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Powerful and accurate detection of first-generation (F1)
hybrids and backcrosses in nature is needed to achieve a
better understanding of the function and dynamics of
introgression. To document the frequency of ongoing
interspecific gene exchange between two Mediterranean
evergreen oaks, the cork oak (Quercus suber) and the
holm oak (Q. ilex), we analyzed 1487 individuals originating
from across the range of the two species using eight
microsatellite loci and two Bayesian clustering approaches
(implemented in the programs STRUCTURE and NEWHY-
BRIDS). Simulated data were used to assess the differences
between the two clustering methods and to back up the
choice of the threshold value for the posterior probability
to discriminate admixed from pure individuals. We found
that the use of STRUCTURE resulted in the highest power

to detect hybrids, whereas NEWHYBRIDS provided the
highest accuracy. Irrespective of the approach, the two
species were clearly distinguished as independent
genetic entities without any prior information. In contrast
with previous reports, we found no evidence for unidirec-
tional introgression. The overall hybridization rate was very
low (<2% of introgressed individuals). Only two individuals
were identified as F1 hybrids and five as early back-
crosses. This work shows that the combined application of
the two complementary Bayesian approaches and their
systematic validation with simulations, fit for the case at
hand, helps gain resolution in the identification of admixed
individuals.
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Introduction

Natural hybridization and introgression are widespread
phenomena in plants, with important evolutionary
implications (Rieseberg and Carney, 1998). The move-
ment of genes across species boundaries can promote the
appearance of new lineages (Seehausen, 2004), adaptive
solutions (Rieseberg et al., 2003) or colonization abilities
(Potts and Reid, 1988; Petit et al., 2004). Measuring the
frequency of hybrids and describing their geographic
distribution should help focus measures directed to
conservation or breeding programs (Burgess et al., 2005;
Kothera et al., 2007). Different types of molecular markers
can inform on different spatial and temporal scales of the
hybridization-introgression dynamics. Chloroplast and
mtDNA have been used to describe past episodes of
introgression (Palmé et al., 2004; Heuertz et al., 2006)
whereas nuclear loci have been useful to infer contem-
porary rates of interspecific gene exchange (Lexer et al.,
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2005; Fernandez-Manjarrés et al., 2006). However, identi-
fying hybrid individuals in nature using molecular
markers still represents an important challenge. Avail-
ability of hypervariable codominant markers (for example,
microsatellites) and powerful statistical procedures (that
is, Bayesian clustering methods, which do not rely on a
priori morphological classification) has facilitated the
detection of first-generation (F1) hybrids and back-
crosses. However, the choice of the method that will
provide the best resolution needs to be established for a
given situation.

Oaks represent good models for such studies. Inter-
specific hybridization is the most frequently invoked
mechanism to account for the existence of plants
morphologically and ecologically intermediate between
extant oak species (Jensen et al., 1993; Howard et al., 1997;
Gonzalez-Rodriguez et al., 2004) and to interpret the
extensive local sharing of organelle and nuclear genes
between species (Whittemore and Schaal, 1991; Howard
et al., 1997; Petit et al., 1997, Dumolin-Lapegue et al.,
1999). However, in some cases, interspecific gene
exchanges have been detected with molecular markers
in the absence of obvious morphologically intermediate
forms (Whittemore and Schaal, 1991, Dodd and
Afzal-Rafii, 2004). Moreover, the possibility that shared
alleles represent ancestral segregating polymorphisms
rather than the outcome of hybridization has been
suggested (Muir and Schlétterer, 2005; but see Lexer


http://dx.doi.org/10.1038/hdy.2009.8
mailto:alvaro.soto.deviana@upm.es
http://www.nature.com/hdy

et al., 2006). Environmental variation, disturbance as well
as the degree of contact between species can affect the
frequency and the spatial distribution of hybrids in
natural oak populations (Nason, 1992; Rushton, 1993;
Howard et al., 1997; Dumolin-Lapegue et al., 1999; Dodd
and Afzal-Rafii, 2004; Tovar-Sanchez and Oyama, 2004;
Curtu et al.,, 2007, Valbuena-Carabana et al., 2007).
Although hybridization between some oak species, such
as the closely related species Quercus robur and Q. petraea,
has been analyzed extensively for nuclear, chloroplast
and mitochondrial variation, our understanding of the
underlying processes is still unclear.

