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Abstract.— Labyrinth fishes (Perciformes: Anabantoidei) are primary freshwater fishes with a disjunct African-Asian distri-
bution that exhibit a wide variety of morphological and behavioral traits. These intrinsic features make them particularly
well suited for studying patterns and processes of evolutionary diversification. We reconstructed the first molecular-based
phylogenetic hypothesis of anabantoid intrarelationships using both mitochondrial and nuclear nucleotide sequence data to
address anabantoid evolution. The mitochondrial data set included the complete cytochrome b, partial 125 rRNA, complete
tRNA Val, and partial 16S rRNA genes (3332 bp) of 57 species representing all 19 anabantoid genera. The nuclear data set
included the partial RAG1 gene (1494 bp) of 21 representative species. The phylogenetic analyses of a combined (mitochon-
drial + nuclear) data set recovered almost fully resolved trees at the intrafamily level with different methods of phylogenetic
inference. Phylogenetic relationships at this taxonomic level were compared with previous morphology-based hypotheses.
In particular, the enigmatic pike-head (Luciocephalus) was confidently placed within the “spiral egg” clade, thus resolving the
long-standing controversy on its relative phylogenetic position. The molecular phylogeny was used to study the evolution
of the different forms of parental care within the suborder. Our results suggest that the evolution of breeding behavior in
anabantoids is highly correlated with phylogeny, and that brood care evolved three times independently from an ances-
tral free spawning condition without parental care. Ancestral character state reconstructions under maximum parsimony
and maximum likelihood further indicated that both bubble nesting and mouthbrooding have evolved recurrently during
anabantoid evolution. The new phylogenetic framework was also used to test alternative biogeographic hypotheses that
account for the disjunct African-Asian distribution. Molecular divergence time estimates support either a drift vicariance
linked to the breakup of Gondwana or Late Mesozoic Early Tertiary dispersal from Africa to Asia or vice versa. [Ancestral

character state reconstruction; breeding behavior; divergence time estimation; biogeography.)]

Actinopterygii, the ray-finned fishes, evolved a re-
markable variety of parental care systems among
vertebrates. Approximately 19% of the 431 families of
ray-finned fishes exhibit some parental care (modified
from Blumer, 1982; Nelson, 1994). Differences in parental
care can be related either to the sex of the caregiver
(female-only, male-only, and biparental) or to the form of
care (breeding behavior; e.g., substrate spawning, bub-
ble nesting, mouthbrooding, and viviparity). These tran-
sitions from no parental care to parental care (or vice
versa) and among parental care systems are responsible
for major changes in life-history traits (e.g., fecundity, ju-
venile survival, parental investment) in fishes. Yet, little
is known about the evolutionary pathways that have led
to the observed diversity in forms of parental care. Phylo-
genetic studies are crucial to determine the number and
direction of evolutionary transitions and to gain new in-
sights into the evolution of parental care in ray-finned
fishes.

Labyrinth fishes (Perciformes: Anabantoidei) show
an astonishing diversity in breeding behavior that is
hardly found in any other fish group, and are there-
fore particularly well suited to study the evolutionary
diversification of reproductive modes. In anabantoids,
parental care is dominant and occurs in 16 of the 19
genera (Table 1). Reproductive modes (Table 1) include
free-spawning without parental care (Anabas, Ctenopoma,
Helostoma), substrate spawning with male parental care
(Sandelia), submerged plant nest building with male
parental care (Osphronemus), bubble nesting with either
male-parental or biparental care (Microctenopoma, Be-
lontia, Trichogaster, Colisa, Macropodus, Pseudosphromenus,

Malpulutta, Parosphromenus, Trichopsis, Parasphaerichthys,
and some species of Betta), and mouthbrooding with ei-
ther male- or female-parental care (the majority of Betta
spp., Ctenops, Sphaerichthys, and Luciocephalus).

Anabantoids were already recognized as a natural as-
semblage in the early nineteenth century by Cuvier and
Valenciennes (1831) because of the presence of a pecu-
liar suprabranchial organ. This structure consists of a
greatly modified epibranchial one that is housed in a
cavity above the gills (Peters, 1853). Both the wall of
the cavity and the modified epibranchial are covered
with respiratory epithelium and assist in accessory air-
breathing (Bader, 1937; Boake, 1865; Liem, 1980; Peters,
1978; Zograff, 1888). The suprabranchial organ is also
called labyrinth organbecause of its complex folding that
greatly increases respiratory surface.

Anabantoids are primary freshwater fishes that in-
habit large areas of Africa and southern Asia (Berra, 2001)
and include roughly 140 species grouped into three fam-
ilies, Anabantidae (28 spp.), Helostomatidae (1 sp.), and
Osphronemidae (108 spp.) (Table 1). Although a com-
paratively small group, anabantoids exhibit a striking
variation in size, ranging from dwarfed forms such as
Parosphromenus ornaticauda, with 19 mm standard length,
to large forms such as the giant gouramies of the genus
Osphronemus, with up to 70 cm standard length (Kottelat,
1991; Roberts, 1992). Phylogenetic relationships of an-
abantoids have been highly contentious. Most of the
controversy is focused on the relative phylogenetic po-
sition of the enigmatic pike-head Luciocephalus pulcher.
This highly morphologically derived teleost (Lauder
and Liem, 1981) was originally included in the family
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TABLE 1. Summary of specimens, PC = parental care (sex of caregiver; M = male-parental care; F = female-parental care; B = biparental
care), BB = breeding behavior, ID = identification number (personal collection of first author), and GenBank accession numbers of the species
used.

GenBank
Family/subfamily Genus Species PC BB ID rRNAs + tRNA-Val cytb RAG1
Anabantidae
Anabantinae Anabas testudineus No 2 LR003  AY763681 AY763727  AY763773
Ctenopominae Ctenopoma acutirostre! No 2 LR115 AY763682 AY763728
Ctenopoma kingslefymz1 No 2 LR107  AY763683 AY763729
Ctenopoma muriei No 2 LR161 AY763684 AY763730  AY763774
Ctenopoma nebulosum® ? ? LR889  AY763685 AY763731
Ctenopoma ocellatum! No 2 LR117 AY763686 AY763732
Ctenopoma petherici’ No 2 LR103  AY763687 AY763733  AY763775
Ctenopoma nigropannosum? No 2 LRO04  AY763688 AY763734
Ctenopoma pellegrini? No 2 LR111 AY763689 AY763735  AY763776
Microctenopoma ansorgii® Yes (M) 0 LR131 AY763690 AY763736
Microctenopomna damasi® Yes (M) 0 LR893 AY763691 AY763737
Microctenopoma fasciolatum® Yes(M) O LR104  AY763692 AY763738  AY763777
Microctenopoma nanum? Yes(M) O LR105 AY763693 AY763739
Microctenopoma sp. Mai Ndombe® Yes (M) 0 LR891 AY763694 AY763740
Sandelia capensis Yes(M) 3 LR214  AY763695 AY763741  AY763778
Helostomatidae Helostoma temminkii No 2 LR0O12 AY763696 AY763742 AY763779
Osphronemidae
elontiinae Belontia hasselti Yes(M) O LR123  AY763697 AY763743  AY763780
Belontia signata Yes (B) 0 LR110  AY763698 AY763744
Luciocephalinae Colisa chuna Yes (M) 0 LR099 AF519657 AF519696 AF519735
Colisa fasciata Yes(M) O LR100  AY763699 AY763745
Colisa labiosa Yes(M) O LR098  AY763700 AY763746
Colisa lalia Yes(M) O LR101  AY763701 AY763747
Ctenops nobilis Yes(M) 1 LR162  AY763702 AY763748  AY763781
Luciocephalus pulcher Yes(M) 1 LR164  AY763703 AY763749  AY763782
Luciocephalus sp. Yes (M) 1 LR163 AY763704 AY763750
Parasphaerichthys lineatus Yes(M) 0 LR247  AY763705 AY763751
Parasphaerichthys ocellatus ? ? LR140  AY763706 AY763752  AY763783
Sphaerichthys acrostoma Yes (M) 1 LR895 AY763707 AY763753
Sphaerichthys osphromenoides Yes (F) 1 LR088  AY763708 AY763754  AY763784
Sphaerichtiys selatanensis Yes (F) 1 LR168  AY763709 AY763755
gphaerichlh ys vaillanti Yes(M) 1 LR151  AY763710 AY763756
richogaster leerii Yes (M) 0 LR093 AF519656 AF519695 AF519734
Trichogaster microlepis Yes (M) 0 LR097 AY763711 AY763757
Trichogaster pectoralis Yes(M) O LR094  AY763712 AY763758
Trichogaster trichopterus Yes (M) 0 LR095 AY763713 AY763759
Macropodusinae Betta ¢f. albimarginata® Yes(M) 1 LRO76 ~ AF519638 AF519677
Betta coccina Yes(M) O LR036  AF519644 AF519683
Betta foerschi Yes (M) 1 LR203  AF519647 AF519686
Betta dimidiata Yes(M) 1 LR074  AF519628 AF519667
Betta macrostoma Yes (M) 1 LR174  AF519655 AF519694
Betta splendens Yes (M) 0 LR194 AF519650 AF519689  AF519728
Betta unimaculata Yes (M) 1 LRO56 AF519653 AF519692
Macropodus opercularis Yes(M) 0 LR084  AF519659 AF519698  AF519737
Macropodus spechti® Yes (M) 0 LR085 AY763714 AY763760
Malpulutta kretseri Yes (M) 0 LR205 AF519661 AF519700 AF519739
Parosphromenus anjunganensis Yes(M) O LR175  AY763715 AY763761
Parosphromenus detssneri Yes (?) 0 LR091 AF519662 AF519701 AF519740
Parosphromenus ornaticauda Yes (?) 0 LR155 AY763716 AY763762
Parosphromenus paludicola Yes (M) 0 LR157 AY763717 AY763763
Pseudosphromenus  cupanus YesM) O LR124  AF519660 AF519699  AF519738
Pseudosphromenus dayi Yes (M) 0 LR113 AY763718 AY763764
Trichopsis pumila Yes(M) O LR0O87  AY763719 AY763765
Trichopsis schalleri Yes (M) 0 LR086 AY763720 AY763766
Trichopsis vittata YesM) O LR0O51  AF519658 AF519697  AF519736
Osphroneminae Osphronemus exodon® ? ? LR892  AY763721 AY763767
Osphronemus goramy Yes (M) 4 LR102  AY763722 AY763768  AY763785
Osphronenus septemfasciatus® ? ? LR177  AY763723 AY763769
Outgroup
Channidae Channa bleheri Yes (M) 5 LR108 AY763724 AY763770  AY763786
Channa marulia Yes(M) 5 LR129  AY763725 AY763771 AY763787
Parachanna obscura Yes(M) 5 LRO90 _ AY763726 AY763772  AY763788

Abbreviations for breeding behavior (BB): 0 = bubble nesters; 1 = mouthbrooders; 2 = free spawner; 3 = substrate spawner; 4 = builder of submerged plant nests;
5 = floating egg gaurders (the majority of snakeheads build nests by removing surrounding vegetation, and eggs are released in the water column). The buoyant eggs
rise to the water surface, where they are vigorously guarded by one or both parents (Courtenay and Williams, 2004). In addition, a few snakehead species have been
reported to be mouthbrooders with male parental care); ? = unknown. GenBank accession numbers AF519XXX are from Riiber et al. (2004b). 1 = petherici species
group; 2 = multispine species group; and 3 = congicum species group according to Norris (1994); 4 = cf. albimarginata "Malinau”; 5 = sequences have previously been
published as M. concolor by Riiber et al. (2004b). M. concolor is a junior synonym of M. spechti (Freyhof and Herder, 2002); 6 = most likely the same states as O. goramy.
The number of species in each anabantoid genus and its distribution is as follows: Anabas (2 spp.; Asia), Ctenopoma (13 spp.; Africa), Microctenopoma (11 spp.; Africa),
Sandelia (2 spp.; Africa), Helostoma (1 sp.; Asia), Belontia (2 spp.; Asia), Colisa (4 spp.; Asia), Luciocephalus (2 spp.; Asia), Parasphaerichthys (2 spp.; Asia), Sphaerichthys
(4 spp.; Asia), Trichogaster (4 spp.; Asia), Betta (57 spp.; Asia), Macropodus (5 spp.; Asia), Malpulutta (1 sp.; Asia), Parosphromenus (18 spp.; Asia), Pseudosphromenus
(2 spp.; Asia), Trichopsis (3 spp.; Asia), Osphronemus (4 spp.; Asia).
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Esocidae (Esociformes) by Gray (1831), but subsequently
considered a member of the Anabantoidei by Bleeker
(1859, 1879) based on the presence of a simple labyrinth
organ. Later on, Berg (1958) and Liem (1963) argued that
the suprabranchial organ had evolved independently
in Luciocephalus and the anabantoids, and therefore re-
jected a close relationship of the two taxa. However, it
is now generally accepted that Luciocephalus belongs to
the anabantoids based on several morphological synapo-
morphies (Britz, 1994, 1995; Lauder and Liem, 1983),
and hence, that the labyrinth organs of both taxa are
homologous.

The first phylogenetic hypothesis of anabantoid
intrarelationships was proposed by Lauder and Liem
(1983), who divided the suborder into five families:
Luciocephalidae, Anabantidae, Helostomatidae, Os-
phronemidae, and Belontiidae (Fig. la). Lauder and
Liem (1983) identified Luciocephalidae as the most
basal anabantoid family, Anabantidae as sister group of
Helostomatidae, and Osphronemidae as sister group of
Belontiidae (Fig. 1). Britz (1994, 1995, 2001) and Britz et al.
(1995) revised Lauder and Liem’s hypothesis in essential
aspects. Britz (1994) demonstrated convincingly that the
characters listed by Lauder and Liem (1983) to support
a basal position of Luciocephalus, and the sister group
relationship between osphronemids and belontiids
were erroneous. He showed that Luciocephalus belongs
to a monophyletic group, called Osphronemidae by
Kottelat and Whitten (1996), that includes Osphronemus

(a) Lauder & Liem 1983

and Liem'’s belontiids (Fig. 1b). Within Osphronemidae,
Britz (1995) and Britz et al. (1995) hypothesized the
monophyly of a clade comprising Luciocephalus and
the osphronemid genera Ctenops, Sphaerichthys, and
Parasphaerichthys (Fig. 1b). Also, Britz (1995, 2001) pre-
sented evidence for division of osphronemids into four
clades, the subfamilies Osphroneminae, Belontiinae,
Luciocephalinae, and Macropodusinae (name changed
from Macropodinae to Macropodusinae (ICZN, 2003);
Fig. 1b; Table 1).

