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The hypothesis of fetal origins of adult disease posits that early
developmental exposures involve epigenetic modifications,
such as DNA methylation, that influence adult disease suscep-
tibility. In utero or neonatal exposure to bisphenol A (BPA), a
high-production-volume chemical used in the manufacture of poly-
carbonate plastic, is associated with higher body weight, increased
breast and prostate cancer, and altered reproductive function. This
study shows that maternal exposure to this endocrine-active com-
pound shifted the coat color distribution of viable yellow agouti
(Avy) mouse offspring toward yellow by decreasing CpG (cytosine-
guanine dinucleotide) methylation in an intracisternal A particle
retrotransposon upstream of the Agouti gene. CpG methylation
also was decreased at another metastable locus, the CDK5
activator-binding protein (CabpIAP). DNA methylation at the Avy

locus was similar in tissues from the three germ layers, providing
evidence that epigenetic patterning during early stem cell devel-
opment is sensitive to BPA exposure. Moreover, maternal dietary
supplementation, with either methyl donors like folic acid or the
phytoestrogen genistein, negated the DNA hypomethylating ef-
fect of BPA. Thus, we present compelling evidence that early
developmental exposure to BPA can change offspring phenotype
by stably altering the epigenome, an effect that can be counter-
acted by maternal dietary supplements.

DNA methylation � environmental epigenomics � viable yellow agouti �
fetal origins of adult disease

There is now significant evidence that the risk of many chronic
adult diseases and disorders results from exposure to envi-

ronmental factors early in development (1, 2). Moreover, it
seems that there is a link between what we are exposed to in utero
and disease formation in adulthood that involves epigenetic
modifications such as DNA methylation of transposable ele-
ments and cis-acting, imprinting regulatory elements (3). Many
xenobiotics, ubiquitously present in the environment, have es-
trogenic properties and function as endocrine disruptors; how-
ever, their potential to modify the epigenome remains largely
unexplored (4). The epigenome is particularly susceptible to
dysregulation during gestation, neonatal development, puberty,
and old age. Nevertheless, it is most vulnerable to environmental
exposures during embryogenesis because the elaborate DNA
methylation and chromatin patterning required for normal tissue
development is programmed during early development.

Most regions of the mammalian genome exhibit little vari-
ability among individuals in tissue-specific DNA methylation
levels. In contrast, DNA methylation is determined stochasti-
cally at some transposable element insertion sites. This poten-
tially can affect the expression of neighboring genes, resulting in
the formation of loci with metastable epialleles (3). Cellular
epigenetic mosaicism and individual phenotypic variability then
can occur even in genetically identical individuals. These sites are
also particularly vulnerable to environmentally induced epige-
netic alterations (5–7).

The Agouti gene in the viable yellow agouti (Avy) mouse (8) is
the most extensively studied metastable epiallele, an allele that
is expressed variably in genetically identical individuals because
of epigenetic modifications established during early develop-
ment (9). The wild-type murine Agouti gene encodes a paracrine
signaling molecule that produces either black eumelanin (a) or
yellow phaeomelanin (A). Both A and a transcripts are initiated
from a hair cycle-specific promoter in exon 2. Transient A
expression in hair follicles during a specific stage of hair growth
results in a subapical yellow band on each black hair shaft,
causing the brown (agouti) coat color of wild-type mice (8). The
Avy allele resulted from the insertion of a murine intracisternal
A particle (IAP) retrotransposon into the 5� end of the Agouti
gene (6, 8). A cryptic promoter in the proximal end of the Avy

IAP promotes constitutive ectopic Agouti transcription, leading
to yellow fur, obesity, diabetes, and tumorigenesis (10, 11).
Methylation of cytosines in cytosine-guanine (CpG) dinucle-
otide sites in and near the Avy IAP correlates inversely with
ectopic Agouti expression and varies dramatically among indi-
vidual isogenic Avy/a mice. This results in a wide variation in coat
color, ranging from yellow (unmethylated) to pseudoagouti
(methylated).

