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Specific status and species boundaries of several freshwater prawns in the Macrobrachium
pilimanus species group are still ambiguous, despite the taxonomic re-description of type
materials and additional specimens collected during field expeditions in several locations.
In this study, the “pilimanus” species group of Macrobrachium sensu Johnson (1958) was
studied using specimens collected from montane streams of Thailand. Molecular
phylogenetic analyses based on sequences of three molecular markers (COI, 16S and 18S
rRNA) were performed. Molecular phylogenetic results agreed with morphological
identifications, and indicated the presence of at least nine putative taxa. Of these, six
morphospecies were recognised as M. malayanum, M. forcipatum, M. dienbienphuense, M.
hirsutimanus, M. eriocheirum, and M. sirindhorn. Furthermore, three morphologically and
genetically distinct species were detected, and are described herein as M. naiyanetri
Siriwut sp. nov., M. palmopilosum Siriwut sp. nov. and M. puberimanus Siriwut
sp. hov. The taxonomic comparison indicated wide morphological variation in several
species and suggested additional diagnostic characters that are suitable for use in species
diagnoses, such as the shape and orientation of fingers, the rostrum form and the
presence or absence of velvet pubescence hairs and tuberculated spinulation on each
telopodite of the second pereiopods. The “pilimanus” species group was portrayed as
monophyletic in both ML and Bl analyses. The genetic structure of different geographical
populations in Thailand was detected in some species. The species delimitation based on
the four methods suggested high genetic diversity of the “pilimanus” species group and
designated the candidate members much higher than in previous designation based on
traditional morphology. This finding may suggest that further investigation of
morphological and genetic diversity of Southeast Asian freshwater prawns in the genus

Macrobrachium is still required to provide a comprehensive species list to guide efforts in
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Abstract

Specific status and species boundaries of several freshwater prawns in the Macrobrachium
pilimanus species group are still ambiguous, despite the taxonomic re-description of type
materials and additional specimens collected during field expeditions in several locations. In this
study, the “pilimanus” species group of Macrobrachium sensu Johnson (1958) was studied using
specimens collected from montane streams of Thailand. Molecular phylogenetic analyses based
on sequences of three molecular markers (COI, 16S and 18S rRNA) were performed. Molecular
phylogenetic results agreed with morphological identifications, and indicated the presence of at
least nine putative taxa. Of these, six morphospecies were recognised as M. malayanum, M.
forcipatum, M. dienbienphuense, M. hirsutimanus, M. eriocheirum, and M. sirindhorn.
Furthermore, three morphologically and genetically distinct species were detected, and are
described herein as M. naiyanetri Siriwut sp. nov., M. palmopilosum Siriwut sp. nov. and M.
puberimanus Siriwut sp. nov. The taxonomic comparison indicated wide morphological
variation in several species and suggested additional diagnostic characters that are suitable for
use in species diagnoses, such as the shape and orientation of fingers, the rostrum form and the
presence or absence of velvet pubescence hairs and tuberculated spinulation on each telopodite
of the second pereiopods. The “pilimanus” species group was portrayed as monophyletic in both
ML and BI analyses. The genetic structure of different geographical populations in Thailand was
detected in some species. The species delimitation based on the four methods suggested high
genetic diversity of the “pilimanus” species group and designated the candidate members much
higher than in previous designation based on traditional morphology. This finding may suggest
that further investigation of morphological and genetic diversity of Southeast Asian freshwater
prawns in the genus Macrobrachium is still required to provide a comprehensive species list to
guide efforts in conservation and resource management.
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Introduction

Macrobrachium prawns have received particular attention worldwide because of their
economic value and their use as model organisms for biogeographical study of evolutionary
diversification (de Bruyn et al. 2014). Recently, evidence of high genetic diversity and species
richness in some freshwater and terrestrial invertebrates in mainland Southeast Asia was revealed
by integrating morphological and molecular systematic methods. Systematic studies of Asian
shrimp and prawn species have been increasingly pursued due to evidence of unreported species
and underestimation of genetic diversity (Bernardes et al. 2017; de Bruyn & Mather 2007; de
Mazancourt et al. 2019; von Rintelen et al. 2007). New native species have been reported from
several remote areas throughout both continental and insular Asia (Cai & Ng 2002; Chong 1989;
Saengphan et al. 2018; Saengphan et al. 2019; Wowor & Short 2007; Xuan 2012). In the past,
Thai freshwater prawn and shrimp fauna had been referred to in some taxonomic revisions
among the oriental crustacean fauna (Holthuis 1950; Holthuis 1955; Johnson 1963).

Twenty-eight described species of freshwater prawns of the genus Macrobrachium
Spence Bate, 1868 have been reported in Thailand (Cai et al. 2004; Naiyanetr 2001; Naiyanetr
2007; Saengphan et al. 2018; Saengphan et al. 2019). The species composition of Thai
Macrobrachium fauna is shared exclusively between two major riverine systems in mainland
Southeast Asia, namely the Chaophraya and Greater Mekong Basins, as suggested by previous
broad-scale taxonomic studies (Cai & Ng 2002; Hanamura et al. 2011). Cai et al. (2004) reported
that the M. pilimanus species group sensu Johnson (1960) consisted of 12 species: M. pilimanus
(De Man, 1879), M. leptodactylus (De Man, 1892), M. hirsutimanus (Tiwari, 1952), M.
dienbienphuense Dang and Nguyen, 1972, M. eriocheirum Dai, 1984 [currently treated as a
synonym of M. dienbienphuense], M. ahkowi Chong and Khoo, 1987, M. gua Chong, 1989, M.
Sforcipatum Ng, 1995, M. platycheles Ou and Yeo, 1995, M. pilosum Cai and Dai, 1999, M.
amplimanus Cai and Dai, 1999, and M. sirindhorn Naiyanetr, 2001. Later, five new species were
added to this species group: M. dalatense Xuan, 2003 from southern Vietnam, three species from
Indonesia, namely M. urayang Wowor and Short, 2007, M. kelianense Wowor and Short, 2007,
M. empulipke Wowor, 2010 and one troglobitic species, M. spelaeus Cai and Vidthayanon, 2016
from Thailand. The diagnostic characters in this prawn group were critically debated due to
complicated morphological variation. However, several species exhibit compatible patterns by
having a short blade-like rostrum, cupped or slightly elongated carpus, swollen merus of the
second pereiopods, and the presence of velvet setae on the telopodites of the second pereiopods
(Cai et al. 2004; Chong 1989; Holthuis 1979; Johnson 1960; Ng 1994). Several species in the
“pilimanus” species group exhibit widespread distribution, such as M. dienbienphuense, M.
aplimanus, M. hirsutimanus and M. forcipatum. In contrast, there are also some species reported
to be endemic and limited to a narrow territory, including M. sirindhorn and M. spelaeus, which
are restricted to areas in northern Thailand (Cai and Vidthayanon 2016).

Several taxonomic identifications of prawns in genus Macrobrachium were established based on
traditional morphological examination using the type specimens and additional museum
collections (Cai et al. 2004; Cai & Shokita 2006; Holthuis 1952). The comprehensive
distribution and taxonomic status of several species are questionable due to the limitation of
available material from different geographical areas and their scattered distribution ranges (Cai
& Ng 2002; Hanamura et al. 2011; Johnson 1963). Despite Thailand being located in the center
of mainland Southeast-Asia, the comprehensive data of its freshwater fauna including
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Macrobrachium prawns in both major rivers and flooding reservoir areas is likely under-reported
and needs reinvestigation. The lack of broad-scale specimen comparison and comprehensive data
on geographical variation and genetic composition are of critical concern, given the obscure
justification for their taxonomic boundaries (Castelin et al. 2017; Chen et al. 2015; Rossi &
Mantelatto 2013). As a result, problematic classification and assignment of Macrobrachium
species into a suitable species complex or species groups has generally occurred (Johnson 1960;
Wowor & Ng 2007; Wowor & Short 2007).

Molecular systematics based on DNA barcoding region and species delimitation coupled
with DNA sequence variation has been widely used to screen for and identify putative species in
some highly diversified decapod groups (Bernardes et al. 2017; de Mazancourt et al. 2019;
Venera-Ponton et al. 2020). In this study, we integrate traditional taxonomic examination and
molecular phylogeny using three molecular markers to delimit species boundaries and to
illustrate the phylogenetic relationships within the “pilimanus” species group collected from
Thailand, with further discussion of their distribution and phylogenetic position among Southeast
Asian species.

Methodology

Field collecting and specimen preparation

Prawn specimens were collected from riverine systems throughout Thailand. Field
surveys were conducted to collect fresh specimens in some protected areas with permission from
the Department of National Parks, Wildlife and Plant Conservation, Thailand (DNP
0907.4/14262). Some species previously described with the type locality in Thailand were re-
collected and used as additional topotype material for species identity in morphological and
molecular examinations. The live habitus specimens were photographed in order to document
body colouration, and then euthanised by the two-step method following AVMA Guidelines for
the Euthanasia of Animals (AVMA 2013) before fixing in 95% ethanol for long-term
preservation. Animal use in this study strictly followed the protocols approved by Chulalongkorn
University (Protocol Review No. 1723018) and Mahidol University-Institute Animal Care and
Use Committee (MU-IACUC) under approval number MU-IACUC 2018/004.

