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The study of variation and heredity, in our ignorance of the causation of those phenomena, must be built of statistical data,
as Mendel knew long ago; but, as he also perceived, the ground must be prepared by specific experiment. The phenomena
of heredity and variation are specific questions. That is where our exact science will begin. Otherwise we may one day see

those huge foundations of “biometry” in ruins.

ERY soon after the rediscovery of Mendel it was

realized that the multilocus nature of inheritance
could not be understood solely by examining the action
of individual genes and then predicting how these genes
would behave in concert simply by combining the sepa-
rate observations. Frequently genes interact with one
another, distorting simple Mendelian ratios and some-
times leading to novel phenotypes. Ninety years ago,
William Bateson coined the term “epistasis” to de-
scribe this sort of interaction (he appears to have first
used the term in 1908, although it is most clearly spelled
out in Bateson 1909). Epistasis translates directly to
“standing upon,” and was meant to describe the situa-
tion in which the action of one locus masks the allelic
effects at another locus, much in the same way that
complete dominance (the way in which most genes ap-
peared to work at the time) involves the masking of one
allele by another. The locus being masked is said to be
“hypostatic” to the other locus.

At the same time that he was investigating all manner
of Mendelian segregation ratios, Bateson was involved
in a heated battle with the Biometrical school of genet-
ics, exemplified by the views of Karl Pearson and
W. F. R. Weldon (Provine 1971). The Biometricians
focused on the continuous range of variation among
relatives in contrast to the discrete differences studied by
the Mendelians. Eighty years ago, in one of the seminal
papers in genetics, R. A. Fisher (1918) conclusively
ended the debate by showing analytically that Mende-
lian segregation was compatible with the Biometrician’s
laws of heredity (something that had been argued quali-
tatively by a number of others before Fisher). In this
same work, he also established several branches of statis-
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tics and laid the groundwork for the entire field now
known as quantitative genetics. It was quite a paper.

The essential problem with which Fisher had to deal
was how to map the discrete segregation of alleles onto
the continuous range of measured traits. Fisher noted
that in conducting this mapping, it was entirely possible
(although, as it was later clear, not likely to his mind),
that one would not be able to predict the quantitative
phenotype of a particular two-locus genotype by simply
adding the effects of two loci together. With undoubted
allusion to Bateson’s unusual segregation ratios,
Fisher called these nonadditive interactions “epistacy.”
This term rapidly became simply “epistasis,” and two
related, but distinct meanings of the same word entered
the geneticist’s vocabulary (Wade 1992a).

It is perhaps telling that this duality in meaning rarely
causes much confusion for those using the term. Mende-
lian and molecular geneticists tend to use epistasis in
the strict sense of Bateson, while evolutionary and
quantitative geneticists use epistasis to mean just about
any form of gene interaction. After briefly tracing the
history of the use of “epistasis,” | suggest that there is
good reason to start thinking about eliminating this
potential source of confusion. Some of the difficulty in
choosing the right word to describe gene interactions
results from the lingering conflict between the Biometri-
cal and Mendelian views of characterizing gene action.
The resolution to this difficulty points the way to the
possible final synthesis of these two approaches.

EPISTASIS FROM THE MENDELIAN VIEWPOINT

epistasis 1. Genetics. An interaction between nonallelic

genes, especially an interaction in which one gene sup-
presses the expression of another.

American Heritage Dictionary

of the English Language (1992)
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Although officially given a name some ninety years ago,
the phenomenon of gene interaction was discovered a
fewyears earlier. In their study of the genetics of chicken
combs, Bateson and Punnett (in Bateson et al. 1905)
noted that one type of comb, the single, was rarely pro-
duced in their crosses and that its presence was difficult
to reconcile with a simple Mendelian genetic system.
Making good use of Punnett’s recently derived method
of creating a matrix, a “Punnett square,” to describe all
possible combinations of gametes, they concluded that
comb inheritance could be described by Mendelian seg-
regation of two factors, with the single phenotype ap-
pearing only in the rare double-recessive homozygotes.
Punnett later found similar results in his parallel work
on sweet peas (reviewed in Punnett 1920). Weinberg
(1910) also noted the possibility of such interactions,
calling them komplizierter polyhybridismus (complicated
polyhybridisms). It is perhaps not surprising that Wein-
berg’s term did not catch on, and his work unfortu-
nately appears to have been largely ignored.

