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Summary

Genetic variation of cork-oak (Quercus suber L.) was investi-
gated in 7 Mediterranean populations in Spain using 13 loci
from 7 enzyme systems. Quercus suber was found to possess
higher values of heterozygosity (H = 0.288 ± 0.069), percent of
polymorphic loci at the 99% criterion (P = 76.9%) and average
number of alleles per locus (A = 2.46), than any other oak
species. Interpopulation diversity was about 16.9% of the total
diversity. The average estimated of Nm based on 10 loci is 2.57,
and shows current or recent gene flow among populations.
Genetic identities among populations were moderate, ranging
from I = 0.829 to I = 0.999, and a cluster analysis revealed
no patterns related to geography.

Our results revealed that the Q. suber populations studied
share a common gene pool. The number of alleles and geno-
types and the levels of genetic variability in the study popula-
tions, indicate that the Spanish populations are genetically
rich. These high levels of genetic variability, coupled with the
ecological and economic importance of the species make
Q. suber a strong candidate for a gene conservation program.
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sity, gene flow, genetic differentiation, genetic identities.
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Introduction

Quercus suber L. is a diploid (2n = 24) species. It is pre-
dominatly allogamous, anemophilous, and monoecious, with a
life span to 500 years or more, and grows in climax communi-
ties of the Mediterranean area (COUNTINHO, 1889). Within its
geographic range, cork-oak shows high levels of morphological
and phenological variability; most of this diversity is consider-
ed to be the result of past introgressive hybridization (AMARAL

FRANCO, 1990; RUSHTON, 1991). This polytypic species is
thought to contain over 40 varieties (SCHWARTZ: In: TUTIN et al.,
1964; VICIOSO, 1950; AMARAL FRANCO, 1990; VALSECHI, 1966).
The species is widely distributed in the Mediterranean Basin,
in both Europe and North Africa, where it occupies a total of
2.35 M Ha, of which 300,000 Ha to 500,000 Ha are in the
Iberian Peninsula. Quercus suber is ecologically plastic and
grows in warm humid conditions from sea level to 2,000 m. It
occurs preferentially on siliceous soils, but it can also grow in
poor and extremely acid soils of abrupt topography, where cork-
oak is the only tree that can survive.

Cork-oak’s economic importance is associated with har-
vesting of cork and acorns. Trees are first stripped of cork at
about 14 years and subsequently at 9-year intervals and can
survive this ”surgery“ from 100 to 500 years without apparent
effect on the trees. In addition, the cork protects the trees
against fire; therefore they have high capacity to regenerate
after forest fire. Acorns are eaten by birds and they are highly
valued as fattening feed for domestic Iberian pigs. Due to
the economic value and also because cork-oak woodlands are
renowned reservoirs of biodiversity, and home to a variety of
threatened and endangered species (PEINADO-LORCA and

MARTINEZ-PARRAS, 1987; HUNTSINGER et al., 1991) Quercus
suber populations represent valuable material for genetic
studies as well as gene conservation programs.

A description of the genetic structure of populations and of
the distribution of genetic variation within and among popula-
tions in this species is necessary to permit informed decisions
to be made about germplasm collections, tree breeding and the
conservation of plant genetic resources (BROWN et al., 1990;
ADAMS et al., 1992). Until recently, researchers analyzed only
phenotypic (morphological, anatomical and physiological) traits
of cork-oak populations (VALSECHI, 1966). However these
traits are influenced by the interplay between environment
and multiple genes. In order to find taxonomic criteria for the
study of relationships among Quercus ssp., ever more sophisti-
cated approaches are being used, including biochemical
markers such as isozymes, cpDNA or rDNA (MANOS and
FAIRBROTHERS, 1987; AFZAL-RAFII, 1988; GUTTMAN and WEIGT,
1989; BELLAROSA et al., 1990; MICHAUD, 1993; BORDACS and
KORANYI, 1993).

