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Abstract Three EST-derived microsatellite loci from
\itis vinifera were amplified and sequenced across eight
species of Vitaceae from four different genera. Phyloge-
netic analysis of the microsatellite’'s flanking regions
produced informative results in congruence with previ-
ous studies. Generic relationships were respected and the
data produced sufficient inter-specific variation to distin-
guish between Cayratia acris and Cayratia saponaria,
two very closely related species. Overall, the sequence
alignments showed that priming sites were conserved,
whereas microsatellite repeats were present in most
cases but structurally variable. The sequence data pro-
vided information on the evolutionary patterns of various
microsatellite repeats and their correlation to evolution-
ary relationships among taxa.

Keywords Microsatellites - Mitis - Mutation - Flanking
regions - ESTs

Introduction

Microsatellites (or simple sequence repeats, SSRs) are
considered as being amongst the most-efficient molecu-
lar markers. They are abundantly and uniformly distrib-
uted throughout the genome, inherited codominantly, are
highly reproducible and have simple screening require-
ments. These properties make SSRs particularly advanta-
geous for applications such as population studies and
mapping. The development of increasingly efficient en-
richment strategies (Edwards et a. 1996; Cordeiro et al.
1999), the mining of expressed sequence tags (EST) for
SSRs (Scott et a. 2000), and the success of cross-species
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transferability (Rossetto 2001) have expanded the popu-
larity of these markers. Within the Vitaceae, SSRs have
been previously developed for \tis vinifera from ge-
nomic DNA libraries (Thomas and Scott 1993) as well
as from EST databases (Scott et al. 2000). As previously
shown in a number of other taxa, V. vinifera SSRs are
transferable across cultivars and species (Scott et al.
2000, Rossetto 2001). The success of heterologous PCR
amplification usually depends upon the evolutionary dis-
tance between the source and target species, with higher
genomic homology being likely to translate in greater
conservation of SSR flanking regions.

Despite their versatility, SSRs are generally not con-
sidered as optimal tools for phylogenetic studies. Empir-
ical studies have shown that, at higher taxonomic levels,
SSR dlelesidentical by size are not necessarily identical
by descent (Orti et al. 1997; Doyle et a. 1998). The evo-
lutionary mode of microsatellite repeats is such that new
alleles are created following slipped-strand mispairing
during DNA replication (Levinson and Gutman 1989;
Schittterer and Tautz 1992; Wierdl et al. 1997). It has
been suggested that such events follow stepwise muta-
tion models (single-step, random, or a combination of
both: Shriver et al. 1993; Di Rienzo et al. 1994; Estoup
et a. 1995; Goldstein and Pollock 1997) rather than
the infinite-allele model. Consequently there may be
constraints on alelic size-range limiting the genetic dis-
tances between distinct taxa and potentially counteract-
ing the effects of genetic drift (Garza et al. 1995). As a
result, one of the main problems associated with the use
of SSRs for phylogenetic purposes is the absence of a
fully validated evolutionary model that can be applied to
any type of microsatellite repeat (Goldstein et al. 1995).
Since interspecific alelic differences at the one locus are
often more complex than simple changes in repeat num-
ber, alele frequency and distribution alone are generally
inadeguate to assess long-term evolutionary divergence.

Phylogenetic reconstructions based on sequence data
have the advantage of relying on a large number of char-
acters that follow defined evolutionary patterns (Li
1997). As a result, comparing gene genealogies is be-
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coming an increasingly popular phylogenetic approach,
even if finding regions containing sufficient information
can sometimes be problematic. Phylogenetic resolution
between recently diverged taxa can be low because of
the lack of informative characters, even when assessing
rapidly evolving non-coding regions. For instance, in a
recent study of the Vitaceae the combination of sequence
information obtained from plastid DNA (trnL intron)
and nuclear ribosomal DNA (ITS1) was not sufficient to
clearly differentiate between closely related taxa such as
Cayratia acris and Cayratia saponaria (Rossetto et a.,
submitted).