In contrast to the wider interest in osphronemid sys-
tematics, few authors have focused on the family An-
abantidae (Liem, 1963; Norris, 1994, 1995; Elsen, 1976).
Three genera were traditionally recognized within the
family: Anabas, Sandelia, and Ctenopoma. Elsen (1976) sub-
divided the latter genus into three clades (named C.
petherici, C. multispine, and C. congicum species group,
respectively) based on features of the swimbladder and
the suprabranchial organ. The monophyly of the three
groups was further confirmed based on the compar-
ative analysis of additional morphological characters
by Peters (1976) and Norris (1994). The C. congicum
species group was subsequently erected as a new genus,
Microctenopoma, by Norris (1995).

Primary freshwater fishes are particularly suitable for
testing alternative biogeographical hypotheses because
of their restricted dispersal capability across different
water drainages. In this regard, anabantoids are partic-
ularly interesting because they exhibit a rather unusual

(b) Britz (1995)
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FIGURE 1. Previous morphology-based hypotheses of anabantoid intrarelationships. (a) Anabantoid intrarelationship based upon Lauder
and Liem (1983). (b) Osphronemid intrarelationship based upon Britz (1995, 2001). The “spiral egg” clade of Britz (1995) is highlighted in
grey and the four osphronemid subfamilies (Belontiinae, Luciocephalinae, Macropodusinae, and Osphroneminae) are shown in separate boxes

(Macropodusinae* = Macropodusinae without Macropodus).
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distribution that includes two continents. The families
Osphronemidae and Helostomidae as well as the ana-
bantid subfamily Anabantinae are restricted to southern
Asia, whereas the anabantid subfamily Ctenopominae
is restricted to Africa. No anabantoid is known from
Madagascar. In addition to the anabantoids, few primary
freshwater fishes show an exclusive African-Asian distri-
bution (Channidae, Mastacembelidae, Schilbidae, Bagri-
dae, Clariidae). Traditionally, a drift-vicariant scenario
linked to the break up of Gondwana (165 to 121 million
years ago [Mya]) in the Late Jurassic to Early Cretaceous
is invoked to explain African-Asian sister group relation-
ships (Rosen, 1978; Stiassny, 1991). However, it has been
noted by several authors (e.g., Lundberg, 1993) that this
drift-vicariant scenario is not compatible with the fossil
record, and thus several alternative hypotheses of Late
Mesozoic-Tertiary dispersal have been proposed (e.g.,
Chatterjee and Scotese, 1999; Sanders and Miller, 2002;
Briggs, 2003a; de Queiroz, 2005).

Objectives

Anabantoids are an excellent group to study evolu-
tionary mechanisms that underlie morphological and
behavioral diversification, as well as to test alternative
biogeographical scenarios. However, a robust phyloge-
netic framework is needed to understand anabantoid
evolution. Here, we determine phylogenetic relation-
ships among labyrinth fishes based on an extensive taxon
sampling, and analyzing both nuclear and mitochondrial
nucleotide sequence data. We use the recovered molec-
ular phylogeny to (1) evaluate previous morphology-
based hypotheses of anabantoid intrarelationships and
specifically address the controversial question of the
phylogenetic position of the peculiar taxon Luciocephalus;
(2) assess the evolutionary transitions in the forms of
parental care during anabantoid evolution; and (3) test
alternative biogeographical hypotheses that account for
the disjunct African-Southern Asian distribution of ana-
bantoids using molecular divergence time estimates.

MATERIAL AND METHODS
Biological Material, DNA Isolation, and DNA Sequencing

To assess the molecular phylogeny of the Anaban-
toidei, DNA samples of 57 species representing all 19
anabantoid genera were obtained (Table 1). Within a spe-
cific anabantoid genus, geographic distributions (Africa
versus Asia), brood care (present versus absence), as well
as breeding behavior (states 0 to 4 shown in Table 1) are
constant (except for the genus Betta, where both bub-
ble nesters and mouthbrooders occur). Therefore, the
inclusion of taxa not sampled in the present study has
no effect on our results and conclusions regarding the
biogeographic history and the evolution of breeding be-
havior of the group. In addition, three species of the sub-
order Channoidei (snakeheads) were used as outgroups
based upon previous morphological (Britz, 1995, 2004)
and molecular evidence (Chen et al., 2003). Whole fish
or fin clips were preserved in 70% to 100% ethanol, and

total genomic DNA was isolated from white muscle tis-
sue or fin clips by proteinase K/SDS digestion, phenol-
chloroform extraction, and ethanol precipitation (Kocher
etal., 1989).

The complete cytochrome b (cytb) gene was ampli-
fied with two versatile primers, DonGlu F and Don-
Thr R (Riiber et al., 2004b). A 2100-bp fragment that in-
cludes the 3" end of the 125 rRNA, the complete tRINA-
Val, and the 5" end of the 165 rRNA was amplified by
PCR amplification of three overlapping products with
the primers L1091 and H1478 (Kocher et al., 1989), 16Sar
and 16Sbr (Palumbi et al., 1991), and fish-12F1 and fish-
16SR1 (Riiber et al., 2003). In addition, for a representa-
tive subset of the taxa (21 anabantoid species and three
outgroups), approximately 1500 bp of the nuclear RAG1
gene were amplified with the primers RAG1F1 and
RAGIR1 (Lépez et al., 2004), previously called R1-2533F
and R1-4090R by Riiber et al. (2004a, 2004b). All PCR
amplifications were conducted in 25 ul reactions con-
taining 75 mM Tris-HCI (pH 9.0), 2 mM MgCl,, 0.4 mM
of each dANTP, 0.4 uM of each primer, template DNA (10
to 100 ng), and Tag DNA polymerase (1 unit, Biotools,
Madrid, Spain), using the following program: 1 cycle of
2 min at 94°C, 35 cyles of 60 s at 94°C, 60 s at 48-54°C,
and 90 s at 72°C, and finally, 1 cycle of 5 min at 72°C.
PCR products were either cloned into pGEM-T vectors
(Promega, Madison, WI) and sequenced using M13 uni-
versal primers or sequenced directly after PCR purifica-
tion by ethanol/sodium acetate precipitation.

Sequencing reactions were performed with the ABI
Prism BigDye Terminator Cycle Sequencing Ready Re-
action Kit (V3.0) following manufacturer’s instructions
(Applied Biosystems, Foster City, CA) with 3.25 pmol of
primer, 3 ul of Terminator Ready Reaction Mix, and 5%
DMSO. The cycling profile for the sequencing reaction
consisted of 25 cycles of 10 s at 96°C, 5 s at 50°C, and
4 min at 60°C. Cycle sequencing products were purified
using MultiScreen plates (Millipore, Billerica, MA) and
were analyzed on an ABI Prism 3700 DNA Analyzer (Ap-
plied Biosystems). Sequences specifically obtained for
this study have been deposited in GenBank under the
accession numbers AY763681 to AY763788. In addition,
36 sequences were obtained from Riiber et al. (2004b; see
Table 1).

Sequence Alignment and Phylogenetic Analyses

The cytochrome b and RAG1 gene nucleotide data
sets were aligned by eye, whereas the 125 rRNA,
tRNa-Val, and 165 rRNA gene nucleotide sequence
data sets were aligned with SOAP v1.05a (Loytynoja
and Milinkovitch, 2001). We generated 45 alterna-
tive CLUSTAL W (Thompson et al., 1994) alignments
(gap opening penalty ranging from 7 to 15; gap ex-
tension penalty ranging from 3 to 7; both in incre-
ments of one). Unstable positions that differed between
the alternative alignments were excluded (strict align-
ment option in SOAP), and alignments were fur-
ther inspected visually. Alignments are available from
TreeBASE (http://www.treebase.org) under the acces-
sion numbers 51403 and M2520 to M2523.
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TABLE 2.  Summary of model and model parameters obtained by the Akaike information criterion (AIC) implemented in ModelTest, v3.06
(Posada and Crandall, 1998), specification of data sets, and details on the ML, MP, ME, and BI analyses.

Data set
mtDNA60 mtDNA24 nucDNA24 Combined24
(cytb/12-16) (cyth/12-16) (RAG1) (cyth/12-16/RAG1)
Alignment 3332 (1125/2207) 3332 (1125/2207) 1494 4826 (1125/2207/1494)
Analyzed 2764 (1125/1639) 2764 (1125/1639) 1494 4258 (1125/1639/1494)
Invariant sites 1317 (426/891) 1490 (480/1010) 989 2479 (480/1010/2479)
Uninformative sites 290 (96/194) 346 (109/237) 187 533 (109/237/533)
Informative sites 1157 (603/554) 928 (536/392) 318 1246 (536/392/318)
Model selected GTR+I+G GTR+I14+G TIN+I+G GTR+I+G
Invariance/a 0.39/0.54 0.37/0.41 0.45/0.81 0.42/0.54
Empirical base frequency 0.36/0.28/0.15/0.21 0.33/0.28/0.19/0.20 0.23/0.28/0.30/0.19 0.28/0.27/0.23/0.22
(A/C/G/T)
Substitution rates
Ts:Tv rate (MP Tv:Ts)? 4.45/4:1 3.16/3:1 2.50/2:1 2.70/3:1
A-C/A-G/A-T/C-G/C-T  2.03/9.17/3.69/0.51/30.90 3.19/8.55/7.21/0.36/58.98 1.00/4.03/1.00/1.00/6.41 3.75/6.78/4.17/0.86/25.62
MP: Steps (number of trees) 21168 (2) 9922 (1) 1622 (1) 11957 (1)
CI/RI 0.19/0.52 0.34/0.28 0.57/0.61 0.37/0.36
ME: score 6.62 5.13 0.94 2.61
ML non-clock/clock: —In 46,888.40/47,140.46 25,654.25/25,802.50 8350.39/8455.51 34,597.15/34,822.75
LRT: 2A sta = 504.12** xZ = 296.50** X3 = 210.24* x% = 451.20*
BI mean —InL BI1: 46,935.43 BI1: 25,673.65 BI1: 8370.45 BI1: 34,617.02
BI mean —In L BI2: 46,792.18 BI2: 25,602.01 BI3: 8052.31 BI3: 34,372.55
BImean —InL Bl4: 46,532.20 BI4: 25,296.64 n/a BI7: 33,702.17
Node resolution®
BI BI1: 43/10/2 BI1:13/4/2 BI1:12/6/1 BI1:14/5/0
BI BI2:43/12/0 BI2:12/6/1 BI3: 13/6/0 BI3: 13/6/0
BI Bl4:41/13/1 BI4:12/7/0 n/a BI7:13/6/0
ML 42/8/5 10/2/7 15/2/2 13/6/0
ME 44/5/6 11/1/7 14/0/5 17/0/2
MP unweighted 33/10/12 6/2/11 13/4/2 13/4/2
MP weighted 36/8/11 8/3/8 15/1/3 13/5/1

*Estimated from ML tree; ®number of high (>95% BI; >70% ML, ME, MP)/moderate (<95% to >50% BL; <70% to >50% ML, ME, MP )/low (<50% BI, ML, ME,
g

MP) supported branches. *** P « 0.001.

The phylogenetic analyses were performed in two
steps. First, the complete cytb, 12S rRNA, tRNA-Val, and
16S rRNA nucleotide sequences of 60 taxa were com-
bined into a single data set (henceforth referred to as
the mtDNAG60 data set; Table 2). Second, we performed
three separate analyses of mtDNA, RAG1, and combined
mtDNA+RAG1 nucleotide sequences based upon re-
stricted 24-taxa data sets (henceforth referred to as the
mtDNA24, nucDNA?24, and combined24 data sets, re-
spectively; Table 2).

We tested for base compositional biases using the
x? test as implemented in PAUP* v4.0b10 (Swofford,
2002). Analyses were based upon the different data par-
titions using either all characters or only parsimony-
informative sites. For the protein-coding genes (cytb and
RAG]1), we also tested for base compositional biases in
each of the three codon positions, separately.

The Akaike information criterion (AIC; Akaike, 1974)
implemented in ModelTest v3.06 (Posada and Crandall,
1998) was used to determine the evolutionary model
and parameter values that best fit each of the data sets
(Table 2). These settings were subsequently used for
maximum likelihood (ML) analyses and to estimate ML
distances for minimum evolution (ME) analyses. Max-
imum parsimony (MP) analyses were conducted with
heuristic searches (TBR branch swapping, MULTREES
option effective, and 10 random stepwise additions of

taxa). We conducted the parsimony analyses for each
data set both with and without differential weighting
of transversions (Tv) and transitions (Ts). Weights were
based on empirical Ts:Tv ratios estimated from the ML
trees (Table 2). Robustness of the inferred ME and MP
trees were tested using nonparametric bootstrapping
(Felsenstein, 1985) with 1000 pseudoreplicates. All the
phylogenetic analyses mentioned above were conducted
with PAUP* v4.0b10. Robustness of the inferred ML trees
was tested using PHYML v2.3 (Guindon and Gascuel,
2003) with 500 pseudoreplicates.

A Bayesian inference (BI) of anabantoid phylogeny
was performed with MrBayes v3.0b4 (Huelsenbeck and
Ronquist, 2001) by Metropolis-coupled Markov chain
Monte Carlo (MC®) sampling for 1,000,000 generations
(four simultaneous MC chains; sample frequency 100;
burn-in 100,000 generations (see Results); chain tem-
perature 0.2) under the GTR+I4+G model. We used the
default uniform Dirichlet distribution for the base fre-
quencies, and default flat prior distributions for all other
parameters. We plotted the —In likelihood scores against
generation time for each run to determine the num-
ber of generations needed to converge to stationarity
and to evaluate the burn-in (samples obtained before
the chain reached stationarity). We used PAUP* v4.0b10
to reconstruct the 50% majority-rule consensus tree of
the post burn-in trees. We analyzed each of the four
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data sets (mtDNA60, mtDNA24, nucDNA24, and com-
bined24) using different data-partitioning strategies. For
the mtDNA60 and the mtDNA?24 data sets we analyzed
three different partitions: BIl, one partition (mtDNA);
BI2, two partitions (cytb + RNAs); and BI4, four parti-
tions (cytb 1st + 2nd + 3rd codon positions + RNAs).
For the nucDNA24 data set, two different BI analyses
were conducted: BIl, one partition (RAG1); and BI3,
three partitions (RAGI 1st + 2nd + 3rd codon positions).
For the combined24 data set, three different analyses
were performed: BI1, one partition (mtDNA + nucDNA);
BI3, three partitions (cytb + RNAs + RAG1); and BI7,
seven partitions (cytb 1st 4+ 2nd + 3rd codon positions +
RNAs + RAGI 1st + 2nd + 3rd codon positions). Model
parameters were estimated independently for each of the
respective data partitions using the unlink command in
MrBayes v3.03. All BI analyses were run twice, starting
from different random starting points, to confirm con-
vergence and mixing. Because no significant differences
between alternative runs were detected, we only present
the results from one of the runs.

