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Abstract
Among Indian primate species, the gray langur, is widely distributed and shows extraordinary
morphological plasticity throughout its range of distribution. Various taxonomic assignments have been
suggested and developed over the past century in resolving the systematic position of the gray langur.
There was a substantial disagreements on number of species. To bring about some clarity, it has been
proposed to use six morphotypes along with ecological niche modelling to form the basis of a taxonomic
classi�cation scheme for the grey langurs found in peninsular India. Nevertheless, the validation for these
ambiguities in species numbers is necessary by employing independent tools and molecular data
informatics. However, previous attempts at species authentication using molecular data usually rely on
only one or a small number of genes. To develop a more reliable method for the reconstruction of
phylogenetic relationships of these taxa, and to create an important genomic resource for future studies,
we sequenced whole mitochondrial genome of the gray langur Seminopithicus hypoleucos. Our results
substantiate the value of sequencing whole mitochondrial genomes for this purpose, and show that
developing similar information for new members belonging to the species complex associated to the
Hanuman langur clade is essential. Our study proposed a species boundary using different genomic
locus to differentiate a species. This may aid to resolve taxonomy and systematic relationships of entire
hanuman langur clade in the Indian subcontinent. Further data resource based validity is necessary in
this regards.

Introduction
In taxonomy, the species designation underpins several areas of biology including behavioral, ecological,
systematic, evolutionary, and conservation studies (Thomson et al. 2018; Lehman et al. 2017; de Queiroz
2007). In particular, initial studies of organisms may rely most heavily on accurate and de�nitive species
identi�cations (Kaiser et al. 2013; Rhodin et al. 2009; Hey 2009).  However, for many taxa, the basis for
species identi�cation and classi�cation remain either unclear or unresolved due to limits of many
common practices used in taxonomy (Thiele and Yeates 2002).  This issue may further be compounded
by the existence of complexes of closely related species where individual taxa are not readily
distinguishable, especially when relying extensively on morphological characters for identi�cation
purposes.

 

Species of primates found in India are an example of one group of organisms exhibiting many such
unresolved taxonomic issues.  The taxonomy of this group has been revised several times based on
morphological, reproductive, behavioral, adaptive, bio-geographical characters and through the fossil
record, but the validity of many of these schemes continue to be challenged (Perelman et al. 2011;
Zalmout et al. 2010). 
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In Indian subcontinent, the gray langur, often popularly known as the “Hanuman langur” is an important
primate species. As stated above, various taxonomic assignments have been suggested and developed
over the past century in resolving the systematic position of the gray langurs in relation to other primates
(Hill, 1939; Napier and Napier 1967; Ellerman and Morrison-Scott 1966; Roonwal and Mohnot 1977;
Groves 2001; Roonwal 1984; Brandon-jones 2004), but again, many questions continue to be raised
about the classi�cation of this species (Roonwal and Mohnot 1977; Nag et al. 2014). 

 

In the Indian subcontinent, the Hanuman languor is known for its extensive distribution, but it also shows
plentiful plasticity in its morphology (Bishop 1979; Newton 1988).  Therefore, the number of “species”
encompassed by this taxon still remains uncertain, and this confusion may have been compounded by
dubious estimates of diversity (de Queiroz 2007).  Furthermore, this lack of clarity has major implications
for this as well as any other species considered to be endangered. Similar disagreements over species
status have been highlighted recently in primates due to the frequent disparities seen between
classi�cations based on phylogeny vs. taxonomy (Hey 2009; Sites and Marchall 2004) and the
importance of identifying species for conservation purposes (Issac et al. 2004).

 

Until recently, the gray langurs (Genus: Semnopithecus, Subfamily: Colobinae) were considered to be
classi�ed either S. entellus as a sole species, or into several subspecies of S. entellus (Bennett and Davies
1994; Groves 2001). For example, from South India, Hill (1939) described three species of Hanuman
langurs which include, S. hypoleucos; S. entellus and S. priam along with S. johnii as a sister taxa
popularly known as Nilgiri langur. However, Groves (2001) recognized seven species (S. ajax, S.
dussumieri, S. entellus, S. hector, S. hypoleucos, S. priam and S. schistaceus) belonging to the taxonomic
group Semnopithecus. Recently Nag et al. (2014) used the MaxEnt modeling tool and argued that S.
hypoleucos and S. priam each have at least three subspecies. 

