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Population Substructure Can Significantly
Affect Reliability of a DNA-led Process of
|dentification of Mass Fatality Victims

ABSTRACT: Aiming to evaluate the effects of population substructure on the reliability of a DNA correspondence in the process of human identifi-
cation, we used the model of “in silico” constructed populations with and without substructure. Effects of population substructure were evaluated at the
level of locus heterozygosity, Hardy—Weinberg equilibrium and mini-haplotype distribution. Inbreeding in a subpopulation of 100 individuals through
10 generations did not significantly alter the level of heterozygosity and Hardy—Weinberg equilibrium. However, analysis of mini-haplotype distribution
revealed a significant homogenization in separated subpopulations. Average observed mini-haplotype frequency (f,) increased to threefold from expec-
ted values (f;), and the number of mini-haplotypes with f,/f. above 10 increased over sixfold, suggesting that the effects of population substructure on
calculated likelihood ratios (LR) might be larger than previously estimated. In most criminal cases, this would not represent a problem, whereas for
identifications in large-scale mass fatality events, population substructure might considerably increase the risk of false identification.
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Nowadays, DNA analysis is routinely used in casework, pater-
nity analysis, and the identification of victims of mass fatality
events (1-3), and the widely applied fifteen STR loci system is
generally considered sufficient to determine the identity or paternity
with a very high probability of inclusion or exclusion (4-6).

DNA evidence is often interpreted using the genetic model
known as the product rule, and evidential value of a genetic match
in biological relationship testing is usually expressed as likelihood
ratio, which tends to be astronomically high and seem very convin-
cing. Product rule assumes both within and between loci independ-
ence, although it has been argued that population subdivision
inevitably invalidates this assumption (7-10). Nevertheless, product
rule approach is widely accepted (11,12). Recently, we reported
that likelihood ratio can be quite misleading in some situations
when DNA typing is used in the process of identification in mass
fatality events (13-15). The fact that a potential correspondence
between two DNA profiles was found by searching through thou-
sands (or hundreds of thousands) of unrelated genotypes could
decrease the evidential value of calculated likelihood ratio (due to
undefined and highly variable prior probabilities). Another factor
that cannot be accurately included in the calculation is the effect of
population substructure. The effects of inbreeding due to population
subdivision have long been recognized in the forensic literature,
and several methods have been proposed to account for them when
estimating correspondence probabilities (16-19). However, main
indication of inbreeding is the deviation from Hardy—Weinberg pro-
portions of homozygous and heterozygous loci, and even in well-
segregated population, this is frequently not the case (20). Analysis
of clearly separated recent migrant populations concluded that the
effects of inclusion of co-ancestry coefficients Fsr and inbreeding
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coefficients Fig in the formula for calculation of likelihood ratios
are relatively small (21). Recent simulation of population substruc-
ture concluded that departure from Hardy—Weinberg and linkage
equilibrium in subpopulations appear to have rather small effect
(22).

During our work on the process of identification of war victims
in Croatia, we observed a number of correspondences between gen-
otypes that were associated with very high calculated LR, but were
later proven to be unrelated (13,15). We have hypothesized that
these false correspondences are a consequence of local inbreeding
or hidden consanguinity, and developed the method of analyzing
3-loci haplotypes (mini-haplotypes), as a tool to verify the existence
of within-population similarities (14,23). The foundation of this
approach is the fact that the probability that an individual will share
a combination of alleles on several loci with a relative is far larger
than the probability that he/she will share this combination with an
unrelated person.

We have demonstrated significant deviations from expected fre-
quencies of many mini-haplotypes in the Croatian population (14),
but its undefined stratification (the same is true for any other “real”
population) did not allow us to estimate reliably its potential
impact. Aiming to demonstrate the effects of inbreeding on the fre-
quency of mini-haplotypes in subpopulations, we analyzed the
effect of population stratification on the frequency of individual
alleles and mini-haplotypes in populations generated “in silico.”

