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E
nvironmental influences on epi-
genetics are important for un-
derstanding the mechanisms and
inheritance of biological varia-

tion. Some of the best models for mam-
malian epigenetics are the yellow alleles
of agouti in mice. Alleles such as Avy

produce readily distinguished agouti,
yellow, and mottled coat-color epige-
netic phenotypes. Dietary and genetic
variations during development affect the
epigenetic phenotypes of offspring (1,
2). Little is known regarding the gesta-
tional timing of dietary treatments to
affect epigenetics. Although the epige-
netic phenotype is partially maternally,
and grandmaternally, inherited (1, 3, 4),
transgenerational effects of grandmater-
nal diets have not been reported. In this
issue of PNAS, Cropley et al. (5) report
the effects of specific timing of maternal
dietary methyl supplementation on the
coat color of offspring. Surprisingly,
they find that maternal supplementation
only during midgestation substantially
affects offspring coat color. Importantly,
they also find that this effect is inherited
by the next generation, presumably
through germ-line modifications during
grandmaternal supplementation.

Mice carrying the Avy or Aiapy agouti
allele, combined with a null allele
(called a), produce a spectrum of epige-
netic variation. This spectrum includes
coat color, which varies from entirely
yellow mice, through an array of mot-
tled varieties, to fully agouti mice (1, 6).
Yellow and mottled mice are obese and
are prone to diabetes and cancer, in
contrast to fully agouti mice, known as
pseudoagoutis, which are lean and non-
diabetic (7, 8). There is a high correla-
tion between DNA methylation of the
Avy or Aiapy alleles and the proportion
of agouti in the coats of these mice (2,
4, 6, 9, 10). This spectrum of epigenetic
variation is shifted toward agouti (and
away from yellow) by maternal dietary
methyl supplementation (1, 9, 10).

In gestation, much of the genomewide
demethylation of DNA occurs between
fertilization and preimplantation (day
4.5). This stage is followed by a wave of
methylation after implantation (11). Re-
cent data suggest that Avy may follow
similar timing of demethylation and
methylation (12). However, Avy silencing
is passed from dam to offspring in a
substantial minority of the population

(1, 3, 4), indicating that DNA methyl-
ation, histone modification(s) (13), or
other epigenetic mechanism(s) maintain
some Avy silencing throughout gestation.

DNA methylation is established and
maintained by DNA methyltransferases
(Dnmts). Studies of the oocyte and so-
matic forms of Dnmt1 suggest that most
times of gestation (early and mid-to-late
gestation) may be important for Aiapy

silencing (2). These previous Avy and
Aiapy studies do not address other silenc-
ing mechanisms such as histone methyl-
ation, which also may be affected by
maternal diet.

Because the full mechanism of silenc-
ing is not established and because diet
studies often supplement throughout
pregnancy, the timing of supplementa-
tion needed for Avy silencing is unde-
fined. Cropley et al. (5) supplemented
pregnant dams between embryonic day
8.5 (E8.5) and E15.5 and compared this
with supplementation from 2 weeks be-
fore pregnancy until birth. Gestation is
normally 21 days in mice. Cropley et al.
(5) mated a/a dams with Avy/a sires (P1)
and scored offspring (F1) phenotypes
(Fig. 1). They found that the proportion
of agouti coat was higher in offspring
(F1) from supplemented dams than from
control diet dams. Their results show
that maternal (P1) diet affects Avy silenc-
ing in developing fetuses after E8.5 and
that supplementation during early em-
bryogenesis is not necessary.

The degree of change in offspring
phenotype was similar between dams
supplemented throughout gestation or
just from E8.5 to E15.5. However, an
effect at midgestation does not rule out
effects at other times in gestation. It
may be that epigenetics can be influ-
enced at a variety of times in gestation.

Maternal inheritance of the coat-color
phenotype in mice carrying the Avy al-
lele was first reported by Wolff in 1978
(3) based on the observation that agouti
dams were more likely to produce ag-
outi offspring than were yellow dams.
This pattern was attributed to metabolic
differences in the intrauterine environ-
ment (3). Morgan et al. (4) showed that
maternal inheritance of the coat-color
phenotype is most consistent with inher-
itance of an epigenetic mark, a silenced
Avy allele. They did not see an effect of
metabolism on Avy silencing.

