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Abstract. The cytogenetics of the southern short-horned tree dragon (Acanthosaura
meridiona) are not reported yet. This study describes the karyotype of Acanthosaura
meridiona Trivalairat, Sumontha, Kunya & Chaingkul, 2022 from southern Thailand.
We using Giemsa staining, Ag-NOR banding, and fluorescence in situ hybridization
(FISH) techniques using microsatellites d(CA),s5, d(TA),5, d(CGG),,, and d(CAA),,
probes to analyze the chromosome. The karyotype of the A. meridiona is 2n = 34
chromosomes (fundamental number of 46), of which 5 pairs were large metacentric
chromosomes, 2 pairs small metacentric chromosomes, and 20 microchromosomes
(chromosome formula: 2n=34=L™+ S™,+20mi). There are no sex differences in karyo-
types between males and females. The NORs loci were on pair 5 of the large metacen-
tric macrochromosomes. The FISH technique showed d(CA),; and d(CGG),, repeats
on specific regions microchromosomes, while signals of d(TA),; and d(CAA),, repeats
interspersed on macro- and microchromosomes. This study is significant for enhances
our comprehension of the evolutionary mechanism of agamid lizards and promotes the
conservation of biodiversity in tropical rainforests.

Keywords: Acanthosaura meridiona, chromosome marker, fluorescence in situ hybrid-
ization (FISH), microsatellite pattern, Draconinae.
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INTRODUCTION

The agamid lizards belonging to the genus Acan-
thosaura Gray, 1831, possess spinose scales with spines
on heads and above eyes, along with a prominent spiky
crest down their spine (Grismer 2011). All of these spe-
cies are active during the day and live in trees of South-
east Asia’s forested areas, including Myanmar, Thailand,
Cambodia, Laos, Vietnam, Yunnan, the Indochinese and
Thai-Malay Peninsula, Sumatra, and the Anambas and
Natunus Archipelagos (Ananjeva et al. 2008; Manthey
2008; Grismer 2011). The genus Acanthosaura currently
contains 20 species (Ananjeva et al. 2020; Liu et al. 2020;
Trivalairat et al. 2022; Liu et al. 2022; Uetz and Haller-
mann. 2024).

Currently, there are seven species of Acanthosaura in
Thailand, namely, A. armata, A. aurantiacrista, A. car-
damomensis, A. crucigera, A. lepidogaster, A. meridiona,
and A. phuketensis (Uetz and Hallermann. 2024). Acan-
thosaura meridiona is present in Trang Province, Krabi
Province, Nakhon Si Tammarat Province, Songkhla
Province, Surat Thani Province, Satun Province, Thai-
land. Acanthosaura meridiona is similar to A. crucig-
era and was previously regarded as an identical species.
Wood et al. (2010) found that the southern population of
A. crucigera exhibited different characteristics that were
not present in the true A. crucigera population from
western Thailand. Nevertheless, A. cf. crucigera from
the southern population has undergone separation into
A. meridiona (Trivalairat et al. 2022), with the Phuket
mountain range acts as a barrier separating the two spe-
cies. Acanthosaura is possible that the extent of vari-
ety within this genus is still underestimated. Therefore,
cytogenetic research on agamid lizards must achieve
greater precision in species differentiation.

Information about karyotypes in Acanthosaura only
concerns one report in A. armata with conventional tech-
nique. The karyotypes of Draconinae vary from 2n=32 to
2n=46, with both macrochromosomes and microchromo-
somes, and absence of sex chromosomes (Ota and Hikida
1989; Sharma and Nakhasi 1980; Li et al. 1981; Ota 1988;
Solleder and Schmid 1988; Kritpetcharat et al. 1999;
Diong et al. 2000; Ota et al. 2002; Singh and Banerjee
2004; Zongyun et al. 2004; Patawang et al. 2015).

This study looks at the cytogenetic points of view
that constitute useful tools of genetic sex chromosome
systems, different evolutionary lineages and to delineate
evolutionary trends in a great number of taxa (Mezzasal-
ma et al. 2021 and Mezzasalma et al. 2024). This paper
first describes Acanthosaura meridiona’s chromosomal
features, using conventional staining, Ag-NOR banding,
and fluorescence in situ hybridization techniques.

Praween Supanuam et al.

MATERIALS AND METHODS

Five adult male and five female specimens of barred
gliding lizard (Acanthosaura meridiona) were collected
from Ban Wang Sai, Mae Wat subdistrict, Than To Dis-
trict, in Yala Province, Thailand. The agamid lizards were
transferred to the laboratory and identified according to
the morphological criteria (Chan-Ard et al. 2015; Das
2015). Experiments were performed in accordance with
ethical protocols, as approved by the Ethics Committee
of Prince of Songkla, Pattani Campus (Ref.A1001/2024).

Chromosomes were directly prepared in vivo (Pata-
wang et al. 2018) as follows. Metaphasic and meiotic
chromosomes were obtained from bone marrow and tes-
tis, according the colchicine-hypotonic-fixation-air dry-
ing technique (provide references). The chromosomes
were stained with 20% Giemsa’s for 30 minutes, Ag-
NOR staining was conducted according to Howell and
Black (1980). Chromosomal checks were performed on
mitotic metaphase cells under light microscope.

FISH experiments were performed with microsatel-
lite sequences, specifically (TA),5, (CA),5, (CAA)y,, and
(CGG), using high stringency conditions (Yano et al. 2017).
The sequences were directly labeled by Cy3 at the 5end
(Sigma, St. Louis, MO, USA) as described by Kubat et al.
(2008). FISH was performed under stringent conditions
and hybridization in a moist chamber at 37 °C overnight
(Sassi et al. 2023). Chromosomes were counterstained with
4,6-Diamidino-2-phenylindole dihydrochloride (DAPI, 1.2
pg/ml) mounted in antifade solution (Vector, Burlingame,
CA, USA,) (Aiumsumang et al. 2021; Patawang et al. 2022;
Prasopsin et al. 2022; Thongnetr et al. 2022a).

At least 20 metaphase spreads per individual were
analyzed to confirm the diploid number, karyotype
structure, NORs and FISH data. Chromosomes were
classified according to centromere position as metacen-
tric (m), submetacentric (sm), acrocentric (a), and telo-
centric (t) (Turpin and Lejeune 1965). For the chromo-
somal arm number (NF; fundamental number); m, sm
and a were scored as bi-armed while t as mono-armed.
The microchromosomes are chromosomes that are 5
times less long than the largest pair of chromosomes
(Patawang et al. 2016; 2017; 2018).

RESULTS AND DISCUSSION
Mitotic chromosome features from Giemsa staining

Agamidae includes 585 species, of which 94 have
been karyologically investigated (Mezzasalma et al.
2024). Karyotypes are discontinuous with a variable
chromosome number of macro- and/or micro-chromo-
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Table 1. Mean length of short arm chromosome (Ls), length of long arm chromosome (Ll), length of total chromosomes (LT), relative
length (RL), centromeric index (CI), and standard deviation (SD) from 20 metaphases of male and female of the southern short-horned tree

dragon (Acanthosaura meridiona) 2n=34.

Chro.
g:;"' (ani) (HLIL) (E) RL+SD. CI£SD. :
Size Type

1 2.022 2.772 4.794 0.165%0.014 0.575%0.029 Large metacentric
2 1.634 1.736 3.371 0.117+0.006 0.517+0.021 Large metacentric
3 1.411 1.794 3.205 0.110£0.007 0.556+0.031 Large metacentric
4 1.371 1.684 3.055 0.106+0.005 0.551+0.026 Large metacentric
5% 1.270 1.509 2.779 0.096+0.004 0.543+0.025 Large metacentric
6 1.059 1.136 2.195 0.076+0.003 0.516+0.021 Small metacentric
7 0.982 1.082 2.064 0.071+0.004 0.524+0.022 Small metacentric

0.000 0.813 0.813 0.029+0.002 1.000+0.000 microchromosome
9 0.000 0.762 0.762 0.027+0.003 1.000+0.000 microchromosome
10 0.000 0.761 0.761 0.027+0.005 1.000+0.000 microchromosome
11 0.000 0.762 0.762 0.027+0.003 1.000£0.000 microchromosome
12 0.000 0.699 0.699 0.024+0.003 1.000+0.000 microchromosome
13 0.000 0.679 0.679 0.024+0.003 1.000+0.000 microchromosome
14 0.000 0.632 0.632 0.022+0.002 1.000+0.000 microchromosome
15 0.000 0.573 0.573 0.020+0.003 1.000+0.000 microchromosome
16 0.000 0.540 0.540 0.019+0.003 1.000+0.000 microchromosome
17 0.000 0.469 0.469 0.016+0.003 1.000+0.000 microchromosome

* = NORs bearing chromosomes, Chro. = Chromosome.

somes, namely macrochromosomes ranging from 10 to
28, and microchromosomes from 0 to 24 (Mezzasalma
et al. 2024). In Draconinae, based on 21 species reports,
karyotypes range from 2n=32- to 46 (Table 2). Howev-
er, so far the present study first reports the karyotype
of Acanthosaura meridiona, loci of NORs, and by Fluo-
rescence in situ hybridization the distribution of (TA);s,
(CA),5, (CAA),, and (CGG),, microsatellites.

The results revealed that the chromosome number
of A. meridiona was 34 (14 macrochromosomes, and
20 microchromosomes). The karyotype comprised ten
large metacentric chromosomes, four small metacentric
chromosomes, and 20 microchromosomes (Table 1 and
Figure 1). This result differs with from that of A. arma-
tus of 2n=32 with 12 metacentric macrochromosomes,
20 microchromosomes. The fundamental number (NF)
of A. meridiona and A. armatus was 46 and 44, respec-
tively. It is possible that the different macrochromosome
numbers may have been caused by an event of tandem
fusion and centromere deletion involving the chromo-
some number and NF variation. A similar process of
autonomous reduction in total chromosomal number
through autosome translocation has been reported in
other lizard families, including Anguidae, Scincidae,
Iguanidae, Gekkonidae, and Phrynosomatidae (Adegoke
and Ejere 1991; Trifonov et al. 2015).

There is no evidence of differentiated sex chromo-
somes in this species which agreeable with all species of
Draconinae (Ota and Hikida 1989; Sharma and Nakha-
si 1980; Li et al. 1981; Ota 1988; Solleder and Schmid
1988; Kritpetcharat et al. 1999; Diong et al. 2000; Ota
et al. 2002; Singh and Banerjee 2004; Zongyun et al.
2004; Patawang et al. 2015). Squamates exhibit a con-
siderable degree of variability in their chromosome sex
determination systems. Various families exhibit diverse
sex-chromosome systems, which can be either simple
or multiple, and include either male (XX/XY) or female
(ZZ/ZW) heterogamety. These systems encompass all
hypothesized stages of heterogametic sex chromosomes,
including homomorphic and pseudo-autosomal to heter-
omorphic and completely heterochromatic chromosomes
(Alam et al. 2018 and Mezzasalma et al. 2021).

Nucleolar organizer region from Ag-NOR banding

Ag-NOR banding, a species-specific marker, primar-
ily identifies karyotypes. Silver staining, on the other
hand, only detects the nucleolar organizer areas that are
actively involved in transcription (Silva et al. 2008). The
improvement of the Ag-NOR staining method has been
very important in comparing NOR variation because it



Table 2. Comparative chromosome studies of subfamily Draconinae.

Praween Supanuam et al.

Species 2n Karyotype NOR Locality References
Acanthosaura armata 32 12m+20mi - Malaysia Ota et al. (2002)
A. meridiona 34 14m+20mi 5qter Thailand This study
Bronchocela cristatella 34 14m+20mi - Singapore Ota et al. (2002)
34 12m/sm+22mi 2qter Asia Solleder and Schmid (1988)
Calotes emma alticristatus 34 12m/sm+22mi 2qter Asia Solleder and Schmid (1988)
34 12m/sm+22mi - Thailand Kritpetcharat et al. (1999)
34 12m+22mi - Malaysia Ota et al. (2002)
34 - - India Singh and Banerjee (2004)
C. jerdoni 34 12m/sm+22mi - India Sharma and Nakhasi (1980)
34 - - India Singh and Banerjee (2004)
C. mystaceus 34 12m/sm+22mi 2qter Asia Solleder and Schmid (1988)
34 12m/sm+22mi - Thailand Kritpetcharat et al. (1999)
34 - - India Singh and Banerjee (2004)
34 10m+2m+22mi 2qter Thailand Patawang et al. (2015)
C. versicolor 34 12m/sm+22mi 2qter Asia Solleder and Schmid (1988)
34 12m/sm+22mi - Thailand Kritpetcharat et al. (1999)
34 12m+22mi Singapore Ota et al. (2002)
34 12m/sm+22mi 2qter Thailand Patawang et al. (2015)
C. vultuosus 32,34 - - India Singh and Banerjee (2004)
34 12m/sm+22mi - India Sharma and Nakhasi (1980)
Draco cornutus 34 16m+18mi -
D. haematopogon 34 16m+18mi - Malaysia Ota and Hikida (1989)
D. quinquefasciatus 34 16m+18mi -
Diploderma splendidum 34 12m+22mi - China Zongyun et al. (2004)
D. swinhonis 36 10bi+26a - Central Taiwan Ota (1988)
40 6bi+34a - Central Taiwan
46 46a - Northern Taiwan
Gonocephalus 42 22m+20mi -
chamaeleontinus
G. liogaster 42 22m+20mi -
G. bellii 42 22m+20mi - Malaysia Diong et al. (2000)
G. grandis 42 22m+20mi -
G. robinsonii 32 12m+20mi -
Japalura variegata 34 - - India Singh and Banerjee (2004)
J. varcoae 34 12m+22mi - China Li et al. (1981)
Ptyctolaemus gularis 34 12m/sm+22mi - India Sharma and Nakhasi (1980)

Note: 2n: diploid chromosome number, m: metracentric, sm: submetracentric, a: acrocentric, bi: biarms, mi: microchromosome, and qter:

long arm of chromosome.

lets us find the metaphase chromosomal locations that
are linked to NOR. The present study, the chromosome
markers of A. meridiona observable NORs on the telo-
meric region of large metacentric macrochromosome
pair 5 (Figure 2). Similarly, the previous report of NOR
position in Draconinae was located on telomeric region
of gq-arm in 4 species of Calotes consisting of C. cristate-
llus, C. emma, C. mystaceus, and C. versicolor (Solleder
and Schmid 1988; Patawang et al. 2015). However, find-
ings from both traditional and molecular cytogenetics

suggest that the location of NOR loci on microchromo-
somes is usually thought of as an ancestral trait in most
families and genera (Mezzasalma et al. 2021; Waters et
al. 2021; Deakin and Ezaz 2019).

Microsatellite pattern

Microsatellites, also known as simple sequence
repeats (SSRs), are short DNA sequences consisting of
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Figure 1. Metaphase plates and standardized karyotypes of male
(A.), female (B.) and Idiogram (C.) of the southern short-horned tree
dragon, Acanthosaura meridiona, 2n=34 by conventional staining.
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Figure 2. Metaphase plates and standardized karyotypes of male
(A.), female (B.) and Idiogram (C.) of the southern short-horned
tree dragon, Acanthosaura meridiona, 2n=34 by Ag-NOR banding,
arrows indicate NORs.

1-6 base pairs. They are distinguished by the presence
of repetitive units, which can range from 4 to 40 repeats
in a sequence (Tautz and Renz 1984; Ellegren 2004;
Chistiakov et al. 2006). They appear either dispersed or
clustered in euchromatin and heterochromatin regions,
widely distributed across eukaryotic genomes. They show

Figure 3. Metaphase plates and hybridization patterns with micro-
satellite probes d(CA);s (A.), d(CGG),, (B.), d(TA),5 (C.), and
d(CAA),, (D.) (red signals) on metaphase plates of the southern
short-horned tree dragon, Acanthosaura meridiona, 2n=34, chro-
mosomes were counterstained with DAPI (blue).

Table 3. The hybridization patterns with microsatellite probes
d(CA),5, d(CGG),y, d(TA),s, and d(CAA),, of the southern short-
horned tree dragon (Acanthosaura meridiona).

Probe Signal

d(CA),5 Pair 13 & 15
d(CGG),, Pair 15 & 16
d(TA),s Throughout genome (weak)
d(CAA),, Throughout genome (strong)

a significant variation in the number of copies of genet-
ic material (Ellegren 2004). Microsatellite repeat pat-
terns of A. meridiona indicated the presence of specific
regions on microchromosomes, including pair 13 and 15
with d(CA),;5 repeats, and pair 15 and 16 with d(CGG),,
repeats. While d(TA);; and d(CAA),;,, showed cumu-
lative signals dispersed throughout the chromosomes
(Table 3, Figure 3). The microsatellite loci exhibited a
significant level of evolutionary advancement. Thus, it
is common for many species to have diverse patterns of
repeated sequences. Most of them and scattered them



across the genome (Thongnetr et al. 2019; 2022a; 2022b;
Khawporntip et al. 2024). However, in certain species,
they may localize into specific regions (Srikulnath et
al. 2009; Alam et al. 2021). Interestingly, signals of the
d(CA),5 probe specifically is on a chromosome of pair 13,
a finding that is unclear and remains unexplained. This
suggests that using Fluorescence in situ Hybridisation
(FISH), the process of mapping cDNA or BAC clones to
the chromosomes of southern short-horned tree dragon
has successfully addressed certain constraints (O’Meally
et al. 2009; Alfoldi et al. 2011; Srikulnath et al. 2015;
Young et al. 2013; Deakin et al. 2016; Badenhorst et al.
2015). By integrating data from several species, one can
obtain intra-sequence information that enhances our
understanding of the evolution of chromosome in lizards.

