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Synopsis We report that females of the broad-horned flour beetle, Gnathocerus cornutus, can plastically adjust the sex

ratio in their broods in response to environmental quality. Specifically, females reared in nutritionally poor environments

produce broods that are 65% female, on average, with the degree of female-bias in some broods approaching 95%. In

addition, females reared in nutritionally poor environments lay significantly more eggs than do females reared on

standard medium, which produce broods with an even sex ratio. These effects of the mother’s environment on size

and sex ratio in broods are manifest even when oviposition occurs in the standard nutritional environment; indeed, the

degree of female-bias increases with advancing female age despite the availability of nutritional resources to females at the

time of egg laying. Our studies rule out sex-specific differences in viability early in larval development as the mechanism

for the bias in sex-ratio of broods, since females reared in nutritionally poor environments have broods with hatchability

and larval viability comparable to those of nonstressed females. Our studies also rule out an effect of the sire on the sex

ratio in broods, since all male mates were reared on standard medium. We discuss our results in the context of theories

for the evolution of plastic sex-ratios in the face of environmental deterioration and discuss how plasticity can resolve a

long-standing question about the conditions underlying the evolution of biased sex ratios.

Introduction

The observation of 1:1 sex ratios among most dioe-

cious organisms is consistent with the prediction

from evolutionary theory that there should be

equal investment into male and female offspring

due to rare sex fitness advantage (due to negative

frequency dependent selection) (Fisher 1930;

Bodmer and Edwards 1960; Colwell 1981).

However, biased sex ratios can evolve in a number

of circumstances including local mate competition

(Hamilton 1967), sex-linked genes causing unequal

production of X or Y gametes in the heterogametic

sex (Shaw 1958; Hamilton 1967), age, or environ-

mental variation (Trivers and Willard 1973;

Charnov and Bull 1989), or in genetically subdivided

populations, in which local mate competition is im-

portant and female-biased sex ratios increase local

mean fitness and are favored by among-group

selection (Wilson and Colwell 1981). Facultative ad-

justment of sex ratio has also been observed in many

systems, especially in insects with haplo-diploid sex

determination (Werren 1980; Mueller 1991) and in

mammals and birds with chromosomal sex determi-

nation (Wolff 1988; Kruuk et al. 1999; Kohlman

1999; Nager et al. 1999; Olsent and Cockburn

1991). These latter examples of biased sex ratio in

broods are consistent with Trivers’ and Willard’s

(1973) hypothesis (TW) that maternal condition af-

fects the success of their sons in reproductive com-

petition. Specifically, females in poor condition are

predicted to produce a preponderance of daughters,

while females in good condition are expected to pro-

duce male-biased broods.

We describe facultative adjustment of sex ratio in

the broad-horned flour beetle Gnathocerus cornutus.

Gnathocerus species are closely related to flour beetles
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in the genus, Tribolium (Angelini and Jockusch

2008), which have chromosomal sex determination

(Smith and Brower 1974), and are easy to rear and

manipulate in the laboratory. Adult females resemble

T. castaneum males and females, but males have dis-

tinctive characteristics including modified mandibu-

lar horns, flattened dorsal projections on the head,

and a pair of small cephalic horns (Fig. 1). Many

species of sexually dimorphic beetles use horns in

competitions to gain access to mates (e.g., Moczek

and Emlen 2000; Karino et al. 2005). Likewise, male

Gnathocerus beetles use their mandibular horns to

compete with conspecific males for reproductive

access to females (Okada et al. 2006; Okada and

Miyatake 2009).

Two observations indicate that males reared in

poor environments are at a disadvantage during re-

productive competition relative to males reared

under better conditions. First, males reared under

poor environmental conditions develop smaller man-

dibles than do those reared in standard medium

(controlling for body size and maternal condition,

see ‘‘Results’’ section and Okada and Miyatake

[2010]). Similarly, Demuth et al. (2012) showed

that beetles infected with the tapeworm parasite,

Hymenolepis diminuta, developed shorter horns

than did uninfected beetles. Second, males with

larger mandibles win fights and mate for longer du-

rations when paired with relatively smaller-horned

males (Okada and Miyatake 2009; Demuth et al.

