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Abstract

Objectives: We describe a method to identify human remains excavated from
unmarked graves in historical Québec cemeteries by combining parental-lineage
genetic markers with the whole-population genealogy of Québec contained in the
BALSAC database.

Materials and methods: The remains of six men were exhumed from four historical
cemeteries in the province of Québec, Canada. DNA was extracted from the remains
and genotyped to reveal their mitochondrial and Y-chromosome haplotypes, which
were compared to a collection of haplotypes of genealogically-anchored modern vol-
unteers. Maternal and paternal genealogies were searched in the BALSAC genealogi-
cal record for parental couples matching the mitochondrial and the Y-chromosome
haplotypic signatures, to identify candidate sons from whom the remains could have
originated.

Results: Analysis of the matching genealogies identified the parents of one man
inhumed in the cemetery of the investigated parish during its operating time. The
candidate individual died in 1833 at the age of 58, a plausible age at death in light of

osteological analysis of the remains.

Am J Phys Anthropol. 2020;171:645-658.
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marked grave.
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1 | INTRODUCTION

A century ago, molecular markers (ABO blood groups) were used for
the first time to study human diversity and to infer population histo-
ries (Hirschfeld & Hirschfeld, 1919). It took another 50 years to start
exploring this diversity through studies of isoenzymes and protein
polymorphisms (Cavalli-Sforza, Menozzi, & Piazza, 1994). The charac-
terization of populations by their DNA began with the analysis of
maternally-inherited mitochondrial DNA (mtDNA\) followed by investi-
gations of paternally-inherited Y-chromosome variation (Cann,
Stoneking, & Wilson, 1987; Casanova et al., 1985; Giles, Blanc,
Cann, & Wallace, 1980; Jobling & Tyler-Smith, 1995). Mitochondrial
DNA and the Y chromosome, because of their strict inheritance rules
and lack of recombination (with the exception of the Y-chromosome
pseudoautosomal regions), remain central tools in the population
genetics of paternal and maternal lineages. Notably, they are instru-
mental in the characterization of population stratification and past
migrations (Calafell & Larmuseau, 2017; Underhill & Kivisild, 2007).

In a familial search context, forensic science and bioarchaeology
regularly compare DNA samples isolated from human remains and liv-
ing presumed relatives to verify their familial relationship. Analysis of
ancient DNA (we use this expression for DNA recovered from arche-
ological contexts, regardless of its age) has confirmed the identity of
remains of eminent historical figures (Bogdanowicz et al., 2009, Cha-
rlier et al., 2013, but see Larmuseau et al., 2014). The bones of the
Romanovs, the Russian royal family buried in 1918 in a mass grave
after their execution by Bolshevik revolutionaries, have been identi-
fied through genetic analysis (Coble et al., 2009; Gill et al., 1994;
Rogaev et al., 2009). Ancient DNA and genealogical links were used
to identify the archeological remains of the 15th-century English king
Richard Ill (King et al., 2014). These studies succeeded by comparing
archeological samples from a hypothetical historical figure, with living
relatives willing to provide their DNA for analysis. In Canada, ancient
DNA recovered from 80 to 200-year-old cemeteries has been studied
to infer past societal kinship systems and identify one individual,
through comparison with living relatives (Dudar, Waye, & Saunders,
2003; Katzenberg et al., 2005). However, this approach does not

Discussion: This study demonstrates the promising potential of coupling genetic
information from living individuals to genealogical data in BALSAC to identify histori-
cal human remains. If genetic coverage is increased, the genealogical information in
BALSAC could enable the identification of 87% of the men (n = 178,435) married in
Québec before 1850, with high discriminatory power in most cases since >75% of
the parental couples have unique biparental signatures in most regions. Genotyping
and identifying Québec's historical human remains are a key to reconstructing the

genomes of the founders of Québec and reinhuming archeological remains with a

ancient DNA, buried's identification, uniparental DNA markers, whole-population genealogy

apply to archeological finds that preclude any hypothesis as to the
individual's familial identity, as is almost universally the case in mitiga-
tion archeology that uncovers many human remains every year.

Here, we explore the potential of identifying anonymous remains,
excavated from four historical cemeteries in Québec, through the
combined analysis of genetic data and whole-population genealogical
data. The proposed approach may be conceived as a triangulation of
ancient DNA from a random archeological individual, contemporary
DNA with wide coverage within today's Québec population, and
whole-population Québec genealogies. The anonymous archeological
individuals were tentatively identified by comparing their lineage-
specific Y-chromosome and mtDNA haplotypes with a collection of
contemporary haplotypes of Québec individuals with known genealo-
gies. This is feasible thanks to the high genealogical coverage of the
historical Québec population since the first French settlement in
1608. Catholic parish registers include birth, marriage, and burial acts,
allowing the genealogical reconstruction of the quasi-entire popula-
tion over 350 years that is now compiled in the databases known as
BALSAC (http://balsac.ugac.ca) and IMPQ (Infrastructure intégrée des
microdonnées historiques de la population du Québec, https://impq.
cieg.ca).

