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Abstract

The carob tree (Ceratonia siliqgua L., Fabaceae) is an ecologically and economically significant
species of the Mediterranean basin, yet its cytogenetic and genomic organisation have
remained largely uncharacterised. Here we present the first comprehensive molecular cyto-
genetic characterisation of C. siligua, combining conventional karyotyping, fluorochrome
banding, fluorescence in situ hybridisation (FISH), and flow cytometric genome size esti-
mation across 29 accessions spanning the Mediterranean basin. A uniform diploid chro-
mosome number of 2n = 24 was confirmed across all 14 populations examined, including
Algerian, French, and Lebanese accessions, with no karyotypic variation detected regardless
of geographic origin, altitude, or cultivation status. Karyotype analysis revealed a bimodal
chromosome set comprising two large metacentric pairs and ten smaller pairs, with an
intermediate asymmetry class (Asl = 60.09; R = 2.71). Physical mapping of ribosomal
RNA gene families by FISH identified three chromosome pairs bearing 355 rDNA loci, all
co-localising with GC-rich CMAg3-positive heterochromatin at satellite regions, and a single
55 rDNA locus at the telomeric region of a distinct chromosome pair, corresponding to the
S-type arrangement. DAPI staining revealed an additional class of AT-rich constitutive
heterochromatin at centromeric positions, compositionally and positionally independent of
the rDNA arrays. Genome size was strikingly conserved across all 23 accessions assessed
(2C =1.10-1.23 pg; overall mean 1.14 + 0.03 pg), with no significant variation attributable
to geographic origin, altitude along an Algerian gradient (162-950 m a.s.l.), cultivation
status, or sex. The near-identical genome sizes recorded in female and male individuals
provide no cytometric evidence for heteromorphic sex chromosomes in this dioecious
species. These results establish a stable genomic and cytogenetic baseline for C. siliqua
across its Mediterranean range and provide a reference framework for future comparative
cytogenetics, molecular marker development, and breeding programmes targeting this
increasingly valued climate-resilient crop.

Keywords: carob tree; FISH and fluorochrome banding; genome size; heterochromatin;
karyotype; rRNA genes organization
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1. Introduction

Ceratonia siliqua L. (Fabaceae), commonly known as the carob tree, is an evergreen
predominantly dioecious tree that constitutes one of the most characteristic and ecologically
significant woody species of the Mediterranean basin. Occupying the low-altitude, warm-
weather vegetation belt from the Levant to the Iberian Peninsula, it is a conspicuous
constituent of the thermophilous sclerophyllous maquis and garigue communities, growing
on diverse substrates where it associates with Pistacia lentiscus L., Olea europaea L., Myrtus
communis L., and other thermophilous elements [1,2]. The species is adapted to drought
through deep root systems and water-conserving physiological traits, tolerates poor soils,
and can attain longevity exceeding several centuries [3].

Although archaeobotanical records from the eastern Mediterranean attest the presence
of C. siliqua in the Levant since at least 40,000 BCE [1], this eastern bias reflects the history of
excavation rather than the true centre of origin. Fossil evidence confirms that Ceratonia was
already part of the palaeo-Mediterranean flora tens of millions of years before agriculture [4],
and genome-wide phylogeographic analyses have since placed the ancestral refugium
in south-west Morocco, from which a west-to-east colonisation of the Mediterranean
basin proceeded [5,6]. Multiple independent domestication events from locally adapted
wild genotypes are now favoured, with long-distance dispersal of selected cultivars by
Greeks, Romans, and Arabs superimposed on this autochthonous background [2,6]. The
domestication of C. siligua represents a relatively late event in the history of Mediterranean
fruit crops, intimately linked to the advent of scion-grafting techniques. Because the carob
does not propagate readily by cuttings or suckers, clonal multiplication—the only means
to reliably fix superior, highly heterozygous genotypes bearing large, fleshy, and sweet
pods—had to await the introduction of budding and grafting into the Mediterranean basin,
whose earliest indications appear in Hellenistic and Roman times [1].

