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ABSTRACT
Soybean (Glycine max) is the most important plant protein source, and Fall Armyworm (FAW, 
Spodoptera frugiperda) is considered a major pest. This study aimed to examine the impact of FAW 
feeding on soybean accessions that vary in their water use efficiency (WUE) traits, by examining 
FAW growth and life history parameters along with plant growth response to pest damage. 
Soybean accessions were grown in a greenhouse and exposed to FAW larval feeding for 48 
h at three different soybean growth stages: V3, R3, and R6. The growth and development of the 
FAW and soybeans were monitored. Results showed that faster wilting soybean accessions grow 
taller and have more leaves than slower wilting accessions, but yield was higher in slower wilting 
soybean accessions. FAW experienced the highest mortality on mid-stage (R3) soybean plants, but 
they gained the least mass on early stage (V3) soybean plants. These results can assist in better 
understanding plant insect-interactions at different life stages in both soybean and FAW with 
implications for management.
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1. Introduction

Soybean [Glycine max (L.) Merr.] is one of the most 
important agricultural crops in the world, and it has multi-
ple roles in the agricultural industry. Soybeans serve as 
a major source of protein for humans and livestock alike 
and account for 90% of U.S. oilseed production [1,2]. In 
2022 alone, growers planted 87.2 million acres of soybean, 
which is equivalent to about $45.7 billion in revenue once 
harvested [3]. One of the major limiting factors of soybean 
yield is drought stress, which contributes to 80% of total 
yield loss when inflicted during its reproductive phase [4– 
6]. Drought stress also impacts the number and quality of 
the seeds produced, causing some seeds to have a tough, 
impermeable seed coating that impedes the seeds’ ability to 
germinate [7,8]. Additionally, there is a significant reduc-
tion in the overall nutritional value of the seeds yielded 
from soybeans that experience drought stress [9].

Out of all major field crops, soybean is one of the 
most sensitive to drought, and while a structured 
watering schedule with the use of irrigation is 
a seemingly simple solution, less than 15% of farmland 
in the United States is irrigated [10,11]. Global tem-
peratures are steadily rising with record-breaking sum-
mer heat waves, and water has become a finite resource, 
making Water Use Efficiency (WUE) an obvious point 

of concern [12]. WUE is determined by the amount of 
yield produced per unit of water [13]. Annually, 30% of 
the world’s population faces extreme water scarcity, in 
2021 the amount of the world’s population facing 
extreme water scarcity to 40% [14]. As the competition 
for water between human and agricultural resources 
grows fierce, it is extremely important to explore alter-
native methods of increasing overall water productivity 
or water use efficiency. In general, soybean plants are 
drought intolerant, and as global temperatures rise and 
water becomes scarcer, the potential impact on their 
yield becomes a major concern. As such, researchers 
have turned their attention to developing soybean cul-
tivars that maximize yield while also exhibiting traits 
that are more drought tolerant [15].

Soybeans exhibit a wide variation of drought toler-
ance and WUE traits [10]. While WUE is a trait that 
can be screened for, it is extremely expensive to do so 
on the scale necessary for plant breeders to meet the 
current demand for soybean production [16]. In order 
to save time and money, plant breeders look at traits 
associated with WUE and drought tolerance via 
Genome Wide Associated Mapping (GWAM) and 
focus on introducing accessions with these traits 
instead. Canopy wilting is a highly valuable and 
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accessible trait in soybean screening that can be indi-
cative of both WUE and drought tolerance – it is also 
one of the first visual cues growers will notice when 
their plants are under drought stress [12,17,18]. It 
requires no additional equipment – especially in less 
developed countries where access to other methods of 
screening is not feasible due to limitations associated 
with cost, time, or training [19].

Slow wilting canopies in soybeans are characterized 
by the conservation of soil moisture through decreased 
hydraulic conductance and decreased transpiration, 
thereby increasing WUE, which in turn maintains the 
appearance of healthy leaves [12,18,20,21]. Simulation 
models predict that through increased introduction of 
the slow canopy wilting trait, soybeans can reduce yield 
loss despite drought stress by more than 80%- increas-
ing its significance when screening drought tolerance in 
the field [22–24]. Canopy wilting as a marker of plants 
with higher WUE traits and drought tolerance is an 
important aspect in gaining a further understanding of 
the relationship with soybeans, their genetics, and how 
they interact with the ecosystem.