The method presented here relies on three essential components.
First, the mtDNA and Y-chromosome haplotypes from the specimens
are compared with the haplotypes of hundreds of living individuals
who are genealogically anchored in the BALSAC database. Second,
the matching haplotypes of the contemporary individuals are imputed
to specific population founders by climbing maternal and paternal
lines and subsequently attributed down to all the founders' descen-
dants (Heyer et al., 2001; Heyer, Puymirat, Dieltjes, Bakker, & de
Knijff, 1997; Moreau et al., 2011). Third, we search for male individ-
uals in the genealogy sharing the same combination of Y-chromosome
and mtDNA haplotypes as the historical specimens (Figure 1).

In this study, we test this approach empirically by analyzing the
bones of six male individuals from unmarked graves. We also examine
the whole-population genealogical records to determine the number
of historical men that could potentially be identified using this

approach and calculate the probability of erroneous matches. Despite
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FIGURE 1 The methodological framework of this study. We
search for parental couples in the uniparental genealogies of modern
individuals carrying haplotypes matching the ancient DNA.
Candidates (outlined in purple and containing red and blue triangles)
to whom the historical remains could have belonged are the sons of
parents with the matching biparental signature, that is, the sons of the
mothers in the maternal genealogies of modern individuals with
matching mitochondrial haplotype (in red) married to the fathers in
the paternal genealogies of modern men with matching Y-
chromosome profile (in blue)

a limited success due to the quality of the ancient DNA, the results
show that successful identification, and thus anchoring archeological
remains to the Québec genealogy, should be readily possible by
increasing the genetic coverage of the contemporary population.
Identified remains of ancestors may convey genetic information useful
for many purposes, including the study of evolutionary factors shaping
genetic diversity of extant populations, the study of the temporal evo-
lution of genetic variants involved in diseases, and the calibration of

paleogenome inference methods (Nelson et al., 2018).

2 | MATERIALS AND METHODS

21 | Samples of human remains selected for
ancient DNA analysis

Human remains (teeth and petrous bones) were selected from six his-
torical unmarked graves (Table 1). They originate from four cemeteries
located in the province of Québec (Figure 2). As all these interment
sites date to a period ranging from the end of the 17th to the 19th
centuries, they can potentially inform us about the genetic diversity of
early colonial inhabitants compared to later phases. However, while
the location of the burials is known within the cemetery, it is not pos-
sible to precisely date the individuals under study. In fact, the internal
organization of these cemeteries that were used for more than a cen-
tury, without grave markers, is complex and not fully understood, as
cemetery areas were often reused at a later date, especially in urban
contexts (Arkéos, 2008). Note that, since these specimens were more

recent than typical ancient DNA research samples that date back to

ANTHROPOLO

several tens of thousands of years, we refer to them as “historical”
specimens but use the expression “ancient DNA” for their genetic
material, considering it was subject to the same degradation patterns
as thousand-year-old DNA and processed through state-of-the-art
ancient DNA analysis.

These six individuals were selected from a larger sample (N = 30)
on the basis of the following conditions: (a) the individual had to be a
male (sex determination was first provided via the osteological analy-
sis and then confirmed or disproved via paleogenetic evidence) and
(b) the skeletal material had to provide enough DNA for replicated
PCR amplifications (see Genotyping of historical human remains below).
Out of the 30 individuals, only 6 met both conditions. Identification of
the male sex (as well as the age at death) was done osteologically for
all the individuals, although, because of variable skeletal preservation,
the most reliable anatomical area such as the pelvis was not always
available (see Table 1 for all the methods used).

Three individuals (12D-51, 4K-S2, and 11D-S1) originated from
the Notre-Dame cemetery, a Catholic parish cemetery in Montréal
that remained active from 1691 to 1796 (Arkéos, 2008). Individual
20A-512 was discovered in the Saint-Antoine cemetery (1799-1855),
a Montréal burial ground that was opened after the closure of Notre-
Dame (Ethnoscop, 2016b). Individual 7A9-S16 originated from
Pointe-aux-Trembles (1709-1843), a village cemetery located near
Montréal (Ethnoscop, 2016a). Finally, individual 2B7 was discovered
in Sainte-Marie-de-Beauce (1748-1878), a rural cemetery near Qué-
bec City (Ethnoscop, 2006).

All corresponded to mature adults although the age estimation
for 12D-S1 and 20A-S12 was less reliable because of poor skeletal
preservation (when the pelvis was missing, methods based on the cra-
nium were attempted, see Table 1). Interestingly, for the Notre-Dame
individuals, isotopic analysis on skeletal tissues provided some bio-
graphical information (e.g., diet, possible place of residence), which
confirmed that these individuals were settlers of European descent
(Vigeant, 2012; Vigeant, Ribot, & Hélie, 2017). For example, individual
11D-S1 was probably a first generation migrant originating from
warmer and/or more coastal areas, possibly from Western Europe
given the historical context (Vigeant, 2012).

