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1. Introduction
The carob tree, Ceratonia siliqua L. (family Fabaceae), is 
a dioecious evergreen tree or shrub with a distribution 
range extending between 30–45°N and 30–40°S (Batlle 
and Tous, 1997). Considering the thin distribution belt, 
most researchers consider that the Mediterranean Basin is 
the centre of carob tree origin (Zohary and Orshan, 1959). 
Biogeographical analyses of Viruel et al. (2019) support 
the persistence of carob tree refugia in Morocco and the 
Iberian Peninsula, but also in the eastern Mediterranean.

Carob is a common plant species in the spontaneous 
vegetation of the Mediterranean Basin, and it has 
both ethnobotanical and food industry value in all 
Mediterranean countries (Durrazzo et al., 2014). Carob 
pods and seeds are very important food and feed in 
domestic use throughout Mediterranean countries, and 
even in the modern food and pharmaceutic industries 

(Azab, 2017) due to the nutritive characteristics and 
bioactive components of carob pod flour (Durazzo et al., 
2014) and the high content of galactomannan storage 
polysaccharides in carob seed endosperm. It is, therefore, 
not surprising that research of pod and seed variability, 
and genetic variability of carob has been intensive over the 
past 15 years in Lebanon (Talhouk et al., 2005), Morocco 
(Konate et al., 2007; Sidina et al., 2009), Portugal (Barracosa 
et al., 2008), Italy, Spain, Turkey, Greece, Israel (Caruso et 
al., 2008; Vekiari et al., 2011) and Syria (Mahfoud et al., 
2018). There are several reports on the genetic variability 
of carob tree populations that have mainly focused on the 
assessment of variability of varieties and wild forms of 
carob trees using AFLP (Caruso et al., 2008), RAPD and 
AFLP (Barracosa et al., 2008), EST-SSR (La Malfa et al., 
2014), and SSR molecular markers (Di Guardo et al., 2019). 
There are also several reports on the molecular variability 
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of either wild or natural forms of carob trees conducted 
using RAPD markers (Talhouk et al., 2005; Konate et al., 
2007; Afif et al., 2008; Mahfoud et al., 2018). Only a few 
reports have focused on analyses at the population level 
(Talhouk et al., 2005; Konate et al., 2007; Afif et al., 2008). 
According to a recent study of the genetic structure of 
215 accessions collected in 12 countries (Di Guardo et 
al., 2019), the accessions from Croatia are very similar to 
those of Cyprus.

In the Croatian Adriatic region, especially middle and 
southern Dalmatia with its islands, carob fruits have been 
used in the production of traditional products such as cakes 
and liqueurs. Most Croatian carob populations are situated 
on the islands and are thus spatially well isolated from one 
another. The selection of carob trees by the locals based on 
pod size also likely affected population variability. Given 
their isolation, significant genetic and morphological 
variability between populations can be expected.

The aim of this study was to analyse the genetic and 
morphological variability of the carob population from 

the Croatian Adriatic to determine the number of real 
genetic populations present in the Croatian Adriatic area 
and whether there is a connection between genetic and 
morphological traits. The principal goal was to achieve 
better and more efficient conservation of carob trees in 
their natural habitats as valuable germplasm for future 
breeding programmes.

2. Materials and methods
2.1. Plant material
Morphological characterization was performed on 10 
randomly selected, traditionally cultivated carob female 
trees from each of 12 local populations (in total 120 
individual plants, at least approximately 50–70 years 
in age) in the coastal region and islands of the southern 
Croatian Adriatic (Table S1, Figure 1). The size of the 
sampled populations varied, consisting of several dozen 
to a several hundred plants covering a radius of at least 
200 m of geographic position from the population centre. 
The centre for each sampled population was described in 

 
Figure 1. Map of locations of carob populations listed in Table 1.
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terms of latitude, longitude, and altitude. A small amount 
of young leaves were collected from each tree from the 
population and placed into nylon zip bags with silica gel 
for drying, and further utilization for DNA analysis.
2.2. Molecular analysis
2.2.1. DNA isolation
Dried leaves were ground into a fine powder at frequency 
of 25 Hz for 60 s with ball Mixer Mill MM400 (Retsch, 
Germany). Genomic DNA was isolated from ground 
leaves using a commercial DNA isolation kit (DNeasy plant 
Mini kit, Qiagen, Germany) following the manufacturer’s 
protocol, and diluted to the work concentration of 50 ng 
µL–1.
2.2.2. AFLP analysis
AFLP analysis was carried out according to the method 
by Vos et al. (1995). A total of 1 µg DNA was double 
digested with 5U EcoRI and 5U MseI endonuclease. EcoRI 
and MseI-adaptors were ligated at the end of restricted 
DNA strains using T4 DNA ligaze (New England 
Biolabs). Preselective amplification was carried out in a 
reaction volume of 20 µL containing 20 mM TRIS-HCl, 
50 mM KCl, 3 mM MgCl2, 0.25 μM of each EcoRI and 
MseI primers (EcoRI+A/MseI+A, and EcoRI+A/MseI+C 
respectively; Applied Biosystems, USA), 0.2 mM dNTP 
(Sigma-Aldrich, Germany), 0.5 U Taq DNA polymerase 
(Sigma-Aldrich) and 5 μL digested and adaptor ligated 
DNA fragments. Amplification volumes were diluted with 
500 µL purified water and used as a template for selective 
amplification.

Selective amplification was carried out using three 
additionally selective nucleotides (Table 1). Each forward 
primer (E-primers) was labelled with 6 FAM or VIC 
fluorescent dye (Applied Biosystems, USA). Selective 
amplification was performed in the reaction volume of 
20 µL containing 20 mM TRIS-HCl, 50 mM KCl, 3 mM 
MgCl2, 0.25 μM of EcoRI and MseI primer each (Applied 
Biosystems, USA), 0.2 mM dNTP, 0.5 U Taq DNA 
polymerase, and 5 μL preselective amplification template.

Preselective and selective amplification were carried 
out using VeritiTM 96 Well Thermal Cycler (Applied 
Biosystems, USA). The following thermal profile of 
preselective amplification was used: 2 min at 72 °C, 
followed by 20 cycles of 20 s at 94 °C, 30 s at 56 °C, 
and 2 min at 72 °C, and the final step 30 min at 60 °C. 
Selective amplification was conducted with the following 
touchdown thermal profile: initial step of 2 min at 94 °C, 
10 touchdown cycles of 20 s at 94 °C, 30 s at 66 °C (–1 °C 
per cycle), 2 min at 72 °C, then 20 cycles of 20 s at 94 °C, 
30 s at 56 °C, 2 min at 72 °C, and the final step of 30 min 
at 60 °C.

AFLP fragments were separated in a four-capillary 
electrophoresis device (3130 Genetic Analyzer, Applied 
Biosystems, USA) using 36-cm capillaries, POP-7 polymer 
and GeneScanTM 600 LIZTM dye size standard (Applied 
Biosystems). AFLP fragments were scored between 80 
and 600 bp using GeneMapper V 4.0 software (Applied 
Biosystems). In the given GeneMapper output data (based 
on size and height of AFLP fragments) six replicates of 
DNA samples (four carob genotypes as duplicate samples, 
two DNA samples as multiple controls) and six samples as 
negative controls were additionally scored. GeneMapper 
output data were imported into the ScanAFLP 1.3 
(Herrmann et al., 2010) for additional AFLP fragments 
selection. The resulting binary matrix was used for further 
statistical analysis.
2.3. Morphological characterisation
The assessment of morphological traits was performed 
separately for each of ten trees from each population 
as shown in the Table S2. The traits of leaves, pods, and 
seeds were measured on five randomly chosen leaves, ten 
randomly chosen pods, and 25 randomly chosen seeds 
from each tree from each population.
2.4. Statistical analysis
2.4.1. Molecular data
Polymorphism information content (PIC) for dominant 
markers for each AFLP primer combination was calculated 

Table 1. AFLP primer combinations, their sequences used in selective amplification, and the number/percentage of polymorphic 
fragments and PIC value.

