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Abstract

The taxonomic identity of the Trimeresurus (Popeia) popeiorum complex from the Isthmus of Kra and to the north was
investigated. Several studies over the last decade have produced several specimens and associated mtDNA sequence data
for a variety of individuals of the 7" popeiorum and “T. sabahi” complexes. Here, we combine four mitochondrial genes
(128, 16S, ND4, and CytB) from all available specimens in GenBank with the addition of five new specimens collected
from the mainland, Tanintharyi Region of Myanmar. Maximum Likelihood and Bayesian analyses identified that 7. po-
peiorum sensu lato is paraphyletic with two geographically distinct clades: a northern clade representing populations from
northern Myanmar, Laos and northern Thailand and a southern clade representing samples from the Tanintharyi Region
and adjacent west Thailand. While the two clades have considerable genetic distance, they appear to be morphologically
identical, leading to the hypothesis that the southern clade represents a cryptic, undescribed species. Because they appear
to be cryptic species and the limitation of only five specimens from the southern lineage, this does not permit us to for-
mally describe the new species. In accordance to past molecular studies, we uncovered paraphyly and lack of genetic sup-
port for the validity of taxa within the 7. sabahi complex. However, we suggest recognizing these populations as
subspecies within 7. sabahi.
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Introduction

Often times new species are described based on few individual specimens available, sometimes only from the type
series, which can be problematic for interspecific comparisons. This can be particularly problematic in species with
sexual dimorphism and/or from cryptic species complexes. Additionally, sequences in GenBank are often not
represented by voucher specimens and sequences can be misidentified, which confounds resolution of
relationships. Cryptic species, morphologically indistinguishable but genetically and/or reproductively isolated
(Bickford et al. 2006; Jorger et al. 2013), can confound taxonomic matters even further (Funk et al. 2012).
Molecular sequencing methods can be extremely useful for determining cryptic species (Hebert et al. 2004),
particularly in groups with limited samples for morphological comparisons.

Southeast Asian Green Pitvipers (Genus: Trimeresurus) are notoriously difficult to classify. Despite the
abundance of specimens in museum collections for some species, morphological conservatism in the genus makes
taxonomic studies challenging and some species are only represented by few museum specimens. Such limited
samples have resulted in misidentifications within the genus (e.g. Orlov & Helfenberger, 1997) that were
subsequently corrected by others (Malhotra & Thorpe 2000; Giannasi et al. 2001; Tillack et al. 2003).
Nevertheless, species diversity in Trimeresurus is likely underestimated, as detailed examination of several groups
has revealed undescribed or revalidated species (Vogel et al. 2004; David et al. 2006; Grismer et al. 2006; David et
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al. 2009; Guo & Wang, 2011; Malhotra et al. 2011; Sumontha et al. 2011; Vogel et al. 2014a; Vogel et al. 2014Db).
Molecular phylogenetic analyses also have identified cryptic diversity in some species (Guo et al. 2015; Thorpe et
al. 2015).

Recent (2015-2016) rapid assessment surveys in southern Tanintharyi Region, Myanmar by one of us (DGM)
yielded three specimens, which we assigned to the subgenus Popeia (Malhorta & Thorpe, 2004), specifically to
Trimeresurus popeiorum Smith, 1937. Recently, several new species in this and the 7. sabahi complexes have been
described (e.g. Vogel et al. 2004; Grismer et al. 2006; David et al. 2009). Additional studies using mitochondrial
DNA (mtDNA) sequence data have attempted to unravel these complexes (Malhorta and Thorpe 2004; Sanders et
al. 2006). A recent study claims to resolve most taxonomic issues for this group (Wostl et al. 2016); however, a
comprehensive analysis has yet to be conducted, and questions remain as to what species occur in the Tanintharyi.

Briefly, the Popeia subgeneric group occurs from northern India to southern China (Guo et al. 2015)
southward through Myanmar, Thailand, Indochina, and Malay Peninsula into Borneo and Sumatra. The type
species, Trimeresurus popeiorum, was described in 1937 by Malcolm A. Smith without any precise type locality or
type specimen. This was subsequently corrected by Taylor & Elbel (1958). Later, Regenass & Kramer (1981)
described two new subspecies (T p. barati and T. p. sabahi) in the complex. In 2004, Malhotra & Thorpe
performed a revision of Southeast Asian Trimeresurus. Their study included both morphological (hemipenes,
scalation) and genetic (mtDNA) characters. They suggested the subdivision of the Trimeresurus species into
several “new” genera. One of these genera was Popeia for T. popeiorum. In the same year, Vogel et al. (2004)
revised T popeiorum and, on the basis of morphological characters, recognized two new species in Peninsular
Malaysia: Trimeresurus fucatus Vogel, David & Pauwels, 2004 in southern Thailand and Peninsular Malaysia and
Trimeresurus nebularis Vogel, David & Pauwels, 2004 restricted to the Cameron Highlands of Peninsular
Malaysia. They also elevated Trimeresurus barati (Regenass and Kramer, 1981) for the Sumatran populations and
T sabahi (Regenass and Kramer, 1981) for the “popeiorum” of Borneo. This new taxonomy resulted in the
distribution 7. popeiorum being the northern portion of the previous Southeast Asian-wide range but also identified
the populations as far south as Myeik, (Tanintharyi, Myanmar), as 7. popeiorum. Their distributional concept,
however, disagreed with their identification of several specimens, i.e., they considered a female BMNH
1924.5.20.38 from “Taok Plateau, Tenasserim” (now Mt. Pya Taung, Tanintharyi, Myanmar) as 7. popeiorum, and
two males: BMNH 56.5.6.105 from Myeik, Tanintharyi, Myanmar and BMNH 1940.3.9.43 from Kanmaw Kyun
Island (= Kisseraing Island), Tanintharyi, Myanmar as 7. fucatus. Subsequently, Pauwels and Chan-ard (2006)
identified Trimeresurus (Popeia) from Keang Krachan National Park, Thailand as 7 fucatus.

