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ABSTRACT 
Patterns of chloroplast DNA (cpDNA) variation were studied in eight white  oak species by sampling 

345 populations throughout Europe. The detection of polymorphisms by restriction analysis of PCR- 
amplified cpDNA fragments allowed the identification of 23 haplotypes that were  phylogenetically or- 
dered. A systematic hybridization and introgression between the eight species studied is evident. The 
levels of subdivision for unordered (GT) and ordered (NsT) alleles are very high and close (0.83 and 
0.85). A new statistical approach to the quantitative study of phylogeography is presented, which  relies 
on the coefficients of differentiation GT and NsT and the Mantel’s  test. Based on pairwise comparisons 
between populations, the significance of the difference between both coefficients is evaluated at  a global 
and a local scale. The  mapped distribution of the haplotypes indicates the probable routes of postglacial 
recolonization followed by oak populations that  had persisted in  southern refugia, especially  in the 
Iberian peninsula, Italy and the Balkans. Most  cpDNA polymorphisms appear to be anterior to the 
befinnina of the last recolonization. A subset of the preexisting haplotypes have merely expanded north, 
while others were left behind  in the south. 

I N the last decade, intraspecific phylogeography, the 
study of the relationship between the phylogeny  of 

variants and their geographic distribution (AVISE et al. 
1987), has become a  popular field in evolutionary sci- 
ence (see reviews in HEWITT 1996;  Soltis et al. 1997). 
Such studies are attractive because historical insights 
can be  obtained by identifylng the genealogy of vari- 
ants, which are  then overlaid upon  a geographic frame, 
reflecting the spatiotemporal dynamics  of the organism 
studied. 

Among the historical factors likely to have  played 
a role in determining  the  present  pattern of genetic 
variation observed in natural populations of the temper- 
ate zone, a major one appears  to  be  the last  glacial 
period and the  subsequent recolonization when animal 
and plant species expanded in the lands newly released 
by ice. Such migrations of  taxa  have occurred repeat- 
edly during  the Quaternary and  are considered to be 
a response to orbitally forced climate changes at time 
scales  of lo5 years (e.g., HUNTLEY and WEBB 1989).  In 
Europe,  numerous species were confined to southern 
refugia during  the last glaciation, which started  about 
115,000 before present (BP) and reached its maximum 
18,000 BP. This was followed by recolonization during 
the  present interglacial that started -13,000  BP. 
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Deciduous species of  oaks recolonized most  of Eu- 
rope early, from refugia located in southern Iberia, Italy 
and the Balkans (HUNTLEY and BIRKS 1983). Deciduous 
oaks are major constituents of the mixed temperate 
forests (HUNTLEY 1990). Forest tree species have  re- 
sponded individualistically to climatic changes, so that 
the results obtained  concerning  the postglacial routes 
of one tree species may not  be extrapolated to other 
tree species (e.g., DAVIS 1976; HUNTLEY and BIRKS 
1983). But oak forests are housing a particularly rich 
assemblage of plant and animal species (e.g., SPEIGHT 
and WAINHOUSE 1989), some of  which are narrowly 
dependent  on oaks. These species may have  followed 
the same pattern of recolonization than  the oaks. 
Hence,  the precise knowledge  of the phylogeography 
of  oaks at  a  continental scale may be  important beyond 
the study  of the oaks  themselves. 

Because chloroplast DNA (cpDNA) is maternally in- 
herited in oaks (DUMOLIN et al. 1995), it allows a  direct 
study  of seed-mediated dispersal and gene flow and is 
consequently particularly useful to infer recolonization 
routes. As a consequence of the  reduced  gene flow for 
this marker, cpDNA polymorphisms will be much more 
structured  than nuclear polymorphisms (PETIT et al. 
1993a,b).  Another consequence of uniparental inheri- 
tance is a clonal mode of evolution, well-suited for re- 
constructing phylogenies. Contrary to animal mito- 
chondrial DNA (mtDNA), cpDNA  evolves  very  slowly 
(four times  slower than  the  plant nuclear genome; 
WOLFE et al. 1987),  a  trend  that is even more pro- 
nounced in  long-lived tree species such as  Fagaceae 
(FFL~~CARIA et aL 1993). Nevertheless, variation in angio- 
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sperms has now been  demonstrated in many species, 
including forest trees, as a consequence of the develop- 
ment of improved molecular techniques and of the use 
of larger sample sizes (SOLTIS et al. 1992; DEMESURE et 
al. 1995). 

In oaks, rangewide studies of  cpDNA variability  have 
revealed a  strong  pattern of genetic structure in Eu- 
rope, which was interpreted as reflecting largely the 
routes of postglacial recolonization (FERRIS et al. 1993; 
PETIT et al. 1993a).  Furthermore, extensive  cytoplasmic 
exchanges between sympatric species of  white  oaks  were 
observed both in eastern United States (WHITTEMORE 
and SCHAAL 1991) and in Europe (FERRIS et al. 1993; 
PETIT et al. 1993a). However, these studies were  based 
on  a limited number of polymorphisms. Here, phyloge- 
netic analyses  based on numerous cpDNA mutations 
enable us to introduce  a temporal dimension in the 
description of the genetic structure. In addition,  an 
attempt is made to test the  continental phylogeographic 
pattern, based on  an extensive sampling of populations. 