Collected specimens for this project were registered and housed at Chulalongkorn
University Museum of Zoology, Bangkok, Thailand (CUMZ). Prawn specimens of each
collected species were described in terms of their morphological characteristics by using
Olympus stereo-microscope. The traditional and additional diagnostic characters for species
identification were serially captured with Cell’D imaging system for morphological analysis. In
addition, the fine details of some morphological characters were carefully illustrated by free-
hand drawings to explain the geographical variation observed.

Species descriptions and technical terms used herein have been compositely constructed
based on previous taxonomic literature of Southeast Asian Macrobrachium species (Cai & Dai
1999; Cai et al. 2004; Cai & Ng 2002; Hanamura et al. 2011; Holthuis 1950; Wowor & Short
2007; Xuan 2012). The abbreviations used in the morphological comparison table are as follows:
Fin., fingers; Pal., palm; Carp., carpus; Mer., merus; Dt., teeth on dactylus; Pt., teeth on pollex.
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The rostrum teeth formula is the total number of dorsal teeth/total number of ventral teeth. Total
body length (tl) used in the species description was measured from the end of the telson to the tip
of the rostrum. Carapace length (cl) was measured from the dorso-posterior margin of the
carapace to the end of the post-antennular margin of the carapace. Rostrum length (rl) was
measured from the tip of the rostrum to the posterior-most rostrum tooth. Measurement of all
characters are in millimeters.

The electronic version of this article in Portable Document Format (PDF) will represent a
published work according to the International Commission on Zoological Nomenclature (ICZN),
and hence the new names contained in the electronic version are effectively published under that
Code from the electronic edition alone. This published work and the nomenclatural acts it
contains have been registered in ZooBank, the online registration system for the ICZN. The
ZooBank LSIDs (Life Science Identifiers) can be resolved and the associated information viewed
through any standard web browser by appending the LSID to the prefix http://zoobank.org/. The
LSID for this publication is: urn:1sid:zoobank.org:pub:F94C18CF-8E07-4D4B-94ED-
4153854B237E. The online version of this work is archived and available from the following
digital repositories: Peer], PubMed Central and CLOCKSS.

DNA extraction and PCR

All prawn samples used for molecular analysis in this study are listed in Table 1.
Specimens were dissected to separate tissue from the cuticle shell for DNA extraction.
Commercial DNA extraction kits (NucleoSpin Tissue kit; MACHEREY-NAGEL) were used for
obtaining total genomic DNA. Total genomic DNA concentration was quantified and visualised
by gel electrophoresis. Three gene fragments were used in this study, including the barcode
regions of mitochondrial cytochrome ¢ oxidase subunit I (COI), 16S rRNA (16S), and nuclear
18S rRNA (18S). Primers used for polymerase chain reaction (PCR) and sequencing are
presented in Table 2. PCR reactions were activated under an a T100™ thermal cycler (BIO-
RAD) in either manual or gradient temperature function, and with the mixture following the PCR
protocol by Siriwut et al. (2015). Standardised conditions for PCR amplification were adjusted
following molecular phylogenetic studies of shrimp and prawns (Pileggi & Mantelatto (2010);
Rossi & Mantelatto (2013); von Rintelen et al. (2007); Wowor et al. (2009). PCR products were
inspected by 1% agarose gel electrophoresis. The fluorescence of PCR bands was enhanced with
SYBR Safe illuminant and observed under a UV light.

The target products were purified using the PEG precipitation method. The purified PCR
products were directly cycle-sequenced in both directions using the original amplification
primers with an Applied Biosystems automatic sequencer (ABI 3730XL) at Bioneer Inc.
(Korea). Sequences were aligned with libraries in GenBank using the BLASTn algorithm to
verify the correct organism group. DNA sequences were edited in Sequence Navigator (Parker
1997). DNA annotation and alignment were carried out in MEGA 7 (Kumar et al. 2016) using
MUSCLE (Edgar 2004) with the default parameters set. File format preparation for the
phylogenetic analysis program was implemented in MEGA 7 and Mesquite (Maddison &
Maddison 2017). All newly obtained nucleotide sequences were deposited in the GenBank
database under GenBank submission numbers MT235929-MT235968 for COI, MT248221-
MT248260 for 16S, and MT248181-MT248220 for 18S (in Table 1).
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Phylogenetic reconstruction and species delimitation

Maximum likelihood (ML) and Bayesian inference (BI) were applied to construct
phylogenetic trees from the combination of the partitioned DNA dataset with the nucleotide
substitution model fit as calculated under JModelTest v.1.7 (Posada 2008). For ML analysis, the
concatenated files were analysed with RAXML 8.0.0v (Stamatakis 2006). Bayesian inference
was conducted in MrBayes, ver. 3.2.6. (Ronquist et al. 2012). The consensus tree implemented
from 50% majority rules was obtained at the final stage, and draft tree topology files were
reconstructed by FigTree (Rambaut 2009). Node support values are noted on the trees in those
instances where bootstrap values exceed 70% (ML) and posterior probabilities exceed 0.95 (BI).
A p-distance analysis was used to calculate the corrected distance of all gene fragments in
MEGA 7. Genetic distance was compared for both interspecific and intraspecific variation within
and between populations.

Species delimitation was performed using four standardised methods: automated barcode
gap (ABGD by Puillandre et al. (2012)), Bayesian implementation of Poisson Tree Processes
model (bPTP by Zhang et al. (2013)), the multi-rate Poisson Tree Processes (mPTP by Kapli et
al. (2017)) and the Generalized Mixed Yule Coalescent model (GMYC by Pons et al. (2006)).
Each partial gene sequence was tested as a single partition.

For the ABGD method, the intra-specific variation obtained from each targeted gene
sequence was calculated in MEGA and optimised barcode relative gap using the ABGD online
sever (http://wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html). The PTP analysis was
conducted under the Maximum likelihood algorithm using an online server (Zhang et al. 2013).
The best-scoring tree dataset was estimated under 95% confidence of statistical probability. In
the GMY C method, the starting tree was randomly sampled and manually calculated under a
suitable model for the construction of an ultra-metric tree using BEAST package v1.10.4
(Drummond & Rambaut 2007; Suchard et al. 2018) or implemented in CIPRES (Miller et al.
2010). The maximum clade credibility tree of each gene analysis was summarised in
TreeAnnotator v1.10.4 and was analysed under the GMYC species delimitation approach using
an online server. The results of three species delimitation methods were compared 1) with the
traditional identification of genus Macrobrachium species based on morphology, and 2) with
molecular phylogenetic partional analysis based on the three concatenated gene datasets.

Results

Phylogenetic relationship and species delimitation of Thai “pilimanus” species
group

Thirty-nine sequences from three partial genes were successfully amplified and
comparatively aligned. The annotation of each partial gene sequence is described in Table 3. The
genetic distance of each mitochondrial DNA dataset (COI and 16S) and nuclear 18S dataset was
calculated with 1,000 bootstrap replicates. The results of inter- and intra-specific variation of all
representative taxa in this study are documented together with the standard deviation of each
taxon in Table S1. Interspecific variation between members of the “pilimanus” species group
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was 9.8-23.3% for COI, 2.3-7.7% for 16S and 0.2-11% for 18S. Intraspecific variation was 0.45-
8.36% in COI, 0-3.5 % in 16S and 0-2.1% in 18S.

The phylogenetic tree from the concatenated dataset of three partial genes indicated the
monophyletic relationship of all Thai species in the “pilimanus” species group (Clade A in
Figure 1) after being rooted by four congener species from other species groups: M. neglectum,
M. sintangense, M. rosenbergii, and M. niphanae. The operational taxonomic units (OTUs) of M.
malayanum from the southern part of Thailand formed a monophyletic group and were separated
from other species in this study. The phylogenetic tree also indicated the nesting of M.
sirindhorn with three other species, namely M. forcipatum, M. naiyanetri sp. nov. and M.
palmopilosum sp. nov; although this clade was not exclusively supported by statistical tests. In
clade B, specimens of M. forcipatum, M. naiyanetri sp. nov. and M. palmopilosum sp. nov.
formed a monophyletic relationship, with statistical support from both ML and BI analyses.
Macrobrachium palmopilosum sp. nov. formed a monophyletic group and was placed at the base
of the clade, followed by a clade with statistical support from both ML and BI of two sister taxa
in this group: M. forcipatum and M. naiyanetri sp. nov. The monophyly of M. naiyanetri sp. nov.
was further structured into two distinct geographical clades (Clade C).

Macrobrachium hirsutimanus, M. eriocheirum, M. dienbienphuense and M. puberimanus
sp. nov. were nested as a monophyletic group with statistical acceptance in both ML and BI
(Clade D). Within this clade, the phylogenetic positions of M. hirsutimanus and M. eriocheirum
were uncertain due to low support of clade composition; however, the monophyletic relationship
of representative OTUs were illustrated consistently in ML and BI for both taxa. In clade E, the
clade composition indicated two close morphological species, M. dienbienphuense and M.
puberimanus sp. nov., and indicated the monophyly of each species. In the M. dienbienphuense
clade, two genetically distinct clades were found with statistical support.