Sanders et al. (2006) using an expanded molecular and morphological data from Malhotra and Thorpe (2004),
defined two clades within the Popeia complex. The Northern Clade contained all specimens north of the Isthmus of
Kra and one specimen (B467) near Phang-nga (south Thailand). The Southern Clade contained all specimens
further south in the Malay Peninsula and the islands of Indonesia. Sanders er al. (2006) recommended a more
conservative taxonomy, placing all Popeia species from the Sundaland region into 7. sabahi, except for T.
nebularis and retaining 7. popeiorum for specimens north of the Malay Peninsula. Sanders ef al. (2006) also
examined the morphology of a specimen from Tanintharyi, identified by Vogel et al. (2004) as 7. fucatus (BMNH
1940.3.9.43), and it was identified as part of the “Northern Clade”. However, they did not examine any other
individuals from Tanintharyi and provided no meristic data from the BMNH specimen. They included
uncatalogued specimens from Phetcheburi Province (AMB52; B34) in their statistical sample and identified them
as 1. popeiorum; these specimens were paraphyletic with respect to other 7. popeiorum specimens in their
molecular phylogenetic analysis. Another uncatalogued specimen from Phang-nga Province, Thailand (B467) was
also included in the northern clade, and this inclusion also rendered 7. popeiorum paraphyletic.

The taxonomy suggested by Sanders et al. (2006) remains controversial. Subsequent studies focusing on the
Popeia subgenus continue to follow the taxonomy suggested by Vogel et al. (2004). Grismer et al. (2006) described
T buniana from Pulau Tioman Island off the coast of Peninsular Malaysia. David et al. (2009) described northern
Sumatran specimens as 7. foba and recommended that the genus Popeia (Malhotra & Thorpe, 2004) be used as a
subgenus in order to preserve the definitive nature of the genus Trimeresursus. David et al. (2011) expanded on this
recommendation and identified the nucleospecies (= type species) of the genus Trimeresurus as T. viridis Lacépede,
1804 (= T insularis Kramer, 1977) and officially recognized all genera proposed by Malhotra & Thorpe (2004) as
subgenera with the exception of Ovophis and Protobothrops. Based on morphometrics, Sumontha et al. (2011)
described 7. phuketensis, a species endemic to Phuket Island, Thailand. It is unique among Popeia in that both
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males and females contain a bicolored postocular and ventrolateral stripe. Most recently, Wostl et al. (2016) added
molecular data for two previously un-sampled taxa (7. barati and T. toba), but used only two (of four) mtDNA
genes used by Sanders er al. (2006). Wostl et al. (2016) also identified all Popeia from the Sundaland
biogeographic region as 7. sabahi, including 7 buniana and T. toba. However, they did not evaluate the taxonomic
status of 7" phuketensis as there were no genetic sequences available; they also did not include the south (B467) and
west (AMB52; B34) Thai samples of 7. popeiorum—which rendered the species paraphyletic in Sanders et al.
(2006).

In spite of the large number of taxonomic studies focused on the Popeia subgenus, the identity of populations
in the Tanintharyi region and the Isthmus of Kra remains uncertain. No comprehensive molecular dataset has been
used to examine the affinities of the green Trimeresurus from this area. Here, we use recently collected specimens,
augmented with additional California Academy of Sciences (CAS) specimens from the Tanintharyi Region, to
determine which species occur in this region. We investigate the identity and relationships of these specimens with
those in adjacent areas using molecular and morphological data by including all available specimens available in
GenBank, all four mtDNA loci, and morphological data provided in previous studies.

Material and methods

All three specimens from the 2015-2016 survey were deposited in the National Museum of Natural History,
Smithsonian Institution (USNM). The first specimen (USNM 587588) was collected in Lenya in May 2015. Two
specimens, both adult females, (USNM 587918 and USNM 587919) were collected in Ywahilu in May 2016. One
of these (USNM 587918) was found dead on the road and partially skeletonized, hence unavailable for
morphological study. However, tissue samples were taken and the specimen is vouchered as a skeleton. Two
specimens (a juvenile female USNM 587920, adult male USNM 587921) collected from Kawthaung, Tanintharyi,
Myanmar, were included in the morphological analysis. Our molecular analyses also included specimens from the
California Academy of Sciences: Dawei Township (a male CAS 245932) and Kawthaung (a female CAS 247754).