In addition to the impact on fitness, rising tempera-
tures at local and global scales and an increase in 
drought frequency can, in turn, increase the severity 
and frequency of insect pest herbivory and infestations 
[25–28]. Some insect pests, especially generalists, 
thrive on drought stressed plants and experience an 
increase in relative size and population growth [29,30]. 
Collectively, a combination of drought and herbivory 
can be highly detrimental to soybeans, resulting in 
severe yield loss. While WUE traits and their impact 
on drought tolerance are constantly monitored, there 
are still unanswered questions regarding the implica-
tions of these traits. Namely, how does the shift to 
soybeans with traits indicative of higher WUE and 
drought stress impact tolerance to pest damage, and 
how does it relates to fitness tradeoffs and physical and 
chemical defenses in plants. Physical defenses include 
waxes, spines, thorns, and trichomes [31]. Waxes are 
found on the outermost layer of the cuticle and alter 
the feeding behavior of insect pests [32]. Spines, 
thorns, and trichomes are similar in that they deter 
herbivory[33]. Spines and thorns target larger herbi-
vores – mainly mammals – while trichomes target 
insect herbivores such as lepidopteran larvae [34,35]). 
Trichomes are hair-like protrusions that are primarily 
divided into two groups: glandular and non-glandular 
[31]. Non-glandular trichomes act as a purely physical 
defense blocking the insect pests from feeding while 
incurring damage [36]. Glandular trichomes are 
a combination of chemical and physical defenses that 
release toxic substances when stimulated [37]. 

Trichomes are not only a deterrent against insect her-
bivory but they can also indicate higher resistance to 
harsh ultraviolet rays [31].

There is evidence to suggest that genotypes that 
express traits associated with drought tolerance have 
significantly different responses to herbivory compared 
to genotypes that do not express these traits [38]. When 
insects fed on soybean genotypes that had slower 
canopy wilting, they gained significantly less mass 
than insects that fed on faster wilting genotypes [38]. 
When choice assays were conducted, insects displayed 
a preference for fast wilting genotypes compared to 
slower wilting genotypes [38]. This was largely depen-
dent on the fact that when exposed to drought condi-
tions, some soybean genotypes showed increased 
tolerance to pest damage, while others showed signifi-
cantly decreased tolerance [38].

Clearly, there is evidence to suggest that differing 
WUE traits and drought tolerance across genotypes 
have differential effects on insect herbivory, but also 
a significant difference between pests within the same 
species. While the interaction between slow canopy 
wilting traits and tolerance to pest damage traits is 
still relatively unexplored, there is evidence to suggest 
that there may be an intrinsic link between traits asso-
ciated with WUE and drought tolerance, namely, 
canopy wilting and tolerance to pest damage.

To examine this in detail, we used fast and slow 
wilting soybean accessions and Fall Armyworm 
(FAW), a generalist lepidopteran herbivore. FAW is 
a polyphagous pest, originally native to the Americas, 
that has invaded Africa, Asia, the Middle East, and 
Australia [394040. FAW have high fecundity and are 
highly mobile, they are a pest of over 186 plants, mak-
ing it a prevalent pest in agriculture [40,41]. Moreover, 
it has been suggested that spray applications of pesti-
cides against FAW are inefficient due to their high 
levels of pesticide resistance, as they are resistant to 
47 active ingredients in pesticides [42,43. Cultural con-
trol of FAW in the form of intercropping with legume 
species such as Vicia faba (broad bean) and Medicago 
sativa (alfalfa) has been explored in maize and have 
been shown to reduce FAW herbivory through deter-
rence and attraction of natural predators and parasi-
toids [44,45]. FAW is predominantly a seasonal pest, 
but with climate change heating winter temperatures, 
we expect that their activity will be increased as well 
[41]. Ideally, the impact of FAW herbivory will be 
softened through biological means, strengthening toler-
ance to pest damage traits found within plants to 
reduce the need for harsh chemical applications. 
Researchers have already identified how to breed for 
increased WUE traits in plants, but there is a gap in 
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understanding how these traits influence plant–insect 
interactions.

