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Abstract Teleki rootstocks are used in grapevine-producing
countries all over the world. They represent one of the largest
groups of available rootstocks but their origin is still in dispute
although they have been regarded as Vitis berlandieri × V.
riparia hybrids. To investigate their possible origin, we ampli-
fied and sequenced three chloroplast regions, two non-coding
spacers (trnL-F, trnS-G) and the trnL group I intron in a core
collection of Teleki rootstocks representing widespread acces-
sions and related wild North American grape species (V. ber-
landieri, V. riparia and V. rupestris). Concatenated sequence
data coupled with microstructural changes discovered in the
chloroplast regions provided data to trace thematernal ancestry
of the Teleki lines. All chloroplast regions showed both nucle-
otide and length variation. Lengthmutations in the non-coding

regions represented mostly simple sequence repeats of poly-A
and -T stretches. These indel characters exhibited additional
diversity comparable with the nucleotide diversity and in-
creased resolution of the phylogenetic trees. We found that a
group of Teleki accessions position together with the wild
grape species V. riparia. Another group of Teleki rootstocks
formed a sister group to the other North American species V.
berlandieri. These clades had moderate support values, and
they do not share ancestry with other accessions of Teleki
rootstocks resolved with high support value in the V. riparia
clade. It seems that Teleki-Kober 5BB and 125 AA accessions
might have a V. berlandieri maternal background. We also
found great differences within putative clones of Teleki 5C
and Teleki-Kober 5BB suggesting that the selection of these
accessions was performed on heterogenous or mislabeled
plant material collectively maintained under these names.

Keywords Grapevine . Group I intron .Non-coding spacer .

North American wild Vitis species . trnL-trnF . trnS-trnG

Introduction

European vineyards were destroyed to large extent by grape
phylloxera (Daktulosphaira vitifoliae Fitch, 1855) and be-
came dependent on North American Vitis species (Snyder
1937; Granett et al. 2001). Large number of phylloxera-
resistant North American Vitis rootstocks of diverse species
were shipped to France in the 1870s (McLeRoy and Renfro
2008). Many interspecific hybrids resulted in large number
of rootstocks that were grouped by ampelographic techni-
ques (Galet 1967; Pongrácz 1988). It is very difficult to
distinguish these accessions phenotypically (Fig. 1) because
of their common parentage from Vitis riparia Michx., V.
rupestris Scheele and V. berlandieri Planch. [Syn.: V. cin-
erea var. helleri (L.H.Bailey) M.O.Moore] (Walker and
Boursiquot 1992). At first isozymes were used to
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distinguish grape rootstocks (Walker and Liu 1995), but
with fairly poor success. Later, RAPD (randomly ampli-
fied polymorphic DNA) markers proved to be more
successful (Xu et al. 1995), and RFLP analyses have
also been performed on 16 Vitis accessions and clones
(Bourquin et al. 1991). Hong and Walker (1998) pub-
lished the results of efficient use of microsatellites for
identification. Since then, SSRs have been exploited
extensively in a number of countries for identification
of cultivars, characterisation of grape genetic resources
(Fatahi et al. 2003; Hvarleva et al. 2004; Grando and
Frisinghelli 1998; Moravcová et al. 2006), verification
of synonyms or homonyms (Fossati et al. 2001; Labra
et al. 2001), parentage analysis (Bowers et al. 1999a;
Sefc et al. 1998a) or genomic mapping (Adam-Blondon
et al. 2004; Fisher et al. 2004; Riaz et al. 2004).
Traditional cultivars of V. vinifera L. were genotyped
by SSR markers but little data is currently available for

rootstocks (Sefc et al. 1998b; Fatahi et al. 2003;
Dzhambazova et al. 2007; Upadhyay et al. 2007; Cseh
et al. 2006).

One of the largest groups among the rootstocks are
the so-called Teleki lines. Due to the poor performance
of the available phylloxera-resistant rootstocks on soils
with high lime content in 1890s, the Hungarian farmer
Zsigmond Teleki decided to develop his own lines. He
purchased Vitis berlandieri canes from France. However,
their import was prohibited because of “black rot” dis-
ease. Therefore Teleki ordered 10 kg grape seeds from
southern France, from Mr. Rességuier (Teleki 1927).
According to Teleki (1927), those seeds derived from
open pollination of V. berlandieri. From 40,000
obtained seedlings showing large morphological varia-
tion corresponding to different species of Vitis, Teleki
selected all seedlings resistant to fungal diseases, toler-
ant to high lime content, and with the main morpholog-
ical characters of V. berlandieri × V. riparia. He was
able to classify the plants into ten groups based on
morphological traits. Groups 1, 2 and 3 included all
the V. vinifera type plants, groups 3, 4 and 5 were more
like V. riparia, groups 6, 7, and 8 were more like V.
berlandieri and group 10 was reminiscent of V. rupest-
ris (Bakonyi and Kocsis 2004). Within the groups, he
marked the plants with the letters ‘A’ and ‘B’ according
to the colour of the shoot apex and sex of the flowers.
In this way, he chose what he considered to be the most
useful groups, e.g. 4A, 5A and 8B. Two of these
groups, 8B and 5A, were marketed for quick propaga-
tion, but these did not represent progeny of individual
plants. Later, he selected T5C and T8B as single plants
with defined traits from these pools. Further selection
from Teleki’s material was necessary and was performed
by other breeders, such as Fuhr and Rodrian for SO4,
and Kober for K5BB and K125AA (Bakonyi and
Kocsis 2004; Manty 2005). The Teleki rootstocks are
now used widely in viticulture in almost every wine-
growing region and therefore it is very important to
know if sensitivity against phylloxera resistance is pres-
ent or not in the rootstocks currently used.

Morphological and growth characteristics of Teleki
rootstocks are well documented, but their genetic back-
ground is still unknown. The clarification of the origin
of Teleki lines has not only scientific but practical value
as well, because the growth features of the rootstocks
and on the grafted scions are under strong genetic
control. The effectiveness of breeding correlates with
the genetic background of the samples. This is true
especially for woody plants such as grapevine, where
3–5 years are needed to uncover the results of breeding.
This is why the clarification of the origin and relation-
ships of these accessions is highly important. The aim

Fig. 1a–f Representative pictures of leaves of North American wild
Vitis species and some Teleki rootstocks. a V. berlandieri: leaf is
similar to that of V. riparia, except that teeth are much smaller and
the tomentum is much denser at the tip of the shoots. b V. riparia:
leaves are glabrous, three-shouldered to three-lobed cordiform blades
with cordate bases. c V. rupestris: leaves are small glabrous, often
three-shouldered, rarely shallowly three-folded; blades are reniform
and folded invards; base truncate with acute to short acuminate apices.
d Teleki–Kober 5BB: the petiolar sinus is prominently open with a
characteristic upturned and wavy leaf margin. e Teleki–Kobber
125AA: leaves are gross, unlobed, with dark green colour with a
widely opened sinus. f Teleki 5C—the rootstock used most widely:
leaves are mostly unlobed, dark green; leaf rims curved upwards and
sharply dented
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of this study was to improve our knowledge about the
maternal genetic background of Teleki lines using non-
coding chloroplast sequences.

