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Abstract A mosaic minisatellite region has been identi-
fied in the mitochondrial genome of Norway spruce
(Picea abies). The array was composed of three tandem
repeats PaTR1 (32 bp), PaTR2a (26 bp) and PaTR2b
(26 bp). PaTR2a and PaTR2b differed by one base
substitution. The analysis of 92 trees covering the whole
natural distribution area of the species allowed detection
of 11 length variants ranging from 131 bp to 447 bp. This
high intra-specific polymorphism relies on variation in the
number of the tandem repeats. Population genetic
parameters estimated among 14 populations suggested
high population differentiation (Gst = 0.749). The phy-
logenetic analysis of the 11 sequenced length variants has
been performed using a parsimony approach. The topol-
ogy of the tree showed a good association of groups with
geographical origin and a low level of size homoplasy.
The phylogenetic reconstruction also suggests that this
minisatellite locus has mainly evolved by an increase in
the repeat copy number.
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Introduction

During the last decades, important progress haves been
made in the study of the general organization and
evolution of the circular mitochondrial genome of
animals. Animal mitochondrial DNA (mtDNA) is char-
acterized by a maternal, non-recombining mode of
inheritance and a rapid evolution rate leading to high
intra-specific polymorphism. As a result, the mitochon-
drial genome has been source of genetic markers exten-
sively used in population genetics and phylogeography
(Avise 1994). The sequences of the complete mitochon-
drial genome of more than 70 vertebrate and invertebrate
species are currently available in data bases (http://
www3.ebi.ac.uk./Research/Mitbase/coll.html).

Comparatively, the mitochondrial genome of plants
has been less investigated. Only three complete sequences
of land plants have been published, namely that of
Marchantia polymorpha (Hepatophyta), Arabidopsis
thaliana and Beta vulgaris (Anthophyta) (Oda et al.
1992; Unseld et al. 1997; Kubo et al. 2000). Furthermore,
the complex organization and low rate of substitution of
this molecule have strongly hampered its possible
exploitation in population genetics (Palmer and Herbon
1988; Laroche et al. 1997). Intra-specific polymorphism
due to large structural rearrangements as revealed by
restriction Fragment length polymorphism (RFLP) probes
has actually been observed in different species, but
examples of convergent evolution raising doubts in data
interpretation have also been mentioned (Hevea brasili-
ensis, Luo et al. 1995; Pinus spp, Wu et al. 1998). Point
mutations would be phylogenetically more informative,
but their detection requires highly sensitive methods such
as Single-strand conformation polymorphism (SSCP) or
sequencing.

In this general context, the identification of polymor-
phic mitochondrial VNTR (variable number of tandem
repeats) loci could open useful possibilities. VNTR
sequences are usually classified into two categories
according to the length of the repeat unit: microsatellites
(repeat unit of 1–5 bp) and, minisatellites (repeat unit of
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6–64 bp) (see Estoup and Angers 1998, for a review).
They are highly represented in the nuclear genome of
many eukaryotes, but have also been described in
organelle genomes.

In plants, Powell et al. (1995) were the first to
demonstrate the presence of organellar microsatellites in
the chloroplast DNA (cpDNA) of several pine species.
More recently, it has been shown that the mtDNA of beets
(Beta vulgaris and B. maritima, Nishizawa et al. 2000),
Norway spruce (Picea abies, Sperisen et al. 2001) and
several pine species (Mitton et al. 2000) could also
contain tandem repeats, mainly minisatellites. To date,
however, occurrence of microsatellite loci haves not yet
been mentioned in the mtDNA of plants, except in the
region between the genes encoding nad3 and rps12 in
Pinus spp. which includes a polyG(n) (Soranzo et al.
1999).