Species delimitation of each partial gene dataset indicated a different number of
candidate taxa, and there was also variation by calculation approach (Figure 2). The ABGD
method indicated 15 species in COI, 9 species in 16S and 5 species in 18S. In the Bayesian
Poisson Tree Process (bPTP), the clustering result indicated 18 species in COI, 16 species in 16S
and 18 species in 18S. The multi-rate Poisson Tree Process (mPTP) indicated 13 species in COI,
3 species in 16S and 8 species in 18S. In the GMYC analysis, the clustering method indicated 16
species in COI, 15 species in 16S and 21 species in 18S, based on the ML tree.

Systematic diversity of the “pilimanus” species group in Thailand

In this study, field collection and taxonomic identification of Thai Macrobrachium
indicated nine morphological species, of which three are totally distinct from the others by both
morphology and molecular delimitation. Six described species, namely M. hirsutimanus, M.
eriocheirum, M. dienbienphuense, M. forcipatum, M. malayanum and M. sirindhorn were re-
confirmed with previous taxonomic studies. The range dispersion of these six species mainly
included montane tributaries, while some species such as M. dienbienphuense also occupied
larger rivers. Based on this study and previous taxonomic data of Macrobrachium prawns in the
“pilimanus” group, Thai fauna consist of eleven species. However, only the three new species

Peer] reviewing PDF | (2020:03:47081:0:1:NEW 3 Apr 2020)


Reviewer
Texte surligné 
Maybe mapping the habitat on the phylogeny could give interesting insights?


PeerJ

298
299
300

301

302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343

found in this study will be described here, along with their phylogenetic placement, genetic
relationship and geographical distribution.

Taxonomic account

Palaemonidae Rafinesque, 1815
Macrobrachium Spence Bate, 1868

Macrobrachium naiyanetri Siriwut sp. nov.
ZooBank ID: urn:1sid:zoobank.org:act:22EBCA17-2E29-4193-9D9E-8§7CABCD65D7D
Figures 3A and 4

Type locality. A large and shallow stream with large gravels at Hui Prik, Cha-wang District,
Nakhon Si Thammarat Province, Thailand.

Type examined. Holotype: CUMZ MP00001, one male spm. from Hui Prik, Cha-wang District,
Nakhon Si Thammarat Province (M128 in molecular analysis). Paratype: CUMZ MP00002,
four male spms from the same locality as holotype (M127, M154 and M155). CUMZ MP00003,
nineteen male and nine female spms from the same locality as holotype.

Additional material. CUMZ MP00004, two male spms from Khao Banchob Waterfall, Makham
District, Chanthaburi Province (M102). CUMZ MP00005, one male spm. from Klong
Rattaphum, Rattaphum District, Songkhla Province (M134). CUMZ MP00006, twenty-six male
and nine ovigerous female spms from Klong Krabiead, Hui Prik, Cha-wang District, Nakhon Si
Thammarat Province.

Diagnosis. Rostrum short and anteriorly striate, not extending beyond the end of second segment
of antennular peduncle. Rostral formula: 8-14/ 2-4 teeth. Carapace with small spinulation on
anterolateral margin. Epistome trilobed. Second pereiopods strong and robust, similar in shape,
unequal in size. Long velvety setae present on second pereiopods. Fingers with less than 10-18
teeth. Carpus elongated or slightly cupped, shorter than fingers, palm and merus. All telopodites
covered with spinules. Inner margins of carpus and merus of major cheliped covered with short
velvety setae. T4 unarmed, with moderate posterior submedian plate; TS with transverse plate
with median process; T8 with contiguous posteromedially anterior lobes, without median process
posteriorly. Second and third abdominal sternites with moderate triangular median process.
Preanal carina present. Telson stout, glabrous, with about 8-12 pairs of long plumose setae and
terminal projection with two long inner and short outer spines. Uropods glabrous; uropodal
diaeresis with inner moveable spine, equal to outer angle. Developed eggs large, approximately
size 0.7 mm, ovoid.

Composite description (type specimens in parentheses). A medium-sized Macrobrachium
species tl 30.6-54.2 mm. (41.5 mm in holotype), with pale or brownish body colouration (Figs
1A, 2A).

Rostrum (Fig. 4C, D). Anteriorly striate and angled downward distally, rl 7.3-11.4 mm (10.8 mm

in holotype) cl 6.7-13.0 mm. (13.0 mm in holotype), and reaching not beyond the end of
antennular peduncle. Dorsal part of rostrum with 8-14 (14 in holotype) teeth in total, 2-7 (6 in
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holotype) teeth present in postorbital area. The area with postorbital teeth covering nearly half of
carapace length. Ventral part of rostrum with 2-4 (3) teeth, located about half-way distally.

Cephalon. Eye well developed. Postantennular carapace margin rounded. Cornea osculum is
longer than stalk. Antennular peduncle longer than wide, lateral carina well developed, dorsal
carina not sinuous. Sharp antennal and hepatic spines present at lower orbital angle (one side
without antennal spine in holotype); hepatic spine smaller, situated behind and below antennal
spine; branchiostegal suture running from hepatic spine to carapace margin. Minor spinulatation
on ventro-lateral part and branchiostegal regions of carapace (Fig. 4C). Ocelar beak moderately
developed, without laterally expanded tip. Epistome completely trilobed. Scaphocerite with
lateral margin slightly concave, distolateral tooth not reaching the end of lamella. Third
maxilliped not reaching beyond antennal peduncle and 75% length of scaphocerite; ultimate
shorter than penultimate.

First pereiopods. Long and slender, reaching beyond the end of scaphocerite. Fingers about as
long as palm; carpus longer than merus. Carpus, merus and ischium covered with small spinules.
Scattered setae present on all segments but dense on finger and ischium.

Second pereiopods. Robust and longer than body length, similar in both shape and form; carpus
of both major and minor second pereiopods extending beyond the end of scaphocerite.

Major second pereiopod (Fig. 4E, G). Spinulation present on all segments except fingers and
palm. Fingers, palm, inner margins of carpus covered by fine setae. Dense, fine setae present on
proximal part of finger. Merus with setae in some specimens. Fingers slender and longer than
palm (17.6: 11.1 mm), finger bending with gap and tips crossed when closed in males. Dactylus
with 10-18 (15) prominent teeth, basal teeth larger than distal teeth, pollex with 10-18 (12) teeth
(Fig. 4F). Teeth sub-equally distributed and concealed by long velvety setae, without oblique
carina distally. Upper and lower margins of palm slightly expanded. Carpus elongated, shorter
than merus (7.6: 11.8 mm in holotype). Merus equal to palm (11.8 mm in holotype). Ischium
tapered, shorter than merus.

Minor second pereiopod (Fig. 4H). Similar in form but shorter than major cheliped, spinulation
present on all segments except fingers and palm. Fine setae densely covering proximal part of
fingers and palm. Dactylus with 6-18 small teeth, pollex with 8-15 small teeth. Teeth sub-equally
distributed, only half of finger length, concealed by long, fine setae. Oblique carina present on
distal part, about one-third of finger length. Carpus elongated, shorter than merus. Merus
subcylindrical and equal to palm. Ischium tapered, shorter than merus.

Third pereiopods (Fig. 41). Long and slender shaped, propodus extending to the end of
scaphocerite. Small spinulation present on all segments except ischium. A fine seta present on all
segments. Dactylus short (2.1 mm in holotype) and curved, with dorsolateral setae, ventral carina
well developed. Propodus long (4.6 mm in holotype), with 6-8 (7) ventral pairs of spines
distributed along length of propodus; carpus shorter than propodus (3.1 mm in holotype), with
dorsal projection on distal part. Merus longer than carpus (5.6 mm in holotype). Ischium shorter
than merus and carpus (2.8 mm in holotype).

Peer] reviewing PDF | (2020:03:47081:0:1:NEW 3 Apr 2020)



PeerJ

390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435

Fourth and fifth pereiopods. Dactylus extending to the end of scaphocerite. Spinulation present
on all segments except ischium. Scattered fine setae present on all segments. Propodus with 5-7
pairs of ventral spines distributed along length of propodus, 2 corner spines with grouped setae
on distal part. Carpus shorter than propodus and merus, with dorsal projection on distal part.
Ischium shorter than merus and carpus.

Thoracic sternum. T4 without median process. TS with transverse plate without median process.
T8 with posteromedial lobes in males.

Abdomen. Usually smooth, with tiny spinules on pleural margins of first and second abdominal
segments. All abdominal sternites with transverse ridge. Second and third abdominal sternites
with moderate triangular median process, subsequent segment without process. The sixth sternite
with median obtuse process. Preanal carina present, with group of small setae at tip in males.

Telson (Fig. 4B). Moderately long (5.9 mm in holotype), lateral margins straight, with 2 pairs of
dorsal spines. Distal projection present on posterior margin, with two spines and setae on each
side. The inner pair of posterior spines longer than outer spines.

Uropods (Fig. 4B). Uropodal diaeresis with inner moveable spine, equal to outer angle. Exopod
longer than broad (5.5: 2.5 mm in holotype) and not reaching the end of endopods.

Etymology. The specific name naiyanetri is given in honor of Professor Phaibul Naiyanetr from
Chulalongkorn University for his extensive contributions to the knowledge of crustacean fauna
in Thailand.

Size. Males slightly larger than females; the largest male recorded being 54.2 mm tl, 13.0 mm cl;
the largest female 39.8 mm tl, 9.5 mm cl and egg size is 0.7 mm in diameter.

