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The chromosome resembles more a crystal than
other cell organelles
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Abstract. Several organelles in the cell, such as mitochondria and chloroplasts, are lim-
ited by one or several membranes, whereas others, like ribosomes and nucleoli have no
membranes. Their shape is decided by their inner atomic coherence. The mineral crys-
tal has no delimiting membranes built by separate atoms. Atomic self-assembly deter-
mines its pattern. Remarkable is that the chromosome has no outer membrane limiting
its pattern as seen in the light and electronic microscopes. Its pattern is also decided by
the inner coherence of the atomic configuration of its DNA, RNA, and proteins. The
chromosome appears to occupy an intermediate position between a mineral crystal
and a cell organelle when its atomic configuration is considered.

Keywords: chromosome, crystal structure, DNA.

MOLECULAR BIOLOGY DID NOT ORIGINATE FROM NATURAL
SCIENCE BUT WAS A RESULT OF THE INTERACTION BETWEEN
CRYSTALLOGRAPHY AND PHYSICS

It is usually not realized that the field of Molecular Biology had not its
origin in Natural Sciences but resulted from the interaction of crystallogra-
phy with physics. Cell biologists lacked many times knowledge of these two
fields of science or these were mainly foreign to their minds.

The pioneers were Max von Laue (1879-1969), William Bragg (1862-
1942) and Lawrence Bragg (1890-1971). All three were physicists. von Laue
demonstrated that X rays were electromagnetic waves. He then realized that
the atoms in a crystal were in an ordered array, in accord with their exter-
nal regularity. He passed a narrow beam of X-rays through a crystal of a
copper compound and obtained a diffraction pattern of spots on a photo-
graphic film.

This experiment became the basis of future X-ray crystallography. It
allowed to measure the interatomic distance in crystals of diamond, cop-
per, and salts such as KCI. The ordered atomic interior of crystals became a
reality.
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A PHYSICIST INROAD INTO GENETICS.
SCHRODINGER WAS LOOKING FOR THE SIZE OF
THE GENE BEFORE THE STRUCTURE OF DNA WAS
ELUCIDATED

Several years before the chemical structure of DNA
was revealed, the structure of genes and their size, was
already a preoccupation. Geneticists, like most biolo-
gists tend to be conservative, and for them to venture
into the molecular organization of the chromosome
was foreign to their minds. But physicists, who at that
time were already dealing with the extremely small ele-
mentary particles, such as the neutrino, felt obliged to
inquire into the physics of living matter. Besides, by that
time, geneticists asserted that the gene was to be built
of proteins, because they were complex structures that
demanded complex molecules. Nucleic acids, such as
DNA, were too simple atomic combinations to carry the
genetic material.

The leading physicist Schrodinger (1944) (Nobel
Laureate 1933) was a professor in Berlin but had left
Germany when Hitler assured power in 1933. He gave
a series of lectures in 1943, in Dublin, Ireland, that
were written down in his classic work “What is Life.
The Physical Aspect of the Living Cell” (1944). By that
time DNA had been demonstrated as being the genetic
material in bacteria (Avery et al. 1943) but their experi-
ment was regarded by geneticists to be of marginal value
because at that time it was not known whether bacteria
had chromosomes.

ASSERTING THAT ORDER IS TO BE SEARCHED IN
LIVING PROCESSES

Schrodinger’s main contribution was to emphasize
the cell’s physical construction and function:

1  Where others saw disorder, in the construction of
the cell, he looked for order and stated: “We have
inherited from our forefathers the keen longing for
unified, all-embracing knowledge”.

2 For the first time he called the chromosome “an
aperiodic crystal” and added that “in physics we
have dealt hitherto only with periodic crystals”. And
expressed clearly: “The difference in structure is of
the same kind as that between an ordinary wallpa-
per in which the same pattern is repeated again and
again in regular periodicity and a masterpiece of
embroidery, say a Raphael tapestry, which shows no
dull repetition, but an elaborate, coherent, meaning-
ful design traced by the great master”.

3 He calculated the size of atoms, but as he point-
ed out, we could not see them at that time. They
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ought to be “between about 1/5000 and 1/2000 of
the wave-length of yellow light”. Atomic diameters
would range between 1 and 2 angstrom.

4  Schrodinger emphasized as well that physical laws
are only approximate since they rest on atomic sta-
tistics. “As we shall presently see, incredibly small
groups or atoms, much too small to display exact
statistical laws, do play a dominating role in the very
orderly and lawful events within a living organism”.

5 He calculated the size of a gene as being “the volume
of a gene equal to a cube of side 300 angstrom, being
probably a large protein molecule”.

6 “The gene has been kept at a temperature of 98° F,
during all that time. How are we to understand that
it has remained unperturbed by the disordering
tendency of the heat motion for centuries?”. Actu-
ally we know today that this period extended for
millions of years, since the ribosomal RNA genes
present in bacteria are the same as those found in
plants and humans, only with minor modifications
of the molecular edifice.

7  “Life seems to be orderly and lawful behavior of
matter, not based exclusively on its tendency to go
over from order to disorder, but based partly on
existing order that is kept up”. He calls it a new
principle, “the order from order principle”.

THE CHROMOSOME’S DNA TURNS OUT TO BE MORE
PERIODIC THAN SCHRODINGER COULD HAVE
ENVISAGED. THE EUKARYOTIC CHROMOSOME

ARCHITECTURE IS BASED ON HIGHLY REPETITIVE
DNA

Already at the prokaryotic level the DNA shows repeat-
ed sequences at precise positions. Examples are the IS ele-
ments and transposons of these genomes. In eukaryotes,
the relative amounts of single copy and repetitive DNAs of
many genomes are known, and certain classes of satellite
DNA occur in the centromere and telomere regions.

In plant chromosomes the bulk of their DNA is
made up of about 30 different repeat sequences. These
are the tandemly repeated satellite DNA sequences of
the centromere, telomeres and elsewhere. There are
also long swathes of retrotransposon sequences. In
maize they are of such high copy number that they
form clusters that stretch for megabases along the
DNA (Brown 2017).

Half of the human genome consists of repetitive
DNA. Sequences consisting of 150 to 300 base pairs in
length are repeated many thousands of times, and so
called Alu sequences (circa 300 base pairs) They are pre-
sent more than a million times.
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Table 1. Reproduction of DNA can be compared to minerals.

REPRODUCTION
Without DNA With DNA
Centrioles Chromosomes
Minerals Cells

CELL ORGANELLES

With membrane Without membrane

Centrioles
Chloroplasts Chromosomes
Mithocondria Nucleolus

CELL AND CELL ORGANELLE

Membrane No membrane

Cell
Cell membrane
(By self-assembly) Ribosome
Endoplasmic
Reticulum Chromosome
Nuclear
Envelope
Mitochondrion

Chloroplast

Hence, the problem is not one of periodicity but
mainly of the ability to be a self-sustained entity main-
tained by its atomic coherence.

This obliges to consider the role of membranes in
the establishment of order in chemical reactions as well
as their role in the establishment of well defined order in
their construction.

THE CELL IS A WORLD OF MEMBRANES

The cell started, by being enveloped in a thick layer
that separates it sharply from the environment. Besides
it harbors a series of different membrane types.

But life creates many side solutions that led the cell
to produce organelles that are not enclosed in mem-
branes. The membranous part of the. cell consists of:
(1) cell or plasma membrane, (2) nuclear membrane, (3)
rough endoplasmic reticulum, (4) smooth endoplasmic
reticulum, (5) Golgi apparatus, (6) mitochondria, (7)
chloroplasts (in plants), (8) lysosomes, (9) centrosomes.
But there are also non-membranous cell organelle: (1)
chromosomes, (2) ribosomes, (3) nucleoli.

1 The cell membrane has long been known to consist
of two protein layers separated by a phospholipid
bilayer which regulates substance transport in and
out of the cell.

2 The nuclear envelope consists of two lipid bilayer
membranes an inner and outer membrane building

a perinuclear space. The outer nuclear membrane is
continuous with the endoplasmic reticulum. This is
a connection between membranes that puts in evi-
dence the ability to extend their range to other non-
membranous organelles. One of its characteristics
is its many nuclear pores. Filament proteins, called
lamins give structural support to the nucleus.

3 The endoplasmic reticulum is a network of flattened
membrane-enclosed sacs (cisternae) and tubular
structures. These are continuous with the outer
nuclear membrane. Both the rough and smooth
reticulum are found in most eukaryotic cells but not
in red blood cells or spermatozoa.

4  Mitochondria have two membranes: outer mem-
brane and inner membrane. The two membranes
have distinct properties. Infoldings of the inner
membrane build cristae and there is a fluid internal
matrix.

5 'The chloroplast is even more complex. It is limited
by a double layer with an intermediate space. Fol-
lowing secondary endosymbiosis chloroplasts may
possess three or four membranes.

THE NON-MEMBRANOUS ORGANELLES OF THE
CELL

(1) CHROMOSOME: As late as the 1960s there was
a debate among cytologists of wether the chromosome
had a surrounding membrane, called matrix, or this
supposed pellicle was only an artifact. Soon more accu-
rate studies and the electron microscope disposed of this
artifact. The chromosome has no membrane surround-
ing its structure.

This situation is not unique, other organelles too do
not have membranes limiting their bodies. These are the
ribosomes and the nucleoli.

(2) RIBOSOME: Ribosomes in bacteria and eukary-
otes are macromolecular “machines” found within all
living cells that perform protein synthesis by messen-
ger RNA translation. They link amino acids together to
form polypeptide chains following an order specified by
the codons of messenger RNA.

Ribosomes consist of two major components: the
small and large ribosomal subunits (30S and 50S). Each
subunit consists of one or more ribosomal RNA mole-
cules and many ribosomal proteins. Together with other
molecules they build the translational apparatus. Amino
acids are selected and carried to the ribosome by trans-
fer RNA. The 30S component has mainly a decoding
function, the 50S has a mainly catalytic function. Ribo-
somes are often associated with the intracellular mem-
brane that make up the rough endoplasmic reticulum,



but are an independent non-membranous edifice built by
dozens of distinct proteins of variable number.

(3) NUCLEOLUS: Nucleoli have been studied in over
500 species of eukaryotes from algae to humans and
they were found to be a very well defined spherical body
containing vacuoles (Lima-de-Faria, 1973, 1979).

The chemical composition of the nucleolus has been
well established.

The nucleolus is the largest structure in the nucleus
of eukaryotic cells and is known as the site of ribosome
biogenesis. It also has other functions participating in
the formation of signal recognition particles and in the
cell’s response to stress.

Nucleoli are a large structural edifice made of pro-
teins, DNA and RNA. They are formed at a specific site
called the nucleolar organizing region and are formed
only in specific chromosomes.

Nucleoli have vacuoles that are clear areas in their
center. The nucleolus consists of three major compo-
nents: a fibrillar center, a dense fibrillar component and
a granular component. In plants, some species have high
concentrations of iron in this organelle.

To generate the 185 RNA, 5.8S and 28S RNA, RNA
modifying enzymes are brought to recognition sites by
interaction with guide RNAs showing a most ordered
process. An additional RNA molecule is the 5SRNA
which is also necessary. The DNA sequence responsi-
ble for its formation lies outside the nucleolus organizer
region being transcribed in the nucleoplasm.

Significant is that this spherical cell organelle main-
tains this most regular configuration in hundreds of dif-
ferent species as an independent edifice without mem-
brane.

THE CHROMOSOME IS MORE SIMILAR TO A
MINERAL CRYSTAL THAN TO OTHER CELL
ORGANELLES. IT IS NOT LIMITED BY A MEMBRANE

A cell, a nucleus, a chloroplast, a mitochondrion,
all are limited by well defined membranes that show
a complex structure when analysed with the electron
microscope. Membranes are in abundance all over the
cell. The endoplasmic reticulum that fills the cytoplasm
consists of a long series of membranes tightly stapled on
each other that could have been used as well to put defi-
nite limits on the chromosome.

But this is not the case. In this respect the chromo-
some is like the nucleolus, which has its limits deter-
mined by its molecular structure. The nucleolus may in
exceptional cases have a radial shape but in the most
studied species it has a regular spherical structure.

Antonio Lima-De-Faria

Hence both the chromosome, the ribosome and
the nucleolus are in this respect closer to mineral crys-
tals, which have natural faces determined solely by their
molecular configurations.

A crystal of quartz, or any other mineral has fac-
ets that are not covered by any limiting structure, they
emerge solely as a result of the atomic interactions of
their constituent molecules.

Hence, the chromosome’s atomic construction is
closer to that of a mineral crystal than to a cell organelle.

DNA ASSOCIATED PROTEIN ALSO CRYSTALLIZE

It may be recalled that DNA, and its associate pro-
teins, could not have been identified as macromolecules,
atom by atom, if they were not crystallized. It is only
by reducing them to this ordered condition that their
atomic structure and their special organization could be
defined.

Their crystallization was possible for the simple rea-
son that their atomic configurations are highly ordered.

DEFINITION OF A CRYSTAL

“A solidified form of substance in which the atoms
or molecules are arranged in a definite repeating pat-
tern so that the external shape of a particle or mass of
the substance is made up of planed faces in a symmetri-
cal arrangement” (Webster 1976). The definition of Klein
and Hurlbut (1985) is: “any solid with an ordered inter-
nal structure regardless of whether it possesses external
faces”. And in a broader definition: “a homogenous solid
possessing long-range, three dimensional internal order”.

MINERALOGISTS POINT OUT THAT DNA IS ALSO A
CRYSTAL

The definition of a crystal by Wenk and Bulakh
states clearly that DNA is a crystal: “is a homoge-
nous chemical compound with a regular and periodic
arrangement of atoms. But crystals are not restricted to
minerals: they comprise most solid matter such as sugar,
cellulose, metals, bones and even DNA”.

RIBOSOMES ALSO ASSUME A CRYSTAL FORM AS A
RESULT OF THEIR ORDERED ATOMIC STRUCTURE

Viruses, which consist of nucleic acids and proteins,
can become crystal structures but abandon this ordered
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configuration when they reproduce in the cell. Ribo-
somes can form crystalline structures as is the case in
chicken, mouse, and other types of tissues (Morimoto et
al. 1972). Ribosomes become crystalline when the cells
are chilled to 5-15°. Chromosomes follow the same con-
dition. They also become crystallized when their activity
becomes minimal and are obliged to occupy a minimum
of space.

ACTUALLY, THE CHROMOSOME BECOMES A
CRYSTAL IN THE ANIMAL SPERM

The evidence just described is corroborated by a key
observation that is usually not cited. The arrangement of
DNA in sperm nuclei has been studied by X-ray diffrac-
tion and polarizing microscopy. During spermiogenesis
the proteins gradually condense. They also acquire spe-
cific patterns which are typical of the arrangement.

The crystalline organization of the chromosomes is
particularly evident in the spermatids of two grasshop-
per species, Dissosteira carolina and Melanoplus femur
rubrum. During development the nuclear fibers form
plates which are oriented longitudinally to the major
axis of the nucleus. Later these lamellae coalesce into a
“crystalline body” (Gall and Bjork,1958) as described by
the antlion. As the electron microscope sections show
the pattern is most similar to that of ribosome crystals.
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Abstract. This cytogenetic study attempts to shed light on the karyomorphologi-
cal and asymmetry data of species in the subfamily Scilloideae previously included in
Scilla, namely Hyacinthoides lingulata (Poir.) Rothm., Prospero autumnale (L.) Speta,
Prospero obtusifolium (Poir.) Speta, Barnardia numidica (Poir.) Speta, and Oncostema
elongata (Parl.) Speta. These taxa are predominantly from the Skikda region (north-
eastern Algeria). H. lingulata had a somatic chromosome number 2n=2x=16, P. autum-
nale 2n=2x=14, P. obtusifolium 2n=2x= 8, B. numidica 2n=2x=18, and O. elongata
2n=2x=16. The indices of intrachromosomal (M¢,, A,, and AslI) and interchromosomal
(CVer, CVqp, and A,) asymmetry revealed that H. lingulata has the most asymmetri-
cal karyotype (1C), while P. autumnale has the most symmetrical karyotype (3A). P
obtusifolium has a relatively symmetrical karyotype (4A), while B. numidica and O.
elongata have both an asymmetrical karyotype (1B). These findings differ from those
previously reported for the same taxa in Algeria, hence indicating the substantial
genetic variation that exists within the country.

Keywords: chromosomes, bulbous, plants, genetic diversity, Scilla.

INTRODUCTION

The Hyacinthaceae family comprises exclusively herbaceous species,
most of which are bulbous. In phylogenetic classification, this family is now
included in the Asparagaceae (APG IV 2016), and its genera fall under the
subfamily Scilloideae. However, the nomenclature of its genera is still wide-
ly controversial. The species that belong to the former genus Scilla have also
been split among several genera (Pfosser and Speta 1999). Three of them are
related to the autumn squills of the North African flora, namely Prospero,
Hyacinthoides, and Barnardia. The Hyacinthaceae family has a wide distribu-
tion in Algeria, where it occurs with a certain concentration in the Tell Atlas
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region (Maire 1958; Quézel and Santa 1962). However,
this family also includes endemic species shared between
Algeria and neighboring countries, such as Albuca
amoena (Batt.) ].C.Manning & Goldblatt, Ornithogalum
sessiliflorum Dest. (both endemic to Morocco and Alge-
ria), Hyacinthoides aristidis (Coss.) Rothm. (endemic to
Algeria and Tunisia), and H. lingulata (Poir.) Rothm.
(endemic to Morocco, Algeria, and Tunisia).

The cytogenetic research carried out by Hamouche
et al.(2010), Véla and de Bélair (2016), and Azizi et al.
(2016a), has shed light on the karyotypes of various
species that are proliferating in Algeria. However, tak-
ing into account the variety of Algeria’s ecosystems, it’s
possible that the genetic diversity found within Alge-
ria’s populations is much greater than what was earlier
thought. Previous research has shown that the genus
Prospero has a significant amount of polymorphism,
both in terms of the ploidy level and the fundamen-
tal chromosomal number (2n=14, 2n=28, and 2n=42)
(Hamouche et al. 2006; Hamouche et al. 2010; Jang et al.
2013; Jang et al. 2018). Two cytotypes, 2n=8 and 2n=16,
have been found for H. lingulata, which primarily pro-
liferates in diverse biotopes in the northwestern coastal
region of Algeria (Hamouche et al. 2006; Hamouche et
al. 2010). This underscores the necessity to extend and
vary the sample regions in order to cover the widest pos-
sible range of ecosystems.

In light of this, we carried out cytogenetic research
on some species of the Hyacinthaceae that are thriving
in the Skikda area (northeastern Algeria), which have
not been previously investigated. The following species
were considered for the cytogenetic analyses: H. lingu-
lata (Poir.) Rothm., P. autumnale (L.) Speta, P. obtusifo-
lium (Poir.) Speta, B. numidica (Poir.) Speta, and O. elon-
gata (Parl.) Speta. This study will allow us, on the one
hand, to learn about the chromosomal composition of
the studied taxa, and on the other hand, to shed light on
the genetic diversity and karyological variation that may
exist within Algeria’s populations.

MATERIAL AND METHODS

The plants selected for cytogenetic analysis were col-
lected from their natural habitat (Figure 1) and identi-
fied using the flora of North Africa (Maire, 1958), the
GDB herbarium (https://gdebelair.com/), and confirmed
Algerian occurrences documented on iNaturalist (htt-
ps://www.inaturalist.org/observations?place_id=7300).
The root tips were obtained from plants collected in
nature (Table 1). Seed germination was not successful.
After receiving a pretreatment with 0.05% colchicine,
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the roots were subsequently fixed in a combination of
ethanol and acetic acid (3:1). Roots were then placed in
a solution of hydrochloric acid (HCl 1N) and heated to
60 °C. This step lasted for 10 min. Following that, they
were stained for at least 1h with Schift’s reagent, and
lastly, they were crushed in a drop of 3% acetic carmine.
At least 10 plates per each population were studied. A
series of photographs were taken of the best plates, and
then different measures were carried out to determine
the karyotype of each species.

The chromosomal type was determined based on the
terminology used by Levan et al. (1964). The karyotypes
were accurately categorized using the Stebbins (1971)
method. Different approaches were used to estimate
additional parameters of karyotype asymmetry. HCL:
Haploid total length, TF: Total form percentage (Huzi-
wara 1962), Asl: Karyotype asymmetry index (Arano
and Saito 1980), Syi: Karyotype asymmetry index, Rec:
Chromosome size similarity index (Greihuber and
Speta 1976), CV,: Coefficient of variation in chromo-
some length, CV¢p: Coefficient of variation in centro-
meric index, AI: Asymmetry index (Paszko 2006), A;:
Intrachromosomal asymmetry, A,: Interchromosomal
asymmetry (Romero Zarco 1986), Mc,: Mean centro-
meric asymmetry (Peruzzi and Eroglu 2013). The Pear-
son correlation between several asymmetry indices was
calculated using IBM SPSS Statistics 24 software. Addi-
tionally, the ideogram for each species was determined
depending on their chromosomal size.

