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ABSTRACT Humans have colonized the planet through a series of range expansions, which deeply impacted genetic diversity in newly
settled areas and potentially increased the frequency of deleterious mutations on expanding wave fronts. To test this prediction, we
studied the genomic diversity of French Canadians who colonized Quebec in the 17th century. We used historical information and
records from ~4000 ascending genealogies to select individuals whose ancestors lived mostly on the colonizing wave front and
individuals whose ancestors remained in the core of the settlement. Comparison of exomic diversity reveals that: (i) both new and low-
frequency variants are significantly more deleterious in front than in core individuals, (i) equally deleterious mutations are at higher
frequencies in front individuals, and (iii) front individuals are two times more likely to be homozygous for rare very deleterious
mutations present in Europeans. These differences have emerged in the past six to nine generations and cannot be explained by
differential inbreeding, but are consistent with relaxed selection mainly due to higher rates of genetic drift on the wave front.
Demographic inference and modeling of the evolution of rare variants suggest lower effective size on the front, and lead to an
estimation of selection coefficients that increase with conservation scores. Even though range expansions have had a relatively limited
impact on the overall fitness of French Canadians, they could explain the higher prevalence of recessive genetic diseases in recently
settled regions of Quebec.
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HE impact of recent demographic changes or single bot-
tlenecks on the overall fitness of populations is still highly
debated (Lohmueller et al. 2008; Fu et al. 2014; Lohmueller
2014; Simons et al. 2014; Do et al. 2015; Henn et al. 2015,
2016; Gravel 2016). Simulation and theoretical approaches
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suggest that populations on expanding wave fronts experi-
ence strong genetic drift (Peischl et al. 2013, 2015), leading
to relaxed selection (Gravel 2016) resulting in the build-up of
expansion load (Peischl et al. 2013). The main reason for this
expansion load is that low population densities and strong
genetic drift at the wave front promote the genetic surfing of
both neutral and selected variants (Peischl et al. 2013). This
relatively inefficient selection on the wave front leads to the
preservation of many new mutations, unless very deleterious
(Peischl et al. 2013), and it shifts the site frequency spectrum
(SFS) of standing variants, thus increasing the contribution
of (partially) recessive variants to mutation load (Peischl and
Excoffier 2015). After a range expansion, both a decrease of
diversity and an increase in the recessive mutation load with
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distance from the source is expected (Kirkpatrick and Jarne
2000; Peischl and Excoffier 2015). This pattern has recently
been shown to occur in non-African human populations,
where a gradient of recessive load has been observed be-
tween North Africa and the Americas (Henn et al. 2016).
Whereas the bottleneck out of Africa that started ~50,000
years ago (e.g., Gravel et al. 2011) must have created a mu-
tation load, the exact dynamics of this load increase due to
the expansion process are still unknown. It is also unclear if a
much more recent expansion could have had a significant
impact on the genetic load of populations.

The settlement of Quebec can be considered as a series of
demographic and spatial expansions following initial bottle-
necks. The majority of the 6.5 million French Canadians living
in Quebec are the descendants of ~8500 founder immigrants of
mostly French origin (Charbonneau et al. 2000; Laberge et al.
2005). This French immigration started with the founding of a
few settlements along the Saint Laurence river at the beginning
of the 17th century (Charbonneau et al. 2000). Most new set-
tlements were restricted to the Saint Laurence Valley until the
19th century, after which remote territories began to be colo-
nized. Bottlenecks and serial founder effects occurring during
range expansions are thought to have profoundly affected pat-
terns of genetic diversity, leading to large frequency differences
when compared to the French source population (Laberge et al.
2005). Even though the French Canadian population has ex-
panded 700-fold in ~300 years, its genetic diversity is actually
not what is expected in a single panmictic, exponentially grow-
ing population, as allele frequencies have drifted much more
than expected in a fast-growing population (Heyer 1995, 1999).
It has been shown that genetic surfing (Klopfstein et al. 2006;
Peischl et al. 2016) has occurred during the recent colonization
of the Saguenay-Lac St-Jean area (Moreau et al. 2011), and that
the fertility of women on the wave front was 25% higher than of
those living in the core of the settlement, giving them more
opportunity to transmit their genes to later generations. In ad-
dition, female fertility was found to be heritable on the front but
not in the core (Moreau et al. 2011), a property that further
contributes to lowering of the effective size of the front popula-
tion (Austerlitz and Heyer 1998; Sibert et al. 2002) and the
enhancement of drift on the wave front. Social transmission of
fertility (Austerlitz and Heyer 1998) and genetic surfing during
range expansions, or a combination of both (Moreau et al
2011), have been proposed to explain a rapid increase of some
low-frequency variants. Thus, it seems that differences in allele
frequencies between French Canadians and continental Euro-
peans are due to a mixture of the random sampling of initial
immigrants (founder effect) and of strong genetic drift having
occurred in Quebec after the initial settlement, resulting in a
genetically and geographically structured population of French
Canadians (Bherer et al. 2011).

The demographic history of Quebec has not only affected
patterns of neutral diversity, but also the prevalence of some
genetic diseases, independently from inbreeding (De Braekeleer
1991; Heyer 1995; Laberge et al. 2005; Yotova et al. 2005), as
well as the average selective effect of segregating variants
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(Casals et al. 2013). Even though French Canadians have fewer
mutations segregating in the population than the French, these
mutations are found at loci which are, on average, much more
conserved, and thus are potentially more deleterious than those
segregating in the French population (Casals et al. 2013). Recur-
rent founder effects, low densities, and intergenerational corre-
lation in reproductive success could all contribute to increase drift
and reduce the efficacy of selection on expanding wave fronts,
and thus lead to the development of a stronger mutation load
(Peischl et al. 2013). Furthermore, even short periods of in-
creased drift and relaxed selection can affect the efficacy of
selection in future generations (Gravel 2016), resulting in dif-
ferential rates of purging in front and core populations. It is
therefore likely that the excess of low-frequency deleterious
variants observed in French Canadian individuals (e.g., Casals
et al. 2013) could be at least partly due to the expansion pro-
cess rather than to the sole initial bottleneck.

To better understand and quantify the effect of a recent
expansion process on the amount and pattern of deleterious
genetic variation, we screened the ascending genealogies of
3916 individuals from the CARTaGENE cohort (Awadalla
et al. 2013) that were linked to the BALSAC genealogical
database (http://balsac.ugac.ca/). Using stringent criteria
on the quality of genealogical information (see Materials
and Methods), we selected 51 (front) individuals whose an-
cestors were as close as possible to the front of the coloniza-
tion of Quebec, and 51 (core) individuals whose ancestors
were as far as possible from the front (see Materials and
Methods, Figure 1, and Supplemental Material, File S2 and
Animation S2 in File S3). We then sequenced these 102 indi-
viduals at very high coverage (mean 89.5X and range 67-128X)
for ~106.5 Mb of exomic and UTR regions, and contrasted their
genomic diversity to detect if sites with various degrees of con-
servation and deleteriousness have been differentially impacted
by selection.

