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Abstract
Herbivorous insects are exposed to many different natural enemies throughout
their development; however, they can defend themselves using a variety of
strategies. Once an insect is attacked, it can utilize chemical defenses that they
sequester from their diet to fight off predators or their immune response will target
smaller natural enemies, like parasites, parasitoids, and pathogens. Despite many
studies showing that chemical defenses are effective, they can also be costly in terms
of resources and energy, which can affect immune function. Junonia coenia
(Nymphalidae), the buckeye, feeds on five different families that contain iridoid
glycosides, making it a specialist and has been observed feeding on an introduced
exotic weed, Plantago lanceolata (Plantaginaceae). It also feeds on a native host
plant, Mimulus guttatus (Phrymaceae), which does not contain iridoid glycosides. In
this study, we performed two immune assays, encapsulation and a hemocyte count,
on buckeyes feeding on both the introduced and native host plant over 3rd, 4th, and
5th instar. Encapsulation consists of using small nylon monofilaments to challenge
immune function, while a hemocyte count is a total estimate of the hemocytes
present to participate in the immune response. The total number of hemocytes
increased with instar and was higher in caterpillars fed on P. lanceolata; however,
melanization increased with instar, but was not significantly affected by host plant.
Gas chromatography was used to quantify iridoid glycosides in P. lanceolata, the
immune challenged caterpillars, and a set of intact caterpillars to compare amounts
of iridoid glycosides. The immune challenged caterpillars contained higher percent
dry weight iridoid glycosides than the intact caterpillars. These results suggest that
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the incorporation of an introduced exotic weed into the diet of the buckeye larvae,
in addition to developmental stage, can have important consequences for the
immune function, thus affecting the larvae’s protection against natural enemies.
Introduction
Herbivorous insects are exposed to many different natural enemies
throughout their development, including predators, parasites, parasitoids, and
pathogens. However, insects are not defenseless. They use a variety of strategies
against these enemies, including morphological, behavioral, physiological and
chemical defenses. Once an enemy has overcome these first lines of defense, other
systems come into play; for example, chemical defenses may deter predators once
they have attacked, and the immune system functions to target parasites,
parasitoids, and pathogens that have entered the insect's body (Barbosa & Caldas
2007).
Once an insect is attacked, it can use chemical defenses that are either
synthesized by the insect or sequestered from the plants on which they feed. In
many cases, insects have evolved physiological processes to detoxify plant
secondary metabolites in order to continue feeding on the plant (Baden & Dobler
2007). However, some insect species employ a more complex system to acquire
chemical defenses; they sequester the chemical defenses from the plants on which
they feed (Brower et al. 1968, Bowers 1990).
A variety of studies have shown that sequestration of host plant chemicals is
an effective defense against predators; however, the process of sequestration may
be costly (Bowers 1992, Hartmann 2004, Smilanich et al. 2009a). Sequestering
4

and/or detoxifying plant secondary metabolites requires 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 (Smilanich et al.
2009a). Such costs may impact other physiological processes in the insect, such as
the immune response, which functions to protect against smaller natural enemies
(Smilanich et al. 2009a).
Once an insect has been attacked by a parasite, parasitoid, or pathogen, the
immune response functions to kill these foreign invaders (Beckage 2008). While a
substantial amount of research has been conducted on the defenses of herbivorous
insects, until recently there has been less focus on the immune function. This is
changing however, and the field of ecoimmunology, an interdisciplinary field
combining ecology and immunology, has been advancing because of its applications
in fields like disease ecology and biological control (Stanley et al. 2012).
Smilanich et al. (2009a) showed that larvae feeding on plants with high
amounts of secondary metabolites have weaker immune responses; thus selection
of host plants (and the levels of secondary compounds they contain) can be
important both for chemical defense and the effectiveness of the immune response.
The host plant used could potentially determine how susceptible an insect is to
predators, parasitoids, or pathogens. Herbivorous insects that feed on a host plant
with specific secondary metabolites that they can sequester will be better defended
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against predators, but may be more susceptible to parasites, parasitoids, and
pathogens (Smilanich et al. 2009b).
Exotic plant species can have a large impact on ecological communities
across the globe (Daehler 1998; Mack et al. 2000). While introduced plants can
affect an ecosystem in many ways, herbivorous insects can be directly impacted,
especially if the introduced plant may serve as a potential host plant (Bowers et al.
1992). If the insects expand their host range to include the introduced species, their
physiology, growth, and fitness can be affected (Dyer 1995; Knerl & Bowers 2013a).
Since insects in the larval stage may have limited mobility, introduced plants have
the potential to have a greater impact on insects in the larval stage (Graves &
Shapiro 2003). Introduced plants could also affect the likelihood of the insect to be
infected by a parasite, parasitoid, or pathogen because of the effects of the
secondary compounds that they contain (Knerl & Bowers 2013).
While introduced host plants can have important effects on insect immune
responses, there are several other factors that affect immune function as well, such
as insect developmental stage. The ability of an insect to respond to challenges of
novel host plants or attacking enemies may change as insects develop. 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 & Vet
1995; Gillespie et al. 1997). How immune responses change over insect
development and how that might be impacted by host plant species has been little
studied.
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Previous studies have investigated how sequestering secondary metabolites
from plants as a chemical defense can affect insect herbivore preference and
performance, parasitoid success, and immune response (Bowers 1984; Dyer 1995;
Smilanich et al. 2009a). My research builds on these studies to investigate how
caterpillar diet and the ability to sequester secondary compounds affects the
immune response, in addition to looking at how the immune response might change
over different life stages of a caterpillar. The results of this study will show how
caterpillar susceptibility to different natural enemies might change through
development and whether or not there is a trade-off between defense against
predators (sequestration) and the immune response. My research will address
three questions: 1) How does the immune response of a specialist caterpillar change
with larval instar? 2) How does the host plant on which caterpillars feed affect this
response? 3) Is there a correlation between sequestration and immune function? I
predict that the immune response will be stronger as larvae develop and age and
while feeding on the host plant from which they cannot sequester defense
compounds. I also predict that there will be a negative relationship between
amounts of iridoid glycosides sequestered and immune response.
