Using pair-wise Student’s t-tests between the
infested and untreated leaves indicated that in four WEW

accessions, trichomes were significantly more abundant
in leaf-3, while only two accessions were significantly
altered in leaf-1. This emphasizes the adaptive plasticity
of young leaves to aphid herbivory and the variation in
aphid-induced responses.

Chemical Defensive Compounds:
Constitutive and Inducible
Benzoxazinoid Levels in the Whole Leaf
In wheat, BXDs play an important role in chemical defense
against a variety of biotic stresses, including insect herbivores
(Zhou et al., 2018). Therefore, the abundance of these
defensive metabolites was determined in the three leaves. In
total, three BXDs, DIMBOA, DIM2BOA-Glc, and HDMBOA-
Glc/HM2BOA-Glc, were detected across all nine accessions
while DIMBOA was the most abundant BXD in WEW leaf
tissues (Figure 4). The WEW accessions, both in the control
and aphid-infested plants, had overall average DIMBOA mg
g−1 fresh weight values that slightly differed across leaf-1
(3.86), leaf-2 (3.71), and leaf-3 (3.51). A two-way-ANOVA
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FIGURE 3 | Trichome densities of nine selected wheat genotypes. Trichome density per mm2 was evaluated in leaf-1, leaf-2, and leaf-3 in both the untreated control
(C) and 96 h following infestation (I) with R. padi using the choice whole cage bioassay. Values are expressed as mean ± SE (n = 5 replicate with three images per
replications). The solid and dashed purple lines represent the mean value of each leaf type under the untreated control and infested conditions among the
accessions, respectively. The effects of leaf position, accession, treatment, and their interaction (leaf position × accession × treatment) were tested by two-way
ANOVA analyses. The asterisk represents the significant difference between treatments in a particular accession analyzed by Student’s t-tests (p < 0.05). In bold are
the parameters that were significantly affected, p < 0.05.

was conducted in order to reveal the contribution of each of
the three parameters: genetics, leaf position, and treatment.
The constitutive DIMBOA levels significantly differed among
accessions (F8,215 = 1144.80, p < 0.0001), leaf position
(F2,215 = 16.09, p < 0.0001), and their interaction (F16,215 = 25.23,
p < 0.0001). Further, the DIMBOA level, in response to
aphid treatment, significantly increased from 1.16 to 43.8%
(F1,215 = 194.48, p < 0.0001). Significant interactions for
genotype × aphid treatment (F8,215 = 12.83, p < 0.0001) and

accession × leaf position (F16,215 = 2.49, p = 0.002) were
observed. There was no significant interaction between leaf
position and treatment (p = 0.239). The levels of DIM2BOA-
Glc and HDMBOA-Glc/HM2BOA-Glc followed similar spatial
patterns as found in DIMBOA. The mean levels of these
two compounds were highest in leaf-1, lower in leaf-2, and
lowest in leaf-3, across all accessions and both treatments
(Supplementary Figures 1, 2). In contrast to physical defenses,
which were more pronounced in the youngest leaf, the
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FIGURE 4 | The levels of DIMBOA of nine selected wheat genotypes. The content of the BXD, DIMBOA, (mg per g FW) was evaluated in leaf-1, leaf-2, and leaf-3 in
untreated controls (C) and 96 h following infestation (I) with R. padi using the choice whole cage bioassay. Values are expressed as mean ± SE (n = 4). The solid and
dashed purple lines represent the mean value of each leaf type under control and infested conditions among the accessions, respectively. The effects of leaf position,
accession, treatment, and their interaction (leaf position × accession × treatment) were tested by two-way ANOVA analyses. The asterisk represents the significant
difference between treatments in a particular accession analyzed by Student’s t-tests (p < 0.05). In bold are the parameters that were significantly affected, p < 0.05.

abundance of chemical defensive compounds was greater
in mature leaves.

Benzoxazinoid Abundance in Wheat
Phloem Sap
To determine the different BXD abundance levels in the phloem,
we measured these metabolites in phloem sap collected from
untreated and aphid-infested plants of two selected WEW
accessions, TD-805 and TD-2056, and the durum wheat, Svevo.

Phloem sap was collected from leaves 1 and 2, but sufficient
samples for metabolomic analysis could not be obtained from
leaf-3 due to its small size. Only two BXD compounds were
detected in the sap, DIMBOA and HDMBOA-Glc/HM2BOA-
Glc, and their levels were low relative to the whole leaf
(Figures 4, 5). The average of the constitutive DIMBOA level in
leaf-1 was 0.92 mg g−1 fresh weight, while it was slightly lower
in leaf-2, 0.88 mg g−1 fresh weight (p = 0.290; leaf position). It
was strongly influenced by genetic background (F2,47 = 132.42,
p < 0.0001), where the TD-805 accession accumulated the least
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FIGURE 5 | Quantification of chemical defensive metabolites in the phloem sap. (A) DIMBOA concentration (mg per g FW) and (B) HDMBOA-Glc/HM2BOA-Glc
content (peak area) were evaluated in the phloem sap obtained from leaf-1 and leaf-2 in both untreated controls (C) and 96 h following infestation (I) with R. padi
using the choice whole cage bioassay. Values are expressed as mean ± SE (n = 4). The solid and dashed purple lines represent the mean value for each individual
leaf type under control and infested conditions among the accessions, respectively. The effects of leaf position, accession, treatment, and their interaction (leaf
position × accession × treatment) were tested by two-way ANOVA analyses. The asterisk represents the significant difference between treatments in a particular
accession analyzed by Student’s t-tests (p < 0.05). In bold are the parameters that were significantly affected, p < 0.05.

amount of DIMBOA. A significant interaction between leaf
position × accession was also observed for the DIMBOA level
(F2,47 = 14.40, p < 0.0001). In response to aphid treatment,
the DIMBOA levels increased (F1,47 = 87.74, p < 0.0001),
and treatment interacted with the accession (F2,47 = 54.82,
p < 0.0001), with TD-2056 exhibiting the highest increase. No
significant effects were observed in leaf position interacting with
treatment and/or accessions.

The HDMBOA-Glc/HM2BOA-Glc levels were higher in leaf-
1 than in leaf-2, under both the control and aphid-infested
treatments (Figure 5B). The basal level of HDMBOA-
Glc/HM2BOA-Glc was significantly affected by accession
(F2,47 = 186.31, p < 0.0001), leaf position (F1,47 = 166.11,
p < 0.0001), and interaction between these factors (F2,47 = 9.31,
p < 0.0001). The levels of this compound significantly increased
upon aphid treatment (F1,47 = 219.63, p < 0.0001), where
all the accessions were significantly affected (F2,47 = 104.69,

p < 0.0001), but not with leaf position (p = 0.632) or the
interaction between leaf position × accession × treatment
(p = 0.153). The HDMBOA-Glc/HM2BOA-Glc level increased in
TD-805 and TD-2056 upon aphid feeding.