Specifically, we asked the following questions: 1) 
Does the soybean growth stage influence FAW larvae 
development? 2) How does the canopy wilting rate 
influence FAW growth and development? 3) Are 
there cascading effects of the soybean growth stage on 
FAW pupae and/or adults? 3) What are the phenotypi-
cal differences between fast-wilting and slow-wilting 
genotypes?

To answer these questions, we examined plant traits 
and followed up with FAW feeding behavior as well as 
FAW growth and development post-feeding. We car-
ried out these experiments on early, mid, and late-stage 
soybean plants (V3, R3, R6) from a total of 17 geno-
types that vary in their wilting rates.

We hypothesized that since fast-wilting genotypes 
have been found to have better growth traits, they will 
also allocate more resources toward defenses. 
Consequently, we predicted that FAW would perform 
better on slow wilting genotypes. We also hypothesized 
that regardless of the wilting traits, early vegetative 
stage plants will have better defenses when compared 
to other stages of growth, with consequences for FAW.

2. Materials and methods

2.1. Study systems

2.1.1. Insect colony
For all experiments, FAW were purchased as eggs from 
a commercial vendor (Frontier Agricultural Services, 
Calexico, CA, USA). Closer to hatching, the color of 
the eggs changed from green to yellow and then to 
black. They were hatched at room temperature (21°C– 
24°C) and then transferred to plastic containers with an 
artificial diet prior to experimentation. FAW eggs were 
purchased prior to the soybean plants reaching each 
desired growth stage (V3, R3, R6) and reared to 
the second instar for all three infestation events.

2.2. Plant propagation

For all experiments, soybean genotypes were acquired 
through the GRIN database provided by the USDA. 
Soybeans were reared in a greenhouse at the 
University of Arkansas campus under 28°C-30°C tem-
peratures and ~70% humidity conditions on a 16:8 
light: dark cycle. Soybeans were fertilized with 
Osmocote Plus 15–9–12 (ICL Specialty Fertilizers, 
Summerville, SC, USA) twice a week after true leaves 
were present and received iron chelate micronutrient 
(Sprint 330 Chelated Iron 10%, Florham, Park, NJ, 

USA) every 2 weeks. Seventeen soybean genotypes 
were planted, with 18 plants per genotype. Not all 
genotypes germinated, and our analysis is based on 17 
genotypes with a total of 177 plants.

2.3. Artificial diet

FAW larvae were reared on a wheat-germ-based artificial 
diet (Frontier Agricultural Services, Calexico, CA, USA). 
The diet was composed of 1000 ml water, 8 g agar, and 
200 g of General Lepidopteran Diet and prepared as per 
the specifications of the manufacturer and our previous 
work [46]. One thousand milliliters of water was placed 
on a hot plate, and 8 g of agar was added to it and stirred 
thoroughly. The water was boiled, and 200 g of artificial 
diet was added. This was mixed thoroughly to avoid 
clumps and allowed to cool to room temperature, allow-
ing it to solidify before placing it in a refrigerator for 
storage.

2.4. Experiments

2.4.1. 48-h FAW damage exposure experiment
The growth stages of soybeans observed were vegetative 
stage 3 (V3), reproductive stage 3 (R3), and reproduc-
tive stage 7 (R7). For each stage, FAW larvae were 
reared on the artificial diet to the 2nd instar for them 
to reach a weighable mass. Second instar FAW larvae 
were weighed and then placed in mesh organza bags 
(Amazon, Seattle, WA, USA) that were then enclosed 
around a leaf on each plant and removed after 48 h 
(Figure 1). The leaves selected were standardized as 
new, large, and fully developed leaves with no imper-
fections, mainly located toward the top of the soybean 
plant.

2.4.1.1. FAW life history parameters measured. The 
FAW larvae were allowed to feed on the leaves for 48 
h and were removed and weighed. After they were 
weighed, the larvae were placed in petri dishes on an 
artificial diet as described previously and allowed to 
feed until pupation. Once they pupated, they were 
weighed again. After the pupae enclosed to adults, 
adult mass was also measured.

