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Some herbivorous insects sequester chemicals from their host plants, which can serve

as a defense against predators. However, sequestration can also be costly, impacting

immunological responses important for other types of natural enemies, such as parasites

and pathogens. These costs could also vary across herbivorous insect development,

as both immune function and sequestration abilities change, although few studies have

assessed variation in the cost of sequestration across life stages. The buckeye, Junonia

coenia (Nymphalidae), is a specialist butterfly that sequesters iridoid glycosides from

its host plants, including the introduced weed, Plantago lanceolata (Plantaginaceae).

To determine the immunological costs of sequestration and how the immune response

varies with host plant and across development, we reared caterpillars on a native host

plant, Mimulus guttatus (Phrymaceae), which does not contain iridoid glycosides, and

on P. lanceolata, which does. We assayed immune function across 3rd, 4th, and 5th

instar caterpillars, estimating both hemocyte density and the ability of hemocytes to

encapsulate foreign bodies by challenging the immune system with nylon filaments.

For caterpillars reared on P. lanceolata, we then explored the relationships between

iridoid glycoside sequestration and immune function across instars. We found that while

hemocyte density tended to increase with instar regardless of host plant, caterpillars

reared on P. lanceolata had lower encapsulation ability, and encapsulation decreasedwith

increasing sequestration of iridoid glycosides, though patterns varied between instars

and experimental periods. Interestingly, immune challenged caterpillars sequestered

more iridoid glycosides than unchallenged caterpillars, suggesting that caterpillars

responded to immune challenge by sequestering or retaining more iridoids, even though

that may decrease their ability to encapsulate. These results suggest that sequestration

can have important consequences for immune function across caterpillar development,

and that the incorporation of novel hosts may affect defense against natural enemies.
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INTRODUCTION

Herbivorous insects are exposed to many different natural
enemies throughout their development, including predators,
parasites, parasitoids, and pathogens (Rosenheim, 1998; Vidal
and Murphy, 2018), and employ a variety of strategies to
defend themselves against these enemies. For example, some
insects use chemical defenses that are sequestered from the
plants on which they feed (Brower et al., 1968; Bowers, 1990).
However, while sequestration can be an effective defense against
predators, the process of sequestration can also be costly (Bowers,
1992; Hartmann, 2004; Smilanich et al., 2009a; Zvereva and
Kozlov, 2016). Sequestration or detoxification of plant secondary
metabolites (PSMs) may involve several processes to store or
metabolize the compounds; for example, compounds may be
rendered harmless by the activity of gut enzymes (Dobler
et al., 2011), or the compounds may be transferred from the
gut to certain organs for storage (Poreddy et al., 2015). The
mechanisms required for those processes are energetically costly
and may impact other physiological processes. For instance,
the immune system functions to target parasites, parasitoids,
and pathogens that have entered the insect’s body (Barbosa and
Caldas, 2007) using specific immune cells to target and kill
foreign bodies (Beckage, 2008). However, while a substantial
amount of research has been conducted on the chemical defenses
of herbivorous insects, until recently there has been less focus on

how sequestrationmight impact immune function (see Smilanich
et al., 2009a).

Ecoimmunology is an interdisciplinary field combining
ecology and immunology that has been advancing because of
its applications in fields such as disease ecology and biological
control (Stanley et al., 2012). Smilanich et al. (2009a) showed that
larvae feeding on plants with high amounts of PSMs have weaker
immune responses compared to those fed on plants with lower
amounts, suggesting that host plant chemistry is important not
only for insect chemical defenses, but also for the effectiveness of
the immune responses. This raises the possibility of trade-offs in
defense strategies against multiple natural enemies, if the costs of
sequestering PSMs outweigh the benefits of immune defenses or
vice versa. Such trade-offs may become even more important in
the presence of ecological perturbations, such as human-induced
environmental change, which can lead to changes in host plant
quality (Jamieson et al., 2015; Decker et al., 2018), range shifts
of host plants or natural enemies (Jeffs and Lewis, 2013), the
introduction of novel hosts (Jahner et al., 2011), and subsequently
insect defense against natural enemies (Gherlenda et al., 2016).

Moreover, as an insect develops, the suite of natural enemies
encountered often changes, necessitating different strategies in
response to attacking enemies (Stamp, 1986). For example,
younger and smaller stages may be more susceptible to predators
(Memmott et al., 2000) and their immune system may not
be fully developed until later stages (Brodeur and Vet, 1995;
Gillespie et al., 1997), when parasitoids and pathogens may be
more frequently encountered. Insects have an innate immune
system with both humoral and cellular defenses, the latter
consisting of three components, phagocytosis, nodule formation,
and encapsulation (Strand, 2008). The cellular responses are

primarily used to defend against enemies that have invaded
the insect, such as parasitoid eggs, parasites, and pathogens
(Beckage, 2008). Early larval instars have been shown to have
weaker immune responses, suggesting that one component of
the immune response, hemocyte production and differentiation
may be important later in development (Brodeur and Vet, 1995;
Gillespie et al., 1997). The activity of the immune response itself
may also vary across development. For example, in Bombyx
mori (Bombycidae), hemocyte adhesion, and subsequently
phagocytosis have been shown to increase against invaders as
larvae age (Wago and Ichikawa, 1979). Given that selective
pressures from natural enemies change over larval development,
larvae could exhibit stage-specific investment in chemical and
immune defensive strategies. Previous studies have investigated
how sequestering PSMs can affect insect herbivore preference
and performance, parasitoid success, and immune response
(Dyer, 1995; Smilanich et al., 2009b). However, changes in
immune responses over insect development and how it relates to
PSM sequestration has been little studied.

