
Abstract A phylogenetic network of 244 satellite DNA
sequences across five species of aquatic salamanders
(genus Triturus) revealed four types of satellite DNAs in
a ‘p’-shaped 1-2*-3-4-2* arrangement. Analysis of di-
mer and trimer DNA sequences revealed a prevalence of
homosequential (e.g. 1-1, 2-2) and particular (1-4 and 
2-3) heterosequential repeat motifs. Genetic diversity
across types and species phylogeny indicated that type 1
and type 4 are derived from types 2 and 3. Support was
also found for alternating motifs in Palorus flour beetle
tandem repeats. The results were statistically significant,
whether or not the underlying satellite DNA phylogenies
were robust under bootstrap analysis.

Introduction

Satellite DNAs are tandemly repeated DNA sequences
that differ from micro- and mini-satellite DNAs on ac-
count of their large size (two to several thousand bp),
high copy number (103–107 at each locus), the small
number of loci they represent, and location primarily in
the centromeric heterochromatin (Tautz 1993). Current
research focuses on their structural and functional rele-
vance (Koch 2000; Lee et al. 2000), the underlying evo-
lutionary processes (Lee et al. 1997; Nabeyama et al.
2000) and their use as taxonomic (King and Cummings
1997; Fedorov et al. 1999) and phylogenetic markers
(Árnason et al. 1992; Garrido-Ramos et al. 1999). Avail-
able data are mostly sequences for single, i.e., monomeric
units. Attempts have been made to elucidate the higher-

order organization of tandemly repeated satellites through
the study of multimers and long sequences generated with
restriction enzymes and the polymerase chain reaction.
However, progress may be hampered due to flawed clas-
sifications and the absence of quantitative tests. I here
show that phylogenetic network analysis improves the
existing classification of satellite DNAs found in Triturus
salamanders, and that the new classification increases the
testability of hypotheses on satellite DNA evolution.

Up to 10% of the genome of Triturus aquatic sala-
manders is composed of a 32–33 bp ‘TkS1’ satellite
DNA, corresponding to 60 million copies per haploid ge-
nome. A convenience or ad hoc classification (sensu 
Wiley 1981, p 197) yielded three ‘types’ of TkS1 (Varley
et al. 1990). In contrast, the classification of the satellite
DNAs derived under the parsimony criterion yields four
types and is non-ambiguous. It gives rise to a hypothesis
on the evolutionary history of TkS1 with high informa-
tion content. Specifically, I uncovered statistically signif-
icant support for particular repetitive motifs, conforming
to phylogenetic considerations at the species level. Satel-
lite DNAs from Palorus beetles analyzed for comparison
also provide statistically relevant support for the exis-
tence of alternating repetitive motifs.

Materials and methods

Triturus salamanders

The material analyzed consists of 244 satellite DNAs that were se-
quenced from cloned fragments of genomic DNA in five species
of the monophyletic Triturus cristatus-Triturus marmoratus spe-
cies group. Digestion with HaeIII yielded 207 32–33 bp mono-
mers and nine (ca 64 bp) dimers. Treatment with AluI yielded 20
monomers, 15 dimers and two (ca 96 bp) trimers. Aligned se-
quences are numbered 1–161 in published order including syn-
onyms (Varley et al. 1990: Tables 3–5, 7–13). In network analysis
alignment gaps were coded as nucleotides that were absent at that
particular position. Accordingly, gaps at position 14 are coded D
and a gap at position 11 is coded G. Additionally, two gaps at po-
sition 29 are coded M. The artificial homoplasy among haplotypes
14, 38, 52 and 104 does not affect my interpretations. The AluI
24–25 bp ‘heads’ and 8 bp ‘tails’ (in multimers flanking full TkS1
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sequences) were analyzed a posteriori, when TkS1 classification
criteria had been formulated.

Palorus beetles

The material analyzed consists of seven ‘PFIC’ dimers from Palo-
rus ficicola, six ‘PGEN’ trimers from Palorus genalis and seven
‘PSUB’ dimers from Palorus subdepressus (Plohl et al. 1998:
Fig. 1; Mestrovic et al. 2000: Figs. 2, 3). Monomer size is 72 bp
for PFIC and PSUB and ca 144 bp for PGEN. Missing data (5.0%
in PFIC) were filled in with consensus sequence information.
Gaps were dealt with in network analysis as described for the sala-
manders.

