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ARTICLE INFO ABSTRACT

Keywords: Large-scale genotyping platforms are currently being developed for several wild species. By querying thousands
SNP chip of polymorphic loci, genomics can be a useful ecological tool for describing and monitoring populations. Ge-
Genotyping

nomics is becoming increasingly useful as a forensic tool because of its ability to identify population of origin for
purposes of enforcing anti-poaching laws. Our aim was to test the new SNP chip for caribou/reindeer (Rangifer
tarandus) (Illumina iSelect caribou 60 K) under recommended and non-optimal sample conditions. Impact on

Rangifer tarandus
DNA extraction

DNA quality . . . h
Population assignment signal detection (call rate) and error rate were assessed using reference samples. The SNP chip was shown to be
Forensic robust, highly sensitive, reliable, and accurate at more than 10-fold below the recommended DNA input. Bio-

logical source of DNA had minor impact, even with fecal pellets given sufficient amount of host DNA. Hybrid-
ization of non-Rangifer samples as well as samples bearing DNA from two Rangifer samples both showed a drop in
call rate and shifted levels of heterozygosity. Based on a population-targeted subset of SNPs included in the chip
design, reassignment of 981 samples to a functional group (here to a caribou ecotype) was highly accurate
(99.59 %) and the relative probability of reassignment error was estimated using the logarithm of odds score.
Overall, the SNP chip is suitable for analysis of caribou/reindeer genomes even with suboptimal sampling and
hence useful for population management and forensics.

1. Introduction base extension reaction. Such a genotyping chip has recently been
developed for Rangifer tarandus [6].
The term ‘caribou’ refers to the species Rangifer tarandus in North

America, while ‘reindeer’ is used in Europe and Asia [10,33]. Woodland

Genetic signatures are routinely used to estimate population con-
nectivity, genetic diversity, effective population sizes and kinship, and

to support forensic identification of animal provenance. DNA poly-
morphisms, mitochondrial DNA markers or microsatellite markers in the
nuclear genome, can be used to determine the origin of single samples
[34]. More recently, SNP panels have become tools of choice for this
purpose, as technological platforms now allow querying of hundreds of
thousands of loci for more comprehensive coverage of the genome [19,
25,28,29]. Starting from a list of known single base polymorphic re-
gions, probes flanking the polymorphic sites are designed, synthesized
and printed on a solid support to allow genotyping following a single

caribou is the only subspecies found in the province of Québec and is
divided in three ecotypes: migratory, boreal and mountain [16].
Worldwide, many caribou and reindeer populations are declining, and
in some cases rapidly [10,30]. Protection of this species is urgent as, in
North America, several populations from different ecotypes are of
concern declining in size and targeted for conservation actions [17].
Molecular genetic tools can support and improve population monitoring
and conservation. Developed in collaboration with the wildlife depart-
ment of the province of Québec, the genotyping chip targets a panel of
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63,336 SNPs including 49,725 SNPs distributed across the entire
genome and known to be polymorphic in both caribou and reindeer. In
addition, the SNP panel contains 7349 SNPs selected specifically to
delineate the three ecotypes found in the province of Québec, as well as
1410 SNPs associated with behaviour [6,7].

Field sampling in remote locations or forensic situations can be
challenging because storage and environmental conditions affect the
quantity and quality of the recoverable DNA. This is especially true
given that wildlife research is shifting from invasive to non-invasive
sampling and monitoring methods [29,35]. Earlier genotyping plat-
forms required DNA of consistent quality [20,21]. However, current
genotyping platforms rely on hybridization of small, targeted DNA
segments, which are recoverable from low quality DNA samples [29].
We therefore expected the Rangifer SNP genotyping chip to be robust
and to perform well over a wide range of sample quality.

Here, we present the testing and validation of the Rangifer platform
under field conditions. We examined the sensitivity, repeatability,
robustness in terms of DNA quality and tissue types, sample mixing, and
specificity. The choice of validation parameters was based on the stan-
dards and guidelines of the Society for Wildlife Forensic Science [18] in
addition to the Scientific Working Group on DNA Analysis Methods
(SWGDAM) [27]. We also tested the reliability of the procedure of
assignment to the original ecotype subset in accordance with these
validation parameters.

