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Abstract Characterizing the genetic structure of world-

wide populations is important for understanding human

history and is essential to the design and analysis of genetic

epidemiological studies. In this study, we examined genetic

structure and distant relatedness and their effect on the

extent of linkage disequilibrium (LD) and homozygosity

in the founder population of Quebec (Canada). In the

French Canadian founder population, such analysis can be

performed using both genomic and genealogical data.

We investigated genetic differences, extent of LD, and

homozygosity in 140 individuals from seven sub-popula-

tions of Quebec characterized by different demographic

histories reflecting complex founder events. Genetic find-

ings from genome-wide single nucleotide polymorphism

data were correlated with genealogical information on each

of these sub-populations. Our genomic data showed sig-

nificant population structure and relatedness present in the

contemporary Quebec population, also reflected in LD and

homozygosity levels. Our extended genealogical data cor-

roborated these findings and indicated that this structure is

consistent with the settlement patterns involving several

founder events. This provides an independent and com-

plementary validation of genomic-based studies of popu-

lation structure. Combined genomic and genealogical data

in the Quebec founder population provide insights into the

effects of the interplay of two important sources of bias

in genetic epidemiological studies, unrecognized genetic

structure and cryptic relatedness.

Introduction

Recently, there has been a strong interest in characterizing

the genetic structure of worldwide populations using gen-

ome-wide single nucleotide polymorphism (SNP) panels.

These studies revealed fine structure in European (Seldin

et al. 2006; Heath et al. 2008) Japanese (Yamaguchi-

Kabata et al. 2008), and Indian (Reich et al. 2009) popula-

tions, among others, as well as Finnish (Jakkula et al. 2008)

and Icelandic (Price et al. 2009) founder populations. Apart

from their important contribution to our understanding

of human history, studies characterizing the structure

of human populations are essential to the sound design

and analysis of genetic epidemiological studies. Indeed,
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D. Sinnett � D. Labuda (&)

Department of Pediatrics, Université de Montréal,
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false-positive associations can be found at higher rates

when phenomena such as population stratification or

cryptic relatedness are observed. Population stratification

occurs when the overall study population consists of

genetically distinct subgroups. When undetected or unac-

counted for, it can cause false-positive results or mask true

results in population-based association studies (Marchini

et al. 2004; Freedman et al. 2004). Cryptic relatedness

refers to the presence of unknown (or unaccounted for)

biological relationships among participants of a study and

can also lead to false-positive results (Devlin and Roeder

1999; Voight and Pritchard 2005). The extent to which

results are affected by these phenomena depends of course

on the specific characteristics of the population under study

(levels of population structure and kinship, marker allele

and disease frequencies, etc.). Here, we examined genetic

structure and distant relatedness in the founder population

of Quebec (Canada) and their effect on the extent of

linkage disequilibrium (LD) and homozygosity. With the

accessibility and high quality of genealogical data docu-

menting distinct settlement and migration patterns over

four centuries, the Quebec founder population provides a

unique model to investigate these phenomena using both

genomic and genealogical data.

About 80% of the Quebec population (7.8 million) is

French speaking. Most of them, hereafter called French

Canadians, descend from *8,500 settlers who came

mostly from France over the span of a century and a half

starting in 1608 (Charbonneau et al. 2000). Following the

British Conquest of 1759, French immigration practically

ceased, and the French Canadian population expanded

rapidly in a context of relative isolation caused by lin-

guistic and religious barriers. Throughout the nineteenth

and twentieth centuries, immigrants of various origins

mixed into the French Canadian population with a very

limited genetic impact (Vézina et al. 2005; Bherer et al. 2010).

Population growth led to the colonization of new regions of

Quebec, including remote and isolated regions, favoring

population subdivision. In this study, we focus on the two

main cities of Quebec, Montreal and Quebec City, and also on

three peripheral regions located in the eastern part of the

province: the Gaspesian Peninsula (Gaspesia), Saguenay–

Lac-St-Jean, and the western part of the North Shore (Fig. 1).

