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ABSTRACT

Directional epistasis describes a situation in which epistasis consistently increases or decreases the effect
of allele substitutions, thereby affecting the amount of additive genetic variance available for selection in a
given direction. This study applies a recent parameterization of directionality of epistasis to empirical
data. Data stems from a QTL mapping study on an intercross between inbred mouse (Mus musculus)
strains LG/J and SM/], originally selected for large and small body mass, respectively. Results show a
negative average directionality of epistasis for body-composition traits, predicting a reduction in additive
allelic effects and in the response to selection for increased size. Focusing on average modification of
additive effect of single loci, we find a more complex picture, whereby the effects of some loci are
enhanced consistently across backgrounds, while effects of other loci are decreased, potentially
contributing to either enhancement or reduction of allelic effects when selection acts at single loci. We
demonstrate and discuss how the interpretation of the overall measurement of directionality depends on
the complexity of the genotype—phenotype map. The measure of directionality changes with the power of
scale in a predictable way; however, its expected effect with respect to the modification of additive genetic

effects remains constant.

PISTASIS is present when the effect of a genetic
substitution depends on the genotypes at other
loci. At the population level, this means that average
allelic effects change as allele frequencies at other loci
change, and thus that gene effects can evolve. The
evolutionary significance of epistasis has been recog-
nized mainly in relation to the allele-frequency changes
that are caused by genetic drift (e.g., GOODNIGHT 1987,
1988, 1995; CHEVERUD and RouTMAN 1996; BARTON
and TurerLLr 2004; DE BriTo et al. 2005; TURELLI and
BarTON 2006), whereas the epistatic effects under
directional selection have been treated only recently
(e.g., CARTER et al. 2005; WEINREICH e al. 2005;
CARLBORG et al. 2006; HANSEN et al. 2006; YUKILEVICH
et al. 2008). Technically, the effects of epistatic in-
teraction can be considered as having two aspects: the
architecture itself (i.e., the existence of a nonadditive
component, the so-called functional aspect, see below),
and the effect of allele frequency on genetic variance
(i.e., the statistical aspect). An additional consideration
is crucial for the response to selection of a given trait,
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namely that the response is generated by the joint
action of many epistatic interactions. Each of the
interactions can either enhance or diminish the additive
genetic effect in any specific phenotypic dimension.
Their composite effect depends on the pattern, i.e.,
whether the effects accumulate or cancel each other
out (HANSEN and WAGNER 2001a,b; CARTER et al. 2005;
HANSEN et al. 2006). In the following we provide a brief
general account of epistasis and then focus on the
effect of its composite pattern, the empirical assessment
of which is the goal of this study.

The traditional population-genetic approach to se-
lection response initially emphasized additive genetic
variance and treated any variance unexplained by the
additive effects, including variance due to interactions
within or between loci, as residual variance (FISHER
1918). Later this model was extended to account for
epistasis (COCKERHAM 1954, KEMPTHORNE 1954). The
interaction component of this residual variance is
dependent on population allele frequencies at the
interacting loci. Starting with nonadditive effects within
asingle locus (dominance), FALCONER (1960) described
the effect of allele frequencies on the statistical measure
of average allelic effect. CHEVERUD and RouTmAN
(1995) explored the analogous effect at the two-locus
level, leading to distinction between allele-frequency-
dependent statistical epistasis (contributing to epistatic
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variance) on population level, and allele-frequency-
independent physiological (or functional) epistasis on
the individual level, which contributes to all the genetic
variance components, i.e.,, additive, dominance, and
epistatic. Thus while physiological epistasis describes the
genetic architecture of a given phenotype defining the
potential for epistatic effects, statistical epistasis describes
the realization of individual-level epistatic effects in
terms of allele-frequency-dependent genetic variance
components. Several authors have worked out tools to
estimate gene interaction effects at the individual level
independently of the allele frequencies to distinguish
between the physiological and statistical epistasis
(CHEVERUD and RouTMAN 1995; WAGNER et al. 1998;
HansEN and WAGNER 2001a; BArRTON and TURELLI
2004; YANG 2004; ZENG et al. 2005; WANG and ZENG
2006). These methods have been recently generalized
in a common framework for measuring epistasis and
translating between the population and individual
levels (NOIA: ALVAREZ-CASTRO and CARLBORG 2007;
ALVAREZ-CASTRO ¢t al. 2008; see LE Rouzic 2008 for R
software package). An understanding of the pattern of
epistatic architecture enables prediction of its effects at
any given set of allele frequencies.

The original physiological epistasis has often referred
to isolated pairwise interactions. The genetic basis of a
complex trait is affected by more than two interacting
loci; thus the trait’s genetic variance is affected by the
combination of these interaction effects. Effects at the
individual loci can add up, or cancel out. For example,
when the alleles at background loci become fixed (e.g.,
due to a bottleneck), previously background-dependent
genetic effects at loci A and B can become additive
effects of the same or of the opposite sign. Depending
on the sign and size of their effects, the two allele
substitutions at loci A and B therefore add up to
increase, decrease, or have no overall effect on additive
genetic variance. HANSEN and WAGNER (2001a) in-
troduced the notion of directionality of epistasis to
emphasize the importance of the pattern of epistatic
architecture for the system’s evolvability. Directionality
measures the consistency of epistatic effects on additive
variance for a specific locus and trait across the genome,
given a defined reference genotype. It describes
whether epistasis tends to enhance or diminish the
additive effects of interacting loci on a traitin a specified
phenotypic direction. The population-dynamic studies
analyzing effects of the epistatic pattern show that the
directionality of epistasis can be a major determinant of
evolution on time scales beyond a few generations
(HErRMISSON et al. 2003; CARTER et al. 2005; HANSEN
et al. 2006; YUKILEVICH et al. 2008; ALVAREZ-CASTRO el al.
2009; Fierst and HAaNseN 2010). Averaged across
interactions, positive directional epistasis increases ad-
ditive variance and the response to positive selection
relative to that predicted by the additive genetic effects
alone, while negative directional epistasis tends to

decrease the response to selection in that same pheno-
typic direction. An absence of epistatic directionality
occurs when positive and negative directional epistatic
effects cancel out on average or, trivially, from the
absence of epistasis. Thus directionality describes the
local, population-specific curvature of the genotype—
phenotype map (Figure 1).

Aspects of epistatic directionality have been ad-
dressed previously with respect to the effect on fitness
(reviewed in PHiLLIps et al. 2000), with focus on the
synergistic epistasis for deleterious effect enhancement
(e.g., KONDRASHOV 1988; CHARLESWORTH 1990; HANSEN
and WAGNER 2001b). However, the empirical study of
overall directionality of epistasis, and its measurement
in morphological or physiological traits, is still lacking
(HanseN 2006). Implicit indications from empirical
studies are ambiguous (see examples in CARTER el al.
2005). Here, we present an assessment of directionality
of two-way epistasis between QTL in an intercross pop-
ulation of laboratory mice, paying special attention to
scale effects.

THEORETICAL BACKGROUND

Directionality of epistasis and the multilinear model:
The concept of epistatic directionality was developed in
the framework of the multilinear model by HANSEN and
WAGNER (2001a). Here, we briefly explain the param-
eters of the multilinear model used to measure the
directionality of two-way epistasis in this article, above all
the epistatic coefficient € (for detail and higher-order
epistasis, see HANSEN and WAGNER 2001a; HANSEN et al.
2006).

The multilinear model first defines an arbitrary
multilocus reference genotype and the effects of sub-
stitutions at single loci into this reference genotype as
the reference genetic effects:

xlzxr+1y7
Xo = x + 2y,

(1)

where x; is an observed phenotype,x._ is the phenotype of
individuals with the reference genotype, ' yis a reference
effect of a substitution at locus 1 in the reference
genotype, and 2y is the reference effect of a substitution
at a second locus (2) in the reference genotype.
Epistasis is then modeled as the change in the effect
of locus 2 due to a prior change at locus 1, which
provides locus 2 with an altered genetic background:

xp = x + ly+ 17202y (2)

where the reference effect ?y is adjusted for the epistatic
effect due to the change in background at the firstlocus,
by multiplying the second reference effect (?y) by the
epistatic factor ' 72/ (WAGNER et al. 1998). The epistatic
factor is a dimensionless number and describes the
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Ficure 1.—Directionality of epistasis describes the local
curvature of the genotype—phenotype map. The genotypic
values of the trait of interest in the two parental inbred pop-
ulations and in an intercross are plotted on y-axis. Given a de-
fined direction on a trait axis and a reference point for
measurement of genetic effects, the directionality (¢ # 0) de-
scribes whether the epistasis increases or decreases the effect
of allelic substitutions relative to the value predicted by addi-
tive effects alone. The extrapolation of the curvature beyond
the local effects requires the knowledge of higher-order epi-
static effects; however, the local effects can be calculated for
different reference points and different phenotypic direc-
tions (see HANSEN and WAGNER 2001a,b).

rescaling of the locus’ reference effect due to the
change in genetic background. Note that f/ = 1 means
no epistasis, | f| < 1indicates a decrease in the effect of
a substitution with respect to the reference effect, and
|f] > 1 reflects an increase in the substitution effect
relative to the reference effect. The case f < 0 is a
special case where both the magnitude and the sign of
the effect changes. The f value is a function of the
change in the background, in this case,

l‘*?f =1+ 1281y’ (3)

where '%g is an epistatic coefficient describing the
epistatic relationship between loci 1 and 2. Note that
positive values of '?¢ mean that positive changes at locus
1 enhance the positive effects at locus 2 with respect to
the reference effect, because they increase the positive
and decrease the negative effects, while negative values
of '2¢ have the opposite effects. The coefficient '?¢
therefore describes the directionality of epistasis in this
interaction. It follows that any phenotype can be ex-
pressed (with respect to the two loci) as

x = x + 1y + 2y 4+ Zely?y (4)

The model makes two assumptions: (i) that the effects
of a substitution after the change in the background can
be described as a linear transformation of the effect this
substitution has in the reference background, and (ii)
that the end phenotype is invariant with respect to the

order of substitutions (i.e., the symmetry of epistasis,
WAGNER et al. 1998). Applying this model, each geno-
type can be described as a sum of linearly transformed
reference effects at the loci deviating from the refer-
ence genotype, respectively, as a sum of the reference
effects and the epistatic terms describing the effect of
change in the reference. Hence, considering two-way
epistasis,

x=x Zz‘iy+ Z;:ijijg vy (5)

For the extension of the original model to explicitly
model dominance see LE Rouzic and ALVAREZ-CASTRO
(2008).