2.4.1.2. Plant traits measured. After each application 
of FAW larvae, a damage assessment was conducted on 
the leaves that FAW fed on. Leaf damage was deter-
mined on a scale of 0 to 4, pictured in Figure 2, of 
which 0 means no damage and 4 means complete 
defoliation[47]. In addition to the damage assessment, 
plant height data and the number of leaves on each 
plant were recorded to gain insight into how herbivory 
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impacted the growth of soybeans and to compare phe-
notypic traits of fast-wilting and slow wilting soybean 
genotypes. Plant height was measured in centimeters 
from the plant apex to the stem above the soil level. The 

number of leaves was determined by counting only the 
fully opened, trifoliate clusters of leaves.

2.5. Trichome density

To assess trichome density across genotypes, we col-
lected four leaves from each plant, ensuring that we 
were careful to select newer, fully developed leaves 
located toward the top of the plant. The leaves were 
hole punched with a 16 mm hole punch and then 
placed on a microscope slide and covered with 
a coverslip and analyzed under 10× magnification on 
a stereo microscope (Zeiss; Oberkochen, Germany). 
The total area viewed on each leaf was 0.86 mm2. 
Both the adaxial and abaxial sides of each leaf sample 
were counted for trichomes as per [36].

2.6. Feeding initiation

To determine if feeding behavior is affected by tri-
chome density as well as wilting speed, we measured 
the amount of time it took for FAW larvae to initiate 
feeding on each genotype. Four leaves were taken from 
each plant, specifically, newer leaves found toward the 
top of the plant. To ensure that the leaves did not dry 

Figure 1. Soybean leaf with a 2nd instar FAW larvae enclosed in 
a mesh bag.

Figure 2. Damage assessment scale on soybean leaves. 0 = 0% damage, 1 = 25% damage, 2 = 50% damage, 3 = 75% damage, 4 = 
100% damage.

Figure 3. Feeding initiation study set up. From right to left: sampled leaves in falcon tubes, digital microscope, laptop, stopwatch, 
and discard bin.
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out prior to being fed to the larvae, the leaves were 
collected in batches to be used immediately. In order to 
transfer them from the greenhouse to the lab, they were 
stored in falcon tubes filled with water and a damp 
cotton ball to retain moisture in the stem. A single 
leaf was placed on a piece of filter paper, abaxial side 
up. A handheld digital microscope (TAKMLY; 
Amazon, China) attached to a laptop was used to gain 
a better view of the larvae while still allowing them 
a wide range of motion. After starving the larvae (30  
minutes for the first instar and 60 minutes for the third 
instar), they were placed on the filter paper directly 
next to the leaf. Using a stopwatch, we measured the 
time (seconds) it took for the larvae to initiate feeding. 
Leaf side choice was also recorded. If 20 minutes (1,200 
s) elapsed without feeding, it was recorded as a refusal 
to feed. Experimental set up pictured in Figure 3. 

2.7. Pod yield

To determine differences in yield across soybean geno-
types without the stress of herbivory, soybean plants 
were allowed to grow to maturity without environmen-
tal stressors such as herbivory or drought. Once the 
soybean plants reached maturity and had begun filling 
their pods, the number of pods per plant was counted 
and totaled.

2.8. Statistical analysis

The 48-h damage exposure treatment considered geno-
type, wilting speed, and treatment (i.e., damaged or 
undamaged) in all of the data collected. Each data set 
was pooled and analyzed using post hoc analysis using 
Tukey’s tests. When comparing plant height, mass gain, 
pupal mass, adult mass, and mortality to soybean plant 
stage, we used ANOVA. ANOVA was also used when 
comparing any traits across all soybean genotypes. 
When comparing plant height, mass gain, pupal mass, 
adult mass, and mortality to wilting speed, we used 
T tests. Trichome density and time to initiate feeding 
were also analyzed using T tests.

3. Results

3.1. 48 h damage exposure experiment

3.1.1. FAW life history parameters measured
3.1.1.1. Mass gain. FAW larvae had the least mass 
gain compared to their original mass when placed on 
early-stage soybean plants (x = 53.08%, ±10.72). FAW 
larvae gained 178.21% (±10.66) on mid-stage soybeans 
and 155.941% (±17.54) on late-stage soybean plants 

(Figure 4A, p = .001). Across all stages of soybeans, 
FAW larvae gained more mass on fast wilting geno-
types (�x = 141.9%, ±11.07) than slow wilting genotypes 
(�x = 100.92% ±11.53) (Figure 4B, p = .0110).

