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Abstract

Inheritance of genomic DNA underlies the vast majority of biological inher-
itance, yet it has been clear for decades that additional epigenetic informa-
tion can be passed on to future generations. Here, we review major model
systems for transgenerational epigenetic inheritance via the germline in mul-
ticellular organisms. In addition to surveying examples of epivariation that
may arise stochastically or in response to unknown stimuli, we also discuss
the induction of heritable epigenetic changes by genetic or environmental
perturbations. Mechanistically, we discuss the increasingly well-understood
molecular pathways responsible for epigenetic inheritance, with a focus on
the unusual features of the germline epigenome.
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INTRODUCTION

Faithful inheritance of phenotypes from one generation to the next is one of the linchpins of life
and is mediated primarily by copying and transmission of an organism’s genomic DNA. However,
in addition to inheritance of the genome, maintenance of cell fate also depends on inheritance of
epigenetic information, as John Gurdon’s nuclear transfer experiments demonstrated conclusively
that development does not proceed by progressive loss of genomic sequences (46). In addition to
cell fate, many other traits are heritable during mitotic cell division in multicellular organisms:
A classic example in mammals is X chromosome inactivation in females (85). Here, cells in the
early embryo randomly choose one of two X chromosomes for silencing, a choice that is then
remembered for many subsequent cell divisions—this somatic memory famously accounts for the
large fur color patches in calico cats.

Mitotic inheritance requires that epigenetic information survives the twofold dilution of cellular
contents that occurs every cell division. Implicit in the fact that all the distinct cell types in the
body are reestablished in each organismal generation, the vast majority of cell state information
is erased, or reprogrammed, in the germline of multicellular organisms. Yet, decades of study
have revealed a wide range of special cases of so-called transgenerational epigenetic inheritance
from one organismal generation to the next. Here, we review a variety of paradigms for germline
transmission of epigenetic information, survey unusual features of the germline epigenome, and
finally discuss the potential for epigenetic marks to transmit environmental information from
ancestors to future generations.

MAJOR EPIGENETIC INFORMATION CARRIERS AND EPIGENETIC
CROSSTALK

Genetic and molecular studies of both mitotic and transgenerational epigenetic inheritance
paradigms have identified a set of key pathways involved in epigenetic gene regulation:
(@) transcription factors (107), (b)) chromatin architecture (1), (¢) covalent DNA modifications
(35), (d) small RNAs (19, 39), and (e) prions (53). Sequence-specific DNA-binding proteins are
the primary determinants of cell fate in multicellular organisms (141), and prion-mediated inher-
itance is well established as an epigenetic inheritance paradigm in fungi (53, 128). However, there
is at present little evidence for germline transmission of TF levels or prion states in multicellular
organisms; therefore, we focus on chromatin, DNA modification, and small RNAs. We start by
briefly reviewing the current understanding of the copying mechanisms for each of these pathways,
then turn to the unusual features of the germline epigenome. Importantly, the vast majority of
epigenetic marks—cytosine methylation, histone modifications, etc.—across the genome are not
efficiently inherited on their own. Instead, maintenance of epigenetic information is often reliant
on interactions between at least two distinct information carriers, as discussed below.

Chromatin architecture comprises the nucleoprotein packaging state of eukaryotic genomes,
composed of repeating nucleosomes. It has been implicated in a wide range of epigenetic phenom-
ena, including cell fate maintenance. Genetic screens in Drosophila for mutations that affect cell
fate memory uncovered the Polycomb and Trithorax factors, which encode enzymes involved in
remodeling chromatin structure (124). The mechanism by which chromatin states are replicated
is incompletely understood and remains the subject of a great deal of ongoing research (1, 71). In
broad outline, parental histones are distributed to both daughter chromosomes during replication
and are retained close (£ 400 bp) to the locus from which they were evicted. At a small number of
genomic loci, the newly synthesized histones that fill in the gaps between parental nucleosomes
are then decorated to match the covalent modification states of the “old” nucleosomes. Key to this
copying mechanism is the fact that many modifying enzymes bind to the very modification that
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they catalyze (e.g., H3K9 methyltransferases are activated by nucleosomes with K9-methylated
H3 tails) (25). However, such feedback cannot on its own account for copying of histone modifi-
cation patterns, as the vast majority of histone modifications are rapidly erased/diluted following
removal of an inciting stimulus, whether an environmental signal for gene activation or a cis-acting
feature such as a silencer element (30, 150). An emerging theme is that copying chromatin states
often requires the juxtaposition of weak feedback that maintains histone marks for only a few
cell divisions on its own, with the continued presence of an instructive input such as a silencing
element (150) or local production of RNAs that recruit/activate chromatin regulators (59).

Methylation of cytosine at the 5 position is a widespread (but not universal) mechanism central
to many epigenetic inheritance paradigms. Among the major systems for epigenetic inheritance,
the copying mechanism for cytosine methylation patterns is conceptually the simplest. Heritable
cytosine methylation primarily occurs in the context of the symmetric CpG dinucleotide, where
replication results in two daughter genomes each carrying a hemimethylated CpG that provides a
substrate for the maintenance methyltransferase (Dnmtl in mammals, Metl in Arabidopsis). Plants
also methylate cytosines in other sequence contexts (CHH and CHG), but this generally requires
ongoing reestablishment by small RNA or heterochromatin-directed methylation pathways (35,
138) and so is not heritable on its own. CpG methylation patterns can be stably inherited in
dividing mammalian cells, but they are largely erased from one organismal generation to the
next. By contrast, methylation epialleles in plants can be inherited for hundreds of organismal
generations (104, 108). In addition to cytosine methylation, recent studies have implicated another
DNA modification—adenine 6-methylation—as a potential carrier of epigenetic memory (84). In
this case, there is no clear mechanism for copying m6A patterns; we anticipate rapid advances in
understanding the function and targeting of this modification in the coming years.

