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Abstract
Understanding the fine-scale genetic structure of human populations is essential for both demographical
history and genomic medicine. The POPGEN project was initiated as part of the France Genomic
Medicine Initiative to construct a whole-genome reference panel representative of the ancestral genetic
diversity that existed across metropolitan France at the beginning of the 20th century. Building on
previous studies that reported significant fine-scale population structure within France, POPGEN aimed
to improve geographic coverage and generate regional allele frequency data to support medical and
population genetics applications.

We recruited 15,000 participants from the largest French population-based cohort, CONSTANCES, based
on the birthplace proximity of their four grandparents and sent saliva kits at their homes. The high return
rate (68.3%) demonstrates feasibility of large-scale self-sampling in the general population. Genotyping
data from the 9,772 samples that could be processed confirm the presence of widespread fine-scale
structure across France, and extend this finding to previously underrepresented regions. These results
highlight the value of recruitment strategies based on grandparents’ origin for capturing subtle genetic
structure. The development of sampling strategies that best capture genetic diversity at the finest scales
will indeed be essential to characterize population structure across Europe and to enable more accurate
analyses in medical genetics, especially when addressing rare variant interpretation and fine-scale
ancestry adjustment for association tests and polygenic scores calibration. The thorough description of
our recruitment strategy would provide useful insights for other initiatives like the Genome of Europe
(GoE) project, which aims to generate whole-genome references encompassing European diversity.

Introduction
With the development of high throughput genomic technologies, it has become possible to explore the
genetic diversity of human populations around the world based on full genome sequencing at large
scale. These studies have confirmed the existence of strong relationships between genetic and
geographic distances found several decades ago by the pioneer work of LL Cavalli-Sforza [1]. They have
also shown that differences in allele frequencies exist at all geographic scales: between continents [2],
among countries within continents (for example in Europe [3, 4]), and even between regions within
countries (for example in Finland [5], Italy [6], UK [7] and very recently in Quebec [8] among others). Such
observations have emphasized the need for more population genetics studies at fine geographic scales
to characterise population structure at a higher resolution and address the role of genetic variation in
diseases [9, 10].

Previous genetic studies on populations of French ancestry have shown that metropolitan France
presents a relatively high level of genetic structure compared to other European countries. Early findings
based on classical markers such as ABO blood groups [11] or HLA polymorphisms already suggested
geographic differentiation, see for example the “Provinces Françaises” study [12]. More recent genome-
wide analyses have refined these observations [13–17]. Using both allele frequency and haplotype-based
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approaches, these studies have revealed distinct geographic clusters, particularly in Brittany and the
Basque Country. Identified clusters were often delineated by major rivers or historical-cultural boundaries
and the departments were suggested to be the most relevant administrative unit to capture this
stratification. Complementary analyses based on surnames distributions over the 19th and 20th
centuries have provided further evidence of persistent spatial structuring in France, with strong parallels
between patronymic and genetic distances [18]. Explanations of this high level of genetic stratification
can be found in the geography. The geographical positioning of France indeed makes it a pivotal
crossroads within Europe in between the North and the South and at the extreme West, leading to
diverse populations to settle over the centuries. Its various landscapes with mountains and rivers are
natural barriers that have limited population mixture and gene flow. However, previous genetic studies
were limited by the type of variations that were studied and/or sample sizes and the geographical
coverage. With the development of genomic medicine in the country [19], there was a critical need for a
more complete assessment of the genetic structure and diversity of the metropolitan French population
to better understand the effect of genetic variants and improve diagnosis, treatment and prevention for
both rare and common diseases.

The POPGEN project was launched as part of the French Genomic Medicine Initiative [19, 20] with the
primary objective of developing a reference panel of whole genome sequences of individuals originating
from France, starting with metropolitan France. The creation of the panel aims to provide information on
the frequency of genetic variants at fine geographic scales. Such frequencies are needed to filter out
neutral variants from patient genomes and help focus on variants that are absent or very rare in the
general population. Given the nature of this objective, we applied a recruitment strategy that would
enable individuals to be anchored geographically. To achieve the anchoring, we selected participants for
whom all four grandparents were born close to one another. This strategy has previously proved
successful in capturing fine-scale population structure [7, 21–23], notably in western France as shown in
the FranceGenRef project [17, 24] where 856 individuals sampled from existing biobanks were whole
genome (30X short-read) sequenced.