The Effect of Leaf Position on Aphid
Feeding Behavior
To determine the influence of variation in defense mechanisms
on aphid behavior, R. padi feeding behavior was examined. We
used an electrical penetration graph (EPG) technique to compare
the aphid feeding patterns on leaf-1 and leaf-2 among three
selected accessions. As shown in Figure 6, the comparisons
of the feeding behavior revealed a significant difference in the
time until the first probe from the start of EPG between leaf-
1 and leaf-2 (F1,107 = 129.85, p < 0.0001). Aphids waited
longer until their first probing in leaf-2 (17.48 min) than leaf-1
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FIGURE 6 | Feeding behavior of R. padi aphids. Aphid feeding was measured on leaf-1 and leaf-2 of two selected wild emmer wheat (WEW) accessions and one
domesticated durum wheat cultivar. Data of electrical penetration graph (EPG) waveforms were recorded in minutes. (A) time until first probe from the start of EPG,
(B) total duration of C, and (C) total duration of E. Values are expressed as mean ± SE (n = 18). The dotted purple line represents the overall mean value of the
waveform on individual leaf types among the accessions. The effects of leaf position, accession, and their interaction (leaf position × accession) were tested by
two-way ANOVA analyses. Significant differences between accessions are indicated by different letters (one-way ANOVA, Tukey’s honestly significant difference test,
p < 0.05). In bold are the parameters that were significantly affected, p < 0.05.

(7.16 min), with no significant difference between accessions
(p = 0.234) or the interaction between them (p = 0.496).
In contrast, the time spent in the pathway phase was not
significantly altered by leaf position (leaf-1; 35.71 min, and
leaf-2; 41.31 min, p = 0.193), accession (p = 0.409), or the
interaction between them (p = 0.708). The aphids’ feeding

duration in the phloem phase was much longer (101.91 min)
than in the other measured phases. Aphids spent significantly
more time in the phloem phase on leaf-1 (110.5 min) than on
leaf-2 (93.3 min) (F1,107 = 5.72, p = 0.019). The feeding time
also differed significantly between the accessions (F2,107 = 6.17,
p = 0.003). The time spent by aphids in the salivation E1
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phase did not significantly differ between leaf-1 (3.8 min) and
leaf-2 (4.4 min) (p = 0.723) and accession (p = 0.08). The
subsequent E2 phase was longer (>10 min), and aphids spent
significantly more time in E2 on leaf-1 (106.7 min) than on
leaf-2 (88.9 min) (F1,107 = 5.629, p = 0.019) with a significant
difference between the accessions (F2,107 = 4.008, p = 0.021),
as presented in Supplementary Figure 3. Overall, the EPG
analysis of R. padi aphids showed a clear and significant
difference in feeding performance between leaf positions through
the differences in total time until first probing and the total
duration of E (specifically E2), whereas time spent during the
C phase and the E1 phase differed only between accessions.
Furthermore, only the total duration of E exhibited a significant
interaction between accession and leaf position and not any other
EPG event waveform.

DISCUSSION

Rhopalosiphum padi Aphids Prefer to
Feed on Old, Less Protected Wheat
Leaves
Our results indicated that both BXD levels and trichome density
depend on the leaf position. While the trichome density was
highest in the younger leaf (leaf-3) and the lowest in the
oldest leaf (leaf-1), the BXD levels showed the opposite trend
(Figures 3–4, respectively). Each strategy operates under spatial
constraints, in which trichomes rely on young tissues’ more
plastic cell division and morphogenesis, and BXD accumulation
is dependent on biochemical activities. The BXDs belong to a
diverse class of specialized metabolites that play a crucial role in
plant resistance to insects (Klun et al., 1967; Argandora et al.,
1981; Cambier et al., 2001; Dafoe et al., 2011; Glauser et al.,
2011), in arresting fungal infection (Oikawa et al., 2004), and
in allelopathy affecting weed growth (Niemeyer, 2009), and they
also function in shaping the root microbiome (Neal et al., 2012;
Kudjordjie et al., 2019), and iron chelators in maize (Hu et al.,
2018). Trichomes serve as a barrier against various external
factors, including herbivores and pathogens, UV-B radiation,
extreme temperatures, and excessive water loss. They also act as
a mechanosensory switch, transducing mechanical stimuli into
physiological signals (Werker, 2000; Liu et al., 2016; Fambrini
and Pugliesi, 2019). The abundance of chemical and physical
defenses depends on several factors, including variety, tissue,
and age, where they are mostly high in young seedlings and
tend to decline during development toward the juvenile stage
(Ebisui et al., 1998; Cambier et al., 2000; Nomura et al., 2005,
2008). In maize, for example, the levels of DIMBOA-Glc and
DIM2BOA-Glc were the highest 10 days after seed germination
(Cambier et al., 2000). Trichome density is also age-dependent,
reported as being high in young leaves and decreasing with
leaf expansion (Pérez-Estrada et al., 2000). In the late stages
of leaf development, when the formation of the epidermis is
completed, trichomes’ functional roles become less important,
and leaves often senesce and shed (Valkama et al., 2004). Notably,
in our recent reports, we compared the aphid resistance of

wheat genotypes in a lab-controlled growth room, counting
aphid reproduction after 96 h on wheat seedlings (Batyrshina
et al., 2020b), with an evaluation of the natural aphid population
on 3-month-old plants grown in the field (Batyrshina et al.,
2020a). We found the opposite trends between the two growth
conditions, where Svevo was more resistant in the lab conditions
and more susceptible in the field versus the WEW accession,
Zavitan. Therefore, we suggest expanding this experiment and
testing selected WEW accessions in the field across various
plant developmental stages, and in the lab with diverse aphid
infestation durations.

The Constitutive Levels of the
Trichomes, DIMBOA, and DIM2BOA-Glc
Are the Main Factors That Determine
Aphid Performance
Plants respond to herbivory through multiple morphological,
biochemical, and molecular mechanisms. These mechanisms are
wide-ranging between plant species and are either constitutively
present or induced in response to damage (War et al., 2012).
Defense strategies can be affected by different factors, such
as developmental stages, tissue, leaf position, genetics, and
the perception of environmental cues, which, taken together,
govern the potential for aphid resistance (Cambier et al.,
2000). To assess the relationships between various mechanisms
and aphid progeny on constitutive and inducible levels, PCAs
were conducted (Figures 7A,B, respectively). The results
indicated that DIMBOA, DIM2BOA-Glc, and trichomes were
grouped opposite to the aphid performance, while HDMBAO-
Glc/HM2BOA-Glc levels measured in the three leaves were
clustered separately. The negative relationship between aphids
and DIMBOA might be due to its dual role in defense as
both: (i) a deterrent molecule and (ii) a cell-wall-mediated
defense strategy affecting callose deposition (Betsiashvili et al.,
2015). Both leaf trichomes and BXDs that protect plants from
insect herbivory are constitutively produced and can also be
induced in response to biotic stresses (Traw and Bergelson,
2003). The constitutive levels of trichome density are negatively
related to aphid progeny (Batyrshina et al., 2020b), as well
as the increase in the trichome density on new leaves (Traw
and Bergelson, 2003). It was previously reported that aphid
progeny was negatively correlated with the anticipatory levels
of DIMBOA-Glc and positively correlated with HDMBOA-
Glc (Meihls et al., 2013). HDMBOA-Glc/HM2BOA-Glc and
DIMBOA-Glc showed only a minor induction, depending on
different wheat or aphid species (Shavit et al., 2018). To
determine the contribution of the inducible defense mechanism
to aphid resistance, we compared the parameters of the two
PCAs, shown in Figure 7A (constitutive levels) and Figure 7B
(inducible levels). The correlation coefficient of comparing
between the eigenvectors of PC1 and PC2 revealed a very high
similarity between the values (r = 0.982 for Component 1 and
r = 0.972 for Component 2), as presented in Supplementary
Figure 4. The results emphasize that only minor changes
occur in the defense mechanisms after aphid feeding for 96 h.
Thus, we suggest continuing the search for aphid resistance
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FIGURE 7 | Principal component analysis plots of plants’ physical and
chemical defense parameters measured at the whole leaf level. The relation
between trichome density, BXDs of the three leaves (leaf-1 [L1], leaf-2 [L2],
and leaf-3 [L3]) under untreated control (A), and aphid infestation (B) on aphid
reproduction. The data for the aphid bioassay, trichomes, and BXDs were
normalized to log2 transformation for the projection of PCA. The accessions
that were tested in this analysis are TD-728, TD-805, TD-1059, TD-1405,
TD-1855, TD-2056, TD-2390, TD-3115, and Svevo, the domesticated durum
wheat.

mechanisms by focusing on the anticipatory levels, which can
conserve the amount of work and resources invested in this
intensive screening.