Tissue samples were taken from the liver and heart and preserved in salt-saturated DMSO/EDTA bufter for
genetic analyses. Extractions of genomic DNA were conducted on small pieces of liver or muscle tissue and run on
an Auto-Genprep 965 (2011 AutoGen, Inc.), using standard phenol manufacturer protocols. Genomic DNA was
eluted in 100 pl of AutoGen R9 re-suspension buffer. We sequenced four mitochondrial genes CytB, ND4, 16S and
12S. Primers used for each gene are identified in Table 1. Cycle-sequence reactions were performed in both
directions, using the PCR primers using BigDye Terminator v3.1 Cycle Sequencing Kit’s in 0.25 x 10 ul reactions
run on and ABI3730 Sequencer (2011 Life Technologies) using the 950 chemistry. Raw trace files were edited in
Geneious 9.1.5 (Biomatters Ltd 2005-2016), complementary strands were aligned, edited, and inspected for
translation. All sequences were deposited in GenBank under accession numbers MF476856-MF476874.
Outgroups were chosen based on close phylogenetic relationship between taxa (Alencar et al. 2016). Additional
genetic material along with our outgroups came from published records in GenBank (see Table 2). We performed
maximum-likelihood (ML) analyses on the concatenated mtDNA using RAXML (v8.2.9, Stamatakis, 2014) with
the rapid bootstrap inferences (1000 replicates) and subsequent GTRCAT thorough ML search, with each gene as a
separate partition. We also conducted Bayesian analyses using MrBayes (v3.2.6; Ronquist et al. 2012). We
partitioned our dataset by locus, applied the GTR+I+G model, and unlinked all partitions. We ran our analyses for
10 x 10° generations with four chains, sampling every 1000 generations. Stationarity was assessed by the average
standard deviation of split frequencies (ASDSF < 0.01) and visual plots of log-likelihood by generation in Tracer
v1.2 (Rambaut and Drummond, 2004); the first 1,000 trees (of 10,000) were discarded as the burn-in. A 50%
majority-rule with compatible groups consensus was taken from the remaining trees and posterior probabilities
(pp) of 0.95 or above were considered significant.

We examined morphological characters considered diagnostic to the Popeia subgenus based on previous
studies (Pope & Pope, 1933; Regenass & Kramer, 1981; Vogel ef al. 2004). Although the most recent taxonomic
treatment of the subgenus Popeia (Wostl et al. 2016) indicated that all Sundaic populations should be recognized as
1. sabahi, we only compared the morphology of our specimens to the Thai-Malaysian populations of 7. sabahi
recognized as 7. fucatus by Vogel et al. (2004) (see Table 2). This decision makes it easier for us to compare our
specimens on a local basis, as the allopatric populations of 7" sabahi defined by Wostl er al. (2016) as well as
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Sanders et al. (2006) each contain relatively stable morphologies, sexual dimorphism and ecology. Ventral scale
count methodology follows Dowling (1951). Color pattern vocabulary follows Vogel et al. (2004).

TABLE 1. List of primers used to amplify each mitochondrial gene in our study.

Locus  Primer Direction Temp. Sequence 5' to 3' Reference

128 1281 Forward 48 TGCCAGCAGYCGCGGTTA Puillandre ef al. 2009
128 12SII1 Reverse 48 AGAGYGRCGGGCGATGTGT Puillandre et al. 2009
16S 16Sar-L Forward 54 CGCCTGTTTATCAAAAACAT Palumbi et al. 1991
16S 16Sbr-H Reverse 54 CCGGTCTGAACTCAGATCACGT Palumbi ez al. 1991
CytB Gludge Forward 48 TGACTTGAARAACCAYCGTTG Parkinson et al. 2002;
CytB ATRCB3 Reverse 48 TGAGAAGTTTTCYGGGTCRTT Parkinson ef al. 2002;
ND4 HypLeu2r.1 Forward 48 TACCACTTGGATTTGCACCA Mulcahy 2008 MPE
ND4 HypNad4f.1 Reverse 48 TGCCTAGCAGCCTTYATAGCTA Mulcahy 2008 MPE
Results

We obtained alignments of the mitochondrial genes CytB (826 bp), ND4 (846 bp), 16S (539 bp) and 12S (410 bp)
for a total of 2621 bp of aligned sequence data. Our ML analyses placed specimens from northern Myanmar sister
to T. nebularis, with poor bootstrap value support (<50%, Fig. 1). An outlying specimen (B467), from Phang-nga
Province, south Thailand, initially identified as 7 popeiorum was placed at the base of a clade containing the
northern Myanmar 7. popeiorum + T. nebularis specimens with strong support (91%). The latter two were sister to
one another, but by a very short branch length with poor support (<50%). The Tanintharyi Region and western
Thailand specimens (AMB52 and B34 of Sanders ef al. 2006) were placed sister to this clade (Fig. 1). However,
similar to the taxonomy of Wostl et al. (2016) and Sanders et al. (2006), we recovered a single, well-supported
clade containing all Sundaic populations of Popeia with strong support (100%). Our Bayesian results were very
similar, with the main difference being the south Thai sample (B467) was placed sister to 7 nebularis clade (albeit
with poor posterior probability support and short branch; <.50 pp), and they were placed sister to the northern 7.
popeiorum samples, with strong support (pp = 0.99). The T. sabahi clade was resolved with strong support (pp =
0.99), relationships among the lineages in this clade were slightly different from the ML topology, but were also
poorly supported (values shown in Fig. 1).

The morphology is summarized in Table 3. All specimens are described as followed: TailL./TotalL ratio 20.9%
in the male, 15.0-17.0% in females. The dorsal pattern in all specimens was solid green, except for the juvenile
specimen (USNM 587920), which had faint irregular vertebral crossbars. It is unclear what color they were in life,
but they are dark green in preservative. Postocular striping in females is faint but present in all specimens as a thin
white line; in the male (USNM 587921), the postocular streak is bicolored with the thin section (bottom) plain
white and the wide section (top) red. Ventrolateral striping in females is extremely faint, less than half a dorsal
scale wide, visible as margins on the dorsal scales and is plain white. In the male (USNM 587921), the ventrolateral
stripe is bicolored with the bottom being deep red and the top plain white, extending to the tail where it becomes
sporadic. The eye color in life (available from photographs of female specimens USNM 587588 and USNM
587919) is red. The tail is mottled in rusty-red in all specimens with no clear distinction between the two colors, but
females appear to have a green border laterally. Snout truncated; distinct but no sharp canthus rostralis; rostral
visible from above; occipital scales distinctively keeled in the male (USNM 587921), slightly keeled in females;
temporals only slightly keeled in all specimens. Loreal pit in contact with second labial; nostril always distinct
from first labial; two preoculars in contact with loreal pit; single subocular always long and crescent shaped; one or
two rows of scales between subocular and supralabials; first infralabial largest; two chin shields; mental never in
contact with chin shields. Dorsal scales keeled and in 21 rows at midbody; Ventral scales in females 165-171, 169
in male specimen; subcaudals 57—65 in females, 72 in male specimen, and all have a single anal plate.

