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Abstract High chloroplast DNA (cpDNA) diversity was
found within and among populations of Prunus spinosa
sampled from seven European deciduous forests. A
study of 12% of the total chloroplast genome detected 44
mutations, which were distributed over 24 haplotypes;
four were common to two or more populations and the
rest were unique haplotypes. The most-abundant and
widely distributed haplotype was H2 (frequency = 41%
approximately). Six of the seven populations were poly-
morphic. All of the six polymorphic populations had
"private’ haplotypes (frequency <5%) in addition to
common haplotypes. The UPGMA dendrogram demon-
strated a correlation between populations and their geo-
graphical locations. The total diversity was high (hy=
0.824) and a major portion of it was within populations
(hs=10.663). The level of population subdivision for un-
ordered alleles was low (Ggr = 19.5%) and for ordered
aleles was lower (Ngr=13.6%). No phylogeographic
structure could be demonstrated in the present geograph-
ical scale. High polymorphism in the cpDNA of P. spi-
nosa has to be considered carefully when planning phy-
logenetic studies involving this species.
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Introduction

Prunus spinosa L., commonly known as sloe or black-
thorn, is frequently found in European deciduous forests.
Thiswild shrub is an allotetraploid, (2n = 4x = 32; Reyn-
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ders-Aloisi and Grellet 1994), insect-pollinated species
which frequently reproduces vegetatively; seed dispersal
is mainly by birds and animals (Yeboah and Woodell
1987; Guitian et al. 1993). This shrub has wide range of
environmental adaptability including resistance to cold,
calcareous soils and drought. Considering that P. spinosa
represents one of the possible ancestors of Prunus do-
mestica (Watkins 1976, 1981) the above mentioned attri-
butes are of particular interest for the improvement of
rootstocks or varieties through interspecific hybridiza-
tion. In Spain, P. spinosa has gained much importance as
an economically important plant because of its fruits
which contain volatile components (Fernandez-Garcia et
al. 1998) rendering it suitable for flavouring the popular
alcoholic drink " Pacharan.”

Because of its highly conserved nature with lower
mutation rates than the plant nuclear genome, the chloro-
plast genome (Wolfe et al. 1987) has limited use in spe-
ciation studies and the phylogenetic analysis of popula-
tions within a species (Palmer 1987). Several studies
which throw light on the extent of intraspecific variation
in chloroplast DNA (cpDNA) have been carried out in a
number of species (reviewed in Soltis et a. 1992). Poly-
morphisms in cpDNA have been used in many investiga-
tions to determine the phylogeography or population di-
versity of a species (Levy et a. 1996; Van Dijk and
Bakx-Schotman 1997; Jackson et al. 1999; Segraves et
a. 1999). The range of diversity encountered in this ge-
nome varies between nil as in Pennisetum glaucum
(Clegg et al. 1984; Gepts and Clegg 1989), low in Lupi-
nus texensis (Banks and Birky 1985), European oaks
(Petit et al. 1993) and with high polymorphismsin Trifo-
lium pratense (Milligan 1991), Dioscorea bulbifera
(Terauchi et al. 1991) and Eucalyptus nitens (Byrne and
Moran 1994). All of these studies used tranditional re-
striction fragment length polymorphism of entire
cpDNA, where the variants reflect gain or loss of restric-
tion-site or length variations.

More recently, universal primers (Taberlet et al. 1991;
Demesure et a. 1995; Dumolin et a. 1997b) are being
used to amplify specific fragments of cpDNA followed



by digestion with restriction enzymes, thus revealing
fragment length polymorphisms within the amplified
fragment (Demesure et al. 1996; EI Mousadik and Petit
1996; King and Ferris 1998). This PCR-RFLP (polymer-
ase chain reaction-restriction fragment length polymor-
phism) method is a readily accessible laboratory tech-
nique which can evaluate large portions of the chloro-
plast genome in numerous individuals in a short time and
at alower cost. This technique may revea alarger num-
ber of variations as at least 50% of cpDNA variations are
attributable to small insertions and deletions (Gaut et al.
1993; Gielly and Taberlet 1994).

