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ABSTRACT

This study aims to analyze potential species complexes of rotifers within the
families Brachionidae and Lecanidae, to test the hypothesis whether cryptic diversity
is indeed as common as is being put forward. Moreover, this study analyzed the geographic
distribution and genetic divergence within species complexes in Thailand. The tests for
the presence of cryptic species were applied using three methods on both COI and ITS1
datasets: Automatic Barcode Gap Discovery (ABGD), a Poisson Tree Processes (PTP)
model, and the Generalized Mixed Yule Coalescent (GMYC) model. Genetic divergence
and geographic distance were analyzed using Mantel test. The results from three DNA
taxonomy approaches, ABGD, PTP, and GMYC from COI and ITS1 markers clearly
indicated the existence of cryptic species in both families. The highest estimate of species
diversity in this study was Lecane bulla with at least 20 species existing in the complex.
Morphological characters were examined. However, morphology cannot be used to
separate some cryptic species in Lecane bulla complex. Moreover, this study reveals
the existence of cryptic species in Brachionus angularis, Brachionus calyciflorus,
Brachionus caudatus, Brachionus quadridentatus, Keratella cochlearis, Keratella
tropica, Lecane bulla, Lecane closterocerca, Lecane crenata, Lecane curvicornis,
Lecane hamata, Lecane leontina, Lecane ludwigii, Lecane luna, Lecane lunaris,
Lecane nitida, Lecane quadridentata, Lecane signifera, and Lecane unguitata. The
species estimated using COI marker is congruent among different DNA taxonomy methods,
while there is incongruence among different methods based on ITS1 marker. Only
Lecane curvicornis shows significant correlation between genetic and geographic distances.
No correlation occurs between genetic and geographic distances in other species complexes.

Thus, there is a geographic overlap in rotifer distribution in Thai waters.
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CHAPTER 1

INTRODUCTION

1.1 Background and Rationale

Rotifer is one of the four main groups of freshwater zooplankton. Rotifers are
important in freshwater environments because their reproductive rate is the fastest
among the metazoans and they often reach high population densities (Wallace et al.,
2006). Moreover, they form a critical link between the microbial loop and higher
trophic levels in some freshwater food webs. They are permanently and obligatorily
connected to aquatic habitats in all active stages, only their resting stages are drought-
resistant (Segers, 2008). They are ubiquitous, occurring in almost all types of freshwater
habitats, from large permanent lakes to small temporary puddles.

Phylum Rotifera comprises about 2,030 known species classified in three
main groups, Seisonida (3 species), Monogononta (1,570 species), and Bdelloidea (461
species) (Segers, 2007). Although the diversity of monogonont rotifers currently turns
out to be higher than previous estimates, many species are still insufficiently diagnosed
and require a comprehensive description. One of the knowledge gaps concerns the
taxonomy of species complexes and speciation in rotifers. Rotifers seem to meet
conditions for an active speciation (Serra et al., 1997). Sympatric speciation is more
probable in rotifers than in bisexual animals with continuous reproduction, due to
seasonal ecological specialization, which allows seasonal succession and partitioning of
resources (Ortells et al., 2003) and because of the role of the parthenogenetic phase in
creating variation for mating systems (Serra et al., 1997). Seasonal variation and
timing of sex may allow allochronic divergence. Mutations affecting the mate
recognition system may spread during the parthenogenetic phase. They are neutral,
affecting a significant set of individuals before reproduction, and hence promoting
their reproductive isolation (Serra et al., 1998).

Mate recognition of rotifers involves contact chemoreception without visual cues

(Snell, 1989). Consequently, speciation can be cryptic, with little or no morphological



divergence (GOmez and Snell, 1996). Such species are called “cryptic species” which
are difficult or impossible to distinguish by phenotype (Birky et al., 2005; Gomez,
2005).

Since the advent of molecular phylogenetics, there is increasing evidence that
aquatic invertebrate species, which were previously believed to be single, cosmopolitan
species, in fact might be cryptic species complexes (Suatoni et al., 2006). Rotifer
taxonomists have since long attempted to reveal cryptic diversity within a number of
cosmopolitan species. Consequently, many rotifer species formerly seen as cosmopolitan
are now recognized as cryptic species. The best documented example of such is
Brachionus plicatilis (King and Zhao, 1987; Gémez et al., 2002; Mills et al., 2016),
but it has also been shown in other species, as diverse as Keratella cochlearis (Derry
et al., 2003), Lecane bulla (Walsh et al., 2009), and Brachionus calyciflorus (Xiang et al.,
2010). However, information on these species complexes is largely anecdotal.

Although morphology remains the predominant taxonomic tool for identifying
rotifer species, it is ineffective to discriminate some taxa in groups of rotifer that have
little or no morphological differences. Morphology is not always a reliable guide to the
identification of species that may be well-defined on a molecular basis (Suatoni et al.,
2006). Identifying morphologically inseparable cryptic species requires a new set of
taxonomic tools. Molecular tools are useful for understanding species complex
(Gémez, 2005). This has led a number of rotifer researchers to apply molecular
methods, such as allozyme analysis and DNA sequencing, to their work (Proudlove
and Wood, 2003; Gémez, 2005).

Initial evidence from genetic variability and ecological specialization among
different clonal groups indicated that Brachionus plicatilis is a species complex
(Gomez et al., 1995). The accumulation of diverse evidence over more than a decade,
such as differences among clones regarding morphometric variation (Serra and Miracle,
1987), geometric morphometry (Fontaneto et al., 2007), ecological specialization
(Serra et al., 1998), mating behavior (Gomez and Serra, 1995; Gémez and Snell, 1996),
mate recognition pheromone (MRP) (Rico-Martinez and Snell, 1995; Kotani et al., 2001),
karyotype (Rumengan et al., 1991 cited in Segers, 1995), and allozyme composition
(Gomez et al., 1995; Gomez and Snell, 1996; Kotani et al., 2005), lead to the recognition

within the Brachionus plicatilis complex of Brachionus plicatilis sensu strictu,



Brachionus rotundiformis, Brachionus ibericus, and Brachionus manjavacas (Segers,
1995; Ciros-Pérez et al., 2001).

Recently, evidence from nucleotide sequence variation from both mitochondrial
(cytochrome c oxidase subunit I: COI) and nuclear (ribosomal internal transcribed
spacer 1: ITS1) genes revealed nine genetically different lineages within the B. plicatilis
complex (Gomez et al., 2002). These lineages are B. plicatilis s.s., B. ‘Nevada’, B. ‘Austria’,
B. ‘Manjavacas’, B. ibericus, B. ‘Cayman’, B. ‘Tiscar’, B. ‘Almenara’, and B. rotundiformis.
The study of Suatoni et al. (2006) revealed even more cryptic species, increasing the
number of species within B. plicatilis complex. Molecular sequence and genetic
patterns in COI and ITS1 indicate the existence of at least 15 species within B. plicatilis
complex. This is the highest estimate of species-level diversity in a cryptic species
complex in Rotifera thus far (Mills et al., 2016).

Deoxyribonucleic acid (DNA) sequences or gene sequences of organisms are
useful to assign individual organisms to species (Birky, 2007). Mitochondrial DNA
sequences are better suited for identifying closely related animal species than nuclear
sequences because mitochondrial DNA sequences are five- to ten-fold more different
among closely related animal than nuclear sequences (Stoeckle et al., 2005). Moreover,
mitochondrial protein-coding genes contain more differences than ribosomal genes.

The mitochondrial protein-coding gene, cytochrome ¢ oxidase subunit 1 (cox1
or COI), is a widely accepted marker for molecular identification of taxa at the species
level, across diverse animal groups (Buhay, 2009). For most eukaryotes, COI variation
appears to be lower among individuals within a species than among individuals
belonging to different species (Marshall, 2005). It allows effective distinguishing
amongst closely related species (Stoeckle et al., 2005). Moreover, the rate of evolution
of COI seems to be ideal for differentiating species in rotifers (Birky, 2007) and
universal invertebrate primers are available (Folmer et al., 1994). Thus, it is suitable
to be used for discriminating cryptic species and to study phylogeography (Birky et al.,
2005; Gomez, 2005; Pauls et al., 2010).

Recently, DNA taxonomy methods were applied to delimit species (Tang et al.,
2014; Fontaneto et al., 2015). Furthermore, phylogenetic delimitations were used to
estimate the number of species. These tools offer taxonomists and ecologists to assess

biodiversity. Thus, DNA taxonomy approaches are useful for the discovery of cryptic



species within small animals with high levels of cryptic diversity and frequent
morphological stasis (Fontaneto et al., 2009). DNA taxonomy employs genetic data,
such as DNA sequences of selected loci or complete genome, to delimit species by
analyzing variation to discover within this information (Tautz et al., 2003). Moreover,
multilocus approaches to species delimitation is an active field of research, and these
will undoubtedly predominate in future studies. At present, there are 3 popular DNA
taxonomy approaches for species delimitation: Automatic Barcode Gap Discovery
(ABGD), Poisson Tree Processes (PTP) model, and the Generalized Mixed Yule
Coalescent (GMYC) model. First, the ABGD was used to assign organisms into
species based on the barcode gap. Gap detections are applied to observe the divergence
among organisms. The barcode gap among organisms belonging to the same species
is smaller than among organisms from different species (Puillandre et al., 2012).
Moreover, ABGD is a fast and simple method to split sequence alignment dataset into
candidate species that should be complemented with other evidence in an integrative
taxonomic approach (Puillandre et al., 2012). Second, Poisson Tree Processes (PTP)
is a model to delimit species boundaries on a given phylogenetic input tree (Zhang et al.,
2013). Third, the Generalized Mixed Yule Coalescent (GMYC) is a likelihood method
to delimit species using single-locus, and fitting within- and between-species branching
models to reconstruct gene trees (Fujisawa and Barraclough, 2013). Therefore, it is
efficient to discover cryptic diversity of organisms. Recently, all of ABGD, PTP, and
GMYC are well-known to delimit species and discover cryptic species within several
organisms such as gastropods (Modica et al., 2014), moths (Kekkonen et al., 2015),
beetles (Pentinsaari et al., 2016), crayfishes (Larson et al., 2016), coleopterans (Eberle
et al., 2016), nemerteans (Leasi et al., 2016), and parasitoid wasps (Schwarzfeld and
Sperling, 2015). In rotifers, 15 species were discovered from B. plicatilis species complex
through DNA taxonomy (Mills et al., 2016).

Monogononta is the most diverse taxon among the three main groups of rotifers
as they form the most abundant group of rotifers in Thailand. In this study, | aimed to
analyze potential species complexes in selected morphotaxa of some monogonont rotifers,
and to test the hypothesis whether cryptic diversity is indeed as common as is being
put forward. I will further analyze the geographical distribution and genetic divergence

within species complexes in Thailand. This study focused on species complexes within the



families Brachionidae and Lecanidae, using the cytochrome ¢ oxidase subunit 1 (COI)
gene, to discriminate sequence differences among taxa. In addition, the ribosomal
internal transcribed spacer 1 (ITS1) gene was used for supporting species delimitation.
Improved species recognition in monogonont rotifers might reveal cryptic species
within a cosmopolitan species and lead to better understanding of the distribution of
these organisms. Appropriate identification leads to more accurate predictions of the
actual number of individual evolutionary units, or species, in rotifers. In fact, the diversity

of rotifers may be much higher than presently believed.



1.2 Literature review
1.2.1 General background
1) The study of freshwater Rotifera in Thailand

The study of freshwater rotifers in Thailand started with the publication
by Weber (1907). To date, 401 species-level taxa of rotifers have been recorded
(Table 1) (Meksuwan et al., 2013, 2014, 2015; Sa-ardrit et al., 2013). A number of
older records were recently re-evaluated by Segers and Savatenalinton (2010). Other
dubious or otherwise problematic records are the following:

- Brachionus dichotomus Shephard, 1911 and B. dichotomus reductus
Koste and Shiel, 1980: Both names can be found in literature dealing with Thai Rotifera,
however, the “typical” B. dichotomus has not been recorded from the Oriental region
and these reviews therefore indicate that the presence of B. dichotomus Shephard
requires confirmation.

- Brachionus plicatilis Muller, 1786: Records under this name most
likely do not refer to this species as presently understood (Ciros-Pérez et al., 2001),
but any of the warm-water representatives of this cryptic species group (see, for
example, Suatoni et al., 2006).

- Keratella tropica Apstein, 1907: This species was included under the
name Keratella valga (Ehrenberg, 1834) by Boonsom (1984), considering that the
distinction between the cold-water, acidophilic K. valga and the warm-water, euryoecious
K. tropica has long remained problematic, and that it is unlikely that the former would
occur in the habitats studied by Boonsom (1984).

- Koste’s (1975) record of the nomen nudum “Lepadella monostyla f.
caudata (Koste)” is most likely a lapsus regarding the taxon Lepadella monodactyla
caudata Koste, 1972, at present considered a junior subjective synonym of the
nominal taxon.

- The presence in Thailand of Filinia terminalis (Plate, 1886) is in need
of confirmation, considering that this cold-stenotherm is easily confused with the
warm-water F. novaezaelandiae Shiel and Sanoamuang, 1993 (see Segers et al.,
1996). However, while the two records of F. terminalis indeed precede the
recognition of F. novaezaelandiae, the presence of this species in the North of

Thailand cannot a priori be excluded.



- The record of Habrotrocha recumbens Bartos, 1963 by Koste (1975) is
not included in the checklist. The name is unavailable in the sense of the International
Code of Zoological Nomenclature (ICZN, 1999), as it is based solely on the case
inhabited by the animal, and not the animal itself.

- Of the remaining species not included in Segers (2007), Collotheca
algicola (Hudson, 1886) and Stephanoceros millsii (Kellicott, 1885) were recently
treated as valid by Meksuwan et al. (2011), while Trichocerca inermis (Linder, 1904)
has recently been recognized as a junior synonym of Trichocerca dixonnuttalli
(Jennings, 1903) (Jersabek et al., 2011) and Trichocerca tenuidens (Hauer, 1931)
remains insufficiently described species inquirenda (Segers, 2003)

The majority of Thai Rotifera belongs to family Lecanidae (1 genus with
97 species, 24.2%), Lepadellidae (4 genera with 45 species, 11.2%), Brachionidae (5
genera with 44 species, 11.0%), Trichocercidae (1 genus with 36 species, 9.0%), and
Flosculariidae (9 genera with 36 species, 9.0%). The most diverse genus was Lecane,
comprising 97 species, followed by Trichocerca (36 species), Lepadella (31 species),
and Brachionus (30 species).

Regarding the regional distribution of rotifers in the six geographical
regions of Thailand (northern, north-eastern, central, western, eastern, and southern)
(Setapan, 1999), Thailand has been quite comprehensively investigated. However,
studies have focused on four main parts: the northern, the north-eastern, the central,
and the southern regions. The number of rotifers on record is highest in the north-
eastern part (275 species) (Sanoamuang et al., 1995; Sanoamuang and Savatenalinton,
1999, 2001; Segers et al., 2004; Savatenalinton and Segers, 2005), followed by the
southern part (261 species) (Pholpunthin, 1997; Segers and Pholpunthin, 1997;
Pholpunthin and Chittapun, 1998; Chittapun et al., 1999; Chittapun and Pholpunthin,
2001; Segers and Chittapun, 2001; Chittapun et al., 2002, 2003, 2005, 2007;
Sanoamuang, 2007; Meksuwun et al., 2011), the central part (182 species) (De
Ridder, 1971; Koste, 1975; Sanoamuang and Segers, 1997; Jithland and Wongrat,
2006; Teeramaethee et al., 2006; Savatenalinton and Segers, 2008; Chittapun et al.,
2009; Chittapun, 2011), and the northern part (115 species) (De Ridder, 1971;
Sanoamuang, 1998).



That the number of rotifer species recorded from north-eastern Thailand is
the highest of all regions. This result should not automatically be interpreted as indicating
that rotifer diversity is the highest there. Admittedly, this region is the largest of all
Thai regions, but it is also the most intensively studied, as can be judged from the
number and comprehensiveness of the relevant studies (e.g., Sanoamuang et al., 1995).
The southern region has the second largest rotifer record, which is attributed to the
high diversity and abundance of its freshwater habitats, in addition to intensive study.
The record from other Thai regions is much lower, mostly because the number of
studies is lower. Nevertheless, when compared to other countries in Southeast Asia,
the inventory confirms that Thailand is the best documented of all countries in the
region (Segers, 2001).

The Thai rotifer fauna is composed largely of widespread, cosmopolitan
or tropicopolitan species, but there is a sizeable fraction of Oriental (13 species, 3.3%)
or even local, Thai endemics (13 species, 3.3%; Table 2). It can be expected that the
latter number will decrease as research in the countries neighboring. Thailand may
reveal the presence of these strict Thai endemics, as is the case with species like
Cephalodella songkhlaensis Segers and Pholpunthin, 1997 and Ptygura thalenoiensis
Meksuwan et al., 2011.

One of the knowledge gaps of Thai rotifer fauna concerns understudied
regions in Thailand. Some taxonomic groups are insufficiently documented. This is
the case for taxa such as Notommatidae and bdelloids (respectively 23 and 4 Thai records
compared to 48 and 58 from the Oriental region: see Segers, 2008), the two groups,
which are notoriously difficult to study because of methodological constraints.
Furthermore, the studies in Thailand lack understanding of the ecology and evolution
of rotifers, and of their role in ecosystem processes (Wallace et al., 2006). Targeted
efforts on understudied regions and taxonomic groups, preferably using modern
molecular tools will undoubtedly raise the record of rotifer diversity in Thailand while
experimental studies are needed to elucidate their contribution to ecosystem processes

and functions.



Table 1. Species list of Rotifera in Thailand.

Legend: N-Northern; NE-Northeastern; C-Central; S-Southern; - no detail about region
in publication; 1-De Ridder (1971); 2-Koste (1975); 3-Boonsom (1984); 4-Sanoamuang
et al. (1995); 5-Pholpunthin (1997); 6-Sanoamuang and Segers (1997); 7-Segers and
Pholpunthin (1997); 8-Pholpunthin and Chittapun (1998); 9-Sanoamuang (1998); 10-
Chittapun et al. (1999); 11-Sanoamuang and Savatenalinton (1999); 12-Chittapun and
Pholpunthin (2001); 13-Sanoamuang and Savatenalinton (2001); 14- Segers and
Chittapun (2001); 15-Chittapun et al. (2002); 16- Chittapun et al. (2003); 17- Segers
et al. (2004); 18-Athibai et al. (2005); 19-Chittapun et al. (2005); 20- Savatenalinton
and Segers (2005); 21-Jithland and Wongrat (2006); 22-Teeramaethee et al. (2006);
23-Chittapun et al. (2007); 24-Sanoamuang (2007); 25-Savatenalinton and Segers
(2008); 26-Chittapun et al. (2009); 27-Segers and Savatenalinton (2010); 28-Chittapun
(2011); 29-Meksuwan et al. (2011) ; 30-Meksuwan et al. (2013); 31-Meksuwan et al.
(2015)

Species Distribution References
Monogononta
Family Asplanchnidae
1 Asplanchna brightwellii Gosse, 1850 NE, C 1, 3,4,13, 17,20, 21, 22
2 Asplanchna priodonta Gosse, 1850 N, NE, C 3,4,9, 13,17, 20, 21, 22, 24
3 Asplanchna sieboldii (Leydig, 1854) N,NE,C,S 4,9, 17, 23, 24, 26, 28
4 Asplanchna tropica Koste & Tobias, 1989 NE, S 4,57
5 Asplanchnopus hyalinus Harring, 1913 NE 4,17
6 Asplanchnopus multiceps (Schrank, 1793) NE 4
7 Harringia rousseleti de Beauchamp, 1912 S 23
Family Atrochidae
8 Acyclus inquietus Leidy, 1882 S 29
9 Cupelopagis vorax (Leidy, 1857) C,S 2,57
Family Brachionidae
10 Anuraeopsis coelata de Beauchamp, 1932 NE, C, S 4,5,7,17,18, 20, 21, 22,
23,24
11  Anuraeopsis fissa Gosse, 1851 N,NE,C,S 1,234,579, 10,12, 13,
Syn.: Anuraeopsis fissa fissa Gosse, 1851: Koste, 1975 15, 17, 20, 21, 22, 23, 24, 26
12 Anuraeopsis navicula Rousselet, 1911 NE, C, S 4,5,7,10, 21, 23, 24, 26
13 Brachionus angularis Gosse, 1851 N,NE,C,S 1,3,4,5,7,9 10,13, 17, 18,
Incl. Brachionus angularis Gosse f. typica, f. chelonis: 20, 21, 22, 23, 24, 25, 26
Sanoamuang et al., 1995
14  Brachionus angularis bidens Plate, 1886 NE 4
15 Brachionus bennini Leissling, 1924 NE 4
16 Brachionus bidentatus Anderson, 1889 NE, C 4,13,17,21,24
17  Brachionus budapestinensis Daday, 1885 NE 4,24
18 Brachionus calyciflorus Pallas, 1766 N,NE,C,S 1,3,4,5, 7,09, 13,17, 18, 20,
Syn.: Brachionus calyciflorus calyciflorus Pallas, 1766: 21, 22, 23, 24, 26
Sanoamuang et al., 1995
Incl. Brachionus calyciflorus f. typica, f. monstruosus,
f. amphiceros: Sanoamuang et al., 1995
19 Brachionus caudatus Barrois and Daday, 1894 N,NE,C,S 1,3,4,5,7,9,17, 20, 21, 22,
Incl. Brachionus caudatus f. aculeatus: Sanoamuang 24,26

et al., 1995; Teeramaethee et al., 2006; Brachionus
caudatus f. apsteini: Teeramaethee et al., 2006
Brachionus caudatus f. personatus: Sanoamuang et al.,
1995
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20 Brachionus dichotomus Shephard, 1911 NE, C, S 5,7, 20,21, 23,24
21 Brachionus dichotomus reductus Koste & Shiel, 1980 N, NE 4,9, 13,17, 18, 22
Syn.: B. dichotomus Shephard f. reductus Koste & Shiel,
1980: Sanoamuang et al., 1995; Sanoamuang, 1998;
Sanoamuang et al., 2001; Segers et al., 2004; Savatenalinton
& Segers, 2005; Teeramaethee et al., 2006; Sanoamuang,
2007
22 Brachionus diversicornis (Daday, 1883) N, NE, C 3,4,9,17, 20, 21, 22, 24,
26
23 Brachionus donneri Brehm, 1951 N,NE,C,S 3,4,5,7,9, 13, 17, 20,
22,23, 24
24 Brachionus durgae Dhanapathi, 1974 NE 4,24
25 Brachionus falcatus Zacharias, 1898 N,NE,C,S 1,3,4,5,7,9, 10, 13,17,
18, 20, 21, 22, 23, 24, 26,
28
26  Brachionus forficula Wierzejski, 1891 N,NE,C,S 1,3,4,5,7,9,13,17,18,
Incl. Brachionus forficula f. typica, f. reductus: 20, 21, 22, 23, 24, 25, 26,
Sanoamuang et al., 1995 28
27 Brachionus kostei Shiel, 1983 N, NE 4,9, 17
28 Brachionus leydigii Cohn, 1862 - 3
29 Brachionus lyratus Shephard, 1911 NE, S 4,17,23,24
30 Brachionus murphyi Sudzuki, 1989 NE, S 4,5,7,17,23
Syn.: Brachionus niwati Sanoamuang, Segers & Dumont,
1995: Sanoamuang et al., 1995; Pholpunthin, 1997; Segers
& Pholpunthin, 1997
31 Brachionus nilsoni Ahlstrom, 1940 C 22
32 Brachionus plicatilis Muller, 1786 NE 3,4
33 Brachionus quadridentatus Hermann, 1783 N,NE,C,S 1,3,4,5,7,9, 10,13, 15,
Syn.: Brachionus quadridentatus quadridentatus Hermann, 17,18, 20, 21, 22, 23, 24,
1783: Sanoamuang et al., 1995; Athibai et al., 2005 26
Brachionus quadridentatus f. typica: Sanoamuang et al.,
1995; Incl. Brachionus quadridentatus f. brevispinus:
Sanoamuang et al., 1995: Athibai et al., 2005; Brachionus
quadridentatus f. cluniorbicularis: Athibai et al., 2005
34 Brachionus quadridentatus melhemi Barrois & Daday,1894 - 18
Syn.: B. quadridentatus f. melheni Barrois & Daday,1894:
Athibai et al., 2005
35 Brachionus quadridentatus mirabilis Daday, 1897 S 12,18
Syn.: B. quadridentatus f. mirabilis Daday, 1897: Chittapun
& Pholpunthin, 2001; Chittapun et al., 2002; Athibai et al.,
2005
36  Brachionus rotundiformis Tschugunoff, 1921 C,S 18, 19, 23, 26
37 Brachionus rubens Ehrenberg, 1838 NE, C, S 4,5,7,10, 17, 18, 20, 24,
26
38 Brachionus sericus Rousselet, 1907 - 18
39 Brachionus sessilis Varga, 1951 NE 4
40 Brachionus srisumonae Segers, Kothetip & Sanoamuang, NE 17
2004
41 Brachionus urceolaris Muller, 1773 NE, C, S 3,4, 14, 18, 19, 23, 26, 28
42  Brachionus variabilis Hempel, 1896 S 10
43 Keratella cochlearis (Gosse, 1851) N,NE,C,S 1,3,4,5,7,9, 13,1718,
Incl. Keratella cochlearis f. typica, f. micracantha: 20, 21, 22, 23, 24, 25
Sanoamuang et al., 1995
44 Keratella edmondsoni Ahlstrom, 1943 NE 4,13,17,18
45 Keratella javana Hauer, 1973 S 12,15
46 Keratella lenzi Hauer, 1953 N,NE,C,S 2,4,5,7,09, 13,17, 18, 20,
21, 22,24, 26
47  Keratella mixta (Oparina-Charitonova, 1924) S 15
48 Keratella procurva (Thorpe, 1891) NE, C 3,4, 17, 18, 20, 22
49 Keratella taksinensis Chittapun, Pholpunthin & Segers, 2002 S 15
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50 Keratella tecta (Gosse, 1851) NE, C 4,17, 18, 20, 21, 22

51 Keratella tropica (Apstein, 1907) N,NE,C,S 1,23,4,5 7,910,
Syn.: Keratella valga tropica Apstein, 1907: Koste, 1975 13, 17, 18, 20, 21, 22,

23, 24, 25, 26

52  Plationus patulus (Muller, 1786) N,NE,C,S 3,4,5/7,9,10,12,
Syn: Brachionus patulus Miiller, 1786: Boonsom, 1984 13, 15, 17, 18, 20, 21,
Plationus patulus (Maller) f. typica: Sanoamuang et al., 22,23, 24, 26
1995

