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A Single lGFl Allele ls a Major
Determinant of Small Size in Dogs
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lan Zhu,z Badri Padhukasahasram,z Eric Karlins,l Sean Davis,l Pau[ G. lones,6
Pascale Quignon,l Gary 5. Iohnson,T Heidi G. Parker,l Neale Fretwell,6 Dana 5. Mosher,l
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The domestic dog exhibits greater diversity in body size than any other terrestriaI vertebrate. We

used a strategy that exploits the breed structure of dogs to investigate the genetic basis of size.

First, through a genome-wide scan, we identified a major quantitative trait locus (QTD on

chromosome L5 influencing size variation within a single breed. Second, we examined genetic

variation in the 15-megabase interval surrounding the QTL in smal[ and giant breeds and found

marked evidence for a selective sweep spanning a single gene UGFI), encoding insulin-like growth

factor 1. A single lGFL single-nucleotide polymorphism haptotype is common to a[[ smail breeds

and nearly absent from giant breeds, suggesting that the same causal sequence variant is a major

contributor to body size in a[[ small dogs.

ize variation in the domestic dog is
exfreme and surpasses that of all other liv-
ing and extinct species in the dog family,

Canidae (1, 2).However, the genetic origin of
this divenity is obscure. Explanations include
increased recombination or mutation rutes (3,4),
a unique role ofshort repeat loci near genes (3),

expansion of specific short interspersed nuclear
elements (5), regulatory gene variation (6,7), or a
readily altered developmental program (1, 6).

The domestic dog descended from the gray wolf
at least 15,000 yeam ago (8-10), but the vast
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majority of dog breeds originated over the past

few hundred years (//). Understanding the
genetic basis for the rapid generation of ex-
freme size variability in the dog would provide
critical tests of altemative genetic mechanisms
and insight into how evolutionary diversifica-
tion in size could occw rapidly during adaptive
radiations (12).

To investigate the genetic basis for size

variation in dogs and understand how change

in size might occur rapidly in dogs and other
canids, we fint initiated sequence-based marker
discovery across a l5-megabase (Mb) interval
on chromosome 15 in the Portuguese water dog
(PWD), a breed that is allowed large variation in
skeletal size by the American Kennel Club (13).

Previously, based on 92 radiographic skeletal

measurements for size and shape, we found that
two QTL (FH2017 at 37.9 Mb and FH2295 at

43.5 lvlb) within this region were strongly
associated with body size in 463 PWDs from a

well-characterized extended pedigree (I 3, I4).
We discovered 302 single-nucleotide polymor-
phisrns (SNPs) and 34 insertion/deletion poly-
morphisms by sequencing 338 polymerase
chain reaction @CR) amplicons in four large

and four small PWDs and in nine dogs from
small and giant breeds (<9 and >30 kg average

breed mass, respectively). We then measured the
association between 116 SNPs and skeletal size

in a sample of 463 PWDs and identified a single
peak wittrin 300 kb of the insulin-like growth
factor I gene (IGFI) (Fig. 1A), confirming the
FII2295 QTL. IGFI is an excellent candidate

gene thrown to influence body size in both mice
and hlmans (15-ID.

Haolotype analysis of 20 SNPs spanning

IGFI fixther supported a role for the locus in
detenlrining body size. We observed that 889 of
the926 (96'/r) PWD chromosomes carry one of
just two haplotypes, termed B and I. Dogs
homo|ygous for haplotype B have a smaller
mediair skeletal size [Fig. 1B; P < 3.27 x l0-7,
analygis of variance (ANOVA)I and mass (fig.
S1) t{an dogs homozygous for I and a lower
level 0f IGFI protein in blood serum (Fig. lC;
P < 9,.34 " 10-4, ANOVA). In PWDs, 15% of
the vmiance in skeletal size is explained by the
IGFI haplotype. Linkage disequilibrium around
IGFI n PWDs is too extensive to allow fine
mapping, presumably because of the breed's

recent origrn and small population siz.e (18, 19).

