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Abstract A set of 493 old and local Spanish accessions of
apple (Malus x domestica Borkh) maintained at three collec-
tions in Northeastern Spain was studied using 16 simple
sequence repeats in order to estimate their genetic diversity
and to identify the genetic structure and relationships among
their accessions. An additional diverse set of 45 apple culti-
vars, including old Spanish and international cultivars, was
added as reference. Genetic analyses performed by Bayesian
model-based clustering revealed a very strong differentiation
of two major groups. The first one clustered 159 individuals
(52 % of unique genotypes) including local accessions and six
old Spanish cultivars. The second major group was formed by
145 individuals, including 38 international reference cultivars
and one old Spanish cultivar. Nested Bayesian clustering was
applied to those two groups and two and four sub-groups were
found at each one, respectively. The identification of private
and unique alleles, and the remarkable differences in allelic
richness among groups and sub-groups constitute further ev-
idence of a clear genetic structure. The results obtained
through the factorial correspondence and analyses of molecu-
lar variance confirmed those obtained by Bayesian analyses,
revealing moderate but significant differentiation among the
two major groups (FST00.076) and the six sub-groups (FST0
0.111). Our results highlight that the genetic diversity encom-
passed by currently cultivated apple accounts only for a small

fraction of that existing within the species, and that an impor-
tant part (≈60 %) of the local material analyzed constitutes a
good example of genetic distinctness with respect to the main
cultivars used in European orchards.

Keywords Malus x domestica . SSR . diversity . genetic
structure . Northeastern Spain

Introduction

Cultivated apple (Malus x domesticaBorkh.) is one of the most
important fruit crops grown in temperate zones worldwide
(Janick and Moore 1996) and the most important fruit crop of
the Rosaceae family in the world (Food and Agriculture Orga-
nization of the United Nations 2011) and also in Spain. The
genetic base of the domesticated apple has been eroded dra-
matically in the last centuries (Hokanson et al. 2001), as most
cultivars bred during the twentieth century were obtained from
a reduced number of progenitor lineages and, therefore, share a
high degree of identity (Noiton and Alspach 1996). The nar-
rowness of this genetic base has been further eroded since
nowadays, despite apple production areas being widespread
geographically, production is based on a reduced number of
cultivars. This trend toward genetic uniformity in commercial
apple orchards has been further accentuated by the release of
additional mutants of popular cultivars (Brooks and Olmo
1991, 1994). “Golden Delicious”, “Gala”, “Red Delicious”,
and “Idared” cultivars and their mutants account for 48 % of
the European Union production in 2010 and for 85 % of the
Spanish production (World Apple and Pear Association 2010).
As a consequence, many of the traditional or locally well-
adapted cultivars have been considered obsolete and replaced,
leading to a dramatic loss of genetic diversity.

The recognition of the need for the collection and preser-
vation of endangered fruit germplasm has encouraged the
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establishment of genetic resource conservation programs. In
Spain, there are currently seven apple collections integrated in
the Network of Collections of the National Program of Plant
Genetic Resources (INIA 2011). Since collection holders in
the country operated relatively independently from each other,
the diversity conserved on these collections at the supra-
collection level is largely unknown. In order to achieve a more
accurate knowledge of apple genetic resources conserved in
Northeastern Spain, three collections, namely those at Public
University of Navarra (UPNA, Pamplona), University of
Lleida (UdL, Lleida), and Estación Experimental Aula Dei-
CSIC (EEAD-CSIC, Zaragoza), have been established during
the last years’ several coordinated actions. These collabora-
tions have already helped to establish standardized methodol-
ogies to undertake the process of morpho-agronomic and
molecular characterization (Urrestarazu et al. 2010, 2011).

Within apple collections, microsatellite markers have
been favored over others to establish unique genetic identi-
ties or fingerprints and to assess genetic diversity (Garkava-
Gustavsson et al. 2008; Gharghani et al. 2009; Gianfranceschi
et al. 1998; Guarino et al. 2006; Guilford et al. 1997;
Hokanson et al. 1998; Liebhard et al. 2002; Pereira-Lorenzo
et al. 2007) due to their high polymorphism level, reproduc-
ibility, and relative ease of analysis (Schlötterer 2004). As a
great number of simple sequence repeat (SSR) are available, it
was very common that each institution used different sets of
markers to characterize their accessions, whichmakes difficult
to compare and evaluate the diversity among collections. For
that reason, the European Cooperative Programme
for Plant Genetic Resources (ECPGR) has published
several lists of recommended markers (Evans et al.
2007; Laurens et al. 2004). Those lists have been mod-
ified over the years, as more information about polymor-
phism and linkage was available (Kenis and Keulemans 2005;
Silfverberg-Dilworth et al. 2006; Velasco et al. 2010).
Nowadays, the ECPGR list includes 17 SSRs that span most
of the apple genome (Evans et al. 2007), and have been tested
on a set of standard Malus accessions.