Economically, C. siliqua has been cultivated primarily for its elongated dark-brown
pods, whose mesocarp is rich in soluble sugars (up to 50% dry weight in superior cultivars),
dietary fibres, and bioactive phytochemicals, making it a valuable resource for both human
nutrition and livestock feed [7]. The seeds, representing approximately 10% of pod weight,
yield galactomannan (locust bean gum, additive E-410), a high-viscosity polysaccharide
used as a stabiliser and thickener in the food industry, whose industrial valorisation has
been a major driver of renewed interest in carob cultivation since the 1990s [8]. Contempo-
rary applications have further expanded to include bioethanol production and nutraceutical
food products [9]. Production is concentrated principally in Spain, Portugal, Italy, Greece,
and Cyprus (over 70% of world output), with Morocco, Turkey, Algeria, and Tunisia ac-
counting for most of the remainder; the species has also been successfully introduced to
California, Australia, South Africa, and other regions with a Mediterranean climate [8].
Despite this global reach, world production experienced a sharp and sustained decline
from the 1940s onward, driven by land abandonment, orchard ageing, and the absence of
systematic renewal and breeding programmes, with cultivated area in the Mediterranean
shrinking by an estimated 65% over the 21st century alone [2,10]. Today, however, C.
siliqua is attracting renewed scientific and agronomic interest as a climate-resilient crop:
its tolerance of drought, poor soils, and low-input conditions positions it as a promising
species for sustainable agriculture under the arid and semi-arid conditions projected to
expand across the Mediterranean, and its carbon sequestration potential adds further value
in the context of climate change mitigation [10].

Despite its ecological and agricultural importance, the cytogenetic and genomic archi-
tecture of C. siliqua remains poorly characterised. The chromosome number 2n = 24 has been
reported by several authors [11-14], and isolated flow-cytometric estimates have placed
the 2C DNA content in the range of ca. 1.20-1.30 pg in Tunisian populations [15], with oc-
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casional polyploid individuals also reported [14]. Given that whole-genome duplication is
widespread among domesticated plant lineages and is often associated with agriculturally
favourable traits such as increased fruit and seed size [16], ploidy variation represented a
plausible source of genome size heterogeneity to test for in a long-domesticated, clonally
propagated species such as carob. However, no comprehensive study covering populations
sampled across the full Mediterranean distributional range has so far been undertaken, and
the organisation of constitutive heterochromatin and ribosomal RNA gene families—which
provide powerful landmarks for karyotype identification and comparative cytogenetics—
has never been investigated.

Genome size is a fundamental parameter linked to cell size, cell-cycle duration, and a
range of ecological and life-history traits; its stability or variation across a species’ range
informs our understanding of population differentiation, adaptation, and breeding po-
tential [17]. Knowledge of ribosomal gene (355 and 5S rDNA) locus number, position,
and associated heterochromatin is indispensable for chromosome identification and for
reconstructing karyotype evolution within the Fabaceae, a family remarkable for its cytoge-
netic diversity. Moreover, in the context of the complex domestication history of C. siliqua,
involving multiple independent domestication events from locally adapted wild popula-
tions scattered across the Mediterranean, followed by secondary long-distance dispersal,
documenting the stability or variability of the genome at the chromosomal level across
populations differing in ecological conditions, geographic origin, altitude, morphology and
domestication status provides a complementary layer of information to purely molecular
genetic approaches.

The present study addresses these gaps by providing the first comprehensive cyto-
genetic and genomic characterisation of Ceratonia siliqua. Specifically, our objectives were
(1) to determine the chromosome number and delineate the karyotype of C. siligua using
classical karyological methods; (2) to explore potential karyological differences among
populations of C. siliqua; (3) to achieve molecular cytogenetic characterisation of the kary-
otype through the physical mapping of ribosomal genes (355 rDNA and 55 rDNA) using
fluorescence in situ hybridisation (FISH); (4) to investigate the distribution and organisation
of constitutive heterochromatin through fluorochrome banding (chromomycin Az for GC-
rich regions; DAPI after FISH for AT-rich regions); and (5) to evaluate genome size across
29 accessions from throughout the Mediterranean basin, including populations sampled
along an altitudinal gradient in Algeria, in order to determine whether genome size varies
with geographic origin, altitude, or reproductive biology (sex).

2. Material and Methods
2.1. Plant Material

A total of 29 accessions of wild or planted C. siligua were sampled from across the
Mediterranean basin for this study (Table 1), encompassing populations from Algeria,
Cyprus, France, Lebanon, and Spain. Depending on the analyses performed, each accession
contributed leaf material, pod material, or both.

Leaf material was collected from 23 accessions for genome size estimation by flow
cytometry. Leaves were immediately desiccated in silica gel and stored at room temperature
until analysis. Among these, five Algerian accessions were selected along an altitudinal
gradient (162-950 m a.s.l.) to assess potential variation in genome size with altitude. For
five Algerian populations, the sex of some sampled individuals had been determined by
flower observation in the field; this sex-typed subset was used to investigate potential
differences in genome size between sexes.
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Table 1. Geographical and altitudinal data for the localities where C. siligua samples were collected,
and chromosome number (2n) and 2C DNA-values for populations studied. (* planted and ** wild
populations; SD = standard deviation; N = number of individuals).