Vitaceae are woody climbers comprising 13 genera
and about 700 species worldwide (Mabberley 1995). The
family is characterised by leaf-opposed tendrils, which
may be modified to form an inflorescence. The majority
of the genera have predominantly tropical and subtropi-
cal distributions mainly from Africa through Asia and
into the Pacific islands. In these latter regions, the
Vitaceae often play an important role in rainforest habi-
tats and vine thickets. Originally, only Vitis was recogni-
sed within Australia by Bentham (1863), but after later
revisions this genus is now considered to be absent. Five
other genera are represented in the Australian flora, with
a total of 30 named species. Despite recent revisions,
some uncertainty still exists about the phylogeny of
the Australian Vitaceae, particularly Cissus for which
remarkable morphological polymorphism has been re-
corded. Recent phylogenetic studies suggest that at least
four taxa have been incorrectly included within that
genus (Rossetto et al. 2001).

As previous studies have shown that expressed-
sequences containing SSR repeats from V. vinifera are
conserved across a number of taxa (Scott et al. 2000),
the present research proposes to investigate the potential
of these loci in providing useful phylogenetic informa-
tion. Such an investigation was made possible by the
availability of comparative evolutionary data on intra-
and inter-generic relationships in the Vitaceae (Rossetto
et al. 2001). The aim of this study was to investigate the
potential resolution of SSR flanking-regions in phyloge-
netic studies, as well as the evolutionary patterns of SSR
repeats. A total of eight species and three EST-derived
SSR loci were selected and analysed for this purpose.

Materials and methods

Species selection and SSR amplification

Details on the study species, their origin and voucher details are
presented in Table 1. Species selection in this study was aimed at
representing inter-generic diversity within the Australian Vitaceae.
Previous phylogenetic investigations based on plastid and nrDNA
found that the genus Cissus is not monophyletic but structured in-
to three distinct groups (Rossetto et al. 2001). These groups are
represented in this study by Cissus opaca (belonging to the genus
Clematicissus), Cissus penninervis (a true Cissus) and Cissus
sterculiifolia (belonging to a new, yet to be named, genus). Thus
these three taxa, despite being al Cissus, truly represent three dif-
ferent genera. The three Cayratia species were selected to repres-
ent the genus but also to include two very closely related taxa, C.
acris and C. saponaria. Tetrastigma nitens was included as a
genus-representative and finally V. vinifera was the species from
which the SSRs were originally characterised.

Locus selection (scuO6vv, scu08vv, sculbvv) was based on
preliminary transfer studies across a number of different grape ac-
cessions (Scott et al. 2000) and other Vitaceae species (unpub-
lished data). These three loci were chosen because they produced
clear amplification products under standard PCR conditions for
the majority of the eight test species. They also represent an unbi-
ased sample in repeat length and position within the expressed se-
quence (scu08vv is located within the 5UTR, scu06vv within the
3'UTR and scul5vv within the coding sequence).

As this study was aimed at assessing the potential of SSR
flanking regions in examining taxonomic relationships, and not at
defining phylogenetic relationships within the Vitaceae, sufficient
information could be obtained from the species/loci combination
selected.

PCR, cloning and sequencing

PCR conditions were as described in Scott et al. (2000), with the
only difference being that the annealing temperature was lowered
to 48°C for cross-species amplifications. PCRs that produced a
homozygous product could be sequenced directly (forward and re-
verse), but if heterozygous patterns were obtained then cloning
was required. At least two separate PCR products or clones were
sequenced for each locus/species combination. Cloning was per-
formed using the pGEM-T Easy vector system (specifically de-
signed for cloning PCR products) following standard supplier’'s
protocols (Promega). PCR amplification of ITSL and the trnL
(UAA) intron are described in Rossetto et al. (submitted) and the
GenBank accession numbers for each sequence is indicated in
Table 1. Cycle-sequencing was carried out using the Big-Dye ter-
minator (Perkin EImer) following standard supplier’s protocols on
an ABI 3700 thermocycler. Sequences were visualised on an ABI
377 automatic sequencer at the Australian Genome Research