In summary, epistatic contributions are modeled as
functions of the multilinear model’s reference effects,
rather than by introducing new independent epistatic
values. The phenotypic effect of the epistatic term
depends on the factor modifying the reference effects
(fand ¢) as well as of the reference effects themselves.
The choice of the reference depends on the question
asked. In empirical studies, the population mean is a
convenient reference choice from which to measure the
effects of substitutions. Thus the reference effects in this
study are measured at every locus from the phenotypic
mean of the studied mice intercross population.

Here we focus on the combined effect of multiple
pairwise interactions in a mouse intercross population
at two levels: (i) across interactions of a focal locus with
different other loci, and (ii) across all pairwise inter-
actions between loci of the selected subset. The analysis
is conducted for each trait separately.

Scale effects: Phenotypic traits are often measured
on different scales (lengths, surfaces, volumes, or
masses). The scale is known to affect the interaction
effects to some extent. To understand whether the
patterns of directionality are trait specific or also scale
specific, we assessed the directionality of epistasis for all
traits on both linear (one-dimensional traits, lengths)
and cubic scale (three-dimensional traits, mass). In this
study, both these scales are the original scale for some of
the measurements considered (lengths vs. weights).

The expected effect of power transformation of scale
on directionality of epistasis can be approximated
analytically. Considering a simple model for two allele
substitutions without dominance effects, the predicted
relationship between coefficient of directionality on the
linear scale and coefficient of directionality on the scale
with kth exponent (eg., k = 3 for cubic scale) is
approximately “g, ~Y¢,/k, where 7¢; is the coefficient
of directionality for the loci i, j on the linear scale, and
g, on the scale with kth exponent (for derivation see
APPENDIX: EFFECTS OF SCALE TRANSFORMATIONS). This
relationship is a valid approximation for the mean-
standardized phenotypic measurements as used in this
study (see below). The epistatic coefficient of direction-
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ality on the linear scale is thus expected to be roughly
threefold greater than the epistatic coefficient of di-
rectionality on the cubic scale. The accuracy of this
estimation, especially when extrapolated to the average
directionality across many interactions, depends on the
details of dominance, distribution of reference effect
sizes and the presence of sign epistasis.

Scale transformation also affects the fit of the multi-
linear model to data. The multilinear model is a poly-
nomial function separately linear for each of its
variables. When fitted to data transformed to a different
scale, the accuracy of the approximation differs between
scales. For example, when the reference effects are
positive, increasing the exponent of scale relative to the
scale of maximal fit of multilinear model results in the
genotypic values being described by the increasingly
convex function of gene effects. The multilinear model
therefore tends to underestimate this curvature (true
absolute value of coefficient of epistasis is greater than
the fitted one). Decreasing the exponent of scale
relative to the scale with best fit results in an increasingly
concave mapping from gene effects and interactions to
the genotypic value, and the multilinear model may
overestimate the general curvature, i.e., the measured
absolute epsilon is greater than the real value.

METHODS

Data: The study population consists of 2060 Fs and F5
generation individuals from an intercross between the
large LG/ and small SM/[inbred mouse (house mouse,
Mus musculus) strains (Jackson Labs, Maine). The
parental strains were selected for large or small body
weight at 60 days of age over many generations (GOODALE
1938; MACARTHUR 1949). The two lines were generated in
separate experiments, applying up- and downselection on
weight to two different stock populations. Nonetheless,
previous mapping studies have shown that the alleles
from the LG/J line generally cause increased size relative
to SM/] alleles in the intercross of these two lines
(CHEVERUD et al. 1996, 2001, 2004). For details on the
population, husbandry, experimental design, and map-
ping see CHEVERUD ¢l al. (1996), VAUGHN et al. (1999),
FAWCETT et al. (2008), and NORGARD et al. (2008).

We focused on the genetic effects on a series of
morphological traits: the lengths of the tail and long
bones (femur, tibia, humerus, and ulna), the weights of
internal organs (heart, liver, spleen, and kidney), and
the total body weight at necropsy (10 weeks of age).
Body weight at necropsy is strongly correlated with the
target of selection in original lines, the body weight at
60 days (FALCONER et al. 1978; VAUGHN et al. 1999). All
phenotypic measurements were taken at necropsy and
were corrected for the effect of sex, age at necropsy, and
litter size (<10 wvs. >10) by partialing out the effect of
these factors using the general linear model prior to
further analysis. The residuals were then added to the

mean of the respective trait, producing the corrected
individual trait scores. As the traits are on different
scales (length and volume), the analyses were con-
ducted for all traits on linear and on cubic scales to be
able to distinguish the effect of scale. To this end, the
corrected weight measurements (body, heart, kidney,
spleen, and liver weight) were transformed by taking the
cube root of the individual values for the analyses on
linear scale, whereas the corrected linear traits (bone
and tail lengths) were cubed for the analyses on cubic
scale. The raw trait means and standard errors of the
parental and experimental populations are listed in
Table 1. Preceding the analyses, the scores of all traits
(on linear and cubic scales) were mean standardized by
dividing the individual scores by the respective arith-
metic trait means. An alternative common standardiza-
tion method is to divide individual scores by the
standard deviation of the particular trait. Both methods
aim at comparability across traits, expressing the results
either as a proportion of the trait mean or of the trait
standard deviation (dispersion of trait scores). Both
transformations affect the distribution of marginal
effects; however, they are both equivalent to a multipli-
cation by a constant (1/mean, or 1/standard deviation),
resulting in a proportional increase or decrease of the
marginal effects, and thus do not affect the direction-
ality of epistasis. All scores are on a ratio scale (i.e.,
differences as well as ratios between measurements are
meaningful). Note that mean standardization produces
very similar results to those of logarithmic transforma-
tion (WRIGHT 1952).

Given the large number of loci across the genome,
and to make the study of directionality feasible, we
preselected the loci to be included in the current study
from the results of previous mapping studies of epistatic
QTLs in the same population (FAWCETT et al. 2008;
NORGARD et al. 2008). The population (N = 2060) was
genotyped at 351 approximately evenly distributed
single-nucleotide polymorphisms (SNPs), located on
19 chromosomes (excluding the sex chromosome).
Both studies applied Haley—Knott regression (HALEY
and KnoTT 1992) and interval mapping (LANDER and
BotsTEIN 1989; HALEY and KnoTT 1992) to map QTLs.
The criterion for QTL detection was based on signifi-
cance thresholds controlling for multiple comparisons
and the family structure (for detailed description of
threshold-generating technique see PAVLICEV el al.
2008) to avoid false positives (type I error). Here we
used a subset of loci reported in FAWCETT et al. (2008)
and NORGARD et al. (2008) as having significant marginal
and/or epistatic effects for each trait (see supporting
information, Table S1, for data and for the list of QTL;
see File S1 and File S2 for genotypic and phenotypic
data). We calculated the interaction directionality
separately for each trait. We included a single locus
per chromosome for every trait to avoid problems due to
linkage disequilibrium in this population. This restric-
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The phenotypic description of parental inbred lines and the experimental intercross population

Experimental population

Parental lines

Trait Mean *= SE Vi Iy (%) Mean * SE LG/] Mean * SE SM/]
Femur length 15.75 = 0.012 mm 0.445 mm?® 0.179 17.60 £ 0.068 mm 14.78 * 0.049 mm
Humerus length 12.36 = 0.008 mm 0.214 mm? 0.140 138.76 = 0.017 mm 11.60 = 0.012 mm
Tibia length 17.36 = 0.012 mm 0.411 mm? 0.137 18.87 = 0.056 mm 16.64 = 0.063 mm
Ulna length 14.14 = 0.009 mm 0.225 mm? 0.113 15.41 = 0.001 mm 13.20 = 0.035 mm
Tail length 92.43 = 0.121 mm 32.645 mm? 0.382 97.08 = 0.506 mm 73.28 = 0.435 mm
Body weight 35.042 = 0.112 g 40.338 g* 3.242 47.925 * 3.039 g 29.35 £ 0.521 g
Heart weight 0.170 = 0.001 g 0.0004 g* 1.8376 0.190 = 0.035 g 0.170 = 0.014 g
Kidney weight 0.300 = 0.001 g 0.0023 g* 2.580 0.341 = 0.084 g 0.292 = 0.048 g
Spleen weight 0.106 = 0.001 g 0.0004 g* 4.048 0.147 = 0.026 g 0.105 = 0.006 g
Liver weight 2.106 = 0.008 g 0.1163 g* 2.604 2.614 = 0420 g 1.527 = 0.006 g

Phenotypic description of the experimental population and both parental lines. The values are reported on the untransformed
scale (unstandardized and on original scale of measurements). The scores of experimental population have been previously cor-
rected by multiple regression for sex, litter size, and age at necropsy (see text). Vjy, the additive variance for the experimental

population; I, the mean-scaled additive variance.

tion resulted in the loss of only a few loci per trait.
The final number of loci per trait ranges from 12
tol6 loci. In a preliminary analysis we examined the
effect of adding nonsignificant loci to the list for each
trait and estimating the overall directionality of epistasis
including these loci of small, subsignificant effect. The
results were very similar to those presented here. The
inclusion of additional loci thus had no systematic effect
on the overall pattern of epistatic interactions (not
shown).

