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As a non-human primate, the pig-tailed macaque has received wide attention because it can be infected by HIV-1.
In this study, we determined the complete mtDNA sequence of the northern pig-tailed macaque (Macaca
leonina). Unexpectedly, during the amplification of the mtDNA control region (D-loop region) we observed
several D-loop-like sequences, which were NUMTs (nuclear mitochondrial sequences) and a total of
14 D-loop-like NUMT haplotypes were later identified in five individuals. The neighbor-joining tree and
estimated divergence time based on these D-loop-like NUMT sequences of M. leonina provide some insights into
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mtDNA the understanding of the evolutionary history of NUMTs. D-loop-like haplotypes G and H, which also exist in the
NUMT nuclear genome of mulatta, appear to have been translocated into the nuclear genome before the divergence of

M. mulatta and M. leonina. The other D-loop-like NUMT haplotypes were translocated into the nuclear genome of
M. leonina after the divergence of the two species. Later sequence conversion was predicted to occur among these
14 D-loop-like NUMT haplotypes. The overall structure of the mtDNA of M. leonina was found to be similar to that
seen in other mammalian mitochondrial genomes. Phylogenetic analysis based on the maximum likelihood method
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shows M. leonina clustered with Macaca silenus among the analyzed mammalian species.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Pig-tailed macaques characterized by their short tail, carried half-erect
and somewhat resembles a pig's tail, have a broad geographic distribution
that covers much of the Southeast Asian mainland and islands. Due to its
susceptibility to human immunodeficiency virus type 1 (HIV-1) infection
(Kuang et al., 2009; Hatziioannou et al.,, 2014), the pig-tailed macaque has

Abbreviations: mtDNA, mitochondrial DNA; NUMT, nuclear mitochondrial sequences;
tRNA, transfer ribonucleic acid; rRNA, ribosomal ribonucleic acid; mya, million years ago;
DSB, double-strand break; SAP, shrimp alkaline phosphatase; HIV-1, human immunodefi-
ciency virus type 1; M. mulatta, Macaca mulatta; M. leonina, Macaca leonina; M. sylvanus,
Macaca sylvanus; M. thibetana, Macaca thibetana; M. fascicularis, Macaca fascicularis;
MHC, major histocompatibility complex; ND1, NADH-ubiquinone oxidoreductase chain
1; ND2, NADH-ubiquinone oxidoreductase chain 2; COX1, cytochrome c oxidase subunit
1; COX2, cytochrome c oxidase subunit 2; ATP8, ATP synthase FO subunit 8; ATP6, ATP syn-
thase FO subunit 6; COX3, cytochrome c oxidase subunit 1; ND3, NADH-ubiquinone oxido-
reductase chain 3; ND4L, NADH-ubiquinone oxidoreductase chain 6 like; ND4, NADH-
ubiquinone oxidoreductase chain 4; ND5, NADH-ubiquinone oxidoreductase chain 5;
ND6, NADH-ubiquinone oxidoreductase chain 6; CYTB, cytochrome b.
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been proposed for use as an experimental primate in biomedical re-
search (Lei et al.,, 2013). There are many recent studies that have looked
at the basic biology for this species (Lei et al., 2014; Zhang et al., 2014;
Zheng et al., 2014) and these studies will facilitate its usage in HIV-1
research.

Mitochondrial DNA (mtDNA) has been used as a good tool in phylo-
genetic, phylogeographic, and population genetic studies because of its
rapid rate of evolution, haploidy, and maternal inheritance (Xu et al.,
2012; Simon and Hadrys, 2013; Shi et al., 2014). The mtDNA control re-
gion (D-loop region) is the most variable portion of the mammalian
mtDNA genome, and is commonly variable at the intra-species level,
making it useful for the study of population genetic diversity and the re-
construction of the past demographic history. The phylogenetic rela-
tionships of the members of the family Cercopithecidae have been
widely debated in the past few years (Hayasaka et al., 1996; Harris
and Disotell, 1998; Page et al., 1999; Liedigk et al., 2014) and the com-
plete mtDNA sequence of the northern pig-tail macaque (M. leonina)
is necessary to obtain a clear picture of its phylogenetic position within
the Cercopithecidae.

In this study, we aimed to sequence the entire mtDNA genome of
M. leonina. We also found several different NUMTs of the mtDNA control
region of M. leonina, with multiple events possibly leading to their
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formation. Phylogenetic analysis based on mtDNA genome information
of M. leonina and other mammalian species suggested a close relation-
ship between M. silenus and M. leonina.

2. Materials and methods
2.1. Blood sample and DNA isolation

Platelets normally do not contain nuclear DNA. In order to eliminate
the potential contamination of the D-loop-like sequences in the nuclear
genome and to obtain the authentic D-loop sequence, we collected
platelets from whole blood for DNA isolation. Blood samples (5 mL) of
five M. leonina monkeys were collected from the Kunming Primate
Research Center, Kunming Institute of Zoology, Chinese Academy of
Sciences. More details about these five animals are shown in Table 1.
The sampling procedures were approved by the Institutional Animal
Care and Use Committee of Kunming Institute of Zoology, Chinese Acad-
emy of Sciences. Blood platelets were isolated by centrifugation for
15 min at 110 g under room temperature. The platelet-rich serum was
then transferred to another tube under sterile conditions, with attention
being paid so as not to disturb the red blood cell-serum interface. The
collected platelet-rich serum was centrifuged for 15 min at 2250 g.
The resultant pellet from platelet-rich serum was resuspended in wash-
ing buffer containing 4.3 mM K,HPOy4, 4.3 mM Na,HPO,, 113 mM Nadl,
4.4 mM NaH,PO,, and 5.5 mM glucose, pH 6.5, and centrifuged at 2000 g
for 15 min. The pellet (platelet fraction) was then resuspended in 100 pL
of washing buffer. Around 10 pL of the platelet suspension was digested
in a total volume of 40 L of reaction buffer (10 mM Tris HC1 pH 8.0,
50 mM KCl, and 1% Triton X-100 containing 100 pg/mL of proteinase
K) for 20 min at 56 °C and was deactivated for 8 min at 96 °C. Total ge-
nomic DNA of blood samples was extracted from the blood by using the
AxyPrep™ Blood Genomic DNA Miniprep Kit (Axygen Biosciences, CA,
USA) according to the manufacturer'sinstructions.

2.2. PCR amplification, TA cloning and sequencing

The entire mitochondrial genome of M. leonina was sequenced by
using DNA isolated from platelets. We designed nine pairs of primers
to amplify the entire mtDNA genome of M. leonina using the long and
accurate polymerase chain reaction (LA-PCR) technique according to
the manufacturer's instructions (TaKaRa, China). Primers were designed
based on the conserved sequences of four species in Cercopithecinae:
M. mulatta (NC_005943), Macaca sylvanus (NC_002764), Macaca
thibetana (NC_011519), Macaca fascicularis (NC_012670). All the
primers used in this study are listed in Table S1. PCR amplification was
performed in a volume of 50 mL reaction mixture containing 100 ng
of DNA, 10 mmol/L Tris-HCI (pH 8.3), 2.5 mmol/L MgCl,, 50 mmol/L
KCl, 200 mmol/L of each dNTP, 10 pmol/L of each primer, and one unit
of LA Taq DNA polymerase (TaKaRa Biotech Co., Dalian, China). PCR cy-
cles were composed of an initial denaturation cycle for 5 min at 95 °C,
followed by 35 cycles of 30 s at 95 °C, 30 s at 55-62 °C, and 1.5-4 min
at 72 °C, and ended with a final extension at 72 °C for 10 min. Each frag-
ment overlapped with the next one by about 150 bp. PCR products were
purified at 37 °C for 40 min using 1.0 U of shrimp alkaline phosphatase
(SAP) and 0.5 U of Exonuclease [ (TaKaRa Biotechnology Co. Ltd., Dalian,

China), followed by incubation at 96 °C for 10 min, then were sequenced
directly in the ABI 3730 DNA sequencer. The primer walking method
was applied to sequence the LA-PCR products.

