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Abstract

This study aimed to assess the ancient carob germplasm growing in Lebanon. A set of 59 old trees sampled
from different locations across the country (between 0 and 554 m a.s.l.) were subject to morphological character-
ization by using 33 traits related to the tree, the leaf, the pod and the seed. Results revealed important morphologi-
cal variability within the Lebanese carob germplasm. The most variable traits were the number of aborted seeds
per pod, seed yield, pulp weight, pod weight and pod volume. Correlation analysis showed a negative correlation
of both pod size and weight with seed yield, and a positive correlation between pod length and total seed weight.
Evaluation of carob morphological characters and eco-geographic parameters revealed positive correlation of
seed length, chord length and pod width with the longitude, in addition to a slight positive correlation of pod
weight with latitude and longitude. Principal component analysis allowed extracting the most active and discrimi-
nant morphological variables, which were mainly represented by pod weight, width, length, thickness and shape,
chord length, and individual seed weight and length. Cluster analysis revealed a clear differentiation between
two main morphological groups; the first cluster was characterized by long and heavy pods and seeds, while the
second cluster was distinguished by medium to small pods and seeds. Two eco-geographic sub-clusters could be
differentiated, Mount Lebanon and the South, while the trees of Beirut and the North were dispersed in various
subgroups. According to these results, the Lebanese carob germplasm might be a reservoir of genetic diversity
that should be further investigated by complementary studies including flowering characteristics, pod chemical
quality attributes and genetic analysis.

Originated in the Eastern Mediterranean
and the Arabian Peninsula, the carob tree
(Ceratonia siliqua L.) is a typical constitu-
ent of the evergreen vegetation of Mediter-
ranecan and Near East low altitude areas
(Batlle and Tous, 1997; Zohary, 2002). The
Mediterranean Basin is considered to be at
least one of carob domestication centers and
the trees were planted extensively in warmer
parts of both the southern and eastern shores.
Since ancient times, carob trees spread as
wild seedlings, but they are regarded as fe-
ral derivatives of the fruit crop which prob-

ably evolved under domestication based on
the shifting from sexual reproduction (wild
forms) to the vegetative propagation (under
cultivation) (Sidina et al., 2009; Zohary,
2002).

Historically carob has been used as feed
for domesticated animals. The fruit was also
eaten by peoples in times of famine while
the wood was also used for fuel. Tradition-
ally, carob trees were inter-planted with ol-
ives, grapes, almonds and even barely in
low intensity farming system (Batlle and
Tous, 1997). This multi-use tree cultiva-
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tion represents an age-old land use system
where fruit trees are deliberately grown in
the same planting with other crops and/or
animals (Makhzoumi, 1997). Today, wild,
naturalized, and abandoned cultivated carob
trees have become an integral component of
the ‘thermo-Mediterranean’ zone which is
characterized by dense coastal woodlands of
evergreen screlophyllous plant species, and
is distributed at low altitudes in all warmer
parts of the Mediterranean Basin, especially
North Africa and the Near East (Batlle and
Tous, 1997; Christodoulakis, 1992; Talhouk
etal.,2001).

The potential multi-use value of carob in
the past is still valid today and new uses have
proven to be economically important. The
carob bean gum extracted from carob’s seeds
is widely used today in the manufacture of
foodstuffs as a stabilizer, emulsifier, and
thickener. The ground up pod is also used as
a substitute for cocoa powder. It’s hardwood
is used as charcoal in several Mediterranean
countries (Abi Saleh et al., 1996; Corell et
al., 1987). In addition, the adaptability of
carob tree to all types of soils at lower and
middle altitudes and its resistance to drought,
makes it suitable for reforestation (Abi Saleh
et al., 1996; Tous et al., 2013). Moreover, the
species is considered beneficial in associa-
tion with low altitude conifer trees because
of'its tolerance to fires (Talhouk et al., 2005).
In Lebanon, carob grew abundantly on the
lower coastal hills to the extent that a region-
al district was referred to by the species name
‘Iklim Al Kharroub’ (the carob district), and
is cultivated in different agricultural systems,
among olive and almond trees, where carob
is mainly grafted on the remnant wild forms
(Breugel and Stephan, 1999; Talhouk et al.,
2001). By 1914, carob trees were uprooted
for the expansion of agricultural alternatives
causing a noticeable decrease of their popu-
lations, described as consisting of sporadic
trees (Abou Nasser, 1963). Today, some cen-
tennial carob trees are still found witnessing
the long history of this species in the country.
Unfortunately, the remaining carob popula-
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tions are threatened again by various anthro-
pogenic pressures and more particularly by
the intensive urbanization activities in the
coastal zone, which are causing an alarming
destruction of the remnant semi-natural habi-
tats where carob thrives.

During the last decade, several afforesta-
tion initiatives were undertaken using carob
seedlings. Also, several municipalities are
investing in carob cultivation in South Leba-
non for both ornamental and economic pur-
poses. According to the statistic census of the
Ministry of Agriculture of Lebanon, carob
culture is occupying 241 hectares, mostly lo-
cated in South Lebanon (132 ha), with an es-
timated average total production of 2000 tons
per year. Local production is not sufficient to
satisfy the local demand for molasses pro-
duction. Therefore, carob pods are regularly
imported by carob factories from Cyprus and
Greece. Formal data regarding the imported
quantities are not available yet.

Usually cultivars are described and breed-
ing material is selected on the base of con-
ventional phenotypic descriptors that are
readily recognizable. In the Mediterranean,
carob cultivars were often assessed using
pod and seed morphological traits as it was
the case in Algarve, Portugal (Barracosa et
al., 2007). Also pod and seed morphological
characteristics were used to study the vari-
ability within the Tunisian carob germplasm
(Naghmouchi et al., 2009; Naghmouchi et
al., 2009). In Morocco both morphological
traits and chemical composition of pods were
used for the characterization of carobs (Khli-
fa et al., 2013; Sidina et al., 2009). More
recently, morphological traits of pods and
seeds were used to characterize carob popu-
lations collected from two Croatian islands
(Srecec et al., 2016).

To date the genetic diversity of carob trees
growing in Lebanon has not been sufficiently
addressed. Only a few local cultivars were
differentiated across the country namely
‘Ahmar’, ‘Makdissi’, ‘Khachabi’, ‘Sandali’
and ‘Barri’, based on a limited number of
pod characteristics (Breugel and Stephan,
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1999; Haddarah et al., 2014). The genetic
variability of the Lebanese carob popula-
tions was explored by using RAPD mark-
ers (Talhouk et al., 2005). Results from this
genetic study indicated that carob trees did
not cluster based on geographic proximity,
and revealed a significant difference between
and within populations, suggesting that the
remaining trees constitute a valuable germ-
plasm that deserves to be investigated.

In this context, the present work aims to
assess the phenotypic diversity of the ancient
Lebanese carob germplasm by characterizing
the remaining centennial carob trees growing
in the country. Germplasm characterization
consisted of analyzing the variation in mor-
phological descriptors relevant to the tree,
the leaf, the pod and the seed among 59 se-
lected trees to determine if they are related
with species geographical distribution in
Lebanon. This work is the first contribution
in Ceratonia siliqua in which morphological
features are analyzed to characterize Leba-
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nese’s genotypes based on their potentialities
and to valorize ancient carob trees in further
conservation actions and selection programs.
The hypothesis was that morphological dif-
ferences can be characterized, and that this
analysis will provide a starting point for fu-
ture molecular analysis for this important
natural resource in the Mediterranean and the
Near East regions.

Materials and Methods

Surveys and collected accessions

Aset of 59 ancient carob trees representing
most natural and domesticated Lebanese’s
populations was collected during June - Oc-
tober 2016 (Supplementary Table 1). These
trees grew in family gardens, road edges, val-
leys and abandoned lands and were described
immediately at the site prior to material col-
lection. Trees were located at 31 sites spread
over four main geographical areas, the North,
the South, Mount Lebanon, and Beirut dis-
tricts (Fig. 1) at altitudes between 16 and 545

n
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B NORTH LEBANON
W SOUTH LEBANON

Figure 1. Distribution of the 59 centennial carob trees surveyed in 31 locations in Lebanon.
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Figure 2. Examples of centennial carob trees across Lebanon considered in the study. From left to right and from
top to bottom: Female carob tree with a high basal circumference in Amioun population; Male tree with two trunks
in Amioun population; Female carob tree of Joun population with a big cavity on trunk induced by bad pruning
practices; Female carob tree of Nahr /brahim population with big cavity on the basal part of trunk.

m and receiving between 920 and 491 mm of
rainfall (Supplementary Table 1). Each tree
was assumed to be one accession, having a
trunk circumference of 2 m and above (Fig.
2). According to information given initially
by the growers and elderly villagers, the trees
were considered to be more than 100 years
old. For each tree, samples of 20 mature
leaves and pods were collected randomly on
lateral branches. After seed extraction, 20

seeds were randomly chosen from 10 pods
per tree.