To determine how the sequestration of PSMs impacts
the immune function of caterpillars across development,
we reared larvae of the sequestering specialist, Junonia
coenia (Nymphalidae) (common buckeye) on two hosts:
one, an introduced weed (Cavers et al., 1980), containing
sequesterable PSMs (Plangato lanceolata, Plantaginaceae) and
the other, a native host plant species, without (Mimulus
guttatus, Phrymaceae). We then compared immune functions
of different instar caterpillars between host plants, and explored
the relationship between sequestration and immune function
across caterpillar development. Specifically we asked: (1) does
the immune response of this specialist caterpillar change
with larval instar, (2) if so, does the host plant on which
caterpillars feed affect this response, and (3) does the relationship
between sequestration and immune function vary across
caterpillar development.

METHODS

Study System
Junonia coenia (Nymphalidae), the common buckeye, is a
specialist butterfly whose larvae feed on a variety of host plant
species, most of which contain a specific group of PSMs, iridoid
glycosides (Bowers, 1984). Iridoid glycosides (hereafter IGs)
serve as feeding stimulants for the larvae and as oviposition
stimulants for adult females (Bowers, 1984; Bowers and Puttick,
1986; Pereyra and Bowers, 1988; Bowers et al., 1992a). Larvae
have been recorded feeding on plants in five different families
containing IGs: Scrophulariaceae, Plantaginaceae, Verbenaceae,
Acanthaceae, and Cornaceae (Bowers, 1984). Previous research
has shown that J. coenia larvae sequester relatively high levels of
IGs, ranging from 10 to 20% in newly molted individuals (Bowers
and Collinge, 1992) and making them unpalatable to potential
predators (Bowers, 1992).

Plantago lanceolata (Plantaginaceae, hereafter Plantago) is a
common weed incorporated into the diet of many native North
American insect herbivores, including buckeyes (Bowers and
Collinge, 1992). It is native to Eurasia but has been distributed
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all over the world (Cavers et al., 1980). Plantago contains
two IGs, aucubin and catalpol (Duff et al., 1965), that can be
deterrent to generalist herbivores and non-adapted specialist
herbivores (Bowers and Puttick, 1988). Buckeye larvae also
feed on the native yellow monkey flower, Mimulus guttatus
(Phrymaceae, hereafter Mimulus), which is found in wetlands
across western North America and is their only host plant that
does not contain IGs (Kooiman, 1970; Holeski et al., 2010).
Although, Mimulus does contain phenylpropanoid glycosides;
one of these, verbascoside, serves as a feeding stimulant for
buckeye larvae, and can also be deterrent to generalist herbivores
(Holeski et al., 2013).

Experimental Design
To explore how a novel host plant impacts sequestration and
immune function, we used greenhouse grown Mimulus and
Plantago as alternate hosts for buckeye caterpillars. Plants were
grown from seed in a growth chamber at 25◦ Celsius until
large enough to be transferred to a greenhouse where the
temperature ranged from 10◦ to 21◦C. Plants were watered daily
and fertilized with a 24-8-16 water soluble fertilizer (Miracle-
Gro, The Scotts Company, LLC) twice per week. Given that
chemical analyses indicated Plantago plants were very low in IGs
when the experiment was first conducted in January (designated
Experiment 1) (see Results), we repeated the entire experiment in
September (designated Experiment 2) when plants had higher IG
levels, allowing for qualitative comparison between times when
host plants are low or high in IG concentrations.

Caterpillars for the experiment were reared from a source
colony originating from adult butterflies collected around
Sacramento, California. The adults were kept in 60× 60× 60 cm
butterfly tents (BugDorm), where they were allowed to mate and
oviposit on either Plantago orMimulus plants. First instar larvae
were collected from the host plants and placed into clear, round
plastic petri dishes, 14 cm in diameter, and placed in a growth
chamber kept on a 14:10 LD cycles, at 25◦C light and 20◦C dark.
When larvae molted to the second instar, individuals were put
into 60ml plastic cups with plastic lids in order to monitor when
they molted into third instar to begin immune assays.

