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Sequencing the orthologs of human et

autosomal forensic short tandem repeats
provides individual- and species-level
identification in African great apes
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Abstract

Background Great apes are a global conservation concern, with anthropogenic pressures threatening their survival.
Genetic analysis can be used to assess the effects of reduced population sizes and the effectiveness of conservation
measures. In humans, autosomal short tandem repeats (aSTRs) are widely used in population genetics and for forensic
individual identification and kinship testing. Traditionally, genotyping is length-based via capillary electrophoresis (CE),
but there is an increasing move to direct analysis by massively parallel sequencing (MPS). An example is the ForenSeq
DNA Signature Prep Kit, which amplifies multiple loci including 27 aSTRs, prior to sequencing via lllumina technology.
Here we assess the applicability of this human-based kit in African great apes. We ask whether cross-species genotyp-
ing of the orthologs of these loci can provide both individual and (sub)species identification.

Results The ForenSeq kit was used to amplify and sequence aSTRs in 52 individuals (14 chimpanzees; 4 bonobos;

16 western lowland, 6 eastern lowland, and 12 mountain gorillas). The orthologs of 24/27 human aSTRs ampli-

fied across species, and a core set of thirteen loci could be genotyped in all individuals. Genotypes were individu-
ally and (sub)species identifying. Both allelic diversity and the power to discriminate (sub)species were greater

when considering STR sequences rather than allele lengths. Comparing human and African great-ape STR sequences
with an orangutan outgroup showed general conservation of repeat types and allele size ranges. Variation in repeat
array structures and a weak relationship with the known phylogeny suggests stochastic origins of mutations giving
rise to diverse imperfect repeat arrays. Interruptions within long repeat arrays in African great apes do not appear

to reduce allelic diversity.

Conclusions Orthologs of most human aSTRs in the ForenSeq DNA Signature Prep Kit can be analysed in African
great apes. Primer redesign would reduce observed variability in amplification across some loci. MPS of the orthologs
of human loci provides better resolution for both individual and (sub)species identification in great apes than stand-
ard CE-based approaches, and has the further advantage that there is no need to limit the number and size ranges
of analysed loci.
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Background

Habitat loss, disease, climate change and hunting are
among the main drivers of localised and global extinc-
tions [1]. As species become increasingly restricted to
fragmented habitats it is necessary to assess their viability
to support effective management decisions. Increasing
global awareness has drawn attention towards the pres-
ervation of charismatic flagship species [2], among which
the African great apes have been a focal interest: most
of these species remain critically endangered through-
out their home ranges [3] (Fig. 1). However, when threat
status is measured merely on the basis of species decline
and habitat degradation [4], it can neglect the biological
and ecological impacts of shifts in population size and
distribution [5]. As populations decline and inbreeding
intensifies, heterozygosity falls [6]. In turn, reduced allelic
diversity can affect the adaptive ability of the species
and potentially lead to the emergence of genetic defects
underpinned by recessive alleles [7].

As a response, DNA sequence-based approaches to
assess population parameters now play an important
role in implementing effective wildlife management and
conservation policies [10]. Measuring polymorphism at
sets of autosomal short tandem repeats (aSTRs) via cap-
illary electrophoresis (CE) has been an important tool
in population genetic analysis [11]. Because they assort
independently at meiosis, sets of unlinked aSTRs also
yield multilocus genotypes that are unique to individu-
als within a species: this forms the basis of human foren-
sic identification technologies [12], and can be applied
in forensic casework involving animals, for example in
poaching or illegal trade cases [13]. Such genotypes also
have the potential to distinguish between species and
subspecies when allelic spectra are suitably differentiated
and characteristic.

Because of the high levels of sequence similarity among
great-ape genomes [14], PCR primers for aSTR mark-
ers developed in humans are expected to amplify their
orthologs. Indeed, some STR multiplexes designed for
human forensic analysis have been shown to have cross-
species application for the analysis of orthologous loci in
other great apes (e.g. [15, 16]). The underlying assump-
tion is that amplicons generated at orthologous loci are
generally commensurable across species [17]. However,
this assumption is often incorrect; indeed, the presence
of species-specific indels in flanking sequence together
with different organisation and variability of STRs pre-
sent difficulties with great-ape cross-species comparisons

[17]. In translating multiplexes designed in humans
to other species, there is also a practical problem of
interpretation, since allele size ranges for different loci
(labelled with the same fluorescent dye) were designed to
be non-overlapping in humans, but may well overlap in
non-human primates.

