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Abstract. Nanotechnology is widely gaining worldwide application in biology and
medicine because of its proven efficacy. Annona muricata contains bioactive phyto-
chemicals with an inherent ability to bio-fabricate metal ions nanoparticles (NPs).
Annona muricata aqueous leaf extract and its green bio-fabricated silver nanoparticles
were evaluated on red blood cells (RBC) for anti-haemolytic activity and cytogenotox-
icity on Allium cepa cells. The effects of A. muricata extract (Am-E) and its biofabri-
cated silver nanoparticles (Am-AgNPs) were observed at 0.7, 7.0 and 70.0 ug/ml on
H,0,-induced haemolysis in RBC and cyclophosphamide-induced cytogenotoxicity on
A. cepa cells. Results showed significant and concentration dependent anti-haemolytic
activity of Am-E relative to Am-AgNPs. Significant (P<0.05) reduction of mitotic index
was observed in the groups treated with Am-AgNPs compared with Am-E, which
indicates cytotoxic effect of the nanoparticles. The Am-E protected A. cepa meristem
root cells from cyclophosphamide-induced mitotic repression better than Am-AgNPs.
Different degree of chromosomal abnormalities such as chromosome-bridge, sticky
chromosome, and c-mitosis were observed in all the treatment groups with chromo-
some-bridge and sticky chromosome being prominent. This study revealed stronger
anti-haemolytic efficacy of Am-E at higher concentrations compared with Am-AgNPs.
Chromosomal abnormalities observed in this study suggest greater chromosomal insta-
bility as influenced by the nanoparticles compared with the extract on onion cells. The
protective effect of the extract against cyclophosphamide-induced chromosomal aber-
rations may be an indication of its potential as an anti-genotoxic agent.

Keywords: green synthesis, anti-haemolytic, Annona muricata, Allium cepa, silver
nanoparticles, cytogenotoxicity.
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1. INTRODUCTION

Nanotechnology has captured a great scientific interest
worldwide due to its wider objectives cum applications in
biology and medicine (Shaniba et al. 2017). Its fundamen-
tal building block resides in the synthesis of Nanoparticles
(NPs) which are products of creation, production, charac-
terization, and manipulation of materials at nano-scale.
It enables the amendment of materials at the atomic level
with a view to obtain unique properties, which can be
annexed for desired applications (Gleiter, 2000).

The distinct optical, electrical, catalytic properties of
metal nanoparticles such as Ag, Zn, Pt, Au and Pd, and
their roles in biological and pharmaceutical applications
are being studied intensively due to their unique ame-
nability (Jacob et al. 2012; Firdhouse and Lalitha, 2015;
Shaniba et al. 2017). Silver nanoparticles (AgNPs) have
found extensive use in pharmaceutical and cosmetic
industries among other metal nanoparticles owing to
their broad utility (Sathishkumar et al. 2012; Patil et al.
2017; Annu et al. 2018; Patra et al. 2018). Biological syn-
thesis of AgNPs from natural products viz. bacterial, fun-
gi, yeast and plant extract, and their applications in biol-
ogy and medicine have tagged them eco-friendly (Lokina
et al. 2014; Shaniba et al. 2017; Adebayo et al. 2019a,b).

Annona is a genus of flowering plants of Annonace-
ae family known for its exotic fruits. Four species of the
genus such as A. muricata, A. squamosa, A. senegalensis
and A. cherimola have been reported to have compel-
ling pharmacological activities (Santos-Sanchez et al.
2018). The pharmacological activities of the genus have
been related to considerable quantity of bioactive princi-
ples such as phenolic compounds (flavonoids and phe-
nolic acids) (Perrone et al. 2022). A. muricata is the one
of the most studied species of the genus Annona (Santos-
Sanchez et al. 2018). A. muricata also known as sour-
soup is a typical tropical evergreen tree with heart shaped
edible fruits and it is ubiquitous in most tropical coun-
tries (Gavamukulya et al. 2017). Pharmacological and tra-
ditional uses of the leaf, bark, root, stem, fruit, and seed
extracts include hypoglycemic, anti-cough and analgesic
(Hardoko et al. 2015; Coria-Tellez et al. 2018). It has also
been found useful as antispasmodic, sedative (Mishra et
al. 2013; Moghadamtousi et al. 2015), anti-malarial (Som-
sak et al. 2016), antioxidant (Balderrama-Carmona et al.
2020), anti-inflammatory (Abdul Wahab et al. 2018) and
anticancer (Yang et al. 2015; Najmuddin et al. 2016; Coria-
Tellez et al. 2018). It contains phytochemicals such as fla-
vonoids, cardiac glycosides, saponins, alkaloids, tannins,
phytosterol, and terpenoids giving it the ability to reduce
metal ions (Vijayameena et al. 2013). Previous study from
our laboratory have indicated that the physicochemi-
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cal property of silver nanoparticles synthesized using A.
muricata aqueous leaf extract is within a normal range
(Badmus et al. 2020). The nanoparticles displayed robust
biomedical applications such as antidiabetic, antioxidant,
antimicrobial and anti-proliferative potential.

Generally, AgNPs have wide applications in house-
hold materials, food, pharmaceutical and cosmetic
industries. The increase and unregulated disposal of the
nanoparticles will elevate environmental availability and
bioaccumulation (McGillicuddy et al. 2017). There is a
dearth of scientific evaluation of toxicological capability
and implication of some identified nanoparticles with
strong biomedical presentations. Therefore, this research
was designed to study the anti-haemolytic, and cytogen-
otoxic potential of silver nanoparticles synthesized using
an aqueous leaf extract of A. muricata on red blood cell
and A. cepa cell chromosomes respectively.

2. MATERIALS AND METHODS
2.1 Collection of Plant Materials

The leaves of Annona muricata were collected from
Ologundudu, Ondo State, Nigeria and identified by a
taxonomist at the Department of Pure and Applied Biol-
ogy, Ladoke Akintola University of Technology, Ogbo-
moso, Oyo State, Nigeria. A sample of the plant was
deposited in Herbarium Unit of the Department with
voucher number LHO 250.

2.2 Extract Preparation

Aqueous extraction of A. muricata leaf was carried
out using the method as earlier reported by Yekeen et al.
(2017a) with slight modification. The leaves were pulver-
ized and 6 g of it was soaked in 100 ml distilled water. The
soaked sample was heated with continuous stirring for 30
min at 40 °C. The mixture was filtered with Whatman No.
1 filter paper and stored in a refrigerator at 4 °C until use.

2.3 Green Synthesis of Silver Nanoparticles (AgNPs)

A. muricata aqueous extract (1 ml) was added to 40
ml of 1 mM AgNO; in glass container while 40 ml of
Am-E and 1 mM AgNO; solutions were separately kept
in containers as controls. The controls and the reacting
mixture of the extract and AgNO; were placed in sun-
light for a complete synthesis of nanoparticles (Yekeen
et al. 2017a). A complete change of colour of reacting
mixture, an indicator of synthesized nanoparticles was
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observed after 30 min.

2.4 Determination of Anti-haemolytic Activity

Anti-haemolytic activities of Am-E and Am-AgNPs
were carried out using the method of Joujeh et al.
(2017). The blood sample collected from a male Wistar
rat through heart puncture was spun at 5000 rpm for
5 min. The plasma was discarded and the precipitate
was washed 3 times with phosphate buffer saline (pH
7.4). Five percent of erythrocyte was prepared in phos-
phate buffer saline. Samples (biosynthesized nanoparti-
cles and the extract) (500 pl) at different concentrations
(700, 350 and 175 ug/ml) were added to 1 ml of 5%
erythrocyte and incubated for 20 min at room temper-
ature (25 °C). Next, 500 ul of H,0, was added and spun
at 5000 rpm for 5 min. The absorbance of free haemo-
globin content in the supernatant was read at 540 nm
while the percentage inhibitions of H,0,-induced hae-
molysis of the nanoparticles and the extract were cal-
culated using the equation 1.

Abs(Control-Sample)
Abs(Control)

% inhibition of haemolysis =

x 100 )

2.5 Allium cepa Cytogenotoxicity Assay
Onion bulbs (240) of approximately the same size

were bought at a local market, Owode-Egba, Ogun State,
Nigeria. The method earlier reported by Badmus et al.

Table 1. Experimental Design of Cytogenotoxic Evaluation.

Groups Treatments

1 Distilled water only (Negative Control)

2 100 pg/ml cyclophosphamide (Positive)

3 0.17 ug/ml AgNO,

4 0.7 pg/ml Am-AgNPs

5 7.0 pg/ml Am-AgNPs

6 70.0 ug/ml Am-AgNPs

7 100 pg/ml cyclophosphamide + 0.7 pug/ml A.m-AgNPs
8 100 pg/ml cyclophosphamide + 7.0 ug/ml A.m-AgNPs
9 100 pg/ml cyclophosphamide + 70.0 pg/ml A.m-AgNPs
10 0.7 pg/ml Am-E

11 7.0 pg/ml Am-E

12 70.0 ug/ml Am-E

13 100 pg/ml cyclophosphamide. + 0.7 pg/ml Am-E

14 100 pg/ml cyclophosphamide. + 7.0 pg/ml Am-E

15 100 pg/ml cyclophosphamide. + 70.0 pg/ml Am-E

16 100 pg/ml of cyclophosphamide. + 1 mM AgNO,

(2013) and Yekeen et al. (2017a, b) was adopted in this
study and the experimental set up as described in Table
1. The onions were sundried for two weeks to minimize
moisture and aid root growth. The outer scales of the
onion bulbs were carefully peeled without affecting the
primordial root ring. Fifteen onions were used for each
group as indicated in Table 1. The base of each onion bulb
was suspended in each container (100 ml beaker) sepa-
rately containing the control and test solutions at different
concentrations. All samples were placed in a dark cup-
board at 25 + 2 °C to reduce the fluctuation of dividing
cells. The controls and test solutions were changed at 24 h
intervals. Five onions per group were respectively harvest-
ed at 48 h and 72 h of growth, and their roots were fixed
in ethanol: acetic acid (3:1, v/v) for microscopic evaluation.

2.5.1 Microscopic Evaluation

The fixed roots were hydrolyzed in 1 N HCl at 65 °C
for 3 min. The tip of two roots was squashed on each of
the six slides per group and chopped carefully to ease
the scoring process. Aceto-orcein was used to stain the
prepared slides for 15 min. Five slides were analyzed per
group, in which 1000 cells were scored per slide at x1000
magnification for normal and abnormal chromosome
behaviour during cell division using various template as
earlier reported (Badmus et al. 2013; Yekeen and Ade-
boye 2013; Yekeen et al. 2017a,b).

2.5.2 Macroscopic Evaluation

After 72 h, the length of the roots of five onions with
best growth selected from each of the concentrations
was measured with ruler in cm.

2.6 Statistical Analysis

All the data obtained in this study were expressed as
mean + SD. Comparison between treatments was done
by analysis of variance (ANOVA) on Statistical Package
for Social Sciences (SPSS) 21.0. Software Duncan’s mul-
tiple range post hoc test was performed to measure vari-
ation between the mean with significant difference con-
sidered at p<0.05.

3. RESULTS

3.1 Biosynthesis of Silver Nanoparticles

The colour change from colourless to brown of the
reaction mixture after 30 min exposure to sunlight (UV



Table 2. Anti-haemolytic Activity of Am-AgNP and Am-E.

Concentration (ug/ | Am-E (%) Am-AgNPs (%)
ml)

175 65.44 + 0.6 49.22 £ 0.9

350 61.64 + 0.6 45.92 £ 0.7

700 49.64 £ 0.8 3477 + 1.7

Data were Mean + SD of triplicate experiments conducted at differ-
ent time. Am-E (aqueous leaf extract of A. muricata); Am-AgNPs
(A. muricata-fabricated silver nanoparticles).

rays) is an indication of bio-reduction of silver ion to
AgNPs

3.2 Anti-haemolytic Activity of Aqueous leaf Extract of A.
muricata and its fabricated silver nanoparticles

The results in Table 2 show that the bio-fabricat-
ed nanoparticle and extract exhibited anti-haemolytic
activity in an inverse concentration dependent manner.
The activities of the extract and silver nanoparticles were
stronger at lower concentration with the extract show-
ing significantly (P<0.05) higher activity compared with
their biosynthesized silver nanoparticles.

3.3 Effects of Aqueous leaf Extract of A. muricata, its fab-
ricated silver nanoparticles and cyclophosphamide on root
length of A. cepa

The root lengths assessed after 72 h of exposure
revealed that the average root length of the treated
groups Am-AgNPs (Groups 4, 5, 6), Cyclo + Am-AgNPs
(7, 8 and 9) decreased in a concentration dependent
manner and significantly (P<0.05) lower than that of the
control group. Non-significant (P>0.05) increase in the
mean root length was observed in the groups treated
with 0.7 and 7.0 pg/ml Am-E only (Group 10, 11), while
at 70 pg/ml Am-E only (Group 12) significant (p<0.05)
increase was observed compared to the control group
and cyclophosphamide treated group (Group 2) (Table
3). Whereas non-significant (P>0.05) difference in aver-
age root length was observed in the Cyclo + Am-E (13,
14 and 15) treated groups relative to the Control (Group
1). The mean root length of Am-AgNPs and Cyclo +
Am-AgNPs at 0.7 and 7.0 ug/ml decreased significantly
(p<0.05) relative to the group treated with cyclophos-
phamide alone. No significant difference was observed
between the root lengths of the cyclophosphamide
(Group 2) treated group and the control. No growth of
roots was observed in the onions treated with AgNO,
alone and Cyclophosphamide + AgNO;.
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Table 3. Effects of Aqueous leaf Extract of A. muricata and its fabri-
cated silver nanoparticles on A. cepa root growth.

Root length
Groups (cm)

Mean +SD
1 (Distilled water only (Negative Control)) 1.60+0.807
2 (100 pg/ml cyclophosphamide (Positive)) 1.42+0.50?

3 (0.17 pg/ml AgNO;) 0

4 (0.7 pg/ml Am-AgNPs) 1.57+0.712
5 (7.0 pg/ml Am-AgNPs) 1.26+0.64°
6 (70.0 pg/ml Am-AgNPs) 0.16+0.07°
Zéll\;)}())sp;g/ml cyclophosphamide + 0.7 pug/ml A.m- 1.5840.64
iéll\?l())sglg/ml cyclophosphamide + 7.0 ug/ml A.m- 0.67+0.32b
9 (100 pg/ml cyclophosphamide + 70.0 pg/ml A.m- 0274013
AgNPs)

10 (0.7 pg/ml Am-E) 1.63+0.712
11 (7.0 pg/ml Am-E) 1.79+£0.98
12 (70.0 pg/ml Am-E) 2.48+1.14°
13 (100 pg/ml cyclophosphamide. + 0.7 ug/ml Am-E)  1.55+0.68?*
14 (100 pg/ml cyclophosphamide. + 7.0 ug/ml Am-E)  1.75+0.742

15 (100 pg/ml cyclophosphamide. + 70.0 pg/ml Am-E) 1.61+0.73?

16 (100 pg/ml of cyclophosphamide. + 0.71 pg/ml

AgNO;) 0

Data are presented as Mean + SD of triplicate experiment. Mean
+SD with different superscript are significantly different at P<0.05.
AgNO;: Silver Nitrate, A.m-E: Annona muricata Extract, Am-
AgNPs: Annona muricata- Silver Nanoparticles, Positive control:
Cyclophosphamide, Negative control: Distilled water, SD: Standard
Deviation.

3.4 Cytogenotoxic effects of Aqueous leaf Extract of A.
muricata, its fabricated silver nanoparticles and Cyclophos-
phamide on A. cepa cells

The cytogenotoxic effects of Am-AgNP and A. muri-
cata extract on A. cepa cells are, respectively revealed
in Tables 4 and 5 after 48 and 72 h exposure. At 48 h,
a concentration dependent reduction in the total num-
ber of dividing cells was observed in each of the treated
groups compared with the negative control group. The
mitotic index (MI) value of the treatment groups was
lower than that of the control group whereas, a complete
cell growth arrest was observed in groups treated with
AgNO; solution alone and the highest concentration of
Am-AgNPs only and in combination with cyclophos-
phamide. Furthermore, the lesser MI value was observed
for both Am-E and Am-AgNPs singly and when com-
bined with cyclophosphamide compared to group treat-
ed with cyclophosphamide only. Mitotic index values
lesser than the half of the negative control were recorded
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Table 4. Cytogenotoxic Effect of A. muricata Extract-Mediated Silver Nanoparticles on Allium cepa roots meristerimatic cells at 48 h com-

pared with control (positive and negative)

No of Mitotic Mitotic

%

Conc 4 Dividing Index Inhibition Prophase Metaphase Anaphase Telophase CM SB CB VC No. of Aberrant
(ng ml™) A/D  per cell

Cells (%) (%)

scored

Control 412 8.24 - 227 106 35 44 - - - - - - -
Cyclo
100 288 5.76 30.10 136 50 35 36 1 16 14 - - 0.11 0.62
AgNO;
0.17 - - - - - - - - - - - - - -
Am-AgNPs
0.7 303 6.06 26.46 134 47 37 31 - 38 16 - - 0.18 1.08
7 285 5.70 30.83 127 39 33 38 - 30 18 - - 0.17 0-96
70 - - - - - - - S - -
Cyclo + Am-AgNPs
100 + 0.7 315 6.30 23.54 125 74 32 47 - 27 10 - - 0.12 0.74
100 + 7 283 5.66 31.31 147 63 12 16 - 36 9 - - 0.16 0.90
100 + 70 - - - - - - - - - -
Am-E
0.7 267 5.34 35.19 144 38 33 46 . 1 5 - . 0.02 0.12
7 249 4.98 39.56 132 46 27 36 - 1 7 - - 0.03 0.16
70 224 4.48 45.63 105 43 35 37 - 2 2 - - 0.02 0.08
Cyclo + Am-E
100 + 0.7 271 5.42 34.22 135 56 27 30 - 16 7 - - 0.08 0.46
100 + 7 246 4.92 40.29 121 57 21 35 1 11 - - - 0.05 0.24
100 + 70 199 3.98 51.70 105 36 15 37 . - 6 - . 0.03 0.12
Cyclo + AgNO;
100 + 170 - - - - - - - S - -

Cyclo: Cyclophosphamide, Conc: Concentration, CM: C-mitosis, SC: sticky chromosome, CB: chromosome bridge, VC: vagrant chromosome,
F: fragmentation, No. of A/D: number of aberration per dividing cell, Positive control: Cyclophosphamide, Negative control: Distilled water.

for both the 70.0 ug/ml Am-E treated group and in com-
bination with cyclophosphamide. Higher mitotic inhibi-
tion values were observed in Am-E, cyclophosphamide +
Am-E and cyclophosphamide + AgNO; treated groups
relative to the other groups. The mitotic inhibition val-
ues were lower in the groups treated with 0.7 pug/ml of
AgNPs and AgNPs + cyclophosphamide relative to the
group treated with cyclophosphamide only. The high-
est percent proportion of prophase was observed in the
negative control group whereas the least was observed
in the group treated with 70.0 pg/ml Am-E alone and
when combined with cyclophosphamide. The 7.0 pug/ml
Am-E + cyclophosphamide treated group had higher
percentage proportion of prophase compared to the neg-
ative control. A reduction was observed in the percent-
age of metaphase in all the treated groups relative to the

negative control group. Anaphase stage was higher in
the group treated with 0.7 pug/ml AgNPs relative to the
other groups and the control. Telophase in the 0.7 pg/
ml AgNPs + cyclophosphamide and Am-E only treat-
ment groups was higher than the control and the other
groups, whereas it was higher in the control group than
the other treated groups.

At 72 h, reduction in the total number of dividing
cells of the treatment groups relative to negative con-
trol was observed. Cumulative numbers of dividing cells
were lower in the 0.7 ug/ml Am-E treated group than
half of the positive and negative control. The MI values
at 72 h and 48 h were found to be significantly reduced
in the treated groups relative to the negative control
group. The reduction in mitotic index values was con-
centration dependent except in the 0.7 pg/ml Am-E and
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Table 5. Cytogenotoxic Effect of A. muricata Extract-Mediated Silver Nanoparticles on Allium cepa root meristerimatic cells at 72 h com-
pared with control (positive and negative)

0
Concentration No of Mitotic Mitotic No. of Abefrant
Dividing Index Inhibition Prophase Metaphase Anaphase Telophase CM SB CB VC F A/.D per cell

(ug ml) Cells (%) (%)

scored
Control 244 4.88 - 144 46 17 37 - - - - - - -
Cyclo
100 207 4.14 15.16 112 35 19 32 - 5 4 - - 0.04 0.18
AgNO,
0.17 - - - - - - - .- -
Am-AgNPs
0.7 216 4.32 11.48 121 43 11 29 - 1 11 - - 0.06 0.24
7 142 2.84 41.80 75 29 3 31 - - 4 - - 0.03 0.08
70 - - - - - - - - - - - - - -
Cyclo + Am-AgNPs
100 + 0.7 198 3.96 18.85 100 39 9 34 1 4 11 - - 0.08 0.32
100 + 7 167 3.34 31.56 78 37 9 16 - 19 8 - - 0.16 0.54
100 + 70 - - - - - - - - - - - - - -
Am-E
0.7 83 1.66 65.98 45 22 9 6 . - 1 - - 0.01 0.02
7 200 4.00 18.03 104 36 17 38 1 - 4 - - 0.03 0.10
70 175 3.50 28.28 95 20 9 43 - 2 6 - - 0.05 0.16
Cyclo + Am-E
100 + 0.7 213 4.26 12.70 121 29 24 37 - - 2 - - 0.01 0.04
100 + 7 229 4.58 6.15 157 18 20 33 - - 1 - - 0.00 0.02
100 + 70 - - - - - - - - - - -
Cyclo + AgNO;,
100 + 170 - - - - - - - - - - - - - -

Cyclo: Cyclophosphamide, Conc: Concentration, CM: C-mitosis, SC: sticky chromosome, CB: chromosome bridge, VC: vagrant chromosome,
F: fragmentation, No. of A/D: number of aberration per dividing cell, Positive control: Cyclophosphamide, Negative control: Distilled water.

o] y ._.

- Anaphase Bridge f- Anaphase with Fragments  g- Telophase Bridge h- C-Mitosis i- Sticky Metaphase

Figure 1. Representative photomicrographs of normal stages of mitotic cell divisions in treated Allium cepa root cells and observed chromo-
somal aberrations.
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Am-E+ cyclophospahamide treatment groups where
lower values were observed. Complete cell growth arrest
was demonstrated in 70.0 pg/ml Am-AgNPs alone, 70.0
pg/ml Am-AgNPs + Cyclo and AgNO; solution treated
groups at 48 h.

Chromosomal aberrations, including chromosome-
bridge, sticky chromosome, and c-mitosis were observed
in different degrees in all the treated groups with chro-
mosome-bridge and sticky chromosome being promi-
nent in most of the treated groups (Figure 1).

4. DISCUSSION

4.1 Biosynthesis and Characterization of Silver Nanoparti-
cles

A change in colour of silver nitrate solution in the
presence of the aqueous leaf extract of Annona muricata
from colourless to brown that confirms the synthesis of
Am-AgNPs nanoparticles has been previously reported
(Badmus et al. 2020). Physicochemical characteriza-
tion results of Am-AgNPs similar to the previous study
(Badmus et al. 2020) indicated that the nanoparticles
absorbed maximally at 420 nm and FTIR showed that
the synthesized silver nanoparticles was possible because
of amide and hydroxyl groups of the aqueous leaf
extract. Zeta potential of the nanoparticles was -27.2 mV,
DLS indicated 86.8 nm size with polydispersity index
of 0.329 and XRD/SAED presented crystalline nature
of the nanoparticles with face centre cubic (FCC) phase
(Santhosh et al. 2015; Gavamukulya et al. 2020; Badmus
et al. 2020)

4.2 Anti-haemolytic Effects of Aqueous leaf Extract of A.
muricata and its fabricated silver nanoparticles

The erythrocyte model for assessing the anti-haemo-
lytic activity of test compounds can reveal the toxicity
of an agent and can serve as an indicator of membrane
toxicity (Zohra and Fawzia, 2014). Blood cells are eas-
ily isolated and the test method using the blood cell
can mimic other cell membrane (Farag and Alagawany,
2018). The haemolytic ability of the test compound is
proportional to the concentration, chemical constitu-
ent and potency of the compound (Zohra and Fawzia,
2014). In this study, the Am-E and Am-AgNPs demon-
strated a concentration dependent anti-haemolytic activ-
ity. The extract showed a better protection against H,O,-
induced haemolysis of the red cell membrane compared
to Am-AgNPs. This implies that Am-AgNPs is best used
at lower concentration because a high concentration as

used in this study is toxic to RBC membrane (Raja et
al. 2016; Hamouda et al. 2019). Anti-haemolytic activ-
ity of plant extract has been shown to be related to the
constituent antioxidant agents such as polyphenolic
compound (Ramchoun et al. 2015; Karim et. 2020). The
bioactive compounds of the plant are responsible for the
synthesis of the nanoparticles and also confer the bio-
medical property such as anti-haemolytic on the synthe-
sized nanoparticles (Kuppusamy et al. 2016; Badmus et
al. 2020). The toxic influence of RBC membrane at high
concentration by Am-AgNPs could be attributed to the
Ag component of the nanoparticles as earlier reported
by Choi et al. (2011) and Hamouda et al. (2019) to cause
the death of red blood cells, even at low concentration.
Clinical outcome of haemolysis can cause anaemia and
contribute to blood coagulation abnormalities. However,
nanoparticles including sliver have been shown to pro-
tect blood against coagulation (Lateef et al. 2018; Eleg-
bede and Lateef, 2019; Azeez et al. 2020). These activities
are indicative of biomedical applications of nanoparticles
in blood disorder.

4.3 Effects of Aqueous leaf Extract of A. muricata and its
fabricated silver nanoparticles and Cyclophosphamide on
root length

Macroscopic evaluation helps to determine the root
sprouting or root growth inhibition effect exerted by
the test solution on the onion roots while microscopic
evaluation helps to study the harmful qualitative and
quantitative effect (cytotoxic effect on onion meristem
cells) (Yekeen et al. 2017a). Observations of A. cepa root
growth inhibition after 48 and 72 h were used as indi-
cator of the cytotoxic nature of Am-AgNPs and Am-E.
The extract did not show inhibition of root length, but
did protect the roots from cyclophosphamide-induced
root length reduction. The protective effect of Am-E on
the root growth inhibition imposed by cyclophospha-
mide and increased mean root length when Am-E was
used alone may be credited to the ability of the extract
to induce root sprouting (Yekeen et al. 2017a). Contra-
rily, the Am-AgNPs reduced the root length in a concen-
tration dependent manner attesting to its mitodepressive
capability. The reduction of root length was augmented
in the presence of both Am-AgNPs and cyclophos-
phamide at both 48 and 72 h. Root growth inhibition
observed in this experiment at both 48 and 72 h expo-
sure to cyclophosphamide together with Am-AgNPs
and Am-AgNPs alone is an indication of the genotoxic-
ity nature which can be linked to the presence of heavy
metals constituent (Yekeen et al. 2017a). Stunted growth,
hardness, and colouration of the roots observed at 72 h
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exposure in addition to the aforementioned observations
confirm the mitodepressive effect on the onion roots
meristem cells.

4.4 Cytogenotoxic Effect of Aqueous leaf Extract of A.
muricata and its fabricated silver nanoparticles and Cyclo-
phosphamide

The study of chromosome behavior during cell divi-
sion in order to establish health safety status of a given
compound has been the focus of Scientists employing
A. cepa test. A. cepa assay is widely used to study nor-
mal and the abnormal chromosome response when the
onions base is suspended in a test solution. The assay
reveals the effect of a test substance at a minute level
of interaction with genetic material, which makes it a
robust tool for effective assessment of genotoxic com-
pounds (Bonciu et al. 2018). It is reproducible, sensitive,
fast, cheap, and effective in monitoring genetic materi-
als response on exposure to environmental pollution
and mutagenic compounds (Badmus et al. 2013; Bhat et
al. 2017). Prophase stage of cell division dominated the
other cell division stages in all the treated and control
groups. An increase in prophase number compared to
other stages of cell division has been related to delay in
the breaking down of its nuclear membrane (Pankaj et
al. 2014). Cell division at the root tip of the onion mer-
istematic region was assessed using mitotic index (Bad-
mus et al. 2013). The reduction in the mitotic index
values of the treated groups compared with the nega-
tive control revealed the cytotoxicity potential of cyclo-
phosphamide, Am-AgNPs and Am-E at both 48 and 72
h. The reduction of MI by any agent compared with the
untreated control is known to relate to cytotoxicity of
the tested compound (Asita and Matebest, 2010; Yekeen
et al. 2017a). The depression of MI could be linked to
the inhibition of DNA synthesis due to the blockage of
G, phase of the cell cycle, which prevents the cell from
entering M-phase during the cell cycle (Badmus et al.
2013; Obute et al. 2016; Yekeen et al. 2017a). Inhibition
of mitotic activities is employed for tracing cytotoxic
substance (Singh and Roy, 2016). As earlier reported, MI
reduction might be as a result of the adverse effects of
the extract and Am-AgNPs on the microtubule (Yekeen
et al. 2017a). This was corroborated by the total cell
arrest obtained when A. cepa was treated with AgNO;
and the highest concentration of AgNPs with or with-
out cyclophosphamide. However, the ability of AgNPs to
induce cell arrest could be an indication of its capability
as an agent of antiproliferation against uncontrolled cell
division in cancer cell (Chukwujekwu and Van Staden,
2014). In addition, reduction of mitotic activity in this
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study could be because of impaired synthesis of nucleo-
protein coupled with low level of ATP to power spindle
elongation, movement of chromosome and microtubule
dynamics (Yekeen et al. 2017a).

The structural changes of chromosome due to an
exchange or a break of chromosomal materials are
termed chromosome aberration (Preston, 2014). Chro-
mosome aberration (CA) could be as a result of improp-
er or unrepair oxidation of DNA deoxyribose sugar and
a nitrogenous base leading to the breaking of the dou-
ble strand (Badmus et al. 2013). CA observed in cells
could be either lethal or viable and can induce somatic
or inherited genetic effects (Chang-Hui, 2019). Vari-
ous chromosomal abnormalities such as chromosome-
bridge, sticky chromosome, and c-mitosis were observed
in different degrees in all the treatment groups with
chromosome-bridge and sticky chromosome being
prominent in most of the treatment groups (Figure 1).
Kuchy et al. (2016) reported that bridge formation could
be linked to chromosome breaks, stickiness, or a reun-
ion of already broken ends of chromosomes. Olorunfe-
mi et al. (2012) reported that sticky chromosome effect
is irreversible and ultimately result in cell death. There-
fore, total growth inhibition observed with AgNO; and
the highest concentration of Am-AgNPs with or without
cyclophosphamide treatment may be due to sticky chro-
mosome formation. The total root growth inhibition as
observed in AgNO; treated group shows that the pres-
ence of Ag in Am-AgNPs is responsible for root inhi-
bition and chromosomal aberration observed in Am-
AgNPs treated groups.

5. CONCLUSION

The green fabricated NPs using plants have been
shown by several studies to have robust biomedical
applications. Their actions have been linked to increase
surface area due to the reduced size. This study estab-
lished the anti-haemolytic activity of Am-E and Am-
AgNPs. Am-E demonstrated a better anti-haemolytic
activity relative to Am-AgNPs at tested concentrations
suggesting the toxic potential of biosynthesized AgNPs
to RBC at high concentration. The cytotoxicity of Am-
AgNPs was revealed through reduction of MI value and
increased root growth inhibition of the treatments, sug-
gesting the possibility of employing the biogenic parti-
cles as anti-proliferative agent in cancer study. Induction
of CA observed at both 48 and 72 h in this study shows
the genotoxic potential of both Am-E and Am-AgNPs.
While considering the possible influence of Am-AgNPs
in disease therapy, its cytogenotoxic potential should
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be robustly evaluated before its exposure to human. In
addition, there should be restrain in disposing any syn-
thesized nanoparticles into the environment because
their toxicity could be far reaching at high concentra-
tion.

GEOLOCATION INFORMATION

The research was carried out in Ogbomoso (210214),
Opyo State, Nigeria.
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Abstract. For the development of genetic programs with novel characteristics induced
mutagenesis has been used extensively. Chlorophyll (chl) mutations are considered as
the most dependable indices for assessing the efficiency of different mutagens in induc-
ing the genetic variability in crop plants and are also used as genetic markers in basic
and applied research. In the present scenario of high health susceptibility, the global
demand for natural medicine derived from plant species has increased enormously.
Sweet wormwood (Artemisia annua Linnaeus) — an important medicinal plant spe-
cies with immense remedial values, was selected for the present study and exposed to
gamma rays at 100 Gy, 200 Gy, 300 Gy and combination treatments with 100 Gy +
0.1%EMS, 200 Gy + 0.1% EMS, 300 Gy + 0.1%EMS. Meiotic study was also done and
various cytological aberrations were observed in M, generation like stickiness, preco-
cious, scattering, laggard and bridge etc. The frequency of induced chl mutation var-
ied in different mutagen treatments. Eight different types of chl mutants namely albina,
chlorina, xantha, aurea, viridis, yellow viridis and tigrina etc. were recorded in M, gen-
eration on plant population basis. The frequency of xantha mutants was quite high in
both the treatments but in gamma exposed set it was followed by albina whereas in
combination treatments viridis was second highest mutant. In different mutants quan-
titative analysis of chl pigments was also done and content was highest in viridis i.e.
3.86pg/ml FW and lowest in albina i.e. 0 pg/ml FW . Although chlorophyll mutations
thought to be lethal in nature, but present study has proven to be a milestone in iden-
tifying the threshold dose of a mutagen that would increase the genetic variability and
induces new trait in Artemisia annua Linnaeus.

Keywords: Artemisia annua L. (Linnaeus), chlorophyll mutants, cytological anoma-
lies, gamma rays, EMS.

INTRODUCTION

The medicinal plant Artemisia annua, also known as Sweet Wormwood
or Sweet Annie, is one of the top 10 pharmaceutical crops which are get-
ting intensive worldwide scientific consideration as this valuable treasure is
the only source for the commercial pharmaceutical production of the ses-
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quiterpene lactone artemisinin (Prasad and Das 1980).
Artemisia has been applied in the traditional medi-
cine, for the treatment of diabetes, depression, insom-
nia and stress, to clear the lymphatic system and in the
oncotherapy. The whole plant of A. annua L.is still the
most economic source of artemisinin, and the develop-
ments of high-producing plants of A. annua L. appear
to be the main direction to obtain large quantities of
relatively inexpensive artemisinin. For any success-
ful crop improvement programme, genetic variability
plays an important role because it provides a spectrum
of variants for effective and better selection which can
be obtained using mutation, hybridization, recombi-
nation and selection processes (Dhumal and Bolbhat
2012). Mutational breeding involves high energy radia-
tion such as X, p and y-rays, which are electromag-
netic radiations that initiate or inhibit the growth and
differentiation of plant cells and organs (Hasbullah et
al. 2012) they could also modify physiological charac-
teristics of plant to create new mutants for production
of high amounts of commercially important metabo-
lites. Tonizing radiation has been recognized as a pow-
erful technique for plant improvement of medicinal
plants (Vardhan and Shukla 2017). This technique cre-
ates genetic variability in plants, which can be screened
for desirable characteristics. Previously, Koobokurd et
al. (2008) reported a method for establishing in vitro
plantlet variants of A. annua using low-dose gamma
irradiation. By using gamma rays many high yielding
mutant varieties have been developed world wide, which
are resistant to biotic and abiotic stresses with improved
quality (IAEA 2017). The success of mutation breed-
ing programme largely depends on selection of prom-
ising mutants based on phenotypic characters (Arisha
et al. 2015). EMS, as a chemical mutagen, can be used
as a supplementary approach to improve desired iden-
tifiable characters such as yield related characters (Bot-
ticella et al. 2011). Chemical mutagens are not only
mutagenic themselves but also affect mutation in spe-
cific ways when combined with radiation (Reddy and
Smith 1981). It produces random point mutations in
genetic material. So, mutation frequency, detected using
various techniques, displays a wide range of variation
in combination treatment where plants seeds exposed
to physical mutagen followed by chemical mutagen.
During M1 generation, probably identification of reces-
sive character is difficult only mutations of dominant
characters can be identified. In the M2 generation, the
mutation will segregate to create homozygotes for reces-
sive or dominant alleles (Page and Grossniklaus 2002).
The most effective way to identify the phenotypic muta-
tion is Visual screening which can be used as a primary
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indicator to select plants that have desired characters,
for example: disease resistance, flowering earliness,
plant height or growth period (@Dstergaard and Yanofsky
2004). Gene mutations influencing the green coloration
of photosynthetically active parts are among the most
common spontaneous or induced alterations arising in
higher plants (Kolar et al. 2011). Although chlorophyll
mutations are generally not useful for plant breeding
purpose because of not having any economic value due
to their lethal nature, their study could be useful in
identifying the suitable mutagen and threshold dose of
mutagen that would increase the genetic variability and
number of economically useful mutations in the segre-
gating generations (Wani and Anis 2004). The chloro-
phyll mutation frequency is an indicator to predict the
frequency of factor mutations and thus an index for
evaluation of genetic effects of mutagens (Walles 1973).
In addition, chl mutations are important for identify-
ing gene function and elucidation of chl metabolism
and its regulation’®. The occurrence of chl mutations
after treatments with physical and chemical mutagens
have been reported in several crops (Swaminathan et
al. 1962; Sharma and Sharma 1981; Reddy and Gupta
1989; Mitra 1996; Kharkwal 1998; Solanki 2005; Wu et
al. 2007). Induced mutations can rapidly create vari-
ability in quantitatively and qualitatively inherited traits
in crops. Genetic variability has been induced through
mutagenesis in several plants, but the information avail-
able in A. annua L. is meager. In the present study
attempt has been made to understand the compara-
tive response of physical and chemical mutagens on A.
annua, with a view to determine the mutagen and treat-
ment causing maximum chl mutations in M2 genera-
tion and also on cytological parameter.

MATERIALS AND METHODS
Plant materials

M, seeds generated from the M, generation of vari-
ety EC-415012, were used in this study. The M, seeds
were produced by exposing separate 1000 dry seed
samples (for each dose) to 100Gy, 200Gy and 300Gy at
a dose rate of 15.48 Gy/min of gamma radiation using
a %°Co (Cobalt 60) gamma source under ambient con-
ditions at the National Botanical Research Institute
(NBRI), Lucknow and for combination treatment con-
centration of Ethyl Methyl Sulphonate (EMS) solu-
tion of 0.1% was prepared. EMS solution was settled
in a 0.1M phosphate buffer at pH 7.0 to avoid rapid
hydrolysis (Bosland 2002). Gamma ray treated (100Gy,
200Gy, 300Gy) seeds were presoaked in water for 6h
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then treated with the above-mentioned concentration
of EMS at 20°C with orbital shaking(110rpm) along
with control (untreated) seeds. Seeds were then thor-
oughly washed under running water then transferred
to Petridishes containing wet filter paper and kept in
a growth chamber at 25°C in the seed germinator for
germination (at 2 days after the treatment).Control
seeds were exposed to the same conditions except for
the EMS treatment.

Experimental plan and procedure

The experiments were carried out in the first week
of the month january at Roxburg Botanical Garden,
Department of Botany. The M, plants are individually
harvested and sown as M, families. according to the
Pedigree Method; the M, plants are individually harvest-
ed and plants with probable mutants following pheno-
typic observations as plant habit variation in leaves (chl
mutants), early plant vigour (poor, good and very good),
plant height (short stature, up to top of the plant), sown
as M, families .Sweet wormwood M, lines were grown
in the field (geographical location is 25°27°43.01"N,
81°51’10.42”E) in randomized complete block design
(RCBD) and allowed to produce the M, seeds.. The net
plot size was 4 m _ 4 m, with nine rows (each 4 m long)
with a 45 cm distance between two rows and approxi-
mately 20 cm distance between two plants. The untreat-
ed seeds (control) were planted in the first row of each
plot. For weed control plots were irrigated during vegeta-
tive growth and the plants were harvested individually
at full maturity. Germination (%) taken after 7 days and
plant survival (%) was recorded after 14 days for each
mutagenic treatment as well as control in M, generation.
After a month Six phenotypic traits were analysed and
recorded as plant height (cm), internodal length (cm),
leaf area(per m?), No. of primary branches, days to 50%
flowering and days to maturity etc.

Cytological investigations

For the cytological analysis young floral capitula of
control and variant plant of Artemisia annua L. with
appropriate size were fixed in Carnoy’s fixative (Alcohol
3: Glacial Acetic Acid 1) for 24 hrs and then transferred
in 90% alcohol to preserve the capitula for meiotic study.
Anthers were teased and stained in 2% acetocarmine,
followed by squash preparation. Slides were observed
under the microscope and pollen fertility was evalu-
ated by acetocarmine stainability test. The snapshots of
chromosomes were captured by the help Pinnacle PCTV

software. For pollen fertility, mature capitula having
pollen grains were dusted over glass slide and stained
with acetocarmine and mounted with glycerine. Then
observed under optical microscope to count the frequen-
cy of fertile and sterile pollen grains.

Pollen fertility (%) = No. of fertile pollen 1o
ollen fertility (%) Total no. of pollen X

Quantification of Photosynthetic pigments

Photosynthetic pigment was quantified according
to Lichtanthelar and Welburn (1983)method. 20mg of
leaves were taken and dissolved in 5ml of 80%acetone.
Solution was extracted and were centrifuged at 15000
rpm for 10min at 10°C. The supernatant volume was
diluted with 80% acetone. O.D. was taken at three dif-
ferent wavelength i.e. 470nm, 663nm and 646nm in the
spectrophotometer and finally chl a, chl b calculated.

Observations recorded and statistical procedure

The M, generation was screened for phenotypic
variations from germination to harvesting. The fre-
quency of the mutant plants out of the total number of
individuals in M, generation was calculated. The muta-
genic frequency was estimated as the percentage of seg-
regating M1 plant progenies. Chl mutations were clas-
sified into various types based on the method followed
by Gustafsson(1940). For statistical analysis in the table,
three replicates for each treatment were used. Statistical
analysis was performed using the SPSS 16.0 software.
A oneway analysis of variance (ANOVA) and Duncan’s
Multiple Range Test (DMRT, P < 0.05) was conduct-
ed for mean separation and the graph was plotted by
using sigma plot 10.0 software. Actual mean and stand-
ard error were calculated and the data was subjected to
analysis of variance.

RESULTS
Germination and Survival percentage

Fig. 1 shows that germination percentage and plant
survival were significantly declined as the mutagen-
concentration increased. Conspicuous variations were
recorded after both the treatment in sweetworm wood.
Athigher doses germination and survival percentage
was found to be 76.60%, 61.76% (in Gamma ray) and
33.83%,24.66% (in Gamma+ EMS) respectively.
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Figure 1. Effect of Gamma ray and Combination treatment on ger-
mination and survival in Artemisia annua L. (M1 generation).

Chl leaf variations

In the present appraisal, the frequency of chl
mutants calculated as percent of M1 plant progenies
and M2 plants basis were presented in Table 1. It was
observed that the frequency of induced chl mutant was
increased with an increase in the dose of gamma ray
and combination treatment but at the maximum doses
mutation frequency was decreased. At the 300Gy muta-
tion frequency was recorded as 3.60%(in M1 generation)
and 0.98%(in M2 generation)in gamma ray treatment
while it was 2.60%(in M, generation) and 0.79% (in M,
generation) in combination treatment. It was observed
that the mutation frequency in M, generation was more
in combination treatment of 100Gy+0.1% EMS( 2.82%)
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than gamma ray alone (1.09 %) M, generation depicts
presence of broad chl mutantspectrum, comprising total
8 type mutants. The spectrum of M, chl mutants includ-
ed albino, xantha, chlorina,maculata, Tigrina, auria and
viridis are presented in Table 2. In both the treatment,
frequency of xantha mutants (in Fig. 2) was maximum
(all total) 92.75% (in gamma) and 103.78% (in combined
treatment), followed by viridis, albino and yellow viridis
in gamma treatment while in gamma+EMS, it was fol-
lowed by albino, maculata and chlorina. The least fre-
quency of auria type of chl Mutant was recorded 28.14%
(in gamma) and 11.11% (in combined treatment).

Albina (Fig. 4 e & g) mutants were completely lack
of chl and could survive only a few days. Chlorina (Fig.
4 a,b,c) and yellow viridis ( Fig. 4 h & i) had green and
yellow green leaves, respectively, are lethal mutations.
Aurea (Fig. 3d) had golden yellow coloured leaves and
xantha (Fig. 3b) had pale yellow coloured seedlings, tig-
rina (Fig. 4d) had yellow colour at edges of the leaves
furthermore viridis (Fig. 3c ) had dark green colour,
these type of mutants not only survive but they complete
its full lifecycle.

Chl content in chl deficient mutants

The concentration of green pigmentation in the
leaves differed among the different types of chl defi-
cient mutants, ranging from chlorina to xantha type
of mutants. The chl content (Fig. 5) of various mutants
and along with control tissues were examined, the
mutants contained significantly less chl than normal
plants accept viridis mutant. Among the mutants, albi-
na type was totally devoid of chl while xantha (0.83ug
g-'FW) and aurea (0.96pg g-'FW) contained the least

Table 1. Frequency of chlorophyll mutants induced through gamma and combination treatment (Gamma+EMS) in M, generation of Arte-

misia annua L.

No. of M, plant M, segregates for

Mutation frequency (%)

Treatments . M, plant scored M, mutants

progeny mutation M, Plants frequency M, plant frequency
Gamma rays (Gy)
Control 500 1090
100 500 27 1097 12 5.40 1.09
200 500 21 1070 23 4.20 2.15
300 500 18 921 9 3.60 0.98
Combination treatment (Gy+ %)
Control 500 1073
100+0.1% 500 30 1038 28 6.00 2.82
200+0.1% 500 24 994 13 4.80 1.31
300+0.1% 500 13 882 7 2.60 0.79
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Table 2. Spectrum and Frequency of chlorophyll mutant in different mutagenic treatments.
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Total chl mutants in The relative percentage of chlorophyll mutants(%)

Treatment M2 i
generation Albina Xantha Chlorina Tigrina Maculata Viridis Yellow Auria

Gamma ray (Gy)
100 12 16.67 33.33 8.33 8.33 0 8.33 16.67 8.33
200 23 13.04 26.09 8.70 13.04 8.70 13.04 8.70 8.70
300 9 11.11 33.33 0 0 0 22.22 11.11 22.22
Gamma+EMS
100+0.1% 18 11.11 44.44 16.67 0 0 0 16.66 11.11
200+0.1% 13 15.38 30.78 15.38 15.38 0 15.38 15.38
3000+0.1% 7 14.29 28.57 0 14.29 28.57 14.29 0 0
120

100

80

60

®Wgamma
= gamma+EMS

40
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Figure 2. Chlorophyll mutations frequency on mutagen basis in
Artemisia annua L.

chl and those of viridis (3.86ug g-'FW) the most. The
other chl mutants maculata (1.24pg g-'FW), tigrina
(1.06pug g-'FW), chlorina (2.46 ug g-'FW) and yellow vir-
idis (3.01pug g-'FW) contained significantly less chl than
those of control (3.24 ug g'FW).

Meiotic study

Meiotic study was done in chl mutant plants which
were identified in M, generation to screen out genetic
disturbance caused by both the mutagen. In control
plants 9:9 standard configuration was found. Differ-
ent types of anomalies were exhibited by treated sets i.e.
precocious movement, stickiness, scattering, laggards,
bridges, disturb polarity etc. (Fig. 6D-L). Stickiness and
multivalent was found to be predominant abnormality
in treated sets. Table 3 represented various abnormality

Figure 3. Chlorophyll mutants in Artemisia annua L.: a- Control,
b-Semi-xantha mutant at seedling stage, c- Viridis mutant, d- aurea
mutant

frequency and Total Abnormality(TAB) percentage in
treated sets. At lower dose of both the treatment TAB%
was found to be 6.24+0.15% (Gamma) and 8.93+0.17%
(Combined treatment) while at higher dose of both the
treatments TAB% was shoot up to 19.71+0.22% (Gam-
ma) and 26.63%£0.48% (Combined treatment) . It shows
that abnormality percentage is dose dependent.

The results shown in Table 4 indicated that the
growth habit of all mutant plants (plant height, inter-
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Figure 4. Different types of chlorophyll mutants in Artemisia annua L. a. b. c. Chlorina mutant, d. Tigrina mutant, e. g.. Albina mutant, f.
maculate mutant, h. i. Yellow viridis mutant

nodal length, leaf area, No. of primary branches, days (cm) of the control plant was observed 103.20+0.88
to 50% flowering and Days to maturity) were dif- although at 100Gy and 100+0.1% it was increased i.e.
ferent than those of the control plants. As height 112.30+1.0land 110.30+1.09 which decreased as the
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Figure 5. Chlorophyll content in normal type and chlorophyll defi-

cient mutants of Artemisia annua L.
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Figure 6. Different types of abnormalities in treated plants of Arte-
misia annua L.: A. Stickiness at metaphase I, B. Two precocious
chromosome at Sticky metaphase I, C. Stickiness at unoriented
Anaphase I, D. One laggard chromosome at Anaphase I, E. Two
precocious chromosome at Metaphase II, F. One laggard chromo-
some at Anaphase II, G. Mononucleate condiotion, H. Binucleate
condition, I. Multipolarity(Scale bar= 10.13pum)

TR T A

Figure 7. Some phenotypic variants in Artemisia annua L. A-Pros-
trate variant, B- Dwarf variant C- Tall variant.

doses of mutagen increases. Internodal length, leaf area
and primary number of branches were improved at the
lower dose of gamma rays but as the doses increases all
these character significantly minimally decreased. At
lower dose of gamma and gamma+EMS plant flowers
earlier and matures faster as compared to control. Con-
trol plants were flower in 56 days and mature in about
155-156 days. While At 100Gy and 100+0.1%, days to
50% flowering was observed 50.00+0.57 and 52.00+1.03
furthermore days to maturity was 145.00+4.50 and
143.00£1.00. Fig. 7 shows the dwarf variant and tall
variant. Dwarf variant was found at 300+0.1% while tall
variant screen out at 100Gy dose and also some plant
become prostrate as shown in Fig. 7A.
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DISCUSSION

In mutation breeding programs, the selection of an
effective and efficient mutagen concentration and growth
condition is essential to produce a high frequency of
desirable mutations(Arisha et al. 2014). Chl mutation
frequency in M, generation is one of the most dependa-
ble measures for evaluating the mutagen-induced genetic
alternations. The spectrum of chl mutations was found
to be dependent on the genetic background of the geno-
type. Moreover chl mutation frequency increased with
the increase in dose of gamma rays both individually as
well as in combination with EMS in all the varieties.

In the present investigation the germination per-
centage and plant survival were reduced significantly.
The reduction in germination may be due to the seeds
engrossing the mutagen, which subsequently reaches the
meristematic regionof seeds and affects the germ cell
(Serrat et al. 2014). Also, a reduction in germination may
be because of the damage of cell constituents (Kumar et
al. 2013), alteration of enzyme activity or delay or inhibi-
tion of physiological and biological processes (Talebi et
al. 2012).Reduction in plant survival in treated popula-
tion may occur due to various factors such as cytogenet-
ic damage and physiological disturbances (Sato and Gaul
1967)and disturbances in balance between inhibitors of
growth regulators and promoters (Meherchandani 1975).