Immune Assays
We compared two metrics of the immune response between
caterpillars reared on each host plant: hemocyte density and
encapsulation. Hemocytes are the primary cellular response of
the insect immune system (Lavine and Strand, 2002), and all
hemocyte types are involved in the immune response (Strand
et al., 2006). Encapsulation is the process by which hemocytes
in the insect’s body cavity attach to foreign objects (Pech and
Strand, 1996) too large to be killed by phagocytosis (Gillespie
et al., 1997). After hemocytes adhere to the foreign object, they
die and melanize (Smilanich et al., 2009b), killing cells (such as
parasitoid eggs or pathogens) by asphyxiation and with cytotoxic
molecules (Nappi and Christensen, 2005). Encapsulation can
thus be measured by quantifying the melanization on the foreign
object using photo imaging software (Smilanich et al., 2009b).

Once larvae reared on each of the two host plants reached the
middle of the appropriate instar (∼2 days after molting to third,
fourth, or fifth; N = 15 on each host plant/instar combination),
they were weighed to the nearest 0.01mg, then placed into a
freezer at −29◦C for 1–2min in order to slow the caterpillar’s
movement while being assayed (Smilanich et al., 2009b). Each
caterpillar was then placed on a watch glass so that it was lying on
its right side, and Parafilm used to hold the caterpillar in place. A
clean insect pin was used to make a small hole in a designated
spot between the 4th and 5th proleg in each caterpillar. After
removing the pin, we sampled 10 uL of hemolymph using
a Gilson Pipet set to 10 microliters. For some smaller 3rd
instars where 10 uL was unable to be collected (due to small
size), we sampled 5 uL. Hemolymph samples were immediately
added to an equal amount of anticoagulant, and stored on
ice until hemocytes were counted after filament insertion (see
below). Anticoagulant was prepared using 0.684 grams of EDTA,
0.346 grams of citric acid, and 180mL of phosphate-buffered
saline (as in Smilanich et al., 2018). We counted all hemocytes
using a hemocytometer (Sigma-Aldrich Bright-Line) under a
compound light microscope following Triggs and Knell (2012),
and calculated cell density per mL of hemolymph accordingly.

To measure encapsulation we inserted nylon filaments
(Figure 1) as a proxy for parasitoid eggs or larvae (Smilanich
et al., 2009b). Filaments were made using 0.20mm diameter

FIGURE 1 | Nylon filaments were inserted just beneath the cuticle (A) behind the 4th abdominal proleg and imaged after 24 h (B) to measure the degree of

melanization. Hashed lines represent the area of filament within the body of the caterpillar that was quantified.
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monofilament fishing line (Berkley Trilene XL Smooth Casting).
The filaments were prepared by first lightly sanding a length
of fishing line, then knots were tied along it and 2mm lengths
trimmed from the edge of each knot. An alternate method was
also used in January, where sections of sanded monofilament
were heated next to a butane lighter to melt and expand one
end, then trimmed to 2mm. Immediately after hemolymph was
drawn from each caterpillar, a single filament was inserted into
the wound by sliding it in laterally just under the cuticle of
the caterpillar. The expanded end of the monofilament or knot
held these inserts in place while the caterpillars were returned
to the growth chamber, allowed to feed on their respective host
plant, and given 24 h for encapsulation to occur (Smilanich et al.,
2009b). Afterward, the filament was removed, and either placed
in 70% ethanol in a 1.5mL eppendorf tube in Experiment 1
(January) or immediately frozen (no ethanol) in Experiment
2 (September).

We photographed filaments using a Canon Rebel XTi DSLR
camera (Canon, U.S.A, Inc) mounted on a dissectingmicroscope.
All photographs were taken at 16x magnification, and analyzed
using Adobe Photoshop CC 2017 (Abobe, Inc.). In January,
photographs were analyzed by setting the image mode to
grayscale with 0 as white and 255 as black. The 1.5mm tail
end of the nylon monofilament was selected using the “magic
wand” tool so that only the part that was inserted into the
caterpillar was measured, and then we calculated the mean white
value using the histogram tool. In September, we included a
black and white standard with each filament during imaging to
help standardize imaging measurements. The black and white
standard was created using a small section of acid free archival,
alcohol proof label paper, half of which was covered in black India
ink. For each image, we set the black and white balance based
on this standard, and measured the entire length of filament
within the body of the caterpillar. We then calculated mean
white values as above. Given that the mean measures the average
amount of white per pixel across the filament, the inverse of the
mean represents the average darkness of the filament; the darker
the color the higher the degree of encapsulation (Smilanich
et al., 2009b). We used this mean as a quantitative estimate of
immune response.