2. Materials and methods
2.1. Sample collection

Caribou were sampled from live captures (99 %) and opportunisti-
cally from wildlife officers’ activities. Live wildlife sampling was per-
formed in compliance with the Canadian Council on Animal Care
guidelines and received approval from the Université Laval animal
protection committee. Caribou samples (ear punches, hair follicles,
blood swabs, tendons, and feces) were provided by the Ministere de
I’Environnement, de la Lutte contre les Changements Climatiques, de la Faune
et des Parcs du Québec hereinafter called the MELCCFP, who also pro-
vided muscle samples from white-tailed deer (Odoicoleus virginianus),
moose (Alces americanus), and sheep (Ovis aries). Cell samples from
American elk (Cervus canadensis), yak (Bos grunniens), European bison
(Bison bonasus), wood bison (Bison bison), bighorn sheep (Ovis cana-
densis), and barbary sheep (Ammotragus lervia) were provided in cryo-
preserved pellet form (7x10° cells) by the Toronto Zoo (Ontario,
Canada). Bovine and swine muscle samples were collected in local
slaughterhouses (Québec, Canada). Human samples such as prostate and
ovary DNA were purchased from OriGene Technologies, Inc. (Rockville,
Maryland, USA). Samples of lichens Cladonia rangiferina and Evernia
furfuracea were collected in the Lac-Saint-Jean area (Québec, Canada).
All animal and plant samples were transportedand stored at —20°C. Cell
pellets and human genomic DNA were received on dry ice and stored at
—80°C.

2.2. Genomic DNA isolation

Genomic DNA was isolated from caribou muscle and tendon using
MagAttract HMV DNA kits (Qiagen, Mississauga, ON, Canada) with
40 pL of proteinase K before the overnight incubation step. For ear
punches, hair (~300 follicles/sample), blood swabs, and cell pellets,
DNeasy Blood & Tissue kits (Qiagen) were used in accordance with,
respectively, the purification of total DNA from animal tissues, purification
of DNA from nails, hair, or feathers, isolation of total DNA from surface and
buccal swabs, and purification of total DNA from animal blood or cells
protocols. Lichen samples were homogenized in a bead disruptor ho-
mogenizer (VWR International, Mississauga, ON, Canada) with 800 uL
of AP1 buffer (Qiagen). Qiagen DNeasy plant Mini kits were then used in
accordance with the manufacturer’s instructions. Genomic DNA was
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extracted from fecal samples using DNeasy Blood & Tissue kits (Qiagen)
in accordance with an MELCCFP in-house protocol (adapted from [3]).
Briefly, two frozen fecal pellets were thawed in phosphate buffered sa-
line (Sigma-Aldrich, Saint-Louis, Missouri, USA) for 4-6 minutes. The
mucus coat was removed carefully from the thawed fecal matter using a
cotton swab, which was placed (tip only) in a 1.5 mL microcentrifuge
tube with 360 uL of ATL buffer and 40 pL of proteinase K. After thorough
vortex mixing, the tube was placed in a rotator oven (Robbins Scientific
model 400) for 2 h at 56°C and 12 rpm. RNAse (4 pL, 100 mg/mL) was
then mixed in and held for 2 min at room temperature, and 400 pL of AL
buffer (Qiagen) was mixed in, followed by 10 min in the rotator oven at
56°C and 12 rpm. Ethyl alcohol anhydrous (400 pL) was then mixed in,
the swab tip was removed from the tube with sterile forceps, placed on a
DNeasy mini spin column and centrifuged for 1 min at 4200 x g. The
swab was then removed and discarded, the buffer/EtOH mixture was
placed in the column and centrifuged for 1 min at 12,100 x g. The eluted
extracts were stored at —80°C.

2.3. Genomic DNA integrity, concentration measurement and genotyping

Total gDNA integrity and concentration were evaluated using the
4200TapeStation and genomic DNA kit (Agilent Technologies, Palo Alto,
CA, USA). The DNA integrity number (DIN) is on a 1-10 scale repre-
senting DNA sample quality in terms of degree of fragmentation, 1
represents highly degraded samples and 10 indicates no fragmentation
and hence the best possible quality.

All samples were genotyped using the caribou/reindeer 60 K SNP
BeadChip from Illumina [6] developed using sequences from nearly a
thousand samples aligned with a caribou reference genome [24]. Sam-
ple hybridizations and genotype calling were performed at the Centre
d’expertise et de services de Génome Québec (Montreal, Québec, Canada).