Permanent European settlement began in Gaspesia

during the second half of the eighteenth century with the

arrival of Acadians, descendants of French pioneers in

Acadia (located in sectors of present-day Nova Scotia, New

Brunswick, and Prince-Edward Island) who escaped

deportation by the British (Desjardins et al. 1999). They

were soon joined by English-speaking United Empire

Loyalists who chose to remain under British rule after the

American Declaration of Independence. During the nine-

teenth century, many French Canadians from the lower part

of the St. Lawrence valley were attracted to Gaspesia for its

developing fishing, naval, and lumber industries (Desjar-

dins et al. 1999). These three ethno-cultural populations

(French Canadians, Acadians, and Loyalists) married

mostly among themselves (Desjardins et al. 1999). The

settlement of Saguenay started in the 1840s with French

Canadians coming from the neighboring region of Char-

levoix and subsequently from other regions of the

St. Lawrence Valley. From 5,000 inhabitants in 1850, the

Saguenay population is now 273,000 mostly due to a high

birth rate (Pouyez and Lavoie 1983; Institut de la statis-

tique du Québec, Gouvernement du Québec 2010). The

western part of the North Shore was mostly colonized by

French Canadians from the regions of Charlevoix and Bas-

St-Laurent between 1840 and 1920 (Frenette 1996; Institut

de la statistique du Québec, Gouvernement du Québec

2010). We also included in our study French Canadians

Fig. 1 Map of Quebec regions.

The regions where participants

were recruited for each regional

or ethno-cultural sample are

indicated
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from Montreal and Quebec City. The French-Canadian

population of these two cities is not only composed of

descendants of the first European settlers but also the

migrants from rural regions who moved to urban areas in

the context of urbanization and industrialization processes

in the nineteenth and twentieth centuries.

An important advantage of the Quebec population for

genetic research is the availability of major population

registers, such as the BALSAC population register and the

Early Quebec Population Register. The information con-

tained in these databases comes primarily from vital sta-

tistics (births, marriages, deaths). As of September 2010,

the BALSAC population register contains about 2.9 million

records which have been computerized and linked to cover

the whole province for the nineteenth and twentieth cen-

turies (mostly marriage records) (Bouchard and Vezina

2009). The Early Quebec Population Register contains all

records from the beginning of settlement (1608) to 1800 for

a total of 700,000 records (Desjardins 1998). Using these

population registers, it is possible to reconstruct ascending

genealogies of subjects from the present-day population

going back over four centuries.

Using these genealogical data and genome-wide geno-

typic data, our goal was to gain insights into the effects of

complex founder events on the genetic characteristics of

the resulting population. We thus investigated genetic

differences, in terms of allele frequencies and sharing,

extent of LD, and homozygosity, in seven sub-populations

of Quebec (Fig. 1) characterized by different demographic

histories: French Canadians, Acadians, and Loyalists from

Gaspesia as well as French Canadians from Saguenay,

North Shore, Quebec City, and Montreal. Genetic findings

were correlated to genealogical information for each of

these sub-populations. We also situated our Quebec sam-

ples among the International HapMap Consortium (The

International HapMap Consortium 2007) samples and the

French samples of the Human Genome Diversity Panel

(HGDP French) (Cann et al. 2002). Our genomic data

showed significant population structure and relatedness

present in the contemporary Quebec population. Our

extended genealogical data corroborated these findings and

indicated that this sample structure reflects the settlement

patterns, providing a validation of genomic-based studies

of population structure.

Materials and methods

Study populations and data collection

We recruited individuals from seven sub-populations. All

participants provided informed consent, and the study was

approved by the CHU Sainte-Justine Ethics Committee.

Only individuals more distantly related than first cousins

were retained in the genotyped sample. For the Gaspesian

Peninsula sub-populations, we obtained peripheral blood

samples from volunteers who described their ethnic affili-

ation as French Canadian, Acadian, or Loyalist (Moreau

et al. 2009). DNA was extracted using the Puregene DNA

Purification kit (Gentra). For the North Shore, Montreal,

and Quebec City sub-populations, saliva samples from

volunteers were obtained using the Oragene DNA kit

(DNA Genotek). For Saguenay, we selected unaffected

individuals (one per family) from an ongoing family study

of the genetics of asthma (Poon et al. 2004). Families were

recruited for this study through affected probands from the

Saguenay region who had all four grandparents of French

Canadian origin. In an effort to exclude recent migrants to

the different regions of Quebec, whenever possible we

selected participants with at least one parent born in the

region before 1960 or who were themselves born in the

region before 1960. Genealogies were reconstructed as far

back as possible using the BALSAC population register

and the Early Quebec Population Register. Additional

sources, such as marriage repositories and family directo-

ries, were also consulted as needed. Using these genealo-

gies, we confirmed that individuals in our study were not

closely related. Apart from three outlier pairs of Acadian

individuals with kinship coefficients between 0.03125

(equivalent to first cousins once removed) and 0.05575

(less related than first cousins), only 0.5% of pairs had

kinship coefficients between 0.015625 (second cousins)

and 0.03125. All other pairs had kinship coefficients lower

than 0.0155.