Materials and Methods

Plant Material, PCR Amplification and Sequencing

DNA was extracted from cryopreserved leaves using the
CTAB method of Doyle and Doyle (1987), incorporating
the modifications by Poczai et al. (2009). Details of the plant
material used in this study are provided in Supplementary
Table 1. Three chloroplast regions were PCR amplified in
two steps. The trnL-trnF region, containing the trnLUAA

gene, its intron and the 3′trnLUAA-trnFGAA spacer was am-
plified in one overlapping fragment with the universal pri-
mers C (5′-CGA AAT CGG TAG ACG CTA CG-3′) and F
(5′-ATT TGA ACT GGT GAC ACG AG-3′) designed by
Taberlet et al. (1991). These primers were used for sequenc-
ing coupled with primers D (5′-GGG GATAGA GGG ACT
TGA AC-3′) and E (5′-GGT TCA AGT CCC TCTATC CC-
3′) also by Taberlet et al. (1991) in cases when reads were
too short to generate reliable sequences. The intergenic
spacer spanning through the trnSGSU and trnGUCC transfer
RNA genes were amplified with primers trnS (5′-GCC GCT
TTA GTC CAC TCA GC-3′) and trnG (5′-GAA CGA ATC
ACA CTT TTA CCA C-3′) (Hamilton 1999). These primers
were used also for direct sequencing. Amplification reac-
tions were performed in 10 μl volumes containing: 5 μl
NFW (nuclease-free water), approximately 20 ng template
DNA, 50 μg bovine serum albumin (BSA), 0.5 μM of
each primer, 0.2 mM dNTP, 5 μl 10×DreamTaq buffer
and 0.5 U DreamTaq DNA Polymerase (Fermentas,
Vilnius, Lithuania). All reactions were performed in a
MasterCycler ep384 (Eppendorf, Germany) with the follow-
ing settings: 2 min at 94 °C for initial denaturation, 35 cycles
of 30 s denaturation at 94 °C, 1 min annealing at 50 °C for
trnL-trnF and 52 °C for trnS-trnG, and 2 min extension at
72 °C, followed by a final extension for 5 min at 72 °C.
Amplification products were separated on 1.5 % agarose
gels in 0.5 × TBE buffer (220 V, 0.5 h) and stained with
ethidium bromide. Cleanup of PCR products was performed
by removing non-incorporated primers with 10 U exonucle-
ase I and degradation of nucleotides by 1 U thermosensitive
alkaline phosphatase (Exo I and FastAP, Fermantas). PCR
mixes were incubated at 37 °C for 15 min and the reaction
was stopped by heating the mixture at 85 °C for 15 min.
Direct sequencing was performed in an ABI 3130XL auto-
mated sequencer in both directions using the ABI PRISM
BigDye Terminator Cycle Sequencing Ready Reaction Kit
v.3.0. All sequences were annotated and deposited in NCBI
GenBank (http://www.ncbi.nlm.nih.gov/genbank/).

Accession numbers are available in the Supplementary
Table 1.

Sequence Assembly, Alignment and Indel Coding

Forward and reverse sequence reads for all individuals were
assembled into contigs using CodonCode Aligner v.3.7.1.
(http://www.codoncode.org) generating a single consensus
sequence for each terminal. Discrepancies were resolved by
manually editing the traces using the compare option of the
advanced assembly function. Final contigs were extracted
from the compared assemblies and consensus sequences
were converted to FASTA format. Multiple sequence
assemblages were aligned with MUSCLE (Edgar 2004) as
implemented in Geneious v.4.8.5 (http://www.geneious.
com/) using default settings. Exon-intron boundaries and
non-coding regions were identified and annotated in the
alignments using the Vitis vinifera (NC007957) chloroplast
genome as a reference. This facilitated additional editing
and processing of the sequences. Further alignments were
made by removing ambiguous positions and gaps with the
command line version of Gblocks (Castresana 2000).
Highly stringent settings were applied where all flanking
sequences were conserved, and smaller (< 20 bp) blocks
were discarded. Final datasets were concatenated and for-
matted to different extension files (FASTA, NEXUS) using
the export options of Geneious. Sequence statistics were
calculated either with SeqState (Müller 2005) or MEGA
v5 (Tamura et al. 2011).

Gaps (or “indels”) have been recognized widely as a
valuable source of data for phylogenetic inference
(Simmons et al. 2007). In order to utilize this source we
coded indels based on microstructural changes. In the case
of the concatenated alignments indels were incorporated as
binary data according to the simple indel coding (SIC)
method of Simmons and Ochoterena (2000) implemented
in SeqState (Müller 2005). The program generated a ready-
to-use NEXUS-file containing the binaries which were edi-
ted for further analyses.

Phylogenetic Analyses

Parsimony Analyses

We performed phylogenetic analyses with parsimony as an
optimality criterion using the program Nona (Goloboff
1994) within a winclada (Nixon 2002) shell. The concate-
nated matrix of MUSCLE alignment + binary indels was
reduced to 87 terminals by deleting all duplicate terminals.
We performed five separate analyses (using processor time
as a seed to randomise the order of the terminals) with the
following settings: hold 3,000 (holding defined number of
trees), 100 replications (search performed with multiple
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tree-bisection-reconnection algorithm mult*max*), hold/20
(keeping 20 starting trees for each replication). In addition,
we performed also a larger analysis by holding up to 30,000
trees (hold 30,000) but keeping only 2 starting trees for each
replication (hold/2). Jackknife (Farris et al. 1996) support
values were calculated using 1,000 replications, with 10
search replications (multi*10) and with 1 starting tree per
replication (hold/1).