The effect of base compositional heterogeneity across
taxa on phylogenetic inference has long been recognized
as a potential problem (e.g., Lockhart et al., 1992, 1994;
Mooers and Holmes, 2000; Penny et al., 1990). In order
to assess the effect of base compositional biases (see Re-
sults) on phylogenetic reconstructions, we additionally
performed ME analyses using log determinant distances
(LogDet; Lockhart et al., 1994). This method has recently
been shown to infer the correct topologies under compo-
sitional heterogeneity when other methods (MP, ML, NJ
with Jukes-Cantor distances) failed to recover the true
topologies (Jermiin et al., 2004).

Alternative phylogenetic hypotheses were tested with
likelihood-based approaches using the Shimodaira-
Hasegawa (SH; Shimodaira and Hasegawa, 1999) and
the Kishino-Hasegawa (KH one-tailed; Kishino and
Hasegawa, 1989) tests with 1000 RELL bootstrap repli-
cates. The alternative hypotheses tested were either a pri-
orimorphology-based hypotheses or a posteriori hypothe-
ses accounting for different topologies obtained during
the analyses (e.g., differences between data partitions or
methods of phylogeny inference).

Alternative Rooting of the Anabantoid Tree

Outgroup rooting is by far the most common method
to determine the root of a phylogenetic tree, although
other methods (e.g., midpoint rooting, the molecular
clock, or nonreversible models of substitution) have been
proposed (e.g., Huelsenbeck et al., 2002; Smith, 1992).
The quality of rooting provided by the outgroup cri-
terion is generally thought to depend on the sampling
strategy of the outgroup taxa (Swofford et al., 1996)
and on the phylogenetic proximity of the outgroup to
the ingroup (Wheeler, 1990), where distant outgroups
may effectively randomize substitutions along the root.
To avoid the problems caused by distantly related out-
groups, we chose representatives of the sister group of
anabantoids, the family Channidae (snakeheads) to root

the tree (Britz, 1995, 2004; Chen et al., 2003). The accurate
location of the root using the outgroup method might be
hampered, however, in cases where the basal ingroup
internodes are extremely short, resulting in a general
lack of phylogenetic signal at the base of the ingroup.
This situation is, for example, observed in lineages that
underwent rapid cladogenesis early in their evolution-
ary history. Here, we illustrate the potential problems
of accurately determining the location of the (anaban-
toid) root by using a Bayesian approach (Huelsenbeck
etal., 2002). We determined the posterior probability dis-
tribution of the root based upon the 9000 post-burn-in
trees (see Results) from the Bl analyses for the three data
sets mtDNA24 (BI4), nucDNA24 (BI3), and combined?24
(BI7). Post-burn-in trees were filtered with PAUP* ac-
cording to the following three alternative topologies
resulting from different locations of the root (see Re-
sults): (1) (Helostomatidae, (Anabantidae, (remaining
Anabantoidei))), (2) (Anabantidae, (remaining Anaban-
toidei)), and (3) (Helostomatidae, (remaining Anaban-
toidei)). The posterior probability distributions of the
root were then mapped onto the unrooted Bayesian con-
sensus phylograms.

Reconstruction of Parental Care and Parental Care Forms

To gain insights into the evolution of the different
modes of breeding behavior in anabantoids (free spawn-
ing, substrate spawning, bubble nesting, building of sub-
merged plant nests, and mouthbrooding; see Table 1 for
character state coding), we performed ancestral charac-
ter state reconstructions under MP and ML. The tree
used to reconstruct ancestral character states was the ML
tree estimated from the mtDNAG60 data set, using the
backbone topology derived from the BI7 analysis of the
combined?24 data set as topological constraint. The con-
strained and unconstrained mtDNAG60 topologies were
not significantly different from each other according to
the SH test: —In likelihood unconstrained = 46,888.40;
—In likelihood constrained = 46,893.98; P =0.221).

MacClade v4.03 (Maddison and Maddison, 2001) was
used to trace the evolution of parental care and breeding
behavior based on unweighted parsimony reconstruc-
tion. The assumption of equal transition probabilities,
however, might not be realistic when considering gains
and losses of complex characters. In such cases, un-
equal weighting may represent a more realistic model for
the directionality of changes (Cunningham et al., 1998;
Omland, 1997; see also Riiber et al., 2004b, for a case
study in the fighting fish genus Betta). Therefore, we also
applied a sensitivity analysis (Donoghue and Ackerly,
1996) for both parental care and breeding behavior. The
sensitivity analysis for the breeding behavior was con-
ducted only for the Luciocephalinae + Macropodusinae
clade (bubble nesters and mouthbrooders only) because
it showed several equivocal nodes under unweighted
parsimony (see Results). We increased or decreased the
weight of one of the two transformations (holding con-
stant the weight of the reverse transformation) in order to
find the minimum additional weight (in 0.1 increments)
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needed to reverse the results obtained under the assump-
tion of equal transition costs. We further used a ran-
domization procedure implemented in MacClade v4.03
(Maddison and Maddison, 2001) to test whether breed-
ing behavior in anabantoids is significantly correlated
with phylogeny. To this end, we generated 1000 random
trees to obtain the null distribution of the number of tran-
sitions of the character. The null distribution of the fre-
quency of the number of transitions from the randomized
trees was used to test whether the observed number of
transitions was significantly more correlated with phy-
logeny than expected at random.

We used ML reconstructions under a continuous-
time Markov model to estimate ancestral states for both
parental care and breeding behavior of selected nodes
using Multistate v0.8 (Pagel, 2003). Because Multistate
v0.8 does not allow missing information, four species
for which no information on parental care and breeding
behavior is available (see Table 1) were pruned from the
ML tree using TreeEdit v1.0 (Rambaut and Charleston,
2001) prior to the analyses. Under a “full” ML model,
n? — n parameters (where n is the number of states; two
states for parental care, and six states for the breeding
behavior as shown in Table 1) for the different transition
rates need to be estimated. The accuracy of parameter
estimation depends on the model complexity and on the
amount of data. Mooers and Schluter (1999) showed that
ML reconstruction using two character states under the
“full” two-rate model may produce extremely high tran-
sition rates, resulting in many equivocal reconstructions
and flat likelihood surfaces. Therefore, these authors rec-
ommended employing less complex ML models when
the accuracy of parameter estimation is hindered by the
amount of data. To restrict the number of parameters that
need to be estimated under a “full model” for the analysis
of breeding behavior, we chose equal forward /backward
rates for the 15 pairwise combinations given the six states
(see Table 1; qxy = qyx) in our data. We used a likeli-
hood-ratio test (LRT; Huelsenbeck and Crandall, 1997) to
evaluate whether the full model fit the data significantly
better than our restricted model. The LRT was performed
using a x? test with degrees of freedom equal to the dif-
ferences in the number of parameters between the two
models (df = 15). Due to the need of parameter restriction
under ML, the assumption of equal forward/backward
rates was relaxed only under MP using the sensitivity
analyses.

We tested whether the branch length contained in our
ML tree is informative about trait evolution using the
scaling parameter «. The parameter « defines the rela-
tionship between the lengths of individual branches and
the probability that a character state changes, and thus
allows stretching or compressing individual branches.
In the extreme case of ¥ = 0, trait evolution is indepen-
dent of the branch lengths (punctuational evolution), x <
1 compresses longer branches more than shorter ones,
k =1 indicates default gradualism, and « > 1 stretches
longer branches more than shorter ones, indicating that
longer branches have contributed more to trait evolu-

tion. In order to test for the dependence of trait evolution
on branch length for the breeding behavior, we used an
LRT (df = 1) to compare the likelihoods under an un-
constrained model (x = ML) and a punctuated model
(k =0).

Bayesian Relative Rates Test and Divergence Times Estimates

Prior to conducting divergence times estimates for the
anabantoids, we tested constancy of evolutionary rates
among taxa using both an LRT based on ML trees with
and without a molecular clock constraint, and a Bayesian
relative rate (BRR) test (Wilcox et al., 2004). For the BRR
test we obtained the posterior probability distribution of
the summed branch lengths from the most recent com-
mon ancestor (MRCA) of the ingroup to each of the
terminal taxa. The posterior probability distributions of
the summed branch length were based upon the 9000
post-burn-in trees from the Bl analyses (mtDNA24 [BI4],
nucDNA24 [BI3], and combined24 [BI7], respectively).
Compilation of summed branch length was conducted
with Cadence v1.08 (Wilcox, 2004). We considered rates
of evolution significantly different between two taxa if
their 95% confidence interval of the posterior probabil-
ity distribution of the summed branch length did not
overlap.

In order to date major cladogenetic events we used the
Kishino et al. (2001; see also Thorne and Kishino, 2002;
Thorne et al., 1998) method (KTB). The KTB method is a
Bayesian dating method for multilocus data that incor-
porates variation of rates of evolution among genes and
among lineages under a relaxed molecular clock as im-
plemented in Multidivtime v9/25/2003 (Thorne, 2003).

The anabantoid fossil record is very poor (Patterson,
1993a), and the only fossil that can be used as a cali-
bration point is a full skeleton of Osphronemus from the
Sangkarewang Formation in Central Sumatra (Sanders,
1934). According to recent age estimates, this formation
dates back to the Early Oligocene to Late Eocene age (28.5
to 37.0 Mya; Barber et al., 2005; Humphreys et al., 1991).
Because the fossil of Osphronemus could belong to either
the crown or the stem group of the genus, we used two al-
ternative tree nodes as calibration points: first, the MRCA
of Osphronemus and its sister group Belontia (stem), and
second, the MRCA of Osphronemus (crown). The fossil
stratigraphic occurrence was translated into age con-
straints for minimum age estimates of anabantoids by
either using the upper and lower age of the stratigraphic
interval as lower and upper bounds (L =28.5to U =
37.0; LU constraint), or by only using the lower bound
as a lower constraint (L = 28.5; L constraint).

The Bayesian dating procedure consisted of three main
steps (see also Rutschmann, 2004): (1) basem! (PAML
v3.14; Yang, 1997) was used to estimate model param-
eters for each gene partition separately under the F84
model of nucleotide substitution and a discrete gamma
distribution with five rate categories. The F84+G was
chosen following the recommendations by Wiegmann
et al. (2003). (2) estbranches (Multidivtime v9/25/2003;
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Thorne, 2003) was used to obtain ML estimates of branch
lengths and the variance-covariance matrix. (3) Bayesian
MCMC analyses to approximate the posterior distribu-
tion of substitution rates, divergence times, and 95%
credibility intervals were conducted with multidivtime
(Multidivtime v9/25/2003; Thorne, 2003). The Markov
chain was sampled 10,000 times with 100 cycles between
each sample after an initial burn-in of 100,000 cycles.
To ensure convergence of the MCMC analyses, two in-
dependent runs were conducted for each data set ana-
lyzed starting from different random seeds. The mean
and standard deviation of the prior distribution for the
time separating the ingroup root from the present (rttm
and rttmsd) was set to 74 Mya corresponding to the Up-
per Campanian-Lower Maastrichtian in the Late Cre-
taceous. This date represents the time of the earliest
skeleton record for the perciforms (Patterson, 1993b).
“Bigtime” in multidivtime was set to 150 Mya, roughly
double the value of rttm. Divergence time analyses were
based on the mtDNA60 (stem and crown group cali-
brations) and combined24 (stem group calibration only)
data sets. For the mtDNA60 data set, we used the con-
straint ML topology employed in the reconstruction of
ancestral character states (see above), whereas for the
combined24 data set, we used a constrained ML tree; i.e.,
the ML tree under the combined24 (BI7) topology con-
straint. This topology was not significantly different from
the unconstrained ML tree using the SH test (—In like-
lihood unconstrained = 34,597.15; —In likelihood con-
strained = 34,599.71; P = 0.333). In order to test the effect
of a different “bigtime” setting on our results and conclu-
sions we repeated all the analyses employing a “bigtime”

of 300 Mya.

RESULTS
Anabantoid Phylogenetics

The mtDNA60 and mtDNA24 alignments consisted
initially of 3332 positions, each. A total of 2764 positions
were used for phylogenetic analyses after exclusion of
sites of ambiguous homology assignment. In the nuc24
data set all 1494 aligned positions were used for phylo-
genetic analyses. A total of 4826 positions were aligned
for the combined24 data set, and 4258 were analyzed.
Specifications of the different data sets used for the phy-
logenetic analyses, evolutionary models applied, as well
as BI, ML, ME, and MP scores are given in Table 2.

Strong base compositional bias was observed in all
data sets (mtDNA60, mtDNA24, nucDNA24, and com-
bined24) whether all positions or only parsimony-
informative positions were considered (not shown).
Further analyses showed that base compositional bias
was apparently caused by third codon positions of cytb
and RAG]. In addition, rRNAs (60- and 24-taxon data
set) and first codon positions of cytb (24-taxon data
set) showed significant deviation from stationarity when
only parsimony-informative sites were considered (not
shown).

For all BI analyses, plotting the —In likelihood scores
against generation time revealed that stationarity was

reached at no later than 100,000 generations and the last
900,000 generations (9000 trees) were kept for all further
analyses. The 50% majority-rule consensus tree recov-
ered from the Bayesian analysis of the mtDNA60 data set
employing four partitions (BI4) is depicted in Figure 2.
Results of the Bayesian analyses employing different par-
titioning strategies (BI1 and BI2) yielded almost identical
topologies (not shown). The only differences between the
three Bayesian analyses were the proportions of ingroup
nodes with high (>95%), moderate (<95% to >50%), and
low (<50%) posterior probabilities, as shown in Table 2.
ML, ME, and MP (4:1 weighting or unweighted) recov-
ered trees with almost identical topologies to that of the
Bayesian tree shown in Figure 2 (see Table 2 for tree
scores). Topological differences resulting from the dif-
ferent phylogenetic analyses after bootstrapping are in-
dicated in Figure 2.

