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Abstract

The first hyper-variable region (HV1) of the mitochondrial control region (MCR) has been widely 

used as a molecular tool in population genetics, but inadvertent amplification of nuclear 

translocated copies of mitochondrial DNA (numts) in gorillas has compromised the use of 

mitochondrial DNA in population genetic studies. At least three putative classes (I, II, III) of 

gorilla-specific HV1 MCR numts have been uncovered over the past decade. However, the 

number, size and location of numt loci in gorillas and other apes are completely unknown. 

Furthermore, little work to date has assessed the utility of numts as candidate population genetic 

markers. In the present study, we screened Bacterial Artificial Chromosome (BAC) genomic 

libraries in the chimpanzee and gorilla to compare patterns of mitochondrial-wide insertion in both 

taxa. We conducted an intensive BLAST search for numts in the gorilla genome and compared the 

prevalence of numt loci originating from the MCR with other great ape taxa. Additional gorilla-

specific MCR numts were retrieved either through BAC library screens or using an anchored-PCR 

(A-PCR) amplification using genomic DNA from five unrelated gorillas. Locus-specific primers 

were designed to identify numt insertional polymorphisms and evaluate their potential as 

population genetic markers. Mitochondrial-wide surveys of chimpanzee and gorilla BACs showed 

that the number of numts does not differ between these two taxa. However, MCR numts are more 

abundant in chimpanzees than in other great apes. We identified and mapped 67 putative gorilla-

specific numts, including two that contain the entire HV1 domain, cluster with sequences from 

© 2014 Elsevier Inc. All rights reserved.

Correspondence to: Iván Darío Soto-Calderón.
1Present Address: Sede de Investigación Universitaria. Torre 2. Laboratorio 430. University of Antioquia. Carrera 53 #61-30. 
Medellín, Antioquia, COLOMBIA. ivandariosoto@hotmail.com Phone number: (+57) 313-7091801.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Mol Phylogenet Evol. Author manuscript; available in PMC 2015 December 01.

Published in final edited form as:
Mol Phylogenet Evol. 2014 December ; 0: 61–70. doi:10.1016/j.ympev.2014.08.018.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



two numt classes (I, IIb) and will likely co-amplify with mitochondrial sequences using most 

published HV1 primers. However, phylogenetic analysis coupled with post-hoc analysis of 

mitochondrial variation can successfully differentiate nuclear sequences. Insertional 

polymorphisms were evident in three out of five numts examined, indicating their potential utility 

as molecular markers. Taken together, these findings demonstrate the potentially powerful insight 

that numts could make in uncovering population history in gorillas and other mammals.
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1. Introduction

For decades, mitochondrial DNA (mtDNA) has been one of the most popular markers in 

population genetics and systematics. In particular, the mitochondrial control region (MCR) 

has proven to be especially useful at uncovering population structure and resolving intra-

specific units for conservation. However, the unintentional amplification of nuclear 

integrations of mtDNA (numts) can inflate estimates of genetic diversity (see Garner and 

Ryder, 1996) and lead to erroneous phylogenetic inference (Song et al., 2008). Assembly of 

available genomic databases from a handful of eukaryotes has shown that the number of 

numts varies among taxa (Richly and Leister, 2004; Triant and DeWoody, 2007; Hazkani-

Covo, et al., 2010). However, the abundance of numts in many species remains poorly 

understood, despite the increasing number of whole genome sequences becoming available.

It has been hypothesized that nowhere are MCR numts more abundant than in the genome of 

gorillas (Calvignac et al., 2011; Jensen-Seaman et al., 2004), leading some to question the 

reliability of mitochondrial data in this genus (Thalmann et al., 2004; 2005). Since many 

numts are small in size (< 500b), their inadvertent amplification might be avoided through 

the use of long-range PCR (Thalmann et al., 2004). However, this approach is not always 

feasible as degraded samples from feces or museum specimens are frequently the only 

source of DNA for genetic studies of wild primates such as gorillas. Furthermore, 

amplification of in vitro recombinants has also been a risk in gorillas that if ignored could 

artificially inflate estimates of mitochondrial diversity and mislead phylogenetic analysis 

(Anthony et al., 2007a). Despite these empirical evidences and an observed difference in the 

prevalence of MCR numts across great ape taxa (Soto-Calderón et al., 2012) the abundance 

of MCR numts in the gorilla genome remains to be assessed. Fortunately, the increasing 

availability of genomic resources for many taxa now presents new opportunities to 

characterize numt loci and rigorously assess patterns of abundance across closely related 

taxa.

Previous phylogeographic studies of western (Gorilla gorilla) and eastern (G. beringei) 

gorilla species have thus far identified four (A – D) geographically restricted MCR 

haplogroups (Anthony et al., 2007b) and three corresponding numt classes (I – III). To date, 

class I numts have only been found in western gorillas whereas class II and class III numts 

have been reported in both eastern lowland and western gorilla populations (Anthony et al., 
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2007a). These findings contrast with the reciprocal monophyly observed between eastern 

and western gorilla mitochondrial clades and strongly suggest a history of recent 

hybridization between eastern and western gorillas (Ackermann and Bishop, 2009; 

Thalmann et al., 2007).

Although numts have the potential to confound mtDNA analyses, these loci can also be of 

considerable use as population genetic or cladistics markers. Like transposable elements 

(TE), numts are considered homoplasy-free markers since they are rarely excised from the 

genome, allowing the ancestral (absence) and derived (presence) states to be inferred (Batzer 

and Deininger, 2002). Insertional polymorphisms in numts and TEs have been effectively 

used to infer historical demographic processes in humans (Batzer et al., 1994; Batzer and 

Deininger, 2002; Lang et al., 2011; Perna et al., 1992; Thomas et al., 1996) and in the case 

of TE loci, reconstruct comprehensive primate phylogenies (Herke et al., 2007; Ray et al., 

2005). Yet no studies to date have systematically evaluated the utility of numts as population 

genetic markers in non-human primates, despite the many advantages inherent to such a 

marker system (see Batzer and Deininger, 2002; Herke et al., 2007; Stewart et al., 2011).

