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Manduca sexta experience high parasitoid pressures in the
field but minor fithess costs of consuming plant secondary
compounds
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1. Plant-herbivore coevolutionary interactions have led to a range of plant defenses
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vores to feed on defended plants. Consuming plant secondary compounds results

as deterrence or harm of parasitoid enemies. Therefore, the role of secondary
compounds on herbivore fitness must be considered in the context of the abun-
dance and level of harm from natural enemies and the costs herbivores incur feed-
ing on plant secondary compounds.

2. In this study, | combined field measurements of Cotesia congregata wasp parasit-
ism pressure with detailed measurements of the costs of plant secondary com-
pounds across developmental stages in the herbivore host, Manduca sexta.

3. | show that C. congregata parasitoids exert large negative selective pressures,
killing 31%-57% of M. sexta larvae in the field. Manduca sexta developed fastest
during instars most at risk for parasitoid oviposition but growth was slowed by
consumption of plant secondary compounds. The negative effects of consuming
plant secondary compounds as larvae influenced adult size traits but there were
no immune, survival, or fecundity costs.

4. These results suggest that developmental costs experienced by M. sexta herbi-
vores consuming defensive compounds are minor in comparison to the strong

negative survival pressures from abundant parasitoid enemies.
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1 | INTRODUCTION counter adaptations to these defenses (Ehrlich & Raven, 1964;

Maron et al., 2019). Plants produce combinations of physical and
Coevolution between herbivorous insects and their host plants chemical defenses that may lower herbivore fitness by reduc-
often mitigates their reciprocal (negative) fitness effects, result- ing growth, disrupting development, decreasing survival, and/
ing in rapid evolution of plant anti-herbivore defense and insect or attracting natural enemies of herbivores (Furstenberg-Hagg
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et al., 2013; Howe & Jander, 2008; Price et al., 1980). Herbivores
feeding on defended plants may experience immediate or delayed
effects of consuming secondary compounds and these conse-
quences may extend past the life stage at which the stress was
experienced (Fellous & Lazzaro, 2010; van Dam et al., 2001).
Understanding how insect herbivores evolve to feed on defended
plants requires quantifying the fitness effects of plant defenses
across herbivore life stages and examining the conditions under
which consumption of plant secondary compounds is beneficial to
herbivores. An important component of estimating these fitness
consequences is to determine how additional stressors, such as
natural enemies, affect herbivore fitness in conjunction with plant
defense.

One way that herbivores mitigate the negative consequences of
plant defense is if consumption of these secondary compounds di-
rectly or indirectly harms natural enemies. Insects are predicted to
consume defended plants despite the apparent negative effects if
the anti-enemy benefit of consuming plant secondary compounds
outweighs the costs. Enemies can exert a large negative selective
pressure on their targets when the enemies are at high abundance
and/or when they drastically decrease herbivore fitness (Hassell &
Waage, 1984). Parasitoids, for instance, have an especially negative
fitness effect because they kill their host at an immature (prere-
productive) stage and reduce host fitness to zero (Godfray, 1994).
Endoparasitoids—those that develop inside the body of their hosts—
are common enemies of lepidopteran species and endoparasitoid
fitness may be particularly affected by host quality (Eggleton &
Belshaw, 1992). In insect hosts that sequester secondary com-
pounds, there is clear co-option of plant toxins for herbivore anti-
enemy defense but sequestration is considered more effective
against predators rather than parasitoids because of the trade-off
between chemical sequestration and immune function needed
to defend against parasitoid eggs (Gauld et al., 1992; Smilanich
et al., 2009).

In herbivore hosts that do not sequester plant secondary
compounds, such as Manduca sexta (Kumar et al., 2013), plant de-
fenses can still reduce endoparasitoid success on hosts fed sec-
ondary compounds, either through direct toxicity to parasitoids
or indirect effects on host quality (Barbosa et al., 1991; Beckage
& Riddiford, 1978; Harvey et al., 2007; Thorpe & Barbosa, 1986).
Endoparasitoids may come into contact with the toxic com-
pounds their herbivore hosts consume as these compounds are
detoxified or excreted from the host (Kumar et al., 2014; Wink
& Theile, 2002). Endoparasitoids are also sensitive to the indirect
effects of secondary compounds on host growth, survival, and im-
mune function (Alleyne & Beckage, 1997; Appel & Martin, 1992;
Barbosa et al., 1991; Bukovinszky et al., 2009; D'Incao et al., 2012;
Ode, 2006; Parr & Thurston, 1972; Price et al., 1980; Stamp &
Skrobola, 1993; Thaler et al., 2012). One host immune response
in particular, the encapsulation and melanization of parasitoid
eggs, can decrease parasitoid egg hatching success but whether

this response is increased or hindered by secondary compounds is
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hard to predict given current evidence (Bukovinszky et al., 2009;
Kraaijeveld et al., 2001; Smilanich et al., 2009).

