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Abstract: Cork oak (Quercus suber L.) is a valuable forest species in the western Mediterranean Basin
due to its ecological value and the production of cork (a renewable natural material). Cork quality
depends on the genetic background and cork oak environment, which has long been recognized.
As no cork oak genetic trials with pedigree information were available, the inference of the genetic
relatedness between individuals from molecular markers can potentially be applied to natural
populations. This work aimed to investigate the potential of performing kinship prediction and
pedigree reconstruction by SNP genotyping a natural cork oak population. A total of 494 trees located
in Portugal were genotyped with 8K SNPs. The raw SNP set was filtered differently, producing four
SNP sets that were further filtered by missing data, genotype frequency, and minor allele frequency.
For each set, an identity by descent (IBD) matrix was generated to perform the relationship prediction,
revealing from 22,114 to 23,859 relationships. Familial categories from the first to the third degree
were able to be assigned. The feasibility of SNP genotyping for future studies on the kinship analysis
and pedigree reconstruction of cork oak populations was demonstrated. The information produced
may be used in further breeding and conservation programs for cork oak.

Keywords: cork oak; pedigree reconstruction; SNP; kinship

1. Introduction

Cork oak (Quercus suber L.) is a valuable forest species in the western Mediterranean
Basin. Cork oak covers 23% of the national forest area in Portugal, being the dominant
species of the “montado” agroforestry system (“dehesa” in Spain). In addition to its impor-
tant ecological value, “montado” combines cork production with extensive agriculture or
pasture and livestock. Portugal and Spain are the main cork producers worldwide (50 and
31% of total world cork production, respectively) [1]. Cork is a truly sustainable product as
it is renewable and biodegradable. Cork harvesting occurs every nine years, by an environ-
mentally friendly process, during which not a single tree is cut down. Cork stripping must
be conducted when the phellogen, which has the property of self-regeneration after damage
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or the peeling-off of the cork layer, is active in late spring and early summer [2,3]. It is this
property that allows successive cork stripping from the same tree and sustainable cork
production during a tree’s life. Cork is a source of income in rural areas as raw material
for the cork industry although dependent each year from cork production and quality [4].
However, over recent decades, cork oak woodlands have been under pressure due to a
combination of biotic, abiotic and anthropogenic factors [5,6], which currently compromise
the sustainability of the cork industry.

Cork oak is an evergreen long-lived tree (200–250 years), growing to a height of
15–20 m. Stem diameter at breast height can reach more than 300 cm. The earliest flowering
and fructification occur at around 15–20 years of age, producing both annual and biennial
acorns [7]. Cork oak is wind pollinated, having separate male and female flowers on the
same tree with the initiation of the growth cycle in April or May, dependent on weather
conditions. After flowering, pollinated flowers cease to grow in periods of water scarcity.
Fertilization takes place in late August and acorn development is complete during autumn.

Benefiting from the European Union-funded programs for the reforestation of aban-
doned former agricultural lands, cork oak has been one of the most planted forest species
in the Iberian Peninsula, both by direct sowing and by planting. The option of regenerating
cork oak is influenced not only by the different socio-economic and ecological conditions
but is also framed by the landscape perspective.

Defining and optimizing breeding strategies will contribute to the sustainable man-
agement of valuable forest species, such as cork oak, but require knowledge regarding
the genetic control (i.e., heritability) of quantitative traits with economic relevance. The
dependence of cork quality on genetic makeup and the environment in which the cork
oak grows has long been recognized [7–9]. However, until now, the amount this is deter-
mined by genetic control is unknown. In populations with available pedigree information,
heritability may be estimated by comparing the phenotypic variation within and between
family groups. This can be achieved using a pedigree-based relationship matrix from a
family-structured population, relying on data from progeny trials evaluated across sites
and years. Although the cork oak progeny trials established in 1998 [10] are a valuable
tool to obtain estimations of cork oak genetic parameters [11], trees in these trials are still
too young to allow reproduction and cork assessments. In fact, industrial valuable cork
can only be obtained from the third extraction cycle onwards, usually from trees over
40 years old.

Since the 1990s, methods using molecular markers have been used to infer genetic
relatedness between individuals and to indirectly estimate quantitative genetic parameters,
such as heritability values, from the regression of phenotypic similarity on the marker-
based co-ancestry [12–17]. These approaches have received attention as they can potentially
be applied directly to natural populations. However, in natural cork oak woodlands, un-
known genealogical information combined with a long life cycle, overlapping generations,
long reproductive cycle with a lengthy juvenile phase, and complex reproductive biology
with self-incompatibility and high degree of heterozygoty [18] do not allow a traditional
estimation of genetic parameters.