The regulatory molecules broadly lumped together under the term small RINAs encompass
a wide variety of distinct entities that differ both in their biogenesis and in their mechanism of
action, and include well-studied classes such as microRINAs as well as more recently character-
ized and poorly understood entities such as transfer RNA (tRINA) fragments (39, 54, 57). Small
RNAs—particularly small interfering RNAs (siRNAs) and Piwi-interacting RNAs (piRNAs)—are
central to many of the best-established transgenerational epigenetic inheritance paradigms such
as paramutation and RNA interference (RINAI). In these systems, small RNA levels are typically
maintained by a mechanism involving RNA-dependent RNA polymerase (RARP): Small RNAs
prime RdRP-dependent copying of longer host transcripts, then these transcripts are processed
to produce various secondary RNA species. Mutation of RARP-encoding genes prevents stable
epigenetic silencing in many systems, and stable transgenerational inheritance systems are seldom
found in species that do not encode an RdRP (including flies and mammals).

Although we focus on copying mechanisms for each epigenome in isolation, epigenetic in-
heritance paradigms generally rely on interplay between two or more of the various epigenetic
pathways described above. For example, in both plants and mammals, small RNAs can direct de
novo cytosine methylation at homologous genomic loci (7, 158). Similarly, small RNAs can direct
formation of H3K9-based heterochromatin (148), whereas long noncoding RINAs play complex
roles in recruitment and modulation of both H3K27/Polycomb and H3K4/Trithorax chromatin
pathways (116). In turn, heterochromatin and DNA modification can affect expression of small
RNA-generating loci. As one prominent example, heterochromatin plays a key role in directing
proper expression and processing of piRINA precursor transcripts in flies (76).

THE GERMLINE EPIGENOME

Central to understanding the mechanistic basis for transgenerational inheritance is a detailed ac-
counting of the unusual features of epigenetic marks in germ cells. Although a common feature
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of the germline epigenome is the widespread erasure/reprogramming of epigenetic marks, long-
term inheritance of epialleles depends on at least some loci escaping from this erasure process.
By contrast, signal-mediated editing of the epigenome could potentially program intergenera-
tional effects of environmental conditions. Here, we briefly review germline-specific features of
chromatin structure, cytosine methylation, and small RNAs.

Chromatin

Nowhere is the contrast between somatic cells and gametes more pronounced than in chro-
matin packaging, particularly for sperm. In many organisms, the majority of histones are removed
during spermatogenesis, and the genome is instead packaged with highly basic proteins such as
protamines, allowing for supercompaction of the genetic material in the sperm head. Even in
species that maintain nucleosomal packaging of the sperm genome (such as zebrafish or Arabidop-
sis), these nucleosomes are primarily comprised of germ cell-specific histone variants rather than
the canonical histone proteins (61, 100). Not only is germline chromatin broadly distinctive in
terms of nucleoprotein composition, but this packaging is quite heterogeneous across the genome.
For example, in Caenorbabditis elegans, histone H3.3 is excluded from the X chromosome of both
sperm and eggs (102), and in mammals, H3.3-containing nucleosomes are enriched at the promot-
ers of early developmental regulators (34). Histone modifications also exhibit germline-specific
patterns, with chromosome-wide H3K9 methylation accompanying sex chromosome inactivation
in mammals and worms (74).

Chromatin architecture is less distinctive in oocytes than in sperm—the oocyte genome re-
mains associated with nucleosomes—yet chromatin packaging in oocytes also differs substantially
from that of somatic cells. As with sperm, oocyte chromatin also undergoes widespread histone re-
placement, and the resulting chromatin is characterized by germline-specific histone variants, such
as H1loo in mammals (101). Histone modification patterns also differ markedly between oocytes
and somatic cells. For example, the activation-related H3K4me3 modification, which is typically
narrowly confined to the 5’ ends of transcribed genes, spreads across entire coding regions in
mammalian oocytes (51).

Upon fertilization, these unusual chromatin architectures are extensively remodeled, and ma-
ternal and paternal genomes remain distinctively packaged for several cell divisions (8). The sperm
genome is rapidly stripped of its packaging proteins, which are replaced with nucleosomes car-
rying the replication-independent histone variant H3.3. This replacement process is essential:
In Drosophila, H3.3 is required at fertilization for decompaction and subsequent replication of
the paternal genome (18); in Arabidopsis, mutants in the replication-independent H3.3 variants
HTR4 and HTRS exhibit delayed activation of the paternal genome (11); and in mammals, H3.3
is required for pericentric heterochromatin formation on the paternal pronucleus (119) and, in-
triguingly, for nuclear pore formation (63, 157). Early embryonic chromatin dynamics are also
central to the process of zygotic genome activation (ZGA), which occurs as the embryo transitions
from reliance on maternally supplied transcripts to transcription of its own genome. This process
occurs at very different stages of development in various organisms. The major wave of ZGA oc-
curs during the two-cell stage in mouse, but only after 12 cleavages, at the mid-blastula transition,
in Drosophila. Evidence from multiple systems identifies histone provisioning by the oocyte as the
global repressor of ZGA. In organisms with relatively late ZGA, a large supply of excess histones
in the oocyte is successively diluted with every cell cycle until insufficient histones remain to fully
package the genome, resulting in relief of global genome repression (3).

Although sperm chromatin is almost completely remodeled after fertilization, a subset of ge-
nomic loci may escape complete removal of their packaging proteins. Sperm centromeres often
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retain their CenH3-containing nucleosomes even when the rest of the genome gets repackaged
into protamines, and in some cases, these may be responsible for establishing centromeric identity
on paternal chromosomes in the embryo (61, 115). Not only do some aspects of germline chro-
matin potentially escape erasure/remodeling, but germline chromatin can also direct persistent
molecular changes in the embryo via crosstalk with other epigenetic marks, or via effects on early
embryonic gene activation. As a key example of such crosstalk in mammals, Tet-mediated erasure
of cytosine methylation is blocked at loci packaged into H3K9-methylated nucleosomes via their
recruitment of the Tet inhibitor Stella (97). Embryonic gene control is also under the control of
germline epigenetic information, as H3K27 methylation on the oocyte genome represses early
gene expression in a wide range of organisms. Given the vast array of covalent histone modifica-
tions and histone isoforms as well as the challenges associated with chromatin mapping studies
in low cell numbers, much remains to be learned about how germ cells are packaged and about
chromatin dynamics during early embryogenesis.

