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Abstract

The deleterious mutation model proposes that quantitative trait variation should be dominated by rare, partially recessive,
deleterious mutations. Following artificial selection on a focal trait, the ratio of the difference in inbreeding effects between
control and selected populations (AB), to the difference in trait means caused by directional selection (AM), can inform the
extent to which deleterious mutations cause quantitative trait variation. Here, we apply the AB/AM ratio test to two
quantitative traits (male mating success and body size) in Drosophila melanogaster. For both traits, AB/AM ratios suggested
that intermediate-frequency alleles, rather than rare, partially recessive alleles (i.e. deleterious mutations), caused quantitative
trait variation. We discuss these results in relation to viability data, exploring how differences between regimens in
segregating (measured through inbreeding) and fixed (measured through population crosses) mutational load could affect the
ratio test. Finally, we present simulations that test the statistical power of the ratio test, providing guidelines for future

research.

Introduction

Natural populations typically have high levels of genetic
variation underlying most traits. Indeed, even life-history
and sexually selected traits, which are subject to strong
directional or stabilising selection and demonstrate low
heritabilities, maintain ample additive genetic variation and
have substantial evolutionary potential (Gustafsson 1986;
Hansen et al. 2011; Houle 1992; Merild and Sheldon 1999;
Mousseau and Roff 1987; Pomiankowski and Mgller 1995;
Price and Schluter 1991). Therefore, understanding the
mechanisms maintaining genetic variation in natural popu-
lations continues to be a focus of research in evolutionary
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biology (Barton and Keightley 2002; Josephs et al. 2017;
Mitchell-Olds et al. 2007).

Mutation-selection balance is a key hypothesis for the
maintenance of genetic variation (Haldane 1927). New
alleles, that are, on average, partially recessive and mildly
deleterious, are continuously introduced by mutation and
transiently segregate at low frequency until selection acts to
remove them (Charlesworth and Hughes 2000; Lynch and
Walsh 1998). Since selection will be more efficient at
removing dominant and additive mutations, standing
quantitative genetic variation should be dominated by rare,
partially and fully recessive alleles. For traits under direc-
tional selection, rare alleles should be consistent in the
direction of their effects. For traits under stabilising selec-
tion, and assuming no mutation bias, approximately half of
the rare alleles affecting the trait should decrease trait
values, while the other half should increase trait values.
Alternative explanations for the maintenance of genetic
variation, such as negative frequency-dependent selection
(e.g. Hughes et al. 2013) or overdominance (e.g. Johnston
et al. 2013), rely on some form of balancing or fluctuating
selection, where alleles responsible for quantitative trait
variation (QTV) segregate at more intermediate-frequencies.
Estimates from Drosophila melanogaster indicate that such
alternative explanations are required to explain observed
levels of standing QTV [i.e. mutation-selection balance is
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Fig. 1 Assessing the contribution of intermediate-frequency alleles and
rare, partially recessive alleles to quantitative trait variation (QTV)
through selection and inbreeding. a The ratio AB/AM, where AM is
the change in trait mean with selection and AB is the difference in
directional dominance (B) between the control (B¢c) and selected (Bg)
lines, is an indicator of the contribution of rare, partially recessive

not sufficient to explain observed levels of QTV in most
traits; (Charlesworth 2015; Charlesworth and Hughes 2000;
Sharp and Agrawal 2018)]. Nevertheless, we require more
studies that test the relative contributions of rare, partially
recessive alleles and intermediate-frequency alleles to QTV
(Josephs et al. 2017), since the nature of QTV will affect,
among other things, how traits respond to selection and the
effects of inbreeding.

Kelly (1999) introduced an approach to test their relative
contribution to QTV through selection followed by
inbreeding. Artificial selection changes allele frequencies at
loci underlying the focal trait. Inbreeding then increases
homozygosity (Charlesworth and Charlesworth 1999;
Charlesworth and Willis 2009), such that recessive and
partially recessive alleles have their full effect on the phe-
notype. Inbreeding effects can be calculated as the change
in trait mean with inbreeding, the directional dominance
(denoted B). Key to Kelly’s test is that partially recessive
alleles contribute to both the response to selection and the
effects of inbreeding. If selection increases the frequency of
rare, partially recessive alleles, then the magnitude of B
should also change with selection.

Quantitative traits, and particularly fitness-related traits,
tend to show directional dominance (Table 10.2 in Lynch
and Walsh 1998), and asymmetrical responses to selection
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alleles to QTV (Kelly 1999). b When AB/AM ~ 1, QTV is caused by
rare, partially recessive alleles. ¢ When AB/AM ~ 0, QTV is caused by
intermediate-frequency alleles. AB/AM was calculated assuming F =
0.5. Note that these equations are the same if the selected population
was represented by the open circles, and the control population
represented by the closed circles (i.e. selection for higher trait values)

are common (Frankham 1990). Consequently, if QTV is
caused by rare, partially recessive alleles with biased
effects, then bidirectional artificial selection should increase
the frequency of these alleles in one direction of selection,
thereby enhancing the magnitude of B, and decrease their
frequency in the other direction of selection, reducing the
magnitude of B.

