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Abstract: In agroecosystems, plants frequently confront multiple biotic stressors, including herbivores
and pathogens. The nature of these interactions plays a crucial role in mediating the activation of
plant defense mechanisms. However, induction of plant chemical defenses has been more well
studied than the induction of physical defenses. Here, we assessed the physical and chemical defense
responses of pea (Pisum sativum) plants after exposure to three stressors: a vector herbivore (pea
aphid, Acrythosiphon pisum), a non-vector herbivore (pea leaf weevil, Sitona lineatus), and a virus
(Pea enation mosaic virus, PEMV). We used various histochemical staining techniques show that
viruliferous A. pisum (transmitting PEMV) strongly induced callose deposition (aniline blue staining)
and antioxidant-mediated defenses (DAB and NBT staining) in peas, primarily through accumulating
reactive oxygen species (ROS). High-throughput phenotyping showed that viruliferous aphids
reduced plant photosynthetic efficiency, but plants infected with PEMV had increased cell death
(trypan blue staining). However, herbivory by aphids and weevils did not strongly induce defenses
in peas, even though weevil feeding significantly reduced pea leaf area. These results show that not
all herbivores induce strong defensive responses, and plant responses to vector species depends on
their virus infection status. More broadly, our results indicate that variable stressors differentially
regulate various plant responses through intricate chemical and physical defense pathways.

Keywords: plant defense; callose deposition; reactive oxygen species; biotic stressors; phenotyping;
cell death; photosynthetic efficiency

1. Introduction

Plants use diverse chemical and physical defenses to counter stress from herbivores
and pathogens [1–4]. Concurrent exposure to multiple stressors can influence plant re-
sponses, based on the stressors involved, the attack order, and environmental context [5–7].
For example, when plants experience herbivory, anti-herbivore chemical defense pathways
are often induced due to production of hormones such as jasmonic acid and ethylene, while
pathogen infections activate anti-pathogen mediated defenses by inducing hormones such
as salicylic acid and abscisic acid [7]. However, activation of one hormonal pathway can
hinder the other, known as “hormonal cross-talk” [5,8]. While many studies have assessed
plant hormonal cross-talk in response to biotic stressors, far fewer studies examine the
induction of non-hormonal or physical defenses.

Apart from chemical defenses mediated by phytohormone pathways, plants chal-
lenged by herbivores and pathogens often induce physical defenses, such as callose deposi-
tion [9,10]. Callose, a β-1,3-glucan polysaccharide with β-1,6-branches, is synthesized as a
part of the cell wall, and plays a key role in physical defense against biotic stressors [11].
For example, the permeability of cell walls can be regulated through callose deposition
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to prevent the entry of attackers such as phloem-feeding insects; plants can thus increase
callose deposition at locations where pest feeding is occurring [12]. Similarly, infection by
phloem-limited pathogens, including vector-borne viruses, also enhances callose deposition
as a physical barrier to future feeding from the vector insect [13]. Plants produce other
non-hormonal defenses to counter biotic stress, including antioxidant mediated defenses
that neutralize reactive oxygen species as well as cell death that can limit the proliferation
of pathogens within plant tissue [14–16]. ROS generation in plants is triggered by various
biotic and abiotic stressors. ROS (e.g., H2O2, O2

•−, etc.) are produced permanently in
various cellular compartments including chloroplasts, mitochondria, peroxisomes, etc.
Overproduction of ROS causes oxidative stress, leading to photooxidative damage to vari-
ous cellular components, and ultimately, cell death [17]. Hence, plants have evolved various
ROS-detoxifying mechanisms including various antioxidant enzymes (e.g., superoxide
dismutases, catalases, peroxidases, etc.) to harmlessly neutralize damage caused by ROS
overproduction [13].

