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Reports that maternal diet inﬂuences coat color in mouse offspring
carrying the agouti Avy allele have received considerable attention
because the range, from pseudoagouti (brown) to yellow, predicts
adult health outcomes, especially disposition toward obesity and
diabetes, in yellower mice. Bisphenol A (BPA), an endocrine-disrupting compound with estrogenic properties, fed to a/a dams harboring
Avy/a conceptuses has been reported to induce a signiﬁcant shift
toward yellower mice, whereas consumption of either genistein
(G) alone or in combination with BPA led to greater numbers of
healthy, brown offspring. Groups of C57/B6 a/a females, which
are nonagouti, were fed either a phytoestrogen-free control diet
or one of six experimental diets: diets 1–3 contained BPA (50 mg,
5 mg, and 50 μg BPA/kg food, respectively); diet 4 contained G (250
mg/kg food); diet 5 contained G plus BPA (250 and 50 mg/kg food,
respectively); and diet 6 contained 0.1 μg of ethinyl estradiol (EE)/kg
food. Mice were bred to Avy/a males over multiple parities. In all,
2,824 pups from 426 litters were born. None of the diets provided
any signiﬁcant differences in relative numbers of brown, yellow, or
intermediate coat color Avy/a offspring. However, BPA plus G (P <
0.0001) and EE diets (P = 0.005), but not the four others, decreased
the percentage of black (a/a) to Avy/a offspring from the expected
Mendelian ratio of 1:1. Data suggest that Avy/a conceptuses, which
may possess a so-called “thrifty genotype,” are at a competitive
advantage over a/a conceptuses in certain uterine environments.
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he viable yellow (Avy/a) mouse strain (1, 2) provided the
earliest model for studying epigenetic inheritance in mammals (3, 4) and also affords insight into the so-called “metabolic
syndrome,” as animals with the more extreme yellow coat color
(Fig. 1) exhibit maturity-onset obesity, accompanied by diabetes
(1, 2, 5). By contrast, their brown-coated (pseudoagouti) siblings
remain healthy, despite being genetically identical to the yellow
mice (1, 2). The observation that the coat color of these mice and
their associated degree of metabolic disease can be modulated by
diet provided to the dam during early development of her offspring (3, 4, 6) has also raised considerable medical interest, as it
is becoming clear that both the quantity and quality of the food
a pregnant woman consumes during her pregnancy can either
enhance or reduce the risks of her infant developing adult disease, presumably by modulating epigenetic modiﬁcations on
genes encoding key metabolic enzymes and hormones (7–9).
The heterogeneity in color of Avy/a mice stems from differences
in the control of expression of the agouti (A) gene, and speciﬁcally
the Avy allele (3, 4, 6, 10). Mice (11, 12) and a wide range of
animals, including humans (13, 14), possess a single agouti gene
locus that, if transcribed, is responsible for encoding the agouti
signaling protein (ASIP). Mouse ASIP is a 131-aa, paracrine signaling molecule, whose binding to the melanocortin-1 receptor
prevents α-melanocyte-stimulating hormone signaling, thereby
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downregulating synthesis of brown/black pigments and increasing
synthesis of yellow/red (pheomelanin) pigments during the midstage of the hair growth cycle (15). The broad spectrum of coat
colors among siblings, ranging from full yellow to pseudoagouti
(brown), and the mottled patterning observed in the mice intermediate between these extremes, arises from the labile state of
the Avy allele and its variable expression. The increased appetite
and associated fat mass of the yellower mice, in turn, is due to
ectopic expression of ASIP outside the hair follicle, most critically
in the hypothalamus (11), where it antagonizes the melanocortin 4
receptor (MC4R) (15), and the pancreas (16).
Analysis of the Avy and the related Aiapy allele revealed an
inserted retrotransposon (an intracisternal A particle or IAP)
positioned upstream (in pseudoexon 1a) of the customary (exon
2) transcriptional start site of the wild type A gene (10, 17). This
insertion contains a cryptic promoter in its 5′-long-term repeat
(LTR) region capable of driving agouti gene expression and
overriding the control mechanisms that normally limit the production of ASIP to certain stages of the hair follicle cycle (3, 4,
17–19). In such mice, the fur is completely brown (pseudoagouti)
when the cryptic promoter within the IAP is silent, but yellow
when the promoter is fully active. This range of phenotypes is
correlated with the degree of cytosine methylation of the 5′-LTR
of the IAP, with CpG island hypermethylation associated with
the pseudoagouti phenotype and hypomethylation with yellow
fur and broad ectopic expression. When this epigenetic modiﬁcation is passed through the male germ line, however, it is believed to be completely erased and then variably reconstituted
during development of the F1 embryos, resulting in litters in
which the pups can range from completely yellow to fully brown
(10). Subsequent studies from several groups of investigators
showed that a diet enriched in methyl supplements provided to
a/a pregnant dams carrying Avy/a conceptuses could inﬂuence
coat color and associated adult health of the resulting pups,
presumably by driving increased CpG methylation within the
IAP sequence during conceptus development when the methylation marks are restored, albeit inconsistently (3, 4, 6, 20).
Other supplemented diets may also alter the spectrum of coat
colors within litters born to a/a dams after they had been bred to
Avy/a males (21–23). For example, the phytoestrogen genistein
(G), fed at 250 mg/kg feed weight (fw), has been reported to shift
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Fig. 1. Breeding scheme design for the maternal
diet experiments. Black (a/a) females were placed
on one of the seven diets described in Materials and
Methods 2 wk before breeding to Avy/a males, who
were maintained on the AIN93G CTL diet, when not
paired with breeder females. The dams were continued on their respective diets throughout gestation and lactation. All offspring were placed on the
CTL diet at weaning. At weaning, offspring were
classiﬁed into one of four coat color groups [black
(a/a), brown Y0–Y2 (Avy/a), intermediate mottled Y3
(Avy/a), and yellow Y4–Y5 (Avy/a)]. The numbers
below these coat colors represent the average ±
SEM densitometric ratio of yellow to brown associated with the Y1–Y2, Y3, and Y4 assignments.
Survival of pups born to weaning was >90%.

