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Abstract

Treefrogs of the family Hyperoliidae are distributed in Africa, Madagascar and the Seychelles. In this study, their phylogeny was studied using
sequences of fragments of the mitochondrial 16S and 12S rRNA and cytochrome b genes. The molecular data strongly confirmed monophyly of
the subfamily Hyperoliinae but indicated that the genus Leptopelis (subfamily Leptopelinae) is more closely related to species of the African
family Astylosternidae. The Seychellean genus Tachycnemis was the sister group of the Malagasy Heterixalus in all molecular analyses; this clade
was deeply nested within the Hyperoliinae. A re-evaluation of the morphological data did not contradict the sister group relationships of these
two genera. The subfamily Tachycneminae is therefore considered as junior synonym of the Hyperoliinae. In addition, the molecular analysis did
not reveal justification for a subfamily Kassininae. Biogeographically, the origin of Malagasy hyperoliids may not be well explained by Mesozoic
vicariance in the context of Gondwana breakup, as indicated by the low differentiation of Malagasy hyperoliids to their African and Seychellean
relatives and by analysis of current distribution patterns.
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Introduction

The relationships and classification of the treefrogs of Africa,
Asia and Madagascar have been controversial since the dawn
of phylogenetic systematics. Old World treefrogs are defined by
the presence of (cartilaginous or ossified) intercalary elements
between ultimate and penultimate phalanges of fingers and
toes. They belong to the superfamily Ranoidea based on their
derived firmisternal shoulder girdle, as opposed to the super-
family Hyloidea, which has a plesiomorphic arciferal condition
of the shoulder girdle, is mainly distributed in the New World,
and also contains treefrog families that convergently evolved
intercalary elements (Duellman and Trueb 1986).

For many years, all Old World treefrogs have been grouped
in one family Rhacophoridae or Polypedatidae based on the
presence of the intercalary element (e.g. Noble 1931). Laurent
(1951) was the first to recognize that one large clade of Old
World treefrogs was more closely related to a group of non-
arboreal African frogs, today classified as family Astyloster-
nidae. He considered this lineage as family Hyperoliidae. The
separate status of the Hyperoliidae was later supported by the
cladistic analyses of Liem (1970), Drewes (1984), Channing
(1989) and Blommers-Schldsser (1993). The monophyly of the
family, however, has recently been questioned by molecular
data (Emerson et al. 2000).

The Hyperoliidae sensu lato include about 235 species (Glaw
et al. 1998a) of mainly arboreal frogs which are characterized
by combination of: (a) derived firmisternal condition of
shoulder girdle; (b) derived presence of an intercalary element;
and (c) plesiomorphic absence of a bony sternal style. These
frogs are distributed in Africa, Madagascar and the Seychelles.
The vast majority of genera and species occurs in Africa,
whereas the monotypic Tachycnemis is endemic to the
Seychelles, and Heterixalus (11 species; Vences et al. 2000b)
is endemic to Madagascar. Heterixalus was placed by most
workers close to African genera, mostly Hyperolius and
Afrixalus, while Tachycnemis has often been considered as
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one of the most basal representative of the Hyperoliidae
(Drewes 1984; Channing 1989). In contrast, the molecular
study of Richards and Moore (1996), based on sequences of a
fragment of the 12S rRNA gene in 14 hyperoliid taxa,
arranged Heterixalus as the well-supported sister group of
Tachycnemis. The Tachycnemis—Heterixalus clade was
arranged as the sister group of Afrixalus, and Leptopelis was
the sister group of all other included hyperoliid taxa. In a
combined analysis of the available molecular and morpholo-
gical data, Emerson et al. (2000) provided additional support
for the Tachycnemis—Heterixalus relationships. By providing
additional sequence data for a reduced set of taxa, these
authors found indications of non-monophyly of hyperoliids,
with Leptopelis being more closely related to the Arthrolept-
idae than to the other Hyperoliidae.

Because frogs are usually thought to be unable to disperse
across the open sea (e.g. Bossuyt and Milinkovitch 2001), they
appear to be a good model group to test plate tectonical
events. The Heterixalus—Tachycnemis relationship appears to
be congruent with the existence of a Madagascar—India
continent in the Cretaceous, which also included the Seychelles
(Richards and Moore 1996).

In the present study, our aim was to test the assumed
relationships between Malagasy and Seychellean hyperoliids by
analysis of additional DNA sequences and by a re-assessment
of morphological characters. Additionally, we investigated the
possible non-monophyly of the family by inclusion, for the
first time, of crucial outgroup taxa such as scaphiophrynine
microhylids and astylosternids.

Materials and methods

DNA was extracted using QIAmp extraction kits (QIAgen) from tissue
samples (hindleg muscle, either fresh or preserved in 98% ethanol).
Voucher specimens were deposited in the Zoologisches Forschungsin-
stitut und Museum Alexander Koenig, Bonn (ZFMK; see Table 1).
Other museum acronyms used are BMNH (The Natural History

www.blackwell.de/synergy



VENCES, KosucH, GLAW, BOHME and VEITH

206

‘(L661) [82qARID 0] 19Jo1 PUB JUBQUID) WOIJ PAUIRIQO dIoM JSLIdISE UR [JIM PIayIew sadouanbog

- 881S1TAV 6S€S1TdV T601'L661 NHNIN soe] snivuppdo.asiu snioydodviyy seutroydodeyy

- - 8PESI1TAV 0L02L INAZ (Ky1e00] Ou) open) 194 puladin.12X SIUDUO.TYD) sepuoydooeyy

— — LYES1TAY 190ZL INAZ uooJwe)) SUa2SfNd SUPULOA1YD) aepuoydooeyy

- €01PCIAV SEIPTIAV £8869 JNAZ Auewien) ‘Zus[qoy| pLp10dwid) Uy (oruTURY) SvpIULY

(S91) erqrueN ‘depreq

- 80CS1TAV PIvSITAV LTL99 AWAZ (ST1) BOLYY YINog ‘[joparg 1251100q WINULI2ISOID)) (sruruIRSOOR)) Sepluty
S8YS1TAV 6¥1S1TdV SIesITdv 69999 ANAZ TeosESEPEIA ‘Orequiy 2DUOSIPUD.LS SN A12DPIUD P SepI[[IUBIA
- LLISITAV 10€S1TAV 8€1Y9 ANAZ IedSESRPEIA ‘BUBJEWIOURY SISUDLIDISDSOPDUL D]]OIUD JAI SEPI[[PIUBIA
L8YS1TAV €91S1CAV ceesITdv S6v0L ANAZ IedseSepeA ‘ofes] noynop sydoog SEpI[[PIUBAL
- 6L1STTAV 0€EST1ZAV LE1H9 INAZ TeoseSepeA ‘9qIsepuy SISUALIDISDIDPVUL SH]A1oDP01d )3} QBPI[[OIUBIA