3.1.1.2. Pupal mass. FAW pupae of larvae that fed on 
mid stage (�x = 0.22 g, ± 0.01) soybean plants were signifi-
cantly smaller than FAW pupae that fed on early (x = 0.3 g, 
± 0.01) or late-stage (x = 0.3 g, ± 0.01) soybean plants 
(Figure 5A, p = .001). There was no significant difference 
in mass gain between pupae exposed to either fast (x = 0.26  
g, ± 0.01) or slow (x = 0.27 g, ± 0.01) wilting genotypes 
(Figure 5B, p = .334).

3.1.1.3. Adult mass. There was no significant difference 
between adult masses across early (x = 0.08 g, ±0.01), mid 
(x = 0.09 g, ±0.02), and late-stage (�x = 0.05, ± 0.01) soy-
bean plants (Figure 6A, p = .216). Also, no significant 
difference was observed in adult masses across FAW 
that fed on fast (x = 0.07 g, ±0.01) wilting soybeans versus 
FAW that fed on slow (x = 0.06 g, ± 0.01) wilting soybeans 
(Figure 6B, p = .563).

3.1.1.4. Mortality. Across all stages of soybean, there 
was a significant difference in mortality. FAW larvae 
experienced the greatest mortality rates in mid-stage 
(62.79%) soybean plants, followed by early-stage (32.95%) 
soybean plants, and then late-stage (30.56%) soybean 
plants (Figure 7A, p = .0001). Increased mortality was 
observed on faster wilting (50.89%) soybean genotypes 
than on slower wilting (36.27%) soybean plants 
(Figure 7B, p = .0360).

3.1.2. Plant traits measured
No significant differences were observed between the 
damage inflicted across early (x = 2.34, ±0.11), mid (x =  
2.05, ±0.114), and late (X = 1.95, ±0.165) soybean 
growth stages (Figure 8A, p = .0781). There was no 
significant difference between the damage inflicted on 
fast (x = 2.2, ±0.1) or slow (x = 2.1, ±0.103) wilting 
soybean genotypes (Figure 8B, p = .4755). Plant height 
and number of leaves varied significantly across soy-
bean growth stages (Figures 9A, 10A). However, faster 
wilting soybeans were significantly taller and had sig-
nificantly more leaves than slower wilting soybeans 
(Figures 9B, 10B). Fast wilting plant height was signifi-
cantly higher (40.13 cm, ±1.4 cm) compared to slower 
wilting soybean genotypes (29.39 cm, ±0.97 cm) (p  
= .0001). Fast wilting genotypes had an average of 
18.32 (±0.55) leaves, and slower wilting genotypes had 
about 13.44 (±0.39) leaves (p = .002).
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3.1.3. Trichome density
The abaxial surface of soybean leaves had signifi-
cantly more trichomes (x = 27, ±0.85) than adaxial 
leaf surfaces (x = 15, ±0.85) across all soybean geno-
types (Figure 11A, p = .0001). Faster wilting soybean 
genotypes have significantly more trichomes (x = 23, 
±0.83) than slower wilting soybean genotypes (x =  
19, ±1) (Figure 11B, p = .0025).

3.1.4. Feeding initiation
Early instar FAW larvae initiated feeding signifi-
cantly faster than late instar FAW larvae with 
a mean initiation time of 76 s (±9.34 s) compared 
to 153 s (±11.2 s), respectively (Figure 12A, p  
= .0001). There is no significant difference in the 
amount of time it took FAW larvae to begin feeding 

on slow (x = 101 s, ±12.5) and fast (x = 123 s, ±10) 
wilting soybean genotypes (Figure 12B, p = .1780). 
No significant difference in refusal to feed across 
fast (13.48%) or slow (15.32%) wilting soybean gen-
otypes (Figure 13, p = .5330) was observed.

3.1.5. Pod yield
Slower wilting soybean genotypes (x = 23, ±0.55) had 
significantly more pods than faster wilting soybean 
genotypes (x = 14.5, ±0.46) (Figure 14, p = .0001).