Ionizing radiation singly not produces much chl
mutation as combination treatment produces. Among
the chemical mutagens, EMS is now being widely
accepted as the most efficient and influential mutagen
which induces highfrequency and wide spectrum of
mutation. When EMS combined with radiation it not
only causes synergistic effect but affect mutation in a
specific ways. Singh (et al. 1999) reported that combined
treatments of gamma rays and EMSwere most effective
in producing chl mutation frequency than their individ-
ual treatments in Vigna Chl mutationsinduced by EMS,
gamma rays and other mutagens applied individually or
in combination were reported by a Kumar (et al. 2009)
and Gandhi (et al. 2014) in Vigna radiate, Bolbhat and
Dhumal (2009) and Kulkarni and Mogle (2013) in Mac-
rotyloma uniflorum (Lam.) Verdc., Sharma et al. (2010)
in Pisum sativum L. Gaur et al. (2013) in Capsicum ann-
uum. Lower doses of gamma and gamma+EMS mutation
frequency increases but it significantly decreased at the
higher doses. Sharma (1970) reported that chl mutation
frequency decreased at higher doses when calculated
on segregating M1 familiesbasis. For both the treat-
ment higher frequency of chl mutation with moderate
doses of mutagens was observed. It seems that the strong
mutagens reach their saturation point even at lower or

moderate doses in the highly mutable genotype. With
increase in dose further than a limit, the strong muta-
gens become more toxic than the higher doses of rela-
tively weaker mutagens and do not increase mutation
frequency (Kolar et al. 2011). Moreover mutation fre-
quency observed maximum in gamma+EMS treatment
both in M, and M, generation in comparison to gamma.
It may be due to EMS, a chemical mutagen which causes
formation of new sites for mutation. So use of gamma
followed by EMS suggests that the chemical mutagen is
more efficient in inducing mutations of genes needed for
chl development (Shah et al. 2006).

In both the treatment, highest frequency of xantha
mutant was observed, The highest frequency of xan-
tha mutants ismay be due to the genes for xanthophylls
development that are readily accessible for mutagenic
action ( Similar reports were already given by Lal (et al.
2009), Khan (et al. 2005), Haq (1990) . These mutants
could not survive more due to block in chl synthesis
(Blixt 1961). In gamma, after xantha viridis was the sec-
ond highest mutant, these mutant survived tillmaturity.
Viridis attributed may be due involvement of polygene
genes for the formation of chl. In combinedtreatment
second highest mutant recorded was albino, these type
of mutant formed may be due to deficiency ordegrada-
tion of chl formation enzyme. in chickpea all chl mutants
including albina type were in general morefrequent in
EMS treatments than in gamma rays (Singh 1988).

Chl is a vital biomolecule which plays a critical role
in the life processes of allplants. Plants photosynthe-
sis by absorbing light and transferring light energy to
the reaction centers (chl molecule)of the photosynthetic
system. Thus, Chl is essential for plant development and
agricultural production (Eckhardt et al. 2004; Flood
et al. 2011). Chl development seems to be controlled by
many genes that are located on different chromosomal
sites (Wang et al. 2013). It derivesby the formation of a
long chain of biochemical process in which lots of loci
were involved. The phenotypes of leaf color mutations
are varied and are affected by different genetic and
environment factors. Mutant plants leaf shows lower or
higher chl content than normal leaf. This revealed that
rate of change in the content of Chl a and Chl b was not
the same among the mutants, possibly was due to the
impair of Chl b synthesis during chloroplast develop-
ment (Kolar et al. 2011). Ionizing radiation and chemical
mutagen at higher concentration affectschloroplast thy-
lakoid membrane which causes disability in chl manu-
facturing. This chl deficiency reduced the rateof plant
growth. Mutant plants with a higher (Nielsen et al. 1979)
like viridis or a lower like chlorine, xantha (Vaughn et
al. 1978; Wu et al. 2007) Chl a/b ratiothan that of their
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respective normal plants have been reported to be able
to survive photoautotrophically. Mutations affecting the
production of chl are important for identifying gene
function and the elucidation of chl metabolism and its
regulation (Wu et al. 2007).

Cytological investigation defines the specific
responses of different genotypes to a specific muta-
gen and it is also provides significant evidences for the
selection of desirable traits (Kirchhoff et al. 1989).In the
present appraisal chl mutant depicts various anomalies
such as , stickiness, multivalent, precocious movement
of chromosome, laggard and bridges. Stickiness could
arise due to depolvmerization of’ nucleic acid caused
by mutagenic treatment (Avijeet et al. 2011). The forma-
tion of multivalent (Fig. 6 G) may also be attributed to
the abnormal pairing and non-disjunction of bivalents
(Jabee et al. 2008). Jafri (et al.2011) suggested that pre-
cocious movement (Fig. 6 D&I) of chromosomes was
probably caused by spindle dysfunction. Laggard for-
mation (Fig. 6F,K &L) is due to delayed terminalisa-
tion, chromosomal stickiness or failure of chromosomal
movement (Reddy and Munirajappa 2012). Due to direct
action of mutagen target proteins gets defective and cre-
ates the disturbance during chromosome separation and
it forms bridges (Kumar and Gupta 2009). The incre-
ment in the chromosomal aberrations might perhaps
be due to the interactions of ionizing particles with the
protoplasm, mediated through the excitation introduced
by radiation that ultimately has increased the aberration
frequency (Shukla nee Tripathi and Kumar 2010).

When mutagens affects plant tissues internally it
get accommodated and damage the cell or genes which-
phenotypically can be seen. Genetically, during the M1
generation the probability of the occurrence of phe-
notypicmutation is extremely low and only dominant
mutations can be identified (Roychowdhury and Tah
2013). During the M2 generation, the chancefor identi-
tying visible changes or phenotypic mutations should
be higher and mostly due to genetics. Thereforeob-
served mutations in the M2 generation are considered
more stable (Parry et al. 2009). The plant height at low-
er doses of gamma and gamma+EMS was significantly
increased but higher doses of both the treatment causes
inhibition /depression in plant growth. As according
to Van Harten (1998) said, at high amount irradiation
could cause the physiological damages such as inhibit
cell division, death of cell and growth rate and genetic
changes on the plants by producing free electrons radi-
cal. Internodal length, leaf area and primary number of
branches were increased at 100Gy dose of gamma. These
characters were significantly higher at lower concentra-
tion but at higher concentration it shows a reduction
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pattern. Treatment of gamma rays and EMS exhibited
increase in mean values of number of primary branch-
es in Lathyrus sativus (Waghmare and Mehra (2000).
In mutation breeding programme, yield and its attrib-
uted traits are very important parameters because ulti-
mately breeders want to improve yield and related char-
acters (Shahwar et al. 2020). Similar result was givenby
Hanafiah (et al. 2010) in irradiated Glycine max (L.)
Merr., var. Argomulto seeds with gamma rays shows-
phenotypic variations that occur on M1 plants which
affects plant growth development and production and
also was given by Sinuraya (et al.2017) in Allium cepa
assay. Thilagavathi and Mullainathan (2011)concluded
that the decrease in quantitative traits have been attrib-
uted to the physiological disturbance or chromosomal
damage caused to the cellsof the plant by the mutagen
as Williams (et al.1990) observed that due to nucleotide
substitutions and insertion or deletions polymorphism
occurred between individuals. In comparison to con-
trol treated plant at lower dose (100Gy,200Gy, 100+0.1%)
flowers early and matures more rapidly. At 200Gy+0.1%
dwarf mutant with early maturing plant was identified.
Panigrahi (et al.2015) suggested that significant varia-
tions in quantitative parameters may showstable gene
mutations in the next generations. Konzak (et al.1969) in
wheat and Shakoor (et al. 1978) in Triticale reported that
polygenes are responsible for semi dwarf character. Qin
(et al.2008) reported dwarf rice mutants caused by single
gene. Increased height and number of branches were due
to loss of apical dominance which leads to lateral trans-
port of growth hormone which results increased number
of branches and bushy appearance as also observed ear-
lier in Vicia faba (Shahwar et al. 2017), lentil (Solanki et
al. 2004). Physical mutagen causes random change in the
growth regulatory genes of plants but chemical mutagen
exactly targets their mutagenic site through point muta-
tion. This is the reason combination treatment proved
to be more mutagenic and produces good amount of
mutants. The selection of effective and efficient muta-
gens is most important to recover the spectrum while
high frequency of desirable mutations and efficiency of
a mutagen indicates relatively less biological damage in
relation to induced mutation (Solanki and Sharma 1994).

CONCLUSION

This investigation revealed the potency of gamma
and in combination with EMS ,on increasing genetic
diversity and demonstrated the successful program of
induced mutagenesis in the Artemisia annuaL. In this
breeding programme a total of 44 mutant in gamma and
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67 mutants in combination treatment were segregated.
Various chl variants were identified in treated sets. Xan-
tha was predominant among all the variants as most of
the leaves found pale yellow colour. It is noticed that
these changes are differentially sensitive to gamma and
gamma+EMS and the appearance of new mutants would
very helpful in maintaining the genetic purity of plant
variety. So it should be important to identify desirable
mutant plants through isolation and selection method.
The cytological analysis of these mutants showed that
these changes were induced due to changes in chromo-
some number, structure, base substitution and dele-
tion. For Artemisia LDs, recorded as 200Gy. 100Gy and
100+0.1%EMS was noticed good for plants growth and
development as plant height, internodal length, leaf area
and primary number of branches improved. So gamma
and gamma+EMS induced reasonable chl mutations,
hence all these treatments could be used in mutation
breeding programs for inducing viable mutations only
threshold dose of mutagen should be identified.
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Abstract. Glaucium belongs to the Papaveraceae family. Glaucium is a genus of annual,
biennial, and perennial herbaceous plants that thrive on salty soils and near the sea.
Glaucium is represented by a total of 10 taxa in Iran. Sequence-related amplified poly-
morphism was used to estimate genetic diversity. A combination of morphological
and genomic data was used to identify genetic diversity and species features in Glau-
cium species. In eight provinces, 65 people connected to five Glaucium were gathered.
Through polymerase chain reaction (PCR) amplification of five Glaucium species, a
total of 144 (Number of total loci) (NTL) DNA bands were obtained. These bands were
created by combining 10 different selective primers. The total number of amplified
fragments varied from seven to twenty-six. The expected unbiased heterozygozity (H)
ranged from 0.19 (G. grandiflorum subsp. grandiflorum var. grandiflorum) to 0.33 (G.
grandiflorum subsp. grandiflorum var. grandiflorum) (G. oxylobum var. oxylobum). The
genetic similarities between five species range from 0.63 to 0.88. The findings of clus-
tering revealed two large groupings. The SRAP (Sequence-related amplified polymor-
phism) markers study revealed that G. grandiflorum and G. oxylobum var. oxylobum
had the least similarity. This investigation also discovered a substantial indication of
distance isolation (Mantel test results). The current findings indicate that sequence-
related amplified polymorphism can discover and understand genetic affinity in Glau-
cium species. The current findings have consequences for biodiversity and conservation
efforts. Aside from that, the current findings may pave the way for identifying accept-
able ecotypes for grazing and pasture uses in Iran.
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INTRODUCTION:

SRAP (sequence-related amplified polymorphism) is
a PCR-based marker system (Gondal et al 2021; Dadzie
et al 2021; Chimwamurombe et al 2020; Abeshu &
Zewdu 2020).

It is one of the most efficient and straightforward
marker systems for studying gene mapping and gene
tagging in plant species (Si et al, 2020; Sun et al, 2021;
Sun and Khayatnezhad 2021; Tao et al,, 2021; Wang et
al., 2021), and SRAP are potential markers for plant
systematics and genetic diversity studies (Robarts and
Wolfe 2014 Khayatnezhad and Gholamin 2021; Ghola-
min and Khayatnezhad 2020; 2021; Guo et al., 2021).

Poppy family (Papaveraceae) comprises of approxi-
mately 26 to 42 genera and 690 to 800 species in the
world (Judd et al., 1999). The members of Papaveraceae
are shrub, herbaceous perennials and annuals distributed
in the temperate and the subtropical regions of the world.
Among five genera of family Papaveraceae in Iran, Glau-
cium, Hypecoum, Chelidonium and Roemeria consist of
10, 1, 1 and 2 species, respectively (Rechinger and Cul-
len, 1966). Glaucium is found mostly in Atlantic Europe
and Central Asia (Kaderiet 1993). The genus is divided
into two sections, each containing four species, four sub-
species, and two varieties: sect. Acropetala Mory has four
species, four subspecies, two varieties and sects. Glauci-
um, which has 19 species, eight subspecies, and 16 vari-
ants (Mory 1979). It was represented by 11 (Cullen 1966)
to 13 in Iran (Mobayen 1985; Gran and Sharifnia 2008).

Morover, Mobayen (1985) introduced two subspe-
cies G. fimbrilligerum Boiss. subsp. annuum and G. fim-
brilligerum subsp. Ophyocarpum. Azizian and Alishahi
Norani (1997) studied anatomical characteristics of fruit
and blade with emphasis on latex tubes in species of
Glaucium. Furthermore, Carlquist and Hoekman (1985)
studied anatomical structure of wood in Romneya and
Dendromecon. Carlquist and Zona (1988) continued his
studies in cooperation with Zona on structure of wood
in Papaveraceae. Some anatomical features of midrib
and fruit of Glaucium are of diagnostic value (Solered-
er, 1908; Metcalfe and Chalk, 1950). Several taxonomic
investigations have demonstrated that seed and trichome
micromorphology may be used for taxonomic catego-
rization and delimitation at all taxonomic levels and
across plant families (Ma et al., 2021a; 2021b; Peng et al.,
2021; Ren et al., 2021). Arabi et al., 2017; Tavakkoli and
Assadi, 2016).

Gran and Sharifnia also researched the seed orna-
mentations of 14 Glaucium species in Iran (2008). Light
microscopy (LM) and scanning electron microscopy
(SEM) was used to examine the seeds and trichomes of
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15 species of the genus Glaucium found in Iran (Tav-
akkoli and Assadi 2019). The seeds are semicircular to
reniform in shape. However reniform and elongated
reniform seeds have been identified in G. oxylobum and
G. elegans, respectively. The most common types of testa
surface sculpturing include verrucate-rugulate, verru-
cate-granulate, verrucate-perforate, verrucate-lineolate,
rugulate—granulate, rugulate, and ocellate. Their find-
ings reveal that the micro-morphological properties of
seed and ovary trichomes give important and substantial
information for species and taxa within species separa-
tion, as well as a diagnostic key to the taxa. Glaucium
taxa were studied in terms of morphological, palyno-
logical, and phylogenetic characteristics, according to
Fatma Mungan Kili¢ et al. (2019). Their findings reveal
that several of these features change across species, par-
ticularly in micromorphology and the development of
clades in phylogenetic trees based on matK and ITS3-6
DNA sequence data. The genus Glaucium of Turkey was
separated into subsections Glabrousae and Pubescentae
based on DNA investigations backed by morphological
evidence (stem trichomes).

The present study investigated the molecular varia-
tion of five species in Iran. Objectives of the study were;
a) to estimate genetic diversity; b) to evaluate population
relationships using WARD approaches. There are conse-
quences for breeding and conservation initiatives based
on current findings.

MATERIALS AND METHODS:
Plants collection

Sixty-five (65) individuals were sampled. Five Glau-
cium species in west Azerbaijan, Mazandaran, Hama-
dan, Kurdistan, Esfahan, Semnan, Khorasan and Razavi
Khorasan Provinces of Iran were selected and sampled
during may-August 2014-2020 (Table 1). Morphometric
and SRAP analyses on sixty five plant accessions were
carried out. Based on additional eco-geographic criteria,
five to twelve samples from each population belonging
to five distinct species were chosen. Five samples were
stored at - 20 °C till further use. Detailed information
about locations of samples and geographical distribution
of species are mentioned (Table 1 and Figure 1).

Morphological studies
Each species was subjected to morphometric analysis

and twelve samples per species were processed. Qualita-
tive (12) and quantitative (14) morphological characters
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Table 1. List of the investigated taxa including origin of voucher specimens.

Taxa Locality Latitude Longitude Altitude(m)
G. fimbrilligerum Boiss. Kurdestan, Sanandaj 35°19'18.75” 46°59°10.194” 1538

G. corniculatum var. corniculatum (L.) Curtis West-Azarbaijan, Urumieh, Silvana 37.552673  45°4’33.7656” 1344

G. oxylobum var. oxylobum Boiss. & Buhse Kurdestan, Sanandaj 38°22°18” 46°37°10” 1523

o gran diflorum N ubsp. grandiflorum var A Huet Semnan, 20km NW of Shahrud 36°25°14” 54°15°32” 1345
grandiflorum Boiss. & A.Huet

G. contortuplicatum var. cantortuplicatum Boiss. Mazandaran, 40 km Tonekabon to Janat abad  35°46°56” 51°23°29” 2383

Figure 1. Provinces and collection sites of Glaucium species.
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were studied. Data were transformed before calculation.
Different morphological characters of flowers, leaves, and
seeds were studied. Ordination analyses were conducted
while using Euclidean distance (Podani 2000).

Sequence-related amplified polymorphism method

One to twelve plants’ worth of fresh leaves were uti-
lized at random. Silica gel powder was used to dry them.
Following the prior technique, the DNA was extracted
(Esfandani-Bozchaloyi et al. 2019). According to the pro-
tocol, we ran the SRAP assays (Li and Quiros 2001). Ten
SRAP were employed with various primer combinations
(Table 2). Single primers, 20 ng of genomic DNA, and 3
U of Taq DNA polymerase (Bioron, Germany) were used
in 251 of Tris-HCI buffer at pH 8; 50 mM of KCL; 1.5
mM of MgCl2; 10 mM of Tris-HCI buffer at pH 8 and 3
U Taq DNA polymerase (Bioron, Germany) were used in
PCR reactions. The total volume of the reaction was 25
1. A Techne thermocycler was used for this PCR experi-
ment (Germany).

Data Analyses

To evaluate morphological characteristics, the UPG-
MA (Unweighted paired group using average) ordination
approach was used. To analyze morphological differenc-
es across species, an ANOVA (analysis of variance) was
used. To find variable morphological features in Glau-
cium species, principal component analysis (PCA) was
used. PAST software version 2.17 was used to conduct
multivariate statistical studies, often known as PC analy-
sis (Hammer et al. 2001).

Molecular analyses

Sequence-related amplified polymorphism (SRAP)
bands were recorded. Presence and absence of bands
were scored present (1) and absent (0), respectively. Total
loci (NTL) and the number of polymorphism loci (NPL)
for each primer were calculated. Mantet test was per-
formed with 5000 permutations in PAST, version 2.17
(Hammer et al. 2001).

Comparing genetic divergence or genetic distances,
as assessed by pairwise FST and related statistics, with
geographical distances, as evaluated by the Mantel test,
is one of the most used tools for examining spatial
dynamics driving population structure. The Mantel test,
as originally formulated in 1967, 7,=%Y g, xd, where gij
and dij are, are the genetic and geographical distances
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between populations I and j, respectively. respectively,
the genetic and geo-graphic distances between popula-
tions i and j, considering populations. Because Zm is
is defined as the sum of product distances, its value is
affected by the number of populations analyzed as well
as the size of their distances. The Zm-value may be
compared to a null distribution, and Mantel initially
advocated using the standard normal deviation (SND),
which is defined as SND =Zm/var(Zm)1/2 (Mantel
1967). PAST ver. 2.17 (Hammer et al. 2012) and DAR-
win ver. 5 (2012) software were used for these investi-
gations. The AMOVA (Analysis of molecular variance)
test (with 1000 permutations) created in GenAlex 6.4 4
(Peakall and Smouse 2006) was used to reveal genetic
differences across the populations.

RESULTS
Morphometery

The ANOVA findings showed substantial differ-
ences (p<0.01) between the species in terms of quantita-
tive morphological characteristics. Principal component
analysis results explained 68% cumulative variation. The
first PCA axis accounted for 59% of the overall variance.

The highest correlation (> 0.7) was shown by mor-
phological characters such as calyx length, calyx width,
corolla length, corolla color. The morphological charac-
ters of Glaucium species are shown in PCoA plot (Fig-
ure 2). Each species formed separate groups based on
morphological characters. The morphometric analysis
showed clear difference among Glaucium species and
separated each groups.

Species identification and genetic diversity

Ten (10) suitable primer combinations (PCs), out
of 25 PCs were screened in this research. Figure 3 illus-
trates the banding pattern of Em2-Me4, Em3-Mel and
Emb5-Mel primer by the SRAP marker profile. One hun-
dered and thirty six (136) amplified polymorphic bands
(number of polymorphic loci) were produced. These
bands (fragments) had different range i.e. 150bp to 3000
bp. Maximum and minimum numbers of polymorphic
bands were 22 for Em2-Me4 and 7 Em5-Me2, respec-
tively. Each primer produced 13 polymorphic bands on
average. The PIC ranged from 0.14 (Em4-Mel) to 0.63
(Em1-Me4) for the 10 SRAP primers, with an average of
0.42 for each primer The primers’ RP varied from 12.24
(Em3-Me4) to 56.55 (Em3-Mel), with an average of
32.25. (Figure 3, Table 2).
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Figure 2. Morphological characters analysis of Glaucium species by PCA plot.

Figure 3. Electrophoresis gel of studied ecotypes from DNA fragments produced by SRAP profile with primer Em2-Me4.

The calculated genetic parameters of Glaucium species
are shown (Table 3). The unbiased heterozygosity (H) var-
ied between 0.19 (G. grandiflorum subsp. grandiflorum var.
grandiflorum) and 0.33 (G. oxylobum var. oxylobum) with a
mean of 0.28. Shannon’s information index (I) was maxi-
mum in G. grandiflorum subsp. grandiflorum var. grandi-
florum (0.444), where as we recorded minimum Shannon’s
information index in G. oxylobum var. oxylobum (0.231).

The observed number of alleles (Na) ranged from 0.22 in
G. oxylobum var. oxylobum to 1.445 in G. corniculatum
var. corniculatum. The significant number of alleles (Ne)
ranged from 1.029 (G. grandiflorum subsp. grandiflorum
var. grandiflorum) to 1.88 (G. oxylobum var. oxylobum).
Molecular Variance analysis reveals a substantial
genetic difference (p = 0.01) between Glaucium species.
The bulk of genetic diversity was found between species.
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Table 2. SRAP primer information and results.
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Primer name NTL® NPLP pe pIC RP¢

Em1-Mel 10 8 94.31% 0.33 23.77
Em2-Me2 17 17 100.00% 0.26 39.77
Em1-Me4 11 10 96.4% 0.63 20.46
Em2-Me4 22 22 100.00% 0.29 13.76
Em2-Me5 9 9 100.00% 0.34 40.99
Em3-Me4 13 13 100.00% 0.51 12.24
Em3-Mel 26 18 73.00% 0.20 56.55
Em4-Mel 11 11 100.00% 0.14 34.23
Em5-Mel 15 15 100.00% 0.57 48.55
Em5-Me2 7 7 100.00% 0.45 19.65
Mean 15 13 92.00% 0.42 32.25
Total 144 136 322.99

a: Number of total loci (NTL); b: Number of polymorphic loci (NPL); c:

(PIC); e: Resolving power (Rp).

Table 3. Genetic diversity parameters in the studied Glaucium species.

Polymorphic ratio(P %); d: Polymorphic information content

SP N Na Ne I He UHe %P

G. fimbrilligerum 16.000 0.113 1.099 0.292 0.27 0.32 48.23%
G. corniculatum var. corniculatum 12.000 1.445 1.190 0.271 0.284 0.292 55.91%
G. oxylobum var. oxylobum 12.000 0.228 1.880 0.444 0.40 0.33 66.50%
G. grandiflorum subsp. grandiflorum var. grandiflorum  10.000 0.288 1.029 0.231 0.17 0.19 44.38%
G. contortuplicatum var. cantortuplicatum 15.000 0.772 1.095 0.288 0.35 0.27 62.05%

Abbreviations: (N = number of samples, Na= number of different alleles; I= Shannon’s information index, He = gene diversity, UHe = unbi-

ased gene diversity, P%= percentage of polymorphism, populations).

Analysis of Molecular Variance results

AMOVA findings revealed that 77% of the total
variation was between species and comparatively less
genetic variation was recorded at the species level (Table
4). Genetic difference between Glaucium species was
highlighted by genetic statistics (Nei’s Ggr), as evident
by significant p values i.e. Nei’s Ggr (0.699, p = 0.01) and
D_est values (0.196, p = 0.01) Because several clustering
and ordination approaches yielded comparable findings,
NJ clustering is provided here (Figure 4). Plant samples
from each species, which belong to a different part, were
grouped together and created a single cluster. This find-
ing indicates that the molecular characteristics analyzed
may separate Glaucium species into two primary clusters
or groupings. We found no transitional forms among
the specimens analyzed. In general, two large clusters
emerged in the NJ tree (Figure 4), populations G. fim-
brilligerum; G. contortuplicatum and G. oxylobum were
put in the first main cluster and were separated from the
other species by a large distance.

The second major cluster included two sub-clusters.
Plants of G. corniculatum var. corniculatum comprised
the first sub-cluster, while plants of G. grandiflorum
subsp. grandiflorum var. grandiflorum formed the second
sub-cluster.

We detected strong correlation between geographi-
cal and genetic distances (r = 0.29, p=0.0002) and gene
flow (N,,, score of 0.388 was reported among species.
Detailed information about genetic distances and genetic
identity (Nei’s) are described (Supplementary Table). The
results indicated that G. oxylobum var. oxylobum and G.
fimbrilligerum had the greatest degree of genetic similar-
ity (0.88). On the contrary to this, G. grandiflorum and
G. oxylobum var. oxylobum (0.63) had lowest genetic
resemblance.

To determine the ideal number of genetic groups,
we used STRUCTURE analysis followed by the Evanno
test. In the species analyzed, we employed the admixture
model to show interspecific gene flow or / and ancestral-
ly shared alleles. According to pseudo-F, K-Means clus-
tering yielded k = 5 and BIC yielded k = 3. K = 5 is con-
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Figure 4. Dendrograms of Glaucium species.

Deltak = mean(|L"(K)|) / sd(L(K))

25

20

15
: K=5
i
i
I

10}

5

,\_"_‘//\
0

2 2 6 8 10 12 14
K

Figure 5. Evanno’s test of SRAP data in Glaucium populations stud-
ied.

sistent with the NJ grouping and AMOVA. K = 5 indi-
cates the existence of five genetic groups. The Evanno
test on STRUCTURE analysis yielded a similar result,
with a large peak at k = 5. The Organization plot (Fig. 5,
6) revealed further information about the genetic struc-
ture of the species analyzed, as well as common ances-
tral alleles and/or gene flow among Glaucium species.
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Figure 6. STRUCTURE plot of SRAP data in Glaucium populations
studied.

This plot demonstrated the genetic difference between
species 1 and 2 (which were colored differently), as well
as 3 and 4, 5. This is consistent with the Neighbor join-
ing dendrogram that was previously provided. The other
species’ allele compositions are diverse, and they vary
genetically from one another. The low Nm value (0.388)
indicates limited gene flow or ancestrally shared alleles
between the species studied and supports genetic strati-
fication as indicated by K-Means and STRUCTURE
analyses. Population assignment test also agreed with
Nm result and could not identify significant gene flow
among members of the studied species.

DISCUSSION

We employed morphological and molecular (SRAP)
data to determine species relationships in Glaucium spe-
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Table 4. Molecular variance analysis

Source df SS MS  Est. Var. % OPT
Among Pops 11 1221.364 88.789 12.164 77% 7%
Within Pops 170  114.443 6.88 5.238 23% ’
Total 181 1385.807 17.060 100%

df: degree of freedom; SS: sum of squared observations; MS: mean
of squared observations; EV: estimated variance; @PT: proportion
of the total genetic variance among individuals within an accession,
(P < 0.001).

cies in this work. Morphological analyses of Glaucium
species showed that quantitative indicators (ANOVA test
results) and qualitative characteristics are well differen-
tiated from each other. PCA analysis suggests that mor-
phological characters such as corolla color, pedicel hair,
stem hair, leaf hair, petiole hair, width of petal have the
potentials to identify and delimitate Glaucium species.

Principal component analysis results suggests the
utilization of morphological characters to identify and
delimitate Glaucium species. Morphological characters
including corolla color, the pedicel hair, the stem hair,
the leaf hair, the petiole hair,width of petal play key
role in plant systematics and taxonomy. Our work also
highlighted the significance of morphological characters
and molecular data to identify and study species genet-
ic diversity. In general, genetic relationships obtained
from SRAP data coincides with morphometric results.
This is in accordance with the parameters of AMOVA
and genetic diversity results. SRAP molecular markers
detected clear genetic difference among species. These
results indicate that SRAP have potentials to study plant
systematics and taxonomy in Glaucium members.

Given the negative impact of biodiversity threats and
overexploitation of Glaucium plant species in Iran, it is
necessary to conduct genetic diversity studies on Glau-
cium species. Genetic diversity based studies pave our
understanding to develop conservation strategies (Esfan-
dani-Bozchaloyi et al. 2017). Genetic diversity studies
are conducted through appropriate selection of primers
and indexes including Polymorphic information con-
tent (PIC) and marker index (MI) are important indexes
to fathom genetic variation in species (Hou et al., 2021;
Huang et al.,, 2021). Common logic suggests that dif-
ferent makers have different abilities to assess genetic
diversity, and usually, genetic diversity is linked with
polymorphism (Jia et al., 2020; Karasakal et al., 2020a;
2020b; Khayatnezhad and Gholamin 2020a; 2020b). In
this research, we reported PIC values of SRAP primers
from 0.14 to 0.63, with a mean value of 0.42. PIC values
indeed show low and high genetic diversity among geno-
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types. Values between zero and 0.25 indicate minimal
genetic diversity; values between 0.25 and 0.50 indicate
moderate genetic diversity. Additionally, values greater
than 0.5 are linked with a high level of genetic diversity
(Tams et al. 2005; Wasana et al 2021; Hopla et al 2021;
Fikirie et al 2020). Present results highlighted the effi-
ciency of SRAP markers to estimate genetic diversity in
Glaucium species. In our study, SRAP markers detected
average percentage of polymorphism (92%). Additionally,
the current study findings indicated the average PIC val-
ues of SRAP makers (0.42) and the average RP (resolving
power) values of SRAP markers (32.25). Current research
results also described average PIC values of SRAP Glau-
cium species have a lot more markers that show how well
they’re doing now than other species have had (Maria et
al. 2007; Dana et al. 2007). These current reported val-
ues are higherIn the recent study, low gene flow (N,,,) was
detected among Glaucium species. The present study also
depicted a significant correlation between genetic and
geographical distances. Our findings revealed that isola-
tion by distance (IBD) existed between Glaucium species
(Mantet test results). Several mechanisms, such as isola-
tion, local adaptation, and genetic drift, shape the species
or population differentiation (Frichot et al. 2013; De Kort
et al. 2014). The amount of variation in Na, Ne, H, and I
indices showed that there was a lot of genetic variation in
Glaucium species.

The magnitude of variability among Dendrogram
and principal component analysis results showed clear
difference among Glaucium species. This shows the high
utilization of the SRAP technique to identify Glaucium
species. Our results have implications for conservation
and breeding programs. Furthermore, it may identify
suitable ecotypes for forage and pasture. There are two
possible explanations for why isolated populations don’t
have any differences from each other. The first hypoth-
esis said that genetic diversity within and between pop-
ulations shows how gene flow happens, which led to
smaller populations (Dostalek et al., 2010). The second
hypothesis is that people who live close to each other are
better connected through gene flow than people who live
far away.

The morphological, palynological, and phylogenetic
features of ten Glaucium taxa were studied (Fatma Mun-
gan Kili¢ et al,, 2019). A total of 10 Although some of
the morphological characters of the taxa examined were
following the information contained in Flora of Turkey
(Cullen 1965), it was noticed that some of their proper-
ties were different. In addition, the data yielded from
Mory’s (1979) study and those yielded as a result of our
measurements were compared. In this comparison, the
major similarity was observed in terms of the morpho-
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logical and palynological characters. In a micromacro-
morphological study performed by Gran and Sharifnia
(2008) of 18 Glaucium taxa, the species G. haussknech-
tii has been recognized as synonymous with G. grandi-
florum based on the analyses of 28 qualitative and 37
quantitative characters. According to Fatma Mungan
Kili¢ et al (2019) the Glaucium taxa were divided into
two groups with respect to stem hairs. Taxa with pubes-
cence stems were G. corniculatum subsp. corniculatum
and G. corniculatum subsp. refractum, G. grandiflorum
var. grandiflorum, G. grandiflorum var. torquatum, G.
grandiflorum var. haussknechtii and G. secmenii, while
the taxa with hairless stems were G. flavum, G. leiocar-
pum, G. acutidentatum and G. cappadocicum. The find-
ings of phylogenetic analysis revealed that the Glaucium
taxa were classified into two major clades using matK
and ITS3-6 DNA sequences, which is consistent with the
hairiness of their stems, petal color, and seed testa out-
line. The taxa included in these two sub-clades were also
compatible with ovary tubercle.
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Abstract. Satureja mutica is a tetraploid and perennial semi-bushy plant cultivated for
different medicinal purposes. To induce polyploidy, two-leafed seedlings were exposed
to different concentrations (0.00, 0.05, 0.1, and 0.2 % w/v) and durations (6, 12, and 24
h) of colchicine. The seedlings were then transferred to a culture medium for recov-
ery and propagation. After clones were prepared from each seedling, octaploid clones
were identified using flow cytometry. Chromosome counting was also used to con-
firm flow cytometric results in tetraploid (2n = 4x = 60; 2C DNA= 1.90 + 0.01 pg)
and octaploid (2n = 8x = 120; 2C DNA= 3.82 + 02 pg) plants. The highest polyploidy
induction efficiency with 32% was related to 0.05 % colchicine and 12 h duration. The
results showed that the phenotypic traits of anatomical (stomata size, leaf guard cell
size), morphological (stem diameter, length, width, and leaf area), physiological (solu-
ble sugars, phenols, and flavonoids), and phytochemical (essential oil yield, P-cymene,
y-Terpinene, a-Thujene, and a-Pinene) properties significantly increased in octaploid
plants, while the density of leaf stomata decreased compared to tetraploid plants. Our
results verified that octaploid induction in Satureja mutica is an effective breeding
method, remarkably increasing the quantitative and qualitative characteristics, which
could be used as a new genetic resource in future breeding programs.

Keywords: octaploid plants, polyploidy, phytochemical properties, genome size.

INTRODUCTION

Plant evolution includes polyploid development, which has facilitated
adaptation and speciation. Researchers have since discovered that artifi-
cial polyploidy induction can be a useful method for the plant. Cell size
and nuclear volume are directly related to ploidy levels in plants (Simova
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and Herben, 2012; Robinson et al., 2018), but organ size
varies due to regulatory mechanisms and a decrease in
cell number (Tsukaya, 2008; Czesnick and Lenhard,
2015). In Arabidopsis thaliana, doubling the ploidy level
increased cell size by 70% (4x versus 2x and 8x versus
4x), while organ size increased by only 20% (Robinson et
al., 2018). Organ size depends on cell size and cell num-
ber. The number of cells is also affected by the regulation
of cell proliferation and differentiation, so an increase
in ploidy may not coordinate with organ size increment
(Orr-Weaver, 2015). Also, ploidy does not affect nuclear
size in all organisms and it is regulated by genetic fac-
tors (Vukovi¢ et al., 2016). For example, in Saccharomy-
ces pombe, there is no difference between ploidy levels
2x to 32x in terms of nuclear volume and the cell area
(Neumann and Nurse 2007).

Polyploidy induction is performed in plants with
different purposes such as increasing the size of leaves,
stems, inflorescences, flowers, fruits, and seeds (Wei
et al., 2011; Huang et al., 2014; Shariat et al., 2021).
In medicinal plants, ploidy induction is performed
to increase the amount of secondary compounds, for
example, the amount of parthenolide in tetraploid Tan-
acetum parthenium (Majdi et al., 2010); alkamines and
caffeic acid derivatives in tetraploid Echinacea purpu-
rea (Xu et al., 2014); wedelolactone in tetraploid Eclipta
alba (Salma et al.,, 2018). Unexpectedly, the production
of new secondary compounds or the reduction of active
compounds due to polyploidy induction has also been
reported, for example, loss of a-bergamotene and iso-
carveol geranial and a new component of B-bisabolene
in tetraploid Citrus limon (Bhuvaneswari et al., 2020);
Lack of a-terpineol in tetraploid Trachyspermum ammi
L. (Noori et al.,, 2017); Loss of citral in triploid and lack
of linalool in tetraploid Lippia alba (Julido et al., 2020),
new compounds such as viridiflorol, a-terpineol and
a-humulene in tetraploids Tetradenia riparia (Hannweg
et al., 2016).

Species of savory are used in food and pharmaceu-
tical industries due to their pleasant smell and medici-
nal properties such as antifungal, antibacterial, anti-
viral, antioxidant, and analgesic properties (Shariat et
al., 2018a). Recognition of the therapeutic effects of S.
mutica has led to increasing demand for fresh and dried
leaves so that the amount of consumption is more than
the amount of production. Due to the limited level of
cultivation and agricultural inputs, cultivating high-
yielding polyploid cultivars is a goal for a producer.
Previous research on the species mutica has focused on
its chemical composition and antimicrobial properties.
To the best of our knowledge, breeding and polyploidy
induction of S. mutica has yet to be reported. Among
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savory species, some species such as S. mutica and S.
spicigera are naturally tetraploid and have larger bush-
es and more biomass than other Satureja species. The
amount of essential oil yield in S.mutica populations
varies from 0.17% to 4.22% (w / w) (Karimi et al., 2014).
It should be noted that the population used in this study
had an essential oil yield of 3.88% w/w.

Since S. mutica is tetraploid, polyploidy refers to
upwards of tetraploidy. Questions addressed in this
study include: (1) Is it possible to produce octaploid
plants using colchicine? (2) Are the induced octaploids
flowering? (3) Do octaploid plants exhibit superior mor-
phological and physiological traits compared to tetra-
ploids? (4) Do the content of essential oil (v/w) and yield
(%) differ between tetraploid and octaploid plants?

The purpose of octaploid induction in this study was
to increase the biomass, quantity, and quality of essen-
tial oil, along with an efficient protocol for inducing
octaploidy in S. mutica.

MATERIALS AND METHODS
Plant material

The seeds were collected from mature plants of S.
mutica in Keshanak, North Khorasan province, in the
northeast of Iran. In order to surface-sterilize the seeds,
the following solutions were used: (1) Thiram 0.2% (v /
v) (10 min) as a fungicide, (2) Sodium hydrochloride
5% (2 min), (3) 70% alcohol (20 s). After each step, the
seeds were rinsed with sterile water and then placed on
a moistened filter paper in a Petri dish. Petri dishes were
sealed with parafilm to retain moisture. The seeds were
incubated at temperatures 25 + 1 with controlled photo-
periods (16 h: 8 h, light: dark interval) under standard
cool white fluorescent tubes (35 pmol s! m™).

In vitro polyploid induction

After about eight days, the germinated seeds, which
had reached the two-leaf stage, were transferred to
Erlenmeyer containing different concentrations of col-
chicine. A factorial experiment with two factors was
conducted in a completely randomized design (CRD)
with three replications.

The first factor was different concentrations of col-
chicine (0.00, 0.05, 0.10, and 0.20% w/v), and the second
factor was the duration (6, 12, and 24 h). The dimethyl
sulfoxide (DMSQO) solution was added to each treat-
ment to increase the penetration of colchicine into plant
tissue (Manzoor et al. 2018). After that, the Erlenmey-
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ers containing the seedling samples were placed on a
shaker with a rotation speed of 80 rpm. Each seedling
was rinsed three times with sterile water after the treat-
ment duration was over, then transferred to a small
vial containing % Murashige and Skoog (MS) medium
(Murashige and Skoog, 1962). The parameters of the
growth chamber, including darkness, temperature, and
light quality, were similar to those used for seed germi-
nation. A large number of seedlings were lost after one
month, and the remaining seedlings were transferred to
a suitable culture medium. The tissue culture medium
used in the second month was a 2MS medium that four
hormones were added [2-Isopentenyl-adenine (2iP) (0.3
mg 1), 1-Phenyl-3-(1,2,3-thidiazol-5-yl) urea (TDZ) (0.1
mg 1), Indole-3-butyric acid (IBA) (0.05 mg 1), 6-Ben-
zylaminopurine (BAP) (0.5 mg I'!)]. After three regenera-
tions (3 months), when the number of explants reached a
sufficient number, the ploidy level was determined using
flow cytometry, and octaploids were selected. Then,
selected plants were subcultured to produce clones. As
the next step, two rooting hormones were added to the
MS medium [IBA (1 mg I'!), Alpha-naphthalene acetic
acid (NAA) (0.1 mg I'!)] (Shariat et al. 2016). After root-
ing proliferation (1 month), plantlets were transplanted
in pots containing sterilized cocopeat and covered with
polystyrene bags and then placed in a greenhouse at a
temperature of 20 + 1 °C with daylight intensity 8000-
12000 lux.

Plastics were punctured after a week. This was done
to reduce the humidity around the plant and make it
more accustomed to the greenhouse environment. In the
present study, to reduce mixoploidy results, Petri dishes
containing sprouted seeds were kept in the refrigerator
at 4°C for 24 h and then placed in the incubator at 25°C
for 4 h under standard cool white fluorescent tubes (35
pmol s m™2). Then colchicine treatments were applied
immediately. This method leads to synchronization of
meristematic cell division and as a result, the percentage
of mixoploid production is greatly reduced.

Flow cytometry analysis

It is necessary to measure the ploidy level of the
seedlings before they can be propagated in large num-
bers and transferred to the greenhouse. Flow cytometry
was used for this purpose. Maize (Zea mays CE-777, 2C
DNA = 5.43 pg) was also selected as the standard refer-
ence plant (Dolezel et al. 2007). 0.5 cm? of maize leaf
with 1 cm? of savory leaves were placed in a Petri dish
and 1 ml of WPB extraction buffer was added (2007 et
al. Louirero). Crushing was performed with a sharp
razor. The resulting mixture was passed through a 30

pum nylon mesh filter made by Partec. Then 50 pl of
RNase solution (I mg ml!, Sigma-Aldrich Corporation,
MO, USA) and 50 pl of PI dye (I mg ml!, PI, Fluka)
were added to the solution (Shariat et al. 2018b) and then
incubated for five min at room temperature and then
injected into BD FACSCanto II flow cytometer (B.D.
Biosciences, Bedford, MA, USA). The results were ana-
lyzed in FloMax 2.4e software and the value of CV value
and mean G1 peak for each replication were calculated.
Then, the amount of 2C DNA in each sample was calcu-
lated using the following formula:

Sample G1 peakmean
Standard G1 peakmean

Sample 2CDNA(pg) = x Standard 2CDNA(pg)

Chromosome counting

Flow cytometry confirmed the presence of octa-
ploidy, so octaploid explants were transferred to MS
medium containing rooting hormones as described
before (Shariat et al. 2016). Root samples were collected
before transferring the explants to the greenhouse. The
roots were immersed in the following solutions respec-
tively: (1) 2 h in a-bromonphthalein pretreatment solu-
tion (1 in 10,000 ml), (2) 16 h in Carnoy fixative solution
(3 alcohols: 1 acetic acid), (3) Roots then kept in 70%
alcohol at 4°C(4) 12 min at 60°C in 1 M HCI hydroly-
sis solution. It should be noted that root tips were rinsed
with distilled water after each step (5) 6 h at 60°C in 4%
hematoxylin as staining dye. A needle was used to crush
the root tip on the slide, and a drop of 45% acetic acid
was dropped on it. Slides were protected with lamellae
and squashed (Shariat et al. 2013). Stomata photographs
were captured using optical microscopy (Nikon Coolpix
P90 digital camera interfaced to a BH2-RFCA Olympus
microscope).

Anatomical and morphological analysis

Anatomical properties including abaxial and adaxial
stomata length, width, area, and density were measured
using the nail varnish technique (Smith et al. 1989).
Stomata photographs were captured using a digital
camera (Nikon Coolpix P90 digital camera interfaced
with a BH2-RFCA Olympus microscope). Stem diam-
eter, internode length, leaf length, width and area, floral
leaf length, and width, corolla length, and width, calyx
length, calyx lower, and upper teeth length, filament,
and style length, peduncle length was measured with a
caliper.
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Measurement of physiological traits

The method of Anthron (Irigoyen, 1992) was used
to measure soluble sugars. Proline and flavonoids
were measured by using protocols described by Bates,
1973 and Kamtekar et al., 2014 respectively. Plant pig-
ments were also measured using the acetone method
(Lichtenthaler and Welburn 1983). Folin Ciocalteu phe-
nol reagent was used to measure total phenol according
to Singleton and Rossi’s method (Singleton and Rossi,
1965).

Essential oil content and composition

The aerial parts of tetraploid and octaploid plants
were harvested at the 50% flowering stage and air-dried
in the shade (25°C). Oil was produced from the ground
aerial parts of the plant (100 g) by hydro-distillation for
3 h using a Clevenger-type apparatus. The oil was dried
over anhydrous calcium chloride and stored in a refrig-
erator at 4 °C before analysis. Oil yield was calculated
as a weight percentage (w/w) according to the equation
(Alizadeh et al., 2018):

£ tial oil vield = Essential oil weight(g) % 100
SSentat o yiett = erial biomass yield(g)

Gas chromatography (GC) analysis was performed
using a Shimadzu GC- 9A gas chromatograph (Japan).
Gas chromatography coupled with a mass spectrom-
eter (GC-MS) analyses were also carried out on a Var-
ian 3400 GC- MS system (M.S. USA). Both systems were
equipped with a DB-5 fused silica column (30 m x 0.25
mm i.d. film thickness 0.25 um). In the present study,
the protocol as described by Sefidkon and Jamzad was
used (Sefidkon and Jamzad 2004). Compounds were
identified using various indicators such as time and
inhibition index, mass spectra, and comparison of these
spectra with standard compounds (Adams 2007).

Data analysis:

The effect of different concentrations of colchicine
and durations on seedling traits (seedling vigor, sur-
vival rate, and polyploidy induction efficiency) were
analysed in a completely randomized design with three
replications. Mean comparisons were performed by the
least significant difference test (L.S.D.) at 1% and 5%
levels of significance. Octaploid induction efficiency was
calculated using the following formula (Tarkesh Esfa-
hani et al. 2020):
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Seedling survival(%)

Inducti .- _
nduction efficiency octaploidy induction(%)

To calculate the octaploid induction efficiency, the
genome size of the regenerated explants was determined
by using flow cytometry, and the percentage of octaploid
induction was calculated. Normalization of data was per-
formed using Kolmogorov-Smirnov test. A significant
comparison of anatomical, morphological, and physi-
ological traits in tetraploid and octaploid plants was per-
formed using the T-student test. Analyzes were performed
using Excel 2016 software and IBM SPSS Statistics 24.

RESULTS
Polyploid Induction

Two-leafed seedlings were affected by colchicine
toxicity, which was accompanied by symptoms such as
necrosis of seedlings, blackening of roots, deformation
of leaves and stems, or growth stops. At the same time,
several seedlings were growing normally. The analysis
of variance demonstrated that increasing the concentra-
tion of colchicine decreased seedling survival rate, while
there was no significant relationship (P > 0.05) between
treatment duration and survival rate. The highest sur-
vival rate among colchicine treatments was related to
the concentration of 0.05% colchicine. The interaction
between colchicine concentrations and durations on
survival was not significant (P > 0.05) (Table 1). Accord-
ing to the ANOVA analysis, different concentrations of
colchicine, durations, and the interaction between them
had a significant impact (P < 0.01) on seedling vigor and
polyploidy induction efficiency. In other words, colchi-
cine concentrations at various durations did not affect
the two traits in the same manner.

At the concentration of 0.05% colchicine solutions,
survival rate and seedling vigor were 64 + 2.5% and 59.5

Table 1. ANOVA results (mean square) for the influence of colchi-
cine concentration and duration on seedling vigor, survival rate,
and octaploid induction efficiency in S. mutica.

Seedlin Polyploid
Source of Variation Survival rate ) & induction

vigour .

efficiency

Colchicine concentration (C) 6325.7" 14028.1" 1577.9”
Treatment duration (D) 3.5m 40.8" 422"
C*D interaction 20.4"s 251" 1609
Error 23.1 5.2 1.4

ns; Non significant, : significant at 1% (P < 0.01).
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Figure 1. Effect of colchicine concentration and treatment duration
on seedling vigor (a), survival rate (b), and polyploidy induction
efficiency in S. mutica explants (mean + standard error).

+ 2.4%, respectively, while at the concentration of 0.2%
was 22 * 3.8%, and 4.5 £ 1.4% respectively (Figure 1).
Therefore, increasing the concentration of colchicine
leads to a sharp decrease in seedling vigor. Octaploony
induction efficiency was the lowest in the presence of
0.2% colchicine treatment (15.3%) and was the highest in
the presence of 0.05% colchicine treatment (32%).

Flow cytometric analysis

The genome size of plants treated with colchicine
was determined by flow cytometry. The results classi-
fied the explants into three groups: tetraploid, octaploid,
and mixoploid. The position of the standard maize plant
relative to the tetraploid and octaploid plants is critical
(Figure 2). The amount of 2C DNA in tetraploid S. muti-

ca plants was 1.90 + 0.01 and in induced octaploids was
3.82+ 0.02 (Table 4). 15% Of individuals were mixoploid,
Half of it was related to 0.05% colchicine treatment, and
the rest was related to 0.1% and 0.2% colchicine treat-
ments. In mixoploids, there are two types of cells with
two ploidy levels. During plant growth, those cells with
lower ploidy levels divide more rapidly, and after a while,
the number of polyploid cells decreases or is eliminated.
(Touchell et al., 2020). Therefore, due to the instability of
mixoploids, they were excluded in this study and were
not examined. It should be noted that only the percent-
age of octaploids obtained was used to calculate the effi-
ciency of polyploidy induction.

Chromosome counting

To confirm the flow cytometry results, chromosome
counting was performed using the microscopic method.
Tissue culture seedlings (colchicine treated and con-
trol) were used for chromosome counting. The results
of chromosomal counting showed that the number of
chromosomes in control plants was 2n = 4x = 60 and in
octaploid plants was 2n = 8x = 120 (Table 2, Figure 3).

Physiological traits

Octaploid induction had a significant effect (P <
0.01) on all measured physiological parameters including
plant pigments (total chlorophyll and carotenoids), phe-
nol content, flavonoids, and soluble sugars. Comparisons
between traits measured in 4x and 8x plants were per-
formed using the T-student test (Table 3). The amount
of total phenol (according to the gallic acid standard)
in the tetraploid plant increased from 20.34 + 0.97 to
62.16 = 1.90 pug g' DW in the octaploid (205% increase).
The amount of flavonoids was also increased from 2.00
+ 0.04 to 6.58 + 0.17 pg g! DW due to octaploid induc-
tion (229% increase). Total chlorophyll and carotenoids
increased by 28% and 32% in octaploid plants, respec-
tively. The amount of soluble sugars also increased from
939 + 18 in tetraploids to 2,820 + 62 ug g-1 DW in octa-
ploids (200% increase)

Anatomical and morphological properties

Octaploid induction had a significant effect (P <
0.05) on the enlargement of stomata and morphologi-
cal traits. Internode length was the only parameter that
was not significant (P > 0.05) among the measured
parameters. Vegetative leaf length increased from 19.70
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Figure 2. Flow cytometric histograms of nuclei isolated from in vitro-derived leaves of S. mutica tetraploid (a), octaploid (b), and mixoploid
(c) plants. The right peaks (S) refer to the G1 of the standard maize reference plant (Zea mays CE-777, 2C DNA = 5.43 pg), the left peaks
(4x, 8x) refer to the G1 of tetraploid and octaploid plants, respectively.
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Figure 3. Chromosome numbers of S. mutica. Tetraploid control plant (2n = 4x = 60) (a) Octaploid plant (2n = 8x = 120) (b). Bars = 5 um.