The present study uses this model to evaluate how the fetal
epigenome is affected by maternal exposure to the estrogenic
xenobiotic chemical bisphenol A (BPA). BPA is a high produc-
tion volume chemical used in the manufacture of polycarbonate
plastic and epoxy resins. It is present in many commonly used
products including food and beverage containers, baby bottles,
and dental composites. The detection of BPA in 95% of human
urine samples (12) clearly attests to the widespread use of BPA
and widespread human exposure to BPA. Rodent studies have
associated pre- or perinatal BPA exposure with higher body
weight, increased breast and prostate cancer, altered reproduc-
tive function, and other chronic health effects (reviewed in ref.
13). BPA also enters the placenta and accumulates in fetuses
after rodent maternal oral exposure (14). Herein, we report the
effect of maternal BPA exposure alone or in combination with
nutritional supplements on the epigenome of the offspring.

Results
To evaluate the effects of maternal BPA exposure on the fetal
epigenome, female a/a mice received a phytoestrogen-free AIN-
93G diet (n � 16 litters, 120 total offspring, 60 Avy/a offspring)
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or a phytoestrogen-free AIN-93G diet combined with 50 mg of
BPA/kg (n � 17 litters, 124 total offspring, 73 Avy/a offspring)
two weeks before mating with Avy/a males and throughout
gestation and lactation. Maternal dietary BPA did not signifi-
cantly (P � 0.25) influence litter size, survival, wean weight,
genotypic ratio, or sex ratio (data not shown). In contrast,
maternal BPA significantly shifted the coat color distribution of
genetically identical d22 Avy/a offspring toward the yellow coat
color phenotype (�2 P � 0.007) (Fig. 1 A and B). Twenty-one
percent of offspring developmentally exposed to BPA were
classified as yellow compared with 10% of control offspring.
Furthermore, only 9.6% of BPA offspring were classified as
pseudoagouti, compared with 18.3% of control animals.

To assess BPA’s effect on the epigenome of the offspring,
DNA methylation at nine CpG sites in the cryptic promoter
region of the Avy IAP (Fig. 2 A and B) (5) was measured by
bisulfite treatment and sequencing (15). BPA-exposed offspring
exhibited 27 � 2.8% (n � 73) methylation across the nine sites
compared with 39 � 2.6% (n � 60) methylation in control
offspring. Thus, BPA-exposed offspring showed a significantly
(P � 0.004) decreased average percentage of cells methylated at
these nine sites relative to that in control offspring. Analysis of
individual CpG sites revealed significantly (P � 0.05) lower
methylation in the BPA-exposed offspring at all nine sites (Fig.
2C). Moreover, for sites 4, 5, and 6, the statistical significance was
an order of magnitude greater (P � 0.003, 0.004, and 0.005,
respectively) than that of the other CpG sites, indicating that this
region may be particularly important in modifying chromatin
structure and Agouti gene expression.

The relationship between BPA dietary exposure, IAP meth-
ylation, and offspring coat color also was assessed by mediational
regression analysis (16). This statistical approach showed that,
although BPA diet significantly (P � 0.02) influences coat color,
this association markedly decreased (P � 0.7) when average Avy

CpG methylation of sites 1–9 was included in the model.

Fig. 2. Maternal BPA exposure reduces DNA methylation at nine CpG sites
within the Avy IAP. (A) The Avy allele contains a contra-oriented IAP insertion
within pseudoexon 1A (PS1A) of the Agouti gene. A cryptic promoter (short
arrowhead labeled ‘‘Avy ectopic’’) drives constitutive ectopic Agouti expres-
sion. Transcription of the Agouti gene normally initiates from a developmen-
tally regulated hair cycle-specific promoter in exon 2 (short arrowhead labeled
‘‘A, a wild type’’). (B) The IAP sequence containing nine CpG sites (gray boxes)
is located between the cryptic Agouti promoter and the IAP promoter and the
downstream 3� genomic sequence. Bold text represents IAP sequence, and
nonbold text represents genomic sequence. The location of the bisulfite-
converted genomic reverse primer for amplifying the Avy IAP is underlined. (C)
Box plots representing the percentage of cells methylated at CpG sites 1–9 in
control (n � 60) and BPA-exposed (n � 73) Avy/a offspring (diet group t test;
##, P � 0.01; *, P � 0.05). (D) Average methylation across CpG sites 1–9 in d22
tissues derived from ectodermal (brain and tail), mesodermal (kidney), and
endodermal (liver) tissues from BPA-exposed Avy/a offspring (n � 10) repre-
senting the five coat color phenotypes is highly correlated (Pearson’s r � 0.9
and P � 0.05 for each correlation). T, tail; B, brain; K, kidney; L, liver.