2.4. Validation parameters

2.4.1. Sensitivity

Sensitivity was evaluated using three caribou designated: RATA-F
(muscle), CA-35 (tendon), and 0006801 (muscle). For RATA-F, gDNA
was isolated from 6 samples (25 mg each). For CA-35 and 0006801, 12
samples were used. All were analyzed for integrity and concentration
and then pooled, giving 39,75 ng of gDNA with an average DIN of 8.7 for
RATA-F, 54,22 ng (DIN 8.8) for CA-35, and 100,00 ng (DIN 6.9) for
0006801. The three pools were each concentrated to 350 ng/uL using a
Speedvac, diluted with Tris-EDTA buffer to 200 ng/uL and then 2-fold
serially down to 0.195 ng/uL. For genotyping, duplicates at 6.25 ng/
uL to 350 ng/uL and triplicates at 0.195 ng/u to L 3.125 ng/uL were
plated. All pools were genotyped on different plates and on different
runs to account for batch effect. A total of 85 samples were genotyped
(20 pL each). Genotyping error percentage was evaluated by comparing
each DNA quantity to its reference of 2000 ng.

2.4.2. Repeatability

Repeatability was evaluated using sensitivity duplicates and tripli-
cates test samples, from 0.195 ng/uL to 200 ng/uL. Genotyping error
percentage was evaluated by comparing each animal respective tripli-
cate and duplicate genotypes for each DNA quantity.

2.4.3. Robustness (DNA quality and tissue type)

The effect of DNA quality on the robustness of the results was eval-
uated using 497 samples (ear punches or hair follicles) at concentrations
ranging from 50 ng/uL to 100 ng/uL and DIN ranging from 1.0 to 9.7.
Samples were distributed in 20 pL aliquots on 8 different plates and
genotyped on different runs.

The impact of tissue type on the robustness of the DNA analysis was
evaluated using ear punches (n = 6), hair follicles (n = 6), muscle (n =
6), tendon (n = 3), feces (n = 5), and blood swabs (n = 4). These samples
represented various DNA integrity numbers and concentrations
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Table 1
DNA integrity number (DIN) and DNA concentration in samples used to test the
robustness of the caribou SNP chip.

Sample type N DIN DNA Concentration (ng/uL)
Ear punch 864 2.7-9.0 100

Hair follicle 111 1.0-9.7 100

Muscle biopsy 6 6.0-8.8 100

Tendon 3 8.4-9.1 100

Fecal pellet 6 5.8-7.7 15-54

Blood swab 4 3.2-5.9 5-100

(Table 1). Samples were distributed in 20 pL aliquots on a single plate
and genotyped at the same time.

2.4.4. Effect of sample mixing/contamination

Mixed samples contained DNA from two animals paired in ratios of
87.5/12.5, 75/25 and 50/50. The pairings considered mixing caribous
from different ecotypes: migratory + migratory, migratory + boreal
(twice), and boreal + boreal (4 animals in total). Each animal was
genotyped independently to serve as a reference genotype. All samples
were adjusted to 20 pL at 100 ng/uL, distributed on the same plate, and
genotyped in the same run.

2.4.5. Specificity

The specificity of the analysis was evaluated by comparing 13
different species (white-tailed deer (Odocoileus virginianus); moose (Alces
americanus), american elk (Cervus canadensis); yak (Bos grunniens), cattle
(Bos taurus), wood bison (Bison bison), European bison (Bison bonasus),
sheep (Ovis aries), bighorn sheep (Ovis canadensis), Barbary sheep
(Ammotragus lervia), human (Homo sapiens), pig (Sus scrofa domesticus)
and two potential environmental contaminants, caribou/reindeer lichen
(Cladonia portentosa) and (Evernia furfuracea). Three samples from each
species (two from yak, barbary sheep, and sheep) were genotyped on the
caribou SNP chip. Samples (20 uL at 100 ng/uL) were distributed on two
different plates and genotyped at different moments. Three caribou
samples with 2000 ng of DNA and three with 4 ng of DNA (3 other
animals) were used as high- and low-quality positive controls,
respectively.

2.5. Ecotype/population assignment

Samples used to validate ecotype and population assignments were
collected over several years in Québec. Telemetric data from radio
collared animals was used to provide positive reference data for testing
accuracy of population assignment. DNA was extracted from a total of
981 samples (864 ear punches, 111 hair follicles samples or 6 fecal
pellets samples) and genotyped on the SNP chip.