2.2 | Genotyping of historical human remains

DNA was extracted first from multiple samples of specimen 2B7: two
teeth (in 2013, 2016, and 2018) and a temporal bone (in 2016). Teeth
were prepared for DNA extraction by cutting the root in half, sanding
the channel and the cementum to remove sources of exogenous
DNA, and finally crushed. The sample from the petrous bone was
obtained by drilling with a Dremel 400-series digital machine as
described by Gamba et al. (2014). The analyst wore a complete body-
suit, a mask and two layers of gloves while working in a clean DNA
room dedicated to work on ancient samples at the Genomics Core
Facility, Universitat Pompeu Fabra (Barcelona, Spain). DNA was
extracted, including negative controls, with the PrepFiler BTA forensic

DNA extraction kit following the manufacturer's instructions (Thermo
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TABLE 1

Code of
Site (code) skeleton Sex estimation
Notre-Dame 12D-S1 & according to skull morphology
(BjFj-112) (Buikstra & Ubelaker, 1994)
4K-S2 & according to pelvic
morphometrics (Murail, Brazek,
Houét, & Cunha, 2005) and skull
morphology (Buikstra & Ubelaker,
1994)
11D-S1 & according to skull morphology
(Buikstra & Ubelaker, 1994)
Saint-Antoine 20A-S12 & according to skull morphology
(BjFj-37) (Buikstra & Ubelaker, 1994)
Pointe-aux- 7A9-S16 & according to skull morphology
Trembles (BjFi- (Buikstra & Ubelaker, 1994)
17)

Sainte-Marie-de- 2B7 & according to pelvic
Beauce (CcEs- morphometrics (Murail et al.,
1) 2005)

Fisher Scientific). Human DNA in the extracts was quantified using
the Quantifiler™ Human DNA quantification kit (Thermo Fisher Scien-
tific). DNA was then extracted from the other specimens in 2018
(Table 1), as well as from buccal swabs from the technicians and scien-
tists at the Genomics Core Facility to control for potential contamina-
tion. Results were not replicated by another independent ancient
DNA laboratory. This project aimed to be a proof of concept and
future analyses for formal remain identification should include a vali-
dation by another DNA laboratory, whenever possible.

Y-chromosome STRs were amplified with the AmpFLSTR™
Yfiler™ PCR amplification kit (Thermo Fisher Scientific). Amplicons
were separated by capillary electrophoresis on a 3130xL instrument
(injection time increased to 40 s relative to the manufacturer's instruc-
tions) and visualized using the GeneMapper™ software version
5 (Thermo Fisher Scientific). For each historical specimen, between
four and 13 PCRs were done using varying amounts of DNA to
recover at least three typed alleles for each locus, of which at least
two alleles had to be identical. This was shown by Butler and Hill
(2010) to be a reliable criterion to assign allele IDs in cases of low-
template DNA. For match searches, we considered 12 loci already
amplified from 434 modern volunteers (see below) and we retained
loci for which the allele was consistently amplified at least twice and
showed a peak of >50 relative fluorescence units (Benschop et al.,
2011; Butler & Hill, 2010).

Samples of human remains selected for ancient DNA analysis

Age at death

>25 years according to dental wear
(Lovejoy, 1985)

>40 years according to auricular
surface (Schmitt, 2005) ~23-57
years according to
pubicmorphology
(Brooks &Suchey, 1990)

~45-59 years according to pubic
morphology (Brooks & Suchey,
1990)

~35-55 years according to rib end
morphology (Lovejoy, 1985)

>50 years according to cranial
suture closure (Meindl &
Lovejoy, 1985) & dental wear
(Lovejoy, 1985)

>30 years according to vertebral
changes (Albert & Maples, 1995)

~25-49 years according to cranial
sutures closure (Meindl &
Lovejoy, 1985)

~20-49 years according to
auricular surface (Schmitt, 2005)
~19-34 years according to pubic
morphology (Brooks & Suchey,

Sample for ancient DNA

Right superior permanent canine

Right superior permanent canine

Left superior permanent third
molar

Left inferior permanent canine

Left superior second permanent
premolar

Left superior second permanent
molar, left superior second
permanent premolar, petrous
bone

1990) ~27-37 years according
to rib end morphology (Hartnett,
2010)

The mitochondrial hypervariable regions | and Il were amplified in
four segments using the PCR primers from the Human mtDNA D-Loop
Hypervariable Region kit (lllumina). Next, adaptors were ligated using
the Rubicon Genomics ThruPLEX DNA-seq kit (Takara Bio USA), and
the library sequenced in a 2 x 150 MiSeq run with a nano flow cell
(lumina). Adapter and PCR primer sequences were trimmed with
cutadapt version 1.17 (Martin, 2011) and the remaining sequences
were further trimmed based on quality with Trimmomatic version 0.38
(Bolger, Lohse, & Usadel, 2014) using a sliding window of ten bases and
a Phred quality score threshold of 35, keeping reads longer than 50 base
pairs. Each read of a pair was then assembled with PEAR version 0.9.10
(Zhang, Kobert, Flouri, & Stamatakis, 2014). Resulting sequences were
mapped on the revised Cambridge Reference Sequence of the human
mitochondrial DNA (rCRS, GenBank accession number NC_012920.1,
Andrews et al., 1999) with Bowtie2 version 2.3.0 (Langmead, Trapnell,
Pop, & Salzberg, 2009) and analyzed for variant calls using Freebayes
version 1.1.0 (Garrison & Marth, 2012) in the pooled-continuous mode
(minimum alternate fraction: 0.01, ploidy: 1). As for the mtDNA Tree
Build 17, positions located in homopolymeric nucleotide tracts
(309, 315, 16,182, 16,183, and 16,193) were not considered.