IG Quantification and Sequestration
After 24 h of feeding and immediately after removing filaments,
all caterpillars fed Plantago were placed in 1.5mL of 95%
methanol in 2mL centrifuge tubes and frozen. To prepare
samples for IG quantification, larvae were removed from the
freezer and transferred into 15mL glass test tubes. Whole
caterpillars were ground with sand in fivemL ofmethanol, left for
24 h for IGs to extract, then all particulates were filtered, and the
remaining methanol evaporated (Knerl and Bowers, 2013). We
then added 1mL of 0.500 mg/mL phenyl-β-D-glucopyranoside
(PBG) as an internal standard and 3mL of water. To remove
lipophilic substances, samples were treated with 3ml of ether;
vortexed, and the water and ether layers separated by centrifuging
the samples for 4min. The ether layer (containing lipophilic
substances) was discarded (Bowers and Stamp, 1997) and the
process repeated three times. The water layer, containing IGs

and sugars, was evaporated, and then 1.00ml of methanol was
added and the sample left overnight. A 0.100ml aliquot was then
removed, the methanol evaporated, and the sample derivatized
using Tri-Sil Z (Sigma Aldrich Chemical Company) (Bowers and
Stamp, 1997).

To measure the iridoid glycoside content of the plant material
fed to the larvae, we sampled leaves from five different Plantago
plants in January and 10 different plants in September. Each set
of leaves was dried at 50◦C for 48 h, ground to a fine powder, and
25mg weighed and extracted in methanol for 24 h. Plant sample
preparation was then identical to caterpillar sample preparation.
IG concentrations were reported as percent dry weight because
of the variation in water content in plants and caterpillars (Knerl
and Bowers, 2013). We calculated a dry weight conversion factor
for 3rd, 4th, and 5th instar caterpillars, by weighing sets of 10
larvae fresh, then again after drying at 50◦C for 48 h. We then
multiplied the fresh weights of all caterpillars by the respective
conversion factor to estimate dry weight.

We used gas chromatography (GC) to quantify IG
concentrations of source plants of Plantago used for feeding
and for caterpillars reared on Plantago during the experiment,
following standard protocols (Bowers and Stamp, 1997). For IG
quantification, we used an Agilent 7890A gas chromatograph
equipped with a DB-1 column (30m, 0.320mm, 0.25µm
particle size), using flame-ionization detection. The temperature
program used an initial temperature of 200◦C held for 1min,
followed by a 3min increase to 260◦C, which was held for
8min, followed by a 3min increase to a final temperature of
320◦C, held for 10min. Amounts of aucubin and catalpol were
quantified using ChemStation B-03-01 software after calibration
using a standard containing known amounts of PBG, aucubin,
and catalpol.

Sequestration and Immune Challenge
Since caterpillars store IGs in hemolymph (Bowers, 2003),
removing hemolymph for counting hemocytes could directly
reduce IGs in immune-challenged caterpillars. Therefore, we
conducted two additional experiments to determine the impacts
of our immune treatments on IG concentration. For the
first, during both immune experiments (Experiment 1 and
Experiment 2), we reared 15 additional caterpillars per instar
on Plantago to serve as a comparative unmanipulated control
for IG quantification. These were reared in the same way as
other experimental groups but were not assayed for an immune
response, thus no hemolymph was removed. In Experiment
1(January), these unchallenged controls were set up immediately
after the initial experiment, and thus plants fed to those
larvae could differ somewhat in their IG content compared
to plants fed to caterpillars used for the immune assays (see
Quintero et al., 2014) leading to differences in caterpillar
IG content, although differences were likely to be small. In
Experiment 2 (September), therefore, we set up the experiment
so that unchallenged trials were conducted simultaneously with
challenged trials.

In a third experiment (Experiment 3), we wanted to examine
the consequences of hemolymph sampling and the immune
assays for caterpillar sequestration in more detail. Therefore, the
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following March, we used 5th instar caterpillars fed on Plantago
and had a control with three different immune assay treatments
(N = 15 for each treatment). The first treatment group had 10
uL hemolymph drawn and was then immediately frozen for IG
analysis to determine the direct effect of sampling hemolymph;
the second had 10 ul hemolymph drawn and was then allowed
24 h to feed and recover before being frozen for IG analyses,
allowing us to account for compensation for IG loss over 24 h;
the third was treated as in the immune experiment, with 10 uL
hemolymph drawn, a nylon filament inserted, and the caterpillar
allowed 24 h to feed before removing the filament and freezing
for IG analyses, to test for response to immune challenge. The
control group was reared alongside other treatments but frozen
without any immune assay. We expected immediate hemolymph
draws should reduce IG concentration relative to unassayed
controls. If caterpillars compensated for IG loss, they should
sequester the same or more IGs after 24 h. Adding in the nylon
filament should allow us to detect if immune challenge alters
sequestration, either reducing or increasing IG concentrations
relative to 24 h post-hemolymph draw treatments.

