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Background
Biodiversity encompasses ecosystems, species and within-species (intraspecific) genetic 
diversity which is declining globally, driven by habitat loss, pollution, climate change, 
overexploitation of resources, and the introduction of invasive species [1]. The loss of 
intraspecific genetic diversity limits evolutionary responses and reduces the tolerance of 
populations and species to stressors [2, 3], ultimately impacting both species and ecosys-
tem biodiversity. Over the last century vertebrate species loss is up to 100 times higher 
than the background rate [4], and remaining populations of wild animals are experi-
encing declining genetic diversity [5, 6]. Clearly, action is needed to stop genetic diver-
sity loss [7], especially since a time lag exits between declines in genetic diversity and 
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Background  Mitochondrial DNA is a key marker for assessing genetic diversity, critical 
for the conservation of endangered species. This study investigates the mitochondrial 
diversity of the Bwindi Impenetrable National Park (BINP) mountain gorilla population 
(Gorilla beringei beringei), one of the most endangered primate subspecies.

Results  Using pooled sequencing of 200 faecal samples collected from both 
habituated and wild gorillas, we identify ten mtDNA variants exceeding a 20% 
threshold across the population mitogenome. Comparisons with previously sequenced 
individual BINP gorilla mitogenomes corroborates these findings and reveals 
additional putative haplotypes, potential heteroplasmy and nuclear mitochondrial 
DNA segments. Our approach overcomes challenges associated with pooled samples, 
distinguishing sequencing noise from biological variation. The observed diversity 
suggests that mitochondrial variability in mountain gorillas is comparable to the higher 
levels reported in the closely related Grauer’s gorilla (G. beringei graueri).

Conclusions  This study demonstrates the utility of non-invasive faecal sampling and 
pooled sequencing for assessing genetic diversity in challenging field conditions, 
highlighting its potential for population-level genetic monitoring of non-human 
primates. Our findings provide valuable insights into the genetic makeup of this 
critically endangered population, contributing to future conservation efforts, and 
supporting the recovery of mountain gorillas.
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population collapse [8]. Accurately assessing present-day genetic diversity in endangered 
species is essential for prioritising and implementing effective conservation measures [9] 
and halting the ongoing extinction crisis. However, sampling endangered species using 
blood or biopsies can be challenging and potentially harmful, making the extraction of 
DNA from faecal samples a valuable non-invasive alternative [10]. In addition, as micro-
biome sequencing becomes increasingly commonplace, the incidental presence of host 
DNA in such datasets allows insight into host – microbiome interactions directly from 
metagenomic samples [11] but also creates valuable opportunities to study genetic diver-
sity in samples from endangered species. Here we utilize these approaches to investigate 
the mitochondrial diversity of the Bwindi Impenetrable National Park (BINP) mountain 
gorilla population.

Mitochondrial DNA is a widely used measure of genetic diversity [12] and potentially 
useful in conservation studies of endangered species [13, 14]. The critically endangered 
eastern lowland gorilla (Gorilla beringei) have experienced population decline over the 
past 100,000 years [15], cumulating more recently with losses from habitat loss, poaching 
and disease outbreaks [16, 17]. Eastern lowland gorilla consist of two subspecies; Grau-
er’s gorilla (G. beringei graueri) in eastern Democratic Republic of Congo forests and the 
mountain gorilla (G. beringei beringei) which occupies two nearby territories of Virunga 
Massif and BINP (Fig. 1). While both subspecies are endangered, mountain gorillas 
number only around 1,000 wild individuals, whereas Grauer’s consist of around 6,800 
[18]. Of the two mountain gorilla populations, Virunga Massif has 639–669 individuals 
[19] while the BINP population was recently estimated at 459 individuals [20]. Despite 
recent and promising signs of population growth for mountain gorillas [19], DNA analy-
ses show that all eastern lowland gorilla populations have decreased in effective popula-
tion size over the past 100,000 years [21], with a 10-fold reduction in mountain gorillas 
in the past 5,000–10,000 years [16]. The most recent and drastic loss of genetic diversity 
over the past century has been attributed to overall population decline including the loss 
of peripheral populations [22], which can disproportionately impact the overall genetic 
diversity of a species [23]. Therefore, knowledge of genetic diversity within all remaining 
populations is essential for halting further decline and setting future goals.