Despite the multiplication of phylogeographic stud- 
ies, evidence that  there is an association  between the 
geographic location of the haplotypes and their posi- 
tion within a phylogenetic tree remains largely limited 
to the casual observation of variants on geographic 
maps. Even if the existence of a genetic structure is 
tested, this does not prove that related haplotypes have 
more similar distribution than what could have been 
expected by chance.  TEMPLETON (1993) and TEM- 
PLETON et al. (1995) have developed a nested cladistic 
analysis of geographic distances to test the null hypothe- 
sis  of no geographic association among haplotypes. We 
will follow a different approach first described by PONS 
and PETIT (1996) and based on  the comparison of the 
coefficient of genetic differentiation for ordered (NsT) 
and  unordered (GT) alleles. Indeed,  the existence of 
a phylogeographic structure  should yield higher NqT 

than GT estimates for the same data set. However,  in 
the  method of PONS and PETIT (1996),  no use is made 
of the information on the geographic distance between 
the populations. We therefore  extend  the test of  PONS 
and PETIT (1996) to take into  account this information 
by using Mantel's  tests procedures (MANTEL 1967). 

MATERIALS  AND METHODS 

Plant  material: A total of 345 oak  populations (1412 indi- 
vidual trees) were sampled throughout  Europe. Oaks are 
members of the family Fagaceae, and  the species studied be- 
long to the subgenus  Lepidobalanus (CAMUS 1936-1939). 
Populations  belonging to the following eight species were 
included: Quercus roburl. (133 populations), Q. petraea (Matt.) 
Liebl. (143 populations), Q. pubescens Willd. (76  populations), 
Q. pyrenaica Willd. (seven populations), Q.faginea Lam. (three 
populations), Q. frainetto Ten.  (14  populations), Q. macranth- 
era Fisch. and Mey (two populations) and Q. canan'ensis Willd. 
(one  population) (since several species can be  represented 
in  a population,  the total exceeds  345). The oak  material 
(acorns,  buds  or leaves) was collected in forests or  in prove- 

nance tests. Particular  care was taken to collect material from 
old trees of ancient forests to  reduce  the risk  of sampling 
introduced populations. The cumulative range of the eight 
species is illustrated in Figure 1 together with the location of 
the populations analyzed. The list of the populations is  avail- 
able upon request. Since we were initially mostly interested 
in Q. robur and Q. petraea, the regions  where these species are 
rare  or  absent were not sampled  thoroughly (Greece, south- 
ern Spain, North Africa, Turkey).  On  the  other  hand, some 
parts of France were more extensively sampled, to check if 
rare representatives of the different cpDNA lineages could  be 
detected  in a given area by increasing the sample size. 

PCR-RFLP  procedure: Total DNA  was extracted following 
the  procedure described  in  DUMOLIN et al. (1995). This DNA 
was used as a  template  in PCR reactions involving a set of 
conserved primers  homologous to the most conserved coding 
regions of cpDNA and  that allow the amplification of the 
more variable noncoding regions. The pairs of primers are 
listed in  Table  1 and  their sequences can be found in TA- 
BERLET et al. (1991), DEMESURE et al. (1995) and DUMOLIN- 
LMEGUE et al. (1997).  For this study, four pairs of primers 
(in bold  characters  in  Table 1) were used to characterize all 
oak  populations.  These pairs of primers were chosen as they 
exhibited numerous polymorphisms in  a first screening of 
30 populations (DEMESURE 1996). The amplifications were 
performed as detailed  in  DEMESURE et al. (1995).  The haplo- 
types identified were further characterized with the eight 
other pairs of primers  in order to study their relationships. 
All 12 PCR products (5 PI) were digested with one  or two 
four-base recognition  restriction  endonucleases (5  units): 
CfoI, DpnII, Hznfl, MspI and TaqI, representing 14 PCR-frag- 
ment/enzyme combinations. In most cases, PCR fragments 
were analyzed with a single enzyme (usually H i d ) ;  this way, 
there was no risk to  count  the same mutation twice, especially 
the  insertion/deletions  (indels).  The DNA restriction frag- 
ments were separated by electrophoresis on 8% polyacryl- 
amide gels  as described  in  DUMOLIN et al. (1995). 

Phylogenetic analysis: The haplotypes were phylogeneti- 
cally ordered using the Wagner parsimony method, which 
minimizes the total number of character state  changes  in the 
tree.  This was performed with  PAUP (phylogenetic analysis 
using parsimony, version 3.1, SWOFFORD 1993). For this pur- 
pose the data were scored as multistates characters:  each poly- 
morphic restriction fragment is a character  and  the states are 
the different sizes  of this fragment. The  length variants were 
noted  from 1 to 6, 9  being reserved to restriction site muta- 
tions (Appendix A).  The  numbers increase  from the highest 
to  the lowest molecular weight fragments to facilitate the nota- 
tion but this does not imply any mutational  sequence. After 
a heuristic search we obtained  the equally most parsimonious 
trees. The Consistency Index (CZ), which measures the overall 
amount of homoplasy, was then calculated. Robustness of the 
resulting trees was tested by bootstrap analysis (FELSENSTEIN 
1985) of 100 replicates with  PAUP. In  addition,  the Neighbor- 
Joining  tree was constructed with the same data  matrix using 
PHYLIP 3.5 (FELSENSTEIN 1993). Bootstrap analysis  of 2000 
replicates was performed. 