Trichome Density Is a More Effective
Defense Than BXDs
Although many reports have studied the factors that influence
aphid resistance, the relationship between the factors and
their effectiveness is unclear. To determine the effectiveness
of plant defenses against aphids, we performed multiple linear
regression analyses. As shown in Supplementary Figure 5, the
predictors–trichome density (physical defense), total chemical
defense (sum of BXDs at leaf level), and total defense–
explained 46.9% (adjusted R2) of aphid resistance. Among
them, trichome density was the most powerful, with a higher
magnitude of aphid resistance (p < 0.0001) than chemical
defense (p = 0.0067). The integration of physical defense into
the chemical defense improved the prediction of aphid resistance
(p = 0.0047), suggesting that physical defense is more effective
than chemical defense.

We also correlated all parameters in each leaf, both
constitutive and inducible, as presented in a heatmap. These
results, shown in Figure 8, indicated that aphid progeny in the
three leaves was negatively correlated with trichomes, DIMBOA,
and DIM2BOA-Glc. Trichome density was the only parameter
that was significantly negatively correlated with aphid progeny in
all three leaves. DIM2BOA-Glc was only negatively correlated in
leaf-1 and leaf-2, and DIMBOA was negatively correlated in leaf-
1 and leaf-3. HDMBOA-Glc/HM2BOA-Glc had no significant
correlation with aphid progeny. The non-glandular trichomes
on the leaf surface can interrupt the stylet insertion of phloem
feeders (Handley et al., 2005; Sato and Kudoh, 2015). The feeding
behavior results emphasize that leaf-2’s high number of trichomes
might have extended the time for aphid penetration to the leaf
mesophyll (Figure 6A). In our previous study, we quantified the
BXD levels and trichome density of wheat seedlings from three
genotypes, Svevo, Chinese Spring, and a WEW accession named
Zavitan (Batyrshina et al., 2020b). These data suggested that in
domesticated wheat, the BXD levels provide a better defense
mechanism than trichomes against R. padi aphids, while Zavitan
possessed high trichome density and mild susceptibility. This
can be due to differences in sample sizes and genetic diversity,
as well as conducting measurements on different leaves. We
concluded that in these selected WEW accessions, trichomes
are the main factor determining aphid reproduction, while the
BXDs may have more complicated regulation and distribution
across the genotypes and leaf position. Unlike trichomes, BXDs
are synthesized in the leaf and mobilized in the phloem sap.
Their effect on aphids depends on their abundance in the phloem
and other tissues penetrated by these insects on their way to
the phloem. DIMBOA-Glc was also found in the apoplast of
maize leaf and increased upon aphid infestation (Ahmad et al.,
2011), which may reflect the complexity of the link between
BXDs and defense.

The Benzoxazinoids Have Different
Abundance Levels in the Phloem Sap
Than in the Whole Leaf
Aphids solely feed on phloem sap, therefore the BXD
composition in the phloem directly affects their fitness. BXD
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FIGURE 8 | Multivariate correlation between the plants’ physical and chemical defense. The constitutive and inducible data for plant defense were pooled together
for correlation analysis. Red indicates a positive correlation, and blue indicates a negative correlation. *p < 0.05; **p < 0.01.

abundance levels in the phloem sap depend on several factors,
including (i) biosynthesis in the leaves, (ii) translocation from
compartmentalized vacuoles and aglycone activation, and (iii)
transportation in the phloem (Wouters et al., 2016; Niculaes
et al., 2018). Aphids can sense aglycones BXD on the leaf
tissues (Wouters et al., 2016). Prior to feeding, the aphid’s
stylet penetrates the plant’s epidermis and passes through the
apoplast, where BXD glucosides are present, which exhibit
antifeedant activity (Hewer et al., 2011; Schwarzkopf et al.,
2013). The aphid stylet’s penetration into the sieve elements
leads to the hydrolysis of BXD glucosides and produces a
locally high concentration of toxic BXD against herbivores
(Wouters et al., 2016). Therefore, the allocation of different
BXDs via phloem tissues allows the dynamic protection of
plants. In the present study, two BXD metabolites, DIMBOA
and HDMBOA-Glc/HM2BOA-Glc, were detected in the phloem
sap, while in the whole leaf, DIM2BOA-Glc was also detected.

The basal level of DIMBOA in the phloem did not differ
greatly among the leaf positions within the accessions. However,
a high induction of DIMBOA and HDMBOA-Glc/HM2BOA-
Glc levels was found among the different leaf positions from
the WEW accessions, suggesting that plants can opt for either
biosynthesis or transport activity for BXDs in phloem tissues
(Givovich et al., 1994). Recently, two transporter systems
of ATP-binding cassette (ABC) transporters and multidrug
and toxic compound extrusion transporters (MATE) (Baetz
and Martinoia, 2014) were found to play a role in the
release of antifungal or antimicrobial root exudates (Nawrath
et al., 2002; Stukkens et al., 2005; Bienert et al., 2012). The
connection between these transporters and BXD allocation
in root cap border cells (Niculaes et al., 2018) or phloem
sap is still unclear and requires further investigation. The
HDMBOA-Glc/HM2BOA-Glc levels in the phloem sap from
leaf-2 displayed a negative effect on aphid performance, while
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FIGURE 9 | Principal component analysis plot for parameters measured at
the phloem level. Aphid feeding behavior was analyzed using the EPG
technique only for two leaves (leaf-1 [L1] and leaf-2 [L2], and results were
integrated to aphid progeny, trichome density, and BXDs (DIMBOA and
HDMBOA-Glc/HM2BOA-Glc) detected in the phloem sap. The data for the
trichomes and BXDs are the constitutive levels [C] and aphid-induced [I].
Average values were normalized to log2 transformation for the projection of
PCA. The accessions that were tested in this analysis are TD-805, TD-2056,
and Svevo.

the DIMBOA level displayed a positive effect (Figure 9).
This was supported by a previous report that HDMBOA-
Glc is more toxic to R. maidis aphids than DIMBOA-
Glc when administered in an artificial diet (Meihls et al.,
2013). HDMBOA-Glc/HM2BOA-Glc in leaf-2 might have had
toxic properties, as was explained by the feeding behavior
measurements that showed a positive association with the
time spent in the path phase (C phase). DIMBOA showed
a positive association with aphid progeny (Figure 9), which
was in contrast to a previous report where BXDs in the
phloem sap of three bread wheat cultivars showed a negative
correlation between DIMBOA-Glc and aphid performance
(Givovich et al., 1994). This suggests that the functions of
specific BXDs are genotype- and tissue-dependent. We also
observed a positive association between DIMBOA and aphid
feeding on phloem sap through their time spent in the
phloem phase (duration of E) and a relatively short time
spent in the first probing on leaf-1, proposing a different
potential role for DIMBOA other than protecting plants against
aphids (Hu et al., 2018). Overall, these findings indicate
that HDMBOA-Glc/HM2BOA-Glc and DIMBOA might have
different transporting abilities from the whole leaf into the
phloem; that may affect their role in aphid defense, which
requires further investigation.