Fig. 1  Distribution of eastern lowland gorilla (Gorilla beringei) populations. Sourced from ​h​t​t​p​s​​:​/​/​w​w​w​​.​i​u​c​n​​r​e​d​l​​i​s​t​.​
o​r​g​/​s​p​e​c​i​e​s​/​3​9​9​9​4​/​1​1​5​5​7​6​6​4​0​#​e​x​t​e​r​n​a​l​-​d​a​t​a​, accessed 05/08/2025
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Currently 130 complete G. beringei mitochondrial sequences are available on the 
National Center for Biotechnology Information (NCBI) database, of which only 20 are 
from mountain gorillas. In a recent analysis, five haplotypes were identified from the 
mitogenomes of mountain gorilla [15, 22], however these did not include any samples 
from the BINP population. In comparison, the 110 complete mitochondrial sequences 
from Grauer’s gorilla have 50 variable locations across the mitogenome (not including 
the highly polymorphic, but potentially error prone [22, 24] D-loop region). At the sub-
species level, consensus sequences of mountain and Grauer’s gorilla mitogenomes differ 
by 76 variable locations. Currently, information on the mitogenome of mountain gorillas 
is lacking relative to Grauer’s, especially within the smaller BINP population. Our study 
addresses this gap in understanding by interrogating the bulk sequence from 200 fae-
cal samples to identify variable positions with the mtDNA of Bwindi gorillas and hence 
increase the knowledge of mtDNA genetic diversity in this understudied population. 

Results
Initial mapping with Bowtie extracted 111,290 gorilla mitochondrial reads from the 
metagenomic dataset (min 5,527, max 20,383 in each of the ten pooled samples). Within 
the complete combined dataset, we observed clear nucleic acid diversity at a threshold 
of > 20% of total reads per loci at 10 locations across the mitogenome (Table 1, Fig. S1). 
Background sequence error rates were calculated and 15,263/15,488 loci were homolo-
gous at 99% or higher (and (10401/15488) at 99.7%). Of the remaining 225 sites with 
variants exceeding 1% frequency, the majority (177/225) contained less than 3% variants. 
Loci with 3% or more sequence variation (n = 47) are presented as these may represent 
rare haplotypes in the BINP mountain gorilla population (Table S1). Analysis of the indi-
vidual pooled samples (UG01-10) identified the same ten variant loci as in the complete 
combined dataset (see Table S1). In addition, ten loci with variant frequencies of > 10% 
were identified (Table 2) from the individual pooled samples. Of these, eight were among 
the complete combined dataset > 3% variants, while the remaining two (UG09_10543 
and UG06_12858) had overall variant frequencies of 2.1% and 2.9% respectively. Con-
tamination with human DNA was ruled out after mapping the study set of reads against 
a human reference sequence. The majority of reads (82%) were unmapped, and of those 
that were mapped the resulting consensus differed substantially from the human refer-
ence and matched 100% with gorilla mitochondrial DNA after BLAST analyses. 

Table 1  Summary of variants within and Bwindi impenetrable National park mountain Gorilla 
mitogenomes relative to reference NC_037853.1. The WGS column shows how many of the 
previously published Gorilla with whole genome sequences from Bwindi have variant mitochondrial 
haplotypes
Nucleotide position Substitution Percent variant Coverage Region WGS
5462 A ->G 42.0 962 COX1 2/6
5694 G ->A 42.3 894 COX1 3/6
7864 G ->A 42.0 735 ATP8 3/6
8320 G ->A 39.1 1004 ATP6 2/6
8587 G ->A 56.7 1050 ATP6 3/6
8684 G ->A 43.0 882 COX3 4/6
11,374 A ->G 20.0 963 ND4 2/6
12,487 A ->G 99.6 832 ND5 6/6
15,197 G ->A 40.8 850 CYTB 2/6
15,326 G ->A 40.3 737 - 2/6
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Our minimum spanning haplotype network (Fig.  2) revealed seven distinct BINP 
gorilla mitochondria haplotypes from our study samples (ten including the sequences 
derived from previously sequenced whole genomes) and places the BINP population 
close to but distinct from the previously sampled Virunga mountain gorilla popula-
tion. Wild and habituated groups have overlapping haplotypes, as do the mitochondrial 
sequences mined from whole genome samples.

