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Abstract. The fertilization of eggs may be delayed during induced sh breeding due to
unforeseen circumstances. It is, therefore, necessary to know the optimal delay period
and explore short-term storage options that can extend the viability of the eggs in such
instances. In two studies, African cat sh Clarias gariepinus eggs were obtained from
broodstocks induced using ovaprimé hormone at 0.5ml/kg. A batch of the stripped
eggs was then exposed in triplicate to atmospheric oxygen for 0, 1, 2, 3, 4, 8 and 12
hours post-stripping (HPS). In contrast, another batch was stored for 8 hours using
sole and combined methods of “refrigeration”, “addition of extender” and “aeration”
The eggs were then fertilized using fresh sperm in all instances. In both experiments,
egg characteristics, breeding parameters, and biometric parameters of hatched fry were
recorded. Results showed a size reduction in the eggs as the time of exposure to atmos-
pheric oxygen increased. Also, the fertilization and hatchability of eggs were similar
to 4HPS; beyond this threshold, the value declined signi cantly to zero. However, the
hatched fry’s biometric parameters showed no signi cant di erence among treatments
(P<0.05). The second study showed a poor breeding performance of eggs stored in all
the di erent storage methods tested. Meanwhile, egg sizes and biometric parameters of
the few hatched fry show no signi cant di erence among the treatments (P<0.05). It
was therefore concluded that the fertilization of stripped C. gariepinus eggs should not
be later than 4HPS to optimize the breeding performance of the sh.

Keywords: African cat sh, Egg storage, Breeding parameters, Saline water, Refrigera-
tion.
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INTRODUCTION

Aguaculture has grown to the point of being
acknowledged as the fastest-growing food-producing
sector in the world (Megbowon et al., 2013; Tacon,
2020). This is because of its essential role in provid-
ing high-quality, cheap proteins to over 7 billion people
worldwide (FAO 2020). The rapid growth of the sec-
tor in both inland and marine environments a ects the
livelihood and socioeconomic characteristics of many
through the broad aquaculture value chain (Kalinina
et al, 2020). Fish seed availability is an essential com-
ponent of sh culture, as it largely determines the suc-
cess of the aquaculture sector. Over the past few years,
scienti ¢ advancement has introduced new technologies
that have improved the arti cial propagation of sh in
captivity. Innovations such as sperm storage, hormone
administration, novel spawning methods and rearing
systems have shaped the development of aquaculture,
thereby contributing to its rapid growth (Yue and Shen,
2021). Despite the breakthrough in arti cial propaga-
tion, egg quality and oocyte viability loss a er ovulation
still limit the mass production of many species (Furuita
et al., 2003; Rizzo et al., 2003).

In fish breeding, the viability of eggs is deter-
mined by the broodstock quality and the eggs’ han-
dling after stripping (Okomoda et al., 2018). Under
normal conditions, ovulated eggs are fertilized imme-
diately with high-quality sperm to ensure good breed-
ing performance and fry hatchability (Olufeagba and
Okomoda 2016). However, conditions such as unavail-
ability or death of quality male broodstock may lead to
delayed fertilization of the stripped eggs. At this point,
the options available for sh breeder are limited, one of
which is to expose the stripped eggs to prevailing atmos-
pheric conditions or attempt short-term storage to pre-
serve the oocytes from losing their viability until alter-
native quality male broodstocks are gotten. The success
and e ciency of di erent gamete storage methods in

sh culture have been well-documented in several stud-
ies. Unfortunately, attention has been focused chie y on
sperm than ova preservation (Withler and Lim 1982;
Nguenga et al., 2004; Idahor et al., 2018). One of the via-
ble methods of short-term storage is refrigeration; how-
ever, the nature of power supply in most remote areas
has made it imperative to look for alternative non-pow-
er-dependent storage methods (Dettla et al., 1993).

Of all the notable sh species of interest in West
Africa, Clarias gariepinus has found a pride of place in
terms of overall aquaculture production and value chain
(Dauda et al,, 2018). The sh, native to Africa, is wide-
ly cultivated in ponds, cages, and pens (Khedkar and
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Khedkar, 2003; Okomoda et al., 2018). C. gariepinus is
well known to tolerate harsh environmental conditions,
making it a choice species for culture in many environ-
ments (Adebayo et al., 2015; Omoniyi et al., 2018). Note-
worthy is that many researchers have reported di erent
possible methods and means of storing C. gariepinus
milts (Adeyemo et al., 2007; Idahor et al., 2018; Tila-
hun and Yalew, 2024). However, there has been almost
no report on the short-term storage of its eggs to date.
Short-time storage of ova has been somewhat successful
in other sh species such as Cyprinus carpio (Rothbard
et al., 1996), Sarotherodon mossambicus (Harvey and
Kelley 1984), Oncorhynchus keta (Jensen and Alderd-
ice 1984), and Heterobranchus longi'lis (Nguenga et al.,
2004). Against this backdrop, this research was designed
to examine the appropriate method of short-term ova
storage of the African catfish fish C. gariepinus and
determine the optimum time of its delayed fertilization.

MATERIALS AND METHODS

This study was conducted at the hatchery unit and
laboratory of the Department of Fisheries and Aquacul-
ture, Joseph Sarwuan Tarka University Makurdi (JOS-
TUM), Benue State, Nigeria (latitude 7° to 8° North
and longitude 8° to 9° East). Fi y-four broodstocks of
African Cat sh C. gariepinus (39 females and 15 males
of average 1500g) with similar breeding history were
obtained from a reliable source in Makurdi and taken to
the Fish Hatchery unit of JOSTUM. Using a 1000-litre
tank, the brood sh were acclimatized and stabilized for
seven days before they were used for the experiment.
During the period, they were fed a commercial diet
(Coppens 45%CP) to satiation, and the water quality was
maintained at optimum. Generally, for the two studies
conducted, the female broodstocks were weighted and
injected with Ovaprim’ using a 10 ml syringe intramus-
cularly at an angle of 30-45° below the dorsal n using
the manufacturer’s recommendation of 0.5 ml/kg of
the broodstock. They were then kept in separate tanks
throughout the latency period, depending on the nature
of the experimental design before stripping was done.
Fresh milt was also obtained at di erent time intervals
based on the experimental needs by sacri cing the male
brooder and surgically removing the visceral organs to
get the testes sac. The testes were then cut into small
pieces so the milt could ooze out and used to fertilize
the eggs as appropriate for the di erent treatments in the
two studies designed.
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Experiment One: Viability of Clarias gariepinus eggs
stripped and exposed to atmospheric oxygen for vary-
ing periods.

Four gravid females of the experimental sh were
injected and conditioned in di erent bowls for a laten-
cy period of 10 hours. Therea er, the eggs in them were
stripped out by gently pressing the abdomen of the
females with a thumb from the pectoral n towards the
genital papilla. The ovulated eggs were released quickly
in a thick jet from the genital vent and were collected
into clean, dried bowls. A er stripping, the eggs were
exposed to atmospheric oxygen conditions at the fol-
lowing time intervals: 0, 1, 2, 3, 4, 8, and 12 hours post
stripping (HPS), denoted as OHPS, 1HPS, 2HPS, 3HPS,
4HPS, 8HPS and 12HPS respectively. Each treatment
was done in three replicates, and each set was fertilized
with fresh milt obtained from the same male. This pro-
cess was done by releasing drops of the milt on the des-
ignated eggs at the appropriate time post-striping. The
egg and milt were mixed thoroughly in the plastic bowl,
and freshwater was added to activate the sperm. Fer-
tilized eggs in each treatment were accordingly spread
in an already prepared hatching bowl (10 litres) with a
hatching net (mesh size of 2 mm) already suspended.
The eggs were incubated in this condition till hatching.

Experiment Two: Viability of Clarias gariepinus eggs
stored for a short duration using different methods.
Upon determining the threshold delayed time post
stripping that is lethal to the egg’s viability, the second
study was done to improve the shelf-life of the eggs by
storing them using di erent methods under the lethal
duration earlier determined. These storage methods
include using an extender (physiological saline) and aer-
ation at room temperature or refrigeration. Like the pre-
vious experiment, four gravid females were injected and
conditioned in di erent bowls for a latency period of
10 hours, followed by stripping. The gentle press on the
abdomen of the females releases the eggs from the geni-
tal papilla. The ovulated eggs collected were then dis-
tributed in three replicates into seven treatment groups.
Trt 0 = Eggs stripped and fertilized immediately (+ve
Control)
Trt 1 = Egg exposed to room temperature without an
extender (-ve Control)
Trt 2 = Egg exposed to room temperature with the addi-
tion of extender
Trt 3 = Egg exposed to room temperature with the addi-
tion of an extender and aeration.
Trt 4 = Egg kept in the fridge without the extender.
Trt 5 = Egg kept in the fridge with the addition of
extender.

Trt 6 = Egg kept in the fridge with the addition of
extender and aeration.

The extender used was physiological saline (i.e.,
5% saline solution), and aeration was achieved using
mechanical air pumps tted with air stones. Treatment
zero, the positive control, was fertilized immediately
a er stripping. In contrast, treatment one to six were
stored for 8 hours, a er which the di erently stored egg
samples were arti cially fertilized using freshly collected
milt from similar males per replicate batch. This process
was done by releasing drops of the milt on the designat-
ed stored eggs, and the egg/milt mixture was then mixed
thoroughly in the plastic bowl. A freshwater was added
therea er to activate the sperm and initiate fertilization.
The fertilized eggs in each treatment were then incubat-
ed in the prepared bowls (10 litres) with a hatching net
(mesh size of 2 mm) suspended in them. The eggs were
incubated in this condition till hatching.

Embryogenesis observation of eggs during incubation

During the incubation of the di erent treatments,
the embryogenesis of the fertilized egg was monitored
closely. In brief, 50 fertilized eggs were collected at reg-
ular intervals from each treatment and observed under
a Nikon dissecting microscope tted with a camera to
take pictures. Observations of the eggs were initially
done every 10 minutes until the morula stage. Thereaf-
ter, it was done hourly until hatching was observed fol-
lowing the previous methods adopted by Olufeagba et al.
(2016) and Okomoda et al. (2018) for the same species.
A new batch of eggs was collected at each observation,
and pictorial evidence of the di erent developmental
stages and observable abnormalities was captured in situ.
Deviation from normal developmental embryogenesis
patterns was noted as abnormal and recorded.

Determination of performance and larvae characteristics

Using the techniques of fertilization estimation
developed by Okomoda et al. (2018), the percentage of
eggs fertilized was estimated at the early stage of the egg
division using the equation shown below:

Fertilized eggs in the sub—sample
Total number of eggs in the sub—sample

% Fertilization = x 100

The hatching rate of each cross was evaluated by
expressing the value of hatch fry as a percentage of the
total number of eggs incubated.

Number of hatched larvae
Total number of spawned eggs

%Hatchability = x 100
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Figure 1. Biometric parameters of hatchling. (Source: Okomoda et al. 2017).

Biometric characteristics of the eggs and the newly
hatched larvae (Figure 1) were also recorded using the
scaled picture from the microscope. The morphologi-
cal characteristics measured include the larvae’s total
length, head length, yolk height, yolk length, body depth
and yolk volume. The Yolk volume was also calculated
according to the formula given by Blaxter and Hampel
(1963):

V= (/6) LH2

V is the yolk size volume, L is the yolk size length, and
H is the yolk size height.

Water quality parameters such as pH, dissolved oxy-
gen, total dissolved solids, electric conductivity, and tem-
perature were monitored every three hours throughout
the incubation period for the treatments and their repli-
cates in the two experiments. This was done using Han-
na’s digital multi-parameter water checker (Model HL
98126). The water quality was maintained at optimum:
pH=7.00+0.22; Dissolved Oxygen = 5.00+0.11 mgL™;
TDS = 220+0.15 mgL-1; Cond. = 605+0.44 uS/cm; T°C =
29.0+£0.05°C. Descriptive statistics of the breeding param-
eters, egg, and larvae characteristics were analyzed using
the Minitab 14 computer so ware. Data were initially
tested for normality and homogeneity of variance before
Analysis of Variance (ANOVA) was done. Where signi -
cant di erences occurred, means were separated using
Fisher’s least signi cant di erence at a signi cance level
of p < 0.05. However, when the assumptions of normality
and homogeneity did not hold, data were analyzed using
the Kruskal-Wallis non-parametric test.

RESULTS

Viability of stripped African cat!sh eggs exposed at room
temperature for varying period

The characteristics of stripped eggs exposed to pre-
vailing atmospheric conditions at varying times are stat-
ed in Table 1. Results revealed that the minor axis before
fertilization was not di erent between the control and
treatment groups 1HPS, 2HPS and 3HPS. However, it sig-
ni cantly reduced at higher exposure times (i.e., 4HPS,
8HPS and 12HPS). Hence, the minor axis before fertiliza-
tion was higher at the 2HPS (1.40um) and lowest at the
12HPS (0.57um). The major axis, the egg volume, and the
egg area before fertilization were also not signi cantly dif-
ferent between the control and treatment groups 1HPS
and 2HPS. Similarly, the values signi cantly reduced for
the three variables as the exposure to atmospheric oxygen
increased, with the least observed in the 12HPS. A simi-
lar trend was also observed a er fertilization in the minor
axis, major axis, egg volume, and egg area.

In most cases, the highest value was observed in the
control, while the lowest was at 12HPS. The fertilization
and hatchability percentage of the stripped eggs shown
in Table 2 reveal a signi cant decrease in value with
delayed fertilization time. The severity was observed in
the 8HPS (13.87% and 0.78%, respectively) and 12HPS
(0.4% and 0.00%, respectively) for the fertilization and
hatchability rates. However, The abnormal egg develop-
ment percentage was higher at 8HPS (92.74%) and low-
est in the control (0.56%).

Table 3 shows the characteristics of hatched larvae
from the delayed fertilized eggs. Results revealed no
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Table 1. Egg characteristics of stripped African cat sh Clarias gariepinus eggs following delayed fertilization with sperm.

