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ABSTRACT Organisms on islands provide a revealing window into the process of adaptation. Populations that colonize islands often evolve
substantial differences in body size from their mainland relatives. Although the ecological drivers of this phenomenon have received
considerable attention, its genetic basis remains poorly understood. We use house mice (subspecies: Mus musculus domesticus) from remote
Gough Island to provide a genetic portrait of rapid and extreme size evolution. In just a few hundred generations, Gough Island mice evolved
the largest body size among wild house mice from around the world. Through comparisons with a smaller-bodied wild-derived strain from
the same subspecies (WSB/EiJ), we demonstrate that Gough Island mice achieve their exceptional body weight primarily by growing faster
during the 6 weeks after birth. We use genetic mapping in large F, intercrosses between Gough Island mice and WSB/EiJ to identify 19
guantitative trait loci (QTL) responsible for the evolution of 16-week weight trajectories: 8 QTL for body weight and 11 QTL for growth rate.
QTL exhibit modest effects that are mostly additive. We conclude that body size evolution on islands can be genetically complex, even when
substantial size changes occur rapidly. In comparisons to published studies of laboratory strains of mice that were artificially selected for
divergent body sizes, we discover that the overall genetic profile of size evolution in nature and in the laboratory is similar, but many
contributing loci are distinct. Our results underscore the power of genetically characterizing the entire growth trajectory in wild populations

and lay the foundation necessary for identifying the mutations responsible for extreme body size evolution in nature.
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HE question of how organisms adapt to new environments

continues to captivate biologists. Because adaptation re-
quires genetic change, discovering the mutations responsible
for adaptive phenotypes is a key step toward understanding
the mechanisms of this process. There is a growing list of traits
for which adaptive differences in nature have been directly
traced to specific genes. Examples include adaptive coloration
in pocket mice (Nachman et al. 2003), deer mice (Hoekstra
et al. 2006), Drosophila melanogaster (Rebeiz et al. 2009),
and peppered moths (van’t Hof et al. 2011); armor plate
patterning and pelvic spine reduction in stickleback fish
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(Colosimo et al. 2005; Chan et al. 2010; Jones et al. 2012);
and defense chemistry in Boechera stricta (Prasad et al. 2012).
Despite these advances, the genetic architecture of adaptation
in nature remains poorly understood. Most progress has fo-
cused on traits with simple genetic bases, where one or a few
loci explain observed phenotypic variation (Rockman 2012).
But the majority of trait differences between populations inhab-
iting contrasting environments are quantitative, suggesting that
adaptation often involves more complex inheritance.

While it is notoriously difficult to demonstrate adaptation
(Endler 1986), populations that rapidly evolve to phenotypic
extremes following major environmental shifts provide a re-
vealing window into the process. Evidence for adaptive change
is often observed in island populations, where the limited geo-
graphic scope, sharp boundaries, and simplified biotas of is-
lands facilitate the interpretation of evolutionary patterns
(Losos and Ricklefs 2009). Insular mammals show elevated
rates of morphological evolution (Pergams and Ashley 2001;
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Millien 2006) and include several examples of gigantism
and dwarfism (Stock 1935; Freudenthal 1972; Roth 1992;
Moncunill-Solé et al. 2014). Populations that colonize islands
often experience substantial changes in predation risk, compe-
tition, and resource availability that together generate strong
selection for shifts in body size (Sondaar 1977; Case 1978;
Heaney 1978; Lawlor 1982; Lomolino 1985; Lomolino et al.
2012). Although the question of whether island mammals in
general follow directional patterns in the evolution of body size
(Foster 1964; Van Valen 1973; Lomolino 1985) has inspired
debate (Lawlor 1982; Lomolino 1985, 2005; Meiri et al. 2004,
2008, 2011; Lomolino et al. 2005, 2012; Raia and Meiri 2006;
Bromham and Cardillo 2007), murid rodents usually evolve
larger sizes on islands (Adler and Levins 1994; Meiri et al.
2008). This pattern, combined with the remarkable success
of house mice (Mus musculus) in colonizing islands from
around the world, positions these rodents as an especially
promising system for understanding adaptive size change. Con-
siderable morphological diversity within and among island
populations of house mice has been documented, especially
in the research of R. J. Berry (Berry 1964, 1965, 1968, 1996;
Berry and Jakobson 1975; Berry et al. 1987, 1978a,b, 1979,
1982; Berry and Scriven 2005).

The largest wild house mice in the world reside on Gough
Island (GI), a remote volcanic island in the middle of the South
Atlantic Ocean (Rowe-Rowe and Crafford 1992). Gough Island
mice weigh approximately twice as much as their mainland
relatives (Jones et al. 2003). Mice were introduced to Gough
Island by teams of seal hunters (Wace 1961; Jones et al. 2003)
between 130 and 200 years ago (Verrill 1895; Gray et al.
2014), suggesting that body size evolution has been very rapid.

Gough Island mice belong to the same subspecies as the
laboratory mouse (Mus musculus domesticus) (Grayet al. 2014),
providing access to an expansive genetic toolkit for investigat-
ing their phenotypic evolution. In this article, we focus on the
rapid evolution of body size, for two reasons. First, body size is
highly correlated with aspects of physiology, life history, mor-
phology, behavior, and ecology (Peters 1983; Calder 1984;
Schmidt-Nielsen 1984). As a result, size is perhaps the best
singular phenotypic measurement of an organism’s overall
adaptive profile (Damuth and MacFadden 1990). Second, body
size is a canonical complex trait from a genetic perspective.
Induced mutations in a large fraction of genes noticeably alter
size (Reed et al. 2008), many quantitative trait loci (QTL) con-
tribute to existing size differences among laboratory strains
(Corva and Medrano 2001), and a variety of environmental
factors influence growth. By genetically dissecting body size
in Gough Island mice, we can learn how an island population
in a new environment rapidly and recently achieved a marked
evolutionary shift in a complex trait.

The major characteristics and determinants of body size
growth in mice are understood. The growth trajectory is sig-
moidal, with an increasing rate during the first few weeks after
birth, peak growth between 3 and 5 weeks, and a decreasing rate
thereafter (Cheverud 2005). Growth in utero and soon after
birth is primarily promoted by insulin-like growth factor 2
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(IGF2) (Fowden 2003), whereas the growth hormone (GH)-
IGF1 axis drives growth after weaning (Lupu et al. 2001). Early
growth mostly reflects increases in cell number, while later
growth is mostly due to expansions in cell size (Riska and
Atchley 1985; Atchley et al. 2000; Lui and Baron 2011). Genetic
correlations between age-specific body weights decline with in-
creasing time between ages (Cheverud et al. 1983a; Riska et al.
1984). Many QTL that contribute to body weight differences
between laboratory mouse strains have been identified
(Dragani et al. 1995; Cheverud et al. 1996; Keightley et al.
1996; Rance et al. 1997; Brockmann et al. 1998, 2004; Kirkpatrick
et al. 1998; Morris et al. 1999; Vaughn et al. 1999; Corva and
Medrano 2001; Rocha et al. 2004; Bennett et al. 2005; Kenney-
Hunt et al. 2006; Shao et al. 2007; Casellas et al. 2009; Mollah
and Ishikawa 2011; Ishikawa and Okuno 2014). A common
pattern is that strain differences in weight and growth rate are
due to a large number of loci with modest phenotypic effects.
Consistent with the physiology of mouse growth, QTL effects
vary among ages, an observation that motivates the genetic
dissection of size evolution throughout the entire ontogenetic
trajectory.