Moreover, the characterization of accessions using a com-
mon set of SSRs also allows clarifying the genetic relationships
between them, which permits an improved management of
genetic resources. Bayesian inference has been proposed in
the last years as a suitable tool to analyze population structure
(Pritchard et al. 2000) and it is widely used in conservation
biology to quantify relationships and differences among pop-
ulations and to detect hybridization (Breton et al. 2008). This
method reveals introgression even if the parental populations
cannot be sampled and it can assign individuals to populations
without requiring previous information (Iketani et al. 2010).
Therefore, it is an effective method to analyze human-
disturbed materials (e.g. cultivars), since the assemblage of
these materials cannot be strictly regarded as biological pop-
ulations even if collected within a small area. As a

consequence, Bayesian inference has become a powerful tool
to assess the genetic structure in tree species such as pear
(Ferreira dos Santos et al. 2011; Iketani et al. 2010; Miranda
et al. 2010; Volk et al. 2006), plum (Horvath et al. 2011), sweet
cherry (Mariette et al. 2010), olive (Breton et al. 2008; Erre
et al. 2010) and chestnut (Pereira-Lorenzo et al. 2010). In
apple, it has been mainly used to reveal genetic structure and
relationships in wild Malus species such as Malus sieversii
(Richards et al. 2009), Malus orientalis (Volk et al. 2009) and
Malus sylvestris (Coart et al. 2003; Larsen et al. 2006), but
studies evaluating structure within cultivated apple material
remain scarce (Pereira-Lorenzo et al. 2008).

The present study aims to determine the genetic identity
of the Malus accessions curated at three Northeastern Span-
ish collections, to identify their genetic structure, and to
establish the relationships among these accessions and a
diverse set of international reference cultivars.

Material and methods

Plant material

A total of 493 accessions maintained at the Germplasm Banks
of UPNA (322 accessions), UdL (104 accessions), and
EEAD-CSIC (67 accessions) in Northeastern Spain were used
in this study (Electronic supplementary material (ESM) 1 and
2). The three collections are composed of old and local apple
cultivars, prospected from singular trees that, at the moment of
their collection, were actively cultivated (in backyards or
small farms) or abandoned old trees. When an accession was
prospected at an abandoned spot and its local denomination
could not be learnt, it was named after the village where it was
collected (indicated by italics in ESM 1). The accessions
maintained in the collections were gathered after several in-
ventory and collection missions at 22 Spanish provinces,
mainly in the Northeastern part of the country (Navarre,
Basque Country, La Rioja, Aragon, and Catalonia regions).
In addition, 45 reference cultivars were included in this study
(Table 1). Several kinds of references were included: well-
known old Spanish cultivars, international cultivars intro-
duced, and cultivated at least to some extent in Spain since
the 1950s, and international cultivars (modern and old) widely
diverse in terms of origin and parentage.

SSR analysis

Newly expanded leaves of each accession were collected,
inmediately frozen in liquid nitrogen and stored at −80°C
until further processing. Leaf samples were ground to a fine
powder using liquid nitrogen and tungsten beads in a micro-
dismembrator (B. Braun Biotech International, Melsungen,
Germany). Genomic DNA was isolated from 50 mg of this
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fine powder with Qiagen Dneasy Plant Mini kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions.
DNA concentration of each sample was determined using a

NanoDrop 2000 (Thermo Fischer Scientific, Wilmington, DE,
USA), and DNA working dilutions of each sample were ad-
justed to 5 ng μl−1.

Table 1 Apple cultivars
used as reference in this
study, indicating reported
parentage and group placement
by Structure analysis

aOS Old Spanish cultivar, OI In-
ternational cultivars grown in
Spain since at least 1950s, MI
modern international cultivars
bGroup assignment by Structure
analysis, cultivars in bold have
qI>0.8 to the assigned group