Phylogenetic analyses based on the mtDNA24,
nucDNA24, and combined24 data sets using the
Bayesian inference method (with different partitioning
strategies) resulted in the phylogenetic trees shown in
Figure 3a—c, respectively. Phylogenetic analyses of these
three data sets under ML, ME, and MP recovered trees
shown in Figure 3d-f, respectively. The different BI, ML,
MP, and ME tree scores are shown in Table 2. Topo-
logical differences resulting from the distinct data par-
titions, and phylogenetic methods are highlighted in
Figure 3. We considered the combined24 BI7 topology as
our best working hypothesis for the phylogenetic rela-
tionships among the major anabantoid lineages because
itis based on both nuclear and mitochondrial loci and an-
alyzed using the maximum number of partition specific
model parameters. This topology therefore was subse-
quently used as backbone topology for ancestral charac-
ter state reconstructions and divergence time estimates.
The main differences of the combined24 BI7 topology
compared to alternative topologies resulting from some
other analyses were (1) Helostoma is the sister group to
anabantids (versus sister group to osphronemids); and
(2) Ctenopoma muriei is the sister group to the remain-
ing Ctenopoma petherici clade + Microctenopoma (versus
sistergroup to Microctenopoma); all alternative hypothe-
ses involved very short internodes. It is important to
note that our results and conclusions regarding diver-
gence time estimates are robust to these minor topolog-
ical changes and are therefore not affected by the choice
of this specific backbone topology. The alternative phylo-
genetic position of Helostoma has some effects on ances-
tral character state reconstruction of parental care and
parental care form, which will be addressed in detail
below.

Based on the significant base compositional bias
observed in all data sets (mtDNA60, mtDNA24,
nucDNAZ24, and combined24), we also conducted logDet
analyses. The obtained results (data not shown) were in
good agreement with phylogenetic analyses under BI,
ML, ME, and MP and suggest that base compositional
biases may not have significantly influenced our analy-
ses of anabantoid intrarelationships. Ranking of species
% GC content is shown in Figure 3a— and indicates no
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FIGURE 2. Reconstructed phylogeny of the Anabantoidei using a Bayesian phylogenetic approach based on the mtDNA60 (BI4) analysis.
Three Channoidei taxa were utilized as outgroups. The topmost number above each branch refers to the Bayesian posterior probability (shown
as percentage) of the node derived from 9000 MCMCMC sampled trees on the basis of the complete cytb and 12S rRNA, tRNA-Val, and 165
rRNA mitochondrial DNA nucleotide sequence data (2764 bp; mtDNA60 (BI4)). Bootstrap values (>50%; from top to bottom) for ML-Phyml, ME,
and weighted MP are shown below. Subfamilies are indicated within the bars designating the three anabantoid families (see also Table 1). The
Osphronemidae subfamilies are (A) Macropodisinae, (B) Luciocephalinae, (C) Osphroneminae, and (D) Belontiinae, whereas the Anabantidae
subfamilies are (E) Anabantinae and (F) Ctenopominae. Taxa in bold are those used in the restricted 24-taxa data sets. Outlines are not drawn to
scale. (a) Helostoma temminkii was resolved as sister group of the Anabantidae in the ML (57%) and ME (81%) analyses; (b) Ctenopoma muriei was
resolved as sister group of the Ctenopoma petherici species group in the ME (53%) analysis; (c) Microctenopoma was resolved as sister group to the
genera Sandelia and Ctenopoma in the ME (76%) and weighted-MP (69%) analyses.
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apparent phylogenetic clustering of species according to
% GC content.

The results recovered from the phylogenetic analyses
of anabantoid intrarelationships as shown in Figures 2
and 3 can be summarized as follows: (1) monophyly
of the Anabantidae, with Anabantinae (genus Anabas)
resolved as sister group of the Ctenopominae; (2) the
genus Ctenopoma was not recovered as a monophyletic
group; (3) with exception of the nucDNA24 data set,
Sandelia was consistently recovered as sister group of
the Ctenopoma multispine species group (C. nigropanno-
sum and C. pellegrini); (4) Ctenopoma muriei (tradition-
ally assigned to the C. petherici species group) was ei-
ther recovered as sister group of a clade comprised
of the remaining members of the C. petherici species
group plus Microctenopoma or as sister group to Mi-
croctenopoma, thus challenging the monophyly of the
C. petherici species group; (5) the Helostomatidae (genus
Helostoma) was either resolved as sister group of the An-
abantidae, the Osphronemidae, or in a basal trichotomy
with the latter two anabantoid families; (6) most of the
analyses recovered the monophyly of the Osphronemi-
dae, with the Belontiinae + Osphroneminae clade as
sister group of the Luciocephalinae + Macropodusinae.
However, the monophyly of the Belontiinae + Osphrone-
minae received moderate or low support in some of
the analyses; (7) the monophyly of the Luciocephali-
nae was not confirmed in any of the analyses. Instead,
the strongly supported “spiral egg” clade consisting of
the genera Ctenops, Luciocephalus, Paraspherichthys, and
Sphaerichthys was consistently placed as sister group
of the remaining Luciocephalinae (genera Colisa + Tri-
chogaster) plus the Macropodusinae; (8) within the “spi-
ralegg” clade, Ctenops + Paraspherichthys were recovered
as sister group to Luciocephalus + Sphaerichthys except in
the nucDNA24-based analyses in which Paraspherichthys
was resolved as sister group to the remaining three gen-
era; (9) nuclear and combined (mitochondrial + nuclear)
analyses recovered a basal split within the Macropo-
dusinae into two clades comprised of Macropodus +
Pseudosphromenus + Malpulutta, and Trichopsis 4+ Pseu-
dosphromenus + Betta, respectively. However, phyloge-
netic analyses based on the mitochondrial data sets
failed to recover this basal split because of a general
lack of resolution among Trichopsis, Pseudosphromenus,
and Betta.

Phylogenetic Hypotheses Testing

Based upon previous morphology-based phylogenetic
hypotheses of anabantoid intrarelationships, as well as
on topological differences encountered in the course
of our analyses, we evaluated alternative phylogenetic
hypotheses using the SH and KH tests. The alterna-
tive hypotheses tested are shown in Table 3. Using the
mtDNAZ24 data set, none of the alternative hypotheses
could be rejected with any of the tests. However, the KH
test clearly rejected the two morphology-based hypothe-
ses (monophyly of the Luciocephalinae, and Macropodus
as sister group of the remaining Macropodusinae) based
on both the nucDNA24 and combined24 data sets. The

TABLE 3. Testing alternative phylogenetic hypotheses within the
Anabantoidei using the Shimodaira-Hasegawa and the Kishino-
Hasegawa (one-tailed) tests for the different data sets.

mtDNA24
25,654.631°

combined24
34,597.153

nuc24
8350.395

Topology

((macr, pseu, malp)(paro,
tric, bett))

(macr(pseu, malp, paro, tric, 25,659.070°
bett))

8368.920°* /* 34,621.163— /*

((paro(bett, tric)) 25,656.955*  8350.395 34,599.855
((tric (bett, paro)) 25,654.631°  8351.000 34,597.153
((para(spae, cten, luci)) 25,662.304  8350.395 34,598.356
((para, cten)(spae, luci)) 25,654.255  8353.755 34,597.153

((coli, trig)(para, spae, cten, 25,658.815 8360.870™ /* 34,613.483— /*

luci))

((Mac, Luc)(Osp, Bel)) 25,655.582>  8350.395 34,597.153
(((Mac, Luc)Osp)Bel) 25,663.494°  8351.207 34,604.556
(((Mac, Luc)Bel)Osp) 25,659.754°  8350.476 34,600.484
((OS, HE)AN) 25,654.255  8352.378 34,597.153
(OS(HE, AN)) 25,658.329 8350.395  34,598.276
((sand, cpel)(cpet, cmur, 25,654.255 8351.130 34,597.153
micr))
((sand(cpel, cpet, cmur, 25,660.338  8350.395 34,599.977
micr))
(cmur (cpet, micro)) 25,654.278  8351.924 34,598.630
(cpet (cmur, micro)) 25,654.255  8350.395 34,597.153
(micro (cmur, cpet)) 25,655.701  8351.924 34,600.141

macr = Macropodus; pseu = Pseudosphromenus; malp = Malpulutta; paro =
Parosphromenus; tric = Trichopsis; bett = Betta; coli = Colisa; trig = Trichogaster;
para = Parasphaerichthys; spae = Sphaerichthys; cten = Ctenops; luci = Lucio-
cephalus; sand = Sandelia; cpel = Ctenopoma pellegrini; cpet = Ctenopoma petherici;
cmur = Ctenopoma muriei; micr = Microctenopoma; Mac = Macropodusinae; Luc
= Luciocephalinae; Osp = Osphroneminae; Bel = Belontiinae; OS = Osphronemidae;
HE = Helostomatidae; AN = Anabantidae. The —In likelihood score of the ML
hypothesis is underlined. The ML topology is: (bett((tric, paro)(macro(pseu,
malp))); *the ML topology is: ((Osp, Bel)((trig, coli)(Mac))). Alternative phyloge-
netic hypotheses derived from morphology are shown in bold (see also Fig. 1).
x/x =SH/KH;*P < 0.05.

sister group relationship of Macropodus and the remain-
ing Macropodusinae was also rejected by the nucDNA24
data set with the SH test.

Anabantoid Rooting

Helostoma temminkii, the only representative of the
Helostomatidae, was either recovered as sister group of
the Anabantidae, of the Osphronemidae, or in a basal tri-
chotomy suggesting different rooting locations. Figure 4
shows the posterior probability distributions of the root
placement mapped onto the unrooted Bayesian consen-
sus phylograms for each data set. The posterior prob-
abilities (in percentage) of the root location based on
the mtDNA24 data set were 14.89%, 84.17%, and 0.94%
for the branch leading to the Osphronemidae, Anabanti-
dae, and Helostomidae, respectively (Fig. 4a). The corre-
sponding values were 77.16%, 9.25%, 8.17% based on the
nucDNA24 data set (Fig. 4b; 5.42% of rooting locations
were located on basal osphronemid branches; data not
shown). The posterior probabilities of the root location
based on the combined24 data set were 79.08%, 20.67%,
and 0.25%, respectively (Fig. 4c). The generally low sta-
tistical supports for the basal anabantoid nodes found
in the phylogenetic analyses (none of the data sets con-
tained the 95% credible set of the root location on a sin-
gle branch) are substantiated by the very short length of
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(a) mtDNA24 (Bl4)

—— 0.2 substitutions/site

(b) nucDNA24 (BI3)

o}y
B H
0.05 substitutions/site

(c) combined24 (BI7)

—— 0.1 substitutions/site

FIGURE 4. Posterior probabilities for rooting the anabantoid trees. The black box shows the area of enlargement shown on the right of each
unrooted phylogram (a) mtDNA?24 (BI4; interval length 0.001); (b) nucDNA24 (BI3; interval length 0.00024); (c) combined?24 (BI7; interval length
0.00065); based upon 9000 MCMCMC sampled trees. The width of the branch is proportional to the posterior probability that the root is at that
point. The lengths of the branches are the mean of the posterior density. (a) 14.89% (branch connecting A 4+ H with the remaining annabantoids),
84.17% (branch leading to A), 0.94% (branch leading to H); total 100% for the three branches; (b) 77.16%, 9.25%, 8.17%; total 94.58% for the three
branches; (c) 79.08%, 20.67%, 0.258%; total 100% for the three branches. For the RAG1 data set 5.42% alternative rooting positions were located
on basal osphronemid branches (not shown). M + L = Macropodusinae plus Luciocephalinae; A = Anabantidae; H = Helostomatidae; B =
Belontia; and O = Osphronemus.
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internal branches connecting the three families and by
the wide posterior probability distributions of the root
location (Fig. 4).

Ancestral Character State Reconstruction

The constrained mtDNA60 topology (see Material and
Methods), shown in Figure 5, was used to perform
character-state reconstructions for the evolution of the
six reproductive modes found in anabantoids and the
outgroup (see Table 1) under MP and ML. Unweighted
parsimony reconstruction of the evolution of reproduc-
tive modes indicates that nine transitions (excluding the
outgroup) of breeding behavior have occurred within
anabantoids with either bubble nesting or free spawn-
ing as the plesiomorphic condition (Fig. 5a). An alter-
native topology recovered in some of the analyses with
Helostoma as the sister group to the osphronemids (Figs. 2
and 3) resolves free spawning as the plesiomorphic con-
dition for anabantoids (not shown). Our results indi-
cate that both bubble nesting and mouthbrooding have
evolved recurrently within anabantoids.

Character state reconstruction along some branches of
the “spiral egg” clade (branches 7, 8, and 9 in Fig. 5a)
was ambiguous. Delayed transformation (DELTRAN) of
these equivocal reconstructions resolved these branches
as bubble nesting (Fig. 5a), whereas accelerated transfor-
mation (ACCTRAN) resolved them as mouthbrooding.
Using a sensitivity analysis for the parsimony character
state reconstruction in the Luciocephalinae and Macrop-
odusinae (not taking into account changes within the
genus Betta), we found that a transition cost (t) from
bubble nesting to mouthbrooding of t > 1 changed
branches 7 and 8 (see Fig. 5a) to mouthbrooding, of
t > 2 changed branch 1 to mouthbrooding, and of t >
3 changed branches 2 to 5 to mouthbrooding. A value of
t < 1 changed branches 7 and 8 to bubble nesting, and a
t < 0.66 changed branch 6 to bubble nesting (see Fig. 5a
for details).

The distribution of character state changes with 1000
randomized trees resulted in an average (£ SD) of 23.9
(£1.3) transitions in breeding behavior with a minimum
of 18 transitions. The observed number of transitions
(including the outgroup) in breeding behavior was ten,
which is significantly smaller (P < 0.001) than the ob-
tained null distribution. This suggests that transition
rates are relatively low, and that the evolution of breed-
ing behavior in anabantoids is highly correlated with
phylogeny.

We estimated ancestral character states under ML
incorporating branch length information. The full-
unrestricted ML model with 30 transition parameters
did not offer a significantly better fit compared to a re-
stricted model with 15 transition parameters (full model
—InL = 28.5524; restricted model —InL = 37.7022; x% =
18.3594; P = 0.2442; no branch scaling [« = 1]). All sub-
sequent analyses were therefore conducted under the
restricted model. ML reconstruction analyses did not

reject a punctuated model of brood care evolution in the
labyrinth fishes (k = 0, —InL = 39.4594; k = 0.83 (=ML),

—InL = 37.5784; x? = 3.7619; P = 0.0524), indicating that
the branch length contained in our ML tree might not
be informative about trait evolution. The results of the
ancestral character state reconstruction with the branch
length scaling set to its ML value (x = 0.83) are shown in
Figure 5b. The obtained transition rates were: qo = q10=
0.56; qo2 = Q0= 0.22; qo3 = qao= 0.00; qos = q4o= 0.14;
qos = gs0= 0.00; q12 = q21= 0.00; q13 = q31= 0.00; qus =
qa1= 0.00; q15 = gs1= 0.00;q23 = qa2= 0.48; Qo4 = qao=
0.00; q25 = gs2= 0.41; q34 = qa3= 0.00; q35 = qs3= 0.00;
qas = qs4= 0.00 (see Table 1 for description of states).