2012). Taken together, males reared in poor environ-

ments are likely to lose bouts of reproductive com-

petition when they encounter males from good

environments. The TW hypothesis further requires

that sons of mothers in poor condition develop

smaller mandibles (or the environment of the ex-

pected offspring matches the environment their

mother experienced). Finally, Katsuki et al. (2012)

have recently shown that Gnathocerus females alter

the sex ratio according to female condition (and in-

dependent of rearing environment).

In G. cornutus, variation in the environment leads to

both high variance in mandible size among males and

to variation in sex ratio among families. We describe

this plastic variation in sex ratio in G. cornutus; it is

repeatedly inducible in the laboratory and we show

that it is determined by maternal condition. We also

describe the effect of maternal condition on the mean

and distribution of male mandibular horns and on the

average size of broods. More broadly, we emphasize

the importance of plasticity for the traits of groups and

describe how plasticity can resolve a long-standing

question about the evolution of biased sex ratios.

Materials and methods

A G. cornutus stock was obtained from the Tribolium

Stock Center (Manhattan, Kansas [Kathy Leonard])

Fig. 1 (a) Male (left) and female (right) G. cornutus [David Craig]. (b) Dorsal (top) and ventral (bottom) views of differences in horn size

of male G. cornutus [David Craig]. (c) Image of a dissected mandible of a male [Franck Simmonet].
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and maintained in a laboratory at Indiana University

Bloomington for 5 years. During and prior to this

study, beetles were reared on a 12-h day–night cycle

at 27.58C and �70% relative humidity. Standard

medium (our ‘‘good’’ resource treatment) consisted

of 85% organic flour, 10% fishmeal, and 5% yeast.

Our experimentally manipulated poor-quality re-

source consisted of standard medium adulterated

with 15% indigestible �-cellulose. This level was

chosen arbitrarily because preliminary experiments

in which females were reared in 5, 25, and 50%

�-cellulose indicated that this level of nutritional se-

verity biased the sex-ratio in broods to the same

magnitude.

Small larvae (1–2 instars) from the G. cornutus

stock were reared independently in standard or

poor-quality medium. Because pupation is inhibited

at high population density in this species (Tsuda and

Yoshida 1985), beetle larvae were reared to adult-

hood individually in 24-well tissue-culture plates.

Adults were sexed and length of the body and man-

dible measured to determine the effect of environ-

ment on adult phenotype when maternal condition

is not manipulated. Measurements on these beetles

revealed the direct effects of good and poor quality

of food on body size, mandible length of males, and

sex ratio.

We then used the dams from both standard

medium and poor-quality medium to assess whether

the sex ratio in broods is affected by the rearing

condition of dams. We assessed the sex ratio of

eggs and the sex ratio of the adults that develop

from those eggs to determine whether differential

survival contributes to bias of the sex-ratio in pop-

ulations of adults. First, we mated dams from each

rearing environment (standard medium, n¼ 10; poor

quality medium, n¼ 20) singly with sires from stan-

dard medium (environment of good quality) so that

only the dams differed in the quality of rearing

environment. Under standard rearing conditions,

development from egg to adult occurs within

47–57 days (Ntifo and Nowosielski-Slepowron

1973). Accordingly, after 3 months, we examined

the adult offspring of each brood and assessed the

density, sex ratio, mandible size, and body size

(thorax width). This allowed us to assess properties

of broods when offspring were allowed to develop to

adulthood as a group.

We also determined whether the sex ratio of newly

hatched larvae was already biased, to rule out differ-

ential survival during development accounting for

deviations from a 1:1 sex ratio later in life.

In order to effectively separate eggs from flour,

we did not supplement flour with fish meal in

this experiment, so that the medium consisted of

95% organic flour and 5% yeast. We mated each of

10 males reared in standard medium with three

females reared in standard medium and three

females reared in poor-quality medium (total

n¼ 60 females); the sequence of mating was

varied; half of the males were mated to females

reared on standard medium first and the other

half were mated to females reared in poor quality

medium first. After 3 days of mating, we separated

the females and placed them into individual vials

from which we collected eggs by sifting every 3

days. Larvae emerging from these eggs were

reared to adulthood individually in 24-well tissue-

culture plates. For each dam, we recorded egg

count, sex ratio in the brood, size of males’ man-

dibles (measured as the length of the inside edge

from tip to tip), and thorax width.

Due to the correlation between body size (thorax

width) and mandible size, we analyzed raw mandible

data as well as the residual of males’ horn size re-

gressed on thorax width (to control for body size).

