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Abstract
Carob (Ceratonia siliqua L.) is an important evergreen tree of the Mediterranean landscape. Its economic interest is increasing
thanks also to the presence, in the seeds, of the locust bean gum (LBG), a galactomannan largely used by the food industry as a
stabilizer and thickening agent. Its economic and ecological values make the understanding of carob genetic diversity of great
interest both for breeding and conservation purposes. The world’s largest carob germplasm collection was genotyped using both
eight carob-specific nuclear short sequence repeat (nSSR) and the sequencing of a chloroplast locus. The collection is composed
of 215 accessions introduced from 12 countries of origin spanning from traditional to novel areas of cultivation. To assess the
genetic diversity of the collection, several approaches were coupled: structure analysis, principal component analysis (PCA), and
graphic clustering either from dissimilarity data and coancestry data. Structure analysis suggested the presence of two distinct
genetic pools: one characterizing northeastern Spain and the second spread in other countries and southern Spain. The PCA and
discriminant analysis of principal component (DAPC) complemented the structure results allowing a better understanding of the
genetic differences between countries while the network-joining analysis provided additional insights on the similarity between
individuals. Short sequence repeat (SSR) data coupled with phenotypic data (floral sex and status) were also used to define the
first core collection of carobs. Multi-approach analysis of genetic diversity together with the definition of a core collection
represent useful tools for the setup of genetic-guided intervention both for conservation and breeding purposes.
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Introduction

Carob (Ceratonia siliqua L.) is a diploid species (2n = 24) that
belongs to the Fabaceae family, sub-family Caesalpinioideae
(Goldblatt 1981; Arista and Talavera 1990). Carob is an

evergreen, dioecious tree and it is a constituent of the
Mediterranean thermophilus woodlands vegetation (Zohary
2002). Carob is widespread in all Mediterranean countries in
different pedoclimatic environments, making this plant one of
the most characteristic of the coastal Mediterranean landscape
in which it is particularly common in marginal areas due to its
lower agronomic requirements compared to other fruit species
(Batlle and Tous 1997; Caruso et al. 2008a; Tous et al. 2013).

Ceratonia is one of the most archaic genera within the
Fabaceae family (Tucker 1992), its center of origin is still
debated varying from Turkey and Syria (Vavilov 1951) to
southern Arabia (Schweinfurth 1894) or Indo-Malesia
(Zohary 1973). Written records related to carob cultivation
can be found in the Mishnah (first century BCE–second cen-
tury CE) and the Talmud (third–fifth centuries CE) in which a
clear distinction is made between carob cultivars used as hu-
man food (grafted) or animal feed (non-grafted). In fact, the
cultivation of the species took advantages by the diffusion of
selected genotypes by grafting methods starting about
3000 years ago (Meyer et al. 2012).
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The analysis of paleontological and archeological evi-
dences clearly indicated that carob is native to the east
Mediterranean area and its presence can be dated back long
before the emergence of horticulture (Zohary 2002). More
recently, Viruel et al. (2016) confirmed the hypothesis of
natural distribution of carob in the Mediterranean before
the emergence of agriculture, hypothesizing a multiple-
origins model of domestication from native populations.
The diffusion of carob to all Mediterranean countries oc-
curred during Greek and Arabs civilizations; in particular,
Greeks contributed for the first spread of this species to
Greece and southern Italy, while centuries later, Arabs ex-
tended the area of cultivation along the coast of northern
Africa into the south and east of Spain (Batlle and Tous
1997). The domestication of this species took place rela-
tively late (only in Roman times), as carob tree is not suit-
able for simple vegetative propagation (cuttings, suckers,
etc.), and cultivation of selected clones had to wait until the
introduction of scion grafting into the Mediterranean basin
(Zohary 2002).

Carobs have been extensively grown for their fruits. The
pod is a sweet beanmainly constituted by pulp (90%) and seed
(10%). The pulp has been traditionally used both for human
consumption and for animal feeding (Coit 1951; Sahle et al.
1992; Batlle and Tous 1997) and selection effort was conse-
quently made to increase the pulp/seed ratio. Under domesti-
cation, heavy-fruiting cultivars have been improved; bearing
larger, fleshier, and sweeter pods (Zohary 2002). Currently,
the most valuable component of the carob pod is the seed,
its endosperm contains the galactomannan locust bean gum
(LBG) characterized by an outstanding water-binding capaci-
ty (Batlle and Tous 1997). LBG is widely used in the food
industry as a stabilizer and thickening agent due to its high
viscosity in water over a wide range of temperature and pH
(Garcia-Ochoa and Casas 1992). Apart from its increasing
economic value, carob tree can be used to reforest arid and
marginal areas and for landscaping (Winer 1980).