In addition to inducing plant physical and chemical defenses, biotic stressors affect
many plant traits that can be visualized using techniques such as high-throughput phe-
notyping, which uses various automated cameras to monitor plant phenotypes [18,19].
For example, red–green–blue cameras in a high-throughout phenotyping system allow
rapid acquisition of high-resolution images to assess plant leaf area. Florescent cameras
can measure chlorophyll fluorescence, an indicator of photosynthetic efficiency, which can
be altered by both herbivores and pathogens [20,21]. High-throughput phenotyping may
thus be a complement to more traditional analyses of plant chemical defense, such as gene
expression studies or hormone analysis.

PEMV is transmitted by aphids in non-persistent manner, and damage to pea plants
and other legumes due to the vector A. pisum is mostly caused by their ability to transmit
viruses such as PEMV, Pea streak virus, and Bean leafroll virus [22,23]. Pea aphids acquire
PEMV and other viruses from perennial legume hosts and agricultural weeds and move
into commercial crop plant fields when these unmanaged hosts dry out during the summer,
during which virus transmission to crops can occur [22]. Sitona lineatus adults also typically
overwinter on weedy legume hosts outside of pea fields, and adult weevils migrate into crop
fields in late spring, typically arriving before the first generation of pea aphid adults [24].
Pea leaf weevil adults feed on pea leaves before laying eggs, and after these eggs hatch, S.
lineatus larvae burrow into the soil to feed on roots and eventually pupate before emerging
as adults in the middle of the summer [24]. These second-generation adults often occur
on plants that may already be under attack from pea aphids and PEMV [25]. Due to these
life cycles of pea aphids and pea leaf weevils, first-generation pea leaf weevil adults can
often arrive on pea plants prior to pea aphids, while second-generation pea leaf weevil
adults often arrive on plants already infested by aphids. Our prior work has shown that
the diversity of these biotic stressors on legume plants, and the order in which they arrive
on host plants, can differentially alter plant hormonal responses and crop yield [7].

Here, we assessed the responses of a legume host (dry pea, Pisum sativum) to biotic
stress by assessing interactions with a vector piercing-sucking insect (pea aphid, Acry-
thosiphon pisum), a non-vector chewing insect (pea leaf weevil, Sitona lineatus), and an
aphid-borne virus (Pea-enation mosaic virus, PEMV). Recent studies show that the type of
stressors, and their order of attack on plants, can alter the regulation of phytohormone-
mediated defense and nutritional status [7]. However, the effects of biotic stress on legume
physical defenses and other phenotypic traits remain largely unknown. We used exper-
iments and various analyses to assess effects of various biotic stressors on physical and
chemical defenses such as callose deposition or antioxidant-mediated defense, and traits
including leaf area and chlorophyll fluorescence. Our study shows that the diversity of
stressors present on a plant can alter both chemical and physical defenses that are mediated
through complex species interactions within crop systems.
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2. Materials and Methods
2.1. Study Systems and Experimental Conditions

The Palouse region of eastern Washington and northern Idaho, United States of
America (USA), is a large producer of cool-season grain legumes including peas (P. sativum),
garbanzo beans (Cicer arietinum), and lentils (Lens culinaris) [26]. In this region, where most
agricultural fields do not use irrigation, legume crops are threatened by several herbivores
and pathogens, including the chewing herbivore pea leaf weevil S. lineatus, the vector
aphid A. pisum, and the viral pathogen Pea enation mosaic virus (PEMV) [7,25]. In addition
to the dominant legume crops grown in the region (pea, lentil, garbanzo beans), PEMV
infects alternative legume crops and weeds like alfalfa (Medicago sativa), yellow sweet clover
(Melilotus officinalis), white sweet clover (Melilotus albus), wild white clover (Trifolium repens),
common vetch (Vicia sativa), hairy vetch (Vicia villosa), and broad bean (Vicia faba) [22].

In this study, to assess how various attacking organisms affect the physical defense and
other traits of pea plants, assays were conducted to assess interactions between pea aphid,
pea leaf weevil, and PEMV on spring pea. First-generation adult pea leaf weevils were
collected from nearby pea fields under cultivation, or from wild patches of weedy hairy
vetch (V. villosa), two or three days before the experiments began; these adults were stored
in plastic buckets in a 4 ◦C incubator until experiments began. Colonies of PEMV-infectious
and non-viruliferous pea aphids were initially established from field-collected adults [25]
and were maintained on pea plants in a greenhouse (21–24 ◦C during light, 16–18 ◦C during
dark, 16:8 h light:dark).