Cytosine Methylation

When present in an organism, cytosine methylation patterns differ greatly between male and
female gametes (35, 73). In mammals, the sperm genome is heavily methylated, and focal hy-
pomethylation at CpG islands breaks up the otherwise nearly uniform landscape of methylation.
Methylation in the oocyte exhibits far greater variance across the genome, as relatively long (ap-
proximately 100 kb) blocks of hypomethylated DNA are found over highly transcribed genes (78,
135). In contrast to animals, where the germline is set aside early in development and methylation
landscapes are extensively reprogrammed (48), somatic patterns of cytosine methylation largely
(but not completely) persist in plant germ cells. For example, in Arabidopsis, somatic CG and CHG
methylation patterns are maintained in the sperm nuclei in pollen, whereas only CHH-context
RINA-dependent DNA methylation at retrotransposons is erased (24). Indeed, the lack of sub-
stantial cytosine methylation reprogramming during gametogenesis is at least partly responsible
for the unusual stability of epialleles in various plant species. Interestingly, in contrast to the rel-
atively subtle cytosine methylation dynamics in plant germ cells, companion cells to the gametes
exhibit distinctive methylation behaviors. For example, global demethylation in the central cell
of ovules, which gives rise to the placenta-like endosperm, is responsible for revealing imprinted
gene expression specifically in this tissue (see below).

Upon fertilization, germline methylation patterns are rapidly remodeled in most organisms.
In mammals, this manifests as rapid and near-global active demethylation of the paternal genome,
alongside slower demethylation of the maternal genome. By the blastocyst stage, the genome
is globally hypomethylated, in both the inner cell mass and trophectoderm lineages. During
implantation, remethylation proceeds distinctly in the epiblast—where methylation patterns typ-
ical of somatic tissues are reestablished—and in the extraembryonic ectoderm, characterized by
widespread partially methylated regions (136). Curiously, reprogramming the germline methyl-
ome following fertilization in zebrafish is to some extent the inverse of that in mammals, as neither
genome undergoes global demethylation. In fact, the maternal genome becomes hypermethyl-
ated during early cleavage divisions to match the sperm profile (68, 106). In seed-bearing plants,
cytosine methylation changes are modest in the embryo. CHH methylation, absent in pollen,
is restored to the paternal genome (24), and any loss of methylation in the egg cell (for which
whole-genome methylation maps do not yet exist) is rapidly reversed. Interestingly, analogous
to the hypomethylation observed in mammalian placenta relative to the epiblast, the endosperm
exhibits widespread hypomethylation resulting from active Demeter-driven demethylation in the
central cell that accompanies the egg cell (38, 58, 73).
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In animals, the global de/remethylation cycles that occur in primordial germ cells and in the
early embryo serve to almost completely erase ancestral methylation patterns (47), presenting a
significant obstacle to purely cytosine methylation-based epigenetic inheritance. That said, a small
subset of loci somehow resist the global erasure of cytosine methylation that occurs upon fertil-
ization, presumably thanks to H3K9me2-mediated recruitment of the Tet inhibitor Stella (97).
These escapers tend to be located in or near relatively young transposons that retain the potential
for continuing transposition, such as intracisternal A particle (IAP) endogenous retroviruses in
mouse (135) and L1PA elements in humans (45). These escaping loci have drawn considerable
attention, as they represent good candidates for potential intergenerational transmission of cy-
tosine methylation patterns. Beyond such escapers, methylation epialleles could also in principle
be maintained via other epigenetic placeholders (e.g., chromatin state or small RNAs) that could
reestablish ancestral methylation states.

Small RNAs

In addition to somatic small RNA pathways (e.g., microRNAs), sexually reproducing organisms
also carry a germline-specific RNA-based system for self/nonself discrimination. In animals, small
RNAs in this pathway are known as piRINAs on the basis of their association with Piwi-clade
Argonaute proteins (87). Plants lack a Piwi-clade Argonaute, but related genome defense functions
are served by antitransposon siRINAs. The function served by the piRNA system is clearest in fly
oocytes, where piRNAs are derived from various repeat elements via a complex biogenesis pathway
initiated by nuclease digestion of long transposon transcripts (6, 20, 144). Mutations that affect the
piRNA machinery release transposons from transcriptional repression, and resulting transposon
mobilization causes extensive genomic damage and consequent sterility in most animals. However,
piRNA systems differ dramatically in other organisms. For example, in C. elegans, the equivalent
germline RNAs—the 21U-RNAs bound by Piwi protein PRG1—are unique rather than being
derived from repeat elements and are transcribed individually as short (26 nt) precursors rather
than being processed from a longer host transcript (12, 16, 43). PRG1 and its cargo play only
minor roles in endogenous transposon control—they are responsible for repression of the DNA
transposon Tc3—but, nonetheless, are involved in self/nonself recognition, as they are required
for heritable silencing of transgenes (10, 23, 81, 130). The diversity of sequence space that can
be surveilled by the vast repertoire of 21U-RNAs allows these species to recognize an arbitrarily
complex transcriptome—21U-RNAs (and secondary 22G-RNAs) provide a protective memory of
so-called healthy germline gene expression and subsequently recognize and silence novel sequences
that are not protected by this memory system. Other species exhibit hybrid piRNA systems. For
example, both transposon-derived and unique piRNAs are produced in two major waves during
mammalian spermatogenesis (82, 151).

Although piRNAs are the most characteristic RNA pathway in germline development, ma-
ture germ cells often carry additional, or entirely distinct, RNA cargo. In mammals, for example,
piRNAs are almost completely absent from ejaculated sperm, which instead carry a cargo com-
prised primarily of tRNA fragments, along with a smaller population (approximately 10-20% of
small RNAs) of microRNAs (105). Although not completely understood, this dramatic epigenetic
reprogramming event occurs during post-testicular maturation in the epididymis, where small
RNAs produced in the epithelium appear to be trafficked to maturing sperm in exosomes (129).
The cargo of sperm and oocytes is quite distinct, as the predominant small RNAs in oocytes are
microRNAs as well as siRNAs derived from convergently transcribed genes (140).