The presence of C. siliqua varies across geographical
areas, while in eastern Mediterranean and North Africa
carobs grow mainly wild; in Western Mediterranean coun-
tries, carob tree is mainly present in cultivated form
(Batlle and Tous 1997; La Malfa et al. 2014; Tous et al.
2013). Traditionally, carob plantations have been
established by field budding of scions from selected ge-
notypes (mostly female, and to a lesser extent, hermaph-
rodite) onto seed rootstocks. Nevertheless, the increase in
bud propagation together with the relative lower econom-
ic interest compared to other fruit crops have contributed
to a severe genetic erosion (La Malfa et al. 2014). To this
extent, the collection, characterization, and maintenance
of carob germplasm are of pivotal interest. Currently,
there are only a few studies investigating the level of
genetic diversity existing in carob tree through molecular

markers, while to the best of our knowledge, no studies
focused on marker-trait association nor on the setup of a
core collection. RAPD (Random Amplified Polymorphic
DNA) and AFLP (Ampl i f i ed Fragment Length
Polymorphism) markers have first been used to highlight
the genetic diversity within carob trees (Talhouk et al.
2005; Konate et al. 2007; Caruso et al. 2008a). The first
set of carob tree short sequence repeat (SSR) marker was
developed by Caruso et al. (2008b) from floral gene se-
quences (Expressed Sequence Tags, ESTs). This set of
markers was used to elucidate the genetic differences of
71 cultivars collected in Italy, Malta, and Spain (La Malfa
et al. 2014).

A germplasm core collection consists of a limited set of
accessions, within a larger pool, chosen on the basis of
either phenotypic or genomic variability to represent the
maximum genetic variation of the crop with minimum
repetition. In carob, as well as for all other tree species,
genetic resources maintained in germplasm collections are
sampled to obtain a subset of accessions to preserve as
much of the original diversity as possible thus reducing
the costs related to the maintenance. Basic goals of a core
collection are to introduce, maintain, document, and make
accessible representative genetic diversity of the crop of
interest. The selection of a core collection can be based on
molecular data and/or phenotypic traits (Thachuk et al.
2009). Several algorithms have been proposed to guide
the selection of a core subset, some, such as the
Modified Rogers (MR, Wright 1969) and Cavalli Sforza
and Edwards (CE, Cavalli-Sforza and Edwards 1967) are
based on genetic distance while other methods, such as
Shannon’s diversity index (SH, Shannon 1948) or the ex-
pected proportion of heterozygous loci (HE), are instead
based on genetic diversity calculation. Genetic distance
estimation methods are based on a pairwise measure of
the degree of dissimilarity between 2 samples; the larger
the genetic distance, the more genetically different the 2
samples are. On the other side, genetic diversity takes into
account several descriptors parameters (such as expected
PIC or expected heterozygosity) in order to evaluate the
overall genetic variability of a sample as a whole
(Thachuk et al. 2009).

In this study, both nuclear SSR and the sequencing of the
matK4LF locus of the chloroplast genome were used to geno-
type a carob tree collection composed by plants sampled in 12
different countries spanning from traditional areas of cultiva-
tion (Mediterranean countries) to countries such as Australia
and the USA in which the crop was introduced in the last
century (Batlle and Tous 1997). The assessment of the genetic
diversity within the germplasm collection was also used for
the definition of a core collection (the first ever published for
carob) within the largest germplasm repository of carob tree
worldwide.
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Materials and methods

Plant material

The carob germplasm collection used in this study was com-
posed by 215 accessions held Bex situ^ as trees grafted on
seedling rootstocks in the field at the IRTA Mas Bové,
Constantí (Tarragona, northeastern Spain, lat. 41° 10′ 9″ N,
long 1° 10′ 28″ E, altitude 110 m). This collection was initi-
ated in 1985 by IRTA and includes accessions covering the
most important areas of cultivation of carob tree. Along the
years, cultivars and wild types were collected gathering as
much as possible the existing carob diversity. Individuals were
collected from all Spanish growing regions (Batlle and Tous
1994, 1997; Tous et al. 2008) and other producing countries
through surveys like in Tunisia (Tous et al. 2006) and
Morocco and/or provided by different international institu-
tions (Tous et al. 2008). As for the productive attitude, female
and hermaphrodite accessions were preferred over males.
Currently, this carob germplasm collection represents the larg-
est repository of cultivated material in the world (Batlle and
Tous 1997; Tous et al. 2013). This plant material includes
accessions from 12 different countries: Algeria (1), Australia
(7), Croatia (2), Cyprus (3), Israel (1), Italy (8), Morocco (24),
Portugal (6), Spain (142), Tunisia (15), Turkey (4), and the
USA (2). The name, origin, sex, and status of each accession
are provided in Supplementary Table 1.