The prevalence of PEMV in both colonies was confirmed via reverse-transcription
PCR using PEMV-CP-specific primers (Table 1) designed from conserved regions of CP
from multiple isolates of PEMV [25,27]. We collected adult aphids from both colonies in
microfuge tubes, froze them in liquid nitrogen, and stored samples at −80 ◦C until use.
Aphid tissue was ground in sterile conditions with a micro-pestle and liquid nitrogen. We
completed RNA extraction using Promega SV total RNA isolation kits (Promega, Madison,
WI, USA). cDNA was synthesized from 1 µg of total RNA using Bio-Rad iScript cDNA
synthesis kits, and PCR was carried out using DreamTaq Green PCR Master Mix (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) and PEMV primers for the coat protein (see
Table 1). We sampled 100 aphids from each colony every 2 months since 2019; over 90% of
aphids in the PEMV colony were viruliferous, and 0% in the non-viruliferous colony had
PEMV. While not every aphid in the PEMV colony was viruliferous, the high prevalence
of PEMV ensured the virus was present in treatments where many aphids were added to
plants, while the lack of PEMV in the non-viruliferous colony ensured sham aphids did not
transmit PEMV.

Table 1. Primer pair used in this study.

Gene Primer Sequences (5′-3′) Amplicon Size (bp)

PEMP CP Fp
PEMP CP Rp

GTGGTGGCACCCTCTATG
GTGTCCACATGGTAGGCTATG 290

2.2. Experimental Setup

Fully grown 2-week-old pea plants (cv. Banner) were subjected to one of six treatments
of biotic stress: (i) control (no treatment); (ii) non-viruliferous (sham) pea aphids; (iii) virulif-
erous (transmitting PEMV) pea aphids; (iv) two adult pea leaf weevils; (v) non-viruliferous
pea aphids + two adult pea leaf weevils; and (vi) viruliferous pea aphids + two adult pea
leaf weevils. For all of the treatments with pea leaf weevils, two adults were removed from
the incubator before the experiments, and kept at 21–24 ◦C for 6 h before being placed on
individual pea plants to feed for 48 h; after this period, they were removed by hand. For
aphid treatments, both viruliferous and non-viruliferous adults of the same age (5 d old)
were obtained from their respective colonies, and five individuals of a particular colony
were placed on pea leaves inside mesh clip cages. To ensure uniformity and reliability
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of the samples, leaves for aphid treatments were caged from the stem at the same node
on all experimental plants across all treatments. After 48 h of pea aphid infestation, the
cages were removed, and all of the adult pea aphids (and any nymphs that were present
due to reproduction) were gently displaced using a paint brush. A separate set of plants
was used to collect leaves 3 d and 7 d after pea aphid or pea leaf weevil removal through
destructive sampling. The treated leaves were removed and collected in 6-well cell culture
plates (Southern Labware, Cumming, GA, USA). These samples were subsequently used
for various staining procedures to measure pea plant physical defenses such as callose
deposition, reactive oxygen species’ production, and cell death. Additionally, the pea plant
leaves were analyzed using high-throughput phenotyping to measure average leaf area
and chlorophyll fluorescence (a measure of photosynthetic efficiency). The experiment was
performed in two separate blocks, and there were six biological replicates per treatment in
each block at both time points.