- PrIS1CAV G8€S1TAV paarasaid JoN (Ky11R00] OU) OpRI) 19 129211108 audaydorydnog (erurukiydorydeos) aepIAYOIoTA

- — $8ES1TAV paarasaxd JoN JeoseSepeI ‘ApuLiry] s142.4q audiydorydnog (orurukiydorydess) oepIAYOIdIA

- - 6vPS1TdV €889 JMINAZ BOLIJY INOS ‘BE[IS sisuappivu sijadojdoy asepijoradAH
86VS1TdV 1€2S1TdV 0T0LEYIV/8YS1TAV $8.89 ANAZ BOLJY INOS ‘TUIZUNIN sisuajpivu sijodordoy aseprjoredAq
L6YSTTAV 0€TS1TAY 600LEVIV/ETOLEPIY 9L6L9 ANAZ uooIWE) snysapout syjadordoy aseprjorodAy
- - LyPS1TAY $907L INAZ uooJwWe)) stigsotaa.q syjodordoy aeprjoradAy

- - IPPS1TAV paAtasaxd JoN BOLIJY YINOS ‘BIONT "I snorquivssowt syjodoida oeprjoradAy
00SS1CAV €ECSITAV SYSITdv 6L8T9 ANAZ SO[[aYd4ag ‘uljseId SI1SUafjoY2Aas S1uouIYov |, asepirjoradAH
- - ISYSITAV 96879 ANAZ S[[oY0Aag “dyeIA SISudj[oy24as Suuaud Yo aseprjoredAH
66vS1TAV TETSITAV 900LEVIV/0SHSITAV pasiesard 10N BOLJY INOS IPEISO 1yaa s ovpouniag aseprjoradAy
- - TIOLEVIV pangoreyeoun JNAZ uooIowe)) smpppovuiuil xvjdyjoyisido oepijorddAH

- 6CCS1TAV PryS1TdAV SY99 ANAZ BOLJY (INOS ‘IqUBUOqUIBM ] DIDINOvUL DUISSDY asepijoradAH
S6VS1TAV 8TCSITAV SHPS1TdV poalesard 10N BOLJY INOS ‘erong 11§ SISUIIDZUIS DUISSDY] asepijoradAH
YerSITAV STTsITAv - 6LL89 NNAZ BOLY [INOS “BYE[IS snosipiuas snijo1odd g aeprjorodAy
- YeTs1cdv Thrs1cdyv 9,99 JANAZ BIQIUEN ‘npuny sninsou snijo.1odd g asepijoradAy

- LTTSITAY IPrS12dV 81,99 MNAZ BOLYY (Inog “yelg o] snapyfipria smjotoddg aepnjoradAq

- €CCsITdv oPrS1TAV 9TL99 AWAZ BOLJY (INOS ‘u0lIsqieq snavyfiprua snijotod gy asepijorodAy

- cesicdv 6£VS1TAV 08L89 ANAZ BOLIJY (INOS ‘TUIZUNIIA sn3ap snijoodd g sepijoradAH

- 9CCs1Tdv LOOLEYIV/EhYS1TAV §TL99 ANAZ BOLIJY (INOS ‘TUIZUMA sinsuijiaqn) snijotodd g sepijoradAg
€6¥S1TdV - EPS1TAV paaasaid JoN uoorowe)) “ds snyjo.saddfy oepijorddAH
- - 9EPST1TAV 1202, INAZ TeosESepRIA ‘ApuLITy| SNIDLIISO2IN] SNIDX1I2]IF] oeprjorodAH
[543 5407 0TCs1Tdv YOOLEVIV/PEPSITAV 68999 ANAZ Teoseepey ‘ApuLiry A0]0O11] SNIDX112]2 ] asepirjorodAy
- - LEYSTTAV paazasaxd JON I1BOSESBPRIA ‘B[ROSBIA! SISULIDISDSDPDUL SNIDX1I2IIE] aeprjoradiy

- 122S12dV SEPSITAV paaasaid JoN Ieose3epeIq ‘oleuge[o], JTeON 11231120q SNIDX14219 ] seprjoradAH
16VS1TdV 61CS1TdV €O0LEVIV/EEYSTTAY poalesad J0N TeoSESEPERIA ‘eUBJEWIOURY SMIDIINS0qID SNPXLI2IIE asepijoradAH
- - EPS1TAVY paarasaid JoN (;euRyD) 9pen) 194 yloyssa.d xvjdyr03dd.i) seprjorediy

- 81TS1TAV 1ES1TAV 06L89 MNAZ (Kieo0] o) open 1od ds snppxtify aseprjorodAy

- L1TS1TAV 0EvSITAY €CPL9 JINAZ uoorowre) ‘qIpg S149D] SHIDXLYY sepijoradAy

- 91TS1CAY 6TrS1TAV paasasard 10N ©OLY Inog avusduy snpx1ify aepnjoradAg
68YS1TdV SICS1TAV SO0LEVIV/STYSITAV C6L89 AAZ BOLJY (INOS ‘IqUIBUOqUIBM Y SnIpYap SHDXLLY asepijoradAH
88YS1TAV Y1TS1TAV TO0LEYIV/LTYSITAV 000CL ANAZ UooIIWE) ‘0SOSEAN snsourds SnppX1YIUPIY aseprjoredAq
- SPIS1TAV WESI1TAY S1+89 INAZ 1S8R0 KIOA] YIBJ [BUOIIBN Q0WO)) SNIDAOULIDUL SNSTUD ] JepnosISy

- I7ISITAV I7€S1TAV SS169 INAZ uooIWE) “ONEUOIN snonoqns sdajqo10o8 9EPIUIASO[AISY
06¥S1TAV wis1TdV 800LEVIV/S0THTIAV €ELLY INAZ uoolawre) ‘qIpg 1210128 SnuLIdISOJAISY oepIIo)SO[AISY
- pOTHCIAV 9ETHTIAV €599 SINAZ UooIoWE)) ‘eqUIESSUONN SNISNGo. SnYIDLIPGOYILLL QBPIUIAISO[AISY