Functionally, small RNAs in the germline can affect subsequent generations either directly
via delivery to the zygote, or indirectly by directing chromatin or DNA modifications during
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gametogenesis. For example, given that piRNAs can target cytosine methylases to the genome
(7), environmental or genetic perturbations to the piRNA repertoire could affect offspring phe-
notypes via altered methylation landscapes. However, functions served by gametic small RNAs
upon delivery to the zygote are not as well studied as their functions during gametogenesis, in part
owing to the challenges inherent in obtaining large numbers of synchronized early embryos in
most species. Naturally, small RNAs in the egg cell, versus those in the far smaller sperm cell, are
more likely to function in the zygote. For example, in Arabidopsis, egg cells carry 24-nt-long RNAs
that direct H3K9 methylation and nonCG cytosine methylation over targeted coding regions,
thereby delaying activation of genes on the paternal genome (11). In flies, piRINAs in oocytes are
required to prevent hybrid dysgenesis, in which offspring of crosses between two strains—one
carrying a specific transposon, the other naive to this transposon—are sterile if the transposons
are transmitted paternally, but protected from transposon mobilization if the transposon DNA is
transmitted along with a protective complement of piRNAs in the oocyte (21). In contrast, the
male gamete in many organisms is typically believed to carry little or no functional RNA to the zy-
gote, as illustrated by hybrid dysgenesis. That said, there are several clear examples in which sperm
RNAs appear capable of influencing early development, in some cases dramatically. For example,
mouse embryos generated using dicer '~ conditional knockout sperm exhibit defects in preimplan-
tation development that can be rescued by microinjection of sperm RNAs into the zygote (155).
In C. elegans, transgenerational RNAI is efficiently transmitted through the male germline (2),
although the relevant epigenetic marks transmitted in sperm could plausibly be histone modifica-
tions rather than small RNAs. In summary, the oocyte carries the majority of relevant regulatory
RNAs that function in the early embryo of most species. However, there is substantial and increas-
ing evidence that sperm also carry a functional RNA payload. Much remains to be learned about
the complete RNA cargo of both gametes and about the functions of small RNAs in the early
embryo.

Common Features of the Germline Epigenome

Despite the dramatic differences among germline epigenetic inheritance systems in various organ-
isms, several features are common, if not universal, to these systems. Most generally, epigenetic
inheritance pathways typically play central roles in self/nonself discrimination, and loss of the
various epigenetic repression systems commonly results in transposon derepression and mobiliza-
tion. Epigenetic marking systems presumably evolved primarily to serve this function, but these
molecular pathways have also been co-opted for other functions. For example, genomic imprint-
ing in mammals (below) utilizes cytosine methylation and chromatin-based repression to control
expression of growth factors and other unique genes.

Another characteristic feature of the germline epigenome is the dynamic erasure/reestablish-
ment of the epigenome every generation. This is particularly clear in the male germline: In
mammals, cytosine methylation is erased twice every generation (in primordial germ cells and in
the early embryo), histones are nearly completely eliminated during spermatogenesis, and small
RNAs including piRNAs are eliminated during post-testicular maturation of sperm. By contrast,
in plants, cytosine methylation patterns are largely maintained in the egg and sperm nuclei, which
presumably accounts for the stability of their cytosine methylation epialleles. Interestingly, more
dramatic epigenetic remodeling occurs in germline companion cells in plants: Loss of H3K27
methylation in the vegetative nucleus of pollen results in derepression of repeat elements and
subsequent production of antitransposon 21-nt siRNAs (122, 134), whereas cytosine demethy-
lation in the central cell of female gametes results in a globally undermethylated genome in the
endosperm, which contributes to imprinted gene expression in this tissue (73).
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INTER- AND TRANSGENERATIONAL INHERITANCE SYSTEMS

How does germline transmission of epigenetic information affect future generations, and how per-
sistent are epigenetic states over time? A distinction is often made between intergenerational and
transgenerational epigenetic inheritance (44, 95). In the former, epigenetic marks in the germline
affect the following generation but are not copied/maintained in the subsequent germline. For
example, in imprinted gene regulation, sex-specific programming of germline epigenetic marks
results in parent-of-origin-dependent gene expression that is consistent across individuals in a
population but is reset every generation. In contrast, more stable cases of epivariation such
as paramutation, where two distinct phenotypes—green versus purple pigmentation in maize,
most famously—can be stable for hundreds of generations or more. Here, we discuss repre-
sentative examples of programmed epigenetic inheritance and long-term epivariation. We then
turn to inter- and transgenerational effects of genetic or environmental perturbations on future
generations.

Programmed Germline Epigenetics: Imprinting

Imprinting—parent-of-origin-specific expression of one of two alleles in a diploid organism,
largely confined to species where the developing embryo enjoys ongoing maternal provision-
ing after fertilization—is a classic example of epigenetic inheritance (14, 93, 125). In the most
famous example of imprinting genetics in humans, individuals carrying a heterozygous deletion
for chromosome 15q11-13 can exhibit two dramatically distinct phenotypes: Individuals affected
with Prader-Willi syndrome are obese and hypogonadal, whereas Angelman syndrome patients
are characterized by ataxia and inappropriate smiling and tongue-thrusting. Although caused by
the same genetic lesion, these patients differ in whether the deletion was inherited from the father’s
or mother’s side—in other words, each copy of this locus remembers from which parent it came.
In mammals, many imprinted genes are involved in placental development or more broadly in
maternal provisioning. This observation motivates the compelling hypothesis that imprinted gene
control often results from conflicts between mothers and fathers regarding resource allocation to
offspring: Paternally expressed genes tend to drive increased provisioning to offspring, whereas
maternally expressed genes prevent excessive investment in any one child (49, 50).

In mammals, imprinted genes occur in clusters surrounding a differentially methylated re-
gion (DMR), whose methylation status controls local gene expression. Although the majority of
such imprinting control regions are methylated on the maternal allele and unmethylated on the
paternal allele—thanks to the near-complete demethylation of the paternal genome following
fertilization—several loci such as the D/k-Dio locus escape this erasure process and exhibit the
converse behavior. Other cis-acting epigenetic marks besides cytosine methylation can preserve
parent-of-origin memory. In plants, most cases of imprinted gene expression rely on allele-specific
differences in the repressive H3K27 methylation mark (73, 110), and oocyte-derived H3K27 meth-
ylation has also been implicated in certain cases of imprinting in mammals (62).