304 - Zootaxa 4347 (2) © 2017 Magnolia Press MULCAHY ET AL



23pd jxau ayj U0 panulUod

sdioyL % SM%WN Spue[ySIH uowe)  eISKE[EN — SLLILEAV 6V8ILEAV  [I8ILEAV sved SLIDINGOU SNINSDLOUILL]
(900¢) /v 12 s1opuEg Spue[ySIH uotowe)  RISKR[RN  LELILEAV YLLILEAV 6€8ILEAV  YISILEAV 8eTd SLDINGaU SNANS2ULL]
(900¢) /v 12 sopueg spue[ySIH uowwe)  BISKE[EN  8YLILEAV ~  8YSILEAV EISILEAV LeTd SLDINGaU SNANS2ULL]
(9002) /v 12 s1opueg spue[ySIH uowe)  BISKE[EN  LLILEAV —  LYSILEAV 6I8ILEAV 9¢td SLIDINGaU SINSDADUILL]
(900¢) /v 12 s1opuesg Spue[ySIH uolwe)  ISKE[EN  ObLILEAV ~  8E8ILEAV  TISILEAV sezd SLDINGaU SNANSOAULL]
(9002) /v 12 s1opuEsg Spue[ySIH uowe)  RISKR[RN  OPLILEAV ELLILEAY  9PSILEAY  S08ILEAV L61V SLDINGaU SNANSOUULL]
sdioy % gmﬂmm ‘Ao1d Suog Sunyy,  puefiey], — 6LLILEAY tY8ILEAY  HO8ILEAV 614 SIIDINY SNANSIADUILLL
(9007) *v 42 s1opueg ‘AOIJ Suog Sunyy  PUB[lRYL  6FLILEAV —  9S8ILEAV OTSILEAV 9PV SHIDINY SNANSIAOULLL]
(9007) /v 12 s1opuEsg ‘A0IJ Buog Bunyl,  pue[leYL 6ELILEAV OLLILEAV OVSILEAV  061LIAV 20T VIV SIDONY SNANSDADUILL]
sdioyl % e%mmm "AOIJ JEIBWIWEY], IS UOPNEN  PUB[IBYL  LES6SOAY  €SS6SOAV — 88S6SOAV  96LILEAV €0T VINV SIDINY SNANSIAIUILLL
sdiouL 7 e%mwm M smosery  viSKeEN OSLILEAV  OSLILEAV LSSILEAV  ITSILEAV sLzd snpon/ snnsa.ow
sdioy % e%mwm IIH sMoser]  BISKe[BIN OPS6SOAY  9SS6SOAV  68S6SOAY  0LS6SOAY oved SIDINY SNANSIAIUILLL
(9002) /v 12 s1opueg uewol] ne;ng  BISKR[EN  TSLILEAV  8LLILEAV  €S8ILEAV  8ISILEAV 615 ANV DUDIUNG SNANSDADULL]
sdioy mbmﬂmmm "A0IJ NNYSUSY ‘BHEWING  BISDUOPU]  €SLTLEAY  G9LILEAV  LESILEAV  [08ILEAV 19¢€ AV UG SNANS2AOUILL]
(9102) v 12 psomy "A0Id Sundure] ‘eewng  BISSUOPU] - —  6lg6g6dd 19766843 6£919 ¥-VLN uDADq SNANSLLUILL]
(9102) v 12 psom "a01d Sundwe ‘enewing  eIsouopu] - — 0TE6E6dM  T9T668dM 661 IHAO-9ZIN BDADG SNANS2UPULL]
(9102) v 12 psom\ "AOIJ IQUIE[ ‘BXEWNS  BISOUOPU] - — 1T€6£6dM  £97668d3 0v919 ¥-VILN uDADq SNANS2AOUILL]
(9102) v 12 psom "AOIJ IQUIE[ ‘BXEWNS  BISOUOPU] - —  TTe6g6dd  v9T668dM  L61S IHAO-GZIN UDADq SNANS2AOUILL]
sdioy] % m:mﬂmmm Auno) radre ], UBMIEL  6ES6SOAY  SSS6SOAY  €6S6SOAY  9681L1AV 091 VIV 14232u[2]S SNANSIAIUILLL
sdioy gmﬂmm "A01J NQUIEJOH [edON  9LLTSEAV  SILISEAV  OISTSEAV  6VLISEAV 17959 INZ SNUDIDG1) SNANSOUPUILL]
sdioy emmmm BAB[ISEH  BISOUOPU]  G6LTSEAY SELTISEAV  E€E8TSEAV  LILISEAV 601 VIV SLIDJNSUL SNANSIADUILL]
(+002) /U UM C0STCEAV  HLTSEAV  GESTSEAV  HSSILIAV LST VAV SLIGD]OGID SNANSADUILL]

adioy, 29 enoyeN Suoy

J_quinN

d.anog Aedo| Anuno) S S91 AN DL JAYINOA uoxe],

‘([9002] ‘Te 10 s1opues pue [00¢] 2dioy], 2 enoye woiy pajdwes suswroads Jysnes-pim paidyonosun
jussaxdor suonjeIadIqqe 1YI0 [[B (VSN ‘O UoISuIyseA\ ‘WNOSnJy [eUOneN SojelS paju[) :JANS( ‘eisouopu] ‘eaef ‘Suourqr) e Jofog ‘osusniofog wnor3o[007 WNOsnA