Two contrasting models are traditionally proposed to
describe the molecular evolution of micro- and minisatel-
lites regions: the stepwise mutation model (SMM) in
which VNTR variations areis explained by the addition/
subtraction of a single unit from the current allele size and
the infinite allele model (IAM) where the current allele
size can be changed by any number of units with constant
mutating probability. Close to IAM, is the K allele model
(KAM) in which any allele can mutate towards a K fixed
number of new allele states. A mixed two-phase model
(TPM) has also been described (Di Rienzo et al. 1994).
Experimental data have shown that changes in one and/or
several repeat units are common in nuclear minisatellites
and could fit the SMM or IAM as well (Jeffreys et al.
1988; Estoup and Angers 1998 for review). Multiple and
complex molecular mechanisms involving intra-allelic
(slipped-strand mispairing, unequal sister chromatid ex-
change) and inter-allelic (unequal crossing over, gene
conversion) events have been proposed to govern size
variation in microsatellite replication slippage (Haber and
Louis 1998; Buard and Jeffreys 2000).

Critical evaluation of VNTRs as practical tools has
been made by Lunt et al. (1998) and Estoup and Angers
(1998). The high variability of VNTRs offers numerous
advantages for molecular ecology studies, although the
possible occurrence of recurrent haplotypes or recurrent
alleles (homoplasy) can be a strong limiting unfavorable
factor. The probability of size homoplasy depends on the
model of molecular evolution of VNTRs. IAM and KAM
with large K value are expected to result in low or nil
homoplasy because any new allele created by mutation is
distinct from the existing ones. In contrast, SMM and
TPM will favor homoplasy. In a recent study of cpDNA
microsatellite variation in Pinus contorta, the occurrence
of recurrent haplotypes has been demonstrated, resulting
in a poorly resolved phylogeny (Marshall et al. 2002). The
high mutation rate observed in mitochondrial minisatel-
lites could also contribute to obscure the phylogenetic
signal (Faber and Stepien 1998).

In the investigation reported here, we characterized a
new polymorphic region composed of two tandem repeat
motifs in the mtDNA of Norway spruce (Picea abies, a

major conifer species widely distributed over plains and
medium-altitude mountains of the European continent
(Schmidt-Vogt 1974). Complementarily, we carried out a
preliminary test on natural populations analysis and a
genealogical study of the allelic molecular variation to
evaluate the potential of this region to be used for
investigating intra-specific variation in this forest tree
species.

Materials and methods

Plant material and DNA extraction

Molecular analyses were carried out on 92 trees originating in the
three domains usually distinguished within the natural distribution
area of Picea abies (Schmidt-Vogt 1974; Huntley and Birks 1983):
30 from the baltico-nordic (Fennoscandia and European Russia), 32
from the hercyno-carpathian (Central Europe and Carpathian
mountains) and 30 from the alpine (alpine and dinaric massifs)
domains. Each tree represented a distinct provenance (see A1).
They were sampled in the French IUFRO provenance test 1964/
1968 (Krutzsch 1992) located in the Amance forest near Nancy
(Lorraine, north-eastern France). Complementarily, we analysed 14
populations distributed over the whole natural range of the species,
each represented by ten trees. Material was collected in the
Hungarian IUFRO provenance test (ten provenances) located in the
vicinity of M�trafured and four natural populations (see A1).

Total DNA was extracted from needles according to the
procedures described by Collignon and Favre (2000) or by Sperisen
et al. (2000).

Polymerace chain reaction (PCR) amplification and electrophoresis

The polymorphic mitochondrial region (locus mh44) was identified
using the specific mtDNA primers 44F (ATGACTGGAA-
GAATTGCTCAC) and 44R (TTCACTTGATACTCACCCCC)
(Jeandroz et al. 2002). Each amplification reaction contained
10 mM Tris-HCl, 50 mM KCl, 100 mM each of dNTPs, 2 mM
MgCl2, 0.2 mM of primers, 25 ng of genomic DNA template and
0.5 U of Taq DNA polymerase (Invitrogen, Carlsbad, Calif.) in a
total volume of 25 ml. Amplification was carried out in a DNA
thermal cycler (BioRad iCycler, Hercules, Calif.) with the follow-
ing program: an initial denaturation at 94 �C for 4 min, then 35
cycles of 45 s at 94 �C, 45 s at 56 �C, 45 s at 72 �C and a final
elongation at 72 �C for 10 min. Five microliters of the PCR
products were electrophoresed on a 2% agarose gel, then stained
with ethidium bromide. Gels were photographed under UV light,
and fragment sizes were estimated using the Base image IR
software (LiCor, Lincoln, Neb.).