Background
Most animals have both an innate and an acquired component to their
immune system. Innate immunity uses specific receptor proteins to recognize and
kill natural enemies, while acquired immunity uses effector molecules, molecules
involved in cell signaling, to recognize and remember specific antigens (Strand
2008a). The immune system of an insect is considered only innate and consists of
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three components, phagocytosis, nodule formation, and encapsulation (Strand
2008a). The main function of these processes is to defend against enemies that have
invaded the insect, such as parasitoid eggs, parasites, and pathogens (Beckage
2008). Nodule formation and phagocytosis fight pathogens while encapsulation
works to target parasitoid eggs and larvae (Smilanich et al. 2009a). Encapsulation
consists of both a humoral and a cellular response (Strand 2008a). The cellular
response utilizes hemocytes (blood cells) while the humoral response involves
substances in the hemolymph (insect blood) such as specific proteins. Typically, the
humoral and cellular responses work together; however, they can both be measured
individually. The humoral response consists of proteins that identify foreign
enemies within the body and that trigger special cells in the hemolymph, hemocytes,
which are part of the cellular response (Smilanich et al. 2009a).
Encapsulation is a process by which hemocytes in the insect’s body
cavity attach to a foreign object and build layers of cells on it to ultimately kill the
invader (Pech & Strand 1996). The proteins in the humoral response that recognize
the foreign object trigger this process. Encapsulation is used when the invader is
too large to be killed by phagocytosis (Gillespie et al. 1997). Once the hemocytes
adhere to the surface of the foreign object, they die and harden. When the
hemocytes die, they melanize, a process that produces phenoloxidase, a cytotoxic
molecule, and other free radicals (Smilanich et al. 2009b). The foreign object, often
a parasitoid or pathogen, is killed by asphyxiation while being encapsulated and by
the cytotoxic molecules (Nappi & Christensen 2005; Kanost & Gorman 2008).
Encapsulation can be measured by quantifying the melanization on the foreign
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object using photo imaging software (Smilanich et al. 2009b).
A count of the number of hemocytes in the hemolymph can also be used to
measure immune function because of the vital role of these blood cells in the cellular
response. There are several different kinds of hemocytes, including granulocytes,
hyperphagocytic cells, plasmocytes, oenocytoids, and spherule cells (Strand 2008b).
Granulocytes are typically the most abundant and adhere to foreign surfaces such as
invading pathogens and parasites, in addition to also being phagocytes when
necessary (Strand et al. 2006; Strand 2008a). Plasmocytes spread asymmetrically,
unlike granulocytes, and are the main cells involved in encapsulation (Strand et al.
2006; Strand 2008a). Since both plasmocytes and granulocytes are the most
abundant cell types and both are involved in the immune response, a total hemocyte
count can indicate the strength of the immune response.
There is evidence that shows hemocytes can vary throughout intermolt
cycles caused by the hormones that regulate molting and development (Gillespie et
al. 1997). In several insect species, it is typical for early larval instars to have a
weaker immune response, which suggests hemocytes differentiate later in
development as later instars are more immunocompetent (Brodeur & Vet 1995;
Gillespie et al. 1997). There is also evidence indicating that immune function may
increase during molting and metamorphosis because of the increased risk of
infection by a pathogen, parasite, or parasitoid. This has been observed in Bombyx
mori (Bombycidae) where hemocyte adhesion increased and phagocytosis was
enhanced against an invader as larvae aged (Wago & Ichikawa 1979).
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Methods
Study system
Junonia coenia (Nymphalidae), commonly known as the buckeye, is a
specialist lepidopteran that feeds on a variety of host plant species, most of which
contain a specific group of secondary metabolites, iridoid glycosides (Bowers 1984).
Iridoid glycosides serve as feeding stimulants for the larvae and oviposition
stimulants for the adult females (Bowers 1984; Bowers & Puttick 1986; Bowers
1992). Buckeye larvae have been recorded feeding on plants in five different
families containing iridoid glycosides, Scrophulariaceae, Plantaginaceae,
Verbenaceae, Acanthaceae, and Cornaceae (Bowers 1984). Buckeye larvae also feed
on Mimulus guttatus, in the family Phrymaceae which does not contain iridoid
glycosides (Kooiman 1970). However, M. guttatus contains phenylpropanoid
glycosides, which also serve as feeding stimulants for buckeye larvae, but buckeyes
cannot sequester phenylpropanoid glycosides (Holeski et al. 2013). Previous
research has shown that J. coenia sequesters relatively high levels of iridoid
glycosides, between five and seven percent in newly molted individuals (Bowers &
Collinge 1992) , which makes them unpalatable to potential predators (Bowers
1992).
Plantago lanceolata (Plantaginaceae), also known as ribwort plantain or
narrow-leaved plantain, is a common weed incorporated into the diet of many
native North American insect herbivores (Bowers et al. 1992). It is originally native
to Eurasia (Cavers et al. 1980) and has been distributed all over the world and is
typically found in urban settings (van der Aart et al. 1992). This species contains
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iridoid glycosides that may be toxic or serve as deterrents to generalist herbivores
and nonadapted specialist herbivores (Bowers & Stamp 1992). The amount of
iridoid glycosides can vary between different individual plants and among leaves of
different ages (Bowers & Stamp 1997). Aucubin and catalpol are the two specific
iridoid glycosides (Duff et al. 1965) found in this species that serve as feeding and
oviposition stimulants for J. coenia (Bowers 1984; Bowers & Stamp 1992).