P. spinosa is a less-investigated species and there have
been no studies for the assessment of its genetic (nuclear
and/or cytoplasmic) variability. Thisisthefirst report of a
study of intraspecific cpDNA variations in the genus Pru-
nus. The present paper highlights the detection of a large
number of polymorphismsin the cpDNA (using the PCR-
RFLP technique) of the wild shrub P. spinosa collected
from seven deciduous forests across Europe.

Materials and methods

Plant material

Seven populations of P. spinosa were sampled from deciduous for-
ests across Europe (Table 1). The number of individuals in each
population varied between five and 11. The distance between indi-
viduals in every population was at least 200 m. This was impor-
tant in order to avoid collecting the clones since suckering is com-
mon in P. spinosa. Fresh leaves were collected in the field, frozen
and transferred to the freezer at —80°C.

DNA extraction, amplification and digestion

DNA was extracted from frozen leaves following the protocol of
Torres et a. (1993). Extracted DNA was quantified and a working
solution of DNA (4 ng/pl) was made.

Preliminary amplification of cpDNA was done using 16 pairs
of universal primers (see Table 2); all are described in Dumolin et
al. (1997b). The amplifications were performed in 30 pl of areac-
tion mixture consisting of 0.2 uM of each primer, 200 UM of each
of the four dNTPs, 2 mM MgCl,, 0.5-1.0 U of EcoTaq DNA poly-
merase in the buffer provided by the manufacturer of the enzyme
(ECOGEN, S.R.L.), and 12 ng of genomic DNA. The PCR-ampli-
fications were carried out in a PTC-100 thermal cycler (MJ Re-
search, Inc.) with a heated lid, using an initial cycle of 4 min at
94°C, followed by 30 cycles of 45 sat 94°C, 45 s at 45-62°C, and
2-5 min 30 s at 72°C (the annealing temperature and extension
time depending on the length of the fragment to be amplified;
Table 2), and finally a 10-min extension at 72°C.
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Three restriction enzymes (Alul, Hinfl and Tagl; Amersham)
were used for digestion of the PCR product (8.5 pl/enzyme). The
reaction mixture (20 pl) was incubated for 18 h with two units of
Alul, Hinfl or five units of Tagl. Restriction fragments were sepa-
rated on 2.6% agarose gelsin Tris-borate EDTA buffer (1x), run at
3 Viem for 4 h, stained with ethidium bromide and visualized in
UV light. The digests were also resolved on 8% polyacrylamide
gelsrun in TBE buffer (1x) at 350 V for 4-8 h (the time depend-
ing on the size of the fragment to be resolved). These gels were
silver stained (Bassam et al. 1991).

The size of the polymorphic bands was analyzed with Kodak
Digital Science 1D Image Analysis Software. A 50-bp Ladder
from Pharmacia was used as molecul ar-size marker.

Analysis of data

The HAPLODIV program (Pons and Petit 1995) was employed to
calculate the frequency of the haplotypes, the estimation of the pa-
rameters of cpDNA diversity (h; = total diversity, h,= average in-
trapopulation diversity, and the Gg; = level of population subdivi-
sion of diversity using unordered alleles) and their standard errors.
The level of population subdivision for ordered alleles (Ngr), vy
and vg (the analogues of h; and hg), were calculated using the
HAPLONST program (Pons and Petit 1996).

A matrix of frequencies of haplotypes in each population was
used for generating a matrix of distances between populations, se-
lecting the coefficient of ”Euclidean distances squared.” This lat-
ter matrix was employed to construct a dendrogram for assessing
relatedness among the seven populations by the UPGMA method,
using the NTSY S-pc version 1.6 package (Rohlf 1992).

