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Abstract. Ribosomal DNAs and various banding patterns are landmarks in molecular
cytogenetics providing useful information for karyotyping and addressing individual
chromosomes. Bottle gourd is the only cultivated species of the Lagenaria genus with
high genetic diversity. After CMA,/DAPI fluorochrome banding we investigated the
GC- and AT-rich regions in interphase nuclei of five different local accessions. Fluo-
rescence in situ hybridization (FISH) was conducted to determine the number and
location of 45S and 5S rDNAs in bottle gourd. Our results showed four strong CMA;
regions in interphase and on mitotic metaphase chromosomes. FISH revealed four
strong signals of 45S rDNA at the termini of two metaphase chromosome pairs and
terminal 5S rDNA signals at another pair of chromosomes. The presence of four pos-
itive CMA3 bands colocalizes with four 45S rDNA signals in all bottle gourd acces-
sions. Our results allow distinguishing two out of eleven chromosome pairs of bottle
gourd.

Keywords: bottle gourd, chromomycin A3, fluorescence in situ hybridization, local
accessions, ribosomal DNA, 58S, 45S.

INTRODUCTION

Bottle gourd, Lagenaria siceraria, is a member of the Cucurbitaceae
family, also known as calabash or white-flowered gourd. It is a diploid crop
species with 2n = 2x = 22 chromosomes (Beevy and Kuriachan 1996). The
genome size of this plant is approximately 365 Mbp (Achigan-Dako et al.,
2008). DNA markers revealed that Chinese bottle gourd and Turkish bottle
gourd accessions have a close phylogenetic relationship within other cucurbit
species (Xu et al., 2011; Yildiz et al., 2015). These findings have implications
for the preservation of bottle gourd genetic diversity and advanced marker-
assisted breeding studies (Xu et al., 2011; Yildiz et al., 2015). The Lagenaria
genus consists of six species: L. siceraria (cultivated form), L. sphaerica, L.
rufa, L. breviflora, L. sphaerica, and L. guineensis. All six species are natu-
rally found in Africa, the supposed center of genetic diversity for L. siceraria.
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Bottle gourd is the only cultivated species. In the trop-
ics, it is one of the oldest crops (Erickson et al., 2005).
Bottle gourd is cultivated for food, decoration, medicine,
domestic utensils, musical instruments, containers, and
fishing floats (Morimoto and Mvere, 2004, Xu et al.,
2011). Some bottle gourd varieties are grown for their
seeds which are rich in oil and essential amino acids
(Achigan-Dako et al., 2008). Additionally, bottle gourd
seedlings are used as a rootstock for watermelon against
adverse effects in soil such as low temperature, high pH,
salinity, excessive water as well as soil-borne diseases,
such as Fusarium wilt (Yetisir et al., 2007). For seedless
watermelon production, bottle gourd pollen has recently
been utilized to pollinate watermelons (Sugiyama et al.,
2014). Therefore, bottle gourd is a crop of great economic
interest and a detailed characterization at the chromo-
some and genome level is desirable.

The plant genomes contain a significant amount
of repetitive DNA sequences. Among them, ribosomal
DNAs (rDNAs) encode the RNA components of ribo-
somes. Two structurally distinct gene families of rDNAs
exist in plant genomes, specifically known as 45S and
5S rDNAs. Non-transcribed spacers and tandem repeat
units of the 185-5.85-26S ribosomal genes are present
in the 45S rDNA. The 5S rDNA genes consist of a non-
transcribed spacer and a conserved coding region of 120
bp (Long and Dawid, 1980). 45S and 5S rDNA genes can
be present at one or more positions within a set of chro-
mosomes and be used as chromosomal markers (Long
and Dawid, 1980; Lombello and Pinto-Maglio, 2007;
Han et al., 2008; Heslop-Harrison and Schwarzacher,
2011; Li et al., 2016; Santos-Sanchés et al., 2019). CMA,
(chromomycin A3), a GC-rich specific fluorochrome,
and DAPI (4-6-diamidino-2-phenylindole), an AT-rich
specific fluorochrome, banding techniques can also be
useful to differentiate between chromosomes (Kim et
al. 2002). The bottle gourd and its relatives have small
and morphologically similar chromosomes, and fluo-
rescent chromosome staining techniques such as CMA,
and DAPI might be helpful to distinguish them and
proved to be useful for determining the phylogenetic
relationships among plant species (Schweizer, 1976; Kim
et al. 2002; Yamamoto et al., 2007; Volkov et al., 2017;
Maragheh et al., 2019). Fluorescence in situ hybridiza-
tion (FISH) has been widely used for constructing chro-
mosomal maps, for chromosome identification, for stud-
ying the dynamic organization of chromatin in inter-
phase nuclei as well as for studying chromosome homol-
ogy and karyotype evolution (Lysak et al., 2006; Probst,
2018; Santos et al., 2020).

Previously, rDNA mapping in bottle gourd was
investigated by Waminal and Kim (2012) and Li et al.
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(2016), although definite information is not available
about origin of accessions used for comparison. These
authors found four signals of 45S and two signals of 5S
on metaphase chromosomes. There is no report for the
CMA;/DAPI staining of the metaphase chromosome
of bottle gourd. We hypothesize that a combination
of CMA,/DAPI staining and FISH can be used for the
determination of any possible chromosomal variabil-
ity from different geographical origins. Given the high
genetic diversity of bottle gourds, we tested a set of local
varieties from Turkey for potential variability of rDNAs
loci and differentiation of their metaphase chromosomes
by CMA,/DAPI staining.

MATERIALS AND METHODS

Plant Material

Bottle gourd (Lagenaria siceraria) seeds were
obtained from a local population in Sandikli, Afyon-
karahisar, Turkey and used as a main accession for the
research if not indicated otherwise. Additionally, four
different accessions were used from provinces of Hatay,
Nigde/Merkez, Nigde/Ulukisla, and Nigde/Bor (Turkey).
These accessions with different seed morphology and
high germination rates were chosen to cover different
localities to determine variability. Moistened seeds were
placed on sterile filter paper and germinated in petri
dishes using double distilled water.

Mitotic chromosome preparation

The mitotic chromosome preparation was performed
according to the published protocols (Tek et al. 2011)
with the following modifications. Young root (~1 cm)
tips were cut off with a razor blade, treated with 2 mM
8-hydroxyquinoline at room temperature, and subse-
quently, fixed in 3:1 methanol: glacial acetic acid for 24
h at -20 °C. After fixation, root tips were washed three
times in distilled water and 30 mM potassium chloride,
digested in an enzyme mixture, pH 4.5, containing 4%
cellulase and 2% pectinase at 37 °C for 90 min. Digested
root tips were washed in distilled water. Following a fix-
ation step, slides were prepared by the flame-dry (Tek et
al. 2011). Slides with suitable cells were selected using a
phase-contrast microscope.

Chromomycin A3/DAPI staining

Chromosome staining with CMA; and DAPI was
performed as described (Schweizer 1976). Briefly, slides
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were stained for 20 min with CMA; (0.5 mg/ml) in
Mcllvaine’s buffer (pH = 7.0). Subsequently, slides were
incubated at 37 °C for 2 days with DAPI (0.5 pg/ml)
(Hasterok et al., 2006).

Probe preparation

To determine 45S and 5S rDNA sites, plasmid clones
pTa71, and pTa794 were used, respectively (Gerlach and
Bedbrook, 1979; Gerlach and Dyer 1980). Both rDNAs
were labeled with digoxigenin-11-dUTP using a nick
translation kit (Roche) according to the manufacturer’s
instructions.

Fluorescence in situ hybridization and signal detection

FISH was conducted according to Tek et al., (2011)
with modifications. A hybridization mixture containing
the denatured probe DNA in 50% formamide, 10% dex-
tran sulfate, 2xSSC was applied. The slides with chromo-
somes were denatured in 70% formamide with 2xSSC at
80 °C for 2 min before hybridization at 37 °C overnight.
The rhodamine-conjugated anti-digoxigenin antibody
(Roche) was used to detect both 45S and 5S signals in
independent experiments. Slides were checked using a
fluorescence microscope at 63x magnification (Carl Zeiss
Axio Imager.A2). Photographs were captured with mon-
ochromatic charge-coupled device (CCD) camera (Carl
Zeiss Axiocam 702) operated with multichannel ZEN
Pro Imaging software.

RESULTS AND DISCUSSION

Chromosomes of a local bottle gourd accession were
examined for the presence of GC- and AT-rich hetero-
chromatin regions by CMA;/DAPI and by FISH for dis-
tribution of rDNAs. GC-rich heterochromatin regions,
as displayed by fluorochrome banding, proved to be cor-
related with rDNA genes. In the interphase stage, four
strong positive CMA; bands were observed (Fig. 1la-c).
Four strong positive CMA; bands were also detected on
the metaphase chromosomes (Fig. 1d-f). Among these
positive CMA; bands were clear differences observed on
the size and brightness on the interphase as well as the
mitotic metaphase chromosomes (Fig. 1h, k, n, r). Two of
the bands are small and less bright, while the other two
are large and bright. These observations are consistent
among all five accessions analysed indicating the simi-
larity of the structural CMA; bands. On the metaphase
chromosomes, all four bright and strong CMA; bands

were present in termini regions of two pairs of chromo-
somes. Also FISH with the 45S rDNA probe yielded four
signals. In plants, 455 rDNA loci and CMA; positive
heterochromatic blocks often coincide spatially (Lombel-
lo and Pinto-Maglio, 2007; Maragheh et al., 2019; San-
tos-Sanchés et al., 2019). 5S rDNA sites were not detect-
ed by CMA;/DAPI banding. The same number and posi-
tion of ribosomal gene (455 rDNA) showed that CMA,/
DAPI positive bands may overlap with 45 rDNA sites.
Similarly, our method, first with FISH experiment and
subsequently with CMA;/DAPI banding procedure on
the same interphase nuclei, does allow conclusive evi-
dence of overlap between 45S rDNA signals and CMA;/
DAPI positive bands (Fig. 2a-c, d-f). When we investi-
gate CMA; bands in terms of size and intensity, a pair
of chromosomes have big and another pair of chromo-
somes consistently have small signals in both metaphase
and interphase stages whereas we did not detect clear
differences on 45S rDNA signals using FISH (Fig. 2a-c,
d-f). Nevertheless, these differences are more prominent
as presented in Fig. 1 Lombello and Pinto-Maglio, (2007)
worked on the bitter gourd (Momordica charantia),
which is a member of the same family as bottle gourd.
They found no band on the chromosomes with DAPI
staining. Santos-Sanchés et al., (2019) conducted similar
work on different melon accessions and reported a DAPI
positive band on the metaphase chromosomes. Chromo-
somes stained with CMA; revealed four bands in termi-
nal regions of chromosomes in this species. Our results
of CMA;/DAPI staining are in line with those obtained
by Lombello and Pinto-Maglio, (2007) and Santos-
Sanchés et al., (2019).

To detect the position and number of 45S and 5S
rDNAs, FISH with digoxigenin-labeled probes was
applied. In interphase nuclei, four strong red signals of
45S rDNA were observed (Fig. 2a-c). The size and inten-
sity of all four red signals were similar, which is in con-
trast to our findings from the CMA; bands. Four strong
45S rDNA signals were also detected on the short arm
ends of two mitotic metaphase chromosome pairs (Fig.
2g-1). Two strong signals of 5S rDNA were observed in
interphase nuclei (Fig. 2j-1) as well as on metaphase
chromosomes (Fig. 2m-o). There was no prominent dif-
ference in the size and intensity of 45S and 5S rDNA sig-
nals. The 5S rDNA signals appeared on the short arm of
termini of a metaphase chromosome pair (Fig. 20). The
two rDNA families are usually not positioned on the
same chromosomes, with some exceptions (Waminal
and Kim, 2012; Li et al., 2016). In conclusion, rDNA loci
and CMA; bands in accessions of Lagenaria siceraria, as
in other species provide useful markers to distinguish at
least two chromosome pairs individually. Also, our data



Figure 1. Chromomycin A;/DAPI (CMA,/DAPI) staining in
Lagenaria siceraria nuclei and mitotic chromosomes (2n = 2x = 22)
from five different local accessions. Interphase nuclei (a-c, g-i, j-1,
m-o, p-s), prometaphase chromosomes (d-f), GC-rich loci stained
with CMA; (b, e, h, k, n, r; green signals) and DAPI merge image
(¢, f, i, 1, o, s) are shown on the chromosomes. Images are shown
from the local accessions obtained from provinces of Sandikli (a-f),
Hatay (g-i), Nigde/Ulukisla (j-1), Nigde/Merkez (m-o), Nigde/Bor
(p-s). Scale bar = 5 um.

demonstrate that a relatively low level of intraspecific
chromosomal diversity is present among morphologi-
cally different bottle gourd accessions.

Ahmet L. Tek, Hiimeyra Yildiz, Kamran Khan, Bilge $. Yildirim

Figure 2. Localization of 45S and 5S rDNA in Lagenaria siceraria
nuclei and mitotic chromosomes (2n = 2x = 22). DAPI stained
interphase chromosomes (a-c), metaphase chromosomes (g-i),
45S rDNA loci labeled with digoxigenin (b, h; red signals of rho-
damine), 45S rDNA loci merge image (c, i) is shown on the chro-
mosomes. Interphase nuclei (d-f), GC-rich loci staining with CMA;
(e; green signal). DAPI stained interphase chromosomes (j-1), meta-
phase chromosomes (m-o), 55 rDNA loci labeled with digoxigenin
(k, n; red signals of rhodamine), 55 rDNA loci merge image (1, o) is
shown on the chromosomes. Scale bar = 5 um.
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Abstract. A protocol to produce transgenic shoots of Malus X domestica cv Greens-
leaves was optimized using two gene constructs previously used to create parthe-
nocarpic tomato, Ino-IaaM and DefH9-IaaM. The aim was to obtain sufficient n° of
transgenic shoots for in vitro multiplication, transfer to soil, grafting and testing for
parthenocarpy in the next years. We investigated the effects of two modifications of
a previous published protocol: 1) co-transformation with an Agrobacterium containing
“VIP” genes in the gene construct and 2) two different hormones or hormone combi-
nations. More shoot regeneration was obtained with a combination of three hormones
(BA:NAA:TDZ) during co-cultivation instead of IBA and no co-transformation was
performed using the VIP gene. For the DefH9-IaaM transgene, 21.04% regeneration
was achieved for this treatment instead of 8.95% achieved with “IBA treatment” and
4.42% with the Agrobacterium co-transformation treatment. More shoot regeneration
occurred with the combination of three hormones (BA:NAA:TDZ) instead of with
only IBA and no co-transformation was performed using VIP gene. Experiments using
Ino-TaaM confirmed the results shown for the DefH9-IaaM transgene. The regener-
ated shoots were multiplied in selective media containing kanamycin and roots were
obtained.

Keywords: apple, Greensleaves, genetic transformation, Malus, organogenesis, TDZ.

INTRODUCTION

Traditional genetic improvement in woody fruit species used selection
and breeding, resulting in relatively few genotypes and a restricted germ-
plasm base. This genetic uniformity has increased vulnerability of woody
crops to insect pests and pathogens and caused excessive use of chemicals
(Norelli et al. 1994) Genetic transformation provides an alternate approach
through introduction of genes encoding desirable traits (Jia et al. 2019),
bypassing the long periods required for genetic crosses and selection. Once
a useful transgenic plant is isolated (assuming the transgene expression is
stable), vegetative propagation allows rapid production of the desired trans-
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genic line. Genetic improvement of an elite cultivar can
occur because there is no sexual reproduction. Since
production of most fruit tree species is based on a few
cultivars, the impact of genetically transforming them is
important.The characterization of induced overll metab-
olism changes using omic tools has been previously done
(Tosetti et al. 2010; Rizzini et al. 2010).

The most widely produced commercial transgenic
tree crop is papaya (Carica papaya L.) resistant to PRSV
(Papaya Ringspot Virus), while transgenic apple is not
yet on the market. This is partially due to the absence of
efficient regeneration protocols for important commercial
cultivars of Malus X domestica. Protocols developed for
one cultivar are often not suitable for other cultivars of
the same species. In some cases, genetic transformation
has been obtained only from seedling material (Mante
et al. 1991). The time required for transformation and
evaluation of phenotype is generally much longer for
tree crops (three to 20 years) than for herbaceous spe-
cies. Space requirements can be large and evaluation of
transgenic tree crops, expensive and time-consuming.
However, conventional breeding for new cultivars has the
same requirements. Among molecular genetic approach-
es, genetic transformation is probably the most important
tool to increase the speed of cultivar creation, because it
avoids some disadvantages of conventional breeding, like
loss of desirable characteristic in the offspring. In addi-
tion, the small number of cultivars produced for each
woody species increases the impact of genetic improve-
ment of one of them. For example, over 50% of world and
United States apple production is based on Red Delicious,
Golden Delicious, Granny Smith, Gala and Fuji. An
improvement of one of these cultivars can have a signifi-
cant impact on total production.

Methods for plant transformation fall into three
main groups:1) biological vectors (virus- or Agrobacte-
rium-mediated transformation; 2) direct DNA transfer
(chemical-, electrical- or microlaser-induced permeabil-
ity of protoplasts or cells; and 3) non-biological vector
systems (microprojectiles, microinjection or liposome
tusion). The availability of an efficient protocol for regen-
eration is an important step for recovery of transgenic
plants. There are efficient regeneration systems for many
herbaceous species (tomato, Arabidopsis, tobacco). How-
ever, systems for many woody fruit crops are either not
available or suitable only for juvenile material of zygot-
ic origin, which makes them useless for transforming
elite cultivars. Dandekar (1992) considered two impor-
tant conditions for regenerating transgenic plants:1) the
regenerating cells must be accessible to Agrobacterium
and 2) the regenerated plants must originate from single
cells.
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Direct adventitious regeneration is preferred to
intermediate proliferation of callus because callus can
be a source of somaclonal variation, requiring extensive
field tests to ensure that regenerated plants are true to
type. Also, a pluricellular origin for regenerated plants
can produce chimeric plants with variable expression.
Genetic transformation of single cells or protoplasts can
overcome this situation (Oliveira et al. 1994; Hidaka and
Omura, 1993).

Previous work on genetic transformation of apple
has focused on genes to improve two kinds of traits: 1)
disease resistance against viruses, bacteria, insects and
fungi and 2) modification of agronomic phenotypic fea-
tures, such as columnar growth, rooting ability, freez-
ing tolerance or toxin resistance. Plant resistance to a
pathogen is often caused by a hypersensitive response,
involving elicitor recognition that activates a cascade of
host genes and eventually leads to a generalized response
known as systemic acquired resistance (SAR). Previous
studies attempted to confer disease resistance by intro-
ducing specific resistance genes rather than by activating
plural defence mechanisms (Schuerman and Dandekar,
1993).

Most research has focused on virus-induced disease.
Some used genes encoding viral coat proteins to increase
tolerance to specific viruses such as PRSV (Papaya
Ringspot Virus) in papaya (Fitch et al. 1993) and CTV
(Citrus Tristeza Virus) in Citrus (Ghorbel et al. 2001). In
apricot, the regenerated plants were of zygotic origin and
resistance has not yet be recovered from transformed
commercial cultivars. Resistance to insects, bacteria and
fungi has been developed in Actinidia deliciosa against
Botrytis cinerea (Nakamura et al. 1999) and in wal-
nut against Cydia pomonella (Dandekar et al. 1998). A
Japanese persimmon cultivar was transformed with the
CrylIA (c) from Bacillus thuringiensis and biossays with
two different lepidopteran pests showed significative
resistance to these pathogens. Pear, like apple, is sever-
ally affected by fire blight (Erwinia amylovora) and pear
cultivars with increased resistance were recovered that
expressed D5C1 (Puterka et al. 2002).

The Rol A, B or C genes were used to improve root-
ing in kiwifruit (Rugini et al. 1991) and in apple root-
stocks such as M26 (Welander et al. 1998). In Citrus, the
juvenile phase was shortened and precocious flowering
was promoted using floral genes such as LEAFY (LFY)
and APETALA1 (AP1) from Arabidopsis (Pena et al.
2001). Progeny of the transgenic LFY and API trees had
a generation time of one year from seed to seed, but only
the AP1 trees had fully normal development. In peach,
greater branching and shorter internodes were obtained
using strains of Agrobacterium with a silenced auxin
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synthesis gene and intact ipt gene for cytokinin synthe-
sis (Smigocki and Hammerschlag, 1991).

Among tree fruits, apple is used frequently for
transgenic research because optimized transformation
protocols exist for the elite cultivars Greesleaves (James
et al. 1993) and Delicious (Sriskandarjah et al. 1994).
Recently, transgenic apple trees with reduced scab sus-
ceptibility were obtained by introducing a gene for
puroindoline-b from wheat, effective against new rac-
es of scab that are resistant to the Vf gene (Faize et al.
2004).

Other researchers transformed apple using genes
from the biocontrol fungus Trichoderma atroviride
encoding the antifungal proteins endochitinase or
exochitinase (N-acetyl-beta-D-hexosaminidase) driven
by a modified CaMV35S promoter (Bolar et al. 2001).
Exochitinase was less effective than endochitinase and
the enzymes acted synergistically to reduce disease. The
level of expression of endochitinase correlated negatively
with apple tree growth, while exochitinase had no con-
sistent effect on growth. Transgenic lines, especially one
expressing low levels of endochitinase activity and mod-
erate levels of exochitinase activity, were selected for
high resistance in growth chamber trials and negligible
reduction in vigor (Bolar et al. 2000, 2001).

Other researchers used T4 lysozyme, attacin or
cecropin MB39 genes to enhance resistance of trans-
genic “Royal Gala” apple trees against Erwinia amylo-
vora (Liu et al. 2001). Transgenic trees were evaluated
for fire blight resistance, delayed fruit softening and
scab resistance (Bolar et al. 2000). Apple fruit shelf life
was improved by altering ethylene biosynthesis using
sense or antisense cDNA encoding ACC-synthase and
ACC-oxidase (Dandekar et al. 2004). Ethylene biosyn-
thesis was also down-regulated in Gala apple using a
SAM-k gene encoding a S-adenosylmethionine hydro-
lase (SAMase). Resistance to codling moth was obtained
using a chemical version of the Bacillus thuringiensis
cryAC gene (Dandekar et al. date).

Another important objective of genetic improvement
in apple is regulation of tree growth. Apple growth has
been modified using RolA genes isolated from Agrobac-
terium rhizogenes. Apple rootstock M26 transformed
with RolA had reduced internode length, dry matter and
leaf area. When the scion Gravestein was grafted onto
transformed M26, the scion showed reduced stem and
internode length without altered leaf area and relative
growth rate (Zhu and Welander, 1999). RolB promotes
rooting through increased auxin sensitivity (Delbarre et
al. 1994). This gene has been successfully inserted into
the apple rootstocks M26 (Welander et al. 1998) and
Jork9 (Sedira et al. 2001).
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Self-incompatibilty restricts fertilization and fruit
set in apple and makes pollinator plants necessary for
orchard productivity. Transgenic plants created with
deleted pisitil S-RNase proteins, which are responsible
for self-incompatibility, produced normal fruit and seeds
after selfing (Broothaerts et al. 2004).

This work tested different hormone combinations
and co-cultivation with different Agrobacterium har-
boring VIP genes to improve regeneration of transgenic
apple shoots. We used two plasmid constructs contain-
ing ovule-specific promoters to induce expression of
the TaaM gene, which is involved in auxin biosynthesis.
The resulting trees will be evaluated for the presence of
seeds, since these gene constructs were used successfully
to cause parthenocarpy in tomato cv Micro-Tom.

MATERIALS AND METHODS

Binary vectors, plant materials and treatments - Two
binary vectors were used to transform apple cv Greens-
leaves. The first, pDU04100, contained the TaaM gene
(involved in auxin biosynthesis) in a sense orientation,
under the control of ovule-specific promoter “Ino,” iso-
lated from Arabidopsis ovary integument (Meister et
al. 2004). The second, pDU04160, contained [aaM in
a sense orientation under the control of another ovule-
specific promoter, DefH9, isolated from Anthirrium
majus ovary (Martinelli et al. 2019).

Apple cv Greensleaves was cultured in vitro in shoot
multiplication medium (A17) under controlled tempera-
ture (18 to 25°C) and 16-hour photoperiod (fluorescent
light) with no bacterial or fungi contamination. The
plants were subcultured and separated every ? months.

The effects of several treatments on transformation
efficiency were studied:

- BAINAA:.TDZ (5:1:1, (mg/L))

- IBA (3 mg/L)

- cotransformation with Agrobacterium containing
the VIP1 gene construct as described (Escobar and Dan-
dekar 2003, Raman et al. 2019).

The A17 shoot multiplication medium consisted of
30 g/L sorbitol, 431 g/L MS salts (macro- and micronu-
trients), 100 mg/L myo-inositol, 1 mL/L 1000x MS vita-
min stock, 1 mL/L of Img/mL IBA, 1 mL/L of 1 mg/mL
BA and 8 g Bactoagar, pH 5.8.

Rooting of shoots
The apple cv Greensleaves shoots used for genetic

transformation were rooted using a two-phase method:
root induction and root emergence. Shoots were trans-
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Figure 1. Objective and scheme of the two ovary-specific gene constructs used for genetic transformation of ‘Micro-Tom’ tomato. Role of
gene IaaM in auxin biosynthesis. Also the mechanism to induce parthenocarpy is described briefly.

ferred from A17 medium to RI medium and placed under
a 16-hour photoperiod for two to five days (fluorescent
light). Next the shoots were transferred to RE medium
without cutting off the base and placed under a 16-hour
photoperiod (fluorescent light) for four to five weeks until
roots emerged and leaves were fully expanded.

Root induction media (RI) was identical to Al7
medium, except the BA was omitted. RE medium omit-
ted both BA and IBA.

Agrobacterium preparation - Agrobacterium from
frozen stock was inoculated into YEP medium contain-
ing 50 mg/mL Rifampicin, 50 mg/mL kanamycin sul-
fate and 20 mg/mL gentamicin sulfate and incubated
overnight at 28°C. The next day, five mL YEP medium
was inoculated with bacteria from the plate and incu-
bated with shaking at room temperature for two to three
hours. Afterward, 10 pL Tetracycline were added to five
mL YEP medium, swirled, combined with agro-YEP sus-
pension and incubated overnight at room temperature
with shaking. The OD at A,,, was determined using 100
uL bacterial suspension from the overnight growth and
900 puL YEP. The bacterial cells were centrifuged at 5000
g for 15 min at room temperature, resuspended in IM
medium to OD,,, = 0.5 and incubated at room tempera-
ture with shaking for five hrs.

Agrobacterium growth medium (YEP) consisted of 5
g/L Bacto yeast extract, 10 g/L

Bacto peptone and 10 g/L NaCl, pH 7.2. Virulence
induction medium (IM) consisted of 431 g/L MS salts, 1
ml/L 1000 x MS vitamins, 2% sucrose, 100 mg/L myo-ino-
sitol, 1 mM proline and 100 uM acetosyringone, pH 5.2.

Genetic transformation protocol
Leaf discs were cut from leaves of shoots grown in

RE media for four to five weeks and placed immediately
in Petri dishes containing co-cultivation medium solu-

tion with no hormone. The leaf discs were incubated
with Agrobacterium suspension for 10 to 20 minutes,
blotted onto sterile Whatman filter paper to remove
excess bacteria, then transferred to co-cultivation medi-
um supplemented with 200 uM acetosyringone and 1
mM proline (24 discs per plate). Plates were incubated in
the dark at 21°C for three days and transferred to regen-
eration medium. Plates were checked weekly for regener-
ants and the explants were transferred to fresh medium
monthly. As soon as they appeared, regenerated shoots
were transferred to A17 medium supplemented with 200
pg/mL cefotaxime and 100 pg/mL kanamycin and incu-
bated under 16 hours photoperiod at room temperature.
The regenerated shoots were divided grown separately
in single tubes (20 mL) in fresh selective A17 until suffi-
cient material was produced for biochemical and molec-
ular analyses. The first co-cultivation medium (CC) was
composed of 30 g/L sorbitol, 431 g/L MS salts (macro-
and micro-elements), 100 mg/L myo-inositol, 1 mL 1000
x MS vitamin, 3 mL/L 1 mg/mL IBA, and 3 g/L Gelrite,
pH 5.8. The second co-cultivation medium (CC) was
the same, except that the hormones were 5 mL/L 1mg/
mL BA, 1 mL/L 1 mg/mL NAA and 1 mg/mL TDZ. In
regeneration medium (RG) the hormone were 5 mL/L 1
mg/mL BA, 1 mL/L 1 mg/mL NAA, 1 mL/L 1 mg/mL
TDZ, 200 pg/ml cefotaxime and 100 pg/mL kanamycin.

Histochemical MUG assay

Fifty to 100 mg tissue was ground in 100 pL extrac-
tion buffer in a microcentrifuge tube using a plastic pel-
let pestle and centrifuged five to 10 min at 14000 rpm
at 4 °C at room temperature. Fifty pL supernatant was
transferred to microcentrifuge tubes containing 450
uL of extraction buffer. Two hundred uL 4 mM MUG
were added, mixed and immediately added to 800 pL
.02 M Na,CO; (Time 0). Time 0 and remaining sam-
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ples were incubated at 37°C for 30 min. Afterward,
200 pL of the remaining supernatant was added to 800
uL .02 M Na,CO; and mixed (Time 30). Samples were
analyzed under ultraviolet light and the fluorescence
of Times 30 and 0 were compared to a control with a
fluorometer. Dilutions were made to read fluorescence
using .02 M Na,CO;. The extraction buffer consist-
ed of 50 mM NaPO,, pH 7; 10 mM EDTA, pH 8; 01%
Triton X-100; .01% sodium luryl sarcosine; 7uL/10 mL
2-B-mercaptoethanol; .02 M Na,CO; and 4 mM MUG
(4-methylumbellifery glucoronide).

Rooting and soil transfer of transgenic shoots

The same procedure described previously to generate
shoots used for genetic transformation was also used to
root transgenic shoots, although RI and RE media were
supplemented with 200 pg/mL cefotaxime and 100 pg/
mL kanamycin. Transgenic shoots produced expanded
roots and were acclimated.

Statistical analysis

For each treatment, 20 petri dishes containing 12
explants were used. Three parameters were calculated
for each petri dish: 1) the percentage of regeneration
(explants forming on at least one shoot/total explants
used), 2) the n° of regenerated shoots/total explants used,
3) the n° of groups of shoots/ total explants used. Means
were calculated for each treatment and SPSS statistical
software was used to analyse the data with ANOVA uni-
variate and Duncan t-test (P=005).

RESULTS

Different hormone combinations were used to
improve the genetic transformation protocol, using two
constructs containing the IaaM gene driven by DefH9
or Ino, two ovule-specific promoters previously used to
transform tomato. Different in vitro plant culture factors
were studied for each construct. Two different hormone
combinations were used during co-cultivation with the
DefH9-IaaM construct. The first was the same combina-
tion of hormones used for regeneration (BA:NAA:TDZ
at 5, 1 and 1 mg/L, respectively). The second was 3 mg/L
IBA to induce callus formation before regeneration.

The effect of co-transformation with two Agrobacte-
rium strains was tested: 1) with a construct containing
a “VIP1” gene, and 2) with Agrobacterium containing
the Ino-IaaM construct. The VIP1 gene increases the
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Table 1. Transformation of “Greensleaves” apple using construct
DefH9-TaaM. The construct, date and number assigned and a
description of the experiments are included. Percentage of regen-
eration and number of single or grouped shoots regenerated were
determined. The letters on the side of the numbers in the same col-
umn indicate significative differences calculated using the Duncan
test (P=005).

Ne of group of

Treatment % regeneration  N° of shoots

shoots
Control 21.04b 1.52b 0.72b
IBA 8.95a 0.78 a 0.04 a
VIP 442 a 0.47 a 0a

number of transformed cells and also their regeneration
capacity. Co-cultivation was also studied in two experi-
ments using the construct Ino-IaaM. For all transfor-
mation experiments, the regeneration percentage and n°
single shoots regenerated were measured to determine
transformation efliciency. The number of shoot groups
were also counted, although it was unclear whether
such groups derived from one or several transformation
events. Generally, each group formed two to six shoots,
of which only one was maintained in culture for confir-
mation of transformation.

IBA in co-cultivation or co-transformation pro-
duced fewer regenerants, a lower percentage of regenera-
tion, and fewer shoots (single or groups) than BA-NAA-
TDZ treatment (Table 1, Figures 2 and 3). Leaf discs
transformed with Ino-laaM showed similar results: more

A) 2%
20
15
10
5
[]
Control BAtreatment  VPireatmant
B) 16
14
12
1
B Number of single shoots/Total explants
08
06 B Number of groups of shoots/Total explants
04
02
o
Control IBA treatmant VIP treatment

Figure 2. A) Genetic transformation of ‘Greensleaves’ apple with the
DefH9-IaaM gene construct. Percentage of regeneration (explants
forming at least one shoot/total explants) for each treatment. B).
Genetic transformation of ‘Greensleaves’ apple with the DefH9-TaaM
gene construct. Number of shoots/total explants and number of
group of shoots/total explants are indicated for each treatment.
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Figure 3. Regeneration of shoots after genetic transformation
of leaf discs. On the right (a) treatment with the combination
BA:NAA:TDZ (5:1:1) during co-cultivation; on the left (b) treat-
ment with Agrobacterium “VIP” in co-transformation.

Table 2. Transformations of “Greensleaves” apple using construct
Ino-TaaM. The construct, date, assigned number and description of
the experiments are indicated. Percentage of regeneration and num-
ber of single or grouped shoots regenerated were measured. The let-
ters on the side of the numbers in the same column for the same
date experiment indicate significative differences calculated using
the Duncan test (P=005).