53  Platyias quadricornis (Ehrenberg, 1832) N,NE,C,S 3,4,5,7,09, 10, 13,
Syn.: Platyias quadricornis quadricornis (Ehrenberg, 15, 17, 18, 21, 22, 23,
1832): Chittapun et al., 2002 24, 26
Incl. Platyias quadricornis f. brevispinus: Chittapun et
al., 2002
Family Conochilidae

54 Conochilus (Conochiloides) coenobasis (Skorikov, 1914) NE 4,13, 20,24

55  Conochilus (Conochiloides) dossuarius Hudson, 1885 N, NE 4,9

56  Conochilus (Conochiloides) natans (Seligo, 1900) NE, S 4,13, 20, 23, 24

57  Conochilus (Conochilus) hippocrepis (Schrank, 1803) NE, S 4,20, 24, 29

58  Conochilus (Conochilus) unicornis Rousselet, 1892 NE 3,13
Family Collothecidae

59  Collotheca algicola (Hudson, 1886) S 29

60 Collotheca ambigua (Hudson, 1883) S 29

61 Collotheca campanulata (Dobie, 1849) NE, S 4,29
Incl. Collotheca campanulata var. longicaudata:
Meksuwan et al., 2011

62 Collotheca edentata (Collins, 1872) C 2

63 Collotheca ferox (Penard, 1914) S 30

64 Collotheca heptabrachiata (Schoch, 1869) S 29

65 Collotheca orchidacea Meksuwan, Pholpunthin & S 30
Segers, 2013

66 Collotheca ornata (Ehrenberg, 1832) S 29

67 Collotheca stephanochaeta Edmondson, 1936 S 29

68 Collotheca tenuilobata (Anderson, 1889) NE, S 13, 29

69 Collotheca trilobata (Collins, 1872) S 29
Collotheca cf. trilobata (Collins, 1872):
Teeramaethee et al., 2006

70  Stephanoceros fimbriatus (Goldfusz, 1820) S 29

71  Stephanoceros millsii (Kellicott, 1885) S 29
Family Dicranophoridae

72 Aspelta circinator (Gosse, 1886) NE 13

73  Dicranophoroides caudatus (Ehrenberg, 1834) N, NE 4,9, 13,17, 20
Syn.: Dicranophorus caudatus (Ehrenberg, 1834):
Sanoamuang and Savatenalinton, 2001

74 Dicranophoroides claviger (Hauer, 1965) NE, S 4,5,7,13,17,24
Syn.: Dicranophorus claviger (Hauer): Pholpunthin,
1997

75  Dicranophorus epicharis Harring & Myers, 1928 NE, C, S 2,10,12, 13, 17, 20,
Dicranophorus cf. epicharis Harring & Myers, 1928: 23, 26
Sanoamuang et al., 1995

76  Dicranophorus grandis (Ehrenberg, 1832) N, NE 4,9,13

77  Dicranophorus prionacis Harring & Myers, 1928 S 57

78  Dicranophorus robustus Harring & Myers, 1928 - 3

79  Encentrum longidens Donner, 1943 S 14

80  Encentrum pornsilpi Segers & Chittapun, 2001 S 14,19, 23
Family Epiphanidae

81 Cyrtonia tuba (Ehrenberg, 1834) S 57

82  Epiphanes clavulata (Ehrenberg, 1832) N, NE 4,9,17, 20, 24

83  Epiphanes macroura (Barrois & Daday, 1894) NE 4

84  Proalides subtilis Rodewald, 1940 NE 4

85  Proalides tentaculatus de Beauchamp, 1907 NE 4

11
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Family Euchlanidae
86 Beauchampiella eudactylota (Gosse, 1886) N, NE, S 4,9, 15, 17
Syn.: Manfredium eudactylotum (Gosse, 1886);
Sanoamuang et al., 1995; Sanoamuang, 1998;
Chittapun et al., 2002; Segers et al., 2004
87  Dipleuchlanis propatula (Gosse, 1886) N, NE,C,S 3,4,5 7,9, 12,13, 15,17,
Incl. Dipleuchlanis propatula f. macrodactyla: Chittapun 20, 23, 24, 26
et al., 2002
88  Euchlanis dilatata Ehrenberg, 1832 N,NE,C,S 1,23,4,57,9,10,12,
13,17, 20, 22, 23, 24, 26
89 Euchlanis incisa Carlin, 1939 N,NE,C,S 4,9, 10,12, 13, 15, 17, 20,
Incl. Euchlanis incisa f. mucronata: Chittapun et al., 22,24
1999
90 Euchlanis lyra Hudson, 1886 S 10
Incl. Euchlanis lyra f. myersi: Chittapun et al., 1999
91 Euchlanis meneta Myers, 1930 NE, C, S 2,10,13
92  Euchlanis triquetra Ehrenberg, 1838 C 2
93  Tripleuchlanis plicata (Levander, 1894) N, NE, C 1,3,4,9, 13,17, 21, 22
Family Flosculariidae
94  Beauchampia crucigera (Dutrochet, 1812) C, S 2,29
Syn.: Beauchampia crucigera crucigera (Dutrochet,
1812): Koste, 1975
95  Floscularia armata Segers, 1997 S 29
96  Floscularia bifida Segers, 1997 S 29
97  Floscularia conifera (Hudson, 1886) NE, C, S 2,12, 13,17, 19, 23, 29
98 Floscularia decora Edmondson, 1940 C 2
99  Floscularia melicerta (Ehrenberg, 1832) C 2
100 Floscularia pedunculata (Joliet, 1883) S 29
101  Floscularia ringens (Linnaeus, 1758) NE, C, S 2,13,29
102  Floscularia wallacei Segers & Shiel, 2008 S 29
103  Lacinularia flosculosa (Miiller, 1773) S 29
104 Lacinularoides coloniensis (Colledge, 1918) S 29
105 Limnias ceratophylli Schrank, 1803 C,S 2,29
106  Limnias melicerta Weisse, 1848 C,S 2,14, 29
107  Octotrocha speciosa Thorpe, 1893 S 29
108 Pentatrocha gigantea Segers & Shiel, 2008 S 29
109 Ptygura agassizi Edmondson, 1948 S 29
110  Ptygura barbata Edmondson, 1939 S 29
111  Ptygura beauchampi Edmondson, 1940 S 29
112  Ptygura brachiata (Hudson, 1886) C 2
113  Ptygura crystallina (Ehrenberg, 1834) S 29
114  Ptygura ctenoida Koste & Tobias, 1990 S 29
115 Ptygura elsteri Koste, 1972 CS 2,29
Syn.: Ptygura elsteri elsteri Koste, 1972: Koste, 1975
116 Ptygura furcillata (Kellicott, 1889) NE, C, S 2,13,29
Syn.: Ptygura furcillata furcillata (Kellicott, 1889):
Koste, 1975
Incl.: Ptygura furcillata f. variabilis: Koste, 1975
117  Ptygura kostei José de Paggi, 1996 NE 13
Syn.: Ptygura elsteri f. thailandis Koste, 1975:
Sanoamuang and Savatenalinton, 2001
118 Ptygura longicornis (Davis, 1867) S 29
119 Ptygura melicerta Ehrenberg, 1832 NE, C 2,13
120  Ptygura mucicola (Kellicott, 1888) C S 2,29
121  Ptygura noodti (Koste, 1972) S 29
122 Ptygura pedunculata Edmondson, 1939 S 29
123  Ptygura tacita Edmondson, 1940 NE, S 13,29
124  Ptygura thalenoiensis Meksuwan, Pholpunthin & Segers, S 29
2011
125 Ptygura wilsonii (Anderson & Shephard, 1892) S 29
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126  Sinantherina ariprepres Edmondson, 1939 NE, C 13, 20, 22
127  Sinantherina semibullata (Thorpe, 1893) N, NE, S 4,9, 20, 29
128 Sinantherina socialis (Linnaeus, 1758) C,S 2,29
129  Sinantherina spinosa (Thorpe, 1893) NE, C, S 4,13, 17, 20, 22, 24, 26, 29
Family Gastropodidae
130 Ascomorpha agilis Zacharias, 1893 C 21
131  Ascomorpha ecaudis Perty, 1850 N,NE,C,S 4,57,9 20,21
132 Ascomorpha ovalis (Bergendal, 1892) NE, C, S 3,4,7,13,17, 20, 21, 22, 23, 24
133  Ascomorpha saltans Bartsch, 1870 NE, C, S 3,4,5,7,13,17, 20, 21, 22
134  Gastropus hyptopus (Ehrenberg, 1838) NE 4
Family Hexarthridae
135 Hexarthra fennica (Levander, 1892) NE 4
136 Hexarthra intermedia (Wiszniewski, 1929) N, NE, C, S 4,5,7,9, 13,17, 20, 21, 22, 24
137  Hexarthra intermedia brasiliensis (Hauer, 1953) S 31
138 Hexarthra mira (Hudson, 1871) N,NE,C,S 4,5,7,9, 13,17, 19, 20, 22, 23, 24
139 Hexarthra oxyuris (Sernov, 1903) NE 4
Family Ituridae
140 ltura aurita (Ehrenberg, 1830) NE 4
141  ltura symmetrica Segers, Mbogo & Dumont, 1994 NE 4
Family Lecanidae
142  Lecane abanica Segers, 1994 S 12, 23,27
143  Lecane acanthinula (Hauer, 1938) NE, S 4,6, 14,23, 27
144  Lecane aculeata (Jakubski, 1912) N,NE,C,S 2,3,4,5,7,8,9, 10,12, 13, 15, 17,
20, 21, 22, 23, 24, 27, 28
145 Lecane acus (Harring, 1913) C 1,3
146 Lecane aeganea Harring, 1914 N, NE, C 3,4,9, 21, 27
147  Lecane agilis (Bryce, 1892) C 25,27
148 Lecane arcuata (Bryce, 1891) NE, C, S 1, 2,3, 4,10, 12, 25, 27
149 Lecane arcula Harring, 1914 N,NE, C,S 4,5,7,8,9, 10,13, 15, 17, 20, 22,
Syn: Lecane strandi Berzins, 1943: Jithlang & 23, 24, 27
Wongrat, 2006
150 Lecane armata Thomasson, 1971 - 27
151 Lecane aspasia Myers, 1917 N, NE 4,9, 17, 27
152  Lecane baimaii Sanoamuang & Savatenalinton, NE 11, 17, 27
1999
153 Lecane batillifer (Murray, 1913) NE, C, S 4,5,7,17, 20, 22, 23, 27
154  Lecane bifastigata Hauer, 1938 NE, C 4,6,22,27
155 Lecane bifurca (Bryce, 1892) NE, S 5,7, 10, 19, 20, 23, 24, 27
156 Lecane blachei Bérzins, 1973 N,NE,C,S 4,6,8,09, 13,17, 20, 27
157 Lecane braumi Koste, 1988 NE, S 12,13, 15, 27
158 Lecane bulla (Gosse, 1851) N,NE,C,S 1,23,4,5,7,8,9,10, 12, 13, 14,
Syn.: Lecane bulla bulla (Gosse, 1851): Segers & 15, 17, 19, 20, 21, 22, 23, 24, 26,
Savatenalinton, 2010 27,28
159 Lecane bulla diabolica (Hauer, 1936) - 27
160 Lecane calcaria Harring & Myers, 1926 NE, S 7,12,17,27
161 Lecane chinesensis Zhuge & Koste, 1996 - 27
162 Lecane clara (Bryce, 1892) NE, S 5,7,12, 20, 27
163 Lecane closterocerca (Schmarda, 1859) N, NE, C, S 1,2,3,4,5,7,9, 10,12, 13, 15, 17,
20, 21, 22, 23, 24, 26, 27
164 Lecane cornuta (Miller, 1786) C 1,2,3
165 Lecane crenata (Harring, 1913) C 2,27
166 Lecane crepida Harring, 1914 N,NE,C,S 2,4,5/7,9, 10,12, 13,17, 20, 22,
23,24, 27
167 Lecane curvicornis (Murray, 1913) N, NE, C, S 1,3,4,5,7,8,9, 12,13, 15, 17, 20,
Incl. Lecane curvicornis f. typica: 21, 22, 23, 24, 26, 27, 28
Sanoamuang et al., 1995
168 Lecane decipiens (Murray, 1913) NE, S 10, 11, 12, 13, 17, 20, 24, 27
169 Lecane donneri Chengalath & Mulamoottil, 1974 NE 11, 17, 24,27
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170 Lecane doryssa Harring, 1914 N, NE, S 4,9, 12,13, 15, 17, 20, 23, 24, 27
Lecane cf. doryssa Harring, 1914: Sanoamuang
and Savatenalinton, 2001
171 Lecane elegans Harring, 1914 N, NE, C 2,9, 13, 17, 20, 24, 26, 27, 28
172  Lecane enowi Segers and Mertens, 1997 S 15, 27
173  Lecane eswari Dhanapathi, 1976 NE 6,17, 27
174 Lecane flexilis (Gosse, 1886) NE, C, S 4,10, 13, 17, 20, 22, 23, 27
175 Lecane furcata (Murray, 1913) N, NE, C, S 2,4,5,7,8, 9,10, 12, 13, 15, 17,
20, 21, 22, 23, 24, 27
176 Lecane galeata (Bryce, 1892) C 2
Syn.: Lecane (Monostyla) pygmaea Daday, 1897:
Koste, 1975
177  Lecane grandis (Murray, 1913) NE, S 10, 11, 23, 27
178 Lecane haliclysta Harring & Myers, 1926 N, NE, C, S 4,9,12, 13,17, 20, 22, 23, 24, 27
179 Lecane hamata (Stokes, 1896) N,NE,C,S 2,4,57,8, 9,10, 12, 13, 14, 15,
17, 20, 21, 22, 23, 24, 26, 27
180 Lecane hastata (Murray, 1913) N, NE, C, S 3,4,9,17, 20, 21, 22, 23, 24, 27
181 Lecane hornemanni (Ehrenberg, 1834) N, NE, C, S 4,5,7,8,9, 12, 13, 15, 17, 20, 21,
22,23, 24,26, 27
182 Lecane inermis (Bryce,1892) NE, C, S 2,4,5,7,10, 12, 15, 19, 20, 23,
26, 27
183 Lecane inopinata Harring & Myers, 1926 N,NE,C,S 3,4,9 10,12, 13, 17,20, 21, 22,
24,27, 28
184 Lecane intrasinuata (Olofsson, 1917) C 2
185 Lecane isanensis Sanoamuang & Savatenalinton, NE 13, 27
2001
186 Lecane junki Koste, 1975 C,S 2,6, 16, 27
187 Lecane kunthuleensis Chittapun, Pholpunthin & S 16, 27
Segers, 2003
188 Lecane lamellata (Daday, 1893) - 3
189 Lecane lateralis Sharma, 1978 N,NE,C,S 4,5,7,8,9,10, 13, 15, 17, 20, 23,
24,27, 26, 28
190 Lecane latissima Yamamoto, 1955 NE, S 4,6,8, 13,17, 20, 27
Syn.: Lecane thailandensis Segers & Sanoamuang,
1994: Sanoamuang et al., 1995; Sanoamuang and
Segers, 1997; Pholpunthin & Chittapun, 1998;
Sanoamuang & Savatenalinton, 2001; Segers et al.,
2004; Savatenalinton & Segers, 2005
191 Lecane lauterborni Hauer, 1924 - 3,27
192 Lecane leontina (Turner, 1892) N, NE, C, S 2,4,5,7,8,9, 10, 12, 13, 15, 17,
20, 21, 22, 23, 24, 26, 27
193 Lecane ludwigii (Eckstein, 1883) N, NE, C, S 2,4,5,7,8,9, 10, 12, 13, 15, 17,
19, 20, 22, 23, 24, 27
194  Lecane luna (Mdiller, 1776) N,NE, C,S 1,3,4,5,7,8,9, 10, 13,17, 20, 21
22,23, 24,26, 27,28
195 Lecane lunaris (Ehrenberg, 1832) N, NE, C, S 2,3,4,5,7,8,9, 10,12, 13, 15, 17,
20, 21, 22, 23, 24, 25, 27
196 Lecane lungae Savatenalinton & Segers, 2005 NE 20, 27
197 Lecane martensi Savatenalinton & Segers, 2008 C 25, 27
198 Lecane micrognatha Segers & Savatenalinton, - 27
2010
199 Lecane minuta Segers, 1994 S 5,6,7,27
200 Lecane mitis Harring & Myers, 1926 S 12,27
201 Lecane monostyla (Daday, 1897) NE, C, S 3, 4,10, 12, 15, 17, 22, 23, 24, 27
202 Lecane nana (Murray, 1913) NE, C, S 1,3,4,5,7,13,17, 20, 27, 28
203 Lecane nelsoni Segers, 1994 NE 13, 27
204  Lecane nitida (Murray, 1913) NE 4,27
Syn.: Lecane curvicornis (Murray) f. nitida
(Murray): Sanoamuang et al., 1995
205 Lecane niwati Segers, Kothetip & Sanoamuang, NE 17,27

2004
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206 Lecane obtusa (Murray, 1913) N, NE, C, S 4,5,7,8,9, 10, 12, 13, 14, 15, 17,
19, 20, 22, 23, 24, 27
207 Lecane opias (Harring & Myers, 1926) NE 20, 27
208 Lecane palinacis Harring & Myers, 1926 C,S 12, 23, 26, 27, 28
209 Lecane papuana (Murray, 1913) N, NE, C, S 1,3,4,57,8,9,10, 12, 13, 15,
17, 20, 21, 22, 24, 26, 27, 28
210 Lecane paxiana Hauer, 1940 NE, C 20, 25, 27
211 Lecane pertica Harring & Myers, 1926 N, NE, S 57,9 12,13, 15, 17, 27
212  Lecane punctata (Murray, 1913) NE, C 3,11, 20, 21, 22, 27
Syn: Lecane harringi Ahlstrom, 1934:
Boonsom, 1984; Jithlang and Wongrat, 2006
213  Lecane pusilla Harring, 1914 N, NE, S 4,9, 12, 13, 17, 20, 27
214  Lecane pyriformis (Daday, 1905) NE, C, S 2,4,10, 12, 13, 14, 15, 17, 20, 22,
23, 24, 26, 27
215 Lecane quadridentata (Ehrenberg, 1830) N, NE, C, S 1,2,3,4,57,8,9,10, 12, 13, 17,
22,23, 24, 26, 27
216 Lecane rhenana Hauer, 1929 N, NE, C, S 4,5,7,8,9,6 13,17, 20, 22, 23, 24,
26, 27
217 Lecane rhytida Harring & Myers, 1926 N, NE, C, S 5,7,9, 10, 12, 14, 17, 22, 23, 27
218 Lecane robertsonae Segers, 1993 NE, S 17, 20, 23, 27
219 Lecane ruttneri Hauer, 1938 NE 4,13,17, 20, 24, 27
220 Lecane segersi Sanoamuang, 1996 NE, C, S 6, 14, 17, 20, 23, 26, 27
221 Lecane serrata (Hauer, 1938) NE 11, 17,27
222  Lecane shieli Segers & Sanoamuang, 1994 NE, S 4,6,10, 13, 17, 20, 27
223  Lecane signifera (Jennings, 1896) f. ploenensis N, NE, C, S 2,4,5,7,8,9, 10, 12, 13, 15, 17,
(Voigt, 1902) 20, 21, 22, 23, 24, 26, 27
224 Lecane simonneae Segers, 1993 NE, S 12,13, 15, 17, 27
225 Lecane sola Hauer, 1936 NE 3,4,17, 20, 24, 27
226 Lecane stenroosi (Meissner, 1908) N, NE, C, S 2,4,8,9, 10, 17, 20, 21, 22, 26, 27
227 Lecane stichaea Harring, 1913 C 2,21, 27
228 Lecane stichoclysta Segers, 1993 NE 20, 27
229 Lecane subtilis Harring & Myers, 1926 NE, S 17,23, 27
230 Lecane superaculeata Sanoamuang & Segers, N, NE, C, S 6,9, 15, 17, 23, 27
1997
231 Lecane sympoda Hauer, 1929 S 57,27
232 Lecane syngenes (Hauer, 1938) S 12,27
233  Lecane tenuiseta Harring, 1914 NE, C, S 2,4,5,7,8,10,12, 13, 15, 17, 19,
20, 21, 22, 23, 24, 27, 28
234 Lecane thalera (Harring & Myers, 1926) NE, C 4,22, 27
235 Lecane thienemanni (Hauer, 1938) NE, C, S 11,12, 17, 20, 21, 22, 23, 24, 26, 27
236  Lecane undulata Hauer, 1938 N, NE, C, S 4,5,7,9, 12, 13,17, 20, 23, 24,
27,28
237 Lecane unguitata (Fadeev, 1926) N, NE, C, S 4,5,7,8,9, 10,12, 13, 15, 17, 19,
20, 22, 23, 24, 26, 27
238 Lecane ungulata (Gosse, 1887) N, NE, C, S 2,4,5,7,8,9,10, 12, 13, 15, 17,
20, 21, 22, 23, 24, 26, 27
Family Lepadellidae
239 Colurella adriatica Ehrenberg, 1831 NE, C, S 1,3,4,12,13, 20, 23, 24, 25
240 Colurella colurus (Ehrenberg, 1830) N, NE, C, S 2,4,9,10, 12, 15, 23, 26
241  Colurella colurus compressa (Lucks, 1912) S 14
242 Colurella hindenburgi Steinecke, 1917 C 21
243  Colurella obtusa (Gosse, 1886) NE, C, S 2,4,5,7,10, 12, 13, 14, 15, 17,
20, 21,23, 24
244 Colurella psammophila Segers & Chittapun, 2001 S 14,23
245  Colurella sanoamuangae Chittapun, C,S 10, 14, 23, 26
Pholpunthin & Segers, 1999
246  Colurella sulcata (Stenroos, 1898) NE, S 12,13, 20, 23
247  Colurella tesselata (Glascott, 1893) S 12, 23
248  Colurella uncinata (Mdller, 1773) N, NE, C, S 5,7,9, 12, 13, 15, 17, 20, 22, 23,

24, 26
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249  Colurella uncinata bicuspidata (Ehrenberg, 1832) NE 4
Syn.: Colurella uncinata (Miiller) f. bicuspidata
(Ehrenberg): Sanoamuang et al., 1995;
Chittapun et al., 2002
250 Lepadella (Lepadella) acuminata (Ehrenberg, 1834) NE, C, S 1, 3,4,10, 13, 17, 20, 21, 23,
24, 26
251 Lepadella (Lepadella) akrobeles Myers, 1934 NE 11,17
252 Lepadella (Lepadella) amphitropis Harring, 1916 NE 20
253 Lepadella (Lepadella) apsida Harring, 1916 NE, S 4,5,7,10, 13, 23
254  Lepadella (Lepadella) benjamini Harring, 1916 NE 13,17
255 Lepadella (Lepadella) biloba Hauer, 1958 NE, S 4,5,7,13,17
256 Lepadella (Lepadella) costatoides Segers, 1992 N, NE, C, S 4,9,13, 17, 20, 22, 23, 24
257 Lepadella (Lepadella) cristata (Rousselet, 1893) NE, S 12,13
258 Lepadella (Lepadella) dactyliseta (Stenroos, 1898) NE, S 4,5,7,12,24
259 Lepadella (Lepadella) desmeti Segers & Chittapun, S 14,23
2001
260 Lepadella (Lepadella) discoidea Segers, 1993 N, NE, C, S 4,9,10, 12, 13, 15, 17, 22, 24
261 Lepadella (Lepadella) elliptica Wulfert, 1939 NE 3,20
262 Lepadella (Lepadella) elongata Koste, 1992 NE 11,17,20
Lepadella cf. elongata Koste, 1992: Sanoamuang &
Savatenalinton, 2001
263 Lepadella (Lepadella) eurysterna Myers, 1942 NE, S 13,17,23
264  Lepadella (Lepadella) latusinus (Hilgendorf, 1899) N,NE,C,S 2,4,57,9,13,23
265 Lepadella (Lepadella) lindaui Koste, 1981 NE, C, S 5,7,13,17, 20, 28
266 Lepadella (Lepadella) minoruoides Koste & S 5,7,23
Robertson, 1983
267 Lepadella (Lepadella) minuta (Weber & Montet, C 25
1918)
268 Lepadella (Lepadella) ovalis (Muller, 1786) N,NE,C,S 2,3,4,5/7,9,10,12,13, 17,
20, 22, 23,24, 26
269 Lepadella (Lepadella) patella (Muller, 1773) N,NE,C,S 2,3,4,5,7,9, 10,12, 13,15,
17, 20, 22, 23, 24, 26
270 Lepadella (Lepadella) punctata Wulfert, 1939 S 16
271 Lepadella (Lepadella) quadricarinata (Stenroos, N, NE, S 4,5,7,9, 10, 12,13, 17
1898)
272  Lepadella (Lepadella) quinquecostata (Lucks, 1912) N, NE 9,13, 17
273 Lepadella (Lepadella) rhomboides (Gosse, 1886) N,NE,C,S 4,5,7,9 10,12, 13, 15, 17,
20, 21, 22, 23, 24, 26
274  Lepadella (Lepadella) triba Myers, 1934 NE, C, S 2,5,7,10, 13, 17, 20, 23, 24
275 Lepadella (Lepadella) triptera (Ehrenberg, 1832) NE, S 4,13, 17, 20, 23
Incl. Lepadella triptera f. alata; Sanoamuang and
Savatenalinton, 2001; Segers, 2004
Lepadella (Lepadella) vandenbrandei Gillard, 1952 N, NE, S 4,5,7,9,12, 13, 15, 17, 20,
23,24
276 Lepadella (Heterolepadella) apsicora Myers, 1834 NE, S 4,5,7,13, 15,17, 20, 23, 24
277 Lepadella (Heterolepadella) ehrenbergii (Perty, 1850) N, NE,C,S 4,9, 13, 15, 17, 20, 22, 23
278 Lepadella (Heterolepadella) heterostyla (Murray, NE, S 5,7,17,20
1913)
279 Lepadella (Xenolepadella) monodactyla Berzins, 1960 NE, C, S 2,13, 15, 23
Syn.: Lepadella monostyla f. caudata (Koste, 1972)
280 Paracolurella aemula (Myers, 1934) S 16
281 Squatinella lamellaris (Miller, 1786) NE, S 4,5,7,13, 17,23
Syn.: Squatinella mutica (Ehrenberg): Chittapun &
Pholpunthin, 2001; Chittapun et al., 2007
Syn.: Squatinella lamellaris (Muller) f. mutica
(Ehrenberg): Sanoamuang et al., 1995; Sanoamuang &
Savatenalinton, 2001; Segers et al., 2004
282  Squatinella leydigii (Zacharias, 1886) S 10, 15