To apply Kelly’s test, phenotypic data for the trait under
artificial selection are required from four groups of indivi-
duals: outbred and inbred individuals from control and
selected populations (Mg, M|, Mg* and Mr*, respectively).
The ratio of the difference in B (AB) to the difference in
outbred means (AM) indicates the extent to which rare,
partially recessive alleles cause QTV, and is calculated as
(Kelly 1999; Kelly and Willis 2001):

AB  (Mj —Mg)F' — (M; — Mo)F ™!
AM M, — Mo

(1)

where F is the inbreeding coefficient. Note that as F
increases, homozygosity increases, and M—-Mg should
become more extreme. Dividing by F controls for more
extreme B values expected with higher values of F;
however, this assumes that B change linearly with F, which
may not always hold. Evaluating AB/AM over a range of F
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coefficients may be favourable (Charlesworth et al. 2007);
we have not adopted that approach here. If AB/AM 21,
then QTV is caused by rare, partially recessive alleles
(Fig. 1b). If AB/AM ~ 0 or negative, then QTV is caused by
intermediate-frequency alleles (Fig. 1c). This approach has
only been directly tested three times: for flower size in
Mimulus guttatus (Kelly and Willis 2001), fecundity in
Drosophila melanogaster (Charlesworth et al. 2007) and for
combinations of cuticular hydrocarbons (CHCs) in D.
serrata (Gosden et al. 2018). Intermediate-frequency alleles
were found to cause QTV in flower size and fecundity
(Charlesworth et al. 2007; Kelly and Willis 2001).
However, some positive ratios were identified for CHC
traits, where ratios also tended to be higher for males than
females, indicating that rare, partially recessive alleles are
more important to the genetic architecture of male than
female traits (Gosden et al. 2018).

Here, we apply the ratio test to two fitness-related traits,
body size and male mating success, in D. melanogaster.
Male mating success is under directional selection, has
substantial inbreeding load (Ala-Honkola et al. 2013;
Hughes 1995b; Partridge et al. 1985; Pendlebury and Kid-
well 1974; Sharp 1984; Valtonen et al. 2014), and some
evidence suggests that mutation-selection balance may
substantially contribute to QTV underlying mating success
(Dugand et al. 2018; Hughes 1995a), although not all
(Houle et al. 1994; Sharp and Agrawal 2018). In contrast,
body size shows limited directional dominance (Table 10.2
in Lynch and Walsh 1998) and is likely to be under stabi-
lising and/or balancing selection. For example, large flies
have higher male mating success (e.g. Dugand et al. 2018;
Partridge and Farquhar 1983; Partridge et al. 1987) and
fecundity (e.g. Robertson 1957), while small flies have
faster development times, particularly with larval crowding
(Santos et al. 1994), and females re-mated to small males
enjoy fertility benefits and avoid sexually conflictual fitness
costs (Pitnick 1991; Pitnick and Garcia—Gonzélez 2002).
Seasonal and clinal (altitudinal and latitudinal) variation is
also likely to maintain balanced polymorphisms in natural
populations through time and space (Gockel et al. 2001;
Weeks et al. 2002), suggesting that alleles at more
intermediate-frequencies will contribute to QTV.

In addition to applying Kelly’s ratio test to each trait, we
employ other approaches designed to shed light on the same
question. First, we test the symmetry of the response to
selection, which should be asymmetrical if the distribution
of effects of rare, partially recessive alleles is also asym-
metrical (although there are alternative explanations; Fal-
coner and Mackay 1996, pp 211-214), with a stronger
response in the direction of lower fitness (Frankham 1990).
Second, we quantify fixed mutational load in egg-to-adult
viability. Fixed mutations cannot contribute to inbreeding
depression, which may result in biased estimates of B, and

consequently AB/AM, and may be particularly problematic
if rates of fixation are regimen-specific. We also discuss the
importance of inbreeding depression in egg-to-adult viabi-
lity for the ratio test. Third, we use linear modelling
approaches to test for differences in directional dominance
between selection regimens (i.e. an interaction between the
effects of selection and the effects of inbreeding). The
intention is that the combination of these assays will pro-
vide a more complete picture of genetic architecture.
Finally, we perform a series of simulations to test the sta-
tistical power of the ratio test (and linear models), and use
these simulations to provide recommendations for future
work.

Materials and methods
Kelly’s method

We applied the ratio test to data collected previously (see
Dugand et al. 2018 for full details of the methods). Briefly,
we conducted two separate artificial selection experiments;
one where selection was applied to male mating success
(success and failure selection), and the other where selection
was applied to body size (large and small size selection).
The selection lines were derived from the same stock
population; a large, laboratory population derived from wild
flies collected en masse from a single population in Innis-
fail, Queensland in 2012. The stock population had been in
the laboratory for approximately 10 generations prior to
artificial selection.