Morphological descriptors

Globally five qualitative (scored) and 28
quantitative traits (measured) of the tree,
leaf, pod and seed were examined, based
on the descriptors previously developed for
carob tree characterization (Barracosa et al.,
2008 and 2007; Batlle and Tous, 1997; Ghar-
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nit et al., 2004; Retana et al., 1994; Tous et
al., 2013). Tree traits included foot trunk cir-
cumference (m), trunk largest circumference
(at 50 cm height from the ground) (m), crown
projection diameter (m), and central cavity
(lengthxwidthxdepth; m?®) (Supplementary
2; Fig. 2). Leaf characteristics included leaf
length (mm) and width (mm), petiole length
(mm) and width (mm), and number of leaflets
per leaf, leaflet length (mm) and width (mm)
(Supplementary Table 3). Pod characteris-
tics included pod shape (scored on a scale
of 3=straight, 5=curved and 7= twisted); pod
color (rated on a scale of 3=brown, 5=dark
brown, 7=black; chord length (mm); pod
length, width and thickness (mm), weight (g)
and volume (ml); pulp weight (g); pod stalk
length (mm) and width (mm); percentage of
aborted seeds per pod; seed yield (%) and
seed number per pod (Supplementary Table
4); Seed characteristics included seed): shape
(1=round, 2=oval, 3=elliptic; color (I1=yel-
lowish brown, 2=brown, 3=red brown and
4=black) and surface (1=smooth, 2=rough
and 3=very rough); seed length (mm); width
and thickness (mm); individual seed weight
and total seed weight per pod (g) (Supple-
mentary Table 5). Seed yield (%) was calcu-
lated as the total seed weight over pod weight
x 100 (Batlle and Tous, 1997).

Eco-geographical data

Climatic data used in these analyses were
derived from the dataset of the meteorologi-
cal stations of the Lebanese Agricultural Re-
search Institute distributed across the coun-
try. In this study, the general climate variables
considered for each location included mini-
mum and maximum average temperatures
and annual rainfall. Information on GPS co-
ordinates and elevations of the sampled trees
was also recorded in each location.

Data analysis

For each variable, means =+ standard devia-
tions and coefficients of variation were cal-
culated. The normality test of Kolmogorov—
Smirnov was used to determine if samples
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came from a normally distributed population
(Martinez-Gonzélez et al., 2006). When ex-
amining the distributions for the quantitative
variables associated with pod, seed and leaf
characteristics, the Kolmogorov-Smirnov
(K-S) test indicated values of p above 0.05
for seven morphological traits which fit nor-
mality (chord length, pod width, weight, pulp
weight, pod stalk length, leaflet length, leaf-
let width). Other variables i.e. pod volume,
leaflet length and width, seed number per
pod, seed length) were loglO-transformed
(Milton and Tsokos, 1983). When case num-
ber sample size is large, K-S test is sensitive
to small deviations from normality (Milton
and Tsokos, 1983). To avoid this problem, all
the variables that did not fit normality with
K-S test, even after Logl0 transformation,
were evaluated with histograms and Q-Q
plots (Normal vs Expected, and Standard
deviation trends), to confirm the deviation of
the normal distribution. After these evalua-
tions, data for eight traits still deviated from
normality, and were excluded from the mul-
tivariable classification approach (pod stalk
width, % aborted seed per pod, seed yield,
seed thickness and width, leaf petiole length
and width and leaflet number per leaf).

Pearson’s correlation coefficients were
calculated at the individual level to evaluate
relationships between morphological traits.
The correlation coefficients with the vari-
ables which did not fit normal distribution
were analyzed using Spearman’s correlation
test. Additionally, the correlations between
eco-geographical variables (i.e. altitude, lon-
gitude and precipitations) and the mean val-
ues of morphological traits were examined at
the population level (Fig. 3) (Snedecor et al.,
1967).

Principal Component Analysis (PCA) was
performed using IBM SPSS statistics 17.0
(IBM Corp., Armonk, NY, USA) on all stud-
ied individuals of the data set except for the
trees that were not productive and thereby
considered to be male. All variables satisfy-
ing conditions of normality, homoscedastic-
ity and bivariate correlations greater than
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0.3 (P < 0.05), except for those exhibiting
collinearity, were included in the PCA to se-
lect the most representative ones, according
to Sleighter et al. (2010). Selected variables
were identified by an optimal PCA solu-
tion that included Bartlett’s sphericity test,
a KMO (Kaiser-Meyer-Olkin) test, com-
munalities, correlations with principal com-
ponents, and maximum explained variance
(Martinez-Gonzalez et al., 2006). With the
eight variables accounting for the maximum
fraction of variance in the original dataset
(Supplementary Table 6; Fig. 4), accessions
were subjected to agglomerative hierarchi-
cal cluster analysis (unsupervised clustering,
Ward’s method) based upon squared Euclid-
ean distance. Classification was carried out
using an agglomerate algorithm (Everitt,
1980). The number of groups was judged
visually based on the resulting dendrogram.
After groups were defined, one-way analyses
of variance were used to detect differences
in quantitative traits among the previously
established groups. To detect geographic pat-
terns of variation in pod morphology, a clus-
tering analysis following Ward’s method was
performed using R v.3.2.3.

Results

General status of the carob centennials

Our study included 59 centennial carob
trees growing in 31 locations across the
country distributed in Mount Lebanon (26
trees), North Lebanon (13 trees), South Leb-
anon (10 trees) and Beirut (10 trees) (Fig. 1).
Trees were found along the littoral and up to
545 m of altitude (Marouahine in the South).
Minimum winter temperature varied between
-3.8°C and 3.5°C, while the maximum sum-
mer temperature varied between 34.8°C and
38.9°C. The annual rainfall was between 491
mm (Wadi Al Houjair in the South) and 920
mm (Douma in the North). Most of centen-
nials are growing as scattered trees on road
edges e.g. Nahr Ibrahim, family gardens and
yards, and in the remaining maquis in some
area e.g. Joun. On the other hand, some car-
obs were found in olive groves (e.g. Deir
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Janine and Joun), recalling the traditional
Mediterranean agro-ecosystem where olive
and carob trees were inter-planted. Many of
these trees were in good shape while others
were partially destroyed by various anthro-
pogenic acitivities. The immense majority of
these trees did not recieve irrigation or other
agricultural practices.

Most of the surveyed carob trees were still
productive, except seven trees found during
the survey without pods and were considered
by farmers as male trees. Although flower
type was not addressed in this study, at least
eight trees of the 59 studied and mostly lo-
cated in Mount Lebanon were hermaphrodite
with some inflorescences carrying pistillate
flowers and others carrying staminate flow-
ers, or with inflorescences carrying her-
maphroditic flower. Normally, dried pods
are harvested in September and processed to
produce carob molasses also called “black
honey” or “debs”. According to the grow-
ers, only a few trees were grafted, such as the
one found in Kefraya (designated as Kefraya
NLC1) and the one called Rihani (designated
as Rihani NLC1). Most of these centennial
trees were thought to be subnatural and as-
sumed to be derived initially from seedlings
growing spontaneously in natural landscapes
or in plantations.

Information given by the growers and mu-
nicipalities indicates the carob trees consid-
ered in this study may have been 150 to 250
years old. The oldest tree might be the one
found in Amioun (Amioun NLC2) which may
have been more than 200 years, followed by
the tree of Deir Janine (Deir Janine NLCI)
and the one of Kefraya (Kefraya NLCI) with
more than 150 years. Some centennials are
located near some archeological troves, ru-
ins and ancient monasteries, indicating their
long history in the country.

Tree characteristics

Trees had large foot circumferences, from
2 m (e.g. Wadi Al Houjair SLC2) to 8.2 m
(e.g. Amioun NLC?2) (Supplementary Table
2, Fig. 2). Trunk circumferences ranged be-
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Table 1. Descriptive statistics for pod, seed, and leaf variables for 59 carob centennial trees growing in Lebanon.

Morphologcal traits Minimum Maximum Mean + SD CV (%)
Pod:

Chord length (mm) 78.1 219.9 142.52+37.04 25.99
Length (mm) 108.3 234.2 161.93+34.43 21.26
Width (mm) 14.3 27.0 22.06+3.23 14.64
Thickness (mm) 4.6 12.2 8.26+1.58 19.13
Weight (g) 5.9 37.65 20.34+8 39.33
Volume 8.6 355 20.68+7.46 36.07
Stalk length (mm) 6.7 16.6 11.93£3.12 26.15
Stalk width (mm) 22 43 3.16+0.46 14.56
Color Brown (3)* Black (7)* Dark brown (5)*

Shape Straight (3)*  Twisted (7)*  Curved (5)*

Pulp weight (g) 4.49 34.67 18+7.73 42.94
N° of seeds 7.86 14.3 10.93+1.47 13.45
% aborted seed/ pod 0 23 7.06+6.63 93.91
Seed yield (%) 6.7 36.6 13.13+5.86 44.63
Seed :

Length (mm) 7.7 11.5 9.71£0.87 8.96
Width (mm) 6 8.6 7.42+0.7 9.43
Thickness (mm) 3.7 53 4.27+0.37 8.67
Total seed weight/ pod (g) 1.36 3.05 2.24+0.45 20.09
Individual seed weight (g)  0.152 0.295 0.22+0.03 13.64
Shape Oval (2)* Elliptic 3)*  Oval (2)*

Color Brown (2)* Black ( 4)* Red brown (3)*

Surface Smooth (1)* Rough (2)* Smooth (1)*

Leaf:

Length (mm) 42.7 188.9 97.8+27.9 28.5
Width (mm) 24.8 167 132.19423.44 17.73
Leaf petiole length (mm) 18.5 69.7 37.05+9.36 25.26
Leaf petiole width (mm) 1.7 3 2.3+0.29 12.61
Leaflet length (mm) 45.6 83.4 64.31+£9.36 14.55
Leaflet width (mm) 28.4 56.7 41.87+6.21 14.83
Leaflet per leaf (mm) 54 10.6 7.88+1.11 14.09

* Values in parentheses are scores attributed to qualitative traits.

tween 1.6 m (Wadi Al Houjair SLC2, Deb-
biyeh MLC4) and 9 m (e.g. Baasir MLCI),
while most of the trees had trunk circumfer-
ences between 2.2 m and 4 m. Trunk cavities
were present in only 44% of trees with vol-
umes between 0.01 m?® (e.g. Chekka NLCI)
and 0.95 m?® (e.g. Nahr Ibrahim NLC4).
Crown projection ranged from 3.3 m (Jiyeh
MLC1) to 16 m (Baasir MLC1) with an aver-
age of 6.61 m.

