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ARTICLE INFO ABSTRACT

Keywords: Plant-mediated variations in the outcomes of host-pathogen interactions can strongly affect epizootics and the
Biological control population dynamics of numerous species, including devastating agricultural pests such as the fall armyworm.
Epizootic Most studies of plant-mediated effects on insect pathogens focus on host mortality, but few have measured
Glycine max

pathogen yield, which can affect whether or not an epizootic outbreak occurs. Insects challenged with
baculoviruses on different plant species and parts can vary in levels of mortality and yield of infectious stages
(occlusion bodies; OBs). We previously demonstrated that soybean genotypes and induced anti-herbivore
defenses influence baculovirus infectivity. Here, we used a soybean genotype that strongly reduced baculovirus
infectivity when virus was ingested on induced plants (Braxton) and another that did not reduce infectivity
(Gasoy), to determine how soybean genotype and induced defenses influence OB yield and speed of kill. These
are key fitness measures because baculoviruses are obligate-killing pathogens. We challenged fall armyworm,
Spodoptera frugiperda, with the baculovirus S. frugiperda multi-nucleocapsid nucleopolyhedrovirus (SfMNPV)
during short or long-term exposure to plant treatments (i.e., induced or non-induced genotypes). Caterpillars
were either fed plant treatments only during virus ingestion (short-term exposure to foliage) or from the point of
virus ingestion until death (long-term exposure). We found trade-offs of increasing OB yield with slower speed of
kill and decreasing virus dose. OB yield increased more with longer time to death and decreased more with
increasing virus dose after short-term feeding on Braxton compared with Gasoy. OB yield increased significantly
more with time to death in larvae that fed until death on non-induced foliage than induced foliage. Moreover,
fewer OBs per unit of host tissue were produced when larvae were fed induced foliage than non-induced foliage.
These findings highlight the potential importance of plant effects, even at the individual plant level, on
entomopathogen fitness, which may impact epizootic transmission events and host population dynamics.

Parasite fitness

Spodoptera frugiperda multiple nucleocapsid
nucleopolyhedrovirus

Tritrophic interaction

1. Introduction

Changes in plants induced by microbes and/or insect herbivores can
have profound effects on the interactions between the three partici-
pants, shaping their abundances and community structure (Biere and
Bennett, 2013; Biere and Tack, 2013; Shikano et al., 2017a). Insect-
associated microbes, whether in the gut or outside the insect body, can
influence tritrophic interactions by aiding insect detoxification of
phytochemicals (Adams et al., 2013; Hansen and Moran, 2014;
Mason et al., 2014), enabling insects to manipulate plant physiology
for their own benefit (Chung et al.,, 2013; Frago et al., 2012) and
providing insects with essential nutrients that are unavailable in their
host plants (Douglas, 2015; Hansen and Moran, 2014). Phytopathogens
and soil-borne microbes can induce changes in plants that positively or
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negatively influence insect herbivores, through direct or indirect plant-
mediated effects on the insects (Pineda et al., 2010; Tack and Dicke,
2013). Similarly, entomopathogenic fungi can endophytically colonize
plants and influence plant-insect interactions potentially by changing
plant defenses and growth (Ownley et al., 2010). Insect-induced
changes in plants can also strongly influence the interactions between
plants, insects and their pathogens (Cory and Hoover, 2006).

The ability of insect pathogens to infect their hosts is affected by
variation in plant quality, both between and within plant species (Cory
and Hoover, 2006). The forest tent caterpillar, Malacosoma disstria, was
as much as 100-fold more resistant to the bacterium Bacillus thuringien-
sis when exposed to the bacterium on foliage of quaking aspen, Populus
tremuloides, than sugar maple, Acer saccharum (Kouassi et al., 2001).
Mortality in greenhouse whitefly, Trialeurodes vaporariorum, nymphs
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were significantly higher when conidial suspensions of the pathogenic
fungi Beauveria bassiana and Isaria fumosoroseus were applied to
cucumber plants than to tomato plants (Poprawski et al., 2000).
Mortality induced by baculoviruses can also vary with the quality of
the foliage ingested along with the virus, such as the variation in quality
between plant species (Ali et al., 1998; Farrar and Ridgway, 2000;
Hoover et al., 1998a; Keating et al., 1988), different parts within a plant
(Ali et al., 1998), plant phenology (Raymond and Hails, 2007), and
defensive status of the plant (i.e., constitutive vs. herbivore-induced)
(Elderd et al., 2013; Hoover et al., 1998a; Shikano et al., 2017b).

While numerous studies have demonstrated plant-mediated effects
on pathogen-induced mortality, several other factors can influence the
population dynamics of insects and their pathogens. There are four
basic population parameters that are fundamental to pathogen fitness:
transmission, speed of kill, yield (number of infectious stages released
from a single host) and persistence (the rate of loss of infectious stages
from the environment) (Anderson and May, 1981; Raymond et al.,
2005, 2002). The few studies that examined plant-mediated effects on
pathogen yield focused primarily on baculoviruses (Ali et al., 2002;
Cory and Myers, 2004; Hodgson et al., 2004, 2002; Raymond et al.,
2002; Raymond and Hails, 2007).

