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According to Varmuza (2003: 963),

Classical neo-Darwinian theory is predicated on the notion that all
heritable phenotypic change is mediated by alterations of the DNA
sequence in genomes. However, evidence is accumulating that sta-
bly heritable phenotypes can also have an epigenetic basis, lending
support to the long-discarded notion of inheritance of acquired traits.

Implicit in this, and many other writings, is the equivalence
between the term “genetic” and those signals encoded by DNA
sequences. How did we get to this peculiar definition of the
term “genetic,” a definition that seems to be held by most con-
temporary evolutionary biologists (Sarkar 1998)? Here we dis-
cuss the ramifications of this definition and how it has created a
false dichotomy between neo-Darwinian and neo-Lamarckian
evolution.

Before 1953: Genetic = Heritable

Genes were originally defined as operational units of heredity.
The molecular structure of genes as well as the biochemical
mechanisms underlying gene action were unknown when Jo-
hannsen (1909) first coined the term “gene,” as well as in the
1800s when terms such as “pangene” were used to explain
phenomena of heredity (Darwin 1868). These were very much
black-box definitions of gene and genetic. But these opera-
tional definitions became the foundation upon which Fisher
and Wright built their respective successful versions of popu-
lation genetics. Furthermore, in the context of these definitions,
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there was also no clear distinction between what we today re-
fer to as genetic and epigenetic. Instead, at the dawn of the
20th century, the principle dichotomy was between hard and
soft inheritance. Hard inheritance referred to largely invari-
ant effects, while soft inheritance referred to traits that were
less stable between successive generations. This distinction
became the basis for distinguishing neo-Darwinian and neo-
Lamarckian evolution. Neo-Darwinism “may be defined as the
Darwinian theory of evolution without recourse to any kind of
soft inheritance” (Mayr 1942: 537).

However, we argue that the distinction between hard and
soft inheritance is fuzzy. Morgan (1917) conceived of genes
as a form of hard inheritance but still clearly recognized that
mutation is natural and sufficiently common to supply the vari-
ation that is the fodder for natural selection. But, if mutations
are common enough, the invariance of hard inheritance can
evaporate. On the flip side, soft inheritance can be seen to cor-
respond to a higher rate of mutations (or epimutations). Thus,
Castle’s (1914) concept of genes as a form of soft inheritance
is not substantively different from Morgan’s genes as a form
of hard inheritance. Castle’s and Morgan’s notions of the gene
primarily differed as a matter of degree, that is, how heritable
is the trait?

Although Morgan’s and Weisman’s notions of hard inher-
itance of genes came to predominate biology for the next 90
years (Cook 1999), throughout the 1920s and 1930s, ideas
that were more closely aligned with soft inheritance were
still espoused by a few dominant figures in the field. Gold-
schmidt (1928) believed in the dynamic aspects of genes, with
chromosomes as placeholders (Maienschein 1992). Schultz
even provided a molecular mechanism underlying such mal-
leable genes. Around 1937, before his pioneering work with
Caspersson (Caspersson and Schultz 1940), Schultz thought
that chromosomes were composed of information-coding pro-
teins, with DNA heterogeneously distributed across the chro-
mosome. Schultz thought that the more DNA present, the less
likely the locus was to be expressed. “[CJoncentrations of DNA
along the chromosome acted to block the expression of expres-
sion of the nearest gene” (Judson 1979: 235). Wright (1941)
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and Dobzhansky (1937) held similar views on the composi-
tion of genes and the mechanism underlying their action. As
we now know, with respect to regulatory loci and transposons,
this is how cytosine methylation works: the more cytosine
nucleotides that are methylated at a regulatory locus or trans-
poson, the greater silencing of that gene or transposon. In other
words, late 1930s ideas about the functional role of DNA se-
quences would be considered epigenetic phenomena from a
modern perspective.

In retrospect, it is not surprising that Goldschmidt be-
lieved in a form of soft inheritance and the dynamic nature
of genes. He studied position-effect variegation (Goldschmidt
1946), which is the consequence of a heritable form of pro-
tein that regulates gene expression. Position-effect variegation
was also studied by Sturtevant (1925) and Jollos (1934). An-
other so-called heretic during the first half of the 20th cen-
tury was Barbara McClintock, who was the first to investigate
transposons (McClintock 1950). Although transposons are not
themselves heritable proteins or epigenetic effects per se, their
expression is largely controlled by the presence of an epige-
netic effect, cytosine methylation (Gorelick 2003b). Thus the
most prominent supporters of soft inheritance and advocates
of a dynamic concept of the gene in the first half of the 20th
century were people who studied heritable effects that were
not directly encoded by DNA.