In this work, we present the detailed recruitment design of the POPGEN panel within the CONSTANCES
cohort [25], the largest French general population epidemiological study. We explain the different steps
of the selection process and the choices made to capture fine-scale genomic variability.

Materials and Methods

Recruitment
POPGEN participants were selected from the CONSTANCES cohort [25] using parental and
grandparental birthplace data collected in the 2019 annual questionnaire (Supplementary Figures S1 and
S2; Supplementary Note 1). Commune names were geocoded using in-house scripts and public
geographic databases. Among 118,042 respondents, 84,972 remained eligible after excluding individuals
who withdrew consent, did not provide the required information, or reported grandparents born outside
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metropolitan France. Only individuals born before 1985 were considered, leading to 26,274 eligible
candidates (Supplementary Figure S3; Supplementary Tables S2 and S3).

From these eligible candidates, 15,000 individuals were selected using department-specific targets
based on the 1901 census, with substitutions from neighbouring departments where necessary.
Departments were chosen as sampling units because they capture historical and fine-scale population
structure in France [14, 16]. The final geographic distribution is shown in Supplementary Figure S1.

Overall, 10,250 individuals returned saliva kits (68%). DNA was extracted at CEPH using magnetic beads,
quantified fluorometrically, and quality-controlled in a 10% subset. Genotyping was performed at CNRGH
using the Global Screening Array 24 v3.0 Multi-Disease panel containing 730,059 probes. After sample
exclusions, genotype data were available for 9,772 individuals (4,582 males and 5,190 females). Each
participant was assigned geographic coordinates corresponding to the mean birthplace coordinates of
their four grandparents. Maps were generated using the R package maps [26].

Quality Control of genetic data
Genetic data quality control was performed using PLINK v1.9 [27], as summarized in Supplementary
Figure S4 and detailed in Supplementary Note 2. Preliminary variant QC was used to select high-quality
autosomal SNPs for individual-level QC and relatedness analyses. Participants were excluded based on
genotype call rate, excess heterozygosity, potential DNA contamination, non-European genetic ancestry,
sex discordance, missing birthplace information and relatedness (π̂ > 0.125). This resulted in a final
dataset of 9,598 QC-passed unrelated individuals, hereafter referred to as POPGEN9598.

Final variant QC excluded non-autosomal, multiallelic and poorly genotyped variants, variants deviating
from Hardy–Weinberg equilibrium, and discordant duplicate probes. The final dataset comprised
654,525 variants, including 646,382 SNPs and 8,143 insertions/deletions. Among these, 513,830 variants
had a minor allele frequency of at least 0.001.

Description of genetic diversity in POPGEN data

Projecting POPGEN onto a large European reference panel
The POPGEN9598 individual genotype patterns were projected onto previously constructed principal
components (PCs) from a collection of published reference data, which had previously been used to
show the position of French populations within the European landscape [17]. Briefly, reference
individuals were gathered from the following previous studies: People of the British Isles (PoBi) [21],
Population Reference Sample (POPRES) [28], 1000 Genomes Project (TGP) [29], and the Human Genetic
Diversity Panel (HGDP) [30]. PCA was performed using 73,646 common SNPs (MAF > 5%) shared
between the reference and POPGEN9598 genotype data using the Eigenstrat method [31] implemented

Page 5/22



in the R-package smartPCA. For comparison purposes, we also included SNP-matched individual
genotype data from the FranceGenRef study [17].

