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Inbred decorated crickets exhibit higher measures
of macroparasitic immunity than outbred individuals
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Inbreeding is assumed to have negative effects on fitness,
including the reduced ability to withstand immune chal-
lenges. We examined the immunological consequences of
inbreeding in decorated crickets, Gryllodes sigillatus, by
comparing lytic activity, phenoloxidase (PO) activity, and
encapsulation ability of crickets from eight inbred lines
with that of crickets from the outbred founder population.
Surprisingly, crickets from inbred lines had a greater
encapsulation ability compared with crickets from the outbred
population. We suggest that because inbred crickets
have reduced reproductive effort, they may, therefore, have
the option of devoting more resources to this form of
immunity than outbred individuals. We also found that

both inbred and outbred females had higher immunity than
males in PO activity and implant darkness. This result
supports the hypothesis that females should devote more
effort to somatic maintenance and immunity than males. PO
activity and implant darkness were heritable in both males
and females, but lytic activity was only heritable in females.
Males and females differed in the heritability of, and genetic
correlations among, immune traits, suggesting that differ-
ences in selective pressures on males and females may
have resulted in a sexual conflict over optimal immune
trait values.
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Introduction

Inbreeding leads to the increased probability that
deleterious alleles will be found in the homozygous
condition, resulting in reduced fitness (Charlesworth and
Charlesworth, 1987). Inbred populations founded by
relatively few individuals often lack the genetic variation
needed to respond to environmental change (Keller
and Waller, 2002). Novel parasites and pathogens are
particularly pervasive forms of environmental change
and represent a rapidly evolving selective force on host
populations. The ability to draw on a large pool of
genetic variation allows hosts to respond adaptively to
such challenges and thus inbreeding places populations
at a competitive disadvantage by depriving them of their
ability to co-evolve defenses against pathogenic invaders
(Stow and Beattie, 2008). Moreover, inbreeding can have
negative effects on overall health as genetic drift allows
disadvantageous traits to reach fixation (Reid et al., 2003;
Calleri et al., 2006; Ilmonen et al., 2008). Consequently,
inbred individuals may have poorly adapted or disabled
immune pathways or fewer resources available with
which to respond to novel parasites and pathogens
(Rantala and Roff, 2007).

Immunity is not a single trait, but represents a complex
network of protective mechanisms that may or may not

be related to one another (Adamo, 2004a). For example,
the ability of an individual to mount an immune
response may reflect their general health, such that one
individual may be superior in multiple components of
immunity to another individual. However, immune
components often draw on the same pool of resources
or exhibit negative genetic correlations, trading off
against one another as do other life history traits (Cotter
et al., 2004; Rantala and Roff, 2005). These trade-offs may
be affected by inbreeding because inbreeding decreases
the ability of individuals to use available resources,
which can lead to a decrease in the maximal size and
growth rates of individuals (Keller and Waller, 2002;
Rantala and Roff, 2006). If a trade-off is resource based,
the reduced availability of resources may reveal trade-
offs between traits that are otherwise masked in outbred
individuals (Tatar and Carey, 1995).

Inbreeding can also differentially affect the immune
responses of the sexes. For example, female vertebrates
have been found to have higher immunity compared
with males because of the immunosuppressive effects of
testosterone (for example, Roberts et al., 2004). Crickets
lack sex-specific hormones, but there have been several
studies showing that females exhibit more robust
immune responses than males (Gray, 1998; Adamo
et al., 2001; Rantala and Roff, 2006; Gershman, 2008).
This effect may be due to fundamental differences in life
history strategies (Zuk, 1990; Nunn et al., 2009): although
a male’s reproductive success is determined primarily by
the number of females with which he mates, a female’s
reproductive success depends largely on the number of
eggs she can produce (Bateman, 1948). Thus, males
maximize their fitness by investing in mating effort at the
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expense of longevity. Females, in contrast, achieve
greater lifetime reproduction through increased long-
evity and should, therefore, invest more in maintenance
activities such as immune function. Thus, the optimal
investment in immunity for females is predicted to be
higher than that of males (Zuk, 1990). However, the effect
of inbreeding on sex-specific effects of immunity has
received little attention. If inbreeding has the potential to
depress immune responsiveness, then we might expect
this effect to impact more heavily on females and that
inbred populations would show decreased sex-specific
differences in immunity.