To determine whether there were D-loop-like NUMT sequences in
the nuclear genome, another primer pair (Xp: F: 5'-CACCCAAAGCTG
GCATTCT-3’; R: 5'-GCAAACCCATCTAGGCATT-3") was designed to am-
plify the D-loop from the genomic DNA isolated from whole blood.
PCR products were ligated into the pMD18-T vector (TaKaRa, China)
and transformed to DH5a cells (Tiangen, China). For each fragment,
five to ten plasmids were selected for sequencing. Plasmid sequencing
was performed with universal primers M13F (—47) (5'-CGCCAGGGTT
TTCCCAGTCACGAC-3’) and M13R (—48) (5'-AGCGGATAACAATTTCAC
ACAGGA-3'). The mtDNA NUMTs and complete mtDNA of M. leonina
have been deposited in GenBank under accession numbers KP330233-
KP330246 (NUMTs) and KP330231 (complete mtDNA sequence).

2.3. Sequence analysis and gene prediction

DNA sequences were analyzed using the DNASTAR program (DNAS
Inc., Madison, WI). The locations of protein-coding and rRNA genes
were determined by comparison with available sequences of M. mulatta.
We identified the transfer RNA (tRNA) genes using program tRNA scan-
SE 1.21 (Lowe and Eddy, 1997). One tRNA gene, which was not found
by tRNA scan-SE, was identified by comparison with a homolog of
M. mulatta. The secondary structure of tandem repeats in the mtDNA con-
trol region was predicted by using GeneQuest in the DNASTAR program
(DNAS Inc., Madison, WI).

2.4. Phylogenetic analysis

We retrieved the complete mtDNA sequences of 28 mammalian spe-
cies from GenBank (Table S2). Among them, 18 species were used in our
previous study (Xu et al.,, 2012) and we added 10 primate species avail-
able in GenBank to infer the phylogenetic position of M. leonina. The
amino acid sequences of 12 protein-coding genes on the mitochondrial
H-strand were concatenated for phylogenetic analyses. We excluded
the MT-ND6 gene because it was encoded by the L-strand and its prop-
erties deviated from the other 12 genes (Waddell et al., 1999). A maxi-
mum likelihood tree was constructed by using MEGA6 (Tamura et al.,
2013) with the default settings.

The mtDNA control region sequences of 6 different primate species
(M. mulatta, M. sylvanus, M. thibetana, M. fascicularis, Homo sapiens,
Pan troglodyte) from GenBank were used for phylogenetic analysis. A
neighbor-joining tree was constructed using MEGA6 (Tamura et al.,
2013) with the default settings. The divergence time was also estimated
using MEGAG (Tamura et al., 2013) with the divergence time of 2.42-2.48
million years ago (mya) between M. leonina and M. mulatta (Hayasaka
et al., 1996) as the reference.

We aligned the M. mulatta mtDNA control region sequence with the
M. mulatta genome by BLAT at the UCSC server (http://genome.ucsc.
edu/) and identified many potential NUMTs. We filtered these se-
quences with the criteria that more than 80% of the aligned sequence
showed an identity below 90%. Finally, we identified 6 high-quality
NUMTSs (including one NUMT that highly resembles haplotype G in
M. leonina) and all of them span the region between the start of tRNA-

Table 1

D-loop like NUMT haplotype distribution in five M. leonina animals.
Animal number Blood sample Gender Weight (kg) Age (year) Haplotype *
#2382 #294 Female 5.6 7-9 A/ B,C,D,E,GHILN
#445 #295 Male 3 3.5-45 B,D,F, G HJ KL
#117 #299 Male 3 3.5-45 B,C,D,E G L] KM
#872 #300 Male 2.5 3.5-45 B,C.EGHILMN
#1527 #301 Male 2.5 3-35 B,C,D,E FGH,I]

2 A-N refers to the 14 D-loop-like NUMT haplotypes, which were identified in five M. leonina animals.
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(A)
151-bp repeat ACCCCCATCTCCAATCTTCACC CAAACCCCAAAAACAAAAGTCT
167-bp repeat ACCCCCATCTCCAATCTTCACCCAAAACCCACTCTTGTCAAACCCCAAAAACAAAAGTCT

151-bp repeat TAATACATCCGATTGGAGCCTATATTTTCATCTTTTAGGTGTGCACAGTTCCAACTGCCA
167-bp repeat TAATACATCCGATTGGAGCCTATATTTTCATCTTTTAGGTGTGCACAGTTCCAACTGCCA

151-bp repeat TTCCCTCAACTAATAAATATTCACTTCGCTAAACACTCTTAACACTA
167-bp repeat TTCCCTCAACTAATAAATATTTACTTCGCTAAACACTCTTAACACTA

(B)

Four 151-bp tandem repeats Four 167-bp tandem repeats

Fig. 1. Structure of the mtDNA control region tandem repeats of M. leonina. There are two repeat units with different lengths (151 bp and 167 bp) (A). The secondary structure of the
tandem repeats (B) in the mtDNA control region of M. leonina was predicted by using GeneQuest in the DNASTAR program.

Macaca leonina A
Macaca leonina |
Macaca leonina D-loop
Macaca leonina J
Macaca leonina
Macaca leonina
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Macaca leonina
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_'2 ] Macaca fascicularis D-loop
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3.10 I Pan troglodytes D-loop
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Fig. 2. Neighbor-joining tree of the NUMT and authentic mtDNA control region (marked by a suffix “D-loop” after the species name) sequences of M. leonina and related species. The
authentic mtDNA control region sequence of M. thibetana (GenBank accession number NC_011519), M. fascicularis (NC_012670), M. mulatta (NC_005943), M. sylvanus (NC_002764),
Homo sapiens (NC_012920), Pan troglodytes (NC_001643) were retrieved from GenBank. The D-loop like NUMT haplotypes of M. leonina are named from Macaca leonina A to Macaca
leonina N. The NUMTSs of M. mulatta are named from Macaca mulatta NUMT 1 to Macaca mulatta NUMT 5. The NUMT of M. mulatta that resembles haplotype G of M. leonina was marked
as “Macaca mulatta G”. The numbers on the branches refer to divergence time (million years ago, mya).
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Pro and the end of tRNA-Phe by manual check. The detailed information
of these potential NUMTs of M. mulatta was shown in Table S3. Program
GENECONV v.1.81 was used to detect sequence conversion events
between 14 D-loop-like haplotypes (Sawyer, 1989).

3. Results
3.1. Characteristics of M. leonina D-loop sequence

During our sequencing of the authentic mtDNA control region of
M. leonina using genomic DNA from whole blood, we observed various
D-loop-like sequences in one individual, which suggested that NUMTs
of the mtDNA D-loop region existed in the nuclear genome of
M. leonina. These D-loop-like NUMT sequences were found in five
M. leonina individuals and we identified a total of 14 D-loop-like
NUMT haplotypes (Fig. S1) during our cloning assays. The distribution
of these 14 D-loop-like NUMT haplotypes in each animal is shown in
Table 1.

Amplification of the mtDNA control region sequence using the
mtDNA isolated from platelet showed fragment length polymorphisms.
Within the mtDNA control region, we observed 2 types of tandem
repeats, composed of a 167-bp or 151-bp basic repeat unit (the 151-bp
repeat unit had a 16-base deletion compared with the 167-bp repeat
unit) (Fig. 1A) and the number of repeat units ranged from 1 to 4 in dif-
ferent individuals. The symmetrical secondary structure of the four
tandem repeats of M. leonina mtDNA is shown in Fig. 1B.

Neighbor-joining tree for the 14 D-loop-like NUMT haplotypes
(A-N) of M. leonina, together with the mtDNA D-loop sequences of
other primates and the D-loop-derived NUMTs of M. mulatta, showed
that all D-loop-like NUMT haplotypes of M. leonina were clustered to-
gether (Fig. 2), except for haplotypes G and H, suggesting that the trans-
location of haplotypes G and H into the nuclear genome might be much
more ancient than that of the other D-loop-like haplotypes. Intriguingly,
a D-loop NUMT of M. mulatta resembled haplotype G in M. leonina,
which would suggest a persistence of the same ancestral translocation
after the divergence of the two species. The estimated time for the di-
vergence of the D-loop-like NUMT sequences showed that haplotypes
G and H occurred around 3.09 mya, long before the divergence time be-
tween M. leonina and M. mulatta (2.42-2.48 mya (Hayasaka et al.,
1996)) (Fig. 2). As shown in Table 2, gene conversion prediction results
indicated that the 14 D-loop-like NUMT haplotypes had undergone
later sequence conversions.

Table 2
Evidence of gene conversion in 14 D-loop-like haplotypes in the nuclear genome of
M. leonina.