To further investigate sequence error rates in mitochondrial sequences from individ-
ual mountain gorillas (versus our pooled samples) we accessed mitogenomes from six 

Table 2  Variant frequencies relative to reference NC_037853.1 of > 10% from individual pooled 
samples not included in Table 1
Nucleotide position Coverage Substitution Percent Variant Sample
4928 51 T ->C 31.4 UG04
4928 90 T ->C 12.2 UG07
6339 48 G ->A 14.6 UG01
6339 51 G ->A 11.8 UG04
6339 78 G ->A 10.3 UG05
6339 62 G ->A 25.8 UG06
6339 88 G ->A 14.8 UG10
7925 94 A ->C 11.7 UG02
7925 49 A ->C 14.3 UG09
8025 54 A ->C 11.1 UG09
9010 55 T ->A 10.9 UG10
9465 134 A ->G 11.2 UG02
9465 54 A ->G 13 UG04
9465 56 A ->G 17.9 UG06
9627 49 A ->C 12.2 UG01
9627 44 A ->C 11.4 UG04
10,543 71 C ->T 16.9 UG09
12,858 49 A ->C 10.2 UG06
13,705 50 A ->C 8 UG01
13,705 50 A ->G 12 UG01
13,705 132 A ->C 6.8 UG02
13,705 132 A ->G 6.1 UG02

Fig. 2  Minimum spanning haplotype network of Gorilla beringei populations and subspecies based on complete 
mitochondrial genomes. Dots on the haplotype edges correspond to the number of substitutions. The total num-
ber of substitutions between subspecies is shown in brackets
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G. beringei beringei whole genome samples, also from BINP. These samples were anal-
ysed by mapping to mitogenome reference sequence NC_037853.1 and assessing vari-
ant frequencies. Variant haplotypes were identified in the same ten loci as in the pooled 
samples (Table  1). The variant identified at loci 12,487 at nearly 100% was also found 
in all six individuals from BINP. In addition to these loci, one individual had two vari-
ants at position 4928 and 9465. Interestingly, these were loci that both had > 5% vari-
ant rates (SI) in our pooled samples, suggesting that these (and others) may represent 
genuine variants in the BINP gorilla population. Heteroplasmy appeared to be present in 
one individual (ERR2300764, loci 10543, 74.5% T, 25.6% C). The individual mitogenome 
samples from whole genome sequences had variable numbers of loci with > 3% variants 
(10–70 loci), comparable to the pooled study samples (n = 37 loci with between 3 and 
12% variants). Noticeably, several of these loci were shared between samples. For exam-
ple, consistent high variant rates (> 3% in both 5 or more individual WGS samples and 
in our pooled study samples) appear at loci 2991, 2996, 4855, 5841, 8955, 10,359, 10,370.

The mapping of our raw reads to a complete genome assembly revealed gorilla map-
ping rates of 0.32–0.79% (284,255–685,677 reads) per pooled sample. No significant dif-
ference in gorilla read count was found between wild and habituated groups (p = 0.66).

Discussion
Our study uses pooled sequence data to analyse host mitochondrial diversity from an 
underrepresented population of the endangered subspecies of eastern gorillas. Our 
data is unusual, in that we have pooled samples rather than individuals. However, by 
separating sequencing noise from biological variation and comparison with mitoge-
nomes available from individuals, we are confident that the ten variants we have identi-
fied at the >20% threshold are genuine. Furthermore, the additional loci presented in 
Table S1 are likely to represent extra diversity within G. beringei beringei, comparable to 
levels seen within the G. beringei graueri population [22] (Fig. 2), either as rare haplo-
types as is likely the case with the ten variants identified in Table 2, or as mitochondrial 
heteroplasmy, where certain loci contain variants within individuals. Our findings and 
approach are corroborated by comparison with individual mitochondrial genomes from 
the same population, which contained all ten of the >20% variants as well as some other 
haplotypes which occurred at lower frequencies in our pooled data.