Cloning and sequencing of the PCR products

PCR products of different length were cloned using the TOPO-TA
cloning kit (Invitrogen) according to the manufacturer’s recom-
mendations. DNA sequencing was performed from one clone per
each variant by Genome express (Grenoble, France) using the M13
universal primers. Sequences were aligned with the pileup and
lineup software of the GCG package (Devereux et al. 1984).

Data analysis

Population genetic parameters (Hs, Ht and Gst) were calculated
using the haplodiv software (Pons and Petit 1995). Phylogenetic
analyses of size variants were estimated using parsimony analysis
with paup 3.1.1 (Swofford 1993). Data sets were analyzed using the
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heuristic search. Characters were considered as ordered or
unordered to recreate the constraints imposed by SMM or IAM. a
50% majority rule consensus tree, rooted trees using the mid-point
rooting option wereas chosen to represent the phylogeny.

Results

Identification and variation of minisatellite sequences

The analysis of the 92 single trees at the mh44 locus
allowed identification of 11 length variants ranging from
131 bp to 447 bp. An example of this intra-specific length
polymorphism is shown Fig. 1. Nine individuals giving
non-exploitable amplification (no amplifications or faints
bands) profiles were discarded from the analyses. These

11 length variants were then cloned. Sequencing of the
cloned fragments (accession numbers AY184274–
AY184284 in Genebank database) revealed the presence
of two repeat units of different length: PaTR1 (32 bp) and
PaTR 2 (26 bp) (Fig. 2). One base substitution at the first
position allowed us to further differentiate PaTR2a and
PaTR2b (Fig. 2A). These three repeat units are charac-
terized by a consensus sequence [GGG(T,A)GAGGAA-
GAA] at their 30 end. Remarkably, the last six of bases of
this consensus sequence (GAAGAA) were identical to the
six bases immediately upstream of the minisatellite array
(Fig. 2).

Intra-locus organization of these repeat units and
alignment of the different length variants is shown in
Fig. 3. The shortest length variant (131 bp) is composed

Fig. 1 Ethidium bromide-stained 2% agarose gel after electropho-
resis of the PCR products derived from the mh44 locus of seven
Picea abies trees (lanes 1–7). MW 100-bp-size ladder (Invitrogen).
Arrows indicates “extra bands”

Fig. 2 A Nucleotide sequence of the three tandem repeats (PaTR1,
PaTR2a and PaTR2b) identified in the 11 length variants at locus
mh44 in the different size variants. B Complete sequence of the
389-bp variant (individual 240). The 6-bp motif located upstream
the array (in bold) and at the end of each repeat unit is underlined

Fig. 3 Schematic representation of the minisatellite region found in
the 11 length variants at locus mh44. The diagram describes the
number, type, interspersion pattern and alignment of the repeat
units (PaTR1, PaTR2a and PaTR2b). The different repeat motifs of
the minisatellite region are represented by patterned boxes. White

boxes represent gaps introduced for alignment and corresponding to
indels of the repeated motifs. (i), (ii) and (iii) refer to the three
characters used for parsimony reconstruction of length variants
evolution (see Results)
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of a single PaTR1 repeat. The variants of 157 bp, 189 bp
and 253 bp comprise a series of (PaTR1)1–4 and
(PaTR2b)1. The remaining seven variants contain the
three repeat units in different combination patterns:
(PaTR1)1 + (PaTR2a)1 + (PaTR1)1–5 + (Pa TR2b)4–5 in
the 293-, 319-, 357-, 389-, and 447-bp variants, respec-
tively, and (PaTR1)1 + (PaTR2a)1 + (PaTR 2b)1–3 in those
of 183 bp and 235 bp. Base substitutions were not
detected in the regions flanking the array.

The different length variants detected were unequally
represented among the 83 trees analyzed. Figure 4 shows
the number of individuals for each class of variants. Three
size classes, were dominant, namely those of 157, 235 and
357 bp. Interestingly, each of these seemed to be
preferentially associated to one specific domain of the
species’ natural range. The 157-bp variant was exclu-
sively found in the baltico-nordic provenances (16/16),
while the 235- and 357-bp variants were mainly observed

in the alpine (25/29) and hercyno-carpathian (11/14)
provenances, respectively.