In this study we focus on two distantly related oak
species, Q. suber (cork oak) and Q. ilex (holm oak), which
have partially overlapping geographic distributions in
the western part of the Mediterranean basin. The two
evergreen species have a major ecological function in
many Mediterranean woody ecosystems and constitute
key elements of seminatural systems of high economical
and social importance (for example, cork extraction and
silvopastoral uses; Plieninger et al., 2003; Martin Vicente
and Fernandez Alés, 2006). Cork oaks and holm oaks are
easily discriminated by a few morphological traits,
including bark (that is, cork layer is found exclusively
in Q. suber), leaf and fruit features (Amaral Franco, 1990).
Some concerns exist about the effect of hybridization on
cork quality and on breeding programs of Q. suber
(Oliveira et al., 2007). Within the section Cerris (subgenus
Quercus), Q. suber and Q. ilex belong to different clades
(groups Cerris and llex, respectively), which are thought
to have diverged during the middle Tertiary (Manos
et al., 2001). Despite their deep phylogenetic divergence,
clearly supported by internal transcribed spacer, ampli-
fied fragment length polymorphisms and isozyme
variation (Manos et al., 1999; Toumi and Lumaret, 2001;
Bellarosa et al., 2005; Lopez de Heredia et al., 2007b),
hybridization has been inferred on the basis of morpho-
logical and molecular markers (Elena-Rossell6 et al.,
1992; Toumi and Lumaret, 1998; Lumaret et al., 2002;
Oliveira et al., 2003; Bellarosa et al., 2005). Furthermore,
extensive surveys of chloroplast DNA diversity of both
species and of other relatives (such as Q. coccifera) across
the whole distribution range have demonstrated wide-
spread cytoplasmic introgression, mainly localized along
a northeast-southwest line, from French Catalonia and
eastern Iberia to Morocco (reviewed in Lumaret et al.,
2005). Interspecific exchanges seem to be limited to
introgression of Q. ilex cpDNA and mtDNA into Q. suber,
with only very few cases of Q. suber cpDNA introgres-
sing into Q. ilex (Belahbib ef al., 2001; Lumaret et al., 2002;
Jiménez et al., 2004; Staudt et al., 2004). Because organelle
DNA is maternally inherited in Quercus (Dumolin et al.,
1995), this asymmetry implies that Q. ilex has acted
predominantly as the maternal species in interspecific
crosses. Boavida et al. (2001) provided experimental
support for this hypothesis by showing that F1 hybrids
are more easily produced when Q. suber is the pollen
donor. In addition, unidirectional mating can be favored
by phenology (Q. ilex flowers earlier) combined with
protandry (that is, male flowers appear earlier than
female flowers; Varela and Valdiviesso, 1996).

To date, no data are available on mating preferences in
later hybrid generations, as hybrid individuals with
known pedigree remain extremely rare in oaks. In such a
context, identifying F1 hybrids and backcrosses would be
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important, particularly when the proportion of hybrid
individuals is low and when they are morphologically
cryptic (as seems to be the case for Q. suber and Q. ilex;
Lumaret et al., 2002; Staudt et al., 2004). We present here a
broad-scale survey of molecular variation across the
overlapping range of Q. suber and Q. ilex to explore the
extent and pattern of nuclear introgressive hybridization,
using a panel of eight highly discriminating microsatel-
lite loci. Our specific aims are (1) to assess the
effectiveness of two Bayesian clustering approaches to
distinguish hybrid individuals without knowledge of
their pedigree and (2) to document the frequency of
contemporary interspecific gene exchange in natural
populations of cork and holm oaks, and hence evaluate
previously proposed hybridization scenarios. For these
purposes, we use admixture analysis of multilocus
microsatellite genotypes from a range-wide sample of
sympatric and allopatric populations of the two species.
Furthermore, we simulate hybrid genotypes to assess the
performance and the limits of the procedure used to
detect hybrid individuals and to distinguish among
hybrid classes.

Materials and methods

Sampling strategy

We sampled 597 Q. suber and 515 Q. ilex from 13
populations across the distribution range of cork oak and
the overlapping range of holm oak (Figure 1). Five mixed
woods were more intensively sampled (775 individuals).
Two of them (Castilla-La Mancha and Sicily) include part
of the individuals used in Soto et al. (2007) and Burgarella
et al. (2007). In the mixed population of Minorca, the
sample includes all existing cork oaks on the island (67
individuals). As additional reference, another set of 375
cork oaks have been included, sampled from an
international provenance trial established in 1998 in the
frame of the Q. suber network from the European
Programme for the Conservation of Forest Genetic
Resources (EUFORGEN), which covered the complete
distribution range of the species (35 provenances).
Reference codes, geographic allocations and sampling
sizes are given in Table 1. Individuals were tentatively
assigned to each species according to their morphology.