The number of mutational differences between haplotypes was
calculated to produce a minimum-length spanning-tree of haplo-
types using the programs from NTSY S-pc (Rohlf 1992). This pro-
cedure is used to connect points (haplotypes) by direct links hav-
ing the smallest possible total length (Prim 1957). Minimum span-
ning networks are alternatives to Wagner parsimony trees, but bet-
ter convey the connections between haplotypes (Excoffier and
Smouse 1994).

Results

Sixteen pairs of universal primers of cpDNA were ini-
tially screened to assess the degree of amplification and
the size of the amplified fragment (Table 2). Based on
the quality of amplification, five pairs of primers (HK,
K1K?2, rpoCC, CD and VL) were chosen for the present
investigation. The total size of the amplified fragments
used in this study represent approximately 12% of the to-
tal chloroplast genome (considering that cpDNA size in
most Prunus spp. is approximately 140 kbp: Kaneko et
al. 1986; Uematsu et al. 1991). The five amplified frag-
ments were digested by three restriction enzymes and, of
the 15 combinations, nine (HK-Alul, Hinfl; K1K2-Hinfl,

Table 1 List, origin and num-
ber of individualsin the popu-
lations of P. spinosa studied

Population Abbreviation  Origin No. of
individuals
Montejo de la Sierra MS Spain 10
Valdemorillo (slopes of Guadarrama) VA Spain 5
Chizé CH France 11
Parco Nazionale delle Foreste Casentinesi FC Italy 10
Kelheim KE Germany 10
Halltorps Hage HH Sweden 10
Glen Affric GA Scotland 6
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Table 2 Preliminary results

showing PCR conditions, size Abbreviation of PCR conditions Amplified Degree of )
of amplified fragment and CcpDNA primers? : - fragment (bp) amplification
quality of amplification, using Annedling Extension
cpDNA universal primers temperature time

HK 62°C 2min30s 1700 ++

K1K2 53.5°C 3min 2650 ++

K2Q 45°C 4 min 2700 +

QR 56.2°C 4 min - NA

rpoCC 45°C 5min30s 4800 ++

CD 55°C 4min30s 3800 ++

DT 52°C 2min 1150 +

TC 50°C 4 min - NA

CSs 55°C 3min 1700 +

SfM 62°C 2min 1200 +

fMA 45°C 5min30s < 6000 +

- AS 55°C 4min30s 3250 +
a Abbreviations are the same as  gT 50°C 2 min - NA
in Dumolin et al. 1997b TE 50°C 2min30s — NA
b NA: no amplification; +: faint gy 50°C 4min30s — NA
amplification; ++: good ampli- v/ 55°C 4min30s 3900 ++
fication
Fig. 1 Restriction patterns
(B—G) in the primer-enzyme M GA HH KE
combination, rpoCC-Hinfl, of DDDDDDDDDDDDDDDDBEEBBCDDFG
three populations (GA, HH,
KE) on agarose gel. B to G cor- o LA A & 2 2 2 2 3 1 2 i 1 B 2 3 B B0 B B
respond to the al phabets used
in Appendix 1. M = molecular
size marker (50-bp Ladder, wmmemaeeecesseBlecBBRw.n.
Pharmacia). KE = Kelheim
(Germany); HH = Hallotorps e L s - - -
Hage (Sweden); GA = Glen
Affric (Scotland)
250 bp »

Tagl; rpoCC-Hinfl; CD-Alul, Hinfl, Tagl; VL-Alul) ex-
hibited polymorphic patterns and were hence selected for
the complete survey (data can be obtained from the au-
thors). The restriction patterns obtained in three of the
populations for the combination rpoCC-Hinfl are shown
in Fig. 1. Population KE (Germany) has six restriction
patterns (B, C, D, E, F, G) of which three (C, E, F) are
unique to it. All individuals of GA (Scotland) and HH
(Sweden) have the same restriction pattern with rpoCC-
Hinfl (Fig. 1). Of the 92 scorable fragments, 44 (48%)
are polymorphic bands. The range of size of polymor-
phic fragments analyzed in different primer-restriction
enzyme combinations varied between 190 bp and 950
bp. In al, 24 cpDNA haplotypes were found (data can be
obtained from the authors) in the seven populations con-
sisting of 62 individuals. Therefore, 38.7% of the total
individuals represent the 24 haplotypes.