For comparison purposes, we downloaded data from two

open access sources: the International HapMap (The

International HapMap Consortium 2007) project and the

Human Genome Diversity Panel (HGDP) (Cann et al.

2002). We used release 27 of the HapMap data (II ? III)

and retained the founders of the HapMap samples: 119

CEU, 120 YRI, 90 CHB, and 91 JPT. We downloaded

genotypic data on the 29 French samples from HGDP (not

including the French samples of Basque origin). Genomic

positions are according to NCBI build 36.

Genotyping and quality control

One-hundred forty-three individuals were genotyped on

Illumina HumanHap650Y arrays at the McGill University

and Genome Quebec Innovation Center according to the

recommended protocols. We performed quality control for

the entire Quebec sample. Quality control filters were

applied at the individual and SNP levels using the PLINK

software v1.05 (Purcell et al. 2007). We retained indivi-

duals with at least 90% genotypes among all SNPs, yielding

a final sample size of 140 people: 20 Gaspesian French
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Canadians, 20 Acadians, 20 Loyalists, 22 from Saguenay–

Lac-St-Jean, 20 from the North Shore, 16 from the Quebec

City area, and 22 from Montreal (Table S1; Fig. 1). At the

SNP level, we retained SNPs with at least 90% genotypes

among all individuals, and we only analyzed common

SNPs (MAF C 5%) located on the autosomes and in

Hardy–Weinberg equilibrium [exact test (Wigginton et al.

2005), p [ 0.001], yielding 540,078 SNPs. The same

quality control criteria were applied separately to the

HapMap CEU and HGDP French data (after retaining only

SNPs overlapping with those on the Illumina Human-

Hap650Y array), yielding 539,101 and 542,155 SNPs,

respectively.

Statistical analysis

Genomic data

For each SNP, we considered the ancestral allele to be that

allele present in the chimpanzee if available or if

unavailable in the orangutan or macaque (UCSC, February

2009 assembly). SNPs for which the ancestral allele could

not be identified were assigned the HapMap CEU major

allele (three SNPs; results were not affected by the exclu-

sion of these SNPs, data not shown). Using the number of

SNPs retained after the quality control filters noted above,

we estimated the ancestral allele frequencies and pairwise

r2 and D0 (up to 15 Mb) in each population from the

maximum-likelihood estimates of the two-SNP haplotype

frequencies using the expectation-maximization (EM)

algorithm implemented in Haploview (Barrett et al. 2005).

To avoid bias in the comparison of LD levels due to dif-

ferences in sample sizes, we randomly selected 16 indi-

viduals per population to estimate LD levels in order to

obtain equal sample sizes. Sensitivity analysis using dif-

ferent sub-samples of 16 individuals yielded similar results

(data not shown). Principal components analysis (PCA) on

the genotypic data was performed using the EIGENSOFT

software version 2.0 (Patterson et al. 2006) with default

parameters. To remove the effect of LD on the PCA, we

used the PLINK software to select SNPs in approximate

linkage equilibrium (pairwise r2 \ 0.2 in sliding windows

of size 50 shifting every five SNPs), yielding 66,378 SNPs

in the Quebec population, 58,627 SNPs when merged with

the HapMap CEU and HGDP French populations, and

35,712 SNPs when merged with all HapMap populations

and HGDP French. In addition to a formal test for

population structure (based on a Tracy–Widom statistic),

EIGENSOFT provides classical analysis of variance

(ANOVA) tests of differences in mean values for each

principal component across sub-populations as well as

estimates of genomic inflation factors (Devlin and Roeder

1999) when case–control status is specified. Fst statistics

(Reynolds et al. 1983; Slatkin 1995) and associated p val-

ues based on 110 permutations were obtained using the

Arlequin software version 3.11 (Excoffier et al. 2005) on

the subset of SNPs in low LD. The number and length of

ROHs were investigated using the PLINK software using

all SNPs satisfying quality control filters. We considered

segments of 1 Mb or longer with 100 consecutive homo-

zygous SNPs (at least 1 SNP per 50 kb) as extended ROHs.

