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In female mammals, it remains controversial whether maternal diet
and particularly the source and availability of energy can influence
sex of offspring born. Outbred female mice were fed ad libitum
from 30 days to �45 wk of age on defined, complete diets that
differed only in their relative content of fat and carbohydrate to
determine whether calorie source influenced litter size and sex
ratio of pups. Diet 1 (very high in saturated fat, VHF) provided 60%
of calories as fat, mainly lard. Diet 2 (low in saturated fat, LF) was
low in fat (10% of calories) but high in carbohydrate. Mice deliv-
ered four litters of pups, resulting in a total of 1,048 young born
over 108 pregnancies. Gestation length and litter size did not differ
between VHF and LF groups and did not change as mice aged. Sex
ratio of pups (fraction male) born to mothers on VHF diet was
unusually high (0.67) and to mothers on LF diet very low (0.39) over
litters 2, 3, and 4. This skewing of sex ratio was related to diets fed
and not to body mass of mothers. Age of mothers was an impor-
tant variable, however. Mice that were first bred at 10 wk of age
delivered similar numbers of sons and daughters, whereas virgin
mice bred later than 20 wk of age produced litters that were
skewed toward males or females according to diet. The data show
that the source of calories provided in a nutritionally complete diet
to mature female mice can influence sex of offspring born.

Many invertebrate and some avian species can adjust the sex
ratio (usually defined as proportion male) among their

progeny in a highly predictable manner depending on prevailing
environmental conditions and the associated relative costs and
benefits of producing more offspring of one sex than the other
(1–7). Sex ratio adjustments seem to contribute to parental
fitness by ensuring that parental genes are transmitted most
efficiently to future generations at the least cost. Although there
are numerous reports of sex ratio variation in mammals in
relationship to factors such as food availability and competition
for resources (8), and evidence that some of the changes might
be adaptive and in accordance with evolutionary theory, this
area remains controversial (8). Perhaps the best-known exam-
ples of major changes in sex ratio in mammals have been
reported for various species of deer, either in the wild or under
some form of confinement (8–11). Trivers and Willard (12) in
their sex allocation theory predicted that, in such wild polygy-
nous species, where a small proportion of males sire most of the
young yet invest little in their care, females in the best body
condition would be anticipated to produce more sons than
daughters, because such male offspring would be more likely to
join the class of elite breeder males when they reached adult-
hood. Conversely, mothers in poorer body condition would be
expected to invest more in female young, because their sons
would have a relatively lower chance of reproductive success
than their daughters. Although relatively straightforward in
concept, this theory has been difficult to prove, with sex ratios
sometimes deviating from the direction predicted (8, 10). An
explanation for the inconsistencies is that variables other than
maternal body condition, including population density (10),
influence sex ratio adjustment. In wild populations, in particular,

group sizes are often too small for rigorous statistical evaluation
and the life histories of the mothers too variable for predictable
patterns to emerge (6–8).

Surprisingly few studies aimed at examining whether nutrition
of the mother can affect sex ratio have been carried out under
laboratory conditions. Rodents, like most mammals, tend to
produce roughly equivalent numbers of sons and daughters
(13–15), although litters with marked imbalances in sex ratio can
occur spontaneously. When rodents are food-restricted, however
(13, 16–18), or are provided diets suboptimal in essential fatty
acids (19) or protein (20), they tend to produce small, female-
biased litters, although there is at least one report where sex ratio
was not altered in mice that were deprived of adequate food (21).
Stresses other than food restriction can also reduce the fraction
of males born to rodents (22–25). When ad libitum-fed hamsters
are exposed to an aggressive female, for example, their resulting
litters become skewed toward females and are smaller than in
controls due to the loss of male fetuses after implantation (26).
Pregnant mice and rats seem to respond similarly to stress
imposed during pregnancy, perhaps reflecting the selective
prenatal vulnerability of male fetuses observed in many mam-
mals, including humans (27, 28). Nutritionally complete diets
provided ad libitum to rodents housed under the standard
conditions approved for laboratory species have, in general, not
been tested experimentally for their effects on sex of pups. One
study that retrospectively analyzed the breeding records of mice
strains maintained at the Jackson Laboratory between 1959 and
1966 noted no major deviations in sex ratio accompanying a
switch in commercial diets, which varied slightly in relative fat
and protein content (29). In another study, laboratory and
captive wild mice produced more male- than female-biased
litters in the spring and summer months at a time when food
would be more abundant in the wild (30). This observation
suggests that seasonal shifts in reproductive productivity are
inexplicably retained during captivity when the usual environ-
mental cues would be absent. In the experiments that follow, we
have chosen to examine the effects of two complete diets (ref. 31;
Table 1) that differ markedly in their sources of dietary energy
on the sex of offspring born to female NIH Swiss mice. Diet 1
was low in saturated fat (LF diet), with the majority of calories
provided as sugars and complex carbohydrate. The second was
very high in saturated fat (VHF diet), with most energy provided
as lard (Table 1). The goal was to determine whether these diets
could influence the sex ratio of pups born.