the coat color balance toward brown and more healthy offspring
(23), whereas relatively high (50 mg/kg fw) feed concentration of
the endocrine-disrupting compound (EDC) bisphenol A (BPA),
favored the birth of greater numbers of yellow, presumably more
unhealthy mice with a hypomethylated IAP (22). In a more
recent paper, extremely low doses of BPA (50 μg and 50 ng/kg
fw) were reported to inﬂuence coat color redistribution compared with controls (21) and presumably the tendencies of the
mice to develop age-onset obesity and diabetes. This observation
is important, as BPA is a chemical ubiquitous in the environment
and may disrupt a range of processes controlled through steroid
receptors, particularly ESR1 (24–26). In view of the importance
of the effects of diet on the expression of the Avy allele and
considerable media and scientiﬁc attention paid to the papers
describing the phenomenon (22, 23), we have examined the coat
color pattern distribution of Avy/a offspring born to a/a dams
exposed to three doses of BPA, ranging from relatively high (50
mg/kg fw) to low (50 μg/kg fw), but all within the “no observable
adverse effect level” (27). We have also tested whether the upper
50-mg dose of BPA in combination with G, G alone, and ethinyl
estradiol (EE), which provides a positive estrogen control, had
any effects on coat color relative to controls where the dam had
been fed a phytoestrogen-free reﬁned diet. Additionally, we examined the ratio of a/a to Avy/a pups to determine whether developmental exposure to BPA or any of the other compounds
acted as a selective barrier to one genotype over the other, i.e., a/anonagouti versus Avy/a-agouti. Finally, we determined whether exposure to BPA, G, and EE had effects relative to parity (and hence
age of the dams), because earlier studies have indicated that dietinduced biases in offspring sex ratio become more extreme in
late parities than at ﬁrst parity when the mice are young adults
(28, 29).
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Results
Effects of BPA and G on Litter Size and Sex Ratio. The mean litter
size for all of the maternal diet groups was 6.6 pups. Although
the litter size for the EE group was slightly greater than for the
controls (CTL) (P < 0.03), there was no overall difference when
all of the groups were compared together (P = 0.4) (Table S1).
Although more male than female pups were born to dams in the
CTL and EE groups relative to the expected 1:1 ratio (fraction
2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1220230110

