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Abstract. This study presents repeatable enzymatic maceration and air drying (EMA)-
based chromosome preparation methods in five valuable Indian plant species namely
Allium cepa, Allium sativum, Nigella sativa, Trigonella foenum-graecum, and Aloe vera.
Comparative fluorescent banding studies with two DNA base-specific fluorescent dyes
have precisely unraveled the number, position, and patterns of secondary constric-
tion of each species. Additionally, it has highlighted the fluorescent banding pattern of
repetitive DNA sequences notably on two important constitutive heterochromatic sites
like secondary and primary constrictions. The study has established that EMA-based
fluorescent banding can provide valuable complementary information for modern
genomics. The results are expected to enrich our knowledge of chromosome biology
and crop genomics and inspire future academic and research endeavours.

Keywords: CMA-DAPI banding, Giemsa staining, Allium cepa and Allium sativum,
Aloe vera, Nigella sativa, Trigonella foenum-graecum.

INTRODUCTION

Plants have been serving humanity for centuries. They rely on their
species-specific chromosomes not just to carry genetic information, but also
for their precise maintenance, management, and transmission (Flavell 2021).
Therefore, analyzing and conserving genetic diversity to safeguard their
adaptive potential is crucial for valuable populations of wild and domesticat-
ed species (Ainsworth 2022) in the era of climatic changes.

Classical cytogenetics has provided foundational information on plant
chromosomes for many decades (Guerra 2008; Razumova et al. 2023) in
a cost-effective manner. On the other hand, molecular cytogenetics has
opened the door to unraveling genetic diversity not only on precise chro-
mosomal morphology but also on the chromosomal DNA composition of
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each population and species. Molecular cytogenetics
has greatly benefited from the advancement of molecu-
lar biology, revealing that chromosomes contain low-
copy regulatory gene sequences, while large chunks of
DNA are composed of diverse repetitive DNA sequenc-
es throughout the length of the chromosomes (Liehr
2021). Some repetitive sequences are well conserved
between species, while others define differences even
between closely related species. In the 1970s, the intro-
duction of the enzymatic maceration and air-drying
(EMA) protocol for plant chromosome preparation
(Kurata and Omura 1978), followed by Giemsa stain-
ing, and the subsequent application of DNA base-spe-
cific fluorochromes in plant chromosome research have
helped in individual chromosome identification. These
advancements have allowed a profound revision of the
structure and function of repetitive DNA patterns in
nucleolar organizing regions (NORs), centromeric, sub-
telomeric, and telomeric regions in many plant species
(Fukui et al. 1996; Moscone et al. 1996; Hizume 2015;
Jha and Halder 2016; Yamamoto et al. 2019; Jha et al.
2021; JTha and Halder 2023).

Keeping in mind the above-noted considerations
the present studies have standardized the EMA-based
protocol for chromosome preparation in some valu-
able Indian species and populations of Allium cepa L.
(Amaryllidaceae), Allium sativum L. (Amaryllidaceae),
Nigella sativa L. (Ranunculaceae), Trigonella foenum-
graecum L. (Fabaceae), and Aloe vera (L.) Burm. f.
(Asphodelaceae). All of these plant species are highly
valued for both daily consumption and medicinal pur-
poses. Detailed and comparative chromosomal analysis
has been carried out using non-fluorescent Giemsa and
two contrasting fluorochromes DAPI (4’-6-diamidino-
2-phenylindole) and CMA (chromomycin A3 -CMA)
staining. The standardized and repeatable protocol
effectively produced numerous cytoplasm-free meta-
phases and subsequent staining with non-fluorescent
and fluorescent dyes, precisely detailed their morphol-
ogy, and number and positions of secondary constric-
tions. Additionally, it has highlighted the fluorescent
banding pattern of repetitive DNA sequences notably
on two important constitutive heterochromatic sites,
secondary and primary constrictions. The results of
this study are expected to instil interest in students,
researchers, and breeders in their future academic and
research endeavours, as well as conserve and explore
the unique genetic diversity found in other family
members of the studied materials.
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MATERIAL AND METHODS

