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Abstract

There are a huge number of phylogenetic studies based on mitochondrial DNA (mtDNA);
however, these may represent gene trees that may not be congruent with the species tree.
A solution to this problem is to include additional, independent, loci from the nuclear
genome. At fine taxonomic levels, i.e. between populations and closely related species,
previously suggested nuclear markers such as intron sequence data may not be appropriate.
In this study we investigate the use of amplified fragment length polymorphisms (AFLP)
to aid determination of the species tree for 24 specimens of a medically important snake,
Trimeresurus albolabris. This is of particular importance for many venomous snakes as venom
often varies intraspecifically. Five different primer combinations produced 434 bands and
were analysed by constructing a phylogenetic tree using neighbour joining and principal
component analysis. Results were similar across all methods and found distinct groupings.
The results were compared with mtDNA data and a reconciled tree was constructed in order
to determine the species tree for T. albolabris. We found that T. albolabris (sensu lato) is not
monophyletic. Specimens from the Indonesian islands (except West Java) form a distinct
clade and we propose elevation to species level. A specimen from Nepal is also distinct and
suggests that this population also deserves specific status. We suggest that AFLPs may
prove a valuable aid in determining species trees as opposed to gene trees at fine taxonomic
levels and this should facilitate the incorporation of molecular data into such activities as
antivenom production and conservation management.
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Introduction

The last decade has seen a huge number of vertebrate
phylogenetic studies based on mitochondrial DNA (mtDNA)
(Pagel 1999), many of which have proven extremely valuable.
However, because of the lack of recombination, the 37
different genes of the animal mitochondrial genome are
inherited as a single unit, and hence phylogenies derived
from one or many mtDNA genes are not independent
estimates of organismal phylogeny (Moore 1995; Page
2000). Furthermore, a phylogeny produced from mtDNA
represents a gene tree that may not be congruent with the
species tree because of lineage sorting (Moore 1995). If one
is attempting to infer the evolutionary history of species

and populations, rather than genes, this poses a significant
problem (Palumbi & Baker 1994). The only apparent
solution is to include additional, independent, loci from
the nuclear genome in phylogenetic studies (Wu 1991).

At the intergeneric and distinct species level, exon
primed intron crossing (EPIC) conserved primers appear
to offer a solution to the gene tree/species tree problem
(Palumbi & Baker 1994; Friesen et al. 1997; Prychitko &
Moore 1997). However, because of the slow rate of intron
sequence evolution (Moore 1995) these markers have very
limited use at finer taxonomic levels, i.e. for population
and closely related species. Because the gene tree/species
tree problem still exists at these finer levels an alternative
source of loci, independent of mtDNA, is required. This
is particularly relevant for venomous snakes because
intraspecific variation in venom composition has been
detected in numerous species (Chippaux et al. 1991).
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Furthermore, because snakebite is very common in tropical,
developing countries and treatment with antivenom remains
the only specific treatment for envenomation by snakes
(Theakston 1997), attempting to determine the species tree
is of more than esoteric interest in these animals.

Although a variety of mtDNA-independent loci exist
that do not have the drawbacks of EPIC at fine taxonomic
levels, e.g. microsatellites (Petren et al. 1999), the costs of
developing a suitable set of microsatellites for a given
organism may be prohibitive. A recently developed poly-
merase chain reaction (PCR)-based assay, amplified fragment
length polymorphism (AFLP; Vos et al. 1995) has proven to
be a rich and relatively inexpensive source of such inde-
pendent loci for fine taxonomic levels for invertebrates
(McMichael & Prowell (1999), plants (Beismann et al. 1997)
and microbes (Janssen et al. 1996). In this study we invest-
igate the value of AFLPs as loci that are independent of
mtDNA and apply them to the venomous snake, Trimeresurus
albolabris. We chose this snake because it is frequently the
most common cause of snakebite in many parts of its range
and is responsible for significant levels of mortality and
morbidity (Romer 1963; Hutton et al. 1990; Viravan et al. 1992),
and it also demonstrates significant mtDNA structure
(Malhotra & Thorpe 2000).