Despite Bateson’s coining of a term to describe this
situation and a great deal of coverage of unusual segre-
gation ratios (usually described under the heading “in-
teraction of factors”) in early textbooks on genetics,
there appears to have been little use of the word “epista-
sis” in the first few decades of this century [even by
Punnett (1920) himself; see also Castle (1926)]. By
the thirties, however, the strength of the Mendelian
approach was firmly established and its power illustrated
through a description of all manner of segregation ra-
tios, with epistasis being a prime example (e.g., Lindsey
1932; Sinnott and Dunn 1932; Snyder 1935). A me-
nagerie of special cases was collected and given names
(Figure 1).

Yet by the fifties, interest in epistasis from a Mendelian
point of view appears to have waned substantially. Gene
interaction and unusual segregation ratios received di-
minished attention in textbooks (e.g., Colin 1956), al-
though newer editions of older texts still maintained
wider coverage (Sinnott et al. 1958). Perhaps the de-
crease in interest in epistasis was because testing the
Mendelian paradigm in more complex situations was
no longer interesting. It was now self-evident that Men-
delian segregation of chromosomes composed primarily
of DNA provided an elegant physical mechanism for this
segregation. Perhaps it was because variable mortality
made Drosophila, still the dominant experimental sys-
tem, not always the best organism for precise testing of
complex segregation ratios. Most likely, geneticists at
the time were busy getting on to other things.

Indeed, the next few decades were consumed by the
molecular revolution. Since the eighties, however, the
analysis of epistasis has made a strong comeback as an
important means of ordering genes in developmental
pathways (e.g., Avery and Wasserman 1992). This can
sometimes include complex bifurcating pathways involv-
ing dozens of genes (e.g., Thomas 1993). The shift back
toward epistasis is reflected in an expansion of coverage

Interaction Type A-B-|A-bb | aaB- |aabb
Classical ratio 9 3 3 1
Dominant epistasis 12 3 1
Recessive epistasis 9 3 4
Duplicate genes with 9 6 1

cumulative effect
Duplicate dominant genes 15 1
Duplicate recessive genes 9 7
D(_)minant_& recessive 13 3
interaction N

Figure 1.—Some unusual segregation ratios. Arrows join
genotypes with similar phenotypes. After Snyder (1935) and
Stansfield (1991).

in recent editions of introductory genetics textbooks
(e.g., Weaver and Hedrick 1997).

It is clear that the term epistasis in the exact sense in
which it was used by Bateson now plays a central role
in modern genetics beyond the mere description of
segregation ratios and well into the analysis of gene
function. In the coming decade, gene interaction, in
the very physical sense of the direct interaction between
gene products that form molecular machines and signal-
ing pathways, is likely to become more and more central
to genetic analysis, and “epistasis” is equally likely to
frequent the geneticist’s lexicon.

EPISTASIS FROM THE STATISTICAL
GENETICS VIEWPOINT

When we move from Mendelian to biometrical analysis
we must retain the concepts which have proved successful
and necessary at the old level; but we must be prepared
to see them appear, and to use them, in the new way
necessitated by the new level of integration at which we
are working.

K. Mather (1949, p. 400)

The impact of Fisher’s (1918) paper on the entire field
of quantitative genetics has been immense. Almost all
of the notation and methods of analysis used today can
be traced directly to this point source. It is curious, then,
that Fisher’s derivative term, epistacy, has not been
used to describe quantitative gene interaction. Sewall
Wright, the geneticist most closely identified with
championing the importance of gene interactions in
evolutionary change, used neither term to describe gene
interactions in his most famous papers (Wright 1931,
1932), although a few years later his use of “epistasis”
was firmly established (Wright 1935).

The use of epistasis to describe gene interaction in
quantitative genetics is ostensibly similar to Bateson’s
use in describing segregation ratios. The issue here is
whether or not the phenotype of a given genotype can
be predicted by simply adding (or multiplying, de-
pending on scale) its component single-locus effects.
To the extent that this cannot be done, then the leftover
bits are called the epistatic deviations. This is much
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more inclusive than Bateson’s original use because
many forms of gene interaction can lead to epistatic
deviations.