The minimum spanning haplotype network clearly shows the BINP population 
(including mitogenomes from individuals [25]) is genetically diverse and separate from 
the nearby Virunga population. We used strict thresholds to avoid nucleotide ambigu-
ity in the analyses and because of this, missing haplotypes in our network may repre-
sent minority haplotypes present in individuals from our pooled samples. Molecular 
studies suggest that the split between the two mountain gorilla populations of BINP 
and the Virunga Massif occurred 5,000 years ago [16]. Our findings show a single fixed 
nucleotide difference (nt 12,487) using mitochondrial sequences. In contrast, G. beringei 
graueri, which was estimated to have split 10,000 years ago [16] has >70 mitochondrial 
differences from mountain gorillas, in agreement with previous analyses [22]. From a 
conservation perspective, our study has shown that the mountain gorilla population at 
BINP represents a genetically distinct population, with several unique mitochondrial 
haplotypes, underscoring the importance of preserving this population for future recov-
ery efforts.
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Previous studies have estimated error rates in Illumina next generation sequencing to 
be 0.24 ± 0.06% per base [26]. The majority of loci in our study (10401/15488) had error 
rates below 0.3%. However, this leaves approximately a third of all loci with more diver-
sity than can be explained by typical error rates alone. Allowing for an order of magni-
tude increase of 3% error, we have used the pooled samples available to us to identify 47 
potential variants among the BINP gorilla population. The majority of known haplotypes 
in the Grauer’s gorilla dataset (n = 110) are rare and found in single individuals. That is, 
they occur in less than 1% of sequences and would be difficult to detect against back-
ground sequencing noise in a pooled dataset such as in this study. Our analysis of indi-
vidual pooled samples revealed additional potential variants, possibly representing rare 
haplotypes, present in a few individuals.

During sample collection, data such as nest number, family group, life stage, date and 
location were collected (Table S2). Efforts were made to avoid re-sampling the same 
individual. In the laboratory, DNA was extracted from samples individually, normalised 
based on DNA quantity and pooled equally in batches of 20 for sequencing. However, 
since the proportion of host DNA may vary in each sample, there are likely some which 
were under or overrepresented. Due to these factors, we cannot be sure that the data we 
analysed accurately represented 200 individual BINP mountain gorillas as would be the 
case with individually sequenced samples. Nonetheless, our analyses of the pooled data 
have identified variable loci in the BINP population and targeted studies using the indi-
vidual samples may further investigate patterns among groups or sectors.

The individual mitochondrial sequences from whole genome samples we analysed 
were useful for comparison with our pooled samples. Interestingly, the individual sam-
ples contained loci with high heterogeneity, that is mixtures of nucleotides above the 
error thresholds discussed above. These sites were shared between individual samples 
as well as in our pooled ones. Mitochondrial heteroplasmy (the presence of two or more 
types of mtDNA in the same individual) [27], has been reported in a range of animal 
species including hominids [28, 29]. While not observed previously in eastern gorilla 
[30] it is possible that some of the heterogeneous loci identified in our study, particularly 
those observed in the individual samples are examples of mitochondrial heteroplasmy. 
Nuclear mitochondrial DNA (NUMT) may also contribute to the patterns of diversity 
we observed. Since mitochondria are present in higher copy numbers, these nuclear cop-
ies (and their mutations) may appear as low frequency variants in mitochondrial studies.

Conclusions
Microbiome studies of wild animals are becoming increasingly common, giving insight 
into microbial diversity, host resistome and evolutionary patterns [31–33]. These data-
sets provide opportunities for extraction of data and study of host DNA in endangered 
species [34, 35]. Our analyses found that we can use environmentally collected faecal 
samples to detect DNA which can be good enough for population studies. Other pre-
vious work has used this approach for analysis of whole genomes in great ape popula-
tions using exome-capture sequencing to focus sequencing effort to capture host DNA 
[36]. Pooling of samples allows greater sequencing depth, is suitable for population level 
analyses, and can potentially cut sequencing costs 10-fold [37], allowing for greater 
sequencing depth. Overall, with the microbiome focussed approach we found that aver-
age of 0.6% of reads were from gorillas when processing DNA from faecal samples. We 
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successfully retrieved 4,787,633 sequences, resulting in a total of 670,063,562 bp of 
gorilla DNA from the nuclear genome data to be analysed. This opens possibilities for 
future research on wild species populations through non-invasive sampling in difficult 
field conditions.

Methods
Sample collection in BINP was conducted by Conservation Through Public Health 
(CTPH) and collaborators in Bwindi, Uganda. In total, 200 faecal samples were col-
lected from the night nests of habituated gorillas (N = 100), which have been gradually 
accustomed to the presence of humans near the park’s northern border with Buhoma, 
and wild (unhabituated) mountain gorillas (N = 100) from further within the park. The 
sample collection was conducted between May 2017 and May 2018 by collaborators in 
Uganda and was designed to maximise the number of different individuals. Where pos-
sible, the park sector, gorilla family group, nest number and estimated age (silverback, 
subadults, adult female, juvenile and infant) were recorded (Table S2). Samples were 
placed in RNAlater® (1:5 ratio) within 24 h of collection and stored in a -20 °C freezer 
until shipment to New Zealand, which was made in refrigerated conditions. The faecal 
samples arrived on October 1st, 2018, under the Ministry for Primary Industries permit 
number 2,018,068,860. They were stored at -20 °C until analysis in a PC2 containment 
facility at the Hopkirk Research Institute, Massey University, New Zealand.