Incl. Squatinella leydigii f. longiseta: Chittapun et al.,
1999; Chittapun et al., 2002
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Family Lindiidae
283 Lindia (Lindia) torulosa Dujardin, 1841 S 19
Family Mytilinidae
284  Lophocharis salpina (Ehrenberg, 1834) N, NE, C 4,9, 13, 17, 20, 24, 26
285  Mpytilina acanthophora Hauer, 1938 N, NE 4,9,13,17
286  Muytilina bisulcata (Lucks, 1912) N, NE, C 3,9, 13,17, 22,24, 26
287 Mpytilina compressa (Gosse, 1851) NE, S 4,57
288  Mytilina crassipes (Lucks, 1912) C 21
289  Mpytilina michelangellii Reid & Turner, 1988 C 21
Syn.: Mytilina ventralis f. diversicantha
Waulfert, 1965: Jithlang & Wongrat, 2006
290  Muytilina mucronata (Miiller, 1773) C 21
291  Mytilina unguipes (Lucks, 1912) N, NE, C 4,9,13,17, 22, 26
292  Mpytilina ventralis (Ehrenberg, 1830) N, NE, C, S 3,4,9, 10, 12, 13, 17, 20, 21, 22, 23,
24, 26
293  Muytilina ventralis brevispina (Ehrenberg, 1830) C 21
Family Notommatidae
294  Cephalodella forficula (Ehrenberg, 1830) NE, C, S 2,4,13,20, 23,24
Syn.: Cephalodella forficula forficula
(Ehrenberg, 1830): Koste, 1975
295 Cephalodella gibba (Ehrenberg, 1830) NE, C, S 2,4,5,7,13, 15, 17, 19, 20, 23, 28
296 Cephalodella cf. hyalina Myers, 1924 S 10
297 Cephalodella innesi Myers, 1924 C,S 10, 14, 15, 19, 23, 28
298 Cephalodella megalocephala (Glascott, 1893) S 14
299 Cephalodella mucronata Myers, 1924 NE, C, S 12, 13, 22
300 Cephalodella cf. pachyodon Wulfert, 1937 NE 4
301 Cephalodella plicata Myers, 1924 S 14
302 Cephalodella songkhlaensis Segers & NE, S 7,20
Pholpunthin, 1997
303 Cephalodella tenuior (Gosse, 1886) NE, S 13,23
304 Cephalodella tenuiseta (Burn, 1890) C 28
305 Cephalodella ventripes (Dixon-Nuttall, 1901) NE 4
306 Eosphora cf. thoides Wulfert, 1935 NE 4
307 Monommata actices Myers, 1930 NE, S 57,17
308 Monommata dentata Wulfert, 1940 S 15, 23
309 Monommata grandis Tessin, 1890 S 10, 12, 15, 23
310 Monommata longiseta (Mdiller, 1786) S 10, 12, 15
311 Monommata maculata Harring & Myers, 1930 S 12
312 Notommata copeus Ehrenberg, 1834 NE, S 4,5,7,13, 23
313 Notommata pachyura (Gosse, 1886) N, NE, S 4,9, 12, 13,17, 20
Incl. Notommata pachyura f. spinosa: Chittapun
& Pholpunthin, 2001
314  Notommata pseudocerberus de Beauchamp, S 57
1908
315 Notommata pygmaea Harring & Myers, 1922 S 10
316 Notommata saccigera Ehrenberg, 1830 S 12,15, 23
317 Taphrocampa annulosa Gosse, 1851 S 10, 23
Family Scaridiidae
318 Scaridium bostjani Daems & Dumont, 1974 N, NE, S 4,5/7,9,23
319 Scaridium elegans Segers & De Meester, 1994 NE, S 11, 12, 13
320 Scaridium grande Segers, 1995 N, NE, S 9,12, 13,15
321  Scaridium longicaudum (Miller, 1786) N,NE,C,S 4,5/7,9, 10, 12, 13, 15, 17, 20, 22,
23,24
Family Synchaetidae
322 Ploesoma lenticulare Herrick, 1885 NE, C 13,22
323  Ploesoma hudsoni (Imhof, 1891) NE, C 4,13, 17, 20, 22
324  Polyarthra euryptera Wierzejski, 1891 - 3
325 Polyarthra longiremis Carlin, 1943 NE 4
326  Polyarthra major Burckhardt, 1900 N, NE 4,9
327 Polyarthra minor Voigt, 1904 S 5,7,10, 15

1
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328 Polyarthra remata Skorikov, 1896 S 57
329 Polyarthra vulgaris Carlin, 1943 N, NE, C, S 1,3,4,5,7,9, 10, 12, 13, 17, 20, 21, 22,
Polyarthra cf. vulgaris Carlin, 1943: 23, 26
Sanoamuang, 2007
330 Synchaeta longipes Gosse, 1887 NE 4
331 Synchaeta pectinata Ehrenberg, 1832 N, NE 4,9,17
332 Synchaeta stylata Wierzejski, 1893 NE, C 4,13,17,20,21
Family Tetrasiphonidae
333 Tetrasiphon hydrocora Ehrenberg, 1840 S 12
Family Testudinellidae
334  Pompholyx complanata Gosse, 1851 N, NE, C 1,3,4,9,17, 20, 21, 22, 24, 26
335 Testudinella ahlstromi Hauer, 1956 N, NE, S 9,12, 13, 17, 20, 24
Syn.: Testudinella incisa ahlstromi
(Hauer): Chittapun & Pholpunthin, 2001
336 Testudinella amphora Hauer, 1938 NE, S 12,13,17,23
337 Testudinella brevicaudata Yamamoto, N, NE, S 4,5,7,9,13,17,24
1951
338 Testudinella dendradenade Beauchamp, S 31
1955
339 Testudinella emarginula (Stenroos, 1898) NE, S 4,17, 23
340 Testudinella greeni Koste, 1981 N, NE 9,13,17,24
341 Testudinella mucronata (Gosse, 1886) S 12
342 Testudinella parva (Ternetz, 1892) NE, C, S 4,12, 13, 15,17, 20, 21, 24
Syn.: Testudinella insinuata Hauer, 1938:
Segers et al., 2004; T. cf. insinuata
Hauer, 1938: Sanoamuang and
Savatenalinton, 2001
343  Testudinella patina (Hermann, 1783) N, NE, C, S 3,4,5,7,9, 10, 12, 13, 15, 17, 20, 21, 22,
Syn.: Testudinella patina (Hermann) f. 23,24, 26
typica: Sanoamuang et al., 1995
Incl.: Testudinella patina f. intermedia:
Sanoamuang et al., 1995; Jithlang &
Wongrat, 2006
344  Testudinella tridentata Smirnov, 1931 N,NE,C,S 4,9, 12, 13, 15, 17, 20, 24, 26
345 Testudinella walkeri Koste & Shiel, 1980 NE, S 5,7,13,17,20
Family Trichocercidae
346  Trichocerca abilioi Segers & Sarma, NE 13, 17
1993
347 Trichocerca bicristata (Gosse, 1887) N, NE, C 3,4,9,13, 17, 20, 22, 24
348 Trichocerca bidens (Lucks, 1912) NE, C, S 4,13,17, 20, 22, 23, 24
349  Trichocerca braziliensis (Murray, 1913) N,NE,C,S 4,09, 10, 12, 13, 15, 17, 20, 22, 23, 24, 26
350 Trichocerca capucina (Wierzejski & N,NE,C,S 4,9, 13,17, 20, 21, 22, 23, 24
Zacharias, 1893)
351 Trichocerca chattoni (de Beauchamp, NE, C, S 4,17, 20, 21, 23, 24
1907)
352 Trichocerca collaris (Rousselet, 1896) NE, S 12,13
353 Trichocerca cylindrica (Imhof, 1891) NE, C, S 3,4,5,7,13,17, 20, 21, 22, 24
354  Trichocerca dixonnuttalli (Jennings, 1903) NE, S 7,13, 24
Syn.: Trichocerca inermis (Linder,
1904): Sanoamuang and Savatenalinton,
2001; Sanoamuang, 2007
355 Trichocerca elongata (Gosse, 1886) NE, C 4,13,17,21
356 Trichocerca flagellata Hauer, 1937 N,NE,C,S 4,5/7,9, 12, 13,17, 22, 23, 24
357  Trichocerca cf. gracilis (Tessin, 1890) S 23
358 Trichocerca hollaerti De Smet, 1990 NE, S 4,5,7,12,13,17, 23, 24
359 Trichocerca insignis (Herrick, 1885) N, NE, S 4,5,7,9, 12, 13,17, 20, 24
360 Trichocerca insulana (Hauer, 1937) NE, C, S 4,10, 13, 20, 23, 24, 26, 28

Syn.: Trichocerca montana Hauer, 1956:
Sanoamuang & Savatenalinton, 2001

)
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361 Trichocerca longiseta (Schrank, 1802) NE, C 13, 17, 20, 21, 24
362 Trichocerca mus Hauer, 1938 C,S 22,23
363 Trichocerca orca (Murray, 1913) NE 13
364  Trichocerca porcellus (Gosse, 1851) NE 11, 13,17
365  Trichocerca pusilla (Jennings, 1903) N, NE, C, S 1,3,4,9,10, 13,17, 19, 20, 21, 22, 23,
24,25, 26
366 Trichocerca obtusidens (Olofsson, 1918) NE, S 4,5,7
Syn.: Trichocerca relicta Donner, 1950:
Sanoamuang et al., 1995; Pholpunthin, 1997;
Segers & Pholpunthin, 1997
367 Trichocerca rosea (Stenroos, 1898) NE 13
368 Trichocerca rousseleti (\Voigt, 1902) NE 4
369 Trichocerca ruttneri Donner, 1953 NE, S 4,5,7,13,23
370  Trichocerca scipio (Gosse, 1886) NE, S 13, 15,17
Syn.: Trichocerca jenningsi VVoigt, 1957:
Sanoamuang & Savatenalinton, 2001;
Chittapun et al., 2002
371 Trichocerca siamensis Segers & NE, S 7,13, 15,20
Pholpunthin, 1997
372 Trichocerca similis (Wierzejski, 1893) N, NE, C, S 3,4,5,7,9, 10, 13, 17, 20, 21, 22, 23, 24
373  Trichocerca similis grandis Hauer, 1965 C,S 12, 15, 26
Syn.: Trichocerca similis (Weirzejski) f.
grandis Hauer: Chittapun & Pholpunthin,
2001; Chittapun et al., 2002
374  Trichocerca simoneae De Smet 1990 NE 13,17, 24
375 Trichocerca stylata (Gosse, 1851) NE, C 4,13,17,22,24
376  Trichocerca tenuidens (Hauer, 1931) NE 4
377 Trichocerca tenuior (Gosse, 1886) N, NE, S 3,9, 13, 14, 17, 19, 20, 23, 24
378 Trichocerca tigris (Muller, 1786) NE, S 4,13, 20, 23
379 Trichocerca voluta (Murray, 1913) NE, S 4,5,7,12,13,17
Syn.: Trichocerca tropis Hauer, 1937:
Sanoamuang et al., 1995; Pholpunthin,
1997; Segers & Pholpunthin, 1997;
Chittapun & Pholpunthin, 2001;
Sanoamuang & Savatenalinton, 2001;
Segers et al., 2004
380 Trichocerca vernalis (Hauer, 1936) NE 13
381 Trichocerca weberi (Jennings, 1903) NE, S 13, 17, 20, 23
Family Trichotriidae
382 Macrochaetus collinsii (Gosse, 1867) N, NE, C, S 2,4,9, 10, 12, 13, 15, 17, 20, 22, 23, 24
383 Macrochaetus danneelae Koste & Shiel, N, NE 9,13,17,24
1983
384  Macrochaetus longipes Myers, 1934 N, NE, C 4,9,13,17,22,24
385 Macrochaetus sericus (Thorpe, 1893) NE, S 4,5,7,13,17, 20, 24
386 Macrochaetus subquadratus (Perty, 1850) NE, C, S 12, 13,17, 22
387  Trichotria tetractis (Ehrenberg, 1830) N, NE, C, S 4,5,7,9,12, 13, 15, 17, 20, 21, 22, 24
388 Wolga spinifera (Western, 1894) NE 11,17, 24
Family Trochosphaeridae
389 Filinia brachiata (Rousselet, 1901) C 3,21
390 Filinia camasecla Myers, 1938 N, NE, C 4,9, 13, 17, 20, 21, 22, 24, 26, 28
391 Filinia longiseta (Ehrenberg, 1834) N, NE, C, S 1,3,4,9, 10, 17, 20, 21, 22, 23, 24, 26
Incl.: Filinia longiseta var. limnetica:
Jithlang & Wongrat, 2006
392 Filinia novaezealandiae Shiel & NE, C, S 10, 13, 17, 20, 21, 22, 24, 26, 28
Sanoamuang, 1993
393 Filinia opoliensis (Zacharias, 1898) N, NE, C, S 1,3,4,09, 10,12, 13, 17, 20, 21, 22, 23,
Syn.: Tetramastix opoliensis Zacharias, 24,26
1898: De Ridder, 1971
394  Filinia pejleri Hutchinson, 1964 N, NE 4,9
395 Filinia saltator (Gosse, 1886) N, NE 4,9, 17
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396 Filinia terminalis (Plate, 1886) NE 3,4
397 Trochosphaera aequatorialis Semper, 1872 N, NE, C 3,4,9, 17, 26
Bdelloidea

Family Habrotrochidae

398 Habrotrocha ampulla Murray, 1911 C 2
399 Habrotrocha angusticollis (Murray, 1905) C 2
Family Philodiniae
400 Dissotrocha aculeata (Ehrenberg, 1832) C,S 2,12, 15,23
401 Dissotrocha macrostyla (Ehrenberg, 1838) C 2

Table 2. List of Oriental and Thai (*) taxa.

Species

Brachionus donneri Brehm, 1951

Brachionus murphyi Sudzuki, 1989

Brachionus srisumonae Segers, Kothetip & Sanoamuang, 2004*
Cephalodella songkhlaensis Segers & Pholpunthin, 1997*
Colurella psammophila Segers & Chittapun, 2001*

Colurella sanoamuangae Chittapun, Pholpunthin & Segers, 1999
Encentrum pornsilpi Segers & Chittapun, 2001*

Filinia camasecla Myers, 1938

Habrotrocha recumbens Bartos, 1963

10  Keratella edmondsoni Ahlstrom, 1943

11 Keratella taksinensis Chittapun, Pholpunthin & Segers, 2002*
12 Lecane acanthinula (Hauer, 1938)

13 Lecane blachei Berzins, 1973

14 Lecane bulla diabolica (Hauer, 1936)

15 Lecane isanensis Sanoamuang & Savatenalinton, 2001*

16 Lecane junki Koste, 1975*

17 Lecane kunthuleensis Chittapun, Pholpunthin & Segers, 2003*
18  Lecane lungae Savatenalinton & Segers, 2005*

19  Lecane martensi Savatenalinton & Segers, 2008*

20  Lecane micrognatha Segers & Savatenalinton, 2010*

21 Lecane minuta Segers, 1994

22 Lecane niwati Segers, Kothetip & Sanoamuang, 2004*

23 Lecane segersi Sanoamuang, 1996*

24 Lecane superaculeata Sanoamuang & Segers, 19971 2*

25  Octotrocha speciosa Thorpe, 1893

26  Ptygura thalenoiensis Meksuwan, Pholpunthin & Segers, 2011

O©ooO~NOoO Ul WNE

! Reliably recorded from Cambodia by Sor (2011)
2 Recorded, without substantiation, from NE India by Sharma and Sharma (2005)
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2) Review of species complexes in families Brachionidae and Lecanidae

The Thai rotifer fauna is composed largely of widespread, cosmopolitan
or tropicopolitan species. Notwithstanding that the Thai rotifer fauna is the richest of
all of Southeast Asian countries, this by no means implies that the fauna is adequately
studied. One of the knowledge gaps concerns the taxonomy of species complexes,
especially cryptic species. These are quite difficult to identify as they are
morphological similar. Some studies in Thailand suggested that species complexes are
common in monogonont rotifers, and cited as possible examples Lecane bulla, Lecane
leontina, Lecane ludwigii, L. lunaris, and L. quadridentata species groups (Segers and
Savatenalinton, 2010). Moreover, many species are known to belong to species complexes,
such as Brachionus angularis, Brachionus calyciflorus, and Brachionus quadridentatus
(Snell, 1989). In addition, there are no less than three different species within the
taxon Keratella cochlearis (Hoffman, 1980 cited in Serra et al., 1997). These cases
illustrate the difficulty of estimating the actual species diversity of rotifers in
Thailand.

Several Thai literature sources indicate that species complexes occur
mainly in the families Brachionidae and Lecanidae. The biogeography and
distribution of each known species complex in families Brachionidae and Lecanidae
in Thailand are reviewed and listed in Tables 3 and 4, respectively. According to
present knowledge, each species complex is cosmopolitan and can be found in all
regions of Thailand. Because these families form the majority of rotifers in Thailand,
erroneous identification of species complexes in these families may directly affect to
estimate of the actual species number of rotifer in Thailand and may lead to
misunderstand about biogeography and biodiversity. | expect that targeted efforts on
understudied taxonomic groups, preferably using modern molecular tools will

undoubtedly raise the record of rotifer diversity in Thailand.



Table 3. Species complex in Family Brachionidae in Thailand.

Records in Thailand (ref.)

Species Remarks Biogeography N NE c S
Brachionus angularis Species complex (Reference: Athibai, 2008, AFR, AUS, 521 1,8,11, 14, 15, 2,3,6,
Gosse, 1851 Athibai et al., 2013) (Thai recorded: B. angularis f. NEA, NEO, 13 18, 19 16, 17

typica, B. angularis f. bidens, B. angularis f. chelonis) ORI, PAL
Brachionus calyciflorus Species complex, probably concealing cryptic species. AFR, ANT, 521 1,8,11, 14, 15, 2,3, 16,
Pallas, 1766 The taxonomy of B. calyciflorus is particularly AUS, NEA, 13,21 19,21 17,21

confused. Validation of the numerous proposed NEO, ORI,

subspecies and infrasubspecific variants awaits a PAL

thorough revision of the taxon. (References: Segers,

2007; Xiang et al., 2010; Xiang et al., 2011; Athibai

et al., 2013) (Thai recorded: B. calyciflorus f. typical,

B. calyciflorus f. amphiceros, B. calyciflorus f.

anuraeiformis, B. calyciflorus f. monstruosus)
Brachionus caudatus Species complex. The taxonomy of B. caudatus is AFR, AUS, NEA, 5,21 1,111,613, 14,15, 2,
Barrois and Daday, 1894 particularly confused. Validation of the numerous NEO, ORI, PAL 21 19, 21 17

proposed subspecies and

(4



Table 3. (continued)

Records in Thailand (ref.)

Species Remarks Biogeography N NE c S
infrasubspecific variants awaits a thorough revision of
the taxon (References: Giri and Jose de Paggi, 2006;
Segers, 2007) (Thai recorded: B. caudatus f. apsteini,
B. caudatus f. aculeatus, B. caudatus f. personatus)
Brachionus plicatilis The B. plicatilis complex is an as yet incompletely AFR, AUS, NEA, - 1 - -
Muller, 1786 resolved cryptic species complex (Reference: Segers,  NEO, ORI, PAC,
2007) PAL
Brachionus quadridentatus ~ Species complex (Reference: Athibai, 2008) AFR, ANT, AUS, 5,21 1,38, 11, 14, 15, 2,3,6,
Hermann, 1783 (Thai recorded: B. quadridentatus f. brevispinus, NEA, NEO, ORI, 13,21 19, 21 7,10, 16
B. quadridentatus f. cluniorbicularis, PAC, PAL 17,21
B. quadridentatus f. melhemi, B. quadridentatus
f. mirabilis, B. quadridentatus f. typica)
Keratella cochlearis Species complex. The taxonomy of K. cochlearis AFR, ANT, AUS, 5 1,8,11,13 14,1518 2, 3, 16,
(Gosse, 1851) is particularly confused. Validation of the NEA, NEO, ORI, 17

€



Table 3. (continued)

Records in Thailand (ref.)

Species Remarks Biogeography NE c S
numerous proposed subspecies and infrasubspecific PAL
variants awaits a thorough revision of the taxon
(References: Derry et al., 2003; Gomez, 2005;
Segers, 2007) (Thai recorded: K. cochlearis f. typica,
K. cochlearis f. micracantha)
Keratella tropica Species complex, variation in length of posterior spine  AFR, AUS, NEA, 5 1,8, 11, 14, 15, 2,3,6,
(Apstein, 1907) (Reference: Green, 1980) NEO, ORI, PAL 13 18, 19 16, 17

Biogeographical abbreviation: AFR-Afrotropical region; ANT-Antarctic region; AUS-Australian region; NEA-Nearctic region; NEO-

Neotropical region; ORI-Oriental region; PAC-Pacific region; PAL-Palearctic region.

References:1-Sanoamuang et al., 1995; 2-Pholpunthin, 1997; 3-Segers & Pholpunthin, 1997; 4-Pholpunthin & Chittapun, 1998; 5-Sanoamuang,
1998; 6-Chittapun et al., 1999; 7-Chittapun & Pholpunthin, 2001; 8-Sanoamuang & Savatenalinton, 2001; 9-Segers & Chittapun, 2001;
10-Chittapun et al., 2002; 11- Segers et al., 2004; 12-Chittapun et al., 2005; 13- Savatenalinton & Segers, 2005; 14-Jithland & Wongrat,
2006; 15-Teeramaethee et al., 2006; 16-Chittapun et al., 2007; 17-Sanoamuang, 2007; 18-Savatenalinton & Segers, 2008; 19-Chittapun
et al., 2009; 20-Chittapun, 2011; and 21-Athibai et al., 2013.
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Table 4. Species complex in Family Lecanidae in Thailand.

Records in Thailand (ref.)

Species Remarks Biogeograph
Jeograpny NE C S

Lecane bulla Species complex, morphologically AFR, AUS, NEA, NEO, 1,8, 11, 14,15, 2,3,4,6,7,9,
(Gosse, 1851) variable taxon (References: Segers, 2007; ORI, PAC, PAL 13 19,20 10,12,16,17

Segers & Savatenalinton, 2010; Walsh et

al., 2009) (Thailand recorded: L. bulla,

L. bulla bulla, L. bulla diabolica)
Lecane closterocerca Species complex AFR, ANT, AUS, NEA, 1,8, 11, 14,15, 2,3,6,7,10, 16,
(Schmarda, 1859) (Reference: Segers, 1996) NEO, ORI, PAC, PAL 13 19 17
Lecane curvicornis Species complex (References: Segers, AFR, AUS, NEA, NEO, 1,8, 11, 14,15, 2,3,4,7,10, 16,
(Murray, 1913) 1996) (Thailand recorded: ORI, PAL 13 19,20 17

L. curvicornis f. typica)
Lecane hamata Species complex AFR, AUS, NEA, NEO, 1,8, 11, 14,15, 2,3,4,6,7,9,
(Stokes, 1896) (Reference: Segers, 1996) ORI, PAC, PAL 13 19 10, 16, 17
Lecane hornemanni Species complex AFR, AUS, NEA, NEO, 1,8, 11, 14,15, 2,3,4,7, 10, 1b,
(Ehrenberg, 1834) (Reference: Segers, 1996) ORI, PAC, PAL 13 19 17

T4



Table 4. (continued)

Records in Thailand (ref.)

Species Remarks Biogeography NE c S
Lecane leontina Species complex, morphologically AFR, AUS, NEA, NEO, 1,8, 11, 14,15, 2,3,4,6,7, 10,
(Turner, 1892) variable taxon, probably concealing ORI, PAL 13 19 16, 17
cryptic species (References: Segers, 2007;
Segers & Savatenalinton, 2010)
Lecane ludwigii Species complex AFR, AUS, NEA, NEO, 1,8, 11, 15 2,3,4,6,7, 10,
(Eckstein, 1883) (Reference: Segers & Savatenalinton, ORI, PAC, PAL 13 12, 16, 17
2010; Segers & Shiel, 2003)
Lecane lunaris Species complex, morphologically AFR, ANT, AUS, NEA, 1,8, 11, 14,15, 2,3,4,6,7, 10,
(Ehrenberg, 1832) variable taxon, probably concealing NEO, ORI, PAC, PAL 13 18 16, 17
cryptic species (Reference: Segers, 2007;
Segers & Savatenalinton, 2010
Lecane obtusa Species complex AFR, AUS, NEA, NEO, 1,8, 11, 15 2,3,4,6,7,9,
(Murray, 1913) (Reference: Segers, 1996) ORI, PAL 13 10, 12, 16, 17
Lecane quadridentata Species complex AFR, AUS, NEA, NEO, 1,8, 11 15,19 2,3,4,6,7, 16,
(Ehrenberg, 1830) (Segers & Savatenalinton, 2010) ORI, PAC, PAL 17

9¢



Table 4. (continued)

Records in Thailand (ref.)

Species Remarks Biogeograph
p geograpny NE c S
Lecane signifera Species complex NEA 1,8, 11, 14,15, 2,3,4,6,7, 10,
(Jennings, 1896) (Reference: Segers, 1996) 13 19 16, 17

Lecane unguitata
(Fadeev, 1926)

Lecane ungulata
(Gosse, 1887)

Species complex
(Reference: Segers, 1996)

Species complex
(Reference: Segers, 1996)

AFR, AUS, ORI, PAL

AFR, AUS, NEA, NEO,
ORI, PAL

1,8, 11, 15,19 2,3,4,6,7, 10,
13 12, 16, 17

1,8, 11, 14,15, 2,3,4,6,7, 10,
13 19 16, 17

Biogeographical abbreviation: AFR-Afrotropical region; ANT-Antarctic region; AUS-Australian region; NEA-Nearctic region; NEO-

Neotropical region; ORI-Oriental region; PAC-Pacific region; PAL-Palearctic region.

References:1-Sanoamuang et al., 1995; 2-Pholpunthin, 1997; 3-Segers & Pholpunthin, 1997; 4-Pholpunthin & Chittapun, 1998; 5-Sanoamuang,
1998; 6-Chittapun et al., 1999; 7-Chittapun & Pholpunthin, 2001; 8-Sanoamuang & Savatenalinton, 2001; 9-Segers & Chittapun, 2001;
10-Chittapun et al., 2002; 11- Segers et al., 2004; 12-Chittapun et al., 2005; 13- Savatenalinton & Segers, 2005; 14-Jithland & Wongrat,
2006; 15-Teeramaethee et al., 2006; 16-Chittapun et al., 2007; 17-Sanoamuang, 2007; 18-Savatenalinton & Segers, 2008; 19-Chittapun
et al., 2009; and 20-Chittapun, 2011.