+ 0.54 in tetraploids to 28.90 + 0.60 mm in octaploids
(46% increase), and leaf width increased from 3.96 + 0.16
to 6.00 = 0.16 mm. Leaf area was also 123% larger in
octaploids (P < 0.01) (Table 3, Figure 4). Stem diameter
increased from 0.97 + 0.04 in tetraploids to 2.18 + 0.05
in octaploids (124% increase) (Figure 5). An average of
50 stomata data was used to compare anatomical traits
at two ploidy levels. The length of abaxial and adaxial
stomata in octaploid plants increased by 62% and 58%,
respectively.

The width of the abaxial and adaxial stomata also
increased by 32 and 31%. The area of abaxial and adaxial
stomata increased from 48.30 + 2.74 and 69.24 + 3.69

mm? in tetraploids to 97.60 + 4.63 and 145.73 + 8.18
mm? in octaploids, respectively. Therefore, the area of
the abaxial and adaxial were 102 and 110% bigger (Fig-
ure 7). While the density of the abaxial and adaxial sto-
mata decreased from 82.00 + 1.26 and 68.25 + 1.27 in
tetraploids to 46.20 + 1.36 and 37.40 + 1.63 in octaploids.
That means the number of stomata in the abaxial and
adaxial stomata decreased by 44% and 46%, respectively
(P <0.01) (Table 3)

There was a significant increase (P < 0.01) in all
flower characteristics (Table 3, Figure 6). Floral leaf
length and width, calyx length, corolla length, and
width, filament, and style length increased by 124%,
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Table 2. Mean genome size (2C DNA) in the tested S. mutica (n = 5).

Ploidy - 2C DNA value 1C DNAvalue Holoploid genome size Monoploid genome size
level (pg) £ SE (pg) (1C DNA, Mbp) (1Cx DNA,Mbp)

4x 60 1.901+ 0.01 0.95 929.10 464.55

8x 120 3.8240.02 1.91 1866.02 466.51

Table 3. Effects of induced polyploidy on physiological and anatomical characteristics of Satureja mutica. Reported values are mean + S.E.,

P-values based on t-test for independent samples (n = 10).

Traits (unit) Abbr. 4x 8x tiars) P-value
Phenol (ug g-1 DW) Phenol 20.34 £0.97 62.16 £ 1.90 -19.61 < 0.001
Flavonoid (pg g-1 DW) Flavonoid 2.00 + 0.04 6.58 + 0.17 -26.82 < 0.001
Soluble sugar (ug g-1 FW) Ssugar 939 + 18.0 2,820 £ 62.2 -29.04 < 0.001
Oil yield (%) oily 3.88 £ 0.07 5.68 £0.14 -11.83 < 0.001
Total chlorophyll (mg g-1 EW.) Chl 1.76 + 0.03 2.27 £ 0.04 -9.70 < 0.001
Carotenoid (mg g-1 EW.) Car 14.02 £ 0.26 18.58 £ 0.59 -7.01 < 0.001
Stem leaf length (mm) SLL 19.70 + 0.54 28.90 + 0.60 -11.41 < 0.001
Stem leaf width (mm) SLW 3.96 = 0.16 6.00 £ 0.16 -8.89 < 0.001
Leaf area (mm? LA 38.80 + 3.25 86.65 + 2.45 -11.76 < 0.001
Internode length (mm) InL 17.60 + 1.44 21.00 £ 0.71 -2.13 0.07"
Stem diameter (mm) SD 0.97 + 0.04 2.18 + 0.05 -19.14 < 0.001
Adaxial stomata length (um) AdSL 13.42 £ 0.35 21.30 £ 0.87 -8.38 < 0.001
Adaxial stomata width (um) AdSW 9.46 + 0.42 12.44 + 0.86 -3.10 < 0.05
Adaxial stomata area (um?) AdSA 69.24 + 3.69 145.73 + 8.18 -8.52 < 0.001
Adaxial guard cell density AdGCD 68.25 £ 1.27 37.40 £+ 1.63 14.93 < 0.001
Abaxial stomata length (pum) AbSL 11.20 +£ 0.28 18.22 £0.73 -8.96 < 0.001
Abaxial stomata width (um) AbSW 7.94 + 0.19 10.44 £ 0.28 -7.46 < 0.001
Abaxial stomata area (um?) AbSA 48.30 + 2.74 97.60 + 4.63 -9.16 < 0.001
Abaxial guard cell density (no.) AbGCD 82.00 + 1.26 46.20 £ 1.36 19.30 < 0.001
Floral leaf length (mm) FLL 17.80 £ 0.80 40.00 £ 1.05 -16.83 < 0.001
Floral leaf width (mm) FLW 3.90 = 0.09 7.02 £ 0.08 -26.00 < 0.001
Calyx length (mm) CL 5.52+0.17 6.36 £0.12 -4.10 < 0.01
Calyx lower teeth length (mm) CLTL 2.66 £ 0.05 3.68 £ 0.07 -11.40 < 0.001
Calyx upper teeth length (mm) CUTL 1.94 + 0.04 2.79 £0.05 -13.12 < 0.001
Peduncle length 1 (mm) PL1 1.82 £ 0.03 2.42 +0.03 -16.64 <0.001
Peduncle length 2 (mm) PL2 2.21 £ 0.03 3.05 + 0.07 -10.98 < 0.001
Corolla length (mm) CoL 44.60 + 1.03 68.60 + 1.03 -16.48 < 0.001
Corolla width (mm) CoW 11.80 £ 0.46 16.80 £ 0.25 -9.45 < 0.001
Filament length (mm) FL 8.34 + 0.20 13.62 + 0.24 -17.22 < 0.001
Style length (mm) StL 16.00 £ 0.29 25.16 £ 0.40 -18.41 < 0.001

80%, 15%, 53%, 42%, 63%, and 57% in the induced octa-
ploids, respectively (Table 3).
Phytochemical traits

The essential oil yield in tetraploid and induced
octaploid plants was 3.88 + 0.07 and 5.68 + 0.14%. As

a result, octaploid induction increased the essential oil
yield by 49%. Identification of compounds in essential
oils using GC and GC-MS devices led to the identifica-
tion of 14 compounds, representing more than 99% of
the oil (Table 4; Figure 8).

Table 4 shows the essential oil components of tetra-
ploid and octaploid plants. The compounds are listed in
order of their elution on the DB-5 column. In octaploid
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Figure 4. Comparison of the morphology between tetraploid (a)
and octaploid (b) S. mutica. Bars = 5 mm.

plants several compounds such as a-thujene, a —pinene,
sabinene, a -terpinene, p-cymene, limonene, 1,8-cineol,
y-terpinene, Methyl ether thymol increased but terpi-
nolene, thymol, carvacrol, e-caryophyllene, germac-
rene D decreased (Table 4). The major components were
p-cymene (5.9, and 17.7%), y-terpinene (10.7, and 14.9%),
thymol (47.7, and 29.2%) carvacrol (24.8, and 22.5%), in
tetraploid and octaploid plants, respectively.

DISCUSSION

The purpose of polyploidy induction in medicinal
plants with economic value, including S. mutica, is to
improve the quantity and quality of essential oils and
increase plant yield. In this study, successful octaploid
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Figure 5. Comparison of the stem diameters between tetraploid (a)
and octaploid (b) S. mutica, Tetraploid plant. Bars = 500um.

induction was performed using a specific concentration
and duration of colchicine. Colchicine is the most wide-
ly used chemical that is a mitotic spindle inhibitor and
used for polyploidy induction (Tsai et al., 2021). Concen-
trations of 0.005-0.5% colchicine and durations of 6 h to
6 d are traditionally used for chromosomes duplication
(Ahmadi and Ebrahimzadeh, 2020).

Researchers have shown that colchicine tolerance
thresholds are not the same in different plant species
and colchicine concentrations do not have the same
effects on polyploidy induction in different plants. For
example, the highest tetraploid induction efficiency
(33%) in Papaver bracteatum Lindl, was obtained at a
concentration of 0.05% colchicine with a duration of 24
hours (Tarkesh Esfahani et al., 2020). The highest poly-
ploidy induction efficiency in Rhododendron fortunei
Lindl (36.6 %), Sophora tonkinensis Gapnep (23.3%),
Thymus persicus (26%) was obtained at a concentra-
tion of 0.1, 0.2, and 0.3% colchicine after 24, 30, and
12 h respectively (Tavan et al., 2015; Wei et al., 2018;

Figure 6. Comparison of the flower morphology between tetraploid (4x) and octaploid (8x) S. mutica. Bars = 5 mm.
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Table 4. Comparison between tetraploid and octaploid components
of essential oils resulted by GC, and GC-MS.

Component RI Tetraploid Octaploid
a-Thujene 929 0.4 1.8
o -Pinene 938 - 0.9
Sabinene 977 0.8 1.0
a -Terpinene 1032 1.6 2.8
p-Cymene 1044 5.9 17.7
Limonene 1046 0.2 0.5
1,8-Cineol 1050 - 0.2
y-Terpinene 1075 10.7 14.9
Terpinolene 1090 1.1 0.6
Methyl ether thymol 1258 1.3 3.4
Thymol 1315 47.7 29.2
Carvacrol 1324 24.8 22.5
E-caryophyllene 1448 2.5 1.6
Figure 7. Abaxial stomata in leaves of S. mutica; stomatal density in ~ Germacrene D 1522 1.9 1.1
tetraploid (a) and octaploid plant (b) (Bars = 50 pm); stomatal size
in tetraploid (c) and octaploid plant (d) (Bars = 5 pm).
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Mo et al., 2020). In the present study, the highest poly-
ploidy induction efficiency (32%) was obtained by 0.05%
colchicine after 6 h. Prolonged exposure to colchicine
decreased seedling vigor and polyploidy induction effi-
ciency, but did not affect seedling viability.

Flow cytometry results showed that the genome size
in S. mutica octaploid plants doubled. Several reports
indicate a direct relationship between genome size and
ploidy level. For example, in annual ryegrass (Lolium
multiflorum Lamarck), tetraploid induction doubled
genome size from 6.13 + 0.36 in diploids to 12.30 + 0.83
pg in tetraploid (Rios et al., 2015). Another study on
polyploidy induction of two species of Acacia (Acacia
dealbata Link. and Acacia mangium Willd.) showed that
by increasing the ploidy level from diploid to triploid
and tetraploid, the size of the genome increases by about
50%, respectively. Thus, the genome size of tetraploids is
almost twice as large as diploids (Blakesley et al., 2002).
Genome size in D. rotundifolia and D. anglica with three
levels of diploid, tetraploid, and octaploid were 2.73, 5.34,
and 11.12 pg, respectively, indicating a direct relationship
between ploidy level and genome size (Rauf et al., 2021).
However, there are reports that the size of the genome
does not increase directly as the ploidy level increases.
As an example, one study found that tetraploid species of
Rhododendron had 2C DNA = 1.3-1.5 pg, but hexaploid
species had 2CDNA = 4.27 pg (Kumar De et al. 2010).

In the present study, one of the consequences of
octaploid induction was a significant reduction (P <
0.01) in the number of stomata per unit area. Stomatal
density is not affected by external factors such as tem-
perature and water content of tissues, so stomatal count-
ing is a convenient and easy method that can be used to
determine the ploidy level in a species (Silva et al., 2000).
According to several studies, including Nianmaohuang-
qin (Radix Scutellariae Viscidulae) (Huang et al., 2014)
and Stevia (Stevia rebaudiana Bertoni) (Zhang et al,,
2018), stomatal size and density have been used as mark-
ers to differentiate polyploid seedlings and their control
genotypes. However, stomatal size and density are not
reliable factors in identifying chimer samples. As a result
of polyploidy, plants are generally bigger and have thick-
er, darker leaves (Huang et al., 2014).

According to a study of rose chromosome duplica-
tion, polyploid roses possess a longer stem, more liv-
ing pollen, and more leaflets with a greater width-to-
length ratio (Kermani et al., 2003). In another study,
polyploid lily plants also had larger leaves, roots, and
stomata, but fewer stomata than diploid plants (Fang et
al., 2009). An increase in leaf size and leaf area leads to
an increase in biomass and yield. In medicinal plants,
where leaves, stems, and flowers are all sources of
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active ingredients, biomass is an important characteris-
tic. (Hannweg et al., 2016)

In the present study, Calyx length, Calyx lower and
upper teeth length, Floral leaf length, and width, fila-
ment, and style length, corolla length, and width were
significantly longer (P < 0.01) in octaploid plants. The
results are compatible with those reported by other
researchers for the African violet (Teixeira da Silva
et al., 2017) and the chamomile (Majdi et al., 2010).
Even though the overall flower size in tetraploid plants
increased significantly in African violets, the inflores-
cence length and the number of petal buds per inflo-
rescence decreased significantly which differs from
our finding in this regard. Several reports confirm the
increase in flower size and number per stem (Tulay and
Unal, 2010), and some confirm the lengthening of the
inflorescence stem (Takamura and Miyajima, 1996).

In addition to morphological characteristics, physi-
ological traits including the number of plant pigments,
soluble sugars, phenols, and flavonoids were also affect-
ed by octaploid induction in this study. The purpose of
polyploidy induction in medicinal plants is to increase
the yield of active ingredients. For example, tetraploid
induction in Dendrobium hybrid increased the amount
of shikunidine (Grosso et al., 2018), in Bletilla striata,
superior phenolic and polysaccharide compounds (Li et
al., 2018), in Stevia rebaudiana over accumulated stevio-
side (Hegde et al., 2015), in Scutellaria baicalensis high-
er baicalin (Gao et al., 2002), in Dendrobium officinale
richer polysaccharides (Song et al., 2016) and in Salvia
officinalis L. increased flavonoids, total phenol, and anti-
oxidants such as polyphenol oxidase, catalase, and per-
oxidase (Hassanzadeh et al., 2020).

Secondary compounds increase in polyploid plants
as cells multiply, leaves thicken, and roots develop
(Hegde et al., 2015). Increasing gene expression can
also result from the duplication of chromosomes, which
leads to an increase in secondary compounds (Majdi et
al., 2010). According to a study of Arabidopsis thaliana,
increasing ploidy levels reduced cellulose and lignin in
the cell wall, increasing saccharification function (Cor-
neillie et al., 2019). Tetraploid induction in Thymus vul-
garis L demonstrated that tetraploid and diploid plants
contain similar levels of total terpenes but differ in the
proportion of each terpene. Thus, the terpene ratios for
the five compounds were higher, indicating that poly-
ploidy induction had altered the quality of the essen-
tial oil (Navratilovd et al., 2021). There was an increase
in fenchone content in Tetradenia riparia tetraploids.
Furthermore, tetraploids contained several compounds
(alpha-humulene, viridifloral, and alpha-terpinene) that
were not present in diploids.
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CONCLUSION

The present study is the first report of octaploid
induction using colchicine in S. mutica. As S. mutica
is tetraploid, it was expected that octoploid would not
improve many traits, yet to our surprise, a plant with
much higher potential than the original was produced,
which was superior in terms of morphological, physi-
ological, and phytochemical traits. Accordingly, it can
be concluded that in the savory genus, doubling the
chromosomes regardless of ploidy has a positive effect.
It is evident that essential oils and extracts of octaploid
plants have become more bioactive based on increases
of 46% and 205% in essential oil and phenolic content,
respectively. There is also a significant improvement
in the performance of its major components, including
a-thujene, a -pinene, sabinene, a —terpinene, p-cymene,
limonene, 1,8-cineol, y-terpinene, methyl ether thymol.
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Abstract. The effect of sewage water sample of the three locations Khardah (22.7003°
N, 88.3753° E), Titagarh (22.7383° N, 88.3737° E), Madhyamgram (22.6924° N,
88.4653° E), and Control (distilled H,O) in the district of North 24 Parganas (22.6168°
N, 88.4029° E), West Bengal, India on the damage of chromosomes in the onion (Alli-
um cepa L.) and maize plant (Zea mays L.) were investigated by employing mitotic
chromosomal aberration assay. Physiochemical analysis of sewage water samples
showed the pH is 5.10-5.30 in nature. Few heavy elements: Fe, Mn and Zn in the sam-
ple from Khardah (22.7003° N, 88.3753° E) sewage water exceeded the Indian Stand-
ard 10500:2012 and WHO’s (2006) permissible limits. Whereas Cl, Cu, Pb, Cr, and Cd
are more or less within limit of the standard condition. The obtained data exhibited
a decline in reproductive capacity of cells and the occurrence of deviation from the
normal mitotic cell division. The mitotic index (MI) decreased significantly (p < 0.05)
in both the cases and is given as Control (57.03 %) > Madhyamgram (41.70 %) > Tita-
garh (33.85 %) > Khardah (31.57 %) in Allium cepa L. and Control (49.33 %) > Tita-
garh (21.45 %) > Madhyamgram (26.47 %) > Khardah (24.05 %) in Zea mays L. The
chromosomal aberrations (CAs): Karyorrhexis, Karyolysis, Fragments, Lagging chro-
mosome, Anaphase bridges are present in significant amount in the crops treated with
sewage water sample than the one with control condition. Heavy metals act as pollut-
ants in the sewage water sample which has cytotoxic effect on cells, threat to water eco-
system and human health.

Keywords: sewage water, mitotic index, indian standard, heavy metal, cytotoxic, eco-
system.

INTRODUCTION

Rapid industrialization in the last four decades has resulted in the mush-
rooming of production units even in the vicinity of semiurban and rural
areas of the country. Several hazardous chemical industries discharge their
untreated effluents into the atmosphere. Water and soil along with the eco-
environmental profile of the area are adversely disturbed. The endemic expo-
sure to pollutants causes toxicity, morbidity, early mortality, genetic and
cytogenetic damage and various other pathological symptoms in the exposed
human and plant populations.
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This study was undertaken to evaluate the cyto-
toxic effects of effluents in sewage water of the three
locations Khardah (22.7003° N, 88.3753° E), Titagarh
(22.7383° N, 88.3737° E), and Madhyamgram (22.6924°
N, 88.4653° E) of North 24 Parganas (22.6168° N,
88.4029° E), West Bengal, India. For more than forty
years officially accepted “Allium test” is used widely
for assessment of the environmental water pollution
(Fiskesjo 1985, 1997; Ivanova et al. 2002, 2005; Rank
2003). Various investigators (Al-Sabti 1989; Smaka-
Kinkl et al. 1996; Rank and Nielsen, 1998; Moraes
and Jordao, 2001) advocate different plant test systems
which are useful for studying cytotoxicity of heavy
metals. Currently, the physio-chemical and cyto-tox-
icological evaluation of sewage water discharges from
the three locations (T, T,, and T;) by different ways
has not been documented, thereby no information on
their hazardous effect on agricultural field and the
ecosystem is recorded. With this background, the pre-
sent work was undertaken to investigate chromosomal
damage (cytotoxic) impact of sewage eftluents collected
from three different locations on root tip meristematic
cells of Allium cepa L. and Zea mays L. with special
reference to analysis of physio-chemical parameters of
the liquid waste.

MATERIALS AND METHODS

Bluish and blackish sewage water was collected
from the three main drains of T, = Khardah (22.7003°
N, 88.3753° E), T, = Titagarh (22.7383° N, 88.3737° E),
and T; = Madhyamgram (22.6924° N, 88.4653° E), of
North 24 Parganas (22.6168° N, 88.4029° E), West Ben-
gal, India at the depth of six inches from three random
points within the drain of each location. The sewage
water samples were filtered four times by muslin cloth
and then stored in a clean plastic jar for chemicals anal-
ysis and setting experiment along with distilled water as
a control (T,) on two species namely, Allium cepa L. and
Zea mays L.

Physicochemical parameters were analyzed from
the three locations’ (T, T,, and T;) sewage water sam-
ples (filtered four times) for a standard physicochemi-
cal property (chloride) according to 1S:3025 (Part 32):
1988, RA 2003. The eight heavy metals, i.e., Copper
(Cu), Chromium (Cr), Nickel (Ni), Iron (Fe), Zink (Zn),
Cadmium (Cd), Lead (Pb), Manganese (Mn) were deter-
mined in mg/l, following the methods described in
APHA 22" edition 3125B and WHO-2006 limits (Olo-
runfemi et al. 2014).
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Chromosome preparation was made from the treated root
tips of both the species

Chromosome preparation was performed in both
the species following the protocol adapted by Sharma
and Sharma (1980). The root tips of treated and control
sets of both species were fixed in Carnoy’s fluid-I for
overnight followed by treatment with 45% acetic acid for
10 minutes at room temperature. The resultant root sam-
ples were stained for 45 minutes with a mixture of 2%
Aceto-Orcein:1N HCI (9:1) and warmed lightly at 60°C.
The meristematic tip portion (~ Imm size) of onion and
maize roots were cut and placed on a clean grease free
slide in a drop of acetic acid (45%) and squashed, later
temporarily sealed with paraffin wax. Slides were pre-
pared from five randomly drawn root tips from each
treatment of both the species. Five random microscopic
fields from each slide were scored under Olympus with
the Prog-Res Capture Pro 2.1 photo system. The mitotic
indices were calculated for all the treated materials of
each treatment.

Statistical Analysis

The experiment was organized according to a rand-
omized complete design (RCD) with three replications.
A two-way ANOVA was performed for test of signifi-
cance at p<0.05, employing F-test. Data were expressed
as mean + standard error (SEM) (Gomez and Gomez
1984). The mean mitotic index of each treatment was
compared with those corresponding to control employ-
ing “t” test for significant difference, if any.

RESULTS

Heavy metals and chloride determination in the sewage
water samples

The heavy metal and chloride analysis of the sew-
age water sample of the three locations have been shown
in the Table 1. The sewage water collected from differ-
ent locations were acidic in nature on pH scale: 5.30 (T)),
5.15 (T,) and 5.10 (T;) during the middle of February,
2017.The sewage water sample from the three locations
attained a higher range of iron concentration i.e., 0.34-
0.52 mg/l as compared to the limit of 0.001-0.30 mg/l.
The contents of copper, chromium, cadmium and lead
were found less than the permissible limit (0.001 mg/I)
in the sample of T}, T,, and T; treatments, except cop-
per (0.006 mg/l) in T; treatment within limit compared
with National (APHA 22" edition 3125 B and IS: 10500:
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Table 1. Contents of Heavy metals, Chloride and pH in the experimental sewage water samples (T}, T,and T;).

Result of the three locations or treatments (T, T,, & T5)

Different parameters Requirements WHO
SL. No.in the water samples of ~ Limit As per IS 10500: T,=Khardah T,=Titagarh T;=Madhyamgram  (2006)
the three locations 2012. Maximum  (22.7003°N, 88.3753 (22.7383°N, 88.3737°  (22.6924°N, Limit
E) E) 88.4653" E)
1 Copper (Cu)mg/l 0.001 Max:1.5 < 0.001 < 0.001 0.006 -
2 Chromium (Cr)mg/1 0.001 Max: 0.05 <0.001 <0.001 <0.001 0.05
3 Nickel (Ni) mg/1 0.001 Max: 0.02 0.006 < 0.001 0.002 0.02
4 Iron (Fe) mg/l 0.001 Max: 0.30 0.340 0.501 0.520 -
5 Zink (Zn)mg/1 0.001 Max: 15.0 0.450 <0.001 0.002 0.01
6 Cadmium (Cd)mg/1 0.001 Max: 0.003 < 0.001 < 0.001 <0.001 0.003
7 Lead (Pb) mg/l 0.001 Max: 0.01 < 0.001 < 0.001 < 0.001 0.01
8 Manganese (Mn) mg/1 0.001 Max: 0.30 0.321 0.275 0.101 -
9 Chloride (CI)(mg/1) N/A Max: 1000 89.19 79.55 269.98 -
10 pH - - 5.30 5.15 5.10 6.5-9.5
11 Colour - - Bluish Blackish Blackish -

Contents of heavy metals & chloride present in the three experimental fields (T}, T,, & T;) done by efrac (Edward Food Research & Analy-
sis Centre Limited, Subash Nagar, P.O. Nilgunj Bazar, Barasat, Kolkata-700121, India. Email: efraclab@cfrac.org, Ph. No.91-3371122800.
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Figure 1. Effect of Sewage water and control samples (T, T, T,
and T,) on Germination % and Disinhibition root length % in Alli-
um cepa L. and Zea mays L.

2012) and WHO’s (2006) standards. The result revealed
that the concentration of manganese (0.321 mg/l) con-
tent is higher in the sample of Khardah (22.7003° N,
88.3753° E) location while it was found in the range of
limit (0.001-0.03 mg/l) in the sewage water sample of
Titagarh (22.7383° N, 88.3737° E), and Madhyamgram
(22.6924° N, 88.4653° E) respectively.
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Figure 2. Percentage root growth of Allium cepa L. and Zea mays L.
roots exposed to the test Sewage water and control samples (T}, T,,
T, and T,).

General toxicity-root growth inhibition and deformity of
Allium cepa L. & Zea mays L. test

There was a significant (p< 0.05) root growth inhi-
bition of the two species in the wastewater samples of
three locations compared with distilled water (Figure
1). Root length in distilled water was higher than that
in wastewater samples for both of them (Figure 2). Sew-
age water trials were compared with control treatment
(distilled water). The mitotic index (MI) signifyingly
decreased along with an increase in chromosomal aber-
rations (CAs) of the root tips meristematic cells of onion
and maize were found (Table 2, Figure 5).
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Table 2. Frequencies of different types of cells after treatment with different water samples (T, T,, T and T,) Mean + SE & ANOVA in both species.
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Allium cepa L. test with sewage water samples

Allium cepa L. meristematic cells in the root tips
after 72 hours exposure to the different sewage water
treatments exhibited various chromosomal aberra-
tions (CAs) in comparison to distilled water (control)
that included karyorrhexis, karyolysis, fragmenta-
tion, laggard, and anaphase bridge (Figure 3). T, has
significantly decreased anaphase bridge (5.60 + 1.27),
laggard chromosome (5.60 + 1.27), mitotic index
(31.57%). T, has extensively decreased fragmentation
(2.00 = 0.79) only. T; has significantly decreased kar-
yorrhexis (22.00 + 1.76), karyolysis (19.80 = 7.09) and
aberration frequency (8.09%). The activities of differ-
ent types of abnormal cells and aberration frequency
% were seen to have a higher value in all samples (T,
T,, and T;) as compared to control (T,) in the onion
(Table 2).

Zea mays L. test with sewage water samples

Chromosomal aberrations (CAs) induced in Zea
mays L. root tips meristematic cells after 72 hours
exposure to different waste water treatments (T,
T,, and T) in comparison with distilled water (T,)
were summarized in Figure 4. The treatment T, has
significantly decreased only mitotic index (24.05%).
T, has considerably decreased laggard chromosome
(0.60 + 0.61) and anaphase bridge (0.60 £ 0.61). T,
has drastically decreased karyorrhexis (53.60 +16.32),
fragmentation (2.80 + 1.22) and aberration frequen-
cy (10.13%). No effect on karyolysis was found in T,
T, and T; samples. The activities of different types
of abnormal cells and aberration frequency % was
observed to have higher values in all sewage water
samples (T, T,, and T;) as compared to control (T,)
in the maize (Table 2).

Different types of abnormal cells

The aberration shown at level of nucleus is of two
types: (i) Karyorrhexis and Karylysis (ii) Chromo-
somes.

Karyorrhexis

It is the manner of destructive fragmentation
of the nucleus of dying cells where the chromatin
is irregularly distributed throughout the cytoplasm
(Figure 3A, E, I, and Figure 4A, D, F).
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Figure 3. Photomicrographs of cytological aberration in Allium cepa L. (2n=16) root tip cells treated with different sewage water samples.
(A) Karyorrhexis (B) Karyolysis (C) Anaphage bridge and (D) Fragmented, respectively in Khardah water; E. Karyorrhexis, E Karyolysis,
G. Anaphage bridge and H. Fragmented, respectively in Titagarh water; I. Karyorrhexis, J. Karyolysis, K. Laggard, Anaphase bridges and L.
Fragmented in Madhyamgram water.

Karyolysis

Enzymatic dissolution leads to complete suspension
of the chromatin in a dying cell. After karyolysis the
whole cells will be stained uniformly (Figure 3B, F, J).

Chromosome laggard

Particular concentration of few turbagens which
has affinity for thiol groups that induce various types of
spindle disturbances at all stages of mitosis division in
most of cells were confined to one or more number of
chromosomes. The movement of chromosomes deviated
from the main mass and were often seen to be lost. Such
aberrant chromosomes have been called “laggards” (Fig-
ure 3K). It may be present in the location of spindle area
or outside of it (Figure 3K).

Anaphase bridge

Chromatin bridge is a mitotic event that forms when
telomeres of sister chromatids combine together and fail
to completely segregate into their respective daughter
cells. This event mostly occurs during the anaphase stage

that is why called anaphase bridge (Figure 3C, G, K and
Figure 4C, E, G).

Chromosome fragmentation

Chromosome fragmentation results are indicators
of a clastogenic action from the numerous breaks in the
chromosome arms where there is loss of integrity of the
chromosome. Disintegration can range from partial to
total breakup of the chromosome (Figure 3D, H, L and
Figure 4B).

DISCUSSION

The research survey works (Ma 1999; Fatima and
Ahmed 2005, 2006b) on industrial effluent samples
that were taken from different parts of the city of Ali-
garh and Ghaziabad, UP in India. It may be used as a
bio indicator for aquatic atmosphere. In our experi-
ment different elements and microorganism present
in the wastewater samples of the three locations might
have induced cytological effects on the roots of both
species i.e., Allium cepa L. and Zea mays L. It may
have direct or indirect risk on their life due to irriga-
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Figure 4. Photomicrographs of cytological aberration in Zea mays L. (2n=20) root tip cells treated with different sewage water samples. A.
Karyorrhexis, B. Fragmented, C. Anaphage bridge, in Khardah water; D. Karyorrhexis and E. Anaphage bridges in Titagarh water; E. Kary-

orrhexis, and G. Anaphase bridge in Madhayagram water.

tion with sewage wastewater to the food plants (Igbal et
al. 2016; Chary et al. 2008). Trace elements accumula-
tion in the food chain may harm different organism in
the ecosystem along with humans. Several studies have
shown that presence of various metal in the Industrial
waste water can cause the various nature of chromo-
somal aberrations like lagging chromosome, fragmented
chromosome, anaphase bridge and binucleated cells etc.

in the meristematic root tip cells of Allium cepa L. and
plants with such abnormalities which may induce alter-
ations in the genetic constitution not only the future
progenies but correspondingly have triggered further
complication in mankind when consumed as nourish-
ment materials (Sabeen et al. 2020). Surveys on sludge
samples from thirty-four cities in the USA have reports
that there were no effects of chromosomal aberration
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andT,) on Chromosomal aberration frequency % in Allium cepa L.
and Zea mays L.

due to the treatment of effluents (Babish et al. 1983).
Conversely, there are also studies, revealing cytologi-
cal effect of extracts from wastewater sludges collected
from various American cities on the test of Salmonella
typhimurium sample (Mumma et al. 1988; Brown et
al. 1991; Blevins and Brennan 1990). In 1998, White
and Rasmussen demonstrated that in the large areas of
metropolis cities, wastewaters of different municipali-
ties are a multifaceted combination of effluent resourc-
es from domestic and industrial sewage, containing a
widespread series of heavy or light constituents from
a source of different varieties. Siddiqui et al. 2011 had
strongly recommended that seed germination of differ-
ent species such as Brassica oleracea var. capitata, Pen-
nisetum glaucum and Cucumis sativus are remarkable
living beings for heavy metal toxicological monitor-
ing of industrial effluents and XAD concentrated river
water. Furthermore, it was reported that significant
quantities of different types chromosomal abnormalities
including fragmentation, bridges and stickiness were
found by Allium cepa test. Cytogenetic effect of the car-
bon black factory industrial effluents in Allium sativum
root meristem cells not only retarded germination per-
centage and radical growth but also induced chromo-
somal aberrations: karyolysis, fragmentation, laggards
(Ray and Saha 1992). In the absence of telomeres, chro-
mosomes turned out to be adhesive in nature which
may join the end part of other fragmented chromo-
somes in the root tip of meristem cells of Allium cepa
in presence of alprazolam chemical compound (Nefic et
al. 2013). The presence of breaking fragments, laggards,
chromosome bridges and stickiness with other abnor-
malities are viewed as mitotic irregularities are due to

an-eugenic agents (Zang and Yang 1994; Silveira et al.
2017; Haq et al. 2017). Grant (1982) told that chromo-
somes stickiness probably occurred due to degradation
or de-polymerization of DNA segment of the chromo-
some. It was also reported that the sticking of chro-
mosomes resulted from DNA compression and adhe-
siveness of inter-chromosome fibers (Schneiderman et
al.1971). One of the abnormalities, which is stickiness
and it shows high toxic substances are present along
with irreversibility while acentric fragments that appear
in anaphase stages are the result of chromatids or chro-
mosome interruptions, representing interference with
DNA. Bridges in Anaphase stage are the outcome of the
disruptions and joining of chromatids or chromosomes
(Turkoglu 2007). It is also described that anaphase
bridges occur as an output of adhesiveness of chromo-
somes, unequal process of translocation or inversion in
the segments of chromosome (Gomurgen 2005). Stud-
ies by Nagajyoti et al. (2010) and Fashola et al. (2016)
indicates that among the heavy metal cadmium (Cd)
is known to be carcinogenic and mutagenic in biologi-
cal system. As per the investigation reported by Adhi-
kari (2019) indicated that lead (Pb) one of heavy metal
act as a robust mutagenic mediator on Lathyrus sativus.
Nickel with magnesium can be the cause for chroma-
tin condensation of the cells (Lee et al. 1995). Whereas
it also stated that the combination of Nickel and Chro-
mium affected the cell division of mitotic spindle lead-
ing to chromosomal aberration in the root’s tips of
Allium cepa (Anderson 1985). The trace amount of few
metals such as Mn, Fe, Zn and Cr combined together
or individually has caused the observed cytogenotoxic
effects and reported to induce aberrations in the larvae
of Newt (Godet et al, 1993). It also reported that heavy
metals induced the toxicity and mutagenicity on Zea
mays L. (Vojtechova and Leblova, 1991). The Mitotic
index (MI) inhibition has been accredited to the effect
of different environmental substances on DNA and syn-
thesis of protein of the living organism (Chauhan et al.
1998). Nefic et al. 2013 revealed that the occurrence of
high concentration of heavyweight metals in the earth
sample triggered the downward movement of the Mitot-
ic index of the meristematic root tips cells of Allium
cepa L. Several heavy metals inhibit the cell division
along with reduction of MI in the cortex of the meris-
tematic root tips of Zea mays L. (Kozhevnikova 2009).
In this study, the Allium cepa L. and Zea mays L.
roots anaphase-telophase assay at different stages of cells
established that all the three wastewater samples had
approximately same levels of toxicity. In the Titagarh
(22.7383°N, 88.3737° E) samples, the aberration frequen-
cy percentage was however higher in both species than
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the other two samples of wastewater. Even the mitotic
index percentage in all three wastewater location sam-
ples were half of the control sample (distilled water).

CONCLUSION

The study indicates that the heavy metals present
in the wastewater samples in Khardah (T)); Titagarh
(T,); and Madhyamgram (T;) in the district of North
24 Parganas, West Bengal, induced chromosomal aber-
rations: Karyorrhexis, Karyolysis, Fragmented, Lag-
gard and Anaphase bridge, reduced the Mitotic index
and morphological structure also such as germina-
tion % and root length inhibitions % in Allium cepa
L. and Zea mays L. It may be concluded that presence
of heavy metals such as Ni, Ld, Mn, Fe, Cd leads to
decrease cell reproduction and increase in the chro-
mosome mutation frequency, posing a great potential
threat to water ecosystem and human health as well.
Thus, the investigation advocates treatment of waste-
water of three locations for decreasing contamination
load before releasing for irrigation in the agricultural
field or into the rivers.
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Abstract. Pistachio (Pistacia vera L.) is the only cultivated and commercially important
species in the genus Pistacia, consisting of a deciduous, dioeciously and wind-pollinat-
ed at least 11 tree species. Pistacia vera is native to north Afghanistan, northeast Iran,
and central Asian republics. To investigate the genetic diversity of pistachio (Pistacia
vera), we genotyped 30 cultivars of this species using 10 Start Codon Targeted (SCoT)
markers. The SCoT markers generated 9-25 alleles (155 in total) with an average of 16
per locus. The highest value of percentage polymorphism (61.99%) was observed in
Ghafori Rafsanjan (cultivars No.27) which shows high value for gene diversity (0.42)
and Shanon- information index (0.39). Genotype Shahpasand (Pust Ghermez) (No.10)
has the lowest value for percentage of polymorphism (20%) and the lowest value for
Shanon, information index (0.15), and He (0.010). Genetic similarity values obtained
from Dice’s coefficient ranged from 0.66 (between Akbari (Pust Ghermez) and Bada-
mi Dishkalaghi) to 0.88 (between populations Menghar Kalaghi and Kaleghochi (Pust
Ghermez). The main objectives of this study were to assess the genetic diversity and
genetic relationship of pistachio cultivars in Iran. These results could benefit Irainian
pistachio germplasm collection, conservation and future breeding.

Keywords: population structure, gene flow, network, genetic admixture, pistachio
(Pistacia vera L.).

INTRODUCTION

Genetic variability description specifies differences among individuals
or populations of the same species and serves as a very good tool for plant
breeding and conservation programmes (Minn et al. 2015). Different types
of DNA markers have been applied in evaluation of genetic diversity of dif-
ferent plants, considering also the effects of the plant growing environment
and developmental stage (Hopla et al. 2021; Fikirie et al. 2020; Gondal et al.
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2021). The existing genetic variability of the individual
species within and among the populations is connected
to this species ability to mirror the short- and long-term
specific regimes of their living habitats. The analysis of
the distribution of the genetic variability patterns specif-
ic for landscape and ecological parameters is valuable for
identification of the taxa most vulnerable to the anthro-
pogenic impacts (Brandvain et al., 2014).

The genus Pistacia is a member of the Anacardiace-
ae family, which comprises 11 or more species (Zohary
1952). Pistacia vera L., is a diploid (2n=30) member of
the Anacardiaceae family (Zohary 1952; Whitehouse
1957). Pistacia vera is native to north Afghanistan,
northeast Iran, and central Asian republics (Browiez
1988; Kafkas 2006). Among the nut tree crops, pistachio
tree ranks sixth in world production behind almond,
walnut, Cashew, hazelnut and chestnut (Mehlenbacher
2003). Iran is the main world producer with more than
400,000 tons followed by Turkey, USA and Syria (Faostat
2004). The main cultivars grown in Iran are Ohady,
Kaleh ghochi, Ahmad Aghai, Badami Zarand, Rezaii
and Pust piazi (Esmailpour 2001). Iran is the center of
origin for four important Pistacia species: P. vera, P.
khinjuk Stocks, P. eurycarpa Yalt. (P. atlantica subsp.
Kurdica Zoh.), and P. atlantica Dsef. (Karimi et al.
2009). Three essential wild Pistacia species, including P.
vera, P. khinjuk, and P. atlantica grow in Iran. Although
Wild P. vera has spread to a territory of around 75,000
ha, in focal Asia, which envelopes Turkmenistan,
Afghanistan, and Northeast Iran, where P. vera devel-
ops in the Sarakhs region, covering around 17,500 ha
(Behboodi 2003). Numerous studies have addressed
genetic variability in Pistacia that were based on evalu-
ation of morphological, physiological, and biochemical
characteristics (Zohary 1952; Barone et al. 1993; Dollo
1993; Tayefeh Aliakbarkhany et al. 2013).

Among them, RAPD (Williams et al. 1990) has been
the most commonly used method in pistachio cultivars
characterization (Hormaza et al. 1994, 1998; Kafkas et
al. 2002; Katsiotis et al. 2003; Golan-Gpldhirsh et al.
2004; Mirzaei et al. 2005). AFLP and SSR techniques
have been also used in pistachio to study genetic rela-
tionship among Pistacia species and cultivars (Golan-
Goldhirsh et al. 2004; Katsiotis et al. 2003; Ibrahim
Basha et al. 2007; Ahmad et al. 2003; Ahmad et al. 2005;
Ahmadi Afzadi et al. 2007).

Although previous studies have partially character-
ized pistachio diversity in Iran, they did not conduct a
full analysis regarding discrimination of wild Pistacia
and its potential breeding and implication of its con-
servation. Induction of diversity in Pistacia species are
based on morphological characteristics which usually
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can be achieved by budding or grafting selected scions
onto seedling rootstocks of the same species or other
Pistacia species. Pistacia species have a high genetic
diversity due to their dioecious character, pollination
mechanism. Because of these factors high selectivity in
rootstocks breeding is required, and therefore knowl-
edge of the genetic relationships among Pistacia species
would be very useful in pistachio rootstock breeding.

With the progress in plant molecular biology, numer-
ous molecular marker techniques have been developed
and used widely in evaluating genetic diversity, population
structure and phylogenetic relationships. In recent years,
advances in genomic tools provide a wide range of new
marker techniques such as, functional and genetargeted
markers as well as develop many novel DNAbased marker
systems (Collard and Mackill 2009). Start codon targeted
(SCoT) polymorphism is one of the novel, simple and reli-
able gene-targeted marker systems. This molecular marker
offers a simple DNA-based marker alternative and repro-
ducible technique which is based on the short conserved
region in the plant genes surrounding the ATG (Collard
and Mackill 2009) translation start codon. This technique
involves a polymerase chain reaction (PCR) based DNA
marker with many advantages such as low-cost, high poly-
morphism and extensive genetic information (Collard and
Mackill 2009; Wu et al. 2013; Luo et al. 2011). The SCoT
system has been successfully used to assess genetic diver-
sity, carry out structure analysis, identify cultivars, map
quantitative trait loci (QTL), as well as perform DNA fin-
gerprinting and diagnosis in different species (Elshibli and
Korpelainen 2008; Rhouma et al. 2009).

The present study is the first attempt to use SCoT
markers to assess the level of genetic diversity of Irain-
ian pistachio cultivars which were collected from the
wild populations. The main objectives of this study were
to assess the genetic diversity and genetic relationship
of pistachio cultivars in Iran. These results could benefit
Irainian pistachio germplasm collection, conservation
and future breeding.

MATERIALS AND METHODS
Plant materials

Thirty specimens belonging to three geographical
populations of Pistacia vera were collected from different
localities that were placed between three provinces Sem-
nan, Damghan, Khorasan, Mashhad and Kerman, Raf-
sanjan. Details of geographical populations are given in
Table 1, Fig. 1. Different references were used for the cor-
rect identification of species Pistacia vera (Zohary 1952;
Barone et al. 1993; Dollo 1993). Vouchers were deposited
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Table 1. List of pistachio cultivars examined for genetic relatedness using SCoT marker system in this study.by Majid Khayatnezhad.

No Genotypes Locality Latitude Longitude
1 Sarakhs Khorasan, Mashhad 36.321247 59.532639
2 Ebrahimi Khorasan, Mashhad 36.321247 59.532639
3 Karimi Khorasan, Mashhad 36.321247 59.532639
4 Aliabadi Khorasan, Mashhad 36.321247 59.532639
5 Kaleghochi (Pust Sefid) Semnan, Damghan 36°9'52.6824' 54°21'27.52
6 Shahpasand (Pust Sefid) Semnan, Damghan 36°9'52.6824' 54°21'27.52
7 Akbari (Pust Ghermez) Semnan, Damghan 36°9'52.6824' 54°21'27.52
8 Khanjari Damghan Semnan, Damghan 36°9'52.6824' 54°21'27.52
9 Kaleghochi (Pust Ghermez) Semnan, Damghan 36°9'52.6824' 54°21'27.52
10 Shahpasand (Pust Ghermez) Semnan, Damghan 36°9'52.6824' 54°21'27.52
11 Fakhri Semnan, Damghan 36°9'52.6824' 54°21'27.52
12 Akbari (Pust Sefid) Semnan, Damghan 36°9'52.6824' 54°21'27.52
13 Abbas-Ali Semnan, Damghan 36°9'52.6824' 54°21'27.52
14 Ahmad Agaei Semnan, Damghan 36°9'52.6824' 54°21'27.52
15 Menghar Kalaghi Semnan, Damghan 36°9'52.6824' 54°21'27.52
16 Pust Khormaei Kerman, Rafsanjan 30.3548893 56.002705
17 Ghazvini Kerman, Rafsanjan 30.3548893 56.002705
18 Fandoghi Kerman, Rafsanjan 30.3548893 56.002705
19 Javad Aghaei Kerman, Rafsanjan 30.3548893 56.002705
20 Badami Dishkalaghi Kerman, Rafsanjan 30.3548893 56.002705
21 Vahedi 30.3548893 56.002705
22 Behesht Abadi Kerman, Rafsanjan 30.3548893 56.002705
23 Hasan Zadeh Kerman, Rafsanjan 30.3548893 56.002705
24 Gholamrezaei Kerman, Rafsanjan 30.3548893 56.002705
25 Ohadi Kerman, Rafsanjan 30.3548893 56.002705
26 Saiffodini Kerman, Rafsanjan 30.3548893 56.002705
27 Ghafori Rafsanjan Kerman, Rafsanjan 30.3548893 56.002705
28 Ravare Kerman, Rafsanjan 30.3548893 56.002705
29 Italiaei Kerman, Rafsanjan 30.3548893 56.002705
30 Shasti Kerman, Rafsanjan 30.3548893 56.002705
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at the herbarium of Islamic Azad University, Science and
Research Branch, Tehran, Iran (IAUH).

DNA extraction and SCoT-PCR amplification

Fresh leaves were used randomly from four to elev-
en plants in each of the studied populations. These were
dried by silica gel powder. CTAB activated charcoal
protocol was used to extract genomic DNA (Esfandani-
Bozchaloyi et al. 2019). The quality of extracted DNA
was examined by running on 0.8% agarose gel. A total
of 25 SCoT primers developed by Collard and Mackill
(2009), 10 primers with clear, enlarged, and rich poly-
morphism bands were chosen (Table 2). PCR reactions
were carried in a 25ul volume containing 10 mM Tris-
HCI buffer at pH 8; 50 mM KCl; 1.5 mM MgCl2; 0.2
mM of each dNTP (Bioron, Germany); 0.2 uM of a sin-

gle primer; 20 ng genomic DNA and 3 U of Taqg DNA
polymerase (Bioron, Germany). The thermal program
was carried out with an initial denaturation for 1 min
at 94°C, followed by 40 cycles in three segments: 35 s at
95°C, 40s at 55°C and 55s at 72°C. Final extension was
performed at 72°C for 5 min. The amplification products
were observed by running on 1% agarose gel, followed
by the ethidium bromide staining. The fragment size
was estimated by using a 100 bp molecular size ladder
(Fermentas, Germany).

DATA ANALYSES

Morphological studies

In total nineteen morphological (nineteen quanti-
tative) characters were studied. Four to twelve samples
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Figure 1. Map of Iran shows the collection sites and provinces
where of Pistacia vera species were obtained for this study.

from each population were randomly studied for mor-
phological analyses (Appendix 1). Morphological char-
acters were first standardized (Mean = 0, Variance = 1)
and used to establish Euclidean distance among pairs of
taxa (Podani 2000). For grouping of the plant specimens,
The UPGMA (Unweighted paired group using average)
and Ward (Minimum spherical characters) as well as
ordination methods of MDS (Multidimensional scaling)
were used (Podani 2000). PAST version 2.17 (Hammer et
al. 2012) was used for multivariate statistical analyses of
morphological data.

Molecular analyses

Excel 2013 was used to calculate the total num-
ber of bands (TNB), the number of polymorphic bands
(NPB), and the percentage of polymorphic bands (PPB).
The polymorphism information content (PIC) of SCoT
primers was determined using POWERMARKER v3.25.
Binary characters (presence = 1, absence = 0) were used
to encode SCoT bands and used for further analyses.
Parameter like Nei’s gene diversity (H), Shannon infor-
mation index (I), number of effective alleles, and per-
centage of polymorphism (P% =number of polymorphic
loci/number of total loci) were determined (Weising et
al. 2005; Freeland et al. 2011).

Shannon’s index was calculated by the formula: H* =
-Xpiln pi. Rp is defined per primer as: Rp = ¥ Ib, were
“Ib” is the band informativeness, that takes the values of
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1-(2x [0.5-p]), being “p” the proportion of each genotype
containing the band. The percentage of polymorphic
loci, the mean loci by accession and by population, UHe,
H’ and PCA were calculated by GenAlEx 6.4 software
(Peakall and Smouse 2006)

Nei’s genetic distance among populations was used
for Neighbor Joining (NJ) clustering and Neighbor-Net
networking (Freeland et al. 2011; Huson and Bryant
2006). The comparison of genetic divergence or genetic
distances, estimated by pairwise Fgpand related statis-
tics, with geographical distances by Mantel test is one
of the most popular approaches to evaluate spatial pro-
cesses driving population structure. The Mantel test was
performed as implemented in PAST ver. 2.17 (Hammer
et al. 2012). For this, Nei genetic distance was deter-
mined for scot data, while Geographic distance of PAST
was determined for geographical data. It is calculated
based on the sum of the paired differences among both
longitude as well as latitude coordinates of the stud-
ied populations. The Mantel test, as originally formu-
lated in 1967, is given by Z, :ii‘,g.}-*d; where g; and d;;
are, respectively, the genetic arid geographic distances
between populations i and j, considering n populations.
Because Z,, is given by the sum of products of distances
its value depends on how many populations are studied,
as well as the magnitude of their distances.

AMOVA (Analysis of molecular variance) test (with
1000 permutations) as implemented in GenAlex 6.4
(Peakall and Smouse 2006), and Nei's Gst analysis as
implemented in GenoDive ver.2 (2013) (Meirmans and
Van Tienderen 2004) were used to show genetic differ-
ence of the populations. Moreover, populations genetic
differentiation was studied by G’ST est = standardized
measure of genetic differentiation (Hedrick 2005), and
D_est = Jost measure of differentiation (Jost 2008).

To assess the population structure of the pistachio
genotypes, a heuristic method based on Bayesian clus-
tering algorithms were utilized. The clustering method
based on the Bayesian-model implemented in the soft-
ware program STRUCTURE (Pritchard et al. 2000;
Falush et al. 2007) was used on the same data set to
better detect population substructures. This clustering
method is based on an algorithm that assigns genotypes
to homogeneous groups, given a number of clusters (K)
and assuming Hardy-Weinberg and linkage equilibrium
within clusters, the software estimates allele frequencies
in each cluster and population memberships for every
individual (Pritchard et al. 2000). The number of poten-
tial subpopulations varied from two to ten, and their
contribution to the genotypes of the accessions was cal-
culated based on 50,000 iteration burn-ins and 100,000
iteration sampling periods. The most probable number
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(K) of subpopulations was identified following Evanno
et al. (2005). In K-Means clustering, two summary sta-
tistics, pseudo-F, and Bayesian Information Criterion
(BIC), provide the best fit for k (Meirmans 2012). Gene
flow (Nm) which were calculated using POPGENE (ver-
sion 1.31) program (Yeh et al. 1999). Gene flow was esti-
mated indirectly using the formula: Nm = 0.25(1 - FST)/
FST. In order to test for a correlation between pair-wise
genetic distances (FST) and geographical distances (in
km) between populations, a Mantel test was performed
using Tools for Population Genetic Analysis (TFP-
GA; Miller 1997) (computing 999 permutations). This
approach considers equal amount of gene flow among all
populations.