Control 1HPS 2HPS 3HPS 4HPS 8HPS 12HPS  P-value

Minor Axis before fertilization (um) 1.2740.22% 1.23+0.20% 1.40+0.32% 0.87+0.09%¢ 0.60+0.12° 0.77+0.09° 0.57+0.09° 0.024
Major Axis before fertilization (um) 153+0.15% 15740208 153+0.33* 0.97+0.15°> 0.73+0.09° 0.87+0.09°> 0.67+0.03° 0.004
Egg Volume before fertilization (um®)  1.44+0.64%® 1.42+0.60® 2.03+1.00* 0.41+0.13> 0.16+0.74° 0.29+0.08°> 0.12+0.04° 0.002
Egg Area before fertilization (um?) 6.27+1.67% 6.32+£1.78% 7.40+2.81% 271+0.64° 144+0.44° 214+0.44> 120+0.23c 0.031
Minor Axis A er fertilization (um) 1.63+0.19* 150+0.23* 1.57+0.27¢ 1.13+0.19® 0.83+0.12°> 1.10+0.27% 0.80+0.10° 0.049
Major Axis A er fertilization (um) 1.93+0.092 1.77+0.15% 1.93+0.1228 1.40+0.15%¢ 1.07+0.12° 1.40+0.25° 0.97+0.03° 0.001
Egg Volume A er Fertilization (um3) ~ 2.83+0.79* 2.28+0.82® 273+1.08* 1.03+0.15® 0.43+0.15° 1.11+0.50* 0.34+0.08"° 0.001
Egg Area A er Fertilization (um?) 10.02+1.61% 853+1.95® 0.68+2.19% 508+1.25" 2.88+0.69° 5.21+1.79% 2.45+0.38° 0.013
The mean in the same column with di erent superscripts di er signi cantly (p<0.05). Note HPS = Hours Post Stripping.
Table 2. Breeding parameters of stripped African Cat sh Clarias gariepinus eggs following delayed fertilization with sperm.

Control 1HPS 2HPS 3HPS 4HPS 8HPS 12HPS P-value
%Fertilization 95.36+2.417 78.00+2.48° 70.62+0.20° 61.87+2.779 62.44+2.29 13.87+2.40° 0.4+0.23' 0.001
% Abnormal egg development ~ 0.56+0.36" 1.70+0.50° 1.78+0.64°> 3.28+0.18" 7.05+3.13" 92.74+4.30° 66.70+33.3*  0.001
% Hatchability 87.0145.62% 71.75+0.96" 61.90+3.28" 52.34+4.58% 44.71+8.37¢ 0.78+0.24° 0.00+0.00¢ 0.001
The mean in the same column with di erent superscripts di er signi cantly (p<0.05). Note HPS = Hours Post Stripping.
Table 3. Hatched larvae characteristics of stripped African Cat sh Clarias gariepinus eggs a er delayed fertilization with sperm.

Control 1HPS 2HPS 3HPS 4HPS 8HPS P-value

Total Length (mm) 3.07+0.29 3.03+0.09 2.98+0.03 2.97+0.03 2.90+0.21 2.07+0.15 0.686
Head Length (mm) 0.59+0.10 0.55+0.00 0.57+0.07 0.57+0.07 0.57+0.03 0.63+0.03 0.310
Yolk Height (mm) 1.53+0.09 153+0.33 153+0.33 1.53+0.33 1.53+0.33 1.53+0.33 1.000
Yolk Length (mm) 1.73+0.12 1.97+0.03 2.00+0.10 2.00+0.08 1.93+0.03 1.87+0.09 0.082
Body Depth (mm) 0.60+0.06 0.63+0.07 0.57+0.07 0.57+0.07 0.67+0.03 0.60+0.06 0.818
Yolk Area (mm?) 8.40+1.02 9.47+0.32 9.63+0.21 9.63+0.21 9.31+0.18 8.97+2.54 0.450
Yolk Volume (mm?) 2.18+0.39 2.43+0.13 2.48+0.11 2.48+0.11 2.38+0.09 2.29+0.04 0.842

The mean in the same column with di erent superscripts di er signi cantly (p<0.05).

Note HPS = Hours Post Stripping.

signi cant di erence between the control and the treat-
ment groups in terms of the Total length, Head length,
Yolk Height, Yolk length, Body depth, Yolk area and
Yolk volume.

The pictorial evidence of the normal embryogenetic
development of the delayed fertilized eggs of African
Cat sh (C. gariepinus) is shown in Figure 2. The di er-
ent embryogenetic stages were completed within 24hrs
19minutes and includes the following: Fertilized egg
(Omin); One-cell stage (32mins); Two-cell stage (57mins);
Four-cell stage (Lhr 2mins); Eight-cell stage (1hr 43mins);
Sixteen-cell stage (lhr 51mins); Thirty-two cell stage
(2hrs 3mins); Sixty-four cell stage (3hrs 19mins); Moru-
la (4hrs 47mins); Blastula (6hrs 2mins); Gastrula (10hrs
14mins); 95% Epiboly (12hrs 7mins); Somite begins

(16hrs 18mins); Advance somite (18hrs 39mins); Prime
(22hrs 58mins); Hatchling (24hrs 19mins).

Viability of Stripped African Cat!sh Eggs stored for a
short duration using di"erent methods

The characteristics of C. gariepinus eggs stored for
8 hours using di erent methods are shown in Table 4.
The result revealed no signi cant di erence in the major
(1.60 to 1.95um and 1.55 to 1.95um) and minor axis
(1.10 to 1.60pm and 1.43 to 1.60um) of the eggs before
and a er fertilization, respectively for the treatment and
control groups. While there was no signi cant di erence
in the Egg volume (1.01 to 3.30um?) and area (5.53 to
10.93um?) before fertilization, it signi cantly increased
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Figure 2. Normal embryogenesis stages as observed in African Cat sh Clarias gariepinus under laboratory conditions: (A) Fertilized egg; (B)
One-cell stage; (C) Two-cell stage; (D) Four-cell stage; (E) Eight-cell stage; (F) Sixteen-cell stage; (G) Thirty-two cell stage; (H) Sixty-four
cell stage; (1) Morula; (J) Blastula; (K) Gastrula; (L) 95% Epiboly; (M) Somite begins; (N) Advance somite; (O) Prime; (P) Hatchling.

a er fertilization with the lowest observed in the nega-
tive control TRT1 (1.97um3 and 6.67um?) and the high-
est in TRT2 (3.55um? and 11.37um?) respectively.

The breeding performance of the eggs is also shown
in Table 5. The result reveals a signi cant reduction in
the fertilization rate of the eggs stored using the dif-
ferent methods (8.23 to 15.23%) compared with the
positive control group (83.69%). Abnormality percent-
ages of the treatment groups of the di erent storage
methods were also above 90% and above, resulting in

zero hatched fry in most treatments (except TRT1 with
0.78% hatchability).

Figure 3 also shows the embryogenetic development
of the eggs of C. gariepinus stored using di erent meth-
ods before fertilization with fresh sperm. The various
stages of development were completed within 24 hours,
with the hatch larva emerging normally. The abnor-
mality observed during the embryogenesis ranges from
partial aggregation/and uneven division of the cell cyto-
plasm to abnormal epiboly development (Figure 4).
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Table 4. Egg Characteristics of African cat sh Clarias gariepinus eggs stored using di erent methods for 8 hours.

Control TRT 1 TRT 2 TRT 3 TRT 4 TRT5 TRT 6 P-value

Minor Axis before fertilization (um) 1.10+0.11 1.38+0.16 1.60+0.14 1.50+0.15 158+0.08 1.78+0.13 1.60+0.07 0.097
Major Axis before fertilization (um) 1604030 1.63+0.09 1.85+0.12 1.78+0.13 1.85+0.05 1.95+0.05 1.88+0.05 0.259
Egg Volume before fertilization (um3)  1.01+0.19 1744052 2.61+0.51 2214052 243+027 3.30+051 2.53+0.24 0.112
Egg Area before fertilization (um?) 553£1.03 7.15£1.26 9.44+129 8.49+1.29 9.16+x0.57 10.93+x1.04 9.42+0.48 0.096
Minor Axis A er fertilization (um) 1.60+0.20 1.33£0.14 1.85+0.09 1.65+0.16 1.63+0.11 157+0.09 1.43+0.05 0.088
Major Axis A er fertilization (um) 1.75+0.15 155+0.17 1.95+0.05 1.88+0.05 1.95+0.05 1.83+0.05 1.73+0.10 0.069
Egg Volume A er fertilization (um®)  2.43+0.79%® 1.97+0.44° 355+0.422 2.77+0.52% 2744036 2.69+0.28% 1.84+0.15° 0.043
Egg Area A er Fertilization (um?) 8.88+1.86%¢ 6.67+1.34° 11.37+0.83% 9.77+1.10%® 9.96+0.772 9.03+0.572¢ 7.71+0.46° 0.042
The mean in the same column with di erent superscripts di er signi cantly (p<0.05).
Table 5. Breeding parameters of African cat sh Clarias gariepinus eggs stored using di erent methods for 8 hours.

Control TRT 1 TRT 2 TRT 3 TRT 4 TRT 5 TRT 6 P-value
%Fertilization 83.69+2.982 1523+3.42P 8.85+1.43> 823+0.79® 852+1.49° 13.35+3.64° 11.10+0.24° 0.001
% Abnormal egg development  0.76+0.38°  89.43+4.32° 100.00+0.00? 100.00+0.002 100.00+0.00? 100.00+0.00% 100.00+£0.00¢  0.001
%Hatchability 724443442 0.78+0.41° 0.00+0.00° 0.00+0.00° 0.00+0.00° 0.00+0.00°  0.00+0.00° 0.001

The mean in the same column with di erent superscripts di er signi cantly (p<0.05).

Keys:
Control = Eggs stripped and fertilized immediately (+ve Control)

TRT 1 = Egg exposed to room temperature without an extender (-ve Control)
TRT 2 = Egg exposed to room temperature with the addition of extender
TRT 3 = Egg exposed to room temperature with the addition of extender and aeration.

TRT 4 = Egg kept in the fridge without the extender.
TRT 5 = Egg kept in the fridge with the addition of extender.

TRT 6 = Egg kept in the fridge with the addition of extender and aeration.

DISCUSSION

Di erences in the sizes of the eggs have been previ-
ously linked to broodstock quality and broodstock size
(Bromage and Roberts, 1995; Ataguba et al., 2013). The
egg size range of C. gariepinus, as reported by Hassan
et al. (2018), is larger than those reported for this study
and could, therefore, be linked to the di erent brood-
stocks used. It is also noteworthy that because of the
prolonged exposure of the egg to the atmosphere oxy-
gen, the egg sizes were observed to shrink before fertili-
zation with sperm. This may be because of dehydration
under prolonged delayed fertilization and exposure to
atmospheric oxygen. The top layer of the egg mass was
observed to dry up, making the eggs of treatments 1HPS
to 12HPS appear smaller. For the second experiment,
however, there was no signi cant di erence in the egg
size when stored using the di erent methods. Although
no concrete scienti ¢ explanation could be made for this
observation, it is interesting to note that exposure of the
freshwater sh eggs to 5% saline treatment for 8 hours
did not cause signi cant size reduction anticipated from
dehydration possible due to the hypertonic environ-

ment in which the eggs were placed. Like the nding
of Olufeagba et al. (2016), an increase in the size of the
eggs was observed a er fertilization with sperm in both
experiments. This observation of egg size increase a er
fertilization may be due to the entry of sperm into the
micropyle of the fertilized egg or the hydration of the
non-fertilized eggs (Okomoda et al., 2018).

Once eggs are stripped, they are expected to be fer-
tilized immediately so the embryogenic development of
the egg can begin. The ndings of this rst study show
that delayed fertilization a ected the viability of eggs,
and detrimental e ects were observed at a time threshold
beyond 4 hours. According to Samarin et al. (2015), the
signi cant loss in viability due to the delay of fertiliza-
tion could result from egg ageing. The nding of this rst
study is, therefore, in consonant with the report by many
previous authors, which suggests that egg viability is
inversely proportional to post-ovulation time (Bobe and
Labbe, 2010; Suquet et al., 2000 and Urbanyi et al., 1999).
In an attempt to improve the viability of the eggs further,
di erent methods which involved the sole and combined
administration of refrigeration, aeration and extender
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Figure 3. Normal embryogenesis stages of African Cat sh Clarias gariepinus under laboratory conditions of storage: (A) Fertilized egg; (B)
One-cell stage; (C) Two-cell stage; (D) Four-cell stage; (E) Eight-cell stage; (F) Sixteen-cell stage; (G) Thirty-two cell stage; (H) Sixty-four
cell stage; (1) Morula; (J) Blastula; (K) Gastrula; (L) 75% Epiboly; (M) 90% Epiboly; (N) 95% Epiboly; (O) Somite begins; (P) Prime;
(Q) Hatchling.
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da

Figure 4. Abnormal egg development seen in eggs stored for 8 hours under di erent storage conditions.

(i.e., physiological saline) were tested in the second study.
Unfortunately, all attempts to preserve the eggs’ viabil-
ity using these di erent storage approaches failed as the
fertilization and hatchability rates were not improved, as
observed in the second study. Contrary to this nding,
the study by Samarin et al. (2017) reported that unferti-
lized eggs of Eurasian perch stored at low temperatures
remained viable for 48 hours while that of salmonid eggs
were viability for about 9 days as reported by Niksirat et
al. (2007). Di erent species of sh may respond di er-
ently to di erent storage methods based on their biology.