Altitude 2C DNA

Population Name Country GPS Locations masl 2n in pg SD N
Béjaia ** Algeria 3565 ég ,/g,;,/,/ IIE\I 106 24 - - -

Bir El Djir-Oran * Algeria %2;481’1/3207'/ /Vl\j 162 24 1.11 0.01 5
Boumerdes ** Algeria i@;‘é?;%l/l/g 71 24 - - -
Mascara ** Algeria 385 (?83’;147’/’/ IIE\I 590 24 - - -
Misserghine-Oran ** Algeria %213;6;/2@2,,/ IVI}I 500 24 1.12 0.00 5
Tafraoui-Oran * Algeria %2;218,/3589,,/ /VIGI 171 24 - - -
Saida * Algeria 361; 399 '/(4)169’/’/ IIE\I 840 24 1.12 0.01 5

Sidi Bel Abes ** Algeria %2;171,/521?,),/ /vl\j 787 24 1.12 0.01 5
Sig * Algeria 305"1301’/6%(’)’/ /vl\j 107 24 - - -

Tizi Ouzou ** Algeria 32; 322;:52,/,/ IIE\I 229 24 - - -
Tlemcen ** Algeria ?%’01%%;?’”\/1\;] 950 24 1.11 0.01 5
Paphos ** Cyprus 3;1;:1 27;,23,/,/ ]IE\I 164 - 1.20 0.03 7
Cote d’Azur ** France 423215%?//,1; 60 24 1.15 0.01 2
Toulon ** France 4;3();95’/2%’,’,13 308 - 1.17 0.03 12
Amchit ** Lebanon ?;Zils%il/l/ IE 74 - 1.13 0.02 4
Aramoune ** Lebanon BG;%Z?’)Sl/’BZ?/’/’ II\EI 450 - 1.14 0.03 4
Baskinta ** Lebanon é%i?g,llg,/, I}\EI 1041 - 1.20 0.02 4
Bentael ** Lebanon 5545214,1:1,,1\]; 496 - 1.13 0.01 5
Byblos ** Lebanon 35;43;2;},\% 150 - 1.14 0.00 5

Ebl el Saki ** Lebanon 2,5;%17/’12%1/’/’11:1 647 - 1.10 0.01 4
Edde ** Lebanon ;éj ??;%525;///1\]; 242 - 1.14 0.03 5
Hamat ** Lebanon ggjif,/zzi,,l\é 172 24 1.14 0.01 3
Jabal Moussa ** Lebanon ;gjjgg;,,l\é 780 - 1.14 0.01 5
Kaytoul ** Lebanon ?? s : 3322,/3? ;/, ,I\]; 754 - 1.13 0.00 2
Mansourieh ** Lebanon 533253}1/,5;81/,/, IE 215 - 1.15 0.06 8
Nabay ** Lebanon 333;)05 ;;4,157,/,/ IIE\I 409 - 1.13 0.02 11
Nahr Ibrahim ** Lebanon 3?’)%;48/’35/;/1/\115 66 - 1.13 0.03 10
Sin el Fil * Lebanon 3;;? ;;?;,/,/ }IE\I 67 24 1.12 0.02 8
Cabre ** Spain 12226%%3’/ /VI;I 450 - 1.23 0.03 5
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Pod material was collected from 14 populations for karyological studies: 11 Algerian
populations, one French population (Céte d”Azur), and two Lebanese populations (Sin
el Fil and Hamat). Pods were harvested at maturity between September and November
and stored at 18-25 °C until use. Seeds were extracted and subjected to scarification and
germination treatments to obtain root meristems for chromosome preparations.

Full geographical data for all collection sites, together with the analyses performed for
each accession, are summarised in Table 1.

2.2. Karyotype Analysis
2.2.1. Seed Germination and Root Meristem Preparation

Seeds of C. siligua exhibit tegumental dormancy characteristic of many Fabaceae
species [18]. They were chemically scarified in concentrated sulphuric acid (96%) for 2 h,
then rinsed thoroughly with tap water and germinated in Petri dishes at 25 °C in the dark.
Germination occurred within 2—-4 days. Root meristems were harvested from roots of
2-3 cm in length (at least one week old) and pre-treated in 0.002 M 8-hydroxyquinoline at
16 °C for 3 h to accumulate metaphase plates. Meristems were fixed for 2448 h at4 °Cina
freshly prepared ethanol-chloroform-glacial acetic acid mixture (6:3:1 v/v/v) and stored in
70% ethanol at —20 °C until use.