Genetic diversity analysis: The frequencies of the haplo- 
types were used to estimate the  mean within-population gene 
diversity (k), the total gene diversity (hT) and  the coefficient 
of gene differentiation over all populations ( G )  and  their 
standard deviations following PONS and PETIT (1995). Then, 
the level of subdivision of chloroplast diversity for  ordered 
alleles (NsT) modified from LYNCH and CREME (1990) was 
computed following PONS and PETIT (1996),  the distance be- 
tween two haplotypes being  the  number of different restric- 
tion fragments. was compared  to GT using the Ustatistics, 
which takes into  account  the covariance between NST and GT, 
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FIGURE 1.-Cumulative range of the eight species of Quercus studied  according  to SCHMUCKER (1942), JAIAS and SUOMNEN 
976),  and BROMTCZ (1982, 1988) and location of the 345 populations analyzed. 

and a one-sided test (see PONS and PETIT 1996). Only the 
populations having at least three individuals were taken into 
account. A subset of 283 populations and 1314 individuals (an 
average of  4.64 individuals per  population) were therefore 
included in this analysis and  the subsequent  ones. 

Mantel  tests: The standardized Mantel coefficient, which 
is the product-moment  correlation between elements of two 
dissimilariy matrices, derived from the Z-statistics of MANTEL 
(1967), was computed. This procedure is used to estimate the 
association between two independent dissimilarity matrices 
and to test whether the association is stronger than would he 
expected by chance. A matrix of geographic distances be- 
tween the 283 populations was derived from the longitudinal 
and latitudinal coordinates.  For this purpose, simple trigone 
metric rules were applied, by approximating the  earth to a 
sphere of known diameter. The precision was sufficient as 
judged by a comparison with  values obtained with a Geo- 
graphic  Information System (Maplnfo Professional version 
4.02) that was also used to draw the maps. In addition, two 
genetic  distance matrices were derived, by computing  the c e  
efficient of gene differentiation between all the pairs of popu- 
lations for ordered (N-) and  unordered (GT) haplotypes. 
The estimators of the diversities are those described in PONS 
and PETIT (1996) for random populations. A third  genetic 
matrix was built by computing  the difference between the two 
parameters of differentiation for all pairs of populations (AN 
= NsT - GT). The goal was to test whether N5T increased 
more quickly than GT with the geographic  distance between 
the two populations. The standardized Mantel correlation co- 
efficients between the  matrix of geographic distance and each 
of the three genetic distance matrices were then calculated. 
The significance of the test was evaluated by the construction 
of a null distribution by a Monte-Carlo procedure: 1000 per- 

mutations of  rows and columns of the  geographic distances 
matrix were realized whereas the genetic distance matrices 
were kept  constant. The parameter pis  the  number of permu- 
tations that gave a higher Mantel coefficient plus one, divided 
by the total number of permutations. 

Description of the  spatial  structure: After the global test 
realized with the Mantel procedure, local  tests  were per- 
formed  to  describe  more precisely the spatial structure. 
Therefore, a total of 83 classes  of  50-km intervals were defined 
up  to the interval 4100-4150  km. The same three parameters 
(GT, Nrr and  AN) were computed for  each distance class 
from the average of the within-population gene diversities 
and  the total gene diversities. For each class, the observed 
value of ANwas compared with i a  value obtained  through a 
Monte-Carlo procedure as described above. 

RESULTS 

cpDNA polymorphisms: First, four  fragments  were 
amplified  with  the  pairs  of  primers  DT, AS, TF and CD. 
After  digestion  with,  respectively, Tu@, Hinff, CfoI and  
Hinf f ,  a n d  TnqI, 16 restriction  fragments  were  polymor- 
phic  and  allowed  the  detection  of 25 length  variants 
and  four  point  mutations. All the 1412 individuals  from 
the 345 populations  were  studied with the  four  pairs  of 
primers.  With  these 29 polymorphisms,  it was possible 
to  distinguish 23 haplotypes. The  distribution  of  the 
haplotypes is given in  Figure 2 where all the  haplotypes 
are mapped. A subset  of 23 individuals  representing  the 
complete  collection  of  haplotypes were further  studied 
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Q. pubescens 
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Q. pyrenaica 

(e) Q. canariensis 

FICCRE 2.-Map of the 23 haplotypes found in the study. The symbols represent the populations and  are  proportional to the 
number of individuals  analyzed. Maps  are grouped by lineage (A, B and C) according to Figure 3. 
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FIGURE 2.-Continwd 
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TABLE 1 

