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Abstract. Allozyme electrophoresis was carried out on a total of 120 specimens belonging
to 12 species of Malagasy poison frogs of the genus Mantella. Allele frequencies computed for
17 scored loci were used to analyze intrageneric relationships. Genetic distances between
Mantella aurantiaca, M. crocea and M. sp. 3 were very low, and their specific status is thus
questionable. Relatively low genetic distances were also found between (1) M. betsileo and
M. viridis, (2) M. baroni and M. cowani, and (3) M. pulchra and M. madagascariensis,
respectively. M. bernhardi and M. laevigata showed relatively high genetic distances to all other
taxa. A phylogenetic analysis of our data largely confirmed the phenetic clustering; two main
lineages could be distinguished, one consisting of M. bernhardi, M. expectata, M. viridis and
M. betsileo, and a second one containing the remaining taxa studied. Positioning of
M. bernhardi, M. laevigata and M. pulchra, however, is problematic as revealed by jacknife
analysis. Analyses by frequency parsimony revealed that a more parsimonious tree topology is
achieved by both changing the position of M. bernhardi in the tree, and by placing M. laevigata
as a sister species to all other taxa. The main phylogenetic conclusions drawn from this study are
largely in accordance with other results from independent data sets. The allozyme data show
that some very differently coloured taxa are virtually identical genetically, whereas other taxa
with nearly identical colour patterns are genetically well differentiated. The genus may therefore
be a good model for studies of aposematism and colour pattern evolution in amphibians. As
a general trend, Mantella species endemic to the rainforests of central eastern Madagascar
belong to few complexes of closely related forms, whereas most of the genetically well
differentiated species are found in the northern part of the island. The differentiation of the main
lineages in the genus may thus have largely occurred in northern Madagascar.
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Introduction

Madagascar, the fourth largest island in the world, harbours a large diversity of anuran
amphibians with a high level of endemism at species (>99%), genus (83%) and subfamily
(43%) levels (data from Glaw & Vences 1994). The origin and affinities of most
Malagasy amphibian groups are insufficiently known; the largest number of species is
currently included in the Ranidae, a family of controversial and unresolved systematics
(Duellman & Trueb 1986,Dubois 1992, Blommers-Schlosser 1993).
The most prominent group of Malagasy anurans is the genus Mantella which contains about
13 species according to Glaw & Vences (1994) and 15-17 species according to
Vences etal (submitted). Mantella are small and colourful frogs of scarce interspecific
morphological differentiation. Their classification, in the past, was mostly based on colour
patterns of preserved specimens, and thus largely dependent on subjective perceptions of
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levels of intraspecific colour variability by the respective workers (¢. g. Guib ¢ 1964, 1978,
Busse 1981, Blommers-Schlosser & Blanc 1991). Since many species of
Mantella are very attractive to the pet trade business, locally restricted and rare taxa may be
vulnerable to excessive collecting. A reliable assessment of distribution and abundance of
species, needed for a proper definition of conservation priorities, is only possible on the basis
of a stable taxonomy and clear species diagnoses.

Allozyme studies in various amphibian groups have proved to be useful both to recognize
cryptic species and to resolve species complexes (. g. Capula etal. 1985,Lanza etal.
1986, Highton 1989) and phylogenetic relationships between species (e. g. Hillis et
al. 1983, Hillis 1988, Duellman & Hillis 1987). In the present paper we study
allozyme differentiation of 12 Mantella taxa. Our aims are mainly (1) to describe genetic
differentiation within the genus and (2) to use the allozyme data to draw a hypothesis of
intrageneric phylogeny.

Material and Methods

Most specimens were obtained alive through the pet trade, and localities are therefore not
exactly and reliably known. Taxonomy follows Glaw & Vences (1994) except for (1)
M. sp. 3, which corresponds to a M. aurantiaca-like morph picturedin Glaw & Vences
(1994) on colour plate 52, (2) M. baroni which is used for the form named
M. madagascariensisin Glaw & Vences (1994) (see also Daly etal. 1996), and (3)
M. madagascariensis which is used for the form named M. ,,loppei“by Glaw & Vences
(1994). Justifications of these changes are given in Vences et al. (submitted). Specimens
were sacrificed, and muscle and liver tissues extracted and frozen at -80°C for
electrophoresis. Specimens were preserved in 70% ethanol and deposited in the collection of
the Zoologisches Forschungsinstitut und Museum Alexander Koenig, Bonn (ZFMK),
corresponding to the numbers ZFMK 62685-62796.