In this study, we examine the effects of inbreeding on
immune responses of decorated crickets, Gryllodes
sigillatus, by comparing the immune responses of
individuals between and within inbred and outbred
populations. Specifically, we (1) determine the effect of
inbreeding on different components of immune function,
(2) identify possible trade-offs between these compo-
nents, (3) assess the effects of inbreeding on any sex-
specific differences in immunity, (4) measure genetic
variation in immune function and genetic correlations
among components of immunity, and (5) examine the
genetic correlations between components of immunity
between the sexes. We discuss our findings with regard
to the implications of inbreeding for immunity and the
evolution of immune function in the sexes.

Materials and methods

Creation of lines
G. sigillatus used in this study were the descendents of
B500 adult crickets collected in Las Cruces, New Mexico
in 2001, and used to initiate a laboratory colony
maintained at a population size of B5000 and allowed
to breed panmictically (hereafter, the ‘outbred’ popula-
tion). Nine inbred lines (designated A–I), eight of which
(A, B, D–I) were used in this study, were created by
subjecting crickets, randomly selected from the large,
panmictic population described above, to 23 generations
of full-sib mating followed by 3–4 generations of
panmixis within each line (Ivy et al., 2005). Crickets were
held in 55-L plastic storage bins in an environmental
chamber maintained at 28–30 1C on a 14:10 h light/
dark cycle. Densities of crickets per box were kept
constant among lines, with each box producing B130
adults per generation. Identical densities were main-
tained in the outbred colony boxes. Measurements
made in 2007 revealed evidence of significant inbreeding
depression in the inbred lines even after 17 genera-
tions of inbreeding: inbred lines all showed lower
hatching success, decreased offspring production,
and longer developmental times compared with the
outbred population (St John JM and Sakaluk SK,
unpublished data).

Crickets were provisioned with Flukers cricket chow,
water provided in 40-ml plastic tissue culture flasks
plugged with cotton dental rolls, and egg cartons to
provide shelter and to increase surface area. The food for
both nymphs and adults was always provided in excess
because variation in the quality of pre-adult diet can
have positive or negative effects on the ability of
individuals to mount an immune response (Ojala et al.,
2005; Klemola et al., 2007; Smilanich et al., 2009).

Moistened peat moss provided in small plastic contain-
ers was made available both as an oviposition substrate
and as a source of additional water.

Measurement of immune responses
The insect immune system comprises both humoral and
cell-mediated components. Humoral responses include
the production of antimicrobial compounds that defend
against bacterial, viral, or fungal pathogens (Beckage,
2008). Cell-mediated responses include the encapsulation
or melanization of foreign objects within the body cavity,
which occurs as a result of the accumulation of melanin
and hemocytes. In this study, we examined both cell-
mediated and humoral responses. First, we estimated the
amount of the inactive hemolymph-bound enzyme,
phenoloxidase (PO). PO catalyzes the reaction of
dopamine into melanin, a key step in the encapsulation
response pathway (Söderhäll and Cerenius, 1998).
Second, we estimated the amount of a hemolymph-
bound lysozyme-like enzyme, which defends against
bacteria. Third, we measured the degree to which a
foreign body was engulfed by hemocytes and melanized,
providing a measure of macroparasitic defense. Encap-
sulation ability was measured in vivo as the response
of individuals to a novel immune challenge, and thus
represents a ‘realized’ immune response. However,
estimates of lysozyme and PO are ‘potential’ responses
because they measure in vitro the amount of enzyme
present, providing information about the potential of an
individual to mount an immune response. PO activity
(Adamo et al., 2001; Siva-Jothy et al., 2001; Fedorka and
Zuk, 2005; Leman et al., 2009), lytic activity (Rantala
and Kortet, 2003; Cotter et al., 2004; Gershman, 2008), and
implant encapsulation (Siva-Jothy et al., 2001; Rantala
and Kortet, 2003; Zuk et al., 2004; Leman et al., 2009) are
commonly used to assess insect immunity.

