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ARTICLE INFO ABSTRACT

Keywords: Entomopathogenic viruses affect insect populations by reducing fitness and influencing other measures of per-
Virus formance such as development and longevity. Given the huge diversity of viruses, studies are needed to un-

]I;fection derstand the mechanisms underlying how viruses affect their insect hosts. The Junonia coenia densovirus (JeDV)

Hwtt Jant infects a wide range of Lepidoptera and can cause death in the larval and pupal stages. In this study, we used the
(o} ani . . . . . . . . . PR

Parvol;\)/irus Melissa blue butterfly (Lycaeides melissa: Lycaenidae) to describe infection progression at the individual level, the

effects of infection on development, survival, and longevity, and whether plant diet influenced these factors.
Caterpillars were infected with JcDV and reared on either a low-quality host plant (Medicago sativa) or one of two
high-quality host plants (Astragalus canadensis or Lotus nevadensis). We found that average viral load was similar
across six days post-inoculation with a slight peak on day four. Viral load was highest among individuals reared
on the low-quality host plant. Infection resulted in faster development time compared to uninfected individuals,
and diet-specific effects were evident in survival to adulthood, with the native host plant (A. canadensis) offering
optimal conditions for survival. None of the infected individuals that reached adulthood successfully eliminated
JcDV, but viral loads were much lower in adults than larvae, indicating individuals reduced or maintained low
viral loads between life stages. These results suggest diet-dependent response to JcDV infection and have im-
plications for understanding the mechanisms that facilitate or impede the colonization of novel host plants.

1. Introduction

Insects are part of the global biodiversity crisis, as has been
increasingly recognized in recent years (Wagner, 2020), motivating
research into the factors that threaten insect populations, including
disease (Myers and Cory, 2016). However, given the range of pathogens
causing disease in insects, our knowledge of insect-specific viruses
outside of a few model systems (e.g., baculoviruses) is still lacking
(Keating and Yendol, 1987; Williams, 2018). Field-based, observational
approaches at the population or community level can be complemented
by laboratory experiments to answer questions related to host resistance
and tolerance, disease cycling, and pathogen transmission (Myers and
Cory, 2016). Investigations into interactions at a physiological level,
such as the impacts of sublethal infection on host development and
variation in viral burden throughout infection, have the potential to

improve our understanding of broader-scale patterns and the conse-
quences of disease for individuals and populations (Rothman and Myers,
1996; Sood et al., 2010; Cabodevilla et al., 2011).

One mechanism by which individuals respond to infection is resis-
tance, defined as the reduction of pathogen load usually by means of
limiting the spread of a pathogen within the host, or eliminating it
entirely by mounting an immune response or with the aid of endosym-
bionts (Roy and Kirchner, 2000; Prigot-Maurice et al., 2022). Organisms
might alternatively preserve their fitness by investing in other strategies
to reduce the damaging effects of disease without necessarily clearing
infection, which is called tolerance (Miller and Cotter, 2018; Schneider
and Ayres, 2008). While it is often difficult to distinguish between these
types of strategies — especially in non-model, insect-host-pathogen sys-
tems — their influence on disease transmission and population dynamics
are certainly different (Roy and Kirchner, 2000). For instance, because
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disease resistance is costly, individuals could instead allocate resources
to other strategies such as development (Paraskevopoulou et al., 2022),
overcoming fitness costs by reaching the reproductive stage earlier in
what can be called “life history tolerance.” This has implications for
transmission, either horizontally, as disease-tolerant individuals are
harboring and potentially shedding infectious particles for other in-
dividuals to encounter, or vertically if mothers can pass pathogens to the
next generation. Moreover, hosts that undergo complete metamorphosis
may experience life-stage dependent disease effects and transmission
due to differences in encounter probability and life history traits be-
tween adult and juvenile hosts (Moerbeek and Van Den Bosch, 1997).

The Junonia coenia densovirus (JcDV, Protoambidensovirus lepidop-
teranl: Densovirinae) appears to be a widespread pathogen of Lepidop-
tera, with varying effects across its multiple known host species (Rivers
and Longworth, 1972; Muchoney et al., 2022, 2023, 2024; McKeegan
et al., 2024; Yoon et al., 2025). As evidenced in studies of Baltimore
checkerspot butterflies (Euphydryas phaeton), transmission of JecDV can
occur both horizontally (i.e., uninfected larvae become infected when
reared in natal groups with JeDV-positive larvae) and vertically, be-
tween mother and offspring (Christensen et al., 2024). A possible route
of horizontal transmission is through the consumption of JcDV particles
on contaminated plant surfaces by larvae, after which the virus crosses
the host midgut and replicates in the tracheae and epidermis (Mutuel
et al., 2010). Infection may result in host death in the larval or pupal
stages due to detrimental effects on molting, but not in every case, and
effects vary with dose (Muchoney et al., 2024) and multiple host-specific
factors such as diet (Muchoney et al., 2022, 2023; Christensen et al.,
2024). In a prior study, JcDV was found in wild-caught Melissa blue
butterfly adults (Lycaeides melissa: Lycaenidae), at a prevalence as high
as 70 % of samples in a few locations (McKeegan et al., 2024). This
suggests that at least in Melissa blues, JcDV may exist at sublethal levels
in host populations, or that some individuals are resistant or tolerant to
infection and can successfully reach adulthood.