Whether similar genetic patterns characterize exceptional
size evolution in nature remains an open empirical question.
Two key contrasts prevent extrapolation of findings in labora-
tory mice to evolution in the wild. First, the dynamics of selection
differ. Artificial selection for divergent body sizes in laboratory
mice has generated impressive responses (Goodale 1938;
MacArthur 1944; Falconer 1953; Eisen 1989; Biinger and Hill
1999), providing useful systems for mapping QTL. But wild
mice encounter selective agents that are completely absent
from the laboratory environment, and it is unclear whether
artificial and natural selection are similar in intensity. Different
selective pressures and intensities could lead to different ge-
netic architectures. Second, laboratory mice have a complex
history, with uncertain connections to wild mice (Silver
1995). Many genetic variants observed in natural populations
are missing from the panel of commonly used inbred strains
(Salcedo et al. 2007), suggesting that evolution in nature and in
the laboratory could involve different sets of mutations. Here,
we use mice from Gough Island to provide a genetic portrait of
rapid and extreme size evolution in a wild, island population.

Materials and Methods
Gough Island mice

Gough Island belongs to the United Kingdom Overseas Territory
of Tristan da Cunha, has an area of 65 km?, and is situated in the
South Atlantic Ocean almost halfway between South Africa and
South America (40° 19'S and 9° 55'W). Fifty mice were live
trapped on Gough Island near the research station in Septem-
ber of 2009. Four mice died and two litters were born (five
pups) during transport from Gough Island to the Charmany
Instructional Facility at the University of Wisconsin-Madison.
Twenty-five mature female mice and 21 mature male mice
were used to start a breeding colony.
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All mice were housed in microisolator cages and separated by
sex. Males were grouped only if they were from the same litter
and had not previously mated. The room was temperature
controlled (68-72° F) and set on a 12 hr light/dark cycle. Corn
cobs ground to 1/8th inch were used for bedding (Waldschmidt
and Sons, Madison, WI). Water and Teklad 6% fat mouse/rat
diet was provided ad libitum (Harlan Laboratories, Madison,
WI). Irradiated sunflower seeds (Harlan Laboratories) and nest-
ing material were provided as enrichment and were replaced
weekly during cage changes.

Selected individuals were mated after 8 weeks of age.
Breeders were supplemented with extra bedding and red huts
and were fed breeder chow (Teklan Global 19% protein/9%
fat; Harlan Laboratories) ad libitum. Mated pairs were only
disturbed during weekly cage changes. Weekly weights to the
nearest milligram were recorded, beginning 1 week after
birth and ending at 16 weeks. To individually identify pups
starting at 1 week, toe tattooing was performed using sterile
lancets and tattoo paste. Ear punches were given at weaning
(3-4 weeks) to individually identify adult mice.

Once the mice arrived in Madison, we first performed a ran-
dom breeding common garden experiment with the wild found-
ers. The purposes of this experiment were to establish a colony
and to verify the large weight of Gough Island (GI) mice was
inherited and not solely the result of environmental factors.

Intercross experiments

Beginning with the laboratory-born offspring of the wild mice,
we created several partially inbred lines by brother-sister
mating for four generations. While inbreeding was far from
complete, four generations of brother-sister mating is
expected to increase homozygosity to 60% within lines. We
chose one pair of male and female littermates (full siblings)
from each of two partially inbred lines (denoted line/cross A
and B). These four mice were each crossed with WSB/FiJ
(The Jackson Laboratory, Bar Harbor, ME; subsequently ab-
breviated as WSB) to generate four independent F, intercrosses
(Figure 1). Although we focus on QTL that are fixed between the
panel of four GI mice and WSB in this study, our design will allow
us to detect loci that are polymorphic within the GI population in
the future. WSB was chosen because it is a wild-derived strain,
has a body size typical of wild house mice, belongs to the same
subspecies as GI mice, is fully inbred, has a sequenced genome
(Keane et al. 2011), and is featured in large-scale efforts to
genetically dissect complex traits such as the Collaborative Cross
(Churchill et al. 2004). We generated a total of 1374 F, mice:
497 from cross A (WSB X GI = 279 and GI X WSB = 218;
maternal strain denoted first) and 877 from cross B (WSB X
GI = 494 and GI X WSB = 383).

Phenotyping

Weeklyweights were collected for all mice from 1 week through
16 weeks of age, unless they were paired for breeding. Once
mice reached 16 weeks (£1 day), they were killed by CO,
asphyxiation or by decapitation. Liver samples were collected
and stored at —80° C until genetic analysis. This study was

Cross A Cross B
wild Wild Wild Wild
FS, FS, FS, FS;
FS, FS, FS, FS,
FS, FS, FS, FS,
w Fs, FS, w w FS, FS, w
I | I |
[ |
| [ ]
Fy F, F, F, Fi F Fi Fy
I | I |
[ [
I I I I
E, F, F. E; F, F, Fs Fs

Figure 1 Design of crosses for genetic mapping. Wild, first generation of
Gough Island mice born in the laboratory; FS, filial self-generation; W, WSB.

approved by the Institutional Animal Care and Use Commiittee
at the University of Wisconsin (protocol no. V01447).

Genotyping

All mice were genotyped on the Mega Mouse Universal
Genotyping Array (MegaMUGA; http://www.neogen.com/
Agrigenomics/pdf/Slicks/MegaMUGAFlyer.pdf). The Mega-
MUGA is an Illumina Infinium array that contains ~77,800
markers. Markers are spaced at ~33 kb across the genome
and are mostly single nucleotide polymorphisms (SNPs) with
a few structural variants and transgenic markers. The
markers cover all autosomes, sex chromosomes, and the mi-
tochondria. Marker ascertainment was carried out to be max-
imally informative for studies involving the Collaborative
Cross (Aylor et al. 2011; Threadgill and Churchill 2012), Di-
versity Outbred Cross (Svenson et al. 2012), wild populations
of house mice, and other Mus species. Liver tissue was sent to
GeneSeek (NeoGene, Lincoln, NE) for DNA extraction and
genotyping with the MegaMUGA arrays. A total of 1536 sam-
ples were sent, including controls and mice that died before
16 weeks of age (which are still informative for genetic map
estimation).

Multiple controls were used during extraction and genotyp-
ing to increase our ability to identify technical and biological
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errors. Liver tissue was organized into 16 (96 deep well) plates
in such a way as to minimize array batch effects on related sets of
samples. Tissue from WSB was placed in identical wells on every
plate to account for plate extraction effects. The four GI parental
samples were replicated four times each across the 16 plates.
Lastly, replicate samples of the first well of each plate were
placed in a more distant well and run on different arrays.

Genotype diagnostics

We examined the genotypes to identify biological, technical,
and data entry errors. We omitted markers with high rates of
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Weight (grams)

missing data and those that were not informative in our
crosses. We removed a small number of individuals that
appeared to be unresolved sample mix-ups based on large
numbers of Mendelian inconsistencies or mismatched sex
(inferred from array intensities of markers on the X and Y
chromosomes). We also removed a few mice with high rates of
missing genotype data. Following these initial screens, the
cleaned data included the four GI parents of the crosses, 70 F,
individuals, 1346 F, individuals, and 33,191 markers.