- - 011$21IAV P109[]09 JON. 1580D) KIOAT “YIed [BUONEN d0WO0)) xXp1sdut0ona) “3o PsSo1SoIP.v) oepndejoryiry

- 6€1S12dV - P9192[]09 10N U00IdWE)) ‘OYBUOIN “ds sidajoayiay aepndojoiyiry

- op1S1TdV LOTYTIAV ¥6L89 ANAZ uootowe) sipigoLva sdajo.ayrey sepndojoryiry
*LL601T - - SYILIT ZAN Suoy] Suoy snponsouvjout ofing sepruojng
- *EELTSN TTOLEYIV/60THTTAV - (S91) eneWING ISOA ‘PUB[SI BSEJA YEUR] 1adsv ofng aepruojng
915D stl (@/1) s91 Ioquinu Uord9[0) wsuQ soradg Apue g

Quad g owoIyo01£d 9y} Jo puk sauds YNYI SZI PUB S9I 9Y) JO sjudwiSedj paouanbos oy} 10J SIOQUINU UOISSIOOE JUBQUILD) JO puk ‘sisA[eue 10J pasn suswroads Jo IsIT | d]qeL



Molecular phylogeny of hyperoliid treefrogs 207

Museum, London), MRSN (Museo Regionale di Scienze Naturali, = g
Torino), MVZ (Museum of Vertebrate Zoology, Berkeley; FC, frozen (T Jl:_’ 2 (.'5 g %
tissue collection), UMMZ (University of Michigan Museum of < OZEH o=
Zoology), ZMA (Zodlogisch Museum Amsterdam), ZMB (Zoologis- @} 6 8 =) :E 8 — 5 2
ches Museum der Universitit, Berlin). Four pairs of primers were used o O g <EH : ::
to amplify sections of the mitochondrial 16S rRNA, 12S rRNA and [9 Ve u<2 4
cytochrome b genes. Primer sequences and PCR conditions are o | EER<ZIOETS R
summarized in Table 2. Of these fragments, the 12S rRNA portion E w<OU<Z< g g E) VLU [—‘ g
was homologous to the sequences of Richards and Moore (1996) and g B 8 z E 570 g o S & S E
Emerson et al. (2000), and could therefore be combined with these g Fuvu«wsE«3 O 2 l: : s &
previous data sets. Our 16S rRNA sequences, in contrast, correspond 3 E 8 :E E Q 6 g £ E 288 %0_3::
to sections that had not been sequenced by these authors, and could = e £z
therefore not be submitted to a combined analysis. S
PCR products were purified using QIAquick purification kits . g ﬁ
(QIAagen). Single-stranded fragments were sequenced using an = g §
automatic sequencer (ABI 377). Sequences were aligned using the g _ag <
CLUSTAL option of the computer program SEQUENCE NAVIGATOR g ORS) 5 § %’
(Applied Biosystems); alignments were subsequently adjusted manu- g [6 St) = O = = ::”
ally. Sequences were submitted to Genbank (see Table 1 for accession % <. & vy & gn Z
numbers). Highly variable regions of the 16S and 12S fragments were & <<™" <O =X
. <g.Ll= 90, 3 S on
excluded from the analysis. Z | =3z K =42
To assess whether the different gene fragments of the reduced taxa o<y ;‘: ﬁ 2 w0 [_“ 2 & SRS g SR
set could be submitted to combined analysis, partition homogeneity Q é S0 'E OO0 @ S SR g3
tests as implemented in PAUP*, version 4b8 (Swofford 2001) were used. ~ als é 6 = 2 % G = w B2 o%
Prior to phylogenetic reconstruction, we explored which substitution 2 Q2 dpose dppE&s AN A A 2 5
model fits our sequence data the best. Hierarchical likelihood ratio % z "g
tests were applied for testing the goodness-of-fit of nested substitution = F
models using the program MODELTEST (Posada and Crandall 1998). E g f::
Phylogenetic analyses were carried out using PAUP*. We calculated %D ::D g
maximum parsimony (MP) trees with gaps treated as a fifth character, “; — Z g
and neighbour-joining (NJ) and maximum likelihood (ML) trees with 5 o e j ~a 2
gaps treated as missing data. In the MP analyses, we conducted ib a :E O [_“ E ﬁ Q 2 2z
heuristic searches with initial trees obtained by simple stepwise E % < S 5 5 B g - g ,%
addition, followed by branch swapping using the TBR (tree bisec- = gb 8 9 g 8 @) g 85
tion-reconnection) routine implemented in PAUP*. Only minimal length g £ = < E g < ::f 4 g E)
trees were saved and zero length branches were collapsed. As g« K § = % T[L < § VLU 'g g
homogeneity of base frequencies was rejected in the combined g Z "5 5 2 .. ; Ng LSRN =
analysis, we chose the LogDet model for NJ analysis, which is robust £ & Gro E o "" & o~ =3
against possible variation of sequence evolution among lineages g‘ 2|2 é <E L=0 B el 22
(Lockhart et al. 1994). The ML trees were obtained using heuristic ST e RO« SY¥Se | 5T
searches with settings as in MP, using the substitution model proposed & g ﬁ
by MODELTEST for each data subset, respectively. 3 I @
Following Hedges (1992), 2000 bootstrap replicates were run ! 5=
(Felsenstein 1985) in all analyses except ML, where only 50-100 § a §
replicates were run because of computational constraints. Addition- ] l[: g2
ally, the robustness of nodes was tested by Shimodaira—Hasegawa tests = = 2 &
as implemented in pPAUP* (RELL bootstrap, 1000 replicates, one-tailed 2 -0 T 6 ES '%
test). o = B Eo < = g3
. . 5 5 < o . =
Own data on osteology refer to the following cleared and stained < g Ly O .2 °o &
(Dingerkus and Uhler 1977; Plosch 1991) specimens: Afrixalus 3 D 8 < = 8 O = = &
delicatus (ZFMK 68792); Afrixalus fornasinii (ZFMK 68789); Afrixa- = < | 7 <2 I R
lus fulvovittatus (ZFMK 62576):Afrixalus sp. (ZFMK 68790, 68791 & 5 0% 2 wE0 28 PPV £5
Heterixalus alboguttatus (ZFMK 68793); Heterixalus andrakata S = | 4d<g TE<EQ SN EARN 2 S
(ZFMK 52561, 52564); Heterixalus betsileo [ZMA 6724, ZMA 6756, S 592 appsw I 22
ZMA uncatalogued (field number 995), MRSN A399.4]; Heterixalus 22 E2xe So<«<&s SELRA 2 S
g =
luteostriatus (MRSN A393.7); Heterixalus madagascariensis (ZFMK o e
52574, 52647):Heterixalus punctatus (ZFMK 60018); Heterixalus g 2 gog
rutenbergi (ZFMK 59844); Heterixalus tricolor (ZFMK 52583); > A
Heterixalus ‘variabilis (ZFMK 52578, 53606); Hyperolius argus e o % =
(ZFMK 68780); Hyperolius nasutus (ZFMK 68782); Hyperolius g 2 % Q ig“
pusillus (ZFMK 68781); Hyperolius semidiscus (ZFMK 68779); Hyp- g g 835 8
erolius tuberilinguis (ZFMK 68778); Hyperolius viridiflavus (ZFMK s §D e ; g
68773-68777); Kassina decorata (ZFMK 67841); Leptopelis cf. bocagei ; & Té 2%
(ZFMK 68787, 68788); Leptopelis natalensis (ZFMK 68783—-68786); @) < ‘b %ﬁ
Leptopelis modestus (ZFMK 67412); Leptopelis mossambicus (ZFMK % E - S g
29444); Leptopelis rufus (ZFMK 67992); Phlyctimantis verrucosus g - 2 2 b
(ZFMK 58824); Tachycnemis seychellensis (ZFMK 62859, 62879, ) i W :» g s
BMNH 1976.1958). g 5 £28 g2 2
Familial arrangement throughout follows Vences and Glaw (2001). £ 5§ 28 s 2 < D
Considering the phylogenies of Emerson et al. (2000) and anticipating . 5 5 3 EE2E2F3d = § =
. . . ol O s O &7 | ©C 1)
the results obtained herein, the following names are used when © = E S 0S5 E8g | § 2 g
. . . . = = = B oy ERERXZ| C 2
referring to hyperoliid treefrogs: (1) Hyperoliidae sensu lato, to refer to = [w A ] SA<H? | 58 s
£ A T 3 g ol E£5E
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the family as currently understood (e.g. Drewes 1984; Duellman and
Trueb 1986), this entity is probably paraphyletic; (2) Hyperoliinae to
refer to all Hyperoliidae sensu lato except for Leptopelis; (3) Lepto-
pelinae to refer to species of the genus Leptopelis. For a phylogenetic
definition of the latter two taxa, see the section Discussion.