Experiment % Ne Ne of groups
Treatment .

n. regeneration  of shoots of shoots

1 Control 32.73b 144 b 1.33b

2 VIP 17.67 a 0.84 a 033 a

3 Control 26.13b 0.90 b 0.93b

4 VIP 7.73 a 0.40 a 0.25a

regeneration was obtained when co-transformation was
not used (Figures 3, 4). All shoots transformed with one
of the two ovule-specific constructs were transferred
into a selective propagation medium containing 100
mg/L kanamicin and 200 mg/L cefotaxime to select for
transgenic shoots and avoid “escapes”. Each single shoot
was separated and grown separately, except in groups of
indistinct shoots, where only one was chosen and propa-
gated. The shoots with healthy growth were analyzed
with a MUG assay to confirm the presence of the marker
gene “GUS” in the constructs. Transgenic shoots were
more fluorescent than control shoots (difference between
Time 30 and Time 0; Table 3; Fig. 5).
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A)

B % Regeneration

Control  Control ~ VIP VIP

B) 16

@ Number of single shoots/Total explants

B Number of group of shoots/Total explants

1 2 3 4

Figure 4. Genetic transformation of ‘Greensleaves’ apple leaf discs
using the construct Ino-ITaaM. The explants were cultivated in MS
medium containing the combination BA:NAA:TDZ (ratio 5:1:1)
either during co-cultivation or regeneration.

(b)

Figure 5. A) Transformation of ‘Greensleaves’ apple using a leaf
disc infected by two Agrobacterium strains simultaneously: one con-
taining the construct Ino-IaaM and the second with a “gene VIP”
B) Transformation of ‘Greensleaves’ apple using a leaf disc infected
by two Agrobacterium strains simultaneously: one containing the
construct Ino-IaaM and the second with a “gene VIP”.

DISCUSSION

Transformation of woody fruit species express-
ing marker genes has occurred in apple (James et al.
1993), Citrus (Vardi et al. 1990) and Vitis (Scorza et al.
1995). Perennial transgenic plants that express genes
of agronomic interest have been obtained in Actinidia
(Rugini et al.. 1991) and apple (Norelli et al. 1994). Usu-
ally, Agrobacterium-based methods were used because
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Table 3. Measurements of fluorescence of five single shoots regenerated from each transformation treatment and ten control Greensleaves

cultured in vitro. The construct, treatment, n° assigned to the shoot, presence of fluorescence at UV (“+” means fluorescence, “-’not fluores-
cence) and concentration at the beginning (Time 0) and end of the MUG assay (Time 30) were indicated.

Construct Treatment nepetri (n°plant) UV fluorescence Total . Total .
Concentration concentration

DefH9-TaaM 1 2 (4) + 23700 159000
1 1(3) + 28200 463000
1 6(2) + 31300 260000
1 5(4) + 253000 241000
1 7 (3) + 276000 245000
2 2 (3) + 75500 102000
2 4(10) + 68600 542000
2 5(4) + 27100 451000
2 8(2) + 46700 532000
2 3 (1) + 77600 746000
3 4(8) + 67200 442000
3 3(6) + 67500 578000
3 2(5) + 43500 876000
3 3(5) + 87100 783000
3 8(4) + 85000 903000
Ino-laaM 1 3(5) + 11000 613000
1 2(3) n 41700 403000
1 5(10) + 76500 338000
1 7(3) + 76500 338000
1 13(4) + 13300 141000
2 2(5) + 13300 141000
2 2(7) + 31300 1650000
2 11(5) + 12800 418000
2 2(4) + 58800 157000
2 4(6) + 55300 223000
3 9(4) + 12300 183000
3 11(7) + 82800 197000
3 3(4) + 30300 841000
3 15(6) + 31400 229000
3 2 (3) + 56300 437000
4 7 (11) + 68300 649000
4 12 (2) + 63900 726000
4 13 (4) + 92600 968000
4 4 (5) + 74300 319000
4 15 (3) + 28500 274000

Control 1 - 312 347

2 - 367 386

3 - 396 455

4 - 474 606

5 - 452 537

6 - 573 612

7 - 627 429

8 - 391 621

9 - 482 430

10 - 619 329
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of their greater transformation efficiency and more
stable integration of the transgene into the host plant
genome. Agrobacterium strain LBA4404 has been used
widely and the kanamycin-sensitive strain EHA105 was
used to transform walnut (Mcgranahan et al. 1990) and
apple (Dandekar et al. 2004). The virulence of Agrobac-
terium strains against different crops can vary. Different
alleles of vir G genes can increase virulence (Ghorbel et
al. 2001). The expression of vir genes is also stimulated
by different environmental factors, like pH, tempera-
ture and osmotic conditions. The length of in vitro co-
cultivation of explants with bacteria influences transfor-
mation efficiency, which generally increases with time.
However, co-cultivation of more than three to four days
can make it difficult to control Agrobacterium growth
(Petri et al. 2004). The efficiency of transformation can
be increased if the medium contains phenolic com-
pounds like acetosyringone or osmoprotectants such as
betaine phosphate and proline. These metabolites stimu-
late induction of the virulence genes (James et al. 1993).

Two gene constructs, Ino-IaaM and DefH9-IaaM,
previously used to transform Micro-Tom tomato, were
used to test different hormone combinations to improve
a genetic transformation protocol for ‘Greensleaves’
apple. A secondary objective was to create transgenic
plants that might be tested in the future for partheno-
carpy, since this feature might counter the auto-incom-
patibility of many apple cultivars. In addition, Malus
spp. are sensitive to adverse environmental conditions
for pollination and/or fertilization. A parthenocarpic
apple orchard would have several benefits. No pollina-
tion or fertilization would be needed for fruit set, mak-
ing fruit set resistant to inclement weather, which would
allow consistent production of high-quality fruit.

There are currently transformation protocols for
many apple cultivars, such as Greensleaves (James et
al. 1993), Delicious (Sriskanadarjah et al. 1994), Royal
Gala (Yao et al. 1995) and Marshal McIntosh (Bolar et
al. 1999). However, these protocols would benefit from
more efficient regeneration of transgenic shoots. While
a protocol for transformation of apple cv Greensleaves
has been developed (James et al. 1993), the transforma-
tion rate is only one to three % of the total explants. A
recent and reliable procedure for grape transformation
has been developed using meristematic bulk (MB tis-
sue) made using mechanical and chemical treatments.
MB tissue has a high regenerative competence and can
be transformed efficiently by Agrobacterium (Xie et al..
2016). This protocol should be tried in apple.

Our protocol used mature leaf discs. The develop-
mental stage of the explant is an important factor influ-
encing genetic transformation. Juvenile material regen-
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erated better than old material in Citrus (12 to 80% vs
6%; Cervera et al. 1998). In apple, genetic transformation
rates are < 3% (Dandekar et al. 2004); in pear cultivars,
< 1 to 43% depending on genotype (Zhu and Welander,
2000); while in Prunus, protocols that regenerate trans-
formed buds from 30% of explants were obtained almost
thirty years ago (Mante et al. 1991).

Our protocol tested two hormones, BA (benzyl ade-
nine) and NAA (naphthalene acetic acid) for their abil-
ity to stimulate regeneration of transgenic shoots. Our
work was based on preliminary evidence that ‘Green-
leaves’ leaf explants regenerated three to four times
more shoots per explant with diphenyl urea thidiazu-
ron (TDZ) combined with other medium changes, such
as concentration of silver nitrate. The concentration of
TDZ used is critical because high concentrations may
cause “condensed” axillary shoots that do not elongate
or proliferate in culture. In these experiments, a com-
bination of 1 mg/mL TDZ, 5 mg/mL BA and 1 mg/mL
NAA were used to regenerate transgenic shoots. Co-
transformation with an Agrobacterium strain containing
“VIP” genes did not increased the percentage of trans-
genic shoots regenerated. Using IBA instead of the com-
bination BA:TDZ:NAA during co-cultivation increased
the amount of callus without increasing regeneration of
transgenic shoots.

Other factors that can affect regeneration were
evaluated. These included the biological source of the
explants (leaf age, maturity and position on the stem,
explant orientation) or environmental conditions (nitro-
gen concentration, growth regulators, incubation time
and temperature; Oliveira et al. 1996). Here, we used
mature leaf discs. Young leaves are very useful as an
explant source and morphogenesis occurred mainly at
the cut edges of midribs, or in association with vascu-
lar tissues. Regeneration ability may be affected by stress
induced by genetic transformation itself (Oliveira et al.
1996). A factor that greatly affects the regeneration capa-
bility is the amount, type and timing of the antibiotics
used to kill Agrobacterium (Sain et al. 1994). Together
with the gene of interest, other genes are transferred to
allow selection of transformed cells. Among these, anti-
biotic resistance genes are common, such as the neomy-
cin phosphotransferase gene (nptlI) that confers resist-
ance to aminoglycoside antibiotics (Miki and McHugh,
2004). Carbenicillin and kanamycin are used widely as
selection antibiotics and can yield quite different results
in different species. For example, in Citrus, pear, wal-
nut or olive, 100 mg/L kanamycin is used for selec-
tion, but in Prunus, the concentrations are usually five
to 10 mg/L. In apple, alternate periods of selection and
non-selection, or selection applied only on the regener-
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ated shoots, were used (James et al. 1993). Selection of
transformed shoots is also complicated by the presence
of escapes (non-transformed shoots) due to inactivation
of antibiotics by transformed cells or by the persistance
of Agrobacterium in the explants. Because of public
concern with introducing antibiotic resistance genes
into food, methods have been developed to eliminate
them from the selection process (Zuo et al. 2002). For
instance, a reporter gene such as Gus (B-glucoronidase
gene) can be used to evaluate transformation efficiency
by visual selection. To avoid bacterial contamination,
Gus genes that cannot be spliced out by the host cells
were used. In Prunus, this method is still complicated
by intrinsic GUS-like activity of the plants. The number
of transformants obtained is usually underestimated by
at least 25% when based on the expression of screen-
able marker genes (Oliveira et al. 1996). Kanamycin
resistance is still a common strategy for selecting trans-
genic shoots, but the strong selection required to avoid
escapes or chimeras reduces the number of cells that
both received the DNA and regenerated buds. An inno-
vative approach has improved transformation efficiencies
tenfold over kanamycin selection in recalcitrant species.
This method is based on giving transformants a meta-
bolic advantage, rather than on killing non-transformed
cells (Joersbo, 2001). It is hypothesized that necrosis pro-
duced by antibiotics in non-transformed tissues could
inhibit regeneration from transformed adjacent tissues
(Joersbo, 2001). Using regeneration-promoting genes,
combined with hormone-free regeneration medium,
could also substitute for traditional antibiotic marker
genes. With no growth regulators, only transformed
cells can regenerate, allowing simple screening for puta-
tive transformants without using a marker gene.

Much work is devoted to identifying regenerating-
promoting genes, presumably related to cytokinin syn-
thesis, that enable the embryogenic or organogenic
transition (Zuo et al. 2002). The Ipt gene, from Agrobac-
terium, must be used under the control of a inducible
promoter, because constitutive over-expression of this
gene can cause phenotypic growth disorder (Kunkel et
al. 1999).

CONCLUSIONS

Explants transformed with either Ino-laaM or
DefH9-IaaM transgenes regenerated more shoots on
combination of three hormones (BA:NAA:TDZ) than
on IBA and co-transformation had no effect. In experi-
ments using DefH9-IaaM, the percentage of regenera-
tion for the hormone combination was significatively
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greater than for the other two treatments (21.04% vs
8.95 and 4.42%, respectively). The number of transgenic
shoots was also greater with the hormone combination
(1.52% vs 0.78 and 0.47%, respectively). Experiments
using Ino-TaaM confirmed these results. Co-transfor-
mation with Agrobacterium containing VIP genes was
deleterious to production of regenerants, possibly due to
a lower concentration of Agrobacterium containing the
Ino-IaaM or DefH9-IaaM transgene during infection.

Most shoots regenerated in selection medium con-
taining 100 mg/L kanamycin at were transgenics with
significantly greater fluorescence in the MUG assay than
untransformed, regenerated Greensleaves. This sug-
gests that this concentration of kanamycin provided a
good balance between selection of transgenic shoots and
allowing reasonable regeneration efficiency.
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Abstract. The cape gooseberry, Physalis peruviana L., is a crop that is transitioning
from a semi-wild rural food source to becoming an international export commodity
fruit deserving of greater attention from the scientific community, producers, policy
makers, and opinion makers. Despite its importance, the crop has serious technologi-
cal development challenges, mainly associated with the limited supply of genetically
improved materials for producers and consumers. To bridge this gap, the present study
determined the level of ploidy of 100 genotypes of cape gooseberry from a working
collection by counting the number of chromosomes and chloroplasts, to include them
in the breeding program. The number of chromosomes in dividing cells of root-tip
meristems, as well as the number of chloroplasts per guard cell, from plants grown
under in vitro and ex vitro conditions were determined. Haploid with 24 chromo-
somes, doubled haploid, tetraploid with 48 chromosomes, aneuploid (44 and 49 chro-
mosomes), and mixoploid genotypes with 36 to 86 chromosomes were found. The
number of chloroplasts per guard cell ranged from 4-8, 6-16, 7-16 and 9-21 for the
haploid, aneuploid, doubled haploid-tetraploid, and mixoploid genotypes, respectively.
The results showed evidence of a high cytogenetic diversity in the evaluated genotypes.

Keywords: chloroplast number, chromosome number, mixoploidy, Physalis peruviana,
plant breeding.

1. INTRODUCTION

Colombia is the world’s largest producer of cape gooseberry (Physalis
peruviana L), with a high-quality fruit desired for its aroma and flavor. Dur-
ing 2019, approximately 8,287 tons were mainly exported to the Netherlands,
United Kingdom, United States, Canada and Belgium (Agronet, 2019; ANAL-
DEX, 2019; PROCOLOMBIA, 2020). This makes cape gooseberry a crop with
great competitive advantages for Colombia, which being a tropical country
can guarantee yearlong production to supply the international market (Cotes
et al., 2012). However, scientific, and technological progress is still lacking to
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position it as a stable and competitive crop in Colombian
agriculture. One way to address the agronomic and crop
quality constraints is through the generation of geneti-
cally improved varieties for commercial production.

The genetic pre-improvement of cape gooseberry in
Colombia - also known as uchuva in Colombia, uvilla
in Ecuador, and aguaymanto in Peru - is a relatively
new activity since currently there are just two genetic
improvement programs contributing to the solution
of agronomic problems of the crop. One of these pro-
grams, at AGROSAVIA, released the first two commer-
cial varieties (Nuifez et al., 2016b, 2016a) and the other,
at the University of Narifio, is working toward the selec-
tion of genotypes for production under local conditions.
However, the present commercial production process is
mainly based on seeds of materials that producers select
from their harvest. Therefore, improvements in the
breeding process to enhance availability of superior pro-
duction material is an important endeavor.

One essential prerequisite to breeding efforts is the
elucidation of chromosome number in germplasm to
be used as potential breeding parents. The ploidy level
of the parents is a key factor that affects the efficiency
of hybridization in the generation of new segregating
populations, genetically stable in terms of chromosome
number. In cape gooseberry, the ploidy variation has
been supported at the cytogenetic level by several stud-
ies. Vilmorin and Simonet, (1928) determined a chro-
mosomal complement of 2n = 48; Yamamoto and Sakai,
(1932) described populations having 2n = 24 chromo-
somes; and Bracamonte et al., (1997) reported a chro-
mosome complement of 2xn = 16, in which they named
P. peruviana as “capuli de la costa” - a term some-
times used in commercialized cape gooseberry in Peru.
Among the most recent cytogenetic studies of P. peru-
viana was that of Rodriguez and Bueno, (2006), who
recognized variation in the number of chromosomes
associated with different ecotypes, finding plants with a
chromosomal complement of 2n = 24, 2n = 32, and 2n =
48. According to Lagos, (2006) the species presents three
characteristic karyotypes: 2n = 24, 36 and 48; three rare
ones with 32, 38 and 40 chromosomes; and cases of
mixoploidy. Bala and Gupta, (2011) stickiness of chro-
mosomes, multivalents and univalents, and unoriented
bivalents during metaphase-I, non-synchronization in
the separation of some bivalents, laggards, chromatin
bridges and cytomixis at various meiotic stages besides
aberrant microsporogenesis. In spite of all these abnor-
malities, distribution of chromosomes at anaphases
found to be normal. Microsporogenesis includes mon-
ads, dyads and tetrads with micronuclei besides normal
tetrads, consequently reducing the pollen fertility (76%
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reported that P. peruviana has intraspecific polyploid
cytotypes that include diploids, tetraploids, octoploids
and hexaploids. Recently, Trevisani et al., (2018) deter-
mined that Brazilian P. peruviana populations presented
tetraploid cells 2n = 4x = 48; Carbajal (2018) found in
three Peruvian ecotypes a ploidy level of 2n = 4x = 48
with chromosomal number variations in the same sam-
ples of analyzed cells in each of the studied ecotypes.

On the other hand, the Molecular Genetic Labora-
tory research group of AGROSAVIA has advanced in
the analysis of the ploidy level of cape gooseberry by
flow cytometry, chromosome and chloroplast counting
(Franco, 2012; Liberato et al., 2014; Garcia-Arias et al.,,
2018b). Franco, (2012) and Garcia-Arias et al., (2018b)
found chromosome numbers of 2n = 4x = 48 in the
ecotypes Colombia and Kenya and chromosome varia-
tions induced by colchicine treatments; they addition-
ally discovered that chromosome and chloroplast num-
bers were related to each other. Liberato et al., (2014)
determined chromosome numbers of 2n = 4x = 48 and
2n = 2x = 24 that correlated with the nuclear DNA con-
tent estimated by flow cytometry. In addition, Berdugo
et al,, (2015) carried out crosses between some genotypes
analyzed by Liberato et al., (2014) and found distortion
in the segregation, possibly related to differences in the
chromosome size or chromosome number of these mate-
rials. The cytogenetic variability, found in the collection
of the germplasm bank maintained at Agrosavia and
in the working collections, highlights the importance
of knowing the cytogenetic identity of each genotype
before its inclusion in hybridization-based breeding pro-
grams. The ploidy knowledge of cape gooseberry geno-
types is an essential factor in designing an appropriate
breeding strategy (Trevisani et al., 2018) for the genetic
improvement of the crop.

Therefore, the objective of the present study was to
determine the ploidy level of one hundred genotypes of
cape gooseberry using conventional chromosome and
chloroplast counting techniques. These materials have
been characterized by agronomic and quality attributes,
including candidate genes associated with yield, size and
fruit quality to develop superior genotypes (Garcia-Ari-
as et al,, 2018a), and further exploring their ploidy level
may inform the level of gene flow, and lead to the release
of commercial improved varieties or hybrids.

2. MATERIALS AND METHODS

2.1 Plant materials

One hundred genotypes derived from the national
germplasm bank, which is administered by the Cor-
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poracion Colombiana de Investigacion Agropecuaria
- AGROSAVIA (Table S1), were used for the study. The
cape gooseberry population included wild genotypes,
commercial genotypes from different producing areas
of Colombia, ecotypes and germplasm obtained from
in vitro anther culture. The plants maintained under in
vitro culture conditions were sub-cultured in MS medi-
um (Murashige and Skoog, 1962) modified with half of
the nitrates (NH,NO; - 825 mg/l and 850 mg/l), under
a temperature of 25 + 2°C, a light intensity of 2000 lux
and a photoperiod of 16 light hours.

2.2 Determination of chromosome number

For chromosome counts, roots of in vitro plants were
collected after 15 days of culture at 11:00 am, time of
the day in which mitotic activity in the radical apices of
P. peruviana is at its peak, as previously determined by
Liberato et al., 2014. Root tips of 2-3 cm in length were
treated with 0.25% colchicine in a solution with 2%
DMSO for three hours at room temperature. After this
treatment, the root samples were fixed for 12 hours in
Carnoy’s solution (96% ethanol and glacial acetic acid in
a 3:1 ratio). Subsequently, the roots were subjected to acid
hydrolysis with 1N HCI for 25 minutes at room tempera-
ture. Finally, they were transferred to distilled water and
kept for one hour at 37 ° C. The root tips staining was
done on a slide with two drops of 2% propionic orcein
for 15 minutes. Then, the tissue was crushed with a rub-
ber bar. The cells were observed with the 40X and 100X
lenses in an Olympus microscope to count the chromo-
some number in a sample of 25 cells per genotype.

2.3 Counting the number of chloroplasts

The chloroplast counts were performed on 25 guard
cells using the methodology proposed by Orrillo and
Bonierbale, (2009) in potato. Young leaves of each gen-
otype were collected, and the epidermis was removed
from the area close to the abaxial vasculature with sharp
forceps. The sample was placed on a slide with two drops
of iodine-potassium iodide (I-KI) solution in a 1:1 ratio
in 70% alcohol. The preparation was observed under the
microscope at 40X and 100X magnifications to deter-
mine the number of chloroplasts per stomatal guard cell.

2.4 Data analysis
To establish differential groups in relation to cytoge-

netic and cytological variability, a cluster analysis was
performed using the Ward method (semi-partial R? =

0.10), complemented with a Pearson correlation test (a
= 0.05), using SAS® (Statistical Analysis System, Cary,
North Carolina) version 9.3. Based on these analyz-
es, predictions were made on the possible results that
could be found when carrying out intraspecific crosses
between the genotypes studied.

3. RESULTS
3.1 Chromosome counting

When counting the number of chromosomes of gen-
otypes from the work collection, the basic chromosome
number x = 12 was predominant in the genotypes evalu-
ated. We found that 85 of the 100 genotypes evaluated
presented 4x = 48 chromosomes (Table S1 and Figure 1d,
le -1f). Of these, 66 genotypes from commercial and wild
populations were tetraploid, and 19 doubled haploid geno-
types derived from anther culture. Seven haploid geno-
types from anther culture showed n = 2x = 24 chromo-
somes (Table S1 and Figure la-1b). Two aneuploids were
observed: the genotype 09U012-5 with 44 chromosomes
and the genotype 09U261-2 with 49 chromosomes (Table
S1 and Figure 1c). Mixoploidy was also present in six geno-
types (Table SI and Figure 1g-1i) related to five plants from
anther culture and the genotype 09U136-3 from a working
collection. The mixoploid genotypes presented different
chromosomal complements in the same plant, with counts
ranging from 36 to 86 chromosomes (36, 38, 40, 44, 48, 49,
52, 54, 57, 58, 60-74, 76-78, 80, 82, and 86 chromosomes).
These results indicate that the population of one hundred
cape gooseberry genotypes studied has a high cytogenetic
diversity represented by tetraploids, aneuploids, mixop-
loids, haploids and doubled haploids.

3.2 Chloroplast counts

The number of chloroplasts per guard cell of haploid
genotypes derived from anther culture ranged from 4
to 8, the aneuploid genotypes presented between 6 to 16
chloroplasts, while tetraploids and doubled haploid gen-
otypes presented between 7 to 16 chloroplasts. Addition-
ally, the mixoploid genotypes ranged from 9 to 21 chlo-
roplasts per guard cell. Table S1 and Figure 2 show the
relationship of the chromosome and chloroplast counts
of the analyzed genotypes.

3.3 Cluster analysis

According to the cluster analysis (Figure 3 and Table
1) the studied genotypes formed four groups. The first
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Figure 1. Karyotypes representative of P. peruviana genotypes. a. and b. n = 2x = 24 genotypes 12U398 and 09U292-7. c. 49 chromosomes
genotypes 09U261-2. d., e, and f. 2n = 4x = 48 genotypes 09U134-3, 09U048-1 y 09U120-3. g., h. and i. mixoploids 38, 48 y 71 chromo-
somes, genotypes 09U136-3, 09U296-2 and 14U422. Scale of 10um. All the photos were taken at 100X except for image 1h, which was

taken at 40X.

group was made up of seven haploid genotypes with an
average of 5.69 chloroplasts. The second cluster grouped
35 genotypes corresponding to doubled haploids and
tetraploids that presented a chloroplasts average of 11.04.
The third group consisted of six mixoploid genotypes
mostly derived from anther culture with a chloroplast
average of 13.63. The fourth group was integrated by 52
genotypes that included doubled haploids, tetraploids
and aneuploids with a chloroplast average of 9.82. Pear-
son correlation coeflicient between the number of chro-
mosomes and number of chloroplasts per guard cell was
of r = 0.89 (p < 0.0001).

4. DISCUSSION
4.1 Diversity of chromosome counts

A population of one hundred genotypes of cape
gooseberry from commercial, wild, working collection
and anther derived plants were analyzed in this study. A
wide range of cytogenetic variations was observed from
the four sources of genotype samples. Specifically, the
counts of 48 chromosomes from tetraploid genotypes
found in this study coincide with that reported by Vil-
morin and Simonet, (1928); Menzel, (1951); Gupta and
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Figure. 2. Number of chromosomes and chloroplasts per guard cell from some representative genotypes of P. peruviana. A. Somatic meta-
phase cell with 24 chromosomes and stomata with five chloroplasts. B. Cell with 48 chromosomes and stomata with nine and ten chloro-
plasts in the guard cells. C. Cell with 49 chromosomes and stomate with 12 chloroplasts in the left guard cell. D. Cell with 69 chromosomes

and stomate with 17 chloroplasts in the upper guard cell.

Roy, (1985); Moriconi et al., (1990), and Ganapathi et
al,, (1991). The results also agree with recently published
studies that mention the 48-chromosome number as the
most common event in P. peruviana L. genotypes from
Brazil (Trevisani et al., 2018 ), Peru (Carbajal, 2018). The
chromosome number 21 = 4x = 48 was also mentioned
in the work of Lagos, (2006), who reported for P. peruvi-
ana chromosome numbers of 24, 36 and 48 as the three
characteristic karyotypic constitutions for the species.
The results of this study also agrees with the 48 chro-
mosome number of the Kenyan ecotype reported by Rod-
riguez and Bueno (2006) and with the results of Liberato
et al., (2014) who determined 2n = 4x = 48 in several cul-
tivated genetic material from Colombia. Seems that the
48 chromosome number es predominant in P. peruviana
L. as shown by Trevisani et al., (2018) who reported the
chromosome number 2n =4x = 48 of four P. peruviana L.
populations from Brazil, Colombia and Peru, classifying
them as polyploid with tetraploid cells, which agrees with
the results of this study. Among the genotypes analyzed
there were several plants derived from anther culture with
the genetic load of 48 chromosomes like their parents and
defined as doubled haploid lines 2(n) = 4x = 48. Reduc-
tion of chromosome number and double haploidization
are events that occur through the process of androgenesis.
This, may be due to spontaneous or induced chromosome

duplication of the microspore under in vitro culture con-
ditions, as reviewed by Germana, (2011).

Several studies have shown chromosome number
related to diploidy level in several P. peruviana L. popu-
lations from different countries. Rodriguez and Bueno
(2006), Lagos (2006) and Liberato et al., (2014) deter-
mined chromosomal constitutions of 2n = 2x = 24 in
wild genetic materials from Colombia. While Azeez et
al.,, (2019) and Azeez and Faluyi (2019) in two differ-
ent studies found that P. peruviana L. has 2n = 2x = 24
chromosome constitution as compared to three different
Nigerian Physalis species. In this study several genotypes
derived from anther culture showed a reduction by half
in the chromosomal load to the gametic number of 24,
the same as the gametic chromosome number of the
species. These anther culture derived genotypes are con-
sidered as haploid lines with n = 2x = 24 ploidy. These
results were also observed by Escobar et al., (2009) in a
study of anther culture with different cultivars of Mexi-
can husk tomato (P. ixocarpa Brot.).

In the present study the results also show other chro-
mosome numbers in several genotypes related to mix-
oploidy and aneuploidy, quite different from those tetra-
ploids, diploids, doubled haploids and haploids genotypes
analyzed. The mixoploid and aneuploid nuclei observed
in several sample plants were not only observed in gen-
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Figure 3. Dendrogram of grouping by number of chloroplasts
in stomatal cells and chromosome number of 100 genotypes of P
peruviana.

otypes from anther culture derived plants, but also in
plants from working collections derived from germplasm
bank main collection. Our results although do not show
the same chromosome number for mixoploidy and ane-
uploidy, agree with the several published reports in P.
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peruviana L. Rodriguez and Bueno (2006) found that
Colombia ecotype had 2n = 3n = 32 chromosome num-
ber and Lagos, (2006) reported chromosome numbers
of 36. The results suggests that in cape gooseberry not
all the cells analyzed from the same plant sample have
the equal chromosome number, as already shown by
Carbajal (2018) who reported that 30%, 40% and 50%
of the analyzed cells showed aneuploidy, with chromo-
some number range from 44 to 80 quite different from
the commonly observed chromosome number of 2n = 4x
= 48. Mixoploidy is a very promising source to produce
haploid plants in short time from somatic tissue. Haploid
plants once their genome is duplicated double haploid
plants can be generated and used in genetic studies and
crop improvement.

In plants derived from anther culture or isolated
microspore that arise through the process of androgen-
esis, besides expecting haploids and doubled haploids
genotypes, for the case of P. peruviana, aneuploidy and
mixoploidy are also generated, as was observed in our
results. Zagorska et al., (2004), mentioned that the vari-
ation in the chromosome number in gametes or game-
tophytic tissue plays an important role for gametoclonal
variation during in vitro androgenesis and can result in
haploid, doubled haploid, tetraploid, aneuploid and mix-
oploid plants. The variation in chromosomal contents of
the plants derived from anther culture might be related
to aberrant cell division in the immature pollen grains
due to the stress generated by the in vitro culture con-
ditions. This phenomenon was observed by Sanchez,
(2014) and Garcia-Arias et al., (2018b) in cape goose-
berry anther culture-derived plants and other species
such as Solanum lycopersicum (Arcobelli et al., 2014)
and Humulus lupulus (Koutoulis et al., 2005). However,
plants that come from natural populations as is the case
of the genotype 09U136-3 of this study was mixoploid
despite being from natural populations; suggesting that
mixoploidy occurs naturally in cape gooseberry because
of the continuous evolving process of the specie that is
still under domestication. To this respect, Trevisani et
al., (2018) states that Physalis peruviana possibly has not
fixed its chromosomal structure yet.

The aneuploid genotype 09U012-5 with 44 chro-
mosomes analyzed in this study agrees in chromosome
number with the ecotype Peru reported by Franco,
(2012), while the genotype 09U261-2 with 49 chromo-
somes corresponds to a new report for P. peruviana.
These chromosomal loads do not have a direct relation-
ship with the basic number x = 12 reported for the genus
Physalis (Menzel, 1951; Gupta and Roy, 1985; Ganapathi
et al,, 1991; Lagos, 2006, Trevisani et al., 2018 and Car-
baja, 2018). Therefore, these genotypes could arise from
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Chromosomal number

Group Haploid 1?1:;1]301 lec;i Tetraploid Aneuploid Mixoploid Total
n =2x =24 2(n) = 4x =48 2n = 4x =48 44 49 36-86

1 . 7 0 0 0 0 0 7

2 § 0 8 27 0 0 0 35

3 % 0 0 0 0 0 6 6

4 é 0 11 39 1 1 0 52

Total 7 19 66 1 1 6 100

Chloroplast average 5,69 10,40 10,27 9,34 13,63

Chloroplast range 4-8 7-16 7-16 6-16 9-21

* Number of genotypes that present determined chromosomal number.

the restructuring chromosomal set that involves the gain
or loss of a chromosome (aneuploidy), structural rear-
rangement of chromosomes resulting in the increase
or decrease in chromosome number, or hybridization
between polyploids with different chromosome numbers
(Poggio and Naranjo, 2004).

4.2 Chloroplast counting as a proxy for ploidy level deter-
mination

The number of chloroplasts found in the haploid
genotypes from this investigation agrees with results
reported by Garcia-Arias et al., (2018b) in P. peruviana
haploid plants obtained from anther culture as well. In
that report, the authors specified that those plants had
4-7 chloroplasts per guard cell. In an independent study,
Franco, (2012) working with three ecotypes reported
ranges of 7-12 chloroplasts per guard cell for Peru, and 8
to 13 chloroplasts for the Colombia and Kenya, the same
as the results shown in the present study.

Additionally, the Pearson correlation coeflicient pre-
sented in this study is higher than the one reported by
Garcia-Arias et al., (2018b), who showed a correlation of
r = 0.61, probably due to differences in the plant material
analyzed and the sample size. In both research works a
relationship between chloroplast number and chromo-
some number, that suggest that the chloroplast number
is influenced by de chromosomal content of a genotype
in a proportional manner, as shown by Rodriguez and
Bueno, (2006). Therefore, the chromosomal variation,
can affect the phenotypic characteristics of a genotype,
justifying a direct proportional relationship between
the level of ploidy and the size of different organs of the
plant. Recently Garcia-Arias et al., (2018b) reported that
the increase of the number of chromosomes of haploid

sterile cape gooseberry plants, is directly associated with
the recovery of pollen fertility, variation in morphology
of the leaf, flower bud, flower and normal fruit set.

The results of the cluster analysis showed four
groups based on chromosome and chloroplast number,
differentiating the haploid, doubled haploid, tetraploid
and mixoploid genotypes (Table 1). A mixture of dou-
bled haploid and tetraploid genotypes in the cluster two,
formed two subgroups due to the amplitude of the range
in the number of chloroplasts. The third group was com-
posed of mixoploid genotypes and the fourth group was
composed of tetraploid and aneuploid genotypes. These
results suggest that ploidies can be estimated primarily
by counting the number of chloroplasts in guard cells,
but not in an exact way, since the aneuploid, doubled
haploid and tetraploid genotypes formed a single group
due to overlapping chloroplast count totals.