Wild Emmer Wheat Germplasm Can Be
Used for Improving Aphid-Resistance
Traits
The results revealed that both the BXD and trichome density
levels depend on the wheat genetic background. Due to the large
diversity within the resistance reactions of wild ancestors, wheat
progenitors are commonly used as genetic sources for breeding
other elite wheat cultivars (Pont et al., 2019). However, the claim
that wild ancestors are resources of resistance does not mean
that all wild accessions are resistant, but only selected accessions.
For example, a recent study that compared the Metopolophium
dirhodum aphid population of four cultivars of spring bread
wheat and two WEW accessions revealed that one of the WEWs,
named Rudico, was highly susceptible (Platková et al., 2020). This
supported our previous report, where we measured the R. padi
aphid progeny of three wheat genotypes, two domesticated wheat
cultivars (Chinese Spring bread wheat and Svevo) and a WEW
named Zavitan, and found that Zavitan is significantly more
aphid susceptible than the two domesticated wheat cultivars
(Batyrshina et al., 2020b). Thus, for breeding purposes, the
wheat progenitors should be carefully screened and chosen
to avoid the transmission of undesirable traits such as aphid
susceptibility. The WEW panel we used in this research possesses
a wide variation in aphid response. The TD-1855 accession
had an optimal combination of both BXDs and trichomes and
possibly other unrevealed mechanisms that allowed it to be
more aphid-resistant to R. padi aphids than the other accessions.
This accession may be a potential genetic source for enhancing
wheat resistance.

CONCLUSION

In this study, we investigated the effectiveness of plant physical
and chemical defense strategies against insect herbivory. We
took advantage of WEW accession diversity and their spatial
leaf positions under different conditions (constitutive and aphid-
induced) to elucidate the differential mechanisms of plant
defense. Our results suggest that physical defense by trichome
density was more pronounced in the youngest leaf on which
aphids performed poorly, while chemical defense by BXDs
showed a complex response at the leaf and phloem level that
altered aphid feeding preference. Moreover, we identified a
resistant WEW accession that might be used to improve aphid
resistance in cultivated wheat. The potential of this WEW
accession as an aphid-resistant genetic resource should be further
tested in the lab and in the field at various developmental stages
and aphid exposure durations.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

Frontiers in Plant Science | www.frontiersin.org 14 June 2021 | Volume 12 | Article 667820

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-667820 June 23, 2021 Time: 18:6 # 15

Singh et al. Effectiveness of Plant Defense Mechanisms

AUTHOR CONTRIBUTIONS

AS, BD, HS, and VT conceived and designed the experiments
and contributed to the writing of the manuscript. AS performed
the experiments. AS and VT analyzed the data. All authors
contributed to the article and approved the submitted version.

FUNDING

This research was supported by the Binational Agricultural
Research and Development Fund (BARD Grant Number IS-
5092-18R). The funders had no role in the study design, data
collection and analysis, decision to publish, or preparation of
the manuscript. AS was funded by a postdoctoral fellowship
from the Kreitman School of Advanced Graduate Studies. VT
is the chair of Sonnenfeldt-Goldman Career Development in
Desert Research.

ACKNOWLEDGMENTS

We thank Noga Sikron Peres for her assistance with the HPLC
analysis, Nathan Mante Gyan for assessing the EPG analysis,
and Beery Yaakov and Zhaniya Batyrshina for their comments,
which greatly improved the manuscript, and Samara Bel for the
language editing. We thank Daniel Kunk from Colorado State
University for the technical help with trichome quantification.
We also thank Matthias Erb from the University of Bern,
Switzerland, for providing the benzoxazinoid crude extracts.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.
667820/full#supplementary-material

REFERENCES
Ahmad, S., Veyrat, N., Gordon-Weeks, R., Zhang, Y., Martin, J., Smart, L., et al.

(2011). Benzoxazinoid metabolites regulate innate immunity against aphids and
fungi in maize. Plant Physiol. 157, 317–327. doi: 10.1104/pp.111.180224

Argandora, V. H., Niemeyer, H. M., and Corcuera, L. J. (1981). Effect of content and
distribution of hydroxamic acids in wheat on infestation by the aphid Schizaphis
gramlnum. Phytochemistry 20, 673–676. doi: 10.1016/0031-9422(81)85154-0

Avni, R., Nave, M., Eilam, T., Sela, H., Alekperov, C., Peleg, Z., et al. (2014). Ultra-
dense genetic map of durum wheat x wild emmer wheat developed using the
90K iSelect SNP genotyping assay. Mol. Breed. 34, 1549–1562. doi: 10.1007/
s11032-014-0176-2

Awmack, C. S., and Leather, S. R. (2002). H Ost P Lant quality and F ecundity in H
erbivorous I nsects. Annu. Rev. Entomol. 47, 817–844.

Baetz, U., and Martinoia, E. (2014). Root exudates: the hidden part of plant defense.
Trends Plant Sci. 19, 90–98. doi: 10.1016/j.tplants.2013.11.006

Batyrshina, Z. S., Cna’ani, A., Rozenberg, T., Seifan, M., and Tzin, V. (2020a). The
combined impacts of wheat spatial position and phenology on cereal aphid
abundance. PeerJ 8:e9142. doi: 10.7717/peerj.9142

Batyrshina, Z. S., Yaakov, B., Shavit, R., Singh, A., and Tzin, V. (2020b).
Comparative transcriptomic and metabolic analysis of wild and domesticated
wheat genotypes reveals differences in chemical and physical defense responses
against aphids. BMC Plant Biol. 20:19. doi: 10.1186/s12870-019-2214-z

Betsiashvili, M., Ahern, K. R., and Jander, G. (2015). Additive effects of two
quantitative trait loci that confer Rhopalosiphum maidis (corn leaf aphid)
resistance in maize inbred line Mo17. J. Exp. Bot. 66, 571–578. doi: 10.1093/
jxb/eru379

Bienert, M. D., Siegmund, S. E. G., Drozak, A., Trombik, T., Bultreys, A., Baldwin,
I. T., et al. (2012). A pleiotropic drug resistance transporter in Nicotiana
tabacum is involved in defense against the herbivore Manduca sexta. Plant J.
72, 745–757. doi: 10.1111/j.1365-313X.2012.05108.x

Blackman, R., and Eastop, V. (2000). Aphids on the World’s Crops: an Identification
and Information Guide. London: John Wiley & Sons.

Brunissen, L., Cherqui, A., Pelletier, Y., Vincent, C., and Giordanengo, P. (2009).
Host-plant mediated interactions between two aphid species. Entomol. Exp.
Appl. 132, 30–38. doi: 10.1111/j.1570-7458.2009.00862.x

Cambier, V., Hance, T., and de Hoffmann, E. (2000). Variation of DIMBOA and
related compounds content in relation to the age and plant organ in maize.
Phytochemistry 53:223. doi: 10.1016/s0031-9422(99)00498-7

Cambier, V., Hance, T., and de Hoffmann, E. (2001). Effects of 1,4-benzoxazin-
3-one derivatives from maize on survival and fecundity of Metopolophium
dirhodum (Walker) on artificial diet. J. Chem. Ecol. 27:359.