RESULTS
SCoT polymorphisms

Twenty-five SCoT primers were tested with four
of Pistacia vera cultivars as DNA templates; all prim-
ers produced amplification products, and only prim-
ers showing clear and reproducible band patterns were
selected for further analysis. The size of the amplified
fragments ranged from 100 to 2500 bp (Fig. 2). Ten
primers were then chosen for the genotypes identifica-
tion and phylogenetic analysis. As shown in Table 2, all
10 primers used for SCoT analysis. A total of 155 frag-
ments were obtained, and 143 of the fragments were
polymorphic. The number of polymorphic fragments
for each SCoT primer ranged from 8 (ST3) to 25 (ST14),
with an average of 12. The percentage of polymorphic
fragments was from 84.57% to 100.00%, with an average
of 94.55% polymorphism. Polymorphism information
content (PIC) values were 0.22 to 0.59, with an average

of 0.41. The number of different alleles was 0.43 at the
species (Table 3). These results indicated that a high level
of polymorphism could be detected among Pistacia vera
cultivars using SCoT markers.

Populations genetic diversity

Genetic diversity parameters determined in three
geographical populations of Pistacia vera are presented
in Table 3. The percentage of polymorphic loci (P) and
Nei’s gene diversity (H) were important parameters for
measuring the level of genetic diversity. In Table 3, the
genetic diversity parameters of the 30 Pistacia vera cul-
tivars are shown. The highest value of percentage poly-
morphism (61.99%) was observed in Ghafori Rafsanjan
(cultivars No.27) which shows high value for gene diver-
sity (0.42) and Shanon information index (0.39). Geno-
type Shahpasand (Pust Ghermez) (No.10) has the low-
est value for percentage of polymorphism (20%) and the
lowest value for Shanon, information index (0.15), and
He (0.010).

Population genetic differentiation

AMOVA (PhiPT = 0.29, P = 0.010), revealed signifi-
cant difference among the studied genotypes (Table 4,
Fig. 3). It also revealed that, 23% of total genetic variabil-
ity was due to within genotypes diversity and 55% was
due to among genotypes genetic differentiation.

Moreover, pair-wise AMOVA revealed significant
genetic difference almost among all the studied geno-
types. These results indicate that of pistachio geno-
types are genetically differentiated and we can use such
genetic difference in future breeding programs of this

Figure 2. Electrophoresis gel of Pistacia vera species from DNA fragments produced by SCoT-11 molecular markers, (Population numbers
are according to Table 1).
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Table 2. SCoT primers used for this study and the extent of polymorphism. TNP: total number of bands; NPB: number of polymorphic
bands; PPB: percentage of polymorphic bands; PIC: polymorphism information content.

Primer name Primer sequence (5’-3’) TNB NPB PPB PIC
SCoT-1 CAACAATGGCTACCACCA 13 13 100.00% 0.55
SCoT-3 CAACAATGGCTACCACCG 9 8 86.99% 0.43
SCoT-6 CAACAATGGCTACCACGC 19 19 100.00% 0.34
SCoT-11 AAGCAATGGCTACCACCA 17 16 94.33% 0.47
SCoT-14 ACGACATGGCGACCACGC 25 25 100.00% 0.35
SCoT-15 ACGACATGGCGACCGCGA 14 12 94.74% 0.59
SCoT-16 CCATGGCTACCACCGGCC 15 12 92.31% 0.49
SCoT-17 CATGGCTACCACCGGCCC 10 10 100.00% 0.22
SCoT-18 ACCATGGCTACCACCGCG 12 10 84.57% 0.50
SCoT-19 GCAACAATGGCTACCACC 24 24 100.00% 0.37
Mean 16 12 94.55% 0.41
Total 155 143

Table 3. Genetic diversity parameters in the studied populations of pistachio cultivars (N = number of samples, Na = Number of different
alleles, Ne = number of effective alleles, I= Shannon’s information index, He = genetic diversity, UHe = unbiased gene diversity, P%= per-
centage of polymorphism, populations).

Code genotypes N Na Ne I He UHe %P

Sarakhs 5.000 0.555 1.020 0.22 0.25 0.28 43.53%
Ebrahimi 8.000 0.431 1.088 0.20 0.22 0.25 49.53%
Karimi 8.000 0.255 1.021 0.25 0.28 0.22 37.15%
Aliabadi 5.000 0.261 1.024 0.292 0.23 0.23 53.15%
Kaleghochi (Pust Sefid) 5.000 0.886 1.183 0.184 0.116 0.122 24.29%
Shahpasand (Pust Sefid) 8.000 0.686 1.157 0.30 0.11 0.22 39.43%
Akbari (Pust Ghermez) 4.000 0.344 1.042 0.28 0.23 0.20 33.53%
Khanjari Damghan 5.000 0.455 1.077 0.277 0.24 0.22 53.05%
Kaleghochi (Pust Ghermez) 3.000 0.255 1.021 0.15 0.18 0.19 48.45%
Shahpasand (Pust Ghermez) 3.000 0.643 1.173 0.154 0.010 0.010 20.00%
Fakhri 8.000 0.431 1.088 0.20 0.22 0.25 49.53%
Akbari (Pust Sefid) 9.000 0.255 1.021 0.25 0.28 0.22 37.15%
Abbas-Ali 6.000 0.261 1.024 0.292 0.23 0.23 40.15%
Ahmad Agaei 10.000 0.287 1.253 0.266 0.254 0.28 50.99%
Menghar Kalaghi 5.000 0.358 1.430 0.28 0.20 0.29 23.50%
Pust Khormaei 6.000 0.299 1.029 0.231 0.28 0.23 24.38%
Ghazvini 5.000 0.462 1.095 0.288 0.29 0.22 22.05%
Fandoghi 8.000 0.399 1.167 0.24 0.21 0.213 32.88%
Javad Aghaei 5.000 0.336 1.034 0.23 0.25 0.29 41.83%
Badami Dishkalaghi 4.000 0.344 1.042 0.28 0.23 0.20 57.53%
Vahedi 5.000 0.455 1.077 0.277 0.24 0.22 55.05%
Behesht Abadi 3.000 0.255 1.021 0.15 0.18 0.19 38.45%
Hasan Zadeh 3.000 0.643 1.173 0.154 0.102 0.109 30.00%
Gholamrezaei 8.000 0.431 1.088 0.20 0.32 0.25 41.53%
Ohadi 9.000 0.255 1.021 0.25 0.28 0.22 27.15%
Saiffodini 6.000 0.261 1.024 0.292 0.23 0.23 43.15%
Ghafori Rafsanjan 10.000 0.287 1.253 0.396 0.424 0.44 61.99%
Ravare 3.000 0.567 1.062 0.24 0.224 0.213 34.73%
Italiaei 3.000 0.499 1.067 0.24 0.281 0.24 49.26%

Shasti 9.000 0.352 1.083 0.23 0.22 0.24 45.05%
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Table 4. Analysis of molecular variance (AMOVA) of the studied
species.

Source Df SS MS  Est. Var %
Among Regions 12 39.211  23.648  0.266 19%
Among Pops 15 96.822  18.802 0.114 55%
Among Indiv 57 64.553  21.130 0.283 20%
Within Indiv 71 15.500 0.284 0.204 8%
Total 141 215.007 1.678 100%

df: degree of freedom; SS: sum of squared observations; MS: mean
of squared observations; EV: estimated variance.

valuable plant species. The results of this study showed
that there is a relatively low level of genetic diversity in
the studied samples which are expected in view of the
dioecius and outbreeding nature of the cultivated pista-
chio cultivars and high level of heterozygosity due to the
cross-pollinating nature of the plant established during
the evolution and domestication processes which have
been conserved by the propagation of clones through
vegetative reproduction.

The pairwise comparisons of ‘Nei genetic identity’
among the studied populations of Pistacia vera (Table
not included) have shown a higher a genetic similar-
ity (0.887) between populations Menghar Kalaghi (prov-
ince Semnan) and Kaleghochi (Pust Ghermez) (prov-
ince Semnan), while the lowest genetic similarity value
(0.667) occurs between Akbari (Pust Ghermez) (prov-
ince Semnan) and Badami Dishkalaghi (province Ker-
man).

Populations genetic affinity

NJ tree and Neighbor-Net network produced simi-
lar results therefore only NJ tree is presented and dis-
cussed (Fig. 4). This result show that molecular charac-
ters studied can delimit Pistacia vera genotypes in two
different major clusters or groups. In general, two major
clusters were formed in NJ tree (Fig. 3), four genotypes
of cultivars Sarakhs, Ebrahimi, Karimi and Aliabadi
formed a single cluster, and these genotypes were all
from Khorasan, Mashhad province. Cluster II contained
two sub-clusters, and most of individuals Kaleghochi
(Pust Sefid); Shahpasand (Pust Sefid); Akbari (Pust
Ghermez); Khanjari Damghan and Kaleghochi (Pust
Ghermez), Shahpasand (Pust Ghermez); Fakhri; Akbari
(Pust Sefid); Abbas-Ali and Ahmad Agaei (Semnan
Province) formed cluster II. There were 26 individuals
in this cluster.

Besides, principal coordinate analysis (PCoA) was
performed to visualize the association among the geno-

Percentages of MolecularVariance

Figure 3. AMOVA test of the studied populations.
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Figure 4. NJ tree of populations in Pistacia vera based on SCoT
molecular markers.

types in more detail. The PCoA results showed that the
first three principal coordinates account for 64.88% of
the total variation (not shown). Based on the results of
PCoA analysis, cultivars Sarakhs, Ebrahimi, Karimi and
Aliabadi genotype showed the highest dissimilarity with
other genotypes. Additionally, the results from Bayesian
clustering analysis using STRUCTURE software (Fig. 4)
confirmed the groupings we observed in NJ and PCoA
clusterings.
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The present study indicated that a higher genetic
diversity was found in the older genotypes. This fact con-
firms our speculation that pistachio cultivations have
increasingly led to the reduction of their genetic variation
due to deployment of improved cultivars and to the avail-
ability of private or public grafted seedling nurseries for
pistachio, as well as the changing livelihood conditions.
Recently, the method of pistachio cultivation is chang-
ing leading towards an increased reduction of crop diver-
sity deployed on farm. In the past, pistachio diversity was
maintained high in the field through a number of culti-
vation practices, s. a. use of male varieties derived from
seed, use of wild Pistacia species to boost pollination and
hence the fruit setting, use of natural populations of wild
Pistacia (P. atlantica) as a rootstock due to their well-
known resistance to stony and calcareous soils.

This is in agreement with AMOVA and genetic diver-
sity parameters presented before. Mantel test after 5000
permutations produced significant correlation between
genetic distance and geographical distance in these pop-
ulations (r = 0.87, P = 0.001). Therefore, the populations
that are geographically more distant have less amount
of gene flow, and we have isolation by distance (IBD) in
Pistacia vera genotypes. The most popular approaches
for estimating divergence include calculation of genetic
distances and variance partitioning among and within
populations using Wright’s F¢ and other related statis-
tics, such as Ggp, Agp, Rgp, Oy and @gr. For instance, the
Fgr gives an estimate of the balance of genetic variability
among and within populations, and is an unbiased esti-
mator of divergence between pairs of populations under
an island-model in which all populations diverged at
the same time and are linked by approximately similar
migration rates. However, migration rates usually vary
proportionally with geographical distances, so that pair-
wise Fgp estimates between pairs of populations vary.
Therefore, the populations that are geographically more
distant have less amount of gene flow, and we have isola-
tion by distance (IBD) in Pistacia vera genotypes.

Populations genetic structure

The number of genetic groups was determined by
two methods of 1—K-Means clustering which is based
on the maximum likelihood approach, and 2—Evanno
test which is based on STRUCTURE analysis and is a
Bayesian approach based method. K-Means clustering
based on pseudo-F and BIC (Bayesian Information Cri-
terion) recognized 3 and 5 genetic groups, respectively.
This is in agreement with AMOVA result, showing sig-
nificant genetic difference among date populations of
Pistacia vera genotypes.
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Figure 5. Delta k plot of Evanno’s test based on STRUCTURE anal-
ysis.

Evan test based on delta k (Fig. 5) identified the opti-
mum number of genetic groups 3. We performed STRUC-
TURE analysis based on k = 3, to identify the genetic
groups (Fig. 6). In the plot of k = 3, the cultivars Sarakhs,
Ebrahimi, Karimi and Aliabadi (red colored) are placed
in the first genetic group, while the populations of Kaleg-
hochi (Pust Sefid); Shahpasand (Pust Sefid); Akbari (Pust
Ghermez); Khanjari Damghan and Kaleghochi (Pust
Ghermez), Shahpasand (Pust Ghermez); Fakhri; Akbari
(Pust Sefid); Abbas-Ali and Ahmad Agaei (Semnan Prov-
ince) (blue colored) formed the second genetic group and
finally the populations of Kerman province (green color-
ed) formed the third genetic group. These different genetic
groups may be used in future breeding and hybridization
programs of Iranian date Pistacia vera genotypes.

The mean Nm = 0.65 was obtained for all SCoT
loci, which indicates low amount of gene flow among
the populations and supports genetic stratification as
indicated by K-Means and STRUCTURE analyses. This
result is in agree with grouping we obtained with PCA
plot, as these populations were placed close to each oth-
er. As evidenced by STRUCTURE plot based on admix-
ture model, these shared alleles comprise very limited
part of the genomes in these populations and all these
results are in agreement in showing high degree of
genetic stratification within of Pistacia vera genotypes.

Morphometric analyses
In present study we used 30 plant accessions (six to

fourteen samples from each populations) belonging to
four different populations. In order to determine the most
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Fig. 6. Top: STRUCTURE plot of Pistacia vera populations based on k = 3, Numbers are according to Table 1.Bottom: PCA plot of Pistacia
vera populations based on morphological characters. Numbers are according to Table 1.

variable characters among the taxa studied, PCA analysis
has been performed (Fig. 6). It revealed that the first three
factors comprised over 73% of the total variation. In the
first PCA axis with 40% of total variation, such charac-
ters as length of leaves; width of leaves; length of petioles;
length of the terminal leaf; width of the terminal leaf;
length of inflorescence have shown the highest correlation
(> 0.7), fruit length; fruit width; fruit thickness; number
of fruit per inflorescence; kernel infestation were charac-
ters influencing PCA axis 2 and 3, respectively.

Different clustering and ordination methods pro-
duced similar results therefore, PCA plot of morpho-
logical characters are presented here (Fig. 6). The result
showed morphological difference/ divergence among

most of the studied populations. This morphological dif-
ference was due to quantitative characters only.

DISCUSSION

The coupling of ecological and genetic data will pro-
vide the most suitable background for preserving the
ability of the biota to respond the rapid environmental
changes ((Sawadogo et al. 2021; Paul et al. 2021)). The
literature reports the following basic factors influenc-
ing the distribution of genetic variation: habitat specify,
plant-insect interactions, connectivity and disturbance,
dispersal ability, species lifespan, reproductive rates
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and existing genetic diversity (Esfandani-Bozchaloyi, et
al. 2018a, 2018b, 2018¢, 2018d). Genetic diversity when
analysed by neutral markers does not correspond to the
adaptive ability of plant populations, but these types
of markers are very useful for the interpretation of the
past landscapes, refugia and gene flow (Wankiti et al.
2021; Lucena et al. 2021). That is, why the selected genes
or markers of active parts of plant genomes are used to
interprete the plant genome response to the changes to
the local climate and environment. Molecular-based
population genetic data are very useful for determin-
ing the ecological and habitat events in the past and for
detection of patterns of the recent genetic divergence.
This can be achieved using different types DNA mark-
ers. SCoT markers are novel molecular markers that
target the translation initiation site and preferentially
bind to genes that are actively transcribed. These prim-
ers have been shown to exhibit relatively high levels of
polymorphism (Collard and Mackill 2009). It was more
informative than IRAP and ISSR for the assessment of
diversity of plants (Collard and Mackill 2009).

Pistachio has important socio-economic and ecologi-
cal impacts in the arid and semi-arid agricultural regions
of Iran (Kafkas et al. 2006). In addition, Iran hosts a wide
genetic diversity of Pistacia spp. and more than 300 pis-
tachio genotypes have been collected across the country.
Iran therefore possesses valuable germplasm for pista-
chio improvement and conservation programs. Assess-
ing genetic diversity and relationships among cultivars of
Iranian pistachio, using discriminative and robust mark-
ers, is therefore important (Mirzaei et al. 2005).

In the present work, 30 P. vera cultivars were char-
acterized with 10 SCoT markers. The results confirm the
efficiency of microsatellite markers for fingerprinting
purposes. Our results demonstrated that the Polymor-
phism information content (PIC) ranged from 0.22 to
0.59 with an average value of 0.41, while the percentage
of polymorphism (P%) ranged from 0.20 to 0.61 with
an average value of 0.42 and also the expected heterozy-
gosity (He) varied from 0.011 to 0.42 with an average
of 0.20.These values were higher than those reported
by Arabnejad et al. (2008), who detected an average of
3.69 alleles per primer pairs and an average PIC of 0.46
detected in 20 commercial cultivars of Iranian pistachio;
and also higher than those reported by Baghizadeh et al.
(2010) (an average of 2.75 alleles per primer pairs and an
average of 0.44 for detected in 31 Iranian pistachio cul-
tivars) and by Ahmad et al. (2005) (an average of 3.30
alleles per locus in 17 pistachio cultivars). Kolahi-Zonoo-
zi (2014) assessed genetic diversity of 45 commercially
Iranian cultivars using 12 nSSR markers and detected
that PIC varied from 0.19-0.56 with an average of 0.33
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and the mean of Ho and He were 0.49 and 0.35, respec-
tively. Mirzaei et al. (2005) reported 80.00%polymor-
phism among 22 Iranian pistachio cultivars and wild
pistachio species. In a study reported by Golan- Gol-
dhirsh et al. (2004) in assessing polymorphisms among
28 Mediterranean pistachio accessions, 27 selected prim-
ers produced 259 total bands (an average of 9.59).

Some cultivars in different locations have the same
name and some morphological identity, while molecular
results showed differences between them. For instance,
Badami-Zarand cultivar was differentiated from Bada-
mi- Kaj and Badami-Zoodras. Also, Ghazvini-Zodras
showed differences with Ghazvini. These differentiations
can be due to the intrinsic nature of nSSRs, since it is
very unlikely that the microsatellites amplified corre-
spond to the mutated DNA region when they have been
randomly isolated from the whole genome. The results
from this study showed that the studied cultivars had
high genetic variation due to the species’ dioeciously and
cross-pollination nature (Ahmad et al. 2005).

CONCLUSION:

This study was aimed at evaluating the genetic diver-
sity of Iranian pistachio in order to aid the conservation
of its germplasm. The obtained information about the
genetic variation between and within different popu-
lations will prepare the ground for the formulation of
appropriate conservation strategies. The present analysis
revealed that Iranian-cultivated pistachio germplasm is
highly variable, presumably due to specific local genetic
backgrounds, breeding pressure and/or limited inter-
change of genetic material. The unique nature of the Ira-
nian pistachio germplasm revealed by our results, sup-
ports the case for the implementation of more intense
characterization, conservation and breeding strategies.
Also, the SCoT markers used were useful for determina-
tion of genetic diversity among pistachio cultivars in Iran.
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Abstract. Malva L. (mallow) is the genus within the Malvaceae Juss. family, which
includes twenty- five-forty. species and several hybrids. This genus contains herbaceous
annual, biennial, and perennial species that are native to regions of Africa, Asia, and
Europe. Malva species contain a lot of mucilage, malvin, flavonoids, terpenoids, poly-
saccharides, and vitamin. No detailed Random Amplified Polymorphic DNA (RAPD)
studies were conducted to study Malva genetic diversity. Therefore, we collected and
analyzed seven species from seven provinces of Iran regions. Overall, eighty-five plant
specimens were collected. We showed significant differences in quantitative morpho-
logical characters in plant species. Malva verticillata L. depicted unbiased expected
heterozygosity (UHe) in the range of 0.053. Shannon information was high (0.67) in
Malva parviflora L. Malva vericillata showed the lowest value, 0.083. The observed
number of alleles (Na) ranged from 1.16 to 2.33 in Malva vericillata and Malva parvi-
flora. The effective number of alleles (Ne) was in the range of 1.078-1.922 for Malva
vericillata and Malva parviflora.Gene flow (Nm) was relatively low (0.63) in Malva. The
Mantel test showed correlation (r = 0.76, p=0.0001) between genetic and geographical
distances. We reported high genetic diversity, which clearly shows the Malva species
can adapt to changing environments since high genetic diversity is linked to species
adaptability. Present results highlighted the utility of RAPD markers and morphometry
methods to investigate genetic diversity in Malva species.Our aims were 1) to assess
genetic diversity among Malva species 2) is there a correlation between species genetic
and geographical distance? 3) Genetic structure of populations and taxa.

Keywords: population structure, gene flow, random amplified polymorphic DNA
(RAPD), Malva species, network.

INTRODUCTION

The use of medicinal plants can be influenced by the economic condi-
tion, the high cost of medicines and the difficult access to public consulta-
tions. In addition to that, there is a difficulty of access by residents in rural
areas to health care units located in urban areas. Moreover, the increase
the trend for considering traditional knowledge that supports using natural
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resources as an alternative to synthetic drugs (Battisti et
al., 2013).

Malvaceae Juss. (‘the mallows’) is a botanical fam-
ily with a rich diversity of species for textile, medicinal,
and ornamental purposes. It consists of 4465 species and
about 245 genera (Tate et al.,, 2005) and mallows pre-
sent a cosmopolitan distribution, but with a high num-
ber of species in the tropics. The principle economic use
of Malvaceae plants is as a source of natural fibers, the
family providing perhaps the worlds three most impor-
tant fiber crops plants of the family are also used for
food, beverages, timber, in traditional medicine and in
horticulture (la Duke and Dobley, 1995; Erbano et al.
2015; Frankham 2005; Ellegren and Galtier 2016; Tur-
chetto et al. 2016). Many researches have been published
on the ecology, taxonomy, genetic, cytology, chemotax-
onomy, physiology, seed germination and economic uses
of family Malvaceae such as (EI-Rjoob and Omari 2009)
in ecology; in taxonomy (Tate et al., 2005), in chemotax-
onomy (Blunden et al., 2001; Gomez et al. 2005; Cires et
al. 2013, Esfandani-Bozchaloyi et al. 2018a, 2018b, 2018c,
2018d) and in genetic researches (Baum et al., 2004)
studied the pollen.

The Malva genus has 25-40 species and it can be
considered as an annual and/or biannual herb. Flow-
ers with an epicalyx and 8-15 reticulated mericarps are
the typical one (Fryxell, 1988; DellaGreca, et al., 2009).
In medicine, mallow species are used in the treatment
of respiratory, urinary, and digestive problems as they
have high bactericidal, antiulcerogenic, anti-inflamma-
tory, hepatoprotective, and antidiabetic activities (Pan-
dey et al, 2012). The Malva genus is morphologically
very diverse, but some species are hardly distinguish-
able based on morphological features (Escobar et al.,
2009). Several studies have been conducted to clarify
the taxonomic affiliation of Malva species using differ-
ent features, such as molecular data (nuclear ribosomal
DNA (rDNA), internal transcribed spacer (ITS) region,
intron-exon splice junction (IS]J), and inter simple
sequence repeat polymerase chain reaction (ISSR) mark-
ers) (Celka, et al., 2010), differentiation of seed and seed
coat structure (El Naggar, 2001), morphology of pollen
grains (El Naggar, 2004), epidermal structures and stem
hairs (Akgin, and Ozbucak, 2006), and plant morpholog-
ical traits (Michael et al., 2009).

The variability in mallow species is due, at least in
part, to hybridization. Natural crossings between Malva
pusilla Sm. and Malva neglecta Wallr., Malva alcea L.,
and Malva moschata L. as well as Malva sylvestris L. and
Malva neglecta were found in Europe. Ray (1995) stated
that hybridization or polyploidy is probably a factor in
the evolution of these species, but this aspect has not
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been investigated so far. The taxonomy and systematics
of the Malva genus are still unclear and very compli-
cated. Taxonomic doubts have appeared because of the
high level of homoplasty in morphological traits that
are usually used as diagnostic features (Escobar Garcia,
et al.,2009). Based on the flower structure, Dalby (1968)
divided the Malva genus into two sections: Bismalva
(with Malva alcea, Malva excisa Rchb., and Malva mos-
chata) and Malva (Malva neglecta, Malva pusilla, Malva
sylvestris, and Malva verticillata) A different classifica-
tion based on ITS molecular markers as well as fruit
morphology and seed structure was reported by Ray
(1995), and two groups were distinguished: malvoid and
lavateroid. A similar division was proposed by Escobar
Garcia et al. (2009) based on five ITS molecular mark-
ers (matK plus trnK, ndhF, trnL-trnF, and psbA-trnH).
These genetic relationships and the classification of Mal-
va species were also confirmed by Celka et al. (2010) and
Lo Bianco et al. (2017) based on ITS and ISSR molecular
markers along with seed image analysis. Genetic diver-
sity studies are usually tapped due to molecular markers.
Molecular markers are an excellent method to disentan-
gle phylogenetic association between species and popu-
lation. Among molecular methods or markers, RAPD
(Random Amplified Polymorphic DNA) are sensitive to
detect variability among individuals of species. RAPD
method is cost-effective and can work with limited sam-
ple quantities. In addition to this, RAPD can amplify
and target genomic regions with potential and several
markers (Esfandani-Bozchaloyi et al. 2017).

Taxonomical systematics studies were conducted in
the past to identify the Malva species. According to the
best of our knowledge, there is no existing RAPD data
on genetic diversity investigations in Iran. We stud-
ied seventy samples. Our aims were 1) to assess genetic
diversity among Malva species 2) is there a correlation
between species and geographical distance? 3) Genetic
structure of populations and taxa 4) Are the Malva spe-
cies able to exchange genes?

MATERIALS AND METHODS
Plant materials

Seven Malva species were collected from differ-
ent regions of Iran (Table 1). These species were studied
via morphological and molecular methods. Eighty-five
plant samples (nine-fifteen per plant species) were exam-
ined for morphometry purposes (Figure 1). The random
amplified polymorphic DNA analysis method was lim-
ited to eighty-five samples. We focused on the following
species Malva neglecta Wallr., Malva pusilla Sm., Malva
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Table 1. List of the investigated taxa including origin of voucher specimens.

Taxa Locality Latitude Longitude
Malva neglecta Wallr. West Azerbaijan, Kaleybar 38°5°46.4604” 46°16'23”
Malva parviflora L. Hormozgan, Bandar Abbas 27°33’127 56°44’16”
Malva pusilla Sm. Khuzestan, Behbahan 30°17°01” 50°54’10”
Malva sylvestris L. Esfahan, Ardestan on road to Taleghan 32°15'44” 51°16’33”
Malva verticillata L. Kerman, Hamun-e Jaz Murian 27°10’13” 58°33’19”
Malva nicaeensis All. Mazandaran, 40 km Tonekabon to janat abad 35°10’16” 51°55’18”
Malva aegyptia L. Golestan, Gorgan 35°13°19” 52°10°317
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Figure 1. Presence of species in different regions of Iran.
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sylvestris L., Malva verticillata L., Malva nicaeensis All.,
Malva aegyptia L. and Malva parviflora L. According to
previous references, all the species were identified (Esco-
bar Garcia, et al., 2009; Ray, 1995 ).

Morphometry

In total thirty-eight morphological (ten qualitative,
twenty-eight quantitative) characters were studied". Five
to ten plant specimens were randomly studied or mor-
phological analyses. Data were transformed (Mean= 0,
variance = 1) prior to ordination . Euclidean distance
was implemented to cluster and ordinate plant species
(Podani 2000).

Random Amplified Polymorphic DNA

We extracted DNA from fresh leaves. Leaves were
dried. DNA extraction was carried out according to the
previous protocol (Esfandani-Bozchaloyi et al. 2019).
DNA quality was checked on an agarose gel to con-
firm the purity. We amplified the DNA with the aid of
RAPD primers (Operon technology, Alameda, Canada).
These primers belonged to OPA, OPB, OPC, OPD sets.
We selected those primers (10) which could show clear
bands and polymorphism (Table 2). Overall, the poly-
merase chain reaction contained 25ul volume. This 25
volume had ten mM Tris-HCI buffer, 500 mM KCI; 1.5
mM MgCl,; 0.2 mM of each dANTP; 0.2 uM of a single
primer; 20 ng genomic DNA and 3 U of Taq DNA poly-
merase (Bioron, Germany). We observed the following
cycles and conditions for the amplification. Five minutes
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initial denaturation step was carried out at 94°C after
this forty cycles of 1 minute at 94°C were observed. Then
I-minute cycle was at 52-57°C followed by two minutes
at 72°C. In the end, the final extension step was per-
formed for seven to ten minutes at 72°C. We confirmed
the amplification steps while observing amplified prod-
ucts on a gel. Each band size was confirmed according
to 100 base pair molecular ladder/standard (Fermentas,
Germany).

Data analyses

We used an Unweighted pair group method with
arithmetic mean (UPGMA) and Ward methods. Ordi-
nation methods such as multidimensional scaling and
principal coordinate analysis were also performed
(Podani 2000). The morphological difference among
species and population was assessed through analy-
sis of variance (ANOVA). PCA analysis (Podani 2000)
was done to find the variation in plant population
morphological traits. Multivariate and all the neces-
sary calculations were done in the PAST software, 2.17
(Hammer et al. 2001). To assess genetic diversity, we
encoded RAPD bands as present and absent. Numbers
1 and 0 were used to show the presence and absence
of bands. It is essential to know the polymorphism
information content and marker index (MI) of prim-
ers because these parameters serve to observe poly-
morphic loci in genotypes (Ismail et al. 2019). Marker
index was calculated according to the previous proto-
col (Heikrujam et al. 2015). Other parameters such as
the number of polymorphic bands (NPB) and effec-
tive multiplex ratio (EMR) were assessed. Gene diver-

Table 2. RAPD primers and other parameters. Note: TNB - the number of total bands, NPB: the number of polymorphic bands, PPB (%):
the percentage of polymorphic bands, PI: polymorphism index, EMR, effective multiplex ratio; MI, marker index; PIC, polymorphism

information content for each of CBDP primers.

Primer name Primer sequence (5°-3’) TNB NPB PPB PIC PI EMR MI
OPA-05 5-AGGGGTCTTG-3’ 13 12 92.31% 0.54 8.21 10.23 4.55
OPA-06 5-GGTCCCTGAC-3’ 17 17 100.00% 0.47 7.32 11.55 4.18
OPB-01 5-GTTTCGCTCC-3 11 9 96.89% 0.43 6.56 9.34 7.17
OPB-02 5-TGATCCCTGG-3 13 12 95.81% 0.34 4.21 6.60 5.59
OPC-04 5-CCGCATCTAC-3 12 12 100.00% 0.47 3.37 9.55 3.25
OPD-02 5-GGACCCAACC-3 11 11 100.00% 0.56 4.86 11.88 3.45
OPD-03 5-GTCGCCGTCA-3’ 9 7 84.99% 0.43 3.51 8.43 3.85
OPD-05 5-TGAGCGGACA-3 15 13 93.84% 0.66 4.66 11.33 4.67
OPD-08 5-GTGTGCCCCA-3’ 12 11 94.91% 0.48 5.21 12.50 5.65
OPD-11 5-AGCGCCATTG-3 14 13 95.74% 0.67 5.66 9.57 5.37
Mean 12.7 11.7 95.88% 0.55 5.5 9.4 4.8
Total 127 117
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sity associated characteristics of plant samples were
calculated. These characteristics include Nei’s gene
diversity (H), Shannon information index (I), number
of effective alleles (Ne), and percentage of polymor-
phism (P% =number of polymorphic loci/number of
total loci) (Shen et al. 2017). Unbiased expected het-
erozygosity (UHe), and heterozygosity were assessed
in GenAlEx 6.4 software (Peakall and Smouse 2006).
Neighbor-joining (NJ) and networking were studied
to fathom genetic distance plant populations (Huson
and Bryant 2006; Freeland et al. 2011). The Mantel
test was carried out to find the correlation between
genetic and geographical distances (Podani 2000). As
we were interested in knowing the genetic structure
and diversity, we also investigated the genetic differ-
ence between populations through AMOVA (Analysis
of molecular variance) in GenAlEx 6.4 (Peakall and
Smouse 2006). Furthermore, gene flow (Nm) was esti-
mated through Genetic statistics (Ggyyin PopGene ver.
1.32 (Yeh et al. 1999). We also did STRUCTURE anal-
ysis to detect an optimum number of groups. For this
purpose, the Evanno test was conducted (Evanno et
al. 2005). First data were scored as dominant markers
(ISSR) so we used from STRUCTURE analysis for esti-
mate the parameters that related to gene flow among
studied population. Burn-in = 10000, and 10 runs were
performed for relationship between Genetic structure
and distance of geographical. Maximum likelihood
method and Bayesian Information Criterion (BIC) was
studied by structure analysis (Falush et al. 2007; Evan-
no et al. 2005; Meirmans 2012).

RESULTS
Morphometry

Significant ANOVA results (P <0.01) showed differ-
ences in quantitative morphological characters in plant
species. Principal component results explained 67%
variation. First component of PCA demonstrated 49%
of the total variation. Leaf morphology and traits such
as calyx length, calyx width positively correlated with
corolla length, corolla color (>0.7). The second and third
components explained floral characters such as corolla
apex, seed length and number of segment stem leaves.
Unweighted pair group method with arithmetic mean
(UPGMA) and principal coordinate analysis (PCoA)
plots showed symmetrical results (Figure 2, Figure 3).
Generally, plant specimens belonging to different spe-
cies were separated from each other due to differences
in morphology. Morphological characters divided Malva
species into two groups, as evident in the UPGMA tree

[ !_‘I_ Malva pusilla )
1
———\ Matva verticillata
L —t—

—1 99 L ————| Malva neglecta

Malva parviflora

T =

Malva sylvestris

L
—

Figure 2. UPGMA clusters of morphological characters revealing
species delimitation in Malva species.

(Figure 2). Populations belonging to Malva aegyptia were
in the first group. On the other hand, the second group
consisted of two sub-groups. Malva pusilla and Malva
verticillata formed the first sub-group. Malva neglecta,
Malva sylvestris, Malva parviflora, Malva nicaeensis
formed the second sub-group. These groups and sub-
groups were formed due to morphological differences
among the individuals of Malva. Our PCoA results also
confirmed the application of morphological charac-
ters in separating and clustering the species in separate
groups (Figure 3). Identical results were also reported in
the UPGMA tree (Figure 2).

Species identification and genetic diversity

The primers, i.e., OPC-04, OPB-01, OPA-05 and
OPD-11 could amplify plant (Malva species) DNA (Fig-
ure 4). 119 polymorphic bands were generated and
amplified. Amplified products ranged from 100 to 3000
bp. We recorded the highest polymorphic bands for
OPA-06. OPD-03 had the lowest polymorphic bands.
The average polymorphic bands ranged to 11.9 for each
primer. The polymorphic information content (PIC) had
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Figure 3. PCoA plot morphological characters revealing species delimitation in Malva species.
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Figure 4. Gel Electrophoresis image of DNA fragments of Malva species. L = Ladder 100 bp. Arrows show polymorphic bands.1,8,15,22:
Malva neglecta 2,9,16,23: Malva parviflora 3,10,17,24: Malva pusilla. 4,11,18,25: Malva sylvestris 5,12,19,26: Malva verticillata 6,13,20,27:

Malva nicaeensis7,14,21,28: Malva aegyptia.

values in the range of 0.34 (OPB-02) to 0.67 (OPD- 011).
Primers had 0.55 average polymorphic information con-
tent values.

Marker index (MI) values were 3.25 (OPC-04) to
7.17 (OPB-01), with an average of 4.8 per primer. Effec-
tive multiplex ratio (EMR) values are useful to distin-
guish genotypes. In our study, we reported 6.60 (OPB-

02) to 12.50 (OPD-08) EMR values. EMR values aver-
aged 9.4 per primer (Table 2). All the necessary genetic
features calculated of seven Malva species are shown
(Table 3). Malva verticillata depicted unbiased expected
heterozygosity (UHe) in the range of 0.053. Shannon
information was high (0.67) in Malva parviflora. Malva
verticillata showed the lowest value, 0.083. The observed
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Table 3. Genetic diversity variables of Malva (N = number of sam-
ples, Na= number of different alleles, Ne = number of effective
alleles, I= Shannon’s information index, He = gene diversity, UHe =
unbiased gene diversity, P%= percentage of polymorphism in popu-
lations).

Taxon N Na Ne I He UHe %P

Malva neglecta  10.000 1.500 1.311 0.279 0.267 0.187 50.00%
Malva parviflora 9.000 2.333 1.922 0.670 0.333 0.417 83.33%
Malva pusilla 12.000 1.500 1.441 0.330 0.233 0.233 50.00%
Malva sylvestris  13.000 1.333 1.232 0.196 0.200 0.133 33.33%
Malva verticillata 10.000 1.167 1.078 0.083 0.150 0.053 16.67%
Malva nicaeensis 15.000 1.200 1.462 0.337 0.290 0.240 50.00%
Malva aegyptia  15.000 1.433 1.196 0.150 0.183 0.090 19.67%

Table 4. Analysis of molecular variance (AMOVA) of the studied
species.

Source Df SS MS  Est. Var %
Among Regions 5 42297 12.648 0.337 20%
Among Pops 15 96.827  8.802  0.774 50%
Among Indiv 59 64.383  2.130  0.363 18%
Within Indiv 65 14.500 0.204  0.204 12%
Total 133 215.007 1.678 100%

df: degree of freedom; SS: sum of squared observations; MS: mean
of squared observations; EV: estimated variance.

number of alleles (Na) ranged from 1.16 to 2.33 in Malva
verticillata and Malva parviflora. The effective number
of alleles (Ne) was in the range of 1.078-1.922 for Malva
veritcillata and Malva parviflora. Gene flow (Nm) was
relatively low (0.63) in Malva.

Analysis of Molecular Variance (AMOVA) test high-
lighted genetic differences among Malva species (P =
0.001). AMOVA showed that 50% of genetic variation
was among the species. Relative less variation (12%) was
reported within the species (Table 4). Genetic similar-
ity and dissimilarity assessed through Genetic statis-
tics (GST) showed significant differences i.e., (0.567, P =
0.001) and D_est values (0.876, p = 0.001).

The neighbor-joining tree and MDS plot of Mal-
va populations based on RAPD data produced similar
results therefore only neighbor-joining tree is presented
and discussed (Fig. 5). NJ net tree revealed that the sev-
en species are well differentiated on the genetic grounds.
In both UPGMA and NJ trees, samples of the Malva
aegyptia were placed far from each other. Malva pusilla
was placed close to Malva verticillata , and far from Mal-
va aegyptia . In both analyses, Malva nicaeensis showed
closer affinity with Malva sylvestris, Malva parviflora.

Malva pusilla

Malva neglecta

| Malva verticillata Malva nicaeensis

-
Malva aegyptia

Malva parviflora

Malva sylvestris

Figure 5. Integer NJ net tree produced while using RAPD data.

Table 5. The Nei genetic similarity (Gs) estimates using RAPD
markers.

popl pop2 pop3 pop4 pop5> pop6  pop7

1.000 popl
0.766 1.000 pop2
0.760 0.764  1.000 pop3
0.750 0.730  0.827 1.000 pop4
0.774 0.797 0.762 0.794 1.000 pop5
0.733 0.770  0.727  0.707 0.856 1.000 pop6
0.679 0.722  0.750 0.704 0.719 0.698 1.000 pop7

Genetic distance of the two subsp. was estimated to be
1.66 by Kimura 2p distance.

Gene flow (Nm) was relatively low (0.63) in Malva
species. Genetic identity and phylogenetic distance in
the Rindera members are mentioned (Table 5). Malva
verticillata and Malva nicaeensis were genetically closely
related (0.856) to each other. Malva nicaeensis and Mal-
va aegyptia were dissimilar due to low (0.694) genetic
similarity. The mantel test showed correlation (r = 0.76,
p=0.0001) between genetic and geographical distances.

The Evanno test showed AK =6 (Figure 6). Figure 6,
showed the genetic details of the Malva species. Accord-
ing to STRUCTURE analysis Malva pusilla and Malva
aegyptia were closely related to common alleles (Figure
6). The rest of the Malva species are genetically differen-
tiated due to different allelic structures (Figure 6). The
neighbor-joining plot also showed the same result. Lim-
ited gene flow results were supported by K-Means and
STRUCTURE analyses too. We could not identify sub-
stantial gene flow among the Malva species. This result
is in agreement with grouping we obtained with Neigh-
bor- joining (Figure 5), as these populations were placed
close to each other. As evidenced by STRUCTURE plot
based on admixture model, these shared alleles comprise
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Figure 6. STRUCTURE plot of RAPD data in Malva populations studied. 1. Malva neglecta; 2. Malva parviflora; 3. Malva pusilla; 4. Malva

sylvestris; 5. Malva verticillata; 6. Malva nicaeensis; 7. Malva aegyptia.

very limited part of the genomes in these populations
and all these results are in agreement in showing high
degree of genetic stratification within Malva popula-
tions.

DISCUSSION

The Malva is a relatively complex taxonomic group,
and several morphological characters make it difficult to
identify and classify Malva species (Ray 1995; Escobar
Garcia, et al., 2009). Given the complexity, it is necessary
to explore other methods that could complement the
traditional taxonomical approach (Erbano et al. 2015).
Advent and developments in molecular techniques have
enabled plant taxonomists to utilize molecular proto-
cols to study plant groups (Erbano et al. 2015; Abeshu &
Zewdu 2020.; Amar et al 2021; Beltran et al. 2021). We
examined genetic diversity in Malva by morphologi-
cal and molecular methods (Das et al 2021; Gutierrez-
Pacheco et al 2021; Hindersah et al 2021; Jordaan &
Rooyen et al 2021). We mainly used RAPD markers to
investigate genetic diversity and genetic affinity in Mal-
va. Our clustering and ordination techniques showed
similar patterns. Morphometry results clearly showed
the utilization or significance of morphological charac-
ters in Malva species. PCoA plot results also confirmed
the application of morphological characters to sepa-
rate Malva species. The present study also highlighted
that morphological characters such as corolla color, leaf
shape, leaf length, stamens position, leaf margin and
corolla lenght could delimit the Malva group. The Malva
species highlighted morphological differences. We argue
that such a dissimilarity was due to differences in quan-
titative and qualitative traits.

In our study, morphology and genetic diversity in
seven taxa of Malva species are given in detail for the

first time. The aim of the present study was to find diag-
nostic features to separate species of Malva in Iran. Mor-
phological characters are considered as an useful tool for
the identification of the species, as indicated previously
Ray (1995).

Malvaceous germplasm has been variously investi-
gated by different molecular marker techniques but the
earlier studies either focused on the comparison of the
Malvaceae with other families in the order Malvales or
to explore the genetic relationships and diversity within
and among population and limited number of species in
the same genus. Very little attention has been given to the
analysis at interspecific and intergeneric levels. La Duke
and Dobley (1995) has the only worth mentioning work in
this regard. Their results showed that, the genetic relation-
ships and diversity within and between 12 malvaceous
species belonging to five genera are investigated by using
the Amplified fragment length polymorphism (AFLP).

Shaheen et al., (2009) with used AFLP (Amplified
fragment length polymorphism) marker to explore phe-
netic relationships and diversity within and between 13
Malvaceae species belonging to 5 different genera. Their
primary objective of the study was to evaluate the taxo-
nomic potential, usefulness and applicability of AFLP
marker system to reconstruct genetic relationships at
interspecific and intergeneric level in Malvaceae. Two
primer pairs produced a total of 73 bands, of which 70
were polymorphic.

According to Celka et al (2010) two categories of
DNA markers were used to determine genetic relation-
ships among eight Malva taxa. A maximum parsimony
analysis validated the division of the genus Malva into
the sections Bismalva and Malva. The species classified
into those sections formed separate clusters. Malva mos-
chata was a distinctive species in the section Bismalva,
as confirmed by previous genetic research based on ITS
and cpDNA sequence analyses. The applied markers
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revealed a very high level of genetic identity between
Malva alcea and Malva excisa and enabled molecular
identification of M. alcea var. fastigiata.

Jedrzejczyk and Rewers (2020) applied flow cytom-
etry and inter simple sequence repeat polymerase chain
reaction (ISSR-PCR) for fast and accurate species identi-
fication. Genome size estimation by flow cytometry was
proposed as the first-choice method for quick accession
screening. Out of the 12 tested accessions, it was possi-
ble to identify six genotypes based on genome size esti-
mation, whereas all species and varieties were identified
using ISSR markers. Flow cytometric analyses revealed
that Malva species possessed very small (1.45-2.77
pg/2C), small (2.81-3.80 pg/2C), and intermediate (11.06
pg/2C) genomes, but the majority of accessions pos-
sessed very small genomes. The relationships between the
investigated accessions showed the presence of two clus-
ters representing malvoid and lavateroid group of spe-
cies. Their results showed that Flow cytometry and ISSR
molecular markers can be effectively used in the identifi-
cation and genetic characterization of Malva species.

Until now, molecular studies using ISSR markers
conducted in the Malva genus have only included a few
species (Celka, et al., 2012). All primers used in ISSR-
PCRs for the Malva genus revealed 100% polymorphism
between all accessions. Therefore, it was possible to iden-
tify all tested species. Moreover, for Malva verticillata
taxon, it was possible to distinguish all studied varieties.
The usefulness of most of the used ISSR primers was
also confirmed in Ocimum L., Origanum L. and Men-
tha L. identification (Lo Bianco, et al., 2017). The sys-
tematics of the Malva genus and closely related genera is
complicated. Moreover, the relationships obtained from
molecular studies do not confirm traditional classifica-
tion (Escobar Garcia, et al., 2009). So far, only molecular
analysis relying on rDNA ITS sequences and ISSR mark-
ers have shed light on taxonomical relationships between
Malva species (Escobar Garcia, et al., 2009). Phylogenetic
analyses of rDNA ITS sequences indicated the presence
of two well-supported clusters within the mallow species
(malvoid and lavateroid clades), which is consistent with
the presented data.

Molecular markers (RAPD) and morphometry
analysis were useful to study genetic diversity and pop-
ulation structure in Malva species identification. All
the species had distinct genetic differentiation. Present
results highlighted isolation and limited gene flow are
the main deterministic factors that shape the Malva
population. We also reported high genetic diversity,
which clearly shows the Malva species can adapt to
changing environments since high genetic diversity is
linked to species adaptability.
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Abstract. Sechium edule (Jacq.) Sw. distributed well in Eastern Himalayan region, four-
teen genotypes collected randomly from Kigwema village, Kohima (Nagaland) at an
average altitude of 1538 masl (meter above sea level) with 25.61°N latitude and 94.35°E
longitudes. Somatic chromosome numbers are diploid in nature. Chromosome num-
bers are in agreement and comparable with earlier reports except 2n=2x=22. The chro-
mosome number 2n=2x=22 could not be traced out in the present material collected
for study. Two (2) new chromosome numbers 2n=2x=32 and 2n=4x=52 were recorded
and expected to be diploid and tetraploid in nature respectively. It was expected that
tetraploid (2n=4x=52) number of chromosome might be originated from the ear-
lier reports of diploid chromosome number 2n=2x=26. Both chromosome numbers
2n=2x=32 and 2n=4x=52 are reported for the first time by the authors in the present
study. Range of chromosome length was recorded in between 0.501 - 1.343. The range
of chromosome length are in agreement with earlier reports of 0.700 - 0.900 approxi-
mately. Range of chromosome length suggested minute (<1pum) and small (1-3um) size
of chromosomes with small differences and variations in chromosome length (CV¢p).
Inter-chromosomal indices (A, and Rec), intra-chromosomal index (particularly, Steb-
bin’s classification) and both inter and intra chromosomal indices (DI and GI) estimat-
ed symmetric nature of the karyotype.

Keywords: Sechium edule (Jacq.) Sw., mitosis, somatic chromosome number, karyo-
type, inter and intra chromosomal symmetry/asymmetry estimation.

INTRODUCTION

Genus Sechium P. Browne was first published in a monograph on Cucur-
bitaceae in 1881. Literature survey on historical background suggested that it
was a monospecific genus with a single species and represented as Sechium
edule (Jacq.) Sw. (Cogniaux 1881; DeDonato and Cequea 1994). Historically,
genus Sechium was originally recorded from Jamaica (Browne 1756). Genus
Sechium had been recorded as Sicyos edulis and Chocho edulis simultaneous-
ly in initial classification (Adanson 1763). Jacquin (1788) changed the genus
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Chocho into Chayota and re-designated as Chayota edu-
lis. Later on, Chayota edulis re-designated as Sechium
edule by Swartz (1800). At present, the genus is known
as a combination of both Jacquin and Swartz i.e. Sechi-
um edule (Jacq.) Sw. The most accepted term for Sechium
is ‘Chayote’ worldwide.

The presence of single species for the genus (mono-
specific genus) had worn-out, when more species were
reported for the genus by various authors from different
regions during 1900s and some of them are S. edule sub
spp. edule, S. edule sub spp. sylvestre, S. chinatlense, S.
compositum and S. hintonii (Goldblatt1990; Singh 1990;
Mercado et al. 1993; Mercado and Lira 1994). Recently, a
new species called Sicyos angulatus L. for Indian flora and
Sechium mexicana for Mexico have been reported respec-
tively (Thakur 2016; Lira and Nee 1999). The reported
species were morphologically very similar and never veri-
fied for the presence of a new species in the genus.

Cytologically, genus Sechium was attempted and
studied for the presence of some more species, if any.
Many authors reported different chromosome numbers
for the genus Sechium with base chromosome number
x=12, 13, 14, and 15. The base chromosome number x=11
has also been reported for the genus by Singh (1990).
Genus Sechium categorized into S. edule sub spp. edule,
S. edule sub spp. sylvestre, S. chinatlense, S. compositum,
S. hintonii, S. mexicana and Sicyos angulatus respec-
tively on the basis of earlier reports of base chromosome
number. The base chromosome numbers suggest that
it remains unresolved and needs thorough examina-
tion cytologically. So, the present aim of the paper is to
attempt and extend the information of new chromosome
number count to the genus Sechium, if any.

MATERIALS AND METHODS

Genus Sechium is a shrub climber of Cucurbitaceae
family. Fruit samples of genus were collected randomly
from Kigwema village, Kohima, Nagaland (India) at an
average altitude of 1538 meter above sea level (masl),
latitude (25.61°N) and longitude (94.35°E). Mitosis was
studied from the secondary root tips of germinating
fruits. Root tips of 2-3 cm in length were pre-treated
with a-bromonaphthalene at 6+2 °C for 3-4 h followed
by overnight fixation (3:1 ethanol-acetic acid) and pres-
ervation (70% ethanol). The root tips were hydrolyzed
with 1 N HCI for 10-15 min at about 50-60 °C. The root
tips were squashed in 2% acetocarmine. Three somatic
chromosome preparations under 100x (emersion oil)
were photographed using digital Motic BA 210 micro-
scope and recorded for further analysis.