Fig. 1. Maternal BPA exposure shifts offspring coat color distribution toward
yellow. (A) Genetically identical Avy/a offspring representing the five coat
color phenotypes. (B) Coat color distribution of Avy/a offspring born to 16
control (n � 60) and 17 BPA-exposed (n � 73) litters (50-mg BPA/kg diet).
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Importantly, the inclusion of the methylation data in the regres-
sion model nullified the relationship between BPA diet and coat
color. This demonstrates that the methylation at the Avy IAP
principally mediates the effect of BPA exposure (P � 0.004) on
Avy/a coat color.

Methylation levels in d22 tail tissues from a randomly chosen
subset (n � 10) of BPA-exposed animals was correlated highly
to methylation levels in d22 tissues derived from the ectoderm
(brain), mesoderm (kidney), and endoderm (liver) (Pearson’s
r � 0.9 and P � 0.05 for each correlation) (Fig. 2D). The low
variability in methylation among tissues from the different germ
layers relative to the high variability between individual animals
indicates that the Avy methylation patterns resulting from BPA
exposure are established before germ layer differentiation in the
embryonic stem cells.

To investigate whether maternal dietary BPA induces hypom-
ethylation at additional loci with metastable epialleles, we
measured CpG methylation patterns of the CabpIAP gene. The
CabpIAP metastable epiallele (17) resulted from the insertion of
an IAP retrotransposon into intron 6 of the murine CDK5
activator-binding protein (Cabp), a gene responsible for CDK5
kinase inhibition (Fig. 3 A and B). Variable expressivity in
genetically identical individuals is associated with differential
methylation of the 5� IAP, which results in a number of short,
aberrant transcripts (Fig. 3A) (17). Bisulfite sequencing of the 5�
CabpIAP in kidney tissue, where expression is high, revealed
hypomethylation in BPA-exposed d22 Avy/a and a/a offspring
(P � 0.003; n � 39 control offspring and n � 39 BPA-exposed
offspring). Site-specific analysis showed methylation differences
only at sites 6–9 (P � 0.006, 0.09, 0.001, and 0.0001, respectively)
(Fig. 3C). Average methylation at sites 6–9 was 65.8 � 2.2% (n �
39) in BPA-exposed offspring compared with 78.8 � 2.0% (n �
39) in control offspring (P � 0.0001). Thus, maternal dietary
BPA exposure promotes DNA hypomethylation at multiple
murine loci with metastable epialleles.

The Avy mouse has been used previously to primarily assess the
effect of maternal nutritional supplements on the epigenome of
the offspring (5–7, 18). Those studies showed that methyl donors
such as folic acid (6, 7, 18) or the phytoestrogen genistein (5) act
very early in development to shift the coat color distribution
toward the methylated pseudoagouti phenotype. To determine
if these maternal nutritional supplements counteract the hypom-
ethylation effect of BPA exposure, the diets of female a/a mice
exposed to BPA (50 mg/kg diet) were supplemented nutrition-
ally. Female a/a mice received a BPA diet supplemented with
either methyl donors (4.3 mg of folic acid/kg diet; 0.53 mg of
vitamin B12/kg diet; 5 g of betaine/kg diet; 7.97 g of choline
chloride/kg diet) or genistein (250 mg/kg diet) 2 weeks before
mating with Avy/a males and throughout gestation and lactation.
Neither of these combination diets significantly (P � 0.25)
affected litter size, litter survival, wean weight, genotypic ratio,
or sex ratio (data not shown).

