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Abstract

Ricefishes of the genus Oryzias occur commonly in the fresh and brackish waters in
coastal lowlands ranging from India across Southeast Asia and on to Japan. Among
the three species of Oryzias recorded from peninsular India, two widespread species,
O. carnaticus and O. dancena, have previously been reported from Sri Lanka based on
museum specimens derived from a few scattered localities. However, members of
the genus are widespread in the coastal lowlands of Sri Lanka, a continental island
separated from India by the shallow Palk Strait. Although recent molecular phylog-
enies of Adrianichthyidae represent near-complete taxon representation, they lack
samples from Sri Lanka. Here, based on sampling at 13 locations representative of
the entire geographic and climatic regions of the island's coastal lowlands, we inves-
tigate for the first time the molecular phylogenetic relationships and phylogeography
of Sri Lankan Oryzias based on one nuclear and two mitochondrial markers. Sri Lankan
Oryzias comprise two distinct non-sister lineages within the javanicus species group.
One of these is represented by samples exclusively from the northern parts of the is-
land; it is recognized as O. dancena. This lineage is recovered as the sister group to the
remaining species in the javanicus group. The second lineage represents a species that
is widespread across the island's coastal lowlands. It is recovered as the sister group
of O. javanicus and is identified as O. cf. carnaticus. Ancestral-range estimates suggest
two independent colonizations of Indian subcontinent and Sri Lanka by widespread
ancestral species of Oryzias during two discrete temporal windows: late Miocene and
Plio-Pleistocene. No phylogeographic structure is apparent in Sri Lankan Oryzias, sug-
gesting that there are no strong barriers to gene flow and dispersal along the coastal

floodplains, as is the case also for other generalist freshwater fishes in the island.
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1 | INTRODUCTION

Members of the family Adrianichthyidae, commonly called ricefishes,
are small fishes inhabiting fresh and brackish waters throughout the
lowlands of Southeast Asia, East Asia, and the Indian subcontinent
(Parenti, 2008; Yamahira et al., 2021). The family contains two gen-
era: Adrianichthys, whose four species are confined to Lake Poso in
Sulawesi, and Oryzias, represented by 34 species (Fricke et al., 2021;
Yamabhira et al., 2021). More than half the known adrianichthyid
species are native to Sulawesi (Mokodongan & Yamahira, 2015).
Peninsular India, by comparison, has been considered to harbor only
three species: Oryzias carnaticus (Jerdon), O. dancena (Hamilton), and
O. setnai (Kulkarni) (Parenti, 2008). Among these, the former two
are considered widespread: they are reported from lowland coastal
habitats of eastern India, Sri Lanka, and Bangladesh (Parenti, 2008;
Yamahira et al., 2021). In addition, the distribution of O. carnaticus
and O. dancena extends to the Andaman Islands and Southeast Asia,
respectively (Parenti, 2008; Roberts, 1998; Yamahira et al., 2021).
Oryzias setnai, meanwhile, is confined to the lowlands of the west
coast of Peninsular India, in rivers and estuaries draining into the
Arabian Sea. The phylogenetic position of O. setnai, originally as-
signed to the monotypic genus Horaichthys, has been ambiguous.
The morphology-based phylogeny of Parenti (2008) recovered it as
the sister group of the diminutive O. uwai Roberts from Myanmar,
while recent molecular phylogenies recover it as the sister group to
all other Adrianichthyidae, but with a long branch (Britz et al., 2022;
Yamabhira et al.,, 2021). The latter view is supported by O. setnai
possessing a unique apomorphy in having the third to fifth anal-fin
rays fused into a prominent gonopodium that is more than half the
length of the body. It is the only adrianichthyid species to have such
a structure.

Several combinations of specific names have been variably ap-
plied to the ricefishes of Sri Lankain the past (see Pethiyagoda, 1991).
However, the taxonomic revision of the Adrianichthyidae of
Parenti (2008), based on museum specimens, recognized two spe-
cies (O. carnaticus and O. dancena) from the island. The Sri Lankan
series examined by Parenti (2008), however, was derived from only
a few scattered localities, though the genus Oryzias is ubiquitous
in the island's coastal lowlands (Pethiyagoda, 1991; Pethiyagoda &
Sudasinghe, 2021). Further, although the recent molecular phylog-
enies of Adrianichthyidae cited above include near-complete taxon
sampling, they lack samples from Sri Lanka.