Mimulus guttatus (Phrymaceae), commonly known as yellow monkeyflower,
is found in western North America, typically near wet areas, such as creek sides or
stream banks (Holeski et al. 2010). It is also an exception to the diet of J. coenia. It is
the only host plant that they feed on that does not contain iridoid glycosides;
however, it does contain a phenylpropanoid glycoside, verbascoside, which serves
as a feeding stimulant for J. coenia larvae (Holeski et al. 2013). Phenylpropanoid
glycosides, like iridoid glycosides, can be deterrents to generalist and nonadapted
specialist herbivores (Holeski et al. 2013).
Experimental Overview
The two host plants, Mimulus guttatus and Plantago lanceolata, were grown
from seed in a growth chamber at 25 Celsius until large enough to be transferred to
a greenhouse at 10 to 21 Celsius. Both plants were watered every day and given
Miracle Grow fertilizer two times a week. Pests were addressed with weekly soap
sprays. The plant leaves were washed before feeding to the buckeye larvae.
The buckeye colony was started from adult individuals collected in
Sacramento, California. The adults were kept in a 60 cm x 60cm x 60cm mesh and
plastic cage. These cages have two white mesh walls and two clear plastic walls.
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For mating and oviposition, the tents with adults were then placed in a growth
chamber. The growth chamber was 25 degrees Celsius during the light day cycle
and 20 degrees Celsius during the dark night cycle and a day length of 14 hours day
and 10 hours night. One of the host plants, either M. guttatus or P. lanceolata, was
placed into the butterfly cage. The female butterflies oviposited on the host plant.
The larvae were collected from the host plant and placed in clear, round plastic petri
dishes, 14 cm in diameter, with the appropriate host plant diet.
When larvae molted to the second instar, individuals were put in to 60 ml
plastic cups with plastic lids in order to monitor when they molted into third instar.
Once 15 individual larvae reached the middle of the third instar (two days after
molting), the immune response was measured using a hemocyte count assay and an
encapsulation assay (see below). The same protocol was followed when larvae
were in the middle of fourth and fifth instar on each host plant.
The hemolymph for the hemocyte count assay was taken first. Then the
small nylon monofilament was inserted into the caterpillar for the encapsulation
assay (see details below). Caterpillars were returned to their cups and allowed to
feed for exactly 24 hours, after which time the monofilament was removed. After
removal of the monofilament, caterpillars fed P. lanceolata were frozen for analysis
of iridoid glycoside content. Since hemolymph was lost during the hemocyte count
assay, another set of caterpillars that remained intact (no hemolymph removed or
monofilament inserted) was analyzed for iridoid glycosides for comparison. These
caterpillars were at the same stages (mid third, fourth, and fifth instar) as the
caterpillars used for the immune assays.
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Encapsulation assay
To measure encapsulation, a small (2 mm) piece of nylon monofilament was
inserted into a caterpillar (Rantala & Roff 2007). The monofilament serves as proxy
for parasitoid eggs or larvae (Smilanich et al. 2009b, Lavine & Beckage 1996,
Rantala & Roff 2007). There is evidence to show that using a foreign object to
measure the immune response is significantly correlated with the immune response
against real natural enemies like parasites and pathogens (Rantala & Roff 2007).
The nylon monofilaments used to measure melanization were 2mm long and
0.20mm in diameter. They were made from Berkley Trilene XL Smooth Casting
fishing line. The monofilaments were prepared by first sanding a long strand of the
nylon fishing line. Then the ends of the monofilaments were burned with a lighter
in order to expand the end into a mushroom shape (see Figure 6). The bulbous end
of the monofilament helps to place it and remove it with locking forceps. Then they
were measured and cut to 2mm and placed in ethanol until used for the assay.
Each individual caterpillar was weighed in milligrams before the
monofilament was inserted. Then, the caterpillar was placed into a freezer at -20
Fahrenheit for one to two minutes in order to slow the caterpillar’s movement and
metabolism while the monofilament was being inserted (Smilanich et al. 2009b).
Third instar caterpillars were placed in the freezer for 1 minute, while 4th and 5th
instar caterpillars were in the freezer for 2 minutes. Once the individual was cold, it
was placed on a watch glass so that it was laying on its right side with the left side
facing up. Parafilm was used to hold the caterpillar in place while the monofilament
was inserted between the 4th and 5th proleg. A clean insect pin was used to make a
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small hole for the monofilament in each caterpillar. At this time, a sample of
hemolymph was taken for the hemocyte count, using a Gilson Pipetman set to 10
microliters. Once the hemolymph was pipetted up, the monofilament was inserted
by sliding it in laterally just under the cuticle of the caterpillar. The caterpillars
were returned to the growth chamber and given 24 hours to encapsulate (Smilanich
et al. 2009b). The caterpillar continued to feed on the host plant during this period.
Once the monofilament was removed, it was placed in 70% ethanol in a 1.5
mL eppendorf tube (Siva-Jothy et al. 1998). The caterpillars fed on P. lanceolata
were placed in 1.5mL of methanol in a 2mL centrifuge tube and frozen for gas
chromatography analysis to measure the level of iridoid glycosides in the
caterpillars. The filaments were then photographed using a dissection microscope
with a mounted camera. All photographs were taken at 16x magnification. The
images were analyzed using Adobe Photoshop CC 2017. The mode was set to
greyscale with 0 as white and 255 as black. The 1.5 mm tail end of the nylon
monofilament was selected so that only the part that was inserted into the
caterpillar was measured. The more melanized the monofilament was, the darker
the color, and thus, the higher the degree of encapsulation (Smilanich et al. 2009b).
The mean melanization was converted to a percentage. If the mean melanization
equals M, then the percentage was calculated using ((1-(M/255))*100).
