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A large number of ancestry-informative marker panels have been developed for forensic bio-geographical
ancestry (BGA) analysis during the past decade, which offer valuable investigative tools for cold cases. The
developed assays for capillary electrophoresis (CE) and massively parallel sequencing (MPS) focus on the dif-

iiz:st ferentiation of major populations, with MPS allowing larger numbers of markers that can be multiplexed at the
A dmixzre same time and therefore improved differentiation of more closely related Eurasian populations. One limitation of

BGA inference tools is the handling of co-ancestry in individuals with admixted backgrounds, which leads to two
situations being indistinguishable: (i) the individual belongs to an admixed population, or (ii) the individual has
recent ancestors from different populations. Accurate and precise co-ancestry estimates can help, as first or
second-degree admixture would show a ~ 50-50 % or ~ 75-25 % ratio of co-ancestry proportions. Here we
compared the co-ancestry proportion estimations obtained for the set of 2504 individuals from the 1000 Ge-
nomes Project with dedicated BGA and human identification (ID) assays of different sizes compared to those
obtained with the > 500,000 SNP Affymetrix Human Origins panel as the point of reference for each individual.
The results of the correlation analysis performed with > 500 admixed individuals indicate that panel size plays a
major role in the accuracy of the co-ancestry estimates. Therefore, the large-scale forensic MPS ID panels we
evaluated constitute a valuable alternative to small- and medium-scale BGA panels, especially when admixture is
expected.

1. Introduction

Forensic investigative tools, such as SNP-based phenotyping or bio-
geographical ancestry (BGA) informative assays, have gained
increasing attention in the field due to the valuable information they can
provide to police investigations when no suspect has been identified or
there are no matches with databases.

A large number of ancestry-informative marker (AIM) panels have
been developed for BGA analysis, focusing on the differentiation of 3-5
major continental populations (Sub-Saharan Africa, Europe, East Asia,
Oceania, Native America) for capillary electrophoresis (CE) assays,
comprising up to 40 markers [1,2]. Assays for massively parallel
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sequencing (MPS), differentiating 5-8 major populations (including
genetically closer Eurasian populations such as South Asia, Middle East
or North Africa) can genotype up to hundreds of markers allowing a
greater degree of population resolution [3-5].

One limitation of the BGA inference tools is admixture [6]: in-
dividuals with admixed backgrounds will have differing degrees of
co-ancestry contributions from two or more ancestral populations. Such
patterns represent a challenge when performing BGA analysis as two
scenarios cannot be easily distinguished: (i) that the individual belongs
to an admixed population, or (ii) that the individual has first (parental)
or second order (grandparental) antecedents from different ancestral
populations. The correct estimation of the co-ancestry proportions can
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help distinguish these situations by discounting the second option if
estimates do not match a ~ 50-50 % or ~ 75-25 % pattern. However,
several factors affect the accuracy of co-ancestry proportion estimates,
including the balance of the population-specific divergence values
amongst the selected SNPs and the size of the ancestry panel used.

In this work, we investigate the effect of the number of SNPs in the
panel on the accuracy of co-ancestry proportions estimations. For this
purpose, we selected a range of forensic panels with different sizes and
compared both BGA-dedicated and ID/kinship marker panels. We
compared the co-ancestry proportion estimations obtained with these
panels for the 2504 individuals of the 1000 Genomes Project, including
more than 500 admixed individuals, with those obtained with the
Affymetrix Human Origins panel, an array-based set of > 500,000 SNPs
which have been specifically selected to reduce ascertainment bias.

2. Materials and methods
2.1. Panel selection and data acquisition

Table 1 shows the characteristics of ten forensic SNP panels [1-5,
7-11] from which co-ancestry estimates were evaluated against those
obtained with the Affymetrix Human Origins panel [12]. The panels can
be classified according to the number of markers included in the assay
as: small-scale (< 60 SNPs), medium-scale (60-200 SNPs) and
large-scale (> 1000 SNPs) and according to the criteria for SNP selection
and applications as BGA or Identification (ID)/Kinship panels.

For each of the eleven SNP panels described in Table 1, genotype
data for a total of 2504 individuals distributed in five major populations
(as outlined in Supplementary Table S1) was gathered from publicly
available high-coverage 1000 Genomes data [13]. When necessary,
certain genotype data were completed with 1000 Genomes Phase III
data [14].