Recent molecular phylogenetic and phylogeographic studies of
freshwater fishes of Sri Lanka have revealed interesting biogeo-
graphic patterns as well as insights into their evolutionary history
(Pethiyagoda & Sudasinghe, 2021). However, these studies were
based principally on Cypriniformes, which are usually confined to
freshwater habitats. Pethiyagoda and Sudasinghe (2021) showed
that although Sri Lanka was terrestrially connected to India by the
erstwhile Palk Isthmus (now submerged by the Palk Strait) for much
of the Plio-Pleistocene and until as recently as around 10,000years

ago, biotic exchange with India was mediated largely by the climate

of the Isthmus. Except during brief pluvial periods, it appears to have
been too arid to facilitate the dispersal of freshwater organisms be-
tween the mainland and Sri Lanka.

Oryzias, however, are not entirely confined to freshwaters; they
occur also in brackish and estuarine environments (Pethiyagoda &
Sudasinghe, 2021). In this context, a phylogeographical comparison
of a widespread, saline-tolerant species such as Oryzias would en-
hance our understanding of the biogeography of freshwater fishes
in the island.

Given the lack of obvious barriers to dispersal within the island,
we hypothesize a weak phylogeographic structure in the Sri Lankan
ricefishes, as observed also in some of Sri Lanka's more widespread
generalist cyprinid species. Further, the morphology-based phylog-
eny of Parenti (2008) recovers the two species O. carnaticus and
O. dancena as not closely related, whereas the molecular phylog-
eny of Yamabhira et al. (2021) recovered them as sister species. We
hypothesize a non-sister-group relationship between O. carnaticus
and O. dancena based on their apparent morphological differences
(Parenti, 2008).

To test these hypotheses, we sampled Oryzias from across the
geographic and climatic regions of the coastal lowlands of Sri Lanka
and investigate, for the first time, the molecular phylogenetic rela-
tionships, phylogeography and the ancestral-range reconstruction
of the Sri Lankan species based on a dataset derived from a combi-

nation of both mitochondrial and nuclear markers.

2 | MATERIALS AND METHODS

2.1 | Fieldwork

Permission to carry out fieldwork and sampling in Sri Lanka was
obtained from the Department of Wildlife Conservation (permit
no. WL/3/2/59/14) and Forest Department (permit no. R&E/RES/
NFSRCM/14-16-4) to HS and MM. The Postgraduate Institute of
Science, University of Peradeniya, approved the methods of sam-
pling and euthanasia (using tricaine methane sulfonate) at its 27th
meeting held on August 4, 2017. A total of 20 specimens from 13
locations representative of the entire lowland littoral of Sri Lanka
were collected (Table 1, Figure 1). Specimens were tentatively iden-
tified based on the descriptions given in Jerdon (1849: 331) and
Parenti (2008). The deep-bodied specimens with no yellow-orange
dorsal and ventral margins on the caudal fin were tentatively identi-
fied as O. dancena, while the shallow-bodied specimens with yellow-
orange dorsal and ventral margins on the caudal fin were tentatively

identified as O. cf. carnaticus (see Section 4).

2.2 | DNA protocols

Gene nomenclature is based on ZFIN Zebrafish Nomenclature
Conventions (https://goo.gl/MdawKQ). A total of 19 mitochondrial
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FIGURE 1 (a)SrilLanka, with the indication of the geographical origin of samples of Oryzias used in the present molecular analysis.
Numbers on the map represent the sampling localities listed in Table 1. Median-joining haplotype networks for Sri Lankan Oryzias, based on
the analysis of (b) a 711 bp fragment of the nd2 gene, (c) a 1096 bp fragment of the cytb gene, and (d) a 1411 bp fragment of the ragl gene.
The number of mutational steps >1 is shown in parentheses. The black circles are hypothetical nodes. Legend colors correspond to river
basins. Haplotypes within gray circles represent O. dancena, while the remainder represent O. cf. carnaticus. The bold black line indicates the