4.3 Crossability strategies

The ploidy level is very important for plant breed-
ing and crop improvement strategies (Udall and Wen-
del, 2006; Ochatt, 2011). This highly relates with natural
divergence among subpopulations and the scale of local
adaptation, as well as to the capability of gene flow and
crossability in plants for successful interspecific and
intraspecific hybridization. The observed chromosomal
variations of 44, 48 and 49 can occur without notice-
able changes in the phenotype (Poggio and Naranjo,
2004), while the cases of mixoploidy generate evident
phenotypic changes. In P. peruviana, Franco, (2012) and
Garcia-Arias et al., (2018b) found an amorphous devel-
opment in flowers and fruits, changes in the floral and
vegetative structure, and an increase in the size of the
fruit associated with mixoploidy events.
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In crosses between genotypes with chromosomal
dissimilarities, in terms of shape, size and number, there
may be no fertilization or abortions due to irregular-
ity in meiosis, a situation reported by Menzel, (1951)
in other Physalis species. Serrato-Cruz et al., (2000)
and Laguado, (2007) unexpected ploidy levels, genom-
ic instability, or odd chromosome numbers in hybrid
progenies between parents with different ploidy level,
which could lead to events of unreduced gametes, apo-
mixis, and chimeras, leading to infertility and low lev-
els of productivity. The genotypes which chromosomal
complement have broad similarity can be successfully
crossed since a normal meiotic division would occur,
as Menzel, (1951), Ortiz et al., (1998) and Serrato-Cruz
et al., (2000) pointed out. Consequently, we could carry
out intraspecific crosses among genotypes with the same
chromosomal numbers, expecting to obtain viable and
stable progeny. A precedent example of the success of
crossing between genotypes with the same ploidy is the
work of Berdugo et al., (2015). In their study the authors
made intraspecific crosses among accessions of P. peru-
viana with the same chromosome number, finding 100%
viability in the progeny. In general, chloroplast counting
could be useful as a quick method to assess the ploidy
when the number of genotypes to be analyzed is large.

5. CONCLUSIONS

In this study, there was a close relationship between
chromosome and chloroplasts number per guard cell,
which was confirmed through the cluster analysis. It is
clear, that the chloroplast count is an approximate and
quick methodology to be used as a preliminary way for
determination of the ploidy level, when dealing with
many genotypes. As far we know, these are the first
study that analyzed one hundred genotypes of P. peru-
viana L. from different sources for breeding purposes.
In summary, this work contributes to the cytogenetic
and cytological knowledge of cape gooseberry and is a
useful tool in the selection of crossing parents in breed-
ing programs.
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Abstract. Pollen morphology of 23 species belonging to Geranium have been studied
in details, which represent eight sections of two subgenera i.e., G. sect. Dissecta, Gera-
nium, and Tuberosa of subgen. Geranium, Divaricata, Lucida, Ruberta and Trilopha of
subgen. Robertium. These plant species were collected from different phytogeographi-
cal regions of Iran. The palynological investigation was done using scanning electron
microscopy (SEM) techniques. Different palyno-morphological features have been
observed, and the closely related species were distinguished. We used different multi-
variate statistical methods to reveal the species relationships. Ward clustering analyses
have been done to check out the relationship among the species. The shapes of pol-
len grains were monad, radially symmetric, isopolar, apertures were tricolporate, and
of spheroid, prolate-spheroid or sub-prolate classes. Three pollen types were recog-
nized on the basis of differences in exine sculpturing pattern: reticulate-clavate, striate-
rugulate, reticulum cristatum with clavae. Observed differences were not of diagnostic
importance in subgenera and sections level. The main objective of this study is to find
distinguish pollen characters in the species of the genus Geranium and to elucidate
their systematics importance.

Keywords: Geranium, pollen morphology, systematics, phytogeographical regions.

RESEARCH HIGHLIGHTS

- Pollen grains of the studied species were investigated by light and scan-
ning electron microscope

- Using scanning electron microscopy techniques for the easy and quick
identification of plant species

- Using micro-morphological (SEM) characters for the identification and
species delimitations.
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INTRODUCTION

The Geranium L., is the largest genus of Gerani-
aceae and contains 325 species. Geranium species are
distributed worldwide except in lowland tropical areas
(Aedo 2017). Most of the species belong to subg. Gera-
nium (Aedo 2001). Traditionally the genus Geranium
was classified into three subgenera: 1- subg. Geranium,
2- subg. Erodioidea (Picard) Yeo, and 3- subg. Rober-
tium (Picard) Rouy. According to Yeo (1984), the subg.
Robertium primary diagnostic characteristics are carpel
projection of fruit discharge. This subgenus has thirty
species, and these are distributed in eight sections. The
subgenus. Geranium, is the largest subgenus containing
300 species. These 300 species were in at least ten sec-
tions. The genus is characterized by a seed-ejection fruit
type in which the explosive recurvature of the awn car-
ries the mericarp upwards in an arc, throwing the seed
out (Marcussen and Meseguer 2017). The family Gerani-
aceae Juss., is a worldwide family and comprising addi-
tionally five genera: Hypeocharis ]. Remy (subfam. Hyp-
seocharitoideae), Erodium L’Herit ex Aiton., Geranium
L., Monsonia L., Pelargonium L'Herit. ex Aiton and Cali-
fornia being successive sisters to Geranium L. (subfam.
Geranioideae) (Fiz et al. 2008; Weng et al. 2014). These
genera have a moderate number of species than Gerani-
um and had a more narrow distribution.

The characteristic five-carpelled schizocarp
Geranioideae fruit with a prominent central rostrum
has a great taxonomic value in this genus. The Geranium
shows four different fruit discharge methods: carpel-
projection type, Erodium-type, seed-ejection type, and
the inoperative type (Marcussen and Meseguer 2017).
These methods have been considered in the delimitation
of major groups within the Geranium. Marcussen and
Meseguer (2017) pointed that phylogenetic relationships
within Geranium and the evolution of the different seed
discharge methods are still unknown. The new classifi-
cation has shifted some of the studied taxa from subg.
Robertium to subg. Geranium, while a third subgenus
(Erodioidea) has been reduced to synonymy under subg.
Geranium (Marcussen and Meseguer 2017).

The Geraniaceae is a eurypalynous family (Baser et
al. 2016). The pollen morphological features of the fam-
ily have a great importance in the discrimination at
the generic level (Perveen and Gaiser 1999). The pollen
grains are usually isopolar with radial symmetry; gen-
erally have oblate-spheroidal shape, rarely sub-oblate;
three-lobed, tri-colporate, rarely colpate and the colpi
are short; the sexine is thicker than nexine, and the tec-
tum is reticulate with densely baculate or gemmate muri
or striate (Perveen and Gaiser 1999).
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Various workers described the pollen morphology
of different species of Geraniaceae, species delimita-
tion and species relationships in the genus Geranium
L. Since Bortenschlager’s (1967) preliminary study on
the pollen morphology of the Geraniaceae, the pollen
morphology of Monsonia (Verhoeven and Venter 1986),
Sarcocaulon (Verhoeven and Venter 1988), and Erodi-
um (Verhoeven andVenter 1987) of the southern Afri-
can Geraniaceae has been investigated. Erodium pollen
grains of the Middle East (EI-Oqlah 1983) and north-
western Europe have been studied (Stafford and Black-
more 1991). Stafford andBlackmore (1991) reviewed the
pollen grains of Geranium species in north-western
Europe. Pollen morphology of 35 taxa of the genus
Geranium in Asia has been observed through light and
scanning electron microscopy (SEM) by Park and Kim
(1997). They found high variation in pollen grains size
and exine sculpture (muri, lumina, excrescences distri-
bution) among the examined taxa. Also, palynological
characters were useful to establish the phylogeny with-
in the genus. However, they are not helpful characters
for separation at subgenera and sections. Perveen and
Gaiser (1999) studied the pollen morphology of Paki-
stani Geraniaceae taxa and based on exine ornamenta-
tions and apertural type. They divided the pollen grains
into three groups i.e., Erodium cicutariumGeranium
himalayense, and Monsonia senegalensis-types. They
observed that the pollen grains were mostly oblate-
spheroidal, rarely prolate-spheroidal or spheroidal, and
often sub-oblate in the examined taxa. Shehata (2008)
analyzed pollen grains of the Geraniaceae family from
Egypt. The results showed that pollen morphologi-
cal characters, i.e., pollen size, pollen shape, and aper-
ture, were taxonomically significant at the generic level
and up to some extent at the specific level. Ilcim et al.
(2008) analyzed the morphological and palynological
properties of G. tuberosum. Palynological investigation
of 13 species of genus Geranium in Turkey by Deniz et
al. (2013), did not reflect significant differences between
the sections, except some differences in pollen grains
of the subgenus Geranium. According to Deniz et al.
(2013), all examined species’ pollen grains were large,
and exine ornamentation was reticulate-clavate; and the
apertures were tri-colporate.

In Iran, the only study on pollen morphology of
five Geranium species was assessed by Keshavarzi et al.
(2016). There is no comprehensive palynological inves-
tigation of Geranium species in Iran. The present study
aimed to use the pollen grains morphological features as
a source of diagnostic characters to distinguish different
Iranian Geranium species.
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MATERIAL AND METHODS

Totally 60 populations were collected and studied
from 23 taxa of Geranium from different habitats in Iran
to explore the pollen features (Table 1). Ten individuals
of each location were studied and examined for three
qualitative and eight quantitative features (Table 2). For
scanning electron microscopy (SEM) examinations, pol-
len grains were not acetolyzed according to the method
of Erdtman (1960). The pollens were suspended in a
drop of water for a while and then directly transferred
to a metallic stubby a fine pipette, and double-sided cello
tape was used. And then the pollens were sputtered in
a chamber coated with gold (Sputter Coater BALTEC,
SCDOOS). Coating with gold by the physical vapor dep-
osition method (PVD) was restricted to 100 A. The SEM
examination was carried out on a TESCAN microscope.
Pollen sculptures were described according to previous
terminology (Hesse et al. 2009).

The evaluated and measured characters of the spe-
cies studied of Geranium are summarized in Tables II
To detect significant differences in the studied characters
among the various studied species, an analysis of vari-
ance (ANOVA) was performed. For multivariate analy-
sis, the mean of the quantitative characters was used.
Principal Components Analysis (PCA) was performed
among the species to determine palynological charac-
ters useful for separating the species. In order to group
the species, cluster analysis using WARD (Minimum
spherical variance) methods and PCA ordination plot
were performed by PAST software (Hammer et al. 2001),
using Euclidean and taxonomic distance among the spe-
cies was calculated (Podani 2000).

The qualitative traits were coded as binary or multi-
state. Variables were systematized for multivariate statis-
tical analysis. Average taxonomic distances and squared
Euclidean distances were applied as dissimilarity coef-
ficients in the pollen data cluster analysis. Image Tool
Version 3.0 (http://ddsdx.uthscsa.edu/dig/itdesc.html)
was used to carry out the required measurements.

RESULTS
Infrageneric variation

We showed that G. purpureum, G. robertianum and
G. sylvaticum possess type I pollen grains. Sub-genus
Geranium had type II pollens. Species, i.e., G. biuncina-
tum ,G. mascatense and G. trilophum belonging to Trilo-
pha section .showed the type III of pollen grains.

Factor analysis shows three factors explained more
than 77% of the total observed variation in studied pol-

len grains. The first factor revealed equatorial length,
pollen shape importance. Aperture condition, colpus
length, and exine thickness illustrated more than 44%
of the observed variation in the second factor. Principal
component analysis (PCA) based on pollen grain quali-
tative and quantitative traits confirms the cluster analy-
sis results by Ward’s method.

General pollen grain features

The majority of Geranium species depicted prolate-
spheroidal pollen types. For instance, G. columbinum, G.
collinum, G. sylvaticum, G. pratense, G. dissectum, G. lin-
earilobum, G. tuberosum, G. kotschyi, G. platypetalum,
G. gracile, G. ibericum, G. purpureum, G. pyrenaicum, G.
robertianum, G. divaricatum, G. lucidum, and G. molle
had prolate-spheroidal shape (Figures. 2 Al, Bl, C1, DI;
3 El, F1, G1; 4 M1, O1; 5 P1, Q1; 6T1, W1, Y1, Z1; 7 X1,
Ul). Spheroidal pollen types were observed in G. rotundi-
folium, G. pusillum, G. albanum (Figs. 4 L1, 3 H1, 4 N1).
G. biuncinatum, G. mascatense, G. trilophum species had
sub-prolate pollen morphology (Figures. 5 R1, S1; Figures.
7, U4-U6). We found that G. lucidum and G. robertianum
had spheroidal-prolate pollen grains. While G. rotundi-
folium had spheroidal pollen shape (Table II, Figures 4
L1-L2). Our statistical and microscopy analyses depicted
that G. platypetalum had the largest (Table II, Figure. 6
71, Z2) and G. pusillum possessed smallest pollen grains.
(Table II, Figures 3 H1, H2).Our observations revealed
that pollen grains were generally prolate-spheroidal except
G. pusillum, G. rotundifolium, and G. albanum (Fig-
ures 3H1-H2, Figures 4 L1-L2; N1-N2).Mean polar axis
length varied from 38.55 pm (G. pusillum) to 104.88 um
(G. platypetalum), while the mean of the equatorial axis
length varied from 37.55 um (G. pusillum) to 105pm (G.
platypetalum). The main colpus length varied from 12 um
(G. molle) to 58 um (G. trilophum). P/E ratio differed from
0.89 pum (G. albanum) to 1.5 um (G. trilophum). The main
features of the investigated pollen grains are summarized
in Table II. The basic ornamentation of the exine surface
in the Geranium was reticulate-clavate, striate-rugulate,
and reticulum cristatum with clavae. On the basis of dif-
ferences in exine sculpturing pattern, the following 3
types are recognized: reticulate-clavate, striate-rugulate,
reticulum cristatum with clavae. Most of the specimens
belong to reticulum cristatum with clavae pattern.

Type I: Geranium robertianum- type (“reticulate-
clavate”)

Species: Geranium robertianum (Figure 5, P3; Figure 4,
O3; Figure 3, E2)

Pollen class: Tricolporate
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Table 1. List of Geranium species in Iran their localities and voucher numbers.

No Section Sp. Locality

1 Dissecta Yeo G. dissectum L. Guilan, Lahijan
East Azerbaijan, Kaleybar, Cheshme Ali Akbar
East Azerbaijan, Kaleybar, Shoj-abad
Tehran, Damavand
Khorassan, Kashmar-Darvaneh

2 Geranium G. columbinum L. Guilan, Siahkal, Ezbaram; Guilan, Langerud, chaff; Guilan, Bandar-e Anzali;
Tehran, Damavand; Khorassan, Kashmar-darvaneh
3 G. rotundifolium L. Tehran, Tuchal

Mazandaran, Kandovan-Siahbisheh
East Azerbaijan, Kaleybar, Shoj-abad

4 G. collinum Stephan ex Mazandaran, Tonekabon-Jannat Rudbar
Willdenow Hamedan, 20km s of Nahavand

5 G. sylvaticum L. East Azerbaijan, Kaleybar, Cheshme Ali Akbar
G. pratense L. East Azerbaijan, Kaleybar, Shoj-abad

Mazandaran, 40 km Tonekabon to Janat Abad
7 Tuberosa (Boiss.) Reiche G. platypetalum Fisch. & C. East Azerbaijan, Kaleybar
A. Mey. Razavi Khorasan, Kashmar
Tehran, Damavand
8 G. ibericum Cav. Tehran, Damavand
Kordestan, Sanandaj
Khorassan, Kashmar-Darvaneh

9 G. gracile Ledeb. ex Nordm. Mazandaran, Noshahr, Kheyrud Kenar Forest
Kerman, Lalehzar, Baghabad
10 G. linearilobum DC. Tehran, Firuz kuh
Mazandaran, 40 km Tonekabon to janat abad
11 G. kotschyi Boiss. Alborz, Karaj- Qazvin
Tehran, Desin
12 G. tuberosum L. East Azerbaijan, Kaleybar Cheshme Ali Akbar, Tehran, Tuchal
13 Batrachioidea W.D.J. Koch  G. molle L. East Azerbaijan, Kaleybar, Shojabad

East Azerbaijan, Kaleybar, Cheshme Ali Akbar
Hamedan, 20km s of Nahavand
14 G. pyrenaicum Burm. f. East Azerbaijan, Kaleybar, roadside
East Azerbaijan, Kaleybar, Cheshme Ali akbar
East Azerbaijan, Kaleybar, Shojabad
East Azerbaijan, Babak fort
Tehran, Damavand
15 G. pusillum L. East Azerbaijan, Kaleybar, roadside
East Azerbaijan, Kaleybar Cheshme Ali Akbar
East Azerbaijan, Kaleybar, Shojabad
Hamedan, 20km s of Nahavand
Tehran, Damavand
Ruberta Dumort. G. purpureum Vill. East Azerbaijan, Kaleybar, Cheshme Ali Akbar
Guilan, Gole rodbar
Guilan, Gole rodbar, roadside
Guilan, Jirandeh
Khorassan, Kashmar-darvaneh
Kerman, Lalehzar, Baghabad

—
=)}

17 G. robertianum L. Guilan,Gole rodbar
Esfahan, 50 km Delijan
Tehran, Damavand
18 Divaricata Rouy G. albanum M. Bieb. Guilan, Sangar, roadside
Guilan, Lahijan
Guilan, Jirandeh
Mazandaran, Siah bisheh to Chalus
Golestan, Ramian
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No Section Sp. Locality

Esfahan, 50 km delijan
Khorasan, Birjand

Tehran, Darakeh

Hamedan, 20km s of Nahavand

19 G. divaricatum Ehrh. East Azerbaijan, Kaleybar
Tehran, Darband
Khorasan, Birjand
Tehran, Darakeh
Kerman, Lalehzar, Baghabad

20 Lucida R. Knuth G. lucidum L. East Azerbaijan, Kaleybar Cheshme Ali Akbar

21 Trilopha Yeo G. trilophum Boiss. Hormozgan, Amani village, Kushk-e Nar Rural
Hamedan, 20km s of Nahavand

22 G. mascatense Boiss. Hormozgan, Qeshm, Bakho Mountain

23 G. biuncinatum Kokwaro ~ Khuzestan, Shushtar- Masjed soleyman

Table. 2. Evaluated characters of pollen grains in Geranium species studied (values M + SD pm). M- Mean value; SD- Standard deviation.
Aperture: At the same level =2, protruding = 1; Pollen shape: prolate-spheroidal =1, spheroidal= 2, subprolate=3; Exine ornamentation type:
reticulate-clavate=1, striate-rugulose =2, reticulum cristatum with clavae= 3
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G. dissectum 55.67+2.1 4.5 55.87+3.3 1'(15018505 23.67 35.66 36.44 6.87 1 1 3

G. columbinum 62.76+3.4 5.88 62.66+2.9 1.00+0.03  35.87 52.54 22 15 1 1 3

G. rotundifolium 66.44+3.8 5.87 65.54+2.3 1.01+£0.02  37.22 35.77 25 8.5 1 2 3

G. collinum 86.5+£2.8 5.34 77.32+4.8 1.11+0.04  48.55 34.33 55 12 1 1 3

G. platypetalum 103.32+4.1 4.45 101+2.7 1.01+0.05 68.87 54.77 33 24 1 1 3

G. sylvaticum 78.44£2.9 5.87 75.55+1.4 1.04+0.04 54.22 42.32 25 7 2 1 1

G. pretense 75.55+3.7 5.88 66.77+2.4 1.06+0.02  55.77 60.22 32 7 2 1 3

G. ibericum 81.44+3.9 4.34 78.33+3.6 1.03+0.05 47.22 54.55 28 13 2 1 3

G. gracile 76.44+2.4 5.45 74.56+2.9 1.02+0.03  37.55 53.77 27 16 1 1 3

G. linearilobum 71.88+2.8 5.65 61.55+4.2 1.13+0.06  38.43 38.34 39 14 1 1 3

G. kotschyi 63.66+4.1 5.8 59.55+4.5 1.06+0.03  42.66 35.77 39 11 1 1 3

G. tuberosum 81.55+2.8 5.3 75.66+2.2 1.08+0.02  48.77 46.44 33 12 1 1 3

G. molle 49.44+1.6 4.55 47.34+1.3 1.04+0.04 31 35 13 10 1 1 3

G. pyrenaicum 64.22+2.8 4.3 59.34+2.2 1.08+0.05 33 30 23 4 2 1 3

G. pusillum 39.65+1.4 3.7 38.22+5.3 1.02+0.03  26-27 24 15.66 7.87 1 2 3

G. purpureum 58.27+1.9 4.2 54.55+2.5 1.1+0.04 37.85 29.01 27.68 7.4 2 1 1

G. robertianum 61.76+4.1 4.7 51.54+1.8 1.02+0.02 30 22-28 21-22 7-8 2 1 1

G. albanum 63.44+2.5 5.45 66.34+2.6 0.95+0.03 38.76 39.44 26.33 14 1 2 3

G. divaricatum 59.57+3.7 4.55 51.66+3.9 1.13+0.01 33.66 35.33 32 9 1 1 3

G. lucidum 58.55+5.2 4.76 49.65+3.3 1.09+0.04 33.77 25.44 32 1 1 3

G. mascatense 64.66+6.1 5.88 60.33+2.9 1.1+0.05 23.77 47.55 50 14 1 3 2

G. trilophum 65.44+2.6 5.34 54.45+2.5 1.2+0.03 21.45 43.55 56 9 1 3 2

G. biuncinatum 63.25+5.1 4.35 63.76+7.9 1.1+0.03 22.65 45.98 59 12 1 3 2
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Figure 1. Ward clustering of Geranium species based on observed
pollen data.

Shape: Prolate-spheroidal

Apertures: Ectoaperture-colpi small

Ornamentation: Tectum coarsely reticulate with clavae
Measurements: polar length (P) (56-75 um), equato-
rial diameter (E) (55-78 um), colpi (20-25um) in diam-
eter. Mesocolpium (20-40 um). Apocolpium (33-59 pm).
Exine 4.9-5.9 um

Species included: G. robertianum, G. purpureum, G. syl-
vaticum

Type II: Geranium molle -type (“reticulum cristatum
with clavae”)

Species: G. molle (Figures 2, A3, B3, C3, D3; Figures 3,
F3, G3, H3; Figures 4, L3, M3, N3; Figure 5, Q3; Figures
6, T3, W3, Y3, Z3; Figures 7, X3, U3 )

Pollen class: Tricolporate

Shape: Prolate- Spheroidal

Apertures: Ectoaperture - colpus short (approx. 1/5 to
1/8 of polar axis)

Ornamentation: Tectum reticulum cristatum with clavae
Measurements: Polar length (P) (38-105 um) , Equatorial
diameter (E) (38-105um), colpi (10-58um) in diameter.
Mesocolpium (22-67um). Apocolpium (22-69um) . Exine
3.7-5.8 um

Jun Wang et al.

Species included: G.gracile, G. ibericum, G. pyrenaicum,
G. divaricatum, G. lucidum, and G. molle, G. pusillum ;
G. columbinum, G. collinum, G. pratense, G. dissectum,
G. linearilobum, G. tuberosum,G. kotschyi, G. platypeta-
lum

Pollen type III: Erodium-type (“striate-rugulose”)
(Figures. 5, R3, S3; Figures. 7, U4-U6)

Pollen class: Tricolporate

Shape: Sub- Prolate

Apertures: Ectoaperture-colpi large

Ornamentation: Tectum striate-rugulose

Measurements: Polar length (P) (68-69 um) , Equatorial
diameter (E) (50-64pm), colpi (53-59um) in diameter.
Mesocolpium (40-49pum). Apocolpium (20-25 pm). Exine
5.5-5.9 um

Species included: G. mascatense, G. trilophum, G. biunci-
natum

DISCUSSION

Geranium species are relatively challenging to study
due to the overlapping of morphological characters
(Aedo and Pando 2017; Ji et al. 2020; Wang et al. 2020;
Sun et al. 2021). Therefore, an attempt was carried out to
investigate pollen grains of Geranium species by scan-
ning electron microscopy. Our approach also included
the usage of principal component analysis to verify our
findings. The current study showed that Geranium spe-
cies have eurypalynous pollens morphology. Present
results corroborate with a previous study conducted on
the Geraniaceae family (Baser et al. 2016). Most of the
species showed prolate-spheroidal pollen types. This pat-
tern of pollen type is previously reported in the Gera-
niance family (Baser et al. 2016). We observed monad,
isopolar, radial symmetry, tricolporate, and short linear
colpi pollen grains in Geranium species. Similar pollen
types have been reported in Iran while working on five
Geranium species (Keshavarzi et al. 2016). Our result
recorded spheroidal-prolate pollen grains in G. lucidum
and G. robertianum species. However, previously oblate-
spheroidal pollen grains were reported in G. lucidum, G.
robertianum (Perveen and Gaisar 1999). We argue that
such a difference in pollens is due to sampling site and
habitat (Brodschneider et al. 2019). Annual or biennial
species, i.e., G. lucidum, G. pusillum, G. molle, G. dissec-
tum, G. rotundifolium showed the smaller pollen grains
(from 39 to 66 um). G. collinum, G. sylvaticum, G. prat-
ense, G. platypetalum, G. gracile, and G. ibericum had
larger (63 to 103 um) pollen grains. Such variation in
pollen grains has been described in the past (Aedo 2001;
Aedo et al. 2007; Jurgens et al. 2012; Hao et al. 2020).
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Figure 2. Pollen micrographs of Geranium species: A1-A3: G. collinum, B1-B3: G. columbinum, C1-C3: G. pratense, D1-D3: G. dissectum;
Al, B1,Cl, D1 - equatorial view; A2, B2, C2, D2 - polar view; A3, B3, C3, D3 -exine sculpture.

Clustering results revealed pollen grain type III in sec-  vae. Most of the specimens belong to reticulum cristat-
tion Trilopha. Henceforth, type III pollen is the diagnos-  um with clavae pattern. The pollen of all species of Gera-
tic feature to identify Trilopha Section. nium sect. Trilopha is of the Erodium-type (Aedo et al.

Deniz et al. (2013) observed the exine ornamenta-  2016), which is congruent with the present findings. The
tion to be reticulate-clavate in Geranium taxa. While in  striate ornamentation is considered a diagnostic feature
the present study, exine ornamentations were reticulate-  to differentiate Trilopha section. This distinguishing fea-
clavate, striate-rugulose, reticulum cristatum with cla-  ture may support the close relationship between G. sect.
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Figure 3. Pollen micrographs of Geranium species: E1-E3: G. sylvaticum, F1-F3: G. molle, G1-G3: G. pyrenaicum, H1-H3: G. pusillum; E1,
F1, G1, H1 - equatorial view; E2, F2, G2, H2 - polar view; E3, F3, G3, H3 -exine sculpture.

Polyantha and G. sect. Trilopha.

The scanning electron microscopy (SEM) tech-
nique has a crucial role in observing the minute biologi-
cal structure (Ullah et al. 2019). Several taxonomic and
plant systematics questions are also addressed through
the application of SEM. For instance, seed morphology
in Caryophyllaceae was studied by scanning electron

microscopy to identify Caryophyllaceae species correctly
(Ullah et al. 2019; Zou et al. 2019). Besides this, detailed
plant morphology, anatomy, and pollens in Spergula fal-
lax and Spergula arvensis revealed the significance of
SEM to resolve taxonomic complexity (Ullah et al. 2018).
Authors developed identification key and distinguishing
features of Spergula fallax and Spergula arvensis species
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Figure 4. Pollen micrographs of Geranium species: L1-L3: G. rotundifollium, M1-M3: G. lucidum, N1-N3: G. albanum, O1-O3: G. purpure-
um ; L1, M1, N1, Ol - equatorial view; L2, M2, N2, O2 - polar view; L3, M3, N3, O3 -exine sculpture.

(Ullah et al. 2018). This clearly shows the utilization of
new techniques to solve complex questions in plant sys-
tematics and biology (Pathan et al. 2010; Ullah et al.
2018; Ullah et al. 2019).

Cluster revealed groupings of G. uncinatum, G. mas-
catense, G. trilophum into the Trilopha section. Similar

results at the section level was reported. Phylogenetic
relationship based on chloroplast (rbcL, trnL-trnF) and
nuclear (ITS) DNA sequences highlighted the grouping
of G. uncinatum, G. mascatense into the Trilopha sec-
tion (Marcussen and Meseguer 2017). The phylogenetic
tree proved the Geraniaceae family as a monophyletic.
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Figure 5. Pollen micrographs of Geranium species: P1-P3: G. robertianum, Q1-Q3: G. divaricatum, R1-R3: G. trilophum, S1-S3: G. mascat-
ense; P1,Q1, R1, SI1 - equatorial view; P2,Q2, R2, S2 - polar view; P3,Q3, R3, S3 -exine sculpture.

The discrepancy in the phylogenetic results obtained by  lutionary relationships between Geranium, Erodium, and
different molecular markers may be the reason for unre-  are unclear because of the low support for the alternative
solved species relationship in the genus Geranium. Evo-  topologies inferred from both markers (trnL-F and rbcL)
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Figure 6. Pollen micrographs of Geranium species: T1-T3: G. kotschyi, W1-W3: G. linearilobum, Y1-Y3: G. tuberosum, Z1-Z3: G. platypeta-
lum; TIW1,Y1, Z1 - equatorial view; T2,W2,Y2, Z2 - polar view; T3,W3,Y3, Z3 -exine sculpture.

(Fiz et al. 2008). Inter-simple sequence repeat (ISSR)
markers separated Geranium species (Esfandani-Bozch-
aloyi et al. 2018). The present study showed that pollen
features are not capable of distinguishing different sec-
tions in Geranium. Two subgenera elements were mixed.

Nonetheless, we found and linked the diagnos-
tic character (Pollen type III) of the Trilopha section.
Future studies may incorporate phylogenetic data and

chemotaxonomy methods to decipher genus and spe-
cies level evolutionary relationship in Geranium. Linking
the morphological and phylogenetic traits may further
aid our apprehension in plant evolution and systematics
(Cohen 2011).

In this research, we studied different palynological
characteristics of the genus Geranium. Various charac-
ters were crucial for the taxonomic identification of the
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Figure 7. Pollen micrographs of Geranium species:X1-X3: G. ibericum, U1-U3: G. tuberosum, U4-U6: G. biuncinatum. X1,U1, U4 - equato-
rial view; X2, U2, U5- polar view; X3, U3, U6-exine sculpture.

species delimitations. This study could serve better to
understand the pollen morphology of Geranium spe-
cies in Iran. The pollen characters studied here were
useful for the taxonomic identification of the species of
the genus.
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Abstract. The features of the diurnal dynamics of the area of rat hepatocyte nuclei and
their ploidy were studied under conditions of a standart (fixed) light regime and con-
stant illumination, as well as under chronic exposure to alcohol in the mentioned light
regimes. It has been shown that exposure to alcohol and exposure to constant illumi-
nation separately lead to a change in the amplitude-phase characteristics of the circa-
dian rhythm of the nucleus area, while the combined effect of these factors leads to a
complete destruction of the rhythm, which indicates a violation of adaptation process-
es. An increase in the average ploidy of hepatocyte nuclei in chronic alcohol intoxica-
tion is also shown, while in animals kept under constant illumination without drinking
alcohol, the values of this parameter decrease, which indicates a successful course of
the adaptation process. The conducted research indicates that the results of karyomet-
ric and ploidometric analysis characterize the degree of influence of alcohol intoxica-
tion and changes in the light regime on the liver of rats, reflecting the rate of efficiency
of adaptation to these factors.

Key words: caryometry, ploidy, hepatocyte, circadian, morphometry.

INTRODUCTION

The liver is the main organ of metabolism of various exogenous and
endogenous chemical compounds, while the main functionally active liver
cells (hepatocytes) are among the first to be exposed to these factors. Dam-
age and death of these cells renders to the disability of the liver to perform
its functions (Aizava et al., 2020).

One of the mechanisms for maintaining the structural and functional
integrity of the liver is cellular regeneration, which occurs due to mitotic and
amitotic division of hepatocytes (Gilgenkrantz et al., 2018; Clemens et al., 2019).

Mass death of hepatocytes by necrosis and/or apoptosis activates the pro-
cesses that trigger the entry of “resting” hepatocytes into the cell-division
cycle to restore the original cell mass and maintain the cellular homeostasis
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of the organ. The liver always has a reserve of hepato-
cytes with polyploid nuclei, constantly ready to divide.
Thus, an increase in the level of ploidy of hepatocytes is
one of the main compensatory-adaptive reactions of the
liver, ensuring the preservation of function of the organ.
It is known that in mammals in the prenatal and at the
early stages of postnatal ontogenesis, diploid hepato-
cytes prevail, then their polyploidization occurs, and the
proportion of polyploid hepatocytes can reach 80% of
the total number of cells. In addition, it was found that
ploidy of hepatocytes increases with aging, after hepa-
tectomy, under the influence of a number of unfavorable
factors, but at the same time ploidy decreases, for exam-
ple, in hepatocellular carcinomas (Duncan, 2013; Zhang
et al., 2019; Donne et al., 2020).

Another, very important and informative approach
to determining the functional state of the liver, as well
as diagnosing various kinds of diseases of this organ is
karyometry. Karyometric analysis is used to assess the
intensity of dystrophic, inflammatory, reparative pro-
cesses in chronic viral hepatitis, liver fibrosis, hepatocel-
lular carcinoma, etc (El-Sokkary et al., 2005;Esperandim
et al., 2010; Makovsky P et al., 2018).

Thus, the approaches of the study of the liver in dif-
ferent morphofunctional states can be associated with
the karyometric and ploidometric assessment of hepato-
cytes. The data obtained using these methods will make
it possible to assess the morphofunctional state of the
liver more accurately and, in accordance with this, to
solve the problems of prognosis.

Rhythmicity of functioning is peculiar for living
systems at every level of organization. Biosystems have
rhythms with different periodicity, however, diurnal,
or circadian rhythms (CR) are the most significant for
mammals (Gillette, 2013; McKenna et al., 2018).

Circadian system of mammals includes central
circadian rhythm generators (suprachiasmatic nuclei
of the hypothalamus (SCN), pineal gland), which are
connected with peripheral pacemakers — morphologi-
cal structures in organs and tissues. It is endogenous
and is determined genetically (genes Perl, Per2, Cry,
etc.), however, it has significant plasticity and can be
modulated by the action of external zeitgebers (time
givers), the most important of which is light (Tahara
et al., 2017).