Results
Analysis of 16S rRNA sequences

A chi-square test did not reject the hypothesis of homogeneity
of base frequencies across taxa (p = 1). MODELTEST selected a
general time-reversible substitution model with a proportion of
invariable sites of 0.287, a gamma distribution shape parameter
of 0.534, empirical base frequencies (freqA = 0.3458; freqC =

0.2338; freqG = 0.1701; freqT = 0.2504) and substitution rates
(A—-C =399%41; A-G=11.0765; A-T =17.3495; C-G =

2.0263; C-T = 36.6485; G-T = 1) as best fitting the combined
data set. After exclusion of hypervariable sites, 471 characters
were available for analysis. Of these, 225 were constant, 59 were
variable but parsimony-uninformative and 187 were parsi-
mony-informative.

Figure 1 shows the results of an ML analysis carried out
under the substitution model suggested by MODELTEST. The
topologies of MP and NJ trees largely agreed with this tree and
are not shown. Three main lineages were distinguished and
supported by relevant bootstrap values in ML, MP and NJ
analyses: (1) a lineage containing all included Hyperoliinae
(bootstrap support 95-98%); (2) a lineage containing all
Ranidae, Rhacophoridae and Mantellidae (81-95%); (3) a
clade containing the Leptopelinae (Leptopelis) (100%). The
latter was grouped with arthroleptids, astylosternids and
Hemisus, but no relevant bootstrap support was found for
these relationships.

Within the Hyperoliinae, Afrixalus was not monophyletic.
The Afrixalus—Opisthothylax lineage was monophyletic in the
MP and NIJ analyses (not shown) but not in the ML analysis
(Fig. 1). Kassina was paraphyletic and included Semnodactylus.
Heterixalus was paraphyletic and included Tachycnemis.
Hyperolius was monophyletic. However, no convincing boot-
strap support was found for any of these topologies. In
contrast, the monophylum containing Tachycnemis and
Heterixalus received high support (91-100%).

Analysis of 12S rRNA sequences

For the data set including the sequences from Richards and
Moore (1996) and Emerson et al. (2000) and those obtained by
us, MODELTEST selected a general time-reversible substitution
model with a proportion of invariable sites of 0.268, a gamma
distribution shape parameter of 0.738, empirical base
frequencies (freqA = 0.3386; freqC = 0.2066; freqG = 0.1715;
freqT = 0.2833) and substitution rates (A-C =1.9913;
A-G =4.8308;, A-T=3.1322; C-G=0.2361; C-T=
13.7671; G-T =1). After exclusion of hypervariable sites,
321 characters were available for analysis. Of these, 148 were
constant, 35 were variable but parsimony-uninformative and
138 were parsimony-informative.

The ML tree obtained using this substitution model (Fig. 2)
largely agreed with the one based on the 16S sequences,
although bootstrap support for most aspects of the topology
was lower. Sequences from Genbank clustered with conspecific
sequences obtained by us in four cases (Heterixalus boettgeri,
T. seychellensis, Hyperolius viridiflavus, Hyperolius argus)

corroborating the validity of combining the two data sets. In
three cases the conspecific sequences did not result to be sister
groups: the two included Kassina maculata sequences were very
similar to each other but were arranged paraphyletically with
respect to Kassina senegalensis. A similar situation was found
in Heterixalus tricolor, but in neither case was the topology
supported by relevant bootstrap values. In contrast, the three
representatives of the Arthroleptidae studied by Emerson et al.
(2000) did not form a lineage with the Arthroleptis sequences
obtained by us, possibly because of a relatively large number
of uncertainties in our sequences.