2000-mm isohyet, which encompasses the wet zone

cytochrome b (cytb), 14 mitochondrial NADH dehydrogenase 2
(nd2), and 18 nuclear recombination activating protein 1 (ragi)
were generated (Table 1, Figure 1). Methods of DNA extrac-
tion, PCR amplification, and PCR product purification for cytb
and ragl follow Sudasinghe et al. (2020b). The primer pair ND2L
(5" GGGCCCCATACCCCAAACATGTTGG 3') and ND2H (5
TTAATTAAAGTGTCTGTTTTGC 3') was used to amplify ~750bp of
the nd2 marker (Mokodongan & Yamahira, 2015). PCR of nd2 was
carried outin 25 plreactions, mixing 12.5 pl of GoTag® Green Master
Mix (Promega Corporation), 2 pl of template DNA (10 to 100ng),
0.4 pl of each primer (10 uM), and 9.7 pl of deionized water. The PCR
cycle of nd2 consisted of an initial denaturation at 94°C for 1 min,
followed by 35cycles of denaturation at 94°C for 30s, annealing at
48°C for 30s, extension at 72°C for 1 min, and a final extension of
72°C for 10 min. PCR product purification and sequencing protocols

of nd2 were based on Sudasinghe, Ranasinghe, et al. (2018).

2.3 | Phylogenetic analysis

ChromasPro v1.34 (Technelysium Pty Ltd) and MEGA v. 7.0 (Kumar
et al., 2016) were used to verify the newly generated sequences
and to prepare the consensus sequences of the 5'and 3’ strands,
respectively. The alignment of the cytb (1096bp), nd2 (711bp) and
ragl (1411 bp) datasets was carried out using ClustalW in MEGA, and
each alignment was checked and translated to verify the absence of
premature stop codons and frameshift mutations. We used the com-
parative dataset of cytb, nd2, and ragl from Yamahira et al. (2021)
for our phylogenetic analysis. The third codon position of the pro-
tein coding mitochondrial genes was excluded from the phylogenetic
analysis following Yamahira et al. (2021), resulting in a final 2793-bp
concatenated dataset of cytb + nd2 + rag1 for 73 taxa. Data concat-
enation and conversion of sequence formats was carried out using
PhyloSuite v.1.2.1 (Zhang et al., 2020).
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Phylogenetic inference for the 73-taxa dataset was carried out
based on a maximum-likelihood (ML) framework using RAXML-NG
(Kozlov et al., 2019). The optimal nucleotide substitution model for
the dataset was determined using ModelTest-NG v0.1.7 (Darriba
et al., 2020), providing each codon position of each gene as the start-
ing subset, with model selection based on the Akaike information
criterion (AIC). Statistical support for the nodes in the ML tree was
determined by non-parametric bootstrapping for 1000 replicates in
RAXML-NG.

The haplotype networks for cytb,nd2,andrag1 forthe populations
of Oryzias in the island were constructed through a median-joining
network (Bandelt et al., 1999) in PopArt (Leigh & Bryant, 2015). The
third codon position of the protein coding mitochondrial genes was

included in reconstructing the haplotype networks.

2.4 | Divergence-time estimation

The divergence-timing analysis was carried out in BEAST 2
(Bouckaert et al., 2014) on a dataset of 40 taxa. This included only
the members of the order Beloniformes, reduced from the 73-taxa
dataset used in the phylogenetic analysis. We used a cytb substi-
tution rate of 0.00265 substitutions per site per million years, with
a normal distribution, to calibrate the cytb clock rate (Mokodongan
& Yamabhira, 2015; Takehana et al., 2005). The nd2 and rag1 substi-
tution rates were estimated relative to that of cytb. The substitu-
tion rate for cytb is based on the divergence times of major lineages
of Japanese Oryzias (Mokodongan & Yamahira, 2015; Takehana
et al., 2005). A Yule pure-birth model and a relaxed clock under
lognormal distribution were used as the tree and clock prior, re-
spectively. We carried out two independent runs consisting of 100
million generations, with the sampling interval of the Markov Chain
Monte Carlo (MCMC) chain set to every 1000 generations. The con-
vergence of the two runs was confirmed by checking if ESS >200
for the combined run using Tracer. The first 10% generations of each
run were discarded as burn-in. The two runs were then combined
using LogCombiner. A maximum clade credibility (MCC) tree was
constructed using the posterior sample of trees by TreeAnnotator
and visualized using FigTree v1.4.3. RAXML-NG and the BEAST anal-
yses were performed on UBELIX (http://www.id.unibe.ch/hpc), the
HPC cluster at the University of Bern, Switzerland.