RESULTS

The karyotypes of five species from the subfamily
Scilloideae have been thoroughly examined. Originally
classified as Scilla by Maire (1958), these species have
recently been reassigned to four distinct genera. Table 2
provides details on chromosomal numbers, total chro-
mosome length, the ratio of long to short arms, and the
total size of the haploid complement. H. lingulata, P.
autumnale, P. obtusifolium, B. numidica, and O. elongata
are all diploids with respective chromosome counts of
16, 14, 8, 18, and 16.

The specific karyotypic formulas for each species are
further documented in Table 2. The karyotypes of these
species consist mostly of metacentric, submetacentric,
subtelocentric, and even telocentric chromosomes, par-
ticularly in the case of H. lingulata and B. numidica. The
size of the chromosomes in B. numidica and H. lingu-
lata varied from 1.27 ym to 6.49 ym depending on the
species. H. lingulata stands out for having the largest
haploid complement, which has an average size of 29.80
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Figure 1. Illustration of the studied taxa showing differents parts of each plant: bulbs, flowers, and capsules,A: Hyacinthoides lingulata, B:
Prospero autumnale, C: P. obtusifolium, D: Barnardia numidica, E: Oncostema elongata.

Table 1. Localities of the studied taxa.

Taxa Locality Habitat Latitudes Longitudes Altitude Month of collection
Hyacinthoides lingulata Larbi Ben M'Hidi ~ Coastal dune 36°53°08"N 7°00°55”E 40 m September
Prospero autumnale ~ Larbi Ben M'Hidi ~ Coastal dune 36°53°08”N 7°08'01’E 40 m September
Prospero obtusifolium  Ramdan Djamel Olive grove 36°45'18”N 6°54’40"E 90 m December
Barnardia numidica Filfilla Rocky cliffs 36°53°01"N 7°00°55"E 340 m November
Oncostema elongata Ramdan Djamel Olive grove 36°45’18"N 6°54'40"E 90 m January

pym. This size exceeds that of the other species. Follow-
ing closely is O. elongata, which possesses a total hap-
loid complement size of 28.28 ym. B. numidica possess-
es chromosomes that are very tiny in size. However, its
haploid complement measures 21.64 ym, which is larger
than that of P. obtusifolium (16.60 ym) and P. autumnale
(14.85 pum), as shown in Table 2.

In order to assess the level of asymmetry in the
karyotypes of the studied species, we used Stebbins’ cat-
egorization together with the CV¢; and M, values. The
specific asymmetry indexes used are outlined in Table 3.
H. lingulata has much more prominent asymmetry char-
acteristics compared to other species. The karyotype of
this species is categorized as 1C according to Stebbins’
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Table 2. Karyotype features of the studied taxa.
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Taxa 2n SC-LC (um) LC/SC p (um) q (um) CL (um) HCL CIHE:;)n— KF
Hyacinthoides lingulata 16  1.54-6.49 4.21 0.75+0.1  2.97£0.17  3.72+0.26 29.80 0.05-0.44 Im+2sm+3st+2t
Prospero autumnale 14 1.52-2.66 1.75 0.61+0.1 1.5+0.10  2.11+0.12 14.85 0.16-0.41  1m+m™+3sm+2st
Prospero obtusifolium 8 3.17-4.82 1.52 1.08+0.2 3.04+0.1  4.14+0.22 16.16 0.21-0.32 2sm+2st
Barnardia numidica 18 1.27-3.97 3.12 0.56+0.1  1.83+0.11  2.39+0.17 21.64 0.05-0.46 3m+2sm+3st+1t
Oncostema elongata 16 1.79-5.38 3.00 0.85+0.06  2.66+0.12  3.51+0.17 28.28 0.13-0.40 2m+1sm+5st

SC: shortest chromosome, LC: longest chromosome, p: mean short arm, q: mean long arm, CL: mean total chromosome length, HCL: total
haploid chromosome length, CI: centromeric index, KF: karyotype formula, m: metacentric, sm: submetacentric, st: subtelocentric, t: telo-

centric.

Table 3. Asymmetry indices of the studies taxa.

Taxa TF Asl Syi Rec CVer CVq Al A, A, Mca S
Hyacinthoides lingulata 20.27 79.72 25.33 4.58 48.40 59.23 28.65 0.66 0.48 59.40 1C
Prospero autumnale 28.98 71.01 37.33 5.57 18.53 29.23 5.40 0.56 0.18 44.54 3A
Prospero obtusifolium 26.50 73.49 35.85 3.44 17.14 20.12 343 0.64 0.17 47.10 4A
Barnardia numidica 23.77 76.22 30.76 543 42.01 51.89 21.79 0.57 0.42 52.57 1B
Oncostema elongata 24.44 75.55 31.95 5.24 45.69 42.20 19.28 0.60 0.42 51.45 1B

classification, with intrachromosomal asymmetry index
M, values of 59.4 and interchromosomal asymmetry
index CV values of 48.4.

In contrast, P. autumnale and P. obtusifolium, have
significantly reduced asymmetry values. The intrachro-
mosomal asymmetry indices (Mc,) for P. autumnale and
P. obtusifolium are 44.54 and 47.10, respectively. Simi-
larly, their interchromosomal asymmetry indices (CV¢;)
are 18.53 and 17.14, respectively. The karyotypes of these
two species are categorized as 3A and 4A, respectively.
Although belonging to different genera, B. numidica and
O. elongata exhibit very comparable asymmetry indices,
which are characterized by rather high values. The intra-
chromosomal asymmetry indices M¢, for B. numidica
and O. elongata are recorded as 52.57 and 51.45, respec-
tively. The interchromosomal asymmetry index CV for
B. numidica is determined as 42.01, whereas for O. elon-
gata it is calculated as 45.69. Both karyotypes are classi-
fied as 1B according to Stebbins’ classification (1971).

DISCUSSION
Hyacinthoides lingulata
The earlier research carried out by Hamouche et al.

(2006) and (2010) on populations from western Algeria
assigned two different chromosomal numbers to this

endemic taxon of North Africa. They were 2n=8 and
2n=16. This holds true when compared to the findings
of the current investigation, which indicated that 2n=16.
Furthermore, certain similarities in caryotype descrip-
tions have been observed between the two populations.
The main difference is that the Skikda population has
two telocentric chromosomes but no satellite chromo-
somes. According to Weiss Schneeweiss and Schneeweiss
(2013), variation in caryotypical configuration between
populations is indicative of chromosomal rearrange-
ments, particularly those involving subtelocentric or tel-
ocentric chromosomes that appear to result from chro-
mosomal deletion or translocation. Previous research
(Sato 1936) showed that members of the Scilloideae
subfamily had various caryotypes even within the same
species. It is worth noting that the presence of such vari-
ability in karyotype organization does not always imply
a significant morphological difference (Thompson 2005;
Thompson 2020).

Prospero autumnale

The research conducted by Hamouche et al. (2010)
on multiple populations from various locations in cen-
tral Algeria revealed a high level of diversity within the
species, which is closely associated with the altitude and
environment in which they grow. Diploid (2n=2x=14),



Karyotype asymmetry in some Scilloideae (Hyacinthaceae) members from Algeria 13

1 2 3 4 5 6 7 8

Figure 2. Mitotic metaphase and idiograms of the studied taxa. A: Hyacinthoides lingulata 2n=16, B: Prospero autumnale 2n=14, C: P. obtusi-
folium 2n=8, D: Barnardia numidica 2n=18, E: O. elongata 2n=16, scale bars=10 ym
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tetraploid (2n=4x=24), and hexaploid (2n=6x=42) cyto-
types were identified. The population of Skikda, which
is located in northeastern Algeria, differs from the
populations of Algiers, especially in terms of karyologi-
cal description. It is distinguished by the presence of a
metacentric chromosome (7) in addition to submetacen-
tric and telocentric chromosomes, as well as a second-
ary constriction on the long arm of chromosome 3. In
contrast, the diploid population (2n=2x=14) from Algiers
exhibits only submetacentric and subtelocentric chro-
mosomes, in addition to a satellite on the short arm of
chromosome 5.

This implies that there is considerable variation even
among diploid cytotypes (2n=2x=14) in Algeria, which
might be due to chromosomal rearrangements such as
inversions and translocations. Jang et al. (2013) and Jang
et al. (2018) investigations both validated the existence
of chromosomal rearrangements in the P. autumnale
complex. In the P. autumnale complex, supernumer-
ary forms such as B chromosomes and forms of ane-
uploidy, particularly in diploid cytotypes (2n=2x=14+1)
and hexaploid cytotypes (2n=6x=42+1), have been
documented (Rejoin et al. 1980; Hamouche et al. 2010;
Jang et al. 2018). In addition, Jang et al. (2013) showed
the existence of four diploid cytotypes with three dis-
tinct fundamental numbers, x=5, x=6, and x=7, based
on their study of seventeen individuals from various
countries bordering the Mediterranean Sea. Individuals
with the cytotype 2n=2x=14 were assigned two chromo-
somal descriptions, including one with submetacentric
chromosomes (secondary constriction on chromosome
3), a subtelocentric chromosomes and a small metacen-
tric chromosome. This is an exact match to the chromo-
somal description discovered in this investigation. The
possibility cannot be ruled out for the presence of other
P. autumnale complex cytotypes in Algeria, given the
country’s vast size and the vast diversity of its habitats
and climates.

Prospero obtusifolium

Our findings regarding chromosomal number and
formula are consistent with the studies conducted by
Ebert et al. (1996), Hamouche et al. (2010), and Jang et
al. (2013). These studies all identified a single cytotype
(2n=8) in populations throughout the Mediterranean
basin. Overall, this indicates that the species has suc-
cessfully maintained significant stability in its karyotype
composition, even when dispersed over different habitats
and a wide geographic area.

Meryem Nassar, Nora Sakhraoui, Gianniantonio Domina

Barnardia numidica

Our population exhibits a chromosomal formula
distinct from that of the central Algerian population
(2n=2x=18=4m+2sm-sat+3st) by possessing a telocen-
tric pair but lacking a satellite. Both populations share
metacentric and subtelo-centric chromosomes. The kar-
yotype consists of two distinct sets of chromosomes, one
containing small metacentric or submetacentric chro-
mosomes and the other containing big subtelo-centric
chromosomes (bimodal karyotype). The variation in
size that was found might be attributed to hybridization,
as shown by previous research (Speta 1979; Ebert et al.
1996; Hamouche et al. 2010). Other studies have indicat-
ed that this heterogeneity is linked to higher amplifica-
tion of distinct forms of heterochromatin within specific
chromosomal sets (De la Herrdn et al. 2001). Indeed,
the existence of a bimodal karyotype has already been
observed in Hyacinthaceae species such as Ornithogalum
(Stedje 1989) and Galtonia (Forrest and Jong 2004).

Oncostema elongata

There is still no taxonomic consensus on the spe-
cific delimitation within O. peruviana (Scilla peruvi-
ana). Some authors attribute the variability observed
in the CW Mediterranean to a single species (Almeida
da Silva and Crespi 2013; Almeida da Silva et al. 2014),
others prefer to consider different species (Dobignard
and Chatelain 2010; APD 2023). Previous research has
pointed to the presence of different chromosomal counts
of 2n=16, 2n=15, and 2n=14 have been seen in different
individuals of O. peruviana (Sato 1936).

The same is true for O. hughii (Tineo ex Guss.)
Speta, which has four distinct numbers (2n=17, 2n=19,
2n=20, and 2n=22). It is worth noting that these chro-
mosomal count differences were discovered in plants
that shared the same habitat (Sato 1936). In addition,
the same author has shown that O. peruviana (L.) Speta
has a stable karyotype with 2n=16=1M+4stSat+2m+1°".
Although 2n=16 is thought to be the fundamental chro-
mosome number in O. peruviana (Sato 1936; Battaglia
1950, Barone et al. 2021).

Several asymmetry indices have been established
since the work of Stebbins to evaluate karyotype asym-
metry in its evolutionary state (Romero Zarco 1986).
These are the first data on karyotype asymmetry for
the several species included in this study. According to
Peruzzi and Eroglu (2013), the intrachromosomal asym-
metry index Mg, and the interchromosomal asymmetry
index CV¢; are extensively utilized due to their abil-
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ity to detect even the most subtle chromosomal varia-
tions. Various asymmetry parameters have disclosed
karyotype diversity among the studied species. Spe-
cies in the genus Prospero, such as P. autumnale and P.
obtusifolium, classified as types 3A and 4A, respectively,
appear to have the most symmetrical karyotypes, indi-
cating relatively stable karyotypes, according to Steb-
bins’ classification. The karyotypes of B. numidica, O.
elongata and H. lingulata, on the other hand, belong to
categories 1B, 1B and 1C, respectively, indicating asym-
metrical karyotypes. High CV; and M, values for all
three species, especially H. lingulata, support this result
(Table 3). The intrachromosomal asymmetry index M,
had a significant negative connection with Syi (-0.997*%)
and TF (-0.996**) and a positive correlation with Asl
(0.996**) and HCL (0.917**) according to Pearson cor-
relation. It also correlated positively with CV; (0.093)
and CV¢; (0.516), although not significantly. The inter-
chromosomal asymmetry index CV;, on the other
hand, had a strong and positive relationship with CV;
(0.83%), AT (0.99**), A, (0.99*%), and HCL (0.91**). There-
fore, differences in asymmetry between chromosomes
in the same set are associated with differences in size,
which may result from changes in structure as well as
differences in shape, particularly the location of the
chromosomal centromere.

The karyotypes of P. autumnale and P. obtusifolium
are notable for their symmetrical structure, but those
of B. numidica, O. elongata, and H. lingulata have sig-
nificant asymmetry. According to Stebbins (1971), asym-
metric karyotypes are seen as derived traits that have
emerged more recently in evolutionary processes. They
are often linked to plants that display specific morpho-
logical features or are descendants of a more recent ori-
gin. In the Mediterranean flora, variations in chromo-
some size, base number, and symmetry between closely
related species are not new. Many processes, such as
polyploidy, aneuploidy, or dysploidy, can explain these
changes (Stebbins 1971; Levin 2002; Guerra 2008; Choi
et al. 2008) and morphological differences could result
from the expression of these genetic variations (Thomp-
son 2005; Thompson 2020). Species belonging to genera
such as Reichardia, Brachyscome, Crepis and Geranium
provide clear examples of this karyotypic variety (Sil-
jak-Yakovlev 1996; Watanabe et al. 1999; Dimitrova and
Greilhuber 2000; Martin et al. 2022). Interestingly, these
variations are not limited to interspecific differences but
extend to intraspecific levels, giving rise to the emer-
gence of new chromosomal races (Levin 2002). Prospero
autumnale (Parker et al. 1991, Ebert et al. 1996, Vaughan
et al. 1997, Hamouche et al .2010), Ornithogalum tenuifo-
lium (Stedje 1989), O. nutans (Cullen and Rattert, 1967),

Albuca abyssinica (Stedje 1996), Bellevalia mauritanica,
and Muscari neglectum (Azizi et al. 2016b) are notable
examples in the Hyacinthaceae family.

CONCLUSION

In terms of karyotypic constitution and asymme-
try indices, the cytogenetic data related to the examined
species belonging to four genera of the subfamily Scil-
loideae have revealed, on the one hand, that the popula-
tions of the Skikda region are different from other popu-
lations previously studied by other researchers, indicat-
ing the important genetic diversity that exists in Algeria
and on the other hand, significant differences between
the species. This suggests that P. autumnale is the most
stable species and H. lingulata is the most evolved spe-
cies. However, molecular phylogenetic investigations are
required to fully comprehend the relationship between
the species under issue.
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SUPPLEMENTARY TABLES

Table 4. Karyomorphological analysis of Hyacinthoides lingulata.
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3 4.49+0.20 0.49+0.13 4.98+0.33 9.15+0.69 0.10+0.01 16.7+1.14 1.64+0.06 0.09+0.01 t
4 3.85+0.15 0.22+0.06 4.08+0.20 17.0+0.66 0.05+£0.01 13.6+0.50 0.76+0.01 0.05+£0.01 t
5 1.54+0.15 1.24+0.15 2.79+0.30 1.24+0.03 0.80+0.02 9.37+1.01 4.18+0.50 0.44+0.01 m
6 1.73+£0.01 0.98+0.04 2.71£0.05 1.76+0.07 0.56+0.02 9.12+0.12 3.29+0.12 0.36+0.01 sm
7 1.49+0.16 0.26+0.11 1.75£0.26 5.57+0.30 3.74+0.17 5.89+0.19 0.88+0.38 0.15+£0.07 st
8 1.03+£0.09 0.50+0.01 1.54+0.11 2.07+0.10 0.48+0.02 5.19+0.38 1.71£0.06 0.33+£0.01 sm

Length of chromosome (L: long arm. S: short arm. LT: total length). F%: Form percentage of chromosome. CI: Centromeric index. AR: Arm

ratio. R-value: S/L. RL: Relative length. CT: Chromosome type.

Table 5. Karyomorphological analysis of Prospero autumnale.

N L (um) S (pum) LT (ym) AR R value RL% F% CI CT
1 2.03+£0.19 0.63+0.04 2.66£0.22 3.18+0.23 0.31+£0.02 17.95+0.13 4.25%0.26 0.23+0.01 st
2 1.97+0.03 0.38 +0.08 2.35+£0.12 5.55+0.27 0.18+0.01 15.82+0.13 2.52+0.13 0.16+0.01 st
3 1.36+0.05 0.94+0.08 2.314£0.13 1.41+0.06 0.70+0.03 15.55+0.40 6.38+0.01 0.41£0.01 m-sc
4 1.61+0.10 0.67+0.08 2.29+0.18 2.41+0.12 0.41+0.02 15.42+0.53 4.52+0.01 0.29+0.01 Sm
5 1.42+0.07 0.51+0.01 1.93+0.08 2.76+0.15 0.36+0.02 13.03+0.53 3.45+0.39 0.26+0.02 sm
6 1.20+0.05 0.57+0.05 1.77+0.11 2.14+0.12 0.46+0.02 11.96+0.79 3.85+0.39 0.32+0.01 sm
7 0.92+0. 15 0.59+0.03 1.52+0.1 8 1.53+0.20 0.65+0.08 10.23+0.13 3.98+0.26 0.39+0.03 m

Length of chromosome (L: long arm. S: short arm. LT: total length). F%: Form percentage of chromosome. CI: Centromeric index. AR: Arm

ratio. R-value: S/L. RL: Relative length. CT: Chromosome type.
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Table 6. Karyomorphological analysis of Prospero obtusifolium.

N L (um) S (pm) LT (um) AR R value RL% F% CI CT
1 3.49+0.11 1.32+0.28 4.82+ 0.17 2.67+0.69 0.37+0.10 29.0+ 1.04 7.98+1.73 0.2740.04  Sm-Sat
2 2.99+0.11 1.48+0.32 447+ 0.44 2.05+0.38 0.48+0.09 26.9+ 2.66 8.91+£1.96 0.32+£0.04 sm
3 3.22+0.04 0.90+0.17 4.13+ 0.13 3.65%0.75 0.27%0.05 24.8+ 0.81 5.43+1.04 0.21£0.03 st
4 2.47+0.13 0.69+0.03 3.17+ 0.17 3.55+0.01 0.28+0.01 19.0+ 1.04 4.16+0.23 0.21+0.01 st

Length of chromosome (L: long arm. S: short arm. LT: total length). F%: Form percentage of chromosome. CI: Centromeric index. AR: Arm
ratio. R-value: S/L. RL: Relative length. CT: Chromosome type.

Table 7. Karyomorphological analysis of Barnardia numidica.

N L (um) S (pm) LT (um) AR R value RL% F% CI CT
1 3.20+0.10 0.77+0.04 3.97+0.02 4.27+0.11 0.23+0.01 18.3+0.09 3.56+0.17 0.19+0.01 st
2 3.20+0.37 0.18+0.10 3.39+0.27 19.242.00 0.05+0.01 15.6+1.25 0.86+0.48 0.05+£0.01 t
3 2.79+0.12 0.41+0.11 3.20+0.31 6.70+0.62 0.14+0.02 14.8+0.76 1.92+0.19 0.12+0.01 st
4 2.33+0.23 0.79+0.12 3.12+0.19 2.94+0.69 0.33+£0.07 14.4+0.19 3.65+0.57 0.25+0.04 sm
5 0.97+0.10 0.83+0.04 1.81+0.11 1.15+0.13 0.86+0.10 8.37+0.10 3.84+0.19 0.46+0.02 m
6 1.14+0.06 0.58+0.16 1.72+0.10 1.92+0.72 0.51+0.17 7.98+0.48 2.69+0.76 0.33+0.07 sm
7 0.99+0.04 0.68+0.06 1.68+0.10 1.50£0.07 0.66+0.08 7.79+0.48 3.17+0.28 0.40+0.01 m
8 0.81+0.06 0.62+0.04 1.43+0.02 1.26+0.18 0.78+0.11 6.64+0.10 2.88+0.19 0.43+0.03 m
9 1.02+0.04 0.24+0.04 1.27£0.07 0.95+0.25 0.25+0.05 5.87+0.09 1.15+£0.19 0.19+0.03 st

Length of chromosome (L: long arm. S: short arm. LT: total length). F%: Form percentage of chromosome. CI: Centromeric index. AR: Arm
ratio. R-value: S/L. RL: Relative length. CT: Chromosome type.