Much of our understanding of germline epigenetic dynamics comes from the study of im-
printing control regions (142), which exhibit clearly distinct epigenetic states in male and female
gametes and are epigenetically reset each generation during germline development. Although
imprinting has been a central model system for understanding the dynamics of the germline
epigenome, obligatory erasure and reestablishment of imprinted epigenetic marks every genera-
tion make imprinted genes poor candidates for transgenerational epigenetic information transfer.
That said, environmental or genetic perturbations that disrupt epigenetic dynamics at imprinted
loci could potentially affect offspring phenotypes.
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Transgenerational Epivariation

Genetically identical organisms can exhibit a great deal of phenotypic variability. The majority of
this variation, whether due to molecular noise or phenotypic responses to the environment, is not
transmitted to the next generation. Yet a small subset of phenotypic differences can be inherited,
with both Mendelian and non-Mendelian patterns of inheritance having been observed.

Paramutation. The earliestrecognizable descriptions of transgenerational epigenetic inheritance
come from non-Mendelian inheritance patterns in plants. Perhaps the first such report was made
by Bateson & Pellew in their study of rogues in the garden pea (15). This phenomenon was later
termed paramutation in Brink’s studies in maize (22). Paramutation describes a behavior in which
a trait appears dominant in an initial cross, but where resulting offspring that would be expected
to be genetically heterozygous (Aa) instead behave as AA in subsequent crosses. In other words,
the dominant allele appears to convert the recessive allele into a dominant one in #rans (9). The
best-studied case of paramutation comes from the study of maize pigmentation where a dominant
paramutant B’ allele (exhibiting transcriptional repression of the B transcription factor) converts
its paramutable B-I homolog in #rans to form a new paramutant B’ allele (designated B™) (9).
Similar phenomena are widespread in plants (132). Although far less common in animals, weak
paramutation-like behavior has been described for a handful of loci in flies (55) and mammals
(113).

Mechanistically, repression of the paramutant B’ allele in maize requires all three major epi-
genetic information carriers, as mutants in various RNAi, cytosine methylation, and chromatin
repression pathways all exhibit 51 derepression. A key cis-acting feature of paramutable 41 alleles is
the presence of seven tandem 853-bp repeats upstream of the 41 coding region. 41 alleles lacking
these repeats cannot be converted to the repressed state even in the presence of a repressed para-
mutant B’ allele (137). Following confrontation of an active paramutable allele with a repressed
paramutant allele, repeat-derived small RNAs (rather than, say, direct contact during homolog
pairing) appear to mediate communication in #rans between copies of the #1 locus.

Mendelian inheritance of epialleles. Paramutation was discovered from investigation of a non-
Mendelian inheritance pattern. However, this is relatively unusual, and many more cases of heri-
table epivariation have been described in plants in which silent and active alleles of a given gene
coexist and segregate in a Mendelian manner during meiosis. Famous plant epialleles include the
peloric variant of Toadflax, which is associated with cytosine methylation of the Leyc gene, and
genetically recessive Cnr (colorless, nonripening) mutants in tomato resulting from methylation
of the LeSPL-CNR locus (108). Here, as with many other epialleles, the affected locus is located
adjacent to a transposable element from which cytosine methylation spreads in cis.

A particularly well-studied example of epivariation is the clark kent alleles of the SUPERMAN
locus in Arabidopsis. SUPERMAN encodes a transcription factor involved in flower development,
and sup mutants exhibit overproduction of stamens and carpels. Jacobsen & Meyerowitz obtained
multiple alleles exhibiting phenotypes similar to the sup mutant, which they dubbed clark kent (clk)
mutants (67). c/k alleles result from cytosine methylation and repression of the SUP gene. These
alleles mapped to the SUP locus, did not result from sequence changes to SUP or its regulatory
regions, and could be mimicked by manipulating DNA methylation. In contrast to paramutation,
the hypermethylated allele segregates in a Mendelian manner and is fairly stable, reverting with
approximately 1-3% frequency. Many similar examples have been described in Arabidopsis, and
recent genome-wide surveys have identified thousands of DMRs across wild isolates (72) or across
(epi)mutation accumulation lines propagated by single-seed descent for 30 generations (121). In
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the latter study, Schmitz etal. (121) revealed overall stability of methylation patterns—methylation
status of DMRs in descendant lines was generally correlated with the methylation observed in the
relevant ancestral line. Along with this relatively stable propagation of methylation patterns, the
authors identified widespread epimutations, defined as spontaneously occurring DMRs that could
not be explained by genomic changes (single-nucleotide polymorphisms, transposon insertions,
etc.). Heritable epialleles are thus common in plants, and the contribution of such epialleles to
natural phenotypic variation, and to evolution, is an active area of interest (56, 153).

Epivariation in mammals: the A% model. The majority of clear-cut examples of stable epialleles
have been described in plants. This fact is variously rationalized as being related to either the lack
of early segregation of dedicated germ cells or the sessile nature of plants that must therefore adapt
to local conditions without the ability to change environments. Although stable transgenerational
epialleles seem to be rare in mammals, researchers have described a few epialleles that exhibit
partially penetrant inheritance over one or sometimes two generations.

The best-studied epivariable locus in mammals is the agouti viable yellow (4%) allele in mouse,
which has been used extensively as a sensitized reporter for intergenerational effects of various
environmental and genetic perturbations (see below). A? results from the insertion of an IAP
retrotransposon upstream of the agouti (4) gene. The long terminal repeat (L'TR) of the IAP
acts as an alternative promoter and, when active, drives ectopic and continuous expression of the
agouti gene, resulting in yellow coat coloration along with a variety of metabolic phenotypes.
Inbred colonies of A” mice display a range of phenotypes from fully yellow and obese to pseu-
doagouti and lean, and these phenotypes are correlated with the extent of cytosine methylation
spreading around the IAP element. Even though these animals are isogenic, or nearly so, the
differences in their phenotypes are partially heritable. Agouti mothers bear litters that are dis-
proportionately agouti, whereas brown mothers bear litters that skew brown (96). Coat color is
transmitted only maternally, indicating that paternal reprogramming at this locus is complete,
and embryo transfer experiments show that coat color is transmitted via oocytes (as opposed to
resulting from intrauterine environmental effects). The mechanism(s) protecting the maternal,
but not paternal, A% locus from methylation reprogramming in the germline remain unclear,
although it s striking that IAP elements are among the rare loci that escape complete methylation
erasure in primordial germ cell development and in early embryos.