Microsatellite typing
Individuals were genotyped at eight microsatellite loci:
MSQ4, MSQ13 (Dow et al., 1995), QpZAGY9, QpZAG15,

QpZAG36, QpZAG46 (Steinkellner et al., 1997),
QrZAG11 and QrZAG20 (Kampfer et al., 1998).
A detailed description of the protocols has been

published elsewhere (Soto ef al., 2003, 2007). At MSQ13,
25% of Q. ilex genotypes had three or four alleles,
possibly due to gene duplication in this species. On the
contrary, Q. suber showed a normal banding pattern.
MSQ13 is a highly informative locus, because allele sizes
do not overlap between the two species (Soto et al., 2003).
To include this locus in the following analyses, we
pooled the alleles typical of Q. ilex. To identify them, we
defined the pure genotype pool of each species with the
other seven loci, performing a preliminary clustering
analysis with STRUCTURE (same settings described
below).
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Figure 1 Sampling sites. Light gray, distribution range of Quercus suber (modified from http:/ /www.bioversityinternational.org/networks/
euforgen/); dashed line, distribution range of Q. ilex; triangles, populations included in the field trial and dark gray circles, Q. ilex, Q. suber

and mixed stands (see Table 1 for population code).

Information content of microsatellites and genetic
differentiation

Deviation from Hardy—Weinberg equilibrium and link-
age disequilibrium (LD) was tested using FSTAT 2.9.3.2
(Goudet, 2001). To assess the diagnostic power of each
marker, we estimated the allele frequency differential
between the two species, J (Shriver et al., 1997). For a
given locus, ¢ is calculated as half the sum of the absolute
value of allele frequency differences between species.
F-statistics were also estimated for both species in each
mixed population and in the whole set of individuals
following the weighted analysis of variance method of
Weir and Cockerham (1984). All analyses were carried
out only with putative purebred individuals, selected
after a preliminary screening for potential hybrids, as
explained below.

Nuclear admixture analysis for hybrid identification

To identify hybrid individuals and estimate population-
level hybridization, we carried out admixture analyses
using two different Bayesian clustering approaches, as
implemented in the programs STRUCTURE version 2
(Pritchard et al., 2000) and NEWHYBRIDS version 1.1 beta
(Anderson and Thompson, 2002). Both methods were
used to assign probabilistically individual multilocus
genotypes to categories (clusters) by jointly inferring the
parameters corresponding to each cluster and the cluster
membership of each individual (that is, without a priori
knowledge of the allele frequencies in the separate
clusters). A Markov chain Monte Carlo simulation
procedure provides the estimates from the posterior
distribution reflecting the membership of each indivi-
dual. In the STRUCTURE model, the posterior probability

Heredity

(9) describes the proportion of an individual genotype
originating from each of K categories. In our case, setting
K=2 corresponds to the assumption of two species
contributing to the gene pool of the sample. Instead,
NewHybrids model assumes that the sample is drawn
from a mixture of pure individuals and hybrids
(Anderson and Thompson, 2002). Under this model,
q describes the probability that an individual belongs to
each of different genotype frequency classes (in our case:
parental purebreds, F1 hybrid and the two first back-
crosses categories). Analyses were carried out for all
individuals jointly and for each of the mixed populations
separately. In all cases, no prior species information was
used. With STRUCTURE, calculations were carried out
under the admixture model assuming independent allele
frequencies, given the high interspecific differentiation
(see results). A burn-in of 50000 steps followed by
100000 iterations was used with each program, after
verifying that results do not vary significantly across
multiples runs and with longer cycles of burn-in/
iterations.

When using these assignment approaches, an impor-
tant decision is the choice of the optimal threshold value
(Tq) for the q associated with the classification of each
individual into purebred or hybrid (Vdhad and Primmer,
2006). We used threshold values of 0.90 (Pritchard
et al., 2000; Vdhd and Primmer, 2006) and 0.75. With
STRUCTURE, a value of g higher or equal to the threshold
indicates a purebred genotype and a value of g lower
than the threshold indicates an introgressed genotype.
With NEWHYBRIDS, the threshold values can be used in
three ways. In the most restrictive way (criterion 1) the
threshold value is applied to each category (pure species,
F1 hybrids, backcrosses) separately, by assigning only the
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Table 1 Sample location, identifying code, type of population and sample size