2.5 | Ancestral-range reconstruction

The distribution of ancestral lineages of the species of Oryzias pre-
sent in Sri Lanka was reconstructed using the dispersal-extinction-
cladogenesis (DEC) model of BioGeoBears (Matzke, 2013; Ree &
Smith, 2008), as implemented in RASP 4.2 (Yu et al., 2020). The DEC
analysis was run on the MCC tree obtained from the BEAST analysis.
We did not impose any constraints on our model, and the maximum

number of areas at ancestral ranges were specified as the maximum
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number of unit ranges for the most widely distributed species in
each scenario. The distribution ranges of the species of ricefishes
were based on Yamabhira et al. (2021). We tested the distribution of
ancestral lineages of Adrianichthyidae based on two different area
codings: analysis 1: (A) Western Ghats, (B) Indian subcontinent (ex-
cluding Western Ghats), (C) Southeast Asia (excluding Wallacea and
New Guinea), (D) East Asia, (E) Wallacea and New Guinea, and (F) Sri
Lanka; analysis 2: (A) South Asia (including Western Ghats, Indian
subcontinent and Sri Lanka), (B) Southeast Asia (excluding Wallacea
and New Guinea), (C) East Asia, and (D) Wallacea and New Guinea.
The optimal model was assessed using scores derived from the
Akaike information criterion (AIC).

3 | RESULTS

3.1 | Molecular phylogeny

The ML phylogeny of the concatenated dataset of Oryzias recovered
a topology similar to that of Yamahira et al. (2021). Oryzias setnai
was recovered as the sister group to the remaining Adrianichthyidae,
supported by a high bootstrap (>95%) value and a long branch
(Figure 2). The monophyly of the three main species groups within

n o«

ricefishes, the “latipes,” “celebensis,” and “javanicus” clades were
well supported, with high bootstrap (>95%) values (Figure 2).
The latipes group, which comprises species from East Asia, the
Indochina + Sundaland and the Philippines, was recovered as the
sister group to the celebensis + javanicus group with high node sup-
port (bootstrap>95%). The celebensis group, comprised of species
confined to the island of Sulawesi, and the javanicus group, com-
prised of species from India, Sri Lanka, and Southeast Asia, were
recovered as sister groups to each other with high node support
(bootstrap>95%).

The Sri Lankan Oryzias represent two distinct lineages within
the javanicus group, which do not show a sister-group relationship
(Figure 2). One of these, which comprises samples exclusively from
the northern parts of the island, is nested with O. dancena and the
specimen identified as O. carnaticus in the reference dataset of
Yamahira et al. (2021) (Figure 2). This clade is recognized as O. dan-
cena and is recovered as the sister group to the remaining species
in the javanicus group, with high node support (bootstrap >95%).
The second lineage of Oryzias from Sri Lanka is recovered as the
sister group of O. javanicus (bootstrap = 94%). We tentatively rec-
ognize this clade as O. cf. carnaticus (see Section 4). Oryzias cf. car-
naticus appears to be widespread across the coastal lowlands of Sri
Lanka's geographic and climatic zones. Two well-supported (boot-
strap >95%) subclades of O. cf. carnaticus are recognized from the
island (Figure 2). One of these, subclade 1, is widespread and rep-
resented by samples originating from the northern, southern, east-
ern, and western coastal lowlands, while subclade 2 is represented
by samples originating only from the northern and western coastal

lowlands.
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FIGURE 2 Molecular phylogenetic relationships of adrianichthyid taxa based on Maximum Likelihood inference of the concatenated

cytb + nd2 + ragl (2793 bp) dataset for 73 taxa. Asterisks (*) below nodes represent 295% ML non-parametric bootstrap values. Scale bar
represents the number of changes per site. Newly generated Sri Lankan sequences are in gray. Numbers in parentheses represent the
sampling localities listed in Table 1. The identity of O. carnaticus used in Yamahira et al. (2021) is doubtful. Note the lesser body depth in O.
cf. carnaticus compared with O. dancena, and the presence of yellow-orange dorsal and ventral submarginal bands in the caudal fin (absent in