Therefore, kinship prediction and accurate pedigree inference methods are extremely
valuable tools for breeding programs in plants. To achieve this type of information, it is
important to develop methods for feasible relationship predictions and pedigree recon-
structions. Several molecular studies for relatedness prediction were performed primarily
with microsatellites that focused, for example, on the reconstruction of a pedigree to es-
timate heritability values in radiata pine [13], or improvement of the accuracy of genetic
parameters and breeding values [19,20]. However, these studies analyzed populations for
which there was some pedigree information. To our knowledge, no such studies have ever
been carried out on cork oak.

Over the last decade, the fast development of high-throughput sequencing technolo-
gies greatly accelerated the sequencing of genomes for many species, which in turn opened
up a new genomics era. This brought along a significant increase in our ability to iden-
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tify SNPs, since they are more abundant and cost efficient. The recent sequencing of the
cork oak genome [21] allowed the identification of large SNP datasets for this species,
which then became available for use in different studies focusing on cork oak genomics
research. However, for many genomics studies it is still unclear which filtering rules should
be applied for the filtering of these SNP datasets, since studies with different goals may
require specific approaches for SNP filtering. This need is further reinforced in kinship
and pedigree studies, which may require specific filtering strategies, when compared, for
example, with genome-wide association studies. The goal of this study was to perform a
kinship analysis and investigate to what extent a pedigree of a natural regenerating cork
oak population could be determined, using a set of over eight thousand SNPs genotyped
by high-throughput sequencing technology, and filtered with four different approaches.

2. Materials and Methods
2.1. Cork Oak Population Analyzed

The study was conducted at a cork oak stand located in the Setúbal region in southern
Portugal. The stand has approximately 440 ha of forested area, with over 300 ha covered
by cork oak stands. These stands originated from natural regeneration and are around
100 years old. The altitude ranges between 2 and 25 m a.s.l and the orography is mainly flat,
with slopes below 5%. The studied area is characterized by non-wet Psalmytic Regosols and
Entic Podzols [22], of predominantly sandy type textures. The climate is of Mediterranean
type, with hot and dry summers and wet mild winters. The long-term (1971–2000) mean
annual temperature is 16.2 ◦C, and the mean annual precipitation is 715.9 mm. Precipitation
occurs predominantly from autumn to early spring (October–April).

A total of 535 trees (Figure 1) were randomly selected from an area of around 7 ha,
which corresponds to a density of 76 trees/ha. All trees were georeferenced and identified in
the field with a unique identification tag. The individual tree age and microenvironmental
conditions that caused heterogeneity in soil or water availability are unknown factors for
this study site.
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2.2. DNA Extraction

DNA was extracted from the leaf samples collected in each tree. A total of 200 mg of
leaf tissue cut into small pieces and dried under vacuum for 15 min was used. The dried
material was then reduced to powder using SpeedMill PLUS (Analytik Jena) (Analytic Jena)
in innuSPEED Lysis Tube P (Analytic Jena). DNA extraction proceeded using the innuPREP
Plant DNA Kit (Analytik Jena AG, Berlin, Germany) according to the manufacturer’s
protocol. DNA quality was checked on 0.8% agarose gel, and the DNA concentration was
estimated using a NanoDrop ND2000 spectrophotometer (Thermo Scientific, Massachusetts,
MA, USA). After checking for DNA quality, a total of 41 samples had to be discarded, due
to insufficient DNA quality for downstream genotyping procedures.

2.3. SNP Genotyping and Calling

A total of 494 samples were genotyped using a novel technology based on target en-
richment coupled with high-throughput sequencing, labeled as SeqSNP, which is available
through LGC Biosearch Technologies. Genotyping was performed for a set of 8411 SNPs,
selected from a larger cork oak SNP dataset generated with whole-genome resequencing
data produced for 26 individuals. Sequencing was performed using the Illumina NextSeq
500 platform, with single-end reads that were 75 base pairs long.