We also considered two measurements of the sex

ratio in broods—the proportion of females per

brood, and the difference between number of males

and number of females for each brood. The effect of

sire on sex ratio in the brood was determined by

fitting a linear mixed-effects model to our data

using environment as a fixed effect, with or without

a random effect of sire; we used the lmer function in

the lme4 package in R (R Development Core Team

2004). We compared the fit of the models using the

likelihood ratio test statistic to compute P-values

(using the chi-squared approximation to the

distribution).

Results

Sex ratio

Brood sex ratio varied with maternal environmental

quality. Progeny of dams reared on poor resources

were female-biased, in contrast to the progeny of

dams reared on standard medium, which produced

progeny in an approximately 1:1 sex ratio. Dams

raised on poor-quality medium (but mated with

sires raised on standard medium) produced progeny

that were biased toward daughters (60–64% females

on average). This difference between good and bad
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maternal environments was apparent both in the sex

ratio of broods allowed to develop to adults as a

group (t¼ 3.38, P¼ 0.003, average group size¼ 31;

Table 1) and in that of individually reared larvae,

separated as eggs (t¼ 3.389, P¼ 0.002; in addition,

female bias increases over time [Table 1 and Fig. 2]).

The survival rate of eggs (the proportion of eggs that

hatch) was equal to 80% for both maternal environ-

ments. This congruence indicates that neither differ-

ential survival of larvae during development nor

competition among siblings is an important factor

affecting female-biased broods. In data from the

half-sib design, we found no effect of sire on

broods’ sex ratio when we fitted a linear mixed-

effects model to our data with environment as a

fixed effect, with or without a random effect of sire

(P50.001).

In two of the 20 families of females reared in

the poor environment, with broods reared as a

group, the sex-ratio bias of the brood was extreme:

495% of offspring were female. This extreme bias

co-occurs with a corresponding 10-fold increase in

number of offspring (309 and 276 individuals in

these two instances, compared with an average of

30.5 for all other families). Dams producing ex-

tremely female-biased broods may lay an unusually

large total number of eggs, or produce eggs that

hatch and survive to adulthood at a higher rate.

We are unable to distinguish between these alter-

native explanations, especially given the rarity of

such extreme bias. However, an earlier unpublished

study by D. Craig and M. J. Wade of 15 families

reared in 25 g of standard medium documented a

similar case of the co-occurrence of extreme

female-bias (97% females) at extreme offspring

density.

Effect of environment on mandibular size

Males reared in poor-quality medium (from dams

reared in standard medium) developed 15% smaller

mandibles on average than did males reared in stan-

dard medium. In addition, the mean and distribu-

tion of the sizes of males’ mandibles differed

depending on maternal condition (Kolmogorov–

Smirnov test; D¼ 0.405, P50.001 for raw mandibu-

lar sizes; for D¼ 0.424, P50.0001 controlling for

body size). The magnitude of the maternal effect

on size of mandible is much weaker compared

with the direct effect of the rearing environment;

however, the variance in sizes of mandibles is com-

paratively greater. We also measured the differences

in males’ mandible size between the first 24 eggs laid

(unit chosen because offspring were separated into

24-well plates as eggs were laid) and later offspring

(25th egg laid and beyond). We found that average

mandibular size of sons is significantly larger for the

first group of eggs collected, compared with later

collections of eggs (t¼ 5.665, P50.001 controlling

for body size; t¼ 7.021, P50.001 using raw data;

Fig. 3). This finding demonstrates an effect of ma-

ternal age on the mandibular size of male offspring;

older mothers have sons with proportionately smaller

mandibles.

Although not directly related to our analyses, we

estimated heritability as twice the slope of the father–

offspring regression of mandible sizes (standard

errors obtained by jackknifing). To account for the

correlation between males’ horn size and thorax

width (body size), we used the residuals of mandible

size regressed on body size (see Demuth et al. 2012).