Rothbard et al. (1996) also reported the storage of
common carp, Cyprinus carpio eggs for short durations at
low temperatures (6-9°C), variable/high temperatures (12-
31°C) and at moderate-stable temperatures (20-24.5°C).
Their nding shows that C. carpio eggs stored at moder-
ate and stable temperatures for a maximal duration of 6
hours yielded hatch-out larvae percentages higher than
50%. Similarly, the current results showed that the eggs
of C. gariepinus preserved at room temperature responded
better than those preserved with refrigeration. According
to Nguenga et al. (2004), two strains of cat sh eggs stored
separately had better viability in warmer than colder tem-
peratures. Linhart et al. (2001) evaluated the ova of tench
Tinca tinca in various extenders at 21°C under aerobic
conditions. Their ndings show that the ova stored in the
Dettla extender for one hour achieved 24-30% hatching
compared to 58% recorded in the control. This is like the

nding of our study with the physiological saline used.
However, the severity of our nding compared to the
report of Linhart et al. (2001) could be linked to the dura-
tion of exposure to the physiological saline storage aside
from the di erences in the species used.

The attempt of short-term storage with an extender
may have also resulted in the closure of the micropyle of
the eggs due to the nature of the liquid medium, hence
triggering abnormal cell division without the presence

of appropriate sperm, as noticed during the embryoge-
netic observation. This is probably the primary cause
of the poor hatching recorded for the treatments with
an extender. Like the current study, mass rupture of the
cell structure of the eggs and uneven cell division were
evident during the embryogenesis of the incubated eggs
reported by (Rahman et al., 2020) and Okomoda et al.
(2018), respectively. The exact reason for such extensive
disruption of cell metabolism, especially in treatments
with extender, may result from the in ux or presence
of salt deposited in the cell. Normal embryogenic devel-
opment was similar to those previously reported in the
studies of Olaniyi and Omitogun (2014) and Okomoda
et al. (2018) for the same species.

Ataguba et al. (2013) had earlier reported that the
e ect of egg size transcends beyond the developmental
ability of the embryo to the characteristics of hatched
fry. However, despite the signi cant di erences in the
egg size before and a er fertilization of the di erent
eggs delayed for fertilization, the attributes of normally
hatched larvae in all the treatments of the rst study were
still similar. The larvae characteristics of the hatched fry
in the second experiment were not taken since hatchabili-
ty was close to zero in all the treatment groups except the
positive control. Therefore, this study’s ndings suggest a
four-hour window beyond which the viability of stripped
eggs will be a ected if not fertilized with appropriate
sperm. Future studies can further research other short-
term storage options not evaluated in this study, as all the
current attempts failed to improve the viability of the ova
under laboratory conditions.
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Abstract. We investigated the intra-speci c relationships between three Solanum spe-
cies in Egypt: Solanum nigrum, Solanum villosum, and Solanum sinaicum, in addition
to the inter-speci c relationships among the populations of the three studied species.
These species’ taxonomic di culty is primarily due to its inconsistent infra-speci ¢
treatments in various oras. The morphological studies revealed distinguishing char-
acteristics for the three investigated Solanum species mainly fruit and ower charac-
teristics. The morphological di erences allowed S. villosum to be divided into two sub-
species: subsp. villosum, and subsp. miniatum. The genetic variation between the three
Solanum species was clari ed using AFLP technique. The ribosomal DNA ITS1-5.8S-
ITS2 region of the three studied species was sequenced using the universal primers
ITS4 and ITS5. The DNA sequences of Solanum species were counted. The karyotypes
of the species under examination were established using the chromosome number and
genome size acquired from mitotic chromosomal preparations.

Keywords: AFLP, karyotype, Solanum, S. nigrum, S. sinaicum, S. villosum.

INTRODUCTION

Solanaceae is one of the largest and most essential families of ower-
ing plants. This family serves as a signi cant source for medicine, food, and
spice (Afroz et al. 2020). It is extensively dispersed in both tropical and tem-
perate regions; it has 100 genera and over 2500 species thriving in a variety
of environments and ecologies and exhibits di erent morphologies (Nderitu
et al. 2023). Solanaceae is represented in Egypt by eight genera including 30
species (Boulos 2002). Solanum L. is the family’s largest genus (El-Shaboury
et al. 2020). There are several species of Solanum that are used in tradition-
al medicine, and some of these species are employed as sources of drugs in
pharmacology (Jainu and Devi 2005). Due to its morphological plasticity
and infraspeci c genetic variation, Solanum possesses a taxonomic challenge
(Jennifer and James 1997), also because of the 6,931 names that have been
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Character

S. villosum subsp. miniatum S. villosum subsp. villosum

S. nigrum S. sinaicum

fruiting calyx width 1-2 mm 1.5-2 mm

non glandular bicellular
uniseriate with hooked or
obtuse apical cell

hairs

non glandular bicellular
uniseriate with hooked or
obtuse apical cell

2 mm 2 mm

non glandular unicellular
papillose, or non-glandular
basal cell with long
narrow apical cell, or
non-glandular bicellular
uniseriate with hooked or
obtuse apical cell

glandular, bicellular
uniseriate stalk, with
unicellular head, and
glandular multicellular
uniseriate stalk, unicellular
head

Figure 1. Specimen of Solanum villosum subsp. villosum showing the morphological features, (A) Leaf shape, (B), (C) ower shape, (D)
fruit shape and color.

cuneate to truncate or cordate, 2-6 x 1.5-5 cm, petiole
up to 2 cm, stipules absent; in orescences unbranched
cymes, number of owers per in orescence 2-5, pedun-
cle length 0.5-2.5 cm; owers pentamerous, hermaphro-
dite; pedicel 7-11 mm; calyx lobes rounded, green, (2.5 x
1 mm); corolla white with black midrib, oblong or ovate
to lanceolate, 8 x 4 mm, acute; stamen lament 2 mm,
anthers yellow, oblong, 2.5 x1 mm; ovary globose, 1 mm
in diameter, style 5 mm long, stigma is small; fruit berry,
globose, bright red, 6-9 mm in diameter, fruiting calyx
lobes spreading to re exed 2-3 x 1-2 mm; seeds 1.5-2.5
mm long, pale yellow; hairs non glandular bicellular
uniseriate with hooked or obtuse apical cell.

Solanum villosum subsp. villosum Miller, Gard. Dict.
8th edn, no. 2 (1768)

It differs from subsp. miniatum in having acute
leaves, base cuneate to truncate, cordate or hastate, 2-8.5
x 1.5-6.5; number of owers per in orescence 3-6 ow-
ers, peduncle length 1-1.5 cm; pedicel 9-12 mm; calyx
lobes 2 x 1 mm; corolla white with yellow midrib, 6-7 x
3 mm; stamen lament 1.5 mm, anthers 3 x1.5 mm; fruit
orange, 3-4 x 1.5-2 mm.

Solanum sinaicum Boiss., Diagn. Pl. Orient. 11: 135
(1849)
Common name: Sinai Nightshade
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Figure 2. Specimen of Solanum villosum subsp. miniatum showing the morphological features, (A) Leaf shape, (B), (D) ower shape, (C)
fruit shape and color.

Figure 3. Specimen of Solanum nigrum showing the morphological features, (A) Leaf shape, (B), (C) fruit shape and color, (D) ower
shape.
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Figure 4. Specimen of Solanum sinaicum showing the morphological features, (A) Leaf shape, (B) Flower shape, (C) Fruit shape.

perennial erect herb to small shrub; stem sparsely
pubescent, green, angular, woody, branched, up to 60 cm
tall; leaves simple, alternate, petiolate, oblong-rhombic to
oblong-ovate, sinuate-dentate rarely entire, acute, base
cuneate to truncate, 2-6 x 1-3 cm, petiole up to 3 cm,
stipules absent; in orescences unbranched cymes, num-
ber of owers per in orescence 4-8 mostly 7, peduncle
length 1.5-2.5 cm; owers pentamerous, hermaphrodite;
pedicel 8-11 mm; calyx lobes linear-oblong with acute or
rounded apex, green, (1-2 x 1-2 mm); corolla white with
yellow midrib, petals strongly recurved, 7-10 x 3-5 mm,
acute; stamen lament 2 mm, anthers yellow, oblong,
2-3 x1-1.5 mm; ovary globose, 1 mm in diameter, style
5 mm long, stigma is small; fruit berry, globose, orange,
7-9 mm in diameter, fruiting calyx lobes spreading, 4 x
2 mm; seeds 1.5-2.5 mm long; hairs glandular, bicellu-
lar uniseriate stalk, with unicellular head, and glandular
multicellular uniseriate stalk, unicellular head.

KEY TO STUDIED SPECIES OF THE GENUS SOLANUM
IN EGYPT

1- Fruit berry black in color; calyx lobes triangular with
acute or rounded aPeX ........c.ocoveeeuerrniiicrnnieeienns S. nigrum

- Fruit berry bright red or orange in color; calyx lobes
rounded or linear-0bloNg........cccccviviniiiiieei 2

Fruit berry bright red in color; calyx lobes rounded; corol-
la white with black midrib...... S. villosum subsp. miniatum

- Fruit berry orange in color; calyx lobes rounded or linear-
oblong with acute or rounded apex; corolla white with yel-
IOW MIAFTD ..o 3

Leaves 2-8.5 x 1.5-6.5 ¢cm, broadly to narrowly ovate to
elliptic or deltoid; calyx lobes rounded; lament length 1.5
MM [ONG .. S. villosum subsp. villosum

- Leaves 2-6 x 1-3 cm, oblong-rhombic to oblong-ovate;
calyx lobes linear-oblong with acute or rounded apex; la-
ment length 2 mm long.. ..o, S. sinaicum

Morphological correlation between the three Solanum spe-
cies

Based on the 44 morphological characters that were
investigated, the correlation between S. nigrum, S. sinai-
cum, S. villosum subsp. miniatum, and S. villosum subsp.
villosum was constructed (Figure 5, Table 2). A clustering
of the heat map identi ed two groups. S. villosum subsp.
miniatum and S. villosum subsp. villosum together con-
stituted the rst group. S. nigrum and S. sinaicum were
included in the second group. The heat map revealed
that S. nigrum and S. sinaicum had the highest correla-
tion (0.429), S. villosum subsp. miniatum and S. villosum
subsp. villosum also have a high correlation of 0.415, fol-
lowed by S. sinaicum and S. villosum subsp. villosum with
correlation of 0.314, and there was a negative correla-
tion (-0.127) between S. villosum subsp. miniatum and S.
nigrum.

Cytogenetics study
Chromosomes number and Karyotype Formula

karyotype formula (Deanna et al., 2022), determined
the fraction of m chromosomes for each of the three
Solanum species (S. nigrum, S. sinaicum and two di er-
ent subspecies of S. villosum) (Figure 6, Table 3) recorded
highly variation. Chromosome counts from 10-20 well-
scattered metaphase plates of each population of each
species revealed interspeci ¢ di erences in the diploid
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Figure 5. Heat map showing the correlation coe cients between morphological characters of the three studied Solanum species.

Table 2. Correlation coe cients between the three studied Solanum species, based on the investigated 44 morphological characters.

S. villosum subsp. miniatum S. villosum subsp. villosum S. nigrum S. sinaicum
S. villosum subsp. miniatum 1
S. villosum subsp. villosum 0.415 1
S. nigrum -0.127 0.101 1
S. sinaicum 0.217 0.314 0.429 1

chromosome number. S. nigrum showed 2n = 72 chro-
mosomes, while S. sinaicum 2n= 24 chromosomes. The
two di erent subspecies of S. villosum subsp. villosum

and S. villosum subsp. miniatum showed 2n=24 and 2n=
48 chromosomes respectively. Accordingly, the x number
of genome of the three Solanum species has been deter-
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ied species from Egypt (Figure 8), showed that these
sequences generate three clusters. The first cluster
included the two subspecies of S. villosum that showed
close a nity with low divergence distance of 0.02. The
second cluster included S. nigrum that showed high
divergence distance from both S. villosum subspecies
especially S. villosum subsp. miniatum and this result is
consistent with the morphological correlations across
these taxa. The third cluster included S. sinaicum which
showed moderate genetic distance from S. nigrum and
both S. villosum subspecies.

The genetic correlation between S. nigrum and S.
villosum worldwide as shown in Figure 9 was indicated
based on the constructed heat map using the ribosomal
DNA 1TS1-5.8S-1TS2 sequence and the genetic distance
value between each two pairs, from the rst sample to
the last sample, is represented by each little square in
the IBS distance matrix. The larger values of genetic
distance between two specimens are closer to red, and
smaller values are closer to blue. The heat map cluster-
ing separated two groups. The rst group included spec-
imens of S. nigrum, specimens 7 from UK and 11 from
India have no genetic divergence, while specimens 9,
10 from India and specimen 13 from UK have very low
genetic distance less 0.05, While other specimens of S.
nigrum (Specimen 5 from UK, specimen 6 from Indone-
sia, specimens 6, 8 from India, specimen 1 from Egypt)
have genetic distance from 0.05 to 0.2. S. villosum spec-
imens comprised the second group, sp. 2 of S. villosum
subsp. miniatum, sp. 3 of S. villosum subsp. villosum, and
sp. 4 of S. sinaicum from Egypt comprised one subgroup
with very low genetic distance less than 0.05, in addi-
tion the remaining specimens of S. villosum (sp. 17, 18,
19, 20 from India, sp. 15 from France, sp. 14 from South
Korea, sp. 16 from UK, and sp. 21 from USA) also have
low genetic distance less than 0.1.

DISCUSSION

Morphological identi cation might not be a trust-
worthy way to identify species in the Solanaceae because
their members are cryptic and share phenotypic features
that have been altered by genetic and environmental fac-
tors (Nderitu et al. 2023). However, Pojarkova (1997) and
Yousaf et al. (2010) con rmed that an essential source
for the classi cation of Solanum species was provided
by morphological features. According to Knapp et al.
2019, Solanum L. possesses challenges for identi cation
due to the lack of group-speci c regional keys. There
are 17 identi ed sections within the Solanum subgenus
(Manoko 2007). About 50 global species make up the
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section Solanum (Child and Lester 2001), the Solanum
nigrum complex is another name for the section Sola-
num. Since Linnaeus rst described S. nigrum in 1753,
the species in this section have undergone numerous
reclassi cations up till the present. The ploidy levels of
the species, which range from diploid to hexaploid, the
genetic variation between populations of the same spe-
cies, and nally their naturally occurring inter-speci ¢
hybridization all contribute to the taxonomic complexity
of this section (Edmonds and Chweya 1997).