Melissa blue butterflies undergo multiple, overlapping generations in
a season and exist in discrete populations based on host plant occu-
pancy, with little-to-no movement between populations (Gompert et al.,
2014). They are considered dietary specialists in that they only utilize
members of the legume family (Fabaceae) for oviposition and larval
diet, and native host plants for Melissa blue populations include mem-
bers of the Astragalus, Glycyrrhiza, and Lupinus genera. With the agri-
cultural introduction and subsequent escape of alfalfa (Medicago sativa)
in Western North America in the last 200 years, Melissa blue populations
have established on alfalfa as a novel host (Chaturvedi et al., 2018).
Alfalfa has been shown to be a nutritionally inferior diet resulting in
lower pupal mass, survival, and even reduced mating frequency for
Melissa blue butterflies (Forister et al., 2009; Forister and Scholl, 2012;
Yoon et al., 2019), compared to their native plant hosts in various
genera, some of which are utilized by other members of the Lycaeides
genus (Scholl et al., 2012). Because Melissa blue butterflies are non-
migratory, multivoltine, and demonstrate fitness differences based on
diet, they represent a particular suite of life history traits that can be
useful in understanding mechanisms behind viral pathogen effects.

The goals in the present study were to explore patterns of viral
infection over the course of six days post-inoculation, and to investigate
how infection affects host condition and longevity in order to lay the
groundwork for understanding sublethal JcDV effects and possible
resistance or tolerance in Melissa blue butterflies. We also investigated
the effects of larval host plant diet on the response to infection using
three host plants in the family Fabaceae that differ in nutritional quality:
two high-quality native plants, Astragalus canadensis and Lotus neva-
densis (the former a host of the Melissa blue, the latter a host of another
species in the same genus; both plants are known to support high sur-
vival and performance), and a low-quality novel host plant, Medicago
sativa that is associated with reduced larval performance. Research into
the influence of host plants on herbivores’ ability to defend themselves
from entomoviruses has yielded many insightful studies showing that
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specialized metabolites in plants can influence viral burden in herbiv-
orous insects (Muchoney et al., 2022; Wang et al., 2024, 2025). For
example, Wang et al., 2024 found that consumption of particular
specialized metabolites from host plants caused a down-regulation of
genes associated with immunity, thus increasing larval susceptibility to
a nucleopolyhedrovirus. We measured the relative abundance of viral
DNA (i.e., viral titer or load; Schmittgen and Livak, 2008) in individuals
across the larval, pupal, and adult stages to determine whether in-
dividuals eliminate or reduce pathogen load before emerging as adults.
We also measured the amount of virus shed in larval frass (fecal matter),
which has implications for horizontal transmission of JcDV because
densovirus particles in waste could contaminate plant matter in the local
community (Johnson and Rasgon, 2018).

We hypothesized that for individuals unable to resist or tolerate
infection, viral load would increase with time after inoculation, and
death would occur in larval or pupal stages. In addition, we predicted
that some infected individuals would exhibit viral resistance and survive
to adulthood by successfully eliminating the virus or reducing viral
burden. We hypothesized that these patterns might at least partially be
explained by host plant diet (Resnik and Smilanich, 2020; Muchoney
et al., 2022, 2023; Wang et al., 2024, 2025), with larvae reared on the
low-quality novel alfalfa (M. sativa) having the highest viral loads upon
death, and those reared on A. canadensis and L. nevadensis able to resist
infection and survive to adulthood due to their higher nutritional quality
(Scholl et al., 2012). In line with the findings of Muchoney et al. (2023),
we predicted that individuals infected with JcDV would develop faster,
but have lower final masses and therefore reduced condition, compared
to the uninfected control group. Again, we expected to see an effect of
diet on these metrics, such that regardless of infection status, larvae
reared on the high-quality diets would develop more quickly and have
larger masses than those reared on the nutritionally inferior, novel host
plant. Finally, virus particles have been detected in the frass of Baltimore
checkerspot larvae infected with JcDV, and they had high amounts of
virus in the frass day one post-inoculation. Virus loads decreased on
subsequent days with the lowest amount on the final day of measure-
ment, day five (Muchoney et al., 2024). Based on these findings and the
description of the infection route of JeDV (Mutuel et al., 2010), we
predicted that virus would be detected at high concentrations in frass
shortly after inoculation, as virus inoculum particles pass along the gut
without crossing into the hemocoel but become reduced in viral con-
centration with time following infection as the virus replicates in the
target tissues or when individuals resist infection. Describing the effects
of sublethal infection and patterns of tolerance to emerging diseases on
the individual level facilitate predictions about disease dynamics in
nature (Ren et al., 2014; Carson et al., 2025). By understanding how
plant diet quality and JcDV infection affect L. melissa survival and
condition, we lay the groundwork for exploring responses in similar
systems to predict which hosts might fare better in the challenge of
infection. Additionally, we answer important questions about the dy-
namics of JcDV, which can be useful to future population-scale studies of
transmission and persistence of endemic pathogens within insect host
communities.