Analysis of combined 16S rRNA, 12S rRNA and cytochrome
b sequences

In the analysis of the combined data in a reduced set of taxa,
chi-square tests contradicted homogeneity of base frequencies
in the combined data set (p < 0.05) but not in any of the
separate fragments in the reduced set of taxa (p > 0.5). A
partition homogeneity test did not reject the null hypothesis of
congruence of the included gene fragments (1000 replicates;
p = 0.53), thereby not contradicting their suitability for
combination in phylogenetic analysis. MODELTEST selected a
Tamura—Nei substitution model with a proportion of invari-
able sites of 0.276, a gamma distribution shape parameter of
0.521, empirical base frequencies (freqA = 0.3714; freqC =
0.2278; freqG = 0.1268; freqT = 0.2740) and substitution rates
(A-G =2.2692; C-T = 6.7289; all other rates = 1) as best
fitting the combined data set. This model was used in ML
analyses (Fig. 3). Of the total of 1821 included characters, 976
were constant, 279 were variable but parsimony-uninformative
and 566 were parsimony-informative.

Astylosternus was the sister group of Leptopelis in MP, NJ
and ML analyses (bootstrap support 84-99%) and the
Hyperoliinae were a monophylum (100%). Tachycnemis was
the sister group of Heterixalus (100%), and Acanthixalus was
the sister group of the Semnodactylus lineage (59-85%). The
two included species of Heterixalus were sister groups
(79-99%), rejecting the hypothesis of paraphyly of Heterixalus
versus Tachycnemis as suggested by the topology of the 12S
and 16S ML trees. Other splits were not sufficiently resolved.
Shimodaira—Hasegawa tests excluded significantly (p < 0.05)
all alternative topologies in which Tachycnemis and Heterixa-
lus were not sister groups, and all topologies in which
Leptopelis was nested within the Hyperoliinae; they did not
reject significantly, however, the alternative topology with
Leptopelis being the sister group of the Hyperoliinae.

In analyses of each of the separate gene fragments (16S
rRNA, 12S rRNA, cytochrome b), the Tachycnemis—Heter-
ixalus and the Astylosternus—Leptopelis lineage were mono-
phyletic under ML, MP and NJ models (not shown).

Reassessment of the relationships between Heterixalus
and Tachycnemis

Our molecular results corroborated those of Richards and
Moore (1996) regarding the close relationships between
Heterixalus (Madagascar) and Tachycnemis (Seychelles). The
sequences of the Tachycnemis specimens from the islands of
Praslin and Mahé were almost identical (a single substitution
in the 16S fragment), confirming the view of Nussbaum and
Wu (1995) that the Tachycnemis populations from the different
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Fig. 1. Maximum likelihood phylogram based on analysis of 471 bp of mitochondrial 16S ribosomal RNA gene sequences (16S fragment 1) of

frogs of the family Hyperoliidae sensu lato and other ranoid taxa. Vert

ical bars mark the two hyperoliid subfamilies recognized herein and mark

the apparent paraphyly of the family. Numbers above or below branches are bootstrap values in percentage (ML: 50 replicates; MP and NJ: 2000
replicates; values below 50% not given). Bufo asper was used as the outgroup

Seychellean islands are conspecific. All three analysed gene
fragments unequivocally suggested a sister group relationship
of Tachycnemis and Heterixalus. This stands in conflict with
the morphological and osteological phylogeny as available
from the literature (Drewes 1984). We therefore undertook a
re-evaluation of the osteology and morphology of these two
genera. According to Drewes (1984: Fig. 25), Tachycnemis is
the sister group of a clade containing Callixalus, Acanthixalus,
Chrysobatrachus, Opisthothylax, Hyperolius, Afrixalus and
Heterixalus, and is phylogenetically characterized by the aut-
apomorphies 1(2), 24(1) and the reversal (relative to the state
considered as plesiomorphic in the Hyperoliidae sensu lato)
9(1). The remaining lineage is characterized by the synapo-
morphies 1(0), 20(2). The Heterixalus—Hyperolius—Afrixalus
lineage is characterized by the synapomorphy 18(5). Heterixa-
lus is characterized by the autapomorphy 9(0) and the reversal

14(1) (see below for an explanation of these characters and
character states).

Comparing the character states of Tachycnemis and Heter-
ixalus in appendix B of Drewes (1984), phylogenetically
relevant differences between Heterixalus and Tachycnemis
regard his characters 1, 14, 18, 20, 23, and 24. Additionally,
we here reviewed character 9, although the mentioning of a
difference in this character probably is a typing error in the
legend to Fig. 25 of Drewes (1984). Drawings and figures of
the different character states are included in Drewes (1984).
Four of the distinctive states do not refer to reliable characters
with a constant distribution of states among hyperoliid genera
according to the data presented in Drewes (1984). The
sphenethmoid (character 1) is either present or absent (states
0 and 1) in different species of Kassina; the terminal phalanx of
the third finger (character 14) can be either claw-shaped
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Fig. 3. Maximum likelihood phylogram based on a combined analysis
of 415 bp of the cytochrome b gene, as well as 409 bp of the 12S and
997 bp (two fragments) of the 16S ribosomal RNA gene sequences of
frogs of the families Hyperoliidae and Astylosternidae. Numbers are
bootstrap values in percentage (ML: 500 replicates; MP and NJ: 2000
replicates; values below 50% not given)

(state 0) or peniform (state 1) in Hyperolius; the vocal sac
openings (character 20) are lateral slits in most Kassina (state
1) but anterior slits (state 2) in Kassina lamottei; the tympanum
(character 23) has even an own state (state 1) according to

Fig. 2. Maximum likelihood phylo-
gram based on analysis of 321 bp of
12S ribosomal RNA gene sequences
of frogs of the families Hyperolii-
dae, Arthroleptidae and Astylos-
ternidae. Numbers are bootstrap
values in percentage (ML: 60 rep-
licates; MP and NJ: 2000 repli-
cates; values below 50% not given).
Bufo asper was used as the out-
group. Taxa marked with asterisks
correspond to sequences from the
work of Richards and Moore
(1996) as obtained from Genbank

Drewes (1984), which codes ambiguity, i.e. ‘tympanum visible
or hidden’.

Drewes (1984) had one skeleton of Heterixalus madagasca-
riensis, one X-ray figure of Heterixalus rutenbergi, and three
skeletons of Tachycnemis available for comparison. In the
course of the present study, 15 skeletons of nine Heterixalus
species and three skeletons of Tachycnemis were examined.
External morphology was examined in a larger number of
specimens of all known Heterixalus species and in Tachycnemis
specimens from different islands.