DNA from approximately 150 mg of faecal sample was extracted using the Zymo 
Quick-DNA™ Faecal/Soil Microbe Miniprep Kit following the manufacturer’s instruc-
tions. Extractions were quantified with Qubit and pooled equally in groups of 20 for deep 
sequencing for community level microbiome analyses and sent to Australian Genome 
Research Facility Ltd (AGRF) for library preparation (XGen Prism) and sequencing 
(NovaSeq 150 bp PE). Approximately 1 × 10⁹ reads were generated from the ten sam-
ple pools (complete metagenomes available from bioproject accession PRJNA1213876). 
These reads were comprised of microbial, dietary and host DNA, including nuclear and 
mitochondrial sequences analysed here. Sequence reads were quality-checked using 
FastQC (0.11.9) [38]​​. Adapter sequences were removed, and reads were trimmed with 
Trimmomatic (0.39) [39].​ A mapping index file of the mitogenome reference sequence 
NC_037853.1 was created using Bowtie2 (2.4.5) [40]. The reference sequence does not 
contain any D-loop sequence, and this was also excluded from our analyses in accor-
dance with previous studies [22]. After mapping the reads, SAMtools (1.15.1) ​ [41] ​ were 
used to sort and compress the resulting file of mapped reads (BioSample accessions 
SAMN46534863- SAMN46534872). Full code for these steps is provided as Additional 
file 3 as well as summary sequencing and mapping statistics (Table S3).

The subset of mapped reads were then remapped to the original reference sequence 
and we calculated variant frequency against sequencing background error rates within 
pooled samples and for the overall dataset using Geneious 10.2.6 [42]. Reads were 
mapped to the reference using low sensitivity default settings but with a reduced max-
imum number of mismatches per read of 3% to increase mapping stringency. Due to 
our pooling strategy, individual samples were indistinguishable from each other, and 
sequence variants presented themselves as elevated non-consensus base frequencies at 
each locus. Because of this it was important to clearly distinguish underlying sequencing 
error from potential biological variation. Potential variants and baseline sequence error 
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rates were examined using Geneious by calculating the sequence identify statistics and 
coverage at each location on the genome. The minimum variant frequency setting was 
set to zero in order to detect any differences in all reads, and the output was exported 
as a csv (see Additional file 4) for analysis and comparison among samples. This was 
undertaken using both the complete sample set of 10 pools and each pool separately 
(UG01-10, consisting of 20 individuals in each) with minimum coverage of 30x. To rule 
out contamination from human sources, we also mapped reads against a human mito-
chondrial reference sequence (NC_012920.1).

We also compared our results with previously published mitogenomes from mountain 
and Grauer’s gorilla populations and extracted mitochondrial sequences from six whole 
genome sequences sequenced previously from BINP [25] and available from (​h​t​t​p​s​:​​/​/​w​w​
w​​.​e​b​i​.​a​​c​.​u​k​​/​e​n​a​/​​b​r​o​w​s​​e​r​/​v​i​e​​w​/​P​R​​J​E​B​1​2​8​2​1). Mitochondrial reads from these individual 
samples were accessed and assembled using the same reference and mapping strategy as 
for our study samples and were used for comparative purposes. Being from individual 
animals they provide an opportunity to separate baseline sequencing error from genetic 
diversity in the population, including mitochondrial heteroplasmy and nuclear mito-
chondrial DNA (NUMTs). Consensus sequences from the six whole genome samples 
and individual pools (UG01-10) were created using a strict 50% threshold, and aligned 
with mitochondrial sequences from a previous analysis [22] using MAFFT [43]. A mini-
mum spanning haplotype network was constructed in Hapsolutely [44].

Finally, we mapped our raw pooled sample reads to a genome assembly (PGDP_
GorBer - GCA_963575185.1) as a reference to assess host nuclear genome coverage 
from the samples. Using BBMap (version 39.01), an index of the reference genome was 
created, and the pooled sample reads were mapped with default parameters. The differ-
ences between the mapped and unmapped output files were then used to calculate the 
percentage of gorilla host DNA present in the samples. We also tested whether there 
were differences in the number of reads from wild versus habituated gorilla pooled sam-
ples using a t-test.
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