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Simple Summary: Although studies have started to show that the effects of cover crops can translate
into the cash cropping season, there is little information on the cascading effects of cover crops on the
subsequent cash crop defenses, especially against polyphagous herbivores. To bridge this information
gap, we conducted a field and laboratory study to investigate the cascading effects of different cover
crop species on the subsequent cash crop defense against the polyphagous herbivore fall armyworm
(Spodoptera frugiperda) across three fields in the Lower Rio Grande Valley in south Texas. Our field
and laboratory results revealed that cover crop treatments differentially affected S. frugiperda growth
and development. We also show that cover crops had a positive cascading effect on the growth and
development of S. frugiperda on the subsequent cash crop. Collectively, our results add an additional
line of evidence on how cover crops can affect pest dynamics outside the cash crop season.

Abstract: Recent studies have started to show that the benefits of cover crops can cascade to the cash
crop growing seasons. However, the impact of cover crops on the subsequent cash crop defense
against herbivores is not well understood. To test this, we conducted a field and laboratory study to
assess the possible cascading effects of cover crops such as Vigna unguiculata, Sorghum drummondii,
Raphanus sativus, and Crotalaria juncea on the subsequent cash crop (Sorghum bicolor) defense against
the notorious polyphagous herbivore fall armyworm (Spodoptera frugiperda) across three farms in
the Lower Rio Grande Valley. Our field and laboratory studies showed that the cash crop planted
in the cover crop treatment differentially affected S. frugiperda. More specifically, we found that
cover crops have positive effects on the growth and development of S. frugiperda on the subsequent
cash crop, including both larval and pupal parameters. However, our experiments on physical and
chemical defenses in cash crops failed to show any significant differences between cover and control.
Collectively, our results add an additional line of evidence on the effects of cover crops on pest
dynamics outside the cash crop season, a key consideration for the selection and management of
cover crops and cash crops, whose underlying mechanisms need to be examined further.

Keywords: Spodoptera frugiperda; plant soil-feedbacks; cover crops; herbivore resistance

1. Introduction

Cover cropping is one of the oldest farming practices and is currently getting national
and worldwide attention [1]. According to the US Agriculture Census, over 6.2 million
hectares were planted with cover crops in 2017 (USDA-NASS). Cover crops are non-
harvested crops that are cultivated in addition to the main cash crop to enhance ecosystem
services such as soil fertility, carbon sequestration, the attraction of pollinators, soil water
availability, weed management, and pest management [2—4]. The benefits of cover crops
are commonly estimated during the cover cropping season [4,5], and include, but are not
limited to weed suppression [6], reduction of soil erosion [7,8], enhancement of soil organic
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matter [9,10], and even pest management [3,4]. Recent studies have also started to show
that some of these effects, especially in pest management, can cascade from cover to the
cash crop growing seasons [11-13].

A major concern about cover cropping is soil moisture loss and moisture availability to
the subsequent cash crops [14,15]. This is more common in semi-arid and dryland regions
where non-irrigated cropping systems are common [14,16]. Studies have shown that cover
crops can negatively impact soil water content and nutrients, thereby significantly impact-
ing the yield of the subsequent cash crops. For example, [17] an experiment conducted in
Kansas demonstrated that cover crops significantly reduced the yield of the subsequent
cash crop by 31%. Similarly, [14] showed that cover crop legacy effects could be detrimental
to the yield of the subsequent cash crop. Interestingly, cover crops, in combination with
other abiotic factors, such as soil water content and temperature, have been shown to im-
pact arthropod populations, especially pests of economic importance [2,4]. For example, the
management of bollworm (Helicoverpa armigera) in non-Bt cotton was achieved by increas-
ing the population of predators of Geocoris punctipes and fire ants (Selenopsis invicta) through
the cultivation of the cover crops, crimson clover, and rye [18]. Similarly, [4] showed that
cover crops significantly enhanced the population of beneficial arthropods early in the
season in an organic farming system in south Texas. Conversely, cover crops have also been
found to promote the population of herbivores in the agroecosystem. For example, [19]
demonstrated that corn fields grown with rye cover crops significantly harbored more
true armyworms (Mythimna unipuncta Haworth) with significantly higher damage to corn
plants. Clearly, the effects of cover crops on pests and their cascading effects on cash crops
needs to be better understood with more regional and species-specific studies.

The fall armyworm (FAW; Spodoptera frugiperda ] E. Smith) is a native pest of neotropi-
cal areas of Central and South America. In recent years, it has emerged as one of the most
important global polyphagous pests of crops [20,21]. FAW is a serious concern in various
agroecosystems and can feed on most of the cover and cash crops [22,23]. The management
of FAW in recent years has ranged from the use of synthetic pesticides to biopesticides,
cultural control, and biological control [20]. However, studies have also shown that cover
crops can prime the defense of subsequent cash crops against herbivores [4,11]. For ex-
ample, [3] showed that arbuscular mycorrhizal fungi (AMF) inoculated cover crops had
significantly better fitness and received lower levels of herbivory compared to control
plants, more specifically on the incidence and damage by FAW. As FAW is a serious pest of
crops that potentially impacts food security, and since they feed on both cover and cash
crops across the globe, a better understanding of any possible cascading effects of FAW
on cash crop defenses can provide insights into the ecosystem services of cover crops,
especially in pest management.