In conclusion, we first present the karyotype, NORs
and microsatellite d(CA);s, d(TA),5, d(CGG),y, and
d(CAA),, patterns on the chromosomes of the southern
short-horned tree dragon. Acanthosaura meridiona has
2n=34 chromosomes (14 macrochromosomes, and 20
microchromosomes), NF=46. The karyotype consisting
of 5 pairs of large metacentric chromosomes, 2 pairs of
large metacentric chromosomes, and 20 microchromo-
somes. NORs were located on the telomeric region of
large metacentric macrochromosome pair 5. Micros-
atellite repeat patterns indicated the presence of specific
regions on microchromosomes, including pair 13 and 15
with d(CA),; repeats, and pair 15 and 16 with d(CGG),,
repeats. While d(TA),; and d(CAA),,, showed cumula-
tive signals dispersed throughout the chromosomes.
This study is valuable for improving our understanding
of the evolutionary process of agamid lizards and advo-
cating for biodiversity protection in tropical rainforests.
Moreover, we suggest that more species be studied using
cytogenetics and that techniques be investigated further
to gain a deeper understanding of chromosomal diver-
sity and evolution within this genus.
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Abstract. Salinity, an adverse abiotic stress, is lowering the productivity of agricul-
tural crops including wheat worldwide. It creates obstacles in normal crop growth
and development. Salinity is affecting the morpho-physiology and productivity of
wheat. It is also responsible for inducing oxidative, osmotic and ionic stress (high Na*/
K* ratio), while decreasing the K* concentrations in plants. Many insights indicate a
positive relationship between salicylic acid application and improvement of the mor-
pho-physiological attributes and productivity of wheat both in saline and non-saline
conditions. Salinity-induced morphological and physiological alterations have resulted
in a drastic decline in wheat yields globally. Morpho-physiological parameters and
yield contributing parameters are correlated with each other. Salinity stress reduces
the shoot length, shoot fresh mass, root length, root fresh mass, leaf area, leaf fresh
weight, number of tillers, shoot dry mass, root dry mass, leaf dry weight, chlorophyll
contents (SPAD), leaf relative water content, stomatal conductance, photosynthetic rate,
transpiration, CO, assimilation rate, internal CO, concentration, spikelets per spike,
grain weight per spike, number of grains per spike grain yield, straw yield, biological
yield, harvest index in wheat. It also induces autophagy and programmed cell death in
wheat. Application of salicylic acid on saline stressed wheat significantly improves all
the aforementioned parameters along with maintaining lower Na* concentrations and a
Na*/K* ratio. Furthermore, salicylic acid alleviates the detrimental effects of salt stress
ultimately promoting salt tolerance in wheat. Hence, this paper aims to provide a com-
prehensive review of major research advances on amelioration of salinity on morpho-
physiology and productivity of wheat by the application of salicylic acid.

Keywords: salt stress, wheat, salicylic acid, morpho-physiology, productivity, autophagy.

INTRODUCTION

Rapid global climate change has increased the frequency and severity of
abiotic stresses on plants (Ghosh et al., 2022; Fairoj et al., 2023; Austin and
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Ballaré, 2023; Mao et al., 2023). Throughout their life
cycle, plants are frequently subjected to a variety of abi-
otic stresses that disrupt cellular membrane and devel-
opmental processes (Fadiji et al., 2023; Jing et al., 2023).
Salinity is a major abiotic stress that reduces the produc-
tivity of agricultural crops including wheat worldwide
(Corti et al., 2023a; Jing et al., 2023). Wheat (Triticum
aestivum L.) is a major cereal crop which is used as sta-
ple food by approximately one third people of the world
(Fairoj et al., 2023).

Salinity causes osmotic stress and ionic stress which
affects plant growth and development (Mariyam et al.,
2023; Rostampour et al., 2023; Séti et al., 2023). Osmot-
ic stress is caused mainly by Na* and Cl in the soil
solution which reduces the availability of water to roots
(Naz et al., 2023a; Soni et al., 2023; Wang et al., 2023).
When plant roots uptake Na* and/or Cl- and these ions
accumulated to pernicious levels in leaves, ion toxic-
ity occurs (Hayat et al., 2022; Saeed et al., 2023). Ion
imbalances and nutrient deficiency occur due to salinity
(Naz et al., 2023b). Salinity reduces the growth of plant
through osmotic effects; declines the ability of plants
to take up water and this causes reduction in growth
(Abrar et al., 2022; Zarbakhsh and Shahsavar, 2023).
Thus, reduced water uptake is the common feedback of
plants subjected to salinity stress (Masarmi et al., 2023;
Tammam et al., 2023). Lower water status in plant body
slows the rate of cell division and expansion mainly
through a loss of turgor (Ahmad et al.,, 2023; Ullah et
al., 2023). It affects almost every aspect of the morphol-
ogy both external and internal physiology of plants and
significantly reduces the yield. High salinity in soil bad-
ly affects the quality and quantity of crop production
(Khan et al., 2023; Thampi et al., 2023) by inhibiting
seeds germination, seedlings growth and developmental
phases due to cumulative influences of higher osmotic
potential and toxicity of specific ions (Hadjadj et al.,
2023; Sarkar et al., 2023). Salinity restricts the growth
and production by affecting physiological processes,
including modification of ion balance, mineral nutri-
tion, water status, stomatal behavior and photosynthetic
efficiency (Iftikhar et al., 2023; Kumar et al., 2023) and
oxidative damage due to manufacture of higher lev-
els of reactive oxygen species (ROS), variations in the
antioxidant enzymes (Loudari et al., 2023; Mangal et
al.,, 2023; Singh et al., 2023). Salinity stress has been
shown to increase chromosomal abnormalities, MDA,
and proline buildup, impair the ascorbate-glutathione
(AsA-GSH) cycle function, and cause programmed cell
death (PCD) (Fedoreyeva et al., 2022; Prajapati et al,,
2023). Various strategies have been evolved by plants
to adapt to hostile surroundings (Blonder et al., 2023;
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Liu et al., 2023). To address salinity hassle, application
of salicylic acid to wheat might be an effective strategy.
Salicylic acid is phenolic in nature that is held by plants
(Esmaeili et al., 2023; Rubio-Rodriguez et al., 2023). It
has been allowed as an endogenous regulator in plants
after discovering that it is involved in many plant physi-
ological processes like photosynthesis, transpiration,
nutrient uptake, chlorophyll synthesis, protein synthe-
sis and transport (Arif et al., 2023; Azeem et al., 2023a;
Pirasteh-Anosheh et al., 2023). SA induces changes in
leaf anatomy and chloroplast structure and mitigates
the antagonistic impact of salinity (Aazami et al., 2023;
Sharma et al., 2023). A large number of studies advo-
cate that salicylic acid treatment significantly increased
quantities of endogenous salicylic acid, enhanced the
antioxidant enzymes and contents of non-enzymatic
compounds, improved the ratio of potassium to sodi-
um and increased the plant growth resulting in the
improved abiotic tolerance (Feng et al., 2023; Jalili et al.,
2023; Pai and Sharma, 2023; Youssef et al., 2023). How-
ever, the influence of salicylic acid is mainly dependent
on the concentration, plant species and application type
(Ben Youssef et al., 2023; Elhindi et al., 2023). It is a cell
reinforcement compound which controls plant develop-
ment (Kaya et al., 2023; Virag et al., 2023). Exogenous
application of salicylic acid has impact on stomatal
conclusion and increases plant dry biomass (shoot and
root) in wheat (Abdi et al., 2022; Igbal et al., 2022; Fair-
oj et al., 2023).

Salicylic acid helps to induce abiotic stress tolerance
by by scavenging ROS, enhancing RWC, gas exchange
activities and photosynthetic pigments, maintaining
lower Na* concentrations and a Na*/K* ratio, maintain-
ing cell turgor, protecting cell structures and maintain-
ing ion homeostasis (Ali et al., 2023; Arikan et al., 2023;
Hussain et al., 2023; Omidi et al., 2022; Shaukat et al.,
2022). The production of wheat, which is Bangladesh’s
second most important cereal crop, is inadequate in the
country’s coastal regions. The nation still produces a lot
less wheat each year than is needed. Incorporating wheat
into the current farming pattern on the saline soil could
prove to be a worthwhile endeavor in utilizing these
lands to address the food and nutritional deficit of Bang-
ladesh’s rapidly growing population. The understanding
of changes in physiological processes controlled by sali-
cylic acid and NaCl may offer a foundation for improv-
ing wheat plant yield in regions severely impacted by salt
stress. Thus, the primary goal of this review is to assess
the advantageous effects of salicylic acid on the morpho-
physiology and productivity of wheat grown in saline
environments.
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EFFECTS OF SALICYLIC ACID ON MORPHOLOGICAL
TRAITS

Reduction in plant height by salt stress is a common
phenomenon for different crops (Ali et al., 2022; Kumar et
al,, 2022). Salinity had negative effect on the rate of pho-
tosynthesis, enzymatic activity level of carbohydrates and
growth hormones that resulted in reduced plant height
(Hu et al., 2022; Yan et al., 2022). Biswas et al. (2019)
reported that the reduction in plant height was prob-
ably resulted from a slow growth caused by osmotic stress
imposed by high concentration of salts in the rooting zone.

Khanam et al. (2018) analysed the growth and yield
returns of two rice cultivars, BR55 and BR43 under
salt stress and reported that plant height, total tiller,
leaf number, leaf area decreased significantly with the
increasing levels of NaCl. High salt stress may create
obstacles in root and shoot elongation and reduce fresh
and dry weight in plant by decreasing of osmotic poten-
tial (Azeem et al., 2023b; Truscd et al., 2023). The cell
wall thickening and inhabitation of cell elongation are
the most common effects which results in reduction in
growth and development of shoot and root under saline
condition (Dabravolski and Isayenkov, 2023; Liu et al.,
2022). Dry matter production and number of green
leaves per plant were reduced with the increasing salin-
ity due to inhibition of the formation of leaf primor-
dia under salt stress (Fairoj et al., 2023; Mariyam et al,,
2023). It has been reported that leaf number per plant
was reduced by salinity and the effect was alleviated by
SA treatment. SA treatment increased leaf number per
plant in wheat (Abdi et al., 2022; Fan et al., 2022).

Salinity stress on wheat

l

Osmotic, Oxidative
and Ionic stress

Damage to biomolecules,
proteins, lipids, DNA,
reduced photosynthesis

Membrane damage,
electrolytic leakage

Decrease in growth

Cell death

l Application of salicylic acid ]

Scavenging ROS, enhancing RWC, gas exchange
activities and photosynthetic pigments, maintaining
lower Na™/K™ ratio, maintaining cell turgor, protecting
cell structures and maintaining ion homeostasis

l

‘ Salinity stress tolerance ‘

Figure 1. Schematic representation of salinity stress effects on
wheat and tolerance to it.

Suhaib et al. (2018) performed an experiment with
two wheat cultivars (Faisalabad- 2008 and Punjab-2011)
with two levels of salicylic acid (0.25 mM and 0.50 mM)
under two salt levels (75 mM and 150 mM). Salt stress
had negative impact on shoot length of wheat plant.
The results are agreed with the findings of Corti et al.
(2023b) and observed that leaf area and shoot surface
area were reduced in saline situation in Eruca sativa.
Suhaib et al. (2018) observed significant enhancement in
shoot length, root length, number of tillers when salicyl-
ic acid was applied (Figure 2a, 2b, 2¢).

Ghafiyehsanj et al. (2013) evaluated the influence
of salicylic acid on some biochemical characteristics of
wheat under saline stress and reported that salinity sig-
nificantly reduced the plant growth but application of
salicylic acid improved the growth by increasing root
length. Abdel-Lattif et al. (2019) conducted two field
experiments to evaluate the response of using different
concentrations of salicylic acid viz. zero (control), 100
and 200 mg L' in three wheat varieties, Gemmeiza7,
Sakha 93 and Gizal68 under salt stress.. They reported
that spraying wheat with 100mg L of salicylic acid sig-
nificantly increased the plant height, plant dry weight,
plant fresh weight of all varieties (Gemmeiza7, Sakha 93
and Gizal68) compared with control. They concluded
that, exogenously applied SA increased the salinity tol-
erance of wheat, particularly by reducing the negative
effects of salts.

Cornelia et al. (2010) evaluated the effect of Salicylic
acid on salinity treated wheat. They used following treat-
ment combinations, control (C) 12 hour soaked in water
and germinated in water; sample 1 (S,) 12 hour soaked
in water and germinated in 200 mM NaCl solution; sam-
ple 2 (S,) 12 hour soaked in 0.1 mM SA solution and
germinated in 200 mM NacCl solution; sample 3 (S;) 12
hour soaked in 0.05mM SA solution and germinated
in 200 mM NacCl solution (Table 1). The salt treatment
significantly reduced plant height, leaf area, leaf fresh
weight, leaf dry weight. The negative effect of salt stress
was reduced for both concentration of SA solution but
maximum enhancements in plant height, leaf area, leaf
fresh weight, leaf dry weight were recorded in case of
treatments with 0.1 mM SA solution.

Turkyilmaz (2012) had also studied the consequence
of SA application under salinity stress. He reported that,
plant height, dry weight per plant of wheat was reduced
by salinity, and the effect was alleviated by SA treatment.
SA treatment significantly increased plant height, dry
weight per plant of wheat. The results are in agreement
with Fairoj et al. (2023).

Loutfy et al. (2020) concluded that during combined
interaction of 0.5 mM SA and 150 mM NacCl treatment
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Figure 2a. Mitigation of salt stress on shoot length of wheat
through the application of salicylic acid. (Source: Modified from
Suhaib et al., 2018).
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Figure 2b. Mitigation of salt stress on root length of wheat through
the application of salicylic acid. Source: (Modified from Suhaib et
al,, 2018).
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Figure 2c. Mitigation of salt stress on number of tillers of wheat
through the application of salicylic acid. Source: (Modified from
Suhaib et al., 2018).

root fresh mass, root dry mass shoot dry mass, root dry
mass were increased in both Gemaza-1 and Sakha-69
wheat variety than 150 mM NaCl treatment (Figure 3a,
3b, 3¢, 3d). Desoky and Merwad (2015) evaluated the

Syeda Afia Fairoj et al.

Table 1. Salicylic acid mitigates the effects of salinity on leaf area,
leaf fresh weight and leaf dry weight of wheat.

Treatment Leaf area  Leaffresh  Leafdry
(cm?) weight (g)  weight (g)
Control 7.14 0.082 0.0092
150mM NaCl 523 0.058 0.0053
150mM NaCl+ 0.05mM SA 6.25 0.065 0.0054
150mM Nacl+0.1mM SA 6.98 0.084 0.0114

Source: (Modified from Cornelia et al., 2010).

response of exogenous application of salicylic acid (SA)
under NaCl stress on wheat plants (Triticum aestivum
L.) to different levels of foliar spray of salicylic acids at
a rate of 0.1% and 0.2 %. SA, was 0.1% and salinity lev-
els were, 3 dSm, 6 dSm™!, 9 dSm™.. They concluded that
NacCl treatment significantly reduced the plant height,
dry weight per plant and the effect was alleviated by SA
treatment.

Afzal et al. (2006) assessed the mitigation of salin-
ity stress by hormonal priming with abscisic acid (ABA),
salicylic acid and ascorbic acid in spring wheat. Seeds
primed with 50 ppm ascorbic acid and 50 ppm SA sig-
nificantly increased root length, shoot length, root dry
weight, root fresh weight, shoot fresh weight and shoot
dry weight. Fardus et al. (2018) examined to evaluate
salicylic acid-induced improvement in germination and
growth parameters of wheat under salinity stress. . Five
salinity levels recorded as control, 50 mM, 100 Mm, 150
mM and 200 mM of NaCl were imposed on salinity tol-
erant and salinity sensitive (variety of wheat namely,
BARI Gom 25 and BARI Gom 21. They reported that,
plant height, length of shoot, length of root, tiller num-
ber per hill, fresh weight per plant, dry weight per plant,
fresh weight of root per seedling, dry weight of root per
seedling, fresh weight of shoot per seedling, dry weight of
shoot per seedling was reduced by salinity and the nega-
tive effect of salt stress was alleviated by SA treatment.

EFFECTS OF SALICYLIC ACID ON PHYSIOLOGICAL
TRAITS

Salicylic acid is a plant hormone which plays diverse
physiological roles in plants, including growth, flower
induction, nutrient absorption, stomatal closure, ethyl-
ene biosynthesis and photosynthesis (Desire and Arslan,
2021; Jangra et al., 2023). The response of plants to salin-
ity is the reduction of total chlorophyll and carotenoids
contents in leaves of reported by most of the studies.
Plants that are grown under saline stress, photosynthetic
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Figure 3a. Mitigation of salt stress effects on shoot fresh mass of

two wheat cultivars through the application of salicylic acid. Source:
(Modified from Loutfy et al., 2020).
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Figure 3c. Mitigation of salt stress effects on root fresh mass of two
wheat cultivars through the application of salicylic acid. Source:
(Modified from Loutfy et al., 2020)

activity reduces resulting in reduced plant growth, leaf
area, chlorophyll content and chlorophyll fluorescence
(Mousavi et al., 2022; Song et al., 2019). It has been
observed that under the influence of salinity the pho-
tosynthetic pigments greatly decreased due to chloro-
phyll a, b and carotenoids reduced significantly in saline
stressed plants (Askari et al., 2023; Singh et al., 2022).

Turan et al. (2007) investigated variations in chloro-
phyll concentrations and growth of wheat plants (Triti-
cum aestivum L. cv: Cakmak-79) which were grown
under salinity stress in greenhouse conditions. They
found that the normal growth and development of plants
were disturbed by salt stress. The increased amount of
NaCl applied to soil resulted in lower chlorophyll con-
tent. Hossain et al. (2006) performed an experiment with
two wheat varieties namely Aghrani and Kanchan that
were exposed to to 50, 100 and 150 mM NacCl till their
maturity. They found decreasing trends of chlorophyll
content with increasing salinity levels in both variety.
Biswas et al. (2019) reported that longer the exposure to
salinity stress higher the decreases the SPAD value. It has
been reported by the pre-treatment of salicylic acid as a
foliar spray mitigated the salt stress impact on the total
chlorophyll (SPAD) pigment content of wheat seedling
leaves (Hafez, 2016; Noreen et al., 2019).
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Figure 3b. Mitigation of salt stress effects on shoot dry mass of two

wheat cultivars through the application of salicylic acid. Source:
(Modified from Loutfy et al., 2020).
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Figure 3d. Mitigation of salt stress effects on root dry mass of two
wheat cultivars through the application of salicylic acid. Source:
(Modified from Loutfy et al., 2020).