Table 8. Karyomorphological analysis of Oncostema elongata.

N L (um) S (um) LT (ym) AR R value RL% F% CI CT
1 4.11+0.12 1.20+0.10 5.38+0.20 3.29+0.38 0.30+0.03 19.0+0.21 4.49+0.35 0.23+0.02 st
2 3.91+0.60 0.88+0.02 4,79+0.62 4,40+0,68 0.22+0,03 16,9+2,13 3,13+0.60 0,18+0.02 st
3 3,64+0.06 1,02+0,02 4,67+0,08 3,60+0,01 0.27+0.02 16.5+0.28 3.63+0.07 0.21+0.02 st
4 3,97+0.06 0,62+0.02 4.59+0.04 6.50+0.30 0.15+£0.07 16.2+0.14 2.20+0.07 0.13+0.02 st
5 1,95+0.02 1.14+0.10 3.10+0.08 1.71£0.16 0.58+0.05 10.9£0.28 4.06+0.35 0.36+0.02 sm
6 1.18+0.06 0.80+0.02 1.99+0.06 1.45+0.07 0.68+0.03 7.05+£0.21 2.85+0.02 0.40+0.02 m
7 1.47+0.10 0.46+0.02 1.93+0.12 3.27+0.08 0.30+0.11 6.84+0.42 1.63+0.07 0.32+0.04 st
8 1.10+0.10 0.68+0.08 1.79+£0.18 1.58+0.04 0.62+0.01 6.34+0.64 2.42+0.28 0.38+0.02 m

Length of chromosome (L: long arm. S: short arm. LT: total length). F%: Form percentage of chromosome. CI: Centromeric index. AR: Arm
ratio. R-value: S/L. RL: Relative length. CT: Chromosome type.
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Abstract. This study aimed to investigate the karyotypes of five Allium species, which
belong to three sections of the subgenus Melanocrommyum. Bulbs from these species
were collected from natural habitats in Iran, and their somatic chromosomes were
analysed. The results revealed that all examined members of subg. Melanocrommyum
had a basic chromosome number of x=8 and were diploid (2n=2x=16). Chromosomal
data for A. saralicum and A. shatakiense are reported here for the first time. The karyo-
types exhibited a variety of chromosome types and sizes, including variations observed
among different accessions of the same species. In particular, A. saralicum showed
satellite chromosomes ranging in size from 2.2 to 3.71 pm, located on the short arm.
Seven accessions of A. saralicum, A. stipitatum, and A. haemanthoides demonstrated
the presence of 1-3 B chromosomes with centromeres located in the median or sub-
terminal position. Notably, the number of B chromosomes varied even among different
accessions of the same species. Based on various indices, the karyotypes of the spe-
cies were classified into symmetric and asymmetric groups. All karyotype asymmetry
methods consistently identified A. stipitatum as the species with the most asymmet-
ric chromosomes, while A. ubipetrense was recognized as the most symmetric species.
This study contributes to the karyological knowledge of the genus Allium and provides
valuable data for future taxonomic research. It emphasizes the significance of chromo-
somal characteristics in understanding plant evolution and species diversity within the
Allium genus.

Keywords: Allium, B chromosome, ideogram, karyology, Melanocrommyum.

INTRODUCTION

Allium is a notable monocot genus comprising over 900 species, pri-
marily concentrated in the eastern Mediterranean region, Southwest, and
Central Asia. Within different plant communities, Allium species play a
significant role (Fritsch and Abbasi, 2013). Iran exhibits diverse geograph-
ic and climatic conditions, allowing Allium species to thrive in a range
of habitats. These plants typically inhabit open, sunny, and relatively dry
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sites, adapting to both arid and moderately humid
climates (Fritsch and Friesen, 2002). Subgenus Mel-
anocrommyum of Allium encompasses Iranian species
that occupy various ecological habitats, spanning from
lowlands to highlands. Although they can be found
in dry steppes, semi-deserts, and arid mountains, the
majority of these species thrive in such environments
(Fritsch and Abbasi, 2013). Currently, Iran is home to
148 recognized Allium species and subspecies, repre-
senting eight subgenera and 32 sections (Fritsch and
Amini Rad, 2013). Subgenus Melanocrommyum is the
second-largest subgenus within Allium, encompassing
approximately 170 species worldwide, classified into 20
sections (Fritsch, 2012).

Chromosomes serve as the carriers of genetic infor-
mation, and alterations in their number and structure
play a crucial role in plant evolution (Escudero et al.,
2014). Chromosomal characteristics, including number,
size, and shape (karyotype), serve as defining features
for numerous plant taxa across different taxonomic
levels (Baltisberger and Horandl, 2016). In the genus
Allium, a basic chromosome number of x=8 is pre-
dominant, although a few sections exhibit x=7, 9, and
11 (Friesen et al., 2006). Subgenus Melanocrommyum
typically possesses a basic chromosome number of x=8.
However, a small number of species, such as A. karat-
aviense Regel and A. rnonophyllum Vved. have been
identified with basic chromosome numbers of x = 9 and
x=10, respectively (Fritsch and Astanova, 1998). Satellite
chromosomes have proven to be a valuable cytological
marker in Allium, and different types of satellites have
been studied based on the centromere position and sec-
ondary constrictions on chromosome arms (Dolatyari
et al., 2018).

Several karyological investigations have been con-
ducted on Iranian Allium species, revealing symmetri-
cal karyotypes composed of metacentric and submeta-
centric chromosomes in the Melanocrommyum sub-
genus (Pedersen and Wendelbo, 1966; Pogosian, 1983;

Table 1. Characterization and sampling location of the studied taxa.
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Fritsch and Astanova, 1998; Gurushidze et al., 2010,
2012; Hosseini and Go, 2010; Akhavan et al., 2015;
Dolatyari et al., 2018; Hosseini, 2018). Approximately
55% of Iranian Allium species have been karyologi-
cally characterized, providing a valuable foundation
for future taxonomic research (Dolatyari et al., 2018).
Nonetheless, the karyological data for many species,
including endemic ones in Iran, remains completely
unknown. This study aims to contribute to the karyo-
logical investigation of selected Iranian Allium acces-
sions, expanding our knowledge of the chromosomes
within the genus Allium.

MATERIALS AND METHODS

In this study, bulbs of five species (seven ecotypes)
were collected from their natural habitats in 2018 (Fig-
ure 1). The species include A. ubipetrense R.M. Fritsch,
A. haemanthoides Boiss. & Reut. A. stipitatum Regel,
A. saralicum R.M. Fritsch, and A. shatakiense Rech. f.
Details about the collected materials can be found in
Table 1. Among the species studied, A. ubipetrense was
determined to be endemic to Iran, while the other spe-
cies were indigenous and had distributions in various
regions, including Iran, Iraq, Turkey, Tajikistan, Afghan-
istan, Kazakhstan, Kyrgyzstan, Pakistan, Turkmenistan,
and Uzbekistan.

To break the dormancy of the bulbs, they were
stored at 4 °C. Subsequently, the bulbs were rooted in
wet, sterile cotton gauze in a refrigerator. For somatic
chromosome analysis, fresh root tips measuring 1-1.2
cm were collected from the cultivated bulbs in the ear-
ly morning. The roots underwent a pre-treatment with
a-bromo naphthalene for 3 hours at 4 °C, followed by
three washes with distilled water (each lasting 5 min-
utes) at room temperature. The roots were then fixed
overnight at 4 °C in Carnoy’s fixative, which consists of
glacial acetic acid and ethanol in a 3:1 ratio. After thor-

Section Species Species

code

Voucher
specimen

Locality Origin

sect. Acanthoprason A. ubipetrense S1
A. haemanthoides S5
S2-E1
A. saralicum  S2-E2
A. shatakiense S3
S4-E1
S4-E2

sect. Melanocrommyum  A. saralicum

sect. Procerallium A. stipitatum

A. stipitatum

Kurdistan, Marivan road, kalatarzan, jannat boo village UOK-130
Kurdistan, Saral Area, Zardavan
Kurdistan, Saral Area, hezarkanian Village
Kurdistan, Saral Area, Chatan Village
Kurdistan, Saral Area, zardavan
Kurdistan, Saral Area, Kapak Village
Kurdistan, Saral Area, zardavan

Native- endemic
UOK-131 Native-non endemic
UOK-113
UOK-114 Native-non endemic
UOK-126 Native-non endemic
UOK-101 Native-non endemic

UOK- 102 Native-non endemic

Native-non endemic
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Figure 1. Studied species in their habitat in saral region in Kurdistan. A, B: A. ubipetrense; C, D: A. saralicum; E, F: A. stipitatum; G, H: A.
shatakiense; I; A. haemanthoides.

ough washing with distilled water, the excised roots
were transferred to 70% (v/v) aqueous ethanol and
stored in a refrigerator until further use.

Hydrolysis was carried out by treating the root tips
with 1 M HCI for 15 minutes at 60 °C. Subsequently, the
root tips were stained with feulgen solution for 1 hour
and then squashed in a drop of 45% (v/v) acetic acid.
The best metaphase plates were photographed using a
DP72 digital camera attached to the BX51 Olympus
microscope. At least five metaphase plates were analyzed
for each accession, and the short (S) and long arms (L)
of the chromosomes were measured using IdeoKar soft-
ware (http://agri.uok.ac.ir/ideokar/index.html) (Mir-
zaghaderi and Marzangi 2015). The morphology of the

chromosomes was determined based on the nomencla-
ture proposed by Levan et al. (1964). Karyotype formu-
las were established using centromere indices (CI) and
arm ratio (AR).

In addition to the basic karyological data such as 2n
(chromosome number), x (basic chromosome number),
and the total chromosome length of the haploid (HCL),
several chromosomal parameters were analyzed. These
parameters include the long arm (L), short arm (S),
chromosome length (CL), arm ratio (AR), r value, rela-
tive length of chromosome (RL), chromosome form per-
centage (F %), and centromeric index (CI %). Further-
more, 12 karyotype parameters were calculated to quan-
tify the asymmetry of the karyotypes. These parameters
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include the mean centromeric asymmetry (MCA), coef-
ficient of variation of chromosome length (CVCL), coef-
ficient of variation of centromeric index (CVCI), total
form percentage (TF %), mean centromeric index (XCI),
asymmetry index (AI), degree of karyotype asymmetry
(A), percentage of karyotype symmetry (5%), intra chro-
mosomal asymmetry index (Al and A2), and percentage
karyotype asymmetry index (AsK %). It’s worth noting
that B chromosomes were not considered in the compu-
tation of these parameters due to their effects on calcu-
lating asymmetry factors.

RESULTS

The analysis focused on metaphase plates of five spe-
cies belonging to the Melanocrommyum subgenus of the
genus Allium. These species are diploid, and their basic
chromosome number is x=8. The chromosomal data for
A. saralicum and A. shatakiense are presented for the
first time in this study. Among the three species ana-
lyzed (A. saralicum, A. stipitatum, A. haemanthoides),
seven accessions showed the presence of 1-3 B chromo-
somes with centromeres located in the median or sub-
terminal position (Figure 2). Notably, the number of B
chromosomes varied even among different accessions
of the same species. Karyotypes of somatic complement
and the ideograms of the haploid complement of studied
Alliums are demonstrated in Figures 3.

There were significant differences in size between
the longest and shortest chromosomes in each comple-
ment. Allium haemanthoides had the longest chromo-
some (14.2 pum), while A. stipitatum had the shortest
chromosome (5.42 pum). The mean total chromosome
length (TL) ranged from 9.27 um (A. stipitatum) to 11.37
um (A. haemanthoides), with an overall mean value of
10.15 pm. The centromeric index (CI) of the comple-
ments varied from 37% (A. stipitatum) to 41% (A. ubipe-
trense). Based on the nomenclature proposed by Levan et
al. (1964), two chromosome types, ‘m’ (centromere at the
median region) and ‘sm’ (centromere at the submedian
region), formed six different karyotype formulas (Table
2). Additionally, there were pairs of satellites with sizes
ranging from 2.2 to 3.71 um in A. saralicum (S2-El and
S2-E2) located on the short arm.

The karyotypes of all five species were classified
into the 1A, 1B, and 2B classes of Stebbins classification
(Stebbins 1971). Various methods were used to assess
karyotype asymmetry, and most methods identified dif-
ferent species as symmetric or asymmetric. For example,
A. ubipetrense had the highest value of total form per-
centage (TF %) at 41.56 (indicating the most symmet-

Shahla Hosseini, Hiva Yaghoobi

ric species), while A. stipitatum had the lowest value at
37.52 (the most asymmetric species). The coefficient of
variation (CV %) showed the highest value in A. stipi-
tatum (26.88%, the most asymmetric) and the lowest
value in A. ubipetrense (11.77%, the most symmetric).
The highest XCA value (mean centromeric asymmetry)
was observed in A. stipitatum (24.11%), while the low-
est value was found in A. shatakiense (17.95%). The mean
coefficient of variation of centromeric index (CVCI) was
determined as 13.56 pum, ranging from 7.7 pm (A. ubi-
petrense) to 14.32 um (A. stipitatum). Allium stipitatum
had the highest value of asymmetry index (A) at 0.24,
while A. ubipetrense and A. shatakiense showed the low-
est value at 0.17. The highest and lowest values of per-
centage of karyotype symmetry (S %) were observed in
A. ubipetrense (68.83) and A. stipitatum (43.20), respec-
tively. Allium stipitatum had the highest value of per-
centage karyotype asymmetry index (AsK %) at 62.24
but A. ubipetrense showed the lowest value (54.90) (Table
2). According to the data presented in Table 2, all the
karyotype asymmetry methods consistently identified
A. stipitatum as the species with the most asymmetric
chromosomes, while A. ubipetrense was recognized as
the most symmetric species. These findings highlight the
distinct karyotype characteristics and asymmetry levels
among the studied Allium species.

DISCUSSION

The karyotypic characteristics of several Allium spe-
cies, including A. saralicum, A. shatakiense, A. stipitat-
um, A. ubipetrense and A. haemanthoides are discussed
in this study. All studied taxa were found to be diploid
with a chromosome number of 2n=2x=16. Allium stipi-
tatum, on the other hand, exhibited the same diploid
chromosome number of 2n=2x=16, which is consistent
with previous studies (Fritsch and Astanova, 1998; Ohri
and Pistrick, 2001; Oroji Salmasi et al., 2019). However,
reports also exist of A. stipitatum having a basic chro-
mosome number of 2n=16 and 2n=48 (Pogosian 1983).

In A. saralicum, a pair of satellite chromosomes was
observed, located on the short arm of the chromosomes.
The present study identified two chromosome types, ‘m’,
‘sm’, and ‘st’, in five different Allium species. The karyo-
typic analysis, combined with previously published data
on the Melanocrommyum subgenus, indicated a com-
mon symmetric karyotype with 2-8 metacentric and 0-4
submetacentric chromosomes, as well as 0-4 subtelocen-
tric chromosome pairs.

Chromosomes in the Acanthoprason section (A. ubi-
petrense and A. haemanthoides) displayed a median or
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Figure 2. Mitotic metaphase plates of the investigated accessions of selected Allium, subg. Melanocrommyum: A, B: A. ubipetrense; C-F: A. sarali-
cum (E1); G, H; A. saralicum (E2); I-K; A. stipitatum (E1); L; A. stipitatum (E2); M; A. haemanthoides; N,O; A. shatakiense. Scale bars = 10um.

submedian centromere position and a gradual decline in  centromeres only in the median position, while A. hae-
arm lengths. Allium ubipetrense had chromosomes with  manthoides exhibited submedian centromeres and one B
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Figure 3. Idiograms and karyotypes of the investigated accessions of selected Allium subg. Melanocrommyum. A: A. ubipetrense; B; A. sarali-
cum; C: A. shatakiense; D: A. stipitatum; E: A. haemanthoides. Scale bars = 10um.

chromosome in addition to metacentric ones. The coef-
ficient of variation for centromere index (CVCI) in A.
stipitatum was more than twice (14.32) that of A. ubipe-
trense (6.35). The coeflicient of variation for centromere
length (CVCL) index confirmed A. ubipetrense as having
the most symmetric chromosomes. A study by Dolatyari
et al. (2018) on A. haemanthoides did not detect any B

chromosomes but identified two satellite (SAT) chromo-
somes with centromeres positioned between the median
and sub median positions.

Allium ubipetrense is primarily found in the north-
western parts of the Zagros mountain range in Iran.
This species exhibits different morphotypes, which
sometimes leads to misidentifications. Allium haeman-
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Table 2. Mean chromosomal and karyotypic parameters of Allium spp. S1: A. ubipetrense S2: A. saralicum, S3: A. shatakiense, S4: A. stipi-

tatum, S5: A. haemanthoides.

Species Range
Parameters S1 S2 S3 S4 S5 Mean Min Max
S (um) 4.09 4.30 3.89 3.47 4.52 4.05 3.47-4.52 S4 S5
L (um) 5.79 6.55 5.50 5.79 6.84 6.09 5.50-6.84 S3 S5
TL (um) 9.89 10.86 9.40 9.27 11.37 10.15 9.27-11.37 S4 S5
AR 1.44 1.63 1.45 1.69 1.54 1.55 1.44-1.69 S1 S4
r value 0.69 0.64 0.70 0.60 0.66 0.65 0.60-0.70 $4 S3
HCL 79.21 89.03 75.27 75.74 93.61 82.57 75.27-93.61 S3 S5
RL% 12.49 12.24 12.49 12.25 12.14 12.32 12.14-12.49 S5 S1,S3
F % 5.15 4.86 513 4.60 4.83 491 4.60-5.15 S4 S1
CI 0.41 0.38 0.40 0.37 0.39 0.39 0.37-0.41 S4 S1
TF % 41.56 39.65 41.20 37.52 40.00 39.98 37.52-41.56 S4 S1
CVCL 11.77 19.89 20.72 26.88 18.90 19.63 11.77-26.88 S1 S4
Al 0.30 0.33 0.28 0.37 0.32 0.32 0.28-0.37 S3 S4
A2 0.11 0.19 0.20 0.26 0.18 0.18 0.11-0.26 S1 S4
Al 185.24 155.31 170.48 214.10 174.87 180 155.31-214.10 S2 S4
AsK % 54.90 60.34 58.43 62.24 58.79 58.94 54.90-62.24 S1 S4
S% 68.83 52.49 5191 43.20 54.90 54.26 43.20-68.83 S4 S1
A 0.17 0.21 0.17 0.24 0.19 0.19 0.17-0.24 S1,S3 S4
XcA 17.95 21.72 17.53 24.11 19.74 20.21 17.53-24.11 S3 S4
Xcl 0.17 0.39 0.41 0.37 0.40 0.34 0.17-0.41 S1 S3
CVCI 6.35 12.47 12.09 14.32 11.45 13.56 6.35-14.32 S1 S4
Species
S1 S2-E1 S2-E2 S3 S4-E1 S4-E2 S5
ST# 1A 1A 1A 1A 2B 2B 1B
KF® l6m 10m+6sm 10m+6sm+ 1smB 12m+4sm+1smB  8m+8sm+1stB 12m+4sm+3stB 10m+6sm+1smB

ST Stebbin’s (1971) classification; ® KF Karyotype formula.

thoides, classified under sect. Acanthoprason, shares
one subgroup with A. ubipetrense and A. kurdistani-
cum from the Kurdistan province, based on molecular
markers (ITS sequences of nuclear rDNA) (Fritsch and
Abbasi 2013). Chromosomal parameters suggest a high
probability of differentiation between the two species,
A. haemanthoides and A. ubipetrense, into different
subgroups.

Regarding the Melanocrommyum section, A. sarali-
cum and A. shatakiense demonstrated closely similar
values for all parameters and indices. The karyotypes
of both species consisted of metacentric and sub meta-
centric chromosomes, with one B chromosome and cen-
tromeres in the median position. This study reports the
symmetric karyotype of section Melanocrommyum for
the first time in A. saralicum and A. shatakiense. Previ-
ous studies have also shown this symmetric karyotype
in the Melanocrommyum section (Fritsch & Astanova

1998; Hosseini and Go, 2010; Akhavan & al. 2015; Dola-
tyari et al., 2018; Hosseini, 2018).