SNP identification was performed using a bioinformatics pipeline that involved map-
ping the reads to the cork oak genome using Bowtie2 with default parameters [23]. Then,
the mapped reads were sorted by coordinates and indexed using Samtools v.1.4 [24].
Lastly, Freebayes v1.02 [25] was used to perform the targeted SNP calling with the follow-
ing parameters: –min-base quality 20; –min-supporting-allele-sum 10; –read-mismatch-
limit 4; –min-coverage 4; –min-alternate-count 2; –report-genotype-likelihood-max; –
exclude-unobserved-genotypes; –genotype-qualities; –ploidy 2; –min-alternate-fraction
0.166666666667; –report-monomorphic; –no-mnps; –no-complex; –mismatch-base-quality-
threshold 10 [26]. Once we obtained the raw set of SNPs, individuals with more than 90%
of missing SNPs genotypes were discarded. Then, the SNPs were filtered using several
criteria which included minimum read coverage per SNP genotype (DP ≥ 8), the removal
of SNPs with more than two alleles and indels, a minimum SNP quality (SNPQ) of 30 and
a minimum genotype quality (GTQ) of 10.

In addition to this first set of SNPs, another set of SNPs was produced by applying the
same procedures described above plus a threshold of maximum missing data (maxMD)
of 50%, using VCFtools v.0.1.17 [26], and minimum genotype frequency (minGTF) of 2%.
Then, each of these SNP sets was filtered using MAF (minor allele frequency) values of 1%
and 5% to evaluate the effect on IBD estimation (and further relationship prediction) of
using different MAF thresholds. Therefore, a total of four different SNP sets were generated:

SNP Set 1) DP ≥ 8, SNPQ ≥ 30, GTQ ≥ 10, bi-allelic only, no indels, MAF—1%;
SNP Set 2) DP ≥ 8, SNPQ ≥ 30, GTQ ≥ 10, bi-allelic only, no indels, MAF—5%;
SNP Set 3) DP ≥ 8, SNPQ ≥ 30, GTQ ≥ 10, bi-allelic only, no indels, maxMD—50%,

minGTF—2%, MAF—1%;
SNP Set 4) DP ≥ 8, SNPQ ≥ 30, GTQ ≥ 10, bi-allelic only, no indels, maxMD—50%,

minGTF—2%, MAF—5%.
Each of the SNP sets was then converted into the PLINK [25] file format (.map and

.ped) using VCFtools with the “—plink” option.

2.4. IBD Estimation

IBD values were determined using the method-of-moments estimation implemented
in PLINK v1.9 [27]. For IBD estimation, the PLINK flat files were used as input to PLINK
using the “—genome” option. IBD estimation was performed for each of the four SNP sets
generated, first with MAF of 1%, the default value, and then with MAF of 5%, using the
“—maf 0.05” option. In the end, a total of four IBD matrices were generated, one for each
set of SNPs. The IBD matrices were filtered with a PI_HAT (proportion of IBD estimated by
PLINK) value of 0.1 to identify possibly related and unrelated pairs. We considered the
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pairs with a PI_HAT equal or above 0.1 to be related, while the pairs with a PI_HAT below
0.1 were considered to be unrelated, in accordance with the expected mean of IBD portions
for familial relationship categories outlined by Blouin and colleagues [28].

2.5. Pedigree Reconstruction

PRIMUS v.19 [29] was used for the identification of possible kinships and pedigree
reconstruction. Since no information was available regarding the age of each cork oak tree or
possible relationships between them, only the previously generated IBD matrixes, without
PI_HAT filtering, were provided to PRIMUS using the default likelihood cut-off and the
“—plink” option. Additionally, after using all the 493 trees for pedigree reconstructions,
four subsets were created, one for each IBD matrix.

3. Results and Discussion

The application of different filtering parameters in the initial SNP output resulted
in four sets of SNPs used for IBD estimation, each containing different numbers of SNPs.
After checking for individuals with a high number of missing genotypes, one individual
was discarded from the dataset. From the initial set of 8411 SNPs selected for genotyping, a
total of 6016 SNPs were kept, after filtering for genotype quality, deep coverage per SNP
genotype and SNP quality, and removing non-biallelic SNPs and indels. This represented a
loss of 2225 SNPs from the initial target number of SNPs to be genotyped. To our knowledge,
this was the first high-throughput SNP genotyping study on cork oak. SNP losses in
genotyping were somewhat expected as the cork oak genome is highly heterozygous and
assay optimization can be challenging to achieve.

