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Naturally segregating loci exhibit epistasis
for fitness

Patrick J. Monnahan and John K. Kelly

Department of Ecology and Evolutionary Biology, University of Kansas, 1200 Sunnyside Avenue, Lawrence,
KS 66045, USA

The extent to which gene interaction or epistasis contributes to fitness variation
within populations remains poorly understood, despite its importance to a
myriad of evolutionary questions. Here, we report a multi-year field study esti-
mating fitness of Mimulus guttatus genetic lines in which pairs of naturally
segregating loci exist in an otherwise uniform background. An allele at QTL
x5b—a locus originally mapped for its effect on flower size—positively affects
survival if combined with one genotype at quantitative trait locus x10a (aa) but
has negative effects when combined with the other genotypes (Aa and AA).
The viability differences between genotypes parallel phenotypic differences
for the time and node at which a plant flowers. Viability is negatively corre-
lated with fecundity across genotypes, indicating antagonistic pleiotropy for
fitness components. This trade-off reduces the genetic variance for total
fitness relative to the individual fitness components and thus may serve to
maintain variation. Additionally, we find that the effects of each locus and
their interaction often vary with the environment.

1. Introduction

Heritable variation in fitness is the basis for evolution by natural selection, and
understanding the genetic basis of this variation remains a major frontier in
biology [1]. Genetic mapping studies have begun to identify the loci underlying
quantitative traits, but the effects of these loci on fitness in nature largely
remain unknown. Fitness is a complex function of many traits, few of which
are measured in any mapping study. Additionally, the effect of a locus (gene)
often depends on the environment experienced by the organism [2]. Field studies,
using genetic lines containing known alleles, have shed light on the evolutionary
significance of loci identified in controlled settings [3,4]. However, the common
observation in mapping studies that genes interact with one another (i.e. exhibit
epistasis) [5—7] has received limited attention in natural assays.

Natural assays of gene interactions directly address questions about specia-
tion, adaptation and the evolution of sex [8]. Epistasis is routinely invoked
to explain reproductive isolation between species via Dobzhansky—-Muller
incompatibilities—interactions between heterospecific alleles that cause reduced
fitness in hybrids [9,10]. Multiple studies suggest that epistasis contributes to fit-
ness differences between populations within a species [11], including direct
evidence from field assays [4,12]. However, evidence for epistasis in fitness for
loci that are naturally segregating within populations is limited. Indirect studies,
which focus on traits presumably linked to fitness (e.g. flowering time [13]),
suggest a role for epistasis, but direct evidence from field assays on the magnitude
and pattern of epistasis is currently lacking. These details cannot be inferred from
the between-population studies, because the alleles that differentiate populations
or species may never have been simultaneously segregating in any population.
Even if they had been, their effects would likely have changed substantially
after many generations of isolation owing to the accrual of multiple mutations
[14]. Natural assays estimating the magnitude and pattern of epistasis between
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segregating alleles are necessary to inform important issues
such as the maintenance of genetic variation, and thus the
evolutionary potential of populations.

In this paper, we describe a field assay for epistasis between
a pair of naturally segregating loci mapped within a single
population of Mimulus guttatus (yellow monkeyflower). In the
greenhouse, these loci exhibit epistasis for multiple floral mor-
phology traits (electronic supplementary material, table S1).
In the field, these loci interact to determine the developmental
timing of the transition to flowering, as well as several non-
floral phenotypes. Importantly, we observe sign epistasis for
viability (i.e. probability of living to set seed) wherein an
allele has a positive effect in one genetic background and a
negative effect in alternate backgrounds. We also document a
negative correlation among genotypic values for viability and
fecundity (antagonistic pleiotropy), which may contribute to
the maintenance of these polymorphisms in nature.

2. Material and methods

Twoloci (quantitative trait locus (QTL) x10a and QTL x5b), mapped
for their effects on flower size, were introgressed into a common
isogenic background by intercrossing two nearly isogenic lines
(NILs). The isogenic background is IM767, an inbred line derived
from approximately 15 generations of self-fertilization of field-
collected seed. This line has medium floral trait values and
genome sequencing reveals it to be highly homozygous [15].
Controlled crossing of the four possible double-homozygous geno-
types produces the nine two-locus genotypes that were assayed.
Prior to each field season, we confirmed genotypes performing
PCR at diagnostic markers for a subset of individuals [7]. We germi-
nated seed at the University of Oregon greenhouse at a date
matching snowmelt in each year (5/1/12 and 5/15/14). Two
weeks after germination, we transplanted seedlings into 98-well
trays filled with a mixture of potting soil and soil from the transplant
site (44.373238 N, 122.130675 W). Trays were placed in three trans-
ects of approximately equal length such that each tray was flush
with the surrounding soil. In 2012 and 2014, the study consisted
of 430 and 1177 individuals, respectively, split evenly across the
nine two-locus genotypes.