N Cultivar name Typea Reported parentage Groupb

1 Esperiega OS Unknown 1.1

2 Manyaga OS Unknown 1.1

3 Verde Doncella OS Unknown 1.1

4 Ortell OS Unknown 1.1

5 Camuesa OS Unknown 1.1

6 Geza Miña OS Unknown 1.2

7 Democrat MI Hoover×Unknown 2.1

8 Cox’s Orange Pippin OI Ribston Pippin seedling 2.1

9 JerseyMac MI NJ24×July Red 2.1

10 Rome Beauty OI Unknown 2.2

11 Delcon MI Delicious×Jonathan×Ben Davis 2.2

12 Fuji MI Ralls Janet×Delicious 2.2

13 Fukutami MI Jonathan×Ralls Janet 2.2

14 Gloster MI Weisser Winterglockenapfel×Delicious 2.2

15 Jonadel MI Jonathan×Delicious 2.2

16 Jonathan OI Unknown 2.2

17 Melrose MI Jonathan×Delicious 2.2

18 Red Delicious OI Unknown 2.2

19 Reinette Blanche OI Unknown 2.2

20 Stayman Winesap OI Unknown 2.2

21 Turley Winesap MI Stayman Winesap OP 2.2

22 Bost Kantoi OS Unknown 2.2

23 Florina MI PRI 612-1×Jonathan 2.2

24 Akane MI Jonathan×Worcester Pearmain 2.2

25 Granny Smith MI Unknown 2.2

26 Idared MI Jonathan×Wagenerapfel 2.2

27 Kidd’s Orange Red MI Delicious×Cox’s Orange Pippin 2.2

28 Reine des Reinettes OI Unknown 2.2

29 Spartan MI McIntosh×Newtown Pippin 2.2

30 Golden Delicious OI Unknown 2.3

31 Charden MI Golden Delicious×Reinette Clochard 2.3

32 Delbard Estivale MI Golden Delicious cross 2.3

33 Freyberg MI Golden Delicious×Cox’s Orange Pippin 2.3

34 Gala MI Kidd’s Orange Red×Golden Delicious 2.3

35 Golden Supreme MI Chance seedling of G. Delicious 2.3

36 Kinsei MI Golden Delicious×Ralls Janet 2.3

37 Mutsu MI Golden Delicious×Indo 2.3

38 Ozark Gold MI A1291×Golden Delicious 2.3

39 Telamon MI Wijcik×Golden Delicious 2.3

40 Trajan MI Golden Delicious×Wijcik 2.3

41 Tuscan MI Wijcik×Greensleeves 2.3

42 Red Boskoop MI Unknown 2.4

43 Gravenstein MI Unknown 2.4

44 McIntosh OI Unknown 2.4

45 Prima MI PRI 14-510×N.J. 123249 2.U
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A set of 17 microsatellites (Guilford et al. 1997; Hokanson
et al. 1998; Liebhard et al. 2002; Silfverberg-Dilworth et al.
2006) was used (Table 2). Sixteen out of the 17 SSR markers
are included in the list proposed by the ECPGR group (Evans
et al. 2007), whereas the remaining one (CH01h02) was
included as it has been successfully employed before by our
team (Santesteban et al. 2009; Urrestarazu et al. 2010,
2011). Each marker belongs to one of the 17 different
linkage groups that exist in the apple genome, which
ensures independence among loci. The forward primers
were labeled with 6-FAM,VIC, NED, or PET fluorescent dye,
and three multiplex PCRs, denoted as A, B, and C, were
designed (Table 2).

Polymerase chain reactions (PCR) for the three multiplex
PCRs were performed in a final volume of 10 μL using 10 ng
of DNA template, 0.10 μM of each primer, except for
CH02c11 and CH02c06 for which 0.15 and 0.40 μM were
used, respectively, and 1× PCR Master mix of QIAGEN kit
multiplex PCR (Qiagen, Hilden, Germany). The PCR reac-
tions were carried out in a thermal cycler (model 2720; Ap-
plied Biosystems, Foster City, CA, USA) with the following
temperature profile for multiplexes A and B: an initial dena-
turation step at 95°C for 15 min, followed by five touchdown
cycles at 95°C for 30 s, 65–1°C/cycle for 1 min and 72°C for
1 min, followed by 30 cycles at 95°C for 30 s, 60°C for 1 min,
72°C for 1 min and a final step at 72°C for 30 min. Multiplex
C was slightly modified, as touchdown cycle number was
raised to seven, and annealing temperature for the last 30
cycles was 58°C instead of 60°C. The PCR products were
diluted in 120 μL H2O and then 1 μL (diluted PCR products)
was mixed with 10 μL Hi-di Formamide (Applied Biosys-
tems, Foster City, CA, USA) and 0.5 μL 500-LIZ size stan-
dard (Applied Biosystems, Foster City, CA, USA). The
fragment analyses were performed on a ABI PRISM 3730
sequencer (Applied Biosystems, Foster City, CA, USA) and
PCR products analyzed and sized with Peak Scanner Software
ver. 1.0 (Applied Biosystems, Foster City, CA, USA)

Diversity analysis

Genotypes were checked for the presence of null alleles, using
Micro-checker ver. 2.2.3 software (van Oosterhout et al.
2004). The number of alleles per locus (A), the number of
rare alleles per locus (B, number of alleles with frequency
<0.05), the observed (Ho) and expected heterozygosity (Nei’s
diversity, hereafterHe) and the number of unique alleles (those
present in only one accession) were calculated with the SPA-
GeDi ver. 1.3 software (Hardy and Vekemans 2002). The

effective number of alleles was calculated as Ae ¼
P

p2i
� ��1

(Morgante et al. 1994), where pi represents the frequency
of the ith allele. The discrimination power was calculated as
PD ¼ 1�P

p2i (Tessier et al. 1999), where pi represents the

frequency of the ith genotype. To determine the genetic
uniqueness of each accession, and to quantify redundan-
cy, the multilocus DNA profile of all the accessions was
compared pairwise. Redundancy was determined as the
proportion of distinguishable genotypes (Ellstrand and
Roose 1987). We also calculated the percentage of gen-
otypes related by hybridization, considering as such
those sharing at least one allele at each locus, and the
percentage that could be related by mutation, considering
as such those that only differed in one allele, as proposed
in Boccacci et al. (2006) and Pereira-Lorenzo et al.
(2011).

Analysis of genetic structure

In order to investigate the population structure and to assign
individuals to populations based on the SSR genotypes, we
used the Bayesian model-based clustering procedure imple-
mented in Structure ver. 2.2.3 (Pritchard et al. 2000), as this
software allows performing inference of genetic structure in
datasets that include several levels of ploidy. In this study,
diploid and triploid material was present and, for the latter,
we observed individuals with one, two, or three alleles at
each loci. If two alleles are observed at a locus in a triploid
individual, either of them may be represented by two allele
copies, creating ambiguity. Structure ver. 2.2.3 implements
an algorithm that generates appropiate genotypes given both
this ambiguity and the one caused by null alleles (Falush
et al. 2007). To do so, we used the recessive allele approach
(Pritchard et al. 2000), encoding all the individuals as formal
triploids: in diploids, the third absent allele was assigned as
missing data (−9), whereas in triploids, if needed, one of the
alleles detected was duplicated until the declared ploidy was
met (Stöck et al. 2010). The tests were done based on an
admixture model where the allelic frequencies were corre-
lated and a burn-in period of 200,000 and 500,000 iterations
for data collection was applied. The analysis was run for K
values ranging from two to 10 inferred clusters with 10
independent runs each. In order to assess the best K value
supported by the data, we used theΔK method described by
Evanno et al. (2005) through Structure harvester ver. 0.6.1
application (Earl 2011) to examine the rate of change in
successive posterior probabilities over the range of K values.
When the results suggested that the K groups could be
further structured in sub-groups, a second-level (nested)
Structure analysis was performed individually for each K
group (Jacobs et al. 2011; Jing et al. 2010). Genotypes were
assigned to the group (or sub-group) for whom they had the
highest membership coefficient, considering strong affinity
when the assignation probability (qI) was ≥0.80 (Breton
et al. 2008; Miranda et al. 2010; Pereira-Lorenzo et al.
2010). Modal assignment across all replicate runs was used
to determine the final placement of a genotype in a group or
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sub-group. The results were displayed graphically in a bar-
plot using Distruct (Rosenberg 2004).