Materials and methods

Population sampling and DNA extraction

Twenty-four Trimeresurus albolabris (sensu lato) individuals
were sampled across the range shown in Fig. 1. In addition,
samples of the closely related species T. purpureomaculatus,
T. macrops and T. erythrurus were also included to evaluate
the monophyly of T. albolabris (sensu lato). Samples were in
the form of tail-tip biopsies preserved in 80% ethanol, liver
tissue in 80% ethanol, or 100–200 µL of blood taken from

the caudal vein, placed in 1 mL 5% EDTA, and stored in
2 mL SDS–Tris buffer (100 mm Tris, 3% SDS). Whole
genomic DNA was extracted using the protocol of Maniatis
et al. (1989).

AFLP procedure

The AFLP technique (Vos et al. 1995) consists of two con-
secutive PCR (preselective and selective amplifications),
which amplify the DNA fragments generated by double-
restriction digestion and subsequent ligation of specific
nucleotide adapters. A selected group of fragments is
amplified as selective nucleotides are added to the primers
used. AFLP reactions were performed using the GIBCO
BRL AFLP Analysis System 1 following the manufacturer’s
instructions. AFLP reactions for each primer pair com-
bination were then run on separate 6% polyacrylamide
gels with a tomato DNA reference which were then dried
and exposed to X-ray film (Kodak XLS-1) for 48 h. Because
of the number of specimens used in this study each primer
pair combination was run on a separate gel, thus avoiding
the potential problems of scoring bands across gels. Five
selective primer pair combinations, with three selective
nucleotides, were used and are shown in Table 1.

Fig. 1 Distribution of the three currently
recognized subspecies of Trimeresurus albolabris,
according to Regenass & Kramer (1981).
Circles indicate populations sampled.

Table 1 The number of marker bands obtained for each of five
primer combinations

Primer pair EcoRI MseI Number of markers

1 ACC CAG 87
2 AGC CTG 96
3 AGG CTC 104
4 AGG CTA 95
5 ACC CAC 52
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Data analysis

The presence or absence of AFLP markers was scored by
hand from the autoradiographs and coded as a binary
character. For all analyses, data from the five primer
combinations were then combined to form a raw data matrix
consisting of all bands. Two approaches were then used to
ascertain the relationships of the 27 specimens. First, the raw
data matrix was tested for adequacy of phylogenetic signal
using paup* Version 4.0b2a (Swofford 1998) by plotting the
distribution of 100 000 random trees, with calculation of g1
(Hillis & Huelsenbeck 1992). A distance based on the mean
number of pairwise character differences (adjusted for
missing data) was then employed to estimate divergence
between specimens. A phylogenetic tree was constructed
from this distance matrix using the neighbour-joining
procedure (Saitou & Nei 1987). The reliability of this, and
all other trees, was tested by bootstrap analysis (Felsenstein
1985) with 1000 replications. In addition, a permutation
test probability analysis (PTP; Faith & Cranston 1991) was
performed as an overall statistical assessment of the resulting
tree, because bootstrap analysis sometimes lacks statistical
power at the intraspecific level (Templeton et al. 1992).

The second approach consisted of using mvsp Version 3.1
(Kovach 1999) to perform a R-mode principal component
analysis (PCA) on the correlation matrix. Data were standard-
ized and the resulting principal component scores plotted.

In order to produce a single phylogeny for T. albolabris
(sensu lato) it is necessary to combine the information from
both the AFLP and mtDNA data sets. We used reconciled
trees (Goodman et al. 1979; Page 1994) to infer the species
tree. This approach uses an optimality criterion to choose
a species tree or trees; more precisely, given a gene tree G,
it is possible to estimate the actual species phylogeny
T* which when reconciled with G has the lowest cost (Page
& Charleston 1997). This concept is readily extended to
multiple gene trees as the cost of reconciling all gene trees
is simply the sum of the costs of reconciling the individual
gene trees (Page & Charleston 1997). Because the number
of evolutionary trees increases rapidly with increasing
numbers of species (Felsenstein 1978) we used the program
genetree (Page 1998) to search tree space using a heuristic
search. Specifically, we used the total number of evolutionary
events (‘duplications’ and ‘ losses’) as the optimality criterion
and alternated between nearest neighbour interchanges and
subtree pruning and regrafting as tree perturbations from
a random starting tree with 100 searches, retention of equal
cost trees and with the steepest ascent option implemented.

Results

After pooling the data from the five AFLP primer com-
binations used for analysis (Table 1), 434 fragments were
scored, with an average of 86.8 bands per primer combination.