2.2.2. Conventional Chromosome Staining and Karyotype Analysis

Root meristems were hydrolysed in 1 N HCl at 60 °C for 14-16 min, stained with
Schift’s reagent, and squashed in a drop of 1% acetic orcein. For each of the ten Algerian
populations, 10-30 well-spread metaphase plates from at least five individuals were exam-
ined to determine number and morphology of chromosomes. Centromere position and
chromosome type were characterised using the centromeric index and arm ratio (r = 1/s)
following Levan et al. (1964) [19].

2.3. Fluorochrome Banding and Fluorescence In Situ Hybridisation (FISH)
2.3.1. Preparation of Slides for Chromomycin Banding and FISH

Pretreated and fixed root meristems were washed in 0.01 M citrate buffer (pH 4.6) for
15 min, then subjected to enzymatic cell wall digestion for 40-45 min at 37 °C in citrate
buffer (pH 4.6) containing 4% cellulase ‘Onozuka’ RS (Yakult Honsha, Tokyo, Japan), 1%
pectolyase Y-23 (Seishin, Tokyo, Japan), and 4% hemicellulase (Sigma, St. Louis, Mo, USA).
Digested meristems were squashed in a drop of 45% acetic acid, and slides were screened
under a phase-contrast microscope. Selected slides were frozen at —80 °C overnight or
briefly in liquid nitrogen, after which coverslips were removed. Slides were rinsed with
absolute ethanol and air-dried.

2.3.2. Fluorochrome Banding

GC-rich chromatin regions were detected by staining with chromomycin A3 (CMAZ3)
at 0.2 mg/mL for 60 min following Schweizer (1976) [20] with modifications described
in Siljak-Yakovlev et al. (2002) [21]. Slides were mounted in Citifluor AF2 antifading
glycerol/PBS solution (Agar Scientific, Stanstead, UK) for observation. The best slides
were subsequently destained in a 3:1 ethanol-acetic acid solution, dehydrated through a
graded ethanol series (70%, 90%, 100%), and air-dried for at least 12 h at room temperature
before FISH.

2.3.3. Fluorescence In Situ Hybridisation (FISH)

Physical mapping of the 355 (185-5.85-265) and 5S ribosomal RNA gene families
was performed by FISH following Heslop-Harrison et al. (1991) [22] with minor modi-
fications [21]. Chromosomal proteins were digested with pepsin (0.1 mg/mL in 0.01 N

https:/ /doi.org/10.3390/£17070847


https://doi.org/10.3390/f17070847

Forests 2026, 17, 847

60f14

HClI, 70 uL) for 30 min at 37 °C, and chromosomal DNA was denatured in 70% formamide
in 2x SSC for 10 min at 70 °C. Fluorescence signals were detected and analysed using
a sensitive CCD camera (Retiga 200R; Princeton Instruments, Evry, France) and image
analysis software (MetaVue, Evry, France).

2.4. Nuclear DNA Content Estimation by Flow Cytometry

Total nuclear DNA content was estimated by flow cytometry following the protocols
of Marie and Brown (1993) and Bourge et al. (2018) [23,24]. Nuclei were co-isolated from
young leaves of Ceratonia seedlings and from leaves of tomato (Solanum lycopersicum L. cv.
‘Montfavet 63-5, 2C = 1.99 pg, 40.0% GC) used as an internal standard [23]. Approximately
0.5 cm? of fresh young leaf tissue from both the sample and standard were simultaneously
chopped with a razor blade in a Petri dish containing 600 uL of cold Gif nuclear isolation
buffer [24] composed of 45 mM MgCl,, 30 mM sodium citrate, 60 mM 4-morpholinepropane
sulphonate (pH 7.0), 0.1% (w/v) Triton X-100, 1% polyvinylpyrrolidone (~10,000 Mr; Sigma
P6755), and 5 mM sodium metabisulphite. The nuclear suspension was filtered through
a 50 um nylon mesh (CellTrics, Partec, Munster, Germany), then supplemented with
propidium iodide (50 pg/mL; Sigma) and RNase (10 pg/mL; Roche, Vienna, Austria).
All samples were measured on the same day under identical conditions using an Elite
ESP flow cytometer (Beckman-Coulter, Villepinte, France) with 488 nm laser excitation. A
minimum of 5000 nuclei were analysed per run. The 2C DNA content was calculated from
fluorescence ratios relative to the standard according to:

2C DNA content (pg) = (Sample 2C peak mean x Standard 2C DNA)/Standard 2C peak mean

Mean 2C values and standard deviations were calculated from at least five individuals
per accession. The monoploid genome size (1Cx value), representing the DNA content of a
genome with the base chromosome number x, was obtained by dividing the 2C value by
the ploidy level [25].