It was not until the 1940s and early 1950s that biolo-
gists realized that DNA is primarily contained in chromosomes
(Caspersson and Schultz 1940; citing Brachet 1940) and that
DNA is the primary information-coding portion of genes (Av-
ery et al. 1944; Hershey and Chase 1952). Watson and Crick’s
(1953) elucidation of the structure of DNA was a watershed
event in molecular genetics. However, these discoveries also
largely foreclosed research into heritable molecular signals
other than nucleotides. In light of Watson and Crick’s 1953
paper, especially in conjunction with Hershey and Chase’s pa-
per the previous year, most biologists began equating genetic
material with DNA nucleotides. This situation has not changed
much, and currently there is still virtual unanimity that genes
are strings of nucleic acids, either DNA or RNA, despite occa-
sional assertions otherwise (e.g., “A gene is anything a compe-
tent biologist has chosen to call a gene”; Kitcher 1992: 131).

After 1953: Genetic = DNA

This emphasis on nucleotide sequences as the genetic material
is also reflected in current definitions of the term “genetic”
in the context of molecular biology. Heritable molecular sig-
nals other that nucleotides—such as cytosine methylation and
chromatin formation—are no longer called genetic. Instead
they are called epigenetic. This modern definition of “epige-
netic” makes philological sense insofar as the proteins and
methyl groups are literally attached to nucleotides (“epi- is
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Greek for “on top of”). Yet this is a different definition of
“epigenetic” than the one traditionally used in developmental
biology.

In the early 20th century, the term “epigenetic” was used
to describe all factors controlling gene expression and cell
differentiation (Waddington 1940). Waddington used the term
“epigenetic” as an amalgamation of epigenesis and genetics,
where epigenesis refers to the gradual and progressive devel-
opment of new structures (Hall 1992). It was not until after
Waddington was writing his seminal book that biologists real-
ized that DNA is primarily contained in chromosomes and that
the information-coding portion of genes is DNA. Waddington
thus used the term “epigenetic” to refer to any phenomena that
affected development within an individual and, therefore im-
plicitly, within a generation (although he also sometimes used
the term “epigenetic” to refer to transgenerational phenomena;
Waddington 1957). This is a far cry from the modern molecu-
lar evolutionary use of the term “epigenetic” to mean molec-
ular signals attached to nucleotides that are heritable across
generations. For that reason, when specifically talking about
molecular signals such as cytosine methylation or chromatin
formation, below, we will use the phrase “molecular epige-
netic.” We distinguish mitotic from meiotic (i.e., development
from inheritance), as well as molecular versus nonmolecular
epigenetic effects (cf. Miiller and Olsson 2003).

In the second half of the 20th century, three lines of work
brought heritable signals other than nucleotides to the fore
of evolutionary biology. First was Crouse’s (1960) discovery
of genomic imprinting, in which she showed that the sex of
an individual was determined by heterochromatic proteins on
chromosomes and not by the underlying nucleotide sequence
itself. Second was the discovery that cytosine methylation—
controlled gene regulation (Holliday and Pugh 1975; Riggs
1975) and the subsequent realization that these methylation
signatures were heritable (‘“This suggests a supplementary def-
inition of epigenetics to include transmission from one genera-
tion to the next, other than the DNA sequence itself”’; Holliday
1994: 454). Third was the discovery that the presence or ab-
sence of an acetyl group from histones can act in much the same
way as cytosine methylation (Nan etal. 1998; Bird 2001). Each
of these phenomena (cytosine methylation, histone modifica-
tion) can be considered to be “molecular epigenetic signals”
and appear to be related to each other. Furthermore, as these
signals can affect gene regulation and development, they are
also epigenetic in the sense of Waddington and later develop-
mental biologists (mitotic inheritance and development).

Several biologists (e.g., Varmuza 2003) have speculated
that molecular epigenetic signals could be responsible for
chromosomal rearrangements and hence macroevolutionary
changes in the sense of Goldschmidt (1940). This assertion
is usually based on position-effect variegation, which, as far
as we know, is unique to the fruit fly family Drosophilidae.
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Table 1. Evolutionary effects of molecular epigenetic signals.

Root Gorelick and Manfred D. Laubichler

Mechanisms

Cytosine methylation Gene silencing

Delayed replication

Repressed transposons
X-inactivation & genomic imprinting
Telomere degradation

Chromatin formation and
RNA interference

Gene silencing
X-inactivation
Repressed transposons
Genomic imprinting

e o o o

Removal of chromatin

Inhibition of maintenance
methylation

* Horizontal transfer of hormones,
RNA (between species)

Environmental epigenetic o
control .