Suhaib et al. (2018) evaluated the response of two
wheat cultivars (Faisalabad-2008 and Punjab-2011),
with two levels of salicylic acid (0.25 mM and 0.50 mM)
under two salt levels (75 mM and 150 mM). Salt stress
had negative impact on chlorophyll content and Na*/
K* ratio of wheat plant under both levels of salt stress
whereas, 0.25 mM salicylic acid was more effective than
50 mM salicylic acid. Chlorophyll content significant-
ly increased with the application of salicylic acid. They
reported that the maximum chlorophyll content per
plant was observed in 0.25 mM SA under 75 mM NaCl
(Figure 4). The salinity treatments significantly increased
the Na*/K* ratio in wheat plants. The maximum Na*/K*
ratio was observed under 150 mM NaCl treatment and
in Punjab-2011. But salicylic acid remarkably reduced
the sodium uptake by the plantsand increased uptake of
K*. As a result, Na*/K* ratio was decreased for using sali-
cylic acid (Figure 5).

Biswas et al. (2019) concluded that, chlorophyll con-
tent of wheat was reduced by salinity and the effect was
alleviated by SA treatment. Loutfy et al. (2020) report-
ed the response of 2 wheat cultivars (Gemaza-1 and
Sakha-69) under four different treatments i.e. (i) Control
(ii) 150 mM NaCl (iii) 0.5 mM SA, and (iv) 0.5 mM SA
and 150 mM NaCl. They reported that, with the pres-



16

= Faisalabad-2008 = Punjab-2011

e T I N
=

Chlorophyll contentS (SPAD)
=1

o o O o O o o
CP& @% S Vx%‘b @% Q% @%‘b és% <§§%
S T -
) 8 N 8 o 5
g & Y & &
63\%% & Qéq’ @e
e © \@6‘ &

Treatments

Figure 4. Salicylic acid mitigates the salinity effects on chlorophyll
contents (SPAD value) of wheat. Source: (Modified from Suhaib et
al,, 2018)
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Figure 5. Salicylic acid mitigates the salinity effects on Na*/K* ratio
of wheat. Source: (Modified from Suhaib et al., 2018)

ence of 150 mM NaCl, SA significantly recovered chlo-
rophyll content of wheat. Salt stress caused a reduction
of 16-24% in PPC in Gemaza-1 and 12-18% reduction
in Sakha-69.SA increased PPCs in both cultivars, by
10-20% for carotenoid or Chlorophyll a, but only 2-4%
for Chlorophyll b. SA also recovered the reduced PPCs,
near to control levels for carotenoid (99-98%), or to
90-96% and 85-91% of control for Chlorophyll a and
Chlorophyll b, respectively. They also reported that leaf
relative water content was lowest under 150mM NaCl
treatment but addition of 0.5mM SA increased leaf rela-
tive water content of wheat under both saline and non-
saline condition in both Gemaza-land Sakha-69.
Cornelia et al. (2010) evaluated the effect of SA on
salinity treated wheat following treatment combina-
tions, control (C) — 12 h soaked in water and germinated
in water; sample 1 (S,) - 12 h soaked in water and ger-
minated in 200 mM NaCl solution; sample 2 (S,) - 12
h soaked in 0.1 mM SA solution and germinated in
200 mM NacCl solution; sample 3 (S;) - 12 h soaked in

Syeda Afia Fairoj et al.

Table 2. Effect of salicylic acid (SA) on leaf relative water content,
stomatal conductance and photosynthetic rate of wheat plant under
salt stress.

Leaf relative Stomatal Photosynthetic
Treatment water  conductance rate (umol CO,
content (%) (mol m2s!) m2st)
Control 81.9 0.08 2.33
150 mM NaCl 67.9 0.04 1.29
150 mM NaCl+.05 mM SA 74.9 0.06 1.35
150 mM Nacl+.1 mM SA 82.9 0.07 2.17

Source: (Modified from Cornelia et al., 2010).

0.05mM SA solution and germinated in 200 mM NaCl
solution. They found that salicylic acid application
increased the content of assimilatory pigments as com-
pared with salt stressed samples. The effect of the sali-
cylic acid solutions treatment was contingent on the con-
centration which was used. The content of chlorophyll
an increased non-significantly after seeds presoaking in
0.05 mM SA solution. Chlorophyll a and chlorophyll b
contents increased very significantly than salt stressed
when treated with 0.1 mM SA solution. Cornelia et al.
(2010) also reported that maximum leaf relative water
content, stomatal conductance, photosynthetic rate was
observed in addition of 0.1 mM SA with the presence of
150 mM NacCl treatment (Table 2).

Silva et al. (2020) conducted an experiment where
the treatments consisted of five levels of electrical con-
ductivity of supplied water - ECw (0.8, 1.6, 2.4,3.2 and
4.0 dS m-1) and four concentrations of salicylic acid (0,
1.2, 2.4 and 3.6 mM). They reported that SA treatment
mitigated salts tress and increased stomatal conduct-
ance, transpiration, CO, assimilation rate, internal CO,
concentration of salinity treated soursop (Annona muri-
cata L.). Methenni et al. (2018), analysing the influence of
salicylic acid (0, 0.5 and 1.0 mM) and salt stress (0 and
200 mM of NaCl) on olive plants (Olea europaea L.) con-
firmed that 1.0 mM salicylic acid upgraded increments in
CO, assimilation rate and stomatal conductance.

Khan et al. (2019) investigated the feasible influence
of foliar and soil-applied SA and bagasse compost (BC)
introduction on wheat (Triticum aestivum L.) grown
under saline condition (EC 14 dSm™). They report-
ed that the artificially developed salinity significantly
reduced chlorophyll content of wheat plants but applica-
tion of SA significantly increased chlorophyll content of
salinity treated wheat.

The advantageous effect of salicylic acid on CO,
assimilation rate, confirmed in plants subjected to con-
centrations of up to 1.4 mM, may be related to the abil-
ity of salicylic acid to promote enzymatic and photo-
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synthetic activities, while also maintaining the balance
between the manufacture and elimination of reactive
oxygen species (Batista et al., 2019). Morad et al. (2013)
evaluated the effect of salt stress and salicylic acid appli-
cation on growth and yield component traits of wheat
where they concluded that foliar application of sali-
cylic acid stimulated the growth of wheat plants via the
enhancement of the biosynthesis of photosynthetic pig-
ments; increased relative water content and thus salicylic
acid promoted wheat growth.

Salinity stress has been shown to increase chromo-
somal abnormalities, MDA, and trigger autophagy, as
well as programmed cell death (PCD) (Fedoreyeva et
al., 2022; Liu et al., 2009; Ma et al., 2024; Prajapati et al.,
2023; Tabur et al., 2021; Tabur et al., 2022).

PCD is a series of processes that occur in different tis-
sue cells that are intended to die but have a specific posi-
tive effect related to the function of the cell, the tissue
itself, or the whole organism (Kabbage et al., 2017). It has
been observed that this process can occur in a variety of
highly specialized tissues depending on their developmen-
tal stage, such as tapetum cells during lysis, prior to pollen
release, abnormal megaspore death during megasporogen-
esis in angiosperms by forming antipodal cells or nucellus
dissolution during gametophyte formation (Hanaoka et al.,
2002; Reggiori et al., 2005; Thumm et al., 1994; Tsukada
and Ohsumi, 1993; Xie and Klionsky, 2007).

Autophagy is a protein degradation process in which
cells recycle cytoplasmic contents when subjected to
environmental stress conditions or during certain stag-
es of development. Upon the induction of autophagy, a
double membrane autophagosome forms around cyto-
plasmic components and delivers them to the vacuole or
lysosome for degradation. In plants, autophagy has been
shown previously to be induced during abiotic stresses
including nutrient starvation and oxidative stress (Liu et
al., 2009). Although autophagy appears to be implicated
in plant responses to abiotic stresses, its exact involve-
ment has yet to be revealed. Salt and osmotic stress can
enhance ROS generation and cause protein damage, and
a possible hypothesis is that autophagy aids in the deg-
radation of oxidized proteins during salt and osmotic
stress (Pilot et al., 2004).

Fedoreyeva et al. (2022) conducted an experiment
and found that in control wheat roots, the Carboxy-
H2DFFDA marker detects ROS only in the apical part of
the root cap, whereas under salt stress, Carboxy-H2DFF-
DA accumulates in cells of different root zones, indicat-
ing an increase in ROS content and the activation of oxi-
dative stress and cellular damage. Thus, the buildup of
the ROS fluorescent marker Carboxy-H2DFFDA in root
cells in response to salt indicates that ROS homeostasis

was disrupted in these cells and root tissues, potentially
leading to PCD.

Liu et al. (2009) stated that autophagy is induced in
high salt and osmotic stress conditions, which coincides
with an increase in the expression of the Arabidopsis
thaliana autophagy-related gene AtATGI18a. Autophagy-
defective RNAi-AtATGI8a plants are more sensitive to
salt and drought than wild-type plants, indicating that
autophagy plays a role in stress responses. NADPH
oxidase inhibitors prevent autophagy induction under
nutritional restriction and salt stress, but not during
osmotic stress, demonstrating that autophagy can be ini-
tiated via NADPH oxidase-dependent or -independent
mechanisms.

An experiment was conducted by Tabur et al. (2021)
to investigate the efficiency of salicylic acid (SA) on
cytotoxicity and genotoxicity induced by salinity stress
in the barley apical meristems and they found that salt
stress caused a significant decrease in mitotic index of
barley seeds depending on concentration increase, while
the frequency of chromosomal abnormality increased.
Similarly, it was discovered that the mitotic index value
dropped with SA therapy alone, although chromosomal
aberrations increased. However, when SA and varied salt
concentrations were used concurrently, the greatest salt
concentration performed better than low salt concentra-
tions in reducing the mitodepressive effect of salt stress
by boosting the mitotic index by about twofold (Table 3).
In contrast, low salt levels in this application were more
effective than high salt levels in mitigating the clasto-
genic effect of salt stress on chromosomal structure and
behaviors. Thus, they suggested that SA’s protective role
against the cytotoxic effects of salinity stress is more
effective at low salt concentrations.

The pretreatment process of seeds was performed by
soaking 24 h in constant volumes of distilled water (con-
trol) or SA. Various concentrations of salt were added to
germination medium. All data were evaluated as three
replicates

EFFECTS OF SALICYLIC ACID ON YIELD
CONTRIBUTING PARAMETERS AND YIELD

Salt stress decreased the grain yield through a
reduction in various components like in grains spike’,
thousand grain weight, grain yield plant! spike number
and grain number in most of the genotypes under saline
condition (Al-Khafaji and Al-Burki, 2021; EL Sabagh et
al., 2021; Sen et al., 2022). Decrease of grain yield by salt
stress has been reported by Shah et al. (2023) and Gan-
dahi et al. (2020). Khan et al. (2019) examined to evalu-
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Table 3. Mitotic index values and frequency of chromosome abnormalities in meristem cells of barley exposed to different NaCl concentra-
tions after salicylic acid pretreatment.

Mitotic Index (%)

Chromosome Abnormalities (%)

SA SA
NaCl Concentration (1uM, NaCl Concentration (1uM,
(M, mol/L) Control micromolar) (M, mol/L) Control micromolar)
0.00 (Distilled water) *6.92 + 0.64 5.50 £ 0.3¢ 0.00 (Distilled water) *0.00 £ 0.0* 1.06 = 0.0*
0.32 6.10 £ 0.2¢ 3.55+0.2° 0.32 2.07 £0.1° 1.77 + 0.4°
0.35 3.57 £ 0.2 3.47 £0.3* 0.35 2.80 £ 0.0¢ 2.71 £ 0.3¢
0.40 2.41 £0.3* 4.68 + 0.8 0.40 3.48 +0.5¢ 3.73 +£0.3¢

* (P £ 0.05), + Standard deviation

Source: (Modified from Tabur et al., 2021).

ate the feasible effects of foliar and soil-applied SA (0.5
mM) and bagasse compost (BC) addition on wheat (Trit-
icum aestivum L.) growth in saline soil (EC 14 dSm™).
They concluded that artificially developed salinity signif-
icantly reduced length of spike, thousand grain weight
of wheat plants while application of SA significantly
increased spike length, thousand grain weight of salinity
treated wheat.

Akher et al. (2013) conducted an experiment to
observe the role of salicylic acid on alleviation of salt
stress in wheat. Four different salinity levels and three
different levels of salicylic acid (SA) was used to their
experiment. They reported that salicylic acid (0.2 mmol
SA and 0.4 mmol SA) had increased spikelets per spike,
grains per spike, grain weight per spike, thousand
grain weight, grain yield, straw yield, biological yield
and harvest index under saline and non-saline condi-
tion (Figure 6 to 11). Under salt stress, the highest no
of spikelets per spike, grains per spike, grain weight per
spike, thousand grain weight, grain yield, straw yield,
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Figure 6. Amelioration of salinity stress on spikelets per spike of
wheat through exogenous application of salicylic acid. Source:
(Modified from Akher et al., 2018).

biological yield, harvest index was observed in case of
application of 0.4 mmol SA with the presence of 2.8g
NaCl /kg of soil.
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Figure 7. Amelioration of salinity stress on number of grains per
spike of wheat through exogenous application of salicylic acid.
Source: (Modified from Akher et al., 2018).
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Figure 8. Amelioration of salinity stress on grain weight per spike
of wheat through exogenous application of salicylic acid. (Modified
from Akher et al., 2018).
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Figure 9. Combined effect of different levels of salinity and salicylic
acid (SA) on grain yield of wheat. Source: (Akher et al., 2018).
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Figure 10. Combined effect of different levels of salinity and salicylic
acid (SA) straw yield per plant of wheat. Source: (Akher et al., 2018).

Abdel-Lattif et al. (2019) conducted two field experi-
ments to evaluate the response of using different con-
centrations of salicylic acid viz. control (zero), 100 mg
L' and 200 mg L' in three wheat varieties, Gemmeiza7,
Sakha 93 and Gizal68 under salt stress. They reported
that spraying the wheat (Triticum aestivum L.) plants
with salicylic acid in both concentrations (100 and 200
mg L) improved number of spikes per plant, filled
grains per spike, spike weight/plant, grain yield per
plant, grain yield(ton/ha), 100 grain weight.

Desoky and Merwad (2015) examined the
response of exogenous application of salicylic acid
(SA) under NaCl stress on wheat plants (Triticum aes-
tivum L.) to different levels of foliar spray of salicylic
acid. They concluded that NaCl treatment significant-
ly reduced the grain yield per plant, straw yield per
plant, biological yield, 1000 grain weight, efficiency
yield and the effect was alleviated by SA treatment.
SA treatment increased grain yield per plant, straw
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Figure 11. Combined effect of different levels of salinity and salicylic
acid (SA) on biological yield of wheat. Source: (Akher et al., 2018).

yield per plant, biological yield, 1000 grain weight,
efficiency yield.

Morad et al. (2013) evaluated the response of salinity
stress and salicylic acid on growth and yield traits of two
variety of wheat. Three levels of NaCl treatment (control,
4 dS/m and 8 dS/m) and salicylic acid. They reported
that, minimum no of grains per spike, weight of grains
per spike, spike length was observed under 8 dS/m salin-
ity but SA application alleviated the salt stress effect and
under saline stress the highest no of grains per spike,
weight of grains per spike, spike length was observed in
addition of SA with the presence of 4 dS/m NaClL

CONCLUSION

This review highlighted the deleterious effects of
salinity stress on the morpho-physiological param-
eters of wheat, including transpiration, photosynthetic
rate, internal CO, concentration, shoot and root length,
number of total tillers, leaf area, leaf fresh and dry
weight, shoot fresh and dry mass, root fresh and dry
mass, chromosomal structure and behaviors. However,
it is also conspicuous that application of salicylic acid
has a positive influences on improving those morpho-
physiological parameters of wheat under saline condi-
tion by scavenging ROS, enhancing RWC, gas exchange
activities and photosynthetic pigments, maintaining
lower Na* concentrations and a Na*/K' ratio, maintain-
ing cell turgor, protecting cell structures and main-
taining ion homeostasis, all of which ultimately lead to
induce abiotic stress tolerance. Therefore, more com-
prehensive research is required to investigate endog-
enous salicylic acid production, as well as improve
wheat morpho-physiology and ionic homeostasis, both
of which are critical for future sustainable crop produc-
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tivity. Furthermore, increased field research on wheat
genotypes is necessary to effectively mitigate salt stress
by the use of exogenous salicylic acid, but it also needs
to be cost-effective.
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Abstract. Erianthus arundinaceus, one of the species of ‘Saccharum complex’ has a
number of important agronomic traits including good ratooning ability, tolerance to
both drought and waterlogging, disease resistance and vigor and is of interest as a
potential source of parental germplasm to sugarcane breeders. We report here for the
first time the chromosome composition, Erianthus chromosome transmission patten
and agronomical trait evaluation of Erianthus addition lines in five consecutive gen-
erations of E. arundinaceus x Saccharum. The hybridity of randomly selected clones
could confirm with Erianthus Specific Tandem Repeat (ESTR) sequences. The results
of classical cytology revealed that the mode of transmission of gametes, except in the
second generation, followed n+n pattern whereas in second generation (CYM 07-971)
it was showing 2n+n with elimination of few chromosomes. Progressive elimination of
Erianthus chromosomes is observed in consecutive generations where the F1 showed
30 Erianthus chromosomes and it was ranged from 0-2 in fifth generation. Agronomi-
cal trait analysis indicates that further backcrossing with commercial clones with high
juice quality or intercrossing among the selected progenies would improve both juice
quality and cane traits in E. arundinaceus x Saccharum hybrids.