4. Discussion

In this study, we examined how variation in WUE traits 
across soybean genotypes impacts FAW growth and 
development at three different growth stages of soy-
beans. We found that faster wilting soybean genotypes 

Figure 4. (A) mean mass gained by FAW when exposed to 
various soybean growth stages for 48 hours. Different letters 
denote significant differences in mean mass as determined by 
post hoc analysis using Tukey’s test (p=.001). (B) mean mass 
gained by FAW after larvae were exposed to either fast or slow 
wilting genotypes for 48 hours. Different letters denote signifi-
cant differences in mean mass as determined by post hoc 
analysis using student t-test (p=.0110).

Figure 5. A) mean pupal mass after larvae were exposed to 
various soybean growth stages for 48 hours. Different letters 
denote significant differences in mean mass as determined by 
post hoc analysis using Tukey’s test (p=.001). B) mean pupal 
mass after larvae were exposed to either fast or slow wilting 
genotypes for 48 hours. Different letters denote significant 
differences in mean mass as determined by post hoc analysis 
using student t-test (p=.334).
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tend to be taller and have more leaves, which aligned 
with previous studies [48]. No significant difference 
was observed in herbivore damage between fast and 
slow wilting varieties as well as across soybean life 
stages. This may indicate that while the FAW larvae 
are damaging the plants equally, there may be effects of 
fast and slow wilting post-ingestion.

FAW gained more mass, ~40% more when exposed 
to fast wilting plants compared to slow wilting plants, 
which also aligned with past literature [38]. FAW mor-
tality was also increased by about 14% on faster wilting 
plants compared to their slow-wilting counterparts. 
Since herbivory damage was the same, this increased 
mass may indicate that although fast wilting plants 
were more digestible, they may have had an increased 
toxin load, which proved fatal for FAW. This may be 
due to the differential production of secondary meta-
bolites between wilting speeds, suggesting that the 
decrease in susceptibility to abiotic stress allows the 

plant to divert energy into fortifying chemical deter-
rents to herbivory. Further investigation is required, as 
there is great variability across soybean genotypes and 
increased tolerance to pest damage in slower wilting 
soybean genotypes has been observed [38].

When exposed to each stage for 48 h, FAW larvae 
struggled to gain mass on early-stage soybean plants. 
On early-stage soybean plants, FAW were only able to 
increase their initial mass by 53%, while on mid-stage 
and late-stage soybean, FAW increased by a staggering 
156% and 178%, respectively. Clearly, early-stage plants 
in their peak vegetative growth have also invested in 
higher defenses. However, the pupal mass of FAW that 
fed on mid-stage soybeans was most impacted and 
averaged 0.22 g, while early-stage and late-stage aver-
aged 0.3 g. Interestingly, FAW also faced the most 
mortality on mid-stage soybean plants, with 63% of 
larvae failing to survive adulthood. We speculate that 

Figure 6. A) Mean adult mass after larvae were exposed to 
various soybean growth stages for 48 h. Let ‘NS’ denote that 
there are no significant differences in mean mass as determined 
by post hoc analysis using Tukey’s test (p=.216). B) Mean adult 
mass after larvae were exposed to either fast or slow wilting 
genotypes for 48 h. ‘NS’ denote that there are no significant 
differences in differences in mean mass as determined by post 
hoc analysis using student t-test (p=.563).

Figure 7. A) Mean mortality of FAW larvae across early, mid, 
and late soybean growth stages. Different letters denote sig-
nificant differences in mean mortality across soybean growth 
stages as determined by post hoc analysis using Tukey’s test 
(p= .0001). B) Mean mortality of FAW across fast wilting geno-
types and slow wilting genotypes. Different letters denote 
significant differences in mean mortality between fast and 
slow wilting soybean genotypes as determined by post hoc 
analysis using student t-test (p=.0360).
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these effects are also due to the possible partitioning of 
chemical defenses that may have individual compounds 
expressed more in early and mid-stages. It has been 
suggested that there are higher levels of rutin, a type of 
secondary metabolite, in the early stages of soybean 
plants, which has been shown to retard the develop-
ment of FAW at every stage and decrease pupal viabi-
lity [49,50]. Further investigation is needed, as 
differential effects are shown in the literature, such as 
Souza et al. [50] specifically finding that older leaves 
were more detrimental to FAW and another 
Lepidopteran pest, velvetbean caterpillar – Anticarsia 
gemmatalis. Studies by Mai et al. [51] support our 
findings that earlier-stage soybeans were also detrimen-
tal to FAW.