Distribution. Most populations are restricted to the southern part of Thailand; however, one
specimen collected from Chantaburi Province extends its recorded distribution range to include
the eastern part of Thailand.

Remarks. Macrobrachium naiyanetri sp. nov. resembles other members of the “pilimanus”
species group by having densely tufted setae on second pereiopods. The phylogenetic tree
suggests the position of this new species as nesting with M. forcipatum. However, the
distinguishing characteristics of M. naiyanetri sp. nov. used to separate it from the other
congener species in southern Thailand (e.g. M. forcipatum, M. malayanum and M. hirsutimanus)
are the carpus of the second major pereiopods that exhibit a slight cup-shape, the presence of
dense stiff setae on the antero-inferior part of merus, and fingers of the second pereiopods being
longer than palms. Moreover, the postorbital area contains more rostrum teeth (4-7 vs. 3-5 in M.
forcipatum;, 3-4 in M. malayanum;, 3-5 in M. hirsutimanus). The adult size of M. naiyanetri sp.
nov. is significantly larger and longer than the latters (tl). The dactylus contain 12-13 prominent
teeth (vs. 13-14 in M. forcipatum; 4-6 in M. malayanum; 15 in M. hirsutimanus). The size of
major and minor second pereiopods is distinctly large in male specimens (vs. not distinct in other
species). The carpus of the second pereiopod is slightly cupped (vs. cupped and stout in other
species). The major second pereiopod in males is as long as tl. In addition, the species
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delimitation methods suggest two distinct evolutionary lineages of M. naiyanetri sp. nov.
samples; the first lineage is composed of specimens from the western part of Khao Luang Range,
whereas the second lineage contains two samples from the eastern part of Khao Luang Range
(Songkhla Province) and from Chantaburi Province in eastern Thailand. Further investigation of
population structure between these two distinct lineages is necessary to test whether or not this is
the result of allopatric speciation.

Macrobrachium palmopilosum Siriwut sp. nov.
ZooBank ID: urn:lsid:zoobank.org:act:8065628 A-4EDF-49EF-BASD-91588F53D284
Figures 3B and 5

Type locality. A small and shallow stream with sand and gravel at Tat Man Waterfalls, Puea
Sub-district, Chiang Klang District, Nan Province, Thailand.

Type examined. Holotype: CUMZ MP00007, one male spm. from Tat Man Waterfalls, Puea
Sub-district, Chiang Klang District, Nan Province (M031). Paratype: CUMZ MP00008, twenty-
one male and twenty-seven female spms from the same locality as holotype.

Additional material. CUMZ MP00009, six male and two female spms from Sob-Pue, Sa-lap
Sub-district, Song District, Phrae Province (M030). CUMZ MP00010, twelve male and ten
female spms from Mae Mang, Bo Kluea District, Nan Province (M011). CUMZ MP00011, one
male spm. from Ban Pha Lak, Mueang District, Nan Province.

Diagnosis. Rostrum short, anteriorly striate and upward distally, not reaching the end of second
segment of antennular peduncle. Rostral formula: 10-12/ 2-3 teeth. Carapace with small
spinulation on anterolateral margin. Epistome bilobed. Second pereiopods strong and robust,
similar in shape, unequal in size. Tufted setae present on both second pereiopods. Fingers with
less than 10-12 teeth. Carpus cup shaped, shorter thanfinger, palm and merus. All segments
covered with small spines except fingers and anterior part of palm. Anterior part of carpus with
setae. T4 unarmed, with moderate posterior submedian plate; T5-T7 with transverse plate
without median notch; T8 with contiguous posteromedially anterior lobes, without median
process posteriorly. First to third abdominal sternites with moderate triangular median process.
Preanal carina present. Telson moderately long, with long plumose setae on proximal part.
Telson surface with two pairs of dorsal spines, terminal projection with two long inner and short
outer spines. Uropodal diaeresis spine shorter than outer angle. Egg size 1.3 mm in diameter.

Composite description (type specimens in parentheses). A medium-sized Macrobrachium
species, tl 25.6-77.8 mm (57.3 mm in holotype), with pale or greenish-brown body colouration
(Figs 1B, 3A).

Rostrum (Fig. 5C, D). Anteriorly striate and turned upward distally, 11 4.1-16.7 mm (11.7 in
holotype) cl 5.9-20.4 mm (16.5 mm in holotype), and reaching not beyond the end of second
segment of antennular peduncle. Dorsal part of rostrum with 10-12 (12 in holotype) teeth in total,
4-6 (5) teeth present in postorbital area. The area with postorbital teeth covers one-third of
carapace length. Ventral part of rostrum with 2-3 (3) teeth, located about half-way to distal end.
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Cephalon. Eye well developed. Postantennular carapace margin rounded. Cornea osculum
shorter than stalk. Antennular peduncle longer than wide, lateral carina well developed, dorsal
carina not sinuous. Sharp antennal and hepatic spines present at lower orbital angle; hepatic
spine smaller, situated behind and below antennal spine; branchiostegal suture running from
hepatic spine to anterior margin of carapace. A few spinules on ventro-lateral part and
branchiostegal regions of carapace (Fig. 5C). Ocelar beak moderately developed, without
laterally expanded tip. Epistome slightly bilobed. Scaphocerite with lateral margin slightly
concave, distolateral tooth not reaching the end of lamella. Third maxilliped reaching beyond
antennal peduncle and covering 75-80% length of scaphocerite; ultimate slightly shorter than
penultimate.

First pereiopods. Long and slender, reaching beyond the end of scaphocerite. Fingers about as
long as palm; carpus as long as merus. Small spinules present only on merus and ischium.
Scattered setae present on all segments but dense area on distal part of finger and on entire
ischium. The proximal part between palm and carpus with group of small setae.

Second pereiopods. Robust and longer than body length, similar in form; carpus of both major
and minor second pereiopods extending beyond the end of scaphocerite.

Major second pereiopod (Fig. SE, G). Spinulation present in all segments except fingers and
anterior part of palm. Fingers, palm, inner margins of carpus covered by tufted setae. Merus
without setae. Fingers subcylindrical, shorter than palm in length (13.8: 15.9 mm.), closed
fingers with gap and crossing distally. Dactylus with 10-12 (10) prominent teeth, basal teeth
smaller than middle teeth, pollex with 10-11 (11) teeth (Fig. 5F). Teeth sub-equally distributed
and concealed by long tufted setae, without oblique carina distally. Upper and lower margins of
palm slightly expanded. Carpus cup-shaped, shorter than merus (7.1: 13.9 mm). Merus slightly
shorter than palm (13.9: 15.9 mm), stout and inflated laterally. Ischium tapered, shorter than
merus.

Minor second pereiopod (Fig. SH). Similar in form to major cheliped but smaller in size,
spinulation present on all segments except fingers and anterior part of palm. Tufted setae
covering fingers, palm and anterior part of carpus. Dactylus with 6-8 (6) small teeth, pollex with
7-8 (8) small teeth. Teeth distributed only on basal half of finger length, concealed by long, fine
setae. Oblique carina present on distal part, about half of finger length. Carpus cup shaped,
shorter than merus. Merus subcylindrical and as long as palm. Ischium tapered, shorter than
merus.

Third pereiopods (Fig. 51). Dactylus short (1.9 mm) and curved distally, with lateral short seta
and ventral carina well developed. Propodus extending to the end of scaphocerite. Small
spinulation present on all segments except ischium. A fine seta present on all segments.
Propodus longer than dactylus (6.5: 1.9 mm), with 5-6 (6) ventral pairs of spines distributed
along length of propodus. Carpus shorter than propodus (3.6 mm), with dorsal projection on
distal part. Merus longer than carpus (6.5 mm). Ischium shorter than merus and carpus (3.3 mm).

Fourth and fifth pereiopods. Dactylus extending to the end of scaphocerite. Spinulation present
on all segments except ischium. Scattered fine setae present on all segments. Propodus with 5-6
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pairs of ventral spines distributed along length of propodus. Propodus of fifth pereiopods with
group of setae on distolateral part. Carpus shorter than propodus and merus, with dorsal
projection on distal part. Ischium shorter than merus and carpus.

Thoracic sternum. T4-T8 with transverse plate without median process. T8 with posteromedial
lobes in males.

Abdomen. Usually smooth, with tiny spinules on pleural margin of first to third abdominal
segments in some specimens. All abdominal sternites with transverse ridge. First to third
abdominal sternites with moderate triangular median process. Fifth sternite without median
obtuse process. Preanal carina present, without small setae in males.

Telson (Fig. 5B). Moderately long (6.6 mm), lateral margins straight, with 2 pairs of dorsal
spines. Distal projection present on posterior margin, with two spines and setae on each side.
Inner pair of posterior spines longer than outer spines.

Uropods (Fig. 5B). Uropodal diaeresis with inner moveable spine, shorter than outer angle.
Exopod longer than broad (7.4: 4.3 mm) and not reaching the end of endopods.

Etymology. The specific name “palmopilosum” is a compound Latin word with “palma”
meaning palm of the hand and “pilosus” meaning hairy. This name refers to the tuft of hairs
present on the palms of both second pereiopods.

Size. Males showing distinctly larger body size than females; the largest male recorded being
77.8 mm tl, 20.4 mm cl; the largest female 48.2 mm tl, 12.0 mm cl and egg size is 1.3 mm in
diameter.