Isozyme variation in the genus Quercus shows that genetic
variability in oak species is high, and similar to that found in
conifers (HAMRICK et al., 1992; HAMRICK and GODT, 1989; LEDIG

and CONKLE, 1983; GONCHARENKO et al., 1994; WHITTEMORE and
SCHAAL, 1991; KREMER et al., 1991; KREMER and PETIT, 1993).
Analyses of the population structure and gene flow with
WRIGHT’s F-statistics show generally high levels of genetic
variation within oak populations but moderate amount of geo-
graphic differentiation among them; gene flow is very high
both within and among populations (DUCOUSSO et al., 1993).

Here we present analyses of the genetic structure, levels of
variation and differentiation among Spanish populations in
cork-oak using isozyme markers. Indirect methods for estima-
ting levels and patterns of gene flow (WRIGHT’s index) and
distance and identity measures (NEI’s coefficients) among
populations were used. This is the first population-wide study
of genetic variation in this Mediterranean oak species.

Isozyme Variation in Natural Populations of Cork-Oak (Quercus suber L.)
Population Structure, Diversity, Differentiation and Gene Flow

By  J. A. ELENA-ROSSELLÓ and E. CABRERA

Departamento de Biologia Vegetal, Facultad de Biologia, Universidad de Salamanca, 37008 Salamanca (Spain)

(Received  26th July 1996)

Table 1. – Codes, geographic locations and elevations of 7 Quercus suber
populations sampled in the Iberian Peninsula.
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Materials and Methods

Materials

Collections of Quercus suber were taken from seven locations
that were ecologically and geographically representative of all
populations within Spain (Figure 1 and Table 1).

Figure 1. – Natural distribution of Quercus suber (hatched area) and
locations of sampled populations (see Table 1 for population codes).

Samples of 2 of the populations studied were collected in
naturally generated forest (pop. GQ and HQ). The trees from
the other 5 locations grew for 5 years in a nursery at “La Almo-
raima” (S.A. ICONA, Cadiz). These plants germinated from
acorns collected in natural populations, grew in the green-
house during their first year in “super-leach” tubes, and when
20 cm tall plants were placed into acid and sandy soil plots.
Each plant was protected with a prismatic plastic (“tubex” or
“finntubo”) and watered only in summer.

At least 25 individuals were sampled per site, and at least 10
leaves per individual were collected to be used for electro-
phoresis. The leaves removed from the trees were placed with
moist paper toweling into plastic bags, and the bags were kept
refrigerated until processing.

Analyses of enzyme polymorphisms

Protein extraction was carried out using 350 mg to 700 mg
leaves crushed with liquid N2 in 2 ml Tris-HCl buffer (pH 7.6)
and 30 mg of insoluble PVP. The homogenate was centrifuged
for 15 min. at 20,000 rpm (40,000 x g) and the supernatant
stored at –80 °C before analysis (ELENA-ROSSELLÓ, 1979).
Horizontal starch electrophoresis (SELANDER et al., 1971) was
employed using 12.5% Sigma starch (Sigma Chemical Co, St.

Table 2. – Enzymes and buffers systems used in electrophoresis analysis
of cork-oaks.

A = Tris citrate, pH 8.3 & lithium borate, pH 8.3 (SCANDALIOS, 1969)
B = Tris citrate, pH 8.8 & sodium borate, pH 8.0 (FOWLER and MORRIS,

1977)
C = Tris citrate, pH 6.2 (NICHOLS and RUDDLE, 1973)

Louis) and 3 buffer systems (Table 2). Staining protocols for 7
enzyme systems were those of SCANDALIOS, 1969 (ADH, EST,
LAP, ACP), SHAW and PRASAD, 1970 (PER, SKD), and SHAW and
KOEN, 1968 (SOD) with minor modifications in pH and concen-
trations of ingredients.

For the interpretation of banding patterns of gels, identifica-
tion of monomeric vs. dimeric proteins, and homozygous vs.
heterozygous individuals we followed methods discussed by
PASTEUR et al. (1987), as well as similar studies in related
species. Zones of activity varying independently of other zones
were considered to be encoded by single loci. The loci are con-
sidered putative because no formal analyses of inheritance
were done with this species. However, the patterns observed
were consistent with those expected in species for which formal
analyses have been carried out (e.g. YACINE and LUMARET,
1989; MICHAUD, 1993; BACILIERI, et al., 1994) The fastest
anodally migrating zone of activity was designated 1, the next
2, and so on. When allelic variation occurred, alleles were
numbered sequentially, with the fastest anodally migrating
allele being number 1.