Materials and Methods
Selection of individuals to sequence

We selected individuals to be sequenced by screening the
genealogy of 3916 individuals of the CARTaGENE biobank
(Awadalla et al. 2013), who could be connected to the BALSAC
genealogical database (http://balsac.uqac.ca) thanks to the
information they provided on their parents and grandpar-
ents. The BALSAC database includes records from all Catholic
marriages in Quebec from 1621 to 1965, totaling more than
three million records (five million individuals). The ascend-
ing genealogies of the 3916 CARTaGENE individuals were
assessed for their maximum generation depth, their com-
pleteness defined as the fraction of ancestors that are traced
back in an individual’s genealogy at generation g relative to
the maximum number of ancestors (28) at that generation
(Jetté 1991), as well as our ability to assess the front or core
status of the ancestors. Thus, we first eliminated 420 geneal-
ogies that spanned <12 generations (maximum generation
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depth <12 generations); we also eliminated 537 genealogies
that had a mean depth of less than eight generations, 578 gene-
alogies whose completeness (Jetté 1991) computed over the last
six generations was <95%, and 97 additional genealogies whose
completeness computed over the 12 generations was <30%. Ge-
nealogies were also filtered based on the quantity of information
available for the computation of a cumulative wave front index
(CWFI), defined as cWFI = ) ,GC; X WEFT;, where the summation
is over all ancestors in the genealogy, GC; is the genetic contribu-
tion of the i-th ancestor, WFI; is the wave front index of the i-th
ancestor, defined as WFI = 1/(1 + g) (Moreauetal. 2011),and g
is the number of generations elapsed since the foundation of the
location where the ancestor reproduced [see Moreau et al.
(2011) for more details]. A cWFI value of 1 would imply that
all the ancestors of the focal individual reproduced on the wave
front. To ensure that differences in cWFI between individuals are
not due to a lack of information on the core front status of indi-
viduals in the genealogy, we eliminated 717 genealogies for
which a single cWFI was missing for any individual belonging
to the six most recent generations (WFI; completeness < 1 for
the six most recent generations) and 15 additional genealogies
for which the WFI; completeness until generation 12 was <0.5.
We also excluded genealogies for which the total number of
individuals with computable WFI until generation 12 was either
too small or too large from the analysis, so that the cWFI was
computed on genealogies of comparable total sizes. The 10%
smallest and the 15% largest genealogies were thus eliminated
(389 genealogies) from further analyses. The 1163 remaining
individuals were ranked according to their cWFI, and we then
selected individuals with the 10% smallest and 10% highest
cWFI. We also eliminated from these two groups those individu-
als that were too closely related. The kinship coefficient ¢
(Wright 1922) was thus computed between all members of these
groups to determine their relatedness. For 41 pairs of individuals
more related than second cousins (¢ > 1/64), one of the two
individuals was removed at random. Furthermore, we removed
individuals with inbreeding coefficients >0.05. Finally, the 60 in-
dividuals with the lowest cWFI and the 60 individuals with the
largest cWFI were selected for further DNA analyses. Among
these, 51 individuals of each category for which peripheral blood
samples were available in the CARTaGENE biobank were further
considered for DNA extraction and sequencing. The geographic
location of the marriage place of 102 individuals’ parents is re-
ported in Figure 1, and examples of the location of the ancestors
of front and core individuals at various periods are shown in
Animation S1 in File S2 and Animation S2 in File S3. In our final
sample, only three individuals had inbreeding coefficients >0.02
(Figure S28 in File S1).

DNA extraction, library preparation, and sequencing

Peripheral blood samples preserved in EDTA tubes from
102 selected individuals from the CARTaGENE cohort were
processed for DNA extraction using the FlexiGene DNA kit as
recommended by the supplier (QIAGEN, Valencia, CA). Total
DNA was quantified by measurement with a NanoDrop
8000 spectrophotometer (Thermo Scientific), followed by

double-stranded DNA (dsDNA) quantification with a QUBIT
2.0 fluorometer (Life Technologies). DNA libraries were pre-
pared for each sample following the standard protocol of the
KAPA Library Preparation Kit for Illumina sequencing plat-
forms. A Covaris S2 fragmentation (duty cycle: 10%, intensity:
5.0, cycles per burst: 200, duration: 120 sec, mode frequency:
sweeping, displayed power Covaris S2: 23W) was performed
on 1 pg dsDNA input (50 pl total volume) for each sample to
generate 180-200 bp average size fragments. The resulting
3" and 5’ overhangs were end-repaired, 3'-adenylated, and
ligated to specific indexed adaptors. After a dual solid phase
reversible immobilization (SPRI) size selection of 250-
450 bp adapter-ligated fragments, final precapture library
enrichment was performed by ligation-mediated polymerase
chain reaction (LM-PCR) followed by a library amplification
cleanup with magnetic beads (AMpure XP, Agencourt). Fol-
lowing the protocol for whole-exome capture with the Roche
NimbleGen SeqCap EZ Exome + UTR Library kit (User’s
Guide v4.2, http://www.nimblegen.com/products/seqcap/
ez/exome-utr/index.html), the size distribution of the
enriched fragments was then checked using a DNA 1000 chip
on an Agilent 2100 Bioanalyzer for whole-exome capture
validation. The 102 uniquely indexed amplified DNA samples
were mixed into 34 pool libraries of three different indexed
DNAs each, and were then hybridized to specific SeqCap EZ
Hybridization Enhancing oligos at +47° for 72 hr. After a
washing step followed by a SeqCap EZ Pure Capture Beads
recovery of the targeted sequences (here whole exome +
UTRs), the multiplex DNA samples were amplified by a post-
capture LM-PCR, cleaned with AMpure XP magnetic beads,
and bioanalyzed with a DNA 1000 chip to quantify and qual-
ify the amplified captured multiplexed DNA samples. Prior to
sequencing, a final validation by quantitative PCR assays was
carried out on the DNA samples to assess the relative fold
enrichment in precaptured sequences vs. postcaptured ones.
Finally, these 34 DNA pools (one pool per lane) were paired-
end (2 X 100 bp) sequenced on an Ilumina HiSequation
2500 System.

Alignment and variant calling

Before mapping reads, a quality control was done using
FASTQC, and trimming of the adapters and of poor-quality
read ends was done using Trim Galore (= Q20). The reads
were then mapped to the hg19 reference genome using BWA
v 0.5.91r16 using the default parameters. PCR duplicates were
removed using Picard-tools v1.56 (http://broadinstitute.
github.io/picard/). We kept properly paired and uniquely
mapped reads using Samtools v0.1.19-44428cd. After these
steps, we estimated the mean sequence coverage per in-
dividual, across the targeted exomic and UTR regions of
cumulative length ~106.5 Mb, to be between 67 and 128X
(Figure S41 in File S1). Realignment around indels (insertion/
deletions) and variants recalibration were performed with GATK
v3.2-2. GATK v3.2-2 was also used to call variants using the
workflow recommended by the Broad Institute (https://www:.
broadinstitute.org/gatk/guide/best-practices?bpm=DNAseq).
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Figure 1 Location and number of sampled individuals and distribution of
the cumulative wave front indices (cWFI). (A) Front and core sampled
individuals are shown in white and gray, respectively. The numbers inside
circles indicate the sample size for each location. (B) The leftmost panel
shows the distribution of cWFI among sampled individuals. The other
three panels display the cWFI of the ancestors of the sampled individuals
that lived 6, 9, or 12 gen. (generations) ago, which shows that observed
differences in C(WFI between current samples have mostly emerged in the
six most recent generations.

We performed first step using HaplotypeCaller, reporting
the calls in genome variant call format (GVCF) mode.
Then the joint genotyping calls were performed using
the GenotypeGVCFs subprogram of GATK, to get the raw
SNP and indel calls. The last step of recalibrating and fil-
tering the genotype calls was done with VQSR, using the
recommended options separately on the SNP and indel
calls.

Sequence analysis

We removed all variants associated with a quality score <30.
We kept 426,301 SNPs and 43,081 indels, and used ANNO-
VAR to functionally characterize these variants. Table S5 in
File S1 gives the number of variants in each ANNOVAR func-
tional class. Individual genotypes associated with low read
depth (i.e., <10) and low genotype quality (i.e., <20) were
marked as missing genotypes. We also collected polymor-
phism data for 305 individuals from three European popula-
tions [British from England and Scotland (GBR), Spanish
from Spain (IBS), and Italian from Tuscany, Italy (TSI), Table
S6 in File S1] from the 1000 Genomes phase 3 panel (1000
Genomes Project Consortium et al. 2015). Note that the
1000 Genomes phase 3 panel set of variants consists of polymor-
phisms called from a combination of both low- and high-coverage
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data (between 8 and 30X). Our comparison of French Ca-
nadians and individuals from European populations to the
1000 Genomes phase 3 panel was restricted to the genomic
regions that intersected between the targeted regions se-
quenced in the present study and the high-coverage target
of the 1000 Genomes phase 3 panel, which amounts to
~46.4 Mb. Since the 1000 Genomes data had lower cover-
age (~65X%) than our French Canadian data (~89.5X),
which could lead to differences in genotype frequencies
other than those due to population history, we performed
a downsampling of French Canadian individual reads using
Samtools v1.1, option “-s,” to randomly select reads and
reduce the coverage to 65X.