To test this, we designed field and laboratory experiments where we allowed FAW to
feed on cash crops grown in soils that had been planted with cover crops in the previous
season, followed by measuring FAW growth and development traits. This was followed by
a detailed lab experiment where we examined these traits with plant materials added to an
artificial diet, and asked at what stages, if any, the effects cascade into. We then followed
up these experiments by examining physical (wax, trichomes) and chemical (poly phenol
oxidase activity) in the cash crop. We hypothesized that cover crops would have a positive
cascading effect on the subsequent cash crop defense against herbivores (S. frugiperda),
possibly through modified plant-soil feedback that enhances the constitutive defenses in
the cash crop [3,11,13].

2. Materials and Methods
2.1. Study Sites

This study was conducted in three agricultural fields (26°18'12.2” N 97°50'13.1"” W,
26°24/35.1" N 98°27'52.8" W, and 26°20/32.6" N 98°31'51.6” W) located in three different
counties (Hidalgo, Willacy, and Cameron) in the Lower Rio Grande Valley, Texas. The
farms have been used to produce cash crops such as corn, sorghum, sunflower, and
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cotton, with soil types in each farm ranging from fine sandy loam to sandy clay loam.
The average temperature during the summer and fall of 2021 ranged between 30 °C and
27.2 °C, respectively, while the average temperatures during the spring and summer of
2022 ranged between 23.9 °C to 31.7 °C. The farms, locations, and coordinates are detailed
in Supplementary Figure Sla—d.

2.2. Cover Crop Treatments and Experimental Design

The cover crop treatments used in this study were selected based on their ability to
withstand the extremely hot summer conditions of south Texas. The cover crop treatments
include (1) sorghum-sudangrass (Sorghum drummondii), a grass with high biomass used
for suppressing weeds and nematodes and increasing soil organic matter; (2) cowpea
(Vigna unguiculata), a legume that fixes atmospheric nitrogen with moderate to high poten-
tial to suppress weeds and improve soil health; (3) radish (Raphanus sativus), a vegetable
that provides soil cover, suppresses weeds and has the potential to alleviate soil compaction;
and (4) sunn hemp (Crotalaria juncea), a legume that reduces soil erosion, conserves soil
water and recycles plant nutrients. Our first (Hunter; 26°27/32.4"” N 97°53'15.6" W) field
had a mix of cowpea (V. unguiculata) and sorghum-sudangrass (S. drummondii). The second
field (Cemetery; 26°18'12.2" N 97°50'13.1” W) had a mixture of cowpea (V. unguiculata),
sorghum-sudangrass (S. drummondii), and sunn hemp (C. juncea) while the third field
(Mahac; 26°24/35.1”" N 98°27'52.8"” W) had a mixture of cowpea (V. unguiculata) and radish
(R. sativus). The cover crop seeds were purchased from Hancock seeds (Dade City, FL,
USA). After the cash crop growing season, in July 2021, an area of approximately 161.9,
80.9, and 81.0 ha in Mahac, Hunter, and Cemetery, respectively, was disked, followed by
the planting of the different cover crop species at a row spacing of 0.19 m.

2.3. Planting and Termination

Cover crop seeds were planted in early August 2021 using a front-folding grain drill
(John Deere, Moline, IL, USA) at recommended rates (Table 1). The cover crops were
terminated in mid-December 2021.

Table 1. Cover crop treatments, species with their respective seeding rates.

Field Cover Crop Treatments Crop Type Seeding Rate (kg/ha)
Hunter Sorghum sudangrass and cowpea Grass and Legume 23+54
Cemetery Cowpea, sun hemp, and Legume and Grass 54+54+23
sorghum-sudangrass
Mahac Cowpea and radish Legume and vegetable 6.8

2.4. Cash Crop Planting

The cover crops were terminated in mid-December 2021, and the residue biomass was
incorporated into the soil. Cash crop seeds (Sorghum bicolor) were purchased from Hancock
seeds (Dade City, FL, USA). Cash crops were planted using a front-folding grain drill (John
Deere, Moline, IL, USA) in the control and cover crop plots in each field at a row spacing of
0.19 m in March 2022 at the recommended rate (Table 2).

Table 2. Cash crops, species with their respective seeding rates.

Field Cash Crop Crop Type Seeding Rate (kg/ha)
Hunter Sorghum Grass 2.3
Cemetery Sorghum Grass 2.3
Mahac Sorghum Grass 2.3

2.5. Insect Colony

S. frugiperda eggs were purchased from a commercial vendor (Frontier Agricultural
Services, Calexico, CA, USA). The eggs were globular in shape, and the color appeared pale
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green for a day after they were received and then turned yellow and black before hatching.
The eggs were allowed to hatch at room temperature, after which they were transferred to
petri dishes with artificial diets. For more details about FAW rearing, please see [24].

2.6. Artificial Diets

S. frugiperda caterpillars were allowed to feed on a wheat germ-based artificial diet,
which was prepared based on the recommendations of the commercial vendor (Frontier
Agricultural Sciences): 100 mL of water was boiled to 85 °C followed by adding 250 g of
the artificial diet, which was then thoroughly mixed until there were no more lumps. For
detailed information about the preparation of artificial diets, see [24,25].

2.7. Field Experimental Design

A total of 144 third-instar S. frugiperda larvae were used to assess the effect of cover
crops on the subsequent cash crop defense against herbivores across three fields. The fields
were sectioned into control and cover crop treatment plots. In each plot (control and cover)
across the fields, 24 S. frugiperda larvae were preweighed and enclosed in a mesh with fully
opened young sorghum (cash crop) leaves. After three days, the S. frugiperda larvae were
collected and weighed in the lab to evaluate mass gain. The caterpillars were then allowed
to feed on an artificial diet until they pupated [23,24].