These issues arise because of the nature of capillary
electrophoresis, which assesses polymorphism by meas-
uring the length of PCR fragments and converting this
to an assumed number of repeat units within each allele.
An alternative approach is multiplex massively paral-
lel sequencing (MPS), in which the sequences of STRs,
rather than their lengths, are analysed. This obviates the
problem of size-range overlap, since it is the sequence
itself that identifies the locus, and also permits larger
numbers of STRs to be simultaneously analysed than is
possible with length-based CE genotyping. Extensive
concordance studies show agreement between the two
analytical methods [18, 19]. MPS-based analysis is now
becoming established in human forensic genetics. For
example, the ForenSeq DNA Signature Prep Kit (Vero-
gen) [20, 21] includes multiple autosomal, X- and Y-chro-
mosomal STRs, as well as autosomal SNPs for individual
identification.

This study aims to assess how the human-designed
ForenSeq multiplex system performs in amplifying and
sequencing autosomal STRs in a set of chimpanzees,
bonobos and gorillas, and to ask if the orthologous loci
are both individually identifying and can robustly dis-
tinguish groups at the species and subspecies levels.
Sequencing across subspecies and species may also reveal
aspects of the mutation processes of these widely used
STRs across ~ 8 million years of primate evolution.

Results

We assembled a set of DNA samples from 52 non-human
great-ape individuals (14 chimpanzees, 4 bonobos, 16
western lowland gorillas, 6 eastern lowland gorillas, and
12 mountain gorillas) for sequencing. Both prior infor-
mation on some sampled individuals and later deduc-
tions from our own data using the software ML-Relate
[22] (Table S1) indicate that the sample set contains close
relatives within (sub)species, including some parent-
offspring, full-sib and apparent half-sib pairs, though no
mother-father-child trios. In describing the diversity of
STR sequences and in considering identification at the
individual and (sub)species levels, we retain all these indi-
viduals since they contribute new alleles to the dataset.
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When considering population structure, heterozygosity,
inbreeding (F), and forensically-relevant diversity sta-
tistics we remove individuals such that there are no pre-
dicted relatives in the dataset, apart from in the highly
inbred mountain gorillas, where we retain predicted
half-sibs. Given that whole-genome sequencing [7] in this
sub-species has shown chromosomes to be homozygous
over >38% of their lengths, ML-Relate’s prediction of half-
sib status here is likely to arise due to general close genetic
similarity among individuals in the population.

Amplification of orthologs of human loci in the multiplex

The ForenSeq DNA Signature Prep Kit, designed to
assess human DNA diversity, was used to amplify autoso-
mal, X- and Y-STRs and autosomal SNP-containing loci
(see Methods for details) in the set of 52 African great
ape samples. Table S2 summarises amplification results
across the entire set of 152 amplicons in the multiplex.
Here, we focus on the 27 autosomal STRs (sequences
given in Table S3), but also report the sequences of
amplified X-STRs in Table S4. Twenty-one of the 52
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samples are females, so Y-STR data are less extensive, and
there is also a relatively high failure rate for amplifying
orthologs of human loci, likely due to the elevated MSY
mutation rate [23]. Two Y-STRs failed in all (sub)species
(DYS481, DYS533), four failed in Pan (DYS19, DYS612,
DYS385a,b, DYS448), and thirteen failed in Gorilla
(DYS505, DYS570, DYS522, DYS437, DYS439, DYS3891I,
DYS438, DYS390, DYS643, Y-GATA-H4, DYS549,
DYS392, DYF387S1). The amelogenin sex test loci [24]
amplified in all individuals and gave results consistent
with previously known sex (Table S1). We do not report
sequence information for the human identity-informative
SNP amplicons.

Of the 27 autosomal STRs targeted in the multi-
plex, two (D7S820 and D9S1122) failed to amplify in
any individuals, and D5S818 amplifies only in gorillas.
Although the actual primers used in the ForenSeq kit
are not published, it is likely that they include or resem-
ble well-established primers. Examination of 4-way spe-
cies alignments around these loci (Figures S1-3) reveal
that established primers for both D7S820 and D9S1122
lie across human-specific variants, which seems a possi-
ble explanation for failure to amplify. This is not so for
D5S818, but there is a Pan-specific variant close to the
3’ end of one established primer; if the ForenSeq primer
terminates at this nucleotide, only humans and gorillas
will amplify. Because D5S818 contains a low-diversity
STR array with the structure [AGAT],_,[AG],_,5, unlike
the human ortholog which is a highly variable tetranu-
cleotide repeat, [AGAT];_;5, we do not consider it fur-
ther here. Of the remaining 24 STRs, six (Fig. 2) could
be analysed only in particular species, likely due to inter-
specific sequence differences affecting primer sites. A set
of 18 STRs amplifies in all species, but with some miss-
ing data in particular individuals. Missingness could be
due to null alleles arising from sequence variants affect-
ing primer sites, or to poor sequence quality (<20 reads).
Neglecting all STRs that show missing data leaves a ‘core’
set of thirteen STRs that were sequenced across all indi-
viduals; this set allows cross-species comparisons to be
done.