Disentangling the effects of secondary compounds and their
impacts on herbivore immune function and growth is necessary
to determine how secondary compounds alter herbivore health
and interactions between herbivores and parasitoids. Secondary
compounds may prime the insect's immune response to allow the
insect to better respond to subsequent stress, such as parasitoid
attack, or (alternatively) insect immunity may suffer as a result of
eating defended plant tissues (Fellous & Lazzaro, 2010). The impact
of secondary compounds on herbivore immune function must be
interpreted in the context of larval growth since limited resources
are predicted to result in a trade-off between growth and immunity
(Ode, 2006; Bascunan-Garcia et al., 2010; van der Most et al., 2011;
Wilson et al., 2019). The effects of secondary compounds may also
be more pronounced at specific herbivore developmental stages.
Studies that measure overall increases in time from hatching to
pupation or short-term decreases in growth rate do not fully cap-
ture whether these developmental changes alter herbivore fitness
or exposure to parasitoids (e.g., Parr & Thurston, 1972; Granzow
et al., 1985; Barbosa et al., 1991; Harvey et al., 2007, but see van
Dam et al., 2001).

Whether larval consumption of secondary compounds influ-
ences herbivore fitness depends in part on if stress experienced at
the larval stage impacts adult mating and reproductive traits in ad-
dition to survival to adulthood (Bessin & Reagan, 1990; Spurgeon
et al., 1995). The effect of larval experience on reproductive fitness
may differ based on insect life histories and developmental patterns.
Larval experience has been shown to impact adult traits in non-
holometabolous insects (Corbet, 1985; Hopkins, 1917), but has re-
ceived less attention in insects that undergo metamorphosis because
pupation is sometimes thought of as a re-setting period that can re-
duce the impact of larval experiences on adult traits (Barron, 2001,
Fellous & Lazzaro, 2010). However, pupal size and adult fecundity
are correlated in some lepidopteran species, indicating that larval
are not always negated by the restructuring that occurs during pu-
pation and larval resource acquisition can affect adult traits (Bessin
& Reagan, 1990; Kariyat & Portman, 2016; Spurgeon et al., 1995).
Therefore, quantifying the impacts of larval stress on adult morpho-
logical and behavioral traits is necessary to determine if there are
lasting effects of plant defense on adult mating and fitness traits or
if larval consumption of secondary compounds simply alters survival
to adulthood but the surviving adults are unaffected by larval stress.

In this study, | use the herbivore species Manduca sexta
(Lepidoptera: Sphingidae) to determine the fitness costs posed
by natural enemies and the costs of larval consumption of chem-
ically defended plants on herbivore immunity, development,
survival, and adult fitness traits. Using Manduca sexta larvae
collected on Nicotiana tabacum host plants, | show that Cotesia
congregata parasitoids exert large negative survival costs on
M. sexta. Because the anti-parasitoid benefits of consuming host

plants high in secondary compounds (such as N. tabacum) could
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outweigh mild negative developmental effects on herbivores, |
also quantified the fitness effects of plant secondary compounds
in field-collected and laboratory colonies of M. sexta. | show that
while two different types of secondary compounds (inducible
nicotine and constitutive rutin) affect M. sexta larval and adult
size and morphological traits, they do not have strong negative
effects on survival to adulthood, immune responses to artificial
parasitoids, or adult fecundity. Because nicotine is known to have
protective effects against C. congregata parasitoids (Barbosa
et al.,, 1991; Beckage & Riddiford, 1978; Harvey et al., 2007;
Thorpe & Barbosa, 1986), these results suggest that the develop-
mental costs experienced by M. sexta consuming defensive com-
pounds may be minor in comparison to the harm from abundant
enemy pressures.

2 | MATERIALS AND METHODS

2.1 | Study system: Manduca sexta and Cotesia
congregata

Manduca sexta are ecologically and economically important pol-
linators and herbivores of Solanaceous plants. While feeding on
host plants, M. sexta larvae are targeted by natural enemies, in-
cluding Braconid wasp and Tachinid fly parasitoids that lay eggs
inside their hosts (Garvey et al., 2020; Stireman et al., 2006;
Yamamoto & Fraenkel, 1960). Cotesia congregata parasitoid
eggs hatch and feed inside the M. sexta host larvae before they
emerge from the host larval cuticle to pupate, ultimately killing
the host (Alleyne & Beckage, 1997). Prior studies have shown
that consumption of plant secondary compounds by larvae of
M. sexta can be protective against parasitoids by deterring para-
sitoid oviposition and harming parasitoid development (Barbosa
et al.,, 1991; Beckage & Riddiford, 1978; Harvey et al., 2007;
Thorpe & Barbosa, 1986).

2.2 | Field collection of M. sexta larvae

Manduca sexta larvae were collected from leaves of dark tobacco
(Nicotiana tabacum) at the University of Kentucky Research and
Education Center (Princeton, KY) to determine parasitoid abundance
and establish a field-collected colony for experiments testing the ef-
fects of secondary compounds on M. sexta. The 4.5-acre field area
contained ~4,900 dark tobacco plants/acre, with a cured leaf con-
tent of approximately 3%-5% nicotine (Dr. Andrew Bailey, personal
communication). Over three field collection dates all larvae found
in the field were collected, for a total of 395 M. sexta larvae rang-
ing from second to fifth/sixth instar collected (21 July 2013 N = 98;
20 August 2013 N = 156; 28 July 2014 N = 141). These dates were
timed to occur after the residual insecticide used in transplanting
(late May-early June) wore off and before application of additional

pesticides.

2.3 | Measurements of parasitoid abundance on
field M. sexta

After each of the three field collections, M. sexta larvae were
brought back to the laboratory and monitored twice daily for para-
sitoid emergence. Because M. sexta consume a large amount of leaf
tissue, field-collected larvae were transitioned to an artificial wheat
germ-based diet with 10%-20% wet volume of Solanaceous leaf tis-
sue added to facilitate diet acceptance (Table S1). Larvae were fed ad
libitum under 14:10 light:day cycles at 22.2 + 0.5°C (Bell et al., 1975).