Having preselected the sets of loci for each trait, all
subsequent analyses were conducted on all pairwise
interactions among the loci within each trait-specific set,
and directionality of epistasis is assessed across all these
interactions. Thus, whereas in the gene-mapping stud-
ies it is useful to focus the efforts on the single loci, in
this study, we consider the collective effects of the
chosen subset of loci. Even small individual epistatic
effects can accumulate substantial effect, if their pattern
is directional.

Genetic effects: We estimated the interaction and
marginal genetic effects at the selected set of loci anew
for this study, using the multilinear model. The epistatic
effects considered here are thus different from the
classical epistasis components reported in the original
studies (FAWCETT et al. 2008; NORGARD et al. 2008). All
models were fitted using the NOIA framework (ALVAREZ-
CASTRO et al. 2008), as operationalized in the R package
noia (LE Rouzic 2008, LE Rouzic and ALVAREZ-CASTRO
2008). This software enables an estimate of statistical as
well as physiological genetic effects by regression meth-
ods and allows manipulations of the parameters in the
model, such as the presence of interaction effects
(dominance and epistasis), introducing the third order
of epistasis (not used here), etc.

All two-locus interactions were fitted with and without
dominance terms included, and model fits were com-

pared using the AIC criterion. The model with better fit
was chosen and the corresponding estimate of the
epistatic coefficient (i.e.,, two-locus coefficient of di-
rectionality, 7g; see below) was included in the analyses
of overall directionality. The genetic effects reported
refer to the allele-frequency-independent physiological
effects (a, d), rather than the statistical average effects of
the allele substitution (a, 9).

The locus-specific additive variances (‘V) were calcu-
lated as

ai

Vo= 2piqia? = ——,
2piqia 9

(6)
where a; is the additive genetic effect at the locus 7, and
b g are the allele frequencies of the diallelic model
(~0.5 in the present case).

We also report the total additive genetic variance of
the mean-standardized trait scores, estimated as twice
the among-litter variance in the Fs-generation animals
(Table 1), as is common for a full-sib design (EnrICH
et al. 2005). Table 1 furthermore lists the univariate
measure of evolvability of the traits [y (HourLE 1992;
HANSEN et al. 2003; HANSEN and HouLE 2008), calcu-
lated as the additive variance, scaled by the square of the
trait mean:

Iy = =5. (7)

Note that, while we use the term epistatic “modifica-
tion” for the change in additive effects that is due to
substitution at background loci, we do not imply that
the epistatically interacting loci would not themselves
affect the mean values.

Overall directionality: CARTER et al. (2005) identi-
fied a composite directional epistatic effect measure,
which captures the main dynamical consequences of
epistasis under directional selection. This measure is a
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variance-weighted average of the pairwise epistasis
coefficients, ¢,

ZZ_Z]_ Je iy Iy
VIV

where the pairwise epistatic coefficients /¢ are estimated
forall (N(N— 1)/2) interactions among the loci 7, jwithin
the chosen set N. The estimate for overall directionality is
calculated from the pairwise epistasis coefficients, sepa-
rately for each trait. The overall estimate of epistatic
directionality in the current population thus includes
weighing by the variances and therefore considers not
only the sign of the interactions and genetic effect sizes,
but also population-specific allele frequencies.

An alternative overall measure of directionality is the
average absolute epistatic factor. The epistatic factor can
be positive or negative; hence we use a geometric mean
of absolute values of /. This value is informative about
the magnitude of effect modification, but it neglects
sign changes (sign epistasis).

Locus-specific directionality: Apart from overall con-
sistency of epistasis, an effect of the substitution at the
specific locus may be modified in a consistent way. This
aspect of directionality thus focuses on the pattern of
epistatic interactions involving a particular locus inter-
acting with the remaining (N — 1) loci, where Nis the
number of loci considered. This aspect of genetic
architecture is interesting because the presence of
directionality on a perlocus basis plays a role in
evolution of individual gene effects by selection (e.g.,
loci with small effects vs. major-effect loci).

To estimate directionality at the locus level we con-
sider only the subset of interactions (N— 1) involving the
locus of interest. The equation for locus-specific average
coefficient of directionality at locus j simplifies to

(8)

Zz‘ijgiv
v

Jjg —

(9)

Proportion of directional epistasis: It is also of
interest to determine what proportion of the epistatic
effects is directional. First we calculate the total epistasis
as the weighted average of absolute pairwise epsilons:

i |"el VIV
Ziz;'ivjv '

(10)

ot =

For the locus-specific subset of interactions at locus j
this again simplifies to

/ Eot =

(11)

An index of directional epistasis is then given as

€ ZiZ]‘ijgiVjV

ot 20 | Te| VIV

across all interactions, and

(12)

ji — Ziijgiv (13)
Tewe 2o | 7e|"V
for locus-specific interactions with locus j.

We also considered the effect of measurement error
on the parameters in this study by generating additional
random variance (20% of the phenotypic variance)
around the mean. Not surprisingly, the heritabilities of
the traits decrease as a consequence of increased
residual variance, but neither the estimates of the
additive genetic variance nor the average directionality
of epistatic interactions changed substantially. In the
current data, the relative measurement error is ex-
pected to be higher for internal organ weights than
for skeletal traits, due to the nature of the measurement
itself (organ extraction by dissection and taking wet
weight at necropsy vs. measurement by calipers) as well
as due to the small size of some organs. Furthermore,
the estimation of measurement error is difficult for the
internal organs, as their dissection and removal from
the carcass cannot be repeated on the same animal.

RESULTS

We present the results of analyses of the traits on the
linear scale. In most accompanying tables and figures,
however, the results are presented in parallel for data on
the linear scale (original scale for the lengths, cube-root
transformed for the weights) and on the cubic scale
(original scale for the weights, cubed for the lengths), to
facilitate the discussion of scale effects in the last section.
The results have three parts: (i) a brief characterization of
marginal effects, (ii) the directionality of epistasis, and
(iii) the effect of scale transformation.

Marginal effects: Marginal effects refer to the addi-
tive and dominance effects of the single loci in the
reference background, in this case the population mean
phenotype. They are allele-frequency-independent val-
ues. The distributions of absolute values are described
in Table 2 by the mean values, standard errors (SE) and
the coefficients of variation (CV = 100% X standard
deviation/mean). Marginal effects in this population
have been discussed in detail in previous articles
(FAWCETT et al. 2008; NORGARD et al. 2008). Note that
the traits in this study are mean standardized; hence the
effects are measured as dimensionless ratios to the
mean and are comparable across traits.

Directionality of epistatic effects: Overall directional-
ity: The pairwise epistatic coefficients (7€) were com-
bined to produce a composite directional epistasis
coefficient ¢ for each trait. By definition, the unit of ¢
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TABLE 2

The average marginal effects, standard errors (SE) and coefficients of variance (CV) across studied loci,
on all traits and both scales

Linear scale

Average * SE

Cubic scale

Average * SE

Trait (% of the mean) CV (%) Trait (% of the mean) CV (%)
Additive effects
Femur length 0.73 + 0.12 57.8 (Femur length)? 2.19 = 0.36 57.5
Humerus length 0.72 £ 0.08 38.1 (Humerus length)? 2.15 = 0.23 38.3
Tibia length 0.76 * 0.09 44.8 (Tibia length)?® 2.27 £ 0.27 44.3
Ulna length 0.71 = 0.08 40.9 (Ulna length)? 2.10 + 0.24 41.1
Tail length 1.12 = 0.19 67.1 (Tail length)? 3.35 = 0.58 67.2
v/Body weight 0.70 £ 0.11 64.6 Body weight 2.11 £ 0.32 63.3
v/Heartweight 0.38 = 0.06 56.9 Heart weight 1.13 = 0.18 57.0
+/Kidney weight 0.59 = 0.10 72.3 Kidney weight 1.74 £ 0.31 72.6
v/Spleen weight 0.79 = 0.15 69.8 Spleen weight 2.31 = 0.42 68.9
{/Liver weight 0.84 = 0.14 58.2 Liver weight 2.48 * 0.42 59.1
Dominance effects
Femur length 0.23 += 0.04 56.0 (Femur length)® 0.65 = 0.11 59.6
Humerus length 0.23 = 0.05 78.0 (Humerus length)? 0.68 = 0.15 79.2
Tibia length 0.28 = 0.05 65.0 (Tibia length)?® 0.80 = 0.14 67.4
Ulna length 0.25 * 0.04 57.6 (Ulna length)? 0.73 = 0.12 59.5
Tail length 0.42 = 0.09 88.3 (Tail length)? 1.08 = 0.12 96.4
+/Body weight 0.20 = 0.04 81.5 Body weight 0.58 = 0.11 82.2
y/Heartweight 0.22 + 0.06 104.4 Heart weight 0.63 = 0.19 108.7
+/Kidney weight 0.37 = 0.06 68.0 Kidney weight 1.06 £ 0.17 67.5
+/Spleen weight 0.38 = 0.09 88.5 Spleen weight 1.21 £ 0.27 82.6
v/ Liver weight 0.21 = 0.05 81.1 Liver weight 0.62 = 0.14 75.8