2.3. Detection of Callose Deposition

Detached pea leaves from the experiment were fixated in 6-well cell culture plates and
destained overnight in a 1:3 acetic acid–ethanol solution until the leaves became transparent.
If necessary, the saturated destaining solution was replaced. The fixated and destained pea
leaves were washed thoroughly in 150 mM K2HPO4 for 30 min, followed by incubation
in the staining solution (i.e., 150 mM K2HPO4 and 0.01% aniline blue for at least 2 h) [28].
To protect samples from light degradation, the 6-well cell culture plates were wrapped in
aluminum foil during the incubation process. After incubation, the leaves were embedded
in 50% glycerol before analysis to allow for a prolonged observation time and reduce
disturbances caused by air bubbles. Callose depositions in the pea leaves were quantified
using a fluorescence microscope (ZEISS SteREO Discovery V8, Carl Zeiss Microscopy, Jena,
Germany) using a 4′,6-diamidino-2-phenylindole (DAPI) filter and a 300 ms exposure
time. The optimal excitation and the emission maximum wavelengths for aniline blue are
370 nm and 509 nm, respectively. Zeiss AxioVision 3.0 software was used for analyses, and
the images were acquired with a resolution of 1300 × 1030 pixels. The images were left
untreated except for brightness adjustments, and were visualized under microscopy to
detect callose depositions.

2.4. Detection of Reactive Oxygen Species

To detect the production of various reactive oxygen species components (e.g., H2O2,
O2
•−, etc.) in the pea leaf tissues, we used DAB (3,3′-Diaminobenzidine) staining to

indicate H2O2 content, and NBT (nitro blue tetrazolium chloride) staining to indicate O2
•−

content [29]. For both analyses, pea leaf samples were immersed in a 1 mM DAB or NBT
solution, respectively, prepared in 10 mM phosphate buffer (pH 7.8) at room temperature
in the dark for 8 h to prevent light degradation. Once blue spots appeared, the non-specific
pigments were removed from the leaves by boiling them in 75% ethanol for 5 min. Leaves
were then photographed with a digital camera, and the intensity of the color in the NBT- or
DAB-stained area was visually observed to qualitatively measure the extent of deposition
of H2O2 or O2

•− accumulation. Experiments were repeated two times, and the staining
intensity was measured in 6 leaf samples for each repetition.

2.5. Detection of Cell Death in Peas

Dead cells resulting from the cell death due to various combinations of biotic stressors
were visually detected using trypan blue staining, following the method described by
Mason et al. [30]. Briefly, detached pea leaves were stained in a 6-well cell culture plate
by adding staining solution containing 0.04% lactophenol-trypan blue solution (Sigma-
Aldrich, St. Louis, MO, USA) dissolved in 10 mL of distilled water and diluted 1:1 with
ethanol. The leaves were then boiled in the solution for 1 min before incubation in the
staining solution for 5 to 10 min. Subsequently, the leaves were removed from the staining
solution and placed in a 10 mL de-staining solution (3:1 85% ethanol:glacial acetic acid) for
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2 h on an orbital shaker. After the initial de-staining process, the detached leaf samples
were further de-stained overnight using a fresh de-staining solution. Samples were then
examined under a microscope to detect cell death.

2.6. High-Throughput Phenotyping

Detached leaves from pea plants exposed to the various treatments were collected
at 3 d or 7 d after the removal of pea aphids and/or pea leaf weevils. A separate set of
plants was used for each time point to reduce possible sampling effects on plant responses.
The leaf samples were then subjected to high-throughput phenotyping for measurement
of average leaf area and chlorophyll fluorescence. High-throughput phenotyping was
conducted in the PhenoCenter in the Department of Plant Pathology at Washington State
University (Pullman, WA, USA) using LemnaTec High Throughput plant phenotyping
scanalyzer (LemnaTec, Aachen, Germany). Both visible (red–green–blue) and fluorescent
cameras were used to capture the images of the leaves. The raw images captured by the
red–green–blue camera were used to calculate the average leaf area from 6 leaves per plant,
while chlorophyll fluorescence data were derived from images using the fluorescent camera.
We used an ANOVA to assess leaf area across the various treatments, and a comparison of
chlorophyll fluorescence was performed qualitatively among all treatments at 3 and 7 d
post pea aphid and/or pea leaf weevil removal.