The genetic discrimination in groups and sub-groups found
using Structure was confirmed with multivariate analysis
(FCA) and analyses of molecular variance (AMOVA). FCA
analyses were performed on the diploid material using the
“AFC sur populations” module of Genetix 4.05 software
(Belkhir et al. 1996–2004) for which rare alleles (frequency
<2 %) were removed and considered as missing data, as
they may bias analyses (Breton et al. 2008). Finally, to validate
the genetic variation between the groups and sub-groups de-
fined by Structure, AMOVA analyses were performed by Gen-
odive (Meirmans and van Tienderen 2004). Descriptive
statistics, including variation between groups or sub-groups
(FST) and diversity within sub-groups including He, number
of polymorphic alleles, and number of private alleles (those
present only in one sub-group) were estimated using Genodive
(Meirmans and van Tienderen 2004) Additionally, the allelic
richness (El Mousadik and Petit 1996) was estimated for the
diploid material using FSTAT (Goudet 1995).

Results

SSR polymorphism

All the loci amplified in this study were polymorphic. Due to
the absence of amplification product, insufficient fluorescence
signal, or unreliable microsatellite profiles when NZ05g08
was used, we decided to remove it from the analyses. Fourteen
of the remaining 16 primers (Table 2) had single-locus ampli-
fications, whereas CH01h02 and CH02c11 amplified two loci,
as reported in Guarino et al. (2006) and in Garkava-
Gustavsson et al. (2008). For both markers, amplification
was only considered for the main locus described in Liebhard
et al. (2002) discarding the remaining loci. For CH01h02, the
secondary locus discarded was much less polymorphic,
whereas in CH01c11 the secondary locus was monomorphic.
A preliminary analysis with Micro-Checker detected devia-
tions due to null alleles for three loci (Hi02c07, CH04f10, and
CH01h01).

The 16 SSR loci amplified a total of 267 alleles (Table 3) in
the 538 apple cultivars analyzed (493 local accessions and 45
reference cultivars), varying from 12 (CH01h02 and GD12) to
30 (CH04f10) alleles per locus. The set of local accessions
presented all the amplified alleles, whereas in reference culti-
vars only 56 % (149 alleles) of them were found. The mean
number of alleles per locus was 16.69, and the average effec-
tive number of alleles was 6.69, ranging from 2.24 (Hi02c07)
to 11.04 (CH04f10). We identified a total of 168 rare alleles
out of which 32 were present in only one accession (unique
alleles), which seems to indicate a substantial level of diversity
not previously used for breeding. All accessions, except Negu

Sagarra (BMN0013) had any of those rare alleles. Those
levels or polymorphism are similar to those reported by van
Treuren et al. (2010) for a comparable number of accessions
(695) curated at eight Dutch collections.

In total, 73 of the 304 genotypes identified in this study
(24%) were found to be triploids. This percentage was slightly
lower than that found for local apple cultivars in Northwestern
Spain (29 %) (Ramos-Cabrer et al. 2007). CH02c06 and
CH03d07 had the highest number of genotypes with three
alleles with 46 and 43 individuals, respectively, whereas
CH01h02 and Hi02c07 detected a third allele in only 11 and
13 individuals, respectively. We found 61 genotypes with three
alleles in more than one locus, and the remaining genotypes
presented only one locus with a third allele. We checked and
confirmed that the third allele also existed in other diploid or
triploid accessions.

Genetic diversity

He summarizes the fundamental genetic variation of a popu-
lation or species for a single parameter (Berg and Hamrick
1997) and, for this reason, it is a commonly used parameter
that allows comparison with the literature. The estimate of
genetic diversity in local cultivars of this study (0.82), calcu-
lated by gene diversity (He), was in agreement with the level
of polymorphism reported for local apple cultivars in North-
western Spain (0.80; Pereira-Lorenzo et al. 2007) and it is
slightly higher than that obtained for a reduced set of Spanish
apple cultivars from different geographical origins (0.73;
Pereira-Lorenzo et al. 2008) or than those reported for Italian,
Swedish, and Bosnian material (Garkava-Gustavsson et al.
2008; Gasi et al. 2010; Guarino et al. 2006).