Allium stipitatum, the only species analyzed karyo-
logically in section Procerallium, was also diploid with
2n=16. However, its karyotype differed from the other
species in subg. Melanocrommyum, as it included 1-3
subtelocentric B chromosomes. Among the studied taxa,
Allium stipitatum exhibited the highest values for all
asymmetric indices, such as CVCL (26.88), CVCI (14.32),
ASK% (62.24), and the lowest values for TF% (37.52),
rvalue (0.6), F% (4.6), and CI (0.37).

Nevertheless, when it comes to distinguishing
closely related taxa at the section level, the uniformity
of karyotypes and comparable chromosome counts do
not hold significant value. This research focused on a
five species across three different sections, and it would
be inaccurate to apply these findings universally to the
entire Allium genus. To achieve a clearer understanding
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of sectional boundaries, it would be beneficial to con-
duct future studies that involve a larger variety of spe-
cies from diverse sections, while also examining chro-
mosomal karyotypes in greater detail.

CONCLUSION

In conclusion, the karyological investigation of five
Allium species belonging to the Melanocrommyum sub-
genus provides valuable insights into the chromosomal
characteristics and karyotype diversity within this genus.
The species studied, A. ubipetrense, A. haemanthoides, A.
stipitatum, A. saralicum, and A. shatakiense, exhibited
diploid chromosome numbers and a basic chromosome
number of x=8. However, some variations were observed,
such as the presence of 1-3 B chromosomes in certain
accessions. The karyotypes of these species displayed a
combination of metacentric, submetacentric, and subte-
locentric chromosomes, with centromeres positioned at
the median or submedian regions. Additionally, satellite
chromosomes were observed in A. saralicum. The karyo-
type asymmetry analysis revealed variations among the
species, with A. stipitatum exhibiting the most asymmet-
ric chromosomes and A. ubipetrense displaying the most
symmetric chromosomes.

These findings contribute to the understanding of
the genetic diversity and evolutionary patterns within
the Allium genus, particularly the Melanocrommyum
subgenus. The data obtained from this study adds to the
existing knowledge of Allium species in Iran and serves
as a foundation for future taxonomic and evolutionary
research. Further investigations of karyological charac-
teristics and chromosomal variations in other Iranian
Allium species would provide a more comprehensive
understanding of their genetic makeup and phylogenetic
relationships.
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Abstract. The present study reports the chromosome number, meiotic behavior and
its relation with pollen fertility and seed set of Arnebia euchroma (Royle ex Benth.)
I.M.Johnst. The species shows a chromosome count of 2n = 2x = 14. The meiotic
abnormalities such as chromatin stickiness, cytomixis, laggard formation, chromosom-
al bridges, were also observed in the Pollen Mother Cells (PMCs) of the target plant
species. The linear model of regression showed a significant reduction of seed set with
increasing meiotic abnormality and correlation analysis highlighted positive relation-
ship between pollen viability and seed set. Meiotic abnormalities within the species
hinder its reproductive process, causing a decline in reproductive efficiency. This study
highlights the importance of addressing these intrinsic factors in future conservation
programs to prevent a decline in the species population in nature.

Keywords: chromosome number, meiotic abnormalities, pollen viability, seed set.

INTRODUCTION

Reproduction is an essential and vital stage in the life history of plants
and a necessary natural process for survival, multiplication and evolution
(Wani et al. 2022). The meiotic abnormalities are one of the factors that affect
the reproductive success of plant species (Wani et al. 2022). The decline in
seed set and loss of genetic variability, are some of the repercussions of the
meiotic depression (Cohen et al. 2021). The studies on reproduction, meiotic
behaviour and seed biology may aid in identifying the key factors that affect
the reproductive success of species as well as sustenance or survival of its
population (Gan et al. 2013). The study is also critical for developing strate-
gies for sustainable utilisation and effective conservation measures of threat-
ened species (Rashid et al. 2022a).
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The restricted distribution pattern of Arnebia
euchroma (Royle ex Benth.) I.M.Johnst., in Himalaya
is further declining and this species is at risk of disap-
pearing because of habitat deterioration, fragmentation
and climate change (Lal et al. 2020; Sofi et al. 2022a).
Therefore, understanding of the meiotic behavior may
improve the knowledge about reproduction and inher-
ent bottlenecks of the species. The foundation of con-
servation biology, reintroduction, and mass produc-
tion and multiplication rely on quality of germplasm.
Understanding the biological characteristics of the spe-
cies will unveil the attributes of the germplasm (Ma et
al. 2022).

Therefore, the present study was conducted to study
the meiotic behaviour and its impact on pollen fertil-
ity and seed set. Understanding the aspects of meiotic
behaviour, pollen fertility and seed production may
provide vital clues for sustainable development of this
important medicinal plant species of the Trans-Hima-
laya.

MATERIAL AND METHODS
Study area
The study was conducted in the four studied sites
(Table 1) of the trans-Himalayan range of Ladakh, India.

The area is dominated by mountains and harsh climatic
conditions, however, regarded as cold biodiversity hot-
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spot because of presence of rich species diversity (Sofi et
al. 2022b).

Analysis of pollen mother cell (PMC) meiosis

During the present investigation, floral buds of A.
euchroma from four different natural populations were
fixed for meiotic studies. Young, unopened flower buds
of suitable sizes were randomly collected from various
plants within each studied population. The collected
buds were preserved for 24 hours in Carnoy’s fixative,
which is a mixture of ethanol, chloroform, and glacial
acetic acid (6: 3: 1 v/v). The materials were then trans-
ferred to 70% ethanol and kept at 4°C under refrigera-
tion until use. Anthers were squashed in 1% propio-
carmine and slides were observed under microscope.
Pollen mother Cells (PMCs) were observed to count
the chromosome number and meiotic abnormalities
if any. Photomicrographs of chromosomes were taken
from freshly prepared slides using an EVOS XL micro-
scope. Chiasmata number was counted for cells at
diplotene.

Pollen fertility estimation

Pollen fertility was estimated by collecting 10-15
fresh floral buds with dehiscing anthers followed by
squashing in 2% acetocarmine and glycerol (Marks
1954). Well-filled pollen grains with uniformly stained

Table 1. Proportion of Meiotic abnormalities in PMCs of Arnebia euchroma.

Population PMCs with PMCs with PMCs with ~ PMCs with ~ PMCs with
: Meiotic stage No. of PMCs Normal PMCs  stickiness/ chromatin  cytoplasmic satellite
/Site . laggards X
clumping bridges channels ~ chromosomes
Diplotene 52 52 - - - - R
Matayen Diakinesis 47 47 - - - - R
Metaphase-1 93 56 7 9 7 14 -
Anaphase-I 20 - 11 6 3 - -
Diplotene 24 24 - - . - R
Diakinesis 17 13 - - - - -
Karpokhar ~ Metaphase-I 54 20 6 - 11 4
Anaphase-I 13 - 3 - 10 -
Telophase-I 6 - - . _ R -
Diplotene 34 34 - - _ R -
Changoyal =~ Metaphase-I 42 16 9 6 - - -
Anaphase-I 16 - 16 - - -
Diplotene 19 19 - - . - _
Metaphase-I 29 21 8 - - _ _
Rungdum Anaphase-I 21 20 - 1(6:3) - -
Telophase-I 7 7 - - - - -
Telophase-1I 5 5 - . - _ _
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cytoplasm were considered fertile while shrivelled and
unstained pollen grains were counted as sterile. Percent-
age pollen fertility/viability was calculated as follows:

Number of fertile pollen grains
Total number of pollen grains observed

Pollen viability = %100

Seed set calculation

Individual plants were randomly chosen, labelled,
and tallied according to the Lubbers and Christensen
(1986) technique for the quantity of seeds produced per
plant in order to estimate the seed set.

Seed set = Total number of seeds produced per flower x 100
Total number of ovules borne per flower

Statistical analysis

Statistical analysis including linear model regression
and correlation analysis was used to depict relationship

between different parameters; the analysis was carried
using the software r.

RESULTS

All the four populations of A. euchroma matched in
having 14 chromosomes in their PMCs revealing 2n = 14
(diploid chromosome count) and x=7 (haploid chromo-
some count), i.e., 2n = 2x = 14. The PMCs were analysed
at diplotene, diakinesis, metaphase-I, anaphase-I and
telophase 1.

In Matayen population, a total of 212 cells were
scanned with 52 cells (24.52%) at diplotene (Fig. 1 A), 47
cells (22.16%) at diakinesis (Fig. 1 B), 93 cells (43.86%)
at metaphase and 20 cells (9.43%) at anaphase I (Table
1). At diakinesis, we found perfect 7IIs and 6 cells had
2IVs+4IIs (Fig. 1 B). At metaphase-I, studied PMCs
with6 IIs (Figs. 1 C, D) perfect 71Is (Figs. 1 E, F), clump-
ing (Fig. 1 G), laggards, chromatin bridges and cytoplas-

Figure 1. (A) A PMC at diplotene, (B) A PMC at diakinesis, (C & D) A PMC at metaphase with 6 IIs, (E & F) A PMC at metaphase with
7 1Is, (G) A PMC at anaphase showing clumping of chromosomes, (H, & I) PMCs at metaphase showing migration of chromatin material.
Scale bars =10 pum.
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Figure 2. (A) A PMC at diplotene, (B) A PMC at diakinesis, (C) A PMC at metaphase with 5 IIs, (D) A PMC at metaphase with 6 IIs and
1 satellite, (E) A PMC at metaphase with 7 IIs, (F) A PMC at anaphase with chromatin bridge formation, (G) A PMC at telophase, (H & I)
PMCs showing migration of chromosomes through cytoplasmic channels. Scale bars =10 um.

mic channels (Figs. 1 H, I) were observed. At anaphase-I
no PMC with normal segregation was observed out of 20
cells scanned (Table 1). Chiasmata frequency per PMC
calculated at diplotene in this population is 10.9 while RI
calculated is 17.9.

In Karpokhar population, a total of 114 cells were
scanned at different stages of meiosis with 24 cells
(21.05%) at diplotene (Fig. 2 A), 17 cells (14.91%) at diak-
inesis, 54 cells (47.36%) at metaphase, 13 cells (11.40%)
at anaphase I and 6 cells at telophase-I (5.26%) (Table 1).
At diakinesis stage perfect 7IIs and 4 cells with 1IV+5IIs
(Fig. 2 B) were found. At metaphase-I, 5IIs (Fig. 2 C),
61Is (Fig. 2 D), cells with perfect 71Is (Fig. 2 E), clump-
ing, satellite chromosomes (Fig. 2 D) and cytoplasmic
channels (Figs. 2 H, I) were observed. At anaphase-I no
PMC with normal segregation was observed, PMC’s with
chromatin bridges (Fig. 2 F) and clumping (Fig. 2 F)
were recorded (Table 1). Chiasmata frequency per PMC
calculated at diplotene in this population is 11.3 while RI
calculated is 18.3.

In Changoyal, a total of 92 cells were scanned at dif-
ferent stages of meiosis with 34 cells (36.95%) at diplo-
tene (Fig. 3 A), 42 cells (45.65%) at metaphase and 16
cells (17.39%) at anaphase I (Table 1). At metaphase-
I, perfect 71Is (Fig. 3 B), 5IIs (Fig. 3 C), 14 cells with Is
(Fig. 3 D), clumping (Fig. 3 E) and laggards (Fig. 3 F)
were observed. At anaphase-I no PMC with normal seg-
regation was observed out of 16 cells scanned, all the
cells with huge clumping (Fig. 3 G) were recorded. Chi-
asmata frequency per PMC calculated at diplotene in
this population is 12.4 while RI calculated is 19.4.

Similarly, in Rungdum population, a total of 81 cells
were scanned at different stages of meiosis with 19 cells
(23.45%) at diplotene (Fig. 4 A), 29 cells (35.80%) at met-
aphase, 21 cells (25.92%) at anaphase I, 7 cells (8.64%) at
telophase-I and 5 cells (6.17%) at telophase-II (Table 1).
At metaphase-I, perfect 7IIs (Figs. 5 B-E) and clumping
(Figs. 4 F, G) containing 7IIs were observed. At ana-
phase-I a PMC with abnormal segregation of 6:3 (Fig.
4 G) with a chromatin bridge was observed. However,
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Figure 3. (A) A PMC at diplotene, (B) A PMC at metaphase with 7 IIs, (C) A PMC at metaphase with 5 II s, (D) A PMC at metaphase with
14 Is, (E) A PMC at metaphase showing clumping of chromosomes, (F) A PMC at metaphase showing laggards, (G) A PMC at anaphase.
Scale bars =10 pum.

in rest of cells clumping were observed. Chiasmata fre-
quency per PMC calculated at diplotene in this popula-
tion is 12 while RI calculated is 19.

The average proportion of meiotic irregularity, pol-
len fertility, and seed set observed in the four studied
populations of the Arnebia euchroma is shown in Table
2. It was evident from results that the percentage of pol-
len fertility and seed set declined with increase in per-
centage of meijotic anomalies in the four populations
under study.

The linear regression between seed set (%) and mei-
otic abnormality (%) revealed a significant (p<0.001)
decline of seed set with the increase in meiotic abnor-
mality in the studied sites of target plant species (Fig. 5).
The correlation analysis also depicted negative relation-
ship between meiotic abnormality and pollen viability
(r = -0.96), meiotic abnormality and seed set (r = -0.99)
and positive correlation between pollen viability and
seed set (r = 0.98), (Fig. 6).

DISCUSSION

The present study has documented chromosome
number and meiotic behaviour of Arnebia euchroma
from the four natural populations. The study con-
firms chromosome number 2n = 2x = 14 in accordance
with previous studies (Sharma et al. 2013). The pres-
ence of chromosomal stickiness, cytomixis, laggard
formation and other chromosomal abnormalities have
been observed in all the studied populations. The most
prevalent chromosome abnormality observed was chro-
mosomal stickiness and chromosomal clumping in all
studied sites. During the current study, cytomixis which
involves the transfer of chromatin material primar-
ily between proximal PMCs (Guan et al. 2012) was also
observed. As a result of the chromatin material being
transferred between PMCs, the irregularities associated
with this transfer including chromosomes stickiness,
sterility of pollen grains (Pdez et al. 2021) was observed.
This phenomenon functions as an additional potential
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Figure 4. (A) A PMC at diplotene, (B-E) PMCs at metaphase with 7 IIs, (F) A PMC at metaphase showing clumping, (G) A PMC at ana-
phase showing chromatin bridge, (H) A PMC at telophase I, (I) A PMC at telophase II. Scale bars =10 pum.

genetic recombination mechanism (Mursalimov and
Deineko 2017; Rashid et al. 2022b) and is a natural mei-
otic aberration that may have evolutionary importance
(Singhal et al. 2018). The cytoplasmic channels and chro-
matin migration has also been reported in meiocytes of
Arnebia hispidissima (Baquar and Husain., 1969). The
phenomenon of cytomixis and its effects on meiotic
developments and pollen fertility has been reported in
various taxa of Himalayan region (Tantary et al. 2021).
Cytomixis causes various meiotic abnormalities which
include interbivalent connections, chromosome sticki-
ness, laggards, bridges, late disjunction, pyknotic chro-
matin and unorganized chromatin threads (Singhal and
Kumar 2008) as observed in present study also. Unre-
duced gametes or aneuploids and polyploids plants with
certain morphological traits can both result from cyto-
mixis (Falistocco et al. 1995; Arabi et al. 2022) leading to
increase or decrease of basic chromosome count of the
species (Tantary et al. 2021).

Chromosome clustering in A. euchroma was associ-
ated with both the intense (entire genome affected) and

mild (few chromosomes affected) chromosomal sticki-
ness that was observed in some PMCs. The presence
of clumping distorts the chromosome shape making it
difficult to determine the chromosome count. In the
majority of cases stickiness was observed at Metaphase-
I, and Anaphase-I in the present study. The cause of
chromosome stickiness in many plant species has been
attributed to environmental and genetic causes, as well
as the interplay between the two (Pessim et al. 2015;
Arabi et al. 2022). The sticky chromatin in various flow-
ering plants have been attributed to gene mutation that
disrupts proteins which in normal circumstances helps
the chromosomes stay apart and prevents adherence
(Tantary et al. 2021). However, the low temperature and
high UV exposure in the alpine habitats (Rashid et al.
2022b) may be responsible for the observed chromo-
somal stickiness in the Arnebia euchroma. Chromo-
somal stickiness and the ensuing lack of chromosomal
segregation at anaphase I can be suspected as the cause
of meiotic abnormalities in the current investigation as
seen in case of other studies (Masoud et al. 2010; Sin-
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Figure 5. Relationship between seed set and meiotic abnormality as
shown by linear model of regression with 95% confidence interval
highlighted in grey shade.

Table 2. Coordinates of sites and mean meiotic irregularity, pollen
fertility, and seed set observed in the 4 studied populations of the
Arnebia euchroma

Mean
Population Latitude Longitude — pro:o. Pollen
. .. Seed set
abnormality viability

Matayen 34.37 75.59 26.88 85 42.5
Karpokhar  34.24 75.97 50.00 67 37.5
Changoyal ~ 34.35 76.13 45.65 75 38.75
Rungdum 34.05 76.20 35.80 78 40

gh et al. 2022). The chromosome bridges may occur as
a result of chiasma interlocking in bivalents, and lag-
gards may develop as a result of delayed terminalisation
of stickiness at the ends of chromosomes (Chaudhari
and Chaudhary 2012). Pollen fertility may be totally or
partially impacted by chromatin stickiness, depend-
ing on degree of presence (Rana et al. 2013). The pres-
ence of five and six bivalents and few quadrivalents in
some cells of the studied populations as against the nor-
mal seven bivalent formation can lead to development
of aneuploids in the target plant species. The rarity of
quadrivalents points to translocation instead of segmen-
tal allopolyploidy as the cause (Dawson et al. 1993; Lat-
too et al. 2006). Normal segregation of chromosomes
occurs as a result of optimal spindle orientation and

Meiotic.abnormality

Pollen.viability

Pollen.viability

seedset

————
-1-08-0604-020 0.204060.8 1

Figure 6. Relationship between meiotic abnormalities, seed set, and
pollen viability as depicted by correlation plot.

chiasma development, while any deviation can lead to
laggard formation (Arabi et al. 2022). The frequency of
abnormal PMCs decreased as the cells progressed dur-
ing meiosis, as seen by a comparison of the stages dur-
ing the course of meiosis. A recovery mechanism that
may successfully combat the anomalous behaviour of
PMCs and restores fidelity during division with cell
cycle advancement (Grewal and Rani 2022). The mei-
otic aberrations present in the target species can lead to
abnormal microsporogenesis without micronuclei. This
type of atypical meiotic behaviour results in sterile pol-
len grains, which lowers pollen viability, seed and fruit
set as seen during the present study.

The intrinsic factors (meiotic abnormalities) asso-
ciated with the species is a constrain in its reproduc-
tive process. Therefore, these factors can lead to loss of
reproductive efficiency with low seed and fruit forma-
tion and reduction in the pollen fertility of the species
(Rashid et al. 2022a; Rashid et al. 2022a). It is evident
from the current study that designing of effective future
conservation programs of the target species should also
consider the intrinsic factors that hold capacity to reduce
the population of the species in nature.
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Abstract. The evergreen carob tree (Ceratonia siliqua) is considered one of the oldest
trees in the world, cultivated since ancient times in the Mediterranean Basin, for its
edible and high nutritional fruits, adapted to human and animal consumption. Spain is
the main producer, followed by Italy, Portugal, Greece, Morocco, and Turkey. In Italy,
the cultivation of carob is concentrated in a few provinces and insists on an area of
more than 5,500 hectares. In this work 19 accessions, showing interesting fruit traits
were analysed morphologically and genetically. Overall, 13 quantitative characters
were considered regarding leaf (5 characters), pod (5) and seed (3). To investigate the
genetic diversity 8 fluorescently labelled SSR primers were used, indicated as polymor-
phic in the literature. A UPGMA dendrogram was constructed to depict identity cas-
es and relationships among the accessions. Clustering showed discrimination among
accessions from Eastern and Western Sicily. The morphological characterisation does
not clearly discriminate any of the cultivars recognized by the growers, similarly, the
molecular analysis showed a reduced level of diversity. Since most of these local acces-
sions are of unknown origin and that they are representative of the local germplasm
they still warrant protection for their economic and environmental value.

Keywords: carob tree, morphological analysis, microsatellites or SSR markers, genetic
diversity, conservation.