Methods
Animals. In the first experiment, 8- to 10-wk-old NIH Swiss mice
(Harlan, Madison, WI) were bred to stud males. After weaning

Abbreviations: LF diet, diet low in saturated fat, with the majority of calories provided as
sugars and complex carbohydrates; VHF diet, diet very high in saturated fat, with most
energy provided as lard.
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at 21 days, 16 female offspring were maintained on a regular
chow diet, Purina 5001 (Purina), until they were 30 days of age
and then randomly assigned to two groups of eight, and fed
either the LF or VHF diets (Research Diets, New Brunswick, NJ;
Table 1) continuously and ad libitum until the end of the study.
The mice were housed in pairs. When they were 10, 20, 28, and
40 wk of age, the females were introduced to stud males (�12 wk
old). The females were housed individually from the end of the
second week of pregnancy until they had weaned their litters.
Pups were removed from their mothers 21 days after delivery.
Mice were weighed every other day over the entire course of the
study. A replicate study was initiated 4 wk after beginning the
first to provide a total of 16 mothers in each dietary group.
Because the results in the two studies were essentially identical,
the data were combined for the statistical analysis summarized
in Table 2.

In a second experiment, similar procedures were used, except
the mice were bred just once when they were between 20 and 27
wk of age (n � 16 for each group). A group of control mice (n �
8) were also maintained continuously on the Purina 5015 chow
diet and bred at age 10 and 20 wk.

Determination of Pup Gender. Sex of pups was assessed by mea-
suring anogenital distance (14) at day two after birth and
confirmed at weaning. An additional analysis of pup gender was
performed on �100 randomly chosen pups from tail DNA by
PCR analysis for sex chromosome-specific sequences (32). No
errors were noted in the anatomical gender assignments.

Statistical Procedures. The effects of diet on litter size, maternal
weight, gestation length, and sex ratio were tested by using mixed
model procedures with a repeated measures design (33). Be-
cause each female had multiple correlated records within treat-
ment, the pooled variance of values for the females in the two
treatments was used to determine the effect of the diets. Parity
and treatment by parity interactions were tested with residual
error (34). Sex ratio (fraction male pups) for the VHF and LF
groups was tested against the expected value of 0.5 by using a
T-statistic (35).

Results
To determine whether the sex ratio of pups could be altered
according to the source of calories provided in the diets, female
mice were exposed to either the LF or VHF diets from age 30
days to �45 wk, during which time they delivered four litters of
pups. These diets were identical in protein (casein), unsaturated
fatty acid (provided in the form of soybean oil), and mineral
content, but differed in their relative contents of carbohydrate
and triglyceride (Table 1). The additional triglyceride in the
VHF relative to the LF diet was in the form of lard. As a
consequence of the disparity in fat content, the two diets had
different caloric densities (3.8 vs. 5.2 kcal�g). Mice seemed to
tolerate both diets well and showed no obvious ill effects. They
gained weight and demonstrated normal fertility (discussed
below).

Table 2 summarizes the data for 108 pregnancies and 1,048
pups born over four parities. The weights of the mothers on the
two diets did not differ significantly between day 30, when the
mice were first placed on the diets, and the time they were first
bred (P � 0.1), but the VHF group was significantly heavier (P �
0.05) by the beginning of the second parity, and weights con-
tinued to deviate as the mice aged (Table 2, Fig. 1). By parity 4,
the females on the VHF diet were �20% heavier (P � 0.001)
than females on the LF diet (Table 2, Fig. 1), although there was
considerable variation within groups. Litter sizes and lengths of
pregnancy in the two groups were similar and did not change

Table 1. Relative energy content (kcal%) of major nutrients in
mouse diets

Diet
D12450B*

(LF)
D12492*

(VHF)
Purina 5015

(CLC)†

Protein 20 20 18
Carbohydrates

Starch 31 0 51
Maltodextrin 4 13 NS
Sucrose 35 7 1

Total carbohydrates 70 20 56
Fats

Soybean oil 6 6 NS
Lard 4 54 NS

Total fat 10 60 26

NS, Not specified.
*Defined Research Diet (Research Diets, New Brunswick, NJ) with equivalent
amounts of casein, cellulose, minerals, and vitamin mixes (31). D12450B diet
had a caloric density of 3.8 kcal�g, and D12492 diet had a caloric density of
5.2 kcal�g.