Computations of genotypic and allelic frequencies, statistics
for HARDY-WEINBERG expectations and genetic diversity within
populations, genetic identities and distances among popula-
tions and indices of population structure (F-statistics) were
generated using the BIOSYS-1 (SWOFFORD and SELANDER,
1981) and GeneStrud computer programs (CONSTANTINE et al.,
1994).

We obtained for each population the mean and variance of
the number of alleles per locus (A), the percentage of poly-
morphic loci (Pl) at 99% and 95% criteria (the frequency of the
most common allele was not greater than 0.99 or 0.95), the
mean and variance of the observed (Ho) and expected (He)
heterozygosity or total heterozygosity and WRIGHT’s fixation

Figure 2. – Schematic representation of all electrophoretic variants
revealed in Quercus suber populations. Individual alleles and their
migration distances (Rm) are indicated.
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Table 3. – Allelic frequencies for every locus in 7 populations of Quercus suber. Heterozygosity
per locus: Ho (direct-count estimate), He (unbiased estimate) and WRIGHT’s fixation index.

index (F) estimated as 1- Ho/He. Finally, we obtained distance
(D) and identity (I) measures between all pairs of populations
(NEI, 1978; ROGERS, 1972). Distance and Identity measures are
based only on those loci polymorphic in all populations.
Measures of gene diversity include the estimates, for each

locus, of (Ho) total observed heterozygosity, the allelic diversity
within-population (Hs) and the total (Ht) allelic diversity.
WRIGHT’s fixation index, Fis, Fst and Fit, were calculated for
each locus separetly, and then averaged over all loci. The basic
formula used was 1-Fit = (1-Fis) (1-Fst). The deviation of Fis
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and Fst from 0 was tested by the contingency Chi-square. We
estimated Nm, the number of migrants omong populations per
generation, using a numerical method (WRIGHT, 1951) where
Fst = 1/ (1 + 4Nm).

The genetic relationship among populations were summariz-
ed with an UPGMA dendrogram using NEI’s genetic identity
coefficient.

Results and Discussion

Enzyme phenotypes

All the electrophoretic allelic variants detected in our study
are shown schematically in figure 2. LAP, PER, ACR, α-EST
and SKD were monomeric, ADH and SOD were dimeric.

Allelic diversity

A total of 30 alleles at 13 putative loci could be identified in
the 168 individual cork-oak trees analyzed. Allelic frequencies
for all the alleles at 10 polymorphic loci, observed and expected
heterozygosity and WRIGHT’s fixation index values are listed in
table 3. From the table it can be seen that of 30 alleles, 8
appeared to be rare, with frequencies under 10%. Three alleles
distributed among three loci appear to be private to specific
populations and two others belonging to two different loci were
found in only two populations.

Six loci (60%) were polymorphic in all the populations (Adh-
1, Adh-2, Lap-1, Per-2, Per-3 and Est-1) and they were the
most variable loci. Their expected heterozygosities (He) ranged
between 30% to 50% in almost all populations, although we
observed marked interpopulation differences in these values.
For example expected heterozygosity in Est-1 ranges from
4.3% in population BQ to 69.8% in HQ. Acp-1, Sod-2 and Skd-1
appear to be the least variables with heterozygosity less than
9.5%. Per-4, Per-5 and Sod-1 were monomorphic over all the
populations studied.

WRIGHT’s fixation index (Table 3) indicates a deficiency of
heterozygotes at four loci (Adh-1, Lap-1, Per-2 and Per-3) in
many populations. In contrast, excesses of heterozygotes at loci
Adh-2, Per-1 and Est-1 were found in almost all populations.
At locus Sod-2 and Skd-1, F-values were zero in almost all
populations.