Four out of the five forms of breeding behavior in ana-
bantoids are associated with parental care (Table 1). The
outgroup (Channidae) also exhibits parental care, and
unweighted parsimony reconstruction onto the topol-
ogy shown in Figure 5a resolved parental care as the
plesiomorphic condition for anabantoids. According to
this reconstruction, parental care was lost at the base
of the clade including the helostomatids and anaban-
tids, and regained twice in Sandelia capensis and the
genus Microctenopoma, respectively (not shown). How-
ever, a sensitivity analysis showed that a transition cost
of t = 0.5 from no parental care to parental care resolved
the root and the ancestral condition of ananbantoids as
equivocal. A transition cost of t < 0.5 resulted in no
parental care as the plesiomorphic condition for those
two nodes, and further implies the independent evolu-
tion of parental care in the outgroup, Microctenopoma,
Sandelia, and the osphronemids. Considering the alterna-
tive topology, placing Helostoma as the sister group to the
osphronemids results in an equivocal character state re-
construction for the MRCA of anabantoids (not shown).

In contrast to the unweighted parsimony reconstruc-
tion, ML ancestral character state reconstruction onto the
phylogeny shown in Figure 5b significantly supported
no parental care (state 0) over parental care (state 1) as
the plesiomorphic condition for anabantoids (full model
—InL = 9.0985; branch scaling [x = ML = 0.78]; sup-
port 15.84:1; significant) with three transitions from no
parental care to parental care. The inferred transition
rates were: Q01 = 1.84 and q10 = 0.00, and are compatible
with the results from the MP sensitivity analyses, indi-
cating that a lower transition cost from no parental care
to parental care than vice versa is a reasonable assump-
tion for the evolutionary transitions between character
states. Inferred support values for selected nodes are
osphronemids (parental care 6.83:1; not significant), Lu-
ciocephalinae + Macropodusinae (parental care 25.99:1;
significant), Sandelia + Ctenopoma multispine clade (no
parental care 277.40:1; significant), Ctenopoma petherici
clade (without C. muriei) + Microctenopoma (no parental
care 3153.57:1; significant), and Microctenopoma (parental
care 17.11:1; significant).

Rates of Evolution and Bayesian Relative Rate Test

Likelihood-ratio tests with and without the molecular
clock enforced clearly rejected overall constancy of rates
of evolution in the anabantoids for all data sets (Table 2).
Considerable variation in rates of molecular evolution
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Macropodus opercularis AT g
Pseudosphr ni P unistgn -0 N

Up:

Malpulutta kretseri B P2 s AR AR e T |
Parosphromenus dei: e opnafanusac oo I
Trichopsis vittata T el —
Betta sp oo s 5By s =Y N
Trichogaster leerii . 11111
Colisa chuna e T e
Ctenops nobilis T
Parasp ichthys ocellat o T —
Sphaerichthys osp ——der (T
Luciocephalus pulcher T
Osphronemus goramy e
Belontia hasselti g
Helostoma inkii Ty
Anabas testudi ATk
Sandelia capensis Ty
Ctenopoma pellegrini d g
Ctenopoma muriei e T hnad
Ctenopoma petherici - Wreaiin e
Microctenopoma fasciolatum e T T
Channa bleheri 0.0 branch length (substitutions/site) 1.7
Channa marulia
P h obscura
— 0.1 substitutions/site
(b) nucDNA24 (BI3)
Macropodus opercularis e T )
PseL h 5 =T
Maipulutta kretseri =)
Parosph R i B = S TR
Trichopsis vittata AT
Betta splend! AT T
Trichogaster leerii S S I ™
Colisa chuna B T s e e SO
Ctenops nobilis AT
Sphaerichthys osphr i I I e O R
Luciocephalus pulcher =Ty
Parasphaerichthys ocellat N gy O e B
Osphronemus goramy =l
Belontia hasselti 20Ty
Helostoma inkii T
Anabas i =
Sandelia capensis AT
Ctenopoma pellegrini T
Ctenopoma petherici RS S
Ctenopoma muriei ST
Micr poma fasciol AT i
Channa bleheri 0.0 branch length (substitutions/site) 0.6
E Channa marulia
Parachanna obscura
— 0.05 subslitutions/site
(c) combined24 (BI7)
Macropodus opercularis R - =Y
Pseudosphromenus cup S P . SS1
Malpulutta kretsen B Wl i o SV
Parosp deissneri —d Ty e
Betta splendens S o i i s — PO N
Trichopsis vittata S i i N P
Trichogaster leenii 4L Ty
Colisa chuna —ACT T
Ctenops nobilis ;S e S0 W
Parasphaerichthys BT o s e =2 N
Sphaerichthys osphromenoides Ly
Luciocephalus pulcher . T T b
Osphronemus goramy 1 -
Belontia hasselti Tnl-"
Helostoma temminkii A Ty
Anabas testudil a1 T
Sandelia capensis (ol
Ctenopoma pellegrini T Ty
Ctenopoma muriei Ty
Ctenopoma petherici 1T
Microctenopoma fasciolatum S mmm =S
Channa bleheri 0.0 branch length (substitutions/site) 0.8
E Channa marulia
Parachanna obscura

— 0.05 substitutions/site

FIGURE6. Bayesian consensus phylograms and Bayesian relative rates test based upon the (a) mtDNA24 (BI4), (b) nuc24 (BI3), (c) combined24
(BI7) analyses. Branch lengths from the most recent common ancestor (MRCA) to all tips were compiled with Cadence v1.0 based on 9000
MCMCMC sampled trees. The x-axis is shown as branch length in substitution per site and the y-axis as relative frequency. The tick marks
indicate the 95% confidence intervals. Interval size for all is 0.02 substitutions per site.
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among different anabantoid lineages were also indicated
by the differences in branch length in the BI consensus
phylograms of the mtDNA24 (BI4), nucDNA24 (BI3), and
combined?24 (BI7) data sets (Fig. 6). Using a Bayesian rel-
ative rate test we further examined the relative rates of
molecular evolution among anabantoids. For all three
data sets a general trend is apparent; the subfamilies
Macropodusinae and Luciocephalinae tend to exhibit the
longest branches, the Belontiinae and Osphroneminae
the shortest, and the Ananabtidae intermediate branch
length (Fig. 6). Several of the branch length 95% Bayesian
confidence intervals did not overlap indicating signifi-
cant differences in rates of molecular evolution among
anabantoids in all data partitions (Fig. 6).

Anabantoid Divergence Time Estimates

Both the LRT and the BRR tests rejected the null
hypothesis that the mtDNA, nucDNA, and combined
nucleotide sequence data were evolving with rate con-
stancy across the anabantoids. Therefore, the use of non-
clocklike methods such as KTB to estimate divergence
times is justified.

First, we used the KTB method based on the mtDNA60
data set (under the topological constraints described in
Material and Methods), using two data partitions (cytb
versus 125 rRNA-tRNA Val-16S rRNA), to estimate an-
abantoid divergence times. Because the rank correlation
test for these two partitions rejected the null hypothe-
sis that the two genes change rates independently (R =
0.745, P < 0.000), analyses of the mtDNA60 data set were
performed using only one partition. Age estimates and
their 95% confidence intervals for selected nodes for the
mtDNA60— stem L, stem LU, crown L, and crown LU
analyses are shown in Table 4, and the resulting chrono-
gram and the 95% confidence intervals for selected nodes
of the mtDNA60 stem LU analysis is shown in Figure 7.
Depending on the analyses, the anabantoid root was lo-
cated at 103.44, 91.027, 69.88, or 34.66 Mya, whereas the
divergence of African and Asian groups was estimated
at 87.30,77.00, 58.91, or 26.61 Mya (Table 4).

Second, we used the combined24 data set (under the
topological constraints described in Material and Meth-
ods) using two data partitions (cytb versus 12S rRNA-
tRNA Val-165 rRNA) to estimate anabantoid divergence
times. A preliminary rank correlation analysis of the
combined?4 data set using three partitions (cytb, 12s
rRNA-tRNA Val-16S rRNA, RAG1) also indicated that
the cytb and RNA partition do not change rates inde-
pendently (R = 0.808, P = 0.002). Final analyses were
therefore performed using two partitions only (mtDNA
and RAGI; rank correlation R = 0.445, P = 0.158). Root
age and the African-Asian divergence were estimated
at 63.43 and 52.09 Mya, respectively, for the combined24
stem L analysis, and at 37.70 and 30.83 Mya, respectively,
for the combined24 stem LU analysis (Table 4).

Changing “bigtime” from 150 to 300 Mya had a neg-
ligible effect on divergence time estimates (and their
95% confidence intervals) for the mtDNA60 stem LU
and mtDNAG60 crown LU, and for the combined24 stem

RUBER ET AL—EVOLUTIONARY DIVERSIFICATION OF LABYRINTH FISHES

L and LU analyses (data not shown). In contrast, it
considerably affected the outcomes of the mtDNA60
stem L and mtDNA60 crown L analyses. The ob-
tained root ages were 77.13 Mya (95%: 36.69-192.00) and
120.10 Mya (95%: 68.58-231.94), respectively, whereas
the African-Asian divergence was estimated at 65.09
Mya (95%: 30.40-160.44) and 101.45 Mya (95%: 57.32-
196.97; see Table 4 for comparison with the results ob-
tained under “bigtime” set to 150 Mya). These results
suggest that with a single calibration point, molecular
divergence time estimates employing alower bound con-
straint only might be largely affected upon different “big-
time” settings.

DISCUSSION
Anabantoid Phylogenetics

Phylogenetic position of Luciocephalus revisited.—Lu-
ciocephalus is a highly distinctive and morphologically
derived piscivorous predator with an unusual pike-
like body shape, and extremely protrusible upper jaws
(Lauder and Liem, 1981; Liem, 1967). The numerous au-
tapomorphic features of Luciocephalus obviously ham-
pered previous attempts to resolve its phylogenetic
position. Mainly three hypotheses have been put forth
to date to explain its phylogenetic position: (1) Lucio-
cephalus is not closely related to anabantoids (Berg, 1958;
Greenwood et al., 1966; Liem, 1963, 1967); (2) it is a close
relative of the anabantoids (Bleeker, 1859, 1879; Gosline,
1968; Jordan, 1923; Weber and De Beaufort, 1922) or con-
sidered the sister group of the remaining anabantoids
(Lauder and Liem, 1983); and (3) it is deeply rooted inside
the derived anabantoid family Osphronemidae, form-
ing the sister group of the chocolate gouramies, genus
Sphaerichthys (Britz, 1994, 1995, 2001; Britz et al., 1995).

One of the most unusual characters that Luciocephalus
shares with the osphronemid genera Parasphaerichthys,
Ctenops, and Sphaerichthys is the presence of spiraling
ridges and intermittent grooves on the egg surface that
lead to the micropyle. Riehl and Kokoscha (1993) inter-
preted this complex pattern as a sperm-guiding system.
Britz (1995) and Britz et al. (1995) proposed that this
unique egg surface structure represents a synapomor-
phy of the four genera that defines the so-called “spiral
egg” clade. Our phylogenetic analyses strongly supports
the monophyly of the “spiral egg” clade, and the position
of Luciocephalus as the sister group of Sphaerichthys.

Osphronemidae intrarelationships.—At present the fam-
ily is divided into four subfamilies: Osphronemi-
nae, Belontiinae, Luciocephalinae, and Macropodusinae
(Table 1). Britz (1995) hypothesized the Belontiinae as
the sister group of the remaining osphronemids (Fig. 1).
In our analyses, Belontia was recovered as sister group
of Osphronemus with moderately high statistical support
based on the mtDNA60, mtDNA24 and combined?24 data
sets, respectively (Figs. 2 and 3). Phylogenetic analyses
based on the nucDNA24 data set alone fail to recover
basal osphronemid relationships, likely because of the
slow rate of evolution of RAG1. Hence, morphological
and molecular evidence yield contrasting hypotheses,
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FIGURE 7. Anabantoid chronogram based on the KTB analysis of the mtDINA60 data set (stem group calibration; LU constraint). 95%
confidence intervals for selected branches are shown in light grey. Black bar represents the calibration interval (stem-group calibration; Late
Eocene to Early Oligocene) and the dark grey bar represents the time interval for the African-Asian divergence.

and the question on the relative phylogenetic position of
Osphroneminae and Belontiinae remains open. Neither
morphological nor molecular evidence is conclusive. The
former was based on a single synapomorphy: the second
external levator muscle of the dorsal gill arches is modi-
fied to a thin but extensive muscle layer entirely covering
the posterior part of the suprabranchial chamber in all
osphronemids except Belontia, which shows an unmod-
ified muscle, the plesiomorphic condition shared with
Helostoma and anabantids (Britz, 1995), and the latter is
based on relatively short internodes.

According to Britz (1995; 2001), Luciocephalinae com-
prise the “spiral egg” clade plus Trichogaster + Colisa
(Fig. 1) This is based on the following synapomorphies:
(1) loss of the first branchiostegal ray; (2) presence of
a median posterior process of the basioccipital that ex-

tends beneath the first vertebra and to which Baudelot’s
ligament is attached; this character is unique among an-
abantoids. In contrast, in our analyses Trichogaster and
Colisa were consistently placed as the sister group of
the Macropodusinae. Moreover, the morphology-based
hypothesis was rejected by the KH test based on the
nucDNA24 and combined24 data sets.

Among Macropodusinae, Macropodus is unique in
showing the following hypothesized plesiomorphic
character states: the presence of an oil globule in
the egg and oil vesicles in the early larvae, the ab-
sence of wartlike larval attachment cells on the head,
and the absence of the wrinkled egg surface. The
other genera, Pseudosphromenus, Malpulutta, Trichopsis,
Parosphromenus, and Betta have reduced the egg’s oil
globule and larval oil vesicles, and possess wartlike
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attachment cells and a wrinkled egg surface (Britz, 2001;
Britz and Cambray, 2001; Gilch, 1957; Vierke, 1975,1991).
Therefore, the genus Macropodus has commonly been
considered the sister taxon of all other Macropodusi-
nae (Britz, 1995, 2001; Vierke, 1975). In contrast, our
phylogenetic analyses consistently recovered a mono-
phyletic clade comprising Macropodus as the sister group
of Pseudosphromenus + Malpulutta. Moreover, KH and SH
tests based on nuclear data rejected the morphological
hypothesis. Phylogenetic relationships among the four
main lineages of Macropodusinae, i.e., Macropodus +
Pseudosphromenus + Malpulutta, Parosphromenus, Betta,
and Trichopsis could not be resolved based on mitochon-
drial evidence (mtDNA60 and mtDNA?24; Figs. 2 and 3).
However, a sister group relationship of Parosphromenus,
with Betta, or Trichopsis was suggested based on the
nucDNA24 and combined24 data sets (Figs. 2 and 3; see
also Riiber et al. [2004b]).