Consequences Selected references

* Developmental regulation Holliday and Pugh (1975)

* Genome defense Riggs (1975)

* Disease susceptibility Howard (1996)

® Sex determination Yoder et al. (1997)

* Senescence Gorelick (2003b)

* Developmental regulation Crouse (1960)

* Genome defense Ekwall et al. (1997)

* Disease susceptibility Spencer (2002)

* Sex determination Prahald et al. (2003)
Lippman and Martienssen (2004)

* Increased phenotypic plasticity ~ Jollos (1934)

* Developmental plasticity Agrawal et al. (1999)

* Neo-Lamarckian effects Relyea and Mills (2001)

* Coevolution Hooper et al. (2001)

Gilbert (2002)

However, there are other more common aspects of epigenetic
inheritance systems, such as the virtually ubiquitous signals
of cytosine methylation and chromatin formation and their
environmental epigenetic control that also have evolutionary
implications (see Table 1). Presence of cytosine methylation
or heterochromatin on promoters is known to downregulate
genes (Boyes and Bird 1992; Tate and Bird 1993), includ-
ing those responsible for upstream stages of biochemical or
developmental pathways (Gorelick 2003a). This can result in
drastic phenotypic changes, possibly even including the ori-
gins of neoteny (Gorelick 2004b). Lack of cytosine methy-
lation and heterochromatin can also cause large phenotypic
changes because transposons can be inserted and chromoso-
mal rearrangements occur at these loci (McClintock 1950;
O’Neill et al. 1998). The underlying mechanism for these phe-
notypic changes is that cytosine methylation and heterochro-
matin occupy binding sites that otherwise would be used by
enzymes that mediate recombination and transcription (Catch-
eside 1986; Hsieh et al. 1986; Rauth et al. 1986; Iguchi-Ariga
and Schaffner 1989; Gorelick 2003a, 2003b).

A Nostalgic Definition of “Genetic”

In light of our brief historical sketch, the question arises why
should molecular epigenetic signals of cytosine methylation
and chromatin formation not be considered genetic? They are
heritable. Why are other heritable signals, such as RNA-editing
mechanisms, developmental modules, microtubule-organizing
centers, standing waves of enzymes—considered to be epige-
netic effects, and not genetic? In many ways, these questions
closely resemble the debates 90 years ago regarding the prob-
lem of hard versus soft inheritance (Richards 2006; Pigliucci
2007). The molecular epigenetic signals listed above probably
all have a lower degree of heritability than do DNA nucleotides
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(assuming here that the nucleotide sequence is the phenotype;
Lewontin 1992). That is, epimutation rates are typically higher
than point mutation rates of nucleotides. However, if degree
of heritability becomes our basis for distinguishing epigenetic
from genetic effects—as generally seems to have been done
over most of the 20th century—then we would be obliged to
consider RNA nucleotides to be epigenetic because RNA lacks
the proof reading, mismatch repair, and other error-correcting
enzymes present in DNA (Poole et al. 2000). Such distinctions
between “epigenetic” and “genetic” seem at best strained and
at worst confounding, especially when cytosine and histone
methylation patterns are mediated by RNAi (Cao et al. 2003;
Zilberman et al. 2003). We therefore propose to refer to all
heritable signals as “genetic,” regardless of their underlying
molecular mechanism, thereby removing from use the molec-
ular definition of epigenetic (“molecular epigenetic”). We pro-
pose, however, to retain the definition of “epigenetic” used by
developmental biologists, that of so-called mitotic inheritance.
Calling meiotic inheritance genetic and calling mitotic inheri-
tance epigenetic is a clean dichotomy, at least for eukaryotes.

Referring to all heritable signals as “genetic” is not a new
idea. It is largely how Fisher defined additive genetic variance
of a population. Fisher’s (1930) magnum opus preceded the
molecular elucidation of chromosomes, hence he was com-
pelled to take a black-box approach. Lush (1937) built on
Fisher and Wright’s work to define heritability, effectively es-
tablishing the continuum between soft and hard inheritance.
However, as we have shown, referring to all heritable signals as
“genetic” has not been in vogue with geneticists and molecular
biologists since the publications of Hershey and Chase (1952)
and Watson and Crick (1953). And even critics of such DNA-
centered views of genes, such as developmental systems theo-
rists, implicitly accept this distinction when they “emphasize
the importance of extragenetic [i.e., non-nucleotide] forms of

81



Concept Genetic = Heritable (Genetic # DNA)

inheritance [such as] cytoplasmic gradients [and] methylation
patterns” (Gray 2001: 194).