Sequence diversity in autosomal STRs

By allowing variation within both the repeat array and
flanking DNA to be observed (Fig. 3a), sequencing
human autosomal STRs increases the observed allelic
diversity [18, 25]. This is also the case in the great apes
studied here (Fig. 3b-f; Table S5). Focusing on variation
within the repeat array (since the lengths of flanking
regions are not completely comparable between spe-
cies) we see that STRs that show sequence variants are
not well conserved across species. In humans, D12S391
shows by far the greatest increase in diversity due to
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repeat array sequence variation [18, 25], but this feature
is not observed in the great apes studied here. D2S1338
shows the greatest degree of repeat array sequence vari-
ants across (sub)species.

STR variant classes within and between (sub) species

To consider the sequence variation in the 18 cross-spe-
cies amplifiable STRs in an evolutionary framework, we
compared the Pan and Gorilla data to the predominant
sequence structures of human orthologs (retrieved from
STRBase.nist.gov and [18]). We included a single orangu-
tan orthologous allele for the 17/18 loci where this could
be identified, extracted from the orangutan (Pongo abelii)
reference sequence (ponAbe3 assembly). Figure 4a sum-
marises the STR structural categories observed; the range
of allele structures for each locus is shown in a phyloge-
netic context in Fig. 4b-h and Figure S4.

Several loci (including D13S317, D19S433, THO1,
TPOX and D16S539) show conserved features across
the great apes, with perfect repeat arrays of the same
repeat unit across all (sub)species examined, and similar
repeat ranges (Fig. 4, Figure S4). We see no examples in
which the major variable repeat unit differs in sequence
between (sub)species, but among the remaining loci
there is variation in structural types and little obvious
relationship with the phylogeny, suggesting stochastic
origins of mutations giving rise to diverse non-perfect
repeat arrays. Repeat array length distributions are par-
ticularly well understood in humans because of very
large sample sizes, whereas our great-ape sample sizes
are small and may be highly unrepresentative. However,
given this caveat, the number of repeats observed in all
species fall within the range of human variation, with
the exception of D13S317 (based on the lists given by
STRBase.nist.gov and [18]).

Below, we summarise some features of structures for
the 18 STRs that were amplifiable and sequenced across
Pan and Gorilla. For several STRs (in particular D6S1043,
D18S51, D19S433, PentaE and THO1), recorded human
allele repeat number ranges are much wider than those
seen in our sample of great apes. In fact, across all 18
STRs, there is only one case, D13S317 in western lowland
gorilla, where the observed non-human primate allele
size range exceeds that seen in humans. This may reflect
the influence of ascertainment bias towards human STR
variability for forensic use and the relatively large sur-
veyed human sample sizes.

Some loci lack variant structures, and show straight-
forward patterns of variation in perfect arrays across
the phylogeny. An example is THO1 (Fig. 4b), which is
a simple, perfect array of AATG repeats in humans, and
the same across Pan and Gorilla, albeit with narrower
repeat number ranges (and invariant in bonobos). The
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Fig. 2 Summary of amplification behaviours of autosomal STRs across individuals. For each STR and each great-ape individual, amplification
behaviour is summarised, as indicated in the key to the right. Distinction between categories is based on sequence read-depth analysis. STRs are
organised into three groups reflecting the amplifiability and degree of data completeness as indicated below the figure

(See figure on next page.)