Sanjay Kumar, Asikho Kiso

Statistical Analysis

Total chromosome length (um) were measured for
the genotypes with the scale bar of 10um using Image]
software and further computation was attempted
through windows MS-Excel and with the help of stand-
ard formulas for inter and intra chromosomal differ-
ences among the chromosome complement of genotypes
(see Box 1).

RESULTS AND DISCUSSION

The genotypes are diploid in nature in somatic chro-
mosome count except genotype 2 (Fig. 1D). Two diploids
with different somatic chromosome number 2n=2x=26
(Fig. 1B) and 2n=2x=32 (Fig.1C) and a tetraploid
2n=4x=52 (Fig.1D) were recorded for the genotype. The
chromosome numbers 2n=2x=32 (diploid) and 2n=4x=52
(tetraploid) are the first report for the Sechium edule.
Other somatic chromosome numbers are in agreement
and comparable with earlier reports except 2n=2x=22
which could not be traced out in the present study mate-
rials (Sugiura 1940; Sobti and Singh 1961; Giusti et al.
1978; Mercado and Lira 1994).

The presence of differences, if any, in cultivated or
wild forms of the Sechium, possibly could have been
originated through the chromosomal evolutionary fac-
tors in due course of time with the help of primary, sec-
ondary, agmatoploidy, symploidy, dysploidy or pseudoa-
neuploidy evolutionary factors and needs to be verified
through cytological and molecular techniques.

Similarly, Sechium edule suggested ploidy nature
2n=4x=52 (genotype 2) of the species. Ploidy is not
reported earlier in the Sechium edule and hence, the first
report for the species. The findings of ploidy nature in
Sechium suggested towards the whole genome content
change, diversification, evolutionary changes and spe-
ciation in the genus. It could be correlated that a new
species might be established from the pre-existing spe-
cies through reproductive or genetic isolation from the
progenitors. The speciation through evolution and diver-
sification required various events of primary (deletion,
duplication, inversion, and translocation), secondary
(fusion, fission, rearrangements) and disploid (ascending
or descending) alterations of chromosome numbers. In
the present paper, origin, diversification, genetic isola-
tion or possibility of interbreeding between and among
Sechium needed to be explored (Fig. 1A - P).

In past, few reports are available on the origin and
evolution of cultivated cucurbits and suggested the Mex-
ico, Central America and Guatemala as the centre of
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where n=somatic chromosome count

Shortestch
Gradient Index (GI) = ortestcaromosome

Longestchromosome

Longestchromosome + Shortestchromosome
Value of Relative Chromatin (VRC) = ¥ Total Length of chromosome / n (Dutta and Bandyopadhyaya 2014)

x 100 (Lavania and Srivastava 1992)

Chromosome volume = nr’h where h = total length of chromosome (Toijam et al. 2013)

x 100 (Mohanty et al. 1991)

Box 1

variation for the crop. Earlier, Sechium edule was con-
sidered mono-specific (genus with single species) and
native to New World, but now it includes as many as
eight species and cultivated throughout tropical and sub-
tropical regions of the world but not explored extensively
(Newstrom 1990). At present, first report on new chro-
mosome number gives a hope for the presence of some
more species in the genus, Sechium.

Statistical analysis results on genotype chromosomes
presented in Table 1. Total chromosome length (XTCL)
or chromosome volume (CV) was recorded maximum
for the genotype 3 (29.618) which is very close to the
genotype 2 with 2n=4x=52 (28.884) but the somatic
chromosome number differs in both suggested the dif-
ferences in the size of the chromosomes (Martonfiova,
2013).

Chromosome length range (CLR) was recorded in
between 0.501 — 1.343 for the present genotypes. Seven
genotypes have chromosome length more than 1 pm
which indicates the heterogeneity of chromosome length
for chromosome complement. Two types, minute and
small size chromosomes were recorded based on the
classification minute (<lpm), small (I-3um), medium
(3-5um) and large (>5um) suggested by Kutarekar and
Wanjari (1983). Earlier, range of chromosome length was
reported in between 0.700 - 0.900 for Sechium edule.
The range of chromosome length are in agreement with
earlier reports approximately and comparable (Sanjappa
1979; Cadena- iniguez et al. 2007).

Value of relative chromatin (VRC) was recorded
high and indicated towards the heterochromatic nature
of genotypes. High heterochromatic nature could be cor-
related with the less advanced type of karyotype with
more number of metacentric chromosomes alongwith
small differences in size of largest and smallest chromo-
some of karyotype (Beevy and Kuriachan 1996).

Coefficient of variation of chromosome length
(CV¢p) was recorded high for each chromosome and
hence X CV for genotypes indicated variation in the
chromosome length of karyotype complement (Thakur
and Sinha 1973).

A, value was computed for each chromosome and
recorded near to zero and summation value XA, for each
genotype presented. A, value close to zero indicates the
conservation of chromosome size in the karyotype with
low variation among the chromosome length and asym-
metry remains the constant i.e. A,, approximately, indi-
cated towards the symmetric nature of the karyotype
(Carvalheira et al.1991).

Similarly, Rec index value ranges from 0-100. The
value was recorded for individual chromosome in karyo-
type and summation value X Rec for the each genotype
presented is high. High value for Rec index suggested
the maximum resemblance among the chromosomes
with symmetric nature of the karyotype. Rec index value
measures the resemblance between the chromosomes
and the average degree of symmetry over the whole kar-
yotype (Huziwara 1962).
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Figure 1. Somatic chromosome count, Sechium edule (Jacq.) Sw; A) G1, 2n=2x=26; B) G2, 2n=2x=26; C) G2, 2n=2x=32; D) G2, 2n=4x=52;
E) G3, 2n=2x=30; F) G4, 2n=2x=26.
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Figure 1 (continued). Somatic chromosome count, Sechium edule (Jacq.)Sw.; G) G5, 2n=2x=28; H) G6, 2n=2x=28; I) G7, 2n=2x=28; ]) G8,
2n=4x=24; K) G9, 2n=2x=24; L) G10, 2n=2x=28.
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Figure 1 (continued). Somatic chromosome count, Sechium edule (Jacq.) Sw.; M) G11, 2n=2x=26; N) G12, 2n=2x=30; O) G13, 2n=2x=26;

P) G14, 2n=2x=28.

Intra chromosomal asymmetry index could contain
more number of acrocentric or telocentric chromosomes
than the metacentric and submetacentric chromosome
which could be the result of change in position of cen-
tromere. The change in centromere position brings the
rearrangement in the chromosomes and may lead to
increase in karyotype asymmetry percent.

Intra chromosomal asymmetry depends on exact
identification of the centromere and the chromosomal
morphology but not only the chromosome size. The
extreme symmetry (ideal karyotype A) or asymmetry
(ideal karyotype C) of karyotype is meager in nature
(Stebbin 1971).

However,the present analysis indicates an extreme
symmetric karyotype (1A) among the genotypes except
genotypes G2 and G11 and may be classified as ideal kar-
yotype B of Stebbin’s classification and suggested that kar-
yotypes of the two genotypes deviated from symmetric to
asymmetric and are in agreement with the hypothesis of
Stebbins classification (1971). According to the hypothesis
asymmetric karyotypes are being originated from the sym-
metrical karyotypes over a period of time and due course
of evolution. Similar work has been reported earlier and in
agreement that primitive members with symmetrical kary-
otypes give rise to advance members with the asymmetri-
cal karyotype (Levitzky 1931; Kumar and Kumar 2014).
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Table 1 Karyotype symmetry/asymmetry estimation of Sechiumedule.

. Inter+Intra

o Interchromosomal index Intrachromosomal index chromosomal

& BCN  XTCLor index

£ (2 cv

5 Largest/Smallest Arm ratio  Stebbin’s

O CLR VRC  2CVq ZA, XRec Chromosome . . . DI GI

ratio proportion classification

Gl 2n=2X=26 16.733 0.501-0.764 0.643 815.648 3.145 84.225 1.52 <2:1 1A 20.79 65.575
G2 2n=2X=26 20.919 0.583-1.043 0.804 414.048 4.132 77.128 1.78 <2:1 1A 28.29 55.896
G2 2n=2X=32 18.099 0.295-0.855 0.565 752.794 7.517 66.138 3.13 > 2:1 1B 70.289 31.929
G2 2n=4X=52 28.884 0.342-0.803 0.555 802.814 8.850 69.098 2.34 >2:1 1A 40.174 42.643
G3 2n=2X=30 29.618 0.696-1.343 0.987 467.969 4.669 73.496 1.92 <2:1 1A 31.731 51.824
G4 2n=2X=26 22.890 0.642-1.113 0.880 417.482 4.162 79.029 1.73 <2:1 1A 26.837 57.681
G5 2n=2X=28 23470 0.628-1.086 0.838 408.486 4.071 77.177 1.72 <2:1 1A 26.721 57.826
G6 2n=2X=28 26.090 0.651-1.209 0.931 447.191 4.458 77.043 1.85 <2:1 1A 30.00 53.846
G7 2n=2X=28 20.320 0.583-0.876 0.725 312.523 3.115 82.819 1.50 <2:1 1A 20.082 66.552
G8 2n=2X=24 16.274 0.521-0.904 0.678 305.383  3.042 76.735 1.73 <2:1 1A 26.877 57.632
G9 2n=2X=24 16.899 0.541-0.863 0.704 272.606 2.713 80.907 1.54 <2:1 1A 22.934 62.688
G10 2n=2X=28 19.276 0.591-0.805 0.688 279.181 3.612 85.503 1.36 <2:1 1A 15.329 73.416
G11 2n=2X=26 23.784 0.600-1.202 0.914 454.258 4.528 76.089 2.00 >2:1 1B 33.407 49.916
G12 2n=2X=30 26.747 0.620-1.097 0.891 484.374 4.829 81.258 1.76 <2:1 1A 27.781 56.517
G13 2n=2X=26 20.009 0.568-0.946 0.769 291.900 2.901 81.349 1.66 <2:1 1A 24966 87.925
Gl14 2n=2X=28 21956 0.603-0.939 0.784 322.102 4.983 83.46 1.55 <2:1 1A 21.789 64.217

BCN, Basic Chromosome Number; ¥TCL= Summation of total chromosome length; CV= chromosome volume; CLR=Chromosome
length range; VRC=value of relative chromatin; XCV =Summation coefficient of variation in chromosome length; DI=dispersion index;

Gl=gradient index.

The presence of asymmetric karyotype could be
the result of chromosome structural changes particu-
larly centric fusion or fission which leads to symploid
or agmatoploid chromosome rearrangements in due
course of plant species evolution. The centric fusion
and fission could also be suggested as cause of frequent
disploidy or pseudoaneuploidy among plant species
(Eroglu et al. 2013).

Both dispersion index (DI) and gradient index (GI)
are considered as combination of inter-intra chromosom-
al index and used for the evaluation of karyotype sym-
metry. Both represents the nature of evolutionary process
occurring or occurred in genus or species and indicates
the trend of evolution had taken place in genus, species
or cytotypes (Lavania and Srivastava 1992).

Comparatively, lower DI value especially below 30
and higher GI value more than 30 suggested symmetri-
cal nature of the karyotype for the genotypes except G2
with 2n=32 and 52 and supports Stebbins hypothesis.
Both DI and GI showed high degree of symmetry which
may lead to the lesser degree of chromosomal variation
and evolution (Stebbins 1971).

At present, 2n=2x=32 and 2n=4x=52 chromosome
numbers were not reported earlier and, hence first

report in the present paper. New chromosome number
may suggest towards the whole genome content change,
diversification, evolution and speciation in the genus.

A very few or negligible reports are available on
genus Sechium from India (Sanwal et al. 2008; Kapoor et
al. 2014; Jain et al. 2015; Jain et al. 2017). Genus Sehium
remains very poorly known cytologically, therefore, prop-
er chromosome count is important for understanding the
interrelationship among different Sechium species.

CONCLUSION

Somatic chromosome number and karyomor-
phometric estimations are in the agreement of earlier
reports except two new reports of chromosome number
in genotype 2 of the Sechium edule.
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Abstract. Sambucus canadensis is used in traditional medicine mainly in indigenous
communities as an anti-inflammatory, antiviral, to treat cough, fever and other ail-
ments, however, its use must be validated on scientific bases. The aim of this study
was to evaluate the genotoxic and cytotoxic effect of the ethanol extract of Sambucus
canadensis in meristem cells of Allium sativum with 5 treatments at concentrations of
125, 250, 500, 1000 and 1500 mg/L. Two thousand cells were counted per treatment;
the mitotic index (MI) and nuclear abnormalities (NA) were evaluated. Data were ana-
lyzed using variance analysis (ANOVA) and Chi square (X?) (p < 0.05). Root growth
was found to be inhibited based on the concentration with statistically significant dif-
ferences (p < 0.05). As the dose and exposure time of the ethanol extract increased, the
MI decreased. The NA increased at the highest concentrations of 500, 1000 and 1500
mg/L and these differences were statistically significant compared to the control (p =
0.001). With the results obtained, it can be shown that the species has antiproliferative
effects and genotoxic activity on the Allium sativum cell cycle, which can be extrapolat-
ed to other types of eukaryotic cells. Therefore, despite being a plant with health ben-
efits, moderate use and low concentrations are recommended to avoid harmful effects.

Keywords: traditional medicine, chromosomal aberrations, biomodel, Allium sativum,
genotoxicity, elderberry, plant extract.

INTRODUCTION

Medicinal plants are used by rural and urban populations in the treat-
ment of numerous diseases (Chaban et al. 2019; Trap et al. 2020). In vari-
ous parts of the world, they are the only source of medical care, mainly
due to economic and geographical factors, customs and traditions (Marcot-
ullio et al. 2018; Tedesco et al. 2017; Ullah et al. 2013). According to the
World Health Organization (WHO), about 80% of the world’s population
uses herbal remedies as primary health care. The use of plants to treat dis-
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eases is still based on empirical knowledge, although
they have been considered low risk compared to other
synthetic drugs (De Smet 2007; Monroy et al. 2005,
Newman and Cragg 2016). The scientific information
available for most medicinal plants is still insufficient
to guarantee their safe and efficient use (Moore et al.
2020; Pastori et al. 2013). Various studies have indi-
cated the importance of evaluating their safety (Gan-
jhu et al. 2015; Huang et al. 2015; Neira et al. 2018;
Palatini and Komarnytsky 2019; Soliman 2010; Sousa
et al. 2011, Vazirian et al. 2018) due to possible risks
associated with their components, which may be poten-
tially toxic, mutagenic, carcinogenic or teratogenic
(Abdelmigid 2013; Bratu et al. 2012; Prasansuklab et al.
2020). Among the medicinal plants with high curative
potential is Sambucus canadensis (L.) Bolli. A native of
Mexico belonging to the Adoxaceae family, it is com-
monly known as elderberry. This species has been used
medicinally in indigenous communities as a bacteri-
cide, anti-inflammatory, against flu, cough, dysentery,
fever, as well as in uses related to rituals for pregnant
women (Alvarez-Quiroz et al. 2017; Lee and Finn 2007;
Sdnchez-Gonzélez et al. 2008; Wu et al. 2004). Its anti-
microbial, antiviral, antioxidant and chemopreventive
activities, among others (Sidor et al. 2014; Tedesco et
al. 2017; Thole et al. 2006) have been associated with
the components present in the species such as triter-
penes, tannins and various types of flavonoids such as
anthocyanins (Abdelmigid 2013; Ozgen 2010; Vujosevic
et al. 2004), however, the presence of these compounds
could also cause harmful effects such as nausea, vomit-
ing and diarrhea, such as in the case of Sambucus nigra
species, whose consumption in pregnant and lactating
women, as well as in children and teenagers under 18
years of age, should be avoided (EMA/HMPC Europe-
an Medicines Agency 2012). Information on toxicology,
cytotoxicity and genotoxicity of Sambucus canaden-
sis leaves is limited (Knudsen and Kaack 2015; Lee
and Finn 2007; Schmitzer et al. 2012). It is important
therefore to carry out studies to evaluate chromosomal
damage and alterations of the mitotic cycle. Accord-
ing to Hister et al. (2017); Nefic et al. (2013); Pinho
et al. (2010); Souza et al. (2010); Tedesco et al. (2015),
the Allium sp. biomodel is a widely used, efficient, fast,
low-cost method, with extrapolatable results since ani-
mal and plant chromosomes have similar structures.
The aim of this study was to evaluate the cytotoxic and
genotoxic effect of Sambucus canadensis on meristem
cells of Allium sativum.

Guadalupe Veldzquez-Vazquez et al.

MATERIALS AND METHODS
Plant material

The Sambucus canadensis (L.) Bolli. plant was col-
lected in San Miguel Eloxochitlan in the Sierra Negra
zone of Puebla, Mexico, coordinates 18°30°32”N and
96°55°22”W. The plant material was identified using tax-
onomic techniques and one specimen was deposited in
the Arboretum of the University of Puebla Botanic Gar-
den (JB-BUAP) with the ID: 83771.

Preparation of Sambucus canadensis extract

The leaves of Sambucus canadensis (L.) Bolli. were
used. The extract was obtained by macerating 750g the
dry leaves of seven plants with 4L of 96% ethanol with
double filtering. The extracts were vacuum filtered with
Whatman No. 4 paper, the supernatant was concentrat-
ed on a Buchi® rotary vapor under reduced pressure at
35 + 15 °C and the ethanol extract evaporated in vacuo.
Later, different concentrations of the extract were made,
specifically, 125 mg/L, 250 mg/L, 500 mg/L, 1000 mg/L
and 1500 mg/L. Phytochemical tests were carried out for
the qualitative identification of the different metabolite
groups, each test was performed in triplicate (Carvajal et
al. 2009; Patil and Bhise 2015). Fourier-transform mid-
infrared spectroscopy (FTIR) from 4000 to 600 cm-! was
used to obtain information about the functional groups
present in the plant using a Bruker spectrometer at a
resolution of 4 cm-!. The analyses were done in the High
Technology Service Center (CESAT-UPAEP).

Allium sativum bioassay

Meristem cells from the roots of A. sativum were
used to evaluate the nuclear abnormalities (NA) and the
mitotic index (MI) in the concentrations (125, 250, 500,
1000, 1500 mg/L); water was used as a control. Five repe-
titions were performed on each concentration with bulbs
of uniform size (3 cm in diameter). The control bulbs
were kept in water.

The other bulbs were transferred to the different
concentrations for 120 hours. At the end of exposure,
the length of the roots and stem were measured and
examined to detect visible morphological anomalies:
changes in consistency and root color and the pres-
ence of hooks or twists in the roots as a sign of general
toxicity (Celik and Aslantiirk 2010). Subsequently, the
meristem zone of the garlic roots (2 mm) was cut and
placed on a slide, hydrolyzed in 1N HCI for 10 minutes,
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then washed with distilled water, and stained with ace-
tic orcein. The slides were fixed with the squash method
sealing the edges with resin. The samples were analyzed
with a Leica DM1000 LED fluorescence optical micro-
scope with a Jenoptik ProGres C10 digital camera. Some
2000 meristem cells were counted for each treatment. In
the stages of mitosis (interphase, prophase, metaphase,
anaphase and telophase), the cellular alterations were
counted: chromosomal breakage, bridges, lagging chro-
mosomes, strays, among others. The values obtained
were used to calculate the mitotic indices (MI) and the
percentage of cellular alterations (CA) with the following
formulae:

MI = Numberofcells € mitosis + Totalcells x 100

CA = Nunberofcellswithabnormalchromosomes + Total-
cells x 100

The results of the number of roots and length of
roots and stem, and the mitotic index were analyzed
with the ANOVA (Bonciu et al., 2018). The differences
were evaluated with Dunnett’s post hoc test. The nuclear
abnormalities were evaluated with the Chi-squared test
(X?) using the Minitab 8.1 statistics program. Values of p
< 0.05 were considered significant differences.

RESULTS

The phytochemical tests of the Sambucus canaden-
sis extract revealed the presence of alkaloids, flavonoids,
saponins and tannins. The infrared spectrum tests
(FTIR) on the extract showed different frequencies of
stretching and bending; the stretching frequencies of
the O-H bond at 3350 cm™ is associated with phenol
groups; the involvement in hydrogen bonding produces
a widening of the band. The C-H bond stretching vibra-
tions corresponding to methyl and methylene groups
appear in the 3000-2850 cm™ range and the bands in
the fingerprint region are due to the bending vibra-
tions at 1386 cm™ for methyl and 716 cm™! for ethyl:
the stretching vibrations of the carbonyl bond, C=0,
appears in the 1750-1680 cm™ range related to the pres-
ence of flavonoids. Similarly, a conjugated double bond
C=C of the aromatic rings appears in the 1600-1450
cm! range, characteristic of the basic structure of flavo-
noids (Figure 1).

The length of Allium sativum roots and stem at the
1000 and 1500 mg/L concentrations were 7.66 mm and
0.72 mm, respectively, showing statistically significant
differences compared to the control (p = 0.000). There
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Figure 1. FTIR spectra of Sambucus canadensis in the range of 4000
to 600 cm™!

were no significant differences with the other treat-
ments (p > 0.05). The stem length at a concentration of
1500 mg/L (2.36 mm) showed a statistically significant
difference compared to the stem length of the control
group (p = 0.000). It can be seen that the average length
and number of roots decreased depending on the con-
centration (Table 1). In terms of morphology, at con-
centrations of 125 and 250 mg/L no differences were
observed compared to the control, however, at concen-
trations of 500 and 1000 mg/L the roots appeared yel-
low, at 1500 mg/L the sparse roots were brown and stiff.
Likewise, effects on the stem such as twisting and color
change were observed, mainly at concentrations of 1000
and 1500 mg/L.

Regarding the results of the mitotic index, Table 2
shows a decrease in the MI as concentration increases;
the number of dividing cells (prophase, metaphase, ana-
phase and telophase) differed between concentrations,
however, at 125, 250 and 500 mg/L there were no signifi-
cant differences compared to the control (p > 0.05). At a
concentration of 1500 mg/L a statistically significant dif-
ference was observed in the mitotic index compared to
the control.

The nuclear abnormalities in Allium sativum are
shown in Table 3. Concentrations of 500, 1000 and 1500
mg/L of the ethanol extract had the highest number,
concentrations of 125 and 250 mg/L a lesser amount.
The number of cells in mitosis with anomalies was
related to the increase in concentration. Figure 2 shows
abnormalities such as breakage, chromosome loss, bridg-
es, chromosomes with inactivated centromere, among
others.
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Table 1. Number and length of roots, and stem length of A. sativum
exposed to the ethanol extract of Sambucus canadensis.

Treatment Number of roots Length of roots ~ Stems length
mg/L ) (9) ) (8) ) (8)
125 13.2 + 2.66 15.82 + 724 25.52 £ 17.54
250 9.84 +4.94 11.47 £ 6.12 18.76 + 10.81
500 11.20 £ 6.81  19.76 £ £12.95  20.8 + 12.62
1000 7.36 * 3.68 8.66 * 10.32* 17.6 + 8.43
1500 0.92 +0.90 * 0.72 +0.42 % 2.36 + 0.46*
Control 13.4 +£7.96 25.84 £ 19.79 36.3 + 44.25

Values are mean + S.E, One way ANOVA (*) are not significantly
different p <0.05.

DISCUSSION

The test with Allium spp. is a suitable biomodel for
identifying the cytotoxic and genotoxic effects of differ-
ent plants (Bagatini et al. 2007; Lubini et al. 2008; Trapp
et al. 2020). The study of raw extracts is important since
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traditional medicine uses part of the plant structure
(leaves, stem, root) or the whole plant, without sepa-
rating its components. Furthermore, it has been shown
that different bioactive compounds act synergistically
(Tallarida 2011) and that a combination of compounds
exhibits a greater effect than individual compounds,
suggesting that the effects of some plants are the result
of the interaction of their components (Lamy et al. 2018).

In this study, the qualitative analyses (phytochemi-
cal tests; FTIR) of the plant showed the presence of
alkaloids, tannins, saponins and flavonoids. The spec-
troscopy used provides important information about
functional groups as well as being an accessible and
useful technique in the chemical and structural analy-
sis of plants (Giinzler and Gremlich 2002; Heredia-
Guerrero et al. 2014). The functional group associ-
ated with the signals reported in the evaluated spectra
(FTIR) is flavonoids, which present inhibitory activity
against diverse fungi and bacteria species. The metabo-
lites reported (alkaloids, tannins, saponins, flavonoids)
showed antimicrobial, antioxidant and antiviral activ-

Table 2. Allium sativum merismatic cell numbers in the different cell cycle phases, and index mitotic extract of Sambucus canadensis.

Treatment Interphase Prophase Metaphase Anaphase Telophase Cells in division Mitotic Index
mg/L (%)
Control 3831 1988 81 59 41 2169 36,1
125 4020 1840 66 39 35 1980 33
250 4356 1571 29 23 21 1644 27,4
500 4306 1580 58 34 32 1704 14,3
1000 4558 1330 36 15 21 1402* 12,0
1500 5398 556 17 13 16 602* 5,03
*p <0.05 in One Way ANOVA.
Table 3. Cellular abnormalities observed in Allium sativum exposed to the ethanolic extract of Sambucus canadensis.
Treatments mg/L

Control 125 250 500 1000 1500
Number of cells in division 2169 1980 1644 1704 1442 602
Bridges - - 1 4 37 25
Chromosome fragments - - 2 - 4 5
Binucleate 2 3 24 99 40 30
Chromosome lagging and disoriented 2 1 1 7 7 4
Sticky chromosome - 1 - 1 5 2
Vagrant chromosome - - - 2 3 4
Trinucleated - - - 10 5 20
Total cells aberrations 4a 5a 28b 123b 101b 90b
Cells aberration (%) 0,2 0,3 1,7*% 7,2* 7,0b 15,0b

*The chi-square test. Significant difference p <0.05.
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Figure 2. Allium sativum cells exposed to the ethanolic extract of Sambucus canadensis a) sticky chromosome b) bridges c) sticky and lag-
ging chromosome with bridges d) lagging and sticky chromosome e) abnormal anaphase f) lagging chromosome g) vagrant chromosome
and lagging chromosome, h) bridge and vagrant chromosome, i) bridges.

ity, among others. Flavonoids in particular exhibit
important pharmacological activities, in addition to
being effective in chemoprevention and chemotherapy
(Paduch et al. 2007; Perveen 2018). The evaluation of
the S. canadensis extract with the Allium sativum test
allowed us to determine the effects on root and stem
growth as well as morphology; the highest concentra-
tions,1000 and 1500 mg/L, significantly inhibited root
and stem growth compared to the control. The mitotic
index (MI) decreased significantly as the concentration
of Sambucus canadensis increased, matching the results
reported for other species of Sambucus sp. (Tedesco et
al. 2017; Thole 2006). Other authors have reported that
plant extracts such as P. leiocarpa and P. myriantha
(Lubini et al. 2008), Campomanesia xanthocarpa (Pas-
tori et al. 2013), Vernonanthura polyanthes (Almeida
et al. 2020), Amaranthus spinosus (Prajitha and Thop-
pil, 2016), Achyrocline satureioides (Fachinetto et al.
2007), Luehea divaricata (Frescura et al. 2012) caused

a reduction in the mitotic index when increasing the
concentration, which may be an indication of antipro-
liferative activity such as that reported by Bagatini et al.
(2009), Knoll et al. (2006). The results obtained in this
study may be associated with the plant components; in
this sense, the flavonoids found in the FTIR analysis
may inhibit or stimulate the cellular cycle. Tedesco et
al. (2017) found that Sambucus australis has flavonoids
such as rutin, kaempferol and quercetin, among others,
to which different pharmacological effects have been
attributed, including antiproliferative and anticancer
action. One study developed by Lee and Finn, (2007)
reported that Sambucus canadensis presents a high
quantity of anthocyanins and polyphenols which have
a potent antioxidant effect, perhaps also explaining the
inhibition of cellular division in Allium sativum. In the
same way, the phenolic components of the species have
been associated with a more potent anticancer activity
than Sambucus nigra (Thole et al. 2006).
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The main chromosomal aberrations found in this
study include the formation of bridges, which, accord-
ing to Tarkoglu (2007), are produced due to the fusion
of chromosomes or chromatids as a result of chromo-
somal stickiness or due to unequal translocation. Lag-
ging chromosomes moving to both sides of the poles
without being fused by the spindle apparatus can also
induce bridges. Another aberration found in the results
of this investigation were sticky chromosomes formed
by the free movement of chromosomes, which can pro-
duce chromosomal breakage and may lead to the loss of
genetic material (Dutta et al. 2018). Stray chromosomes
advance ahead of the chromosome group towards the
poles resulting in an unequal distribution of chromo-
somes in daughter cells (Sondhi et al. 2018).

Similarly, Fachinetto and Tedesco (2009) attribute
various chromosomal anomalies, bridges, binucleated
cells, among others, to the components of the plants.
Along these lines, Bagatini et al. (2009); Toloza et al.
(2006), indicate that the genotoxic and antiproliferative
activity presented by some plant extracts are the result
of the interactions of their different chemical compo-
nents. In this regard, Amado et al. (2020) reported that
the Smilax brasiliensis extract and the rutin and querce-
tin fractions, which have also been found in the spe-
cies Sambucus sp. cause genotoxic effects. It has been
suggested that, if extracts cause damage to plant cell
chromosomes, they may also be potentially harmful for
mammalian cell chromosomes (Feretti et al. 2007).

According to the results, no abnormalities in the
A. sativum root were found at low concentrations of
125 mg/L and 250 mg/L. However, in concentrations
of 500, 1000 and 1500 mg/L, a considerable number of
alterations, such as bridges, chromosome breaks and
strays were found, suggesting that the extract presents
a genotoxic effect at high concentrations. The results
match those reported by Bratu (2012) which indicate
that at low concentrations the species Sambucus nigra
presents no mutagenic effects. According to Ifeoluwa et
al. (2013) and Sabini et al. (2011), some plants induce
cytotoxicity but not mutagenic effects. Generally speak-
ing, the frequency of aberrations increases significantly
as the concentration increases, suggesting that Sambucus
canadensis leaf extract presents clastogenic effects, which
agrees with the reports of Bidau et al. (2004); Celik and
Aslantiirk (2010) and Mattana et al. (2014) on the effects
of herbal plants.

Sambucus canadensis is a plant that should be used
with caution not only because it is used for curing dis-
eases but also because it is used by pregnant women
(Velazquez-Vazquez et al. 2019) and could be harmful to
their health. The use of plants before and after pregnan-
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cy may cause conditions from vomiting, infection and
gastrointestinal problems to placental retention, uterine
hypotonia, cervical tear, miscarriage, uterine bleeding and
others. Since few studies exist on the safety and efficacy
of the use of herbal plants during pregnancy, a situation
which exposes both the mother and the fetus, it is recom-
mended that they are not used during pregnancy unless
such use is supported by scientific studies which validate
their safety (Ahmed et al. 2017; Frawley et al. 2015; Hall et
al. 2011; Illamola et al. 2020; Nergard et al. 2015).

CONCLUSION

The results of this study suggest that the ethanol
extract from Sambucus canadensis induces antiprolif-
erative effects. It was also found that in concentrations
higher than 500 mg/L the extract affects root growth,
cellular division and chromosomal changes in the cells
of Allium sativum. It is important to know the effects
of plants that are used as the primary source of medical
care in order to contribute to the regulation of their use
and consumption as an important measure for protect-
ing human health.

REFERENCES

Abdelmigid HM. 2013. New insights into Toxity and
Drug Testing. Chapter 5. 89-253. http://dx.doi.
org/10.5772/54858

Ahmed S, Hasan MM, Mahmood ZA. 2017. Antiurolithi-
atic plants of family Fabaceae: A memoir of mecha-
nism of action, therapeutic spectrum, formulations
with doses. J. Pharmacogn. Phytochem. 6(3): 592-
596.

Alvarez-Quiroz V, Caso-Barrera L, Aliphat-Fernandez M,
Galmiche-Tejeda A. 2017. Plantas medicinales con
propiedades frias y calientes en la cultura Zoque de
Ayapa, Tabasco, México. Bol Latinoam Caribe Plant
Med Aromat 16 (4): 428 — 454.

Amado PA, Castro AH E Zanuncio VSS, Stein VC, da
Silva DB, dos Santos Lima LAR. 2020. Assessment of
allelopathic, cytotoxic, genotoxic and antigenotoxic
potential of Smilax brasiliensis Sprengel leaves. Eco-
toxicol Environ Saf 192: 110310

Bagatini MD, Silva ACE, Tedesco SB. 2007. Uso do siste-
ma teste de Allium cepa como bioindicador de geno-
toxicidade de infusdes de plantas medicinais. Rev
Bras Farmacogn. 17:444-447.

Bagatini MD, Vasconcelos TG, Laughinghouse IV HD,
Martins AF, Tedesco SB. 2009. Biomonitoring hos-



Genotoxicity and cytotoxicity of Sambucus canadensis ethanol extract in meristem cells of Allium sativum 105

pital effluents by the Allium cepa test. Bull Environ
Contam Toxicol 82:590-592.

Bidau AG, Amat M, Yajia DA, Marti AG, Riglos A. 2004.
Evaluation of the genotoxicity of aqueous extracts of
Ilex paraguariensis St. Hil. (Aquifoliaceae) using the
Allium test Cytologia 69(2): 109-117, 2004

Bonciu E, Firbas P, Carmem S, Fontanetti, Jiang Wush-
eng, Mehmet C K, Donghua L, Felicia M, Dmitry
S. Pesnya, Aurel P, Anton V, Romanovsky, Silvia S,
Joanna S, Cleiton P. de Souza, Alka S, Anca Sutan
& Alessio Papini. 2018. An evaluation for the stand-
ardization of the Allium cepa test as cytotoxicity and
genotoxicity assay, Caryologia, 71:3, 191-209, DOI:
10.1080/00087114.2018.1503496

Bratu MM, Doroftei E, Negreanu-Pirjol T, Hostina C, Por-
ta S. 2012. Determination of antioxidant activity and
toxicity of Sambucus nigra fruit extract using alterna-
tive methods. Food Technol Biotech 50: 177-182.

Chaban ME, Karagianni C, Joray MB, Toumpa D, Sola
C, Crespo MI, Carpinella MC. 2019. Antibacterial
effects of extracts obtained from plants of Argen-
tina: Bioguided isolation of compounds from the
anti-infectious medicinal plant Lepechinia meyenii.
J Ethnopharmacol 239 (111930):2-9 doi:10.1016/j.
jep.2019.111930

Celik TA, Aslantiirk OS. 2010. Evaluation of cytotoxic-
ity and genotoxicity of Inula viscosa leaf extracts
with Allium test. ] Biomed Biotechnol 189252: 1-8.
doi:10.1155/2010/189252

De Smet PAGM (2007) Clinical risk management of
herb-drug interactions. Br ] Clin Pharmacol 63: 258-
267. https://doi.org/10.1111/j.1365-2125.2006.02797 x

EMA/HMPC European Medicines Agency. 2012. Assess-
ment report on Sambucus nigra L., fructus. http://
www.ema.europa .eu/docs/en_GB/document_library/
Herbal_-_HMPC _assessment_report/2013/04/
WC500142245.pdf.

Fachinetto JM Tedesco SB. 2009. Atividade antiprolifera-
tiva e mutagénica dos extratos aquosos de Baccharis
trimera (Less.) A. P. de Candolle e Baccharis articu-
lata (Lam.) Pers. (Asteraceae) sobre o sistema teste de
Allium cepa. Rev. bras. plantas med 11: 360-367

Ganjhu RK, Mudgal PP, Maity H, Dowarha D, Deva-
diga S, Nag S, Arunkumar. 2015. Herbal plants and
plant preparations as remedial approach for viral dis-
eases. Virus Disease 26 (4): 225-236

Carvajal R, Hata Y, Sierra N, Rueda D. 2009. Analisis
fitoquimico preliminar de hojas, tallos y semillas de
Cupata (Strychnos schultesiana krukoff). Rev Colom-
biana Forestal 12: 161-170

Huang J, Zheng Y, Wu W, Xie T, Yao H, Pang X, Sun E
Ouyang L, Wang J. 2015. The database for elucidating

the relationships among herbs, compounds, targets
and related diseases for Chinese ethnic minority tra-
ditional drugs. Oncotarget 6:17675-17684.

Hister CAL, Boligon AA, Laughinghouse IV HD, Tedesco
SB. 2017. Determination of phenolic compounds and
assessment of the genotoxic and proliferative poten-
tial of Psidium cattleianum Sabine (Myrtaceae) fruits.
Caryologia 70(4):350-356

Knudsen BE, Kaack KV. 2015. A review of human health
and disease claims for elderberry (sambucus nigra)
fruit. (June). International symposium on elderberry
1061:121-131. https://doi.org/10.17660/ActaHor-
tic.2015.1061.12.

Bratu MM, Doroftei E, Negreanu-Pirjol T, Hostina C, Por-
ta S. 2012. Determination of Antioxidant Activity and
Toxicity of Sambucus nigra Fruit Extract Using Alter-
native Methods. Food Technol Biotech (2): 177-182.

Baranska M, Schultz H. 2006. Application of infrared and
Raman spectroscopy for analysis of selected medici-
nal and spice plants. Journal of Medicinal & Spice
Plants. 2: 72-80

Dutta J, Ahmad A, Singh J. 2018. Study of indus-
trial effluents induced genotoxicity on Alli-
um cepa L. Caryologia 71(2):139-145.DOI:
10.1080/00087114.2018.1447631

Fachinetto JM, Bagatini MD, Durigon ], Silva ACFE,
Tedesco SB. 2007. Antiproliferative effect of infusion
of Achyrocline satureoides on the Allium cepa cell
cycle. Braz. J. Pharmacognosy 17: 49-54.

Feretti D, Zerbini I, Zani C, Ceretti, Moretti M, Monar-
ca S. 2007. Allium cepa chromosome aberration
and micronucleus tests applied to study genotoxic-
ity of extracts from pesticide-treated vegetables and
grapes. Food Addit Contam 24(6):561-572, DOI:
10.1080/02652030601113602

Frescura VD, Laughinghouse IV, Tedesco SB. 2012. Anti-
proliferative effect of the tree and medicinal species
Luehea divaricata on the Allium cepa cell cycle. Car-
yologia 65: 27-33

Frawley ], Adams J, Steel A, Broom A, Gallois C, Sibbritt
D. 2015. Women’s use and self-prescription of herbal
medicine during pregnancy: an examination of 1,835
Pregnant Women. Women’s Health Issues 25 (4):
396-402. 10.1016/j.whi.2015.03.001

Hall HG, Griffiths DL, McKenna LG. 2011. The use of
complementary and alternative medicine by pregnant
women: a literature review. Midwifery 27(6):817-24.
doi: 10.1016/j.midw.2010.08.007.

Heredia-Guerrero JA, Benitez José ], Dominguez E, Bayer
Ilker S, Cingolani R, Athanassiou A, Heredia A. 2014
Infrared and Raman spectroscopic features of plant
cuticles: a review. Front. Plant Sci 5: 305-315.



106

Ifeoluwa T, Oyeyemi A, Bakare A. 2013. Genotoxic and
anti-genotoxic effect of aqueous extracts of Spondias
mombin L., Nymphea lotus L. and Luffa cylindrica L.
on Allium cepa root tip cells, Caryologia, 66:4, 360-
367, DOI: 10.1080/00087114.2013.857829

Illamola SM, Amaeze OU, Krepkova LV, Birnbaum AK,
Karanam A, Job KM, Bortnikova VV, Sherwin CMT,
Enioutina EY. 2020. Use of Herbal Medicine by Preg-
nant Women: What Physicians Need to Know. Front
Pharmacol. 9(10):1483. doi: 10.3389/fphar.2019.01483.

Knoll ME, Silva ACEF, Canto-Dorow TS Tedesco SB. 2006.
Effects of Pterocaulon polystachyum DC. (Asterace-
ae) on onion (Allium cepa) root-tip cells. Genet Mol
Biol 29: 539-542.

Lamy S, Mubhire E, Annabi B. 2018. Antiproliferative
efficacy of elderberries and elderflowers (Sambucus
canadensis) on glioma and brain endothelial cells
under normoxic and hypoxic conditions. J Funct
Foods 40:164-179. doi.org/10.1016/j.jff.2017.10.048

Lee ], Finn CE. 2007. Anthocyanins and other polyphe-
nolics in American elderberry (Sambucus canaden-
sis) and European elderberry (S. nigra) cultivars. |
Sci Food Agric. 87:2665- 2675

Lubini G, Fachinetto J, Laughinghouse H, Paranhos ],
Silva A, Tedesco S. 2008. Extracts affecting mitotic
division in root-tip meristematic cells. Biologia 63:
647-651.

Mattana CM, Cangiano MA, Alcaraz LE, Sosa A, Esco-
bar F, Sabini C, Sabini L, Laciar AL. 2014. Evalu-
ation of Cytotoxicity and Genotoxicity of Acacia
aroma Leaf Extracts. Sci World J 2014: 380850 doi.
org/10.1155/2014/380850

Marcotullio MC, Curini M, Becerra JX. 2018. An Eth-
nopharmacological, Phytochemical and Pharmaco-
logical Review on Lignans from Mexican Bursera
spp. Molecules 8;23(8):1976. doi: 10.3390/mole-
cules23081976.

Monroy C, Cortés AC, Sicard D, Groot H. 2005. Citotoxi-
cidad y genotoxicidad en células humanas expuestas
in vitro a glifosato. Biomédica 25(3):335-345.

Moore EM, Wagner C, Komarnytsky S. 2020. The Enig-
ma of Bioactivity and Toxicity of Botanical Oils for
Skin Care. Front Pharmacol. 11:785. doi: 10.3389/
fphar.2020.00785.

Newman DJ, Cragg GM. 2014. Natural products as
sources of new drugs from 1981 to 2014. J. Nat.
Prod. 79(3):629-661.

Neira LE, Mantilla JC, Stashenko E, Escobar P. 2018. Tox-
icidad, genotoxicidad y actividad anti-Leishmania
de aceites esenciales obtenidos de cuatro (4) quimi-
otipos del género Lippia. Bol Latinoam Caribe Plant
Med Aromat 17 (1): 68-83

Guadalupe Veldzquez-Vazquez et al.

Nefic H, Musanovic J, Metovic A, Kurteshi K. 2013.
Chromosomal and nuclear alternations in root
tip cells of Allium cepa L. induced by alprazolam.
Med. Arch. 67:388-392. https://doi.org/10.5455/
medarh.2013.67.388-392

Nergard C. S, Ho T. P. T, Diallo D, Ballo N, Paulsen B. S.
Nordeng H. 2015. Attitudes and use of medicinal
plants during pregnancy among women at health care
centers in three regions of Mali, West-Africa. J. Ethno-
biol. Ethnomed. 11 (73) 10.1186/s13002-015-0057-8

Ozgen M., Scheerens ], Reese N, Miller R. 2010. Total
phenolic, anthocyanin contents and antioxi-
dant capacity of selected elderberry (Sambucus
canadensis L.) accessions. Pharmacogn Mag 6(23):
198. doi:10.4103/0973-1296.66936.

Paduch R, Kandefer-Szerszen M, Trytek M, Fiedurek ]J.
2007. Terpenes: substances useful in human health-
care. Archivum Immunologiae et Therapiae Experi-
mentalis 55(5): 315-327

Prasansuklab A, Brimson JM, Tencomnao T. 2020. Poten-
tial Thai medicinal plants for neurodegenerative dis-
eases: A review focusing on the anti-glutamate toxic-
ity effect. J. Tradit. Complement. Med 10 (3) 301-308.
https://doi.org/10.1016/j.jtcme.2020.03.003

Patil RS, Bhise KK. 2015. Evaluation of phytochemicals
and in vitro antimicrobial activity of aqueous and
ethanolic extract from seeds of Ricinus communis
Linn. Eur J. Biotechnol Biosci. 3:19-23

Pastori T, Flores FC, Boligon AA, Athayde ML, daSil-
va CdeB, Canto-Dorow TS, Tedesco SB.
2013. Genotoxic effects of Campomanesia xan-
thocarpa extracts on Allium cepa vegetal sys-
tem. Pharmac Biol 51(10):1249-1255 DOI:
10.3109/13880209.2013.786097

Perveen S. 2018. Introductory chapter: terpenes and
terpenoids. London: IntechOpen. http://dx.doi.
org/10.5772/intechopen.71175.

Pinho DS, Sturbelle RT, Martino-Roth MG, Garcias GL.
2010. Avaliagdo da atividade mutagénica da infusao
de Baccharis trimera (Less.) DC. em teste de Allium
cepa e teste de aberragdes cromossdmicas em linfoci-
tos humanos. Rev Bras Farmacogn 20: 65-170.

Roschek B, Fink CR, McMichael MD, Li D, Alberte RS.
2009. Elderberry flavonoids bind to and prevent
HINI infection in vitro. Phytochemistry 70:1255-
1261.

Sanchez-Gonzalez A, Granados-Sanchez D, Simén-Nabor
R. 2008. Uso medicinal de las plantas por los otomies
del municipio de Nicolas Flores, Hidalgo, Mexico.
Rev Chapingo Ser Hortic 14(3): 271-279.

Socaciu C, Ranga F, Fetea F, Leopold L, Dulf F, Parlog R.
2009. Complementary advanced techniques applied



Genotoxicity and cytotoxicity of Sambucus canadensis ethanol extract in meristem cells of Allium sativum 107

for plant and food authentication. Czech J. Food Sci.
27: §70-S75

Soliman AH. 2010. Mutagenic efectos of Cocia indica
extracto en Vicia faba L. ]J. Am. Sci 6(7): 292 - 297.

Schmitzer V, Veberic R, Slatnar A, Stampar F. 2010.
Elderberry (Sambucus nigra L.) Wine: A Product
Rich in Health Promoting Compounds. ] Agric Food
Chem. 58:10143-10146

Sousa SM, Viccini LE 2011. Cytotoxic and genotoxic
activity of Achillea millefolium L., Asteraceae, aque-
ous extracts. Rev. Bras. Farmacogn 21(1): 98-104.

Souza LFB, Laughinghouse IV HD, Pastori T, Tedesco M,
Kuhn AW, Canto-Dorow TS, Tedesco SB. 2010. Gen-
otoxic potential of aqueous extracts of Artemisia ver-
lotorum on the cell cycle of Allium cepa. Int J Envi-
ron Stud. 67:871-877.

Sondhi N, Bhardwaj R, Kaur S, Kumar N, Singh B.
2008. Isolation of 24-epibrassinolide from leaves of
Aegle marmelos and evaluation of its anti genotox-
icity employing Allium cepa chromosomal aber-
ration assay. Plant Growth Regul. 54(3):217-224.
doi:10.1007/s10725-007-9242-7.

Sidor A, Gramza-Michalowska A. 2014. Advanced
research on the antioxidant and health benefit of
elderberry (Sambucus nigra)infood-areview, J. funct
foods. 18:941-958. doi: 10.1016/j.jff.2014.07.012

Trapp KC, Hister CAL, Laughinghouse IV, Boligon AA,
Tedesco SB. 2020. Determination of phenolic com-
pounds and evaluation of cytotoxicity in Plectran-
thus barbatus using the Allium cepa test. Caryologia
73(2): 145-153. doi: 10.13128/caryolo- gia-947

Tedesco M, Kuhn AW, Frescura VD, Boligon AA,
Athayde ML, Tedesco SB, Silva ACE. 2017. Assess-
ment of the antiproliferative and antigenotoxic activ-
ity and phytochemical screening of aqueous extracts
of Sambucus australis Cham. & Schltdl. (Adoxaceae).
An. Acad Bras Cienc 89(3)2141-2154. http://dx.doi.
org/10.1590/0001-3765201720150138.

Thole JM, Kraft TF, Sueiro LA, Kang YH, Gills JJ, Cuen-
det M, Pezzuto JM, Seigler DS, Lila MA. 2006. A
comparative evaluation of the anticancer properties
of European and American elderberry fruits. ] Med
Food 9:498-504

Toloza AC, Zygaldo ], Cueto GM, Biurrum F, Zebra E,
Picollo MI. 2006. Fumigant and repellent properties
of essential oils and component compounds against
permethrin: resistant Pediculus humanus capitis
(Anoplura: Pediculidae) from Argentina.] Med.Ento-
mol 43: 889-895

Ullah M, Khan, MU, Mahmood A, Malik RN, Hussain
M, Wazir SM, Shinwari ZK. 2013. An ethnobotanical
survey of indigenous medicinal plants in Wana dis-

trict south Waziristan agency, Pakistan. ] Ethnophar-
macol, 150(3), 918-924. doi:10.1016/j.jep.2013.09.032

Velazquez-Vazquez G, Pérez-Armendariz B, Ortega-Mar-
tinez LD, Nelly-Juarez Z. 2019. Conocimiento etno-
botdnico sobre el uso de plantas medicinales en la
Sierra Negra de Puebla, México. B. Latinoam Caribe
Pl. 18: 265 -276.

Wu X, Gu L, Prior RL, Mckay S. 2004. Characterization
of anthocyanins and procyanidins in some cultivars
of Ribes, Aronia and Sambucus and their antioxidant
capacity. J. Agric. Food Chem 52: 7846-7856.

WHO (World Health Organization) 2016. WHO esti-
mates of the global burden of foodborne diseases:
foodborne disease burden epidemiology reference
group 2007-2015. Ginebra, Switzerland.

Turkoglu S. 2007. Genotoxicity of five food preserva-
tives tested on root tip of Allium cepa. Mutat Res.
626:414-424. doi:10.1016/j.mrgentox.2006.07.006

Tallarida RJ. 2011. Quantitative methods for assessing
drug synergism. Genes Cancer 2(11): 1003-1008.
http://dx.doi.org/10.1177/1947601912440575.

Thole JM, Kraft TFB, Sueiro LA, Kang Y-H, Gills J],
Cuendet M, Pezzuto JM, Seigler DS, Lila MA. 2006.
A comparative evaluation of the anticancer proper-
ties of European and American elderberry fruits. J
Med Food 9:498-504

Vazirian M, Hekmati D, Ostad S, Manayi A. 2018. Tox-
icity Evaluation of Essential oil of Trachyspermum
ammi in Acute and Sub-chronic Toxicity Experi-
ments. J. Med. Plants. 18(69):70-77

Vujosevic M, Blagojevic J. 2004. Antimutagenic effects of
extracts from sage (Salvia officinalis) in mammalian
system in vivo. Acta Vet Hung. 52: 439-443

Zhu MZ, Wu W, Jlao LL, Yang PF, Guo MQ. 2015. Analy-
sis of flavonoids in lotus (Nelumbo nucifera) leaves
and their antioxidant activity using macroporous
resin chromatography coupled with LC-MS/MS and
antioxidant biochemical assays. Molecules (Basel,
Switzerland) 20(6): 10553-10565.






Caryologia
International Journal of Cytology,
Cytosystematics and Cytogenetics

8 OPEN ACCESS

Citation: Asim Igbal Bazaz, Irfan
Ahmad, Tasaduq H. Shah, Nafhat-ul-
Arab (2022) Karyomorphometric analysis
of fresh water fish species of India,
with special reference to cold water
fishes of Kashmir Himalayas. A Mini
Review. Caryologia 75(1): 109-121. doi:
10.36253/caryologia-1362

Received: July 14, 2021
Accepted: March 28, 2022
Published: July 6, 2022

Copyright: © 2022 Asim Igbal Bazaz,
Irfan Ahmad, Tasadug H. Shah, Naf-
hat-ul-Arab. This is an open access,
peer-reviewed article published by
Firenze University Press (http://www.
fupress.com/caryologia) and distributed
under the terms of the Creative Com-
mons Attribution License, which per-
mits unrestricted use, distribution, and
reproduction in any medium, provided
the original author and source are
credited.