Seedlings that washed out of the wells or died owing to trans-
plant shock within the first week were removed from subsequent
analyses. The remaining individuals were measured at day of first
open flower for corolla width, pistil length, length of internode
preceding flowering node, pedicle length and node of flower.
We averaged measurements across flowers, although approxi-
mately 95% of surviving plants produced only one flower. We
collected and counted all seed to determine fecundity.

We analysed the data under the following linear model:

Zijg = p+ i + B+ Y + Fi + aBj + oY + BY jy + oYy,

where a; is the effect of QTL x10a, 8; is the effect of QTL x5b, Y is
the effect of year, Fj; represents the effect of the flat, and all sub-
sequent terms represent interactions between the relevant
factors. Fj; was treated as random, while «;, 8; and Y} were fixed
factors. A significant effect of af; indicates epistasis between
loci. Non-significant interactions involving year were removed
from the model. Seed count (fecundity) was natural log trans-
formed prior to analysis owing to the right-skewed distribution,
whereas the raw values were used for all other traits (electronic
supplementary material, figure S1). Seed count was analysed
only among the individuals that set seed (2012: n = 85; and 2014:
n = 714). Traits were analysed using mixed effects logistic (viabi-
lity data; ‘glmer’ function) or linear regression (all other traits;
‘Imer’ function) as implemented in the ‘Ime4’ package in R. For via-
bility, significance was determined using ‘anova.merMod’, which

contrasts nested models with a likelihood ratio test, and type III
Wald x*-tests as determined by the ‘Anova’ function (‘car’ pack-
age) for the remaining traits. We found that Poisson regression
for untransformed seed count, which includes individuals that
set zero seed, largely mirrors results from viability analysis (elec-
tronic supplementary material, table S2); therefore, we opt for
analysing viability and fecundity separately. Genotypic values
presented in the figures are the least-squares means resulting
from the linear model fits (‘Ismeans’ package) for all traits except
viability, in which we calculated the survival probability from
the logistic regression coefficients. The per cent of explained
variance (partial R?) for each term and significance of post-
hoc comparisons were determined with the ‘pamer.fnc’ and
‘mcposthoc.fnc’ functions, respectively, (LMERConvenienceFunc-
tions” package). Greenhouse data come from a previous study [16]
(details of analysis can be found in the electronic supplementary
material table files).

3. Results and discussion

Epistasis had a highly significant effect on viability and on
several morphological and developmental traits (table 1).
Point estimates for viability suggest sign epistasis (figure 1):
the ‘B’ allele at QTL x5b has a negative effect on viability in
the ‘aa” background at QTL x10a, but a positive effect in
other backgrounds ("Aa” and “AA’). The implications of epi-
static selection are numerous [17,18], but a simple
prediction is that allele frequency change at one locus will
change depending on allele frequencies at other interacting
loci [19]. In this case, viability selection will favour allele ‘b’
at x5b if the ‘a’ allele at x10a is at high frequency. Conversely,
if ‘a’ is at low frequency, the ‘B’ allele at x5b will be favoured.
If selection acts purely through viability, the ultimate loss or
fixation of either allele at x5b will be determined by the loss
or fixation of alleles at x10a.

The negative correlation between viability and fecundity,
the hallmark of antagonistic pleiotropy, should reduce the effi-
cacy of viability selection (figure 1b). Considering total fitness
as the product of viability and (female) fecundity, the negative
correlation between these components implies that variance in
total fitness is reduced relative to the individual components.
Since the change in allele frequency is proportional to the fit-
ness variance attributable to a locus, the negative trade-off
will slow evolution at these loci, thus promoting the mainten-
ance of polymorphism. In the simplest models, antagonistic
pleiotropy between viability and fecundity does not guarantee
stable polymorphism unless the total fitness of the heterozy-
gous genotype exceeds both homozygotes (i.e. the locus
exhibits overdominance) [20]. Our point estimates for total fit-
ness are not sufficiently precise to determine whether this
condition is satisfied for these loci.

The observed viability—fecundity trade-off seems to be
driven by the epistatic effects of the loci on development
time. The negative correlation between node and viability is
accompanied by a positive correlation between node and
fecundity, particularly in 2014 (figure 2). Genotypes that flow-
ered at a later node were less likely to survive, but produced
more seed if they did survive. This correlation is not significant
in 2012, probably because genotypic values are based on very
few measurements (approx. 10 individuals per genotype sur-
vived to flower). The node at first flower is also positively
correlated with the day of flower (r=0.864, p=0.0027;
based on least-squares means across years). In annual, alpine
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Figure 1. (a) Genetic values for viability of the nine two-locus genotypes for QTL pair x10a—x5b for each year. Different letters indicate significant differences
within each ‘A’ background at p << 0.05 for 2014 data. Asterisk indicates p << 0.0001 for the difference between ‘B" homozygotes within an ‘A" background.
(b) Relationship between viability and fecundity for the nine two-locus genotypic values (2012: r = —0.69; p = 0.039. 2014: r = —0.80; p = 0.008).