Here we screened genomic Bacterial Artificial Chromosome (BAC) libraries of both gorilla 

and chimpanzee with probes from across the mitochondrial genome in order to compare the 

abundance of mitochondrial fragments in the nuclear genome of two of the most commonly 

studied great apes. We also complemented this strategy with BLAST surveys of the gorilla 

genome using the entire mitochondrial genome as a query sequence. Secondly, we 

conducted genomic BLAST searches of the current and previous gorilla scaffolds using the 

entire mitochondrial genome as a query sequence. Thirdly, we carried out wet lab screens of 

a gorilla BAC library in combination with an anchored PCR (A-PCR) survey of nuclear-

enriched genomic DNA from five cell lines to capture additional MCR numt loci that may 

be absent in the gorilla scaffold and the BAC library. The use of complementary strategies is 

especially important as recent integrations may have not yet gone to fixation. These data 

were then used to: (1) compare the abundance of mitochondrial-wide numts in gorillas and 

chimpanzee genomes; (2) compare the prevalence of MCR numts in gorillas and other great 

ape genomes; (3) provide the first comprehensive list and map of gorilla numts; (4) 

determine whether gorilla MCR numts uncovered in the present study fall into any of the 

previously described numt classes (I–III); (5) determine the risk of amplifying gorilla numts 

with traditional mitochondrial primers and; (6) assess whether polymorphic numt loci can be 

used to infer gorilla evolutionary history within a phylogenetic and population genetic 

framework.

2. Methods

2.1. Gorilla and chimpanzee BAC library screens

In order to design probes encompassing the entire mtDNA genome, whole mitochondrial 

sequences from the chimpanzee (NC_001643) and western lowland gorilla (NC_001645) 

were aligned with ClustalW (Thompson et al., 2002). A custom perl script was then used to 

identify all 40-mer sequences with at least 90% identity between species and 45–55% GC 

content. From these, sixty-four 40-mer dsDNA probes were chosen from locations spaced at 

intervals of approximately 250bp around the ~16kb genome (Table S1), 32P-radiolabeled as 
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previously described (Ross et al., 1999), and purified with G-50 Sephadex columns (GE 

Healthcare, Piscataway, NJ, USA). Probes were pooled into 17 groups of adjacent loci, 

along with a control probe derived from Caenorhabditis briggsae, and hybridized overnight 

at 61°C in Express Hyb hybridization solution (Clontech, Mountain View, CA, USA) to an 

arrayed genomic BAC library (CHORI-255) derived from the male western gorilla “Frank” 

and to the male chimpanzee “Clint” library (CHORI-251) (Children’s Hospital Oakland 

Research Institute). Library filters were washed with 1XSSC, 0.1% SDS at 61°C as per Ross 

et al. (1999), and exposed to autoradiographic film for 48 to 96 hrs.

To identify gorilla BAC clones specifically containing MCR numts, nine different 40-mer 

dsDNA probes were designed from the gorilla MCR and flanking tRNA sequences using 

paired 24-mer ssDNA oligos with an 8bp overlap (Table S1). 32P-radiolabeled overgo 

hybridization probes were generated from these oligos and hybridized to the gorilla genomic 

library (CHORI-255) as above. Thirty-two positive BACs were subsequently grown up in 

500ml Luria Broth cultures and purified with NucleoBond BAC maxi-prep kits (Clontech). 

The BAC-ends were sequenced with the primers SP6 and T7 (Table S2), using the BigDye 

v3.1 kit (Applied Biosystems, Foster City, CA, USA), following manufacturer’s instructions 

but modified to include 75 PCR cycles. Sequences were mapped via BLAT to the human 

genome sequence (build hg19) (Kent, 2002; Kent et al., 2002). BACs that overlapped with a 

known human numt were not further characterized. BACs containing candidate loci likely to 

contain a gorilla-specific numt were sequenced using a combination of internal overgo 

oligos and mtDNA primers used to “walk out” to the corresponding nuclear flanks.

2.2. BLAST surveys of the gorilla genome using the mitochondrial genome as a query

We conducted a BLASTn search (Altschul et al., 1990) of the current partially assembled 

version of the reference genome of the female western gorilla Kamilah (Gorilla gorilla 

gorilla, build gorGor3.1 May 2011), using the entire gorilla mitochondrial genome 

(X93347) as a query sequence. The filters and mask options of BLAST searches were 

clicked off, word size was relaxed to a value of 7 and, match/mismatch scores and gap 

creation/extension penalties were set to 1/−1 and 3/1, respectively. All putative numts with 

expect-values of 0.39 or less and an overall identity of 60% or more were retained for future 

analysis. Flanking nuclear sequences from each candidate numt were mapped to the 

reference genome of humans (build 36.3) and chimpanzees (build 2.1) using the BLAT tool 

(Kent, 2002). A numt was considered to be gorilla-specific when its sequence coincided 

with an integration observed only in gorillas. In some cases, numt duplications in the gorilla 

genome were diagnosed when found nested within a duplicated larger chromosomal region. 

Additional searches of the original trace files (Gorilla_gorilla_WGS) and the former 

genomic assembly CABD00000000.2 were also conducted in order to recover additional 

MCR numts not yet assembled in the current genome version. Mapping and determination 

of gorilla-specificity of each candidate numt was carried out as described above.

2.3. Relative abundance of MCR numts in gorillas and other great apes

The prevalence of numts specifically derived from each of the four MCR sub-domains (the 

hyper-variable 1 [HV1], the Central Conserved Domain [CCD], the hyper-variable 2 [HV2] 

and the sub-domain proximal to the phenylalanine tRNA gene [MCRF]) and the 500bp 
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flanking regions in gorillas was compared with findings from other great apes (humans, 

chimpanzees and orangutans). In order to make data derived from the genomic survey 

comparable with previous studies, the database of gorilla numts was constrained to only hits 

of either i) an identity greater than 70% and size between 50 and 99bp or ii) at least 60% 

identity and 100bp in length (see Soto-Calderón et al., 2012). The number of numts per site 

was estimated for each nucleotide position in the region of interest for each taxon. A 

Kruskal-Wallis test was conducted to test the hypothesis that the distribution of the absolute 

number of numts per nucleotide derived from the four MCR sub-domains and the 500bp 

flanking regions does not differ among the four great apes (gorillas, humans, chimpanzees 

and orangutans). Wilcoxon signed-rank tests were then used to test for significant pair-wise 

differences between taxa.