Chandrasekhar, K., Shavit, R., Distelfeld, A., Christensen, S., and Tzin, V. (2018).
Exploring the metabolic variation between domesticated and wild tetraploid

wheat genotypes in response to corn leaf aphid infestation. Plant Signal. Behav.
13:e1486148. doi: 10.1080/15592324.2018.1486148

Chen, S., Petersen, B. L., Olsen, C. E., Schulz, A., and Halkier, B. A. (2001). Long-
distance phloem transport of glucosinolates in Arabidopsis. Plant Physiol. 127,
194–201. doi: 10.1104/pp.127.1.194

Cheng, J., Yan, J., Sela, H., Manisterski, J., Lewinsohn, D., Nevo, E., et al. (2010).
Pathogen race determines the type of resistance response in the stripe rust -
Triticum dicoccoides pathosystem. Physiol. Plant. 139, 269–279. doi: 10.1111/j.
1399-3054.2010.01364.x

Dafoe, N. J., Huffaker, A., Vaughan, M. M., Duehl, A. J., Teal, P. E., and Schmelz,
E. A. (2011). Rapidly induced chemical defenses in maize stems and their
effects on short-term growth of Ostrinia nubilalis. J. Chem. Ecol. 37, 984–991.
doi: 10.1007/s10886-011-0002-9

de Correa, L. J., Maciel, O. V. B., Bücker-Neto, L., Pilati, L., Morozini,
A. M., Faria, M. V., et al. (2020). A comprehensive analysis of wheat
resistance to Rhopalosiphum padi (Hemiptera: Aphididae) in Brazilian
wheat cultivars. J. Econ. Entomol. 113, 1493–1503. doi: 10.1093/jee/
toaa059

Deutsch, C. A., Tewksbury, J. J., Tigchelaar, M., Battisti, D. S., Merrill, S. C., Huey,
R. B., et al. (2018). Increase in crop losses to insect pests in a warming climate.
Science 919, 916–919. doi: 10.1126/science.aat3466

Ebisui, K., Ishihara, A., Hirai, N., and Iwamura, H. (1998). Occurrence of 2,4-
Dihydroxy-7-methoxy-l,4-benzoxazin-3-one (DIMBOA) and a ß-Glucosidase
Specific for Its Glucoside in Maize seedlings. Z. Naturforsch 53, 793–798. doi:
10.1515/znc-1998-9-1003

Escobar, C. A., Sicker, D., and Niemeyer, H. M. (1999). Evaluation of DIMBOA
analogs as antifeedants and antibiotics towards the aphid Sitobion aVenae in
artificial diets. J. Chem. Ecol. 25:1543.

Fambrini, M., and Pugliesi, C. (2019). The dynamic genetic-hormonal regulatory
network controlling the trichome development in leaves. Plants (Basel,
Switzerland) 8:253. doi: 10.3390/plants8080253

Feng, R., Houseman, J. G., Downe, A. E. R., Atkinson, J., and Arnason, J. T.
(1992). Effects of 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA)
and 6-methoxybenzoxazolinone (MBOA) on the detoxification processes in
the larval midgut of the European corn borer. Pest. Biochem. Physiol. 44:147.
doi: 10.1016/0048-3575(92)90112-d

Frébortová, J., Novák, O., Frébort, I., and Jorda, R. (2010). Degradation of
cytokinins by maize cytokinin dehydrogenase is mediated by free radicals
generated by enzymatic oxidation of natural benzoxazinones. Plant J. 61,
467–481. doi: 10.1111/j.1365-313X.2009.04071.x

Frey, M., Schullehner, K., Dick, R., Fiesselmann, A., and Gierl, A. (2009).
Benzoxazinoid biosynthesis, a model for evolution of secondary metabolic
pathways in plants. Phytochemistry 70, 1645–1651. doi: 10.1016/j.phytochem.
2009.05.012

Frontiers in Plant Science | www.frontiersin.org 15 June 2021 | Volume 12 | Article 667820

https://www.frontiersin.org/articles/10.3389/fpls.2021.667820/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2021.667820/full#supplementary-material
https://doi.org/10.1104/pp.111.180224
https://doi.org/10.1016/0031-9422(81)85154-0
https://doi.org/10.1007/s11032-014-0176-2
https://doi.org/10.1007/s11032-014-0176-2
https://doi.org/10.1016/j.tplants.2013.11.006
https://doi.org/10.7717/peerj.9142
https://doi.org/10.1186/s12870-019-2214-z
https://doi.org/10.1093/jxb/eru379
https://doi.org/10.1093/jxb/eru379
https://doi.org/10.1111/j.1365-313X.2012.05108.x
https://doi.org/10.1111/j.1570-7458.2009.00862.x
https://doi.org/10.1016/s0031-9422(99)00498-7
https://doi.org/10.1080/15592324.2018.1486148
https://doi.org/10.1104/pp.127.1.194
https://doi.org/10.1111/j.1399-3054.2010.01364.x
https://doi.org/10.1111/j.1399-3054.2010.01364.x
https://doi.org/10.1007/s10886-011-0002-9
https://doi.org/10.1093/jee/toaa059
https://doi.org/10.1093/jee/toaa059
https://doi.org/10.1126/science.aat3466
https://doi.org/10.1515/znc-1998-9-1003
https://doi.org/10.1515/znc-1998-9-1003
https://doi.org/10.3390/plants8080253
https://doi.org/10.1016/0048-3575(92)90112-d
https://doi.org/10.1111/j.1365-313X.2009.04071.x
https://doi.org/10.1016/j.phytochem.2009.05.012
https://doi.org/10.1016/j.phytochem.2009.05.012
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-667820 June 23, 2021 Time: 18:6 # 16

Singh et al. Effectiveness of Plant Defense Mechanisms

Gerechter-Amitai, Z. K., Sharp, E. L., and Reinhold, M. (1984). Temperature-
sensitive genes for resistance to Puccinia striiformis in Triticum dicoccoides.
Euphytica 33, 665–672. doi: 10.1007/BF00021894

Givovich, A., Sandström, J., Niemeyer, H. M., and Pettersson, J. (1994). Presence
of a hydroxamic acid glucoside in wheat phloem sap, and its consequences
for performance of Rhopalosiphum padi (L.) (Homoptera: Aphididae). J. Chem.
Ecol. 20, 1923–1930. doi: 10.1007/BF02066233

Glauser, G., Marti, G., Villard, N., Doyen, G. A., Wolfender, J. L., Turlings,
T. C. J., et al. (2011). Induction and detoxification of maize 1,4-benzoxazin-3-
ones by insect herbivores. Plant J. 68, 901–911. doi: 10.1111/j.1365-313X.2011.
04740.x

Griffiths, C. A., Paul, M. J., and Foyer, C. H. (2016). Metabolite transport and
associated sugar signalling systems underpinning source/sink interactions.
Biochim. Biophys. Acta 1857, 1715–1725. doi: 10.1016/j.bbabio.2016.
07.007

Gyan, N. M., Yaakov, B., Weinblum, N., Singh, A., Cna’ani, A., Ben-Zeev, S., et al.
(2020). Variation between three Eragrostis tef accessions in defense responses
to Rhopalosiphum padi aphid infestation. Front. Plant Sci. 11:598483. doi: 10.
3389/fpls.2020.598483