DNA extraction and genotyping

The DNA extraction was performed on young leaves; 100 mg
of fresh tissue was grounded using Qiagen Tissuelyser II
(Qiagen, Hilden, Germany) and genomic DNAwas extracted
using isolate Plant DNA Mini Kit (Bioline, London, UK).
Quantity and quality of DNA extracted were assessed with
electrophoresis on 1% agarose gel and with a spectrophotom-
eter (Nanodrop 2000, Thermo Scientific, Waltham, MA,
USA). Genotyping was performed through the analysis of
eight nuclear SSR markers and the sequencing of a chloro-
plastic locus. The eight SSRs used in this study were selected
on the base of their performances from a set of 11 EST-SSRs
developed by Caruso et al. (2008a). The primer sequences of
the SSRs were retrieved from the same paper. The amplifica-
tion of the eight SSRs was carried out in 15-μl volumes with
30 ng genomic DNA, 1X NH4 reaction buffer (Bioline),
0.2 mM dNTPs (Bioline), 1 mMMgCl2, 0,167 nM of forward
and reverse primer, 0.13 nM of M13F labeled with a fluores-
cent dye (FAM, PET, NED, or VIC; MWG Operon,
Ebersberg, Germany), and 1 U of Taq Polymerase (Bioline).
Amplification was performed in two thermal cycler GeneAmp
PCR system 9700 and 2700 (Applied Biosystems, Foster City,
USA) with an initial denaturation at 94 °C for 5 min, followed
by 40 cycles of 94 °C for 30 s, followed by 30 s at 56 °C and

60 s at 72 °C with a final extension at 72 °C for 30 min. An
aliquot of 0.4–0.6 μl of PCR product (depending on the per-
formance of amplification of each primer pair) was mixed
with 13 μl of formamide and 0.3 μl of LIZ-500 size standard
and denatured at 95 °C for 5 min. Up to three PCR products
labeled with FAM, PET, NED, or VIC were pooled before
separation in the ABI 310 Genetic Analyzer (Applied
Biosystems), amplicons were visualized and analyzed using
Genemapper® software 4.0. All the samples were analyzed
with the same methodology and in the same conditions to
make the results comparable. Sequence analysis of chloroplas-
tic locus matK4LF was performed according to the informa-
tion kindly provided by Dr. Alex Baumel, Aix Marseille
University, Marseille, France. After quantification, amplicons
were directly sequenced by Eurofin (Eurofins MWG
Synthesis GmbH, Anzinger Straße 7a, D-8556 Ebersberg,
Germany).

Statistical analysis

Prior to genetic analysis, the germplasm was screened for the
presence of putative clones running an identity analysis using
Cervus software (Kalinowski et al. 2007). Major allele fre-
quency, number of genotypes detected, number of alleles per
locus, observed and expected heterozygosity (Ho and He re-
spectively), and polymorphism information content (PIC)
were determined using Cervus software (Kalinowski et al.
2007). Genetic data were also used to compute a genotypic
accumulation curve using the Bpoppr^ R package (Kamvar
et al. 2014; R Core Team 2016). Pairwise FST values for sam-
ples collected in the same country/region were calculated
using Genepop software (Raymond and Rousset 1995). The
level of genetic stratification within the carob collection was
assessedwith STRUCTURE v2.3.1 (Pritchard et al. 2000). An
admixed model with 500.000 burn-in period followed by
500.000 iterations was computed. Each Markov chain simu-
lation was run ten times for a number of subpopulations (k)
ranging from one to ten. The most probable k was identified
and visualized with Structure Harvester (Earl and vonHoldt
2012) following the ΔK method proposed by Evanno et al.
(2005). Replicates were integrated with CLUMPP software
(Jakobsson and Rosenberg 2007) using the Bfull search^ al-
gorithm and default settings while the Q matrix was plotted
using an in-house R script (available upon request). Samples
were assigned to a subpopulation when the membership coef-
ficient Qi was greater than or equal to 0.8. Principal compo-
nent analysis (PCA) was performed using the Bprcomp^ func-
tion of the Bstat^ package in R (R Core Team 2016), while
PCA plots were produced using either the BFactoextra^ pack-
age (Kassambara and Mundt 2016) or the in-house R scripts
(also available upon request). BFactoextra^ package was also
used to compute and visualize the dissimilarity matrix through
the generation of a heatmap and a neighbor-joining
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dendrogram. Discriminant analysis of principal component
(DAPC) has been performed using Badegenet^ package in R
(Jombart 2008). Coancestry between cultivars was assessed
using COANCESTRY software (Wang 2011) while the
Bigraph^ R package (Csardi and Nepusz 2006) was used to
display the unweighted and undirected network generated on
the TrioML values.

Definition of the core collection

The construction and composition of the core collection were
calculated on the obtained genetic data using the R package
Bcorehunter^ (De Beukelaer et al. 2018). The number of indi-
viduals selected for the core collection (sampling intensity)
was 20%, in agreement with previous works (van van
Hintum 1999; van Hintum et al. 2000; Thachuk et al. 2009).
The analysis was carried out using the average entry-to-
nearest-entry distance method (EN). Matrix of distances was
calculated for genotype and phenotypes using the Modified
Rogers (MR) and Gower distances (GD) algorithms respec-
tively as implemented in the corehunter package. EN maxi-
mizes the average distances between a given individual and
another selected item of the core collection. The rationale is to
include in the core the individuals that are sufficiently differ-
ent from the most similar individual already included in the
core collection.