3. Results
3.1. Differential Callose and Reactive Oxygen Species Responses of Pea Plants to Biotic Stressors

Viruliferous pea aphids induced a significant increase in callose in pea leaves collected
7 d after aphids were removed, regardless of the presence of pea leaf weevils, compared to
the treatments with sham pea aphids or pea leaf weevils alone (Figure 1). However, these
effects were not seen in pea leaves collected 3 d after viruliferous pea aphids were removed,
suggesting that treatments took a week to manifest (Figure 1).
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Figure 1. Callose deposition visualized using aniline blue staining. Leaves were collected from
2-week-old peas at 3- and 7 days post infection (dpi) with various combinations of biotic stressors
(C = control; SA = non-viruliferous [sham] pea aphid; PA = viruliferous pea aphid; W = weevil;
WSA = weevil + sham aphid; WPA = weevil + viruliferous pea aphid). Callose spots (white) on a
blue background were observed under microscopy following 0.01% aniline blue staining.
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Similarly, accumulation of reactive oxygen species (e.g., H2O2) was highest in leaf
samples collected 7 d after pea aphid removal in leaves infested with viruliferous pea
aphids, and this effect was amplified on pea leaves with pea leaf weevils compared to
plants only attacked by viruliferous pea aphids. However, leaves collected only 3 d after the
removal of viruliferous pea aphids, and leaves collected at 3 and 7 d after the removal of non-
viruliferous pea aphids, showed lower reactive oxygen species accumulation, irrespective
of the presence of pea leaf weevils (Figure 2).
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Figure 2. Detection of H2O2 with 3,3′-diaminobenzidine (DAB) staining. Leaves were collected from
2-week-old peas at 3 d and 7 d post infection (dpi) with various combinations of biotic stressors
(C = control; SA = non-viruliferous [sham] pea aphid; PA = viruliferous pea aphid; W = weevil;
WSA = weevil + sham aphid; WPA = weevil + viruliferous pea aphid). In the stained leaf tissues,
H2O2 was visualized as reddish-brown coloration under microscopy.

Solo herbivory by pea leaf weevils did not significantly affect callose deposition or
reactive oxygen species accumulation compared to the control treatment (Figures 1 and 2).
All of the stressors induced super oxides (O2

•−), but the greatest induction occurred in
treatments with viruliferous pea aphids (with or without pea leaf weevil herbivory) com-
pared to the control or sham pea aphid treatments (Figure 3). Moreover, the accumulation
of super oxides increased over time after exposure to any of the biotic stressors (greater
values at 7 d compared to 3 d post pea aphid or pea leaf weevil removal, Figure 3).
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Figure 3. Nitro blue tetrazolium chloride (NBT) staining for the detection of reactive oxygen species
(O2
•−) from detached pea leaves in response to various combinations of biotic stressors (C = control;

SA = non-viruliferous [sham] pea aphid; PA = viruliferous pea aphid; W = weevil; WSA = weevil +
sham aphid; WPA = weevil + viruliferous pea aphid) at early and late time points (3 dpi and 7 dpi).

3.2. Effects of Biotic Stressors on Cell Death in Pea Plants

Similar to the deposition of callose and accumulation of reactive oxygen species, pea
leaf samples collected 7 d after the removal of viruliferous pea aphids showed significantly
higher levels of cell death compared to control or sham pea aphid treatments, regardless
of the presence or absence of pea leaf weevil herbivory. However, effects of viruliferous
pea aphids on cell death were not different from any other treatments at 3 d post removal.
All other treatments besides viruliferous pea aphids exhibited relatively low levels of cell
death induction that did not differ from control treatments (Figure 4). The extent of dead
cells resulting from cell death was lower in all 3 d post addition samples (compared to
7 d post addition), with only pea leaf samples infested by viruliferous pea aphids in the
presence of pea leaf weevils showing greater numbers of dead spots compared to other
treatments (Figure 4).
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Figure 4. Detecting dead cells generated from cell death visualized using trypan blue staining. Leaves
were collected from 2-week-old peas at 3 d and 7 d post infection (dpi) with various combinations of
biotic stressors (C = control; SA = non-viruliferous [sham] pea aphid; PA = viruliferous pea aphid;
W = weevil; WSA = weevil + sham aphid; WPA = weevil + viruliferous pea aphid). Cell death was
observed as blue patches under microscopy.