Morphological characterization

Carob centennials had a wide range of mor-
phological variability (Tables 1; Supplemen-
tary Tables 2-5). Seed thickness, seed length
and seed width were least variable with a
coefficient of variation of 9%, followed by

pod length and width, number of seed per
pod, individual seed weight, and leaf petiole
width with coefficients of variation ranging
between 12 to 15%. High variation coeffi-
cients were associated with aborted seeds per
pod, seed yield, pulp weight, pod weight, pod
volume, leaf length, chord length, leaf petiole
length and pod length with respective values
0f93.91, 44.63, 42.94,39.33 and 36.07, 28.5,
25.99, 25.26 and 21.26%.

Leaf length ranged between 42.7 mm (e.g.
Marouahine SLC7) and 188.9 mm (e.g. Sal-
hiyeh SLC1), whereas leaf width varied from
24.8 mm (e.g. Eddeh NLCI) to 167 mm (e.g.
Bourjein MLC3). Leaf petiole length was
short for most of the trees (19-30 mm length)
and varied from medium to long for the oth-
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ers (up to 70 mm) such as AUB BLC7. Leaf
petiole width ranged between 1.7 mm (Chek-
ka NLCI1, Joun MLC3 and Alma El Chaeb
SLC2) and 3 mm (e.g. Seddigine SLC21).

Leaflet number per leaf varied between 6
(Nahrlbrahim MLCI, Saadiyat MLCI, Qana
SLC12, Hanaway SLC18, Seddigine SLC21)
and 10 (Baasir MLC1, Salhiyeh SLC1, Wadi
Al Houjair SLC?2). Leaflet length varied be-
tween 45.6 mm (Marouahine SLC7) and 83.4
mm (Hadat BLCY9), with an average width of
64.3 mm. Leaflet width ranged between 28.4
mm (e.g. Alma EI Chaeb SLC2) and 56.7 mm
(e.g. Jiveh MLCS). Leaflet shape was ellipti-
cal for all trees (Supplementary Table 3). It is
worthy to note that carob trees of the south
were characterized by small size leaves and
leaflets.

Pod characteristics were highly variable.
Pod shape varied between curved to twisted
with dominance to curved shape, but Kefra-
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va NLC1 and Eddeh NLC6 had straight pods
(Table 2). Pod color, varied from brown to
black. Pod length varied from 108.3 mm (e.g.
ljdeabrine NLCI) to 234.2 mm (e.g. Baasir
MLCI). Chord length varied between 78.1
mm (e.g. Hanaway SLCI18) and 219.9 mm
(e.g. Baasir MLCI) (Supplementary Table
4). Pod weight ranged from 5.9 g (e.g. Mar-
ouahine SLC7)to 37.65 g (e.g. Jiveh MLCI),
and pulp weight varied between 4.49 g and
34.67 g for the same trees. Pod thickness var-
ied between 4.6 mm (e.g. Saadiyat MLCI)
and 12.2 mm (e.g. Eddeh NLC6). Pods har-
vested in the North and Mount Lebanon had
the widest pods, averaging 22.06 mm. Pod
stalk length ranged between 6.7 mm (Joun
MLC2) and 16.6 mm (DeirJanine NLC3),
whereas pod stalk width was similar for all
samples with an average of 3.17 mm. Gener-
ally, carob from the south had small and light
pods whereas those of Mount Lebanon had
large and heavy pods.
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Figure 3. Correlation matrix with correlation coefficients for 28 traits of the pod, seed and leaves or carob centen-

nial trees growing in Lebanon.
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Figure 4. PCA biplot of the 52 centennial carob trees. Symbol shape represents HCA results (clustering). Acces-
sion symbols represent geographical areas. Arrows represents variable loadings, scaled to the range of PC factors
(-3, 3 interval). Ellipse represents normal probability of cluster distribution with a significance level of 5%.

Seed number per pod ranged between 8 and
14 seeds with 0 to 23% aborted seed per pod,
whereas total seed weight per pod varied from
1.36 g to 3.05 g (CV=20.09) (Supplementary
Table 5). Seed yield per pod varied between
6.7% (e.g. Debbiyeh MLC4) and 36.6 % (e.g.
Jadra MLC2) (CV= 44.63). Individual seed
quantitative traits varied among trees where
seed length (CV=8.96) ranged from 7.7 mm
(e.g. Qana SLC2) to 11.5 mm (e.g. DeirJa-
nine NLCI), width from 6 mm (e.g. Qana
SLC2) to 8.6 mm (e.g. Mazraat Yachoua
MLCI) (CV=9.43), thickness from 3.7 mm
(Amioun NLC2, Debbiyeh MLC4) to 5.3 mm
(e.g. Barja MLC6) (CV=8.67), and weight
from 0.152 g (e.g. Qana SLC2) to 0.295 g
(e.g. Eddeh NLC6) (CV=13.64).

Seed qualitative characteristics varied in
color and slightly in surface and shape. Actu-
ally, seed color was yellow brown for Chek-
ka NLCI, brown for ljdeabrine NLCI, red
brown for Joun MLC2 and black for Hadat
BL(C9. Seed surface was smooth for all trees
studied except for Eddeh NLC1 (North Leba-
non) which had rough to smooth seeds. Seed

shape was oval for the majority of trees, and
elliptic for Yarine SLC6, Seddigine SLC21
(South Lebanon), Deir Janine NLCI, Deir
Janine NLC2 (North Lebanon) and Nahr
Ibrahim MLC4 (Mount Lebanon).

Correlation between morphological traits
Pearson’s correlation confidents for mor-
phological traits are presented in Figure 3.
Tree dimensions and other variables were not
correlated, whereas significant correlations
existed between pod and seed characteristics
(data not shown). For instance, pod weight
was positively significantly correlated with
pod length (r=0.83), width (1=0.9) and thick-
ness (r=0.56), chord length, total seed weight
and seed length with correlation coefficients
of r= 0.79, 0.65, 0.789, respectively. Simi-
larly, individual and total seed weight were
correlated with seed length (r=0.61 and 0.64,
respectively) and width (r=0.76 and 0.56, re-
spectively). On the other hand, leaflet length
and width were positively and moderately
correlated with pod weight (r=0.49 and 0.33,
respectively), length (r=0.48 and 0.32, re-



CAROB

spectively) and width (r=0.52 and 0.37), and
individual seed weight (=0.52 and 0.43,
respectively). In total, eight morphological
traits were correlated, with correlation coef-
ficients between 0.3 and 0.9, and were con-
sidered for further analysis.

Correlation between traits and eco-geo-
graphical growing areas

Correlation between the eight variables
selected from the PCA analysis and the geo-
graphic parameters was performed to exam-
ine their relationship with the morphological
characteristics of the carob centennials (Ta-
ble 2). Results revealed slight negative cor-
relation between pod shape and altitude (r=-
0.35). Slight to moderate positive correlation
was found between latitude and pod width
(r= 0.318) and seed length (r=0.591). Lon-
gitude was positively correlated with seed
length (r=0.606), chord length (r=0.323) and
pod width (r=0.308). Slight negative correla-
tions existed between rainfall and pod length
and seed number per pod (r=-0.360 for both).

Multivariate analyses

PCA analysis showed a great variation
among the carob centennials depending
on the eight variables previously extracted
through Pearson correlation analysis (Fig. 4).
The first two components account for 80.9%
of the total variance. In the first compo-
nent representing 61.9%, the traits of chord
length, pod weight, length and width, in ad-
dition to individual seed weight and length,
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were prominent as active variables. For the
second component, representing 19.0% of
the total variance, pod thickness and shape
were the most significant variables.

Based on the active variables, the PCA bi-
plot (Fig. 4) may allow distributing the carob
centennials in three main groups; trees of the
South are clustered in one group, trees of the
Mount are found in a second group, while
the third group clusters trees growing in Bei-
rut, Mount Lebanon and the North in mix-
ture with no dependency on eco-geographic
growing areas.