Materials and Methods
In silico mating experiment

We generated genotypes of 1000 virtual “individuals” on 15
STR loci (D8S1179, D21S11, D7S820, CSF1PO, D3S1358, THO1,
D13S317, D16S539, D2S1338, D19S433, vWA, TPOX, D18S51,
D5S818 and FGA), using allele frequencies that exist in “‘real”
Croatian population. In one experiment, the population of 1000
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“individuals” was mated through 10 generations. Two ‘“‘children”
were derived from one parental pair in the first generation, and the
offspring from that generation was then used as population of par-
ents for the second generation, and so long to the 10th generation.
1000 genotypes of 10th generation were used for further analysis,
as a population without substructure.

In another experiment, the same population of 1000 “‘parents”
was separated into 10 subpopulations of 100 individuals that were
randomly mated within its subpopulation. After 10 generations, 10
subpopulations, consisted of 100 children of 9th generation (groups
CS-1 to CS-10) were merged to one, substructured population
(CS-M).

This in silico experiment was repeated 10 times (starting from
the same initial population of 1000 “parents”) and all presented
results are average values from these 10 experiments.

Analysis of three-locus haplotypes

Three-locus haplotypes of starting generation were generated
using a home-developed computer program as previously reported
(23). All possible combinations of alleles on all possible three-locus
combinations of nine STR (D8S1179, D21S11, D7S820, CSF1PO,
D3S1358, THO1, D13S317, D16S539 and D2S1338) loci were used
for further analysis. Even though it would be theoretically possible
to make combinations for all fifteen loci, the number of generated
mini-haplotypes would be too large to handle (more than 60 billion),
so we limited our analysis to nine listed loci that can be combined
in 60,631 mini-haplotypes with expected frequencies over 0.01% in
Croatian population. An analyzed individual was considered to be
“positive” for the specified mini-haplotype, if it had matching alle-
les on all three specified loci, either in homozygous or in hetero-
zygous form. Expected frequency (f;) of a given mini-haplotype “x,
v, 2 was calculated from the frequencies of individual alleles (p,,
Dy» P2) in Croatian population using the following formula:

f=0=(1=p))x(1=1=p)*)x(1—(1-p)’

Observed frequency (f,) of a mini-haplotype was determined
by simply counting individuals with a specified mini-haplotype
in a sample of 100 individuals from an analyzed population
(e.g., a given genotype would count positive for D8S1179:12,
D21S11:28, D7S820:9 mini-haplotype if it had allele 12 on
D8S1179 locus, allele 28 on D21S11 locus and allele 9 on
D7S5820 locus, either in homozygous, or in heterozygous form).

Descriptive population statistics

Hardy—Weinberg equilibrium expected (He) and observed (Ho)
heterozygosity were analyzed using Genetic Data Analysis (GDA)
software (Lewis and Zaykin 2001. Genetic Data Analysis:
Computer program for the analysis of allelic data. http:/hydro-
dictyon.eeb.uconn.edu/people/plewis/software.php) (24). Inbreeding
coefficients (f) were calculated using the same software by the
following formula:

__He—Ho

f He

(24)

Results

Aiming to study the effects of population substructure on the
reliability of the process of identification of missing people we gen-
erated a population of 1000 virtual “individuals” (represented as
STR genotypes). As described in Materials and methods, this

population was mated for 10 generations either as a single popula-
tion, or divided into 10 separated subpopulations that were again
merged after 10 generations. This in silico mating experiment
produced two populations of 10th generation ‘“‘children’’; one with
and one without population substructure.

Expected heterozygosity and observed heterozygosity were deter-
mined for all populations (Table 1), and, apparently, 10 generations
of inbreeding in completely isolated populations of 100 individuals
were not enough to generate significant deviations in the inbreeding
coefficient. However, bottleneck effect and homogenization were
observed as deviations from Hardy—Weinberg equilibrium for a
number of loci (Table 2). Nevertheless, since different alleles were
lost in different subpopulations, this disequilibrium was blurred
when 10 subpopulations were merged into one population, indica-
ting that even very clear stratification in the population cannot be
detected in this way.