Handley, R., Ekbom, B., and Ågren, J. (2005). Variation in trichome density
and resistance against a specialist insect herbivore in natural populations of
Arabidopsis thaliana. Ecol. Entomol. 30, 284–292. doi: 10.1111/j.0307-6946.
2005.00699.x

Hannemann, L., Lucaciu, C. R., Sharma, S., Rattei, T., Mayer, K. F. X., Gierl, A.,
et al. (2018). A promiscuous beta-glucosidase is involved in benzoxazinoid
deglycosylation in Lamium galeobdolon. Phytochemistry 156, 224–233. doi: 10.
1016/j.phytochem.2018.10.012

Hewer, A., Becker, A., and Van Bel, A. J. E. (2011). An aphid’s odyssey - the cortical
quest for the vascular bundle. J. Exp. Biol. 214, 3868–3879. doi: 10.1242/jeb.
060913

Howe, G. A., and Jander, G. (2008). Plant immunity to insect herbivores. Annu.
Rev. Plant Biol. 59, 41–66. doi: 10.1146/annurev.arplant.59.032607.092825

Hu, L., Mateo, P., Ye, M., Zhang, X., Berset, J. D., Handrick, V., et al. (2018). Plant
iron acquisition strategy exploited by an insect herbivore. Science 697, 694–697.
doi: 10.1126/science.aat4082

Huang, L., Raats, D., Sela, H., Klymiuk, V., Lidzbarsky, G., Feng, L., et al. (2016).
Evolution and adaptation of wild emmer wheat populations to biotic and abiotic
stresses. Annu. Rev. Phytopathol. 54, 279–301. doi: 10.1146/annurev-phyto-
080614-120254

Jakobs, R., and Müller, C. (2018). Effects of intraspecific and intra-individual
differences in plant quality on preference and performance of monophagous
aphid species. Oecologia 186, 173–184. doi: 10.1007/s00442-017-3998-x

Karley, A. J., Douglas, A. E., and Parker, W. E. (2002). Amino acid composition
and nutritional quality of potato leaf phloem sap for aphids. J. Exp. Biol. 205,
3009–3018. doi: 10.1242/jeb.205.19.3009

Kettles, G. J., Drurey, C., Schoonbeek, H., Maule, A. J., and Hogenhout, S. A.
(2013). Resistance of Arabidopsis thaliana to the green peach aphid, Myzus
persicae, involves camalexin and is regulated by microRNAs. New Phytol. 198,
1178–1190. doi: 10.1111/nph.12218

Klun, J. A., Tipton, C. L., and Brindley, T. A. (1967). 2,4-Dihydroxy-7-methoxy-
1,4-benzoxazin-3-one (DIMBOA), an active agent in the resistance of maize to
the European corn borer. J. Econ. Entomol. 60:1529. doi: 10.1093/jee/60.6.1529

Kooke, R., and Keurentjes, J. J. B. (2011). Multi-dimensional regulation of
metabolic networks shaping plant development and performance. J. Exp. Bot.
63, 3353–3365. doi: 10.1093/jxb/err373

Kudjordjie, E. N., Sapkota, R., Steffensen, S. K., Fomsgaard, I. S., and Nicolaisen,
M. (2019). Maize synthesized benzoxazinoids affect the host associated
microbiome. Microbiome 7:59. doi: 10.1186/s40168-019-0677-677

Lattanzio, V., Arpaia, S., Cardinali, A., Di Venere, D., and Linsalata, V. (2000). Role
of endogenous flavonoids in resistance mechanism of Vigna to aphids. J. Agric.
Food Chem. 48, 5316–5320. doi: 10.1021/jf000229y

Leybourne, D. J., Valentine, T. A., Robertson, J. A. H., Pérez-Fernández, E., Main,
A. M., Karley, A. J., et al. (2019). Defence gene expression and phloem quality
contribute to mesophyll and phloem resistance to aphids in wild barley. J. Exp.
Bot. 70, 4011–4026. doi: 10.1093/jxb/erz163

Liu, H., Zhou, L. H., Jiao, J., Liu, S., Zhang, Z., Lu, T. J., et al. (2016). Gradient
mechanical properties facilitate Arabidopsis trichome as mechanosensor. ACS
Appl. Mater. Interfaces 8, 9755–9761. doi: 10.1021/acsami.6b02253

McCall, A. C., and Fordyce, J. A. (2010). Can optimal defence theory be used
to predict the distribution of plant chemical defences? J. Ecol. 98, 985–992.
doi: 10.1111/j.1365-2745.2010.01693.x

Meihls, L. N., Handrick, V., Glauser, G., Barbier, H., Kaur, H., Haribal, M. M.,
et al. (2013). Natural variation in maize aphid resistance is associated with
2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one glucoside methyltransferase
activity. Plant Cell 25, 1–16. doi: 10.1105/tpc.113.112409

Mertens, D., Boege, K., Kessler, A., Koricheva, J., Thaler, J. S., Whiteman, N. K.,
et al. (2021). Predictability of biotic stress structures plant defence evolution.
Trends Ecol. Evol. 36, 444–456. doi: 10.1016/j.tree.2020.12.009

Migui, S. M., and Lamb, R. J. (2003). Patterns of resistance to three cereal aphids
among wheats in the genus Triticum (Poaceae). Bull. Entomol. Res. 93, 323–333.
doi: 10.1079/BER2003246

Mijares, V., Meihls, L. N., Jander, G., and Tzin, V. (2013). Near-isogenic lines
for measuring phenotypic effects of DIMBOA-Glc methyltransferase activity in
maize. Plant Signal. Behav. 8:e26779. doi: 10.4161/psb.26779

Mitchell, C., Brennan, R. M., Graham, J., and Karley, A. J. (2016). Plant
defense against herbivorous pests: exploiting resistance and tolerance traits for
sustainable crop protection. Front. Plant Sci. 7:1132. doi: 10.3389/fpls.2016.
01132

Nalam, V., Isaacs, T., Moh, S., Kansman, J., Finke, D., Albrecht, T., et al. (2020).
Diurnal feeding as a potential mechanism of osmoregulation in aphids. Insect
Sci. 28, 521–532. doi: 10.1111/1744-7917.12787

Nalam, V., Louis, J., Patel, M., and Shah, J. (2018). Arabidopsis-green peach aphid
interaction: rearing the insect, no-choice and fecundity assays, and electrical
penetration graph technique to study insect feeding behavior. Bio-protocol
8:e2950. doi: 10.21769/BioProtoc.2950

Nawrath, C., Heck, S., Parinthawong, N., and Métraux, J. P. (2002). EDS5, an
essential component of salicylic acid-dependent signaling for disease resistance
in arabidopsis, is a member of the MATE transporter family. Plant Cell 14,
275–286. doi: 10.1105/tpc.010376

Neal, A. L., Ahmad, S., Gordon-Weeks, R., and Ton, J. (2012). Benzoxazinoids in
root exudates of maize attract Pseudomonas putida to the rhizosphere. PLoS One
7:e35498. doi: 10.1371/journal.pone.0035498

Nevo, E., Korol, A. B., Beiles, A., and Fahima, T. (2002). “Wild emmer, triticum
dicoccoides,wheat progenitor: origin and evolution,” in Evolution of Wild
Emmer and Wheat Improvement: Population Genetics, Genetic Resources, and
Genome Organization of Wheat’s Progenitor, Triticum dicoccoides, eds E. Nevo,
A. B. Korol, A. Beiles, and T. Fahima (Berlin: Springer), 11–17. doi: 10.1007/
978-3-662-07140-3_2