Parasitoid development takes a predictable number of days,
meaning that the time between field collection and parasitoid
emergence can be used to estimate the instar at which parasitoid
oviposition occurred (Gilmore, 1938). In July 2014, | recorded the
approximate instar at field collection and determined the time it took
parasitoids to emergence from different host instars.

Chi-squared tests were used to test for variation in the propor-
tion of M. sexta larvae with parasitoids among the three field collec-
tion dates. Parasitoid load and number of days postfield collection
until C. congregata emergence were compared for larvae collected
from the field at different instars using Poisson general linear models
(GLM) (R v. 3.2.2; R Core Team, 2014). Robust standard errors were
used as Breusch-Pagan tests showed heteroskedasticity (bptest() in
LMTEST; Zeileis & Hothorn, 2002). Instar five was excluded from
instar-specific models because only two insects were collected at
the fifth instar stage.

2.4 | Rearing of Manduca sexta field-collected and
laboratory colonies

Because laboratory and natural populations of M. sexta have been
shown to have different evolutionary histories and responses
to stressful conditions (Diamond et al., 2010; Kingsolver, 2007;
Kingsolver et al., 2020), | used the surviving M. sexta from the 2014
field collection to establish a field-collected colony to use alongside
the standard laboratory colony to test the effects of secondary com-
pounds on herbivore growth and fitness (Supplementary Methods
1). The laboratory colony was derived from a colony maintained
under solely laboratory conditions (artificial diet, no introduction
of wild individuals) for >250 generations since the 1960s (Carolina
Biological Supply, Kingsolver et al., 2009). Field-collected and labo-
ratory colonies were kept in separate cages in the same greenhouse.
Prior to experiments, the field-collected colony was reared through

a generation on solely artificial diet to control for maternal effects.

2.5 | Preparation of M. sexta diets with
secondary compounds

Using artificial diets containing either nicotine or rutin (Table S1), |
tested the effects of secondary compounds on M. sexta development

and fitness traits in both the field-collected and laboratory colonies.
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As a specialist herbivore, M. sexta often feed on leaves containing
nicotine, a pyridine alkaloid found only in the Solanaceae plant fam-
ily, which serves as a defensive chemical against herbivory and can
be induced via the jasmonic acid pathway (Keinanen et al., 2001,
Steppuhn et al., 2004). | used 0.5% wet weight nicotine, which rep-
resents a high but relevant concentration that larvae feeding on to-
bacco would encounter (Parr & Thurston, 1972; Saitoh et al., 1985;
Sisson & Saunders, 1982, 1983; Thompson & Redak, 2007). To test
whether herbivore responses to plant defensive chemicals are con-
sistent across different compounds, | also tested the effects of 0.5%
rutin (quercetin 3-rhamnoglucoside) on the same herbivore traits.
Rutin is found in 32 plant families and is constitutively present at
0.008%- 0.61% wet mass in tobacco (Keinanen et al., 2001; Kessler
& Baldwin, 2004; Krewson & Naghski, 1953). Manduca sexta used for
the immunity, growth, and adult measurements were fed artificial
diet (control, 0.5% nicotine, or 0.5% rutin depending on treatment)
ad libitum.

2.6 | M. sexta larval immune responses to artificial
parasitoids

An immunity challenge (using artificial parasitoid eggs implanted into
M. sexta larvae) was used to test whether secondary compounds
alter host immune responses and if growth and immunity trade-off.
Manduca sexta from both colonies were collected concurrently as
neonate larvae and reared individually on 0.5% nicotine, 0.5% rutin,
or control diets until the fourth instar (N = 27-30 per diet treat-
ment for the laboratory colony and N = 16-20 per diet treatment
for the field-collected colony). Fourth-instar larvae were used for
injections because larvae are large enough to manipulate without
causing death (Beetz et al., 2008). Forceps were used to insert an
artificial parasitoid egg (a 2 mm-long piece of roughened nylon fila-
ment) through a needle hole pricked behind the fourth proleg as in
Piesk et al. (2013). Larvae were returned to their respective diets
and fed readily after egg insertion. Prechallenge growth rate was
calculated as In(larval mass at fourth instar)/number of days from
hatching to fourth instar. Postchallenge growth rate was calculated
as In(larval mass 24 hr postegg insertion/larval mass at time of egg
insertion) (Diamond & Kingsolver, 2011).

After the final weighing, larvae were frozen at -20°C for dissec-
tions to quantify the strength of the immune response to the arti-
ficial parasitoid. Melanization (dark buildup by hemocyte immune
cells) was photographed using a Leica M205FA Stereo microscope
and the percent melanized was calculated using ImageJ (Diamond
& Kingsolver, 2011). Percent melanized was used for GLM with
robust standard errors to determine whether immune responses
differed based on secondary compounds, prior condition (prechal-
lenge growth rate), or trade-offs between postchallenge growth
rate and melanization. Pairwise interactions between diet-colony
and diet-growth rates were nonsignificant (p > .1 for all) and were
removed from the model. Area melanized was transformed for

non-normality using Box-Cox (BC) lambda power transformations
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after scaling of nonpositive values (BC = 0.1; boxcox() in MASS;
Box & Cox, 1964).

