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ABSTRACT: Investigations of natural history trade-offs between reproduction and immunity are common
throughout the literature. Most previous studies of such trade-offs have focused on how resources can be
drawn from immune response to fuel reproduction. Our results demonstrate that resources also can be
shifted from reproduction to immunity. Immunologically-challenged male northern cricket frogs (Acris
crepitans) expressed reduced investment in reproduction. Spermatic cyst diameter, germinal epithelium
depth, and gonadosomatic index were smaller in antigen-injected males relative to those injected with a sham
(saline injected) and noninjected control animals. Although body size increased in all groups during this
study, linear growth and body mass did not appear to be significantly different among these three treatment
groups. These results demonstrate indirectly that in A. crepitans immune response may increase metabolic
demand for resources and fuel that need from the stores normally used to support male reproduction. We
speculate that anything eliciting an immune response in this species may reduce male fertility, so pathogens
and toxins at levels that are currently believed to be relatively harmless may impact populations in ways we
could not previously predict.
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TRADE-OFF theory (Maynard Smith, 1974)
predicts that each individual has a limited
resource base to fuel all necessary physiolog-
ical processes (Zera and Harshman, 2001). As
demands are placed on one physiological
system, the other should experience a com-
promised supply of resources (Zera and
Harshman, 2001). Thus, available resources
are distributed so that the organism’s evolu-
tionary payoff (Maynard Smith, 1974; May-
nard Smith and Price, 1973) is maximized
(Zera and Harshman, 2001). Numerous in-
vestigations have examined potential trade-
offs between reproduction and the immune
function indirectly by assessing parasite loads
or disease status and relating them to mating
success (Hamilton and Zuk, 1989; Hausfater
et al., 1990; Liljedal et al., 1999; Zuk et al.,
1990). Pathogen or parasite loads may be
confounded by ecological or physiological
conditions exclusive of an individual’s immu-
nological capacity (Beasley et al., in press;
Carey et al., 1996). Consequently, recent
studies have begun directly examining the
relationship between immune response and

reproduction (McCallum and McCallum, 2006;
Norris and Evans, 2000).

Compton and Derting (2002) conducted
one of the few studies of trade-offs between
reproduction and immune responses of males.
They found that both wet and dry mass of the
intestines and of the testes were reduced in
antigen-exposed mice. Several studies of birds
also have found evidence of such trade-offs.
Immune response is suppressed during the
breeding season in red jungle fowl (Gallus
gallus, Zuk and Johnsen, 1998). Black-headed
gull (Larus ridibundus) chicks from eggs with
high yolk androgen levels have suppressed
immune function (Groothuis et al., 2005). The
breeding success of female pied flycathcers
(Ficedula hypoleuca) declines in response to
increased immune activity (Ilmonen et al.,
2000). Conversely, the male mealworm beetle
(Tenebrio molitor) increases its terminal re-
productive effort by enhancing the attractive-
ness of its pheromone signal in response to
immune insult (Sadd et al., 2006).

Norris and Evans (2000) proposed that the
following three pieces of evidence are re-
quired to demonstrate trade-offs between
immunocompetence and reproduction: (1)
immunocompetence must compete with life-
history components for access to limiting
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resources, (2) increasing investment in a par-
ticular life-history component must reduce
immunocompetence, and (3) a reduction in
immunocompetence must cause a reduction
in fitness. That latter requirement is the key
feature of the Hamilton-Zuk hypothesis (Ha-
milton and Zuk, 1982), which states that
parasites and pathogens challenge an organ-
ism’s immune system, and the host’s ability to
resist those stressors is honestly relayed via
their investment in reproduction (e.g., An-
dersson, 1994; Folstad and Karter, 1992;
Sheldon and Verhulst, 1996).

Although many studies have approached
questions regarding how reproduction draws
resources from immune function, little atten-
tion has been paid to the reciprocal relation-
ship (Sadd et al., 2006). If immune response
draws resources from reproduction, antigen
exposure might lead to reductions in various
measurements of male reproductive potential,
including the length, diameter, and mass of
the testes, spermatic cyst diameters, depth of
germinal epithelium, and quantities of sperm
present (van Tienhoven, 1983; Norris and
Jones, 1987). In addition to reproduction,
growth might be stunted as resources are
shifted to fuel immunity.