Across all specimens, 21 bands were fixed and 413 were
polymorphic. The presence of a significant phylogenetic
signal in the data set was indicated by the skewness
parameter g1 = –0.66, corresponding to P < 0.001 for
the number of characters and taxa involved (Hillis &
Huelsenbeck 1992). Five clades could be recognized from
the neighbour-joining analysis (Fig. 2) and bootstrap support
throughout the tree was generally high (i.e. > 75%). Further-
more, the PTP test was significant (P < 0.01), indicating a
low probability that this tree arose by chance. Clade A
contains individuals from East Java, the Indonesian islands
of Alor, Komodo and Flores, and Trimeresurus macrops.

Fig. 2 Neighbour-joining tree derived from the mean number of
pairwise character differences distance matrix. Bootstrap support
values (> 50%), derived from 100 replications, are shown. This is an
unrooted tree, which has been arbitrarily rooted to be consistent
with the mitochondrial tree (see Fig. 4). The short branch lengths in
clades C and D make the internal structure difficult to discern, so
these are given here. Clade C: ( ( (ST1, ST2)97, (WJ, HK)100)55, (SET,
ST3)82); Clade D: ( ( ( (NT3, NT5)61, NT4)97, (WT)94, NT6)100, NT7).
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Clade B contains T. purpureomaculatus, T. erythrurus and an
individual T. albolabris (sensu lato) from Nepal. Clade C
contains individuals from southern and southeast Thailand,
West Java and Hong Kong. The fourth clade (D) features
specimens from northern and central Thailand, whereas
the fifth (E) contains specimens from northeastern Thailand,
plus a single specimen from northern Thailand.

PCA also revealed five main clusters (Fig. 3). The first
two components accounted for 26 and 16% of the total
variation, respectively. The plot of the first two principal
components indicates the presence of four main clusters,
which correspond to the clades in the phylogenetic ana-
lysis, with the exception that clades D and E (northern and
northeastern Thailand) are not distinguished from each
other on two axes alone. The remaining distinct specimen
is from the Indonesian island of Alor (22), which groups
with clade A in the phylogenetic analysis.

Clearly, both analyses produce similar results, namely
that T. albolabris (sensu lato) is not monophyletic and
clusters of individuals are consistently recognizable.
Furthermore, when the AFLP data are compared with the
phylogenetic relationships from mitochondrial sequence
data (Fig. 4) from Malhotra & Thorpe (2000) there are a
number of clear parallels. First, T. albolabris (sensu lato) is
clearly not monophyletic, with other species of Trimeresurus
consistently nested within T. albolabris (sensu lato). Second,
specimens from East and West Java do not group together.

The reconciled tree analysis found a single parsimonious
species tree (Fig. 5a) with a cost of 55 events (7 duplications
and 48 losses). Six groups can clearly be recognized and
there are a number of points of particular interest. First,
group 6 is very distinct and is comprised of specimens

from the Indonesian islands of East Java, Alor, Komodo
and Flores. The Nepalese specimen (group 5) is also very
distinct and appears separate from all other T. albolabris
populations. Group 4 contains two clearly distinct species,
namely T. purpureomaculatus and T. erythrurus. This is of
particular note as these render T. albolabris (sensu lato)
paraphyletic (Malhotra & Thorpe 2000). Group 3 forms a
geographically coherent grouping of specimens from north
Thailand, whereas Group 2 consists of southern and western
Thai specimens. Group 1 contains specimens from West Java,
southeast Thailand, Hong Kong and northeast Thailand.

Discussion

The results demonstrate the usefulness of the AFLP technique
for obtaining molecular information in venomous snakes
at a fine taxonomic level, i.e. within a species and genus.
Indeed, g1 analysis demonstrated the presence of a
significant phylogenetic signal in the AFLP data set and

Fig. 3 Plot of first and second principal components of principal
components analysis on amplified fragment length polymorphism
characters, together showing 42% of the total variation. The
numbers refer to the following specimens: 1–4, NE Thailand; 5, 12,
17, S Thailand; 6–10, 13, 15, N Thailand; 11, Trimeresurus macrops;
14, SE Thailand; 16, W Java; 18, W Thailand; 19, 20, East Java; 21,
Hong Kong; 22, Alor; 23, Flores; 24, Komodo; 25, T. erythrurus; 26,
T. purpureomaculatus; 27, Nepal.