The inbreeding coefficient FIS ranged from 0.399
(CH04f10) to −0.055 (CH01h10) in the overall set, with
an average value of 0.043 for all loci (Table 3). Non-
significant and negative values were obtained for most loci,
which indicates a similar contribution of mutation and migra-
tion to genetic variation in the material. The average FIS was
also quite low (0.045, P<0.001) for the set of local cultivars,
suggesting no loss of heterozygosity among the accessions
analyzed. It is noteworthy that high FIS values often result from
the presence of null alleles (Bruford et al. 1998), which were
only detected in three loci. The FIS values (Table 3) were closer
to those reported by Pereira-Lorenzo et al. (2007; −0.088) and
Gasi et al. (2010; 0.023) inMalus x domestica germplasm than
to those reported for wildMalus (Coart et al. 2003; Gharghani
et al. 2009; Richards et al. 2009).

Cultivar identification

Comparison of SSR profiles revealed 85 groups of geno-
types that had the same SSR profile (marker duplicates).
The size of those groups varied from two to 28 genotypes,
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and involved 319 accessions as a whole (Table 4). Therefore,
234 accessions were identified as duplicates and appeared
within and among collections. Some duplicates were expected,
as the accessions received very similar or identical denomina-
tions (e.g. the identity groups with “Pero”, “Ortell”, and “Verde
Doncella”). However, most groups of duplicates comprised
accessions that have different names (or whose name is un-
known) and also different geographical origin, suggesting that
those plants have been spread through grafting. Most of the
234 accessions with a duplicate SSR profile (172) were genet-
ically identical to other local accessions, whereas only 62
(27 %) were genetically identical to 13 of the references. As
expected, the reference cultivars for which SSR identities were
found were almost exclusively old Spanish cultivars (“Verde
Doncella”, “Manyaga”, “Camuesa”, “Ortell”, and “Bost
Kantoi”) or international cultivars introduced in Spain long
ago (“Reinette Blanche”, “Reine des Reinettes”, “Rome Beau-
ty”, “Red Delicious”, “Stayman”, “McIntosh”, and “Golden
Delicious”). One accession (Isovol-1) had identical marker
profile to “Gala”, a cultivar introduced in Spain in the 1980s
[its identity was phenotypically confirmed (V. Urbina, personal
communication)]. The 234 genotypes that were identified as
SSR duplicates were not further considered for the analysis of
genetic diversity, which was therefore restricted to the remain-
ing 304 (259 local accessions and the 45 reference cultivars).

Within the 304 unique genotypes, small profile differences
involving a single allele were found among 16 accessions
(Table 5). These minor differences can be due to spontaneous
somatic mutations that are known to occur in long-lived trees
propagated by grafting (Weissinger 1985). Additionally, 23
pairs of cultivars shared at least one allele per locus (ESM 3),
suggesting possible relationships through hybridization. In
most cases, those relationships involved only local accessions,
but two accessions collected in the province of Lleida
(MRFL101 and MRFL103) shared alleles with “Rome Beau-
ty”, a cultivar that in the past was quite relevant in that region
(Itoiz 2000) and a third accession (MRFL100) could be related
to “Golden Delicious”. Six of those 23 pairs were composed
by a diploid and a triploid accession, and the triploid accession
of each pair presented the same genotype of the diploid plus an
extra allele in two to 12 loci (ESM 3). The triploid accessions
might be the result from the fertilization of an unreduced
diploid egg cell (the diploid identified accession) by 1× pollen
which carries an allele different to the other two (Einset 1948;
Einset 1952; Janick and Moore 1996).

Genetic structure and differentiation

The 304 unique genotypes were analyzed using Structure, and
the analysis of the rate of change ΔK over the range of K
values (Fig. 1a) showed a clear maximum for K02 (ΔK0
1,265.6). Higher K values did not show secondary peaks, as
ΔK varied from 0.1 to 48.4. This partitioning level corresponds

to a very strong differentiation in two major groups, one
clustering 159 genotypes (G1) and a second one with 145
(G2). However, the exploration of the results obtained with
Structure suggested that the two major groups G1 and G2
could be sub-structured; as for K values higher than 2, the
proportion of genotypes assigned to each population was not
symmetric, and many accessions were strongly assigned to one
population or another, which are both considered strong indi-
cations that a real population structure exists (Pritchard et al.
2000). Therefore, each of the two major groups was submitted
separately to further Structure analysis (Fig. 2). The analysis of
the relationships betweenK andΔK for G1 suggested possible
K values at K02 and K04 (Fig. 1b), and similar results were
observed for G2 (Fig. 1c). To assess the robustness of the sub-
divisions obtained at K02 and K04, simulations for each K
valuewere examined for internal consistency between runs and
the percentage of accessions that was assigned unambiguously
(qI>0.8) to each sub-group was accounted. In G1, the assign-
ment of the genotypes to the sub-groups was well correlated
among runs (r>0.95) for both K values, but while for K02 ca.
80 % accessions showed strong affinity to the sub-groups, less
than half had strong affinity for K04, so K02 was selected as
most suitable. For G2, the assignment of genotypes was well
correlated among runs for both K values, but higher overall
affinity was found for K04 (mean qIK0200.70, mean qIk040
0.78), thus we adopted K04 as number of sub-groups for G2.
The final six sub-groups considered in this study (G1.1, G1.2,
G2.1, G2.2, G2.3, and G2.4) are shown in Fig. 2, together with
the location of the reference cultivars at each sub-group.
The sub-group each accession was assigned to is indicated in
ESM 1. The affinity of most individuals (70 %) to their
assigned sub-groups was unambiguous, whereas for the
remaining 96 individuals with lower affinities, their placement
in a sub-group results from consistent assignments among runs.