The northern cricket frog (Acris crepitans)
is a small anuran that is common throughout
the eastern two thirds of the United States.
Their lifespan is typically one year (Burkett,
1969, 1984). Males of this species tend to
maintain spermatogenesis continuously through-
out the year after reaching the age of about 1–
3 mo (McCallum, 2003). Because males invest
in reproduction continuously and are not likely
to experience more than one breeding season,
they provide a suitable model for testing the
influence of the immune response on re-
productive activity without complex interfer-
ence from effects associated with age and
experience.

This study addresses the hypothesis that
creating conditions that would mobilize an
immunological response leads to a reciprocal
decrease in spermatogenesis. If this hypothe-
sis is true, then we might expect smaller
spermatic cyst diameters, germinal epithelium
depths, and testis lengths and widths in
antigen-exposed males than in either the
saline-injected or not injected groups.

MATERIALS AND METHODS

Male Acris crepitans were collected at the
peak of their breeding season (May–June;
McCallum, 2003) from a pond located in
Craighead County, Arkansas. Thirty frogs
were used to verify that a dilute solution of
whole sheep blood would elicit an IgM
response. An additional 36 adult male A.
crepitans were collected on 1 June 2002 from
the same location for use in hypothesis testing.

All frogs were housed in a modification of
Courtland’s (2002) recirculating aquarium
system to imitate the habitat where these
frogs commonly breed (McCallum, 2003).
Aquaria were constructed from 60 3 90 3
15 cm plastic containers. The lids were
clamped to the aquaria and a hole was cut in
each lid and sealed with metal window screen
to allow airflow but prevent escapes. Water
flow was regulated at about 80 L/min. Con-
tainers were tilted approximately 20u to pro-
vide both aquatic and terrestrial habitats. A
10 cm 3 30 cm plastic lid was floated in the
water to provide additional terrestrial habitat.
The light cycle was 12/12 h light/dark. Air
temperature was maintained at 31–32 C
during light periods with a 100 W heat lamp
and was allowed to fall to 25 C during the
dark cycle. Water temperature was held at
21 C at all times. Frogs were fed approxi-
mately two crickets each, three times per
week.

Washed whole sheep blood is known to
elicit immune responses in amphibia (Man-
ning and Turner, 1976) and was used as
a novel antigen (Garvey et al., 1977). Use of
a novel antigen circumvents the accumulation
of toxins and eliminates the possibility of
secondary immune responses associated with
the use of known pathogens (Garvey et al.,
1977). Whole sheep blood was rinsed three
times in 0.85% saline. This blood solution was
processed and then diluted to 100 ml with
0.85% saline to form a 1% solution of sheep
blood cells (approximately 2 3 108 cells/ml)
according to the methods outlined in Camp-
bell et al. (1970). Volumetric dilution is
considered sufficiently accurate for immuni-
zation of animals (Campbell et al., 1970).

To verify that sheep blood cells would elicit
a detectible IgM response, a sample of 30 A.
crepitans were divided into two treatment
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groups. Fifteen frogs were each given a single
0.1 ml injection of sheep blood. Three frogs
were sacrificed at 6, 12, 24, 36, and 48 h after
an injection. An additional 15 frogs were
injected with saline and sacrificed in the same
manner. Serum was collected via cardiac
puncture and pooled for each group. A simple
qualitative agglutination reaction (Campbell
et al., 1970; Garvey et al., 1977) was run on
the pooled samples to determine if an
immune response occurred.

To test whether immune response could
drain resources from reproduction, each of 36
A. crepitans was randomly assigned to one of
three treatment groups containing 12 frogs
and allowed to acclimate to captivity until 7
June 2002. Each frog was individually
weighed to the nearest 0.01 g, and its snout–
vent length (SVL) was measured to the near-
est 1 mm to detect changes in growth through-
out captivity.