 

Some of the con�icting results of these studies may re�ect the use of different behavioral, morphological
and or ecological data sets in deciding the species boundaries (Nag et al. 2014; Davies et al. 1994; Groves
2001; Napier 1970; Szalay 1979). These studies also involve highly complex procedures and questions
have been raised when using classic procedures to validate the taxonomic status of individual specimens
or offal materials. 

Some studies have focused on the use of molecular data for delineating species boundaries in these
primates based either on genes from the nuclear or mitochondrial genomes (Steinberg et al. 2009;
Karanth 2010; Roos et al. 2007; Nadler et al. 2005; Wang et al. 2012; Geissmann et al. 2004). Such
insights may be very useful since they allow for comparative genomics studies and provide dataset
useful in taxonomic delineation and for reconstructing phylogenetic relationships. In these studies,
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however, multilocus phylogenies appear to have advantages over those involving single loci from either
nuclear or mitochondrial genome (Yoshida et al. 2019). To further this types of analysis, we sequenced
whole the mitochondrial genome of the gray langur (S. hypoleucos), one of the important hanuman
langur species, to create a genomic reference for future studies. The genome sequence obtained here was
also annotated and compared with other members of langur family where genome datasets were
available and to delineate phylogenetic relationships. These results obtained here will provide more
insight and data for future studies on the taxonomy, phylogenetic relationships and the patterns of
adaptive evolution of Hanuman langur species.

Materials And Methods
Ethical statement

To obtain samples we used a noninvasive method of collecting fallen hairs of S. hypoleucos from
enclosures (�oor and walls of night shelters) at the Pilikula Biological Park, Mangalore, Karnataka.
Samples were collected during morning hours when animals were out for feeding to ensure no physical
disturbances to them. As our sampling did not include any physical handling of animals or performing of
experiments directly on them, ethical permissions were not required for this study.

 

Sample collection, DNA extraction and ampli�cation

Collected hairs were disinfected by washing with ethanol and preservation in 70% ethanol before being
brought to the laboratory. DNA was extracted and puri�ed using the QIAamp DNA micro kit (Qiagen,
Germany).  Extracted DNA was quanti�ed and checked for quality for downscale applications. For
amplifying the mitochondrial genome, several primers were synthesized using sequences from published
literature and tested. The primers which successfully ampli�ed complete mitochondrial genome are
depicted in supplementary table S1. Details of the PCR reactions mixes and thermocycling conditions are
also included in supplementary table S1.

 

Qualitative and quantitative analysis of PCR Products

The quality of the PCR amplicons were checked on agarose gels (1%) and quanti�ed on the Qubit® 2.0
Fluorometer (Thermo Scienti�c) system.  Ampli�ed products were subjected to gel extraction and
puri�cation using the Zymo large fragment DNA recovery kit to obtain DNA representing the ~12kb and
7.5kb bands.  The remaining products were pooled alongside the 12kb and 7.5kb bands prior to library
preparation. 
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Cluster Generation and Sequencing

After a quality check, the libraries were generated and sequenced on the MiSeq. Illumina platform
(Illumina Inc. USA) following recommended guidelines. The template fragments were sequenced bi-
directional employing paired-end sequencing. Gap regions not covered by the NGS reads were
resequenced on a Sanger sequencing platform (ABI 3730xl, Foster city, CA, USA).  For this, 12 new primers
pairs were designed using a reference genome of Trachypithecus johnii (NCBI accession no.
NC_019583.1) (Supplementary Table S1).