AFLP primer 
combination Sequence (5’ → 3’) Dye Total no. of 

fragments
Number and percentage (%) of 
polymorphic fragments PIC value

E36/M46 Ea+ACC/Mb+ATT VIC 139 98 (71.5%) 0.25
E36/M36 E+ACC/M+ACC VIC 113 86 (76.1%) 0.21
E45/M46 E+ATG/M+ATT 6 FAM 134 83 (61.9%) 0.26
E45/M36 E+ATG/M+ACC 6 FAM 97 73 (75.3%) 0.20
Total 483 340 (avg = 70.4%)

aPrimer core sequence specific for EcoRI site: 5´-GACTGCGTACCAATTC-3’; 
bPrimer core sequence specific for MseI site: 5´-GATGAGTCCTGAGTA A-3´
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according to the formula described by Roldán-Ruiz et al. 
(2000). The PIC value for dominant markers is up to 0.50 
for fi = 0.50 (De Riek et al. 2001).

An AFLP binary matrix was used for calculation of 
pairwise differences based on the square Euclidean distance 
coefficient (EucSQ) of all carob genotypes (Excoffier et al., 
1992). Distance matrix was used for cluster analysis based 
on the unweighted pair-group method (UPGMA; Sneath 
and Sokal, 1973) and for analysis of molecular variance 
(AMOVA; Excoffier et al., 1992). The average genetic 
distance between two carob populations is designed as the 
ΦST value, representing the interpopulation distance (Huff, 
1997).

UPGMA analysis on the level of individual carob trees 
and bootstrap analysis based on 1000 resampling of the data 
set were computed using software NTSYSpc ver. 2.21L (Rohlf, 
2008). AMOVA and ΦST values were computed using the 
programme AMOVA which is incorporated into the software 
package ARLEQUIN ver. 3.5.2.2. (Excoffier and Lischer, 
2010). Cluster analysis based on ΦST values and the UPGMA 
method using Agglomerative hierarchical clustering (AHC) 
were carried out using XLSTAT software1, Ver. 2013.2.01 
(AddinsoftTM, 1995–2013). Computations of pairwise 
genetic distance matrix between populations was estimated 
in AFLP-SURV with bootstrapping (1000 replicates) over 
AFLP loci (Vekemans et al., 2002) for computation bootstrap 
confidence values on tree branches using PHYLIP ver. 3.69 
phylogenetic software (Felsenstein, 1993).

The number of real populations K (the modal value 
of DK) was investigated using STRUCTURE ver. 2.3.4 
(Falush et al., 2007). STRUCTURE analyses included a 
burn-in period of 100,000 replicates followed by 200,000 
Markov chain Monte Carlo (MCMC) replicates for each 
run. Twenty repeat runs were carried out to quantify the 
amount of variation of the likelihood for each K (from 
K = 1 to K = 12), using an ADMIXTURE model and 
correlated allele frequencies and allowing for recessive 
alleles (Falush et al., 2003). The posterior probability of the 
data lnP(K) for a given K can be used as an indication of 
the most likely number of real populations (Evanno et al., 
2005). Therefore, the height of the modal value of the DK 
distribution was calculated to detect the number of real 
populations K using Structure Harvester v 0.6.94 (Earl 
and von Humboldt, 2012). The K that best described the 
data was chosen by examining the lnP(K) (Pritchard et al., 
2000) and by calculating DK as described by Evanno et al. 
(2005). The value of K with the highest mean log likelihood 
[lnP(K)] and DK statistic was selected.
2.4.2. Morphological data
Morphological traits were tested for normality and 
homogeneity of variance and subjected to one-way analysis 
1 http://www.xlstat.com
2 http://www.xlstat.com

of variance (ANOVA). Differences between population 
means of morphological variables were tested with Tukey’s 
HSD post hoc tests. Descriptive statistics (minimum, 
maximum, mean, standard deviation—SD, and coefficient 
of variation—CV) were calculated for all morphological 
traits.

Mean values of all morphological traits of 12 carob 
populations were standardized as described in Roldán-
Ruiz et al. (2001), and were subjected to cluster analysis 
based on Euclidean distances and UPGMA method using 
AHC clustering. Principal component analysis (PCA) was 
performed on the matrix of Euclidean distance coefficients.

One-way ANOVA, descriptive statistics, AHC, Pearson’s 
correlation coefficient among all morphological traits 
(r), and PCA were carried out using XLSTAT software2, 
ver. 2013.2.01 (AddinsoftTM, 1995–2013). The 3D-score 
plot of the first three components was constructed using 
NTSYSpc ver. 2.21L software (Rohlf, 2008).
2.4.3. Mantel test
Correlations significance between each single 
morphological trait and AFLP data, and between groups 
of morphological traits (leaves, pod, and seed traits) and 
AFLP data were calculated using the Mantel test (Mantel, 
1967) using XLSTAT and NTSYSpc software.

3. Results
3.1. Molecular variability
Molecular variability of 120 carob genotypes was analysed 
using AFLP molecular markers, and four primer pair 
combinations. A total of 483 AFLP fragments (bands) 
were amplified, of which 340 (70.4%) were polymorphic. 
The percentages of polymorphic fragments by AFLP 
primer pair combinations ranged from 61.9% (E45/M46) 
to 76.1% (E36/M36). The primer combination E45/M46 
showed the highest PIC value (0.26), while the lowest 
PIC values (0.20) were detected in the primer pairs E45/
M36, with an average 0.23 per primer pair combinations 
(Table 1). The total number of fragments per population 
determined by the four AFLP primer pair combinations 
ranged from 210 to 291. Of these combinations, the 
percentage of polymorphic fragments ranged from 30.0% 
in population Vi to 75.9% in population Po (Table 2).

The average value of the squared Euclidean distance 
coefficient ( EucSQx ) within carob populations ranged from 
18.76 (Vi) to 48.69 (Ko). The highest diversity between 
pairs of carob tree was found within the populations Si (

78max =EucSQ  78), and Ko ( 75max =EucSQ  75) (Table S3).
3.2. Interpopulation distances, AMOVA, and 
STRUCTURE analysis
The highest and significant interpopulation distance (ΦST) 
was found between carob populations from Vis island 
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(Vi) and Orašac (Or) (ΦST = 0.53, p < 0.001), while the 
interpopulation distance was smallest between the carob 
populations Vi and So and was not significant (ΦST = 0.01; 
p = 0.239) (Table S3). According to the given results, the 
carob populations Vi and So likely belong to the same 
population. The populations La, Ko, and Pe are genetically 
very similar and vary significantly at the 5% level (Table 3).

AMOVA revealed significant differences among 
the 12 carob populations (22.49%, p < 0.001) (Table 
4). According to the results of UPGMA analysis, based 
on interpopulation distances, carob populations were 
clustered into three main groups: GRP 1 (La, Ko, Pe, Mo, 
Po, Br), GRP 2 (Hv, Vi, So), and GRP 3 (Si, Mlj, Or) (Figure 
2). AMOVA also revealed significant differences between 
the these three main groups of carob populations (14.53%, 
p < 0.001) (Table 4).