We found a significantly nonzero heritability of male

mandible size, h2
¼ 0.210� 0.006. Our estimate is

Table 1 Number eggs, larvae, and pupae per female after 60 days and proportion female for dams reared on good or poor quality

medium

Good-quality medium Poor-quality medium

Mean (SE) Mean (SE)

60 day counts

Number of eggs laid per female, 60 days 29.1 (3.8) 48.0 (5.3)

Number of larvae (eggs hatched) 20.3 (3.0) 35.6 (4.3)

Number of pupae 12.0 (1.8) 25.0 (2.7)

Proportion female

Eggs separated, reared individually 0.47 0.6

Broods reared to adulthood as a group 0.49 0.64

All comparisons are significantly different (P50.01) using two-sample t-tests.
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consistent with previous estimates of realized herita-

bility (the regression coefficient of selection response

on cumulative selection differential) conducted by

Okada and Miyatake (2009) and which ranged

from 0.13 to 0.26 across replicated lines artificially

selected for large and small mandibles in males.

Effect of maternal condition on number of eggs

Dams reared on poor-quality medium laid more eggs

per day (and 40% more total eggs) compared with

dams reared on standard medium (Fig. 4). Just as

there is no effect of sire on sex ratio in broods, there

is no effect of sire on number of eggs laid.

Specifically, we fit linear mixed effects models to

our data with environment as a fixed effect, with

and without a random effect of sire. We compared

the fit of these models to our data using AIC scores

and a likelihood ratio test. We found that a model

that does not include sire as a random effect was

significantly better than one that did include sire

effect (P50.001). However, this may be due to the

low sample size of sires (nsire¼ 10); there is a very

weak and nonsignificant negative correlation between

the mandibular size of sires and the number of eggs

laid per day (r2
¼�0.104).

Discussion

We are able to induce female-biased sex ratios in

broods by experimentally manipulating the environ-

mental condition experienced by the mother.

Although we have not determined the precise mech-

anism underlying facultative adjustment of sex ratio

in Gnathocerus, our observations allow us to elimi-

nate a number of obvious potential explanations.

First, our data exclude sex-specific demographic

changes due to mortality of eggs or larvae during

development; females reared under nutritionally

good or poor conditions exhibit no differences in

hatching rate of eggs or in larval survival. We elim-

inated any potential cannibalism by rearing offspring

Fig. 2 Sex ratio when offspring are separated as eggs and reared independently is significantly higher for dams reared in a poor-quality

environment compared with dams reared in standard medium; this difference increases over time. Total numbers of male and female

offspring are summed across all dams.

Fig. 3 Mean mandibular size for the first 24 offspring produced

(1) is significantly greater than that of later offspring (2).
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independently in some of our studies and found sex

ratios identical to those observed in broods reared as

a group. We can also exclude some nondemographic

mechanisms. Gnathocerus have XY chromosomal sex

determination and they are not parthenogenic (single

virgin females do not lay eggs over the course of

their lifetime). Finally, while bacterial endosymbionts

are common in insects (Werren and Windsor 2000)

and distort sex ratios even in species with chromo-

somal sex determination, we have been unable to

detect a sex-ratio distorting strain of Wolbachia

using PCR in Gnathocerus. Therefore, mothers

appear to be directly altering their broods’ sex ratio

in response to the conditions the mother experiences,

perhaps via interactions with male accessory gland

proteins or differential storage or survival of X and

Y sperm. These possibilities will be pursued in later

studies.

The maternal plasticity of brood sex ratio that we

observed is consistent with the Trivers–Willard

sexual-selection hypothesis.

Under this hypothesis, mothers in poor condition

are expected to produce female-biased progeny,

whenever poor maternal condition results in sons

with poor reproductive competitive ability. Our

data show that mothers reared under nutritionally

poor conditions produce smaller sons with smaller

mandibles. Such males in this species are poor re-

productive competitors relative to males with larger

mandibles. We found that mothers reared under nu-

tritionally poor conditions not only produce smaller

sons, but also more daughters, as predicted by the

TW hypothesis. This condition appears to be revers-

ible, at least between generations, since the daughters

of poor-condition mothers produce broods with

even sex ratios if reared on standard medium.

Katsuki et al. (2012) found that genetic quality of

G. cornutus females correspond with sex ratio, indi-

cating that manipulation of the sex ratio does occur

in response to other factors in addition to rearing

environment of dams.

Our data are also consistent with the refinement

of the TW hypothesis introduced by Wade et al.