The agglomerative hierarchical classifica-
tion constructed with the squared Euclidean
distance based on the eight active variables
representing pod and seed traits allowed dis-
tributing the carob centennials in two large
clusters at 10% dissimilarity distance (Fig.
5). Cluster I contains 13 individuals coming
from Mount Lebanon, four individuals from
the North and three individuals from Beirut,
all characterized by big curved to twisted pod
with big seeds. Cluster II contains 14 indi-
viduals coming from Mount Lebanon, nine
from the South, six from the North and two
individuals coming from Beirut, and all char-
acterized by low to medium size of pod and
seed with dominance of curved pods.

At 5% dissimilarity, four sub-clusters
could be differentiated. Cluster I was divided
into two sub-clusters. The largest sub-cluster,
designated as sub-cluster 1.1, contained 12
trees from the Mount, four from the North
and three from Beirut. Sub-cluster 1.2 was

Table 2. Pearson correlation coefficients* for morphological traits selected after statistical analysis (PCA) and

geographical variables.

Variables Altitude LatitAude Lon%itude Rainﬂal]
Chord length (CL) -207 297 323 278
Pod length (PL) -173 191 260 360"
Pod width (PW) -.030 318" 308" -157
Pod thickness (PTh) -.025 114 003 096
Pod weight (PWht) 129 312° 308" -259
Pod shape (PSh) -3517 019 043 -135
Seed length (SL) -.045 591 606" 016
Individual seed weight (ISW) 124 358" 224 076

“Coefficients followed by T or 2 astericks are significant at the 5% and 1% Ievel, respectively.
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Figure 5. Dendogram of 52 centennial carob trees constructed on the base of morphological traits recorded, using

rescaled squared Euclidean distance.

represented by only the Baasir MLCI tree,
with the longest and heaviest pods with high
seed number per pod. Cluster II was divid-
ed into two main sub-clusters based on pod
length and width, whereas sub-cluster II.1
contained 22 trees with small to medium
pod size of which seven were from Mount
Lebanon, eight from the South, six from the
North and one from Beirut. Sub-cluster 11.2
contained 10 trees with big pods of which
six were from Mount Lebanon, two from the
North, one from the South and one from Bei-
rut. At 2.5% dissimilarity and below, trees of
the South (which have small and light pods
and seeds) and the ones of Mount Lebanon
(with heavy and long pods and seeds) are
clearly differentiated, while the trees of Bei-
rut and the North are distributed in various
subgroups.

Discussion
In Lebanon, carob has always been an im-
portant component of the natural landscape
and the traditional agroforestry system, but

morphological variability of the species at
country level has been rarely assessed (Tal-
houk et al., 2005). The present work is the
first phenotypic assessment of the Lebanese
carob germplasm, using a set of morphologi-
cal traits related to tree, pod, seed and leaf.
Morphological descriptors have been widely
used to assess variability of carob germplasm
and to differentiate cultivars and promising
trees (Batlle and Tous, 1997; Sidina et al.,
2009; Naghmouchi et al., 2009; Sidina et al.,
2009; Tous et al., 2013).

The most variable traits found in this study
included number of aborted seeds per pod,
seed yield, pulp weight, pod weight and pod
volume with respective coefficients of varia-
tion 0£ 93.9, 44.6, 42.9, 39.3, and 36.1. These
traits are mostly complex and controlled by
polygenetic features, and are strongly influ-
enced by the environmental factors (Sidina et
al., 2009). On the other hand, seed traits var-
ied less and seem less influenced by environ-
mental factors, similar to the results reported
previously for the Spanish cultivars, and the
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Tunisia and Moroccan germplasms (Albanell
et al., 1996; Naghmouchi et al., 2009; Sidina
et al., 2009).

Data from morphological studies were
used to evaluate correlations between mor-
phological characteristics (Albanell et al.,
1988 and 1996; Caja et al., 1988). In this
study, pod size and weight were negatively
correlated with seed yield (r=-0.427 and
-0.564, respectively), confirming previous
reports (Albanell ef al., 1996; Sidina et al.,
2009). The heaviest seed was the longest
and widest, and seed weight ranged between
0.15 g and 0.30 g with a mean of 0.22 g. Pod
length and total seed weight were previously
found to be positively correlated (= 0.567)
(Albanell et al., 1996; Sidina et al., 2009).

In our study, seed length, chord length and
pod width were positively correlated with
the longitude (r=0.606, 0.323, 0.308, respec-
tively; Table 5), whereas pod weight was
slightly correlated with latitude and longi-
tude. Surprisingly, pod size and weight were
negatively correlated with the rainfall, indi-
cating an unusual behavior of the Lebanese
carobs to precipitation. For the Moroccan
carob germplasm, significant positive and
negative correlations were reported for pod
thickness and pulp weight with the latitude
and altitude respectively, allowing identifica-
tion of different geographic patterns of carob
in Morocco (Sidina et al., 2009). Hierarchi-
cal clustering analysis revealed an important
diversity among the studied carob trees, with
a differentiation of the trees of the South and
the ones of Mount Lebanon which could
correspond to two potential eco-geographic
groups. On the other hand, carob trees of Bei-
rut and the North were the most difficult to
classify, being spread over the four clusters.

Conclusion
Using a set of morphological traits, the
present work is the first morphometric as-
sessment of the Lebanese ancient carob
germplasm. Although preliminary, the results
of this study identified the diversity potential
of the Lebanese ancient carob germplasm.
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Further complementary studies involving re-
production biology characteristics (Caruso et
al., 2008), chemical attributes (Dakia et al.,
2007) and genetic analysis (La Malfa et al.,
2014) are necessary to investigate the perfor-
mance and real value of this heritage, prior to
conserving and utilizing the germplasm in
pre-breeding and breeding programs.
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Supplementary Table 1. Climatic and geographic data for the 31 locations surveyed for carob accessions. NL:
North Lebanon; ML: Mount Lebanon; BL: Beirut; SL: South Lebanon.

Location (Province) Elevation Latitude Longitude Rainfall Min. mean Max. mean Avg. Accessions collected
range (m) ™) (E) (mm)* ™ ™ ™

North Lebanon

Deir Janine (Akkar) 338-433 34°33'51.5"  36°10'36.7" 730 -3.8 373 19.03 NLC1,NLC2, NLC3,N

Douma (Batroun) 245 34°12'14.7"  35°50'32.3" 920 29 383 19.37 NLCI

Chekka (Batroun) 63 34°19'28.7"  35°43'47.3" 920 29 383 19.37 NLC1

Amioun (Koura) 318 34°18'14.5"  35°4828.8" 920 29 383 19.37 NLC2

ljdeabrine (Koura) 308 34°14'36.3" 35°41'45.7" 920 -2.9 383 19.37 NLC1

Kefraya (Koura) 302 34°17'46.4"  35°43'06.3" 920 29 383 19.37 NLC1

Amchit (Jbeil) 91 34°08'59.0"  35°38'17.8" 878 35 38.9 22.25 NLC5

Rihani (Jbeil) 169 34°35'05.1" 36°06'60.0" 878 35 389 2225 NLCI1

Eddeh (Jbeil) 239-259 34°08'24.6"  35°39'52.2" 878 35 38.9 22.25 NLC1, NLC6

Mount Lebanon

NahrIbrahim (Kesrwan) 76-127 34°04'02.4"  35°38'44.4" 878 35 38.9 2225 MLC1*#, MLC4
MazraatYachoua (Metn) 347 33°55'50.1"  35°38'09.7" 878 35 38.9 22.25 MLC1

Jiyeh (Chouf) 54-184 33°40'15.3"  35°25'30.9" 615 32 36 21.28 MLC1, MLC2*, MLC6
Barja (Chouf) 180-398 33°38'59.7"  35°26'35.6" 737.2 -0.6 37.1 18.225 MLC3, MLC4, MLC6
Jadra (Chouf) 92-120 33°37'51.9"  35°2427.7" 615 32 36 21.28 MLC2*, MLC4*, MLCt
Joun (Chouf) 398-434 33°34'53.5"  35°27'40.4" 737.2 -0.6 37.1 18.22 MLC1, MLC2, MLC3*,
Debbiyeh(Chouf) 434-438 33°39'54.9"  35°29'16.5" 737.2 -0.6 37.1 18.225 MLC1, MLC3,MLC4
Baasir (Chouf) 326 33°39'32.8"  35°26'53.0" 737.2 -0.6 37.1 18.225 MLC1*

Saadiyat (Chouf) 112 33°41'41.3"  35°25'31.5" 737.2 -0.6 37.1 18.225 MLC1

Bourjein (Chouf) 382-461 33°3929.3"  35°29'10.7" 737.2 -0.6 37.1 18.225 MLC1,MLC3

South Lebanon

Salhiyeh (Saida) 208 33°33'36.8"  35°2520.8" 820 -1.4 36.4 20.18 SLC71
WadiAlHoujair (Bentjbeil) 252-315 33°15'30.7" 35°28'30.9" 491.2 -2.5 348 16.91 SLCI, SLC2
AlmaEIChaeb (Sour) 388 33°06'17.3" 35°10'50.9" 710 22 348 2033 SLC2
Yarine (Sour) 426 33°06'26.0" 35°13'55.9" 710 22 348 2033 SLC6
Marouahine (Sour) 554 33°06'31.1"  35°16'28.0" 710 22 34.8 20.33 SLC7
Nagoura (Sour) 89 33°07'05.6" 35°0823.4" 710 22 348 2033 SLCI11
Qana (Sour) 367 33°12'29.2"  35°18'00.6" 710 22 34.8 20.33 SLCI12
Hanaway (Sour) 201 33°13'18.5"  35°16'38.6" 710 22 34.8 20.33 SLCI8
Seddigine (Sour) 372 33°11'22.8" 35°18'37.3" 710 22 348 2033 SLC21
Beirut

AUB (Beirut) 16-108 33°54'03.1" 35°28'51.3" 878 35 389 2225 BLC1---- BLC8**
Hadat (Baabda) 82 33°51'00.5"  35°31'38.0" 878 35 38.9 22.25 BLCY9
Hazmiyeh (Baabda) 195 33°51'18.8" 35°32'09.5" 878 35 389 2225 BLCI10

* Ecotypes hermaphrodies
**: BLC1, BLC2, BLC3, BLC4, BLC5, BLC6, BLC7, BLC8
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Supplementary Table 2. Tree characteristics recorded for 59 carob centennials growing across Lebanon.