Niculaes, C., Abramov, A., Hannemann, L., and Frey, M. (2018). Plant protection
by benzoxazinoids—recent insights into biosynthesis and function. Agronomy
8:143. doi: 10.3390/agronomy8080143

Niemeyer, H. M. (1988). Hydroxamic acids (4-hydroxy-1,4-benzoxazin-3-ones),
defence chemicals in the gramineae. Phytochemistry 27, 3349–3358. doi: 10.
1016/0031-9422(88)80731-80733

Niemeyer, H. M. (2009). Hydroxamic acids derived from 2-hydroxy-2H-1,4-
Benzoxazin-3(4H)-one: key defense chemicals of cereals. J. Agric. Food Chem.
57, 1677–1696. doi: 10.1021/jf8034034

Nomura, T., Ishihara, A., Yanagita, R. C., Endo, T. R., and Iwamura, H. (2005).
Three genomes differentially contribute to the biosynthesis of benzoxazinones
in hexaploid wheat. Proc. Natl. Acad. Sci. U S A. 102, 16490–16495. doi: 10.1073/
pnas.0505156102

Nomura, T., Nasuda, S., Kawaura, K., Ogihara, Y., Kato, N., Sato, F., et al. (2008).
Structures of the three homoeologous loci of wheat benzoxazinone biosynthetic
genes TaBx3 and TaBx4 and characterization of their promoter sequences.
Theor. Appl. Genet. 116, 373–381. doi: 10.1007/s00122-007-0675-671

Oikawa, A., Ishihara, A., Tanaka, C., Mori, N., Tsuda, M., and Iwamura, H. (2004).
Accumulation of HDMBOA-Glc is induced by biotic stresses prior to the
release of MBOA in maize leaves. Phytochemistry 65, 2995–3001. doi: 10.1016/
j.phytochem.2004.09.006

Peng, J., Richards, D. E., Hartley, N. M., Murphy, G. P., Devos, K. M., Flintham,
J. E., et al. (1999). ‘Green revolution’ genes encode mutant gibberellin response
modulators. Nature 400, 256–261. doi: 10.1038/22307

Pérez-Estrada, L. B., Cano-Santana, Z., and Oyama, K. (2000). Variation in leaf
trichomes of Wigandia urens: environmental factors and physiological
consequences. Tree Physiol. 20, 629–632. doi: 10.1093/treephys/20.
9.629

Frontiers in Plant Science | www.frontiersin.org 16 June 2021 | Volume 12 | Article 667820

https://doi.org/10.1007/BF00021894
https://doi.org/10.1007/BF02066233
https://doi.org/10.1111/j.1365-313X.2011.04740.x
https://doi.org/10.1111/j.1365-313X.2011.04740.x
https://doi.org/10.1016/j.bbabio.2016.07.007
https://doi.org/10.1016/j.bbabio.2016.07.007
https://doi.org/10.3389/fpls.2020.598483
https://doi.org/10.3389/fpls.2020.598483
https://doi.org/10.1111/j.0307-6946.2005.00699.x
https://doi.org/10.1111/j.0307-6946.2005.00699.x
https://doi.org/10.1016/j.phytochem.2018.10.012
https://doi.org/10.1016/j.phytochem.2018.10.012
https://doi.org/10.1242/jeb.060913
https://doi.org/10.1242/jeb.060913
https://doi.org/10.1146/annurev.arplant.59.032607.092825
https://doi.org/10.1126/science.aat4082
https://doi.org/10.1146/annurev-phyto-080614-120254
https://doi.org/10.1146/annurev-phyto-080614-120254
https://doi.org/10.1007/s00442-017-3998-x
https://doi.org/10.1242/jeb.205.19.3009
https://doi.org/10.1111/nph.12218
https://doi.org/10.1093/jee/60.6.1529
https://doi.org/10.1093/jxb/err373
https://doi.org/10.1186/s40168-019-0677-677
https://doi.org/10.1021/jf000229y
https://doi.org/10.1093/jxb/erz163
https://doi.org/10.1021/acsami.6b02253
https://doi.org/10.1111/j.1365-2745.2010.01693.x
https://doi.org/10.1105/tpc.113.112409
https://doi.org/10.1016/j.tree.2020.12.009
https://doi.org/10.1079/BER2003246
https://doi.org/10.4161/psb.26779
https://doi.org/10.3389/fpls.2016.01132
https://doi.org/10.3389/fpls.2016.01132
https://doi.org/10.1111/1744-7917.12787
https://doi.org/10.21769/BioProtoc.2950
https://doi.org/10.1105/tpc.010376
https://doi.org/10.1371/journal.pone.0035498
https://doi.org/10.1007/978-3-662-07140-3_2
https://doi.org/10.1007/978-3-662-07140-3_2
https://doi.org/10.3390/agronomy8080143
https://doi.org/10.1016/0031-9422(88)80731-80733
https://doi.org/10.1016/0031-9422(88)80731-80733
https://doi.org/10.1021/jf8034034
https://doi.org/10.1073/pnas.0505156102
https://doi.org/10.1073/pnas.0505156102
https://doi.org/10.1007/s00122-007-0675-671
https://doi.org/10.1016/j.phytochem.2004.09.006
https://doi.org/10.1016/j.phytochem.2004.09.006
https://doi.org/10.1038/22307
https://doi.org/10.1093/treephys/20.9.629
https://doi.org/10.1093/treephys/20.9.629
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-667820 June 23, 2021 Time: 18:6 # 17

Singh et al. Effectiveness of Plant Defense Mechanisms

Platková, H., Skuhrovec, J., and Saska, P. (2020). Antibiosis to Metopolophium
dirhodum (Homoptera: Aphididae) in spring wheat and emmer cultivars.
J. Econ. Entomol. 113, 2979–2985. doi: 10.1093/jee/toaa234

Pont, C., Leroy, T., Seidel, M., Tondelli, A., Duchemin, W., Armisen, D., et al.
(2019). Tracing the ancestry of modern bread wheats. Nat. Genet. 51, 905–911.
doi: 10.1038/s41588-019-0393-z

Rabbinge, R., Drees, E. M., van der Graaf, M., Verberne, F. C. M., and Wesselo, A.
(1981). Damage effects of cereal aphids in wheat. Netherlands J. Plant Pathol.
87, 217–232. doi: 10.1007/BF02084437

Riddick, E. W., and Simmons, A. M. (2014). Do plant trichomes cause more harm
than good to predatory insects? Pest Manag. Sci. 70, 1655–1665. doi: 10.1002/
ps.3772

Roberts, J. J., and Foster, J. E. (1983). Effect of leaf pubescence in wheat on the
bird cherry oat aphid (Homoptera: Aphidae). J. Econ. Entomol. 76, 1320–1322.
doi: 10.1093/jee/76.6.1320

Sarria, E., Cid, M., Garzo, E., and Fereres, A. (2009). Excel Workbook for automatic
parameter calculation of EPG data. Comput. Electron. Agric. 67, 35–42. doi:
10.1016/j.compag.2009.02.006

Sato, Y., and Kudoh, H. (2015). Tests of associational defence provided by hairy
plants for glabrous plants of Arabidopsis halleri subsp. gemmifera against insect
herbivores. Ecol. Entomol. 40, 269–279. doi: 10.1111/een.12179