Several individual profiles (10/83) consisted of more
than one length variant (Fig. 1). Their electrophoretic
pattern showed one main band and one or two additional
faint fragments. These extra bands were cloned and
sequenced. The sequences revealed a high similarity with
the corresponding main band, differing only by the
number of PaTR1 or PaTR2 repeats.

Of the 11 length variants detected in the 83 single
trees, nine were also found in the 14 populations. One
additional length variant of 366 bp was found (not
sequenced). In addition, five trees were found to show
intra-individual variation. In this case, the dominant size
variants were taken to be representative. Two individuals
showing ambiguous profiles (two or three bands of same
intensity) were discarded from the analyses. The frequen-
cies of the length variants in the populations are given in
Table 1. In each population, one dominant length variant
was observed (frequency � 75%), except in the case of
population 13 (two dominant variants). Population genetic
parameters estimated at this mh44 minisatellite locus
were: Hs = 0.196 (€0.061), Ht = 0.782 (€0.060) and Gst =
0.749 (€0.067).

Parsimony reconstruction of size variants evolution

The organization pattern of the repeat units in the 11
length variants was encoded using three characters
(Fig. 3). The first character, (i), was the presence
(encoded 1)/absence (0) of the initial (PaTR1)1 +
(PaTR2a)1 repeat association. The second, (ii), and third,
(iii), characters were the number of PaTR1 and PaTR2b
repeats in the middle and 30 terminal regions of the array,
respectively. These two latter characters displayed six or
five states, respectively. Following this method, the 131-
bp variant was encoded 010 and the 447-bp variant, 155.
A double weight was assigned to character (i) considering
that the coincident duplication of PaTR1 + PaTR2a is a
priori more informative than the simple variable number

Table 1 Variants frequencies (%) at the mh44 locus in the 14 Picea abies populations investigated and number of trees assayed (n)

Population Country n Domain Variant length (bp)

131 157 183 235 293 319 335 357 366 447

1 Austria 8 Ap 0.0 0.0 0.0 87.5 0.0 0.0 0.0 12.5 0.0 0.0
2 France 10 Ap 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0
3 France 10 Ap 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0
4 Italy 10 Ap 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0
5 Serbia 10 Ap 0.0 0.0 0.0 10.0 0.0 90.0 0.0 0.0 0.0 0.0
6 Belarus 8 B 0.0 75.0 0.0 12.5 12.5 0.0 0.0 0.0 0.0 0.0
7 Poland 10 B 0.0 90.0 0.0 0.0 10.0 0.0 0.0 0.0 0.0 0.0
8 Russia 10 B 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
9 Sweden 10 B 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

10 Sweden 9 B 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
11 Germany 8 HC 0.0 0.0 0.0 75.0 0.0 0.0 0.0 0.0 12.5 12.5
12 Poland 9 HC 0.0 0.0 0.0 0.0 0.0 11.1 0.0 88.9 0.0 0.0
13 Poland 9 HC 0.0 0.0 11.1 11.1 0.0 33.3 44.5 0.0 0.0 0.0
14 Romania 10 HC 90.0 0.0 0.0 10.0 0.0 0.0 0.0 0.0 0.0 0.0

Fig. 4 Histogram showing repartition of the 11 size variants
isolated in 92 P. abies trees from the whole natural distribution
area. Columns indicate the number of individuals for each size
variant. Asterisk indicates the size variants only observed in the
baltico-nordic domain
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of each repeat unit [characters (ii) and (iii)]. These three
characters were firstly treated as ordered characters under
the assumption that to get from one state to another state,
the character must proceed necessarily through interme-
diate states. Then, in a second step, the characters were
considered to be unordered, i.e. capable of moving
directly to any other state. In other words, a character in
state 0 can change to state 1, 2, 3, 4 or 5 with the equal
probability of 1.