Plant materials

The bulbs of two commercially available Allium spe-
cies, Allium cepa L. and Allium sativum L., were col-
lected and grown in wet sand for 48 hours in the dark.
The plants of Aloe vera (L.) Burm. f were obtained from
a local nursery in Kolkata, West Bengal and grown in
the medicinal garden of the Maulana Azad College.
The healthy roots of A. vera were directly harvested
from potted plants. Seeds of Trigonella foenum-graecum
L. were obtained from the local market, while seeds of
Nigella sativa L. were collected from a farmer’s field in
North 24 Parganas, West Bengal, and stored at 4°C. At
least 20 seeds of each species were soaked overnight in
water, then placed on moist filter paper and kept in the
dark at temperatures between 16-22°C for germination.
Experimental materials were used several times to har-
vest roots for chromosome analysis.

Chromosome preparation by enzymatic maceration and
air-drying protocol

To standardize the chromosome preparation using the
EMA protocol, a minimum of ten healthy root tips meas-
uring 0.7-1 cm in length were collected from germinating
seeds, bulbs, or potted plants. Root tips of A. cepa, A. sati-
vum and A. vera were treated with a saturated solution of
Para Dichlorobenzene (PDB), Trigonella foenum-graecum
with PDB plus Aesculin and Nigella sativa with 0.5% Col-
chicine for 4-5 hours. Fixation was carried out with a 1:3
solution of acetic acid and methanol overnight and then
stored at -20°C. The chromosome preparation was carried
out following the EMA protocol established by Jha and Hal-
der (2023), with some species-specific minor modifications.

Chromosome staining with Giemsa, DAPI and CMA

The air-dried slides of each species were stained with
a phosphate buffer solution containing 2% Giemsa solu-
tion (Merck, Germany) for 10-15 minutes to achieve con-
sistent, effective, and optimal staining. After staining, the
slides were rinsed three to four times with distilled water
air dried with a blower, and finally used for chromosome
analysis under a Carl Zeiss compound microscope.

The best Giemsa-stained metaphase slides were
destained in 70% methanol for 45 minutes, air-dried and
subsequently re-stained with DAPI (0.1-0.2 pg mL" for
10-15 minutes) and CMA (0.1-0.8 mg mL! for 70-120
minutes), following Jha et al. (2021) with species-specific
modifications.
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Chromosome analysis, documentation, and ideogram prep-
aration

A Carl Zeiss AxioLab Al fluorescence microscope
equipped with a CCD camera and computer software
was used to examine, documentation, and karyotype
analysis of cytoplasm-free metaphase chromosome
preparations stained with Giemsa, DAPI, and CMA.
Giemsa-stained slides were observed under bright field
illumination, while DAPI- and CMA-stained slides
were observed under a specific UV filter cassette using
the Carl Zeiss Prog Res 2.3.3 software on a computer
attached to the microscope. Images of metaphase chro-
mosomes stained with Giemsa, DAPI, or CMA were
captured with the help of a CCD camera for analysis.

More than 25 cytoplasm-free mitotic metaphases with
well-spread chromosomes displaying distinct karyomor-
phometric features were chosen for each species. Docu-
mentation and measurement of karyomorphometric fea-
tures such as the lengths of the long and short arms, the
positions of the centromeres, the average chromosome
length (ACL), the total chromatin length (TCL), and DAPI
and CMA signals were performed using Axiovision L.E.4
software. At least five chromosome morphometric data for
each species were considered for the calculation of ACL
and TCL, and the data was expressed as the mean + stand-
ard deviation (SD). Chromosome nomenclature was based
on arm ratios (r = length of long arm/length of short arm)
following Levan et al. (1964), and ideograms were pre-
pared by evaluating morphometric data and organizing
chromosome pairs in decreasing order of length.