Fig. 3 Counts of distinguishable alleles in each (sub)species by STR locus, and per-locus increment due to sequence variants. The observed
numbers of length variants among individuals are shown as grey bars, and the number of additional alleles resulting from sequence variation
within and flanking the repeat array are shown in white and black respectively. STRs are organised into three groups as in Fig. 2, and shown

below the figure. a Human [25] b Chimpanzee; ¢ Bonobo; d Western lowland gorilla; e Eastern lowland gorilla; f) Mountain gorilla. Note that,
although repeat array sequence variation is comparable across species, flanking sequence variation is not strictly comparable because the amount

of sequence considered in different species varies somewhat



Fedele et al. BMC Ecology and Evolution (2024) 24:134 Page 6 of 14

H =89
a " uman (n=89)

30

20

LIt e il walnal

b Chimpanzee (n=14)

No. of diffirent alleles

20 M

il .a8 oRaad 1.1

C Bonobo (n=4)

bl 1.

Western lowland gorilla (n=16)

No. of diffirent alleles

No. of diffirent alleles
O =~ N WHOO N

dwzo
Q
S 16
[
512
E g
©
: Tl da Tl i HHH
g, f f nilm all a
e Eastern lowland gorilla (n=6)
o 7
o
° 6
gs 1
o 4 i
E 3
©
R
LT I
z, A
Mountain gorilla (n=12)
f o 10
° -
[5]
ﬁS
56
£ 4
= llanllll lila
o
¢, 00l n l l
N = O N «— 0 « ™ < — X - O = o W 0 © W W N
53%25;83830205 3288 2848858
DD - eSS o o5 -5
OV o OoNONG D = o Lo Dg P
-~ NN AQONAQ» O - - QO 0 N O «~ N &
DEDD o [ajyal [alya] [a] OEDSD
non- None Individual-level, (Sub)species-level
amp: (13 ‘core’ loci) (5 loci) (6 loci)

@ Length (CE [ Sequence variation M Sequence variation
equivalent) (repeat region) (flanking region)

Fig. 3 (Seelegend on previous page.)



Fedele et al. BMC Ecology and Evolution (2024) 24:134

orangutan allele is very short and interrupted, and
unlikely to be variable. Similarly simple features are
seen at PentaE (Fig. 4c), D18S51, and D19S433 (Figure
S1). Two of the human loci, D2S1338 and D12S391,
are compound in humans with two variable blocks of
different repeat types. These features are conserved:
D2S1338 (Fig. 4d) shows similar structure and approxi-
mate array length ranges in humans, Pan and Gorilla,
as a compound and polymorphic [GGAA], [GGCA],,
STR. Surprisingly, the orangutan allele here com-
prises short arrays of different repeat units (AGGG
and AGG). D12S391 (Fig. 4e) shows variable arrays of
AGAT and AGAC repeats, and in orangutan is a simple
perfect array of just one of these repeat types, AGAT.

There is little evidence of novel repeat arrays aris-
ing and expanding in particular species. One excep-
tion is D21S11 (Fig. 4f), which in all species shows one
or more arrays of TCTA repeats, but in humans also
includes a highly variable array of TCTG repeats that
is not seen in any other species. The other example is
at D12S391 (Fig. 4e), where (as well as the AGAT and
AGAC arrays mentioned above) an array of AGGT
repeats is specific to Gorilla, and polymorphic in west-
ern lowland and mountain gorillas.

STR mutation processes are generally thought of as
rapid compared to single-nucleotide changes in non-
repetitive DNA, and (unless there has been recent
gene flow) we might therefore expect little identity-by-
descent in the features of repeat arrays over the sev-
eral million years of primate evolution. However, this
is not so, and the distribution of structures identical
by descent appears to be non-uniform across the great
apes. There are no examples of distinctive Pan-specific
derived features in any of the 18 STRs analysed. How-
ever, the picture is different in Gorilla. For D12S391
(Fig. 4e), VWA (Fig. 4g), D25441, D165539, FGA, and
TPOX (Figure S4), all gorilla (sub)species studied carry
more than one allele structure, and these are shared
among western lowland, eastern lowland and moun-
tain gorillas (which have an estimated divergence time
of ~150 KYA; Fig. 1c). Only one locus, D851179 (Figure
S1), shows distinctive structural features restricted to
the two eastern subspecies.

(See figure on next page.)
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Considerations of STR array evolution based on human
diversity and pedigree data have shown that interrupt-
ing a long perfect repeat array with a variant repeat or
indel leads to a marked reduction of mutation rate [26]
and consequent lower allelic diversity. However, in both
Pan and Gorilla there are several allele structures featur-
ing polymorphic arrays separated by interruptions (vari-
ant repeats, or insertions). In most of these cases, other
variant structures in the same (sub)species are short and
perfect, and these are shared across species suggesting
they may be ancestral. This raises the possibility that the
long interrupted alleles might arise via a non-slippage-
like process, but larger sample sizes would be needed
to address this. Chimpanzee shows this phenomenon at
D21S11 (Fig. 4f) and D1751301, while it is seen in Gorilla
at D20S482 (Fig. 4h), D13S317, D17S1301, and FGA (Fig-
ure S4).