Bayesian STRUCTURE analysis revealed three existing 
real genetic populations of the 12 initial populations, with 
the populations Si, Mlj, and Or belonging to the first; Vi, 
So, and Hv to the second; and the populations Ko, La, Pe, 
Mo, Br, and Po to third genetic population (Figure 3).
3.3. Morphological variability
Descriptive statistics of the analysed morphological 
traits in 12 Croatian carob tree populations are shown 
in Tables S4–S6. The highest variability among carob 
trees for the traits WL, LLp, WLfl, TS, WS, and WgtS 
was recorded within population La. The traits NoLfl, WP, 
NoS, and l/w-S were the most variable within population 
Po. The highest variability for the traits LL and LLfl was 
found within population Pe, then for the traits LP and 

LS within population Mlj, while the highest variability 
for LPP was recorded within population Ko. The lowest 
variability for the traits LL, WP, TP, WgtP, TS, LS, and 
WS was recorded within population Vi. The traits WL, 
LLP, NoLfl, LLfl, WLfl, and l/w-Lfl were the least variable 
within population So, while the traits LP, NoS, and l/w-S 
showed the least variability in the population Or. The 
weight of pods was lowest in population Or, and highest 
in populations Vi and Pe (Table S5). The populations Or 
and Pe were characterized by the shortest and the longest 
pods, respectively. Although the pods from the population 
Vi belong to those with shorter pods, their width and 
thickness was the highest. Among seed traits, the width of 
the seeds was highly variable (Table S6).

All carob populations showed significant differences 
(at p < 0.01) based on the morphological traits, as revealed 
by ANOVA (Tables S7–S9). Differences were observed in 
all morphological traits and were particularly significant 
in the pod traits. The Pearson’s correlation matrix among 
19 morphological traits is summarized in Table S10. The 
highest positive and significant correlation (>0.90) was 
recorded between the length of leaves and length of leaf 
petiole (0.98), the width of seeds and weight of seeds 
(0.96), and the width of leaves and length of leaflets (0.94). 
The dissimilarity coefficient based on morphological data 
varied from 0.16 to 0.46.

All populations were grouped into five significant 
groups at the 0.12 coefficient. The populations Po, Hv, So, 
and Br from cluster I had wider leaves, longer leaflets, and 
wider pods than populations Pe, La, Ko, Si, and Mo which 

Table 2. Number of monomorphic and polymorphic fragments within carob populations by primer combination.

AFLP primer 
combinations No. of monomorphic and polymorphic fragments within populations 

Br Hv Ko La Mlj Mo Or Pe Po Si So Vi

E36/M46
*m 35 36 26 29 39 20 41 31 18 38 33 40
**p 32 28 50 36 27 49 22 37 67 24 30 18

E36/M36
m 30 34 28 33 30 17 33 28 21 17 35 36
p 28 9 25 23 19 41 18 21 51 34 16 13

E45/M46
m 33 35 31 32 35 15 33 30 16 31 35 37
p 31 28 36 33 26 58 28 35 63 33 25 21

E45/M36
m 29 33 12 28 30 19 32 30 15 19 34 34
p 22 8 42 16 12 33 13 17 40 28 10 11

Total
m 127 138 97 122 134 71 139 119 70 105 137 147
p 113 73 153 108 84 181 81 110 221 119 81 63
***p% 47.1 34.6 61.2 47.0 38.5 71.8 36.8 48.0 75.9 53.1 37.2 30.0

*m = no. of monomorph. fragments; **p = no. of polymorph. fragments; ***p % = percent of polymorph.
fragments; codes of carob populations were explained in Table 1.
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formed cluster II. The populations Or and Mlj had leaves 
with elongated leaflets and narrow pods. The population 
Or had shorter pods containing a higher number of small 
seeds. The population Vi has shorter and wider leaflets, 
and the heaviest pods whose average width and thickness 
was the highest among the populations.

According to the PCA, the first four components 
explained 84.65% of the variation. All morphological 
traits showed the highest cumulative percentage (≥70%). 
Morphological traits with the factor loading (PC) equal 
to or higher than 0.70 were considered important for 
the discrimination of the carob populations. The results 
of the PCA, with discriminating traits in bold are given 
in Table S11. Using the PCA, all carob populations were 
grouped into five distinct groups (Figure 4). The grouping 
of the carob populations based on PCA was similar to the 
grouping obtained in the AHC-dendrogram based on 
morphological traits (Figure 2B).
3.4. Mantel test
To interpret the correlations between AFLP and 
morphological matrices of dissimilarity, the Mantel 

test was used to detect which morphological trait 
contributes most to the positive correlation with AFLP 
data (Table 5). The Mantel test showed a significant 
correlation between matrices based on AFLP and those 
based on all morphological traits (r = 0.58). The test also 
showed significant correlation between each of the six 
morphological traits and AFLP (Table 5). The following 
traits were found to give the highest contribution: length-
to-width ratio of leaflets, number of leaflets, and the width, 
weight, and number of seeds in pods. Length of seeds also 
statistically contributed to the positive correlation with 
AFLP.

4. Discussion
The discriminatory power of AFLP markers has been used 
in many studies of genetic variability of cross-pollinated 
tree species. The mean PIC value among apricot accessions 
was 0.21 (Geuna et al., 2003), among Jatropha curcas L. 
was 0.26 (Tatikonda et al., 2009), 0.17 among papaya 
genotypes (Oliviera et al., 2011), 0.09 among Himalayan 
Chir pine (Rawat et al., 2014), and 0.21 among argan tree 

Table 3. Interpopulation distances (ΦST) of investigated carob populations (lower triangle) and probability value, after 1000 permutations 
(upper triangle). Codes of carob populations are explained in Table 1.

Br Hr Ko La Mlj Mo Or Pe Po Si So Vi

Br < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Hr 0.24 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Ko 0.13 0.21 0.032 < 0.001 0.003 < 0.001 0.013 < 0.001 < 0.001 < 0.001 < 0.001
La 0.17 0.28 0.04 < 0.001 < 0.001 < 0.001 0.006 < 0.001 < 0.001 < 0.001 < 0.001
Mlj 0.25 0.37 0.16 0.19 < 0.001 < 0.001 < 0.001 < 0.001 0.005 < 0.001 < 0.001
Mo 0.15 0.25 0.08 0.09 0.19 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Or 0.38 0.50 0.30 0.33 0.13 0.23 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Pe 0.14 0.11 0.05 0.09 0.22 0.13 0.37 < 0.001 < 0.001 < 0.001 < 0.001
Po 0.08 0.17 0.08 0.15 0.24 0.10 0.31 0.10 < 0.001 < 0.001 < 0.001
Si 0.26 0.38 0.17 0.20 0.12 0.17 0.28 0.24 0.21 < 0.001 < 0.001
So 0.16 0.21 0.22 0.28 0.40 0.23 0.50 0.14 0.15 0.38 0.239
Vi 0.23 0.26 0.26 0.33 0.43 0.27 0.53 0.18 0.21 0.41 0.01

Table 4. Results of analysis of molecular variance (AMOVA) for 120 carob genotypes.

Source of variation d.f. Sum of 
squares

Variance 
component

Percentage of 
variation (%) Φ p(Φ)

Among populations 11 795 5.58 22.49 0.22 <0.001
Within populations 108 2001 18.53 77.51
Among groups (GRP 1 vs. GRP2 vs. GRP3) 2 368 3.64. 14.53 0.15 <0.001
Among populations within groups 9 427 2.89 11.54 0.14 <0.001
Total 119 2796 22.96
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genotypes (Pakhrou et al., 2016). However, the number of 
AFLP primer combinations used in these studies was even 
higher, ranging from four in argan tree to 11 in papaya. 
The similar PIC value of 0.23 with four AFLP primer 
combinations was not high but showed discriminative 
power sufficient to separate the populations in this study. 
SSR markers (Viruel et al., 2018) are also appropriate for 
the detection of fine levels of genetic variability within 
narrow genepools of plant material, especially for the 
detection of mutations and clones.

In this study, the percentage of polymorphic fragments 
was 70.39%. Similar results were obtained in analyses of 
natural carob populations in Tunisia (76.31%) (Afif et al., 
2008) and Syria (62.3%) (Mahfoud et al., 2018). 