2.4. Isolation of nuclear-enriched gorilla DNA and anchored PCR

As part of an anchored-PCR strategy designed to upwardly bias the amplification of nuclear 

copies over mtDNA sequences, we adopted a number of steps to enrich gorilla genomic 

DNA extractions for nuclear DNA (Soto-Calderón, 2012). As a first step, we selected five 

different gorilla fibroblast cell lines (Coriell Institute for Medical Research, Camden, NJ, 

USA) whose mitochondrial genomes lacked a BglII (A↓GATC↑T) recognition site, as 

determined by restriction enzyme digestion of three overlapping fragments amplified from 

across the entire mtDNA genome using the long-range LA Taq polymerase (Takara Bio Inc., 

Mountain View, CA, USA). Primers used to amplify these three overlapping fragments are 

listed in Table S2. After digesting with BglII, the mtDNA of these individuals would remain 

circularized during the Y-linker ligation described below, thus making it impossible to 

amplify.

The five selected cell lines lacking BglII sites were subsequently grown for four weeks in 

the presence of 2’,3’-dideoxycytidine (ddC) to selectively inhibit mtDNA replication, 

leading to a progressive dilution and virtual loss of mtDNA in cultured cells (Ashley et al., 

2005). Nuclear DNA (nDNA) was then extracted from the ddC-treated cell lines using the 

Blood & Cell Culture DNA Maxi Kit (Qiagen, Valencia, CA, USA), which preferentially 

recovers high-molecular-weight DNA averaging between 50–100kb, further reducing the 

abundance of any remaining mtDNA (~16.5 Kbp). The copy number of mtDNA relative to 

nDNA was then estimated by quantitative PCR of two reporter genes, the mitochondrial 

cytochrome b gene and the nuclear tumor suppressor gene p53, using the primer pairs 

CytbGor F / CytbGor R and p53iiPrim F / p53ii-R, respectively (Table S2).

The nuclear-enriched DNA samples obtained from the five ddC-treated cell lines were 

subsequently pooled in equal concentrations, completely digested with BglII to generate 

fragments with 5’-GATC overhangs and ligated to a compatible Y-linker made up of the 

two partially complementary oligos BglII-top (5’-

GATCGAAGGAGAGGACGCTGTCTGTCGAAGG-3’; modified from Ray et al., 2005) 

and BglII-bottom (Ray et al., 2005). Partial sequences of putative MCR numt loci and the 

corresponding flanking regions were then amplified from the treated samples through an 

anchored PCR strategy using one of several MCR primers in combination with the primer 

LNP (see Ray et al., 2005 for details). In this method, the MCR primer binds to a given 
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numt fragment leading to the extension of the first strand (Figure S1). This creates a binding 

site for the primer LNP at the 3’ end of the nascent strand, allowing the amplification of the 

complementary reverse strand during the second round of PCR. This is followed by a semi-

nested PCR using the same LNP primer and an internal MCR primer to increase the 

specificity of the amplified products. A-PCR amplifications were carried out in 20µl 

reactions containing 1U LA Taq polymerase TaKaRa (Bio Inc.), 0.4mM dNTPs, 0.2µM of 

each primer, 1× buffer and 20–30ng DNA. Cycling consisted of initial denaturation at 94°C, 

followed by 35 cycles of 94°C for 15 s and 68°C for 15 min, with a final extension at 72°C 

for 2 min. PCR products were then cloned into the pCR®2.1 vector using the TOPO TA-

cloning kit (Invitrogen, Carlsbad, CA, USA) and sequenced with the BigDye v1.1 (Applied 

Biosystems). These sequences were then aligned with the gorilla mitochondrial genome to 

determine the location of the 5’ portion of the numt and its adjacent nuclear flank. The 

identified flank was then BLATed (Kent, 2002) against the human and chimpanzee 

reference genomes as described above to identify the genomic location of the orthologous 

locus, infer the sequence of the second flank and determine whether the corresponding numt 

was unique to gorillas. Lastly, locus-specific primers were designed to amplify across the 

second nuclear flank of each numt locus.

2.5. Sequencing and phylogenetic analysis of the HV1 region

Genomic DNA samples from 41 western gorillas from USA zoos were extracted using the 

DNeasy Blood & Tissue Kit (Qiagen) from peripheral blood samples kindly donated by 

participating institutions and collaborators (Table S3). A section of 6,880bp of the 

mitochondrial region containing the HV1 domain was amplified with LA Taq polymerase 

using specific primers (mt10261 Fa / mt726 R; Table S2) and sequenced using the BigDye 

v1.1 and primers flanking the HV1 (mt15365 F / mt15888 R).

In order to determine whether gorilla HV1 numts identified in the study belonged to any of 

the previously defined numt classes I – III (Anthony et al., 2007a), we first aligned the HV1 

portion of four new gorilla-specific numt loci identified in the present study with a database 

of existing gorilla HV1 mitochondrial and numt sequences using the ClustalW algorithm 

implemented in MEGA v5.1 (Tamura et al., 2011). This database was comprised of 41 new 

HV1 sequences obtained in this study, 10 publicly available HV1 sequences (Table S3) and 

a set of 207 sequences previously compiled by Anthony et al. (2007b) comprising 166 

mitochondrial HV1 sequences of free-range western gorillas (Haplogroups A–D) and 41 

gorilla-specific HV1 numt sequences (classes I, II and III). A stretch of 90bp unique to the 

gorilla-specific HV1 numt Go9_5746 and a poly-cytosine stretch of 26bp that is prone to 

error during polymerase amplification were removed from the sequence matrix leaving a 

final alignment length of 235bp.