Character 1 [sphenethmoid: invisible or barely visible
dorsally in Heterixalus (state 0), 0.3-0.5 the length of fronto-
parietals in Tachycnemis (state 2); Drewes 1984]. In the ZFMK
material available to us, the sphenethmoid was barely visible
dorsally, as a partly divided element just anterior to the
frontoparietals. BMNH 1976.1958 had a wider sphenethmoid
exposure, but only if referring to cartilaginous elements; the
mineralized structures did not reach anteriorly the level of the
nasals. Drewes (1984) emphasized the sphenethmoid extension
in the largest hyperoliids, Leptopelis and Tachycnemis, as
invading the planum anteorbitale and consisting of a com-
pletely ossified space between nasals. We assume that in
Tachycnemis this is the case only in very large (female)
specimens, as the sphenethmoids of the smaller males we
examined were by no means comparable with that of similarly
sized Leptopelis (e.g. L. natalensis, ZFMK 68784 and 68786).
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These actually had a very distinct mineralized frontoparietal
extending anteriorly into the region between the nasals.

Character 9 [posterolateral process of hyoid: present in
Heterixalus (state 0), absent in Tachycnemis (state 1) (Drewes
1984: Fig. 25), although present in both taxa according to
Drewes (1984: appendix B, and corresponding genus diagno-
ses)]. Such processes are typical for most neobatrachian
anurans (Trewavas 1933), and are generally well developed
and easily recognizable. However, in Tachycnemis the process
is extremely small and barely visible (Drewes 1984: Fig. 5, and
own observations on BMNH 1976.1958). Own examinations
showed that the process was present in Heterixalus albogutt-
atus, Heterixalus madagascariensis, and as very small rudiment
in Heterixalus betsileo, but was absent in Heterixalus luteo-
striatus, Heterixalus rutenbergi and Heterixalus ‘variabilis’.

Character 14 [terminal phalanx of third finger: claw-shaped
in Heterixalus (state 0), peniform with a notable constriction
near tip, less curved in Tachycnemis (state 1); Drewes 1984].
The shape of the terminal phalanx of the third finger clearly is
not a valid character to distinguish between Heterixalus and
Tachycnemis specimens according to our observations. Many
Heterixalus do have rather claw-shaped terminal phalanges
(e.g. Heterixalus madagascariensis, ZFMK 52574), but other
specimens (e.g. Heterixalus luteostriatus, MRSN A393.7) have
a very distinct terminal constriction. On the other hand, in one
examined Tachycnemis (ZFMK 62879) this constriction was
very indistinct, and the phalanx was not distinguishable from
the more claw-shaped elements of most Heterixalus.

Character 18 [gular gland: a median disc with free lateral
and posterior margins, overlying the vocal pouch which
consists of extensive folds of thin, non-pleated skin in
Heterixalus (state 5), a medial disc or oval surrounded by
loose, thin, unfolded, non-distensible skin in Tachycnemis
(state 3); Drewes 1984]. The difference in structure and
arrangement of gular gland and vocal pouch was not a
consistent difference between Heterixalus and Tachycnemis in
the material examined. All Tachycnemis actually had a gular
gland which, as described by Drewes (1984), was a median disk
surrounded by unfolded and non-distensible skin. In Heter-
ixalus, several specimens had the state described by Drewes
(1984), i.e. the gland disc was free posteriorly, and overlying a
vocal pouch of extensive folds of thin skin (e.g. in ZFMK
57410, Heterixalus luteostriatus). However, other specimens
clearly lacked the vocal pouch as in one Heterixalus betsileo
specimen from Montagne d’Ambre (ZFMK 57411).

Character 20 [vocal sac openings: lateral slits in Heterixalus
(state 1), anterior slits in Tachycnemis (state 2); Drewes 1984].
We have not been able to determine reliably the position of the
vocal slits that requires a careful dissection (Drewes
1984).

Character 23 [tympanum: always obscured by epidermis or
absent in Heterixalus (state 2), externally visible in Tachycn-
emis (state 0); Drewes 1984]. The tympanum in Heterixalus is
generally largely concealed (Blommers-Schlosser and Blanc
1991), but in most preserved specimens it is possible to
recognize and measure it (e.g. Glaw and Vences 1993). On the
other hand, although most large Tachycnemis specimens have
generally a rather well visible tympanum margin, smaller
specimens approach the state of Heterixalus. So, in ZFMK
33303, the tympanum is almost invisible. The visibility of the
silhouette of the tympanum may also be related to the state of
fixation and preservation of the examined specimens. Those
that have been fixed using 96% ethanol during an extended
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period of time, or being partly desiccated, have a less concealed
tympanum as their skin fits tighter around the ear region. This
observation holds true both for Tachycnemis and Heterixalus.

Character 24 [intercalary element: peripherally mineralized
with cartilaginous central part in Heterixalus (state 2), carti-
laginous, unmineralized in Tachycnemis (state 1); Drewes
1984]. Regarding the degree of mineralization of the intercalary
elements, our observations do not agree with those of Drewes
(1984). Although one specimen of Tachycnemis (ZFMK 62859)
had only slightly mineralized intercalary elements (with a
distinct peripheral calcification, however), in the second exam-
ined specimen (ZFMK 62879) the intercalaries were strongly
stained by alizarin red, and thus largely calcified. No difference
was noted between that specimen and most Heterixalus. On the
other hand, intercalary elements in several Heterixalus showed
very little calcification and were largely stained only by alcian
blue (e.g. Heterixalus luteostriatus, MRSN A393.7). We also
observed calcification in the intercalaries of some Leptopelis
(e.g. L. natalensis ZFMK 68784), but the mineralized part was
located internally in the centre of the element, not externally as
in other hyperoliids. This confirms the observation of Drewes
(1984) that the intercalaries of Leptopelis are different from
those of other hyperoliids, and may be composed of juvenile
cartilage. The fact that the mineralization of the intercalary
elements both in Tachycnemis and Heterixalus starts peripher-
ally emphasizes the distinction of Tachycnemis from Leptopelis,
and indicates that the slight differences between the elements of
Tachycnemis and Heterixalus are only gradual modifications of
a basically identical structure.