The phylogenetic trees obtained are presented in Fig. 5.
The first analysis (ordered characters) led to one single
parsimonious tree of 17 steps (Fig. 5A). Size variants are
distributed into two major groups characterized by the
presence or absence of the associated (PaTR1) +

(PaTR2a) repeats at the 50 end of the array and one
change from state 0 to state 1 for the second character.
Lineages with 011 and 101 variants can be considered to
be putative common ancestors of these two groups.
Recurrent changes in the second and third characters led
to several homoplasic changes (consistency index 0.706).
The second analysis (unordered characters) resulted in 32
most parsimonious trees of (12 steps. The resulting 50%
majority rule consensus tree is presented shown in Fig. 5B.
Size variants were again distributed into the same two
groups but only separated by the presence or absence of
the associated (PaTR1) + (PaTR2a) repeats. These groups
corresponded to two major lineages with 011 and 111
variants as putative common ancestors. Multiple combi-
nations between the three characters were observed,
leading to lower homoplasy than in the first analysis
(consistency index 0.917). Indeed, only one homoplasic
change could be observed for the second character (state 1
to state 4 in the 253- and 389 bp variants).

Interestingly, the two groups of length variants
observed in both phylogenetic reconstructions corre-
sponded to two different geographic origins: the length
variants of the first group (131, 157, 189 and 253 bp) were
found in individuals originating in the northern and north-
eastern parts of the natural distribution area of the species
(baltico-nordic and north of hercyno-carpathian domains),
while the second group was composed of trees of central
and south-eastern Europe (alpine and hercyno-carpathian
domains).

Discussion

The length polymorphism detected at the mh44 locus of
the mitochondrial genome of Picea abies results from the
variable number of two tandem repeats of 32 bp (PaTR1)
and 26 bp (PaTR2), respectively, that occur in variable
combinations within the array. The lengths of these
repeats allows us to classify them as minisatellites.
Sequence similarity between PaTR1 and PaTR2 suggests
that they share a common origin. The BLAST survey of
nucleotide sequences (Genbank and EMBL databases)
indicated that the first 21-bp fragment of PaTR2 is similar
to the mitochondrial tandem repeat TR2 (32bp) identified
in beets (Nishizawa et al. 2000). In addition, it is
interesting to notice that the presence of a short 5- to 6-
bp motif upstream of the array and at the 30 end of each
repeat unit (GAAGAA in the case of mh44) has already
been observed in many nuclear minisatellites of yeast and
human (Haber and Louis 1998) as well as in chloroplast
and in other plant mitochondrial minisatellites (Nishizawa
et al. 2000; Cafasso et al. 2001). According to Haber and
Louis (1998), such a motif could be involved in a
molecular mechanism generating generation of the vari-
ation in the number of repeat units through replication
slippage or unequal crossing-over.

The mosaic organization of this minisatellite locus is
original and differs from the two other cases reported to
date in plants which, interestingly, are also found in

Fig. 5 A Most parsimonious tree obtained from analysis of the 11
size variants detected at the minisatellite locus mh44 when
characters are treated as ordered. B 50% majority rule consensus
tree obtained from parsimony analysis of the 11 size variants
detected at the minisatellite locus mh44 when characters are treated
as unordered. Characters (i), (ii) and (iii) used for phylogenetic
analysis are indicated in Fig. 3 (see Results for a description).
Length of variants, corresponding encoding of characters and
geographical origin of trees are indicated. B Baltico-nordic domain,
HC hercyno-carpathian domain, A alpine domain. Changes from
one to another character state are indicated on each branch
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coniferous species, i. e. Pinus ponderosa (Mitton et al.
2000) and P. abies itself (Sperisen et al. 2001). In both
species, the mosaic minisatellites were located within the
nad1b/c mitochondria locus. In P. ponderosa, the array
mainly consisted of two alternating tandem repeats of
32 bp and 34 bp, while in P. abies, two homogeneous
adjacent arrays of 32 bp and 34 bp repeats occurred.

The estimates of population genetic parameters ob-
tained here are in good agreement with the theoretical
expectation for maternally inherited genomes (Petit et al.
1993). Indeed, the within-population diversity is indeed
low, with one size variant fixed in six out of the 14
populations analyzed. Moreover, genetic differentiation
among populations at the mh44 locus appeared to be
higher than that of biparentally inherited markers such as
allozymes (Gst = 0.052; Lagercrantz and Ryman 1990)
and random amplified polymorphic DNA (Gst = 0.063;
Collignon and Favre 2000) or paternally inherited cpDNA
markers (Rst = 0.11; Vendramin et al. 2000).