Anabantidae intrarelationships.—On the basis of a num-
ber of morphological characters, Anabantidae have been
divided into five clades: the genera Anabas, Sandelia, Mi-
croctenopoma, and the Ctenopoma petherici and C. multi-
spine species groups (Table 1; Elsen, 1976; Norris, 1994,
1995; Peters, 1976). The only morphology-based phy-
logeny available for the family could not resolve phy-
logenetic relationships among the five clades (Norris,
1994: 396, fig. 210). Our phylogenetic analyses consis-
tently recovered the Asian Anabas as sister group to the
African anabantids. According to our results, the genus
Ctenopoma (multispine and petherici species groups) is not
monophyletic. The C. multispine species group was gen-
erally identified as the sister group of Sandelia (except in
the nucDNA24-based phylogenies where Sandelia was
consistently recovered as the sister group to all remain-
ing African anabantids). The monophyly of Sandelia, a
genus thatis restricted to the Cape region of South Africa,
remains a matter of debate because the two species
(S. capensis and the highly endangered S. bainsii) of the
genus differ significantly in several characters (Cambray,
1990, 1997, 2004). The monophyly of Ctenopoma is also
challenged by the relative position of C. muriei. This
species belongs to the C. petherici species group (Table 1),
but in our phylogenetic analyses is recovered either as
the sister group of Microctenopoma or as sister group
of Microctenopoma and the remaining members of the
C. petherici species group, although with low statistical
support (Figs. 2 and 3). Elsen (1976) classified C. muriei
along with the Microctenopoma clade, whereas Norris and
Douglas (1992) thought that its affinities lie with the
C. petherici species group.

Phylogenetic position of Helostoma and the root
of the anabantoid tree—The Southeast Asian kissing
gouramy, Helostoma temminkii, is a highly specialized
microphagous filter-feeder (Boker, 1937, Meyer, 1904;
Monod, 1949; Seitz, 1937) and widely known for its kiss-
ing behavior during antagonistic interactions between
males. Based on morphological evidence, Lauder and
Liem (1983) considered Helostoma to be the sister group of
the family Anabantidae. Our phylogenetic analyses were
unable to resolve the relative position of the Helostom-

atidae with respect to the other two anabantoid families
due to the wide posterior probability distributions of
the root locations and short internal branches connect-
ing the Osphronemidae, Anabantidae, and Helostom-
atidae in the mtDNA24, nucDNA?24, and combined24
data sets (Fig. 4). Nevertheless, our combined24 analyses
(BI7, BI4, ME) tentatively indicate an osphronemid sister-
group relationship to helostomatids plus anabantids as
the currently best working hypotheses. Clearly, further
morphology- and molecular-based studies are needed to
rigorously test basal anabantoid intrarelationships.

Evolution of Parental Care and Parental Care Forms

Only the representatives of the three genera Helostoma,
Anabas, and Ctenopoma do not exhibit parental care
(Table 1). Tracing the evolution of parental care using
unweighted parsimony onto our molecular phylogeny
in Figure 5 revealed that parental care was the plesiomor-
phic condition in anabantoids and that parental care was
lost once along the branch leading to the clade including
the helostomatids and anabantids and regained twice
in Sandelia capensis and the genus Microctenopoma (not
shown). We are not aware of any reported case indicating
the loss of parental care in fishes, although evolutionary
transitions from no parental care to parental and from
one form of parental care to another are rather common
{Blumer, 1982; Goodwin et al., 1998; Riiber et al., 2004b).
Therefore, it seems more reasonable to assume that no
parental care was the plesiomorphic condition in anaban-
toids and that parental care evolved three times indepen-
dently (Osphronemidae, Sandelia, and Microctenopoma as
well as once in the outgroup Channidae). This scenario
is actually favored by the results of our MP sensitivity
analysis and ML resolving nonparental care as the ple-
siomorphic condition in anabantoids. It should be noted
that the alternative placement of Helostoma as the sis-
tergroup of osphronemids changes the unweighted par-
simony ancestral character state reconstruction for the
MRCA from “parental care present” to “ambiguous.”

The ancestral condition of the form of breeding be-
havior is equivocal under parsimony character state re-
construction using the tree shown in Figure 5. However,
nonparental care, as we argue above, is the likely an-
cestral condition and therefore we consider free spawn-
ing to be the plesiomorphic condition for anabantoids,
which is also indicated by our ML ancestral charac-
ter state reconstruction (although not significant). Free
spawning is also obtained as the plesiomorphic character
state for anabantoids using the alternative topology
with Helostoma as the sister group to osphronemids.
In the phylogeny illustrated in Figure 5, one transi-
tion from free spawning to substrate spawning was ob-
served (Sandelia). Bubble nesting seems to have evolved
at least twice independently (not considering the genus
Betta) within anabantoids, at the base of Microctenopoma
and osphronemids, respectively. The fighting fish genus
Betta consists of both bubble nesters and mouthbrood-
ers and our analyses indicate mouthbrooding as the ple-
siomorphic condition (Fig. 5), a result also obtained by
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Riiber et al. (2004b). However, based on an extensive
analysis of the evolution of parental care form, Riiber
et al. (2004b) favored an evolutionary scenario imply-
ing recurrent origin of mouthbrooding in this genus and
hence bubble nesting as the plesiomorphic condition.
This conclusion was based upon an MP sensitivity anal-
ysis and ML ancestral character state reconstruction as
well as considering differences in phenotypic and behav-
ioral traits between bubble nesters and mouthbrooders,
thus accounting for a hypothesized transformation bias
from mouthbrooders to bubble nesters and vice versa (see
Riiber et al., 2004b, for more details).

The spiral egg clade (Ctenops, Parasphaerichthys,
Sphaerichthys, and Luciocephalus) also includes several
mouthbrooding taxa. Luciocephalus is a highly special-
ized mouthbrooder, with a brooding period of up to
4 weeks (Britz, 1994), during which the brooding male
does not feed. Although recent morphological data
strongly support the monophyly of the “spiral egg clade”
(Britz, 1995; Britz et al., 1995), these authors were un-
able to resolve the phylogenetic position of the genus
Parasphaerichthys among the four genera. Our data set
is also ambiguous in the placement of the genus Paras-
phaerichthys within the “spiralegg” clade. It was either re-
covered assister group to Ctenops (mtDNA60, mtDNA24,
and combined24 analyses) or as the sister group of the
remaining three genera (nucDNA24 analyses). Both KH
and SH were unable to reject alternative placements
of Parasphaerichthys (Table 3). At least one of the two
species in the genus, P. lineatus, differs from the other
three taxa, which are all mouthbrooders, in exhibiting the
more plesiomorphic bubble-nesting behavior (Britz and
Kottelat, 2002; Freyhof, 2002); the reproductive behavior
of P. ocellatus still remains unknown. A sister-group rela-
tionship of Parasphaerichthys with the other three genera
would therefore be in better congruence with its more
plesiomorphic reproductive mode.

Differences in Rates of Molecular Evolution

We found significant differences in branch length
among labyrinth fishes. For all gene fragments analyzed,
the subfamilies Macropodusinae and Luciocephalinae
tended to exhibit longer branches than the Belontiinae,
the Osphroneminae, and the Anabantidae (Fig. 6). Al-
though variation in rates of nucleotide substitution have
been correlated with a variety of factors (e.g., body
size, DNA repair efficiency, environmental temperature),
metabolic rate or generation time are generally thought
to be the prime factors affecting the speed of molec-
ular evolution (e.g., Gillooly et al., 2005; Martin and
Palumbi, 1993; Rand, 1994). However, distinguishing be-
tween these two hypotheses has been difficult, because
of the presumed covariance between generation time,
metabolic rate, body size, and temperature (see refer-
ences in Gillooly et al. [2005]). Recently, Gillooly et al.
(2005) presented a model that is able to explain hetero-
geneity in rates of nucleotide substitution in different
genes and taxa, by accounting for the effects of body size
and temperature on metabolic rate. Although mean an-

nual ambient temperatures are not available for all taxa
studied here, labyrinth fishes with their marked differ-
ences in rates of molecular evolution will certainly be an
ideal group to test predictions from the Gillooly et al.
(2005) model once these data become available.

The Fossil Record and the Origin of Labyrinthfishes

The anabantoid fossil record that can be used for the
calibration of the lineage divergence times is scarce. The
only known articulated anabantoid fossil is Osphronemus
goramy (Patterson, 1993a; Sanders, 1934). It was found
in the Sangkarewang Formation (Central Sumatra), also
known as the “mergel stage” (e.g., Musper, 1930). This
formation is well known due to the rich freshwater fos-
sils including osteoglossiforms (Scleropages, Notopterus,
Musperiat), siluriforms (Pangasius), cypriniforms (Rasb-
ora, Thynnichthys, Puntius), gasterosteiforms (Protosyng-
nathust), and perciforms (Osphronemus, Toxodes). Since its
discovery, the age of the Sangkarewang Formation has
been a matter of debate. Previous age estimates for this
formation range from the Late Cretaceous to the Miocene
(see review in Sanders [1934], who considered an Early
Eocene age as most acceptable). Probably due to this un-
certainty of the age of the Sangkarewang Formation, Pat-
terson (1993a), in his review on the teleost fossil record,
stated that “the Eocene age of the fish shales at Pandang
is still dubious” without giving any further references.

The Sangkarewang Formation is part of the Ombilin
basin, a Tertiary sedimentary and structural basin lo-
cated in the Pandang Highlands in Central Sumatra. Re-
cent geological studies in the Ombilin basin have shown
that tectonic activity in the early Tertiary resulted in the
development of an intramontane basin that was trans-
formed into a freshwater lake. Subsequently, increased
sedimentation formed a flood plain of meandering rivers
and in the Early Miocene the whole region subsided and
a short period of marine transgression took place fol-
lowed by tectonic uplifts resulting in the current geolog-
ical picture. On the basis of palynological data for the
Sangkarewang Formation, Humphreys et al. (1991) and
Barber et al. (2005) give a Late Eocene to Early Oligocene
(28.5 to 37.0 Mya) age (but see Koesoemadinata and
Matasak, 1981, who give a Paleocene age).

At the time the fossil Osphronemus was described,
only one living Osphronemus species was known (O.
goramy), whereas currently four species are recognized.
It is not possible to assign the fossil Osphronemus to any
extant species with certainty, nor is it possible to as-
sign it without doubt to the crown group Osphronemus.
Therefore, we used two different age estimates based
on different assignments of the fossil Osphronemus to ei-
ther the crown or stem group. Due to the incomplete
nature of the fossil record, fossil calibrations can only
provide minimum ages and therefore will tend to un-
derestimate lineage divergence times (Benton and Ayala,
2003). This implies that the timing of early anabantoid
cladogenesis may be considerably older than the current
fossil-based estimates indicate. However, it is important
to note that the crown group calibration rendered
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exceedingly old divergence time estimates for the An-
abantoidei, a highly advanced perciform suborder. An
Early Paleocene to Cretaceous origin of anabantoids
would be clearly in disagreement with the known fossil
record.

The skeletal fossil record indicates that acanthomorphs
(highly derived teleosts including perciforms) do not ap-
pear until the Late Cretaceous (Cenomanian; ca. 99.0 to
93.5 Mya) and the first skeletal fossil record of a ques-
tionable perciform is from the Late Cretaceous (Late
Campanian-Early Maastrichtian; ca. 74 Mya). No un-
questionable perciform has yet been recorded by Cre-
taceous skeletal remains implying an age of 65 Mya or
younger for this group. The higher acanthomorph fos-
sil record is characterized by the explosive occurrence
of several perciform lineages at the Paleocene-Eocene
boundary (Patterson, 1993a, 1993b). A general lack of
Early Cretaceous to Middle Paleocene freshwater fossils,
presumably due the paucity of fossil bearing freshwater
rocks (Grande and Cavender, 1991; Lundberg, 1998), as
well as a marked gap in the acanthomorph fossil record
between the Late Campanian (ca. 75 Mya) and the Late
Paleocene (ca. 55 Mya; Patterson, 1993a, 1993b), how-
ever, may reflect our incomplete understanding on the
origin and diversification of higher acanthomorphs. Al-
though fish otoliths provide consistently older age es-
timates than those based on complete skeletons (Nolf,
1993; Patterson, 1993a, 1993b), their utility is hindered by
uncertainty in taxonomic assignments (Patterson, 1993a,
1993b). Further studies employing molecular based di-
vergence time estimates on different perciform groups
that exhibit a more complete fossil record than anaban-
toids will clearly help to further our understanding on
the origin of this speciose clade.

Anabantoid African-Asian Biogeography

Many freshwater fish distribution patterns have pre-
viously been explained by continental drift vicariance
associated with the breakup of Gondwana. This event
took place in the Late Jurassic/Early Cretaceous with
the separation of the Madagascan and Indian continent
from Africa at 165 to 121 Mya, the separation of Africa
and South America at 101 to 86 Mya BP, and the separa-
tion of Madagascar and India at 88 to 63 Mya BP (Pitman
et al., 1993; Rabinowitz et al., 1983; Storey, 1995; Storey
et al., 1995).

However, it has been noted on several occasions that
traditional biogeographic hypotheses of an Early Creta-
ceous origin of freshwater fish clades are not compat-
ible with the fossil record of percomorphs (Bellwood
and Wainwright, 2002; Lundberg, 1993; Patterson, 1993a,
1993b), hence challenging the continental drift vicari-
ance hypothesis. Due to these discrepancies over the ori-
gin of perciform clades, it has been proposed that Late
Mesozoic-Tertiary hypotheses of dispersal may better
explain the origin of most extant freshwater fish groups
than a Jurassic/Cretaceous vicariance (Briggs, 2003a,
2003b). Alternative scenarios that have been put forth
include (1) Late Mesozoic dispersal from Africa to Asia

or vice versa via land bridges between Africa, India, and
Eurasia. This model assumes a different longitudinal po-
sition for India during its Northeastern journey (Briggs,
2003a; Chatterjee and Scotese, 1999); (2) Dispersal from
Africa to Asia or vice versa through the Middle East
facilitated by the closure of the Tethys Sea in the Early
Miocene (ca. 20 to 18 Mya; (Sanders and Miller, 2002);
(3) Cenozoic trans-ocean dispersal (e.g., de Queiroz,
2005). Nonetheless, the relative role that drift vicariance
and dispersal have played in shaping trans ocean bio-
geographical patterns remains controversial (e.g., Sparks
and Smith, 2005; de Queiroz, 2005).