Baculoviruses are food-borne insect pathogens with narrow host
ranges that can cause epizootics in outbreak host populations (Cory and
Myers, 2003). They are obligate pathogens, and those that infect
lepidopteran insects must kill their hosts to release orally infectious
stages (viral occlusion bodies; OBs) to infect new hosts. To ensure that
infection occurs via horizontal transmission, a lethal dose of OBs must
be consumed along with the leaf tissue on which it resides. The amount
of virus that a host yields after death depends, in part, on the leaf tissue
and its phytochemistry. Differential OB yields have been demonstrated
with short-term feeding on different plant species at the point of virus
ingestion (immediately before, during and immediately after virus
exposure) (Cory and Myers, 2004; Raymond et al., 2002) and long-
term feeding on different plant species, parts and host phenology
(either throughout larval development or during and after virus-
challenge until host death) (Ali et al.,, 2002; Hodgson et al., 2004,
2002; Raymond and Hails, 2007).

We recently demonstrated that short-term feeding by fall army-
worms, Spodoptera frugiperda, at the point of virus ingestion on soybean
leaf disks exhibiting induced anti-herbivore resistance, reduced levels
of mortality caused by a baculovirus S. frugiperda multi-nucleocapsid
nucleopolyhedrovirus (SMNPV) compared to short-term exposure to
non-induced leaf disks, though the speed of kill was not affected
(Shikano et al., 2017b). The degree to which soybean induced
resistance lowered baculovirus-induced mortality varied strongly
among eight soybean genotypes (Shikano et al., 2017b). Here, we
selected two soybean genotypes from our previous study, one genotype
that strongly reduced lethal infection by baculovirus when induced
(Braxton genotype) and another that did not have this effect (Gasoy
genotype). Although records of SfMNPV epizootics in fall armyworms
on soybean plants are not available, SfMNPV is known to cause
epizootics in fall armyworms in pastures (Fuxa, 2004). We used the
intraspecific variation in soybean-mediated effects on SfMNPV efficacy
as a model system to examine how this variation may influence virus
productivity. Our objectives were to determine if virus yield would be
influenced by short-term exposure to different soybean genotypes and
to induced and non-induced foliage, and whether long-term feeding on
induced and non-induced foliage from the Braxton genotype (from virus
ingestion until death) would affect virus yield. Since Braxton and Gasoy
genotypes varied in defensive chemistry (phenolic content and perox-
idase activity) and in their effects on fall armyworm feeding and
growth, particularly when the plants were induced (Shikano et al.,
2017b), we hypothesized that virus yield will be differentially affected
by short-term exposure to the two plant genotypes and to induced or
non-induced foliage. We also hypothesized that long-term feeding on
induced soybean foliage will result in larvae producing fewer OBs at
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death than on non-induced foliage, in part because induced soybean
defenses significantly inhibit fall armyworm growth (Shikano et al.,
2017b) and smaller hosts tend to produce less virus OBs (Wilson et al.,
2000). Reduced OB yield on induced foliage might also result from
increased susceptibility of infected fall armyworms to induced soybean
defensive chemicals, because baculovirus infection can cause a down-
regulation of genes involved in detoxification and digestive function
(Noland et al., 2013). Thus, infected armyworms on induced foliage
may exhibit faster death than those on non-induced foliage and
consequently yield fewer OBs, which is typical of the trade-off between
speed of kill and OB yield exhibited by baculoviruses (e.g. Wilson et al.,
2000; Redman et al., 2016).

2. Materials and methods
2.1. Plants and jasmonic acid application

Soybean, Glycine max (Fabaceae), seeds were obtained from the
National Plant Germplasm System, United States Department of
Agriculture Agricultural Research Service (USDA-ARS). Plants were
grown in professional growing mix (Sunshine Mix 4 Aggregate Plus) in
10 cm plastic pots in a temperature-controlled greenhouse at 25 °C and
16L:8D supplemented with high pressure sodium lights. Plants were
watered every two days, and fertilized with 3 g of Osmocote Plus (15-9-
12; Scotts) when the first true leaves were fully expanded. For each
experiment, 40-60 plants of each genotype were grown and randomly
divided into an equal number of induced or non-induced treatments.

Gasoy 17 and Braxton genotypes were selected based on qualitative
differences in jasmonic acid (JA)-induced resistance against fall army-
worms and differential effects of JA-induced defenses on baculovirus
efficacy (Shikano et al., 2017b). Both genotypes are from soybean
maturity group VII and have determinate stem termination. Plants were
exogenously sprayed with JA, as described in Shikano et al. (2017b). JA
is a phytohormone that upregulates plant defenses against chewing
herbivores (Thaler et al., 1996). Control plants were sprayed with the
same concentration of the carrier solution. Plants were used in
bioassays 48 h after JA application. Only the youngest, fully opened
trifoliate leaf was used and cork borers were used to cut leaf disks
(0.64 cm?) for the experiments described below.