This step was then followed by the SNP calling and recali-
bration steps described in the previous section. We defined
shared SNPs between French Canadians and individuals from
the 1000 Genomes phase 3 panel as SNPs found in both data
sets. Differences in number of various types of sites were
obtained by a permutation test consisting of randomly per-
muting individuals between front and core, reestimating the
desired statistics on the permuted samples, and estimating the
P-value of the observed statistics in the generated empirical
null distribution.

Assessment of mutation effects

The ancestral state of all mutations was characterized, follow-
ing the 1000 Genomes Project Consortium et al. (2015), using
the human ancestor genome inferred from the alignment of six
primate genomes (Homo sapiens, Pan troglodytes, Gorilla go-
rilla, Pongo abelii, Macaca mulatta, and Callithrix jacchus)
(http://ftp.1000genomes.ebi.ac.uk/voll/ftp/phasel/ana-
lysis_results/supporting/ancestral_alignments/). The bio-
logical impact of SNPs was assessed via Genomic Evolutionary
Rate Profiling Rejected Substitution (GERP RS) scores (Cooper
et al. 2005; Davydov et al. 2010), which measure, at a given
genomic location, the difference between the expected and the
observed number of mutations at a given position occurring
across a phylogeny of 35 mammals. GERP RS scores were
obtained from the University of California, Santa Cruz genome
browser (http://hgdownload.cse.ucsc.edu/gbdb/hg19/bbi/
All hg19 RS.bw). Note that the human sequence was not in-
cluded in the calculation of GERP RS scores. The human ref-
erence sequence was indeed excluded from the alignment for
the calculation of both the neutral rate and site-specific “observed”
rate for the RS score to prevent any bias in the estimates. Muta-
tions were classified as being “neutral,” “moderate,” “large,” or
“extreme” for GERP RS scores with ranges [-2,2[, [2,4[, [4,6[ and
[6, [, respectively. GERP RS scores of 0 indicated that the align-
ment of mammalian sequences was too shallow at that position to
get a meaningful estimate of constraint (Goode et al. 2010), and
sites with such scores were removed from all analyses involving
GERP RS scores.

We also used additional methods to assess the functional
effect of SNPs and to characterize short indels. We used
PolyPhen-2 (Adzhubei et al. 2010) to predict the damaging
effect of missense mutations. PolyPhen-2 predicts the possible
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impact of amino acid substitutions on the stability and function
of human proteins using structural and comparative evolution-
ary considerations. We also used PhyloP scores, which mea-
sure evolutionary conservation at individual alignment sites
to identify putatively deleterious variants (Pollard et al.
2010). PhyloP scores were computed from the alignments
of 36 eutherian mammal sequences, without the human ref-
erence sequence, and denoted as PhyloPNH (Fu et al. 2013).
Finally, we used combined annotation dependent depletion
(CADD) scores, which integrate several annotations includ-
ing conservation metrics, regulatory information, transcript
information, and protein-level scores into a single measure
(C-score) for each variant (Kircher et al. 2014). We used
scaled C-scores, phred-like scores ranging from 0.001 to 99,
in our analyses, as these scores are easily interpretable. A
scaled C-score > 10 indicates that the corresponding variant
is predicted to be in the 10% most deleterious classes of variants.
A scaled C-score > 20 indicates that the corresponding variant is
predicted to be in the 1% most deleterious class of variants.
Mutations were classified as being neutral, moderate, large, or
extreme for CADD scores, with ranges [0,10[, [10,20[, [20,30[
and [30, [, respectively.

Assessment of relaxation of selection

Assessing mutation load from genomic data is an inherently
difficult problem [for further discussion see Lohmueller
(2014)]. Instead, we used GERP RS scores as a proxy for
selection intensity and calculated the average GERP RS score
for each individual across all sites at which the focal individ-
ual carried a derived allele. The average GERP RS score has a
straightforward interpretation: it measures the average de-
gree of conservation of segregating sites. We expect that se-
lection keeps strongly conserved sites (large GERP RS scores)
at low frequency, whereas weakly conserved sites should be
found at higher frequency. A relaxation of selection, for in-
stance due to strong genetics drift, should therefore lead to
an increase of the average GERP RS score. Here, we focus on
the average RS score per site. The average GERP RS score per
site is simply the average of GERP RS scores calculated over
all sites at which an individual carries at least one copy of a
derived mutation: 1/n > RS;, where n is the number of seg-
regating sites per individual and RS; is the GERP RS score of
site i. Note that this measure does not distinguish between
heterozygous sites and derived homozygous sites. To account
for the frequency of derived alleles, we also calculated the
average GERP RS score across sites that have a given derived
allele frequency (DAF).

Detection of outlier SNPs and gene ontology analysis

To detect potential outlier SNPs based on levels of genetic
differentiation, we used the outlier Fs; method proposed by
Beaumont and Nichols (1996) and implemented in the Arle-
quin software (Excoffier and Lischer 2010). In brief, this test
uses coalescent simulations to generate the joint distribution
of Fsrand heterozygosity between populations expected under
a finite-island model, having the same average Fsr value as

that observed. This null distribution is then used to compute
the P-value of each SNP based on its observed Fgr and het-
erozygosity levels. SNPs with Fgr values outside the 99%
quantile based on the simulations were considered as out-
liers. These SNPs were then annotated to Ensembl gene iden-
tifiers with the R package BiomaRt (Durinck et al. 2009).
SNPs were mapped to a gene if they were located in the gene
transcript or within 10 kb of it. If a SNP was allocated to more
than one gene with this method, we uniquely allocated it to
its closest gene. If more than one SNP was assigned to a given
gene, we only kept the SNP with the highest Fs value.

We conducted a gene ontology (GO) enrichment analysis
on the list of significant SNPs using the topGO R package
(Alexa et al. 2006). We applied the default algorithm using a
Kolmogorov—Smirnov test to detect highly differentiated bi-
ological processes and obtain their P-values. This approach
integrates information about relationships between the GO
terms and the different scores of the genes (here, the P-values)
into the calculation of the statistical significance. We kept
only GO terms that included >10 genes in this analysis.

Maximum likelihood estimation of past demography
and selection coefficients

To infer demography and selection coefficients, we consid-
ered only sites that are found as private singletons in the
European 1000 Genomes populations and that are found to be
polymorphic in Quebec. We used the current frequency of
these variants in Europe as a proxy for their frequency during
the foundation of Quebec. This allowed us to directly estimate
front and core effective population sizes without having to
estimate additional parameters for the European population.