Data Availability Statement: All rel-
evant data are within the paper and its
Supporting Information files.

Competing Interests: The Author(s)
declare(s) no conflict of interest.

Firenze University Press
www.fupress.com/caryologia

Karyomorphometric analysis of fresh water
fish species of India, with special reference to
cold water fishes of Kashmir Himalayas. A Mini
Review

AsiM IQBAL Bazaz', IRFAN AHMAD?>*, TasapuQ H. SHAH', NAFHAT-UL-
ARAB3

! Division of Fisheries Resource Management, Faculty of Fisheries, SKUAST - Kashmir

2 Division of Fish Genetics and Biotechnology, Faculty of Fisheries, SKUAST - Kashmir
3Division of Aquatic Environmental Management, Faculty of Fisheries, SKUAST - Kashmir
*Corresponding author. E-mail: ahmadirfan@skuastkashmir.ac.in

Abstract. Cytogenetics is the diagnostic study of chromosomal structure and proper-
ties, as well as cell division, using a variety of methods, one of which is “karyotyping”
It refers to a method of photographing a stained preparation in which the chromo-
somes are organised in a uniform pattern. The advent of modern techniques such as
“karyotyping” has made it feasible to visualize undetected chromosomal abnormali-
ties such as short chromosome segments and chromosome translocations. Because
such techniques enabled each pair of chromosomes to be identified separately, they
have further aided our understanding of the chromosomal basis of a certain signifi-
cant genetic diseases. Every organism has its own unique karyotype, which is defined
by its number and shape. Karyotypic variation, on the other hand, occurs in differ-
ent individuals of the same species, as well as between different species. Monitoring
cytogenetic data of economically significant fishes as well as threatened fishes can hold
importance of the succeeding generations. This review article highlights the variation
in the chromosomal number & classification, methods of chromosome preparation and
karyotypic analysis of various fish species of India with a special reference to fishes of
Kashmir Himalayas.

Keywords: fish chromosomes, fish karyology, freshwater fish, Kashmir, Himalaya.

INTRODUCTION

The study of chromosome number, morphology and size at the meta-
phase stage is the basis of cytogenetics, which involves karyotype analysis.
A species’ chromosomes can be arranged in size order. The karyotype is
the full set of chromosomes grouped according to their number Shao et al.
(2010). Karyotyping is the method of pairing and ordering all of an organ-
ism’s chromosomes, resulting in a genome-wide snapshot of the chromo-
somes of an individual. Karyotypes are produced using standardised stain-
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ing procedures that expose each chromosome’s specific
structural features. Changes in chromosome number
associated with aneuploid conditions may be revealed
through karyotypes. More subtle structural shifts, such
as chromosomal deletions, duplications, translocations,
or inversions, can be identified by carefully studying
karyotypes. Indeed, karyotypes are increasingly being
used to diagnose birth defects, genetic disorders, and
even cancers O’Connor (2008). DNA, which is packed
into chromosomes, provides the blueprint for the devel-
opment and maintenance of an organism. Chromo-
somes are the elements that differentiate one species
from another and allow genetic information to be passed
down from generation to generation. Chromosomes are
the vehicles that allow a species to replicate and sustain
itself Ciccone et al. (2005) and De Ravel et al. (2006).

METHODS OF CHROMOSOME PREPARATION

The study of fish cytogenetics started as early as the
last decade of the nineteenth century, when some idea of
chromosomes was made possible by the studies of Retzi-
at (1989) on agnathan Myxine glutinosa, using histologi-
cally cut gonadal material. It was later understood that
chromosome preparation could be obtained from all the
tissues in which mitosis occurs. Since the 1960s, several
methods have been used to study the chromosome of
fish. Those employed involves colchicine injections and
squashes of the testes or haematopoietic tissues Ohno et
al. (1965), corneal and conjunctival epithelium Drewry
(1964), gill epithelium Chen and Ebling (1968), embry-
onic material Simon and Dollar (1963), in vitro tissue
growth Roberts (1967), blood leukocytes in culture Oji-
ma et al. (1970) and epithelium scale Denton and Howell
(1969). Improved techniques for the preparation of fish
chromosomes were developed after the 1970s Nagpure
et al. (2001).Tissue cultures Roberts (1964), squashing
technique of the testis, and other karyotypic techniques
have accompanied the advancement in cytogenetical
studies of teleostean fishes. Roberts (1964); Ohno et al.
(1965), embryonic tissues or haematopoetic materi-
als Simon (1963); Yamada (1967), smearing technique
from gill epithelium McphaiL and Jones (1966); Stewart
and Levin (1968), solid tissues like kidney Ojima et al.
(1972); Arai (1973); Ueno and Ojima (1977), from regen-
erating fin tissue Cattin and Ferreira (1989); Volker et al.
(2005) and air drying techniques Eicher (1966); Bertollo
et al. (1978); Thode et al. (1988), together with colchicine
treatment Yamazaki (1971). Dropping method was used
in most previous studies to distribute cells from different
tissues for chromosome preparation. For spreading and
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flattening metaphase chromosomes, the squash tech-
nique is the oldest process Denton (1973). The air dry-
ing process, on the other hand, is the most commonly
used method for preparing animal chromosomes Evans
et al. (1964). According to Chourrout and Happe (1986),
modern chromosome preparation techniques using air
drying after colchicine injection in young fish resulted in
sufficient metaphase spreads Mcphail and Jones, (1966);
Kligerman and Bloom (1977). However, these meth-
ods yielded some results, it was discovered that a large
number of cells were lost during the cell dropping. Fur-
thermore, dropping the cells precisely on the preheated
slides requires a high degree of technical ability. Some
researchers have also attempted to prepare chromosome
spreads by lowering cells from a certain height onto fro-
zen slides Ojima et al. (1964); Ida et al. (1978). For chro-
mosome preparations, researchers also tried incorpora-
tion of hot steam and metal plates with a temperature
gradient across their surface Henegariu et al. (2001).

Squash method

Squashes have been the most widely used meth-
ods of providing karyotyping material. Although an
ancient technique, it is still very effective because prep-
arations are possible from small pieces of tissue that
can be separated without causing serious injury to the
animal. For example, chromosome slides can be made
from epithelium of scale, gill epithelium, marginal bar-
bels and fins, and corneal tissue. One can even greatly
improve mitotic activity in these tissues by triggering
local injury and allowing it to heal. Squashing is typical-
ly performed in some stain-fixatives, such as aceto-car-
mine or aceto-orcein, after pre-treatment with hypotonic
solution. In place of potassium chloride, sodium citrate,
tap water or distilled water or even a 1.0 per cent tissue
culture medium may be used. The ideal treatment time
is between 20 and 30 minutes. A good metaphase spread
from the kidneys and gills of Labeo rohita and Cirrhi-
nus mrigala following the squash method was obtained
by Khuda-Bukhsh and Chakraborty (1994).

Cell culture method

In terms of chromosome preparation, cell culture
yielded promising results. Successful attempts have been
made by Amemiya et al. (1984). However, Chen and
Ebling (1975) contended that this method requires the
killing of fish before tissues can be excised. Blood lym-
phocyte culture helps to overcome many of the limita-
tions mentioned above, as fish do not need to be killed,
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so repeated samples can be taken if necessary and the
number of mitoses is increased due to the need to stimu-
late mitogen lymphocytes Blaxhall (1983). The author
also identified the use of phytohaemagglutinin-purified
blood lymphocyte culture for karyotyping of Salmo trut-
ta L. and Cyprinus carpio L. (PHA-P).

Staining of chromosomes

To distinguish the colourless chromosomes from
the similarly colourless cytoplasm, staining is needed.
For chromosome visualisation, the slides are stained
with the required solution. Most commonly, the Giem-
sa stain is used to stain slides. The use of filtered acet-
oricine as a stain was recorded by Mc Phail and Jones
(1966). Arcement and Rachlin (1976) experimented with
various stains, including Giemsa (normal or buftered),
aceto-orcein, and aceto-cannine, and found that Giemsa
standard provided the best results. However, the major-
ity of the workers proposed diluting Giemsa with phos-
phate buffer.

Chromosome banding techniques

The chromosomal band is defined as a segment of
chromosomes, which can be differentiated from adjacent
segments by being either lighter or darker depending on
the staining technique involved. Chromatin is the sub-
stance that makes up chromosomes, and there are two
types: euchromatin, which stains softly, and heterochro-
matin, which stains darkly. The arrangement and organ-
isation of chromosomes can be better understood with
chromosome banding. The unambiguous identification
of chromosomes in the karyotype, as well as the study
of heteromorphism between and within organisms,
is two of the most important applications of the band-
ing technique. Banding techniques may also be used to
identify chromosome rearrangements that have taken
place during the course of evolution. The different band-
ing techniques used today for the cytogenetic study are
C-, G-, R, Q-, and NOR-banding. Among these, NOR-
and C-banding are commonly used in fish Hartley and
Horne (1985). G-banding was also tried, but only with
little success Blaxhall (1983).The approach to slide prepa-
ration is vital, as incorrect spreading strategies can result
in the chromosomes being washed out during the stain-
ing process. After slide preparations, various staining
techniques such as classic staining (e.g., aceto-orcein,
haematoxylin, giemsa, wright and leishman stains) or
banding techniques are employed to stain chromo-
somes for various purposes e.g., Q-banding, G-band-
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ing, R-banding, C-banding and High Resolution band-
ing Calado et al. (2013); Moore and Best (2001); Wang et
al. (2010). Concentrated staining solutions and/or over
incubation result in a dark background filling the space
between chromatids, whereas diluted staining solutions
and/or a short incubation period produce chromosomal
spreads that are indistinguishable.

Use of Colchicine

The most common microtubular poison is colchi-
cine. Colchicine inhibits spindle microtubules and dis-
perses metaphase chromosomes in the cytoplasm before
nuclear envelope breakdown (NEB) in metaphase cells
Caperta et al. (2006), whereas in D. rerio both colchicine
concentration and incubation period were significantly
influenced by larval age, and in C. gariepinus only col-
chicine incubation period was significantly influenced
by larval age. It has previously been demonstrated that
microtubule polymers are sensitive to physical and
chemical parameters Tilney and Porter (1967); Weisen-
berg (1972). Therefore, age- and species-dependent cel-
lular parameters may influence the sensitivity of cells
towards depolymerizing effects of colchicine. A spindle
poison (e.g., colchicine) is used to arrest the cells at their
metaphase stage in conventional chromosome prepara-
tion processes Kligerman and Bloom (1977). In order to
achieve clear and identifiable metaphase chromosome
spreads, it is essential to select the appropriate concen-
tration and incubation time for the poison Rieder and
Palazzo (1992). While the cells cannot be stopped at
metaphase stage with insufficient concentration and/or
time spindle poisons exposure, extremely high concen-
trations or excessively long durations of exposure might
lead to chromosome condensation Rieder and Palazzo
(1992); Wood et al. (2001). Cells or larvae must be incu-
bated in a hypotonic solution following mitotic spindle
inhibition to swell the nuclei and disperse the chromo-
somes on slides Moore and Best (2001). Using an appro-
priate hypotonic solution is the other critical element
that has been emphasized in the current study. Potas-
sium chloride (KCI 0.075 M) is one of the most com-
monly used hypotonic solutions in chromosomal prepa-
ration protocols. Analogously, the efficacy of distilled
water as a hypotonic treatment has been shown in some
other protocols. When distilled water was used instead
of KCI, the amount of clear metaphase chromosome
spreads in C. gariepinus increased significantly. The use
of KClI resulted in a lot of cell burst and chromosomal
loss. Changes in the hypotonic solution, on the other
hand, had no impact on the amount of metaphase chro-
mosome spreads in D. rerio. Karami et al. (2015) also
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reported that the type of hypotonic solution used can
be changed depending on the fish species and/or larval
age in order to obtain a desired number of consistent
chromosome spreads. Besides these aforementioned ele-
ments, the researchers attempted to alter other essential
aspects of chromosomal preparation protocols in their
research. Their preliminary research also showed that
the larvae should be killed before being incubated in
colchicine solution, as incubating live larvae in the solu-
tion did not result in chromosome spread. Furthermore,
the yolk sac should be extracted prior to incubation in
colchicine to obtain direct chromosome spread Hussain
and McAndrew (1994); Pradeep et al. (2011), because the
yolk’s high lipophilicity can limit the penetration of col-
chicine or hypotonic solution into the cells Hussain and
McAndrew (1994); Pradeep et al. (2011).

Hypotonic Treatment

Hypotonic treatment is an important and cru-
cial factor in improving the chromosome spreads. This
treatment helps in removal of lipid and denatures pro-
teins. Hypotonic treatment allows the swelling of the
cell, which facilitates cell disruption and the dispersion
of chromosomes when the cell contents are spread on
slides. Ida et al. (1978) reported that the use of potas-
sium chloride showed the best chromosome spreads as
compared to other two hypotonic solutions of sodium
citrate and distilled water. Chourrout and Happe (1986)
reported that the chromosome spreading was insuf-
ficient at 0.56% KCl for hypotonic treatment at a lower
temperature in the rainbow trout. However, the same
concentration of KCI showed slightly better results when
the experiments were performed at ambient tempera-
ture. According to the same author trisodium citrate
as hypotonic treatment gave significant improvement
in chromosome spreading. Pradeep et al. (2011) used
50% acetic acid during the chopping of tissues, but sim-
ple distilled water, produced better suspensions. In the
modified technique, different durations of staining along
with different concentrations of giemsa stain were also
tried. A concentration of 5% giemsa stain for 20 minutes
of treatment as described by Bayat and Woznicki (2006)
was not very effective. Moreover, counting of the chro-
mosomes was found difficult at a concentration of 20%
as suggested by Don and Avtalion (1986). Changing
timing and concentrations of giemsa stain significantly
affected the visibility and brightness of the spreads on
the slides. A concentration of 10% giemsa stain prepared
in 0.01 M phosphate buffer of pH 7 for 20 minutes, as
described by Hussain and Mcandrew (1994) was very
effective in obtaining clear images.
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The majority of genetic defects are caused by chro-
mosomal abnormalities. Cytogenetics is the diagnostic
study of chromosome structure and properties, as well
as cell division, using a number of techniques, one of
which is “karyotyping.” It refers to a method of photo-
graphing a stained preparation in which the chromo-
somes are organised in a uniform pattern. The advance-
ment of newer techniques such as “karyotyping” has
made it possible to see previously undetected chromo-
somal abnormalities such as small chromosome seg-
ments and chromosome translocations, Veerabhadrappa
(2016).

Colchicine injections and squashes of the testes or
haematopoietic tissues are among the techniques used
Roberts (1964); Ohno et al. (1965), corneal and conjunc-
tival epithelium Sick et al. (1962); Drewry (1964), gill
epithelium McPhail and Jones (1966); Chen and Ebling
(1968), embryological material Simon (1963); Simon and
Dollar (1963), sectioning of testes Nogusa (1960), growth
of various tissues in vitro Roberts (1964); (1966); (1967),
blood leukocytes in culture Heckman and Brubaker
(1970); Ojima et al. (1970), scale epithelium Denton and
Howell (1969). A good quality review of some of these
methods was made by Roberts (1967).

In several classes of plants and animals, karyological
characteristics have proved to be a useful tool in taxo-
nomic and evolutionary studies. Fish cytology has been
used by few ichthyologists because the chromosomes
are tiny and the available techniques have often yielded
distorted counts and limited morphological informa-
tion. The use of squash preparations of gill arch epithe-
lial cells in karyological methods produced satisfactory
results. The gill arch technique defined by McPhail and
Jones (1966) was used with modifications that improved
the performance Lieppman and Hubbs (1969).

In aquaculture, the study of karyotype is also sig-
nificant because of the use of chromosome manipulation
techniques such as induction of polyploidy, gynogenesis,
androgenesis, and inter or intra-specific hybridization
Wu et al. (1986); Diter et al. (1993). Karyological studies
can help resolve a number of evolutionary and genetic
questions about animals Macgregor (1993), and chromo-
somal analysis can help determine changes that trans-
formed an ancestral karyotype as it transformed into
new lines Winkler et al. (2004). Chromosomal analysis
is also important for genetic regulation, taxonomy, and
evolutionary studies Macgregor and Varly (1993); Fister
et al. (1999); Suleyman et al. (2004) and is widely use in
various investigations Pisano et al. (2007).

When comparing karyotypes among related fishes,
chromosome number, arm number, and DNA volume
can be exemplified. When one is viewed alone, it may
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lead to erroneous conclusions. Centromeric fusion can
minimise chromosome number without affecting chro-
matin content fundamentally. Similarly, unequal recip-
rocal translocations may change arm numbers but have
little impact on chromatin Booke (1968). Polyploidy can
result in substantial changes, suggesting greater phyloge-
netic effects than previously thought Ohno et al. (1967).
In India, the analysis of fish chromosomes began
in the 1960s, and of the approximately 2000 species of
inland and marine fish studied for karyological informa-
tion, over 200 species are native to the region, includ-
ing both freshwater and marine species. Das and Barat
(1995) for instance, Schizothorax richardsonii Sharma et
al. (1992); Lakara et al. (1997); Barat et al. (1997), Schi-
zothorichthys prograstus Rishi et al. (1983), S. kumaon-
ensis, Lakara et al. (1997); Rishi et al. (1998), Catla catla
and Mystus vittatus John et al. (1992), Labeo John et al.
(1993), Tor khudree and Tor mussullah Kushwaha et al.
(2001), Heteropneustes fossilis Kushwaha et al. (2002),
Labeo rohita Nagpure (1997), Clarias gariepinus Nag-
pure et al.(2000), Labeo rohita, Catla catla and Cir-
rhinus mrigala Nagpure et al. (2001). Labeo dussum-
ieri, Horabagrus brachysoma and Puntius filamentosus
Nagpure et al. (2004), Horabagrus nigricollaris, Puntius
denisonii and Puntius sarana subnasutus Nagpure et al.
(2004). Though their taxonomy has been studied by sev-
eral workers in the past Heckel (1838); Mcclelland (1839);
Silas (1960); Talwar and Jhingran (1991); Kullander et al.
(1999), there is still a lot of uncertainty about the exact
number of species occurring in different aquatic ecosys-
tems of the valley. This is complicated even further by
the fact that hybrids of some of these species have been
reported Heckel (1838) and Hora (1936). As a result,
despite its value as a food fishery, this species complex
has not been studied for its nutritional and biochemical
components, nor has it been commercially cultured.
Ganai et al. (2011) studied five recognized species
of Schizothorax viz., Schizothorax niger, S. esocinus, S.
curvifrons, S. plagiostomus and S. labiatus for various
karyological features. Somatic complement of Schizotho-
rax niger showed a diploid number of 98 chromosome
pairs, including 12 metacentric pairs, 16 sub-metacentric

Table 1. Nomenclature for designating chromosome type Levan et
al. (1964).

Centromeric Position ~Arm Ratio Chromosome type Symbol
Median 1.00-1.70 Metacentric M
Sub-median 1.71-3.00 Sub-metacentric Sm
Sub-terminal 3.01-7.00 Sub-telocentric St
Terminal >7.01 Acrocentric A
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pairs, 11 sub-telocentric pairs, and 10 telocentric pairs.
The diploid complement of Schizothorax esocinus was
98, with 15 metacentric chromosome pairs, 11 sub-meta-
centric pairs, 5 sub-telocentric pairs, and 18 telocentric
pairs. The diploid complement of Schizothorax labiatus
was 98, with 12 metacentric pairs, 10 sub-metacentric
pairs, 1 sub-telocentric pair, and 26 telocentric pairs.
The somatic complement of Schizothorax plagiostomus
was 96, with 12 metacentric pairs, 9 sub-metacentric
pairs, and 27 telocentric pairs. Schizothorax curvifrons
had a diploid chromosomal complement of 94 chromo-
somes: 13 metacentric pairs, 10 submetacentric pairs, 10
subtelocentric pairs, and 14 telocentric pairs. S. niger, S.
esocinus, and S. labiatus, three of the five species exam-
ined, had a diploid number of 98 and a fundamental
arm number of FN of 154, 150, and 142, respectively.
Intra-chromosomal changes involving pericentric and
paracentric inversion, as well as centromeric shifts, could
explain the difference in the fundamental arm number
without a change in the 2n Rishi et al. (1998).

The karyotypes of the two species indicate that in
S. esocinus, there was simultaneous fusion of telocentric
and fission of metacentric chromosomes, resulting in the
karyotype of S. niger. This is due to the fact that S. niger
has more biarmed chromosomes than S. esocinus, and
a karyotype of biarmed chromosomes is generally con-
sidered to reflect a derived condition Ohno et al. (1968);
Ohno (1970); Denton (1973); Gold (1979). The karyo-
type of S. labiatus tends to be characterized by the same
forms of chromosomal rearrangements. Except for S.
plagiostomus, the chromosomes of all five Schizothorax
species were divided into four groups: metacentric, sub-
metacentric, subtelocentric, and telocentric, according to
Levan et al. 1964. The overall similarity in chromosome
number and morphology suggested that Schizothorax
species are closely related in that they have not been sep-
arated as evolving organisms long enough for random
chromosome changes to have occurred and become set,
and that a particular karyotype will be selected implies
an adaptive advantage for that specific configuration.
For chromosome differences observed in Fundulus Chen
(1971) and rivulines, this hypothesis has been proposed
Scheel (1972). Cyprinid karyotypes have had system-
atic implications Joswiak et al. (1980) since comparative
karyology has been a useful method in fish systematic
studies Arai (1982); Buth et al. (1991) because chromo-
some number and morphology indicate changes that
altered an ancestral karyotype as it developed into new
lines Winkler et al. (2004) and are useful for addressing
a range of genetic, genetological, and evolutionary genet-
ic and cyto-taxonomic questions about animals Kirpich-
nikov (1981); Mcgregor (1993).
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Table 2. Chromosome classification of various Schizothorax species, worked out in Kashmir valley (m = metacentric; Sm = sub-metacen-
tric; St = sub-telocentric; t = telocentric; NF = fundamental arm number).

S.No.  Name of the species 2n m Sm St t NF value Author and Year
1 Schizothorax niger 98 24 32 22 20 154 Ganaie et al. (2011)
2 Schizothorax esocinus 98 30 22 10 36 150 Ganaie et al. (2011)
3 Schizothorax labiatus 98 24 20 2 52 142 Ganaie et al. (2011)
4 Schizothorax plagiostomus 96 24 18 54 138 Ganaie et al. (2011)
5 Schizothorax curvifrons 94 26 20 20 28 140 Ganaie et al. (2011)
Table 3. Karyotypic analysis of various fresh water fish species.

Species Family Dl(glr(l);d Chromosome formula (2n) Authors

1. Oncorhynchus mykiss Salmonidae 56-65 24M+20SM +16 T Vasave et al. (2016)

2. Cyprinus carpio Cyprinidae 97 24 M +24SM + 52 T Khuda-Bukhsh and Barat (1987)

3. Ctenopharyngodon idella Cyprinidae 48 14M+20SM+8St+6T Manna (1983)

4. Botia birdi Botiidae 98 14 M+18 SM+ 4St + 62 T Khuda-Bukhsh and Nayak (1982)

5. Tor tor Cyprinidae 100 24 M+ 24SM+ 6 St + 46 A Khuda-Bukhsh (1980)

6. Schizothorax curvifrons Cyprinidae 94 26M+20SM+205t+28T Ganai et al. (2014)

7. Schizothorax niger Cyprinidae 98 22 M +26 SM + 8 St + 42T Khuda-Bukhsh and Nayak (1982)

8. Tor putitora Cyprinidae 100 10 M+24 SM+ 14St + 52 T Khuda-Bukhsh (1980)
9. Schizothorax esocinus Cyprinidae 98 30M+22SM+10St+36T Ganai et al. (2014)
10. Schizothorax plagiostomus Cyprinidae 96 24M+18SM+54T Ganai et al. (2014)
11. Cirrhinus mrigala Cyprinidae 50 12 M+ 18SM +10St +10 T Zhang and Reddy (1991)
12. Crossocheilus dipiocheilus Cyprinidae 48 12M+36A Manna (1983)
13. Carassius carassius Cyprinidae 98/ 24 M +26 SM + 125t + 36A Singh (1983)
100 20 M +36 SM + 44 (St + A) Spoz et al. (2014)
14. Carassius auratus Cyprinidae 96 12 M +36 SM + 48 A Rishi (1981)
15. Garra gotyla Cyprinidae 50 14M+10SM +10St+ 16 T Khuda-Bukhsh (1984)
16. Hypophthalmichthys molitrix ~ Cyprinidae 48 20 M +12 SM + 6St+ 10T Manna and Khuda-Bukhsh (1977)
17. Puntius conchonius Cyprinidae ;_lg 11(; I\I\//I[ :22(31 SSI\I\//[I:— IZOSStt : : g Barat (1985); Khuda-Bukhsh et al. (1986)

Nemacheilidae 50
Cyprinidae 50

18. Nemacheilus moreh
19. Puntius ticto

20. Schizothorax richarsonii Cyprinidae 96

24M+22SM+4T
14M+ 18SM + 14ST + 4T
18 M +16SM +12ST+ 50T

Chanda (1989)
Bano et al. (2015)
Vasave et al. (2016)

VARIATION IN THE CHROMOSOMAL NUMBER &
CLASSIFICATION

Ganai and Yousuf (2011) observed diploid number
per metaphasic plate ranged from 47 to 50. A modal
diploid number of 2n = 50 constituted 72.5% (22 m+16
Sm+12 t) and 2n = 48 constituted 20% of the counted
metaphase plates. Other diploid numbers other than 2n
= 50 are usually the result of losses or additions during
the karyotype preparation, including splashing due to
their downfall from various heights from nearby cells,
as reported in other studies (Suleyman et al. (2004);
Esmaeli and Piraver (2006); Nasri et al. (2010). Ganai

and Yousuf (2011) obtained proper metaphasic plate
chromosomal indicators including eleven metacentric,
eight sub-metacentric and six telocentric pairs respec-
tively and fundamental number as FN = 88. Comparison
with already worked out species of P. conchonius in Jam-
mu and other parts of the country Sharma and Agar-
wal (1981); Tripathi and Sharma (1987) reveals that it is
a new cytotype, inhabiting Dal lake, Kashmir. The most
commonly occuring diploid number in family cyprini-
dae is 50, considered to be the modal number in case of
this family Manna (1984); Rishi (1989). According to the
studies performed by various workers on Puntius species
of India Tripathi and Sharma (1987), it seems that 2n
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= 50 in the genus Puntius, as in many other cyprinids.
Despite the similarity of the diploid number in species
of Puntius, there are differences in their karyotype for-
mulae. Nayyar (1964) reported the presence of all acro-
centric chromosomes in P. conchonius. Barman (2003)
also confirms the presence of both biarmed and acro-
centric chromosomes. The primitive teleost karyotype is
thought to have consisted of 46 to 48 acrocentrics, Nay-
yar (1966); Ohno et al. (1968); Ohno (1970); Fitzsimons
(1972); LeGrande (1975). Karyotypes with biarmed chro-
mosomes are generally regarded to represent a derived
condition Ohno et al. (1968); Ohno (1970); Denton
(1973); Gold (1979).

Ganai et al. (2011) reported both the species of Schi-
zothorax analysed cytologically, revealed a high number
of chromosomes ranging from 94 to 98. All the Schi-
zothorax species studied karyologically till date S. rich-
ardsonii Gray and S. kumaonensis Menon, Lakara et al.
(1997); S. zarudnyi, Nikolskii, Kalbassi et al. (2008); S.
plagiostomus and S. esocinus Ganai et al. (2011) show a
high chromosome number ranging from 96 to 98. Spe-
cies with high numbers are considered to have resulted
through polyploidy from ancestral 2n= 48 or 50 Rishi et
al. (1998). Such genomic enlargements have been hypoth-
esised as key factors that enable or even drive diversifi-
cation in various vertebrate groups Holland et al. (1994);
Meyer and Malaga-trillo (1999); Navarro and Barton
(2003a, b); Ohno (1970). Variation in the karyotypic
configuration of S. Niger (24m + 32sm + 22st + 20t and
FN=154) and S. curvifrons (26m+20sm+20st+28t) and
FN=140 can easily be explained by centric fusion and fis-
sion events. Both centric fission and fusion probably pro-
vide important mechanisms to explain the diverse range
of chromosome numbers observed in many mammalian
and non-mam-malian animal taxa Todd (1970); Imai et
al. (1986), Kolnicki (2000). Decrease in 2n and FN in S.
curvifrons may be attributed to Robertsonian arrange-
ments and pericentric inversion Choudhury et al. (1982);
Ganai et al. (2011) also reported despite overlap in the
general morphological features, the two species of Schi-
zothorax investigated are genetically different and hence
definite species as the chromosomal differentiation in
animal species usually precedes strong morphological
differentiation Howell and Villa (1976). Most morpholog-
ic features of fishes have been shown to have the poten-
tial of being modified by the environmental conditions
Svardson (1965); Fowler (1970). Therefore, a morphologi-
cally based classification should be tested by the features
not likely to be environmentally false and chromosome
structure is best suited for this purpose as it reflects
genetic divergence and is least affected by environmental
distortion, Campos (1972).
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Barat et al. (2012) reported the majority (85%) of
cells had metaphase complements containing 2n = 50
chromosomes, though a few metaphases had a range
of 46 to 52 chromosomes. The karyotypic formula was
detected as 2n = 12m (metacentric) + 14sm (sub-meta-
centric) + 10st (subtelocentric) + 14T (telocentric) with
a fundamental arm number (NF) of 80. However, most
of the members of the family Cobitidae had a diploid
chromosome number (2n) of 50, with just a few species
- Botia birdi, B. macroracantha and B. Dario — with a
diploid chromosome number of 90-98 Khuda-Bukhsh
et al. (1986). Therefore, the modal chromosome num-
ber in this family could be ascertained as 50 Barat et al.
(2012).

ADVANTAGES & APPLICATIONS

o Karyological studies have made a substantial
contribution to various fields in fisheries like systemat-
ics, evolution, mutagenesis, aquaculture, phylogenetic
relationship and hybridization Kligermann and Bloom
(1977).

o Chromosomal analysis is important for fish breed-
ing from the viewpoint of genetic control Kirpich-
nikov (1981).

o Besides, Karyological studies also generate informa-
tion about genetic diversity in natural fish popula-
tion, which is imperative in the conservation and
stock management Kligermann and Bloom (1977).

o Karyological studies have provided basic informa-
tion on the number, size and morphology of chro-
mosomes that is important to undertake chromo-
some manipulations in fish Khan et al. (2000).

o Since 1960s, karyological studies in teleost fish have
made noteworthy contributions to increasing knowl-
edge in the fields of genetics, taxonomy and envi-
ronmental toxicology Cucchi and Baruffaldi (1990).

o Karyotyping helps in analyzing the entire genome.
It can visualize individual cells and individual chro-
mosomes.

o Many cytogenetic techniques are useful in fish
breeding and culture practices such as:

o Ploidy determination Rishi and Haobam (1984)

o Hybrid identification Manna (1989)

e Sex determination Manna (1989)

«  Genotoxicity study of the pollutants Rishi (1989).

o Further cytogenetic characterization of threatened
species is useful in drawing programmes for conser-
vation and stock management John et al. (1994).
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CONCLUSION

Karyological studies have provided basic informa-
tion on the number, size and morphology of chromo-
somes that is important to undertake chromosome
manipulations in fish. The development of newer tech-
niques such as “karyotyping” has made it possible to
visualize undetected chromosomal anomalies such as
small portions of chromosomes and translocations of
tiny parts of chromosomes to one another. Because such
procedures also enabled each pair of chromosomes to be
distinguished individually, it has helped to further our
understanding of chromosomal basis of certain impor-
tant genetic disorders. Chromosomal analysis is impor-
tant for fish breeding from the viewpoint of genetic con-
trol. Indigenous species of Kashmir (Schizothorax sps.)
analysed cytologically, revealed a high number of chro-
mosomes ranging from 94 (Schizothorax curvifrons) to
98 (Schizothorax niger). The NF value of Schizothorax
species of Kashmir valley ranged from 138 (Schizothorax
plageostomus) to 154 (Schizothorax niger).
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Abstract. Chromosome numbers of nine taxa in Sorbus subgenera Aria (Pers.) Host
and Micromeles Decne. were determined. All are diploid with 2n = 2x = 34. Eight out
of them: S. alnifolia (Siebold and Zucc.) K. Koch var. angulata S.B. Liang Rehd., S. alni-
folia (Siebold and Zucc.) K. Koch var. lobulata (C.K. Schneid.) Rehd., S. dunnii Rehd.,
S. folgneri (C.K. Schneid.) Rehd., S. hemsleyi (C.K. Schneid.) Rehd., S. lushanensis X.
Chen & J. Qiu, S. ochracea (Hand.-Mazz.) J.E. Vidal and S. yuana Spongberg, which
are endemic to China, were reported for the first time. One remaining Asian native S.
alnifolia var. alnifolia (Siebold and Zucc.) K. Koch, 2n = 34 was confirmed here. The
chromosomes size and the total haploid chromosome length varied from 0.91 um to
3.51 um and 23.43 pm to 50.04 pum respectively. A predominance of metacentric chro-
mosomes were perceived. Satellites were observed only in taxa of subgenera Microme-
les. Nine taxa were classified as 1A, 2A and 2B according to the Stebbins classification.
S. yuana in subgenus Aria presents the most symmetrical karyotype according to all
the 11 quantitative indices analyzed, while S. dunnii and S. ochracea in Micromeles pre-
sent the most asymmetrical karyotypes according to different indices.

Keywords: chromosome number, karyotype asymmetry, Sorbus, subgenera Aria and
Micromeles, China.

INTRODUCTION

The genus Sorbus L. (Rosaceae) comprises about from 67 (Lu and Spong-
berg 2003) to at least 111 species in China (Phipps et al.1990). Chinese native
species were traditionally assigned to three subgenera (three sections in the
same names by Yii and Kuan (1963)): Aria (Pers.) Host and Micromeles Dec-
ne. with simple leaved species, Sorbus with pinnately leaved species (Phipps
et al. 1990).

Polyploidy together with hybridization and apomixis is an important
evolutionary force in shaping plant diversification in Sorbus (Robertson et al.
2010; Ludwig et al. 2013; Lepsi et al. 2019). The number of species recognized
in the genus varied between authors mainly depending on the way that the
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numerous polyploidy apomicts were treated (Aldasoro et
al. 2004; McAllister 2005; Sennikov and Kurtto 2017).

Knowledge of chromosome numbers is high-
ly important in Sorbus in understanding the species
delimitation and relationship. Modern taxonomic stud-
ies (McAllister 2005; Sennikov and Kurtto 2017) and
descriptions of new species (Rich et al. 2014; Lepsi et al.
2015; Somlyay et al. 2017) are accompanied to count of
chromosome numbers or DNA ploidy levels based on
flow cytometry.

Polyploidy was reported only in subgenus Sorbus
from China, which account for more than half of the sub-
genus’ species richness and are distributed mainly in the
mountains of southwest area, especially the Qinghai-Tibet
Plateau (McAllister 2005; Li et al. 2021). For subgenus
Aria, which is disjunctly distributed across Europe and
Asia, with polyploidy species reported from only Europe
(Sennikov and Kurtto 2017). For the Asian native subge-
nus Micromeles, the only chromosome number available
is S. alnifolia (2n = 2x = 34; Sax 1931; Baranec and Murin
2003). Though Aldasoro et al. (2004) suggested that the
great variability in leaf outline of S. alnifolia might reflect
the presence of agamospermous individuals in popula-
tions, no evidence is available up to now. Agamospermy
as a form of asexual reproduction is prevalent in Sorbus
(Robertson et al. 2010; Hajrudinovi¢ et al. 2015) and other
genera in Maloideae such as Amelanchier Medik. (Burgess
et al. 2014), Cotoneaster Medik. (Rothleutner et al. 2016)
and Crataegus L. (Talent and Dickinson, 2007) etc.

The aim of this study is to investigate the chromo-
some number, karyotype, idiogram and other detailed

Yuming Qian et al.

measurements of eight Chinese endemic taxa from Sub-
genus Aria and Micromeles, together with an Asian dis-
tributed species S. alnifolia, to find out whether there are
polyploid and to analyze the species relationship.

MATERIALS AND METHODS
Plant materials

Nine taxa, including two species in Sorbus subge-
nus Aria: S. hemsleyi (C.K. Schneid.) Rehd. and S. yuana
Spongberg, and seven taxa in subgenus Micromeles: S.
alnifolia (Siebold and Zucc.) K. Koch var. alnifolia , S.
alnifolia (Siebold and Zucc.) K. Koch var. angulata S.B.
Liang, S. alnifolia (Siebold and Zucc.) K. Koch var. lob-
ulata Rehd., S. dunnii Rehd., S. folgneri (C.K. Schneid.)
Rehd., S. lushanensis X. Chen and J. Qiu, S. ochracea
(Hand.-Mazz.) J.E. Vidal, were investigated. One species,
S. ochracea, was collected from the Kunming Botani-
cal Garden, and the remaining eight taxa were collected
from wild populations between 2012 and 2016. Voucher
specimens are deposited at the herbarium of Nanjing
Forestry University (NF; Table 1).

Chromosome counts

Root tips were immersed in a mixed solution of
0.05% aqueous colchicine and 0.002 mol/L 8-hydroxy
quinolone (1:1) at 0-4 °C for 2 h, and then fixed in Car-
noy’s fixative (3:1 alcohol:glacial acid, v/v) for at least 24

Table 1. Localities and voucher specimens of Sorbus taxa examined in the present study.

Taxa Locality Collector/Voucher specimen

. hemsleyi Wawushan Scenic Spot, Sichuan province, E102°57°06.82”, N29°39°54.35”, 2230 Xin Chen & Zhongren Xiong/0745
m, 25 September 2016

S. yuana Shennongjia Forestry District, Hubei province, E110°19°17.76”, N31°34'21.307, Yun Chen & Yang Zhao/0817

2173 m, 20 October 2016
S. alnifolia var. alnifolia

S. alnifolia var. angulata 9 October 2015

S. alnifolia var. lobulata 28 October 2014

S. dunnii September 2013

S. folgneri 2016

S. lushanensis October 2015

S. ochracea 23.6571936 m, 5 August 2020

Changbai Mountains, Jilin province, E127°49°24.85”, N42°02°04.85”, 867m
Lushan Mountain, Shandong province, E118°03’09.00”, N36°17°45.31”, 1047 m,

Laoshan Mountain, Shandong province, E120°37°26.58”, N36°10°40.04”, 942 m,
Huangshan Mountain, Anhui province, E117°26’18.07”, N29°11°36.31”, 1603 m,

Badong, Hubei province, E110°17°19.75” N30°41 ’36.867, 1543 m, 17 October

Kunming Botanical Garden, Yunnan province, E102°44’17.54”, N25°8

Xin Chen & Dan Chen/2-1
Xin Chen & Jing Qiu/0140

Xin Chen & Wan Du/0042
Xin Chen & Dan Chen/4-7

Yun Chen & Yang Zhao/0791

Lushan Mountain, Jiangxi province, E116°00°46.297, N29°32’58.59”, 1310 m, 2 Xin Chen, Weiqi Liu & Mingwei

Geng/0157
Qin Wang/0256-2
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h at room temperature. The root tips were hydro- L sn]a e oo
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Figure 1. Somatic chromosomes at the metaphase stage in root tip cells of Sorbus taxa. A- S. alnifolia; B- S. alnifolia var. angulata; C- S. alni-
folia var. lobulata; D- S. dunnii; E- S. folgneri; F- S. hemsleyi; G- S. lushanensis; H- S. ochracea; 1- S. yuana. Scale bar = 5 pum.

size of the chromosomes varied from 0.91 pm (0.91-1.96 ~ chromosome. The remaining taxa had only small chro-
um) in S. folgneri to 3.51 pm (2.14-3.51 um) in S. dunnii. ~ mosome.
The total haploid chromosome length (THL) changed Two satellites were observed in seven subgenus
from 23.43 pm in S. hemsleyi (the THL value of S. yuana  Micromeles taxa, whereas no satellites in two subgenus
is 23.44 pm, nearly the same as S. hemsleyi) to 50.04 pm  Aria species. Karyotypes of the analyzed species exhib-
in S. dunnii. it a predominance of metacentric chromosomes with
Two species, S. folgneri and S. hemsleyi have both  2-10 submetacentric chromosomes detected in different
very small (£ 1 ym) and small (> 1 pm and < 4 pm)  taxon.
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Figure 2. Haploid idiograms of Sorbus taxa. Red arrows indicate satellites. Scale bar = 5 um.

The karyotype asymmetry was assessed based on
Stebbins classification and 11 different quantitative indi-
ces (Table 2).

According to the symmetry classification of Steb-
bins, S. alnifolia var. alnifolia and S. yuana were classi-
fied as category 1A, S. alnifolia var. lobulata and S. fol-
gneri as category 2B, the other five taxa as category 2A.

For the two species in subgenus Aria, S. hemsleyi
and S. yuana, the latter presented the most symmetrical
karyotype of all the analyzed species as shown in scat-

ter diagram (Figure 3), which with the highest values in
Syi% and TF% and the smallest values in the other nine
asymmetrical indices (Table 2). Two species in subgenus
Aria were more symmetrical than those taxa in sub-
genera Micromeles based on two indices A; and Mcg,.
In general, S. hemsleyi was more asymmetrical than S.
yuana with two more submetacentric chromosomes and
with values of asymmetrical parameters among the taxa
in subgenus Micromeles (Table 2; Figures 3).

For subgenera Micromeles, the seven analyzed taxa



128

0.30F A S. dunnii .
A A
098 S. alnifolia var. angulata S. alnifolia var. lobulata
0.26 8
_ S. lushanensis A
< 0.24 S. folgneri A ]
A S. ochracea A
S. alnifolia var. alnifolia
022} S. hemsleyi A E
0.20F E
A S yuana
0.18 . L . . .
0.10 0.12 0.14 0.16 0.18 0.20
A,
C . _
A S dunnii
14 A S alnifolia var. angulata
13 1
_ 12t S. lushanensis & 4
>U S. hemsleyi & A
ST S. ochracea|
S. alnifolia var. lobulata
10+ . A T
S. folgneri A
A S. alnifolia var. alnifolia
ol 4
A S. yuana
48 4
10 12 14 16 18 20

CVe

Yuming Qian et al.

B

S. ochracea &

221 ) .
S. dunnii & A S. hemsleyi
A S alnifolia var. angulata
20 A S. lushanensis i
L8 ¢ alnifolia var. lobulata A i
< 16 .
A S folgneri
14} 1
A S. alnifolia var. alnifolia
1.2F .
Y yuana i
0.8 1 1 L 1 1
5 6 7 8 9 10
DI
D _
S. dunnii A
18k A S. alnifolia var. angulata |
A
17 S. alnifolia var. lobulata
16 + 8
515 A S. lushanensis 1
=
L A S. folgneri
1 e T S. ochracea A
S. alnifolia var. alnifolia

131 S. hemsleyi A 1
12+ 4
11k A S yuana i

10 i 1 1 1 1

10 12 14 16 18 20

CVq

Figure 3. Scatter plots of studied taxa based on karyotype parameters. A- Al versus Al; B- Al versus DI; C- CVCI versus CVCL; D- MCA

versus CVCL.

displayed considerable differences in karyotypic param-
eters (Table 1). The two species: S. dunnii with the small-
est values in Syi% and TF% and the highest values in
AsK%, CV¢p, Mcy, A and Aj; S. ochracea with the high-
est values in CV¢y, A,, Al and DI. The most asymmetri-
cal karyotype was observed in S. ochracea according to
the scatter diagram based on AI and DI (Figures 3B).
However, the two species, S. dunnii and S. ochracea, pre-
sented the most asymmetrical karyotypes respectively

according to different indices as shown in scatter dia-
gram based on A, and A, (Table 2; Figures 3A, C, D).

DISCUSSION

The chromosome base number in Sorbus is x = 17,
and it is common to all members of Maloideae, Rosace-
ae. Four ploidy levels (di-, tri-, tetra- and pentaploid with
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2n = 34, 51, 68 and approximately 87, respectively) were
reported in the genus (Nelson-Jones et al. 2002; Bailey et
al. 2008).

Only diploids in subgenera Aria and Micromeles
were found from China in this and previous studies (Sax
1931; Baranec and Murin 2003), though a large num-
ber of polyploidy species (tri-, tetra and pentaploids)
appeared in subgenus Aria in Europe (Sennikov and
Kurtto 2017).

Polyploidy is an important evolutionary mechanism
in Sorbus and it is particularly widespread in subgenus
Sorbus native to China (McAllister 2005; Li et al. 2021).
Whether there are polyploids in subgenera Aria and
Micromeles in China, especially in the mountainous area
in southwest where a great quantity of polyploidy species
were reported from subgenus Sorbus, ploidy-level deter-
mination of more species and on more populations are
required.

Sorbus subgenus Aria is considered the most primi-
tive and Micromeles is more derived (Yi and Kuan 1963;
Phipps et al. 1990). However, the taxonomic delimitation
between Aria and Micromeles is complex. These two sub-
genera are easy to distinguish morphologically: Aria spe-
cies with a persistent upper part of the hypanthium, and
Micromeles species with a deciduous calyx and distinct
annular scar at the apex of fruit (Yi and Kuan 1963).
However, Micromeles is included within Aria by Rob-
ertson et al. (1991) and Aldasoro et al. (2004) based on
comprehensive morphological characteristics. A merge
(Campbell et al. 2007) or separate (Zhang et al. 2017) of
the two is supported by molecular evidence in different
phylogenetic studies of Maloideae. Not only the subge-
neric concept changed, the delimitation of species varied
greatly between authors. For Chinese native subgenera
Aria and Micromeles, 20 species out of the total 31 spe-
cies and 7 varieties recognized in Flora of China (Lu and
Spongberg 2003) were accepted by Aldasoro et al. (2004)
in the latest revision of subgenera Aria and Torminaria.

In this study, the two subgenera could be distin-
guished easily by the existence of satellites. Both the
two species of subgenus Aria with much small chromo-
somes had more symmetrical karyotype, as showed by
Mc, and A (Table 1). Not the same as S. yuana, which
with all the indices indicating its primitive, S. hems-
leyi showed status of taxonomically complicated with
values of some parameters among species of subgenus
Micromeles. S. hemsleyi was assigned to Micromeles by
Yii and Kuan (1963) and was assigned to Aria by Phipps
et al. (1990). The inconsistent in values of asymmetry
indices just strengthened its complex classification status
or a support factor for the merge of the two subgenera
need to be further studied.

For the limited sampling (two species in Aria and
seven taxa in Micromeles), the comparison of karyotype
data could not solve the taxonomic problems related to
the two subgenera. Whether or which Karyotype param-
eters in Sorbus are useful for distinguishing subgenus
and species, additional karyotype analysis of a larger
number of species are needed.

CONCLUSION

The chromosome numbers, karyotypes, idiograms
and karyotype asymmetry degrees of nine Chinese
native taxa in Sorbus subgenera Aria and Micromeles
were investigated in this study. The chromosome num-
bers (2n = 2x = 34) of eight Chinese endemic taxa were
firstly reported. In general, the karyotypes of species in
subgenus Aria were quite symmetric than that in Subge-
nus Micromeles.
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Abstract. The genus Medicago L. (Fabaceae) comprises approximately 87 different spe-
cies of herbs and shrubs widespread from the Mediterranean to central Asia. Medicago
polymorpha is a herbaceous legume that can be a useful pasture plant, in particular, in
regions with a Mediterranean climate. It had aroused great interest due to high nutri-
tious quality, highly palatability and N-fixing plan in neutral soil. There is no informa-
tion on its population genetic structure, genetic diversity, and morphological variability
in Iran. Due to the medicinal importance of this species, a genetic variability and pop-
ulations’ structure study is performed studying 15 geographical populations of Medica-
go polymorpha. Therefore, we used six inter-retrotransposon amplified polymorphism
(IRAP) markers and 15 combined IRAP markers to reveal within and among popula-
tion genetic diversity in this plant. AMOVA test produced significant genetic difference
(PhiPT = 0.46, P = 0.010) among the studied populations and also revealed that, 66%
of total genetic variability was due to within population diversity while, 34% was due
to among population genetic differentiation. Mantel test showed positive significant
correlation between genetic distance and geographical distance of the studied popula-
tions. STRUCTURE analyses and population assignment test revealed some degree of
gene flow among these populations. PCoA plot of populations was in agreement with
UPGMA clustering of molecular data. These results indicated that geographical popu-
lations of Medicago polymorpha are well differentiated based on (IRAP) markers.

Keywords: gene flow, IRAP, Medicago polymorpha, population differentiation.

INTRODUCTION

Knowledge of spatial genetic structures provides a valuable tool for
inferring the evolutionary forces such as selective pressures and drift (bi et
al, 2021; cheng et al, 2021; khayatnezhad and gholamin, 2020, 2021a, 2021b).
Low gene flow due to spatial isolation of populations may even increase
the degree of local differentiation (karasakal et al, 2020a, 2020b; huang et
al, 2021; hou et al, 2021, guo et al, 2021). Nevertheless, phenotypic plastic-
ity rather than genetic differentiation may be an alternative way of matching
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genotypes to environment; indeed increasing environ-
mental variation favors higher levels of plasticity (MA et
al, 2021; peng et al, 2021; Si et al., 2021; sun et al., 2021;
miao et al 2018; zou et al, 2019; wang et al 2020; xiao-
long et al, 2021; hou et al, 2021).

The genus Medicago L. (Fabaceae) comprises approx-
imately 87 different species of herbs and shrubs wide-
spread from the Mediterranean to central Asia (Small,
2010), including the widely cultivated forage crop and
weedy species M. sativa L. (commonly named alfalfa or
Lucerne) and the legume model species M. truncatula
Gaertn. (Steele et al., 2010). The annuals species collec-
tively known as “medics” are naturally distributed over
a very wide range of environmental conditions in the
Mediterranean basin. Some medics have been intro-
duced to regions of Australia, Chile, South Africa and
United States with Mediterranean-type climate. Med-
ics, as well as other annual pasture legumes, have a high
feeding quality, determined by higher protein, min-
eral and vitamin contents (Keivani et al., 2010). Due to
their capacity to fix atmospheric nitrogen and improve
soil fertility in symbiosis with soil bacteria collectively
known as ‘rhizobia’, Medicago species do not need cost-
ly and polluting chemical nitrogen fertilizer (Small and
Jomphe, 1989).

The genus Medicago in Iran has been revised by dif-
ferent authors. Boissier (1872), in his Flora Orientalis,
published 11 Medicago species for Iran. Parsa (1948),
Moussavi (1977) and Heyn (1984) recognized 14, 16 and
11 species in Iran, respectively. Mehregan & al. (2001)
reported 18 species of the genus Medicago from Iran.
Two main reasons can be accounted for the disagree-
ments over the taxonomic status of this genus in Iran:
(1) incomplete collecting; and (2) taxonomic confusions
encountered in Medicago.