2.2. Insects and baculovirus

Newly molted fourth instar fall armyworm, S. frugiperda, were used
in all experiments. The rationale for using fourth instars is provided in
Elderd and Reilly (2014). To explain briefly, the initial infections before
an epizootic typically occur in first instar larvae, which is the most
susceptible age, through horizontal or vertical transmission. By the time
infected first instars die (4-6 days) and release OBs, uninfected larvae
have developed to approximately the fourth instar. Since infected
fourth instars produce exponentially more OBs than infected first
instars, fourth instars were the focus of this study. Eggs were obtained
from Benzon Research (Carlisle, PA, USA) and larvae were reared on
artificial diet (Southland Products Inc., Lake Village, AR, USA) at 29 °C
and 16L:8D in 128-well insect rearing trays (Frontier Agricultural
Sciences, Newark, DE, USA) until head capsule slippage in the late
third instar. These larvae were transferred to individual wells of a 12-
well cell culture plate without food to complete their molt. Larvae were
individually weighed to the nearest 0.1 mg before use in the experi-
ments.

Wild-type SfMNPV-B (Nicaragua) occlusion bodies (OB) were
obtained from Dr. James Slavicek, USDA Forest Service (Delaware,
OH). OBs were quantified under a phase contrast microscope using an
improved Neubauer brightline haemocytometer.
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Fig. 1. Diagram illustrating the designs of the three experiments, including the virus
doses used, the food treatments post virus-challenge and recorded measurements.

2.3. Experiment 1: Effects of short-term feeding on plants of different
quality during virus-challenge on baculovirus infectivity and OB production

Please see Fig. 1 for a flowchart of the three experiments described
below. To determine the effects of constitutive and JA-induced soybean
defenses on baculovirus infectivity and OB production, larvae ingested
foliage and virus at the same time, but consumed artificial diet before
and after virus-challenge. We challenged the larvae with SfMNPV as
described in Shikano et al. (2017b). Briefly, comparable numbers of leaf
disks were removed from each Braxton and Gasoy plant, which had
been JA- or control-treated, and equally distributed to each virus dose.
There were 30 leaf disks per dose for each induction treatment per
genotype. Leaf disks were kept moist on wet paper towels. A 2 pl
droplet of Milli-Q water containing one of five doses of SEMNPV (500,
2000, 5000, 15,000, 30,000 OBs) was applied to each leaf disk. Control
disks were treated with just Milli-Q water. Once the droplet dried

Table 1
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completely, one leaf disk was presented to a single larva in individual
wells of a 12-well cell culture plate. Each well was lined with moist
filter paper and a moist paper towel was placed under the lid of the
plate to keep the leaf disk and insect from desiccating. The plate was
maintained at 29 °C and 16L:8D for 20 h. Larvae that consumed the
entire leaf disk were transferred to individual 30 ml plastic containers
with ad libitum artificial diet until death or pupation. Mortality was
recorded every 8 h.

Cadavers were collected immediately upon death in individual
1.5ml centrifuge tubes. Moribund larvae that had stopped feeding
were also collected and maintained at 29 °C until death. The tube was
kept ventilated by placing a small piece of Kimwipe under the lid. All
cadavers were stored at —20 °C. Six cadavers liquefied over the diet
before they could be collected, and were included in the time to death
analysis but excluded from the OB yield analysis. To determine the
numbers of OBs produced in each cadaver, cadavers were macerated for
1 min in their tubes using a plastic pestle. Milli-Q water was added to
the macerated cadaver to produce a volume of 1 ml (cadaver + Milli-Q
water = 1 ml suspension). From this suspension, 1:100 or 1:1000
dilutions were made and virus yield was estimated under a phase
contrast microscope using an improved Neubauer brightline haemocyt-
ometer.

2.4. Experiment 2: Effect of short-term feeding on JA-induced plants on OB
production at equal lethal virus doses

Since levels of virus-induced mortality differed when virus was
ingested on JA-induced and non-induced leaf disks from the Braxton
genotype, we measured the yields of OBs that were produced when
larvae ingested equal lethal doses on the two plant induction treatments
rather than the same numbers of OBs for each larva. We used the
estimated lethal dose that killed 50 and 95% of larvae (LDsq and LDgs)
on JA-induced (LDso = 9929 OB, and LDos = 100,991 OB) and non-
induced (LDso = 3630 OB, and LDos = 36,919 OB) leaf disks in
experiment 1 (Table 1). There were 90 larvae challenged with the
LDsg, 45-48 larvae challenged with the LDgs, and 21 larvae fed control
leaf disks on each plant induction treatment. Larvae in all treatments
were virus-challenged at the same time and subsequently maintained
on artificial diet as described in experiment 1. Mortality was recorded
and cadavers were collected as described, except that cadavers were
weighed at the time of collection, and the numbers of OBs per cadaver
were counted. Six cadavers liquefied over the diet before they could be
collected and were excluded from the cadaver weight and OB yield
analyses. There were two cadavers that were not weighed, but OB yield
was counted. There was one cadaver that was weighed, but the OB
count was missing. Time to death for this larva was included in the
analysis, since it showed clear signs of virus infection (liquefaction).