Bayesian Analyses

Prior to Bayesian inference (BI) analysis, we identified best-
fitting substitution models for the concatenated and separate
datasets using the Akaike information criterion (AIC;
Akaike 1974) as implemented in MEGA v5. Bayesian anal-
ysis was performed with MrBayes v3.2 (Huelsenbeck and
Ronquist 2001), applying the Hasegawa-Kishino-Yano
model (Hasegawa et al. 1985) with a proportion of invari-
able sites and gamma-shaped distribution of rate variation
across sites (HKY+I+Γ) and the restriction site model for
the binary indel partition. Posterior probability (PP) distri-
butions were created using the Metropolis-coupled Markov
chain Monte Carlo (MC)3 method with the following as-
sembled datasets: (1) concatenated MUSCLE alignment, (2)
concatenated MUSCLE alignment + binary indels, (3) con-
catenated Gblocks alignment, and (4) concatenated Gblocks
alignment + binary indels. We attempted to sample all trees
that had a reasonable probability given the assembled data-
sets. For this reason we kept all sequences in the alignments
even if they had identical sequences. This was based on
population genetic reasons not to mislead the BI assuming a
larger population. An initial analysis employing only two
separate runs and four chains with 106 generations was
conducted to fine-tune parameters. This preliminary analy-
sis indicated that the default parameter for heating (temp0
0.2) results in infrequent swapping of states between the
heated and cold chains. We found that temp00.1 results in
adequate states swaps, which we used for longer chains.
Further analyses were initiated with four runs and eight
chains (106 generations each) sampling every 100th gener-
ation. Runs were conducted on the computers of CSC-IT
Center for Science (http://www.csc.fi), Espoo, Finland by
assigning each chain to a separate CPU. Simulations were
run until it was necessary to reach stationarity assessed from
the average standard deviation of split frequencies <0.01.
MC3 convergence was explored by examining the Potential
Scale Reduction Factor (PSRF) for all parameters in the
model and plots of log-likelihoods over time together with
other plots for all parameters allowed by Tracer v1.4
(Rambaut and Drummond 2007). Additional tests of con-
vergence were conducted with the online program AWTY
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Fig. 2 The resulting strict consensus tree of the parsimony analysis.
Numbers above branches represent jackknife support valuesR
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(Nylander et al. 2008) using the ‘cumulative’ and ‘compare’
functions. The evidence of convergence can be understood
as no significant changes in posterior probabilities over
millions of generation, although true convergence can never
be proven (Nylander et al. 2008). The states of the chains
sampled before stationarity (split freq. >0.01) were dis-
carded as burn-in (25 %). Trees from BI analyses were
summarized as majority-rule consensus trees and edited
with TreeGraph2 (Stöver and Müller 2010).

Maximum Likelihood Analyses

Phylogeny was also inferred using the maximum likelihood
(ML) approach implemented in RAxML 7.2.6. (Stamatakis
2006). All runs were performed with the graphical user
interface raxmlGUI 0.93 (Silvestro and Michalak 2012).
The reduced MUSCLE alignment without binary coded
indels was used for the analysis, since concatenated matrices
are not supported by the software. Thorough bootstrap
searches (1,000 replicates) were performed under the default
general time reversible model of nucleotide substitution
with rate heterogeneity following a discrete gamma distri-
bution (GTR+ Γ). RAxML implements only the GTR model
and is therefore applied in our analysis. Throughout this
paper, 70–84 % bootstrap support is considered moderate
and 85–100 % as strong support.

Sequence and Indel Variability

The concatenated MUSCLE alignment was analyzed with
DnaSP v5 (Librado and Rozas 2009) to estimate polymor-
phism. Nucleotide diversity (π) with the Jukes and Cantor
(1969) correction taking into account the average number of
nucleotide substitutions per site was calculated together with
Θ per site (Watterson 1975) derived from the number of
polymorphic sites (S). We also calculated the number of
haplotypes (H) together with haplotype diversity (Hd; Nei
and Tajima 1983) and the average of nucleotide differences
(K). To gain insights to evolutionary forces acting on each
region we calculated a separate overall statistics for indel
polymorphisms. This assumption fitted well with the binary
indel data coded by SeqState, since DnaSP also uses the SIC
method. Based on indel information the total number of
indel events (I), average indel length (L), number of indel
haplotypes (Hi) together with diversity values such as indel

Fig. 3 Maximum likelihood (ML) majority rule consensus tree for the
analysed Vitis accessions and outgroup taxon obtained from plastid
DNA data. Red shading V. riparia clade, purple shading V. rupestris
clade, blue shading V. berlanidari clade. The group of Teleki acces-
sions appearing as sister group in the V. berlandieri clade is shaded in
green. Images of representative leaves and grooving shoots with ten-
drils are shown

b
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haplotypes diversity (Hid), indel diversity (Ki) and indel
diversity per site (πi) was calculated. The D test statistic
proposed by Tajima (1989) was calculated to test the hy-
pothesis that all indels are selectively neutral.

Results

Genetic Relationships and Phylogenetic Inference

All parsimony analyses resulted in a set of equally parsimo-
nious trees (EPTs) with the length of 183 steps. The ensem-
ble consensus index (CI; Kluge and Farris 1969) and
ensemble retention index (RI; Farris 1989) were 0.74 and
0.89, respectively. The (strict) consensus trees of different
analyses were identical, as illustrated in Fig. 2. Because of
these highly identical results we did not even attempt to find
all EPTs. This would be unnecessary and simply waste of
CPU time as noted already by Farris et al. (1996). The ML
analysis resulted in a tree (Fig. 3) with a log likelihood score
of 4,232.1161. This tree was consistent with the tree
obtained in the parsimony analysis. The results of the
Bayesian runs with different alignments were highly con-
gruent with each other. PSRF values averaged 1.0000–
1.0001 strongly suggesting that stationarity had been
reached. The comparison of the topologies and associated
posterior probability values obtained across the independent
runs for each alignment with AWTY verified convergence.
The inclusion of binary indel characters in the alignments
influenced the convergence of the runs. Runs without indels
reached stationarity after 8×106 generations while the in-
clusion of binaries shortened this to 6×106 generations. The
resulting trees from the analyses of different datasets did not
show any incongruence, but the inclusion of indel characters
produced more resolution in the deeper nodes. The majority
rule consensus tree is illustrated in Fig. 4, complemented
with the support values gained for each dataset.