These were identified by sliding windows of size 5,000 kb

containing a minimum of 50 SNPs. A maximum of one

heterozygote and of five missing genotypes were allowed

within each window. A genomic estimate of inbreeding

was obtained from these ROHs for each individual by

taking the genomic length of all ROHs of at least 2.5 Mb

divided by the total genomic length scanned by the sliding

windows (McQuillan et al. 2008).

Genealogical data

Completeness of the genealogical data, kinship, and

inbreeding coefficients were calculated using the S-Plus�

8.0 (S-PLUS 8.0. Copyright 1988, 2007 Insightful Corp)

function library GenLib. Kinship and inbreeding were

calculated using Karigl recursive algorithm (Karigl 1981)

on all available information for each genealogical lineage

(mean depth of lineages: nine generations, maximum

depth: 17 generations). Multidimensional scaling (MDS)

was performed on the matrix of kinship distance between

individuals, i.e., distance = 1-kinship estimate. PCA was

also performed on a matrix of individual ancestors’ origins.

The geographic or ethno-cultural origins of ancestors were

defined as the region of marriage of their parents within

Quebec (among the 26 regions illustrated on Fig. 1 and

listed in Table S2, or unknown) for the non-immigrant

ancestors or as their place of origin (France, Acadia, Great

Britain, United States and Canada, or other) for the

immigrant founders. In each individual genealogy, the

proportion of ancestors from each origin was calculated,

yielding a matrix with 140 rows (number of individuals)

and 32 columns (number of origins) for the PCA analysis.

MDS and PCA of genealogical data were performed using

S-Plus� 8.0. The R statistical environment version 2.7.2 (R

Development Core Team 2010) was used for additional

programming and graphing. We also performed a multi-

variate regression analysis of a distance matrix (Zapala and

Schork 2006) to test the association between the geo-

graphical and ethno-cultural origins of ancestors and vari-

ation in dissimilarities among individuals with respect to

genetic sharing using the web application provided by the

authors. The distance matrix (multivariate response) entry

for each pair of individuals was equal to one minus

the proportion of alleles shared identical-by-state (IBS),

calculated with the PLINK software. The independent
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variables were the proportions of ancestors from each

origin (including the 32 origins defined above). We used a

permutation-based test to assess significance (Zapala and

Schork 2006).

Results

Genomic view of Quebec genetic structure

Using genotypic data on 140 individuals from Quebec

(16–22 from each sub-population), we first examined

allelic frequency differences between Quebec and the two

reference populations (HapMap CEU and HGDP French)

for the common autosomal SNPs (MAF C 5% in at least

one population) of the Illumina HumanHap650Y array. A

high correlation was observed between allele frequencies

of common SNPs in Quebec and in the reference popula-

tions (Pearson’s coefficient of 0.98 for HapMap CEU and

0.97 for HGDP French; Fig. S1), consistent with similar

distributions of common single nucleotide variations in

these three populations (Fig. S2). Correlation of common

(MAF C 5% in at least one sub-population) SNPs allele

frequencies was also high among Quebec regional and

ethno-cultural populations (Pearson’s coefficient greater

than 0.90; Fig. S3).

We calculated Fst statistics to assess population sub-

division within Quebec and between Quebec and the two

reference populations. We observed Fst values of 0.0014

and 0.00078 between the Quebec sample, taken as a whole,

and HapMap CEU and HGDP French, respectively. Fst

between the Montreal sample and HapMap CEU and

HGDP French were 0.0020 and 0.0012, respectively.

Within Quebec (Table 1), Fst values ranged from 0.001

(between Quebec City and Montreal, and Saguenay and

North Shore) to 0.008 (between Acadians and North Shore,

and Acadians and Saguenay). We also investigated genetic

structure within Quebec using PCA of the genotypic data

as implemented in the EIGENSOFT software (Patterson

et al. 2006). First, we situated Quebec among the reference

populations of HapMap (CEU, YRI, CHB, and JPT) and

HGDP French. As expected, Quebec individuals clustered

with the HapMap CEU and HGDP-French individuals (Fig.