males, 0.57 and 0.55, respectively; P < 0.05), none of the other
groups showed a signiﬁcant deviation in sex ratio of total pups
born from 0.5, and none, including the CTL and EE groups,
differed signiﬁcantly in the number of male- versus femalebiased litters that were born.
Effects of BPA and G on Inheritance of Coat Color Patterns. Previous
reports have indicated that diet supplementation with either BPA
and/or G can shift coat color patterns in Avy/a mice in a predictable manner when analyzed by χ2 analysis (21–23). Therefore, we
ﬁrst analyzed coat color differences between brown (Y0–Y2) and
yellow (Y4–Y5) with this type of analysis. No signiﬁcant shifts in
coat color patterning were observed (P < 0.07) (Table S2). The
tendency of the low-dose BPA and the G diets, both of which
caused an apparent shift toward yellow, are the main contributors
to the borderline P value. However, because the χ2 analysis fails to
consider unequal sample size and dam/litter effects, more appropriate analyses were performed to take into account these factors.
We then used PROC GLIMMIX with a multinomial analysis
and ﬁrst considered all Avy/a offspring, including those with
brown (Y0–Y2), intermediate (Y3), and yellow (Y4–Y5) coat
color patterns, and again did not demonstrate any signiﬁcant
shifts toward either yellow or brown by any of the maternal diets
(Table 1). The distribution of brown (Y0–Y2) relative to yellow
(Y4–Y5) coat color mice for the seven different diets was also
compared (Table 1). Analyses of these data by PROC GLIMMIX with a binomial comparison (brown, Y0–Y2, versus yellow,
Y4–Y5) again failed to show any signiﬁcant change in the
probability (range of P values: P = 0.94, EE versus BPA plus G; P
= 0.11, EE versus low dose BPA and EE versus G) of brown or
yellow coat color pups in comparison with either the CTL or
other diet groups (Table 1 and Table S3). For all groups combined, the mean fraction of brown and yellow coat color pups
compared with the total number of Avy/a offspring was 36.38%
and 43.73%, respectively. As the original classiﬁcations, which
were performed over a 3-y period, were made by visual inspection using the same two independent observers (D.A.W. and
P.T.S.) for each litter, an independent classiﬁcation was performed on digital comparisons of variably mottled (n = 27),
control mice from the later breeding experiments (Fig. 1 and Fig.
S1). An advantage of this technique is that it provided numerical
Rosenfeld et al.

Maternal diet
Control
Low-dose BPA
Middle-dose BPA
Upper-dose BPA
Upper-dose BPA + G
G
EE

Total
Total
Pups
Brown (Y0–Y2)
dams, n litters, n born, n (Avy/a) pups, n
39
21
15
34
26
14
34

84
67
27
76
61
46
65

530
426
149
520
407
299
493

Intermediate
(Y3) (Avy/a)
pups, n

104
75
30
94
108
47
116

ratios for the relative areas of yellow and brown fur for each of
the Y1–Y4 mice diet comparisons (Fig. 1 and Fig. S1). These
more objective numerical measurements supported the earlier
visual assessments.
The data were then analyzed to determine whether there was
any change in Avy/a offspring coat color in relation to the parity
of the dams. Because there were insufﬁcient brown and yellow
coat color Avy/a offspring born across the later two parities for
the middle-dose (5 mg/kg fw) BPA dams, this dietary group
could not be analyzed. When all of the remaining treatment
groups were considered, there was a marginal change in offspring
coat color from parity 1 to parity 3 (P = 0.046). However, when
analyses were performed within treatment group, some differences were observed with parity (Table S4). In particular, for the
upper-dose BPA group, there were more brown (Y0–Y2) offspring born in parity 3 relative to parity 2 (69.3% versus 34.4%,
respectively, P < 0.004). There were, however, no differences in
offspring coat color between parity 1 compared with parity 3 in
this group (Table S4). Likewise, for the BPA-plus-G group, there
were no differences between parity 1 and parities 2 and 3, but the
percentage of brown offspring decreased from parity 2 to parity 3
[brown coat color (Y0–Y2) offspring: parity 1, 50.1%; parity 2,
58.4%; parity 3, 37.6%; P = 0.38, 0.15, 0.02, respectively] (Table
S4). The signiﬁcance of these changes relative to parity is unclear
and again point to inconsistencies in the relationship between
diet and coat color.
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Effects of Diet on Ratio of Nonagouti (a/a) to Agouti (Avy/a) Offspring.