Variables summarizing genetic variation are presented in
table 4. The mean for the average number of alleles per locus
(A) was 2.46. This value varies from 1.61 in population BQ to
2.15 in population HQ. Percent of polymorphic loci (Pl) at the
99% criteria varies from 0.77 in population CQ to 0.46 in popu-
lation BQ; 0.77 and 0.61 were the means for the species at 99%
and 95% criteria, respectively. The mean values for He and A
were 0.29 and 2.46, respectively. Population BQ had the lowest
level of genetic variation, with He = 0.148 and A = 1.61.
Populations CQ and HQ were the most variable, with He =
0.289 and 0.282, and A = 2.07 and 2.15, respectively.

Genetic structure

Estimates of population structure and gene flow were deter-
mined using all seven populations (Table 5). The Fis values cal-
culated over all the populations ranged from –0.094 at Adh-2 to
0.530 at Acp-1, where only 3 individuals in population HQ were
heterozygotes. Of the 10 polymorphic loci, 6 (60.0%) had posi-
tive and significant F-value. The value of observed hetero-
zygosity (Ho = 26.2%) was lower than expected (Hs = 30.4%)
heterozygosity and total diversity (Ht = 37.3%) within popula-
tions. The average Fis value was positive (0.173) showing a
slight deficit of heterozygotes within populations. At the same
time, the Fit value was 0.273 indicating a heterozygote
deficiency in Spain cork-oak as a whole.

Table 4. – Estimates of genetic diversity for Q. suber populations. Mean
and variance of the number of alleles per locus (A), percentage of poly-
morphic loci at 99% and 95% criteria (Pl), the mean and variance of
observed (Ho) and expected (He) heterozygosity or total diversity. Mean
average values across the 7 populations (Av). Q* (combined population,
N = 168) values at species level.

Table 5. – NEI’s gene diversity calculated over all populations, for each
locus. Variables are as follows: Total observed heterozygosity (Ho),
within populations expected heterozygosity (He), gene diverity (Ht),
WRIGHT’s fixation index within (Fis) among populations (Fst) and total
genetic differentiation (Fit). Number of migrants per generation (Nm).

**) level of significance < 0.05
**) level of significance < 0.01

We observed high levels of gene diversity within populations;
conversely, inter-population variability, Fst average value
(Table 5) indicated that most of the total genetic diversity in
the species is found within rather than among populations.
More than  83% of the total diversity in this species is within
populations. The level of genetic diversity among populations
was estimated at 16.7%. The lack of population divergence,
and the presence of high within-population variation have been
found for several conifers (MITTON et al., 1977; LINHART et al.,
1981; HATTEMER et al., 1991), and can be interpreted in relation
to the main characteristics of forest trees, i.e., long life – span,
allogamy, wind-pollination, monoecy and continuous geo-
graphical distribution (HAMRICK et al., 1981) and perhaps in
terms of the age of the populations and the extent of gene flow
(DUCOUSSO et al., 1993).

When these results are compared to those obtained with
other oak species, cork-oak seems like other oak species
showing a deficit of heterozygotes within populations. The
values obtained in most of the oak species studied, Q. macro-
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carpa and Q. gambelii (SCHNABEL and HAMRICK, 1990), Q. rubra
(SORK et al., 1993) and Q. agrifolia, Q. lobata and Q. douglasii
(MICHAUD, 1993), indicated a slight deficit of heterozygotes too.
Only in Q. ilex (YACINE and LUMARET, 1989; MICHAUD, 1993)
and Q. rubra (SCHWARZMANN, 1991) fixation indices were nega-
tive, but near zero, indicating a situation close to panmixia.

The estimate of Nm based on Fst values was 2.57. This
means that gene flow among Quercus suber populations is
slightly greater than 1 migrant per generation. This value is
one of the lowest values reported for any other species of oak
(YACINE and LUMARET, 1988; MANOS and FAIRBROTHERS, 1987;
SCHNABEL and HAMRICK, 1990; KREMER et al., 1991; SCHWARZ-
MANN, 1991; MICHAUD, 1993; SORK et al., 1993); only the Nm
among populations of Q. rubra (KREMER et al., 1991) and the
interspecific gene flow among members of the Q. alba
“complex” (WHITTEMORE and SCHAAL, 1991) showed lower
values than that found in Q. suber.