Hemocyte Count Assay
Hemolymph samples were added to an anticoagulant, which was prepared
using 0.684 grams of EDTA, 0.346 grams of citric acid, and 180mL of phosphatebuffered saline (PBS). The anticoagulant was stored in the refrigerator for the
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duration of the experiment. Hemocyte counts were made for 15 individual
caterpillars in third, fourth, and fifth instar on each host plant. Fresh hemolymph
was collected from the caterpillars directly after the hole was made for the insertion
of the nylon monofilament. Ten microliters of hemolymph were mixed with an
equal amount of anticoagulant and kept on ice until the hemocyte count was
conducted. A Sigma-Aldrich Bright-Line hemocytometer was used to count the cells
under a compound light microscope (Triggs & Knell 2012). A hemocytometer
coverslip was placed on top of the slide grid. Ten microliters of the
hemolymph/anticoagulant mixture was pipetted into the triangular well under the
coverslip. The counting grid was brought into focus at a low power. The hemocytes
were counted on the central square and the 4 corner squares at a higher power. The
total number of hemocytes was recorded for each individual caterpillar (N = 15 for
each instar and host plant).
Iridoid Glycoside Analysis
Gas chromatography was used to quantify iridoid glycosides in samples of P.
lanceolata fed to caterpillars and in caterpillars that had fed on P. lanceolata
(Bowers & Stamp 1997). Each individual larva was removed from the freezer and
transferred into a 15 mL glass test tube. The specimen was ground with sand in five
milliliters of methanol. The sample was extracted in methanol for twenty-four
hours. Then the remaining ground caterpillar and sand were filtered out, and the
methanol extract was evaporated (Knerl & Bowers 2013). One mL of 0.500 mg/mL
of an internal standard, phenyl-β-D-glucopyranoside (PBG) was added to each
sample, in addition to 3 mL of water. To remove lipophilic substances, the sample
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was treated with three ml of ether; vortexed, and the water and ether layers were
separated by centrifuging the samples for 4 minutes. The ether layer (containing
lipophilic substances) was discarded (Bowers & Stamp 1997). This process was
repeated two more times. The water layer that contained the iridoid glycosides and
sugars was evaporated, and then exactly 1.00 ml of methanol was added. This sat
overnight before a 0.100 ml aliquot was removed. The methanol was evaporated
and the remaining sample derivatized using Tri-Sil Z (Sigma Aldrich Chemical
Company) (Bowers & Stamp 1997). The sample was then injected onto the gas
chromatograph.
For IG quantification, we used an Agilent 7890A gas chromatograph
equipped with a DB-1 column (30m, 0.320mm, 0.25µm particle size), using flameionization detection. The temperature program used an initial temperature of
200ºC held for 1 min, followed by a 3 min increase to 260ºC, which was held for 8
min, followed by a 3 min increase to a final temperature of 320ºC, held for 10 min.
Amounts of aucubin and catalpol were quantified using ChemStation B-03-01
software. The gas chromatograph was calibrated using a standard containing
known amounts of PBG, aucubin, and catalpol.
Iridoid glycoside content was reported as both milligrams per caterpillar and
in terms of percent dry weight because of the variation in water content in plants
and caterpillars (Knerl & Bowers 2013). The conversion from wet weight to dry
weight was calculated using a conversion factor determined by weighing a separate
set of larvae wet and weighing them after drying to a constant weight at 50 degrees
Celsius.
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The same method was used to determine the iridoid glycoside content in the
caterpillar host plant, P. lanceolata. Five leaves from five different P. lanceolata
plants were collected from the 30th Street greenhouse at University of Colorado,
Boulder. These were the plants used to feed the caterpillars receiving P. lanceolata.
Each set of leaves was dried at 50 degrees Celsius. The leaves were then ground to a
fine powder and 25 mg was weighed out and extracted in methanol for 24 hours.
The extract was filtered to remove plant material and the methanol evaporated.
Samples were then treated in the same way as the caterpillars and the iridoid
glycosides quantified as with the caterpillars.
Statistical Analysis
Data analysis was done using Systat software. A two-way analysis of
variance (ANOVA) was done to compare the effects of host plant species and larval
instar on the two immune responses, hemocyte counts and encapsulation. A
Pearson correlation was used to test for a relationship between total hemocyte
count per 10 microliters and percent melanization. For caterpillars fed on P.
lanceolata, I also compared iridoid glycoside sequestration in the three larval instars
using a one-way ANOVA. Because hemolymph was removed for the hemocyte count
assay, I wanted to compare the levels of iridoid glycosides in caterpillars used for
this assay with that of intact caterpillars; thus I also analyzed iridoid glycosides in a
set of caterpillars at third, fourth and fifth instars. Because these intact caterpillars
were reared after the caterpillars used in the immune assays, these two sets of
caterpillars were not statistically compared. Iridoid glycoside content is reported as
both milligrams per individual caterpillar and percent dry weight per caterpillar to
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account for the variation in water in the caterpillars at different life stages. The logit
transformation was used on the proportion dry weight of all iridoid glycoside
measures and the encapsulation measure. Pearson correlations were used to test
for relationships between iridoid glycoside sequestration and the two measures of
the immune response, encapsulation and hemocyte counts in caterpillars fed P.
lanceolata.
Results
Host Plant, Instar and Immune Response
The number of hemocytes per 10 microliters increased over larval
development, from third to fifth instar (Fig. 8, F2,84=18.640, p<0.001). The total
number of hemocytes also differed between the two host plants. The number of
hemocytes was consistently higher in individuals feeding on P. lanceolata versus M.
guttatus (Fig. 8, F1,84=9.291, p=0.003).
Melanization was reported in terms of a percentage of the distal 1.5 mm of
the nylon monofilament that was encapsulated. Despite the total hemocyte count
being consistently higher in those individuals that fed on P. lanceolata, there was no
significant effect of host plant on melanization (Fig. 9). However, there was a
significant effect of instar on melanization (Fig. 9, F2,68=10.720, p<0.001), with later
instar caterpillars having higher percent melanization. There was also a significant
interaction between host plant and instar (F2,68=4.639, P=0.013), meaning that the
melanization response to the different host plants changes with instar. Percent
melanization was higher on P. lanceolata in the third instar, there was almost no
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difference during the fourth instar, and percent melanization was higher on M.
guttatus in the fifth instar.