THdO-9ZN VSN ‘oSeory) ‘A10jsIH [ermyeN Jo wnosnjy Plotd ‘HNINA (VSN ‘09SIOuBI] UBS ‘SOdUdIoS JO AWOpeoy BIUIOJe) (S SUONEIAdIQQY) "UOHBULIOJUI A)I[ed0]
JeuonIppe 10j uonmusul SUIP[OY 99§ "ousS Yoed I0J SIOqUINU UOISSI0d. Juegquon) IOy} yym Suofe ‘Apmis siy) 1o paouonbas suowroads 10J UOLBUWLIONUI JOYONOA 7 A TAV.L

305

Zootaxa 4347 (2) © 2017 Magnolia Press

CRYPTIC SPECIATION IN TRIMERESURUS



*(UoTSSNOSI(] 995) sisuagaynyd -7 Juasoidol 0} soouINDIS 0SAY} JOPISUOD A 4

. ‘A0I] -
(9102) "1v 12 PSom e eroymng ‘enumng SOUOPU - - €Te6c6dd  S9T668d3 %919 ¥-VLN DGO} SNANSIAOUILL]
) ‘AOIJ _ _ -

(9107) ‘10 12 Bsop T —————— vre6s6dd  997668d3  TrES IHAO-9ZIN DGO} SNANSIAIUILL]
(9007) ‘v 12 s1opueg  (yeqeg Ajqewnsaxd) oswiog  BISKe[eN  $CLILEAV  TLLILEAV  YESILEAV  €O8ILEAV 1¥€ NV YpqDS SNANS2AOUILL]
a0y 3 Qmﬂmm yeqeg ‘osurog  BISAB[BIN  9CLILEAV  [LLILEAV  THSILEAV  SISILEAV Pre ANV YpqDS SNANS2AOUILL]
adioy] m:mﬂmm "AOIJ 1INGaYORYJ pue[leyl  ZHS6SOAV  8SS6SOAV  16S6SOAV  TLS6SOAV ved win1o1adod sn.insa.ouil.]
(9002) ' 12 s1opueg "A0IJ LINGaYIRYJ pue[leyl $SLILEAV  S9LILEAV  9ESILEAV  00SILEAV S ANV win1o12dod sn.insaouil.L]
(9002) ' 12 s1opueg "A01{ eSu-Sueyq puereyl vyLILEAV  I8LILEAV  ISSILEAV  LOSILEAV L9¥4 wnio1adod sn.insa.ouili
(9007) ' 12 s1opueg JUMON, puereyl [vLILEAV  LILILEAV  $SSILEAV  9061LIAV S0y win.o12dod sn.insa.ouili
adioy] 9 m:mﬂmm "A0Id 1Y Suery) Pue[leYl THLILEAV PSLILEAV  €PSILEAV  TO61LIAV 0TV win1o12dod sn.insaouil.L]
Aprys s1yL, ngem X CAlQq IKreqpuiue],  xewuekN  6S89LYAIN Y9SILYAIN  YLSILVAN  6989LYAN 616L8S NNSN win.io12dod sn.insa.ouili
Aprys siyL, nrgem X CAI IATeyUIUR],  TeWURAA —  €989LVAIN  €L89LYAN  8989LYAN 816L8S INNSN winio1odod Sn.insa.ouili]
Aprs sy, eAuo] “AIQ 1AreqpuIue],  IewueAN  8S89LYAIN  T9SILVAIN  TLSILVAN  LI9BILYAIN 886.85 INNSN win.io1pdod Snansa.ouls]

s1q
Aprys sty Sunequsey] SAI] IAPQUITE] TewueAN  LSS9LPAIN  1989LPAN  TL89LVAIN  9989LY AN YSLLYT SVD win.o12dod Sn.insa.ouili

s1q
Aprys s1yL 1M “AlC] 1ATPYUITE TewueKN  9S89LPIIN  0989LFAN  0LS9LVAIN  S989LYAN TE6SYT SVD win.o12dod sn.insa.ouill
(9002) ' 12 s1opueg drgsumor TewuekN  8CLILEAV  9LLILEAV  SYSILEAV  SOSILEAV 609917 SVD wino1adod sn.ansa.ouili ]

ojyreAy| :91e)S UOJA : :
(9002) *1v 12 s1opueg ‘dm oyreds] :jeIS UOIN  TeWUBAN  QELTLEAV  LLLILEAV  TH8ILEAV  908ILEAV S61TTT SVD winio12dod Sn.insa.LouiLi
(9007) 1v 12 s1opues vwoX ofeq Al oeq  IewWUBKIN  [GLILEAY  €SLILEAV  SSSILEAV  9ISILEAV LY8S0T SVD win.o1adod sn.insa.ouili
ST
adioy] 9 N:mﬂwwm esBuoyq “Aoig _ammqe.m SOBT  8ES6SOAV  PSS6SOAV  06S6SOAV  I[LS6SOAV 0S68ST HNNA win.o1adod Sn.insa.ouili
(9007) v 12 s1opueg "A01{ 1[es3uoyq SOET  8ES6SOAV  $SS6SOAV  06S6SOAV  1LS6SOAV 961 ANV win.o1adod Sn.insa.ouilL
odioy ] % ehﬂmmm spue[y3IH uotowre)  eIsKe[EN - — O0SSILEAV OISILEAV oped SLIDINGIU SIANSDAOUILL]
JoquinN
2.1n0 Aredo Anyuno 18 J3Yono uoxe,

S 1[ed0'] D ST1 SO1 ZUN DL YonoA L

(penunuo)) ‘7 AIAV.L

MULCAHY ET AL.