Within-(sub)species variability of multilocus STR
genotypes

Within (sub)-species, all individuals (including related
individuals; Table S1) are distinguishable by their STR
genotypes, and this is true for both CE-equivalent and
sequence-based allele designations.

After removing related individuals (Table S1) we
assessed observed vs expected heterozygosity for the
tested loci (Table S6); following Bonferroni correction,
only one locus in one species (D16S539 in chimpanzee),
shows a significant deviation from expectation. We esti-
mated F;; as a measure of inbreeding (Table S7). Follow-
ing Bonferroni correction, significant positive F, values
are seen for three loci (D16S539, D19S433, TPOX) in
chimpanzee, two (D13S317, D16S539) in western low-
land gorilla, and one (D8S1179) in eastern lowland
gorilla. As shown in Fig. 2, all except one of these (TPOX)
show evidence of null alleles or low read-depth in the rel-
evant (sub)species, suggesting that the F results reflect
amplification issues rather than evidence of inbreed-
ing. Forensic statistics derived from the data are given
in Table S8, and Table 1 presents the combined random
match probabilities (RMPs) in each (sub)species. The
values obtained strongly reflect the sample sizes, which
in turn influence the mean number of alleles observed

Fig.4 Summary of STR structures across (sub)species, and examples of inter- and intra-specific structural variation. a For each (sub)species

and each locus, the structural class of the STR is summarised as indicated in the key to the right. In cases where two classes are both present

at high frequencies, the two classes are given as a split cell in the table. Human structures are taken from the predominant observed class

listed at STRBase.nist.gov. Orthologous orangutan (Pab: Pongo abelii) alleles are based on the reference sequence. Hsa: Homo sapiens; Ptr: Pan
troglodytes; Ppa: P. paniscus; Ggg: Gorilla gorilla gorilla; Gbg: G. beringei graueri; Gbb: G. b. beringei. b—h Examples of variation across (sub)species,
phylogenetically arranged, for seven STRs (see Figure S2 for further examples). Human structures are from STRBase.nist.gov and [18]. In each case,
tetra- or trinucleotide repeat motifs are indicated by boxes coloured according to the keys below. Ranges of repeat numbers within variable arrays
are indicated. Where more than one structural class is observed within a Pan or Gorilla (sub)species, pie-charts indicate their proportions
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Table 1 Observed per genotype combined RMPs for different great ape (sub)species

(sub) species Mean no. chromo-somes No. loci Mean no. alleles/locus Combined RMP

CE MPS CE MPS

Ppa 0.6 20 3.0 3.1 6.91E-08 5.15E-08
Ptr 209 22 58 7.0 7.78E-15 217E-15
Gag 226 24 6.0 73 146E-17 161E-18
Gbg 10.8 22 3.0 32 6.21E-10 5.70E-10
Gbb 15.7 22 4.1 43 3.96E-12 8.53E-13

See Table S8 for per-locus details

per locus. RMPs are in all cases lower for MPS than CE
allele designations, and in the range 107 to 107'%, Any
comparison with human RMPs, where sample sizes and
numbers of observed alleles are much larger, is not very
meaningful. For example, the 24 loci analysable in west-
ern lowland gorillas give respective RMPs for CE- and
MPS-based designations of 1.49x107%" and 1.98x 107
in a sample of 89 Saudi Arabian humans [25].

Between-(sub)species variability of STR genotypes

To compare multilocus STR genotypes for the 13 ‘core’
loci across (sub)species, we carried out cluster analysis
using STRUCTURE and DAPC (discriminant analysis of
principal components), both for data at the full sequence
level and for CE-equivalent (length-based). In STRUCTU
RE analysis of CE-equivalent data (Figure S5a), the best-
supported value of K is 2, in which Pan and Gorilla form
two clusters. DAPC analysis reveals three clusters, with
Gorilla divided into clusters corresponding to western
and eastern species (Figure S5b), reflecting the behaviour
of this method in minimising differences within, while
maximising differences between, populations. In STRU
CTURE analysis of sequence-level data, K=4 is best sup-
ported, differentiating clusters corresponding to bonobo,
chimpanzee, western gorilla and eastern gorilla (Fig. 5a).
DAPC analysis gives five clusters, separating out the two
eastern gorilla subspecies (Fig. 5b). Sequence-based anal-
ysis therefore performs better in distinguishing between
(sub)species. Given the sharing of repeat motif variation
across Gorilla (sub)species (Fig. 4; Figure S1), it seems
likely that the differences contributing to differentiation
here reflect variation in the flanking sequences.