3.3. High-Throughput Phenotyping for Measuring Leaf Area and Chlorophyll Fluorescence

Using high-throughput phenotyping with red–green–blue and fluorescent imaging
cameras, we observed a significant reduction in leaf area in detached pea leaf samples
exposed to biotic stressors at both time points (3 and 7 d after pea aphid and/or pea
leaf weevil removal). At 3 d post removal, treatments involving pea leaf weevil herbivory
combined with viruliferous pea aphids had a significantly smaller leaf area compared to any
of the other treatments such as sham pea aphids or controls (ANOVA, F5,30 = 7.53, P < 0.001,
Figure 5A). Similarly, at 7 d post removal, all different treatments except for viruliferous
pea aphids had a significant impact on average leaf area (ANOVA, F5,30 = 17.02, P < 0.001).
The presence of pea leaf weevils, with or without pea aphid treatments (both sham and
viruliferous pea aphids), caused substantial reductions in leaf area due to leaf defoliation
(Figure 5C). Moreover, chlorophyll fluorescence decreased (indicating lower leaf greenness)
in detached leaves collected 3 d after viruliferous pea aphids were removed compared
to the other treatments. However, pea leaf weevil herbivory did not reduce greenness
at 3 d post removal (ANOVA, F5,30 = 911.2, P < 0.001; Figure 5B). At 7 d post removal,
treatments combining viruliferous pea aphids and pea leaf weevils had reduced chlorophyll
fluorescence. The greatest effect was observed in leaves treated with viruliferous pea aphids,
while treatments with pea leaf weevils showed more muted effects (ANOVA, F5,30 = 20.62,
P < 0.001; Figure 5D).
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Figure 5. (A) High-throughput phenotyping (HTP) analysis of average leaf area from detached pea
leaves 3 days post infection (dpi); (B) HTP analysis of chlorophyll fluorescence from detached pea
leaves 3 dpi; (C) HTP analysis of average leaf area from detached pea leaves 7 dpi; (D) HTP analysis
of chlorophyll fluorescence from detached pea leaves 7 dpi. These HTP analyses were all in response
to various combinations of biotic stressors (C = control; SA = non-viruliferous [sham] pea aphid;
PA = viruliferous pea aphid; W = weevil; WSA = weevil + sham aphid; WPA = weevil + viruliferous
pea aphid). The analysis was performed using two different cameras (RGB and fluorescent). Bars
not connected by the same letter indicate significant differences based on post hoc tests from the
individual ANOVA models (Tukey’s HSD tests).

4. Discussion

Understanding how interactions between plants and various biotic stressors affect
plant chemical and physical defenses, as well as phenotypic traits such as leaf area and
photosynthetic efficiency, is key to comprehending how herbivores and pathogens may
affect plant productivity in agricultural and natural systems. Many prior studies show
that the regulation of plant defense responses and plant phenotypic traits are influenced
by the diversity and traits of the attacking stressors [7,31,32]. In this study, we build on
this body of literature by demonstrating that the defense responses and phenotypic traits
of pea plants are differentially regulated based on interactions with multiple antagonists,
including a vector piercing-sucking insect herbivore, a chewing non-vector insect herbivore,
and a vector-borne virus. Investigating how biotic stressors, either alone or in combination,
simultaneously affect multiple aspects of plant physical defenses (e.g., callose deposition),
chemical defenses (e.g., reactive oxygen species), and plant phenotypic traits, contributes
to a more comprehensive understanding of the mechanistic details associated with these
multitrophic interactions, rather than studying these responses in isolation.

