ELSEVIER

Available online at www.sciencedirect.com

sc.mce@n.“ﬂ@

Molecular Phylogenetics and Evolution 35 (2005) 281-286

MOLECULAR
PHYLOGENETICS
AND

EVOLUTION

www.elsevier.com/locate/ympev

Short communication

Evolutionary history of African lungfish: a hypothesis from molecular
phylogeny

Masayoshi Tokita*, Taku Okamoto, Tsutomu Hikida

Department of Zoology, Graduate School of Science, Kyoto University, Sakyo, Kyoto 606-8502, Japan

Received 15 July 2004; revised 6 November 2004
Available online 21 January 2005

1. Introduction

Lungfish (Dipnoi) are recognized as living fossils
whose evolutionary history dates back to the early
Devonian (390 MYA). Their close phylogenetic relation-
ship with tetrapods is supported by recent studies
(reviewed in Brinkmann et al., 2004). Extant lungfish
include six species: one in Australia, one in South
America, and four in Africa (Table 1). The Australian
species (Neoceratodus) is considered to be a primitive
type of lungfish, having a single lung and a high depen-
dence on gill respiration, and is classified into the family
Ceratodontidaec (Marshall, 1987a). South American
(Lepidosiren) and African (Protopterus) species with
paired lungs and well developed air-breathing ability are
closely related to each other (Marshall, 1987b; Miles,
1977), and are grouped into the same family Lepidosi-
renidae (Marshall, 1987a).

Although Protopterus is distinguished conventionally
from Lepidosiren by a few characters (Marshall, 1987a;
Wake, 1987), the monophyly of these genera has not yet
been established unambiguously. Furthermore, irrespec-
tive of their morphological and ecological differences,
phylogenetic relationships among the four African lung-
fish species are still unknown (Greenwood, 1987).
Although morphometric data of the four African species
have been obtained by some authors (Poll, 1961; Trewa-
vas, 1954), these characters seem to be not suitable for
phylogenetic analyses due to such limitations as changes
of body proportion according to the age of animals, and
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the accidental amputation of limbs (pers. obs.). In the
present study, we determined partial sequences of the
mitochondrial 16S rRNA gene from four African lung-
fish species (Table 1) to infer a hypothesis of phyloge-
netic evolution in African lungfish.

2. Materials and methods

Fresh tissues were obtained from Protopterus amphi-
bius, Protopterus aethiopicus, Protopterus annectens, and
Protopterus dolloi purchased from pet dealers and stored
in 99% ethanol. Two or three specimens of each species
were included in the analyses. These specimens were
deposited as vouchers of the Kyoto University Museum
(Table 1). The corresponding DNA sequences of Neocer-
atodus forsteri, and Lepidosiren paradoxa were obtained
from GenBank (Table 1). We also got the already pub-
lished sequence data of P. dolloi from the database to
increase the amount of information.

DNA samples for sequencing were prepared using
PCR amplification after total DNA extraction from
tissues, following the methods of Wada et al. (1992) and
Honda et al. (1999). A part of the 16S rRNA gene of
mitochondrial genome was amplified by PCR System
GeneAmp 2700 (Applied Biosystems, Lincoln, USA),
using an Ex Tag polymerase kit (Takara Shuzo, Otsu,
Japan) and the primers L.2206s (5'-GGCCTAAAAGCA
GCCACCTGTAAAGACAG-3") and H2741 (5'-AAG
CTCCACAGGGTCTTCTCGTCTTATG-3') (Honda
et al., 1999), and L2606 (5'-CTGACCGTGCAAAGGT
AGCGTAATCACT-3") and 16SR.0 (5'-TAGATAGA
AACCGACCTGGATT-3") (Hedges et al., 1993b; Whit-
ing et al., 2003). The thermocycling regime was 30 cycles
of 94°C for 1 min, 52 °C for 2min, and 72 °C for 3 min.
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Table 1
A list of extant lungfish, with information on distribution, GenBank accession numbers and references
Species Voucher Nos. Family Distribution Accession Nos. Reference
Neoceratodus forsteri Ceratodontidae Australia AF302933 Denk et al. (unpublished)
Lepidosiren paradoxa Lepidosirenidae South America  AF302934 Denk et al. (unpublished)
Protopterus aethiopicus FAKU88466 Lepidosirenidae Africa AY 677094 This study
FAKU88467 AY677095 This study
FAKU88468 AY677096 This study
Protopterus amphibius FAKU88469 Lepidosirenidae Africa AY677097 This study
FAKU88470 AY677098 This study
FAKUS88471 AY 677099 This study
Protopterus annectens FAKU88472 Lepidosirenidae Africa AY677100 This study
FAKUS88473 AY677101 This study
FAKUS88474 AY677102 This study
Protopterus dolloi Lepidosirenidae Africa L42813 Zardoya and Meyer (1996)
FAKUS88475 AY796306 This study
FAKU88476 AY796307 This study