However, if a mutation at IGFI in general un-
derlieg genetic differences in size among dog
bree@, comparison of breeds of different sizes

that have distinct genealogical histories may
allow fine mapping of the mutation. Moreover,
because size has been the target of sffong se-

lectiort by dog breeden, we would expect to
find a signature of selection surrounding the

QTL in breeds of exteme small or giant size.

Tottest these predictions, we surveyed genet-

ic variation for the same 116 SNPs in 526 dogs

from p3 small (<9 kg) and 20 gsant (>30 kg)
breedd. To obtain an empirical distribution of
our aCsociation mapping test statistics, we also

surveyed variation in 83 SNPs with no known
association to body size on canine chromosomes
1,2, !,34, and 37. These data were amlyzed
first to determine if intense artificial selection on
body size has resulted in a "selective sweep"
(20), reducing variability and increasing allele
frequorcy divergence near IGFI. We found a
marked reduction in marker heterozygosity and
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Fig. 1. Relationships of
sketetal size, SNP markers,

/GFl haptotypg and serum

levels of the lGFl protein in
PWDs. G) A mixed-model
test for association between

size and genotype. The as-

sociation of three genotype

categories (A1A1 A1A2, and
AzA, with skeletal size mea-

suremen8 was calcutated wifr
the use of att pairwise coef-

ficienB of consanguinity for
376 dogs. Each point repre-

sents a single SNP position

on canine chromosome 15

and negative tog P value
for the association statistic.
(B) PWD /GFI haptotypes

and mean skeletal size.
Haplotypes were inferred
for 20 markers spanning
the lGFL gene (chromo-

some L5: 44,2L2,792 to
M278,Ln, GnFaml). Out
of the 720 chromosomes
with successful inference,
960/o carry one of just two
haplotypes, B and l, iden-
tical to haplotypes inferred
for small and giant dogs,
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Fig. 2. Signatures of recent setection on the IGFI locus across 22 small and giant dog breeds. (A)

Heterozygosity ratio f/n) for smallversus giant dogs. (B) Genetic differentiation (Fsil for smatlversus giant
dogs. For both 0U and (B), a stiding 10-5NP window across |GFT was used. Dashed lines detimit the 95%
confidence intervals based on nonparametric boo8trap resampling. The |GFT gene interval is indicated

above the graphs as a red box drawn to scale. (O Observed heterozygosity 0tobJ of SNPs near /GFI typed
in small breeds (<g kg) and giant breeds (>30 kg). Sma[[ breeds have a reduction in observed
heterozygosity compared with that of giant breeds. Red and btue points are average observed
heterozygosity in smatl and giant breeds, respectively. Dashed lines are tocatly weighted scatterplot

smoothing (LOWESS) best fit to the data. The lGFl gene is shown as a black bar with exons indicated by

vertical lines.
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increased genetic differentiation between small
and giant dogs centered on IGFI (Fig. 2). Spe-

cifically, near IGFI, average heterorygosity in
small dogs is only 25%o of that in large dogs,

genetic differentiation (Fs1 where ST represents

subpopulation) peaks significantly at 0.6, and

overall heterozygosity is sharply reduced (Fig.

28) (figs. 52 to S5). Together, these results

suggest that a narow and precisely defined
genomic region holds the variant (or variants)
responsible for small size in a disparate set of
small dog breeds.

We next tested for association between each

SNP and average breed size (Fig. 3A). The null
hypothesis of no association between body size

and marker frequency across breeds is rejected
(Bonferroni-correct P value < 0.05) for 25

contiguous SNPs defining an 84-kb interval
spanning the same reglon that shows evidence
of a selective sweq) (chromosome 15 base pairs
M,199,850 tD 4,284,186) (Figs. 2 and 31t).

The Mann-Whitrey U statistic provides a uni-
form distibution of P values for 83 genomic
control markers (fig. 36). Similarly, P values

from Fisher's exact test of association across

individuals were smallerthan 10-rm in the 84-kb
interval; although these P values are clearly
biased by confounding population stucture (fig.