3. Results
3.1. Chromosome Number and Karyotype Feature

A uniform somatic chromosome number of 2n = 24 was recorded in all C. siligua
individuals examined, across all Algerian populations studied as well as the French (Cote
d’Azur) and Lebanese (Hamat, Sin el Fil) populations for which root meristems were
available (Table 1; Figure 1a). No variation in chromosome number was detected among
populations, regardless of geographic origin or cultivation status.

Karyotype analysis was based on total chromosome length (TL), relative total length
(RTL), arm ratio (r = long arm/short arm), centromeric index (CI), and asymmetry in-
dex (Asl). Twelve chromosome pairs were identified and assigned to three morpho-
logical classes: eight metacentric pairs, two of which bear satellites; one metacentric—
submetacentric pair; and three submetacentric pairs, one of which bears satellites (Table 2,
Figure 1e). Total chromosome length ranged from 1.40 to 3.79 pm, with the two largest
pairs measuring 3.79 and 3.03 um. The karyotype of C. siliqua is therefore of the bimodal
type, with a discrete group of large chromosomes and ten smaller pairs ranging from 1.40
to 1.89 um (Table 2). The asymmetry index (Asl = 60.09) and the ratio between the longest
and shortest pairs (R = 2.71) indicate that the karyotype is relatively symmetric with respect
to centromere position but asymmetric regarding chromosome size, following Stebbins
(1971) [26] and Siljak-Yakovlev (1996) [27] respectively.
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Figure 1. (a) Orcein-stained metaphase chromosome plate of Ceratonia siliqua, 2n = 24, (b) Chro-
momycin Az (CMA3;) staining showing six signals of GC-rich heterochromatin on three satellite
chromosome pairs, (c) FISH experiment on the same metaphase plate showing six 35S rDNA signals
(red) and two 55 rDNA signals (green), (d) DAPI staining after FISH showing AT-rich centromeric
heterochromatin (bright signals), (e) Idiogram of Ceratonia siliqua showing 12 chromosome pairs of
which three are with 355 rDNA loci (red) colocalized with CMA+ bands (yellow) and one pair with
55 rDNA locus (green). Scale bar = 10 um.
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Table 2. Morphometric data of C. siliqua karyotype.
Chrom. SA in um LA in um TL in um Chrom.
Pair (SD) (SD) (SD) cl f RTL Type
1 1.314 4+ 0.370 2.484 + 0.281 3.798 £+ 0.277 34.59 1.890 13.458 sm
2 1.428 4+ 0.464 2.084 + 0.125 3.512 + 0.459 40.66 1.459 12.445 m
3 1.288 £+ 0.428 1.742 £ 0.212 3.03 £+ 0.435 42.50 1.352 10.737 m
4 0.912 + 0.294 157 £0.14 2.482 + 0.407 36.74 1.721 8.795 sm
5 1.028 4+ 0.153 1.398 + 0.255 2.426 + 0.245 42.37 1.359 8.596 m
6 1.0 +£0.197 1.34 + 0.239 2.34 +0.310 42.73 1.340 8.291 m
7 0.9 £0.138 1.254 4+ 0.254 2.154 + 0.269 41.78 1.393 7.632 m
8 0.698 + 0.191 1.198 + 0.129 1.896 £ 0.187 36.81 1.716 6.718 sm Sat
9 0.698 + 0.128 1.17 £ 0.157 1.868 4+ 0.204 37.36 1.676 6.619 m-sm
10 0.744 + 0.158 1+0.130 1.744 4+ 0.148 42.66 1.344 6.180 m Sat
11 0.656 + 0.129 0.916 + 0.125 1.572 4+ 0.142 41.73 1.396 5.570 m Sat
12 0.598 + 0.062 0.802 + 0.129 1.40 + 0.157 42.71 1.341 4.961 m
SA = Short arm; LA = Long arm; TL = Total length; SD = Standard deviation; r = report LA/SA; RTL = Relative
total longueur; m = metacentric; sm = sub-metacentric; Sat. satellite.

3.2. Heterochromatin Distribution and rDNA Loci Mapping
3.2.1. CMA3 Fluorochrome Banding

CMAS3 staining revealed prominent GC-rich heterochromatin bands on three chromo-
some pairs (pairs 8, 10, and 11), all corresponding to the satellite-bearing chromosomes
identified in the conventional karyotype (Figure 1b,e). The CMA3-positive signals were
localised specifically to the satellite regions of these pairs. A small number of additional
chromosomes displayed weak CMA3 bands at centromeric positions.