Data for lytic activity, PO activity, and implant
darkness were obtained from between 52 and 67
individuals from each of the inbred lines, and from 67
individuals from the outbred population. This represents
a total of 249 males and 240 females. Crickets were
removed from the outbred population or inbred lines
within 48 h of adult eclosion. To ensure that crickets were
sexually experienced, males and females of the same age
cohort were housed together for 6 days. Eight to 9 days
after adult eclosion, crickets were weighed and housed
individually. Twenty-four hours later, crickets were
implanted with a 3-mm long segment of 0.255-mm
diameter nylon monofilament fishing line that had
been abraded with sandpaper. A small hole was made
ventrally between the fifth and sixth abdominal seg-
ments with a 27-gauge syringe needle, and the implant
was inserted until it was completely contained within the
cricket’s abdominal cavity. Before implantation, crickets
were cold anesthetized for 10 min at 6 1C in a refrigerator,
and implants and needles were sterilized in 70% ethanol.
These procedures were similar to those used in other
studies (Siva-Jothy et al., 1998; Rantala et al., 2000; Doums
et al., 2002; Fedorka et al., 2004; Zuk et al., 2004). After
implantation, crickets were returned to their individual
containers in the environmental chamber and allowed to
resume normal activity. A pilot study of 10 crickets
demonstrated that 48 h was the most appropriate
duration for the implants to remain in the crickets to
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provide a range of variation in melanization. Exactly
48 h after each cricket was implanted, hemolymph
samples were drawn, after which crickets were frozen
and stored in a �80 1C freezer; 3ml of hemolymph were
mixed with 40ml of phosphate-buffered saline solution
and frozen in the �80 1C freezer to induce cell lysis
and to prevent enzymatic reactions from proceeding.
Hemolymph samples were stored at �80 1C for at least
1 week before analysis.

Implants were dissected out of the frozen crickets, and
any clumps of tissue removed. Each implant was
photographed three times from three different sides next
to a clean implant control using a Nikon Coolpix 4500
digital camera (Nikon Inc., Melville, NY, USA) mounted
on a Wild Heerbrugg dissecting microscope. Each
implant and control was outlined using the ImageJ
(http://rsbweb.nih.gov/ij/) polygon tool. The darkness
of each implant and control was measured as the average
grayscale value of all of the pixels within each image
using the same software. The darkness score for each
individual was calculated as the average difference
of the three implants darkness scores subtracted from
the controls. Thus, darker implants yielded higher
darkness scores.

To measure PO activity of hemolymph samples drawn
from experimental individuals, a known quantity of
L-DOPA was added to hemolymph to replace the
naturally occurring substrate. As the amount of L-DOPA
is not a limiting factor in the experimental reaction
leading to melanization and was constant across sam-
ples, the subsequent melanization of the hemolymph
must be due to variation in the amount of PO present in
the hemolymph of individuals. In preliminary studies
of G. sigillatus, males had undetectably low levels of
standing PO. Therefore, we activated the pro-PO for all
crickets using the enzyme a-chymotrypsin to estimate
the total PO activity for each cricket (Adamo, 2004b). We
combined 5 ml of hemolymph solution with 7 ml of bovine
pancreas a-chymotrypsin (1.3 mg ml�1, Sigma-Aldrich
Inc., Steinheim, Germany, C7762) in each well of a
spectrophotometer microplate and incubated the mixture
for 20 min at room temperature (20 1C). We then added
90 ml of 15 mM L-DOPA (Sigma-Aldrich Inc., D9628-5G),
and recorded optical density (OD) at 490 nm using a
PowerWave 340 Microplate Spectrophotometer with Kc4
data analysis software (Bio-Tek Instruments, Richmond,
VA, USA). This method estimates the total change in OD
over the course of the reaction, ranging from an OD of 0
(transparent) to 4 (opaque). OD readings were taken
every 10 min for 210 min. Preliminary tests indicated that
readings taken between 30 and 180 min best describe the
fastest rate of change in OD over time. The PO activity
rate was calculated as the change in OD over time
(OD/time). These protocols were adapted from Adamo
(2004b), Fedorka and Zuk (2005), Shoemaker et al. (2006),
and Bailey and Zuk (2008).

To estimate lytic activity, 3 mg of Micrococcus lysodeik-
ticus (Sigma-Aldrich Inc., M3770-5G) per 10 ml of
phosphate-buffered saline buffer was added to hemo-
lymph to determine the ability of a given lysozyme to
lyze the bacterial cells. Preliminary tests showed that this
amount of Micrococcus caused visible cell lysis and
activity to level off after 3 h. To quantify lytic activity,
10 ml of the thawed frozen hemolymph sample, along
with 90 ml of phosphate-buffered saline buffer containing

M. lysodeikticus, was added to each spectrophotometer
microplate well and changes in OD were recorded. This
method estimates the total change in OD from opaque to
clear as lysozymes or lysozyme-like enzymes lyze the
bacterial cells. OD readings were collected every 5 min
for 180 min. Preliminary tests indicated that readings
between 30 and 120 min produced a measurable and
consistent change in OD/time. Although OD decreases
as more bacterial cells are lyzed, lytic activity is given as
a positive number for clarity. This experimental design
does not permit the characterization of the specific
lysozyme responsible for cell lysis (Schneider, 1985);
the observed lytic activity is thus attributed to a
lysozyme-like enzyme.