is the inverse of the trait unit. In the current work, the
use of the mean-standardized data results in a unit-less
coefficient of epistasis, expressing the change in genetic
effects as a percentage change relative to the additive
effects of the loci involved (“¢ corresponds to the g, in
CARTER et al. 2005). The mean standardization allows
direct comparison of coefficients of directionality
among the traits. For example, the composite epsilon
of +1 means that an allele substitution at the locus 1,
increasing the phenotypic mean by 1% ('y = 0.01),
increases the effects of the substitution at other loci on
average by € X 'y = 1%. We detected negative overall
directionality in epistatic coefficients for all traits on the
linear scale (Figure 2, solid bars). The strength of
directionality is interpreted as the influence that the
composite epsilon would have on the trait in the case of
selection along the specified phenotypic direction
(CARTER et al. 2005); in this case the direction of
selection considered is toward increased size. With the
composite epsilon equal to —10, as in body weight, a
substitution of a SM/] allele with a LG/J allele (hence-
forth SM <« LG) that has an effect of a 1% increase in
trait mean at one locus decreases the effect of the
substitution SM < LG at the second locus by 10%. A
negative composite epsilon thus indicates that epistasis,
on average, has a canalizing effect in the phenotypic
direction considered, in this case, increased size. The

analysis yielded negative directionality with magnitudes
in the range of ¢ = —2 to — 15(Figure 2 and Table 3).
To illustrate the effect of composite epsilon at the
phenotypic level we present in Table 4 the estimated
sum of additive (column 3) and total genetic effects (i.e.,
including the directional epistatic term; column 5). The
differences in phenotypic means between the SM/] and
LG/] strains are listed in column 2. Columns 4 and 6 list
the proportion of this difference thatis accounted for by
additive (4) and additive plus directional epistatic
effects (6). The overall additive effect equals the sum
of additive effects at all included loci (column 3), while
the overall total effect equals the sum of additive and
directional epistatic contributions in all pairwise inter-
actions (column 5). Note that in spite of negative
directionality, epistasis sometimes increases the pheno-
typic effect relative to the prediction based on additivity.
This happens when the genotype-to-phenotype map-
ping is complex, above all when there is sign reversal of
genetic effects. This issue is discussed in more detail
below. We note that the effects are similar on both
scales. The ratio of the total effect, including epistasis, to
the additive effect alone (rightmost column in Table 4)
reveals that in most traits, the epistasis reduces the effect
(up to 47% in spleen). In some traits there is no net
phenotypic effect of epistasis, or the effect is even
positive in spite of the negative coefficient of direction-
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composite coefficient of epistasis

ality. This effect is generated predominantly by sign
epistasis.

Note that sign epistasis (f < 0) is associated with a
negative coefficient of directionality, regardless of the
absolute value of f This follows from Equation 3, from
which we can see that 2e = ('2f —1)/'y; hence
epsilon has the opposite sign compared to the reference
effect, for all f < 1. When calculating a composite
epsilon in the presence of sign epistasis at many loci,
both the epistatic interactions reducing reference
effects of an allele without sign change, as well as
epistatic interactions reversing the sign (reducing or
increasing the absolute reference effect) contribute to
the negative overall directionality. This causes devia-
tions from the straightforward interpretation that a
negative composite epistatic coefficient translates into
reduced positive gene effects on the phenotypic value.

Examination of epistatic factors (Table 3) reveals sign
epistasis (f < 0) in up to 16% of the interactions, the
highest proportion being in spleen and heart (14 and
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FIGURE 2.—Directionality of epistasis on both
scales. The plot shows overall directionality on
linear and on cubic scales. Overall directionality
is expressed as variance-weighed composite epsi-
lon across the pairwise interactions among se-
lected sets of loci. The sets of loci included
differ between traits.

m linear scale
o cubed scale

16%, respectively), and the lowest in humerus, tibia, and
ulna (< 1%).

In general, the comparison between the predicted
phenotype based on the local estimate of directionality
and the total phenotypic difference between the paren-
tal strains in Table 4 assumes that the local curvature
estimated in our experimental population is stable over
all generations between the two parental strains. We do
not have the information on directionality from other
generations; therefore, Table 4 is presented here for
purpose of illustration of the meaning, rather than as
extrapolation of the actual effects across populations.

We further tested how dominance in general and
over- and underdominance specifically affects our
results. We included and then excluded dominance
from all pairwise interactions and calculated composite
coefficient of epistasis each time to explore the overall
effect of dominance on the directionality of epistasis.
The two resulting composite epsilons differed some-
what in magnitude, but the pattern of directionality

TABLE 3

Coefficient of directionality, the proportion of directional epistasis in total epistasis and the epistatic factor

Linear scale

Cubic scale

Trait € /8o (%) I /] < 0(%) Trait € /8w (%) I /] [ <0(%)
Femur It —7.46 40.5 0.937 2.4 (Femur 1t)* —1.92 32.2 0.958 3.1
Humerus It —6.59 26.9 0.954 0.7 (Humerus 1t)*  —1.46 18.3 0.968 0.6
Tibia It —8.45 41.5 0.902 0.0 (Tibia It)® -1.73 26.4 0.927 0.0
Ulna It —4.58 18.3 0.924 0.7 (Ulna It)* —-0.78 9.7 0.940 0.6
Tail It —2.02 22.6 0.881 1.0 (Tail 1t)* 0.19 6.1 0.920 2.0
/Body weight -9.90 40.9 0.892 10.1 Body wt —2.49 31.9 0.904 10.8
/Heart weight —14.88 16.3 0.896 15.5 Heart wt —5.47 17.1 0.823 16.2
+/Kidney weight —6.01 18.8 0.923 6.9 Kidney wt —1.12 11.2 0.929 7.6
v/Spleen weight —8.33 30.9 0.960 13.5 Spleen wt —1.88 18.3 0.874 15.5
+/Liver weight —7.72 33.7 0.870 6.4 Liver wt —1.96 25.7 0.931 7.1

The values of the composite coefficient of directionality (&), ratio between directional and total epistasis /€1, the geometric
mean of the absolute epistasis factor (| f]), and the percentage of interactions with negative f (sign epistasis). Results are shown for

all traits, on linear and cubic scale. wt, weight; It, length.
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TABLE 4

Predicted additive effects and their changed corresponding values due to directional epistasis on linear and cubic scales

Predicted additive effects Predicted additive effects + epistasis ;r?fg::lt /
LG/] - SM/] Absolute Proportion of Absolute Proportion of additive
Trait (mean * SE) value LG/J-SM/] (%) value LG/J-SM/]J (%) effect
Linear scale
Femur It 2.820 = 0.08 mm 2.277 mm 80.76 1.922 mm 68.15 0.84
Humerus It 2.160 = 0.02 mm 2.100 mm 97.24 2.189 mm 101.34 1.04
Tibia It 2.230 = 0.08 mm 3.096 mm 138.85 2.738 mm 122.80 0.88
Ulna It 2.210 £ 0.04 mm 2.593 mm 117.33 2.598 mm 117.57 1.00
Tail 1t 23.800 = 0.66 mm 20.258 mm 85.12 20.622 mm 86.65 1.02
+/Body weight 0.548 = 0.08 g* 0.599 g» 109.31 0.467 g 85.18 0.78
{/Heart weight 0.021 = 0.04 g» 0.011 g* 53.54 0.023 g* 111.32 2.08
J/Kidney weight 0.035 = 0.07 g» 0.067 g» 190.33 0.055 g* 155.09 0.81
+/Spleen weight 0.056 = 0.03 g» 0.022 g 39.55 0.012 g 21.13 0.53
+/Liver weight 0.226 = 0.07 g» 0.232 g 102.57 0.228 g* 100.77 0.98
Cubic scale

(Femur It)* 2223.11 = 219.55 mm® 1686.970 mm? 75.88 1525.192 mm® 68.61 0.90
(Humerus 1t)* 1044.39 = 49.01 mm?® 963.084 mm® 92.21 1032.592 mm? 98.87 1.07
(Tibia It)® 2111.73 = 257.11 mm’ 2804.255 mm?* 132.79 2725.599 mm?® 129.07 0.97
(Ulna lt)® 1359.42 * 64.12 mm® 1546.468 mm® 113.76 1597.118 mm® 117.49 1.03
(Tail 1t)* 521422.47 * 43815.27 mm?® 523270.645 mm’® 100.35 556992.890 mm® 106.82 1.06
Body wt 18.575 £ 3.08 g 18.995 g 102.26 15.970 g 85.97 0.84
Heart wt 0.020 = 0.04 g 0.010 g 48.16 0.018 g 89.31 1.85
Kidney wt 0.049 = 0.09 g 0.089 g 181.61 0.074 g 150.10 0.83
Spleen wt 0.042 £ 0.02 g 0.015 ¢ 36.15 0.010 g 24.60 0.68
Liver wt 1.087 = 042 g 1.126 g 103.55 1.141 g 104.92 1.01