2. Materials and methods
2.1. Rearing protocol

Melissa blue (Lycaeides melissa) females were collected in the third
week of July from a cluster of wild populations in Verdi, Nevada, USA
(latitude: 39.5 N, longitude: —120.0 W). Individual females were placed
with Astragalus canadensis stems in 480-ml plastic cups, which were
covered with tulle mesh and set in an outdoor cage with natural light
and air. Females were allowed to oviposit in these chambers for three
days, during which the mesh covers were misted with water 3—4 times/
day and brushed lightly with a sugary electrolyte beverage (fruit punch
flavored Gatorade) 1-2 times/day for hydration. On the fourth day, eggs
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were collected from plants and kept separate by maternal line. We
extracted whole-specimen DNA from ovipositing females (N = 34) and
tested it for JcDV DNA with qPCR using the protocol detailed in
McKeegan et al. (2024).

Neonate first-instar caterpillars (N = 235) were distributed system-
atically, to ensure even representation of each maternal line and hatch
order, onto the following three plants: Medicago sativa (novel alfalfa),
Astragalus canadensis (hereafter referred to as the “native” host), and
Lotus nevadensis (a native host for the closely related species Lycaeides
anna, but which we call “naive” because L. melissa do not use it in na-
ture). Before being fed to larvae, plants were surface-sterilized by being
rinsed in a 5 % household bleach (0.25 % hypochlorite) and then
distilled (DI) water. All larvae were reared in individual petri dishes in a
growth chamber set to a constant temperature of 24 °C, with a 12-hour
light/12-hour dark cycle. Upon molting into the third instar, eleven
individuals from each host plant were randomly assigned as controls
(total N = 34) while the rest were designated to be inoculated. Groups
(control and treatment) were transferred to separate growth chambers
to avoid cross-contamination, both thereafter were maintained on the
same cycle of 27 °C for 12-hour light, 22 °C for 12-hour dark. Based on
our previous work in this system (e.g., Forister et al., 2009; Scholl et al.,
2012), the three host plants differ in quality as it relates to development
and fitness with a clear hierarchy. The novel alfalfa confers the lowest
L. melissa mass and fitness, the native host is of intermediate quality, and
L. nevadensis results in improved development and fitness when
consumed by Lycaeides in a laboratory setting.

2.2. Inoculation

Once larvae were confirmed to be third-instar by the appearance of
conspicuous dorsal and marginal lines, and before molting into fourth
(final) instar, larvae were starved for 24 h, then a 5 mm leaf disc was cut
from the host plant being used by larvae, and 1 pul of 1 pM sucrose so-
lution was pipetted onto each disc as a feeding stimulant (Singer et al.,
2009). Once the solution was dry, we pipetted 1 ul of 1 x 10° viral
genome units (purified JeDV stock supplied by the Ogliastro Laboratory
at the University of Montpellier, France) to each leaf disc, using the
pipette tip to spread the inoculum over the surface. The treated leaf discs
were then placed in petri dishes as the only food source for the larvae for
24 h. The amount eaten from each leaf disc was visually assayed on a
qualitative scale of 0-5, with 5 being the entire disc was consumed and
0 being no evidence of consumption (Fig. S1). After inoculation, larvae
were placed on their designated host plant again, on which they
continued to feed until sacrifice or death.

2.3. Infected groups

For each host plant, all larvae that had eaten at least some of their
virus-contaminated leaf disc (assigned scores of 1-5 based on qualita-
tive, visual assessment, N = 58) were divided into four groups: three
groups to be sacrificed on the second, fourth, and sixth day post-
inoculation (d.p.i.), and a no sacrifice group which was reared until
individuals succumbed to disease or survived to adulthood. All in-
dividuals that did not consume their leaf disc (N = 35) were assigned to
the no sacrifice group, while still being monitored in case they were
already infected or had not consumed the inoculation (Fig. S1). Every
two days after inoculation, the mass of each larva was recorded on a
precision balance. To measure JcDV in larval fecal material, all frass (at
least 0.1 mg) from each infected larva was collected from the petri dish
every two days, and frozen at —4°C until viral screening (Semberg et al.,
2019). Sacrifice was performed by freeze-killing individuals on their
designated days (second, fourth, and sixth d.p.i.). To measure adult
longevity, individuals in the no sacrifice group that survived to adult-
hood were placed in glassine envelopes, stored in the growth chamber at
the same conditions specified above for larvae, and checked daily by
partially opening and tapping on the envelope. For the no sacrifice
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group, dates of pupation, adult emergence, and death were recorded. If
the pupal or adult stage was reached, mass was recorded on the day
pupae were fully formed and within 24 h of emergence as adults. Viral
loads for individuals in all groups were measured following the virus
detection protocol below.

2.4. Control group

All individuals in the control group (N = 34) were kept in a different
laboratory building, but at the same growth chamber parameters as the
infected group. Controls underwent a 24-hour starvation and then were
given a clean leaf disc for 24 h to replicate similar conditions as the virus
infected group. Larval mass was measured every two days, and dates of
pupation and adult emergence were recorded. Controls that survived to
adulthood were treated the same as the no sacrifice, infected group in
order to measure longevity and adult mass in the absence of viral
infection.