56), as evidenced by the 83 genomic contol
markers [for which the minimum P value was

t0-2o 1fig. S7)1, the result is significant.
Analysis of specific breed haplotypes shows

that a 20-SNP haplotype spanning IGFI is

shared by all 14 sampled small dog breeds

(Fig. 3, B and C) and is identical to haplotype B
in small PWDs. This haplotype was observed in
only three of the nine giant breeds because most
giant dogs carry one or both of two distinct
haplotypes: F and I. SNP 5, located at base pair
position 44,228,468 (Fig. 3B), is the best can-

didate for being proximate to the causative

mutation for the following reasons: (i) It dis-
tinguishes haplotypes A, B, and C, associated

with small body size, from haplotypes D to L,
which are common in large breeds; (ii) an an-

cestral recombination graph suggests an ab-

sence of recombination between SNPs 4 and
5 (fig. S8); and (iii) marker analysis in the
golden jackal and gray wolf indicates that the
SNP 5 A allele of small breeds is the derived
condition (fig. 59) (table Sl). To turther as-
sess the association between body size and the
SNP 5 A allele, we genotyped six tagging
SNPs that distinguish all major IGFI haplo-
types in a set of 324I dogs from 143 breeds
(Fig. 4) (table S2). The frequency of the SNP
5 A allele is stongly negatively conelated with
breed average mass across this large sample
of breeds (Fig. 4, Spearman's rank correlation
coefficient p: -0.773; P < 2.2 * 10-16; likeli-
hood ratio test : 2882.3, X2aer I 2 x 10-16,

logistic regression of allele frequency on body
size). A strong negative correlation rcmains when
trc22 breeds used to discover SNP 5 are removed
from the analysis (p : 4.729; P < 2.2 t 10-16,
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Spearman's rank correlation). Exceptions, such

as the large Rottweiler or small whippet breeds,
may carry compensatory mutations at other
size QTL or recombinants that could aid fine
mapping at IGFI. Our results show that a

single IGFI haplotype is common to a large
sample of small dogs and strongly imply that
the same causal variant (or variants) is a ma-
jor influence on the phenotype of diminished
body size.

T\e IGFI gene is a stong genetic determi-
nant of body size across mammals; mice
genetically deficient in IGF1 are just 600/o nor-
mal birttr weight (15), and a human with a
homozygous partial deletion of the gene was
bom 3.9 SD below normal length (16, ID.
IGF1 binds the type 1 IGF receptor, a tyrosine
kinase signal hansducer. This interaction pro-
motes cell growth and organismal longevity (21)
and induces cellular differentiation (22). Serum
levels of IGF1 protein (23) have been found to

correlate with body size in toy, miniature, and

standard poodles (24). \\ese studies did not
compare IGFI genenc variation with differences
in serum IGFI protein concentations; we ob-
served that PWDs carrying the B haplotype of
the IGFI gene have significantly lower senlm
levels of IGFI (Fig. 1C).

Finally, to identify possible causative var-
iants, we sequenced the exons of IGFI n a

panel of nine small and giant dogs and found
only one variation in coding sequence, a syn-
onymous SNP in exon 3 [chromosome 15 base
pair position 4,226,324, Canis familiaris ge-

nome assembly I (CanFaml)]. Extensive rese-
quencing within intons and flanking genomic
sequence was also undertaken (table S3). Sev-
eral additional SNPs (table 54) and an antisense

oriented retotansposon (table 55) unique to
small breeds were identified. Alleles of a dinu-
cleotide CA',, microsatellite nthe IGFI promoter
were also significantly associated with body size

in the PWDs (P < 1.4 x l0{, ANOVA) and t}re

small and giant breeds (P < 2.2 x l0-ra, chi-
sqrure test; table 56). All of these variations
were in stong linkage disequilibrium and there-
fore a causative variant could not be definitively
identified by this approach. Given ttre difficulty
of developing inbred dog lines segregating small
size, future studies will focus on using knock-in
mice to explore the effect of these variants on
phenortypes.