The overall complexity of the situation was sorted out
by Cockerham (1954, 1956) and Kempthorne (1954).
They broke the epistatic deviations into particular com-
ponents that could be described by a statistical model,
leading to terms like additive-by-additive, additive-by-
dominance, and dominance-by-dominance epistasis
(Cockerham 1954). Kempthorne (1954), from the
British school, still used “epistacy” in this context, al-
though in his influential book a few years later (Kemp-
thorne 1957) he acknowledged that “epistasis” was the
more commonly used descriptor. With this last gasp, the
term “epistacy” appears to have winked out of existence.

More recent approaches to dealing with epistasis have
focused on Fisher’s (1918) most lasting contribution
to statistical genetics, the idea that the effect of a gene
needs to be estimated within the context of the popula-
tion from which it is drawn. An alternative approach
would be to have a specific model of how genes function
and interact and then to construct a building-block de-
scription of the phenotype based on the genetic compo-
sition of the individual (Crow and Kimura 1970, pp.
77ff; Tachida and Cockerham 1989). A similar ap-
proach has been suggested by Cheverud and Routman
(1995), in what they call physiological epistasis (in con-
trast to statistical epistasis). The problem with building-
block models is that they are still statistical abstractions
(as is made clear by Tachida and Cockerham 1989)
and are thus really no closer to the actual physiological
mechanism of gene interaction than the effects models.
Building-block models are limited by the particular ge-
notypes that happen to be under study (and the particu-
lar loci being examined within those genotypes),
whereas Fisher was concerned that the total number
of possible genotypes could rapidly outpace the total
size of any population (see Fisher 1941). The advantage
of Fisher’s approach is that it yields the parameters
that are important for describing evolutionary change
while at the same time being relatively insensitive to
the particular sample of genotypes under study. The
disadvantage of this approach is that the molecular and
physiological nature of the gene interactions themselves
can be masked by statistical abstraction and vagaries of
allele frequencies. Other formulations have been sug-
gested (e.g., Schnell 1984; Wagner et al. 1998), but the
best approach is undoubtedly going to be determined by
the questions to be answered.

AN EXPANDED LANGUAGE OF GENE INTERACTIONS

epistasis 2. Medicine. A film that forms over the surface

of a urine specimen. 3. The suppression of a bodily dis-
charge or secretion.

American Heritage Dictionary

of the English Language (1992)

Part of the difficulty in reconciling the Mendelian and
statistical formulations of epistasis is that our language
for describing gene interactions is currently far too lim-
ited. Not all gene interactions are equal from the stand-
point of understanding gene action, particularly in their
consequences for evolution at those loci (Whitlock et
al. 1995; Fenster et al. 1997). In fact a number of differ-
ent terms that describe gene interactions do not fit the
expectations of classical epistasis and might be over-
looked simply because they are not called by the ex-
pected name (see Figure 1). For example, compensatory
and suppressor mutations clearly involve gene interac-
tions (Phillips 1996; Stephan 1996) and may in fact
describe the same type of interaction (it is rare for all
possible genotypes to be investigated in these cases).
Similarly, so-called synthetic phenotypes are sometimes
observed when two mutations with apparently separate
effects are combined in the same individual. The most
extreme case of this is synthetic lethality (Dobzhansky
1946), which could potentially be of evolutionary impor-
tance (Phillips and Johnson 1998), but may be too
rare to be significant (Temin et al. 1969; Thompson
1986). Among evolutionary biologists, differentiating
reinforcing (or synergistic) from diminishing (or antag-
onistic) epistasis (Crow and Kimura 1970, pp. 80-81)
is currently a hot topic because of their role in the
evolution of sex and recombination (Kondrashov
1995). It is important to note that these forms of gene
interaction are usually measured as average attributes
(Otto 1997; Otto and Feldman 1997), which may be
more illuminating after a careful analysis of the effects
themselves (e.g., Clark and Wang 1997; Elena and
Lenski 1997). Finally, the genetic incompatibility that
drives speciation must be caused by gene interactions,
the form of which can be quite complex (Wu and Palo-
poli 1994).