When the consensus trees obtained from different analy-
ses are compared it is obvious that the concatenated dataset
also includes characters that are congruent with other char-
acters. Both analyses (parsimony and BI) that included also
the binary indel data resulted in a consensus trees with more
resolution than the trees of the ML analysis performed

Fig. 4 Bayesian 50 % majority rule consensus tree (left) and phylo-
gram (right) from the analysis of the concatenated dataset of chloro-
plast regions. Numbers above the branches are posterior probabilities
(PP); the Gblocks + indels are shown on the left, and Gblocks align-
ment without indels is shown on the right. Below the branches, PP
values for MUSCLE + indels are shown on the left and MUSCLE
alignment without indels on the right. Resolution with high (PP 95 %)
values present in at least two of the alignments is indicated by bold
lines while dashed lines specify topologies that collapsed or were
absent in the results of at least one alignment. Grey shaded boxes
represent the analyzed Teleki lines on the consensus tree

b
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without indel data. The nodes with high support values were
taxonomically clearly patterned, suggesting that the ana-
lyzed Vitis species are well differentiated. This provides
possibility to trace the maternal ancestry of the Teleki lines,
which seem to group in two clades. Six Teleki lines were
placed within the V. berlandieri clade. Two accessions (41
Teleki P5C and Teleki 5C G41 74) were nested within a
bigger V. riparia clade formed by many V. riparia acces-
sions; however, with only moderate PP support values. Two
other Teleki lines (Teleki 8B GK1 and Teleki 5A) were
grouped together, while the rest of the Teleki accessions
were united in a separate clade. Both of these groups
appeared only with the inclusion of the binary indel dataset
and got only weak support values, indicating that only indel
characters are responsible for the formation of these topo-
logical arrangements. The pure V. rupestris selection Fort
Worth 1, 2 and 3 formed a group in the V. rupestris clade
with low PP support value. A group was formed by Aramon
Ganzin 1 and 2, Fort Worth 1 and Taylor. The first two are
known as V. vinifera × V. rupestris with V. rupestris as a
female parent. The PP support value of this group was very
low. Taylor has been reported as a V. riparia × V. labrusca L.
hybrid, but we have it in the V. rupestris clade. V. solonis
Prince ex Bailey is an interspecific hybrid between V. ripa-
ria and V. mustangensis Buckley (Syn.: V. candicans
Engelm. ex Durand) and it was resolved between the V.
rupestris and V. riparia clades. Riparia Gloire de
Montpellier is found in the V. riparia group with relatively
high PP support value as a pure V. riparia and it shows close
relationship with Teleki 5C G41 and Teleki P5C, which
could indicate parent relationships. Vitis novo-mexicana
Lemmon ex Munson and Jaquez formed a clade next to
the V. riparia clade, with very high (0.99) PP support value,
indicating a highly similar genetic background. Their par-
entage has been reported so far as V. riparia × V. mustan-
gensis and V. bourquina (V. vinifera × V. aestivalis Michx.),
respectively (Galet 1967). Vialla has been claimed to have V.
labrusca and V. riparia background (Galet 1967), this is in
accordance with our results. Resseguier N1 and N107 are
very similar, form a clade and fit well into the V. berlandieri
clade as expected because they are pure V. berlandieri
selections. They were possibly one of the parents of the
Teleki seedlings as most of the canes originated from the
seeds obtained from Mr. Resseguier and his plantations. A
group of Teleki seedlings are genetically close to that group.
It seems that Teleki-Kober 5BB and 125 AA could have a V.
berlandieri maternal background.

Variability of the Three Chloroplast Regions

All datasets obtained for the complete trnL-trnF and trnS-
trnG regions showed variation either in their length or in
their nucleotide composition. For the analyzed terminals the

aligned data matrix, consisting of the trnL group I intron
(542–543 bp), the trnL-trnF spacer (431–457 bp) and the
trnS-trnG spacer (1,021–1,076 bp), included 2,159 charac-
ters with gaps. Sequence statistics were calculated for the
concatenated MUSCLE alignment, distinguishing the fea-
tures of the two spacers and the group I intron which are
summarized in Table 1. The Gblocks alignment consisted
1,913 bp representing 88 % of the original 2,159 bp long
MUSCLE concatenated alignment. This final alignment was
formed by 23 selected blocks with flanking positions allow-
ing minimum length of 10 bp for each block, while the
minimum number of sequences for a flanking position was
104. The two alignments are provided as Supplementary
Tables 2 and 3. This allowed elimination of divergent,
poorly aligned regions that may not be homologous and that
may have been saturated by multiple substitutions. The trnL
intron (5.51 %) and the trnL–trnF spacer (5.58 %) contained
variable sites at practically equal levels, but length variation
was more common in the non-coding spacer region. The
other plastid region trnS-trnG, showed slightly higher num-
ber of variable sites (6.83 %) and lower level of conserved
positions. In the complete trnL-trnF region only 18 of the
total 57 variable characters turned out to be parsimony
informative this being higher in trnS-trnG with 76 variable
characters and 28 parsimony informative sites. Both spacers
(trnL-trnF: 35.74 %; trnS-trnG: 34.85 %) and the intron
region had similar GC content (trnL intron: 39.44 %). The
ratio of transition to transversion (ti:tv) ranged from 0.27 to
0.45 in the trnL intron and trnL-trnF spacer, respectively.
The trnS-trnG spacer had a slightly higher ti:tv value of
0.66, while the overall value was 0.57 for the concatenated
dataset. The ratio showed no bias towards either transitional
or transversional substitution because the two kinds or sub-
stitutions were almost equally probable.

The genetic diversity indices calculated for each species,
chloroplast region and for Teleki line groups based on their
putative ancestry inferred by the phylogenetic analysis are
presented in Table 2. These indices were also calculated for
all Teleki lines and terminals. The nucleotide diversity val-
ues π (JC) and Θ (S) for the spacers ranged between 0–
0.0031 and 0–0.0068, while they were slightly lower for the
intron, varying between 0.0016–0.0021 and 0.0019–0.0052,
respectively. The trend was similar in the average differ-
ences between pairs of nucleotides (K) among groups rang-
ing 0–3.108 for the spacers, and 0.571–1.068 for the intron.
The occurrence of substitutions along the analyzed concat-
enated sequences is shown in Fig. 5. Within wild grapevine
species the inferred number of possible haplotypes was
highest for Vitis rupestris (25) and lowest for V. riparia
(14). The haplotype diversity—the probability that two ran-
domly selected haplotypes are present in the sample—based
on the total dataset varied between 0.714 and 0.960. All
these calculated indices of diversity confirm that variation
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was low within each wild grapevine species represented by
the assembled accessions, and further indicates that each
group was well differentiated as all values were higher when
calculated among all accessions. This was clearly apparent
for the two groups of Teleki lines, which exhibited lower
diversity when treated separately and higher values when
treated together.