POPGEN fine-scale population structure using genotype data
The fine-scale population structure within POPGEN9598 was described using several methods based on
genotype data: PCA (performed using PLINK 1.9)[27], non-supervised admixture analyses using the
ADMIXTURE software [32], and analyses of molecular variance (AMOVA) [33] using the R-package ‘popr’
[34] with different group levels (administrative regions, administrative departments, and FineSTRUCTURE
(FS) [35] clusters as defined below). These analyses were performed on a pruned subset of 196,144
QCed variants: the set of 513,830 QCed variants with a frequency equal or greater than 0.001 was further
filtered with a stringent missing rate of 0.001, long-range LD regions were excluded [36], and pruning was
performed with PLINK v1.9 [27] (argument --indep-pairwise 50 5 0.2), leading to a set of 196,144 pruned
variants.

Diversity in POPGEN compared to a wider European
context
To contextualise genetic variation in POPGEN, we compared a subset of 526 participants from six
French departments with 526 unrelated non-Finnish European individuals from TGP and HGDP datasets
reported by Koenig et al. [37]. From the TGP, we included TSI (n = 103), CEU (n = 121), GBR (n = 88), IBS (n 
= 104) and from HGDP, Basque (n = 23), Sardinia (n = 27), Orkney (n = 14), France (n = 27), Bergamo (n = 
11), Tuscan (n = 8). We refer to these samples as the non-Finnish Europeans of TGP and HGDP
(NFE_TGP_HGDP). As there are only a few individuals from the Bergamo and Tuscan groups, they were
grouped together with the larger Italian group which we still refer to as TSI (n = 122). For POPGEN,
individuals were chosen in 6 departments: 11 from department 20 (Corsica), and five groups of 103
randomly chosen individuals from departments 29 (Finistère), 59 (Nord), 64 (Pyrenées-Atlantiques), 88
(Vosges), and 12 (Aveyron). The down-sampled data from these six departments has a similar structure
to NFE_TGP_HGDP as it includes several large groups of around 100 individuals (similar in size to groups
such as TSI, IBS, and GBR) and the small group of Corsica (similar to groups such as Sardinia and
Orkney).

POPGEN genotypes were lifted over to genomic build 38 using the liftOver tool [38] and merged with
NFE_TGP_HGDP genotypes. Only the 471,148 sites that were polymorphic in the NFE_TGP_HGDP
samples and that passed the variant-QC in POPGEN were retained. Then, we filtered out 430 variants
with high allele frequency differences between the POPGEN and NFE_TGP_HGDP datasets
(Supplementary Figure S5), and 3,876 variants with a MAF below 0.1% in either datasets. This gave a
final dataset of 1,052 individuals and 466,842 variants. To perform PCA and unsupervised admixture on
this combined dataset, the same approach as described above for POPGEN9598 was used. We also
estimated Fst statistics [39, 40].
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POPGEN fine-scale population structure using haplotype data
Phasing was carried out on POPGEN9598 and the subset of 513,629 QCed SNPs (INDELs were
excluded) with a frequency equal or greater than 0.001. A consensus phasing approach was used as in
[41]: SHAPEIT2 [42], BEAGLE5 [43], and EAGLE2 [44] were run three times before applying the conshap
algorithm [41]. For EAGLE2, variation between runs was achieved by shuffling the order of individuals in
the input files. We used genetic recombination maps averaged between males and females from
European populations [45] and obtained phasing for 513,617 SNPs.

PBWT-paint [46, 47] was applied separately to each phased chromosome, and results were combined
using chromocombine [35]. The resulting matrix was adjusted to the nearest positive semi-definite
matrix using nearPD from the R package Matrix [48], centred, and analysed by kernel PCA with kernlab
[49].

FineSTRUCTURE (FS) was then applied to the PBWT-paint matrix using 100,000 burn-in and 200,000
MCMC iterations, with all individuals initially assigned to a single group. The highest-scoring partition
was retained. To improve interpretability, clusters containing fewer than 50 individuals were merged
using Total Variation Distance, which was also used to construct a hierarchical TVD tree. This procedure
identified 87 clusters among the 9,598 individuals. Additional FS runs were used to identify outliers for
exclusion from the whole-genome sequencing selection process (Supplementary Note 3).