The first partition of genetic variation in two strongly dif-
ferentiated groups (G1 and G2) clustered most old Spanish
references (all but “Bost Kantoi”) with 153 of the accessions,
while the 38 international references (and “Bost Kantoi”) were
grouped with the remaining 106 accessions (Fig. 2). The
examination of the sub-groups shows that those two formed
within G1 (G1.1 and G1.2) had similar size, and ≈80 %
genotypes at each one had strong affinity to the sub-group.
G1.1 included the reference cultivars “Esperiega”, “Manyaga”,
“Verde Doncella”, “Ortell”, and “Camuesa” (all with strong
affinity), while “Geza Miña” was strongly assigned to G1.2.
The second major group had two pairs of sub-groups of similar
size, and varied proportions of genotypes with strong assigna-
tion probability. The smallest groups were G2.1 (23 geno-
types), which included “Democrat”, “JerseyMac”, and
“Cox’s Orange Pippin”, and G2.3, with 22 genotypes distrib-
uted evenly among accessions and all the references related
with “Golden Delicious” and “Wijcik”. The latter sub-group
had only three strongly assigned genotypes (“Golden
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Delicious”, “Charden”, and Montcada-3) and the rest of
the genotypes assigned to this sub-group had qI>0.65.
G2.4 was the sub-group that included a highest proportion of
accessions (92 %), and also the highest proportion of strongly
assigned genotypes (70 %). Three references, namely the old
international cultivars “Red Boskoop”, “Gravenstein”, and
“McIntosh”, were included here. Finally, the sub-group G2.2
included the 20 of the remaining 21 references and 29 acces-
sions. Three genotypes clustered in G2 (Bossost-4 and Santia-
guera and the scab-resistant reference cultivar “Prima”) could
not be consistently assigned to any sub-group, as their qI
was ≈0.3 for G2.1, G2.3, and G2.4. “Prima” is a cultivar
obtained by multiple crosses including Malus floribunda 821,
“Golden Delicious”, and “Rome Beauty”, among others

(Dayton et al. 1970), and this multiple origin could explain it
admixes to different sub-groups.

Based on AMOVA analysis, significant variance differ-
ences were also found among the six sub-groups previously
identified by the nested-Bayesian clustering (Table 6).
Genetic differentiation among sub-groups accounted for
11.1 % of the variation (14.6 % when AMOVA was per-
formed for genotypes with strong affinity to a sub-group).
The overall FST value of 0.111 suggested a moderate but
highly significant (P<0.001) differentiation between sub-
groups. This value was higher than that obtained when the
differentiation between major groups (G1 and G2) was
considered (FST00.076, P<0.001). The genetic differentia-
tion between the four sub-groups defined by the nested

Fig. 1 Exploration of K value for Structure analysis of apple germplasm
by estimates of the rate of change of the slope of the log likehood curve
(ΔK) calculated according to Evanno et al. (2005) plotted against K. a

Plot for the analysis on the 304 unique genotypes giving a robust ΔK
maximum at K02 and two groups (G1 and G2). b Plot for the sub-
structure analysis for G1 and c plot for the sub-structure analysis of G2

Fig. 2 Substructuring of K02 Structure groups and placement of
reference cultivars. a Nested Structure analysis for the first group
(G1) identified by the average of 10 independent simulations with K
value of 2. b and d Placement of the reference cultivars according to
the key below. c Nested Structure analysis for the second group (G2)

identified by the average of 10 independent simulations with K value
of 4. Genotypes in G2 that could not be consistently assigned to any
sub-group are labeled as G2.U. Genotypes have been placed in order
according to their average representation within the sub-group
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Structure analysis for G2 was much higher (FST00.115,
P<0.001) than that obtained between the two sub-groups in
G1 (FST00.045, P<0.001). Genetic discrimination between
sub-groups was also confirmed through FCA analysis, as the
six sub-groups could be easily differentiated along the three
axes of the FCA graphic (Fig. 3). The sub-groups formed
exclusively by local and old Spanish material were placed in
the negative zone of the first axis, whereas the rest were placed
in the positive region.

Genetic diversity indexes were calculated for the Structure
sub-groups (Table 7).He varied from 0.72 to 0.81, revealing a
high proportion of heterozygous individuals in the six sub-
groups. The proportion of alleles represented in each sub-
group varied from 44 % (G2.3) to 81 % (G1.1). All sub-
groups had at least two private alleles (i.e. present in only
one sub-group), but they were mostly concentrated in G1.1
and G2.4. Moreover, most of the private alleles were also
unique, as they were present in only one accession. Since
the larger genetic diversity found at the larger sub-groups
could be due partially to their size, we calculated their allelic
richness (El Mousadik and Petit 1996) to properly compare
the allelic diversity of the sub-groups, as this rarefaction
method performs scaling down to the smallest group (N022
in this study) to compensate differences in size. The higher
allelic richness values observed for sub-groups G1.1 and
G2.4, and the smaller one of G2.3 confirmed their diversity
(Table 7).

In order to test the correspondence between the geo-
graphic origin of the accessions and their placement in the
six sub-groups revealed in this study, the accessions, col-
lected throughout 11 autonomous communities (the first
level of administrative division in Spain), were grouped into
three greater regions defined by proximity and traditional
agricultural relations between them: Northwestern Spain
(NW), and two regions in Northeastern Spain (NE-1 and
NE-2). NW region included the few unique accessions that
had been collected in Galicia, Asturias, Cantabria, and Cas-
tilla y Leon, NE-1 those collected in Navarre, Basque

Country, and La Rioja, and, NE-2 region included those
from Aragon, Catalonia, Valencia, and Balearic Islands.