X4
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1.3 Research questions
1.3.1 Are there cryptic species complexes within the families Brachionidae and
Lecanidae in Thailand?
1.3.2 Are there correlations between genetic divergence and geographical
distribution of species complexes within the families Brachionidae and

Lecanidae in Thailand?

1.4 Objectives
1.4.1 To investigate species complexes of rotifers in families Brachionidae and
Lecanidae in Thailand
1.4.2 To investigate genetic divergence and geography of species complexes in

Brachionidae and Lecanidae in Thailand
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CHAPTER 2

RESEARCH METHODOLOGY

2.1 Study area

Thailand is a tropical country situated between latitude 5°37° N to 20°27° N
and longitude 97°22° E to 105°37” E (Setapan, 1999). The geography of the country is
quite heterogeneous, with large plains and relatively high mountains, and several
watersheds generating abundance and diversity of freshwater habitats.

Samples were taken across all the country from several water bodies of
different type to cover the largest possible diversity of rotifers. Samples were
collected from several habitat types, such as lakes, swamps, peat-swamps, marshes,
and ponds. Habitat types were classified by the following characteristics. A lake was
considered as a large area (at least 80,000 m?) filled with water, apart from rivers that
serves to drain the lake, regardless of whether the water body is of natural or artificial
origin. Peat swamp was defined as a wetland where waterlogged soil prevents dead
leaves and wood from fully decomposing; over time, this creates a thick layer of
acidic peat. A swamp was defined as a wetland that is forested and occurs along large
rivers where it is critically dependent upon natural water level fluctuations; some
swamps could be covered by aquatic vegetation. A pond was defined as a body of
standing water, either natural or artificial, that is smaller than a lake (less than 80,000
m?). A marsh was defined as a wetland dominated by herbaceous rather than by
woody plant species.

A total of 133 samples from 90 sites were collected during November 2011 -
April 2016 (Figure 1 and Table 5). Some samples were collected from, broadly
speaking, the same site, for example the same lake, but in different places and/or on
different occasions: limnological variables could be rather different among such

samples even from the same lake; thus each sample was treated separately.
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Figure 1. Map of sampling sites in this study (black circles). The number of

sampling sites was shown in Table 5.
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Table 5. Sampling sites in this study. Numbers given for each sampling location are

corresponding to those in the map of Figure 1.

Sites
1. Chiang Saen Lake 32. Sra Silapacheep
2. Kwan Phayao 33. Nong Phuttha HP
3. Huai Kang Reservoir 34. Bang Kruai
4. Mae Kuang Reservoir 35. Bang Phra Reservoir
5. Huai Jo Reservoir 36. Nong Kho Reservoir
6. Nong Han 37. Nong Klang Dong Reservoir
7. Huai Tung Tao Reservoir 38. Bangphi
8. Sra Pimtawan 39. Dok Krai Reservoir
9. Huaitong Reservoir 40. Nong Pla Lai Reservoir
10. Mae Kham Reservoir 41. Nong Thasiphet
11. Bueng Thungkalo 42. Khao Nguang Chang Reservoir
12. Nong Khon 43. Samet Reservoir
13. Nong Kut Thing 44. Sra Anodad
14. Bueng Khong Long 45. Botanical garden
15. Nong Han 46. Khao Chuk Reservoir
16. Thale Buadaeng 47. Pru Kung Krabaen
17. Srabua Khon Kaen 48. Nong Bua Chanthaburi
18. Srabua Ubonrat 49. Kirithan Reservoir
19. Nong Khot 50. Koh Chang Reservoir
20. Nong Wang 51. Aosalad Reservoir
21. Nong Tabeang 52. Sra Klong Had
22. Jorakhemak Reservoir 53. Nong Nonsa-at
23. Thung Laem Reservoir 54. Sra Klongbod
24. Nong Bon 55. Nong WatZaitong
25. Sra Fountain Tree 56. Pru Ching
27. Bueng Si Phi 57. Nong Bua Chumphon
28. Bueng Sanat 58. Sra Khanthulee
29. Bueng Borapet 59. Srabou Khanom
30. Bueng Thepo 60. Nong Sichon
31. Bueng Chawak 61. Nong Baansrabua




Table 5. (continued)
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Sites
62. Thale Noi 77. Nong Klong Muang
63. Nong Pakbung 78. Nong Baanlaempho
64. Sra Pangtree 79. Nong Banthamapraw
65. Bueng Baanwatmai 80. Srabua Rajamangala
66. Srabua PSU 81. Nong Klong Lamchan
67. Buengbua Natab 82. Nong Ban Chu Pa
68. Nong Klong Kapur 83. Nong Nachumhed
69. Srabua Kapur 84. Nong Thungsabo
70. Khaowong Reservoir 85. Sra Lalita Sabo
71. Bueng Kurod 86. Bulone
72. Nong Taymueng 87. Nong Pan Ya
73. Pru Jaeson 88. Nong Pan Ya
74. Pru Jik 89. Huai Yiao Reservoir
75. Pru Mai Khao 90. Nong Prakpraya
76. Nong Han

2.2 Field study

2.2.1 Sample collections

1) Live and preserved samples

Rotifer samples were collected among vegetation and open water using a

plankton net of 22 pum mesh size. The samples were divided into two parts: live and

preserved samples. Live samples were kept in plastic bottles and carried from each site

to the laboratory under slightly cooled conditions. For preserved samples, each

sample was concentrated by filtering water through 22 pm sieve and immediately

preserved in 95% ethanol and kept on ice in cool box until they were transferred to

laboratory. Diagram of this study is shown in Figure 2.



In the field (At each sampling site)

Collect rotifers using 22 pm plankton net

|
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Collect sediments (~1 kg)

Preserved samples Live samples
filtered through 22 um Sediment samples
sieve + 95% ethanol
\/ (kepton ice) dry wet sediment
& mix in the lab
In the laboratory

sort sort Dry sediment 20 g +
150 ml distilled water

Other taxa of species hatch in 12 h | light : 12 h dark

complex in Families (RT)
Brachionidae &

Lecanidas which 250 mi
e.cam ae whicl .are \ o> - beaker
different from live ﬁ ﬁ —3 <

samples and hatching ) i ! Sk

. Species complexes in pour off water in ¥ 7 s
from sediments - o - ’,’ -7
Families Brachionidae different bottles 7, -
& Lecanidae & i L culture
e - I Tam 2 months
Morphological study culture in 12 h | light : 12 h dark every
(RT) 2 days
Molecular study distilled water
Species Species | . Species
complex 1 complex 2 complex n
rep.1 rep.2 rep.3
| taxon 1 | ~~~~~ | taxon 2 | --------- > | taxon n |
| | I add distilled water to the same level
=== in the original beaker
o & & & & & & & &
(Start) parental female 1 1 1 1 1 1 1 1 1 \l/ _
= &5 & no new taxon of targeted species
(Finish) offspring 20 20 20 20 20 20 20 20 20

1

+ 4% formay

0 10
\; 95% ethanol + kept on ice

Morphological analysis

Molecular analysis

complexes in the original beaker

¥

STOP

Figure 2. The diagram shows this study in the field and in the laboratory. RT = room

temperature (27-33 °C). n = total number of species complex or taxon in

each site.
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2) Sediment samples
Sediments, including resting eggs of rotifers, were collected randomly
from each sampling site. The top layer of sediment (approximately 1 cm) were taken
from each site, approximately 1 kilogram. Sediments were transferred to laboratory

and stored in dry, dark and cool conditions until they can be processed.

2.2.2 Environmental measurements

Physical and chemical factors, including pH, temperature (°C), conductivity
(S cm™), salinity (ppt), and dissolved oxygen (mg L), were measured at each site.
pH was measured using Adwa AD12 pH meter. Temperature, conductivity, and
salinity were determined using YSI Model 30 meter. Dissolved oxygen (DO) was
measured by titration method using HANNA HI3810 Dissolved Oxygen Test Kit.
Coordinates (latitude, longitude) and elevation (m) were obtained by Garmin eTrex H
Handheld GPS Navigator meter.

2.3 Sample processes in the laboratory
2.3.1 Live sample process

Living specimens belonging to selected species complexes of monogonont
rotifers were isolated and put into chambers. Parental females of each taxon of
selected species complexes were cloned from each site. In case of parental females
which were insufficient for studying, they were isolated from hatching experiment
from the resting egg in the sediment. Each parental female was cloned with the
method of Athibai (2008). One parental female was cultured in a chamber with two
milliliters of water from the same locality and fed on Chlorella vulgaris at density of
1x10°% cells mlt. The cultured containers were incubated at room temperature
(27-33°C) with a twelve-hour light and a twelve-hour dark light regime to let parental
female produce her offsprings by parthenogenesis. All offsprings of the same parents
were cultured together in their parental containers. Twenty offsprings are enough for
studying. After culturing, ten specimens were fixed in 4% formalin for morphological
analysis, and ten specimens were preserved in 95% ethanol and immediately kept on

ice.
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2.3.2 Sediment sample process

Sediments were dried, mixed and stored in dark and cool conditions until
they were processed. Dry sediments were mixed and cultured to allow rotifer resting
eggs to hatch after applying the method of Chittapun et al. (2005). Three replicates of
sediments from each site were cultured. For each replicate, 20 grams of sediments
were placed into 250 ml beaker and 150 milliliters of distilled water were added.
Importantly, the beakers were incubated at room temperature (27-33°C) with a
twelve-hour light and twelve-hour dark light regime. Every two days during two
month period, the water in these beakers were poured off into a different bottle, and
refilled back to the same level in the original beaker. Sediments were incubated until
no new taxon of targeted species complexes appeared in the original beaker. The
targeted species complexes were isolated from the water which were poured off from
beaker every two days. The targeted species complexes were cloned at the same
procedure as that for the live samples via the approach described by Athibai (2008).
After incubated, ten specimens were fixed in 4% formalin for morphological study
and ten specimens were fixed in 95% ethanol and immediately kept on ice for

molecular analysis.

2.3.3 Preserved sample process
Preserved samples were searched for other targeted species complexes
which are different from the live samples and the ones hatching from sediments.
Specimens of each taxon of other targeted species complexes were selected from each
site. The specimens were photographed before molecular analysis. Geometric
morphometric analysis was investigated from specimens whose sequences can be

obtained
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2.4 Morphological analysis

Animals were sorted in the lab under a dissecting microscope and targeted
species complexes of the families Brachionidae and Lecanidae were identified,
according to the recent literature reviews of Koste (1978); Koste and Shiel (1987);
Sanoamuang et al. (1995); Segers (1995); Segers and Wang (1997); Segers and Rong
(1998); Segers and Savatenalinton (2010); and Athibai et al. (2013). Nomenclature
follows the most recent updates of the candidate List of Available Names for rotifer
species (Segers et al., 2012, 2015). For each taxon, specimens at each site in targeted
species complexes in Brachionidae and Lecanidae were identified and photographed
using Leica DM1000 LED microscope before DNA extraction. The representatives of
each taxon derived from culture were kept as vouchers in the reference collection at
Princess Maha Chakri Sirindhorn Natural History Museum, Faculty of Science, Prince
of Songkla University.

In addition, photographs of rotifers were taken before DNA extraction. Next,
geometric morphometric analysis was investigated from specimens whose sequences
can be obtained. Also, lorica morphology was employed to describe variations among

species and population.

2.4.1 Geometric morphometric analysis

Morphological characters of ventral lorica were obtained from the
photographs with the same magnification (40x). Because ventral lorica is stable,
ventral lorica was used to examine the morphological characters of lorica in order to
avoid distortion. In this process, three methods were performed: a measurement, a
landmark, and a semi-landmark sliding. The lorica measurements were performed
using ImageJ v.1.50i program as shown in Figure 3. Furthermore, the coordinates of a
set of the topographically corresponding landmark were utilized in geometric
morphometrics (Marcus et al., 2000; Zelditch et al., 2004) in order to compare the
form of organisms. The landmark and semi-landmark slidings were digitized on
photograph (Figure 4) through Tps program series: version 1.68 of tpsULtil, version
2.22 of tpsDig2, and version 1.61 of tpsrelw program.



Figure 3. Morphological characters measured in this study.

a. ventral lorica width

b. ventral lorica length

c. dorsal lorica length

d. head aperture width

e. head aperture dorsal depth
f. head aperture ventral depth

g. foot pseudosegment width
h. foot pseudosegment length
i. maximum toe width

J. toe length

k. terminal fissure length

I. pseudoclaw length
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a

Figure 4. Lorica landmark (left) and semi-landmark slidings (right).

a. the median of dorsal head aperture margin

b. the median of ventral head aperture margin

c. left antero-lateral corner (lateralmost point of head aperture margin)

d. the maximum width of ventral lorica (left)

e. point where the postero-lateral margins of ventral and dorsal lorica plates
cross (left)

f. dorsal point of dorsal lorica plate

g. median point of distal margin of ventral lorica

h. point where the postero-lateral margins of ventral and dorsal lorica plates
cross (right)

i. the maximum width of ventral lorica (right)

J. right antero-lateral corner (lateralmost point of head aperture margin)
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2.4.2 Data Analysis
Morphological analyses were conducted among species complex using R
version 3.3.1 (R Core Team, 2016) and RStudio Version 0.99.903 (2009-2016 RStudio,
Inc.). Significant differences of morphological characters were examined using ANOVA
and Turkey test.

2.5 Molecular analysis
2.5.1 DNA extraction

Each specimen preserved in 95% ethanol was transferred into a PCR (0.2 mL)
tube and dried. The whole body of a single specimen was used for DNA extraction
according to Garcia-Morales and Elias-Gutiérrez (2013) with a modified HotSHOT
protocol (Montero-Pau et al., 2008) or Chelex100 (Instagene Matrix BioRad) with
a modified protocol (Walsh et al., 2009). For the HotSHOT protocol, a single specimen
was digested in 30 ul of alkaline lysis buffer (NaOH 25 mM, disodium EDTA 0.2 mM,
pH 8.0) in 0.2 mL tube and crushed against the side at the bottom of the tube under a
compound microscope. Each sample was incubated at 95 °C for 30 min and then at 4 °C
for 4 min. A further 30 pl of neutralizing buffer (Tris-HCL 40 mM, pH 5.0) was added
to each tube and spinned down. The supernatant was used as DNA template for
polymerase chain reactions (PCRs). For the Chelex protocol, a single specimen was
digested using 30 pl of Chelex matrix in a 0.2 mL tube and vortexed for 20 seconds.
Samples were then incubated at 99 °C in ThermoMixer machine (Eppendorf) with
continuous shaking at 1000 rpm for 10 min. Extracted DNA was stored at -20 °C for

future amplification.

2.5.2 DNA amplification, purification and sequencing
Target fragments of DNA, the mitochondrial cytochrome ¢ oxidase subunit |
(COI or cox1) and the nuclear ribosomal internal transcribed spacer 1 (ITS1), were
amplified using polymerase chain reactions (PCRs) with universal primers. Amplification
of the COI region was performed using primers LC0O1490 (5-GGTCAACAAATCA
TAAAGATATTGG-3') and HCO2198 (5'-TAAACTTCAGGGTGACCAAAAAAT
CA-3') (Folmer et al., 1994). Amplification of the ITS1 region was done using the
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primer 11l (5-CACACCGCCCGTCGCTACTACCGATTG-3') and VIII (5'-GTGCG
TTCGAAGTGTCGATGATCAA-3') (Palumbi, 1996).

The PCR reactions were performed in 20 pl final volume containing 10 pl of
EmeraldAmp GT PCR Master Mix (Takara), 0.5 pul of each primer (10 uM), 2—6 pl of
DNA template (depending on DNA concentration), and topped up with PCR grade
water to the 20 pl final volume. The reactions were amplified under the following

thermal cycler conditions:

Initial denaturation 1 cycle 3 minutes at 95 °C
Amplification 38 cycles 15 seconds at 94 °C
60 seconds at 50 °C

90 seconds at 72 °C

Final extension 1 cycle 10 minutes at 72 °C

PCR products were electrophoresed on 1.2% agarose gels with SYBR Safe
DNA Gel Stain (10 ml agarose gel per 1 pl SYBR Safe) and observed under UV light
using Gel-Doc.

PCR products of expected sizes were purified using FavorPrep™ Gel/PCR
purification kit (Favorgen) according to manufacturer’s protocol. The purified products
were sequenced in both directions using the amplification primers at Macrogen Inc.,

Seoul, Korea.

2.5.3 Data analysis
1) Sequence preparation
1.1) Mitochondrial cytochrome c oxidase subunit I (COI or cox1)
Chromatograms for all sequences were checked and manually edited
in case of problems using Chromas Lite version 2.1.1 (Technelysium Pty Ltd., 2012).
Overlapping sequences, both forward and reverse directions, were assembled into
a consensus using program GENDOC version 2.6.002 (Nicholas et al., 1997).
Haplotypes were defined from genetic distance using pairwise-distance (<0.001).
Haplotypes were used for alignment using MAFFT version 7 web server (Katoh and

Standley, 2013; http://mafft.cbrc.jp/alignment/server/).
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All alignments were double-checked by eye using BioEdit version
7.1.3.0 (Hall, 1999) and MESQUITE version 3.11 (Maddison and Maddison, 2016) to
ensure that no small errors and no stop codons were present. Haplotypes were used to
investigate phylogenetic reconstruction and species delimitation.

1.2) Nuclear ribosomal internal transcribed space 1 (ITS1)

Chromatograms for all sequences were checked and manually edited
using Chromas Lite version 2.1.1. The double peaks read from forward and reverse
chromatograms were manually coded following the IUPAC ambiguity codes.
Heterozygous sequences were resolved manually in case of single ambiguities, whereas
we used Champuru v1.0 (http://seqphase.mpg.de/champuru/) to resolve length variant
heterozygotes and SeqPHASE (http://stephenslab.uchicago.edu/phase/download.html)
for all other heterozygotes. All alleles were aligned using MUSCLE web server
(http://www.ebi.ac.uk/Tools/msa/muscle/), and the alignments were double-checked
by eye using BioEdit version 7.1.3.0. Only one copy was used for each allele in order
to avoid redundancy, similarly to what was done for haplotypes of COI.

2) Phylogenetic reconstructions

Phylogenetic trees were reconstructed using haplotypes of COl and of ITS1.
In the case of COI, each individual had only one haplotype, whereas, in case of ITS1,
each individual could have one or two different copies of the amplified fragment. Previously
published sequences of the same COl and ITS1 region in species complexes in families
Brachionidae and Lecanidae were included in the analyses. The species in the complex
were identified and estimated the number of species within the complex using a combination
of ABGD, PTP, and GMYC methods. Although COI marker was mainly used for
identifying species, ITS1 marker (137 haplotypes from 103 individuals: 1 copy from
67 individuals and 2 copies from each of 36 individuals) was used for supporting
species delimitation.

Phylogenetic trees were reconstructed using CIPRES web server (https:/Amww.
phylo.org/) with two approaches: Maximum Likelihood (ML) using RAXMLV.8.2.9
(Stamatakis, 2014) and Bayesian Inference (BI) using BEAST v.1.8.3 (Drummond

and Rambaut, 2007) to examine the phylogenetic relationships among haplotypes.


http://seqphase.mpg.de/champuru/
http://stephenslab.uchicago.edu/
http://www.ebi.ac.uk/Tools/msa/muscle/
https://www/
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RAXML (Randomized Axelerated Maximum Likelihood) is a program for sequential
and parallel maximum likelihood based inference of large phylogenetic trees. BEAST
(Bayesian Evolutionary Analysis Sampling Trees) is a cross-platform program for
Bayesian analysis of molecular sequences using Markov Chain Monte Carlo (MCMC)
method.

For ML, this method generated phylogenetic tree using maximum likelihood
and rapid bootstrapping. The settings were performed using default mode.

For BI, 2 xml input files were created using BEAULi v.1.8.3 (Drummond
et al., 2012). First, the tree prior was set according to the Coalescent process speciation
prior with the following settings: the general time-reversible model of evolution,
including estimation of invariable sites and assuming a discrete gamma distribution
(GTR+I+G) as substitution model calculated by jModelTest v.2.1.7 (Guindon and
Gascuel, 2003; Darriba et al., 2012), uncorrelated lognormal relaxed clock (mean
molecular clock rate set as normal). MCMC chains were run, from random trees for
100 million generations and sampling every 10,000"" generation. For all other prior,
the default settings were used. Second, tree prior was reconstructed using the Yule
process speciation prior (rate of linear birth in the Yule model of speciation set as
lognormal). Other settings were performed in the same way as Coalescent model.
Tracer v1.6 (Drummond and Rambaut, 2007) was used for investigating effective
sample size for parameters and determining the burn-in. TreeAnnotator v.1.8.3
(Drummond and Rambaut, 2007) was used for summarizing trees, with 10 millions
discarded as burn-in.

Brachionus calyciflorus and Lecane bulla were used as the outgroup for
phylogenetic reconstructions of families Lecanidae and Brachionidae, respectively.
Trees were generated using COl and ITS1. Moreover, phylogenetic tree inferred from
mitochondrial DNA haplotypes were used to explain processes, such as population
subdivision, speciation, and geographical distribution patterns within the species

complex.
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3) Species delimitation and DNA taxonomy

The tests for the presence of cryptic species were performed using several
methods on both COI and ITS1 datasets: Automatic Barcode Gap Discovery (ABGD)
(Puillandre et al., 2012), a Poisson Tree Processes (PTP) model (Zhang et al., 2013;
http://species.h-its.org/), and the Generalized Mixed Yule Coalescent (GMYC) model
(Fujisawa and Barraclough, 2013). Moreover, haploweb was also used for the ITS1
dataset. ABGD was performed using web server. DNA barcoding and ABGD require
a matrix of pairwise genetic distances, while PTP and GMYC require only a phylogenetic
tree for analysis. All haplotypes were analyzed in ABGD web server (http://wwwabi.
snv.jussieu.fr/public/abgd/abgdweb.html) with the following settings: 1.0 X (relative gap
width), Jukes-Cantor (JC69). For others, the default settings were used. Phylogenetic
trees obtained from RAXML and BEAST were used as input for PTP and GMYC
models. PTP was performed using a web server (http://species.h-its.org/) and GMYC
was performed on the ultrametric tree with R version 3.3.1 (R Development Core Team,
2016) and RStudio version 0.99.903 (2009-2016 RStudio, Inc.). The GMYC model
uses a maximum likelihood approach to optimize the threshold identifying the shift in
the branching patterns of the gene tree from interspecific branches (Yule model) to
intraspecific branches (coalescent). Thus, independent entities from GMYC model
can be assumed to be cryptic species.

All alleles identified from ITS1 were used to reconstruct haplotype
networks POpART (Population Analysis with Reticulate Trees) (Bandelt et al., 1999;
Clement et al., 2002; French et al., 2013; http://popart.otago.ac.nz). On the network,
different alleles were connected if they were found co-occurring in the same
individual, demarcating fields of recombination with evidence of gene flow according
to the haploweb method (Flot et al., 2010).

4) The correlation between genetic distance and geography within species
complex in Thailand.
The pairwise genetic distance and geographic distance of each species

complex in Thailand were examined using Mantel test in R program.


http://species.h-its.org/
http://popart.otago/
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CHAPTER 3

RESULTS

3.1 Species list of rotifers in Families Brachionidae and Lecanidae in Thailand

A total of 60 species 3 subspecies in 5 genera from families Brachionidae and
Lecanidae were recorded in Thailand (Tables 6 and 7). Of these, 20 taxa at the species
and subspecies levels from 4 genera belonged to the family Brachionidae.
Brachionidae was found in 96 samples; the highest number of species for the family
was recorded from Nong Han (2012.03.15), with 8 species. The most common species
in family Brachionidae was Plationus patulus (found in 28 of the 133 samples),
followed by Brachionus angularis (25 samples), Brachionus caudatus, Brachionus
falcatus, Brachionus forficula, and Keratella tropica (22 samples). Platyias leloupi
was a new record for Thailand, whereas all other species were already known from
the country. Completeness of the survey for this family is demonstrated by the
cumulative curve reaching saturation (Figure 5), and by estimates of expected
richness matching the observed richness (S) of 20 (Table 8). Yet, the species list for
the family, even if representative for the samples | collected, cannot be considered
representative for Thailand given that the currently known species for the country is
more than twice what | recorded.

In the monogeneric family Lecanidae, 43 taxa at the species and subspecies level
were found. Lecanidae was found in 118 samples: the highest number of species for
the family was recorded from Bueng Kurod (2011.11.19), with 17 species. The most
common species in family Lecanidae was Lecane bulla (94 samples), followed by
Lecane leontina (43 samples), Lecane curvicornis, and Lecane hamata (42 samples).
Eight species, Lecane abanica, Lecane braumi, Lecane decipiens, Lecane grandis,
Lecane haliclysta, Lecane monostyla, Lecane nana, and Lecane undulata, were found
only once. All Lecanidae found in this survey were already known from Thailand. In
contrast to Brachionidae, the cumulative curve (Figure 5) did not reach saturation.
Moreover, the expected number of species, which on average ranged from 45 to 50

depending on the metric (Table 8), was higher than the observed one (S = 43). Yet,
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these estimates do not reach the total number of species actually known from the
country (S =97).

A total of 26 species complexes were recorded from families Brachionidae and
Lecanidae (Table 9). Of these, 9 species 2 subspecies and 3 forms (Brachionus calyciflorus
f. amphiceros, B. calyciflorus f. anuraeiformis, and Brachionus quadridentatus f.
brevispinus) belonged to family Brachionidae. Seventeen species and 1 subspecies
belonged to family Lecanidae. The distribution of each species complex was shown in
Table 9.

3.2 Environmental correlates with species richness (S)

Species richness (S) of Brachionidae, but apparently not of Lecanidae, was
significantly influenced by some of predictors | tested in the statistical models (Table 10).
Gaussian models had better fit than Poisson models, therefore 1 only showed the results
obtained from Gaussian models. Latitude had a positive effect on richness of Brachionidae;
temperature had a marginally significant negative effect on richness of Brachionidae;
none of the variables seemed to affect species richness (S) of Lecanidae, except for
habitat type, albeit not significantly. The effect of none of the other predictor could be
supported by the models (Table 10).