The Pearson correlation revealed a significant positive relationship between
total hemocyte count and percent melanization independent of host plant (Fig. 10,
R=0.24, p=0.034). When the two host plants species were considered separately,
there was a significant positive correlation percent melanization and total hemocyte
count for individuals fed M. gutattus (Fig. 10, R=0.317, p=0.046). There was not a
significant relationship between total hemocyte count and percent melanization for
individuals fed on P. lanceolata.
Iridoid Glycoside Analysis
Iridoid glycosides in P. lanceolata were reported as percent dry weight to
account for the variation in water content in the plants and caterpillars. In the
immune challenged caterpillars, the total amount of iridoid glycosides ranged from
0.002 to 1.791 milligrams per individual and 0.056 to 12.321 percent dry weight
with a lot of variation during each measured life stage (third, fourth and fifth instar)
(Fig. 11). Both aucubin and catalpol were also reported. Immune challenged
caterpillars ranged from 0 to 1.539 milligrams of aucubin per individual and 0 to
10.588 percent dry weight throughout development. Catalpol ranged from 0 to
0.252 milligrams per individual and 0 to 1.734 percent dry weight throughout
development. Total iridoid glycoside content in the immune challenged caterpillars
increased with instar (Fig. 11, F2,41=20.138, p<0.001). Percent dry weight aucubin
decreased from third to fourth instar, but increased from fourth to fifth instar (Fig.
10, F2,40=23.234, p<0.001). Aucubin in milligrams per caterpillar and percent dry
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weight increased over each instar (Fig. 12, F2,41=23.234, p<0.001). Catalpol in
milligrams per individual increased over each instar, but decreased from third to
fourth instar and increased during the fifth instar for percent dry weight catalpol
(Fig. 11, Fig. 12, F2,40=6.895, p=0.003).
Although I did not statistically compare iridoid glycoside content in immune
challenged and intact caterpillars, visual inspection of the data showed that iridoid
glycoside content was lower for the intact caterpillars that were not immune
challenged in terms of milligrams per caterpillar (Fig. 12). Total iridoid glycoside
content ranged from 0.011 to 1.551 milligrams per individual over each life stage
(third, fourth, and fifth instar). Total iridoid glycoside content in percent dry weight
ranged from 0.017 to 4.933. Aucubin ranged from 0.007 to 1.139 milligrams per
individual and 0.011 to 3.865 percent dry weight. Catalpol ranged from 0.004 to
0.455 milligrams per individual and 0.006 to 1.697 percent dry weight. The average
percent dry weight for total iridoid glycosides of intact caterpillars changed with
instar (Fig. 11, F2,41=3.311, p=0.046); however, the amount in terms of milligrams
per caterpillar increased over each instar (Fig. 12). There was no significant
difference in the amount of aucubin over each instar, but catalpol increased over
each instar in milligrams per caterpillar, but decreased from third to fourth instar
and increased from fourth to fifth instar in percent dry weight (Fig. 11, Fig. 12,
F2,40=3.318, p=0.046).
The host plant, P. lanceolata was also analyzed for iridoid glycosides (Fig.
14). The five samples of five leaves each ranged from 0.362 to 1.092 percent dry
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weight iridoid glycosides. Aucubin ranged from 0.305 to 0.987 percent dry weight,
and catalpol ranged from 0.057 to 0.312 percent dry weight iridoid glycosides.
Sequestration and Immune Response
There were no significant correlations between amounts of iridoid glycosides
sequestered and total hemocyte counts or encapsulation assays (p>0.05 in all
cases), except for a significant negative correlation between percent dry weight
catalpol and total hemocyte count (Fig. 13, R=-0.0481, p=0.006).
Discussion
The main results of this study in terms of immune assays are that the number
of hemocytes increased with instar and was higher in individuals fed P. lanceolata;
however, percent melanization was not affected by host plant, but also increased
with instar. There was also a positive correlation between total hemocyte count and
percent melanization independent of host plant and for caterpillars fed M. gutattus.
The iridoid glycoside analysis revealed that total iridoid glycosides for both the
intact and immune challenged increased with instar, except for fifth instar intact
caterpillars, which decreased. The intact caterpillars contained higher percent dry
weight iridoid glycosides over third and fourth instar, but the immune challenged
caterpillars contained higher percent dry weight iridoid glycosides in the fifth instar,
in addition to third and fourth instar in milligrams per caterpillar. Aucubin content
decreased from third to fourth instar and increased in the fifth instar for the
immune challenged caterpillars, while catalpol content increased over each instar.
Instar had no significant effect on aucubin in the intact caterpillars, but catalpol
increased over each instar in milligrams per caterpillars and decreased from fourth
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to fifth instar in percent dry weight catalpol. Lastly, there were no significant
correlations between iridoid glycosides sequestered the immune assays, except for
a significant negative correlation between percent dry weight catalpol and total
hemocyte count.
The results from the two immune assays show that age of a caterpillar
(which instar it is in) does significantly affect immune function. The significant
increase in the number of hemocytes with instar (Fig. 8) supports the idea that J.
coenia larvae feeding on P. lanceolata had a greater potential for immune function
because they had a greater total amount of hemocytes that could participate in the
immune response, which in turn bolsters the argument that they have the ability to
be better protected against parasitoids, parasites, and pathogens as they develop.
The encapsulation assay shows how immune response actually functions against
these natural enemies. Percent melanization was not affected by host plant, but did
increase significantly with instar (Fig. 9), further showing that immune function
strengthens through caterpillar life stages. The Pearson correlations between total
hemocyte count and percent melanization revealed that there were significant
positive correlations between total hemocyte count and percent melanization
independent of host plant and in for individuals fed M. gutattus (Fig. 10). Thus, the
caterpillars feeding on M. gutattus must be driving the positive correlations. This
supports the idea that the presence of iridoid glycosides does not drive immune
function.