INTRODUCTION

The evergreen and rustic carob tree, Ceratonia siliqua L., a diploid spe-
cies (2n = 48) belonging to the Fabaceae family, is grown since ancient times
in most countries of the Mediterranean basin for economic and environmen-
tal value.

This tree characterizes the Mediterranean vegetation and landscape. In
the Mediterranean area, pastures with carob trees were traditional agro-sil-
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vo-pastoral systems, representing multifunctional sys-
tems that can contribute to the preservation of agrobio-
diversity and traditional knowledge (Venturi et al. 2022).
Carob trees planted with other trees such as olive, fig,
grapevines, or almonds and with annual perennial crops
between the rows represents an agroforestry practice
aiming at integrating woody perennials and an agricul-
tural crop growing as part of the understory.

The carob tree can thrive in calcareous and dry
soils (Batlle 1997; Tous et al. 2013), making the species
suitable for the valorization of marginal areas for agri-
culture. Its fruits (pods) are legumes and can have elon-
gated, compressed, or curved shapes (Batlle 1997), they
are rich in nutritional values and bioactive molecules
properties, showing a wide range of biological properties
with important health-promoting effects (prevention of
cancers, lowering of LDL cholesterol, antidiabetic effects)
(Avallone et al. 1997; Zunft et al. 2003; Goulas et al.
2016; Theophilou et al. 2017). Carob seeds can be used to
produce carob bean gum, a food-thickening agent (Bou-
zouita et al. 2007; Kyratzis et al. 2019).

The carob is considered native to the Eastern Medi-
terranean and it was mainly spread in cultivation in
the Western Mediterranean countries by Greeks, and
Romans who selected and propagated genotypes by sci-
on grafting (Baumel et al. 2022). Anyway, multiple ori-
gins of domestication were identified both in the Eastern
and Western Mediterranean Basin (Baumel et al. 2022).
The differences between cultivated varieties and wild
progenitors are relative to the size and position of fruits
(La Malfa et al. 2007). The cultivation in specialized
orchards has taken place only recently, because in the
past carob cultivation essentially comprised wild root-
stocks distributed naturally and randomly grafted with
phenotypes of selected scions (La Malfa et al. 2014).

Spain is the main producer of Carob followed by Ita-
ly, Portugal, Greece, Morocco, and Turkey (Batlle 1997;
Bulca 2016).

Nowadays in Italy, carob cultivation is prevalent in
South-eastern Sicily, in the provinces of Syracuse and
Ragusa, where it has represented an important economic
resource for centuries. In the Monti Iblei (South-eastern
Sicily) the enclosed fields with carob trees are included
in the “National Catalogue of Historical Rural Land-
scapes” where a dense network of low walls marks out
plots where carob trees provide food and shade to live-
stock left grazing there after the wheat harvest (Agno-
letti, 2011; 2013).

Carob pods in Sicily are directly marketed or trans-
formed into derivatives for animal or human feed (Caru-
so et al. 2008; La Malfa et al. 2012). In the last twenty
years, on the island, the demand for carob has under-
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gone a transformation moving from products exclusive-
ly for animal feed and widespread culinary traditions
towards a sought-after product (chocolate, liqueurs, and
cough sweets) thanks to local companies that improved
the processing of carob. According to the latest pub-
lished statistical data, carob cultivation in Sicily con-
cerns about 5,415 ha (ISTAT 2022).

In Sicily, the carob genotypes were introduced at
different times by Phoenicians, before the Greek and
Roman dominations and later during the Arab domina-
tion (Ramon-Laca and Mabberley 2004; Baumel et al.
2022). The Sicilian carob germplasm includes peculiar
cultivars multiplicated by seeds or grafted. In the field
farmers in general grow few phenotypes.

Different studies have been performed on carob
genetic diversity by using different molecular markers
(Barracosa et al. 2008; Caruso et al. 2008; La Malfa et al.
2014; Viruel et al. 2018; Di Guardo et al. 2019; Kyratzis
et al. 2019; Baumel et al. 2022). Similarly, many studies
have been conducted to check the nutritional composi-
tion of carob products (Avallone et al. 1997; Zunft et al.
2003; Bouzouita et al. 2007; Bulca, 2016; Goulas et al.
2016; Theophilou et al. 2017).

Although among the molecular markers, micros-
atellite or SSR (Simple Sequence Repeats) represent the
marker of choice for fingerprinting study and a pow-
erful instrument for germplasm management, allow-
ing diversity assessment among standardized databases
(e.g. peach — Marchese et al. 2005; palm - Giovino et al.
2021, 2023; fig — Costa et al. 2017; apple — Venison et al.
2022; sweet cherry — Ordidge et al. 2021; Trifonova et
al. 2021; almond - Dangl et al. 2009; Cimo et al. 2017;
hazelnut - Fiore et al. 2022; olive — Atrouz et al. 2021;
Marchese et al. 2023), in the carob species La Malfa et al.
(2014) found low genetic diversity by using a set of EST-
SSR. Viruel et al. (2018) tried to improve the detection
of diversity by using next-generation sequencing of SSR
loci, screening populations throughout the Mediterrane-
an Basin - from Spain, Greece, Lebanon, and Morocco.
They found hidden SNP mutations in the SSR amplicons
which can be considered an additional source of genetic
variation, however, the differences among populations
were not so large.

The purpose of the current study was to characterize
carob accessions from Sicilian farms using morphologi-
cal and SSR markers to detect the level of diversity and
for conservation purposes.
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MATERIALS AND METHODS
Plant material

The specimens used for morphological statisti-
cal analysis and molecular analysis were collected in
the private farms and the regional collection field and
voucher specimens were deposited in herbarium SAAF-
University of Palermo. A total of 19 accessions were geo-
referenced and collected from local farms (Table 1, Fig-
ure 1).

Morphological characterization

Overall, 14 accessions were used for morphological
analysis (Table 1). For each accession, 10 measurements

Table 1. Carob trees accessions analyzed in this study.

were taken for each quantitative character on 3 different
samples. Overall, 15 descriptors were considered regard-
ing leaf (6 characters), pod (5), and seed (4) based on
carob descriptors developed by Batlle and Tous (1997)
(Table 2).

A principal component analysis (PCA) and a discri-
minant analysis (DA) were performed, following Boyd
(2002), Giovino et al. (2015), and Domina et al. (2017;
2022). The PCA was based on logarithmic values of con-
tinuous quantitative characters, using PAST version 4.11
(Hammer et al. 2001; Hammer et al. 2022). The DA, with
the individuals a priori assigned to the postulated culti-
vars, was performed on continuous and discrete numeri-
cal characters. Each of the 13 continuous characters was
also subjected to univariate analysis.

Code Accession Country Geographic coordinates ~ Morphological analysis Molecular analysis Voucher

. 36°51°09” N

1 Cicero Italy 14° 55 05" E X X SAF100086
. 36° 53 10" N

2 Fratantonio_E Italy 14° 54 25" X X SAF100087
. 36° 48 24” N

3 Fratantonio_G Italy 14° 54’ 20° E X X SAF100088
. 36° 53" 33" N

4 Fratantonio_S Italy 14° 54 14" E X X SAF100089
36° 50" 42” N

5 Tacono Italy 14° 34’ 07 E X X SAF100090
.. 36°52°49” N

6 Licitra Italy 14° 58 177 E (collection field) X X SAF100091
36°46 49" N

7 Maltese Italy 14° 42’ 547 E, X X SAF100092
36°52°49” N

8 Racemosa Italy 14° 54 17 E (collection field) X X SAF100093
. 36° 51’ 10" N

9 Scrofani Italy 14° 41 40" E X X SAF100094
. 36° 52’ 49” N

10 Tantillo Italy 14° 54 17 E (collection field) X X SAF100095
. 36° 50’ 00” N

11 Tenuta Chiaramonte Italy 14° 38 27 E X X SAF100096
S 36°52°49” N

12 Latinissima Italy 14° 54 17” E (collection field) X X SAF100097
36°52°49” N

13 Pasta Italy 14° 54 177 E (collection field) X X SAF100098
36°52°49” N

14 Saccarata Italy 14° 54 17 E (collection field) X X SAF100099

15 Torretta Italy 36°86'56.17°N 14°83’70.71’E X SAF100100

16 Terrasini Italy 36°86°55.48”N 14°83°75.43”E X SAF100101

17 Cinisi Italy 36°86'55.48”N 14°83’75.43”E X SAF100102

18 NA CAR Israel X SAF100103

19 Israel CAR Israel X SAF100104




42

343786.402

3
~
o
[sa]
(=4
3
o~
<+

4125436.821

Legend

Carob tree accession
% Public collection field

0 25

458381.869

Antonio Giovino et al.

Figure 1. Location sites of carob trees where accessions were sampled (yellow pointer) and of regional collection field (red star).

Genomic DNA Extraction and SSR genotyping

Overall, 19 accessions were used for molecular analy-
sis (Table 1). Genomic DNA extraction was performed
from young leaves by using the Doyle and Doyle protocol
(1987). DNA quantifications were carried out with Nan-
oDrop 1000 Spectrophotometer and dilution were made to
the final concentration of 150 ng/ul. Eight Single Sequence
Repeats (SSRs) loci were chosen: Cesi_98_gct6; Cesi_187_
atl5; Cesi_673_ct9; Cesi_722_ag9; Cesi_976_ta5tg6 and
Cesi_1187_at9 reported by La Malfa et al. (2014), and two
C09 and C24 developed by Viruel et al. (2018) following
number and range of expected alleles, reported heterozy-
gosity in the literature, to set multiplexes PCR reactions.
For multiplexing, the SSR loci were used for the amplifi-
cation of eight genotypes and once detected their expected
allele size range in comparison with the literature. Fluores-
cent dyes (FAM, HEX, NED, and PET; Life Technologies,
Thermo Fisher, Foster City, CA, USA) were used for each
locus, and multiplexes PCR were developed, and the mark-
ers used are shown in Table 3.

Table 2. Morphological traits among studied Ceratonia siliqua

accessions.
Descriptor Type
Leaf No. leaflets discrete
leaflet length mm, continuous

Distance of the first pair of leaflets from

Pod

Seed

leaflet width
leaf axis length

the base

leaflets petiole length

length
width
edge thickness
groove thickness
pod weight
length
width
thickness
No. seeds per Pod

mm, continuous
mm, continuous

mm, continuous

mm, continuous
mm, continuous
mm, continuous
mm, continuous
mm, continuous
gr, continuous
mm, continuous
mm, continuous
mm, continuous
discrete
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Table 3. Specific biomarkers for the determination of intraspecific variability

Marker Sequence 5°-3

Cesi_976F TCCTGAAGGCTGAAGATGATG

Cesi_976R CAAACCAATGAAGGGCTCTA

Cesi_98F GCCACCACTTTGAAGGAAGA

Cesi_98R GCTAGAAGCAGGAGCAGGAG

Cesi_1187F TTCTCGTCGCCCAAACTG

Cesi_1187R CTCCCTCATCTCCTTCGTTG

Cesi_187F ATAACTGGGCGTTCTTTGCTT

Cesi_187R ATTATCTCTTGCTTTGTGGTCCT

Cesi_509_F GCCACCTCTCCCTCTTCTC

Cesi_509_R TTTTGTTCTAATTTTGCTTGCA

Cesi_673F GAATAGGGCAGAGAGAACAGG

Cesi_673R TCAAAGGAAGATGAGAAAGAAATCC

Cesi_722F AGGCTCACACGAAACCCTAA

Cesi_722R CTGCCACAAGATGATAGATTTG

VirC-09_F AAGACTCGGCAGCATCTCCAGGCTTTGTAGCTGCCCATTG
VirC-09_R GCGATCGTCACTGTTCTCCAGAAGGTTGGATAGCGTCCTG
VirC-24_F AAGACTCGGCAGCATCTCCAAGCTGCAATTTGAGGAATAAAGC
VirC-24_R GCGATCGTCACTGTTCTCCAACATCCAAAACCCTAGAGCAAG

The PCR reactions were performed in 8 pl reactions
containing 1.5 ng template genomic DNA, 1 x Multiplex
PCR master mix (Qiagen) and 0.2 uM of each primer
on a Geneamp Pcr System 9700 Thermocycler (Thermo
Fisher) using the following touch-down protocol: initial
denaturation at 95°C for 5 minutes followed by 10 cycles
of 95°C for 45 s, 65°C for 30 s with a reduction in tem-
peratures of 1°C per cycle and 72°C for 45 s, then 25
cycles of 95°C for 45 s, 55°C for 30 s, 72°C for 45 s. The
final extension was performed at 72°C for 30 minutes.

The SSR analysis was performed with an ABI 3135xl1
Genetic Analyzer (Applied Biosystems, Thermo Fisher,
Foster City, CA, USA), using ABI GeneScan and Geno-
typer software for allele sizing and scoring.

SSR diversity analysis

By analyzing SSR in a plant’s genome, research-
ers can create a unique fingerprint for that species and
use it to identify and differentiate it from other closely
related species. SSRs have been successfully used for the
identification of genetic diversity between cultivars of
the same species (Glynn et al. 2009; Marra et al. 2013;
Fiore et al. 2022). The SSR data were analyzed using the
software package Cervus 3.0 (Kalinowski et al. 2007).
The total number of alleles (Na), the number of effective
alleles (Ne), Polymorphic Information Content (PIC), He
and Ho, and null alleles were computed.

A UPGMA dendrogram was constructed by using

the software Darwin6 (Perrier and Jacquemoud-Collet
2006).

RESULTS
Morphological analysis

Leaf width and length ranged from 27.4 mm (Scro-
fani) to 46.3 mm (Latinissima) and from 41.5 mm (Scro-
fani) to 67.6 mm (Tantillo), respectively. The number of
leaflets/leaves was found between 7.6 and 9.9. The aver-
age pod dimensions (width, length, and thickness) were
found between 20 and 26.1 mm, 130.3 and 232 mm and
6-11 mm for the accessions. The pod weight was variable
and ranged from 14.7 g (Tantillo) to 50.1 g (Saccarata)
among genotypes (Table 4).

Figure 2 shows the quality of representation of the
variables by cos2. The results of PCA indicated that the
first two principal components explained 68% of the
data variability, the plot shows the loading of each stud-
ied variable (arrows), and the arrow lengths approximate
their variance, whereas the angles between them repre-
sent their correlations. The seed characters are positively
correlated, they are grouped together, and on the oppo-
site side there are the leaves descriptors. The seed length
was positively correlated with pod thickness and nega-
tively correlated with the number of leaflets. Further-
more, pod weight is negatively correlated with the leaflet
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Table 4. Leaf, pod and seed descriptors of carob accessions.

Seed

Pod

Leaflets

length  width thickness
(mm) (mm) (mm)

(mm)

N. seeds
2 (mm)

1 (mm)

. groove  groove
Xﬁ;}; thickness thickness per pod

length
(mm)

weight
(mm)

pod

petiole
length
(mm)

+— L
223
u:é..o
552
g — %
Qe
-
s
2

—
% E
% £ E
g3
3

length width
(mm) (mm)

N. Leaflets

25.8 139.0 24.4 9.4 4.7 13.3 8.8 6.2 2.3
141.5 11.4 9.3

2.6
2.7

49.4 36.3 95.8 234

8.4
8.3

Cicero

2.5

6.8

12.0

5.0

5.5
5.7

6.0
6.0

26.1

32.2

112.4 26.3
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Figure 3. Correlation matrix of different descriptor in different
accession of carob tree.

length and width. The trait correlations are also indicat-
ed using absolute Pearson correlation coefficients, with
red shades indicating high absolute correlation and blue
shades indicating low absolute correlation (Figure 3). We
found a negative correlation between seed length and the
number of seeds in the pod and a positive correlation
between leaflets length and leaf axis length.

No continuous numerical morphological charac-
ter discriminates the single cultivars since all the values
overlap. Both the PCA and the DA are of little signifi-
cance because they represent a small portion of the vari-
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Figure 4. Principal Component Analysis based on the 13 continuous morphological characters, with groups corresponding to the 18 stud-
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Figure 5. Discriminant analysis (DA), based on the 15 considered morphological characters with groups corresponding to the nine studied
taxa. Axis 1: Eigenvalue 31.498, % variance 22.37; Axis 2 Eigenvalue 21.532, % variance 28.97.

ability. The PCA done on the complete dataset (Figure 4)
shows an almost complete overlapping of all examined
accessions. The DA on the complete dataset discriminates
only the accessions “lacono” and “Pasta” (Figure 5).

SSR marker diversity

The 8 SSR markers used in this analysis showed a
low level of polymorphism; the mean number of alleles

per locus resulted 3.875; the mean proportion of loci
typed was 0.8750; the mean expected heterozygosity was
0.5029 and the mean polymorphic information content
(PIC) was 0.4129. The most polymorphic primer pair
was Cesi_187 which amplified 6 alleles, while Cesi_722
and Cesi_1187 only three alleles. The Primer Cesi_673
resulted monomorphic thus it was eliminated from the
cluster analysis.
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Figure 6. Dendrogram of 19 carob accessions based on simple matching coefficients.

Cluster analysis

As depicted in the UPGMA dendrogram, based on 7
SSRs, as Cesi_673 was monomorphic, constructed with
the Dice dissimilarity index by using DARwin 6 soft-
ware (CIRAD), only 9 accessions studied were discrimi-
nated, while most were undiscriminated (Figure 6).

DISCUSSION

The carob species represents a genetic resource of
adaptation to the environmental and dry climatic condi-
tions of Sicily, which is the leading Italian region for carob
production, producing 98% of the Italian carobs, account-
ing for 35,0838 tons (ISTAT 2022). Carob pods are mainly
produced in Ragusa areas in the south-eastern part of Sic-
ily, where the most common varieties are “Latinissima”
(or known synonyms “Giubiliana”, “Cipriana”, “Cipriota”,
“Masculina”), Racemosa (or “Moresca”, “Spada”, “Sciabu-
lara”), Saccarata (or “Latina”, “Fimminedda”, “Milara”)
(Caruso et al. 2006, Blangiforti et al., 2022).

Most carob present in specialized orchards are now-
adays grafted trees; the grafted carob trees improve phe-
notypic traits: fleshiness, size and sweetness of the pod
and productivity (Batlle and Tous 1997; Tous et al. 2013).
Female cultivars are the most important trees in com-

mercial orchards in Mediterranean countries (Albanell

et al. 1996) appreciated for their pods and seeds
employed as raw materials in the food, pharmaceutical
and cosmetic industries (Vourdoubas et al. 2002). Carob
pods have been investigated as a material for bioethanol
production (Biner et al. 2007).

The carob characterization can be performed at both
the morphological and genetic levels. In our study, all
the accessions were female, and it was evident the low
phenotypical diversity among them that was almost
overlapping. The DA analysis enabled the discrimina-
tion of only the accessions Iacono and Pasta. Barbagallo
et al. (1997) recorded that pod size and numbers of nor-
mal and aborted seeds were the characters with a certain
degree of polymorphism in analyzing a survey of sixteen
Sicilian carob cultivars. They recognized cultivar groups
according to a geographic criterion.

Our accessions, in general, showed many leaflets
between 7.6 and 9.9 with higher values than the num-
ber reported by Korkmaz et al., (2020) analyzing Turkish
genotypes where it ranged from 5.9 to 7.1. Regarding the
morphological character of pod carob cultivars in Sic-
ily, La Malfa et al. (2012) reported average pod weight,
pod width, pod length, and pod thickness as 13.7-33.4 g,
19.3-26.8 mm, 14.9-22.9 cm and 6.8-14.0 mm, respec-
tively, which is in accordance with our study.

Similarly, our dendrogram (Figure 6) showed a lim-
ited SSR variability. The most diverse accessions were
Terrasini_1, Maltese_2, Cinisi_3, NA_RAC_AG, and
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Pasta_1, mostly from Western Sicily. Three groups of
identity were found: Saccarata/ Cicero_2; a group of
Latinissima_1 accessions and a group of Latinissima_2/
Racemosa/Maltese accessions closely related to a plant
derived from a seed originated in Israel and Frantanto-
nio_G2. Clustering showed discrimination among acces-
sions from Eastern Sicily and Western Sicily.

As observed for the whole Mediterranean area
(Baumel et al. 2022), the morphological and genetic
diversity recorded in the Sicilian carob accessions turned
out to be very low.

Sicilian farmers can distinguish vegetatively or sex-
ually propagated accessions to which local names are
given but the analysis of this germplasm has shown that
the morphological and genetic variations are minimal.
The low level of diversity within a given geographic area
can be explained by the asexual propagation of selected
clones (La Malfa et al. 2014). However, considering that
most of the local accessions are of unknown origin and
that they are representative of a typical germplasm they
still deserve attention and protection.

Baumel et al. (2022) also observed higher genetic
variability in the eastern and western Mediterranean
basin and lower in the central Mediterranean. Further
molecular analysis including SNP sequencing may better
shed light on the carob genetic diversity and origin.