2.5. JcDV measurement

To determine JcDV presence and load, qPCR with a melt curve was
conducted on all samples with primers for a segment of the viral capsid
gene (VP4; see McKeegan et al., 2024 for primer sequences and qPCR
parameters). We used the comparative Ct method (Schmittgen and
Livak, 2008) with primers for arthropod 28 s rDNA (Nice et al., 2009) to
calculate viral load of whole cadavers, or dead specimens (Muchoney
et al., 2022). Briefly, all threshold cycle (Ct) values of both VP4 and 28S
gPCRs, that were at or below the cutoff of 40 cycles, were used in the
formula 272 (Schmittgen and Livak, 2008). This produced the relative
abundance  of viral DNA  compared to host DNA
[ACt = mean Ct(threshold cycle)for VP4 — mean Ct for 28S],  which
was scaled using log-transformation. Due to the presence of many in-
hibitors in caterpillar frass, which produce unclear reads of 28S, we used
the regression equation from a standard curve (McKeegan et al., 2024)
to calculate the absolute number of JcDV genome copies shed in the frass
samples.

2.6. Statistical analyses

Data were initially organized with the aid of OpenRefine (v3.4.1,
Google Inc.), and manipulated with the “dplyr” package (v1.0.10,
Wickham et al., 2022) for R (v4.2.1). We visualized trends of viral load
and produced figures with “ggplot2” (v3.3.6, Wickham et al., 2022) and
the R package “ggforce” (v0.4.1, Pederson, 2022). The “lubridate”
package was used to transform dates to ordinal numbers (Spinu et al.,
2021). Generalized linear models with a normal error structure were
constructed to analyze the relationship of viral load with plant diet,
amount of leaf disc eaten, adult longevity, and life stage at death
(Table 1). To check for linearity of relationships and homogenous
variance, histograms and Q-Q plots were generated as well as Shapiro-
Wilks tests conducted in R. Viral load, given its wide range of values
across orders of magnitude, was log-transformed and other variables
were scaled (z-transformed) in regressions to normalize residuals,
facilitate interpretation and satisfy the assumptions of linear models.

Due to the existence of multiple dependent variables and our need to
evaluate their influence on each other, viral load, and ultimately sur-
vival, we conducted path analyses to further investigate these multilayer
relationships. For these analyses, we manually created a design matrix
for two of the host plants (naive L. nevadensis and novel alfalfa),
compared to native A. canadensis as the reference, and treated them as
separate variables. Models including plant diet, mass, and viral load
effects on survival (as a variable with binomial error structure) were
built based upon a priori hypotheses and analyzed using “piece-
wiseSEM” with the Menard.OE option to correct for different scales
(Lefcheck, 2016), “lavaan” (Rosseel, 2012), and “lavaanPlot” packages
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Table 1

Linear model parameters and statistical outputs for analyses of JcDV load (i.e.,
viral burden) in L. melissa cadavers. For all models, the native host plant,
A. canadensis, was the reference level. The reference level for sacrifice day was 2
d.p.i. and for stage the reference level was larval.

a) Effects of host plant diet and day sacrificed on Lycaeides melissa cadaver log10
viral load, with final sample mass as covariate (R = 0.180, p = 0.012*)

Fixed effect Estimate (+ SE) t-value p-value

Mass before DNA extraction (g) —23.45 (23.16) -1.142  0.259

Host: High quality (Lotus nevadensis) ~ 0.343 (1.335) 0.257 0.798

Host: Novel alfalfa (Medicago sativa) 2.348 (1.183) 1.985 0.053

Sacrifice Day (d.p.i.) —1.13e-3 —0.006  0.995

(0.194)

Interaction: Final mass x High 9.947 (30.79) 0.323 0.748
quality

Interaction: Final Mass x Novel —97.01 (52.73) —1.840 0.072
alfalfa

b) Effects of host plant diet and life stage at death on un-sacrificed L. melissa
viral load, with sample mass as covariate (R = 0.684, p = 2.74e-11***)

Fixed effect Estimate (& SE) t-value p-value
Mass before DNA extraction (g) 138.6 (34.66) 4.000 2.33e-4%%*
Host: High quality (Lotus nevadensis) ~ —0.301 (0.754) —0.400  0.691
Host: Novel alfalfa (Medicago sativa) 0.991 (0.956) 1.037 0.306
Stage: Pupa —2.620 (0.958) —2.735  0.009**
Stage: Adult —3.428 (0.978) —3.505  0.001%***

c) Development time (days from starvation to adult emergence) of L. melissa by
treatment and host plant (R? = 0.457, p = 1.93e-6***).

Fixed effect Estimate (+ SE)  t-value  p-value
Treatment: JcDV Infected —3.306 (0.686) —4.822  1.53e-
05
Host: High quality (Lotus nevadensis) —1.850 (0.737) —2.512 0.016*
Host: Novel alfalfa (Medicago sativa) 2.400 (1.332) 1.801 0.078
Interaction: Infected x High quality 2.445 (1.022) 2.391 0.021*
Interaction: Infected x Novel alfalfa 2.306 (1.713) 1.346 0.185

d) Pupal mass (mg) by treatment and host plant (R> = 0.740, p < 2.2e-6***),

Fixed effect Estimate (+ SE) t-value  p-value
Treatment: JcDV Infected —0.906 (2.850) —0.318  0.752
Host: High quality —6.008 (3.008)  —1.997  0.051%
Host: Novel alfalfa —29.36 (3.917) —7.496 4.29e-
10%#*
Interaction: Infected x High quality 3.752 (3.999) 0.938 0.352
Interaction: Infected x Novel alfalfa —7.018 (5.184) —1.354 0.181

Significance cutoff values: 0.05*; 0.01**; 0.001***.