Morphological studies of freshly collected species, in
addition to the herbarium specimens of S. nigrum, S. vil-
losum, and S. sinaicum based on 44 morphological char-
acters (Table 1) showed that ower, fruit, and leaf char-
acters were the most distinctive characters among the
studied species. The examined S. villosum populations in
Egypt exhibited inter-speci ¢ variations in morphology.
These morphological di erences allowed S. villosum to
be divided into two subspecies: subsp. villosum has fruit
with orange color, and white corolla with yellow midrib,
while subsp. miniatum has fruit with a bright red color
and white corolla with black midrib. These results agree
with Boulos (2002). The morphological correlation of
the three studied species as shown in Figure 5, Table 2
detected that S. nigrum and S. sinaicum had the highest
correlation (0.429), followed by S. villosum subsp. minia-
tum and S. villosum subsp. villosum with a correlation of
0.415.

For each of the three Solanum species, we found the
x number of genomes (Table 3). Polyploidy was demon-
strated in S. nigrum (6x), This result agrees with Melo et
al. (2011), Sultana and Alam (2007), and Sarkinen et al.
(2018), S. sinaicum and S. villosum subsp. villosum dis-
played diploid number (2x), however S. villosum subsp.
miniatum displayed polyploidy (4x), this agrees with Sul-
tana and Alam 2007 and Sérkinen et al. 2018.

It is possible to determine the genetic diversity of
individuals or populations by using morphological and
molecular markers. Given that environmental factors
and the stage of plant development determine morpho-
logical traits (EI-Domyati et al. 2011). Previous research
studies showed that ITS2 provides more accurate results
on interspeci ¢ variation than intraspeci ¢ variation
compared to RBCL (Duan et al. 2019). In this investiga-
tion, the ribosomal DNA ITS1-5.8S-1TS2 sequences of
the studied species were used to examine the interspe-
ci ¢ similarities showed the creation of three clusters
(Figure 8), the two S. villosum subspecies that exhibited
strong a nity and a low divergence distance of 0.02
were included in the rst cluster. S. nigrum in the sec-
ond cluster, had a high divergence distance from both S.
villosum subspecies, particularly S. villosum subsp. min-
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iatum. These ndings were con rmed with the morpho-
logical correlation seen among these taxa Figure (5). S.
sinaicum shows a moderate genetic divergence from S.
nigrum, and both S. villosum subspecies were separated
in the third cluster.

The heat map clustering based on the ribosomal
DNA ITS1-5.8S-1TS2 sequence from worldwide speci-
mens separated two groups (Figure 9). The rst group
included specimens of S. nigrum from Egypt and world-
wide, the second group included specimens of S. sinai-
cum, S. villosum subsp. miniatum, and S. villosum subsp.
villosum from Egypt in addition to worldwide specimens
of S. villosum.

ACKNOWLEDGEMENTS

We are grateful to all members of Taxonomy and
Flora section in Cairo University Herbarium (CAl) for
their assistance and providing all possible facilities.

REFERENCES

Abdo AS, Ibrahim SD, Abd EI Gawad ME. 2023. Biodi-
versity study of Zilla spinosa (L.) in Egypt. Egypt. J.
Genet. Cytol. 52: 131-157.

Afroz M, Akter S, Ahmed A, Rouf R, Shilpi JA, Tira-
longo E et al. 2020. Ethnobotany and Antimicrobial
Peptides from Plants of the Solanaceae Family: An
Update and Future Prospects. Front Pharmacol. 11.
https://doi.org/10.3389/fphar.2020.00565

Bohs L. 2005. Major clades in Solanum based on ndhF
sequences. In: Keating RC, Hollowell VC, Croat TB
(eds) A Festschri  for William G. D'Arcy. the legacy
of a taxonomist. Monographs in systematic botany
from the Missouri Botanical Garden, vol 104. Mis-
souri Botanical Garden, St. Louis. pp. 27-49.

Boulos L. 2002. Flora of Egypt. Verbenaceae - Composi-
tae. Al-Hadara Publishing, Cairo. pp. 34-54.

Chiarini F, Bernardello G. 2006. Karyotype studies in
South American species of Solanum subgen. Leptoste-
monum (Solanaceae). Plant Biol 8: 486-493. https://
doi.org/10.1055/5-2006-923859

Child A, Lester RN. 2001. Synopsis of the genus Solanum
L. and its infrageneric taxa. In: R. G. v. d. Berg, G.
W. M. Barendse, G. M. v. d. Weerden, and C. Mari-
ani (eds.), Solanaceae V: Advances in Taxonomy and
Utilization. Nijmegen University Press. pp. 39-52.

Coulibaly S, Pasquet RS, Papa R, Gepts P. 2002. AFLP
analysis of the phenetic organisation and genetic
diversity of Vigna unguiculata (L.) Walp. reveals

27

extensive gene ow between wild and domesticated
types. Theor. Appl. Genet. 104: 358-366. https://doi.
0rg/10.1007/s001220100740

Darlington CD, Wylie AP. 1955. Chromosome atlas of

owering plants. Allen & Unwin, London. pp. 325-
326

Deanna R, Acosta, MC, Scaldaferro M, Chiarini F. 2022,
Chromosome Evolution in the Family Solanaceae.
Front. Plant Sci. 12: 787590. https://doi.org/10.3389/
fpls.2021.787590

Despres L, Gielly L, Redoutet W, Taberlet P. 2003. Using
AFLP to resolve phylogenetic relationships in a mor-
phologically diversi ed plant species complex when
nuclear and chloroplast sequences fail to reveal vari-
ability. Mol Phylogenet Evol. 27: 185-196. https://doi.
0rg/10.1016/jympev.2003.09.006

Dehmer KJ, Hammer K. 2004. Taxonomic status and geo-
graphic provenance of germplasm accessions in Sola-
num nigrum L. complex: AFLP data. Gen. Res. Crop
Evol. 51: 551-558.

Duan H, Wang W, Zeng Y, Guo M, Zhou Y. 2019.
The screening and identi cation of DNA barcode
sequences for Rehmannia. Sci Rep. 9(1): 1-12. htt-
ps://doi.org/10.1038/541598-019-53752-8

Edmonds JM. 1984. Botanical journal of the Linnean
society. 89: 166.

Edmonds JM, Chweya JA. 1997. Black nightshades Sola-
num nigrum L. and related species. Institute of Plant
Genetics and Crop Plant Research, Gatersleben
/ International Plant Genetic Resources Institute,
Rome, Italy. pp. 5-113.

El-Domyati FM, Younis RAA, Edris S, Mansour A, Sabir
J, Bahieldin A. 2011. Molecular markers associated
with genetic diversity of some medicinal plants in
Sinai. J Med Plants Res. 5(10): 1918-1929.

Elsayed SSA, Elshahawy IE, Hamden S, Abd Elgawad
MEH, Sehsah MD. 2024. Genotoxicity by ear and
kernel rots in three maize genotypes stored at di er-
ent conditions. Egypt. J. Agric. Res. 102(1): 139-154.
https://doi.org/10.21608/ejar.2024.250031.1467

El-Shaboury GA, Al-Wadi HM, Badr A. 2020. Biodiversi-
ty of some Solanum species from southwestern Saudi
Arabia’s highlands. Botany Letters. https://doi.org/10.
1080/23818107.2020.1846614

Henderson RJ. 1973. Solanum and its close relatives in
Florida. Ann Missouri Bot Gard 61: 819-867.

Ibrahim MA, Bekhit M, Hassan N, Refaat M, EI-Akkad T.
2019, C-Banding Karyotype and Molecular Charac-
terization on Cumin, Caraway and Coriander. Mol.
Biol. 8: 229. https://doi.org/10.2139/ssrn.3388044

Jacoby A, Labuschagne MT, Viljoen CD. 2003. Genetic
relationships between Southern African Solanum ret-



28

ro#exum Dun. and other related species measured
by morphological and DNA markers. Euphytica 132:
109-113.

Jainu M, Devi CS. 2005. Antiulcerogenic and ulcer heal-
ing e ects of Solanum nigrum L. on experimental
ulcer models: possible mechanism for the inhibition
of acid formation. J Ethnopharmacol. 104: 156-163.
https://doi.org/10. 1016/j.jep.2005.08.064

Jennifer ME, James AC. 1997. Black nightshades, Sola-
num nigrum L. and related species. Italy (Rome).
IPGIR. pp. 5-113.

Jones CJ, Edwards KJ, Castaglione S, Win eld MO, Sala
F, Wiel C, van de Bredemeijer G, Vosman B, Mat-
thes M, Daly A, Brettschneider R, Bettini P, Buiatti
M, Maestri E, Malcevschi A, Marmiroli N, Aert E,
Volckaert G, Rueda J, Linacero R, Vazquez A, Karp
A. 1997. Reproducibility testing of RAPD, AFLP and
SSR markers in plants by a network of European lab-
oratories. Mol Breed. 3: 381-390.

Kardolus JP, van Eck HJ, van den Berg RG. 1998. The
potential of AFLPs in biosystematics: a rst applica-
tion in Solanum taxonomy (Solanaceae). PI. Syst.
Evol. 210: 87-103.

Khafagi AAF, EI- Ghamery AA, Ghaly ON, Ragab OG.
2018. Fruit and seed morphology of some species of
Solanaceae. Taeckholmia. 38: 123-140. https://doi.
0rg/10.21608/taec.2018.13520

Knapp S, Vorontsova MS, Sarkinen T. 2019. Dichoto-
mous keys to the species of Solanum L. (Solan-
aceae) in continental Africa, Madagascar (incl. the
Indian Ocean islands), Macaronesia and the Cape
Verde Islands. PhytoKeys 127: 39-76. https://doi.
org/10.3897/phytokeys.127.34326

Koopman WJM. 2005. Phylogenetic signal in AFLP
Data Sets. Syst Biol. 54: 197-217. https://doi.
0rg/10.1080/10635150590924181

Linnaeus C. 1753. Species Plantarum. Stockholm.

Mace ES, Lester RN, Gebhardt CG. 1999a. AFLP analy-
sis of genetic relationships among the cultivated
eggplant, Solanum melongena L., and wild relatives
(Solanaceae). Theor. Appl. Genet. 99: 626-633.

Mace ES, Lester RN, Gebhardt CG. 1999b. AFLP analysis
of genetic relationships in tribe Daturae (Solanace-
ae). Theor. Appl. Genet. 99: 634-633.

Manoko MLK. 2007. A systematic study of African Sola-
num section Solanum (Solanaceae). PhD thesis, Rad-
boud University Nijmegen. http://dare.ubn.kun.nl/
bitstream/2066/30032/1/30032.pdf

Meudt HM, Clarke AC. 2007. Almost Forgotten or latest
Practice? AFLP applications, analyses and advances.
Trends Plant Sci. 12: 106-117. https://doi.org/10.1016/j.
tplants.2007.02.001

Amany S. Abdo et al.

Miller P. 1768. The Gardeners Dictionary, 8th edn, no. 2.
John & Francis Rivington. London.

Nderitu KW, Ager E, Mecha E, Nyachieo A. 2023. DNA Bar-
coding using 1TS2 and RBCL markers for Solanaceae
species identi cation. East Afr Med J. 100(1): 5567-5574.

Olet EA. 2004. Taxonomy of Solanum L. section Solanum
in Uganda. Ph.D. thesis, Agricultural University of
Norway.

Pinto-Magiio CAF, Pierozzi NL, Castro SCP, Soares-Scott
MD. 1997. IOPB chromosome data 11. Newslett Int
Organ PI Biosyst 26: 23-24.

Poczai P, Taller J, Szabd 1. 2008. Analysis of phylogenetic
relationship in the genus Solanum (Solanaceae) as
revealed by RAPD markers. Pl Svst Evol 275:; 59-67.
https://doi.org/10.1007/s00606-008-0051-x

Sérkinen T, Poczai P, Barboza GE, Weerden GM, Baden
M, Knapp S. 2018. A revision of the Old World black
nightshades (Morelloid clade of Solanum L., Solan-
aceae). PhytoKeys 106: 1-223.

Tackholm V. 1974, Student’s Flora of Egypt, 2nd edn.
Cairo University Press, Egypt. pp. 473-474.

Tiessen A, Cubedo-Ruiz EA, Winkler R. 2017. Improved
Representation of Biological Information by Using
Correlation as Distance Function for Heatmap Clus-
ter Analysis. Am J Plant Sci 8: 502-516. https://doi.
org/10.4236/ajps.2017.83035

White TJ, Bruns T, Lee S, Taylor J. 1990. Ampli cation
and direct sequencing of fungal ribosomal RNA
genes for phylogenetics. In: PCR Protocols: a guide
to methods and applications. (Innis MA, Gelfand
DH, Sninsky JJ, White TJ, eds). Academic Press, New
York, USA. pp. 315-322.

Williams JG, Kubelik AR, Livak KJ, Rafalski JA, Tingey
SV. 1990. DNA polymorphisms ampli ed by arbi-
trary primers are useful as genetic markers. Nucleic
Acid Res. 18: 6531-6535.