Experimental frogs (EF) were injected with
0.1 ml sheep blood solution, sham frogs (SF)
were injected with 0.1 ml 0.85% saline, and
control frogs (CF) were not injected. Injec-
tions were made into the dorsal femoral lymph
sac. Initial injections began 7 June 2002; EF
and SF were injected again on 1-week
intervals through 26 July 2002 to total eight
injections. The interval length was chosen to
maintain a sustained immune response; the
primary immune response in this species
under these conditions subsides in about
6 days (M. L. McCallum, unpublished data).
We presumed that a smaller number of
injections might not be sufficient to induce
a reproductive response, whereas a longer
series of injections might confound the results
due to expected senescence of the reproduc-
tive organs typically associated with the termi-
nation of the reproductive season (McCallum,
2003). At the end of the treatment period the
frogs were anesthetized in a dilute solution of
chloretone and the testes were removed.

Routine histological techniques were used
to prepare the testes for light microscopy
following standard methods (Presnell and
Schreibman, 1997). Testes were dehydrated
in a graded series of ethanol, cleared with
xylene, infiltrated and embedded in paraffin,
sectioned into serial ribbons (8 mm in
thickness), affixed to microscope slides using

Haupt’s adhesive, stained with Harris hema-
toxylin followed by eosin counterstaining (H &
E), and mounted with coverslips. Maximum
germinal epithelium depth and average max-
imum spermatic cyst diameter were deter-
mined with an ocular micrometer using the
largest spermatic cyst on each of 15 histosec-
tions from each frog. The maximum germinal
epithelium depth was the maximum depth
within the largest spermatic cyst of each
section.

The traditional method of calculating Go-
nadosomatic index (GSI) was not used be-
cause of the small size of the testis in this
species and the desire not to damage the
testicular tissue so that it could be used for
histological examinations. Gonadosomatic in-
dex was calculated using two different meth-
ods. The first technique (GSI-L) was to divide
the testis length by the SVL. The second
method (GSI-W) was calculated by dividing
the testis width by the SVL.

In all data sets, the Anderson-Darling
Normality Test was used to choose parametric
or nonparametric alternatives. Differences in
SVL between treatments were statistically
assessed using the Kruskal-Wallis Test. Body
mass (BM) at the end of the study was
compared among groups using a one-way
ANOVA. Where no significant difference
occurred, a linear regression was used to
determine whether manipulations affected
growth. Differences in spermatic cyst dia-
meters were analyzed using a general linear
model with individual frogs set as a covariate.
A gonadosomatic index based on testis length
and testis width was compared between
treatment groups using ANOVA followed by
Tukey multiple comparisons tests. Germinal
Epithelium Depth was analyzed using a Tukey
Test. Decisions theory was applied to the data
using. á , 0.05 as significant and á . 0.1 as
not significant. In the single incidence where
0.5 , á .0.1, a Tukey Test was applied to
verify whether differences existed.

RESULTS

No agglutination could be detected in the
pooled samples of experimental frogs at 6 h;
however, agglutination was detected in all
other experimental samples. Agglutination
was not detected in the pooled blood samples
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from control frogs. Three frogs died in the
control group so no 48-h titer was determined.

Responses of the various natural history
characteristics expressed in each treatment
group are provided in Table 1. Snout–vent
length was not normally distributed (Ander-
son-Darling: A2 5 2.142, P , 0.001). Mean
SVL in all treatment groups remained un-
changed throughout the duration of the
experiment. No differences were found in
ending SVL among treatments (Kruskal-
Wallis: H 5 0.29, df 5 2, P 5 0.864). It does
not appear that linear growth was inhibited by
antigen exposure (Fig. 1A). The effect of
antigen exposure on body mass (BM) also
was not statistically significant among groups
(ANOVA: F 5 1.67, df 5 2, P 5 0.211);
however, regression analysis identified a trend
(r2 5 0.185, P 5 0.011) of a decrease in the
log of the body mass as stress due to handling
and then antigen exposure increased (no
handling vs. saline-injected vs. antigen-in-
jected; Fig 1B). Change in body mass be-
tween the beginning and the end of the study
was not significantly different among groups
(ANOVA: F 5 1.35, df 5 2, P 5 0.281), and
no statistically significant trend was evident as
stress-level of manipulation increased (r2 5
0.100, P 5 0.132; Fig 1C).