Distribution. Their distribution is restricted to the northern part of Thailand, Nan Province.

Remarks. The population of this new species is dominant in Nan River Basin especially living
in clear, cool mountain streams. The colouration of this species varied from light pale to dark
brownish; the banding pattern on the dorso-lateral part of tergum was observed in some
individuals. Macrobrachium palmopilosum sp. nov. shares several characteristics with M.
eriocheirum, M. amplimanus and M. hirsutimanus. The character distinguishing M.
palmopilosum sp. nov. from M. eriocheirum and M. hirsutimanus is the presence of tufted setae
on the palms of the second pereiopods. Macrobrachium hirsutimanus and M. eriocheirum
exhibited tufted setae only on the anterior half of the palms, whereas M. palmopilosum sp. nov.
had setae present over the entire surface of palms. Moreover, the spinulation on the
anteromarginal surface of the carapace is always present in M. palmopilosum sp. nov. (absent in
M. eriocheirum and M. hirsutimanus). The epistome of M. palmopilosum sp. nov. is slightly
bilobed (trilobed in M. eriocheirum and M. hirsutimanus). The number of prominent teeth on
fingers of M. palmopilosum sp. nov. is 6-12, whereas M. hirsutimanus has 12-20 teeth and M.
eriocheirum has 12-15 teeth. Macrobrachium palmopilosum sp. nov. differs from M.
amplimanus by having more rostrum teeth on the postorbital area (4-6 vs. 2-4), slightly small
number of finger teeth on second pereiopods (10-12 vs. 11-15), the spinulation on palm surface
of second pereiopods (present vs. absent), the length of finger shorter than palm (vs. longer or as
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long as palm), and closed fingers with a gap (vs. without gap). The morphological comparisons
of M. palmopilosum sp. nov. and other species are presented in Table 4.

The results of phylogenetic tree construction suggested that M. palmopilosum sp. nov. is closely
related to M. naiyanetri sp. nov., as supported by all statistical tests. Macrobrachium
palmopilosum sp. nov. shows distinctive differences from M. naiyanetri sp. nov. by the stout cup
shaped carpus of the major second pereiopods (vs. slightly elongated carpus in M. naiyanetri sp.
nov.), the lack of setae on antero-inferior part of the merus of second pereiopods (vs. with dense
setae on merus in M. naiyanetri sp. nov.), the inflated form of murus in M. palmopilosum sp.
nov. (vs. subcylindrical shape in M. naiyanetri sp. nov.).

Tiwari (1952) described M. hirsutimanus based on specimens from northern Thailand (Doi
Chuang) and later the type locality was replaced by the neotype designation (Nan Province; in
Cai et al. (2004)). This taxonomic treatment advocates that the distribution of M. hirsutimanus
coexists with M. palmopilosum sp. nov. In this study, the coexistence of these two species of
prawns was confirmed in the Nan River Basin.

Macrobrachium puberimanus Siriwut sp. nov.
ZooBank ID: urn:lsid:zoobank.org:act: EE26BC6C-07F6-4C94-8B80-6F736B11F91A
Figures 3C and 6

Type locality. Mekong River at Wat Tha Khaek, Chiang Khan Sub-district, Chiang Khan
District, Loei Province

Type examined. Holotype: CUMZ MP00012, one male spm. from Wat Tha Khaek, Chiang
Khan Sub-district, Chiang Khan District, Loei Province (M099). Paratype: CUMZ MP00013,
two male spms from the same locality as holotype.

Additional material. CUMZ MP00014, one male spm. from Phu Ruea District, Loei Province
(M121). CUMZ MP00015, four male and twelve female spms from Nam Soam, Noan Thong
Sub-district, Na Yung District, Udon Thani Province (M049). CUMZ MP00016, four male spms
from Maekong River, Chiang Khan Sub-district, Chiang Khan District, Loei Province. CUMZ
MP00017, one male spm. from Maekong River, Pak Chom District, Loei Province.

Diagnosis. Rostrum moderately long, anteriorly striate and rising upward distally, reaching
beyond the end of second segment of antennular peduncle. Rostral formula: 12-15/ 3 teeth.
Carapace with small spinulation on anterolateral margin. Epistome trilobed. Second pereiopods
strong and robust, similar in shape, unequal in size. Long-tufted setae present on second
pereiopods. Fingers of major second pereiopod with 11-16 teeth. Carpus elongated, shorter than
palm. Spinulation present on ventral part of palm, carpus, merus and ischium. Minor second
pereiopod slight with tiny spines on each segment. T4 unarmed, with moderate posterior
submedian plate; T4-T7 with basolateral median plate without median notch; male T8 with
posteromedially anterior lobes, without median process posteriorly. First to third abdominal
sternites with moderate triangular median process. Preanal carina present. Telson moderately
long, with long plumose setae on proximal part. Telson surface with two pairs of dorsal spines,
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terminal projection with two long inner and short outer spines. Uropodal diaeresis spine shorter
than outer angle.

Composite description (type specimens in parentheses). A medium-sized Macrobrachium
species, tl 33.6-60.2 mm (60.2 mm in holotype), with pale or brownish-green body colouration
(Figs 3C, 6A).

Rostrum (Fig. 6C, D). Anteriorly striate and angled upward distally, rl 7.4-12.7 mm (12.7 mm in
holotype), cl 6.6-17.0 mm (17.0 mm in holotype), and reaching beyond the end second segment
of antennular peduncle. Dorsal part of rostrum with 12-15 (13) teeth in total, 5-6 (5) teeth present
in postorbital area. Area bearing postorbital teeth covering one-fourth of carapace length. Ventral
part of rostrum with 3 (3) teeth, located about half-way to distal end.

Cephalon. Eye well developed. Postantennular carapace margin rounded. Cornea osculum as
long as stalk. Antennular peduncle longer than wide, lateral carina slightly concave, dorsal carina
not sinuous. Sharp antennal and hepatic spines present at lower orbital angle; hepatic spine
smaller, situated behind and below antennal spine; branchiostegal suture running from hepatic
spine to anterior margin of carapace. Carapace without spinulatation on ventro-lateral part and
branchiostegal regions (Fig. 6C). Ocelar beak moderately developed, without laterally expanded
tip. Epistome trilobed. Scaphocerite, lateral margin slightly concave, distolateral tooth not
reaching the end of lamella. Third maxilliped reaching beyond antennal peduncle and covering
75-80% of length of scaphocerite; ultimate slightly shorter than penultimate.

First pereiopods. Long and slender, reaching beyond the end of scaphocerite. Fingers about as
long as palm; carpus as long as merus. Few setae scattered on all segments but dense on distal
part of finger and on lower margin of ischium. Proximal part between palm and carpus without
small setae.

Second pereiopods. Robust and slightly shorter than body length, similar in form but differ in
size. Carpus of major second pereiopods extending beyond the end of scaphocerite.

Major second pereiopod (Fig. 6E, G). Spinulation present on dorso-inferior surface of palm,
carpus, merus and ischium. Fingers, palm, inferior margins of carpus covered with few tufted
setae. Merus without tufted setae anteriorly. Fingers sharp and subcylindrical, longer than palm
in length (19.7: 15.3 mm.), closed fingers with gap and crossing distally. Dactylus with 11-16
(16) prominent teeth, basal teeth slightly smaller than distal teeth, pollex with 10-14 (14) teeth
(Fig. 6F). Teeth sub-equally distributed and concealed by long tufted setae, with oblique carina
distally, about 15-20% of finger length. Upper and lower margins of palm not expanded. Carpus
slightly elongated, shorter than merus (9.2: 16.6 mm). Merus subcylindrical, as long as palm or
shorter (16.6 vs 15.3 mm). Ischium tapered, shorter than merus.

Minor second pereiopod (Fig. 6G). Short and smaller than major cheliped, spinulation absent in
all segments. Few tufted setae covering fingers and palm. Dactylus with 6-8 (6) small teeth,
pollex with 5-11 (7) small teeth. Teeth distributed only on basal half of finger length, concealed
by fined setae. Oblique carina present on distal two-thirds of finger length. Carpus elongated,
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664 shorter than merus. Merus subcylindrical and as long as palm. Ischium tapered, shorter than
665 merus.

666

667  Third pereiopods (Fig. 61). Long and slender-shaped, propodus extending to the end of

668 scaphocerite. Small spinulation absent in all segments. A fine seta present on all segments.

669 Dactylus short and curved (2.2 mm), with dorsolateral setae on distal part, ventral carina well
670 developed. Propodus longer than dactylus (6.5: 1.8 mm), with 5-7 ventral pairs of spines

671 distributed along length of propodus. Carpus shorter than propodus (3.5 mm), with dorsal

672 projection on distal part. Merus longer than carpus (8.6 mm). Ischium shorter than merus (3.2
673 ~mm). Small spinulation present on all segments.

674

675  Fourth and fifth pereiopods. Dactylus extending to the end of scaphocerite. Spinulation absent
676 on all segments. Few fine setae present, scattered on all segments. Propodus with 5-6 pairs of
677 ventral spines distributed along length of propodus. Propodus of fifth pereiopods with group of
678 setae on distolateral part. Carpus shorter than propodus and merus, with dorsal projection on
679 distal part. Ischium shorter than merus.