Seq SimP  BCKAP Aligned offsets Num Num Tot MisM
name® value® value® m Poly® Dif*  Difs’ Pen®
JiL 0.0000 0.0000 636 1045 410 184 0 78  None
A;D 0.0000 0.0000 763 1045 283 137 0 61 None
M 0.0000 0.0006 520 727 208 51 0 127  None
E;l 0.0032 0.0096 510 735 226 57 0 97  None
D;l 0.0097 0.0257 856 1001 146 63 0 82  None
L) 0.0099 0.0278 508 675 168 46 0 110  None
GiL 0.0110 0.0323 373 449 77 18 0 238 None
CJ 0.0154 0.0443 901 977 77 34 0 140 None
B;J 0.0174 0.0483 627 740 114 37 0 129  None
E:M 0.0191 0.0538 520 675 156 39 0 122 None

¢ Seq Name — letters A-N refer to the14 D-loop-like haplotypes in the nuclear genome
of M. leonina.

" SimP value means simulated P-values based on 10,000 permutations. Fragments are
listed only if SimP-value < = 0.05.

¢ BC KA means Bonferroni-corrected KA (BLAST-like) P values. Pvalue < 0.05 was regarded
as significant for gene conversion.

4 Num Poly is the number of polymorphic sites in the fragment.

¢ Num Dif is the number of mismatches within the fragment.

T Tot Difs is the total number of mismatches between two sequences.

& MisM Pen is the penalty per mismatch for the two sequences.

3.2. Structure of the mitochondrial genome and phylogenetic tree

The total length of the complete mtDNA of M. leonina, which was de-
termined by using DNA isolated from platelets, ranged from 16,533 bp
to 17,050 bp, which was caused by the heteroplasmy of different num-
bers of tandem repeats in the mtDNA control region. Consistent with
other primate species, the complete mtDNA of M. leonina is shown to
have 13 protein-coding genes, 2 rRNA genes (12S rRNA and 16S
rRNA), 22 tRNA genes, and the control region. The overall base compo-
sition of the H strand was 32.10% A, 30.40% C, 12.40% G, and 25.10% T.
The arrangement of the genes in M. leonina mtDNA genome is shown
in Table 3.

To obtain a more complete understanding of the evolutionary history
of M. leonina, a maximum likelihood tree was constructed to infer
the phylogenetic position of M. leonina based on the concatenated
amino acid sequences of 12 protein-coding genes on the mitochondrial
H-strand. M. silenus showed the closest relationship to M. leonina
(Fig. 3), both belonging to the genus macaque.

4. Discussion
NUMTSs have been found in a wide variety of eukaryotic organisms

(Bensasson et al., 2001; Yao et al., 2008; Hazkani-Covo et al., 2010;
Tsuji et al., 2012). The suggested mechanism of NUMT formation is

Table 3
Structure of M. leonina mitochondrial genome sequence.
Gene Position Size(bp) Strand Codon
Start Stop

D-loop 16500-17050 1592 H

1-1041° H
tRNA-Phe 1042-1113 72 H
12s-rRNA 1114-2060 947 H
tRNA-Val 2061-2129 69 H
16s-rRNA 2130-3689 1560 H
tRNA-Leu 3690-3764 75 H
ND1 3767-4723 957 H ATG TAG
tRNA-Ile 4722-4790 69 H
tRNA-GIn 4788-4859 72 L
tRNA-Met 4861-4928 68 H
ND2 4929-5972 1044 H ATT TAG
tRNA-Sec 5971-6037 67 H
tRNA-Ala 6045-6113 69 L
tRNA-Asn 6115-6187 73 L
rep_origin 6189-6220 32 H
tRNA-Cys 6219-6286 68 L
tRNA-Tyr 6286-6351 66 L
COX1 6356-7894 1539 H ATG CTA
tRNA-Ser 7897-7965 69 L
tRNA-Asp 7969-8036 68 H
cox2 8038-8721 684 H ATG TAG
tRNA-Lys 8775-8839 65 H
ATP8 8841-9047 207 H ATG TAA
ATP6 9002-9682 681 H ATG TAA
CoX3 9682-10465 784 H ATG T
tRNA-Gly 10466-10533 68 H
ND3 10534-10879 346 H ATT T
tRNA-Arg 10880-10944 65 H
ND4L 10945-11241 297 H ATG TAA
ND4 11235-12612 1378 H ATG T
tRNA-His 12613-12681 69 H
tRNA-Ser 12682-12740 59 H
tRNA-Leu 12741-12811 71 H
ND5 12812-14623 1812 H GTA TAA
ND6 14624-15151 528 L TCT CAT
tRNA-Glu 15152-15220 69 L
CYTB 15225-16365 1141 H ATG T
tRNA-Thr 16366-16430 65 H
tRNA-Pro 16432-16499 68 L

¢ There are length polymorphisms in this region. Different number (range from 1 to 4) of
the 167 bp or 151 bp tandem repeats was observed in the mtDNA control region of
M. leonina. The 151 bp repeat has a 16-bp deletion relative to the 167 bp repeat.
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100

100

L Gorilla gorilla (Gorilla)

Pongo abelii (Sumatran orangutan)

Hylobates lar (Gibbon)

100

100 Macaca leonina (Northern pig-tailed macaque)

100 Macaca silenus (Lion-tailed macaque )

Macaca tonkeana (Tonkean macaque )

100 | Macaca fascicularis (Crab-eating macaque )
100| ' Macaca assamensis (Assam macaque )
Macaca thibetana (Tibetan macaque )

Macaca mulatta (Rhesus monkey)

99

98 Macaca nigra (Celebes crested macaque )

100

100

100
100

Tarsius bancanus (Tarsier)

53
ﬁ4 Macaca fuscata (Japanese macaque )

98 L Macaca arctoides (Stump-tailed macaque )

Macaca nemestrina (Southern pig-tailed macaque )

Macaca sylvanus (Barbary macaque )

Papio hamadryas (Hamadryas baboon)

Cynocephalus variegatus (Chinese flying lemur)

Nycticebus coucang (Slow loris)

Lepus europaeus (Brown hare)
Oryctolagus cuniculus (Rabbit)
Ochotona collaris (Collared pika)

Tupaia belangeri (Chinese tree shrew)

Cavia porcellus (Guinea pig)

50 %98‘

Thryonomys swinderianus (Cane rat)

72

Tachyglossus aculeatus (Echidna)

— Mus musculus (Mouse)

| .
100 Rattus norvegicus (Brown rat)

—
0.05

Fig. 3. Maximum likelihood tree of 29 species based on the concatenated amino acid sequences of 12 protein-coding genes on the mitochondrial H-strand. GenBank accession numbers for
these species are listed in Table S2. The numbers on the branches refer to bootstrap value.

predominantly associated with DNA-mediated transfer and non-
homologous end-joining during nuclear double-strand break (DSB) re-
pair (Blanchard and Schmidt, 1996; Woischnik and Moraes, 2002;
Hazkani-Covo and Covo, 2008). After their insertion into the nucleus,
NUMTSs are not subjected to mitochondrial selective pressure (Perna
and Kocher, 1996; Bensasson et al., 2001) and the mutation rate of
NUMTs is on average around one order of magnitude slower than the
mitochondrial genome (Brown et al., 1982; Lopez et al., 1997). For this
reason, NUMTs are commonly believed to be “fossilized” copies of an-
cient mitochondrial lineages as they are more similar to the ancestral
mitochondrial haplotype than the modern mitochondrial counterpart
(Perna and Kocher, 1996; Bensasson et al., 2001; Jensen-Seaman et al.,
2009). As a result, NUMTs offer good opportunities for the study of
mtDNA evolution, and NUMTSs can be used as markers for inferring phy-
logenies (Hazkani-Covo, 2009). A previous study showed that nearly all
positions of the mitochondrial genome could be found in the nuclear
DNA, but no D-loop-derived NUMTs (Mourier et al., 2001). Within
great apes, the frequency of NUMTs has been shown to be increased
in gorillas, but these observations were limited to the mtDNA D-loop re-
gion (Jensen-Seaman et al., 2004; Thalmann et al., 2004; Anthony et al.,
2007). The lack of NUMTs from the D-loop region was probably caused

by the significantly higher evolutionary rate of extant mtDNA in this
region (Woischnik and Moraes, 2002).