The developmental stage of the control larvae 24 h after being
transferred from leaf disk to artificial diet was recorded to assess the
impact of leaf disk quality on subsequent development rate. The

Lethal dose (OBs larva~! and 95% confidence intervals) of SFMNPV that killed 50 and 95% (LDs, and LDes, respectively) of S. frugiperda larvae, when the virus doses
were ingested with JA-induced or non-induced leaf disks from Gasoy and Braxton soybean genotypes (experiment 1). Values were obtained from the final minimal GLM

model. Slopes of the mortality-dose relationship were parallel (Fig. 2).
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number of days to initiate pupation and pupal weights of control insects
were also measured. Two control larvae initiated pupation but failed to
eclose fully to the pupa, and thus, these larvae were included in time to
pupation analysis but not pupal weight.

2.5. Experiment 3: Effects of long-term feeding on JA-induced plants on OB
production and speed of kill

To determine whether the plant treatment consumed after virus-
challenge would impact OB production and speed of kill, we challenged
larvae with the highest virus dose used in experiment 1 (30,000 OBs) on
JA-induced or non-induced leaf disks, and subsequently reared them
until death or pupation on foliage from their respective plant treat-
ments. Foliage from each plant treatment was provided to each larva in
individual 30 ml plastic cups lined with moist paper towel. Plants were
treated with JA or a control solution in two-day intervals, such that
larvae could be provided with new foliage every two days. There were
36 virus-challenged larvae and 9 control larvae per plant treatment.
The number of days to initiate pupation and pupal weights of control
insects were measured. Mortality was recorded, cadavers were
weighed, and the numbers of OBs per cadaver were counted. There
was one virus-killed cadaver that was weighed, but the OB count was
missing.

2.6. Statistical analyses

Experiment 1. We analyzed the dose response mortality of larvae that
ingested virus on JA-induced or non-induced leaf disks from the
Braxton and Gasoy soybean genotypes together using a generalized
linear model (GLM; binomial error distribution and logit link function).
The mortality data for Braxton and Gasoy genotypes were previously
included as part of a larger-scale dose response analysis on five
genotypes in the supplementary materials of Shikano et al. (2017b).
Time to death and OB yield measurements were collected from the dose
response assays, but were not reported in Shikano et al. (2017b). Time
to death was analyzed using a Cox proportional hazards model and OB
yield was analyzed by analysis of covariance (ANCOVA). The lowest
two doses from each plant treatment were excluded from time to death
and OB yield analyses due to low sample sizes (< 10 dead larvae).
Soybean genotypes, induction treatment and log;odose, and their
interactions were included as predictor variables. Differences among
plant treatments in the relationship between OB yield and speed of kill
were analyzed using multiple linear regression (MLR). OB yield was the
response variable and time to death, log;odose, plant genotype and
induction treatment and their interactions were included as predictor
variables.

Experiments 2 and 3. An ANCOVA was used to determine differences
in the OB yield and cadaver weight. Difference in pupal weight of
control insects was also analyzed by ANCOVA. Time to death of virus-
challenged larvae and days to pupation of control larvae were analyzed
by Cox proportional hazards. The difference in development rate in the
first 24 h after ingesting a JA-induced or non-induced leaf disk was
determined by comparing the proportion of larvae that were still in the
fourth instar, as opposed to the molting or fifth instar stages, using GLM
with Firth bias-adjusted estimates. The change in OB yield with cadaver
weight (virus efficiency) was analyzed by MLR with OB yield as the
response variable and the plant induction treatment and cadaver weight
as predictor variables. The relationship between OB yield and speed of
kill was analyzed by MLR with OB yield as the response variable and
the plant induction treatment and time to death as predictor variables.
For all of the analyses used in the three experiments, the initial larval
weight at the time of virus-challenge was included as a covariate. Sex
was also included as a covariate for pupal weight analyses. All non-
significant interactions were sequentially removed to produce the final
minimal model. JMP Pro 12 (SAS Institute, Cary, NC, USA) was used for
all analyses.
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Fig. 2. (a) Logit mortality, (b) time to death and (c) OB yield of larvae challenged with a
range of SMNPV doses on JA-induced or non-induced leaf disks from Braxton or Gasoy
soybean genotypes (short-term feeding on plant treatments; experiment 1). Five doses
were used to determine logit mortality. Only the highest three doses were used for time to
death and OB yield analyses because the two low doses killed fewer than 10 hosts in each
plant treatment. Fitted lines represent final minimal models fitted by (a) GLM and (c)
ANCOVA. Black lines represent Braxton, grey lines represent Gasoy, solid lines represent
non-induced and dashed lines represent JA-induced. No line is available for (b) Cox
proportional hazards, though time to death decreased significantly with increasing dose.
Symbols are shifted along the x-axis to prevent overlap.