Before sequencing, uncorporated primers were
removed from PCR products by PEG precipitation, add-
ing 0.6 volume of PEG solution (20% PEG6000, 2.5M
NaCl). The amplified DNA templates were then
sequenced using a Big Dye Terminator Cycle Sequenc-
ing Ready Reactions Kit v1.0 and an ABI PRISM 377
DNA Sequencer (Applied Biosystems, Lincoln, USA),
using the four primers described above.

In a »? test of base composition homogeneity among
sequences, Neoceratodus sequence deviated significantly
from the null hypothesis (P=0.045). Therefore, we
inferred phylogeny using the minimum evolution crite-
rion based on LogDet distances that are robust against
base composition heterogeneity (Barry and Hartigan,
1987; Lockhart et al., 1994) after multiple alignments of
sequences. The DNA sequences were firstly aligned
using ClustalX 1.81 (Thompson et al., 1997), and then
manually adjusted considering the secondary structure
hypothesis for Xenopus laevis 16S rRNA, available in
CRW site (Cannone et al., 2002; Supplementary mate-
rial). The gaps inserted in alignment procedure were
excluded before phylogenetic inference. Supports for the
inferred clades were assessed by bootstrap method (Fel-
senstein, 1985) with 1000 pseudoreplicates.

We treated the Australian lungfish Neoceratodus as
an outgroup in this analysis because previous phyloge-
netic studies based on both morphological (Marshall,
1987b; Wake, 1987) and molecular (Brinkmann et al.,
2004; Hedges et al., 1993a) data have shown it diverged
firstly from the ancestor of remaining extant lungfish
taxa.

The divergent times among Protopterus species were
estimated under assumption of a molecular clock, after
the molecular clock hypothesis was tested between
Lepidosiren and Protopterus, and among Protopterus
species with two-cluster test (Takezaki et al., 1995). In
this test, standard errors of branch lengths were esti-
mated through bootstrapping instead of original method
by Takezaki et al. (1995). The clock was calibrated based

on the assumption that the divergence between Lepidosi-
ren and Protopterus was caused by the continental split
of Africa and South America. According to Lévéque
(1997), the separation of two continents started in early
Cretaceous (125 MYA) but was not completed until the
late Cretaceous (80MYA). Therefore, we used
102.5 MY A, the middle point between these ages, for cal-
ibration. The errors of divergent times were estimated
based on ranges of bootstrap pseudoreplicates: (depths
of particular branching points)/(depth of branching
point of Lepidosiren—Protopterus). The phylogenetic
inference and the optimization of branch lengths under
molecular clock hypothesis were undertaken with PHY -
LIP 3.62 (Felsenstein, 2004).

3. Results

After excluding the positions with gaps the aligned
sequences were as long as 860 bp. There were 329, 265,
and 201 variable sites among all specimens, within
ingroup specimens, and within Protopterus, respectively.

The inferred phylogenetic tree demonstrated the
monophyly of Protopterus, which was strongly sup-
ported (BP; 100%; Fig. 1). A close relationship between
P. aethiopicus and P. annectens was also apparent
(BP =98%). Contrary to our expectations, P. dolloi used
in Zardoya and Meyer (1996) was located within P.
annectens assemblage. We suspect the authors have misi-
dentified lungfish species owing to DNA extraction from
egg samples. In contrast to them, we identified Protopte-
rus species surely based on the examination of morpho-
logical features such as the number of ribs (Table 2).
Numbers of ribs in our P. dolloi specimens were 48 and
50. While, that in our P. annectens specimens were 34 or
36. Within Protopterus, branching order among three
basal clade: (1) P. amphibius, (2) P. dolloi, and (3) P.
aethiopicus+ P. annectens was not resolved clearly
(BP =56%).
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Fig. 1. The phylogeny of lungfish based on a comparison of partial nucleotide sequences of the mitochondrial 16S rRNA gene. The phylogram
inferred by minimum evolution criterion using LogDet distances. The numbers nearby each branch are bootstrap probabilities. *A lungfish specimen

used in Zardoya and Meyer (1996).