2.2. Ancestry analysis and co-ancestry proportions comparison

Genotype data from the Human Origins panel, was transformed into
corresponding bed, bim and fam input files using PLINK 1.9 [15] and
analysed with the ADMIXTURE genetic cluster algorithm [16] at a preset
cluster number of K= 5, under default parameters, to estimate
co-ancestry proportions. The ADMIXTURE algorithm is optimized for
large-scale biallelic SNP datasets, so was applied uniquely to the Human
Origins genotypes, prior to analysis of forensic panel datasets with the
equivalent STRUCTURE algorithm, capable of handling the multi-allelic
information of SNPs included in some of the forensic panels evaluated.
While the largest panels can differentiate further sub-continental com-
ponents such as in Fig. 2 in [14], this is not the case with the smallest
panels, which display inconsistent patterns when considering a number
of components greater than the number of major populations used as the

Table 1
Characteristics of the SNP panels included in the analysis.
Panel Refs. CE / Number of AIM ID
MPS SNPs SNPs SNPs
Global AIMs Nano [1] CE 31 v
34-plex AIMs [2] CE 34 v
52-plex ID-SNPs [7] CE 52 v
ForenSeq DNA [4] MPS 56 v
Signature AIMs
Precision ID Identity [7, MPS 90 v
10]
VISAGE Basic Tool [51 MPS 153 v
AIMs
Precision ID Ancestry [3,4] MPS 165 v
MPSplex [81 MPS 1239 v
FORCE [11] MPS 4347 v v
ForenSeq Kintelligence [9] MPS 9933 v v
Human Origins [12] MPS 572743 v v
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reference data. Therefore, for comparison purposes, K was kept at five
for all panels.

For the remaining panels, genotype data was transformed into
STRUCTURE format using the conversion tool available at the Snipper
portal (http://mathgene.usc.es/snipper/). A total of 10 iterations were
performed in STRUCTURE, using parameters: 100,000 burnin steps and
100,000 MCMC steps, correlated allele frequencies under the Admixture
model (no POPFLAG). The 10 iterations were merged using CLUMPAK
under the StructureSelector portal [17] defining a threshold value of
0.95 for similarity scores and minimal cluster size.

Correspondence of co-ancestry proportions amongst the different
panels was evaluated both visually and using descriptive statistics for all
populations, by comparing the plot patterns obtained for all panels and
calculating summary statistics of the co-ancestry values including:
mean, standard deviation, minimum, maximum and median, with in-
dividuals grouped by superpopulation (considering the admixture) or
population. Calculations and plots were made using R language v.4.4.0
[18] with packages ggplot2 [19], dplyr [20] and tidyR [21].

For the six admixed populations highlighted in Supplementary
Table S1, correlation analysis and the adjustment of a linear regression
model between the co-ancestry proportions of forensic panels vs. Human
Origins for Sub-Saharan African (AFR), European (EUR) and Native
American (AMR) components was performed at three levels: (i) popu-
lation level; (ii) per ancestry component; and (iii) global level. Both
graphical visualization and data processing were performed in R lan-
guage v.4.4.0 [18] using the packages ggplot2 [19], dplyr [20] and
tidyR [21]. Pearson correlation coefficients (r) were calculated using the
‘cor’ function; the coefficient of determination (R?) values were calcu-
lated by squaring the Pearson correlation coefficients and the linear
regression coefficients and their standard error were calculated using
the ‘lm’ function. Concentrating on the AFR, EUR, AMR admixture
components was informed by the detailed ADMIXTURE-based popula-
tion analysis of 1000 Genomes populations performed by the Project,
which identified these three components as comprising > 0.95 total
co-ancestry proportions in the six admixed populations (Fig. 2 in [14]).
A 2-way admixture of AFR and EUR components is expected for pop-
ulations ACB and ASW, while a 3-way admixture of AMR, AFR and EUR
components is expected for PEL, MXL, CLM and PUR (population codes
are listed in Supplementary Table S1). Note that two admixture outliers
in the Peruvian in Lima, Peru (PEL) samples exist for East Asian
co-ancestry, i.e. their total co-ancestry proportions for AFR, EUR and
AMR are less than 0.95. These are HG02345 with ~0.1 East Asian
co-ancestry proportion, and HG01944 with ~ 0.4 East Asian co-ancestry
proportion.

3. Results and discussion
3.1. Visual and descriptive comparison of co-ancestry proportions

Fig. 1 shows a graphical representation of the Admixture (Human
Origins) and STRUCTURE (forensic panels) co-ancestry proportion re-
sults per sample for each panel, ordered by the number of SNPs in each
assay. The co-ancestry proportion values obtained are listed in Supple-
mentary Table S2. Overall, all the panels show some degree of differ-
entiation of the major populations, with major ancestry components
corresponding to the five groups, as expected: Sub-Saharan African
(AFR), European (EUR), South Asian (SAS), East Asian (EAS) and Native
American (AMR), with the AMR component showing variable pro-
portions in the four Admixed American populations (in decreasing order
of variability: PEL, MXL, CLM and PUR).