List of the pairs of primers  used in this study 

Primer 1 Primer 2 Abbreviation"  Referenceb 

trnH [tRNA-His (GUG)] trnK [tRNA-Lys (UUU) exon 11 HK 1 
trnK [tRNA-Lys (UUU) exon 11 trnK [tRNA-Lys (UUU) exon 21 K1 K2 1 
trnQ [tRNA-Gln (UUG)] trnR [tRNA-kg (UCU)] QR 2 
tntC [tRNA-Cys (GCA)] tmD [ tRNA-hp  (GUC)] CD 1 
trnD [tRNA-Asp (GUC)] trnT  [tRNA-Thr (GGU)] DT 1 
trnT  [tRNA-Thr (GGU)] psbc [PSII 44 KD protein] TC 2 
psbC [PSII 44 KD protein] trnS [tRNA-Ser  (UGA)] cs 1 
trnS [tRNA-Ser (UGA)] tmM [tRNA-Met (CAU)] SfM 1 
psaA [PS I (P 700 apoprotein Al)] trnS [tRNA-Ser (GGA)] As 1 
trnS [tRNA-Ser (GGA)] trnT [tRNA-Thr (UGU)] ST 1 
trnT [tRNA-Thr (UGU)] tmF [ tRNA-Phe (GAA) ] TF 3 
trnV [tRNA-Val (UAC) 3' exon] r6cL  [RuBisCO  large subunit] VL 2 

a The  pairs of primers  used  for  the  whole set of populations  are  in  bold  characters. 
' 1, DEMESURE et al. (1995); 2, DUMOLIN-LAPEGLIE et al. (1997); 3, TABERLET et al. (1991). 

with the  eight  other pairs of primers (Table 1). After 
digestion with HznfI, TaqI, MspI or DpnII, 14 restriction 
fragments were polymorphic and allowed the  detection 
of an additional 15 length variants and three  point mu- 
tations. 

Phylogenetic  relationships  between  the  haplotypes: 
Among the 23 haplotypes, 47 polymorphisms were de- 
tected in 30 restriction fragments, since many of these 
fragments had several length variants (see the matrix 
in the Appendix A). There were 19 phylogenetically 
informative polymorphisms (synapomorphies),  shared 
by at least two individuals, including 12 length variants 
and  the seven point mutations. A Wagner parsimony 
analysis was made with the complete data set and more 
than 100 most parsimonious trees were obtained after 
a heuristic search. Their CI value was 0.795  when  ex- 
cluding the  autapomorphies.  The  Neighborjoining 
tree is represented in Figure 3. The length of the 
branches  are  correlated  to  the distances between the 
haplotypes. The values  of bootstrap  higher  than 50% 
are  added  on  the nodes and three main lineages A, 
B and C  are  defined according to these values. The 
Neighborjoining  tree exhibited branching  patterns 
very similar to the  ones  obtained with the Wagner parsi- 
mony  analysis. The differences between the  numerous 
equally parsimonious trees obtained with  this latter 
analysis are located at  the end of the  branches,  but  the 
bootstrap analysis supports the definition of the main 
lineages in the same way. Haplotypes 8 and 9 were not 
grouped in a specific lineage as they  were represented 
by too few populations. One haplotype (number  23), 
found only  in two trees of one 4. robur population in 
southern Italy, was  very divergent. 

The mutations detected in this study are mainly short 
length variants, presumably indels. Although indels are 
sometimes site dependent  and thus can contribute to 
homoplasy in evolutionary studies (DOWNIE and 
PALMER 1992;  CLECC et al. 1994), mutations longer  than 

two bases that do  not belong to tandem repetitions 
proved to be  good phylogenetic markers (GIELLY and 
TABERLET 1994). This is only true when the level  of 
divergence is sufficiently  low, as in intraspecific phyloge- 
nies. As a  matter of fact, the two types  of  analyses per- 
formed  here  (phenetic and cladistic) were congruent 
in determining lineages. 

Distribution of the haplotypes across species: In this 
study, the systematic  local sharing of cytoplasms ob- 
served by PETIT et al. (1993a) for Q. robur, Q. petraza, 
Q. pubescens and Q. pyrenaica is confirmed and can be 
extended  to Q. faginea, Q. frainetto and Q. macranthera. 
Indeed, Table 2 shows that different species share  the 
same haplotype and  that in most  species different hap- 
lotypes can be found. More samples are still  necessary 
in the case  of Q. canariensis, collected in  only one popu- 
lation (in Algeria) and  represented by a new, though 
not particularly divergent, haplotype (22). 

Geographic  distribution of the  haplotypes: A first 
glance at the  distribution maps of the haplotypes (Fig- 
ure 2) makes it clear that  the haplotypes are  not geo- 
graphically randomly distributed:  each haplotype is 
circumscribed to  a  particular  area. Moreover, haplo- 
types belonging to the same lineage  are  often located 
in the same part of the  range.  This is obvious for  haplo- 
types 10, 11 and 12 (lineage B),  which are restricted 
to  the western part of Europe. This is also true  for 
haplotypes of lineage C,  which are  distributed on a 
relatively narrow part of central  Europe, as  well  as for 
the haplotypes of lineage A, which are  found in a wider 
area  but  are also absent or rare  at  the  extreme east and 
west  of Europe. Finally, the  other relatively frequent 
haplotypes are almost all located in the  eastern  part 
of Europe  and  do  not belong  to lineages A, B or C. 
However, haplotype 17, characterized by a rather  cen- 
tral position in the phylogenetic tree  (Figure 3) ,  is 
found in Italy, the Balkans and  the Caucasus. Note 
that nearly all haplotypes that were detected only once 
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FIGURE 3.-Neighbor- 
joining tree of cpDNA 
haplotypes. The bootstrap 
values higher than 50% 
are  represented.  Three 
lineages A, B and C are 
identified according to 
this criteria. Haplotypes 
are  numbered as in A p  
pendix A. 