Since each PCR reaction contained a complex mixture of sequences,
including the original historical mitochondrial sequences and their
derived forms due to postmortem damage, we used a series of in-house

Python scripts to characterize the pools of sequences. For each
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Location of the study cemeteries (black dots: Sainte-Marie, Pointe-aux-Trembles, Saint-Antoine, and Notre-Dame) in Québec, and

the 23 regions as defined by the BALSAC team. The location of the study area in North America is displayed by the light purple rectangle in the
top-left corner. The island of Montréal (white rectangle on the main map) is shown in greater detail on the bottom-right corner. A red diamond
shows the location of Québec city. The division between western regions and eastern regions is indicated by the red line

individual, we assumed that the most abundant amplicon types origi-
nated from the historical individual. We then confirmed the historical
nature of these sequences by identifying other sequences in the pool
that were identical except at positions where we found misincorporated
bases (thymine instead of cytosine, C — T, and adenine instead of gua-
nine, G — A) that are typical of postmortem degradation in ancient DNA
sequences. Furthermore, since each hypervariable region was amplified
in two pieces, we confirmed that the overlapping parts (positions
16,159-16,236 for HVRI and 172-285 for HVRII) of most abundant
amplicons were identical to ensure their authenticity. We confirmed the
excess of C — T and G — A misincorporations in the data originating
from the historical samples by comparing them to a set of 79 modern
mitochondrial samples. The complete mitochondrial genome for these
modern samples was sequenced on the MiSeq platform (2 x 250 bp) fol-

lowing the Human mtDNA genome kit protocol for lllumina platforms.
2.3 | Genealogies and genetic signatures of
maternal and paternal lineages

The genealogy of virtually all French Canadian individuals married in

Québec between the beginning of European settlement in the early

17th century and 1960 was compiled in the BALSAC database
(N = 4,364,381 individuals, as of March 2015, http://balsac.ugac.ca).
In prior studies, the coverage was extended beyond 1960 to include
lines of a subset of contemporary individuals from varying regions of
Québec, that were genotyped at 12 short tandem repeats (STRs;
DYS391, DYS3891, DYS389Il, DYS439, DYS438, DYS437, DYS19,
DYS392, DYS393, DYS390, DYS385a, and DYS385b) on the Y chro-
mosome (n =434 men) and sequenced at the mtDNA D-loop for
hypervariable regions | and Il (HVRI positions 16,069 to 16,383 and
HVRII positions 58 to 370; n = 530 women and 433 men; Moreau,
Vézina et al., 2011; Moreau et al., 2009; Roy-Gagnon et al., 2011; and
unpublished data). The men for whom the Y chromosome was typed
belonged to 314 distinct paternal genealogies and the individuals for
which the mtDNA was typed belonged to 423 distinct maternal gene-
alogies. Among the 290 unique Y-chromosome haplotypes, 24 (8%)
were found in more than one genealogy, and among the 297 unique
mitochondrial haplotypes, 79 (27%) were found in more than one
genealogy. In addition to saliva or peripheral blood samples, con-
senting individuals provided the information required to reconstruct
their ascending genealogies. This research was approved by the
Research Ethics Board at the Centre hospitalier universitaire Sainte-

Justine in Montréal.
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We complemented the genealogical data contained in BALSAC
with data on burial acts contained in the IMPQ register (https://impq.
cieg.ca). Notably, the IMPQ register contains the locations and dates
of inhumation of most individuals buried between 1627 and 1849 in
Québec (N =585,621). The cemeteries from which the studied
remains were exhumed were administered by the parishes of Notre-
Dame de Montréal (Saint-Antoine and Notre-Dame cemeteries),
Saint-Enfant-Jésus-de-la-Pointe-aux-Trembles (Pointe-aux-Trembles
cemetery), and Sainte-Marie-de-Beauce (Sainte-Marie cemetery).
Since the Saint-Antoine and Notre-Dame cemeteries were adminis-
tered by the same parish, we cannot distinguish between them when
analyzing burial acts compiled in the IMPQ database.

24 | DNA match searches

We searched for DNA matches between a given historical specimen
and individuals in BALSAC with known haplotypes. First, we identified
the modern individuals that carried the same mtDNA haplotype as the
historical specimen. We then ascended their maternal lineages until
the lineage founders and descended the genealogies to identify all the
maternal ancestors that bore the matching haplotype. Second, we
repeated the same strategy for the modern men that carried the same
Y-chromosome haplotype as the historical specimen by ascending and
descending their paternal genealogies to identify all the men that
potentially carried this Y-chromosome haplotype as well. For each
specimen, we only compared the alleles at the Y-STR loci that passed

the quality filters described in the section Genotyping of historical

human remains. Third, we listed the parental couples that were consti-
tuted of women in the matching maternal genealogies and of men in
the matching paternal genealogies. To be selected, these parents
needed to have had children married in Québec at least 75 years (the
maximum interval between marriage and burial years observed in the
IMPQ register) before the opening of the historical specimen ceme-
tery (minimum = 1621) and at most at the closure year of the ceme-
tery (Notre-Dame = 1621-1796, Saint-Antoine = 1724-1855, Pointe-
aux-Trembles = 1634-1843, and Sainte-Marie = 1673-1878). We
considered parents that had only married daughters as well since they
might have had unmarried sons, absent from BALSAC but listed in the
IMPQ register.