The largest forensic panels of MPSplex, FORCE, and Forenseq Kin-
telligence) present closer patterns to the Human Origins panel, indi-
cating an additive effect of panel size on the accuracy of co-ancestry
proportion estimates. This is the case even when a panel contains ID-
SNPs, such as MPSplex, and the similarities are more pronounced in
admixed populations ACB, ASW, PEL, MXL, CLM and PUR (see
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Fig. 1. Graphical representation of the ADMIXTURE (Human Origins) and STRUCTURE (other panels) co-ancestry proportion values for each panel, ordered by the
number of SNPs in the assay. The different ancestry components are coloured according to Rosenberg et al. 2002 [22]: orange for Sub-Saharan African, blue for
European, yellow for South Asian, pink for East Asian and purple for Native American. Population codes are listed in Supplementary Table S1.

Supplementary Table 1 for population descriptions). Moreover, the
Humans Origins panel shows a small degree of EUR and EAS co-ancestry
in South Asia populations, matched in the results from panels exceeding
1000 markers.

Both small-scale CE-based, and medium-scale MPS-based assays of
dedicated AIM-SNPs produce less co-ancestry noise in European pop-
ulations. In contrast to the MPS AIM-SNP assays, the CE assays selected
for this study were not developed to differentiate South Asians, reflected
in the better performance of the MPS AIM-SNPs, showing patterns that
better match those of the Human Origins panel.

Small-scale ID panels, such as 52-plex or the Precision ID Identity
Panel, show the highest level of ‘co-ancestry noise’ (or non-specific co-
ancestry, which we define here as: a co-ancestry component that is not
expected for the individual according to the definition of its population;
not observed in, or matching the patterns in the analysis of the reference
SNP panel) in comparison with dedicated forensic AIM panels of com-
parable size. This effect is most evident in the European and South Asian
populations, where a proportion of individuals show a significant level
of non-specific AMR co-ancestry.

Mean co-ancestry proportions across populations and super-
populations (considering admixed and unadmixed populations sepa-
rately) are presented in Supplementary Fig. S1 and Supplementary
Fig. S2, respectively. These values are listed, as well as the standard
deviation, maximum, minimum and median values, in Supplementary
Tables S4 and S5. Mean AMR co-ancestry proportions in European
populations reached values of 0.1366 and 0.1394 for the 52-plex ID-
SNPs and Precision ID Identity Panel, respectively, while maintaining
levels under 0.0150 for the other panels. In the case of South Asian
populations, similar AMR co-ancestry noise affected the patterns
observed in the smallest BGA panels (Global AIMs Nano, 34-plex AIMs
and ForenSeq DNA Signature AIMs), which can be explained by the fact
that those panels were not developed to differentiate the South Asian
population, resulting in a lack of informativeness. However, overall co-

ancestry noise rates remain lower for BGA panels than for ID panels,
with mean AMR ancestry proportions in South Asian populations
reaching values of 0.0841 and 0.0592 for the 52-plex ID-SNPs and
Precision ID Identity Panel, respectively; and, 0.0207, 0.0418 and
0.0191 for the Global AIMs Nano, 34-plex AIMs and ForenSeq DNA
Signature AIMs, respectively; with AMR co-ancestry proportions under
0.0080 for the other panels.

Table 2 shows mean non-specific co-ancestry proportion values per
superpopulation of the different panels, excluding admixed and South
Asian populations, as those have previously shown specific-population
patterns of co-ancestry in Fig. 2. In comparison to the other panels,
showing values below the 0.050 threshold (but for Europe with the 34-
plex AIMs), the two ID-SNPs panels reach values of 0.0590 and 0.0559 in
Sub-Saharan Africans, 0.3106 and 0.2651 in Europe and 0.1781 and
0.1620 in East Asia, for the 52-plex ID-SNPs and Precision ID Identity
Panel, respectively.

Table 2
Mean non-specific co-ancestry proportion values per superpopulation of the
different panels, discounting admixed and South Asian populations.