The significant effect of host plant on total hemocyte count (Fig. 8) shows
that the diet of the larvae plays a role in determining how well the immune system
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can function against a foreign invader. Larvae that fed on P. lanceolata consistently
had a higher number of hemocytes, meaning they have a stronger ability to fight
invaders within their body. Since P. lanceolata contains iridoid glycosides and M.
guttatus does not, I could speculate that the presence of iridoid glycosides may
contribute to the increase in hemocytes; however, I found that there was no
correlation between iridoid glycosides sequestered and total number of hemocytes,
except for a negative correlation between percent dry weight catalpol and total
hemocyte count (Fig. 13). This significant negative correlation may have been
driven by the fact that catalpol is more toxic than aucubin (Bowers and Puttick
1988).
The encapsulation assay shows that host plant did not have a significant
effect on percent melanization, but that instar did have a significant effect (Fig. 9).
However, the significant interaction between host plant and instar shows that the
immune response of this specialist caterpillar functions differently during different
life stages. Even though the caterpillars had more hemocytes on P. lanceolata, their
actual immune response, the percent melanization, did not differ significantly
between the two host plants. Thus, since host plant is not playing a role in immune
function, there is a different mechanism driving immune response in this case.
One previous study by Smilanich et al. (2009a) shows that J. coenia larvae
that feed on a diet with higher levels of iridoid glycosides are more poorly defended
against parasitoids while being better protected against predators, indicating that
host plant does have an effect on immune response. She also used encapsulation to
quantify immune function. However, the iridoid glycoside content of P. lanceolata
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used in her study was much higher (5 to 12 percent dry weight) than the amount
used in this study. A study by Gentry and Dyer (2002) also found that chemically
defended caterpillars were associated with high levels of parasitism, indicating that
chemically defended caterpillars are poorly defended against parasitoids. Perhaps,
there would have been a correlation between iridoid glycosides sequestered and
immune response if the caterpillars had sequestered higher amounts.
The increase in hemocytes and percent melanization over instar could be
driven by hemocyte differentiation within the immune system of the caterpillars
occurring later on in development (Brodeur & Vet 1995; Gillespie et al. 1997).
There is also evidence to suggest that parasitoids target larger caterpillars
(Memmott et al. 2000), which could in turn cause the immune response to be
stronger as the caterpillar grows and develops through each instar. Regardless,
these data suggest that immune function strengthens as a caterpillar develops.
Iridoid glycoside analysis revealed that the amount in milligrams per
caterpillar and percent dry weight varied with different instars (Fig. 11, Fig. 12).
The immune challenged caterpillars had higher concentrations of iridoid glycosides
(percent dry weight) in the fifth instar and higher amounts (milligrams per
caterpillar) in the fourth and fifth instar. This indicates that 24 hours is enough time
for the immune challenged caterpillars to recover their chemical defense after the
immune assays. However, both sets of caterpillars had a very low amount of iridoid
glycosides in general compared to other studies that analyzed J. coenia larvae.
Theodoratus and Bowers (1999) found that J. coenia larvae could sequester up to 25
percent dry weight iridoid glycosides. Bowers and Collinge (1992) found that newly
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molted larvae contained much higher amounts of both aucubin and catalpol even
though we measured our caterpillars mid-instar. Lampert & Bowers (2010) found
that buckeye larvae in the fourth instar sequestered 5 to 15 percent dry weight
iridoid glycosides. The fourth instar larvae used for this study only sequestered 1.5
to 2 percent dry weight iridoid glycosides.
The disparity in our data and previous data could be caused by several
different factors. For example, the J. coenia adults that started the colony used for
this study were collected in Sacramento, California. They were found near a
roadside on Plantago lanceolata. This population may be less efficient at
sequestering iridoid glycosides than other populations that have been studied.
Another factor that can affect iridoid glycoside content in caterpillars is the
amount present in their host plant. A set of P. lanceolata leaves was analyzed to
determine the levels of aucubin and catalpol in leaves fed to caterpillars (Fig. 14).
The amount of iridoid glycosides can vary in a plant, but the values we found are
low compared to previous studies (Bowers & Stamp 1992). Iridoid glycoside
content can also vary between different ages of a leaf. New or intermediate leaves
typically contain more than mature leaves (Bowers & Stamp 1992). The age of the
leaves fed to caterpillars was not controlled. This could be a potential explanation
for why the total content of iridoid glycosides was lower than that found in other
studies. The immune assays were also done in December, thus the leaves collected
to feed them were grown in a greenhouse during the winter. The overwintering
strategy of the plant may be to decrease chemical defense.
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Conclusions
It has been shown that sequestration of iridoid glycosides negatively affects
immune response (Smilanich et al. 2009a) and that chemically defended caterpillars
are more poorly defended against parasitoids (Gentry & Dyer 2002). The results of
this study show that the host plant species used by J. coenia can affect the immune
response; however, the two components of the immune system showed different
effects: the total number of hemocytes was higher when larvae fed on P. lanceolata,
but that may not be representative of how well the actual immune system functions
against a foreign invader. The encapsulation assay revealed that percent
melanization was only significantly affected by instar and not by the plant species
on which the caterpillars fed, indicating that instar is a stronger driver of immune
response than host plant. Further research on the development of the immune
response throughout the life of an insect will help to uncover what drives the
variation in immune function.
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Figures

Figure 1: Plantago lanceolata

Figure 2: Mimulus guttatus

Figure 3: Study organism, Junonia coenia larva.
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Figure 4: Aucubin and Catalpol are the two iridoid glycosides present in
Plantago lanceolata.
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Figure 5: Verbascoside is the secondary metabolite found in Mimulus
gutattus that functions as a feeding stimulant for J. coenia.
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Figure 6: Nylon monofilaments.