Redundant sequences were identified using the program Collapse v1.2 (Posada, 2006), 

leaving 102 mitochondrial and 42 unique numt sequences. A Bayesian phylogeny of this 

alignment was then conducted in Beauti/Beast v1.7.5 (Drummond and Rambaut, 2007), 

using a Monte Carlo Markov Chain (MCMC) of 50 million steps in length with a sampling 

interval every 1000 steps. A GTR+G model of nucleotide substitution was employed and an 

exponential relaxed molecular clock was assumed with default parameters in order to allow 
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for among lineage rate variation. A burn-in period of 10% was determined from visual 

inspection of output in Tracer v1.5 and a final tree was summarized in TreeAnnotator v1.7.5 

(Drummond and Rambaut, 2007).

2.6. Specificity of mitochondrial primers for mitochondrial and nuclear targets

The two gorilla-specific numts that contain an entire copy of the HV1 sub-domain 

(Go1_1300 and Go2b_2500) exhibit high identity with mitochondrial sequences. A number 

of primers have been previously designed to amplify the MCR HV1 mitochondrial region in 

gorillas but recent nuclear copies could be inadvertently co-amplified. In order to assess the 

extent to which existing mitochondrial primers would be expected to co-amplify nuclear 

copies we carried out a detailed comparison of the primer regions of two numt sequences 

with a high identity to the mitochondrial sequence (Go1_1300 and Go2b_2500) to determine 

the number of mismatches between the primer sequence and nuclear copies. We assessed the 

following primer pairs: MidRev4/ProFor2 and D-441/D88 (Jensen-Seaman et al., 2004); 

H402/L91 (Garner and Ryder, 1996); H16498/L15926 (Thalmann et al., 2004); and 

MTD1AS/MTD1S (LaCoste et al., 2001), where MTD1AS is also known as H16498.

2.7. Analysis of insertional polymorphisms

Once flanking sequences were obtained for all gorilla MCR numts, their presence/absence 

was assessed in a panel of 67 DNA samples of captive gorillas whose mitochondrial 

haplogroup affiliation (A – D) was determined through HV1 sequencing or through pedigree 

analysis of the gorilla studbook (Wharton, 2007). Where possible, primers were designed to 

amplify the entire region containing the numt and infer individual co-dominant genotypes, 

i.e. a single larger product with the numt insertion (+/+), a smaller product without the 

insertion (−/−) or two different products consistent with the heterozygous state (+/−). 

Amplification of the entire region containing a numt was not always possible due to either 

the large size of the target region or potential disparities within the primer region. In such 

cases, primers were designed to amplify a portion of the numt and one of its flanks (Figure 

S2) and only the presence or absence of the insertion could be determined. To safeguard 

against false negatives (i.e. failure of the PCR reaction), all PCR reactions were carried out 

using an internal standard based on co-amplification of a conserved region in the 

housekeeping tumor-suppressor gene p53 using the primer P53ii R in combination with 

either TP53 F or p53 3F (Table S2). A human DNA sample was also included in each PCR 

reaction as a negative control. Each 20µl PCR reaction contained 0.5U of Taq DNA 

polymerase (Invitrogen), 2.5mM MgCl2, 200µM dNTPs, 250µM each primer and 20–30ng 

DNA and 1× PCR buffer. Cycling consisted of 2 min of initial denaturation at 94°C 

followed by 35 cycles of 94°C for 30s, 58–64°C for 30s and 72°C for 50s −2 min, with a 

final extension at 72°C for 2 min.

The mitochondrial haplotype affiliation of a given gorilla has been shown to be a general 

indicator of geographical origin (Anthony et al., 2007a) and can provide important 

information on the genealogical history of captive individuals where the complete pedigree 

can be inferred. In order to assess the impact of regional genetic structure on the distribution 

of insertional polymorphisms, we genotyped five numt loci in 19 zoo animals born in the 
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wild and one captive-born gorilla (Kwanza) whose parents shared the same mitochondrial 

haplogroup.

3. Results

3.1. BAC surveys of mitochondrial DNA-wide numts in gorillas and chimpanzees

A total of 64 radiolabeled probes designed from mtDNA sequence were used to screen the 

gorilla and chimpanzee BAC library. Because of the inherent variation among hybridization 

experiments due to activity of the isotope, labeling efficiency, and reuse of library filters, all 

labeled probes were hybridized to chimpanzee and gorilla nuclear genomic BAC libraries 

together. BAC hits from the developed autoradiographs of the hybridizations using the 64 

mtDNA-wide probes were scored if the signal was as dark, or darker than the C. briggsae 

control probe signal (see Methods). A total of 542 BACs were hit in gorilla, and 438 BACs 

in chimpanzee. It is important to remember that the genomic coverage differs between these 

libraries, estimated at ~7× for gorilla and 5.2× for chimpanzee (www.bacpac.chori.org). As 

a result, the normalized number of hits is similar with ~77 hits per genome equivalent in the 

gorilla, compared to ~84 in the chimpanzee (Figure 1). Moreover, while there is variation 

among mtDNA loci, there is little difference between the gorilla and the chimpanzee at any 

given locus, with 8 of 16 probe pools detecting more BAC hits in the gorilla, and eight 

detecting more in chimpanzee. The region of the mtDNA genome producing the most hits to 

the nuclear genomic library codes for the 12S and 16S ribosomal RNA genes.

3.2. Mitochondrial-wide BLAST surveys of the gorilla genome

The BLAST search of the current partially assembled version of the reference genome using 

the complete gorilla mtDNA genome as a query sequence retrieved 46 gorilla-specific numts 

with an average size of 251bp, 11 of which exist as duplications within major chromosomal 

segments. The logarithm of numt size of these 46 numts was inversely related to frequency 

(y = −11.41log(x) + 110.7; Pearson = −0.38; d.f. = 44; p = 0.009; R2 = 0.1440). The average 

numt size is likely to be an underestimation since sequencing gaps remain to be filled for 16 

of these numts (34.8%) in the current genome assembly. The average percentage of 

sequence identity between retrieved numts and their corresponding mitochondrial sequences 

was 85.4%. The shortest numts (≤ 100bp) represented over one third (37%) of all numts. 

The longest numt sequence detected from the BLAST search was 1,038bp in length and 

shared a sequence identity of 69% with the corresponding mitochondrial fragment. 