Panel Non-specific co-ancestry
Sub-Saharan Africa Europe East Asia

Global AIMs Nano 0.0185 0.0366 0.0330
34-plex AIMs 0.0246 0.0550 0.0459
52-plex ID-SNPs 0.0590 0.3106 0.1781
ForenSeq DNA Signature AIMs 0.0137 0.0325 0.0287
Precision ID Identity 0.0559 0.2651 0.1620
VISAGE Basic Tool AIMs 0.0117 0.0259 0.0194
Precision ID Ancestry 0.0101 0.0228 0.0227
MPSplex 0.0118 0.0206 0.0116
FORCE 0.0080 0.0176 0.0127
ForenSeq Kintelligence 0.0141 0.0214 0.0159
Human Origins 0.0149 0.0283 0.0180
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3.2. Correlation analysis of the co-ancestry proportions for admixed
populations

A formal analysis of the correlation and the adjustment of a linear
regression model between the co-ancestry proportions of the Sub-
Saharan African (AFR), European (EUR) and Native American (AMR)
components in admixed populations of the different panels vs. Human
Origins is presented in Fig. 2 and Supplementary Table S5 (at a popu-
lation level), Supplementary Table S6 (per ancestry component) and
Table 3 (at a global level). The largest AIM-SNP panels show lines closer
to full correlation, with global coefficient of determination (R?) values
over 0.95 for the Forenseq Kintelligence kit, and over 0.85 for MPSplex

Table 3

Global linear regression coefficients () and their standard errors (SE), Pearson
correlation coefficient (r) and coefficient of determination of determination (R?)
of co-ancestry values across all panels tested (ordered by number of SNPs ana-
lysed) vs. Human Origins for the admixed population.

Panel i} SE r R?

Global AIMs Nano 1.0544 0.0258 0.8914 0.7946
34-plex AIMs 0.9275 0.0345 0.7857 0.6173
52-plex ID-SNPs 0.9190 0.0306 0.8094 0.6551
ForenSeq DNA Signature AIMs 1.0328 0.0194 0.9319 0.8684
Precision ID Identity 0.9155 0.0341 0.7872 0.6197
VISAGE Basic Tool AIMs 1.0370 0.0116 0.9729 0.9465
Precision ID Ancestry 1.0539 0.0114 0.9747 0.9500
MPSplex 1.0411 0.0050 0.9948 0.9896
FORCE 1.0249 0.0040 0.9965 0.993
ForenSeq Kintelligence 0.9976 0.0024 0.9987 0.9974

and FORCE panels (Table 3). The lowest global R? values were found in
the small-scale ID-SNP panels, with values of 0.277 and 0.216 for 52-
plex ID-SNPs and Precision ID identity panels respectively, in agree-
ment with the analyses presented in Section 3.1. The standard error of
the regression coefficient follows the same trend, with the closest values
to zero in the largest panels. For each of the three ancestry components
(Supplementary Table S6) the obtained values did not show any other
tendencies, beyond increasing R? values and decreasing standard error
of the regression coefficient with panel size.

4. Concluding remarks

The results presented in this work highlight the fact that the accurate
determination of co-ancestry proportions in admixed individuals re-
mains challenging using both small- and medium-scale multiplexes,
including dedicated commercial BGA MPS Kkits. Results from small- and
medium-scale forensic ID panels showed the highest levels of co-
ancestry noise in terms of the proportions of non-specific components
for unadmixed population samples. Small or medium scale dedicated
forensic BGA panels mainly comprise AIMs selected to show a maximum
level of allele differentiation between two populations. As an alterna-
tive, focusing on SNPs that have alleles which show absolute specificity
in each of the populations (with zero or near-zero allele frequencies for
the population-specific allele outside of the target population) could
enhance co-ancestry analysis by introducing specificity to the assign-
ment of admixture contributors rather than just making a differential
comparison of the proportion of shared alleles between the contributors.

The precision of co-ancestry estimates made in forensic BGA analyses
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is highly dependent on the size of the SNP panel used, with panels over
> 1000 SNPs showing high correlation rates with the Human Origins
panel (> 500,000 SNPs) used as the study reference. While the amount
and quality of DNA necessary for array-based assays usually exceeds the
requirements of forensic DNA analysis, often comprising limited and/or
degraded samples, the forensic large-scale MPS panels evaluated in this
study have shown much higher levels of sensitivity, which make them
much more practical for forensic applications. Therefore, they constitute
a valuable alternative to small- and medium-scale BGA panels, espe-
cially in the detection and analysis of individual admixture. This is
particularly true in the case of BGA screening for identification of
degraded remains from unknown missing persons through reference
samples from surviving relatives, as the large amount of information
collected by the panels with the ID SNPs can lead to accurate ancestry
prediction models even when ancestry informative SNPs were not suc-
cessfully genotyped or are not included. Moreover, the degree of accu-
racy of the co-ancestry proportion estimates offered by the largest panels
is indicative that, with those panels, the analyst could discard first or
second order admixture if the proportions do not match the ~ 50-50 %
or ~ 75-25 % pattern.
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