Results

Carob collection

The germplasm collectionwas selected to encompass the most
important areas of cultivation of carob. All individuals were
phenotyped for the sex of the flower and the status. To this
extent, 159 individuals showed monosexual flower (156 fe-
males, 3 male), while the remaining 44 showed hermaphrodite
flower. On the other side, 75 and 128 plants were considered
cultivar or wild type respectively, based on their status
(Supplementary Table 1). The relative frequency of the two
status within individuals showing a female flower was similar
(44% cultivar and 56% wild) while a more skewed proportion
was registered for carobs showing hermaphrodite (16% culti-
var and 84% wild) and male flowers (100% wild)
(Supplementary Table 1).

Genotyping of the carob collection

The 215 accessions composing the carob germplasm collec-
tion were genotyped both with eight nuclear SSRs and
through the sequencing of the matK4LF locus of the chloro-
plast genome (Supplementary Table 2). The genotyping anal-
ysis allowed the detection of 12 putative clones that were

subsequently excluded from the analysis (Supplementary
Table 1) leading to a final number of 203 unique individuals.
The SSRs detected a total of 43 alleles. The allelic richness
estimation across the whole dataset allowed efficient discrim-
ination of the 94% of the samples as showed by the genotypic
accumulation curve displayed in Supplementary Fig. 1. The
mean number of alleles per loci and genotypes were 5.38 and
10.25 respectively (Table 1).Marker AT15 showed the highest
allelic and genotypic variability (9 alleles and 29 unique ge-
notypes) while markers TA5TG6 and TA7 showed the lowest
number of alleles (3) forming 5 and 4 genotypes respectively.
The mean He and Ho across the eight SSRs were 0.47 and
0.49; TTA7 showed the highest Ho (0.83) while the lowest
value (0.13) was registered for CTTT7 (Table 1). Thus, it is
not surprising that the latter marker showed the lowest values
for He (0.14) polymorphic index content (PIC, 0.13) across
the whole set of SSR used. In contrast, the highest PIC (0.77)
and Ho were detected for marker AT15 (Table 1). When only
alleles having a minor allelic frequency (MAF) higher than
5% were considered, the mean number of alleles and geno-
types was 3 and 6.62 respectively. The highest changes in the
absolute value of Ho, He, and PIC, compared to the complete
dataset, were detected for marker GA12 that showed a de-
crease of 0.5 for the three parameters (Table 1).

To better assess the genetic diversity and to investigate the
role of maternal contribution in the carob collection, the
matK4LF locus of the chloroplast DNA was sequenced
resulting in a 668 bp amplicon. The sequence alignment
allowed the detection of two haplotypes originated by the
presence of a T/G polymorphism located approximately
622 bp downstream (Supplementary Fig. 2, Supplementary
Table 2). The 80% of the samples presented the first haplotype
(G allele, hereafter called hap-1) while the remaining showed
the presence of the alternative haplotype (T allele, hap-2). The
relative frequency of the two haplotypes did not change sig-
nificantly across different countries (data not shown).

To assess the genetic diversity of the carob germplasm
three approaches have been used: Bayesian clustering, multi-
variate analysis, and graphic clustering either from dissimilar-
ity and coancestry data.

Structure

The eight SSRs were used to highlight the presence of genetic
stratification within the carob collection. To this extent, the
most probable value of k detected by STRUCTURE software
was two (ΔK = 354, Supplementary Fig. 3a). Figure 1a
showed the genetic configuration of the 203 individuals com-
posing the germplasm collection, all samples were grouped
according to the country of origin, Spanish samples (65% of
the whole germplasm) were instead grouped according to their
region of provenience. Averaging the individuals’ member-
ship coefficients by countries, Subpop 1 resulted predominant
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(average value higher than 0.8) in accessions collected in
Croatia, Cyprus, Morocco, Tunisia, and the USA, while no
countries showed a decisive prevalence of Subpop-2
(Supplementary Table 3, Fig. 2a). Spanish germplasm showed
an average incidence of the two subpopulations equal to 39%
and 61% respectively (Supplementary Table 3), while when
samples were grouped according to their region of origin a

much clear genetic differentiation was evident (Figs. 1a and
2a, Supplementary Table 4). Accessions originated from
Andalusia showed a predominance of Subpop1 (mean value
of 0.76) while samples collected in Catalunya, Valencia,
Murcia, and the Balearic Islands showed a prevalence of
Subpop 2 with mean values ranging from 0.68 to 0.93 (Fig.
2a, Supplementary Table 4). Subpop 2 is therefore located

a

b

Fig. 1 Structure results. a Bar plot of the membership coefficient for k = 2, blue and red colors refers to the membership coefficient for Subpop 1 and
Subpop 2 respectively. b Bar plot of the membership coefficient for k = 4. The sex of each individual is specified after its name

Table 1 Polymorphism information of the nuclear markers considering the whole set of alleles and only those showing a minor allelic frequency higher
than 5%

SSR name All alleles MAF> 0.05

Alleles Genotypes No. of obs. He1 Ho2 PIC3 Alleles Genotypes No. of obs. He1 Ho2 PIC3