Keywords: Erianthus, Saccharum, introgression, cytology, genomic in situ hybridiza-
tion, intergeneric hybrid, sugarcane.

Sugarcane belongs to the genus Saccharum and it consists of six spe-
cies namely S. officinarum L., S. barberi Jesw., S. sinense Roxb., S. robus-
tum Brandes and Jesw. ex Grassl, S. spontaneum L. and S. edule Hassk. The
cultivated sugarcane varieties are derivatives of interspecific hybridization
between S. officinarum and S. spontaneum. Critical analysis of pedigree of
the cultivated varieties revealed that, only a limited number of basic species
clones have been contributed to the parental material in sugarcane breeding
programmes (Roach, 1989; Hemaprabha et al., 2022). The cytoplasmic vari-
ability among major sugarcane varieties under cultivation are not much as
only limited S. officinarum clones were used as female parent in early breed-
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ing programmes (Hemaprabha et al.,, 2022). This may
result in vulnerability to disease epidemics and abiotic
stresses. In order to widen the cytoplasmic base of sug-
arcane cultivars, the wild related species with diverse
chloroplast and mitochondrial genomes have been uti-
lized in breeding programmes. The “Saccharum com-
plex” includes the genera Erianthus Michx, Miscanthus
Anderss., Sclerostachya (Hack.) A. Camus and Narenga
Bor., besides the Saccharum species and constitute a
closely related inter breeding group (Mukherjee 1957;
Daniels et al. 1975).

The genus Erianthus has established by Michaux in
1803, based on the Greek word ‘Erion” meaning wool

and ‘anthos’ meaning flower, referring to its woolly
glumes. It is considered a primitive genus of ‘Saccharum
complex’ (Mukherjee 1957). It is wide in distribution
occurring in America (New World species), Mediterra-
nean, India, China, South East Asia, New Guinea (Old
World species). The Old-World species generally placed
under section Ripidium, are only important in the
evolution and improvement of sugarcane. Among the
species of the genus Erianthus sect. ripidium, E. arun-
dinaceus (Retz.) Jesw. (2n = 30, 40, 60) distributed in
India, China, Indonesia and New Guinea and has many
desirable agronomic traits for sugarcane breeding such
as disease resistance, drought resistance, high biomass
and broad adaptability. Efforts are under way in many
research stations to introgress Erianthus germplasm
into sugarcane to develop more productive and better
adapted sugarcane varieties.

Fertile and sterile hybrids were reported from cross-
es involving Saccharum and E. arundinaceus (D’ Hont et
al. 1995, Besse et al. 1997, Piperidis et al. 2000, 2010, Cai
et al. 2005, Wu et al. 2014, Huang et al. 2015) in which
either S. officinarum or sugarcane variety used as female
and was further back crossed with sugarcane. The major
difficulty in transferring the desirable characters from
Erianthus into sugarcane is the incompatibility among
the genera which prevents further improvement through
hybridization. When crosses between two species are not
successful due to hybrid sterility and genome elimina-
tion bridge crosses were found to be effective in certain
cases. The successful use of S. spontaneum as a bridge
species for transferring characters from Erianthus to
Saccharum was reported by Premachandran et al. 2011.
In this case Erianthus has been used as female parent.
The production and molecular cytogenetic characteri-
zation of intergeneric F1 progeny and back cross prog-
enies has been reported earlier (Lekshmi et al. 2016,
Premachanran et al. 2017). Later the backcross progenies
were developed by crossing with sugarcane commercial
varieties to develop near commercial sugarcane clones.
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Nuclear and cytoplasmic contribution from Erianthus
was confirmed in second and third generation hybrids
(Lekshmi et al. 2016).

Here we aimed to determine the somatic chromo-
some number of different backcross progenies of Eri-
anthus x Saccharum. We also selected two different sets
of BC1, BC2, BC3 and BC4 progenies and used GISH
to clarify the pattern of E. arundinaceus chromosome
transmission. The aim of the study was to find out the
clone that contain 1-2 Erianthus chromosomes which
can be further used for sequencing the Erianthus chro-
mosomes and also to tag the trait specific Erianthus
chromosomes by correlation studies. This work will pro-
vide a basis for subsequent genome research as well as
trait specific breeding programmes in sugarcane.

MATERIALS AND METHODS
Plant material

The materials used for the study consist of two sets
of progenies from BC2, BC3 and BC4 generations. In
the first set, the BC 3 progeny, Co 15015, derived from
a cross combination of CYM 08-903 and the Sugarcane
cultivar Co 94008 (Lekshmi et al. 2016). BC4 progenies
(GI 18-1, GI 18-2, GI 18-3, GI 18-4) were from a crossing
combination between Co 15015 (female) and sugarcane
cultivar, Co 11012 (male). In another set of clones used
for the study BC2, BC3 and BC4 progenies were devel-
oped by a parallel set of hybridization process. A BC2
clone, CYM 08-922 was selected as female parent and
BC3 progeny TWC 82, was derived from a cross combi-
nation CYM 08-922 x Sugarcane variety BO91. Four BC4
progenies were developed (FWC 28, FWC 29, FWC 39
and FWC 2) from a cross between TWC 82 x Sugarcane
hybrid. The details of the clones used for the study are
given in Table 1. To understand the flow of chromosome
transmission pattern in successive generations of Erian-
thus x Saccharum, the clones from Erianthus (female par-
ent), F1 and BC1 were also included in the study.

The somatic chromosome number in the F1 and
back cross progenies was determined by root tip squash
technique (Sobhakumari and Asmita Dutta, 2014). For
GISH analysis the mitotic slide preparation was per-
formed as per D’Hont et al. 1996 with minor modifica-
tions. Single budded cuttings from the hybrids were col-
lected at 1.30pm. Excised root tips of about 1 cm were
treated with 2mM 8-hydroxy quinolone at room temper-
ature for 2h, washed in water and fixed in Ethanol: Ace-
tic acid (3:1) for overnight at 4°C. The washed root tips
were hydrolyzed in 0.25N HCI and digested at 37°C for
75min in the enzyme solution containing 2.0% cellulase
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ONOZUKA R-10 (Himedia) and 20% pectinase (Hime-
dia) in citrate buffer. After washing the meristematic tis-
sues of the root tips were squashed in a drop of fixative.
Cells can be separated by gentle pressing over the cov-
erslip with filter paper. Slides were then freezed by dip-
ping it in liquid nitrogen. After removing the coverslip,
the frozen slide was immediately dehydrated in absolute
ethanol and stored in moisture free slide box.

Genomic in situ hybridization

Total genomic DNA of the Erianthus clone, IK
76-62, was extracted from young leaves using CTAB
method (Doyle and Doyle, 1990). Fragmentation (500bp
- 1000bp) has been done by sonication. The fragmented
DNA of Erianthus labeled with biotin 11-duTP using
random primed labeling method as described by manu-
facturer (Thermo Scientific, USA) was used as probe.
The 30ul hybridization mixture containing 5ylof labeled
probe, 15ul deionized formamide, 6 ul 50% dextran sul-
phate, 2.25pl 20xSSC, 0.5 pl salmon sperm DNA and
1.25 pl double distilled water was denatured at 100°C
for 10min, and then placed immediately in ice. Each
chromosomal slide was denatured at 72°Cfor 2min in
denaturation solution containing 70% deionized for-
mamide and dehydrated in a series of precooled etha-
nol solutions (75%, 95%and 100%). After adding 30ul of
hybridization solution to the slide it was incubated in a
humid box with 2xSSC and at 37°C for overnight. Post
hybridization washes in 2xSSC and 50% formamide at
42°C slides were dried. Biotin labeled probe was detected
using avidin-FITC (Fluorescein iso thio cynate) (Vector
laboratories, Burlingane, CA) by 1h incubation at 37°C.
After washing and drying the chronosomes were counter
stained with a vectasheild vibrance anti-fading medium
with DAPI (4,6 diamino-2-phenylindole) (Vector labo-
ratories, Burlingane, CA). GISH signals were captured
using a ProgRes Capture Pro image capturing software
attached to AxioScope Alfluorescent microscope (Car-
1Zeiss, Gottingen, Germany). Images were processed
using Adobe Photoshop.

Screening for drought tolerance and red rot resistance

The experimental trial was conducted at East Chithi-
rai Chavadi farm of ICAR-Sugarcane breeding institute,
Coimbatore, Tamil Nadu, India (110 N, 770E, 427 MSLalti-
tude) during 2021-22. The backcross hybrids involving Eri-
anthus were planted in split plot desgn, treatments as main
plots and genotypes as subplots. The drought treatment
was insisted by withholding water during the formative

1K 76-62 X Iritty-2
(E n=60) (5. sp

l

F1  CYM 04-420 (30E)

n=64)

. X Co775
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ZEN
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l |
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Figure 1. Erianthus arundinaceus introgression pattern in five gen-
erations of Erianthus arundinaceus x Saccharum officinarum.

phase of the crop (60-150 DAP). The yield and juice quality
data were recorded at 10" month of crop.

The drought tolerance indices were calculated as fol-
lows:

Stress tolerance index (STT) STI = (Yp * Ys) / (Vp)2

Yp and Ys are the average yield under normal and
moisture stress conditions, respectively. Yp is the aver-
age yield of all genotypes under normal moisture condi-
tions, Screening for red rot resistance under controlled
condition testing. The clones were screened for red rot
resistance against the virulent inoculum of cf 671 (Colle-
totricum falcatum) under controlled condition test-
ing (CCT) and the disease reaction was scored as per
Mohanraj et al., (1997).

RESULTS AND DISCUSSION
Chromosome composition of the F1 hybrid

GISH analysis of the F1 hybrid CYM 04-420 from
the cross between IK 76-78 (Erianthus arundinaceus,
2n=40) x Iritty-2 (Saccharum spontaneum, 2n= 64)
revealed that a total of 62 chromosomes (Table 1) of
which 30 were from E. arundinaceus and 32 were from
S. spontaneum (Fig. 3a), as expected from a classical n+n
chromosome transmission (Table. 1) (Lekshmi et al.
2016; Premachandran et al. 2017). The result was con-
tradictory to the report of Wu et al. (2014) and Piperidis
et al. (2000) where they have reported the presence of
anueploids in F1 generation.
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Figure 2. Somatic chromosome number of different clones in F1 to BC4 generations: a) IK 76-78 (2n=60), b) Iritty-2 (2n=64), c) CYM
04-420 (2n=62), d) CYM 07-971(2n= 118), e) CYM 08-903 (2n=108), f) CYM 08-922 (2n=108), g) Co 15015 (2n=106), h)TWC 82 (2n=98),
i) GI 18-1(2n=108), j) GI 18-2 (2n=109), k)GI 18-3 (2n=107+2F), 1) GI 18-4 (2n=108), m) FWC-2 (2n=102), n) FWC-28, (2n=108), o)
FWC-29 (2n=102), p) FWC-39 (2n=110).
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Table 1. Chromosome composition of parents and hybrids of different generations involving Erianthus arundinaceus.

S.No Generation Clone Name Total 2n From Saccharum  From Erianthus Recombinant No of cells
observed

1 Female parent IK76-62 60 - 60 0 10

2 Male parent Iritty-2 64 - - 0 10

3 F1 CYM 04-420 62 32 30 0 15

4 BC1 CYM 07-971 118 94 24 0 12

5 BC2 CYM 08-903 108 96 12 0 16

6 BC2 CYM 08-922 108 96 12 0 15

7 BC3 Co 15015 106 102 0 20

8 BC3 TWC 82 98 91 7 0 15

9 BC4 GI 18-1 108 108 - 0 10

10 BC4 GI 18-2 109 107 2 0 15

11 BC4 GI 18-3 108 108 - 0 10

12 BC4 Gl 18-4 108 108 - 0 12

13 BC4 FWC-28 108 104 4 0 15

14 BC4 FWC-29 102 99 4 0 15

15 BC4 FWC-39 110 105 5 0 15

16 BC4 FWC-2 102 98 4 0 15

2n+ n chromosome transmission in BC1 progeny

Due to nonsynchronous flowering of the sugarcane
hybrid the fundamental principles of backcross breed-
ing are not appropriate in the case of this crop. During
intergeneric hybridization in F1 the chromosome inher-
ited from divergent parents of different genera are often
unable to pair with each other during meiosis which
leads to male sterility in F1 hybrid. In order to obtain
BC1 generation the F1 hybrid (CYM 04-420) was used
as a female parent and a commercial variety Co 775
was used as a male parent. From this cross many BCl
progeny were generated. We considered one BC1 prog-
eny, CYM 07-971 for further analysis. The total chromo-
some compliment for this hybrid was 2n=118 of which
94 chromosomes were derived from Saccharum and 24
chromosomes were derived from E. arundinaceus (Table
1, Fig. 3b). These results indicated that the BC1 prog-
eny was a product of 2n+n transmission. Piperidis et al.
(2000), Piperidis et al. (2010) and Wu et al. (2014) were
reported similar results. 2n gametes were originated
from fusion of two megaspore (Megaspore Tetrad Cell
Fusion) or due to chromosome doubling after second
meiotic division (Post Meiotic Restitution) (Narayanas-
wami (1940), Bremer (1961).

n+n chromosome transmission in BC2 and BC3 progeny

GISH analysis of two BC2 (CYM 08-903 and CYM
08-922) revealed that these clones were with a total of

chromosome compliment of 2n=118 of which 96 chro-
mosomes were derived from Saccharum species and 12
chromosomes were from E. arundinaceus (Table 1, Fig. 3
¢ & d). It was found that the number of E. arundinaceus
chromosomes in BC1 parent was 24 and in BC2 proge-
ny it was reduced by half. This indicate that BC2 prog-
eny (CYM 08-903 and CYM 08-922) were the product of
n+n transmission. Parallel back crosses were conducted
with these BC2 progenies. i. e., CYM 08-903 x Co 94008
and CYM 08-922 X Bo 91. A nearly commercial cane, Co
15015 with 2n=108 was generated as BC3 progeny from
CYM 08-903 x Co 94008. GISH experiment revealed that
102 chromosomes were derived from Saccharum species
and 4 from E. arundinaceus. Another BC3 progeny, TWC
82, from the cross CYM 08-922 X BO 91 was with 2n=98
of which 91 chromosomes were from Saccharum and 7
chromosomes were from E. arundinaceus. Our results
indicate that the BC3 progeny were the product of n+n
transmission. Piperidis et al. (2010, 2013) and Huang et
al. (2014) reported that the similar transmission was in
BC2 and Bc3 progeny between different species clones of
S. officinarum and E. arundinaceus.

In this study, both the BC3 progeny, Co 15015 and
TWC 82, were derived from BC2 clones CYM 08-903
and CYM 08-922 respectively. Both the BC2 parents were
having 12 E. arundinaceus chromosomes. In TWC 82 is
seven Erianthus chromosomes were observed. It is found
that more than half of the E. arundinaceus chromosomes
in CYM 08-922 was transmitted to TWC-82. Where as in
the case of Co 15015 only four (less than half) E. arundi-
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Figure 3. Genomic in situ hybridization with E. arundinaceus probe: a) E. arundinaceus x S. spontaneum hybrid, CYM 04-420, with 30 E.
arundinaceus chromosomes, b) CYM 07-971 with 24 E. arundinaceus chromosomes, c) CYM 08-903 with 12 E. arundinaceus chromosomes,
d) CYM 08-922 with 12 E. arundinaceus chromosomes, e) Co 15015 with four E. arundinaceus chromosomes, f) TWC- 82 with seven E.
arundinaceus chromosomes.

naceus chromosomes from BC2 (CYM 08-903) was trans-
mitted. Though there was difference in the number of E.
arundinaceus chromosomes transmitted from female BC2
parents, the transmission pattern was n+n only with addi-
tion/deletion of few chromosomes.

During the nobilization of S. officinarum X S. spon-
taneum 2n+n chromosome segregation happened in
the early generations like F1 and BC1. Whereas in the
nobilization with E. arundinaceus 2n+n segregation
happened during later stages and this slows down the
progress of nobilization. In order to develop BC4 prog-
enies the BC3 progeny, Co 15015, crossed with another
improved Co cane, Co 11012. Cytological analysis of the
four BC4 progeny revealed plants with a total chromo-
some compliment ranging from 107-109 chromosomes.
GISH analysis revealed that out of these four BC4 prog-
eny only one clone was having 2 E. arundinaceus chro-
mosomes whereas three clones were not having any
Erianthus chromosomes. In the parallel back crossing
programme TWC 82 (BC3) crossed with an interspecif-
ic hybrid and four BC4 progeny were generated. The 2n
chromosome number ranged from Saccharum spp. and
3-5 from E. arundinaceus respectively (Fig. 4).