Zohary M. 1966. Flora Palaestina. The Israel Academy of
Sciences and Humanities. pp. 402.


https://doi.org/10
https://doi.org/10.21608/taec.2018.13520
https://doi.org/10.21608/taec.2018.13520
https://doi.org/10.3897/phytokeys.127.34326
https://doi.org/10.3897/phytokeys.127.34326
https://doi.org/10.1080/10635150590924181
http://dare.ubn.kun.nl/bitstream/2066/30032/1/30032.pdf
https://doi.org/10.1016/j.tplants.2007.02.001
https://doi.org/10.1016/j.tplants.2007.02.001
https://doi.org/10.1007/s00606-008-0051-x

30

Increased levels of heavy metals in the soil have sev-
eral detrimental impacts on plants, including decreased
growth, inhibited root development, degradation of chlo-
rophyll, altered biochemical activity, and reproductive
diseases linked to oxidative damage (Colzi et al. 2015;
Abdull et al. 2022). Furthermore, chromosomal irregu-
larities, point mutations, and ploidy are among the genetic
alterations that can result from the buildup of hazardous
substances (Silveira et al. 2017). Programmed cell death
(PCD), which is triggered by controlled intracellular sig-
nals, and nonprogrammed cell death as accidental cell
death, which includes necrosis, are two types of cell death.
Heavy metals are an example of an abiotic elemenst that
can impact cells and cause necrosis or PCD (Brighigna
2006; van Doorn et al. 2011; Petrov et al. 2015).

Metals may have long-lasting negative e ects on the
ecosystem since they are non-biodegradable and can
remain in soil for longer intervals of time. Former stud-
ies have shown that microorganisms present in soil, like
plants growing in Ithy locations, are vulnerable to high
dosages of heavy metals, which can lead to malfunction,
denaturation of protein, and compromised integrity of
cell membranes (Hosseini et al. 2022). Accordingly, met-
als that are found in cationic forms interact with sul y-
dryl radical (-SH) that are found in protein structures of
enzymes, altering their characteristics and having detri-
mental e ects on metabolism of plants (Nowicka 2022;
Siddiqui 2025%). Metals play key functions in the metab-
olism of plants, and their characteristics are critical to
the tridimensional maintenance of biomolecules and cell
metabolism. Nevertheless, certain metals are required
in trace amounts, others have no biological signi cance
and may even cause metabolic harm (Neto et al. 2020).

In most countries around the world, Soybeans (Gly-
cine max L.) are widely farmed for industrial, animal,
and human purposes because of their higher protein
and oil content (Siddiqui 2025P). Soybeans are frequently
known as miracle crops since they are the world’s main
protein and vegetable oil source. Considering the grow-
ing global population and the need for increased crop
productivity, this study aims to evaluate the e ects of
Pb and Cu on Glycine max L, seed germination, radicle
length, mitotic index, cell death, micronucleus index,
and chromosomal abnormalities.

METHODOLOGY
Glycine max seeds and chemicals procurement
Certi ed soybean seeds of Glycine max L Merr. Cv-

JS-355 were purchased from CSIR (Council of Scienti ¢
and Industrial Research), Bhopal, India. Sigma-Aldrich

Sazada Siddiqui

Company was a supplier of heavy metals CuSO4 and
PbSO4.

Experiment site, seed germination, and radicle length
analysis

From October to December, the tests were carried out
at King Khalid University’s Botany Department, Al-Farra
campus, Abha, Saudi Arabia. Six treatments of Pb and Cu
were prepared: CN, 25, 50, 75, 100, and 125 ppm. The
completely randomized methods comprise an experimen-
tal setup. In Petri dishes covered with a double layer of
Whitman No. 2 paper, y Glycine max Cv-JS-355 seeds
were planted. Ten milliliters of a solution with di erent
Pb and Cu concentrations of CN, 25, 50, 75, 100, and 125
ppm were placed in each plate. Distilled water was taken
as control (CN). The plates were maintained, with few
adjustments, in a B.O.D. chamber (Cienlabf) at 18 °C + 2
°C having a photo period of 12 hours, as per recommen-
dations given by Siddiqui (2023). Seed germination was
measured a er 24, 48, and 72 h. Radicle length was meas-
ured a er 24 h for three days with measuring scale.

Detection of mitotic index and chromosomal abnormality
in root tips (RTs) of Glycine max

For cytogenetic assays, all plates were made utilizing
the smashing technique, incorporating a slight modi ca-
tion as described by Siddiqui (2023). Root tips Glycine
max were harvested a er 72 hours of each treatment and
subsequently xed in a Carnoy’s solution (3 parts etha-
nol : 1 part glacial acetic acid) and preserved at a tem-
perature of 18 °C. Three samples, each containing 150
cells, were assessed, resulting in a total of 450 cells per
replicate. The behavior of chromosomes were analyzed
by quantifying the cell cycle stages. MI was calculated
based on number of cells undergoing mitosis relative to
total number of observed cells. Chromosomal irregu-
larities were evaluated using speci c criteria: cell nucle-
ic leaking, multi-pole division, chromosomal bridge in
telophase, chromosome retarded in anaphase, dissociate
chromosome in metaphase with their frequencies deter-
mined by the total number of abnormalities and the
overall cell count.

Detection of cell death in RTs of Glycine max

To assess cell death in RTs, uptake of non-permea-
ble trypan blue dye was utilized. Trypan blue can only
penetrate the membrane of a dead cell. Using the proce-
dure described by Duan et al. (2010), RTs (0.1 cm) were
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immersed in trypan blue (0.4%, w/v) for 15 minutes at
room temperature. A er that, they were twice rinsed
with 2.5 g/mL chloral hydrate solution for ten minutes.
Following sample preparation, pictures were captured,
and analysis was done using an optical microscope
(Olympus CX23, Japan).

Detection of micronucleus index in RTs of Glycine max

Each slide’s 100 cells were scored to calculate the
MN for assessment. A light binocular microscope
(Olympus) with a magni cation of 100x was used to
investigate micronucleated cells. For scoring MNI, the
technique stated by Tolbert et al. (1992) was utilized.

Statistical analysis

A one-way ANOVA test was used to examine the sig-
ni cance of di erences between variables using the GPIS
1.13 program (GRAPHPAD, California, USA). All results
were presented as mean + standard error.

RESULTS
E"ect of heavy metals on SG of Glycine max

In untreated seeds, a er 2 h, germination percent-
age of seeds were 83.12%, 87.3%, and 99.3% at 24, 48, and
72 h respectively (Figure 1. A-C). Pb and Cu treatments
of 25 to 125 ppm for 2 h caused a very signi cant SG
decline (p<0.01) at 24 h relative to control. This pattern
remained the same for SG at 48 and 72 h, where high-
est SG was recorded at 25 ppm at 24 h (Pb: 77.66 %, Cu:
75.65 %), 48 h (Pb: 80.33 %, Cu: 85.54 %), and 72 h (Pb:
90.65 %, Cu: 95.67 %), on treating with Pb and Cu for
2 h while lowest SG was found at 125 ppm at 24 h (Pb:
57.63%, Cu: 60.76%), at 48 h (Pb: 60.25%, Cu: 65.27%),
and at 72 h (Pb: 65.35 %, Cu: 72.35 %) relative to control.

E"ect of heavy metals on RL of Glycine max

Pb and Cu e ect on untreated seeds show that RL
rose with time on treating with double-distilled water
(DDW) for 2 h: 0.94+0.020 at 24 h, 1.52+0.021 at 48 h,
and 2.21+0.071 at 72 h (Figure 2. A-C). Pb and Cu treat-
ments of 25 ppm to 125 ppm for 2 h caused signi cant
RL decline (p<0.05 at 25 ppm and p<0.01 at 50 to 125
ppm) relative to control. This pattern remained the
same for RL at 48 h and 72 h, where highest RL was
recorded at 25 ppm at 24 h (Pb: 0.81+0.023, Cu: 0.89+

0.053), at 48 h (Pb: 1.21+0.04, Cu: 1.35+0.04), and at 72
h (Pb: 1.55+0.06, Cu: 1.75+£0.061) on treating with Pb
and Cu for 2 h while lowest RL was found at 125 ppm
at 24 h (Pb: 0.51+0.021, Cu: 0.55+0.041), at 48 h (Ph:
0.64+0.01, Cu: 0.67+0.01), and at 72 h (Pb: 0.90£0.02, Cu
0.99+0.02) relative to control.

E"ect of heavy metals on MI of Glycine max

Figure 3 illustrates the impact of Pb and Cu on MI of
root tip cells (RTCs) of Glycine max. In control, treatment
with DDW for 2 h, exhibited M1 values of about 65.90%.
Seeds exposed to 25 ppm to 50 ppm of Pb and Cu for 2
h showed a signi cant reduction (p<0.05) in MI relative
to control. A dose of 75 to 100 ppm of Pb and Cu for 2 h
revealed a very signi cant reduction (p <0.01), while 125
ppm of Pb and Cu caused a highly signi cant reduction
(p<0.001) in MI. Maximal MI was found at 25 ppm (Phb:
59.56%, Cu: 51.55%) and minimal MI was found at 125
ppm (Pb: 37.88%, Cu: 34.53%) relative to control.

E"ect of heavy metals on CAs of Glycine max

No aberrant metaphase-anaphase plates were found
in RTs of Glycine max in control (Table 1, Figure 4). Dif-
ferent types of CAs, such as cell nucleic leaking (CNL),
multi-pole division (MPD), chromosomal bridge in telo-
phase (CBT), chromosome retarded in anaphase (CRA),
and dissociate chromosome in metaphase (DCM) were
found in metaphase-anaphase plates. In seeds exposed to
Pb and Cu for 2 h, there is a surge in ratio of aberrant
metaphase-anaphase plates with a surge in Pb and Cu
concentration. Cytological investigations disclose that
level of CA steadily escalated with a surge in concentra-
tions of Pb and Cu treatment for 2 hours. Investigations
of varied stages of mitotic division reveal that all stages
of the division were altered.

Percentage formation of CNL, MPD, CBT, CRA, and
DCM were very signi cant (p<0.01) and maximal at 125
ppm such as CNL (2.25%), MPD (2.1%), CBT (0.40%),
CRA (0.80%) and DCM (1.23%) after Pb treatment.
Minimal percentage of chromosomal anomalies were at
25 ppm CNL (0.8%), CRA (0.21%), and MPD (0.40%),
DCM (0.40%) at 75 ppm, CBT at 100 ppm (0.2%), at 2 h
of Pb exposed seeds relative to control. Enhanced occur-
rence of CAs for Pb exposure were:

CNL > MPD >DCM >CRA> CBT

Similarly percentage formation of CNL, MPD,
CBT, CRA, and DCM were very signi cant (p<0.01)
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Figure 2. (A, B, C). E ect on RL of Glycine max treated with Pb and Cu for 2 h. *P<0.05; **P<0.01 compared to control group. Data are

mean of three replicates + SE, CN = control group.

was 1.40% in comparison to control. Seeds exposed
to 50 ppm for 2 h with Pb exhibited a signi cant rise
(p<0.05) in CD which was 2.80% relative to control. At
75 ppm to 100 ppm, a very signi cant rise (p<0.01) in
CD was revealed which was 3.75% at 75 ppm and 4.90%
at 100 ppm relative to control. At 125 ppm, a highly
signi cant rise (p<0.001) in CD was revealed which was
5.85 % relative to control. Minimal CD was found at 25
ppm (1.40%), and maximal CD was found at 125 ppm

(5.85%). Rise in CD was dose dependent.

Seeds exposed to 25 ppm of Cu for 2 h exhibited
a nonsigni cant rise in CD which was 1.23% relative
to control. Seeds exposed to 50 ppm for 2 h with Cu
exhibited a signi cant rise (p<0.05) in CD which was
2.2% relative to control. At 75 ppm to 100 ppm a very
signi cant rise (p<0.01) in CD was revealed which was
3.2% at 75 ppm and 4.6% at 100 ppm as compared to
control. At 125 ppm a highly signi cant rise (p<0.001)
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Figure 4. Micrograph of CA and MNF in RTCs of Glycine max treated with Pb and Cu for 2 h. A- CNL (Cell nucleic leaking); B- MPD
(Multi-pole division); C- CBT (Chromosomal bridge in telophase); D- CRA (chromosome retarded in anaphase); E- DCM (Dissociate
chromosome in metaphase); F- Micronuclei.
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Figure 6. E ect on MNI of Glycine max RTCs treated with Pb
and Cu for 2 h. *P<0.05; **P<0.01; **P<0.001 compared to control
group. Data are mean of three replicates + SE, CN = control group.
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Cu for 2 h. *P<0.05; **P<0.01; *P<0.001 compared to control
group. Data are mean of three replicates + SE, CN = control group.
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are known to a ect seed germination, including light,
moisture content, oxygen concentration, and incubation
temperature (Siddiqui 2024 2 and *; Anwar et al. 2025). It
has been demonstrated that heavy metals prevent seeds
from germinating at higher concentrations (Siddiqui 2012;
2015; Akbas 2024). A decrease in RL is thought to be
caused by heavy metal-induced root cell death, speci cally
because of inadequate energy synthesis in root cells (Sid-
diqui 2018; Siddiqui et al. 2021; Tasar et al. 2022; Qin et
al. 2024). In Brassica napus seedlings, heavy metals caused
cell death and formation of callose in addition to lowering
the micronutrient concentrations (Pramanik et al. 2018).

Ml is a crucial factor in determining the genotoxic
potential of heavy metals. In Glycine max, cytotoxicity
elucidates delay in growth, whereas genotoxicity explicates
chromosomal abnormalities. Pesticides, heavy metals and
other chemical pollutants exposure were linked to the
decline in M1 in Pisum sativum (Siddiqui et al. 2007; Sid-
diqui et al. 2020 a and b, 2022 a, b and c). Delays in cell
cycle or chromatin disorder brought on by metal-DNA
interaction causes a decrease in MI (Siddiqui et al. 2012;
Ditika and Anila 2013). During cell division, heavy metal
a ects mitosis and causes spindle-related chromosomal
aberrations (Siddiqui 2012; 2015). Numerous findings
have demonstrated that di erences in the mitotic cycle’s
duration may be the cause of a decline in cell activity. A
rise in the S phase’s duration has been attributed by some
researchers to mitotic inhibition (Siddiqui et al. 2012;
Periakaruppan et al. 2023). As per Das et al. (2023), heavy
metals can reach DNA by nuclear pores or when nuclear
membrane splits into cells undergoing mitotic divide.