Separate biorhythms of physiological processes in
various systems form a strongly coordinated ensemble,
the chronostructure of the organism. The presence of a
rhythmic structure of biological processes ensures the
necessary order of their course, coherence, maintenance
of the functioning of systems of organism at an optimal
level (Roennenberg et al., 2016).

Yuri A. Kirillov et al.

Exposure to endogenous or exogenous desynchro-
nizing factors leads to disorganization of circadian
rhythmicity (Roennenberg et al., 2017). In the case of
prolonged or regular exposure to desynchronizing fac-
tors, for example, constant lighting at night, desyn-
chronosis develops, which is a pathological condition
characterized by a mismatch of rhythms in phase, the
loss of their mutual synchronization or their destruction
(Beauvalet et al., 2017; Walker et al., 2020).

One of the organs, the normal rhythm of the func-
tioning of which is very important for maintaining
homeostasis, is the liver (Trefts et al., 2017). In the regu-
lation and realization of plastic and energy metabolism,
the coordination of rhythmic processes in the liver with
the rhythms of processes in other organs and systems of
the organism plays a fundamental role. Moreover, most
of these processes demonstrate the daily rhythm (Tahara
et al., 2016).

In most cases, the rhythm of metabolic processes
arises and is maintained due to dynamic interactions
between the molecular clock of the organism and exter-
nal zeitgebers, such as, for example, light (main CR
synchronizer) and nutrition (secondary synchronizer)
(Stubblefield et al., 2016; Ding et al., 2018).

The disruption of circadian rhythmicity in the form
of a shift in biorhythms or desynchronosis in the liver
entails the development of pathological conditions and
diseases such as cholestasis, fatty hepatosis, impaired
biotransformation of toxic and medicinal substances,
hepatitis, cirrhosis and liver tumors (Tong et al., 2013;
DeBruyne et al., 2014). An indicator of functional chang-
es in hepatocytes is the modification of their morphologi-
cal structure, which has a wide range of variations, from
subtle ultrastructural transformations to cell death. (Li et
al., 2020). The linear dimensions of hepatocytes and their
nuclei, nuclear-cytoplasmic ratio, and ploidy of hepato-
cytes are the significant parameters for assessing the
morphofunctional state of the liver (Junatas et al., 2016).

The significant reason of desorganization of bio-
rhythms in the modern world is the disturbance of
natural light regime, known as light pollution. Due to
a number of social reasons (prolonged interaction with
digital technique, overtime and shift work, transmeridian
flights, etc.), a person is currently exposed to abundant
exposure to artificial lighting in the dark, which leads to
a shift in the circadian rhythms of the organism, or to
the development of desynchronosis (Lunn et al., 2017).

Another factor that influences CR is alcohol con-
sumption. In a study of the effect of alcohol on rhythms
in mammals, two areas of interest are distinguished. The
first one considers the chrono-effecter action of alcohol,
i.e. how the effects of alcohol change depending on the
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time of day in which it was consumed. The second area
of interest is chronergic, with wider approach, explor-
ing mainly the effect of alcohol on biorhythms of other
parameters of organism (Wasielewski et al., 2001). Alco-
hol abuse and alcoholic disease are associated with wide-
spread disturbances in CR (Rosenwasser, 2015; Davis
et al., 2018). It is shown that disturbances in circadian
homeostasis make liver and intestines more suscepti-
ble to alcohol toxicity. Studies in human alcoholics have
shown altered expression of circadian genes. Anyway,
alcohol has a significant chronotoxic effect, which causes
desynchronosis (Huang et al., 2010; Filiano et al., 2013;
Martinez-Salvador J. et al., 2018.)

We considered it important to study the daily
dynamics of the area of hepatocyte nuclei and their
ploidy under normal light conditions and under constant
illumination, as well as in combination of these condi-
tions with experimental chronic alcohol intoxication.

MATHERIALS AND METHODS
Animals

The study was conducted on 160 male Wistar rats at
age of 6 months, weighing 300+£20 g. Animals were tak-
en from the Stolbovaya nursery (the “Stolbovaya” affili-
ate of the FSBIS “Scientific Center for Biomedical Tech-
nologies of the Federal Medical and Biological Agency).

Design of experiment

Rats were divided into 4 equal groups. The experi-
ment lasted 3 weeks for every group.

Ist group (control): animals of the first group served
as control. The individuals were housed in plastic cages
with free access to water under the conditions of a fixed
light regime “light-dark” (10:14 hours).

2nd group: animals of the second group were kept
under the same conditions, but instead of water, a 15%
ethanol ad libitum solution was offered daily as a drink.

3rd group: animals of the third group were kept
under the same conditions as the animals of the first
group, except for the light regime, which represented
constant lighting (“light-light™).

4th group: animals of the fourth group were kept
under conditions of constant lighting and got 15% etha-
nol ad libitum solution as a drink instead of water.

The criterion for the selection of rats in the 2 and 4
group, along with the absence of visible deviations in the
state and behavior, was the initial preference for a 15%
solution of ethyl alcohol to a tap water. For this, a pre-

liminary experiment was carried out for 3 days in indi-
vidual cages with free access to both liquids.

Euthanasia was carried out three weeks after the
start of the experiment in a carbon dioxide chamber
equipped with a device for the upper gas supply (100%
CO,) at 9.00, 15.00, 21.00 and 3.00. The chamber volume
was filled with gas at a rate of 20% per minute to avoid
dyspnea and pain in animals. After sacrifice, the liver
was removed for morphological examination. All animal
experiments were performed in according to the compli-
ance with EC Directive 86/609/EEC and with the Rus-
sian law regulating experiments on animals.

The liver was fixed in 10% neutral buffered forma-
lin with further passage through alcohols of increasing
concentration (50° 60° 70° 80° and 96°) and xylol, fol-
lowed by pouring into Histomix histological medium
(BioVitrum, Russia). When conducting studies of organs
embedded in paraffin, serial sections with a thickness of
5-6 um were prepared. Histological sections were made
on the rotor microtome MPS-2 (USSR). Hematoxylin-
eosin staining was carried out according to the stand-
ard technique. Stained sections were put in a BioMount
mounting medium (BioVitrum, Russia).

Microscopy of histological preparations was per-
formed using a Nikon Eclipse 80I digital microscope with
use of a Nikon DI-FI digital camera (Japan). For micros-
copy, eyepieces x10, x15, lenses x4, x10, x20, x40, x100
were used. From each studied preparation, 10 digital
images of randomly selected visual fields were taken at a
magnification of x400, x1000, with the use of which kary-
ometry were subsequently carried out, the daily dynam-
ics of the nucleus was determined, estimated by their area.
In morphometric studies, the ImageJ program (USA) with
the appropriate plug-ins was used to determine the cross-
sectional area of hepatocyte nuclei (Broeke et al., 2015).
The measurements were carried out in micrometers after
preliminary geometric calibration on an object-microme-
ter scale digitized with the same magnification.

For ploidometry, paraffin sections were stained with
methylene-green - pyronin G, with following process-
ing of sections with RNA-ase. The hepatocyte ploidy was
calculated in units of ploidy relative to the optical den-
sity of the staining results of diploid nuclei of small lym-
phocytes.

Micromorphometry of only mononuclear interphase
hepatocytes without signs of pathological changes was
carried out.

Methods of statistical processing

The obtained data were analyzed using the Graph-
Pad Prism 6.0 program by calculating average values,
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standard deviation, and arithmetic mean error. The
numerical rows characterizing the diurnal fluctuations
of the studied physiological rhythms of animals were
subjected to mathematical processing, on the basis of
which group chronograms were drawn. We studied the
form of chronograms and calculated daily average val-
ues. Statistical differences in studied parameters were
determined using t-student test. A p value <0.05 was
considered statistically significant.

For the statistical estimation of the amplitude and
acrophase of CRs, cosinor analysis was performed,
which is an international, recognized method for the
unified study of biological rhythms using the CosinorEl-
lipse2006-1.1 program. The presence of a reliable circa-
dian rhythm was determined, as well as its acrophase
and amplitude. Acrophase is a measure of the peak time
of the total rhythmic variability over a 24-hour period.
The amplitude corresponds to half the total rhythmic
variability in the cycle. Acrophase is expressed in hours;
amplitude values are expressed in the same units as the
studied variables (Cornelissen, 2014).

RESULTS

Considering the results of karyometry, we found
that the cross-sectional area of hepatocyte nuclei of rats
of the first three groups, which amounted to 41.79+8.13
um?, 42.65+4.80 um?, and 42.72+5.63 pm?, respectively,
did not differ significantly from each other, but the sig-
nificant decrease in this parameter up to 35.50+3.01 um?
in hepatocytes of animals of the fourth group was found.

The daily rhythm of the cross-sectional area of the
hepatocyte nuclei of rats of 2-4 groups significantly dif-
fered from the control (Fig. 1). In particular, the maxi-
mum of area of nuclei in control group is noted at 15:00
with acute decrease to minimum at evening and night-
time - 21:00 and 3:00. In the second group the rhythm
is less pronounced, a maximum at 15:00 is noted. In the
third group, the maximum values are noted at 9:00 with
a gradual decrease to a minimum at 3:00. In the fourth
group, daily fluctuations in the area of hepatocyte nuclei
are unreliable.

The results of the cosinor analysis of diurnal chang-
es in the area of the nucleus indicate the presence of a
reliable CR of this process in the first three groups and
its destruction in the fourth group. Therewith, acro-
phases of rhythms in groups 1 and 3 are noted in the
daytime - at 12%! and 11°¢, with an amplitude of 10.03
um? and 4.60 um?, respectively, and the acrophase of
the rhythm in the second group shifts by 18°2 with an
amplitude of 3.37 um? (Fig. 2).
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Figure 1. Daily rhythm of the cross-sectional area of hepatocyte
nuclei of rats.

Figure 2. Results of cosinor analysis of circadian rhythmicity of
area of nuclei of hepatocytes of rats.

Considering the results of measuring the ploidy of
mononuclear hepatocytes, it was found that the stud-
ied samples contain diploid, tetraploid and octoploid
cells. The average ploidy of the studied hepatocytes is
4.47+2.12n in the first group, 5.02+2.18n in the second,
4.04£2.16n in the third, and 5.18+2.14n in the fourth.

Analysis of ploidy distribution of hepatocyte nuclei
revealed significant intergroup differences (Table 1).

In particular, in groups in which animals were
exposed to chronic alcohol intoxication, the number of
diploid hepatocytes significantly decreases, but at the
same time, the proportion of octoploid cells in the sec-
ond group significantly increases, as well as and the pro-
portion of tetraploid cells in the fourth group.



Influenceof chronicalcoholicintoxication andlighting regime on karyometricand ploidometric parameters ofhepatocytes ofrats 49

Figure 3. Liver of rat of control group, methylene-green - pyronin
G, x400.

Figure 4. Liver of rat of IV group, methylene-green - pyronin G,
x400.

Table 1. Distribution of hepatocyte nuclei in rat liver depending on ploidy.

Ploidy of nuclei of hepatocytes

Group

2n, % 4n, % 8n, %
Ist group (n=40) 23.98+3.51 52.1+4.60 23.23+2.20
2nd group (n=40) 14.15+2.02 ¢ 53.47+5.18 32.38+3.210*
3rd group (n=40) 34.0+4.81 45.943.95 *** 20.1£1.89***
4th group (n=40) 13.70+2.84 79.6+5.18 *** 6.70£0.81***

Note: hereinafter: *(P<0.05); **(P<0.005); ***(P<0.0005) - statistical significance of differences in comparison with the control group.

DISCUSSION AND CONCLUSION

The conducted study allowed us to establish that
both the violation of the light regime and the effect of
ethanol, individually and jointly, have a significant effect
on the studied parameters.

The alcoholic intoxication at fixed light regime causes
the decrease in proportion of diploid cells with a simulta-
neous increase in the proportion of octaploid cells.

Changing of the normal light regime to constant
light leads to a change in the nature of the ploidy distri-
bution of hepatocytes. The increase in proportion of dip-
loid hepatocytes indicates a successful course of adapta-
tion processes in the organ, apparently due to the divi-
sion of cells of higher ploidy, the proportion of which
has decreased (Nagy et al., 2001; Yelchaninov et al., 2011;
Lazzeri et al., 2019).

The alcoholic intoxication in conditions of constant
lighting lead to decrease in size of nuclei and increase in
proportion of tetraploid hepatocytes.

The increase in general ploidy in groups 2 and 4
(i.e. in those where animals were exposed to alcohol)

occurs due to tetra- and octaploid nuclei, which, accord-
ing to a number of authors, indicates the development
of hepatocyte hypertrophy against the background of an
increase in nuclear ploidy (Miyaoka et al., 2012; Zhou et
al., 2016). It has been suggested that the polyploid state
functions as a growth suppressor, limiting the prolifera-
tion of most of cells and causing compensatory-adaptive
reactions in the form of diploid cell hypertrophy.

In turn, the nature of the circadian rhythm of the
size of the cell nuclei indicates that constant illumina-
tion and ethanol, acting separately, cam use a rear-
rangement of the CR, but the combined action of these
parameters leads to the destruction of the circadian
rhythm, which indicates a disruption of adaptation pro-
cesses in animals of this group (Maruani et al., 2018;
Matkarimov, 2020)

So, the conducted study testifies that the results of
caryometric and ploidometric studies characterize the
degree of influence of alcohol intoxication and changes
in the light regime on the liver of rats, representing the
degree of effectiveness of adaptation to these factors.
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Abstract. Artemisia is one of the biggest genera in the family Asteraceae, with around
500-600 taxa at specific and sub-specific levels and organised in five subgenera. Due to
the high number of taxa, a lot taxonomists are trying to solve the problem of its classi-
fication and phylogeny but its natural classification still has not been achieved. The aim
of this study is to try to solve the problematic systematic relationship between three dif-
ferent Artemisia species growing in close proximity to each other in the light of mor-
phological, karyological and molecular data. The roots, stems, leaves, flowers structures
of the plant samples collected from different populations belong to these species were
investigated within the framework of morphological studies. Additionally, the chromo-
some counts and karyotype analysises of these species were made and idiograms were
drawn in the karyological studies. In the context of phylogenetic studies, ITS (ITSI1-
5.8S-ITS2) and trnT - trnL3’ regions of 22 individuals belonging to 3 taxa were stud-
ied. According to results of phylogenetic anlysis, it has been found that there is com-
pleted speciation genetic isolation mechanism between the species Artemisia spicigera,
Artemisia taurica and Artemisia fragrans that inhibit gene flow. Also Artemisia fragrans
and Artemisia spicigera species are very similar to each other in terms of morphological
characteristics. However, since populations of the species Artemisia fragrans are autopol-
yploid, the dimensional values of their morphological squares are larger than those of
the species Artemisia spicigera. This study is important as it is the first molecular based
study relating with some species of Artemisia growing naturally in Turkey.

Keywords: Artemisia, karyology, morphology, phylogeny, cpDNA trnT-trnL3’, r-DNA
ITS.

INTRODUCTION

Artemisia is one of the biggest genera in the family Asteraceae, with
around 500-600 taxa at specific and sub-specific levels and organised in five
subgenera (Valles et al., 2011). The majority of the members of this genus
have a high economic value (Chehregani et al., 2010; Hayat et al., 2010). Due
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to the high number of taxa, a lot taxonomists are trying
to solve the problem of its classification and phylogeny
but its natural classification still has not been achieved
(Mcarthur et al., 1981; Torrel et al., 1999; Torrell and
Valles 2001; Valles et al., 2003; Kursat, 2010; Kursat et
al., 2011). The genus is currently divided into five main
groups [Artemisia, Absinthium (Mill.) Less., Dracuncu-
lus (Besser) Rydb., Seriphidium Besser and Tridentatae
(Rydb.) McArthur] but subgeneric classification is sub-
ject to rearrangements in the light of recent molecular
studies (Torrell et al., 1999; Vallés et al., 2003).

Although a lot of investigation have been made of
the genus Artemisia, enhancing the available morpho-
logic and karyological data (Kawatani and Ohno 1964;
Valles 1987a; Torrell et al., 1999; Torrell and Valles 2001;
Torrell et al., 2001; Valles and Mcarthur 2001; Valles et
al., 2001; Kreitschitz and Vallés 2003; Inceer and Hay-
irlioglu-Ayaz 2007; Pellicer et al., 2007; Chehregani and
Hajisadeghian 2009; Nazirzadeh et al., 2009; Chehrega-
ni et al., 2010), still the chromosome numbers of some
species of the genus remain unknown or doubtful. The
genus has two basic chromosome numbers, the largely
predominating x=9 and the less extended x=8. x = 9 is
not only the most common basic number in the genus
Artemisia, but in the tribe Anthemideae and the family
Asteraceae as well (Mcarthur and Sanderson 1999; Oliva
and Vallés 1994; Schweizer and Ehrendorfer 1983; Sol-
brig 1977; Valles and Siljak-Yakovlev 1997). A high per-
centage of Artemisia species are polyploid. This phenom-
enon is present in all of the major groups into which the
genus is divided. Both basic chromosome numbers (x=8
and x=9) show polyploidy, with levels up to 12x for x=9
and 6x for x=8 (Vallés and Mcarthur 2001).

The gene regions that have been used for phylogeo-
graphic and phylogenetic inferences in plants come from
the single copy portions (LSC and SSC) of the chloroplast
genome, and internal transcribed spacer (ITS) regions
of nuclear ribosomal DNA (rDNA). Several molecular
methods have been used to determine the genetic diver-
sity and relationships among different Artemisia spe-
cies, including karyotyping (Mcarthur and Pope 1979),
cpDNA restriction site variation analysis (Kornkven et
al., 1999), polymerase chain reaction restriction fragment
length polymorphism (PCR-RFLP) analysis of several
genes (Lee et al., 2009; Mahmood et al., 2011), microsat-
ellite (SSR) polymorphism analysis (Tripathi et al., 2009;
Shafie et al.,, 2011) and Random amplified polymorphic
DNA (RAPD) analysis (Mcarthur et al., 1998a; Mcarthur
et al., 1998b; Sangwan et al., 1999). Nevertheless, very
few of Artemisia species have been verified with molec-
ular phylogenetic studies based on nucleotide sequence
data in Turkey, so far (Koloren et al., 2016).

Pelin Yilmaz Sancar, Semsettin Civelek, Murat Kursat

So, the aim of this study is to try to solve the prob-
lematic systematic relationship between three different
Artemisia species growing in close proximity to each
other in the light of morphological, karyological and
molecular data (using of rDNA ITS and truT-trnl3’
regions sequence data). Additionally, the first molecular
data for Artemisia spicigera, Artemisia taurica, and Arte-
misia fragrans from Turkey has been submitted to the
GenBank databases.

MATERIAL AND METHODS
Morphological evaluation

Plant specimens were collected from around the Van
Lake during the vegetative, flower and seed season in
2010, collected by M. Kursat, S. Civelek and P.Y. Sancar.
Morphological examinations consist of instant observa-
tions on the samples in the field and macroscopic and
microscopic examinations on the samples that have been
converted into herbarium material in the laboratory. In
order to determine the minimum and maximum val-
ues of the examined characters, 10 samples were taken
from each locality and measurements were made. Meas-
urements of small structures were made with a ruler
under a stereo microscope. Measurements of macro-
scopic structures were made using the ruler again with
the naked eye. The herbarium materials of the collected
samples are stored in Firat University Herbarium (FUH).
The list of the examined specimens, localities, collected
date and voucher numbers were given in Table 1.

Karyology

Meristematic cells of root tips are used in the car-
yological studies. The seeds (about 15-20 seeds for each
type) were germinated on moist filter paper in petri
dishes between 20-25°C. The actively growing root tips,
1 cm in length, were excised from the germinating seeds
and pretreated with aqueous colchicine (0.05%) for
3-3.5 h at room temperature. Then, the root tips were
fixed with Farmer (1:3 glacial acetic acid-absolute etha-
nol) for at least 24 h at 4°C, hydrolysed in 0.1 N HCI at
room temperature for 1 min, and subsequently rinsed in
tap water for 3-5 min. Then they were stained in Feul-
gen for 1 h and mounted in 45% acetic acid (Gedik et al.,
2014). Digital photographs from at least five well-spread
metaphase plates from each species were taken using
an Olympus BX51 microscope (Olympus Optical Co.
Ltd, Tokyo, Japan), and were recorded with an Olym-
pus Camedia C-4000 digital camera (Olympus Optical
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Table 1. Information of Artemisia populations location in field.

Taxa Locality Altitude Lat - Lon Date Voucher number
. RN Yilmaz Sancar, Kursat and Civelek
s Ant valley slope 5.5 km after passing Aktuzla ~ 1555m 39°.21-42°.15 10.10.2010 5007.5008.5022
S0 . . .
% Hinus - Varto highway, 24 km before Varto Yilmaz Sancar, Kursat and Civelek
3 g 0120 410 497 s
3 roadside, slopes 1780m 39°.13’-41°.42 10.10.2010 5009,5024
<' _ A . " . .
Van Hakka.rl road, after 1 km O.f Gurplr.lar 1799m 38°20°-43° 25" 25.11.2010 Yilmaz Sancar, Kursat and Civelek
road separation, Cavustepe locality roadside 5013
. 0 nm gm0 4 Yilmaz Sancar, Kursat and Civelek
Kuzgun Koran Pass hills 2142m 38°.23°-42°.47 09.10.2010 5001,5002,5010,5011
Between Edremit anfl Giirpinar, 15 km before 1714m 38°.19°-43°.14 09.10.2010 Yilmaz Sancar, Kursat and Civelek
2 Giirpinar 5003,5012
N . .
Yilmaz Sancar, Kursat and Civelek
S0 — . 0 (127420 I 5 $
“E\ Muradiye - Selale location 1788m 39°.03’-43°.25 10.10.2010 5005,5016
< — . . .
Between Malz'izglrt Akt}lzla, around Nurettin 1728m 38° 50°-43° 25 26.11.2010 Yilmaz Sancar, Kursat and Civelek
village roadside slopes 5017
After passing Aktuzla 5.5 km, Ant Valley At gm0 1 Yilmaz Sancar, Kursat and Civelek
slopes (roadside slopes) 1555m 39°.21-42%15 26.11.2010 5006,5019,5020,5021,5023
Van-hakkari highway, after 1 km of Giirpinar 1799m 40°.25"-43° 20 25.11.2010 Yilmaz Sancar, Kursat and Civelek

crossroads, Cavustepe area, roadsides

A. taurica

5004,5027,5028,

Figure 1. Somatic metaphase in A. spicigera (2n=18), and haploid idiogram (Scale bars: 1 pm).

Co. Ltd) (Figure 1). The short arm, long arm and total
lengths of each chromosome were measured and the
relative lengths (RL), arm ratios (AR), and centromeric
indices (CI) were determined from images of selected
cells. Levan et al. (1964) was used for the classification of
chromosomes.

The number of somatic chromosomes, ploidy level,
karyotype formula, morphometric parameters, Al and
A2 values (The intrachromosomal asymmetry index -
Al and the interchromosomal asymmetry index - A2)
were determined for each taxa (Romero Zarco 1986)

(Table 2). Idiograms of haploid chromosomes were
drawn (Figure 2). The examined taxa and characteristics
of somatic chromosomes are given in the results section.

Genomic DNA isolation, PCR, and Sequencing

Genomic DNA isolation was performed manually
as described CTAB method by Doyle and Doyle (1987).
In PCR studies conducted by using trna- trnd primers
and ITS4-ITS5 primers, trnT - trnl3’ and ITS (ITSI-
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Table 2. Somatic chromosome numbers (2n), ploidy level, karyotype formula, ranges of chromosome length, total karyotype length (TKL),

and asymmetry indexes (A1, A2) of the studied taxa.

. Karyotype Chromosome
Taxon 2n Ploidy level P ) length range TKL (um) Al A2
ormula
(Hm)
A. spicigera 1 18 2x IM+5m+3sm 4,94-5,56 46,72 0,27 0,04
A. spicigera 2 18 2x 2M+5m+2sm 4,26-4,81 40,79 0,23 0,02
A. spicigera 3 18 2x IM+6m+2sm 4,64-5,14 43,02 0,24 0,04
A. spicigera 4 18 2x IM+6m+2sm 4,69-4,97 43,40 0,25 0,02
A. spicigera 5 18 2x 2M+6m+1sm 4,55-5,50 4228 0.26 0,03
A. spicigera 6 18 2x 3M+4m+2sm 4,42-5,25 41,40 0,22 0,03
A. spicigera 7 18 2x 1M+4m+4sm 4,34-533 44,50 0,28 0,04
A. taurica 1 36 4x 3M+13m+2sm 3,48-4,07 67,31 0,22 0,05
A. taurica 2 36 4x 4M+12m+2sm 4,57-5,51 92,47 0,25 0,05
A. taurica 3 36 4x 4M+11m+3sm 4,44-5,50 89,70 0,23 0,06
A.fmgmns 1 36 4 x 3M+10m+5sm 4,10-5,35 85,51 0,35 0,08
A. fragrans 2 36 4x 3M+11m+4sm 3,13-3,53 59,52 0,24 0,01
A. fragrans 3 36 4 x 2M+14m+2sm 3,40-3,94 66,85 0,25 0,05
A. fragrans 4 36 4x 2M+10m+6sm 4,81-6,29 100,08 0,26 0,07
A. fragrans 5 36 4 x 1M+14m+3sm 3,97-4,65 77,57 0,27 0,05
A. fragrans 6 34 4 x 3M+12m+2sm 3,98-4,89 75,78 0,20 0,07
A. fragrans 7 36 4x 3M+13m+2sm 3,67-4,14 70,40 0,24 0,04
A. fragrans 8 36 4 x 1M+13m+4sm 3,43-4,75 70,15 0,29 0,08
A. fmgmns 9 36 4 x 3M+12m+3sm 3,98-4,99 82,53 0,23 0,07
A. fragrans 10 36 4x 2M+11m+5sm 3,83-4,79 76,09 0,28 0,07
A. fragrans 11 36 4 x 2M+10m+6sm 3,65-4,51 71,96 0,27 0,06
A. fragrans 12 36 4x 3M+12m+3sm 3,40-4,49 70,52 0,27 0,08
PP [ I I s I I I I N O B

Figure 2. Somatic metaphase in A. taurica (2n=36), and haploid idiogram (Scale bars: 1 um).

5.8S-I1TS2) region for 22 samples has been multiplied
(Taberlet et al., 1991). The sequence of primers that were
used to amplified both trnT - trnL3’ region and ITS
(ITS1-5.8S-ITS2) region were given in Table 3 (Taberlet
et al., 1991). The following protocol on a BioRad Ther-
mal Cycler : 2 min 95 °C initial denaturation, 35 cycles
of 1 min 95 °C denaturation, 40 s 60 °C (for trn region)

and 55 °C (for ITS region) annealing and 1 min 72 °C
extension, followed by a 5 min final extension at 72 °C.
PCR products were monitored in agarose gel with a 1
% ratio. Two-way reading was applied to the amplifica-
tion products. PCR purification process was realized
before sequence analysis. The purification and sequenc-
ing process was realized by the Macrogen Company.
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Table 3. The base sequences of the primers used (Taberlet et al.,
1991).

Primers Base sequences (5" - 3’)

ITS 5 (F): 5 GAA AGT AAA AGT CGT AAC AAGG 3
ITS 4 (R): 5 TCC TCC GCT TAT TGA TAT GC 3’
trn a (F): 5 CAT TAC AAA TGC GAT GCT CT 3’
trn d (R): 5 GGG GAT AGA GGA CTTGAAC3?

The obtained data was uploaded to NCBI and GenBank
accession numbers were taken. The GenBank accession
numbers were given in Table 4.

Phylogenetic Analysis

Phylogenetic analysis was conducted using the pro-
gram Molecular Evolutionary Genetics Analysis software
(MEGA X) (Kumar et al., 2019). In order to evaluate the
data of chromatograms (sequencing), Finch TV 1.4 ver-
sion is used. DNA sequence alignments of 22 individuals,
Variable sites, number of parsimony informative sites,

Table 4. GenBank accession numbers for the rDNA ITS (ITS1-5.8S-
ITS2) and trnT-trnL3’ regions of the studied samples

GenBank Accesion Numbers

Specimens
ITS region trnT-trnL3’ region

Artemisia fragrans 1 MT159779 MT648006
Artemisia fragrans 2 MT159780 MT648007
Artemisia fragrans 3 MT159781 MT648008
Artemisia fragrans 4 MT159782 MT648009
Artemisia fragrans 5 MT159783 MT648010
Artemisia fragrans 6 MT159784 MT648011
Artemisia fragrans 7 MT159785 MT648012
Artemisia fragrans 8 MT159786 MT648013
Artemisia fragrans 9 MT159787 MT648014
Artemisia fragrans 10 MT159788 MT648015
Artemisia fragrans 11 MT159789 MT648016
Artemisia fragrans 12 MT159790 MT648017
Artemisia spicigera 1 MT159791 MT648018
Artemisia spicigera 2 MT159792 MT648019
Artemisia spicigera 3 MT159793 MT648020
Artemisia spicigera 4 MT159794 MT648021
Artemisia spicigera 5 MT159795 MT648022
Artemisia spicigera 6 MT159796 MT648023
Artemisia spicigera 7 MT159797 MT648024
Artemisia taurica 1 MT159798 MT648025
Artemisia taurica 2 MT159799 MT648026
Artemisia taurica 3 MT159800 MT648027

genetic distance, nucleotide diversity, and divergence
within species were computed by MEGA X version. DNA
sequence alignment of all the individuals is made subject
to statistical analysis within the scope of this program.
Ultimately, phylogenetic trees were constructed by Maxi-
mum Parsimony Method with 100 bootstrap replicates
(Nei and Kumar, 2000; Kumar et al., 2019).

RESULTS
Morphological results

It was observed that A. taurica and A. fragrans spe-
cies had a larger size compared to A. spicigera species in
accordance with the environmental conditions it grows
and the number of chromosomes and ploidy levels.
Detailed morphological measurements of the studied
species are as in Table 5.

Karyological results

A. spicigera K.Koch

This taxa general spread is the Eastern Anatolia
Region in Turkey. Samples were collected from three
populations and 6 individuals of three different locali-
ties (Table 1). The samples were labelled “P.Y. 5007-5008-
5009-5013-5022-5024". The number of chromosomes
in all the samples examined was 21n=2x=18 and it con-
sists of 4M, 10m and 4sm chromosomes. The metaphase
chromosome length is 1.46-3.06 pm and longest to
shortest chromosome ratio is 2.0:1. Chromosome arm
ratios are 1.28-2.27 um, the centromeric index is 30.55-
43.83 um, and relative lengths are 4.20-8.78 pm (Table
2, Figure 1,). Secondary structures and satellite chromo-
somes (sat-chromosome) were not observed in this spec-
imens.

A. taurica Willd.

The species A. taurica shows the wide distribution in
the steppes of Central, Eastern and Southeastern Anato-
lia in Turkey. Samples were collected from 6 individuals
of three different localities (Table 1). The samples were
labelled “P.Y. 5004-5027-5028”. The number of chromo-
somes in all the samples examined was 2n=4x=36 and it
consists of 2M, 14m and 2sm chromosomes. The meta-
phase chromosome length is 3.40-3.94 um. Chromo-
some arm ratios are 1.27-2.57 pm, the centromeric index
is 33.09-49.20 pm, and relative lengths are 5.08-5.89 pm
(Table 2, Figure 2). Secondary structures and satellite
chromosomes (sat-chromosome) were not observed in
this specimens.
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Table 5. Comparison in terms of key features that distinguish of the species of A. spicigera, A. taurica and A. fragrans

Characters A. spicigera A. fragrans A. taurica
Stem length (cm) 20-50 20-75 20-45(-60)
Dimensions lower leaves (cm) 0.5-2.5 x 0.3-1.5 2.5-4 x 1-2 1-2.5 x 0.5-1.2
Dimensions of cauline leaves (cm) 0.5-1.5 x 0.3-1.5 1-2.5 x 0.5-1.5 0.5-2.5 x 0.3-1
Dimensions of floral leaves (cm) 0.1-1 x 0.1-0.2 0.1-1.2 x 0.1-0.8 0.1-1 x 0.1-0.4

Orientation of synflorescence branches
Capitula length (mm)

Outer phyllaries dimensions (mm)
Middle phyllaries dimensions (mm)
Inner phyllaries dimensions (mm)
Corolla colour

Corolla dimensions (mm)

Pistil length (mm)

Ovarium dimensions (mm)

Style length (mm)

Forks length of bifid stigma (mm)
Stamens length (mm)

Filaments length (mm)

Anhters dimensions (mm)

Number of flowers in capitula
Achenes (cypselas) dimensions (mm)
Somatic chromosome number

usually horizontal
1-3 mm long
0.2-0.4 x 0.2-0.4
1.2-2.2 x 0.5-1
3-3.4 x 0.5-1
yellow or red
2.5-3.2 x0.5-0.8
1.8-3
0.4-0.6 x 0.2-0.4
1.2-1.6
0.2-0.5
2.2-3.2
0.8-1.3
1.4-1.7 x 0.1-0.3
3-5
1.2-2.2 x 0.5-1.2
2n=2x=18

usually ascendant
1-5 mm long
0.5-0.8 x 0.3-0.5

usually horizontal
(1-) 3-5 mm long,
0.6-0.9 x 0.5-0.8

1-1.2 x 0.8-1.5 1-2.2 x 1.3-1.7
33-3.8x1-1.2 4-42x12-15
yellow or red yellow or pinkish red or purplish red
1.7-3.5 x 0.2-0.6 2.8-3.3 x0.5-1
2.1-3.2 3.1-3.9
0.5-0.8 x 0.3-0.6 0.7-1 x 0.2-0.7
1.5-1.9 1.5-2.2
0.3-0.7 0.4-0.7
3-3.5 3-4.2
1.3-1.6 1-1.5
2-2.5x0.2-0.5 2-2.7x0.1-0.3
5-8(-10)
2-25x0.8-1.4 1.8-2.7 x 0.8-1.4
2n=4x=36 2n=4x=36 , 2n=6x=>54

lp
[
|
|
[
|
|

Figure 3. Somatic metaphase in A. fragrans (2n=36), and haploid idiogram (Scale bars: 1 pum).