Accessions Foot Circumference Trunk Circumference Crown Projection  Central Cavity
(m) (m) (m) ()
North Lebanon
DeirJanine NLC1 6.40 5.70 4.50 0.36
DeirJanine NLC2 4.70 3.50 7.30 0.04
DeirJanine NLC3 3.60 2.40 6.50 0.04
DeirJanine NLC4 4.10 2.20 8.30 0.04
Douma NLC1 3.60 3.55 8.60 0.95
Chekka NLC1 2.40 2.10 8.10 0.01
Amioun NLC2 8.20 5.70 8.50 0.00
Ijdeabrine NLC1 4.60 4.35 9.00 0.53
Kefraya NLC1 5.00 3.60 5.10 0.00
Amchit NLC5 7.60 5.30 5.30 0.00
Rihani NLCI 4.20 330 6.20 0.02
Edde NLCI 3.60 3.00 7.10 0.08
Eddeh NLC6 4.60 3.50 6.30 0.00
Mount Lebanon
Nahr Irbrahim MLC1 4.00 3.00 6.30 0.06
Nahr Ibrahim MLC4 4.20 3.60 7.00 0.95
MazraatYachouh MLC1 3.00 3.30 5.20 0.12
Jiyeh MLC1 2.20 1.63 3.30 0.00
Jiyeh MLC2 2.74 224 6.30 0.00
Jiyeh MLC6 3.10 2.30 4.00 0.01
Jiyeh MLCS 5.00 3.30 5.50 0.03
Barj MLC3 232 1.95 4.70 0.00
Barja MLC4 2.80 2.65 6.00 0.00
Barja MLC6 3.50 2.50 3.60 0.00
Jadra MLC2 3.00 2.30 5.30 0.11
Jadra MLC4 4.30 4.90 6.00 0.00
Jadra NLC6 2.60 2.30 5.00 0.00
Joun MLCI 3.15 2.26 7.80 0.00
Joun MLC2 7.70 4.30 6.40 0.17
Joun MLC3 6.20 6.00 4.00 0.00
Joun MLC4 6.70 3.50 6.50 0.59
Joun MLCS 5.50 1.68 5.30 0.00
Debbyieh MLCI 3.90 3.60 5.20 0.00
Debbiyeh MLC3 4.80 4.50 5.80 0.00
Debbiyeh MLC4 2.60 1.60 4.10 0.00
Baasir MLC1 7.10 9.00 16.00 0.00
Saadiyat MLCI 5.50 1.57 6.90 0.00
Bourjein MLCI 3.15 242 6.00 0.00
Boujein MLC3 3.70 3.20 6.80 0.00
Beirut
AUB BLCI 5.50 2.60 7.10 0.21
AUB BLC2 2.50 2.00 5.70 0.00
AUB BLC3 6.63 5.40 5.90 0.00
AUB BLC4 2.90 2.45 4.40 0.06
AUB BLCS 5.50 2.10 3.80 0.00
AUB BLC6 3.80 2.50 4.70 0.00
AUB BLC7 4.70 4.00 10.5 0.00
AUB BLCS 4.30 4.90 4.70 0.00
Hadat BLC9 5.50 3.13 6.70 0.31
Hazmiyeh BLC10 2.72 2.57 6.40 1.04
South Lebanon
Salhiyeh SLC1 7.40 4.00 9.00 0.07
WadiAlHoujair SLC1 7.24 6.30 7.10 0.00
WadiAlHoujair SLC2 2.00 1.60 6.10 0.00
AlmaEIChaeb SLC2 4.40 3.00 8.00 0.05
Yarine SLC6 4.60 2.00 10.00 0.00
Marouahine SLC7 3.90 3.60 8.00 0.00
Nagoura SLC11 6.80 2.80 9.00 0.13
Qana SLCI12 5.00 4.30 9.00 0.22
Hanaway SLCI8 4.60 2.50 12.00 0.49

Seddigine SLC21 4.20 2.20 4.60 0.00
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Supplementary Table 3. Leaf characteristics of 59 centennial carob trees growing in Lebanon. Values were
estimated from a 20-leaf sample from individual trees.