Table 1. Enzymes analyzed, electrophoretic conditions and tissue types used. Buffers are abbreviated as follows:
TC 1I pH 8 Tris-Citrate: 12% starch gel, 16 h, 100V, ca. 25 mA, ca. 4V/cm; TVB pH 8,0 (Tris-Borate-EDTA):
12% starch gel, 18 h, 80 V; AC pH 7,6 Amine-Citrate: 12% starch gel, 16 h, 100 V; PHOS pH 6,7 Phosphate-
Citrate: 12% starch gel, 16 h, 100 V. See Hille & Meinig (1996) for sources of stain and buffer protocols.
* substrate was leucile-alanine.

Enzyme E. C. Code Locus Direction Tissue Buffer
a-Glycerophosphate dehydrogenase 1.1.1.8  Gpdh anodal muscle TCII pH 8
Lactate dehydrogenase 1.1.1.27 Ldh-1,Ldh-2 anodal muscle ACpH 7,6
Malate dehydrogenase 1.1.1.37 Mdh-1 anodal/cathodal  muscle TCIIpHS,
PHOS pH 6,7
NADP-Malate dehydrogenase
(Malic enzyme) 1.1.1.40 Me anodal muscle PHOS pH 6,7
Isocitrate dehydrogenase 1.1.142 Idh-1,1dh-2  anodal muscle TCII pH 8
Adenylate kinase 2743 Ak anodal muscle TCIIpH 8
Phosphoglucomutase 275.1 Pgm-1 anodal muscle TCIIpH 8
Esterase 3.1.1.- Est3 anodal liver TVB pH 8
Peptidase 3.4.11.- Pep-LA* anodal muscle TCIIpHS
Guanine deaminase 3543 Gda anodal liver TVB pH 8
Adenosine deaminase 3544 Ada anodal muscle TCHpH 8
Aconitase 4213 Acon anodal liver TCIIpH 8
Mannose phosphate isomerase 53.1.8 Mpi anodal muscle ACpH 7,6
Glucose phosphate isomerase 53.19 Gpi anodal/cathodal  muscle PHOS pH 6,7
Serum protein - Prot-3 anodal liver/blood TVB pH 8
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Several taxa showed colour variability within the studied samples: M. aurantiaca (red and
orange morphs), M. sp. 3 (red and orange morphs), M. crocea (yellow and green morphs),
and M. cowani (red-black and yellow-black morphs). No relevant allozyme differentiation
was found between the morphs attributed to one taxon, respectively (data not shown), and
they were therefore included together in further analysis.

Allozyme electrophoresis followed standard techniques; a detailed description of the
method used (vertical starch gel electrophoresis) and sources for buffer and stain protocols
are provided by Hille & Meinig (1996). Electromorphs of 17 scorable loci were
assigned to alleles and coded in alphabetical order according to increasing anodal mobility.
Enzymes analyzed as well as buffer systems used are given in Table 1.

Genotypes per locus of each specimen are listed in the M.-Sc. thesis of the senior author
(Vences 1996 [unpublished]: Untersuchungen zur Phylogenie der madagassischen
Anurengattung Mantella, unter Integration biochemischer und morphologischer Merkmale)
which is deposited in the ZFMK.

Data were processed with BIOSYS-1 software (Swofford & Selander 198]) to
calculate allele frequencies, polymorphism and heterozygosity. Standard genetic distances
(D) between populations (N e i 1972) were estimated employing DISPAN (O ta 1993).

We used phenetic clustering to get an overview of genetic differentiation. Phenograms
were constructed from the D matrix by using the unweighted pair group-method with
arithmetic mean (UPGMA) (Sneath & Sokal 1973), and the Neighbor-Joining (NJ)
method (Saitou & Nei 1987). Bootstrap tests (Efron 1982, Felsenstein 1985)
for these trees were performed by 1000 replications with loci as units.