Three loci (Per-3, Est-1 and Per-1) differ sufficiently from the
others in this values of Fst that it is reasonable to conclude,
according to SLATKIN (1987), that these loci or other loci closely
linked to them are subject to strong natural selection favoring
different alleles in different populations.

Our results about genetic structure of cork-oak populations
(i.e. slight deficit of heterozygotes within populations, and low
Nm value) show that Q. suber is rather different from other
European oak species, which are actively exchanging genes
(DUCCOUSSO et al., 1993), but has a gene flow among popula-
tions sufficiently high to prevent local differentiation due to
genetic drift (WRIGHT, 1951).

Genetic distance

Cluster analysis based on unbiased genetic distance (NEI,
1978) and the UPGMA dendrogram (SNEATH and SOKAL, 1973)
reveal low levels of genetic distance among populations. As
seen in table 6 and figure 3, most of the populations (AQ, CQ,
DQ and EQ) have high levels of similarity to each other with
mean identities values ranging between 0.94 and 0.93.

Table 6. – Matrix of NEI’s genetic identity (above diagonal) and ROGERS’
genetic distance (below), between all populations of Quercus suber.
I* values: average of paired identities between each population and
other population.

Figure 3. – Dendrogram of populations, relationships using NEI (1978)
unbiased genetic identity.

Major differencies in genetic constitution occurred between
GQ (from Gabriel y Galán) and BQ (from Rincon de Balle-
steros); the genetic identity between them is 0.829. The forest
in Rincon de Ballesteros, which has low levels of isozyme
variability, represents a plant community where the mesomedi-
terranean cork-oaks reach their optimum state (acid soils,
mean temperatures over 25 °C and 602 mm/year precipita-
tion); meanwhile the Valdelosa (HQ) population is located in an
ecologically marginal site for the species. At this site cork-oak
reaches its Northern limits, grows on basic soils exposed to
extreme temperatures (ranging between 38 °C to –10 °C) and
some of the lowest precipitation (472 mm/year) found in the
species’ range. In this population, the heterozygosity atains one

of the highest values of all populations studied. This results is
in contrast to the hypothesis of low genetic variability in
marginal populations (MAYR, 1963). In this case the adaptative
strategy of the species in marginal populations appears to be
associated with a high genetic variability as already was
reported by PRUS-GLOWACKI and STEPHAN (1994) for coniferous
species.

The most differentiated (I = 0.872) population was from
Gabriel y Galán (GQ); it shows significant differences from the
others, caused by divergent genotype frequencies. This
divergence from the other populations could be partialy
explained as a result of introgressive hybridization between
the 2 sympatric oak species (cork-oak and holm-oak (Quercus
ilex)) present in this location. Previous studies in this area
(ELENA-ROSSELLÓ et al., 1992) suggested that the interspecific
hybridization may occur. The results obtained from this study
provide further support for this hypothesis.

From the dendrogram (Figure 3) it can be seen that cluster-
ing did not depend on geographical proximity of distance
among locations.

Conclusions

Cork-oak is a highly variable species, with levels of genetic
variability comparable to those in Q. ilex (LUMARET and
MICHAUD, 1991; MICHAUD, 1993) and Q. douglasii (MICHAUD,
1993), but containing more variation than those reported by
MANOS and FAIRBROTHERS (1987), in 6 American red oaks
(Quercus sp.), KREMER and PETIT (1993) in 21 oak species, or
HAMRICK et al., (1992) in 322 long-lived tree species.

The high genetic diversity found at the isozyme level in Q.
suber populations is congruent with the high variability
observed among cork-oak individuals within populations in
relation to quality and cork production, tree architecture,
phenology and bitter vs. sweet acorn production. It is inter-
esting that these morphological and physiological characters
also show greater levels of within than among population
variation (VALDECANTOS, pers. com.; VICIOSO, 1950; VALSECHI,
1966). One of the main causes of the high polymorphism found
in cork-oak as well as its relative the holm-oak may be
attributable to the physiological plasticity of the species, which
enables them to adapt to variable and unpredictable climatic
conditions, characteristic of the mediterranean climate. For
example, cork-oak in particular, shows 2 well-differentiated
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reproductive strategies (ELENA-ROSSELLÓ et al., 1993),
“annual”, when fruit ripening occurs within the same season as
flowering, vs. ”biennal“ which requires two full years to ripen
their fruits. This difference may reflect an adaptative response
to subhumid or to harsh climatic conditions.