Anabantoids show a disjunctive Southeast Asian-
African distribution that might be indicative of a re-
stricted Gondwana distribution. With both the nuclear
and combined data sets, a basal split of anabantoids
into osphronemids versus helostomids and anabantids
was favored (Fig. 4). The former two families are ex-
clusively found in Southeast Asia, whereas the latter
family is found on both continents, with Anabas (Ana-
bantinae) from Southeast Asia as the sister group of the
remaining anabantids (Ctenopominae) which occur in
Africa. Divergence time estimates of an Asian-African
separation ranged from 87.30 to 30.83 Mya depending
on the analyses (see Table 4; not including the results
obtained with “bigtime” = 300 Myr). Both stem-group
and crown-group calibrations indicate an older diver-
gence of African and Asian lineages than predicted by
Tertiary dispersal hypothesis from Africa to Asia, or vice
versa, through the Middle East, facilitated by the closure
of the Tethys Sea in the Early Miocene. Stem group cali-
bration places the biogeophraphic split within labyrinth
fishes at the Eocene-Oligocene boundary, whereas the
crown group calibration indicates a Early-Late Creta-
ceous to Paleocene divergence. The oldest divergence
time estimate based upon the crown group calibration
of 87.3 Mya (95%: 56.43-124.22 Mya) is close to the sug-
gested divergence of the Madagascan and Indian conti-
nent from Africa at 165 to 121 Mya. On the other hand,
Late Mesozoic dispersal from Africa to Asia or vice versa
via land bridges between Africa, India, and Eurasia can-
not be ruled out. Chatterjee and Scotese (1999) pointed
out that the Late Mesozoic-Early Cenozoic history is
still poorly known and thus allows for wide specula-
tions regarding biotic exchanges via land bridges. Given
the poor fossil record of anabantoids, as well as the un-
certainty in assigning the fossil Osphronemus to either
the stem or crown group, it seems premature to draw
any firm conclusion regarding anabantoid African-Asian
biogeography. Nevertheless, anabantoids are confined to
freshwaters with generally low ion content. The ecolog-
ical preferences of labyrinth fishes, likely a plesiomor-
phic condition, therefore render unlikely any dispersal
through marine habitats.

ACKNOWLEDGMENTS

We are grateful to Robert Donoso-Biichner, Norbert Neugebauer,
Roland Rauh, Heok Hui Tan, and Frank Schéfer for providing some
of the samples. We also would like to thank Wei-Jen Chen and
Guillermo Orti for permission to use the RAG1 primer sequences prior

20z Iy g uo 1senb Aq 29//991/v/€/€/SG/oI01E/0IgSAS /W00 dNO"0lWepEDE//:SdRY WOl PSPEOJUMOC



2006

RUBER ET AL—EVOLUTIONARY DIVERSIFICATION OF LABYRINTH FISHES

395

to publication, Andrew Meade and Mark Pagel for advice on Multi-
state, and Regina Cunha for help with Multidivtime. We also would
like to thank Ritva Roesler for her excellent skills in rendering the out-
line drawings in Figure 2. It is a pleasure to thank Robert Hall, Jeremy
Holloway, and especially Anthony Barber for providing invaluable
help regarding the dating of the Sangkarewang Formation in Central
Sumatra. We are grateful to the Editor Rod Page, Associate Editor Peter
Linder, Reviewer Guillermo Orti, and Soraya Villalba for their con-
structive comments and suggestions. Special thanks go toJim Cambray,
ZhouHang, Host Linke, Till Luckenbach, Peter KL Ng, Jiirgen Schmidt,
and Hoek Hui Tan for providing cover photos and Soraya Villalba for
her expert design of the cover illustration. RB was supported by a
‘senior visiting scientist’ fellowship of the Office of Fellowships and
Grants, Smithsonian Institution, National Museum of Natural History,
Division of Fishes, Washington DC, during a large part of the study.
This research was partly funded by a BIOD-IBERIA grant at the Museo
Nacional de Ciencias Naturales under the European Commission HU-
MAN POTENTIAL PROGRAM to RB. LR was supported by the Swiss
National Science Foundation postdoctoral fellowship 823A-061218. A
grant from the Janggen-P6hn Foundation, Switzerland, to LR funded
laboratory work.

REFERENCES

Akaike, H. 1974. A new look at the statistical model identification. [EEE
Tran. Automatic Control 19:716-723.

Bader, R. 1937. Bau, Entwicklung und Funktion des akzessorischen
Atmungsorgans der Labyrinthfische. Z. Wiss. Zool. 149:323-401.

Barber, A.]., M. J. Crow, and J. S. Milsom, eds. 2005. Sumatra: Geology,
resources and tectonics. Geological Society London, London.

Bellwood, D. R., and P. C. Wainwright. 2002. The history and biogeog-
raphy of fishes on coral reefs. Pages 5-32 in Coral reef fishes (P. F.
Sale, ed.). Academic Press, San Diego.

Benton, M. |, and F. J. Ayala. 2003. Dating the tree of life. Science
300:1698-1700.

Berg, L. S. 1958. System der rezenten und fossilen Fischartigen und
Fische. VEB Verlag, Berlin.

Berra, T. M. 2001. Freshwater fish distribution. Academic Press, San
Diego, CA.

Bleeker, P. 1859. Over de plaatsing in het stelsel van de Lucio-
cephaloiden. Natuurk. Tijdschr. Nederl. Ind. 20:395-397.

Bleeker, P. 1879. Memoire sur les poissons a pharyngiens labyrinthi-
formes de I'Inde archipélagique. Verh. Akad. Amst. 19:1-56.

Blumer, L. S. 1982. A bibliography and categorization of bony fishes
exhibiting parental care. Zool. J. Linn. Soc. 75:1-22.

Boake, B. 1865. On the airbreathing fish of Ceylon. J. Ceylon Branch R.
Asiatic Soc. 4:128-142.

Boker, H. 1937. Einfiihrung in die vergleichende biologische Anatomie
der Wirbeltiere. Gustav Fischer, Jena, Germany.

Briggs, J. C. 2003a. The biogeographic and tectonic history of India.
]. Biogeogr. 30:381-388.

Briggs, ]. C. 2003b. Fishes and birds: Gondwana life rafts reconsidered.
Syst. Biol. 54:548-553.

Britz, R. 1994. Ontogenetic features of Luciocephalus (Perciformes,
Anabantoidei) with a revised hypothesis of anabantoid intrarela-
tionships. Zool. J. Linn. Soc. 112:491-508.

Britz, R. 1995. Zur phylogenetischen Systematik der Anabantoidei
(Teleostei, Percomorpha) unter Beriicksichtigung der Stellung des
Genus Luciocephalus. Morphologische und ethologische Unter-
suchungen. PhD Thesis, Universitit Tiibingen, Tiibingen, Germany.

Britz, R. 2001. The genus Betta—monophyly and intrarelationships,
with remarks on the subfamilies Macropodinae and Luciocephalinae
(Teleostei: Osphronemidae). Ichthyol. Explor. Freshwaters 12:305-
318.

Britz, R. 2004. Teleostei. Pages 240-287 in Spezielle Zoologie. Teil 2:
Wirbel-oder Schadeltiere (W. Westheide, and R. Rieger, eds.). Spek-
trum Akademischer Verlag, Heidelberg and Berlin, Germany.

Britz, R., and J. A. Cambray. 2001. Structure of egg surfaces and attach-
ment organs in anabantoids. Ichthyol. Explor. Freshwaters 12:267—-
288.

Britz, R., M. Kokoscha, and R. Riehl. 1995. The anabantoid genera
Ctenops, Luciocephalus, Parasphaerichthys, and Sphaerichthys (Teleostei:

Perciformes) as a monophyletic group: Evidence from egg surface
structure and reproductive behaviour. Japn. J. Ichthyol. 42:71-79.
Britz, R., and M. Kottelat. 2002. Parasphaerichthys lineatus, a new species
of labyrinth fish from southern Myanmar (Teleostei: Osphronemi-

dae). Ichthyol. Explor. Freshwaters 13:243-250.

Cambray, J. A. 1990. Early ontogeny and notes on breeding behaviour,
habitat preference and conservation of the Cape kurper, Sandelia
capensis. Ann. Cape Prov. Mus. Nat. Hist. 18:159-182.

Cambray, J. A. 1997. The spawning behaviour of the endangered East-
ern Cape rocky Sandelia bainsii (Anabantidae), in South Africa Envi-
ron. Biol. Fish. 49:293-306.

Cambray, J. A. 2004. Spawning behaviour of Sandelia capensis (Teleostei:
Anabantidae). Ichthyol. Explor. Freshwaters 15:311-322.

Chatterjee, S., and C. R. Scotese. 1999. The breakup of Gondwana and
the evolution and biogeography of the Indian Plate. Proc. Ind. Nat.
Sci. Acad. 65A:397-425.

Chen, W.-J., C. Bonillo, and G. Lecointre. 2003. Repeatability of clades
as a criterion of reliability: A case study for molecular phylogeny of
Acanthomorpha (Teleostei) with larger number of taxa. Mol. Phyl.
Evol. 26:262-288.

Courtenay, W. R, and J. D. Williams. 2004. Snakeheads (Pisces,
Channidae)—A biological synopsis and risk assessment. U.S. Ge-
ological Survey Circular 1251:1-143.

Cunningham, C. W,, K. E. Omland, and T. H. Oakley. 1998. Reconstruct-
ing ancestral character states: A critical reappraisal. Trends Ecol.
Evol. 13:361-366.

Cuvier, G., and A. Valenciennes. 1831. Histoire naturelle des poissons,
tome 7. F. G. Levrault, Paris-Strasbourg.

de Queiroz, K. 2005. The resurrection of oceanic dispersal in historical
biogeography. Trends Ecol. Evol. 20:68-73.

Donoghue, M. J., and D. D. Ackerly. 1996. Phylogenetic uncertainties
and sensitivity analysis in comparative biology. Phil. Trans. R. Soc.
Lond. B 351:1241-1249.

Elsen, M. 1976. La vessie gazeuse et 1’'organe labyrinthique des Ana-
bantidae. Bull. Acad. R. Belg. 62:49-79.

Felsenstein, J. 1985. Confidence limits on phylogenies: An approach
using the bootstrap. Evolution 39:783-791.

Freyhof, J. 2002. Parasphaerichthys sp.: Ein ganz anderer Schokoladen-
Gurami. DATZ 55:11-13.

Freyhof, J., and F. Herder. 2002. Review of the paradise fishes of the
genus Macropodus in Vietnam, with description of two new species
from Vietnam and southern China (Perciformes: Osphronemidae).
Ichthyol. Explor. Freshwaters 13:147-167.

Gilch, G. 1957. Vergleichende Untersuchungen eines hydrostatischen
Apparates larvaler Labyrinthfische. Zool. Jb. Abt. f. Anat. 76:2—
62.

Gillooly, J. A., A. A. Allen, G. B. West, and J. H. Brown. 2005. The
rate of DNA evolution: Effects of body size and temperature on the
molecular clock. Proc. Natl. Acad. Sci. USA 102:140-145.

Goodwin, N. B., S. Balshine-Earn, and J. D. Reynolds. 1998. Evolution-
ary transitions in parental care in cichlid fish. Proc. R. Soc. Lond. B
265:2265-2272.

Gosline, W. A. 1968. The suborders of perciform fishes. Proc. U.S. Nat.
Mus. 124:1-78.

Grande, L., and T. M. Cavender. 1991. Description and phylogenetic
reassessment of the monotypic Ostariostomidae (Teleostei). J. Vert.
Paleont. 11:405-416.

Gray, L. E. 1831. XIII. Description of twelve new genera of fish, dis-
covered by Gen. Hardwicke, in India, the greater part in the British
Museum. Zool. Miscell. 1831:7-10.

Greenwood, P. H., D. E. Rosen, S. H. Weitzman, and G. S. Myers. 1966.
Phyletic studies of teleostean fishes with a provisional classification
of living forms. Bull. Am. Mus. Nat. Hist. 131:339-456.

Guindon, S., and O. Gascuel. 2003. A simple, fast and accurate algo-
rithm to estimate large phylogenies by maximum likelihood. Syst.
Biol. 52:696-704.

Huelsenbeck, J. P, J. P. Bollack, and A. M. Levin. 2002. Inferring the
root of a phylogenetic tree. Syst. Biol. 51:32-43.

Huelsenbeck, J. P.,, and K. A. Crandall. 1997. Phylogeny estimation and
hypothesis testing using maximum likelihood. Ann. Rev. Ecol. Syst.
28:437-466.

Huelsenbeck, J. P., and F. R. Ronquist. 2001. MrBayes: Bayesian infer-
ence of phylogeny. Bioinformatics 17:754-755.

20z Iy g uo 1senb Aq 29//991/v/€/€/SG/oI01E/0IgSAS /W00 dNO"0lWepEDE//:SdRY WOl PSPEOJUMOC



396

SYSTEMATIC BIOLOGY

VOL. 55

Humphreys, B., C. J. Matchette-Downes, and R. J. Morley. 1991. Ge-
ological reconnaissance of the Ombilin Basin, Central Sumatra, In-
donesia. Indonesian Hydrocarbon Basin Assessment Project, LEMI-
GAS/BGS/University of London, Confidential Report, 91/1.

ICZN. 2003. Opinion 2058 (case 2661) Macropodinae Hoedeman, 1948
(Osteichthyes, Perciformes) spelling emended to Macropodusinae so
removing homonymy with Macropodinae Gray, 1821 (Mammalia,
Marsupialia). Bull. Zool. Nom. 60:253-254.

Jermiin, L.S.,S. Y. W.Ho, F. Ababneh, J. Robinson, and A. W. D. Larkum.
2004. The biasing effect of compositional heterogeneity on phyloge-
netic estimates may be underestimated. Syst. Biol. 53:638-643.

Jordan, D. S.1923. A classification of fishes including families and gen-
era as far as known. Stanford University Publications, University
Series, Biological Sciences II1:77-243.

Kishino, H., and M. Hasegawa. 1989. Evaluation of the maximum like-
lihood estimate of the evolutionary tree topologies from DNA se-
quence data, and the branching order in Hominoidea. J. Mol. Evol.
29:170-179.

Kishino, H., J. L. Thorne, and W. J. Bruno. 2001. Performance of a di-
vergence time estimation method under a probabilistic model of rate

evolution. Mol. Biol. Evol. 18:352-361.