A. fragrans Willd.

This taxa only spread is the Eastern Anatolia Region
in Turkey and this species a new record for Turkey (Kur-
sat et al., 2014). Samples were collected from five popula-
tions and 14 individuals of four different localities (Table
1). The samples were labelled “P.Y. 5001-5002-5003-5005-
5006-5010-5011-5012-5016-5017-5019-5020-5021-5023".
The number of chromosomes in all the samples exam-
ined was 2n=4x=36 and it consists of 4M, 10m and 4sm
chromosomes. The metaphase chromosome length is
1.46-3.06 pm and longest to shortest chromosome ratio

is 2.0:1. Chromosome arm ratios are 1.28-2.27 um,
the centromeric index is 30.55-43.83 pm, and relative
lengths are 4.20-8.78 um (Table 2, Figure 3). Secondary
structures and satellite chromosomes (sat-chromosome)
were not observed in this specimens.

Phylogenetic results

In this part of the study, a phylogenetic tree display-
ing the phylogenetic position of three Artemisia species
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Table 6. PCR amplified region length and summary statistics from
the rDNA ITS (ITS1-5.8S-ITS2) and the cpDNA (trnT-trnL3’) data-
set of genus Artemisia.

Co-evaluated of

g"fg‘;ﬁar ITS (ITS1-5.85-  trnT-trnl3"  ITS (ITS1-5.8S-
Versty ITS2) Region Region ITS2) and trnT-

Parameters N .

trnL3’ Regions

Total Sample 2 2 2

Count

Total Characters ~725 ~1020 ~1745

GC Ratio (%) 52.7 34.3 41.6

Protected

Regions (C) 577 930 1507

Regions with

Variation (V) 142 62 204

Parsimony

Informative 14 20 34

Regions (Pi)

with respect to each other was constructed (Figure 4).
Populations of these species were collected from 9 differ-
ent regions cultivated in Van Lake around and 22 indi-
viduals were included in the analyzes. in addition to,
the reference base sequences of two individuals belong
to species A. sieberi (KJ004347.1) and A. maritima
(NC045093.1) were also included in our analysis to dem-
onstrate the accuracy of the study (Shahzadi et.al., 2020.)
Haplocarpa scaposa (EU846325.1 and DQ444824) was
used as an outgroup (McKenzie et.al. 2006; McKenzie
and Barker 2008). Sequence data of plants used as out-
group and sister group were taken from NCBI.

Within the scope of the studies, DNA isolation
of 22 individuals from leaf tissue was made by CTAB
method, then rDNA ITS (ITS1-5.8S-ITS2) region and
non-coding trnT-trnL3’ region of cpDNA was ampli-
fied in PCR using specific primers (Table 2). The base
sequences of the obtained regions were analyzed and
their genetic characteristics were compared and infor-
mation was obtained about the proximity and distance
of taxa to each other. For a more accurate visualization
of the results of the alignment, about 50-100 base from
the head and the end were not evaluated by us. As a
result of the research done from NCBI for Artemisia
genus, the base length of the ITS (ITS1-5.8S-ITS2) region
was found to be 700-750 bp, trnT-trnL3’ in total and the
base length was 900-1000 bp in total, and in our study, it
was found to be of similar length in accordance with the
literature.

The analyses were performed with the X version of
the MEGA program and the method that would give the
best result for us was selected from the “Find Best DNA

Artemisia fragrans
Artemisia fragrans
Artemisia fragrans
Artemisia fragrans
Artemisia fragrans
ww | Artemisia fragrans
Artemisia fragrans
Artemisia fragrans
Artemisia fragrans
| | Artemisia fragrans

Artemisia fragrans

Artemisia fragrans

Artemisia taurica
«{ Artemisia taurica

~$8%

8%
Artemisia faurica

Artemisia spicigera
Artemisia spicigera

— Artemisia spicigera

Artemisia spicigera

Artemisia spicigera

Artemisia spicigera

Artemisia spicigera

- Artemisia sieberi KJ004347.1 Artemisia maritima NC 045093.1
Haplocarpa scaposa EU846325.1 DQ444824

—
20

Figure 4. Maximum Parsimony tree obtained from the co-eval-
uation of sequences of the ITS (ITS1-5.8S-I1TS2) and trnT-trnL3’
regions of individuals.

Models” step of the program. As a result, it was decided
that Maximum Parsimony method would give the most
accurate result of the tree drawn with Tamura 3-param-
eter step. In addition, two different DNA regions were
evaluated at the same time and a complex tree has been
obtained to achieve a more accurate result (Figure 4).

As a result of the calculations made with the Maxi-
mum Parsimony (MP) method, in both the separate
and co-evaluations of the sequences of the ITS and trn
regions of the examined individuals, in total ~1745 base
pairs were taken into consideration and the number
of variable regions (V) 204, The number of conserved
regions (C) was 1507 parsimony number (PI) 34, and
GC ratio was 41.6%. These calculated values are given in
Table 6.

DISCUSSION

Artemisia is one of the most complex genera and it
is represented by the large number of species, diverse
morphological types, ploidy and complicated genetic
relationships (Winward and Mcarthur 1995). Because
of this, the clarification of the genus’s taxonomy using
classical botanical tools and morphological characteris-
tics has many difficulties (Torrel et al., 1999). Therefore,
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usage of molecular markers and caryological data is a
valuable and promising addition to the traditional mor-
phology-based classification (Turuspekov et al., 2018). In
this study a phylogenetic systematic study is conducted
by using the morphological, karyological and phyloge-
netic data of three species in Artemisia that grow around
the Van Lake in Turkey. 22 individuals of taken from 8
different populations belong to taxa of the A. spicigera,
A. taurica and A. fragrans were examined morphologi-
cal measurements, karyotype analysis and analysing the
base slice of the regions being obtained, it was tried to
get information about the closeness and distance of taxa
with each other. This research is important as it is the
first molecular based study relating with some Artemisia
species growing naturally that around the Van Lake in
Turkey. Additionally, the first molecular data about these
species from Turkey has been submitted to the GenBank
international databases.

A lot of research has been carried out to better
understand the morphological, karyological, anatomical,
and phylogenetic analysis of the genus Artemisia and its
relationships to the other (four) subgenera, Absinthium,
Dracunculus (Besser) Rydb, Seriphidium Besser ex Less.
and Tridentatae (Rydb), in different parts of the world.
Polyploidy is currently considered a prominent force in
plant evolution and represents the most common mode
of sympatric speciation in plants (Wendel and Doyle
2005). Polyploids, moreover, may have superior levels
of adaptability and higher probabilities of survival than
their diploid relatives (Thompson and Lumaret 1992;
Soltis and Soltis 2000). Most of the Artemisia that colo-
nize extreme and arid habitats are polyploids. This fact
supports the hypothesis that polyploids have more tol-
erance of extreme environmental conditions (Pellicer et
al., 2007).

Chromosome data currently available show poly-
ploidy to be the most significant evolutionary trend in
chromosome number within Asteraceae (Chehregani et
al., 2010). Accordig to Chehregani et al. (2010), the high-
est variation in chromosome number was observed in A.
spicigera. In this species; different chromosome numbers
(2n=2x=18, 2n=3x=27, 2n=4x=36, 2n=5x=45, 2n=6x=54
and 2n= 8x= 72) were identified in different populations
that collected from different parts of Iran. However, in
our study, the number of chromosomes in all studied
populations was found to be 2n=2x=18. But Tabur et
al. (2014), the number of chromosomes in all A. spicig-
era populations they work from Turkey have recorded as
2n=2x=18. Accordingly, the ploidy level of A. spicigera
kind in Turkey, we can say that 2x.

The phylogenetic relationship among the differ-
ent Artemisia species collected from different regions

Pelin Yilmaz Sancar, Semsettin Civelek, Murat Kursat

of Pakistan based on the chloroplast gene RPS11 was
investigated by Mahmood et al. (2011). The molecular
phylogenetic analyses of the Hawaiian Artemisia and its
worldwide divergence based on nuclear and chloroplast
DNA markers were reported by Hobbs and Baldwin.
(2013). As discussed by Haghighi et al. (2014), the phy-
logenetic relationships among Artemisia species based
on nuclear ITS and chloroplast psbA-trnH DNA mark-
ers using three sections of Artemisia, Dracunculus and
Serphidium propose that the ITS and cpDNA psbA-trnH
markers are practicable in the systematic revision of
troubled taxa at the intra-genus level in plants. Further-
more, Pellicer et al. (2014) performed phylogenetic anal-
ysis of the annual Artemisia within its major lineages
and suggested that annual Artemisia have been specially
misidentified at a subgeneric level and verified that they
are phylogenetically restricted to basal grades. However,
to date, very few Artemisia species have been verified
with molecular phylogenetic studies based on the nucle-
otide sequence data in Turkey (Koloren et al., 2016).
Civelek et al. (2010) have carried out a revisionary
study of the genus Artemisia in Turkey. According to
results of the revisionary study based on the morpho-
logical features, it was observed that growing around
the Lake Van that in the populations thought to belong
to the A. spicigera species, there are some groups show-
ing significant morphological differences from this spe-
cies. These groups were found to be similar to A. spicig-
era and A. taurica in terms of morphological, but it has
been accepted that they were closer to A. spicigera. In
these populations, a new variety (A. spicigera var. van-
ensis) belonging to the species A. spicigera was made,
but the variety was not certain as it was not published
(nomen nudum). The researchers stated that they are
not sure about the accuracy of this systematic arrange-
ment and stated that these populations should be stud-
ied in detail. To solve this systematic problems, in Flora
of Turkey specified to be very close to each other A. spi-
cigera and A. taurica species of, planned to investigate
detailed morphological and cytogenetic aspects and the
research was conducted. While these studies continue,
after literature search and cytogenetic observations in
these populations, have been identified as belonging to
the species A. fragrans case a new record for the flora
of Turkey and published (Kursat et al., 2014). However,
it has been stated that a molecular study is needed to
confirm these results. For this purpose, it was decided to
phylogenetically evaluate the populations of A. spicigera,
A. taurica and A. fragrans species around the Van Lake
with various molecular markers. gramer In molecular
studies, ITS (ITS1-5.8S-ITS2) in rDNA and trn regions
in cpDNA were amplified with specific primers and ana-
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lyzed with MEGA program. In the phylogenetic family
tree created after the analysis, it was observed that the
examined individuals of the species in question were
completely separated from each other, and the individ-
uals of each species were grouped among themselves.
According to these results, it has been determined that
there is no gene flow between the populations of these
species and they are completely independent from each
other. According to the morphological and caryological
data, it has been molecularly proven that the populations
considered as A. spicigera var. vanensis (nomen nudum)
are correct to be published as A. fragrans species.

CONCLUSIONS

According to this study results, it has been found
that there is complete speciation genetic isolation mech-
anism between the species A. spicigera, A. taurica and A.
fragrans that inhibit gene flow. Also A.fragrans and A.
spicigera species are very similar to each other in terms
of morphological characteristics. However, since popu-
lations of the species A. fragrans are autopolyploid, the
dimensional values of their morphological squares are
larger than those of the species A. spicigera.

This study is so important as it is the first molecu-
lar based study relating with some species of Artemisia
growing naturally in Turkey.
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Abstract. Alcea L. is one of the largest genera of Malvaceae family with nearly 70 spe-
cies worldwide mainly distributed in SW Asia. According to the latest revision of the
family, it is represented by 34 species in the Flora of Iran, among them, 15 species
are endemic. It is tough to accurate germplasm/ plant recognition by using morpho-
logical characteristics because of its propagation, growing and using. We conducted a
molecular data analysis on these plant species due to their importance. We examined
156 plants from 14 species in 16 regions that were selected randomly for this investiga-
tion. It has been 119 polymorphic bands (94.33%) were resulted from 128 bands of 10
primers in amplification of genomic DNA. ISSR primers have a great capacity to detect
polymorphic loci among Alcea species, as evidenced by the high average PIC and MI
values found. The genetic similarity of 14 species was calculated and ranged between
0.635 to 0.990. Inter-Simple sequence repeats (ISSR) markers research revealed that
Alcea tarica Pakravan & Ghahreman and Alcea kopetdaghensis lljin had the least simi-
larity, while Alcea semnanica Pakravan and Alcea mazandaranica Pakravan & Ghahre-
man had the most. The current study attempts to answer three questions: 1) can ISSR
markers identify Alcea species? 2) what is the genetic structure of these taxa in Iran?
and 3) what is the inter-relationship between these taxa? The current study discovered
that ISSR markers can be used to identify species.

Keywords: population structure, gene flow, network, genetic admixture.

INTRODUCTION

It is vital to determine the precise boundaries of a species in order to gain
a better understanding of any scientific investigations. As a result, in the con-
text of biology, species delimitation is a topic that receives a lot of attention
(Collard and Mackill 2009; Wu et al. 2013). However, establishing the criteri-
on that could be used to resolve species borders is a contentious issue (Esfan-
dani-Bozchaloyi et al. 2018a, 2018b, 2018c¢, 2018d). (Pandey et al. 2008).
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Furthermore, the analysis of wild population genetic
structure and the study of intra-specific levels of genetic
diversity are critical for the creation of successful con-
servation measures. The Malvaceae family includes the
perennial herb Alcea L., which has its primary centers
of diversity in the Western Mediterranean Basin and the
Middle East (Zohary 1963a, b, Hutchinson 1973, Riedl
1976, Heywood et al. 1978). In Europe, there are only a
few species of Alcea (Escobar et al. 2009). The Flora of
Iran has 34 species, 15 of which are endemic, accord-
ing to the most recent revision of the family (Pakravan
2008) Alcea species are usually tall-growing hemicryp-
tophytes that grow annually, biennially, or perennially.
The stem is erect, rarely branching at the base, and occa-
sionally acaulescent. The leaves might be simple, lobed,
palmatipartite, or palmatisect in shape. The sepals are
five in number and are connate at the base. Petals are
pentamerous and come in a variety of colors. Mericarps
come in a variety of shapes and sizes, each with a ster-
ile upper chamber and a single seeded bottom chamber.
(Ghahreman et al. 2001, Pakravan & Ghahreman 2006,
Pakravan 2006, 2008).

The mucilage that containing the plants of the Mal-
vaceae family are sources of carbohydrates, which are
used in medicine (Azizov et al. 2007). The species of this
tamily, especially Alcea rosea has been used as diuretic,
demulcents, emollient, aperients, and in the treatment
of burning sensation, skin disease, and constipation
(Shaheen et al. 2010).

Delimitation of Alcea and Althaea ganera has been
a challenging task in taxonomic history of Malvaceae.
Alcea has been traditionally included in Althaea based
on epicalyx characteristics (Bentham & Hooker 1862,
Baker 1890, Candolle 1837, Edlin 1935, Willdenow 1800).
However, characteristics of staminal column and fruit
features led to consider Alcea and Althaea as two sepa-
rate taxa (Alefeled 1862; Boissier 1867; Iljin 1949).

Molecular-phylogenetic data also support the mono-
phyly and distinctness (as suggested by morphological
data) of Alcea but they are of limited use in determining
relationships between species and species delimitations
(Escobar Garsia et al. 2012). The taxonomic complex-
ity of Alcea is remarkable (Zohary 1963a,b, Riedl 1976,
Townsend 1980). Alcea has so far proposed two infrage-
neric classifications, each of which is divided into a few
informal groups. Despite the fact that it has a significant
number of species, no formal subgeneric categorization
has been established. Due to uniformity and pronounced
plasticity in morphological characters of this genus
(especially in flower and fruit characters), some traits
such as leaf sequence, mericarp shape, relative length of
calyx versus epicalyx, and indumentum morphology are
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more applicable in taxonomy of Alcea (Escobar Garcia
et al. 2012). For researching genetic diversity, molecular
markers are a useful tool. Random Amplified Polymor-
phic DNA (RAPD) and Inter Simple Sequence Mutation
(ISSM) are two sophisticated genetic markers. For diver-
sification assessments, ISSR markers have been routinely
used (Pharmawati et al. 2004). The RAPD approach is
rapid, simple, and does not require any prior sequence
awareness. Then uses a single primer of any nucleotide
sequence, the approach detects nucleotide sequence pol-
ymorphism (Moreno et al. 1998). A single 16-18 bp. long
primer consists of a repeating sequence attached at the
3’ or 5" end of 2-4 arbitrary nucleotides is used to ampli-
ty DNA for ISSR markers. The method is faster, easier,
and less affordable than RAPD, and it is more repeatable
(Esfandani-Bozchaloyi et al. 2017a, 2017b, 2017c, 2017d;
Collard and Mackill 2009; Wu et al. 2013). The current
study used new gene-targeted molecular markers, name-
ly ISSR markers, to assess the genetic diversity and con-
nections among different Alcea species. We conducted a
genetic research of 156 collected specimens of 14 Alcea
species because this is the first study on the usage of
ISSR markers in the Alcea genus.

We try to answer the following questions: 1) Is there
infra and interspecific genetic diversity among studied
species? 2) Is genetic distance among these species cor-
related with their geographical distance? 3) What is the
genetic structure of populations and taxa? 4) Is there any
gene exchange between Alcea species in Iran?

MATERIALS AND METHODS
Plant materials

A total of 156 individuals were sampled represent-
ing 16 geographical populations belonging to 14 Alcea
species in East Azerbaijan, Lorestan, Kermanshabh,
Mazandaran, Esfahan, Tehran, Khorasan, Semnan, Fars,
Golestan Provinces of Iran during July-Agust 2016-2019
(Table 1). We utilized 156 botanical accessions (three to
twelve samples of each group) from 16 different popu-
lations with various eco-geographic attributes for ISSR
analysis which were extracted and stored in -20 until
further use. More information about geographical distri-
bution of accessions are in Table 1 and Fig. 1.

During several field excursions to the all part of Iran
as well as survey to the several herbaria {Herbarium of
Iranian Research Institute of Plant Protection (IRAN),
Herbarium of Tehran University (TUH), Herbarium of
Shahid Beheshti University (SBUH), and some Herbaria
of Natural Resources Research Centers in most provinc-
es of Iran such as: East and West Azerbaijan], some new
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Table 1. Voucher details of Alcea species in this study from Iran.

No Sp. Locality Latitude  Longitude Altitude (m)
. . Esfahan:Ghameshlou, Sanjab OEnm 0n
Spl Alcea aucheri (Boiss.) Alef. Kermanshah, Islamabad 38°52°37 47°23°92 1144
Sp2 Alcea angulata Freyn & Sint. Tehran, Damavand 32°50°03”  51°24°28” 1990
. . Khorasan, Mashhad . 0EA QY
Sp3 Alcea rhyticarpa (Trautv.) Iljin 29°20°07 51°52°08 1610
Sp4 Alcea sulphurea (Boiss.& Hohen.) Alef. Tehran, Tochal 38°52°37”  47°23’92” 1144
Sp5 Alcea striata (DC.) Alef. Kermanshah, Islamabad 33°5712°  47°57°32” 2500
Esfahan, Semirom
Sp6 Alcea loftusii (Baker) Zohary Lorestan, Oshtorankuh, above Tihun village 34°52°37”  48°23°92” 2200
sp7 Alcea gorganica (Rech. f., Aellen & Esfand.) Golestan, Gorgan 38952377 47°2392” 1144
Zohary
Sp8 Alcea popovii Iljin Tehran, Chalous 35°50°03”  51°2428” 1700
Sp9  Alcea mazandaranica Pakravan & Ghahreman Mazandaran Province, Kelardasht, Rodbarak 36°14’14”  51°18°07” 1807
Spl10 Alcea tarica Pakravan & Ghahreman Tehran, Damavand 32°36’93”  51°27°90” 2500
Spl1 Alcea ghahremanii Pakravan & Assadi East Azerbaijan, Arasbaran 37°07°02”  49°44’32” 48
Sp12 Alcea kopetdaghensis 1ljin Khorasan, Koppeh Dagh 28°57°22”  51°28'317 430
Sp13 Alcea iranshahrii Pakrav'an, Ghahreman & Fars, Estahban 30°0724”  53°59°06” 2178
Assadi
Spl4 Alcea semnanica Pakravan Semnan, Damghan 28°57°227  51°28'317 288

_ 3¥;
~ sp2,4,810,
p6

.} spl, 5 Ta
.

Figure 1. Map of Iran shows the collection sites and provinc-
es where 14 Alcea species were obtained for this study; spl= A.
aucheri; sp2= A. angulata; sp3= A. rhyticarpa; sp4d= A. sulphurea;
sp5= A. striata; sp 6= A. loftusii ; sp7= A. gorganica; sp8= A. popo-
vii; sp9= A. mazandaranica; spl0: A. tarica; spll: A. ghahremanii;
spl2= A. kopetdaghensis; sp13= A. iranshahrii; spl4= A. semnanica.

information were obtained. The specimens were identi-
fied using the identification keys and descriptions of the
Alcea species in the relevant floras [Taxonomical Studies
in Alcea of South-western Asia (Zohary 1963a, b), Flora

Orientalis (Boissier 1967), Flora Palestina (Zohary 1972),
Flora Iranica (Riedl 1976), Flora of Iraq (Townsend
et al. 1980), and The Taxonomic Revision of Alcea and
Althaea in Turkey (Uzunhisarcikli & Vural 2012).

DNA extraction and ISSR Assay

In every one of the tested populations, fresh leaves
were also used in random from one to twelve plants. Sil-
ica gel powder was used to dry them. To extract genomic
DNA, the CTAB activated charcoal procedure was applied
(Esfandani-Bozchaloyi et al. 2019). A 0.8 percent agarose
gel was used to test the purity of the isolated DNA. 22
primers from the UBC (University of British Columbia)
series were evaluated for DNA amplification for the ISSR
study. Based on band reproducibility, ten primers were
chosen for ISSR study of genetic diversity (Table 2).

PCR reactions were carried in a 25pl volume con-
taining 10 mM Tris-HCI buffer at pH 8; 50 mM KCI; 1.5
mM MgCly; 0.2 mM of each dNTP (Bioron, Germany);
0.2 uM of a single primer; 20 ng genomic DNA and 3 U
of Tag DNA polymerase (Bioron, Germany). The follow-
ing program was used to perform the amplifications and
reactions in a Techne thermocycler (Germany): 94°C for
5 minutes, then 40 cycles of 1 minute at 94°C, 1 minute
at 52-57°C, and 2 minutes at 72°C.

A final extension step of 7-10 minutes at 72°C fin-
ished the reaction. Running the amplification results
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Table 2. ISSR primers used for this study and the extent of polymorphism.

Primer name Primer sequence (5°-3’) TNB NPB PPB PIC PI EMR MI
ISSR-1 DBDACACACACACACACA 15 13 93.84% 0.66 4.66 11.33 4.67
ISSR-2 GGATGGATGGATGGAT 12 11 94.91% 0.48 5.21 12.50 5.65
ISSR-3 GACAGACAGACAGACA 16 14 95.74% 0.67 5.66 9.57 5.37
ISSR-4 AGAGAGAGAGAGAGAGYT 13 12 92.31% 0.54 8.21 10.23 4.55
ISSR-5 ACACACACACACACACC 17 17 100.00% 0.47 7.32 11.55 4.18
ISSR-6 GAGAGAGAGAGAGAGARC 11 10 96.89% 0.43 6.56 9.34 7.17
ISSR-7 CTCTCTCTCTCTCTCTG 13 12 95.81% 0.34 4.21 6.78 5.59
ISSR-8 CACACACACACACACAG 12 12 100.00% 0.47 3.37 9.55 3.45
ISSR-9 GTGTGTGTGTGTGTGTYG 11 9 93.89% 0.53 6.56 8.34 6.11
ISSR-10 CACACACACACACACARG 11 11 100.00% 0.59 4.22 10.11 4.33
Mean 12.8 119  9433%  0.55 5.32 10.66 5.7
Total 128 119

Note: TNB - the number of total bands, NPB: the number of polymorphic bands, PPB (%): the percentage of polymorphic bands, PI: poly-
morphism index, EMR, effective multiplex ratio; MI, marker index; PIC, polymorphism information content for each of CAAT box- derived

polymorphism (CBDP) primers.

over a 1 percent agarose gel and staining with ethidium
bromide revealed the amplification products. A 100-bp
molecular size ladder was used to assess the fragment
size (Fermentas, Germany).

Data analyses - Molecular analyses

The collected ISSR bands were coded as binary char-
acters (presence = 1, absence = 0) and utilized to ana-
lyze genetic diversity. The UPGMA (Unweighted paired
group using average) ordination methods were utilized
to sort the plant specimens into groups (Podani 2000).
To quantify the capability of each primer to distinguish
polymorphic loci amongst these genotypes, two meas-
ures, polymorphism information content (PIC) and
marker index (MI), were utilized to assess its discrimi-
natory ability (Powell et al. 1996). MI is calculated for
each primer as MI = PIC x EMR, where EMR is the
product of the number of polymorphic loci per prim-
er (n) and the fraction of polymorphic fragments (f)
(Heikrujam et al. 2015). For each primer, the effective
multiplex ratio (EMR) and the number of polymorphic
bands (NPB) were computed. Parameter like Nei’s gene
diversity (H), Shannon information index (I), number of
effective alleles, and percentage 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* =
-2piln 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. GenAlEx 6.4 software is used

to analyze the percentage of polymorphic loci, the mean
loci by accession and population, UHe, H’, and PCA
(Peakall & Smouse 2006). Neighbor Joining (NJ) cluster-
ing and Neighbor-Net networking were based on Nei’s
genetic distance between populations (Freeland et al.
2011, Huson & Bryant 2006). The Mantel test was used
to see if there was a link between the analyzed popula-
tions’ geographical and genetic distances (Podani 2000).
The comparison of genetic divergence or genetic distanc-
es, estimated by pairwise FST and related statistics, with
geographical distances by Mantel test is one of the most
popular approaches to evaluate spatial processes driving
population structure. The Mantel test, as originally for-
mulated in 1967,

Z, :iigu ><d"JJI

i=1 jml

Where gij and dij are, respectively, the genetic and
geo-graphic distances between populations i and j, con-
sidering populations. Because Zmis given by the sum
of products distances its value depends on how many
populations are studied, as well as the magnitude of
their distances. The Zm-value can be compared with
a null distribution, and Mantel originally proposed
to test it by the standard normal deviate (SND), given
by SND =Zm/var(Zm)1/2 (Mantel 1967). These analy-
ses were done by PAST ver. 2.17 (Hammer ef al. 2012),
DARwin ver. 5 (2012) software. To show genetic differ-
ences between the populations, the AMOVA (Analysis
of molecular variance) test (with 1000 permutations)
was utilized, which was implemented in GenAlex 6.4
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Figure 2. Electrophoresis gel of Alcea species from DNA frag-
ments produced by ISSR-5 and ISSR-3; spl,14= A. aucheri; sp2,15=
A. angulata; sp3,16= A. rhyticarpa; sp4,17= A. sulphurea; sp5,18=
A. striata; sp 6,19= A. loftusii; sp7,20= A. gorganica; sp8,21= A.
popovii; sp9,22= A. mazandaranica; sp10,23: A. tarica; sp11,24: A.
ghahremanii; sp12,25= A. kopetdaghensis; sp13,26= A. iranshahrii;
spl4,27= A. semnanica.

(Peakall & Smouse 2006). This approach considers the
equal amount of gene flow among all populations. The
genetic structure of populations was studied by Bayes-
ian based model STRUCTURE analysis (Pritchard et
al. 2000), and maximum likelihood-based method of
K-Means clustering of GenoDive ver. 2 (2013). Data
were evaluated as dominating markers for STRUC-
TURE analysis (Falush et al. 2007). Under the corre-
lated allele frequency model, we used the admixture
ancestry model. After a 105 burn-in period, a Markov
chain Monte Carlo simulation was ran 20 times for each
value of K. Using the delta K value, the Evanno test was
run on the STRUCTURE result to determine the right
number of K. (Evanno et al. 2005)

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

RESULTS
Species identification and genetic diversity

To examine genetic links among Alcea species, ten
ISSR primers were tested; all of the primers yielded rep-
licable polymorphic bands in all 14 Alcea species. Figure
2 depicts the ISSR amplification induced by the ISSR-5
primer. Across 14 Alcea species, a total of 119 amplified
polymorphic bands were produced. The amplified frag-
ments were between 100 and 3000 bp in length. With an
average of 11.9 polymorphic bands per primer, ISSR-5
had the most and lowest number of polymorphic bands,
with 17 and 9 respectively. The average PIC of the 10
ISSR primers was 0.55, ranging from 0.34 (ISSR-7) to
0.67 (ISSR-3). The MI of the primers ranged from 3.45
(ISSR-8) to 7.17 (ISSR-6) on average, with an average of
5.7. ISSR primers had an EMR ranging from 6.78 (ISSR-
7) to 12.50 (ISSR-2), with an average of 10.66 per prim-
er (Table 2). The primers with the highest EMR values
were thought to be more useful in separating the geno-
types. The genetic parameters for all 14 Alcea species
amplified with ISSR primers were calculated (Table 3).
Unbiased expected heterozygosity (H) ranged from 0.15
(Alcea popovii) to 0.39 (Alcea aucheri), with a mean of
0.28. Shannon’s information index (I) showed a similar
pattern, with the greatest value of 0.39 in Alcea aucheri
and the lowest value of 0.10 in (Alcea popovii) , with a
mean of 0.27. The number of alleles (Na) observed in
Alcea rhyticarpa ranged from 0.201 to 0.645 in Alcea
kopetdaghensis. The effective number of alleles (Ne) in

Sp N Na Ne I He UHe %P

Spl  Alcea aucheri 5.000 0.462 1.095 0.398 0.48 0.39 76.55%
Sp2  Alcea angulata 8.000 0.399 1.167 0.322 0.398 0.344 65.77%
Sp3  Alcea rhyticarpa 8.000 0.201 0.095 0.23 0.27 0.22 42.23%
Sp4  Alcea sulphurea 5.000 0.341 1.058 0.24 0.27 0.20 53.75%
Sp5  Alcea striata 5.000 0.455 1.077 0.277 0.24 0.22 55.05%
Sp6  Alcea loftusii 8.000 0.499 1.067 0.24 0.23 0.24 49.26%
Sp7  Alcea gorganica 6.000 0.555 1.020 0.22 0.25 0.28 43.53%
Sp8  Alcea popovii 10.000 0.431 1.088 0.20 0.22 0.25 41.53%
Sp9  Alcea mazandaranica 3.000 0.255 1.021 0.25 0.28 0.22 47.15%
Spl0 Alcea tarica 9.000 0.261 1.024 0.292 0.23 0.23 43.15%
Spll Alcea ghahremanii 12.000 0.287 1.253 0.266 0.254 0.28 51.99%
Spl12  Alcea kopetdaghensis 3.000 0.645 1.062 0.24 0.224 0.213 44.73%
Spl3  Alcea iranshahrii 8.000 0.499 1.067 0.24 0.281 0.24 49.26%
Spl4  Alcea semnanica 12.000 0.287 1.233 0.271 0.284 0.292 51.91%

Abbreviations: 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%= percentage of polymorphism, populations.
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Table 4. Analysis of molecular variance (AMOVA) of the studied
species.

Source df SS MS  Est. Var. % OPT
Among Pops 29  1601.364 45.799 15.194 67%
Within Pops 122 454.443 1.905 2.884 33% 67%
Total 151 2033.807 17.020 100%

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).

these species ranged from 0.095 (Alcea rhyticarpa) to
1.253 (Alcea ghahremanii). The AMOVA test revealed
a substantial genetic difference (P = 0.001) between the
species investigated. It was discovered that 67 percent
of overall variance was found across species, whereas 33
percent was found within species (Table 4). Significant
Nei’s GST (0.245, P = 0.001) and D est (0.765, P = 0.001)
values further indicated the genetic difference of these
species. In comparison to within-species genetic diver-
sity, these findings demonstrated a larger distribution of
genetic variety within Alcea species.