Six of the seven populations are polymorphic and all of
the six have unique haplotypes, in addition to common
haplotypes. The population GA (Scotland) is monomor-
phic, represented by only one haplotype (H2). The maxi-

mum number of haplotypes (eight) as well as that of
unique haplotypes (seven) are in the KE (Germany) popu-
lation. H2 is the most common haplotype, and is present
in five of the seven populations. Also, the frequency of
this haplotype is highest (0.408), followed by H1 (0.186).
The frequency of the remainder of the haplotypes is less
than 0.05 (Table 3). There is no haplotype which is shared
by all seven populations. Four (H1, H2, H4, H7) of 24
haplotypes are shared by two or more populations (Table
3). MS (Spain) is the only population that contains these
four haplotypes, in addition to other unique haplotypes.
The dendrogram obtained by the UPGMA method us-
ing the frequencies of haplotypes in each population
demonstrates the relatedness amongst the populations
and their geographical locations (Fig. 2). Two major
clusters separated by a dissimilarity level of 70% was
observed; the northern Europe populations (HH and GA)
belonged to one cluster and the rest of populations to the
other. The two populations from Spain (MS and VA) are
grouped together and population CH (France) joins
them. FC (ltaly) and KE (Germany) form another sub-
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Table 3 Haplotype frequencies and composition of the seven populations of P. spinosa

Haplotypes Populations? Individuals/ Frequency®
haplotype
MS VA CH FC KE HH GA
H1 3 2 0 4 2 0 0 11 0.186
H2 2 2 5 0 0 8 6 23 0.408
H3 1 0 0 0 0 0 0 1 0.014
H4 1 0 1 0 0 0 0 2 0.027
H5 1 0 0 0 0 0 0 1 0.014
H6 1 0 0 0 0 0 0 1 0.014
H7 1 0 2 0 0 0 0 3 0.040
H8 0 0 1 0 0 0 0 1 0.013
H9 0 0 1 0 0 0 0 1 0.013
H10 0 0 1 0 0 0 0 1 0.013
H11 0 0 0 3 0 0 0 3 0.043
H12 0 0 0 1 0 0 0 1 0.014
H13 0 0 0 1 0 0 0 1 0.014
H14 0 0 0 1 0 0 0 1 0.014
H15 0 0 0 0 1 0 0 1 0.014
H16 0 0 0 0 1 0 0 1 0.014
H17 0 0 0 0 2 0 0 2 0.028
H18 0 0 0 0 1 0 0 1 0.014
H19 0 0 0 0 1 0 0 1 0.014
H20 0 0 0 0 1 0 0 1 0.014
H21 0 0 0 0 1 0 0 1 0.014
H22 0 0 0 0 0 1 0 1 0.014
H23 0 0 0 0 0 1 0 1 0.014
H24 0 1 0 0 0 0 0 1 0.028
Totals 10 5 11 10 10 10 6 62 1.000

aMS=Montejo de |la Sierra; VA=Valdemorillo; CH=Chizé; FC=Parco Nazionale delle Foreste Casentinesi; KE=Kelheim; HH=Halltorps

Hage; GA=Glen Affric
b Calculated by the HAPLODIV program (Pons and Petit 1995)

Dissimilarity level

MS (Spain)

VA (Spain)

CH (France)

FC (Italy)

KE (Germany)

HH (Sweden)

-
L

GA (Seotland)

group and are close (dissimilarity only 34%) to the latter
three populations, MS, VA and CH (Fig. 2).