3. Results

3.1. Short-term feeding on different quality plants during virus-challenge
influenced baculovirus infectivity and OB production (experiment 1)

Mortality of fall armyworm by SEMNPV responded differently to JA-
induced defenses in the two soybean genotypes (Fig. 2a; Table 1;
genotype by plant induction, X3 = 3.86, p = 0.049). Virus-induced
mortality was significantly lower when the virus was ingested with
JA-induced leaf disks than with non-induced leaf disks on the Braxton
genotype (paired contrast, X, = 16.60, p < 0.0001), but there was no
effect of JA-induction on the Gasoy genotype (paired contrast,
X2 = 1.71, p = 0.19). Virus-induced mortality was not significantly
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Fig. 3. The trade-off between OB yield and speed of kill when SfMNPV doses were
ingested on Braxton or Gasoy soybean genotypes (short-term feeding on plant treatment;
experiment 1). Both JA-induced and non-induced plant treatments are included for each
genotype. Fitted lines represent the significant interaction between genotype and time to
death. Symbols for Braxton are shifted along the x-axis (+3 h) to prevent overlap. Lines
are not shifted.

different between the two genotypes if the leaf disks were not induced
(i.e. constitutive plant defenses; paired contrast, X2, = 0.40, p = 0.53),
but mortality was significantly lower for Braxton when both genotypes
were JA-induced (paired contrast, X*; = 11.72, p < 0.001). As ex-
pected, mortality increased with virus dose (X3, = 270.53,
p < 0.0001). No other interactions between plant induction, genotype
and dose were significant.

Virus-challenged armyworms died faster as the dose increased
(X2 = 10.94, p < 0.001; Fig. 2b), but this response was not affected
by plant induction (X% = 1.83, p = 0.18) or soybean genotype
(X%, = 0.87, p = 0.35). All other interactions between plant treatment,
genotype and dose were non-significant.

The number of OBs produced per cadaver decreased with increasing
virus dose (F1 544 = 11.02, p = 0.001; Fig. 2c), likely because cadaver
size typically decreases with increasing virus dose (White et al., 2012),
though cadaver weight was not measured in this experiment. Dose had
a much stronger effect on OB production when it was ingested with the
Braxton genotype than Gasoy (genotype by dose, Fq 44 = 6.45,
p = 0.012). At the lower dose (5000 OB), OB yield was higher on
Braxton, but at the highest dose (30,000 OB), OB yield was higher on
Gasoy. Plant induction did not affect OB production (F 244 = 0.001,
p = 0.97) and there were no other interactions between plant induc-
tion, genotype and dose.

3.2. Short-term feeding on JA-induced plants during virus-challenge with
equivalent lethal doses reduced OB yield (experiment 2)

Mortality was 68.5 and 72.2% at the LDs, (JA-induced = 9929 OB,
non-induced = 3630 OB) and 97.7 and 97.9% at the LDos (JA-
induced = 100,991 OB, non-induced = 36,919 OB) when the virus
was ingested on JA-induced and non-induced Braxton leaf disks,
respectively. As predicted from decreasing OB yield with increasing
virus dose (Fig. 2c), larvae that ingested a higher dose of OBs on JA-
induced leaf disks than on non-induced leaf disks to obtain an equal
level of mortality, yielded 22% fewer OBs at the LDsqy (F1,117 = 9.32,
p = 0.003), but not at the LDgs (F1,gg = 0.05, p = 0.82). The lower OB
yield in larvae exposed to an LDso on JA-induced foliage than on non-
induced foliage was associated with a marginally lower cadaver weight
(15% lower) (LDsg, F1,116 = 3.19, p = 0.077). Plant induction did not
significantly affect cadaver weight at the LDgs (F1 g5 = 0.50, p = 0.48)
or time to death at the LDs, (X* = 1.19, p = 0.27) and LDgs
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(X%, = 0.14, p = 0.71) (Supplementary material Appendix 1, Fig.
S1). The changes in OB yield with speed of kill and cadaver weight,
though confounded by different virus doses, are described in
Supplementary material Appendix 2.

3.3. Long-term feeding on JA-induced plants reduced OB Yyield (experiment
3)

Mortality did not differ significantly between plant induction
treatments when larvae ingested the same virus dose (30,000 OBs
larva™!) on JA-induced or non-induced leaf disks and then subse-
quently consumed the same plant treatment until death or pupation
(91.7% mortality on both treatments). Feeding on JA-induced foliage
after virus challenge yielded 44% fewer OBs per cadaver compared to
non-induced foliage (F; 62 = 17.61, p < 0.0001). This coincided with
a 31% lower cadaver weight in infected larvae fed JA-induced than
non-induced foliage (F163 = 10.34, p = 0.002). Induction treatments
did not significantly affect the time to death (X* = 2.36, p = 0.12).