2.7 | M. sexta larval and pupal traits on nicotine and
rutin diets

Because of the large numbers of M. sexta needed, the effects of nico-
tine and rutin on growth and fitness traits were tested and analyzed at
separate generations. Larvae from both colonies were fed control or
experimental diets (0.5% nicotine or 0.5% rutin) and monitored daily
for molting and the number of days per larval instar (N = 80 per diet
treatment and colony). The total number of larval instars was recorded
because larvae undergo either five or six instars depending on size
(Kingsolver, 2007) (Table S2). Poisson GLM and Wald tests were used
to test for variability in the number of days per instar and whether any
instar was more sensitive to the effects of nicotine or rutin (wald.test()
in AOD; Lesnoff & Lancelot, 2012). Nonsignificant interactions (p > .1)
between instar and nicotine or rutin were removed.

| recorded the number of days to pupation and pupal mass for
M. sexta males and females to test whether larval consumption of
nicotine or rutin altered pupal traits. Poisson GLM was used to de-
termine if nicotine or rutin extended the number of days to reach
pupation. ANOVA with type Il sums-of-squares was used to test for
differences in pupal size mass based on secondary compounds or sex
and whether the effects of nicotine or rutin were stronger for either
sex (diet * sex interaction) (ANOVA() in CAR; Fox & Weisberg, 2011).
Pupal mass for laboratory moths in the rutin experiment was trans-
formed by BC = 2. One-sided Fisher tests (fisher.test()) were used to
test if secondary compounds increased larval and pupal deformities.

2.8 | M. sexta adult size and fitness traits

To test if larval consumption of secondary compounds resulted in
size differences postpupation, surviving adults were frozen at -20°C
the morning posteclosion to measure adult body and wing length.
Kaplan-Meier survival analyses were used to determine if either
secondary compound reduced moth survival to eclosion (survdiff() in
SURVIVAL; Therneau & Grambsch, 2000; Therneau, 2015). ANOVA
models for adult body and wing length included diet, sex, and a
diet * sex interaction. Wing length was transformed by BC = 6 for
moths in the laboratory colony.

Fecundity estimates were obtained by dissecting ovarioles from
adult females and counting follicle numbers under a dissecting scope
as in Diamond et al., 2010 (N = 25-30 per diet treatment for the
laboratory colony and N = 8-25 per diet treatment for the field-
collected colony). Because larger moths may produce more eggs, the
ratio of follicles to body area was used as the dependent variable in
ANOVA models testing for an effect of larval consumption of sec-
ondary compounds on fecundity. Follicles/body area was calculated
as (number of follicles in a female moth)/(% body length x % body

width x 3.14). Correlations among adult traits are shown in Table S3.
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2.9 | M.sexta larval dietary choice trials

Binary choice trials were used to determine if neonate M. sexta ex-
hibit a preference for artificial diets with or without secondary com-
pounds. Neonate larvae from both colonies were collected within 3 hr
of hatching and placed in the center of individual 9 cm diameter petri
dishes with 1 cm? pieces of control diet and experimental diet (0.5%
nicotine or 0.5% rutin) placed on opposite sides. Dishes were oriented
haphazardly under 14:10 dark:light conditions and monitored at 1, 6,
and 24 hr before scoring contact with either diet at 48 hr as a choice.
Larvae did not leave or switch once choosing a diet. Chi-squared anal-
yses were used to test if control or experimental diets were chosen
significantly more than half the time. Larvae that did not choose in
48 hr (field N = 11/60 and laboratory N = 3/76) were excluded.

3 | RESULTS

3.1 | Cotesia congregata parasitoids are common on
M. sexta larvae in the field

Surveys of a tobacco plot at three timepoints revealed that a high
but variable proportion of M. sexta larvae were parasitized. The high-
est proportion of larvae parasitized by C. congregata was observed
at the first collection (0.57 parasitized in July 2013), compared with
0.31 parasitized in August 2013 and 0.39 parasitized in July 2014
(;(g = 16.74, p < .001) (Figure S1). Median C. congregata parasitoid
load emerging from an individual larva was 21.5 (N = 44), and all
larvae with parasitoids emerging died before pupation. Tachinid fly
parasitoids eclosed from only two M. sexta.

The timing of C. congregata parasitoid emergence from M. sexta
collected in the field at different instars was consistent with par-
asitoids ovipositing in younger larvae. Because parasitoids take a
predictable amount of time to emerge from the host cuticle after ovi-
position (Gilmore, 1938), the length of time between field collection
and parasitoid emergence for larvae of different instar stages can be
used to determine the age at parasitism. The number of days post-
M. sexta field collection to C. congregata emergence was higher for
host M. sexta collected as younger instars (GLM; instar 2 b = 2.599,
p <.01; instar 3 b = -0.629, p < .001; instar 4 b = -1.100, p < .001).

There were no significant increases in the number of parasitoids

emerging from third and fourth instar host M. sexta larvae compared
with second instar host larvae (GLM; instar 2 b = 2.99, p < .01; instar
3b=0.255,p =.236; instar 4 b = 0.340, p = .094) (Table 1).

3.2 | Immune responses to an artificial parasitoid
do not trade-off with larval growth

Following implantation of an artificial parasitoid egg, Manduca sexta
immune response (melanization) was highest in larvae that displayed
fast growth during the immune challenge, regardless of diet. There
was a positive relationship between growth rate postchallenge and
the melanization of the artificial parasitoid (GLM; z = 0.20, p < .001).
Prechallenge growth rate (prior to implantation of the artificial para-
sitoid) did not affect the level melanization during the immune chal-
lenge (z = -0.03, p = .85). Neither nicotine (z = -0.02, p = .37) nor
rutin (z = 0.04, p = .10) affected melanization. Larvae from the field-
collected colony had higher immune responses to the artificial para-
sitoid than larvae from the laboratory colony (z = 0.080, p < .001)
with a mean melanization level of 19% for the field-collected colony
and 12% for the laboratory colony.