3.2.2. FISH Mapping of 355 and 55 rDNA Loci

FISH with a 35S (185-5.85-26S) rDNA probe detected six signals in total, one on
each chromosome of the three satellite-bearing pairs (pairs 8, 10, and 11), all precisely
co-localising with the CMA3-positive satellite regions identified by fluorochrome banding
(Figure 1c,e). This co-localisation confirms the GC-rich nature of the ribosomal DNA arrays
at these loci. Hybridisation with a 5S rDNA probe revealed a single locus, located at
the telomeric region of chromosome pair 9, physically distinct from all 355 rDNA sites
(Figure 1c,e).

3.2.3. DAPI Banding

DAPI staining performed after FISH revealed intensely stained bands in the cen-
tromeric regions of at least three chromosome pairs (Figure 1d). These DAPI-positive,
AT-rich bands did not coincide with any CMA3-positive region, nor with the 355 or 55
rDNA signals, indicating the presence of a distinct class of AT-rich constitutive heterochro-
matin at centromeric positions that is compositionally and positionally independent of the
ribosomal gene arrays.

3.3. Genome Size Estimation

Nuclear DNA content was estimated for 23 accessions of C. siligua distributed across
the Mediterranean basin, including populations from Algeria, Cyprus, France, Lebanon,
and Spain. Genome size was remarkably conserved across the entire dataset. The mean
2C DNA value ranged from 1.10 to 1.23 pg across all accessions, with an overall mean
of 1.14 £ 0.03 pg (Table 1). The monoploid genome size (1Cx value) was equal to a 1C
DNA value.
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3.3.1. Planted vs. Wild Populations

No significant difference in genome size was detected between planted and wild
populations. Planted populations with available data (Bir El Djir, 1.11 pg; Saida and Sin el
Fil, 1.12 pg) fell entirely within the range recorded for wild populations (1.10-1.23 pg).

3.3.2. Altitudinal Gradient

Among the five Algerian populations sampled along an altitudinal gradient rang-
ing from 162 to 950 m a.s.l., no significant variation in genome size was detected with
increasing altitude (Table 1). Mean 2C DNA values were highly stable across the gra-
dient: 1.111 £ 0.006 pg at Bir El Djir (162 m), 1.115 £ 0.004 pg at Misserghine (500 m),
1.116 & 0.010 pg at Sidi Bel Abes (787 m), 1.120 £+ 0.014 pg at Saida (840 m), and
1.110 & 0.012 pg at Tlemcen (950 m). Coefficients of variation remained below 1.28%
across all five sites (Table S1), confirming the absence of genome size variation along the
altitudinal gradient.

3.3.3. Sex Comparison

From the 11 Algerian populations sampled, 12 female and 8 male individuals were
identified. Hermaphroditic flowers were observed in only one wild population (Mis-
serghine, Oran), while all individuals in the remaining populations were strictly dioecious.
Genome size did not differ significantly between sexes (Table 3). Mean 2C DNA values were
1.147 £ 0.014 pg in females (1 = 12, range 1.127-1.181 pg, CV = 1.21%) and 1.154 & 0.017 pg
in males (n = 8, range 1.131-1.176 pg, CV = 1.50%). The near-identical genome sizes be-
tween male and female individuals provide no cytometric evidence for the existence of
heteromorphic sex chromosomes of substantially different size in C. siliqua.

Table 3. Mean, minimum and maximum 2C DNA values in pg and 1C DNA in Mbp for 12 female
and 8 male individuals. CV = coefficient of variation; N = number of individuals.

2C DNA 2CDNA _ 1CDNA .
Sexe in pg (sd) (Min-Max)  (Mbp) CV % N
Female 1147 £ 0014 1127-1.181  560.94 1211 12
Male 1154+ 0017  1131-1.176 56442 1499 8

4. Discussion
4.1. Chromosome Number

A uniform diploid chromosome number of 2n = 24 was recorded across all popula-
tions examined, consistent with all previous reports for the species [11-14] and with the
12 pseudomolecules of the reference genome assembly [28]. The only exceptions in the
literature are the triploid and tetraploid individuals reported by Bures et al. (2004) [14]
from Israel, which were not encountered in our sample, suggesting that polyploidy is rare
and geographically restricted in this species.

The chromosome number of C. siliqua (2n = 24, x = 12) fits within the broader context
of legume karyotype evolution. Stai et al. (2019) [29] conducted a comprehensive phy-
logenomic and chromosome count analysis across 477 legume genera and demonstrated
that the ancestral legume progenitor likely had x = 7 chromosomes, as retained by Cercis,
the earliest-diverging and apparently non-polyploid legume genus. All other legume
subfamilies, including the Caesalpinioideae to which Ceratonia belongs, show evidence
of independent whole-genome duplications (WGDs) from this ancestral base, with pre-
dominant counts of x = 12-14 in early-diverging Caesalpinioideae taxa [29,30]. The basic
chromosome number of x = 12 in C. siliqua is fully congruent with a single ancient WGD
from the ancestral x = 7 progenitor, followed by moderate chromosome fusion leading to

https:/ /doi.org/10.3390/£17070847


https://doi.org/10.3390/f17070847

Forests 2026, 17, 847

10 of 14

descending dysploidy, a pattern documented across the Caesalpinioideae [29]. The bimodal
karyotype we describe, with two large chromosome pairs markedly larger than the remain-
ing ten, may reflect the retention of ancestral large chromosomes from the pre-duplication
genome, a pattern consistent with the incomplete diploidisation that characterises several
Caesalpinioideae genera [29,31].