2.6. Statistics

For each SNP, positive signals are based on genotype clusters defined
by all signals obtained from every sample hybridized so far. For the
project, data from more that 2000 samples were used to define signal
position within clusters and to identify outliers for every SNP. Call rate
and percent genotyping error were chosen as the basic quality control
metrics. The call rate is the number of SNPs unambiguously genotyped
(generating a positive signal within the genotype clusters) out of the
number of SNPs targeted by the chip. The percent genotyping error is the
proportion of called genotypes that are not matched (allele dropout or
false alleles) with the reference sample positive signal in compliance
with Illumina DNA quantity and quality criteria. The JASP statistics
implementation software (https://jasp-stats.org/ v0.17) was used unless
otherwise specified.

2.6.1. Sensitivity
The relationship between DNA quantity and call rate or genotyping
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error is expected to fit a sigmoid distribution as we can expect very poor
results when DNA quantity is very low. However, the data distribution
(see result section) clearly showed that we did not reach the point of
very low call rate (or very high genotyping error) even using minimal
DNA quantities that could be sampled in the field. Thus, we best
modeled this relationship by an exponential regression using the Im()
function from the stats R (v4.2.3) package. Because the sensitivity data
were not normally distributed according to the Shapiro-Wilk test and
were repeated measurements, and each group contained more than two
samples, a Friedman ANOVA test for repeated measures followed by a
Bonferroni post hoc test were performed.

2.6.2. Repeatability

The genotyping error was analyzed at 4 ng to 4000 ng of DNA.
Although these data were normally distributed according to the Shapiro-
Wilk test, repeated measurements on more than two samples per group
led to a Friedman ANOVA test for repeated measures followed by a
Bonferroni post hoc test.

2.6.3. Robustness

As SNP-chip are well-known for robustness against poor quality DNA
(e.g. highly fragmented), we were expecting to find no relationship
between call rate and DNA quality. This relationship was tested per-
forming regressions with linear and generalized linear models using the
OLS and glm functions from the Python (3.10.12) statsmodel library and
estimating confidence intervals for the models slopes. Then, impact of
tissue type for source of DNA (which was not normally distributed,
based on the Shapiro-Wilk test) was assessed using a Kruskal-Wallis
ANOVA followed by a Bonferroni post hoc test.

2.6.4. Mixed/contaminated samples

To test the impact of mixing two genomes within one sample, we
investigated the ratio of the proportion of homozygosity to the call rate
for the pure sample (100 %) and the same sample mixed at 87.5 %, 75 %
and 50 % with DNA from another caribou. SNP homozygosity is a pro-
portion of the number of homozygous genotypes, relative to the total
number of SNPs genotyped (expressed as a percentage). A multivariate
normal distribution analysis was performed using the myrnorm function
the MASS R package and the 95 % confidence intervals around the
centroid were determined for each mixture using the stat ellipse function
from the ggplot2 R package [32]. The relationship between mixing
proportions and genotyping error was tested by linear regression using
the R stat Im() function.

2.6.5. Specificity

According to a Shapiro-Wilk test, species data were not normally
distributed, and because they were not repeated measurements and
were based on more than two samples per group, a Kruskal-Wallis
ANOVA followed by a Bonferroni post hoc test was performed to
assess the impact of the species on call rate and overall heterozygosity.

2.6.6. Assignation statistics

Because the assignment of a field sample to a population may be used
to enforce anti-poaching laws, it must be highly reliable, and the error
rate must be known. Genetic signatures of 981 samples from the prov-
ince of Québec were assigned using the R assignPOP package [8]. The
boreal, migratory or mountain ecotype for each sample was ascertained
from telemetry monitoring carried out by the MELCCFP. The assignment
of a caribou to an ecotype was validated for each animal by telemetric
monitoring conducted over more than one year. Telemetric tracking
allowed us to validate the assignment of a caribou to an ecotype and,
almost each time, to a population. The genetic pool of each ecotype was
delineated first using a subset of 5195 SNPs out of the 7349 specifically
selected for ecotype discrimination on the SNP chip [6]. The 2154 SNPs
discriminating the isolated herd of Gaspésie were not included as they
represent a very unique genetic background [34]. The reference cluster
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was defined with 968 samples to which subsequent samples were
compared. Then all samples, including the 13 not used for the reference
clustering, were assigned blindly to each ecotype using no other
knowledge than the genomic data. Of the three models (Bayesian,
RandomForest or Support-Vector-Machine) available in the assignPOP
package for new sample assignment to an ecotype, the model that gave
the lowest error rate was retained. The logarithm of odds (LOD) score for
each assignment was calculated as follows:

LOD = -log10((1-P;)/(1-Pj1))

where P; is the highest probability associated with the predicted
ecotype and Pjy is the sum of the probabilities associated with the other
ecotypes. This LOD score was intended to show the confidence in the
prediction and to control for the low confidence results possibly leading
to erroneous assignment. Because assignment concerns would be asso-
ciated with low LOD scores, the full range was first assessed and then all
LOD scores equal to +oco (when P; = 1) were reported as the maximum
score of 20, a limit arbitrarily set to better appreciate lower range values
on the graph.