Interspecific hybridization or intervarietal hybridi-
zation providing frequent utilization of limited number

of parental clones resulted in the narrow genetic base of
modern sugarcane cultivars and subsequently showing
susceptibility to biotic and abiotic stresses. It has become
necessary to include wild relatives of Saccharum in
breeding programme to broaden the genetic diversity for
increased productivity and better adaptability. As one of
the most important wild relatives of sugarcane, E. arun-
dinaceus has agronomically important genes for sugar-
cane breeding. At ICAR-Sugarcane breeding Institute
we are regularly utilizing E. arundinaceus in breeding
programmes and a series of genuine progeny have been
developed in different back crossed generations.
Generally, the cytological methods and molecular
markers are widely used to specifically detect the alien
chromosomes and chromosome segments in the putative
back cross progenies. It is found that Genomic in situ
hybridization (GISH) is a powerful cytological tool for
identifying the introgression pattern of alien chromo-
somes in sugarcane background. This study clearly indi-
cates the number of back cross generations a breeder has
to be developed to incorporate the alien chromosomes.
In our study we found that in the BC4 progeny from
a cross Co 15015 x Co 11012 only one hybrid was with
two Erianthus chromosomes whereas the other proge-
nies were without E. arundinaceus chromosomes. Hence
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Figure 4. Genomic in situ hybridization with E. arundinaceus probe in 5" generation hybrids: a) GI 18-1 - Nil E. arundinaceus, b) GI 18-2
with two E. arundinaceus chromosomes c) GI 18-3 - Nil E. arundinaceus, d) GI-18-4 - Nil E. arundinaceus, ¢) FWC-2 with four E. arundi-
naceus chromosomes f) FWC-28 with four E. arundinaceus chromosomes g) FWC-29 with three E. arundinaceus chromosomes g) FWC-29
with three E. arundinaceus chromosomes.

this is the stage where the introgression breeding can be
stopped as further transmission of Erianthus chromo-
somes is not possible in successive generations. Whereas
in the parallel cross BC4 progenies from TWC 82 x ISH
hybrid 3-5 E. arundinaceus chromosomes were there
in which we can go for one more back crossing to get
improved clone with minimum Erianthus chromosomes.

The agronomic performance of the backcross
hybrids involving Erianthus for cane yield quality and
red rot resistance is presented in the Table 2. Three
hybrids recorded significantly higher cane height than
the commercial hybrid Co 86032 (225.0 cm). The sucrose
in juice ranged from 8.44% in TWC 82 to 19.98% in Co
15015. Three hybrids recorded significantly higher yield
than the commercial check Co 86032 (121.8 t/ha). For
red rot resistance, eight were moderately resistant and
only one was susceptible. The clones were also screened
for water stress during 2021-22. The results showed that
the commercial check had a stress tolerance index of
0.761 and five clones recorded significantly higher STI
(Table 3). The hybrid TWC 82 recorded the highest STI
of 1.678 followed by FWC-2. The entry TWC combined
both red rot resistance and water stress tolerance. The
juice quality of the hybrids showed significantly lower
than commercial check Co 86032 and only one Co 15015
had 19.98% of juice sucrose. Further backcrossing with

commercial clones with high juice quality would fur-
ther improve both juice quality and cane traits. Similar-
ly, Nair et al. 2017 reported backcrossing of E. procerus
hybrids with commercial varieties to obtain commer-
cially acceptable levels of agronomic traits.

Intergeneric hybrid population between Saccha-
rum spp. and E. arundinaceus often resulted in false
hybrids due to selfing. In order to avoid this, it is highly
encouraged to integrate efficient molecular markers with
GISH or FISH. Deng et al. (2002) used isozyme mark-
ers because of similar banding pattern could not identify
the genuine hybrids. Later 5Sr marker used to identify
the true hybrid progeny with Erianthus specific 5SrD-
NA sequences. It was found that amplification was not
obtained beyond BC2 generation. As 55r DNA had one
locus per set of chromosomes it presents only on a few
chromosomes in each genome. Due to unequal segrega-
tion of Erianthus chromosomes and also its elimination
at different stages the advanced back cross progenies
may not inherit the chromosomes that carry the 5SrD-
NA loci. Hence Erianthus specific 5Sr DNA sequences
may not be reliable for the identification of true hybrid
progeny. The Erianthus specific Tandem Repeat sequence
(ESTR) reported by Yang et al. (2019) was used as a
marker to confirm the hybridity of back cross progeny.
In our study true intergeneric hybrids between Saccha-
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Table 2. Performance of Backcross hybris involving Erianthus for cane yield, juice quality traits and red rot resistance.

Clone Name Cane Ht  Cane dia SCW Brix Pol Purity CCS NMC  Cane yield RR

(cm) (cm) (Kgs) (%) (%) (%) % (‘000/ha) (t/ha)
1 CYM 07-971 210.00 2.61 1.09 14.72 12.06 81.93 8.03 89.00 96.71 MR
2 CYM 08-903 205.00 291 1.20 19.07 16.94 88.83 11.74 75.00 89.75 MR
3 CYM 08-922 255.00 2.75 1.38 14.89 12.09 81.20 8.01 101.50 140.07 MS
4 Co 15015 240.00 2.80 1.25 21.63 19.98 92.37 14.10 88.10 110.13 MR
5 TWC 82 265.00 2.95 1.68 11.88 8.44 71.04 5.16 98.30 165.14 MR
6 GI 18-1 220.00 2.46 0.82 19.67 17.60 89.48 12.24 85.00 69.98 MR
7 GI 18-2 235.00 2.57 1.15 15.61 13.17 84.37 8.90 89.00 102.35 MS
8 GI 18-3 235.00 2.71 1.22 19.41 17.11 88.15 11.82 91.50 111.63 MR
9 FWC-28 275.00 2.67 1.15 16.19 13.66 84.37 9.23 94.44 108.61 MS
10 FWC-29 205.00 2.83 1.23 15.47 13.28 85.84 9.05 86.11 105.92 MR
11 FWC-39 255.00 2.51 1.25 15.85 13.48 85.05 9.15 60.19 75.23 MR

12 FWC-2 235.00 2.65 1.45 13.51 10.51 77.79 6.80 100.00 145.00 N

Co 86032 225.00 2.75 1.45 19.91 17.79 89.35 12.37 84.00 121.80 MS

CD (P>0.05) 16.23 0.32 0.18 1.12 1.05 4.56 0.98 9.56 11.36

Table 3. Stress tolerance Index (STI) of Backcross hybris involving
Erianthus.

Cane yield (t/ha)

S1.No. Clone STI
Control Stress

1 CYM 07-971 96.71 72.3 0.558
2 CYM 08-903 89.75 68.5 0.490
3 CYM 08-922 140.07 115.5 1.290
4 Co 15015 110.13 75.34 0.662
5 TWC 82 165.14 127.35 1.678
6 GI 18-1 69.98 52.2 0.291
7 FWC-28 108.61 82.3 0.713
8 FWC-29 105.92 78.3 0.662
9 FWC-39 75.23 48.75 0.293
10 FWC-2 145.00 117.35 1.357
11 Co 86032 121.80 78.35 0.761
12 Co 06022 127.41 89.35 0.908
13 CoM 0265 126.00 86.54 0.870
14 Co 775 85.80 37.3 0.255

Overall mean 111.97 80.67 0.771

Treatments (P>0.05) 9.85
Clones (P>0.05) 16.34 0.34

rum spp. and E. arundinaceus could be rapidly identified
using PCR with Erianthus Specific Tandem repeat prim-
er pair (Fig. 5). It was found that PCR detection results
highly coincides with GISH results.

Due to the genetic distance between the two genera
the chromosome pairing and chiasma formation dur-
ing meiosis is not taking place in intergeneric hybrids

of Saccharum and Erianthus. From our study it has
revealed that E. arundinaceus genome introgressed into
Saccharum as whole chromosome by traditional breed-
ing. The approaches like QTL mapping and marker
assisted breeding in the advanced generations of back
crosses (BC3 and BC4) will help to determine the agro-
nomic value of individual E. arundinaceus chromosomes.
Though E. arundinaceus clones are with many desirable
agronomic traits for sugarcane genetic improvement. We
have limited knowledge on the complex genome of this
hexaploid species. Development and determination of
Saccharum - Erianthus introgression lines with one or
two E. arundinaceus chromosomes is a necessary step to
simplify the genome analysis by dissecting out the alien
chromosomes. In this study we identify a clone, GI 18-2,
with two Erianthus chromosomes that can be segregat-
ed to much lower level in the next generation. In these
population identifying genuine hybrid clones with 1-2 E.
arundinaceus chromosomes without any recombination
or translocation using GISH could be used for dissecting
out and sequencing these alien chromosomes.
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Figure 5. a) Electrophoretogram of F1, BC1 and BC2 progenies
with their parents for amplification of ESTR primer in genomic
DNA: 1) 100bp ladder, 2) IK 76-62 (Female parent). 3) Iritty-2
(Male parent), 4) CYM 04-420, 5) CYM 07-971, 6) CYM 08-903,
7) CYM 08-922, 8) Co 775, 9) CoC 671, 10) Co 94008, 11) Bo 91.
b) Electrophoretogram of BC3 and BC4 progenies for amplifica-
tion of ESTR primer in genomic DNA: 1) 100bp ladder, 2) IK 76-62
(Female parent). 3) Iritty-2 (Male parent), 4) TWC 82, 5) Co 15015,
6) GI 18-1, 7) GI 18-2, 80 GI 18-3, 9) GI 18-4, 10) FWC-2, 11)
FWC-28, 12) FWC-29, 13) FWC-39
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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.

Timir Baran Jha, Mihir Halder, Biplab Kumar Bhowmick

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-
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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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Abstract. In the present investigation, karyotype and microsatellites pattern in the
chromosome of Gyldenstolpe’s Frog (Limnonectes gyldenstolpei) have been analyzed.
The aspect of chromosome numbers, morphology, nucleolus organizer region (NOR)
locations and microsatellites pattern [d(CA),s, d(CGG),,, d(GC),s, d(TA),5]. We pro-
vided the karyotype and idiogram of this species by conventional staining, Ag-NOR
banding and Fluorescence in situ hybridization techniques. For the study, five male and
female samples collected from northern Thailand, were used. The metaphase chromo-
some preparations were prepared from the bone marrows by the standard protocol.
The result shows that L. gyldenstolpei had the diploid chromosome number (21) was 26
and the fundamental number (NF) were 56 in both males and females. The karyotype
is composed of 4 large metacentric, 4 large submetacentric, 2 medium metacentric, 14
small metacentric and 2 small submetacentric chromosomes. The NORs bearing chro-
mosome were in close to the telomere region on chromosome pair 1. In addition, the
microsatellite d(CGG),, and (GC),5 hybridization results confirmed the NOR region.
The in situ localization pattern of d(CA),; microsatellites was positive on all telomere
chromosome, while microsatellites d(TA),; have no signal on chromosome. Here we
provide a classical and some molecular genetics information for L. gyldenstolpei useful
as a species specific marker.

Keywords: Limnonectes gyldenstolpei, karyotype, chromosome, microsatellites.

INTRODUCTION

Limnonectes gyldenstolpei is a species of frog in the Dicroglossidae fam-
ily. It has been recorded throughout much of Thailand, northeastern Lao,
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southwestern Cambodia, and central Vietnam. It has
recently also been recorded from the Phong Nha-Ké
Bang National Park in central Vietnam (Luu et al,
2013). The members of the genus Limnonectes have a
broad distribution in Asia from eastern and southern
China, eastwards to Japan, throughout Indochina and
southwards to Malaysia, Indonesia, Philippines, and
New Guinea (Frost, 2016). Limnonectes is one of the
most diverse groups amphibians with 69 currently spe-
cies recognized and 15 of which have been described in
the last ten years (Frost, 2016).

The gross chromosome numbers of 1,000 amphib-
ian species were reported by Kuramoto (1990). But only
837 of the 3,521 anuran species have been analyzed chro-
mosomally (King, 1991). The amphibian fauna in Thai-
land comprises of 176 species in 8 families and 3 orders
(Khonsue and Thirakhupt, 2001). In the genus Limmnon-
ectes reported 11 species (Niyomwan, et al., 2019). The list
shows chromosome number variation occurs in most of
the seven families of anuran amphibians classified with 33
genera. The typical karyotype of the family Dicroglossidae
is diploid chromosome number (21)=22, 24 and 26. For
the genus Limnonectes, there were some cytogenetic stud-
ies reported the diploid number was 2n=22-26, NF=44-52,
including L. kuhlii and L. blytthii (Supaprom, 2003), L.
pileatus (Supaprom, 2003; Supaprom and Baimai, 2004),
L. gruniens and L. modestus (Nasaruddin, 2009), L. blyt-
thii (Donsakul and Rangsiruji, 2005; Phimphan et al.,
2020) and L. taylori (Phimphan and Aiumsumang, 2019).
All previous knowledge demonstrated that there are sev-
eral patterns of chromosomes (number, type, size).

This is the first report describing the molecular
cytogenetic and karyotype study of chromosome size,
standardized idiogram, karyotype formula and meiotic
cell division of the L. gyldenstolpei species. The molecu-
lar data, microsatellite probes are used to detect if there
is some specific hybridization pattern in L. gyldenstol-
pei has not been studied yet. The results obtain can be
fulfilled to the basic knowledge. In addition, our knowl-
edge advances cytogenetic information for further study
on taxonomy relationship. Moreover, we provide useful
basic information for the conservation and chromosome
evolution study of this frog.

MATHERIAL AND METHODS

Field surveys were conducted in rainy season from
northern (16.42°N 101.16°E), Thailand. Five males and
five females of L. gyldenstolpei were mature obtained dur-
ing. The frogs were transferred to the laboratory and were
kept under standard conditions for 3 days before the
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experimentation. Experiments were performed in accord-
ance with ethical protocols (Ref No. U1-04498-2559). The
chromosomes were prepared in vivo with slight adapta-
tions as follows (Sangpakdee et al., 2016). The colchicine
was injected into the frogs’ abdominal cavity. Then, the
frogs were left in a box for eight hours and then killed.
The bone marrow was collected by cutting the head and
the end of femurs and tibias, and then a syringe was used
to inject 0.075 M KCI into the marrow to drive out the
bone marrow tissue or cells into the plate. We gently cut
the tissue to pieces as small as possible. We transferred
8 mL of cell sediments to a centrifuge tube and incu-
bated it for 30 min at 37 °C. After centrifugation at 1500
rpm for 8 min, the KCl was discarded. Cells were fixed
in fresh cool fixative up to 8 mL by gradually adding it
before being centrifuged again at 1500 rpm for 8 min.
The fixation was repeated until the supernatant was clear,
usually three times. Finally, the pellet was mixed with 1
mL fixative (depending on the amount of cell). The mix-
ture was dropped onto a clean and cold slide by a micro-
pipette, and then the air-dry technique was applied.

Conventional staining was done using 10% Giemsa’s
solution for 10 min (Phimphan and Aiumsumang, 2019).
Ag-NOR banding was performed (Howell and Black, 1980)
by applying two drops of 2% gelatin on the slides, fol-
lowed with four drops of 50% silver nitrate. The slides were
then covered with a cover slip and incubated at 60°C for
5 min or until the slide changed brownish. After that the
slides were dipped in distilled water to remove the cover
glass and air-dried on the slide. The microsatellites (CA);s,
(CGG),, (GC)y5, and (TA),s were synthesized according to
(Kubat etal., 2008; Supiwong et al., 2014). These sequenc-
es were directly labeled with Cy; at the 5terminus during
synthesis by Sigma (St. Louis, MO, USA).

Chromosome counting was performed on mitot-
ic metaphase cells under a light microscope. Twenty
clearly observable and well-spread chromosomes of
each male and female were selected and photographed.
The length of the short arm chromosome (Ls) and the
length of the long arm chromosome (LI) were measured,
and the length of the total arm chromosome (LT, LT =
Ls+Ll) calculated. The relative length (RL), the centro-
meric index (CI) and standard deviation (SD) of RL and
CI were estimated. The CI (q/p+q) between 0.50-0.59,
0.60-0.69, 0.70-0.89 and 0.90-0.99 were described as
metacentric, submetacentric, acrocentric and telocentric
chromosomes, respectively (Levan, 1964). The funda-
mental number (number of chromosome arm, NF) was
obtained by assigning a value of two to metacentric, sub-
metacentric and acrocentric chromosomes and one to
telocentric chromosome. All parameters were used in
karyotyping and idiograming.
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RESULTS AND DISCUSSION

The results showed L. gyldenstolpei had diploid chro-
mosome number of 2n=26 and fundamental number
(NF)=52, the karyotype comprised four large metacen-
tric, four large submetacentric, two medium metacen-
tric, 14 small metacentric and two small submetacentric
chromosomes. The karyotype formula of L. gyldenstol-
pei is 2n(26)= L™,+Ls™,+M™,+S™,+S*", in both males
and female, while sex chromosomes were cytologically
indistinguishable (Fig. 1A). The average lengths of each
chromosome including short and long arm length, total
length, relative length, and centromeric index were cal-
culated and presented in Table 1. The previous relevant
literatures have been reported that the numbers of dip-
loid chromosome and fundamental number in Lim-
nonectes studied herein are 2n=22-26 and NF=44-52
including, L. kuhlii and L. blytthii (Supaprom, 2003),
L. pileatus (Supaprom, 2003; Supaprom and Baimali,
2004), L. gruniens and L. modestus (Nasaruddin, 2009),
L. blytthii (Donsakul and Rangsiruji, 2005; Phimphan et
al., 2020) and L. taylori (Phimphan and Aiumsumang,
2019). (Table 2). Comparison to closely related species,
L. gyldenstolpei had diploid chromosome number simi-
lar to L. gruniens and L. modestus (2n=24), but is higher
than that in L. taylori (2n=22) and lower than L. kuhlii
and L. pileatus (2n=24). This result was the first report
on L. gyldenstolpei. These characteristics are consistent
with the theory that reorganization from the original
karyotype resulted from Robertsonian fissions, fusions,
or pericentric inversions (Gorman 1973; King 1978). Our
results confirmed 2n for L. gyldenstolpei species but with
differences in the diploid chromosome number. This
incongruence reflects probably the number of the Lim-
nonectes chromosomes, especially those of polyploids.