Finally, we examined candidates starting with those buried in the
investigated cemetery based on the IMPQ register and excluding
those that were buried elsewhere. We constructed pedigrees with the
R package Kinship to investigate the genealogical context of candi-
dates and to identify genealogical errors. Given the current modern
sample, genealogical error rates resulting from false paternity or
undeclared adoption was estimated to be 0.0038 for the mtDNA and
0.0080 for the Y chromosome (Doyon et al., in preparation). Previous
studies of the BALSAC genealogies by Heyer et al. (1997) and Jomphe
(2011) reported similar values (<0.75% rate), among the lowest
reported worldwide (Anderson, 2006). The life history of candidates
was examined when the information was available in the IMPQ regis-
ter (e.g., dates and places of birth, marriage, and death of candidates
and of their parents and children). The final stage involved repeating
the above procedure by considering modern haplotypes differing by

one or two mutations relative to the historical haplotypes.
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FIGURE 3 The number of parental couples
who shared the same biparental signature
(combined paternal-maternal genealogies) and for
whom the first children to marry did so in

(a) 1621-1690, (b) 1691-1760, and

(c) 1761-1850. Parents belonged to the
uniparental genealogies of genotyped modern
individuals, that is, their sons are currently
identifiable. Bars too small to be seen in c are
enlarged in the inset
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FIGURE 4 Spatiotemporal genetic coverage of currently identifiable men in BALSAC genealogies. The number (color-coded percent in
parentheses) of men related to genotyped modern individuals through (a) both their maternal and paternal lineages, (b) their paternal lineages, and
(c) their maternal lineages are indicated as a function of their marriage year and region. Blank cells correspond to years before the foundation of a
region. From left to right, regions are ordered from west to east

2.5 | Coverage and diversity analyses passage in 1760 from the French to the British Regime. The fourth
period starts at 1850 since graves in historical Québec cemeteries
We assessed what periods and what regions, given our contemporary were typically anonymous until the mid-19th century (Oliver-Lloyd,
mtDNA and Y-chromosome database, provided a maximum of men 2008). We refer to Québec City and Beauce regions as “eastern”
that could be identified to guide future decision making in the choice regions, along with those farther east, and the remaining Québec
of sampling sites. We divided the data into spatiotemporal slices: five regions as “western” regions (red line on Figure 2).
temporal periods (e.g., Figure 4) and 23 geographical regions (see We also studied the diversity of biparental signatures, that is, the
Figure 2). We used 1931-1960 as a proxy of the modern population. combinations of maternal and paternal genealogies created by the
We divided the previous years into four periods centered on the marital union of two parents. We generated frequency spectra to
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evaluate the discriminatory power of Y-chromosome and mtDNA
markers for the identification of men in the historical population of
Québec. We especially focused on identifiable men, that is, men
whose paternal and maternal genealogies persisted up until the pre-
sent. They include currently identifiable historical men, that is, men that
are related to the genotyped modern individuals through both of their

parental genealogies.

3 | RESULTS

3.1 | The integrity of ancient DNA

The amount of human DNA extracted from teeth ranged from 0.006
to 9.1 ng (0.12-182.73 pg/ul; Table 2). We authenticated these sam-
ples by examining the postmortem DNA damage due to the deamina-
tion of cytosine residues that leads to the incorporation of thymines
at cytosine sites (Briggs et al., 2007). We detected increased C — T
misincorporation rates in mitochondrial sequencing reads relative to
modern samples (Figures S1 and S2). Likewise, a decrease in the
amplification success of longer Y-chromosome STRs amplicons was
consistent with postmortem fragmentation of Y-chromosome DNA
(Figure S3).

TABLE 2 Mass and concentration of ancient DNA extracts

Human DNA mass (ng) Human DNA conc. (pg/pl)

Specimen  Extract1  Extract 2 Extract1  Extract 2
12D-S1 0.070 0.250 1.40 5.00

4K-S2 0.006 0.650 0.12 13.00
11D-S1 0.746 1.600 14.92 32.00
20A-512 0.197 Undetectable  3.95 Undetectable
7A9-516 9.136 NA?® 182.73 NA?®

2B7 NAP NAP NAP NAP

2DNA was not extracted a second time from specimen 7A9-516.

PDNA from specimen 2B7 was extracted from multiple sources several
times before the other samples and was either not detected using the
Quantifiler™ method (possibly due to the presence of PCR inhitors) or
quantified by fluorometry (i.e., quantification includes microbial DNA) and
ranged between 0.3 and 0.4 ng/pl.

TABLE 3 Y-STR alleles of historical human remains

DYS DYS DYS DYS DYS DYS
Specimen 391 3891 389_lI 439 438 437
12D-S1 11 13 29 ? ? ?
4K-S2 10 14 2 ? 12 2
11D-S1 11 13 ? 12 ? 14
20A-512 11 13 ? 12 ? 15
7A9-516 11 13 29 12 12 15
2B7 ? 13 29 12 12 14

DYS
19

14
14

14
14

3.2 | Historical genetic profiles and genealogical
candidates

The number of successfully typed Y-STR loci per historical specimen
varied between 6 (specimen 20A-S12) and 12 (specimen 7A9-516;
Table 3). The haplotypes of specimens 12D-S1, 4K-S2, 11D-S1, 7A-
S16, and 20A-S12 matched the haplotypes of 1, 2, 8, 14, and 62 indi-
viduals in our modern sample, respectively (Table 3). Four modern
haplotypes were closest to 2B7's haplotype and each differed by one
mutation at either DYS437, DYS390, or DYS385a.