Species Location Code Type Nsuber/Nilex
Quercus suber/Q. ilex Catalonia (France) FCa Field 98/100
Catalonia (Spain) SCa Field 73/74
Castilla-La Mancha (Spain) CLM Field 95/95
Minorca (Balearic Islands, Spain) MN Field 67/44
Sicily (Italy) SI Field 63/66
Q. suber Sierra Morena Oriental (Spain) FU Field 50/—
Valencia (Spain) PN Field 69/—
Var (France) Var Field 50/—
Landes (France) Lan Field 32/—
Vale do Tejo e Sado (Portugal) PT1 Trial 11/—
Vale do Tejo e Sado (Portugal) PT2 Trial 11/—
Vale do Tejo e Sado (Portugal) PT3 Trial 11/—
Vale do Tejo e Sado (Portugal) PT4 Trial 11/—
Alentejo e Beira Baixa (Portugal) PT5 Trial 11/—
Alentejo e Beira Baixa (Portugal) PT6 Trial 10/—
Sudoeste (Portugal) PT7 Trial 11/—
Sudoeste (Portugal) PT8 Trial 11/—
Sudoeste (Portugal) PT9 Trial 10/—
Tras-os-Montes e Beira Interior (Portugal) PT10 Trial 11/—
Sierra Morena Oriental (Spain) ES1 Trial 10/—
Madrid (Spain) ES2 Trial 11/—
Montes de Toledo (Spain) ES3 Trial 9/—
Sierra Morena Occidental (Spain) ES4 Trial 11/—
Sierra Nevada (Spain) ES5 Trial 10/—
Cadiz (Spain) ES6 Trial 10/—
Catalonia (Spain) ES7 Trial 11/—
Var (France) FR1 Trial 11/—
Landes (France) FR2 Trial 11/—
Pyrénées Orientales (France) FR3 Trial 11/—
Corsica (France) FR4 Trial 11/—
Lazio (Italy) T2 Trial 10/—
Puglia (Italy) IT3 Trial 10/—
Sicily (Italy) 1T4 Trial 11/—
Sardinia (Italy) 1T5 Trial 11/—
Sardinia (Italy) IT6 Trial 10/—
Mekna (Tunisia) TU1 Trial 11/—
Fernana (Tunisia) TU2 Trial 11/—
Guerbes (Algeria) AL Trial 11/—
Rif Atlantic (Morocco) M1 Trial 11/—
Rif Occidental (Morocco) M2 Trial 11/—
Maamora (Morocco) M3 Trial 11/—
Maamora (Morocco) M4 Trial 11/—
Plateau Central (Morocco) M5 Trial 11/—
Rif Oriental (Morocco) M6 Trial 11/—
Q. ilex Catalonia (France) Cat Field —/55
Languedoc (France) LdO Field —/16
Alpes-Maritimes (France) Alp Field —/21
Corsica (France) Cor Field —/44

individuals with g>Tg and leaving the others unas-
signed (Oliveira ef al., 2007). Alternatively, g4 values for
all hybrid categories (F1 hybrids, backcrosses) can be
combined (Vdhd and Primmer, 2006) to distinguish
hybrids regardless of their category (criterion 2). A third
option (criterion 3), the most relaxed, is to apply the
threshold only to the purebred category, assuming that
individuals with g>Tgq are purebreds and that all others
are hybrids (this is the only case where no individual
remains unassigned).

Performance of the two admixture analyses

We used simulated data to assess which method
provides the most reliable results with our experimental
system (as suggested by Vdhd and Primmer, 2006).

Specifically, we tried to identify the Tq for the g to
distinguish hybrids from purebreds. We also tested
which of the criteria suggested for hybrid identification
with NEWHYBRIDS performs best, and we evaluated the
effect of different sample sizes.

Allele frequencies for parental species were estimated
from the whole sample after taking out potentially
introgressed individuals identified in preliminary runs
of both STRUCTURE and NEWHYBRIDS (these are the
individuals with g<0.90 for pure species categories,
which corresponds to the criterion 3 for NEWHYBRIDS).
Ten thousand purebred genotypes were then generated
with HYBRIDLAB 1.0 (Nielsen ef al., 2006) for each species
using these allele frequencies. In addition, three hybrid
sets of 10000 genotypes each were generated by
randomly drawing alleles (random mating assumed)
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from each of the simulated purebred genotypes for the
F1 set and from simulated purebred genotypes and
simulated F1 genotypes for each backcross set. Geno-
types were sampled without replacement from the five
simulated sets with POPTOOLS 2.6 (Hood, 2005) to create
samples of 150 and 1500 individuals with two different
proportions of hybrids (HP): 0 and 2%. The first figure
corresponds to the complete lack of hybrids in the
sample, whereas HP =2% corresponds to 3 hybrids (one
F1 and two F1 backcrosses to each parent species) and 30
hybrids (10 F1 and 10 of each of the two backcrosses),
respectively, for N =150 and 1500. Sample sizes and HPs
have been chosen to represent the actual population
samples. For each HP, 100 replicate data sets were
generated for N=150 and 10 replicates for N =1500.
Each simulated data set was analyzed with STRUCTURE
and NEWHYBRIDS with the same setting conditions,
threshold values and criteria described before.

The following measures were used to evaluate the
performance of the methods:

(1) the hybrid proportion: number of individuals classi-
fied as hybrids over the total number of individuals
in the sample;

(2) the power to detect the true hybrid/purebred status
of individuals (‘efficiency’ sensu Vahd and Primmer,
2006): number of correctly identified individuals for a
category over the actual number of individuals of
that category in the sample;

(3) the accuracy (sensu Yang et al., 2005 and Vidha and
Primmer, 2006): number of correctly identified
individuals for a category over the total number of
individuals assigned to that category; and

(4) the type I error: number of individuals wrongly
identified as hybrids over the total number of actual
purebreds in the sample.