Because the breeding scheme involved Avy/a males bred to a/a
females, a 1:1 ratio of agouti (Avy/a) to black (a/a) offspring born
was predicted on the basis of Mendelian inheritance. A binomial
analysis was, therefore, used to determine whether any of the diets
caused the fraction of Avy/a pups born to deviate from 0.5. Only
the BPA-plus-G and EE groups demonstrated a signiﬁcant distortion in pup genotype (BPA plus G: Avy/a = 68.3%, P < 0.0001;
EE: Avy/a = 59.2%, P = 0.005) (Table 2). The data were also
compared across dietary groups by binomial PROC GLIMMIX
procedures. There was a reduced fraction of a/a pups in the BPA
plus G group relative to all other dietary groups, except the
middle-dose BPA group (P < 0.07) (Table 2). Overall, 61 of 426
litters completely lacked black pups, but the relative number of
completely Avy/a litters showed no signiﬁcant differences across
varying maternal diet groups, although the statistical power of the
analysis was weak because of low litter numbers.
Because the mice were ﬁrst received in 2004 and later rederived
through embryo transfer to establish a second colony at a different
location, a single breeding scheme has been used, namely mating
a/a (nonagouti) females to Avy/a males. Nonetheless, the observation that a signiﬁcant number of litters contained no black a/a
pups raised concerns that unintended matings by Avy/Avy males
had occurred. To rule out this possibility, PCR analysis was used
to assess copy number of the Avy allele by using DNA from any
male that had failed to produce a black a/a offspring in any pairing
Rosenfeld et al.

65
36
4
68
60
24
57

Yellow (Y4–Y5) Brown (Avy/a)
(Avy/a) pups, n
pups, %
118
121
44
101
110
77
119

36.2
32.3
38.5
35.7
38.9
31.8
39.7

Intermediate
(Y3) (Avy/a)
pups, %

Yellow (Avy/a)
pups, %

22.7
15.5
5.1
25.9
21.6
16.2
19.5

41.1
52.2
56.4
38.4
39.6
52.0
40.8

with an a/a female. Controls included proven heterozygous males,
who had generated at least one a/a pup (Fig. S2). All of the
questionable males proved to be heterozygous (Avy/a) based on
densitometry analysis comparing known heterozygous males to
uncertain heterozygous males. Black (a/a, nonagouti) males were
also analyzed as a negative control. Therefore, the skewing of
agouti to nonagouti offspring could not be attributed to the
mistaken genotype of the male partners.
We also used a binomial distribution to determine whether the
ratio of a/a to Avy/a offspring changed across parities (Table S5).
There were too few pups born in later parities for the low- and
middle-dose BPA group to provide analyzable data, but when all
groups were combined the fraction of a/a mice changed signiﬁcantly over parity (parity 1, 47.6%; parity 2, 41.9%; parity 3,
38.4%; P < 0.005). The overall change from parity 1 to 3 originated primarily from a shift in the percentage of a/a offspring in
the BPA-plus-G group (Table S5). By parity 3, this dietary group
only birthed 18.6% black mice, a value signiﬁcantly different
from that of parity 1 (P = 0.01) (Table S5). No other differences
in the fraction of a/a compared with Avy/a offspring born relative
to parity was evident in any of the other treatment groups.
Discussion
Many chronic, adult disorders have their origins during early
development (7–9). For example, food restriction during the ﬁrst
trimester of human pregnancy frequently leads to adult onset of
obesity, diabetes, hypertension, and other aspects of ill health
(30–34), a phenomenon that has been reproduced in several
animal models (35–37). In addition, in utero exposure of test
animals to industrial chemicals that mimic the action of steroid
hormones can also have serious, although sometimes subtle,
consequences with regard to development of the genitalia, the
brain, and other organ systems, and may also increase the frequency of adult diseases, including cancer (26, 38–43). Hence,
the claim that the viable yellow (Avy/a) mouse could serve as
a biosensor (44) for exposure to EDC, and might even be used
to study the ability of nutritional supplements to counteract
such environmental insults, provided an exciting prospect for risk
assessment and even dietary recommendations for pregnant
women. The experiments described herein were not designed
because there were doubts about the reproducibility of the earlier studies (21–23), but so that neurological effects of developmental exposure to BPA, G, and combinations of the two,
on adult mouse behaviors could be examined in C57/B6 Avy/a
mice over the full spectrum of yellow to brown coat colors. The
expectation was that abnormalities in behavior caused by BPA
exposure in utero (41, 45–51) might be partially or even totally
offset by maternal consumption of G, a natural product found in
plants, especially soybeans, and widely used as a nutritional
supplement by humans (52, 53). We also predicted that any
positive and negative effects on mouse behaviors would be correlated with changes in the coat color of the individual mice.
Unexpectedly, the anticipated changes in coat color, such as
PNAS Early Edition | 3 of 6