O. dancena)

3.2 | Divergence-time estimation

The divergence-timing analysis for the 40-taxa dataset using a cytb
substitution rate in BEAST estimated the crown age of the diversi-
fication of Adrianichthyidae at 21.8 Ma (95% HPD: 16.3-28.0 Ma)
in the late Oligocene to mid-Miocene (Figure 3, Table 2). The crown
ages for the latipes, celebensis, and javanicus groups were estimated
as 11.1 Ma (95% HPD: 8.1-14.2 Ma), 9.9 Ma (95% HPD: 7.2-12.7 Ma),
and 10.2 Ma (95% HPD: 7.3-13.0 Ma) in the late Miocene (Figure 3).
Among, the two Sri Lankan species, the divergence of O. cf. carnati-
cus from O. javanicus was estimated to have occurred 1.9 Ma (95%
HPD: 0.8-3.1 Ma), in the early Pleistocene (Figure 3).

3.3 | Ancestral-range reconstruction

The reconstruction of ancestral ranges of ricefishes was evaluated
under the DEC model, with BioGeoBEARS in RASP, under two dif-
ferent scenarios (Figure 3). Among the two scenarios evaluated, the
best model with the lowest AIC score was obtained for analysis 2
(LnL-31.56, AIC 67.51) rather than analysis 1 (LnL -40.26, AIC 84.91).
The ancestral ranges of each scenario, together with the vicariance
and dispersal events, are shown in Figure 3 and Table 2.

Based on analysis 2, the most probable distribution range of the
common ancestor of Adrianichthyidae was a widespread species
distributed in South and Southeast Asia (Figure 3). The ancestral
range of the common ancestor of the latipes, celebensis, and the ja-
vanicus groups was estimated to be widely distributed in Southeast
Asia, Wallacea and New Guinea (Figure 3). The ancestral range of
the latipes, celebensis, and the javanicus groups was estimated to be
Southeast Asia, Wallacea and New Guinea, and Southeast Asia, re-
spectively. For both Sri Lankan species, the ancestral range of their
common ancestor was estimated to be South and Southeast Asia
(Figure 3).

3.4 | Phylogeography

Based on the median-joining networks, the haplotypes of O. dancena
in Sri Lanka are confined to the northern river basins such as Kala,
Malwathu, and Mandekal (Figure 1). In the widespread O. cf. carnati-
cus, a clear phylogeographic structure within subclade 1 is not ap-
parent, while subclade 2 appears to be confined to the northern and
western coastal lowlands. In some localities, such as in Pooneryn
and Negombo, samples belonging to both subclades 1 and 2 of O.
cf. carnaticus are recognized (Figure 1, Table 1). In some locations in

the northern region, such as from the Malwathu and Mandekal ba-
sins, both O. dancena and O. cf. carnaticus appear to occur in syntopy
(Figure 1, Table 1).

4 | DISCUSSION

41 |
taxa

Phylogenetic relationships of adrianichthyid

Our molecular phylogeny corroborates the previous studies and
recognizes the four main clades within Adrianichthyidae: the latipes,
celebensis, and javanicus species groups of Takehana et al. (2005)
and Yamahira et al. (2021) and O. setnai. The last-named species
was recovered as basal to the remaining Adrianichthyidae with high
node support, corroborating the findings of Yamahira et al. (2021).
However, Britz et al. (2022) advocate caution with regard to this
phylogenetic placement of O. setnai, suggesting that it may be an
artifact of long-branch attraction (Felsenstein, 1978). The phy-
logenetic network analysis of Britz et al. (2022) for the dataset of
Yamahira et al. (2021) does not recover O. setnai as basal to the re-
maining Adrianichthyidae, further supporting the phylogenetic un-
certainty of this species. In contrast to the molecular phylogenetic
relationship of O. setnai, the morphology-based phylogeny recovers
this species as the sister group of another diminutive species, O.
uwai, from Myanmar (Parenti, 2008). A phylogenomic approach may
help to resolve the higher-level phylogenetic relationships among
the taxa that constitute Adrianichthyidae (Kapli et al., 2021; Roa-
Varén et al., 2021).