To test the extent of precision (granularity) of assignment based on
the genomic data obtained using this newly developed SNP chip, the
procedure was reproduced using population information instead of
ecotypes, to assign individual animals to a recognized population based
on the telemetry (see [17]).

3. Results

I think a small introduction would be nice.

3.1. Sensitivity

The manufacturer’s standard protocol requires at least 2000 ng of
input genomic DNA to perform both quality control and the hybridiza-
tion. The lower and upper DNA input limits were tested. Although DNA
quantity as small as 4 ng were tested, call rates did not drop below 85 %
(Fig. 1). The call rate increased and the genotyping error decreased as
the quantity of DNA increased over the range from 4 to 4000 ng (Fig. 1
and Fig. 2), although the changes were not significant above 62 ng ac-
cording to the Bonferroni post hoc test (about 60,000 cells given there is

100
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about 6 pg of DNA per genome). The effect was most notable up to 31 ng.
Although the recommended input is around 2000 ng, these results show
that the chip is very sensitive even with a DNA input 30-fold less than
this amount.

3.2. Repeatability

To assess the extent of variance when identical samples are geno-
typed and to determine the DNA input below which genotyping will not
be accurate or reliable, the same samples as for the sensitivity test were
used. At the lowest DNA input tested (4 ng), the error rate (wrong ge-
notypes) was about 4 % (Fig. 2). Over the range of 125 ng to 4000 ng of
input DNA, technical replicates generated near identical results (Fig. 2),
indicating good repeatability of the assay, even with 16-fold less DNA
than recommended. Below 62 ng, the variance increased significantly.
Based on the sensitivity and repeatability tests, this SNP chip will
generate the same data when used with 125 ng to 2000 ng of input DNA.

3.3. Robustness versus sample quality

The impact of DNA fragmentation on the genotyping results shows
that the call rate dropped by only 5 % for highly degraded samples. The
relationship between call rate and DIN was better modeled with a linear
regression (BIC=-2391) than a generalized linear model (BIC=-2155)
with a significant slope of 0.0032 (95 % CI [0.002-0.004]; (Fig. 3).
Although this slope was significant because of the large sample size, call
rates were stable for DIN values ranging from 6 to 10 according to a
partial linear regression (slope 0.0011, 95 % CI [0.000-0.002].
Variance increased at DIN values below 6, but the call rate remained
high (> 89 %). A few outliers were observed possibly related to issues
that may have arisen during library preparation prior to the hybridiza-
tion of the samples on the chip. Because these outliers represent only
0.8 % of the samples, we conclude that DNA fragmentation does not
influence unduly the call rate obtained using this chip.

3.4. Robustness versus tissue type

Because wildlife studies may involve collecting a large variety of
tissue types, we tested the ability of the caribou/reindeer SNP
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genotyping chip to function properly with blood, muscle, ear punch and
tendon samples, hair follicles, and feces. The call rate averaged 94 %
with most of these materials except for blood swab where two blood
swabs had a call rate of 91 %, while the call rate of the two others was
13 %. Most tissue types thus had little or no impact on the results,
whereas blood swab DNA may be an issue in some cases (Fig. 4).

3.5. Mixed/contaminated samples

In this test, the term “contamination” refers to the presence of the
DNA of two animals of the same species and does not refer to environ-
mental contamination or the presence of cross-species contamination.
The effect of genome mixture ratio on the SNP chip call rate and
detection of homozygosity was therefore tested. Overall, on the geno-
types that were called, most were representative of the individual that
was the most represented in the mix. Presence of DNA from more than
one animal results in lower (< 75 %) and more variable call rates
(Fig. 5). This loss of information is technical due to abnormal fluores-
cence ratios between both alleles triggering the analysis pipeline to

indicate a “no call” result. As the proportion of DNA contamination
increased, homozygosity decreased. Conversely, wrong genotypes,
relative to the individual selected as reference, increased as the pro-
portion of contaminating DNA increased (Fig. 6). Because of cluster
overlapping, the SNP chip does not capture the mixing ratio, but clearly
allows recognition of a mixed sample.