4.2. Karyotype Morphology and Asymmetry

The karyotype of C. siliqua, with its clearly bimodal size distribution—two large pairs
and ten smaller pairs—and its asymmetry index and chromosome size ratio, places C.
siliqua in an intermediate asymmetry class: relatively symmetric with respect to centromere
position but considerably asymmetric in chromosome size, following Stebbins (1971) [26]
and Siljak-Yakovlev (1996) [27]. This bimodal karyotype is a recurrent feature in Caesalpin-
ioideae and is interpreted as the cytological signature of an ancient WGD followed by
differential size evolution between homeologous chromosome sets [31,32]. This interpre-
tation is supported by the chromosome-scale genome assembly of Bibi et al. (2026) [28]:
scaffold_1 (59.88 Mb) and scaffold_2 (61.40 Mb) are markedly larger than the remaining
ten scaffolds (30.1-44.2 Mb), a size hierarchy that directly corresponds to the bimodal
karyotype we describe cytologically. Comparative karyotyping with the sister species C.
oreothauma (diverged ~6.4 Mya [5]) would be particularly informative for reconstructing
chromosome evolution within Ceratonia.

4.3. Sexual System and Dioecy

Among the eleven populations examined, hermaphroditic flowers were observed
in only one wild population (Misserghine, Oran), while all individuals in the remaining
populations were strictly dioecious. This confirms the predominance of dioecy in C. siligua
and is consistent with observations by Konaté (2007) [33] in Moroccan populations and
with the broader literature establishing dioecy as the ancestral and most widespread
reproductive system in the genus [1]. The rarity of hermaphroditic individuals in wild
populations contrasts with their occurrence and deliberate selection in cultivation: as only
female and hermaphroditic trees bear fruit, traditional agronomic practice has favoured
female clones selected for pod dimensions, pulp weight, and sugar content, with a minority
of hermaphroditic cultivars valued for their self-sufficiency as pollen donors [8].

The question of whether sex determination in C. siliqua has a chromosomal basis
remains unresolved. In many dioecious angiosperms, sex is controlled by heteromorphic
sex chromosomes [34,35], but in others, including several Fabaceae, sex determination
involves autosomal loci without visible chromosomal differentiation [36]. Our cytoge-
netic data reveal no morphologically differentiated chromosome pair in the conventional
karyotype. Critically, the recently published chromosome-scale genome assembly of C.
siliqua [28] spanning 501.39 Mb organised into 12 pseudomolecules, perfectly concordant
with the 2n = 24 chromosome number confirmed in our study, does not report any evidence
of heteromorphic sex chromosomes at the sequence level either. This genomic resource,
generated from a female individual, evaluated the genome size at 501.39 Mb, consistent
with the flow-cytometric 2C values obtained in our study (1.10-1.23 pg, equivalent to
approximately 537-601 Mbp using the conversion factor of 1 pg = 978 Mb [37]), confirming
the reliability of our cytometric estimates across independent methodological approaches.
Together, cytometric and genomic evidence suggest that if sex-determining loci exist in C.
siliqua, they are either cryptic at both the chromosomal and whole-genome level, or they
reside in a small, homomorphic region not yet characterised. Comparative re-sequencing of
male, female, and hermaphroditic individuals using the Bibi et al. (2026) [28] assembly as a
reference would be the most direct route to identifying putative sex-determining regions.
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4.4. Heterochromatin Distribution and rDNA Organisation

All three 355 rDNA loci co-localised precisely with CMAj-positive bands on the
satellite chromosomes (pairs 8, 10, and 11), confirming the GC-rich nature of the ribosomal
gene arrays. This co-localisation is widespread in plants and has been reported across
diverse families including Asteraceae, Fabaceae, Orchidaceae, and Pinaceae [38,39]. While
GC-rich heterochromatin can also co-localise with 5S rDNA loci in some taxa—as reported
in Lupinus [38], among others—in C. siligua CM A3 positivity was observed exclusively at
the 355 rDNA sites.