2.8. Laboratory Experimental Design

Sorghum newest leaves (50 g) were collected from the control and cover treatment
plots across the three fields. One leaf was collected per plant totaling 24 leaves in each
treatment plot (control and cover crop) across the three fields. They were subjected to
cryo-drying, followed by grinding the leaves with a mortar and pestle to a fine powder,
after which they were added to 0.5 L of artificial diet. A total of 180 third instar S. frugiperda
larvae were used to assess the effect of cover crops on the subsequent cash crops. For each
treatment, preweighed caterpillars (n = 30; second instar) were allowed to feed on diets,
and caterpillar weights were recorded once every other day until they pupated to assess
the mass gain.

2.9. Mass Gain

The equation below was used to calculate mass gain. For the lab experiment, we
calculated two types of mass gains (i) mass gain over previous mass gains to determine
variation in mass gain per day and (ii) mass gain over initial mass to determine mass gain
relative to starting mass of the caterpillar, for similar studies see [24,26,27].

(Finalmass — Initialmass)
(Initialmass)

Massgain =

2.10. Time to Pupate

Once the larvae reached the fifth instar, they stop feeding and begin to wander in
the petri dishes (this stage is recognizable by morphological features such as a reddish-
brown head and brownish body, which develops white subdorsal and lateral lines). At
this point, the larvae were transferred to a plastic container containing wood shavings to
provide a dark environment so that the larvae could undergo pupation. Pupation time was
determined for each caterpillar by counting from the date they were placed on treatment
diets to when they pupated.

2.11. Pupal Mass and Pupal Length

After the caterpillars pupated successfully (2-3 days after placing them in wood
shavings), pupal mass was assessed by weighing each pupal from the field and laboratory
experiments using a weighing balance (Accuris Dx W3101A-220, Valley Park, MO, USA).
Pupal length was assessed with the aid of a Vernier caliper.
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2.12. Polyphenol Oxidase (PPO) Assay

To test whether the cash crop defenses (from both cover grown and control fields) were
affected, we estimated the activity of polyphenol oxidase (PPO). PPO is a widely distributed
enzyme that plays a vital role in plant defense against plant diseases and herbivores [28,29].
Quantification of PPO was performed using the equation in the Polyphenol Oxidase
Assay Kit manual (Catalog# MBS822343; MyBioSource, San Diego, CA, USA). PPO content
(U/mg) was quantified in accordance with the methods described in the PPO Assay kit
manual (Catalog# MBS822343; MyBioSource).

PPO (U/g) = (ODSample — ODControl) x VTotal/(W x VSample/VAssay)/0.01/T
=233.3 x (ODSample — 182 ODControl) /W

2.13. Scanning Electron Microscopy

A desktop Scanning Electron Microscope (DSEM; SNE-4500 Plus Table; Nanoimages
LLC, Pleasanton, CA, USA) was used to observe the adaxial surface of sorghum plants
planted either in the control or cover crop plots. Sorghum leaves (25 mm) were excised
and fixed to a double-sided carbon tape that had been glued to an aluminum stub (40 mm).
The aluminum stub, together with the leaf samples, was inserted into the DSEM, and
images were viewed at 200x [30]. For comprehensive details about sample preparation
and operational procedure of the DSEM, see [29,30].

2.14. Epicuticular Wax

Leaf epicuticular waxes were quantified from sorghum leaves planted in control and
cover crop plots. Sixteen-hole punches were collected from sorghum leaves (three plants in
each treatment across three fields) using a hole puncher. These leaf punches were placed
in a preweighed 3 mL microcentrifuge tube containing 1.5 mL chloroform. These tubes
were vortexed for 1.5 min, after which the leaf punches were removed. The chloroform was
allowed to evaporate, after which the microcentrifuge tubes were reweighed to quantify
epicuticular wax (mg) [28,31].

2.15. Statistical Analysis

Because some of our data did not meet the assumptions for normality, we used a
combination of nonparametric tests (Mann-Whitney U), and t tests. Treatments were used
as factors for field and laboratory experiments, while mass gain, pupation time, pupal mass,
and pupal length, PPO (g), and epicuticular wax (mg) were used as response variables.
Although fields were a significant factor in this experiment, the data from all the fields were
pooled together to represent control and cover crop treatments, as we were more interested
in seeing the effects of cover crops as a factor on the subsequent cash crop defense. Analysis
showing the effects of the field as a factor is detailed in Supplementary Table S1. We also
carried out a separate analysis for caterpillar mass gains at various stages of their growth
and development for laboratory experiments. All analyses were carried out using SAS JMP
(JMP®, Version <15>. SAS Institute Inc., Cary, NC, USA, 1989-2021), and plots were built
using GraphPad Prism (GraphPad Software, version 9.0.0 for Windows, La Jolla, CA, USA).