However, the length of two numts with internal sequence gaps could be as much as 2,400bp 

(Table 1) after alignment of their flanks with their paralogous mitochondrial sequences.

3.3. Prevalence of MCR numts in the four major great ape taxa

Using BLAST search criteria common to all species, we found four gorilla MCR numts in 

the current genome assembly (Go9_5746, Go1_1300, Go5_30 and Go2b_43). This number 

contrasts with the amount of species-specific numts found in orangutans (23), chimpanzees 

(25) and humans (2) (see Soto-Calderón et al., 2012). The pattern of numt prevalence across 

the four sub-domains is similar in all four great apes (Figure 2), with a general 

underrepresentation of numts from the sub-domains HV2 and MCRF. However, the number 

of numts differed significantly among taxa (χ2= 1,679.0, d.f. = 3, p < 0.0001), with a 
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significantly higher number of numts in chimpanzees. In addition, a significant deficit of 

HV1 numts was also detected in gorillas relative to the other three taxa.

3.4. Complementary searches for gorilla-specific MCR numts

We identified a total of 67 putative gorilla-specific numts and successfully mapped them to 

their location in the gorilla genome (Table S4). Fifty of these numts were validated by their 

presence in the Gorilla gorilla build (gorGor3.1) and/or experimentally verified through 

amplification from the gorilla genomic DNA panel (Table S4). Seventeen of the remaining 

numt hits identified through the A-PCR or BLAST searches of unassembled contigs could 

not be validated either through PCR amplification of available genomic DNA samples or by 

their presence in the assembled genome database. One and three putative numts were 

identified through complementary BLAST searches of the former gorilla genomic assembly 

CABD00000000.2 and trace files, respectively (Table 1). Twenty-five gorilla genomic BAC 

clones identified through hybridization with MCR probes were mapped to the human 

genome assembly via BLAT of their end-sequences (Table S5). These BACs mapped to 11 

unique locations, consistent with the redundancy of BAC libraries. Numts were clearly 

present in the human genome at five of these 11 loci. From the remaining six loci containing 

putatively gorilla-specific numts, we prioritized BACs with multiple hybridization hits, and 

characterized two large gorilla specific numts (Go1_1300 and Go2b_2500) by sequencing 

out from the insertion into the flanking nuclear DNA.

Combining the results from these various search methods, we mapped seven numts partially 

or entirely derived from MCR (Table 1). These loci comprise two found in both the BAC 

library screens and BLAST searches of the current gorilla build, one identified through the 

A-PCR approach alone and four only found through BLAST searches. Four MCR numt loci 

encompassed all or part of the HV1 sub-domain and the remaining three contained other 

MCR sub-domains. These seven MCR numts specific to the gorilla genome are described 

below (See Table 1 for details).

Go1_1300—This numt is an integration of 1,347bp in length that contains most of the 

MCR including HV1, CCD and an extensive portion of HV2, as well as nuclear 

pseudogenes of cytochrome b, and the tRNAs of threonine and proline.

Go2b_2500—This is the longest gorilla-specific numt found in this study. It corresponds to 

an integration of 2,497bp that contains the entire MCR region as well as copies of the 

NADH dehydrogenase subunit 6, cytochrome b, 12S ribosomal RNA and the tRNAs of 

glutamic acid, threonine, proline and phenylalanine.

Go5_40—The numt Go5_40 is a 456bp integration that encompasses the entire CCD along 

with a section of both HV1 and HV2.

Go9_5746—This numt consists of an integration of 447bp made up of two non-contiguous 

mitochondrial fragments, the first containing a portion of HV1 and the CCD and the second 

containing 37bp of the ATP synthase - subunit 6 that is 7,100bp apart in the mitochondrial 

genome. Although Go9_5746 is exclusive to gorillas, it contains a ~90bp section of mtDNA 
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that is no longer present in the mitochondrial genome of contemporary gorillas but is still 

found in all the other great ape taxa.

Go11_188—After Go2b_2500, Go11_188 is the longest gorilla-specific numt found in this 

study. This mitochondrial integration is only partially sequenced in the gorilla genome 

assembly but an alignment with the reference mitochondrial genome suggests that its full 

size would be around 2,420bp. This numt lacks the HV1 although it contains all the other 

MCR sub-domains as well as copies of the 12S and 16S rRNAs and the tRNAs of 

phenylanine and valine.

Go5_30—A partial sequence of the numt Go5_30 was recovered from the current gorilla 

genome assembly. This sequence is comprised of two sequence fragments totaling 375bp 

and an internal gap in the sequence. The left and right hand fragments of this numt contain 

partial sequences of a cytochrome b pseudogene and CCD, respectively, suggesting that the 

full size of this mitochondrial integration might be approximately 1,560bp. This means that 

in addition to cytochrome b and the CCD MCR sub-domain, the numt Go5_30 might also 

contain the HV1 and pseudogenes of the tRNAs for threonine and proline.

Go2b_43—This numts is a 54bp integration entirely derived from HV2 and the shortest 

gorillaspecific MCR numt found in this study.

3.5. Phylogenetic analysis of gorilla-specific HV1 numts

Phylogenetic analysis of mitochondrial HV1 and numt sequences recovered all previously 

defined mitochondrial haplogroups (A – D) and numt classes (I – III) as well as a previously 

undescribed mitochondrial lineage identified in four captive gorillas referred to as C3 

(Figures 3 and S3). Of the four HV1 numts characterized here, Go1_1300 and Go2b_2500 

clearly clustered with the numt sub-classes IIb and I respectively, whereas Go5_40 clustered 

with the numt sub-class IIa (Figure S3). Unlike the three other mapped numts, Go9_5746 

could not be assigned to any predefined numt class and is substantially different from 

previously reported HV1 numts (<85% identity).