The absolute phenotypic difference between the parental strains LG/J and the SM/J (column 1), the predicted absolute phe-
notypic effect of substitution of both alleles based on sum of estimated additive genetic effects (>, 24;, column 2), and expressed
as the percentage of the phenotypic difference between mean LG/] and SM/J (3, 24,;/(LG/] — SM/J]), column 3) . Column 4 is
analogous to the column 2, predicting the phenotypic effect but including epistasis: 3, 2a; + €37, >, . ; a;4;, column 5 expresses
the predicted phenotypic effect including epistasis as the percentage of phenotypic difference between the parental strains
(Xi2a; + €32, a;a;/(LG/] — SM/])). Column 6 shows the proportion between total (additive + epistatic) and the additive
effect. Negative directionality is manifested as this ratio being <1. wt, weight; It, length.

was maintained (Figure 3A). This indicates a weak effect
of dominance on the overall pattern of directionality.
Even so, rather than settling for the general model with
or without dominance, we included or excluded dom-
inance in individual interactions on the basis of whether
the inclusion of dominance resulted in a better fit
(using the Akaike criterion, AIC). On average, 54% of
models including dominance produced a better fit
(with a range from 24 to 78% for different traits).
Another concern associated with the parameterization
of epistasis in the multilinear model is the existence of
over- or underdominance. In the empirical data, apart
from the true over- and underdominance in genetic
effects, some stochastic over- and underdominance due
to random errors in estimates can be expected at loci
with very small additive genetic effects. While the
multilinear model itself can include overdominance,
the interpretation of epsilon in terms of evolutionary
dynamics becomes more complex when overdomi-
nance is present. To test to what extent our estimate of
directionality is affected by over- and underdominance
we have excluded the interactions involving both

phenomena from the data set and repeated the analysis.
The effects on the magnitude of ¢ due to over- or
underdominance are minimal, and the pattern of
directionality in all traits was maintained (Figure 3B).

To understand the contributions of the individual
interactions to the overall pattern of directionality, we
explored the distribution of pairwise epistasis, between
loci iand j (“€). When plotted against additive variances
at the interacting loci, we see that large values of 7 tend
to coincide with small marginal effects of the involved
loci and vice versa. Figure 4 shows examples of this for 2
of the 10 traits: femur length and the cube root of body
weight. The plots show the relationship between ¢ and
the product of additive variances at the locus (V;, V;), on
the log—log scale. For this plot, the absolute values of the
directional epistasis coefficients, |’¢|, were used to
represent the magnitude. We can see from this plot
that the effect of even very large “e on the mean
phenotype is small, as mostly the additive variance
(i.e., reference effects 'y,” y) of the substitution at the
respective loci was small. The relationship for the
remaining traits was similar (not shown).
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Ficure 3.—Effect of dominance on epistatic
directionality. (A) The resulting composite epi-
static coefficients if all interactions are modeled
with (shaded) and without (open) dominance.
The solid columns show the results based on
the applied method of selecting interaction with
or without dominance based on the better fit to
data. (B) The effect of under- and overdomi-
nance on directionality of epistasis. The overall
directionality of epistasis resulting from data ex-
cluding the interactions with overdominance
(shaded) or underdominance (open) is com-
pared to the case where all interactions are in-
cluded (solid). Note that in spite of some
difference in absolute values of epsilon, the pat-
tern is unchanged. The coefficients are unitless
and the traits are on the linear scale in both
plots.

composite coefficient of epistasis
=

Having established the relationship between the
magnitude of ¢ and the additive effects at the interact-
ing loci, we considered the distribution of contributions
to average directionality as the phenotypic effect of 7,
expressed as ¢ weighted by the genetic variance at the
two loci involved: ¢ V, V;. All variables refer to the mean-
standardized data on a linear scale. The examples of
distributions are shown in the two profiles in Figure 5
for the two traits used above; the remaining traits follow
the same pattern. The profiles show few interactions
with large effect, slight predominance of interactions
with negative directionality, and a long tail of interac-
tions with small effects, for most traits.

Locus-specific directionality of epistasis: Directionality of
epistatic interactions for single focal loci exhibits a

large amount of variation in locus-specific directional-
ity among the focal loci, in all traits (presented in Table
S2). Some of this variation may be due to a higher level
of error, as the sample size of interactions is smaller
compared to the overall analysis (N — 1 vs. N(N— 1)/
2). The locus-specific epistatic factors are similarly
variable (not shown separately). Here, between 0 and
39% of interactions involve sign reversal (f < 0),
meaning that the substitution of SM/] allele by a
LG/]J allele (SM/] < LG/J) at a particular locus
increases the size in most backgrounds. The sign
reversal is more frequent in internal organ measure-
ments (up to 33% of locus-specific interactions) than
in the long bone and tail lengths (up to 13% locus-
specific interactions). It is apparent that sign epistasis

FiGure 4.—The relation between the epistatic

coefficient and additive variance across interac-
tions. The two exemplary scatter plots show the

decrease of the pairwise epistatic coefficient with
increased additive variance at the loci involved in

interaction. The plots are on log-log scale and

use absolute size of epsilon, as the sign is irrele-
vant in this context. Note that when additive ef-

fects are small, even small epistatic effect on
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phenotype results in large estimated epsilon,
and vice versa.
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FiGUre 5.—Distributions
of weighed epistatic effects
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tions are ordered from
largest to smallest accord-

ing to their absolute magni-
tude. The asymmetry of the

distribution is an indica-

tion of directionality of

epistasis. Two exemplary
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traits corresponding to
those in Figure 4 are repre-

sented on the same scale, and the remaining traits follow a similar pattern, with varying absolute effect sizes. The single bars
represent single interactions, ordered from left to right according to their decreasing absolute size. They can be positive or neg-
ative on the y-axis, while the xaxis has no quantitative meaning. The traits are on a linear scale.

tends to be associated with single loci rather than
distributed across interactions.

Proportion of directional epistasis relative to the
total epistasis: Across all interactions, €/¢,: The esti-
mated total and directional average epistasis coeffi-
cients are shown in Table 3 for all traits. The total
epistatic effects are on average 2.5- to 6-fold as large as
the directional effects.

Across locus-specific interactions, e/’e.,: The median
ratios of directional to total average epistasis for the
subsets of interactions with single focal loci are listed in
Table 5. The complete list of values of directionality and
ratios of directional to total epistasis for each focal locus
is presented in Table S2. The ratio of directional
epistasis to total epistasis varied strongly among single
focal loci: from 1:100 to 1:1.

Scale effects: The effect of scale is observable in the
marginal effects (Table 2). The effects of an allele
substitution measured in percentage of the mean on a
cubic scale are roughly threefold higher than on the
linear scale for all traits, as expected. When traits were
analyzed to assess directional epistasis on a cubic scale,

the weights, as well as cubed linear measurements,
manifest lesser values of composite directional epistatic
coefficients (Figure 2), as predicted from the effects of
scale transformation.

To compare the scale-related change in directionality
with the change predicted due to scale transformation
alone, we have used the estimate of directionality on the
linear scale and predicted its change when transforming
the scale to cubic. Figure 6 shows the comparison of the
observed values of the composite coefficient of direc-
tionality on the cubic scale and the ones predicted on
the basis of the composite epsilon on the linear scale. In
spite of simplifications, the prediction matches the
observation rather well. The sources of discrepancy
can be diverse, including the fit of the multilinear
model on both scales and the distribution of allelic
effects, as discussed in detail in the next section.

DISCUSSION

We have applied a novel theoretical concept, epistatic
directionality, to empirical data in order to describe how

TABLE 5

The median ratio of directional epistasis to total epistasis for locus-specific interaction subsets

Linear scale

Cubic scale

Trait Median ’e/’g;,; (min-max) Trait Median ‘e /’g;,; (min-max)
Femur It 36.6% (1.7-78.5) (Femur 1t)® 30.7% (3.0-64.8)
Humerus It 26.0% (2.8-73.5) (Humerus 1t)? 23.5% (1.7-68.9)
Tibia It 42.7% (2.0-86.2) (Tibia 1t)® 32.8% (4.4-75.3)
Ulna It 23.9% (0.2-90.1) (Ulna 1t)*? 27.5% (2.0-88.3)
Tail 1t 40.1% (1.0-96.1) (Tail It)® 31.1% (2.6-88.0)
v/Body weight 38.0% (2.2-72.6) Body wt 29.3% (3.5-63.9)
+/Heart weight 40.5% (15.1-86.2) Heart wt 41.1% (11.1-89.8)
+/Kidney weight 30.7% (2.5-89.3) Kidneywt 30.1% (4.0-90.0)
v/Spleen weight 30.0% (1.5-91.7) Spleen wt 22.0% (1.0-87.7)
{/Liverweight 35.7% (1.9-80.7) Liver wt 37.6% (0.4-79.7)

Medians across all sets (corresponding to 12-16 focal loci, depending on a trait) are given and supplemented
by the ranges below the median. The values summarized here are listed in full for each focal locus in Table S2.
wt, weight; It, length.
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epistasis affects the response to directional selection in a
population. We found predominantly negative overall
directional epistasis for increased trait size. However, we
also found that composite measures of directionality
across loci may be difficult to interpret as predictive of
response to selection, when the mapping of genotype to
phenotype is less well behaved, for example, when there
is sign epistasis. We furthermore explored the effect of
measurement scale and demonstrated how the genetic
effects are expected to change with the power trans-
formation of scale and how this manifests itself in the
estimate of overall directionality. In the following, we
first discuss particularities of applying the multilinear
model to QTL data in general, and specifically the
application of the composite measures of directionality.
Next, we address the detected directionality and finally
the effects of power transformation of scale in more
detail.