Discussion
Non-monophyly of the Hyperoliidae sensu lato

One conspicuous result of the 16S tree (Fig. 1) was the lack of
support of monophyly of the Hyperoliidae sensu lato. Instead,
two main clusters were distinguished, the Leptopelinae (con-
taining the genus Leptopelis only) and the Hyperoliinae
(containing all other genera). This topology was corroborated
by the combined sequence analysis, in which species of
Leptopelis were placed with Astylosternus rather than with
the Hyperoliinae (Fig. 3). Leptopelis lack a number of
important apomorphies common to the Hyperoliinae (Drewes
1984), especially the gular gland of males. Its classification
within the Hyperoliidae sensu lato was largely based on the
presence of an intercalary element, which however is known to
be of little phylogenetic value (Glaw et al. 1998b). In the
analyses of Liem (1970), Drewes (1984) and Channing (1989),
as well as in the molecular study of Richards and Moore
(1996), the Hyperoliidae sensu lato resulted as monophyletic
group, but the taxa which most likely are their closest relatives
(the Astylosternidae and Arthroleptidae) were not or not
adequately sampled and included. In contrast, Emerson et al.
(2000) also found evidence for paraphyly of the Hyperoliidae
sensu lato. The molecular trees and total evidence trees
(combining the available molecular and morphological data)
of these authors were not congruent regarding the phylogene-
tic position of Leptopelis, but the genus was never placed in a
monophyletic group with the Hyperoliinae. Despite the
relatively high bootstrap values indicating non-monophyly of
the Hyperoliidae sensu lato, the null hypothesis of their
monophyly could not be significantly rejected by the
Shimodaira—Hasegawa tests performed herein. We suppose
that future work will identify the actual sister group of
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Leptopelis and thereby contribute to a better understanding of
the basal ranoid radiation in Africa.

Intergeneric relationships

Summarizing the data presented herein, none of the morpho-
logical and osteological characters used by Drewes (1984) to
distinguish phylogenetically Tachycnemis from Heterixalus can
be used convincingly as argument against a close relatedness of
both genera. Some of the differences (especially the spheneth-
moid extension) are perhaps explained by retention of paedo-
morphic characters in the (smaller) Heterixalus. Thus, the
monophyletic group containing these two genera was suppor-
ted by analysis of 16S, 12S and cytochrome b sequences and
not convincingly contradicted by morphology, and it should
therefore be considered as one of the best-evidenced clades in
the Hyperoliidae. Their close relationships are also emphasized
by the fact that the 16S and the 12S Maximum Likelihood
trees suggested a paraphyly of Heterixalus with respect to
Tachycnemis (Figs 1 and 2). However, the combined analysis
(Fig. 3), which included two of the most divergent Heterixalus
species (H. boettgeri and H. tricolor) clearly supported the
monophyletic group containing these two species, as opposed
to their sister group Tachycnemis. This indicates that the
paraphyletic arrangements of Heterixalus in the other trees,
which in no case was supported by relevant bootstrap values,
most likely are artefacts. They might have been caused by a
relatively low number of informative sites with respect to the
differentiation within the Heterixalus—Tachycnemis lineage.
Afrixalus has been related to Kassina by Laurent (1944) but
clustered close to Hyperolius and Heterixalus in the studies of
Liem (1970) and Drewes (1984). Laurent (1972) explained
this with the presumably paedomorphic character states in
Afrixalus, which often are very small frogs. The available
molecular data are equivocal regarding the position of
Afrixalus, but the genus never was placed as a direct sister
group to Kassina (and related genera). This seems to be better
in accordance with the points of view of Liem (1970) and
Drewes (1984) than with the opinion of Laurent (1944, 1972).
On the other hand, Opisthothylax immaculatus, a representa-
tive of a monotypic genus from western Africa, was placed
close to species of Afrixalus in the 16S analysis. The morpho-
logical analysis of Drewes (1984) did not detect close phylo-
genetic relationships between these two genera, but they share
the behaviour of depositing their clutches into folded leafs
(Opisthothylax further producing a foam nest; Schietz 1999).

Subfamilial classification

Several proposals of subfamilial classification of the Hyperol-
iidae sensu lato have so far been published. Dubois (1981)
proposed to divide the family into three subfamilies, the
Leptopelinae, Kassininae and Hyperoliinae. Channing (1989)
introduced a subfamily Tachycneminae, assuming that Tachyc-
nemis was the most basal hyperoliid after Lepropelis. Blom-
mers-Schlosser (1993) accepted explicitly the Leptopelinae
beside ‘other hyperoliids’. Considering the results presented
herein, we propose to accept only two subfamilies, the
Leptopelinae (Leptopelis) and the Hyperoliinae (all remaining
genera). The names Tachycneminae and Kassininae are
considered as junior synonyms of Hyperoliinae. The sister
groups of both the Leptopelinae and the Hyperoliinae have
not been reliably identified by the available phylogenetic

analyses, and therefore any stem-based definition of these taxa
seems difficult at present. As all genera included in the
Hyperoliinae share one conspicuous and derived character (the
gular gland of males) we consider it as most appropriate to
define the subfamily as apomorphy-based taxon that includes
all ranoid frogs characterized by this synapomorphy. In
contrast, the Leptopelinae are not known to share any unique
derived character. They could be defined phenetically as
firmisternal frogs with distinctly vertical pupil and with an
intercalary element between ultimate and penultimate pha-
langes of fingers and toes. By combination of these three
characters, a species can be easily recognized as representative
of the genus Leptopelis. We therefore define the Leptopelinae
as node-based taxon containing all members of the genus
Leptopelis.

Biogeography

The sister group relationship of the Malagasy Heterixalus to
the Seychellean Tachycnemis, and the placement of this linecage
among the African hyperoliids is well corroborated. This
topology was explained by Richards and Moore (1996) as
result of continental drift events. According to geological data
(Barron et al. 1981; Rabinovitz et al. 1983; Pitman et al. 1993;
Storey 1995; Storey et al. 1995), Madagascar separated from
Africa at 165-121 million years before present (myr) but
remained attached to India and the Seychelles. The separation
between Africa and South America has been dated at 101-
86 myr, and the separation between Madagascar and India at
88—63 myr.

It is generally assumed that the ancestors of the endemic
Malagasy frog taxa, including the Mantellidae and Hyperol-
iinae, were present on the Madagascar—India continent and
evolved in isolation after the separation of India and the
Seychelles from Madagascar (Duellman and Trueb 1986;
Richards and Moore 1996; but see Vences et al. 2000a). It is
further hypothesized that rhacophorids and ranids reached
Asia on the drifting Indian subcontinent (Bossuyt and Milin-
kovitch 2001).