Metastable epialleles in other model systems. Beyond the examples described in plants and
mammals, a mechanistically diverse array of metastable epialleles has been identified throughout
the tree of life. The pathways responsible for epigenetic inheritance differ between systems. For ex-
ample, the [psi-] and [PSI4] phenotypes in budding yeast represent different protein-folding states
of the Sup35 protein and do not rely on chromatin, DNA modification, or small RINA pathways
for transmission. In contrast, prion-based inheritance seems to be rare in germline inheritance sys-
tems in multicellular organisms. Various evolutionary pressures—co-option of certain epigenetic
pathways for essential gene regulatory functions, the spectrum of selfish genetic elements con-
fronting the organism—presumably shape the repertoire of defense mechanisms that predominate
in a given species.

In addition to many of the classic epialleles that drive gross morphological/coloration dif-
ferences among organisms, it is certain that many more epivariable loci that have more subtle
phenotypes will be uncovered, and indeed, genome-wide molecular studies have been used to
search explicitly for epivariation in various contexts, particularly in plants (72, 121). We anticipate
that similar approaches will eventually be applied to species without classical epivariable loci, such
as C. elegans or Drosophila melanogaster, to broaden the catalog of epivariation across biology.
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Transgenerational Inheritance Induced by Genetic Lesions

Although epialleles can arise spontaneously (146), they are more readily generated in response
to abrupt genetic changes including deletion/mutation of epigenetic machinery or insertions of
novel sequences such as transposable elements or transgenes. Together, these two approaches
provide the experimental backbone of genetic interrogation of epigenetic phenomena. The ma-
chinery responsible for epigenetic silencing of, say, 41 is revealed via deletion of genes involved
in the various epigenetic silencing pathways (9), whereas cis-acting elements responsible for FIVA
silencing are identified via transgene dissections (28).

Mutations affecting the epigenetic machinery. In addition to its utility in dissecting spe-
cific epigenetic models, deletion of epigenetic regulators results in genome-wide generation of
epialleles whose fate, following restoration of the relevant epigenetic machinery, provides an in-
teresting probe for cis and #rans determinants of epigenetic stability. For example, Arabidopsis
mutants lacking the Ddm1 chromatin remodeler exhibit widespread deficits in DNA methylation
(149). Following restoration of Ddm1 function via crosses to wild-type plants, roughly one-half
to two-thirds of Ddm1-specific hypomethylated repeats were remethylated within two to three
generations (143). The remainder were hypomethylated even eight generations later and exhibited
Mendelian segregation in genetic crosses. At DMRs that were remethylated, rapid remethylation
was driven by 24-nt RNA-directed DNA methylation, while those loci that were not targeted by
preexisting RNAs in this pathway were, in contrast, susceptible to epigenetic instability. The fate
of potential epialleles resulting from genetic manipulation varies dramatically between different
systems. Epialleles are often rapidly erased following restoration of silencing machinery, as, for
example, heterochromatin in budding yeast is rapidly restored after the Sir silencing complex is
reintroduced to si7 mutants (70).

In several cases, persistent effects of ancestral mutations have been identified for gross organ-
ismal phenotypes, without the underlying causative epiallele(s) being immediately apparent. For
example, C. elegans lacking the COMPASS complex, responsible for H3 lysine 4 trimethylation,
exhibit prolonged lifespan, and increased longevity persists for three to four generations fol-
lowing reintroduction of functional COMPASS subunits (42). Transgenerational modulation of
lifespan could be passed down through either germline, and interestingly, the enhanced lifespan of
progeny requires the presence of an intact germline. Restoration of COMPASS activity resulted
in global recovery of H3K4me3 levels, suggesting either that increased longevity might result
from inheritance of K4 methylation changes only at a subset of genomic loci or that some other
epigenetic information carrier (e.g., small RNAs, or DNA modification) carries the memory of
the COMPASS-deficient state. Genetic manipulation of germline H3K4 methylation also affects
future generations in mammals. In this case, germline overexpression of the H3K4 demethylase
Lsdl resulting in decreased H3K4me2 in sperm caused impaired development not only in F1
offspring, but also in the F2 generation (133). In both worms and mice, the mechanistic basis
for inheritance of an altered phenotype is unknown, as chromatin manipulations not only affect
germline histone modifications, but also result in altered RINA levels and (in mammals) cytosine
methylation patterns.

Epigenetic responses to novel sequences. In addition to loss of epigenetic machinery, novel
DNA sequences introduced into the genome can also induce lasting epigenetic states. Epige-
netic silencing of novel sequence elements represents a defense mechanism against transposon
mobilization, and these defense systems are recruited to silence transgenes in response to labora-
tory genome engineering. In plants, a wide variety of transgenes—including those of viral origin
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(83)—undergo posttranscriptional gene silencing, in which transgene-derived RNA is degraded
(17, 91). Not only are transgenes targeted by this mechanism, but endogenous genes with ho-
mology to transgenes can also be silenced. As a particularly famous example, attempts to engineer
more colorful petunias via overexpression of chalcone synthetase genes resulted, paradoxically,
in colorless flowers (98). Many similar failures have been documented in a variety of organisms.
Transgenes in mammals, for example, often become imprinted. Such failures provided early hints
of the genome defense mechanism, which was termed RNAi in the classic study in C. elegans by
Fire et al. (36). Here, Mello and colleagues showed that RNAI is induced by double-stranded
RNA, that silencing activity can travel between cells, and that silencing of endogenous genes can
in some cases be inherited epigenetically for four to five generations. Although RNAi in worms
was originally described as a response to injected double-stranded RNA, more recent studies have
used germline-expressed transgenes to induce heritable RNAi and begin to dissect the sequence
features required for this process (10, 23, 130).