Discussion

Recent conservation initiatives have witnessed a con-
siderable increase in the use of DNA testing for the
implementation of effective wildlife conservation and
management plans throughout the world. The cur-
rent rate of biodiversity loss has prompted research-
ers to utilise markers that can be readily transferred

between species to facilitate the study of taxa in which
allelic diversity is poorly characterised [27, 28]. In this
context, aSTRs have been a dominant source of neutral
genetic markers for a variety of applications, includ-
ing individual identification, assessment of population
diversity and structure, and evolutionary studies [29].
Cross-species amplification depends on the presence of
flanking sequences that, despite sometimes long diver-
gence times, are conserved across organisms, and is
directly related to the phylogenetic distance between the
source and the target species [30, 31]. This has enabled
the exploitation of common sets of PCR primers to type
orthologous aSTR loci via capillary electrophoresis (CE)
for the study of non-model organisms [17, 29, 32-35].
Following CE, PCR fragment lengths are converted into
numbers of repeats at STR regions to produce individual
genotypes. Recent studies, however, have identified sev-
eral caveats to this approach, especially when it is used in
cross-species analyses. Firstly, owing to convergent muta-
tions, repetitive regions that are identical by state (i.e.
have the same length) may not be identical by descent
[36], therefore estimates of differentiation across species
can be inaccurate. Secondly, CE fails to distinguish indels
occurring within STR flanking sequences from changes
in the structure of the repetitive regions, compromis-
ing the assessment of the organisation and variability of
STRs [17]). As a result, the underlying assumption, under
which orthologous STRs are commensurable across spe-
cies, is often incorrect.

In recent years, the advent of MPS has obviated these
problems by allowing researchers to investigate the
structures of STR alleles, in virtually unlimited num-
bers. Consequently, MPS tolerates size homoplasy and
the occurrence of overlapping ranges between loci that
arise when homologous primers are used to genotype dif-
ferent species, as both STR and flanking sequences may
not be invariant across species [17, 29, 32—35]. Because
MPS does not rely on length discrimination, primer pairs
can be strategically designed to target shorter fragments
and increase multiplexing capability, thus making this
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Fig.5 Cluster analysis based on sequence-based autosomal STR genotypes. a Results based on STRUCTURE, for K=4; b Results based on DAPC
analysis. Full sequence information was used here (both array and flanking sequence data). An analysis based on CE-equivalent data is given in

Figure S2. Related individuals are removed for this analysis (see Table S1)

technology particularly suitable for the analysis of highly
degraded DNA found in non-invasive samples. MPS
has been used to sequence 46 STRs from faecal samples
of the Iberian wolf [37]. In chimpanzees and bonobos,
sequence-based analysis of multiple STRs from faeces
has been carried out [38, 39] using a bioinformatic plat-
form developed for calling alleles from Illumina MiSeq
data [40].

Here, we applied the human-designed ForenSeq kit
to amplify and sequence human loci of forensic interest
in 52 DNA samples from chimpanzees, bonobos, and

gorillas, focusing on the results obtained for 27 auto-
somal STRs (aSTRs). As expected, given the low aver-
age sequence divergence between African great ape
genomes (~1.3% between human and chimpanzee/bon-
obo [41];~1.75% between human and western lowland
gorilla [42]), most of the aSTRs amplified successfully in
most cases. Thirteen STRs could be genotyped in all indi-
viduals, and a further five showed only individual-level
dropouts or sub-threshold amplification. The remain-
ing nine either failed amplification altogether or failed in
a particular species or genus. Failure to amplify is likely



Fedele et al. BMC Ecology and Evolution (2024) 24:134

due to sequence divergence in primer-binding sites; since
the ForenSeq kit’s primer sequences are proprietary and
therefore not exactly known, this cannot be investigated
definitively, but analysis of three loci supports the idea
(Figures S1-3).