306 - Zootaxa 4347 (2) © 2017 Magnolia Press



3utopioq 3uropioq 3uLepioq 3uropioq 3utepioq K[re1ore] ATe1ore] ATe1ore] woned (1
ou ‘pI[NoN ou ‘pa[NoN ou ‘pI[NoON ou ‘p[NoN ou ‘pI[NoON ud2I3 ‘PONON U213 ‘PONON U213 ‘POINON frel
umoiq Asny umoiq Lysny pa1 Asny pa1 Asny paI1 Kisny pa1 Aisny pa1 Aisny paI1 Kisny I0[09 [Ie],
o315/ W Py Py umowju) umouwyyun) POy Py 10[0D) 9K

oddop/more . 21n/19ddo)y/more &

JuIsqy JuIsaIg Isqy JuISqy JUISQqY JudsaIg JuISqy JuISqy soydjo[g
JUISqe 10 YA\ /PI IYM/paI Yeans
1esqV 9)IYM IO PaIo[odIg M doap paiojoorg pazojoorg MM Juesqy MM Irenoojsod jo 10[0)

uds UISqe/IUISAI, Juosqe Juesqe uosal, lieNa)} uds u9SaJ, BO1)S JB[NJ0JSO,
Jesqv Juasqe d KJore1/1uasaid KJore1/juesald ' d ! d oSy ! d AEO8 1PINO01S0d
YA /PoI IYM/paI adins e1ojejonUoA
AMYM UM IO palojoorg MYM doop paio[oolg poIojod1g MYM MYM AMYM 70 10709
UsaId usaId U9sAId JUISaIg JuIsaId sl uasaId juasald  2dins [eIdJR[ONUI A
S1-01 S1-01 S1-01 S1-01 el/el cl/el el/el y1/€l S[elqee.guy
(48 =6 I1-6 -6 LI/TT OI/TT L1/01 I1/01 s[eiqe[erdng
€L-6S ¥8-69 ¥9-9¢ SL=6S L S9 LS 09 S[epneaqng
0LI—LST [L1-9¢61 891—¥¢C1 991-161 691 IL] So1 691 S[eNUIA
681 —6ST" ¥T0-10C0 eLr—evl 11T0-181°0 60C°0 091°0 0ST°0 0L1°0  oner-eloL/rreL
- - - - 9Ll S0l 6vl 991 MPEH
- - - - §9C 149! 6'CC 8'TC TPeH
- - - - 979 €6¢ (439 1214 TeoL
- - - - [€1 Ly 08 8L TireL
- - - - Sev 9Ie (454 90y TAS
S S S 5 S S S S Xa8

wn.1o1odod

smwonf (‘d) I snonf (‘d) L (d) 1 wniopdod (g) [  176L8SANSN  0T6L8S ANSN 616485 NNSN  885L8S JANSN Sorere)

ur (400 ‘Te 1° 1950 A woiy paseq eyep) smwonf (v1ado) sninsa.couil] pue uniotadod (v1ado) sninsadouirl] U3dMI9q SI3)oeIeyd [ed1Sojoydiow Jo uoneLeA ‘¢ FTAV.L

“TewueAA ‘UOISIAI( IATRYUIUR [, 9Y) WO} P)OS[0d SUdWIdAds 1noj 0) uosLredwod

307

Zootaxa 4347 (2) © 2017 Magnolia Press

CRYPTIC SPECIATION IN TRIMERESURUS



100 Trimeresurus_tibetanus_ZMB65641

1.0 Trimeresurus_stejnegeri AMA160

100 T Trimeresurus_albolabris_ AMA157
1.0 L Timeresurus_insularis_ AMA109

100 Trimeresurus_fucatus_AMA202

- 100 Trimeresurus_fucatus_AMA203
1.0 Trimeresurus_fucatus_A246

100 | o 8/ Trimeresurus_fucatus_B19

0.99 Trimeresurus_fucatus_B246

o7 Trimeresurus_barati MZBOPHI5197

// 100

/ Trimeresurus_barati UTAR61640

/ / 1.0 59

083/
54

052 | |——— Trimeresurus_barati AMB361

Trimeresurus_fucatus_B278 .
- - T. sabahi
Trimeresurus_buniana_AMB519

. Trimeresurus_sabahi_AMB341
Trimeresurus 03[ 53 _ ,

PO eia ) h ol Trimeresurus_sabahi_B338

( p Trimeresurus_sabahi_ AMB344

I 100 1001 Trimeresurus_toba UTAR61641
I 1.0 1.0l Trimeresurus_toba_MZBOPH!5342
100! Trimeresurus_barati_MZBOPHI5199
ﬁi Trimeresurus_barati UTAR61639
= Trimeresurus_popeiorum_AMB52

Trimeresurus_popeiorum_B34 west Thai

CAS245932_Trimeresurus_popeiorum Southern
USNM587588_Trimeresurus_popeiorum T sp . hov.
USNM587919_Trimeresurus_popeiorum
CAS247754_Trimeresurus_popeiorum

USNM587918_Trimeresurus_popeiorum
60’ | ———— Timeresurus_popeiorum 8467 south Thai - T. Cf. phuketensis
Trimeresurus_nebularis_B238

Trimeresurus_nebularis_B345

Trimeresurus_nebularis_A197

/ 507 Trimeresurus_nebularis_B346 T. nebularis

098 Trimeresurus_nebularis_B235
83 v Trimeresurus_nebularis_B236
95/ Trimeresurus_nebularis_B237
0.04 93

Trimeresurus_popeiorum_CAS205847

0.89)
Trimeresurus_popeiorum_CAS222195
Trimeresurus_popeiorum_CAS216609 N 0 rth ern
Trimeresurus_popeiorum_B476 T pO pe iO rum

Trimeresurus_popeiorum_A204
Trimeresurus_popeiorum_A205
Trimeresurus_popeiorum_AMB196

Trimeresurus_popeiorum_FMNH258950

FIGURE 1. Maximum-Likelihood phylogeny of the Trimeresurus (Popeia) subgenus based on 2621 base—pairs of mtDNA
from four loci (ND4, CytB, 12S, and 16S). Major clades found are labeled using vertical lines with their designated taxonomy.
Maximum-Likelihood bootstrap values are shown above and Bayesian posterior-probabilities are shown below, for relevant
nodes.