A phylogenetic analysis of the data was carried out with HENNIG86 software (Farris
1988), using one species of Mantidactylus (M. biporus) as outgroup (Mantidactylus and
Mantella together form the subfamily Mantellinae accordingto Glaw & Vences 1994).
Each allele was coded as one character, polarized by its presence or absence in the outgroup
(as regularly done in analysis of electrophoretic results, e. g. Veith 1996a;butseeMeier
1994 and Lipscomb 1994 for critizisms and restrictions of this method). HENNIG86
commands used were mh* in combination with bb*, and implicit enumeration (ie) for
exhaustive tree finding.

As complement of the cladistic analysis, the statistical method of jacknife analysis
(Lanyon 1985; see Siddall 1995) was applied for estimation of "tree confidence*.
This data resampling technique was selected as a means to discover the effect that taxon
removal may have on the stability of the results obtained from parsimony analysis. We used
two options of the programme LANYON.EXE in RANDOM CLADISTICS (M. Siddall
1995: Random Cladistics 3.0 - random.exe and random.doc). Option 1 results in a table
summarizing the effects of taxa removal. Critical taxa are those that induce the discovery of
many more equally parsimonious trees or depresse retention indices when they are deleted.
Problematic taxa (taxa difficult to place in the topology) increase the retention index when
deleted and shorten considerably the tree lengths. Executing option 3 invokes the calculation
of an index of clade stability, the Jacknife Monophyly Index (JMI) which assigns a value to
each clade according to its frequency of occurrence in jacknife pseudoreplicates.

To better deal with allele polymorphism, we also constructed several trees derived from
gene frequencies by frequency parsimony as implemented in the FREQPARS routine
Swofford &Berlocher 1987). Frequency arrays for the allozyme data were taken
from BIOSYS-1 output. Frequency parsimony searches for trees that minimize the total
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amount of allelic change as measured by the Manhattan distance. The method accommodates
polymorphism without the need for coding strategies that may be implicitly ambiguous, it
remarkably reduces the impact of sampling errors (e.g., the failure to down-weight rare
alleles in taxa) and optimally uses all frequency information that is otherwise lost in
presence/absence coding schemes (Berlocher & Swofford 1997).

Results

In Table 2, allele frequencies of the studied species are summarized. Table 3 informs about
estimates of mean heterozygosity and allele polymorphism. Alleles fixed for certain species
occurred at relatively few loci, and no diagnostic alleles were found. In all species, mean
observed heterozygosity was lower than expected at most loci (Table 3).

The UPGMA-phenogram (Fig. 1) based on Nei’s (1972) standard genetic distance
(D; see Table 4), as calculated from allele frequencies in Table 2, shows three clusters of
species separated by a distance equal to or less than 0.22: (1) Mantella betsileo and M. viridis;
(2) M. cowani and M. baroni; (3) M. madagascariensis, M. pulchra, M. aurantiaca, M. crocea
and M. sp. 3. The latter three cluster very close to each other (D<0.05). On the other hand,
three species remain rather distant to the others (D >0.3): M. bernhardi, M. laevigata and
M. expectata. Bootstrap values (=90) highly support the groupings 1-3 as described above;
the lowest bootstrap values characterize the positions of M. laevigata and M. bernhardi in the
phenogram. The Neighbor-Joining tree (Fig. 2) is largely in accordance with the UPGMA
phenogram results, except for (1) the joint clustering of M. viridis and M. expectata, and (2)
the different position of M. laevigata.

Results of the cladistic analysis are shown in Fig. 3. Two main clades are distinguished:
M. betsileo, M. viridis, M. expectata and M. bernhardi form one lineage, whereas the
remaining taxa form a second lineage. M. baroni and M. cowani appear as a monophyletic
unit, as does the group containing M. pulchra, M. madagascariensis, M. aurantiaca, M. crocea
and M. sp. 3. The latter three forms are grouped as a paraphyletic assemblage.