Our findings suggest that a single 1GF1
haplotype substantially contibutes to size vari-
ation in the domestic dog. Because our sample
includes small breeds that are distantly related
(25) and reproductively isolated, and because
the extent of haplotype sharing at IGFI is rela-
tively small, the sequence variant or variants prob.
ably predate the common origrn of the breeds
and likely evolved early in the history of dogs.
The early appeamnce of this allele may have
facilitated the rapid genesis of size divenity in
the dornestic dog. The first archaeological record
of dogs, beginning about 12,000 to 15,000 years

ago (9,26), shows that size divenrty was pre-
sent early in the history of domestication. For
example, dog remains from eastem Russia dated
to 14,000 to 15,000 yeals ago are similar in size
and conformation to great Danes, whereas slighr
ly younger dog remains from the Middle East
and Europe (10,000 to 12,000 years ago) are

similar in size to small terriers (9, 26, 27). The
early and widespread appearance of small size

suggests that an ancesral srnall dog IGFI hryle
type was readily qpread over a large geographic
area by tade and human mrgration and was
maintained in local gene pools by selection.
Such early selection on dogs may have been
manifest as intentional artificial selection exer-
cised by early humans or as an adaptive trait for
coexistence with humans in the more crowded
confines of developing villages and cities (28).

49162536496481
Body Size (kg)

Fig. 4. Association of body size and frequency of
the SNP 5 A attele. Binomial regression of allete
frequency on square root of mean breed mass.
Dashed lines indicate the 95o/o confidence
interual on the predicted equation line as esti-
mated f rom nonpa rametric bootstra p resa mplin g.

Between 5 and 109 (median = 221 dogs were
genotyped for each of 143 breeds. The PWD is

hightighted in red along with three giant breeds
that have targer breed average masses than is
predicted by their SNP 5 atlele frequency.
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Fig. 3. Evidence of association and IGFI haplotypes for L4 small and 9 giant breeds. (A) Mann-Whitney
U (MWU) P values for tests of association between individuat SNPs and body size (smatl versus gian0 for
116 SNPs on chromosome 15 and 83 SNPs on five control chromosomes. The dashed line indicates
Bonferroni correction for muttipte tests. Only breeds with data for at least 10 chromosomes were
included (14 smatt and 9 giant breeds). (B) Haptotypes for the 20 markers spanning the smatl breed
sweep interval near lGFL. The haptotypes were inferred independently in each breed. For each individuat,
fractional chromosome counts were summed for atl haptotypes with at teast 5olo probabitity according to
the haptotype inference software program PHASE. Chromosome sums for each breed were rounded to
integer values; several breeds have odd numbers of chromosomes due to rounding error. Only inferred
haptotypes carried by at least three dog chromosomes total (i.e., >0.5% frequency overal[ are shown.

Sequence reads collected from golden jackat (Canis aureusl were used to determine the ancestral allele
for each SNP. The haplotypes are rows tabeted A to L and marker alleles are colored yetlow for ancestral
state (matching the nucteotide observed in the golden jackaO and blue for derived state. SNP positions
within IGFT are shown at the top with |GFT introns (horizontat tine) and exons (vertical bars) indicated.
(O Breed name and the average size of adult males in kitograms are provided. Sma[[ breeds less than
9 kg and giant breeds greater than 30 kg are grouped for totats shown at the far right.
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The ubiquitous oc,currence of the IGFI B
haplotype in a diverse panel of small breeds
clearly does not support unorthodox explana-
tions of phenotypic diversity in the dog such as

elevated mutation or recombination rates. Rath-
er, we show that a single IGFI allele is a major
determinant of small size in dogs and that in-
tense artificial selection has left a signature in
the proximity of IGFI that can readily be found
by genomic scans of breeds sharing a common
phenotype. The ability to identify a gene con-
tibuting to morphology without doing a genetic
cross, but instead by using centuries of dog
breeding, highlights the contibution that the
study of canine genetics can make to an urder-
standing of mammalian morphogenesis. These

results provide a precedent for future studies

aimed at identifying the genetic basis for com-
plex taits such as behavior and skeletal mor-
pholory in dogs and other species with small
populations that have experienced stong artifi-
cial or natural selection.
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