To apply artificial selection to male mating success, we
exposed males to binomial mate choice trials where two
males are presented to a single, non-virgin female. Males
successful at mounting females in these choice trials were
used to propagate four replicate success-selected lines (N =
25 successful males and 25 virgin females), while males
that failed to mount females were used to propagate four
failure-selected lines (N =25 unsuccessful males and 25
virgin females). Four control lines were established with
males not exposed to the mate choice protocol. Selection
continued in this way for 14 rounds across 17 generations.

To select on body size, we applied 25% truncation
selection in both directions. That is, we selected the 25 (out
of 100) largest males and females for each of three large-
selected lines, and the 25 smallest males and females for
each of four small-selected lines. Selection was applied for
11 generations.

For all 19 selection lines, the grand-offspring of the flies
from the final round of selection were reared at standard
density (50 per vial) and collected upon emergence before
reaching sexual maturity. Single-pair crosses (henceforth
referred to as families) were then established by pairing
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males and females in vials for 24 h. Five families were
established to assay body size [measured as wing size,
which is tightly correlated with body size (Reeve and
Robertson 1953)], while 10 families were used to assay
mating success. Emerging adults from these crosses were
collected as virgins and held in single-sex vials before
crosses were established.

For mating success (10 families), females were paired
with either a brother (inbred; F ~ 0.25; one per family) or an
unrelated male from the same selection line (outbred; F ~ 0;
one per family) in yeasted vials (one pair per vial) for 24 h.
Ten males emerging from each vial (i.e. a total of 100
inbred males and 100 outbred males per selection line) were
then individually competed against standard competitor
males from the base population for access to standard
females. These mating trials were conducted across 4 days,
with one population from each regimen (success-selected,
failure-selected and control) trialled on every day. The
numbers of successful and unsuccessful experimental males
per family were recorded. Families from which no males
mated were excluded from analyses. The proportion of
successful experimental males was then calculated for each
family.

For body size (five families), pairs (brother-sister or
unrelated; five of each cross per family) were held together
for 48 h to mate and lay eggs before being transferred to
fresh vials for 24 h. Five males and five females emerging
from each of these vials had their wings measured. This
involved removing right wings with forceps, dipping them
in Histoclear (National Diagnostics, Inc) and mounting
them on a glass slide with Aquamount (Thermo Fisher
Scientific, Inc). Black and white TIFF images were then
taken, and wing area was measured using landmark analysis
(Gilchrist and Partridge 1999) with Objectlmage (Vischer
et al. 1994). For comparison, we assayed the wing size of
outbred and inbred stock flies from five replicate families in
the same way. We used wing size as a proxy for body size
because wing size can be easily and accurately measured on
fresh or preserved flies.

Egg-to-adult viability

We have previously presented data on the egg-to-adult
viability of outbred and inbred flies from all selection lines
(Dugand et al. 2018), for which the comparison provides
information about the segregating, recessive mutational
load. The relevance of this is discussed in more detail
below. For both selection experiments, viability was quan-
tified for five brother-sister pairs and five unrelated pairs for
each of five families per line (25 inbred and 25 outbred pairs
per line).

Additionally, we quantified the egg-to-adult viability of
between-line crosses to estimate fixed mutational load. If
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mutations have become fixed in some selection lines, then
the viability of between-line crosses should be higher as
deleterious, recessive mutations become masked. To esti-
mate fixed load, we used the same five families as for
quantifying segregating mutational load, additionally
crossing five females from each family (sisters) to males
from each of the other two (for large-selected lines) or three
(for small-, success- and failure-selected lines) selection
lines from within the same selection regimen. For example,
females from L1F1 (large line one, family one) were paired
with five random males from L2, five random males from
L3, and five random males from L1 (excluding F1, which
would represent an inbred cross). For each family, the
number of eggs and adults were pooled for each cross type.
Thus, we had three (for large-selected lines) or four (for
success-, failure- and small-selected lines) viability scores
for each family per line.

Statistical analyses

All statistical tests were performed using the R statistical
platform (R Development Core Team 2010). Generalised/
linear mixed models (G/LM/Ms) were performed using the
Ime4 package (Bates et al. 2014), and analysed with the car
package (Fox and Weisberg 2011). Figures were created
using ggplot2 (Wickham 2016).