Pairwise identity-by-descent sharing was estimated using HAP-IBD [50]. Only segments longer than 2.5
cM and containing at least 250 variants were retained. The logarithm of the total IBD length shared by
each pair was regressed on geographic distance and on indicators of shared membership in historical
regions, departments and FS clusters.

Results

Global Population Structure Analyses
The principal components analysis (PCA) in Fig. 1a-c shows the individuals of POPGEN projected onto
axes of genetic variation in European populations. For a comparison, we also added the projections from
the 856 French individuals from the FranceGenRef study described in Alves et al., 2024 [17]. This simple
projection shows that the POPGEN participants find their place between Northern and Southern
European populations within the genetic landscape of Europe. Indeed, POPGEN covers a wider area in
the PCA space compared to the previous results on the FranceGenRef project. This indicates that WGS
data arising from POPGEN should help to provide an even more complete catalogue of genetic variation.

Diversity within France as compared to Europe
The existence of stratification within France is visible on the PCA performed on POPGEN9598 only
(Fig. 1d for PC1 and PC2 and Supplementary Figure S6 for additional PCs). Several geographical areas
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stand out: the Basque region in the South West on PC1, Brittany in the North West on PC2 and PC3,
Corsica in the South East on PC2, and individuals from Alsace, Lorraine and Franche-Comté in the North
East on PC4.

This internal structure within POPGEN was also apparent running unsupervised ADMIXTURE across all
9,598 individuals as shown for different values of the number of clusters K (Figure S7). The admixture
components reflect similar patterns as the PCA plots regarding the Basque region, Brittany, Corsica, and
the Vosges. For K = 6, we also see components that concentrate in the very North of France, and more
widely in the South.

Having observed an important level of diversity within the French populations of POPGEN, we then
aimed to contextualize the diversity within the landscape of Europe by focusing on a subset of
individuals from POPGEN from six departments (22, 88, 64, 59, 20, and 12) that particularly stand out in
the previous results and compared them to the non-Finnish European individuals from the
NFE_TGP_HGDP panel. When looking at the Fst values, we found that two departments (64 and 20) have
high Fst values with all other departments and four departments (29, 88, 12, 59) form a group with small
Fst values between them (Fig. 2a). This overall pattern is reflected in the Fst values in the
NFE_TGP_HGDP data, where three populations (Orkney, Sardinia, Basque), all known to be European
populations with a certain degree of isolation, also have high Fst values with all other groups. Notably,
the highest Fst value in the entire matrix is between Sardinia and Orkney, which are at greatest
geographical separation in the dataset. The other groups of NFE_TGP_HGDP have far smaller Fst values
between each other, often comparable to the Fst values between the departments of POPGEN. These
results indicate that the diversity within France is similar in scale to the wider diversity in Western
Europe. For example, the Fst between departments 29 and 88 (0.00134) is in the same range and even
slightly greater than between TSI and IBS (0.00110); and the Fst between departments 12 and 64
(0.00284) is greater than between GBR and IBS (0.00190). In Fig. 2b, average admixture components
(ACs) for an unsupervised analysis with K = 4 show good agreement with geography. Interestingly, the
French individuals from HGDP (FRC) show different admixture composition than within POPGEN,
especially for departments 29, 64, 88 and 20. Similar trends are also seen when considering different
values of K (see Supplementary Materials and Figures S9).