The mechanistic basis for self/nonself discrimination in the germline differs substantially be-
tween different species and is not completely understood in most cases. In some cases, transgenes
and transposons are sensed or targeted according to features intrinsic to their life cycle. For ex-
ample, meiotic silencing of unpaired DNA naturally identifies novel genomic insertions on the
basis of their presence in only one of two homologous chromosomes (131), whereas the produc-
tion of double-stranded RINA during replication of many retroelements accounts for the special
role of double-stranded RNA in induction of RNAi (36, 114). Similarly, LTR retroelements al-
most universally utilize endogenous tRNAs during their life cycle. tRNAs serve as primers for
reverse transcriptase (88), and tRINA cleavage products can suppress LTR endogenous retro-
viruses (89, 123). More generally, many of the complex mechanistic features of eukaryotic gene
regulation, such as RNA capping, splicing, etc., may have evolved in part to enable genomes to
identify exogenous RNAs with unexpected structures (86). For example, siRNAs in Cryptococcus
neoformans, which exhibits a rather narrow distribution of intron lengths, are produced in response
to spliceosome stalling on transcripts with abnormal intron lengths (33).

In addition to these innate defense systems, germline expression of piRINAs in animals is often
described as an adaptive genomic immune system. For example, in Drosophila, special repeat-
rich genomic loci provide the templates for generation of antitransposon piRNAs (20). Success-
ful transposons will at some frequency insert into these clusters, and subsequent production of
piRNAs targeting the repeat element in question can then direct silencing of dispersed transposon
copies and prevent additional infections (75). A distinct adaptive surveillance mechanism is found
in Arabidopsis pollen, where transposons are derepressed and thereby revealed in the somatic com-
panion nucleus—the vegetative nucleus—resulting in processing of transposon mRNAs into 21-nt
siRNAs, which are then shipped into sperm nuclei (90, 134). In C. elegans, the adaptive surveil-
lance system appears to remember the germline transcriptome, and the protective Argonaute pro-
tein CSR1, which carries RARP-derived small RNAs (22G-RNAs), targets all germline-expressed
mRNAs, thereby allowing the next generation to identify novel RNAs that do not match this
memory cache.

Transgenerational Effects of Environmental Perturbations

The increasing appreciation that germline epigenetic machinery can transmit information from
one generation to the next, coupled with the fact that these pathways are also central to various
environmental responses in somatic cells, has led to a resurrection of the largely discredited idea
that an organism’s environment can induce potentially adaptive phenotypes that manifest for mul-
tiple generations of offspring. However, although the idea of inheritance of acquired characters
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is associated with early evolutionary theory, the majority of environmentally induced epigenetic
states do not persist over long timescales and, thus, are unlikely to play roles in macroevolutionary
processes. For example, even in plants where epialleles are generally more robustly inherited than
in animals, the widespread cytosine methylation changes observed in response to hyperosmotic
stress in Arabidopsis (154) or phosphate deprivation in rice (126) are transient, being erased either
immediately after returning plants to control conditions, or in F1 offspring. With few exceptions,
even when ancestral environments do appear to have persistent effects on offspring, these effects
are lost within three to five generations. Thus, in our view, most if not all Lamarckian inheritance
patterns are best considered to be special cases of plasticity in which organismal responses to
the environment not only occur in the individual experiencing a particular environment, but also
persist for one or two generations of offspring, thereby potentially providing beneficial informa-
tion about prevailing conditions (65, 66, 79). However, they are not stable enough to be major
contributors to macroevolution.

A burgeoning number of studies in a wide range of species have documented effects of ancestral
environments that persist for one to two generations. Perhaps the most commonly reported inter-
generational environmental effects are induced by conditions chosen to interfere with specific epi-
genetic information carriers. In mammals, manipulation of methyl donor vitamin levels—central
to production of substrates required for cytosine and histone methylation—has been reported to
skew offspring coat color in A% reporter animals (152), whereas hypomorphic Mt mutations that
affect one carbon metabolism result in congenital malformations for multiple (up to four or five)
generations of offspring (103). Similarly, as discussed in more detail below, heat shock interferes
with transposon/transgene silencing mechanisms in many organisms, resulting in phenotypic ef-
fects that persist for several generations. In addition to environments chosen to globally disrupt a
given epigenetic pathway, many studies report inter- or transgenerational effects of perturbations
(e.g., endocrine disruptors, nicotine) that target other types of signaling pathway not central to the
epigenetic machinery. Below, we discuss examples of both types of paradigm, focusing on trans-
generational effects of heat shock across many species and on paternal dietary and stress paradigms
in mammals.

Transgenerational effects of heat shock in model organisms. Since McClintock’s discovery
and analysis of transposable elements, exposure to environmental stressors has been known to
alter the activity of repetitive elements in the genome (92). Among the most common stressors
experienced in the wild is high temperature, which causes impaired epigenetic silencing in multiple
model organisms. What makes epigenetic silencing pathways so susceptible to heat stress? Given
the centrality of small RNAs in repeat recognition/targeting, one possibility is that this process
is crippled owing to weakened base-pairing interactions at elevated temperatures. However, tem-
perature affects many additional aspects of transposon control, in some cases in species-specific
ways. For example, the transposon most dramatically induced by heat stress in Arabidopsis is the
Copia-class retroelement ONSEN (for hot springs), which is temperature dependent because of a
heat response element in its L'TR (27, 64). In Drosophila, loss of heterochromatin at elevated tem-
peratures was linked to signal-dependent phosphorylation of dATF-2, which has been implicated
in heterochromatin nucleation (127). Other mechanisms may be more general, as many epigenetic
regulators are known clients of heat shock proteins, which can be overwhelmed during heat stress.

Despite the potentially disparate mechanisms causing impaired epigenetic silencing at ele-
vated temperatures, heat stress in several species not only affects the exposed generation, but
also causes persistent phenotypic effects in subsequent generations. In plants, heat stress in-
duces changes in morphology that persist for a handful of generations (64, 94, 139). In flies and
worms, exposure to elevated temperatures results in impaired repeat silencing. In worms, this is

www.annualreviews.org o Transgenerational Epigenetic Inberitance

33



34

measured as loss of transgene silencing (77), whereas in flies, this is reflected in altered silencing
of heterochromatin-adjacent reporters in position-effect variegation (40, 52). In both cases, loss of
heterochromatin-based silencing persists for several generations after the heat stress. In flies, in-
creased red pigmentation (resulting from impaired silencing of the reporter gene white) is observed
for up to five generations and can be transmitted paternally (127). Notably, in both cases, stressing
multiple generations results in more persistent epigenetic defects (77, 127). Interestingly, trans-
gene repression in worms appears to be transmitted in ¢is, whereas heat shock effects in flies operate
in trans: Offspring of a cross between a heat-stressed male and a female transmitting a wh reporter
exhibit wh derepression, even though the affected reporter was not present in the stressed animal.