Statistical Analyses
All analyses were conducted in R version 3.51 (R. Core Team,
2017) and separate analyses were conducted for January and
September. We compared hemocyte density between host plants
and instars using two-way analysis of variance (ANOVA), with
host plant, instar, and their interaction as fixed effects. We
log-transformed hemocyte density to meet the assumption of
normality. Given that hemocyte density should be predictive
of encapsulation, we included it as a factor in analyses of
melanization. To determine if host plant affected the relationship
between hemocyte density and melanization, we analyzed
melanization using a full-factorial ANCOVA, including host
plant, and instar as main effects, hemocyte density as a
covariate, and all two-way and three-way interactions. For
caterpillars reared on Plantago, we compared the percent total
IG sequestration and the proportion of IGs sequestered that was
catalpol across larval instars using separate one-way ANOVAs,
with larval instar as a fixed factor. We logit transformed both
metrics of sequestration to meet the assumption of normality. To
determine the effects of IG sequestration on immune response
across development, we analyzed melanization of caterpillars
fed Plantago using ANCOVA, with total IG concentration, cell
density, and instar as main effects, and all two- and three-
way interactions. We used only total percent IGs sequestered
in ANCOVAs, given that Experiment 1 indicated that the
proportion of catalpol sequestered was negatively correlated with
total IG sequestration (T41 = −3.07, p = 0.004, r = −0.43).
To determine if changes in sequestered IGs were indeed the
results of immune challenge, we compared the different levels of
immune treatment with ANOVA and Tukey Post Hoc tests. We
included challenge type as a fixed effect, and logit transformed
all IG measures. Seven caterpillars that died as a result of
immune challenge during the experiment were excluded from
analyses of melanization, given that they were unable to mount
an immune response.

RESULTS

Immune Assays
Experiment 1 (January)
Hemocyte density varied across larval development in January,
increasing from third to fifth instar [Figure 2A, F(1, 84) =

17.75, p < 0.001] and was 36% higher in individuals fed
Plantago vs. Mimulus [Figure 2A, F(1, 84) = 8.34, p = 0.005].
However, there was no significant interaction between instar
and host plant [F(1, 84) = 0.601, p = 0.550], suggesting that the
effect of host plant on hemocyte density was consistent across
caterpillar development. Despite consistently higher hemocyte
density when fed Plantago, there was no main effect of host plant
on melanization and no overall relationship between hemocyte
density and melanization (see Table 1). However, melanization
varied significantly between instars and there was a significant
interaction between instar and host plant (Figure 2B), wherein
melanization increased across instars in caterpillars reared on
Mimulus, but not when reared on Plantago. There was also
a significant interaction between instar and hemocyte density,
where melanization increased with increasing hemocyte density
in third and fourth instars but not in fifth (Figure 2C). However,
there was no interaction between host plant and hemocyte
density and no three-way interaction between host plant, instar,
and hemocyte density, suggesting little indirect effect of host
plant on immune function through altered hemocyte function.

Experiment 2 (September)
Hemocyte density was 23% higher on average in September than
January (373 vs. 303 cells per mL on average, respectively) and
results differed. We found no differences in hemocyte density
between caterpillar instars (F(2, 84) = 2.00, p= 0.142), no effect of
host plant [F(1, 84) = 0.85, p= 0.359], and no interaction between
host plant and caterpillar instar [Figure 3A, F(2, 84) = 0.29, p =

0.749, Figure 3A]. While there was no main effects of either host
plant or instar onmelanization, there was a significant interaction
between host plant and instar (Table 2), with 5th instars having
16% less melanization on average when raised on Plantago vs.
Mimulus, a pattern similar to January (Figure 3B). However, we
found no other two-way or three-way interactions (Table 2).

IG Sequestration in Plantago-Reared
Caterpillars
Experiment 1 (January)
Caterpillars sequestered both aucubin and catalpol and in
concentrations more than twice that of Plantago plants
(Figure 4A). In January, the percent dry weight total IGs
sequestered varied across larval instars [F(2, 42) = 28.03, P <

0.001], with 4th instars sequestering the highest levels of IGs, over
three times the concentrations of 3rd instars, and more than 80%
higher than 5th instars (Figure 4A). ANCOVA revealed no direct
effects of IG sequestration on hemocyte density or melanization
(Table 3). However, there was a significant interaction between
total IG sequestration and hemocyte density on melanization,
but the relationships did not vary by caterpillar instar as there
were no two- or three-way interactions. Immune challenged
caterpillars sequestered a mean of 76% more total IGs per dry
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FIGURE 2 | In January, (A) hemocyte density varied by instar and was higher on Plantago though the interaction was not significant. (B) There was significant

interaction between host plant and instar, suggesting melanization increased with instar when fed Mimulus but did not change when fed Plantago. (C) A significant

interaction between instar and hemocyte density suggested that melanization increased with cell density in third and fourth instars, but decreased with increasing cell

density in fifth instar caterpillars. Lines represent predicted linear relationships for each instar. Bars represent ± 1 SE.

TABLE 1 | Results from ANCOVA in the January experiment included a main effect of caterpillar developmental instar on melanization, as well as interactions

between host plant and instar and instar and hemocyte density.

Factor Df Sum Sq Mean Sq F-value Pr(>F)

Host plant 1 198 198 0.55 0.460

Instar 2 7,440 3,720 10.39 <0.001

Hemocyte density 1 91 91 0.26 0.616

Host plant*Instar 2 6,630 3,315 9.26 <0.001

Host plant*Hemocyte density 1 80 80 0.22 0.639

Instar*Hemocyte density 2 3,085 1,542 4.31 0.018

Host plant*Instar*Hemocyte 2 842 421 1.18 0.316

Residuals 62 22,202 358 – –

Bold values indicate significant effects.