CTTT7 4 5 203 0.14 0.13 0.13 2 3 201 0.13 0.12 0.12

AT15 9 29 203 0.8 0.73 0.77 6 21 187 0.79 0.71 0.75

GA12 7 10 203 0.32 0.29 0.3 3 5 187 0.27 0.24 0.25

AT9 7 15 203 0.68 0.61 0.63 4 10 187 0.65 0.57 0.59

GCT6 4 7 203 0.59 0.56 0.52 3 6 201 0.59 0.55 0.52

TA5TG6 3 5 203 0.31 0.33 0.27 2 3 194 0.28 0.33 0.24

TA7 3 4 203 0.43 0.47 0.34 2 3 201 0.43 0.46 0.34

TTA7 6 7 140 0.52 0.83 0.42 2 2 128 0.48 0.81 0.37

1Expected heterozygosity

2Observed heterozygosity

3Polymorphic information content
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predominantly in the northeastern part of Spain while all other
countries and Andalusia showed a clear predominance of
Subpop 1 (Fig. 2a). This finding was confirmed by the exam-
ination of the pairwise FST value: the highest FST among
Spanish regions was calculated for Catalunya VS Andalusia
(FST = 0.156), followed by Valencia VS Andalusia (FST =
0.117). Comparing the results obtained with STRUCTURE
with phenotypic data, we found that carobs with hermaphro-
dite flowers were mostly classified as Subpop 2 or admixed
(70% and 23% respectively) while only three samples with
hermaphrodite flowers belong to Subpop 1 (Supplementary
Table 1). On the contrary, the 94% of samples that showed a
clear predominance of Subpop 1 showed female flowers
(Supplementary Table 1 and Fig. 3) (Pearson’s chi-square
test = 41.263, df = 4, p value = 2.371e-08). When the status
is taken into account, the differences between the subpopula-
tions defined by structure are less evident: the 72% of samples
having a prevalence of Subpop1 had a wild status while the
proportion changed to 53% for samples assigned to Subpop 2
(Pearson’s chi-square test = 5.271, df = 2, p value = 0.07).
When the country/region of origin are used as a factor to

differentiate plants according to sex, we found that 87% of
the hermaphrodite accessions were collected in Catalunya,
Valencia, Murcia, or the Balearic Islands, while the remaining
13% were sampled in Andalusia, Italy, Tunisia, and the USA
(Supplementary Table 1, Supplementary Fig. 4) (Pearson’s
chi-square test = 35.728, df = 1, p value = 2.268e-09). When
the habitus is considered the proportion of cultivated carobs in
northeastern Spain is significantly higher than the other
countries/region (Pearson’s chi-square test = 18.962, df = 1, p
value = 1.333e-05) The comparison between the two haplo-
types detected through the sequencing of the matK4LF locus
of the chloroplast did not highlight significant relations with
the structure results (data not shown).

The second most probable number of subpopulations
(ΔK = 20.18) was k = 4 (Supplementary Fig. 3a). When
four subpopulations were postulated, the difference be-
tween the genetic stratification of samples collected from
Balearic Islands, Catalunya, and Valencia become more
evident (Figs. 1b and 2b): the relative incidence of the
subpopulation depicted in orange decreased progressively
from Catalunya to Valencia and Balearic Islands, while at

Fig. 2 Membership coefficient for k = 2 and k = 4 as calculated by STRUCTURE averaged by countries (or regions for genotypes collected in Spain)

Fig. 3 Absolute frequency of the sex of the accessions according to the two subpopulations detected by STRUCTURE
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the same time, the contribution of the green and blue
subpopulations increased. Differences between Morocco,
Andalusia, and Tunisia (all showing similar incidences of
Subpop1 and Subpop2 when the k = 2 model was
considered, Supplementary Tables 3 and 4) were more
easily detected. Among the three countries/regions,
Tunisia showed the highest and lowest contribution of
the Byellow^ and Bgreen^ subpopulations respectively,
Andalusia showed clear predominance of the green sub-
population over the yellow one, while Morocco showed a
more balanced contribution of the two subpopulations. In
all countries showing a predominance of Subpop1 on a
k = 2 model (Supplementary Table 3), the incidence of the
orange subpopulation was neglectable (Figs. 1b and 2b).

To further highlight the genetic structure within the
subpopulations detected with a 2K model, a second round
of STRUCTURE was carried out on two smaller datasets
including only those individuals showing a membership
coefficient higher than 0.8 for one of the two subpopula-
tions. This resulted in the definition of two subsets com-
posed by 73 (subset 1, individuals showing a predomi-
nance of Subpop 1) and 58 (subset 2, individuals showing
a predominance of Subpop 2) samples. Subset 1 was com-
posed of individuals coming from all countries except
Algeria and Israel, while all Spanish samples but 1 were
collected in Andalusia (Fig. 4, Supplementary Table 1).
The k showing the highest probability for subset 1 was
three (ΔK = 16, Supplementary Fig. 3b). Subset 2 was
composed only by individuals coming from Spain, Italy,
and Turkey and conversely to what was observed for sub-
set 1; subset 2 did not show clear genetic stratification as
highlighted in Supplementary Fig. 3c.