Eight to 12 control samples lacking insect hemolymph
were included in the spectrophotometric analysis of each
96-sample plate to detect any non-experimental change
in OD/time across plates. Control samples did not differ
significantly among sample plates for lytic activity
(ANOVA F6,72¼ 1.56, P¼ 0.18). There was, however, an
effect of plate on PO OD over time (ANOVA F7,82¼ 43.1,
Po0.0001). To control for differences among plates,
lytic activity and PO OD/time were subtracted from
the average control OD/time of the plate. Two PO
activity scores were removed from the analysis as
extreme outliers. Without these two data points, all
dependent variables were normally distributed and
homoscedastic.

Statistical analyses
MANCOVA was used to assess the effects of sex and
body mass on components of immunity in outbred
crickets, and to determine the effects of sex, mass, and
line on components of immunity in inbred crickets.
Interaction effects were included in the initial models,
but were omitted from the final models because they
were not statistically significant. For comparisons be-
tween inbred and outbred crickets, it was necessary to
correct for the possibility that results could have been
confounded by levels of genetic relatedness between
individuals within lines. Individuals within inbred lines
share a single genetic origin and so cannot be considered
genetically independent. Outbred populations are likely
to be considerably more genetically heterogeneous
compared with inbred lines. Thus, immune responses
of inbred and outbred crickets were compared by
performing a multivariate contrast between the multi-
variate average of components of immunity for each
line versus the components of immunity for outbred
individuals.

To examine the relationships between different com-
ponents of immunity, we calculated pairwise Pearson
correlations between lytic activity, PO activity, and
implant darkness, using the sequential Bonferroni
correction for multiple tests. The heritability of each
immune response was determined as the coefficient
of intraclass correlation as calculated from an ANOVA of
inbred lines following the protocol outlined in David
et al. (2005). Genetic correlations and their standard
errors were estimated using the jackknife method of Roff
and Preziosi (1994). In short, this procedure first
estimates the genetic correlation between two traits
using inbred line means. A sequence of N (in our case 9)
pseudo-values is then computed by dropping, in turn,
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each of the lines, estimating the resulting correlations
and using the formula:

SN;i ¼ NrN � ðN � 1ÞrN�1;i;

where SN,i is the ith pseudo-value, rN is the genetic
correlation estimated using the means of all N inbred
lines, and rN�1,i is the genetic correlation obtained by
dropping the ith inbred line alone (Roff and Preziosi,
1994). The jacknife estimate of the genetic correlation (rj)
is then simply the mean of the pseudo-values, and an
estimate of the standard error (s.e.) is given by

s:e: ¼
Pi¼N

i¼1 ðSN;i � rjÞ2

NðN � 1Þ
Using simulation models, Roff and Preziosi (1994)
showed that this jacknife approach provides better
genetic estimates than those based on conventional
inbred line means when the number of inbred lines
contained in the analysis is small (o20 lines). It is
important to note that estimates of genetic (co)variance
from inbred lines contain variance because of dominance
and/or epistasis and therefore should be considered
broad-sense estimates (Falconer and Mackay, 1996).
Moreover, because crickets from each inbred line were
reared in the same container, it is possible that some of
the observed variance between inbred lines was due to
common environmental effects. However, we believe
that such common environmental effects were minimal
in our experiment because each inbred line was main-
tained under identical conditions within the same
growth chamber. Heritabilities and genetic correlations
were considered statistically significant if values
divided by s.e. were greater than 1.96, rejecting the
null hypothesis of no correlation with a two tailed
t-distribution and infinite degrees of freedom. We used a
Mantel’s test, with 10 000 permutations, to determine
whether our estimates of heritability and genetic correla-
tions for immune components and body mass differed
significantly between the sexes (Manly, 1997).

Results

Outbred population
PO activity and implant darkness were positively
correlated in females (r¼ 0.48, n¼ 32, P¼ 0.0056), but
not in males (r¼ 0.09, n¼ 29, P¼ 0.63). There was no
significant correlation between lytic activity and PO
activity, or lytic activity and implant darkness, in either
males or females (all P40.05).

Outbred females had higher PO activity and darker
implants than males, but lytic activity did not differ
between the sexes (Table 1; Figures 1–3). Body mass did
not have a significant effect on immunity and was
dropped from the final model (MANCOVA Wilks’
l3,57¼ 1.3, P¼ 0.29).