Barracosa et al. (2008) compared the genetic variability 
of carob cultivars from the Algarve region in Portugal using 
four AFLP primer pair combinations which generated less 
polymorphic fragments (31.8%). The homogeneity of the 
Algarve varieties could be explained by the composition 
of samples mainly consisting of Portuguese varieties and 
only a few wild carob genotypes. Caruso et al. (2008) 
analysed varieties and wild forms of carobs in four regions 
(Italy, Spain, Turkey, and Israel) using more AFLP primer 
combinations obtaining similar results (36% polymorphic 
markers). Generally, the Croatian carobs show higher 
heterogeneity among populations, but also within some 
populations (Ko, Si, Po, and Mo). However, considering 
the rest of the populations, their variability is similar to 

the variability of preselected genotypes and varieties 
(Barracosa et al., 2008; Caruso et al., 2008). The carobs, 
grown generatively at the place of germination, or taken 
to another place when seedlings, may be considered cross-
pollinated genotypes, contrary to the report on clonal 
varieties (Barracosa et al., 2008). The samples for this study 
were taken from solitary trees or small group of trees, not 
from plantations.

AMOVA detected significant variability, with 22.49% 
referring to variability among and 77.51% to within 
populations. A similar range of variations was detected 
by RAPD in Lebanese and Tunisian populations (Talhouk 
et al., 2005; Afif et al., 2008). High genetic variability 
was explained by location remoteness and geographical 
isolation of particular populations, which is also the 
case in this study. Caruso et al. (2008) detected similar 
variability in populations from four geographic regions by 
AFLP (23.28% among, and 76.72% within populations). 
The interpopulation distances (ΦST) in this study (0.01–
0.53) were wider than Tunisian populations (0.04–0.36) 
(Afif et al., 2008), and were statistically significant with the 
exception for populations Vi and So, indicating that these 
plants might be of the same origin.

Croatian carob populations were grouped into 
three main groups by UPGMA cluster analyses based 
on interpopulation distances, which was confirmed by 
AMOVA and STRUCTURE analysis. PCoA analyses of 
Lebanese populations revealed three groups (Talhouk 
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Figure 2. Dendrograms of 12 investigated carob populations (Pe = Pelješac, La = Lastovo, Ko = Korčula, Si = Šipan, Mo = Molunat, Po 
= Podgora, Hv = Hvar, So = Šolta, Br = Brač, Or = Orašac, Mlj = Mljet, Vi = Vis) obtained from (A) AHC clustering based on AFLP 
markers interpopulation distances (ΦST), with the indication of bootstrap values over 50 based on 1000 resamplings of the data set, 
revealing three distinct clusters obtained by the UPGMA method with interpopulation distance (ΦST), with a threshold (h) used to 
separate three clusters, and (B) AHC clustering based on Euclidean distances of 19 morphological traits obtained by UPGMA method 
with Euclidean distance with a threshold (h) separating five clusters.
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Figure 3. Cluster analysis of carob populations from the Croatian Adriatic region based on four AFLP primer combinations. (I) 
Dendrogram based on Euclidean square distance and UPGMA showing relationships among 120 carob trees. Bootstrap values over 50 
based on 1000 resamplings of the data set are indicated. (II) STRUCTURE analysis of 120 carob trees (trees 1–10 for each population: 
Or, Mlj, Vi, etc., as explained in the Materials and Methods section, and Table S1). Average proportions of membership for K = 3 real 
populations are given as estimated by STRUCTURE. Each carob tree is represented by a horizontal box divided into colours. The colours 
represent different potential genetic backgrounds.
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et al., 2005), while Tunisian (Afif et al., 2008) and Syrian 
(Mahfoud et al., 2018) populations were grouped into two 
main groups. 

The morphological variations of 12 carob populations 
from the southern Adriatic based on 19 phenotypic 
traits showed significant variability of nongrafted and 
spontaneously propagated populations, supporting the 
assumption by Barracosa et al. (2007) of the evaluation 
of nongrafted carob biodiversity as a fundamental step 
for the implementation of a conservation strategy, 
presumably to alleviate the negative consequences of 
genetic erosion. However, the same authors reported high 
fruit morphological polymorphism even within the most 
widespread cultivar from the Algarve region (cv. ‘Mulata’), 
comparing it to cv. ‘Negra’, the most common Spanish 
cultivar (Sanchez-Capuchino et al., 1988). 

The high morphological differentiation between the 
Vi and So populations, while remaining genetically very 
close, could be explained by the morphological plasticity 
and environmental influence on genetically very close 
genotypes (De Kroon et al., 1994; Mousavi et al., 2019), 
opening the possibility that individuals from one site 
could have been clonally propagated at another site. This 
is also consistent with the report of Barracosa et al. (2007) 
regarding higher morphological variability in cv. ‘Mulata’, 
but relatively low variability derived from AFLP markers.

Contrary to the data for cultivars, Russo and Polignano 
(1996) analysed 54 carob ecotypes in southern Italy, 
showing the diversity of morphological traits clustering 
into six groups according to similarity and origin. Our 
results are in accordance with this. We found a strong 
correlation between two traits of different plant organs, 
such as number of leaflets (NoLfl) and number of seeds 
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Figure 4. 3D-score plot based on the first three components of PCA from the morphological data. Pe = Pelješac, La = Lastovo, Ko = 
Korčula, Si = Šipan, Mo = Molunat, Po = Podgora, Hv = Hvar, So = Šolta, Br = Brač, Or = Orašac, Mlj = Mljet, Vi = Vis.

Table 5. Results of Mantel tests on carob populations, showing the 
correlations between matrices of AFLP and each morphological 
trait. p-values indicate the significance of two-tailed tests 
following 1000 permutations; bold type letters indicate significant 
differences (p < 0.05).

Morphological traits AFLP p-value

Length of leaves 0.01 0.437

Width of leaves –0.07 0.620

Length of leaf petiole –0.07 0.605

Number of leaflets 0.43 0.012

Length/width ratio of leaflets 0.74 <0.001

Length of leaflet petiole –0.10 0.645

Length of leaflets 0.14 0.187

Width of leaflets 0.28 0.061

Length of pods 0.19 0.099

Width of pods 0.55 0.004

Length of pod pedicel 0.06 0.350

Number of seeds per pod 0.47 0.008

Weight of pod 0.56 0.003

Thickness of pods 0.36 0.074

Thickness of seeds 0.10 0.266

Length/width ratio of seeds 0.34 0.095

Length of seeds 0.38 0.040

Width of seeds 0.16 0.187

Weight of seed 0.16 0.201
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(NoS) (r = 0.81), but also between width-to-length ratio 
of leaflet (l/w-Lfl) and width of pod (WP), or weight of 
pod (WgtP), with values of 0.79 and 0.76, respectively. 
There are no previous reports that examine the relations 
between leaf or leaflet morphological characteristics and 
other traits. 

We found a strong correlation between weight of seeds 
and length of pod (r = 0.76). These results agree with the 
reports of Albanell et al. (1996) for Spanish cultivars, and 
Boublenza et al. (2019) for cultivars from northern Algeria. 
According to Tous et al. (2009), cultivars with large pods 
and high pulp contents have a lower seed yield, with a 
negative correlation of –0.79. The weight of seeds was 
related with pod weight related with a correlation of 0.41 
(nonsignificant), and with pod width with a nonsignificant 
by correlation of 0.12.

The 12 populations from the southern Croatian 
Adriatic are separated into five groups according to their 
morphologic traits. Some of these populations, like Pe, 
La, and Ko follow the clustering obtained by AFLP, where 
these three populations also belong to the same cluster. 
A similar pattern is valid for the populations Mlj, and 
Or which clustered together according to phenotypic 
characterisation, but also clustered in a similar way on the 
basis of AFLP, including one more population (Si).