In this study, we determined the entire complete mtDNA sequence
of M. leonina and we unexpectedly identified various D-loop-like
NUMT sequences in this species. Intriguingly, we also found that
M. mulatta have some D-loop-derived NUMTs (Fig. 2). The reason for
the abundance of D-loop-derived NUMTs in M. leonina and M. mulatta
remains unknown. We showed that gene conversions occurred be-
tween these similar D-loop-like NUMT haplotypes in M. leonina, which
would contribute to an increase of the variability (Table 2). Previous
studies showed that gene conversion played significant roles in shaping
the standing haplotype variations in the MHC and SI genes, which serve
as classic example genes of diversifying selection (Wright, 1939;
Takahata, 1990). In addition, there is a report that Macaca nemestrina
presented the strongest evidence of recombination between subspecies
or species based on mtDNA data (Piganeau et al., 2004). Recombination
between subspecies or species may thus lead to the diverse D-loop-like
NUMT haplotypes in the nuclear genome of M. leonina.

Intriguingly, there are tandem repeats in the mtDNA control region
of M. leonina, which are composed of 167-bp or 151-bp repeat unit.
The number of tandem repeats ranged from 1 to 4 among the studied
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individuals. Tandemly repeated sequences within the mtDNA control
region have been reported in a variety of vertebrate and invertebrate
species, with the length of repeat unit from smaller than 10 bp to over
200 bp, and the location of the repeats within the control region was
also highly variable (Hoelzel et al., 1993; Lunt et al., 1998; Mundy and
Helbig, 2004). The origin of mtDNA tandem repeats was generally
thought to be caused by slipped-strand mispairing during mtDNA
replication, also known as replication slippage (Buroker et al., 1990;
Fumagalli et al., 1996; Broughton and Dowling, 1997; Wilkinson et al.,
1997; Hazkani-Covo and Covo, 2008), which was a dominant mecha-
nism responsible for length variation in mammalian mtDNA. Several
other mechanisms, including recombination and transposition (Rand
and Harrison, 1989) and unequal crossing-over or gene conversion
(Hoelzel et al., 1993), might also cause tandem repeat variations. The
tandem repeats would fold into stable secondary structures and proba-
bly resulted in the insertion or deletion of repeated units during mtDNA
replication (Buroker et al., 1990; Hoelzel et al., 1993; Stewart and Baker,
1994). Whether there is a potential relationship between the tandem
repeats in the mtDNA control region of M. leonina and the occurrence
of D-loop-derived NUMTSs in this species needs further study.

The structure of the entire mtDNA genome of M. leonina was similar
to that seen in other mammalian mitochondrial genomes (Anderson
etal, 1982; Li et al,, 2009; Xu et al.,, 2012). In the maximum likelihood
tree (Fig. 3), the clustering pattern of M. leonina and related species
was consistent with the known species tree, which suggested the
suitability of using mtDNA genome data to reconstruct the phylogenetic
relationship among these species.

In summary, we identified various D-loop-derived NUMTs and tan-
dem repeat variations in the mtDNA D-loop region of M. leonina. Se-
quence conversion may explain the occurrence of these D-loop-like
NUMT haplotypes. Caution should be taken when we use the mtDNA
control region sequence as a genetic marker for estimating the genetic
diversity of M. leonina.
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Table S1. Primers used for sequencing the complete mtDNA of Macaca leonina

Primer name Primer sequence(5'-3")

For PCR amplification

MT-X1 F: AGGTGCGCTTGGATAAATCA

R: GCTCCGATTAGGGCGTAGT
MT-X2 F: ATTGCCCTCCTCCTATGAAC

R: ACTAAGGGCTTTGAAGGCTC
MT-X3 F: ACGCCTAATCTACACCACCTC

R: CGGGGAGAATAAGGATGTAGACT
MT-X4 F: TTAGGAGCCATCAACTTCATTACC

R: ATTGCGGGTAAGATAGTTCAGA
MT-X5-2 F: CCCCTAAAACTGGTTTCAAGC

R: GGATGCGAGTAGTACAGAGGTG
MT-X6 F: AACAACACCTAATGACCCACCA

R: GGGTAGAGAGCCGGTTAGTGT
MT-X7 F: TAAATGGGGCAACCAAGCA

R: GCTTGAGGTGGAGAAGGCTAC
MT-X8 F: TGGGGGCTATTACTACCCTATT

R: ATTTGTAGGGTTAGGCAGGCT
MT-F3 F: CCCTCAAAAATCACCCAATCA
MT-R4 R: GAGCTTGAACGCTTTCTTAATTG
XD F: CACCCAAAGCTGGCATTCT

R: GCAAACCCATCTAGGCATT
For sequencing

L14 TCACCCTATTAACCAGTCACG
L122 AATGCGCCTGCCTTTGAT

L423 AACTGCCATTCCCTCAACTAA
H1140 GGTGTAAAGCACCGTCAAGT
L978 AGTGGCTTTAAAGCTTCTGAAC
L2196 ACTGAACTCCTCACATCACATTG
L4181 CCATCGCAATCTCCAGCAT

L5379 CAAAACCAACACCCCTTATCC
L7839 ATCAAATCAATCGGACACCA
H8407 CGTGGGTGTACCTTGTGGTA
L9788 CTTCATTACCACAGGCTTCCAT
L9938 CTAACCAAATGACCCCTACCTA
L10952 CTCACCATCTGACTCCTACCTCTC
H11251 GCTGTGGGTGCGTTCATA
L11702 GCCCATGGACTCACCTCTT
L12275 CCATCCGTTGACCTTAGGA
L12698 TCCTCACCACCATACTAATTCTAG
L12719 CTTCTCCACCTCAAGCCAAC
H13014 GGTTTTAGTGATACTGGTGATTGG
L14915 ACCTCCTCCGCCTTCTCC

L15555 GATACTTCCTATTTGCATACACAA
H16312 AAAGCGTTTTGAGCTGCGT

Note: We used both the amplification primers and the inner sequencing primers to
obtain the entire mtDNA sequence. The “L” and “H” represent the light (L) and
heavy (H) strands of the mtDNA, respectively.



Table S2. Mammalian species (re-)analyzed in this study

Species

Common name

Source

GenBank
accession number

Eutheria

Euarchontoglires

Euarchonta
Primates
Nycticebus coucang Slow loris (Arnason et al., 2000) AJ309867
Tarsius bancanus Tarsier (Schmitz et al., 2002) AF348159
Papio hamadryas Hamadryas baboon (Arnason et al., 1998) Y18001
Macaca leonina Nothern pig-tailed This study KP330231
monkey
Macaca mulatta Rhesus monkey (Gokey et al., 2004) NC_005943
Macaca arctoides Stump-tailed macaque (Liedigk et al., 2014) NC_025201
Macaca assamensis Assam macaque (Jiang et al., 2014) NC_023795
Macaca fascicularis Crab-eating macaque NC_012670
Macaca fuscata Japanese macaque (Wang et al., 2014) NC_025513
Macaca nemestrina Southern pig-tailed KP765688
macaque
Macaca nigra Celebes crested (Du et al., 2014) NC_026120
macaque
Macaca silenus Lion-tailed macaque (Liedigk et al., 2014) NC_025221
Macaca sylvanus Barbary macaque (Arnason et al., 2000) NC_002764
Macaca thibetana Tibetan macaque (Lietal., 2009) NC_011519
Macaca tonkeana Tonkean macaque (Liedigk et al., 2014) NC_025222
Hylobates lar Gibbon (Arnason et al., 1996a)  X99256
Pongo abelii Sumatran orangutan (Xu and Arnason, X97707
1996b)
Gorilla gorilla Gorilla (Xu and Arnason, X93347
1996a)
Homo sapiens Human (Arnason et al., 1996b)  X93334
Cynocephalus variegatus Flying lemur (Xu et al., 2012) JN800721
Tupaia belangeri Chinese tree shrew (Xu et al., 2012) JN800722
Glires
Lagomorpha
Lepus europaeus Brown hare (Arnason et al., 2002) AJ421471
Oryctolagus cuniculus Rabbit (Gissi et al., 1998) AJ001588
Ochotona collaris Collared pika (Lin et al., 2002) AF348080
Rodentia
Mus musculus Mouse (Bibb et al., 1981) J01420
Rattus norvegicus Brown rat AJ428514
Cavia porcellus Guinea pig (D’Erchia et al., 1996) AJ222767
Thryonomys swinderianus Cane rat (Mouchaty et al., 2001) AJ301644
Monotremata
Tachyglossus aculeatus Echidna (Janke et al., 2002) AJ303116



http://www.ncbi.nlm.nih.gov/nuccore/AJ421471
http://www.ncbi.nlm.nih.gov/nuccore/AJ001588
http://www.ncbi.nlm.nih.gov/nuccore/AF348080