Nonetheless, given the multiple origins of domes-
tication and the presence of haplotypes peculiar to the
central Mediterranean (Baumel et al. 2022), the knowl-
edge and conservation of the Sicilian germplasm is
found to be extremely important for the conservation of
carob biodiversity to protect both the agro-forest ecosys-
tem and landscape of Mediterranean region. The cultiva-
tion of this multi-functional tree is ideal for agricultural
diversification in semi-arid areas therefore in the next
coming year it is expected to increase due to climate
change, considering its resistance to drought, high rus-
ticity, low requirements for orchard management, and
low environmental footprint (Zemouri et al. 2020; Tza-
tzani et al. 2023).
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Abstract. This study has aimed to investigate the relationship between salt stress, pro-
grammed cell death (PCD) and microtubule distribution in terms of duration and stress
dose. PCD is an important mechanism that benefits living organisms throughout their
lives. On the other hand, PCD is an indirect effect that reduces efficiency when it occurs
under stress. In this research The maize (Zea mays) roots were exposed to salt stress
with 0, 50, 100, 300 and 500 mM NaCl. The prepared paraffin sections of these five
groups were subjected to DAPI (4-6-diamidino-2-phenylindole) and TUNEL analysis to
study the morphological changes caused by stress-induced nuclear degeneration. PCD
was determined. Microtubule labeling analysis was performed on the tissues to deter-
mine whether there were stress-induced microtubule changes in these cells and distur-
bances were found; they exhibited aggregation, regional thickening, and random distri-
bution around the nucleus and vacuole and under the cell wall. When all groups were
evaluated, cells exposed to a salt concentration of 50 mM (even after 24 hours) were
significantly less damaged than cells at other concentrations (100, 300, and 500 mM) at
each time point. The rate of progression and spread to the whole tissue was significantly
higher at 300 and 500 mM salt concentrations compared to the other groups. To reduce
economic losses in salty soils, it is of great importance to fully investigate stress. The
data that will emerge from our research, which is the subject of a small number of stud-
ies, will help to understand the mechanism of stress, microtubule and PCD.

Keywords: maize, microtubules, programmed cell death, salt stress, TUNEL.

INTRODUCTION

Due to their stability in the soil, plants come in for abiotic stress fac-
tors along their lifetime that affect their physiological and biochemical
mechanisms (Salika and Riffat 2021; Koyro et al. 2012). This effect leads to
a decrease in plant yield (Yadav et al 2020) or has more serious consequenc-
es. Since stress conditions reduce the productivity of plants and the number
of people in the world are growing day by day, it is necessary to reverse the
negative situations in plants that people consume as food, increase the qual-
ity of plants and minimize their losses. With this planned study, one of the
impacts of salt stress on maize was investigated and support was provided to
solve the stress-related problems for which people are sought as food.

Maize belongs to the Poaceae family. It is generally grown in hot and
humid areas. (Rouf et al 2016) The maize plant is used worldwide for both
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consumption and industrial purposes. Its seed is one
of the cold-tolerant seeds that can be kept a few years
under optimal conditions and has low moisture con-
tent (Macar 2017). Its kernel contains 70% starch, 10%
protein, 5% fat, 2% sugar, and a lot of vitamin A. Envi-
ronmental factors (drought, salinity, high temperatures,
etc.) are important factors affecting the maize yield
worldwide and Turkey. (Tollenaar and Lee 2002) Our
literature research of maize plants revealed that research
on stress-programmed cell death and microtubules in
maize is insufficient.

We chose salt, an element that stresses plants, as a
research topic. In an earlier study, the salt tolerance of
Maize (Zea mays L.) plants was determined to be 50-75
mM in sensitive genotypes and 125-150 mM in resist-
ant genotypes. It was found that 17 different maize
varieties were seriously affected at all levels after 150
mM. (Aydinoglu and Akgiil 2021). The time at which
the maize is exposed to salt stress is also important.
In short-term exposure, growth is affected by osmotic
stress. There is an accumulation of sodium in the roots
of the plant, the seed cannot absorb enough water, and
germination does not occur in time (Farooq et al. 2016).
Akay et al. (2019) showed that by increasing salin-
ity, root length is negatively affected, and its elongation
decreases by 82%, as well as, germination rate, seedling
vigor and root to stem ratio decreases. These studies
show that plants undergo some morphological changes
under stress conditions. Salt stress, which is our research
topic, causes many negative conditions for the maize
plant. For example, the stress factors salinity, UV radia-
tion, temperature, water, light, etc. can trigger the Pro-
grammed cell death (PCD) process (Sychta et al. 2021;
Petrov et al. 2015).

PCD is a controllable mechanism. PCD is observed
as long as the plant life cycle continues (Rocha and Her-
nandez, 2017). Characteristic features indicating the
presence of PCD have been identified in plant tissue
studies. DNA fragmentation, increased vacuolization,
chromatin condensation are some of the most obvious
(Sychta et al 2021). Internucleosomal fragmentation,
which is a common consequence of PCD, is detected
by the TUNEL assay (Petrov et al. 2015). The PCD pro-
cess occupies an important place in the developmen-
tal stages of the plant. All these stages take place regu-
larly. For example, the formation of unisexual flowers,
the degradation of root tissue, the opening of anthers
(Gunawardena 2008). Although PCD is important for
the continuation of the life cycle of the plant, it is a pro-
cess that seriously damages the maize plant under stress
(Choudhury et al. 2017; Rocha and Hernandez 2017),
there is almost no information on how this process
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affects microtubules. Here, the relation between PCD
and microtubule distribution is investigated in detail.

Microtubules, which are dynamic structures, are
perfect transformation devices (Mollinedo and Gajate
2003). Microtubules play a role in various cellular tasks
such as intracellular movement, intracellular transport,
and proliferation. (Borowiak et al. 2015). A microtubule
has an average diameter of 21 nm and can be up to 10
pm long. Microtubules appear as bundles around chro-
matin concentrated in the nuclei of newly formed plant
cells. (Li et al. 2007). Plant cortical microtubules create
a non-centrosomal arrangement that anchors laterally to
the plasma membrane (Gutierrez et al., 2009; Crowell et
al., 2011; Sampathkumar et al., 2013). This arrangement’s
course is directed by cellulose synthase-interacting pro-
teins (Bringmann et al., 2012; Li et al., 2012), which act
on the complex (Paredez et al., 2006).

Many different factors, including stress, can affect
microtubule organization. For example, in the studies of
Blancaflor et al. (1998), it was observed that when roots
are exposed to aluminum stress, microtubule sensitivity
decreases, their arrangement is disrupted, they are ran-
domly organized, and their reorganization is prevented
in the inner cortex, outer cortex, and epidermis. In addi-
tion, symbiotic and non-pathogenic fungi are known to
alter the sequence of microtubules in plant cells (Uetake
and Peterson 1998).

These findings contribute to the latest research in
the field. Based on the lack of parts of literature, our
study aimed to investigate the effect of salt concen-
trations (50 mM, 100 mM, 300 mM, and 500 mM) on
maize roots. The study utilized TUNEL analysis to
examine whether programmed cell death (PCD) was
induced, and also analyzed the microtubule organization
under PCD stress.

MATERIAL AND METHOD

In this project, monoecious maize, which belongs to
the Poaccea family, was selected as the study material.
The research was conducted on five groups under labora-
tory conditions using maize plant seeds, with three rep-
licates for each group (Table 1).

Fluorescence microscopic studies

Fluorescent staining applications, DAPI (4-6-diami-
dino-2-phenylindole) and TUNEL (terminal deoxynu-
cleotidyl transferase dUTP nick end labeling: in situ end
labeling) used to detect PCD and microtubule proteins
used for imaging. 1.5-2.0 cm long roots under salt stress
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Table 1. Salinity of the solutions used to generate salt stress.
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groups

1. group 2. group

3. group 4. group 5. group

salt concentration control-0 mM 50 mM

100 mM 300 mM 500 mM

salt treatment time 0

15min
30min
1h
2h
6h
12h
24h

were fixed with FAA (formalin-acetic-alcohol). Then,
3 um sections were taken using the paraffin embed-
ding method. Fluorescence microscopic observations
using Olympus BX -51 fluorescence microscopy were
made by staining the obtained sections with dyes suit-
able for the method to be used. To detect changes in
nuclear morphology caused by salt concentration, we
performed staining with 4,6-diamidine-2’phenylindole
dihydrochloride (DAPI), taking into account the stud-
ies conducted by Schweizer (1976). We stained our sam-
ples with 1 ug ml-1 DAPI for 1 hour in the dark. After
staining, we washed the samples 4-6 times with PBS
so that no residual dye was present. We performed our
TUNEL (terminal deoxynucleotidyl transferase dUTP
nick end labeling: in situ end labeling) analysis using
the ApopTag® Plus Fluorescein In situ Apoptosis Detec-
tion Kit according to the kit manufacturer’s instructions
(Chemicon, Temecula, CA, USA).

Microtubule labeling analysis

The characteristics of the intracellular skeletal sys-
tem of maize cells were examined. Microtubules were
labeled with FITC (fluorescein isothiocyanate) and
their changes were followed, and data were obtained
on the change (relationship, location) of microtubules
in the cytoplasm, nucleus, and cell wall. The microtu-
bule labeling study performed on our thin-sectioned
samples was carried out using a method obtained by
modifying the data from the studies of Kumagai et al.
(2001). The sectioned samples were placed on slides
coated with poly-L-lysine. First, the samples were
washed thoroughly in 50 mM PBS (pH 6.8) for 30
min. To destroy the cell wall, the preparations were
treated with enzymes dissolved in 0.4 M mannitol:
0.5% cellulose for 25 minutes, 2% driselase for 15 min-
utes, and finally 1% cellulysin for 16 minutes. The air-
dried slides were permeabilized in methanol cooled at

-20°C for 10 minutes. Then they were rehydrated with
these chemicals: 1% Triton X-100, 0.1 M PIPES, 2 mM
EGTA, 1 mM MgSO4, and 0.4 M mannitol (pH 6.9)
buffer for 30 minutes. Then the labeling step with anti-
bodies was started. Samples were incubated with anti-
a-tubulin antibody (IgG, Sigma-Aldrich)/bufter (ratio
1/50) for 1 hour at 37°C in a humidified oven in the
dark. After incubation, samples were washed 1-2 times
with a buffer. Fluorescent Goat Anti-Rabbit IgG (sec-
ondary antibody, Sigma-Aldrich) / buffer (ratio 1/24)
was incubated in an oven at 37°C for 30 minutes. After
incubation, slides were washed 3 times with a buft-
er for 2 minutes. To prevent the loss of fluorescence
radiation, the samples were bound with 1,4-diazabicy-
clo-(2,2,2) (DABCO) and observations were started in
a short time. A KAMERAM fluorescence camera and
an Olympus BX -51 fluorescence microscope (wave-
length of 420-490 nm) were used for imaging, analyzes
were performed using KAMERAM software, and pho-
tographs were taken.

RESULTS

Here, root tissue was first exposed to different salt
concentrations considering the results of literature stud-
ies. Five groups were formed, namely the control group
(group 1) and 50 Mm (group 2), followed by 100 Mm
(group 3), 300 Mm (group 4) and 500 Mm (group 5).
The preparations of these five groups were subjected
to DAPI (4-6-diamidino-2-phenylindole) and TUNEL
analysis to study in detail the morphological changes
caused by stress-induced nuclear degeneration. It was
determined that the tissue cells were subjected to PCD.
Microtubule labeling analysis was performed on the tis-
sues to determine whether there were stress-induced
microtubule changes in these cells, and all results were
discussed below.
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Findings of DAPI Staining
Findings of the group 1 (control)

In this group, which we determined to be the con-
trol, the plant roots were treated with pure water only.
Fluorescence microscopy observations of DAPI staining
in the cells showed that the nuclear morphologies were
mostly smooth and spherical (Figure la-d).

Findings of the group 2

The cells of root tissue stressed with 50 mM salt for
15 minutes, chromatin condensation disorder was rare,
seen in a few cells at the edge of the root tissue (figure
le, arrows). When the time was increased to 30 min-
utes, chromatin condensation of cells in the edge region
was almost twice as high as after 15 minutes. In case of
extension to 1 hour, the number of cells with chromatin
condensation increased rapidly in the central region, but
their numbers were relatively small compared with the
peripheral region. In case of extension to 2 hour (figure
1f, arrows), and then up to 6 hours, the cells with chro-
matin condensation increased in almost the whole tis-
sue, while it has not been observed that the cells in the
lower part of the root tissue have not changed up to
this stage, additionally the cells whose nuclei were frag-
mented in 6 hours began to increase. When the duration
was extended to 12 h (figure 1g, arrows) and 24 h, there
wasn’t a crucial difference between them. It was shown
that the nuclei in relatively many cells of the 1.5-2.0 cm
tissue lost their spherical shape, except for the region of
the root tip, and the tissue was extremely damaged.

Findings of the group 3

By examining the DAPI staining and fluorescence
microscopy images of the cells of root tissue stressed
with 100 mM salt for 15. minute, it was found that
these cells that showed chromatin condensation in the
root tissue were regional and had a similar degree of
deterioration as the 15 min and 30 min of 2. groups.
In contrast to the 15. minute of the 2. group, a few cells
in the middle region showed deterioration in the form
of chromatin condensation (figure 1h, arrows). When
the time of salt concentration was increased toward
24 h, 30 min in the form of 1, 2h (figure 1i, arrows),
6, 12 (figure 1j, arrows), and 24 h, a similar tissue
change was observed as in the 2. group, but with faster
and more intense chromatin condensation and further
nuclear fragmentation.
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Findings of the group 4

Examination of fluorescence microscopy imag-
es of the cells of root tissue stressed with 300 mM salt
for 15 minutes shows that they are in a similar state
to cells of root tissue exposed to a salt concentration
of 100 mM for 2 hours, and that damage has and that
damage has progressed to a very early stage observed.
It was found that when the time was increased from
15 minutes (figure 1k, arrows) to 30 minutes, 1, 2 (fig-
ure 11, arrows), 6, 12 (figure 1m, arrows), and 24 hours,
the damage increased greatly in the marginal and mid-
dle regions, while it was less advanced in the cells of the
root tip tissue. It was observed that chromatin was not
properly distributed in the degraded cells, but partially
condensed and the cells lost their spherical shape . In
contrast to the 2nd and 3rd groups, it was observed that
the staining was intense at all stages. While there was
a high level of stress induced degradation of the cells,
particularly after the 1st hour, it was observed that the
integrity of the tissue was not compromised, and the
pseudo-blinding was more intense than in the previous
two groups.

Findings of the group 5

Examination of the fluorescence microscopy images
of the cells of root tissue stressed with 500 mM salt for
15 minutes showed a similar picture to the cells exposed
to a salt concentration of 300 mM for 30 minutes and 1
hour and cellular defects were seen in more than half of
the tissue (figure 1n, arrows). In case of extension to 30
minutes, 1, 2 (figure lo, arrows), 6, 12 (figure 1p, arrows),
and 24 hours, it was found that the defects started in the
marginal and middle region as in all previous groups,
but spread very early and rapidly to more than half of
the tissue. It was found that the pseudo glare became
more intense from the 1st hour and the integrity of the
tissue was severely damaged.

When all groups were evaluated, cells exposed to a
salt concentration of 50 mM (even after 24 hours) were
significantly less damaged than cells at other concentra-
tions (100, 300, and 500 mM) at each time point. The
rate of progression and spread to the whole tissue was
higher at 300 and 500 mM salt concentrations compared
to the other groups.

Findings of TUNEL analysis

Starting from the control group, fluorescence
microscopy images of DAPI staining root tissues
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Figure 1a-p. Fluorescence micrographs showing DAPI staining in the cells of maize root tissue (arrow). a-d. group (control): a. overall view
of root tissue, b, c. image of nuclei, d. magnified view of texture. e-p*. Condition of the cells exposed to salt concentration. e-g. at 50 mM; e.
15min, f. 2h, g. 12h. h-j. at 100 mM, h. 15min, i. 2h, j. 12h. k-m. at 300 mM, k. 15min, 1. 2h, m. 12h. n-p. at 500 mM, n. 15min, o. 2h, p. 12h.
Bars, a. 50 pm, b,c.10 pm and d-p.50 pm. * To avoid repetition in similar phases, the situation is presented with the images of only 3 groups.

exposed to salt stress in the 50, 100, 300, and 500 mM
groups respectively for 15 and 30 minutes and for 1, 2,
6, 12, and 24 hours were examined (Figure 2a-d7). Unu-
sual differences in the tissue cells, such as rapid vacuoli-
zation, enlargement and elongation of the cells, as well
as increased staining, irregularities in nuclear shape,
and changes in chromatin condensation, indicated that
stress-induced apoptosis might occur in these tissues.
To confirm this assumption, TUNEL analysis was per-
formed on the tissues and a detailed study of cell death

was continued. The TUNEL reaction confirmed the for-
mation of DNA breaks and the appearance of PCD in
these cells by fluorescent labeling.

Findings of the group 1 (control)

When the fluorescence microscopy image of the
TUNEL staining of the maize plant was examined, the
TUNEL staining in the cells of the control group showed
negative results.
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Findings of the group 2

When the fluorescence microscopy images of
TUNEL analysis of the cells of root tissue stressed with
50 mM salt for 15 minutes were examined, it was found
that the labeled cells were located at the edges of the
tissue, and a slightly positive result was obtained. In
the case of extension to 30 minutes, it was found that
the labeled cells formed at the edges and at the center
of the tissue, and the labeled cells increased relatively
compared to 15 minutes at the edge of the tissue. When
the salt stress was applied for 1 hour by doubling the
time, it was determined that the cells labeled at both
the edge and at the center of the tissue increased rap-
idly. When the time is continuously increased to 2, 6,
12 and 24 hours, it is seen that the signs spread to the
entire root tissue from the second hour, that is, the num-
ber of positive cells increases up to the 24 hour group. In
each group, relatively less radiating cells were observed
in the root tip cells than in the middle and marginal
cells of the root tissue. At the stage when the time was
increased to 24 hours, some of these radiations might

10030
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be pseudo-radiation, because the number of radiating
cells increased greatly, but the nuclei lost their structure
due to the damage caused by the stress in the tissue. No
completely obvious auto fluorescence was found in the
root tissue at any stage (Figure 2a-a7).

Findings of the group 3

Examination of fluorescence microscope images of
TUNEL analysis of stem tissue cells stressed with 100
mM salt for 15 minutes, as in group 2, revealed that
there was a slight positive labeling in the peripheral
parts of this tissue, which was more pronounced than
in the central parts.In case of extension to 30 minutes
and then to 1 hour, a significantly rapid increase in posi-
tive reaction was observed in the edge region. When the
time was continuously increased up to 2, 6, 12, and 24
hours : after 1 hour, the positive reaction spread to the
entire maize root tissue, unlike the 2. group, i.e., marks
formed at the edge and center, at the root tip, and at
the upper parts of the root. Both in the 12 and 24-hour

5245
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Figure 2a-d7. Fluorescence micrographs with TUNEL staining in cells of root tissue exposed from 50 to 500 mM salt concentration. The
a-g photos show an enlarged view of the marked area (square) in the a-g photos. Bars 10 um (a’-g’), 50 pm (a-g). 7a-g. Fluorescence micro-
graphs with TUNEL staining in cells of root tissue exposed to 100 mM salt concentration. The a-g’ photos show an enlarged view of the
marked area (square) in the a-g photos. Bars 10 pm (a’-g’), 50 um (a-g).8a-g. Fluorescence micrographs with TUNEL staining in cells of
root tissue exposed to 300 mM salt concentration. The a-g’ photos show an enlarged view of the marked area (square) in the a-g photos.
Bars 10 um (a-g), 50 pm (a-g).9a-g. Fluorescence micrographs with TUNEL staining in cells of root tissue exposed to 500 mM salt concen-
tration. The @-g’ photos show an enlarged view of the marked area (square) in the a-g photos. bars 10 pm (2-g’), 50 pm (a-g).
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groups, as well as in the 24-hour group of the 2. group,
it was observed that the structures of the cells deterio-
rated due to the damage caused by the stress, so some of
the radiations formed in the tissues were considered as
pseudo-radiations. Thus, it was found that the deteriora-
tion caused by 100 mM salt concentration occurred in
a shorter time than the deterioration caused by 50 mM
salt concentration, but the degree of damage was similar
in these two groups (Figure 2b-b7)

Findings of the group 4

When we applied the TUNEL assay to cells of
root tissue stressed with 300 mM salt for 15 minutes,
we saw that the result was different from the results of
the 2. and 3. groups for 15 minutes: the marking was
more pronounced in the peripheral region. At 30 min-
utes, the irradiation rapidly increased in both the mid-
dle and marginal sections, and the markings in the
nuclei exposed to PCD were more frequent than in the
2. and 3. groups. At 1 hour, the irradiation spread to all
parts of the root, as in the 3. group, but the markings
in the nuclei exposed to PCD increased more. When
the time was gradually increased to 2, 6, 12, and 24, it
was determined that the density of the positive in the
root tissue was similar in all these periods, the nuclei
lost their structure, and the markings spread through-
out the root. As a result the positive reaction formed by
the 300 mM salt concentration was much more intense
from the 1st hour, in contrast to the positive reactions
formed by the 50 and 100 mM salt concentrations.
(Figure 2c-c7)

Findings of the group 5

Examination of fluorescence microscopy images of
TUNEL analysis of the cells of root tissue stressed with
500 mM salt for 15 minutes revealed that the tissue
showed a positive response of low intensity, with flash
spreading to the entire root tissue compared to the pre-
vious groups, but the intensity was weaker. The situation
seen at 15 min continued at 30 min, with most cells in
the edge and middle parts of the root tissue being posi-
tive. When the time was doubled, i.e., to 1 hour, it was
observed that false glow occurred everywhere in the root
and their structures could not be determined, i.e., there
were cells with compromised integrity. This situation was
observed in the last stages in groups 2 and 3. In the 4.
group, it was observed later, almost 12 hours, in contrast
to the 5. group. When the time was gradually increased
to 2, 6, 12, and 24 hours, the false positive reactions were
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more evident at the edge and middle of the root, they
were intense in the nuclei exposed to PCD, and these
positive reactions were strongly positive. The intensity
of the positive response persisted after 24 hours, as well
as the presence of amorphous cells and nuclei, and that
the positive reaction in most roots were false radiations.
The structure of the root tissue after 12 and 24 hours was
similar to that of the 4. group (Figure 2d-d7)

Findings of microtubule labeling

In our study, the characteristics of microtubule
changes associated with stress and PCD of cells of root
tissue were determined. For this purpose, root tissue
sections were collected. Microtubule proteins belonging
to these tissue cells were labeled with FITC (fluorescein
isothiocyanate) and visualized by fluorescence stain-
ing analysis, and data were obtained on the changes
(relationship, location) of microtubules in the cell wall,
nucleus and cytoplasm, which we have described below
against salt stress.