The Mantel test showed significant correlation between 
morphological and genetic differentiations of the carob 
populations. The highest correlation was found between 
AFLP and the length-to-width ratio of leaflets. This was not 
unexpected since environmental conditions have a greater 
influence on plant organ dimensions than on organ shape. 
However, Reyment (1985) showed that shape characters 
give a much better representation of the phylogenetic 

and genetic relations between living organisms. Beyene 
et al. (2006) reported significant and positive relationship 
between morphological and molecular (AFLP) diversity 
in traditional Ethiopian highland maize accessions. 
According to Persson and Gustavsson (2001), the 
relationship between molecular markers and phenotypic 
traits could be significant if the markers were linked to 
selected loci.

The analyses of morphological and AFLP variability of 
12 distinct populations in the eastern Adriatic resulted in 
the clustering of these populations into three main groups. 
Group 1 consists of the carob populations on the islands 
of Brač, Korčula, and Lastovo, and the Pelješac Peninsula, 
with the mainland populations Molunat and Podgora. 
Group 2 is formed by populations of the islands of Hvar, 
Šolta, and Vis. Finally, group 3 consists of populations 
from the islands of Mljet and Šipan, and the mainland 
locality Orašac. Molecular and morphological analysis 
showed high variation among Croatian carob populations, 
indicating the need for detailed study of their agronomic 
traits and performance under controlled orchard 
environments. They could also be utilised as a material 
for genetic conservation, and a gene pool for potential 
breeding programmes. Moreover, future research through 
collaborations in comprehensive studies throughout the 
Mediterranean are required to achieve conservation of 
carob trees, not only in their natural habitats, but also 
in gene banks, with the purpose of creating new carob 
cultivars through breeding programmes.
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Table S1. Collection sites and geographic distribution of 12 carob populations from Croatia. 
 

Population code Carob tree code Collecting site Latitude (°N) Longitude (°W) Altitude (m 
a.s.l.) 

Br Br01 to Br10 Brač Island 43°22′47.8″ 16°31′00.9″ 34 
Hv Hv01 to Hv10 Hvar Island 43°07′30.1″ 17°11′45.8″ 11 
Ko Ko01 to Ko10 Korčula Island 42°45′32.2″ 16°31′10.9″ 17 
La La01 to La10 Lastovo Island 42°46′06.9″ 16°53′54.4″ 101 
Mlj Mlj01 to Mlj10 Mljet Island 42°46′04.6″ 17°23′26.9″ 13 
Mo Mo01 to Mo10 Molunat 42°27′11.1″ 18°25′55.3″ 120 
Or Or01 to Or10 Orašac 42°41′48.6″ 18°01′10.9″ 16 
Pe Pe01 to Pe10 Pelješac Peninsula 42°58′30.1″ 17°09′55.9″ 18 
Po Po01 to Po10 Podgora 43°14′41.2″ 17°04′36.5″ 17 
Si Si01 to Si10 Šipan Island 42°42′42.6″ 17°54′56.9″ 48 
So So01 to So10 Šolta Island 43°23′45.7″ 16°18′15.8″ 6 
Vi Vi01 to Vi10 Vis Island 43°02′34.0″  16°06′22.4″ 96 

 
 
  



Table S2. List of morphological traits used for the characterisation of 12 carob populations from Croatia. 
 

Leaf traits Code Pod traits Code Seed traits Code 
Length of leaves (mm) LL Length of pods (mm) LP Length of seeds (mm) LS 

Width of leaves (mm) WL Width of pods (mm) WP Width of seeds (mm) WS 
 

Length of leaf petioles (mm) LLP Thickness of pods (mm) TP Thickness of seeds (mm) TS 
 

Number of leaflets NoLfl Length of pod pedicels (mm) LPP Weight of seeds (g) WgtS 
Length of leaflets (mm) LLfl Weight of pods (g) WgtP Length/width ratio of seeds l/w-S 
Width of leaflets (mm) WLfl Number of seeds per pod NoS   
Length of leaflet petioles (mm) LLflP     
Length/width ratio of leaflets l/w-Lfl     

  



 
Table S3. Range of minimum value ( ), maximum value ( ), and average value ( ) of 

squared Euclidean distances estimated within carob populations. 
 

Code of carob population    

Br 7 59 36.33 
Hv 3 43 23.51 
Ko 21 75 48.69 
La 15 53 39.64 
Mlj 6 46 31.04 
Mo 23 51 39.93 
Or 10 39 25.13 
Pe 14 64 37.84 
Po 21 65 46.32 
Si 11 78 36.80 
So 5 43 25.64 
Vi 5 35 18.76 

 
  

EucSQmin EucSQmax EucSQx

EucSQmin EucSQmax EucSQx



Table S4. Descriptive statistics of eight morphological traits of leaves from 12 carob populations from Croatia.  
 

Carob 
population  

Length of 
leaves (mm) 

Width of 
leaves (mm) 

Length of leaf 
petioles (mm) 

Number of 
leaflets 

Length of leaflet 
petioles (mm) 

Length of 
leaflets (mm) 

Width of 
leaflets (mm) 

Length/width 
ratio of leaflets 

Brač Min 138.00 79.00 74.00 6.00 1.67 39.00 29.00 0.56 
 Max 265.00 149.00 198.00 10.00 4.00 75.38 51.90 0.83 
 Mean 192.75 114.84 135.96 7.60 2.67 57.45 38.66 0.68 
 SD 30.61 17.13 28.29 1.34 0.59 7.86 5.42 0.07 
 CV 0.16 0.15 0.21 0.18 0.22 0.14 0.14 0.10 
Hvar Min 144.00 87.00 95.00 6.00 2.50 49.33 29.00 0.57 
 Max 279.00 158.00 205.00 10.00 3.38 71.50 53.00 0.92 
 Mean 210.16 118.22 151.31 7.42 2.93 59.29 40.93 0.69 
 SD 29.46 16.97 27.57 1.21 0.20 5.35 5.66 0.07 
 CV 0.14 0.14 0.18 0.16 0.07 0.09 0.14 0.10 
Korčula Min 120.00 77.00 68.00 6.00 2.00 42.80 27.40 0.55 
 Max 252.00 142.00 196.00 10.00 3.75 70.33 46.83 0.81 
 Mean 193.38 112.66 135.04 7.86 2.74 55.24 37.28 0.68 
 SD 30.37 16.84 30.26 1.28 0.39 7.29 4.26 0.06 
 CV 0.16 0.15 0.22 0.16 0.14 0.13 0.11 0.09 
Lastovo Min 114.00 69.00 65.00 6.00 1.88 35.50 21.38 0.51 
 Max 279.00 155.00 232.00 12.00 3.80 72.17 48.67 0.87 
 Mean 197.80 103.46 143.98 7.84 2.85 52.68 35.04 0.67 
 SD 41.74 22.76 39.61 1.39 0.57 8.37 6.12 0.07 
 CV 0.21 0.22 0.28 0.18 0.20 0.16 0.17 0.10 
Mljet Min 139.00 78.00 82.00 5.00 1.00 41.83 25.50 0.51 
 Max 275.00 154.00 210.00 10.00 4.33 80.83 47.50 0.78 
 Mean 197.20 114.76 140.76 8.00 2.62 58.29 35.52 0.61 
 SD 31.40 17.74 28.41 1.51 0.62 8.43 4.97 0.06 
 CV 0.16 0.15 0.20 0.19 0.24 0.14 0.14 0.10 
Molunat Min 142.00 71.00 78.00 6.00 1.75 38.50 25.50 0.52 
 Max 280.00 155.00 231.00 12.00 4.40 71.50 48.80 0.80 
 Mean 208.33 112.26 153.52 8.62 3.05 55.04 36.16 0.66 
 SD 29.74 18.97 33.62 1.26 0.68 8.20 5.75 0.06 