In all subsequent analyses, we focused on a subset of
11,833 markers that were fixed in the four GI parents and
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Body weight, males

Body weight, females

Figure 3 Body weight (top panels)
and growth rate (bottom panels)
for males (left) and females (right),

as a function of age in weeks, for
a sample of Gough Island mice (Gl,
green) and WSB mice (purple) raised
in the lab. Individual body weight
curves were lightly smoothed using
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cubic splines; the growth rate curves
were estimated as the first derivative
of the fitted splines. Thicker curves
follow the group averages.

Week

therefore segregated as in a standard F, intercross between
inbred lines. We estimated the intermarker genetic distances
assuming a genotyping error rate of 0.2% and converted es-
timated recombination fractions to map distances with the
Carter—Falconer map function (Carter and Falconer 1951).

Smoothed phenotypes

We omitted F, mice missing body weights at =4 of the 16
time points, resulting in a final set of 1212 F, mice with
nearly complete data. To reduce measurement error in the
body weights and to interpolate some remaining missing val-
ues, we used the R package pspline to fit a 7 degrees-of-free-
dom cubic spline to the data for each mouse. The degrees of
freedom were chosen by visual inspection, considering the
trade-off between smoothness and the fidelity of the under-
lying curves. We estimated growth rate as the first derivative
of the fitted cubic splines.

QTL analysis

QTL analysis was performed by Haley-Knott regression
(Haley and Knott 1992) on a 0.5-cM grid across the genome.
We used conditional genotype probabilities (given the avail-
able marker data) calculated assuming a genotyping error
rate of 0.2% and the Carter—Falconer map function. While
we considered data on 11,833 markers, QTL calculations
were ultimately based on a fixed grid of 2665 pseudo-
markers. Smoothed body weights and estimated growth rates
were analyzed separately.

Single-QTL analysis was performed at each of the 16 time
points, individually, including indicators for each F; mother
(to account for sibship differences) and sex as fixed additive
covariates. The results across time points were combined by
averaging the LOD scores across time points at each genomic

Week

position to give SLOD scores (Kwak et al. 2014). Thresholds
for statistical significance were calculated using a permuta-
tion test (Churchill and Doerge 1994), permuting the rows in
the phenotype data relative to the rows in the genotype data
(that is, maintaining the correlation structure within the
phenotype data and within the genotype data, but breaking
the association between the genotypes and phenotypes).
Autosome- and X-chromosome-specific significance thresh-
olds were derived using the approach of Broman et al
(2006), with 1500 permutation replicates for the autosomes
and 28,200 replicates for the X chromosome.

Multiple-QTL analysis was performed using strictly addi-
tive QTL models, using the penalized-SLOD criterion of Kwak
et al. (2014), an extension of the penalized-LOD score crite-
rion of Broman and Speed (2002). Consider a multiple-QTL
model y (a vector specifying the locations of some set of
QTL). We considered each time point individually and calcu-
lated a LOD score measuring the quality of fit of the model at
time point i, LOD;(y). We then obtained an overall measure
of the fit of the model by taking the average, SLOD(y) =
> :.LOD;(y)/16, where the sum is over the 16 time points.
We subsequently considered a penalized version of this sta-
tistic to balance quality of fit with model size. The penalized
statistic was pSLOD(y) = SLOD(y) — T|vy|, where |vy]| is the
number of QTL in the model y, and T is a penalty, taken to be
a quantile from the null distribution of SLOD in a single-QTL
genome scan, estimated by a permutation test (here using
a common threshold for the autosomes and the X chromo-
some). Model searching was performed by a stepwise algo-
rithm: forward selection up to a model with 15 QTL, followed
by backward elimination to the null model. The chosen
model was that which maximized pSLOD, among all models
visited. As with the single-QTL analysis, the multiple-QTL
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Figure 4 Body weight (top panels)
and growth rate (bottom panels)
for males (left) and females (right),
as a function of age in weeks, for

the F, mice. In each panel there are
three shaded regions; the darkest
Week region covers the middle third of
the individuals; the next-darkest
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gion all mice. The blue curve is
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The green and purple curves are
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Figure 3.
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analysis included indicators for each F; mother and sex as
fixed additive covariates.

To indicate the strength of evidence for the QTL in the
context of the selected multiple-QTL model, we calculated
profile SLOD curves (Kwak et al. 2014) based on an idea from
Zeng et al. (2000). We varied the position of each QTL, keep-
ing all other QTL fixed at their estimated locations, and com-
pared the full model with that QTL in varying position to the
reduced model with that QTL omitted. To define approxi-
mate confidence intervals for the QTL, we fit the inferred
multiple-QTL model at each time point and calculated 1.5-
LOD support intervals (using the profile LOD scores) for the
location of each QTL at each time point. For each QTL, we cite
the interval corresponding to the time point for which the
evidence for that QTL is maximum (that is, the time point
at which the profile LOD score is highest).

To assess the relationship between sample size and the
number of inferred QTL, we took random subsets of the F,
mice and applied the stepwise QTL analysis, using SLOD with
the 5% significance threshold calculated for the full data.
(The significance threshold is not much influenced by sample
size.) We performed 37-38 replicates at sample sizes of 300,
600, 800, and 1000 F, mice.

Data availability

Phenotypes and genotypes from this study are available from the
QTL Archive at the Jackson Laboratory, at http://phenome.jax.
org/db/q?rtn=projects/projdet&reqprojid =539. Supplemental
information includes: p-values from strain comparisons (Figure
S1), histograms of F2 weights (Figure S2), average F2 weights
and growth rates (Figure S3), p-values from comparisons among
crosses and mothers (Figure S4), genetic and physical maps of
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Week

markers used in QTL analyses (Figure S5), F2 frequency of WSB
allele (Figure S6), and candidate genes in QTL regions (Table S1).

Results
Patterns of phenotypic variation

Wild-caught GI mice are exceptionally heavy compared to
wild mice of the same subspecies (M. m. domesticus) from the
mainland and other islands (Figure 2). GI mice raised in the
laboratory are heavier than wild-derived inbred strains of
M. m. domesticus (Figure 2). Lab-reared GI mice are similar
in weight to classical inbred strains (Figure 2), which are big-
ger than most wild mice (presumably because of artificial se-
lection during domestication). The weight difference between
GI mice sampled from nature and those raised in the lab likely
reflects the contrasting environments these mice experienced
and the older ages of the wild-caught individuals.