(Online version in colour.)

Table 1. Summary of linear model fit.

p-value partial R  term partial R
viability fecundity
‘”yeér' o 1 oot e 'yéér' e oo 03
x10a 23.97 2 <0.0001 4221 x10a 6.20 2 0.0450 0.444
e e o ey e v o s Dot
x10a x x5b 24.61 4 <<0.0001 6.059 x10a x x5b 4.69 4 0.3210 0.529
'dbaysbtd o IS Bt Hped‘idellehgthb o B S et oo
year 2.85 1 0.0912 0.599 year 4.83 1 0.0279 0.055
e o o s om0 e a0 oot oo
x5h 0.48 2 0.7856 4.794 X5b 6.59 2 0.0371 4321
s o1 4 o ia s w4 ool em
x10a X year 6.27 2 0.0436 0.093 x10a X yea 24.88 2 <<0.0001 0.404
b ox yer 2 2 0366 0650 xSbx year B6 2 0001 1736
x10a x x5b x year 11.65 4 0.0201 0.959 x10a x x5b X year 26.60 4 <<0.0001 2.164
ol R mternodelength
year 57.43 1 <0.0001 5325 year 52.24 1 <0.0001 6.851
e o s o e o wes o
x5h 1.20 2 0.5482 0.278 X5b 3.49 2 0.1743 0.778
CxX0axxsh 29 4 05652 019  xW0axxh 760 4 <0001 1591
x10a x year 6.57 2 0.0374 0.436 x10a x year 6.57 2 0.0375 0.390
bpbisbtilblén'gt'h ......... S ERehea TN e R ST
year 37.46 1 <0.0001 3.898 year 38.71 1 <0.0001 9.039
w ) e oo e a0 s o
x5b 2.65 2 0.2656 0.352 X5b 12.03 2 0.0024 4335
Cxi0axxsh 249 4 0664 0170 xl0a x xSb 5507 4 <0001 3651
x10a X year 7.15 2 0.0281 0.482 x10a x year 12.14 2 0.0023 0.695
.................. N Bhthenh e s year o 0 1 oo ore
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M. guttatus populations, viability selection primarily acts
through the cessation of water availability at the end of the
summer (approx. 80% of observed mortality occurred within
10 days in 2014). While individuals that delay flowering to

later nodes have the capacity to produce more seed, they run
a greater risk of not flowering before senescing.

Other than epistasis and antagonistic pleiotropy, environ-
mental heterogeneity affects polymorphism at these two loci.



(a) 0.8 - (b)
. * = year
e 344 - 2012
0.6 w2014
_ . b /-
£ ) 53247 . .
S 04+ g g X
S 8 :
.- 3.0 - _
021 v —p . . A
36 40 44 48 36 40 44 48 52

mean developmental stage

mean developmental stage

Figure 2. Relationship between fitness components and developmental stage at which plants flower (2012: viability r = —0.47, p = 0.21 and fecundity r = 0.28,
p = 0.46; 2014: viability r = —0.76, p = 0.02 and fecundity r = 0.81, p = 0.008). (Online version in colour.)

We observed a strong dependency on environment for both
marginal effects (gene-by-environment or G xE interactions)
as well as the epistatic/interaction terms (GxGxE) for cer-
tain traits (electronic supplementary material, table S3 and
figure S2). Of the traits for which significant epistasis was
observed in the field, only days to flower exhibits epistasis in
the greenhouse. We do not see epistasis for corolla width or
pistil length in the field, despite observing strong epistasis in
the greenhouse, and the opposite is true for internode and
pedicle length (table 1 and electronic supplementary material,
table S1). Importantly, only surviving plants manifest the
phenotype in the field and prior studies have shown these to
be non-random with respect to flower size genotype [21].
Marginal and epistatic effects also varied significantly
across years for some traits. The two years of this study dif-
fered markedly in terms of the magnitude and pattern of
temperature and precipitation. Excluding fitness traits, a sig-
nificant interaction with year was observed for at least one
genetic effect (marginal or epistatic) for each trait (table 1
and electronic supplementary material, figure S2). Genetic
interactions with the environment are important because
even if selection acts consistently on a trait across time and
space, change in allele frequency may not be consistent if
marginal and/or epistatic genetic effects depend on environ-
ment. Although the genetic effects on viability did not differ
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