Inbred lines
Body mass, sex, and line all had significant effects on
immunity in inbred crickets (Table 2; Figures 1–3).
Crickets of larger body mass exhibited higher PO
activity, but mass had no significant effect on lytic
activity or implant darkness (Table 2). Females had

higher PO activity and implant darkness, and marginally
higher lytic activity than males (Table 2; Figures 1–3).
Inbred lines showed significant differences in PO activity
and implant darkness, but not lytic activity (Table 2;
Figures 1–3).

There were no significant correlations between the
three components of immunity in males or females
within inbred lines, nor were there any significant
correlations when pooling across lines (all P40.05).

Inbred versus outbred crickets
Inbred crickets had darker implants than outbred
crickets, but inbred and outbred crickets did not differ

Table 1 Multivariate analysis of variance of the effect of sex on
immune responses of outbred decorated crickets (lytic activity, PO
activity, and implant darkness), and follow-up ANOVAs on the
effect of sex on each component of immunity

DF F P

MANOVA (Wilks’ l) 3, 58 11.7 o0.0001
ANOVAs
Lytic activity 1, 62 0.33 0.57
PO activity 1, 62 24.5 o0.0001
Implant darkness 1, 62 23.4 o0.0001

Abbreviation: PO, phenoloxidase.
Significant effects are shown in bold.

Figure 1 The effect of sex and line on lytic activity. Mean±s.e. of
lytic activity of females (dark circles) and males (white squares)
from inbred lines (A, B, D–I) and the outbred population.

Figure 2 The effect of sex and line on phenoloxidase (PO) activity.
Mean±s.e. of PO activity of females (dark circles) and males (white
squares) from inbred lines (A, B, D–I) and the outbred population.
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significantly in lytic and PO activity (Table 3;
Figures 1–3). Univariate contrasts comparing implant
darkness in each inbred line to the outbred colony
revealed that seven of the eight inbred lines had
significantly darker implants than the outbred colony,
with a sequential Bonferroni correction for multiple
comparisons at a level of a¼ 0.05 (Figure 3).

Genetic architecture of immune parameters
Heritability of immune parameters was assessed sepa-
rately in females and males because of the observed sex-
specific differences in immunity. PO activity, implant
darkness, and body mass were highly heritable for both
sexes, whereas lytic activity was only significantly
heritable in females (Table 4). Male lytic activity had a

negative heritability, which was set to 0 and excluded
from estimates of genetic correlations. Genetic correla-
tions were also assessed separately for males and
females. Females exhibited strong genetic correlations
among all components of immunity, with PO activity and
lytic activity being strongly positively correlated,
whereas PO activity was negatively correlated with
implant darkness (Table 4). All genetic correlations
between components of immunity, and between immune
measures and body mass, were positive in males
(Table 4). A Mantel’s test revealed that the estimates of
heritability and genetic correlations between immune
components and body mass differed significantly be-
tween males and females (vector correlation¼ 0.59,
P¼ 0.031). Furthermore, all genetic correlations of im-
mune components and body mass between the sexes
were positive and significant, but each was significantly
lower than one (Table 4).

Discussion

Although inbreeding typically results in reduced fitness
(Charlesworth and Charlesworth, 1987; Keller and

Figure 3 The effect of sex and line on implant darkness. Mean±s.e.
of implant darkness of females (dark circles) and males (white
squares) from inbred lines (A, B, D–I) and the outbred population.
Asterisks indicate lines that are significantly different from the
outbred colony at a level of ao0.05 with a sequential Bonferroni
correction.

Table 2 Multivariate analysis of variance of the effects of mass, line,
and sex, respectively, on immune responses of inbred decorated
crickets (lytic activity, PO activity, and implant darkness), and
follow-up ANOVAs on the effect of each of these factors on each
component of immunity

Source DF F P

Mass
MANOVA (Wilks’ l) 3, 412 6.02 o0.0001
ANOVAs
Lytic activity 1, 424 1.05 0.31
PO activity 1, 424 16.3 o0.0001
Implant darkness 1, 424 1.01 0.32

Line
MANOVA (Wilks’ l) 3, 1184 3.34 o0.0001
ANOVAs
Lytic activity 1, 424 0.89 0.51
PO activity 1, 424 4.70 o0.0001
Implant darkness 1, 424 4.89 o0.0001

Sex
MANOVA (Wilks’ l) 3, 412 42.8 o0.0001
ANOVAs
Lytic activity 1, 424 3.86 0.050
PO activity 1, 424 70.0 o0.0001
Implant darkness 1, 424 57.0 o0.0001

Abbreviation: PO, phenoloxidase.
Significant effects are shown in bold.