We modeled the evolution of allele frequencies at inde-
pendent sites under random genetic drift and natural selection
in two panmictic populations, denoted the core and the front.
Variables describing properties of the front and core are
denoted with sub- or superscript f and c, respectively. For
simplicity, we only present calculations for the front; the core
can be treated analogously. Then xi(f ) denotes the number of
sites with a DAF of i. Let the SFS on the front be denoted by
Xp(t)= (x(()f o, vai )), where Ny is the effective population
size at the front and t denotes the time (in generations) since
the founding of Quebec. Assuming a Wright-Fisher model of
drift and genic selection (that is, no dominance or epistasis),
the SES then evolves according to

x<f>(t+1)—§fx(f>3 PN I3 =S 1)
i T U - v 2N )

where B(k,n,p) denotes the binomial distribution and s is the
strength of selection against the derived allele. We calculated
the current allele frequency distribution (16 generations after
the onset of the settlement) X;(16) with the initial condition
x(0) = S22 B(i, 2Ny, i(1 — 5)/(i(1 — 5) + 2Naw — 1)),

(BN) — B(i,Ngy, 1/2ny) is the expected allele frequency

where x;
distribution in the bottlenecked population and ny is the sample
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size in Europe. We then obtained the expected allele frequency
distribution for a sample of n; = 51 individuals by

2N
f _Z g ;
xi.samplei xj B<l’ 2nf’J/(2Nf))' 2)
=0
Let ng) = Xfﬁmple /(2ns) be the relative frequency of sites

with a DAF of i. To account for the fact that we only consid-
ered sites shared between Europe and Quebec, we corrected
the allele frequency distribution by multiplying the propor-
tion of sites that are not found to be polymorphic at the front,
péf ), by (1 — p((f)), i.e., we count only the proportion of sites
where the derived allele is lost in the front but is polymorphic in
the core, and then renormalize such that szg pff ) = 1. Note
that this renormalization accounts for the loss of variants in
both the front and core. Thus, we account for the loss of
variants in both the front and core in the estimation process,
since the loss of variants is reflected in the shape of the renor-
malized SFS. We can then calculated the likelihood from our
data as

2ng Y
L(Yf7Yc|Nf7Nc7 S) = (y(f) (f) )(pgf)) ’

00 o Yon
%) on © ©
()2 ¢ (©)o (c))Y2ne
D p .p ,
( an) <y(()f:)7 .__Jécrzc >( 0 ) ( Nc)
where Y; = (()f>, . ,yg{l;) and Y, :y(()@7 . 7}’(20,1)0 denote the

observed DAFs in front and core, respectively. The likelihood
was then maximized numerically via a grid search in the
parameter space.

Contribution of expansion to variance in
allele frequencies

To estimate the relative contribution of the expansion to the
total variation in allele frequencies, we first iterated Equation
(1) with the maximum likelihood estimates (MLE) parameters
to obtain expected allele frequency distributions after the
bottleneck (xi(Bm) and at the end of the expansion (xff >).
We then calculated the variance in allele frequencies after
the bottleneck (Vpy) and at the end of the expansion (Vp)
from the allele frequency distributions. Using the decompo-
sition Vy = Vpn + Vexp, the proportion of variance explained

by the expansion process is given by Vg — Vpn/VE.

Demographic and selection inference from the SFS

We used a total of 43,407,133 neutral sites (with GERP RS
cores between —2 and 2) to estimate the past demography of
French Canadians from the joint (front and core) SFS using
fastsimcoal2 (Excoffier et al. 2013). The demographic sce-
nario is shown in Figure S31 in File S1. We performed 50 runs
of fastsimcoal2, each with 50 cycles, and we used 200,000 sim-
ulations per likelihood estimations. The estimated parameters
obtained from the run maximizing the likelihood are shown in
Table S4 in File S1.
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Based on the demography inferred from neutral sites, we
then used Fitdadi (Kim et al. 2017) to estimate the Distribution
of Fitness Effects (DFE) from the SFS computed on 40,341,124
sites assumed to be under selection (with GERP RS scores
= 2). This estimation was done independently in the core
and the front population, assuming that the DFE followed a
+v distribution and using a multinomial likelihood. In each case,
we fixed the shared and population-specific demographic pa-
rameters shown in Table S4 in File S1, and searched for the ~y
distribution parameters maximizing the likelihood computed
from the SFS inferred from the deleterious sites. The resulting
DFEs are reported in Figure S32 in File S1.

Inference of DFE with DFE-o

We used DFE-a (Eyre-Walker and Keightley 2007; Schneider
et al. 2011) to estimate the DFE of deleterious mutations in-
dependently for front and core populations. We first estimated
the demographic and mutational parameters under all imple-
mented models (1-, 2-, or 3-epoch demographic history with
piecewise constant population sizes) using predicted neutral
sites. We then used the SFS of predicted deleterious sites to
infer the DFE, as modeled by a vy distribution. The resulting
demographic histories are reported in Table S7 in File S1 and
the inferred DFEs are shown in Figure S33 in File S1.

Individual-based simulations

We performed individual-based simulations of a range expan-
sion in atwo-dimensional habitat consisting of alattice of 11 X
11 discrete demes (stepping-stone model). Generations are
discrete and nonoverlapping, and mating within each deme is
random. Migration is homogeneous and isotropic, except that
the boundaries of the habitat are reflecting, i.e., individuals
cannot migrate out of the habitat. Population size grows lo-
gistically within demes. Our simulations start from a single
panmictic ancestral population, representing France. After a
burn-in phase that ensures that the ancestral population are
at mutation-selection—drift balance, a propagule of founders
is placed on the deme with coordinates (3,6) on the 11 X
11 grid representing French Canada (see Figure S42 in File
S1). During the next six generations, the population expands
along a one deme-wide corridor in the middle of the habitat
(representing the Saint Laurence River corridor). During
these six generations, all colonized demes in French Canada
receive migrants from the ancestral populations in equal pro-
portions. The number of migrants was chosen to roughly
match historical records (Charbonneau et al. 2000). In par-
ticular, we chose 1000, 2000, 1000, 1000, 1000, and 2000 pi-
oneer immigrants from the ancestral population for the first
six generations, respectively. After that, the expansion con-
tinues into the remaining habitat for 11 generations. See
Figure S42 in File S1 for a sketch of the model.

We chose a carrying capacity of K = 1000 diploid individ-
uals and the size of the ancestral population was 10,000.
Migration rate was set to m = 0.2 and the within-deme
growth rate was R = 2 [that is, at low densities the population
doubles within one generation, reflecting the average absolute
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fitness of around four to five surviving children getting mar-
ried per woman (Moreau et al. 2011)]. We simulated a set of
10,000 independent diallelic loci per individual. The ge-
nome-wide mutation rate was set to U = 0.1. Mutations occur
only in one direction and back mutations were ignored. We
performed two types of simulation: (i) evolution of neutral
mutations and (ii) evolution of sites under purifying selec-
tion. In the latter case, we assumed that all sites had the same
selection coefficient s. Mutations were considered to be either
codominant or completely recessive and interact multiplica-
tively across loci, that is, there was no epistasis. We also
simulated and recorded the ¢WFI of each individual. The
simulation code can be downloaded from: https://github.
com/CMPG/ADMRE.

Data availability

The datawill be submitted to the European Genome-phenome
Archive repository. The accession number is EGAS00001001957.

Results
French Canadians vs. Europeans

French Canadians are genetically very divergent from three
European populations of the 1000 Genome phase 3 panel
(1000 Genomes Project Consortium et al. 2015) (Great Britain,
Spain, and Italy, Figure S1 in File S1), as expected after a strong
bottleneck. When focusing on SNPs shared between French Ca-
nadians and Europeans, and thus on relatively high-frequency
variants, core individuals are found genetically closer to Euro-
pean samples than front individuals in the first two principal
component analysis (PCA) axes (Figure S1B in File S1), in
keeping with stronger drift having occurred on the wave front.
The qualitative outcome of the PCA does not change if we
remove inbred individuals (Figures S2 and S3 in File S1) or if
we account for linkage among SNPs (Figure S3 in File S1).
Furthermore, we checked that these differences between Euro-
peans and French Canadians were not due to the lower cover-
age of the 1000 Genomes exomes (65X on average) by
downsampling our data from 89.5 to 65X and repeating the
PCA (Figure S1, C and D in File S1). If we assess the functional
impact of point mutations with GERP RS scores (Davydov et al.
2010), sites polymorphic in French Canadians are on average
more conserved than sites polymorphic in Europeans (Figure 2A).
Again, downsampling to account for differences in coverage
does not affect this result (Figure S4 in File S1). Thus, even
though French Canadians have fewer polymorphic sites than
1000 Genomes populations from Europe, their variants are on
average potentially more deleterious than those found in Euro-
pean samples (Figure 2A), in line with previous results (Casals
et al. 2013). We find the same pattern if we calculate the aver-
age GERP RS score per derived allele rather than per polymor-
phic site (Figure S5 in File S1). Note that these results still hold if
we focus only on SNPs that are shared between 1000 Genomes
and Quebec samples, even though the distributions are slightly
more overlapping (Figure 2A and Figure S5B in File S1).