Maternal supplementation with methyl donors (n � 14 litters,
95 total offspring, 54 Avy/a offspring; �2 P � 0.96) or genistein
(n � 13 litters, 81 total offspring, 39 Avy/a offspring; �2 P � 0.97)
restored the coat color distribution in BPA-exposed offspring to
that observed in control litters (Fig. 4 A and B). Ten to 13% of
control, BPA-exposed/methyl donor-supplemented, or BPA-
exposed/genistein-supplemented offspring were classified as yel-
low compared with 21% of offspring exposed to BPA alone.
Furthermore, 15–18.3% of control, BPA-exposed/methyl donor-
supplemented, or BPA-exposed/genistein-supplemented off-
spring were classified as pseudoagouti compared with only 9.6%
of BPA-exposed offspring.

Maternal nutritional supplementation likewise negated the
BPA-induced DNA hypomethylation in the offspring (Fig. 4 C
and D). CpG methylation at the Avy IAP of BPA-exposed/methyl
donor-supplemented offspring was not statistically (P � 0.25)

different from that of control offspring (Fig. 4C), indicating that
maternal nutritional supplementation with methyl donors coun-
teracted the hypomethylating effect of BPA. Interestingly,
genistein, at a level comparable with that consumed by humans
with high soy diets, also counteracted the BPA-induced hypom-
ethylation (P � 0.46) even though it is not a methyl-donating
compound (Fig. 4D). Thus, interventions as subtle as maternal
nutritional supplementation with methyl donors or genistein can
nullify the deleterious effects of an estrogenic endocrine dis-

Fig. 3. Maternal BPA exposure decreases offspring methylation at the
CabpIAP metastable epiallele. (A) The CabpIAP metastable epiallele (17) con-
tains a contra-oriented IAP insertion within intron 6 of the murine CDK5
activator-binding protein (Cabp) gene, resulting in short aberrant transcripts
originating from the 5� LTR of the IAP (short arrowhead labeled ‘‘Cabp
AT1a,b’’). Short aberrant transcripts also originate at the normal transcription
start site (short arrowhead labeled ‘‘Cabp wild type’’) because of premature
truncation upstream of the IAP insert (Cabp AT2 and AT3). Normal Cabp
transcription covers 14 exons, resulting in a 2-kb transcript. (B) The IAP
sequence containing nine CpG sites located between the cryptic Cabp pro-
moter and the IAP promoter (bold text) and the downstream 3� genomic
sequence (nonbold text). The location of the bisulfite-converted genomic
reverse primer for amplifying the 5� CabpIAP locus is underlined. (C) Box plots
representing the percentage of cells methylated at CpG sites 6–9 in control
(n � 39) and BPA-exposed (n � 39) Avy/a offspring (diet group t test; ##,
P � 0.01).
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ruptor on the epigenome and can change the adult phenotype of
the offspring.

Discussion
The standard control coat color distribution of Avy mice results
from variable expressivity controlled by stochastic DNA meth-
ylation of an IAP retrotransposon, producing genetically iden-
tical individuals with widely varying phenotypes. The inheritance
of offspring coat color, metabolic disorders, and obesity in the
Avy mouse has been attributed for a long time to maternal
genotype and strain (19, 20). Recently, however, the Avy model
has been exploited to study phenotypic variability after maternal
nutritional supplementation. Wolff et al. (7) demonstrated that
maternal dietary supplementation with extra folic acid, vitamin
B12, choline, and betaine shifts the coat color distribution of
offspring toward the pseudoagouti phenotype. Waterland et al.
(6) further demonstrated that the shift in coat color after
maternal methyl donor supplementation was caused by in-
creased methylation near the Avy IAP retrotransposon.