RESULTS

The karyomorphological features of each plant spe-
cies were determined from cytoplasm free well-spread
mitotic metaphases and documented (Figures 1-4, and
Table 1-2). Fluorescent staining with DAPI and CMA
revealed distinct variability in banding patterns on the
chromosomes (Figures 1, 3, Table 2). For the conveni-
ence of interpretation, based on the nature of the fluo-
rescent banding pattern, chromosomes were categorized
into eight types, namely, type A with CMA* (positive)
signal in the centromeric region, type B with DAPI*®
signal in the centromeric region, type C with CMA*"*
signal at two terminal regions of chromosome, type D
with CM A" signal at the secondary constriction region,
type E with CM A signal at the satellite region and two
terminal regions of chromosome, type F CMA? (neutral)
/ DAPI® (neutral), type G with CMA™ signals at the
centromeric region as well as at the secondary constric-
tion region and type H with DAPI™ signals at centro-

meric region and CMA* signals in the secondary con-
striction region (Table 2). It was further confirmed that
all CMA** bands were DAPIV¢ and the DAPI**® bands
were CMA™. The unique karyotypes and fluorochrome
banding patterns observed in each species are described
as follows:

Allium cepa L. (Amaryllidaceae)

The karyotype in Allium cepa (2n=16), the age-old
model plant material for chromosome studies, revealed
the occurrence of five metacentric and three submeta-
centric pairs of long chromosomes (Fig. la-c, Fig. 2a,

Figure 1. Somatic metaphase chromosomes of Allium cepa (2n=16)
stained correspondingly with Giemsa (a), DAPI (b) and CMA (c);
Somatic metaphase chromosomes of Allium sativum (2n=16) stained
correspondingly with Giemsa (d, g, j), DAPI (e, h, k) and CMA (f,
i, 1). The positions of two (d-f), three (g-i) and four (j-1) second-
ary constrictions are indicated with black arrows in Giemsa-stained
metaphases and corresponding DAPI negative signals are indicated
with white arrows with round end in DAPI-stained metaphases. The
positions of terminal CMA positive signals are indicated with white
arrows in CMA-stained metaphases. Scale bars=10 um.
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Figure 2. Somatic ideogram of Allium cepa (2n=16) with two sec-
ondary constriction-bearing chromosomes (a); Somatic ideograms
of Allium sativum (2n=16) with two (b), three (¢) and four (d)
chromosomes with secondary constrictions. The positions of CMA-
positive signals are indicated with black bands. Scale bars=5 um.
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Table 1). Out of three submetacentric pairs of chromo-
somes, the 6" pair of chromosomes bears the second-
ary constriction at terminal regions. Screening of over
25 metaphase plates stained with CMA fluorochrome
confirmed bright CMA* signals at the terminal regions
of all chromosomes (Type C, Fig. 1c). Notably, CMA*"®
signal was also observed on the satellite of the 6" pair
of chromosomes (Type E, Fig. 1c, 2a). Of the one pair of
chromosomes with secondary constriction, one of the
chromosomes showed a more intense CMA*" signal on
the satellite than the other homologue (Fig. 1c), corre-
sponding with the difference in the size of this satellite
in Giemsa-stained chromosomes (Fig. 1a). On the other
hand, no AT-specific DAPI** signal was observed in any
of the chromosomes of this germplasm of A. cepa (Fig.
1b). The banding pattern of A. cepa thus remains 14C+
2E with CMA*¢ and DAPI ~¢signals (Table 2).

Allium sativum L. (Amaryllidaceae)

The studied germplasm of Allium sativum L. (Indi-
an garlic) has 2n =16 chromosomes (Fig. 1d-1, Table 1),
revealing three variant karyotypes with variable num-
bers (2-4) of chromosomes with secondary constrictions
(Fig. 2b-d, Table 2). However, the position of secondary
constriction was always interstitial (Fig. 1d-1). The modal
karyotype of this species is 10m+4sm+2sm.st (Fig. 2b),
with the 6" pair of submetacentric chromosomes exhib-
iting a secondary constriction region (Fig. 1d). In addi-
tion, we have noted three chromosomes with secondary
constrictions, i.e. on the 6™ pair of both homologous
chromosomes plus one chromosome of the 8" pair (Fig.
2¢) in some metaphases. Moreover, very few metaphase
plates also showed four chromosomes with secondary

Table 1. Karyomorphometric data in the five valuable Indian plant species.