Table 6 Analysis of molecular
variance (AMOVA) based on the
16 SSR loci of 304 Spanish
apple accessions and reference
cultivars corresponding to the
groups and sub-groups defined
by Structure analysis

adf degrees of freedom
bW within populations
cA among populations

Populations All genotypes Genotypes with qI >0.8

dfa Variance
components (%)

df Variance
components (%)

Wb Ac W A p value W A W A p value

2, Acessions and references 225 1 94.6 6.0 0.001

2, Major groups G1 and G2 225 1 92.4 7.6 0.001 159 1 88.4 11.6 0.001

2, Sub-groups of G1 118 1 95.7 4.3 0.001 93 1 93.7 6.3 0.001

2, Sub-groups of G2 105 1 92.3 7.3 0.001 59 1 83.3 16.7 0.001

4, Sub-groups of G1 116 3 92.6 7.4 0.001 53 3 86.7 13.3 0.001

4, Sub-groups of G2 103 3 88.5 11.5 0.001 47 3 83.0 17.0 0.001

6, Sub-groups of G1 and G2 221 5 88.9 11.1 0.001 119 5 85.4 14.6 0.001

Fig. 3 a Factorial correspondence analysis (FCA) based on polymor-
phism at 16 SSR loci for 231 diploid genotypes (194 accessions and 37
reference cultivars). Accession color reflects the consistent assignment
using Bayesian analysis to the sub-groups defined in Fig 2. b Close-up
of the FCA for the diploid genotypes included in Bayesian sub-groups
G2.2 and G2.4 defined in Fig. 2
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Although there was not a straightforward correspondence
between the geographic origin of the accessions and their
clustering, some trends can be pointed out (Table 8). The
accessions collected in NW region clustered mostly in G1,
evenly distributed between its two sub-groups. The NE-1
and NE-2 regions were represented in all sub-groups, but in
different proportions: the accessions from the NE-2 region
were particularly frequent on sub-groups G1.1 and G2.3,
whereas the accessions from the NE-1 region were the
commonest (>75 %) in sub-groups G1.2, G2.1, and G2.4.

Discussion

SSR characterization

Reliable genetic markers are essential for efficient differenti-
ation of cultivars and to establish the genetic relationships
among them. All SSR loci analyzed in this study displayed a
high degree of polymorphism with 12–30 alleles per locus.
The overall allelic diversity showed by the set of 16 SSR used
reveals a high genetic variation in the apple germplasm eval-
uated. When compared to other wide scale studies of apple
genetic diversity, our average number of alleles per locus
(16.69) was similar to that reported (18.50) by van Treuren
et al. (2010) in their analysis of 695 local genotypes from
several Dutch collections, and higher than the one obtained
(12.30) by Pereira-Lorenzo et al. (2007) and Gharghani et al.
(2009) who studied both pools of ≈100 local and commercial
genotypes. Those levels or polymorphism reveal a high ge-
netic diversity in the studied apple germplasm, in agreement to
the level of polymorphism reported by van Treuren et al.
(2010) and by Pereira-Lorenzo et al. (2007). Besides, diversity
levels were slightly higher than those reported for Italian,

Swedish, and Bosnian material (Garkava-Gustavsson et al.
2008; Gasi et al. 2010; Guarino et al. 2006).

Collection management

Based on the level of variation observed in the study, the
estimated probability of observing identical multilocus SSR
profiles by chance was 1.61×10−17, indicating a high resolu-
tion potential of the marker set we used. Consequently, those
accessions with identical SSR profiles may be considered
duplicates in terms of collection management. As a whole,
the potential redundancy found among the accessions curated
in the three collections (Pamplona, Zaragoza, and Lleida) was
around 47 % due, in a similar proportion, to duplications
within and among collections. This value is similar to that
reported for other apple or pear collections (Bassil et al. 2008;
Pereira-Lorenzo et al. 2008; Ferreira dos Santos et al. 2011),
and much higher than the 32 % of redundancy reported for
eight apple collections in the Netherlands (van Treuren et al.
2010) which, nevertheless, could have been underestimated as
only one of their collections was fully analyzed. Despite the
overlap between our collections, they were ≈50 % unique.

High levels of duplication within a collection must be
avoided due to the high maintenance cost of field collections
(Hokanson et al. 1998), but a certain level of duplication
provides a safety backup system. The SSR profiles obtained
in this study, along with morpho-agronomic evaluation (in
progress) will be used to critically re-examine the composition
of the collections and the possibility of removal of certain
accessions duplicated within collections. The results we
obtained constitute a good example on how cooperation
mechanisms among collections with coordinated actions can
improve collection management efficiency. Moreover, in our
case, the cooperation among Spanish apple collections has

Table 7 Descriptive information for each of the six sub-groups of genotypes identified by Structure analyses

Number of genotypes in the sub-group He Number of alleles Allelic richnessd

Sub-group Accessions Referencesa Genotypes with qI>0.8 Total Privateb Uniquec A AD