The two species -holm and cork-oak- also show variation
both in flowering time and in investment to reproductive and
or vegetative activities (LUMARET et al., 1991; MICHAUD et al.,
1992; ELENA-ROSSELLÓ et al., 1993). Investment in reproductive
structures and in vegetative functions was found to be
extremely variable among individuals within cork-oak popula-
tions and for individuals amoung years.

Most of the isozyme variability in Quercus suber is found
within populations showing a significant heterogeneity of allele
frequencies among populations. This result suggests that,
within the range of cork-oak distribution that we studied, a
common gene pool is shared.

Gene flow among populations is estimated as more than one
migrant per generation and is theoretically sufficiently strong
to prevent genetic drift from causing local genetic differentia-
tion and therefore population divergence (SLATKIN, 1987). Gene
flow can occur owing to transfer of pollen and seeds; in any
case our data show that Q. suber populations exchange genetic
material at present, or exchanged it not long ago, quite inten-
sively, and as a result they have similar gene pools, regardless
of the fact that most of them are isolated today.

In fact, the principal human activities in the cork-oak wood-
lands called “dehesa”, including vegetation clearing, forestry
management and the cork-oak reafforestation, appear to be one
of the most important causes opperating to reduce genetic
variability among populations. Reafforestation is usually done
with selected acorns belonging to the natural populations
(MONTOYA-OLIVER, 1988) and may have contributed significant-
ly to fashion the present genetic makeup of the cork-oak
populations because these acorns are moved about quite
liberally over distances of several km. The moderate differen-
tiation among populations seems to be therefore a consequence
of partial domestication of the original species.

Some cork-oak populations show some differentiation
perhaps associated with local conditions. For example, our
results suggest that the genetically richest populations (in
number of polymorphic loci, alleles and genotypes) seem to be
associated with marginal sites of the species; in contrast popu-
lations in which cork-oak grow under optimum conditions
appear to be less variable. The cluster analysis does not show
close relationships among populations from each geographic
area (latitude, longitude, altitude). This pattern has also been
observed in most of the studied populations of forest trees,
including oak species (CHECHOWITZ and CHAPPEL, 1990).

The comparisons between morphological and isozymic
variation on cork-oak individuals studied confirm the absence
of a clearly-identifiable relationship between morphology and
allozymes, as was indicated in previous studies carried out by
CLAVERO (1988). The disparity among morphological and
electrophoretic data suggests that natural selection is
operating differently on the morphological and isozymic
characteres. This has been reported for other trees including
oaks and appear to be common observed in many species
(CHECHOWITZ and CAPPEL, 1990; LINHART, 1988).

On the whole our results with the Spanish populations of
Quercus suber show a genetically variable species, which may
help to explain its great ecological plasticity. The sexual repro-
ductive characteristics of the cork-oak, and the occurrence of
inter-specific hybridization, associated with its long life span
and allogamy, have permitted the existence and maintainance

of the great genetic diversity within the species. These high
levels of genetic variability, coupled with the ecological and
economic importance of the species make Q. suber a strong
candidate for a gene conservation program.
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Abstract
Data from 171 slash pine progeny tests, incorporating over

700 different families from more than 2100 first-generation
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parents and approximately 170000 trees, were used to estimate
variance and covariance components by Restricted Maximum
Likelihood (REML) in both single-site and paired-site analyses.
From these REML estimates, genetic parameters (heritabili-
ties, proportion of dominance, type B genetic correlations, and
age-age genetic correlations) were estimated for resistance to
fusiform rust infection at 4 to 15 years of age. Predictive
models were developed for biased (single-site) heritability,
unbiased (paired-site) heritability and the type B genetic
correlation. Biased heritability exhibited a maximum of 0.20 at
an average rust infection of 72%. Unbiased heritability
estimates from paired-site analyses increased linearly with
increasing average rust infection in the tests; however, in very
few test pairs did the average rust infection exceed 75%, and