Interestingly, R4 is considered the most vulnerable 
stage of soybean plant since the plant is beginning to 
gear up for pod and seed development [52]. It is well 

documented that the impact of plant stress varies sig-
nificantly across plant species and even across geno-
types within the species [38]. The selected genotypes 
defended strongly against insect herbivores, and when 
ingested, as has been shown before, they caused signif-
icantly higher mortality [51]. In FAW larvae exposed to 
early-stage and late-stage, the mortality rate was similar 
at 33% and 31%, respectively. While differences in adult 
mass were not significant, it is worth noting that in 
late-stage soybeans, adult mass hovered at 0.05 g, com-
pared to 0.08 g and 0.09 g in early-stage and mid-stage 
FAW adults, respectively.

Looking at soybean leaf surface defense mechanisms, 
there are significantly more trichomes on faster wilting 
soybean genotypes than slower wilting soybean geno-
types by about 17%. Increased trichome density on 
faster wilting soybean genotypes poses an explanation 
for increased FAW mortality. Ingestion of trichomes 
may have pierced the peritrophic membrane in the gut 
of FAW, causing undigested plant material to mix with 

Figure 8. A) Mean damage assessment across early, mid, and 
late soybean growth stages. Different letters denote significant 
differences in mean damage inflicted across soybean growth 
stages as determined by post hoc analysis using Tukey’s test 
(p=.0781). B) Mean damage assessment of FAW across fast 
wilting genotypes and slow wilting genotypes. Let ‘NS’ denote 
that there are no significant differences in mean damage 
inflicted between fast and slow wilting soybean genotypes as 
determined by post hoc analysis using student t-test (p=.4755).

Figure 9. Mean plant height across different soybean growth 
stages (early, mid, late). Different letters denote significant 
differences in mean plant height as determined by post hoc 
analysis using Tukey’s test (p<.05). B) Mean plant height across 
fast wilting and slow wilting soybean genotypes. Different 
letters denote significant differences in mean plant height as 
determined by post hoc analysis using student t-test (p=.0001).
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hemolymph which may lead to an immune response 
and eventually death [31]. Research has shown that 
positive correlations have been found not only between 
trichome number and stomatal density but also 
between leaves with wider trichomes having more sto-
mata, which could explain some of our findings with 
slow and fast wilting soybeans via stomatal conduc-
tance [53]. Studies have reported increased trichome 
density in fast wilting soybean genotypes as 
a mechanism to overcome drought stress [54]. The 
abaxial leaf surfaces had significantly more trichomes 
than the adaxial leaf surfaces by 44%. Although faster 
wilting soybean genotypes had more trichomes than 
slower wilting soybean genotypes, there was no signifi-
cant difference in the number of seconds FAW larvae 
of early or late instars took to initiate feeding. However, 
we saw a complete divergence of feeding behavior 
between early and late FAW instars. Early instar FAW 
larvae began feeding significantly faster – 50% faster – 

than late instar FAW larvae. This could indicate that 
trichomes may be limiting their ability to feed via 
restricting their movement at later instars [31,36]. No 
antixenosis effects were observed in the wilting speed 
between early and late instars of FAW larvae.

Finally, taking a step back and looking at how wilt-
ing speed influences yield, there are 37% more pods on 
slower wilting soybean genotypes than on faster wilting 
soybean genotypes. Insect herbivory can be reduced 
above and below ground biomass by 20% and 19%, 
respectively [38]. A reduction in biomass places 
a restraint on the forage yield of the crop [55]. The 
goal of reducing canopy wilting speed in soybean plants 
is to reduce soybean yield loss under drought condi-
tions. When experiencing ideal growing conditions, 
there is increased yield from slower wilting soybean 
genotypes.