Intra-individual size variation was identified in about
10% of the trees analyzed. Intra-individual variation of
VNTR loci is common in mtDNA of animals and usually
interpreted to be a consequence of heteroplasmy, which is
the coexistence of several differing mtDNA molecules in
each individual cell (see Lunt et al. 1998 for a review).
This phenomenon has been little documented in plants. It
has been attributed to biparental inheritance of chloro-
plasts in Chamaecyparis obtusa (Cupressaceae) (Shiraishi
et al. 2001). Heteroplasmy in mtDNA can also arise from
length variation generated by recombination across
repeated sequences (Andr� et al. 1992). For instance, in
maize, the NCS2 mutant contains a mixture of mutated
and normal mitochondrial genomes. The NCS2 mutation
is lethal, and the surviving NCS2 plants are heteroplasmic
(Yamato and Newton 1999). In this case, heteroplasmy is
uniparentally (maternally) inherited. In P. abies also, the
mtDNA is maternally inherited (Grivet et al. 2000).
Therefore, in this species, heteroplasmy would be
unlikely to result from biparental origin of the mitochon-
drial genome but is more probably the consequence of
intra- or intermolecular recombination events between
mtDNA submolecules. The analysis of controlled crosses
should enable the accumulation of more information on
the nature of these intraindividual variation.

The phylogenetic analysis of the 11 sequenced length
variants was performed using a parsimony approach.
Characters were treated (1) as ordered to recreate the
constraints imposed by the SMM model of VNTR
molecular evolution (Marshall et al. 2002) and (2) as
unordered to simulate the constraints of the IAM or
KAM, which are better well suited for microsatellite
arrays containing several types of repeat units, as
observed in the mh44 locus (Lunt et al. 1998). The two
resulting phylogenetic trees areis quite similar to that
obtained from the polymorphic sites of the nad1b/c intron
(Sperisen et al. 2001) which distinctively divides P. abies
populations into two lineages. As predicted by the IAM
model, a low level of size homoplasy was observed in the
second tree (unordered characters). The size distribution

of variants (Fig. 4) in each lineage was intermediate
between the expectations of the SMM and IAM (one or
multiple steps are involved to explained phylogenetic
relationships between variants). This suggests that muta-
tion processes are certainly more complex than has been
assumed in these two extremes models. The topology of
the phylogenetic trees also showed a good association of
groups with geographical origin, with one lineage corre-
sponding to the baltico-nordic populations plus some trees
from the northern limit of the hercyno-carpathian domain
and the other one to the total alpine and the majority of
the hercyno-carpathian populations. This strong congru-
ence between phylogeny and geography is in close
agreement with what couldan be expected from diversity
analyses developed using maternally inherited genetic
markers in forest trees (Dumolin Lap�gue et al. 1997;
Newton et al. 1999). The genetic variation at the locus
mh44 can be considered to be phylogenetically informa-
tive. Furthermore, it is important to note that the
hypothetical ancestors determined at the root of each
lineage correspond to short length variants. This strongly
suggests that the mh44 locus has mainly evolved by an
increase in the repeat copy number. Only two changes
resulted from a decrease of the repeat copy number.
Interestingly, the prevalent length variant in the baltico-
nordic populations (157 bp) was found to be in the
position of the hypothetical ancestor of the corresponding
lineage in both phylogenetic trees. However, results did
not allow us to determine which variant was closest to the
common ancestor of the lineages. Further investigation of
the molecular evolution of these length variants will be
needed to elucidate more precisely the phylogenetical
relationships between the P. abies populations.

In conclusion, it clearly appears that the mitochondrial
locus analyzed in this study displays multiple VNTR
length variants well-suited for intra-specific discrimina-
tion of populations that have recently diverged. In
addition, the low level of homoplasy and the high
population differentiation observed confirm its utility
for phylogeography analysis. Easily scorable on agarose
gels, this maternally inherited locus should prove to be
useful for diversity studies in this tree species.
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