3.3 | Secondary compounds increase developmental
time for each larval instar

Developmental assays of M. sexta larvae revealed that the number
of days needed to complete each instar is variable and secondary
compounds extend the length of each instar. Nicotine and rutin in-
creased the number of days needed to complete each of the first
four instars but specific instars were not more sensitive to the ef-
fects of the secondary compounds (Table 2). Larvae spent the few-
est number of days in the second instar but there was variation in
development times between the nicotine and rutin experiments.
In the M. sexta generation used to test the effects of nicotine, the
number of days taken to complete the second and third instars was
shorter than the number of days taken to complete the first and
fourth instars (Table 2A). In the generation used to test the effects
of rutin, only the second instar was shorter (Table 2B).

The overall effect of secondary compounds on larval develop-

ment was to increase the number of days from hatching to pupation.

TABLE 1 Proportion of Manduca sexta with parasitoids, parasitoid load, and emergence times on M. sexta collected from the field as

different instars

Proportion of larvae with

M. sexta instar parasitoids

2 0.20 (N = 56)
8 0.53 (N =53)
4 0.60 (N = 20)

Median number of C. congregata per host
18 (N =11, IQR = 13-26)
20 (N =21, 1QR = 12-30)
28 (N =12, IQR = 18-36)

Days until C. congregata
emergence

14 (N = 11, IQR = 12-15)
7 (N =58, IQR = 6-9)
4 (N =23,IQR = 3-5)

Note: The proportion of larvae with parasitoids was calculated based on field collections from July 2014. The number of C. congregata is presented
as the median per M. sexta host. The time to emergence is presented as the median number of days from M. sexta field collection to parasitoid larval
emergence through the host cuticle. For C. congregata number and days to emergence, host sample size and interquartile range are presented in

parentheses.
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in each instar in both the field-collected Field Lab

colony and laboratory colony increased in Days z p Days z p

response to (A) nicotine or (B) rutin )
Nicotine +0.7/instar 2.77 <.01* +0.7/instar 3.53 <.01*
Instar 1 54 35.31 <.01 4.7 35.40 <.01
Instar 2 41 -4.30 <.01* 3.6 -4.40 <.01*
Instar 3 4.0 -4.80 <.01* 4.0 -2.62 .01*
Instar 4 5.0 -1.22 .22 4.7 0.00 1
(B)
Rutin +0.8/instar 2.57 .01* +0.7/instar 3.68 <.001*
Instar 1 4.6 23.45 <.01 4.2 32.80 <.01
Instar 2 3.9 -3.06 .01* 3.5 -2.95 <.01*
Instar 3 4.1 -1.24 .22 4.3 0.50 .62
Instar 4 5.7 2.68 <.01* 5.3 4.11 <.001*

Note: Gray rows show the total number of days these secondary compounds add to the number of
days per instar and significant effects of nicotine and rutin are indicated by asterisks (*). Rows for
each instar indicate the total number of days spent in each instar and the results of the GLM and
Wald tests comparing the lengths of instars 2, 3, and 4 to the time spent in instar 1. Asterisks (*)
following p values for instars show significantly shorter or longer times in those instars compared

toinstar 1 (p < .05).

TABLE 3 Consumption of nicotine and
rutin increased the number of days to

Days from hatching to pupation

pupation for both the field-collected and Control Nicotine control Rutin
laboratory colonies
Field 31(29-33) 34*(32.25-35) 29 (28-31) 36 (33-38)
Lab 28.5 (28-30) 32.5%(31.75-34) 29 (28-31) 35*(33-38)

Note: Values are presented as medians followed by interquartile ranges in parentheses. Asterisks
(*) indicate a significantly longer development time on the diet containing the secondary compound
compared with the control (GLM p < .05). Separate controls are presented for nicotine and rutin
because the effects of these secondary compounds were tested at different generations.

In both colonies, the number of days from hatching to pupation was
higher on the nicotine diet (GLM; field nicotine z = 2.183, p = .029;
laboratory nicotine z = 4.039, p < .001) and on the rutin diet (field
rutin z = 4.149, p < .001; laboratory rutin z = 5.65, p < .001) com-
pared to control diets (Table 3). Larvae normally complete five in-
stars, but a small percent of larvae went through an additional sixth
instar prior to pupation and this was more common in M. sexta in
the laboratory colony fed nicotine and for M. sexta in laboratory and

field-collected colonies fed rutin (Table S2).