4.2 | Identity of Sri Lankan Oryzias

Parenti (2008), in her taxonomic revision of the Adrianichthyidae,
recognized two species, O. carnaticus and O. dancena, among mu-
seum specimens collected from Sri Lanka. These two appear to be
morphologically similar except that O. dancena is a markedly deep-
bodied species, with a body depth of 24%-34% of standard length
(SL), while O. carnaticus has a lesser body depth of 21%-28% of SL
(Parenti, 2008). She also observed the morphological similarity be-
tween O. carnaticus and O. javanicus, which too has a body depth
of 24%-30% SL; these two taxa were recovered as having a sister-
group relationship in her morphology-based phylogeny. Oryzias car-
naticus can be distinguished from O. javanicus by the former having
the anterior margin of the ethmoid cartilage irregular and indented
anteromedially, as opposed to straight in the latter (Parenti, 2008).
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FIGURE 3 Bayesian time-calibrated tree, based on the cytb substitution rate, for the concatenated dataset of cytb + nd2 + rag1 (2793 bp)
for 40 taxa. Bars on the nodes indicate the 95% HPD for divergence-time estimates. Pies at each node represent the ancestral-range
reconstructions of adrianichthyids, using the DEC model. Numbers below nodes refer to the node identifiers in Table 2

Further, Parenti (2008) also noted the yellow-orange dorsal and
ventral margins on the caudal fin of O. javanicus, which are absent
in both O. carnaticus and O. dancena (Figure 2). However, this con-
trasts the original description of O. carnaticus, by Jerdon (1849:
331) who observed: “caudal edged with orange,” suggesting the

same caudal fin coloration as in O. javanicus. The specimens identi-
fied as O. carnaticus from Sri Lanka by Parenti (2008) had been col-
lected from Trincomalee (northeast coast), and Akurala (southwest
coast), while the specimens she identified as O. dancena were de-
rived from Trincomalee (northeast coast), Jaffna and Vaddukoddai
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TABLE 2 Comparison of the mean, 95% highest posterior
density (HPD), posterior probability (PP) of the divergence-timing
analysis, and distributions suggested by the ancestral-range
reconstruction analysis®

Mean 95% HPD Analysis Analysis

Node PP (Ma) (Ma) 1 2
1 0.7 21.8 16.3-28.0 ACE AB
2 1 16.8 13.1-20.8 CE BD
3 1 14.6 11.4-18.2 CE BD
4 1 10.2 7.3-13.0 C

5 0.5 8.3 5.8-11.0 C

6 1 4.5 2.7-6.3 C

7 0.5 3.2 1.9-4.7 C B
8 1 1.9 0.8-3.1 CEF AB
9 1 4.4 2.1-6.9 C B
10 1 0.4 0.06-1.0 BCE AB
11 1 9.9 7.2-12.7 E D
12 1 2.0 0.8-3.4 E D
13 1 5.7 4.0-7.5 E D
14 0.9 4.3 3.0-5.7 E D
15 0.9 3.0 2.1-4.0 E D
16 0.9 2.5 1.7-3:3 E D
17 0.5 1.7 1.0-2.5 E D
18 0.9 0.8 0.2-1.4 E D
19 1 0.2 0.03-0.5 E D
20 1 0.6 0.2-1.1 E D
21 0.6 0.3 0.06-0.7 E D
22 0.9 1.7 0.9-2.6 E D
23 0.9 0.9 0.4-1.6 E D
24 1 0.6 0.2-1.0 E D
25 1 1.1 0.5-1.8 E D
26 1 0.3 0.1-0.7 E D
27 1 111 8.1-14.2 C B
28 1 7.0 4.8-9.4 CD BC
29 1 4.6 2.7-6.6 D C
30 0.9 3.0 1.4-4.8 C
31 1 3.6 1.8-5.5 CD BC
32 1 6.7 4.2-94 C B
33 1 3.5 1.8-5.5 C B

2Analysis 1: (A) Western Ghats, (B) Indian subcontinent (excluding
Western Ghats), (C) Southeast Asia (excluding Wallacea and New
Guinea), (D) East Asia, (E) Wallacea and New Guinea, and (F) Sri
Lanka; Analysis 2 (A) South Asia (including Western Ghats, Indian
subcontinent, and Sri Lanka), (B) Southeast Asia (excluding Wallacea
and New Guinea), (C) East Asia, and (D) Wallacea and New Guinea.