Microstructural Changes and Indel Variability

A number of length mutations were identified in all plastid
DNA regions used. These changes yielded additional 30
binary characters coded for 26 microstructural changes.
The list of indels and their coded states in binary format is
given in Supplementary Table 4. In the trnS-trnG spacer
most of these indels represent simple sequence repeats
(SSR), mostly duplications of tri- to hexa-nucleotide repeats
or different stretches of poly-A mononucleotide repeats. An
exception is a larger (77 bp) insertion restricted to the out-
group Parthenocissus quinquefolia (see Supplementary
Table 2), which seemed to be lost in Vitis. Parthenocissus
sequence seemed to be the most variable in length, accumu-
lating larger insertions/deletions. The trnL intron included
only a few one base (A/T or C) indels, while the trnL-trnF
spacer had numerous poly-T stretches of varying length.
Such T-rich regions downstream of plastid tRNA genes are
typical regulatory elements for the termination of transcrip-
tion together with other hairpin structures (Won and Renner
2005). Separate diversity statistics were calculated only for
the indels and the results are presented in Table 3. These
indels were excluded from nucleotide based diversity indi-
ces and were summarized for all accessions. The reason for
this is that we were interested in the overall diversity of
these indels and their distribution within intron and spacer
regions, and their contribution to improving the resolution
and to differentiating the analysed terminals. Based on these
statistics the average length of indels was much longer in the

spacers—16.17 in the trnL-trnF and 3.93 in the trnS-trnG—
while it was only one base pair in the trnL intron. According
to other diversity measures related to indel events, such as
the indel diversity (Ki) and indel diversity per site (πi),
together with Θi were highest in the trnS-trnG spacer (Ki0

1; πi00.0095; Θi02.785), smaller in the trnL-trnF spacer
(Ki00.885; πi00.0023; Θi01.857) and lowest in the trnL
intron (Ki00.653; πi00.0013; Θi00.743). This suggests that
indel characters exhibit additional diversity at a level com-
parable to that of nucleotide diversity. We used Tajima’s D
statistics to test whether the distribution of indels differs
from the expected under the null neutral model and thus
signifies the presence of selection for indels. These tests
showed no significance (P>0.10) ,indicating that both indel
diversity and diversity per site can be assumed to be gener-
ated by the same process. Negative D values might indicate
a recent effect of positive selection increasing the frequency
of indels mutations.

Discussion

Mixed Origin of the Teleki Lines

The genetic diversity of grapevine rootstocks has been trea-
ted in a number of studies (Jahnke et al. 2009; Carimi et al.
2011). These have shown clearly that information of the
genetic diversity of the rootstocks can be used successfully
for efficient management of Vitis germplasm and genotype
selection for different purposes. Teleki lines have been used
widely because of their favorable traits but so far the rela-
tionships of these rootstocks have been obscure. Their un-
clear origin (as described in the Introduction) makes detailed
studies necessary. We found great differences within the so-
called ‘clones’ of Teleki 5C and Teleki-Kober (TK) 5BB.
Suggested clones of Teleki 5C had both indel and sequence
polymorphism, while TK 5BB ‘clones’ showed even greater

Table 1 Sequence statistics for the two non-coding and the intron based on the total aligned data set.SEStandard error (calculated based on 100 bootstrap
replicates)

trnL intron trnL-trnF spacer trnL-trnF Complete trnS-trnG spacer Combined

Sequence length range, including hot sport (bp) 542–543 431–457 973–1,000 1,021–1,076 2,021–2,053

Average length (SD) 542 (0.49) 432 (2.82) 974 (2.83) 1,072 (4.71) 2,046 (3.03)

Aligned length 544 502 1,046 1,113 2,159

Variable characters (%) 30 (5.51) 27 (5.58) 57 (5.45) 76 (6.83) 133 (6.16)

PI charactersa 10 6 18 28 46

Conserved sites 513 414 928 999 1,927

GC content (%) 39.44 35.74 35.41 34.85 31.51

ti : tvb (SE) 0.27 (0.21) 0.45 (0.31) 0.31 (0.19) 0.66 (0.4) 0.57 (0.28)

a Parsimony informative (PI) characters
b Transition/transversion ratio
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Table 2 Diversity statistics calculated within each wild species and
among each group. Indices are given for separate plastid regions. N
Number of accessions, S number of polymorphic sites, H number of

haplotypes, π (JC) nucleotide diversity, Hd haplotype diversity, K
average of pairwise nucleotide differences

trnL trnL-trnF Combined trnL-trnF trnS-trnG Totala

Vitis riparia

N 34 34 34 34 34

S 5 3 8 9 17

π (JC) 0.0017 0.0007 0.0012 0.0007 0.0009

Θ (S) 0.0024 (0.0012) 0.0023 (0.0014) 0.0022 (0.0010) 0.0022 (0.0095) 0.0020

H 6 4 10 7 14

Hd 0.656 (0.059) 0.223 (0.093) 0.720 (0.064) 0.417 (0.105) 0.820 (0.055)

K 0.859 0.232 1.091 0.740 1.831

Vitis rupestris

N 36 36 36 36 36

S 4 8 12 8 21

π (JC) 0.0021 0.0028 0.0022 0.0019 0.0019

Θ (S) 0.0019 (0.0011) 0.0068 (0.0029) 0.0036 (0.0014) 0.0019 (0.0009) 0.0025 (0.0009)

H 5 8 13 12 25

Hd 0.619 (0.076) 0.516 (0.099) 0.805 (0.060) 0.825 (0.042) 0.960 (0.020)

K 1.068 0.900 1.968 1.868 3.837

Vitis berlandieri

N 24 24 24 24 24

S 10 6 16 9 26

π (JC) 0.0020 0.0015 0.0018 0.0025 0.0020

Θ (S) 0.0052 (0.0022) 0.0050 (0.0025) 0.0051 (0.0020) 0.0024 (0.0011) 0.0034 (0.0012)

H 7 4 8 14 17

Hd 0.430 (0.124) 0.230 (0.110) 0.490 (0.123) 0.917 (0.037) 0.943 (0.031)

K 1.020 0.480 1.580 2.543 4.123

Teleki (Riparia)

N 16 16 16 16 16

S 4 0 4 10 22

π (JC) 0.0016 0 0.0009 0.0031 0.0019

Θ (S) 0.0024 (0.0014) 0 0.0014 (0.0008) 0.0055 (0.0023) 0.0033 (0.0013)

H 5 0 5 10 13

Hd 0.600 (0.127) 0 0.600 (0.127) 0.867 (0.079) 0.950 (0.048)

K 0.808 0 0.808 3.108 3.917

Teleki (Berlandieri)

N 7 7 7 7 7

S 2 0 2 1 3

π (JC) 0.0020 0 0.0006 0.0003 0.0004

Θ (S) 0.0052 (0.0022) 0 0.0009 (0.0007) 0.0004 (0.0004) 0.0006 (0.0004)

H 3 0 3 2 4

Hd 0.430 (0.124) 0 0.430 (0.124) 0.286 (0.196) 0.714 (0.181)

K 0.571 0 0.571 0.286 1.687

Teleki (All)