3.6. Specificity

The genotyping platform specificity to Rangifer was tested by
comparing the call rates and heterozygous SNP percentages obtained for
other Cervidae and some non-cervids. The call rate range differed
significantly from caribou for all species except white-tailed deer,
moose, and the American elk (Fig. 7A). However, these other cervids
could be distinguished from caribou based on percent heterozygosity
(below 4 % compared to 25 % for caribou no matter if the sample was
optimal or suboptimal for input DNA) (Fig. 7B). The low heterozygosity
observed in non-Rangifer species is likely due to the genomic position
being monomorphic, or non-polymorphic, in those other species. The
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caribou SNP chip therefore may be considered highly specific for
R. tarandus.

3.7. Ecotype/population assignment

Among the three population-assignment models tested, the Bayesian
model was the most accurate, based on the assignment error rate both in
the unknown (n = 13) and the reference samples (n = 968). The overall
correct assignment to the presumed ecotype based on telemetry data for
each sample was 99.59 %. All 13 unknown samples were assigned
correctly. Consistent with these results, the geographic distribution of
the ecotypes showed an almost perfect split (Fig. 8A). Of the 981 ani-
mals, only four presented discordances between the genomic data and
the telemetry data. Among these, three presented LOD scores below 5
and one presented a higher LOD score of 12.58 (green dot) (Fig. 8 A, B).
All four caribous were of the boreal ecotype according to telemetry data
but were inferred to be migratory based on genomic analysis.

To be able to visualize the lowest LOD values corresponding to po-
tential assignment errors, the range maximum was set at 20. In total, 734

samples (74.8 %) reached LOD scores reaching the set maximum of 20
and 234 (23.9 %) samples presented scores between 5 and 15, while 13
samples (1.3 %) scored below 5 (Fig. 8B). Genetically less diverse pop-
ulations, namely the mountain and boreal ecotypes, generated higher
LOD scores than the migratory ecotype presented. This is indicative of
more distinctive genetic signatures due to a more isolated and sedentary
behaviour reducing allele sharing across populations.

To set minimal thresholds of acceptance, the impact of the validation
parameters on assignment accuracy was explored. Using 644 samples
with confirmed telemetry data and DIN information as well as the serial
dilution test samples (Fig. 1), the assignment LOD scores or its accuracy
did not relate to the state of DNA fragmentation (Fig. 9A). Similarly,
DNA input quantity (all 981 samples of Fig. 8 and the serial dilution test
samples) had no significant impact on the assignment accuracy and LOD
scores (Fig. 9B). On the other hand, the presence of two different ge-
nomes within the same sample (this type of contamination is herein
referred to as “mixed” samples) was found to have an impact on the
assignment accuracy and LOD scores (Fig. 9C) (n = 1023 samples; all
981 pure samples and 42 mixed samples in Fig. 5). Some samples
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Fig. 6. SNP genotyping of mixed caribou samples (n = 65). Linear regression of genotyping error versus proportion of mixing of two caribous (y = —0.47x + 53.45).
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genotyped species. ‘High’ and ‘Low’ refer to the DNA content of the positive controls. Means denoted by a different letter indicate significant differences between
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generating high LOD scores were found to be wrongly assigned (Fig. 9C).
However, mixed samples display distinctive features allowing their
identification (Figs. 5 and 9D). Mixed samples present a lower propor-
tion of homozygote genotypes (Fig. 5) and conversely a higher propor-
tion of heterozygosity (Fig. 9D). All wrongfully assigned mixed samples
display a proportion of heterozygosity over 0.35 (Fig. 9D). Setting
sample quality thresholds to a minimum LOD of 5 and < 35 % of het-
erozygosity would eliminate all wrong ecotype assessments from mixed
samples. Overall, only one sample meeting these minimal thresholds
would remain discordant between the ecotype determined from telem-
etry data and from the genomic signature (the green dot sample with a
12.58 LOD in Figs. 8 and 9).

The capacity to use the genomic information to assign at the popu-
lation level was tested using the population of origin confirmed by
telemetry data rather than the ecotype to define models and clusters.
Overall, a 93.58 % agreement was found between genomic data and
telemetry data (Fig. 10). For nearly all misassignment cases (n = 67
(6.8 % of samples)), the animal was assigned to a neighboring popula-
tion, suggesting that it was a recent migrant, whereas one misassign-
ment (0.1 %) was to a more distant population and may be truly faulty in
view of the very low LOD score of 0.59. As a result, the maps repre-
senting the sample population assignments based on genomic data and
population information were highly similar (Fig. 10).