Callose deposition is a typical plant defense produced in response to biotic stressors,
with callose providing a physical barrier to minimize stress impacts on plant tissues [33].
Callose, a polysaccharide found in the plant cell wall, is synthesized by callose synthase
enzymes in the form of β-1,3-glucan with β-1,6-branches [34]. Callose biosynthesis is
crucial for various plant developmental processes and confers enhanced protection as a
physical barrier against biotic stressors. H2O2 signaling in plants, however, has been found
to be associated with regulation of callose deposition. Virus-induced callose deposition
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in plants requires H2O2-mediated transcriptional reprograming to restrict virus transmis-
sion [35]. For example, the expression of one of the key callose biosynthetic genes, GhCalS5,
is upregulated in cotton plants following aphid infestation [36]. Besides phloem-feeding
insects, elicitors present in the saliva or gut regurgitant of chewing insects (also known
as herbivore-associated molecular patterns) induce diverse defensive responses including
callose deposition [3,37–39]. Similarly, infection with Rice gall dwarf virus, which is trans-
mitted by leafhoppers, induced callose deposition in rice plants [40]. In contrast, Potato
virus Y infection suppressed callose deposition in susceptible host plants, presumably as a
mechanism to allow increased feeding by aphid vectors [41]. We observed enhanced callose
deposition in pea leaves infected with PEMV (Figure 1) at 7 dpi, which is consistent with
many studies showing increased callose deposition following pathogen infection over time
by enhancing expressions of some of the callose biosynthetic pathway genes [10,42]. How-
ever, pea aphid feeding and pea leaf weevil herbivory, alone or in combination, resulted in
lower callose deposition in this study at both early and late time points (Figure 2). This
suggests pea plants respond differently to herbivores than to pathogens, which may reflect
the far greater impact that pathogens tend to have on plant growth than either herbivore,
even when they are present together on plants. The chewing herbivore pea leaf weevils
failed to exhibit any visually significant callose deposition, while piercing-sucking aphid
vectors induce lower levels of callose deposition on pea sieve plates in order to prevent
phloem’s flow and hinder their phloem feeding.

In addition to physical defense, plants respond to attack from biotic stressors by
producing chemical defenses, which are often regulated by phytohormones [7]. Gener-
ation of various reactive oxygen species (e.g., H2O2, O2

•−, etc.) in plants is activated
by various biotic stressors including both pathogens and herbivores. However, reactive
oxygen species play a vital role in inducing plant chemical defenses against biotic stressors,
including pathogens and herbivorous insects [43,44]. Overproduction of ROS in various
cell organelles including chloroplasts, mitochondria, and peroxisomes causes oxidative
stress, leading to photooxidative damage to these cellular components, and ultimately,
cell death. On the contrary, plants have evolved various ROS-detoxifying mechanisms
to harmlessly neutralize overproduced ROS species [13]. For example, pine sawfly egg
deposition induced reactive oxygen species’ accumulation and enhanced the activity of
antioxidant-related defense enzyme catalase in pine needles to impede newly hatched
sawfly larval herbivory [43]. Phloem-feeding insects (e.g., aphids) have also been found
to enhance the accumulation of reactive oxygen species in the plants they infest [44]. In
addition, reactive oxygen species’ accumulation plays a role in facilitating defense during
compatible plant–virus interactions [45]. For example, vector-borne viruses can induce
accumulation of reactive oxygen species (both H2O2 and O2

•−) [46]. Here, we found that
pea leaves infected with PEMV exhibited increased ROS accumulation, but the effect is
more pronounced and distinctive in DAB staining (for detection of H2O2) particularly at
the later time point (7 d post pea aphid removal) in combination with chewing pea leaf
weevil herbivores that induced leaf defoliation. Although non-viruliferous pea aphids
induced relatively lower levels of ROS deposition, pea leaf weevil herbivory alone did not
show any visually detectable levels of ROS in damaged pea leaves (Figure 2). Reactive
oxygen species are effective in combating biotic stressors by mediating oxidative damage
to cells and through various non-oxidative pathways like cell death, and our study adds
further evidence of how various biotic stressors can affect this key plant response [47–49].