Coancestry between carobs cultivars

For the vast majority of the samples composing the carob
collection, there were no pedigree records available. This
can be reconducted to the long intergenerational time prop-
er of carob and to the low economical interest for this
species compared to other crops such as apple or peach
for which extensive pedigree records were reconstructed
(Aranzana et al. 2003; Howard et al. 2017) and often used
for research and breeding purposes (Bink et al. 2014;
Fresnedo-Ramírez et al. 2016; Di Guardo et al. 2017).
The lack of pedigree records is a common issue for most
Mediterranean tree species; recently, the triadic likelihood
estimator (TrioML) was successfully used to get insight on
the level of coancestry (r) within a dataset of olive varieties
(Diez et al. 2015). Figure 5a shows the relative frequency
of the r values calculated for all pairwise comparisons
within the carob germplasm collection. The majority of
the pairwise comparisons showed an r value lower than
0.05 (55.5%). The r values higher than 0.05 were gradually
less frequently moving toward r = 1 with the exception for
values comprised between 0.45 and 0.5 showing a much
higher frequency than the flanking bins (Fig. 5a). An r
value close to 0.5 ideally stands for first-degree relatives,
this finding is confirmed in our case by the examination of
the r values of the few samples for which a priori knowl-
edge of parent-child relationship was available, for which
the lowest r value was 0.5 (data not shown). This value
was then used as cut-off to identify first-degree relation-
ship among the carob collection. Interconnection between
individuals showing coancestry values higher than 0.5 was
depicted in a network analysis Fig. 5b.

Fig. 4 Structure analysis (k = 3) for individuals showing a predominance of Subpop 1. Blue colors from darker to lighter highlight subpopulation a, b,
and c respectively. The sex of each individual is specified after its name
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Multivariate analysis

The genetic structure of the carob germplasm collection was
also investigated using a multivariate approach coupling SSR
with chloroplast sequencing data. Together, the first two prin-
cipal components (PC1 and PC2) explained the 24.8% of the
total genetic variability as shown in Fig. 6. The individual
values of PC1 corroborate the results obtained by
STRUCTURE: samples with positive value of PC1 showed
a decisive contribution (membership coefficient > 0.8) of
Subpop 1 of STRUCTURE, while individuals with negative

values of PC1 belong to Subpop 2. Individuals with PC1
values close to 0 were deemed as admixed, slightly positive,
or negative values of PC1 indicates a prevalence of Subpop 1
or Subpop 2 respectively. Genetic data were also used to com-
pute a DAPC analysis using the information on the country/
region of origin as group membership factor. Samples show-
ing a clear prevalence of Subpop 2 on the STRUCTURE
analysis clustered together on the bottom-right quadrant of
the DAPC (Supplementary Fig. 5) while carobs collected in
Andalusia were grouped with the samples collected in Turkey
and Morocco on the upper-right quadrant. Samples collected

Fig. 5 Bidimensional principal component analysis plot of the carob germplasm. Colors refer to the membership coefficient detected by STRUCTURE
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in Italy and Algeria were clustered in the bottom-left quadrant
forming a separate cluster (Supplementary fig. 5).

Neighbor-joining analysis

The genetic relationship between individuals was investigated
through the construction of a dissimilarity matrix used to com-
pute a neighbor-joining dendrogram (Fig. 7). The 94% of the
samples were efficiently discriminated while the remaining 6%
includes samples that were not efficiently discriminated by our

set of markers due to the presence of missing data. The cluster
analysis identified three main groups (Fig. 7) each composed
by 122, 80, and 1 samples respectively. Cluster 1 is composed
of 56% by individuals belonging to Subpop 1, 40% of the
accessions showed instead an admixed genetic configuration
while the remaining 4% were samples characterized by a pre-
dominance of Subpop 2. On the contrary, cluster 2 grouped
mainly individuals with a predominance of Subpop 2 (69%
of the total) while the27% and 4% were composed by samples
with admixed or Subpop 1 genetic configuration respectively.

Fig. 6 a Histogram of the relative frequency of the trioML among the population. b The TrioML values exceeding 0.5 (first-degree relative) are plotted
on a network analysis, colors refer to the different countries/region of origin
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Cluster 3 is composed only by the carob BT-1,^ this sample is
characterized by 2 unique alleles at SSR GA12 and TTA7.

Core collection

A total of 41 accessions were selected to compose the core
collection (Supplementary Table 1). The selection of the samples
has been made using the EN method and both genotypic and
phenotypic data were considered. The Ho was slightly lower
than in the whole germplasm (0.47), while the PIC was higher

in the core collection compared to the whole dataset (0.48 and
0.42 respectively). All three subpopulations detected in structure
analysis were represented in the core collection. In particular, 17
accessions from Subpop 1, 6 from Subpop 2, and 18 from
admixed were included representing41, 15, and 44% of the total
of each group, respectively. All floral sex and status were includ-
ed in the core collection: the vast majority of the carobs were
female (93%)while hermaphrodite andmale plants were 5% and
2% respectively while the two status were represented almost in
equal measure (54% wild type and 46% cultivated plants).