Mini-haplotype analysis is a novel method we developed for the
analysis of similarities between individual genotypes (23). Since it
analyses combination of alleles, and not individual alleles, it is
much more sensitive than other methods and we have already dem-
onstrated that it can be efficiently used for detection of aberrations
in population substructure (14,23). In this study, we applied mini-
haplotype analysis to examine the effects of population stratification
in defined, in silico generated, populations.

TABLE 1—Heterozygosity in studied populations.

Population He Ho f

Parents 0.794 (0.003)
Children 0.791 (0.005)
CS 0.776 (0.008)
CS-M 0.793 (0.004)

0.783 (0.009)
0.793 (0.011)
0.788 (0.013)
0.789 (0.011)

0.014 (0.011)
—0.003 (0.011)
—0.015 (0.013)

0.006 (0.013)

Expected heterozygosity (He), observed heterozygosity (Ho) and inbreed-
ing coefficients (f) were determined as described in Materials and methods
for 10 subpopulations of 10th generation children (CS), merged substruc-
tured population created by combining individual subpopulations (CS-M)
and 10th generation of children in population without defined substructure
(Children).

TABLE 2—Probabilities of Hardy—Weinberg disequilibrium in studied
populations.

Population
Locus Parents Children CS CS-M
D3S1358 9 5 28 6
VWA 6 9 22 6
FGA 16 7 33 7
THO1 3 4 21 9
TPOX 7 9 18 6
CSF1PO 3 11 24 9
D5S818 5 2 27 3
D13S317 5 8 17 11
D7S820 8 3 16 9
D8S1179 9 7 24 9
D21S11 7 13 27 8
D18S51 14 5 39 7
D16S539 6 3 19 7
D2S1338 21 9 28 11
D19S433 8 7 20 7

Exact tests for linkage and Hardy—Weinberg disequilibrium were per-
formed as described in Materials and methods on 10 subpopulations of 10th
generation children (CS1-CS10), 10th generation of children in merged
population with substructure (CS-M) and 10th generation of children in
population without defined substructure (C).
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TABLE 3—Mini-haplotypes in substructured and homogenous populations.

Population
Parents Children CS CS-M
Number of mini-haplotypes 16052 (147) 16152 (478) 13431 (374) 16002 (491)
Number of mini-haplotypes over 2% 5510 (61) 5625 (109) 5719 (103) 5599 (143)
Average frequency (f,) 5.89 (0.03) 5.95 (0.09) 6.31 (0.14) 5.95 (0.15)
Average expected frequency (f;) 5.11 (0.04) 5.06 (0.07) 4.61 (0.08) 5.06 (0.09)
Average f,/f-. 1.61 (0.05) 1.61 (0.07) 2.98 (0.19) 1.62 (0.06)
Haplotypes with f,/f. > 10 39 (7) 38 (13) 276 (42) 38 (12)

Population of 1000 of individual genotypes (‘‘Parents’’) was generated and randomly mated as a homogenous population through 10 generations to yield
“Children.” The same population was divided into 10 subpopulations of 100 individuals that evolved separately for 10 generations to produce 10 subpopula-
tions of children (CS). These 10 subpopulations were merged into one merged substructured population (CS-M). Presented values are average values (with

standard deviations in parenthesis) of 10 independent experiments.

On the basis of the frequency of individual alleles on D8S1179,
D21S11, D7S820, CSF1PO, D3S1358, THO1, D13S317, D16S539
and D2S1338 loci in Croatian population, we have identified
60,631 different mini-haplotypes that are expected to exist in Croa-
tian population with frequency larger than 0.01%. Out of these
60,000 theoretically possible mini-haplotypes, in each group of
randomly selected 100 individuals from a parental population, we
found approximately 16,000 different mini-haplotypes (Table 3).
Mating in a small population will result in the elimination of some
alleles and, consequently, lead to the reduction in the number of
existing mini-haplotypes in the population. After 10 generations of
mating within a population of 100 individuals we observed an aver-
age decrease of 12.1% (+4.9%) in the number of haplotypes. How-
ever, as each of the subpopulations lost different alleles, when
mixed together, this was not visible and, as it is clearly shown in
Table 3, even though there was a substantial reduction in the
number of different haplotypes in individual subpopulations, a ran-
dom sample of 100 individuals, from a population created by merg-
ing 10 separated subpopulations had nearly the same number of
different haplotypes as did the random sample of 100 individuals
from a population of the same size, which evolved as a single
population.