AB/AM ratios

AB/AM ratios for male mating success were calculated by
comparing each selection line to the control line that was
assayed on the same day [since day affected mating success
(Dugand et al. 2018)]. We used two approaches to test for
significance. First, we used a resampling approach where,
for 1000 iterations, we sampled (with replacement) n pro-
portions for each cross/line (n is the number of families,
typically 10). We then calculated Mg, M|, Mp* and My*
values for each cross/line as the mean of the n proportions,
and calculated the ratio using Eq. 1 (F = 0.25). We used
95% confidence intervals to test whether ratios were sig-
nificantly different to one or zero. Second, we tested the
condition that 4M* — SMg* —4M;+ 5SMp<0 when AB/
AM > 1 (Kelly and Willis 2001). This condition arises when
AB/AM =1 and F=0.25 are substituted into Eq. 1. Note
that the equation here differs slightly from Kelly and Willis
(2001) because we measured the phenotypes of offspring
from brother-sister pairings (F ~ 0.25), rather than from self-
fertilisation (F ~ 0.5). We tested whether the value obtained
was significantly less than zero using a one sample #-test,
where the standard error was calculated as the square root of
the sum of the variances of Mg, M, Mp* and M;*, and the
degrees of freedom was the total number of families minus
four.
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We repeated these analyses for male and female body
size. Each selection line was compared to the stock
population.

Finally, we calculated regimen-wide effects where, for
each of the 1000 iterations, we effectively pooled all replicate
lines within a regimen/cross (by taking the inbred and outbred
means of the line means) and calculated 1000 AB/AM ratios
for each regimen against the appropriate control (the base
population for size-selected regimens, and the mean of the
controls for the mating success-selected regimens).

G/LM/Ms for focal traits

If AB/AM 2 1, then B must be more negative in failure- and
small-selected lines, or less negative in success- and large-
selected lines, compared to control lines. Applying a linear
modelling approach, differences in B between regimens
should be manifest in a regimen-by-cross interaction. To
test this for wing size, we performed linear models (LMs)
for each sex/line (compared to the stock) on the five family
means and analysed the effect of regimen, cross, and their
interaction on male and female wing size. We recorded the
P value of the interaction term for each line. We then per-
formed the equivalent analyses for the mating success data
using generalised linear models (GLMs), again, comparing
each selection line to the control population assayed on the
same day. For this analysis, we used the number of wins
and losses for each family. Note that these G/LMs are not
equivalent to the ratio test because any significance of an
interaction effect is not directly affected by AM. In contrast,
for a given value of AB, AB/AM decreases as AM
increases. Nevertheless, a significant interaction effect
would indicate that AB/AM > 0, provided that AB and AM
were both positive (in success- and large-selected lines), or
both negative (in failure- and small-selected lines).

Similar to the regimen-wide tests presented above, we
then performed generalised/linear mixed effects models (G/
LMMs) for each regimen against the appropriate control.
That is, for wing size, we performed one LMM for each
regimen/sex, analysing the fixed effects of regimen, cross
and their interaction on the mean wing size of the five
families for each line. Line (nested within regimen) was
included as a random effect. For male mating success, we
performed GLMMs for each regimen against the control,
testing the fixed effects of regimen, cross, and their inter-
action, and the random effects of day and line (nested within
regimen), on male mating success. We recorded the P value
of the interaction term from each analysis.

GLMMs for egg-to-adult viability

Analyses for segregating mutational load are described in
(Dugand et al. 2018). To assess fixed mutational load, all

regimens were analysed independently. We analysed the
effects of female ID (i.e. the line the female was from), male
ID and their interaction (fixed effects) on the number of live
flies and undeveloped eggs. Family was included as a ran-
dom effect and, for each model, we fit an observation-level
random effect to account for overdispersion (Harrison
2014). These analyses test if crossing between lines influ-
ences viability. A significant interaction might suggest that
within-line crosses have reduced viability compared to
between-line crosses, which would be indicative of fixed
mutational load.

Power simulations

Above, we described two statistical approaches (G/LMs and
resampling) for testing the significance of AB/AM >0. In
this section, we performed simulations to evaluate the
power of these approaches under different sets of para-
meters. Specifically, we tested how the response to selec-
tion, changes in inbreeding effects, and changes in sample
size influenced the power of the two statistical approaches
and the robustness of the ratio test.

For each set of parameters, we generated four normal
distributions (1000 values) with means equal to Mg, My,
Mgp* and Mr* (i.e. one control and one selected population),
and standard deviations (SDs) equal to the observed (from
female wing size data) SDs of outbred and inbred stock and
small-selected fly wing sizes. Mg and M; were the observed
values for the stock population; these values do not change
for any of the simulations (nor do SDs). Mg* was calculated
as one, two, three or four SDs smaller than outbred control
mean. Mr* was calculated by setting AB/AM to be one or
three and solving for M* using Eq. 1. After systematically
changing AB/AM (one and three) and AM (one, two, three
and four SDs), we had a total of eight data sets. We then
performed the following on all eight data sets.