Species identification and inter-relationship

Because the results of other clustering and ordina-
tion approaches were similar, PCA plot and UPGMA
clustering are provided here (Figure 3-4). Plant samples
from different species were put together and formed vari-
ous groups in general. This study demonstrates that the
examined species were divided into several groups based
on molecular characteristics. We didn’t find any inter-
mediate forms in the specimens we looked at. The den-
drogram based on ISSR data was constructed by UPG-
MA analysis, grouping all of the Alcea species into two
major clusters (Fig. 4). The first major cluster divided
into two minor clusters of which the first minor cluster
again divided into two sub-minor clusters. The first sub-
minor cluster consisted of A. aucheri; A. rhyticarpa and
A. striata. The second sub-minor cluster was represented
by A. angulata; A. sulphurea. The second major cluster
divided in to two minor clusters of which the first minor
cluster consisted of A. loftusii, A. gorganica and A. popo-
vii. The second sub-minor cluster was represented by A.
kopetdaghensis, A. mazandaranica, A. tarica, A. ghahre-
manii, A. iranshahrii; and A. semnanica. This is consist-
ent with the AMOVA and genetic diversity metrics previ-
ously reported. Genetically, the species are distinct from
one another. ISSR molecular markers can be employed
to taxonomist Alcea species, according to these findings.
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Figure 3. PCA plots of based on ISSR data revealing species delimi-
tation in Alcea species; spl= A. aucheri; sp2= A. angulata; sp3= A.
rhyticarpa; sp4d= A. sulphurea; sp5= A. striata; sp 6= A. loftusii ;
sp7= A. gorganica; sp8= A. popovii; sp9= A. mazandaranica; sp10:
A. tarica; spll: A. ghahremanii; sp12= A. kopetdaghensis; sp13= A.
iranshahrii; spl4= A. semnanica.
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Figure 4. Dendrogram generated using the unweighted pair group
method with arithmetic average (UPGMA) analysis showing rela-
tionships among different Alcea species using ISSR data.
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Table 5. The matrix of Nei genetic similarity (Gs) estimates using ISSR molecular markers among 14 Alcea species. spl= A. aucheri; sp2= A.
angulata; sp3= A. rhyticarpa; sp4= A. sulphurea; sp5= A. striata; sp 6= A. loftusii; sp7= A. gorganica; sp8= A. popovii; sp9= A. mazandara-
nica; sp10: A. tarica; spl1: A. ghahremanii; sp12= A. kopetdaghensis; sp13= A. iranshahrii; spl4= A. semnanica

spl 1.000 spl
sp2 | 0.887 | 1.000 sp2
sp3 | 0.891 | 0.744 | 1.000 sp3
sp4 | 0.738 | 0.787 | 0.842 | 1.000 sp4
sp5 | 0.705 | 0.742 | 0.745 | 0.775 | 1.000 sp5
sp6 | 0.778 | 0.891 | 0.744 | 0.936 | 0.838 | 1.000 sp6
sp7 | 0.599 | 0.702 | 0.808 | 0.875 | 0.836 | 0.862 | 1.000 sp7
sp8 | 0.754 | 0.785 | 0.676 | 0.829 | 0.733 | 0.800 | 0.709 | 1.000 sp8
sp9 | 0.757 | 0.741 | 0.758 | 0.816 | 0.740 | 0.785 | 0.676 | 0.725 | 1.000 sp9
spl0 | 0.737 | 0.890 | 0.722 | 0.719 | 0.853 | 0.741 | 0.758 | 0.834 | 0.746 | 1.000 spl10
spll | 0.807 | 0.799 | 0.755 | 0.812 | 0.774 | 0.990 | 0.722 | 0.768 | 0.800 | 0.721 | 1.000 spll
spl2 | 0.782 | 0.744 | 0.636 | 0.834 | 0.750 | 0.799 | 0.755 | 0.720 | 0.785 | 0.635 | 0.839 | 1.000 spl12
spl3 | 0.702 | 0.757 | 0.703 | 0.778 | 0.691 | 0.744 | 0.636 | 0.829 | 0.741 | 0.750 | 0.799 | 0.642 | 1.000 spl13
spl4 | 0.751 | 0.774 | 0.732 | 0.790 | 0.750 | 0.797 | 0.812 | 0.774 | 0.990 | 0.675 | 0.727 | 0.728 | 0.684 | 1.000 | spl4

Deltak = mean{|L"(K)I) / sd(L(K)) degree of genetic resemblance (0.99). Between Alcea tar-

ica and Alcea kopetdaghensis, there was the least genetic

ol affinity (0.63). The low Nm value (0.47) implies little gene

12l flow or ancestrally shared alleles between the species
' investigated, as well as considerable genetic divergence
lop between and within Alcea species.

To determine the ideal number of genetic groups,
=10  we used STRUCTURE analysis followed by the Evanno
test. In the species analyzed, we employed the admixture
model to show interspecific gene flow and/or ancestrally
shared alleles.

STRUCTURE analysis followed by Evanno test pro-
duced AK = 10 (Fig. 5). The STRUCTURE plot (Fig. 6)
produced more detailed information about the genetic
structure of the species studied as well as shared ances-

Delta K

el =)

&)

> HC 1 tral alleles and/ or gene flow among Alcea species. This
Figure 5. Evanno test produced AK = 10 of ISSR data in Alcea spe- P lot revealed that Genetic affinity between Alcea aucheri
cies. and A. sulphurea (similarly colored, No. 1, 4), as well as

A. gorganica; A. popovii and A. semnanica; (No. 7,8,14)
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Figure 6. STRUCTURE plot of ISSR data in Alcea species. spl= A. aucheri; sp2= A. angulata; sp3= A. rhyticarpa; sp4= A. sulphurea; sp5=
A. striata; sp 6= A. loftusii; sp7= A. gorganica; sp8= A. popovii; sp9= A. mazandaranica; sp10: A. tarica; spl1: A. ghahremanii; sp12= A.
kopetdaghensis; sp13= A. iranshahrii; spl4= A. semnanica.
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Figure 7. Neighbor-Net of ISSR data in Alcea species. spl= A.
aucheri; sp2= A. angulata; sp3= A. rhyticarpa; sp4= A. sulphurea;
sp5= A. striata; sp 6= A. loftusii; sp7= A. gorganica; sp8= A. popo-
vii; sp9= A. mazandaranica; spl0: A. tarica; spll: A. ghahremanii;
spl2= A. kopetdaghensis; sp13= A. iranshahrii; spl4= A. semnanica

due to shared common alleles. This is in agreement with
UPGMA dendrogram presented before. The other spe-
cies are distinct in their allele composition. The Neigh-
borNet diagram (Fig. 7) also revealed almost complete
separation of the studied species within the network,
supporting the AMOVA results. Populations 1, 2 and
12,13 are distinct and stand separately from the other
populations at a great distance. Populations 6 and 7 and
populations 10 and 11 show a closer genetic affinity and
are placed close to each other.

DISCUSSION

In the biology of long-term evolution of a group of
animals or species, genetic diversity plays a crucial role.
The foundation for a taxon’s presence, development, and
evolution. To recognize the taxonomy, origin, and evo-
lution of a taxon, it is necessary to investigate its genetic
diversity. In addition, such study could provide a theoret-
ical foundation for the conservation, expansion, exploi-
tation, and breeding of germplasm resources (Lubbers et
al. 1991). The current study provided fascinating infor-
mation about genetic variability, genetic stratification,
and morphological difference in Iran’s north and west.
The degree of genetic variability within a species is sig-
nificantly connected with its reproduction method; the
higher the degree of open pollination/cross breeding, the
greater the genetic variability in the taxon under study
(Meusel et al. 1965). A primer’s PIC and MI features
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aid in establishing its efficacy in genetic diversity analy-
sis. The ability of a marker technique to resolve genetic
variability, according to Sivaprakash et al. (2004), may be
more directly connected to the degree of polymorphism.
PIC values ranging from zero to 0.25 indicate relatively
low genetic variation among genotypes, 0.25 to 0.50 indi-
cate a mid-level of genetic diversity, and > 0.50 indicate a
high level of genetic diversity (Tams et al. 2005). The PIC
values of the ISSR primers in this study ranged from 0.34
to 0.66, with a mean value of 0.55, indicating that ISSR
primers have a good level of competence in detecting
genetic diversity among Alcea species. In the Alcea taxon,
all ten primer pairs demonstrated good polymorphism.
For the species under investigation, a total of 128 alleles
were discovered. The total number of polymorphic bands
per primer varied from 9 to 17, and the average allele
number in loci was 11.9. Occurrence of high polymor-
phism could be explained for species in different climatic
zones with varying selection pressure during the course
of evolution (Mishra et al. 2011).

In most studies, population size is limited to several
vegetative accession (Meusel et al. 1965; Uotila 1996).
This population could be showed genetic drift, whose
effect are observed in the high level of Figand low level
of genetic diversity. The isolation of the population and
absence the gene flow led to fragmentation of the Alcea
populations. Between genetic diversity parameters and
population size were showing positive correlations that
confirmed various studies (Leimu et al. 2006). There are
two reasons for the positive correlation between genetic
diversity and population size (Leimu et al. 2006). 1- A
positive connection may confirmed the existence of an
extinction vortex, in which declining population reduces
genetic variety, resulting in inbreeding depression.

Plant fitness separates populations depending on
habitat quality changes, which is the second cause.
Low levels of genetic variation, according to Booy et al.
(2000), can impair plant fitness and limit a population’s
capabilities to react to environmental changes by selec-
tion and adaptation.

Genetic diversity (33%) was obtained within pop-
ulations, whereas 67% of genetic variation obtained
between the evaluated populations. The breeding system
in plant species is one of the primary elements control-
ling the distribution of genetic variation (Duminil 2007).
Couvet (Booy et al. 2000) shown that one migrant each
generation is insufficient to ensure long-term persistence
of tiny populations, and that the number of migrants is
determined by family background characteristics and
population genetics (Vergeer et al. 2003). For the lack of
distinctions across isolated groups, there are two expla-
nations. The initial theory proposed that genetic variety
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in and between populations demonstrates gene flow pat-
terns, resulting in group splitting (Dostalek et al. 2010).
Geographically close communities are far more success-
tully associated via gene flow than populations segregat-
ed by considerable distance, according to the next objec-
tive. Merely a few research have investigated into Alcea’s
genetic diversity thus far. Kazemi et al. (2011) found a 93
percent polymorphism ratio with strong genetic resem-
blance (0.31 to 0.75) within A. rosea species in Iran
using RAPD identifiers analysis. Utilizing RAPD mark-
ers, Oztiirk et al. (2009) evaluated the genetic profiles of
18 Alcea species and found wide difference (0.13 to 0.69)
throughout them. According to Badrkhani et al. (2014),
the sequence-related amplified polymorphism (SRAP)
identifier was used to evaluate the genetic diversity and
genetic similarity links among 14 Alcea species were
collected from the northwest of Iran. Seventeen SRAP
primer pairings produced 104 segments, with an average
of 5.7 polymorphic fragments per primer. The percent-
age of polymorphism spanned from 50% (ME2-EM6)
to 100% (ME2-EMS6), with an average polymorphism
information content value of 0.3. The genetic similar-
ity between A. sophiae and A. flavovirens was the lowest
(0.17), while the highest was identified between A. digi-
tata and A. longipedicellata (0.68). Using UPGMA, two
primary clusters were discovered, neither of which cor-
responded to the species’ geographical origin. According
to their findings, SRAP markers may be suitable for ana-
lyzing genetic diversity in Alcea. So far, only morpholog-
ical data has been used to define Iranian Alcea species.
However, due to the very small number of characteris-
tics, the genus has a challenging taxonomy. According to
Pakravan’s (2008) study on Alcea, only the leaf sequence
and carpel structure are valuable traits.

Escobar Garcia et al. (2012) with using three molec-
ular markers (nrtDNA ITS and the plastid spacers psbA-
trnH and trnL-trnF), showed that a phylogeny of Alcea
and test previous infrageneric taxonomic hypotheses as
well as its monophyly with respect to Althaea, a genus
with which it has often been merged. They also go into
morphological variation and the use of morphological
features as phylogenetic association indicators. While
molecular findings indisputably corroborate the cir-
cumscription of Alcea deduced from morphology, they
are of limited usefulness in clarifying interspecific rela-
tionships, implying that Alcea’s great species diversity is
attributable to swift and early radiation. Their research
establishes the first Alcea phylogeny and intends to
pave the way for future research into the processes that
underpin species radiation in the Irano-Turanian region.

In conclusion, the results of this study showed that
to evaluate the genetic diversity of the Alcea genus in the

Irano-Turanian region, a main center of species diversi-
ty for many medium-sized to large genera that remains
greatly understudied. ISSR-derived primers were more
successful than those produced from all other molecular
markers. In addition, Alcea species were clearly distin-
guished from one another in the dendrogram and PCA,
demonstrating that the ISSR approach is more effective
in identifying Alcea species.
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Abstract. The genus Salvia includes an enormous assemblage of nearly 1000 species
dispersed around the World. Iran having 19 endemic species out of 61 is regarded as
one of the important regions for Salvia diversity in Southwest Asia. Salvia species are
herbaceous, rarely biennial or annual, often strongly aromatic. These species are of
medicinal, commercial and horticultural value. Due to the importance of these plant
species, we performed a combination of morphological and molecular data for this
species. For this study, we used 145 randomly collected plants from 30 species in 18
provinces. Amplification of genomic DNA using 10 primers produced 134 bands, of
which 129 were polymorphic (97.78%). The obtained high average PIC and MI val-
ues revealed high capacity of SCoT primers to detect polymorphic loci among Salvia
species. The genetic similarities of 30 collections were estimated from 0.61 to 0.93.
According to the SCoT markers analysis, S. tebesana and S. verticillata had the low-
est similarity and the species of S. eremophila and S. santolinifolia had the highest
similarity. The aims of present study are: 1) can SCoT markers identify Salvia spe-
cies, 2) what is the genetic structure of these taxa in Iran, and 3) to investigate the
species inter-relationship? The present study revealed that SCoT markers can identify
the species.

Keywords: Iran, species identification, structure, Salvia, SCoT (Start Codon Targeted).

INTRODUCTION

Identifying the accurate boundaries of a species is critical to have a bet-
ter perspective of any biological studies. Therefore, species delimitation is a
subject of extensive part of studies in the framework of biology (Collard &
Mackill 2009, Luo et al. 2011, Wu et al. 2013). However, defining the crite-
rion which could address the boundaries of species is different and the place
of debates (Jamzad 2012). Among different populations, genetic diversity is
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non randomly distributed and is affected by various fac-
tors such as geographic variations, breeding systems,
dispersal mechanisms, life span, etc. Change in envi-
ronmental conditions often leads to variation in genetic
diversity levels among different populations and popu-
lations with low variability are generally considered less
adapted under adverse circumstances (Falk & Holsinger
1991, Olivieri et al. 2016). Most of the authors agree that
genetic diversity is necessary to preserve the long-term
evolutionary potential of a species (Falk & Holsinger
1991). In the last decade, experimental and field inves-
tigations have demonstrated that habitat fragmentation
and population decline reduce the effective population
size. In the same way, most geneticists consider popula-
tion size as an important factor for maintaining genetic
variation (Turchetto et al. 2016).

Salvia L. is known as the largest genus in Lamiace-
ae (Mentheae-Salviinae) with approximately 1000 spe-
cies diversified in three regions of the world: Central
and South America (500 spp.), Western Asia (200 spp.)
and Eastern Asia (100 species) (Walker et al. 2004). Iran
having 19 endemic species out of 61 is regarded as one
of the important regions for Salvia diversity in South-
west Asia (Jamzad 2012). Salvia species are herbaceous,
rarely biennial or annual, often strongly aromatic. These
species are of medicinal, commercial and horticultural
value (Safaei et al. 2016). Also, some Salvia species have
pharmacological properties, including antiplatelet, anti-
inflammatory and antithrombotic effects (Hosseinzadeh
et al. 2003, Mayer et al. 2007; Fan et al. 2010). Some spe-
cies of this genus are used in folk medicine, such as S.
miltiorrhiza Bunge , which is used for treatment of car-
diovascular diseases (Wang et al. 2007, 2009). Salvia reu-
terana Boiss. is an endemic species which grows in the
highlands of central Iran (Jamzad 2012). Its common
name in Persian is “Mariam Goli Esfahani”, and the
aerial parts of the plant are traditionally used as sedative
and anxiolytic herbal medicine. In addition, the antibac-
terial, antioxidant, free radical scavenging and anti-anx-
iety properties of this herb have been proved in recent
studies (Erbano et al. 2015). The chemical composition
of Salvia strongly indicates that the herb has potential
to become an important raw material for anti-inflam-
matory compounds and knowledge of the diversity of
wild populations will therefore be important to inform
the use and conservation of this genus (Farag et al. 1986,
Li & Quiros 2001). Genetic surveys, in particular, are
key measures to efficiently access the genetic resources
of species of pharmacological interest. Several markers
have been previously applied to survey genetic variabil-
ity within the genus Salvia (Song et al. 2010, Wang et al.
2011). Specifically, there are some important publications
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addressing S. miltiorrhiza, most of them utilizing domi-
nant markers (Wang et al. 2011).

Accordingly, some researchers have tried to assess
this variability by ISSR and RAPD techniques in differ-
ent Salvia species (Song et al. 2010, Wang et al. 2011,
Sepehry Javan et al. 2012, Zhang et al. 2013, Peng et al.
2014, Erbano et al. 2015). Sepehry Javan et al. (2012)
mentioned that three major factors influencing genetic
variations in Salvia are: species, geographical distribu-
tion and selection. These factors along with cross-pol-
lination make the taxonomy and genetic relationships
of Salvia species unclear (Wang et al. 2011). Morpho-
logical characteristics are easily affected by environ-
ment that makes identification of species more complex
(Chen et al. 2013). The conservation and suitable use of
plant genetic resources require accurate monitoring of
their accessions. So, genetic characterization is essen-
tial to manifest the extent of plant genetic diversity,
and also to discover better genotypes; especially in the
geographically differentiated genus such as Salvia (Song
et al. 2010, Peng et al. 2014, Patel et al. 2014, Kharazian
et al. 2015).

With the progress in plant molecular biology,
numerous molecular marker techniques have been
developed and used widely in evaluating genetic diver-
sity, population structure and phylogenetic relationships.
In recent years, advances in genomic tools provide a
wide range of new marker techniques such as, functional
and gene targeted markers as well as develop many novel
DNA based marker systems (Esfandani-Bozchaloyi et al.
2017 a, 2017b, 2017c, 2017d). Start codon targeted (SCoT)
polymorphism is one of the novel, simple and reliable
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 (Col-
lard & Mackill 2009) translation start codon (Collard
& Mackill 2009). This technique involves a polymerase
chain reaction (PCR) based DNA marker with many
advantages such as low-cost, high polymorphism and
extensive genetic information (Collard & Mackill 2009,
Luo et al. 2011, Wu et al. 2013).

The present investigation has been carried out to
evaluate the genetic diversity and relationships among
Salvia species using new gene-targeted molecular mark-
ers, i.e. SCoT. This is the first study on the use of SCoT
markers in Salvia genus; Therefore, we performed
molecular study of 145 specimens of 30 Salvia species.
We try to answer the following questions: 1) Is there
infra and interspecific genetic diversity among studied
species? 2) Is genetic distance among these species cor-
related with their geographical distance? 3) What is the
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genetic structure of populations and taxa? 4) Is there any
gene exchange between Salvia species in Iran?

MATERIALS AND METHODS
Plant materials

A total of 145 individuals were sampled represent-
ing 30 geographical populations belong 30 Salvia spe-
cies (spl= Salvia aristata Aucher ex Benth; sp2= S.
eremophila Boiss; sp3= S. santolinifolia Boiss; sp4= S.
tebesana Bunge; sp5= S. bracteata Banks & Sol; sp 6=
S. suffruticosa Montb. & Aucher; sp7= S. dracocepha-
loides Boiss.; sp8= S. hydrangea DC. ex Benth.; sp9= S.
multicaulis Vahl; spl0: S. syriaca L.; spll: S. viridis L.;
spl2= S. mirzayanii Rech. f. & Esfand.; sp13= S. macro-
siphon Boiss.; spl4= S. sharifii Rech. f. & Esfand.; sp15=
S. reuterana Boiss.; spl6= S. palaestina Benth.; spl7= S.
sclareopsis Bornm. ex Hedge; spl8= S. spinose L.; sp19=
S. compressa Vent.; sp20= S. sclarea L.; sp21= S. aethio-
pis L.; sp22= S. microstegia Boiss. & Bal.; sp23= S. xan-
thocheila Boiss. ex Benth.; sp24= S. limbata C. A. Mey,;
sp25= S. chloroleuca Rech. f. & Aell,; sp26= S. virgate
Jacq.; sp27= S. nemorosa L.; sp28= S. urmiensis Bunge;
sp29= S. oligphylla Aucher ex Benth.; sp30= S. verti-
cillata L.) in East Azerbaijan, Lorestan, Kermanshabh,
Guilan, Mazandaran, Golestan, Yazd, Esfahan, Teh-
ran, Arak, Hamadan, Kurdistan, Ilam, Bandar Abbas,
Ghazvin, Khorasan and Ardabil Provinces of Iran dur-
ing July-Agust 2017-2019. Out-group taxa are: Marru-
bium anisodon K. Koch and M. cuneatum Banks & Sol.
For morphometric and SCoT analysis we used 145 plant
accessions (five to twelve samples from each populations)
belonging to 30 different populations with different eco-
geographic characteristics were sampled and stored in
-20 till further use. More information about geographi-
cal distribution of accessions are in Fig. 1.

Morphological studies

Five to twelve samples from each species were used
for Morphometry (Some endemic species were collected
due to the rarity of 5 to 12 numbers). In total 22 mor-
phological (9 qualitative, 13 quantitative) characters
were studied. Data obtained were standardized (Mean=
0, variance = 1) and used to estimate Euclidean distance
for clustering and ordination analyses (Podani 2000).
Morphological characters studied are: corolla shape,
bract shape, seed color, seed shape, bract color, corolla
latex, leaf surface, calyx shape, basal leaf shape, pedi-
cel length, calyx length, bract length, filament length,

T A00mi

Figura 1. Map of Iran shows the collection sites and provinces
where Salvia species were obtained for this study; spl= Salvia
aristata; sp2= S. eremophila; sp3= S. santolinifolia; sp4= S. tebesana;
sp5= S. bracteata ; sp 6= S. suffruticosa; sp7= S. dracocephaloides;
sp8= S. hydrangea; sp9= S. multicaulis; sp10: S. syriaca; sp11: S. vir-
idis; sp12= S. mirzayanii; sp13= S. macrosiphon; spl4= S. sharifii;
spl5= S. reuterana; spl6= S. palaestina; spl7= S. sclareopsis; sp18=
S. spinose; spl9= S. compressa; sp20= S. sclarea; sp21= S. aethiopis;
sp22=S. microstegia; sp23= S. xanthocheila; sp24= S. limbata; sp25=
S. chloroleuca; sp26= S. virgate; sp27= S. nemorosa; sp28= S. urm-
iensis; sp29= S. oligphylla; sp30=S. verticillata

anther length, corolla length, nut length, nut width,
basal leaf length, basal leaf width, corolla color, stem leaf
length and stem leaf width.

DNA Extraction and SCoT Assay

Fresh leaves were used randomly from three to twelve
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 & Mackill (2009), 10 primers with
clear, enlarged, and rich polymorphism bands were cho-
sen (Table 1). PCR reactions were carried in a 25ul volume
containing 10 mM Tris-HCI buffer at pH 8; 50 mM KCl;
1.5 mM MgCl,; 0.2 mM of each dNTP (Bioron, Germany);
0.2 uM of a single primer; 20 ng genomic DNA and 3 U
of Taqg DNA polymerase (Bioron, Germany). The ampli-
fications reactions were performed in Techne thermocy-
cler (Germany) with the following program: 5 min initial
denaturation step 94°C, followed by 40 cycles of 1 min at
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Table 1. SCoT primers used for this study and the extent of polymorphism.

Primer name Primer sequence (5-3’) TNB NPB PPB PIC PI EMR MI
SCoT-1 CAACAATGGCTACCACCA 10 10 100.00% 0.36 4.86 9.55 3.45
SCoT-3 CAACAATGGCTACCACCG 9 8 84.99% 0.43 491 7.43 4.85
SCoT-6 CAACAATGGCTACCACGC 13 13 100.00% 0.44 4.34 11.55 3.44
SCoT-11 AAGCAATGGCTACCACCA 16 16 100.00% 0.37 3.88 8.56 1.65
SCoT-14 ACGACATGGCGACCACGC 20 20 100.00% 0.55 6.23 8.23 2.47
SCoT-15 ACGACATGGCGACCGCGA 15 14 93.74% 0.47 5.66 7.56 3.67
SCoT-16 CCATGGCTACCACCGGCC 13 12 92.31% 0.34 3.21 5.60 5.55
SCoT-17 CATGGCTACCACCGGCCC 12 12 100.00% 0.47 4.32 9.55 3.45
SCoT-18 ACCATGGCTACCACCGCG 11 9 82.89% 0.43 5.56 6.34 2.11
SCoT-19 GCAACAATGGCTACCACC 15 15 100.00% 0.39 3.25 10.11 1.87
Mean 13.4 12.9 97.78% 0.46 49 8.4 3.6
Total 134 129

Note: TNB - the number of total bands, NPB: the number of polymorphic bands, PPB (%): the percentage of polymorphic bands, PI: poly-
morphism index, EMR, effective multiplex ratio; MI, marker index; PIC, polymorphism information content for each of CBDP primers

94°C; 1 min at 52-57°C and 2 min at 72°C. The reaction
was completed by final extension step of 7-10 min at 72°C.
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 molec-
ular size ladder (Fermentas, Germany).

Data analyses
Morphological studies

Morphological characters were first standard-
ized (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) ordination
methods were used (Podani 2000). ANOVA (Analysis of
variance) were performed to show morphological differ-
ence among the populations while, PCA (Principal com-
ponents analysis) biplot was used to identify the most
variable morphological characters among the studied
populations (Podani 2000). PAST version 2.17 (Hammer
et al. 2012) was used for multivariate statistical analyses
of morphological data.

Molecular analyses

SCoT bands obtained were coded as binary char-
acters (presence = 1, absence = 0) and used for genetic
diversity analysis. Discriminatory ability of the used
primers was evaluated by means of two parameters,
polymorphism information content (PIC) and marker

index (MI) to characterize the capacity of each primer
to detect polymorphic loci among the genotypes (Pow-
ell et al. 1996). MI is calculated for each primer as MI =
PIC x EMR, where EMR is the product of the number
of polymorphic loci per primer (1) and the fraction of
polymorphic fragments (B) (Heikrujam et al. 2015). The
number of polymorphic bands (NPB) and the effective
multiplex ratio (EMR) were calculated for each primer.
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 cal-
culated by the formula: H = -Epiln pi. Rp is defined per
primer as: Rp = ¥ Ib, were “Ib” is the band informative-
ness, that takes the values of 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 & Smouse
2006). Nei’s genetic distance among populations was
used for Neighbor Joining (NJ) clustering and Neighbor-
Net networking (Huson & Bryant 2006, Freeland et al.
2011). Mantel test checked the correlation between geo-
graphical and genetic distances of the studied popula-
tions (Podani 2000). These analyses were done by PAST
ver. 2.17 (Hammer et al. 2012), DARwin ver. 5 (2012)
software. AMOVA (Analysis of molecular variance) test
(with 1000 permutations) as implemented in GenAlex
6.4 (Peakall & Smouse 2006) were used to show genetic
difference of the populations. 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.
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Figure 2. PCA plots of morphological characters revealing species delimitation in the Salvia spl= Salvia aristata; sp2= S. eremophila; sp3=
S. santolinifolia; sp4= S. tebesana; sp5= S. bracteata ; sp 6= S. suffruticosa; sp7= S. dracocephaloides; sp8= S. hydrangea; sp9= S. multicaulis;
spl0: S. syriaca; spl1: S. viridis; sp12= S. mirzayanii; sp13= S. macrosiphon; spl4= S. sharifii; sp15= S. reuterana; spl6= S. palaestina; sp17=
S. sclareopsis; sp18= S. spinose; sp19= S. compressa; sp20= S. sclarea; sp21= S. aethiopis; sp22= S. microstegia; sp23= S. xanthocheila; sp24= S.
limbata; sp25=S. chloroleuca; sp26=S. virgate; sp27= S. nemorosa; sp28= S. urmiensis; sp29= S. oligphylla; sp30= S. verticillata.

This approach considers the equal amount of gene flow
among all populations.

RESULTS

Species identification and inter-relationship
Morphometry

ANOVA showed significant differences (P <0.01) in
quantitative morphological characters among the species
studied. In order to determine the most variable char-
acters among the taxa studied, PCA analysis has been
performed. It revealed that the first three factors com-
prised over 63% of the total variation. In the first PCA
axis with 42% of total variation, such characters as seed
shape, calyx shape, calyx length, bract length and basal
leaf shape have shown the highest correlation (>0.7),
seed color, leaf surface, corolla length, filament length,
nut width, basal leaf length, were characters influenc-
ing PCA axis 2 and 3 respectively. Different clustering
and ordination methods produced similar results there-
fore, PCA plot of morphological characters are presented
here (Fig. 2). In general, plant samples of each species

were grouped together and formed separate groups. This
result show that both quantitative and qualitative mor-
phological characters separated the studied species into
distinct groups. In the studied specimens we did not
encounter intermediate forms.

Species Identification and Genetic Diversity

Ten ISSR primers were screened to study genetic rela-
tionships among Salvia species; all the primers produced
reproducible polymorphic bands in all 30 Salvia species.
An image of the ISSR amplification generated by SCoT-
11 primer is shown in Figure 3. A total of 129 amplified
polymorphic bands were generated across 30 Salvia spe-
cies. The size of the amplified fragments ranged from 100
to 2000 bp. The highest and lowest number of polymor-
phic bands were 20 for SCoT-14 and 8 for SCoT-3, on an
average of 12.9 polymorphic bands per primer. The PIC
of the 10 SCoT primers ranged from 0.36 (SCoT-1) to
0.55 (SCoT-14) with an average of 0.46 per primer. MI of
the primers ranged from 1.65 (SCoT-11) to 5.55 (SCoT-
16) with an average of 3.6 per primer. EMR of the SCoT
primers ranged from 6.34 (SCoT-18) to 11.55 (SCoT-6)
with an average of 8.4 per primer (Table 1). The primers
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Fig. 3. Electrophoresis gel of studied ecotypes from DNA fragments produced by SCoT-16. 1= Salvia aristata; 2= S. eremophila; 3= S. san-
tolinifolia; 4= S. tebesana; 5= S. bracteata ; 6= S. suffruticosa; 7= S. dracocephaloides; 8= S. hydrangea; 9= S. multicaulis; 10: S. syriaca; 11: S.
viridis; 12= S. mirzayanii; 13= S. macrosiphon; 14= S. sharifii; 15= S. reuterana; 16= S. palaestina; 17=S. sclareopsis; 18= S. spinose; 19= S.
compressa; 20= S. sclarea; 21= S. aethiopis; 22= S. microstegia; 23= S. xanthocheila; 24= S. limbata; 25= S. chloroleuca; 26= S. virgate; 27= S.
nemorosa; 28= S. urmiensis; 29= S. oligphylla; 30= S. verticillata;L = Ladder 100 bp, Arrows are representative of polymorphic bands

with the high EMR values were considered to be more
informative in distinguishing the genotypes.

The genetic parameters were calculated for all the
30 Salvia species amplified with SCoT primers (Table
2). Unbiased expected heterozygosity (H) ranged from
0.11 (S. syriaca) to 0.29 (S. virgata), with a mean of 0.19.
A similar pattern was observed for Shannon’s informa-
tion index (I), with the highest value of 0.45 observed
in S. virgata and the lowest value of 0.12 observed in S.
syriaca with a mean of 0.26. The observed number of
alleles (Na) ranged from 0.214 in S. eremophila to 0.89
in S. aristata. The effective number of alleles (Ne) ranged
from 0.98 (S. multicaulis) to 1.440 (S. virgata).

AMOVA test showed significant genetic difference
(P = 0.01) among studied species. It revealed that 66% of
total variation was among species and 34% was within
species (Table 3) Moreover, genetic differentiation of
these species was demonstrated by significant Nei’s GST
(0.21, P = 0.01) and D_est values (0.177, P = 0.01). These
results revealed a higher distribution of genetic diver-
sity among Salvia species compared to within species.
Marrubium anisodon and M. cuneatum (out-groups)
were separated from the other species. Two major clus-
ters were formed in WARD tree (Fig. 4). The first major
cluster (A) contained two sub-clusters: S. sharifii and
S. macrosiphon are separated from the other studied
species and join the others with a great distance and
comprised the first sub-cluster. The second sub-cluster
was formed by S. xanthocheila, S. limbata, S. aethiopis,
S. sclarea and S. virgate. The second major cluster also
contained two sub-clusters: eight species of S. multicau-
lis; S. syriaca; S. viridis, S. reuterana; S. palaestina; S.
sclareopsis; S. spinose and S. oligphylla were placed close

to each other, while close genetic affinity between other
species. In general, relationships obtained from SCoT
data agrees well with species relationship obtained from
morphological. This is in agreement with AMOVA and
genetic diversity parameters presented before. The spe-
cies are genetically well differentiated from each other.
These results indicate that SCoT molecular markers can
be used in Salvia species taxonomy. The Nm analysis by
Popgene software also produced mean Nm= 0.167, that is
considered very low value of gene flow among the stud-
ied species.

Mantel test with 5000 permutations showed a sig-
nificant correlation (r = 0.13, p=0.0002) between genetic
distance and geographical distance, so isolation by dis-
tance (IBD) occurred among the Salvia species studied.

Nei’s genetic identity and the genetic distance deter-
mined among the studied species (Table 4). The results
showed that the highest degree of genetic similarity
(0.93) occurred between S. eremophila and S. santolini-
folia. The lowest degree of genetic similarity occurred
between S. tebesana and S. verticillata (0.66). The low
Nm value (0.167) indicates limited gene flow or ances-
trally shared alleles between the species studied and
indicating high genetic differentiation among and within
Salvia species.

DISCUSSION

Genetic diversity is a basic component of biodiver-
sity and its conservation is essential for long term sur-
vival of any species in changing environments (Mills &
Schwartz 2005, Tomasello et al. 2015, Miao et al. 2019;
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Table 2. Genetic diversity parameters in the studied Salvia species.