Finally, we compared the power and accuracy of the
clustering algorithms as a function of the number of
molecular markers examined. We considered two sets of
three combinations of molecular markers (2, 4 and 6 loci),
with N=1500 simulated genotypes. The first set was
composed of three combinations of loci with decreasing
value of ¢, starting with the two most discriminating,
MSQ13 and QpZAGY9 (Table 2). The second set was
composed of three combinations of loci with increasing
value of 9, starting with the two with the least
discriminatory power (that is, QpZAG36 and QrZAG20,
Table 2). This provided approximate upper and lower

Table 2 Allele frequency differential (9) between Q. suber and Q. ilex
in mixed populations and in the whole sample for each of the eight
microsatellite loci screened

Loci® FCa SCa CLM MN SI Whole sample
MSQ13 1.00  1.00 1.00 1.00  1.00 1.00
QpZAG9 099 099 0.97 095 097 0.96
MSQ4 1.00 1.00 078 090 1.00 0.96
QpZAG15 092 094 0.88 093 096 0.92
QpZAG46 083 076 097 064 087 0.84
QrZAG11 08 089 069 08 086 0.83
QpZAG36 091 0.88 0.75 0.68  0.80 0.78
QrZAG20 050 0.69 068 063 075 0.62

“Loci ranged according to decreasing values of ¢ for the whole
sample.
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bounds of the power and accuracy for different combina-
tions of loci.

Results

Information content of microsatellites and species
differentiation

Although some loci showed significant homozygous
excess (18 tests out of 144 with P-value <0.05) and LD
(10 tests out of 504 with P-value <0.05), no consistent
pattern was found across all populations and species
(data not shown). All marker loci have high discrimina-
tory power over the whole sample, with allele frequency
differential ranging from 6=0.62 to =1 (Table 2).
After removing putative hybrids to calculate 6, MSQ13
appears to be fully diagnostic. High and significant
genetic differentiation between the two species was
found over the whole sample as well as in each region
(range wide 0=0.41, P-value =0.001; minimum 6 =0.40,
Minorca; maximum 0=0.44, Spanish Catalonia). For
comparison, intraspecific differentiation is 10 times lower

(Q. suber 6 =0.05; Q. ilex § =0.06).

Hybrid detection and performance of the admixture
analysis

Results of simulations performed with all eight loci for
each sample size scenario (that is, 150 and 1500) were
quite similar across methods (that is, STRUCTURE versus
NEWHYBRIDS) and thresholds (that is, 0.90 versus 0.75).
Nevertheless, higher power and accuracy and lower
error rates were reached with the larger sample size (data
not shown). Thus, results presented here refer exclu-
sively to analyses of real data performed with all 1487
individuals jointly and of simulated data with the 1500
samples. With NEWHYBRIDS, criterion 2 (hybrid prob-
ability: sum of probabilities for F1 and backcrosses) was
selected because it showed the best performance using
simulated data (results not shown).

In the absence of hybrids, both Bayesian approaches
used to infer the individual admixture proportions
perform well, although STRUCTURE provides a small
proportion of false hybrids with the 0.90 threshold
(Table 3). On the contrary, when the simulated sample
contains hybrid individuals, the best HP estimate is
found with STRUCTURE and the 0.90 threshold; a slight
underestimate is obtained with NEWHYBRIDS for both
threshold values, and a strong underestimate with
STRUCTURE and the 0.75 threshold (Table 3). Likewise,
the power to correctly classify purebreds is higher than
99% in all cases, but the highest proportion of correctly
identified hybrids is achieved when STRUCTURE is used
with the 0.90 threshold (92%), followed by NEWHYBRIDS
with thresholds of 0.75 and of 0.90. Compared to
STRUCTURE, detection ability is lower with NEWHYBRIDS,
because some individuals remain unassigned (for the
empirical data set, nine genotypes are unassigned with
Tg=090 and four with Tg=0.75), but accuracy in
identifying hybrids is improved (>99% for a power
>86% using both thresholds; Table 3). Thus, STRUCTURE
provides power whereas NEWHYBRIDS provides
accuracy.

As expected, both the power and accuracy increase
with the number of loci (Figure 4). This increase is higher
for the identification of hybrids than for the identification
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Table 3 Results of STRUCTURE and NEWHYBRIDS analyses with simulated samples of N=1500

Simulated ~ No.of  No.of Method Tq Mean No. of Estimated Mean Power Accuracy Type I  Not
HP (%)  repetitions hybrids hybrids (s.d.) HP (%) squared error  assigned
in the error  Hybrids Purebreds Hybrids Purebreds
sample
0 10 0  STRUCTURE 0.9 2 (1.07) 0.13 0.000 — 0.998 — 1.000  0.000
0.75 0 0.00 0.000 — 1.000 — 1.000 0.000
0.9 0 0.00 0.000 — 1.000 — 1.000  0.000 0
NEWHYBRIDS 0.75 0 0.00 0.000 — 1.000 — 1.000 0.000 0
2nd
2 10 30 STRUCTURE 0.9  29.5(2.92) 1.97 0.035  0.920 0.999 0.936 0.998  0.001
0.75 19.1 (3.04) 1.27 0.564  0.640 1.000 1.000 0.993 0.000
0.9 26 (2.83) 1.73 0.103  0.867 0.997 1.000 0.999 0.000 71
NEWHYBRIDS 0.75 27.2 (2.70) 1.81 0.064  0.867 0.999 0.989 0.999  0.000 23
2nd

Abbreviations: HP, hybrid proportions; Tg, threshold g-value.