Table 2

Morphological characteristics seen in each Protopterus species

Species Number of ribs HL/AL (%) DL/AL (%) External gills
Protopterus aethiopicus 38-39 24-29.6 62.1-67.1 Absent in adult
Protopterus amphibius 27-30 332 45-56 Present in adult
Protopterus annectens 32-37 22.8-28.2 51-57.5 Present in adult
Protopterus dolloi 47-55 16.2-19.6 63.7-66 Absent in adult

Numerical data were taken from Poll (1961). Only effective characters to identify each species are shown.
Abbreviations: DL, distance from snout to most anterior point of dorsal fin; HL, head length; AL, distance from snout to most anterior point of anal fin.

It has been said that the mithochondrial rRNA genes
are suited for analyses of lineage divergence back to
300MYA, especially 150MYA or later (Mindell and
Honeycutt, 1990). The divergence of lungfish genus is
usually considered to be caused by split of Gondwana
(<150 MYA). This time scale is in the range possible to
be inferred by the mitochondrial rRNA genes. In fact,
the deeper and shallower parts of the tree seemed rea-
sonably resolved. Hence, the relationships among the
three lineages should be regarded as the result from con-
siderably close divergent times among them, rather than
the result of shortage of information given by the pres-
ent data.

A likelihood ratio test based on parametric boot-
strapping also supported the polytomy hypothesis of
basal divergence within Protopterus. For that, a maxi-
mum likelihood analysis was firstly applied to the pres-
ent data after excluding Neoceratodus sequence because
of its significant difference in base composition from
those of the other taxa. Then, likelihood ratio of poly-
tomy against ML topology was computed. Stochastic
model for molecular evolution assumed in the analysis
was REV + G, which was selected through the method of
Huelsenbeck and Rannala (1997). The null distribution
of likelihood ratio was approximated with likelihood
ratio on 1000 data sets generated through simulation of
molecular evolution assumed the polytomy phylogeny
and the evolutionary model selected above. Because the

observed statistic (1.343) was in 95% confidence interval
of null hypothesis (0-32.897), the null hypothesis of
polytomy was tentatively accepted (Supplementary
material). The maximum likelihood optimizations and
data simulation were conducted with PAML 3.14 (Yang,
1997).

The two-cluster test could not reject molecular clock
hypothesis (P>0.05 for all nodes tested). Then, we
applied a molecular clock to the inferred phylogeny. The
95% confidence intervals of divergent times were 75.7—
53.1 and 42.1-25.6 MYA for basal divergence of Prot-
opterus and divergence between P. annectens and P.
aethiopicus, respectively.

4. Discussion

A sister-group relationship between South American
Lepidosiren and African Protopterus was strongly dem-
onstrated by recent molecular phylogenetic studies
(Brinkmann et al., 2004; Hedges et al., 1993a). However,
these studies failed to verify the monophyly of each
taxon clearly because only one species representing the
genus Protopterus was included in analyses.

By including of all Protopterus species into analyses,
the present study demonstrated unequivocally the
monophyly of African lungfish for the first time. Proz-
opterus might have arisen after the late Cretaceous split
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of the African-South American continents, and diversi-
fied morphologically and ecologically after this time
(Lévéque, 1997; Lundberg, 1993; Patterson, 1975).

The basal divergence of Protopterus was probably
occurred in relatively short span around late Cretaceous
to early Tertiary periods. During those periods, rain for-
ests, a suitable habitat for them, were distributed along
the Northern coast of Africa due to a shift of the Equa-
tor to north (Lévéque, 1997). Such dramatic changes in
climatic conditions might have triggered simultaneous
divergence of basal Protopterus lineages. The evidence
that many fossils assigned to different Protopterus spe-
cies were found from layers around late Cretaceous to
early Tertiary in Africa (Churcher and de Iuliis, 2001;
Greenwood, 1974; Mahboudi et al., 1984; Martin, 1984)
may consolidate this possibility.

Within Protopterus clade, P. aethiopicus and P. annec-
tens were closely related to one another with high statis-
tical support. However, the result is not so unexpected. It
has been said that to distinguish these two species is
somewhat difficult due to morphological resemblance,
especially in the numbers of ribs and some morphomet-
ric features (Table 2). While, some noticeable differences
between these animals are also known. P. aethiopicus is
the largest lepidosirenid species whose maximum total
length (TL) is 200 cm and maximum weight is 17 kg. On
the other hand, P. annectens never grows to such large
size: TL=90-100cm, weight =4 kg. Egg size of P. aethi-
opicus is also bigger than that of P. annectens, the great-
est egg diameter being in the ranges of 4.5-5.0mm and
3.5-4.0 mm, respectively (Greenwood, 1987). It has been
said that external gills are usually disappeared in P.
aethiopicus greater than 15cm TL (Table 2; Van Oijen,
1995). While, P. annectens retains these structures for life
(Table 2; Poll, 1961; Trewavas, 1954). The types of habi-
tat occupied by these species are also different. It is said
that P. annectens is common in shallow swamps effec-
tively isolated from permanent water and aestivates at
dry-season with cocoons (Greenwood, 1987; Jardine,
1841). Unlike P. anmnectens, P. aethiopicus inhabits at
large lakes (e.g., Victoria, Edward, and Tanganyika),
smaller but permanent lakes (e.g., Lakes George, Nabug-
abo, and Kyoga), and a major river system (the upper
and middle Nile and their tributaries). Because such
types of habitat are not relevant to seasonal changes in
water-level, cocoon formation appears to be a rare event
in this species (Greenwood, 1987).