FIGURE 3 | In September, (A) we found no significant effects of host plant or instar on hemocyte density. However, similar to January (B) melanization varied across

instars when reared on Mimulus but not when reared on Plantago. Bars represent ± 1 SE.

weight than unchallenged caterpillars [F(1, 84) = 14.13, P < 0.001,
Figure 4A]. Although sequestration varied by instar [F(2, 84) =
22.26, P < 0.001], and there was a significant interaction between

instar and immune challenge [F(2, 84) = 9.06, P < 0.001], with
fourth instars sequestering over two and half times more IGs
than controls, much more than either third or fifth instars
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TABLE 2 | In September ANCOVA indicated only an interaction between host plant and caterpillar developmental instar on melanization.

Factor Df Sum Sq Mean Sq F-value Pr(>F)

Host plant 1 21 21 0.04 0.853

Instar 2 2,366 1,183 2.00 0.143

Hemocyte density 1 1,520 1,520 2.57 0.113

Host plant*Instar 2 6,284 3,142 5.31 0.007

Host plant*Hemocyte density 1 80 80 0.14 0.714

Instar*Hemocyte density 2 1,015 507 0.86 0.428

Host plant*Instar*Hemocyte 2 893 447 0.76 0.474

Residuals 72 42,587 592 – –

Bold values indicate significant effects.

(Figure 4). The proportion of total IGs sequestered that was
catalpol was also 35% lower in immune challenged compared to
unchallenged caterpillars [F(1, 82) = 20.28, P < 0.001]. Though
the proportion of catalpol varied by instar [F(2, 82) = 14.5, P <

0.001], and there was a significant interaction between instar
and immune challenge [F(2, 82) = 6.29, P = 0.003], with third
instars sequestering similar proportions between challenged and
control caterpillars (0.37 and 0.38, respectively), and fourth
and fifth instars sequestering roughly half the proportion of
catalpol when immune challenged (0.15 vs. 0.29 and 0.17 vs. 0.37,
respectively, Figure 4A).

Experiment 2 (September)
In September, caterpillars sequestered over 3.5 times more IGs
than in January (8.89% dry weight on average compared to
2.53% dry weight in January). While IG sequestration was much
higher, it was also more variable, and there was no significant
difference in total IG sequestration between instars [F(2, 38) =

1.12, P = 0.336, Figure 4B]. Similar to January, ANCOVA
revealed little direct effects of either instar, hemocyte density, or
IG sequestration onmelanization (Table 4). However, there was a
significant interaction between sequestration, hemocyte density,
and instar, suggesting that, although melanization tended to
increase with hemocyte density, it declined with sequestration,
and the relationship varied across caterpillar development.
Similar to results from January, immune challenged caterpillars
sequestered 75% more IGs than unchallenged controls [F(1, 86)
= 9.02, P = 0.004] but the interaction between instar and
immune challenge was not significant [F(1, 86) = 2.63, P = 0.110,
Figure 4B]. The proportion of catalpol sequestered also varied
across instars [F(1, 84) = 25.95, P < 0.001] and treatment [F(1, 84)
= 19.41, P < 0.001], although there was a significant interaction
between instar and immune challenge [F(1, 84) = 7.10, P =

0.009], driven mostly by 4th and 5th instars sequestering 43
and 17% higher proportions of catalpol, compared to 3rd instars
which sequestered 19% lower proportion catalpol when immune
challenged (Figure 4B).

Experiment 3 (March)
In this experiment comparing the different immune challenge
treatments with a control, sequestered IGs were generally low,
although caterpillars sequestered IGs at nearly five times higher
concentrations than the Plantago on which they were reared

(Figure 5). We found a significant effect of immune challenge
treatment on total IG sequestration [F(3, 57) = 6.43, P < 0.001,
Figure 5], but not on the proportion of total IGs sequestered that
was catalpol [F(3, 57) = 1.03, P = 0.387). Post-hoc tests showed
that as expected, drawing hemolymph led to a 25% reduction
in IG concentrations on average, although this difference
was not significant (Figure 5). After 24 h IG concentrations
were similar to controls, and these three treatments were not
significantly different (Figure 5). Interestingly, when challenged
with hemolymph withdrawal and insertion of a filament,
caterpillars sequestered 47%more IGs than controls, which was a
significant difference.

DISCUSSION

Overall, we found that caterpillars reared on an introduced host
had higher levels of cellular defenses than when reared on a
native host, but that those defenses do not appear to translate
into increased immune function. Moreover, the relationships
between host plant, cellular defenses, and melanization vary
through time, and are likely driven in part by sequestration
of plan secondary metabolites. Still, these results suggest that
introduced host plants can impact native herbivores through
stage-specific immunological responses, and that variation in
introduced host plant chemistry can mediate the relationships
between sequestration and immune function. Interestingly,
these results also indicated that immune challenge can change
caterpillar sequestration abilities, suggesting that chemically-
mediated defense against natural enemies could play some role
in the potential switch to introduced hosts. That the patterns
detected varied across the course of the study and corresponded
to differences in host plant chemistry suggest that the ecological
conditions that herbivores and their host plants experience likely
have complex consequences for sequestration and defense.