 

Assembly and annotation of mitogenome

Sequences obtained were aligned and assembled using the Codon Code aligner v4.0.3 (CodonCode,
Dedham, MA, USA), and alignments were checked using BLAST. Both the Sanger and NGS sequences
were combined as a hybrid genome assembly (using overlapping sequences) to cover the complete
mitochondrial genome.  Genome annotations were done through a web server MITO (Bernt et al. 2013).
Data obtained were submitted to SRA (Short read archive) database (www.ncbi.nlm.nih.gov/sra) and
assigned the accession id SRR6027938. For comparative analysis 25 pre published primate
mitochondrial genomes were downloaded from NCBI Genbank (Supplementary Table S2)

 

Sequence alignment, data partition and phylogenetic analysis

Obtained DNA sequences of all putative protein-coding genes were aligned using the default settings in
Muscle as implemented in MEGA7 (Kumar et al. 2016). Maximum likelihood (ML) algorithm and
Bayesian inference (BI) procedures in MEGA v7.0 were followed for building the phylogenetic trees
(Kumar et al. 2016).  The GTRGAMMA model (1000X bootstrap) was selected for the concatenated
datasets. For statistically balanced phylogenetic tree construction, MrBayes version 3.2.2 program
(Ronquist et al. 2012) were also used and the Bayesian inference (BI) procedures were performed. Some
25% of trees were castoff, and the �nal resultant trees were used to build a majority consensus tree
following high values of posterior probabilities. The reliability of the maximum likelihood phylogenetic
tree was supported with 1000 bootstrap replications, and the best-�tting models were selected using
Partition Finder V2.1.1.

 

Comparative mitogenomics

We compared the annotated mitochondrial genome of S. hypoleucos with mitochondrial genomes of 25
species (Supporting Table S2). Mitochondrial genomes were downloaded from NCBI refseq database
(Pruitt et al. 2007). The base composition of the mitogenomes in all taxa under study was calculated

http://www.ncbi.nlm.nih.gov/sra
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using MEGA 7.0. (Kumar et al. 2016) AT and GC asymmetries were calculated by AT skew = (A − T%)/ (A
+ T%) and GC skew = (G − C%)/(G + C%) formula (Hassanin et al. 2005). Rates of synonymous
substitution (Ks), nonsynonymous substitutions (Ka) and ka/ks ratio were obtained using a computer
program Dnasp ver. 4.0  (Librado and Rozas 2009). 

 

Estimation of species boundary

Sequence divergence values within and among species were employed the Kimura two parameter (K2P)
model (Kimura 1980) using analytical functions on MEGA 7.0. (Kumar et al. 2016) for deciding species
boundary as suggested by Hebert et al. (2003). A neighbor joining (NJ) tree based on K2P distance,
nearest neighbor analysis (NN), and nucleotide composition values were also obtained using MEGA 7.0.
The analysis of genetic distances was complemented by downloading of related sequences from
GenBank (Wiemers and Fiedler 2007). 

Results
Mitochondrial Genome characteristics

 

Overview of the mitochondrial genome

This study reports on �rst annotated sequence of a complete mitochondrial genome of Hanuman
langur, S. hypoleucos. The sequence dataset consisting of 16563 bp has been deposited in GenBank
under accession MG471386. The annotated genome (Fig. 1) contains 37 genes which includes 13 genes
that encode proteins (atp6 and 8, cytb, cox1, 2 and 3, and nad1 to nad6), 22 tRNAs, two rRNA genes (rrnL,
rrnS), and one D loop (Table 1). Of these genes, 28 are located on positive strand and the other nine are
found on the negative strand (Fig. 1). 

 

tRNA Structure

The twenty two tRNAs show typical clover leaf shaped secondary structures having a length of 64 to 73
bp in size. Among these, three tRNAs have a common antisense codon (UGC), while the remaining 19
each use a unique antisense codon (Fig. 2). 

 

Nucleotide composition
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The nucleotide composition of S. hypoleucos mitochondrial genome showed skewed values for AT and
GC re�ecting strand asymmetries. The value for AT skew was found to be 0.056 while the GC skew is
-0.338. The nucleotide compositions and GC percentage values for 26 primate species are given in Table
2. 

 

Codons (Initiation and termination) 

The initiation codon and termination codon usage bias for protein coding genes (PCG) was analyzed for
25 primate species and compared with S. hypoleucos (Table 3). 