Number of SAT

Species (Diploid CSR in pm ACLinuym  TCLinpm  chromosomes Position of Diploid Karvotvpe
chromosome number) (mean+SD) (Mean+SD)  (mean+SD)  (pair number  satellite P YOuP

length-wise)
Allium cepa (2n=16) 10.9£1.20-19.34+2.66  16.93+2.64 241.09+9.85 2 (6 T 10m+4sm+2sm.t
Allium sativum (2n=16) 8.46+0.71-19.67+£2.93  13.54+1.81 224.18+5.85 2 (6™) I 10m+4sm+2sm.st

3 (6th, 8th) I 10m+3sm+3sm.st

4 (6'h, 8, 18t I 10m+2sm+3sm.st+1m.sm
Nigella sativa (2n=12) 7.29+0.65-16.64+2.09  13.54+1.81 159.0.9£18.06 6 (2", 3, 6™) I 6m+4m.t+2t.sat
g;g_"fg;l“foe””m'gm“”m 8.85+0.76-12.2141.25 10.34+1.17  165.52+18.42 4 (2", 4th) I 2m+4sm-+6st+2m.sm+2m.st
Aloe vera (2n=14) 8.52+0.60-30.75+1.08 21.13+10.12  295.86+10.72 4 (1%, 39) T 4st+6sm+4sm.t

CSR: Chromosome size range (range of absolute length of shortest to longest chromosome), ACL: Average length of chromosomes, TCL:
Total diploid chromosome length, SAT: Satellite bearing chromosomes, T: Terminal, and I: Interstitial.
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constrictions, i.e. on the 6% pair of submedian homolo-
gous chromosomes, on one of the 8" pair of submedian
chromosomes, and one on the 1 pair of metacentric
chromosomes (Fig. 2d; Table 1). Detection of satellite in
two heteromorphic and non-homologous chromosomes,
i.e., one submedian and one metacentric chromosome,
was another interesting finding in this germplasm (Fig.
2d). Interestingly, different karyotype variants were not
detected in different metaphases of the same root tip;
they were detected in different root tips.

In A. sativum, none of the 16 chromosomes showed
any CMA™ or DAPI*™ signals even after repeated trials
with varying concentrations of fluorochromes and vary-
ing incubation periods. The banding pattern of A. sati-
vum thus remains 16F i.e. CMA® / DAPI° (Fig. le, f, h, i,
k, 1, 2b-d, Table 2).

Nigella sativa L. (Ranunculaceae)

The karyotype of N. sativa (2n=12) was character-
ized by one pair of distinctly short telocentric chromo-
somes and five pairs of long metacentric chromosomes
(Fig. 3a-c, Table 1). The secondary constrictions were
located on terminal regions of one pair of short chromo-
somes (6™) and two pairs (2" and 3") of long chromo-
somes (Fig. 3a, Table 1). The modal karyotype of N. sati-
va was determined as 6m+4m.t+2t.sat (Fig. 4a, Table 1).

CMA-DAPI staining was performed on the same
Giemsa-stained metaphase plates to confirm the exist-
ence of secondary constrictions in three chromosome
pairs (Fig. 3b-c). The staining revealed intense CMA*™
signals at secondary constriction regions that corre-
sponded with DAPI™ signals (Fig. 3b-c). No addition-
al distinct DAPI/CMA positive/negative signals were
found on any chromosomes (Fig. 3b-c) and the fluoro-
chrome banding pattern was determined as 6D+6F (Fig.
4a, Table 2).