DEVELOPMENTAL
BIOLOGY

Table 1. Total pup information and percentage of Avy/a coat color offspring compared with total number of Avy/a offspring born

Table 2. Percentage of a/a versus Avy/a offspring
Maternal diet
Control
Low-dose BPA
Middle-dose BPA
Upper-dose BPA
Upper-dose BPA + G
G
EE

Total no. of a/a pups born

Total no. of Avy/a pups born

a/a offspring, %

Avy/a offspring, %

243
194
71
257
129
151
201

287
232
78
263
278
148
292

45.9
45.5
47.7
49.4
31.7*
50.5
40.8**

54.2
54.5
52.3
50.5
68.3
49.5
59.2
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Bolded values differed signiﬁcantly from expected 1:1 Mendelian ratio by *P < 0.0001 and **P = 0.005.

a shift toward brown with G and toward yellow with BPA, did not
materialize in the F1 pups with any of the seven experimental
diets. Accordingly, we continued to breed the mothers while they
were still exposed to the diets to increase the power of the
analyses. Over the course of the full study, we ultimately
obtained data on 426 litters and 2,824 pups, with litter numbers/
diet that far exceeded those analyzed in any comparable study
(21–23) (Table 1 and Table S6). Even with such numbers, we
failed to observe any shift among Avy/a coat morphs in any of the
treatment groups. In this sense, our results are consistent with
another study that reported that a soy protein isolate (SPI) diet
failed to produce a shift toward brown in Avy/a offspring compared with a casein-based control diet (54). Both our experiment
and those performed by Badger et al. (54) contrast with the
original report that gestational exposure of a/a dams to G increased the percentage of brown (pseudoagouti) Avy/a offspring
born after breeding Avy/a males to a/a females (23).
A contributing factor to the contrasting outcomes could be the
statistical methods used to analyze data. The previous reports
were analyzed by χ2 methodology (21–23). As coat colors ranged
from all brown (pseudoagouti) to all yellow, we decided that such
categorical data were more appropriately analyzed by using
PROC GLIMMIX with multinomial and binomial comparisons. By collapsing those animals within a treatment group into
two categories, one with a greater percentage of brown coat
color (Y0–Y2), the other with the greater percentage of yellow
coats (Y4–Y5), and ignoring the more “difﬁcult” Y3 category, we
were able to perform a binomial analysis to determine that none
of the maternal diets shifted the probability of brown or yellow
coat color relative to each other (Table 1). This method also
treats the dam ID as the experimental unit and thus controls for
any potential litter effect, whereas previous studies treated the
individual offspring as the experimental unit (21–23). However,
for thoroughness, a similar χ2 analysis to that used in the other
studies was also used, and this statistical method also failed to
reveal any differences in coat color correlating with diet.
It should be emphasized that some inconsistencies with the
observation that BPA and G, together or in combination, can
inﬂuence coat color have emerged earlier. For example, as noted
above, one report suggested that a soy-based diet had no ability
to modulate coat color in Avy/a offspring (54), whereas another
(21) observed that exposures of BPA at 50 mg, 50 μg, and 50 ng/kg
fw each signiﬁcantly altered coat colors compared with controls,
but did so in an inconsistent manner, with only the higher dose
generating a shift toward yellow. In another study, a combination
of BPA with G produced a higher proportion of brown mice,
whereas a high dose of BPA shifted the balance of coat colors
toward yellow (22). Even in our datasets, it is evident that the
distribution of coat colors showed shifts in some nutritional
groups according to the parity of the dam, especially at parities
2 and 3, but again these changes were inconsistent (Table S4).
Although such variability might conceivably be due to breeding
the same dams to different Avy/a males, i.e., paternal effects,
such a phenomenon must be considered unlikely, as the
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1220230110