Calculations

Sequences were homologized and aligned as published and inter-
preted as haplotypes. Phylogenetic relationships of haplotypes
were initially analyzed with PAUP 3.1 software (Swofford 1993)
under default parameter settings. Internal branches of zero length
were collapsed to yield polytomies. Phylogenetic information was
summarized by the computation of a strict consensus tree. Boot-
strap replication scores were determined from 2000 bootstrap repli-
cates, if necessary using the ‘fast addition’ option in PAUP 4. The
constraint of a non-reticulated branching structure was relaxed in
the construction of median-joining networks with NETWORK 2.0
software under default parameter settings (Röhl 1997). Measures of
gene diversity and nucleotide diversity were calculated with AM-

OVA software (Schneider et al. 1997). Mantel tests were used to
test the hypothesis that positional dissimilarity (e.g., dimer heads
versus tails) is associated with sequence dissimilarity, as counted
over the network, with NTSYS 1.50 (Rohlf 1988). G-tests and oth-
er statistical analyses followed Sokal and Rohlf (1981).

Results

Phylogenetic analysis of 113 non-synonymous TkS1
haplotypes yielded 32.767 (the maximum storage capaci-
ty) unrooted trees of 138 steps. The strict consensus tree
is shown schematically in Fig. 1 (bottom insert). Five
clusters of haplotypes (1, 2a, 2b, 3 and 4) are separated
from one another by two or more substitutions, with low
bootstrap support (<0.50 in all cases). The classification
is unambiguous, except for haplotype 113, which is here
arbitrarily allocated to type 4 and not type 3.

The median network accommodates 244 haplotypes
(of which 113 are non-synonymous) and has seven clus-
ters, each with several unconnected branches sprouting
from the corresponding nodes (Fig. 1). Six hypothetical
haplotypes are inferred at nodes that have no unconnect-
ed branches. The network resolves the same types as the
tree. One inferred haplotype (involving two character

Fig. 1 Median network for 244 TkS1 satellite DNA sequences
(haplotypes) from Triturus aquatic salamanders. Solid dots repres-
ent commonly observed haplotypes (n≥5), with n plus the number
of unconnected branches (not shown for reasons of clarity) sprout-
ing from the corresponding node in bold. Open dots represent hy-
pothetical haplotypes at nodes with no unconnected branches.
Dots are connected by a thick line with nucleotide positions sub-
ject to character state change in italics. Haplotypes are classified
into types 1–4. At least two character state changes and one hypo-
thetical haplotype separate types from one another, as highlighted
by interrupted lines. Diagnostic character states are listed in the
text. Types 2a and 2b are connected through an observed haplo-
type at the node marked with an asterisk. The letters a, b and c in-

dicate unobserved haplotypes at which the ring in the network can
be broken to obtain the following type unreticulated arrangements:
a 1-2-3-4; b 1-2 forking to 3 and 4; c 1-2-4-3. Top insert Classifi-
cation by Varley et al. (1990) superimposed on the network. Note
that ‘type 1’ is largely congruent between classifications. Bottom
insert Schematic representation of the strict consensus tree of
32.767 equally parsimonious bifurcating trees (113 non-synony-
mous TkS1 haplotypes in analysis). Circles proportional in size to
the frequency of occurrence represent the five clusters of haplo-
types. Branches do have low bootstrap replication (<0.50), but do
not collapse in consensus trees for subsets of haplotypes (1-2a, 
2a-b, 2a-3, 2b-4)
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state changes) separate the types from one another. How-
ever, haplotype 79 is intermediate between groups 2a
and 2b and hence remains unclassified at that level. Di-
agnostic character states at positions 9, 14, 15, 21, 22,
25, 27, 29 and 30 are as follows: type 1, A-TAGGTTG;
type 2a, A-TCTGTTT; type 2b, CCTCTGTTT; type 3,
A-TCTACKT; and type 4, ACCCTACTT. The limited
variation resolved from AluI digests at positions 1, 2, 32
and 33, which make up the HaeIII recognition site, does
not contribute to a sharper or deeper classification of
TkS1. It is important to note that AluI recognition se-
quences (AGCT) cover positions 25 and 27, which are
diagnostic for types 1 and 2 versus types 3 and 4. In con-
sequence, AluI-derived monomers have type 1 or type 2
(and not type 3 or type 4) heads and tails, while AluI-de-
rived multimers have type 1 or 2 heads and tails and type
3 or 4 ‘bodies’.

The unrooted tree and network are highly congruent,
with the main difference that type 2 and type 4 in the tree
are not directly connected while in the network they are.
The character states inferred to be homoplasous are at
nucleotide positions 14 and 15. Haplotype 72 is classi-
fied as type 3 in the network and as type 2a in the tree. I
here follow the latter option.