(Lishinski, 2024). Prior to analyses of mass, we corrected for the effects
of diet and life stage by adding the residuals of a linear model with these
variables (i.e., mass predicted by host plant and life stage) to mean final
mass. This step simplified models because the connections between host
plants, life stage and mass were of secondary interest and thus
(following residual correction) did not need to be included in path an-
alyses. Path analysis models were compared using the Akaike Informa-
tion Criterion (AIC) and Fisher’s C fit statistics.

The probability of infected individuals surviving to adulthood based
on diet was visualized with a Kaplan-Meier survival estimate, fit with a
Cox proportional hazard regression model (Table 3), employing the
“survival” package in R (v3.3-1, Therneau et al., 2022). The effect of
host plant diet and infection status (infected or control) on development
time and pupal and adult masses were analyzed using linear models
(Table 1). For the frass portion of the study, viral load of cadaver at time
of death, mass of frass collected, and time (d.p.i.) were compared to viral
load shed in larval frass in linear models (Table 2). In all models with
viral load, sample mass was added as a covariate to the model. Models
were compared using AIC.
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Table 2
Linear model parameters and output of the effects of cadaver JcDV load and time
(d.p.i.) on viral load shed in frass (adjusted R? = 0.431, p = 3.78e-8**%).

Fixed effect Estimate (+ t-value p-value
SE)

Mass of frass collected -57.35 —6.541 1.41e-
(8.768) 8w

Cadaver JcDV load on day of frass 0.139 (0.118) 1.184 0.241

collection

Time (d.p.i.) —0.060 —0.750  0.456

(0.080)

Significance cutoff values: 0.05%; 0.01**; 0.001***.
3. Results
3.1. Viral prevalence and amount of leaf disc eaten

Upon death, qPCR confirmed that none of the individuals in the
control group (N = 34) were positive for JcDV. For the infected group
(sacrificed and no sacrifice), JcDV was detected in all individuals upon
death, regardless of life stage or host plant diet. This confirmed that even
for instances where larvae did not appear to consume any of the leaf disc
(level 0), they were still exposed and became infected with the virus. In a
linear regression analysis, the amount of leaf disc eaten (levels 0-5,
Fig. S1) did not have a clear impact on viral burden (F = 0.996, df =5
and 102, p = 0.424, Fig. 1). Those that did not eat their leaf disc (level 0)
had the lowest average loads, while those that ate their entire disc (level
5) had the highest load (Fig. 1); however, this relationship was not a
linear increase over the six categories of leaf disc consumption. None-
theless, a Cox proportional hazard regression found that eating the
whole leaf disc increased the risk of death before emergence more than
other levels of consumption (p = 2.506 + 0.975, p = 0.010, Table S2).

3.2. Sacrifice experiment to track infection

Average log-transformed JcDV load was —1.793 (£1.974 sd), and
viral burden was highest in larvae sacrificed at 4 days post inoculation
(d.p.i.), compared to those sacrificed 2- and 6-d.p.i. (—2.018 + 1.183
and —2.764 + 2.341, respectively), but only by a small margin (p =
0.995, Table 1la; Fig. 2). Individuals reared on the native host
(A. canadensis) had the lowest viral load (mean = —3.13 £ 1.124), while
the high-quality naive host (L. nevadensis) group had intermediate viral
loads (mean = —2.36 + 2.140). The highest viral burden was present in
sacrificed larvae reared on the low-quality host plant, alfalfa (M. sativa),

©
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i

_.|

4 4

6

Relative viral loads (log-transformed)
- .
[ ]
—
—¢

Amount of leaf disc eaten

Fig. 1. Viral load of infected individuals upon death, based on the amount of
leaf disc consumed (qualitative scale 0-5).
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Fig. 2. Mean log-transformed relative viral load (+-S.D.) (calculated by the
comparative ACt formula; Schmittgen and Livak, 2008) by sacrifice day (2-, 4-,
and 6-days post-inoculation). Although individuals sacrificed 4 d.p.i. had the
highest average loads, this was not a strong relationship (p = 0.993). Data
points colored by host plant diet (Astragalus canadensis = native host, circles;
Lotus nevadensis = naive, inverted triangles; Medicago sativa = novel al-
falfa, squares).

which had two-fold higher viral loads on a log scale compared to in-
dividuals reared on A. canadensis, which was the only statistically sig-
nificant difference in loads between individuals sacrificed (mean =
—1.29 + 1.830; p = 2.480; p = 0.041). There were no interactive effects
between host plant diet and the day individuals were sacrificed on viral
burden (Table S2).

3.3. Host plant effects on survival and JcDV load in unsacrificed group

Out of 34 individuals in the control (uninfected) group, 25 survived
to adulthood (71 %). Of these adults that successfully emerged, there
were slightly more males (N = 14) than females (N = 11). In the infected
group, 31 successfully emerged as adults (out of 113, for 27 % survival),
with most of these being female (N = 20); only eleven infected males
survived to adulthood. Although this appears to be a reverse of sex ratios
based on treatment, because of the low survival in the infected group,
this was not a robust pattern (X2 = 1.6, p = 0.206). Therefore, we cannot
confidently say whether survival of JcDV infection depends on sex based
on these data.