Table 1 List of the eight taxa used in this study. Provenance (Qld, Queensland), voucher details (JCT, James Cook University Herbari-
um) and accession numbers for the plastid and nrDNA sequences are included

Genus Species Provenance Voucher GenBank GenBank
#trnL #1TS1
Cayratia acris (F. Muell.) Domin. MillaaMillaa (Qld)  B.Jackes 9960 JCT AF300314 AF365985
cardiophylla Jackes Chillagoe (Qld) B.Jackes 9950 JCT AF300316 AF365987
saponaria (Seem. Ex Benth.) Domin. MillaaMillaa (Qld)  B.Jackes 9959 JCT AF300315 AF365986
Cissus opaca F. Muell. Mt. Fox (Qld) B.Jackes 9854 JCT AF300301 AF365981
penninervis (F. Muell.) Planch. Paluma (Qld) B.Jackes 9850 JCT AF300300 AF365982
sterculiifolia (F. Muell. ex Benth.) Planch.  Paluma (Qld) B.Jackes 9841 JCT AF300302 AF365983
Tetrastigma  nitens (F. Muell.) Planch. Townsville (Qld) B.Jackes 9903 JCT AF300311 AF365984
Vitis viniferaL. - - AF300295 AF365988




Fig. la—c Full sequence align-
ment of the three SSR sequenc-
es. The forward and reverse
primer sites are in bold, SSR
repeats and character substitu-
tions are highlighted (light and
dark grey respectively).
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Fig. 2 a Strict consensus tree
obtained from the combined
analysis of the flanking regions 74
from three EST-derived SSR |
loci. Bootstrap values are indi- ;
cated on the branches. Thepo- |
sition of the SSR repeat muta- ‘
tions are also marked and num-
bered (see text for details).
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Facility (Brisbane, Australia). The sequences obtained were
aligned using Clustal W (Thompson et al. 1994).

Data analysis

The SSR sequences obtained were evaluated by maximum parsi-
mony. The regions were analysed separately and as a combined
data set. Information on parsimony informative indels (inser-
tion/deletions shared by two or more taxa) was added to the se-
quence data as a presence/absence matrix, which carried equal
weight as single base-pair substitutions. Phylogenetic relationships
among the eight species were inferred with 1000 random sequence
addition and tree bisection-reconnection (TBR) branch swapping,
permitting five trees to be held at each step then swapped to com-
pletion. Tree searches were conducted via Fitch parsimony (equal -
weight unordered characters state, Fitch 1971) using PAUP 4.0b4a
(Swofford 2000). Clade robustness was measured by the bootstrap
method (Felsenstein 1985) with 500 replicates, and using 1000
random sequence addition and tree bisection-reconnection (TBR)
branch swapping, but again permitting only five trees to be held at
each step. Fragments that did not amplify (scuO6vv for C. opaca
and scu08vv for Cayratia cardiophylla) were treated as missing
data. The same method was used to analyse plastid and nrDNA re-
gions (the GenBank accession numbers for these sequences are
shown in Table 1).

Results

Amplification and sequencing were possible for all eight
species with scul5vy, for al but C. opaca with scu0O6vyv,
and for all but C. cardiophylla with scu08vv (Fig. 1).
The aligned matrices were 188-bp long for scuO6vv (147
bp without the SSR repeats), 195 bp for scu09vv (160 bp
without the SSR repeats), and 219 bp for sculbvv
(189 bp without the SSR repeats). The combined data
from the three sets of SSR flanking regions distinguished
between all the taxa investigated, with a total of three
substitutions (one at scu08vv and two at scul5vv) and
two indels (one each at scu06vv and scul5vv) differenti-

ating between C. acris and C. saponaria. The fact that
each of the SSR loci could differentiate between these
two speciesis particularly interesting, since no sequence
differences were recorded for the trnL intron (Rossetto
et al. 2001a) and a single indel distinguished these two
taxafor ITS1 (Rossetto et al. 2001b).