It should now be clear why Goldschmidt espoused neo-
Lamarckian evolution.

The basic concept underlying this belief is that the genetic material
itself is pliable, or “soft.” For this theory it does not matter whether
the genetic material changes slowly or fast, nor whether it changes
directly or via “acquired characters’: what matters is that the genetic
material is believed not to be constant, not changeable, not “hard.”
(Mayr 1982: 687)

Early in his career, Goldschmidt studied sex determination
in nematodes and lepidopterans. We now believe that sex is
determined by the epigenetic signal of histone acetylation in
the nematode Caenorhabditis elegans (Prahald et al. 2003), by
heterochromatin in all Lepidoptera (Traut and Marec 1996),
and by cytosine methylation in many of those taxa that have cy-
tosine methylation and equal-length sex chromosomes (Gore-
lick 2003a; Jablonka 2004). Later in his career, Goldschmidt
was studying the molecular epigenetic effect of position ef-
fect variegation, which is a form of chromatin formation. The
associated proteins and their positions along a chromosome
are more pliable than are DNA nucleotides. Most forms of
chromatin formation and cytosine methylation are believed to
be somewhat alterable by environmental perturbations, and
their new configurations are probably highly heritable. The
environmental perturbations, however, generally cause unpre-
dictable changes in phenotype (McClintock 1984; Chong and
Whitelaw 2004; Gorelick 2005; Long et al. 2006). A similar sit-
uation occurs with environmental perturbations altering DNA
nucleotides in the germ line. Carcinogens and free radicals can
cause point mutations of nucleotides in germ-cell genomes,
with the new genome sequence being highly heritable. Like-
wise, environmental perturbations can cause highly heritable
changes in cytosine methylation, usually due to deamination
being uncoupled from remethylation (Gorelick 2004a; Pem-
brey et al. 2006; Pfeifer 2006; Walsh and Xu 2006). In this
sense, there is no real distinction between soft and hard inher-
itance and no real distinction between molecular epigenetic
and genetic signals. Consequently, there can be no real dis-
tinction between neo-Lamarckian and neo-Darwinian evolu-
tion (Gorelick 2006). Once the terms “gene” and “genetic” are
extended to all heritable signals, and not just DNA nucleotides,
then neo-Lamarckian evolution simply reflects a slightly larger
influence of environmental perturbations and hence slightly
lower heritability. The demarcation between neo-Lamarckian
and neo-Darwinian evolution is no more real than the demar-
cation between gene and epigene or the demarcation between
hard and soft inheritance, all of which depend on setting an
arbitrary threshold for heritability.
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Conclusion

We recommend that the term “genetic” be used interchange-
ably with the term “heritable.” As mentioned above, the term
“heritable” is sometimes used to describe mitotic inheritance,
especially by cancer researchers and anyone studying prokary-
otes. This muddling should be cleared up, and the term “her-
itable” only used to describe transmission of information via
meiosis. Prokaryotes, viruses, viroids, prions, and obligately
apomictic eukaryotes lack meiosis. However, viruses, viroids,
and prions are genetic insofar as they can be passed on via
meiosis from one eukaryotic cell to another. We also believe
that there are few or no completely apomictic eukaryotes. The
only real gap in our definition of genetic is with prokaryotes
and viruses that affect them.

Narrow-sense heritability can be small (corresponding
with soft inheritance or many molecular epigenetic effects) or
large (corresponding with hard inheritance, especially of DNA
nucleotides). Heritability is a quantitative genetic construct
that depends on phenotype (often called “genotypic value™)
that takes values between 0 and 1 and does not depend upon
the underlying molecular mechanisms causing the phenotypes.
This is historically sensible in that Lush (1937) did not know
the molecular basis of heredity when he initially defined heri-
tability. “Genetic” should simply mean that narrow-sense heri-
tability is greater than zero. Nonzero narrow-sense heritability
and thus genetic effects can arise from transgenerational inher-
itance of phenotype that is due to any cellular machinery that
gets passed from the micro- or megaspore mother cell to the
surviving products of meiosis, including all of the following:

1. Nuclear DNA, organelle DNA, viral DNA, transposons

2. rRNA, tRNA, RNAI, viral RNA, ribosomes

3. Cytosine methylation, prions

4. Histones, including their phosporylation, acetylation,
and methylation

5. Heterochromatic proteins, kinetochores, position effect
variegation.
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