We examined the impact of the soybean growth 
stage on FAW growth and development and analyzed 

Figure 10. A) Mean number of leaves across different soybean 
growth stages (early, mid, late). Different letters denote signifi-
cant differences in a mean number of leaves as determined by 
post hoc analysis using Tukey’s test (p=.0001). B) Mean number 
of leaves across fast and slow soybean genotypes. Different 
letters denote significant differences in a mean number of 
leaves as determined by post hoc analysis using a student 
t-test (p=.002).

Figure 11. A) Mean number of trichomes on different soybean 
leaf sides (adaxial, abaxial). Different letters denote significant 
differences in a mean number of leaves as determined by post 
hoc analysis using a student t-test (p=.0001). B) Mean number 
of trichomes across fast and slow soybean genotypes. Different 
letters denote significant differences in a mean number of 
leaves as determined by post hoc analysis using a student 
t-test (p=.0025).
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phenotypical differences between soybean genotypes 
through the lens of fast wilting and slow wilting traits. 
There is significant variability between genotypes, 

even within their respective wilting speed categories. 
While there is vast research analyzing the impacts of 
different eradication methods on FAW at all stages, 
the consequences of herbivory by FAW on soybean 
are still relatively unexplored. There is evidence to 
indicate that soybean releases different secondary 
metabolites that influence pest damage; however, it 
is unclear how that response varies between soybean 
genotypes and especially between genotypes with dif-
ferent wilting speeds [56]. There is also the variation 
between soybean genotypes and how more significant 
expansion of Genome-Wide Association Studies 
(GWAS) is needed to further quantify the diverse 
traits seen between genotypes. As previously men-
tioned, WUE traits and drought tolerance traits have 
multiple genetic markers and, therefore, have varying 
impacts on plant fitness [48]. This indicates that sec-
ondary metabolite biosynthesis may be triggered by 
abiotic stress that differs significantly not only 
between plant species but also within plant genotypes. 
An area that requires further exploration is how these 
traits culminate into trophic interactions in agricul-
tural ecosystems, such as insect herbivory. Various 
studies have examined how drought stress impacts 
insect herbivory, and there is a wide variety of 
responses ranging from positive to negative 
[30,57,58]. Determining whether drought stress causes 
an increase in secondary metabolite production (e.g., 
plant defense compounds) in plants depends mainly 
on the type of plant and the type of insect pest 
inflicting damage, and there is evidence to suggest 
that even the lineage of the plant can also cause 
a differential response to insect damage [38,59]. 
Coupling WUE traits with herbivory to examine 
whether trophic cascades are affected is not only an 
interesting line of research but can also lead to devel-
oping lines with better stress responses.

Figure 12. A) Mean number of seconds it took FAW larvae of 
different instars to begin feeding on soybean leaves (early, late). 
Different letters denote significant differences in mean number 
of leaves as determined by post hoc analysis using a student 
t-test (p=.0001). B) Mean number of seconds it took FAW larvae 
to begin feeding on fast and slow soybean genotypes. Let ‘NS’ 
denote that there are no significant differences in the mean it 
took FAW larvae to begin feeding using the student t-test 
(p=.1780).

Figure 13. Percentage of FAW larvae refused to feed on fast 
and slow soybean genotypes. Letter ‘NS’ denote that there are 
no significant differences. It took FAW larvae to begin feeding 
using a student t-test (p=.5330).

Figure 14. Mean number of pods on fast and slow wilting 
soybean genotypes. Different letters denote significant differ-
ences in the mean number of pods found on soybean plants 
using a student t-test (p=.0001).
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There is a significant need for the characterization of 
these traits across soybean genotypes to gain a further 
understanding of how these traits influence plant–insect 
interactions. FAW is a prolific polyphagous pest that is 
plaguing multitudes of crops. It is a voracious feeder and 
generalist that evades various pest treatments and places 
a significant financial burden on growers [60]. To mini-
mize the damage FAW inflicts on crops, we must gain 
a better understanding of its interactions with its host 
plants to identify insect resistant traits found in them and 
examine how those influence WUE traits. Growers and 
plant breeders have been in an arms race with insect pests 
like FAW and their increased resistance. Now, climate 
change has added rising temperatures and drought to the 
equation. To produce soybean accessions that maximize 
yield while deterring insect pests, we must better under-
stand how these traits tie together through further char-
acterization of these traits and how they impact plant 
defenses.
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