After Ag-NOR staining, these regions produce
numerous gene expressions and contain more non-his-
tone protein than others regions on the chromosome.
Accordingly, the dark band (NOR-positive) is induced
by the reduction of organic silver by these proteins that
change from silver to dark (Sharma et al., 2002). If these
regions were active during the interphase prior to mito-
sis, they can be detected by silver nitrate staining (How-
ell and Black 1980). The NOR could be detected to near
telomeric region on long arm chromosome pairs 1 (Fig.
1B). We found one pair of Ag-NOR sites in all of the
samples examined. However, the results were similar to
the previous report on L. kuhlii and L. blytthii (Supa-
prom, 2003), L. pileatus (Supaprom, 2003; Supaprom and
Baimai, 2004), L. gruniens and L. modestus (Nasaruddin,
2009), L. blytthii (Donsakul and Rangsiruji, 2005; Phim-
phan et al., 2020) and L. taylori (Phimphan and Aium-
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Figure 1. Metaphase chromosome plates and karyotypes of Limnon-
ectes gyldenstolpei, 2n=26 by conventional staining [A.], Ag-NOR
banding [B.], d(CA);5 [C.], d(CGG),, [D.] d(GC);s [E.] and d(TA) ;5
microsatellite probe [E]. Note scale bars indicate 10 micrometers.

sumang, 2019). The most striking variation is seen in
the morphology of the secondary constrictions. Gener-
ally, one major nucleolar organizer region is present per
genome (n), which may vary in its position between spe-
cies. However, closely related and often morphologically
very similar species share the same type and location of
their nucleolar organizer regions, which can therefore
provide an effective taxonomic.

Here the first molecular cytogenetic study in meta-
phase chromosomes stained by FISH. The in situ hybrid-
ized localization of microsatellites d(CA),5, d(CGG),,,
d(GC),5, and d(TA),5. Microsatellites, also known as
simple sequence repeats, consist of very short motifs (1-6
nucleotides in length) repeated in tandem arrays. Gen-
erally, they are located in the heterochromatic regions
(telomeres, centromeres and in the sex chromosomes) of
genomes, where a significant fraction of repetitive DNA
is expected to be localized (Supiwong et al., 2013). The
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Table 1. Mean length of short arm chromosome (Ls), length of long arm chromosome (Ll), length of total chromosomes (LT), relative
length (RL), centromeric index (CI) and standart deviation (SD) from 20 metaphases of male and female Limnonects gyldenstolpei, 2n (dip-

loid)=26.
Chromosome Ls 0 LT CLLSD RLASD Chroglosome Chromosome
pairs size type
1* 6.162 7.628 13.790 0.552+0.012 0.161+0.005 Large metacentric
2 4.166 6.849 11.015 0.62240.014 0.128+0.004 Large submetacentric
3 3.469 5.991 9.460 0.633+0.019 0.110£0.004 Large submetacentric
4 3.786 5.168 8.954 0.580+0.022 0.105+0.002 Large metacentric
5 3.700 4.503 8.203 0.550+0.018 0.096+0.003 Medium metacentric
6 2.179 2.966 5.145 0.577+0.014 0.060+0.002 Small metacentric
7 1.866 2.892 4.758 0.606+0.032 0.056+0.002 Small submetacentric
8 1.876 2.799 4.675 0.597+0.037 0.054+0.002 Small metacentric
9 1.766 2.590 4.356 0.595+0.017 0.051+0.002 Small metacentric
10 1.799 2.475 4.274 0.577%0.021 0.050+0.002 Small metacentric
11 1.609 2.387 3.996 0.596+0.015 0.047+0.001 Small metacentric
12 1.505 2.260 3.765 0.598+0.018 0.044+0.001 Small metacentric
13 1.486 1.967 3.452 0.572+0.024 0.040+0.002 Small metacentric
* NORs bearing chromosomes (satellite chromosome).
Table 2. Review of cytogenetic publications of family Dicroglossidae (genus Limnonectes).
Karyotype

Species 2n formula NF NORs FISH Reference
L. gruniens 24 24m 48 - - Nasaruddin et al. 2009
L. modestus 24 20m+4t 44 - - Nasaruddin et al. 2009
L. kuhlii 26 8m+14sm 52 2 - Supaprom 2003
L. pileatus 26 16m+10sm 52 2 - Supaprom 2003

26 16m+10sm 52 2 - Supaprom and Baimai 2004
L. taylori 22 16m+6sm 44 2 - Phimphan and Aiumsumang 2019

24 10m+12sm+2a 48 - - Donsakul and Rangsiruji 2005
L. blythii 24 20m+4sm 48 2 + Phimphan et al. 2021a
L. gyldenstolpei 26 20m+6sm 52 2 + Present study

2n diploid chromosome number, NF=fundamental number (number of chromosome arms), m metacentric, sm submetacentric, a acrocen-
tric, t telocentric chromosome, NORs Ag-NOR banding, FISH Fluorescence in situ hybridization, + positive and - not available.

result of L. gyldenstolpei analyzed was being abundantly
distributed on all telomere chromosomes such as, the
accumulation of (CA);;5 in long arm chromosomal pair 1
(Fig 1C), while (CGQG),, and (GC),5 detected subtelomeric
region on long arm chromosomal pair 1 (Fig. 1D, 1E)
and (TA),s sequences are not present in the all chromo-
some (Fig. 1F). However, an intriguing feature exclusive
for L. gyldenstolpei was the strong accumulation of all
microsatellites at the regions of specific chromosomal
pair, indicating that these microsatellites may be used
as chromosomal markers in this frog species. In the frog
genomes, microsatellites are usually abundant in the
telomeric and centromeric regions, Otherwise, the dinu-

cleotides (CA),5, (GC);5 and (CGG),, accumulated exclu-
sively in telomeric and subcentromeric chromosomal
regions, corroborating findings from other frog groups
studied to date (Phimphan, et al. 2021a; 2021b). These
molecular cytogenetics data could also be a substantial
prerequisite for future frog genome projects. This study
discovered that the cytogenetic maps of L. gyldenstolpei
allowed us to map out the steps involved in this species’
chromosomal rearrangement. This is the first report on
the Fluorescence in situ hybridization (FISH) study of
this species in Thailand.

The present study on the meiotic cell division of L.
gyldenstolpei found that during interphase, nucleolus
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Figure 2. Meiosis cell division of the Limnonectes gyldenstolpei,
2n=26 on interphase (A.), leptotene (B.), pachytene (C.), diakinesis
(D.), metaphase I (E.) and metaphase II (F.) by conventional stain-
ing technique. Scale bars indicate 10 micrometers.

could be clearly seen, while chromatins were absent.
In prophase, metaphase I (meiosis I) the homologous
chromosomes showed synapsis, which can be defined
as the 13 bivalent and 13 haploid chromosomes at
metaphase II as diploid species. It is confirmed for this
species had 2n=26 in similar to previous reports. The
largest metacentric chromosome pair 1 is the largest
bivalent. We found that L. gyldenstolpei had the dis-
tinct character of the observable leptotene (initiation
of chromosome shrinking), pachytene (completion of
chromosome synapsis) and diakinesis (terminalization)
according to Patawang (Patawang et al., 2013) (Fig. 2).
In conclusion, this study provides the first chromo-
some, molecular cytological details and Ag-NOR mark-
er for L. gyldenstolpei from Thailand. The results sup-
port the karyotype of genus Limmnonectes are conserved
among several other species. However, the chromo-
somal morphology may be slightly different depending
on populations of L. gyldenstolpei present in different
countries. Our results added new knowledge that can
be used for karyological comparative analyses in Lim-
nonectes species, on the basis of classical and banding
approach within this taxon.
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Abstract. Datura stramonium and D. innoxia are among the important species of
Datura genus. They have many uses in traditional and modern medicine. Since Iran is
located in the origin area of Datura, it is expected that Iranian germplasms are factors
of global genetic diversity of Datura. Ploidy level, chromosome number and length,
and genome size estimation were studied on 15 populations of both Datura species
mostly collected from different parts of Iran and a few from abroad. For chromosom-
al preparations, root tip was squashed and stained with 1% (w/v) aceto-orcein. For
genome size estimation, flow cytometric analysis was conducted on fresh developed
leaves of Datura samples along with those of internal standard reference (Solanum
lycopersicum cv. Stupick, 2C = 1.96 pg DNA), using PI fluorochrome. All the studied
populations were diploids (2n = 2x = 24). The mean chromosome length in D. stra-
monium and D. innoxia was determined as 1.97 um and 2.39 um, respectively; the lat-
ter had 21% larger chromosomes. The mean monoploid genome size was determined
as 3.80 pg in D. stramonium (ranged 3.65 pg to 3.93 pg) and 3.91 pg in D. innoxia
(ranged 3.68 pg to 4.30 pg). The present study provides completely new information
about cytogenetics in D. stramonium and D. innoxia populations from Iran for the first
time, which is useful for whole genome sequencing and the construction of genetic
and physical maps in the future.

Keywords: chromosome, DNA C-value, monoploid genome size, Datura, Iran.

INTRODUCTION

Solanaceae is a large plant family that includes economically species and
having still many members cytologically unexplored (Zhang et al., 2023).
The genus Datura from the Solanaceae family produces various secondary
metabolites, for example tropane alkaloids, terpenoids, and glycoalkaloids
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to defense against natural enemies such as herbivorous
insects, pathogenic agents (bacteria, fungi, viruses) and
different abiotic stresses (De-la-Cruz et al., 2021). The
classification of Datura species is organized into two
primary groups. The first group, Ceratocauli, consists
solely of the species D. ceratocaula. The second group
encompasses a variety of other species and is further
divided into two sections. The first section includes
D. arenicola, D. discolor, D. ferox, D. kymatocarpa, D.
leichhardtii, D. quercifolia, and D. stramonium, while
the second section (termed polyphyletic) comprises D.
innoxia, D. lanosa, D. metel, D. reburra, and D. wrightii
(Bye and Sosa, 2013) which are native to North Amer-
ica (De-la-Cruz et al., 2021), distributed in subtropical
regions of the world (Hassan and Amer, 2019; Papagri-
goriou et al., 2019). On the other hand, Karimi (2001)
believed that the origin of D. stramonium are India and
the western shores of the Caspian Sea. Hence, the two
species D. stramonium and D. innoxia are found abun-
dantly in Iran; D. innoxia is less distributed than D.
stramonium in coastal areas, but it is more distributed
in the outskirts of cities (Ghahraman, 1998; Muzafar-
ian, 2000). Among the Iranian names of Datura weed,
Tatore weed, Tatoleh, and Jozmash can be notified
(Kirimi, 2001). In which, D. stramonium also known as
the Thorn Apple, Jimson Weed, and Angel’s Trumpet
(Disel et al., 2016). Both D. stramonium and D. innox-
ia are important species of Datura genus (Batool et al.,
2020; Al-Zharani et al., 2021), having several traditional
and modern medicinal uses (Mohammed et al., 2021).
Morovati et al. (2023) showed that the essential oil of
the aerial parts of D. stramonium is rich in monoterpe-
noid derivatives such as camphor and borneol, which
are widely used as therapeutic agents against the prolif-
eration of cancer cells for the treatment of neurological
and antiviral disorders (Salakhutdinov et al., 2017).
Genome size, chromosome number and structure
changes play an important role in speciation events,
adaptation and the development of new genetic networks
during evolution (Pellestor and Gatinois, 2020; Winter-
feld et al., 2020). Accordingly, analysis and chromosome
observation and genome size estimates, elucidate phylo-
genetic relationships, structure, function, organization,
and evolution (Amosova et al., 2019). Such cytogenetic
studies may be useful in establishing systematic and evo-
lutionary relationships, resolving taxonomic ambiguities,
and achieving a better understanding of the branching
pattern of Datura genera (Dobigny et al., 2004; Knight et
al., 2005; Bancheva and Greilhuber, 2006; Guerra, 2008;
Bainard et al., 2013). Hence, for those reasons, many
studies are conducted to genome size estimates and
chromosomes studies (Burchardt et al., 2020).
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Variation of chromosome number in the Datura
genus can indicate intra- and inter-specific differences
in genomic DNA quantities and also, variation of intra/
interspecific genome size may reflect karyotypic dif-
ferences, such as differences in the case of chromo-
some number and size (Bennett et al., 2008). Previously,
Blakeslee (1921) reported various chromosome number
in D. stramonium as 2n = 12, 25, 26, 36, and 48 in the
USA, but in recent years Hassan and Amer (2019) stated
that the commonly chromosome number in this spe-
cies was 2n = 24. Confirming the latter report, Badr et
al. (1997) verified the chromosome base number in D.
innoxia and D. stramonium as n = x = 12. Moreover,
recently, Sadeghian and Hatami (2022) clarified that D.
innoxia is diploid with 2n = 24. Monoploid genome size
(1Cx-value) as the amount of DNA of one basic chromo-
some set (with chromosome base number x), regardless
of the degree of generative polyploidy, aneuploidies, etc.
(Greilhuber et al., 2005; Karimzadeh et al., 2011; Abedi
et al., 2015).

In previous study, the 2C DNA of D. stramonium
was reported as 4.18 pg. (Kube$ova et al., 2010). Also, in
the report of Bennett and Smith (1976) who evaluated
the absolute amounts of nuclear DNA for 753 species of
angiosperms, using Feulgen microdensitometry. The 2C
DNA of D. innoxia was reported as 4.60 pg (Bennett and
Smith, 1976). Due to shortcomings in some of the used
cytogenetic techniques and lack of access to detailed
information on DNA C value, karyology, and ploidy lev-
els of Datura genus and since Iran is located in the cent-
er of the origin of diversity, so it is expected that Irani-
an Datura germplasm indicates much of the worldwide
genetic diversity of Datura. On the other hand, there is
no reliable report regarding the number of chromosomes
and genome size regarding Datura genus in Iran. Thus,
reliable conclusions cannot be drawn on the actual range
of chromosomal variation in Datura without consider-
ing the Iranian germplasm. Hence, the current study, for
the first time, was aimed to provide a detailed survey of
chromosomal and genome size variation in the Iranian
D. stramonium and D. innoxia by focusing on popula-
tions that were not studied before. For this purpose, sev-
eral Iranian populations of D. stramonium and D. innox-
ia were investigated.

MATERIALS AND METHODS
Seed collection site
The seeds of 13 Iranian endemic populations of

Datura stramonium (9 populations) and D. innoxia (4
populations) were collected from different sites of Iran
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Table 1. Locality collection characteristics of D. stramonium and D. innoxia.

Altitude (m) Latitude (N) Longitude (E)

Local Collection locations Population codes

1723 35°43’57” 53°37°49”
1612 32°36'127 51°26°01”
120 39°29°'18” 48°07°49”
1500 36°42°15” 48°21°317
1362 36°26'177 45°56’43”
65 38°06'44” 41°07°33”

30 33°95°04” 41°55’89”
1505 29°34’80” 52°3526”
1880 11°16'46” 51°49°27”
1880 11°16'46” 51°4927”
1269 35°44’'177 51°1023”
1800 37°12’117 44°52°21”7
1914 34°27°00” 46°80’76”
981 34°35'17” 50°49°02”
838 29°49°17” 51°33°48”

Semnan, Semnan, Iran S1P1
Isfahan, Isfahan, Iran S1P2
Mughan plain, Ardabil, Iran S1P3
Zanjanrood, Zanjan, Iran S1P4
West Azerbaijan, Iran S1P5
Saravan, Gilan, Iran S1P6
Venous Rezvanshahr, Gilan, Iran S1P7
Shiraz, Fars, Iran S1P8
RuBland (RUS) S1P9
Brasitieh (BRA) S1P10
Tehran, Tehran, Iran S1P11
Turgor, Urmia, Iran S2P1
Mahidasht, Kermanshah, Iran S2P2
Qom, Qom, Iran S2P3
Kazerun, Fars, Iran S2P4

S1: Datura stramonium, S2: Datura innoxia.

during the October and November of 2021, also, two
populations (P9, P10) of Datura stramonium species were
prepared from Leibniz Institute of Plant Genetics and
Crop Plant Research (IPK), Germany. The species code
and geographical descriptions, including latitude, longi-
tude, and altitude are shown in Table 1 and Figure 1.

Plant material and growing conditions for genome size esti-
mation

For study the genome size, the collected seeds were
planted in grow bags with 10 kg soil (sandy loam) and
placed for three months in greenhouse of agricultural
faculty of Tarbiat Modares University in Tehran. Under
greenhouse conditions, average air temperature was 25
°C. Finally, the developed leaves at the four-leaf stage
were collected to determine their genome size.

Flow cytometric genome size estimation

The 2C-value of each Datura species was determined
by flow cytometric analyses. FCM (Flow cytometric)
analysis was carried out by PI (Propidium Iodide) stain-
ing technique and Solanum lycopersicum cv. Stupicke; 2C
= 1.96 pg DNA (Dolezel et al., 1998) as an internal ref-
erence standard plant (Figure 2). About 2 cm? of healthy
fresh young leaves of Datura and internal reference
standard were co-chopped with a sharp razor blade in a
glass petri dish, containing one ml of ice-cold WPB buft-
er (Woody Plant Buffer, Loureiro et al., 2007). The crude

S1P2

{1/ 82P4 g pg
e .

,{
! .'1)

as
Figure 1. Location of the sampling sites of 13 Iranian endemic
Datura populations on the map of Iran.

nuclei suspension was filtered through a 30 um green
nylon mesh (Partec, Miinster, Germany). Then RNase
(Sigma-Aldrich Corporation, MO, USA) and propidium
iodide (PI; ach 50 ug ml™) was added. For the resulting
sample, the relative fluorescence intensity was calcu-
lated. After incubation for two min at RT, to determine
the amount of genomic 2C DNA, the nuclei suspension
was examined by BD FACSCantoTM-KE flow cytometer
(BD Biosciences, Bedford, MA, USA), equipped with an



56

Figure 2. Two species of Datura in grow bags in greenhouse (a).
Datura innoxia, (b) D. stramonium (c). Solanum lycopersicum cv. Stu-
picke (2C = 1.96 pg DNA) the internal reference standard plant (d).

argon ion laser (488 nm) via BD FACSDivaTM software.
At least 5,000 nuclei were typically analyzed for each
sample in three replications (Sayadi et al., 2022; Zarabi-
zadeh et al., 2022). For create a histograms, the range of
gating zone was calculated by using the Partec FloMax
ver. 2.4e. (Partec, Miinster, Germany). The measurements
of relative fluorescence intensity of stained nuclei were
performed on a linear scale. By calculating the values of
the means of GI peak, the absolute DNA amount of each
sample was estimated (Dolezel et al., 2003, 2007; Greilhu-
ber et al., 2005; Karimzadeh et al,, 2011) as follows:

Sample 2Cx DNA (pg) = (Sample G1 peak mean/Stand-
ard GI peak mean) x Standard 2C DNA (pg).