Paternal effects in mammals. Although there is little evidence for long-term inheritance of
epialleles in mammals, interest in human health and disease has motivated a wide range of exposure
studies (primarily in rodent models) to address multigenerational consequences of an individual’s
exposure history. It is unsurprising that maternal environment affects offspring. For example,
drinking during pregnancy causes fetal alcohol syndrome in human children, which reflects direct
action of the environment on the developing fetus. Although some oocyte and embryo transfer
studies rigorously separate oocyte and fetal effects (60, 120), such studies are fairly rare (112). By
contrast, males often contribute little more than sperm (and associated materials such as seminal
fluids) upon mating, making mechanistic dissection of paternal effects relatively straightforward,
at least conceptually. Whereas robust intergenerational effects of paternal environment on the F1
generation have been reported in response to a range of conditions in mammals, phenotypes that
persist to F2 or F3 generations are less common. In most (but not all) cases, phenotypes reported
in F1 offspring are either absent or quantitatively far diminished in F2 and F3 generations.

Broadly speaking, reported paternal-effect paradigms in mammals can be separated into three
categories: dietary interventions, stress exposures, and toxin exposures (80, 111). Dietary inter-
ventions focus primarily on high-fat diets, low-protein diets, and caloric restriction, all of which
affect metabolic parameters—glucose control and lipid metabolism, primarily—in offspring (4, 26,
69, 99). Paternal stress conditions include social defeat, maternal separation, and chronic unpre-
dictable stress, and these interventions have been linked to altered cortisol release, metabolism,
and blood-brain barrier function in the next generation (13, 37, 118). Finally, toxins and bioactive
compounds used in paternal-effect studies range from endocrine disruptors (vinclozolin, BPA,
etc.), to carbon tetrachloride, to drugs of abuse including nicotine and cocaine (5, 145, 147, 156).
In general, paternal-effect studies involve perturbations applied during one of two timeframes:
(@) from weaning until sexual maturity, essentially mimicking late childhood and early adulthood,
and (b) during fetal development. In the latter, pregnant females are exposed to a condition such
as starvation (69) or injection with high doses of endocrine disruptors (5) and male offspring
that were exposed in utero are used to sire an F1 generation (the F2 generation relative to the
injected/starved pregnant female).

What is the molecular mechanism for information transfer from father to child in these
paradigms? Males can influence their offspring phenotype via nongermline mechanisms including
seminal fluid, cryptic maternal effects, transfer of the microbiome, etc. (31, 111). However, in a
handful of studies, paternal exposures affected offspring produced using purified gametes (29, 32,
60, 129), consistent with the sperm epigenome being responsible for reprogramming offspring. A
diverse and at times conflicting set of epigenetic alterations—including changes to sperm chro-
matin, cytosine methylation, and small RNA payload—has been reported to occur in response to
paternal exposures. Although too broad to fully cover here, we simply point out three important is-
sues. First, it is often difficult to address rigorously whether a given epigenetic modification causes
the development of the offspring phenotype, particularly for locus-specific cytosine methylation
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and chromatin changes. Some progress has been made in the case of sperm RNA contents, where
microinjection of either purified sperm RNAs or synthetic RNA mixtures has been used in certain
paradigms to partially reproduce paternally induced phenotypes in offspring (29, 37,41, 118, 129).
Second, how does a given epigenetic change cause the development of the eventual phenotype? It
is unclear why zygotic levels of microRNA-29, say, would cause metabolic problems in later life.
Related to this issue, fairly distinct RNAs—individual microRNAs (41) versus gel-purified sperm
tRNA fragments (29), for example—can alter the same phenotype (glucose control). Such findings
suggest that multiple molecular changes convergently result in some blunt developmental change
(e.g., altered preimplantation growth rate) that results in a pleiotropic phenotype in later life.
Third, as far as we can tell, in no system has the signaling pathway that causes specific epigenetic
changes in mature sperm been identified. How does paternal stress alter levels of specific micro-
RNAs in sperm (37, 117, 118), or why does starvation induce alterations in cytosine methylation
at Kenj11 (109)? Addressing these and related questions will be central issues in coming years.

SUMMARY AND OUTSTANDING QUESTIONS

Decades of genetic studies of various key model systems—paramutation, position effect variega-
tion, transgene silencing, RNAi, imprinting—have identified and delineated a surprisingly con-
served set of core epigenetic transmission pathways whose original goal was presumably discrim-
ination between self and nonself and that are deployed to a diverse set of regulatory ends in
different species. Although the molecular machinery of these pathways has been extensively cata-
loged, both core and species-specific components continue to be discovered. Germline dynamics
of the epigenome are also moderately well-characterized for some epigenomes—cytosine meth-
ylation across the mammalian life cycle, for example—whereas other epigenetic marks have been
far more challenging to study in limiting cell populations. More obscure are the rules that distin-
guish memorable from unstable epialleles: How are some genomic loci protected from germline
reprogramming? And, if such a question is meaningful, why? How do stable epialleles contribute
to phenotypic evolution in plants?

Finally, a burgeoning set of studies has resurrected the once-heretical idea that ancestral en-
vironments can affect future generations, but none of these paradigms are understood mecha-
nistically. How does the environment affect the germ cell epigenome? How do germline epige-
netic marks program a coherent phenotype in offspring? Are offspring phenotypes adaptive under
ecologically relevant conditions? How much information is transmitted by the germline—how
coarse-grained is the representation of the world provided by parents to their children? Medi-
cally, do the models implemented in rodents and other species also apply to humans, and can (and
should) we manipulate the germline epigenome to predictable ends? These and other questions
have a huge number of implications for evolution, developmental biology, and epidemiology.
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