S4). However, finer structure could be detected when PCA

was performed for Quebec only (Fig. 2a, b). This analysis

identified five sub-populations. Eigenvectors 1 and 2

(Fig. 2a; Table S3) distinguished between Gaspesian

Acadians, Saguenay–North Shore, Montreal–Quebec City

area, and Gaspesian Loyalists–French Canadians, while

eigenvector 3 further separated Gaspesian Loyalists and

French Canadians (Fig. 2b; Table S3). As observed with

PCA from other founder populations (Price et al. 2009;

Jakkula et al. 2008), although the first few principal com-

ponents explained a small proportion of the overall vari-

ance (1.05, 0.94, and 0.84% for the first three components),

this proportion was higher than that expected by chance

(Tracy–Widom statistics p \ 5.4E-25; Table S4). A large

number of SNPs across the genome contributed to these

principal components as opposed to a few highly differ-

entiated SNPs (Fig. S5).

We estimated genomic inflation factors (Devlin and

Roeder 1999) among pairs of Quebec regional and ethno-

cultural populations using EIGENSOFT by assuming that

study cases came from one population and controls from

another. The genomic inflation factor measures the increase

in the median association test statistic resulting from

population stratification. These factors ranged from 1.1 to

1.4 (Table S5), indicating that association studies in Que-

bec may yield false positives if careful matching on the

sub-population or adjustment is not performed. Even

regional matching could fail to control for population

stratification as illustrated by the region of the Gaspesian

Peninsula, which includes three ethno-cultural populations

identified as genetically distinct with our analyses (see also

Moreau et al. 2009). Estimated genomic inflation factor

among these three sub-populations was above 1.3 between

Gaspesian French Canadians and Acadians and also

between Loyalists and Acadians, and was 1.2 between

Gaspesian French Canadians and Loyalists.

Genealogical view of Quebec genetic structure

Figure 3 shows the completeness of our genealogical data

at each generation as measured by the proportion of

ancestors observed in the data at a given generation divided

by the expected number of ancestors (i.e., the maximum

number that can be observed for a given generation).

Except for the Gaspesian Loyalists sample, genealogies

were over 90% complete up to the fifth generation and over

80% up to the ninth generation (Fig. 3). The Gaspesian

Loyalists had lower completeness mainly because they

arrived later in Quebec and to a lesser extent because

Table 1 Pairwise Fst statistics for the seven sub-populations from

Quebec

MON QUE GFC LOY ACA NS SAG

MON

QUE 0.0008

GFC 0.0023 0.0020

LOY 0.0023 0.0019 0.0033

ACA 0.0059 0.0055 0.0063 0.0068

NS 0.0032 0.0032 0.0047 0.0045 0.0080

SAG 0.0030 0.0027 0.0041 0.0041 0.0075 0.0012

All p values = 0 except MON-QUE p value = 0.153, based on 110

permutations
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Protestant records were far less complete and well kept

than Catholic records (which cover French Canadians and

Acadians). At the tenth generation, the majority (78%) of

pairs of individuals are related. Average kinship coeffi-

cients estimated from the genealogical data overall, within

sub-populations, and between sub-populations are shown in

Figs. 4 and S6. At the tenth generation, estimated average

kinship was B0.001 in Montreal, Quebec City, and

Gaspesian Loyalists, 0.002–0.004 in Gaspesian French-

Canadians, Saguenay, and North-Shore, and 0.009 in

Acadians (Fig. 4), indicating some population structure.

Kinship also varied between sub-populations, with Loyal-

ists showing the lowest level of relatedness with the others

(Fig. S6). To corroborate our genomic results of population

structure, we performed multidimensional scaling (MDS)

using a distance matrix based on the genealogical kinship

coefficients (i.e., distance was taken as 1-kinship estimate).

Figure 2c, d shows that the first three dimensions of the

MDS produced results strikingly similar to those observed

with the PCA on genomic data.

To further support that the observed population structure

is consistent with the founder events that took place in

Quebec, we used the geographical and ethno-cultural ori-

gins of all ancestors present in the genealogies. For each

individual, we calculated the proportion of ancestors from

each geographic or ethno-cultural origin and performed a

Fig. 2 Quebec population

structure captured by genomic

and genealogical data. a, b Plots

of the first three eigenvectors

from the PCA of the genomic

data. c, d Plots of the first three

dimensions from MDS with

distance matrix based on

genealogical estimates of

kinship. e, f Plots of the first

three eigenvectors from the

PCA of geographical and ethno-

cultural origins. MON Montreal,

QUE Quebec City area, GFC
Gaspesian French Canadians,

LOY Loyalists, ACA Acadians,

NS North Shore, SAG Saguenay
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PCA on these data. Figure 2e, f shows plots of the first

three eigenvectors from this PCA, which identified struc-

ture similar to that obtained from genotypic data and

genealogical estimates of kinship. Using multivariate

regression analysis of a distance matrix (Zapala and Schork

2006), we found that the geographical and ethno-cultural

origins of ancestors were significantly associated with

variation in genetic sharing as estimated from the genomic

data (p \ 0.001 for most origins, together explaining 23%

of the variation in genetic sharing).