The single 55 rDNA locus, located at the telomeric region of chromosome pair 9
and physically separated from all 35S sites, showed no CMA;j; signal, consistent with the
AT-rich flanking sequences typically associated with 55 rDNA arrays [40] and with the
overall low GC content of the C. siliqgua genome (33.33%) [28], which is among the lowest
reported for Fabaceae. This spatial separation of the two rDNA families corresponds to the
S-type arrangement defined by Garcia et al. (2012) [41], and both loci can now be anchored
to specific scaffold positions in the Bibi et al. (2026) [28] chromosome-scale assembly,
providing a molecular coordinate system for the cytogenetic landmarks identified here.

DAPI staining revealed AT-rich centromeric bands on at least three chromosome pairs,
compositionally and positionally distinct from both rDNA arrays. In the context of the Bibi
et al. (2026) [28] assembly, these bands likely correspond to pericentromeric accumulations
of Gypsy and Copia Long Terminal Repeat retrotransposons, which represent the most
abundant repetitive element class in the carob genome (27.09%) [28]. Gypsy elements in
particular tend to accumulate in pericentromeric heterochromatin in plants [42], a pattern
visible in the Circos plot of the C. siliqua genome where transposable element density is
highest in regions of lowest gene density, precisely where our DAPI bands localise.

4.5. Genome Size

Genome size was highly conserved across our dataset (2C = 1.10-1.23 pg), with no
significant variation attributable to geographic origin, altitude, cultivation status, or sex.
These values are slightly lower than the 1.20-1.30 pg reported for Tunisian populations [15],
a discrepancy likely reflecting methodological differences rather than genuine biological
variation. The 2C range observed in our study corresponds to a haploid genome size of
approximately 537-601 Mbp, which is somewhat larger than the 501.39 Mbp assembly
of Bibi et al. (2026) [28]. This slight discrepancy is expected and well within the normal
range of variation between flow-cytometric estimates and sequence-based assembly sizes,
which routinely differ by 5-15% owing to unassembled heterochromatic and repetitive
regions. Indeed, Bibi et al. (2026) [28] report that repetitive elements account for 52.23% of
the assembled genome, dominated by Long Terminal Repeat retrotransposons of the Gypsy
and Copia families (27.09% of the genome). This substantial transposable element content
is consistent with the moderate genome size expansion observed in C. siliqua relative to the
ancestral Cercis genome (~367 Mbp) [29].

The absence of genome size variation along the Algerian altitudinal gradient
(162-950 m a.s.l.) is noteworthy. In some species, intraspecific genome size variation cor-
relates with altitude, latitude, or climatic variables, potentially reflecting local adaptation
through changes in transposable element content or heterochromatin [43,44]. The stability
observed here suggests that such mechanisms are not operating in C. siligua and may reflect
a broader pattern of slow molecular evolution characteristic of long-lived outcrossing
legume trees [29].

The absence of correlation between morphological variability in pods, seeds and
genome size in Algerian populations further suggests that phenotypic variation in this
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species is driven primarily by edaphoclimatic factors rather than genomic changes, as
reported for other Mediterranean species with similarly stable genomes [45,46].

5. Conclusions

This study presents the first comprehensive molecular cytogenetic characterisation of
Ceratonia siliqua, combining conventional karyotyping, CMA3/DAPI fluorochrome band-
ing, and dual-probe FISH mapping of 35S and 5S rDNA with genome size estimation
across 23 Mediterranean accessions. A consistent diploid chromosome number of 2n = 24
was confirmed across all populations examined, with no variation in karyotype, hete-
rochromatin distribution, or rDNA organisation detected among populations differing in
geographic origin, altitude, cultivation status, or sex. Our results lead to the unambiguous
identification of six out of twelve chromosome pairs and are fully concordant with the
recently published chromosome-scale genome assembly [28], providing a physical anchor
for genomic features onto individual chromosomes.

Genome size was equally stable, with no significant variation along the Algerian
altitudinal gradient, between planted and wild populations, or between male and female
individuals. These results collectively point to a remarkably stable genomic framework in C.
siliqua across its Mediterranean range, consistent with the slow molecular evolutionary rate
documented for long-lived legume trees [29] and reflecting the deep ecological adaptation
of this species to its native environment.

The cytogenetic baseline established here, combined with the recently available refer-
ence genome [28], provides an essential framework for comparative cytogenetics within
Ceratonia and Caesalpinioideae, for the development of molecular markers targeting sex
determination and fruit quality, and for future breeding programmes. Sustained investment
in the genetics and genomics of this species is both scientifically justified by its complex
evolutionary history and urgently needed to fully unlock its bioeconomic potential as a
climate-adapted crop for the Mediterranean region and beyond.
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