3.4 | Pupal mass was reduced by larval
consumption of secondary compounds

Larval consumption of secondary compounds decreased pupal mass
but the sex-specific patterns differed between nicotine and rutin
(Figure 1). Pupal mass was smaller when larvae were fed nicotine
in both colonies (ANOVA; field nicotine F1‘76 = 21.562, p < .001;
laboratory nicotine F, 4,, = 23.527, p <.001) (Figure 1a). There was

an interaction between sex and nicotine in the laboratory colony,

such that females had a greater decrease in pupal mass from nicotine
than males (laboratory sex * nicotine Fi110=5285p = .023) and
male pupae were smaller than female (laboratory sex Fi110 =8.265,
p = .005). The field-collected colony had no differences between
male and female pupal mass (field sex Fy6=0479,p = 491), and
there was no interaction between sex and nicotine (field sex * nico-
tine F, 5, = 0.176, p = .676) (Figure 1a). Pupal mass also decreased in
both colonies in response to rutin (ANOVA,; field rutin F1,45 =7.362,
p = .009; laboratory rutin F 1,4 = 7.975, p = .006). There was no
interaction between sex and rutin (field sex * rutin F, ,; = 2.196,
p =.145; laboratory sex * rutin Fi118= 0.277,p =.600) although male
pupae were smaller than female (field sex F1,45 =7.071,p =.011; lab-
oratory sex Fy 1,4 = 8.024, p = .005) (Figure 1b).

3.5 | Secondary compounds do not increase
M. sexta deformities

Minor deformities at the larval and pupal stage are common during

M. sexta development but were not increased by dietary nicotine or
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FIGURE 1 Manduca sexta pupae were
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rutin. The main deformities observed were incomplete larval molting
(field N = 8/350 larvae; laboratory N = 13/320 larvae) and incom-
plete sclerotization of pupal cases (field N = 1/131 larvae; laboratory
N = 26/243 larvae). The incidence of deformities was not increased
by nicotine (one-sided Fisher's exact tests; molting: field p = .75,
laboratory p = .5; incomplete sclerotization: field p = 1, laboratory
p = .67) or by rutin (one-sided Fisher's exact tests; molting: field
p = .34, laboratory p = .36; incomplete sclerotization: field p = .48,
laboratory p = .51).

3.6 | M. sexta survival to adulthood is not decreased
by larval consumption of secondary compounds

The proportion of M. sexta surviving to adult eclosion was not
significantly reduced by either secondary compound in the lar-
val diets. Larvae from the laboratory colony had only margin-
ally significantly reduced survival to adult eclosion when reared

on nicotine compared to those fed the control diet (;(% = 3.6,

N = 149, p = .057), and there were no differences in survival for
moths from the field-collected colony when fed nicotine versus
control diets (;(f =0, N =152, p = .886) (Figure 2a). Rutin did
not significantly decrease survival of moths from either colony
(lab: ;(f = 0.7, N =158, p = .408; field ;(f =0,N =189, p =.956)
(Figure 2b).

3.7 | Adult body size was smaller when moths had
consumed secondary compounds as larvae

Measurements of body length on newly eclosed adults showed that
larval consumption of secondary compounds decreased M. sexta size
at the adult stage, but the effects differed for female and male moths.
These effects are not explained by size variation between the sexes,
as male and female adult body lengths were similar within a colony
(nicotine experiment: field sex F1,72 =0.342, p =.561; laboratory sex
F1,105 = 0.398, p = .530; rutin experiment: field sex F1,43 = 1.003,
p =.322; laboratory sex F115=01.617,p = .206).
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For both colonies, nicotine decreased adult length (ANOVA: field
nicotine F1,72 = 7.978, p = .006; laboratory nicotine F1,1os =19.896,
p < .001). The negative effect of nicotine on adult length was stron-
ger on females than males from the field-collected colony (field
sex * nicotine Fi70= 4.072, p =.047). There was no sex difference in
the effect of nicotine in the laboratory colony (laboratory sex * nico-
tine Fy ;o5 = 0.366, p = .546).

Larval consumption of rutin decreased adult male body size in
the field-collected colony (field sex * rutin Fy ,5 = 4.419, p = .041;
field rutin F; 45 = 3.835,p =.057). There was no effect of rutin on
adult moth size for the laboratory colony (laboratory sex * rutin
F1,115 =0.125, p =.724; laboratory rutin F1,115 =2.878,p =.093).

T T T T T T T T 1
20 30 40 50 60 70 80 90 100
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3.8 | Adult wing size was smaller when moths had
consumed secondary compounds as larvae

Larval consumption of secondary compounds decreased adult wing
size. Males had smaller wings than females but were not more sensi-
tive to the effect of secondary compounds on wing length.

For both colonies, wing length was smaller when the M. sexta had
been fed nicotine as larvae (ANOVA,; field nicotine F1,7o = 19.432,
p < .001; laboratory nicotine F1,1oz = 18.505, p < .001). Although
males had smaller wings than females (field sex Fi70 = 34.753,
p < .001; laboratory sex Fi102 = 73.822, p < .001), the effect of

nicotine did not differ between the sexes within a colony (field
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sex * nicotine F1,70 = 0.478, p = .492; laboratory sex * nicotine
Fi102=1730,p= .191) (Figure 3a).

Similarly, larval rutin consumption decreased adult wing size (ANOVA,;
field rutin F1,42 =20.99,p <.001; laboratory rutin F1,106 =7.528,p=.007).
Males had smaller wings than females (field sex F1,42 =15.504, p < .001;
laboratory sex F, 1o, = 44.040, p < .001) but the effect of rutin did not
differ between the sexes within a colony (field sex * rutin F, ,, = 1.301,

p = .26; laboratory sex * rutin Fi106=0.02,p= .88) (Figure 3b).