GI and WSB miice raised in the same environment exhibit
contrasting growth trajectories (Figure 3), demonstrating
that trait divergence has a heritable component. Weights
are significantly different at all ages in both sexes (Support-
ing Information, Figure S1; t-tests, maximum P-values across
time points; total: P < 10~8; females: P < 10~>; males: P <
1073). The rate of growth differs over a narrower time win-
dow, pinpointing early growth as the primary driver of phe-
notypic divergence. Growth rates estimated from the first
derivatives of fitted growth curves in individual mice are
significantly faster in GI mice from 1-6 weeks (Figure S1;
total: P < 10~%; females: P < 0.05; males: P < 0.01). At
~4-6 weeks, the growth rate difference between GI and
WSB mice begins to decline. GI and WSB mice also show
divergent growth rates at 11-16 weeks (total: P < 0.05;

GZ0Z YoJel\ Z| UOo Jasn ss800Yy Jaquuisy eolswy Jo A18100g sonauss) Aq | S00S6S/SLZ/L/L0Z/8101e/sonausb/woo dno-olwapeose//:sdiy Woll papeojumo(]


http://phenome.jax.org/db/q?rtn=projects/projdet&reqprojid=539
http://phenome.jax.org/db/q?rtn=projects/projdet&reqprojid=539
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177790/-/DC1/genetics.115.177790-8.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177790/-/DC1/genetics.115.177790-8.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177790/-/DC1/genetics.115.177790-5.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177790/-/DC1/genetics.115.177790-4.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177790/-/DC1/genetics.115.177790-2.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177790/-/DC1/genetics.115.177790-7.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177790/-/DC1/genetics.115.177790-6.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177790/-/DC1/genetics.115.177790-3.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177790/-/DC1/genetics.115.177790-1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177790/-/DC1/genetics.115.177790-1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177790/-/DC1/genetics.115.177790-8.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177790/-/DC1/genetics.115.177790-8.pdf

Body weight

Growth rate

Week
Week

Scale

1.0

0.8 Figure 5 Pairwise correlations across
0.6 ages for body weight (left) and growth
04 rate(right). Black pixels indicate a corre-
02 lation near 1; white pixels indicate a cor-

relation near 0.
0.0

Week Week

males: P < 0.05), though females are not significantly differ-
ent at 14-16 weeks. Male GI mice are heavier than female GI
mice beginning at 3 weeks (Figure S1; P < 1073), and grow
significantly faster at 1-5 weeks (P < 10~3). Phenotypic pat-
terns are similar in the partially inbred GI mice (and their
offspring) we used for genetic mapping.

F1 mean weights from crosses between GI and WSB mice
are closer to GI means for the first 3 weeks (Figure S2). At
subsequent ages, F; weights are near the mid-parent value,
with a bias toward WSB values (especially in males).

Fy’s from crosses between GI and WSB mice vary widely in
weight at all ages (Figure S2). F, weight distributions are
continuous and weight ranges exceed parental averages.
Weight variances increase with age, whereas coefficients of
variation are relatively stable across ages. Growth rate also
shows substantial F, variances at all ages, with coefficients of
variation tending to increase with age. Collectively, these
observations suggest that multiple mutations contributed to
the evolution of weight and growth rate differences between
GI and WSB mice.

The collection of 16-week growth trajectories for individ-
ual F,’s is shown in Figure 4. Mirroring patterns in the paren-
tal lines, F, males and females show large differences in body
weight (Figure S3; P < 0.015; < 10~2° from week 3 onward)
and growth rate at all ages (P < 10~%). Faster growth of
males during weeks 1-5 (Figure 3) is primarily responsible
for weight differences among the sexes. F»’s from different F,
mothers vary significantly in weight (Figure S4; P < 10718)
and growth rate (P < 0.05, with the exception of females at
14-15 weeks) at all ages, providing evidence for maternal
effects (which could be genetic or environmental). F, weights
at all ages depend on GI parent (Figure S4; P < 1078), as do
growth rates at most ages (P < 107> in weeks 1-4; P < 0.037,
aside from weeks 6-7 and 13-14). These results motivated us
to account for effects of sex, mother, and line in all QTL
analyses.

F, weights show strong pairwise correlations across ages,
with a steady decline in autocorrelation as the difference in
ages increases (Figure 5). In contrast, correlations between
growth rates are only high for neighboring ages (Figure 5).
For example, the growth rate at one time point is nearly

uncorrelated with the growth rate at an age 4 weeks later,
whereas weights are highly correlated at these ages.

Genetic map characteristics

The genetic map constructed from F,, genotypes (Figure S5) is
1327 cM in total length. Characteristics of the map resemble
known recombination patterns in house mice (Cox et al
2009), including an average of 26 crossovers per meiosis,
elevated rates in subtelomeric regions, and decreased rates
in subcentromeric regions. A region on chromosome 2 shows
remarkable transmission ratio distortion in favor of the WSB
allele (allele frequency = 0.65; peak marker located at 79.6 Mb)
in F,’s descended from one GI line but not the other (Figure
S6). Biased transmission of the WSB allele in this interval is
also observed in the Collaborative Cross (Aylor et al. 2011)
and seems to be generated by maternal meiotic drive (Didion
et al. 2015).

QTL number and location

By combining information across ages, our multiple QTL
mapping approach allowed us to identify sets of QTL that
affect divergence in overall growth trajectories. We focus on
results from this method. Major patterns are similar to those
obtained by single QTL mapping at individual ages (results not
shown).

Eight QTL contribute to weight differences between GI and
WSB mice when a 5% genome-wide significance threshold is
used (Figure 6; Table 1). For growth rate, 11 QTL are de-
tected (Figure 6; Table 1). Five weight QTL overlap with
growth rate QTL on chromosomes 1, 6, 7, and 10 (two
QTL) (Table 1).

To gauge our ability to accurately estimate the number of
QTL, we randomly subsampled F,’s, reran QTL analyses, and
counted the number of QTL in the best fitting model (at the
5% significance threshold). Two key patterns emerge (Figure
7). First, the number of detected QTL steadily increases with
sample size for both weight and growth rate, suggesting that
a large number of loci with small effects contribute to trait
divergence between GI and WSB. Second, there is consider-
able variance in the number of QTL detected with different F,
samples of the same size. Collectively, these results underscore
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the difficulty of estimating QTL number, even with large sample
sizes such as ours.

QTL effects

We measured QTL effects using two parameters: the additive
effect of substituting one allele (calculated as half the differ-
ence in genotypic means between alternative homozygotes),
and the dominance effect (calculated as the difference be-
tween the genotypic mean of the heterozygote and the aver-
age genotypic mean of alternative homozygotes).

Additive and dominance effects for all QTL are presented
in Table 2 and Table 3. Individual QTL effects are small-to-
moderate in size relative to the difference in mean pheno-
types between GI and WSB mice. The largest additive effect
across all weight QTL and ages is 0.66 g (chromosome 8
QTL at 16 weeks); homozygotes carrying the GI vs. WSB
allele at this QTL differ by an average of 1.32 g. Additive
effects of weight QTL tend to increase with age, whereas
age-related trends in additive effects of growth rate QTL are
less apparent. Looking across development, chromosomes
10, 7, and 8 harbor QTL with the largest effects for both
weight and growth rate.

QTLvary in the timing of their largest effects. For example,
QTL on chromosomes 10 and 11 affect weight beginning at
week 1, whereas the chromosome 9 weight QTL has little
effect until week 6. Once QTL begin to affect weight, they
continue to do so at subsequent ages. In contrast, the biggest
effects of growth rate QTL tend to be concentrated early in
ontogeny. The growth rate QTL found distally on chromosome
10 exhibits its strongest effects during the first 4 weeks, and
the QTL on chromosome 7 principally affects growth at 3-5
weeks of age. These patterns underscore the power of dis-
secting the genetics of size throughout the entire growth
trajectory.

Most dominance effects of detected QTL are small. The two
exceptions are weight QTL on chromosomes 8 and 9. The
weight QTL on chromosome 9 shows the largest dominance
deviations, which exceed its additive effects at all ages. Het-
erozygotes at this locus are shifted toward the GI mean. QTL
with the biggest phenotypic effects primarily act in an additive
fashion.