3. Results
3.1. Mass Gains by Caterpillars from the Field Experiment

For mass gains of caterpillars from the field experiment, the result from the paired
t-test showed that the cascading effects of cover crops did not significantly impact them
(p = 0.0629, Figure 1a). Although not significantly different, the caterpillars that fed on
sorghum leaves planted in cover crop treatment plots had a higher mass than the caterpillars
allowed to feed on sorghum leaves planted in the control plots.
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Figure 1. Results of the effect of control and cover crop treatment on the mass gain of FAW. (a—c) Mean
mass gain of FAW comprising (a) effect of sorghum leaves planted in control and cover crop treatment
plots on the mass gain of FAW (field experiment). Data were analyzed using t-tests (ns = not
significant). (b) Effects of sorghum leaves planted in the control and cover crop plots on the mass gain
of FAW (mass gain over initial mass). Individual mass gains were analyzed using Mann-Whitney U
test (c) Effects of sorghum leaves planted in the control and cover crop plots on the mass gain of FAW

(mass gain over previous mass). Individual mass gains were analyzed using t-tests.
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3.2. Mass Gains by Caterpillars from the Laboratory Experiment

From the laboratory experiments, we computed seven mass gains (mass gain over
initial mass and mass gain over previous mass). For mass gains over initial mass, there
was no significant difference in the mass gains of caterpillars when placed on diets mixed
with sorghum leaves from both control and cover crop plots (some data points showed
0 cm because some FAW caterpillars did not show any increase in mass gain over time)
(Figure 1b). However, for mass gains over previous mass, we noticed that caterpillars fed
on diets mixed with sorghum leaves from the cover crop treatments had significantly higher
mass gains than caterpillars fed on diets mixed with sorghum leaves from the control plots
(Figure 1c). This shows that cover crops had a positive effect on the caterpillars fed on diets
mixed with sorghum leaves from the cover crop plots.

3.3. Pupation Time

For the field experiment, both sets of caterpillars used a similar number of days to
pupate. However, for the lab experiments, caterpillars fed on diets mixed with sorghum
leaves planted in the cover crop treatments took significantly longer to pupate than those
fed on diets mixed with sorghum leaves planted in the control plots (p < 0.0001; Figure 2a).
This was interesting to see, since the FAW caterpillars fed on diets mixed with sorghum
leaves planted in the cover crop plots had more mass gain, but also took longer to eclose.

3.4. Pupal Mass

For pupal mass from the field experiments, results from Mann-Whitney U tests
showed no significant difference in the pupal mass of caterpillars fed on diets mixed with
sorghum leaves from the control or cover crop plots (p = 0.0979; Figure 2b). Although not
significantly different, the pupal mass of caterpillars fed on diets mixed with sorghum
leaves planted in the cover crop plots was higher than that of caterpillars fed on diets
mixed with sorghum leaves planted in the control plots. In the laboratory experiments, the
pupal mass of caterpillars fed on diets mixed with sorghum leaves planted in the cover
crop treatment plots was significantly higher than the pupal mass of caterpillars fed on
diets mixed with sorghum leaves planted in the control plots (p < 0.0001; Figure 2c). This
shows that the cascading effects of cover crops on the caterpillars translated into the pupal
stage, although more pronounced in the lab assays under controlled conditions.

3.5. Pupal Length

The pupal length of caterpillars fed on diets mixed with sorghum leaves planted in
the cover crop plots were significantly longer (p = 0.0008; Figure 2d) than caterpillars fed
on diets mixed with sorghum leaves grown in the control plots (some data points showed
0 cm because we included the data of caterpillars that failed to pupate as 0). Collectively,
we show that FAW caterpillars and pupae does better on cash crop from cover crop planted
plots when examined in detail under controlled conditions in a lab.
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Figure 2. Results of the effect of the control and cover crop treatments on the pupal parameters of
FAW. (a) Effect of sorghum leaves planted in the control and cover crop plots on pupation time of
FAW (lab experiment). Data were analyzed using Mann-Whitney U test. (b) Effects of sorghum
leaves planted in the control and cover crop plots on the pupal mass of FAW (field experiment).
(c) Effects of sorghum leaves planted in the control and cover crop plots on the pupal mass of FAW
(lab experiment). Data were analyzed using Mann—-Whitney U test. (d) Effects of sorghum leaves
planted in the control and cover crop plots on the pupal length of FAW. Data were analyzed using
t-tests (ns = not significant and * denotes significance).
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3.6. Quantification of Polyphenol Oxidase (PPO)

While quantifying PPO in the sorghum leaves from both the control and cover crop
treatment plots across the fields, we found no significant differences (p = 0.2359; Figure 3a).
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Figure 3. Results of the effect of control and cover crop treatment on the chemical and physical
defenses in sorghum leaves. (a) Results of the quantification of PPO from sorghum leaves planted in
the control and cover crop plots. Data were analyzed using Mann-Whitney U test. (b) Results of the
quantification of epicuticular wax from sorghum leaves planted in the control and cover crop plots.
Data were analyzed using t-tests (ns = not significant).

3.7. Epicuticular Wax

There was no significant difference in the wax amount in sorghum leaves that were
either planted in the control or cover crop plots (p = 0.4145; Figure 3b). Also, there were no
actual differences in the scanning electron microscope (SEM) surface images of sorghum
leaves planted in the control or cover crop plots (Supplementary Figure S2a,b).

4. Discussion

This study was conducted to assess any possible cascading effects of cover crops on
the growth and development of S. frugiperda in the subsequent cash crops across three fields
in the Lower Rio Grande Valley (LRGV). FAW being a major herbivore, especially in the
cash crop season, warranted a study that examined any possible effects that could affect its
growth and development. Through field studies and an extensive and rigorous laboratory
assessment, our results show that cover crops have cascading effects on the development



Insects 2023, 14,177

10 0f 13

of S. frugiperda in the subsequent cash crops, adding a line of evidence on how cover crops
can affect pest dynamics outside the cover crop.

Recent studies have shown that the management of plant-soil feedback through cover
cropping can result in positive, negative, or neutral feedback. The responses of plants to soil
feedback can impact the growth and development of herbivores [11,32]. Additionally, cover
crops such as legumes and grasses enhance the proliferation and colonization of arbuscular
mycorrhizal fungi (AMF) [3,5]. These beneficial microbes have been reported to influence
the regulation of plant defense against herbivores in subsequent cash crops [11,13].