Presence of the Hyperoliinae on the Madagascar—India
continent implies a very early age of their evolution. Such an
assumption, however, meets with several contradicting facts.
The first problem is the absence of these frogs in South
America which separated from Africa at least 20 myr later
than Madagascar—India (Barron et al. 1981; Rabinovitz et al.
1983; Pitman et al. 1993). Furthermore, Madagascar was
apparently connected to South America via the Kerguelen
plateau and Antarctica in the Late Cretaceous (Sampson et al.
1998; Krause et al. 1999). Many representatives of the
Hyperoliinae are very adaptive savanna species. Some are
widespread, such as the forms of the Hyperolius viridiflavus
complex, which occur in most of subsaharan Africa (Schiotz
1999). Only few derived hyperoliid lineages can be considered
as strict inhabitants of rain forests or of refugial mountain
habitats (e.g. Wieczorek et al. 2000). This ecological adapta-
bility is shared by the Malagasy Heterixalus (which largely
breed in rice fields and are most common outside forested
areas; Blommers-SchlGsser 1982; Glaw and Vences 1993, 1994;
Vences et al. 2000b) and by African genera such as Hyperolius,
Afrixalus and Kassina. It may therefore be speculated that
their common ancestor was characterized by similar features.
It is difficult to understand why such a vagile group would not
have been able to colonize the presumably vast savannahs of
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South America before its separation from Africa (considering
the rather seasonal mesozoic climates in the interior of the
large continental landmasses; e.g. Spicer et al. 1994), and why
South America should not at least harbour some relicts of
these early invaders. Furthermore, if presence of the Hyper-
oliinae on the Madagascar—India—Seychelles continent is
assumed, it has to be explained why they went extinct in India
but not on the very small Seychelles Islands.

A second more relevant problem for the vicariance scenario
of hyperoliid origins is the low genetic differentiation between
the taxa involved. Molecular clock rates have been calibrated
for the 16S rRNA gene in many different animal groups (see
Avise 2000), and usually range between 0.2 and 1% pairwise
divergence per million year. Mean 16S divergence between
Tachycnemis and Heterixalus was 7.5%, mean divergence
between the Tachycnemis|Heterixalus lineage and the African
Afrixalus (its sister group in our analyses) was 13%. Molecular
clock estimates are often of limited value due to statistical
qualifications (e.g. Hillis et al. 1996), and no calibrations are so
far available for the Hyperoliinae. However, it can be stated
that vicariance scenarios for their divergences (130 myr for the
split between Africa and Madagascar/Seychelles, and 63 myr
for the split between Madagascar, India and the Seychelles)
would require the assumption of unprecedentedly low substi-
tution rates of about 0.1% pairwise divergence per myr in the
16S rRNA gene.

Anurans are unlikely to cross saltwater barriers as indicated
by their absence on oceanic island (Darwin 1859). However,
the origin of anurans on Caribbean islands is best explained by
oversea dispersal (Hedges et al. 1992). Hyperoliids may have
reached Madagascar from Africa during the Tertiary using
temporarily existing islands and land bridges as stepping
stones (McCall 1997; see also Rage 1996). An origin by
dispersal is probable for many extant Malagasy reptile and
mammal groups (e.g. Yoder et al. 1996; Caccone et al. 1999;
Mausfeld et al. 2000; Vences et al. 2001a,b). Frogs adapted to
arid conditions and resting on sun-exposed leafs or in leaf
axils, as many representatives of the Hyperoliinae, are
certainly among the amphibians most likely to disperse by
rafting.

Palacontological data indicate an important faunal turnover
in Madagascar after the Cretaceous (Krause et al. 1996, 1997,
1999). Feller and Hedges (1998) have recently pointed out that
the almost complete absence of ranoid frogs in South America,
and the lack of several major groups of hyloids in Africa and
Asia (e.g. leptodactylids, dendrobatids, centrolenids), may
indicate that the main split between these two groups of
neobatrachian anurans was caused by vicariance in the context
of the Africa—South America separation. This implies an origin
and dispersal of Old World treefrogs after the separation of
Africa and Madagascar. Although vicariance often offers more
appealing explanations, dispersal hypotheses should not be
disregarded when investigating into the origin of the extant
Malagasy frog radiations.
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Zusammenfassung

Molekulare Phylogenie der Riedfrosche (Hyperoliidae): Biogeogra-
phischer Ursprung der auf Madagaskar und den Seychellen verbreiteten
Taxa mit einer Neuanalyse der Paraphylie der Familie

Die Familie der Riedfrosche (Hyperoliidae) ist in Afrika, Madagaskar
und den Seychellen verbreitet. In dieser Arbeit untersuchten wir die
Phylogenie dieser Gruppe auf der Basis von partiellen Sequenzen der
mitochondrialen 16S und 12S rRNA und Cytochrom b Gene. Die
molekularen Daten unterstiitzten die Monophylie der Unterfamilie
Hyperoliinae, aber wiesen darauf hin, dass die Gattung Leptopelis
(Unterfamilie Leptopelinae) nidher mit Vertretern der afrikanischen
Familie Astylosternidae verwandt ist. Die endemische Seychellen-
Gattung Tachycnemis war die Schwestergruppe der madagassischen
Heterixalus; die Linie aus diesen beiden Gattungen stand innerhalb der
ibrigen Hyperoliinae. Eine genauere Neuanalyse morphologischer
Merkmale lieferte keine {iiberzeugenden Argumente, die dieser
Schwestergruppenbeziehung widersprechen. Die Unterfamilie Tachyc-
neminae wird daher als Synonym der Hyperoliinae aufgefasst. Zudem
lieferten die molekularen Daten auch keine iiberzeugende phylogen-
etische Begriindung fiir die Aufrechterhaltung einer eigenen
Unterfamilie Kassininae. Die schwache molekul molekulare are
Differenzierung der madagassischen Hyperoliiden zu ihren néchsten
Verwandten auf den Seychellen und in Afrika, sowie das Gesamtareal
der Hyperoliidae, weisen darauf hin, dass ihr biogeographischer
Ursprung nicht oder nicht vollstdndig durch mesozoische Vikarianz-
ereignisse im Zusammenhang mit dem Auseinanderbrechen von
Gondwana erkldrt werden kann.
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