The mitochondrial profile of specimen 12D-S1 matched 24 gen-
otyped modern individuals. Specimens 4K-S2, 20A-S12, and 2B7,
sharing the same mitochondrial haplotype, matched 85 genotyped
modern individuals (Table 4). The mitochondrial sequences from spec-
imens 11D-S1 and 7A9-516 differed by two mutations from the hap-
lotypes in our collection.
and Y-
chromosome profiles matching modern haplotypes (12D-S1, 4K-S2,

For historical specimens with both mitochondrial
20A-S12), we searched for parental couples who shared these haplo-
types and that had children married at periods when the respective
cemeteries were operational. Sibships (sibling groups) of such parents
carry a biparental genetic signature allowing their unambiguous identi-
fication as sibships, and further individualization can be achieved
through the analysis of archeological and complementary data. Fol-
lowing this route, we found candidate parents for specimen 20A-512,
exhumed from the Saint-Antoine cemetery located in the Notre-
Dame de Montréal parish. For this specimen, a total of 201 parents
belonged to matching genealogies and had children married between
1724 and 1855 (Table 5). Of these, 159 parents had 379 sons and
42 parental couples had daughters only. These parents represented
122 distinct combinations of paternal-maternal genealogies.

One of the matching couples had one of their sons inhumed in
Notre-Dame parish according to the IMPQ register. This son was born
in Pierrefonds on Montréal Island in 1775 and was married in 1803 in
Saint-Eustache (Northwest of Montréal). He died in 1833 at the age
of 58, a plausible age at death given the available bone material of
20A-S12. His parents had another son, but the date and place of
death of this second son is unknown. The man born in 1775 is, there-
fore, the strongest candidate in our data.

A second matching couple had three sons buried in this parish.

However, these sons all died under the age of 3, too young to be

DYS DYS DYS DYS DYS # Matching

392 393 390 385a 385b modern individuals
12 14 24 11 ? 1

13 13 24 11 ? 2

? 13 ? 11 14 8

? 13 ? 11 ? 62

13 13 24 11 14 14

? 13 24 12 ? 0
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TABLE 4 Mitochondrial data from historical human remains

ANTHROPOLO

Mapped % Mapped % Reads assignable to historical Genetic profile (mutations relative # Matching modern

Specimen  reads reads sample? to rCRS) individuals

12D-S1 54,260 98.42% 95.9% A73G, A263G, T16224C, T16311C 24

4K-S2 73,516 99.82% 94.8% A263G 85

11D-S1 45,171 99.69% 88.6% A73G, A263G, T16092C, A16162G 0

20A-S12 36,895 99.16% 90.1% A263G 85

7A9-516 18,625 98.73% 100% T72C, T195C, T16298C 0

2B7 23,066 99.74% 100% A263G 85

?Percentage of reads with coverage >100x that encoded mutations expected from the historical specimen with and without misincorporations of C — T or

G — A attributable to postmortem damage.

TABLE 5 Numbers of uniparental
genealogies in BALSAC, parents, sons of

these parents and daughter-only sibships Specimen 12D-51

with haplotypes perfectly matching the Y + mtDNA 0
historical ones (Y + mtDNA, both Y and v 1
mtDNA haplotypes; Y, Y haplotypes only;

plotyp plotyp Yy mtDNA 5

mtDNA, mtDNA haplotypes only)
Specimen 4K-S2

Y + mtDNA 0
Y
mtDNA 39

Specimen 11D-S1

Y + mtDNA 0
Y
mtDNA 0

Specimen 20A-512

Y + mtDNA 122
Y 49
mtDNA 39
Specimen 7A9-516

Y + mtDNA 0
Y 12
mtDNA 0
Specimen 2B7

Y + mtDNA

Y

mtDNA 39

# Genealogies®

# Parents # Married sons # Daughter-only sibships
0 0 0

26 45 9
680 1,200 153
0 0 0

3 5 0
1,806 3,012 495
0 0 0

192 359 35

0 0 0
201 379 42
3,881 7,373 841
7,619 13,626 1,708
0 0 0
542 1,011 115
0 0 0

0 0 0

0 0 0
11,372 20,439 2521

Numbers of paternal genealogies with matching Y haplotypes, number of maternal genealogies with
matching mtDNA haplotypes, and number of distinct combinations of paternal + maternal genealogies
with matching Y + mtDNA haplotypes.

retained as candidates (Table 1). Among the other parents belonging
to genealogies matching the profiles of 20A-S12, 54 had 91 sons
that were buried elsewhere than in the Notre-Dame parish. These
sons can thus be excluded. However, the burial place being unknown
for the remaining 286 sons (children of 135 parents including 32 par-
ents that had sons buried elsewhere), they are all plausible candi-

dates. That so many candidates matched the haplotypes of specimen

20A-S12 is due to the low number of typed loci in his Y-
chromosome profile. A total of 22 distinct modern Y haplotypes
(found in genealogies established in Québec before 1850) matched
the alleles at the six typed loci in 20A-S12's profile. Additional
genetic data from this historical specimen are required to identify
which one of the modern Y haplotypes, if any, the individual 20A-
S12 has carried.
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TABLE 6 Number of people buried in studied parishes (ND, Notre-Dame de Montréal; PaT, Saint-Enfant-Jésus-de-la-Pointe-aux-Trembles;

SMdB, SainteMarie-de-Beauce) based on the IMPQ database

Parish Total # deaths? # MenP (% deaths)
ND 47,924 4,092 (8.5)
PaT 2,926 311 (10.6)
SMdB 4,696 499 (10.6)

# Y (% men)
281 (6.9)
24(7.7)

222 (44.5)

# mtDNA°® (% men) #Y + mtDNAC (% men)
1,283 (31.4) 136 (3.3)

88 (28.3) 10(3.2)

319 (63.9) 145 (29.1)

Number of people buried in studied parishes based on the IMPQ database which covers the years 1691-1849 for ND, 1709-1843 for PaT, and

1748-1849 for SMdB.