†Complete Life Cycle; 4.4 kcal�g.

Table 2. Weight at conception, litter size, gestation length, fraction male pups, and number of
male-biased litters over four successive pregnancies in mice maintained on the LF and
VHF diets

Treatment Litter n
Conception
weight, g Litter size

Pregnancy
gestation

length, days
Fraction

male pups

No. of
male-biased

litters

LF 1 15 20.8 � 1.4 9.4 � 1.7 20.0 � 1.4 0.48 3
2 14 26.7 � 2.2 10.8 � 2.9 19.8 � 1.4 0.45* 4
3 15 29.4 � 5.0 9.1 � 2.3 19.3 � 1.5 0.35** 1
4 10 30.8 � 2.3 9.1 � 4.8 20.0 � 1.4 0.38* 0

VHF 1 16 23.1 � 2.2 9.5 � 2.0 19.6 � 2.1 0.51 10
2 15 30.6 � 4.3 10.7 � 2.8 18.8 � 1.9 0.66** 12
3 14 35.7 � 5.9 9.9 � 2.3 20.0 � 1.2 0.65** 12
4 9 38.0 � 5.8 8.6 � 4.3 19.9 � 1.5 0.71** 7

Females were housed in pairs. When they were �10, 20, 28, and 40 wk of age, they were introduced to a stud
male. Females were housed individually from the end of week 2 of pregnancy until pups were weaned.
Cannibalism, death of three females, and failure of some females to conceive account for the reduced litter
numbers over the course of the study. Values for maternal weight at conception, litter size, and pregnancy length
are means, with SD provided to indicate extent of variability. Weights of mothers on VHF and LF diets deviated
significantly at second conception and thereafter. Sex ratio deviated significantly from 0.5; *, P � 0.05; **,
P � 0.01.
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with parity, indicating that the diets did not suppress fertility in
one group relative to the other. Pups born to mice on the two
diets had similar weights at day 2 postpartum (data not shown).
These values were similar to those observed with NIH Swiss mice
fed Purina 5015 (data not shown). Together, the data suggest
that reproductive performance had not been compromised on
either experimental diet. Nor, was there any indication that the
dams on the LF and VHF diets differed in their abilities to feed
and care for their pups.

In contrast to the lack of difference in litter size and gestation
length, mothers on the LF diet tended to produce female-biased
litters and VHF mothers male-biased litters (Fig. 2; Table 2).
This trend was noticeable at first parity but became more
exaggerated at litters 2, 3, and 4. The overall sex ratio of total
pups born within the two dietary groups over four parities

differed markedly (P � 0.0001), with the LF group producing a
preponderance of female pups and the VHF group more males.
Although the sex ratio of pups born to LF mothers was not
significantly different in first litters, it became skewed toward
daughters at litters 2, 3, and 4 (Table 2). Conversely, the sex ratio
of pups born after litter 1 to mothers on the VHF diet became
highly male-biased. In contrast, comparably aged mice on the
Purina 5015 diet gave birth to almost equal numbers of male and
female pups at first and second parity (sex ratios 0.52 and 0.48,
respectively). Studies on large numbers of inbred strains fed
standard chow diets have also noted little change in sex ratio of
pups with increased parity (29).

Two immediate questions arise from these results. The first is
whether the differences arose as an outcome of diet or maternal
weight. For example, when mice were selected for body weight
for over 40 generations, there was a slight increase in sex ratio
as selection proceeded (36). The second question is whether the
divergence of the sex ratio first observed at second pregnancy
between mice on the LF and VHF diets was a parity or age effect.
Question 1 was addressed by including weights of the mothers as
a covariate in the statistical model. The analysis showed that diet,
not maternal weight, was the main variable that determined the
sex of the pups. This conclusion becomes evident if the fraction
of male pups in the LF group at litter 4 (0.38) is compared with
the same values for the VHF group at litter 2 (0.68). The mice
had comparable body mass, yet produced litters widely divergent
in sex ratio. Also, within dietary groups there was no relationship
between the weights of individual mice and their tendencies to
produce male- or female-biased litters.