Linkage disequilibrium and extended runs

of homozygosity

We investigated the effects of the population structure

resulting from the founder events on the extent of LD and

homozygosity present in the sub-populations. Average

pairwise r2 for SNPs located within 15 Mb of each other is

shown in Fig. 5. LD was slightly higher in Acadian, North

Shore, and Saguenay individuals, especially for long-range

LD (Fig. S7), while it was similar in HapMap CEU,

Montreal, and Quebec City area. Strong LD (r2 C 0.8 or

D0 = 1) was similar across populations but slightly higher

in Acadians (Table S6). Finally, we described extended

ROHs within Quebec and compared it to the two reference

populations. As shown in Figs. 6a–c and S8, the number

and length of extended ROHs was similar in HapMap

CEU, HGDP French, Montreal, and Quebec City but where

higher in the other regions of Quebec, where within-

population relatedness estimates were also higher. Genea-

logical and genomic-based estimates of inbreeding were

highly correlated (Pearson’s correlation coefficient of 0.87;

Fig. 6d).

Discussion

Using dense genotypic data and extended genealogical

data, we provided evidence for population structure in the

French Canadian founder population of the Quebec pro-

vince of Canada. This structure is consistent with Quebec’s

settlement history where colonization of new regions after

the initial French immigration wave led to population

differentiation. Saguenay and North Shore were geo-

graphically relatively isolated regions while the three

sub-populations located in the Gaspesian Peninsula were of

different ethno-cultural background and did not often inter-

marry. Individuals within these regional or ethno-cultural

populations are more closely related among themselves

than with individuals from other sub-populations. Individ-

uals from the cities of Montreal and Quebec clustered

together in the middle of the other regions and were also

more similar to HapMap CEU and HGDP French. We also

observed a similar population structure pattern using

regional and ethno-cultural origins of genealogical ances-

tors. These origins were significantly associated with

variation in allele sharing among individuals and further

support that the structure observed is consistent with the

known founder events.

Fig. 3 Completeness of the genealogical data. MON Montreal, QUE
Quebec City area, GFC Gaspesian French Canadians, LOY Loyalists,

ACA Acadians, NS North Shore, SAG Saguenay

Fig. 4 Average kinship estimated from genealogical data. MON
Montreal, QUE Quebec City area, GFC Gaspesian French Canadians,

LOY Loyalists, ACA Acadians, NS North Shore, SAG Saguenay
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We have previously shown that population structure

could be identified in Quebec from a larger sample of

genealogical data only (Bherer et al. 2010). Here, we found

strikingly similar patterns of population structure with both

genetic and genealogical data. Concordance of genetic and

genealogical data was previously reported in an Italian

population using a small number of microsatellites (Col-

onna et al. 2009). This concordance is expected in theory

since realized allele sharing is captured by PCA on geno-

mic data, while genealogical data provide expected

sharing. However, in practice, the concordance of results

from these two data sources will depend on the coverage

and quality of genomic and genealogical data. The con-

cordance of these two sources of data in our study also

illustrates the relationship between PC projections of

individuals and the underlying genealogical history of the

individuals’ genomes, as described by McVean (2009),

who showed that PC projections can be obtained from the

average coalescent times between pairs of samples. When

genealogies are known at least in part, in this case the part

Fig. 5 Average LD over the

genome in Quebec and HapMap

CEU. Average r2 estimates

shown were obtained from 16

randomly selected individuals

from each Quebec regional or

ethno-cultural population and

HapMap CEU. a SNPs located

\200 kb apart. b SNPs located

[200 kb apart. MON Montreal,

QUE Quebec City area, GFC
Gaspesian French Canadians,

LOY Loyalists, ACA Acadians,

NS North Shore, SAG Saguenay

Fig. 6 Distribution of extended

runs of homozygosity (ROHs)

for Quebec, HapMap CEU, and

HGDP French. a Number of

ROHs longer than 1 Mb per

individual. b Total length

covered by ROHs per

individual. c Length of the

ROHs that are longer than

1 Mb, outliers excluded for

clarity. d Correlation between

genealogical inbreeding

coefficient estimates (Fped) and

genomic estimates based on

ROHs longer than 2.5 Mb

(Froh) in the Quebec

population. MON Montreal,

QUE Quebec City area, GFC
Gaspesian French Canadians,

LOY Loyalists, ACA Acadians,

NS North Shore, SAG Saguenay
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that is relevant to the observed population structure, the

coalescent times are reflected in the kinship coefficients

calculated from these genealogies, which we used to derive

population structure from genealogical data.