20 
(haplotypes 3, 8, 18 19, 21, 22, 23) are located in the into account or not  the relationships between haplo- 
southern  part of Europe. types, are very high: respectively, 85% (NST) or 83% 

Coefficients  of  differentiation and phylogeographic ( GT) of the diversity is distributed among populations. 
structure: The levels of subdivision of the chloroplast These two parameters  are significantly different ( U  = 
diversity estimated from the 283 populations, taking 1.90, P = 0.029). A Mantel procedure was used to test 

TABLE 2 
Number of populations  per species that contain each  haplotype 

Haplotype 

1 2  3  4  5 6 7 8 9 10 11 12 13  14 15 16  17 18 19 20  21  22 23 Total 

Q. robur 16 3 1 3 6 3 6 1 1 3 1 1 2 1 5  2 3 20 8 3 1 1 
Q. pubescens 9 3 1  19 17 8 11 2 14 1 2  
Q. petraea 21 9  4 6 38  40 18 28  2 5 2 
Q. pyrenaica 3 1 3  

1 173 
87 

173 
7 
4 

13 
Q. macranthera 2 2 
Q. canariensis 1 1 
Total 4 8 1 5 1 4 4 4 6 9 2 1 3 8 4 4 2 4 8  4 3 2 5   8 2 5  1 1  2 1 1  1 4 6 0  

Q. faginea 1 1 2 
Q. fiainetto 1 6 6 



1482 Dumolin-I .api?gue et al. 

TABLE 3 

Results of the analysis of diversity 

Mantel 
Value" coefficient6 

Number of populations 

Arithmetic  mean 
Harmonic  mean 
hs 
hT 
GST 

2 3 individuals 

US 

vr 
NST 
A N  

283 
4.64 
4.08 

0.151 (0.016) 
0.874 (0.008) 
0.828 (0.018) 0.244c 
0.992 (0.132) 
6.610 (0.170) 
0.850 (0.020) 0.270" 

0.022 0.110" 

a Standard  deviations  are in parentheses. 
* Comparison  with  the  geographical  distance. 
The P value is inferior to 0.001. 

the overall existence of a geographic structure and to 
assess the significance of the phylogeographic compo- 
nent of  this geographic structure.  The results  show that 
both GT and NST are highly correlated with the geo- 
graphic distance, with correlations of  0.24 and 0.27, 
respectively, corresponding to P < 0.001 (Table 3). 
Moreover, their difference AN, which measures the 
contribution of the phylogenetic relationship among 
haplotypes to the overall coefficient of gene differentia- 
tion for ordered alleles ( &), is also  highly  significantly 
correlated with the geographic distance ( r  = 0.11, P < 
0.001). After  this global test, more detailed analyses 
were realized. The same computations were performed 
but within distance classes  of  50  km. Figure 4a repre- 
sents the two parameters GT and NST according to the 
distance separating the populations. As expected  for 
unbiased estimates, the weighted mean over  all distance 
classes are equal to  the same parameters computed di- 
rectly, if the  mean of these coefficients  of differentia- 
tion are  obtained from the ratio of the means and  not 
the mean of the ratios. We tested the hypothesis of 
equality of the parameters in each class  with  1000 per- 
mutations and  the results are  represented in Figure 4b. 
In 34 of 83 cases, the test was significant. In particular, 
for  the five  lowest  50-km distance classes, ANwas sig- 
nificantly  lower than  the mean permutation value. 

DISCUSSION 

Migration and genetic  structure: As stressed in ear- 
lier studies (PETIT et al. 1993a,b),  the level  of  subdivision 
for cpDNA polymorphisms in  oaks is much  higher  than 
for nuclear polymorphisms: the mean coefficient of  ge- 
netic differentiation for 11 isozyme loci is 0.03  in Q. 
petraea (ZANETTO and -MER 1995), as compared to 
0.83 for cpDNA in the  present study. In plants, such a 
contrast between the level  of structuration for nuclear 
and maternally inherited genes has now been shown to 

be the rule rather  than  the exception (e.g. ,  ENNOS 1994; 
MCCAULEY 1995; DEMESURE et aL 1996; EL MOUSADIK 
and PETIT 1996). Nevertheless, the difference in the 
case  of  oaks is particularly striking. Several factors con- 
tribute to increase genetic structure for organelle genes 
in comparison to nuclear genes. (1) Effective gene flow 
will be limited to seeds for maternally inherited ge- 
nomes (PETIT et al. 1993b).  (2) Drift will be twice  as 
strong  for  a haploid genome as compared to a diploid 
one.  (3) In hermaphrodite species such as the oaks, 
the flowering and fruiting  pattern result in an effective 
number of trees contributing to the  next  generation as 
females that is much reduced as compared to the effec- 
tive number of trees acting as  males (DEMESURE et al. 
1996; Dow and ASHLEY 1996). 