epigenetic modiﬁcations controlling Avy/a expression are believed to be erased completely when the allele is passed through
the male germ line (10), and the inbred nature of the mice most
likely precludes any variation between conceptuses in expression
of DNA methyl transferases and other epigenetic modiﬁers.
However, if the female is the Avy/a parent, epigenetic inheritance
through the oocyte is observed, such that a yellow dam will
produce proportionately more yellow pups than a brown dam (4,
55), due presumably to incomplete loss of epigenetic “marks”
(10). Unfortunately, our records do not describe the degree of
brown mottling for all breeder males used, as no inheritance of
the epigenetic modiﬁcation linked to male coat color was anticipated. Finally, a further possible cause for inconsistent patterns of coat color could be the changing gut ﬂora of the
pregnant dams, which might be expected to show ﬂuctuations in
composition over parity, animal age, and environmental background, and inﬂuence the nature of the compounds to which the
developing offspring are exposed (56–60).
Other than the fact that coat color was not consistently inﬂuenced by either G or BPA in the diet, our most notable ﬁnding was
that a/a dams on the EE and especially the G–plus–high-BPA diet
gave birth to fewer nonagouti (a/a) than agouti (Avy/a) offspring,
and that this effect became more pronounced with increased
parity (or age) of the dams (Table 2 and Table S5). One previous
study (Table S6) indicated no signiﬁcant deﬁcit of black pups in
diets supplemented with BPA plus G (22), although all of the
data were most likely obtained from parity 1 when effects are
least obvious (Table S5). Possibly an estrogen-enriched reproductive tract environment caused by exposure to EE or
BPA plus G favored Avy/a over a/a conceptuses, but it is unclear why the shift became more pronounced with parity.
Also, it remains to be determined when the bias to Avy/a offspring occurred during pregnancy. Mice are known to ovulate
more oocytes and produce more blastocysts than pups born
(61). Thus, a litter size of around six to seven pups, as noted
here for dams on a C57/B6 background, is an outcome of
competition for space and resources in the uterus. Possibly the
uterine environment found in the dams adapted to the EE or
BPA-plus-G diets provided some advantage to Avy/a conceptuses.
One theory that might account for these ﬁndings is that of the
“thrifty genotype” (62, 63), which proposes that environmental
inputs, particularly lack of access to food, might select against
members of the population with less “thrifty” genes by providing
a competitive advantage to individuals possessing such a cadre of
genes. The downside of this beneﬁt is that it probably predisposes
infants for risk of developing metabolic syndrome if food is
plentiful (62). A few genes that are candidates for thriftiness have
been proposed (64), but none positively identiﬁed. ASIP might be
a potential contender for such a role through its action in metabolic signaling. By antagonizing melanocortin receptors (2, 65),
including MC4R in the hypothalamus, ASIP increases appetite
and possibly also aspects of energy metabolism (66). Additionally,
in humans, a species conspicuously lacking agouti hair coloring,
ASIP is expressed in adipose tissue and the pancreas, inﬂuences
Rosenfeld et al.
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Materials and Methods