The multilinear model and overall directionality of
epistatic interactions: We have demonstrated the im-
plementation of the multilinear model (HANSEN and
WAGNER 2001a) to QTL data and the application of
measures of overall epistatic directionality (CARTER et al.
2005). Here we focus on the details of data that may
impose limitations to the use of multilinear model or
difficulties to the interpretation of the measure of
overall directionality.

The first limitation applies to the scale of measure-
ments. The scale of trait measurements affects the
directionality of epistatic interaction in two ways: by
the model limitations and by the scale-dependent
change in genotype—phenotype map. Here we briefly
address the effect of scale on the model fit, whereas the
effect of scale on the genotype-phenotype map is
discussed in a separate section below (see Scale in genetic
architecture). The multilinear model cannot fit equally
well to data on multiple scales. Therefore the compar-
ison of fit (by, e.g., the Akaike criterion) among scales
may be useful when deciding on which scale the model
will give the most accurate assessment of directionality
of epistasis. In the data used here, the approximation is
better on the linear scale than on the cubic scale for all

m linear (measured)
@ cubed (measured)
O cubed (approximated)

FiGure 6.—Change in directionality due to
scale transformation. Plot shows the composite
measure of directionality measured on linear
and cubic scales in comparison with the approx-
imation of directionality for the cubic scale.

traits. The estimate of epistatic directionality on the
cubic scale may thus show some bias due to a worse fit
of the model.

The second limitation of the model concerns the
interpretation of the composite coefficient of direction-
ality (e) with respect to the phenotypic change. The
presence of opposite effects of allele substitution in
reference effects ('y < 0,7y > 0), as well as in form of sign
epistasis, may obscure the interpretation of the com-
posite epsilon in terms of directional phenotypic
change if such opposite effects are frequent and/or
large. The interpretation of the pairwise coefficients of
directionality is opposite in this case: a negative co-
efficient increases the phenotypic value and enhances
response to selection, while a positive coefficient de-
creases the phenotypic value. For example, given the
interaction between loci with opposite reference effects,
the term “g’y/y is positive and increases the phenotype
if 7 < 0. This is analogous to what we have shown
previously for the sign epistasis, in which the sign
reversal occurs in a different background genotype. In
the presence of sign reversal, either in reference effect
or due to sign epistasis, the sign of the overall coefficient
of epistasis may be composed of the opposite effects on
the phenotype and may lead to a misinterpretation of
the overall effect of epistasis on the phenotypic response
to directional selection. A strongly negative epsilon does
not necessarily mean less (relative to additive effects)
potential response to selection toward increased values
if some of the canalized loci have in fact negative effects.
Note that this is an interpretational complication of
composite epsilon in terms of the phenotypic effect
rather than a problem of the model itself.

The opposite reference effects can occur due to the
choice of reference, or due to estimation error. In the
first case, the allelic reference effects may be measured
in a particular direction, because they are classified by
their source population rather than by their effects. For
example, in this study we distinguish the LG/J alleles
from SM/]J alleles and are interested in keeping track of
the origin of the alleles. In general, LG/J alleles are
associated with larger phenotypic values than SM/J
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alleles. In some cases, however, LG/] alleles are associ-
ated with smaller phenotypic values. This causes nega-
tive reference effects. The effect of the sign of reference
effects can be avoided by different coding of the alleles.
The alleles need not be thought to have classification
due to the source population (SM/] and LG/J); instead
the low vs. high allele can be evaluated locus by locus
with respect to allelic effect on the phenotype within the
study, as would be the case in a natural population. In
this way, the above effect may be minimized.

The negative reference effects can also occur due to
model fitting. Reference genotypic values and reference
effects are estimated anew for every pairwise interaction.
The reference effects of a substitution at the same locus
vary somewhat across interactions, depending on the
locus it is interacting with. Very small positive reference
effects may sometimes become negative due to estima-
tion error. This effect is reduced when calculating the
composite epsilon by weighing by the (correspondingly
small) variances; however, it can accumulate weight if
the same locus with large effects is involved in in-
teraction with change of sign in reference effects of
many other loci. We demonstrate the consequences of
this effect in two traits: tail and spleen. In both cases, we
detected a single locus (Bod19.1) with large positive
reference effects that is involved in many interactions
with negative reference effects. When other loci interact
with Bod19.1, their reference effects are slightly nega-
tive. Thus the substitutions of a small with a large allele
(SM < LG) at several loci lead to smaller phenotype in
the presence of SM/J at the locus Bod19.1. As the effect
(and thus the variance) due to locus Bod19.1 is larger
than average, these multiple interactions contribute a
considerable portion to the variance-weighed compos-
ite coefficient of directionality. The particular interac-
tions are often associated with the negative pairwise
coefficient of directionality (as explained above); how-
ever, they increase the phenotypic value relative to the
expectation from the additive effects only. Including
this locus into the study inflates the negative direction-
ality of tail from —2 to —21 and of spleen —8.3 to —18.
We found in locus-specific analysis that sign changes are
often associated with single loci. This shows that some
caution with respect to sign reversal either in reference
effects orin epistatic effects is needed when interpreting
the composite coefficient of directionality, especially
with loci of large effects. With some attention to the
detail of data, these limitations can be identified and
considered prior to interpreting composite coefficient
of directionality. Also, the average absolute epistatic
factor offers an alternative measure of modification of
genetic effects that is not susceptible to the sign change.

Selection and directionality of epistasis: Our analysis
of epistatic interactions in the mouse population
revealed negative overall directionality of epistatic co-
efficients on the linear scale for all 10 traits considered.
In other words, if the allele substitutions at loci 7 and j

individually increase a length measurement by 1% each
when measured separately, their simultaneous substitu-
tion increases the measurement by less than 2%.
Negative overall directionality expresses this kind of
effect as being the average overall effect in the inter-
actions included in the analysis. These results predict
that epistasis on average reduces the percentage re-
sponse to directional selection for size increase relative
to the expectation based on the additive genetic effects
alone. The strength of the directional effect for traits on
the linear scale is between € = —2 and € = —15, which in
this population mostly decreases the summed additive
genetic effects across loci (by up to 47%; see column 7 in
Table 4). In some traits, however, the coefficient of
epistasis has no straightforward interpretation due to
presence of sign reversals. The mean absolute epistatic
factor (Table 3), which describes the modification of the
absolute allelic effect by epistasis, indicates reduction in
the size of allelic effects in all traits. When considered as
the absolute value, the mean epistatic factor may be a
more informative measure of overall effects, especially
in more complex genotype—phenotype map as de-
scribed above.

Locus-specific analysis of the average epistatic di-
rectionality revealed wide variation in how the effects
of single loci are modified by epistasis. Thus, the effect
of single loci can be increased as well as reduced relative
to the additive genetic variance due to epistasis. The
difference between locus-specific and overall direction-
ality demonstrates that directionality tends to be can-
celled out when averaged across interactions. This
directionality nevertheless has an effect when selection
acts on genetic effects at single loci.

Several assumptions are involved in using these
results to predict the outcome of directional selection.
The main assumption is that the subset of loci included
and their interactions are an unbiased representation of
genetic effects in the population. The choice of loci in
this study was influenced by the size of their effects and
their location on separate chromosomes. Undoubtedly,
many loci were excluded that could potentially affect
the pattern of directionality detected here if their effects
differed from the ones found. Nevertheless, the relative
consistency of the pattern across traits, as well as the
finding that the same pattern is supported when larger
sets of loci were used (not shown), is remarkable and
suggests that these results are robust. We further
assumed that the independent estimation of the pair-
wise epistatic coefficients (two loci at the time as
opposed to simultaneously including all loci) is a fair
approximation of interaction effects. Studying pairwise
interactions including only two loci at a time can
introduce error due to confounding effects, i.e., the
variation contributed by the correlated loci. The theo-
retical solution to these problems, namely including all
loci as covariates in the single model, remains problem-
atic both due to linkage disequilibrium and due to
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computational unfeasibility, particularly if we assume
that the variation of traits is underlain by a high number
of loci with small effects. Both of the above assumptions
are common in studies of epistasis, but are nevertheless
noteworthy.

We might also ask whether the pattern itself may be a
consequence of past selection in the parental strains
during their origination. There is evidence of reduced
selection response in spite of existing additive genetic
variance after the 35th generation of selection in the
LG/Jline (CHAI 1966, WILSON el al. 1971). However, this
effect has been attributed to pleiotropic effects (WILSON
etal. 1971) and could also have been caused by opposing
natural selection on the same traits. The negative
directional epistasis could be an alternative explana-
tion. In general, the inference from the effects of allele
substitution present in the generation of the LG/] line
to the effects in the present intercross population would
require that the epistatic effects are just as similar
between the two populations as are the additive effects
of allele substitutions (LG/J alleles mostly causing
larger phenotypes, SM/] mostly causing smaller pheno-
types). It is clear, however, that the LG/] alleles in the
LG/] X SM/] intercross are, at least in part, exposed to
a different genetic background than was experienced
during the production of the LG/]J strain.