4. Discussion

Commercial SNP chips manufacturers provide conservative guide-
lines for optimal performance using optimal samples. However, field
samples raise the technical challenge of analyzing DNA that may be
scant or degraded [29] as well as relying on the analysis of trace samples
[14]. The project’s objective was to test the caribou SNP Chip [6] using
experimental and field samples. The validation steps were chosen to
determine the impact of suboptimal sample characteristics including
DNA input and quality on call rate, error rate and population assignment
precision. Overall, the genotyping platform proved to be sensitive,
robust and reliable for samples that are far from the acceptable range
recommended by SNP chip manufacturers. For the [llumina Bead chip, a
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minimal genomic DNA input of 2000 ng is recommended without
integrity parameters (Infinium Assay Guide) whereas the other SNP chip
manufacturer, Thermo-Fisher/Axiom, requires 200 ng of high quality
(>10 kb fragment size) genomic DNA (Axiom Assay User Manual). We
found that the caribou SNP chip can generate reliable data with much
less DNA (16-fold less) than the recommended minimum. It has been
observed previously that human genotypes can be confirmed with
10-fold less DNA than the chip manufacturer recommendation [22]. The
proportion of genotyping errors was very low even when the DNA was
diluted to 30-fold less than recommendations validating that the called
genotypes remain reliable. The plateau nearing 94 % call rate is typical
of this genotyping platform [6] and this small proportion of faulty
probes was not removed from the analysis.

The performance of the caribou SNP chip was largely unaffected by
DNA fragmentation, the call rate dropping by only 5% for highly
degraded samples. The lowest DIN value corresponded to an average
fragment size of 250 bp whereas the highest value fragment size was
over 50,000 bp [2]. It has been shown previously that DNA degraded to
fragments of less than 75bp nevertheless allowed reporting of
99-100 % of the SNPs [4]. As mentioned in other studies, SNP markers
are more suitable than microsatellite markers for genotyping degraded
samples since the targeted polymorphisms are single nucleotides, and
shorter detection probes may be used [12,15,19,4]. This makes SNP chip
platforms robust to process a wide range of DNA samples varying in
concentration and/or quality.

Minute amounts of starting material are required and small biopsies
of any tissues (few mm) and hair follicles (about 300) provide sufficient
DNA. Similar amounts of DNA generated similar call rates, as reported
previously [9]. Blood swabs were found to be more challenging. Results
were most variable for blood swabs, which are collected on various
surfaces by wildlife officers. While significant amounts of DNA can be
retained on cotton swabs [1], contrarily to a whole blood sample where
volume is known and cells can be isolated, the amount of blood present
on swabs is unknown and may differ among samples. Moreover, DNA
yield is unpredictable with blood swabs since the number of leukocytes
per mL vary naturally depending on various conditions, including the
health of the animal [23]. Genotyping failure is therefore more frequent

B
60 -

55 -

Latitude

50 +

45
| | |
-80 -70 -60
Longitude

Population according to
genomic data

Fig. 10. Geographical distribution of caribou populations according to A) telemetry data and B) genomic data.
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with blood swab samples.

One of the main challenges with fecal pellets is not knowing how
much of the extracted DNA is from the host rather than plant or mi-
crobial origin. The DNA from two lichens generated minimal genotype
calls. It is expected that in absence of host DNA, call rates will be very
low (around 25 %) indicative of a failed sample. To maximize fecal
samples success rate, collecting pellets and keeping them intact to avoid
disturbing the mucus coat that will be rehydrated and carefully removed
in the laboratory to extract the DNA is crucial. In this context, the
amount of animal DNA present in the sample is the most important
factor on genotyping results.

Since forensic samples are often collected without confirmation of
the species of origin, the caribou SNP chip was therefore tested for the
likelihood of generating misleading calls when facing non-Rangifer
species. For distant species, the call rate was significantly lower. How-
ever, using the call rate alone, white-tailed deer, moose and elk could be
mistaken for an extremely low quantity caribou sample (4 ng). The ge-
netic proximity between these four species is well known [11]. Fortu-
nately, the level of heterozygosity distinguishes caribou from all other
species. The loci selected for the caribou SNP chip are mostly mono-
morphic in the three other cervid species, which are thus detected easily
as excessive homozygosity or insufficient heterozygosity. This makes
confusion unlikely even when the sample is of poor quality.