3.3 Environmental correlates with species composition

Regarding proportion of explained variance in species composition of Brachionidae,
expressed as Jaccard distances, habitat type was the most important variable, explaining
5.5% of the variance in species composition, followed by conductivity with 3.9%
(Table 11; Figure 6). All other variables were not significant and explained less than 2%
(Table 11). For Lecanidae, habitat type (7.3% of the variance in species composition),
conductivity (1.7%), and latitude (1.5%) had an effect on explaining differences in

species composition (Table 11; Figure 6).
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Table 6. List of rotifers in families Brachionidae and Lecanidae from this study. The

sample number were given in corresponding to those in Table 7. (* = new

record for Thailand)

Species

Sample numbers

Family Brachionidae
Brachionus angularis Gosse, 1851

Brachionus angularis bidens Plate, 1886
Brachionus calyciflorus Pallas, 1766
Brachionus caudatus Barrois & Daday,
1894

Brachionus dichotomus reductus

Koste & Shiel, 1980

Brachionus diversicornis (Daday, 1883)
Brachionus donneri Brehm, 1951
Brachionus falcatus Zacharias, 1898

Brachionus forficula Wierzejski, 1891

Brachionus kostei Shiel, 1983
Brachionus quadridentatus
Hermann, 1783

Brachionus quadridentatus melheni
Barrois & Daday, 1894

Brachionus rotundiformis
Tschugunoff, 1921

Keratella cochlearis (Gosse, 1851)

Keratella lenzi Hauer, 1953
Keratella tecta (Gosse, 1851)
Keratella tropica (Apstein, 1907)

Plationus patulus (Maller, 1786)

Platyias leloupi Gillard, 1967*
Platyias quadricornis (Ehrenberg, 1832)

Family Lecanidae

Lecane abanica Segers, 1994
Lecane aculeata (Jakubski, 1912)
Lecane acus (Harring, 1913)
Lecane arcula Harring, 1914
Lecane batillifer (Murray, 1913)
Lecane braumi Koste, 1988
Lecane bulla (Gosse, 1851)

Lecane bulla diabolica (Hauer, 1936)
Lecane clara (Bryce, 1892)

Lecane closterocerca (Schmarda, 1859)
Lecane crenata (Harring, 1913)

Lecane crepida Harring, 1914

6, 12, 25, 27, 29, 33, 41, 48, 51, 53, 55, 57, 68, 73, 74, 88, 90, 91
92, 93, 105, 109, 110, 125, 127

8,9, 26, 46, 89

8, 27, 35, 38, 44, 47, 51, 52

5,6, 12, 34, 36, 37, 38, 41, 44, 46, 47, 51, 52, 53, 57, 67, 92, 107
119, 120, 125, 131

6,51, 67, 119

9, 38, 44, 49, 52, 53

7,9,11,92, 93, 112

6,7,8, 11, 33, 34,51, 53, 55, 57, 61, 73, 74, 83, 92, 93, 109, 112
120, 125, 129, 130

6,9, 12, 26, 27, 29, 35, 42, 43, 49, 50, 52, 53, 55, 69, 70, 106, 107
112, 120, 125, 130

71,72, 109

8,11,17, 44,62, 79, 80, 87,90, 91, 112, 117, 122, 123, 125

10, 15, 18, 22, 23, 28, 36, 47, 54, 55, 73, 74
57, 83, 84, 110, 123, 130

6,7,9 11, 14, 22, 25, 33, 60, 61, 62, 64, 67, 68, 107, 112, 116, 118
131

16, 109

9,68

9,11, 12, 25, 33, 34, 35, 43, 46, 49, 52, 53, 56, 73, 74,76, 77, 78
88, 89, 112, 125

1,3,8,11, 14, 15, 16, 17, 22, 26, 30, 68, 77, 78, 79, 81, 83, 84, 92
93, 94, 95, 96, 111, 112, 116, 125, 126

10, 24, 94

15, 43,57, 73, 74, 94, 95, 96, 111, 112, 116

102

69, 88, 102, 106, 113, 131

43,133

69, 106

79, 107, 129

60

1,2,3,7,8 10, 11, 12, 14, 15, 16, 17, 18, 19, 20, 22, 23, 24, 25, 26,
27,28, 30, 31, 32, 33, 36, 37, 38, 39, 40, 43, 44, 54, 56, 57, 58, 59
60, 62, 63, 64, 65, 66, 68, 69, 70, 73, 74, 75, 78, 79, 80, 81, 82, 83
86, 87, 88, 89, 94, 95, 96, 97, 98, 99, 100, 101, 102, 104, 106, 108
109, 110, 111, 112, 113, 115, 116, 117, 118, 119, 120, 121, 122
123, 124, 125, 126, 127, 129, 131, 132, 133

83

102, 113, 115, 117, 122

70, 98, 108, 109

14,17, 19, 30, 31, 58, 59, 64, 81, 97, 98
73,74,78, 79, 80, 102, 106
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Species

Sample numbers

Lecane curvicornis (Murray, 1913)

Lecane decipiens (Murray, 1913)

Lecane grandis (Murray, 1913)

Lecane haliclysta Harring& Myers, 1926
Lecane hamata (Stokes, 1896)

Lecane hastata (Murray, 1913)
Lecane hornemanni (Ehrenberg, 1834)
Lecane lateralis Sharma, 1978

Lecane latissima Yamamoto, 1955
Lecane leontina (Turner, 1892)

Lecane ludwigii (Eckstein, 1883)
Lecane luna (Mdller, 1776)
Lecane lunaris (Ehrenberg, 1832)

Lecane minuta Segers, 1994
Lecane monostyla (Daday, 1897)
Lecane nana (Murray, 1913)
Lecane nitida (Murray, 1913)
Lecane obtusa (Murray, 1913)
Lecane papuana (Murray, 1913)

Lecane punctata (Murray, 1913)
Lecane pyriformis (Daday, 1905)
Lecane quadridentata (Ehrenberg, 1830)

Lecane rhenana Hauer, 1929
Lecane rhytida Harring & Myers, 1926
Lecane signifera (Jennings, 1896)

Lecane stenroosi (Meissner, 1908)
Lecane superaculeata

Sanoamuang & Segers, 1997

Lecane thalera (Harring & Myers, 1926)
Lecane undulata Hauer, 1938

Lecane unguitata (Fadeev, 1925)

Lecane ungulata (Gosse, 1887)

3,8, 10, 11, 15, 19, 22, 23, 24, 26, 27, 28, 32, 38, 43, 57, 60, 61, 63
69, 70, 73, 74, 75, 83, 86, 87, 88, 89, 94, 95, 96, 101, 102, 106, 108,
109, 112, 115, 125, 129, 133

128

110

76

3,10, 13, 19, 25, 26, 27, 28, 29, 30, 69, 70, 71,72, 73, 74, 75, 76
79, 80, 81, 82, 86, 88, 89, 94, 95, 96, 102, 108, 109, 111, 113, 114
115, 117, 118, 119, 122, 123, 126, 129

7,22,25,52, 56,69, 70, 112

75,102, 129

3,11, 20, 25, 29, 37, 40, 55, 56, 68, 69, 70, 79, 80, 87, 93, 94, 102
109, 119, 124

17,98, 102

3,4,14,15,16, 17, 18, 19, 20, 21, 23, 24, 31, 32, 36, 37, 52, 54, 58,
64, 69, 79, 80, 81, 82, 85, 86, 87, 94, 95, 96, 100, 101, 102, 111
112,115, 117, 118, 121, 122, 123, 131

3,15, 17, 19, 25, 36, 63, 68, 81, 86, 94, 104, 109, 112, 129, 130, 131
11, 19, 24, 25, 26, 27, 30, 33, 39, 43, 67, 75, 86, 88, 89, 94, 120, 129
11, 14, 15, 19, 25, 30, 66, 71, 72, 75, 79, 80, 81, 82, 87, 88, 89, 97
98, 102, 103, 106, 107, 112, 114, 118, 121, 129, 131, 132

115, 117, 122, 126

106

75

3,14, 16, 17, 18, 22, 25, 30, 60, 64, 94, 102, 133

109, 113, 114, 115, 123

4,6, 11,15, 21, 22, 25, 29, 45, 47, 49, 50, 52, 55, 71, 72, 79, 80, 83,
84, 86, 87, 95, 96, 101, 110, 113, 116, 124, 125, 126

69, 70, 88, 89

11, 88, 89, 95, 96, 106, 115

1, 14,15, 18, 19, 22, 23, 24, 31, 36, 37, 69, 70, 86, 102, 109, 111
112, 118, 119, 120, 121, 129, 132, 133

30, 102

62, 122

3,14, 15,17, 18, 19, 23, 25, 30, 32, 36, 58, 70, 71, 72, 73, 81, 82
86, 87, 94, 95, 96, 98, 101, 102, 106, 117, 118, 121, 130

22,25,28

88, 89, 130

28, 88

108

1,3, 14,15, 16, 17, 19, 20, 22, 26, 30, 36, 39, 68, 86, 97, 101, 102,
104, 109, 111, 112, 120, 121, 126, 129, 131, 133

1, 3,10, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 25, 27, 28, 30, 36, 39,
52,54, 87, 88, 94, 95, 96, 111, 112, 115, 119, 120




Table 7. Physical and chemical factors in each sampling site.

Sample number Latitude Longitude Elevation pH Temperature Conductivity Salinity DO
(m) (°C) (uS cm™) (ppt) (mg L™

North
1. Chiang Saen Lake (2012.05.11), [L] 20.2534 100.0477 378 8.00 30.6 213 0.00 6.8
2. Chiang Saen Lake (2015.07.10), [L] 20.2606 100.0470 411 6.45 30.2 32.0 0.01 7.2
3. Kwan Phayao (2012.05.10), [S] 19.1916 99.8583 408 7.28 3238 154.7 0.10 4.5
4. Kwan Phayao (2015.07.11), [S] 19.1659 99.8960 401 7.12 335 229.0 0.09 7.7
5. Huai Kang Reservoir (2015.07.27), [L] 19.1283 99.0636 394 7.63 28.3 146.7 0.10 4.5
6. Mae Kuang Reservoir (2015.07.27), [L] 18.9425 99.1380 364 7.56 28.8 97.3 0.10 7.0
7. Huai Jo Reservoir (2015.07.27), [L] 18.9381 99.0611 397 7.84 28.8 104.0 0.10 7.8
8. Nong Han (2015.07.27), [S] 18.8742 99.0106 310 7.74 29.0 298.3 0.10 45
9. Huai Tung Tao Reservoir (2014.12.30), [L] 18.8656 98.9392 352 8.40 24.1 88.8 0.00 7.0
10. Sra Pimtawan (2014.12.30), [P] 18.9008 98.8317 780 7.91 234 337.6 0.20 145
11. Huaitong Reservoir (2015.07.28), [L] 18.7025 98.5489 997 7.27 235 68.9 0.00 5.0
12. Mae Kham Reservoir (2012.05.11), [L] 18.3853 99.7577 361 7.15 331 316.9 0.20 6.8
13. Bueng Thungkalo (2012.05.11), [M] 17.5960 100.1623 68 7.02 328 215.7 0.10 7.6
Northeast
14. Nong Khon (2012.05.07), [S] 18.2455 103.1948 163 8.12 29.4 348 0.00 5.0
15. Nong Kut Thing (2012.05.07), [S] 18.3171 103.6784 147 7.36 329 69.7 0.00 6.5
16. Nong Kut Thing (2015.06.20), [S] 18.3171 103.6788 149 6.28 345 168.0 0.06 45
17. Bueng Khong Long (2012.05.07), [S] 18.0237 104.0136 162 7.97 30.9 16.6 0.00 7.9
18. Bueng Khong Long (2015.06.20), [S] 18.0237 104.0136 157 5.10 371 16.7 0.00 5.2
19. Nong Han ST.1 (2015.06.21), [S] 17.1666 104.1600 154 6.16 31.6 272.0 0.11 35
20. Nong Han ST.2 (2015.06.21), [S] 17.2512 104.1720 161 6.82 33.2 175.0 0.07 7.0
21. Thale Buadaeng ST.1 (2012.05.05), [S] 17.2137 103.0371 173 7.20 355 522.0 0.20 6.0
22. Thale Buadaeng ST.2 (2012.05.05), [S] 17.1784 103.0573 185 7.63 339 430.3 0.20 9.0
23. Thale Buadaeng ST.1 (2015.06.19), [S] 17.2136 103.0370 168 6.09 37.1 841.0 0.32 3.9
24. Thale Buadaeng ST.2 (2015.06.19), [S] 17.1782 103.0572 216 6.62 34.9 468.0 0.18 2.9
25. Srabua Khon Kaen (2012.05.04), [S] 17.1049 102.9361 182 7.88 32.9 291.1 0.10 5.0
26. Srabua Ubonrat (2012.05.04), [M] 16.7714 102.6268 189 7.40 324 432.6 0.20 5.3
27. Nong Khot (2012.05.04), [P] 16.4310 102.7947 156 8.01 35.7 466.0 0.20 11.0
28. Nong Wang (2015.06.09), [S] 15.9306 102.2802 229 8.32 34.6 3621.0 1.57 6.8
29. Nong Tabeang (2013.05.15), [S] 14.9386 103.0452 161 7.42 33.0 156.7 0.10 6.2

1%



Table 7. (continued)

Sample number Latitude Longitude Elevation pH Temperature  Conductivity Salinity DO
(m) o) (uS cm) (ppt) (mg LY
30. Jorakhemak Reservoir (2013.05.15), [L] 14.9113 103.0496 166 7.36 344 141.6 0.10 5.0
31. Jorakhemak Reservoir (2015.06.21), [L] 14.9081 103.0536 177 6.95 344 215.0 0.08 4.4
32. Thung Laem Reservoir (2013.03.15), [L] 14.6325 102.8310 191 7.78 35.8 151.5 0.10 8.8
33. Nong Bon (2013.05.16), [S] 14.2927 102.7388 249 7.70 35.4 184.1 0.10 7.3
34. Sra Fountain Tree (2013.01.01), [P] 14.6571 101.4542 329 6.70 26.0 688.0 0.30 4.6
West
35. Nong Luang (2015.07.25), [S] 16.8983 99.1219 108 9.52 29.2 495.0 0.20 7.8
Central
36. Bueng Si Phi (2012.05.12), [S] 16.4276 100.3333 46 7.23 33.0 201.3 0.10 5.2
37. Bueng Si Phi (2015.06.09), [S] 16.4260 100.3438 95 7.75 35.6 361.0 0.14 3.6
38. Bueng Sanat (2015.06.10), [S] 15.7290 100.1497 72 7.08 33.7 405.0 0.10 3.1
39. Bueng Borapet (2012.05.12), [S] 15.7146 100.1778 35 7.36 35.0 480.0 0.20 7.2
40. Bueng Borapet (2013.05.19), [S] 15.7128 100.1770 37 7.60 355 491.0 0.20 5.0
41. Bueng Thepo (2013.05.19), [S] 15.3769 100.0631 23 7.70 38.1 2344 0.10 7.2
42. Bueng Thepo (2015.07.25), [S] 15.3769 100.0631 16 9.65 329 2433 0.10 7.2
43. Bueng Chawak (2015.05.28), [S] 14.9333 100.0437 24 6.83 320 220.0 0.09 5.9
44. Sra Silapacheep (2015.01.02), [P] 14.1528 100.5200 7 7.99 27.2 597.0 0.30 12.0
45. Nong Phuttha HP (2013.01.04), [P] 13.7989 100.2883 4 7.21 30.9 2210.0 1.10 4.2
46. Nong Phuttha (2013.01.05), [P] 13.7705 100.3157 8 7.54 28.7 4441 0.20 75
47. Bang Kruai (2013.01.05), [M] 13.8034 100.3490 11 7.52 28.2 667.0 0.30 4.9
East
48. Bang Phra Reservoir (2012.07.29), [L] 13.2058 100.9885 30 7.07 31.2 182.4 0.10 7.0
49. Nong Kho Reservoir (2012.07.29), [L] 13.1441 101.0313 66 6.95 317 1554 0.10 10.0
50. Nong Klang Dong Reservoir 13.0378 101.0168 60 6.78 32.7 162.4 0.10 6.5
(2012.07.29), [L]

51. Bangphi (2012.07.29), [M] 12.7782 101.0205 59 6.91 31.2 136.6 0.10 8.5
52. Dok Krai Reservoir (2012.07.30), [L] 12.8875 101.2108 60 7.02 29.1 215.9 0.10 8.0
53. Nong Pla Lai Reservoir (2012.07.30), [L] 12.9420 101.2466 48 6.77 28.5 237.2 0.10 5.0
54. Nong Thasiphet (2012.07.30), [S] 12.6914 101.3234 12 6.96 28.4 111.8 0.10 3.3
55. Khao Nguang Chang Reservoir 12.7957 101.3814 112 6.90 28.5 117.3 0.10 5.5

(2012.07.30), [L]
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Table 7. (continued)

Sample number Latitude Longitude Elevation pH Temperature  Conductivity Salinity DO
(m) (S (uS cm™) (ppt) (mg L%

56. Samet Reservoir (2012.08.01), [L] 12.5657 101.4526 20 7.46 29.1 91.3 0.00 7.0
57. Sra Anodad (2012.08.01), [P] 12.5693 101.4648 3 6.89 29.0 713.0 0.30 0.5
58. Botanical garden ST.1 (2015.07.01), [PS] 12.6466 101.5511 23 5.47 31.3 201.0 0.08 4.6
59. Botanical garden ST.2 (2015.07.01), [PS] 12.6410 101.5516 11 5.79 321 96.0 0.04 6.9
60. Botanical garden ST.3 (2015.07.01), [PS] 12.6520 101.5362 8 5.82 31.7 120.0 0.05 1.3
61. Khao Chuk Reservoir (2012.08.01), [L] 12.8592 101.7650 44 6.99 30.2 65.2 0.00 7.0
62. Pru Kung Krabaen (2012.08.01), [PS] 12.6102 101.9203 14 6.40 28.7 433.7 0.20 15
63. Nong Bua Chanthaburi (2012.08.02), [P] 12.5467 102.1221 13 7.35 27.8 67.3 0.00 5.0
64. Kirithan Reservoir (2012.08.04), [L] 12.7379 102.3596 211 7.85 27.6 315 0.00 9.5
65. Koh Chang Reservoir (2012.08.03), [L] 12.0556 102.2992 10 7.45 29.7 25.0 0.00 6.0
66. Aosalad Reservoir (2014.07.12), [L] 11.6911 102.5781 92 7.06 29.2 28.2 0.00 8.0
67. Sra Klong Had (2012.08.04), [P] 13.4015 102.3063 185 7.00 31.6 191.6 0.10 10.0
68. Nong Nonsa-at (2012.08.05), [M] 13.7354 102.4561 49 7.07 29.1 170.8 0.10 35
South
69. Sra Klongbod (2012.04.23), [P] 10.8982 99.4310 19 6.64 324 325.1 0.20 8.0
70. Sra Klongbod (2012.10.29), [P] 10.8982 99.4310 19 7.41 32.6 160.9 0.10 13.0
71. Nong WatZaitong (2012.04.24), [M] 10.5597 99.2717 5 6.84 29.0 187.9 0.10 2.0
72. Nong WatZaitong (2012.10.30), [M] 10.5597 99.2717 5 7.75 275 129.4 0.10 1.5
73. Pru Ching (2012.04.24), [P] 10.5677 99.2637 13 6.75 29.2 88.9 0.00 2.0
74. Pru Ching (2012.10.30), [P] 10.5677 99.2637 13 7.50 27.1 90.4 0.00 3.8
75. Nong Bua Chumphon (2012.04.24), [P] 9.8998 99.1511 2 6.94 34.6 284.3 0.10 6.0
76. Nong Bua Chumphon (2012.10.30), [P] 9.8998 99.1511 2 7.67 328 283.0 0.10 9.0
77. Sra Khanthulee (2012.04.24), [P] 9.6714 99.1562 10 7.01 34.2 65.7 0.00 5.0
78. Sra Khanthulee (2012.10.30), [P] 9.6714 99.1562 10 7.42 334 98.2 0.00 8.0
79. Srabou Khanom (2012.04.25), [P] 9.2768 99.8318 10 7.03 30.6 471.0 0.20 5.0
80. Srabou Khanom (2012.10.31), [P] 9.2768 99.8318 10 7.40 27.2 359.9 0.20 2.2
81. Nong Sichon (2012.04.25), [S] 8.9950 99.9120 9 7.60 33.6 2374 0.10 6.0
82. Nong Sichon (2012.10.31), [S] 8.9950 99.9120 9 7.78 32.0 441.9 0.20 10.2
83. Nong Baansrabua (2012.04.25), [PS] 8.6256 99.9392 13 7.90 36.7 96.8 0.10 8.0
84. Nong Baansrabua (2012.10.31), [PS] 8.6256 99.9392 13 7.49 39.1 253.2 0.10 5.2
85. Thale Noi ST.1 (2013.06.18), [L] 7.7699 100.1336 6 7.66 29.6 177.9 0.10 2.0
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Table 7. (continued)

Sample number Latitude Longitude Elevation pH Temperature  Conductivity Salinity DO
(m) Q) (uS cm™) (ppt) (mg LY

86. Thale Noi ST.2 (2014.07.26), [L] 7.7890 100.1293 1 6.98 26.3 380.5 0.20 6.0
87. Thale Noi ST.3 (2014.11.02), [L] 7.7853 100.1729 11 7.05 28.7 1525.0 0.80 5.8
88. Nong Pakbung (2012.04.26), [P] 7.8836 100.3452 10 7.56 30.9 1008.0 0.50 4.0
89. Nong Pakbung (2012.11.01), [P] 7.8836 100.3452 10 7.80 305 2412.0 1.20 6.5
90. Sra Pangtree (2012.04.26), [P] 7.7060 100.3864 13 7.48 33.0 4630.0 2.40 6.0
91. Sra Pangtree (2012.11.01), [P] 7.7060 100.3864 13 8.12 32.0 5120.0 2.70 13.0
92. Bueng Baanwatmai (2012.04.26), [P] 7.4232 100.4618 19 7.49 334 451.1 0.20 5.0
93. Bueng Baanwatmai (2012.11.01), [P] 7.4232 100.4618 19 8.27 333 312.6 0.10 6.8
94. Srabua PSU (2016.04.27), [P] 7.0094 100.5061 30 5.84 32.6 131.0 0.10 3.4
95. Buengbua Natab (2012.04.26), [M] 7.0920 100.6787 15 6.67 31.2 320.7 0.10 2.0
96. Buengbua Natab (2012.11.01), [M] 7.0920 100.6787 15 7.54 315 507.0 0.30 35
97. Nong Klong Kapur (2011.11.19), [S] 9.7941 98.5930 22 8.12 29.1 226 0.00 6.0
98. Nong Klong Kapur (2012.03.13), [S] 9.7941 98.5930 22 8.65 328 69.2 0.00 6.0
99. Srabua Kapur (2011.11.18), [P] 9.5741 98.5886 10 8.05 305 4149.0 2.20 8.0
100. Khaowong Reservoir (2011.11.19), [L] 9.3096 98.3923 3 9.06 28.6 415 0.00 10.0
101. Khaowong Reservoir (2012.03.14), [L] 9.3096 98.3923 3 8.68 29.7 39.5 0.00 8.0
102. Bueng Kurod (2011.11.19), [P] 9.0891 98.4431 28 8.61 329 28.9 0.00 6.5
103. Bueng Kurod (2012.03.14), [P] 9.0891 98.4431 28 8.28 345 251 0.00 6.0
104. Nong Taymueng (2011.11.20), [S] 8.3961 98.2505 7 7.11 30.4 1568.0 0.70 7.0
105. Nong Taymueng (2012.03.15), [S] 8.3961 98.2505 7 6.99 30.6 3663.0 1.70 6.2
106. Pru Jaeson (2011.11.21), [PS] 8.1595 98.3008 22 7.01 318 93.5 0.00 7.6
107. Pru Jaeson (2012.03.15), [PS] 8.1595 98.3008 22 8.07 335 89.2 0.00 7.0
108. Pru Jik (2011.11.21), [PS] 8.1447 98.3009 17 6.88 29.6 101.3 0.10 3.0
109. Pru Mai Khao (2011.11.21), [PS] 8.1298 98.3012 12 6.93 305 978.0 0.50 3.0
110. Pru Mai Khao (2012.03.15), [PS] 8.1298 98.3012 12 7.22 36.6 5640.0 2.40 6.0
111. Nong Han (2011.11.20), [P] 7.7820 98.3107 10 8.24 315 246.0 0.10 7.5
112. Nong Han (2012.03.15), [P] 7.7820 98.3107 10 8.14 32.0 319.8 0.20 125
113. Nong Klong Muang (2011.11.22), [P] 8.0457 98.7635 3 6.91 26.7 2737.0 1.40 7.8
114. Nong Klong Muang (2012.03.16), [P] 8.0457 98.7635 3 7.52 28.0 2123.0 1.00 2.0
115. Nong Baanlaempho (2011.11.22), [P] 8.0269 98.8747 9 7.00 26.3 192.3 0.10 9.3
116. Nong Baanlaempho (2012.03.16), [P] 8.0269 98.8747 9 7.26 271.7 163.2 0.10 1.7
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Table 7. (continued)

Sample number Latitude Longitude Elevation pH Temperature  Conductivity Salinity DO
(m) (S (uS cm™) (ppt) (mg L%

117. Nong Banthamapraw (2011.11.22), [P] 7.7351 99.1772 6 5.43 289 493.0 0.20 7.0
118. Nong Banthamapraw (2012.03.16), [P] 7.7351 99.1772 6 7.14 31.2 455.2 0.20 6.0
119. Srabua Rajamangala (2011.11.23), [M] 7.5288 99.3091 9 7.28 275 404.0 0.20 6.2
120. Srabua Rajamangala (2012.03.16), [M] 7.5288 99.3091 9 7.41 329 503.0 0.20 3.0
121. Nong Klong Lamchan (2014.07.26), [S] 7.5300 99.7546 41 8.66 28.9 45.8 0.00 9.0
122. Nong Ban Chu Pa (2011.11.22), [M] 7.3624 99.5171 15 3.98 30.6 308.6 0.10 7.5
123. Nong Ban Chu Pa (2012.03.16), [M] 7.3624 99.5171 15 6.29 34.7 250.0 0.10 5.0
124. Nong Nachumhed (2011.11.23), [M] 7.2045 99.5621 7 7.14 28.9 408.0 0.20 15.6
125. Nong Nachumhed (2012.03.17), [M] 7.2045 99.5621 7 7.44 318 386.2 0.20 35
126. Nong Thungsabo (2011.12.20), [M] 7.0284 99.6753 10 7.11 26.9 277.8 0.10 35
127. Sra Lalita Sabo (2015.01.17), [P] 7.0211 99.6775 6 7.48 27.9 3604.0 1.90 5.1
128. Bulone (2015.02.19), [P] 6.8278 99.5367 38 7.13 415 108.8 0.10 7.0
129. Nong Pan Ya (2011.12.20), [P] 6.8360 99.7865 16 7.11 29.8 225.8 0.10 5.0
130. Nong Pan Ya (2012.03.17), [P] 6.8360 99.7865 16 7.55 341 236.1 0.10 4.0
131. Huai Yiao Reservoir (2011.12.20), [L] 6.7688 99.8855 18 7.68 30.5 441 0.10 4.0
132. Huai Yiao Reservoir (2012.03.17), [L] 6.7688 99.8855 18 7.97 334 68.2 0.00 6.0
133. Nong Prakpraya (2015.01.17), [S] 6.7417 100.0425 18 5.81 26.4 74.6 0.00 13

The letters in [ ] show types of habitats: L-lake; M-marsh; P-pond; PS- peat swamp; and S-swamp

[4°]



Brachionidae Lecanidae

o _
« o |
<
n _|
=1 S
8 8
o (8]
g g
0 2]
G ©
g S g |-
S [
= 3
[= (=
o |
0 — -
o -
T T T T T T T T T T T T
0 20 40 60 80 0 20 40 60 80 100 120
number of samples number of samples

Figure 5. Curves of the cumulative number of rotifer species in relation to the number of samples for Brachionidae and Lecanidae.
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Table 8. Estimates of the expected number of species according to three different

metrics: Chao, first order jackknife, and bootstrap (Colwell and
Coddington, 1994). Average values + standard errors are provided. The

numbers known in Thailand are from Sa-ardrit et al. (2013).