To reduce the effects of random sampling, further analysis of
mini-haplotypes was performed only on mini-haplotypes that were
observed with frequency over 2%. Between 5,500 and 6,000 differ-
ent mini-haplotypes were found to be present with frequency over
2% in all analyzed populations. In parental populations the average
observed frequency (f;) of mini-haplotypes was 5.89%, while the
average expected frequency (f.) of the same haplotypes was 5.11%.
Each observed mini-haplotype was on average approximately 60%
(f/f. = 1.61) more represented than expected, and this difference
was the reflection of random sampling (since samples of 100 indi-
viduals were analyzed, minimal observed frequency of each haplo-
type was 1%, while their expected frequencies were generally
lower). However, after 10 generations of mating within closed sub-
populations, average f./f. ratio nearly doubled (f,/f. = 2.98). The
effect of population homogenization was even more obvious when
mini-haplotypes that were observed with frequency that was more
than 10-times higher than their expected frequency were compared.
In parental subpopulations, on average, there was approximately 40
such mini-haplotypes, what represent approximately 1% of mini-
haplotypes (with frequency over 2%), and can be explained by sta-
tistical fluctuations. However, in 10th generation of children the
number of such mini-haplotypes increased more than sixfold
(Table 3). Nearly 300 genotypes with f,/f. over 10 in a population
of 100 individuals mean that each member of the subpopulation on
average had three such 10-fold overrepresented mini-haplotypes.

10000 ~

1000 A

*

100 -

10 A -

Number of mini-haplotypes

L —

5 10 15 20 25 30  >30
Frequency of a mini-haplotype (%)

FIG. 1—Distribution of frequencies of mini-haplotypes (only mini-haplo-
types with frequency over 2% were evaluated) in (1) parental population of
1000 individuals (white bars); (2) children that evolved in a single popula-
tion of 1000 (light gray bars); (3) children who evolved in subpopulations
of 100 individuals (dark gray); and (4) population created by merging 10
individual subpopulations of children that evolved separately (black bars).
Error bars are standard deviations from 10 experiments. Number of mini-
haplotypes is presented on a logarithmic scale to make changes in the dis-
tribution of more frequent mini-haplotypes visible. Statistically significant
differences (p < 0.01) are marked with “*”.

When 10 individual subpopulations of 100 people were merged
into single population of 1,000, all these deviations became cryptic.
Neither f,/f. ratio, nor frequency distribution analysis were able to
detect any differences between our two populations (Table 3,
Fig 1). Nevertheless, those (on average) three mini-haplotypes with
Jo/fe > 10 that were observed before merging of subpopulations
were still present in each individual genotype, and were making
members of each subpopulation much more alike to individuals
from their own subpopulation, than to individuals from any other
subpopulation.

Discussion

Using our two model populations, we have evaluated the effects
of population substructure on the validity of current methods for
evaluating evidential value of calculating likelihood ratios. For any
two putative relationships among individuals, the likelihood ratio
can be calculated in order to assess the relative support of the
observed DNA profiles for one relationship compared with the
other. For paternity and other relationship testing, likelihood ratios
are usually calculated assuming independence of genes, but the
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presence of population subdivision invalidates this assumption (25).
Hence, within a subpopulation, DNA profiles with corresponding
alleles are more common than expected by the independence
assumption, even when two individuals are not directly related.