 

Codon usage 

The analysis of relative synonymous codon usage (RSCU) for 26 species shown, S. hypoleucos uses
more NNA and NNT codon compared to others. The codon AUG was used as start codon among PCGs in
all 26 primates.  The UAA and UAG stop codons, were used, and incomplete stop codons were not
observed (Table 3). 

 

Evolutionary rates

To examine the evolutionary modi�cations among the PCGs in primate species, the values of non-
synonymous substitutions (Ka), synonymous substitutions (Ks), and the ratio of Ka/Ks, (ω) were
analyzed. The evolutionary rate values (ω) of Cox1 was found to be lowest (0.02), while it was highest for
ATP8 (0.22) (Fig. 3). From these observations, genes having lower evolutionary rate can be used in
molecular differentiation of primate species. 

 

Gene order in primates   

Gene order is predicted for S. hypoleucos and compared it with other 25 primate species. The order of
genes has no signi�cant changes but there are slight differences in their gene length (Table 1).

 

Comparative accounts 
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To infer phylogenetic relationships of S. hypoleucos in the primate clade, a comparative study was
conducted using previously published mitogenomes of 25 primate species (Supplementary Table S2).
Based on this comparison, genetic distance was deduced between S. hypoleucos and other primate
species based on different genes, a concatenated assembly of 13 PCGs and for complete mitochondrial
genome (Table 4). From the genetic distance values it can be observed that most of the mitochondrial
genes are useful in molecular differentiation of primate species except ATP6, 8 and ND 6 genes, whereas,
whole mitochondrial genome based comparisons are also reliable for species differentiations (Table 4).

 

Phylogenetic analysis

Data analysis resulted in four partitions best suited with an evolutionary model. The �rst partition
GTR+I+G included �ve genes, speci�cally CytB, COIII, ND4L, COII and ND1. The second partition GTR+I+G
included six genes: ATP6, ATP8, ND2, ND3, ND4 and ND5. The third partition GTR+I+G included one gene
(COI) whereas the fourth partition HKY+G included a single gene ND6 (Table 5). Phylogenetic
relationships among 26 primate species were inferred from the phylogeny constructed using
concatenated datasets of protein coding gene sequences from mitochondrial genomes (Fig. 4). For
further clarity on hanuman langur species complex, a pairwise between species genetic distance
comparison was done (Table 4).  

Discussion
Taxonomic classi�cations systems always have inherent strengths and weaknesses for studies of
systematics (Mayden 1997; Wheeler and Meier 2000). In general, better taxonomic assignments are
possible when combination of such methods are employed (Yoshida et al. 2016). Among primates, these
issues have impacted taxonomic and systematic studies of Hanuman langurs for many years.  Debates
on taxonomic classi�cation in the literature have shown disparities on the status of species vs. sub
species of several populations of these primates (Nag et al. 2011; Nag et al. 2014). For example,
Hanuman langurs was considered as a single species (S. entellus) by several authors, but these include
classi�cation schemes that encompass 14 to 16 subspecies.  Other split these taxa into several
individual species (Nag et al. 2011). 

As in any taxonomic study, much depends on the characters used to decide on making classi�cations.
Recently Nag et al. (2014), using an array of �ver morphological diagnostic characters, observed that
Hanuman langurs comprises of at least six morphotypes in the peninsular India. This study also
employed ecological niche modelling to validate the status of these six taxa, and recommended using
Hill's (1939) classi�cation scheme for the taxonomy of these langurs in the future. These �ndings of need
to be appraised by employing independent tools and data informatics.  However, the use of molecular
data for species authentication often relies on only one, or a small number of genes. 
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Expanded molecular datasets developed from multiple loci or extended regions of the genome may help
in facilitating the development of more robust analyses of phylogenetic relationships of taxa.  For this
purpose, here we have sought to develop the complete mitochondrial genome data resource in the hope
that it will aid future studies attempting to resolve the taxonomic status of taxa in the Hanuman langur
clade. 