Another factor may explain the low  level  of intrapop- 
ulation diversity. Indeed, simulations have demon- 
strated  that  the patchy distribution of the haplotypes 
that is found  at  a regzonal scale (FERRIS et al. 1995; PETIT 
et al. 1996; PETIT et al. 1997) can be generated by incor- 
porating  rare long-distance dispersal events and subse- 
quent foundations in the simulations (IBRAHIM et al. 
1996; LE CORRE et al. 1997). Actually, the rapidity of 
postglacial recolonization of  oaks inferred from palyno- 
logical studies is more  concordant with such a model. 
Successive bottlenecks would therefore have occurred 
at  the  head of the migration front. This "leading edge" 
hypothesis  has been advocated in the case of several 
plant species from the Pacific  Northwest (CWAR and 
MACDONALD  1987; SOLTIS et al. 1997).  In oaks, it could 
account for the difference of haplotype diversity  be- 
tween the north  and  the  south of Europe: successive 
bottlenecks may  have reduced  the diversity during the 
northward expansion while some haplotypes were left 
behind in the refugia. 

This genetic structure appears to be independent of 
the species, since in populations where several species 
are  represented  the same haplotype is usually shared. 
Moreover, the more frequent haplotypes are always 
shared by several  species. These results confirm and 
generalize those of the previous studies of  cpDNA diver- 
sity  in  this group of oaks.  Systematic hybridization and 
introgression between these species is therefore  the 
rule. It would be interesting to delimit exactly the ex- 
tent of  this complex of hybridizing oak species  based 
on cpDNA evidence. Preliminary results indicate that 
Q. afares Pomel, Q. cerris L., Q. ilex L. and Q. suber L. do 
not belong to the complex studied here, as judged  from 
their  different cpDNA restriction patterns (results not 
shown). 

Test of the  phylogeographic  structure: As can be 
seen in Figure 2, haplotypes belonging to the same 
lineage often occupy a similar range. However, it would 
be useful to quantify and test the phylogeographic struc- 
ture.  Here,  the  approach developed by  PONS and PETIT 
(1996) based on contrasting the coefficients of genetic 
differentiation for ordered ( N S T )  and  unordered ( GT) 
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FIGURE 4.- (a) Differ- 
entiation parameters GT 
and NST computed  from 
the average  of the  within- 
population gene diversi- 
ties and  the  total  gene  di- 
versities  of  all the  pairs  of 
populations  for  each 50- 
km distance  class. (b) AN 
parameter  and 95% con- 
fidence  interval of its 
mean permutation value 
for  each  distance  class 
after 1000 random  permu- 
tations of the data. 

DISTANCE (km) 

alleles was used first. Despite their very close values, NST 
is significantly higher  than GT in our study.  Possible 
interpretations  for such a difference are extensively  dis- 
cussed in PONS and PETIT (1996) (see  in  particular  their 
Figure 2).  Briefly, NST will be higher  than (& if, on 
average, pairs of dzffent haplotypes from the same pop- 
ulation have more similar sequences  than pairs of d@m- 
mt haplotypes from  separate  populations. 

However, no spatial information is taken into account 
in this test, which may restrict its  power. Hence, we 
extended this approach to take into  account  the geo- 
graphic distance between populations. A well-estab- 
lished method to assess the  degree of concordance be- 
tween distance matrices (genetic and geographic dis- 
tances in our case) is the Mantel's procedure (MANTEL 
1967), which generates statistical significance levels for 
correlation measures of  similarity between distance ma- 
trices (DOW and CHEVERUD 1985).  Here,  the existence 
of a highly significant positive correlation between AN 
(the  contribution of the genetic divergence between 
haplotypes to  the overall coefficient of gene differentia- 
tion: NST = GT + AN) and  the geographic distance 
was demonstrated. This means  that pairs of increasingly 
distant  populations are also increasingly different ge- 
netically, not only in  terms of haplotype frequencies 
($ the increase of both GST and NsT with distance)  but 
also in terms of the mean molecular divergence be- 
tween their haplotypes ($ the increase of ANwith dis- 
tance, i e . ,  the faster increase of NST compared to GT 
with distance). 

The  next  step was to analyze the global phylogeo- 
graphic  structure in more details, by computing the 
different  genetic  parameters within distance classes  of 
50 km. Both coefficients of differentiation increase up 
to distances of -250 km.  But AIST, initially similar to 
GT (0.65), becomes then larger, with some fluctuations 
around its mean value  of 0.85. Hence, below  this thresh- 
old of 250 km, only the haplotype frequencies  matter 
to analyze the  genetic  structure. Afterwards, it becomes 
useful to take into  account  the distance between haplo- 
types. 

The advantage of this approach is to provide a statisti- 
cal confidence to analyses based on classical genetic 
parameters. The global phylogeographic test based on 
Mantel's test, if significant, can then be applied to 
smaller distance classes.  Of course, this requires  that 
sufficient and well-distributed data  are available. All 
these analyses are based on  the estimation of coeffi- 
cients of differentiation  for pairs of populations  that 
depend  on  the genetic divergence between alleles only 
when at least one population is polymorphic. Given the 
high frequency of genetically fixed populations in our 
sample, it may be worth investigating other genetic pa- 
rameters  for these tests (such as genetic distances or 
other measures of differentiation). The only require- 
ment is that  their value can be computed and compared 
for  both  ordered  and  unordered alleles. As discussed 
in PONS and PETIT (1996),  the  proposed tests are purely 
descriptive and make no inference on  the underlying 
evolutive forces: only sampling effects are  considered 
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FIGURE 5.-Possible 
postglacial  colonization 
routes of the  haplotypes 
inferred from their distri- 
bution throughout  the 
range. Each type of arrow 
corresponds  to a lineage 
(A-C and others) and the 
number of  the  haplotype 
involved is given. 

here. Such analyses may be followed by more complex 
ones aimed at testing specific evolutionary models, once 
a significant pattern has been  demonstrated. 