With NEWHYBRIDS, for each individual the Tg was applied to the sum of posterior probability for all hybrid classes used as one estimate

(criterion 2, see text).

of purebreds (results not shown). The simulations show
that the four most discriminant loci suffice to reach high
power in identifying hybrids with STRUCTURE and high
accuracy with NEWHYBRIDS, values comparables with
those obtained using eight loci (Figure 4). However, a
higher number of individuals remain unassigned with
NEWHYBRIDS when only four loci are used (112, includ-
ing 39 hybrids, compared to 71, including 22 hybrids,
with all eight markers).

When applied to our experimental data set, both
methods separated the 1487 individuals examined into
two well-defined groups congruent with the observed
suber and ilex phenotypes. Both methods also identified a
very low total number of putative hybrids, most of them
in mixed populations. Some differences were found
between both methods, in agreement with the results of
the simulations. With STRUCTURE, 17 potential hybrids
were detected with a threshold Tqg=0.90 (that is, an
HP =1.1%), but this estimate drops to 4 with Tg=0.75
(HP =0.03%; Figure 2a). All remaining individuals have
a very high probability to belong to the purebred species
(Q. suber: range 0.903-0.998; Q. ilex: range 0.925-0.998).
With NEWHYBRIDS, five individuals were identified as
hybrids with Tg=0.90 (HP=0.20%) and seven with
Tq=0.75 (HP =0.34%; Figure 2b). Again, putative pure-
breds present high g-values (Q. suber: range 0.901-1.000;
Q. ilex: range 0.960-1.000). Surprisingly, three individuals
morphologically identified as Q. suber, from Minorca
(one) and from Sicily (two), have been classified by
molecular analysis as pure Q. ilex.

Genetic composition of hybrid/introgressed individuals

STRUCTURE detected a total of 17 individuals with g
between 0.10 and 0.90 (Figure 2a); 8 of them had been
classified in the field as Q. suber and 9 as Q. ilex.
However, NEWHYBRIDS assigns six of them to purebred
categories with 4>0.95 (two Q. suber and four Q. ilex,
matching field identification) (Figure 2b). In view of the
high accuracy provided by NEWHYBRIDS and the false
positive rate associated with STRUCTURE (when HP =2%,
type I error =0.001; Table 3), the hybrid nature of those
six individuals is uncertain. In contrast, the hybrid
nature of the remaining 11 trees appears more consistent

and for 7 of them very well supported. Only two
individuals, one from the SCa population (suber SCa70)
and one from the MN population (ilex MN36), showed
intermediate proportions compatible with an F1 geno-
type with both methods (Figure 2), although a backcross
status cannot be excluded. In fact, simulations showed
that all F1 hybrids are always correctly classified as
hybrids (that is, none was assigned to any pure species)
whichever method and threshold is used (data not
shown), but some of them present a pattern of admixture
indistinguishable from that of backcrosses (Figure 3). The
remaining nine individuals (SCa95, MN32, MN39,
MN45, TU2 suber morphotype, CLM48, SCa36, SCa84
and SI2 ilex morphotype) probably result from one or
more generations of backcross. Among them, SCa95,
SCa36 and SI2 have the phenotype of one species despite
having a large assignment probability to the other
species (Figure 2).

Discussion

Evidence and rate of hybridization between cork and
holm oaks

The microsatellite loci chosen for this work were highly
differentiated between species (0=0.41) and had good
diagnostic power (6 =0.62-1.0). In fact, both Bayesian
clustering approaches used (implemented in STRUCTURE
and NEWHYBRIDS) assigned nearly all individuals with
high probability to each of two genetically defined
groups, resulting in an almost perfect match with the
observed morphotypes. Very few hybrid genotypes have
been detected (0.027-1.14% of the total sample, using
the most and least restrictive conditions, respectively;
Figure 2). Using simulated data, we have quantified the
resolution level achieved and the uncertainty attached to
the experimental system and threshold values for two
posterior probabilities (0.90 and 0.75). These results
indicate that, although the correct identity of hybrid
individuals cannot be guaranteed in all cases, it is
possible to get a good estimate of the actual proportion
of hybrids in our sample (see estimated and simulated
HP in Table 3). Simulations also showed that we could
achieve similar results with half of the loci (Figure 4) by
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Figure 2 Posterior probability (¢) for all individuals identified as putative hybrids by at least one of the method-threshold (Tg) combination.
Each individual is represented by a vertical bar partitioned into segments, the length of which describes (a) the estimated membership
proportions for each parental species (Q. suber and Q. ilex) by STRUCTURE and (b) the estimated probability of belonging to the parental
species and the three hybrid classes (F1, first backcross with each of the parental species) by NEWHYBRIDS. Individuals are identified by a

population code (see Table 1) and ID number. "Classified as hybrid with Tq=0.90, *Classified as hybrid with Tq=0.75.