Trigonella foenum-graecum L. (Fabaceae)

In T. foenum-graecum (2n=16), we have identi-
fied the presence of interstitial secondary constric-
tions at the submetacentric and subtelocentric positions
of the 2" and 4™ pairs of chromosomes, respectively
(Fig. 3d-f, 4b). The modal karyotype was determined as
6st+4sm+2m+2m.sm+2m.st (Fig. 4b, Table 1). Fluores-
cent staining revealed very distinct and intense CMA*®
and DAPI™ signals in all chromosomes at the centro-
meric regions (Fig. 3e-f). Additionally, the interstitial
secondary constriction region of the 2" and 4" pair of
chromosomes also showed CMA*™¢ and DAPI™*® signals

Figure 3. Somatic metaphase chromosomes of Nigella sativa
(2n=12) stained correspondingly with Giemsa (a), DAPI (b) and
CMA (c); Somatic metaphase chromosomes of Trigonella foenum-
graecum (2n=16) stained correspondingly with Giemsa (d), DAPI
(e) and CMA (f); Somatic metaphase chromosomes of Aloe vera
(2n=14) stained correspondingly with Giemsa (g), DAPI (h) and
CMA (i). The positions of secondary constrictions are indicated
with black arrows in Giemsa-stained metaphases. DAPI-negative
and centromeric DAPI-positive signals are indicated with white
arrows with round end and white arrowheads, respectively in
DAPI-stained metaphases. CMA-positive signals are indicated with
white arrows in CMA-stained metaphases. Scale bars=10 pum.

(Fig. 3e, f, Table 2). The fluorescent banding pattern in T.
foenum-graecum was 12A+4G (Fig. 4b, Table 2).

Aloe vera (L.) Burm. f. (Asphodelaceae)

The karyotype in A. vera (2n=14) consists of three
pairs of small (8.52-11.30 um) submetacentric chromo-
somes and four pairs of distinctly long (28.26-30.75 um)
chromosomes (Fig. 3g-i, Table 1). The primary constric-
tions of the long chromosomes were located at the sub-
metacentric or subtelocentric positions, with secondary
constrictions at the terminal region of the 1 and 3™
pairs of long chromosomes. (Fig. 3g-i, Table 1).

Fluorescence staining with different concentrations
of DAPI and CMA enabled confirmation of chromo-
somes with secondary constrictions and additional het-
erochromatic bands in the karyotype. Very faint CMA***
signals could be seen in two to three chromosomes at
their secondary constriction regions (Fig. 3i, Table 2),
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Figure 4. Somatic ideograms of (a) Nigella sativa (2n=12) with
six secondary constriction-bearing chromosomes, (b) Trigonella
foenum-graecum (2n=16) with four secondary constriction-bear-
ing chromosomes, and (c) Aloe vera (2n=14) with four secondary
constriction-bearing chromosomes. The positions of CMA-positive
and DAPI-positive signals are indicated with black and grey bands,
respectively. Scale bars=5 um.

corresponding to DAPI™ signals (Fig. 3h). On the other
hand, distinct and intense DAPI*® signals were scored
in all six small chromosomes i.e. in the 5%, 6'" and 7t
pairs (Fig. 3h, Table 2) and four out of eight long chro-

Timir Baran Jha, Mihir Halder, Biplab Kumar Bhowmick

mosomes. Of these four long chromosomes, one pair
had secondary constrictions, and the other was subtelo-
centric (Fig. 3h, 4c, Table 2). The distinctive CMA-DAPI
banding pattern in A. vera was 8B+2H+3F+1D (Fig 4c,
Table 2).

DISCUSSION

The current research has focused on standardizing
chromosome processing using EMA-based preparation
and a staining protocol that utilizes both fluorescent
and non-fluorescent stains. The fluorescent banding in
the species under study has revealed many new features,
particularly in two important constitutive heterochro-
matic sites: secondary and primary constrictions. Both
of these sites are considered to be evolutionarily con-
served with diverse functions. There are very few com-
parative fluorescent banding studies available on seem-
ingly common but highly valued plants.