Table 3 Multivariate analysis of variance of the effect of inbreeding
(multivariate contrast between means of inbred lines versus outbred
individuals) on immune responses of decorated crickets (lytic
activity, PO activity, and implant darkness)

DF F P

MANOVA (Wilks’ l) 3, 475 10.3 o0.0001
ANOVAs
Lytic activity 1, 477 0.02 0.88
PO activity 1, 477 0.06 0.80
Implant darkness 1, 477 26.7 o0.0001

Abbreviation: PO, phenoloxidase.
Follow-up ANOVAs assess the effect of inbreeding on each
component of immunity. Significant effects are shown in bold.

Table 4 Heritability (±s.e.) of components of immunity and body
mass, and genetic correlations between traits

Trait Female Male

Heritabilities
Lytic activity 0.44±0.14 —
PO activity 0.80±0.09 0.51±0.14
Implant darkness 0.65±0.13 0.81±0.09
Body mass 0.95±0.03 0.98±0.01

Genetic correlations
Lytic activity�PO 0.71±0.03 —
Lytic activity� implant darkness �0.37±0.27 —
Lytic activity�body mass 0.23±0.08 —
PO� implant darkness �0.49±0.19 0.15±0.06
PO�body mass 0.21±0.09 0.36±0.06
Implant darkness�body mass 0.55±0.11 0.60±0.13

Genetic correlations between the sexes
PO 0.34±0.08
Implant darkness 0.57±0.11
Body mass 0.95±0.005

Abbreviation: PO, phenoloxidase.
Male lytic activity had a negative heritability, which was rounded to
0 and not used in estimates of genetic correlations. Significant
values are shown in bold.
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Waller, 2002), our results suggest that inbreeding had a
positive effect on one component of immunity (encapsu-
lation ability) in the decorated cricket, G. sigillatus.
Individuals from inbred lines showed, on average, a
greater ability to encapsulate foreign bodies than outbred
individuals suggesting an improved ability to subdue an
invading macroparasite. However, inbred and outbred
crickets did not differ in either PO or lytic activity
suggesting that the positive effects of inbreeding on
immune function in this species are limited to encapsu-
lation ability. This is not altogether surprising given that
there is unlikely to be a single measure of immune
function that provides a reliable estimate of overall
immunity, as the different components of immunity
frequently trade against each other, as well as with other
important life history traits (Sheldon and Verhulst, 1996).
Nevertheless, our findings do suggest that caution
should always be taken when making the assumption
that inbreeding will reduce immune function and other
important fitness-related traits.

The observed relationship between inbreeding and
encapsulation activity could be explained if G. sigillatus
trade off investment of resources in reproduction against
investment in this form of immunity. In many instances,
an experimental reduction in reproduction leads to
increased investment in life history traits related to
somatic maintenance and survival. For example, experi-
mental limitation of diet resulted in reduced reproduc-
tion in Drosophila melanogaster, but increased longevity
(Chippindale et al., 1993). Conversely, an experimental
increase in diet quality in field crickets, Teleogryllus
commodus, resulted in reduced male longevity but
increased reproductive effort (Hunt et al., 2004). Similar
trade-offs have been found in other taxa: when repro-
duction is experimentally limited, survival often in-
creases (Partridge et al., 1987; Tatar et al., 1993; Ellers
et al., 2000; Hosken, 2001; McKean and Nunney, 2001).
Although our study does not provide direct evidence of a
trade-off between fecundity and immunity, previous
measurements on the same inbred lines and outbred
population of G. sigillatus have demonstrated that
inbred individuals have lower reproductive invest-
ment than outbred colony individuals (St John JM and
Sakaluk SK, unpublished data). If G. sigillatus experience
a trade-off between immunity and reproduction, in-
breeding, which leads to a decrease in fecundity and
other components of reproductive effort, may allow
these individuals to allocate more effort to immunity
or other aspects of somatic maintenance. Furthermore,
inbred individuals tend to mate at a lower rate than
outbred individuals (Gershman SN, Weddle CB, and
Sakaluk SK, unpublished data). If mating either trades
off with, or is harmful to, somatic maintenance (Rolff and
Siva-Jothy, 2002), inbred individuals may have lower
reproductive costs and have additional resources
available to devote to immunity. In the experimental
design used in this study, individuals were allowed to
mate ad libitum and females were allowed unlimited
access to oviposition substrate. Thus, the immuno-
logical results of this study reflect both physiological
and behavioral differences among inbred and outbred
individuals.