Collectively, the eight weight QTL explain between 6% and
24% of the F, variance in weight across ages (Figure 8).
Overall heritability due to weight QTL starts low (at 1 week),
increases to its maximum at 7 weeks, and decreases slightly
through 16 weeks. The 11 growth rate QTL jointly explain
between 3% and 20% of the F, variance (Figure 8). In con-
trast to weight QTL, the overall heritability due to growth
rate QTL peaks at 3 weeks, quickly drops during weeks 4
and 5, and remains low through 16 weeks. This pattern mir-
rors the temporal divergence in growth rate between GI and
WSB mice (Figure 3).

We used an additional approach to measure the ability of
detected QTL to explain body size evolution. Phenotypic
means of GI and WSB mice represent their genetic values.
In a purely additive model, the difference between phenotypic
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means of these parents at a particular age should equal twice
the sum of the additive effects of all mutations that contribute
to weight or growth rate differences. Figure 9 compares the
summed additive effects of detected QTL to phenotypic dif-
ferences between GI and WSB. These results raise the possi-
bility that detected QTL collectively explain a substantial
proportion of the genetic difference in size between GI and
WSB mice.

Further characterization of QTL

To better understand the biological context of QTL, we con-
ducted targeted interaction tests involving sex, mother, line,
and other loci. Though sex and mother are important con-
tributors to F, weight and growth rate, there is no evidence
that QTL action depends on these factors. These results in-
dicate that the QTL we detected are likely shared by males
and females, and across F; mothers. Most QTL also show no
sign of being affected by line. One QTL—on chromosome 7—
displays an interaction with line for body weight (but not
growth rate). Because the two lines of GI mice that contrib-
uted to our intercross were founded by different wild
parents, this result suggests that the chromosome 7 QTL
may be polymorphic in the island population. Pairwise in-
teraction tests revealed no evidence for epistasis between

Body weight
12
10
[a]
a 8
@
o 6
5
a 4
2 )‘k
0
1 4 6 7 8 9 10 11 13 15 16
Chromosome
Growth rate
4
3
[a)
o
7
o 2
=
[
o
1
0
1 4 6 7 8 9 10 1 13 15 16
Chromosome

Figure 6 Profile SLOD curves for the selected multiple-QTL models for body
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with all other QTL fixed at their estimated locations, and the multiple-QTL
model was compared to the model with the given QTL omitted.

GZ0Z YOI\ Z| UO Jasn sSad0y Jaquialy eouswy Jo A18100S sonauss) Ag LS00E6S/S 12/ L/ 1L 0Z/3101ue/Sonausb/wod dnosolwapese)/:sdny woJj papeojumoq



Table 1 Genomic positions of QTL

Phenotype Chromosome 1d)Y/ cM lower CI <M upper Cl Mb Mb lower Cl Mb upper Cl
Weight 1 37.5 22.0 53.5 78.9 42.4 136.9
Weight 6 4.0 0.0 6.0 17.9 3.4 23.5
Weight 7 44.0 35.5 45.0 118.9 86.1 121.9
Weight 8 29.0 25.5 39.0 81.5 69.1 106.1
Weight 9 17.0 15.0 40.5 47.3 42.7 97.5
Weight 10 27.0 23.0 31.0 68.1 58.6 77.4
Weight 10 66.5 55.0 67.0 128.1 119.0 129.6
Weight 11 27.0 13.5 42.5 51.5 31.5 81.5
Growth rate 1 39.5 33.5 41.5 84.3 73.0 92.9
Growth rate 4 42.5 40.5 65.5 104.6 103.1 141.6
Growth rate 6 4.0 3.5 8.5 17.9 17.0 27.3
Growth rate 7 32.0 13.5 36.0 80.1 38.6 86.9
Growth rate 7 44.0 47.5 55.5 118.9 125.4 137.0
Growth rate 8 17.5 11.0 34.0 459 32.4 92.7
Growth rate 10 26.0 4.0 34.5 66.3 16.9 88.7
Growth rate 10 62.0 59.5 67.0 125.3 123.3 129.6
Growth rate 13 52.0 47.0 54.5 116.5 111.2 119.3
Growth rate 15 9.0 35 12.0 36.4 19.6 422
Growth rate 16 10.0 0.0 13.0 26.4 3.5 29.8

Confidence interval is the 1.5-LOD interval for the age with the highest LOD score.

detected QTL. Comprehensive searches for epistasis involv-
ing other loci are difficult to conduct and interpret because
we are considering the entire growth trajectory. Conse-
quently, we focus on the additive and dominance effects of
individual QTL in this article. To identify candidate genes,
we looked for genes in the centers of QTL intervals (includ-
ing 2 Mb on either side of the peak) that are known to affect
body size or related processes. We used Co-Citer software
(Qiao et al. 2013) to count references that mention each
gene and “body weight,” “body mass,” or “growth.” Candi-
date genes are listed in Table S1.

QTL evolution

Additive effects indicate that Gl alleles increase weight at most
QTL and at most ages. To evaluate whether this pattern is
consistent with neutral evolution of body size, we asked
whether the number of QTL at which the GI allele increases
size is consistent with chance expectations, conditioning on
the observed weight difference between GI and WSB mice
(Orr 1998). Considering the maximum effect for each weight
QTL across ages reveals suggestive evidence for a contribu-
tion of natural selection (Orr’s test; P = 0.07), with GI alleles
increasing weight at all eight QTL. Again using the maximum
effect as a summary, GI alleles increase growth rate at 10 of
11 QTL (P = 0.15; 11 of 11 QTL would have yielded an
estimated P = 0.02).

Discussion

The ability of house mice to invade islands from around the
world and their status as a genetic model organism combine to
make them an unusually powerful system for addressing the
question of how natural populations evolve extreme pheno-
types. Our results provide a rare genetic portrait of this process
in a wild population that has achieved a dramatic increase in
body size during just a few hundred generations.

The suite of QTL we identified and the large magnitude of
our cross allow us to confidently conclude that GI mice did not
evolve their unusual body size via a few genetic changes of
major effect, perhaps contrary to intuition. Instead, multiple
mutations with arange of modest, mostly additive effects were
responsible. The contrast between this result and the simple
genetic architecture underlying fitness-related phenotypic
changes in other rodents and in stickleback fish (Nachman
et al. 2003; Colosimo et al. 2005; Hoekstra et al. 2006) may
primarily reflect differences in the focal traits rather than
differences between species. One potential explanation for
the genetic complexity of body size evolution is that weight
and growth rate are both composite phenotypes affected by
a diverse array of biological processes. Decomposing these
traits into a series of intermediate phenotypes could reveal
simpler genetic mechanisms.