Discussion

Species assignment in the subgenus Popeia is challenging because of previous name assignments to specimens do
not match their "identity" in molecular phylogenies. For example, the specimen (B467) from Phang-nga Province,
Thailand, identified as “Popeia popeiorum” (sensu Sanders et al. 2006), is placed sister to the 7. nebularis +
northern 7. popeiorum populations, which is enigmatic. The sequence data for B467 have no further locality
information, nor a voucher specimen. Possibly, it was examined in the field for morphological data and blood
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samples, and was not collected as a voucher. Sumontha et al. (2011) described 7. phuketensis from nearby Phuket
Province, Thailand, but they did not provide any tissue for a molecular analysis. It is possible that the south Thai
sample (B467) represents 7. phuketensis, which was not described at the time it was sampled. Presently, 7.
phuketensis is only known from Phuket Island. Recent studies of the agamid lizard Bronchocela rayanesis showed
that species, initially described from Langkawi Island, Malaysia (Grismer et al. 2015), also occurs on Phuket Island
and mainland Phang-nga Province, Thailand (Grismer et al. 2016; Zug et al. 2017). The tree agamid lizard
Acanthosaura phuketensis (Pauwels et al. 2015), also seems to occur on both Phuket Island and nearby adjacent
Phang-nga, Province. Until sequences from the type locality of 7. phuketensis are analyzed, the status of B467
remains problematic. Our data supports 7. phuketensis as valid; and we tentatively identify the sequences of B467
to represent this species.

Most of the Tanintharyi specimens in our dataset are morphologically identical to 7. popeiorum. In all females,
a faint plain white postocular stripe is always present; adults lack vertebral spots; eye color of specimens
photographed in life is deep red. These characters match the descriptions of Vogel et al. (2004). There is some
overlap with features of 7. fucatus. Most ventral scale counts of the specimens examined are at the high end of 7.
popeiorum. In the juvenile female specimen USNM 587920 for example, the ventral scale count is 171 (which is
higher than in both species), the number of subcaudals is higher than 7. popeiorum and within the range of T.
fucatus, and vertebral spots are usually absent in 7. popeiorum. In the male (USNM 587921), the number of ventral
scales is 169, higher than the known ventral scale counts of male 7 popeiorum (151-166; Vogel et al. 2004).
However, the ventral and caudal scale counts in these specimens are not significantly different from 7. popeiorum
and may represent clinal variation. Similar trends have been reported in other snakes (Mulcahy & Archibald, 2003;
Lee et al. 2016), including pit vipers (Ashton, 2001). We have not located in-life photographs of these specimens or
any other specimens from Kawthaung, or field notes documenting coloration. Therefore, characteristics such as eye
color, presence of white vertebral spots, and other important characters that diagnose species of the Popeia
subgenus, cannot be determined and affect the accuracy of our identification. Nevertheless, all Tanintharyi and the
west Thai specimens (AMB52, B34) of Sanders et al. (2006) do not form a clade with any other Popeia in our
molecular dataset from the Thai-Malay Peninsula and Indonesia. Instead, they form a well-supported lineage of
their own from the Tanintharyi Region and neighboring Thailand that is tentatively (60% ML and pp = 0.77) placed
sister to T nebularis + northern 7. popeiorum, + south Thai specimen (B467 of Sanders et al. 2006), the latter sister
to T. nebularis + northern 7. popeiorum in our ML phylogeny (nested among them in our Bayesian analysis). Our
topology is similar to the results of Sanders er al. (2006) and Wostl et al. (2016), both of which also recovered a
paraphyletic 7. popeiorum with respect to the samples from west Thailand. However, the species T fucatus in our
tree is paraphyletic. This may be because Wostl er al. (2016) only sampled two closely-related 7° fucatus (A202-3),
and used only two mitochondrial genes, while our phylogenetic analysis used four genes and all available genetic
samples.

Herein, our molecular results lead us to consider three possible taxonomic solutions: (A) recognize all clades
as a single species—7. popeiorum; (B) consider the two most diverged clades as species—1. popeiorum (including
T nebularis) and T. sabahi; or (C) consider all clades as distinct species. Indeed, solutions A and B are conservative
approaches that stabilize the taxonomy of the Popeia subgenus significantly. However, both approaches ignore
genetic diversity and distinctiveness of 7. mebularis, which, under multiple sources, is morphologically and
ecologically distinct (Vogel et al. 2004; Sanders et al. 2006). Because of this, we believe that solution C—
recognizing both northern and southern clades of 7. popeiorum, as well as T. nebularis, T. phuketensis, and T.
sabahi (sensu Sanders ef al. 2006 and Wostl ef al. 2016) is the most suitable decision. In this case, it may be
applicable to recognize the allopatric, yet closely related populations of 7. sabahi as subspecies.