selecting those with the highest discriminatory power, in
agreement with Boecklen and Howard (1997). This may
suggest a rapid method to distinguish hybrids from pure
holm oaks and cork oaks. However, this conclusion has
to be taken with caution, because simulations relies on
simplifying assumptions (for example, symmetrical
introgression, limited type of backcross categories) likely
not fulfilled by natural populations. Hence, we consider
a worth effort increasing the number of molecular
markers to improve the level of resolution, even if highly
diagnostic markers are available.

The low frequency (<2%) of contemporary gene
exchange detected between Q. suber and Q. ilex is
consistent with the available knowledge on nuclear
variability for the species. A low number of hybrids
has been reported in previous surveys of isozyme
diversity (Elena-Rossell6 ef al., 1992; Toumi and Lumaret,
1998; Lumaret et al., 2002; Staudt et al., 2004). Never-
theless, the extensive sharing of chloroplast DNA
haplotypes between Q. suber and Q. ilex in some regions
has led some authors to hypothesize widespread
introgressive hybridization events in the past (Belahbib
et al., 2001; Lumaret et al., 2002; Jiménez et al., 2004; Lépez
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de Heredia et al., 2005). Such findings are not incompa-
tible, given that even a low fraction of hybrids can have
considerable evolutionary impact because of the cumu-
lative effect of introgression through time (Ellstrand et al.,
1996; Mallet, 2005) and the possibility for introgressed
genes to become amplified by demographic growth
(Currat et al., 2008). In this respect, Lopez de Heredia
et al. (2007a) suggested that the acidophilous Q. suber was
able to colonize the calcareous area of eastern Iberia
(where chloroplast introgression has been reported),
thanks to the hybridization with Q. ilex, which is largely
indifferent to soil nature. It is noteworthy that we found
a higher proportion of early generation hybrids in
Catalonia and Minorca, located within the area of
chloroplast introgression and where soils are mostly
formed on more or less decarbonated calcarenites and
dolomites, unfavorable to cork oak. This would be
consistent with the ‘environmental emasculation’
hypothesis proposed by Williams ef al. (2001), according
to which environmental stress, at the margins of the
suitable habitat of a species, can lead to a decrease in the
competitive ability of its pollen, thus favoring hybridiza-
tion. Alternatively, the process could be driven (exclu-
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Figure 4 Power (a) and accuracy (b) in detecting hybrid individuals
for 10 simulated samples of N=1500, analyzed with STRUCTURE
(black line) and NEWHYBRIDS (gray line), as a function of the
number of microsatellite markers (Tg=0.90). Loci have been
combined according to their decreasing (solid line) and increasing
(dashed line) value of frequency differential o (see text).

sively or complementarily) by demographic factors, due
to demographic imbalance during colonization, as
suggested by Currat et al. (2008). In Minorca, for instance,
Q. suber population size is limited to the 67 individuals
we sampled.

As shown by results from controlled crosses (Boavida
et al., 2001), Q. suber likely acts as the pollen donor in
interspecific mating events with Q. ilex. This finding is
supported by the discovery of widespread introgression

of ilex-type cpDNA in Q. suber populations (Belahbib
et al., 2001; Jiménez et al., 2004; Lumaret et al., 2005),
whereas the opposite situation (that is, Q. ilex trees
showing suber chlorotypes) is considerably less frequent.
However, no evidence of unidirectional gene flow has
been found in this study, because we detected a similar
number of backcrosses to each species (Figure 2).
Artificial crosses involving Fls and the parental species
would help determine the direction of introgression and
the nature of barriers to random mating. For instance,
Olrik and Kjaer (2007) showed that Q. robur-Q. petraea
unidirectional hybridization does not imply necessarily
asymmetric backcrossing to the parental species, after
performing controlled crosses with an F1 tree of known
pedigree.