When discussing allelic interactions within a locus, it
is clear that the consequences of complete dominance,
partial dominance, underdominance, and overdomi-
nance are quite different, and we have particular terms
to describe each situation. To use asingle term, epistasis,
to describe all gene interactions suggests that we either
do not care or do not know how to deal with the com-
plexity that interlocus interactions bring. Different
forms of gene interaction have different consequences,
and we should move toward elucidating the nature of
these consequences and which forms of interaction are
most prevalent.

For most of the 80 years since Fisher (1918), these
sorts of considerations really did not matter, and the
Mendelian and statistical definitions of epistasis could
coexist because they rarely crossed paths. This period
of separation is appearing to be near an end. Studies
of quantitative trait loci (QTL) are beginning to bridge
the gap between continuous variation within popula-
tions and the genetic mechanisms that generate that
variation. In the few studies of this nature that have
been conducted, genic interactions have been common
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(e.g., Doebly et al. 1995; Long et al. 1995; Routman
and Cheverud 1997). With luck in a few particular
circumstances, we will no longer be talking about statisti-
cal abstractions but instead will be dealing with real loci
with particular effects. Especially interesting are studies
that actually attempt to physically generate the geno-
typic decomposition of interactions by targeting particu-
lar loci and limiting total genotypic variation to just a
few sites (Clark and Wang 1997; Elena and Lenski
1997). While it is possible that epistatic effects discov-
ered using a mutational approach might be expected
to be more common and perhaps more extreme as the
genetic system is perturbed far from its normal state
(Crow 1990), it appears likely that as more and more
QTL are investigated, genic interactions will begin to
come to the fore in statistical genetics much as they
have asa tool for functional analysis in Mendelian genet-
ics. Once freed from being relegated to “epistatic vari-
ance” as a nuisance term (with all of the statistical ambi-
guities that that entails; Wade 1992b), context and
interaction may indeed become of the essence (Lewon-
tin 1974). However, as Fisher long argued, even if the
building blocks display gene interaction, the evolution-
ary implications of these interactions need not necessar-
ily be profound. The resolution of this conflict awaits
more data on the precise nature of the interactions
themselves. The debate on the significance of gene in-
teractions has needed the illumination of this sort of
data for the last 80 years. It is exciting to note that we
appear poised to collect it.

CONCLUSIONS

This definition of ‘epistatic’ (apparently first used by

Fisher in 1918) is a bit more inclusive than what Bateson

originally meant. Advancing knowledge ofthe multiplicity

of possible kinds of non-additive interactions of genes
has destroyed the distinctness of the original definition.

If this broadening of the original definition proves too

confusing, perhaps these epistatic deviations will ulti-

mately be called merely ‘interactions’.
J. L. Lush (1940, p. 295)

As statistical and Mendelian genetics begin to slowly
converge experimentally (as Fisher allowed them to do
conceptually long ago) the question of what to call gene
interactions becomes more than mere semantics. It is
conceivable that sometime in the near future two articles
published in Genetics will discuss possible epistasis be-
tween the same two loci and mean very different things
by this, perhaps even coming to different conclusions.
It would be a shame to allow semantics to be a barrier
to what may well be the final unification of the Mende-
lian and Biometrical schools.

It is clear that Bateson’s more restrictive use of “epi-
stasis” has historical precedence and is still being used
in this way by the majority of geneticists. (It is also
surprisingly similar in form, if not nuance, to the medi-

cal definitions given above.) The onus is therefore on
the statistical geneticists to refine their use of the word.
One course of action would be to simply continue using
the same word for both meanings, being very careful
to allow context to determine which meaning isimplied.
Alternatively, statistical genetics could return to Fisher’s
(1918) original descriptor, epistacy. This seems unlikely
and is only slightly less confusing. A final solution would
be to heed Lush’s advice and simply call the more
general case what it is, gene interaction. This might
make it clearer that simply detecting an interaction and
giving it a general name is insufficient. The actual nature
of the interaction is central and is the thing upon which
arguments regarding the general significance of gene
interactions can be built.
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National Science Foundation grant number DBI-9722921 and Na-
tional Institutes of Health grant number GM54185.
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