3.4. Plant-mediated effects on the trade-off between OB yield and speed of
kill

We examined if the trade-off between speed of kill and OB yield was
influenced by different soybean genotypes and JA-induction at the
point of infection (experiment 1). Although the mean OB yield did not
significantly differ between genotypes (i.e. no main effect of genotype;
F1,277 = 0.72, p = 0.40), there was an interaction between genotype
and time to death (Fi2y7 = 6.15, p = 0.014; Fig. 3). If host death
occurred quickly, more OBs were produced when the virus was ingested
on the Gasoy genotype than Braxton. However, OB yield increased
more with longer time to death in larvae fed on Braxton, such that if
speed of kill was slow, more OBs were produced on Braxton than Gasoy.
The effects of JA-induction (F; 277 = 1.52, p = 0.22) and virus dose
(F1,277 = 1.13, p = 0.29) did not significantly affect OB yield. Addi-
tionally, OB yield was not affected by any interactions between time to
death, genotype, JA-induction and dose.

The plant quality (JA-induced or non-induced on Braxton) con-
sumed by virus-infected larvae until death strongly affected the trade-
off between OB yield and speed of kill (experiment 3; Fig. 4a). The
longer infected larvae took to die, the more OBs were produced.
However, OB yield in larvae that fed on non-induced foliage until
death increased more with time to death than those fed JA-induced
foliage (plant induction by time to death, F; g0 = 10.38, p = 0.002).

3.5. Long-term feeding on JA-induced plants reduced virus efficiency
(experiment 3)

As expected, OB yield increased with cadaver weight
(F1,61 = 109.01, p < 0.0001), regardless of the plant treatment con-
sumed until death (experiment 3; Fig. 4b). However, more OBs were
produced per unit weight of cadaver if larvae were fed non-induced
foliage after virus-challenge than JA-induced foliage (F;6; = 7.80,
p = 0.007). There was no interaction between plant treatment and
cadaver weight.

3.6. Long-term feeding on JA-induced plants blocked molting of infected
larvae (experiment 3)

Virus-infected larvae that fed on JA-induced foliage post virus-
challenge were significantly more likely to not molt and die in the
fourth instar than infected larvae that fed on non-induced foliage
(X2 = 8.39, p = 0.004; 11 out of 33 cadavers and 2 out of 33 cadavers
were fourth instars on JA-induced and non-induced foliage, respec-
tively). All other lethally infected larvae died in the fifth instar.
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Fig. 4. (a) The trade-off between OB yield and speed of kill and (b) relationship between
OB yield and cadaver weight (i.e. virus efficiency) when larvae ingested the same
SfMNPV dose (30000 OB) on JA-induced or non-induced Braxton leaf disks, and were
subsequently reared until death on the same plant treatments (long-term feeding on plant
treatments; experiment 3). Fitted lines represent (a) the significant interaction between
JA-induction and time to death, and (b) the significant main effect of JA-induction. (a)
Symbols for JA-induced are shifted along the x-axis (+3 h) to prevent overlap. Lines are
not shifted.

3.7. Effects of short and long-term feeding on JA-induced plants on larval
development

Control larvae (unchallenged larvae from experiment 2) tended to
develop more slowly in the first 24 h on artificial diet following the
ingestion of a JA-induced leaf disk compared to a non-induced leaf disk
(Fig. 5a; X2 = 3.24, p = 0.072). However, this short-term exposure to
the plant treatments had no significant impact on time to pupation
(Fig. 5b; X%, = 0.22, p = 0.64) or pupal weight (Fig. 5c; F; 37 = 0.67,
p = 0.42).

Control larvae (unchallenged larvae from experiment 3) developed
slower in the first 24 h on JA-induced foliage following the ingestion of
a JA-induced leaf disk compared to larvae that fed on non-induced
foliage after ingesting a non-induced leaf disk (Fig. 5a; X3 = 6.85,
p = 0.009). Larvae that were fed JA-induced foliage after a JA-induced
leaf disk took 40% longer to reach pupation (Fig. 5b; X* = 8.40,
p = 0.004) and produced pupae that were 27% lighter than larvae that
fed on non-induced leaf disk and foliage (Fig. 5c; Fy14 = 36.51,
p < 0.0001).

4. Discussion

In this study, we used the Braxton soybean genotype, which lowered
virus-induced lethality when induced by JA, and the Gasoy genotype,
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which did not. We demonstrated that short-term feeding of larvae on
JA-induced foliage at the point of virus ingestion had no impact on
virus OB production, regardless of the soybean genotype’s effect on
lethality by virus (experiment 1). When larvae ingested a high virus
dose (30,000 OB) and fed on foliage until death or pupation (long-term
feeding; experiment 3), there was no difference in mortality between
larvae that fed on JA-induced or non-induced foliage. This was not
surprising given that induced plant defenses usually do not affect virus
efficacy as much at high virus doses compared to low and moderate
doses (Hoover et al., 1998a). Interestingly, long-term feeding by virus-
infected larvae on JA-induced soybean foliage until death, which is
more representative of field conditions, significantly reduced the
number of OBs produced (experiment 3). These findings suggest that
plant-mediated effects on virus infectivity and yield can depend on
virus dose and the timing and duration of consuming plants of different
quality.