Fig. 7 Neighbor-joining dendrogram. The three major clusters are colored in green (C1), blue (C2), and red (C3) respectively
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Discussion

The vast majority of the individuals composing the collection
was composed of female or hermaphrodite plants (98.6%).
This choice can be reconducted to two considerations: (i) usu-
ally carobs showing male flowers do not show significant
differences in terms of phenotypes, (ii) since the collection is
aimed to assess carob productivity preference has been given
to female and to hermaphrodite accessions being the latter
used both as pollinators and for pod production.

To better highlight the genetic differences between acces-
sions and to guide the selection of a core collection, two types
of markers were used: SSR and the sequencing of the
matK4LF locus of the chloroplast genome. The eight SSRs
used were ad hoc chosen based on the results presented by La
Malfa et al. (2014). The number of alleles (and genotypes)
detected in the analyzed carob collection was higher than what
was reported by La Malfa et al. (2014) for seven out of eight
SSRs; only marker TA5TG6 (previous ly named
Cesi_976_ta5tg6) showed an equal number of alleles and ge-
notypes (3 alleles forming 5 genotypes). These results can be
explained by the intrinsic differences in size and geographical
areas covered between the two carob collections, while the
present collection is composed by 215 genotypes collected
in 12 countries, the previous work was composed by 71 cul-
tivars sampled in three countries.

On the whole, the set of markers used in this study allowed
to univocally discriminate 203 out of 215 (94.4%) individuals
of the analyzed collections. The occurrence of the 12 putative
clones could be due either to their clonal origin or to the subtle
genetic differences that were undetected by our set of markers
(Table 1). The availability of high throughput genotyping plat-
forms could unravel further genetic variability within the cur-
rent putative clones. The picture about this characterization is
also confirmed by the results of genotypic probability curve
analysis and the neighbor-joining analysis (Supplemental
Fig. 1, Fig. 7) in which the 94% of samples were efficiently
discriminated, while the identification of the remaining indi-
viduals was hampered by the occasional occurrence of miss-
ing data.

The two haplotypes detected within the chloroplast locus
matK4LF were evenly distributed not only across countries
but also between the two subpopulations detected by
STRUCTURE. This result suggests that the T/G mutation
might occur before the 1000 A.C. prior to the first diffusion
of carobs across the Mediterranean countries made by Greek.
Structure analysis detected a genetic model with k equal to 2
or 4 as the most probable number of subpopulations
(Supplemental Fig. 3a), the same number of subpopulations
was also detected by Viruel and colleagues (Viruel et al.
2018). In both cases, it was possible to detect peculiar genetic
stratification according to the area of origin. This is of partic-
ular importance since previous works using isoenzymes

markers did not find pattern of geographical variation (Tous
et al. 1992). The high number of samples collected in Spain
allowed a finer differentiation of the carobs according to the
region of collection without losing significant statistical pow-
er. When a structure model with k = 2 was tested, while all
countries showed a decisive prevalence of Subpop 1, Spain
had the highest frequency of Subpop 2 both in relative terms
(61%) and as number of individuals (96% of the samples
within subset 2, Supplementary Table 1). The decisive inci-
dence of Subpop 2 in Catalunya, Valencia, Murcia, and the
Balearic Islands, and the subsequent low incidence in
Andalusia (Supplementary Table 4) suggested the occurrence
of two different genetic pools: one, Subpop 1, characterizing
the carob cultivars collected in southern Spain while a second,
Subpop 2, is common between the northeastern regions of
Spain. A prevalence of Subpop 1 was also detected in all the
other Mediterranean countries analyzed in this study (Fig. 2a)
suggesting a common past of diffusion between those coun-
tries and southern Spain. We also tested a second model based
on the identification of four subpopulations (Fig. 2b). Overall,
the results still pointed to two subpopulations model with
samples collected in Balearic Islands, Catalunya, Murcia,
and Valencia forming a separate genetic cluster compared to
the other countries/region. Nevertheless, distinctions within
the northeastern regions were more evident and Catalunya
exhibited a much peculiar genetic configuration showing a
prevalence of the orange subpopulation. The nested structure
analysis performed on the outcome of the structure k = 2 mod-
el highlighted even a finer definition of the genetic structure of
individuals with decisive prevalence of Subpop 1. To this
extent, carobs collected in Andalusia showed a significant
presence of subpopulation 1c that was almost absent in all
other countries except the neighboring Morocco
(Supplementary Table 1, Fig. 4). This is not surprising since
Andalusia and Morocco shared many similarities in terms of
phenotypes, origin, and agricultural and forestry practices.
The size and quality of pods of carobs originated from those
two countries are similar to wild type exhibiting a low pulp
content and high seed/pulp ratio, while carobs originated from
northeastern Spain showed a higher relatedness to cultivated
carob pods. This can be explained by the fact that lower breed-
ing efforts have been made on carobs from Andalusia and
Morocco compared to northeastern Spain. Moreover, in
Andalusia and Morocco, carob crop intensity was lower com-
pared to other Spanish growing regions and plants are often
propagated by seeds rather than by grafting (Sidina et al. 2009;
Tous et al. 2013). Interestingly, the group of BBenajarafe^
accessions selected in Andalusia (18, representing 42% of
the whole Andalusian genotypes) were again trees grown
from seeds (mixture of cultigens BCajiz,^ BOjen-Cajiz,^ and
BSayalonga^) or ungrafted seedlings. These entries were
named BBenajarafe^ (from the name of Malaga’s coastal vil-
lage where budwoods were collected from). Five of them
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(28%) were part of the core collection confirming the genetic
diversity within this group.