Our results show that CD in the RTs of Glycine max
exposed to heavy metals at all doses from 25, 50, 75, 100,
and 125 ppm increases in a dose-dependent manner. For
programmed cell death, plants use vacuolar content and
vacuoles in two ways: destructively and non-destructively
(Yang et al. 2023). Direct and immediate cell death results
from the release of vacuolar hydrolytic enzymes into the
cytoplasm following the rupture of the vacuolar membrane
(Brighigna et al. 2006). As organelles that generate energy,
mitochondria help cells divide, operate, and elongate by
metabolizing energy (Fenech et al. 2011; Siddiqui 2024%).

Presence of micronuclei in the root tip cells of Gly-
cine max further con rmed the genotoxicity caused by
heavy metals. A er two hours of exposure to heavy met-
als concentration being increased from 25 to 125 ppm,
they signi cantly increased the number of MNI. The
precise mechanism by which heavy metals induce the
formation of micronuclei is still unknown. Conversely,
micronuclei form during mitosis because of lagging
chromosomes or acentric fragments. (Fenech et al. 2011;
Yan 2011; Sabeen et al. 2020). Heavy metal-induced
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damage to parental cells that are either unrepaired or
improperly healed and may have a mutagenic effect
(Shobha et al 2020). Similar genotoxic e ects of heavy
metals on Triticum sativum, Glycine max, Vicia faba, and
Allium cepa have been reported by other studies (Bapi et
al. 2018; Abdelkader et al. 2022).

The formation of chromosomal aberrations are a
useful way to analyze genotoxicity. To assess the extent
of chromosomal damage, this study looked at changes
in chromosomal behavior brought on by heavy metals.
Although the control plant lacked CAs, treated plants
showed several abnormalities, such as cell nucleic leak-
ing, multi-pole division, chromosomal bridge at telo-
phase, chromosome retarded in anaphase, dissociate
chromosome in metaphase even at the lowest dosage.
The frequency of these abnormalities suggests that they
have aneugenic, tubergenic, and clastogenic e ects (Sid-
diqui 2019; Liu et al. 2021; Abdelsalam et al. 2022). They
are brought on by chromosomal breakage (fragments,
micronuclei) and spindle apparatus disorders, anoma-
lous metaphase, telophase, anaphase, and bridges (Zhang
et al. 2024; Leng et al. 2025)

CONCLUSION

The dosage of exposure to heavy metals was direct-
ly correlated with their cytotoxicity. It is suggested that
ambient heavy metals are readily absorbed and nally
move up the food chain and higher concentrations of
these heavy metals may harm plant by inducing chro-
mosomal aberrations, cell death, alterations in mitotic
index, micronucleus index radicle length, and seed ger-
mination. Additionally, they impede plant growth by
causing oxidative stress, heavy metals have the potential
to harm the ecosystem by causing DNA damage. These
results are important for the proper disposal of heavy
metals and the levels at which they become dangerous.
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Abstract. A crucial method for evaluating the potential harm to the genome caused by
contaminants at levels exceeding the optimal threshold is the chromosomal plant assay.
This paper reports on a study that examined the e ects of varying concentrations of
manganese (Mn) on the mitotic index (M1), cell kinetics index (CKI), and abnormal-
ity index (Al) in Glycine max L. root tip cells. Percentage of mitotic index, abnormality
index, cell kinetics index, in root meristems of Glycine max L. at control and varying
concentrations of Mn were evaluated. The ndings showed that Mn doses that were uti-
lized for seed treatment caused distinct di erences in chromosomal activity of Glycine
max L. root tip cells, with a decreased mitotic index and cell kinetics, and an increased
abnormality index. Treatment was conducted at room temperature for 24 hours, 48
hours, and 72 hours at four di erent concentrations of Mn: CN (Control), 5uM, 10uM,
15uM, and 20uM. The control group was treated with distilled water. The ndings dem-
onstrated that Mn has cytotoxic and genotoxic e ects on Glycine max L. root tip cells.

Keywords: Manganese (Mn), Glycine max L, mitotic index, abnormality index, cell
kinetics.

INTRODUCTION

In many parts of the world, heavy metal contamination has an adverse
e ect on the biosphere, which is hazardous for environment. Metal con-
tamination can come from a variety of sources, including mining, industry,
agricultural chemicals, fuel, combustion byproducts, etc. (Siddiqui 2013; Sid-
diqui 2025a; Lee et al. 2024). Additionally, industrialization created indus-
trial e uents that contained various pollutants, such as organic, inorganic,
and radioactive trace elements, microbes, which might potentially contami-
nate soil (Siddiqui 2012; Siddiqui 2015; Chukwu et al. 2025). Heavy metals
like Mn, Pb, Cd, Hg, and Ni are the most problematic worldwide pollutants.
Industries release heavy metals and other pollutants into the environment,
which are harmful to humans, animals, and plants. Although they are trace
elements, these heavy metals are crucial to many physiological processes in
living beings (Siddiqui et al. 2007; Siddiqui et al. 2009; Siddiqui et al. 2021;
Hafeez et al. 2023; Espinola et al. 2025; Elik and Gul 2025). There is a sig-
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ni cant qualitative di erence between natural environ-
mental changes seen in the past and those seen in the
present, especially when considering the current overex-
tended anthropogenic activity (Siddiqui 2018; Siddiqui
and Suliman 2021). These days, neither humans nor
other superior organisms have developed genetic defens-
es against anthropogenic pollutants, such as chemicals
released by industry, some of which are xenobiotics —
things that have never existed in nature (Ustiindag et al.
2023; Siddiqui 2025 b; Vieira et al. 2025).

Although Mn is a chemical element that is neces-
sary for proper nutrition, it can also be hazardous under
some circumstances. Scientists are still trying to compre-
hend the various e ects of its toxicity and de ciency on
living things. However, Mn is unquestionably extremely
hazardous at high concentrations, leading to several dis-
eases dependent on the production of reactive oxygen spe-
cies (ROS) (Ertirk et al. 2021; Vijaya Kumar et al. 2025;
Rao et al. 2025; Xia et al. 2025). Additionally, Mn may
build up inside cell, leading to cytotoxicity and eventual
cell death. Following alterations in gene expression and
enzyme activity, Mn causes intracellular changes such as
lipid peroxidation, chromosomal disintegration, and DNA
helix breakage (Siddiqui and Al rumman 2020 a and b;
Per leva and Krutovsky 2024; Aseef and Venkatkumar
2025). The pathophysiology and toxicity of various diseas-
es, including atherosclerosis, diabetes, chronic in amma-
tory diseases, neurological disorders, and cardiovascular
diseases, have been linked to long-term oxidative stress in
humans (Dorman 2023). Lactate dehydrogenase and lipid
peroxidation, two cytotoxic measures, show that Mn caus-
es oxidative stress in a time and concentration-dependent
way (Jomova et al. 2025; Sobanska et al. 2021). Our study
used cytogenetic analysis in Glycine max L. as a plant
indicator for the degree of heavy metal pollution in crops
to identify the mutagenic e ects of Mn.

METHODOLOGY
Procurement of chemicals

Mn is supplied by Sigma-Aldrich (MERCK). Local
distributor Bayouni sells Sigma-Aldrich (MERK) prod-
ucts in Saudi Arabia. Glycine max L (Fabaceae) seeds
with 2n = 40 chromosomes, cultivar JS 335, were collect-
ed from Indian Ministry of Agriculture.

Plant material and treatment

For cytological examination, a homogeneous batch
of Glycine max L (Fabaceae) seeds with 2n = 40 chro-
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mosomes, cultivar JS 335, were collected. Glycine max
seeds were immersed in water overnight. The seeds
were then treated with various concentrations of Mn
(CN, 5uM, 10uM, 15uM, and 20uM) for 2 hours with
CN serving as control with only distilled water. For
root tip germination, the seeds were placed in a Petri
dish lined with Iter paper, covered, and incubated
at 22-25 °C for 2-3 days. The root tips were properly
cleaned with distilled water, then xed in Carnoy’s x-
ative (1 glacial acetic acid: 3 ethanol) for 24 hours and
stored in 90% alcohol.

Glycine max L. test

For germination, 30 Glycine max seeds were put in
Petri Plates with 3 mL of each of the test solutions of
Mn. The seeds were subjected to treatments in a germi-
nation chamber (Quimis) with regulated temperatures of
23%3 °C every 96 hours. The size of the roots were meas-
ured using a digital calliper (Digmess), and the number
of seeds that germinated were manually counted. The
roots were subsequently gathered and preserved in Car-
noy xative. The microscope slides were prepared by
Siddiqui et al. (2022 a), and they were stained for 1 hour
and 30 minutes using Schi ’s reagent based on Feulgen
method. Ten slides containing Glycine max. root meris-
tems were made for each treatment, and 500 cells were
counted from each slide, for a total of 5000 cells per
treatment. The slides were examined using an optical
microscope that had a 400x magni cation.

Analysis of cytotoxicity and genotoxicity

For cytotoxicity analysis, Ml and CKI were evalu-
ated. The indices were calculated using the formulas
described below:

No. of cells in cell division x 100

Mitotic Index (MI) =
itotic Index (MI) Total No. of counted cells

Formula for calculating cell kinetics index (CKI)

No. of interphase cells x 100

Interphase index =
nberphiase mdex Total No. of cells analyzed

No. of prophase cells x 100

Prophase index =
TOPRASe MACX = 71 tal No. of cells analyzed

No. of metaphase cells x 100

Metaphase index =
craphase fmdex Total No. of cells analyzed
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No. of anaphase cells x 100
Anaphase index = 0. of anaphase cells X

Total No. of cells analyzed

No. of telophase cells x 100

Telophase index =
elophase dex Total No. of cells analyzed

For genotoxicity analysis, chromosomal abnormality
index was evaluated. Al was calculated using the formu-
las described below:

(No. of cells with chromosomal alteration x 100)

Al = Total No. of counted cells

Statistical analysis

A one-way ANOVA test was used to examine the sig-
ni cance of di erences between variables using the GPIS
1.13 program (GRAPHPAD, California, USA). All results
were presented as mean + SE.

RESULT
E"ect of Mn on MI in Glycine max root tips

The control samples had the highest M1 values, which
reached 1.52% a er 24 h (Figure 1 A), 1.35% a er 48 h
(Figurel B), and 72 h (Figure 1 C). A er Mn treatment for
24 h, MI decreased signi cantly (p<0.05) dose-depend-
ently from 10 yM (1.01+0.10), 15 uM (0.98+0.10), and 20
UM (0.97+0.09) concentrations, with no signi cant di er-
ence (p>0.05) observed at 5 uM (1.48+0.15) concentration.
After 48 h, MI decreased significantly (p<0.05) dose-
dependently from 10 yM (1.02+0.10), 15 yM (1.05+0.13),
and 20uM (0.87+0.13) concentrations, with no signi cant
di erence (p>0.05) observed at 5uM (1.28+0.13). Similar-
ly, on Mn treatment for 72 h, MI decreased signi cantly
(p<0.05) dose-dependently from 10 uM (1.17+0.22), 15
UM (1.07+0.11), and 20 uM (0.70+0.08) concentrations,
with no signi cant di erence (p>0.05) observed at 5 uM
(1.25+0.22) as compared to control.

E"ect of Mn on Abnormality Index, in Glycine max root
tips

In our study, we found that Al, such as anaphase
bridges, dissociated chromosomes in metaphase and ana-
phase, chromosomal bridging, were caused by incorrect
separation and retarded chromosomes in anaphase (Fig-
ure 3). These were the most common abnormalities a er
treating root meristematic cells of Glycine max with Mn.

The control samples showed Al values of (0.0+0.0)
at 24 h, 48 h, and 72 h. Following a 24 h Mn treatment,
Al increased significantly (p<0.05) dose-dependent-
ly at 5 uM (0.39£0.059), 10 pM (0.40+0.049), 15 uM
(0.46£0.050), and very signi cantly (p<0.01) at 20 yM
(0.65+0.087) (Figure 2A). The Al increases signi cantly
(p<0.05) from 5 yM (0.25£0.08), 10 pM (0.29+0.07),
and very signi cantly (p<0.05) at 15 yM (0.42+0.06),
and at 20 uM (0.53+£0.07) dose-dependently following
48 h of Mn treatment (Figure 2B). Al increased signi -
cantly (P<0.05) dose-dependently from 5uM, which is
(0.17+0.042), 10 uM (0.290.092), and 15 uM (0.410.093),
and very signi cantly (p<0.01) at 20 uM (0.46+0.065)
following 72 h of Mn treatment as compared to control
(Figure 2C).

E"ect of Mn on cell kinetics index in Glycine max root tips

Table 1 shows that Mn decreases CKI of Glycine
max root tip cells in interphase, prophase, metaphase,
anaphase, and telophase at 24 h, 48 h, and 72 h from
5 UM to 20 uyM (Table 1). At 24 h of exposure to Mn,
prophase (1.43+0.24), metaphase (0.83+£0.06) and telo-
phase (0.60+0.08) increased very signi cantly (p<0.01)
in 5 yM. However, at 10 yuM (0.15+0.02), there was a
signi cant decrease (p<0.05) in telophase and at 15 pM
(0.10£0.01 and 20 uM (0.13+0.01), there was a very sig-
ni cant decrease in telophase. Non-signi cant (p>0.05)
decreases were reported in interphase and anaphase
from 5 uM to 20 pyM as compared to control.

A er 48 h, in prophase, metaphase, anaphase, and
telophase, very signi cant (p<0.01) increase was reported
at 5 uM. In the case of interphase and prophase, non-
signi cant (p> 0.05) decreases were reported from 5 yM
to 20 uyM. But in the case of anaphase and telophase,
there was a signi cant decrease (p<0.05) at 10 yM to
20 uM as compared to control. A er 72 h of exposure
to Mn, interphase and telophase were very signi cantly
(p<0.01) decreased from 5 uM to 20 uM. However, at
anaphase at 20 uM, signi cant (p<0.05) decrease was
reported. But in the case of prophase and metaphase,
there was a non-signi cant decrease (p> 0.05) from 5
UM to 20 uM as compared to control.