Value was calculated based on a conversion formula
where 1 pg of DNA represents 978 Mbp (Dolezel et al.,
2003).

Chromosome analysis

Initially, the scraped seeds were placed in Petri
dishes with sandpaper and germinated on moist filter
paper at 20 - 25 °C under light conditions in a growth
chamber. For the cytological preparations, each root tip
(0.5 - 1 cm long) was removed and pretreated with 0.002
M 8- hydroxyquinoline at 25 °C for 2.5 h in the dark
to induce cell cycle delay in metaphase. The roots were

Zahra Morovati et al.

washed by distilled H,O in several times and fixed in 3:1
(v/v) of ethanol and glacial acetic acid (Carnoy solution)
at 4 °C for 17 h. The fixed roots were washed in distilled
H,O, hydrolyzed in 1 M HCI1 at 60 °C (11 min for D.
stramonium and 13 min for D. innoxia) in a water bath,
and washed in water, then stained by aceto-orcein 1%
(w/v) at 25 °C (50 min for D. stramonium and 60 min for
D. innoxia) in darkness (Reference). Finally, for micro-
scopic studies, the five root tips from different individu-
als were squashed in a drop of 45% (v/v) acetic acid and
analyzed per Datura populations. Slides were examined
and High-resolution microscopic digital photographs
(Super High Quality; SHQ; Tiff format images) were
acquired, using an Olympus BX50 (Olympus Optical
Co., Ltd., Tokyo, Japan) microscope equipped with an
Olympus DP12 digital camera. It is reminded that each
replicate is a cell from the meristem of the plant and five
slides from the terminal meristem of five different plants
were prepared from each population.

Statistical analysis

The karyotypic and flow cytometric data was ana-
lyzed according to analysis of variance based on a com-
pletely randomized design with five and three replica-
tions, using SAS Statistical Package Program version 9.0
and SPSS software version 20. The PROC UNIVARIATE
within SAS was used to test the assumptions of ANOVA,
and residuals were normally distributed. The means were
compared through the least significant difference (LSD)
posthoc test at the 5% probability level. Moreover, the
standard errors of the means were calculated.

RESULTS
Chromosome counts and length and ploidy level

Figures 3 show the somatic complement karyotypes
in the 15 D. stramonium and D. innoxia populations.
All cells studied of the examined Datura populations
consistently had ploidy levels and chromosome number
of 2n =2x= 24 were with small chromosomes. Based on
ANOVA results, among populations D. stramonium for
Chromosome length (CL), were significant differences (P
< 0.05; Table 2). The mean chromosome length (CL) was
determined as 1.966 pm, varied from 1.627 um (S1P2) to
2.286 um (S1P8, Table 3). On the other hand, the ANO-
VA results, among populations D. innoxia verified sig-
nificant differences (P < 0.01; Table 2) in Chromosome
length (CL). The highest and the least values of Chromo-
some length (CL) in S2P1 (2.819 pum) and S2P2 (1.967
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- S2P3

Figure 3. Somatic chromosomes (2n = 2x = 24) of 11 Datura stramonium populations and four D. innoxia populations. Scale bar = 5 pm.

um), respectively and the mean Chromosome length in  etry. In the process of estimating the DNA content of
this species was 2.388 um (Table 3). the nuclei in the leaf tissue, two peaks were observed in

the obtained histograms. In all populations under study,

the left peak corresponds to the Solanum lycopersicum
Flow cytometric analysis of monoploid genome size cv. Stupicke (2C value = 1.96 pg DNA) internal reference
standard plant, and the right peaks refer to the Datura
populations (Figures 4). Based on the ANOVA results
(Table 4), no significant difference in the comparison

The nuclear DNA values of 15 populations of two
species of Datura genus were estimated by flow cytom-
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Table 2. ANOVA of chromosome length (um) of Datura stramoni-
um and D. innoxia populations.

Zahra Morovati et al.

Table 4. ANOVA of monoploid genome size (2Cx DNA, pg) of
Datura stramonium and D. innoxia populations.

D. stramonium D. innoxia D. stramonium D. innoxia
S.0.V. S.0.V.

df MS df MS df MS df MS
Population 10 0.17039" 3 0.6176" Population 10 0.03099"¢ 3 0.25142"
Error 44 0.06506 8 0.1081 Error 44 0.05217 8 0.04042
Total 54 11 Total 54 11
CV% 12.97 13.77 CV% 6.0 5.12

*Significant (P<0.05); “Significant (P<0.01).

Table 3. Means (+SE) and the range comparisons of chromosome
length (um) of Datura stramonium and D. innoxia populations.

" non-significant (P>0.05); ~ Significant (P<0.05)..

Table 5. Means (+SE) and the range monoploid genome size (DNA
2Cx value, pg) of D. innoxia populations.

Population CL (um) Population CL (um) Population ~ 2Cx genome 1Cx genome 1Cx genome
codes D. stramonium codes D. innoxia codes size (pg) size (pg) size (Mbp)
S1P1 2.032 + 0.212%¢ S2P1 2.819 £ 0.076° S2P1 4.305 £+ 0.032* 2.152 2104.66
S1P2 1.627 + 0.0714 S2P2 1.967 + 0.142° S2P2 3.682 + 0.122° 1.841 1800.50
S1P3 2.133 +0.132% S2P3 2.323 +£0.119% S2P3 3.708 + 0.119° 1.854 1813.21
S1P4 1.757 + 0.061< S2P4 2.441 + 0.216% S2P4 3.963 + 0.155% 1.982 1938.40
S1P5 1.883 + 0.086"¢ Mean 3914 1.957 1914.19
S1P6 2.006 + 0.100%¢ --- -—- Range 3.682-4.305 1.841-2.152 1800.50-2104.66
S1P7 2.005 + 0.092%¢ --- --- LSDsy, 0.377
S1P8 2.286 £ 0.119* --- -

S1P9 1.985 + 0.068%¢ --- ---
S1P10 2.092 + 0.160% --- --- . . . .

to examine karyotype diversity and estimate genome
S1P11 1.820 + 0.040°¢ ) .

size from the new and unworked populations of Datura
Mean 1.966 2.3876 . . .

plant, are being reported for the first time in the world.
Range 1:627-2.286 19672819 Our results provide basic cytogenetic information for
LSD,, 0.325 0.607 P ytos

CL: chromosome length (um), S1: Datura stramonium, S2: D.

innoxia.

of genome size among populations D. stramonium was
observed. However, the mean monoploid genome size
was determined as 3.8 pg, varied from 3.650 pg (S1P5) to
3.934 pg (S1P4). Also, the ANOVA results, between four
populations D. innoxia verified significant differences in
genome size (Table 4). The mean genome size (Table 5)
was determined as 3.91 pg, varied from 3.682 pg (S2P2)
to 4.305 pg (S2P1).

DISCUSSION

Fifteen Datura populations we studied, among
which nine populations of Datura stramonium and four
populations of D. innoxia were of Iranian endemic ori-
gin. The results of the current study, which were used

these two species, which are helpful for the whole-
genome sequencing and the construction of genetic and
physical maps in the future. Cytogenetic investigations
carried out on the populations of Datura stramonium
and D. innoxia showed that all the studied populations
were diploid with chromosome number of 24, which was
completely consistent with the results of previous reports
(Badr et al., 1997; Hassan and Amer, 2019; Sadeghian
and Hatami, 2022). Because of short chromosomes’
lengths, the locations of the centromeres could not be
identified clearly, hence chromosome length (CL) param-
eter was measured, as reported for different species
by researchers (e.g. Morales Valverde, 1986; Karimza-
deh et al., 2010; Abbasi-Karin et al., 2022; Rasekh and
Karimzadeh, 2023, Yari et al., 2024). According to the
results of the current study, the mean chromosome
length (CL) in D. stramonium and D. innoxia popula-
tions was 1.97 pum and 2.39 pum, respectively. In other
words, D. innoxia populations had 21% larger chromo-
somes. Moreover, in the present study, the leaf materi-
als were used for the estimation of genome size, using
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Figure 4. Histograms of monoploid genome size (2Cx DNA content) of Datura stramonium and D. innoxia populations. The left peaks refer
to the G1 peaks of Solanum lycopersicum cv. Stupicke (2C = 1.96 pg DNA) as an internal reference standard plant and the right peaks refer

to the G1 peaks of the samples.



60

flow cytometric analysis (Mohammadpour et al., 2022;
Rasekh and Karimzadeh, 2023; Yari et al., 2024). The
mean monoploid genome size in D. stramonium and D.
innoxia populations was 3.799 pg and 3.914 pg, respec-
tively. The cytogenetic information obtained from this
research is more than the mean chromosome length and
the mean genome size reported in the previous studies
(Bennett and Smith et al., 1976; Badr et al., 1997). The
reason for this is unknown, but this difference could be
related to the cell cycle, the rate of cell division, ecologi-
cal behavior in plant communities and life forms, and
differences between the methods of nuclear DNA con-
tent analysis (Bennett et al., 2000). On the other hand,
previous studies have only been conducted on one popu-
lation. In general, it can be concluded that the average
chromosome length and average monoploid genome size
in D. innoxia species are 0.40 and 0.11 times higher than
those in D. stramonium species, respectively.
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Abstract. Leguminous plants have always been highly valued to meet the nutritional
necessities of human. An attempt to for genome multiplication in a legume crop is
present in this study. Induced polyploidy as a technique has opened immense future
prospects for the agriculture world. In this regard, in-vivo autopolyploidization experi-
ment was planned on Cluster bean (Cyamopsis tetragonoloba (L.) Taub.). Present
study is the successful documentation of the artificial induction of genome doubling
by the application of colchicine i.e.C, and is the first report of its successful establish-
ment in the next generation (C,). Colchicine treatment was given to the young seed-
lings in two different concentrations of 0.2 and 0.4% for three different time durations.
Results deciphered that chromosomal complement in case of diploid control plant
is 2n=2x=14, whereas in the true polyploids it went on to be 2n=4x=28. Among the
total of 148 seedlings that were treated with colchicine solution, 44 putative polyploid
plants were monitored based on their distinctive morphological variations. Efficiency
of 0.2% concentrations was found to be more than 0.4% concentrations. Palynological
and anatomical evidences were also used for ascertaining polyploid organization to the
putative plants with increment in size of stomata and pollen grains in the successful
autotetraploids. Stomatal size is also an important determinant of ploidy where larger
stomata with increase in chloroplast number was a typical feature among tetraploids.
Cluster bean is a self-pollinated crop with narrow genetic base, but ploidy manipula-
tion experiment might augment in broadening the genetic diversity. Procurement of
large sized flower and seeds is a promising benchmark considering its improved aes-
thetic value. Autopolyploidization via colchicine has bestowed with the splendiferous
act that offers prudent significance for diverse fields.

Keywords: Colchicine, chromosome, induced polyploidy, legume, meiosis.

INTRODUCTION

The seemingly proficient pace of morphological up-gradation required
several editing at genetic level to augment a more robust genome constitu-
tion. One such passage was attained via accomplishment of polyploidy has
been suggested as a major driving force of plant evolution (Soltis and Soltis
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2009). There is ample source of evidence in this relation
since many sequenced genomes display the signature of
polyploid ancestry (Comai 2005; Yu et al. 2005). Classic
studies estimated that 30-50% of angiosperms are poly-
ploids (Stebbins 1950). It is proposed to be the most pre-
dominant mechanisms of sympatric speciation in plants
(Sattler et al. 2016). The first example of a natural plant
polyploid was the gigas mutant of Oenothera lamarkiana
catalogued by De Vries (Lutz 1907). Lateron, Winkler
(1916) recorded first artificial polyploid in Solanum via
callus regeneration from the surfaces of stem explants
and coined the term ‘polyploidy’ for these types of plant.

Several anti-mitotic agents are known to engineer
polyploids artificially such as oryzalin, trifluralin and
colchicine. However, in the present study colchicine has
been selected. Colchicine is an alkaloid extracted from
meadow saffron (Colchicum autumnale L.) which binds
tubulin dimers in vitro and results in the formation of a
tubulin-colchicine complex acting primarily to prevent
microtubule (MT) assembly (Panda et al. 1995). It has
been successfully used to modify the chromosome num-
bers in diverse plants species including ornamentals,
medicinal and cereals.

Cluster bean or Guar (Cyamopsis tetragonoloba is a
chief leguminous vegetable crop of semi-arid regions of
the Indian sub-continent. It is an economically impor-
tant gum yielding plant and a wonderful green manure
crop with magnificient soil replenishing properties. The
sterols of guar seeds include campesterol, avenasterol,
stigmasterol, sitosterol and traces of Delta-7-avenasterol,
stigmast-7-enol, brassicasterol and cholesterol (Mukhtar
et al. 2006). The plant contains many important nutri-
ents and phytochemicals such as saponin and flavonoids
and is well-known traditional plant used in folklore
medicine (Mukhtar et al. 2006; Wang and Morris 2007).
Considerable levels of saponin help in normalizing
cholestrol levels in body.

Gum yielded from seeds is natural polysaccha-
ride galactomannan rich constituents found effective in
osteoarthritis, transdermal drug delivery systems (Mur-
thy et al. 2004). These pharmacological properties and
immense economic importance are the compelling forc-
es to enhance the productivity of clusterbean. Attempts
to elevate endogenous phytochemical constituents as
well as protein content of this excellent nutraceutical
plant shall have excellent contribution. This has been
the foundation for conceptualising autopolyploidization
experiment on cluster bean. Three crucial parameters
including cytogenetical, morphological and anatomi-
cal were explored for granting confirmatory elucidation
regarding successful polyploid induction.
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MATERIAL AND METHODS
Plant material

Accessions of seeds of Cyamopsis tetragonoloba
were procured from regional station of National Bureau
of Plant Genetics Resources i.e. Central Arid Zone
Research Institute, Jodhpur Rajasthan and among these
RGC- 1038 was selected for experimental work.

Agroclimatic conditions of the experimental site

This study was conducted in an experimental cage
in Roxburgh Botanical Garden, Department of Botany,
University of Allahabad, Prayagraj, UP, India during
kharif season (July to November). The geographical loca-
tion is 25°27°43.01”N, 81°51’10.42”E. Prayagraj lies in
sub-tropical climatic zone and receives an annual rain-
fall of 1027mm where relative humidity is 59%.

Colchicine treatment

Previous literature mentioning standardised proto-
cols for colchicine treatment were referred. Fresh seeds
of cluster bean were sown in triplicates in pots. After
the emergence of two-cotyledonary stage of seedlings,
colchicine treatment (C,,H,;NOg) was applied on their
apical meristem. For this, good quality of sterilized
absorbent cotton was utilised for making small spherical
balls. Cotton balls dipped in colchicine solution at two
different concentrations viz. 0.2% and 0.4%, were placed
in between cotyledons carefully for three different time
duration of 12 hours (1 day), 24 hours (2 consecutive
days) and 36 hours (3 consecutive days), respectively.
The plants were covered with earthen pots to prevent
evaporation of colchicine solution from the cotton balls.
For 24 hours and 36 hours, the treatment was repeated
for second and third day also. After completion of each
treatment, cotton balls were removed and the growing
apical tips were washed thoroughly with distilled water.
Plants were carefully monitored in their developing stage
in normal field condition.

Morphological studies and anatomical studies

Recording of the various morphological characteris-
tics in the diploid and tetraploids was an important pur-
view of this work. Henceforth, parameters such as plant
height, Days to 50% flowering, Days to 50% maturity,
leaf length, leaf breadth, cluster per plant, pods per clus-
ter and seed weight were calculated for C, and C, gen-
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Table 1. Colchicine treatment on the apical meristems of seedlings of Cyamopsis tetragonoloba.

. Durations of Number of . Expected Reverted Confirmed
Concentration . Plants survived . .
treatment (hrs) seedlings polyploids polyploids Number %
12 24 23 - - - 0
0.2% 24 24 21 8 6 2 8.33%
36 24 18 15 12 3 12.50
12 24 17 9 - -
0.4% 24 24 15 10 9 1 4.16
36 24 12 - - - -

eration. With respect to the control (diploid), morpho-
logically distinct features such as leathery texture and
excessive hairy outgrowth were marked, based on this
several plants were suspected to be of polyploid organi-
zation. The epidermal layer from the abaxial surface of
fully expanded leaves was stripped with a razor blade for
stomatal study. Stomata of these leaves were observed
under microscope by preparing temporary glycerine
mounts. Differences in the size of suspected polyploid
and diploid plants were taken into account by measur-
ing three parameters i.e. stomatal index, stomatal length
and stomatal breadth on micrometer scale in Dewinter
Bio-wizard software at 40X resolution. For length and
breadth measurement, data from 20 microscopic views
were recorded from each slide for diploid and polyploid
leaf samples for C, and C, generation.

Meiotic study

With the arrival of blooming season, young floral
buds were fixed in Carnoy’s fixative (Glacial Acetic Acid
and Absolute alcohol in proportion of 1:3, v/v) which
were transferred to pure alcohol next day for preserva-
tion at 4°C. These buds were utilised for performing
microsporogenic studies where anthers were teased in
2% acetocarmine stain with traces of Iron acetate. Slides
were observed under Olympus CH20i at 40X resolu-
tion and photography was done using Pinnacle soft-
ware under Nikon phase contrast microscope. Chromo-
some counting, as prescribed to be the usual method
for ploidy determination (Maluszynska 2003), was per-
formed in the meiocytes of suspected polyploids and
diploids was done. Pollen fertility was also calculated
as assessment of viability is imperative in relation to the
reproductive success of plants. Adequately stained glo-
bose pollen grains were marked as fertile against those
pollens which appear to be pale yellow with shrunken
cytoplasm.