 CV 0.14 0.17 0.22 0.15 0.22 0.15 0.16 0.09 
Orašac Min 135.00 95.00 86.00 6.00 2.00 44.50 25.70 0.48 
 Max 265.00 144.00 202.00 11.00 3.63 79.80 48.00 0.72 
 Mean 209.20 121.82 149.50 8.58 2.76 61.50 36.88 0.60 
 SD 30.60 11.48 27.29 1.33 0.51 8.57 5.51 0.06 
 CV 0.15 0.09 0.18 0.16 0.18 0.14 0.15 0.10 
Pelješac Min 112.00 68.00 71.00 5.00 1.00 31.88 23.50 0.52 
 Max 312.00 141.00 210.00 10.00 4.00 78.33 47.83 0.81 
 Mean 192.74 105.53 136.68 7.68 2.68 52.63 35.33 0.68 
 SD 43.90 18.74 34.11 1.24 0.64 10.91 5.64 0.07 
 CV 0.23 0.18 0.25 0.16 0.24 0.21 0.16 0.10 
Podgora Min 132.00 93.00 91.00 4.00 2.00 43.40 27.00 0.52 
 Max 302.00 152.00 230.00 12.00 4.70 75.78 48.38 0.74 
 Mean 212.37 120.37 151.58 8.22 3.38 58.78 37.54 0.64 
 SD 37.73 13.84 33.51 1.88 0.62 8.06 5.14 0.05 
 CV 0.18 0.11 0.22 0.23 0.18 0.14 0.14 0.08 
Šipan Min 135.00 69.00 85.00 6.00 2.00 44.25 26.00 0.51 
 Max 290.00 148.00 240.00 11.00 4.20 69.88 46.29 0.82 
 Mean 208.68 113.00 150.50 8.30 3.02 56.40 36.68 0.65 
 SD 35.66 17.82 36.43 1.43 0.62 6.12 4.36 0.08 
 CV 0.17 0.16 0.24 0.17 0.21 0.11 0.12 0.12 
Šolta Min 152.00 101.00 88.00 6.00 2.00 50.25 33.33 0.57 
 Max 264.00 148.00 200.00 10.00 4.00 67.50 50.50 0.80 
 Mean 207.70 122.81 150.56 7.92 2.72 59.04 41.80 0.71 
 SD 28.06 10.58 25.77 1.05 0.51 4.36 3.90 0.05 
 CV 0.14 0.09 0.17 0.13 0.19 0.07 0.09 0.07 
Vis Min 128.00 90.00 82.00 6.00 1.50 41.38 27.38 0.61 
 Max 221.00 140.00 172.00 10.00 3.50 69.75 50.33 0.95 
 Mean 177.76 109.72 124.31 7.18 2.47 54.00 39.10 0.73 
 SD 21.27 12.19 22.82 1.08 0.50 6.65 5.12 0.06 
 CV 0.12 0.11 0.18 0.15 0.20 0.12 0.13 0.08 

 
Min = minimum value, Max = maximum value, Mean = mean value, SD = standard deviation, CV = coefficient of variation. 



Table S5. Descriptive statistics of six morphological traits of pods from 12 carob populations from Croatia. 
 

Carob 
population  

Length of 
pods (mm) 

Width of pods 
(mm) 

Thickness of 
pods (mm) 

Length of pod 
pedicels (mm) 

Weight of 
pods (g) 

Number of 
seeds per pod 

Brač Min 76.31 17.97 6.11 4.44 10.12 3.00 
 Max 180.30 27.20 11.92 10.63 28.72 14.00 
 Mean 126.31 22.99 9.20 7.16 17.58 8.05 
 SD 24.35 1.97 1.19 1.27 4.37 2.52 
 CV 0.19 0.09 0.13 0.18 0.25 0.31 
Hvar Min 86.37 17.78 6.23 3.45 6.62 4.00 
 Max 200.51 25.83 10.91 13.25 30.33 14.00 
 Mean 149.18 22.35 8.97 8.34 18.75 8.62 
 SD 26.22 1.88 1.04 1.97 5.15 2.41 
 CV 0.18 0.08 0.12 0.24 0.27 0.28 
Korčula Min 94.34 17.68 4.42 3.35 10.12 4.00 
 Max 205.46 25.85 11.87 12.44 27.68 15.00 
 Mean 144.39 21.70 8.12 7.65 17.61 9.81 
 SD 26.36 1.80 1.66 2.23 4.23 2.74 
 CV 0.18 0.08 0.20 0.29 0.24 0.28 
Lastovo Min 93.06 15.54 4.78 5.30 5.17 4.00 
 Max 215.57 26.56 10.71 11.88 23.48 16.00 
 Mean 143.53 20.84 7.54 7.81 14.07 9.33 
 SD 29.50 2.42 1.20 1.68 3.76 2.63 
 CV 0.21 0.12 0.16 0.22 0.27 0.28 
Mljet Min 74.93 16.55 6.12 4.62 7.39 5.00 
 Max 196.83 24.89 11.66 12.50 25.76 15.00 
 Mean 136.82 20.50 8.63 7.68 15.43 10.78 
 SD 28.40 1.85 1.07 1.67 4.61 2.43 
 CV 0.21 0.09 0.12 0.22 0.30 0.23 
Molunat Min 108.25 17.59 5.50 4.18 10.19 6.00 
 Max 201.22 25.90 10.91 9.79 28.47 16.00 
 Mean 152.47 21.63 8.01 6.80 17.26 11.38 
 SD 20.56 1.93 1.23 1.33 4.39 2.37 



 CV 0.13 0.09 0.15 0.20 0.25 0.21 
Orašac Min 101.29 16.12 4.96 5.40 7.01 8.00 
 Max 148.00 21.78 10.91 11.55 19.66 16.00 
 Mean 123.79 18.99 7.77 8.03 12.41 12.23 
 SD 10.65 1.25 1.30 1.27 3.08 1.73 
 CV 0.09 0.07 0.17 0.16 0.25 0.14 
Pelješac Min 98.32 17.88 5.46 4.81 8.91 4.00 
 Max 212.10 26.41 12.48 12.90 31.71 15.00 
 Mean 153.62 21.96 9.05 9.07 19.64 10.32 
 SD 26.80 2.00 1.58 1.67 6.17 2.18 
 CV 0.17 0.09 0.17 0.18 0.31 0.21 
Podgora Min 95.28 16.82 5.86 5.12 7.09 2.00 
 Max 198.82 30.90 10.68 11.37 30.22 14.00 
 Mean 141.91 23.50 8.40 7.68 17.59 8.65 
 SD 23.20 2.98 1.07 1.41 5.18 2.64 
 CV 0.16 0.13 0.13 0.18 0.29 0.31 
Šipan Min 93.10 15.94 3.88 5.96 5.57 6.00 
 Max 217.15 27.13 12.34 13.22 38.96 16.00 
 Mean 147.92 21.77 8.36 9.41 18.71 10.72 
 SD 29.24 2.64 2.05 1.49 7.38 2.53 
 CV 0.20 0.12 0.25 0.16 0.39 0.24 
Šolta Min 78.85 17.69 6.15 4.17 8.29 5.00 
 Max 179.30 28.53 12.08 9.85 28.58 14.00 
 Mean 128.81 23.61 9.45 6.56 18.03 9.48 
 SD 23.06 2.54 1.34 1.33 5.03 2.49 
 CV 0.18 0.11 0.14 0.20 0.28 0.26 
Vis Min 100.13 23.03 10.09 4.28 13.65 5.00 
 Max 168.25 30.70 13.93 10.07 28.09 15.00 
 Mean 129.93 26.64 11.94 6.96 21.04 9.25 
 SD 13.82 1.60 0.83 1.21 3.73 1.91 
 CV 0.11 0.06 0.07 0.17 0.18 0.21 

 
Min = minimum value, Max = maximum value, Mean = mean value, SD = standard deviation, CV = coefficient of variation.  



Table S6. Descriptive statistics of five morphological traits of seeds from 12 carob populations from Croatia. 
 