We hypothesized that infected larvae would grow slower on JA-
induced than non-induced foliage and consequently produce fewer
virus OBs because baculovirus infection can result in a large-scale
shutdown of protein synthesis in the host (Choi et al, 2012;
Jakubowska et al., 2013; Salem et al., 2011), including the down-
regulation of genes involved in detoxification and digestive functions
(Noland et al., 2013). Our findings both support and contradict this
hypothesis. First, the weights of cadavers of infected larvae on JA-
induced foliage were reduced by 31% compared to the cadavers of
infected larvae on non-induced foliage. Concurrently, the pupal weights
of uninfected (control) larvae were reduced by almost the same amount
on JA-induced foliage compared to non-induced foliage (27% lower).
This suggests that virus infection did not exacerbate poorer growth on
JA-induced foliage. In fact, infected larvae on JA-induced foliage
achieved the final (cadaver) weight at the same time as those on non-
induced foliage (equal time to death). In contrast, uninfected (control)
larvae took longer to reach pupation on JA-induced foliage than on
non-induced foliage. This indicates that infected larvae on JA-induced
foliage grew faster than uninfected larvae, relative to their counterparts
on non-induced foliage. The growth of infected larvae may have been
faster than uninfected larvae on JA-induced foliage because many of the
infected larvae (33%) were blocked from molting into the next (fifth)
instar. Baculoviruses express a gene (ecdysteroid UDP-glucosyltransfer-
ase (egt) gene) that increases the amount of host tissue that can be
converted into virus OBs by blocking molting (O’Reilly and Milller,
1989), thereby prolonging host feeding and increasing body mass (Cory
et al., 2004). Thus, continued host growth is assumed to be highly
favorable for virus fitness. However, the majority of infected larvae on
non-induced foliage were able to molt into the next instar (94%), which
actually benefited growth and OB production. It appears that the slower
development of infected larvae on JA-induced foliage may have
allowed the egt gene to block molting, which was detrimental for OB
yield. Thus, the value of the virus’ ability to block host molting may
depend on host food quality. Timing may also be important, since
blocking pupation would clearly benefit host growth and OB production
regardless of food quality (Cory et al., 2004).

The dynamics of insect-pathogen interactions are determined
primarily by insect and pathogen density, transmission and virulence
(Myers and Cory, 2016). The extent to which induced plant defenses
affect baculovirus epizootics may depend on herbivore density and its
effects on food plant availability, virus transmission and virus yield.
Mobile insect herbivores, such as fall armyworms, at low densities with
an abundance of food plants are likely to move within and among
plants (Pannuti et al., 2016), in part to avoid consuming induced
foliage. There is also usually a time lag between ingestion of foliage and
induced plant responses, such that an insect can feed for a period of
time before it needs to deal with induced defenses (Underwood, 1998).
Thus, induced defenses are more likely to be a factor in baculovirus
infections when the density of the insect population reaches a point
where most of the plant population is under attack and induced. Under
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this scenario, our findings suggest that induced plant defenses may limit
the number of OBs released for the next round of horizontal transmis-
sion by reducing OB yield. Moreover, since plant induction lowers
virus-induced mortality on some soybean genotypes, there may be an
additive effect whereby plant induction results in fewer OBs being
released and subsequent susceptible larvae needing to consume more
OBs to become infected. Thus, the plant via induction may indirectly
weaken host-pathogen transmission dynamics. On the other hand,
slower larval growth on induced plants could permit more rounds of
infection in a host generation. Our infected fourth instars maintained on
JA-induced and non-induced foliage died in approximately 3.6 and
3.3 days (86.6 and 80.3 h), respectively, while unchallenged (control)
larvae took 7.3 and 5.2 days to reach pupation on the respective plant
treatments. This indicates that OBs released from cadavers on JA-
induced plants would still have 3.7 days to cause a second round of
infection among the same cohort of insects, compared to only 1.9 days
on non-induced plants. Since lepidopteran larvae become more resis-
tant to baculoviruses as they age (i.e. developmental resistance)
(Engelhard and Volkman, 1995), armyworms that are 3.7 days from
reaching pupation on JA-induced plants would be younger and more
susceptible than larvae on non-induced plants. Together these results
suggest that the effects of induced plant defenses on baculovirus fitness
in natural populations is complex, varying with the interactions
between plant-mediated effects on virus transmission and yield and
insect growth rate.