Tree code Leaf length  Leaf width Leaf petiole Leaf petiole Leaflet length Leaflet width Leaflet pe leaf
(mm)  (mm) length (mm) Diam. (mm) (mm) (mm)
DeirJanine NLCI 121.9421.7  126.6+19.8 43.1£9.8 2.340.2 59.8+10.9 40+6.1 9£1.1
DeirJanine NLC2 90.6+19.1  124.7£16.3 33.9+43 2.3+03 58+11.6 41+5.8 7.2+1
DeirJanine NLC3 82£19.3  130.9+8.7 37.3%6.5 2.1£0.3 60.9+4 42.1£3.8 6.8+1
DeirJanine NLC4 103+£30.3  151.5£19.2 39.8+14.1 2.5+0.2 70.6=10.4 47.6+4.8 7.6£0.8
Douma NLC1 126.6£20.7  143.5+18.5 55.6+12.9 2.5+0.3 67.9+11.7 37.8+12.8 8.2+1.1
Chekka NLC1 145.2+30.1  165.3+22.8 61.7+18.5 1.7+0.3 75.2+21 43.3+6.6 80
Amioun MLC2 95.5+£32.1  124.2£19.7 39.1+13.4 2.4+0.2 58.4+9.3 41.5+7 8.2+1.1
ljdeabrine MLC1 98.7£24.1  126.2£24.7 40.8+7.6 2.3+0.2 62.2+6.6 42.7+4.6 7.4£1.3
Kefraya MLC1 85.4+3  112£16.9 345427 25.4+0.2 57.8+143 33432 80
Amchit MLC5 125.6£26  122+11.8 333473 2.440.2 57.3+6.1 383+3.4 10.6+1.3
Rihani NLC1 115.8+19.3  131x14.4 4424124 2.4+0.1 60.9+6.9 41.4+4.3 9£1.4
Eddeh NLC1 114.9£24.7  24.8+2.5 37.5£11.9 2.5+0.2 77.1£7.8 48.1£6.2 8.4£0.8
Eddeh NLC6 138.9£23.4  155.7+14.3 51.8+13.4 2.840.2 77.1£7.3 51.5£10.1 9.4=1
Nahrlrbrahim MLCI 63.8+7.1  122.1=11.1 29.4+7.9 2.1+0.7 71.9+23.4 459452 6.2£0.6
Nahrlbrahim MLC4 96.3x12.1  136.1+9.6 36.5+£3.9 1.8+0.2 63.4£5.4 47.4£6.1 7.4=1
MazraatYachoua MLC1 100.4£31.7  159.7+25.4 39.3£9 2.4£03 82+11.5 46.5+4.9 7.2+1
Jiyeh MLCI 89.6x16.3  146+19.3 29.4+6.4 2.3+0.3 77.7£5.7 445829 8+0
Jiyeh MLC2 91.9+222  149.3+15.9 34.8+7.4 2.4+0.5 74.6x16.1 53.4£16 8.40.8
Jiyeh MLC6 75£16.7  137.3£16.2 31.6+7.3 22+0.3 80.4+4.8 47.1£3 60
Jiyeh MLC8 63.8+15.7 128.5£13.5 29.6+6 1.9x0.1 70.2+10.9 56.715.7 9.2+1
Jiyeh MLC9 83.2+16.2  155.3£16.7 37.4+8.3 2.4£0.1 T1.7£7.5 40.7+4.1 8+0.9
Barja MLC3 88.4+15.8  153.6£13.5 42£12.4 2.7+0.2 69.6+8.8 42.1x4.7 8.4£1.3
Barja MLC4 93.2+7 158.3£18.2 34.8+4.3 2.5+0.2 74.4+9.4 42.9£5.1 8.240.7
Barja MLC6 107.2£15 10613 32.4x7.7 2+0.3 54.2+4.2 35.6+2.7 9.6£1.3
Jadra MLC2 141.2£12.4  129.611.3 38.1=7 2.5+0.3 61.5£7.5 41.4+4.1 9.8+0.6
Jadra MLC4 90.9+18  154.1+22.8 43.4£10.2 2.3+0.3 71.8+10.8 44.1£5.1 8+1.3
Jadra NLC6 914£22.5  153.2%13.6 37.9+6.2 2.6+0.2 69.6+4.4 38.8+4 8+0
Joun MLC1 105.3£20.2  128.6£14.3 40.5£7.9 2.2+0.2 60.2+6.2 40.3£2.5 9£1.1
Joun MLC2 85.7¢15.6  133.5:10.5 28.5+6.1 2.4£0.1 60.7+4.8 40.9+3.4 80
Joun MLC3 82.8+14.4  103.8+9.5 21.5+5.1 1.7+0.2 64.9+5.8 449435 7.8£0.6
Joun MLC4 85.2+13.6  126.9+15.7 27.5+5.7 2.1+0.2 60.8+5.5 433431 80
Joun MLCS 70.4+20.4  129+15.8 2843.9 240 67.3+7.1 47.843.2 6.8+1
Debbyieh MLC1 76.8+11.8  148.6=8.7 34.7+4.1 2.5+0.1 70.1£3.7 41£2.4 7.8+0.6
Debbiyeh MLC3 632122 1393153 31+6.5 2.5£0.2 63.9+7.5 39.6+4.9 7£1.1
Debbiyeh MLC4 70.8+18.5  140.6=16.5 27+7.1 2.2+03 60.8+9.1 36+5.9 80
Baasir MLC1 140.3£29.8  132.7+12.8 3524108 2.1+0.2 66.6+5.8 43.344.5 10£0.9
Saadiyat MLCI 95.8+16.2  120.1+7.7 39.6+12.7 1.9£0.4 5146 34.844.2 6.4+£0.8
Bourjein MLC1 7116 132.9+13.3 29.6+9.7 1.9£0.2 59.1£9.3 35.1%6.7 7£1.1
Bourjein MLC3 108.7£15  167+23.5 46.9+9.8 2.6£0.2 77.1£10.7 45.6+3.5 8.2+0.6
AUB BLCI 125.9£10.9  129.7+10.6 46.7+8 22403 59.645.5 42+4.6 80
AUB BLC2 90.5+36.1  126.7+18.4 40.2+8.7 22402 55.548.1 37.5+4.2 7.3£1.6
AUB BLC3 114.5£20.9  151.4+14.2 52.4£9.8 22+0.2 70.6+7.7 43£53 7£1.1
AUB BLC4 92.4+20.8  159.6x16 45.9+4.8 2.7+0.2 73.7+8.1 41.7£6.1 7.4x1
AUB BLCS 114.1£19.8  109.1£12.7 42.6£9.9 2.7£04 48.9+6.7 37.1+4.6 8.6+1.3
AUB BLC6 741144 133.6+11.9 33£13.1 2.120.1 58.8+7.5 35.9+4.2 7.2+1
AUB BLC7 165+28.6  140.5+17.5 69.7£14.9 2403 64.1£8.1 49.7£6.3 7.8£1.5
AUB BLCS8 88.5+11.4 126.9+10.8 32.4+8.2 2.9+0.3 60.9+9.4 47+9.2 8.6+1
Hadat BLC9 139.5449.1  163.1+18.8 38£16.9 2.5+0.3 83.4+8.7 50£6.5 8.8%1
Hazmiyeh BLCI0 95.1x14.1  151.5¢7.5 42.1£6.4 2.4x0.2 70.1£3.5 42.4£3.6 8+0.9
Salhiyeh SLC1 188.9+17.4  154.5£9.6 48+8.2 2.4+0.2 69.9+4.8 50.1£3.9 10£0
WadiAlHoujair SLC1 1245153 150.7+15.4 39.1+6.6 2.4£03 69.7+10 53.845.1 8+0
WadiAlHoujair SLC2 115.5£16.8  126.8+13.6 35.549.9 2.6+0.3 55.9+5.6 46.143 9.6+1.3
AlmaEIChaeb SLC2 64.7+142  105.6+16.6 225454 1.7+0.2 50.1+9 284459 6.8£1
Yarine SLC6 82.4+132  114.1=10 29.5+4.5 1.9+0.3 54252 34.5+4.1 6.9£0.9
Marouahine SLC7 42.7£11.6  87.2£19.9 26.8+4.6 2.3+0.3 45.6+7.4 30.245.5 541
Nagoura SLCI1 87.9+20.7  120.8+7.1 26.3+4.6 2.1£0.1 52+6.2 37+7.8 6.81.4
Qana SLC12 66.4x11.7  100.7£9.8 33.426.9 2+0.2 49+5 31.7£3.2 60
Hanaway SLCI8 52.4+182  99.9+9.9 18.5+3.4 2.1+0.3 49.9£5.4 31151 6.2+1.5

ddigine SLC21 67.5£9.9 110.6+10.2 30.1£9.9 3+0.5 49.4£9.6 31.344.5 6.5+1.1
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Supplementary Table 4. Pod characteristics of 52 centennial carob trees (the non-productive trees considered as
male were excluded). Values were estimated from a 20-leaf sample from individual trees.

Pod

Tree code Chord Pod pod Weight Volume  Podstalk  Podstalk  Pod Pod Pulp
length length width thickness (2) (ml) length width color shape weight
(mm) (mm) (mm) (mm) (mm) (mm) ()
DeirJanine NLC1 18342207 199.6£189  26%1.5 8.5+1 3132455 264462  156£15 37403  Darkbrown  Curved twisted 284154
DeirJanine NLC2 18165317 210.84249  253+22 8812 312965 31477 16424  37:04  Darkbrown  Curved 28.63+5.87
DeirJanine NLC3 17465239 20242216 2719 9.1+1 3119462 31457 16617 3403  Darkbrown  Curved 28.66+5.8