Genomic diversity of front and core individuals

In French Canadians, front individuals have a significantly smaller
number of variants than core individuals (Table 1), consistent
with higher rates of drift. The allele frequencies in front and core
individuals are overall very similar (Figure S6 in File S1), but
there is a significant deficit of singletons on the front as compared
to the core (Pperm < 0.001, Figure S7 in File S1 and Table S1 in
File S1), which is balanced by an excess of doubletons on the
front (P, < 0.001). Note that this pattern is consistently found
for all GERP RS score categories (Figures S7 and S8 in File S1)
and is consistent with simulations of range expansions (Figure S9
in File S1). We then looked at whether genes containing SNPs
with large frequency differences between front and core (ie.,
those with Fgr P-value < 0.01) were overly represented in some
GO categories. Among these genes, allele frequency differences
between the front and the core ranged from 0.069 to 0.294 (see
Table S2 in File S1 for a list of strongly differentiated genes). The
top 25 significantly enriched GO categories (Table S3 in File S1)
are generally involved in very conserved processes like gene ex-
pression, development, and cell growth (see supplemental notes
and Figure S10 in File S1), suggestive of a relaxation of selection
rather than specific adaptations to the front environment.

Similar number of derived alleles in front and
core individuals

We first computed the total number of predicted neutral
alleles per individual (—2 = GERP RS score < 2) and, as
expected, we did not find any differences between front and
core (Figure S11 in File S1 and Table 1). We then computed
the total number of predicted deleterious alleles (GERP RS
score = 2) in front and core individuals. This measure has
previously been used as proxy for mutation load (Simons
et al. 2014; Do et al. 2015), implicitly assuming that muta-
tions interact additively and that all mutations have equal
effects. In line with theoretical predictions (Kirkpatrick and
Jarne 2000; Peischl and Excoffier 2015), we found virtually
no difference between front and core individuals (Figures
S12A and S13 in File S1 and Table 1), with a slight but non-
significant excess of derived alleles in front individuals as
compared to individuals from the core (Pperm = 0.38). When
we consider the cumulative GERP RS score per individual,
considering all variants irrespective of their frequencies, we
find a similarly slight and nonsignificant excess in the front as
compared to the core (Figure S12B in File S1). However, we
note that the relationship between GERP RS scores and se-
lection coefficients is highly nonlinear (Racimo and Schraiber
2014), which means that both the total number of derived
alleles and the cumulative GERP RS scores do not necessarily
reflect the mutation load, even if we assume additive effects
of mutations (see also ref Henn et al. 2015). Furthermore, if
(some) mutations are (partially) recessive, these two mea-
sures are insensitive to a change in mutation load that would
be caused by increased genetic drift (Kirkpatrick and Jarne
2000; Peischl and Excoffier 2015). If we only count derived
homozygous sites, the difference in the cumulative GERP RS
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score between front and core is more pronounced as compared
to the total additive measures (Figure S12C in File S1 and see
Table 1 for total number of derived homozygous sites), but it
remains statistically insignificant (Pperm = 0.14). Note that the
lack of significant differences between front and core is not
surprising, given their short divergence time (Figure 1B).
However, we find a significantly higher (Pperm < 0.001) cumu-
lative GERP RS score in the core for singletons, which is com-
pensated by a significantly lower statistic for doubletons,
tripletons, and quadrupletons (Ppem < 0.05, Figure S14 in File
S1). We confirmed these patterns using alternative deleteri-
ousness scoring systems (Figures S15-S18 in File S1). Since it
appears difficult to assess mutation load from sequence data in
human populations (see e.g., Lohmueller 2014), in the follow-
ing we shall focus on statistics other than genetic load that can
measure a relaxation of selection via changes in the allele
frequencies of deleterious mutations, and compare them to
analytical results and individual-based simulations.

Low frequency variants in front individuals are
more conserved

In a population that experiences high rates of drift, and hence less-
efficient selection (Gravel 2016), we expect that the average
(negative) selection coefficient associated to segregating variants
increases as compared to a population that experiences less drift
(Peischl and Excoffier 2015). Therefore, we considered the aver-
age GERP RS score per site as a proxy for the average deleteri-
ousness of a segregating site, since strongly conserved sites are
expected to be under strong purifying selection. The examina-
tion of low-frequency variants that are enriched for deleterious
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mutations (Boyko et al. 2008; Nelson et al. 2012; Kiezun et al.
2013) should allow us to better evidence the presence of dif-
ferential selection between front and core, and we therefore
stratified the average GERP RS score according to its DAF. We
actually found a negative relationship between the frequency
of mutations and their average GERP RS scores (Figure 2B),
and low-frequency variants (DAF < 5%) had significantly
larger GERP RS scores (and are thus potentially more delete-
rious) on the front than in the core (Ppe, = 0.038). Since new
variants should also be enriched for deleterious mutations
(Boyko et al. 2008; Keinan and Clark 2012), we then focused
on mutations private to front or to core individuals. With this
additional filtering, the differences in GERP RS scores between
front and core for low-frequency mutations were much more
pronounced (Figure 2C), with significant differences for both
doubletons and tripletons (Ppe, = 0.03 and Ppe, = 0.0025,
respectively). We checked that these results were not due to our
use of GERP RS scores by repeating our analyses using alter-
native proxies for the damaging effects of mutations. Overall,
we found very similar evidence of reduced selection in front
populations (Figures S17-S27 in File S1) for point mutations
(and for indels) identified as under selection by PolyPhen-2
(Adzhubei et al. 2010), PhyloPNH (Fu et al. 2013), and CADD
(Kircher et al. 2014), suggesting that our results are robust to
alternative scoring systems for deleteriousness.

New deleterious mutations are at higher frequencies on
the front

We further enriched our data for new mutations that occurred
during the colonization of Quebec by focusing only on French
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Table 1 Summary of genetic diversity in front and core samples

Type and no. of polymorphism Core (n =51) Front (n = 51) Total (n = 102)
Total no. of SNPs 426,301
No. of SNPs with inferred ancestral/derived state 314,483 > 308,396 396,424
No. of SNPs without missing data 266,547 > 261,355 328,372
No. of exonic SNPs 83,653 > 81,763 107,525
No. of nonsynonymous SNPs 40,750 > 39,595 55,133
No. of predicted deleterious SNPs 66,300 > 64,763 85,748
No. of SNPs private to one of the two groups of individuals 78,310 > 72,353 150,663
No. of SNPs without missing data and not seen in 1000 31,608 > 29,811 56,669

Genomes phase 3 panel
No. of SNPs without missing data, private to one of the two groups, and 26,858 > 25,061 51,919

not seen in 1000 Genomes phase 3 panel
Average number of derived predicted neutral alleles 50,983.94 ~ 50,996.51

per individual (=2 = GERP RS <2)
Average number of derived predicted deleterious alleles 22,017.57 ~ 22,034.16

per individual (GERP RS =2)
Average number of derived homozygous predicted 6,037.53 ~ 6,057.75

deleterious sites per individual (GERP RS =2)
No. of indels 33,789 > 33,297 43,081
Heterozygosity

Al sites 0.0588 ~ 0.0586

Exons 0.0548 & 0.0547

Introns 0.0632 ~ 0.0630

5" UTR 0.0489 ~ 0.0487

3" UTR 0.0623 ~ 0.0623
Significant differences between front and core are indicated by “>"" (permutation test, Py < 0.001), and nonsignificant differences are indicated by “~" (P > 0.05). No.,

number; GERP RS, GERP Rejected Substitution.