As expected given the large number of European-des-

cent founders of the French Canadian population, we did

not find large differences in common SNPs allele fre-

quency (MAF C 0.05) between our Quebec sample and

HapMap CEU or HGDP French. We also did not find large

allele frequency differences between regional or ethno-

cultural populations of Quebec. However, the latter result

is limited by the relatively small sample sizes of our

regional and ethno-cultural populations. Nonetheless, we

found that small allele frequency differences in common

SNPs do contribute to differentiation between Quebec and

the reference populations and among Quebec sub-popula-

tions. The differentiation between Quebec and the Euro-

pean populations was smaller than among Quebec sub-

populations, where more substantial differentiation likely

occurred because of the sub-founder effects that did not

include as many founders as that of the entire Quebec

population. Our Fst values were comparable to those

reported for other founder populations (Jakkula et al. 2008;

Price et al. 2009). The sub-population most differentiated

from the others (Acadians with Fst of 0.006–0.008) also

had the highest levels of LD and homozygosity, as indi-

cated by longer extended ROHs. This is consistent with

Acadians showing the lowest diversity among Gaspesian

groups, observed at the level of uniparentally transmitted

markers (Moreau et al. 2009). The Acadian sub-population

of the Gaspesian Peninsula went through a first bottleneck

with immigration from France to Acadia (now Nova Scotia

and New Brunswick) in the first half of the seventeenth

century and a second bottleneck with settlement to Quebec

following their deportation. This sub-population was more

prone to genetic drift because of its small number of

founders and relative isolation, with more out-migration

(emigration) than immigration (Moreau et al. 2010). The

other regional sub-populations also showed higher homo-

zygosity compared to the cities of Montreal and Quebec,

consistent with the founder effects that led to these sub-

populations. Indeed, fragmentation of the genetic pool of

Quebec was already anticipated from genealogical data

(Gagnon and Heyer 2001; Bherer et al. 2010) as well as

from regional partition of hereditary disorders (Scriver

2001) ascribed to local founder effects (Yotova et al. 2005;

Labuda et al. 1996).

In agreement with a neutral distribution of allele fre-

quency differences resulting from genetic drift and given

our Fst estimates and sub-population sizes (Price et al.

2009), we obtained values of genomic inflation factor k
above 1 (ranging from 1.1 to 1.4) between pairs of Quebec

sub-populations and between Montreal and the reference

populations. These values suggest that association studies

in Quebec could yield inflated false-positive rates and

should take into account population structure, especially

since genomic inflation factors may be higher with the

larger sample sizes used in case–control studies (Devlin

and Roeder 1999). Our results also suggest that carefully

considering the possibility of both population stratification

and cryptic relatedness is important in association studies

performed in Quebec. We found levels of moderate to

distant relatedness that would not be identified in an

association study unless genealogical or high-density

genetic data were collected, thus likely leading to inflated

type I error rates due to cryptic relatedness. Based on our

genomic and genealogical estimates of inbreeding, which

ranged from 0.001 to 0.01 (genealogical estimate) on

average depending on the region, association test statistics

in studies of 500 cases and 500 controls could be inflated

from 1.5 to 6 times (Devlin and Roeder 1999). Despite our

limited sample size, our study clearly indicates the need to

correct for potential biases due to genetic correlation

present in samples from Quebec, but further studies are

needed to assess the extent to which both population

stratification and cryptic relatedness impact genetic asso-

ciation studies.

Several methods exist to take into account population

structure (Price et al. 2010). In Quebec, matching cases and

controls on the region where sampling was performed may

seem like a reasonable option if the ethno-cultural origin

(for example Acadian and Loyalist) is also taken into

account. However, methods that require genome-wide

genotypic data, such as PCA correction (Price et al. 2006),

structured association (Pritchard et al. 2000), or genomic

control (Devlin and Roeder 1999), are more robust.