There is also a grandmaternal effect
on inheritance. That is, when mother
and grandmother are fully agouti, a
higher proportion of offspring have fully
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Fig. 1. Experimental transgenerational breeding design of Cropley et al. (5). Female mice (a/a, black) are
mated with male mice (Avy/a, pseudoagouti or mottled) in the P1 generation. Female mice are fed either
a control or a methyl-supplemented diet during midgestation in the P1 generation. All other mice receive
control diet. Pseudoagouti dams (Avy/a) of the F1 generation are mated with a/a, black sires to produce the
F2 generation. Both the F1 and F2 generation mice from methyl-supplemented P1 dams show a greater
degree of agouti coat color than F1 and F2 generation mice from control diet P1 dams. The distribution of
phenotypes shown is only to illustrate the trend. See Cropley et al. (5) for phenotype percentages in each
population.

www.pnas.org�cgi�doi�10.1073�pnas.0608653103 PNAS � November 14, 2006 � vol. 103 � no. 46 � 17071–17072

C
O

M
M

E
N

T
A

R
Y



agouti coats than when the grandmother
has a mottled or yellow phenotype (4).
However, the effect of grandmaternal
methyl supplementation was unknown.
To answer this question, Cropley et al.
(5) mated a/a dams with Avy/a sires (P1),
supplemented the pregnant dams be-
tween E8.5 and E15.5, and then, with-
out further supplementation, mated
their pseudoagouti female offspring (F1)
to a/a sires (Fig. 1). They found that the
proportion of agouti coat was higher in
offspring (F2) from supplemented
grandmothers than from control diet
grandmothers. Their results suggest that
maternal (P1) diet affects the germ line
developing in the F1 generation and
that these effects carry through to the
postnatal F2 offspring. These results
demonstrate a transgenerational effect
of maternal diet on the F2 generation,
and they suggest a mechanism, namely
modification of the F1 germ line. The
degree of change in offspring phenotype
was similar in the F1 and F2 generations,
indicating that germ-line Avy silencing
may be well maintained through game-
togenesis, fertilization, and development.
Theirs is the first demonstration that a
germ-line epigenetic change can be in-
duced at a specific gene. They provide
a mechanism for transgenerational epi-
genetic effects.

The molecular mechanism for diet-
induced germ-line silencing remains to
be determined. Diet-induced Avy silenc-
ing in the germ line would need to sur-

vive the remaining gestation, postnatal
development, oocyte maturation, and
subsequent gestation during which much
other epigenetic modification is erased
and rewritten (13).

Cropley et al. (5) add germ-line modi-
fication in the previous gestation to the
range of epigenetic effects, which in-
clude various effects throughout gesta-
tion and postnatal effects such as that of
maternal behavior on epigenetics (14).
Other grandmaternal effects that appear

to be epigenetic include diabetes in rats
and humans. Transgenerational diabetes
(F1 and F2 generations) can be induced
by infusing pregnant rats (P1) with glu-
cose during the last week of pregnancy
(third trimester) (15). In humans, mater-
nal (F1) and grandmaternal (P1) non-
insulin-dependent diabetes mellitus
(NIDDM) is associated with gestational
diabetes (F2) (16). At least some of
these models involve the recapitulation
of epigenetic silencing in each genera-
tion (e.g., based on maternal behavior
toward offspring; ref. 14) and probably

do not require the tenacity of silencing
evident in Avy.

Epigenetics at particular loci may
have evolved to provide a range of phe-
notypes to suit a range of environmental
conditions. We do not know what range
of phenotypes to expect when epigenetic
systems that evolved over millions of
years respond to new environmental
variables such as refined foods, drugs,
and xenobiotics. Glucose (15–17) and
endocrine disrupters (18) are examples
of factors leading to apparent epigenetic
transgenerational effects in mammals;
however, the genes responsible for the
effects are not known. Now Cropley et
al. (5) show that methyl donors have
transgenerational effects attributed to a
known allele, Avy.

Cropley et al. (5) used a diet supple-
menting betaine, choline, folic acid, vita-
min B12, methionine, and zinc (1, 9).
Even without supplements, human diets
span a huge range for these nutrients
(8). These nutrient levels can be much
lower in diets relying on refined foods.

In humans, the possibility, even the
likelihood, that grandmaternal diets con-
tributed to the incidence of obesity and
diabetes in the current generation and
that today’s dietary habits will have
effects for generations to come make
the work of Cropley et al. (5) especially
important. Their demonstration of a
transgenerational effect of midgesta-
tional maternal methyl supplementation
is a significant advance that should stim-
ulate much needed research in this area.
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