The first SNP set comprising 6016 SNPs was filtered using MAF thresholds of 1% and
5%, which resulted in new SNP sets that included 6016 SNPs (MAF—1%) and 4752 SNPs
(MAF—5%). Two additional SNP sets were produced by using two more filtering parame-
ters, namely a maximum missing data value, per SNP, of 50% and a minimum genotype
frequency of 2%, which resulted in a decrease in the total number of SNPs to 5093. Once
again, the number of SNPs remained equal when the MAF threshold of 1% was applied
and decreased to a total of 4362 SNPs with a MAF of 5%.

The observed decrease in the number of SNPs kept when the minimum number of
individuals per SNP was applied could possibly be due to technical reasons, such as the
presence of additional SNPs in the vicinity of the SNP targeted for genotyping, possibly
affecting the efficiency of the SeqSNP methodology in some individuals. Moreover, the
additional decrease observed when a minimum genotype frequency of 2% was applied
may reflect the allelic and genotypic differences that may have occurred when the genotype
frequencies observed in 26 samples (the ones that were used in the initial SNP discovery
effort) were extrapolated for a population of 493 individuals, originating from a different
geographic region than that of the initial set of 26 cork oak trees.

A total of four IBD matrices were estimated with PLINK, one for each SNP set, and
then filtered with a PI_HAT value of 0.1 to predict how many possible relationships could
be detected in the dataset comprising 493 individuals, considering the pairs (dyads) with a
PI_HAT equal or above 0.1 to be possibly related and the ones with a PI_HAT below 0.1 to
be unrelated. These results are summarized in Table 1.

Table 1. Number of related and unrelated dyads in four distinct IBD matrices.

Nr of SNPs Related Dyads (PI_HAT ≥ 0.1) Unrelated Dyads (PI_HAT < 0.1)

IBD matrix 1 6016 12,334 108,945

IBD matrix 2 4752 11,882 109,397

IBD matrix 3 5093 9587 111,695

IBD matrix 4 4362 9208 112,071
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SNP filtering criteria for each IBD matrix:

1. DP ≥ 8, SNPQ ≥ 30, GTQ ≥ 10, bi-allelic only, no indels, MAF—1%;
2. DP ≥ 8, SNPQ ≥ 30, GTQ ≥ 10, bi-allelic only, no indels, MAF—5%;
3. DP ≥ 8, SNPQ ≥ 30, GTQ ≥ 10, bi-allelic only, no indels, maxMD—50%, minGTF—2%,

MAF—1%;
4. DP ≥ 8, SNPQ ≥ 30, GTQ ≥ 10, bi-allelic only, no indels, maxMD—50%, minGTF—2%,

MAF—5%;

The IBD matrix 1, generated with the larger set of 6016 SNPs, resulted in a higher
number of possible relationships, with a total of 12,334 related dyads in a universe of
121,279 dyads. On the other hand, the IBD matrix 4, generated with a smaller set that
included 4362 SNPs, resulted in a total of 9208 dyads that were possibly related, which was
the lowest number of predicted relationships among the four IBD matrices. The number
of related dyads showed a general trend of increasing along with the number of SNPs
present in each set, even though an exception to this rule was also observed, since IBD
matrix 2 displayed a higher number of related dyads when compared with IBD matrix 3,
even though it had 249 fewer SNPs. Applying filters that removed SNPs for which more
than 50% of the individuals had a missing genotype, together with discarding SNPs with
genotype frequency less than 2% (IBD matrices 3 and 4), had a clear impact on decreasing
the number of related dyads. These thresholds are frequently used to filter SNP datasets,
for example, produced with SNP arrays containing tens, or even hundreds, of thousands of
SNPs, prior to being used in several analyses, such as population genetics or genome-wide
association studies. For pedigree reconstruction, however, SNPs genotyped in a small
number of individuals from the overall population still seem to carry a sufficient amount
of information useful for estimating relationships between the individuals. This means
that SNPs that would likely be removed in the context of a genome-wide association study,
for example, should be kept in the datasets used in studies like the one reported here.
Therefore, perhaps different filtering approaches will be necessary to filter SNP datasets
used in the context of studies focusing on kinship analysis and pedigree reconstruction.

Regarding the relationship categories, all IBD matrices showed evidence of the exis-
tence of identical genotypes and dyads related in first degree (Figure 2). Dyads possibly
related to the second- and third-degree were also detected, however the fact that they are
overlapped did not allow their differentiation.
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Considering the population being analyzed in this study, a self-regeneration cork oak
population for which no family information was available, PRIMUS was the best software
tool available, since it does not have the limitation of other pedigree-reconstruction methods
that require information about age and other population related data. The results showed
that PRIMUS predicted more relationships than previously anticipated in Table 1, with
filtering of the IBD matrices using expected mean of IBD portions for familial relationship
categories, using the approach described by Blouin and colleagues [28] (Table 2).