Schullehner, K., Dick, R., Vitzthum, F., Schwab, W., Brandt, W., Frey, M., et al.
(2008). Benzoxazinoid biosynthesis in dicot plants. Phytochemistry 69:2668.
doi: 10.1016/j.phytochem.2008.08.023

Schwarzkopf, A., Rosenberger, D., Niebergall, M., Gershenzon, J., and Kunert, G.
(2013). To feed or not to feed: plant factors located in the epidermis, mesophyll,
and sieve elements influence pea aphid’s ability to feed on legume species. PLoS
One 8:e75298. doi: 10.1371/journal.pone.0075298

Shavit, R., Batyrshina, Z. S., Dotan, N., and Tzin, V. (2018). Cereal aphids
differently affect benzoxazinoid levels in durum wheat. PLoS One 13:e0208103.
doi: 10.1371/journal.pone.0208103

Shewry, P. R., and Hey, S. J. (2015). The contribution of wheat to human diet and
health. Food Energy Secur. 4, 178–202. doi: 10.1002/fes3.64

Stukkens, Y., Bultreys, A., Grec, S., Trombik, T., Vanham, D., and Boutry,
M. (2005). NpPDR1, a pleiotropic drug resistance-type ATP-binding cassette
transporter from Nicotiana plumbaginifolia, plays a major role in plant
pathogen defense. Plant Physiol. 139, 341–352. doi: 10.1104/pp.105.062372

Tetyuk, O., Benning, U. F., and Hoffmann-Benning, S. (2013). Collection and
analysis of Arabidopsis phloem exudates using the EDTA-facilitated method. J.
Vis. Exp. 2013:51111. doi: 10.3791/51111

Tjallingii, W., and Esch Hogen, T. (1993). Fine structure of aphid stylet routes in
plant tissues in correlation with EPG signals. Physiol. Entomol. 18, 317–328.
doi: 10.1111/j.1365-3032.1993.tb00604.x

Tjallingii, W. F. (1978). Electronic recording of penetration behaviour by aphids.
Entomol. Exp. Appl. 24:721. doi: 10.1111/j.1570-7458.1978.tb02836.x

Traw, M. B., and Bergelson, J. (2003). Interactive effects of jasmonic acid, salicylic
acid, and gibberellin on induction of trichomes in Arabidopsis. Plant Physiol.
133, 1367–1375. doi: 10.1104/pp.103.027086

Valkama, E., Salminen, J. P., Koricheva, J., and Pihlaja, K. (2004). Changes in leaf
trichomes and epicuticular flavonoids during leaf development in three birch
taxa. Ann. Bot. 94, 233–242. doi: 10.1093/aob/mch131

van Helden, M., and Tjallingii, W. F. (2000). “Experimental design and analysis
in EPG experiments with emphasis on plant resistance research,” in Principles
and Applications of Electronic Monitoring and other Techniques in the Study
of Homopteran Feeding Behavior: Proceedings of the Symposium at the XIX
International Congress of Entomology, eds G. P. Walker and E. A. Backus
(Beijing: Thomas Say Publications in Entomology), 144–172.

War, A. R., Paulraj, M. G., Ahmad, T., Buhroo, A. A., Hussain, B., Ignacimuthu,
S., et al. (2012). Mechanisms of plant defense against insect herbivores. Plant
Signal. Behav. 7, 1306–1320. doi: 10.4161/psb.21663

Werker, E. (2000). Trichome diversity and development. Adv. Botan. Res. 31, 1–35.
doi: 10.1016/s0065-2296(00)31005-9

Wouters, F. C., Blanchette, B., Gershenzon, J., and Vassão, D. G. (2016).
Plant defense and herbivore counter-defense: benzoxazinoids and insect
herbivores. Phytochem. Rev. 15, 1127–1151. doi: 10.1007/s11101-016-9481-
9481

Yan, F., Liang, X., and Zhu, X. (1999). The role of DIMBOA on the feeding of Asian
corn borer, Ostrinia furnacalis (Guenee) (Lep., Pyralidae). J. Appl. Entomol. 123,
49–53. doi: 10.1046/j.1439-0418.1999.00304.x

Zadoks, J. C., Chang, T. T., and Konzak, C. F. (1974). A decimal code for the
growth stages of cereals. Weed Res. 14, 415–421. doi: 10.1111/j.1365-3180.1974.
tb01084.x

Zhou, S., Richter, A., and Jander, G. (2018). Beyond defense: multiple functions
of benzoxazinoids in maize metabolism. Plant Cell Physiol. 59, 1528–1537.
doi: 10.1093/pcp/pcy064

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Singh, Dilkes, Sela and Tzin. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 17 June 2021 | Volume 12 | Article 667820

https://doi.org/10.1093/jee/toaa234
https://doi.org/10.1038/s41588-019-0393-z
https://doi.org/10.1007/BF02084437
https://doi.org/10.1002/ps.3772
https://doi.org/10.1002/ps.3772
https://doi.org/10.1093/jee/76.6.1320
https://doi.org/10.1016/j.compag.2009.02.006
https://doi.org/10.1016/j.compag.2009.02.006
https://doi.org/10.1111/een.12179
https://doi.org/10.1016/j.phytochem.2008.08.023
https://doi.org/10.1371/journal.pone.0075298
https://doi.org/10.1371/journal.pone.0208103
https://doi.org/10.1002/fes3.64
https://doi.org/10.1104/pp.105.062372
https://doi.org/10.3791/51111
https://doi.org/10.1111/j.1365-3032.1993.tb00604.x
https://doi.org/10.1111/j.1570-7458.1978.tb02836.x
https://doi.org/10.1104/pp.103.027086
https://doi.org/10.1093/aob/mch131
https://doi.org/10.4161/psb.21663
https://doi.org/10.1016/s0065-2296(00)31005-9
https://doi.org/10.1007/s11101-016-9481-9481
https://doi.org/10.1007/s11101-016-9481-9481
https://doi.org/10.1046/j.1439-0418.1999.00304.x
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1093/pcp/pcy064
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	The Effectiveness of Physical and Chemical Defense Responses of Wild Emmer Wheat Against Aphids Depends on Leaf Position and Genotype
	Introduction
	Materials and Methods
	Plant Genetic Material
	Plant Growth and Aphid-Rearing Conditions
	Aphid Bioassays
	Non-glandular Trichome Density Analysis
	Benzoxazinoid Extraction and Analysis From Whole Leaves
	Phloem Sap Collection for Benzoxazinoid Analysis
	Measuring Feeding Patterns Using an Electrical Penetration Graph
	Statistical Analysis

	Results
	Variation in Aphid Reproduction in the Wild Emmer Wheat Population
	Leaf Position Affects Aphid Progeny
	Trichome Density Varies Across Leaf Position
	Chemical Defensive Compounds: Constitutive and Inducible Benzoxazinoid Levels in the Whole Leaf
	Benzoxazinoid Abundance in Wheat Phloem Sap
	The Effect of Leaf Position on Aphid Feeding Behavior

	Discussion
	Rhopalosiphum padi Aphids Prefer to Feed on Old, Less Protected Wheat Leaves
	The Constitutive Levels of the Trichomes, DIMBOA, and DIM2BOA-Glc Are the Main Factors That Determine Aphid Performance
	Trichome Density Is a More Effective Defense Than BXDs
	The Benzoxazinoids Have Different Abundance Levels in the Phloem Sap Than in the Whole Leaf
	Wild Emmer Wheat Germplasm Can Be Used for Improving Aphid-Resistance Traits

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