3.9 | Female fecundity was unaffected by larval
consumption of secondary compounds

Female fecundity (follicle number) did not differ between M. sexta
reared on control diets versus those reared on diets containing sec-
ondary compounds, even when taking adult size differences into
account. Although pupal weight and adult size traits were posi-
tively correlated, correlations between adult body size and follicle
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numbers were not present in most treatments (Table S3). Larval
consumption of nicotine did not reduce adult follicle body area ra-
tios (ANOVA; field nicotine F1‘39 = 0.113, p = .738; laboratory nico-
tine Fy 5, = 0.663, p = .419). Similarly, larval consumption of rutin
did not decrease the follicle body area ratio (ANOVA,; field rutin
F115=0.085, p =.775; laboratory rutin F, 5, = 0.817, p = .370).

3.10 | Neonate M. sexta do not show behavioral
avoidance of diets with secondary compounds

In the behavioral experiments testing for a preference for diets with
or without secondary compounds, neonate larvae did not display
significant avoidance of either nicotine or rutin diets. For larvae that
chose between nicotine or control diets (N = 25/30 field, N = 36/38
lab), 48% of the field-collected colony chose control diet (;(% =0.04,
p = .842) and 64% of the laboratory colony chose control diet
(;(f =2.778, p =.096). For larvae that chose between rutin or control
diets (N = 24/30 field, N = 37/38 lab), 38% of the field-collected
colony chose control diet (;(f =1.5,p =.221) and 43% of the labora-
tory colony chose control diet (;(g =0.676,p = .411).

4 | DISCUSSION

Plant-insect coevolution depends not only on plant defenses and
herbivore counter-adaptions to these defenses, but also on tri-
trophic interactions that include top-down effects (Bruce, 2014). In
this study, | examined the effects of plant secondary compounds and
natural enemies on herbivore fitness. Using field surveys of parasi-
toid prevalence paired with experimental measurements of the ef-
fects of larval consumption of secondary compounds on growth and
fitness traits across Manduca sexta life stages, | show that natural
enemies kill a large proportion of M. sexta larvae in the field, while
the fitness effects of ingesting secondary compounds in the absence
of parasitoids are less severe (Table 4). Previous studies have estab-
lished that a defended diet is protective against parasitoids (Barbosa
et al., 1991; Harvey et al., 2007; Thorpe & Barbosa, 1986) but the
ecological importance of this benefit is highly dependent on para-
sitoid prevalence. Prior studies using controlled parasitoid oviposi-
tion on predetermined hosts or studies that introduce laboratory
M. sexta into a field setting may not reflect interactions in the field.
In this study, | provide important evidence that that parasitoids kill a
large proportion of M. sexta larvae in the field, representing a total
loss of fitness for parasitized hosts.

The M. sexta larval growth patterns seen in this study minimize
exposure to parasitoids during the timeframe that larvae are most
likely to be parasitized. | found relatively faster M. sexta develop-
ment time during the second and third instars, which aligns with the
instars preferred for C. congregata oviposition (Barbosa et al., 1991;
Beckage & Riddiford, 1978; Gilmore, 1938; Kingsolver et al., 2012).
In the field survey, similar numbers of parasitoids emerged from lar-

vae removed from the field as second to fourth instars, suggesting
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that larvae remaining in the field as fourth instars did not result in
additional parasitoids. Parasitoids also emerged quickly from larvae
removed from the field as fourth instars, indicating the parasit-
oids had been laid prior to the fourth instar based on a 12-16 day
oviposition-to-emergence time (Gilmore, 1938).

Rapid development that reduces exposure time to parasitoids is
expected to be beneficial, as fast growth did not come at the cost of
reducing immune responses to an artificial parasitoid egg. Although
C. congregata often lay more than a single egg in an oviposition
event, the immune stress represented by a single parasitoid egg rep-
resents a parasitoid attack that an M. sexta larvae could survive by
mounting a strong immune response that prevented the parasitoid
egg from hatching. In contrast to the predicted energetic trade-off
between growth and immunity (Smilanich et al., 2009), | found that
larvae with higher growth rates following injection of the artificial
parasitoid egg actually had higher levels of melanization regardless
of control or defended diets. The lack of a growth-immune trade-
off in Manduca sexta has also been observed in other recent stud-
ies (Wilson et al., 2019) and may be because M. sexta larvae do not
actively sequester plant compounds and therefore do not have this
energetic cost (Smilanich et al., 2009; Wink & Theile, 2002). Nicotine
and rutin did not increase melanization of the artificial parasitoid egg,
suggesting that host immune responses to secondary compounds
are unlikely to be a significant driver of the reduced parasitoid suc-
cess on hosts fed nicotine seen in other studies (Barbosa et al., 1986,
1991; Beckage & Riddiford, 1978; Harvey et al., 2007). Although it
is possible that real and/or additional parasitoid eggs would increase
M. sexta's immune response to a greater extent than an artificial par-
asitoid egg, C. congregata parasitoids have been shown to impair host
encapsulation responses by infecting their hosts with immunosup-
pressant viruses during oviposition (Amaya et al., 2005). Therefore,
the protective effects of secondary compounds against M. sexta par-
asitoids probably result from toxicity of nicotine to the parasitoids or
the indirect effects of slowed M. sexta growth on C. congregata devel-
opment (Appel & Martin, 1992; Barbosa et al., 1986). Interestingly, |
observed higher melanization rates in the field-collected colony than
in the laboratory colony, which may reflect that the laboratory col-
ony has been removed from parasitoid pressures for many genera-
tions (Diamond & Kingsolver, 2011; Kingsolver et al., 2020).