In a standard karyotype of any plant species, the
nucleolus organizer region (NOR) acts as a chromosom-
al marker for researchers and breeders. Guerra (2000)
noted that secondary constriction regions are gener-
ally GC-rich and display CMA** signals. The number
and position of secondary constriction regions in the
studied materials following the preparation of chromo-
somes through classical cytogenetics is still a topic of
debate (Sato 1980, 1981; Agarwal 1983; Das et al. 2001;
Ghosh and Dutta 2006; Das et al. 2011; Martin et al.
2011; Najafi et al. 2013; Shaker et al. 2017). The present
investigation confirms the number and positions of sec-
ondary constrictions in all the studied species (Table

Table 2. Fluorescent banding patterns in the five valuable Indian plant species.

Fluorescent banding patterns

Total number of

Species (diploid fluorescent signals Banding
chromosome number) Chromo.some .number Position of the signals Type of Nu.mber of (CMA*™* 4 DAPI™ pattern
(p: pair/ s: single) signals signals
) 1-8* (p) Terminal region CMA* 32
Allium cepa (2n=16) b . ; 34 14C+2E
6" (p) Satellite region CMA* 2
H H — st th th it 3 CMAO H 3
Allium sativum (2n=16) 1 (s), 6™ (p), 8" (s) Secondary constriction region DAPI® Nil Nil 16F
Nigella sativa (2n=12) 2nd, 316t (p) Secondary constriction region ~ CMA* 6 6 6D+6F
Trigonella foenum- 2nd, 4th (p) Secondary constriction region ~ CMA* 20 12A+4G
graecum (2n=16) 1-8% (p) Centromeric region CMA* 16
1*t (p), 4-7™ Cent i i DAPI* 10
Aloe vera (2n=14) ®) ®) entromericregion - 12-13 8B+2H+3F+1D
1%t (p), 3" (s) Secondary constriction region faint CMA* 2-3

Fluorescent banding types- A: CMA-positive centromeric region, B: DAPI-positive centromeric region, C: CMA-positive terminal regions,
D: CMA-positive secondary constriction region, E: CMA-positive terminal and secondary constriction regions, F: CMA- neutral and DAPI-
neutral, G: CMA-positive centromeric and secondary constriction regions, H: DAPI-positive centromeric region and CMA-positive second-

ary constriction region.
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1). In Allium cepa and Allium sativum, distinct differ-
ences in the number of chromosomes bearing second-
ary constrictions and fluorescent banding patterns were
noted. In A. cepa, we scored 34 CMA** signals includ-
ing a pair of chromosomes with a CMA* satellite region
(Fig. 1b-c, Table 2). In this Indian germplasm, we report
heteromorphy concerning CMA*¢/DAPI (GC-rich)
band intensity or size in the 6% pair of chromosomes
with satellite. Our results conform to Cortes et al. (1983)
and Mancia et al. (2015) who have reported terminal
bands in all the chromosomes of A. cepa through their
C-banding and dual colour FISH studies, respectively.

The genus Allium has a history of possible chromo-
some rearrangements related to the distal and interstitial
location of NORs in subgenera Cepa and Allium, respec-
tively (Bhowmick et al. 2023). Numerical variations of
secondary constrictions (2-6) have been reported in A.
sativum (Sato et al. 1980; Cortes et al. 1983; Wajahatul-
lah and Vahidy 1990). But for the first time, we report
two to four interstitial secondary constrictions (Fig.
1d-1, Fig. 2b-d) in the Indian germplasm. In A. sativum,
no CMA and DAPI-positive bands were observed in
any chromosomes. It has been reported that chromo-
somal CMA bands are generally limited for A. sativum
(Maragheh et al. 2019; Bacelar et al. 2021). However,
C-bands were reported in some chromosome pairs of A.
sativum (Cortes et al. 1983; Yuzbasioglu 2004). The atyp-
ical DNA banding pattern in general especially of the
secondary constriction regions in A. sativum warrants
further molecular analyses to unravel the structural
complexity and uniqueness.