There is no doubt that some level of genetic homogenization in
isolated population will occur, but methods to evaluate population
substructure are generally not available. Inbreeding as a result of
population subdivision is generally manifested in the increased pro-
portion of homozygous individuals and deviations from Hardy—
Weinberg equilibrium (17). However, this occurs in relatively late
phases, and might not be visible in recently isolated subpopulations.
For this experiment, sizes of populations and the number of genera-
tions were selected aiming to simulate situations that might have
occurred in the “real” world during the past few centuries. Surpris-
ingly, even in very small populations (100 individuals), 10 genera-
tions of inbreeding without any contribution to gene pool by
migrant or mutation, were not enough to generate visible inbreed-
ing. As any other subpopulation model, ours is an idealized one; it
does not take in count mutation, nor migration; nor it can emulate
full complexity of human mating habits, but all these factors would
actually only decrease, and not increase the effects of inbreeding,
and are thus not relevant for this study.

Since each individual has only two alleles on each locus (out of
10-15 different alleles present in the population), it is far more
likely that its descendant will have the same combination of alleles,
than any other possible combination of alleles (each ancestor acts
as a bottleneck for an available gene pool). We have hypothesized
that this will be visible through increased frequency of individual
combinations (mini-haplotypes) much sooner that any disturbance
in heterozygosity or the frequency of individual alleles would be
observed. Analysis of individual mini-haplotypes in our virtual pop-
ulations strongly supported this hypothesis. After 10 generations of
mating in subpopulations of 100 individuals, each mini-haplotype
was on average three times more likely than expected (Table 3).
However, since there was a random loss of alleles, different num-
ber of different mini-haplotypes was created in each population.
When combined into a 15-loci haplotype (which is a sole basis of
determining parenthood in a single parent situation), each member
of the subpopulation would be on average 250 times more likely to
have a specific 15-loci haplotype, than what would be expected
from the frequency of individual alleles. The situation would be
much worse if two individuals would share some of the mini-hap-
lotypes that were more overrepresented. As shown in Table 3, in
each subpopulation of 100 people there were nearly 300 mini-hapl-
otypes whose frequency was more than 10 times higher than
expected. In worst-case scenario, the probability that two independ-
ent members of the same subpopulation share the same 15-loci
haplotype (combination of 5 three-loci haplotypes) would be
several orders of magnitude higher than that expected from the
frequency of individual alleles.

Recent comparison of different methods to estimate effects of
population subdivision concluded that they are of the order of a
factor of 10 (26). Our results indicate that in fact these effects can
be up to several orders of magnitude larger. In most forensic cases
when genotypes of a suspect and a sample are being compared,
likelihood ratios are so high that even inbreeding coefficients of
up to 10* or 10° would not make a significant difference, but in
the process of identification of missing people this might not
be the case. Missing people are frequently being identified solely
on the basis of comparison with a single relative, and in that case
likelihood ratios are rarely higher than 107 (with 15 analyzed STR
loci). If substructure-related uncertainty in LR is combined with the
fact that in a mass fatality event an observed correspondence

between DNA profiles is generally a consequence of random com-
parisons of thousands of genotypes in the database (resulting in
low prior probability), in some cases, evidential value of the calcu-
lated likelihood ratio might be too small to enable reliable identifi-
cation. However, both these values (substructure-related uncertainty
in LR and prior probability) are highly variable and cannot be
defined for a specific case.

In some cases, the presence of population substructure has been
clearly documented (27), but most of the time there are no methods
to determine whether an unidentified body and a potential relative
belong to a specific subpopulation and additional safeguards are
needed to prevent errors in the identification process when likeli-
hood ratio starts to approach threshold values. In our work on the
identifications of war victims in Croatia, in addition to obtaining as
much DNA evidence as possible (Y-STR, mitochondrial DNA), we
heavily relied on other types of evidence (such as the information
about time, place and other conditions of disappearance — although
they can also, in some occasions, be quite misleading), as well as
anthropological and other “classical” forensic data as a ‘“‘control
mechanism” in the DNA-lead process. This approach appears to be
quite effective in pointing to and correcting situations when DNA
evidence (genetic matches) points to a wrong direction.
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