Interest in the application of the subspecies designation has been recently discussed within snakes and other
reptiles (Mulcahy, 2008; Hawlitschek et al. 2012; Tolstrom et al. 2014; Kaito et al. 2017). Nevertheless,
unanimous criteria for the recognition and designation of subspecies in reptiles and amphibians are lacking. While
we acknowledge that the assignment of subspecies will likely subside on a case-by-case basis, we offer the
following justifications for why we believe designating taxa in the 7. sabahi clade as subspecies is the appropriate
taxonomic decision following similar arguments for the generalized lineage concept and species criteria discussed
in Mulcahy (2008). First, all of the previously recognized taxa (7. sabahi, T. fucatus, T. barati, T. buniana and T.
toba) are all geographically-cohesive (allopatric) with respect to one another (therefore, likely no current gene-
flow). The populations do not exhibit intergradation, they are morphologically distinct, yet they are not genetically
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FIGURE 2. Live specimens of Trimeresurus (Popeia) collected from the Tanintharyi Division, Myanmar examined in our
study. (A) Adult female specimen of Trimeresurus (Popeia) sp. nov from Lenya, Tanintharyi Division, Myanmar (USNM
587588). (B-C) Adult female specimen of Trimeresurus (Popeia) sp. nov from Ywahilu, Tanintharyi Division, Myanmar
(USNM 587919). Photographs by Daniel G. Mulcahy.
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FIGURE 3. Distribution map showing the molecular sampling of Trimeresurus (Popeia) in Southeast Asia. See symbols for
species identification.

distinct, which could be caused by incomplete lineage sorting or recent introgression. Regarding the morphological
distinctiveness of the Sundaland taxa, Wostl ef al. (2016) argued that these populations exhibited minimal
morphological differences; however, they only examined a few specimens from Sumatra (five 7" barati and three T.
toba), and did not examine comparative material from museum collections. Instead, Wostl et al. (2016) recorded
morphological characters from photographs for 7. fucatus and T. nebularis and did not account for the sexual
dimorphism present in populations referable to 7 buniana and T. fucatus. By not recognizing these taxa, one
undermines the potential diversity present in this group. The subspecies designation may be of particular
importance in 7 buniana, endemic to Pulau Tioman, Malaysia, because it is listed as “Endangered” under the
ITUCN Red List. A flagship species, 7. buniana and the island itself are under threat by habitat loss and purchase of
the island by a private company. Treating this taxon as a synonym would undermine its conservation status and
potentially result in its extinction. Designating this population as a subspecies, will enable it to maintain protection
better than conservation management definitions, such as, an evolutionary significant unit (ESU) or management
unit (MU), particularly in this case where only one genetic sample is available where monophyly cannot be
assessed; see Mulcahy ef al. (2006 and references therein) for discussion of terms.

T popeiorum was described by Smith (1937) without any precise type locality or type specimen. Taylor &
Elbel (1958) corrected this, by designating a lectotype (BMNH 72.4.17.137) with the type locality “Khasi Hills,
Assam, [State of Meghalaya], India”. Since the specimens from the northern clade (from northern Myanmar,
Thailand and Laos) are closest to the type locality, we assign 7. popeiorum sensu stricto to the northern clade. The
southern clade has significant genetic distance from the northern clade and is restricted to a distinct geographic area
(Tanintharyi, Myanmar and western Thailand). Therefore, it is likely that these populations represent a cryptic, yet
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undescribed species. Recent studies focusing on the Isthmus of Kra region of Myanmar and Thailand have
discovered several endemic reptile species (Vogel et al. 2012; Pauwels et al. 2016; Zug et al. 2017; Connette ef al.
2017). As yet, we have discovered no diagnostic character that separates the northern clade of 7. popeiorum from
the southern one. Cryptic species that are molecularly distinct yet morphologically similar may sometimes be the
result of a poor morphological effort (Grismer et al. 2014). Furthermore, datasets for pit vipers may suffer from
issues such as introgression and incomplete lineage sorting (Guo et al. 2015). Although we contend that the
populations of the southern clade are cryptic, we refrain from formally describing it as our sample size is limited
and prevents us from preparing a formal taxonomic description. Instead, we prefer to wait for a study that addresses
these issues by incorporating nuclear DNA (preferably RadSeq or UCE; e.g. Leaché er al. 2015), additional
morphological characters, and new material from potential sampling gaps. Until then, we refer to the populations
representing the southern clade as Trimeresurus (Popeia) sp. nov.

In conclusion, we suggest researchers studying the herpetofauna of Southeast Asia continue to investigate the
subgenus Popeia and to obtain more specimens from this region to allow for morphometric analyses. The
possibility of an undescribed species in Malaysia (Sumarli ef al. 2015) also suggests that the systematics of this
group are still unresolved. A study that incorporates our samples with other newly collected material, along with
additional morphological characters and nuclear DNA will hopefully provide a more insightful look at the
phylogenetic relationships of the Popeia subgenus and resolve debates surrounding recent systematic
interpretations within this group. We recommend the use of subspecies in the 7. sabahi complex, recognizing the
following taxa within the Popeia subgenus. Trimeresurus sp. nov, (Mulcahy et al. 2017), Trimeresurus popeiorum
(Smith, 1937), Trimeresurus nebularis (Vogel, David and Pauwels, 2004), Trimeresurus phuketensis (Sumontha,
Kunya, Pauwels, Nitikul, Punnadee, 2011), Trimeresurus sabahi sabahi (Regenass & Kramer, 1981), Trimeresurus
sabahi barati (Regenass & Kramer, 1981), Trimeresurus sabahi buniana (Grismer, Grismer & McGuire, 2006),
Trimeresurus sabahi fucatus (Vogel, David & Pauwels, 2004), and Trimeresurus sabahi toba (David, Petri, Vogel
& Doria, 2009).
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