Cox proportional hazard regression analysis of control and infected
individuals determined that while JcDV infection impacted survivorship
to adulthood (B = 0.7381, p = 0.068), the effect of host plant was much
stronger regardless of infection status (Fig. 3). Specifically, those reared
on the naive L. nevadensis were over ten times more likely to die before
adulthood (p = 2.378, p = 0.024) and those reared on alfalfa over 25
times greater risk of failing to survive to adulthood (p = 3.256, p =
0.002) compared to those consuming the native A. canadensis diet (Cox
proportional hazard, Table 3, Fig. 3). To measure the effects of host plant
and viral infection on survival within the infected group, a subset of
larvae was not sacrificed and allowed to live until they succumbed to the
virus or reached adulthood (N = 51). Survival to adulthood was high in
individuals reared on the native host plant (N = 17) with only one in-
dividual dying as a larva. In individuals reared on the naive host plant,
L. nevadensis, survival to adulthood was 53 % (N = 9), while four in-
dividuals died as pupae and four as larvae (Fig. 3). Larvae reared on
alfalfa (M. sativa, the lowest-quality diet) performed worse than the
groups on the higher quality hosts in all metrics (Table 1b, Fig. 3).
Twelve individuals that were reared on alfalfa died as larvae or pupae;
the probability of individuals surviving to adulthood (N = 4) dropped
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Fig. 3. Survival to adulthood for JcDV-infected L. melissa, colored by host
plant diet.

Table 3

Cox proportional hazard regression model, showing the increase of hazard (i.e.,
risk of death before emergence as adult, or survival = 0) depending on host plant
diet (reference: Astragalus canadensis, likelihood ratio test coefficient: 26.44 on 2
df, p = 2.0e-6%*%).

Covariate Coefficient Exp z- Pr(>|
(&SE) (coef) value z|)
Host: High quality (Lotus 2.312 (1.056) 10.092 2.190 0.029*
nevadensis)
Host: Novel alfalfa (Medicago 3.267 (1.026) 26.245 3.185 0.002%*
sativa)

Significance cutoff values: 0.05%; 0.01**; 0.001***.

below 20 % after 24 days of infection (Fig. 3).

There was a robust difference in viral burden by life stage (between
larvae, pupae, and adults; corrected for mass F = 58.3, df =1, p < 0.001,
Table 1b, Fig. 4). The JcDV loads were highest in infected larvae (mean
= 0.933), followed by pupae (mean = 0.057, f = —2.620), and those
that survived to adulthood had the lowest average viral burden (mean =
—4.50, p = —3.428; Table 1b). There was a slight decline in viral load in
larval cadavers with time post-infection (p = —0.166), and none of the
individuals eliminated JcDV.

To better understand how host plant, viral load, and sample mass
affected survival, we used path analysis which allows for testing the
influence of multiple dependent variables on each other. (Fig. 5; p =
0.445, Fisher’s C = 3.723, df = 4). We found that final mass had positive,
direct effects of similar magnitude on viral load (y = 0.318 + 0.125) and
survival to adulthood (y = 0.311 + 0.789). Viral load was also directly
influenced by larval host plant diet (Fig. 5), such that individuals had
higher loads (compared to the native host plant as reference) if they
were reared on the novel alfalfa (y = 0.392 + 0.303) or the naive
L. nevadensis (y = 0.409 + 0.298) relative to the reference condition (the
native host). Viral load had a strong, negative effect on survival (§ =
—0.860 + 1.524), corroborating the Cox proportional hazard analyses
(Table 3) showing that individuals reared on the higher quality hosts
had lower viral loads and therefore higher chances of surviving to
adulthood. The indirect effect of mass on survival as mediated by JcDV
load (y = —0.274) was of similar magnitude of the direct effects of mass,
but in the opposite direction, therefore elucidating the complexity of the
tripartite interactions of mass, viral burden, and diet on survival.
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Fig. 4. Mean relative viral load (+-S.D.) (log-transformed and adjusted for
mass) at time of death for each life stage, colored by host plant diet (Astragalus
canadensis = native host, circles; Lotus nevadensis = naive, inverted triangles;
Medicago sativa = novel alfalfa, squares). Regardless of host plant, load differed
significantly between life stages, with adults having the lowest loads (p =
0.001) and pupae with intermediate loads (p = 0.009). Although not many
larvae reared on novel alfalfa survived to adulthood, that group experienced the
largest effect of life stage on viral load (p = 4.0e-4).

3.4. Effects of JcDV infection on adult longevity and body condition

Adults in the control group survived an average of 3.9 (+0.99 sd) days
after emergence if reared on the native host plant, 3.0 (+0.85) days for the
high-quality naive host, and those reared on the low-quality alfalfa lived
an average of 2.0 (1.73) days. While these host plant differences in adult
longevity were notable in the control group, adult longevity of the
infected group was not determined by host plant (f = 0.327 4+ 0.336, F =
0.944%2% df =1, p = 0.341) and instead strongly influenced by viral load
(B=-0.293+0.126, F=5.398"%8 df =1, p =0.028; Fig. 6). Inclusion of
an interaction term between host plant and viral load in our analysis of
adult longevity in infected individuals revealed a complex relationship.