In general, while stage-specific (e.g., Meylaers et al., 2007;
Stoepler et al., 2013) and within stadium (e.g., Hoover
et al., 2002; McNeil et al., 2010) immunity in insects has
been observed, intra-annual variation and across different
instars is less well-understood. The results from immune
assays in Experiment 1 (January) suggested that immunity, as
measured by hemocyte density, varies across instars, increasing
with caterpillar development. In contrast, hemocyte density
was 23% higher on average and much more variable in
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FIGURE 4 | Composite figures illustrate multiple significant interactions between caterpillar instar and immune challenge on both total iridoid glycoside sequestrations

(bar height) and the proportion of sequestered IGs that was catalpol (dark green). Results from the January (A) and September (B) experiments are included: right

panels illustrate chemistry of sampled Plantago used for feeding during each experimental period. Bars represent ± 1 SE. See Results for statistical tests.

TABLE 3 | For caterpillars reared on Plantago in January, ANCOVA showed an interaction between percent dry weight total IGs sequestered and hemocyte density

on melanization.

Factor Df Sum Sq Mean Sq F value Pr(>F)

% IGs 1 119 119 0.47 0.499

Instar 2 347 173 0.69 0.514

Hemocyte density 1 1 1 0.004 0.951

% IGs*Instar 2 826 412 1.64 0.218

% IGs*Hemocyte density 1 1,585 1,585 6.28 0.020

Instar*Hemocyte density 2 1,601 800 3.17 0.062

% IGs*Instar*Hemocyte density 2 922 460 1.83 0.185

Residuals 22 5,555 252

Bold values indicate significant effects.

Experiment 2 (September), resulting in no significant differences
between instars. This could be due in part to differences
in caterpillar response to host plants between time periods:
J. coenia larvae feeding on Plantago in January had higher
hemocyte density than those feeding on Mimulus; although,
in September, there were no differences. Host plant quality
may vary across a growing season (Boege and Marquis, 2005;
Hanley et al., 2007; Barton and Koricheva, 2010; Quintero
et al., 2014) and differences between alternative hosts could
be magnified by seasonal variation in host plant quality or
chemistry. Alternatively, hemocyte density may not be the
best metric of immunity. For example, Bauer et al. (1998)
found no differences in hemocyte density across Pieris brassicae
development, although total hemocytes increased with instar, in
line with dramatic increases in hemolymph volume as caterpillars
grew (Bauer et al., 1998). Still, the fact that encapsulation
similarly changed in magnitude between time periods, with
encapsulation being 13% higher in September, suggests that
hemocyte density was an underlying mechanism driving
immune function.

Moreover, results from our encapsulation assays suggest that
immune function, as measured through melanization, varied

across caterpillar instars depending on host plant. In both
Experiment 1 and 2, melanization increased across larval instars

when reared on Mimulus, but not when reared on Plantago.
The results were that third and fourth instar caterpillars feeding
on Plantago had higher immune function than those feeding
on Mimulus, while fifth instars fed Mimulus had the highest
immune function and more so than fifth instars reared on
Plantago. This suggests that tradeoffs in immune function across
caterpillar development are likely host plant specific, although
we detected no three-way interaction between host plant, instar,
and hemocyte density in January or September. It should be
noted that melanization is the result of both cellular and humoral
responses of the insect immune system (Strand, 2008), although
we did not measure humoral responses. However, changes in
immune function over caterpillar development can be driven by
hemocyte differentiation within the immune system occurring
later in development (Brodeur and Vet, 1995; Gillespie et al.,
1997), potentially an evolutionary response to pressure from
parasitoids targeting larger caterpillars (Memmott et al., 2000).
We found a significant interaction between instar and hemocyte
density in January, but melanization actually decreased with
hemocyte density in fifth instars, while increasing with hemocyte
density in third and fourth instars. Hemocyte titers have been
shown to decline during rapid growth of final caterpillar instars

(Beetz et al., 2008). That fifth instars in Experiment 2 (September)
had lower hemocyte densities, could suggest that fifth instars
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TABLE 4 | For caterpillars reared on Plantago in September, ANCOVA revealed a

three-way interaction between percent dry weight total IGs sequestered,

hemocyte density, and caterpillar instar on melanization.

Factor Df Sum Sq Mean Sq F value Pr(>F)

% IGs 1 716 716 1.28 0.267

Instar 2 1,583 792 1.41 0.259

Hemocyte density 1 542 542 0.97 0.333

% IGs*Instar 2 631 316 0.56 0.576

% IGs*Hemocyte

density

1 1,402 1,402 2.50 0.124

Instar*Hemocyte

density

2 429 215 0.38 0.685

% IGs*Instar*hemocyte

density

2 3,926 1,963 3.50 0.043

Residuals 30 16,819 561

Bold values indicate significant effects.