Medicago polymorpha L. is an annual herbaceous
and can be a useful pasture plant, in particular, in
regions with a Mediterranean climate, self-compatible
and diploid (2n = 14) (Salhi Hannachi et al., 1998). It
had aroused great interest due to high nutritious qual-
ity, high palatability and N-fixing capability in neutral
soil (Abdelkefi et al., 1996). M. polymorpha is a spe-
cies of Mediterranean origin, but its species range is
wide spread throughout the world. The wide diffusion
and adaptability can be explained by its low sensitiv-
ity to photoperiod and vernalization (Aitken, 1981).
Three botanical varieties of this species were identified
by Heyn (1963): brevispina; polymorpha and vulgaris. In
Iran, M. polymorpha grows in a range of environments
from humid to arid.

In recent years, molecular marker systems such as
randomly amplified polymorphic DNA (RAPD), ampli-
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fied fragment length polymorphism (AFLP), inter sim-
ple sequence repeat (ISSR), simple sequence repeat (SSR)
and inter-retrotransposon amplified polymorphism
(IRAP) have been used to measure genetic variation and
relationships in cultivars and landraces of Medicago spe-
cies. For instance, Genetic diversity among and within
10 populations of Iranian alfalfa, from different areas of
Azarbaijan was analyzed by screening DNA from seeds
of individual plants and bulk samples (Mohammadza-
deh et al, 2011). Morpho-phenological diversity among
natural populations of Medicago polymorpha of different
Tunisian ecological areas (Badri et al, 2016). Their results
from analysis of variance (ANOVA) showed that differ-
ences among populations and lines existed for all traits,
with population explaining the greatest variation for
measured traits. Genetic relationships of 98 alfalfa (Med-
icago sativa L.) germplasm accessions examined using
morphological traits and SSR markers from Europe,
USA, Australia, New Zealand and Canada ( Cholastova,
Knotova, 2012). Moreover, due to extensive morphologi-
cal variability of this species in the country, there is pos-
sibility of having infra-specific taxonomic forms. There-
fore, we carried out population genetic analysis and
morphometric study of 15 geographical populations for
the first time in the country.

For genetic study, we used the inter-retrotransposon
amplified polymorphism (IRAP) method that displays
insertional polymorphisms by amplifying the segments
of DNA between two retrotransposons. It has been used
in numerous studies of genetic diversity (Smykal et al.,
2011).

The objectives of this research were to study genetic
diversity among Medicago polymorpha cultivars/popula-
tion with a different geographical origin by inter-retro-
transposon amplified polymorphism (IRAP) method, to
determine genetic variation among and within materials
using IRAP markers.

MATERIALS AND METHODS
Plant materials

A total of 89 individuals were sampled representing
15 natural populations of Medicago polymorpha in East
Azerbaijan, Lorestan, Kermanshah, Gilan, Mazandaran,
Golestan and Ardabil Provinces of Iran during July-
Agust 2019-2020. Fresh leaves of 5-8 individuals from
each population, were collected, and immediately dried
in Silica Gel. Different references were used for the cor-
rect identification of species (Medicago polymorpha)
(Boissier ,1872; Parsa 1948).
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DNA extraction and IRAP assay

Fresh leaves were used randomly from 5-10 plants
in each of the studied populations. These were dried by
silica gel powder. CTAB activated charcoal protocol was
used to extract genomic DNA. The quality of extracted
DNA was examined by running on 0.8% agarose gel.
A set of six outward-facing LTR primers (Smykal et al.,
2011; Table 1) were used for IRAP analysis. We also used
15 different combinations of outward-facing LTR pair
primers. PCR reactions were carried in a 25ul volume
containing 10 mM Tris-HCI buffer at pH 8; 50 mM KCI;
1.5 mM MgCI2; 0.2 mM of each ANTP (Bioron, Ger-
many); 0.2 uM of a single primer; 20 ng genomic DNA
and 3 U of Taqg DNA polymerase (Bioron, Germany).
The thermal program was carried out with an initial
denaturation for 1 min at 94°C, followed by 40 cycles
in three segments: 35 s at 95°C, 40s at 47°C and 55s at
72°C. Final extension was performed at 72°C for 5 min.
The amplification products were observed by running on
1% agarose gel, followed by the ethidium bromide stain-
ing. The fragment size was estimated by using a 100 bp
molecular size ladder (Fermentas, Germany).

Molecular analyses

The IRAP profiles obtained for each samples were
scored as binary characters. Parameter like Nei’s gene
diversity (H), Shannon information index (I), number of
effective alleles, and percentage of polymorphism were
determined (Weising et al., 2005).

Nei’s genetic distance among populations was used
for Neighbor Joining (NJ) clustering and Neighbor-
Net networking (Huson and Bryant, 2006). Mantel test
checked the correlation between geographical and genet-
ic distance of the studied populations (Podani, 2000).
These analyses were done by PAST ver. 2.17 , DARwin
ver. 5 (2012) and SplitsTree4 V4.13.1 (2013) software.

AMOVA (Analysis of molecular variance) test (with
1000 permutations) as implemented in GenAlex 6.4
(Peakall and Smouse, 2006), and Nei's Gst analysis as
implemented in GenoDive ver.2 (2013) (Meirmans and
Van Tienderen, 2004) were used to show genetic differ-
ence of the populations. Moreover, populations genetic
differentiation was studied by G’ST est = standardized
measure of genetic differentiation (Hedrick, 2005), and
D_est = Jost measure of differentiation (Jost, 2008).

The genetic structure of populations was studied by
Bayesian based model STRUCTURE analysis (Pritchard
et al. 2000), and maximum likelihood-based method
of K-Means clustering of GenoDive ver. 2. (2013). For
STRUCTURE analysis, data were scored as dominant

Table 1. M. polymorpha IRAP primers based on Smykal et al.
(2011) study.

IRAP Sequence (5°-3")

GU735096 ACCCCTTGAGCTAACTTTTGGGGTAAG
GU980589 AGCCTGAAAGTGTTGGGTTGTCG
GU929878 GCATCAGCCTGGACCAGTCCTCGTCC
GU735096 CACTTCAAATTTTGGCAGCAGCGGATC
GU929877 TCGAGGTACACCTCGACTCAGG
GU980590 ATTCTCGTCCGCTGCGCCCCTACA

markers. The Evanno test was performed on STRUC-
TURE result to determine proper number of K by using
delta K value (Evanno et al., 2005). In K-Means cluster-
ing, two summary statistics, pseudo-F, and Bayesian
Information Criterion (BIC), provide the best fit for k.

Gene flow was determined by (i) Calculating Nm
an estimate of gene flow from Gst by PopGene ver. 1.32
(1997) as: Nm = 0.5(1 - Gst)/Gst. This approach consid-
ers equal amount of gene flow among all populations.
(ii) Population assignment test based on maximum like-
lihood as performed in Genodive ver. in GenoDive ver.
2. (2013). The presence of shared alleles was determined
by drawing the reticulogram network based on the least
square method by DARwin ver 5. (2012).

RESULTS
Populations genetic diversity

Genetic diversity parameters determined in 15 geo-
graphical populations of Medicago polymorpha are pre-
sented in Table 2. The highest value of percentage poly-
morphism (53.75%) was observed in Ardabil, Khalkhal-
Asalem Road (population No.1) which shows high value
for gene diversity (0.32). and Shanon information index
(0.39). Population Kermanshah: Ghasre-Shirin, 5 km
from Paveh to Nusod (No.9) has the lowest value for per-
centage of polymorphism (31.43%) and the lowest value
for Shanon, information index (0.030), and He (0.011).

Population genetic differentiation

AMOVA (PhiPT = 0.74, P = 0.010), and Gst analysis
(0.367, p = 0.001) revealed significant difference among
the studied populations (Table 3). It also revealed that,
66% of total genetic variability was due to within pop-
ulation diversity and 34% was due to among popula-
tion genetic differentiation. Pairwise AMOVA produced
significant difference among the studied populations.
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Table 2. Genetic diversity parameters in the studied populations
Medicago polymorpha (N = number of samples, Na= number of dif-
ferent alleles; Ne = number of effective alleles, I= Shannon’s infor-
mation index, He = gene diversity, UHe = unbiased gene diversity,
P%= percentage of polymorphism, populations).

Pop Na Ne I He UHe %P
Popl 0.341 1.058 0.39 0.32 031  53.75%
Pop2 0.455 1.077  0.277 0.24 022 55.05%
Pop3 0.499 1.067 0.24 0.23 024  49.26%
Pop4 0.555 1.020 0.22 0.25 0.28  43.53%
Pop5 0.431 1.088 0.20 0.22 0.25  41.53%
Pop6 0.255 1.021 0.25 0.28 022 47.15%
Pop7 0.261 1.024  0.292 0.23 0.23  43.15%
Pop8 0.886 1.183  0.184  0.116  0.122  44.29%
Pop9 0.686 1.157  0.030  0.011  0.022 31.43%
Popl10 0.643 1173 0.154  0.102  0.109  30.00%
Popl1 0.243 1.033  0.026  0.018  0.029 34.29%
Popl12 0.400 1.087  0.076  0.051 0.057  40.29%
Pop13 0.286 1.046  0.040  0.027  0.032 37.14%
Pop14 0.400 1.112  0.090  0.062  0.069 3571%
Popl5 0.576 1.144  0.122  0.083  0.095  39.18

Moreover, we got high values for Hedrick standardized
fixation index after 999 permutation (G’st = 0.367, P =
0.001) and Jost, differentiation index (D-est = 0.176, P =
0.001). These results indicate that the geographical popu-
lations of Medicago polymorpha are genetically differen-
tiated from each other.

0000000000
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Table 3. Analysis of molecular variance (AMOVA) of the studied
species.

Source df SS MS  Est. Var. % OPT
Among Pops 20 216.576 21.327 9.082 66% 66%
Within Pops 59 114.767 9.530 1.530 34% ’
Total 79 321.342 10.613  100%

df: degree of freedom; SS: sum of squared observations; MS: mean
of squared observations; EV: estimated variance; ®PT: proportion
of the total genetic variance among individuals within an accession,
(P <0.001).

Populations genetic affinity

In UPGMA tree, plant samples of each populations,
were grouped together and formed separate cluster.
In the studied specimens we did not encounter inter-
mediate forms. These results showed that IRAP data
can differentiate the populations of Medicago polymor-
pha in two different major clusters or groups (Figure
1). The first major cluster that was supported with sig-
nificant bootstrapping values of higher than 50%, was
divided into two main sub-clusters so that plants of
Ardabil,Meshkin shahr, hatam Forest, Ardabil, Meshkin
shahr, Sabalan MT, Shahbil, Qotursooi Villageand and
Ardabil: Germi, 20 km from Germi to Pars-Abad (P8- P
9, 12; Province Ardabil) and West Azerbaijan, Kaleybar
and Azarbaijan (E): Ahar, 45 Km from Meshkin-Shahr
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Figure 1. UPGMA clustering of populations in Medicago polymorpha based on IRAP data. Bootstrap value from 1000 replicates are indi-

cated below branches (Population numbers are according to Table 1).
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to Ahar (P10,15; Province West Azerbaijan ) comprised
the first sub-cluster due to morphological similarity,
while the plants of Ardabil, Khalkhal-Asalem Road (P1)
formed the second sub-cluster. Similarly, the second
major cluster included two sub-clusters too: the first sub-
cluster contained Lorestan: Khorram-Abad, 60 km from
Pol-Dokhtar to Khorram-Abad (P11) and Kermanshah:
Paveh, Paveh Shahid Kazemi Forest Park (P3) , while
plants of Gilan, Mazandaran and Golestan Provine
(Northen Iran) (P2- 4,5,6,7,13,14) were grouped into the
second sub-cluster.

Genetic divergence and separation of populations
Lorestan (P11) and Kermanshah (P3) as well as P§- P 9,
12 (Province Ardabil) from the other populations is evi-
dent in PCoA plot of IRAP data after 900 permutations
(Figure.3). The other populations showed close genetic
affinity. Mantel test after 5000 permutations produced
significant correlation between genetic distance and geo-
graphical distance in these populations (r = 0.48, P =
0.001). Therefore, the populations that are geographically
more distant have less amount of gene flow, and we have
isolation by distance (IBD) in Medicago polymorpha.

Populations genetic structure
K = 3 reveal the presence of 3 genetic group. Simi-

lar result was obtained by Evanno test performed on
STRUCTURE analysis which produced a major peak

at k = 3 (Figure.3). Both these analyses revealed that
Medicago polymorpha populations show genetic strati-
fication.

STRUCTURE plot based on k = 3, revealed genet-
ic difference of populations 11 and 12 (differently
colored), as well as 13 and 14 (Figure.4). But it showed
genetic affinity between populations 1-10 and 15 (simi-
larly colored). The mean Nm = 0.654 was obtained for
all IRAP loci, which indicates low amount of gene flow
among the populations and supports genetic strati-
fication as indicated by K-Means and STRUCTURE
analyses. Population assignment test also agreed with
Nm result and could not identify significant gene
flow among these populations. However, reticulogram
obtained based on the least square method (Figure
not included), revealed some amount of shared alleles
among populations 1 and 5, and between 13 and 6 and
7, also between 8, and 9. This result is in agreement with
grouping we obtained with PCoA plot, as these popula-
tions were placed close to each other. As evidenced by
STRUCTURE plot based on admixture model, these
shared alleles comprise very limited part of the genomes
in these populations and all these results are in agree-
ment in showing high degree of genetic stratification
within Medicago polymorpha populations.

In total 120 IRAP bands (loci) were obtained, out of
which 34 bands were private. Populations 1-7, 8, 14 and
15 contained 1-4 private bands.
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Figure 2. PCoA plot of populations in Medicago polymorpha based on IRAP data.
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Figure 3. Evanno test of Medicago polymorpha populations based
on k = 3 of IRAP data.

DISCUSSION

Population genetics analyses are important in
genetic and breeding studies (Kizzie-Hayford et al 2021;
Wasana et al 2021; Sawadogo et al., 2021; Paul et al 2021;
Mieso & Befa et al 2020). They provide information on
the levels of genetic variation, partitioning of genetic
variability within/between populations, inbreeding
or outcrossing, effective population size and popula-
tion bottleneck (GHOLAMIN and KHAYATNEZHAD,
2020a; 2020b, 2020¢). The advent of molecular markers
has greatly improved population genetic studies. These
markers have been used to identify potentially novel
genotypes among the many Medicago polymorpha acces-
sions. In recent years, molecular marker systems such as
randomly amplified polymorphic DNA (RAPD), ampli-
fied fragment length polymorphism (AFLP), inter sim-
ple sequence repeat (ISSR), simple sequence repeat (SSR)
and inter-retrotransposon amplified polymorphism
(IRAP) have been used to measure genetic variation and
relationships in cultivars and landraces (ren and khay-
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atnezhad 2021; khayatnezhad and Nasehi 2021, i et al.,
2021; jia et al, 2021). Transposable elements, particu-
larly retrotransposons, comprise most of plant genomes.
Their replication generates genomic diversity and makes
them an excellent source of molecular markers (Smykal
et al., 2011). The inter-retrotransposon amplified poly-
morphism (IRAP) method displays insertional polymor-
phisms by amplifying the segments of DNA between
two retrotransposons. It has been used in numerous
studies of genetic diversity (Smykal et al., 2011).

In China a population genetic study of two species,
M. lupulina and M. ruthenica, reported that these types
germplasm were valuable resources for improving med-
icago forage crops (Badri et al., 2011). This information
has different applications, and from pure understand-
ing of biology of the species to conservation of endan-
gered species, choosing of proper parents for hybridiza-
tion and breeding and phylogeography and mechanism
of invasion. In this study, we investigated the genetic
diversity of M. polymorpha populations. The main aim
of our study was to evaluate the genetic diversity of M.
polymorpha genotypes. To reach this objective, and to
be able to detect segregating populations, we used the
available inter-retrotransposon amplified polymorphism
(IRAP) marker. The results of Diwan et al. (2000) study
showed that SSR markers produced by M. truncatula are
valuable genetic markers for the genus Medicago. These
markers will be useful in establishing the genomic rela-
tionships important forage such as alfalfa and other
annual medics. Among the 120 studied lines of M. poly-
morpha, there was no spineless line.

Our studies showed that the average number of 6.7
alleles per locus may be due to the high level of homozy-
gous nature of M. polymorpha. Acording to Flajoulot et
al. (2005) the number of allels per locus ranging were
3_24 in Medicago sativa. In contrast to work by Baquer-
izo et al. (2001) used six simple sequence repeat to ana-
lyse the genetic diversity and relationships between
individuals of Medicago truncatula, showed to be high-
ly diverse with an average of 25 alleles per locus. As a
result, our studies emphasize that genetic variation has

k=3

Gilan Province
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Figure 4. STRUCTURE plot of Medicago polymorpha populations based on k = 3 of IRAP data. (Population numbers are according to Table 1).
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been effective in determining population relationships
and the AMOVA results was level of among populations
diversity (66%) is higher than within populations diver-
sity (34%). The markers used in this study were highly
effective in detecting the level of genetic diversity in the
polymorphic and studied populations. Also the Arda-
bil, Khalkhal-Asalem Road population was high gene
diversity and high polymorphism percentage. Min et al.
(2017) investigated the extensive development of genes
with micro-RNA-based SSR markers in M. trunculata.
The mean value of information content of their polymor-
phisms was 0.71, indicating a high level of information.
In other study the average of polymorphism information
was 78.75% in M. trunculata and a total of 24 alleles were
amplified with an average of 3 alleles per locus (Jafari et
al. 2013). Also in other study reported informations pol-
ymorphism by SSR marckers indicating a high level of
polymorphism (> 70%) for M. trunculata for M. truncu-
lata and other annual medics (Diwan et al. 2000).
Genetic diversity is of fundamental importance to
the survival of a species (sun and khayatnezhad 2021;
tao et al, 2021; wang et al, 2021; xu et al., 2021; yin et
al., 2021; zhang et al, 2021). Degree of genetic variability
within a species is highly correlated with its reproduc-
tive mode, the higher degree of open pollination/cross
breeding generally producing higher levels of genetic
variability. According to Hamrick and Godt (2012) spe-
cies that have selfing or mixed mating systems have
lower levels of genetic variability then predominantly
outcrossed species and 51% of their total genetic diver-
sity is apportioned between populations in comparison
to 10% for outcrossed species. Our study indicated a low
level of heterozygosity (He = 0.01-0.32) in M. polymor-
pha. The substantially higher selfing rate in M. polymor-
pha likely contributed to a lower overall level of esti-
mated heterozygosity. Like this our study a low level of
He reported 0.246 in M. lupulina (Badri et al., 2011). The
our study degree average of selfing rate ( 18.78) levels
outcrossing (-10.78). The mean Nm = 0.654 was obtained
for investigated IRAP loci, which indicates low amount
of gene flow among the populations and supports genet-
ic stratification as indicated by STRUCTURE analyses.
By examining the biological results, it can be observed
that the smaller the genetic distance between popula-
tions, they are more similar to each other, because of the
shape of the seed of the species studied, it is light and
easy to move and propagated by wind and other factors.
This confers diversity, which results in AMOVA analysis
showing that percentages within and among populations
are relative, and since M. polymorpha is a selfing plant
and regeneration occurs within the species population,
which causes. Among-population differentiation in phe-

notypic traits and allelic variation can be the result of
drift, founder effects and local selection.

According to Badri et al. (2016), among the 120
studied lines of M. polymorpha that they studied, envi-
ronmental variance was higher than genetic variance for
most traits and consequently had a relatively low average
of heritability. Also they showed that there was no sig-
nificant association between population differentiation
and geographical distances.

These results are consistent with previous findings
showing an absence of significant correlation between
geographical distance and population differentiation in
annual Medicago species (Badri et al. 2008, 2010; Zheng,
et al., 2021; Zhu et al, 2021) and Brachypodium hybri-
dum Catalan, Joch. Miill., Hasterok & Jenkins (Neji et al.
2014).
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Abstract. The genus Aegilops has an important potential utilization in wheat improve-
ment because of its resistance to different biotic and abiotic stresses and close relation
with the cultivated wheat. Aegilops tauschii grows in Iran, westward to Turkey and
eastward to Afghanistan and China with a distribution center in the south of Cas-
pian Sea. In spite of its very good biochemical characterization, the knowledge about
the DNA variability is very limited and no DNA markers were used to analyses the
genomic variability of the populations, up to date. In the present study, genetic diver-
sity of 117 Aegilops tauschii, individuals nine populations were studied using 10 Start
Codon Targeted (SCoT) markers. High polymorphic bands (96.33%), polymorphic
information content (0.48) and allele number (1.024) showed SCoT as a reliable mark-
er system for genetic analysis in Aegilops tauschii. At the species, the percentage of
polymorphic loci [P] was 66.30%, Nei’s gene diversity [H] was 0.35, Shannon index [I]
was 0.33 and unbiased gene diversity [UHe] was 0.37. Genetic variation within popula-
tions (59%) was higher than among populations (41%) based on analysis of molecu-
lar variance (AMOVA). We used SCoT molecular marker for our genetic investigation
with the following aims: 1— Investigate genetic diversity both among and with date
Aegilops tauschii, 2—Identify genetic groups within these nine populations Aegilops
tauschii, and 3—produce data on the genetic structure of date Aegilops tauschii popu-
lations. The results obtained revealed a high within-population genetic variability.

Keywords: Aegilops tauschii, genetic admixture, gene flow, genetic structure, SCoT.

INTRODUCTION

Genetic variability description specifies differences among individuals
or populations of the same species and serves as a very good tool for plant
breeding and conservation programmes (Karasakal et al, 2020a, 2020b;
Huang et al, 2021; Hou et al, 2021, Guo et al, 2021). Different types of DNA
markers have been applied in evaluation of genetic diversity of different
plants, considering also the effects of the plant growing environment and
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developmental stage (81 et al, 2021; Cheng et al, 2021;
Khayatnezhad and Gholamin, 2020, 2021a, 2021b).

Crop wild relatives (CWRs) are valuable plant
genetic resources (PGR) owing to high affinity to crops,
including crop progenitors, to improve several proper-
ties of crops following the yield improvement or stabil-
ity, pest or disease resistance, etc. They appear as a tan-
gible genetic diversity that has been experimentally used
for several centuries (Maxtend et al. 2015). However, the
development in the biotechnological methodologies also
allowed the transfer of genes from CWR species as the
valuable reservoirs of genetic diversity to improve the
crops (Hajjar and Hodgkin, 2007). Iran is located in
Middle Eastern center of cultivated plants that are con-
sidered in the higher ranks in terms of conservation
priorities for CWRs in the world (Saydi and Mehrabian,
2019). Besides, there are several wild relatives of cere-
als (e.g., Triticum, Hordeum, Aegilops, secale, etc.) (Bor,
1970) that show high potentials to improve the cereals.

There exist 22 Aegilops and five Triticum species
in three ploidy levels consisting of diploid (2n=2x=14),
tetraploid (2n=4x=28), and hexaploid (2n=6x=42) cyto-
types (Van Slageren, 1994). Iran has been known as the
main distribution center of wheat’s ancestors and the
associated compositions of Triticum and Aegilops as the
richest wheat gene pool detected in this region.

Many agronomically valuable characteristics includ-
ing the bread making quality (Orth and Bushuk, 1973),
cold hardiness (Marcussen et al., 2014), and salt tol-
erance (Schachtman et al., 1992) are governed by D
genome. Aegilops tauschii grows in Iran, westward to
Turkey and eastward to Afghanistan and China with a
distribution center in the south of Caspian Sea.

The natural hybridization of tetraploid wheat and
Ae. tauschii about 8,000-10,000 years ago led to the
formation of hexaploid wheat, with Ae. tauschii con-
tributing many genes that extended the climatic adap-
tation and improved the bread making quality (Lagu-
dah et al., 1991). However, much greater genetic diver-
sity is present in this wild donor of D-genome. Aegilops
tauschii harbors considerable genetic diversity for
diseases and abiotic resistance factors relative to the
wheat D-genome. Hammer (1980) classified Ae. tauschii
into two subspecies, A. tauschii subsp. tauschii and
A. tauschii subsp. strangulata (Eig) Tzvel. Four varie-
ties were identified under subsp. tauschii including var.
tauschii, var. meyeri (Griseb.) Tzvel, var. anathera (Eig)
Hammer, and var. paleidenticulata (Gandilyan) Ham-
mer. The typical subspecies tauschii is characterized by
elongated, cylindrical spikelets. The subsp. strangulata
is characterized by more quadrate spikelets with equal
length and width. The intermediate forms have also
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been identified by some scientists (Kim et al., 1992).
The phenotypic classification of the subspecies, espe-
cially the varieties, is challenging. Therefore, the phe-
notypic data often poorly correlate with genetic classi-
fication (Lubbers et al., 1991). The phenotypic divisions
in A. tauschii may not always be distinguishable due
to the hybridization and, as a result, the occurrence of
intermediate forms (Dvorak et al., 1998). Furthermore,
this indicates that the morphological variations of Ae.
tauschii should not always be used to predict the genetic
variability at the molecular level.

The subsp. strangulata grows mainly on the
southeastern shores of the Caspian Sea between Rasht
and Azadshahr, whereas subsp. tauschii is distributed
to the east and west of this area (Aghaei et al., 2008).
The Ae. tauschii populations in the southwest of the
Caspian Sea in Iran (Aghaei et al. 2008) and nearby
mountainous areas in Azerbaijan are believed to be
the D-genome source of T. aestivum. This is because
of the distribution of the waxy bloom alleles in the
populations occurring in the regions (Tsunewaki,
1966). The evaluation of esterase isozymes also pro-
vided the support in the southwest of the Caspian
Sea, Iran as the origin of T. aestivum (Nakai 1979).
In addition to the Ae. tauschii populations found in
the south of Caspian Sea and throughout the Alborz
mountains, some special populations of this species
are also found in Fars, Hormozgan and Kerman prov-
inces in the southern Iran.

In recent years, a novel marker system termed start
codon targeted (SCoT) markers was developed by Col-
lard and Mackill (Collard and Mackill 2009) based on
the short-conserved region flanking the start codon
(ATG) in plant genes. SCoT employs long primers (18-
mers), and can generate polymorphisms that are repro-
ducible. It is considered as a dominant marker system,
requiring no prior sequence information, and the poly-
morphism is correlated to functional genes and their
corresponding traits. Other excellent characteristics
include their simplicity of use, high polymorphism,
the use of universal primers, low cost and gene target-
ed markers. This technique has been successfully used
to assess genetic diversity and structure (Collard and
Mackill 2009; Ma et al, 2021; Peng et al, 2021; Si et al,,
2021; Sun et al., 2021; Miao et al 2018; Zou et al, 2019;
Wang et al 2020; Xiaolong et al, 2021; Hou et al, 2021),
construct DNA fingerprints, identify QTLs, and ana-
lyze differential gene expression and screen stress toler-
ance genes. The present study is the first attempt to use
SCoT markers to assess the level of genetic diversity of
Aegilops tauschii which were collected from the wild
populations. The main objectives of this study were to
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assess the genetic diversity and genetic relationship of
Aegilops tauschii in Iran. These results could benefit
Aegilops tauschii germplasm collection, conservation and
future breeding.

MATERIALS AND METHODS
Plant materials

A total of 117 individuals were sampled represent-
ing nine natural populations of Aegilops tauschii in East
Azerbaijan, Alborz, Mazandaran, Guilan, Golestan, and
Ardabil Provinces of Iran during July-Agust 2018 (Table
1). For morphometric and SCoT analysis we used 117
plant accessions (four to eleven samples from each popu-
lations) belonging to nine different populations with dif-
ferent eco-geographic characteristics were sampled and
stored in -20 till further use. More information about
geographical distribution of accessions are in Table 1.
Different references were used for the correct identifica-
tion of species (Aegilops tauschii).

Environmental variables

In this experiment, the data regarding climate vari-
ables included elevation, and geographic data (latitude
and longitude), and this data was determined at each
site using an electronic GPS. The climate variable data of
mean annual temperature, mean maximum temperature
(°C), mean minimum temperature (°C), annual rain-
fall (mm), number of frost days were downloaded from
http://www.worldclim.org. (Table 1).

DNA extraction and SCoT-PCR amplification

Fresh leaves were used randomly from four to elev-
en plants in each of the studied populations. These were
dried by silica gel powder. CTAB activated charcoal pro-
tocol was used to extract genomic DNA. The quality of
extracted DNA was examined by running on 0.8% aga-
rose gel. A total of 25 SCoT primers developed by Col-
lard and Mackill (2009), 10 primers with clear, enlarged,
and rich polymorphism bands were chosen (Table 2).
PCR reactions were carried in a 25ul volume containing
10 mM Tris-HCI bufter at pH 8; 50 mM KCl; 1.5 mM
MgCl2; 0.2 mM of each dNTP (Bioron, Germany); 0.2
UM of a single primer; 20 ng genomic DNA and 3 U of
Taq DNA polymerase (Bioron, Germany). The thermal
program was carried out with an initial denaturation for
1 min at 94°C, followed by 40 cycles in three segments:
35 s at 95°C, 40s at 47°C and 55s at 72°C. Final exten-
sion was performed at 72°C for 5 min. The amplification
products were observed by running on 1% agarose gel,
followed by the ethidium bromide staining. The frag-
ment size was estimated by using a 100 bp molecular
size ladder (Fermentas, Germany).

Data analyses
Morphological studies

In total 19 morphological (19 quantitative) charac-
ters were studied. Four to twelve samples from each pop-
ulation were randomly studied for morphological analy-
ses (Table 2). Morphological characters were first stand-
ardized (Mean = 0, Variance = 1) and used to establish
Euclidean distance among pairs of taxa (Podani, 2000).
For grouping of the plant specimens, The UPGMA

Table 1. Populations studied, their locality and ecological features of Ae. tauschii in this study.

Mean Mean

No. of ) - Annual

Pop No.  Subspecies Locality collected ~ Ximum unmum rainfall
accessions  LeMperature  temperature (mm)
0 4©)

1 ssp. strangulata Gilan, Lahijan 10 40.12 -18.12 325
2 ssp. strangulata Mazandaran; Chalous 9 35.55 -20.34 378
3 ssp. strangulata Mazandaran, Kandovan 18 41.34 -10.34 377
4 ssp. strangulata Gorgan, Ramian 16 39.14 -17.55 390
5 ssp. strangulata Mazandaran, Behshahr 12 36.88 -11.23 320
6 ssp. tauschii Alborz, Asara 19 32.55 -22.45 334
7 ssp. tauschii Ardabil, Fandoghlou 10 30.44 -18.66 229
8 ssp. tauschii Azarbaijan, Arasbaran, Kolaleh 13 32.88 -11.66 210
9 ssp. tauschii Azarbaijan, Arasbaran, Kaleybar 10 20.44 -25.66 478
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Table 2. Evaluated morphological characters in Ae. tauschii species.

1 Spike length (mm)SL

2 Number of spikelets per spike NSp

3 Spikelet length (mm) SpL

4 Spikelet Width SpW

5 Length of upper glumes LUG

6 Width of upper glumes WUG

7 Length of upper lemas LUL

8 Width of upper lemasWUL

9 Length of lower glumes LLG

10 Width of lower lemas WLG

11 Width of upper lemas WLL

12 Number of Awner spikelets NAP

13 Longest awns of the upper glumes LAUG
14 Shortest awns of the upper glumes SAUG
15 Middel awns of the upper glumes MAUG
16 Awns number on lower glumes ANLG
17 Awns number on second glumes ANSG
18 Awns number on third glumes TNTG
19 Awns number on forth glumes TNTG

(Unweighted paired group using average) and Ward
(Minimum spherical characters) as well as ordination
methods of MDS (Multidimensional scaling) were used
(Podani, 2000). PAST version 2.17 (Hammer et al. 2012)
was used for multivariate statistical analyses of morpho-
logical data.

Molecular analyses

Excel 2013 was used to calculate the total num-
ber of bands (TNB), the number of polymorphic bands
(NPB), and the percentage of polymorphic bands (PPB).
The polymorphism information content (PIC) of SCoT
primers was determined using POWERMARKER v3.25.
Binary characters (presence = 1, absence = 0) were used
to encode SCoT bands and used for further analyses.
Parameter like Nei’s gene diversity (H), Shannon infor-
mation index (I), number of effective alleles, and per-
centage of polymorphism (P% =number of polymorphic
loci/number of total loci) were determined (Freeland et
al. 2011).

Shannon’s index was calculated by the formula: H’ =
-Xpiln pi. Rp is defined per primer as: Rp = ¥ Ib, were
“Ib” is the band informativeness, that takes the values
of 1-(2x [0.5-p]), being “p” the proportion of each geno-
type containing the band. The percentage of polymor-
phic loci, the mean loci by accession and by population,
UHe, H” and PCA were calculated by GenAlEx 6.4 soft-
ware. Nei’s genetic distance among populations was used
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for Neighbor Joining (NJ) clustering and Neighbor-Net
networking (Freeland et al. 2011; Huson & Bryant 2006).
Mantel test checked the correlation between geographi-
cal and genetic distances of the studied populations
(Podani, 2000). These analyses were done by PAST ver.
2.17 (Hammer et al. 2012), DARwin ver. 5 (2012) and
SplitsTree4 V4.13.1 (2013) software.

AMOVA (Analysis of molecular variance) test
(with 1000 permutations) as implemented in GenAlex
6.4 (Peakall & Smouse, 2006), and Nei's Gst analysis as
implemented in GenoDive ver.2 (2013) were used to show
genetic difference of the populations. Moreover, popula-
tions genetic differentiation was studied by G’ST est =
standardized measure of genetic differentiation (Hedrick,
2005), and D_est = Jost measure of differentiation.

To assess the population structure of the Aegilops
tauschii accessions, a heuristic method based on Bayes-
ian clustering algorithms were utilized. The clustering
method based on the Bayesian-model implemented in
the software program STRUCTURE (Falush et al. 2007)
was used on the same data set to better detect popula-
tion substructures. This clustering method is based on
an algorithm that assigns genotypes to homogeneous
groups, given a number of clusters (K) and assuming
Hardy-Weinberg and linkage equilibrium within clus-
ters, the software estimates allele frequencies in each
cluster and population memberships for every individual
(Pritchard et al. 2000). The number of potential subpop-
ulations varied from two to ten, and their contribution
to the genotypes of the accessions was calculated based
on 50,000 iteration burn-ins and 100,000 iteration sam-
pling periods. The most probable number (K) of subpop-
ulations was identified following Evanno et al. (2005). In
K-Means clustering, two summary statistics, pseudo-F,
and Bayesian Information Criterion (BIC), provide the
best fit for k.

Gene flow (Nm) which were calculated using POP-
GENE (version 1.31) program. Gene flow was estimated
indirectly using the formula: Nm = 0.25(1 - FST)/FST. In
order to test for a correlation between pair-wise genet-
ic distances (FST) and geographical distances (in km)
between populations, a Mantel test was performed using
Tools for Population Genetic Analysis (TFPGA; Miller,
1997) (computing 999 permutations). This approach con-
siders equal amount of gene flow among all populations.

RESULTS

SCoT polymorphisms

Twenty-five SCoT primers were tested with four
Aegilops tauschii accessions as DNA templates; all prim-
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Table 3. SCoT primers used for this study and the extent of poly-
morphism.

E?mm:r Primer sequence (5-3) TNB NPB PPB  PIC
SCoT-1 CAACAATGGCTACCACCA 14 13 9574% 0.67
SCoT-3 CAACAATGGCTACCACCG 13 12 92.31% 0.54
SCoT-6 CAACAATGGCTACCACGC 17 17 100.00% 0.47
SCoT-11 AAGCAATGGCTACCACCA 11 9  96.89% 0.43
SCoT-14 ACGACATGGCGACCACGC 13 12 9581% 0.34
SCoT-15 ACGACATGGCGACCGCGA 12 12 100.00% 0.47
SCoT-16 CCATGGCTACCACCGGCC 13 12 9231% 0.34
SCoT-17 CATGGCTACCACCGGCCC 11 11 100.00% 0.57
SCoT-18 ACCATGGCTACCACCGCG 9 9  88.89% 0.33
SCoT-19 GCAACAATGGCTACCACC 17 17 100.00% 0.49
Mean 14 13 96.33% 0.48
Total 139 131

TNP: total number of bands; NPB: number of polymorphic bands;
PPB: percentage of polymorphic bands; PIC: polymorphism infor-
mation content.

ers produced amplification products, and only prim-
ers showing clear and reproducible band patterns were
selected for further analysis. Ten primers were then
chosen for species identification and phylogenetic analy-
sis. As shown in Table 3, all 10 primers used for SCoT
analysis. The gel electrophoresis pattern obtained using
primer SCoT-14 is illustrated in Figure 1. A total of 139
fragments were obtained, and 131 of the fragments were
polymorphic. The number of polymorphic fragments
for each SCoT primer ranged from 9 (SCoT-18, 11) to
17 (SCoT-19,6), with an average of 13. The percentage of
polymorphic fragments was from 88.99% to 100.00%,
with an average of 96.33% polymorphism. Polymor-
phism information content (PIC) values were 0.33 to
0.67, with an average of 0.48. The number of different
alleles was 1.024 at the species (Table 4). These results

L123456789101112131415161718L

Ssp. strangulata

SSp.
tauschii

Figure 1. Electrophoresis gel of studied ecotypes from DNA frag-
ments produced by SCoT-19(Population numbers according to
Table 1).

indicated that a high level of polymorphism could be
detected among Aegilops tauschii accessions using SCoT
markers.

Populations genetic diversity

Genetic diversity parameters determined in nine
geographical populations of Aegilops tauschii are pre-
sented in Table 4. The percentage of polymorphic loci (P)
and Nei’s gene diversity (H) were important parameters
for measuring the level of genetic diversity. In Table 4,
the genetic diversity parameters of the nine populations
are shown. The highest value of percentage polymor-
phism (64.30%) was observed in Gilan, Lahijan (popu-
lation No.1) which shows high value for gene diversity
(0.35) and Shanon’ information index (0.33). Population
Alborz, Asara (No.6) has the lowest value for percentage
of polymorphism (42.15%) and the lowest value for Sha-
non, information index (0.15), and He (0.18).

Population genetic differentiation

AMOVA (PhiPT = 0.789, P = 0.010), revealed signifi-
cant difference among the studied populations (Table 5).
It also revealed that, 59% of total genetic variability was
due to within population diversity and 41% was due to
among population genetic differentiation.

Moreover, pair-wise AMOVA revealed significant
genetic difference almost among all the studied popula-
tions. These results indicate that Aegilops tauschii popu-
lation are genetically differentiated and we can use such
genetic difference in future breeding programs of this
valuable plant species.

Table 4. Genetic diversity parameters in the studied populations Ae.
tauschii (N = number of samples, Na = Number of different alleles,
Ne = number of effective alleles, I= Shannon’s information index,
He = gene diversity, UHe = unbiased gene diversity, P%= percent-
age of polymorphism, populations).

Pop N Na Ne I He UHe %P

Popl 10 0.288 1.024 033 035 037 64.30%
Pop2 9 0.499 1.067 0.18 0271 024 49.26%
Pop3 18 0.261 1.024 0.192 026 028 43.15%
Pop4 16 0.555  1.021 029  0.29  0.28 43.53%
Pop5 12 0.431 1.088 0.23 022 029 57.53%
Pop6 19 0.255 1.021 0.15 018  0.12 42.15%
Pop7 10 0.258 1.029 0231 0.28  0.27 45.38%
Pop8 13 0.452  1.089 0.18 029 025 45.05%
Pop9 10 0.333  1.006 031 027 026 43.23%
Mean 0.355  1.024 023 0284 0.252 45.91%
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Table 5. Analysis of molecular variance (AMOVA) of the studied
species.

Source df SS MS  Est. Var. % OPT
Among Pops 22 333.576 30.327 6.082 41% 41%
Within Pops 40 587.767 9.530 5.230 59% ?
Total 62 888.342 11.513  100%

The pairwise comparisons of ‘Nei genetic identity’
among the studied populations Aegilops tauschii (Table
not included) have shown a higher a genetic similarity
(0.91) between populations Mazandaran; Chalous (ssp.
strangulata; pop. No 2) and Mazandaran, Kandovan
(ssp. strangulate; pop. No 3), while the lowest genetic
similarity value (0.733) occurs between Mazandaran,
Kandovan (ssp. strangulate; pop. No.3) and Azarbaijan,
Arasbaran, Kaleybar (ssp. tauschii; pop. No. 9).

Populations genetic affinity

UPGMA dendrogram and Neighbor-Net network
produced similar results therefore only UPGMA den-
drogram is presented and discussed (Figure 2). Two
major clusters were formed in the UPGMA tree (Fig.
2). The first major cluster contained two sub-clusters:
the population of Azarbaijan, Arasbaran, Kolaleh (pop.
No. 8, ssp. tauschii) is distinct and remains separate

ssp. tauschii
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from the other populations with a great distance and
comprises the first sub-cluster. The second sub-cluster
was formed by the other populations from ssp. tauschii,
which showed close genetic affinity. The second major
cluster contained only ssp. strangulate, which separated
from the other studied populations and joined the others
with a great distance. These results show that the plant
specimens of each studied subspecies were not grouped
together, indicating that the subspecies are delimited
based on the SCoT molecular markers. Therefore, this
result confirms our morphology results. The Nm analy-
sis by Popgene software also produced mean Nm= 0.734,
which is considered a very low value of gene flow among
the studied species. Mantel test after 5000 permutations
produced significant correlation between genetic dis-
tance and geographical distance in these populations (r
= 0.348, P = 0.001). Therefore, the populations that are
geographically more distant have less amount of gene
flow, and we have isolation by distance (IBD) in Aegilops
tauschii. This result was similar to the result of the
STRUCTURE analysis at K = 2.

The principal coordinate analysis (PCoA) (Figure 3)
for 9 populations of Aegilops tauschii revealed that the
populations 1 -5 (ssp. strangulate), as well as populations
6 -9 (ssp. tauschii) are separated from the other popula-
tions and also show closer genetic affinity. The results of
PCoA were the same from the other cluster analyses as
shown above.

ssp. strangulata
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Figure 2. UPGMA tree of populations in Ae. tauschii based on SCoT

molecular markers, (Population numbers are according to Table 1).
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Figure 3. PCoA plot of populations in Ae. tauschii based on SCoT molecular markers, (Population numbers are according to Table 1).

Populations genetic structure

The number of genetic groups was determined by
two methods of 1—K-Means clustering which is based on
the maximum likelihood approach, and 2—Evanno test
which is based on STRUCTURE analysis and is a Bayes-
ian approach based method. K-Means clustering, based
on pseudo-F and BIC (Bayesian Information Criterion)
recognized 2 and 4 genetic groups, respectively. This is
in agreement with AMOVA result, showing significant
genetic difference among date populations of Ae. tauschii.

Evan test based on delta k (Figure 4) identified the
optimum number of genetic groups 2. We performed
STRUCTURE analysis based on k = 2, to identify the
genetic groups (Figure 5). In the plot of k = 2, the popu-
lations Mazandaran, Kandovan; Gorgan, Ramian and
Azarbaijan, Arasbaran, Kolaleh (pop. No 3,4,8) (red
colored) are placed in the first genetic group, while the
other populations of Ae. tauschii formed the second
genetic group. These different genetic groups may be
used in future breeding and hybridization programs of
Iranian date Ae. tauschii.

The mean Nm = 0.734 was obtained for all SCOT
loci, which indicates high amount of gene flow among

Deltak = mean(|L"(K)|) / sd(L(K))

141

12f

Delta K

5 10
K

Figure 4. Delta k plot of Evanno’s test based on STRUCTURE anal-
ysis.
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pop3

Figure 5. STRUCTURE plot of Ae. tauschii populations based on k = 2, Numbers are according to Table 1.

popl pop2

the populations and supports genetic stratification as
indicated by K-Means and STRUCTURE analyses. This
result is in agree with grouping we obtained with PCoA
plot, as these populations were placed close to each other.
As evidenced by STRUCTURE plot based on admixture
model, these shared alleles comprise very limited part of
the genomes in these populations and all these results are
in agreement in showing high degree of genetic stratifica-
tion within Aegilops tauschii populations.

Morphometric analyses

In present study we used 117 plant accessions (four
to eleven samples from each populations) belonging to
nine different populations. In order to determine the
most variable characters among the taxa studied, PCA
analysis has been performed. It revealed that the first
three factors comprised over 63% of the total variation.
In the first PCA axis with 40% of total variation, such
characters as spikelet length (mm) SpL, middel awns of
the upper glumes and awns number on forth glumes
have shown the highest correlation (> 0.7), number of
awner spikelets NAP; shortest awns of the upper glumes;

. ssp. strangulata
“ .“: : s
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o
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Figure 6. PCA plot of Ae. tauschii populations based on morpho-
logical characters. Numbers are according to Table 1.
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Ist internode length (cm) ILland 2nd internode length
(cm)IL2 were characters influencing PCA axis 2 and 3,
respectively.

Different clustering and ordination methods pro-
duced similar results therefore, PCA plot of morphologi-
cal characters are presented here (Figure 6). The result
showed morphological difference/ divergence among
most of the studied populations. This morphological
difference was due to quantitative characters only. For
example, character (Length of upper glumes LUG), sep-
arated population No. 1-4, character (Width of upper
lemasWUL) separated population No. 6-9.

A consensus tree was obtained for both SCOT and
morphological trees (no shown), to reveal the popula-
tions that are diverged based on both morphological and
molecular features. Interesting enough, it showed diver-
gence of almost all populations at molecular level as well
as morphological characteristics.

DISCUSSION

The existing genetic variability of the individual spe-
cies within and among the populations is connected to
this species ability to mirror the short- and long-term
specific regimes of their living habitats (Ren and Khay-
atnezhad 2021; Khayatnezhad and Nasehi 2021; I et al.,
2021; Jia et al, 2021). The analysis of the distribution of
the genetic variability patterns specific for landscape and
ecological parameters is valuable for identification of
the taxa most vulnerable to the anthropogenic impacts
(Amedi et al 2020; Das et al 2021; Gutierrez-Pacheco
et al 2021). The coupling of ecological and genetic data
will provide the most suitable background for preserv-
ing the ability of the biota to respond the rapid environ-
mental changes (Sun and Khayatnezhad 2021; Tao et al,
2021; Wang et al, 2021; Xu et al., 2021; Yin et al., 2021;
Zhang et al, 2021). The literature reports the following
basic factors influencing the distribution of genetic vari-
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ation: habitat specify, plant-insect interactions, connec-
tivity and disturbance, dispersal ability, species lifespan,
reproductive rates and existing genetic diversity (Ghola-
min and Khayatnezhad, 2020a; 2020b, 2020c). Genetic
diversity when analysed by neutral markers does not
correspond to the adaptive ability of plant populations,
but these types of markers are very useful for the inter-
pretation of the past landscapes, refugia and gene flow
(Brandvain et al.,, 2014). That is, why the selected genes
or markers of active parts of plant genomes are used
to interprete the plant genome response to the chang-
es to the local climate and environment (Hoffman &
Willi 2008; Hindersah et al 2021; Jordaan & Rooyen et
al. 2021; Lucena et al. 2021; Mieso & Befa et al. 2020).
Molecular-based population genetic data are very useful
for determining the ecological and habitat events in the
past and for detection of patterns of the recent genetic
divergence. This can be achieved using different types
DNA markers (Davey and Blaxter, 2010). SCoT markers
are novel molecular markers that target the translation
initiation site and preferentially bind to genes that are
actively transcribed. These primers have been shown to
exhibit relatively high levels of polymorphism [Collard
and Mackill 2009]. It was more informative than IRAP
and ISSR for the assessment of diversity of plants [Col-
lard and Mackill 2009].

All of 10 primer pairs from D-genome of com-
mon wheat provided the amplification and showed a
good polymorphism in Ae. tauschii. Totally, 150 alleles
were recognized. The total number of bands per primer
ranged from 9 to 20 polymorphic bands and the mean
number of alleles in loci was 13.37, which did not con-
form to the results of Saeidi et al. (2006) who obtained
these results: 7.3 mean and 4-12 range, and also accord-
ing to Pestsova et al. (2000) who obtained these results:
18.8 mean and 11-25 range, which were achieved by SSR
marker.

According to Nouri, et al (2021) compared the effi-
ciency of inter-simple sequence repeat (ISSR) (as an arbi-
trary technique) and start codon targeted (SCoT) (as a
gene-targeting technique) markers in determining the
genetic diversity and population structure of 90 acces-
sions of Ae. tauschii. SCoT markers indicated the highest
values for polymorphism information content, marker
index and effective multiplex ratio compared to ISSR
markers. Their results of the analysis of molecular vari-
ance showed that the genetic variation within popula-
tions was significantly higher than among them (ISSR:
92 versus 8%; SCoT: 88 versus 12%). Furthermore, SCoT
markers discovered a high level of genetic differentiation
among populations than ISSRs (0.19 versus 0.05), while
the amount of gene flow detected by ISSR was higher

than SCoT' (2.13 versus 8.62). Cluster analysis and pop-
ulation structure of SCoT and ISSR data divided all
investigated accessions into two and four main clusters,
respectively. their results revealed that SCoT and ISSR
fingerprinting could be used to further molecular analy-
sis in Ae. tauschii and other wild species.

In our study, genetic diversity of 117 Aegilops
tauschii, individuals nine populations were studied using
10 Start Codon Targeted (SCoT) markers. High poly-
morphic bands (96.33%), polymorphic information con-
tent (0.48) and allele number (1.024) showed SCoT as a
reliable marker system for genetic analysis in Aegilops
tauschii. At the species, the percentage of polymorphic
loci [P] was 66.30%, Nei’s gene diversity [H] was 0.35,
Shannon index [I] was 0.33 and unbiased gene diversi-
ty [UHe] was 0.37. Genetic variation within populations
(59%) was higher than among populations (41%) based
on analysis of molecular variance (AMOVA).

Jaaska (1981) stated that subsp. tauschii has a higher
level of genetic variability than subsp. strangulata. Accord-
ing to Tahernezhad et al. (2009), the cluster analysis based
on UPGMA algorithm was calculated for the genotypes.
In this group, durum wheat was in a separate class , but
subsp. strangulata and subsp. tauschii did not separate
from each other. This classification did not conform to
the morphological studies and geographical sites of the
Ae. tauschii accessions. In fact, there was no classification
based on subspecies or geographical regions. There was no
significant grouping based on the geography of the acces-
sions or subspecies, which conforms to our results.

In Saeidi et al’s (2006) SSR marker study, there was
also no significant grouping according to the geographi-
cal sites or subspecies. The high level of genetic diver-
sity in Iran was reported by Lubbers et al. (1991), Pest-
sova et al. (2000), and Saeidi et al. (2006). The highest
level of diversity in Ae. tauschii is seen in the North of
Iran (South of Caspian Sea). Also, based on the mor-
phological traits, there were many genetic diversities in
Ae. tauschii, which can show the high potential of Iran
genepool for this species. The ISSR data could not sepa-
rate the accessions of tauschii and strangulata subspe-
cies. This may be due to the classification of tauschii and
strangulate subspecies. In fact, the gene flow occurred
between the two subspecies in Iran can lead to a
decrease of the genetic differentiation between them.

Also, Kihara et al. (1965) found intermediate and
hybrid forms between subspecies. Kim et al. (1992) did
not distinguish ssp. strangulata genotype from ssp.
tauschii genotype by studying a highly conserved region
of ribosomal DNA in Ae. tauschii subspecies. The clas-
sification based on the morphological traits did not con-
form to the classification according to SSR markers and
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geographical regions.