Our results show that MPS analysis of STR alleles can
provide accurate individual and sub-species identifica-
tion. As was observed previously in species including
humans [18, 25], chimpanzees [40] and muskrats [43],
our analysis reveals higher diversity of STR alleles than
traditional length-based genotyping — though this is not
a universal finding, as demonstrated by a study in Van-
couver Island marmots [44]. In our study, STR structures
show evidence of allele stability over long evolutionary
times and reveal unexpectedly high levels of IBD across
shared gorilla alleles (the only exception being D8S1179
in eastern gorilla subspecies, which reflects the short
divergence time). Contrary to what has been reported
in human pedigrees [26], we found that long interrupted
alleles share a high degree of polymorphism across spe-
cies: one speculative explanation for this is possible dif-
ferences in mutation processes between species, but
there may be other explanations. In the future, increas-
ing whole-genome sequence data at the population and
pedigree level and the application of genome-wide STR
calling tools (e.g. HipSTR [45], LobSTR [46] should illu-
minate these questions further.

Despite the advantages of MPS, the widespread adop-
tion of high throughput sequence-based STR typing for
wildlife conservation purposes is still hindered by high
start-up costs (e.g. for equipment and reagents), labour-
intensive sample preparation, and steep learning curves
associated with MPS data analysis [47-49]. Additionally,
the lack of well-established research facilities in biodi-
verse countries means that biological samples must be
shipped to sites where sequencing can be performed
[50]. Stringent international restrictions on the export of
endangered species biological samples further contribute
to increasing the cost and time of sequencing, de facto
limiting the feasibility of DNA testing for wildlife conser-
vation purposes [51, 52].

Nevertheless, recent technological advances have cir-
cumvented these issues by greatly reducing the cost for
the acquisition of sequencing and laboratory equipment,
with positive repercussions for the implementation of
wildlife conservation genomics initiatives [47, 48]. In
this regard, the commercialisation of portable nanop-
ore sequencing devices by the company Oxford Nano-
pore Technologies promises to revolutionise the field of
molecular ecology by permitting in situ analysis of DNA
samples [50, 53—56]. The shift from a laboratory-central-
ised workflow to on-site DNA analysis overcomes the
fundamental challenge of transporting biological material
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to a site where sequencing can be performed [50]. While
only few studies to date have assessed the applicability of
the ONT MinION device for sequencing forensic STRs
[57-60], recent findings suggest that STR panels can be
compatible with ONT sequencing platforms [47], which
opens up new opportunities in the field of wildlife foren-
sics and conservation genetics.

Conclusions

Our results indicate that MPS via a human-designed kit
represents an effective method for the analysis of orthol-
ogous aSTR loci in non-human great ape species, and it
provides reliable identification of individual and (sub)
species. Comparison with standard length-based allele
definitions shows higher observed allelic diversity and
improved (sub)species discrimination.

Methods

DNA samples and data

DNA samples were from a variety of sources including
laboratory collections, detailed in Table S1. For chimpan-
zees, subspecies definition was sometimes unclear, and
where it was defined, sample sizes for individual subspe-
cies were small: we therefore considered chimpanzees
at the species level. By contrast, gorilla samples were
better defined, with at least six individuals in each of
three of the four known subspecies, and therefore goril-
las were considered at this level. As a result, our com-
parison groups were five in number: chimpanzee—Pan
troglodytes (n=14), bonobo—P. paniscus (n=4), western
lowland gorilla—Gorilla gorilla gorilla (n=16), eastern
lowland gorilla—G. beringei graueri (n==6) and mountain
gorilla—G. b. beringei (n=12 [7, 61]). To provide com-
parative information on the same set of loci in humans
we used a published dataset based on analysis of the
ForenSeq 'DNA Signature Prep Kit in 89 unrelated Saudi
Arabian human males [25], as well as information from
STRBase.nist.gov and [18].

Library preparation and sequencing

DNA samples were quantified using the Qubit" Fluo-
rometer with the Qubit™ dsDNA HS (High Sensitivity)
Assay Kit for double-stranded DNA (dsDNA). Sequenc-
ing libraries were prepared with the human-based
ForenSeq = DNA Signature Prep Kit according to the
manufacturer’s recommendations (Verogen®, San Diego,
CA, USA). Primer mix A was used to target 58 STRs
(27 autosomal STRs, 7 X-STRs and 24 Y-STRs) and 94
identity-informative SNPs (iiSNPs) from 1 ng of template
DNA. Details of all loci are available at https://verogen.
com/wp-content/uploads/2022/01/forenseq-dna-signa
ture-prep-reference-guide-PCR1-vd2018005-d.pdf. Steps
for library preparation include amplifying, indexing,
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purifying, normalising and pooling, prior to sequencing
on an Illumina MiSeq FGx, all of which were performed
in accordance with the manufacturer’s recommended
protocols.