The mitochondrial genome sequenced studied here was obtained using material from a registered
species (S. hypoleucos) of Hanuman langur (Pilicula Biological Part, Mangalore, Karnataka, India). The
genome sequence and gene arrangement of this newly sequenced Hanuman langur mitochondrial
genome is similar to other primates in terms of genomic features (Wang et al. 2012) (Table 1, 2 and 3).
For example, most of the tRNA identi�ed here appear to adopt classical secondary structures except that
the anticodon stems of nine base pairs appear to possess a bulge that is a unique character reported here
(Fig. 2). A highly conserved DHU stem, aminoacyl and anticodon arm and aminoacyl acceptor stems
were noticed in contracts to other Colobinae compared here. However, most of the sequence difference is
con�ned to the pseudouridine (TψC), DHU loops. Whereas, the variable arms are having indel
polymorphisms (Fig. 2).  Some of this variation may be representative of a response to thermal
adaptations by these organism as suggested by (Lorenz et al. 2017).  Results also suggest that primate
mitochondrial genomes are diverse in terms of nucleotide composition, codon usage and percent GC
content (Table 2). The mitochondrial genome sequenced here is A+T rich overall as can be seen in the
comparative accounts given in Table 2. Interestingly, the values for T (%) were exceptionally high in case
of the ND6 gene in comparison with others. This may in part be correlated with the location of this gene
on the L-strand here while others are found on the H-strand (Fig. 1) (Urbina et al. 2006). 

The evolutionary rate (ω) estimated here for primate species revealed that ATP8 had the highest value
(0.377) whereas COI, COII, COIII and CytB had the lowest evolutionary rates (<0.07).  This suggests that
they may be potentially useful markers for evolutionary studies and for molecular identi�cation of
organisms (Fig. 3) (Shi et al. 2016). Overall, however, the evolutionary rates for all the PCGs are
substantially lower than 1.0 (<0.20), suggesting that these genes may be evolving under purifying
selection (Shi et al. 2016; Jacobsen et al. 2016). Therefore, when drawing phylogenetic relationships
within Colobinae, all mitochondrial PCGs should be used. Further, the comparison of RSCU (Relative
Synonymous Codon Usages) for 26 species showed the newly sequenced mitochondrial genome had
more UAU and AUU codons than others, it means desired codons are more frequent at sites having the
conserved amino acid so as to retain it in the course of evolution (Stoletzki and Eyre-Walker 2007). From
this observation it may be hypothesized that the species within the genus Semnopithecus may have more
consistency in codon usage, and this can give clues for other species to be classi�ed in the future (Table
3). However, based on best suited evolutionary model, mitochondrial PCGs were partitions into four
according to which data was analyzed in this study (Table 5). Accordingly, use of different genetic locus
data like nuclear genome and mitochondrial genome combine may endorsed to the co-evolutionary relic
of most species, because of the evolutionary events such as meiotic sexual recombination in eukaryotes.
In such cases phylogenetic trees based on different locus (either different gene or different genome
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resources like mitochondrial or nuclear DNA) do not show precisely coordinated topologies and chances
to mislead species estimates cannot be overruled.  

To test the robustness of using mitochondrial genome based on multilocus phylogenetics in the primate
clade, a concatenated assembly of 13 PCGs was used. The maximum likelihood and Bayesian inferences
resulted in consistent tree topologies supporting the appropriateness of evolutionary model selection for
building the phylogeny. The node support speci�es high values for posterior probability (> 0.95) (Fig. 3A)
and high bootstrap support value for ML (>95) (Fig. 3B). Based on the taxon support values, species
under NCBI accession NC_019583.1 and NC_019582.1 appear to belong to the genus Simnopithecus, as
has been suggested by several others (Malviya et al. 2011; Nag et al. 2014; Groves 2017).  Such
annotations are also comparable with the observations made by Fabre et al. (2009) and Chatterjee et al.
(2009) where authors noted that the published sequences culled from prior studies were characteristically
inconsistent in terms of missing data in a great proportion relating to a taxon. However, our study has
created a sound background to use multi locus genetic data for species comparison as shown in table 4
and 6. This comparison re�ected that species belong to genus Simnopithecus (=Trachypithecus) are well
resolved using molecular data following species boundary criteria of 3% (Hebert et al. 2003) at all four
locus compared here. This re�ects, utility and robustness of molecular data over other data sets such as
behavioral, morphological and or ecological data sets in deciding the species boundaries (Nag et al.
2014; Davies et al. 1994; Groves 2001).