From an evolutionary perspective, the distribution of QTL
effects deserves further attention. The modest additive effects
of individual QTL and the low percentage of F, phenotypic
variance jointly explained by all QTL suggest limited ability to
predict body size from detected loci. Our subsampling exper-
iment indicates that QTL with smaller effects were missed,
and undetected epistasis also may have contributed to F,
variance. At the same time, there are reasons to be optimistic
that detected QTL capture much of the genetic basis of body
size evolution in this case. In addition to being affected by
genetic variation, F, phenotypes reflect uncontrolled envi-
ronmental and developmental variance. For example, mice
that ingested different amounts of food would be expected to
grow to different sizes. The heritability of body size is the
maximum fraction of phenotypic variance that QTL could
theoretically explain. It is therefore interesting to note that
the combined heritability for the group of body weight QTL
we detected roughly matches overall heritability estimates
for weight in laboratory mouse populations (range of point
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Figure 7 Number of inferred QTL as a function of sample size, for ran-
dom subsets of the data, and for the full dataset, for body weight (top)
and growth rate (bottom).

estimates = 0.22-0.43; Lynch 1992), although heritability is
a population-specific quantity. In contrast to individual F,
phentoypes, average values for the partially inbred GI mice
and the fully inbred WSB reflect genetic values, with random
environmental deviations contributing to the variance about
these averages. In this context, it is revealing that the
summed additive effects of detected QTL account for most
of the phenotypic differences between GI mice and WSB. An
important caveat to this point is that QTL mapping generates
upward biases in additive effect estimates (Beavis 1994,
1998). Nevertheless, the suite of QTL we discovered may
explain much of the genetic component of body size evolu-
tion, despite its complexity.

When viewed in combination with previous findings, our
results provide an unusual opportunity to compare the
genetics of size evolution in nature to that in the laboratory.
Here, we focus on a study that is especially comparable in
terms of experimental design. Cheverud et al. (1996) iden-
tified QTL for age-specific (weekly) weights and growth
rates up to 10 weeks in an F, intercross between the large
(LG) and small (SM) strains. These strains were developed
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by (i) crossing a variety of inbred lines, (ii) artificially select-
ing for increased (Goodale 1938) or decreased (MacArthur
1944) body weight at 60 days of age, and (iii) inbreeding for
>125 generations (Chai 1956a,b; Festing 1996). Selection
was very effective, producing a 20- to 24-g weight difference
between LG and SM at 10 weeks of age (Chai 1956b; Kramer
et al. 1998).

The divergence in growth trajectories between GI mice and
WSB resembles that between LG and SM. In GI mice and LG,
accelerated growth during the first 6 weeks is the primary driver
of increased weight gain. The magnitude of the acceleration is
greater in males. In F5’s, correlations between weekly weights
decline as the time between ages increases. Early and late
growth rates are weakly correlated.

The overall genetic architectures of LG-SM and GI-WSB
size differences are also similar. The number of QTL affecting
LG-SM weight differences ranges from 7 (1 week) to 17 (10
weeks), whereas 8 QTL control GI-WSB weight differences at
some time during ontogeny. Between 11 (early) and 12 (late)
QTL contribute to growth rate differences between LG and
SM; 11 QTL are responsible for growth rate variation among
GI and WSB. In both cases, summed genotypic effects of QTL
reveal mostly additive action, with some dominance toward
the larger strain at early ages. The average additive effect of
a weight QTL ranges from 0.05 g (1 week) to 0.60 g (10
weeks) for LG-SM and from 0.03 g (1 week) to 0.51 g (16
weeks) for GI-WSB. QTL effects vary throughout ontogeny,
with different QTL shaping early and later growth rates. The
allele from the larger strain increases body weight at most
QTL in both crosses. The overall genetic response to selec-
tion for increased body size—whether selection is natural or
artificial—has a common profile.

Why might rapid size evolution show similar properties in
nature and in the laboratory? The agents of selection are
fundamentally distinct. It also seems likely that artificial
selection targeting body size is usually much stronger than
natural selection. Perhaps the common profile instead reflects
shared genetic, developmental, and evolutionary constraints
on growth. Laboratory studies of random-bred mice revealed
higher heritabilities for growth rate between 2 and 5 weeks of
age than during other intervals, as well as reduced genetic
correlations between early and late growth (Cheverud et al.
1983a,b; Riska et al. 1984). These observations predict that
responses to selection for increased size will often accelerate
early growth. Furthermore, the pervasive correlations be-
tween body size and other traits suggest that mutations af-
fecting size will routinely have deleterious pleiotropic
consequences. This logic could explain why mutations with
small effects contribute most of the response to selection in
nature and in the laboratory.

Although these comparisons reiterate the value of artifi-
cial selection experiments, understanding the genetics of
size evolution in nature will continue to require the exam-
ination of wild populations. An important demonstration of
this fact comes from the comparison of QTL location. Only 7
of the 19 QTL intervals we discovered contain estimated QTL
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Table 2 Additive and dominance effects (in grams) of weight QTL

Week 1@37.5 6@4.0 7@44.0 8@29.0 92@17.0 10@27.0 10@66.5 11@27.0
1 a —0.008 —0.045 —0.057 0.024 —0.033 0.177 0.043 0.127
d 0.054 0.054 0.009 0.009 0.106 0.043 0.029 0.028

2 a 0.045 —0.004 0.047 0.090 —0.057 0.200 0.171 0.159
d 0.054 0.076 0.061 —0.035 0.157 0.050 0.043 0.007

3 a 0.117 0.050 0.197 0.148 —0.044 0.226 0.337 0.182
d 0.074 0.078 0.118 —0.109 0.210 0.061 0.030 —0.030

4 a 0.214 0.146 0.381 0.206 -0.016 0.281 0.453 0.221
d 0.074 0.040 0.148 -0.137 0.239 0.056 0.014 —0.037

5 a 0.291 0.237 0.519 0.241 0.052 0.351 0.503 0.266
d 0.063 0.001 0.143 —0.149 0.234 0.046 0.001 —0.046

6 a 0.321 0.298 0.561 0.284 0.120 0.406 0.507 0.307
d 0.047 —0.013 0.095 -0.173 0.226 0.049 —0.001 —0.068

7 a 0.334 0.334 0.554 0.337 0.169 0.445 0.510 0.342
d 0.035 —0.008 0.027 —0.206 0.239 0.057 0.001 —0.083

8 a 0.344 0.359 0.538 0.390 0.206 0.471 0.521 0.365
d 0.039 —0.004 —0.022 —0.235 0.269 0.048 0.001 —0.081

9 a 0.347 0.389 0.533 0.443 0.235 0.488 0.535 0.377
d 0.055 —0.023 —0.033 —0.250 0.309 0.035 —0.005 —0.072

10 a 0.333 0.431 0.538 0.501 0.250 0.509 0.535 0.380
d 0.071 —0.066 —0.020 —0.251 0.343 0.035 —0.010 —0.069

" a 0.316 0.473 0.551 0.549 0.245 0.534 0.519 0.382
d 0.082 —0.106 —0.007 —0.249 0.365 0.039 —0.011 —0.083

12 a 0.315 0.509 0.564 0.586 0.233 0.570 0.505 0.385
d 0.102 —0.128 0.003 —0.244 0.365 0.037 —0.012 —0.102

13 a 0.327 0.536 0.575 0.615 0.235 0.603 0.509 0.389
d 0.134 -0.133 0.014 —0.229 0.348 0.044 —0.015 -0.114

14 a 0.332 0.537 0.601 0.639 0.251 0.624 0.526 0.383
d 0.154 —0.145 0.005 —0.206 0.345 0.058 —0.008 —0.135

15 a 0.341 0.546 0.626 0.660 0.267 0.617 0.556 0.396
d 0.187 -0.162 —0.004 —0.182 0.342 0.076 —0.008 —0.147