The HV1 section of Go1_1300 shares ≥ 99% similarity to representatives of class IIb numts 

and exhibits all the diagnostic sites (see Figures 3 and S3) that are characteristic of this numt 

group, as defined by Anthony et al. (2007a). Sequences showing the highest identity with 

this numt include AY530149, amplified from a wild gorilla in Lobéké, Cameroon (Clifford 

et al., 2004); L76766, from the captive gorilla Carolyn, captured in the Congo region 

(Garner and Ryder, 1996) and the Rok8 sequence from the captive gorilla Rok (Thalmann et 

al., 2004), which with the exception of a 4bp gap showed perfect identity with Go1_1300. 

Go1_1300 was also identical to two numts found in two different eastern lowland gorillas: 

AF240455 (LUT2DTA9) (Lutunguru, Democratic Republic of Congo; Jensen-Seaman et al., 

2004) and Muk5 (Thalmann et al., 2004).

The HV1 portion of Go2b_2500 clustered with class I numts and exhibited a sequence 

identity of 99% with the eastern lowland gorilla numts AF240456 (LUT2DTA10) and 

AF240448 (LUT2DTA1). This sequence also contains the diagnostic T79 site that 

characterizes numt classes I, II and III in gorillas (Figures 3 and S3) (Jensen-Seaman et al., 
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2004). This numt also exhibited high sequence identity (97%) with the putative numt 

L76760, from the western gorilla Jojo (Garner and Ryder, 1996). Curiously, Go2b_2500 

also shared elevated sequence identity (99%) with a western lowland gorilla sequence 

AY530145 (BEL1a), considered to be an in vitro recombinant between mitochondrial and 

class I numts (see Anthony et al., 2007a).

The numt Go5_40 possesses three diagnostic sites (T79, A92 and G156) that define the 

numt class II group of sequences (Figures 3 and S3). However, phylogenetic analysis failed 

to assign Go5_40 to a particular numt sub-class within this group (IIa – IIc). Although this 

numt possesses one of the several diagnostic sites that define the IIa subgroup, it also shares 

high sequence identity (<95%) with class IIc numts (such as Muk4, Muk6 and Muk7 

recovered from the eastern lowland gorilla Muk), as well as Rok5 (amplified from the 

western lowland gorilla Rok) (Thalmann et al., 2004).

3.6. Lack of specificity of mitochondrial primers

Regions that bind previously published PCR primers of the mitochondrial genome and 

corresponding numt loci Go1_1300 and Go2b_2500 are virtually identical in sequence 

composition and are unlikely to favor amplification of the mitochondrial over the nuclear 

copy (Figure 4). In four cases, the primer sequences were identical to both the mitochondrial 

and the nuclear copies (H16498, MidRev4, D-441 and ProFor2). In two cases there was only 

one internal mismatch between the primer and both mitochondrial and nuclear copies (H402 

and MTD1S). In the remaining three cases (D-88, L91 and L15926), between three and 

seven mismatches were observed between primer sequences and both mitochondrial and 

nuclear targets.

3.7. Numt insertional polymorphisms

From the five gorilla numts genotyped in this study, only Go1_1300, Go2b_2500 and 

Go5_40 were found to be polymorphic in captive western gorillas. Both Go9_5746 and 

Go11_188 are fixed, at least in the sample of western gorillas in the present study (See Table 

1 and Table S6). Despite the limited sample size, some noticeable differences in numt 

insertional polymorphisms were detected between samples with different haplogroup 

affiliations (Table 2). Go1_1300 and Go2b_2500 were found associated with lineages C1, 

C3 and D3 but absent in C2 and D2. In contrast, Go5_40 was common in sub-haplogroups 

C1, C2, D2 and D3 but absent in C3.

4. Discussion

This is the first study that combines wet lab methods with bioinformatic tools to characterize 

numts and determine the size and mitochondrial region of origin of these sequences in 

gorillas. A combination of survey strategies proved to be the most effective means of 

recovering numts that might not have been otherwise found using a single strategy approach. 

Combination of data from BAC library screens of chimpanzee and gorilla genomes and 

specific surveys of the MCR have shown that although the total number of numts does not 

appear to vary between these two taxa, there are differences in the representation of 

particular mitochondrial subdomains in the nuclear genome of these taxa
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The contrast of BLAST surveys in different great apes however revealed that the observed 

number of MCR numts does differ significantly among the great ape taxa examined here. 

Interestingly, chimpanzees and orangutans seem to have accumulated a much larger number 

of MCR numts than gorillas and humans (Soto-Calderón et al., 2012). Whether or not 

differences in the prevalence of MCR numts between taxa can be extrapolated to the rest of 

the mitochondrial genome is arguable. Future and ongoing sequencing of whole genomes 

(Lang et al., 2011; Prado-Martinez et al. 2013) and mapping of candidate numts to one or 

more reference genomes will permit comparisons across a wider range of taxa and 

identification of other putative MCR numts not found in the present study, such as those in 

numt classes IIa, IIc and III.

The analysis of abundance of numts across each of the four sub-domains in the MCR and 

the two 500bp flanks revealed a marked deficit of numts from the sub-domains HV2 and 

MCRF, not only in gorillas but in other great apes included in this study (Soto-Calderón et 

al., 2012). The abrupt change in the prevalence of numts from contiguous sub-domains is 

unlikely to reflect differences in the rate of translocation across MCR sub-domains (Nugent 

and Palmer, 1991; Henze and Martin, 2001). Instead, the scarcity of HV2 and MCRF numts 

in all great ape species examined in the present study is likely explained by elevated 

mutation rate of these sub-domains leading to a subsequent rapid loss of sequence identity 

with nuclear copies (Mourier et al., 2001; Soto-Calderón et al., 2012). It is therefore possible 

that an unusually high mutation rate of HV1 in gorillas has obliterated the overall sequence 

similarity between the HV1 sequences and their nuclear copies, leading to an apparent 

deficit of numts from this region. As the peripheral regions of the MCR in mammals exhibit 

exceptionally high variation in length and sequence associated with the presence of 

nucleotide repeats (Saccone et al. 1991; Sbisà et al. 1997), rapid sequence evolution of this 

region would be expected to lead to loss of sequence identity with nuclear copies and a 

generalized deficit of numts from this region across mammals, as evidenced so far not only 

in primates but also in taxa as distant as Perissodactyla (Mourier et al. 2001; Nergadze et al. 