Table 5 shows the effects of jacknifing taxa, i. e. systematically leaving taxa out of the data
set in the cladistic analysis (option 1 in LANYON.EXE). Of the 12 ingroup taxa,
M. madagascariensis is critical since its exclusion induces the discovery of two equally
parsimonious trees. Similarly, M. pulchra, M. laevigata, and M. bernhardi are most problematic;
with the exclusion of either, the retention index rises because of its sensitivity to topological
character distribution (Farris 1989). Almost all monophyletic subclades in the tree retained
high jacknife support (IMI=100%; option 3 in LANYON.EXE), indicating the generally high
stability of clades within and among the most parsimonious trees found. Only the clade
comprising M. crocea, M. pulchra and M. madagascariensis is supported by a lower JMI (95%).

Summarizing these results, the position of two taxa (M. laevigata and M. bernhardi) is
not sufficiently corroborated by bootstrap values of UPGMA- and Neighbor-Joining trees.
Additionally, they were identified as problematic taxa in the cladistic analysis. We therefore
used FREQPARS to test whether alternative joining of these taxa may result in a more
parsimonious topology. However, as noted by Swofford &Berlocher (1987), the
implementation of FREQPARS has only limited ability to search for the shortest tree. We
therefore used the USERTREE option to specify favourable alternatives. The shortest
alternative (total branch length 92.33) found out of six trials is shown in Fig. 4. M. laevigata
is placed as sister group of all other taxa, whereas M. bernhardi appears as a sister group of
the aurantiaca-crocea-sp.3-pulchra-madagascariensis cluster.
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Table 2. Allele frequencies and sample sizes in the Mantella species studied. Abbreviations: bet = M. betsileo,
vir = M. viridis, exp = M. expectata, pul = M. pulchra, mad = M. madagascariensis, cow = M. cowani,
bar = M. baroni, 1ae = M. laevigata, ber = M. bernhardi, cro = M. crocea, aur = M. aurantiaca, sp3 = M. sp. 3,
OUT = outgroup (Mantidactylus biporus). For abbreviation of loci see Table 1. (N) = number of specimens scored
for a given locus and species.

bet vir exp pul mad cow bar lae ber cro aur sp3 OUT

Gpdh
(N) u 5 6 13 7 4 4 1 8 9 4 5 3
A 0.09 0 0 0.04 O 0 0 0.56 0.11 0
B 091 1 1 092 0.57 1 1 1 038 0.83 1 i 1
C 0 0 0 0.04 043 0 0 0.06 0.06 0
Ldhl
(N) 14 5 6 13 10 5 6 3 7 7 3 3 2
A 057 060 067 092 090 1 1 1 1 1 1 1 1
B 043 040 033 0.08 0.10 O 0 0 0 0 0 0 0
Ldh2
(N) 16 6 7 16 10 7 6 3 10 9 9 5 2
A 0 0 0 003 0 0 0 0 0 0 0 0 0
B 0 0.08 021 O 0 0 0 0 075 0 0.11 0 0
C 0 0 0 0.13 005 007 O 0 0 0 0 0.0 0
D 072 033 0.79 084 095 093 1 I 025 0.8 0.8 09 0
E 028 058 O 0 0 0 0 0 0 0.11 0 0 1
Mdh1
(N) 13 3 4 10 8 5 5 1 3 6 4 3 2
A 0 0 0 0 0 0 0.17 025 067 O
B 092 1 0 1 1 1 1 1 1 0283 0.75 0.33 1
C 0.08 1 0 0 0 0 0
Me
(N) 12 3 5 17 8 4 5 1 3 6 3 3 2
A 0 0 0 0 0 0 0 0 0 0 0 0 1
B 0 0 0 046 0.19 O 0 0 1 033 0 017 0
C 1 1 1 055 0381 1 1 0 0 0.67 1 083 0
D 0 0 0 0 0 0 0 1 0 0 0 0 0
Idhl
(N) 17 6 7 16 10 7 5 3 12 10 9 5 2
A 1 1 1 003 0 0 0 0.83 1 0 0 0.10 1
B 0 0 0 0.88 1 029 020 0.17 O 0.95 1 08 O
C 0 0 0 0 g 071 680 O 0 005 O 0 0
D 0 0 0 006 0 0 0 0 0 0 0 0.10 O
E 0 0 0 003 0 0 0 0 0 0 0 0 0
Idh2
(N) 10 6 7 16 10 7 6 2 9 8 7 5 0
A 040 O 0 034 045 1 1 1 0 1 1 1 -
B 0 0 007 O 0 0 0 0 1 0 0 0 -
C 060 ! 08 063 055 O 0 0 0 0 0 0 -
D 0 0 007 003 O 0 0 0 0 0 0 0 -
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Table 2. Continued