680

681  Thoracic sternum. T4-T7 with transverse plate without median process. T8 with posteromedial
682 lobes in males.

683

684 Abdomen. Smooth, without small spinules on pleural margin of abdominal segments. All

685 abdominal sternites with transverse ridge. First to third abdominal sternites with moderate

686 triangular median process. Fifth sternite with median obtuse process. Preanal carina present,
687 without small setae in males.

688

689  Telson (Fig. 6B). Moderately long (6.7 mm), lateral margins straight, with 2 pairs of dorsal
690 spines. Distal projection present on posterior margin, with two spines and setae on each side. The
691 inner pair of posterior spines longer than outer spines.

692

693  Uropods (Fig. 6B). Uropodal diaeresis with inner moveable spine, shorter than outer angle (Fig.
694 4B). Exopod longer than broad (8.0: 3.7 mm) and not reaching beyond the end of endopods.
695

696 Etymology. The specific name “puberimanus” is a derived from the compound Latin words
697 “‘puberis” for downy and “manus” for hand. It alludes to the long-tufted hairs on the second
698 pereiopods.

699

700 Size. Males with larger body size than females; the largest male recorded being tl 60.0 mm, cl
701 17.0 mm; the largest female tl 28.9 mm, cl 8.8 mm and egg size is 1.7 mm in diameter.

702

703  Distribution. Recent populations are restricted to the northeatern part of Thailand and possible
704  occurred along Mekong river and its tributaries in Laos.

705

706 Remarks. This species is distributed commonly in tributaries of the middle Mekong River Basin
707  in northeastern Thailand. The molecular phylogeny and morphological characters of M.

708  puberimanus sp. nov. indicated close resemblance to M. dienbienphuense, which is commonly
709 found in the Mekong River Basin including Thailand, Laos, Cambodia (?), Vietnam, and also
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southern China (Hanamura et al. 2011). The characters distinguishing M. puberimanus sp. nov.
from M. dienbienphuense are the number of finger teeth on the cutting edge of the major second
pereiopod (11-16 vs. 18-32), spinulation on the anterior margin of carapace (absent vs. present),
the spinulation on merus surface (sparse vs. abundant), and the slightly elongated carpus of
second pereiopods (vs. highly elongated carpus).

Recently, a cavern-dwelling species was found from the central part of Thailand, namely M.
spelaeus by Cai & Vidthayanon (2016). The morphological characters indicate similarity with M.
dienbienphuense in several aspects except for the form of the anterior rostrum, the reduced eye,
the bilobed epistome and the second pereiopod being as long as the body. In this study, M.
puberimanus sp. nov. shows morphological differences from the latter species by having less
elongated carpus, distal part of rostrum not upturned, and merus of second pereiopods with less
spinulation. The distribution of M. puberimanus sp. nov. seems associated with the open riverine
system of the Mekong River Basin, whereas the distribution of M. spelaeus is restricted to
subterranean limestone systems in the central part of Thailand. Two additional species that
resemble M. dienbienphuense and are co-distributed in the Mekong River Basin are M.
amplimanus and M. eriocheirum. Hanamura et al. (2011) reviewed the morphological characters
of these two species based on specimens from Laos and provided additional 16S rRNA
sequences for molecular phylogenetic analysis. In this study, the 16S rRNA sequences of M.
puberimanus sp. nov. were totally separated from Laotian M. amplimanus sequences, whereas
M. eriocheirum from Laos nested within M. puberimanus sp. nov. samples (see S2 in appendix).
However, the Laotian M. eriocheirum differs from M. eriocheirum sensu Dai (1984) in some
aspects such as the number of dorsal and ventral rostrum teeth (9-12/2-3 vs. 11-14/2-3 in
Laotian) and the number of teeth on finger of second pereiopods (10 teeth vs. 11-17). For this
reason, the samples called M. eriocheirum in Hanamura et al. (201 1)herein excluded from this
study; either they are M. puberimanus sp. nov. or a separate species.

Discussion

Phylogenetic relationship of mainland Southeast Asian “pilimanus” species
group

Molecular phylogenetic analysis of three partial gene datasets indicated at least nine different
evolutionary lineages in the “pilimanus”™ species group. The two major clades (Figs 1 and 2) are
found in mainland Southeast Asia tributaries; clade D consists of M. dienbienphuenses + M.
puberimanus + M. eriocheirum + M. hirsutimanus, and clade B consists of M. forcipatum + M.
naiyanetri + M. palmopilosum + M. malayanum. Macrobrachium sirindhorn is placed together
with the prawn species in clade B; however, less statistical support was given from the analysis
of three partial gene sequences. The morphological characters of M. sirindhorn are quite unique
and distinct from the congeners in this species group by having tufted setae on carpus and merus
(except M. naiyanetri sp. nov., which has a group of stiff setae on the inner side of carpus and
merus). Another species that presents similar characters to M. sirindhorn is M. pilosum Cai and
Dai, 1999 from Southern China (Yunnan). Without DNA data of M. pilosum, we would keep
these two as distinct valid species.
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Macrobrachium species in clade D exhibited sympatric distribution in several river systems in
north-central and eastern Thailand. Macrobrachium dienbienphuense and M. puberimanus sp.
nov. exhibited elongated shape of carpus of second pereiopods. However, the gap and slender
shape of pollex and dactylus, and fewer spinules on the merus of second pereiopods are
morphologically diagnostic characters of M. puberimanus sp. nov. The collected sample of M.
puberimanus sp. nov. shows small number of individuals collected than M. dienbienphuense in
every locality. This finding might suggest a low population density of M. puberimanus sp. nov.
in its natural habitat.

In the clade composed of M. hirsutimanus and M. eriocheirum, these two species exhibit clear
morphological discrimination with each other by having incomplete covering of velvet setae on
the palms of second pereiopods; however, their typical distribution is co-exited in the
Chaophraya River Basin, Thailand. Macrobrachium eriocheirum Dai, 1984 was originally
described from Yunan and recently treated as a synonym of M. dienbienphuense. In this study,
specimens from Yunan (M97-M98) indicated genetic compatibility with Thai samples by
forming a monophyletic relationship. This finding might suggest the validity of M. eriocheirum.
In addition, the southern population of M. eriocheirum was collected from peninsular of
Thailand, extending the known distribution range of this species. A taxonomic review of M.
hirsutimanus has been made and the neotype designation of this species was described using
specimens from Nan Province, in northern Thailand (Cai et al. 2004). In this study, we sampled
the northern riverine areas including the Nan River Basin to obtain a representative collection of
specimens. The phylogenetic tree indicated a monophyletic group among molecular samples of
M. hirsutimanus. However, there is another species from North-Central Thailand that is similar
in morphological characters to M. hirsutimanus, namely M. spelaeus. The distribution of M.
spelaeus is restricted to the underground freshwater system in a limestone cave; however, the
connection of this water system to the Nan River is assumed in some areas.

Clade B of the mainland Southeast Asia “pilimanus” species group includes the species from the
southern peninsula of Thailand and a part of the Mekong River Basin. Macrobrachium
forcipatum and M. malayanum exhibited small body length and short second pereiopods.
Previously, two samples of M. malayanum were reported from Narathiwat, Southern Thailand
(Cai et al. 2004). In this study, two genetically diverse lineages of M. malayanum were found
from the same locality. This might suggest the endemism of M. malayanum, which has restricted
distribution in some natural habitats in the southern part of Thailand. The two new species in this
study, M. naiyanetri sp. nov. and M. palmopilosum sp. nov. are placed to be an allied with each
other under statistical support. Geographical differentiation in samples of M. naiyanetri was
detected, and some species delimitation methods (ABGD, PTP and GMYC with mitochondrial
loci) suggested the possibility of cryptic speciation for the two geographically different
populations (Clade C).

Species diversity and distribution of Thai “pilimanus” species group

Previously, taxonomic reviews of Thai Macrobrachium species included nine species
belonging to the “pilimanus” species group; M. eriocheirum, M. hirsutimanus, M.
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dienbienphuense, M. forcipatum, M. aplimanus, M. forcipatum, M. malayanum M. sirindhorn
and M. spelaeus (Cai et al. 2004; Cai & Vidthayanon 2016). In this study, seven previously
recognised species were studied along with three new species that morphological and molecular
datasets suggest should be grouped in the “pilimanus” species group. However, there are two
nominated species in the Thai freshwater fauna that were not included in this study: M.
amplimanus and M. spelaeus. The distribution of M. amplimanus has been reported from
Thailand in five provinces, namely Chiang Mai, Loei, Kanchanaburi and Narathiwat (Cai, 2004);
it is also present in Laos (Hanamura et al. 2011). Cai et al. (2004) reported that the characteristics
of M. amplimanus are very similar to M. forcipatum and M. hirsutimanus in several aspects. The
distinguishing features that can be used to identify M. amplimanus are the short rostrum, stoutly-
inflated second pereiopods, and the number of rostrum teeth. The collected specimens from the
Mekong River in this study indicated only two morphological species: M. dienbienphuense and
M. puberimanus sp. nov. However, the available 16S DNA sequences in GenBank of M.
amplimanus used in Hanamura et al. (2008) were initially combined with the 16S dataset in this
study (S2 in appendix). The results indicated that the Laotian sequences of M. aplimanus sensu
Hanamura et al. (2008) resembled species within the M. eriocheirum clade. To confirm the true
taxonomic identity of these samples, new analyses using a combination of molecular markers are
required due to high variation of sites detected in the 16S rRNA gene.