Maximum spermatic cyst diameter differed
among treatments (GLM: F 5 9.01, df 5 2,
21, P 5 0.001). Tukey Tests indicated that cyst
diameter was smaller in EF than in either SF
or CF (Fig. 1D). Maximum germinal epithe-
lium depth was somewhat smaller in EF than
in either SF or CF (ANOVA: F 5 3.01, df 5 2,
21, P 5 0.072; Fig. 1E), but this difference
was not significant. A larger sample size might

be required to elucidate effects on maximum
germinal epithelium depth.

Gonadosomatic index based on testis length
showed no treatment effect (ANOVA: F 5
0.55, df 5 2, P 5 0.585); however, when testis
width was used to calculate gonadosomatic
index, differences were detected (ANOVA: F
5 6.84, df 5 2, P 5 0.005). A smaller width-
based gonadosomatic index was present in EF
than in either SF or CF (Fig 1F). There was
no difference in width-based gonadosomatic
index between SF and CF.

DISCUSSION

Our observations of reduced average max-
imum spermatic cyst diameter and average
germinal epithelium depth suggest that in-
vestment in reproduction was reduced during
increased immune activity. McCallum (2003)
showed that reproductively active spermatic
cysts had larger average maximum diameters
(0.096 mm, SD 5 0.024) than those that were
reproductively inactive (0.072 mm, SD 5
0.023). The saline injected and noninjected
groups had spermatic cyst diameters similar to
spermatically active individuals in that study.
Spermatic cysts from EF had diameters
approaching those found to be reproductively
inactive (McCallum, 2003). This result indi-
cates that spermatogenesis had shut down and
that these frogs could not reproduce. The
combination of increased resource demands
and reduced reproductive effort in immuno-
challenged frogs suggests that these animals
shifted resources from reproduction for use in
mounting an immune response.

The difference in results based on width-
based and length-based gonadosomatic index
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TABLE 1.—A comparison of how selected natural history characteristics respond to exposure to a novel antigen.

Experimental Sham Control

Snout–vent length (beginning and
ending)

21 mm (SD 5 0.38) 23 mm (SD 5 0.34) 22 mm (SD 5 0.26)

Body mass (beginning) 1.22 g (SD 5 0.17) 1.20 g (SD 5 0.15) 1.29 g (SD 5 0.18)
Body mass (ending) 1.13 g (SD 5 0.19) 1.18 g (SD 5 0.13) 1.29 g (SD 5 0.15)
Change in body mass 20.09 g (SD 5 0.18) 20.02 g (SD 5 0.10) 0.00 g (SD 5 0.05)
Mean maximum spermatic cyst diameter 0.082 mm (SD 5 0.014) 0.097 mm (SD 5 0.014) 0.099 mm (SD 5 0.005)
Mean maximum germinal epithelium

depth
0.008 mm (SD 5 0.004) 0.012 mm (SD 5 0.005) 0.013 mm (SD 5 0.003)

Gonadosomatic index based on testis
width

0.041 mm (SD 5 0.014) 0.055 mm (SD 5 0.001) 0.057 mm (SD 5 0.013)
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may reflect the anatomical connection between
the testis and the kidney via their longitudinal
axis. The connection’s length varies but can be
limited to the anterior one-third or can extend
the entire length of the testis. This connection
may allow the width to contract while holding
linear shrinkage to a minimum.

The frogs in our study were collected at the
peak of the breeding chorus and seasonal
reproductive activity (McCallum, 2003) sug-
gesting that the demand of reproduction for
resources was at a maximum. We suggest that
our data indicate that production of sperm
may decrease when under the stress of
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FIG. 1.—Response of selected natural-history characteristics to exposure to a novel antigen. Key: SVL 5 Snout–vent
length, BM 5 Body mass, SCD 5 Spermatic cyst diameter, GED 5 Germinal epithelium depth, GSI-W 5
Gonadosomatic index.
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immunochallenge, potentially reducing overall
fecundity of antigen-exposed individuals.
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