In this study, the Avy model has been used to examine the
effects of maternal exposure on the fetal epigenome from a
xenobiotic contaminant rather than from a nutritional agent. We
observed a statistically significant shift in offspring coat color
phenotype toward yellow among genetically identical individuals
whose mothers were exposed to BPA. The shift in offspring coat
color was mediated by decreased methylation at nine CpG sites
located immediately upstream of the Avy IAP cryptic promoter.
Moreover, the particularly robust reduction in methylation at

CpG sites 4–6 indicates that DNA methylation at specific sites
may act in concert with underlying chromatin structure and
histone modifications to affect variable Agouti gene expression.
DNA methylation at the Avy locus was similar in tissues from the
three germ layers, providing evidence that epigenetic patterning
during early stem cell development is sensitive to BPA exposure.
We also observed a statistically significant decrease in methyl-
ation at the CabpIAP metastable epiallele in BPA-exposed off-
spring, indicating that BPA-induced DNA hypomethylation is
not locus-dependent.

In this study, maternal dosages of BPA (�10 mg per kg of body
weight per day) were designed to be an order of magnitude lower
than the dietary administered maximum nontoxic threshold in
rodents (200 mg per kg of body weight per day) (21). Although
it is difficult to quantify human BPA exposure because of
multiple exposure routes and rapid metabolism (22), human
urinary analysis detected a median BPA level of 1.3 parts per
billion (12). Thus, although maternal exposure to BPA in this
investigation is likely higher than typical human exposure, it
produced no significant effects on reproductive outcomes, litter
size, or offspring health.

Evidence supporting epigenetic dysregulation as a mode of
action of exogenous estrogenic compounds is mounting. Meth-
ylation studies conducted by Li et al. (23, 24) with the estrogenic
pharmaceutical agent diethylstilbestrol showed hypomethylation
in two critical DNA control regions in mice exposed in utero or
in the perinatal period. Recently, neonatal estradiol and BPA
exposure were associated with altered epigenetic patterning of

Fig. 4. Maternal nutritional supplementation counteracts BPA-induced DNA hypomethylation and the shift in coat color distribution to yellow. (A) Coat color
distribution of Avy/a offspring born to 14 BPA-exposed/methyl donor-supplemented mothers (n � 54), 16 control mothers (n � 60), and 17 BPA-exposed mothers
(n � 73). (B) Coat color distribution of Avy/a offspring born to 13 BPA-exposed/genistein-supplemented mothers (n � 39), 16 control mothers (n � 60), and 17
BPA-exposed mothers (n � 73). (C) Box plots representing the percentage of cells methylated at CpG sites 1–9 in BPA-exposed/methyl donor-supplemented (n �
54) and control (n � 60) offspring (P � 0.25). (D) Box plots representing the percentage of cells methylated at CpG sites 1–9 in BPA-exposed/genistein-
supplemented (n � 39) and control (n � 60) offspring (P � 0.46).
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the Phosphodiesterase type 4 variant 4 (Pde4d4) gene as animals
age (25). We now show that a maternal dietary exposure to BPA
also markedly alters the adult phenotype of the offspring by
hypomethylating the epigenome.

In contrast to findings with BPA and other exogenous estro-
gens (23–25), in vivo developmental (5) or adult (26) dietary
exposure to the plant phytoestrogen genistein induces gene
hypermethylation. Using the Avy model, we previously have
shown that maternal genistein supplementation shifts offspring
coat color distribution toward pseudoagouti (5) by also hyper-
methylating the epigenome. Interestingly, Fang et al. (27, 28)
observed partial reversal of DNA hypermethylation of p16INK4a,
RAR�, and MGMT in cancer cells as well as DNA methyltrans-
ferase inhibition after treatment with genistein. Although tu-
mor-suppressor gene silencing by DNA methylation occurs
frequently in cancer cells, genome-wide DNA hypomethylation
coupled with genome instability are the earliest events to occur
in the genesis of cancer (29, 30). Given the marked dysregulation
of the epigenome in cancer cells, it is not unexpected that a
difference in epigenetic response to genistein would be observed
in differentiating cells during normal development in vivo,
compared with cancer cells in vitro.