Leveraging Haplotype Similarity for Fine Scale
Stratification Detection within France
To further investigate fine-scale stratification within France, we move beyond single-marker analyses to
genomic segment-based approaches, leveraging haplotype similarity measures. Spectral decomposition
of the PBWT-paint similarity matrices (Fig. 3a), along with their UMAP projection (Fig. 3b), reveals a
detailed population structure, with clear differentiation observed down to the departmental level. We
observe a strong concordance between geographic and genetic proximity, as departments within the
same region (and thus sharing the same colour) tend to cluster together in the hierarchical trees
(Fig. 4a–b). Careful examination of the trees however reveals some interesting exceptions. First, we find
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that some departments such as 71 (Saône-et-Loire in the region Bourgogne-Franche-Comté) and 07
(Ardèche in Auvergne-Rhône-Alpes) appear in the tree outside of their regions. We also observe regions
whose departments fall on different parts of the tree such as PDLL and CVL or department 88 (Vosges
in the East of France) which separates on its own. This is consistent with the previous analysis on
individual genotypes where department 88 was already pointed out.

Similar results were obtained when using the FS clustering algorithm that initially indicated 158 clusters,
which were resolved into 87 clusters using TVD analyses. When plotting these clusters on the map of
France (Fig. 4c) or when reconstructing the TVD tree for the FS clusters (Fig. 4d), we observe that the
South-East detaches first, then a small cluster in the Vosges area, followed by Brittany and a North-South
divide. Further subdivisions were then observed in both the North and the South. The geographic
coverage of the different clusters is variable, with some compact clusters with relatively few individuals,
and others which are much larger and diffuse. There is a clear pattern of geographic proximity of
individuals within the same cluster across all 87 groups and across the map of France, but there are also
many overlaps as well as a small number of individuals who do not cluster with close geographic
neighbours (see Figures S10, S11, S12 for more details on the different clusters). We also see
boundaries that follow the main rivers (Loire, Garonne and Adour) as previously observed [14, 17].
Because of the choice we made of merging clusters with less than 50 individuals with their closest
neighbour, the 11 individuals from the Island of Corsica do not form their own cluster but they belong to
a large cluster including mostly individuals from PACA. What is more, we repeated the entire FS analysis
a further two times and found a certain level of instability between runs, especially when we explore the
finer levels of the tree to obtain more clusters. Individuals who were in the same cluster in the final
outcome of run 1, were in the same cluster only 53.1% and 56.0% of the time in runs 2 and 3
(Supplementary Figure S13).

We also studied the IBD sharing between pairs of individuals and how it correlated with their
geographical distance. A total of 7,605,814 IBD segments were estimated across all pairs of individuals
on the 22 autosomal chromosomes. Only 6,054,760 (13.1%) of all pairs shared at least one segment and
across those sharing pairs, the mean and maximum numbers of shared segments were 1.26 and 65,
respectively. The mean and max total length of shared segments were 3.24 cM and 49.36 cM,
respectively. The relation between distance and IBD-sharing is not completely homogeneous across the
data of POPGEN, as can be seen in Figure S14 where we performed 9,598 separate regression models
(indexed  with a single variable (KM) and restricting to only pairs within a distance of
300 KM and involving individual . The slope coefficients of these 9,598 models are then plotted onto
the map of France using universal Kriging [51, 52] with or without an inverse normal transformation. The
resultant maps display the complex and continuous patterns of population structure, with certain zones
standing out that correspond well to earlier analysis such as the unsupervised ADMIXTURE analysis in
Figure S7.

j = 1, … , 9598)

j
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Selecting an optimal subset of 4,000 individuals to
sequence
To select 4,000 individuals while preserving the genetic diversity of POPGEN, we compared the variance
explained by the 87 FS clusters, the 22 historical regions and the 95 departments using AMOVA [33],
together with IBD-sharing regression models incorporating geographic distance (Supplementary Table
S5). We found that FS clusters explain more variance than regions but perform similarly to departments
and that the IBD regression model that includes FS clusters has a smaller R2 compared to the models
including regions and/or departments. We therefore chose to base our selection protocol for the 4,000
individuals on departments even if FS clusters show that the genetic structure does not follow precisely
region or departmental boundaries. Department level is indeed the most practical and both AMOVA and
IBD-sharing analyses show, using two different approaches, that the department classification captured
genetic variability in a manner comparable to the FS clusters. However, FS results were used to identify
outlier individuals who might be less appropriate candidates for the WGS panel. A total of 125
individuals were observed to be distal (geographically) from the other individuals of their assigned FS
clusters and excluded from the list of possible candidates for WGS. Full details of the exclusion criteria
are given in Supplementary Note 3 with an illustration in Figure S15.