We randomly sampled n samples from each of the four
distributions. This random sampling reflects sampling
effort; for example, the number of families assayed from
each cross/line. While at a population level selection
reduced sized and increased inbreeding effects, n random
samples from the four distributions could produce values
that do not reflect this, particularly when n is small.
Therefore, we recorded the proportion of times that the n
samples did not conform to the conditions: AB <0 and AM
<0 (i.e. the proportion of times that sampled values for the
response to selection and inbreeding effects were not in the
simulated direction). We then analysed the data sets that did
conform to these conditions using the methods described
above. That is, we (i) resampled (with replacement) from
the n samples from each distribution 1000 times, generating
1000 ratios and recorded the 0.025 confidence interval, and
(ii) performed a LM on the sampled values and recorded the
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:;g:e:linieffcfz;‘; ?(‘)‘rdthe e Mo M SD evolved AB/AM 1  AB/AM 2 Pt
mating success experiment Control 1 0.58 (0.15)  0.29 (0.14)
Control 2 0.63 (0.11)  0.53 (0.11)
Control 3 0.69 (0.07)  0.74 (0.06)
Control 4 0.76 (0.06)  0.58 (0.08)
Success I 0.75 (0.13)  0.57 (0.08) 0.4l 2.86 0.08 (—45.14/33.71)  0.800
Success 2 0.79 (0.09)  0.76 (0.11)  0.46 1.54 0.12 (—54.53/50.71)  0.305
Success 3 0.79 (0.03)  0.63 (0.06)  0.43 ~8.28 —7.27 (—44.36/27.26)  0.084
Success 4  0.85 (0.04) 0.67 (0.05)  0.49 0.17 —0.93 (—44.82/50.29)  0.963
All success —0.28 (-5.93/21.05)  0.644
Failure 1 037 (0.12) 035 (0.15) —0.50 ~5.21 —4.81 (~31.26/22.20) 0317
Failure 2 024 (0.13)  0.56 (0.13) —1.13 —4.04% ~4.26 (—10.04/0.87)  0.034
Failure 3 0.67 (0.05)  0.65 (0.07) —0.09 8.30 —2.58 (—73.45/65.96)  0.637
Failure 4 0.74 (0.10)  0.50 (0.05) —0.11 791 ~3.20 (~50.92/46.45)  0.948
All failure ~3.56 (~8.60/2.89) 0.490

Mo is the outbred mean, M; is the inbred mean, standard errors are in parentheses and were calculated across
the 10 families (approximately) for each group of individuals. The number of standard deviations evolved
was calculated as (Mp*—Mg)/SD, where Mg* represents the selected outbred population mean, and Mg and
SD are the mean and standard deviation of the control line measured on the same day (see text). AB/AM
ratios were calculated using Eq. 1 (see text). AB/AM 1 was calculated from the observed values shown in the
table, AB/AM 2 represents the median value (95% confidence intervals are in parentheses) from the 1000
randomisations. Py is the P value of the interaction for generalised linear models of each line compared the
associated control line, or a generalised linear mixed effects model across all replicate lines within a regimen

(all success or all failure)

Bolding indicates ratios significantly less than 1 or Piyr significantly less than 0.05

P value of the interaction term. We repeated this 1000 times
for each value of n (three to 100) and recorded the number
of times that the ratio was significantly >0, the number of
times that the P value of the interaction was <0.05, and the
number of times that AB >0 or AM > 0.

Results
AB/AM ratios and G/L(M)Ms for focal traits
Male mating success experiment

Selection and inbreeding responses for male mating success
are presented in Table 1. All eight selection lines responded
in the direction of selection and most lines showed some
directional dominance (Table 1). On average, the response
to selection was symmetrical; however, responses were
more consistent among success-selected lines. We found a
range of positive and negative ratios. Moreover, confidence
intervals were very large and mostly included zero and one,
making it difficult to draw conclusions from line effects.
This was not surprising given that the SDs for each line
were very large, and responses to selection were mostly
<1 SD (Table 1). The generalised linear models identified
one significant interaction, but this was in the wrong
direction (Bg> B¢ for a failure-selected line). Regimen-
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wide ratios were negative for both regimens, but were not
significantly different to one, and regimen-by-cross inter-
actions were both non-significant. These results align with
our previous GLMM analysis where we showed a sig-
nificant response to selection, but no significant regimen-
by-cross interaction (Dugand et al. 2018).

Wing size experiment

All lines responded to selection on body size and most
showed some directional dominance (Table 2). The
response was, on average, symmetrical relative to the stock
population, but responses varied substantially across lines
(Table 2). We found a range of positive and negative ratios,
although confidence intervals were large and always
included zero for males and females. We found no sig-
nificant interaction terms for any LM. Regimen-wide effects
were non-significant as identified by both resampling and
LMMs.