Table S3. Detailed information of D-loop-derived NUMTSs of Macaca mulatta

ID Align %  Identity%  Chr  Strand Start End

Macaca mulatta NUMT 1 93.55 91.00 6 + 29662070 29663124
Macaca mulatta NUMT 2 92.72 92.10 5 - 49967443 49968472
Macaca mulatta NUMT 3 89.12 91.50 6 + 34061232 34062206
Macaca mulatta NUMT 4 88.94 90.20 19 + 5865649 5866403
Macaca mulatta NUMT 5 87.83 92.20 7 - 14023875 14024809
Macaca mulatta G 85.53 91.80 4 + 82446882 82447815

We retrieved potential D-loop NUMTSs from M. mulatta genome by using BLAT with M. mulatta
D-loop sequence as the search entry. The numbering of start point and end point were scored
relative to M. mulatta genome.

Align % - the percentage of the aligned sequence; Identity % - the percentage of sequence
identity in the aligned sequence; Chr—chromosome; forward and reverse strand was marked as
“+” and “-, respectively.
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CAT-AAGCTTCAT-AGTATAA-TTCTGATACTAACCTACTCACAAT-ACTACTATGTAATTCGTAGCATTACTAGCTAGTCAGCATAGTATAATATATAGTACTATATATAGTTTAACC-
CAT-AAACTTCAT-AATATAA-TTCTGATACTAACCTACTCACAAT-ACTACTATGTAATTCGT-GCATTACT-GCTAGCCAACAT-GTATAATATATAGTACTATATAT-GCTTAACT-
CAT-AAACTTCAT-AATATAA-TTCTGATACTAACCTACTCACAAC-ACTACTATGTAATTCGT-GCATTACT-GCTAGCCAACAT-GCATAATATATAGTACTATATAT-GCTTAACT -
TAT-GGACTTCAT-AATATAA-CTCTAGCACTAACTCACTTATAAT-ACTACTATGTAATTCGT-GCATTACT-GCTAGTCAGCAT-GTCTATTATATAGTACTATATAT-GCTTGACT—
CAT——GACTTCAC-AATATAA-CTCTAGTACTAACTCATTTACAAT-ACTACTATGTAATTCGT-GCATTACT-GCTAGTCAGCAT-GTATATTATATAGTACTATATAT-GTTTAATC~
TAT-GGCCCCCAC-AGCACAA——CCCAGTACTAACCCACTCATAAT-ATTACTATGTAATTCGT-GCATTACT-GCTAGCCACCAT-GCATATTATATAGTACTATATAT-GCTTGACT—
TAT-AAGCTTCAT-AGTGTAA-CTCTAGCATTAACTTACCTATAATGGCTATTATGTAATTCGT-GCATTACT-GCTAGTCAACAT-GTATAATATATAGTACTATATAT-GCTTAACT-
CAT-GGCCTCTAC-AATACAA-CTCCAGTACTAACTCACTTATAAT-ACTACTATGTAATTCGT-GCATTACT-GCTAGTCAGCAT-GTATATTATATAGTACTATATAT-GCTTGACT -
CAT-GACCTCTAC-AGTACAA-CTC-AGTACTAATCCACTTATAAT-ACTACTATGTAATTCGT-GCATTACT-GCTAGTCACCAT-GTATATTATATAGTACTATATAT-GCTTGACT-
CAT-GACCTCTAC-AGCACAA-CTC-AGTACTAACCCACTCATAAT-ACTACTATGTAATTCGT-GCATTACT-GCTAGTCACCAT-GTATATTATATAGTACTATATAT-GCTTGACT-
CAT-GAACTTCAT-AGTATAA-TTCTAGTACCAACTTACTTATAAT-ACTACTATGTAATTCGT-GCATTACT-GCTAGCCAACAT-GTATAATATATAGTACTATATAT-GCTTGACT-
CATGGAGCTTCATAAGTATAATTTCTAGTACTAACTTACTTATAAT-ACTACTATGTAATTCGTGGCATTACTGGCTAGCCAACATGGTATAATATATAGTACTATATATAGCTTAACTA
TGC——AGCTTTA-~AATGCAA-CTTAAGTACTAATTTATTTTAGCACACCCTTATGTAAATCGT-GCATTACT-GCTAGCCAACAT-GAATATTATATAGTACTGTAAAT-GTTTAACT -
CGC—AGCTTTA——AATGTAA-CTTAAGTACTAATTTATTTTAACACACTCCTATGTAATTC-T-GCATTACT-GCTAGCCAACAT-GAATATTATATAGTACCATAATTAGCTTAACT-
* % % sk * Rk % sellolololk sk % skelolololololol ook Stk Slelok sk kel sllleeiioiolok kek k% Rk X

GTACATAATACATATCATCATGTATCAACGTAACACCCTTGAAAGACATGCTTACAAGCAGGAACTTCAATGAGAATC-TCAACAATAACACATAGCATGGCCC-TCCCAAATTCAGTCT
GTACACAGTGCATATTATCACGTATCAACTTAACATCCTTGAAAAGCATGCTTACAAGCAAGAACCCTAGTGGGAACC-TCAACAGTAACACATGATATGGCTC-TCCCAAATTCAACCT
GTACATAGTGCATATTATCACGTATCAACTTAACATCCTTGAAAAGCATGCTTACAAGCAAGAACCCTAGTGGGAACC-TCAACAGTAACACATGATATGGCTC-TCCCAAATTCAACCT
GTACATAACACATATTATTACATATCAACTCAACATCCTTGGAAAGCACGCTTACAAGCAAGAACTCTAGTAAGAACT-TCAACAGTAATACATGACATGACCC-TTCCAAATCCGACCT
GTACATAATACATATTATTACATACCAACCCAATACTCCCGGAAAACATGCTTATAAGCAGGAACTCTAATGGAAATC-TCAACAGTAGTACATGACATGACCC-TTCCAAATCCAGCCT
GTACATAAAACATACCACTACATATCAACCCAACATTCCTAAAAAACATGCTTACAAGCAAGAACCCTATTAGAAACCATCAACAGTAATACATAACAAGATTTACTCCAAAT-CAGTCC
GTACATAGCACATGCCATCACATACCAACCCAGCATTCTTGAAAAGCATGCTTACAAGCAGGAACTCTAATAGGGACT-TCAACAGCAATACATAACATGACTC-CTCCAAATCCAACCC
GTACATAATACATATCATTACATATCAACCCAACATCCTTGAAGAACATGCTTACAAGCAGGAACTCTGGTAAAGACT-TCAACAGTAGCACATGACATGGCCT-TCCCAAATCCAACCT
GTACATAAGACATATTATTACATATCAACCCAACATTCTAGAAGAACATGCTTACAAGCAAGGACCTCAATGGGAACCCTCAACAGTGACATATAACATGATCCACTCCAAATCTAGCCC
GTACATAAGACATATTATTACATATCAACTTAACATCCTTGAAAAACATGCTTACAAGCAAGGACCCTAGTAAGAACCACCAACAGTAATACATAACATGGCTCACTCCAAACTCAACCT
GTACATAACACATATCATTACATATCAACCCAACATCCTTGAAAAACATGCTTACAAGCAGGAACTCGAATAAGGACT-TCAACAGTAACACATAGCATGACCC-TTCCAAATCCAATTC
GTACATAACGCATATCATTACATATCAACCCAACATCCTTGAAAAACATGCTTACAAGCAAGGACTCTGATAAGAACT-TCAACAGTAACACATAGTATGACCC-TTCCAAATCTAATCC
GTACACAGCACATAATCTTACATACTTGCTAACAATCGTCCAATAACATACTTACAAGCAAGAACTCTAATAAGCTAA-CCAACTATAGTACATAACACCAACA-TCCAAAGCCCAA-—-
GTATATAGCACGTATTCTTACATACTTACTAGCAATCCTCAA-—AACATGCTTACAAGCAAGAACTCTAATAAATCAG-CCAACTATAACACATAGTACTAATA-TCCAAAGTCCAA———
sk ok ok ok ok * ok * * sk olkk sk Sk kek * stk * ok % % ok