We aimed to select 42 individuals per department, balanced by sex (21 men and 21 women), while
maximizing geographic coverage and limiting redundancy due to close relatedness or geographic
proximity. Additional exclusions were based on relatedness, inbreeding, insufficient DNA quantity and
lack of consent for data reuse. After these filters, 9,106 individuals were eligible for selection. Where
departmental sample sizes were insufficient, additional individuals were selected from neighbouring
departments. The selection procedure also accounted for geographic distance and the reliability of
assigned coordinates, as detailed in Supplementary Note 4 and Figure S16.

Among the 4,000 initially selected individuals, 118 failed sequencing and were replaced with
geographically close, non-selected individuals matched as closely as possible on department, sex and
geographic selection criteria. Two subsequent failures could not be replaced, resulting in a final whole-
genome sequencing dataset of 3,998 individuals. Their geographic distribution and sex composition are
reported in Supplementary Table S6 and Figure S17. Analyses repeated in this subset confirmed that the
population structure observed in POPGEN9598 was preserved (Figures S18–S20).

Discussion
The POPGEN project was initiated within the France Genomic Medicine Initiative [19, 20] to generate
regional allele-frequency data across metropolitan France using participants from the CONSTANCES
cohort [25]. Because only 4,000 individuals could be sequenced, random sampling was not considered
optimal. Instead, participants were selected through a multi-step process based on the birthplaces of
their parents and grandparents. Among 15,000 individuals invited to provide saliva samples, 9,772 were
genotyped, and genetic diversity analyses were then used to select 4,000 individuals for whole-genome
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sequencing. By prioritising individuals whose four grandparents were born in geographically close
locations, POPGEN was designed to capture fine-scale population structure and regional genetic
variation. This approach provides a useful resource for demographic inference and for characterising the
geographic stratification previously reported in France, particularly in northwestern regions [13, 14, 16,
17].

This design nevertheless limits the representativeness of POPGEN. Individuals with recent migration or
admixture histories and populations from French overseas territories are not adequately represented.
POPGEN may therefore have limited use as a direct control dataset in case–control studies, because
comparable grandparental birthplace criteria are unlikely to be available in clinical cohorts, as previously
discussed for the People of the British Isles project [53]. More broadly, underrepresentation of some
populations may contribute to unequal access to genomic medicine. POPGEN should consequently be
regarded as a complementary rather than standalone reference resource. Its data can be integrated into
broader initiatives such as the Genome of Europe project, which aims to provide more than 100,000
whole-genome sequences representative of contemporary European populations, including more than
17,000 individuals from France. POPGEN may also support methods that do not require individual-level
matching, including local-ancestry approaches such as SURFBAT [54], and may improve phasing and
imputation, particularly for rare variants [24].

The geographic sampling strategy was another central design choice. Population genetic studies may
sample within predefined geographic units or according to a regular spatial grid, reflecting the
contrasting approaches historically advocated by Cavalli-Sforza and Wilson [55]. The former approach
informed the Human Genome Diversity Panel, which sampled ethnolinguistically and geographically
defined populations [1, 56], whereas the PoBI project mainly recruited within predefined rural regions
[21]. In POPGEN, no region was prioritised during birthplace data collection. Sample sizes for saliva-kit
invitations were initially defined by department using the 1901 census, while the final sequencing panel
aimed for similar numbers per department, broad geographic coverage and a balanced sex ratio.

Although uniform departmental sampling may not maximise genetic diversity, clustering based on
FineSTRUCTURE was not sufficiently stable beyond the coarsest level to guide selection reliably.
Balanced sample sizes were also advantageous for geographic comparisons, as unequal group sizes
often require down-sampling and loss of information [14, 17]. Similar considerations were made for the
design of the Genome of the Netherlands project where authors chose to include an approximately equal
representation from the original Dutch provinces [57]. French departments also provide relatively
comparable geographic units. Their boundaries, established largely in 1790 and partly aligned with
natural features, may capture both cultural and physical barriers to gene flow. Our analyses confirmed
that departmental groupings reflect relevant components of fine-scale population structure.