Inferences of colonization  routes: According to paly- 
nological data, oaks  were  known to be present in refugia 
localized in southern  Europe: mainly in the Iberian 
peninsula, in southern Italy and in the Balkans. By com- 
paring these palaeoecological data,  and particularly the 
isopollen maps of HUNTLEY and BIRKS (1983) with our 
results (Figure 2) ,  we constructed  a  map (Figure 5) that 
summarized the possible  postglacial colonization routes 
of the haplotypes. In Iberia and in the Balkans,  fossil 
pollen evidence suggest the presence of refugia in re- 
gions where no thorough sampling had  been  carried 
out.  Therefore,  the colonization routes that  are indi- 
cated may be  incomplete for some haplotypes. 

The statistical  analyses developed above  have demon- 
strated  that phylogenetically related haplotypes are 
likely to occupy similar geographic regions. In particu- 
lar, the  three haplotypes of lineage B are likely to have 
expanded from a refugia in the Iberian peninsula 
northeastward, resulting in a similar distribution along 
the western part of the range of the oaks.  But this is 
not always true. For instance, haplotypes 1 and 2 from 
lineage C seem to have expanded northward from an 
Italian refugia, but only haplotype 1 is found along 
the Mediterranean coast  of France and Spain, whereas 
haplotype 2 has taken a  more eastern route, like haplo- 
type 5, which belongs to a different lineage (A). 

For haplotypes that do  not display a typically latitudi- 
nal distribution, the direction of colonization is not so 
obvious: a Balkanian origin can be supposed for haplo- 
types 7, 13,  14 and 15. However, the distribution of 
haplotypes 9, 16 and even 13 and  14 could also  suggest 
a Caucasian refugia (Figure 5). Actually, authors do  not 

agree about  the existence of  possible refugia in the 
Caucasus  having sheltered  temperate trees during  the 
last glaciation (see for instance ZEIST and BOTTEMA 
1988; FRENZEL  1992).  Hence, even for wind-pollinated 
tree species that  are well represented in Quaternary 
sediments, genetic studies could potentially answer 
questions that have remained unsolved  in palaeoecolog- 
ical studies. However, in this particular case, additional 
information from the Caucasus and the Balkans is 
clearly needed. 

Another Fagaceae, the  European beech (Fugus sylvat- 
ica), which  has presently a similar though more circum- 
scribed geographic range than  the oaks, was apparently 
absent from the Iberian peninsula during  the last  ice 
age (HUNTLEY and BIRKS 1983).  The study  of  cpDNA 
variation in this species has indeed failed to detect  a 
western lineage (DEMESURE et al. 1996).  There was only 
one lineage restricted to Italy and  another  one  present 
throughout most of the remaining of the range of the 
beech.  Furthermore,  for this tree, which recolonized 
Europe  much  later  than  the oaks, the Italian popula- 
tions did not expand  north of the Alps during  the post- 
glacial, a result that contrasts remarkably with those 
described here for the oaks. It appears therefore  that 
not only the  number  and location of the refugia but 
also the dynamics at  the outset of recolonization can 
vary from species to species and have major impacts on 
the  present genetic structure of these tree species. 

Although there is more chloroplast diversity in the 
oaks than in the  beech, oak cpDNA haplotypes that  are 
present in the  north of Europe were  also detected in 
southern  Europe, ie., across a very broad latitudinal 
gradient. They have therefore  remained indistinguish- 
able with our technique  during this extensive north- 
ward spread. Hence, most polymorphisms detected  are 
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probably anterior  to  the  beginning of the last recoloni- 
zation. These results emphasize the low rate of  evolu- 
tion of the chloroplast genome in these species. A phy- 
logenetic study of range  expansion, based on characters 
that have  evolved during recolonization (THORPE 
1984), does not seem possible for these oak species, 
unless even more resolutive and systematic methods 
of detection of  cpDNA or mtDNA mutations could be 
developed. 

On the  other  hand,  the much  longer glacial periods 
must have led to the divergence of  cpDNA haplotypes 
in the  different  southern refugia. During  the postglacial 
expansion,  the initial genetic structure may  have been 
merely extended  northward. However, the  contact  of 
expanding lineages could have generated an overlap 
in the distribution of haplotypes originating from the 
various refugia. Our results indicate that  the  contact 
between expanding oak populations originating from 
different refugia resulted in a relatively sharp transition: 
this is particularly clear between the western lineage B 
and haplotypes from the lineages A and C. Neverthe- 
less, haplotype 7 (lineage A) did  extend far to  the west, 
resulting into some interpenetration with lineage B. 
The presence of haplotype 7 in  Wales could be  due 
either  to  an early migration from western France or to 
an artificial introduction  during historical times. De- 
tailed studies of the distribution of these haplotypes in 
regions of contact  could improve our understanding of 
the dynamic of colonization in these oaks. 