Canadian mutations that are not observed in the entire
1000 Genomes phase 3 panel, and which are private either
to the core or to the front samples. In this filtered data set, we
found a significant excess of predicted deleterious (GERP RS
score = 2) singletons in the core (Ppe, < 0.001), and an
excess of doubletons in the front (Pyen < 0.001, Table S1
in File S1). Interestingly, the doubletons on the front were as
conserved as singletons in both core and front samples, sug-
gesting that doubletons on the front are variants that would
be singletons in the core (Figure 2D). We can test the claim
that differential selection has allowed mutations at more-
conserved sites to reach or be maintained at higher frequen-
cies on the front by comparing the cumulative GERP RS score
of neutral and predicted deleterious doubletons. If the in-
crease in the average degree of conservation of doubletons
at the front is due to a purely neutral process, such as in-
breeding or demography, we should see similar differences
in the cumulative GERP RS score of doubletons between front
and core for neutral and deleterious variants. However, we
find that the cumulative GERP RS scores for these doubletons
are similar in front and core individuals for neutral sites
(—2 = GERP RS < 2), but significantly larger in front indi-
viduals for nonneutral GERP RS score categories (GERP RS =
2) (Figure 3). To see if inbreeding could explain the observed
excess of deleterious doubletons in the front, we compared
samples from the region of Saguenay, where remote inbreed-
ing is higher than in the rest of Quebec (Figure S28 in File
S1), with front samples coming from other regions of Quebec.
We find that doubletons in less-inbred non-Saguenay individ-
uals are at loci that are on average more conserved than those

of Saguenay individuals (Figure S29 in File S1), showing that
inbreeding cannot explain the increase in frequency of rare
deleterious variants.

Likelihood-based demographic and selection
coefficient inference

We used the allele frequency distributions of mutations that are
singletons in European 1000 Genomes populations and that are
still seen in Quebec to estimate the parameters of a simple
demographic model for the settlement of French Canada, as
well as selection coefficients of sites belonging to different GERP
RS categories. In this model, a small founding population splits
off from the ancestral population, and then further splits into two
subpopulations: the front and the core (Figure 4A). We estimate
the effective population size of the founding population (Ngy),
the front (Np), and the core (N) under a maximum-likelihood
framework based on intergenerational allele frequency transi-
tion matrices (see Materials and Methods for details). We report
here results for a model in which we fix the duration of the
initial bottleneck to one generation, but the analysis of a model
with a seven-generation bottleneck yields qualitatively similar
results, which can be found in the Supplemental Material (Fig-
ure S30 in File S1). We infer that French Canadians passed
through a bottleneck equivalent to Ngy = 354 effective diploid
individuals, and that the front population was ~2.5 smaller
(Nefrone = 3972) than the core population (Ne_,wre = 9977)
(Figure 4B). We then used these MLEs to estimate the con-
tribution of the range expansion to the total variance in allele
frequencies on the front as Vr = Vpy + Vgxp, where Vpy is the
variance in allele frequencies after the bottleneck and Vgxp is
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Figure 3 Distribution of the cumulative additive GERP RS scores of dou-
bletons in front and core individuals for different GERP RS categories.
Sites were considered if they were not seen in derived states in 1000 Ge-
nomes samples and if they were private to the core or to the front. Dif-
ferences between front and core are significant for the three categories of
sites potentially under selection (P = 10='", 10=2, and 10~* for mildly,
strongly, and extremely deleterious sites, respectively), but not for the
neutral sites (—2 = GERP RS score < 2, P = 0.34). GERP RS, GERP
Rejected Substitution.

the remaining variance due to the expansion process. We
found that Vexp explains ~20% of the total variance in allele
frequencies that occurred since the initial settlement at the
expansion front. Therefore, we estimate that under our sim-
ple model, 20% of the genetic divergence between Europe
and the front has been generated by the expansion process,
whereas the remaining 80% is due to the initial bottleneck
shared by the core. We also estimated the strength of selec-
tion associated with rare variants under our estimated de-
mographic model. In agreement with predictions, the MLE
for the selection coefficient associated with predicted neutral
variants is centered around zero, whereas the selection
coefficients associated with predicted deleterious sites
become more negative with increasing GERP RS score
(Figure 4C, maximum likelihood estimates and 95% C.L.s:
—0.006 <$grpi—221 =0 <0.006, —0.034 <Sgmpiza) =
—0.024 <—0.013, — 0.042 < $ggrpia 6 = — 0.032 <— 0.022,
—0.145 <Sgrrp=6 = — 0.072<0.001). Note that the most
negative selection coefficient for GERP RS scores = 6
is not significantly different from zero due to the small
number of sites belonging to this category. We note that these
estimates are based on the evolution of rare (~0.1%), segre-
gating variants and that these alleles are significantly
enriched for deleterious alleles (Boyko et al. 2008) (irrespec-
tive of their associated GERP RS scores estimated in mam-
mals). Therefore, the inferred selection coefficients do not
correspond to the DFE of all variants, which should have
considerably lower selection coefficients. Nevertheless, our
results suggest a clear monotonic relationship between GERP
RS scores and deleteriousness.
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Whereas the previous approach concentrates on the fate of
sites that are singletons in Europe, we used an alternative
approach to estimate demographic parameters and the DFE
effects based on the joint SFS computed between core and
front samples. Using only assumed neutral sites (with GERP
RS between —2 and +2), we first estimated the demographic
parameters of a more realistic demographic model (see Fig-
ure S31 in File S1), including recent exponential growth in
both core and front populations using the program fastsim-
coal2 (Excoffier et al. 2013). In this approach, we obtain
results (reported in Table S4 in File S1) congruent with the
previous (and analytically more tractable) model, in the
sense that just after divergence, the initial core population
was ~1.3 times larger than the initial front population, sup-
porting the view of a larger extent of drift in the front after
divergence. This demographic scenario was then used to es-
timate the parameters of a y-distributed DFE from the SFS of
sites assumed to be under selection (GERP RS =2) with
Fitdadi (Kim et al. 2017), in the front and in the core popu-
lations separately. We found that the average selection co-
efficient for these potentially deleterious sites is smaller in the
core than in the front (5. = 0.000319; 55, = 0.000378),
thus suggesting that mutations tend to have stronger delete-
rious effects in front populations as compared to the core. If
we assume a monotonic relationship between GERP RS
scores and selection coefficients, this difference seems espe-
cially due to the most deleterious sites, since the average
selection coefficient for GERP RS [2,4[ is almost identi-
cal at the front (Sggrp2.4; = 3.82 107%) and in the core
(ScErp2,4) = 432 107%), whereas selection coefficients are
larger in front than in core for GERP RS [4,6[
(Score = 4.58 - 10™%; Spone = 5.34-10"*) and GERP RS = 6
Geore = 3.73 - 1073, 50 = 4.62 - 1073) (Figure S32 in File
S1). Likelihood comparisons suggest that the DFEs esti-
mated in the two population are actually different (see
legend of Figure S32 in File S1), which could imply that both
differential demography and differential selection have
shaped the SFS of selected sites. This interpretation is sup-
ported by inference of the DFE under simpler demographic
models using the software DFE-a (Eyre-Walker and Keightley
2007; Schneider et al. 2011, Figure S33 in File S1). When
comparing the inferred DFEs to previous studies, we find that
the average strength of selection that we infer is lower than
what has been reported previously (Boyko et al. 2008; Kim
et al. 2017). However, it should be noted that previous stud-
ies were done on nonsynonymous sites, whereas we have
included synonymous mutations in our approach. The fact
that synonymous sites tend to have lower GERP RS scores
could therefore explain why our approach yields an overall
more-neutral DFE compared to previous studies. An alterna-
tive reason why our estimates of the DFE differ from previous
ones could be the use of the multinomial likelihood function
in Fitdadi (Kim et al. 2017), which only uses the proportional
SFS, rather than absolute counts and the number of mono-
morphic positions. Indeed, Kim et al. (2017) have shown that
estimates for the scale parameter can be less exact when
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using the multinomial likelihood, which could explain the
observed discrepancy of the estimated DFEs.