GLMMs for egg-to-adult viability
Male mating success experiment
Fixed load was not evident in either success- or failure-

selected lines since there was no significant female ID-by-
male ID interaction that might have suggested that within-line
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Table 2 Selection and

inbreeding effects for the size Mo M SD evolved — AB/AM 1 AB/AM 2 Pixe
selection experiment Females

Base 1.122 (0.008)  1.113 (0.013)

Large 1 1.211 (0.014)  1.191 (0.012) 4.97 —0.51%* —0.47 (—2.03/1.70) 0.656
Large 2 1.166 (0.016) 1.156 (0.018) 242 —0.03 0.14 (—3.81/12.40) 0.955
Large 3 1.212 (0.007)  1.200 (0.014) 4.99 —0.12 —0.02 (—1.62/2.87) 0.988
All large —0.15 (—1.81/2.00) 0.858
Small 1 1.094 (0.015) 1.061 (0.022) —1.57 3.35 2.59 (—25.49/42.58) 0.479
Small 2 1.038 (0.009) 1.052 (0.019) —4.66 —1.12%* —1.12 (—3.08/1.25) 0.380
Small 3 1.104 (0.014) 1.072 (0.016) —0.99 5.20 2.72 (—=75.63/81.79)  0.415
Small 4  1.017 (0.017) 1.007 (0.017) —5.85 0.03 —0.03 (—1.70/2.17) 0.958
All small 0.28 (—1.67/3.42) 0.835
Males

Base 0.866 (0.012)  0.849 (0.013)

Large 1 0.935 (0.006) 0.916 (0.009) 2.92 —0.08 —0.06 (—2.01/2.89) 0.939
Large 2 0.908 (0.013) 0.897 (0.013) 1.62 0.61 0.59 (—3.15/17.82) 0.822
Large 3 0.943 (0.006) 0.939 (0.004) 3.27 0.66 0.65 (—0.97/3.19) 0.546
All large 0.39 (—1.58/3.83) 0.736
Small I  0.830 (0.010) 0.812 (0.021) —1.95 0.04 —0.00 (—5.15/15.32) 0.975
Small 2 0.791 (0.006) 0.813 (0.015) —2.26 —2.09%* —2.07 (—3.95/0.31) 0.135
Small 3 0.840 (0.008) 0.818 (0.009) —1.53 0.73 0.55 (—4.22/25.53) 0.822
Small 4  0.777 (0.010) 0.793 (0.010) —3.97 —1.48* —1.46 (—2.80/0.52) 0.188
All small —1.17 (—3.04/1.89) 0.385

Information as with Table 1. Males and females were analysed independently and lines were all compared to
the base population. Pyt are P values from linear (mixed) models.

crosses have lower viability than between-line crosses
(Table 3). There was a significant effect of female ID on egg-
to-adult viability in the success-selected lines, which was
apparently driven by the offspring of females from line three
having low viability (Supplementary Fig. 1). There were no
significant female ID, male ID or interaction effects on egg-
to-adult viability in the failure-selected lines (Table 3).

Wing size experiment

We identified significant main effects of male ID and female
ID on the egg-to-adult viability of large-selected flies, but no
significant interaction (Table 3). There were no significant
effects on the viability of small-selected flies (Table 3).
Power simulations

The results from the simulations are presented in Fig. 2 and
are discussed in detail below.

Discussion

Artificial selection followed by inbreeding can reveal the
relative contributions of rare, partially recessive alleles and

intermediate-frequency alleles to QTV. If QTV is domi-
nated by rare, partially recessive alleles, then selection
should change the frequency of these rare alleles, which
should directly change the inbreeding load in selected
populations such that AB/AM > 1. In contrast, if QTV is
caused by intermediate-frequency alleles, then selection
should have little or no effect on inbreeding load, and AB/
AM ~ 0 (Kelly 1999).

Male mating success

AB/AM ratios for mating success were highly variable,
making it difficult to draw firm conclusions about the
relative contribution of rare, partially recessive alleles and
intermediate-frequency alleles to QTV. Regimen-wide
ratios were negative and suggested a major contribution
by intermediate-frequency alleles, in line with previous
research (Sharp and Agrawal 2018). Furthermore, the
response to selection was relatively symmetrical, which is
again suggestive of intermediate-frequency alleles. How-
ever, we recently sequenced the genomes of these popula-
tions and found that, at loci associated with male mating
success, the frequency of the minor (rarer) allele tended to
be rarer than average in the base population [i.e. compared
to the frequency of the minor allele across the rest of the
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Table 3 Analysis for fixed load for egg-to-adult viability for success-,
failure-, large- and small-selected lines

Source d.f. x P

Success-selected

Female ID 3 38.34 <0.0001
Male ID 3 2.09 0.554
Female ID x male ID 9 13.38 0.146
Failure-selected

Female ID 3 6.10 0.107
Male ID 3 5.12 0.164
Female ID x male ID 9 11.52 0.242
Large-selected

Female ID 29.34 <0.0001
Male ID 2 7.57 0.023
Female ID x male ID 4 7.31 0.120
Small-selected

Female ID 3 4.32 0.229
Male ID 3 5.92 0.116
Female ID x male ID 9 7.10 0.627

Bolding indicates values of P <0.05

genome (Dugand et al. 2019)]. That is, rare alleles were
largely responsible for QTV underlying male mating suc-
cess. Therefore, the negative experiment-wide ratios that we
identified are either inaccurate (see points below), or show
that the rare alleles under selection had largely additive
effects on mating success (Kelly 1999). If the latter, then a
different set of (recessive) alleles must have been respon-
sible for the inbreeding depression in male mating success,
but this set of alleles did not contribute to the selection
response. We highlight four points that suggest that our
ratios may be inaccurate.