Gene diversity is lower in type 1 and type 4 than in
type 2 and type 3 (P<0.05). Nucleotide diversity shows
the same trend but differences between types are not sig-
nificant (P>0.05; Table 1). No significant differences are
observed in the distribution of types over three T. ka-
relinii individuals (G-test of independence, G=12.8,
df=8, P>0.05). However, the distribution of types over
individuals from other species is not random (G=85.3,

df=16, P<0.01), with the combined frequency of type 1
and type 4 increasing in the order T. marmoratus (0%),
T. dobrogicus (16%), T. carnifex (17%), T. cristatus
(32%) and T. karelinii (67%). The association of heads
and tails in 20 AluI monomers is not random (type 
1-type 1, n=12; type 1-type 2, n=3; type 2-type 1, n=0;
type 2-type 2, n=5; P<0.01, Fisher’s exact test), suggest-
ing that haplotypes are mostly homosequentially ar-
ranged. Similarly, the association of heads, bodies and
tails in 15 AluI dimers is not random (type 4 flanked by
type 1, n=12; type 3 flanked by type 2, n=3; other com-
binations, n=0; P<0.01, Fisher’s exact test), suggesting
that heterosequential tandem repeats are mostly 1-4 and
2-3 combinations. Predictions on type composition of
tandem repeats were confirmed from nine HaeIII dimers.
Four dimers were homosequential (1-1, 2-2 and 3-3),
two were 1-4 and three were 2-3 heterosequential combi-
nations (P<0.05 against type frequencies as observed in
the specimen of T. karelinii from which dimers were tak-
en, Table 1; P<0.01 against frequencies across three T.
karelinii individuals; binomial tests). 

Palorus beetles

Medium networks of haplotypes in P. ficicola, P. genalis
and P. subdepressus show reticulation to a larger or
smaller extent (Figs. 2, 3, 4). Haplotypes that share head,
body or tail position within dimers and trimers are sig-
nificantly clustered over the networks in P. ficicola and
P. genalis and not in P. subdepressus (Table 2). Mantel
tests support the hypothesis that haplotypes sharing posi-

Table 1 Observed distribution
of four types of TkS1 satellite
DNA over five species of sala-
manders (genus Triturus) with
measures of genetic diversity

Species and individuals Restriction Type Type 1+4  
enzyme combined
employed 1 2 3 4 frequency

T. carnifex HaeIII 3 9 11 1 0.17
T. cristatus HaeIII 11 15 13 2 0.32
T. dobrogicus HaeIII 2 3 18 2 0.16
T. karelinii no. 1 HaeIII 21 9 11 12 0.62
T. karelinii no. 1 AluI 1 0 5 13 a

T. karelinii no. 2 HaeIII 23 5 7 3 0.68
T. karelinii no. 3 HaeIII 15 1 6 5 0.74
T. marmoratus HaeIII 0 12 5 0 0.00
Gene diversity 0.634 0.912 0.904 0.804
Standard deviation 0.066 0.028 0.028 0.068
Nucleotide diversity 0.033 0.078 0.060 0.043
Standard deviation 0.024 0.048 0.038 0.030

Taxon Satellite DNA Haplotypes Pascal Mantel Bootstrap replication score

P. ficicola PFIC A and B P<0.05 P<0.001 0.29
P. genalis PGEN A, B and C P<0.01 P<0.001 1.00, 1.00
P. subdepressus PSUB A and B P>0.05 P<0.01 0.67

Table 2 Probability of the observed bi/tri-partitioning of haplo-
types over the network following (i) the Pascal triangle, (ii) Man-
tel permutation tests for association between sequence similarity

and positional similarity and (iii) bootstrap replication scores over
maximum parsimony, non-reticulated phylogenetic trees derived
for satellite DNAs from three species of Palorus flour beetles

a Not applicable due to con-
straints posed by the restriction
enzyme used
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tion are more similar in sequence composition than are
haplotypes that take different positions. Bootstrap repli-
cation scores for the diagnostic branches in maximum
parsimony (non-reticulated) trees range from 0.29 to
1.00. 

Discussion

I analyzed published TkS1 satellite DNA sequences un-
der the principle of parsimony. This resulted in an essen-
tially unambiguous classification of the satellite DNAs
in four types. Conversely, the published classification,
here represented in Fig. 1 (top insert), is highly ambigu-
ous and does not necessarily bear a relationship to the
pattern and process of evolutionary change, as is admit-
ted by the authors (Varley et al. 1990).