We anticipated that caterpillars fed plant leaves and caterpillars fed on diets mixed
with sorghum leaves planted in the cover crop treatments would have a significantly lower
mass gain due to possible plant—soil feedback [3]. However, we observed that they had
significantly higher mass gains than the caterpillars fed on sorghum leaves and the caterpil-
lars fed on diets mixed with sorghum leaves from the control plots. A possible explanation
for this outcome is that as much as AMF upregulates defense in plants against herbivores,
they also enhance nutrient acquisition in plants, which could increase the attractiveness
of cash crops to herbivores [11,33]. However, we did not estimate the AMF colonization
success in cash crop, although this has been previously documented [3]. The direct and
indirect effect of AMF on the alteration of plant defense against herbivores through the
production of secondary metabolites, volatile organic compounds, and phytohormones
has been enumerated in previous studies [3,11,34]. For example, [3] showed that plants
grown with AMF received lower levels of herbivory compared to plants without AMF.
Also, [34] showed that AMF upregulated the defense in maize plants against herbivores by
enhancing the expression of defense-related genes (mpi and pr5).

We quantified PPO content in sorghum leaves grown in control and cover treatment
plots to evaluate the cascading effects of cover crops on the subsequent cash crop defense
against FAW. Caterpillars fed on sorghum leaves and caterpillars fed on diets mixed with
sorghum leaves planted in the cover crop plots had a significantly higher mass gain,
suggesting that PPO, and possibly other plant defenses, were not enhanced in cash crop, as
previously suggested by [11,13].

A suite of previous studies has shown that plants employ both chemical and physical
defenses against herbivores [25,28,35]. Although most studies have focused on how plants
elicit chemical defense compounds to deter herbivores, some studies have also shown that
physical traits such as trichomes and epicuticular wax impact herbivore feeding [28,36].
We quantified the wax amounts on sorghum leaves planted either in control or cover crop
plots to determine if epicuticular wax impacts the feeding of FAW. We found no significant
differences in the amount of epicuticular waxes in sorghum leaves planted in the control
and cover crop plots across the fields. Although not significantly different, there were
higher amounts of epicuticular wax in the sorghum leaves planted in the control plots.
This, however, might be a probable reason why FAW had higher mass gains when fed on
sorghum leaves planted in the cover crop plots [28,36,37].

Past studies have evaluated the differential effects of different diets on FAW’s survival
and mass gains and if these effects cascade through their growth and development [24,38,39].
These showed diet-dependent differences for larval mass gains, pupal weight, development
time, and mortality. It was not surprising to see that the pupal mass of caterpillars that fed
on diets mixed with sorghum leaves planted in the cover crops plot had significantly higher
mass than the caterpillars that fed on diets mixed with sorghum leaves planted in the control
plots. This can be attributed to the fact that the effects of cover crop treatments on FAW in
the larval stage translated into the pupal stage. Furthermore, the pupal length of caterpillars
fed on diets mixed with sorghum leaves planted in the cover crop plots was significantly
higher than that of caterpillars fed on control diets. Even though predation risk can be high
during the pupal stage because it is the immobile developmental stage, studies have shown
that they are not defenseless, as they have evolved strategies against predators [40,41].
Although not significant, we noticed a similar trend with the field experiments. This shows
that the effects of the diets fed to the caterpillars cascaded through the larval and pupal
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stages. It should also be noted that the field study only allowed us a snapshot of FAW
growth and development, since we could only allow them to feed for 3 days in the field
(imminent storm). The lab data also suggest that a snapshot of field feeding may miss
other effects unless long-term feeding assays or enriched diet assays that go beyond mass
gain [42] are carried out to test the effects of both physical and chemical defenses.

5. Conclusions

In conclusion, we show that FAW, a devastating polyphagous pest, can be differentially
impacted by cover—cash crop rotations. Furthermore, our laboratory and field results show
that cover crops had a possible cascading effect on the defense of the cash crops against
FAW, which was revealed through pupation time, mass gains, pupal mass, and pupal
length. However, since our constitutive defenses experiment failed to show any differences,
detailed exploration of other possible mechanisms should be done to predict how these
cascading effects lead to trophic interactions in agroecosystems, a key consideration for
sustainable agriculture.

Supplementary Materials: The following supporting information can be downloaded at. https:
/ /www.mdpi.com/article/10.3390/insects14020177 /s1. Figure S1: Regional map and individual
fields used in the study; Figure S2: Electron micrograph (200x) of the adaxial side of sorghum leaves
planted in the control and cover crop plots; Table S1: Results of the statistical analyses to examine the
effects of cover crops on the subsequent cash crop defense against FAW.

Author Contributions: Conceptualization, A.F. and R.K; formal analysis, A.F. and R.K.; funding
acquisition, R.K. and A.R; investigation, A.F. and R K.; project administration, R.K. and A.R.; super-
vision, R K. and A.R.; writing—original draft, A.F; writing—review and editing, RK., A.R. and A.F.
All authors have read and agreed to the published version of the manuscript.

Funding: The authors thank the United States Department of Agriculture for financial support through
the USDA-NRCS Conservation Innovation Trials On-Farm Trials Agreement NR213A750013G034 to
AR.and RK.

Data Availability Statement: All raw data will be made available on reasonable request.