2010; Soto-Calderón et al. 2012).

Genomic mapping of numt loci and verification of their nuclear flanks allowed us for the 

first time to demonstrate the nuclear origin of at least two putative MCR numt classes 

described in other studies (Thalmann et al., 2004; 2005; Anthony et al., 2007a) and also 

enabled the design of specific primers for characterization of MCR numt polymorphisms in 

gorilla populations. Our ability to exhaustively survey numts in the gorilla genome was 

nonetheless constrained by several factors. Firstly, the relatively small number of gorillas 

used to retrieve numt loci necessarily limited the scope of our search. Secondly, our A-PCR 

approach to numt retrieval was limited by the proximity of numt loci to a BglII restriction 

site. These restriction sites are only found on average every 5,460bp in the great ape genome 

(NEB, 2004); therefore, numts contained in genomic fragments lacking nearby BglII 

restriction sites might be overlooked. Thirdly, the process of assembling the gorilla genome 

reads is guided by homology with humans, which may constrain the ability to assemble 

regions containing gorilla-specific integrations or regions with multiple chromosomal 

duplications, as might be the case for gorilla numts (Scally et al., 2012). It is likely that the 

constraints that we faced in the present study are broadly applicable to numt surveys of other 
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taxa, which rarely examine more than a handful of individuals. Future work aimed at 

identifying recently integrated numts in other taxa should adopt a diversity of approaches 

and include a broad subset of individuals likely to represent range-wide genetic variation.

Phylogenetic analysis provided evidence for at least two classes of gorilla HV1 numts that 

have been shown to be prevalent in other PCR-based studies of gorilla genetic variation 

(Anthony et al., 2007a; Clifford et al., 2004; Garner and Ryder, 1996; Jensen-Seaman et al., 

2004; LaCoste et al., 2001; Thalmann et al., 2004; 2005). Our findings also show that numts 

Go1_1300 and Go2b_2500, which contain the entire MCR, exhibit so few differences with 

the mitochondrial sequence as to permit co-amplification of mitochondrial and nuclear 

templates (Anthony et al., 2007a; Clifford et al., 2004; Garner and Ryder, 1996; Jensen-

Seaman et al., 2004; LaCoste et al., 2001; Thalmann et al., 2004). The risk of co-amplifying 

these numts alongside mitochondrial sequences is also exacerbated by the fact that these two 

numts seem to be widely distributed across the geographic range of western gorillas. This 

problem might be particularly acute in non-invasive studies where the nuclear-to-

mitochondrial ratio tends to increase relative to fresh tissue, increasing the chance of 

amplifying nuclear templates with conventional mitochondrial primers (Greenwood and 

Pääbo, 1999; Berger et al., 2001; Clifford et al., 2004; Jensen-Seaman et al., 2004; Foran, 

2006). Template switching during PCR amplification can also lead to the generation of in 

vitro recombinants that may further confound correct identification of numt sequences 

(Anthony et al., 2007a). Given the greater probability of amplifying numts in degraded 

samples and limited primer specificity of mitochondrial primers, we recommend the use of 

genetic material from fresh tissue and long-range PCR whenever possible to amplify 

mitochondrial sequences in gorillas (Thalmann et al., 2004; Triant and DeWoody, 2007; 

Song et al., 2008; Calvignac et al., 2011). In cases where degraded samples are the only 

source of genetic material and long-range PCR is not a practical option, we recommend 

implementing quality control tools such as phylogenetic analysis and recombination 

detection to differentiate mitochondrial sequences from in vitro recombinants and nuclear 

integrations (Jensen-Seaman et al., 2004; Anthony et al., 2007a).

The phylogenetic placement of numt loci in relation to major mitochondrial haplogroups 

also provides some interesting insights into the divergence history of eastern and western 

gorillas. Previous studies have shown that historical gene flow between eastern and western 

gorillas is much more recent than was previously thought (Jensen-Seaman et al. 2001; 

Anthony et al., 2007b; Scally et al., 2012; Thalmann et al., 2007; 2011; Mailund et al. 2012). 

Evidence to support this hypothesis is provided by the phylogenetic placement of the class 

III numt group which, despite being sister to the eastern gorilla mitochondrial haplogroups 

A and B, is present in both east lowland and western gorillas (Jensen-Seaman et al. 2004; 

Thalmann et al., 2004). This hypothesis is also backed up by the presence of class II numts 

in eastern lowland and western gorillas. Remarkably however, mtDNA haplogroups are 

never shared between eastern and western gorillas, providing support for male mediated 

east-to-west gene flow (Jensen-Seaman et al. 2003; Thalmann et al., 2004; 2007) and greater 

philopatry in female gorillas (Douadi et al., 2007). Combined analyses of craniometrical and 

mitochondrial variation have also provided compelling evidence of ancestral gene flow 
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between western and eastern gorillas and between eastern gorilla subspecies (Ackermann 

and Bishop, 2009).

Lastly, this study has provided a general strategy for genotyping insertional polymorphisms 

in western gorillas that could be applied to other taxa. The absence of a numt locus is 

generally considered to be the ancestral condition whereas the insertion of a numt locus is 

considered to correspond to the derived state. Patterns of insertional polymorphism may 

therefore be useful in inferring the direction and intensity of gene flow between free-range 

populations of western and eastern gorillas and provide novel insights into the recent 

evolutionary history of this and other taxa. Insertional polymorphisms in Alu elements for 

instance, have been extensively used in humans to infer relationships between populations 

(Perna et al. 1992; Thangaraj et al. 1999; Nasidze et al. 2001; Watkins et al. 2003) and 

reconstruct historical patterns of migration (Batzer et al.1994; 1996). Similarly, polymorphic 

numts have allowed the reconstruction of migration patterns and more recently patterns of 

admixture in humans (Thomas et al. 1996; Lang et al. 2012). However, the limited 

availability of these markers has hindered their use in population genetic studies of non-

human primates. Strategies such as those described here could readily be applied to other 

taxa where genomic resources are now available and provide a complementary set of genetic 

markers suited to resolving questions at the population level.