First, we previously demonstrated that inbreeding
depression in egg-to-adult viability was evident in failure-
selected, but not success-selected lines (Dugand et al. 2018).
Our viability data are not only useful for understanding the
pleiotropic effects of alleles under selection (i.e. that alleles
that increase mating success have recessive, pleiotropic
effects on viability), but also outline an important con-
sideration for the ratio test. Males excluded by develop-
mental selection (Polak and Tomkins 2013) were counted in
the viability assay, but not exposed to the mating success
assay. Under the reasonable assumption that inviable males
would have had poor mating success, then not being able to
assay these males would cause us to underestimate B in
failure-selected lines, thereby underestimating AB/AM.

Second, some models of sexual selection predict
increased inbreeding effects with increasing trait value as
condition-dependent traits recruit new loci (Rowe and
Houle 1996; Wilkinson and Taper 1999), which could
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explain the continued inbreeding depression in success-
selected lines.

Third, SDs for line means were very large and AM was
consistently small (mostly <0.5 SDs) and varied greatly
across lines, making the ratio tests weak. Most notably, two
failure-selected lines (three and four) had very small AM.
Consequently, AB/AM ratios were unreliable, which is
depicted by the vastly different ratios generated by the two
different methods for calculating AB/AM. Given the small
AM, resampling would cause AM to be both positive and
negative across the 1000 iterations. Hence, while B is more
negative in these two failure-selected lines compared to
control lines, generating positive values for AB/AM 1,
overlap between Mp* and Mg substantially affects the
resampling approach and generated a vastly different pic-
ture for AB/AM 2.

Finally, applying the ratio test to a binomial trait may be
statistically problematic. For example, consider a sigmoidal
relationship between male attractiveness (continuous) and
male mating success (binomial). For a given change in
attractiveness, the extent of the change in mating success
depends on the overall level of attractiveness. Hence, B and
AM would be directly affected by the position on the curve,
distorting the ratio test.

Wing size

We found evidence for both positive and negative AB/AM
ratios for male and female size. As with mating success,
AM varied across lines and confidence intervals for AB/AM
were large and often included zero and one, making it
difficult to draw any firm conclusions.

For females, when AM >4 SDs, then AB/AM 2<0;
however, when AM <3 SDs, then AB/AM 2>0. A similar
pattern is evident for males. These results indicate that we may
have ‘overshot’ the ideal range in which to apply the ratio test
in some selection lines; Kelly (1999) recommended a 1-3 SD
AM. Hence, our data suggest that rare, partially recessive
alleles may have been an important component of genetic
architecture in the base population.

Small-selected flies were less viable than large-selected
flies (Dugand et al. 2018). One explanation for this could be
that selection caused an accumulation of unconditionally
deleterious mutations with pleiotropic effects on viability in
small-selected lines. However, viability-affecting mutations
should be at least partially recessive to remain in popula-
tions. We found that both large- and small-selected lines
suffered similar levels of inbreeding depression for viability
(i.e. no regimen-by-cross interaction; Dugand et al. 2018),
indicating that any load was not primarily caused by
recessive mutations. Therefore, we suggest that a more
likely explanation for differences in viability is that females
from small-selected lines simply produced smaller eggs that
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Fig. 2 Power of resampling approach (solid black) and linear models
(solid grey) for identifying significant Kelly ratios or interaction terms.
The figures show the relationship between the number of samples (e.g.
the number of plants for the Kelly and Willis (2001) study, or the
number of families in this study) and the power to detect significant

were less viable (Azevedo et al. 1997). It is unclear whether
(or how) the lower viability of small-selected flies would
directly influence the ratio test, perhaps in underestimating
AM and, therefore, overestimating AB/AM.

Our analyses found no evidence to support fixed load in
any regimen. However, one large-selected line and one
small-selected line had lower viability for within-line
crosses compared to between-line crosses, the pattern
expected if deleterious mutations have become fixed in
these lines. Genetic drift or selection could have caused
deleterious alleles to become fixed; if the latter, this has
implications for genetic architecture and for applying the
ratio test. For example, fixed load in the large-selected line
suggests that large-selected individuals carry alleles that
increase size and have deleterious, pleiotropic effects on
viability. Given that the same is true for a small-selected

results when the response to selection (1-4 SDs from the control
mean) and the AB/AM ratio (one or three) are varied. The dashed line
represents the proportion of times that AB >0 or AM >0 (color figure
online)

line, this result suggests that size would be under stabilising
selection, where more extreme phenotypes carry a larger
burden of mutations that reduce fitness. Hence, quantifying
fixed load in this way could prove useful for understanding
genetic architecture. Fixed load could also directly affect the
ratio test since deleterious recessive alleles no longer
contribute to inbreeding depression. Interestingly, the
small-selected line with (apparent) fixed load showed no
directional dominance for wing size, in other small-selected
lines, inbreeding decreased wing size. Taken together, these
results suggest that recessive mutations that reduce size and
have pleiotropic effects on viability have become fixed in
this line, thereby causing us to underestimate B and, con-
sequently, AB/AM. This result highlights the potential
problem of selecting for too long or too strongly, and the
benefit of quantifying fixed load.
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Power simulations

Using simulations, we sought to evaluate the power of the
ratio test and the effects of sampling. Sample size and the
magnitude of the response to selection can, to some extent,
be under the control of the experimenter. In this section, we
discuss how these simulations could be informative for
future studies applying the ratio test.