(2003), who showed that the relationship between

maternal condition and the bias in broods’ sex

ratio should be asymmetric. Using population ge-

netic models, Wade et al. (2003) showed that sex

ratio biasing is opposed by Fisherian sex ratio selec-

tion. Furthermore, because female-biased sex ratios

increase the strength of sexual selection acting on

males while male-biased sex ratios diminish it

(Shuster and Wade 2003; Wade et al. 2003), Wade

et al. showed that the conditions favoring the evolu-

tion of female-biased sex ratios in broods are more

easily satisfied than is the reciprocal. In contrast, the

TW hypothesis says that mothers in good condition

will bias their broods’ sex ratios toward males. We

observed only the female-biased broods of mothers

in poor condition; females in good condition pro-

duced broods with even sex ratios and not with the

male-biased sex ratios predicted by the TW hypoth-

esis. However, it is possible that our good quality

Fig. 4 Gnathocerus cornutus dams reared in a poor-quality environment (n¼ 30) lay more eggs per day and more total eggs, compared

with dams raised in standard medium (n¼ 30). Error bars indicate standard errors.
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flour can be improved further, for instance, by in-

creasing the yeast content; this may cause a male

bias.

An alternative explanation for our data is the

Wilson–Colwell (WC) group-selection model. In

that model, a 1:1 sex ratio is favored within

groups, but groups producing female-biased sex

ratios have greater rates of population growth, dis-

persal, and colonization of new patches of resource

than do groups with even sex ratios. Many beetles

appear to have plastic developmental traits uniquely

suited for escaping diminishing resources and

over-crowding. For example, some species of bruchid

beetles do not develop wings when resources are

abundant and crowding is minimal (Utida 1972;

Appleby and Credland 2007). However, under con-

ditions of severe crowding, females mature at a smal-

ler size and develop wings and disperse to other, less

crowded patches of resource. We propose that under

crowded conditions, females produce larger broods

with female-biased sex ratios, since inseminated

daughters are better colonizers than are sons.

Notably, we found that the earliest sons produced

by poor-condition females are the largest, perhaps

guaranteeing an ability to inseminate large numbers

of females prior to dispersal. Our data are consistent

with the interpretation that both larger broods and

female-biased broods are developed on deteriorating

resources, thereby maximizing the number of poten-

tial colonizers, as predicted by the WC hypothesis.

The female-biased broods exhibit the same skew in

sex ratio, i.e., 15% increase, on average (mean pro-

portion female¼ 0.64368� 0.0772) that has been ob-

served when Gnathocerus stocks have been allowed to

reproduce in nonexperimentally manipulated

poor-quality medium. This includes cultures that de-

veloped mold at high humidity (three of which ex-

hibited extreme sex ratios, 490% female) and six

families that were maintained in flour that was not

replaced over the course of 3–4 years (one which had

a sex ratio 495% female). Furthermore, a female-

biased sex ratio 495% was observed previously in

an experiment that lasted 18 months without repla-

cing the resource, indicating a rather rapid and ex-

treme shift in sex ratio (D. Craig and M. J. Wade,

unpublished data). This latter observation resembled

our results in two other ways: (1) Craig and Wade

observed an unusually high density of beetles in the

culture with the most extreme sex ratio (four-fold

higher than the average); and (2) they also observed

a shift in the distribution of males’ mandibular sizes

similar to the one we observed. The infrequency of

the extreme biases towards females makes them dif-

ficult to study—manipulating the �-cellulose content

of the flour does not appear to have as great an effect

on sex ratios in broods as the presence of mold, but

we do not yet have a reliable means for manipulating

mold in the laboratory.

Our observations in this model system suggest a

number of obvious follow-up studies, chiefly testing

the remaining assumptions and predictions of the

Trivers–Willard hypothesis. For instance, adaptive bi-

asing of sex ratio requires a positive covariance be-

tween sex ratio and reproductive fitness of sons

(Shuster and Wade 2003; Wade et al. 2003).

Previous studies indicate that male reproductive suc-

cess may depend upon environmental conditions.

Males develop relatively small mandibles in

poor-quality environments, and these males are

ineffective competitors with relatively larger-horned

males (Okada and Miyataki 2009). The tractability

and biology of Gnathocerus beetles is well-suited to

direct tests of male reproductive success as a function

of the sex ratio in broods. More generally,

G. cornutus may be an effective study-system for

broad questions related to maternal effects, sex-ratio

biasing, sexual selection, and the adaptive plasticity

of individuals.
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