Alternatively, studies on gene expression and metabo-
lite production associated with immunity in D. melano-
gaster suggest that inbreeding can act similarly to an

environmental stressor, activating some components of
immunity (Kristensen et al., 2005; Pedersen et al., 2008).
Thus, the increased encapsulation ability of inbred
individuals in this study may reflect a generalized
stress response to inbreeding. It is possible that sampling
error inherent to any founding event could explain
why inbred individuals had better immunity than
outbred individuals. The inbred lines were each initiated
by a pair of crickets taken from the outbred colony,
and therefore it is possible (although statistically un-
likely) that the 16 individuals randomly chosen from the
colony had higher immunity relative to the colony
mean. It is also possible that the outbred colony, despite
having been maintained under constant conditions with
a large breeding population (several thousand indivi-
duals), has evolved reduced immunity. If this were the
case, our inbred lines may represent the average
immunity of the founding population, with our outbred
stock population having evolved an average immunity
below this value.

In both inbred and outbred crickets, females were
found to have increased immunity to males in all
measures in which there were differences among the
sexes. This provides support for the hypothesis that
females should invest more in somatic maintenance and
immunity than males (Zuk, 1990; Rolff, 2002; Nunn et al.,
2009). If there is a trade-off between reproduction and
longevity, males benefit from increased investment in
immediate reproduction at the expense of future long-
evity. Females, however, benefit more than males from
investing in somatic maintenance and immunity because
females must survive long enough to provision and
oviposit eggs (Trivers, 1972; Andersson, 1994). There is
an additional reason to expect that male decorated
crickets might be required to devote a large proportion
of their resources to reproduction: the spermatophore
transferred by male G. sigillatus at mating includes a
large gelatinous mass, the spermatophylax, which the
female detaches and consumes after mating (Sakaluk,
1984). Although the female feeds on this nuptial gift,
sperm are evacuated into her reproductive tract from the
remaining portion of the spermatophore, the sperm
ampulla. Smaller spermatophylaxes require less time to
consume, and males providing such gifts are penalized
in the form of premature ampulla removal and reduced
sperm transfer (Sakaluk, 1984, 1985, 1987), resulting in
lower fertilization success (Sakaluk, 1986; Sakaluk and
Eggert, 1996). Thus, male G. sigillatus should be under
strong selective pressure to maximize reproductive effort
at the expense of other life history traits (Gershman et al.,
in press).

Body mass had a significant effect on immunity in both
sexes, with larger individuals exhibiting higher immu-
nity than smaller ones (see also Rantala et al., 2004).
Although females had greater body mass than males,
there was no statistically significant interaction between
sex and body mass in their effects on immunity. It may be
that individuals who have a superior ability to acquire or
use resources are able to attain both a heavier body mass
as well as mount a superior immune response (van
Noordwijk and de Jong, 1986). Alternatively, attaining a
larger body size may provide individuals with a greater
volume of hemolymph and melanin-producing enzymes.
This conjecture is supported by the fact that heavier
males had darker implants but not higher PO activity: in
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the encapsulation assay, implants were identical in size,
but crickets varied in body size potentially giving an
advantage to large individuals. The assay used in
measuring PO activity, however, required an identical
volume of hemolymph per individual.

Analysis of inbred lines revealed sexual differences in
the heritability of, and genetic correlations among,
components of immunity. PO activity and implant
darkness (assays indicating the ability to combat macro-
parasites and parasitoids) were highly heritable for both
males and females. However, implant darkness was
more strongly heritable than PO activity in males,
whereas the reverse was true for females. Further,
although females exhibited a strong negative genetic
correlation between PO activity and implant darkness,
males showed a weak positive correlation between these
traits. This pattern suggests sexual conflict over the
optimal level of resources allocated to male and female
immune components. The relatively weak genetic corre-
lations between immune components for the sexes
compared with the strong correlation between male
and female body mass are also indicative of a conflict
between the sexes over immunity. Moreover, because
each of these genetic correlations was significantly less
than one, it suggests that components of immunity have
the potential to evolve independently in the sexes to
attain their sex-specific optima (Via and Lande, 1985).