Sequence data analysis

Quality-checked FASTQ files were generated using
Trimmomatic v.0.36 [62] for adapter sequence and poor-
quality base trimming using the Linux terminal. The
threshold for minimum read length was set at 50 bp.

Analysis of human data using the DNA Signature Kit
is usually undertaken using the ForenSeq Universal
Analysis Software (UAS), but for the non-human analy-
sis done here the software FDSTools [63] was employed.
This is laborious, but has the advantage that tailored
anchor, flanking and repeat-array sequences can be
designed, hence obviating the need for a reliable refer-
ence genome, which is still lacking for Gorilla beringei
and most Pan sub-species. In order to develop library
files for variant calling for Pan and Gorilla, trimmed bam
files were visualised and aligned with the human refer-
ence (GRCh38/hg38) using the Integrative Genomic
Viewer (IGV) [64] allowing the identification of suitable
flanking sequences as anchors [63]. Considering the kit
chemistry, which produces short and unreliable second
reads, the 5° anchor was set close to the 5” end of the
repeat array of each locus, so as to maximise the cover-
age for each marker. Flanking sequences to be added to
the final version of the library file were obtained through
repeated runs of FDSTools.

If there are null (non-amplifying) alleles at a given
STR locus, these may exist in a heterozygous state, and
it then becomes necessary to distinguish between such
heterozygotes and true non-null homozygotes, in which
two identical alleles are amplified. This was done using
a sequence read-depth approach, normalised against
known heterozygote calls, since a true homozygote’s
read-depth should be equal to the sum of two heterozy-
gous alleles (following a previous approach used for
duplicated Y-STR alleles [65]). A threshold of>20 reads
per locus was set to call alleles.

Orthologous sequences around three STRs for human,
chimpanzee, bonobo and gorilla were retrieved from
Multiz alignments [66] within the UCSC Genome
Browser (/genome-euro.ucsc.edu/) and secondary align-
ments generated using Clustal Omega [67].

Population, forensic and statistical analysis

STRAF [68] was used to calculate forensic statistics,
including genotype count (N), allele count based on
sequence (N_;), observed and expected heterozygosity
(Hops and Hg,,), polymorphism information content
(PIC), match probability (PM), power of discrimination
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(PD), power of exclusion (PE), and typical paternity
index (TPI).

Clustering of genetically similar individuals was
investigated using both STRUCTURE [69], and discri-
minant analysis of principal components (DAPC). As
different species are present in our data set, we applied
STRUCTURE v.2.3.4 excluding admixture, carrying
out five independent runs iterated for 150,000 Markov
Chain Monte Carlo (MCMC) repetitions including
50,000 as burn-in for K=1-10. The output was ana-
lysed using the AK method for the detection of the
optimal number of clusters [70], using STRUCTURE
HARVESTER v0.694 [71].

DAPC was conducted using the package adegenet
(version 2.1-3) [72] implemented in R version 3.6.3
[73]. For DAPC, the function find.clusters() was used
to determine the optimal cluster number without prior
information, and the Bayesian information criterion
(BIC) was used to identify abrupt changes in fit mod-
els for successive runs of increasing k-means clustering
with K=1-8. The number of PCs to retain was cross-
validated using the function xvalDapc() with 50 repeti-
tions in order to avoid overfitting.

ML-Relate [22] was used to screen the sample set for
closely related individuals within (sub)species. Based on
this, together with some prior information (Table S1)
some individuals were removed for some analyses, as
described in the first paragraph of the Results section.

In considering STR repeat arrays across species, we
consider four basic types: perfect (an uninterrupted array
of a single repeat type, e.g. [GATA],); interrupted (two
or more arrays of the same repeat type interrupted by
non-repeat material, e.g. [GATA] NNNNN|[GATA],);
imperfect (two or more arrays of the same repeat
type interrupted by repeat-derived material, e.g.
[GATA] ,GACA[GATA],, or [GATA],GAT[GATA],);
compound (two or more variable arrays of different
repeat types of the same length, e.g. [GATA], [GACA],).
We also include two hybrid categories, compound inter-
rupted (two or more variable arrays of different repeat
types of the same length, interrupted by non-repeat
material, e.g. [GATA] NNNNN|[GACA], ), and imperfect
compound (two or more arrays of different repeat types
of the same length, interrupted by repeat-derived mate-
rial, e.g. [GATA] AATA[GACA],).
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