DeirJanine NLC4 169.2:24 189.4£174 253421 77412 2451534 18147 15.423 3304  Darkbrown  Curved twisted  22.15%3.51
Douma NLCI 10655184 1115178 17715 7121 795519 114:34  127£15 2202 Brown Curved twisted ~ 6.55:1.53
Chekka NLCI 11565189 130.5164  23.6£3.5 58415 16.165.7 15546 128416 302 Darkbrown  Curved twisted  14.16+5.19
Amioun MLC2 1423£169 14914185 18.9+15 7.6£0.6 1428523 155428 92405 32802  Brown Curved 12.04£1.98
ljdeabrine MLC1 1043162 1083+155  19.642.7 6418  936x36 12149  1L1=13 29402  Darkbrown  Curved twisted ~ 7.7+3.23
Kefraya NLC1 1208115 12711 228425 10£1.1 21638 20433 6707 25803  Darkbrown  Straightcurved  19.9+3.5
Rihani NLC1 1185201 137.2436 22¢18 10907 186553 19135 134215 28202  Darkbrown  Curved 15.99+2.68
Eddeh NLC1 14294192 181187 25.143.3 108517 3221292  322:88 164222 31202  Darkbrown  Curved 28.5947.98
Eddeh NLC6 11915145 1166142 22%1.8 122608 202:4 20447 11611 29402  Darkbrown  Straightcurved  16.61+4.08
Nahrlybrahim MLCI ~ 87.5+162  121£13.9 21142 9.242 1720529 178527 122¢19 3202 Darkbrown  Curved 14.8242.62
Nahrlbrahim MLC4 ~ 127.5521.5  137+18.1 21.9+2.4 8£1.6 2024439  20.6:1.7  79+1.2 2802  Darkbrown  Curvedtwisted  17.74+3.56
MazraatYachoua 149.1£17.1 15342184 242421 8.4+1.8 2252436 23.1:34 134514 33403 Dark brown Curved twisted ~ 20.35+2.92
Jiveh MLCI 19165226 217+25.9 26.842.5 9814 37.65569 33263  143%2 37405  Darkbrown  Curvedtwisted  34.67+6.65
Jiyeh MLC2 20094192 207.9¢19.6 252427 7317 2778455  293+64 145513 37503 Black Twisted 25.1845.16
Jiyeh MLC6 18214293 203.1428.6 242429 76416 2669553 2763 159417 35403  Darkbrown  Twisted 24.37+4.73
Jiveh MLCS 1843233 194.6:204 239426 7718 25625 261%59 14711 3204  Darkbrown  Curvedtwisted  23.424.8
Jiveh MLCY 189+15.1 204£17.3 23.8+2.2 8112 27.78+47 28747 16625 3204  Black Twisted 24.43+4.05
Barja MLC3 15575165 162.3£16 19.6£1.7 6.1<1.1 1275532 14.5:44 144226 32:04  Black Curved twisted 10324277
Barja MLC4 164623 18121.7 25421 9613 259948 27.2:53  13£15 3203 Black Curved twisted ~ 23.59+4.33
Barja MLC6 12846.8 132.346.6 16.1£1.6 74417 17317 15441 10£0.7 2302 Darkbrown  Curvedtwisted ~ 9.28+1.83
Jadra MLC2 175420.2 19384333 25.1%1.9 8.8+1 30.9747.6 30596  12.1=L1 3705  Darkbrown  Curved 27.7947.05
Jadra MLC4 208197 21958242 24.5:24 8616  30.62£7.7 324+74 121512 35503  Darkbrown  Curvedtwisted 283524
Jadra NLC6 18914354 204.5:284 248424 96512 308167 31466 156519  3.6+04  Black Curved twisted ~ 27.71+6.08
Joun MLC1 11968213 159+37.6 21.6+1.8 7.340.6 15.96£2.7 143451 80 2440 Black Curved 1121331
Joun MLC2 109.6422.7 16438217 22.6%1.7 8.4£15 1938423 171431 67413 25805  Black Curved twisted ~ 17.4522.11
Joun MLC3 1214266 140+23.6 16.9+1.7 5.6:0.8 10.16£23 12526  108£0.8  29+04  Brown Curved 7.7+1.89
Joun MLC4 1341158 141.2:10 235422 671 222:22  215£24  84%06  27:0.3  Darkbrown  Curved 19.95+1.88
Joun MLCS 1119193 127.98168 227422 6.6+1.1 182545 155844  7.5:11 29404  Darkbrown  Curved 16.46:4.11
Debbyich MLCI 1765256 188.58273  265+3 8.7:1.4 2724851 275559 136517 3.8:0.5  Black Twisted 25.64+4.63
Debbiveh MLC3 16814329 17924318 261427 9215 289468 205569  13.6£22 34203  Black Twisted 26.43£6.07
Debbiveh MLC4 16274193 170.8£13 25.843 88415 2571449 265447  138£23 3504  Black Curved twisted ~ 23.87+4.6
Baasir MLCI 219.9426 2342207 24743 97£1.6  35.67+7  355+8 16125  3.5:02  Black Twisted 32.8726.26
Saadivat MLC1 1303181 141.8£124 151223 46£0.9  89:08  9.5:l6 154518 24:03  Darkbrown  Curvedtwisted  6.69+0.76
Bourjein MLC1 155.6£28.5  171.8£25.1  169+1.7 72412 153745.1 18553 115512 2804  Darkbrown  Curved 12.76+4.89
Bourjein MLC3 1452431 16555367 25.4+22 9.8+1.1 2273457 217 138431 33203  Darkbrown  Curved twisted  20.83+52
AUB BLC? 110£17.5 120124 18.742 8.8+2 126531 1646 119514  27:03  Black Curved twisted ~ 1122.6
AUB BLC3 1844427.9  201.3:345 24424 8.6+1.1 286579 30:8.2 12.7£0 4320 Black Twisted 25.547.3
AUB BLC6 1477489 152.2:9.4 18.6+2.8 74512 13.783.1 158458 14311 39504  Black Curved twisted  12,1422.92
Hadat BLC9 182.7:41 201.6:302 204122 7.5:0.9 17.1245.5 197473 129411 27:0.3  Black Curved twisted 15332439
Hazmiyeh BLC10 180.6£19.8  199+18.2 234423 8711 2349442 212448 15324 305 Black Twisted 20.87+3.72
Salhiveh SLCI 1158168 166.1:16 20.4£0.8 7.6:09 13392 126+32 84208 2804  Black Curved 11.2£1.61
;’%}A’HO"/W 12324153 13132137 19+14 5309 10815 121422 102509  2.7+02 Brown Curved twisted ~ 8.68+1.24
AlmaEIChaeb SL2  1064+113  1463£10.3  21.842.1 103511 1581427 192418 8:0.9 32408  Black Curved 13.62:2.42
Yarine SL6 96.846.5 139+20.2 213422 9.740.9 1534829 152435 79413 3402 Black Curved 13.6242.75
Marwahine SL7 94+16.1 11255109 14316 6.2+1 5941 86516 72408 3403 Darkbrown  Curved 4.49+0.81
Nagoura SL11 85.6514 12755184 213421 103511 1645439 16.6:4.3  7.5:1 34203 Black Curved 14.74£3.59
Qana SLI2 8475105 129518 17.6:2.2 7209 10.65£22  10.1£1 8607  37:03  Black Curved 8.94+2.05
Hanawey SLI8 T8I£142 12158214 193221 79:08  974+3.1  89:28  7.2:08 35205  Darkbrwon  Curved 7.95+2.51
Seddigine SL21 9565146 1312:22 215413 10.6£22 1731242 17.6:4.01 79809 38204  Darkbrown  Curved 15.32:4.19
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Supplementary Table 5. Seed characteristics of 52 centennial carob trees growing in Lebanon. Values were
estimated from a 20-fruit sample from individual trees.