We found that OB yield decreased with increasing virus dose when
the virus was ingested on the Braxton genotype, but this relationship
was significantly weaker on the Gasoy genotype. Virus genotypes have
been shown to vary in their production of OBs with dose (Cory and
Myers, 2004), but this is the first time that intraspecific variation in
plants has been demonstrated to alter this relationship. Whether insects
in nature are more likely to ingest higher or lower baculovirus doses is
debatable. Since OBs are released from cadavers, the spatial distribu-
tion of OBs on plants is patchy. Spatial clumping of virus inoculum,
along with variation in host densities and differences in feeding
behaviour and susceptibility among larval instars, contribute to a
non-linear transmission of baculoviruses (D’Amico et al., 2005;
Dwyer, 1991). At low insect population densities, the risk of ingesting
freshly virus-killed cadavers should be low. Most of the OBs within
these cadavers may get washed away by rain or inactivated by
ultraviolet radiation before being ingested by potential hosts. Some
insects may also avoid ingesting high doses of virus by avoiding virus-
killed cadavers (Parker et al., 2010). Thus, our data suggest that at low
insect densities where insects are more likely to ingest lower virus
doses, more OBs will be released into the environment by insects
infected on the Braxton genotype. Larger patches of baculovirus
inoculum (i.e. higher yield of OBs per cadaver) have been shown to
induce higher mortality in the following host generation on the same
plants, even when fewer patches were present (Hesketh and Hails,
2015). This suggests that virus persistence may be greater on the
Braxton genotype at low insect densities, but that the intensity of
epizootics at high insect densities, where insects may encounter higher
doses (i.e. more cadavers), may be greater on the Gasoy genotype
where more OBs are produced at high doses than on Braxton.

Consumption of JA-induced foliage by infected larvae significantly
reduced the degree to which OB yield increased with time to death. This
was in part due to lower larval weights at death on JA-induced foliage,
but also because the virus produced fewer OBs per unit of host tissue in
these larvae (Fig. 4b). This reduction in tissue conversion efficiency of
the virus on JA-induced foliage might result from toxic effects on the host
that reduces the nutritive quality of the host for the virus. Virus efficiency
may also be influenced by plant-mediated changes in insect immune
functioning (Bukovinszky et al., 2009; Klemola et al., 2007; Shikano
et al., 2015, 2010). Toxic phytochemicals ingested by host insects have
been shown to reduce the germination of pathogenic fungal conidia
(Gallardo et al., 1990; Poprawski et al., 2000) and the growth and
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Fig. 5. (a) Proportion of larvae in each developmental stage (4th instar, molting from 4th
to 5th instar or already in the 5th instar) 24 h after ingesting a JA-induced or non-induced
leaf disk, not treated with SEMNPV. (b) Days to pupation and (c) pupal weight of control
larvae that ingested a JA-induced or non-induced leaf disk. Bars to the left of the dashed
line represent larvae that were fed artificial diet after ingesting the entire leaf disk
(experiment 2; short-term feeding on plant treatments). Bars on the right represent larvae
that were maintained on the same plant treatment until pupation (experiment 3; long-
term feeding on plant treatments). Different letters above bars indicate significant
difference (p < 0.05).

survival of parasitoid larvae (Barbosa et al., 1986; Campbell and Duffey,
1979; Lampert et al., 2011; Lampert and Bowers, 2013). Some toxic
phytochemicals can pass into the haemolymph of non-sequestering
insects (e.g. Lampert et al., 2011), but whether these phytochemicals
or their metabolites could directly influence virus replication in cell
nuclei or inhibit enzymes involved in virus replication is unknown.
Moreover, our findings indicate that the plant genotype ingested with the
virus can also influence the slope of the time to death and virus yield
relationship (Fig. 3). We do not know the mechanism behind these
differences, but it may be associated with higher phenolic content in
Braxton than Gasoy (Shikano et al., 2017b) and the relationship between
high phenolic content and reduced virus efficacy (Felton and Duffey,
1990; Hoover et al., 1998b; Shikano et al., 2017b). The trade-off between
OB yield and speed of kill has been shown to vary with the plant species
that was ingested with the virus and the plant species that the virus was
collected from (i.e. virus isolate) (Raymond et al., 2002).
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With only a handful of studies that have examined plant-mediated
effects on production of entomopathogen progeny, it is difficult to
explain why virus yield and its relationship with speed of kill and
cadaver weight differ with intraspecific variation in plant quality. One
possibility is plant-mediated changes to the outcome of competition
among virus genotypes within the host. Lepidopteran-specific nucleo-
polyhedroviruses (Alphabaculovirus; genera of baculovirus used in our
study) have a unique morphology whereby many virions, each of which
can contain multiple genotypes, are embedded in a proteinaceous
matrix (i.e. OB). Studies that have isolated individual virus genotypes
have demonstrated that individual genotypes vary in their infectivity,
speed of kill and yield (Hodgson et al., 2004, 2002, 2001; Redman
et al., 2016). Moreover, the plant species fed on by hosts during
infection have been shown to differentially select virus genotypes
(Hodgson et al., 2004, 2002). Ali et al. (2002) found that the infectivity
of Helicoverpa zea single nucleocapsid NPV (HzSNPV) OBs collected
from killed hosts that were fed vegetative plant parts were more than
two times more infectious than OBs collected from hosts fed reproduc-
tive parts. Thus, more virulent genotypes may have been selected when
hosts fed on vegetative tissue, suggesting that intraspecific variation in
plant quality might influence competition among virus genotypes
within the host, and thereby play a role in maintaining the genetic
diversity of baculoviruses. Regardless of how plant genotype and
induced anti-herbivore defenses influenced key components of baculo-
virus fitness in our study, it highlights the importance of bottom-up
effects, even at the individual plant level, and the complexity of
interactions that may determine pathogen fitness in field populations.
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