Within the Spanish germplasm, the occurrence of hermaph-
rodite specimens was significantly higher in Subpop 2 (in-
cluding plants collected mainly in Catalunya, Valencia, and
the Balearic Islands) in relation to the others (Subpop 1 and
admix). The higher frequency of hermaphrodite forms in those
regions is likely correlated with a high presence of cultivated
fields in which the presence of hermaphrodites’ varieties or
selections has been favored by growers and also due to the
deeper exploitation of their productive potential carried out by
IRTA’s researchers especially in the three above-cited regions
(Zohary 2002).

The PCA, DAPC, coancestry analysis, and the neighbor-
joining analysis were in agreement with these findings
highlighting a strong genetic differentiation between
Catalunya, Valencia, Murcia, and the Balearic Islands on one
side and all other countries/region on the other with a subtle
differentiation, within the Subpop 1, between Andalusia and
all other countries (Figs. 5 and 6, Supplementary Table 1,
Supplementary Fig. 5).

Taken together, these results straighten the theory that car-
ob tree originated from the near east (Schweinfurth 1894;
Vavilov 1951; Zohary 1973; Zohary 2002) and then it has
been spread westward along the coasts of northern Africa till
the southern and eastern of Spain (Batlle and Tous 1997). The
presence of a different genetic pool in northeastern Spain
might be due to a significative diffusion of the cultivation
coupled with a reduction in the commercial exchanges be-
tween northeastern Spain and all other countries except
Portugal. The definition of such a germplasm collection is a
first step for the set-up of marker-trait association analysis
(genome-wide association studies or genetic selection) to link
the observed genotypic variability to a specific trait of interest.
The identification of an association between a trait and a poly-
morphic locus will allow the set-up of the first marker-assisted
selection (MAS) approach in carob.

In addition, the definition of a core collection allowed the
selection of a subset of individuals accounting for the highest
diversity both in terms of phenotype and genotype. Among
the algorithms currently employed to define a core collection,
the EN method has been widely used when both genetic and
phenotypic diversity is taken into account (Thachuk et al.
2009). This is relevant for our conditions in which a couple
of basilar phenotypic traits of agronomic value have been
taken into account to guide, together with genotypic data,
the definition of core collection. Within the 41 entries of the
core collection, 18 belong to Subpop 1, 11 to Subpop 2, and
12 were considered admixed. The relatively lower number of
individual belonging to Subpop2 supports their closer genetic
relationships compared to Subpop1. This is confirmed by the
second round of structure that did not highlight the presence of
significant genetic stratification within Subpop 2, while three

subpopulations were detected for Subpop 1 (Supplementary
Fig. 2 B-C). Only 19 entries of the total core collection (46%)
can be considered cultivars stricto sensu while the remaining
were unnamed accessions (mostly seedlings fromwild or feral
origin) which provide an insight on the carob genetic diversity
and composition. As in other evergreen species like olive
(Díez et al. 204), we found admixture to be an important
component of carob’s genetic history.

Similarly to other fruit tree species like olive, grapevine,
cherimoya, and pear (Escribano et al. 2008; Cipriani et al.
2010; Miranda et al. 2010; Belaj et al. 2012; Diez et al.
2015), a low sampling intensity (20% of the whole collection)
was sufficient to efficiently represent the genetic diversity
found in the whole collection. Although accessions from
Spain represented 64% of the total germplasm collection, only
53% were part of the core collection. A similar relative fre-
quency was found for accessions collected in Tunisia in
which, among the 15 accessions, 8 were chosen to form the
core collection. Regarding sex representation within the core
collection, only 2 accessions out of 41 were hermaphrodite
(5%) and 1 male.

This paper is aimed to document the genetic diversity and
structure of Ceratonia siliqua L. by combining two different
types of molecular data and some phenotypic traits to guide
the definition of a core collection. Multi-approach analysis of
genetic diversity together with the definition of a core collec-
tion represents a useful tool for genetic-assisted conservation
and breeding protocols. Future studies may also give interest-
ing insights about the representation of phenotypic carob di-
versity (morphological traits, seed yield, resistance to disease
and pest, seed and gum quality components, etc.) into the
selected core subset in comparison to the whole collection.
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