The use of EMA-based chromosome processing and
differential staining has confirmed the presence of three
pairs of secondary constrictions for the first time in
Nigella sativa. Our findings are consistent with the 45S
rDNA-loci analysis conducted by Orooji et al. (2022) in a
different germplasm of N. sativa. However, the observed
variation in CMA staining intensity in the NOR regions
needs to be addressed in the future at the DNA sequence
level. While, in Trigonella foenum-graecum, fluorescent
banding studies confirmed the presence of two pairs of
interstitial secondary constrictions on the 2" and 4t
chromosome pairs. Similar results have been observed
in other germplasms through fluorescent banding and
rDNA hybridization studies (Ahmad et al. 1999; Santra
et al. 2023). Fluorescent banding studies in Aloe vera
reveal secondary constrictions at the terminal region of
1*t and 3 pairs of long chromosomes (Table 2). How-
ever, CMA*/ DAPI ¢ signals were obtained distinctly in
one pair of secondary constricted chromosomes and the
other pair remains indistinct and difficult to determine
in many metaphases. Adams et al. (2000) reported vari-

ability in rDNA sites within the genus Aloe and reported
three pairs of rDNA sites in A. vera.

In comparative studies of centromeric sites,
three types of DNA sequence organization have been
observed in the studied species: CMA*¢/DAPI"¢ (GC
rich), DAPI***/CMA™¢ (AT-rich), and CMA?’ DAPI®
(GC-AT neutral). CMA*¢ centromeric sites have not
been reported in many plant species. Mondin et al.
(2011) reported it in Crotalaria juncea (2n=16). Than
et al. (2017) reported CMA*® centromeric sites in all
the chromosomes of Swertia nervosa (2n=26), only
in one pair in S. chirayita (2n=26), but not a single
centromeric region of S. bimaculata (2n=26) chro-
mosomes. In Trigonella, intense CMA*™ signals have
been found in the centromeric regions of all chromo-
somes in the present study. A similar report has been
published by Santra et al. (2023) in Trigonella. Further
fluorescent banding studies in different plant species
are required to unravel DNA sequence patterns. Fur-
ther fluorescent banding studies in Trigonella spe-
cies and populations are equally necessary to confirm
whether the CMA** GC-rich centromeric nature is
global or local in Trigonella.

On the other hand, a well-established bimodal
karyotype in Aloe vera with eight long and six small
chromosomes (2n=14) showing unique DAPI*"¢/CMA"
Ve fluorescent banding patterns in all six small and four
long chromosomes is reported for the first time in this
species. It is recognized that the centromere in every
eukaryotic chromosome is a multifunctional dynamic
complex. Despite mediating the evolutionarily con-
served function of directing chromosome segregation,
they show surprising diversity in their DNA sequence
organisation (Tong et al. 2019; Barbosa et al. 2022).
DNA sequence analysis in rice, maize, and Arabidop-
sis has shown that centromeres are composed of highly
repetitive DNA sequences with considerable size varia-
tion and sequence divergence (Ma et al. 2007) but rare-
ly has it been characterized as GC- or AT-rich or GC-
AT neutral regions. On the other hand, the fluorescent
banding patterns directly observed on the metaphases
in highly conserved centromeric sites of Trigonella,
Aloe, Nigella and Allium revealed their contrasting spe-
cies and even chromosome-specific DNA divergence
and necessitate further fluorescent banding and DNA
sequencing studies in the future. We encourage further
analysis of fluorescent banding in other plant species
to gain a better understanding of the nature of DNA
organization in secondary and centromeric regions.
We hope that our findings will inspire researchers and
scientists to come up with new ideas for studying chro-
mosomes in plants.
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CONCLUSION

The use of a repeatable EMA-based protocol for
comparative fluorescent banding can be applied to any
plant species with minor modifications. Recent stud-
ies on five common but valuable plant species have pro-
vided interesting and thought-provoking information on
the nature of repetitive DNA sequences in two consti-
tutive heterochromatin sites directly on the metaphase
plates. The research has shown that EMA-based fluores-
cent banding can offer valuable complementary infor-
mation for modern genomics. The results are expected
to enhance our understanding of chromosome biology
and crop genomics and to inspire future academic and
research endeavours.
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