Unlike exogenous estrogens, which are typically associated
with enhanced risk of carcinogenesis (31) and increased body
weight (32), genistein exposure has been linked to chemopre-
vention in rodent studies (33), decreased cancer in the Asian
population (34), and reduced adipocyte deposition in mice (35).
Genistein inhibits tyrosine kinase (36), scavenges free radicals
(37), and exhibits mixed estrogenic and anti-estrogenic proper-
ties (38) depending on timing, dose, and tissue. Thus, its
biological activities result from the activation of both estrogen
receptor and nonestrogen receptor pathways. To assess the
importance of these pathways in altering DNA methylation and
chromatin structure in the offspring after maternal exposure to
estrogenic agents like genistein and BPA, studies using estrogen
receptor knockout (ERKO� and ERKO�) mice (39) on an Avy

background need to be conducted.
In this study, we made the important discovery that maternal

nutritional supplementation with methyl donors or genistein
counteracts BPA-induced hypomethylation, resulting in a con-
trol coat color distribution in the BPA-exposed offspring. BPA
is ubiquitously present in the human population, so these
findings hold promise for reducing disease susceptibility by
public health nutrition interventions. Exposure to endocrine
active compounds like BPA also is linked to epigenetic alter-
ations and disease pathologies that are inherited through the
germ line, even in the absence of continued exposure (40, 41).
The epigenetic effects of maternal methyl-donor supplementa-
tion on coat color distribution in Avy offspring also have been
shown to be inherited transgenerationally (42). Thus, the ability
to counteract negative environmental toxicant effects, such as
DNA hypomethylation, via in utero or possibly even adult
nutritional supplementation, has the potential to protect human
health in the present and future generations; however, the
effectiveness of this preventive approach would be expected to
be inversely related to the level of toxicant exposure.

The growing interest in the developmental basis of adult
disease combined with the presence of BPA in products com-
monly encountered by pregnant women and newborns has led to
attempts in Canada, California, Maryland, and Minnesota to ban
its use and has led to the European Union’s proposed adoption
of the precautionary principle, which requires manufacturers to
demonstrate chemical safety before use. Furthermore, a 2005
review of the BPA literature (43) shows that �90% of govern-
ment-funded, low dose BPA studies report adverse health ef-
fects, supporting a reevaluation of human health risks associated
with its exposure. This stands in stark contrast to a 2004
industry-sponsored review (44) concluding that the evidence

supporting low dose effects of BPA is extremely weak. The
results of our study strongly support the inclusion of epigenetic
effects of xenobiotic chemicals like BPA into the risk assessment
process, as well as the investigation of nutritional supplementa-
tion as a parental preventive approach to counteracting envi-
ronmental influences on the epigenome.

Methods
Animals and Diets. Avy mice were obtained from a colony that has
been maintained with sibling mating and forced heterozygosity
for the Avy allele for over 220 generations, resulting in a
genetically invariant background (6). The Avy allele is passed
through the paternal lineage to avoid bias associated with
maternal transmission, in which its epigenotype is not completely
reset (10). This study was approved by the Duke University
Institutional Animal Care and Use Committee.

Virgin a/a females, 8–10 weeks of age, were assigned to receive
one of four diets: (i) modified AIN-93G diet (diet 95092 with 7%
corn oil substituted for 7% soybean oil; Harlan Teklad, Madison,
WI); (ii) modified AIN-93G diet supplemented with 50 mg/kg diet
of BPA (diet 06156; Harlan Teklad); (iii) modified AIN-93G diet
supplemented with 50 mg/kg diet of BPA and 250 mg/kg diet of
genistein (diet 06309; Harlan Teklad); or (iv) modified AIN-93G
diet supplemented with 50 mg/kg diet of BPA and methyl donor
compounds (diet 06310; Harlan Teklad), including 4.3 mg of folic
acid/kg diet, 0.53 mg of vitamin B12/kg diet, 5 g of betaine/kg diet,
and 7.97 g of choline chloride/kg diet). Harland Teklad supplied all
diet ingredients except BPA (Sigma-Aldrich, St. Louis, MO),
genistein (Indofine Chemical Company, Hillsborough, NJ), and
betaine (Spectrum Chemicals, Gardena, CA). Dosages of BPA
were designed to be an order of magnitude lower than the dietary–
administered, maximum, nontoxic threshold in rodents (200 mg per
kg of body weight per day) (21). Dosages of genistein (5) and methyl
donors (6) were those previously used to study the effects of
nutritional factors on the fetal epigenome. Diets were provided 2
weeks before mating with Avy/a males and throughout pregnancy
and lactation. At day 22, all offspring were weighed, photographed,
and rated for coat color phenotype before being killed. Tail, brain,
liver, and kidney tissues were collected for analysis from BPA and
control offspring. Tail tissue was collected from the coexposure
offspring.