POPGEN also differs from many genomic projects in its use of saliva rather than blood. Mailed self-
collection kits achieved a participation rate of 68.3%, supporting the feasibility of this strategy for large-
scale studies. A pilot study further showed that saliva-derived DNA performs comparably to blood-
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derived DNA for whole-genome sequencing [58]. In addition, non-human sequencing reads can provide
information on the oral microbiome. Recent studies have demonstrated that oral microbial profiles can
be inferred from saliva whole-genome sequencing data and used to investigate associations between
human genetic variation and microbial composition [59, 60]. Saliva-based sequencing may therefore
provide a dual resource for human genomic and microbiome research.

Consistent with previous studies [13, 14, 16, 17], POPGEN confirms fine-scale genetic structure across
France, with differentiation approaching that observed between some European countries. France’s
position between northern and southern Europe may partly contribute to this pattern. By extending
geographic coverage beyond that of earlier studies, POPGEN shows that such structure is widespread
and not restricted to a few culturally distinctive regions. Its strong geographic anchorage is therefore
particularly valuable for reconstructing demographic history and modelling regional genetic diversity,
although its direct applicability to clinical genetics remains limited.

Finally, POPGEN provides insights into sampling strategies for capturing genetic diversity with
implications for future projects, including the Genome of Europe initiative. While POPGEN offers a
detailed snapshot of French ancestry as shaped by historical populations, it does not capture recent
demographic changes. Therefore, future efforts should aim to include more diverse and
underrepresented populations, including recent migrants and overseas populations, to ensure equitable
access to genomic medicine. In this perspective, POPGEN should be seen as a foundational contribution
to a broader international effort, where integration across datasets will be essential to fully represent
human genetic diversity.
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Figure 1

Projection of POPGEN data onto known axes of variation in Western Europe.  
(a) PCA analysis on the same Western European reference data as in [16], using variants that were also
present in the POPGEN9598 dataset. Each individual is plotted as a small point and minimal ellipses with
minor and major axes containing 90% of the individuals are added for each group. (b) same as (a) with
the addition of projections of the 856 individuals from the FranceGenRef study [16]. Colors refer to
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different regions of France as indicated in the legend. (c) same as (a) but now with the 9,598 individuals
of POPGEN (following QC) projected. (d) first two principal components re-calculated on just the 9,598
individuals of POPGEN. In all plots, we place PC2 on the x-axis and PC1 on the y-axis so that the
projections are more recognizable as reflecting geographic locations in Europe and in France.

Figure 2

Placing the internal diversity of POPGEN into the wider context of Western Europe.  
(a) Fst matrix between groups, including 6 departments from POPGEN and 8 populations from
NFE_1KG_HGDP with blue lines separating these two collections. (b) Approximate map of the location of
the different groups presented in (a), with average unsupervised admixture components for each group
superimposed.
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Figure 3

Fine-scale population structure in metropolitan France.  
(a) Spectral decomposition of the chunk-counts matrix obtained with PBWT-paint algorithm – results are
shown for the first 8 eigen-vectors; (b) UMAP projection of the entire chunk-count matrix with the
centres-of-mass of each department overlain. The different colours correspond to the ‘old’ regions of
France as shown in the inset.
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Figure 4

Haplotype-sharing across the 95 administrative departments of France and the 87 FineSTRUCTURE (FS)
clusters.
(a) Legend of the different colours and department labels; (b) Neighbour joining tree based on Total-
variance distance (TVD-tree) connecting the 95 departments; (c) Map of France with the 9,598
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individuals plotted with points that correspond to the 87 FS clusters; (d) TVD-tree connecting the 87 FS
clusters.
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