Results of the analysis of cpDNA diversity using the
HAPLODIV and HAPLONST programs are shown in
Table 4. The total diversity (h,) is high (0.824). The ma-
jor portion of thistotal diversity iswithin the populations
(hs=0.663). The level of population subdivision of di-
versity using unordered alleles is low (Ggr = 0.195) and
using ordered alleles is still lower (Ngr=0.136). The
minimum-length spanning-tree of haplotypes does not
show any correlation between the phylogeny of haplo-
types and their geographic locations (Fig. 3). However,
two main clusters of haplotypes could be observed with
H2 and H10 as the internal nodes. H2 (the most abun-
dant haplotype) is related to H10 by a single mutation
(K1K2-Hinfl = I11; Fig. 3). The geographically related as
well as the unrelated haplotypes belong to both the clus-
ters of H2 and H10, thus exhibiting a random phyloge-
netic distribution of the haplotypes.

Fig. 2 Dendrogram of seven populations of P. spinosa generated
by UPGMA clustering analysis using the "Euclidean distances
squared” coefficient. MS Montejo de la Sierra; VA = Valdemorillo;
CH = Chizé, FC=Parco Nazionae delle Foreste Casentinesi;
KE = Kelheim; HH = Halltorps Hage; GA = Glen Affric
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Fig. 3 Minimum-length span-
ning tree of 24 cpDNA haplo-

: H6
types of P. spinosa from seven
European deciduous forests.
The asterisks with Roman nu-
merals represent restriction pat-
tern differences between haplo- H120_
types for each primer-restric-
tion enzyme combination. HI7 H18 =
| = HK-Alul, Il = HK-Hinfl, —
Il = K1IK2-Hinfl, IV = K1K2- 2
Tagl, V = rpoCC-Hinfl, v ! H23
VI = CD-Alul, VIl = CD-Hinfl,
VIIlI = CD-Tagl, IX=VL-Alul X H9
H3
H21 VII I
Table 4 Results of the analysis
of diversity; standard errors of ES 8222 gg égég
- - T ) .
the estimates are in parentheses Cer 0.195 (0.104)
Vg 0.533(0.147)
v 0.617 (0.153)
a
aNot computed Nsr 0.136 (NC)
Discussion

In the present investigation, high total cpDNA diversity
(hy = 0.824) was detected in P. spinosa; 44 mutations are
distributed over 24 haplotypes. P. spinosa is awild shrub
which has not undergone any selection pressure imposed
by man for its domestication. In the absence of such se-
lection pressure, it is most probable that cytoplasmic di-
versity (in the present study, the cpDNA variability) is
maintained in nature. Also, high cpDNA variation may-
be related to a high generation turnover of this shrub
species and hence a greater probability for mutations to
be fixed in later generations.

The origin of the cytoplasm of the allotetraploid P.
spinosa is not known. It has been shown that Prunus
cerasifera is one of the parents of P. spinosa (Reynders-
Aloisi and Gellet 1994) but the second parent is uncer-
tain. Moreover, P. cerasifera itself has diploid, tetraploid
and hexaploid forms (Beridze and Kvatchadze 1981,
Watkins 1981). It is not yet known whether P. cerasifera
has acted as pollen donor or cytoplasm donor in the evo-
lution of P. spinosa. It is also possible that both P. cera-
sifera (diploid or/and polyploid forms) and the second
unknown parent may have acted as male as well as fe-
male parent at different times in the evolution of P. spi-
nosa. Such an evolutionary history of P. spinosa maybe
one of the reasons for its raised cpDNA diversity.