Findings of the group 1 (control)

In the first group, which we determined to be the
control, it was observed that the microtubules in the
cells of the root tissue were mostly concentrated around
the nucleus and under the cell wall (anchors laterally to
the plasma membrane) and rarely formed short exten-
sions from the nucleus to the cell wall. It was observed
that the microtubules under the cell wall formed a thin
layer in a parallel arrangement, while the microtubules
around the nucleus tightly surrounded the nucleus. They
were also found to be located around the vacuoles and
generally homogeneously distributed in the cytoplasm
(Figure 3a-c).

Findings of the group 2

When the cells of root tissue stressed with 50 mM
salt for 15 minutes were examined, it was observed that
the regular state of microtubules under the cell wall
was disturbed at a low level and very weak clusters were
formed at this stage, in which PCD was weakly posi-
tive. It was observed that the density of microtubules in
the cytoplasm and around the nucleus increased slight-
ly. When the duration was extended to 30 minutes, a
situation similar to that observed at 15 minutes was
observed, except for the increase in microtubule density.
However, when the time was advanced to 1 and 2 hours,
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Figure 3a-g7. Analysis of fluorescence staining of microtubule proteins labeled with FITC (flurecein isothiocyanate) in root tissue cells
exposed to different salt concentrations. hungry. Control, d1-d7. 50mm, el-e7. 100mm, f1-f7. 300mM, gl-g7. 500mM. Arrows show where
microtubules were examined: under the cell wall (blue arrow), around the nucleus (yellow arrow), around the vacuole (white arrow). Bars,

50 pm (a,b), 10 um (c-g7).

it was determined that microtubule irregularities, aggre-
gation, and condensation showed a more significant
increase. At this stage, it was observed that the regulari-
ty of microtubules around the nucleus began to give way
to random organization. When the time was extended
to 2 hours and then to 6 hours, the microtubule changes
observed in the first hour progressed at a moderate rate.
It was found that after 6 hours, the change occurred
mainly in the form of microtubule condensation, and
the increase in irregularities and aggregations was sim-
ilar to the situation at 2 hours. After 12 and 24 hours,
it was observed that the appearance of microtubules
changed into a band in which the nucleus and vacuoles
were wrapped. At these stages, when PCD was strongly

positive, the microtubule bundles were dense and irreg-
ularly shaped in many places, and the increase in aggre-
gation was evident (Figure 3d1-d7).

Findings of the group 3

Examination of fluorescence microscopy images of
microtubule labeling analyzes of the cells of root tissue
stressed with 100 mM salt for 15 minutes revealed that
at this stage, when PCD was observed as a weak posi-
tive intensity, the regular state of microtubules under
the cell wall was disturbed at a relatively low level and
aggregates were formed. In the cytoplasm and micro-
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tubules around the nucleus, it was observed that the
density increased slightly as under the cell wall. It was
observed that the situation did not change significantly
when the time was extended to 30 minutes, and when it
was extended to 1 hour, microtubule density and micro-
tubule disruption increased significantly in all regions.
After 2 and 6 hours, microtubule irregularity, aggrega-
tion, and condensation had slightly increased. In addi-
tion to density, it was observed that random order began
to deteriorate, especially for microtubules around the
nucleus. When time was extended to 12 hours, microtu-
bule condensation, increased reticular appearance, and
irregular shape changed relatively little. After 24 hours,
the irregularity was more pronounced than expected.
The density around the nuclei and vacuoles covered a
quarter of the cell (Figure 3el-e7).

Findings of the group 4

When the fluorescence microscopy images of micro-
tubule labeling analysis of the cells of root tissue stressed
with 300 mM salt for 15 minutes were examined, It was
observed that the microtubules under the cell wall, nor-
mally in the form of parallel extensions, were rearranged
by 50% and these parallel arrays began to aggregate.
The aggregation increased at this stage where PCD was
observed to be moderately positive. A rapid increase in
the density of microtubules in the cytoplasm and around
the nucleus was observed. When the time was extended
to 30 minutes and then to 1 hour, it was observed that,
in contrast to the salt concentrations of 50 and 100 mM,
high aggregations occurred in all regions at these stag-
es and the regularity of microtubules was severely dis-
turbed. When the time was gradually prolonged to 2, 6,
12, and 24 hours, it was observed that the appearance of
microtubules changed into a dense band, and at these
stages, when PCD was strongly positive, the microtubule
bundles were irregularly shaped in many places and the
increase in aggregation was obvious (Figure 3f1-f7).

Findings of the group 5

Examination of fluorescence microscopy images of
microtubule labeling analysis of the cells of root tissue
stressed with 500 mM salt for 15 min revealed a rapid
increase in microtubule density in the cytoplasm and
around the nucleus, where PCD was observed to be mod-
erately positive. When the time was extended to 30 min-
utes, it was observed that their regular state under the
cell wall was relatively disturbed and an intense increase
in their aggregation was observed. It was observed that
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after these stages at 1, 2 and 6 hours, the microtubule
bundles formed densely and irregularly in many places,
and the clusters increased even more. After 12 and 24
hours, they had a similar appearance. The microtubules
were difficult to observe because most of the cells of the
root tissue were destroyed. At these stages, almost the
entire cell was covered with irregular microtubule clus-
ters and pseudo-staining (Figure 3gl-g7).

In this study, a fluorescence microscope was used to
examine microtubule changes in cellular changes that
maize plants undergo when exposed to salt stress. In this
study, which is one of the few studies, the relationship
between PCD and microtubule distribution was inves-
tigated in detail. If we evaluate the results of increased
salinity (50, 100, 300 and 500 Mm), we can say that:
The results of 15-minute, 30-minute, 1-hour and 2-hour
applications are similar to each other, and the results of
6-hour, 12-hour and 24-hour applications are similar. In
the PCD process seen as a result of the response of root
tissue cells to salt stress of 50 mM, microtubule organi-
zation showed clustering, regional thickening, and ran-
dom distribution around the nucleus and vacuole.

DISCUSSION

In our study, it was found that low and high salt
stress can cause programmed cell death (PCD). A review
of the literature shows that some studies support our
findings, for example, in Halopyrum mucronatum at
salt stress of 0, 90, 180 and 360 mM, it was found that
growth was inhibited with increasing salinity, followed
by plant death (Khan and Ungar 2001). TUNEL analy-
sis was applied to determine the damage that occurred
when 200, 300, 400, and 500 mM salt stress acted on
the cells of the root tissue of the rice plant. TUNEL
analysis gave positive results and it was found that the
plant underwent PCD. As a result of 500 mM salt stress,
chromatin condensation and cellular deformation were
observed in the cells of the root tissue; DNA agarose gel
electrophoresis was performed and breaks were observed
(Yazdani and Mahdieh 2012). Another study discovered
that the high salt concentrations augmented the quantity
of cells exhibiting TUNEL-positive nuclei and DNA lad-
ders in roots of both Barley and Arabidopsis. (Huh et al.
2002; Katsuhara and Shibasaka 2000; Li and Dickman
2004). Thus, when the plant is under salt stress, it can
induce PCD (Williams and Dickman 2008) As shown
in previous studies, stress causes PCD. Cell death can
occur at different salt levels. All of these studies support
our findings. In addition to salt stress, there are also
studies that have found PCD in other types of stress. For
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example, when water stress affected root tissue pea cells
for 6, 12, and 24 hours, chromatin condensation and
clusters were detected in the cells, TUNEL analyzes and
DNA agarose gel electrophoresis experiments were per-
formed, and apoptosis-like findings were noted (Gladish
et al. 2006). Wang et al. (1996) demonstrated positivity
by performing TUNEL analysis to investigate PCD in
a toxin-treated tomato plant and found that 50% of the
cells were subjected to PCD by the TUNEL assay. The
root tissue of the Vicia faba plant was exposed to caf-
feine stress and the differentiations in the cells indicated
the formation of PCD. COMET and TUNEL assays were
applied and positive PCD results were obtained (Rybac-
zek et al. 2015).

In our study, it was observed that TUNEL positivity
did not increase proportionally with increasing stress.
According to the literature, the plant can achieve a cer-
tain level of recovery in the early stages of PCD. Cells
that have undergone chromatin condensation can per-
form healing studies by activating early repair mecha-
nisms (Ciniglia et al. 2010). As can be seen from our
results, there are also PCD outcomes that do not parallel
the dose or duration of stress.

Plant microtubules have been the subject of numer-
ous studies (Zhao et al. 2021; Rui and Dinneny 2020;
Hashimoto 2015). The subject of our study, the rela-
tionship between stress, PCD, and microtubules, is one
of the few studies (Smertenko and Franklin-Tong 2011;
Yanik et al. 2017). Based on the observations of DAPI
staining, our studies have shown that prolonged salt can
cause stress-induced damage even at low doses. The ini-
tial dose of stress-induced cell death was slightly higher
and the time of onset was slightly longer. Microtubule
change in stressed tissue progressed more slowly than
stress-induced damage. Studies have been performed,
some of which are consistent with our results. Some
of the results are: in the stress study with bisphenol in
maize root tissue, it was found that bisphenol disrupted
microtubule arrangement and mitosis. It was observed
that the microtubule arrangement became disorganized
and cell division was disrupted or completely stopped.
As the amount of bisphenol increased, the shapes and
directions of microtubules changed (Stavropoulou et
al. 2018). Cortical microtubules are located under the
cell wall (anchors laterally to the plasma membrane).
Microtubules were found to affect the shape of the cell
as a result of the application of mechanical stress in the
maize plant (Landrein and Hamant 2013). It was also
observed that microtubules changed when light, auxin,
and mechanical stress were applied to the coleoptile tis-
sue of the maize plant. (Fischer and Schopfer, 1997). As
additionally to literature in this study, in the PCD pro-
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cess seen as a result of the response of root tissue cells
to salt stress of microtubule organization showed clus-
tering, regional thickening, and random distribution
around the nucleus and vacuole. It was thought that the
rapid vacuolization that occurred during the PCD pro-
cess triggered the condensation around the nucleus and
in the cytoplasm.
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Abstract. Fenugreek or Trigonella foenum-graecum L. is a commercially important yet
neglected crop of the family Fabaceae, with potent medicinal applications, and can
treat several diseases as well. Conventional breeding studies for higher yields of com-
mercial crops largely depend on chromosomal information of the particular species.
Despite a number of cytological research being conducted on T. foenum-graecum, a
complete characterization of its chromosomes has not been achieved due to the limita-
tions of traditional karyotype analysis methods. A range of chromosomal markers are
advantageous to characterize at full extent and identify individual chromosomes rather
than relying on only physical metrics. Thus, in this study, in addition to giemsa stain-
ing, other approaches like fluorochrome and silver staining were used for the precise
karyomorphological analysis of this species. Enzyme maceration and air drying (EMA)
based fluorochrome banding with GC-specific stain Chromomycin A3 (CMA), and
AT-specific stain 4)6-diamidino-2-phenylindole (DAPI) applied for the first time for
chromosome characterization. The results showed 2n = 16 chromosomes in metaphase
cells, with karyotype formula of 2m+6sm. The unique banding pattern observed in the
CMA/DAPI and AgNOR staining highlights the AT and GC-rich regions as well as the
nucleolar organizer regions (NORs). All this crucial information can further assist in
conducting breeding studies of more precision with simultaneously encouraging simi-
lar studies that need to be done in other unexploited species of importance.

Keywords: Trigonella foenum-graecum, Karyotype, CMA-DAPI, AgNOR, Fenugreek.

INTRODUCTION

Fenugreek (Trigonella foenum-graecum L.) belongs to the family Fabace-
ae and has been consumed by the human race as food, spices and medicine
since ancient times; nevertheless, it is still neglected from a global perspec-
tive (Miki¢ 2015). The term “fenugreek” is derived from the Greek language,
which translates to “Greek hay,” offering a glimpse into the plant’s histori-
cal usage as a forage crop. The plant is cultivated in various regions, includ-
ing India, Pakistan, Mediterranean Europe, Australia, and North America
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(Acharya et al. 2008). India is a preeminent producer
of fenugreek, claiming a staggering 80% of the global
production (Rasheed et al. 2015). In addition to its culi-
nary applications, the seeds and leaves of fenugreek have
been utilized in traditional medicine to treat a plethora
of conditions such as hyperglycemia, cardiovascular dis-
ease, neurological disorders, pulmonary fibrosis, obesity,
asthma, and inflammation.

Fenugreek also possesses a large variety of nutri-
tional compounds that are important for basic mainte-
nance of biological systems. In general the fenugreek
seeds contains 58% carbohydrates, 23-26% proteins,
0.9% fats and 25% fibers (Wani et al. 2018; Syed et al.
2020). Different kinds of minerals for example potas-
sium (603 mg/100 g), magnesium (42 mg/100 g), calci-
um (75 mg/100 g), zinc (2.4 mg/100 g), manganese (0.9
mg/100 g), copper (0.9 mg/100 g) and iron (25.8 mg/100
g) can be found in T. foenum-graecum. Vitamin C (220
mg/100 g) and P carotene (19 mg/100 g) are also present
in higher amounts in fenugreek (Al-Jasass and Al-Jasser
2012; Wani et al. 2018). In addition, fenugreek contains
several nutritionally valuable flavonoids such as querce-
tin, luteolin, vitexin, 7, 4-dimethoxy flavanones, kaemp-
ferol, tricin, and naringenin (Petropoulos 2002). Impor-
tant amino acids including aspartic acid, glutamic acid,
leucine, tyrosine, phenylalanine and free amino acid (28,
3 R, 4S)-4-hydroxyisoleusine are abundantly present in
fenugreek (Syed et al. 2020). In a study fenugreek seeds
have been found to contain greater amounts of protein
with better amino acid profile than soybean protein iso-
late (Feyzi et al. 2002).

Karyotyping is the process of classifying the chro-
mosomal makeup of a cell by examining the number,
size, and structure of each chromosome, which can pro-
vide insights into the relationship between different spe-
cies (Levin 2002). It is a commonly used technique in
crop plant research for various purposes, such as charac-
terizing cultivars, linking genetic and physical maps, and
studying the evolutionary relationships among different
species (de Moraes et al. 2007). Despite its utility, karyo-
typing is often hindered by the scarcity of chromosome
markers, which makes it challenging to identify individ-
ual chromosomes (She and Jiang 2015). The utilization of
traditional staining techniques can assist in examining
the shape, size, and number of chromosomes, but it falls
short of being able to differentiate between chromosomes
that have similar physical characteristics (Shabir et al.
2017). In order to address the difficulty in distinguish-
ing morphologically similar chromosomes, a number of
chromosome banding techniques have been developed
which offer a significant advantage for the identification
of chromosomes and karyotyping (Andras et al. 2000).
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Chromosome staining with the combination of both
chromomycin A3 (CMA) and 4,6-diamidino-2-phe-
nylindole (DAPI) fluorochromes has been widely used
as a method to distinguish chromosome bands (Guerra
2000). CMA and DAPI, due to their proclivity for bind-
ing to GC- and AT-rich sequences, respectively, allow for
the discernment of various forms of heterochromatin as
GC-abundant (DAPI'V¢/CMA*¢), AT-abundant (DAPI*¢/
CMA™®), or AT/GC-balanced (DAPI neutral/ CMA neu-
tral) bands (Barros e Silva and Guerra 2010). Nucleolar
organizer regions (NORs) are another excellent chromo-
some landmark effective in chromosomal characteriza-
tion. The localization of NORs serves as a valuable mark-
er for identifying chromosomes, offering a precise and
dependable method of characterizing them (Maragheh et
al. 2019). The presence and number of NORs in a cell can
help distinguish between different types of chromosomes
and provide important information for karyotyping.

Cytological studies using karyotype analysis have
been conducted for an extended period in different spe-
cies and cultivars of fenugreek, having somatic chromo-
some number 2n = 16 (Table 1). The karyotype reports
concludes that any of the available species of the Foe-
num-graecum section cannot be considered as the wild
progenitor of fenugreek (Ladizinsky and Vosa 1986). The
previous studies have been primarily limited to conven-
tional karyotype analysis, with little emphasis placed
on documenting and disseminating the findings (Table
1) (Agarwal and Gupta 1983; Bairiganjan and Patnaik
1989; Martin et al. 2011; Najafi et al. 2013). As far as our
knowledge extends, the application of advanced differen-
tial chromosome banding techniques such as CMA and
DAPI has not been previously employed in the study of
T. foenum-graecum. In light of this deficiency, the present
study aims to fill this gap by utilizing these advanced
techniques, in conjunction with silver staining (AgNOR),
to perform a comprehensive characterization of the chro-
mosomal structure of this species. The comprehensive
characterization of chromosomes plays a crucial role
in breeding programs. This process provides important
information that enables breeders to make informed mat-
ing decisions, leading to the production of offspring that
possess both desirable traits and optimal health.

MATERIAL AND METHODS
Somatic chromosome preparation
Seeds of T. foenum-graecum have been collected from
the cultivated fields of Sainthia, Birbhum (24°00°55.9”N

87°44°09.4’E) West Bengal. The growing roots from ger-
minated seeds of T. foenum-graecum were taken for
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Chromosome counts

SL No. Gamet ophytic () Sporophytic (2n) Karyotype Symmetry/Asymmetry Reference
cells cells
1. 8 16 1scA™4+5A5m+]1B™+1Cs™ Asymmetrical Agarwal and Gupta (1983)
2. 8 16 - - Laxmi et al. (1983)
3. - 16 - Asymmetrical Ladizinsky and Vosa (1986)
4. 8 16 - - Arya et al. (1988)
5. - 16 Im+5sm+2st Asymmetrical Bairiganjan and Patnaik (1989)
6. - 16 A,B;,D, - Kar and Sen (1991)
7. - 16 - - Jahan et al. (1994)
8. - 16 - - Ahmed et al. (1999)
9. - 16 - - Das et al. (2000)
10. - 16 - Symmetrical Das et al. (2001)
11. - 16 - Symmetrical Das et al. (2002)
12. - 16 2m+6sm - Martin et al. (2011)
13. - 16 10sm + 4sm*t + 2m - Najafi et al. (2013)
14. - 16 - - Ranjbar and Zahra (2016)

chromosome preparation. Chromosomes were prepared
following Santra et al. (2020) with minor modifica-
tions. Roots were pretreated with 0.5 g L' 8-hydroxyqui-
noline solution at 16 °C for 6 h and then fixed in acetic
acid:methanol solution (1:3) overnight. Digestion of the
cell wall was performed with an enzyme mixture con-
taining 1% cellulase (Onozuka-RS, Sigma, USA), 0.5%
pectolyase (Sigma, USA), and 0.75% macerozyme (Serva,
Germany) in a sodium citrate buffer (pH 4.6) at 37 °C for
90 mins. After washing with the same buffer twice, the
root tip was broken down into small pieces on a clean
slide with the addition of freshly prepared fixative. The
slide was air-dried for at least 24 h before staining.