Proliferation of pathogens, or damage from insects, can also lead to plants responding
with cell death. Cell death is a type of hypersensitive response wherein plants induce
rapid cell death within and around the affected area, sometimes manifested in the form
of necrotic lesions, which can limit the proliferation of pathogens or further herbivore
feeding. Conversely, necrosis is the result of cell death during disease development [50].
The induction of cell death thus serves as a rapid localized defense mechanism to prevent
further damage from stress. Indeed, various studies have highlighted enhanced hyper-
sensitive responses in infected leaves that are regulated by transcription factors or other
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crucial components of cell death [51–53]. For example, in pepper plants, both structural
modifications and cell death are resistance responses to prevent infection from fungus,
Colletotrichum gloeosporioides [54]. Similarly, cell death is a major plant defense mechanism
against insect herbivory including phloem feeding (e.g., aphids). Cell death also interferes
with the nutritional status of the host plant during plant–microbe interactions [55,56]. In
our study, we observed the maximum cell death in pea plants infected with PEMV at
the later time point, and the effect was further magnified in presence of pea leaf weevil
herbivory. Both non-viruliferous pea aphids and weevil herbivory alone failed to exert any
visually significant cell death induction detected through trypan blue staining (Figure 4).

Similar to the induction of physical and chemical defenses, the diversity and traits of
biotic stressors play a key role in altering other plant phenotypic traits. High-throughput
phenotyping has been used as an excellent tool to study viral infections and insect herbivory
in plants [57,58]. Here, we used high-throughput phenotyping to demonstrate the negative
effects of pea leaf weevil herbivory on leaf area (through leaf defoliation), although pea
leaf weevils did not appear to strongly affect leaf greenness. In contrast, PEMV infection
appeared to mainly reduce chlorophyll florescence without limiting leaf area, which is likely
due to reduced photosynthetic efficiency by potentially interfering with photosynthetic
machinery structures and functions at both early and late time points [59]. Other studies
have similarly shown that virus infection can strongly impact photosynthetic efficiency by
interacting with photosystem II regulation in plants [59,60]. By combining high-throughput
phenotyping with other methods to explore plant chemical and physical defenses, our
study provides a thorough view of how biotic stressors affect plant responses.

Our study of complex plant-mediated food web interactions involving a vector, a
non-vector herbivore, and a plant pathogen highlights how these interactions can influence
plant performance by differentially regulating various physical and chemical defense
responses, as well as plant phenotypic traits. By inducing callose deposition, accumulation
of reactive oxygen species, and cell death, plants restrict further damage by these attacking
organisms. However, responses depend on the type of attacking organisms, indicating
sensory mechanisms that plants use to distinguish the type of attack. Furthermore, changes
in phenotypic traits help plants mitigate the effects of damage from biotic stressors. Our
study highlights that interactions between plants, herbivores, and pathogens are highly
complex, and factorial experiments that manipulate the diversity and order of attack of
stressors are necessary to understand mechanistic details of such interactions. Further
development of phenotyping facilities will allow for an even greater examination of such
interactions in many other crop systems.

5. Conclusions

Our study shows how different biotic stressors, including herbivores and pathogens,
can differentially affect plant physical and chemical defenses and phenotypic responses
due to the fundamental differences in damage caused by insects (both piercing–sucking
and chewing) and viruses. Piercing–sucking insects feed on phloem sap through their
modified mouth part (also called the stylet), and sometimes serve as vectors by transmitting
pathogens; chewing insects are mostly non-vectors, and damage plants through leaf defoli-
ation of feeding on various other parts of the plant, including roots. Our study shows that
plants respond in unique ways to chewing vs. piercing–sucking herbivores, and pathogens
induce different pathways than herbivores. Moreover, we show that while chewing herbi-
vores had strong effects on leaf area (due to severe leaf defoliation) but not photosynthetic
efficiency, piercing–sucking herbivores and viruses tended to affect photosynthesis with-
out altering leaf area (by interfering with the structures and functions of photosynthetic
machinery). Assessing the traits and complexity of invading stressors and damage caused
by them in any given plant system is necessary to understand the mechanistic factors that
underlie plant responses to stress. More broadly, understanding the mechanisms that shape
food web interactions involving plants, insects, and pathogens can aid in the development
of sustainable and robust pest and pathogen management strategies.
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