Acknowledgments: The authors would like to thank the farmers whose fields were used for the study,
Cruz Salinas for helping with fieldwork and Lilly Elliot for developing the regional map of the farms.
We also thank the anonymous reviewers for their helpful comments that improved the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Romdhane, S.; Spor, A.; Busset, H.; Falchetto, L.; Martin, J.; Bizouard, F.; Bru, D.; Breuil, M.-C.; Philippot, L.; Cordeau, S.
Cover Crop Management Practices Rather Than Composition of Cover Crop Mixtures Affect Bacterial Communities in No-Till
Agroecosystems. Front. Microbiol. 2019, 10, 1618. [CrossRef]

Adetunji, A.; Ncube, B.; Mulidzi, A.; Lewu, F. Management Impact and Benefit of Cover Crops on Soil Quality: A Review. Soil
Tillage Res. 2020, 204, 104717. [CrossRef]

Kaur, J.; Chavana, J.; Soti, P; Racelis, A.; Kariyat, R. Arbuscular Mycorrhizal Fungi (AMF) Influences Growth and Insect
Community Dynamics in Sorghum-Sudangrass (Sorghum x Drummondii). Arthropod-Plant. Interact. 2020, 14, 301-315. [CrossRef]
Martinez, L.; Soti, P.; Kaur, J.; Racelis, A.; Kariyat, R.R. Impact of Cover Crops on Insect Community Dynamics in Organic
Farming. Agriculture 2020, 10, 209. [CrossRef]

Soti, P; Kariyat, R.; Racelis, A. Effective Farm Management Promotes Native AMF and Benefit Organic Farming Systems. Agric.
Ecosyst. Environ. 2023, 342, 108240. [CrossRef]

Nichols, V.; English, L.; Carlson, S.; Gailans, S.; Liebman, M. Effects of Long-Term Cover Cropping on Weed Seedbanks. Front.
Agron. 2020, 2, 591091. [CrossRef]

Blanco-Canqui, H.; Shaver, T.M.; Lindquist, J.L.; Shapiro, C.A.; Elmore, R.W.; Francis, C.A.; Hergert, G.W. Cover Crops and
Ecosystem Services: Insights from Studies in Temperate Soils. Agron. J. 2015, 107, 2449-2474. [CrossRef]

Blanco-Canqui, H.; Mikha, M.M.; Presley, D.R.; Claassen, M.M. Addition of Cover Crops Enhances No-Till Potential for Improving
Soil Physical Properties. Soil Sci. Soc. Am. . 2011, 75, 1471-1482. [CrossRef]

Restovich, S.B.; Andriulo, A.E.; Portela, S.I. Cover Crop Mixtures Increase Ecosystem Multifunctionality in Summer Crop
Rotations with Low N Fertilization. Agron. Sustain. Dev. 2022, 42, 19. [CrossRef]


https://www.mdpi.com/article/10.3390/insects14020177/s1
https://www.mdpi.com/article/10.3390/insects14020177/s1
http://doi.org/10.3389/fmicb.2019.01618
http://doi.org/10.1016/j.still.2020.104717
http://doi.org/10.1007/s11829-020-09747-8
http://doi.org/10.3390/agriculture10060209
http://doi.org/10.1016/j.agee.2022.108240
http://doi.org/10.3389/fagro.2020.591091
http://doi.org/10.2134/agronj15.0086
http://doi.org/10.2136/sssaj2010.0430
http://doi.org/10.1007/s13593-021-00750-8

Insects 2023, 14,177 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Dabney, S.M.; Delgado, J.A.; Meisinger, ].].; Schomberg, H.H.; Liebig, M.A.; Kaspar, T.; Mitchell, J.; Reeves, W. Using Cover Crops
and Cropping Systems for Nitrogen Management. In Advances in Nitrogen Management for Water Quality; USADA: Ankeny, 1A,
USA, 2010; pp. 231-282.

Davidson-Lowe, E.; Ray, S.; Murrell, E.; Kaye, J.; Ali, ].G. Cover Crop Soil Legacies Alter Phytochemistry and Resistance to Fall
Armyworm (Lepidoptera: Noctuidae) in Maize. Environ. Entomol. 2021, 50, 958-967. [CrossRef]

Mutyambai, D.M.; Bass, E.; Luttermoser, T.; Poveda, K.; Midega, C.A.O.; Khan, Z.R.; Kessler, A. More Than “Push” and “Pull”?
Plant-Soil Feedbacks of Maize Companion Cropping Increase Chemical Plant Defenses Against Herbivores. Front. Ecol. Evol.
2019, 7, 217. [CrossRef]

Kaplan, I; Pineda, A.; Bezemer, M. Application and Theory of Plant-Soil Feedbacks on Aboveground Herbivores. In Aboveground—
Belowground Community Ecology; Ohgushi, T., Wurst, S., Johnson, S.N., Eds.; Ecological Studies; Springer International Publishing:
Cham, Switzerland, 2018; Volume 234, pp. 319-343. ISBN 978-3-319-91613-2.