16 a 0.346 0.546 0.644 0.660 0.257 0.592 0.619 0.419
d 0.224 —0.168 —0.006 —0.159 0.347 0.109 —0.045 —0.157

Effects are adjusted for variation due to sex, line, and mother. QTL are designated by chromosome and cM position (chromosome@cM).

positions from Cheverud et al. (1996). Although our judg-
ment of QTL overlap is rough, this result suggests that the
evolution of body size involved different genetic changes in
GI mice and laboratory strains. This conclusion is bolstered
by comparisons to other QTL known to affect body weight in
mice (Dragani et al. 1995; Cheverud et al. 1996; Keightley
et al. 1996; Rance et al. 1997; Brockmann et al. 1998, 2004;
Kirkpatrick et al. 1998; Morris et al. 1999; Vaughn et al.
1999; Corva and Medrano 2001; Rocha et al. 2004; Bennett
et al. 2005; Kenney-Hunt et al. 2006; Shao et al. 2007; Casellas
et al. 2009; Mollah and Ishikawa 2011; Ishikawa and Okuno
2014). Although a few of these QTL overlap with those we
identified, most do not. For example, a major X-linked QTL
for body weight discovered from another artificial selection
experiment (Liu et al. 2001; Oliver et al. 2005) is not found in
our study.

Nevertheless, those QTL that are shared across strains
and populations may be repeatedly targeted by selection
and represent promising loci for identifying the causative
mutations (Chan et al. 2012). A series of genetic mapping
studies identified a large number of loci that contribute to
weight differences between M. m. castaneus from the Phil-
ippines (a smaller form) and the C57BL/6 laboratory strain
(primarily M. m. domesticus in origin) (Ishikawa et al. 2000;

Ishikawa and Namikawa 2004; Mollah and Ishikawa
2010), including one in the region of the QTL we identified
in the distal part of chromosome 10. Although the consider-
able divergence time between the two subspecies M. m.
castaneus and M. m. domesticus makes it difficult to associ-
ate QTL with island evolution in this case, the resemblance
between these results and ours is encouraging. Further-
more, a population genetic study that compared the
genomes of laboratory mice artificially selected for diver-
gent body sizes discovered genomic regions showing con-
sistent signatures of adaptive evolution and unusual
patterns of variation in large mice from the Faroe Islands
(Chan et al. 2012). One of these genomic regions is located
within the distal QTL on chromosome 10. Genetic charac-
terization of mice from other islands will reveal whether
shared patterns of size evolution across islands reflect
a common genetic basis.

QTL mapped in crosses between a single pair of strains
could represent genetic changes along either lineage. As a re-
sult, some QTL we identified might have contributed to size
evolution in WSB or its ancestors rather than conferring
phenotypic changes in GI mice. If the time to the most recent
common ancestor of GI mice and WSB was earlier than the
colonization time of Gough Island, using WSB as a reference
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Table 3 Additive and dominance effects (in grams per week) of growth rate QTL

Week 1@39.5 4@425 6@4.0 7@32.0 7@44.0 8@17.5 10@26.0 10@62.0 13@52.0 15@9.0 16@10.0
1 a 0.047 0.031 0.021 0.072 0.025 0.047 0.001 0.124 —0.034 0.065 0.069
d 0.019 0.033 0.039 —0.027 0.052 0.002 0.007 0.040 0.006 0.036 0.047

2 a 0.071 0.018 0.045 0.093 0.058 0.049 —0.001 0.165 —0.050 0.075 0.077
d 0.036 0.046 0.028 —0.058 0.093 0.000 0.004 0.006 —0.022 0.077 0.040

3 a 0.099 —0.003 0.084 0.108 0.097 0.052 0.025 0.152 —0.091 0.053 0.070
d 0.024 0.057 —0.015 —0.061 0.081 —0.001 -0.012 —0.006 —0.043 0.071 0.025

4 a 0.097 —0.018 0.102 0.061 0.132 0.050 0.063 0.091 —0.108 0.022 0.030
d 0.001 0.043 —0.041 —0.038 0.042 —0.012 —0.021 —0.013 —0.035 0.043 0.008

5 a 0.052 —0.016 0.077 —0.033 0.118 0.045 0.071 0.014 —0.073 0.005 —0.013
d —0.016 —0.003 —0.028 0.007 —0.029 —0.025 —0.009 —0.012 —0.006 0.014 —0.015

6 a 0.013 0.001 0.044 —0.078 0.066 0.047 0.054 -0.018 —0.023 —0.009 —0.032
d —0.014 —0.054 —0.007 0.024 —0.078 —0.025 0.003 -0.014 0.013 0.004 —0.026

7 a 0.004 0.019 0.024 —0.056 0.021 0.043 0.040 -0.014 0.000 —0.031 —0.038
d —0.001 —0.073 0.002 0.012 —0.072 -0.014 —0.007 —0.018 —0.002 —0.005 —0.023

8 a 0.000 0.029 0.022 —0.008 —0.011 0.041 0.026 —0.005 0.001 —0.042 —0.030
d 0.011 —0.061 —0.010 0.010 —0.035 —0.005 —0.022 —0.020 —0.017 —0.006 —0.024

9 a —0.011 0.037 0.033 0.025 —0.023 0.047 0.022 —0.004 —0.001 —0.031 —0.021
d 0.013 —0.036 —0.037 0.008 0.002 0.014 —0.013 —0.017 0.001 —0.002 —0.022

10 a —0.022 0.042 0.040 0.023 —0.013 0.052 0.025 —0.013 0.001 —0.023 —0.017
d 0.008 —0.013 —0.046 —0.016 0.027 0.034 0.001 —0.011 0.025 0.005 —0.016

1" a —0.013 0.042 0.035 —0.003 0.013 0.053 0.032 —0.016 —0.004 —0.034 —0.020
d 0.010 0.005 —0.028 —0.039 0.038 0.030 0.000 —0.004 0.024 0.018 —0.006

12 a 0.004 0.043 0.027 —0.042 0.042 0.052 0.038 —0.004 —0.012 —0.037 —0.033
d 0.021 0.014 —0.007 —0.039 0.039 0.019 0.006 0.000 0.014 0.013 0.006

13 a 0.011 0.044 0.017 —0.067 0.060 0.042 0.028 0.014 —0.008 —0.031 —0.034
d 0.039 0.004 0.001 —0.022 0.030 0.024 0.019 —0.003 0.004 —0.010 0.015

14 a 0.009 0.026 0.007 —0.056 0.064 0.027 0.008 0.025 0.004 —0.022 —0.024
d 0.042 —0.016 —0.013 —0.024 0.014 0.021 0.021 —0.001 —0.018 —0.016 0.019

15 a 0.006 0.019 0.006 —0.033 0.051 0.016 —0.020 0.038 0.010 —0.007 —0.002
d 0.042 —0.021 —0.016 —0.038 0.013 0.033 0.026 —0.007 —0.029 —0.023 0.029

16 a 0.000 0.025 0.000 —0.026 0.033 0.010 —0.043 0.059 0.018 0.003 0.011
d 0.042 —0.031 —0.005 —0.047 0.025 0.072 0.034 —0.041 —0.012 —0.031 0.026

Effects are adjusted for variation due to sex, line, and mother. QTL are designated

strain could have exacerbated this problem. Although the
mice used to found the WSB strain (which were caught in
Maryland) were likely descended from Western European
mice, determining the precise geographic origin of the GI
mice will help to elucidate the dynamics of size evolution on
the island.