Genomic control also has the advantage of correcting for

cryptic relatedness although it may not be the most pow-

erful approach. Mixed models that can explicitly incorpo-

rate population structure and cryptic relatedness have been

shown to outperform both PCA correction and genomic

control (Kang et al. 2010). These models use high-density

genotypic data to estimate the level of relatedness and

control for it (Price et al. 2010; Kang et al. 2010; Zhang

et al. 2010). More traditional mixed models from the

classical polygenic theory (Boerwinkle et al. 1986; Lange

et al. 2005; Ober et al. 2001) use the complete genealogy of

the sample to take into account the genetic correlations

among individuals. Genomic-based estimates of related-

ness are a good proxy to genealogies, which are rarely

known in human association studies. In Quebec, however,

the similarity of our conclusions from genomic and gene-

alogical data suggests that mixed models could be imple-

mented using either high-density genotypic or genealogical

data. A combination of the two sources of data could also

be valuable as they provide complementary information.
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By corroborating genomic-based results by genealogical

analysis, our study illustrates and confirms interpretations

of recent genomic-based findings in founder and other

populations. The founder population of Quebec also pro-

vides an interesting example of a population in which two

mechanisms of population substructure are at play: popu-

lation stratification and cryptic relatedness due to multiple,

subsequent founder effects. Studying the interplay of these

two sources of bias for genetic association studies is

important and the rich genealogical information available

on the French Canadian population which makes it an

interesting model for these studies.

Web resources

International HapMap project, http://hapmap.ncbi.nlm.

nih.gov/

Human Genome Diversity Panel, ftp://ftp.cephb.fr/hgdp_

supp1/

UCSC Genome Browser, http://genome.ucsc.edu/

Online computer program for the Multivariate Distance

Matrix Regression, http://polymorphism.scripps.edu/programs.

html

PLINK, http://pngu.mgh.harvard.edu/*purcell/plink/

Haploview, http://www.broadinstitute.org/haploview

EIGENSOFT, http://genepath.med.harvard.edu/*reich/

Software.htm

Arlequin, http://cmpg.unibe.ch/software/arlequin3/

GenLib, http://www.uqac.ca/grig/

R, http://www.r-project.org/
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population québécoise. Cah Que Demogr 34(2):235–258

Voight BF, Pritchard JK (2005) Confounding from cryptic relatedness

in case-control association studies. PLoS Genet 1(3):e32

Wigginton JE, Cutler DJ, Abecasis GR (2005) A note on exact tests of

Hardy-Weinberg equilibrium. Am J Hum Genet 76(5):887–883

Yamaguchi-Kabata Y, Nakazono K, Takahashi A, Saito S, Hosono N,

Kubo M, Nakamura Y, Kamatani N (2008) Japanese population

structure, based on SNP genotypes from 7003 individuals

compared to other ethnic groups: effects on population-based

association studies. Am J Hum Genet 83(4):445–456

Yotova V, Labuda D, Zietkiewicz E, Gehl D, Lovell A, Lefebvre JF,

Bourgeois S, Lemieux-Blanchard E, Labuda M, Vezina H,

Houde L, Tremblay M, Toupance B, Heyer E, Hudson TJ, Laberge

C (2005) Anatomy of a founder effect: myotonic dystrophy in

Northeastern Quebec. Hum Genet 117(2–3):177–187

Zapala MA, Schork NJ (2006) Multivariate regression analysis of

distance matrices for testing associations between gene expres-

sion patterns and related variables. Proc Natl Acad Sci USA

103(51):19430–19435

Zhang Z, Ersoz E, Lai C-Q, Todhunter RJ, Tiwari HK, Gore MA,

Bradbury PJ, Yu J, Arnett DK, Ordovas JM, Buckler ES (2010)

Mixed linear model approach adapted for genome-wide associ-

ation studies. Nat Genet 42(4):355–360

Hum Genet (2011) 129:521–531 531

123

http://dx.doi.org/10.1111/j.1469-1809.2010.00617.x
http://www.R-project.org

	Genomic and genealogical investigation of the French Canadian founder population structure
	Abstract
	Introduction
	Materials and methods
	Study populations and data collection
	Genotyping and quality control
	Statistical analysis
	Genomic data
	Genealogical data


	Results
	Genomic view of Quebec genetic structure
	Genealogical view of Quebec genetic structure
	Linkage disequilibrium and extended runs of homozygosity

	Discussion
	Web resources
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