N 23 23 23 23 23

S 5 0 5 18 23

π (JC) 0.0014 0 0.0008 0.0042 0.0024

Θ (S) 0.0027 (0.0014) 0 0.0015 (0.0008) 0.0049 (0.0019) 0.0031 (0.0012)

H 6 0 6 11 16

Hd 0.569 (0.114) 0 0.569 (0.114) 0.874 (0.048) 0.949 (0.031)
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variation, placing some terminals in the V. berlandieri clade
in all performed phylogenetic analysis, indicating that these
putative clones are not identical. This confirm the results of
Podmaniczky et al. (2006), who suggested that the selection
of Teleki 5C was performed on heterogenous material col-
lectively termed as ‘Teleki 5C’, or misidentification based
on morphological characters. Putative Teleki-Kober clones
also originate from mixed source of plant material sent by Z.
Teleki to F. Kober, who made further selections based on
this material. TK 5BB accessions formed a sub-clade with
Teleki lines 125 AA in the BI with 0.74–0.91 PP support
depending on the inclusion of indel binaries. This topology
was also consistently present in the parsimony and ML
analyses (in the former with jackknife support value
<50 % and in the latter with only moderate 70 % bootstrap
support). These accessions may originate from V. berlan-
dieri female parents. However, this grouping is supported by
PP values of only 0.67–0.80 in the BI depending on the

Table 2 (continued)

trnL trnL-trnF Combined trnL-trnF trnS-trnG Totala

K 0.735 0 0.735 4.221 4.957

Among all acc.b

N 122 122 122 122 122

S 28 16 41 39 81

π (JC) 0.0028 0.0015 0.0020 0.0062 0.0041

Θ (S) 0.0105 (0.0030) 0.0095 (0.0031) 0.0088 (0.0024) 0.0074 (0.0020) 0.0075 (0.0019)

H 22 14 34 45 71

Hd 0.711 (0.037) 0.300 (0.055) 0.774 (0.034) 0.912 (0.019) 0.969 (0.008)

K 1.312 0.468 1.740 6.185 8.344

a Indices calculated for the complete concatenated alignment including partial or complete exon regions, but excluding gaps
b Indices calculated excluding the outgroup (Parthenocissus quinquefolia)

Fig. 5a,b Hundred base-pair sliding windows with 25-bp step size of
the concatenated chloroplast DNA dataset of the trnS-trnG and com-
plete trnL-trnF regions of the analyzed grape accessions. The windows
highlight the low level of nucleotide diversity along the trnL-trnF
plastid DNA region compared to the trnS-trnG region. Black bars
Partial and complete exons of tRNA genes; white boxes non-coding
spacer regions, grey box intron sequence. a Variability of nucleotide
diversity π (JC), b number of polymorphic sites (S). Arrows indicate
footprints of selection

Table 3 Overall diversity statistics for indels. I Total number of indel
events analyzed; L average indel length; Hi number of indel haplotypes;
Hid indel haplotype diversity;Ki indel diversity; πi indel diversity per site;
Θi, indel diversity from I. Tajima’s D tests were not significant (P>0.10)

Indels trnL trnL-trnF Combined
trnL-trnF

trnS-trnG Totala

N 123 123 123 123 123

I 4 11 15 15 30

L 1 16.17 12,03 3.93 6.875

Hi 5 8 14 10 26

Hid 0.568 0.641 0.821 0.600 0.884

Ki 0.653 0.885 1.884 1 2.884

πi 0.0013 0.0023 0.0020 0.0095 0.0013

Θi 0.743 1.857 2.785 2.785 5.571

Tajima’s D −0.2306 −1.2992 −0.8720 −1.7278 −1.4339

a Indices calculated including the outgroup (Parthenocissus quinquefolia)
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alignment, and 73 % bootstrap value in the ML analysis.
This sub-clade forms a sister group to the rest of the V.
berlandieri accessions and is consistently present in all
performed analyses. Using trnL-F sequences for the phylo-
genetic reconstruction of the genus Vitis, Tröndle et al.
(2010) obtained also trees with large polytomies when the
trnL-F region alone was used. The resolution of the deeper
nodes increased when other chloroplast regions (trnL and
trnK-matK intron) were added to the analysis. The major
backbone clades of the tree remained but with increased
support values, but some deeper relationships were weakly
resolved even with the addition of further non-coding
cpDNA markers. Phylogenetic analysis of the whole family
Vitaceae by Ren et al. (2011) included chloroplast markers
like trnC-petN, trnH-psbA in addition to trnL-F and showed
that non-coding sequence diversity is variable also within
the genus Vitis. This variation should be taken into account
when closely related species such as North American Vitis
taxa are investigated. We observed high level of sequence
conservation among the analyzed accessions. This contrasts
with the results obtained for the genus Hordeum, where
different species of the same genus or, even at infraspecific
level, unique haplotypes can be found with these kinds of
sequences (Provan et al. 1999). If the Teleki accessions
forming a sister group to the Berlandieri-clade possibly
originate from V. berlandieri female parents, they were
selected from other haplotypes not sampled in our analysis.
The close relationship of these accessions with the
Berlandieri-clade has moderate support values, but it seems
clear that they do not share the same ancestry with other
accessions of Teleki rootstocks resolved in the V. riparia
clade with high support value. To gain further resolution it
would be desirable to include additional non-coding sequen-
ces or even to combine our approach with the use of data
obtained from other DNA fingerprinting techniques used
successfully with other species (e.g. Carvalho et al. 2012;
Ovesná et al. 2012; Mandoulakani et al. 2012; Wang et
al. 2012). Nuclear markers analyzed together with the
cpDNA markers would be useful to explore the recent
history of Teleki rootstocks and may assist in tracing
their origin more precisely.

The origin of the rootstocks indicates which species have
contributed to their characters and information about impor-
tant cultural traits can be found for further breeding devel-
opment. The Teleki rootstocks are in different groups of
resistance against root-knot nematodes. Among the ana-
lyzed terminals, 5BB and 8B have been reported to be
resistant (Snyder 1936; Boubals 1954, 1979; Sauer 1967;
Bouquet and Dalmasso 1976; Santibanez 1983). This differs
what is known about resistance against the northern root-
knot nematode (Meloidogyne hapla Chitwood, 1949). Vitis
riparia and V. rupestris rootstocks are the most resistant,
followed by 5BB. These rootstocks differ also in their

resistance against California dagger nematode (Xiphinema
index Thorne and Allen, 1950). The Teleki 5C has been
found to be sensitive (Harris 1983; Jin 1997). Lime toler-
ance also differs, the Galet-index of 5BB 20 is higher than
that of the other rootstocks (Galet 1947). In very dry soils, V.
riparia-V. berlandieri crossings are in the order of diminish-
ing resistance of 8B, 5BB. In addition, utilisation of root-
stocks with diverse genetic background has shown
differences, for example in adaptation to different soil con-
ditions. Nowadays “fine tuning” has been initiated in the
usage of rootstocks in order to find the best combinations
for a given site in order to improve grape and wine quality
(Kocsis and Lehoczky 2000; Renouf et al. 2010).