Macrobrachium spelaeus, the only Thai cavern species, was reported from Phra Wang Dang
Cave in Phitsanulok Province (Cai & Vidthayanon 2016). This species resembles M.
dienbienphuense in morphology by having bilobed epistome, convex anterior rostrum, reduced
eye, and by the length of the major second pereiopod being as long as the body. In this study, we
could not find any specimens that resembled the morphology of M. spelaeus from central or
northern Thailand. Moreover, fresh materials for DNA analysis of this species is limited, and
gaining access to the exact location of the type locality is difficult due to conservation efforts.
However, the samples from neighboring rivers and small streams indicated two species that
possibly co-exist with this species: M. eriocheirum and M. dienbienphuense.

Previously, the study of freshwater prawn genus Macrobrachium mainly focused on the
commercial species due to their economic value both globally and at a local scale (New & Nair
2012). Recently, two newly named species, M. suphanense and M. chinatense were described
from freshwater tributaries in central Thailand (Saengphan et al. 2018; Saengphan et al. 2019).
There is also some genetic evidence of Thai Macrobrachium species exhibiting distinct
geographical populations (Khanarnpai et al. 2019; Saengphan et al. 2018). In total, thirty-one
Macrobrachium species have been reported from Thailand, including the three new species
found in this study. These findings suggest that the species diversity of freshwater fauna in
Thailand seem to be under-reported and needs more attention. Furthermore, several native
species of the genus Macrobrachium in Thailand and adjacent areas are of critical concern due to
disturbance by anthropogenic activity, especially taxa in the “pilimanus™ species group. The
habitat preference of these prawn species is usually small streams or river systems connected to
mountainous territory, which recently have been impacted by tourism and plantation
development. The water quality and current flow of several riverine systems in mainland
Southeast Asia are monitored under several environmental and ecological programs (Dudgeon
2000; Hughes 2017; Todd et al. 2010). Changes of the tributary system may cause the ecosystem
to collapse by the disruption in species composition and loss of native freshwater fauna
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(Fukushima et al. 2014). However, the baseline data on biology, taxonomy and ecology are still
insufficient. For this reason, further studies on biology, systematics and ecology of native
Macrobrachium species are still required, especially in the context of biogeographical
distribution related to migration, and river tributaries and their flows (de Bruyn et al. 2004;
Wowor et al. 2009). The integration of recent novel methods such as molecular phylogeny,
species distribution modeling and ecological monitoring methods would be beneficial for
database implementation in conservation management of freshwater prawns at both local and
regional scales (De Grave et al. 2008; De Grave et al. 2015; Michael 1988).
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1 Table 1. Locality with geographic coordinates and GenBank accession numbers for specimens used for

2 molecular phylogenetic analyses.
3
Taxon / CUMZ-Voucher Locality Coordinates GenBank accession NO.
ID Co1 16S 18S
Macrobrachium sirindhorn Naiyanetr, 2001
CUMZ MP00018-M009 [Namtok Nam Min, Mae Lao, Chiang [19°26'46.2"N  [MT235929 [MT248221 |MT248181
CUMZ MP00019-M010 Kham, Phayao 100°2626.3"E  |MT235930 |MT248222 |MT248182
Macrobrachium palmopilosum sp. nov.
CUMZ MP00010-M0O11 [Mae Mang, Bo Kluea, Nan 19°08'12.7"N  |MT235931 |MT248223 |MT248183
101°09'01.2"E
CUMZ MP00009-M030 [Sob-Pue, Sa-lap, Song, Phrae 18°4020.6"N  |MT235935 |MT248227 |MT248187
100°13'26.1"E
CUMZ MP00007-M031 [Tat Man Waterfalls, Puea, Chiang 19°17'11.9"N  |MT235936 |MT248228 |MT248188
Klang, Nan 100°4720.0"E
Macrobrachium dienbienphuense Dang and Nguyen, 1972
CUMZ MP00020-M016 [Khek River, Wangthong, Phitsanulok |16°52'26.9"N  |[MT235932 |[MT248224 |MT248184
100°38'25.8"E
CUMZ MP00021-M027 |Due Bridge, Yom River, Pong, 19°06'24.3"N  |MT235934 |MT248226 |MT248186
Phayao 100°15'58.5"E
CUMZ MP00022-M054 [Kaeng Lamduan, Dom Pradit, Nam |14°26'46.2"N MT235943 |MT248235 |MT248195
Yuen, Ubon Ratchathani 105°07'16.3"E
CUMZ MP00023-M069 [Hui Yang, Wang Sam Mo, Udon 16°56'46.3"N  |MT235945 |MT248237 |MT248197
Thani 103°21'56.0"E
CUMZ MP00024-M084 [Bueng Sam Phan, Phetchabun 15°49'58.5"N  |MT235947 |MT248239 |MT248199
101°02'07.3"E
CUMZ MP00025-M148 |Dom Yai, Det Udom, Ubon 14°49'43.9"N  |MT235963 |MT248255 |MT248215
Ratchathani 105°04'48.5"E
Macrobrachium puberimanus sp. nov.
CUMZ MP00015-M049 [Nam Soam, Noan Thong, Na Yung, [18°00'30.5"N  |[MT235938 |[MT248230 |MT248190
Udon Thani 102°14'42.8"E
CUMZ MP00012-M099  [Wat Tha Khaek, Chiang Khan, Loei |17°54'17.7"N  |[MT235950 |[MT248242 |MT248202
101°40'58.4"E
CUMZ MP00014-M121 [Phu Ruea, Loei 17°26'11.0"N  |MT235953 |MT248245 |MT248205
101°19'30.8"E
Macrobrachium eriocheirum Dai, 1984
CUMZ MP00026-M050 [Khao Sok National Park, Phanom, 8°54'47.2"N MT235939 [MT248231 |MT248191
Surat Thani 98°31'28.2"E
CUMZ MP00027-M097 [Xishuangbanna, Yunnan, China 21°56'01.5"N  |MT235948 |MT248240 |MT248200
CUMZ MP00028-M098 101°15'04.7"E  |[MT235949 |MT248241 |MT248201
CUMZ MP00029-M138 [Kaeng Sopha, Wang Thong, 16°52'37.7"N  |MT235961 |MT248253 |[MT248213
Phitsanulok 100°38'28.1"E
Macrobrachium hirsutimanus (Tiwari, 1952)
CUMZ MP00030-M051  [Petch Rimtarn Resort, Kaeng 12°49'45.0"N  |MT235940 |MT248232 |MT248192
Krachan, Tayang, Phetchaburi 99°43'39.0"E
CUMZ MP00031-M052 |[Wang Ta Krai Waterfall, Hin Tung, [14°19'17.6"N  |MT235941 |[MT248233 |MT248193
Mueang, Nakhon Nayok 101°18'22.1"E
CUMZ MP00032-M053 [Klong Soan Reservoir, Bo Rai, Trat |12°31'38.0"N  |MT235942 |[MT248234 |MT248194
102°36'14.0"E
CUMZ MP00033-M083 |Chomphu Bridge, Noen Maprang, 16°41'32.1"N  |MT235946 |MT248238 |MT248198
Phitsanulok 100°40'15.2"E
CUMZ MP00034-M140 [Hui Phra Prong, Kabin Buri, Prachin [13°54'33.8"N  |MT235962 |[MT248254 |MT248214
Buri 101°50'16.9"E
Macrobrachium naiyanetri sp. nov.
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CUMZ MP00004-M102 [Khao Banchob Waterfall, Makham, [12°51'04.5"N  |MT235951 |[MT248243 |MT248203
Chanthaburi 102°12'10.6"E
CUMZ MP00002-M127  [Hui Prik, Cha-wang, Nakhon Si 8°35'41.2"N MT235954 |MT248246 |MT248206
CUMZ MP00001-M128 Thammarat 99°27'55.6"E MT235955 |[MT248247 |MT248207
CUMZ MP00002-M154 MT235967 |[MT248259 |MT248219
CUMZ MP00002-M155 MT235968 |MT248260 |MT248220
CUMZ MP00005-M134  [Klong Rattaphum, Rattaphum, 7°01'11.1"N MT235960 [MT248252 |MT248212
Songkhla 100°09'03.2"E
Macrobrachium forcipatum Ng, 1995
CUMZ MP00035-M130 [Kathu Waterfall, Kathu, Phuket 7°55'56.1"N MT235956 |[MT248248 |MT248208
CUMZ MP00036-M130A 98°19'23.5"E MT235957 [MT248249 |MT248209
CUMZ MP00037-M130B MT235958 |MT248250 |MT248210
Macrobrachium malayanum (Roux, 1934)
CUMZ MP00038-M132 [Roi Chan Phan Wang Waterfall, 7°53'16.1"N MT235959 |MT248251 |(MT248211
CUMZ MP00039-M151 Wang Wiset, Trang 99°19'54.4"E MT235964 |MT248256 |MT248216
CUMZ MP00040-M 152 MT235965 |MT248257 |MT248217
CUMZ MP00041-M153 MT235966 |MT248258 |MT248218
Macrobrachium niphanae Shokita and Takeda, 1989
CUMZ MP00042-M023 [Nam Ko, Lom Sak, Phetchabun 16°47'34.8"N  |MT235933 |MT248225 |MT248185
101°10'34.8"E
Macrobrachium sintangense (De Man, 1898)
CUMZ MP00043-M038 [Bang Ban, Phra Nakhon Si Ayutthaya [14°2220.5"N  |[MT235937 |MT248229 |MT248189
100°28'55.8"E
Macrobrachium neglectum (De Man, 1905)
CUMZ MP00044-M060 [Klong Chalung, Mueang, Satun 6°43'13.3"N MT235944 |MT248236 |MT248196
100°03'49.6"E
Macrobrachium rosenbergii (De Man, 1879)
CUMZ MP00045-M115 [Klong Phon Rang, Mueang, Ranong [9°53'12.5"N MT235952 |[MT248244 |MT248204
98°38'00.6"E