Plant diet
reference: native
(A. canadensis)
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Individuals reared on L. nevadensis showed a negative relationship be-
tween viral load and adult longevity, while individuals reared on
A. canadensis lived slightly longer as adults with lower viral load, but
remarkably did not decrease in adult longevity even at higher viral loads
(Fig. 6; note that a linear relationship is not shown for the novel host
because of the small number of individuals that survived).
Development time was measured as the number of days between pre-
inoculation starvation (since both treatment groups underwent that
phase) and adult emergence. Overall, JcDV-infected individuals devel-
oped an average of two days quicker than controls (B = —3.306, p =
1.53e-5, Fig. 7a). However, this pattern was mediated by an interaction
between JcDV infection and plant diet (Table 1c), such that individuals
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Fig. 6. Effects of relative viral load on adult survival time (d.p.i.), colored by
larval plant diet. Mean longevity of control groups for each host plant were as
follows: native A. canadensis (circles) = 3.9 days; naive Lotus nevadensis (tri-
angles) = 3.0 days; novel M. sativa (squares) = 2.5 days. Overall, higher log-
loads conferred shorter survival time for the infected groups (closed circles;
p = 0.028), but this pattern was dependent on larval diet.
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Fig. 5. Piecewise path analysis of host plant diet (with native Astragalus as reference) and sample mass (after correcting for differences in diet and life stage) effects
on relative viral load (endogenous variable), and survival to adulthood (binomial: 0 or 1). Numbers are path coefficients with standard errors of each variable effect
(fit: Fisher’s C = 3.723, p-value = 0.445 on 4 df). Solid lines represent direct effects, while dotted lines show indirect effects. Lycaeides melissa illustration credit:
Tynan Wheeler.
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reared on the naive host (L. nevadensis) developed faster than those on
the other host plants (f = —1.850, p = 0.016, Fig. 7a), but when
infected, individuals reared on A. canadensis developed the fastest (p =
2.445, p = 0.021, Fig. 7a). There was one infected individual from the
alfalfa group that took 36 days to emerge; upon removal of this outlier
from the dataset, the patterns of longevity and development time as they
related to treatment and host plant remained the same. Average pupal
mass between the infected and control groups were similar, within 0.30
mg of each other (p = 0.756, Fig. 7b). Diet quality, however, still had a
strong effect on average pupal masses (Table 1d; Fig. 7b) with 51.13 mg
for those reared on the native host, 47.12 mg for those reared on the
highest quality host, and only 18.02 mg for the alfalfa group.

3.5. JcDV in larval frass

JecDV was detectable in frass throughout infection (virus detected in
frass for a total of 22 d.p.i.) but steadily decreased in load over time
(Fig. 8a). Viral loads of whole-cadaver tissue were compared to viral
loads in frass collected for 2-, 4-, and 6 d.p.i. Frass and tissue samples
were taken from the same individual to test whether frass viral loads
were a good predictor of tissue viral loads. Samples were corrected for
differences in starting mass and log-transformed for analysis and visu-
alization. We found that overall viral load in frass was a strong predictor
of tissue viral load, especially for days 4 and 6 post-inoculation (Pear-
son’s product-moment correlation = 0.338, p = 0.006; Fig. 8b).

4. Discussion

In this study, we provide a basis for understanding Junonia coenia
densovirus (JcDV) infection of Lycaeides melissa at the individual level.
Our hypotheses regarding the patterns of viral burden throughout the
course of infection were partially supported: there was a slight decrease
of JcDV load over the six days post-inoculation. However, overall pat-
terns of load were more dependent upon host plant quality and the
ability of the individual to successfully reach adulthood (which was also
explained by plant diet). We did not detect strong differences in viral
load between sacrifice groups (2-, 4-, and 6-d.p.i.), and many larvae in
the no sacrifice group survived longer than 6 d.p.i., which suggests JcDV
infection in L. melissa is maintained throughout their development and
into adulthood.

Lycaeides melissa performance was strongly influenced by host plant
identity for the no sacrifice individuals. As predicted, individuals reared
on novel alfalfa (M. sativa) fared the worst, having lower final masses
and higher mortality from infection than those reared on the higher-
quality diets. Many infected larvae reared on alfalfa experienced a
type of stunted growth: they developed more slowly and had lower
survival to adulthood than the other groups. Individuals reared on
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L. nevadensis, a host plant which other butterflies in the genus Lycaeides
perform well on but is naive for L. melissa (Scholl et al., 2012), had in-
termediate survival with approximately half of the infected group dying
in the larval or pupal stage. Within the infected group, caterpillars
reared on the native host (A. canadensis) had the highest survival — only
one individual died in the larval stage and the rest survived to adult-
hood. Indeed, the high survival probabilities of individuals reared on the
native plant after being inoculated with 1x10° viral genome units/uL,
was compelling, considering studies of JcDV in larger-bodied hosts (e.g.,
Nymphalidae) resulted in 50 % mortality at lower viral concentrations
(Muchoney et al., 2023). Prior studies have documented both positive
and negative impacts of plant specialized metabolites on immune
function (Garvey et al., 2021; Wang et al., 2021; Muchoney et al., 2023;
Ghosh et al., 2023), which can subsequently affect viral loads in the host
insect (Wang et al., 2020; Muchoney et al., 2022). Even though, we did
not measure the immune response in our caterpillars, it is possible that
variation in immunity on the three host plants explains the variation in
viral loads (Yoon et al., 2025).