Kocher, T. D., W. K. Thomas, A. Meyer, S. V. Edwards, S. Péédbo, E. X.
Villablanca, and A. C. Wilson. 1989. Dynamics of mitochondrial DNA
evolution in animals: Amplification and sequencing with conserved
primers. Proc. Natl. Acad. Sci. USA 86:6196-6200.

Koesoemadinata, R. P, and T. Matasak. 1981. Stratigraphy and
sedimentation, Ombilin Basin, Central Sumatra (West Sumatra
province). Pages 217-249 in Proceedings of the Indonesian Petroleum
Association, Tenth Annual Convention, Jakarta, May, 1981.

Kottelat, M. 1991. Notes on the taxonomy and distribution of some
Western Indonesian freshwater fishes, with diagnoses of anew genus
and six new species (Pisces: Cyprinidae, Belontiidae, and Chaudhuri-
idae). Ichthyol. Explor. Freshwat. 2:273-287.

Kottelat, M., and T. Whitten. 1996. Freshwater biodiversity in Asia, with
special reference to fish. Page 59 in World Bank Technical Paper.

Lauder, G. V,,and K. F. Liem. 1981. Prey capture by Luciocephalus pulcher:
Implications for models of jaw protusion in teleost fishes. Environ.
Biol. Fish. 6:257-268.

Lauder, G. V,, and K. F. Liem. 1983. The evolution and interrelation-
ships of the actinopterygian fishes. Bull. Mus. Comp. Zool. 150:95-
197.

Liem, K. F. 1963. The comparative osteology and phylogeny of the
Anabantoidei. Ill. Biol. Monogr. 30:1-149.

Liem, K. F. 1967. A morphological study of Luciocephalus pulcher, with
notes on gular elements in other recent teleosts. J. Morphol. 121:103-
134.

Liem, K. F. 1980. Air ventilation in advanced teleosts: Biomechanical
and evolutionary aspects. Pages 57-91 in Environmental physiology
of fishes (M. A. Ali, ed.). Plenum Press, New York.

Lockhart, P.J., C. J. Howe, D. A. Bryant, T. J. Beanland, and A. W. D.
Larkum. 1992. Substitutional bias confounds inference of cyanelle
origins from sequence data. J. Mol. Evol. 34:153-162.

Lockhart, P.J., M. A. Steel, M. D. Hendy, and D. Penny. 1994. Recovering
trees under a more realistic model of sequence evolution. Mol. Biol.
Evol. 11:605-612.

Loépez,J. A.,, W.-]. Chen, and G. Orti. 2004. Esociform phylogeny. Copeia
2004:449-464.

Loytynoja, A., and M. C. Milinkovitch. 2001. SOAP: Cleaning multiple
alignments from unstable blocks. Bioinformatics 17:573-574.

Lundberg, J. G. 1993. African-South American freshwater fish clades
and continental drift. Problems with a paradigm. Pages 156-199 in
Biological relations between Africa and South America (P. Goldblatt,
ed.). Yale University Press, New Haven, Connecticut.

Lundberg, J. G. 1998. The temporal context for the diversification of
neotropical fishes. Pages 49-68 in Phylogeny and classification of
neotropical fishes (L. R. Malabarba, R. E. Reis, R. P. Vari, Z. M. S.
Lucena, and C. A. S. Lucena, eds.). EDIPUCRS, Porto Alegre, Brazil.

Maddison, D. R., and W. P. Maddison. 2001. MacClade 4: Analysis of
phylogeny and character, evolution, version 4.03. Sinauer Associates,
Sunderland, Massachusetts.

Martin, A. P,, and S. R. Palumbi. 1993. Body size, metabolic rate, gen-
eration time, and the molecular clock. Proc. Natl. Acad. Sci. USA
90:4087-4091.

Meyer, P. E. 1904. Die Kiemenh&hle und das Kiemengeriist bei den
Labyrintfischen. PhD thesis. Universitit Bern, Bern, Switzerland.
Monod, T. 1949. Sur l’appareil branchiospinal de quelques Téléostéens

tropicaux. Bull. Inst. Fr. Afr. Noir 11:36-76.

Mooers, A. @., and E. C. Holmes. 2000. The evolution of base compo-
sition and phylogenetic inference. Trends Ecol. Evol. 15:365-369.

Mooers, A. @., and D. Schluter. 1999. Reconstructing ancestor states
with maximum likelihood: Support for one- and two-rate models.
Syst. Biol. 48:623-633.

Musper, K. A. E R. 1930. Beknopt verslag over de uitkomsten van
nieuwe geologische onderzoekingen in de Padangsche Bovenlan-
den. Jaarb. Mijnw. Ned.-Indié 58:265-331.

Nelson, G. J. 1994. Fishes of the World, 3rd edition. John Wiley & Sons,
New York.

Nolf, D. 1993. A survey of perciform otoliths and their interest for phy-
logenetic analysis, with an iconographic synopsis of the Percoidei.
Bull. Mar. Sci. 52:220-239.

Norris, S. M. 1994. The osteology and phylogenetics of the Anabantidae
(Osteichthyes, Perciformes). Ph.D. Thesis, Arizona State University,
Tempe.

Norris, S. M. 1995. Microctenopoma uelense and M. nigricans, a new
genus and two new species of anabantid fishes from Africa. Ichthyol.
Explor. Freshwaters 6:357-376.

Norris,S. M., and M. E. Douglas. 1992. Geographic variation, taxonomic
status, and biogeography of two widely distributed African fresh-
water fishes: Ctenopoma pethericiand C. kingsleyae (Teleostei: Anaban-
tidae). Copeia 1992:709-724.

Omland, K. E. 1997. Examining two standard assumptions of ancestral
reconstructions: Repeated loss of dichromatism in dabbling ducks
(Anatini). Evolution 51:1636-1646.

Pagel, M. 2003. Multistate v0.8. Division of Zoology, School of Animal
and Microbial Sciences, University of Reading, UK.

Palumbi, S., A. Martin, S. Romano, W. McMillan, L. Stice, and G.
Grabowski. 1991. The simple fool’s guide to PCR. University of
Hawaii Press, Honolulu.

Patterson, C. 1993a. Osteichthyes: Teleostei. Pages 621-656 in The Fossil
Record 2 (M. J. Benton, ed.) Chapman & Hall, London.

Patterson, C. 1993b. An overview of the early fossil record of acantho-
morphs. Bull. Mar. Sci. 52:29-59.

Penny, D., M. D. Hendy, E. A. Zimmer, and R. K. Hamby. 1990. Trees
from sequences: Panacea or Pandora’s box? Aust. Syst. Bot. 3:21-
38.

Peters, H. M. 1976. Geschlechtsmerkmale bei afrikanischen Buschfis-
chen. Aquar. Mag. 7:292-297.

Peters, H. M. 1978. On the mechanism of air ventilation in anabantoids
(Pisces: Teleostei). Zoomorphology 89:93-123.

Peters, W. C. H. 1853. Uber das Kiemengeriist der Labyrinthfische.
Arch. Anat. Physiol. Wiss. Med. 1853:427-430.

Pitman, W. C., S. Cande, ]J. LaBrecque, and J. Pindell. 1993. Frag-
mentation of Gondwana: The separation of Africa from South
America. Pages 15-34 in Biological relations between Africa and
South America (P. Goldblatt, ed.). Yale University Press, New Haven,
Connecticut.

Posada, D., and K. Crandall. 1998. ModelTest: Testing the model of
DNA substitution. Bioinformatics 14:817-818.

Rabinowitz, P. D., M. F. Coffin, and D. Falvey. 1983. The separation of
Madagascar and Africa. Science 220:67-69.

Rambaut, A., and M. Charleston. 2001. TreeEdit v1.0. Department of
Zoology, University of Oxford.

Rand, D. M. 1994. Thermal habit, metabolic-rate and the evolution of
mitochondrial-DNA. Trends Ecol. Evol. 9:125-131.

Riehl, R., and M. Kokoscha. 1993. A unique surface pattern and mi-
cropylar apparatus in the egg of Luciocephalus sp. (Perciformes,
Luciocephalidae). J. Fish. Biol. 43:617-620.

Roberts, T. R. 1992. Systematic revision of the Southeast Asian anaban-
toid fish genus Osphronemus, with descriptions of two new species.
Ichthyol. Explor. Freshwater 2:351-360.

Rosen, D. E. 1978. Vicariant patterns and historical explanation in bio-
geography. Syst. Zool. 27:159-188.

Riiber, L., R. Britz, S. O. Kullander, and R. Zardoya. 2004a. Evolutionary
and biogeographic patterns of the Badidae (Teleostei: Perciformes)
inferred from mitochondrial and nuclear DNA sequence data. Mol.
Phyl. Evol. 32:1010-1022.

20z Iy g uo 1senb Aq 29//991/v/€/€/SG/oI01E/0IgSAS /W00 dNO"0lWepEDE//:SdRY WOl PSPEOJUMOC



2006

RUBER ET AL—EVOLUTIONARY DIVERSIFICATION OF LABYRINTH FISHES

397

Riber, L, R. Britz, H. H. Tan, P. K. L. Ng, and R. Zardoya. 2004b. Evo-
lution of mouthbrooding and life-history correlates in the fighting
fish genus Betta. Evolution 58:798-813.

Riber, L., J. L. Van Tassell, and R. Zardoya. 2003. Rapid speciation
and ecological divergence in the American seven-spined gobies
(Gobiidae, Gobiosomatini) inferred from a molecular phylogeny.
Evolution 57:1584-1598.

Rutschmann, F. 2004. Bayesian molecular dating using PAML/
multidivtime. A step-by-step manual. University of Ziirich,
Switzerland.

Sanders, M. 1934. Die fossilen Fische der alttertidren
Siisswasserablagerungen aus Mittel-Sumatra. Verhandelingen
van het geologisch-mijnbouwkundig genoostschap voor Nedeland
en kolonién, Geologische Serie 11:1-144.

Sanders, W.J., and E. R. Miller. 2002. New proboscideans from the Early
Miocene of Wadi Moghara, Egypt. J. Vert. Paleol. 22:388-404.

Seitz, K. 1937. Untersuchungen zur biologischen Anatomie der
Erndhrung bei Helostoma temmincki. Anatomischer Anzeiger 85:230-
238.

Shimodaira, H., and H. Hasegawa. 1999. Multiple comparisons of log-
likelihoods with applications to phylogenetic inference. Mol. Biol.
Evol. 16:1114-1116.

Smith, A. B. 1992. Rooting molecular trees: Problems and strategies.
Biol. J. Linn. Soc. 51:279-292.

Sparks, J. S., and W. L. Smith. 2005. Freshwater fishes, dispersal ability,
and nonevidence: “Gondwana life rafts” to the rescue. Syst. Biol.
54:158-165.

Stiassny, M. L. J. 1991. Phylogenetic intrarelationships of the family Ci-
chlidae: An overview. Pages 1-35 in Cichlid fishes. Behaviour, ecol-
ogy and evolution (M. H. A. Keenleyside, ed.). Chapman & Hall,
London.

Storey, B. C. 1995. The role of mantle plumes in the continental breakup:
Case histories from Gondwanaland. Nature 377:301-308.

Storey, M., J. ]. Mahoney, A. d. Saunders, R. A. Duncan, S. P. Kelley,
and M. F. Coffin. 1995. Timing of hot spot-related volcanism and the
breakup of Madagascar and India. Science 267:852-855.

Swofford, D. L. 2002. PAUP*: Phylogenetic analysis using parsi-
mony (*and other methods), version 4.0b10. Sinauer Associates,
Sunderland, Massachusetts.

Swofford, D. L., G. L. Olsen, P. J. Waddell, and D. M. Hillis. 1996.
Phylogenetic inference. Pages 407-514 in Molecular systematics

(D. M. Hillis, C. Moritz, and B. K. Mable, eds.). Sinauer Associates,
Sunderland, Massachusetts.

Thompson, J. D., D. G. Higgins, and T. J. Gibson. 1994. CLUSTAL W:
Improving the sensitivity of progressive multiple sequence align-
ment through sequence weighting, position specific gap penalties
and weight matrix choice. Nucleic. Acids Res. 22:4673-4680.

Thorne, J. L. 2003. Multidivtime v25/9/2003. Department of Genet-
ics and Statistics, North Carolina State University. Available at
http:statgen.ncsu.edu/thorne/multidivtime.html.

Thorne, J. L., and H. Kishino. 2002. Divergence time and evolutionary
rate estimation with multilocus data. Syst. Biol. 51:689-702.

Thorne, J. L., H. Kishino, and I. S. Painter. 1998. Estimating the rate of
evolution of the rate of molecular evolution. Mol. Biol. Evol. 15:1647-
1657.

Vierke, J. 1975. Beitrage zur Ethologie und Phylogenie der Familie Be-
lontiidae. Z. Tierpsychol. 38:163-199.

Vierke, J. 1991. Brutpflegestrategien bei Belontiiden (Pisces, Anaban-
toidei). Bonn. Zool. Beitr. 42:299-324.

Weber, M., and L. F. De Beaufort. 1922. The fishes of the Indo-Australian
Archipelago. IV. EJ. Brill, Leiden, The Netherlands.

Wheeler, W. C. 1990. Nucleic acid sequence phylogeny and random
outgroups. Cladistics 6:363-368.

Wiegmann, B. M., D. K. Yeates, ]. L. Thorne, and H. Kishino. 2003.
Time flies, a new molecular time-scale for brachyceran fly evolution
without a clock. Syst. Biol. 52:745-756.

Wilcox, T. P. 2004. Cadence v1.08. Center for Computational Biology
and Bioinformatics, The University of Texas at Austin.

Wilcox, T. P, E ]J. Garcia de Le6n, D. A. Hendrickson, and D. M.
Hillis. 2004. Convergence among cave catfishes: Long-branch at-
traction and a Bayesian relative rates test. Mol. Phyl. Evol. 31:1101-
1113.

Yang, Z.1997. PAML: A program package for phylogenetic analysis by
maximum likelihood. Comp. Appl. Biosci. 13:555-556.

Zograff, N. 1888. On the construction and purpose of the so-called
labyrinthine apparatus of labyrinthic fishes. Quart. J. Microsc. Sci.
28:501-512.

First submitted 25 February 2005; reviews returned 12 July 2005;
final acceptance 24 October 2005
Associate Editor: Peter Linder

20z Iy g uo 1senb Aq 29//991/v/€/€/SG/oI01E/0IgSAS /W00 dNO"0lWepEDE//:SdRY WOl PSPEOJUMOC