To determine whether it was parity or the age of the mice that
influenced the sex ratio of the pups, virgin females, maintained
from day 30 on either the VHF or LF diets, were first bred after
they had reached at least 20 wk of age, rather than 10 wk as in
the first experiment (Table 3). Mothers on the VHF diet
produced male-biased litters and a high fraction of males
whereas the LF group birthed more females in mainly female-
biased litters. Again, litter size and gestation length were unaf-
fected by the diets.

The experiment summarized in Table 2 has been repeated
over two breeding cycles for a second outbred strain, CF1. Again,
there was no difference in the sex ratios of the pups in the two
treatment groups at first litter, whereas values (0.43, LF; 0.67,
VHF) deviated significantly at litter 2 (P � 0.01). It seems
probable that the effect of diet is a general one in outbred strains
of mice.

Discussion
That the VHF diet favors sons and the LF diet daughters is
consistent with the sex allocation hypothesis of Trivers and
Willard (12), in that females with the access to the greatest food
resources, in this case a diet extremely high in fat, produced more
sons than daughters and a predominance of male-biased litters.
There are several examples where availability of extra energy to
the mother seems to favor the birth of sons (8, 11, 37) and at least
one example where providing additional fat had a similar out-
come. Thus, American opossums in the wild, whose diets were
supplemented with sardines, exhibited a higher sex ratio among
their young than controls, leading the authors to conclude that
consumption of excess amounts of long chain polyunsaturated
fatty acids favored male offspring (38). Long chain omega-3
and -6 fatty acids have been also proposed as factors that can
influence human offspring sex ratio (27). Such an explanation is
unlikely for our experiments, although it is conceivable that the
metabolism of large amounts of saturated fat spared the oxida-
tion of unsaturated fatty acids.

In contrast to the outcome from the VHF diet, it was
surprising that murine mothers on the LF diet, despite being
adequately provisioned, delivered more daughters than sons.

Fig. 1. Changes in mean body weight of female mice on the VHF and LF diets.
The information is from one of the two studies from which the data in Table
2 were obtained. Two groups of eight mice were initially introduced to the
diets when they were 30 days of age and maintained on the VHF (upper line)
and LF (lower line) diets for �40 wk, during which time the mice delivered four
sets of pups: a, male introduced; b, mean day of delivery; *, first parity 1; **,
second parity; ***, third parity; ****, fourth parity. Pups were weaned at 21
days. The graph illustrates the rapid increase in body mass accompanying
pregnancy, as well as the fall in weight after delivery and after weaning of
pups. The number of mice successfully bred decreased from n � 8 for litters 1–3
to n � 5 for litter 4 when the mice in both groups proved difficult to breed. The
results from the duplicate study were essentially indistinguishable from the
one described here.

Fig. 2. Frequency distribution of sex ratio (fraction males) within litters at
parity 2, 3, and 4 for the VHF and LF dietary groups in the experiment described
in Table 2. Each of the bars on that graph represents the number of litters with
a sex ratio within the range �0.05 of the number on the x axis; i.e., a value of
0.1 means there were no VHF litters with sex ratio between 0.05 and 0.15,
whereas for LF there were two. Similarly, there were eight litters with a ratio
between 0.75 and 0.85 on the VHF diet and one on the LF diet. Two VHF litters
were entirely male and one LF litter was entirely female.
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Food restriction of various kinds, including omission of adequate
amounts of essential fatty acids, usually (16–19) but not invari-
ably (21) leads to a low sex ratio in rodents, but this skewing is
accompanied by smaller litter sizes, suggesting that male fetuses
are particularly susceptible to loss. The higher vulnerability of
males has also been demonstrated in rodents that are stressed in
other ways during their pregnancies (22–26, 39). In the case of
our experiments, mothers on the LF diet had full access to a
nutritionally complete diet and were able to produce four
successive litters of pups of normal size at �10-wk intervals,
which reflects the potential of many mouse strains (40). Our
results indicate that lack of adequate food is not an explanation
for the higher number of female births in the LF group. It is
perhaps significant that most chow-based diets, which provide
amounts of fat intermediate between the VHF and LF diets
tested here, seem generally to lead to the production of roughly
equal numbers of males and females (29, 41). Conceivably, it is
either the content of fat or the caloric density of the diet that
ultimately controls which way the sex ratio becomes skewed.
Because certain in-bred strains maintained on standard diets
vary slightly but nevertheless significantly in the relative numbers
of sons and daughters they produce (29, 41), it will be of interest
to determine whether such mouse lines also differ in their
responses to the LF and VHF diets and whether the skewing of
sex ratio among individual mice on the diets occurs with less
overlap than in the outbred strains used by us (Fig. 2).