Metric Brachionidae Lecanidae
Chao 20.0+0.0 48.3+5.8
jackknife 20.0£0.0 49.9+2.8
bootstrap 20.4+0.6 45.9+1.8
Observed (S) 20 43

known in Thailand 44 97
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Table 9. Species complexes of families Brachionidae and Lecanidae and their distribution
in Thailand from this study. (N-North, NE-Northeast, W-West, C-Central,
E-East, and S-South)

Region

Species complex N NE W C E S

Family Brachionidae

1  Brachionus angularis Gosse, 1851 + o+ + + 4+
Brachionus angularis bidens Plate, 1886 + 4+ + +
2  Brachionus calyciflorus Pallas, 1766 + o+ + + 4+

(included B. calyciflorus f. amphiceros;
B. calyciflorus f. anuraeiformis)

+ 4+ + + 4+

+

R Ik I T T T T T T T 2

3 Brachionus caudatus Barrois & Daday, 1894 + 4+ + + 4+
4 Brachionus quadridentatus Hermann, 1783 + + + +
(included B. quadridentatus f. brevispinus)
Brachionus quadridentatus melheni Barrois & Daday, 1894 + + + +
5  Brachionus rotundiformis Tschugunoff, 1921 +
6  Keratella cochlearis (Gosse, 1851) +  + +
7  Keratella lenzi Hauer, 1953 +
8 Keratella tecta (Gosse, 1851) + +
9  Keratella tropica (Apstein, 1907) + + + + +
Family Lecanidae
10 Lecane acus (Harring, 1913) +
11 Lecane bulla (Gosse, 1851) +  + + o+
Lecane bulla diabolica (Hauer, 1936)
12 Lecane closterocerca (Schmarda, 1859)
13 Lecane crenata (Harring, 1913) + +
14 Lecane curvicornis (Murray, 1913) + + + +
15 Lecane hamata (Stokes, 1896) +  +
16 Lecane hornemanni (Ehrenberg, 1834)
17 Lecane leontina (Turner, 1892) + o+ + o+
18 Lecane ludwigii (Eckstein, 1883) +  + + o+
19 Lecane luna (Muller, 1776) + o+ + o+
20 Lecane lunaris (Ehrenberg, 1832) + + +
21 Lecane nitida (Murray, 1913) +  + +
22 Lecane obtusa (Murray, 1913)
23 Lecane quadridentata (Ehrenberg, 1830) +  + +
24 Lecane signifera (Jennings, 1896) +  + +  +
25 Lecane unguitata (Fadeev, 1925) +  + +  +
26 Lecane ungulata (Gosse, 1887) +  + + o+
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Table 10. Results of the statistical tests (generalized liner models with Gaussian

error) with estimates, standard errors and p values, to test the significance of

the effect of the predictor variables on species richness of Brachionidae and

of Lecanidae in Thailand, together with the relative-importance values (RI)

on the same models from multimodel averaging. Significant values are

reported in bold.

Variable Brachionidae Lecanidae
F p RI F p RI
Habitat type 1.24 0.292 0.16 2.07 0.086 0.42
Latitude 4.59 0.034 0.65 0.31 0.576 0.34
pH 0.89 0.346 0.36 0.42 0.517 0.31
Temperature 3.77 0.054 0.64 0.28 0.593 0.26
Conductivity 0.20 0.652 0.31 1.54 0.216 0.41
Dissolved Oxygen 0.27 0.601 0.26 0.07 0.786 0.28

Table 11. Results of the permutational multivariate analysis of variance using distance

matrices (adonis), with a matrix of Jaccard distances in species composition

between samples as response variable and the scaled transformed (when

needed) limnological measurements and explanatory variables. F, R? and p

values are reported; significant values are reported in bold.

Variable Brachionidae Lecanidae
F R? p F R? p

Habitat type 1.40 0.055 0.032 1.81 0.073 0.001
Latitude 1.15 0.011 0.296 1.89 0.015 0.024
pH 1.52 0.015 0.092 1.30 0.011 0.196
Temperature 1.69 0.017 0.056 1.19 0.010 0.266
Conductivity 3.98 0.039 0.001 2.10 0.017 0.012
Dissolved Oxygen 1.59 0.016 0.082 0.53 0.004 0.925
Residuals 0.847 0.870
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3.4 Phylogenetic tree of Family Brachionidae

Sixty-seven sequences were obtained from COI (659 bp unambiguous alignment)
and 46 sequences from ITS1 (553 bp aligned, including gaps) for the family Brachionidae
(Table 12). COI sequences were obtained from Brachionus angularis, Brachionus
calyciflorus, Brachionus caudatus, Brachionus diversicornis, Brachionus falcatus,
Brachionus forficula, Brachionus quadridentatus, Keratella cochlearis, Keratella
tropica, Plationus patulus, and Platyias leloupi, while ITS1 ones were obtained from
B. angularis, B. calyciflorus, B. caudatus, B. quadridentatus, K. cochlearis, and
K. tropica. Sixty-seven haplotypes of COI and 33 haplotypes of ITS1 were analyzed.
Lecane bulla was outgroup for phylogenetic tree reconstruction. For 1TS1, 33 haplotypes
were obtained from 26 individuals. Because animals could be heterozygous in their
ITS1 sequences, all the copies were included in the analyses. Thus, of the 26 individuals,
19 had only 1 copy of ITS1 and 7 had 2 copies. Species clade support values within
phylogenetic tree topologies from Bayesian analyses (BI) of COl and ITS1 markers
were higher than maximum likelihood analyses (ML) (Figures 7-10). Species complexes,
B. angularis, B. calyciflorus, B. caudatus, B. quadridentatus, K. cochlearis, and K. tropica,
based on BI have high species clade support value with > 0.93 and > 0.77 posterior
probabilities for COI and ITS1, respectively (Figures 8 and 10). Brachionus angularis
and B. caudatus were sister group. These clades were connected with high support values
(77% bootstrap and 0.99 posterior probability for COI; 100% bootstrap and 1 posterior
probability for ITS1) (Figures 7-10). The bar at the bottom of the figure is the unit of

branch length (nucleotide substitutions per site).
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Table 12. Sequences of COIl and ITS1 markers of family Brachionidae obtained from

this study. Numbers of haplotypes are indicated in parentheses.

Number of sequences

Species Ccol ITS1
Thai GenBank Thai GenBank

Brachionus angularis 2(2) 2(2)
Brachionus calyciflorus 2(2) 9(9) 6 (5) 3(3)
Brachionus caudatus 2(2) 7(4)
Brachionus diversicornis 1(0) 5(5)
Brachionus falcatus 1) 1)
Brachionus forficula 2(2)
Brachionus quadridentatus 7(7) 9(9) 12 (8)
Keratella cochlearis 3(3) 9(9) 10 (6)
Keratella tropica 3(3) 3(3) 4 (3) 2(2)
Plationus patulus 2(2) 5(5)
Platyias leloupi 1(1)
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Figure 7. Phylogenetic tree inferred from COI haplotypes of family Brachionidae

based on maximum likelihood analysis with bootstrap support values at the
nodes.
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Figure 8. Phylogenetic tree inferred from COI haplotypes of family Brachionidae

based on Bayesian analysis with posterior probabilities at the nodes.
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Figure 9. Phylogenetic tree inferred from ITS1 haplotypes of family Brachionidae based on maximum likelihood analysis with
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3.5 Phylogenetic analyses of Family Lecanidae

Two hundred and thirty-eight sequences were obtained from COI (661 bp
unambiguous alignment) and 135 sequences from ITS1 (602 bp aligned, including
gaps) for the family Lecanidae (Table 13). COI sequences were obtained from Lecane
acus, Lecane bulla, Lecane closterocerca, Lecane crenata, Lecane crepida, Lecane
curvicornis, Lecane halsei, Lecane halyclista, Lecane hamata, Lecane lateralis,
Lecane leontina, Lecane ludwigii, Lecane luna, Lecane lunaris, Lecane nitida, Lecane
papuana, Lecane quadridentata, Lecane signifera, Lecane unguitata, and Lecane sp.,
while ITS1 sequences were obtained from L. bulla, L. curvicornis, L. halsei, L. leontina,
L. ludwigii, L. luna, L. signifera, and L. unguitata. One hundred and forty-eight
haplotypes of COI and 104 haplotypes of ITS1 were analyzed. For ITS, 104 haplotypes
were obtained from 77 individuals. Because animals could be heterozygous in their
ITS1 sequences, all the copies were included in the analyses. Thus, of the 77 individuals,
48 had only 1 copy of ITS1 and 29 had 2 copies. Phylogenetic tree topologies from
maximum likelihood (ML) and Bayesian analyses (Bl) of COI markers were similar.
Lecane closterocerca, L. curvicornis, L. ludwidgii, L. lunaris, L. nitida, and L. signifera,
have high species clades supports with >91% bootstrap support and 1 posterior probability
(Figures 11-12). Lecane quadridentata was grouped within L. bulla clade. These
species clades were connected with 70% bootstrap support and 0.99 posterior probability
(Figures 11-12). Phylogenetic tree topologies showed non-monophyly for the Lecane
leontina complex, which had representatives in more than one clade. Species clade
supports from ML (100% bootstrap supports) were higher than Bl (> 0.64 posterior
probabilities). Lecane acus and L. crenata were grouped within L. lunaris clade with
100% bootstrap support and 1 posterior probability. For ITS1 marker, phylogenetic
tree topologies from maximum likelihood and Bayesian analyses were congruent
(Figures 13-14). Lecane curvicornis, L. leontina, L. ludwigii, L. luna, and L. signifera
clades have strong support values with 100% bootstrap support and 1 posterior
probability. As for Lecane bulla clade, tree topology from Bayesian analysis (BI)
shows higher support value than maximum likelihood (ML) analysis (0.94 posterior

probability from Bl and 62% bootstrap support from ML) (Figures 13-14). Lecane



65

halsei was a sister group of L. ludwigii and clades were connected with 76% bootstrap

support and 0.97 posterior probability.

Table 13. Sequences of COI and ITS1 markers of family Lecanidae obtained from this

study. Numbers of haplotypes were indicated in parentheses. *Australian

specimens were obtained from Australian sediments which were cultured in

this study.
Number of sequences
Species col ITS1
Thai *Australia GenBank  Thai *Australia GenBank
Lecane acus 1)
Lecane bulla 79 (54) 2(2) 12 (8) 94 (70) 4 (3) 13 (13)
Lecane closterocerca 1(0) 4(2)
Lecane crenata 2(2)
Lecane crepida 1) 7(4)
Lecane curvicornis 16 (10) 4 (2) 2(2)
Lecane halsei * 1(1) 2(1)
Lecane halyclista 4(2)
Lecane hamata 4 (3) 2(2)
Lecane lateralis 5(4) 2(2)
Lecane leontina 10 (5) 7(2) 4 (3)
Lecane ludwigii 2(2) 4 (3)
Lecane luna 6 (3) 12 (6) 4(2)
Lecane lunaris 9(4) 11 (2)
Lecane nitida 7(4)
Lecane papuana 2(2) 6 (3)
Lecane quadridentata 4 (3) 4(2)
Lecane signifera 6 (6) 4 (4)
Lecane unguitata 6 (4) 2 (1)
Lecane sp. 1(1)
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Figure 13. Phylogenetic tree inferred from ITS1 haplotypes of family Lecanidae
based on maximum likelihood analysis with bootstrap support values at the

nodes.
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based on Bayesian analysis with posterior probabilities at the nodes.
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3.6 DNA taxonomy and species delimitation

Pairwise genetic distances calculated from COI marker ranged from 1.06% to
20.49% in family Brachionidae and 0.15% to 20.58% in family Lecanidae (Table 14).
As for ITS1, genetic distances ranged from 0.21% to 27.73% in family Brachionidae
and highly varied 0.21% to 33.73% in family Lecanidae. Species delimitation was estimated
using DNA taxonomy approaches, ABGD, PTP, and GMYC (Tables 15 and 16). The
species delimitation within complexes was mainly performed on COI haplotypes. The
ITS1 marker was used for supporting existence of cryptic species within the species
complex. In family Brachionidae, the estimate number of cryptic species from COI marker
was congruent among three methods (Table 15). Brachionus quadridentatus is the
complex that shows the highest level of species diversity with at least 13 species. The
estimated numbers within Thailand are shown in parentheses in Table 15. The results
from COI and ITS1 showed that the highest species diversity in Thailand is within
Brachionus quadridentatus (7 species), followed by Keratella cochlearis (3 species),
Brachionus angularis, Brachionus caudatus, and Keratella tropica (2 species),
respectively (Table 15). For ITS1, the estimated numbers of species showed conflicts
in some species complexes. The estimated numbers of species in the complexes of
Brachionus calyciflorus, B. caudatus, B. quadridentatus, K. cochlearis, and K. tropica
were in the ranges of 1-3 species, 2—3 species, 2—6 species, 3-5 species, and 1-3 species,
respectively. In Brachionus quadridentatus complex, B. quadridentatus, B. quadridentatus
melheni, and B. quadridentatus f. brevispinus were found in Thailand. Genetic
distances within the complex are 9.26%-18.21% for COI and 0.22%-8.52% for ITS1.
In B. calyciflorus complex, B. calyciflorus, B. calyciflorus f. amphiceros and B. calyciflorus
f. anuraeiformis were found from this study. Genetic distances within the complex are
1.86% for COI and 0.23%—7.23% for ITS1.

In monogeneric family Lecanidae, the highest estimated number of species from
COl in Thailand was Lecane bulla (26-29 species), followed by Lecane curvicornis
(7-9 species), and Lecane signifera (6 species), respectively (Table 16). For ITS1, the
estimated numbers of species showed conflicts in some species complexes. The estimated
numbers of species in the complexes of L. bulla, L. curvicornis, and L. signifera were
in the ranges of 20—40 species, 1-2 species, and 2—4 species, respectively. In Lecane

bulla complex, L. bulla and L. bulla diabolica were found from this study. Genetic
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distances within the complex are 0.15%—18.45% for COI and 0.23%-33.73% for ITSI.

Lecane nitida was already known splitting from L. curvicornis and the result indicated

2-4 species for COI within L. nitida. Genetic distances within L. curvicornis ranged
from 1.66% to 17.40% for COIl and were 1.21% for ITS1. Within Lecane nitida,

genetic distance varied from 4.08% to 11.95% for COI. As for Lecane lunaris complex,

L. acus, L. crenata, and L. lunaris were shown in same clade. Genetic distance varied
from 1.06% to 20.12% within the lineage of L. lunaris for COI (Table 14). No sequence

of L. lunaris was obtained from ITS1.

Table 14. Percentage of genetic distances (pairwise distance) calculated from two genetic

markers within the examined species complexes. (— no sequence was obtained

in this study)

Species complex col ITS1
Family Brachionidae
Brachionus angularis 9.86 0.21-27.73
Brachionus calyciflorus 1.86 0.23-7.23
Brachionus caudatus 6.98 0.65-4.75
Brachionus quadridentatus 9.26 -18.21 0.22 - 8.52
Keratella cochlearis 17.75 - 20.49 0.21-7.33
Keratella tropica 1.06-11.08 0.41-1.02
Family Lecanidae
Lecane bulla 0.15-18.45 0.23-33.73
Lecane crenata 6.18 -
Lecane curvicornis 1.66 —17.40 1.21
Lecane hamata 17.55-18.31 -
Lecane leontina 1.21-18.18 0.21-28.30
Lecane ludwigii 1.36 0.21-0.42
Lecane luna 14.67 — 18.46 0.93-25.91
Lecane lunaris 1.06 —20.12 -
Lecane nitida 4.08-11.95 -
Lecane quadridentata 0.76 — 17.85 —
Lecane signifera 10.29 — 20.58 0.22-16.93
Lecane unguitata 5.60 — 18.00 -




Table 15. Summary of numbers of species estimated from this study using 3 DNA taxonomy methods for each species complex within
family Brachionidae based on COI and ITS1 markers. DNA sequences from this study and GenBank were included in the analysis.
Only Thai specimens were indicated in parentheses. (ML-Maximum likelihood; BlI-Bayesian analysis; coal-coalescent)

Col ITS1
A PTP GMYC A PTP GMYC
Species Haplo| B RAXML BEAST BEAST Haplo| B | RAXML BEAST BEAST
type | G coal yule F;AAC( | | type | G coal yule FI:)/IAC( | |
D | ML | BI ML T Bl ML T BI coal | yule D [ML | BI ML T Bl ML T BI coal |yule
Brachionus angularis Gosse, 1851 2 2 2 2 2 2 2 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1
@000 OO oo o o] O
Brachionus calyciflorus Pallas, 1766| 11 8 9 9 8 8 8 8 9 9 9 8 2 2 2 3 3 3 3 6 3 3
QMO oo oOoooog @O 6 OO oo oo eoe] e
Brachionus caudatus Barrois and 2 1 2 2 2 2 2 2 2 2 2 4 2 3 3 3 3 3 3 3 3 3
Daday, 1894 @O0 0aa g @ e 6 |G
Brachionus quadridentatus 16 | 13| 14 | 14 |14 | 14 | 14 | 14 | 14 | 14 14 8 2 3 3 4 4 5 5 6 5 5
Hermann, 1783 OO0 O0OONO 106 @I @ e|e|e 6] 6O
Keratella cochlearis (Gosse, 1851) 12 6 7 7 7 7 7 7 7 7 7 6 3 3 4 3 3 3 3 5 3 3
OREORNCORECRENCORRORECORNCRNC NG NG EEORECORNORRORNORNCORNCORNCORNRECONNC R NEC)
Keratella tropica (Apstein, 1907) 6 3 3 3 4 4 4 4 3 3 3 5 1 1 1 1 1 1 1 5 2 2
€5) I 5 I 3 I I 4 2 I 5 I 3 I 3 I 4 B 3 I 4 B B B I I I O € B B ) I B 9 B R )

¢l



Table 16. Summary of numbers of species estimated from this study using 3 DNA taxonomy methods for each species complex within
family Lecanidae based on COI and ITS1markers. DNA sequences from this study and GenBank were included in the analysis.
Only Thai specimens were indicated in parentheses. (ML—-Maximum likelihood; Bl-Bayesian analysis; coal-coalescent; — no
sequence was obtained in this study)

Col ITS1
PTP GMYC PTP GMYC
Species Haplo Q RAXML BEAST BEAST Haplo g RAXML BEAST BEAST
type | G RAX type | G RAX
D | ML | BI coal yule ML | coal | yule D | ML | BI coal yae  ImL coal | yule
ML | Bl | ML | BI ML | BI | ML | BI
Lecane bulla (Gosse, 1851) 64 | 32| 32| 32 | 33| 33 | 33| 33 37 32 32 87 | 27| 37 | 35| 26 [ 20 | 30 |32 |76 | 25 25
(56) |(26)| 27) | (27) | (29) | (29) | (29) [ (29) | (26) | (26) | (26) | (72) | (22)| (33) [(31)| (23) [(20) | (24) | (25) | (40) | (22) | (22)
Lecane closterocerca 3 2 2 2 2 2 2 2 3 2 2 - - - - - - - - - - -
(Schmarda, 1859) QOO OO OOOO | O [0
Lecane crenata (Harring, 2 2 2 2 2 2 2 2 2 2 2 - - - - - - - - - - -
1913) Q1@ A1@ @@ @] @ | @@
Lecane curvicornis (Murray, 12 9|10 | 11 9 9 9 9 10 9 9 2 1 1 1 2 2 2 2 2 1 1
1913) WO e OO O O 00|00 1@ 0O O[]0 @@ 0] 3
Lecane hamata (Stokes, 1896) 5 4 4 4 4 4 4 4 5 4 4 - - - - - - - - - — —
ORIOIHOREORNOREONNEORNEORNNO MO
Lecane leontina (Turner, 7 4 5 5 5 5 5 5 8 5 5 3 3 3 3 2 2 3 3 3 2 2
1892) OEIOIHORNORNOREOEEOREORNONENOEEONEEONEOINOREIOINOEEIGERONEONRCORRCOREC)
Lecane ludwigii (Eckstein, 2 1 1 1 1 1 1 1 2 1 1 3 2 2 2 2 2 2 2 3 1 1
1883) QOO OO O OO OO 6100 @]@ @100
Lecane luna (Mdller, 1776) 9 4 4 4 4 4 4 4 4 4 4 4 3 3 3 3 3 3 3 3 3 3
_ ORIOIHOREORNOREOREOREORNONNOBEOEREONEOINORIORNOREIORROREORRORRCORNGC)
Lecane lunaris (Ehrenberg, 3 5 5 5 5 5 5 5 5 5 5 - - - - - - - - - - -
1832) ORIOIHOREORNOREONNEORNEORNO RO
Lecane nitida (Murray, 1913) 4 2 4 4 4 4 4 4 4 4 4 - - - - - - - - - - -
_ ORIOIHORRORRORECOENCORNCONENONECONNC)
Lecane quadridentata 5 5 5 5 5 5 5 5 5 5 5 - - - - - - - - - - -
(Ehrenberg, 1830) @ | Hl@ | @G| @ & & & @ &A@
Lecane signifera (Jennings, 6 6 6 6 6 6 6 6 6 6 6 4 2 2 3 2 2 2 2 4 2 2
1896) 6 [(6)| (6) | (6) | (6) | (6) | (6) | (6) | 6) | 6) | 6 | D | D] @ |G| A[A]|O|@A]|AB]| @ ]| @
Lecane unguitata (Fadeev, 4 4 4 4 4 4 4 4 4 4 4 1 1 1 1 1 1 1 1 1 1 1
1926) OEIOCIHORNORROREOREEOEREOENOENOEROEREOREOINOREIORNOBEORROREONRORNONNO)

€L
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3.7 Molecular and morphological analyses to discover cryptic species of Lecane bulla
Because the largest number of sequences, both COI and ITS1 markers, were

obtained from Lecane bulla complex, this species was further analyzed to estimate the

number of species within the complex, and to confront results using molecular versus

morphological analyses.

1) Molecular analysis using DNA taxonomy

Species estimates based on COI showed congruence among all methods with
23 species in total (Table 17). Of these, 22 species were from Thai specimens, while
1 species was from Australia. For ITS1, species estimates varied between 21-52 species.
The number estimates from RAXML with Bl in PTP and GMYC were overestimated
compared with other methods, while ABGD method of ITS1 showed lower estimate
than other methods. However, the minimum number of estimate of Lecane bulla is
21 species with 20 of them from Thailand and 1 from Australia. Since ITS1 sequences
of L. bulla are heterozygous, the haplotype networks of this gene were created to show
allele sharing and evidence of gene flow in L. bulla (Figure 15). Lecane bulla diabolica
was included in this complex. The groups are those connected by the dashed lines and

shown in circles (Figure 15).
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Table 17. Results of DNA taxonomy method for species delimitation of Lecane bulla.

Thai specimens were shown in parentheses.

Number of species

DNA taxonomy method Input data/ tree
Col ITS1
ABGD Alignment 23 (22) 21 (20)
PTP RAXML ML 23 (22) 22 (21)
BI 23 (22) 27 (26)
BEAST Coal. | ML 23 (22) 22 (21)
BI 23 (22) 22 (21)
Yule | ML 23 (22) 22 (21)
BI 23 (22) 22 (21)
GMYC RAXML 23 (22) 52 (51)
BEAST Coal. 23 (22) 22 (21)
Yule 23 (22) 22 (21)
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2) Morphological analysis

The group of species within Lecane bulla was defined based on molecular results,
COl and ITS1 markers. The analysis showed the significant characters among species,
such as ventral lorica width, ventral lorica length, dorsal lorica length, foot pseudosegment
width, foot pseudosegment length, maximum toe width, toe length, terminal fissure
length, pseudoclaw length (p < 0.001), head aperture ventral depth (p = 0.001), and
head aperture width (p = 0.01) (Table 18; Figure 16). The correlation among each
character was shown in Figure 17. The ratio of some characters showed significant
difference between species of L. bulla, such as ventral lorica width/ventral lorica
length, toe length/ terminal fissure length, ventral lorica length/toe length (p < 0.001),
and foot pseudosegment width/foot pseudosegment length (p = 0.002). The results of
the landmark and landmark sliding were shown in Figures 18 and 19.
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Figure 16. Morphological character for measurements of Lecane bulla.

a. ventral lorica width g. foot pseudosegment width
b. ventral lorica length h. foot pseudosegment length
c. dorsal lorica length i. maximum toe width

d. head aperture width J. toe length

e. head aperture dorsal depth k. terminal fissure length

f. head aperture ventral depth I. pseudoclaw length



Table 18. Analysis of Variance among morphological measurements of Lecane bulla. (significant codes: 0.001 “***’ 0.01 “**’ and

0.05 <*?)