Carob 
population  

Thickness of 
seeds (mm) 

Length of 
seeds (mm) 

Width of seeds 
(mm) 

Length/width 
ratio of seeds 

Weight of 
seeds (g) 

Brač Min 2.87 7.85 5.72 0.59 0.12 
 Max 4.65 10.67 7.84 0.88 0.21 
 Mean 3.70 9.46 6.88 0.73 0.17 
 SD 0.35 0.62 0.43 0.04 0.02 
 CV 0.09 0.07 0.06 0.05 0.12 
Hvar Min 3.35 8.20 5.91 0.64 0.14 
 Max 4.48 10.29 7.43 0.83 0.20 
 Mean 3.94 9.17 6.66 0.73 0.17 
 SD 0.22 0.42 0.30 0.04 0.01 
 CV 0.06 0.05 0.05 0.05 0.06 
Korčula Min 3.12 7.54 6.42 0.68 0.14 
 Max 4.93 10.96 8.24 0.94 0.24 
 Mean 4.01 9.22 7.37 0.80 0.19 
 SD 0.42 0.68 0.36 0.06 0.02 
 CV 0.10 0.07 0.05 0.08 0.11 
Lastovo Min 2.75 7.91 5.46 0.60 0.12 
 Max 4.57 11.39 8.64 0.87 0.26 
 Mean 3.70 9.64 7.12 0.74 0.18 
 SD 0.40 0.68 0.66 0.05 0.03 
 CV 0.11 0.07 0.09 0.07 0.17 
Mljet Min 3.07 7.35 5.32 0.63 0.12 
 Max 4.81 10.55 7.90 0.86 0.22 
 Mean 3.96 8.77 6.57 0.75 0.16 
 SD 0.35 0.82 0.49 0.05 0.02 
 CV 0.09 0.09 0.07 0.07 0.13 
Molunat Min 3.41 8.32 6.25 0.62 0.14 
 Max 4.46 11.46 8.09 0.87 0.23 
 Mean 3.94 9.79 7.22 0.74 0.19 
 SD 0.22 0.64 0.40 0.05 0.02 
 CV 0.06 0.07 0.06 0.07 0.11 
Orašac Min 3.55 7.55 5.57 0.65 0.13 
 Max 4.85 9.13 6.76 0.82 0.17 
 Mean 4.21 8.35 6.18 0.74 0.15 
 SD 0.27 0.34 0.23 0.03 0.01 
 CV 0.06 0.04 0.04 0.04 0.07 
Pelješac Min 3.43 8.38 6.11 0.61 0.15 
 Max 4.45 10.31 7.92 0.87 0.21 
 Mean 3.94 9.34 6.86 0.74 0.18 
 SD 0.22 0.40 0.37 0.05 0.01 
 CV 0.06 0.04 0.05 0.07 0.06 
Podgora Min 3.02 7.79 5.85 0.58 0.12 
 Max 4.83 10.93 7.83 0.89 0.21 
 Mean 3.89 9.30 6.77 0.73 0.17 
 SD 0.35 0.63 0.38 0.06 0.02 
 CV 0.09 0.07 0.06 0.08 0.12 
Šipan Min 3.16 8.01 6.27 0.64 0.13 
 Max 4.35 11.07 8.01 0.85 0.22 



 Mean 3.74 9.70 7.08 0.73 0.18 
 SD 0.25 0.67 0.37 0.04 0.02 
 CV 0.07 0.07 0.05 0.05 0.11 
Šolta Min 3.23 7.81 5.68 0.60 0.13 
 Max 4.62 10.17 7.13 0.87 0.20 
 Mean 3.92 8.94 6.36 0.71 0.16 
 SD 0.28 0.46 0.30 0.05 0.01 
 CV 0.07 0.05 0.05 0.07 0.06 
Vis Min 3.50 8.04 6.32 0.70 0.14 
 Max 4.52 9.63 7.56 0.89 0.21 
 Mean 4.02 8.82 6.94 0.79 0.17 
 SD 0.21 0.36 0.26 0.04 0.01 
 CV 0.05 0.04 0.04 0.05 0.06 

 
Min = minimum value, Max = maximum value, Mean = mean value, SD = standard deviation, CV = coefficient of 
variation. 
 
  



Table S7. Mean squares (MS) of analysis of variance and results of means and Tukey’s HSD post hoc tests at the 0.05 level for five morphological traits of leaves from 12 carob 
populations from Croatia. 
 

Source DF LL WL LLP NoLfl LLflP LLfl WLfl l/w-Lfl 
Locality 11 5436.51** 1841.43** 4145.71** 9.69** 2.92** 398.46** 235.00** 0.06** 
Error 588 1094.80 275.85 960.60 1.82 0.304 59.173 26.972 0.004 
Means 
Brač  192.75 ab 114.84 abc 135.96 ab 7.60 bc 2.67 bcd 57.45 abc 38.66 abcd 0.68 bcd 
Hvar  210.16 a 118.22 ab 151.31 a 7.42 bc 2.93 bc 59.29 ab 40.93 ab 0.69 abc 
Korčula  193.38 ab 112.66 abcd 135.04 ab 7.86 abc 2.74 bcd 55.24 bc 37.28 bcd 0.68 abcd 
Lastovo  197.80 ab 103.46 d 143.98 ab 7.84 abc 2.85 bcd 52.68 c 35.04 d 0.67 bcd 
Mljet  197.20 ab 114.76 abc 140.76 ab 8.00 abc 2.62 cd 58.29 abc 35.52 cd 0.61 ef 
Molunat  208.33 a 112.26 abcd 153.52 a 8.62 abc 3.05 ab 55.04 bc 36.16 cd 0.66 cde 
Orašac  209.20 a 121.82 a 149.50 a 8.58 abc 2.76 bcd 61.50 a 36.88 cd 0.60 abcd 
Pelješac  192.74 ab 105.53 cd 136.68 ab 7.68 bc 2.68 bcd 52.63 c 35.33 cd 0.68 def 
Podgora  212.37 a 120.37 ab 151.58 a 8.22 ab 3.38 a 58.78 ab 37.54 bcd 0.64 cde 
Šipan  208.68 a 113.00 abcd 150.50 a 8.30 ab 3.02 abc 56.40 abc 36.68 cd 0.65 ab 
Šolta  207.70 a 122.81 a 150.56 a 7.92 abc 2.72 bcd 59.04 ab 41.80 a 0.71 a 
Vis  177.76 b 109.72 bcd 124.31 b 7.18 c 2.47 d 54.00 bc 39.10 abc 0.73  

 
** = signi$cant at 0.01 level, DF = degrees of freedom, LL = length of leaves, WL = width of leaves, LLP = length of leaf petioles, NoLfl = number of leaflets, LLflP = length of leaflet 
petioles, LLfl = length of leaflets, WLfl = width of leaflets, l/w-Lfl = length/width ratio of leaflets. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S8. Mean squares (MS) and F-values of analysis of variance and results of means and Tukey’s HSD post hoc tests at the 0.05 level for six morphological traits of pod from 12 carob 
populations from Croatia. 
 