GTC-CCCCCTACGGATATTAACTAGATCAA-TGCATGCCAGCCGTCCATAGTACATTAAATTGTTCATCGGACATAGTACATACCTGTTAAA-TAATCCTCCTCACCACGGATGCCCCCC
GTCCCTCCCCACGAACATTGACCAGACCAA-TTTATGCCAGTCGTCCATAGTACATTAAATTGTTCATCGGACATAGTACATATCTGTTAAA-TAATCCTCCTCACCACGGATGCCCCCC
GTCCCTCCCCACGAACATTGGCCAGACCAA-TTTATGCCAGTCGTCCATAGTACATTAAATTGTTCATCGGACATAGTACATATCTGTTAAA-TAATCCTCCTCACCACGGATGCCCCCC
GTC-CCCCCTACGGGTATTAACTAGACCAA-TCAATGTTAATCGTTCATAGTACATTAAGTTGTTCATCGGACATAGCACATATCTATTAAA-TAATCCTCCTCACCACGGATGCCCCCC
ATC-CTCCCCATGAATATCAACTAGACCAA-TTTATGTTAATCGTTCATAGTACATTAAGTCGTTCATCGGACAGAGCACATATCTATTAAA-TAATCCTCCTCACCACGGATGCCCCTC
GTT-CCCCCCACGAATATTGATCACACCAG-TCCATGTTAATCGTCCATAGTACATCAAATCGTTCATCGTACATAGTACATATCTATTAAA-TAATCCTTCTCACCATGGATGCCCCCC
AC——CCCCCCACGAATATCAACCAAACCAG-CCCATGCCAGGCGTCCATAGTACATCAAATCGTTCATCGGACATAGCACATATCTGTTAAA-TAATCCTTCTCACCACGGATGCCCCCC
GTC-CTCCCTACAAATATTAATTAGACCAA-CTTATGTTAATCGTTCATAGTACATTAAGTCGTTCATCGTACATAGTACATATCTGTTAAA-TAATCCTCCTCACCACGGATGCCCCCC
GTCACTCCCTACGAATATCAACTACACCAA-TTTATGTTAGTCGTTCATAGTACATTAAGTTGTTCATCGTACATAGTACATACCTATTAAA-TAATCCTCCTCACCACGGATGCCCCCC
GTC-CTCCCTACGAATGTCAACTACACCAA-TCTATGTTAGTCGTTCATAGTACATTAAGTCGTTCATCGTACATAGTACATACCTATTAAA-CAATCCTCCTCACCACGGATGCCCCCC
ACC-TTCCCTACGGATATTAACTAGACCAA-CTTATGTTAATCGTCCATAGTACATTAAGTCGTTCATCGGACATAGCACATACCTATTAAA-TAATCCTCCTCACCACGGATGCCCCCC
ACC-TTCCCTACGGATATTAACTAGACCAG-CCTATGTTAATCGTCCATAGTACATTAAGTCGTTCACCGGACATAGCACATACCTATCAAA-TAATCCTCCTCACCACGGATGCCCCCC
GTATACCCCTTAGGATATCAACCAACCTAAATGTCCACTCATTGTACATTGCACATTAAATCGTTCATCGGACATAGCACATTCCAGTTAAATTAATCCCCGTCACCAAGGATATCCC-C
GTACTTCCCTTAGAATATCAACTAACCCAGTTCTTCATTCTTCGTACATAGCACATTACATCGTTCATCAAACATAGCACATTTCAGTCAAAAAAGTCCTCGCCACCACGGATACCCC—C

sk * * * sk ook ok kllok sk ok sklelolok skl ek slelelek ok ksl ok selok sl ollok kolok %

CTCACTTAGGAGTCCCTTGTTCACCATCCTCCGTGAAATCAATATCCCGCACAAGAGCGCTACTCTCCTCGCTCCGGGCCCATAACTCGTGGGGGTAGCTATACTTGAGCTGTATCTGGC
CTCACTTAGGAGTCCCTTGTTCACCATCCTTTGTGAAATCAATATCCCGCACAAGAGTGCTACTATCCTCGCTCCGGGCCCATAACTCGTGGGGGTAGCTATACTTGAGCTGTATCCGGC
CTCACTTAGGAGTCCCTTGTTCACCATCCTCTGTGAAATCAATATCCCGCACAAGAGTGCTACTATCCTCGCTCCGGGCCCATAACTCGTGGGGGTAGCTATACTTGAGCTGTATCCGGC
CCCACTTAGGAATCCCTTGTTCACCATCCTCCGTGAAACCAACATCCCGCACAAGAGTGCTGCTCTCCTCGCTCCGGGCCCATAACTCGTGGGGGTAGCTATACTTGAGCTGTACCCGTC
CTCACTTAGGAGTCCCTTGTTCACCATCCTCCGTGAAATCAATATCCCGCACAAGAGTGCTACTCTCCTCGCTCCGGGCCCATAACTCGTGGGGGTAGCTATACCTGAGCTGTATCCGGC
CTCACTTAGGAATCCCTTGTTCACCATCCTCCGTGAAACCAACATCCCGCACAAGAGTACTACTCTCCTCGCTCCGGGCCCATAACTCGTGGGGGTAACTATACCTGAACTGTATCCGGC
CTCACTTAGGGGTCCCTTGCTCACCATCCTCCGTGAAATCAATATCCCGCACAAGAGTGCTACTCTCCTCGCTCCGGGCCCATAACTCGTGGGGGTAGCTATACCTGAATTGTATCCGGC
CTCACTTAGGAGTCCCTTGTTCACCATCCTCCGTGAAATCAGTATCCCGCACAAGAGTGCTACTCTCCTCGCTCCGGGCCCATAACTCGTGGGGGTAGCTATGCCTGAGCTGTATCCGGC
CTCACTTAGGAATCCCTTGTTCACCATCCTCCGTGAAATCAGTATCCCGCACAAGAGTGCTGCTCTCCTCGCTCCGGGCCCATAACTCGTGGGGGTAGCTATACTTGAGCTGTATCCGGC
CTCACTTAGGAATCCCTTGTTCACCATCCTCCGTGAAATCAATATCCCGCACAAGAGTGCTACTCTCCTCGCTCCGGGCCCGTAACTCGTGGGGGTAGCTATACCTGAATTGTATCCGGC
CTCACTTAGGAATCCCTTGTTCACCATCCTCCGTGAAATCAATATCCCACACAAGAGTGCTACTCTCCTCGCTCCGGGCCCATAACTCGTGGGGGTAGCTATACTTGAACTGTATCCGGC
CTCACTTAGGAGTCCCTTACTCACCATCCTCCGTGAAATC-ATATCCCGCACAAGAGTGCTACTCTCCTCGCTCCGGGCCCATAACTCGTGGGGGTAGCTATATCTGAACTGTATCCGGC
CTCACTTAGGTGTCCCTTGCTCACCATCCTCCGTGAAATCAATATCCCGCACAAGAGTGCTACTCTCCTCGCTCCGGGCCCATAACTCATGGGGGTAGCTGCA-GTGAACTGTATCCGGC
CTCACTTAGGTGTCCCTTGTTCACCATCCTCCATGAAATCAATATCCCACACAAGAGTGCTACTCTCCTCACTCCAGGCCCATAATTCGTGGGGGTAGCTACA-GTGAACTGTATCCAGC
* sk ok selelelok Selelelolololol ok Stk slelolelek Selolok skl Sielek skek selelololoolok ok sk ik k%

