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A B S T R A C T

In forensic statistics, the random match probability (RMP) is the probability that a “match” would occur by
coincidence while the likelihood ratio (LR) describes the strength of DNA evidence. Using these statistics to
assess the weight of DNA evidence requires an appropriate and well-characterized population-specific short
tandem repeat (STR) database to reliably estimate allele frequencies. This study compared several Native
American-specific STR datasets, including those not represented in the CODIS Native American database, and
revealed that increasing the number of STR markers resulted in lower RMP values while a θ adjustment from
0.03 to 0.04 generated increases in RMP. To prevent biases that may arise from the underrepresentation of tribes
in the current CODIS Native American database, data derived from tribes in different geographic regions and
language families are necessary to ensure inclusive representation of the Native American population and
generate more reliable statistical results.

Dear Editor,

The impact of forensic DNA evidence in casework lies in its ability to generate robust random match probabilities (RMP) and/or likelihood ratios
(LR) that are precise. These statistics are calculated using population allele frequencies generated from the Federal Bureau of Investigation’s (FBI)
Combined DNA Index System’s (CODIS) core short tandem repeat (STR) markers. Recently, the number of CODIS core STRs was expanded from 13 to
20 loci to increase the power of discrimination and compatibility internationally while also decreasing adventitious matches [1]. As a result, the
Apache and Navajo samples in the FBI’s Native American database have been updated to include the additional suite of markers [2].

In spite of increasing the number of markers for profiling purposes, concerns about the limited Native American tribal representation in these
databases still remain [3,4]. A recent study by Ng et al. [5] profiled 533 individuals from 31 different tribes across the US and although the study
involved more Native American tribes than the current CODIS database, many other tribes from different regions and language families were not
represented. As well as facilitating a more comprehensive characterization of the Native American genetic structure (e.g. genetic subdivision), an
increased tribal representation portends to yield more reliable allele frequency estimations for RMP and LR computations.

The effect of genetic structure that stems from differentiation among subgroups in a population has been shown to cause errors in assigning
match probabilities for genotypes or profiles [6,7]. To take into account the effects of genetic structure during computations of match probabilities, a
substructure adjustment factor (θ) is used to describe the variation among subgroups within a population [8]. While a θ value of 0.01 is used for more
homogenous US populations, such as the Asian, African, Caucasian, and Hispanic American populations, the National Research Council has re-
commended a θ value of 0.03 for smaller as well as more isolated and differentiated populations such as the Native Americans [8]. In a recent study
by McCulloh et al. [4], which was based on ten tribes representing eight different language families and seven distinct geographic regions in the US, a
θ of 0.04 was deemed to be more appropriate for the level of differentiation observed among US tribal subpopulations.

There have been few attempts to describe the autosomal STR-based population genetics of Native Americans to facilitate forensic investigation,
including the development of comprehensive forensic databases for estimating allele and genotype frequencies as well as assigning RMP and LR
[2,4,5,9,10]. This deficiency, which resulted from a lack of access to Native American DNA samples [3], has impacted efforts to evaluate recent
developments in forensic testing including the expanded CODIS panel. The goal of this study was to include CODIS tribal data as well as additional
information from tribes that were not part of the current forensic database to assess how the tribal composition, along with the expanded panel of
STR markers, affected the values of RMP and LR in these communities. It is also worth noting that this is the first time values of Native American
match probabilities calculated with θ values of 0.04 (4) and 0.03 (8) were compared.