Table 2. Kinship assignments obtained for each IBD matrix, indicating the 1st-, 2nd- and 3rd-degree
relationships, distantly related individuals and identical genotypes (MZ).

IBD Matrix 1 IBD Matrix 2 IBD Matrix 3 IBD Matrix 4

1st Degree 502 436 330 306

Parent–child 3 5 10 12

Full sibling 499 431 320 294

2nd Degree 10,362 9502 6400 5866

3rd Degree 10,887 13,078 13,195 13,534

Distant 609 839 2275 2404

MZ 4 4 4 4

Total Related 22,364 23,859 22,204 22,114

Unrelated 98,914 97,419 99,074 99,164

The highest number of related dyads and familial classes assigned was detected for
IBD matrix 2, with a total of 23,859 dyads. Although, when comparing the IBD matrices,
IBD matrix 1 had the largest number of dyads related to the first and second degrees, with
502 and 10,887 dyads, respectively, and the lowest number of dyads related to the third
degree and distant related, with 10,887 and 609 dyads, respectively (Table 2). Therefore,
this increased number of SNPs was associated with a higher number of related dyads in
the first and second degrees, even though some of the SNPs had characteristics that would
likely have them discarded from datasets to be used in studies with different goals, such as
genome-wide association studies.

The first-degree relationships include parent–child (PC) and full sibling (FS) relation-
ships. The largest number of PC relationships was identified using IBD matrix 4, with
a total of 12 possible parents. The increase in PC relationships using IBD matrix 4 was
linked to a decrease in the number of SNPs. Parent–child relationship assignments can
potentially be performed more efficiently with a lower number of SNPs, in comparison with
the second- and third-degree relationships. Nevertheless, future studies will be needed to
further our understanding of the impact of the number of SNPs used to estimate familial
relationships in cork oak.

The results observed for IBD matrices 3 and 4 were also quite similar for the first degree
and third degree relationships (Table 2). However, matrix 3 showed a higher number of
second degree relationships, when compared with matrix 4, while the latter displayed more
distant related dyads. The filtering rules applied to produce the SNP sets used in each
matrix were the same except for the MAF value.

In general, keeping SNPs with higher amounts of missing data in the dataset (IBD
matrices 1 and 2) was associated with the identification of more first- and second-degree
relationships, and with less distant relationships. Thus, even though the total number of
SNPs influenced the ability to detect relationships, the type of SNPs that were used also
had a clear impact on the type of relationships that were detected.

A total of 34,851 different relationships were predicted with the analyses of all IBD
matrices, of which 12,093 relationships were commonly predicted (same pairs of individuals
with the same type of relationship) by all four IBD matrices (290 dyads related to the first



Forests 2022, 13, 226 8 of 13

degree, 5330 in second degree and 6466 in third degree). These results are illustrated in
Figure 3. Once again, the SNP set used to determine each IBD matrix had a clear effect,
since only 34.70% of all relationships determined were shared by all matrices. Moreover, for
IBD matrix 1, which had the largest number of SNPs, a total of 2295 unique relationships
were detected, which indicated that the increased number of SNPs used carried a sufficient
volume of information for the identification of these unique relationships.
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Figure 3. Venn diagram representing the relationships shared between the four IBD matrices. The
relationships identified in a single IBD matrix are also represented.

In this study, we analyzed a considerable number of trees derived from a natural
regenerating cork oak population, whose breeding and reproductive process occurred
without human intervention. The large complexity present in the population was most
likely the reason why it was not possible to establish a complete population structure
and fully reconstruct the pedigree for all trees. For example, in this population, a tree
can simultaneously be a half-sibling of another tree, and the parent, or even offspring, of
another tree. This was evidenced by the average number of relationships per sample, which
ranged from 83 to 97 among all IBD matrices. Moreover, the largest number of relationships
assigned to an individual was 425, using IBD matrix 1 as the reference, and a total of 32 trees
had at least 200 relationships. The average number of relationships established remained
high even for the IBD matrices where fewer SNPs were used (Figure 4).
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The high number of relationships added a significant amount of complexity to the
PRIMUS pedigree reconstruction, which was not originally designed to analyze populations
with such complexity and in the complete absence of any familial information. In order to
circumvent this problem, a subset of the dyads only related only to first degree for each
IBD matrix was created, which was subsequently used for pedigree reconstruction.