Variants with low frequency in Europe have been more
impacted by selection in the core

Because neutral sites should only be affected by drift and not
by selection, stronger drift at the front should increase the
variance of neutral allele frequencies (Gravel 2016), but
should not affect their average frequency. In contrast, if we
follow a set of deleterious variants that were present at a
given frequency in the ancestral population, the frequency
of these variants should be smaller in the core as compared
to the front if the purging of deleterious variants was more
efficient. To test these predictions, we again used mutations
that are singletons in European 1000 Genomes populations
and that are still seen in Quebec, and contrasted empirical
patterns of allele frequencies with predictions from the max-
imum likelihood model described above (Figure 4A). In
agreement with theoretical predictions (Figure S34 in File
S1), we found no significant difference in the average DAFs
(xg) of European singletons predicted to be neutral (GERP RS
score between —2 and 2) (x; = 0.00720 vs. 0.00717 in front
and core, respectively, Ppe, = 0.34, Figure S35 in File S1),
and a slightly larger variance of DAFs on the front (SD (x):
0.0163 vs. 0.0159, Ppeq, = 0.072, Figure S36 in File S1).
Contrastingly, predicted deleterious sites have significantly
higher DAFs on the front than in the core (Pperm = 0.0146
for sites with GERP RS score > 4), and the difference be-
tween front and core is increasing with increasing GERP RS
score (Figure S35 in File S1), in keeping with higher rates of
purging in the ancestry of core individuals. In line with neu-
tral evolution of predicted deleterious alleles, the average
DAF of European singletons seems to be independent of the
GERP RS score at the front, whereas DAF clearly decreases

0.05 0.]

1

1

1

|
f\ core; N, effective population size of the front.
!
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S

with increasing GERP RS score in the core, indicative of faster
purging of more-deleterious mutations (Figure S35 in File
S1). We also checked the distribution of GERP RS scores
among those sites and found no notable differences between
front and core (Figure S37 in File S1), showing that the larger
frequency of these deleterious variants at the front is not
compensated by overall lower GERP RS scores of these var-
iants as compared to the core.

Since differences between core and front individuals are
strongest for rare alleles, these differences may have animpact
on the homozygosity of recessive deleterious alleles and thus
influence disease incidence. We used the ClinVar database
(Landrum et al. 2014) to identify pathogenic variants [caus-
ing Mendelian disorders, see Richards et al. (2015)] in the set
of SNPs segregating in French Canadians. The distribution of
GERP RS scores for pathogenic variants is clearly shifted to-
ward higher GERP RS scores as compared to the distribution
for all SNP loci (Figure S38 in File S1), confirming that GERP
RS is a valid deleteriousness scoring system. We found that
front individuals carry more known pathogenic variants than
core individuals (8.96 vs. 7.82, respectively, Figure S40 in File
S1, Pperm = 0.032) and have an 11.8% higher probability of
being homozygotes for these pathogenic variants than core
individuals (Pperm = 0.11), suggesting that the expansion
process has also affected disease-causing mutations. This is
medically relevant, since among the 92 pathogenic variants
for which we could find information on their dominance/
recessivity status (out of 116), a large majority (75, or
81.5%) were considered as fully recessive. For rare deleteri-
ous variants (i.e., derived singletons in Europe with GERP RS
score = 2), this excess in homozygosity is 9.5%. Of impor-
tance, this excess increases with GERP RS scores and reaches
~90% (Pperm = 0.021) for sites with a GERP RS score > 6
(Figure 5). The fact that the variance in allele frequencies
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becomes more similar between front and core with increasing
GERP RS score (Figure S36A in File S1) shows that the excess
in homozygosity on the front is not due to an increase in the
variance of allele frequencies in the front alone. Note also
that the increase of homozygosity cannot be explained by
the higher inbreeding level prevailing on the front, and that
the differences in homozygosity between front and core be-
come even more pronounced if one removes more-inbred
Saguenay individuals (Pp,, = 0.008, Figure 5). This last re-
sult shows that stronger purifying selection in the core, rather
than higher inbreeding on the front, is directly responsible for
the lower frequencies of deleterious mutations in the core.

Simulations can reproduce observed differences
between front and core

Whereas it seems difficult to perform demographic inferences
under a complex spatially explicit model, we have used for-
ward simulations to see how well a model of range expansion
can explain our observations (see Materials and Methods for
details on the simulations). Our simulations reveal that the
observed excess of singletons in core populations, as well as
the excess of doubletons in front populations, is consistent
with a model of range expansion (Figure S9 in File S1). Even
though previous theoretical work showed that range expan-
sions lead to a flattening of the whole SFS (Sousa et al. 2014),
our current results are in line with theory since we are con-
sidering a much shorter evolutionary period here [16 gener-
ations instead of, e.g., 150 in Peischl and Excoffier (2015)].
Indeed, during the onset of the expansion, drift should have
more impact on the low-frequency entries of the SFS (e.g.,
singletons and doubletons), because these are the entries for
which the number of sites is largest and because they are
close to an absorbing state (loss). Importantly, simulations
also confirm these features (i.e., a deficiency of singletons
and excess of doubletons on the front as compared to the
core) of the SFS for negatively selected (recessive or codom-
inant) mutations (Figure S9 in File S1). Finally, our simula-
tions confirm that an excess of homozygosity should rapidly
develop on the front and that it should increase with the
deleteriousness of mutations (Figure S39 in File S1), in keep-
ing with the observed patterns in Quebec (Figure 5). Alto-
gether, our simulation results show that a model of range
expansion can explain most of the observed differences be-
tween front and core individuals in Quebec.

Discussion

The interaction between demography and selection hasbeen a
central theme in population genetics. A particularly hotly
debated topic is whether and to what extent recent demog-
raphy has affected the efficacy of selection in modern humans
(Lohmueller et al. 2008; Gazave et al. 2013; Fu et al. 2014;
Lohmueller 2014; Simons et al. 2014; Do et al. 2015; Henn
et al. 2015, 2016; Gravel 2016). The original conclusion that
European populations show a larger proportion of predicted
deleterious variants when compared to African populations
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Figure 5 Ratio of expected homozygosity (HR) for variants that are sin-
gletons in European 1000 Genomes populations. HR = E[q?]/E[q?],
where gy andg. are derived allele frequencies in front and core individu-
als, respectively. The horizontal solid lines indicate HR for different GERP
Rejected Substitution (GERP RS) score categories. The dashed lines indi-
cate the expected HR values that would be due to differences in esti-
mated inbreeding levels between front and core, calculated as
(2 +A fgc(1—qc)/q2, where A f = frop — fore. Violin plots show
the distribution of 5000 bootstrap replicates. We find significant differ-
ences between the expected values for GERP RS scores > 6 (all individ-
uals: P=0.021 and without Saguenay individuals: P = 0.008, obtained by
bootstrap).

(Lohmueller et al. 2008) has been recently revisited in a
series of studies that reached different and apparently oppo-
site conclusions [reviewed in Lohmueller (2014)]. However,
this controversy might have arisen because different studies
focused on different patterns or processes. First, people fo-
cused either on measures of the efficacy of selection (defined
as the amount of change in load per generation) or on mea-
sures of the mutation load [e.g., see Gravel (2016), for a de-
tailed study of this distinction). Second, people either
measured the load as being due to codominant (Simons
et al. 2014; Do et al. 2015) or partially recessive (Henn
et al. 2016) mutations, which can lead to drastically different
conclusions about the consequences of demographic change
on mutation load (Henn et al. 2015, 2016). Finally, most
theoretical and empirical work has focused on the effects of
bottlenecks and recent population growth, but ignored the
out-of-Africa expansion process and the spatial structure of
human populations (Sousa et al. 2014). While it has now
been shown that old human expansions could lead to the
buildup of a recessive mutation load (Henn et al. 2016), it
is still unclear whether very recent or ongoing expansions
could also affect patterns of diversity in genomic regions un-
der selection, and what the exact genomic signatures of these
recent expansions are.