Garba, I.I; Bell, L.W.; Williams, A. Cover Crop Legacy Impacts on Soil Water and Nitrogen Dynamics, and on Subsequent Crop
Yields in Drylands: A Meta-Analysis. Agron. Sustain. Dev. 2022, 42, 34. [CrossRef]

Wunsch, E.M.; Bell, LW.; Bell, M.J. Can Legumes Provide Greater Benefits than Millet as a Spring Cover Crop in Southern
Queensland Farming Systems? Crop. Pasture Sci. 2017, 68, 746-759. [CrossRef]

Jones, C.; Olson-Rutz, K.; Miller, P.; Zabinski, C. Cover Crop Management in Semi-Arid Regions: Effect on Soil and Cash Crop.
Crops Soils 2020, 53, 42-51. [CrossRef]

Aiken, RM.; O'Brien, D.M.; Olson, B.L.; Murray, L. Replacing Fallow with Continuous Cropping Reduces Crop Water Productivity
of Semi-arid Wheat. Agron. J. 2013, 105, 199-207. [CrossRef]

Inveninato Carmona, G.; Delserone, L.M.; Nogueira Duarte Campos, J.; Ferreira de Almeida, T.; Vieira Branco Ozério, D.; David
Betancurt Cardona, J.; Wright, R.; McMechan, A.]. Does Cover Crop Management Affect Arthropods in the Subsequent Corn and
Soybean Crops in the United States? A Systematic Review. Ann. Entomol. Soc. Am. 2021, 114, 151-162. [CrossRef]

Dunbar, M.W.; O’Neal, M.E.; Gassmann, A.]. Increased Risk of Insect Injury to Corn Following Rye Cover Crop. J. Econ. Entomol.
2016, 109, 1691-1697. [CrossRef]

Prasanna, B.M.; Bruce, A.; Beyene, Y.; Makumbi, D.; Gowda, M.; Asim, M.; Martinelli, S.; Head, G.P,; Parimi, S. Host Plant
Resistance for Fall Armyworm Management in Maize: Relevance, Status and Prospects in Africa and Asia. Theor. Appl. Genet.
2022, 135, 3897-3916. [CrossRef]

Paudel Timilsena, B.; Niassy, S.; Kimathi, E.; Abdel-Rahman, E.M.; Seidl-Adams, I.; Wamalwa, M.; Tonnang, H.E.Z.; Ekesi, S.;
Hughes, D.P; Rajotte, E.G.; et al. Potential Distribution of Fall Armyworm in Africa and beyond, Considering Climate Change
and Irrigation Patterns. Sci. Rep. 2022, 12, 539. [CrossRef]

Meagher, R.L.; Nagoshi, R.N.; Fleischer, S.J.; Westbrook, J.K.; Wright, D.L.; Morris, J.B.; Brown, ].T.; Rowley, A.]. Areawide
Management of Fall Armyworm, Spodoptera Frugiperda (Lepidoptera: Noctuidae), Using Selected Cover Crop Plants. CABI
Agric. Biosci. 2022, 3, 1. [CrossRef]

Kumar, R.M.; Gadratagi, B.-G.; Paramesh, V.; Kumar, P.; Madivalar, Y.; Narayanappa, N.; Ullah, F. Sustainable Management of
Invasive Fall Armyworm, Spodoptera Frugiperda. Agronomy 2022, 12, 2150. [CrossRef]

Singh, S.; Kariyat, R.R. Exposure to Polyphenol-Rich Purple Corn Pericarp Extract Restricts Fall Armyworm (Spodoptera frugiperda)
Growth. Plant. Signal. Behav. 2020, 15, 1784545. [CrossRef] [PubMed]

Kariyat, R.R;; Raya, C.E.; Chavana, J.; Cantu, J.; Guzman, G.; Sasidharan, L. Feeding on Glandular and Non-Glandular Leaf
Trichomes Negatively Affect Growth and Development in Tobacco Hornworm (Manduca sexta) Caterpillars. Arthropod-Plant.
Interact. 2019, 13, 321-333. [CrossRef]

Tayal, M.; Somavat, P.; Rodriguez, I.; Martinez, L.; Kariyat, R. Cascading Effects of Polyphenol-Rich Purple Corn Pericarp Extract
on Pupal, Adult, and Offspring of Tobacco Hornworm (Manduca sexta L.). Commun. Integr. Biol. 2020, 13, 43-53. [CrossRef]
Tayal, M.; Somavat, P.; Rodriguez, I.; Thomas, T.; Christoffersen, B.; Kariyat, R. Polyphenol-Rich Purple Corn Pericarp Extract
Adversely Impacts Herbivore Growth and Development. Insects 2020, 11, 98. [CrossRef]

Watts, S.; Kariyat, R.R. Are Epicuticular Waxes a Surface Defense Comparable to Trichomes? A Test Using Two Solanum Species
and a Specialist Herbivore. Botany 2022, 101, 15-23. [CrossRef]

Constabel, C.P.,; Barbehenn, R. Defensive Roles of Polyphenol Oxidase in Plants. In Induced Plant Resistance to Herbivory; Springer:
Berlin/Heidelberg, Germany, 2008; pp. 253-270.

Watts, S.; Kaur, I; Singh, S.; Jimenez, B.; Chavana, J.; Kariyat, R. Desktop Scanning Electron Microscopy in Plant-Insect Interactions
Research: A Fast and Effective Way to Capture Electron Micrographs with Minimal Sample Preparation. Biol. Methods Protoc.
2022, 7, bpab020. [CrossRef]

Kariyat, R.R.; Gaffoor, I.; Sattar, S.; Dixon, C.W.; Frock, N.; Moen, J.; De Moraes, C.M.; Mescher, M.C.; Thompson, G.A.; Chopra,
S. Sorghum 3-Deoxyanthocyanidin Flavonoids Confer Resistance against Corn Leaf Aphid. J. Chem. Ecol. 2019, 45, 502-514.
[CrossRef]

Ingerslew, K.S.; Kaplan, I. Distantly Related Crops Are Not Better Rotation Partners for Tomato. J. Appl. Ecol. 2018, 55, 2506-2516.
[CrossRef]