Pearson correlation coe$cients between MI, Al, and CKI
on Mn treatments with di"erent time intervals

The heat map of Pearson correlation coefficients
displays the correlation among measured Ml, Al, and
CKl in Figure 4 (24 h), Figure 5 (48 h) and Figure 6 (72
h). The blue and red squares signify positive and nega-
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Figure 1. E ect of Mn on MI in Glycine max root tips at 24 h (A), 48 h (B), and 72 h (C).

tive correlations, respectively. Negative correlations were
reported between MI and Al (-0.020) a er treatment of
Mn for 24 h. A negative correlation was noticed in Ml
and interphase of CKI (-0.02). On the other hand, a
strong positive correlation was noticed between M1 and
CKI (prophase (0.51), metaphase (0.31), anaphase (0.56),
and telophase (0.26) (Figure 4). However, positive cor-
relations were noticed between Al and di erent phases
of CKI, interphase (0.22), metaphase (0.24), anaphase
(0.04), and telophase (0.29) and a negative correlation in
prophase (-0.05), a er treatment of Mn for 24 h.

Negative correlations were reported between MI and
Al (-0.07) a er treatment of Mn for 48 h. On the oth-

er hand, a positive correlation was noticed between Ml
and phases of CKI (Interphase (0.07), prophase (0.15),
metaphase (0.01), anaphase (0.22) and telophase (0.40)
(Figure 5). However, negative correlations were report-
ed between Al and di erent phases of CKI: interphase
(-0.20), prophase (-0.32), metaphase (-0.16), anaphase
(-0.24), and telophase (-0.26) a er treatment of Mn for
48 h (Figure 5). These two parameters are negatively
correlated with each other.

A negative correlation was reported between MI and
Al (-0.05) a er treatment of Mn for 72 h. On the other
hand, negative and positive correlations were noticed
between MI and phases of CKI: interphase (-0.14), pro-
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Figure 2. E ect of Mn on Al in Glycine max root tips at 24 h (A), 48 h (B), and 72 h (C).
phase (-0.15), metaphase (0.09), anaphase (-0.15) and DISCUSSION

telophase (0.06) (Figure 6). A positive correlation was
reported between Al and interphase (0.17) of CKI, and
negative correlations were noticed in prophase (-0.07),
metaphase (-0.39), anaphase (-0.28), and telophase
(-0.27) a er treatment of Mn for 72 h (Figure 6).

On the basis of above data, it is obvious that Mn, a
heavy metal, can cause cytotoxic and genotoxic e ects
on root tip cells of Glycine max. Findings indicate that
when treatment dosages increase, the frequency of Ml,
CKI decreases and Al rises. It is practically obvious from
this decrease in MI and increase in Al that Mn has a
clastogenic impact on chromosomes at DNA level. How-
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Anaphase bridges

Anaphase chromosomal bridging resulted

from mistaken separation
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In metaphase, dissociate chromosomes

In anaphase retarded chromosomes

Figure 3. Chromosomal abnormality in Mn-treated Glycine max root tips. A. Anaphase bridges B. In metaphase, dissociate chromosomes
C. Anaphase chromosomal bridging resulted from mistaken separation D. In anaphase retarded chromosomes. Bar. 10 pm.

ever, excessive and negligent use of these heavy metals
and agrochemicals o en leads to their selective accumu-
lation on agricultural elds topsoil layers (Mauser et al.
2025; Shahwar and Ansari 2022; Aslam and Aslam et al.
2021; Sarkar et al. 2022), which eventually reduces soil
fertility. The rapid emergence of pathogen resistance to
these agrochemicals lowers the e ectiveness of pesticides
and causes more harmful side e ects. One of these con-
sequences is the problem of eliminating insects that are
bene cial to environment from the ecosystem (Fairoj et
al. 2024; Yu et al. 2025).

M1 is a crucial indicator for determining heavy
metal’s potential for genotoxicity. Exposure to pesticides,

heavy metals, and other chemical pollutants was linked
to a decrease in M1 in many plant species (Siddiqui and
Al-Rumman, 2022a, b, and c; Siddiqui 2025 b). Chro-
matin abnormalities brought on by metal-DNA interac-
tion or cell cycle delays result in decreased MI (Siddiqui
2023; Siddiqui 2024 a). Spindle-related chromosomal
abnormality during cell division is also a result of pri-
mary mechanism of action of pesticides and heavy met-
als in mitosis (Firbas and Amon 2014). In this work, Mn
demonstrated cytotoxicity by lowering MI dose-depend-
ently. This implies that Mn causes mito-depression in
Glycine max. Numerous investigations have demonstrat-
ed that di erences in mitotic cycle’s duration may be
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diqui 2024 b; Siddiqui et al. 2012;-Bonciu et al. 2018;
Bonciu et al. 2022). They are caused by spindle appa-
ratus disorders, abnormal metaphase, telophase, ana-
phase, and bridges, as well as chromosomal break-
age (fragments, micronuclei) (Hossain et al.2022;
Faizan M, et al. 2022). The rising occurrence of Al
has resulted from suppression of DNA synthesis dur-
ing S-phase (Tumer et al., 2022). In the current study,
di erent types of Al, such as anaphase bridges, disso-
ciated chromosomes in metaphase and anaphase, chro-
mosomal bridging was caused by incorrect separation
and retarded chromosomes in anaphase were reported
in Glycine max a er treatment with Mn. Based on the
results of proportions of distribution of mitotic phases,
Mn reduced the percentage of interphase, prophase,
metaphase, anaphase, and telophase in all concentra-
tions dose-dependently.

The results align with those of (Liman et al. 2022;
Munir et al. 2021; Yu et al. 2025). The percentage of tel-
ophase stage was reduced as compared to control. These
results imply that a decrease in cell development dur-
ing mitosis or the stoppage of one or more mitotic stag-
es may be the cause of decline in telophase stages and,
therea er, MI (Ping et al. 2012; Siddiqui 2018 a and b).
The results suggest that a reduction in cell development
and the arrest of one or more mitotic phases may be the
source of a drop in the proportion of prophase, meta-
phase, anaphase, and telophase at all doses, and there-
fore M1 (Siddiqui 2014; Siddiqui 2016; Sarac et al. 2019).

Sazada Siddiqui

CONCLUSION

The cytotoxic and genotoxic properties of Mn, which
is commonly added to our agricultural elds due to envi-
ronmental pollution, can cause mutations in Glycine max.
The above studies suggest that natural resources pollu-
tion, industrial e uents, and agricultural practices for
comforts should be curtailed, as incidence of heavy metal
increases soil pollution, resulting in grave cytogenetic
e ects in plants and higher organisms. Thus, mutagen-
esis data obtained from plant tests are critical for genetic
studies aimed at maintaining a stable ecosystem.
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Abstract. Aeschynomene sp. prope villosa (a dalbergioid legume) represents a group of
populations with morphological characteristics similar to those of Aeschynomene vil-
losa, but without complete overlap, and whose cytogenetic characteristics subtly di er
from both the latter and other related taxa. In this study, conventional surface spread
and air-drying techniques, along with Giemsa staining, were used to analyze meta-
phase chromosome complements and karyotypes of individuals belonging to a popula-
tion of A. sp. prope villosa, a taxon included in the Americanae series of Aeschynomene.
The results con rm a previously obtained karyotypic formula. Di erences observed
in chromosome sizes do not modify the karyotype or its symmetry. They are inter-
preted here as a loss of gene ow between populations or adaptations to di erent eco-
geographic conditions. The presence of chromosome stickiness in 7.4% of the nuclei
analyzed is noteworthy. This aberration, not previously observed in Aeschynomene,
primarily involves areas near the telomeres of apparently homologous and non-
homologous chromosomes. This phenomenon, observed mainly in meiosis, has been
linked to the tendency of chromosomes to clump together during cellular divisions
following plant hybridization events. The same criterion of chromosomal interaction
a er hybridization could explain the changes in the number and position of satellites
recorded in a previous study. Although unexpected, these results should not be sur-
prising, since intergradation between A. villosa and A. americana, species with which it
overlaps in its distribution area, has been suspected for at least 70 years. Furthermore,
hybridization and allopolyploidy have already been demonstrated in other morpholog-
ical series of Aeschynomene.

Keywords: Chromosomal instability, chromosome stickiness, hybridization, inter-
chromosomal connections, karyotype, SAT-chromosomes.

INTRODUCTION

Aeschynomene L. is a genus of owering plants in Leguminosae, sub-
family Papilionoideae, and recently assigned to the tribe Dalbergieae. It
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includes around 130 species of pantropical distribution,
commonly referred to as joint vetch (Lavin et al. 2001;
Wojciechowski et al. 2004; Cardoso et al. 2012, 2020;
WFO 2025). It includes herbaceous and woody species,
annual, perennial, and repetitive, with di erent ecologi-
cal requirements and of increasing economic importance
as green manure by supplementing nitrogen to the soil
through nodulating stems and roots in symbiosis with
nitrogen- xing bacteria (Alazar and Becker 1987; Fer-
nandes 1996; Souza et al. 2012; Tapia-Pastrana and Del-
gado-Salinas 2020).

In the New World, Aeschynomene villosa Poir.
and its three varieties (included in the Americanae
series, a taxon de ned on morphological basis) consti-
tute a group widely distributed from southern Arizona
through Mexico (mostly on the Paci ¢ side) and Cen-
tral America to northern South America and the West
Indies. (Rudd 1955; McVaugh 1987; Rodriguez 1990). It
also occurs, apparently as an introduced species, in the
tropics of the Old World. It is highly variable, and 0 en
weedy (McVaugh 1987). On the other hand, Rudd (1955)
observed a close relationship between A. villosa and A.
americana L. (also in the Americanae series) and antici-
pated probable intergradation due to divergence.

In Mexico, the distribution of A. villosa overlaps
in many areas with that of A. americana and its varie-
ties #abellata and glandulosa, which are also widely dis-
tributed (Rudd 1955). This overlap also extends to some
morphological features, confusing eldwork, especially
when the two taxa lack fruit (Rudd 1955; Reynolds 1990;
Olvera-Luna et al. 2012). Additionally, phylogenetic anal-
yses consistently indicate that both species are closely
related (Chaintreuil et al. 2013; Brottier et al. 2018; Car-
doso et al. 2020). It is important to note here that A. vil-
losa Poir. was initially described as Aeschynomene ameri-
cana var. villosa (Urban 1905, cited by Rudd 1955) and
as Aeschynomene americana var. longifolia (Micheli 1895,
cited by McVaugh 1987); however, its speci ¢ status, as
well as that of its varieties, was con rmed by morpho-
logical (Rudd 1955) and chromosomal (Tapia-Pastrana et
al. 2020) characters and are currently accepted names in
the genus Aeschynomene (WFO).

Morphological similarities between species of the
Americanae series, particularly between A. americana
and A. villosa, were recognized during a cytogenetic
analysis that included, among others, seven taxa of this
series that thrive in Mexico. Two of them were described
as A. sp. prope americana and A. sp. prope villosa, whose
karyotypic characteristics supported their taxonomic
identity; however, they also showed some similarities
concerning the typical species (Tapia-Pastrana et al.
2020). In this research, the taxonomic criteria of Rudd
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(1955) and McVaugh (1987) for species in the morpho-
logical Americanae series of Aeschynomene were fol-
lowed, in addition to the available cytogenetic informa-
tion. It was considered that the individuals under study

t better in the description of Aeschynomene sp. prope
villosa (Tapia-Pastrana et al. 2020).

Aeschynomene sp. prope villosa can be confused with
the typical variety (A. villosa) and with A. americana;
however, there are su cient morphological di erences to
allow them to be di erentiated, particularly the length of
the in orescence and the abundance of glandular hairs
on vegetative structures, owers, and fruits (Rudd, 1955).
In some descriptions, A. villosa var. longifolia is consid-
ered a synonym of A. villosa var. villosa (WFO 2025).
Additionally, the possible hybridization between the typ-
ical variety and A. americana is proposed (Rudd 1955;
WFO 2025).

Aeschynomene sp. prope villosa comprises erect,
branching subshrubs that reach up to 1.6 m in height.
Stems are green or slightly reddish, with abundant glan-
dular hairs. The stipules are hispid on mature plants,
12-20 mm long, striated, and ciliate, with the upper por-
tion up to three times longer than the lower portion.
Leaves 2.5-6 cm long, 18-66 foliolate, oblong, ciliate,
with reddish edges; in orescences with axillary owers
shorter than the underlying leaves; bracts cordate, slight-
ly hispid, ciliate; bracteoles lanceolate 2.0 x 1.0 mm,
serrate-ciliate, with reddish edges; peach-yellow or rusty
yellow owers 8.0-9.0 x 5.5-7.5 mm, glandular hairs on
the margins; calyx deeply bilabiate, adaxial lip ciliate 3.5
mm x 1.5 mm, nearly glabrous; carinal lip 3.5-4.5 mm
x 1.5 mm, glandular hairs on the outer surface; stand-
ard petal sub orbiculate to reniform, 6 mm long, 4.5 mm
wide, claw less than 1 mm, macule dark yellow with red-
dish semicircular margins, nectar guides reddish; wing
petals 6 x 2.5-3.0 mm, sculptured on the distal portion
suprabasal-medial; claws 0.7 mm wide; keel petals 6.0 x
2.5 mm, lower margin slightly ciliate, claw less than 1
mm; stamens 5.0-5.5 mm long, pistil 6 mm long, ovary
profusely hispid; fruits slightly curved with persistent
style, commonly 4-6 jointed, articles 4 x 3 mm, hispid in
early stages of development, verrucose during ripening;
seeds 2.5 x 2.0 mm, brown or light olive (Fig. 1A-J).