The most striking sexual difference in genetics under-
lying immunity was in the heritability of lytic activity
(assaying the ability to combat bacterial infection).
Although lytic activity was significantly heritable in
females, it was not in males (see Rantala and Roff, 2006
for another example of extremely low heritability of
lytic activity in male crickets), suggesting that males
and females are subject to different selective pressures. If
males experience a trade-off between resources devoted
to lytic activity and reproduction, it may benefit males of
all genotypes to devote less resources to lytic activity,
resulting in the phenotypic expression of lytic activity
that varies as much within as among our genetic lines.
A companion study reveals that male G. sigillatus trade
off lytic activity against spermatophylax mass (Gersh-
man et al., in press), potentially supporting this hypoth-
esis. Alternatively, if much stronger selection acts on
this component of immunity in males than in females,
this would erode any standing genetic variance for lytic
activity in males but not in females.

In conclusion, we show that inbred crickets have
greater encapsulation ability than outbred crickets in
G. sigillatus. Our findings suggest, therefore, that the
assumption that inbreeding depresses all aspects of
physiology is overly simplistic and fails to address all
possible trade-offs that may exist between life history
traits. Although our previous work suggests that inbred
individuals have lower fitness than outbred individuals
in this species, life history trade-offs may allow inbred
individuals to outperform their outbred conspecifics in
some vital physiological traits. Furthermore, we docu-
mented clear differences between the sexes in not
only phenotypic measures of immunity, but also in
genotypic measures. To understand the causes of these
differences, future studies are needed that focus on
interactions between immunity and other sex-specific
life history traits such as female fecundity and male
mating effort.
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Söderhäll K, Cerenius L (1998). Role of the prophenoloxidase-
activating system in invertebrate immunity. Curr Opin
Immunol 10: 23–28.

Stow A, Beattie A (2008). Chemical and genetic defenses against
disease in insect societies. Brain Behav Immun 22: 1009–1013.

Tatar M, Carey JR (1995). Nutrition mediates reproductive
trade-offs with age-specific mortality in the beetle Calloso-
bruchus-maculatus. Ecology 76: 2066–2073.

Tatar M, Carey JR, Vaupel JW (1993). Long-term cost of
reproduction with and without accelerated senescence in
Callobruchus-maculatus—analysis of age-specific mortality.
Evolution 47: 1302–1312.

Trivers RL (1972). Parental investment and sexual selection.
In: Campbell B (ed). Sexual Selection and the Descent of Man,
1871–1971. Heinemann: London. pp 136–179.

van Noordwijk AJ, de Jong G (1986). Acquisition and allocation
of resources: their influence on variation in life history
tactics. Am Nat 128: 137–142.

Via S, Lande R (1985). Genotype-environment interaction
and the evolution of phenotypic plasticity. Evolution 39: 505–532.

Zuk M (1990). Reproductive strategies and disease suscept-
ibility—an evolutionary viewpoint. Parasitol Today 6: 231–233.

Zuk M, Simmons LW, Rotenberry JT, Stoehr AM (2004). Sex
differences in immunity in two species of field crickets. Can J
Zool 82: 627–634.

Inbreeding and immunity in crickets
SN Gershman et al

289

Heredity


	Inbred decorated crickets exhibit higher measures of macroparasitic immunity than outbred individuals
	Introduction
	Materials and methods
	Creation of lines
	Measurement of immune responses
	Statistical analyses

	Results
	Outbred population
	Inbred lines
	Inbred versus outbred crickets

	Table 1 Multivariate analysis of variance of the effect of sex on immune responses of outbred decorated crickets (lytic activity, PO activity, and implant darkness), and follow-up ANOVAs on the effect of sex on each component of immunity
	Figure 1 The effect of sex and line on lytic activity.
	Figure 2 The effect of sex and line on phenoloxidase (PO) activity.
	Genetic architecture of immune parameters

	Discussion
	Figure 3 The effect of sex and line on implant darkness.
	Table 2 Multivariate analysis of variance of the effects of mass, line, and sex, respectively, on immune responses of inbred decorated crickets (lytic activity, PO activity, and implant darkness), and follow-up ANOVAs on the effect of each of these factor
	Table 3 Multivariate analysis of variance of the effect of inbreeding (multivariate contrast between means of inbred lines versus outbred individuals) on immune responses of decorated crickets (lytic activity, PO activity, and implant darkness)
	Table 4 Heritability (±s.e.) of components of immunity and body mass, and genetic correlations between traits
	Conflict of interest
	Acknowledgements
	References