ATCTGGTTCTTACCTCAGGGCCATGACAACTAAGATCGCCCACACGTTCCCCTTAAATAAGACATCTCGATGGATCACGGGTCTATCACCCTATTAACCAGTCACGGGAGCTCTCCATGC
ATCTGGTTCTTACCTCAGGGCCATGACAACTAAGATCGCCCACACGTTCCCCTTAAATAAGACATCTCGATGGATCACGGGTCTATCACCCTATTAACCAGTCACGGGAGCTCTCCATGC
ATCTGGTTCTTACCTCAGGGCCATGACAACTAAGATCGCCCACACGTTCCCCTTAAATAAGACATCTCGATGGATCACGGGTCTATCACCCTATTAACCAGTCACGGGAGCTCTCCATGC
ATCTGGTTCTTACCTCAGGGCCATAACAACCAAGATCACCCACACGTTCCCCTTAAATAAGACATCTCGATGGATCACGGGTCTATCACCCTATTAACCAGTCACGGGAGCTCTCCATGC
ATCTGGTTCTTACCTCAGGGCCATGGCAATCAAGATCGCCCACACGTTCCCCTTAAATAAGACATCTCGATGGGTCACAGGTCTATCACCCTATTAATCAGTCACGGGAGCTTTCCATGC
ATCTGGTTCTTACCTCAGGGCCATGACAATCAAGATCGCCCACACGTTCCCCTTAAATAAGACATCTCGATGGATCACGGGTCTATCACCCTATTAACCAGTCACGGGAGCTCTCCATGC
ATCTGGTTCTTACCTCAGGGCCATGACAATCAAGATTGCCCACACGTTCCCCTCAAATAAGACATCTCGATGGATCACGGGTCTATCACCCTATTAACCAGTCACGGGAGCTCTCCATGC
ATCTGGTTCTTACCTCAGGGCCATAACAACCAAGATCGCCCACACGTTCCCCTTAAATAAGACATCTCGATGGATCACGGGTCTATCACCCTATTAACCAGTCACGGGAGCTCTCCATGC
ATCTGGTTCTTACCTCAGGGCCATGGCTATCAAGATCGCCCACACGTTCCCCTTAAATAAGACATCTCGATGGATCACGGGTCTATCACCCTATTAACCAGTCACGGGAGCTCTCCATGC
ATCTGGTTCTTACCTCAGGGCCATGACAATCAAGATCGCCCACACGTTCCCCTTAAATAAGACATCTCGATGGATCACGGGTCTATCACCCTATTAACCAGTCACGGGAGCTCTCCATGC
ATCTGGTTCTTACCCCAGGGCCATAACAATCAAGATCGCCCACACGTTCCCCTTAAATAAGCCATCTCGATGGATCACGGGTCTATCACCCTATTAACCAGTCACGGGAGCTCTCCATGC
ATCTGGTTCTTACCTCAGGGCCATAGCAATCAAGATCGCCCACACGTTCCCCTTAAATAAGACATCTCGATGGATCACGGGTCTATCACCCTATTAACCAGTCACGGGAGCTCTCCATGC
ATCTGGTTCTTACCTCAGGGCCATAA-AACTAAGACCGCCCACACGTTCCCCTTAAATAAGACATCTCGATGGATCACGGATCTATCACCCTATTAACCAGTCACGGGAGCTCTCCATGC
ATCTGGTTCTTACCTTAGGGCCAT-ATAATCAAGATTGCCCACACGTTCCCCTTAAATAAGACATCTCGATAGATCATGGGTCTGTCACCCTATTAACCAGTCACGCGAGCTCTCCATGC
% ok s kol ok ok ootk

ATTTGGTATCTTTTATCTCTGGTCTGCACGC-AACCCCATTGCAGAATGCTGACTCCCACCACATCTCATCCTGTATGCGCCTGTCTTTGATTCCTAGTACATGCAGTTGTTGATCGCAC
ATTTGGTATCTTTTATCTCTGGTCTGCACGC-AACCCCATCGCAGAATGCTGACTCCCACCACATCCCGTCCTGTATGCGCCTGTCTTTGATTCCTAGTACATGCAGTTGTTGATCGCAC
ATTTGGTATCTTTTATCTCTGGTCTGCACGC-AACCCCATCGCAGAATGCTGACTCCCACCACATCCCGTCCTGTATGCGCCCGTCTTTGATTCCTAGTACATGCAGTTGTTGATCGCAC
ATTTGGTATCTTTTATCTCTGGTCCGCACGC-AACCCCATCGCAGAATGCTGACTCCCACCACATCCCGTCCTGTATGCGCCTGTCTTTGATTCCTAGTACATGCAGTTGTTGATCGCAC
ATTTGGTATCTTTTATCTCTGGTCTGCACGC-AACCCCATTGCAGAATGCTGACTCCCACCACATCCCGTCCTGTATGCGCCTGTCTTTGATTCCTAGTACATGCAGTTGTTGATCGCAC
ATTTGGTATCTTTTATCTCTGGTCCGCACGC-AACCCCATCGCAGAATGCTGACTCCCACCACATCCCGTCCTGTATGCGCCTGTCTTTGATTCCTAGTACATGCAGTTGTTGATCGCAC
ATTTGGTATCTTTTATCTCTGGTCCGCACGCAAACCCCATCGCAGAATGCTGACTCCCACCACATCCCGTCCTGTATGCGCCTGTCTTTGATTCCTAGTACATGCAGTTGTTGATCGCAC
ATTTGGTATCTTTTATCTCTGGTCTGCACGC-AACCCCATCACACAATGCTGACTCCCACCACATCCCGTCCTGTATGCGCCTGTCTTTGATTCCTAGTACATGCAGTTGTTGATCGCAC
ATTTGGTATCTTTTATCTCTGGTCCGCACGC-AACCCCATCGCAGAATGCTGACTCCCACCACATCCCGTCCTGAATGCGCCTGTCTTTGATTCCTAGTACATGCAGTTGTTGATCGCAC
ATTTGGTATCTTTTATCTCTGGTCCGCACGC-AACCCCATCGCAGAATGCTGACTCCCACCACATCCCATCCTGTATGCGCCTGTCTTTGATTCCTAGTACATGCAGTTGTTGATCGCAC
ATTTGGTATCTTTTATCTCTGGTCCGCACGC-AACCCCATCGCAGAATGCTGACTCCCACCACATCCCATCCTGTATGCGCCTGTCTTTGATTCCTAGTACATGCAGTTGTTGATCGCAC
ATTTGGTATCTTTTATCTCTGGTCCGCACGC-AACCCCATCGCAGAATGCTGACTCCCACCACATCCCGTCCTGAATGCGCCTGTCTTTGATTCCTAGTACATGCAGTTGTTGATCGCAC
ATTTGGTATTTTTTCTCTCGGGTCTGCACGC-GACCCCATCGCAGAAAGCTGG-TCCGGGCACATCGTATGTCTCAGG-ACCTGTCTTTGATTCCTGGTTCATACCATTGTTGATCGCAC
ATTCGGTATTTTTTATCTCAAGTGTGCATGC-AACCCCATCGCAGAAAGCTGGC-CCCACCACACCATATGTCGCAGG-ATCTGTCTTTGATTCCTGGTTCATACCATTGTTGATCGCAC
sk skiiok kelolok slolok Rk dolok kel sklelelololk ok kel slelelek ek ik k% ¥ k¥ skkklolelololololk ok ki ok selelololelolololololkok