Characters Df Sum Sq Mean Sq F value Pr (>F)
ventral lorica width 23 8724.6 379.33 27.88 3.519e-15 ***
ventral lorica length 23 23135.3 1005.88 37.802 < 2.2e-16 ***
dorsal lorica length 23 15279.2 664.31 20.332 3.499e-13 ***
head aperture width 23 1894.6 82.375 2.2626 0.0165 *
head aperture dorsal depth 23 356.83 15.514 1.4276 0.1736
head aperture ventral depth 23 1317.36 57.276 3.1928 0.00131 **
foot pseudosegment width 23 543.12 23.6138 21.166 1.963e-13 ***
foot pseudosegment length 23 702.86 30.5591 21.001 2.196e-13 ***
maximum toe width 23 57.578 2.50339 17.721 2.476e-12 ***
toe length 23 14507.2 630.75 55.721 <2.2e-16 ***
terminal fissure length 23 686.35 29.8414 6.6915 7.833e-07 ***
pseudoclaw length 23 585.08 25.4381 4.7636 3.202e-05 ***
ventral lorica width/ventral lorica length 23 0.0706 0.00307 3.668 0.000395 ***
head aperture width/head aperture ventral depth 23 1.293 0.05621 1.042 0.449
foot pseudosegment width/foot pseudosegment length 23 0.7221 0.0314 2.881 0.00298 **
toe length/terminal fissure length 23 13.670 0.5943 16.11 9.42e-12 ***
terminal fissure length/pseudoclaw length 23 0.3186 0.01385 1.17 0.336
ventral lorica length/toe length 23 9.094 0.3954 19.91 4.72e-13 ***

6.
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3) Molecular and morphological analyses

The consensus trees deduced from COI and ITS1 of Lecane bulla were congruent.
Phylogenetic tree topologies show estimating number of species within the complex
(23 species from COI and 22 species from ITS1) (Figures 20 and 21). Tree deduced
from morphological characters shows 6 groups within the complex (Figure 22). The
number of species estimates deduced from molecular and morphological analyses
were shown in Figure 22. The result shows that least 4 groups within the complex can
be separated using morphology (groups 2, 3, 4, and 6), COI (groups 20-23), and ITS1
genes (groups 19-22) (Figure 22). In contrast, group 1 from morphological analysis is
the main group within the complex. Morphological characters cannot separate the
difference among organism, while COI gene and ITS1 were different within this
group and varied from 18 to 19 species. Lecane bulla diabolica (C244 in Figure 22)

was included in this group.
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3.8 The correlation between genetic distance and geography

Pairwise genetic distance within COIl marker of species complex ranged from
1.06% to 20.49% among Brachionidae. As for Lecanidae, genetic distance ranged
from 0.15% to 20.58% (Table 14). The correlation between genetic distance and
geography of COI in each species complex was analyzed in each species complex
with at least three specimens (Table 19). Only Lecane curvicornis showed significant
correlation between genetic distance and geographic distance (r = 0.44, p = 0.019)
(Table 19). The genetic distance within this species ranged from 1.66 to 17.40 (Table
14). For other species complexes, there was no correlation between genetic distance
and geographic distance (Figures 23 and 24). This result indicated evidence of gene

flow within the Lecane bulla complex among geographic regions in Thailand.

Table 19. Mantel statistic for correlation between pairwise genetic distance and geography

of species complexes in Thailand. (significant codes: * p < 0.05)

Species complex Mantel statistic r Significance
Brachionus angularis 0.160 0.186
Brachionus quadridentatus -0.050 0.516
Keratella tropica 0.998 0.333
Lecane bulla -0.029 0.828
Lecane luna -0.773 0.833
Lecane lunaris -0.425 0.833
Lecane unguitata -0.235 0.5
Lecane hamata -0.999 1
Lecane curvicornis 0.444 0.019*
Lecane leontina 0.057 0.187
Lecane nitida 0.117 0.375
Lecane quadridentatus 0.146 0.219

Lecane signifera -0.149 0.665
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CHAPTER 4

DISCUSSION

The species from the two families of rotifers found in this study were already
known in Thailand, except for only one species, Platyias leloupi, which is a new
record for the country and thus increases the total number of family Brachionidae
found in Thailand from 44 (Sa-ardrit et al., 2013) to 45 species. This study included
almost half of the species of the family, and sampling design covered all possible
habitat types in order to cover all the expected species. No new record was found for
the family Lecanidae. The number of known species of Lecanidae from the country is
97 (Sa-ardrit et al., 2013); however, only about half of that total number was found in
this study. The discrepancies between the species in this study dataset and the ones
known from the country could be due to the fact that this study did not sample all the
types of habitats, nor all the geographical areas in Thailand, nor all the seasons.

The total number of rotifers in the two families in Thailand is higher than the
one recorded from other southeast Asian countries (Segers, 2001), such as Cambodia
with 27 species of Brachionidae and 58 species of Lecanidae (Meas and Sanoamuang,
2010; Meas and Sor, 2014), Laos (9 and 30 species, respectively) (Segers and
Sanoamuang 2007), Philippines (12 and 3 species) (Papa and Zafaralla, 2011), and
Vietnam (21 and 27 species) (Zhdanova, 2011; Trinh Dang et al., 2013). Overall, the
distribution of monogonont rotifers is generally poorly known, and there is a strong
effect of sampling bias on the faunistic species lists from all over the world (Dumont,
1983; Segers and De Smet, 2008; Fontaneto et al., 2012). Nevertheless, this extensive
survey demonstrated that at least for Thailand and for the two families of
Brachionidae and Lecanidae, this knowledge is rather good. Thus, this study dataset
could be considered reliable for the inference that this study attempted on the
limnological correlates of diversity. The fact that one more species was found in this
survey is not contrary to the assumption of good faunistic knowledge, given that new
species and new records of rotifers are rather common even in well-studied areas at

temperate latitudes (e.g., De Smet, 2015).
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Environmental correlates of species richness (S)

The most important correlate of species richness (S) for Brachionidae was
clearly latitude. In fact, latitude itself cannot affect biological diversity, but it operates
through indirect ways of environmental variables that change with latitude (Hawkins
and Diniz-Filho, 2004). In this study case, latitude was highly correlated with
elevation: samples at higher latitudes were also from sites at higher elevations, thus
this study cannot disentangle which of the two variables actually correlated most with
species richness (S) in Brachionidae. Interesting, species richness (S) of Brachionidae
seems to be positively related with latitude, which means that more species are
expected at higher latitudes. This is the opposite of the general trends seen in
latitudinal and altitudinal diversity gradients, where species richness (S) increases
with lower latitudes and/or lower elevation (Green, 1987, 1994; Hillebrand, 2004;
Obertegger et al., 2010). Yet, my study is at a low spatial scale, covering only from
6 to 20° North, and the significance of the effect is not high (p = 0.034). Thus, the
apparent positive effect may be spurious.

The other variable with a marginally significant effect on species richness (S)
of Brachionidae was temperature. Brachionidae is known to have higher species
richness of some genera (e.g., Brachionus) in warm waters, and higher species
richness of other genera (e.g., Notholca) in cold waters (Green, 1972, 1994). The
effect that | observed in Thailand was negative: a lower number of species of the
family were found in samples from warmer waters. Temperatures did not strongly
correlate with latitude and ranged from 23 to 41 °C. These temperatures are much
higher than the ones usually observed in temperate water bodies from which there is
more information available on rotifer species richness. It is possible that indeed
temperatures around 40 °C could have a limiting effect on species richness of
Brachionidae. Yet, this is only speculation and there is no data to support it, except
the overall negative effect of temperature observed in this dataset. However, a
previous study in Cambodia confirmed that water temperature was the most important
positive correlate of rotifer species richness (Meas and Sor, 2014). Furthermore,
according to another study in Asia (China), the peak of maximum number of species
of rotifers occurred in the seasons with the highest water temperature, even if water

temperature was only between 16 and 21 °C (An et al., 2012).
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Contrary to Brachionidae, no effect of environmental variables was seen to
influence species richness of Lecanidae. A lack of effect could be the actual pattern
that is perhaps linked to different species replacing each other under different
environmental conditions (Fischer et al., 2001), and thus confounding this analysis.
Another explanation could be that other environmental variables that | did not
measure are more important for Lecanidae, but | cannot speculate on any of them

from this empirical observations from the field.

Environmental correlates of species composition

Regarding differences in species composition, the situation is rather different:
in this case, habitat type and conductivity were variables significantly affecting
differences in species composition for both Brachionidae and Lecanidae. The effect of
habitat type, which was stronger and more significant for Lecanidae than for
Brachionidae, means that, at least for Lecanidae, there was a species-specific
relationship between species and the habitat, even if this was not due to differences in
temperature, pH, or dissolved oxygen between the habitat types. Thus, the situation,
although significant, is not clear and the proportion of variance actually explained by
habitat type in the statistical models is indeed low, about 5.5% for Brachionidae and
7.3% for Lecanidae.

Differences in conductivity was the other general driver of differences in
species composition among samples. It is already known that conductivity and salinity
(highly correlated in this dataset) affect occurrence of rotifers, and even slightly
haline water bodies host species assemblages that are very different from those in
freshwater habitats (Green and Mengestou, 1991; Kaya et al., 2010). Different species
of rotifers are adapted to different salinities, even within the same genus (Fontaneto et
al., 2006; De Smet et al., 2015). Supported by previous studies in Thailand,
conductivity was correlated to Brachionidae and their abundance (Athibai et al.,
2013). Thus, the significance of conductivity (and indirectly salinity) as an important
correlate of differences in species composition in rotifers was expected.

Latitude affected differences in species composition for Lecanidae, but not for
Brachionidae. As for differences in species richness (S), the explanation for the effect
of latitude is that some other variables correlating with latitude could be the driver of
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the differences (Hawkins and Diniz-Filho, 2004). In this case, elevation gradients in
environmental variables, correlating with latitude, could be the cause for the
differences. Although I cannot speculate which variable could be the important one as
neither temperature nor dissolved oxygen had any effect in these analyses, an effect of
latitude on species composition of Brachionidae and Lecanidae was previously

described, but at larger spatial scales (Green, 1972; Segers, 1996).

Species delimitation

The results from three DNA taxonomy approaches, ABGD, PTP, and
GMYC, based on COI and ITS1 markers clearly indicated the existence of cryptic
species in both families. The highest estimate of species diversity in this study was
Lecane bulla with at least 20 species in the complex. Lecane bulla is a cosmopolitan
species which occurs in every region (Segers, 2007; Walsh et al., 2009; Segers and
Savatenalinton, 2010). A previous study showed cryptic speciation in this species
complex in Chihuahuan Desert waters (Walsh et al., 2009). Similar to this study, they
occur sympatrically in Thailand regions and unrestricted of distribution among Thai
geographic regions as indicated by Mantel test. The result from hapowebs showed
evidence of gene sharing among L. bulla. The high genetic variation was found in
mitochondrial cytochrome c oxidase subunit | of L. bulla. The variation of genetic
distance based on COI within the L. bulla complex between 0.15% and 18.45% was
higher than within other rotifers, which show approximately 12%-15% (Gomez et al.,
2002; Derry et al., 2003; Gilbert & Walsh, 2005).

At present, DNA taxonomy approach becomes a reasonable method for
delimiting species boundary within several organisms such as gastropods (Modica et al.,
2014), moths (Kekkonen et al., 2015), beetles (Pentinsaari et al., 2016), crayfishes
(Larson et al., 2016), coleopterans (Eberle et al., 2016), nemerteans (Leasi et al.,
2016), and parasitoid wasps (Schwarzfeld and Sperling, 2015). Recently, 15 species
were discovered in one of monogonont rotifers, B. plicatilis species complex, through
DNA taxonomy (Mills et al., 2016). This is among the highest estimates of species-
level diversity in a cryptic species complex in Rotifera thus far. Brachionus plicatilis

is a cosmopolitan species complex, which lives in coastal ponds and salt lakes
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(Suatoni et al., 2006). Only one of the species of the B. plicatilis complex,
B. rotundiformis, was found from some coastal ponds in this study.

As for other popular species complexes, Brachionus calyciflorus has been
previously recorded about the existence of three cryptic species by Xiang et al. (2010)
and six cryptic species by Xiang et al. (2011) within the complex. The genetic
divergences of ITS sequences among three clades ranged from 4.2% to 25.3% (Xiang
et al., 2010) and among six cryptic species ranged from 4.2% to 26.7%. Among DNA
sequence of Thai and other countries data from GenBank, DNA taxonomy approaches
indicated the existence of cryptic species ranging from 8 to 9 species and 2 to 6
species for COIl and ITS1, respectively. Within the complex, Brachionus calyciflorus,
B. calyciflorus f. amphiceros and B. calyciflorus f. anuraejformis were found from
this study. Genetic distance within species complex is 1.86% for COIl and
0.23%-7.23% for ITS1. This result showed genetic distance variation was lower than
a previous study (Xiang et al., 2010, 2011).

There are a few studies in other Brachionidae and Lecanidae. In a previous
studies, the result from DNA barcoding of freshwater Rotifera in Mexico revealed
cryptic species in Brachionus calyciflorus, Keratella cochlearis, Lecane bulla,
L. cornuta, L. crepida, L. curvicornis, L. hastata, and L. lunaris (Garcia-Morales and
Elias-Gutiérrez, 2013). This result confirmed the existence of cryptic species within
these species, including Brachionus angularis, B. caudatus, B. quadridentatus, K. tropica,
L. leontina, L. ludwigii, L. luna, L. signifera, and L. unguitata. In this result,
Brachionus quadridentatus is the one complex that showed a high number of species
diversity within the complex with at least 13 species from COI marker. Brachionus
quadridentatus, B. quadridentatus melheni and B. quadridentatus f. brevispinus were
found in this study. Previously, a study discovered B. quadridentatus f. brevispinus,
B. quadridentatus f. cluniorbicularis, B. quadridentatus f. melhemi, B. quadridentatus
f. mirabilis and B. quadridentatus f. typica (Athibai, 2008).

For Lecanidae, the estimated number of species diversity of Lecane
curvicornis based on COIl marker ranged from 9 to 10 species. The intraspecific
variance within this species is high. Lecane curvicornis f. nitida was included in the
complex (Segers, 1995). However, Lecane nitida was already known to split from L.
curvicornis based on important differences in morphology, ecology, and distribution
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(Segers and Sanoamuang, 2007). In addition, the molecular studies lead to the
defining of these taxa at different species-level rather than morphological variants
(Gomez et al., 2002). The mitochondrial DNA sequences from this result confirmed a
clear difference clade between the two species. The analyses estimated the number of
species based on COI marker within L. nitida was 2 to 4 species. For other closely
related species, the analyses showed that L. acus and L. crenata were included within
the same clade of L. lunaris. Lecane halsei was closely related to L. ludwigii, while
Brachionus angularis was closely related with B. caudatus. Brachionus caudatus can
be easily confused with morphological variation inducing with temperature (Athibai and
Sanoamuang, 2008). Phylogenetic tree topologies based on COIl marker showed a
non-monophyly among Lecane leontina population.

The geometric morphometric analyses from this study cannot separate some
Lecane bulla from one another, while DNA sequences based on COI and ITS1 are
different. This study offers a basis for further analyses on the species complex,
providing a phylogenetic framework for comparative studies. DNA taxonomy uses
DNA for delimiting species within species complex. This approach uses DNA
sequence Vvariation to discover cryptic animals (Fontaneto et al., 2015). Since COl is
more variable than ITS1, this marker is still the best maker to explore the population
genetic structure within species and for phylogeographic analysis (Gémez et al.,
2000; Mills et al., 2016).

Moreover, there is a geographic overlap in rotifer distribution in Thai waters.
No correlation occurs between genetic and geographic distances in all species complexes,
except in L. curvicornis. Although L. curvicornis demonstrates a significant difference,
only a few specimens were used for the analysis. More samples of the species complex

are needed for further analysis.
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CHAPTER 5

CONCLUSION

A total of 60 species 3 subspecies in 5 genera were recorded from the families
Brachionidae and Lecanidae in Thailand. Of these, 18 species and 2 subspecies 4 genera
belong to family Brachionidae and 42 species 1 subspecies 1 genus belong to family
Lecanidae. The habitat type was the most important variable to species composition
of Brachonidae. For Lecanidae, habitat type, conductivity, and latitude had an effect
on differences in species composition.

This study showed the existence of cryptic species within the complexes,
Brachionus angularis, Brachionus calyciflorus, Brachionus caudatus, Brachionus
quadridentatus, Keratella cochlearis, Keratella tropica, Lecane bulla, Lecane
closterocerca, Lecane crenata, Lecane curvicornis, Lecane hamata, Lecane leontina,
Lecane ludwigii, Lecane luna, Lecane lunaris, Lecane nitida, Lecane quadridentata,
Lecane signifera, and Lecane unguitata. The highest estimated number of species
within the complex was found in Lecane bulla with at least 20 species supporting both
COI and ITS1 markers. In contrast, morphological analyses can separate only some
individuals. Only Lecane curvicornis shows significant correlation between genetic
and geographic distances. For other species complexes, there are gene flows among
Thai geographic regions. There is no significant difference between other target

species complexes within this study.



96

REFERENCES

An, X. P., Du, Z. H., Zhang, J. H., Li, Y. P,, Qi, J. W. 2012. Structure of the
zooplankton community in Hulun Lake, China. Procedia Environmental
Sciences. 13: 1099-11009.

Athibai, S. 2008. Species diversity and distribution of the family Brachionidae
(Rotifers) in Thailand. A thesis for the degree of doctor of philosophy,
Department of Biology, Faculty of Science, Khon Kaen University.

Athibai, S. and Sanoamuang, L. 2008. Effect of temperature on fecundity, life span
and morphology of long- and short-spined clones of Brachionus caudatus f.
apsteini (Rotifera). International Review of Hydrobiology. 93: 690-699.

Athibai, S., Sanoamuang, L. and Segers, H. 2005. Species diversity of the family
Brachinoidae (Rotifera) in Thailand. KKU Research Journal. 5: 1-10.

Athibai, S., Segers, H. and Sanoamuang, L. 2013. Diversity and distribution of
Brachionidae (Rotifera) in Thailand, with a key to the species. Journal of
Limnology. 72: 345-360.

Bandelt, H., Forster, P. and Rohl, A. 1999. Median-joining networks for inferring
intraspecific phylogenies. Molecular Biology and Evolution. 16: 37-48.

Birky, C. W. Jr., 2007. Workshop on barcoded DNA: application to rotifer phylogeny,
evolution, and systematics. Hydrobiologia. 593: 175-183.

Birky, C. W. Jr., Wolf, C., Maughan, H., Herbertson, L. and Henry, E. 2005.
Speciation and selection without sex. Hydrobiologia. 546: 29-45.

Boonsom, J. 1984. The freshwater zooplankton of Thailand (Rotifera and Crustacea).
Hydrobiologia. 113: 223-229.

Buhay, J. E. 2009. “COI-LIKE” Sequences are becoming problematic in molecular
systematic and DNA barcoding studies. Journal of Crustacean Biology. 29:
96-110.

Chittapun, S. 2011. Fire and recovery of resting egg bank: an experimental study in
paddy fields in Pathum Thani province, Thailand. Hydrobiologia. 662: 163—
170.

Chittapun, S. and Pholpunthin, P. 2001. The rotifer fauna of peat-swamps in southern
Thailand. Hydrobiologia. 446/447: 226-269.



97

Chittapun, S., Pholpunthin, P. and Sanoamuang, L. 2009. Diversity and composition
of zooplankton in rice fields during a crop cycle at Pathum Thani Province,
Thailand. Songklanakarin Journal of Science and Technology. 31: 261-267.

Chittapun, S., Pholpunthin, P. and Segers, H. 1999. Rotifera from peat-swamps in
Phuket Province, Thailand, with the description of a new Colurella Bory de
St. Vincent. International Review of Hydrobiology. 84: 587-593.

Chittapun, S., Pholpunthin, P. and Segers, H. 2002. Rotifer diversity in a peat-swamp
in southern Thailand (Narathiwas province) with the description of a new
species of Keratella Bory de St. Vincent. Annales de Limnologie—
International Journal of Limnology. 38: 185-190.

Chittapun, S., Pholpunthin, P. and Segers, H. 2003. Contribution to the knowledge of
Thai microfauna diversity: notes on rare peat swamp Rotifera, with the
description of a new Lecane Nitzsch, 1872. Hydrobiologia. 501: 7-12.

Chittapun, S., Pholpunthin, P. and Segers, H. 2005. Restoration of tropical peat
swamp rotifer communities after perturbation: an experimental study of
recovery of rotifers from the resting egg bank. Hydrobiologia. 546: 281-289.

Chittapun, S., Pholpunthin, P. and Segers, H. 2007. Diversity of rotifer fauna from
five coastal peat swamps on Phuket Island, Southern Thailand. ScienceAsia.
33:383-387.

Ciros-Pérez, J., Gomez, A. and Serra, M. 2001. On the taxonomy of three sympatric
sibling species of the Brachionus plicatilis (Rotifera) complex from Spain,
with the description of B. ibericus n. sp. Journal of Plankton Research. 23:
1311-1328.

Clement, M., Snell, Q., Walke, P., Posada, D. and Crandall, K. 2002. TCS: estimating
gene genealogies. Proc. 16th International Parallel and Distributed Processing
Symposium. 2: 184.

Colwell, R. K. and Coddington, J. A. 1994. Estimating terrestrial biodiversity through
extrapolation. Philosophical Transactions of the Royal Society B. 345: 101-
118.

Darriba, D., Taboada, G. L., Doallo, R. and Posada, D. 2012. jModelTest 2: more
models, new heuristics and parallel computing. Nature Methods. 9: 772.



98

De Ridder, M. 1971. Raderdieren uit het verre Oosten. Biologisch Jaarboek
Dodonaea. 39: 361-391.

De Smet, W. H. 2015. Rotifera from the Mediterranean Sea, with description of ten
new species. Zootaxa. 4028: 151-196.

De Smet, W. H., Melone, G., Fontaneto, D. and Leasi, F. 2015. Marine Rotifera.
Fauna d’Italia vol. 50. Bologna, Calderini.

Derry, A. M., Hebert, P. D. N. and Prepas, E. E. 2003. Evolution of rotifers in saline
and subsaline lakes: a molecular phylogenetic approach. Limnology and
Oceanography. 48: 675-685.

Drummond, A. J.,, Suchard, M. A., Xie, D. and Rambaut, A. 2012. Bayesian
phylogenetics with BEAUti and the BEAST 1.7. Molecular Biology and
Evolution. 29: 1969-1973.

Drummond, A. J. and Rambaut, A. 2007. BEAST: Bayesian evolutionary analysis by
sampling trees. BMC Evolutionary Biology. 7: 1-8.

Dumont, H. J. 1983. Biogeography of rotifers. Hydrobiologia. 104: 19-30.

Eberle, J., Warnock, R. C. M. and Ahrens, D. 2016. Bayesian species delimitation in
Pleophylla chafers (Coleoptera) — the importance of prior choice and
morphology. BMC Evolutionary Biology. 16: 1-16. DOI 10.1186/512862-016-
0659-3.

Fischer, J. M., Frost, T. M. and Ives, A. R. 2001. Compensatory dynamics in
zooplankton community responses to acidification: measurement and
mechanisms. Ecological Applications. 11: 1060-1072.

Flot, J. F., Couloux, A. and Tillier, S. 2010. Haplowebs as a graphical tool for
delimiting species: a revival of Doyle's "field for recombination” approach and
its application to the coral genus Pocillopora in Clipperton. BMC
Evolutionary Biology. 10: 372.

Folmer, O., Black, M., Hoeh, W., Lutz, R. and Vrijenhoek, R. 1994. DNA primers for
amplification of mitochondrial cytopchrome ¢ oxidase subunit | from diverse
metazoan invertebrates. Molecular Marine Biology and Biotechnology. 3: 294—
299.



99

Fontaneto, D., Barbosa, A. M., Segers, H. and Pautasso, M. 2012. The ‘rotiferologist’
effect and other global correlates of species richness in monogonont rotifers.
Ecography. 35: 174-182.

Fontaneto, D., De Smet, W. H. and Ricci, C. 2006. Rotifers in saltwater
environments, re-evaluation of an inconspicuous taxon. Journal of the Marine
Biological Association of the United Kingdom. 86: 623-656.

Fontaneto, D., Flot, J. and Tang, C. Q. 2015. Guidelines for DNA taxonomy, with a
focus on the meiofauna. Marine Biodiversity. 45: 433-451.

Fontaneto, D., Giordani, I., Melone, G. and Serra, M. 2007. Disentangling the
morphological stasis in two rotifer species of the Brachionus plicatilis species
complex. Hydrobiologia. 583: 297-307.

Fontaneto, D., Kaya, M., Herniou, E. A. and Barraclough, T. G. 2009. Extreme levels
of hidden diversity in microscopic animals (Rotifera) revealed by DNA
taxonomy. Molecular Phylogenetics and Evolution. 53: 182-1809.

French, N., Yu, S., Biggs, P., Holland, B., Fearnhead, P., Binney, B., Fox, A., Grove-
White, D., Leigh, J. W., Miller, W., Muellner, P. and Carter, P. 2013.
Evolution of Campylobacter species in New Zealand. In: Sheppard, S. K.,
Méric, G. editors. Campylobacter ecology and evolution. Chapter 17. Norfolk:
Horizon Scientific Press, pp 221-240.

Fujisawa, T. and Barraclough, T. G. 2013. Delimiting species using single-locus data
and the Generalized Mixed Yule Coalescent approach: a revised method and
evaluation on simulated data sets. Systematic Biology. 62: 707—724.

Garcia-Morales, A. E. and Elias-Gutiérrez, M. 2013. DNA barcoding of freshwater
Rotifera in Mexico: evidence of cryptic speciation in common rotifers.
Molecular Ecology Resources. 13: 1097-1107.

Gilbert, J. J. and Walsh, E. J. 2005. Brachionus calyciflorus is a species complex:
mating behavior and genetic differentiation among four geographically
isolated strains. Hydrobiologia. 546: 257—-265.

Giri, F. and Jose de Paggi, S. 2006. Geometric morphometric and biometric analysis
for the systematic elucidation of Brachionus caudatus Barrois and Daday,
1894 (Rotifera Monogononta Brachionidae) forms. Zoologischer Anzeiger.
244:171-180.



100

Gomez, A. 2005. Molecular ecology of rotifers: from population differentiation to
speciation. Hydrobiologia. 546: 83-99.

Gomez, A., Carvalho, G. R. and Lunt, D. H. 2000. Phylogeography and regional
endemism of a passively dispersing zooplankter: mitochondrial DNA variation
in rotifer resting egg banks. Proceedings of the Royal Society B: Biological
Sciences. 267: 2189-2197.

Gomez, A., Serra, M., Carvalho, G. R. and Lunt, D. H. 2002. Speciation in ancient
cryptic species complexes: evidence from the molecular phylogeny of
Brachionus plicatilis (Rotifera). Evolution. 56: 1431-1444.

Gomez, A. and Serra, M. 1995. Behavioral reproductive isolation among sympatric
strains of Brachionus plicatilis Miller, 1789: insights into the status of this
taxonomic species. Hydrobiologia. 313/314: 81-89.

Gomez, A., Serra, M., Carvalho, G. R. and Lunt, D. H. 2002. Speciation in ancient
cryptic species complexes: evidence from the molecular phylogeny of
Brachionus plicatilis (Rotifera). Evolution. 56: 1431-1444.