SP N Na Ne I He UHe %P

S. aristata 6.000 0.892 1.138 0.221 0.141 0.165 38.63%
S. eremophila 6.000 0.244 1.032 0.26 0.23 0.18 55.53%
S. santolinifolia 4.000 0.314 1.044 0.16 0.18 0.23 43.38%
S. tebesana 8.000 0.201 1.00 0.33 0.17 0.12 42.23%
S. bracteata 5.000 0.341 1.058 0.24 0.27 0.20 53.75%
S. suffruticosa 3.000 0.567 1.062 0.24 0.224 0.113 44.73%
S. dracocephaloides 5.000 0.336 1.034 0.23 0.25 0.19 51.83%
S. hydrangea 4.000 0.344 1.042 0.20 0.23 0.20 57.53%
S. multicaulis 5.000 0.369 1.011 0.15 0.18 0.12 42.15%
S. syriaca 8.000 0.566 1.014 0.45 0.10 0.11 32.58%
S. viridis 9.000 0.432 1.049 0.18 0.22 0.25 55.05%
S. mirzayanii 8.000 0.313 1.026 0.144 0.13 0.26 49.23%
S. macrosiphon 12.000 1.244 1.322 0.28 0.284 0.192 50.91%
S. sharifii 5.000 0.358 1.117 0.28 0.15 0.12 44.30%
S. reuterana 6.000 0.458 1.039 0.28 0.18 0.23 49.38%
S. palaestina 5.000 0.455 1.077 0.377 0.24 0.22 55.05%
S. sclareopsis 8.000 0.499 1.067 0.14 0.101 0.14 49.26%
S. spinose 9.000 0.261 1.014 0.142 0.33 0.23 43.15%
S. compressa 6.000 0.555 1.021 0.39 0.25 0.28 43.53%
S. sclarea 10.000 0.431 1.088 0.33 0.22 0.13 57.53%
S. aethiopis 3.000 0.255 1.021 0.15 0.18 0.12 42.15%
S. microstegia 3.000 0.288 1.024 0.23 0.15 0.17 64.30%
S. xanthocheila 9.000 0.352 1.083 0.23 0.22 0.14 45.05%
S. limbata 8.000 0.333 1.016 0.122 0.12 0.22 48.23%
S. chloroleuca 12.000 1.247 1.199 0.271 0.184 0.192 55.91%
S. virgata 5.000 0.358 1.440 0.114 0.30 0.29 66.50%
S. nemorosa 6.000 0.299 1.029 0.231 0.18 0.23 44.38%
S. urmiensis 5.000 0.462 1.095 0.288 0.25 0.22 62.05%
S. oligphylla 8.000 0.399 1.167 0.259 0.234 0.133 32.88%
S. verticillata 8.000 0.477 1.167 0.356 0.233 0.148 31.26%

Abbreviations: 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%= percentage of polymorphism, populations.

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

Source df SS Est. Var. % OPT
Among Pops 28 1801.364 75.789 12.154 66%
Within Pops 129 334.443 3.905 2.888 34% 66%
Total 144 1955.807 14.060 100%

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).

Xu et al. 2021, Zou et al. 2019, Wang et al. 2020). This
is very important in fragmented populations because
are more vulnerable due to the loss of allelic richness
and increased population differentiation by genetic drift
(decreases heterozygosity and eventual fixation of alleles)

and inbreeding depression (increases homozygosity
within populations; Frankham 2005). Therefore, knowl-
edge of the genetic variability and diversity within and
among different populations is crucial for their conser-
vation and management (e.g. Esfandani-Bozchaloyi et al.
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Figure 4. WARD tree of SCoT data revealing species delimitation
in the Salvia.

2018a, 2018b, 2018c, 2018d; Salari et al. 2013; 2020; Jaha-
ni et al. 2019).

In the present study we used morphological and
molecular (SCoT) data to evaluate species relationship in
Salvia. Morphological analyses of the studied Salvia spe-
cies showed that they are well differentiated from each
other both in quantitative measures (the ANOVA test
result) and qualitative characters (The PCA plot result).
In addition, PCA analysis suggests that characters like
bract length, stipule length, bract shape, calyx shape,
petal shape, length and width of stem-leaf, length and
width of petal could be used in species groups delimita-
tion. This morphological difference was due to quantita-
tive and qualitative characters.

Genetic structure and gene flow

PIC and MI characteristics of a primer help in deter-
mining its effectiveness in genetic diversity analysis.

Songpo Liu et al.

Sivaprakash et al. (2004) suggested that the ability of a
marker technique to resolve genetic diversity may be
more directly related to the degree of polymorphism.
Generally, PIC value between zero to 0.25 imply a very
low genetic diversity among genotypes, between 0.25
to 0.50 shows a mid-level of genetic diversity and value
20.50 suggests a high level of genetic diversity (Tams
et al. 2005). In this research, the SCoT primers’ PIC
values ranged from 0.36 to 0.55, with a mean value of
0.46, which indicated a mid-ability of SCoT primers in
determining genetic diversity among the Salvia species.
Comparable but low PIC values have been reported with
other markers like RAPD and AFLP in African plan-
tain (Ude et al. 2003), ISSR and RAPD in Salvia species
(Yousefiazar-Khanian et al. 2016), AFLP in wheat (Bohn
et al. 1999) and SCoT markers (Etminan et al. 2018,
Pour-Aboughadareh et al. 2017, 2018). In Heikrujam et
al. (2015), CBDP markers were found to be more effec-
tive than SCoT markers with regard to the average PIC
which was higher. In our study, the SCoT markers were
found to be effective in the estimation of different Sal-
via species genetic diversity with regard to average per-
centage polymorphism (97.78%), average PIC value of
SCoT markers (0.46), average MI (3.6) and average EMR
of SCoT markers (8.4), which were higher than other
reported markers on Salvia (Wang et al. 2009, Song et
al. 2010, Yousefiazar-Khanian et al. 2016, Etminan et
al. 2018, Gholamin and Khayatnezhad 2020 a, b, ¢, d).
However, various marker techniques were found to have
different resolution of the genome regions and the num-
ber of loci that cover the whole genome for estimating of
genetic diversity (Souframanien & Gopalakrishna 2004).
A diverse level of polymorphism in Salvia species using
ISSR, CoRAP, SRAP, SCoT and RAPD markers had been
reported earlier by Wang & Zhang (2009), Song et al.
(2010), Yousefiazar-Khanian et al. (2016) and Etminan et
al. (2018). Gene flow is inversely correlated with the gene
differentiation but is very important for population evo-
lution, and takes place by pollen and seeds between pop-
ulations (Song et al. 2010). In the current study, detected
gene flow (Nm) among Salvia species was 0.167, showed
low genetic differentiation among Salvia species.

As a general rule, insects are the pollinators of Sal-
via in Old World (Clalen-Bockhoff et al. 2004, Khayat-
nezhad and Gholamin, 2012a, b). At the lower elevations,
bees and at the higher altitudes insects like flies are the
dominate pollinators among bilabiate flowers such as
Salvia (Pellissier et al. 2010).

According to Moein et al. (2019) genetic structure
of SRAP marker showed that despite the presence of
a limited gene flow, two distinct ecotypes were formed
which may be the consequences of reproductive isolation
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caused by altitude gradient and different niches through
parapatric speciation. The heterozygosity (H) and Shan-
non index (I) reflect diversity and differentiation among
and within the germplasm collections, respectively (Que
et al. 2014), and the higher the indices, the greater the
genetic diversity. The magnitude of variability among
Na, Ne, H and I indices using studied SCoT markers
demonstrated a high level of genetic diversity among
and within Salvia species.

The similar results reported in Salvia miltiorrhiza
based on ISSRs (Zhang et al., 2013) and other Salvia spe-
cies using AFLP markers (Sajadi et al., 2010) as 95% and
99% polymorphism, respectively. Also, polymorphism
index (PI) in RAPD primers was higher; whereas, other
indices like PIC, EMR and MI were somewhat high in
ISSRs. On the other hand, RP index was approximately
equal in both techniques. In general, small differences in
terms of calculated indices showed that both techniques
had similar efficiency to differentiate the closely related
ecotypes of Salvia. Chen et al. (2013) reported PIC val-
ues about 0.20 in ocimum species by ISSR and RAPD
markers and also showed the RP values as 1.39 and 5.13,
respectively. PIC analysis can be used to select the most
appropriate markers for genetic mapping. Also, the high
MI reflects the marker efficiency to simultaneously ana-
lyze a large number of bands (Powell et al., 1996; Patel et
al., 2014). The high average Simpson’s coefficients (about
0.80) indicate high genetic variability among studied
accessions of Salvia, too. This finding was similar to the
study by Manica-Cattani et al. (2009) on accessions of
Lippia alba by ISSR and RAPD. In their study on Salvia
lachnostachys ecotypes by ISSR primers, Erbano et al.
(2015) showed a range of 0.66-0.86 for Simpson’s index.
Comparison of Nei’s similarity coefficients between
ISSRs and RAPDs showed that both markers had high
diagnostic capability. This is consistent with the results
of ISSR markers in Mint accessions by Kang et al. (2013)
and Salvia miltiorrhiza germplasms studied by Zhang
et al. (2013); while the genetic similarity derived from
SRAPs and ISSRs represented high

proximity among Salvia miltiorrhiza populations
(Song et al., 2010). Cluster analysis could group all 21
ecotypes and the results showed reasonable congruency
in RAPD and ISSR in terms of species topology. Zhang
et al. (2013) showed five major clusters for S. miltiorrhi-
za germplasms based on Nei’s similarity coefficient for
ISSRs; which did not indicate any clear pattern accord-
ing to their locations. Patel et al. (2014) reported that in
dendrograms of ISSR and RAPD, the genotypes of each
Ocimum species were grouped, separately. Similar stud-
ies in populations of S. japonica and some other Salvia
species (Sudarmono and Okada 2008) did not show cor-
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relation between morphological variations and allozyme
and DNA sequences. It was concluded that S. japonica
is still at the early stage of speciation process Sympatry
or co-occurrence of closely related species can either
result from a sympatric speciation process or from sec-
ondary contact due to range expansion after speciation.
Under the allopatric scenario, genetic variation tends to
be uniform across the genome due to a large proportion
of the genome changing through a combination of diver-
gent selection, differential response to similar selective
pressures and genetic drift (see for example Strasburg
et al. 2012). In contrast, in the extreme case of sympa-
tric speciation, gene flow between the incipient species
can homogenize most of the genome, except for loci
that experience strong divergent selection pressures or
regions that are tightly linked with these loci (see for
example, Strasburg et al. 2012, Via 2012).

In conclusion, the results of this study showed that
to evaluate the genetic diversity of the Salvia genus, the
primers derived from SCoT were more effective than the
other molecular markers. Also, Salvia ecotypes/species
were clearly separated from each other in the dendro-
gram and MDS, indicating the higher efficiency of SCoT
technique in Salvia species identification.
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Abstract. In this study gynoecium, megasporogenesis, megagametogenesis and female
gametophyte of Gladiolus italicus Miller were examined cytologically and histologically
by using light microscopy techniques. Ovules of G. italicus are of anatropous, bitegmic
and crassinucellate type. Embryo sac development is of monosporic Polygonum type.
Polar nuclei fuse before fertilization to form a secondary nucleus near the antipodals.
The female gametophyte development of G. italicus was investigated for the first time
with this study.

Keywords: Gladiolus italicus, Iridaceae, embryo sac, Polygonum type.

INTRODUCTION

Iridaceae family is represented by approximately 66 genera and 2245 spe-
cies in the world (Christenhusz and Byng 2016; Burgt et al. 2019). This family
includes ornamentals like Gladiolus, Belamcanda, Iris, Crocus, Eleutherine,
etc. and also plants of commercial value like Crocus sativa and Iris spp. (Ven-
kateswarlu et al.1980). Genus Gladiolus L. has more than 260 species (Gold-
blatt 1996). 11 Gladiolus species are found in various regions of Turkey and
6 of them; G. anatolicus (Boiss.) Stapf, G. attilae Kit Tan, B. Mathew & A.
Baytop, G. halophilus Boiss. & Heldr., G. humilis Stapf, G. micranthus Stapf,
G. osmaniyensis Sagiroglu) are endemic (Tan et al. 2006; Gliner et al. 2012;
Sagiroglu and Akgiil 2014). Gladiolus italicus is in IUCN Red List category
of Turkey. G. italicus is distributed in Macaronesia, Mediterranean basin to
central Asia. It is also introduced and naturalized in California. It naturally
grows in many parts of Turkey (Demir and Celikel 2019). It is a monocotyle-
don with spectacular flowers (Tan and Edmondson 1984).

Gladiolus corms are used in the treatment of dysentery and gonorrhea
in some countries of Africa (Nguedia et al. 2004). In Turkey, it is known as
an aphrodisiac and it is known to have emetic property (Baytop 1999). G.
italicus and G. atroviolaceus corms are used in ice cream and also in other
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dairy foods (Oztiirk and Ozgelik 1991). The chemical
composition of Gladiolus plants is studied. Demeshko et
al. (2020) studied carboxylic acid content of G. hybridus
leaves. The chemical composition of the essential oil and
the antibacterial, antifungal and antioxidant properties
of the essential oil extract of G. italicus are investigated
by Ugiincii et al. (2016). The seed testa structure of G.
italicus is studied with scanning electron microscope by
Erol et al. (2006). Uzen (1999) studied G. italicus mor-
phologically and anatomically. It is also studied karyo-
logically and cytologically. The chromosome numbers
of the species are resulted 2n=30, 60 (Iran) and 2n=120
(Aegean Islands and Spain) in several populations
(Perez and Pastor 1994; Kamari et al. 2001; Fakhraei et
al. 2011). In addition, chromosome numbers such as 2n
= 60, 90, 110-120, 120, ~170, 176 are reported by other
researchers (Ohri and Khoshoo 1985; Van Raamsdonk
and De Vries 1989). Mensinkai (1939) reported that
cytomixis was observed in meiosis in a study of four
Gladiolus species (G. tristis, G. byzantinus, G. primuli-
nus, and G. dracoce) mitosis and meiosis divisions. The
pollen morphology of G. italicus is examined using light
and scanning electron microscopy by Donmez and Isik
(2008). They described the pollen grains of G. italicus as
monosulcate, heteropolar, elliptic, spinulose-perforate
and tectate-collumellate (Donmez and Isik 2008).

Embryological studies in family Iridaceae are rather
limited. Studies about the development of the embryo
sac are reported by Davis (1966) in Iris japonica and L
tenax. Then other studies are done in Sisyrinchium stri-
atum and S. californicum by Lakshmanan and Philip
(1971) and Crocus sativus and C. thomasii by Chichiricco
(1987, 1989).

The aim of this study is to determine the develop-
ment of female gametophyte in G. italicus. Cytological
and embryological features of G. italicus have not been
studied yet. This study is also an attempt toward a better
understanding of taxonomic relationships between close-
ly related taxa within the Iridaceae and are indirectly
useful to the efforts to protect this species in vitro.

MATERIALS AND METHODS

In this study, G. italicus plants were collected from
Hoyuklatatar village of Edirne Al (E) in European
Turkey. They were brought to the Botanical Garden of
Trakya University. Voucher specimens were placed in
the Herbarium of Trakya University (EDTU). Ovaries
were examined under an Olympus SZ61 stereomicro-
scope. For cyto-histological studies, flowers and buds
were fixed in Carnoy’s fluid (3:1, ethyl alcohol: acetic
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acid). Dehydration process was done with increasing
alcohol series for 24 hours (70%, 80%, 90%, 96%, abso-
lute alcohol). Then, the material was kept in a mixture of
1 absolute alcohol: 1 basic resin + activator for 24 hours.
After being kept in pure resin for 24 hours, the next day,
they were embedded in historesin (Leica, Historesin-
embedding kit), which was prepared by adding hardener
to the basic resin and activator mixture in an appropri-
ate ratio according to manufacturer’s protocols (Leica
Microsystems, Nussloch). Semi-thin (2 pm) sections tak-
en from the materials embedded in historesin with Leica
RM2255 rotary microtome and stained with 1% Tolui-
dine blue (O’Brien et al. 1964). Slides were examined
with an Olympus CX31 microscope and photographed
by Progress C12 camera.

RESULTS
Gynoecium

Gynoecium of Gladiolus italicus, contains a pis-
til with inferior ovary, a long style and a three-lobed,
spatulate stigma (Figure 1). G. italicus has a trilocular,
syncarpous ovary. In the ovary 22-24 ovules are margin-
al-central placented (Figure 2).

Megasporangium

Ovules of G. italicus are anatropous, crassinucellate
and bitegmic. The outer integument consisted of 5-6 cell
layers and the inner integument consisted of 2 cell lines.
The micropyle is formed by the inner integument. The
inner and outer integuments are five- to seven-layered
around the micropyle (Figure 3a).

Megasporogenesis

One of the sub-epidermal cells at the tip of the ovule
of G. italicus differentiates to form a megaspore mother
cell (MMC). The MMC cell forms deep within the nucel-
lus. It has a large volume and larger nucleus and is easily
distinguishable from other cells (Figure 3b).

As the outer integument become apparent, the first
meiotic division begins in the MMC (Figure 3c). The
volume of the MMC increases during meiosis (Figure
3d). A dividing wall is formed between the two nuclei
after meiosis 1. After a short period, also meiosis II is
completed. A linear megaspore tetrad forms as a result
of meiosis of the MMC (Figure 3e).
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Figure 1. Pistil and stamens of Gladiolus italicus. (ov, ovary; sg,
stigma; st, stamens; sy, style).

Megagametogenesis

After megasporogenesis, atrophy of the three mega-
spores on the micropylar side occurred. Then, the active
megaspore on the chalazal side began mitosis. When the
active megaspore divided into two nuclei at the end of
the first mitosis, they moved towards the opposite poles
and a large central vacuole was formed between them
(Figure 3f).

The nuclei in the poles enters in the second mito-
sis and an embryo sac with 4 nuclei is formed (Figure
3g). After the third mitosis, there are eight nuclei in the
embryo sac.

Female gametophyte

The embryo sac of G. italicus is of the Polygonum
type. It has eight nuclei and seven cells. It shows a clear
polarization. The mature embryo sac contains an egg
apparatus, three antipodal cells and a central cell with
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Figure 2. Cross section of Gladiolus italicus’ ovary (ov, ovule; ow,
ovary wall).

two polar nuclei. The polar nuclei fuse before fertilization
and form a secondary nucleus near the antipodal cells.

Antipodal cells

Antipodal cells are haploid. They have densely
stained cytoplasm and evident, large nucleolus (Figure
3h). They are surrounded by whole cell wall. Their chala-
zal sides are embedded within the hypostasis. (Figure 3i).

Central cell

The central cell is located in the middle of the
embryo sac, initially contains a polar nucleus on the
micropylar side and a polar nucleus near the antipodal
cells on the chalazal side. The nucleus on the micropy-
lar side moves to the side of the polar nucleus, which is
located close to the chalazal side (Figure 3j). These two
polar nuclei fuse before fertilization and they form the
secondary nucleus near the antipodal cells. (Figure 3k).

Egg apparatus

The egg apparatus is located on the micropylar side
of the embryo sac. It consists of two synergid cells and
an egg cell. The synergid cells form the filiform appara-
tus with their walls towards the micropylar side. The fili-
form apparatus enlarges the wall surface of the synergid
cells. This facilitates nutrient and water intake. One of
the synergid cells begins to degenerate before fertiliza-
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Figure 3. Female gametophyte in Gladiolus italicus and its develop-
mental stages; 3a, ovule of G. ifalicus; 3b, Crassinucellate ovule of
G. italicus; 3¢, Bitegmic ovule of G. italicus; 3d, Prophase I phase
of meiosis in megaspore mother cell in G. italicus; 3e, G. italicus’
linear type of megaspore tetrad; 3f, Two-nucleate embryo sac in G.
italicus; 3g, Four-nucleate embryo sac in G. italicus; 3h; Antipo-
dal cells of G. italicus; 3i, Densely stained cytoplasm and nucleoli
in the antipodal cells of G. italicus; 3j, Polar nuclei of G. italicus;
3k, Secondary nucleus of G. italicus; 31; Synergid cells of G. italicus;
3m, Egg apparatus of G. italicus; 3n, Hypostase in G. italicus. (A,
antipodal cell; C, chalaza; dm, degenerated megaspores (arrows);
EA, egg apparatus; EC, egg cell; F, funiculus; FA, filiform apparatus;
fm, functional megaspore (arrow); H, hypostase; ii, inner integu-
ment; MMC, megaspor mother cell; M, micropyle; N, nucleus; Nu,
nucleolus; Nuc, Nucellus; oi, outer integument; PN, polar nucleus;
S, synergid; SN, secondary nucleus; V, vacuole).

tion and a vacuole is formed (Figure 3l). The egg cell is
located between the two synergid cells in the embryo sac
(Figure 3m).

Hypostasis

In the advanced stages of embryo sac development,
tissue differentiation is observed on the chalazal side, in
G. italicus. This tissue is named as hypostasis and it dif-
ferentiates from the tissue in the nucellus between integ-
uments and the chalaza. The hypostasis in the embryo
sac of G. italicus consists of cells with thickened walls
and it is cup-shaped (Figure 3n).

DISCUSSION

In this study, the developmental stages of the
embryo sac in G. italicus is presented for the first time
by using light microscopy techniques.

G. italicus shows the characteristics of the Iridaceae
family in terms of ovules and embryo sac development
(Davis 1966; Lakshmanan and Philip 1971; Chichiricco
1987; 1989; Zhang et al. 2011). 22-24 ovules are located
in the inferior, trilocular ovary in G. italicus. They are
marginal-central placented. Zhang et al. (2011) reported
that Iris mandshurica had also inferior, trilocular ovary,
but its ovules were axial placented. Ovules of G. itali-
cus are anatropous, bitegminous and crassnucellate like
Iris mandshurica. In G. italicus, 5-6 cell lines formes the
outer integument and 2 cell lines formes the inner integ-
ument. The micropyle is formed by the inner integu-
ment in both G. italicus and Iris mandshurica (Zhang et
al. 2011). Similar features are observed in Sisyrinchium
striatum and S. californicum (Lakshmanan and Philip
1971), Crocus sativus (Chichiricco 1987), C. thomasii
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(Chichiricco 1989). In previous studies, it was reported
that both outer and inner integuments were formed by
2 cell lines in Sisyrinchium striatum and S. californicum
(Lakshmanan and Philip 1971). The inner integument is
formed by 2 cell lines in Crocus thomasii (Chichiricco G.
1989). The outer integument is formed by 6-8 layers and
the inner integument was formed by 4-6 cell lines in Iris
mandshurica (Zhang et al. 2011). These findings showed
that G. italicus had characteristics of the Iridaceae fam-
ily in terms of ovule type and development. It is also
closer to Crocus and Sisyrinchium genera in terms of
number of cell lines of the inner integument.

One of the subepidermal cells in the ovule of G.
italicus differentiates from others to form the megaspore
mother cell (MMC). The MMC appears below the nucel-
lus. When the outer integument initiated, the first mei-
osis was taking place. A cell wall is formed between the
two nuclei after meiosis I. After a short rest period, meio-
sis II is completed. Linear megaspore tetrad occurs as a
result of meiosis. Megasporogenesis is of the Polygonum
type. In this kind of embryo sac, in the beginning of
megagametogenesis, 3 micropylar megaspores are degen-
erated. The degeneration of the three supernumerary
meiotic products is hence a case of developmental pro-
grammed cell death (PCD) and it is of interest to investi-
gate its features with the aim of checking resemblance to
apoptotic morphological syndrome as described in gen-
eral and as described for plants (Papini et al. 2011). TEM
observations on the degenerating nonfunctional mega-
spores in Larix leptolepis (Sieb. et. Zucc.) Gordon (Pine-
aceae) showed morphological features that are typical of
PCD (Cecchi Fiordi et al. 2002). Then, megasporogenesis
and PCD in Tillandsia (Bromeliaceae) were studied in a
comprehensive study by Papini et al. (2011). The general
shrinkage of the cell protoplast and the condensation of
the cytoplasm and particularly of the nucleus observed in
the degenerating supernumerary megaspores are signs of
PCD (Pennell and Lamb 1997). The PCD of the supernu-
merary megaspores in angiosperms is a deletional PCD,
since the developmental program leading to the female
gametophyte formation and maturation implies their dis-
appearance (Papini et al., 2011). The chalazal megaspore
becomes functional and mature embryo sac is formed
after three sequential mitosis. Similar findings have been
observed in the previously studied species; Sisyrinchium
striatum, S. californicum (Lakshmanan and Philip 1971)
Crocus sativus (Chichiricco 1987), C. thomasii (Chichir-
icco 1989), and Iris mandshurica (Zhang et al. 2011).

A large number of tissue remodeling occurs dur-
ing the seed development, with some of the cells being
eliminated as a result of PCD. Synergids die during dou-
ble fertilization (Doronina et al. 2020) Vacuolization is
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one of the morphological patterns accompanying PCD
in synergids. In Nicotiana tabacum (Tian and Russell,
1997), cytoplasmic vacuolization, in Proboscidea louisi-
anica (Mogensen, 1978), Penniseturn glaueum (Chaubal
and Reger, 1993), Nicotiana tabacum (Huang and Russel,
1994), Helleborus bocconei (Bartoli et al., 2017) vacuole
rupture were seen in synergid cells. In G. italicus, vacu-
olization is also occurred in one of the synergids due to
early stage of fertilization.

In G. italicus, bowl-like hypostasis with thickened
walls is seen and it is densely stained. In some plants,
although the walls of the hypostasis are thickened
due to substances such as cutin, suberin and lignin, in
some plants they remain thin walled. They have a secre-
tory cell structure (Johri et al. 1992). It is reported that
thickened walled hypostasis was seen in Crocus sativus
(Chichiricco 1987) and C. thomasii (Chichiricco 1989).
In Leucojum aestivum (Amaryllidaceae), hypostasis cells
are thin-walled and have abundant cytoplasm (Ekici
and Dane 2008). There are no reports on hypostasis in
Sisyrinchium striatum, S. californicum (Lakshmanan and
Philip 1971) and Iris mandshurica (Zhang et al. 2011).
Unal (2011) reported that hypostasis developing from
nucellar cells beneath the embryo sac plays a role in pre-
venting embryo growth. They also deliver nutrients from
the vascular bundles to the embryo sac. In some taxa
they play a role in maintaining the water balance. In the
light of these findings, it is seen that G. italicus is close
to genus Crocus in terms of hypostasis.

CONCLUSION

In conclusion, the ovule and the development of
female gametophyte of G. italicus were studied for the
first time and it was seen that the findings obtained
from this study were compatible with the previously
examined species belonging to the Iridaceae family. PCD
occurred when functional megaspore formed at the end
of megasprogenesis. It has also occurred in the degen-
eration of synergid cells. G. italicus showed characters
of the Iridaceae family in terms of female gametophyte
development. Data gained from this study will also con-
tribute to the general knowledge about the embryologi-
cal characters used in the taxonomy of Iridaceae family.
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Abstract. Unreduced gametes are the key source for the natural polyploidization
in plants, but rate of its formation is very low in nature. Meiotic mutants are second
source for the formation of 2n pollen. In this cytological investigation, the meiotic
aberrations and its impact on post-meiotic products were analysed in autotetraploid
Trachyspermum ammi (L.) Sprague (4n=36). The seedlings of T. ammi (L.) Sprague
were treated with 3 different concentrations of colchicine (0.2, 0.4 and 0.5%, w/v) for
3 different durations. Six polyploid plants were induced which was confirmed on the
basis of cytological analysis. Colchicine, an anti-microtubular drug induced different
meiotic and post-meiotic abnormalities such as chromosomal bridges, lagging chro-
mosomes, scattering, precocious, fragments, dyads, triads, and polyads. The formation
of several abnormal sporads clearly signifies the meiotic restitution. The tendency of
univalents to scattered in the cytoplasm at metaphase was identified as a peculiar aber-
ration asynapsis. Pollen variability and fusion of pollen walls was reported and pollen
fertility was calculated. The morphological analysis of the pollen allowed us to confirm
the occurrence of 2n pollen.

Keywords: unreduced gametes, 2n pollen, polyploidy, colchicine, meiotic aberrations,
Trachyspermum ammi (L.) Sprague.

INTRODUCTION

Ploidy induction is an effective method to induce novel quantitative and
qualitative traits in plants which make them superior to their diploid ances-
tors. It is estimated that up to 70% of angiosperm species are polyploid, and
this number is even higher if ancient polyploidization events are taken into
account (Bretagnolle and Thompson 1995; Ramsey and Schemske 1998).
Various polyploid plants have been reported in natural ecosystems; among
them some are important crop species such as potato, coffee, banana, peanut,
tobacco, wheat, oats, sugarcane, and many fruits (Bretagnolle and Thompson
1995; Stebbins 1950; Udall and Wendel 2006).

Meiosis is a well-coordinated event which is vital for accomplishment of
microsporogenesis. The product of male meiosis in plants is a tetrad of four
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haploid microspores that are temporarily joined by a cal-
losic wall (Brownfield and Kohler 2011). After release
from the tetrad each microspore undergoes two mitotic
divisions to produce a pollen grain containing the two
sperm cells required for double fertilization (McCormick
2004). Whereas any disturbance to the meiotic event
often has severe effects and leads to the abortion of the
meiocytes or the developing gametophytes and thus ste-
rility, a number of meiotic mutants that produce viable,
unreduced gametes have been described in a range of
plants (Bretagnolle and Thompson 1995; Ramanna and
Jacobsen 2003).

Gametes with somatic chromosome numbers
referred to as unreduced (2n) gametes. According to
Bretagnolle and Thompson (1995), the production of
unreduced gametes is considered the main cause of
polyploid induction in nature. The unreduced (2n) gam-
etes can be formed due to both pre- and post-meiotic
genome duplication events, as well as meiotic restitution
(Bretagnolle and Thompson 1995; Ramsey and Schemske
1998). The heterozygosity within 2n gametes depends
on its cytological mechanism which is subdivided as
first division restitution (FDR), second division restitu-
tion (SDR) and indeterminate meiotic restitution (IMR)
(Ramanna and Jacobsen, 2003). An easier diagrammatic
representation of restitution mechanism was given by
Ferris et al. (1992). A FDR 2n gamete comprises non-
sister chromatids, whereas a SDR 2n gamete comprises
two sister chromatids (Tang 2002). The third (IMR) type
was observed in lily, carried characteristics similar to
both SDR and FDR (Lim et al. 2001). In this intermedi-
ate type, both univalents and bivalents are formed dur-
ing metaphase I.

Crossing 2n pollen with a normal female gamete has
been shown to be one of the most effective methods to
produce triploid individuals (Nilsson-Ehle 1936; Muntz-
ing 1936). According to Dewitte et al. (2012), meiotic
mutants are a second source of 2n gametes. Yet, it has
been considered that the rate of occurrence of 2n pollen
in nature is very low hence the production rate of poly-
ploids was less than 0.1% (Liu et al. 2019). To increase
the occurrence rate of 2n pollen, novel methods for
inducing polyploid production in plants via the use of
spindle inhibitors, such as dinitroanilines or colchicine,
have been successfully explored and used in some spe-
cies (Vaughn and Lehnen 1991; Hancock 1997; Zlesak
et al. 2005; Dhooghe et al. 2009). Amongst several anti-
microtubular drugs, colchicine is traditionally and pref-
erably being used as doubling agent (Kumar and Dwive-
di 2017). A widespread data has been accumulated over
the last 60 years which specifies that the drug colchicine
manifest defects in meiotic prophase. It reduces the fre-
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quency of chiasmata (Driscoll and Darvey 1970, Shepard
et al. 1974) and impairs synaptonemal complex forma-
tion (Tepperberg et al. 1997).

The large number of world’s population rely either
solely or largely on traditional herbal remedies for health
care (Dwivedi 2016). One of these important medicinal
plants is ajwain (Trachyspermum ammi (L.) Sprague,
2n = 2x = 18) which is a rich source of various neutra-
ceutical components, due to which it occupies a signifi-
cant economic position in pharmaceutical industries
(Dwivedi and Kumar 2018). Many of the medicinal and
aromatic plants do not have stable production in their
growing areas and are usually gathered in accordance
with conventional methods to meet demands (Dalkani
et al. 2012). Therefore to meet the growing pharmaceu-
tical demands, attention need to be paid to medicinal
plants with stable quality. 2n gametes are an effective
and efficient way to transmit genetic diversity to the
plants, including both valuable qualitative and quantita-
tive traits (Peloquin et al. 1999). Recently, plant breeders
have become interested in the practical use of 2n gam-
etes in breeding program due to the new tools available
for 2n gamete manipulation and insights into the genetic
background of their formation (Dewitte et al. 2012).
However artificial manipulation of ploidy in ajwain has
been previously achieved by few researchers (Kumar
and Dwivedi 2017 and Noori et al. 2017) yet the poten-
tial role of unreduced gametes to create genetic variabil-
ity in this crop is unmapped. Hence, through this study
we had made an effort to understand the effect of in vit-
ro colchicine-induced disruption in meiotic products,
mechanism of formation of 2n pollen and its repercus-
sions on the crop fertility.

MATERIAL AND METHODS
Plant material

Fresh and healthy seeds of T. ammi var. AA-1 were
procured from National Research Centre for Seed Spic-
es, Ajmer, Rajasthan, India. Seeds were sown in earthen
pots in triplicates during October to November season
to raise the seedlings.

Agro-climatic conditions of experimental site

The present experiment has been performed in the
area of Roxburgh Botanical Garden, Department of Bot-
any, University of Allahabad, Prayagraj, U.P., India, dur-
ing the rabi season. The exact experimental location is
25°27743.0U'N, 81°51”10.42°E. Prayagraj is situated 98 m
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above mean sea level. Prayagraj is in the sub-tropical cli-
matic zone; the average rainfall is 1027 mm and relative
humidity is 59%.

Induction of autotetraploidy

For the present work colchicine (C,,H,;NPOg) man-
ufactured by Himedia Laboratory Pvt. Ltd., Mumbai,
India was used. The treatment was given to the seed-
lings within 2-3 days of germination (before third leaf
emergence). Emerging shoot apices at cotyledonary stage
of each of the 20 seedlings/pot were treated with aque-
ous solution of 0.2, 0.4, and 0.6% concentration by cot-
ton plug method for one, two and three consecutive
days with an alternate recovery time period of 12 hours
in each case. A set of control was also maintained of 20
plants/ pot.

Meiotic preparation

Small sized floral buds were fixed in Carnoy’s fixa-
tive viz. glacial acetic acid: ethyl alcohol (1 : 3, v/v) and
then transferred to 70% alcohol after 24 hours and
stored at 4°C until use. Meiotic slides were prepared by
using anther squash technique with 2% standard aceto-
carmine stain, observed and microphotographed under
Nikon Phase Contrast Research microscope (Nikon
Eclipse, E200, Japan) at 40X magnification.