Our results usefully focus the search for the genetic,
developmental, and molecular mechanisms that ultimately
underlie the evolution of body size in nature. GI mice
evolved extreme size by accelerating growth during the
first 6 weeks of life. The observation that GI mice are heavier
at 1 week of age suggests that accelerated growth begins in
utero or soon after birth. In addition to eliminating alter-
native evolutionary scenarios—including the notion that
size was increased by extending the growth trajectory—
our results suggest that natural selection on size or size-
correlated traits targeted early development. This research
is a first, necessary, and foundational step toward pinpoint-
ing the genetic variants responsible for increased size in GI
mice. Identifying the causative genes and mutations will
allow several intriguing evolutionary questions to be an-
swered. Did selection on Gough Island target standing
variants or new mutations? Do the causative loci show
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by chromosome and cM position (chromosome@cM).

signatures of adaptive evolution predicted by strong selection
on individual loci or by selection spread across many genes?

How did the genetic changes that increased body size in
GI mice evolve? Rapid phenotypic evolution in a novel
environment suggests natural selection as the primary evo-
lutionary force. The observed bias toward GI mouse alleles
increasing body size provides modest support for this con-
clusion. Differences in the environments experienced by
mice on Gough Island and on the mainland are potential
selective agents. Mice on the island may experience signif-
icantly colder temperatures because they live outside year
round (in contrast to mice on the mainland that often live
indoors). It is possible that the availability of an energeti-
cally rich food resource in the winter period (albatross and
petrel chicks) and the predatory behavior of mice to exploit
this resource (Jones et al. 2003; Cuthbert and Hilton 2004;
Wanless et al. 2007) were important selective factors in the
rapid evolution of body size. The size increase of GI mice
also could have been catalyzed by the removal of selective
constraints. GI mice have few natural predators or interspe-
cific competitors (Verrill 1895; Heaney and Holdgate 1957;
Jones et al. 2003; Wanless et al. 2009). Both reduced pre-
dation and reduced competition have been invoked to
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Figure 8 Estimated heritability due to the set of QTL in the multiple-QTL
models for body weight (blue) and growth rate (pink).

explain the tendency of small mammals to grow larger
on islands (Sondaar 1977; Heaney 1978; Lawlor 1982),
and recent comparative work supports this conclusion
(Lomolino et al. 2012). In principle, GI mice could have
achieved their unusual body size without natural selec-
tion. Perhaps the evolution of body size was enabled by
stronger genetic drift resulting from the reduction in pop-
ulation size that accompanied island colonization (Gray
et al. 2014). Understanding the relative contributions of
different evolutionary processes to extreme body size
evolution in mice on Gough Island will ultimately require
additional field studies.
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Figure S1: —log;( P-values for the comparison of Gough Island (GI) and WSB mice for body weight (top panel) and
growth rate (center panel), and for the comparison of the two sexes within GI (bottom panel).
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Figure S3: Average + 2 SE of body weight (top panel) and growth rate (center panel) within the F2, and —logo
P-values for comparison of the two sexes.
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Figure S4: —log;( P-values for the comparison among the four crosses (top two panels) and among all mothers (bottom
two panels).
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Figure S6: Estimated frequency of the WSB allele in the F2 mice, separated by line of origin, along the autosomes
(top panel), and along chromosome 2 (bottom panel).
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Table S1. Candidate genes in QTL regions.

Function and
Gene Gene Full Genome connection to body
Abbreviation Name Co-Citer # Chr Start (Mb) Browser ID size References

Cavl Caveolin 1 261 6 17.3 uc009azo.1 | Functions in lipid | (RAzANI et al.
metabolism and in | 2002; COHEN
adipocytes et al. 2004;

WERNSTEDT
ASTERHOLM
et al. 2012)
Met Hepatocyte 762 6 17.4 uc009azr.1 | Regulated by (ORGAN and
growth factor growth factors; Tsao 2011;
receptor promotes ISHIKAWA et
precursor differentiation and | al. 2012)
proliferation of
hematopoietic stem
cells
Cftr Cystic fibrosis 195 6 18.1 uc009bai.1 | Involved in (GruBB and
transmembrane secretory cell BOUCHER
conductance proliferation and 1999)
differentiation
Pth Parathyroid 135 7 120.5 uc009jhm.1 | Regulates serum (RoOVERI et al.
hormone calcium levels 1978;
(important for IWANIEC et al.
energy 2007; YUAN
metabolism, et al. 2012)
signaling, and
skeletal growth)

Casp3 Caspase 3 428 8 47.7 uc009Igl.1 | Functions in (McILwAIN et
apoptosis; al. 2013)
involved in
embryonic and
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hematopoietic stem
cell differentiation
Smad1 Mothers against 409 8 81.9 uc012ggl.1 | Mediates signaling | (RETTING et
decapentaplegic in association with | al. 2009;
homolog 1 bone CHEN et al.
morphogenetic 2012)
proteins (BMPs);
involved in cell
growth, apoptosis,
and morphogenesis
Apoal Apolipoprotein 158 9 46.0 uc009phb.2 | Facilitates removal | (WAN et al.
Al of cholesterol and | 2003;
other fats from SLAGTER et
tissues by al. 2013)
transporting them
to the liver for
excretion;
associated with
obesity
Cdk1 Cell division 227 10 68.8 uc007fmr.1 | Regulates cell (KIYOKAWA
protein kinase 1 cycle and cell et al. 1996;
proliferation SANTAMARIA
et al. 2007;
Lut and
BARON 2011)
Cdk4 Cell division 197 10 126.5 uc007hhv.2 | Regulates cell (KryokAwA
protein kinase 4 cycle and cell et al. 1996;
proliferation SANTAMARIA
et al. 2007;
Lul and
BARON 2011)
Glil Zinc finger 181 10 126.8 uc007hjf.1 | Controls (PARK et al.
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protein GLI1 transcription in 2000;
Hedgehog pathway | KIMURA et al.
(important in 2005)
skeletal formation,
neuronal
development, and
overall body size)
Erbb3 Receptor 220 10 128.0 uc007hnm.1 | Affects cell (ZHANG et al.
tyrosine protein growth, apoptosis | 2008)
kinase erbB 3 and differentiation
Cdk2 Cell division 247 10 128.1 uc007hny.2 | Regulates cell (KryokAawA
protein kinase 2 cycle and cell et al. 1996;
isoform 1 proliferation SANTAMARIA
et al. 2007;
Lui and
BARON 2011)
Propl Homeobox 104 11 50.8 uc007itg.1 | Regulates (BARTKE
protein prophet production of 2000;
of Pitl circulating growth | NASONKIN et
hormones; al. 2011)
associated with
ames dwarfism
14 Interleukin 4 224 11 534 uc007iwg.2 | Involved in (KUHN et al.
Hedgehog pathway | 1991;
(important in SADLACK et
skeletal formation, | al. 1994)
neuronal
development, and
overall body size)
Isl1 Insulin gene 145 13 117.1 uc007ryf.2 | Transcription (Guo et al.
enhancer factor that 2011; Ho et
protein ISL 1 mediates al. 2014)
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proliferation of
pancreatic islets
maintenance of
endocrine cells
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