Altieri, M.A.; Nicholls, C.I. Soil Fertility Management and Insect Pests: Harmonizing Soil and Plant Health in Agroecosystems.
Soil Tillage Res. 2003, 72, 203-211. [CrossRef]


http://doi.org/10.1093/ee/nvab047
http://doi.org/10.3389/fevo.2019.00217
http://doi.org/10.1007/s13593-022-00760-0
http://doi.org/10.1071/CP17223
http://doi.org/10.1002/crso.20065
http://doi.org/10.2134/agronj2012.0165
http://doi.org/10.1093/aesa/saaa049
http://doi.org/10.1093/jee/tow101
http://doi.org/10.1007/s00122-022-04073-4
http://doi.org/10.1038/s41598-021-04369-3
http://doi.org/10.1186/s43170-021-00069-0
http://doi.org/10.3390/agronomy12092150
http://doi.org/10.1080/15592324.2020.1784545
http://www.ncbi.nlm.nih.gov/pubmed/32580616
http://doi.org/10.1007/s11829-019-09678-z
http://doi.org/10.1080/19420889.2020.1735223
http://doi.org/10.3390/insects11020098
http://doi.org/10.1139/cjb-2021-0206
http://doi.org/10.1093/biomethods/bpab020
http://doi.org/10.1007/s10886-019-01062-8
http://doi.org/10.1111/1365-2664.13156
http://doi.org/10.1016/S0167-1987(03)00089-8

Insects 2023, 14,177 13 of 13

34.

35.

36.

37.

38.

39.

40.

41.

42.

Stratton, C.A.; Ray, S.; Bradley, B.A.; Kaye, ].P.; Ali, ].G.; Murrell, E.G. Nutrition vs Association: Plant Defenses Are Altered by
Arbuscular Mycorrhizal Fungi Association Not by Nutritional Provisioning Alone. BMC Plant. Biol. 2022, 22, 400. [CrossRef]
Kaur, J.; Kariyat, R. Role of Trichomes in Plant Stress Biology. In Evolutionary Ecology of Plant-Herbivore Interaction; Springer: Cham,
Switzerland, 2020; pp. 15-35.

Bernaola, L.; Butterfield, T.S.; Tai, T.H.; Stout, M.J. Epicuticular Wax Rice Mutants Show Reduced Resistance to Rice Water Weevil
(Coleoptera: Curculionidae) and Fall Armyworm (Lepidoptera: Noctuidae). Environ. Entomol. 2021, 50, 948-957. [CrossRef]

Kaur, I; Watts, S.; Raya, C.; Raya, J.; Kariyat, R. Surface Warfare: Plant Structural Defenses Challenge Caterpillar Feeding.
In Caterpillars in the Middle: Tritrophic Interactions in a Changing World, Marquis, R.J., Koptur, S., Eds.; Springer International
Publishing: Cham, Switzerland, 2022; pp. 65-92. ISBN 978-3-030-86688-4.

Meagher, R.L.; Nagoshi, R.N.; Stuhl, C.; Mitchell, E.R. Larval Development of Fall Armyworm (Lepidoptera: Noctuidae) on
Different Cover Crop Plants. Fla. Entomol. 2004, 87, 454-460. [CrossRef]

Anderson, P.; Hilker, M.; Lofqvist, J. Larval Diet Influence on Oviposition Behaviour in Spodoptera Littoralis. Entomol. Exp. Appl.
1995, 74, 71-82. [CrossRef]

Singh, S.; Watts, S.; Kaur, I.; Rodriguez, I.; Ayala, J.; Rodriguez, D.; Martin, E.; Kariyat, R. Sex and Stress Modulate Pupal Defence
Response in Tobacco Hornworm. Curr. Zool. 2022, zoac075. [CrossRef]

Lindstedt, C.; Murphy, L.; Mappes, J. Antipredator Strategies of Pupae: How to Avoid Predation in an Immobile Life Stage?
Philos. Trans. R. Soc. B Biol. Sci. 2019, 374, 20190069. [CrossRef]

Kariyat, R.R.; Portman, S.L. Plant-Herbivore Interactions: Thinking beyond Larval Growth and Mortality. Am. ]. Bot.
2016, 103, 789-791. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1186/s12870-022-03795-3
http://doi.org/10.1093/ee/nvab038
http://doi.org/10.1653/0015-4040(2004)087[0454:LDOFAL]2.0.CO;2
http://doi.org/10.1111/j.1570-7458.1995.tb01876.x
http://doi.org/10.1093/cz/zoac075
http://doi.org/10.1098/rstb.2019.0069
http://doi.org/10.3732/ajb.1600066
http://www.ncbi.nlm.nih.gov/pubmed/27208346

	Introduction 
	Materials and Methods 
	Study Sites 
	Cover Crop Treatments and Experimental Design 
	Planting and Termination 
	Cash Crop Planting 
	Insect Colony 
	Artificial Diets 
	Field Experimental Design 
	Laboratory Experimental Design 
	Mass Gain 
	Time to Pupate 
	Pupal Mass and Pupal Length 
	Polyphenol Oxidase (PPO) Assay 
	Scanning Electron Microscopy 
	Epicuticular Wax 
	Statistical Analysis 

	Results 
	Mass Gains by Caterpillars from the Field Experiment 
	Mass Gains by Caterpillars from the Laboratory Experiment 
	Pupation Time 
	Pupal Mass 
	Pupal Length 
	Quantification of Polyphenol Oxidase (PPO) 
	Epicuticular Wax 

	Discussion 
	Conclusions 
	References