All Native American allele frequency data from Moretti et al. [2], Ng et al. [5], and Budowle et al. [9,10] were downloaded and reformatted to be
consistent across all datasets. Datasets with allele frequencies for sizes less than or greater than a particular allele size, specifically the Budowle et al.
[9,10] data, were given the same allele frequency for all alleles that fell under those particular sizes. The Moretti et al. [2] data were updated
versions of the Budowle et al. [10] Apache and Navajo datasets with increased marker coverage and error corrections. The allele frequencies from
each publication was pooled to generate the following four datasets: 1) “MAL” contains the 31 tribes from Ng et al. [5], 2) “Moretti” consists of the
updated Apache and Navajo tribes from Moretti et al. [2], 3) “Budowle 7” has the Michigan, Minnesota, Apache, Navajo, Northern Ontario, Salishan,
and Saskatchewan groups from Budowle et al. [10], and 4) “Alaska” includes the Athabaskan, Inupiat, and Yupik tribes from Budowle at al. [9].
Three additional datasets were created from the four pooled datasets to represent the population database contained in CODIS and to incorporate all
available forensically relevant Native American population data – 1) “CODIS 13” combines Budowle 7 with Alaska, 2) “CODIS 20” is the same as
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CODIS 13 but replaces the Apache and Navajo data from Budowle 7 with that of Moretti, and 3) “All” pools CODIS 20 with MAL. To estimate an
allele’s pooled frequency across datasets, the number of times the allele occurs in a dataset is first determined by multiplying the allele’s frequency
and the total number of alleles in the same locus. The number of times that allele occurs across datasets is estimated, and this estimate is then divided
by the total number of alleles at the locus across the datasets.

STR profiles from ten randomly selected test subjects belonging to Native American tribes dispersed across North America [5] were used to generate RMP
and LR estimates using the OmniPop 200.1 program (http://www.cstl.nist.gov/strbase/populationdata.htm). The allele frequency tables originally in Om-
niPop were replaced with those from the seven datasets described above and macro codes edited to accommodate data structure differences. θ correction
values of 0.03 and 0.04, as suggested by the National Research Council (NRC) II report [8] and McCulloh et al. [4], respectively, were both used for
calculations to evaluate the effect of θ on RMPs. Moreover, since the Budowle 7 and Alaska data only contained 13 markers, calculations were also conducted
for the former and current CODIS core marker requirements of 13 and 20, respectively, to observe the effects of the increased marker count.

Allele frequency tables, including the number of individuals in each dataset and number of alleles typed for each locus, used in this study are
available in Supplementary File 1. The modified OmniPop file used for RMP and LR calculations is included in Supplementary File 2. The RMP and
LR values for the ten randomly chosen individuals using both θ values of 0.03 and 0.04 for both the 20 and 13 CODIS markers are presented in
Table 1 and Table 2, respectively.

Table 1
RMP and LR (below) values for 10 individuals for the 20 core CODIS STR markers and θ
values of 0.03 and 0.04. Tribal affiliations are directly given in the sample name or in
parentheses.
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Comparisons of individual samples across the various datasets showed that the number of markers as well as the individual’s tribal affiliation
determined which dataset yielded the lowest RMP and largest LR values. For 20 markers, the Moretti dataset gave the lowest RMP values for six out
of the ten individuals followed by the CODIS 20 dataset for three individuals, and MAL dataset with one individual. Conversely, the datasets that
yielded the highest RMP values for 20 markers were MAL for seven individuals, Moretti for two individuals and CODIS 20 for one individual. When
all seven datasets were compared for 13 markers, the Alaska dataset had the lowest RMP values for six individuals while the Moretti dataset had four.
The datasets with the highest RMP values when θ=0.03 were MAL with eight individuals and Moretti with two individuals, respectively. When
θ=0.04, the datasets with the highest RMP values were MAL with seven individuals, Moretti with two individuals and Alaska with one individual,
respectively. A dataset that combined multiple population data tended to yield values that fell within the range reflected by the population data of
which it comprised, e.g. CODIS 13 typically had RMP values that were within the range exhibited by Budowle 7 and Alaska.