CTACGTTCAATATTCTAGTTCCACGCAAACTTCAGCAAGGTGTTATTTAATTCATGCTTGTAGGACATACCAATAATCATCTCAGCCAACATCACTCCCACCGCGCCAT-AAACCACAAT
CTACGTTCAATATTCTAGCTCCACGCAAACTTCAGCAAGGTGTTATTTAATTCATGCTTGTAGGACATACCAATAATCATCTCAGCCAATACCACGCCTACCGCACCAT-AAACCACAAT
CTACGTTCAATATTCTAGCTCCACGCAAACTTCAGCAAGGTGTTATTTAATTCATTCTTGTAGGACATACCAATAATCATCTCAGCCAATACCACGCCTACCGCACCAT-AAACCACAAT
CTACGTCCAATATTCTAGTTCCACGCAAACCTTAGCAAGGTGTTATTTAATCCATGCTTGTAGGACATACCAATAATCATCTTAG-CAACACAACCCCCACCGCGCCAT-AAGCCACAGC
CTACGTTCAATATTCTAGCTCCACACAGATTCCAGCAAGGTGTTATTTAATTCATGCTTGTAGGACATACCAATAACCATCTCAG-CAATACCACTTCTACCGCGCTAT-AAACCACAAC
CTACGTTCAATATTCTAGCCCCACACAAGTTCCAGCAAGGTGTTATTTAATTCATGCTTGTAGGACATACCAATAACCAATTCCG-CGACACCACTTCCACCATACCACAAAACCACAAT
CTACGTTCAATATTCTAGCCCCACACAAGTTCCAGCAAGGTGTTATTTAATTCATGCTTGTAGGACATACCAATAACCAATTCCG-CGACACCACTTCCACCATACCACAAAACCACAAT
CTACGTTCAATATTCTAGCTCCGCACAAACCTCAGCAAGGTATTATTTAATCCATGCTTGTAGGACATACCAATAATCATCTCAG-CAACACCACTCCCACCGCGCCAT-AAACCACAGC
CTACGTTCAATATTCTAGCTCCACACAAGTTCCAACAAGGTGTTATCTAATTCATGCTTGTAGGACATACCAATAACCAATTCCG-CGACACCACTCCTACCATACCACAAAACCACAAT
CTACGTTCAATATTCTAGCTCCACGCAAACTTCAGCAAGGTGTTATTTAATTCATGCTTGTAGGACATACCAATAACCAGTTCCG-CAACACCACTCCCACCACACCAC-AAACCACAAT
CTACGTTCAATATTCTAGCTCCACGCAAACTTCAGCAAGGCGTTATTTAATTCATGCTTGTAGGACATACCAATAACCAGTTCCG-CAACACCACTCCCACCACACCAC-AAACCACAAT
CTACGTTCAATATTTTAGCTCCACGCAAACTTCAGCAAGGTGTTATTTAATTCATGCTTGCAGGACATACCAATAACCAGTTCCA-CGACACCACTCCCACCACACCAC-AAACCACAAT
CTACATTCAATATTCCAGCCCCGCATAA--TACCATAAGGTGTTATTTAATTCATGCTTGTAGGACATACCAATAACCAACTACG-CAACATATTCCTCGCCACACTATAAAATCATAAC
CTACATTCAATATTCCAGCCCCGCATAA——TACCATAAGGTGTTATTTAATTCATGGTTGTAGGACATACCAATAACTGACTATG-CAGCGTATCCCTCGCTACACTATAAAATCACAAC
sl ok lllollok ok Rk % % sk sk skelolok Skl ek seliielelelelelelelolololok * * * * ok kk ek ok

AATATCTCATCAAACCCCCCCACCCCCATCTCCGAC———=CTCCACCCAAAACCCACTCTTGCCAAACCCCAAAAACAAAAGTCTTAATATATCCGATCAGAGCTTGTATTTTCATCTTT
AATATCTCATCAAA-CCCCCCACCCCCATCTCCGAC———~CTTCACCCAAAACCCACTCTTGCCAAACCCCAAAAACAAAAGTCTTAATATGTCCGATCAGAGCCTGTATTTTCATCTTT
AATATCTCATCAAA-CCCCCCATCCCCATCTCCGAC——=~CTTCATCCAAAACCCACTCTTGCCAAACCCCAAAAACAAAAGTCTTAATATGTCCGATCAGAGCCTGTATTTTCATCTTT
AATATCTCATCAAACCCCCCCACCCCCATCTCCGAC———=CTTCATCCAAAACCCACTTTTGCCAAACCCCAAAAACAAAAGTTTTAATACATCCGATCAGAGCTTACACTTTCATGGTT
AATATATCATCAAACCCCCCCACCCCCATCTCTGAT———~CTTCATCGAAAACCCACTCTTGCCAAACCCCAAAAACAAAAGTCTTAATATATCCAATCAGAATTTATATTTTCATCTTT
AAAATTCCACCAAACCCCCCCACCCCCATCTCTGAC—==CTTCATCCAAAACCCACTTTTGCCAAACCCCAAAAACAAAAGTCTTAATATATCCGATCAGAGCTTGTATTTTCATCTTT
AAAATTCCACCAAACCCCCCCACCCCCATCTCTGAC———-CTTCATCCAAAACCCACTTTTGCCAAACCCCAAAAACAAAAGTCTTAATATATCCGATCAGAGCTTGTATTTTCATCTTT
AATATCTCATCAAACCCCCCCACCCCCATCTCCGAT-—~~CTTCATCCAAAACCCACTCTTGCCAAACCCCCAAAACAAAAGTCTTAATATGTCCGATCAGAGCTTATATTTTCATCTTT
AAAATTTCACCAAA-CCCCCCACCCCCATCTCCGAC——=CTTCATCCAAAACCCACTTTTGCCAAACCCCAAAAACAAAAGTCTTAATATGTCCGACCAGAGCTTGTATTTTCATCTTT
AAAATTTCACCAACCCCCCCCACCCCCATCTCCGAC———=CTTCATCCAAAACCCACTCTTGCCAAACCCCAAAAACAAAAGTCTTAATATGTCCGATCAGAGCTTGTATTTTCATCTTT
AAAATTTCACCAACCCCCCCCACCCCCATCTCCGAC—==~CTTCATCCAAAACCCACTCTTGCCAAACCCCAAAAACAAAAGTCTTAATATGTCCGATCAGAGCTTGTATTTTCATCTTT
AAAATTTCGCCAAACCCCCCCACCCCCATCTCCGAC———=CTTCATCCAAAACCCACTCTTGCCAAACCCCAAAAACAAAAGTCTTAATATGTCCGATCAGAGCTTGTATTTTCATCTTT
AAAATTTTACCAAATCCCCCCTCCCCCATCTCTGAC-TTTTCTCCCCTAAAACTCACTTCTGCCAAACCCCAAAACCAAAAGCCTTAATCCACTTAGTCAGAGCCTACTTTCTCATCTTT
AAATTTTTACCAAA-CCCCCCTCCCTCATCTCTGACTTTTTTTCCCCAAAAACTCACTTTTGCCAAACCCCAAAAACAAAA-CCTTAATCCACTTAGCCAGAGCTTATATTTTCATCTTT
sk % sk siilok ek Skelelololk ek ok skiik kil Skl skelok Selelolok sfekelolok sk % * ook Rk

TAGGTGTGCACGACTCCAACTGCCATTCCCTCAACTAACAAGCATTTACTTCA-CTAAACACTCTTTACACCAACCCACAACAG
TAGGTGTGCACAACTCCAACTGCCATTCCCTCAACTAACAAGCATCTACTTCA-CTAAACACTCTTTACACTAACCCACAATAA
TAGGTGTGCACAACTCCAACTGCCATTCCCTCAACTAACAAGCATCTACTTCA-CTAAACACTCTTTACACTAACCCACAATAA
TTCCCGGGCACGACTCCAACTGCCATCCCCTCAATTGATGAGTATTTACTTCA-CTAAACACTCTTAACACCAACCCACAACAA
TAGGTGTGCACGACTCCAACTGCCATTCCCTCAATTAATAAGTATTTACTTCA-CTAAACACTCTTAACACTAACCCACAACAA
TAGGTGTGCACGACTCTAACTGCCATCCTCTCAACTAATAAATATTTACTTCA-CCAAACACTCTTAACACCAACCCACAACAA
TAGGTGTGCACGACTCTAACTGCCATCCTCTCAACTAATAAATATTTACTTCA-CCAAACACTCTTAACACCAACCCACAACAA
TAGGTGTGCACGACTCCAACTGCCATTCTCTCAATTAATAAGCATTTACTTCA-CTAAACACTCTTAACACCAACCCACAACAA
TAGGTGTGCACAACTCTAACTGCCACCCCCTCAACTAATAAATATTTACTTCA-CTAAGCACTCTTAACACCAACCCACAACAG
TAGGTGTGCACGACTCCAACTGCCATTCCCTCAATTAATAGGTATTTACTTCA-CTAAACACTCTTAACACCAACCCACAACAA
TAGGTGTGCACGACTCCAACTGCCATTCCCTCAATTAATAGGTATTTACTTCA-CTAAACACTCTTAACACCAACCCACAACAA
TAGGTGTGCACGACTCCAACTGCCATTCCCTCAATTAATAAGTATTTACTTCA-CTAAACACTCTTAACACCAACCCACAACTA
TAGCTATGCACAACTTCAACTACTA-CCCCTCAACTAATATAAACCTACTTTACCTTACCACTCTCAACTTCGATTTCTTCCT -
TAGCTATGCATAACTTCAAATGCTA-CCCCTCAACTAATATAAATCTACTTCACCCTACCACTCTCAACTTCAATTTCTTCCT—
* sk ok ek ok ok ko skilok k% okl ok ok sk ekl %k *

Figure S1. Sequence alignment of the 14 D-loop like NUMT haplotypes (A-N)
identified in Macaca leonina
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