The intrapopulation variations are higher in southern
Europe compared to northern Europe populations. Popu-
lation GA (Scotland) is homogeneous with no intrapopu-

H11
viI 61X
VIII
VI
VII
XY H14
1
1 H4
: H24 22 |y HS
I
I I
VIII x
VII H2
Vit vit VI H10 A v H1
1 .
o N\ HI3 X N H19
; [
H5 5 .
v ;
VII H7 m ~
H20 H16 H15

lation variation, while HH had three haplotypes (H2,
H22 and H23) of which two (H22 and H23) are unique
to this population. The per-cent individuals showing dis-
tinct haplotypes per population of the studied southern
european deciduous forests range between 50% (i.e. five
haplotypesin ten individualsin Italy) and 80% (i.e. eight
haplotypes in ten individuals in Germany). This suggests
that P. spinosa occupied southern Europe earlier com-
pared to northern parts. Such a higher diversity of haplo-
types in southern Europe is in agreement with previous
reports in Fagus (Demesure et al. 1996). Quercus (Du-
molin et al. 1997a) and Alnus (King and Ferris 1998).

The six polymorphic populations, in addition to the
common haplotypes (i.e. H1, H2, H4 and/or H7), have
their own unique or "private” haplotypes as denominated
by Slatkin (1985). These population-specific haplotypes
can serve to distinguish different populations. The low
frequency (less than 0.05) of these haplotypes suggests
that they may be the result of recent mutations. On the
other hand, the high frequency and wide geographical
distribution of haplotype H2, probably reflects its an-
cient origin.

The dendrogram showing the closeness between the
populations could be correlated to their geographical po-
sitions. The northern Europe populations GA (Scotland)
and HH (Sweden), which are comparatively more homo-
geneous in their haplotype constitution, are more similar
to each other but are most distant to the rest of the popu-
lations FC (Italy) and KE (Germany) which have the
higher number of ”private” haplotypes, form one sub-
group and join the other sub-group with populations
from Spain (MS and VA) and France (CH).

The major portion of the total diversity (hy = 0.824) is
located within populations (hg= 0.663). The G valueis
low (19.5%), compared to other forest species such as
Argania spinosa (60%, El Mousadik and Petit 1996), Fa-
gus sylvatica (83%, Demesure et a. 1996) and Alnus
glutinosa (86%, King and Ferris 1998). However, very
low genetic differentiation among populations (5%) has



been observed in the highly polymorphic Trifolium pra-
tense (Milligan 1991). According to Pons and Petit
(1996), Ggr values maybe biased at very polymorphic lo-
ci, which may also be the case for the present results; the
Ngr value (an analogue of Ggr) is more useful in such
cases. A low Ngp value (13.6%) was observed in the
present study demonstrating that differentiation among
populations is actually low. Ng lower than Gg; indicates
an absence of phylogeographic structure (Pons and Petit
1996). This was indeed the case and no congruency be-
tween the phylogeny of haplotypes and their geographi-
cal positions could be demonstrated in terms of the stud-
ied geographical scale. Incongruency between gene trees
and their geographical distribution have been reported
earlier in Eucalyptus nitens (Byrne and Moran 1994).
One of the reasons for this geographical discordance in
P. spinosa could be chloroplast gene flow among popula-
tions. It appears that seed dispersal, especially by birds,
could be one of the causes of such gene flow (in the ab-
sence of studies on plastid inheritance in P. spinosa we
assume maternal inheritance of cpDNA, as in most an-
giosperms, and thus the gene flow of cpDNA would be
limited to seed dispersal). At this stage we reserve fur-
ther comments on the phylogeography of P. spinosa.
Presently we are planning an extension of this work with
more populations of European deciduous forests to reach
amore-decisive conclusion on this aspect.

High intraspecific cpDNA polymorphism in P. spi-
nosa calls for a note of caution for its use in phylogenet-
ic studies. This feature, however, may not be generalized
to other species of this genus (limited polymorphism of
cpDNA was observed in wild populations of Prunus av-
ium, unpublished results). The conservation strategies
for this species in the forests studied have to take into ac-
count the presence of " private” haplotypes in most popu-
lations, indicating the uniqueness of these populations.
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