The context dependency of allelic effects also means
that changes in the genetic background may change the
directionality of epistasis. The potential to infer the
long-term effect on selection on the basis of the di-
rectionality of epistatic effects detected in the current
population depends on the smoothness of the genotype—
phenotype map (HERMISSON et al. 2003; CARTER et al.
2005). A map with well-behaved genetic effects (e.g.,
little under- or overdominance, little sign reversal) has a
relatively constant curvature and allows such inference.
In contrast, a complex genotype—phenotype map with
variable sign and value of coefficient of directionality
(see example in Figure 7) allows only short-term pre-
diction of the effects of epistasis. Higher-order epistasis
needs to be assessed to predict the change in direction-
ality (HANSEN et al. 2006). So far we know little about the
curve connecting different populations between paren-
tal strains in Figure 7. One indication of a complex
map may be high variance of pairwise epistatic
coefficients contributing to composite epsilon and
strong effects of single alleles. As shown in the
examples of tail and spleen, single loci with large
effects, as are often present in selected populations,
may strongly influence the coefficient of directional-
ity. This study also shows that the traits differ in the
complexity of their epistatic architectures. The esti-
mation of directionality intended in this study refers to
the current population and is a local estimate of the
curvature of the genotype—phenotype map. Whether the
detected pattern of epistatic directionality is population
specific or is a common pattern remains to be addressed

Genotypic value (trait)

I
5

s

Z
_'z,"Q:
. A

SM1J F2/F3 LGN

FIGURE 7.—local curvature of genotype—phenotype (GP)
map changes in different populations. The plot shows a hypo-
thetical example of a variable GP map, where the curvature
changes. In such situations, prediction of the long-term ef-
fects of epistasis by a composite parameter becomes complex
(see HANSEN et al. 2006).

by exploring further populations, for example different
line crosses.

Scale in genetic architecture: Scale affects the mea-
surement of genetic effects in general (e.g., LyNcH and
Warsu 1998); thus considering and understanding
such effect is important, as it may affect the inference
of the measured parameters. The invariance to scale
change is a desirable property characterizing a generally
applicable measurement.

We have shown that numerical difference between
the directionality of epistasis on linear and on cubic
scales can be explained by the predictable effect of
power transformation on genetic effects. However, the
effect of directionality is invariable across scales even
though the numerical values of coefficient of direction-
ality change. The modification (in percentage) of the
effect of substitution at the locus i is a product of the
coefficient of directionality with the effect of substitu-
tion at locus j. For example, if the effects of substitution
increase threefold due to scale transformation, and the
value of epsilon decreases threefold, the modification of
the effects, expressed in percentage of the reference
effect at the locus 7 is maintained. This means that
genetic architecture of the trait does not change with
respect to directionality of epistasis, if the data are
transferred to a different scale. This is valid, because the
coefficient of directionality only has a meaning in the
context of the reference effects. Thus fitting the multi-
linear model on linear scale, we can approximate the
numerical value of epsilon on the cubic scale.

Is there an inherent scale on which to measure the
particular traits? We find no evidence that either of the
two scales was more or less appropriate for any partic-
ular trait type; the numerical difference between the
values of epsilon on two scales is consistent with the
prediction based on scale transformation in all trait
types. Rather, the effects of scale transformation present
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here are influenced by the particular size and distribu-
tion of genetic effects, specific to single traits.
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APPENDIX: EFFECTS OF SCALE TRANSFORMATIONS

Epistasis is a consequence of nonlinearities in the genotype—phenotype map. Any description of epistasis therefore
changes with nonlinear transformation of the data. In this article we consider epistasis on two different scales, “cubic”
and “linear.” In this appendix we consider the consequences of power transformations on the multilinear model. We
note that these are of two sorts. On one hand, there is the necessary inherent change in the genotype—phenotype map
when the phenotype is transformed, and on the other, there is the change in fit of the multilinear model, which should
be viewed as an approximation to a more complex genotype—phenotype map. Here we focus on the former effect.

Since we are considering only pairwise epistasis, we focus on the two-locus case. We consider four genotypes:

O = x,
ix = x + 'y,
szxr-i-jy,

Ux = x + iy + jy + ﬁsiy»7y7

where “x is the genotypic value of the reference genotype where no substitutions have been made, “x is the genotypic
value after a substitution with effect 'y on locus i, /x is the genotypic value after a substitution with effect/y at locus
j» and Yx is the genotypic value after both substitutions have been made.

Note that in this study the phenotypic values are mean standardized. We can therefore rewrite these equations for

the mean-standardized scale as

X = Xr,

x X J T o )
_:_r+lyv_:ﬁ+]y’_:ﬁ+ly+Jy+ljglyjy,
X X X X X X

or

o=x (1 +Y),0x = x (1 +7y), Ix = x (1 + Iy + 7y + Telyly),

Now consider the same genotypes after a power transformation x, = x*. Then we get

Oap = o =",

= (x(147))" = (14 "w),

Tap = (x(1+7y))" = (1+7y),

T = (x(1 4y +7y + ey Iy)" = w1+ g+ g+ Ve I,

where a subscribed k means parameters pertaining to the scale resulting from the kpower transformation. We can
solve these equations to derive an approximate relationship between the parameters at different scales.
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The above equations are equivalent to

1+ iy)k =1+ iyk + higher-order terms,
1+ fy)k =1+ 7yk + higher-order terms,
(1 +iy+7y +eiyiyk = 1 + iy, +7y, + Vg, 'y, 'y, + higher-order terms.

Assuming that the reference effects of individual allele substitutions are small, we can approximate by neglecting
higher-order terms. Thus we obtain

Y i, e
ykayand SkNI.

Hence the reference effects on the cubic scale are expected to be three times larger than those on the linear scale,
while the epistasis coefficients are expected to be three times smaller. These results can serve as a baseline for
comparing the strength of epistasis on different power scales. Deviations from the assumption of small x cause
overestimation of the effect of the power transformation from linear to cubic scale on reference effects. This leads to
coefficient of directionality on cubic scale that is greater than one-third of the coefficient of directionality on the linear
scale (Ye, > Yg/3).
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FILE S1
Genotype data

File S1 is available for download as an Excel file at http://www.genetics.org/cgi/content/full/genetics.110.118356/DCI.

FILE S2
Phenotype data

File S2 is available for download as an Excel file at http://www.genetics.org/cgi/content/full/genetics.110.118356/DC1.
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TABLE S1

Trait Chr Location (cM) QTL name
femur length 1 40 Lbnl.12

2 78 Lbn2.22 (Adip9b)

3 28 Lbn3.12 (Adip10P)

4 61 Lbn4.22

5 64 Lbnj.12

6 72 Lbn6.22

7 37 Lbn7.12

8 31 Lbn8.12

9 75 Lbn9.32

11 15 Lbnll.12 (Adip16P)

13 49 Lbnl3.1a

17 17 Lbnl7.1a
humerus length 1 40 Lbnl.1a

2 79 Lbn2.22 (Adip9b)

3 34 Lbn3.12 (Adip10P)

4 29 Lbn4.12 (Org4.2b)

5 59 Lbnj.12

6 72 Lbn6.22

8 33 Lbn8.12

9 42 Lbn9.22

10 33 Lbnl10.1a

13 48 Lbnl3.1a

14 43 Lbnl4.1a

15 42 Lbnl15.12 (Bod15.1b)

17 14 Lbnl7.1a
tibia length 1 40 Lbnl.1a

2 57 Lbn2.1*(Adip9P)

3 28 Lbn3.12 (Adip10P)

4 42 Lbn4.12 (Adip11b)

6 72 Lbn6.22

7 25 Lbn7.12

8 39 Lbn8.12

9 75 Lbn9.32

10 64 Lbn10.2a

11 6 Lbnll.1a

13 49 Lbnl3.1a

14 43 Lbnl4.1a

17 17 Lbnl7.1a

19 4 Lbn19.12 (Bod19.1b)
ulna length 1 39 Lbnl.12

2 57 Lbn2.12 (Adip9b)

3 59 Lbn3.12 (Adip10P)

4 29 Lbn4.12 (Org4.2b)