5. Conclusion

The present study revealed 67 numts that appear to be specific to gorillas, including seven 

loci encompassing partial or entire copies of the MCR. Of the gorilla-specific MCR numts 

identified in the present study, two (Go1_1300 and Go2b_2500) cluster with the previously 

described numt classes I and IIb, thus providing conclusive evidence for their nuclear origin. 

Phylogenetic analysis of numt sequences in this study also provides convincing evidence for 

past hybridization between eastern and western gorillas, as has been hypothesized in earlier 

studies (Ackermann and Bishop, 2009; Thalmann et al., 2007). These findings also show 

that numts can provide additional insights into evolutionary history that until now have gone 

largely underappreciated. Owing to the high sequence similarity between recent numts and 

their corresponding mitochondrial copies, it appears that the risk for inadvertent 

amplification of nuclear copies is high. To safeguard against this problem, we recommend 

using a phylogenetic approach and/or PCR amplification of large mitochondrial fragments in 

order to distinguish HV1 mitochondrial sequences from nuclear copies and minimize the 

risk of their inclusion in mitochondrial sequence databases. Finally, we provide a 

comprehensive list of gorilla-specific numts and demonstrate their potential utility as both 

cladistic and population genetic markers. As whole genome sequence data becomes 

increasingly available, future work should seek to inventory numts in other non-model 

organisms, not only as a means of diagnosing these loci and sorting them from their 

mitochondrial copies but also for their use as essentially homoplasyfree genetic markers.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

MCR Mitochondrial Control Region

CCD Central Conserved Domain in the MCR

MCRF the sub-domain in the MCR proximal to the phenylalanine tRNA gene

HV1 and HV2 Hyper-variable regions 1 and 2 in the MCR, respectively

MTP and MTF the two 500bp regions flanking the MCR; numt, a nuclear copy of 

mitochondrial DNA

BAC Bacterial Artificial Chromosome

A-PCR Anchored PCR

TE Transposable Element
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Highlights

• Sixty seven putative gorilla-specific numts were identified and mapped.

• No evidence that numts are more prevalent in gorillas relative to other great 

apes.

• Three insertional polymorphisms with utility as molecular markers are 

described.

• Successful differentiation of mitochondrial and numt sequences.

• Evidence of past hybridization of eastern and western gorillas.
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Figure 1. 
Number of gorilla and chimpanzee BACs identified with radiolabeled 40bp probes designed 

from the mitochondrial genome, normalized by the redundancy of each library. Probes were 

pooled and hybridized in 17 groups; the normalized number of BACs identified is plotted at 

the midpoint of the location of the four probes. Unlabeled black boxes on the mitochondrial 

map indicate tRNA genes.
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Figure 2. 
Absolute number of numts per site in the four MCR sub-domains and 500bp flanking 

regions derived from BLAST searches in the reference genomes of humans, chimpanzees, 

orangutans and gorillas. The four MCR sub-domains are defined as HV1 (the first 

hypervariable region), HV2 (the second hyper-variable region), CCD (the conserved central 

sub-domain) and MCRF (the sub-domain proximal to the phenylalanine tRNA gene). The 

two 500bp flanking regions are defined here as MTP (the genes for tRNA of proline and 

threonine and 32% of the cytochrome b gene) and MTF (the gene for phenylalanine tRNA 

and 45% of the 12S rRNA gene). The observed patterns are significantly different among 

taxa (Kruskal-Wallis χ2= 1679.009, d.f. = 3, p < 0.001).
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Figure 3. 
Bayesian phylogeny of 102 HV1 and 42 numt gorilla sequences assuming a GTR+G model 

of nucleotide substitution (alpha = 0.5) with an exponential relaxed molecular clock. 

Posterior probabilities are shown adjacent to each node. Mitochondrial haplogroups A and B 

are restricted to east gorillas (G. beringei), whereas haplogroups C 1–3 and D 1–3 are only 

found in western gorillas (G. gorilla) (Anthony et al., 2007a). Bullets denote the location of 

the four mapped gorilla-specific numts containing the HV1 (1. Go9_5746; 2. Go2b_2500; 3. 

Go5_40; 4. Go1_1300).
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Figure 4. 
Alignment of 5’-3 ’sequences from the gorilla mtDNA genome (X93347.1), gorilla numts 

containing the entire HV1 region (Go1_1300 and Go2b_2500), and primers used by 

previous authors to amplify this region in the mitochondrial genome.
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Table 1

Description of the seven mapped gorilla-specific numts derived from the MCR.

Numt
name

Isolation method Numt
Size

Mt position
(X93347)

Sample
Size

Polymorphic
Status

Go1_1300 BAC screening
BLAST (Trace files & current version)

1,347 14806–16150 62 Yes

Go2b_2500 BAC screening
BLAST - Trace files

2,497 141–16412; 1–14060 58 Yes

Go5_40 A-PCR 456 15530–15993 56 Yes

Go9_5746 BLAST (Contigs & current version) 447 * 15615–15904; 8430–8466; 10 Fixed

Go11_188 BLAST - Trace files 2,420 ** 15788–16412; 1–1720 14 Fixed

Go5_30 BLAST current version 1,560 ** 14244–14588; 15780–15808 1 Untested

Go2b_43 BLAST current version 54 16172–16214 1 Untested

*
This numt contains a fragment of 90bp lost from the gorilla mitochondrial genome.

**
An internal portion of this numt remains to be sequenced. Size predicted from the alignment with the reference mitochondrial genome.
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Table 2

Proportion of individuals (chromosomes in parentheses) possessing gorilla-specific numt polymorphisms.

Numt
name

C1 C2 C3 D2 D3 Total

Go1_1300 3/4 0/3 1/3 0/3 0/4 15/17

Go2b_2500 5/5 (7/10) 0/3 (0/6) 1/3 (1/6) 0/3 (0/6) 3/4 (4/8) 9/18 (12/36)

Go5_40 6/6 (7/12) 3/3 (4/6) 0/3 (0/6) 3/3 (4/6) 2/3 (3/6) 14/18 (18/36)

See Table S5 for a detailed description of gorilla haplogroup identity and numt genotypes.
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