1.1 73 5 63 0.80 215 19 12 13.44 12.80 9.82

1.2 80 1 65 0.76 168 3 2 10.50 9.40 7.62

2.1 20 3 14 0.80 132 3 1 8.25 8.25 8.03

2.2 29 20 29 0.76 144 3 2 9.00 8.06 7.33

2.3 10 12 3 0.72 117 2 3 7.31 7.00 7.00

2.4 45 3 34 0.81 196 16 12 12.25 10.25 9.28

Summary statistics include the number of individuals in each sub-group, expected heterozygosity (He), total, private, unique, average number of
alleles (A) and average number of alleles in diploid genotypes (AD). Allelic richness is scaled to the smallest group (G2.3N022)
a See Table 2 for details
b Alleles detected only in that sub-group
c Alleles detected only in one accession
d Calculated for diploid genotypes only
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been recently increased through an R&D coordinated project
that currently involves seven apple collections (including the
three used in this study) integrated in the Network of Collec-
tions of the Spanish National Program of Plant Genetic
Resources. One of the objectives of this cooperation is the
joint determination of a core subset representative of the
diversity conserved at all those collections. A duplicate of this
core subset will be planted at each collection in order to
minimize the risk of losing diversity and, in a second stage,
it will serve to assess properly the stability of the phenotypes
under different sites.

Genetic structure and differentiation

Bayesian clustering analyses have proven to be powerful tools
to analyze the genetic structure in tree species such as pear
(Ferreira dos Santos et al. 2011; Iketani et al. 2010; Miranda
et al. 2010; Volk et al. 2006), plum (Horvath et al. 2011),
sweet cherry (Mariette et al. 2010), olive (Breton et al. 2008;
Erre et al. 2010) or chestnut (Pereira-Lorenzo et al. 2010). In
apple, it had been successfully used to reveal genetic structure
mainly in wild Malus species such as M. sieversii (Richards
et al. 2009), M. orientalis (Volk et al. 2009) and M. sylvestris
(Coart et al. 2003; Larsen et al. 2006).

Our study has revealed the existence of a clear structure,
not only among the cultivars (Spanish and international)
used as reference, but also within the local accessions cu-
rated in the three collections in Pamplona, Zaragoza, and
Lleida. To explore the genetic structure of cultivated apple
in Northeastern Spain, we used a hierarchical approach,

starting with a low, but very robust value (K02), which
reflects major division in apple germplasm. The clustering
of an important part of local accessions (around 60 %) by
Structure analysis in a separate gene pool (G1) independent
from the one containing international reference cultivars
(G2) may suggest the uniqueness of this local material.
The success of nested Bayesian study varied depending
upon the group analyzed, and its power became clear when
the sub-structuring of G1 was explored, a deep division
among local material within two robust sub-groups being
revealed. Though there was not a straightforward correspon-
dence between the geographic origin of the accessions and
their sub-group placement, which agrees to the traditional
exchanges of plant material through grafting in this area
(mainly at the Ebro Valley provinces), certain trends could
be observed, as the accessions from Aragon and Catalonia
were particularly frequent on sub-groups G1.1 and G2.3,
whereas G1.2, G2.1, and G2.4 were mainly (>75 %) com-
posed by accessions from Navarre and Basque Country
(Table 8). The sub-structure of G2 showed a considerably
larger differentiation among sub-groups than the observed
for G1 (Table 6) and it is coherent with the presence in this
group of the heterogeneous and very diverse group of ref-
erence international cultivars. The presence of local acces-
sions in G2 sub-groups could be partly explained by
possible incursions of foreign material into local germplasm,
resulting in new varieties by hybridization that could have
produced lineages that were subsequently propagated
through clones (Pereira-Lorenzo et al. 2010, 2011). In our
study, two accessions (MRFL101 and MRFL103) could be
derived from “Rome Beauty”, a cultivar that in the past was
quite relevant (Itoiz 2000) whereas MFRL100 could be
derived from “Golden Delicious”, a relatively widespread
cultivar in Spain since the 1950s. Several examples of
introgression had been previously detected in local Spanish
germplasm (Ramos-Cabrer et al. 2007).

The results obtained through the FCA and AMOVA
analyses, were coherent with those obtained by Structure
revealing moderate, but significant, differentiation among
the six sub-groups. The identification of private alleles and
remarkable differences in allelic richness among sub-groups
constitute further evidence of the genetic structure and of the
presence of unique material.

This large-scale comparison of local material from North-
eastern Spain with a high number of reference cultivars,
chosen to represent a wide range of genetic diversity, can
help us to better understand the genetic variation of tradi-
tional cultivars from this area and to make a finer delinea-
tion of this unique gene pool. Our results highlight the
relevance of autochthonous apple germplasm as a reservoir
of genetic diversity, the local material analyzed being a good
example of genetic distinctness with respect to the main
apple cultivars used in European orchards.

Table 8 Geographic origin of the unique local accessions clustered
within each sub-group determined by Structure analysis

Sub-group Region

NWa NE-1b NE-2c

1.1 7 28 38

1.2 6 69 6

2.1 2 15 3

2.2 – 19 10

2.3 – 3 7

2.4 2 34 8

Geographic regions were defined pooling (by proximity and traditional
agricultural relations between them) the Autonomous Communities (AC,
the first level of administrative division in Spain) in which accessions
were collected
a Accessions collected in the AC of Galicia, Asturias, Cantabria, and
Castilla y Leon
b Accessions collected in the AC of Navarre, Basque Country, and La
Rioja
c Accessions collected in the AC Aragon, Catalonia, Valencia, and
Balearic Islands
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