Gbémez, A. and Snell, T. W. 1996. Sibling species and cryptic speciation in the
Brachionus plicatilis species complex (Rotifera). Journal of Evolutionary
Biology. 9: 953-964.

Gomez, A., Temprano, M. and Serra, M. 1995. Ecological genetics of a cyclical
parthenogen in temporary habitats. Journal of Evolutionary Biology. 8: 601—
622.

Green, J. 1972. Latitudinal variation in associations of planktonic Rotifera. Journal of
Zoology. 167: 31-39.

Green, J. 1980. Asymmetry and variation in Keratella tropica. Hydrobiologia. 73: 241—
248.

Green, J. 1987. Keratella cochlearis (Gosse) in Africa. Hydrobiologia. 147: 3-8.

Green, J. 1994. The temperate-tropical gradient of planktonic Protozoa and
Rotifera. Hydrobiologia. 272: 13-26.

Green, J. and Mengestou, S. 1991. Specific diversity and community structure of
Rotifera in a salinity series of Ethiopian inland waters. Hydrobiologia. 209:
95-106.



101

Guindon, S. and Gascuel, O. 2003. A simple, fast and accurate method to estimate
large phylogenies by maximum-likelihood. Systematic Biology. 52: 696-704.

Hall, T. A. 1999. BioEdit: a user-friendly biological sequence alignment editor and
analysis program for windows 95/98/NT. Nucleic Acids Symposium Series. 41.:
95-98.

Hillebrand, H. 2004. On the generality of the latitudinal diversity gradient. The
American Naturalist. 163: 192-211.

Hawkins, B. A. and Diniz-Filho, J. A. F. 2004. ‘Latitude’ and geographic patterns in
species richness. Ecography. 27: 268-272.

International Commission on Zoological Nomenclature, 1999. International Code of
Zoological Nomenclature, 4th edition, The International Trust for Zoological
Nomenclature, 306 pp.

Jersabek, C. D., De Smet, W. H., Fischer, C., Fontaneto, D., Michaloudi, E., Wallace,
R. L., Segers, H. 2011. List of Available Names in Zoology, part Phylum
Rotifera, species-group names established before 1 January 2000, 267 pp.
Retrieved 07 May 2013 from http:/fada.biodiversity.be

Jithland, I. and Wongrat, L. 2006. Composition and distribution of zooplankton in the
Pakak Jolasid Reservoir, Lop Buri Province. Kasetsart University Fisheries
Research Bulletin. 30: 1-18.

Katoh, K. and Standley, D. M. 2013. MAFFT Multiple Sequence Alignment Software
Version 7: Improvements in Performance and Usability. Molecular Biology
and Evolution. 30: 772-780.

Kaya, M., Fontaneto, D., Segers, H. and Altindag, A. 2010. Temperature and salinity
as interacting drivers of species richness of planktonic rotifers in Turkish
continental waters. Journal of Limnology. 69: 297-304.

Kekkonen, M., Mutanen, M., Kaila, L., Nieminen, M. and Hebert, P. D. N. 2015.
Delineating species with DNA barcodes: a case of taxon dependent method
performance in moths. PLoS ONE. 10: 1-32. DOI:10.1371/journal.pone.
0122481.

King, C. E. and Zhao, Y. 1987. Coexistence of rotifer (Brachionus plicatilis) clones in
Soda Lake, Nevada. Hydrobiologia. 147: 57—64.



102

Koste, W. 1975. Uber den Rotatorienbestand einer Mikrobiozonosein einem
tropischen aquatischen Saumbiotop, der Eichhornia-crassipes-Zone im Litoral
des Bung-Borapet, einem Stausee inZentralthailand.Gewdasser Abwasser.
57/58: 43-58.

Koste W. 1978. Rotatoria. Germany: Gebruder Borntraeger.

Koste, W. and Shiel, R. J. 1987. Rotifera from Australian Inland Waters. 1I*.
Epiphanidae and Brachionidae (Rotifera: Monogononta). Invertebrate
Taxonomy. 7: 949-1021.

Kotani, T., Hagiwara, A., Snell, T. W. and Serra, M. 2005. Euryhaline Brachionus
strains (Rotifera) from tropical habitats: morphology and allozyme patterns.
Hydrobiologia. 546: 161-167.

Kotani, T., Ozaki, M., Matsuoka, K., Snell, T. W. and Hagiwara, A. 2001.
Reproductive isolation among geographically and temporally isolated marine
Brachionus strains. Hydrobiologia. 446/447: 283-290.

Larson, E. R., Castelin, M., Williams, B. W., Olden J. D. and Abbott, C. L. 2016.
Phylogenetic species delimitation for crayfishes of the genus Pacifastacus.
PeerJ. DOI 10.7717/peerj.1915.

Leasi, F., Andrade, S. C. S. and Norenburg, J. 2016. At least some meiofaunal species
are not everywhere. Indication of geographic, ecological and geological barriers
affecting the dispersion of species of Ototyphlonemertes (Nemertea,
Hoplonemertea). Molecular Ecology. 25: 1381-1397.

Maddison, W. P. and Maddison, D. R. 2016. Mesquite: a modular system for
evolutionary analysis. Version 3.11. http://mesquiteproject.org (accessed
12/15/03).

Marcus, L. F., Hingst-Zaher, E. and Zaher, H. 2000. Application of landmark
morphometrics to skulls representing the orders of living mammals. Hystrix.
11: 27-47.

Marshall, E. 2005. Will DNA Bar Codes Breathe Life Into Classification? Science.
307: 1037.

Meas, S. and Sanoamuang, L. 2010. New records of rotifer fauna in the Cambodian

Mekong River Basin. Cambodian Journal of Natural History. 1: 48-62.


http://mesquiteproject.org/

103

Meas, S and Sor, R. 2014. New records of rotifer fauna in the upper Cambodian
Mekong River Basin. International Journal of Environmental and Rural
Development. 5-1: 7-13.

Meksuwan, P., Pholpunthin, P. and Segers, H. 2011. Diversity of sessile rotifers
(Gnesiotrocha, Monogononta, Rotifera) in Thale Noi Lake, Thailand. Zootaxa.
2997: 1-18.

Meksuwan, P., Pholpunthin, P. and Segers, H. 2013. The Collothecidae (Rotifera,
Collothecacea) of Thailand, with the description of a new species and an
illustrated key to the Southeast Asian fauna. ZooKeys. 315: 1-16.

Meksuwan, P., Pholpunthin, P. and Segers, H. 2015. Molecular phylogeny confirms
Conochilidae as ingroup of Flosculariidae (Rotifera, Gnesiotrocha). Royal
Swedish Academy of Science. 44: 562-573.

Meksuwan, P., Pholpunthin, P., Walsh, E. J., Segers, H. and Wallace, R. L. 2014.
Nestedness in sessile and periphytic rotifer communities: A meta-analysis.
International Review of Hydrobiology. 99: 1-10.

Mills, S., Alcantara-Rodriguez, J. A., Ciros-Pérez, J., Gomez, A., Hagiwara, A.,
Galindo, K. H., Jersabek, C. D., Malekzadeh-Viayeh, R., Leasi, F., Lee, J.,
Welch, D. B. M., Papakostas, S., Riss, S., Segers, H., Serra, M., Shiel, R.,
Smolak, R., Snell, T. W., Stelzer, C., Tang, C. Q., Wallace, R. L., Fontaneto,
D. and Walsh, E. J. 2016. Fifteen species in one: deciphering the Brachionus
plicatilis species complex (Rotifera, Monogononta) through DNA taxonomy.
Hydrobiologia. DOI 10.1007/ s10750-016-2725-7.

Modica, M. V., Puillandre, N., Castelin, M., Zhang, Y. and Holford, M. 2014. A good
compromise: rapid and robust species proxies for inventorying biodiversity
hotspots using the Terebridae (Gastropoda: Conoidea). PLoS ONE. 9: e102160.
doi:10.1371/ journal.pone.0102160.

Montero-Pau, J., Gomez, A. and Mufioz, J. 2008. Application of an inexpensive and
high-throughput genomic DNA extraction method for the molecular ecology
of zooplanktonic diapausing eggs. Limnology and Oceanography: Methods. 6:
218-222.

Nicholas, K. B., Nicholas, H. B. Jr. and Deerfield, D. W. 1997. GeneDoc: analysis

and visualization of genetic variation. Embnew News. 4: 14.



104

Obertegger, U., Thaler, B. and Flaim, G. 2010. Rotifer species richness along an
altitudinal gradient in the Alps. Global Ecology and Biogeography. 19: 895—
904.

Ortells, R., Gomez, A. and Serra, M. 2003. Coexistence of cryptic rotifer species:
ecological and genetic characterisation of Brachionus plicatilis. Freshwater
Biology. 48: 2194-2202.

Palumbi, S. R. 1996. The polymerase chain reaction and molecular systematics. In
Molecular Systematics. 2" Ed. D. Hillis, C. Moritz, and B. Mable, Eds.
Sinauer Press, Sunderland.

Papa, R. D. S. and Zafaralla, M. T. 2011. The composition, diversity and community
dynamics of limnetic zooplankton in a tropical Caldera lake (lake Taal,
Philippines). Raffles Bulletin of Zoology. 59: 1-7.

Pauls, S. U., Blanhnik, R. J., Zhou, X., Wardwell, C. T. and Holzenhal, R. W. 2010.
DNA barcode data confirm new species and reveal cryptic diversity in Chilean
Smicridea (Smicridea) (Trichoptera: Hydropsychidae). Journal of the North
American Benthological Society. 29: 1058-1074.

Pentinsaari, M., Vos, R. and Mutanen, M. 2016. Algorithmic single-locus species
delimitation: effects of sampling effort, variation and nonmonophyly in four
methods and 1870 species of beetles. Molecular Ecology Resources. doi:
10.1111/1755-0998.12557.

Pholpunthin, P. 1997. Freshwater zooplankton (Rotifera, Cladocera and Copepoda)
from Thale-Noi, South Thailand. Journal of The Science Society of Thailand.
23: 23-34.

Pholpunthin, P. and Chittapun, S. 1998. Freshwater Rotifera of the genus Lecane from
Songkhla Province, southern Thailand. Hydrobiologia. 387/388: 23-26.
Proudlove, G. and Wood, P. J. 2003. The blind leading the blind: cryptic subterranean

species and DNA taxonomy. Trends in Ecology and Evolution. 18: 272-273.

Puillandre, N., Lambert, A., Brouillet, S. and Achaz, G. 2012. ABGD, Automatic
Barcode Gap Discovery for primary species delimitation. Molecular Ecology.
21:1864-1877.



105

R Core Team. 2016. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.r-
project.org/ (accessed 12/15/16).

Rico-Martinez, R. and Snell, T. W. 1995. Mating behavior and mate recognition
pheromone blocking of male receptors in Brachionus plicatilis Mduller
(Rotifera). Hydrobiologia. 313/314: 105-110.

Sa-ardrit, P., Pholpunthin, P. and Segers, H. 2013. A checklist of the freshwater
rotifer fauna of Thailand (Rotifera, Monogononta, Bdelloidea). Journal of
Limnology. 72: 361-375.

Sanoamuang, L. 1998. Rotifera of some freshwater habitats in the floodplain of the
River Nan, northern Thailand. Hydrobiologia. 387/388: 27-33.

Sanoamuang, L. 2007. The Rotifer communities of temporary waters in Northeast
Thailand. KKU Research Journal. 12: 203-209.

Sanoamuang, L. and Savatenalinton, S. 1999. New records of rotifers from Nakhon
Ratchasima province, northeast Thailand, with a description of Lecane baimaii n. sp.
Hydrobiologia. 412: 95-101.

Sanoamuang, L. and Savatenalinton, S. 2001. The rotifer fauna of Lake Kud-Thing, a
shallow lake in Nong Khai Province, northeast Thailand. Hydrobiologia.
446/447: 297-304.

Sanoamuang, L. and Segers, H. 1997. Additions to the Lecane fauna (Rotifera:
Monogononta) of Thailand. Internationale Revue der gesamten Hydrobiologie
und Hydrographie. 82: 525-530.

Sanoamuang, L., Segers, H. and Dumont, H. J. 1995. Additions to the rotifer fauna of
South-east Asia: new and rare species from North-east Thailand.
Hydrobiologia. 313/314: 35-45.

Savatenalinton, S. and Segers, H. 2005. Rotifers from Kalasin Province, Northeast
Thailand, with notes on new and rare species. Zoological Studies. 44: 361-
367.

Savatenalinton, S. and Segers, H. 2008. Rotifer of waterfall mosses from Phu Hin
Rong Kla National Park, Thailand, with the description of Lecane martensi,
new species (Rotifera: Monogononta: Lecanidae). The Raffles Bulletin of
Zoology. 56: 245-249.


https://www.r-project.org/
https://www.r-project.org/

106

Schwarzfeld, M. D. and Sperling, F. A. H. 2015. Comparison of five methods for
delimitating species in Ophion Fabricius, a diverse genus of parasitoid wasps
(Hymenoptera, Ichneumonidae). Molecular Phylogenetics and Evolution 93:
234-248.

Segers, H. 1995. Guides to the identification of the microinvertebrates of the
continental waters of the world. Rotifera volume 2: The Lecanidae
(Monogononta). The Netherlands: SPB Academic Publishing.

Segers, H. 1996. The biogeography of littoral Lecane Rotifera. Hydrobiologia. 323:
169-197.

Segers, H. 2001. Zoogeography of the southeast Asian Rotifera. Hydrobiologia.
446/447: 233-246.

Segers, H. 2003. A biogeographical analysis of rotifers of the genus Trichocerca
Lamarck, 1801 (Trichocercidae, Monogononta, Rotifera), with notes on
taxonomy. Hydrobiologia. 500: 103-114.

Segers, H. 2007. Annotated checklist of the rotifers (Phylum Rotifera), with notes on
nomenclature, taxonomy and distribution. Zootaxa. 1564: 1-104.

Segers, H. 2008. Global diversity of rotifers (Rotifera) in freshwater. Hydrobiologia.
595: 49-59.

Segers, H. and Chittapun, S. 2001. The interstitial Rotifera of a tropical freshwater
peat swamp on Phuket island, Thailand. Belgian Journal of Zoology. 131: 65—
71.

Segers, H. and De Smet, W. H. 2008. Diversity and endemism in Rotifera: a review,
and Keratella Bory de St Vincent. Biodiversity and Conservation. 17: 303—
316.

Segers, H., De Smet, W. H., Fischer, C., Fontaneto, C., Michaloudi, E., Wallace, R. L.
and Jersabek, C. D. 2012. Towards a List of Available Names in Zoology,
partim Phylum Rotifera. Zootaxa. 3179: 61-68.

Segers, H., De Smet, W. H., Fontaneto, D., Hinz, C., Hussey, C., Michaloudi, E.,
Wallace, R. L. and Jersabek, C. D. 2015. Period of public commentary begins
on the revised proposal of species-group level names, and on the proposal of
genus-group level names of the Candidate Part of List of Available Names

(LAN) in the phylum Rotifera. European Journal of Taxonomy. 165: 1-3.



107

Segers, H., Koste, W., Yussuf, S. M. 1996. Contribution to the knowledge of the
monogonont Rotifera of Zanzibar, with a note on Filinia novaezealandiae Shiel
& Sanoamuang, 1993. Internationale Revue der gesamten Hydrobiologie und
Hydrographie. 81: 597-603.

Segers, H., Kotethip, W. and Sanoamuang, L. 2004. Biodiversity of freshwater
microfauna in the floodplain of the River Mun, Northeast Thailand: the Rotifera
monogononta. Hydrobiologia. 515: 1-9.

Segers, H. and Pholpunthin, P. 1997. New and rare Rotifera from Thale-Noi Lake,
Pattalang Province, Thailand, with a note on the taxonomy of Cephalodella
(Notommatidae). Annales de Limnologie—International Journal of Limnology.
33:13-21.

Segers, H. and Rong, S. 1998. Two new species of Keratella (Rotifera: Monogononta:
Brachionidae) from Inner Mongolia, P. R. China. Hydrobiologia. 382: 175-
181.

Segers, H. and Sanoamuang, L. 2007. Note on a highly diverse rotifer assemblage
(Rotifera: Monogononta) in a Laotian rice paddy and adjacent pond.
International Review of Hydrobiology. 92: 640-646.

Segers, H. and Savatenalinton, S. 2010. A critical re-evaluation of the Lecanidae
(Rotifera: Monogononta) of Thailand, with description of a new Species.
International Review of Hydrobiology. 95: 343-351.

Segers, H. and Shiel, R. 2003. Microfaunal diversity in a biodiversity hotspot: new
rotifers from Southwestern Australia. Zoological Studies. 42: 516-521.

Segers, H. and Wang, Q. 1997. On a new species of Keratella (Rotifera:
Monogononta: Brachionidae). Hydrobiologia. 344: 163-167.

Serra, M., Galiana, A. and Gomez, A. 1997. Speciation in monogonont rotifers.
Hydrobiologia. 358: 63-70.

Serra, M., Gomez, A. and Carmona, M. J. 1998. Ecological genetics of Brachionus
sympatric sibling species. Hydrobiologia. 387/388: 373-384.

Serra, M. and Miracle, M. 1987. Biometric variation in three strains of Brachionus
plicatilis as a direct response to abiotic variables. Hydrobiologia. 147: 83-809.

Setapan, Y. 1999. Geography of Thailand. 2" Ed. Bangkok: Pisit publishing.



108

Sharma, B. K. and Sharma, S. 2005. Biodiversity of freshwater rotifers (Rotifera,
Eurotatoria) from North-Eastern India. Mitt. Mus. Nat.kd. Berl., Zool. Reihe.
81: 81-88.

Snell, T. W. 1989. Systematics, reproductive isolation and species boundaries in
monogonont rotifers. Hydrobiologia. 186/187: 299-310.

Sor, R. 2011. Comparison of the rotifer fauna between lakes and reservoirs in the
upper part of the Cambodian Mekong River Basin. MSc Thesis, Royal
University of Phnom Phen, 75 pp.

Stamatakis, A. 2014. RAXML version 8: a tool for phylogenetic analysis and post-
analysis of large phylogenies. Bioinformatics Advance. 1-2.

Stoeckle, M., Waggoner, P. E. and Ausubel, J. H. 2005. Barcoding life, illustrated:
goals, rationale, results. Barcode of life. 3.

Suatoni, E., Vicario, S., Rice, S., Snell, T. and Caccone, A. 2006. An analysis of
species boundaries and biogeographic patterns in a cryptic species complex:
The rotifer-Brachionus plicatilis. Molecular Phylogenetics and Evolution. 41:
86-98.

Tang, C., Humphreys, A. M., Fontaneto, D. and Barraclough, T. G. 2014. Effects of
phylogenetic reconstruction method on the robustness of species delimitation
using single-locus data. Methods in Ecology and Evolution. 5: 1086-1094.

Tautz, D., Arctander, P., Minelli, A., Thomas, R.H., Vogler, A.P., 2003. A plea for
DNA taxonomy. Trends in Ecology and Evolution. 18: 71-74.

Technelysium Pty Ltd. 2012. http://technelysium.com.au/wp/chromas/ (accessed 12/15/16).

Teeramaethee, J., Trevanich, A. and Sanoamuang, L. 2006. Biodiversity and
abundance of rotifers in Bueng Boraphet, Nakhon Sawan Province, Thailand.
KKU Research Journal. 11: 191-202.

Trinh Dang, M., Segers, H. and Sanoamuang, L. 2013. Rotifers from Thuy Tien lake
and Nhu Y river in central Vietnam, with a description of Ploesoma asiaticum
new species (Rotifera: Monogononta). Journal of Limnology. 72: 376-386.

Wallace, R. L., Snell, T. W., Ricci, C. and Nogrady, T. 2006. Rotifera: biology,
ecology and systematics. 2" Ed. The Netherlands: Kenobi Productions and

Backhuys Publishers.


http://technelysium.com.au/wp/chromas/

109

Walsh, E. J., Schroder, T., Wallace, R. L. and Rico-Martinez, R. 2009. Cryptic
speciation in Lecane bulla (Monogononta: Rotifera) in Chihuahuan Desert
waters. Verhandlungen Internationale Vereinigung fiir Theoretische und
Angewandte Limnologie. 30: 1046-1050.

Weber, E. F., 1907. Rotateurs (Voyage du Dr. Walter Voltz). Zoologische
Jahrbuecher Abteilung fuer Systematik. 24: 207-224.

Xiang, X., Xi, Y., Wen, X., Zhang, J. and Ma, Q. 2010. Spatial patterns of genetic
differentiation in Brachionus calyciflorus species complex collected from East
China in summer. Hydrobiologia. 638: 67-83.

Xiang, X., Xi, Y., Wen, X., Zhang, G., Wang, J. and Hu, K. 2011. Patterns and
processes in the genetic differentiation of the Brachionus calyciflorus
complex, a passively dispersing freshwater zooplankton. Molecular
Phylogenetics and Evolution. 59: 386-398.

Zelditch, M. L., Swiderski, D. L., Sheets, H. D. and Fink, W. L. 2004. Geometric
morphometrics for biologists: a primer. Elsevier Academic Press. New York.

Zhang, J., Kapli, P., Pavlidis, P. and Stamatakis, A. 2013. A general species
delimitation method with applications to phylogenetic placements.
Bioinformatics. 29: 2869-2876.

Zhdanova, S. M. 2011. The species composition of rotifers in the water reservoirs of
central Vietnam. Inland Water Biology. 4: 425-434.



110

APPENDIX



111

Appendix 1. Haplotypes of COI of Lecane bulla (Gosse, 1851).

Haplotype

Specimen code

Haplotype 1 (HO1)
Haplotype 2 (HO02)
Haplotype 3 (HO03)
Haplotype 4 (HO04)
Haplotype 5 (HO5)
Haplotype 6 (HO6)
Haplotype 7 (HO7)
Haplotype 8 (HO08)
Haplotype 9 (HO09)
Haplotype 10 (H10)
Haplotype 11 (H11)
Haplotype 12 (H12)
Haplotype 13 (H13)
Haplotype 14 (H14)
Haplotype 15 (H15)
Haplotype 16 (H16)
Haplotype 17 (H17)
Haplotype 18 (H18)
Haplotype 19 (H19)
Haplotype 20 (H20)
Haplotype 21 (H21)
Haplotype 22 (H22)
Haplotype 23 (H23)
Haplotype 24 (H24)
Haplotype 25 (H25)
Haplotype 26 (H26)

C18, C129, C167, C215
C24, C44

C207, N7-10, N8-2-1, S24-10-1, S31-1-1
C218, C219

C229, N7-3

C231, C236, S31-2

C10-5, N6-2-2, N6-4-4, N6-4-6, N8-2, $36-5
N16-4, N17B-9

N6-3-3, N6-3-4, N6-6-3

$22-4-1, $22-6

$24-6, $24-16

S27-2a, S27-2-1

$29-1, S29-6

$29-2, S29-8

c27

C143

c191

C239

C244

C10-7

C12-4

E27A-4

E27C-3

E27C-4

E27C-7

E27C-8
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Haplotype

Specimen code

Haplotype

Specimen code

Haplotype 27 (H27)
Haplotype 28 (H28)
Haplotype 29 (H29)
Haplotype 30 (H30)
Haplotype 31 (H31)
Haplotype 32 (H32)
Haplotype 33 (H33)
Haplotype 34 (H34)
Haplotype 35 (H35)
Haplotype 36 (H36)
Haplotype 37 (H37)
Haplotype 38 (H38)
Haplotype 39 (H39)
Haplotype 40 (H40)
Haplotype 41 (H41)

E27-2
N7-10-1
NE10A-4
NE10B-5
NE11B-2
NE15A-7
NE15B-3
S22-5
E27-4
N2A-2
N5A-3
N5A-7
N17B-1-1
N7-5
N10-2

Haplotype 42 (H42)
Haplotype 43 (H43)
Haplotype 44 (H44)
Haplotype 45 (H45)
Haplotype 46 (H46)
Haplotype 47 (H47)
Haplotype 48 (H48)
Haplotype 49 (H49)
Haplotype 50 (H50)
Haplotype 51 (H51)
Haplotype 52 (H52)
Haplotype 53 (H53)
Haplotype 54 (H54)
Haplotype 55 (H55)
Haplotype 56 (H56)

N15-7
N7-3-1
S24-1
S24-2a
S24-8
S28-2
S31-1
S31-5
S31-9
S36-2
S23-5-1
S24-15
S24-17
S24-18
S31-12
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Appendix 2. Haplotypes of ITS1 of Lecane bulla (Gosse, 1851).

Haplotype

Specimen code

Haplotype 1 (HO1)
Haplotype 2 (HO02)
Haplotype 3 (HO03)
Haplotype 4 (HO04)
Haplotype 5 (HO5)
Haplotype 6 (HO6)
Haplotype 7 (HO7)
Haplotype 8 (HO08)
Haplotype 9 (HO09)
Haplotype 10 (H10)
Haplotype 11 (H11)
Haplotype 12 (H12)
Haplotype 13 (H13)
Haplotype 14 (H14)

E27C 3 B, E27C_8 B, S28 2 B, S29 2 A
E27C_3 A, E27C 8 A

C239_A,N7_10_1 B, S31_5_B,

E27 4 A,N2A_2 B,N17B_1 1 A, S24 16 A
C244 B, D215 B

NE15B 3 B, S23 5 1 A, S24 2 A

C219 B, N5SA_7 B

C229 B,N7 3 1 B

C10 5 A,N6_2 2 B,N6 4 6_A, S36 2 A, S36.5 A
C143 B, D191 A

C231 A,N6 6 3 A,N6.3 4 A S31 2 A ,S31 9 B
S24 18 A, S24 18 B

C207 B,N8 2.1 B,S24 10 1 A

C10 7 B,N15 7 A
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(5)

Appendix 3. Species complexes of Family Brachionidae from this study.
(1) Brachionus angularis (2) Brachionus calyciflorus f. amphiceros
(3) Brachionus calyciflorus f. anuraeiformis (4) Brachionus caudatus

(5) Brachionus quadridentatus (6) Brachionus quadridentatus melheni
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Appendix 4. Lecane bulla complex from this study.

(7) Lecane bulla (8) Lecane bulla
(9) Lecane bulla (10) Lecane bulla
(11) Lecane bulla (12) Lecane bulla
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25 UM

Appendix 5. Species complexes of Family Lecanidae from this study.

(13) Lecane bulla diabolica (14) Lecane bulla diabolica (lateral view)
(15) Lecane crenata (16) Lecane curvicornis

(17) Lecane leontina (18) Lecane ludwigii
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Appendix 6. Species complexes of Family Lecanidae from this study.
(19) Lecane luna (20) Lecane lunaris

(21) Lecane nitida (22) Lecane quadridentata
(23) Lecane signifera (24) Lecane unguitata
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