Giemsa staining

The chromosomes on the air-dried slide were first-
ly stained with 2% giemsa solution in phosphate buffer,
with a ratio of 1:15 (pH 6.8), followed by rinsing with
distilled water and analyzed under a microscope. Photo-
micrographs were taken with an AxioCam ICc 5 cam-
era and ZEN application suite. Individual chromosomes
were measured with AxioVision 4.9.1 and categorized
based on the arm ratio following Levan et al. (1964).

CMA and DAPI double staining

Prior to simultaneous fluorochrome staining,
with CMA and DAPI, the giemsa stained slides were
destained with 70% methanol for 15 mins and air-dried.

After preincubation of the slides in Mcllvaine buffer (pH
7.0) for 10 mins, chromosomes were stained with 0.2 pg
mL"! DAPI solution for another 10 mins in the dark.
After DAPI staining, slides were preincubated in MclIl-
vaine buffer (pH 7.0) supplemented with 5 mM MgCl,
and air dried. CMA staining was done with 0.25 mg
mL"' CMA solution for 60 min in the dark. After a short
rinse in the same buffer, slides were mounted with 50%
glycerol containing 5 mM MgCl, and kept at 4 °C for 72
hrs before further analysis. Chromosomes were analyzed
under the fluorescent microscope Zeiss Axio Scope Al
equipped with CMA and DAPI-specific filter cassettes.
AxioCam ICc 5 and ZEN application suite were used to
take the suitable photomicrographs. The karyogram has
been carried out using Adobe Photoshop CS6.

Silver staining

In this study, the AgNOR staining was performed
using the Ag-I procedure by Bloom and Goodpasture
(1976), with a modification introduced by Kodama et al.
(1980) of using nylon cloth instead of coverslips. Silver
nitrate solution was added to slides, placed in moisture-
proof plastic containers and covered with nylon mesh.
To keep the environment moist, distilled deionized
water is placed at the bottom of the containers, away
from the slides. The slides are left to incubate in the
water bath for 48 h at 45 °C. The NOR region appeared
as dark brown color bands over light brown chromo-
some arms.
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RESULTS

In this analysis with Trigonella foenum-graecum,
more than 40 root tips were initially studied through
giemsa staining, which confirmed that the somatic cells
of the present cultivar contain 2n =16 chromosomes
(Fig. 1a). Additionally, differential chromosome banding
with CMA, DAPI and AgNOR have also been performed
in metaphase as well as in prometaphase chromo-
somes (Fig. 1b-f). The somatic chromosomes are small
to medium in size and range between 4.70 to 5.92 pm.
Individual chromosome sizes, arm ratio, and the cen-
tromeric index has been mentioned in Table 2. Analysis
through detailed karyomorphological studies revealed
two pairs with median (m) to nearly median primary
constriction and six pairs of chromosomes having sub-
median (sm) primary constriction (Fig. 2a-d). Thus, the
karyotype formula is 2m+6sm (Fig. 2d). Secondary con-
strictions are also present in the long arm of one pair
of metacentric chromosomes (pair 1) and in the short
arm of one pair of submetacentric chromosomes (pair
4) (Fig. 2b,c). The secondary constrictions are interca-
lary in position. The karyotype is symmetric and falls
into 3A category of Stebbins’s (1971) classification. Later,
fluorochrome staining with CMA and DAPI, revealed
all eight pairs of chromosomes with bright, distinct and
scorable CMA"™¢ bands, in their primary constriction
(Fig. 2¢c). DAPI mostly stained the somatic metaphase
chromosomes uniformly, however a single DAPI*¢ band
has been found in the chromosome pair 4 (Fig. 2b), in
the intercalary position of short arm, colocalized with
a CMA™ band. DAPI"® bands have been detected to be
colocalized with the CMA*™¢ bands (Fig. 2b,c). Besides
the single DAPI*® band found in chromosome 4, several
DAPI-brilliant regions were found in the prometaphase
chromosomes (Fig. 1f), which also showed correspond-
ing CMA“¢bands (Fig. le). However, in condensed meta-
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Figure 1. Differential chromosome banding in the somatic cells of
Trigonella foenum-graecum. (a) giemsa stained metaphase plate; (b)
silver staining (arrows indicate AgNOR bands); (c¢) CMA stained
metaphase plate (arrows indicate CMA bands); (d) DAPI stained
metaphase plate (arrow indicates DAPI bands); (e-f) CMA and
DAPI stained prometaphase chromosomes. Scale bars of 5 pm.

Table 2. Chromosome parameters and banding patterns in Trigonella foenum-graceum.

Chromosome S (um) L (um) Total (um)  Arm ratio Cen.tromeric Chromosome CMA bands DAPIbands AgNOR
number index type* (+/-) (+/-) bands (+/-)
1 2.575 £+ 0.019 3.350 + 0.043 5.925 + 0.053 1.301 0.434599 m + - +

2 1.789 + 0.005 4.041 + 0.005 5.830 + 0.007 2.259 0.306872 sm + - -

3 1.527 £ 0.016 3.961 £ 0.010 5.487 + 0.008 2.595 0.278186 sm + - -

4 1.886 + 0.024 3.587 + 0.007 5.473 + 0.018 1.902 0.344541 sm +/- +/- +

5 1.388 +0.014 3.526 + 0.012 4.914 + 0.003 2.542 0.282366 sm + - -

6 1.231 £ 0.015 3.552 £ 0.018 4.783 + 0.032 2.885 0.315542 sm + - -

7 1.5 £0.002 3.253 + 0.004 4.753 + 0.005 2.169 0.406730 sm + - -

8 1.912 + 0.004 2.789 + 0.002 4.701 + 0.003 1.459 0.257422 m + - -

*m = metacentric, sm = submetacentric. Total Chromatin Length (TCL) = 41.866 pm.
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Figure 2. Karyogram and Idiogram representation of the somatic
chromosomes of Trigonella foenum-graecum. (a) Stained with giem-
sa; (b) Stained with DAPI; (c) Stained with CMA; (d) Idiogram of
the chromosomes along with the localization of different bands.

phase chromosomes, these regions are found to be either
dispersed or not clearly visible. Lastly, AgNOR staining
specifically stained intercalary positions of chromosomes
1 and 4 (Fig. 1b). Thus, T. foenum-graecum chromo-
somes can be identified and characterized based on the
number and position of the CMA*¢/ DAPI/ AgNOR
bands (Fig. 2d).

DISCUSSION

According to Hutchinson (1964), the genus Trigo-
nella is one of the six genera of the tribe Trifoliae and
subtribe Trigonellinae. The genus Trigonella consists of
approximately 134 species, which are found all over the
world. These species can be diploid or polyploid, and
there is evidence to suggest that their basic chromosome
number could be x = 7, 8, or 9, as reported by different
studies over the years. (Biddak 1996; Martin et al. 2011;
Sharghi et al. 2020). The species T. foenum-graecum L.
with basic chromosome number 8 (21 = 16) comes under
the section Foenum-graecum along with eight other spe-
cies (Basu 2023). Karyotype studies, chromosome band-
ing and Fluorescent In Situ Hybridization techniques
have depicted finer variation in species and cultivars of
T. foenum-graecum L. (Agarwal and Gupta 1983; Ahmed
et al. 1999; Das et al. 2000). T. foenum-graecum, in the
present study shows 2xn = 16 chromosomes in the somatic
cell with the basic chromosome number x = 8 (Fig. 2d).

The present study revealed the size of the somatic chro-
mosomes was within a moderate range, ranging from
4.70-5.92 pm (Table 2). The karyotype formula, which
is used to describe the number and appearance of chro-
mosomes in a cell, was determined to be 2m+6sm. These
findings were consistent with previous studies, indicat-
ing a similarity in the chromosome size and formula
between the present investigation and prior research
(Martin et al. 2011). The process of enzymatic maceration
of plant cells helps to prepare the chromosomes in a way
that enables clear and unobstructed visualization during
cytological analysis. The use of fluorescent banding tech-
niques with CMA and DAPI, has significantly advanced
the field of plant cytogenetics by identifying GC- and
AT-rich constitutive heterochromatin regions on chro-
mosomes, leading to increased knowledge and advance-
ments in plant chromosome research (Schweizer 1976;
Yamamoto 2012). The current study represents the first
documented use of a double staining approach combin-
ing CMA and DAPI on chromosomes in T. foenum-grae-
cum to date, producing a clear and easily distinguishable
banding pattern, marking the first recorded instance of
fluorochrome banding in this species based on our cur-
rent knowledge. The centromeres, along with secondary
constrictions, were reliably designated as CMA*™™ and
were also correlated with DAPIV® bands. This establishes
that the centromere region has a high concentration of
GC nucleotides. A thorough examination of several spe-
cies unveiled that the DNA found in centromeres can
possess a substantial richness of GC nucleotides. While
some animal species exhibit, a predilection for AT-rich
tandem repeats, no such tendency was apparent in the
plant kingdom (Melters et al. 2013). The detection of
CMA*e centromeric heterochromatin in Crotalaria, a
member of the Fabaceae family, implies the existence of
GC-rich DNA repeat units at the centromere (Mondin
and Aguiar-Perecin 2011). In most species, the rDNA
sites exhibit a positive stain, when subjected to CMA
staining and a negative stain when treated with DAPIL
These sites are frequently the sole regions displaying pos-
itive CMA staining (de Melo and Guerra 2003). A com-
mon characteristic of plants is the association of GC-rich
regions with 35S rDNA sites, resulting in the generation
of CMA** bands in the NOR (Marcon et al. 2005; Dydak
et al. 2009; Kolano et al. 2013). The rDNA sites are gener-
ally positively stained with CMA and negatively stained
with DAPI. In many species, the rDNA sites are the only
regions that are positively stained with CMA. In one pair
of chromosomes, positive bands detected through DAPI
staining have been identified in the region between the
primary and secondary constrictions (Fig. 2b). During
prometaphase, when the chromatins are less compact,
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distinct signals were observed through DAPI staining.
This has been documented in several plant species, and
the observation that the DAPI signal is only present dur-
ing prometaphase and disappears during metaphase
suggests that it is not a manifestation of heterochroma-
tin, but instead an early stage of chromatin condensa-
tion (Berjano et al. 2009; Santra et al. 2021). The use of
silver nitrate staining enables the recognition of riboso-
mal DNA (rDNA) sites that were transcribing during the
preceding interphase of the cell cycle, as visualized in the
metaphase stage (Jiménez et al. 1988). In T. foenum-grae-
cum, two pairs of chromosomes have been observed with
AgNOR bands at secondary constrictions correspond-
ing to the CMA* bands. In this species, previous stud-
ies have documented information about the count and
placement of the AgNOR bands, which are in agreement
with the results of the current research (Ahmad et al.
1999). The authors also hypothesized that the origin of
the two satellite chromosome pairs in fenugreek remains
unclear, but it may stem from the hybridization of two
distinct species or cytotypes. The localization of AgNOR,
CMA, and DAPI bands appear to be valuable cytologi-
cal markers, which have enabled us to distinguish and
identify the chromosomes in T. foenum-graecum. The
standardized techniques of EMA, Giemsa staining, silver
staining and fluorochrome banding are considered to be
reliable and reproducible. The results of this study hold
great significance in understanding the genetic make-
up of fenugreek. The study offers critical knowledge on
the characterization and preservation of this neglected
crop and its diversity, leading to an enrichment of its
improvement program. This is vital for maintaining the
sustainability of food production and the environment’s
well-being.
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Professor Antonio Lima-de-Faria was our friend and, in a sense, a teach-
er. Despite our different fields of study, this master of scientific thought has
deeply influenced both of us.

Dr. Stefano Serafini came to know the work of Antonio Lima-de-Faria
when he was just a teenager thanks to a disseminative article by the late Ital-
ian geneticist, Giuseppe Sermonti. Lima-de-Faria’s elegant vision of a univer-
sal order at all levels of nature opened his eyes to the consistency of patterns,
forms, and function throughout the mineral, vegetable, and animal realms
- a concept that has influenced his work in urban studies.

Prof. Tatyana Turova met Antonio Lima-de-Faria on a museum tour of
the Royal Physiographic Society (Lund). He was 95. When Antonio came to
know that she is a mathematician working in probability, the discussion went
straight to a critical analysis of the concept of randomness. That conversation
kept going over the years.

Professor Emeritus of Molecular Cytogenetics at Lund University (Swe-
den), Antonio Lima-de-Faria was a scientist of rare character. He had the
innate gift of courage and the ability to tackle big problems despite domi-
nant opinions. He was rigorous and tenacious in his method, and he had an
immense knowledge and a sharp rationality.

Antonio Lima-de-Faria defined himself as “a surviving dinosaur” to both
of us. He was a magnificent old man - but that “dinosaur” had been ahead
of his time since the beginning of his career. This was a constant. In the
early 1960s, a multinational company discreetly requested him to develop a
futuristic agrifood bioengineering program. This is the current reality of the
genetically modified organism.

Known to the scientific world as a pioneer and one of the most relevant
exponents of molecular cytogenetics (his 1969 Handbook of Molecular Cytol-
ogy is a classic) - not to mention author of over 200 research articles and
influencing monographs - Lima-de-Faria became a member of some of the
world’s top scientific societies. He also taught in some of the most prestigious
universities. He received awards and recognition for his extraordinary activ-
ity. These included the appointment as Knight of the Order of the North Star
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by the Swedish King and as Great Official of the Order of
Santiago by the President of Portugal. He held scientific
consultancy positions for governments and institutions,
including the European Space Agency, the United Nations
Educational, Scientific and Cultural Organization, and the
World Bank Group. He never stopped working and study-
ing. In fact, he focused on the molecular organization of
the chromosome until the end of his long life.

Despite all of this, his endeavor was not always
understood. His famous book, Evolution without Selec-
tion: Form and Function by Autoevolution (Elsevier, 1988,
translated into Russian, Japanese, and Italian) is not only
fundamental and revolutionary but also a case of sociol-
ogy of science. This book, which advanced the current
trend in molecular biology, even branded him as anti-
evolutionist. Such a tag limited the essence of his work to
a mere attack against natural selection — “a parlor game
to explain life,” as Giuseppe Sermonti would say.

Rather, this treatise, based on his vast physical,
chemical, crystallographic, botanical, and zoological
expertise, proposed to overcome the concept of natu-
ral selection. It downsized the role of genes and chro-
mosomes in the architecture of living things through
a plethora of biological forms that came directly from
physical constraints. His self-evolutionism united the
biological and inorganic worlds. This echoed Aristo-
telian and Goethean intuitions of morphofunction-
al homologies, that is, a sort of “non-genic kinship”
between the spin of the ultramicroscopic electron, the
shell of a Limnaea, and the spirals of immense galaxies.

Indeed, selectionism (identifying natural selection
not as a contributing cause but as the main engine of bio-
logical development) is the major methodological obsta-
cle to the recognition and explanation of Lima-de-Faria’s
morphofunctional homology. This is the true protagonist
of his book. An order crosses and defines the subatom-
ic, chemical, and physical worlds on all of their scales
through progressive and deterministic channels. The
form of Chitoniscus feedjeanus, traditionally explained
as a classic example of the mimetic imitation of leaves,
has a precedent in the arrangement of the crystals of
pure bismuth. The same structure appears in the patterns
of chlorite crystals, several vegetal hooks, the shells of
ancient ammonites, or goat horns. The bird’s-eye-view of
an estuary, the branches of a tree, and the vascularization
of a mammal follow a single dendritic development pat-
tern — so much so that their images, once reduced to the
same size, are difficult to distinguish. Constant chemi-
cal commonalities actually underlie these and count-
less, more apparent natural oddities. Now, selection is
not only powerless to account for them but also logically
incompatible with any attempt to explain them. Like all

Stefano Serafini, Tatyana S. Turova

strong theoretical systems faced with a fact that is refrac-
tory to integration, selectionism ignores homology. And
when it cannot help but deal with it, it defines it as mere
analogy. This then relegates it to that metaphor of anni-
hilation, which is accidentality.

Therefore, demolishing selectionism in biology was
the necessary premise for developing a theory of self-
evolution, towards which Lima-de-Faria has led us with
a firm, methodical hand. Indeed, he deploys a set of
images and observations that are rarely rivalled in mod-
ern scientific literature.

Beyond classic studies on the subject, from D’Arcy
Thompson (On Growth and Form, 1917) onwards, there
is no doubt that recent molecular biology has continued
to confirm with ever greater evidence the importance of
elements that are complementary to classical theoretical
genetics in the formation of living organisms. Lima-de-
Faria had already begun to indicate and systematize these
elements 40 years ago in Molecular Evolution and Organi-
zation of the Chromosome (1983). In fact, as the author
himself recalled, Evolution without Selection is the conse-
quence of those premises once applied to evolutionism.

The last writing of Antonio Lima-de-Faria, printed in
this very issue of Caryologia, develops and complements
his marvelous treatise Praise of Chromosome “Folly™ Con-
fessions of an Untamed Molecular Structure (2008). This
masterpiece continues the great tradition of scientific
giants such as Schrodinger and Feynman (authors that
Antonio Lima-de-Faria highly regarded) talking to the
public about the most advanced theories in a clear way. It
is written with such wit and humor and such an elegant
reference to art that any reader with a natural sciences or
mathematics background, having read the first sentence,
will not stop until the last. The book summarizes results
on chromosome research and offers directions and ideas
for further studies. It clearly confirms that understanding
evolution requires a deep knowledge in not only chemis-
try and physics, but also mathematics - especially when
it comes to the atomic level.

Long discussions with Antonio Lima-de-Faria of one
the authors began soon after Molecular Origins of Brain
and Body Geometry: Plato’s Concept of Reality is Reversed
(2014) was published. In an intriguing manner, this work
unveils and explains the emergence of body patterns in
animals by tracing them to the origin of the brain. For
Antonio Lima-de-Faria, “geometry” manifests an “utter
simplicity coupled to rigorous order that underlines the
phenomenon.” He does not use the language of mathemat-
ics, as he was not trained in it. However — even if this may
sound paradoxical for a non-mathematician - his search
for order, for “a common denominator”, for a unifying
theory, make them akin to fundamental mathematics.
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Remarkably, already in his early nineties, Antonio
Lima-de-Faria completed an extensive analysis of the
structures and functions of living organisms on a molec-
ular level. He then created a new book, Periodic Tables
Unifying Living Organisms at the Molecular Level: The
Predictive Power of the Law of Periodicity (2017). This
truly fascinating work provides a new perspective on the
relations between matter and energy. Its logical system-
atic approach links different levels, from atoms to mac-
romolecules to organisms.

As Lima-de-Faria stated, his books do not give ulti-
mate answers and immediate solutions to the posed ques-
tions. On the other hand, readers are invited to use the
tools, methods, and ideas that he generously expressed in
his late works. “Order allows variation but imposes in the
same time a canalization that is patent in what we call
evolution, being that of galaxies or of living organisms.”

Antonio Lima-de-Faria was almost 100 years old
when he released his last book, Science and Art are
Based on the Same Principles and Values (2020) - some-
thing he had thought about “for 30 years.” It was his sci-
entific testament, encompassing his life-long love for art,
beauty, and truth. There, as a “lonely wolf howling in the
immensity of the night,” he launched a straightforward
warning:

“At present a wave of obscurantism is spreading
over Western countries affecting both science and art
in a deadly way. (...) Modern technology has been most
successful in transforming our daily lives and in allow-
ing us to conquer outer space. These impressive achieve-
ments have, to a large extent, made us dumb, making it
difficult to perceive the danger that lies ahead. Hence,
there is a pressing need to bring forward the origi-
nal sources in which, leading scientists and renowned
artists, explained the principles that they followed in
their discovery of novel phenomena and in the creation
of unique works of art. It turns out that both types of
minds speak the same language. There is a basic denom-
inator that unites the human endeavor.”

Lima-de-Faria’s works are jewels for scientific and
aesthetic minds. The beauty of Nature absorbed him
completely, and he devoted himself passionately to it.
He was an admirer and a true connoisseur of the arts,
music, and ballet. He was a passionate gardener and
loved roses and the fragrance of flowers. Antonio Lima-
de-Faria was a man of enlightenment, dedication, will,
and truth. With his gentle and generous attitude towards
anyone around him, Antonio Lima-de-Faria radiated
love. He knew what happiness is (“What is Happiness?”,
Journal of Biourbanism, IX, 2021).

Antonio Lima-de-Faria is an endless source of inspi-
ration and admiration for us.
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