Hybrid identity

Among the 17 putative hybrids, we could distinguish at
least 2 putative Fls (suber SCa70 and ilex MN36) and 5
backcrosses (suber MIN32, MN45, ilex SCa36, SCa84 and
SI2) with very high probability (Figure 2). The reliability
of their hybrid identity is supported by the coincident
assignation with two different methods and by the high
accuracy and low error observed in data-based simula-
tions with two different thresholds values (Table 3).
Although we can be reasonably sure that these seven
individuals are not purebreds, and that any actual F1
present in the sample would not have been classified as
purebred, we cannot exclude that the two putative Fls
are backcrosses. Similarly, some uncertainty is involved
in the identity of the 10 remaining individuals (Figure 2).
Our simulations indicated that the identification of
backcrosses is more problematic than that of F1 hybrids,
because they can be confused with pure individuals and
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vice versa, as already shown with other hybrid systems
(Barilani et al., 2007). The extent of incorrect classification
can be minimized by choosing an appropriate threshold
to improve accuracy (and reduce error), whereas accept-
ing the associated trade off of loss of power (Vahd and
Primmer, 2006). We found through simulations that
Tq=0.90 is an appropriate threshold for this purpose
(Table 3). With STRUCTURE, we obtain a good estimate of
the proportion of hybrids in the sample (>90%) with a
very low associated error. With NEWHYBRIDS, reliable
results on true hybrid identity (accuracy =1.000) are
obtained with virtually no error. Hence, the joint use of
these Bayesian approaches is suggested to improve the
resolution in hybrid identification, especially for studies
relying on the prior identification of hybrid plants (for
example, controlled crosses or detailed phenotypic
observations of hybrids compared to parental species).
We note that the present study was based on a very
limited number of loci. In admixture zones that are
already many generations old, both power and accuracy
of hybrid detection will increase greatly if a much larger,
genome-wide panel of diagnostic marker loci is used,
especially if linkage between loci is accounted for during
the estimation of hybrid ancestry (Falush et al., 2003).
No general rule about morphological features of
hybrid individuals between Q. suber and Q. ilex can be
deduced from previous studies. Putative hybrids with
parental morphology (Toumi and Lumaret, 1998;
Belahbib et al., 2001; Staudt ef al., 2004), intermediate
morphology (Toumi and Lumaret, 1998; Lumaret ef al.,
2002; Bellarosa et al., 2005) or leaf morphology skewed
toward Q. ilex (Staudt et al., 2004) have been reported.
Bark cannot be used as a discriminating feature because
F1s are considered to lack cork and, thus, they could be
confused with pure Q. ilex (Lumaret ef al., 2002; Bellarosa
et al., 2005). The existence of morphologically cryptic
hybrids seems to be the only certainty. In any case,
results from the studies cited above are hardly compar-
able among them and with the present one, due to the
different sample designs and type of genome variability
observed. Moreover, in all of these studies the identifica-
tion of genetic diagnostic elements is dependent on the
morphological determination of pure species. In contrast,
the Bayesian approach used here allows us to define the
genetic boundaries of pure species independently from
any feature other than genetic data, thus allowing more
accurate estimates of species status (Duminil ef al., 2006)
and gene exchange. We found a similar proportion of
each parental morphotype among the putative hybrid
individuals (Figure 2) and very good correspondence
between morphotype and molecular-based assignation
for the putative purebreds. However, discrepancy was
detected for a few individuals, because three trees
identified in the field as Q. suber were assigned to pure
ilex using microsatellites and three putative hybrid
individuals (suber SCa95 and ilex SCa36, SI2) were
morphologically similar to one species but assigned with
greater probability to the other species (Figure 2). In
contrast, there was no ambiguous assignment with
simulated data; that is, backcrosses to Q. suber (Bxs)
were never assigned to Q. ilex with g >0.50 by STRUCTURE
(Figure 3a), and they were never assigned to Q. ilex nor to
backcrosses with Q. ilex (Bxi) with g>0.10 by New-
Hybrids (Figure 3b). The same was found with back-
crosses to Q. ilex (Figures 3a and b). Thus, we consider
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that the discrepancy mentioned above is not due to the
lack of resolution of the methods but reveals instead
either the lack of correspondence between the phenotype
and nuclear genotype (expected after several back-
crosses, that is, ‘advanced’ introgressed individuals) or
mislabeling of samples during their collection and
processing (although this is unlikely for backcrosses,
given their extremely low frequency in the sample).

Conclusions

The strength of our approach relied on the combination
of two complementary Bayesian methods and on their
validation by systematic simulations precisely adjusted
to the empirical data investigated. The whole procedure
is recommended to gain precision and accuracy in the
identification of F1 hybrids and backcrosses for every
real-case study, regardless of the level of hybridization.
We expect that future studies of hybrids in natural
populations will achieve even greater accuracy and
power by increasing genomic coverage and accounting
for linkage between loci. In the case of Q ilex and Q. suber,
the identification of hybrid types has been addressed for
the first time in this study. Our results suggest a very low
rate of bidirectional gene flow between Q. ilex and
Q. suber. Further studies are required to understand the
geographic distribution and possible adaptive function
of hybridization between these two species through time
and space. Powerful and accurate detection of adult
hybrid and introgressed individuals will be particularly
valuable to address the adaptive differences among
hybrid classes and the reproductive behavior of hybrid
individuals.
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