A single observer visually classified d22 Avy/a offspring coat
color phenotype into one of five categories based on proportion
of brown: yellow fur (�5% brown), slightly mottled (between 5
and 50% brown), mottled (�50% brown), heavily mottled
(between 50 and 95% brown), and pseudoagouti (�95% brown).

DNA Methylation Assay. For all Avy/a offspring, total DNA was
isolated from d22 tail using buffer ATL, proteinase K, and Rnase
A (Qiagen Inc., Valencia, CA) followed by phenol–chloroform
extraction and ethanol precipitation. In a subset of Avy/a off-
spring, total DNA also was isolated from d22 brain, liver, and
kidney tissue. In addition, total DNA was isolated from d22 tail
in 50% of a/a offspring, as described above.

Sodium bisulfite modification of DNA was performed by using
a protocol adapted from Grunau et al. (15) as described (5, 6),
except that deamination was carried out at 55°C for 5 h instead
of 4 h. Regions of interest were amplified from bisulfite-modified
DNA in 50-�l PCRs using 1.5 units of Platinum TaqDNA
polymerase (Invitrogen, Carlsbad, CA), 15 pmol of primers, 1.5
mM MgCl2, and 10 mM dNTPs (94°C � 2 min; 94°C � 30 sec,
55°C � 30 sec, and 72°C � 60 sec for 40 cycles; 72°C � 9 min).
For the Avy allele, we used forward primer IAPF3 (5� ATT TTT
AGG AAA AGA GAG TAA GAA GTA AG 3�) and reverse
primer IAPR4 (5� TAA TTC CTA AAA ATT TCA ACT AAT
AAC TCC 3�) (336-bp product) (5). For the CabpIAP gene, we
used forward primer CABP�F (5� GGT TAG GAA GAA TAT
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TAT AGA TTA 3�) and reverse primer CABP�R2 (5� CAC
CAA CAT ACA ATT AAC A 3�) (408-bp product).

Avy and CabpIAP PCR products were resolved by electro-
phoresis on a 2% agarose gel, excised, gel-extracted
(GenElute, Sigma Chemical Co., St. Louis, MO), and se-
quenced manually (Thermo Sequenase Radiolabeled Termi-
nator Cycle Sequencing kit; USB Corporation, Cleveland, OH)
according to manufacturer’s instructions (95°C � 30 sec,
55°C � 30 sec, and 72°C � 60 sec for 35 cycles) by using
forward sequencing primer IAPF5 (5� ATT ATT TTT TGA
TTG TTG TAG TTT ATG G 3�). Sequencing products were
resolved using PAGE. Percentage of cells methylated at the
nine CpG sites in the Avy and CabpIAP IAP regions was
quantified by phosphor imaging as follows: percentage of cells
methylated � 100 � [(C intensity)/(C intensity 	 T intensity)]
(45). For the Avy allele, the nine CpG sites studied are located
at nucleotide positions 206, 214, 220, 244, 265, 306, 319, 322,
and 334 of GenBank accession number AF540972. For the

CabpIAP allele, CpG sites 5–9 are located at nucleotide posi-
tions 3, 44, 57, 60, and 72 of GenBank accession number
BB842254.

Statistical Analysis. Diet group comparisons of the proportion of
offspring in each of the five coat color classes were performed
by �2 analysis. Average IAP CpG methylation and site-specific
CpG methylation between the control and BPA groups were
analyzed by two-sample hypothesis testing of means and
ANOVA, Bonferroni-corrected for multiple comparisons by
using STATA version 8.0 software (College Station, TX). Rela-
tionships among diet supplementation, Avy IAP methylation, and
coat color were analyzed by mediational regression analysis (16).
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