Our current study uses a unique combination of historical
records, detailed genealogical information, and genomic data
to assess the impact of such a recent range expansion on
functional genetic diversity, and to disentangle the effects of
genetic drift, purifying selection, and inbreeding during an
expansion. As expected, given the short divergence time of
front and core, we find that the allele frequency distributions
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in front and core populations are very similar across all GERP
RS categories (Figures S6 and S7 in File S1), resulting in
overall balanced numbers of predicted deleterious alleles or
cumulative GERP RS scores per individual (Figures S12 and
S13 in File S1 and Table 1, see also Figures S15 and S16 in
File S1). However, a closer look reveals significant differences
between front and core, particularly for low-frequency vari-
ants (Figure 2 and Figures S14 and S22-S24 in File S1),
which should be enriched for deleterious mutations and thus
be more sensitive to differential selection. The significant dif-
ferences that we have detected between front and core indi-
viduals all suggest that larger frequencies of deleterious
mutations on the front are due to relaxed purifying selection
on the front. The fact that front and core individuals mainly
diverged six generations ago with respect to the position of
their ancestors to the colonization front (Figure 1B) suggests
that the relaxation of natural selection can affect modern
populations remarkably quickly. The recent divergence be-
tween front and core populations (~1780, Figure S28 in File
S1) has left traces in the genomic diversity of French Cana-
dians that are of two kinds. First, front individuals show in-
creased genetic drift relative to core individuals, as attested
by their overall lower levels of diversity (Table 1), their larger
genetic divergence from Europeans (Figure S1 in File S1),
and their lower estimated effective size (Figure 4B and Figure
S31, Table S4, and Table S7 in File S1). This result confirms
the genetic surfing effect previously identified in the Sague-
nay Lac St-Jean region (Moreau et al. 2011), but it is not
driven by samples from the Saguenay area (e.g., Figure S29
in File S1). Rather, it is a property shared by all individuals
with ancestors having lived on the front, and presently found
in the most peripheral regions of Quebec (Figure 1). Second,
potentially relaxed selection on the front as compared to the
core is supported by several lines of evidence. The main ev-
idence comes from the fact that sites targeted by mutations
tend to be more conserved in front than in core individuals
(Figure 2, B-D), and that rare, putatively deleterious derived
alleles, have a higher probability of being homozygous at the
front (Figure 5). The relaxed selection hypothesis is espe-
cially obvious when one considers deleterious mutations that
are at low frequencies (singletons) in Europe and that are
present at lower frequencies in core than in front individuals,
or mutations that are now at low frequencies in Quebec and
that are occurring at more conserved (and thus potentially
more deleterious) sites in front than in core individuals (e.g.,
private doubletons and tripletons in Figure 2, C and D).

At first sight, the increased frequency of rare and poten-
tially deleterious alleles (i.e., doubletons) in front individuals
could be attributed to their higher inbreeding levels. How-
ever, there are several lines of argument against this interpre-
tation. First, we note that there are ~5% more doubletons on
the front than in the core (21,332 vs. 20,284, Figure S7 and
Table S1 in File S1), which cannot be explained by a differ-
ence in inbreeding level of only 0.3% (Figure S28 in File S1).
Instead, individual-based simulations show that the excess of
doubletons at the front is consistent with a model of range

expansion (Figure S7 and S9 in File S1). Second, the pro-
portion of doubleton sites where both derived alleles are in
the same individual is smaller than expected (1/101 =
0.99%) in both front (0.651%) and core (0.646%) individu-
als, which is indicative of similar (Ppem = 0.898) levels of
selection against derived homozygotes in both samples.
Third, if higher inbreeding (and not relaxed selection) on
the front had increased the frequency of all rare mutations
irrespective of their deleterious effect, more-deleterious mu-
tations should have been better purged by selection than less-
deleterious mutations, provided that a part of the mutations
is (partially) recessive. The observed doubletons on the front
should then be on average less conserved due to the more-
efficient purging in the core. However, we find the opposite,
with doubletons at the front being more conserved than in
the core (Figure 2), which means that the number of double-
tons at highly conserved sites has increased proportionally
more than at neutral sites. Fourth, we find that less-inbred
individuals from the front tend to have rare variants that are
more deleterious than more-inbred individuals from the
Saguenay area (Figure S28 and S29 in File S1). Finally, the
difference in inbreeding level between front and core indi-
viduals cannot explain the twofold increased expected homo-
zygosity for extremely deleterious variants on the front
(Figure 5), and removing Saguenay individuals from the
analysis amplifies the excess of derived homozygotes on the
front (Figure 5). Contrastingly, a model of range expansion
can explain the increase in derived homozygosity at the ex-
pansion front (Figure S39 in File S1). Taken together, these
results suggest that differences between front and core indi-
viduals are mainly driven by increased drift at the expansion
front and more-efficient selection against deleterious muta-
tions in the core.

In line with previous results (Casals et al. 2013), we find that
all French Canadians carry, on average, more-strongly con-
served mutations than Europeans (Figure 2A). Even though it
has been proposed that this is the result of a mere founder effect
(Casals et al. 2013), current French Canadians descend from
~8500 French founders (Laberge et al. 2005), which implies a
relatively mild founder effect that would take hundreds to thou-
sands of generations to increase load to such an extent
(Lohmueller et al. 2008; Peischl et al. 2013). More likely, this
load could have been created during the initial settlement and
range expansion that occurred in Quebec along the Saint-Laurence
valley. A major loss of diversity and an increase in the frequency
of rare deleterious variants might indeed have occurred during
the first nine generations of the settlement of Quebec, until the
middle of the 18th century, before current front and core indi-
viduals actually diverged (Figure 1B). The importance of these
early generations is supported by genealogical analyses of the
genetic contributions of the founders having lived at different
periods. Early settlers have indeed contributed 45-90% to the
current French Canadian gene pool (Heyer 1995; Bherer et al.
2011), depending on the regions of Quebec, and early founders
contributed proportionally more than later individuals to the
current French Canadian gene pool (Heyer 1995; Bherer et al.
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2011; Moreau et al. 2011). Overall, our modeling of the evolu-
tion of European singletons suggests that the bottleneck shared
between core and front populations explains ~80% of the var-
iance in allele frequencies at the expansion front, whereas only
20% of this variance can be attributed to the separate expansion
of the ancestors of front individuals (Figure 4). Note that this
latter value should be considered as a lower bound for the total
contribution of the expansion, because front and core samples
have a shared history of being on the expansion front in the first
few generations in Quebec, and this shared expansion is
absorbed into the estimate of the bottleneck population size in
our estimation procedure.

Overall, our results clearly suggest that the low effective
size prevailing on the wave front of the colonization has made
selection overall less efficient at the population level than in
the core. Consequently, over a very short time (nine genera-
tions or less, see Figure 1 and Figure S28 in File S1), delete-
rious variants have been more-efficiently purged in the core
and maintained at lower frequencies than in front individu-
als. This excess of deleterious mutations in front individuals
has probably had only a minor effect on the total mutation
load and on the fitness of most individuals, because these
mutations are still at very low frequencies. Nevertheless, this
wave front effect might be medically relevant as rare delete-
rious variants have a higher probability of being homozygous
on the front than in the core, suggesting that rare recessive
diseases should be more common in individuals whose an-
cestors lived on the front. In agreement with this prediction,
we find that front individuals have, on average, one more
known pathogenic variant than core individuals (8.96 vs.
7.82, respectively, Figure S40 in File S1, Ppem = 0.032).
Since most (85%) of these pathogenic variants are recessive,
front individuals are more likely to be derived homozygous
and thus to develop some disease. Importantly, this effect is
noticeably stronger than the relative risk of developing a rare
disease due to inbreeding. In addition, the evidence of re-
laxed selection on recent wave fronts suggests that prolonged
periods of range expansions over hundreds of generations
should have promoted the spread of deleterious mutations
in newly settled territories, which could have contributed to
global variation in mutation load and in a burden of genetic
diseases in expanding modern human populations. This hy-
pothesis should to be testable when ancient DNA becomes
available in early pioneer populations.
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