The phylogenetic network connects the four types in a
‘p’-shaped arrangement whereas under the constraint of
non-reticulation the arrangement is ‘l’- or ‘y’-shaped. In
accordance with the criteria formulated for the recogni-
tion of types the ring in the network can be broken at one
of three positions representing unobserved haplotypes
(marked a, b and c in Fig. 1). This gives rise to the fol-
lowing unreticulated arrangements (a) 1-2-3-4; (b) 1-2
forking to 3 and 4; (c) 1-2-4-3. Two lines of evidence
support the first of these alternatives by suggesting pe-
ripheral positions for types 1 and 4 and central positions
for types 2 and 3. Firstly, the inferred absence of types 1
and 4 in T. marmoratus versus their presence in its sister
taxon (the T. cristatus superspecies, comprising T. car-
nifex, T. cristatus, T. dobrogicus and T. karelinii; Arntzen
and Wallis 1999) suggests that these are younger than
types 2 and 3. Secondly, genetic diversity is lower in the
former than in the latter, as would be predicted for more
recently evolved types. This inference also renders the 
1-4 combination a shared derived character state for the
T. cristatus superspecies.

Dimeric and pentameric higher order structures are
well established for the α-satellite DNAs in the primate
genome (Haaf and Willard 1997; Loftus et al. 1999). The
dimeric and trimeric alternating motifs reported earlier
for Palorus beetles (Plohl et al. 1998; Meštrović et al.
2000) are here shown to have statistical support. I further-
more uncovered support for the presence of homosequen-
tial tandem repeats (type 1-1, type 2-2), as well as for
type 1-4 and type 2-3 and not other heterosequential tan-
dem repeats in Triturus salamanders. Types 1 and 4 have
proliferated in T. karelinii in particular and they appear to
have done so as a tandemly repeated unit. Various molec-
ular genetic processes may account for the ordering (slip-
page, unequal crossover, rolling circle replication pro-
cesses complicated by recombination; Walsh 1987; Rossi
et al. 1990; Jeffreys et al. 1998). Modeling indicates that
these mechanisms will be difficult to distinguish between
in practice (Stephan and Cho 1994). This will be particu-
larly true if the perceived higher order structure is based
upon a flawed classification, such as the trimeric TkS1
‘1-3-1 supertype’ of Varley et al. (1990).

The phylogenetic analysis of repeats will often be a
challenging task because of the large number of samples
and small differences between them. The resulting multi-
tude of plausible solutions is best expressed by a net-
work, which displays alternative potential evolutionary
paths in the form of cycles (Bandelt et al. 1999). A high
level of reticulation will be reflected in a low level of nu-

Fig. 2 Median network for 14 PFIC satellite DNA sequences from
the flour beetle Palorus ficicola. Observed haplotypes are shown
by dots and numbered as in the source publication (Meštrović et
al. 2000). The interrupted line separates haplotype groups. A and
B refer to the position of the haplotype within a dimer

Fig. 3 Median network for 18 PGEN satellite DNA sequences
from the flour beetle Palorus genalis. A, B and C refer to the posi-
tion of the haplotype within a trimer. Otherwise as in Fig. 2 legend

Fig. 4 Median network for 14 PSUB satellite DNA sequences
from the flour beetle Palorus subdepressus (Plohl et al. 1998).
Otherwise as in Fig. 2 legend
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merical support for the corresponding branching struc-
ture (such as expressed by a bootstrap replication score,
Felsenstein 1985; Hillis and Bull 1993). I point out that
it is the final hypothesis that requires statistically signifi-
cant support and not any of the constituent constructs.
Dense reticulations and low bootstrap values as found
for Triturus TkS1 and Palorus PFIC and PSUB phyloge-
netic trees and networks reflect the complexity of the da-
ta. They do not compromise the support for higher order
repeat organization.

Multicopy ‘satellite’ DNA is found in a wide variety of
organisms. Most of it is transcriptionally inactive. Wheth-
er or not satellite DNAs are functional is under discussion,
but surely their high copy number provokes doubts as to
their selective neutrality and raises questions about their
evolutionary significance. Several roles have been postu-
lated, mostly associated with centromeric function (e.g.,
Ugarković et al. 1996; Capriglione et al. 1998; Koch
2000). Other authors merely find it difficult to concede
that the large fractions of genomes that satellite DNAs
constitute have little or no phenotypic consequences (see
Elder and Turner 1995 for a review; for a discussion on
the functional roles of microsatellite and minisatellite
DNAs see Kashi and Soller 1999). I anticipate that test-
able and informative hypotheses on the origin, structural
organization, mechanisms of proliferation, behavior and –
ultimately – function of multicopy satellite DNAs will
have their roots in well-designed classifications.
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