Secondary compounds had negative effects on larval size and
developmental time that can impact interactions with parasitoids,
even in the absence of effects on immune responses. Different larval
instars may be more or less susceptible to the effects of secondary
compounds (van Dam et al., 2001) because of the differences in size
and amount of food required to complete the different instars. In this
study, nicotine and rutin extended the amount of time larvae needed
to complete each instar, with no instar-specific effects of either
compound. Delayed development time and smaller size of M. sexta
fed secondary compounds as larvae may be the result of changes
in digestion, energy spent on maintenance metabolism (Appel &
Martin, 1992), reduced consumption of defended diets (Voelckel
etal., 2001), or disruptions in juvenile hormone (Lee et al., 2015). The

low levels of incomplete molting | observed in M. sexta larvae indicate
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TABLE 4 Summary of Manduca sexta responses to secondary
compounds for the traits measured across life stages

Effect of Effect of
nicotine rutin
Stage Trait Field Lab Field Lab
Larvae Immunity - - - -
Days per instar T T T T
Incomplete molting - - - -
Diet choice - - - -
Pupa Development time T T T T
Pupal mass 3 [ J J
Adult Survival - - - -
Body length N d N -
Wing length N N N N

Follicle number - - - -

Note: Dashes indicate no significant effect, and an arrow indicates a
significant negative effect of the secondary compound compared to the
control diet at p < .05. The direction of the arrow indicates whether the
secondary compound increased or decreased the trait.

any changes in hormone levels due to secondary compounds were
not enough to fully disrupt molting. Regardless of mechanism, an
extended development time means herbivores are exposed to par-
asitoids for longer when feeding on defended tissues, but this may
be offset by the smaller size of these larvae making them harder for
parasitoids to locate (Benrey & Denno, 1997; Clancy & Price, 1987).

These effects of exposure to secondary compounds at the larval
stage contribute to M. sexta fitness either by altering the probabil-
ity of surviving to reproduce as adults or through correlations with
adult reproductive traits. In the absence of parasitoid pressures, lar-
val consumption of secondary compounds did not affect survival to
adult eclosion or fecundity but had negative effects on adult body
size and wing size. Females with smaller bodies have been shown to
have reduced pheromone production in other Lepidoptera and may
be less attractive to males (Harari et al., 2011). Wing size is positively
correlated with increased flight time and distance which may be im-
portant for finding mates or host plants for egg laying (Berwaerts
et al., 2002; Cahenzli et al., 2015; Shirai, 1993). Although | found that
fecundity (female follicle numbers) did not differ based on consump-
tion of secondary compounds, actual fertility may be lower if these
eggs are not fertilized because of reduced mating success. Body and
wing traits may also impact an adult's ability to disperse offspring
and/or choose appropriate oviposition sites. However, the impact of
maternal oviposition choice depends on whether offspring can be-
haviorally select their own feeding sites or if early diet is determined
by hatching location (Jaenike, 1978; Soler et al., 2012).

The lack of neonate differentiation | observed between de-
fended and nondefended diets is evolutionarily important because
it indicates that maternal oviposition choices rather than offspring
choices likely determine whether offspring experience early expo-
sure to secondary compounds (Kester et al., 2002). Behavioral re-

sponses to plant compounds may vary based on herbivore age. In

other studies that have used older larvae, nicotine has shown to be
deterrent (Kester et al., 2002; Parr & Thurston, 1972) while rutin has
not been shown to deter feeding and has even been seen to stim-
ulate feeding (De Boer & Hanson, 1987; Stamp & Skrobola, 1993).
There may be additional leaf cues or secondary compounds import-
ant for larval choice that were not present in the artificial diet used
for this study. Although it is not possible to say without testing ne-
onate choice in the field, the lack of an effect of secondary com-
pounds on neonate choice could indicate that mechanisms needed
to recognize chemical cues are not completely developed until later
instars or that deterrence may occur via postingestive mechanisms
rather than preingestive mechanisms (Glendinning, 2002).

Overall, the mild developmental costs of secondary compounds
on M. sexta but high costs of parasitism in the field leads to the pre-
diction that herbivore consumption of plant secondary compounds
should be beneficial when under parasitoid stress. This prediction
should be confirmed in the field by quantifying the oviposition pref-
erences and success of C. congregata parasitoids on M. sexta herbi-
vores feeding on N. tabacum plants with differing levels of secondary
compounds. This tri-trophic approach would quantify the field con-
ditions under which the mild developmental and size effects of plant
secondary compounds on M. sexta seen in this study are outweighed
by the benefit of these compounds harming or deterring parasit-
oids. Parasitoid preference and survival have been shown to vary in
M. sexta feeding on different host plant genera (Garvey et al., 2020).
Further work using intraspecific variation in secondary compounds
will help determine how differences in host plant chemistry drive

herbivore and parasitoid preference and performance in the field.

5 | CONCLUSIONS

The results of this study indicate that although nicotine and rutin
differ in their chemical composition and prevalence in plants, both
have negative effects on M. sexta that extend past the larval stage at
which the compounds are consumed. Despite effects on adult body
and wing size that may influence mating and offspring dispersal,
there were no strong effects on survival or fecundity. Therefore, the
negative effects of secondary compounds on M. sexta development
and fitness are likely outweighed by the known protection that in-
gestion of these compounds offers against C. congregata parasitoids,
which exerted large negative survival costs on M. sexta in the field.
At a larger scale, coevolutionary and tri-trophic interactions can be
predicted to maintain a balance between the costs and benefits of

secondary compounds on herbivore fitness.
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