As expected from the success of PCR amplifications,
all priming regions were highly conserved (except for a
single transition at locus scu08vv in C. sterculiifolia).
Microsatellite repeats were present within most taxa at
al loci, but length and repeat type varied (Fig. 1). At
locus scu06vv a number of SSR repeats were present
(Fig. 1a). The original repeat in Vitis was (AT), but the
same repeat was very small across the other taxa (maxi-
mum (AT), in C. cardiophylla). However, two new re-
peats were found in most of the other taxa: a perfect (T),
followed by an imperfect (TC), (Fig. 1a). Similarly,
at locus scu08vv the original (GGT),, repest from V. vi-
nifera was shorter in most other taxa except for C. pen-
ninervis and T. nitens, for which the repeat was interrupt-
ed and compound respectively (Fig. 1b). As for the pre-
vious locus a new SSR repest emerged (CTT),, but this
time within Cayratia aone (Fig. 1b). Finally at locus
sculbvy the origina (GAA), repeat was conserved
across Cissus, interrupted for Cayratia and absent in Tet-
rastigma (Fig. 1c). The mgor changes in SSR repeat
structure are marked in Fig. 2a.

The Fitch analysis for the combined flanking regions
of the SSR sequences resulted in one most-parsimonious
tree of 99 steps C1=0.94 and RI=0.91 (Fig. 2a). Strong
bootstrap values supported two major clades, one group-
ing the three Cayratia and the one Tetrastigma analysed,
the other including C. penninervis, C. sterculiifolia and
V. vinifera (Fig. 2a). C. opaca was outside these two ma-
jor clades. Within the major clades there was strong
bootstrap support for two subclades grouping the two



Cissus and the three Cayratia species respectively. A
very similar tree could be obtained from the data from
locus sculbvv aone (data not shown). The equivalent
tree obtained from the combined sequence data from
ITS1 and the trnL intron is shown in Fig. 2b. This tree
was less resolved than the SSR-based one, with only the
Tetrastigma-Cayratia clade having bootstrap support and
the rest of the species forming a polytomy.

Discussion

The combined analysis of the flanking sequences from
three EST-derived SSR loci was more phylogenetically
informative than the combined analysis of 1TS1 and the
trnL intron. The SSR flanking regions contained a high
number of informative substitutions and indels, and such
variation proved to be particularly useful for distinguish-
ing between very closely related taxa such as C. acris
and C. saponaria. Overall, the main intra and inter-
generic relationships were successfully resolved (Fig. 2).
A previous study on the Vitaceae (Rossetto et a. 2001)
found that the genus Cissus was not monophyletic. This
is supported by the SSR data which clearly distinguishes
between C. opaca (likely to be a Clematicissus; Rossetto
et al. 2001) and the other members of the genus tested
(Fig. 2d). The close relationship between Tetrastigma
and Cayratia is also clearly corroborated by the SSR da-
ta and, as expected, the three Cayratia species tested
form a well-supported subclade (Fig. 2a). The resolving
power of this study is clearly limited by the number of
taxa used; nevertheless, the main aim of this investiga-
tion was not to define phylogenetic relationships in the
Vitaceae but rather to show the potential application of
SSR flanking regions to such studies. Clearly, the phylo-
genetic information obtained from the three loci was
accurate enough to respect relationships among taxa and
sufficiently informative to distinguish between two very
closely related species.