It is important to note that Teleki 8B may also originate
from mixed sources, as explained for Teleki 5C and TK 5BB
above. However, only one accession was placed in the Vitis
berlandieri clade. According to our results, Teleki 8B and
Teleki 5C are close relatives, and possibly originate from V.
riparia female parents. This is reflected in their characters
such as ease of rooting and grafting, and only moderate or
weak tolerance of drought. Jahnke et al. (2012) in their latest
study based on microsatellite analysis suggested parent–
offspring combinations for Teleki rootstocks T5C GK42,
T5C E20, T5C GK46, and T5C WED. They assume that
the possible parent could have been V. riparia ‘Gloire de
Montpellier’ rootstock. Based on the cpDNA markers, it
seems likely that the maternal parent of these Teleki lines,
together with others grouped in the V. riparia clade, is
undoubtedly a male flowered V. riparia. However, due to
small differences in the cpDNA regions analysed, we do not
as yet have enough information to clarify this. The Teleki
and Gloire sub-clades within the V. riparia group had only
low to moderate PP values, with only minor microstructural
changes observed in their sequences. However, the entire V.
riparia clade was also found in ML (bootstrap value 91 %)
and parsimony (jackknife value 75 %) analyses. The exclu-
sion of indels from the analyses would have resulted in the
V. riparia clade as a large polytomic group with only some
groups of two terminals. This agrees well with the ML
analysis where these groups were resolved in a large poly-
tomy also suggesting that indel characters play an important
role in sub-clade formation. Supplementary nuclear ge-
nomic information will be needed to trace the complex
history of crossings.

Implications for Grapevine Breeding

Combining our maternally inherited cpDNA data with nu-
clear SSR markers could reveal both paternal partners for
these putative clones. In grape breeding, this work has been
initiated based on molecular markers (Bowers et al. 1999b)
in combination with pedigree analysis (Vouillamoz et al.
2004). This has been done in order to improve germplasm
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utilisation, and to further facilitate the selection of parents in
the development of rootstock lines with various traits of
interest (Lowe and Walker 2006). Great efforts have been
made in recent years to develop several sets of simple
sequence repeat (SSR) markers for the genetic analysis of
the grapevine genome. The main rationale behind this was
to compile and develop a standard set of molecular tools and
a database (e.g. the Grape Microsatellite Collection, http://
meteo.iasma.it/genetica/gmc.html) containing reference
microsatellite profiles for true-to-type identification of
grapevine accessions (This et al. 2004). With other cultivat-
ed plants, such as tomato (Bredemeijer et al. 2002) and
wheat (Röder et al. 2002), such databases have led to out-
bursts of studies in many laboratories. In complicated cases
such as grape, where for some cultivars many synonyms and
numerous homonyms exist, coupled with the uncertainty
about the origin of germplasm, molecular markers will
certainly be beneficial. Our data indicate that the non-
coding cpDNA regions represent a good source of genetic
characters for grapevine studies. In addition, these plastid
markers allowed us to infer the possible maternal ancestral
origins of the breeding material. Such non-coding plastid
sequences have been used to study the phylogeny of the
genus Vitis (Tröndle et al. 2010) and Vitaceae (Soejima and
Wen 2006; Ren et al. 2011), and are applied widely in DNA
barcoding (Taberlet et al. 2007). These regions, despite the
low level of nucleotide diversity detected, provided useful
measures of haplotype diversity and clear information on
genetic relationships. This is in agreement with the studies
of Allium roseum L. (Guetat et al. 2010), Festuca arundi-
nacea Schreb., F. pratensis Huds. (Hand et al. 2012) and
Panicum virgatum L. (Zalapa et al. 2011). However, plastid
single nucleotide polymorphisms (SNPs) may not be able to
discriminate all the accessions analysed, but they are poten-
tial candidates for phylogenetic analyses of the cultivars.
Recent studies have also shown that SNPs would be highly
useful in grapevine research offering possibilities of auto-
mation with highly repeatable results based on the partial or
complete genome sequencing identifying thousands of
SNPs (Cabezas et al. 2011).

Genetic Diversity and Species Divergence

North American Vitis taxa belonging to subgenus Vitis are
considered as a complex of ecospecies that are genetically
close despite their phenotypic variation (Levadoux et al.
1962). Genetic diversity analysis confirms these findings
since all cpDNA regions showed low level of sequence
polymorphism, which may result from a low rate of molec-
ular evolution. The outgroup taxa Parthenocissus quinque-
folia showed many autapomorphic microstructural changes
and sequence positions. The clear separation also at the
molecular level could suggest separation of Parthenocissus

from Vitis early in Vitaceae (Péros et al. 2011). Our genetic
diversity analysis coupled with the phylogenetic analyses
separated the analyzed taxa clearly into three major clades,
suggesting that gene flow between V. riparia, V. rupestris
and V. berlandieri must be restricted. However, these spe-
cies are often sympatric and occur together in the same
habitat. Several authors have pointed out, that members of
subgenus Vitis easily cross with each other and there are no
significant breeding barriers, and this has lead to multiple
hybrids and confused taxonomy (Aradhya et al. 2008).
Genetic diversity data shows that within species diversity
is low, undoubtedly attributed to selection for breeding
purposes and this can be seen in the distribution if variable
sites in the cpDNA regions analyzed (see Fig. 5). Genetic
diversity preserved between species was clearly higher than
within species (Table 2), indicating that reproductive isola-
tion have evolved among the analyzed taxa with overlap-
ping distributions, e.g., V. riparia and V. berlandieri. Such
isolation might be due to the differences in flowering time.
For example V. riparia is known flower earlier than V.
berlandieri (Levadoux et al. 1962). These results confirm
the recent findings of Zecca et al. (2012) who made the
same conclusions using phylogenetic analysis. Schmidt et
al. (2009) also mention that difference in flowering time in
V. berlandieri and V. riparia is responsible for the mainte-
nance of pure species populations with minimal interspecific
hybridization in nature. This distinction cannot be made for
V. cinerea and V. berlandieri in our analysis. However, this
should be treated cautiously because only one exemplar of
V. cinerea was included in our study. In the BI and parsi-
mony analyses, the sole V. cinerea terminal was a sister
group to V. berlandieri accessions. However, this topology
was not present in the ML tree. Moor (1991) treated V.
berlandieri as V. cinerea var. helleri based on the fact that
‘var. helleri’ is the oldest varietal name attributed to this
taxon and must be used if this taxon is recognised at the
varietal level. Our present molecular evidence supports this,
but more sampling is needed to confirm this. Although
genetic diversity indices showed more or less the same
diversity within the analyzed species, V. berlandieri showed
the highest average of pairwise nucleotide differences (K0

4.123). Since molecular divergences usually precede popu-
lation divergence a high number of nucleotide differences in
pairwise sequence comparisons can indicate a higher upper
boundary for population divergence times.