(north coast), Colombo and Negombo (west coast), Batticaloa (east
coast), and Puttalam (northwestern coast). Parenti (2008) did not
state whether she examined the live coloration of O. carnaticus
from Sri Lanka. In addition to Sri Lanka, O. carnaticus (type local-
ity Vaniyambadi, Tamil Nadu, India) is also reported from Eastern
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India, Bangladesh, and the Andaman Islands, while O. dancena (type
locality Kolkata, West Bengal, India) is recorded from Eastern India
and Myanmar (Parenti, 2008; Roberts, 1998). Whether O. carnati-
cus occurs naturally in the Andaman Islands has been a subject of
doubt (Parenti, 2008). Several recent studies report O. javanicus
from peninsular India and the Andaman and Nicobar Islands (Angel
et al., 2019; Sreeraj & Sen, 2022). However, there has been no criti-
cal evaluation of the identity of species of Oryzias and their distribu-
tion in this region or in Sri Lanka, even though both nominal species
(O. carnaticus and O. dancena) are listed in Sri Lanka's National Red
List (Goonatilake et al., 2020).

In the molecular phylogeny of Yamahira et al. (2021), O. carnati-
cus and O. dancena were recovered as having a mutual sister-group
relationship. The origin of their sample of O. carnaticus is given as
Kanchipuram, on the eastern littoral of India, while that of their
sample of O. dancena is not known (Yamahira et al., 2021). In the
present study, we sampled and sequenced Sri Lankan populations
of Oryzias and included them for the first time in a molecular phy-
logeny based on the reference dataset of Yamahira et al. (2021). Our
molecular phylogeny too indicates two distinct lineages of Oryzias
from Sri Lanka, both within the javanicus group. However, the two
lineages were not recovered as sister species. One of these nested
with the two sequences of O. carnaticus and O. dancena in Yamahira
et al. (2021), while the other was recovered as the sister group of O.
javanicus with strong node support. While our study does not ad-
dress morphology, we note, based on our field observations, that the
deep-bodied samples we collected belong to the lineage that nests
with O. dancena, while the shallow-bodied specimens with yellow-
orange dorsal and ventral margins on the caudal fin nest as the sister
group of O. javanicus (Figure 2). Hence, we tentatively identified this
latter lineage as O. cf. carnaticus, following the original description
of Jerdon (1849: 331). It is plausible that the sequence labeled as O.
carnaticus in the reference dataset of Yamahira et al. (2021) is in fact
a misidentification of O. dancena, while the lineage which we label as
O. cf. carnaticus and recovered as the sister group of O. javanicus rep-
resents O. carnaticus sensu stricto. This is additionally credible given
that Jerdon (1849) mentioned the presence of orange margins in the
caudal fin in the original description of O. carnaticus. However, this
hypothesis needs to be tested using a combination of molecular and
morphological data, including examination of topotypic specimens
from India, which are presently unavailable.

4.3 | Divergence-timing and ancestral ranges of Sri
Lankan Oryzias

The divergence-timing analysis of Yamahira et al. (2021), based on
three fossil calibrations and the geological timing event marked
by the opening of the Makassar Strait, resulted in much older age
estimates for the diversification of Adrianichthyidae. For exam-
ple, the study of Yamahira et al. (2021) estimated the crown ages
of the diversification of Adrianichthyidae at 89Ma (95% HPD:
73-107Ma) and the divergence time of O. setnai at around 74Ma
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(95% HPD: 60-88Ma). Britz et al. (2022), however, advocate cau-
tion with regard to some of the fossil calibrations used in Yamahira
et al. (2021). The divergence-timing estimates in the present study
were made primarily to understand the sequence of divergence of
the Sri Lankan lineages from their most recent common ancestor.
Our divergence-timing estimates, using a cytb substitution rate for
Adrianichthyidae, are substantially younger than those estimated
by Yamahira et al. (2021). Mokodongan and Yamahira (2015) too
estimated younger ages comparable to ours for the terminal nodes
within the celebensis species group of the Sulawesi adrianichthyids,
using only a cytb substitution rate. Based on our divergence-timing
and ancestral-range estimation, two widely distributed ancestral
ricefishes had colonized the Indian subcontinent and Sri Lanka twice,
in two different temporal windows: one during the late Miocene and
the other during the Plio-Pleistocene (Figure 3). The first of these
was the colonization by O. dancena, which is the sister group of the
remaining members of the javanicus group, which diverged from a
widespread ancestral lineage from Southeast Asia during the late
Miocene and went on to colonize South Asia. The second is the
more recent divergence between O. cf. carnaticus and O. javanicus
during the Plio-Pleistocene, from a widespread common ancestor
which ranged from South to Southeast Asia. In both these cases,
tectonic and climatological events in the coastal lowlands of South
and Southeast Asia may explain their historical biogeography (Beck
et al., 2017; Britz et al., 2022).