PNumber of married men in BALSAC with burial acts in the IMPQ database. Percentage values in parentheses relate to the proportion of individuals buried

in the parish.

“Number of married men in BALSAC, buried in studied parishes and related to genotyped individuals through their paternal lineage only (# Y), their
maternal lineage only (# mtDNA) and both their parental lineages (# Y + mtDNA). Percentage values in parentheses relate to the proportion of men buried

in the parish.

3.3 | Current population coverage and
discriminatory power

Before 1850, 311 married men were buried in Saint-Enfant-Jésus-de-
la-Pointe-aux-Trembles parish, 499 in Sainte-Marie-de-Beauce and
4,092 in Notre-Dame de Montréal (Table 6). Between 3 and 29% of
these men are currently identifiable since they were related through
both their paternal Y-chromosome and their maternal mtDNA lines to
modern genotyped individuals (Figure 1).

In Québec, 13,730 parental couples with children married before
1850 were genealogically linked through their paternal and maternal
lines to the genotyped modern individuals. These couples were the
parents of 12% of the men married before 1850 (n = 26,672 men).
They represented 7,091 distinct biparental signatures, that is, distinct
combinations of maternal and paternal genealogies. Most of the
parental couples that had children married before 1760 carried dis-
tinct biparental signatures: 100% of them in 1621-1690 and 69% of
them in 1691-1760 (Figure 3). Between 1761 and 1850, 35% of
parental couples had unique biparental signatures and up to 43 cou-
ples shared the same signature (Figure 3). However, geographical par-
titioning of the data, based on the place of marriage of the first
married children, indicated that some regions (e.g., Charlevoix, Cote-
du-Sud, Bas-Saint-Laurent, and Région de Québec) were enriched in
couples sharing the same biparental signature (Figure S4). Outside
these regions, 56% of couples had unique biparental signatures, and
no more than 10 shared the same biparental signature.

Considering all the men married before 1930, 326,642 (15%) are
currently identifiable, given our limited genetic database. Their distri-
bution varied geographically and with time (Figure 4). The best cover-
age is observed in regions east of Québec City, where up to 75% of
men are currently identifiable. In western regions, the coverage never

exceeds 17% (due to sampling bias in our database).

4 | DISCUSSION

We developed a framework to identify historical remains within a
family tree of Québec individuals. This was made possible given the

quasi-complete genealogical tree of the individuals married in Québec

from the population foundation in the 17th century down to the
present.

One of the main factors restricting the identification of human
remains in this study was the limited coverage of the available genetic
modern data. Three of the specimens (11D-S1, 7A9-512, and 2B7)
had only one of their uniparental haplotypes matching genealogies
present when their respective cemeteries were operational (Table 5).
Two specimens (12D-S1, 4K-S2) had both their Y-chromosome and
mitochondrial haplotypes matching, but their combinations were
absent from currently genotyped genealogies. This shows that not all
the genealogies of the historical specimens were represented in our
modern sample. In particular, we had no biparental genetic signatures
for 71-97% of men buried in the studied cemeteries, especially for
those located on Montréal Island (Table 6). The coverage of the
regions west of Québec city had lower proportions of identifiable
men based on the current haplotype collection (Figure 4). Future sam-
pling efforts should thus target western regions, especially those
located on and around Montréal Island. In addition, since the same
mitochondrial HVI-II haplotypes were carried by more than one foun-
der, their differentiation into distinct ones would require more
extended sequencing. This also applies to the Y-chromosome haplo-
types, especially given the low number of loci considered (e.g., using
the same set of Y-STRs loci, 19% of volunteers shared the same hap-
lotype in the United States; Hanson & Ballantyne, 2007) and that not
all markers were successfully typed in the historical samples. Greater
discriminatory power is to be achieved by sequencing the entire mito-
chondrial genome, and by genotyping additional Y-STR loci. The ongo-
ing sequencing projects of large Québec cohorts (e.g., CARTaGENE,
https://www.cartagene.qc.ca/; Awadalla et al., 2013), including the
participants' genealogical information, are currently filling the gaps in
genetic coverage.

In principle, immigrant men cannot be identified since most often
their maternal signatures are unknown. Due to the maternal transmis-
sion of mtDNA, human remains identification using this genetic
marker requires that a matrilineal relative of the anonymous subject
has left matrilineal descendants in the current population. As most
men usually immigrated alone, during the first decades of the colony,
the fraction of identifiable men was lower (14% before 1690), notably

because the matrilineal ancestors of these men did not establish
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themselves in Québec (80% of men before 1690; Figure S5). Between
1691 and 1760, while no matrilineal relatives are known in BALSAC
for 23% of men, 70% of them are identifiable. After 1761, the per-
centage of men without known maternal relatives drops under 14%,
and more than 82% are identifiable. Interestingly, isotope analysis
(8*80) of specimen 11D-S1 indicated that this individual might have
immigrated from warmer possibly coastal regions (Vigeant, 2012).
While his mitochondrial haplotype was absent from our modern sam-
ple, it is known in the Basque population (Behar et al., 2012), informa-
tion that can be used to identify these remains. Hypothetically,
individual 11D-S1 immigrated to New France alone carrying a mater-
nal signature unknown to BALSAC, precluding his identification.