Mpi

(N) 14 3 3 12 8 4 4 1 3 8 3 4 1
A 0 0 0 0 0 0 0 0 0 0 0 0 1
B 0 0 0 0 0 0.13 0 0 0 0 0 0 0
C 036 0 1 004 006 0 025 O 050 O 0 0 0
D 039 017 0 008 0 0.8 075 0 0 0 0 0 0
E 0.14 067 0O 08 075 O 0 0 050 1 1 1 0
F 0.11 0.17 0 0 006 O 0 0 0 0 0 0 0
G 0 0 0 0 0.13 0 0 1 0 0 0 0 0
Gpi

(N) 15 3 5 10 8 5 3 1 4 6 4 3 2
A 0 0 0 045 O 0 0 0 0o 008 0 0.17 O
B 0 0 0 050 069 020 060 O 0.75 0.33 0.50 0.50 1
C 020 0.50 0.10 O 0 0 0 0 0 0 0 0 0
D 0 0 0 005 031 O 0 0 025 033 038 033 0
E 0.80 050 090 O 0 0.8 040 1 0 0 0 0 0
F 0 0 0 0 0 0 0 0 0 025 043 0 0

Prot-3

(N) 4 2 1 9 7 4 4 2 1 8 5 3 0
A 0 0 0 0 021 O 0 0 0 0 0 0 -
B 0 0 0 0 036 O 025 O 0 0 0.10 033 -
C 0 0 0 1 043 O 0 0 0 025 0 0 -
D 1 1 1 0 0 1 075 0 1 075 09 0.67 -
E 0 0 0 0 0 0 0 1 0 0 0 0 -

Table 3. Parameters of genetic variability in studied Mantella species. A locus was considered as polymorphic if
the frequency of the most common allele was below 95%; ** Unbiased estimate (Ne i 1978).

mean heterozygosity

mean sample size mean allele % polymorphic observed Hdy-Wbrg-
number loci prediction **
1. M. betsileo 11.740 .9 2 0.2 76 .5 0.105+0 .035 0.27840 .053
2. M. viridis 4.3+0 4 1.740 2 52.9 0.129+0 .069 0.29 +0.07
3. M. expectata 4.740 4 1.580.2 41 .2 0.04 +0.019 0.14610 .048
4. M. pulchra 12 240 .7 2 .440 .2 76 .5 0.205+0 .047 0.294+0 .057
6. M. madagascariensis 8 .3+0 .3 2.240.2 82 4 0.208+0 .046 0.35240 .061
7. M. cowani 5.3+0 4 1.610.1 52.9 0.14 +0.053 0.191+0 .056
8. M. baroni 4.9+0 2 1.610 .2 52.9 0.151+0 .058 0.26 0 .065
8. M. laevigata 1.910.2 1.110 .1 59 0.02 +0.02 0.02 +0.02
9. M. bernhardi 5.240.8 1.440 .1 353 0.105+0 .04 0.165+0 .06
10. M. crocea 7.580.3 2 0.2 76 .5 0.141%0 .045 0.298+0 .057
11. M. aurantiaca 5.120.5 1.5+0 .2 47 .1 0.088+0 .041 0.19840 .059
12. M. sp. 3 3.610.2 1.940.2 64 .7 0.184%0 .057 0.322+0 .071
Discussion

Mean heterozygosity as detected by us in Mantella is clearly lower than it would be expected
in a Hardy-Weinberg equilibrium. Such a result is not uncommon in electrophoretic studies,
the heterozygosity values found being either lower (e. g. Kaiser et al. 1994, Wood
1996) or higher (“fixed* heterozygosity, e. g. Picariello et al. 1990) than expected.
Deviations from the Hardy-Weinberg equilibrium may be caused by demographic events like
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—_Q.E M. betsileo
L M. viridis

_49] M. expectata

M. bernhardi

_ﬁ,: M. pulchra
96 M. madagascariensis

M. crocea

M. aurantiaca

84 M. sp.3

98— M. cowani
— b M. baroni

M. laevigata

Fig. 1. UPGMA-phenogram of the Mantella species studied, constructed from N e i’ s standard genetic distances
as given in Table 4. Numbers are bootstrap values in per cent (1000 replications).