Although we predicted some individuals would be able to completely
resist infection by eliminating the virus, this was not the case: JcDV was
detected in every cadaver from the infected group, regardless of life
stage or host plant diet. This conflicts with findings in other host systems
(Spodoptera frugiperda and S. littoralis: Noctuidae; Anartia jatrophae:
Nymphalidae) that suggests JcDV infection can be cleared before adult
emergence (Mutuel et al., 2010; Muchoney et al., 2023). Having JcDV-
positive adults in L. melissa populations increases the rate and likelihood
of vertical transmission between generations (Christensen et al., 2024).
However, despite the 100 % JcDV prevalence in L. melissa cadavers,
adults overall had significantly lower viral burden than larvae, which
may indicate that these individuals were capable of resisting JcDV by
reducing the viral burden they experienced (Muchoney et al., 2023).
There were too few individuals that survived to adulthood in the alfalfa
(M. sativa, lowest quality host) group to reveal patterns, but adults
reared on L. nevadensis (high quality) showed increased longevity and
lower viral loads, while increasing viral load did not change adult
longevity for individuals reared on the native host plant, possibly
showing tolerance to the virus at the adult stage for this group.

In other studies investigating JcDV load and mortality over time
using S. frugiperda, analyses do not go beyond 10 d.p.i. (Mutuel et al.,
2010; Pigeyre et al., 2019), and several L. melissa spent much more time
than this as larvae when infected with the virus. Because JcDV can be
transmitted perorally, and we were able to detect JcDV presence in frass,
viral particles shed through frass onto plant material (if at high enough
levels to remain viable in the environmental; Xu et al., 2014) may allow
for disease transmission by the fecal-oral route (Muscio et al., 2000).
Further, differences in larval diet impacted the progression of infection
through life stages, such that while many reared on the alfalfa died as
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Fig. 7. Development time and pupal mass for control and no sacrifice, infected groups based on host plant diet (M. sativa = novel alfalfa, green; A. canadensis =
native, dark blue; L. nevadensis = naive, light blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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larvae, those that successfully emerged as adults had much lower viral
burden than larval tissue, or cadavers of any life stage reared on the
higher quality host plants. Those reared on the high-quality plants
(L. nevadensis and A. canadensis) also showed reduced loads in adults and
had much higher survival than those reared on novel alfalfa. It is worth
noting that McKeegan et al. (2024) found a relatively high JcDV prev-
alence in natural L. melissa populations utilizing alfalfa, which could
mean that although JcDV-infected larvae have lower survival on the
novel host, it may not hinder population success since many adults that
were collected harbored the virus. In the current study, having higher
mass resulted in higher viral burden, but also increased probability of
surviving to adulthood (perhaps due to better body condition), ulti-
mately suggesting that L. melissa have different strategies for coping
with JeDV infection depending on the larval host plant diet.

We found that JcDV infection reduced average development time by
approximately two days, which corroborates findings by Muchoney
et al. (2023) and Smilanich et al. (2018). Because individuals from the
infected group reached adulthood (the reproductive stage) more quickly
than controls, it is possible that L. melissa, particularly those reared on
the native host plant, may receive conditional benefits from infection
with JeDV (e.g., because of reduced exposure time to natural enemies in
the vulnerable juvenile stage) as has been shown in other host-
densovirus systems (Xu et al., 2014, 2020); however, our study was
not designed to test this question but could be the focus of future studies.
While pupal masses (as another measure of host condition) were indis-
tinguishable between treatments (infected and control), pupal masses
and the ability to survive to adulthood were dependent on host plant,
suggesting strong diet-dependence of the interaction (Sternberg et al.,
2012; Roberts et al., 2020; Yoon et al., 2019). Therefore, we confirm that
there is intraspecific variation in response to JcDV infection based on
host plant quality, as is shown in other lepidopteran pathogens and
densovirus systems (Keating and Yendol, 1987; Li et al., 2019; Ren et al.,
2014; Smilanich and Muchoney, 2022). Considering additional evidence
from the JcDV-L. melissa system, Yoon et al. (2025) found that the im-
mune response as measured by phenoloxidase activity and expression of
immune genes were both elevated in L. melissa larvae reared on the
native host plant, A. canadensis, while viral infection alone did not have
a significant impact on immunity, again supporting a strong impact of
host plant quality on larval health.

4.1. Conclusion

In this study, we demonstrated how larval plant diet influences
survival to adulthood and response to the challenge of JcDV infection.
Moreover, our comparison between JcDV load in frass and cadavers on
day-of-death has implications not only for viral transmission, but also as

a non-destructive method for viral detection in future studies. Non-
destructive methods of viral detection could allow for explicit hypoth-
eses about resistance and tolerance to JcDV. Future studies could also
investigate the viability or infectivity of viral particles shed in waste to
understand the rate of JcDV transmission by the fecal-oral route.
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