A) Nylon monofilament before being placed in a caterpillar.
B) Melanized nylon monofilament recovered after 24 hours inside a
caterpillar.
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Figure 7: A photo of the hemocytometer counting grid used for counting
hemocytes.
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Figure 8: Total hemocyte count per 10 microliters over third, fourth, and fifth
instar on two host plants, P. lanceolata and M. guttatus.
The hemocytes increased over each instar throughout development and were
consistently higher in individuals fed P. lanceolata.
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Figure 9: Percent melanization over third, fourth, and fifth instar on host plants, P. lanceolata
and M. guttatus.
Percent melanization increased over each instar, but there was no significant effect of host
plant. There was a significant interaction between host plant and instar, indicating the immune
system functions differently with instar.
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Figure 10: Pearson correlation between percent melanization and total hemocyte count.
There was a significant positive correlation between percent melanization and total hemocyte count
independent of host plant and for individuals fed Mimulus gutattus.
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Iridoid glycosides - percent dry weight
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Figure 11: Percent dry weight iridoid glycosides over third, fourth, and fifth instar.
Iridoid glycoside content increased over each instar for immune challenged
caterpillars. The immune challenged caterpillars contained less iridoid glycosides,
except in the fifth instar. There was a significant difference in iridoid glycoside content
between the three instars. The intact caterpillars increased over third and fourth
instar, but decreased in the fifth instar.
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Iridoid glycosides - milligrams per
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Figure 12: Iridoid glycosides in milligrams per caterpillar over third, fourth, and fifth instar.
Iridoid glycoside content increased over each instar for both intact and immune challenged
caterpillars. The immune challenged caterpillars contained more iridoid glycosides (mg) over
the fourth and fifth instar, but the intact caterpillars contained more in the third instar.
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Figure 13: Pearson correlation between percent dry weight catalpol and total
hemocyte count.
There is a significant negative correlation between percent dry weight catalpol
and total hemocyte count per ten microliters.
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Figure 14: Percent dry weight iridoid glycosides in five samples of
Plantago lanceolata.
Each sample consists of five different leaves from the same plant. Total
iridoid glycosides ranged from 0.362 to 1.092 percent dry weight.
Aucubin ranged from 0.305 to 0.987 and catalpol ranged from 0.057 to
0.312 percent dry weight.

37

Literature Cited
Baden CU, Dobler S. 2009. Potential benefits of iridoid glycoside sequestration in
longitarsus melanocephalus (Coleoptera, Chrysomelidae). Basic Appl Ecol. 10(1):2733.
Barbosa P, Caldas A. 2007. Do larvae of species in macrolepidopteran assemblages
share traits that influence susceptibility to parasitism? Environ Entomol. 36:329–
336.
Beckage NE. 2008. Epilogue: pathways into the future of insect immunology. In:
Beckage NE, editor. Insect Immunology. San Diego (CA): Elsevier inc. p. 331–336.
Bowers MD. 1984. Iridoid glycosides and host-plant specificity in larvae of the
buckeye butterfly, Junonia coenia (Nymphalidae). J Chem Ecol. 10:1567–1577.
Bowers MD. 1990. Recycling Plant Natural Products for Insect Defense. In: Evans DL,
Schmidt JO, editors. Insect Defenses. Albany (NY): Suny Press. p. 353-375.
Bowers MD. 1992. The evolution of unpalatability and the cost of chemical defense
in insects. In: Roitberg BD, Isman MB, editors. Insect Chemical Ecology: An
Evolutionary Approach. New York (NY): Chapman & Hall. p. 216-244.
Bowers MD, Collinge SK. 1992. Fate of iridoid glycosides in different life stages of the
buckeye, Junonia coenia (Lepidoptera: Nymphalidae). J Chem Ecol. 18:817–831.
Bowers MD, Collinge SK, Gamble SE, Schmitt J. 1992. Effects of genotype, habitat,
and seasonal variation on iridoid glycoside content of Plantago lanceolata
(Plantaginaceae) and the implications for insect herbivores. Oecologia. 91:201–207.
Bowers MD, Puttick GM. 1986. Fate of ingested iridoid glycosides in Lepidopteran
herbivores. J Chem Ecol. 12:169–178.
Bowers MD, Puttick GM. 1988. Response of generalist and specialist insects to
qualitative allelochemical variation. J Chem Ecol. 14:319–334.
Bowers MD, Stamp NE. 1992. Chemical variation within and between individuals of
Plantago lanceolata (Plantaginaceae). J Chem Ecol. 18:985–995.
Bowers MD, Stamp NE, Collinge SK. 1992. Early stage of host range expansion by a
specialist herbivore, Euphydryas phaeton (Nymphalidae). Ecology. 73:526–536.
Bowers MD, Stamp NE. 1997. Effect of hostplant genotype and predators on iridoid
glycoside content of pupae of a specialist insect herbivore, Junonia coenia
(Nymphalidae). Biochem Syst Ecol. 25:571–680.
38

Bowers MD, Stamp NE. 1997. Fate of host-plant iridoid glycosides in Lepidopteran
larvae of Nymphalidae and Arcthdae. J Chem Ecol. 23:2955–2965.
Brodeur J, Vet LEM. 1995. Relationships between parasitoid host-range and hostdefense: a comparative study of egg encapsulation in two related parasitoid species.
Physiol Entomol. 20:7–12.
Brower LP, Ryerson WN, Coppinger LL, Glazier SC. 1968. Ecological chemistry and
the palatability spectrum. Science. 161:1349–1350.
Cavers PB, Bassett IJ, Crompton CW. 1980. The biology of Canadian weeds: 47.
Plantago lanceolata. Can J Plant Sci. 60(4):1269-1282.
Daehler CC. 1998. The taxonomic distribution of invasive angiosperm plants:
ecological insights and comparison to agricultural weeds. Biol Conserv. 84:167–180.