—— M. betsileo
88

48 M. viridis
57 l M. expectata

M. bemhardi

M. pulchra

84
93 M. madagascariensis

M. crocea

58 M. aurantiaca
] 52[ p. sp. 3

90— M. baroni
M. cowani

M. lasvigata

Fig. 2. Neighbor-Joining tree of the Mantella species studied, constructed from N e i’ s standard genetic distances
as given in Table 4. Numbers are bootstrap values in per cent (1000 replications).

migration, selection against hybrids or assortative mating. Also a non-Mendelian basis of
zymogram variation can not be excluded Murphy et al. 1996). In the present study, we
tend to consider the deviation as a result of a conservative approach to zymogram interpretation.
Atypical heterozygote banding patterns are known in many enzymes (Richardson etal.
1986), and we preferred to score an atypical banding pattern as homozygotic expression of
known alleles, rather than as heterozygotes or “rare* different alleles. Actually interpreting
a heterozygote pattern (e. g. ab) as a homozygote of one of its alleles (aa or bb) may result in
strong effects on genetic distance measures, but generally has no influence on the cladistic
analysis. In the present study, results of the cladistic and the phenetic analysis (the latter based
on distance measures) are largely concordant (Figs. 1-3), and a relevant influence of
a possible unbiased interpretation of heterozygotes can thus be excluded.
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OUTGROUP
Mantella betsileo
Mantella viridis
Mantella expectata
Mantella bernhardi
Mantella laevigata

Mantella baroni
Mantella cowani

Mantella aurantiaca
Mantella sp. 3

Mantella crocea

Mantella pulchra

Mantella madagascariensis

Fig. 3. Most parsimonious cladogram resulting from cladistic analysis of allozyme data. Mantidactylus biporus
was used as outgroup. Length is 151 steps, consistency index is 50.

Table 4. Matrix of Nei’s (1972) standard genetic distances between Mantella species, based on allozyme data
of all 17 loci studied as given in Table 2. Abbreviations of species as in Table 2.

bet
vir
exp
pul
mad
cow
bar
lae
ber
cro
aur
sp3

bet

0

0.1190
0.4103
0.8067
0.7022
0.4009
0.5010
0.5553
0.4973
0.6912
0.6764
0.6809

vir

0

0.3074
0.6328
0.6441
0.6071
0.7738
0.7503
0.6306
0.6763
0.6557
0.6628

exp

0

0.8014
0.8219
0.7946
0.9072
0.7515
0.8321
0.8997
0.8276
0.8025

pul

0

0.0713
0.6339
0.7068
0.6946
0.8016
0.1702
0.1942
0.2200

mad

0

0.5649
0.5613
0.5615
0.7503
0.0961
0.0935
0.1109

cow

0

0.0702
0.4371
0.6856
0.4576
0.4207
0.4590

bar lae ber cro
0
0.5465 0 ¢

0.7683 0.6719 0

0.4820 0.5713 0.7032 0

0.459 0.6084 0.7591 0.0126 0
0.4692 0.5816 0.6995 0.0229 0

aur

Table 5. Effect of jacknifing on the phylogenetic data used for construction of Fig. 3. The effect of removal of one
taxon in turn on the number of equally most parsimonious trees, tree length, and retention index is shown.
Abbreviations of species as in Table 2.

deleted trees length ri
(none) 1 151 56
aur 1 148 55
sp3 1 146 55
vir 1 145 54
exp 1 139 56
pul 1 138 57
mad 2 145 53
cow 1 145 55
bar 1 146 55
lae 1 143 57
ber 1 141 58
cro 1 142 56
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