Clearly, the distribution of refugia during previous 
ice  ages along with the  random sampling of haplotypes 
during each interglacial and the timing of the  outset 
of recolonization in each refugia probably played the 
greatest role in determining  the  present geographic 
pattern of  cytoplasmic  diversity in these oaks.  But other 
factors such as human influences cannot be ruled  out. 
The study of long-distance seed transfers should now 
be greatly facilitated by the availability  of detailed distri- 
bution maps of the chloroplast molecular variants in 
these oaks. 
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APPENDIX A 

Description of the 23 individuals used in the  survey and complete data set for the  chloroplast DNA 
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Polymorphic fragments 

Type Population  name Country Species 1 2 3 4 5 6 7 8 9 1 0  

1 Grogna Central Italy Q. robur 9 1 2 1 2 2 2 2 2 2  
2 Klostermarienberg Austria Q. petraea 9 1 2 1 1 2 9 2 2 2  
3 Petrusa south Italy Q. pubescens 9 1 2 2 1 2 9 2 2 2  
4 Nagybatony Hungria Q. petraea 1 1 1 1 1 3 2 2 2 2  
5 Casale Central Italy Q. pubescens 1 1 2 1 1 3 2 2 2 2  
6 Policoro South Italy Q. robur 2 1 2 1 1 3 2 2 2 2  
7 Lucatelli south Italy Q. frainetto 1 1 5 1 1 3 2 2 2 2  
8 Crimea Ukrainia Q, robur 1 1 2 1 1 5 2 2 2 1  
9 Ereven Armenia Q. macranthera 1 1 2 1 1 4 2 2 2 1 

10 Mimizan South-West France Q. robur 1 2 3 1 1 2 2 2 2 2  
11 Ares South-West France Q. robur 1 2 3 1 1 2 2 2 2 2  
12 Hostens South-West France Q. robur 1 2 4 1 1 2 2 2 2 2  
13 Brasov Rumania Q. petraea 1 1 2 1 1 2 2 2 2 2  
14 Briansk Russia Q. robur 1 1 2 1 1 2 2 2 1 2  
15 Dumbrava Rumania Q. robur 1 1 3 1 1 2 2 2 2 2  
16 Tchernigov Ukrainia Q. robur 1 1 3 1 1 2 2 2 2 2  
17 Chieuti south Italy Q. pubescens 1 1 3 1 1 2 2 2 2 2  
18 Bolu Turkey Q. petraea 1 1 3 1 1 2 9 2 2 2  
19 Renacci North Italy Q. robur 1 1 3 1 1 2 2 1 2 2  
20 Abazzia Corsica Q. pubescm 1 1 3 1 1 1 2 2 2 2  
21 Carmaux South-West France Q. robur 1 1 3 1 1 2 9 1 2 2  
22 Djijeli Algeria Q. cananmis 1 1 3 1 1 2 2 1 2 2 
23 Policoro South Italy Q. robur 1 1 6 1 2 3 1 3 2 2  

Polymorphic fragments 

Type 11  12  13  14 15 16  17  18 19 20 21 22 23 24 25 26 27 28 29 30 

1 2 1 1 1 3 2 3 1 2 2 9 2 9 2 2 1 1 2 2 1  
2 2 1 1 9 2 2 3 1 2 2 9 2 9 1 2 1 1 2 2 1  
3 2 1 1 9 2 2 3 1 2 2 9 2 9 1 2 1 1 2 2 1  
4 2 9 1 1 2 2 2 1 1 2 1 2 1 2 2 1 2 1 2 2  
5 2 9 1 1 2 2 2 1 1 2 1 2 1 2 2 1 2 1 2 2  

7 2 9 1 1 2 2 2 3 1 2 1 2 1 2 2 1 2 1 2 2  

9 2 1 1 1 2 2 3 1 2 2 1 2 1 2 2 1 2 2 2 1  
1 0 2 1 1 1 2 2 3 1 2 2 1 2 1 2 2 1 1 2 2 1  
1 1 1 1 1 1 2 2 3 1 2 2 1 2 1 2 2 1 1 2 2 1  
12 2 1 1 1 2 2 3 1 2 2 1 2 1 2 2 1 1 2 2 1  

6 2 9 1 1 1 2 2 1 1 2 1 2 1 2 2 1 2 1 2 2  

8 2 1 1 1 2 2 3 1 2 2 1 2 1 2 2 1 2 2 2 1  

1 3 2 1 1 1 2 2 2 1 2 2 1 2 1 1 2 9 1 2 2 1  
1 4 2 1 1 1 2 2 3 1 2 2 1 2 1 2 2 9 1 2 2 1  
1 5 2 1 1 1 2 1 3 1 2 2 1 2 1 2 2 g 1 2 2 1  
1 6 2 1 2 1 2 2 3 1 2 2 1 2 1 2 2 g 1 2 2 1  
1 7 2 1 1 1 2 2 3 1 2 2 1 2 1 2 2 1 1 2 2 1  
1 8 2 1 1 1 2 2 3 1 2 2 1 2 1 1 2 g 1 2 2 1  
1 9 2 1 1 1 2 2 3 1 2 2 1 2 1 2 2 1 1 2 1 1  
2 0 2 1 1 1 2 2 3 1 2 1 1 2 1 2 1 g 1 2 2 1  
2 1 2 1 1 1 2 2 3 1 2 2 1 2 1 2 2 9 1 2 2 1  
2 2 2 1 3 1 2 2 1 1 2 2 1 2 1 2 2 9 1 2 2 1  
2 3 2 1 1 1 4 2 3 2 2 3 1 1 2 2 2 1 1 2 2 1  