The lack of difference in the relative numbers of male and
female pups born to young mice is puzzling because the young
mothers had already been exposed to the diets for 6 wk by the
time they were bred (Table 2). One explanation is that several
weeks of adjustment to the diets are necessary for the mice to
provide a response. Another may relate to innate metabolic
differences between young and mature female mice in their
responses to the diets. Whatever the reason for the sex skewing,
it is not a parity effect, because mature mice produced more male
pups on the VHF diet and more female pups on the LF diet
whether they had been bred once (Table 3) or more frequently
(Table 2). Similarly, the effect is not mediated through the male,
because only young stud males were used, and their only
exposure to the diets occurred during the short time they were
housed with the females.

Several hypotheses have been proposed to explain skewing
of sex ratios in mammals where the male is always the
heterogametic sex (8). These theories fall into two classes,
those that operate before conception and those that favor one
sex over the other after fertilization has occurred. It is feasible,
for example, that conditions within the reproductive tract, such
as vaginal pH (42) or the viscosity of cervical mucus (43), favor
Y-sperm over X-sperm or vice versa in terms of movement to
the egg or in fertilization potential. Conversely, there could be
selective loss of conceptuses either before or after implanta-
tion. Such losses need not lead to smaller than usual litters,

because mice generally ovulate more eggs than pups born (14,
44). The mouse model demonstrated here will allow each of
these possibilities to be tested and perhaps provide a more
general insight into mechanisms that operate in other species
as well.

It is fascinating to consider whether these observations made
on a litter-bearing species, the mouse, have any relevance to the
human. Deviations in sex ratio have been observed in nonhuman
primates and attributed to factors such as societal rank, com-
petition, population density, and food availability (8, 45). Un-
fortunately, the group sizes have generally been small and the
statistical significance of the data questionable (46, 47). Simi-
larly, much of the information available for sex ratio deviations
in humans is also confounded by a variety of unresolved vari-
ables, including sample size, although some larger demographic
studies have suggested an association of increased female births
with suboptimal maternal nutrition (27, 28, 48, 49). As in
rodents, the shift in sex ratio in these human populations may be
due the greater vulnerability of male fetuses to environmental
stresses (27). However, retrospective analyses can reveal little
about individual adaptations of mothers to what they consume
and are unlikely to define whether particular nutrients in an
otherwise adequate diet can influence whether a boy or girl is
born. At present, it seems premature to extrapolate data from
rodent studies to humans.

One particularly interesting cause of sex ratio variation in
rodents arises from the mother’s prior intrauterine position
(50, 51). Females born between two males (2M) tend to assume
more masculine traits, assume a dominant social role, and,
when they breed, produce male-biased litters, whereas females
born with no adjacent males produce litters biased toward
daughters. The basis of this epigenetic phenomenon is unclear
but may be caused by high androgen concentrations encoun-
tered by the 2M females while in utero. In light of the above
rodent studies, it is interesting to note that women who have
high testosterone levels tend to score high on dominance
measure tests and conceive more sons than those women who
score low on these tests (52–54). In humans, a recent positive
correlation between a slightly increased fatty diet and steroid
hormone concentrations in serum has been reported (55).
Conceivably, there is a linkage in female mice as well as in
women, between the amount of fat consumed and the pro-
duction and circulating concentrations of steroid hormones.
Perhaps these changes provide the basis for the sex ratio
skewing observed here in mice.

We thank Dr. Kevin Fritsche for information about responses of
young mice to high-fat diets, and Drs. Tom Fleming, Deborra Mullins,
and Daniel Pomp for critical evaluation of the manuscript. Research
was supported by U.S. Department of Agriculture Cooperative
State Research, Education, and Extension Service Competitive Re-
search Grant 2001-35203-10693.

Table 3. Effect of diet on sex ratio of first litter born to mature mice, aged 20–27 wk
before breeding

Diet n
Conception
weight, g Litter size

Gestation
length, days Sex ratio*

No. of
male-biased

litters

LF 14 31.0 � 4.9 9.2 � 3.6 20.4 � 1.5 0.38 2
VHF 11 41.4 � 7.4 9.1 � 3.4 20.4 � 1.7 0.64 10

Mice (n � 16 in each group) were fed either the VHF or LF diet from 30 days of age until they had weaned their
first litters of pups. The numbers under treatment are �16 and reflect either that some litters were cannibalized
or the lack of receptivity of some of the mice to the males. Values for maternal weights at conception, litter size,
and gestation length are means � SD. Mothers on VHF diet were significantly heavier (P � 0.001) than ones on
LF diet.
*Sex ratios deviated significantly from 0.5 (P � 0.05).
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