This research aims to: (1) present the relevant mor-
phological characters of individuals belonging to a pop-
ulation initially identi ed as Aeschynomene villosa var.
longifolia, but which, a er a thorough review, are nally
treated as A. sp. prope villosa, (2) corroborate cytogenetic
characteristics and karyotype, (3) discuss the possible
hybrid origin of the individuals under study based on
morphological and chromosomal evidence, and (4) o er
some data on their phenology.
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Figure 1. Morphological traits of Aeschynomene sp. prope villosa. (A). Leaf and lea ets. (B). Branch and stipule are covered with abundant
glandular hairs. (C). Fertile branch, the shortened in orescence is obvious. (D). Flower in preanthesis with cordate bracts and lanceolate
bracteoles. (E-G). Peach-yellow or rust-yellow papilionate owers. Front, dorsal, and side views, respectively. Petals with glandular hairs
on the edges. Keel’s petal is shorter than the wings. (H-I). In orescence with clusters of two to four owers. Peduncles and pedicels hispid.
Fruits are villous-hispid, commonly 4 to 6-seeded. (J). General appearance of a mature plant. In A, B, C, E, and I, the scale bar =1 cm. In

J, the scale bar =1 m.

MATERIALS AND METHODS
Plant material

Cytogenetic studies were performed on seeds col-
lected in January 2017 in the Locality of Los Mangos,
Municipality of Hueyapan de Ocampo, State of Verac-
ruz, Mexico (18°14'37"" N; 95°7°22” W. 350 m asl; Fig. 2).
The identity of the plants was established a er compar-
ing them with specimens deposited in the National Her-
barium (MEXU) collection. Specimens prepared from
plants grown in greenhouse conditions were entered as
vouchers in the same collection.

Chromosome and karyotype procedures

The mitotic cells were obtained from radicular mer-
istems of seeds from ve individuals, germinated in Petri
dishes lined with cotton moistened in distilled water.
Chromosomes at metaphase were obtained following the
splash method by Tapia-Pastrana and Mercado-Ruaro
(2001) brie y described as follows: the meristems were
separated from the root when it reached between 3-5
mm in length and were pretreated with fresh solution
of 0.002M 8-hydroxyquinoline for 5 h at room tempera-
ture and xed in the xative Farmer’s solution (ethanol:
acetic acid, 3:1). Then they were treated in a mixture of
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Figure 2. The Municipality of Hueyapan de Ocampo is in the south
of the State of Veracruz, in the Los Tuxtlas, southeastern Mexico
region.

2% cellulase (w/w, Sigma) and 20% pectinase (v/w, Sig-
ma) in 75 mM KCI for 2 h at 37 °C. A er centrifugation
at 1500 rpm for 10 min, the cell pellet was transferred to
75 mM KCI solution for 20 min at 37 °C. A er two suc-
cessive rinses with KCI solution, they were again  xed in
Farmer’s solution and rinsed twice more. Two drops of
the suspension of the pellet were placed on clean slides,
air dried, and stained in 10% Giemsa for 10 min. Prep-
arations were made permanent using a synthetic resin
(solution in xylol Hycel). At least ten well-spread meta-
phase plates, no chromosome overlapping, were photo-
graphed, using a Carl Zeiss Axioscope Al, and analyzed
for chromosome number. Five photographs of meta-
phases with chromosomes having comparable degrees
of contraction and centromeres localized were used
to obtain mean values in the following chromosomal
parameters: the di erence in length between the longest
chromosome and the shortest chromosome (Range), total
haploid chromosome length (THC), average chromosom-
al size (AC) and ratio of the longest/shortest chromosome
(Ratio, L/S). The asymmetry index (TF%) was obtained
following Huziwara (1962). Chromosomes were classi ed
as metacentric (m), submetacentric (sm), and subtelo-
centric according to their morphology and arm propor-
tions (Levan et al. 1964). Chromosome size was estimat-
ed using a Mitutoyo Digimatic Caliper. A karyotype is
prepared from a photomicrograph by cutting individual
chromosomes, organizing them in descending order of
length, and matching based on morphology.
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RESULTS

108 typical metaphase nuclei exhibiting a 2n = 20
were examined (Fig. 3 A-D). The complements showed
a predominance of m chromosomes, few sm chromo-
somes, and a single pair of st chromosomes carrying sec-
ondary constriction and satellites on short arms (Table
1; Fig. 3A, B, and D). The chromosome formula and
other cytogenetic parameters are summarized in Table
2. The karyotype obtained is shown in Fig. 3E. Eight
metaphase complements (7.4%) exhibited chromosomes
of di erent shapes and sizes linked by chromatin strands
(interchromosomal connections) in regions close to the
telomeres (Fig. 3A-D) and an apparent satellite associa-
tion between the st chromosomes (Fig. 3D). Interphase
cells exhibited one or two nucleoli.

DISCUSSION

The chromosome number 2n = 20 obtained for
Aeschynomene sp. prope villosa con rms the predomi-
nance of n=10 in dalbergioid legumes. It adds to the
records showing that the species and subspeci c¢ taxa in
the Americanae series of Aeschynomene cytogenetically
analyzed are strictly diploid. Its karyotypic formula (7m
+ 2sm + 1st) con rms the chromosomal architecture
observed in a previous study for another Mexican popu-
lation also registered as A. sp. prope villosa. Although it
shows slight di erences in some cytogenetic parameters
such as THC and AC, this does not substantially a ect
either the chromosomal formula or the asymmetry
index (TF%) and instead suggests a loss of genetic inter-

Table 1. Mean chromosome measures in Aeschynomene sp. prope
villosa.

CP TCL (um)  LLA (um)  LSA (um) r S

01 225019  126+0.18  0.98+0.09  1.63 m
02 2104013  121+0.10  0.89+0.05 1.35 m
03 196+0.08  113+0.06  0.87+0.08 1.29 m
04 1754013  099+0.12  0.75+0.04  1.32 m
05 1674013  0.89+0.09  0.77+£0.04 115 m
06 1.58+0.11 0.90+0.11 0.67+0.04 1.34 m
07 151+0.12  1.02£0.09  048+0.04 212 sm
08 1404013  0.7440.09  0.64+0.04  1.15 m
09 1304020  1.024+0.16  0.27+0.05 3.77 st*
10 125+0.14 0874008  0.37+0.07 235 sm

CP=Chromosome pair; TCL=total chromosome length;
LLA=length long arm; LSA=length short arm; +=SD; r=arms ratio;
S=shape a er Levan et al. (1964). *Chromosomes with secondary
constrictions on the short arm.
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Figure 3. Metaphase nuclei of Aeschynomene sp. prope villosa 2n = 20. A-D. Evidence of chromosome stickiness linking telomeric regions
of some homologous and non-homologous chromosomes. Short arrows indicate sticky chromatin strands, while long arrows indicate iso-
lated secondary constrictions or satellite associations. E. Karyotype. Scale bar = 10 pm.

Table 2. Karyotypic analysis of Aeschynomene sp. prope villosa.

NA on Karyotype sat THC £ SD AC +SD Range + SD L/S +SD TE% + SD
formula (um) (um) (um)
108 20 7m + 2sm+1st 2 16.79+1.18 1.67+0.11 103+014 185+020 40.08 +1.45

NA = Nuclei analyzed; Sat = Number of satellites; THC = Total haploid chromosome length; AC = Average chromosome size; TF% =
Asymmetry index.
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action between populations or adaptations to di er-
ent eco-geographic factors (Tapia-Pastrana et al. 2020).
However, the most striking di erence is the presence of
a single SAT chromosome pair observed here, in which
the microsatellites are located on the short arms of the
st chromosomes (Fig. 3A and D), whereas, in the previ-
ous description, the complements also showed micro-
satellites on a pair of m chromosomes. The observa-
tion of up to two nucleoli in interphase could indicate
the presence of two NOR regions, thus coinciding with
the record of two pairs of SAT chromosomes described
previously. In Aeschynomene, SAT chromosomes are
considered to carry, at least in part, the NOR regions
(Tapia-Pastrana et al. 2020).

Although this might suggest a new cytotype in A. sp.
prope villosa, evidence of chromosomes linked by chro-
matin strands, a phenomenon known as chromosome
stickiness, might o er another explanation. Stickiness is
a chromatid aberration resulting from the induction of
breaks and exchanges in chromosomes during their fold-
ing in mitotic prophase, when chromatin bers remain
bound in a three-dimensional organization and do not
unfold due to some physical interference. The result is
an intermingling of bers and chromosomes joined by
chromatidic bridges. That is when chromosome bers
do not condense correctly, in preparation for mitosis,
they become trapped and physically entangled with b-
ers from other chromosomes (McGill et al. 1974; Pathak
et al. 1975; KlaSterska et al. 1976; Grant 1978; Gaulden
1987; Al-Achkar et al. 1989). Even more, Evans (1962)
considered stickiness as a chromatid aberration, where
the localized junction points represent sites in which dif-
ferent parts of the chromatids have undergone exchanges
that occur naturally in plants and animals, especially
a er genetic instability due to hybridization.

For example, in plants, there are records of chromo-
somal stickiness a er hybridization in Rosa (KlaSterska
and Natarajan 1975), Panicum maximum (Pessim et
al. 2015), and Brassica napus (Sheidai et al. 2003). Fur-
thermore, hybridization between plant species has been
reported to cause cytological alterations, chromosom-
al instability, loss of somatic chromosomes, heritable
changes in their size and staining, and abnormalities
in meiotic behavior, although the exact mechanisms of
such phenomena are unknown (Moav 1961; Moav et al.
1968; Wagenaar 1969; Klasterska and Natarajan 1975;
Klasterska et al. 1976; Rao et al. 1990; Kiihl et al. 2011).

Today, there is a broad record of chromosomal alter-
ations in plants that involve close contact between chro-
mosomes or parts thereof. For example, the proximity of
homologous chromosomes in metaphase is referred to
as somatic associations (Therman 1951; Hiraoka 1958;
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Mitra and Steward 1961; Chauhan and Abel 1968; Wage-
naar 1969). Dicentric chromosomes, anaphase bridges,
and acentric fragments have also been recorded, recog-
nizable as lagging chromatin during the separation of
daughter nuclei due to instability in mitotic cells (Puizi-
na et al. 2004). Other types of metaphase chromosome
associations include somatic syndesis observed in Daph-
ne odora (Hiraoka 1958), somatic pairing of homologous
chromosomes recorded in Impatiens balsamina and Sal-
via nemorosa (Chauhan and Abel 1968) or Ornithogalum
graminifolium and O. caudatum (Therman 1951).
However, Fig. 3 A-D shows that the type of association
observed in the mitotic chromosomes of Aeschynomene
sp. prope villosa involves the telomeric regions of both
homologous and non-homologous chromosomes. In this
respect, the phenomenon observed here also di ers from
the associations observed in Allium cepa, where the ends
of adjacent homologous chromosomes join in pairs to
form chromosome chains (Wagenaar 1969).

The evidence of chromosome stickiness observed in
Aeschynomene sp. prope villosa ts well with the chroma-
tid bridges model described above and is interpreted as
the result of a molecular event that can occur at di erent
phases of the cell cycle (including prophase contraction)
recognizable in prometaphase, metaphase, and anaphase
in both mitosis and meiosis (Gaulden 1987). Further-
more, given the number of chromosomes involved, it
would correspond to the moderate type of chromosome
stickiness (Dowd et al. 1986; Gaulden 1987), facilitating
an accurate chromosome count and the establishment of
the karyotypic formula in the analyzed nuclei.

Other explanations consider chromosomal stickiness
under genetic control due to the mutation of a recessive
gene called sticky (Beadle 1932; Mehra and Rai 1970;
Sosnikhina 1973; Golubovskaya 1989; Rao et al. 1990),
and under this approach, it has been studied in several
species of higher plants (Mendes-Bonato et al. 2001;
Kaur and Singhal 2019). Likewise, the de cient function-
ing of non-histone proteins such as DNA topoisomerase
and peripheral proteins, which are integral components
of the chromosome whose function is necessary for the
separation and segregation of chromatids, has been sug-
gested (Gaulden 1987). However, given the supposed
hybrid origin of Aeschynomene sp. prope villosa studied
here, it is more likely that the observed chromosome
stickiness results from improper folding of chromosome

bers, as mentioned above.

It is known that inter- or intraspeci ¢ hybridiza-
tion events lead to genomic instability, which results in
de novo chromosomal rearrangements due to changes
in chromatin structure among other aspects (Fontdevila
1992, 2005; Metcalfe et al. 2007). Thus, changes in the
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number and position of NORs have been recorded in
species of the genus Allium and their hybrids (Sato 1981;
Loidl and Greilhuber 1983; Schubert et al. 1983; Schu-
bert 1984; Schubert and Wobus 1985; Pich et al. 1996),
in subspecies of Turnera sidoides (Arbo 1985; Solis Nef-
fa and Fernandez 2002), and recently in the so-called
Aeschynomene americana complex (Tapia-Pastrana et al.
2020).

Today, it is recognized that the Americanae mor-
phological series of Aeschynomene includes taxa that
are di cult to identify, but whose karyotypes con rm
the evolutionary relationships rescued in phylogenies
that use molecular data (Rudd 1955; Chaintreuil et al.
2013; Tapia-Pastrana et al. 2020). The suspicion that this
group includes taxa that have not yet been described
remains in force, so a more inclusive taxonomic revi-
sion is needed that considers morphological characters
such as oral morphotypes and macule geometry in the
standard petal, in addition to cytogenetic and ecological
information (Tapia-Pastrana et al. 2020).

The present study shows for the first time the
occurrence of chromosomal stickiness in a taxon of
Aeschynomene L., an unsuspected cytogenetic event with
various implications, particularly related to hybridi-
zation, an evolutionary pathway already described in
other morphological series and phylogenetic clades of
Aeschynomene (Arrighi et al. 2014; Tapia-Pastrana and
Delgado-Salinas 2020).
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