FIGURE 5 | Iridoid glycoside sequestration during the March experiment

testing the effects of immune challenge showed no significant difference in the

proportion catalpol sequestered. However, total IG sequestration was similar

between controls and caterpillars where hemolymph was sampled, but

increase when immune challenged with a nylon filament. Letters are significant

groups from a Tukey post-hoc test of % dry weight IGs. Bars represent ± 1 SE.

exhibit compensatory growth to immune challenge instead of
investing in immune defense. Given that the development of
immune function in our study varied as a result of host plant, one
impact of introduced hosts could therefore be through altering
stage-specific susceptibility to natural enemies.

Plant chemistry is a fundamental component of host quality
for sequestering herbivores and can impact immunity, posing
potential tradeoffs in defense against natural enemies (Gentry
and Dyer, 2002). In buckeyes for example, Smilanich et al.
(2009a) demonstrated that larvae fed on a diet with higher
levels of iridoid glycosides are more poorly defended against
parasitoids while being better protected against predators. The
results from our study showed that IG sequestration varies across
instars and time periods, and this can have implications for
immune function, although relationships may be complex and
vary through time. In general, IG sequestration was low in
January, just 2.5% dry weight on average, compared to 8.9% dry
weight on average in September. This was driven by extremely

low IG concentrations of Plantago in January compared to
September (0.89 vs. 4.8% dry weight IG, respectively), and lower
than previous studies (Bowers and Stamp, 1992). By comparison,
Lampert and Bowers (2010) found that buckeye larvae in the
fourth instar sequestered 5 to 15% dry weight IGs, and larvae
can sequester up to up to 25% of their dry weight (Theodoratus
and Bowers, 1999). Regardless, in both January and September,
fourth instar immune challenged caterpillars had the highest
concentrations of IGs relative to third and fifth instars, which
could suggest that the costs of sequestering IGs vary across
caterpillar development. Moreover, the relationships between
sequestration and immune function varied across time periods.
We found little evidence of IGs directly impacting immune
function in either time periods. However, when IGs were higher
in September, we found a significant three-way interaction
between sequestration, caterpillar instar, and hemocyte density
on melanization. This interaction suggested that the effect
of hemocyte density on melanization could be impacted by
high IG sequestration and that any costs of sequestration
on immune function likely vary across instars. This could
be illustrative of stage-specific tradeoffs in sequestration and
immune function.

Interestingly, we also found that immune challenged
caterpillars from both Experiments 1 and 2 actually sequestered
higher IG concentrations relative to unchallenged controls, and
in all instars except third instars in Experiment 2 (Figure 4).
Furthermore, it appears that this is not due to the methods
we used, given the results of Experiment 3, in which we
compared several different immune challenge treatments
(Figure 5). The results of that experiment showed a short-
term reduction in IGs due to hemolymph loss (although
the difference was not significant), followed by a return
to control levels after 24 h (during which time caterpillars
were feeding). Most importantly, our results showed that
when hemolymph was removed and a filament inserted
(immune challenged), after 24 h caterpillars had sequestered
significantly higher concentrations of IGs. The mechanism
driving this is unclear; it could be due to compensatory
feeding or an increase in active transport of IGs from
the gut to the hemolymph. Alternatively, it may not be an
adaptive response, but due to underlying regulatory pathways.
For example, in pollen beetles injected with bacteria and
yeast, there were concurrent upregulation of stress and
detoxification-related genes along with known immune-
related genes (Vogel et al., 2014). Still, that fourth instars
exhibited higher responses than third and fifth, and in both
the January and September experiments, suggests that potential
costs associated with sequestration vary across caterpillar
development. Further experiments to tease apart mechanisms
driving such stage-specific tradeoffs in sequestration and defense
could help improve our understanding of herbivore response to
introduced hosts.

Without doubt, exotic plant species can have large impacts
on ecological communities across the globe (Daehler, 1998;
Mack et al., 2000), including through altering herbivore-
host plant interactions (Bowers et al., 1992b), impacting the
physiology, growth, and fitness of herbivores (Dyer, 1995;
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Knerl and Bowers, 2013), and with particularly large effects
on larval stages with limited mobility (Graves and Shapiro,
2003). These in turn, can also affect tritrophic interactions,
depending on how natural enemies respond to host plant
mediated chemical defenses (Knerl and Bowers, 2013), but
also potentially on how tradeoffs associated with chemical
defenses vary across herbivore development. The results of
this study suggest that the impacts of novel host chemistry
across larval development are likely complex and dependent
on variation in host plant chemistry, and on stage-specific
relationships between sequestration and defense. Future studies
manipulating host plant chemistry could help disentangle
the mechanisms driving tradeoffs in defense strategies across
caterpillar development and how introduced hosts impact
tritrophic interactions.
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