Judging from divergence time between Protopterus spe-
cies calculated by us, speciation of these two species
appears to be occurred around middle Tertiary. It has
been said that the land rifting took place in extensive areas
of central and eastern Africa during those periods, accom-
panied by a number of other disruptive activities like
faulting and volcanism (Lévéque, 1997; Schliiter, 1997).
Such geological events might have brought about the
diversification of the environment to promote their adap-
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Fig. 2. Reconstruction of the evolution of paedomorphic character:
retention of external gills in adult fish, using Mesquite (Maddison and
Maddison, 2004). The basal divergence of Protopterus is regarded as
polytomy. The most parsimonious character reconstruction based on
this phylogeny indicates that neoteny is likely to have evolved at least
twice within Protopterus.

tive radiation into different habitats and increase further
morphological differences between them thereafter.

Larvae of lepidosirenids have conspicuous external
gills (Budgett, 1901; Kerr, 1901), unlike Neoceratodus in
which these structures are not generated throughout
ontogeny (Kemp, 1987; Semon, 1901). Although the
external gills of these animals are generally resorbed at
younger age (Poll, 1961; Van Oijen, 1995), two Protopte-
rus species (P. amphibius and P. annectens) retain this
larval character for life (Table 2). Such condition is
broadly recognized in amphibians, especially urodeles
(Dent, 1968; Gould, 1977; Lynn, 1961) and this type of
phenomenon is called “neoteny.” Neoteny is regarded as
one of the processes causing paedomorphosis in which a
descendent undergoes less growth during ontogeny than
its ancestor. (reviewed in Gould, 1977 and McNamara,
1997).

The evolution of such paedomorphic character was
investigated, on the basis of our molecular phylogeny,
with Mesquite (Maddison and Maddison, 2004). The
resulting pattern suggests that neoteny has occurred at
least twice independently in the evolution of Protopterus
(Fig. 2).

Bearing a superficial resemblance to neotenic
amphibians, P. amphibius retains well-developed three
external gills on each side of the body even in adult stage
(Trewavas, 1954). On the other hand, neoteny in P.
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annectens is less remarkable than that in P. amphibius. In
the former species, the length of external gills relative to
snout-vent length is usually shorter and individual varia-
tions in the number of retained external gills are also
reported (Trewavas, 1954; Poll, 1961; pers. obs.).

Some authors investigated the role of internal gills of
lungfish and revealed its supplementary function in respi-
ration (Fullarton, 1931; Johansen and Lenfant, 1967
Wright, 1974). While, little is known as to the biological
function of external gills in neotenic lungfish. In larval
stages of lepidosirenid lungfish, external gills are main
respiratory organ (Fullarton, 1931). In adult one, on the
other hand, well-developed lungs play an appreciable
part in respiration. Although external gills of neotenic
urodeles have respiratory function (Baldwin and Bentley,
1982), their function seems to be auxiliary to air-breath-
ing by lungs. We suspect that external gills seen in two
Protopterus species might be not so functional and rudi-
mentary organ resulted from a slower rate of somatic
development rather than the one with adaptive signifi-
cance, because a relationship between life history of ani-
mals and the character state at external gills is vague.

It has been shown that obligate neotenic urodeles
such as Necturus cannot metamorphose due to the
absence of a thyroid hormone receptor (Yaoita and
Brown, 1990). Therefore, it is likely that neoteny in two
Protopterus species might have evolved using similar
genetic pathway. Further studies should consider possi-
ble factors that generate pacdomorphosis in two African
lungfish species, as well as differences in developmental
mechanisms between them. Also, it seems that to investi-
gate the difference between paedomorphic species and
non-paedomorphic one such as Lepidosiren and P. aethi-
opicus that resorb external gills in the early stages of
development would be interesting. Of course, needless to
say, further comparative ecological works on Protopte-
rus would be necessary to understand evolutionary his-
tory of such peculiar animals fascinating biologists for a
long time.
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