6 68 Lbn6.22

8 31 Lbn8.12

9 13 Lbn9.12

10 66 Lbn10.2a

11 5 Lbnll.1a

381
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13 48 Lbn13.12 (Adip18P)
14 38 Lbnl4.1a
15 25 Lbn15.12 (Bod15.1b)
17 17 Lbnl7.1a
tail length 1 44 Bod1.1b (Lbnl.14)
2 58 Adip9 (Lbn2.12)
3 41 Adip10P (Lbn3.14)
5 66 Bod5AP (Lbnb.14)
6 40 Adip2b (Lbn6.12)
8 7 Sk18.1P (Lbn8.22)
9 68 Adip5P (Lbn9.3%)
10 32 Bod10.2" (Lbn10.12)
11 0 Adip16P (Lbnl1.1a)
12 11 Adip6P
13 48 Adip18P (Lbn13.14)
14 7 Bod14.2b
15 24 Bod15.1" (Lbn15.1%)
16 4 Sk116.1P
17 19 Adip20P (Lbn17.12)
19 13 Bod19.1b (Lbn19.14)
body weight 1 10 Adip1Pb
2 43 Bod2.1>
3 38 Adip10P (Lbn3.14)
4 45 Adip11P (Lbn4.14)
5 10 Adip12b
6 72 Adip13P (Lbn6.22)
7 43 Adip3BP (Lbn7.12)
8 39 Adip4b (Lbn8.14)
9 47 Adip18P (Lbn9.22)
10 14 Adip14b
11 39 Adip16Pb
13 48 Adip18P (Lbn13.14)
14 35 Bod14.2b
15 25 Bod15.1b (Lbn15.12)
16 0 Sk116.1P
17 7 Adip20P
18 12 Adip8b
heart weight 2 43 Bod2.1>
4 45 Adip11P (Lbn4.14)
5 20 Adip12b
6 58 Adip13P (Lbn6.22)
7 34 Org7.2b (Lbn7.14)
8 39 Adip4b (Lbn8.14)
10 14 Adip14b
11 60 Wmll.1b
16 36 Orgl6.1b
17 2 Adip20P (Lbn17.12)
13 48 Adip18P (Lbn13.14)
14 35 Bod14.2b
18 20 Adip8b
kidney weight 1 44 Bod1.1? (Lbnl.14)
2 61 Adip9p
41 Adip10P (Lbn3.14)
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4 45 Adip11b (Lbn4.12)

5 40 Adip12b

6 72 Adip13P (Lbn6.22)

7 43 Adip3BP (Lbn7.1%)

8 39 Adip4®> (Lbn8.12)

9 0 Adip5P

10 32 Bod10.2b

11 39 Adipl6P

12 42 Adipl7b

13 48 Adip18Pb

14 35 Bod14.2b

16 39 Adip19p

18 36 Adip8b

19 23 Bod19.1P (Lbn19.12)
spleen weight 1 44 Bodl1.1b (Lbnl.12)

2 27 Bod2.1P

3 41 Adip10P (Lbn3.142)

4 45 Adip11b (Lbn4.12)

7 44 Adip3BP (Lbn7.1%)

8 74 Adip4>

9 68 Adip5P (Lbn9.32)

10 14 Adip14b

11 39 Adipl6P

12 5 Adip8b

13 48 Adip18P

15 58 Bod15.1" (Lbn15.1%)

17 31 Adip20P

18 13 Adip8b

19 13 Bod19.1b (Lbn19.12)
liver weight 1 10 Adiplb

2 43 Bod2.1P

4 45 Adip11b (Lbn4.12)

5 20 Adip12b

6 72 Adip13P (Lbn6.22)

7 43 Adip3BP (Lbn7.1%)

8 39 Adip4®> (Lbn8.12)

9 68 Adip5P (Lbn9.32)

10 54 Adip15P

13 48 Adip18p

15 25 Bod15.1" (Lbn15.14)

17 19 Adip20P

The names of the loci in parentheses refer to the loci with overlapping confidence

interval, that were associated in original mapping with a different trait.

a: see NORGARD et al. 2008

b: see FAWCETT et al. 2008
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TABLE S2

Locus-specific directionality of epistatic modification, and the proportion of directional to total

epistasis
LINEAR SCALE CUBIC SCALE LINEAR SCALE CUBIC SCALE
€ €/ &0 € €/ &0 e €/ &0t e €/ &0
[%] [%] [%] [%]
FEMUR HUMERUS
44.90 31.71 9.83 19.46 -0.74 2.76 0.14 1.72
-6.75 41.50 -1.78 32.90 -3.72 27.69 -0.58 12.93
-7.49 59.18 -1.92 16.28 -10.04 26.00 -3.05 23.53
-11.99 57.23 -3.31 50.76 3.72 8.29 1.76 11.66
-6.37 30.45 -1.51 21.90 -24.88 70.49 -7.03 60.48
-3.63 24.41 -0.59 11.43 1.65 6.67 1.10 13.15
-0.81 1.71 0.47 2.99 -0.79 3.96 0.33 1.36
-7.44 78.48 -1.70 64.77 20.65 61.59 6.75 63.76
-16.31 526.72 -4.82 51.46 -16.01 64.51 -4.37 58.93
-5.21 30.06 -1.03 18.67 -6.67 22.64 -1.20 11.93
-8.38 20.26 -3.80 28.44 3.15 23.74 1.62 36.40
38.39 94.23 12.63 55.18 -36.79 73.49 -11.15 68.93
-17.18 68.47 -4.69 96.94
TIBIA ULNA

6.92 19.36 3.30 28.26 9.50 43.07 3.71 47.05
-32.98 76.22 -10.25 74.03 -23.99 15.65 -7.43 42.71
-9.50 44.71 -0.78 13.90 -2.93 12.12 -0.35 4.28
-13.25 40.59 -3.72 34.20 4.08 23.92 2.05 36.89
5.50 25.09 2.58 36.19 -0.13 0.26 0.34 1.95
0.68 2.02 1.72 14.96 3.30 7.88 2.08 15.17
-1.00 6.82 0.34 6.70 2.42 10.03 1.67 24.75
-2.25 15.66 -0.34 4.40 -4.92 23.39 -0.88 12.61
8.80 23.65 4.08 31.46 5.37 18.99 2.28 24.01
-16.47 86.24 -3.74 67.78 -10.44 36.29 -2.52 27.48
-22.59 82.52 -6.48 75.34 -20.74 90.12 -5.87 88.25
-12.13 69.17 -3.15 56.42 -10.19 50.11 -2.63 39.10
-12.93 45.08 -4.11 42.59 -15.03 38.05 -4.38 32.94

-4.28 45.45 -0.88 29.38

TAIL KIDNEY

4.22 529.24 1.98 82.09 -30.94 18.99 -12.06 21.38
-5.91 41.06 -0.84 18.27 -13.12 25.90 -4.54 26.06
-0.29 5.54 0.84 40.58 -27.52 16.89 -8.33 44.03
-18.57 96.14 -8.51 29.69 115.74 60.77 39.25 61.82
5.43 15.08 2.56 14.53 21.94 30.65 7.41 36.33
-0.18 0.97 0.69 11.09 -1.49 2.45 0.80 1.04
-1.96 33.69 0.05 2.59 -7.09 15.56 -1.01 6.49
-0.67 8.42 0.97 31.13 -5.68 29.71 -0.93 16.24
-20.09 40.06 -5.22 32.39 -11.33 68.34 -2.78 64.33
-2.82 41.44 -0.18 7.54 -10.35 14.21 -2.05 8.31
2.02 14.19 1.60 34.48 23.50 39.35 9.18 47.77
-8.07 35.94 -2.60 32.27 10.69 30.98 3.31 30.11
-28.11 91.34 -8.77 88.02 -7.84 23.53 -1.96 18.75
-3.43 48.42 -0.08 3.54 -2.41 10.04 -0.66 8.77
-8.32 48.50 -1.93 38.09 -14.49 50.36 -3.68 41.40
68.74 63.87 22.30 61.76
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12.71 89.33 5.80 89.99
BODY SPLEEN
-29.47 51.54 -8.61 45.63 9.57 19.09 4.95 25.43
-7.23 29.82 -2.14 25.22 -9.78 45.51 -2.32 33.50
3.69 10.00 2.04 16.37 -12.47 44.66 -3.93 43.98
-18.68 67.19 -6.24 63.93 -5.42 29.73 0.08 0.98
6.69 16.74 2.89 21.52 -25.82 30.89 -16.98 38.66
-55.91 54.87 -18.55 53.45 -53.45 62.08 -13.80 51.98
-15.14 32.40 -4.55 29.33 -3.38 14.62 -0.58 6.12
-10.60 32.79 -2.46 27.63 -81.89 91.70 -27.83 87.71
-41.52 38.04 1.96 6.79 10.99 22.60 4.13 20.51
4.03 8.95 2.38 17.02 -537.87 77.48 -173.21 83.33
-10.49 72.57 -2.32 54.03 -2.61 11.20 0.78 8.03
-11.99 66.05 -3.36 59.25 -8.95 12.96 -2.57 11.89
-11.94 525.73 -3.51 49.92 -4.35 30.30 -0.57 9.67
-26.57 65.18 -8.17 58.73 0.68 1.60 -1.94 15.82
-12.74 10.72 -1.32 3.48
2.99 2.24 -1.70 4.02
3.03 43.96 1.24 50.72
HEART LIVER
-40.53 84.59 -15.92 89.76 -2.88 5.94 -0.07 0.43
-29.94 16.11 -7.12 11.06 -21.44 29.53 -5.71 24.29
25.13 40.52 8.51 41.09 -11.55 46.22 -3.96 44.51
-43.43 17.68 -12.92 14.66 1.55 3.61 2.19 14.73
117.01 73.63 35.46 68.50 -1.72 11.66 -0.26 5.41
-15.99 22.86 -6.96 24.72 -45.72 24.74 -53.59 69.47
-27.42 58.30 -9.76 62.41 -12.68 76.49 -3.25 60.23
40.04 30.66 11.57 25.55 -7.79 52.39 -1.64 31.11
-158.60 86.15 -58.50 84.85 0.36 1.86 -0.10 1.63
-16.97 15.12 -7.35 19.16 -42.61 59.04 -13.16 53.44
-91.04 53.81 -31.20 56.00 -46.18 80.65 -15.64 79.65
-65.51 40.05 -22.79 40.53 6.32 41.79 2.27 44.06
-232.74 58.15 -50.15 51.05