The use of additional STR markers for RMP and LR calculations yielded increased power of discrimination [1] by generating lower RMP and
inversely greater LR values. For instance, the RMP or match probability for the overall profile for the Apache individual assigned using θ=0.03 from
the MAL dataset decreased to 2.91×10−23 (LR=1 in 3.43× 1022) when 20 STRs were used as opposed to 1.49×10−14 (LR=1 in 6.71× 1013)
when only 13 markers were used (Tables 1 and 2). As with the new requirement for crime laboratories to implement the expanded 20 marker set [1],
the FBI Laboratory is currently in the process of re-genotyping the three tribes in their Alaska dataset and the Minnesota group from their Budowle 7

Table 2
RMP and LR (below) values for 10 individuals for the 13 core CODIS STR markers and θ values of 0.03 and 0.04. Tribal affiliations are directly
given in the sample name or in parentheses.
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dataset (Tamyra Moretti, personal communications 2017). In contrast to the increase in STRs, the adjustment of θ from 0.03 to 0.04 slightly inflated
the values of RMP (Tables 1 and 2). For example, the RMP value calculated with the Apache individual across the 20 CODIS markers in the MAL
dataset increased from 2.19×10−23 (LR=1 in 3.43× 1022) when θ=0.03 to 2.15× 10−22 (LR= 1 in 4.65×1021) when θ=0.04 (Table 1).
However, as McCulloh et al.’s [4] study was the only one to date that has recommended the use of a more reliable θ for tribal communities, further
assessments of the genetic structure (e.g. genetic subdivision) involving more tribal representation with larger samples size would be desirable.

On average, the MAL dataset yielded the highest RMP and lowest LR values for the majority of the ten test individuals, for both 20 and 13
markers used, compared to the other published datasets (Tables 1 and 2). This may be attributed to the MAL dataset’s greater representation of tribes
throughout North America. By contrast, the Moretti dataset generated the lowest RMP and highest LR values for the majority of the test profiles using
20 markers while Alaska held the position for the 13-marker comparisons (Tables 1 and 2). Unlike the MAL dataset, both the Moretti and Alaska
datasets only included two or three tribes, respectively. The Budowle 7 dataset yielded intermediate RMP and LR values and contained more tribes
than Moretti or Alaska but fewer than MAL.

By combining the published data into larger and more comprehensive tribal datasets, the values generated were presumably more representative
of the current Native American genetic composition in the US. Underrepresentation of the Native American genetic diversity could lead to un-
derestimating rare allele frequencies in the population database, which can later bias RMP and LR values. Moreover, when a suspect’s specific tribal
affiliation is known, the most appropriate population database is the one that best matches his/her ancestry. In cases involving suspects who have
self-identified as mixed tribal heritage or when his/her tribal ancestry remains uncertain, it is reasonable to consider multiple tribal databases to
generate more robust and precise statistical values so that an RMP or LR computation that is most favorable to his/her defense may be chosen.

Genetic diversity and differentiation among Native American populations need to be better characterized so that θ values which more accurately
reflect Native American genetic structure can be determined. Ideally, genetically similar Native American datasets of sufficient size should be
combined based on tribal or linguistic affiliations to establish distinct Native American population databases instead of a single pooled database.
Presently, relevant Native American population data is unavailable therefore data from different Native American populations have to be combined
to form a single Native American database [2,4,5,9,10]. Support for this approach has also been provided by the FBI’s African American database,
which combines US African American and three Afro-Caribbean populations with the use of an appropriate θ correction for calculating RMPs for
forensic cases involving suspects from these communities (Tamyra Moretti and Jodi Irwin, personal communications). The inherent issues regarding
best practices in establishing Native American population databases are beyond the scope of this study. In spite of this, the present study attempts to
use novel Native American STR data to improve the estimations of RMP and LR in tribal communities in the US. Any further refinement of the θ value
for calculating the values of RMP and LR in these communities will require additional population genetic studies involving more samples from
additional tribal groups.

The FBI is responsible for investigating the most serious crimes of violence in Native American communities, including homicide, child sexual and
physical abuse, and violent assault [11]. Therefore, the FBI’s CODIS database plays a critical role in solving crimes within these communities. In
order to make the FBI’s DNA database an effective and reliable tool in aiding law enforcement investigation activities, the agency’s collection of
information on Native American genetic variation and structure should rely on a more comprehensive survey of geographically and linguistically
distinct tribes in the US.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.legalmed.2017.10.012.
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