studies on compounds with an anticipated estrogenic action (76). Based on the
average daily food consumption of a/a mice (77), the intake of BPA on the U,
M, and L diets approximated 6.5 μg, 0.65 μg, and 6.5 ng/g body weight, respectively. The females were housed two per cage and were randomly bred to
Avy/a males that had previously been maintained on the CTL diet (Fig. 1).
Hence, males were only exposed to the experimental diets while they were
occupying the same cage as a female. The coat colors of the males ranged
from Y0 to Y5 (fully brown, to fully yellow with intermediate patterns).
The doses of BPA, G, and EE were chosen on the basis of previous published
studies (21–23, 41, 78). We have previously performed a comprehensive
pharmokinetic analysis with C57BL/6J a/a adult females on a diet supplemented with 100 mg deuterated [dimethyl-d6]-BPA (BPA-d6)/kg fw. A maximum active BPA serum concentration of approximately of 18.8 ± 4.4 ng/mL
was achieved within 6 h of the mice being placed on this diet (77), a value
similar to that observed in adult humans (79–81). Additional details are
provided in SI Text.
Offspring Coat Color Analyses. At the time the offspring were weaned and
culled as adults, they were photographed and an assignment of genotype (a/a
versus Avy/a) and coat color pattern (black, brown: Y0–Y2; mottled with
equivalent amount of brown to yellow banding: Y3; or yellow: Y4–Y5) was
determined based on previous studies (Fig. 1) (3, 4, 82). Additional details
are provided in SI Text.
PCR Analysis to Conﬁrm Genotype Status of Presumptive Avy/a Breeder Males.
PCR analysis was performed on the initial breeder males, as illustrated on the
Mutant Mouse Regional Resource Center website (www.mmrrc.org/strains/
375/ctr_protocol.pdf). Additional details are provided in SI Text.
Statistical Analyses. No differences were observed in any parameter between
animals reared in the two colonies. Therefore, results were combined. Rather
than simply using χ2 procedures for analyzing offspring coat color data (21–
23), we chose to use the more appropriate generalized linear mixed model
procedures, which models categorical data with PROC GLIMMIX (SAS, version 9.2, software; SAS Institute). The basic linear statistical model included
the ﬁxed effects of diet, sex, and the interaction of diet by sex. The random effect of dam ID within diet mean square was used as the denominator of F for testing diet, and the random residual means square was
used as the denominator of F for sex and the interaction of diet by sex. The
PROC GLIMMIX procedure adjusted for unequal dams per diet and unequal
pups per dam per diet. Dam ID was considered the experimental unit rather
than each individual offspring in contrast to the approach used by others
(21–23). Additional details are provided in SI Text.

Animal Husbandry. All experiments were approved by University of Missouri
Animal Care and Use Committee and performed in accordance with National
Institutes of Health Animal Care and Use Guidelines. The original founder VY/
WffC3Hf/NCTR-Avy/a animals were donated in 2004 from Dr. G. Wolff
(National Center for Toxicological Research/Food and Drug Administration,
Jefferson, AR) and maintained in the small animal unit in the Animal Sciences
Research Center. In 2009, a second colony was established at the Bond Life
Sciences Center vivarium after rederiving the line by embryo transfer. The mice
at the second location were also bred according to the same scheme to
maintain the heterozygosity of the Avy allele on a C57BL/6J background.
Virgin a/a (C57BL/6J) females, 6–8 wk of age, purchased from The Jackson
Laboratory were placed on the control AIN93G diet with 7% corn oil by
weight (CTL) for 2 wk after arrival at the animal housing facility to eliminate
any background BPA exposure. After 2 wk, females were randomly assigned
to receive one of seven diets: (i) CTL (n = 37); (ii) AIN93G supplemented with
50 μg of BPA/kg fw [low dose (L)] (n = 21); (iii) AIN93G supplemented with 5
mg of BPA/kg fw [middle dose (M)] (n = 14); (iv) AIN93G supplemented with 50
mg of BPA/kg fw [upper dose (U)] (n = 33); (v) 50 mg BPA/kg fw plus 250 mg G/
kg fw (BPA plus G) (n = 26); (vi) 250 mg G/kg fw (n = 14); or (vii) AIN93G diet
supplemented with 0.1 parts per billion of EE (n = 34), as a positive control for
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