Source DF WgtP LP WP TP LPP NoS 
Locality 11 565.21** 11002.49** 362.48** 133.46** 74.73** 152.66** 
Error 1188 23.86 585.17 4.51 1.78 2.47 5.75 
Means 
Brač  17.58 bcd 126.31 de 22.99 bc 9.20 bc 7.16 cde 8.05 f 
Hvar  18.75 bc 149.18 ab 22.35 cd 8.97 bcd 8.34 b 8.62 ef 
Korčula  17.61 bcd 144.39 abc 21.69 de 8.12 efgh 7.65 bcd 9.81 cd 
Lastovo  14.07 ef 143.53 abc 20.84 ef 7.54 h 7.81 bc 9.33 de 
Mljet  15.43 de 136.82 cd 20.50 f 8.63 cde 7.68 bcd 10.78 bc 
Molunat  17.26 cd 152.47 ab 21.63 de 8.01 fgh 6.80 e 11.38 ab 
Orašac  12.41 f 123.79 e 18.99 g 7.77 gh 8.03 b 12.23 a 
Pelješac  19.64 ab 153.62 a 21.96 de 9.05 bc 9.07 a 10.32 bcd 
Podgora  17.59 bcd 141.92 bc 23.50 b 8.40 def 7.68 bcd 8.65 ef 
Šipan  18.71 bc 147.92 abc 21.77 de 8.36 defg 9.41 a 10.72 bc 
Šolta  18.03 bc 128.81 de 23.61 b 9.45 b 6.56 e 9.48 de 
Vis  21.04 a 129.93 de 26.64 a 11.94 a 6.96 de 9.25 de 

 
** = signi$cant at 0.01 level, DF = degrees of freedom, WgtP = weight of pods, LP = length of pods, WP = width of pods, 
TP = thickness of pods, LPP = length of pod pedicels, NoS = number of seeds per pod. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S9. Mean squares (MS) and F-values of analysis of variance and results of means and Tukey’s HSD post hoc test at the 0.05 level for five morphological traits of seed from 12 carob 
populations from Croatia. 
 

Source DF WgtS LS WS l/w-S TS 
Population 11 0.041** 45.76** 30.48** 0.17** 5.31** 
Error 2988 0.0004 0.34 0.16 0.002 0.09 
Means 
Brač  0.169 cd 9.461 b 6.880 de 0.729 d 3.699 e 
Hvar  0.173 c 9.168 c 6.664 fg 0.728 d 3.937 bcd 
Korčula  0.195 a 9.224 c 7.367 a 0.802 a 4.008 bc 
Lastovo  0.181 b 9.642 a 7.116 bc 0.739 cd 3.702 e 
Mljet  0.163 de 8.771 e 6.572 g 0.752 c 3.963 bcd 
Molunat  0.190 a 9.787 a 7.218 bc 0.740 cd 3.943 bcd 
Orašac  0.149 f 8.345 f 6.181 i 0.742 cd 4.210 a 
Pelješac  0.181 b 9.336 bc 6.856 de 0.736 d 3.940 bcd 
Podgora  0.170 c 9.300 bc 6.770 ef 0.731 d 3.886 d 
Šipan  0.181 b 9.702 a 7.079 c 0.732 d 3.744 e 
Šolta  0.161 e 8.944 d 6.356 h 0.712 e 3.925 cd 
Vis  0.173 c 8.822 df 6.936 d 0.787 b 4.023 b 

 
** = signi$cant at 0.01 level, DF = degrees of freedom, WgtS = weight of seeds, LS = length of seeds, 
WS = width of seeds, l/w-S = length/width ratio of seeds, TS = thickness of seeds. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S10. Pearson’s correlation coefficient of 19 morphological traits from 12 carob populations from Croatia. 
 

 LL WL LLP NoLfl l/w-Lfl LLflP LLfl WLfl LP WP LPP NoS WgtP TP TS l/w-S LS WS 
WL 0.60*                  
LLP 0.98* 0.50                  
NoLfl 0.45 0.20  0.46                 
l/w-Lfl –0.47  –0.25  –0.43  –0.75*               
LLflP 0.76* 0.26  0.74* 0.21  –0.32               
LLfl 0.61* 0.94* 0.51  0.25  –0.45  0.20              
WLfl 0.11  0.61* 0.07  –0.51  0.58* –0.10  0.46             
LP 0.21  –0.48  0.26  0.16  0.06  0.46  –0.50  –0.38            
WP –0.46 –0.04 –0.46  –0.67* 0.79* –0.14  –0.25  0.55  –0.14           
LPP 0.18  –0.26  0.13  0.12  –0.28  0.19  –0.11  –0.40  0.49  –0.38          
NoS 0.24 0.03  0.27  0.81* –0.59* –0.05  0.11  –0.50  0.07  –0.63* 0.21         
WgtP –0.37 –0.18  –0.38  –0.51  0.76* –0.09  –0.37  0.40  0.30  0.81* 0.04  –0.45        
TP –0.64* –0.05  –0.64* –0.57  0.68* –0.52  –0.16  0.51  –0.33  0.86* –0.30  –0.38  0.72*      
TS 0.01  0.38  –0.05  0.35  –0.22  –0.24  0.37  0.09  –0.24  –0.15  –0.13  0.55  –0.17  0.12      
l/w-S –0.65* –0.33  –0.69* –0.08  0.15  –0.40  –0.36  –0.20  –0.02  0.18  –0.13  0.09  0.15  0.27  0.38     
LS 0.12  –0.50  0.20  –0.14  0.22  0.47  –0.57  –0.27  0.67* 0.06  0.17  –0.26  0.27  –0.29  –0.78* –0.21    
WS –0.33  –0.68* –0.28  –0.19  0.30  0.16  –0.76* –0.37  0.59* 0.17  0.07  –0.18  0.34  –0.08  –0.45  0.47  0.76*  
WgtS –0.22  –0.64* –0.17  –0.11  0.35  0.18  –0.75* –0.31  0.76* 0.12  0.13  –0.10  0.41  –0.12  –0.33  0.41  0.75* 0.95* 
 
* = significant at 0.05 level; LL = length of leaves, WL = width of leaves, LLP = length of leaf petioles, NoLfl = number of leaflets, l/w-Lfl = length/width ratio of leaflets, LLflP = length of 
leaflet petioles, LLfl = length of leaflets, WLfl = width of leaflets, LP = length of pods, WP = width of pods, LPP = length of pod pedicels, NoS = number of seeds per pod, WgtP = weight 
of pods, TP = thickness of pods, TS = thickness of seeds, l/w-S = length/width ratio of seeds, LS = length of seeds, WS = width of seeds.  
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Table S11. Principal component analysis explanation: Factors loadings of 19 morphological traits on the first four components (PC) and variation components explained. 
 

  PC1 PC2 PC3 PC4 
Final 
communality % 

Leaf 
traits 

Length of leaves 0.822 0.197 0.496 0.163 0.990 99 
Width of leaves 0.615 –0.594 0.370 0.258 0.941 94 
Length of leaf 
petioles 0.786 0.258 0.498 0.131 0.950 95 
Number of leaflets 0.796 0.359 –0.098 0.236 0.882 88 
Length/width ratio 
of leaflets –0.810 –0.206 0.383 0.113 0.859 86 
Length of leaflet 
petioles 0.446 0.490 0.568 0.233 0.823 82 
Length of leaflets 0.730 –0.561 0.223 0.075 0.902 90 
Width of leaflets –0.132 –0.688 0.612 0.177 0.897 90 

Pod 
traits 

Length of pods –0.138 0.816 0.175 0.302 0.914 91 
Width of pods –0.733 –0.380 0.413 0.184 0.890 89 
Length of pod 
pedicels 0.144 0.457 –0.099 –0.114 0.887 89 
Number of seeds 
per pod 0.535 0.179 –0.603 0.325 0.803 80 
Weight of pods –0.738 –0.066 0.401 0.335 0.929 93 
Thickness of pods –0.690 –0.613 0.071 0.116 0.898 90 

Seed 
traits 

Thickness of seeds 0.283 –0.468 –0.497 0.613 0.938 94 
Length/width ratio 
of seeds –0.492 –0.023 –0.619 0.422 0.845 85 
Length of seeds –0.274 0.812 0.440 –0.108 0.963 96 
Width of seeds –0.574 0.717 –0.015 0.176 0.952 95 
Weight of seeds –0.531 0.745 0.028 0.327 0.962 96 

 Eigenvalue 6.605 5.037 3.099 1.342   
Variation (%) 34.763 26.511 16.309 7.065   
Cumulative (%) 34.763 61.274 77.584 84.649   

 
 
 