As expected, the number of individuals and the type of relationships varied according
to the IBD matrix used. Nevertheless, due to the complexity of the data associated with
the lack of information, only smaller families were identified with all four IBD matrices.
These families were then enriched manually with kinships in second-degree dyads that
were not included within the families identified. The pedigrees for these families were then
determined (Figures 5 and 6)
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These examples indicate that smaller pedigrees, at the family level, can be recon-
structed from this type of analysis. However, it will always be very challenging to de-
termine full pedigrees, considering that natural regeneration cork oak populations have
characteristics that cannot be controlled, which will hinder the ability to determine whole
pedigrees. For cork oak, the main vector for pollination is the wind, which is the reason
why in these populations pollination cannot be controlled, which subsequently increases
the complexity of pollination possibilities. Pollen can travel considerable distances and
successfully pollinate the cork oak trees located in the stand analyzed in this study. In these
cases, it will be impossible to determine the male parent of the cork oak tree. In addition,
the cork oak stand analyzed in this study is more than 100 years old, a time window that
opens the possibility that some of the trees have already been removed as a result of disease
or died from natural processes.

Finally, a total of four pairs of identical genotype oaks were commonly identified
using each IBD matrix. Identical genotype oaks were located very close to each other, either
originating from early sprouts (several decades ago) or multi-seeded acorns resulting from
mitotic reproduction of the initial zygote [30–32]. Animals such as squirrels could excise
the acorns from the soil (or a seed from it) and move them from their original locations to a
close spot, explaining the existing distance between each identical genotype oak [33–35].
However, when comparing the identical genotypes, which have long been thought to be
genetically “identical”, small differences were found; they were not 100% identical. To our
knowledge, this is the first work reporting cork oak trees with almost identical genotypes,
although it was observed that double-seeded cork oak acorns germinate two viable plants
(Ramos, personal communication). Identical genotypes in cork oak trees or germinated
plants still need further studies in order to clarify into what extent identical genotypes may
co-exist in the species.

4. Conclusions

This study documents the first time a set comprising thousands of SNPs was geno-
typed in a large natural regenerated cork oak population, aiming to investigate if a kinship
analysis and pedigree reconstruction would be feasible. The successful identification of kin-
ships and establishment of some families’ pedigree indicate the potential of this approach
for future studies. Pedigree information can be a valuable tool for future management
strategies of cork oak populations, including future cork oak breeding schemes. However,
a full pedigree reconstruction exclusively based on geographical and genotype information
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may prove to be difficult for large populations having convoluted familial relationships and
complex reproductive and seed dispersal systems. The inclusion of additional information,
such as the age of each tree or any known familial relationships, would be helpful in
improving the accuracy and extent of pedigree restoration.

We have proved that, by using a high number of single-nucleotide markers, it is
possible to predict pedigrees from cork oak trees from a natural cork oak stand resulting
only from natural regeneration over a period of 100 years. Knowing only the georeference
from each tree and their respective genotypes, it was possible to predict and identify several
kinship relationships for small families. The high number of relationships found for each
individual is a balance of tree age, reproductive stag and seed production (thousands of
seeds by tree). However, in cork oak, natural regeneration is rare [1]. Seedling establishment
is deficient and tree recruitment is often not sufficient to compensate for natural or induced
mortality [36,37], being a major concern for forest management and cork producers.

Cork oak stand management based on the species genetic variability assumes particu-
lar importance due to the economic impact of the reduction in cork production by cork oak
trees. Pedigree reconstruction in cork oak stands may be seen as a new tool contributing
to the improvement of knowledge in this field. However, additional research is needed in
order to assess its feasibility for cork oak species.

Another potential application of pedigree reconstruction using genome span molecular
markers is the breed without breeding approaches. These approaches for cork oak may take
advantage of wind pollination systems that minimize full-siblings crossing, the absence
of self-pollination, natural progeny estimation and genetic evaluation at the landscape
level, emphasizing adaptive traits and their respective interaction with environmental
conditions. Molecular markers data may be complemented by phenotype characteristics
and tested with performance prediction models. Lstibůrek [38] concluded that breed
without breeding strategies provides an effective and economically feasible method to
breed outcrossing forest tree species. We, therefore, forecast the utility of these methods for
cork oak stand management and future breeding and conservation based on molecular-
based pedigree reconstruction.
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