4
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Details of primers used in this study (F = Forward, R = Reverse)
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Table 2 Details of primers used in this study (F = Forward, R = Reverse)

2
Gene Primer name Sequence (5’ to 3°) Reference
COl LCO1490 (F) GGT CAA CAA ATC ATA AAGATATTGG Folmer et al. (1994)
MacroNancy (R) | GCG GGT AGR ATT AAR ATR TAT ACT TC | This study
16S 16Sa-L (F) CGC CTG TTT ATC AAA AAC AT Palumbi (1996)
16Sbr-H2 (R) CTC CGG TTT GAA CTC AGA TCA Palumbi (1996)
18S 18S-ai (F) CCT GAG AAA CGG CTA CCA CATC DeSalle et al. (1992)
18S-bi (R) GAG TCT CGT TCG TTA TCG GA Whiting et al. (1997)
3
4
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Sequence annotation and DNA substitution model of each partial molecular marker used
in this study
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Table 3. Sequence annotation and DNA substitution model of each partial molecular marker
used in this study.

Molecular Sequence Conservative | Variable site Parsimony- Substitution
marker length site informative model for
site DNA
evolution
COlI 678 428 250 228 TIM2+1+G
16S 529 397 132 93 TPM3uf+G
18S 678 428 250 228 TIMI1+I
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Morphological comparison of three new species and the closely related species in the M.
pilimanus species group recorded from Thailand

“*" indicates data were retrieved from original description and “?” were data deficiency
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1 Table 4. Morphological comparison of three new species and the closely related species in the
2 M. pilimanus species group recorded from Thailand. ‘*’ indicates data were retrieved from

Species
Characters | M. niyanetri M M M. M. M. M.
Sp. nov palmopilosum | puberimanus amplimanus® | dienbienphuense | hirsutimanus* | eriochierum
Sp. nov Sp. nov

Rostrum 8-14/2-4 10-12/2-3 12-15/3 9-12/2 8-14/1-3 10/2 10-13/2-3
teeth

Rostrum Not Not reaching | Reaching to | Not reaching | Reaching to the | Notreaching | Not
reaching reaching to | to the end the end to the end end to the end reaching to
end of the end the end
antenular
peduncle

Spinule on | present present absent present present/absent absent absent?
margin of
carapace

Epistome trilobed bilobed trilobed trilobed trilobed bilobed trilobed

Length of unequal unequal unequal unequal unequal unequal unequal
male
second
pereiopods

Segment of | Fing.>Pal. Fing.<Pal. Fing.>Pal. Fing.=Pal. Fing.>Pal. Fing.<Pal. Fing. >Pal.
major Pal>Carp. Pal.>Carp. Pal>Carp. Pal>Carp. Pal>Carp. Pal>Carp. Pal>Carp.
second Carp<Mer. Carp.<Mer. Carp.<Mer. | Carp.<Mer. Carp.<Mer. Carp.<Mer. Carp.<Mer.
pereiopod | Pal. =Mer. Pal. <Mer. Pal. =Mer. Pal. > Mer. Pal. >Mer. Pal. >Mer. Pal. =Mer.

Carpus Slightly cup elongate cup elongate cup cup
shape elongate/cup

Teeth on Dt:10-18 Dt:10-12 Dt:11-16 Dt:13 Dt:20-32 Dt:15 Dt:12-15
dactylus Pt:10-18 Pt:10-11 Pt:10-14 Pt:13 Pt:20-32 Pt:15 Pt:12-15
(Dt) and
pollex (Pt)

Gap in gapping gapping gapping Not gapping | Not gapping Slightly Slightly
closed gapping gapping
fingers

Moveable Equally to Shorter than Shorter than | Shorter than | Shorter than Shorter than Shorter
spine on outer angle | outer angle outer angle outer angle outer angle outer angle than outer
uropodal angle
diaraesis

3 original description and “?” were data deficiency.
4
5
6
7
8

Peer] reviewing PDF | (2020:03:47081:0:1:NEW 3 Apr 2020)



Reviewer
Texte surligné 
Maybe an identification key would be a useful complement to this table.


PeerJ

Figure 1

Phylogenetic tree based on portioned analysis of three molecular genes (COI, 16S and
18S rRNA) and the morphological characteristics of second pereiopods of M. pilimanus

species group.

Nodes that are marked with empty circles indicate statistical support from both ML and B

(>70 Bootstrap value and >0.97 posterior probability score); grey circles indicate statistical

support from only either ML or BI.
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Figure 2

Results of species delimitation based on different approaches

abbreviations used on phylogenetic tree are as follow; Morpho, morphological identification.
Partition, partitioned DNA sequence analysis. ABGD, automated barcode gap. bPTP, Bayesian
Poisson tree processes. mPTP, multi-rate Poisson Tree Processes. GMYC, Generalized Mixed
Yule Coalescent model. The bar colours and patterns indicate the putative species

recognized by each species delimitation method.

l_ Single locus species delimitation analysis
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MO99_M_puberimanus sp. nov.
M121_M_puberimanus sp. nov.
M049_ M |_puberimanus sp. nov.
M0O84_M_dienbienphuense
MO16_M_dienbienphuense
MO027_M_dienbienphuense
M148_M_dienbienphuense
MO54_M_dienbienphuense
MOBY_M_dienbienphuense
M098_M _eriocheirum
MOQ? M_eriocheirum
M050 M_eriocheirum
M138_M_eriocheirum

M140_M_hirsutimanus
MO83_M_hirsutimanus
MOS3_M_hirsutimanus
MO51_M_hirsutimanus

MO52_M_hirsutimanus

MO09_M _sirindhorn

MO10_M_sirindhorn

M130_M_M_forcipatum

M130A_M_forcipatum

M130B_M_forcipatum

A M128_M_naiyanetri sp. nov.
M155_M_naiyanetri sp. nov.

|

Jp

[ 1800

el m ] ]] [

[B]= N
e 1 1 11 11 1 1 K
[

M154_M_naiyanelri sp. nov.
C M127_M_naiyanetri sp. nov.
M102_M_naiyanelri sp. nov.
B M134_M_naiyanetn sp. nov.
MO11_M_palmopilosum sp. nov.
MO31_M_palmopilosum sp. nov.
MO30_M_palmopilosum sp. nov.

M152_M_malayanum
M153_M_malayanum
M132_M_malayanum
M151_M_malayanum

| |

gyt 1t 1 1 1 1 1 | NE&H
2y ! 1 | | | | | [RuCy

ey i 1 |

ey 7 !t 1 ! | | |
SR 111 | S—|cN—Im=l (e sl | L] ] (]

Ll

MO023_M_niphanae L HEE
M11 S_M_msenbergu ] [ | ]
MO38_M_sintangense ] .
MOB0_M_neglectum L u l
Total number of putative species:  13{13115{9 | 5 [18{16/18{13[{3 {8 {16]15

0.04

Peer] reviewing PDF | (2020:03:47081:0:1:NEW 3 Apr 2020)


Reviewer
Texte surligné 
I don't understand the meaning of the different colours and patterns of the bars, maybe rephrase the caption?


PeerJ

Figure 3

The live habitus specimens of three Macrobrachium species in pilimanus group from
Thailand:

(A) Macrobrachium naiyanetri sp. nov., (B) Macrobrachium palmopilosum sp. nov., (C)

Macrobrachium puberimanus sp. nov.
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Figure 4

Morphological characters of Macrobrachium naiyanetri sp. nov. (A-G, | from holotype)

(A) Lateral view (B) Uropods (C) Carapce (D) Rostrum form and teeth (E) Major second
pereiopod (F) Teeth on finger of major second pereiopod (G) Major second pereiopod length

(H) Second pereiopods in female (1) Third pereiopod.
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Figure 5

Morphological characters of Macrobrachium palmopilosum sp. nov. (A-G, | from
holotype)

(A) Lateral view (B) Uropods (C) Carapace (D) Rostrum form and teeth (E) Major second
pereiopod (F) Teeth on finger of major second pereiopod (G) Major second pereiopod length

(H) Second pereiopods in female (I) Third pereiopod.
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Figure 6

Morphological characters of Macrobrachium puberimanus sp. nov. (A-G, | from
holotype).

(A) Lateral view (B) Uropods (C) Carapace (D) Rostrum form and teeth (E) Major second
pereiopod (F) Teeth on finger of major second pereiopod (G) Major second pereiopod length

(H) Second pereiopods in female (l) Third pereiopod.
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