At a population level, AM was simulated to be 1-4 SD
and AB/AM was one or three. The dashed line in Fig. 2
indicates the proportion of times that a random sample of n
values from each of the four distributions generated values
where AB >0 and/or AM >0 (hereafter, we refer to this as
the proportion that failed). Hence, the inverse of this line
indicates the proportion of times that AB/AM >0, thereby
correctly identifying an important contribution of rare,
partially recessive alleles to QTV. From the iterations that
did not fail, we tested for significance using a resampling
approach and LMs.

When AM = 1 SD, AB/AM = 1, and n was small, nearly
70% of the 1000 samples failed. This highlights a key point;
if AM is not sufficiently large, then resampling is prone to
generating positive and negative values for AM across
iterations. This is exemplified by the conservative nature of
the ratio test in identifying significant results under these
parameters. The proportion of significant results identified
by LMs increases somewhat linearly as n increases. In
contrast, there was a substantial lag in the proportion of
significant results identified by resampling because, again,
resampling 1000 times from the n values would generate
both positive and negative AM values. Hence, resampling
to fit 95% confidence intervals suffers from the same pro-
blem as sampling from a population, making the ratio test
conservative. This problem was overcome when AM =
2 SD. Kelly (1999) recommend a 1-3 SD AM to accurately
test genetic architecture in the base population. We suggest
that a 2-3SD AM may be a good compromise between
power and accuracy.

Experimenters have control of n more than AM. Kelly
and Willis (2001) demonstrated that large values of n
(>100) were achievable using M. guttatus. However,
experiments conducted on dioecious species may be rela-
tively limited because families need to be established in
order to inbreed. Our simulations indicated that, regardless
of AM, increasing n to be approximately 25 could sub-
stantially reduce the proportion of failures, to a negligibly
small proportion when AB/AM>1. This is encouraging
because 25 families could be a realistic goal under many
circumstances; for example, n was mostly in the range of
20-40 for measures of fecundity (Charlesworth et al. 2007).
While the proportion of significant results remains low at
n =25, failures are, at least, largely removed and AB/AM
ratios should be considered to be relatively accurate.
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Conclusions

Our AB/AM ratios largely indicated a contribution of
intermediate-frequency alleles to QTV underlying both
male mating success and wing size. However, we have
outlined a number of caveats to these conclusions. Most
notably, confidence intervals were large and often included
both zero and one, a feature of all studies that have applied
the ratio test using species of Drosophila (Charlesworth
et al. 2007; Gosden et al. 2018). We found assays of via-
bility to be useful adjuncts to the ratio test, both for
achieving a deeper understanding of genetic architecture
(pleiotropic effects), and for testing whether the ratio test
might be affected by developmental selection or fixed
mutational load.

In conclusion, we remain encouraged by the potential of
Kelly’s ratio test. Despite the difficulties faced so far, male
mating success (this study), fecundity (Charlesworth et al.
2007) and multivariate attractiveness (Gosden et al. 2018)
may be among the more ambitious (complex and noisy)
traits to test for genetic architecture. It remains to be seen
whether the ratio test will be more robust when applied to
more straightforward traits (such as flower size) with larger
sample sizes. Artificial selection experiments are common,
and it would be beneficial if Kelly’s ratio test was applied
more frequently and in conjunction with molecular genetic
data (Dugand et al. 2019) or other biometric approaches
(Curtsinger and Ming 1997; Kelly 2008) that, together,
provide a robust test of genetic architecture (e.g. in distin-
guishing between QTV caused by rare additive alleles
versus intermediate-frequency alleles). Very few empirical
tests exist for quantifying the relative contribution of rare,
partially recessive alleles and intermediate-frequency alleles
to QTV (Kelly 1999; Sharp and Agrawal 2018), yet this has
important implications to a swathe of fields, including
evolutionary genetics, sexual selection, and conservation.
Finally, to evaluate how genetic architecture might change
over space and time, these biometric tests should be applied
under a range of conditions, for example, when populations
are near to (e.g. long-standing laboratory populations), or
far from (e.g. new laboratory populations), their adaptive
peak.

Data archiving

The data that support the findings of this study are openly
available in Dryad (datadryad.org) at https://doi.org/10.
5061/dryad.42p6759.
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