Many studies showed that the division based
on the morphological diversity does not conform to
genetic division. Therefore, tauschii genepool exists
around the strangulata genepool and the classifica-
tion based on genetical information does not conform
to the classification based on the morphological traits.
Gene flow inversely correlates with the gene differen-
tiation, but it is very important for the population evo-
lution and takes place by pollen and seeds among the
populations (Song et al., 2010). In the present study,
the detected gene flow (Nm) among Ae. tauschii sub-
species was 0.11, showing low genetic differentiation
among Ae. tauschii subspecies. According to Lubbers et
al. (1991) and Pestsova et al. (2000) studies, one of the
important origin sites for Ae. tauschii is the southwest
of Caspian Sea. Therefore, the study about Iranian Ae.
tauschii, especially in the south of the Caspian Sea, and
the detection of their genetic diversity are very helpful
in the breeding programs. This is because the south of
the Caspian Sea is the main origin site of Ae. tauschii
where bread wheat has evolved (Lubbers et al., 1991;
Pestsova et al., 2000). The study of the D-genome diver-
sity in other D-genome containing polyploid species of
the genus Aegilops in Iran may also lead to interesting
results.

Comparison of results of this study with those based
on SSR data (Saeidi et al. 2006) shows that the SSRs are
suitable markers to study the genetic diversity among
closely related populations, but the scot are suitable
marker system to demonstrate the genetic diversity at
species level, indicating the importance of choosing the
suitable marker type for the analysis we need.
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Abstract. To be precise, 29 taxa of Delphinium and 2 species of Aconitum belonging
to Iran have been documented in Flora Iranica. In this research, with regard to both
mentioned genera, a total of 25 species for the chloroplast trnl-f region and 11 species
for the Internal Transcribed Spacer (ITS) were investigated. After genome extraction,
PCR and the sequencing of samples, the sequences were edited, and phylogenetic trees
were prepared using Bayesian methods. The phylogenetic study of this genera led us to
the monophyletic aspect of them despite the segregation of Aconitum and Delphinium
in their related classic taxonomy. It has been observed that there are some complicat-
ed species in the genus Delphinium. The results of molecular analysis confirmed the
separation of Delphinium elbursense, Delphinium speciosum, Delphinium crispulum and
Delphinium dasycarpum (the complicated species of northern and northwestern Iran).
Furthermore, based on the molecular results, it is suggested for D. elbursense var. gym-
nobotrys to have a higher taxonomic level as a distinct species. Meanwhile, Delphinium
tuberosum, Delphinium cyphoplectrum, Delphinium quercetorum, Delphinium pallidiflo-
rum, and Delphinium laxiusculum (western and northwestern species of Iran), which
are regarded as complex species, were placed in a distinct molecular tree. At the end,
Delphinium dolichostachyum was reported as a new record for Iran, and the species has
been compared to the related species Delphinium carduchorum.

Keywords: PCR, Bayesian, monophyletic, ITS, new record.

INTRODUCTION

It has been reported that the family Ranunculaceae contains five sub-
families, 43 genera and 2346 species at the present time (Christenhusz &
Byng, 2016). The tribe Delphinieae (Aconitum L., Delphinium L., Consolida
(DC.) Gray, Aconitella Spach ) comprises 650-700 species, which amounts
to some 25% of all Ranunculaceae (Jabbur & Renner, 2012), and is distrib-
uted in the temperate regions of the northern hemisphere (Tamura 1990;
Stevens 2001). The key feature of this tribe is the nectar placed in inner
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tepal (Jabbour & Renner 2012; Ilarslan et al. 1997;
Espinosa et al. 2017). Based on Flora Iranica (Iran-
shahr 1992), 29 species of Delphinium and 2 species of
Aconitum are reported from Iran. Iranian species of
Delphinium are divided into two subgenera (differenc-
es between subgenera are in the form of seed and veg-
etative period): Olighophyllon Dimitrova and Delphin-
ium, which are perennial and annual species, respec-
tively (Iranshahr 1992; Beltran et al., 2021; Cabusora et
al., 2020; Fikirie et al., 2020). Iranian Aconitum species
are also divided into two subgenera, which are Aconi-
tum and Lycoctonum DC. (the difference between sub-
genera is the shape of galea) (Iranshahr 1992). Mobay-
en (1985) reported for the flora of Iran; D. dasycarpum
Stev. ex DC., D. venulosum Boiss. and D. micranthum
Boiss. & Hohen. Sharifnia et al. (2013) recorded D.
kurdicum Boiss. & Hohen. for the first time for the
flora of Iran. Recently, D. khorasanicum Sharifnia &
Hasanbarani was reported as a new species from Kho-
rasan province (Hasanbarani et al. 2017). In general,
several studies have been carried out on the Delphin-
ieae in the world; for instance, Seed morphology of 28
Delphinium L. species has been studied (Ilarslan et al.
1997; Mieso & Befa 2020; Mustafa 2020; Varamesh et
al., 2014; Rajaei et al., 2020; Fataei et al., 2013). Ozpelic
& Uztiirk (2000) worked on the morphology and ecol-
ogy of 12 populations of D. cyphoplectrum Boiss. in
Turkey. Palynology study of 21 taxa from Delphinium
has also been performed (Bursali & Dogan 2005). The
molecular analysis of nuclear and chloroplast sequenc-
es of Delphinieae were studied in the geographical
range of Asia, the Mediteraneaen, North America and
the mountains of east Africa; the monophyly of the
genus Consolida DC, Aconitum L. and Delphinium L.
was proved (Jabbour & Renner 2011, 2012). Wang et
al. (2013) reported that based on molecular markers
Gymmnoaconitum (Stapf) Wei Wang & Z.D Chen differs
from the other species of Aconitum and other genera
of the tribe Delphinieae. Xiang et al. (2017) conducted
a broad phylogenetic analysis within Ranunculaceae
using matk sequence and performed a series of analy-
sis using four molecular markers focused on the tribe.
Micromorphological characters of the genus Delphini-
um L. (sensu lato) seeds and fruits were studied using
microscopic techniques (Hadidchi et al. 2019). In Chi-
na based on observations on living plants in the field,
together with examination of herbarium specimens,
demonstrated that Delphinium iliense (Ranunculace-
ae) is highly variable in the indumentum of pedun-
cles, pedicels, bracteoles, sepals and also in the shape
of bracteoles and their position on pedicels (Li et al.
2019).
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Table 1. Delphinium species in Iran (following taxonomic studies of
this genus in 2013-2017, endemic species are bold).

Species root form

D. aquilegifolium (Boiss.) Bornm. tuberiformis

D. biternatum Huth. tuberiformis

D. carduchorum Chowdhuri & Davis tuberiformis

D. cyphoplectrum Boiss. tuberiformis

D. crispulum Rupr. non-tuberiformis
D. dasycarpum Stev. ex DC. non-tuberiformis
D. dasystachyum Boiss. & Bal. tuberiformis

D. dolichostachyum Chowdhuri & Davis tuberiformis

D. elbursense var. elbursense Rech.f. non-tuberiformis
D. elbursense var. gymnobotrys Rech.f non-tuberiformis
D. ilgazense P.H. Davis tuberiformis

D. jacobsii Iranshahr tuberiformis

D. khorasanicum Sharifnia & HasanBarani tuberiformis

D. kurdicum Boiss. & Hohen. tuberiformis
Delphinium lanigerum Boiss. & Hohen tuberiformis

D. laxiusculum (Boiss.) Rouy tuberiformis

D. macropogon Prokhanov tuberiformis

D. micranthum Boiss. & Hohen. tuberiformis
D.ochrolecum Stev. ex DC. tuberiformis

D. pallidiflorum Freyn tuberiformis

D. peregrinum L. tuberiformis

D. quercetorum Boiss. & Hausskn tuberiformis

D. szowitsianum Boiss. tuberiformis

D. speciosum M.B. tuberiformis

D. semibarbatum Bienert ex Boiss. tuberiformis

D. saniculifolium Boiss. tuberiformis

D. schmalhausenii Alboft tuberiformis

D. tuberosum Auch. ex Boiss. tuberiformis

D. turkmenum Lipsky tuberiformis

D. venulosum Boiss. tuberiformis

D. zalil Aitch. & Hemsl. tuberiformis

During a taxonomic study on Delphinium species in
2013-2018 based on herbarium specimens (TARI) and
also taking into account the descriptions and images
of types, 31 species of Delphinium were detected (Table
1); among them, the subgen. Delphinium includes the
annual species: D. venulosum Boiss. and D. peregrinum
L., whereas the subgen. Oligophyllon comprises peren-
nial species, which have either tuberiformis or non-
tuberiformis roots (root form is one of the characters
that is used in flora iranica Delphinium key). D. specio-
sum M.B., D. lanigerum Boiss. & Hohen., D. elbursense
Rech.f,, D. crispulum Rupr. and D. dasycarpum Stev. ex
DC. are characterized by a non-tuberiformis root. These
species have a similar distribution, and they are mor-
phologically very closely related. The other species in the
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genus Delphinium (D. cyphoplectrum Boiss., D. tuberos-
um Auch. ex Boiss, D. laxiusculum (Boiss.) Rouy, D. pal-
lidiflorum Freyn, and D. quercetorum Boiss. & Hausskn)
have a tuberiformis root and non-yellow flower; they
form a complex morphologically related species in this
genus (Iranshahr 1992).

Due to the large number of species distributed
in Iran and the controversies in taxonomical ideas
among researchers, a taxonomic review of these spe-
cies is required. Moreover, we reported in our previous
research that for the biosystematic study of Delphinium
species in IRAN, there is a strict necessity to have the
help of molecular analysis methods to more confidently
classify this genus.

MATERIALS AND METHODS
Plant materials

In this research, in order to conduct molecular
study, the plant materials were taken from Central Her-
barium of Iran (TARI), and the samples were collected
from the field dried on silica gel (this species is avail-
able in TAUNT herbarium). It must also be mentioned
that 25 species for the chloroplast marker (two species of
Aconitum) and 11 species for the ITS marker (one spe-
cies of Aconitum; Aconitum iranshahrii endemic of Iran
and the sequences available in Genbank) were investi-
gated (table 2).

DNA extraction and PCR amplification

Total DNA was extracted using the MBST kit (Shay-
an et al. 2007). The amplification of DNA fragments
was carried out for ITS sequence and trnL-F region. The
entire ribosomal ITS region was amplified using prim-
ers pairs ABI101 (forward, 5 -ACG AAT TCA TGG TCC
GGT GAA GTG TTC G-3) and AB 102 (reverse, 5-TAG
AAT TCC CCG GTT CGC TCG CCG TTA C-3) (Dou-
zery et al. 1999), and the PCR reaction for nuclear mark-
er was executed using a denaturation step of 5 min at
95C followed by 35 cycles of 30 S denaturation at 95C,
30 S of annealing at 56C, and 90 S extension at 72C, fol-
lowed by a final extension step of 7 min at 72C.

The trnL-F region was amplified using primers
C (Forward, 5-TAC GAC GAT CTY TCT AAA CAA
GC-3) and F (reverse, 5- GGA AAG ATT GCT CAA
ATA CCA G-3) (Taberlet & Gielly 1991). The PCR reac-
tion for chloroplast marker was carried out with a dena-
turation step of 5 min at 95C, followed by 35 cycles of
30 S denaturation at 95C, 30 S annealing at 54.4C, and 1
min extension at 72C, followed by a final extension step
of 7 min at 72C. The PCR products were migrated on 1%
agarose gel and were visualized by ethidium bromide.

Sequence alignment and phylogenetic analyses
After sequencing, the sequences were edited using

BioEdit software ver. 7.0.9.0 (Hall 1999) and then were
aligned using the Mesquite software (Maddison & Mad-

Table 2. Delphinium and Aconitum species included in the molecular study (species used in ITS marker are shown with stars).

Species Locality

Aconitum Iranshahrii*
Aconitum nasatum

Delphinium aquilegifolium
(Boiss.) Bornm.

Mazandaran: Polsefid, forest above village Sangdeh, 1500-2500 m, Assadi 73445.

Eeast Azarbaijan: Arasbaran protected area, Doghrun mountain, 2500 m, Assadi & Sardabi 23945.
Mazandaran: Lar valley, 2450-2550m, Wendelbo & Assadi, 13264-TARI.

Tehran: W of Tehran, Suleghun valley, 1500-2000m, Assadi & Mozaffarian 32699-TARL
Tehran:10 Km from Karaj, On Chalus road, 1750m Babakhanlu & Amin 20004-TARI.

Fars: Kazerun, Komaraj,980m, Forughi 7930-TARI.

D. cyphoplectrum Boiss.* Khusestan: 74128-TARL

Khuzestan: 47 Km to Masjedsoleiman from Haftgel, Assadi & Abohamzeh 38933-TARIL.
Ardabil: Ca 9 Km from Khalkhal on the road to Asalem, 2050m, Assadi & Shahsavari 66000-TARI.

D. crispulum Rupr*

West Azerbaijan: Khoy, Hasan Deh- e-Kan, 2500m, Amini, 1716-TARI.
East Azerbaijan: 35 Km. NE of Marand, KiamakiDagh Mt., Assadi & Olfat 68603, TARI.

East Azerbaijan:23 km SE of Jolfa, Near the Geshlagh village, Miaran, Assadi & Shahsavari 65786, TARI.

D. carduchorum Chowdhuri &
Davis

D. dolichostachyum*

D. dasycarpum Stev. ex DC.

D. dasycris= D. dasycarpum x D.
crispulum

West Azerbaijan: Urumieh, Mavana, Kuhe dare rash, 2100-2700m, Mozaffarian 74872-TARI.

Kurdestan: Baneh, 1650m, Maroofi & Fani 6959-TARI.
East Azerbaijan: Sahand Mt., 2200m Assadi & Mozaftarian, 30641- TARI.

East Azerbaijan: 60 km N.E of Maragheh, Chagh-Chagh Pasture, 1850m, Benvan 25028-TARL
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Species Locality

D. elbursense var. elbursense
Rech.”

Mazandaran: Polesefid, forest above village Sangdeh, 1500-2500m, Assadi 73521& 73451-TARI
Golestan: Kurdkuy, 5-10 Km from Radkan to Kurdkuy, 2200m, Mozaffarian 78137-TARI.

Mazandaran: Polesefid, forest above village Sangdeh, 1500-2500m, Assadi 73521-TARL
Mazandaran: Ramsar, S of Javaherdeh, 2600-3200m, Masassumi 56821-TARI.

D. elbursense var. gymnobotrys
Rech.

Mazandaran: Siahbisheh, Chalus Valley, 2120m, Sabeti 2056-TARI.
Mazandaran: Siahbisheh, Chalus Valley, 2100m, Sabeti 1785-TARL

Mazandaran: Siahbisheh.Chalus Valley, 2300m, Sabeti 7964-TARL

D. ilgazense P.H. Davis*

D. khorasanicum Sharifnia &
HasanBarani

Azerbaijan: Tabriz, Ahar road, 22 km to Ahar, 1900-2000m, Mozaffarian & Mohammadi 37587-TARI.

Khorassan: North west of Neyshabur, Bar fall, 2004 M, Sharifnia and HasanBarani 16155 TAUNT.

West Azerbaijan: Gooshchi Pass, 1800m, Siami & Zehzad 7019-TARL

D. laxiusculum (Boiss.) Rouy

Ardabil: 45km from Namin to Germi, 220m, Mozaffarian & Nowrozi 34598-TARI. Ardabil:40 km from
Razi to Germi, 1700m, Mozaffarian & Nowrozi 34762-TARI.

Azerbaijan: Kaleybar to Jananloo, kiaragh, 1200m, Hasanbarani 16785-IAUNT.
Hamedan: Alvand Mt., 2700m, Assadi & Mozaffarian, 2700m 36809-TARI.

D. lanigerum Boiss. & Hohen.

Hamedan: near Ganjnameh, 2100m, Assadi & Mozaffarian 36784-TARL

Tehran: Shemiran, Darband & Passghale, 2000-2500m, Mozaffarian & Jamzad 43742-TARL
Kurdestan: From Baneh to Saghez, Kalawarash, 1900m, Fattahi & Hatami 2539-TARL

D. micranthum Boiss. & Hohen.
85470-TARI.

Kurdestan: Saghez to Baneh, Nacarouz Mt., 2500m, Maroofi & Mohammadi 6590-TARL

Ardabil: 9km from diviation of Kivi to Ardebil road, above Meresht village, 2000m, Mozaffarian &

D. ochrolecum Stev. ex DC. Nowrozi 34391-TARI.

West Azerbaijan: Urumieh, Marmishu vally, 1737m, Mozaffarian 87255-TARI.

D. pallidiflorum Fyen

D. peregrinum L."

Esfahan: Fereydunshahr, near the village Sibak, 2800m, Assadi & Khatamsaz 76521-TARI.

Fars: Nurabad, 22 km from Fahilan to Rashk, 900-1200m, Mozaffarian 45975-TARI.
Fars: 15 to 20 km from Shiraz to Esfahan, 1600-1900m, Assadi & Ranjbar 82991-TARL

East Azerbaijan: Ca. 20Km W of Marand, Mountain above the village Orlan, Mishoudagh, 2000-2500,

D. quercetorum Boiss. &
Hausskn.

Assadi & Shahsavari 65472-TARL
Kurdistan: Marivan, dizil,expose to Iraq frontier, 2350m, Maassumi & Nickchehre, 80189-TARI.

Kurdistan: 34Km from Chenareh to Baneh, 1922m, Assadi 85087-TARI.

D. schmalhausenii Alboft

D. speciosum M. B.*

Kurdistan:Kurdestan, Ca. 17 Km from Baneh to Marivan, 1740m, Mozaffarian 87400-TARI.

Semnan: between Shahrud and Azadshahr, Kuhe abr, 2600m, Assadi & Maassumi 21523-TARI.
Golestan: N Gorgan, Ca 20 Km Charbagh toward Gorgan, 1550m, Assadi

Semnan: Touran protected area. 22 km from Ghazaran to Miandasht, 1240m, Feritagh & Jadidi 28987-

D. turkmenum Lipsky TARL

Khorassan: North west of Neyshabur, Bar fall, 2004 M, Sharifnia and HasanBarani 17003- JAUNT.
West Azerbaijan: Ca. 15 Km to Maku on Road from Marand, 1200-1400m, Assadi & Mozaffarian 30110-

TARI
Hamedan 64503-TARI.
Zanjan 29393-TARI.

D. tuberosum Auch. ex Boiss. *

East Azerbaijan: Kaleybar to Jananloo, kiaragh, 1200m, Hasanbarani 16798-IAUNT.
Gorgan: Tanghegol Forest, 700-1000m, Wendelbo & Forughi 12766-TARL

D. ursinum Rech. Mazandaran: 32592-TARI.

Tehran: Between Ushan & Tehran, 1730m, Assadi & Shahsavari 69764-TARI.

D. venulosum Boiss."

Lorestan: Nowjian, (Between Khoramabad & Keshvar) 1850m, Runemark & Lazari 26112-TARI.

Ilam: 10 km N.W. of Islam Abad, Ilam road, 1550m, Seraj 24666-TARI.

dion 2010). Some sequences were obtained from the
GenBank (Table 3). The basis for the selection of taxon
from the gene bank was the geographical distribution.
Phylogenetic relationships were assessed using Bayes-
ian Inference (BI). The substitution model was obtained
using the program Mrrmodeltest ver. 2.3 (Nylander
2004). GTR + G + I for nuclear DNA and GTR + G for

trnL-F region were identified as the best model for the
dataset. The program Mrbayes version 3.2 (Ronquist
& Huelsenbeck 2003) was used for the Bayesian recon-
struction. After drawing several trees with different
outgroups from Ranunculaceae, the best results were
obtained from these outgroups (Nigella damascena for
ITS marker and Helleborus niger for trnL-F marker).
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Table 3. GenBank accession number taken from NCBI.

Species trnL-F GenBank  ITS GenBank
Delphinium halteratum JE331737 -
Delphinium leroyi JN73564 -
Aconitum baicalense JE331723 -
Aconitum ciliare JE331724 AB004952
Aconitum delphinifollium JF331725 AF258681
Aconitum ferox JE331726 AB004961-2
Aconitum pendulum JE331728 AY150235
Aconitum pentheri JF331729 JF331905-18
Aconitum racemolusom AF258652 AY150233 2
Aconitum septentrionale JE331730 AF216552
Aconitum tanguticum JN573573 AY15023
Consolida ajacis JE331687 JF33188
Consolida axilliflora JF331692 -
Consolida flava JF331695 JF331887
Consolida orientalis JE331707 JE331896
Delphinium pyramidale JN573581 -
Delphinium afgahnicum JN573529 -
Delphinium albocoeruleum JN573530 -
Delphinium bakeri AF258652 AF258697
Delphinium balansae JE331732 -
Delphinium bicolor - AF258711
Delphinium brachycentrum - JN573515
Delphinium cardinale - AF258740
Delphinium crassifolium JN573540 -
Delphinium cuneatum JN573542 -
Delphinium dasycaulon JN573544 -

RESULTS AND DISCUSSION

The Bayesian analysis result for the trnL-F region
with posterior probabilities (PP) is shown as consensus
tree in Fig. 1. The length of the trnL-F sequences includ-
ed in the final matrix ranged from 950 to 1050 base pair.
Helleborus niger is taken as an outgroup. This cladogram
has several groups: species of annual Delphinium (clade
d), perennial Delphinium (clade e), Consolida (clade c)
and Aconitum (clade b). This result is congruent with the
achievement of the study of Jabbour & Renner (2011).
Clade (a) includes the Aconitum, Delphinium and Con-
solida (Delphinieae tribe); Jabbour & Renner (2012) have
revealed the monophyly of Delphinium and Aconitum.
Delphinium species (both annual and perennial species)
make a clade with a pp= 0.63 in which the annual and
perennial species create two distinct groups as subgenus
Delphinium (d) and subgenus Delphiniastrum (e).

The Bayesian analysis result for the ITS region is
shown in Fig. 2. Nigella damascena was considered as
an outgroup. The length of the ITS sequences included

Species trnL-F GenBank  ITS GenBank
Delphinium decorum - AF258744
Delphinium delavayi - AF258705
Delphinium dubium JN573568 -
Delphinium elatum JN573549 -
Delphinium favargeri JE331679 -
Delphinium fissum JN573552 -
Delphinium flexosum JN573553 -
Delphinium gracile JF331736 AF258763
Delphinium gypsophilum - AF258721
Delphinium hesperium - AF258772
Delphinium hirschefeldianum - JF331988-95
Delphinium incisum JN573558 -
Delphinium kohatense JN573561 -
Delphinium maakianum JN573573 -
Delphinium macropetalum - JE331996-2000
Delphinium muscosum JN573572 -
Delphinium oreophilum JN573576 -
Delphinium suave JN573596 -
Delphinium verdunanse JN573596 -
Delphinium virgatum - JE332030-1
Delphinium viscosum JN573597 -
Delphinium wendelboie JN573598 -
Delphinium staphisagria JE332022
Helleborus niger AJ413290 -
Nigella damascene - AY150260

in the final matrix ranged from 600 to 700. There were
several groups in consensus tree, similar to the results of
trnL-F marker: annual Delphinium (clade e), perennial
Delphinium (clade d), Aconitum (clade b), and Consolida
(clade ¢).

By examining the results of chloroplast and nuclear
marker, D. dasycarpum (only in chloroplast tree), D. spe-
ciosum, D. crispulum, D. elbursense var. elbursense and
D. elbursense var. gymnobotrys (only in chloroplast tree)
were close to each other, in spite of the fact that they are
distinct species. In the USSR flora, there are two sub-
genera: Consolida and Eudelphinium,. Eudelphinium
includes 3 sections: Kolobopetala, Elaptosis and Diedro-
petala (Komarov 1970). According to USSR flora, D. spe-
ciosum, D. crispulum and D. dasycarpum belong to the
Elaptosis section similar to our molecular study (chloro-
plast tree) which are all in the same group. These species
have cylindrical root, dark blue flowers, black anther and
lower petals which are black with yellow barbate. Del-
phinium turkmenum, D. laxiusculum, D. quercetorum,
D. schmalhausenii, D. szowitsianum, D. ochrolecum,
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Figure 1. Bayesian tree for chloroplast DNA (trnL-F region). Abbreviations: H. niger= Heleborus niger; A. iran= A. iranshahrii; A. pubi= A.
pubiceps Aconitum pubiceps (Rupr.) Trautv. is a synonym of Aconitum nasutumn Fisch. ex Rchb. ; A. septen= A. septentrionale; A. tangu=
A. tanguaticum; A. race= A. racemolusom; C. orien= C. orientalis; D. cris= D. crispulum; D. dasyc=D. dasycarpum;D. elb var. elb= D. elburs-
ens var. elbursense; D. speci= D. speciosum; D. elb var. gy= D. elbursense var. gymnobotrys; D. lanige= D. lanigerum; D. ilgaz= D. ilgazense;
D. dolico= D. dolichostachyum; D. card= D. carduchorum; D. micran: D. micranthum; D. schmal= D. schmalhausenii; D. bite= D. biternatum;
D. semiba; semibarbatum; D. ochrol= D. ochrolecum; D. szowits= D. szowitsianum; D. turkm= D. turkmenum; D.cypho= D. cyphoplectrum;
D. tuber= D. tuberosum; D. laxiusc=D. laxiusculum; D. pallidi= D. pallidiflorum; D. querc= D. quercetorum; D. aquil= D. aquilegifolium; D.
khora= D. khorasanicum; D.pereg= D. peregrinum; D. venulo= D. venulosum, D. virga= D. virgatum, D. albocoe=D. albocoeruleum; D. viscos=
D. viscosum; D. gris= D. griseum; D. sanicu= D. saniculifolium; D. dasycaul= D. daycaulon; D. macrost= D. macrostachyum; D. kurdi= D.
kurdicum; D. shmal= D. schmalhausenii; D. kohaten= D. kohatense; D. dasycris= D. dasycarpum x D. crispulum.
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Figure 2. Bayesian tree for nuclear DNA (ITS marker). Abbreviations: A. iran= A. iranshahrii; A. septen= A. septentrionale; D. kamao= D.
kamaoense; D. cris= D. crispulum; D. elb= D. elbursene var. elbursense; D. speci= D. speciosum; D. tricho= D. trichoporum; D. ilgaz= D. ilga-

zense; D. cypho= D. cyphoplectrum; D. pallidi= D. pallidiflorum; D. doli

cho= D. dolichostachyum; D. tuber= D. tuberosum; D.pereg= D. per-

egrinum; D. venulo= D. venulosum; D. balcan= D. balcanicum; D. hirschfel= D. hirschfeldianum; D. anthirisi= D. anthriscifolium; D. balan= D.

balansae.

D. biternatum, and D. semibarbatum are placed in the
Diedropetala section (Komarov 1970) and in Fig. 1, and
except for D. schmalhausenii the other species are placed
in one group. Delphinium schmalhausenii is very similar
to D. kurdicum and D. fissum but differs in flower color
(D. shmalhausenii is brown-violet), and there seems to
be a new position for D. schmalhausenii as a variety of
D. Kurdicum instead of a being a species. Also in Die-
dropetala section, D. cyphoplectrum, D. pallidiflorum, D.
laxiusculum, D. quercetorum and D. tuberosum (com-
plex species) are closely related to each other (Iranshahr
1992). In flora of Iraq, D. tuberosum is synonymous with
D. cyphoplectrum, D. quercetorum, D. pallidiflorum and
D. laxiusculum (Townsend & Evan 1974). Based on the
molecular study (trnL-F marker), the separation of these
species is confirmed. D. elbursense is an endemic spe-
cies in Iran and Rechinger has announced two varie-
ties for this species that were distributed in Azerbaijan

and Hyrcanian region (Iranshahr 1992). In our research,
the separation of these two varieties based on Chloro-
plast marker was approved (Fig 1). Based on the molecu-
lar result, it is suggested that the taxonomic level of D.
elbursense var. gymnobotrys be elevated to a higher level.
Moreover, the results of micromorphological tepal epi-
dermal patterns study confirmed that D. elbursense var.
elbursense and D. elbursense var. gymnobotrys are dif-
ferent in the tepal epidermal patterns (Hasanbarani
et al. 2016). Annual taxa in the genus Delphinium are
arranged in Delphinium subgenus and from the mor-
phology point of view they are different from perennial
species (lower petals in this subgenus are without lobe,
whereas they are accompanied by lobe and barbate in
perennial species), and based on ITS and trunL-F trees
they are classified as clade e and clade d, respectively.
Subgenus Delphinium is divided into two section: sect.
Anthriscifolium W.T Wang and sect. Delphinium. The
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geogeraphic distribution of the two sections of subg.
Delphinium is disjunct; Delphinium section is distrib-
uted in the Irano-Turanian region, whereas Anthriscfo-
lium section is distributed in the warm zone of central
and southern China and northern Vietnam (Xiang et al.
2017); the same results are confirmed in Fig. 2. In Iran,
only D. venulosum and D. peregrinum are in the subge-
nus Delphinium and their morphological differences are
in the form of lower petal; their separation is clearly evi-
dent in the molecular tree.

Our other research on Delphinieae tribe has shown
that the genus Delphinium, Aconitum and Consolida are
distinct base on morphological features (Hasanbarani et
al. 2020). Pollen studies in Iranian species of the genus
Delphinium prove that if the two species are morphologi-
cally similar, it does not mean that the two species are
close pollen type (Hasanbarani et al. 2019). For example,
the D. venulosum and D. pregrinum, which form a clade
in molecular studies, differ in shape of the pollen. D.
cyphoplectrum and D. tuberosum which are separate in
molecular studies were also different in pollen studies. In
the study of the flower morphology in Delphinium, annu-
al taxa like morphological studies were placed in sepa-
rate morphological phenogram (Hasanbarani et al. 2018).
Some species that are similar in flower morphology stud-
ies were included in a separate phylogenetic study.

New record for Iran

D. dolichostachyum Chowdhuri & P. H. Davis in
Notes R.B.G. Edinb. 22: 408 (1958). Locality: Iran. Kurd-
istan: Baneh, Kochar cemetery, 1650 m, Maroofi & Fani,
6959 TARI.

D. dolichostachyum was originally described from
Turkey (Davis 1965). This species was collected from
Kurdistan (Baneh) and is morphologically related to D.
carduchorum, but differs from it mainly considering the
following characters: bract length, spur length, flower

Table 4. Morphological characters useful in separating Delphinium
carduchorum and Delphinium dolicostachyum.

Characters D. dolicostachyum D. carduchorum
Plant length 60 cm 100 cm
Bract length 5 mm 40 mm
Bract form linear Trisect
Inflorescence Panicle Raceme
Spur form Cylindrical attenuate
Spur length 9-10mm 15-16mm
Color of sepal pale blue dark blue
Color of petal White Yellow
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Figure 3. Image of D. dolichostachyum (This species is available in
TARI).

color and plant length (Table 4). According to the dis-
tribution area and morphological character, it may seem
that this species is D. carduchorum at first sight. Del-
phinium dolichostachyum image and the type specimen
are presented in Fig. 3 and 4.

CONCLUSION

The present molecular data provide strong support
for the monophyly of Delphinium, Aconitum and Consol-
ida, and therefore D. elbursense var. gymnobotrys could
be at high taxonomic level as distinct species. D. doli-
chostachyum is newly recorded for the flora of Iran. The
separation of D. tuberosum and D. cyphoplectrum (con-
troversial species) is confirmed by molecular results.
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Figure 4. Type specimens of D. dolichostachyum (Image taken from
Kew) https://www.gbif.org/occurrence/912539463.
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Abstract. In metaphase I, autosomal bivalents align on the metaphase plate, while nat-
urally-occurring univalent sex chromosomes can display a number of different behav-
iours depending on cellular conditions. Here we describe the behaviour of the univa-
lent X chromosome in the wide-footed treehopper Enchenopa latipes (Say 1824). We
confirm the chromosome number and sex determination method for this species, and
that males possess a univalent X chromosome. We show that the univalent X chromo-
some forms a bipolar attachment to the spindle in metaphase I, and then segregates
intact toward one spindle pole in late anaphase I (long after autosomes have initiated
poleward movement). Movement of the univalent toward one pole is associated with
loss of microtubule connections toward the opposite spindle pole.

Keywords: chromosomes, bivalent, univalent, X chromosome, meiosis, Auchenor-
rhynca, Enchenopa latipes.

INTRODUCTION

The aim of meiosis is to divide the chromosome number of the cell by
two, creating haploid gametes. Reduction of chromosome number requires
the formation of bivalents. To form a bivalent, the DNA in each chromo-
some is replicated. The replicated chromosomes pair, and are held together
through sister-chromatid cohesion. After DNA replication, the homologues
or partner sex chromosomes connect and undergo recombination, complet-
ing construction of the bivalent (Moore and Orr-Weaver 1998). Sister kine-
tochores are fused together in meiosis I and act as a single attachment site,
allowing one half-bivalent to attach to microtubules coming from one spin-
dle pole (a syntelic attachment), while the homologous half-bivalent associ-
ates with the opposite pole (Moore and Orr-Weaver 1998). Fusion of sister
kinetochores ensures that sister chromatids will not separate prematurely
in anaphase I. In “typical” meiosis I, homologues are guaranteed to sepa-
rate from one another because they are initially connected, and because sis-
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ter kinetochores are fused together. Cells then undergo
a second meiotic division, with the sister kinetochores
now facing in opposite directions and associating with
opposite spindle poles (an amphitelic attachment) in
metaphase II, and separating sister chromatids in ana-
phase IT (Moore and Orr-Weaver 1998). Initial formation
of a bivalent is, in general, required for successful crea-
tion of four gametes, each with half of the chromosomes
of the original parent.

Correct chromosome distribution depends on hom-
ologues linking with one another, but what if homo-
logues fail to link? Or, what if there is no partner at all?
A number of organisms have sex chromosomes that do
not have a pairing partner for meiosis I, and thus remain
univalent in the first meiotic division. While errors that
create univalent autosomes lead to erratic chromosome
behaviours for the univalent, such as frequent and rapid
oscillations between spindle poles and a failure to align
at the metaphase plate, naturally-occurring univalent
sex chromosomes appear to have a set of characteristic,
stable behaviours depending upon conditions in the cell
(Fabig, et al. 2016; Rebollo et al. 1998; Nokkala 1986;
Bressa et al. 2001; Rebollo and Arana 1995; Rebollo and
Arana 1997; Ault 1984; Bauer et al. 1961; Dietz 1954;
Dietz 1969; John 1990). In some cases, the univalent’s
sister kinetochores are fused together in meiosis I just
like those of the autosomal bivalents nearby (Fabig et
al. 2016; Ault 1984). In such systems, the univalent can
form an attachment to a single spindle pole early in mei-
osis I and remain adjacent to that spindle pole through
telophase I (Fabig et al. 2016). In other cases, the univa-
lent has sister kinetochores facing in opposite directions.
It aligns on the metaphase plate with the bivalents. In
anaphase I, when the autosomal half bivalents separate
from one another, the univalent remains at the center of
the spindle, and following separation of the autosomes,
the univalent moves intact to one spindle pole (Fabig
et al. 2016). Still other behaviors have been observed in
univalentsand are well described in Fabig et al. (2016).

Univalent X chromosomes are frequently seen in
insects of the order Hemiptera, suborder Auchenorrhyn-
cha. In fact, these insects are some of the first species
in which an X chromosome was observed and realized
to exhibit different behaviours than the other chromo-
somes in the cell. Very early work on one species in the
suborder Auchenorrhyncha, the spittle bug Philaenus
spumarius, described the X chromosome to be an “odd”
chromosome that “lags behind the others but goes undi-
vided to one pole” (Boring 1913).

Here we report on our study of the behaviour of
the univalent X chromosome in another member of the
suborder Auchenorrhyncha, the treehopper, Enchenopa

Kristen D. Felt et al.

latipes (Say 1824). Halkka and Heinonen (1964) previ-
ously reported the karyotype and sex determination
mechanism for the species to be 2N=19 in males with X0
(male)-XX (female) sex determination, but did not make
any statement on the behaviour of the univalent X chro-
mosome during meiosis. We confirm the previously-pub-
lished report on chromosome number and sex determi-
nation mechanism, and use live-cell imaging and immu-
nofluorescence staining to reveal that the X chromosome
of E. latipes aligns with the autosomes in metaphase,
forming an amphitelic attachment to the spindle. We also
show that the X chromosome of E. latipes moves intact
to one spindle pole after the autosomes have segregated,
losing its connection to one spindle pole while retaining
microtubule connections to the pole toward which it is
moving. We also make conclusions about the conditions
that lead to these characteristic behaviours.

MATERIALS AND METHODS
Collection and Identification

Adult Enchenopa latipes males were collected from
a field site at the Bucknell University Farm (Lewisburg,
PA). Treehoppers were identified and sexed according to
Dietrich et al. (2001) and Kopp and Yonke (1973).

DNA Barcoding

DNA barcoding was done as described in the Caro-
lina Biological Supply Company Using DNA Barcodes
to Identify and Classify Living Things kit (Carolina
211385). Cytochrome c oxidase subunit 1 was ampli-
fied using the primers and PCR beads supplied by
Carolina Biological Supply Company and sequenced at
Genewiz using the M13forward and M13reverse prim-
ers. Sequence was analyzed using Sequencher v5.4.6 and
trimmed to approximately 640 bp. Alignments were pro-
duced using ClustalOmega (https://www.ebi.ac.uk/Tools/
msa/clustalo/).

Orcein Staining of Spread Chromosomes

Orcein stained chromosome spreads were prepared
as described in Felt et al. (2017).
Living Cell Preparations

Testes were removed from the abdomens of E.
latipes males and transferred to a culture chamber (Lin



Segregation of the univalent X chromosome in the wide-footed treehopper Enchenopa latipes (Say 1824) 167

et al. 2018) under a layer of Kel-F Oil #10 (Ohio Valley
Specialty Company, Marietta, Ohio). Testes contents
were spread thinly on a coverslip under oil, as described
in Lin et al. (2018). Living meiosis I spermatocytes were
imaged using a Zeiss inverted microscope equipped with
a 100X 1.25 NA phase-contrast, oil-immersion objective
and an Infinity 1 camera with Infinity Analyze software
or a Nikon Eclipse TS100 microscope equipped with a
100X, 1.25 NA phase-contrast, oil-immersion objective
and a Spot RT monochrome camera (Diagnostic Instru-
ments Inc.) with Spot Basic 3.5.7 software.

Immunofluorescence
Fixation, immunostaining, and imaging of stained
specimens were carried out as described in Felt et al.
(2017).
RESULTS

DNA Barcoding

To confirm the identification of the insect speci-
mens, we performed DNA barcoding analysis on one

KF919639.1 ATTTTATTTTTGGTATATGATCTGGAATATTAGGGATAATAATAAGAATTATTATTCGAA 60
HM416189.1 ATTTTATTTTTGGTATATGATCTGGAATATTAGGAATAATAATAAGAATTATTATTCGAA 60
MZz723494 ATTTTATTTTTGGTATATGATCTGGAATATTAGGGATAATAATAAGAATTATTATTCGAA 60
Kok kkkkk ok kK kkkkkkkkkkkkkkkkkhkkkk *hkkkhkkhkkhkkkkkkkkkkkkkkk*x
KF919639.1 TTGAACTGAGTCAGCCGGGCCCTTTAATTCARAATGACCAAATCTATAATACTGTAGTGA 120
HM416189.1 TTGAATTAAGTCAGCCGGGTCCTTTTATTCAAAATGACCAAATTTATAATACTGTAGTGA 120
Mz723494 TTGAATTAAGTCAACCGGGTCCTTTTATTCARAATGACCAAATTTATAATACTGTAGTGA 120
Kok kkk Kk Kkkkk Kkkkk Kkkkk KhkkkhkAkhkkhhAhhkkhk KAk kA kk Kk kA kkkkk
KF919639.1 CTTCACATGCATTTATTATAATTTTTTTTATAGTTATACCCATTATAATTGGGGGATTTG 180
HM416189.1 CTTCACATGCATTTATCATAATTTTTTTTATAGTTATACCCATTATAATTGGGGGATTTG 180
MZz723494 CTTCACATGCATTTATCATAATTTTTTTTATAGTTATACCCATTATAATTGGGGGATTTG 180
ook ok ok K kK ok ok Kk k ok ok ok K ok ko ok K ok ok Kk k ok ok K ok kK ok ok kK ok Kk kK kK Kk kK k kR k
KF919639.1 GAAATTGATTAGTACCATTAATAGTTGGAGCACCAGATATAGCTTTTCCTCGTCTTAATA 240
HM416189.1 GAAATTGACTAGTACCATTAATAATTGGAGCCCCAGATATAGCTTTTCCTCGTCTTAATA 240
MZz723494 GAAATTGATTAGTACCATTAATAATTGGAGCCCCAGATATAGCTTTTCCTCGTCTTAATA 240
Kok kkkkkk khkkkkkkhkkkhkkkk hhkkkkkhk hhkkkkkhhkhkkkhkkkhkkkkkkkkkkkk*x
KF919639.1 ATATAAGATTTTGATTATTACCTCCATCAATCTTATTACTTCTATCTAGATCAGTGGTAG 300
HM416189.1 ATATAAGATTTTGATTATTACCTCCATCAATCTTATTACTTTTATCTAGATCAATGGTAG 300
MZz723494 ATATAAGATTTTGATTATTACCTCCATCAATCTTATTACTTTTATCTAGATCAATGGTAG 300
R R e T R Y
KF919639.1 AATCAGGTGCAGGAACTGGATGAACAGTATACCCTCCTCTTTCTAGTAACATTGCTCATT 360
HM416189.1 AATCAGGTGCAGGTACTGGATGGACAGTATACCCCCCTCTTTCTAGTAATATTGCTCATT 360
MZz723494 AATCAGGTGCAGGTACTGGATGGACAGTATACCCCCCTCTTTCTAGTAATATTGCTCATT 360
Kk kkkkkkkkkkk Kkkkkkkk Kkhkkkkkkhkkkk hhkkhkkhkkkhkkkhkk *kkkkkkkkx
KF919639.1 CTGGGGCTAGAGTAGATTTAGCTATTTTTTCTCTGCATTTAGCTGGTATTTCATCAATTT 420
HM416189.1 CTGGGGCTAGAGTAGATTTAGCTATTTTTTCTCTGCATTTAGCTGGTATTTCATCAATTT 420
MZz723494 CTGGGGCTAGAGTAGATTTAGCTATTTTTTCTCTACATTTAGCTGGTATTTCATCAATTT 420
R N e R e Y
KF919639.1 TAGGTGCAATTAATTTTATTACAACTATTATAAATATACGTTGTGATGAATTAAATATAG 480
HM416189.1 TAGGTGCAATTAATTTTATTACAACTATTATAAATATACGTTGTGATGAATTAAATATAG 480
MZ723494 TAGGTGCAATTAATTTTATCACAACTATTATAAATATACGTTGTAATGAATTAAATATAG 480
Kok kkkkkkkkkkkkkkkkk Kk kkhkkkkkhkkkkkkkhhkkkkk Xk kkkkkkkhkkkk*x
KF919639.1 ATCGTCTTCCTTTATTTGTTTGGTCAGTAATAATCACAGCGGTTTTACTTTTATTGTCCC 540
HM416189.1 ATCGTCTTCCTTTATTTGTTTGGTCAGTAATAATCACAGCGGTTTTACTTTTATTATCCC 540
Mz723494 ATCGTCTTCCTTTATTTGTTTGGTCAGTAATAATCACAGCGGTTTTACTTTTATTATCCC 540
Kok kkk ok ok ok k kK k kK kkkkkkkkkk Ak kkkkkkkkkkkkkkkkkkkkkkkkkkkk kkk*
KF919639.1 TTCCCGTTTTAGCTGGTGCTATCACTATATTATTAACCGATCGTAATATAAATACTTCTT 600
HM416189.1 TTCCCGTATTAGCTGGTGCTATTACTATATTATTAACCGATCGTAATATAAATACTTCTT 600
MZ723494 TTCCCGTATTAGCTGGTGCTATTACTATATTATTAACTGATCGTAATATAAATACTTCTT 600
R
KF919639.1 TCTTTGATCCTTCTGGTGGAGGAGATCCTATTTTATACCAACATTTATTC 650
HM416189.1 TCTTTGATCCTTCTGGGGGAGGAGATCCCATTTTATACCAACATTTATTT 650
MZz723494 TCTTTGATCCTTCTGGGGGGGGAGACCCCATTTTATATCAACATTTATTT 650

hkkkkkkkkkhkkhkhk Kk hhkhkk Khk kkkkkkkk Khkkkkkkkkkk

Figure 1. ClustalOmega alignment of cytochrome oxidase 1 gene from Enchenopa latipes specimens. The top two sequences represent speci-
mens with the closest identity to our specimen from two independent barcoding studies of E. latipes based on blastn analysis. Our specimen
MZ723494 is 98.46% identical to sequence HM4161189.1 and 95.84% to sequence KF919639.1.
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Figure 2. Orcein-stained chromosome spread generated from mei-
osis I spermatocyte of E. latipes. The spread shows 9 bivalents. X
chromosome is indicated with arrow. Bar=5um.

individual and submitted the sequence to Genbank. The
sequence has accession number MZ723494. The par-
tial Cox1 gene sequences were analysed using blastn
and identified two sequences, one associated with
KF919639, and a second associated with HM416189. The
full sequence of MZ723494 was used in Clustal Omega
(Madiera et al. 2019) to create the alignment (Figure 1).
The MZ723494 isolate was 95.8% identical to the KF
919639 specimen and 98.5% identical to the HM416189
specimen (Figure 1).

Karyotype Analysis

Chromosome spreads from E. latipes were prepared
and analysed to confirm chromosome number and sex
determination mechanism. Spreads of testes contents
from ten individuals were used to determine the chro-
mosome number. E. latipes has a chromosome number
of 2n=19 in males, with nine bivalents and one univalent
X chromosome (Figure 2).

Sex Determination and Sex Chromosome Behaviour

Chromosome behaviour was observed in living
metaphase I and anaphase I spermatocytes (Figure 3). In
metaphase I, the univalent X chromosome aligned on the
metaphase plate along with all of the autosomal bivalents
(Figure 3; 0 min.). At anaphase I onset, the univalent X

Kristen D. Felt et al.

chromosome remained at the center of the spindle while
the autosomes separated toward the spindle poles (Figure
3; 5, 15, 25 min.). By late anaphase I, the X chromosome
moved to one side of the spindle, approaching the bulk of
autosomal half bivalents (Figure 3; 45, 50 min.).

Immunofluorescence staining revealed microtubules
associated with the X chromosome from both spindle
poles in metaphase I spermatocytes (Figure 4A). Micro-
tubule connections were also observed on both sides of
the univalent X chromosome in early anaphase I (Figure
4B). In late anaphase I spermatocytes, the X chromo-
some had microtubules associated with one side of the
univalent, but the other side had no apparent microtu-
bule connections on the other side (Figure 4C and 4D).
The X chromosome was located near the spindle pole
with the microtubule connection in late anaphase I sper-
matocytes (Figure 4C and 4D), and was positioned on
one side of the cleavage furrow (Figure 4D).

DISCUSSION

Our results confirm the results of Halkka and
Heinonen (1964), with a chromosome number of 2n=19
in males and an XX (female)-X0 (male) sex determina-
tion mechanism. Our work also corroborates previous
studies that reveal chromosome numbers between 2n =
18 and 2n = 22 for other species within the Membraci-
dae family (of which E. latipes is a member), most of
which have X0 (male)/XX (female) sex determination
(Boring 1907; Halkka 1959; Halkka 1962; Tian and Yuan
1997; Bhattacharya and Manna 1973). As was previ-
ously observed, all males in this study have a univalent
X chromosome that does not have a pairing partner in
meiosis L.

The autosomes and the sex chromosomes of E.
latipes all align on the metaphase plate in metaphase
I (Figure 3; 0 min., Figure 4; metaphase). This demon-
strates that the univalent X chromosome has a bipolar
attachment to the spindle (reviewed in Fabig et al. 2016),
that is confirmed through our immunofluorescence
data (Figure 4A, 4B). Our observations of anaphase in
living cells (Figure 3) and in fixed, stained specimens
(Figure 4) revealed that segregation of the univalent X
chromosome is delayed relative to the autosomes, and
that movement of the X chromosome is associated with
loss of microtubule connections to one spindle pole and
retention of connections to the pole toward which the
chromosome moves. Delayed or lagging segregation is
frequently observed in cells that have bipolarly-attached
univalent X chromosomes, including primary sper-
matocytes of other hemipteran insects, and the primary
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Figure 3. Delayed segregation of the intact univalent X chromosome. The X chromosome aligns with the autosomes on the metaphase plate
(0 min) and remains at the centre of the spindle after the autosomal half bivalents have initiated segregation to their associated spindle poles
(5, 15, 25 min). In late anaphase, the X chromosome moves intact toward the upper spindle pole. Bar=5um.

spermatocytes in the male Caenorhabditis elegans (Fabig
et al. 2020; Felt et al. 2017; Fabig et al. 2016; John and
Claridge 1974; Rao 1956; Rebollo et al. 1998; Rebollo and
Arana 1998).

We have confirmed the previously-published chro-
mosome number and sex-determination mechanism of
the treehopper Enchenopa latipes (Halkka and Heinonen
1964). We have also shown that the univalent X chromo-

some aligns at the spindle equator in metaphase I along-
side the bivalent autosomes, and forms a bipolar attach-
ment to the spindle. We finally show that the univalent
X chromosome moves intact to one of the spindle poles
in late anaphase, after all of the autosomes have initi-
ated segregation, by losing microtubule connections to
one spindle pole and retaining connections to the pole
toward which is moving.
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Figure 4. Segregation of the X chromosome in anaphase I E. latipes spermatocytes results from reduction and subsequent loss of micro-
tubule connections on one side of the univalent. Immunofluorescence staining of microtubules (green) and DAPI staining (purple) of E.
latipes spermatocytes in metaphase I (A), early anaphase I (B), and late anaphase/telophase I (C, D). In metaphase I, the X chromosome
aligns on the metaphase plate, with microtubules connecting the univalent to both spindle poles. In early anaphase, the half bivalents move
toward their associated poles while the X univalent remains at the centre of the spindle. It retains microtubule connections to both poles in
early anaphase I (B). In late anaphase/telophase I (C, D), the X univalent only has microtubule connections to the spindle pole to which it is

closest. Bar=5 pm.

Hemipteran insects like E. latipes have holocentric
chromosomes in mitosis (Halkka 1959; Melters et al. 2012;
Kuznetsova and Aguin-Pombo 2015). Hemipterans of
the suborder Auchenorryncha (like E. latipes) appear to
restrict kinetic activity of each bivalent so that bivalents
behave as if they have localized kinetochores (Halkka
1959; Kuznetsova and Aguin-Pombo 2015). This allows
one set of sister chromatids to move to one spindle pole
while the homologous set moves to the opposite spindle
pole in a traditional (non-inverted) meiosis (Melters et
al. 2012). In our previous examination of the behaviour
of univalent X chromosomes, we have found that systems
that have holocentric chromosomes in mitosis, a non-
inverted meiosis, and a univalent X chromosome show
the same pattern of X-chromosome segregation in male
meiosis I as we have observed in E. latipes (Fabig et al.
2016; Felt et al. 2017). This univalent-segregating behav-
iour is observed in different phyla of animals (Fabig et al.
2016; Felt et al. 2017; Fabig et al 2020), suggesting that the
characteristics of the meiotic system, rather than phylog-
eny, dictate univalent behaviour in meiosis. The question
for the future will be to find the mechanistic underpin-
nings for these characteristic chromosome behaviours.
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