Statistical analysis

Statistical calibration was done using SPSS 16.0 version
of software. The means were compared at p<0.5 applying
Post hoc and Duncan Multiple Range Test (DMRT).

RESULTS

With the help of detailed study, six successful poly-
ploids were isolated on the basis of morphological,
cytogenetical and anatomical studies.

Morphological observations

After treatment, an instant retardation in growth
was discernible in the seedlings unlike that of the of
control set. Emergence of the third leaf was delayed by
a week in the treated sets, while in case of control it
appeared normally within a span of three to four days
after seedling emergence. Survivability was also affected,
especially at 0.4% concentration, as some of the seed-
lings collapsed plausibly because apical meristem was
damaged due to cellular necrosis. After initial hindranc-
es, these plants got acclimatized and normalized towards
growth and development. However, their rate of growth
was still slower than that of the diploid ones which had
attained normal plant height and were profusely devel-
oped. An array of variations were visible in leaves and
this is demonstrated in Figure 1. Leaves were highly
deformed and appeared to be invariably concentrated in
a whorl at the first node. Leaves were peculiarly leathery,
thickened and of fairly large sized as compare to the dip-
loid ones. Large number of trichomes were present on
the leaf surface which imparted glabrous texture to the
stem and leaf surface, as shown in Figure 1. There were
certain plants which initially displayed morphological
variations and were prudently examined, however they
reverted later on.
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Figure 1. Mutants/variants in leaf shape A: Control; B: Waxy thick-
ened seedling; C: Stunted growth at seedling stage; D: Leathery
sinuous leaf; E: Surface extension from one side of leaf; F: Sinulate
leaf; G: Leaf fusion among two leaflets of trifoliar leaf; H: Leathery
coated leaf; L Triapiculated leaf; J: Elliptical leaf protrusion from leaf
midrib; K: Glabrous assymetrical leaf; L: Tomentosa leaf.

With the onset of flowering, several notifiable dif-
ferences in the reproductive stages were also observed
and monitored. Flowers are usually present in clusters
but the number of flowers in the cluster was quite less in
these putative polyploids; however the size of the flowers
(Figure 2E) alongwith the reproductive organs (Figure
2G) was distinctively and conspicuously enlarged with
respect to the diploid ones. This behaviour is perceived
in relation to the ‘gigas’ effects of polyploidy. A unique
flower with splitting of the two fused petals was spotted
(Figure 2F). Days to 50% flowering was recorded, data of
which implicits delay in flowering in case of tetraploid
plants as mentioned in Table 2. Days to 50% maturity
was also delayed by significant margin in tetraploids as
compared to the diploids. Seed setting was affected in

Figure 2. Morphological traits in diploid and autotetraploid plants
of Cluster bean [Cyamopsis tetragonoloba (L.) Taub.]. A: Seedling of
diploid (2n=14); B: Dark green thick texture of putative polyploid
seedling; C: Comparative trend of diploid and polyploid plants; D:
Leaves of diploid and tetraploid plants; E: Flowers from diploid and
tetraploid plants; F: Flower with splitting of petals; G: Reproductive
unit of diploid and polyploids; H: Diploid and tetraploid seeds.

the polyploids; however the size of seed was enlarged as
shown in Figure 2H.

Anatomical observations

Compared to stomata of control plants, stomatal appa-
ratus of several suspected polyploid plants were encoun-
tered to be larger, that were surrounded by jumbo sized
accessory cells (Figure 3). Number of chloroplast per sto-
mata was also increased. Both stomatal length (22.18+0.38
micrometer) and stomatal breadth (13.45+0.65 microm-
eter) were remarkably increased in polyploid plants as
compare to diploids where calculated stomatal length
was 15.93+0.28 micrometer and stomatal breadth was
10.54+0.15 micrometer (Figure 3A and 3B). Data of these
parameters is mentioned in Table 2.

Cytogenetical and palynological observations

Previous cytogenetical illustration at mitotic stages
has proved that chromosomal complement in Cyamop-
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Table 2. A comparative analysis of various morphological parameters in diploid and autotetraploid plants of Cyamopsis tetragonoloba (L.)

Taub. in C, and C, generation.

Diploid plants (2n=14)

Autotetraploid plants
C, generation

Autotetraploid plants
C, generation

Characteristics (Mean + SE) (2n=4x=28) (2n=4x=28)
(Mean + SE) (Mean + SE)
Plant height (cm) 86.33x1.91 45.66x1.56 51.70%2.07
Days to 50% flowering 48.66+0.88 65.66+1.45 57.33%+1.76
Days to 50% maturity 87.66x1.20 117.33+1.40 113.33+3.84
Leaf length (cm) 7.37£0.52 9.77+0.78 9.60+0.85
Leaf breadth (cm) 4.43+0.26 5.50+0.28 5.87+0.64
Length of Stomatal guard cells (micrometer) 15.93+0.28 22.18+0.38 20.71+0.72
Breadth of Stomatal guard cells (micrometer) 10.54+0.15 13.45+0.65 12.89+0.56
Size of Pollen Mother Cells (micrometer) 16.18+0.74 27.97+1.15 28.08+1.18
Size of Pollen grains (micrometer) 18.93+0.57 33.01+0.83 33.68+0.87
Pollen fertility 97.66+0.88 61.66+0.88 64.33£2.40
Cluster per plant 12.33+1.20 6.33+0.66 6.66+0.33
Pods per cluster 10.00+0.57 4.33 +0.88 5.67+0.66
Seed weight (gm) 1.57+0.11 2.3740.15 2.18+0.14

S.E. = Standard Error.

Table 3. Metaphase I configuration of all induced autotetraploids in
Cyamopsis tetragonoloba (L.) Taub.

Chromosomal Associations Percent frequency (Mean + SE)

SII+2IV+1II+11 2.97+0.21
711 43IV + 21 2.19+0.1
7II+1IV+1VIII+21 1.55+0.09
S5II+3IV+1VI 0.92+0.24
AIT+2IV+1ITI+1VIIT+11 1.55%0.09
411+2IV+3111+31 1.25+0.16
3II+2IV+21IIT +1VII+11 1.08+0.11
3II+1VII+1VI+1V+1III 0.77+0.16
3I+1X+1V+1IV+11I1 0.95+0.29
3II+2IV+11+2V+11 1.25+0.16
211+2VI+1V+1IV+1II1 0.93+0.04
1I+1VI+3IV+1VIII 0.96+0.31
1I+1X+2IV+1V+1II1 0.63+0.18
HI+2VI+2V+11V 0.46 + 0.02

sis tetragonoloba is 2n=14. Haploid or the base chro-
mosome number of this plant is n=x=7. Figure 4 is the
cytological plate which denotes various stages of meio-
sis in Pollen mother cells of diploid as well as in poly-
ploid cells. Size of PMC was enlarged in case of poly-
ploid cells as it was measured to be 27.97+1.15 microm-
eter against the diploid cells 16.18+£0.74 micrometer.
Figure 4A is metaphase I and Figure 4B is anaphase I
in case of control. Microsporogenic studies in the sus-
pected polyploids were performed, where diakinesis

and metaphase I (Figure 4C) stages revealed that num-
ber of chromosomes bivalents was 14. Chromosomal
counting was also done at anaphase I where 14:14 pole-
ward separation was recorded (as mentioned in Fig-
ure 4D) against the diploid chromosome segregation
of 7.7. This provides affirmation to the chromosomal
doubling. Several prominent multivalents configura-
tions were recorded, data of which is documented in
Table 3. Figure 4E to 4] is the illustrations of multiva-
lent configurations. Laggards (Figure 4N) at anaphase I
and unequal separation at anaphase were also recorded.
Figure 4M shows 12:16 unequal separation of chromo-
somes at anaphase I towards opposite poles.

Palynological study was executed to assess viability
of pollens in the diploids and polyploids. A noteworthy
increment in pollen size was registered in the pollen
grains of polyploids. Pollen size of diploid pollen grains
was 18.93+0.57 micrometer whereas in polyploids, it
was measured to be 33.01£0.83 micrometer. Figure 3C
and 3D is diploid and polyploid pollens. Pollen fertility
was considerably reduced in polyploids as it declined to
a very low percentage of 61.66+0.88 compared to 97.66
+ 0.88% of control.

C, generation observations
The plants of C, generation were comparatively

stronger, resistant, healthier and larger than those of
C, generation. The morphological traits such as plant
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Figure 3. Stomatal and pollen morphology in diploids and auto-
tetraploids of Clusterbean. A: Stomata (diploid) at 10X; B: Stomata
(autotetraploid); C: Stomata (diploid) at 40X; D: Stomata (autotetra-
ploid at 40X; E: Diploid pollen; F: Tetraploid pollen (40X).

height, length displayed a slight increment while leaf
breadth, stomatal guard cell length and breadth dis-
played a slight decrement in C, generation as compared
to C, generation (Table 2). The morphological param-
eters such as days to 50% flowering and days to maturity
of C, generation of colchicine induced autotetraploids
were registered as 57.33 and 113.33 days which was con-
siderably earlier than C, generation.
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M N

Figure 4. Chromosomal complement in diploids and polyploidy
plants. a and b are PMCs of diploid plants- A: Normal meta-
phase I (seven bivalents); B: Normal anaphase I (7:7 separations),
C-P are stages of autotetraploid PMCs- C: Metaphase I with 14
bivalents; D: Anaphase I with 14:14 separations; E-J are multi-
valents- E: 2I[+61+31I1+1IV+1V; F: 4I1+2IV+1III+1VIII+1L; G:
HI+1VI+3IV+1VIIL H: 311+ 2IV+2ITI+1VII+1T; 1o 1X+ 2111+31V;
J: 311+2IV +1III+ 2V +11I; K: Precocious movement with sticki-
ness at one side at Metaphase II; L: Two precocious at Metaphase
IT; M: Unequal separation at Anaphase I where 12:16 chromosomes
at opposite poles; N: 4 Laggards at Anaphase I; O: Asynchronous
division; P: unoriented Anaphase II. Scale bar - diploid cell (16.18
micrometer), polyploid (27.15 micrometer).

DISCUSSION

Polyploidization, in a simple sense, is the heritable
condition of possessing more than two complete sets
of chromosomes (Comai 2005) which is regarded as an
important speciation mechanism for all eukaryotes and
has a profound impact on biodiversity dynamics and
ecosystem functioning (Ainouche and Jenczewski 2010).
Dewey (1980) highlights that each crop species responds
differently to polyploidization, depending on their origi-
nal ploidy level, genome structure, reproduction mode,
perenniality and the plant organ for which the crop is
cultivated.

Induced tetraploids were conspicuously identifi-
able among the other diploid population owing to their
distinctive morphological features such as vigorousity
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in growth, robust nature with thick waxy coated large
sized dark green leaves and flowers, excessive trichomes
and hairs on stem and leaf surface. This robust nature
is explained by the larger number of gene copies which
compound into ‘gigas’ effect to the polyploid (Sattler et
al. 2016) which also complements with a higher toler-
ance to environmental stress (Kermani et al. 2003; Tossi
et al. 2022). It appears that there are environmental driv-
ers for coordinated variation in cell size and that chang-
es in genome size can facilitate generic changes in cell
size (Jordan et al. 2015). However, gigas effect is not a
universal feature of all autopolyploids.

Plants survivability was highly affected due to col-
chicine and it consistently decreased with the increasing
colchicine concentration. Colchicine brings mitotic arrest
(Bakar-ates et al. 2018) by inhibiting mitosis by prevent-
ing the polymerization of tubulin. This results in a failure
of spindle formation, thus, preventing normal chromo-
somal movement and replication (Kamath et al. 2008).
The slower growth rate could be attributed to the lower
rate of metabolic activities in the colchitetraploids (Joshi
and Verma 2004). Also, rate of cell division was reduced
since larger genomes require longer time in cell division,
particularly in the S phase (Doyle and Coate 2019).

Stomatal length assessment is regarded to be a reli-
able and convenient method comparing diploids and
polyploids (Jeloudar et al. 2019). Stoma size is associ-
ated with CO, gain and water discharge in plant pho-
tosynthetic and transpiration processes and can be an
indicator of ploidy levels (Moghbel et al. 2015). Com-
pare to control, polyploids had enlarged stomatal aper-
tures than those of diploid plants. However there was
a reduction in the stomatal density in the tetraploids.
Anatomical studies imply that reduction in stoma is a
measure to check transpiration discharge. The tetraploid
plants had significantly larger stomata and higher chlo-
rophyll content indices, suggesting that the tetraploid
plants may have higher photosynthetic and transpiration
capacities (Zhang et al. 2018). These adaptive features
of a polyploid genome explain their natural invasive-
ness to extreme environmental conditions and the rea-
son for their greater stabilisation over diploid genome.
Number of chloroplast in the stomatal guard cells was
also increased in the tetraploids. Polyploid leaves are of
dark green texture which might be due to the increase in
chloroplast number with quantitative increase in DNA
content in tetraploids (Butterfass 1983).

Significance of genomic doubling can be easily real-
ized since several ancient polyploidization events existed
at the base of evolution and several of these events gave
rise to species-rich groups (Otto 2007). There are several
salient features of a genome multiplication which estab-

lished superlinear advancement of polyploids over their
diploid counterparts. For instance, gene redundancy is
a very peculiar characteristic of a polyploid cell where
redundant copies of the genes have a possible chance for
functional diversification (Comai 2005). These redun-
dant set of genes posses the ability of shielding the poly-
ploids from deleterious effects of recessive mutations
(Joshi and Verma 2004; te Beest et al. 2012) by providing
“buffering actions” in which extra copies of wild-type
alleles masks the expression of harmful recessive coun-
terparts. Polysomic inheritance confers higher level of
heterozygosity to the polyploid individuals as compare
to the diploids (Osborn et al. 2003). Heterozygosity is
intimately associated to enhanced vigour.

Transition of vegetative stage into reproductive is
associated with activation of floral meristem identity
genes. Delay in flowering in polyploids might be relat-
ed to late triggering of floral responsive genes. Slower
growth rates at initial stages results in delay in flower-
ing. Apparently, this delay may also cause reproductive
isolation of the neopolyploid. Polyploids are recognised
with longer petals, deeper corolla tubes, fewer flowers
per inflorescence as found in present work; therefore,
attract different assemblages of pollinators compared
with diploids. Large sized flowers enhance the aesthetic
properties and it may increase pollinator visitation fre-
quencies (Kennedy et al. 2006). This may in turn pro-
vide opportunities for diversification in both plant and
insect taxa (Nuismer and Thompson 2001). Polyploids
also escape pathogenic attack compared to the diploids.
Changes in disease resistance genes between polyploids
and diploids also point towards altered pathogen resist-
ance (Innes et al. 2008).

The plausible causes of the chromosomal abnormali-
ties encountered in polyploids complement is perhaps the
struggle among the doubled chromosome number in the
neo-polyploid. Diploid PMCs oblige seven bivalents of
the cell perfectly but the tetraploid PMCs have to accom-
modate more bivalents. This chromosomal doubling sets-
up an inter-repulsive hindrance among the chromosomes
which reciprocates into aberrant meiosis. Occurrence of
multivalents particularly quadrivalents was conspicuous
in varying frequencies in the present tetraploids, since
the latter are derived from a single genome resulting in
four homologous sets of chromosomes in tetraploids
(Stace 1980). These multivalents create abnormal patterns
during anaphase such as ‘3:1 or 2:1 plus one laggard
(Comai 2005). Such type of improper segregation results
in formation of abnormal gametes with unbalanced
ploidy that lead to aneuploids and sterility.

A noteworthy feature recorded during palynological
assessment was the increment in pollen grain diameter
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among the polyploids. However, there was a substan-
tial deceleration in pollen viability in the tetraploids,
as also reported in Pinellia ternata (Thunb.) (Liu et al.
2012). Parthasarathy and Rajan (1953) have advocated
that chromosome doubling in the tetraploid may upset
the balance of polygenes or modifying genes which may
probably control the sterility. As a consequence of chro-
mosomal aberrations, some sort of sterility takes place
resulting to lower seed yield which is a barrier for the
inheritance of polyploid (Kumar and Dwivedi 2017).
Reduction in seed yield is also an after-effect of the pol-
len sterility; since reproductive success largely relies
on the viability of gametes. However, the seed size and
weight were increased.

Change in ploidy may also have substantial effect in
altering quantity and quality of secondary metabolites.
Polyploidization can be artificially induced to increase
the production and/or improve the quality of impor-
tant medicinal compounds, such as pharmaceuticals and
aroma chemicals (Dhawan and Lavania 1996). Medicinal
aromatic polyploids viz. Carum carvi L. (Dijkstra and
Speckman 1980), Ocimum kilimandscharicum Glirke
(Bose and Choundhury 1962) had increased terpene lev-
els and elevated essential oil concentration. These chang-
es in phytochemical composition might be associated
with difference in triggering of metabolic cascade in the
polyploid cell.

Science of polyploidization has been adopted by
researchers and plant breeders for attaining superior
genotypes. Natural autopolyploidization is well proven
to be proximal drivers in specie diversification and dif-
ferentiation whereas inception of in vivo polyploidiza-
tion bears the potential to revolutionize the face of agri-
cultural and pharmaceutical areas. Leguminous crops
such as cluster bean has narrow genetic base, but ploidy
manipulation experiment might augment in broaden-
ing the genetic diversity. Genomic doubling opens a
new passage for neo-polyploids to evolve and diver-
sify, but there is a need to further the level of knowl-
edge on the mechanism behind this as it is still not
very clearly understood. Gigas effect and robust nature
of established polyploids are important characteristics
that might confer environmental tolerance to the neo-
polyploid. Shorter plant height, as observed in the pre-
sent documentation, can act as a boon for plants with
lodging issues. Increased flower size is also significant
attribute that elevates the aesthetic properties which
is of profound interest in floriculture. These traits had
played pivotal role in past and may also have crucial
influence in future on plant diversification and invasion
to hostile realms.
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