Fig. 4 Relationships for 19 specimens of Trimeresurus albolabris
(sensu lato) and three other Trimeresurus species (T. purpureomaculatus,
T. erythrurus and T. cantori) based on a maximum likelihood
analysis of a 660-bp fragment of cytochrome b mitochondrial DNA
sequence data (Malhotra & Thorpe, 2000). Bootstrap support
values (> 50%) from 100 bootstrap replications are shown.
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phylogenetic analysis demonstrates that a well-supported
and well-resolved tree can be reconstructed from this data
set. When the data are subjected to a neighbour-joining or
ordination analysis (PCA), similar results are obtained,
providing a further demonstration of the robustness of the
AFLP data set. Indeed, when the AFLP results are compared
with those obtained using mtDNA sequence data they are
largely similar.

This finding has significant implications for researchers
interested in systematics. First, because the AFLP technique
requires no a priori knowledge of sequence information

it is easily applied to any species from which it is possible
to extract DNA. Second, AFLP markers are representative
of the whole genome and offer a diverse source of genetic
data that appears to have substantial phylogenetic informa-
tion and thus aid in the construction of the evolutionary
history of species and populations rather than genes.
For venomous snakes, attempting to determine the
species tree is of more than esoteric interest because
snakebite is very common in tropical, developing countries
and treatment with antivenom remains the only specific
treatment for envenomation by snakes (Theakston 1997).

Fig. 5 (a) Reconciled tree for the
mitochondrial DNA gene tree shown in
Fig. 4 with the amplified fragment length
polymorphism-based topology shown in
Fig. 2. There are seven duplication events
represented by black squares. These events
may be gene duplications resulting in
paralogous copies of genes, or may describe
cladogenesis of genes independent of
speciation. Branch lengths are arbitrary.
(b) Map of south-east Asia showing the
geographical distribution of the groups
from the reconciled tree (numbers correspond
to groups shown in (a)). There is a clear lack
of correspondence between genetic and
traditional subspecific categories.
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If venom composition differs between snake taxa, then
a monovalent antivenom against the venom of one taxa
is unlikely to be effective in neutralizing the venom of
another taxa. Hence, knowing which species are present in
which geographical locations enables a sound basis for the
production and clinical application of antivenoms.

A previously proposed solution to this gene tree vs. species
tree problem has been to sequence additional, independent
loci from the nuclear genome (Wu 1991). There have recently
been several investigations of the utility of a range of intron
sequences as a source of such loci, in particular, exon
primed intron crossing (EPIC) conserved primers have
been used in studies of actin in cetaceans (Palumbi & Baker
1994), fibrinogen (Prychitko & Moore 1997) and aldolase,
glyceraldehyde-3 phosphate dehydrogenase (G3PD),
alpha enolase and lamin in birds (Friesen et al. 1997). While
this approach has been successful, the slow rate of intron
sequence evolution (Moore 1995) has limited the useful-
ness of these markers to deep taxonomic splits (i.e. between
relatively divergent species and genera) and they are not
suitable for population- and species-level studies.

Our results clearly demonstrate the value of AFLP
markers as an aid to gene tree–species tree problems at
finer taxonomic levels, in which intron sequence data are
not informative. Specifically, our AFLP analysis finds that
Trimeresurus albolabris is clearly not monophyletic as three
other species, T. purpureomaculatus, T. erythrurus and
T. macrops, are nested within all trees. Furthermore, distinct
groups or clades that do not correspond to the distribution
of the conventionally recognized subspecies are recog-
nized from all analyses (Fig. 1).

Although the value of different molecular markers for
systematic purposes may continue to be debated, in order
to propose taxonomic amendments a final tree must be
constructed from often conflicting data sets. There is a
number of different approaches available to construct
phylogenetic trees when more than one data source exists.
These approaches can be split into two methods, those that
combine the data and those that keep the data separate and
then combine the resulting trees.