Overall, considering genotyping call and error rates, minimal input
could be set to at least 62 ng of DNA without any strict consideration to
DNA integrity. Based on the validation tests done herein, it is expected to
provide quality data sufficient for most ecological and forensic study.

4.1. Ecotype assignment and acceptable thresholds

Analyzing the subpanel of 5195 SNPs selected for ecotype discrimi-
nation proved to be very efficient. The assignment accuracy was very
high, and the robustness was linked to the LOD scores. The following
intervals are therefore proposed where a LOD score below 5 indicates
limited robustness or inconclusive results, 5-15 strongly supports the
assignment, while a LOD > 15 indicates near certainty of the assign-
ment. By comparison, the use of a panel of 16 microsatellites [34]
generated median LOD scores ranging from 2.5 to 6.2 (MELCCFP un-
published data). The use of 5195 biallelic loci provided much more
discriminatory power. Comparing genomic-based and telemetry-based
assignments to populations of origin further showed the power of the
genotyping platform at a finer level of granularity. Almost all caribous
were assigned correctly to the population assignment from telemetry
[17], and misassignments were mostly to neighbouring populations,
hence likely representing recent migrants or hybridization with such
migrants.

Again, DNA integrity and input quantity at the tested amounts had
no impact on assignment accuracy even at extremely low levels. Con-
trastingly, mixed samples (bearing the DNA of two animals of the same
species) were often yielding inaccurate results. Forensic samples
collected on hunting or investigation sites may contain DNA from more
than one animal. This can of course confound genotyping results. The
proportion of each animal has an impact where the genotype calls are
biased towards the DNA present in the highest proportion. This could be
problematic because erroneous genotyping can lead to wrongful
assignment. However, mixed/contaminated samples show distinctive
patterns and can be identified by using the extent of homozygosity in
relation to the call rate. This provides a solution to the previously re-
ported difficulty of identifying mixed samples when using bi-allelic SNPs
[31]. In presence of two DNA donors a higher proportion of heterozy-
gotes is expected due to the increased number of alleles present [13,4].
Given that all samples were of good quality in terms of DNA input and
integrity, the drop in call rates when two donors were present was un-
expected. It is caused by the genotyping platform’s set parameters for
genotype calling. It is based on ratios of a reference allele to an alter-
native allele [28]. In a single individual sample, the expected
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proportions are 100 % for homozygotes and 50 % for heterozygotes.
However, in a mixed sample, lopsided proportions appear, leading the
software to decline to call and thus increase the proportion of “no calls”
[26]. For example, a sample containing 75 % heterozygote AB and 25 %
homozygote AA will generate the irregular proportions 62.5 % A and
37.5 % B, which the software cannot interpret with confidence and
therefore does not make a call.

When considering the following thresholds for sample acceptance
and ensuing data interpretation: LOD score > 5, heterozygosity value <
35 % and call rate > 90 %, only one sample remains discordant (12.58
LOD score; green dot in Figs. 8 and 9) between the ecotype defined by
telemetry (boreal) and the one derived from its genomic signature
(migratory). Because prosecution of poaching depends on the certainty
of identifying the boreal ecotype, wrongfully assigning a migratory
caribou to the boreal ecotype could be prejudicial. Conversely, as the
case here, where a sample collected within the ecological range of the
boreal ecotype was assigned to the migratory ecotype could most likely
be due to past incursions by migratory caribous into the boreal ecotype
populations [5]. With the current data, it is not possible to determine
with certainty if this animal is a migratory caribou that joined a boreal
population.

5. Conclusion

The 60 K caribou/reindeer SNP chip [6] was tested in accordance
with the Society for Wildlife Forensic Science guidelines for DNA anal-
ysis methods [18]. Overall, this genomic tool proved to be highly robust
and specific. Poor sampling conditions could affect the reliability of the
analysis, but their main impact appears to be a decrease in call rate (loss
of genotypic information) with minimal introduction of genotypic er-
rors. Even mixed samples provide results that are sufficiently distinctive
to be identified and discarded before ecotype assignment. Conservative
sample and data quality thresholds are proposed. The use of thousands
of SNPs provides unprecedented power for discriminating between
closely related cervid specimens. The analysis defined clear probabilistic
thresholds to categorize the robustness of ecotype assignment as
inconclusive, strongly supportive, or near certain. These thresholds are
intended to guide forensics and wildlife management experts in the use
of the 60 K Rangifer genotyping platform.
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