Seed Seed number % aborted Seed Seed Seed Total Individual Seed Seed Seed Seed
characteristics per pod seed per pod length width thickness seed seed yield shape color surface
(mm) (mm) (mm) weight (g) weight (g)

DeirJanine NLC1 11.4£0.97 0.9+2.9 11.5+0.4 7.8+0.4 3.8+0.3 2.7+0.26 0.238+0.027 8.8+1.3 Elliptic Red brown Smooth
DeirJanine NLC2 10.9£2.69 0.8+2.6 11.3£0.7 7.8+0.5 3.9+0.3 2.58+0.69 0.239+0.029  8.2+1 Elliptic Red brown Smooth
DeirJanine NLC3 10.8+2.57 00 11£0.8 7.5+0.6 3.8£0.4 2.58+0.64 0.247+0.022  8.2+1 Ovalelliptic  Red brown Smooth
DeirJanine NLC4 10.4£1.43 2.9+4.6 11.3+0.3 7.8£0.3 3.9£0.3 2.3+0.38 0.233£0.021  9.6+2.7 Ovalelliptic ~ Red brown Smooth
Douma NLC1 8+2.4 2.8+6 8.6+0.5 6.9+0.5 4.2+0.4 1.36+0.38 0.177+0.021 17.4+47  Oval Red brown Smooth
Chekka NLCI 11.8+1.75 0.9+2.9 10£0.5 704 3.8+0.2 2.28+0.54 0.206+0.021 14.7£33  Oval Yellow brown Smooth
Amioun NLC2 10.7+1.42 1.7£3.7 9.8+0.5 7.8+0.4 3.7+0.3 2.12£0.37 0.222+0.014 14.9£2.1  Oval Red brown Smooth
ljdeabrine MLCI 7.86+1.07 8.3£8.6 10.5+0.6 8.2+0.4 4.4+0.5 1.87£0.42 0.267+0.019  21.5£5.7  Oval Brown Smooth
Kefraya NLC1 8.4+2 20.5+13.5 9.4+0.3 7+0.6 4.7£0.3 1.6£0.4 0.23£0.05 7.8+2 Oval Brown Smooth
Rihani NLC1 12+1.41 0.8+2.4 9.7+0.4 7.3+0.7 4.8+0.3 2.99£0.46 0.25+0.02 16.2£2.5  Oval Red brown Smooth
Eddeh NLC1 12.6+1.84 10£15.7 10.740.5 8+0.4 4.4+0.3 3.02+0.75 0.261+0.028 9.7+2.7 Oval Red Brown Rough
Eddeh NLC6 11141 1.8+3.9 10.5+0.4 8.1+0.5 4.6+0.4 2.99+0.58 0.295+0.024 14.622.6  Oval Red brown Smooth
Nahrirlbrahim MLC1 10.5£1.18 2.7+4.3 10£0.3 7.5+0.7 4.5+0.3 2.510.4 0.242+0.021 14.6£1.5  Oval Red brown Smooth
Nahrlbrahim MLC4 13.2+2.62 23x14.5 9.3+0.7 6.8+0.5 4.6+0.4 2.2320.6 0.21240.026  7.2+5.3 Elliptic Red brown Smooth
MazraatYachoua MLC1 9.8+£3.65 12,5431 10.4+£0.6 8.6+0.4 4.1£0.2 2.3940.77 0.26740.022  10.4£2.3  Oval Red brown Smooth
Jiyeh MLC1 12+1.56 5+8.1 10.9+0.7 8.3+0.5 4£0.3 2.98+0.74 0.256+0.034  8=1.5 Oval Red brown Smooth
Jiyeh MLC2 11.2+£1.93 3.945.1 10.4+0.6 8.2+0.4 4+0.2 2.76+0.58 0.24440.019 10+1.6 Oval Red brown Smooth
Jiyeh MLC6 10.6+2.72 5.249.2 10.1+0.9 7.8+0.5 4403 2.16+0.62 0.22+0.04 813 Oval Red brown Smooth
Jiyeh MLC§ 12.4£1.65 7.9+9.5 10.2+0.5 8+0.5 4£0.1 2.64+0.42 0.234+0.025 10.5£2.1  Oval Red brown Smooth
Jiyeh MLC9 12.3£2.67 0+0 10.3£0.5 7.7+1 4£0.1 2.82+0.62 0.229+0.023 10.1=1.2 Oval Red brown Smooth
Barja MLC3 12.5+1.35 17.9£9.8 9.9+0.3 7.4+0.3 4.4+0.2 2.360.59 0.235+0.014 18.7£2.9  Oval Red brown Smooth
Barja MLC4 9.7+1.89 3.7+6.2 10.3£0.6 8.4+0.5 4.2+0.2 2.36+0.54 0.254+0.033 9£0.9 Oval Red brown Smooth
Barja MLC6 12.25+0.5 1.9+3.8 8.2+0.4 6.7+0.4 5.3+0.4 2.47£0.16 0.208+0.018 21.5¢4.1  Oval Red brown Smooth
Jadra MLC2 11.242.66 0.8£2.6 10.4£0.5 8.5+0.6 4304 1.1242.66 0.26240.024  36.6+6.1  Oval Red brown Smooth
Jadra MLC4 11.2+3.33 0.8+2.6 10.5+0.6 8.2+0.5 4.1x0.3 2.58+1.08 0.258+0.037  8.5+3.2 Oval Red brown Smooth
Jadra NLC6 12.6£2.41 2.9+3.7 10.2+0.6 7.9+0.4 4£0.3 3.05+0.66 0.243+0.024  9.9+1.4 Oval Red brown Smooth
Joun MLC1 10+£3.08 16.3£12.4 9.320.9 6.6+0.3 4.3+0.3 1.84+0.57 0.204+0.01 13.7£0.5  Oval Red brown Smooth
Joun MLC2 10.14+1.35 22.9+8.9 9.5+0.5 6.8+0.7 4.70.2 1.96+0.38 0.227+0.023 10.1£1.8  Oval Red brown Smooth
Joun MLC3 13.1+1.85 8+10.8 9.4+0.7 7+0.3 3.9:0.2 2.42+0.47 0.201+0.025 24.141.9  Oval Brown Smooth
Joun MLC4 11.2+1.48 16.9+15.3 9.5+0.4 6.9+0.3 4404 2.2£0.42 0.219£0.019  9.8+1.4 Oval Red brown Smooth
Joun MLC5 9.6+2.12 21.9+19.2 9.8+0.3 6.9+0.2 4.6+0.7 1.69+0.56 0.222+0.014  9.3+2.1 Oval Red brown Smooth
Debbyieh MLC1 10.6+2.63 6.8+7.9 10.2+0.5 8.3+0.4 3.8+0.2 2.29+0.73 0.256+0.021 8.3+1.4 Oval Red brown Smooth
Debbiyeh MLC3 10.342.63 6.7£6.5 10.2+0.6 8.4:0.4 3.920.2 2.35+0.59 0.250+0.03 8.10.7 Oval Red brown Smooth
Debbiyeh MLC4 8.1£2.85 9.6+16.7 10+0.7 8.2+0.6 3.7x0.3 1.72+0.33 0.220£0.032  6.7+0.7 Oval Red brown Smooth
Baasir MLC1 13.442.59 16.3£18 10.4£0.4 8+0.4 440.1 2.79+0.93 0.250+0.017  7.7£1.8 Oval Red brown Smooth
Saadiyat MLC1 12.6£1.26 2.5+4.1 7.9+0.5 6.4+£0.3 4.8+0.8 2.05+0.21 0.166+0.011 ~ 23.242.6  Oval Red brown Smooth
Bourjein MLC1 12.3+1.77 10.6+12.5 9.120.4 7.9+0.4 4.2+0.4 2.48+0.48 0.219+0.018 17.1£3.7  Oval Red brown Smooth
Bourjein MLC3 8.6+2.46 10.4+17.5 10.4+0.6 8.1£0.4 4+0.3 1.77+0.58 0.224+0.032 7.9+1.7 Oval Red brown Smooth
AUB BLC2 8.9+23 10.511.5 9.320.6 7.1£0.6 4.2+0.4 1.6+0.5 0.200+0.028 12.7£1.6  Oval Brown Rrough
AUB BLC4 10.3322.1 4.8+6.2 10.3£0.5 7.9£0.5 3.9x0.2 2.3x0.7 0.24420.020 8.1£1.6 Oval Red brown Smooth
AUB BLC6 10.5£1.38 12.2+14.1 8.9+0.3 6.9+1.3 4.7+0.8 1.88+0.43 0.202+0.023 145459  Oval Brown Smooth
Hadat BLC9 11.33£3.2 3352 9.7x0.4 7.1£0.3 4.3x0.4 1.96+0.58 0.199+0.027 11.9£2.9  Oval Black Smooth
Hazmiyeh BLCO 10.6+2.91 4.6£6.6 9.9+0.8 7.7+0.5 3.8:0.3 2.25+0.67 0.225+0.024  8.6+3.5 Oval Red brown Smooth
Salhiyeh SLCI 12.3+1.89 16.2+11.5 8.7x0.4 6.7+0.3 4.3x0.2 1.95+0.34 0.1960.021 14.7£1.9  Oval Red brown Smooth
WadiAlHoujair SLC2 14.3+1.57 4.2£3.7 9.2+0.4 6.4+0.4 4+0.2 2.32+0.3 0.170+0.012 21=1.5 Oval Red brown Smooth
AlmaEIChaeb SLC2 11.4+1.84 1.7£3.7 8.9+0.3 6.8+0.4 4.7+0.2 2.2240.27 0.203+0.017 144434 Oval Red brown Smooth
Yarine SLC6 11£2.58 2.25+4.8 8.820.6 6.6:0.6 4.7x1 2.01£0.46 0.193+0.018 13.1£2 Elliptic Red brown Smooth
Marwahine SLC7 8.8<1.14 0+0 7.91 6.9:0.8 4.2+0.4 1.38+0.18 0.166+0.018  23.6+1.7  Oval Brown Smooth
Nagoura SLCI1 9.7£2.58 6.5£10.8 8.6+0.7 6.5£0.5 4.7£0.5 1.64+0.47 0.279+0.424  10£1.6 Oval elliptic  Red brown Smooth
Qana SLCI2 11111 1.8+3.8 7.7x1.1 6+0.9 4.6:0.6 1.66+0.2 0.152+0.022 15.8+1.8  Oval Brown Smooth
Hanaway SLCI8 10£3.5 0.8+2.6 8.7x0.4 6.3+0.4 4.60.2 1.76+0.61 0.181+0.012 17.742.3  Ovalelliptic ~ Brown Smooth

Seddigine SLC21 11.4+2.07 3.4+4.4 8.7x0.4 6.4+0.7 5+1.2 1.99+0.37 0.177+0.026 11.942.3  Elliptic Red brown Smooth
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Supplementary Table 6. Statistics of the PCA analysis. A: Communalities of the 8 variables accounting for
the maximum variability range. B: Statistic test to sample adequacy and PC vectors. MO: Kaiser-Meier-Olkin
test of sample adequacy (KMO<O0.5: Unacceptable; 0.5<KMO<0.7: Acceptable; 0.7<KMO<0.8: Adequate;

0.8<KMO<0.9: Meritorious; 0.9<KMO: Marvelous).

A B
Communalities Eigeen values
Chord length 0.91 PC1 4.95
Pod length 0.87 PC2 1.52
Pod width 0.84 Sample adequacy
Pod thiknes 0.74 KMO 0.78
Pod weight 0.92 Bartlett test
Pod shape 0.69 Ve 420.00
Seed length 0.78 DF 28
Individual seed weight 0.72 Sig. <0.001

Instructions to Authors
Journal of the American Pomological Society

The prime purpose of the Journal of the American
Pomological Society is to provide a repository for
information on all aspects of fruit and nut crops. The
long-term emphasis of the journal on cultivars and
rootstocks continues, but manuscripts reporting origi-
nal research on a wide range of fruit and nut crops are
welcomed. Acceptable areas of research including
pruning, nutrition, growth regulators, cultural practic-
es, economics, and pest control. Studies involving the
interaction of one or more of these aspects with either
cultivars and/or rootstocks are particularly appropriate.
If in doubt about the suitability of a particular manu-
script, please contact the Editor.

Reports on field studies are expected to contain data
from multiple years. Reports are to be the result of ad-
equately replicated trials and the data should be sub-
jected to appropriate statistical analysis. Manuscripts
submitted for publication in the Journal must not have
been previously published, and submission implies no
concurrent submission elsewhere.

Scientific names and authorities for plants, disease
organisms, and insects should be included parentheti-
cally when the organism is first mentioned. American
spelling conventions and SI units should be used. Man-
uscripts should be double spaced throughout. Typical
organization is as follows: Title, Authors, Abstract,
Introduction, Materials and Methods, Results, Discus-
sion, Literature Cited, Tables, Figures. The Results
and Discussion sections are often combined. Author
addresses, email adresses and acknowledgements are
in footnotes on the first page. More detailed instruc-
tions for manuscript preparation can be found at:

http://www.americanpomological.org/journal/journal.
instructions.html

Before submission, manuscripts should be reviewed
by at least two colleagues and revised accordingly. At
the time of submission, the corresponding author must
attest in the covering letter to the Editor that all coau-
thors on the paper have had the opportunity to review
it before to submission, that it has not been published
previously, and that it is not presently under consider-
ation for publication elsewhere. In addition, the names
and full contact information (mailing address, e-mail
and telephone numbers) for three potential reviewers
should be provided. Submit manuscripts electronically
to the Editor: Dr. Richard Marini, 203 Tyson Build-
ing, Department of Plant Science, University Park, PA
16802-4200 USA; E-mail: richmarinil@ gmail.com.
Acceptable format is MSWord.

Manuscripts are sent to two reviewers competent to
evaluate scientific content. Acceptance for publication
depends upon the combined judgement of the two re-
viewers and the Editor. In unusual circumstances the
Editor, without further review, may return a manu-
script, which obviously does not meet Journal stan-
dards, to the author.

A charge of $50.00 per page for APS members (at
least one author is a member) and $65.00 per page
($32.50 per half page) for nonmembers will be made
to authors for those articles constituting publication
of research. In addition to the page charge, there will
be a charge of $40.00 per page for tables, figures and
photographs.


http://www.americanpomological.org/journal/journal.
http://gmail.com/