The simplest data combination is to unconditionally
combine all data sets in a ‘total evidence’ analysis as advoc-
ated by Kluge (1989). The main attraction of combining all data
into a single analysis is that it makes use of all the available
data. However, it has been suggested that some data sets can
be ‘positively misleading’ (Bull et al. 1993) and incorpora-
tion into a total evidence analysis can produce incorrect
estimates of phylogeny (e.g. Flynn & Nedbal 1998). A
further weakness of the total evidence approach is that it
assumes that all the data reflect the same evolutionary
history. This may not be the case because, in many species,
one may expect mtDNA and nuclear genes to have different,
conflicting, histories that may represent gender-biased
migration (e.g. humpback whales Palumbi & Baker 1994).

A second data combination approach is that of condi-
tional data combination (Bull et al. 1993; de Queiroz et al.
1995), which advocates combining data sets unless there is
evidence for significant conflict among them. However, this
approach raises another problem of how to test statistically
for the degree of heterogeneity between data partitions. A
variety of statistical tests has been suggested as appropriate.
These tests include the partition homogeneity test (Farris
et al. 1994), the Wilcoxon signed ranks test (Templeton
1983), the Kishino/Hasegawa test (Kishino & Hasegawa
1989), level of nodal support (Flynn & Nedbal 1998) and
the likelihood heterogeneity test (Huelsenbeck & Bull
1996). However, Sullivan (1996) suggested that while tests
of homogeneity provide evidence to keep data partitions
separate in phylogenetic analyses, combining certain
heterogeneous partitions can lead to a more robust phylo-
geny in some details.

An alternative approach is to keep data sets separate,
construct trees from each data set and then use a consensus
approach to provide a final tree. A drawback of using con-
sensus approaches is that they do not use all the available
data; rather, they only use data that are consistent between
trees and nearly always result in a less than fully resolved
tree. It has been suggested that although a lack of resolu-
tion exists, this is countered by the certainty that all the
groups in the final consensus tree are supported by all the
data. However, as Barrett et al. (1991) demonstrated, this is
not necessarily true.

Another method that keeps the data sets separate is to
apply reconciled tree concepts (Goodman et al. 1979; Page
2000). The optimal species tree or final tree is simply the
tree in which all the trees constructed from the separate
data can be embedded with the least cost. Although this
approach also has limitations, in that weakly supported
and highly supported nodes are given equal weighting
(Page 2000), it appears to provide a practical way to infer
species trees from one or more gene trees from a variety of
data sets. The results of this analysis clearly show that the
specimens from East Java, Alor, Komodo and Flores form
a distinct clade and should be elevated to species status, for
which the name T. insularis (Kramer 1977) is available. The
presence of T. macrops nested within this clade in the AFLP
tree is problematic and requires further study. Unfortu-
nately, no mitochondrial data (cytochrome b) are currently
available for this species as it fails to amplify with a
number of different primer sets (Malhotra & Thorpe 2000).
The Nepalese specimen also appears distinct from all other
T. albolabris (sensu lato) specimens and thus also warrants
specific status under the name T. septentrionalis (Kramer
1977). The remaining three groups (1–3) may represent
geographical variation of T. albolabris, or may represent
distinct species, and it is not immediately obvious which is
the case. Their parapatric distribution and the presence
of some overlap between geographical areas in the AFLP
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tree (Fig. 2) suggests that it may be best to retain them as
geographical variants of a single species (T. albolabris
sensu stricto) for the time being. More detailed sampling to
address this question is in progress.

The affinity of the west Javan specimens with group 1,
which is otherwise restricted to the mainland, is of note. On
the basis of current geography, this makes little biogeo-
graphic sense. However, during the Pleistocene, sea levels
were lower and these islands formed part of the Sunda
shelf (Heaney 1991). This biogeographic pattern is sup-
ported by evidence from another venomous snake species,
Calloselasma rhodostoma, that also shows boundaries between
southern Thailand and northern west Malaysia (Daltry
et al. 1997). However, the distinctness of the east and west
Javan populations is less easy to explain; it is possible that
the east Javan populations represent a westward coloniza-
tion of Java from the Lesser Sunda islands (Malhotra &
Thorpe 1997).

Although AFLP markers are being used more widely in
vertebrate studies (e.g. Ajmone-Marsan et al. 1997; Liu et al.
1998) we believe this is the first study to report the use of
AFLP markers in a biogeographic context. We suggest that
AFLP markers may prove an extremely valuable source of
loci, independent of mtDNA, for defining population and
species boundaries.
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