4.4 | Phylogeography and genetic diversity of Sri
Lankan adrianichthyids

Previous studies exploring comparative phylogeographic patterns
and genetic structure in Sri Lankan freshwater fishes focused pri-
marily on Cypriniformes, which are obligatorily confined to fresh-
water habitats (Sudasinghe, Dahanukar, et al., 2021; Sudasinghe
et al., 2020a, 2020b; Sudasinghe, Herath, et al., 2018; Sudasinghe,
Pethiyagoda, Raghavan, et al., 2020; Sudasinghe, Pethiyagoda,
Ranasinghe, et al., 2020; Sudasinghe, Raghavan, et al., 2021;
Sudasinghe, Ranasinghe, et al., 2021). In contrast, Sri Lankan adri-
anichthyids offer us, for the first time, an opportunity to explore
the phylogeography of a widespread, saline-tolerant species. As
hypothesized, we did not find any strong phylogeographic struc-
ture in the two species of Sri Lankan adrianichthyids. The pattern
observed here is similar to that observed also in widespread gen-
eralist cyprinids such as in Dawkinsia filamentosa (Valenciennes),
Devario malabaricus (Jerdon), Rasbora dandia (Valenciennes) and
the snakehead, Channa kelaartii (Glnther) in Sri Lanka (Sudasinghe,
Pethiyagoda, Ranasinghe, et al., 2020; Sudasinghe, Pethiyagoda,
Meegaskumbura, et al., 2020; Sudasinghe et al., 2020b; Sudasinghe,
Raghavan, et al., 2021). As in those species, it appears that gene flow
inthe island's adrianichthyids occurs freely along the lowland coastal
floodplain, across which there are no physical barriers to dispersal.
However, within the widespread O. cf. carnaticus, we observe two
well-supported subclades. One of these, subclade 1, is a widespread

lineage represented by samples from throughout the island's coastal
lowlands, while subclade 2 is confined to the northern and west-
ern coastal lowlands. In some sampled localities in the northern and
western coastal lowlands, representatives of both subclades occur
in syntopy. The syntopic occurrence of genetically distinct mito-
chondrial lineages has been observed also in the Sri Lankan cyprin-
ids Garra ceylonensis Bleeker and Pethia nigrofasciata (Gunther); it
may suggest that each of these populations represents historically
separate evolutionary lineages (Sudasinghe, Dahanukar, et al., 2021;
Sudasinghe, Ranasinghe, et al., 2021). In contrast to O. cf. carnaticus,
our samples of O. dancena derived only from the northern coastal
regions of the island despite Parenti (2008) having recorded the lat-
ter species from several localities in the east and west coast as well.
It is interesting to note that at some localities in the northern coast,
we recorded both species in syntopy.

Pethiyagoda and Sudasinghe (2021) noted that “owing to aridity,
the Palk Isthmus appears to have served more as a filter of—than as
a conduit for—biotic dispersal as the Plio-Pleistocene advanced.” A
dearth of samples from southern India precluded us from assessing
whether this holds true also for saline-tolerant fishes such as Oryzias.

Our results suggest that the systematics of Oryzias in Sri Lanka is
more complex than was previously thought. Finer sampling through-
out the coastal lowlands of the island accompanied by taxonomic
revision based on morphological and genetic analyses will help con-
struct a more complete picture of the identity and distribution of the
adrianichthyids of Sri Lanka and South Asia.
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Nucleotide substitution models and the partitions used in the phylogenetic analyses

Analysis Gene

Maximume-likelihood inference: cytb + nd2 + ragl (2793 bp)

RAXML-NG

Starting tree for divergence- cytb + nd2 + rag1 (2793 bp)

timing analysis: BEAST

Number of

sequences Partition Model

73 cytb 1st TVMe+l+G4
cytb 2nd TPM2+F+1+G4
nd2 1st TVM+F+1+G4
nd2 2nd TVM+F+G4
ragl 1st TIM2+F+1+G4
ragl 2nd K3P+I1+G4
ragl 3rd TIM2e+G4

40 cytb HKY +1+G
nd2 TRN+1+G
ragl K80+G
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