Results shown in Figure 3 also suggest that there is no sister clade relationship between the
Trachypithecus and Semnopithecus genera (Fig. 3A & B and Table 6).  This result refutes the earlier
�nding by Roos et al. (2011).  Our phylogenetic analysis does, however, con�rm the sister relationship of
the Nilgiri langur (S. hohnii) with the hanuman langur (S. hypoleucos), consistent with the observations by
Nag et al. (2014). Further, we can hypothesize that S. enterllus is a most recent common ancestor to S.
hypoleucos based on the phylogenetic analysis as well as pairwise genetic comparison at various
molecular locus (Table 4). According to the data presented in table 6, four species belonging to hanuman
langur complex are well resolved and suggest a recent speciation event based on narrow genetic
distances as compare to other species compared (Tables 4 and 6).  

In overall, based on genetic distance values compared for primate clade at different locus, it can be
proposed that species boundary values for COI would be > 3%, for Cyt B would be >5%, for concatenated
assembly of 13 PCGs would be >6% and for complete mitochondrial genome data would be >6%. Based
on this assumptions, use of either single or multiple gene from mitochondrial genome may be
advantageous based on their genetic resolution values (Table 6).    

Prior to our study, there was only one complete mitogenome of a Semnopithecus species was available
(NCBI accession DQ355297.1), and this was considered to be a limiting factor in resolving phylogenetic
relationships of these taxa. In our this study we have created a new record of a complete primate
mitochondrial genome, and this has aided in resolving the ambiguity for genus assignments of T. johnii
as Semnopithecus johnii and T. vetulus as Semnopithecus vetulus (Fig. 4) in a manner consistent with
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the opinions of various other authors (Wang et al. 2012; Osterholz et al. 2008; Brandon-Jones et al. 2004).
In part this may be due to the fact that the earlier scienti�c efforts to resolve taxonomic relationships to
these two genera relied on only the three genes, COI, CytB and ND2 for reconstructing phylogenies, an
approach that has been found to be substantially insu�cient in relation to statistical support to
phylogenetic clades and percent identities (Karantha et al. 2008; Moore 1995). In addition, the pairwise
genetic distance computations revealed that comparisons of S. hypoleucos with all 25 primates produced
su�ciently high difference values (>3%) as required for species identi�cation (Table 5) (Hebert et al.
2003).  Based on inferences about sub species or morphotype species made by Nag et al. (2014), our
study further substantiates the need for sequencing whole mitochondrial genome for other members
referred as Hanuman langur to aid in rectifying their taxonomic status, testing the species boundary and
 resolving phylogeny of the entire hanuman langur clade in the Indian subcontinent. 
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Figure 1

Mitochondrial genome of S. hypoleucos (Circular map) (Abbreviations of gene names are: atp6 and atp8
for ATP synthase subunits 6 and 8, cox1-3 for cytochrome oxidase subunits 1-3, cob for cytochrome b,
nad 1-6 for NADH dehydrogenase subunits 1-6, rrnL and rrnS for large and small rRNA subunits) a. First
inner circle: light strand b. Second circle from inner side: graphic directed towards centre- GC skew values
on light strand and graphic directed towards outside- GC skew values on heavy strand c. Third circle from
inner side: graphic directed towards centre- GC content on light strand and graphic directed towards
outside- GC content on heavy strand d. Outermost circle: Heavy stand
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Figure 2

Graphical representation of structural details of tRNA structures of mitochondrial genome of S.
hypoleucos
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Figure 3

Box plot showing evolutionary rates of mitochondrial protein coding genes. Dotted lines show the mean
values.
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Figure 4

Phylogenetic relationship of primate species using a concatenated assembly of 13 protein coding genes
from mitochondrial genome. (Node support is indicated by black arrow and blue circle. Black arrow
indicates high Bayesian posterior probability support (> 0.95) as well as a high maximum likelihood
bootstrap support (>95). Blue circle indicates only a high Bayesian posterior probability support (< 0.75))
A. Bayesian phylogeny of primates B. Maximum Likelihood phylogenetic tree
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