Nevertheless, provided an increase in the genetic coverage (ongo-
ing sequencing effort—see below), this method holds great promise.
Considering the individuals in BALSAC that are related through both
their uniparental lineages to individuals in the contemporary popula-
tion, 178,435 (87%) men married before 1850 are potentially identifi-
able. When all the men married in Québec between 1621 and 1930
are considered, this number increases to 1,632,877 (76%) men.
Sorting them according to the time and place of their marriage, we
determined that >90% of men are identifiable in most regions after
1760 (Figure Sé6). Before 1760, the percentage of parental couples
with unique biparental signature ranges from 75% to 100%, and none
of the regions have more than five parental couples sharing the same
biparental signature (Figures S7). Between 1761 and 1850, 77% to
100% of parental couples in western regions have unique biparental
signatures, whereas in eastern regions 37-100% of couples have
unique biparental signatures (Figure S8). The lower proportions in
eastern regions, such as Charlevoix and Cote-du-Sud, correlate with
their lower genetic diversity. Outside these regions, no more than
15 couples share the same biparental signature (Figure S8). The dis-
criminatory power increases further at the parish level. According
to the IMPQ register, 100%, 85% and 63% of fraternal sibships
buried in 1621-1690, 1691-1760, and 1761-1850, respectively,
have biparental signatures that are unique in their parish. None of
the fraternal sibships buried in 1621-1690, a maximum of two fra-
ternal sibships in 1691-1760 and a maximum of eight fraternal
sibships in 1761-1850 share the same signature as other fraternal
sibships in their parish. In other words, from several thousands of
individuals buried in the most populous cemeteries, the number of
fraternal sibships to investigate through further characterizations
(e.g., archeological or historical searches) could be reduced to a
unique sibship for the majority of men, and to a dozen sibships in
worst-case scenarios.

Several applications emerge from the method developed in this
study. For example, it may serve to identify anonymous human remains
excavated from historical cemeteries to reinhume them in a signed
grave. It may also help the forensic identification of French Canadian
soldiers who died overseas during the First World War. The Casualty
Identification Program has the mandate to repatriate the bodies of
missing Canadians dead on the war fields prior to 1970 (estimated to
more than 27,000), to identify and bury them with a proper grave. The
method presented here could help to target plausible candidates.

ANTHROPOLO

A more fundamental objective would be to aid in the reconstruc-
tion of the historical genome of Québec, starting from contemporary
sequences, back in time along the corresponding genealogical lines.
Without ancient DNA data, this task depends upon the number of
related modern individuals that can be sampled to maximize the num-
ber of shared ancestral segments (Bryca et al., 2010; Gravel et al.,
2013; Moreno-Estrada et al., 2013). A pair of related individuals are
expected to share only a fraction of 2™ = ¥ of their genomes, where
m denotes the number of meiosis separating them (Browning & Brow-
ning, 2012). With 12 meioses separating fifth cousins, they are
expected to share 0.05% of their genomes. In addition, due to recom-
bination, the expected mean length of a shared segment is 100 cM/m,
or ~8.3 cM in this case (~0.25% of the genome). Thus, for one of the
fifth cousins sharing such a segment, four will carry none on average
(Browning & Browning, 2012). Therefore, accessing genomic informa-
tion of well-identified genealogical ancestors through ancient DNA
sequencing would greatly help in calibrating such reconstruction by
providing exact ancestral genomic information a few generations in
the past.

While only applicable at a historical depth in populations with
known genealogies, the identification of ancestral individuals and the
sequencing of their genomes would provide a source of invaluable
information to study human genetics on the micro-evolutionary scale
(Larmuseau, Van Geystelen, van Oven, & Decorte, 2013; Milot &
Stearns, in press; Peischl et al., 2018). This is important because we
need to confront real data with theoretical predictions that are often
restricted to formally tractable simple population models (Gravel &
Steel, 2015). The sequencing of historical Québec genomes would fur-
ther shed light on the early distinctions between regional populations,
the selection factors acting on the front of migration waves and the
genetic circumstances that advantaged certain regions rather than
others (Bherer et al., 2011; Moreau, Bhérer, et al., 2011).

In conclusion, using genealogical information, we identified sev-
eral plausible male candidates matching one historical specimen,
although the available molecular data limited our capacity to narrow
down the list to a single person. Greater genetic coverage of paternal
and maternal lineages and more genetic markers are required to
increase the chance to meet the right mitochondrial/Y-chromosome
combination and to increase confidence in the match. However, our
study demonstrates that identifying historical remains by coupling
genealogical and genetic information is achievable and that it can
reduce the pool of candidates from several hundreds of thousands of
individuals to a more manageable set of dozens of candidates. The
method presented here might at last systematically connect bio-
archeological evidence of a founder population to its extensive genea-

logical record.
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