The sequence variation found within the SSR loci was
significantly higher than that obtained from the analysis
of plastid DNA aone (Rossetto et al. 2001). Plastid
DNA is generaly less informative than nuclear DNA but
has the advantage of being single-copy, non-recombinant
and usually uniparentally inherited. Multiple gene fami-
lies in nuclear DNA, such as the internal transcribed
spacer regions (I TSs), are more informative because they
are highly variable and undergo concerted evolution
(which ensures sequence orthology). However, excess
variability, especially among more distantly related taxa,
can complicate the alignment of TS regions thus reduc-
ing their overall informativeness. In the present study,
the ease of alignment of the SSR loci is likely to have
contributed to their greater resolution power when com-
pared to ITS1. Small et a. (1998) found that the varia-
tion within a genic region (alcohol dehydrogenase, Adh)
was phylogenetically more informative than that found
within plastid and nrDNA. As for the SSR flanking re-
gions, Adh was also easier to align and provided suffi-
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cient information to resolve relationships between tetra-
ploid Gossypium species (Small et a. 1998). However,
special care is required when dealing with nuclear genes,
as orthology can be more complex to demonstrate.

Empirical studies on pedigrees have estimated SSR
mutational events to be between 1072 to 1073 per locus,
per gamete, per generation (Weber and Wong 1993). Be-
cause of their different evolutionary constraints, general-
ly it is preferable not to include SSR repeats in phyloge-
netic analyses. However, comparing SSR repeat struc-
ture among a number of related species provides interest-
ing information on their evolutionary patterns. Taylor
et a. (1999) summarised two major eventsin SSR evolu-
tion, ‘birth’ and ‘death’, both originating from the com-
bination of two mutational events. During the birth of a
SSR, a first mutational event produces sufficient length
for the second mutational event, slipped-strand mispair-
ing, to occur and produce repeat length variations. Death
of a SSR involves a first mutation which interrupts and
stabilises a previously perfect repeat, followed by a sec-
ond mutation which deletes a large portion of that repesat.
The alignment matricesin Fig. 1 suggest that both events
have occurred within the three loci sequenced. The
presence of (AT), at scuO6vv in Vitis alone (mutation 1,
Fig. 2a) appears to be an example of the birth of a SSR,
as no interruptions are present among related taxa. The
remaining SSR repeats in this study represent mainly
SSR death events. The (GGT),, repeat of scuO8wv is
present in Cissus and Vitis, with an initia interruption
appearing in C. penninervis (mutation 2, Fig. 2a). Within
Cayratia and Tetrastigma this repeat sequence has fol-
lowed different paths, being close to complete deletion
in the former (mutation 3, Fig. 2a) and having evolved
into a compound (GGC),, (GGT), repeat in the latter
(mutation 4, Fig. 2a). Interestingly, the death of the
(GGT), repeat in Cayratia appears to have been bal-
anced by the birth of a new (CTT),, repeat at a different
site (mutation 5 in Fig. 2a). Finally, while the (GAA),, re-
peat in locus scul5vv is conserved across all Cissus and
\itis investigated, an interruption is present in all Cayra-
tia (mutation 6, Fig. 2a) and the repeat has disintegrated
in T. nitens (mutation 7, Fig. 2a). Some evolutionary in-
formation can be extracted from these data and this study
is in agreement with the concept of SSR interruptions
being frequently found within species more recently
evolved than the one from which the loci were character-
ised (Taylor et a. 1999). Such findings suggest the
potential existence of a correlation between mutational
events within SSR repeats and evolutionary relationships
across taxa.

In conclusion, in the Vitaceae the benefits of investigat-
ing cross-species amplification of SSR loci are multiple.
Firstly, the conservation of loci is conducive to their usein
genetic studies across a number of related species. For in-
stance, six loci characterised for V. vinifera are currently
being used in population studies of Cissus hypoglauca and
C. sterculiifolia. Secondly, the variability recorded within
the flanking sequences of a small number of loci is suffi-
cient to distinguish between closely related species and to
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examine evolutionary relationships. For such applications,
this approach is likely to be more reliable than the analysis
of alelic frequencies alone. This strategy can be particular-
ly beneficial to the study of closely related agricultural va
rieties, especialy those with previously characterised SSR
libraries and/or EST databases. Finally, the findings sug-
gest that further large-scale studies on mutational events
within microsatellite repeats are likely to advance our un-
derstanding of SSR evolution.
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