Utility of Indels: Exclude, Include or Dismiss

The increasing number of complete chloroplast genomes
available for several angiosperms makes it evident that they
contain many repeated sequences in addition to the major
inverted repeat (IR; Saski et al. 2005). The analysis of non-
coding regions has many practical implications for
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germplasm assessment relying on the conserved nature of
the chloroplast genome. The non-coding spacer regions are
probably the tool most widely used in plant science to study
a number of phylogenetic and molecular ecology problems
due to the low rate of evolution and absence (or nearly so) of
recombination in the plastome (Rossetto et al. 2001).
Universal PCR primers can be constructed easily on the
basis of conserved coding sequences of cpDNA genes to
amplify products for further downstream applications, direct
sequencing and further development of other useful molec-
ular tools based on the structural elements. Closer inspection
of Vitis plastid sequences in our analyses revealed the abun-
dance of many different microsatellite regions, distributed
mostly in the analyzed non-coding regions of trnL-trnF and
trnS-trnG. These SSRs were frequently mononucleotide
repeats of poly-A or -T stretches that were previously
reported to be common and abundant in chloroplast
genomes of polysporangiophytes, since the AT content of
the plastome is much higher than in the nuclear genome
(Wakasugi et al. 1998; Ishii and McCouch 2000; Ogihara et
al. 2000; Khan et al. 2012). The amount of variable posi-
tions was lowest in the trnL intron and higher in the two
spacer regions. This might be due to the fact that the trnL
region containing the sole group I intron in the chloroplast
genome has to maintain the secondary structure and critical
sequence elements for its self-splicing from precursor-
RNAs (Kuhsel et al. 1990; Simon et al. 2003). The slight
difference between the ti:tv ratio of the intron and spacers
shows that the intron evolves somewhat slower than the
spacers. Previous studies have suggested that this sole group
I intron of the chloroplast genome has identical evolution
rate with the protein coding genes (Zurawski and Clegg
1984). It has been shown in many plant groups that non-
coding regions often incorporate polynucleotide stretches
(e.g. poly-A and -T) consisting mostly of microsatellites
and different sequence arrangements such as inversions
(Borsch et al. 2003). The flanking regions of these short
stretches of SSRs present in cpDNA have been shown to be
orthologous in multiple alignments, and this has enabled the
construction of universal primer set cpSSRs for a variety of
taxa (Weising and Gradner 1999). Both the phylogenetic
and indel diversity analyses indicated that the indels contain
information to differentiate Vitis species and rootstock lines.
The complete sequence of the grapevine chloroplast genome
revealed further 36 direct and inverted repeats found mostly
in intergenic spacer regions (Jansen et al. 2006). These
repeats might be used in the future breeding research.
Arroyo-García et al. (2002) already found intra- and inter-
specific cpSSR length variation in Vitis. The development of
SSRs for non-coding chloroplast regions has provided
higher resolution for the study of closely related species.
Nuclear microsatellites have not been so useful to analyze
genetic relationships of species in many plant genera (Ishii

and McCouch 2000), while in Vitis they have provided
better resolution for closely related cultivars (Arroyo-
García et al. 2002). These findings are in accordance with
our observations about the inclusion of indel binary data
present in spacer loci. With the closely related accessions,
the inclusion of binary data in the phylogenetic analysis
slightly improved resolution in deeper nodes, albeit with
weak support values (Fig. 4). An example for the increase
of resolution can be seen from the Aramon Ganzin n˚1, n˚2
and Fort Worth n˚1 plus Taylor group, which received 0.57
(Gblocks + indel) and 0.84 (MUSCLE + indel) PP values in
different alignments but were absent in the Bayesian analy-
sis without indel binary characters. This group was also
resolved as a large polytomy in parsimony analysis while
the ML without indel characters grouped only the two
Aramon Ganzin accessions together with 71 % bootstrap
support value. The presence of this topology in the BI was
due to a specific microstructural change (TATCC)n in the
trnL-trnF spacer. This pentanucleotide repeat was present
from aligned base 1,736 to 1,750 and has an additional
(TATCC)2 copy in these accessions. The use of indel char-
acters can lead to increased resolution, and this supports
utilisation and inclusion of cpSSR changes in further anal-
ysis of the Vitis gene pool. We recommend use of methods
and software allowing concatenated matrices and mixed
sets. This can also be seen from our experiments with the
two different alignment methods Gblocks and MUSCLE.
The former employs a user defined conservative pruning
technique on the alignment, finding the blocks of interest
then removing the non-conserved positions (mostly associ-
ated with gaps) from the alignment. The progressive
MUSCLE alignment is based on fast distance estimation,
log-expectation scoring and refinement with tree-dependent
restricted partitioning that tries accurately to place gaps in
the alignment. Gaps in alignments might be congruent with
other characters as can be seen in our results. Overall, indels
do not contradict other characters and thus their exclusion
should be considered only in those cases where ambiguity
clearly increases. This was reported to happen with the
increase of genetic and taxonomic distance by Nichols and
Barnes (2005) and Dunn et al. (2008).

Concluding Remarks

In conclusion, the use of two non-coding and one group I
intron plastid sequence allowed analyses of the diversity and
relationships of grapevine rootstock material. The indel
characters found in these plastid sequences also proved to
be useful. Genetic differentiation analysis of the accessions
provided prospects for identifying diverse parental combi-
nations for the widespread Teleki rootstock lines. Our
results could aid in segregating populations for genetic
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studies, and help to identify germplasm material for the
introgression of desirable genes from diverse sources.
However, analyses of a more extensive collection of the
rootstock germplasm is desirable to define the genetically
more closely related core set of putative maternal parents of
Teleki lines to further refine their relationships and place-
ment in the Vitis gene-pool. Given the strict maternal inher-
itance of plastid DNA in Vitis, analyses of the nuclear
genome should also be considered in future studies to track
the paternal ancestry of the rootstocks. We are initiating
such studies based on microsatellite markers and nuclear
DNA sequences to provide further insights to the origin of
the economically important Teleki lines.
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