Dobler S, Petschenka G, Pankoke H. 2011. Coping with toxic plant compounds – the
insect’s perspective on iridoid glycosides and cardenolides. Phytochemistry.
72:1593–1604.
Duff R, Bacon J, Mundie CM, Farmer VC, Russell JD, Forrester AR. 1965. Catalpol and
methylcatalpol: naturally occurring glycosides in plantago and buddleia species.
Biochem J. 96:1–5.
Dyer, LA. 1995. Tasty generalists and nasty specialists? Antipredator mechanisms in
tropical Lepidopteran larvae. Ecology. 76:1483–1496.
Gentry GL, Dyer LA. 2002. On the conditional nature of neotropical caterpillar
defenses against their natural enemies. Ecology. 83:3108–3119.
Gillespie JP, Kanost MR, Trenczek T. 1997. Biological mediators of insect immunity.
Annu Rev Entomol. 42:611–43.
Graves SD, Shapiro AM. 2003. Exotics as host plants of the California butterfly fauna.
Biol Conserv. 110:413–433.
Hartmann T. 2004. Plant-derived secondary metabolites as defensive chemicals in
herbivorous insects: a case study in chemical ecology. Planta. 219:1–4.
Holeski LM, Chase-Alone R, Kelly JK. 2010. The genetics of phenotypic plasticity in
plant defense: trichome production in Mimulus guttatus. Am Nat. 175:391–400.
Holeski LM, Keefover-Ring K, Bowers MD, Harnenz ZT, Lindroth RL. 2013. Patterns
of phytochemical variation in Mimulus guttatus (Yellow Monkeyflower). J Chem Ecol.
39:525–536.
39

Kanost MR, Gorman MJ. 2008. Phenoloxidases in insect immunity. In: Beckage NE,
editor. Insect Immunology. San Diego (CA): Elsevier inc. p. 69–96.
Knerl A, Bowers MD. 2013. Incorporation of an introduced weed into the diet of a
native butterfly: consequences for preference, performance and chemical defense. J
Chem Ecol. 39:1313–1321.
Kooiman, P. 1970. Occurrence of iridoid glycosides in Scrophulariaceae. Acta
Bot Neerl. 19:329-340.
Lampert EC, Bowers MD. 2010. Host plant influences on iridoid glycoside
sequestration of generalist and specialist caterpillars. J Chem Ecol. 36:1101–1104.
Lavine MD, Beckage NE. 1996. Temporal pattern of parasitism-induced
immunosuppression in Manduca sexta larvae parasitized by Cotesia congregata. J
Insect Physiol. 42:41-51.
Mack RN, Simberloff D, Lonsdale WM, Evans H, Clout M, Bazzaz FA. 2000. Biotic
invasions: causes, epidemiology, global consequences, and control. Ecol Appl.
10:689–710.
Memmott J, Martinez ND, Cohen JE. 2000. Predators, parasitoids and pathogens:
species richness, trophic generality and body sizes in a natural food web. J Anim
Ecol. 69:1–15.
Nappi AJ, Christensen BM. 2005. Melanogenesis and associated cytotoxic reactions:
applications to insect innate immunity. Insect Biochem Mol Biol. 35:443–459.
Pech LL, Strand MR. 1996. Granular cells are required for encapsulation of foreign
targets by insect haemocytes. J Cell Sci. 109:2053–2060.
Poreddy S, Mitra S, Schöttner M, Chandran J, Schneider B, Baldwin IT, Kumar P,
Pandit SS. 2015. Detoxification of hostplant’s chemical defence rather than its antipredator co-option drives β-glucosidase-mediated lepidopteran counteradaptation.
Nat Commun. 6:8525–8538.
Rantala MJ, Roff D. 2007. Inbreeding and extreme outbreeding cause sex differences
in immune defence and life history traits in Epirrita autumnata. Heredity. 98:329–
336.
Siva-Jothy MT, Tsubaki Y, Hooper RE. 1998. Decreased immune response as a
proximate cost of copulation and oviposition in a damselfly. Physiol Entomol.
23:274–277.
Smilanich AM, Dyer LA, Chambers JQ, Bowers MD. 2009. Immunological cost of
chemical defence and the evolution of herbivore diet breadth. Ecol Lett. 12:612–621.
40

Smilanich AM, Dyer LA, Gentry GL. 2009. The insect immune response and other
putative defenses as effective predictors of parasitism. Ecology. 90:1434–1440.
Stanley D, Haas E, Miller J. 2012. Eicosanoids: Exploiting insect immunity to improve
biological control programs. Insects. 3:492–510.
Strand MR. 2008a. The insect cellular immune response. Insect Sci. 15:1–14.
Strand MR. 2008b. Insect hemocytes and their role in immunity. In: Beckage NE,
editor. Insect Immunology. San Diego (CA): Elsevier inc. p. 25–47.
Strand MR, Beck MH, Lavine MD, Clark KD. 2006. Microplitis demolitor bracovirus
inhibits phagocytosis by hemocytes from Pseudoplusia includens. Insect Biochem
Physiol. 61(3): 134–145.
Theodoratus DH, Bowers MD. 1999. Effects of sequestered iridoid glycosides on
prey choice of the prarie wolf spider, Lycosa carolinensis. J Chem Ecol. 25(2):283295.
Triggs A, Knell RJ. 2011. Interactions between environmental variables
determine immunity in the Indian meal moth Plodia interpunctella. J Anim Ecol.
81(2):386-94.
van der Aart P, Vulto J, Soekarjo R, van Damme J. 1992. General biology of plantago.
In: Kuiper P, Bos M, editors. Plantago a multidisciplinary study. Heidelburg
(Germany): Springer-Verlag. p. 4–19.
Wago H, Ichikawa Y. 1979. Changes in the phagocytic rate during the larval
development and manner of hemocytic reactions to foreign cells in Bombyx mori.
Appl Entomol Zool. 14:397–403.

41