Pollen viability assessment

Pollen viability was estimated using a glyceroaceto-
carmine i.e. stained cytoplasm with nucleus were con-
sidered as fertile whereas unstained and shriveled pollen
grains without nuclei were considered as sterile.

Statistical analysis

All the statistical analyses of morphological and
cytological observations have been done by using SPSS
16.0 software to measure mean values of variables. A
pair wise comparison of means was made using Dun-
can’s Multiple Range Test (DMRT) at p<0.05 signifi-
cance level.

RESULTS

The diploid plant of Trachyspermum ammi (L.)
Sprague of var. AA-1, used in the present study, had

2n=18 (n=9) as confirmed in mitotic as well as mei-
otic studies (Figure 1.1). The meiotic behaviour of six
induced polyploid plants of ajwain were analysed and
found that the number of bivalents was more than 9 at
early prophase (Figure 1.2). Moreover, the PMCs of col-
chicine treated plants showed various chromosomal
aberrations such as unorientation, laggard (Figure 1.9
and 1.11), bridge (Figure 1.9), scattering (Figure 1.4 and
1.10), precocious movement (Figure 1.7 and 1.8), frag-
ment (Figure 1.3 and 1.10), etc. The range of these aber-
rations was higher in metaphase I and II as compared
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Figure 1. 1. A PMC showing 9 bivalents at diakinesis (diploid),
2-12. Meiotic stages of autotetraploid plants (4n=36); 2. Normal
PMC at early prophase, 3. Fragment at anaphase I, 4. Scattering at
metaphase I, 5 and 6. Meiotic configurations of asynaptic plants, 5.
2IV+5I1+101, 6. 5I1+261, 7 and 8. Precocious movement at meta-
phase I, 9. Bridge formation alongwith laggard at sticky anaphase I,
10. Scattering and fragment at anaphase I, 11. Laggard at anaphase
I, 12. Fragment at anaphase II. Scale: 10pm
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Table 1. Effect of colchicine on different meiotic phases of Trachy-
spermum ammi (L.) Sprague.

Meiotic Abnormalities (Mean+S.E.)

Concentra- Duration Plant

tion (%) (hours)  No.  nfewa 1T Anam TMA

Control - P1-P10 - - -

0.2 24 P-1  4.2240.58* 3.28+0.26% 7.50+0.79*
36 P-2  5.07+0.80®® 4.26+0.26*" 9.33+1.68%
36 P-3  5.50+0.39%®® 4.2740.38% 9.77+0.69%°
36 P-4 6.68+0.34> 2.97+0.29* 9.65+0.41%°

0.4 24 P-5 5.47+0.17%®> 4.50+0.14% 9.97+0.28%

0.6 12 P-6 5.7240.47°® 4.79+0.76° 10.51+1.22>

*Mean=S.E., Values followed by the superscript differ at p<0.05
between treatments by the DMRT.

to both divisions of anaphase. The dividing phases of
plants were less affected by lower doses of colchicine (24
and 36 hours treatment of 0.2% concentration) while it
was higher in case of 0.4% and 0.6% concentrations. The
highest total meiotic aberration (TMA) was observed at
0.6% concentration (10.51+1.22%) however it was range
from 7.50+0.79% to 9.77+0.69% at 0.2% concentration
(Table 1). The tendency of univalents to scattered in the
cytoplasm at metaphase exhibited the peculiar phenom-
enon of asynapsis which was witnessed at 0.4% concen-
tration of colchicine (figure 1.5 and 1.6).

Owing to the outcomes of these meiotic aber-
rations, abnormal post-meiotic products have been
reported among which triads showed predominance
over the dyads and polyads. An increasing trend for
polyads formation was recorded with respect to colchi-
cine i.e. 4.19+0.42% to 8.20+0.51% in a dose depend-
ent manner (Table 2). The arrangement of these spo-
rads was quite different from the normal tetrad. Figure
2.3 showed dyad with one small microcyte unlike the
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Figure 2. 1. Normal tetrad of diploid plant, 2. Normal tetrad of
autotetraploid plant, 3. Dyad with a microcyte, 4. Dyad, 5. Triad,
6. Pentad, 7. Polyads, 8. A polyad with fused microspore in two
groups, 9. a polyad completely fused microspore. Scale: 10pm

dyad shown in figure 2.4. In some instances, the poly-
ads were recorded in which the sporads were not joined
by callosic wall (figure 2.8 and 2.9) unlike the normal
tetrad stage. Such sporads can produce gametes of dif-
ferent ploidy levels. As a consequence of these abnormal
sporads, meiotic index (MI) was decreased along with
increasing the concentrations of colchicine. The MI was

Table 2. Effect of colchicine on post-meiotic products, meiotic index and Pollen fertility of Trachyspermum ammi (L.) Sprague.

Concentration Duration Plant Post-meiotic Abnormalities (Mean+S.E.) MI PF

(%) (hours) No. Dyads Triads Polyads (%) (%)

Control - P1-P10 - 1.75+0.24* - 98.72+0.33f 98.99+0.22f

0.2 24 P-1 7.80+0.43° 21.35+0.09° 4.19+0.42° 64.86+0.30¢ 59.30+0.20¢
36 P-2 8.16+0.36° 21.49+0.33° 5.69+0.43¢ 62.11+0.15¢ 58.80+0.174
36 P-3 8.20+0.64° 21.92+0.42b¢ 6.43+0.47¢ 64.05+0.074 58.32+0.22¢d
36 P-4 8.70+0.42b¢ 22.96+0.47¢4 6.15+0.41¢ 63.40+0.224 58.29+0.25¢

0.4 24 P-5 8.80+0.40b¢ 23.64+0.264 6.5210.60¢ 57.20+0.19° 41.20+0.14°

0.6 12 P-6 9.75+0.43¢ 24.03+0.524 8.20+0.514 55.10+0.20* 39.10£0.09*

TMA- Total Meiotic Abnormalities, MI-Meiotic Index, PF- Pollen Fertility.
*Mean=S.E., Values followed by the superscript differ at p<0.05 between treatments by the DMRT.
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Figure 3. 1. A diploid pollen (2n), 2-4. Different autotetraploid
pollen grains (4n), 2. a fertile tetraploid pollen 3. a sterile budding
pollen grain, 4. A fertile pollen showing variability in shape. Scale:
10pm.

recorded as 64.86+0.30% at 24 hour duration of 0.2%
concentration whereas 55.10+0.20% at 0.6% concentra-
tion of colchicine (Table 2).

On account of these aberrant post meiotic products,
the process of microsporogenesis is significantly affected
and consequently resulted variability in pollen grains
(Figure 3). The pollen grains exhibited variability in
terms of their shape and size. The shape was observed to
be remarkably transformed which is represented in figure
3. The fertility of pollen grains were gradually reduced
(Table 2) and ranged from 59.30+0.20% (at 0.2% concen-
tration) to 39.10+£0.09% (at 0.6% concentration). Figure
4.1 and 4.2 represents the pollen cytomixis in which the
chromatin material was transferred through both wide
and narrow channels to the proximate pollens. Onset
of passing event was evident by the assemblies of pol-
lens where the dissolution of walls was observed (Figure
4.2). Direct fusion of pollen grains is represented in fig-
ure 4.1. The size of pollen grain of diploids was registered
as 4.42 0.04 pm x 2.67 £ 0.12 um while 7.09£0.17 um x
5.31£0.20 um in case of autotetraploids. The pollens of
polyploids were near about two times larger as compared

Figure 4. 1. Fusion of wall between two pollen grains, 2. Fusion of
walls in a group of pollen grains, 3 and 4. Pollen variability. Scale:
10um.

to diploids thus it was considered as unreduced pollen
(2n) (figure 3.2 and and 4.1-4.4).

DISCUSSION

The repercussions of colchicine induced meiotic
aberrations resulted to genetically unstable polyploid
plants. The proper spindle formation and its precise
ongoing activity during whole meiotic event are essen-
tial for the accomplishment of fertile progeny. However,
Levan (1939) stated that colchicine causes a temporary
inactivation of the spindle mechanism without damag-
ing any other life processes of the chromosomes. Thus,
testing the stability of induced polyploids is critical and
should be studied at various stages as the plant material
matures (Harbard et al. 2012).

Meiotic prophase I is characterized by chromosome
cohesion, pairing, and recombination (Ma, 2006). These
bivalents are the physical sites of crossover between
homologous chromosomes and are only established if
pairing and recombination occur normally. The muta-
tions concerning to meiotic prophase I that often result
in univalents (paired sister chromatids) rather than
bivalents (Ross et al. 1997; Bai et al. 1999; Bhatt et al.
1999; Couteau et al. 1999; Caryl et al. 2000; Grelon et
al. 2001; De Muyt et al. 2009). The unequal segrega-
tion of univalents in meiosis I followed by an equal
second division, results in the formation of aneuploid
cells which abort during development, however in some
mutants, a few functional gametes are produced (Cou-
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teau et al. 1999; Azumi et al. 2002; Ravi et al. 2008). In
both meiosis I and II, bridge formation accompanied
with the fragment/s was exhibited at the higher concen-
tration of colchicine which attributed to the presence
of paracentric inversion (Sybenga, 1996). Chromosome
bridges have often been studied by observing cancer
cells containing chromosomes damaged by spontaneous
telomere loss (Fouladi et al. 2000; Lo et al. 2002; Aci-
lan et al. 2007). These damaged chromosomes enter the
breakage—fusion-bridge cycle (Zheng et al. 1999). Bajer
(1964) mentioned that chromatin bridges are responsible
for retardation of kinetochore movement, or, frequent
bridges formation may result in nuclear restitution. In
the present study, the phenomenon of asynapsis has been
observed which showed the inability of univalents to
assemble at the equatorial plate and widely scattered in
cytoplasm at metaphase stage suggests lack of pairing at
early prophase. According to Gottschalk and Kaul (1980
a, b), the absence or failure of synapsis is termed as
asynapsis. The asynaptic mutant induced by colchicine
was previously described in soybean by Kumar and Rai
(2007); proposed that this mutation might have affected
specific genes for chromosome pairing.

The sporads are highly specialized cells which are
able to produce four haploid cells after a series of geneti-
cally controlled steps (Caetano-Pereira et al. 1999). The
elimination or addition of one or more chromosomes (as
a consequence of laggard, precocious, bridge, fragments,
etc.) is responsible for the formation of anomalous post-
meiotic products such as monads, dyads, triads and
polyads resulted to the unreduced gametes (Golubovs-
kaya 1989) or sterile (Bosco et al. 1999) pollen grains.
According to Kiihl et al. (2011), the meiotic phases that
precede cytoplasm cleavage might have caused failure
in the cytokinesis process resulting into monads, dyads,
triads and polyads. There are three main types of abnor-
mal spindles orientation i.e. parallel, fused and tripolar
that have been reported to produce 2n pollen (Mok and
Peloquin 1975; Veilleux 1985; Bretagnolle and Thomp-
son 1995; Ramsey and Schemske 1998; Zhang et al.
2009; Zhang and Kang 2010; Silva et al. 2011). The paral-
lel spindles resulted in two FDR 2n pollens while fused
spindles are accountable to form a dyad and then two
FDR 2n pollens. The tripolar spindles develop a mother
cell to produce one FDR 2n pollen and two 1n pollen
(Zhang and Kang 2013).

However, Ramanna and Jacobson (2003) stated that
FDR is typical in synaptic mutants or distant hybrids,
in which homologous chromosome pairing (bivalent
formation) is completely absent, although other mecha-
nisms, such as cytokinesis failure or spindle abnormali-
ties during metaphase II, can also lead to an equiva-
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lent of FDR. FDR gametes contain an equal number of
parental chromosomes due to the equatorial division of
sister chromatids. Therefore, FDR pollen are key enti-
ties in producing heterozygous hybrids, because of the
highly heterozygous 2n gametes formed (Bretagnolle and
Thompson 1995). On the contrary, sister chromosomes
move to the same daughter cell in case of SDR gametes,
thus due to the absence of crossing-over, it exhibit maxi-
mum homozygosity (Hermsen 1984; Veilleux 1985; Pelo-
quin et al. 1999). Owing to the abnormal spindle activ-
ity, the unreduced pollen of T. ammi genetically repre-
sents the FDR mechanism.

Naturally, the establishment of new polyploid geno-
types is infeasible without the existence of 2n gametes.
Thus its role has great significance in evolution, as the
cytological mechanisms of 2n gamete formation dem-
onstrate that it might be the source of variable genetic
combinations. Since, our investigation was performed
only to determine the cytological behavior of unreduced
gametes; further researches are required to understand
the extent of heterozygosity of 2n gametes and its influ-
ential role to create variability in ajwain crop.
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Abstract. In this study, a statistical analysis was performed on mitotic metaphase chro-
mosomes of 26 Lathyrus taxa, four of which are endemic. ANOVA, correlation analy-
sis, PCA and cluster analysis were performed to determine the relationships between
taxa based on chromosomal criteria. The morphological similarities of plant taxa and
chromosomal statistics results may not be always parallel to each other. According to
the findings obtained as a result of analysis, the following taxa, which are close to each
other were determined: L. hirsutus - L. odoratus, L. brachypterus var. haussknechtii - L.
phaselitanus, L. stenophyllus - L. chloranthus, L. gorgoni var. gorgoni - L. nissolia - L.
pratensis, L. tuberosus - L. annuus.

Keywords: Lathyrus, chromosome, endemic, statistical analysis, Turkey.

INTRODUCTION

Lathyrus L., a genus belonging to Fabaceae family consisting of more
than 200 taxa is distributed almost all over the World (Allkin et al. 1986).
The main diversity centers of Lathyrus are the Mediterranean region, Asia
Minor and North America, as well as temperate South America and East
Africa (Klamt & Schifino-Wittmann 2000). In Flora Europaea, 54 species
of Lathyrus were reported from different areas of Europe (Tutin et al. 1968).
Lathyrus is represented by 79 taxa in Turkey, 25 of which are endemic to
Turkey (Davis 1970; Davis et al. 1988; Giiner et al. 2000; Geng & $ahin 2008;
Geng 2009; Geng & Sahin 2011).

Some agriculturally important species of the genus Lathyrus are grown
for use as forage or human food (Yamamoto et al. 1984; Gen¢ & Sahin 2001).
Seeds of some Lathyrus species are used in the preparation of regional human
food in different countries in the world (Kumar 1997; Uncuer et al. 2016).
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A lot of studies such as taxonomical, cytotaxonomi-
cal, morphological, anatomical, etc. have been carried
out on Lathyrus taxa which are so important in terms of
agriculture. Caryological studies were conducted on L.
saxatilis (Vent.) Vis., L. vinealis Boiss. & Noe, L. incon-
spicuus L., L. setifolius L. (Sahin & Altan 1990) and L.
rotundifolius Willd. subsp. miniatus (Bieb. ex Stev.) Davis,
L. cassius Boiss., L. cicera L., L. aphaca L. var. modestus
P.H. Davis (Sahin 1993). Anatomical, morphological and
palynological features of L. inconspicuus, L. vinealis from
Orobastrum (Taub.) Boiss. section and L. sativus L., L.
hirsutus L. from Cicercula (Medic.) Gren. & Godr. section
were investigated qualitatively and quantitatively (Mantar
et al. 2002; 2003). There are also studies conducted on the
cytotaxonomical properties of L. brachypterus Cel. var.
haussknechtii (Sirj.) Davis, L. spathulatus Cel., L. ochrus
(L.) DC,, L. odoratus L., L. belinensis N. Maxted & D. J.
Goyder, L. clymenum L., L. phaselitanus Hub-Mor. &
Davis and the morphological characteristics of grass pea
(L. sativus) (Geng et al. 2009; Grela et al. 2010). A numeri-
cal taxonomic study on 54 of 58 Lathyrus taxa in Flora of
Turkey was conducted (Dogan et al. 1992).

This study was carried out using the statistical eval-
uation of the findings of previous cytotaxonomical stud-
ies conducted by us (Sahin et al. 1998; Sahin et al. 2000;
Geng & Sahin 2001; Geng et al. 2009).

In this study, by applying statistical analysis to the
metaphase chromosome organization, it is aimed to see
whether the taxa with the same chromosome morphol-
ogy are similar taxonomically or not.

MATERIAL AND METHODS

Material

Plant specimens and seeds belonging to Lathyrus
taxa were collected from natural habitats in Turkey dur-
ing 1995-2007. Some plant specimens were stored at per-
sonal herbarium of Geng, while other herbarium speci-
mens were stored at the FUH (Firat University, Elazig,
Turkey) and GUL (Siileyman Demirel University, Ispar-
ta, Turkey) herbariums.

The eight sections of 28 investigated taxa according
to morphological classification in Davis 1970 and Gtiner
et al. 2000 are given in Table 1.

Methods

Chromosome measurements

Determination of chromosome number and karyotype
analyses of taxa were performed at mitotic metaphases.

Hasan Geng et al.

Table 1. The sections of the investigated Lathyrus taxa.

Section Taxa
Platystylis L.. bijachypterus var. haussknechtii, L. digitatus (Bieb.)
Fiori, L. spathulatus
Pratensis L. Rmtenszs L., L. laxiflorus (Desf.) O. Kuntze subsp.
laxiflorus
L. tuberosus L., L. belinensis, L. odoratus [L. odoratus
Lathyrus  is cultivated as an ornamental plant in Turkey (Davis
1970)]
L. sphaericus Retz., L. inconspicuus, L. tauricola P. H.
Orobastrum . P
Davis, L. setifolius
L. annuus L., L. gorgoni Parl. var. gorgoni, L. cicera, L.
Cicercula  sativus, L. stenophyllus Boiss. & Heldr., L. phaselitanus,

L. hirsutus, L. chloranthus Boiss.
Clymenum L. clymenum, L. ochrus
Nissolia L. nissolia L.

L. aphaca var. affinis (Guss.) Arc, L. aphaca var.

Aphaca pseudoaphaca (Boiss.) Davis, L. aphaca var. modestus

The seeds were germinated at room temperature in petri
dishes covered with cotton. When the root tips reached 1
cm in length, they were cut off and pretreated with satu-
rated paradichlorobenzene solution for 4 hours. At the end
of the pretreatment process, root tips were washed and
fixed with acetic acid-ethyl alcohol (1/3 v/v) for 24 hours.
Then, the root tips were washed again and stored in 70%
ethyl alcohol at 2-4 °C (Sharma & Gupta 1982).

After washed root tips had been hydrolyzed in 1 N
HCI for 10-15 min at 60 °C. Feulgen method was used
in the dyeing process (Elgi 1982; Sharma & Gupta 1982).
Squashed preparats were prepared using root tips. The
karyotypes were discussed according to Levan et al.
(1964). Chromosomes measurements of Lathyrus taxa
are given in Table 2.

Data analyses

For the analysis of karyotype characteristics, the fol-
lowing methods and formulas were used. The measure-
ments were performed on haploid data sets. The follow-
ing traits in each karyotype were measured: TLC (total
length of chromosomes), MTLC (mean of total length
of chromosomes), MAX (maximum length of chromo-
some), MIN (minimum length of chromosomes), MLA
(mean of long arms), MSA (mean of short arms), MrV
(mean of r value), MdV (mean of d value), MAR (mean
of arm ratio), MCI (mean of chromosome index), MRLC
(mean of relative length of chromosomes), DRL (differ-
ence of range of relative length), TF% (total form per-
centage), S% (relative length of shortest chromosome),
Al (intrachromosomal asymmetry index), A2 (inter-
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Table 2. Chromosomes measurements of Lathyrus taxa (Ch. No: Chromosome No, C: Total length of the chromosome, L: Length of the
long arm, S: Length of the short arm, Sat.: Satellite).

(IiIl;. C L S Sat (Iill:) C L S Sat. (Iill(l) C L S Sat (I\:Il(l) C L S Sat.
L. brachypterus var. L. diei 5 568 3.68 2.00 5 418 223 155
haussknechtii - gitatus 6 543 345 1.94 6 381 223 158
1 648 3.64 2.84 1 9.16 4.88 4.28 7 477 274 2.03 7 330 2.04 1.26
2 629 286 2.06 1.37 2 773 443 3.30 L. sativus L. stenophyllus
3 532 316 216 3 721 412 3.09 1 621 374 247 1 716 421 295
4 510 296 2.14 4 685 3.99 286 2 585 249 196 1.40 2 631 415 216
5 478 279 199 5 678 4.18 2.60 3 553 334 219 3 590 375 215
6 464 291 1.73 6 637 3.82 255 4 536 344 192 4 538 346 2.12
7 432 270 1.62 7 603 3.66 2.37 5 511 331 1.80 5 525 324 201
L. spathulatus L. pratensis 6 487 329 1.58 6 490 2.86 2.04
1 800 439 3.61 1 7.62 353 277 1.32 7 447 271 1.76 7 465 2.64 201
2 722 356 246 1.20 2 619 391 228 L. phaselitanus L. hirsutus
3 642 397 245 3 599 394 205 1 641 3.64 277 1 836 478 3.58
4 6.1 371 240 4 561 3064 197 2 543 224 190 1.29 2 708 493 215
5 576 343 233 5 536 345 191 3 533 329 2.04 3 653 452 201
6 550 3.18 2.32 6 499 3.18 1.81 4 516 326 1.90 4 630 4.15 215
7 509 295 214 7 465 277 1.88 5 485 285 2.00 5 593 4.01 192
L. laxiflorus subsp. laxiflorus L. tuberosus 6 473 2.83 1.90 6 548 355 193
1 927 533 394 1 810 3.76 2.86 1.48 7 436 265 1.71 7 5.07 289 2.18
2 848 493 249 1.06 2 651 415 236 L. chloranthus L. clymenum
3 815 524 291 3627 418 2.09 1 735 4.12 323 1 722 368 213 141
4 7.83 530 2.53 4 595 376 2.19 2 656 3.67 2.89 2 6.62 472 190
5 743 489 254 5 577 377 2.00 3 594 377 217 3 576 4.06 1.70
6 7.04 478 226 6 553 3.47 2.06 4 565 354 211 4 536 318 218
7 632 354 278 7 501 3.11 1.90 5 534 346 1.88 5 413 293 1.20
L. belinensis L. sphaericus 6 499 3.07 192 6 340 203 1.37
1 656 3.70 2.86 1 692 3.83 3.09 7 470 290 1.80 7 283 1.80 1.03
2 588 347 241 2 631 3.64 267 L. ochrus L. nissolia
3 520 3.18 2.02 3 584 349 235 1 6.00 258 205 1.37 1 686 274 245 1.67
4 495 311 1.84 4 551 349 2.02 2 555 372 1.83 2 656 420 236
5 481 3.06 175 5 527 322 2.05 3 526 374 152 3 589 3.87 2.02
6 464 276 1.88 6 508 3.18 1.90 4 502 332 1.70 4 558 346 2.12
7 448 275 173 7 468 274 191 5 468 285 1.83 5 520 3.40 1.80
L. inconspicuus L. tauricola 6 400 228 1.72 6 497 319 1.78
1 466 215 1.74 0.77 1 6.06 2.64 222 120 7 333 186 147 7 436 258 1.77
2 457 265 192 2 525 343 182 L. aphaca var. affinis L. aphaca var. pseudoaphaca
3 423 274 149 3 481 3.01 1.80 1 677 3.03 249 1.25 1 553 248 190 1.15
4 397 248 149 4 463 3.10 1.53 2 526 352 1.74 2 444 311 133
5 378 252 126 5 430 2.82 148 3 505 334 171 3 413 269 144
6 357 220 1.37 6 416 254 1.62 4 487 320 1.67 4 410 2.60 1.50
7 328 216 1.12 7 398 239 1.59 5 471 334 137 5 390 270 1.20
L. setifolius L. annuus 6 439 3.02 137 6 380 2.51 1.29
1 716 334 222 1.60 1 828 342 3.03 1.83 7 412 271 141 7 345 224 1.21
2 530 3.64 1.66 2 644 431 213 L. aphaca var. modestus L. odoratus
3 499 368 131 3 614 4.06 2.08 1 589 229 226 134 1 749 449 3.00
4 472 322 1.50 4 602 379 223 2 525 310 2.12 2 6.66 473 193
5 436 287 149 5 578 374 2.04 3 488 313 175 3 638 444 194
6 4.08 252 1.56 6 554 356 1.98 4 461 3.01 1.60 4 611 4.07 2.04
7 346 202 144 7 497 280 2.17 5 440 285 1.55 5 570 3.73 197
L. gorgoni var. gorgoni L. cicera 6 423 261 1.62 6 545 3.61 1.84
1 750 3.04 286 1.60 1 529 346 1.83 7 395 243 1.52 7 513 2.84 2.29
2 632 412 2.20 2 479 307 172
3 6.08 4.04 2.04 3 459 289 1.70
4 584 382 2.02 4 439 278 1.6l
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chromosomal asymmetry index), and A (Degree of
asymmetry). Both arm ratios were assumed to be equally
affected (Adhikary 1974). All karyotype formulas were
determined based on Huziwara (1962) (TF%), Levan et
al. (1964) (r and d values), Zarco (1986) (Al and A2),
Watanabe (1999) (A), Peruzzi and Eroglu (2013) (CI) as
well. The abbreviations were taken from the Rezeai et al.
(2014) (RLC%, DRL, S%). The formulas are as follows.

Formulas

Length of the long arm of chromosome
rvalue = gth of g s

Length of the short arm of chromosome

d value=Length of the long arm of chromosome-Length of the
short arm of chromosome

Length of the short arm of chromosome

armratio =
Length of the long arm of chromosome

Length of the short arm of chromosome

- Length of the long arm of chromosome + Length of the short arm of chromosome

total length of each chromosome
RLC% = gene) x100

total length of chromosomes

DRL=(maximum relative length)- (minimum relative length)

total length of short arms
TF% = gin ) 100

total length of chromosomes

length of shortest chromosome
geh of x 100

5% =

length of longest chromosome

A= (l)ZAi, Ai == (Ii = lengths of a long arm, si =

n li+si
lengths of a short arm, n = haploid chromosome number).

n bi
i=1B;

Al1=1- —— (n = number of homologous chromosome
pairs, b; = the average length of short arms in every
homologous chromosome pair, B; = the average length of
long arms in every homologous chromosome pair).

A2 =2 (S = standard deviation of chromosome lengths, X
= mean of chromosome lengths).

A data matrix was constructed according to 17
karyotype characteristics mentioned in Table 3. The
principal component analysis (PCA) was used based on
the data matrix (Jolliffe 2002). The cluster analysis was
made using Gower (dis)similarity index for determin-
ing the relationships between chromosome properties of
Lathyrus taxa (Romesburg 2004). In addition, the pear-
son correlation coefficient (r) analysis was performed to
see strong and weak relationships between chromosome
properties. At the same time, Shapiro - Wilk normality
test was performed. Then, the one-way analysis of vari-
ance (ANOVA) was performed to determine whether the
difference between the data was statistically significant.
All the analyses were carried out with PAleontoSTatis-
tics (PAST) (Hammer et al. 2001).
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RESULTS

Statistical studies on the chromosome morpholo-
gies of 26 Lathyrus taxa were conducted. Images of the
mitotic metaphase chromosomes of Lathyrus taxa are
given in Figure 1. Karyotype characteristics of Lathyrus
taxa are given in Table 3.

The chromosome properties of taxa are summarized
in the Stacked bar (Figure 2). Shapiro - Wilk normality
test and One way ANOVA test results are given in Fig-
ure 3 and Table 4. According to the values obtained with
the formulas using chromosome morphological proper-
ties of taxa, the data show a normal distribution (Figure
3), and then the one-way ANOVA test is statistically sig-
nificant according to the p-value(p<0.05) (Table 4).

Correlation analysis

According to the correlation analysis, there are rela-
tions between the r-values of chromosome data accord-
ing to the significance level less than p <0.05. Especially
a strong positive relationship between TLC, MTLC,
MAX, MIN, MLA, MSA, and a strong negative relations
between MRV, MDV and MAR, MCI and Al and A val-
ues (Figure 4).

Principal component analysis (PCA)

According to PCA (Table 5, Figure 5), the first two
components explained the majority of the variation
according to chromosome data between the taxa. While
the first two components explain 57.98 and 38% of the
variance, respectively, these characters explained 96%
of the total variation. The characters that affected the
variation most were S%, TLC, DRL and TF%. Similarly,
since some variables (such as A, Al) have lower values
than calculations, the effects on variation in PCA have
been low.

Cluster analysis

According to the UPGMA algorithm Gower index
Cluster analysis results, the taxa are divided into 4
groups (Figure 6). These groups are also divided into
subgroups among themselves. Especially L. hirsutus - L.
odoratus, L. brachypterus var. haussknechtii - L. phaseli-
tanus, L. stenophyllus, - L. chloranthus, L. gorgoni var.
gorgoni - L. nissolia - L. pratensis, L. tuberosus - L. ann-
uus taxa are closely related.
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Figure 1. Mitotic metaphase chromosomes of Lathyrus taxa (1. L. brachypterus var. haussknechtii, 2. L. digitatus, 3. L. spathulatus, 4. L. pratensis,
5. L. laxiflorus subsp. laxiflorus, 6. L. tuberosus, 7. L. belinensis, 8. L. sphaericus, 9. L. inconspicuus, 10. L. tauricola, 11. L. setifolius, 12. L. annuus,
13. L. gorgoni var. gorgoni, 14. L. cicera, 15. L. sativus, 16. L. stenophyllus, 17. L. phaselitanus, 18. L. hirsutus, 19. L. chloranthus, 20. L. clymenum,
21. L. ochrus, 22. L. nissolia, 23. L. aphaca var. affinis, 24. L. aphaca var. pseudoaphaca, 25. L. aphaca var. modestus, 26. L. odoratus).
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Figure 2. Lathyrus taxa karyotype characteristics of Stacked bar.
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Figure 3. Shapiro - Wilk normality test.

DISCUSSION

To best of our knowledge no statistical analysis of
chromosomes belonging to such a number of taxa in the
genus Lathyrus is available in literature. In this study,
26 taxa belonging to 8 sections of genus Lathyrus were

investigated. Among the investigated taxa, Lathyrus
brachypterus var. haussknechtii, L. belinensis, L. tauri-
cola, L. phaselitanus are endemic to Turkey.

In some studies, the cluster analysis data can yield
similar trees with the morphological classification of the
taxa (Acgar & Satil 2019; Dirmenci et al. 2019).
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Table 4. One way ANOVA test results.

Test for equal ~ Sum of Mean
F p (same)

means sqrs square
Between groups: 133605 16 8350.28 1464 0

1 . Permutation p
Within groups: 2423.77 425 5.70299 (1=99999)
Total: 136028 441 1E-05
omega’: 0.9815

Table 5. Principal component analysis of Lathyrus taxa showing the
eigen values of total variance.

PC Eigen value % variance
56.2106 57.978
36.8804 38.04

3 3.66766 3.783

According to the data of Dogan et al (1992),
obtained in the study using forty morphological charac-
ters, the Lathyrus genus was divided into two subgenus
and nine sections. However, the results obtained do not
show compatibility with Davis (1970).

The statistical results obtained in our study are also
not consistent with Davis (1970). This situation suggests
that the statistical results obtained from taxa may not
always be completely compatible with morphological
features.

Hasan Geng et al.

However, in our study, the caryological data were
not generally similar to the morphological classifica-
tion of the taxa, but similarities and close relationships
among some taxa were also similar to morphologi-
cal data (Figure 6). According to the PCA scatter dia-
gram, like the cluster analysis results, the sections were
observed to be intertwined in the distribution forma-
tions of taxa (Figure 5). Cluster analysis made according
to karyotype features successfully distinguished the taxa
from each other. However, it was also found to be an
inconsistency with morphological classification.

According to the caryological examination, L. hirsu-
tus - L. odoratus, L. brachypterus var. haussknechtii - L.
phaselitanus, L. stenophyllus - L. chloranthus, L. gorgoni
var. gorgoni - L. nissolia - L. pratensis, L. tuberosus - L.
annuus taxa are closely related (Figure 6). L. hirsutus
and L. odoratus are morphologically similar, and have
been observed to be close to each other as a result of
caryological analysis. L. brachypterus var. haussknechtii
and L. phaselitanus differ morphologically and are locat-
ed in different sections; however, these taxa are similar
according to caryological data we obtained. L. stenophyl-
lus and L. chloranthus belonging to the same section are
similar to each other according to caryological analysis.
And conversely, L. gorgoni var. gorgoni, L. nissolia and
L. pratensis belonging to different sections are similar
to each other according to the analysis of its metaphase
chromosome morphology. Similarly, the two species, L.
tuberosus and L. annuus from different sections are sim-
ilar to each other according to cluster analysis.
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Figure 4. Correlation analysis between karyotype characteristics.
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Figure 5. PCA scatter plot diagram (Different colors refer to different sections and the lines with variables indicate the effect and direction
of variation).
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an ornamental plant).

In terms of similarities of the taxa, the presence of ties of plant taxa and chromosomal statistics results may
satellite and distribution was not found to be significant.  not be always parallel to each other.
This study revealed that the morphological similari-
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Abstract. The aim of this study was to evaluate the cytotoxic and genotoxic potential of
the wastewater (WW), the effectiveness of the treatment used by the wastewater treat-
ment plant (WWTP) with sequential batch reactors (SBR) technology, and whether its
final treated effluent (FTE) can compromise the water quality of the river at the location
where it is discharged. We focused our research on six examples. For analytical chemis-
try and Allium metaphase (M) test all six samples were collected. Of these, three are so-
called biotechnological patterns (WW, WW after mechanical step treatment and FTE),
and three are natural river environmental patterns. For the micronucleus (MN) test,
fish specimens were collected from three sites in the river Kamniska Bistrica. The first
two sites locations are up and down the FTE outlet. Results from these areas were com-
pared to the third site (not polluted) reference site, the so-called natural negative con-
trol sector Drinov rob. Complementary study with analytical chemistry and biological
tests shows that the treatment effect SBR in the Domzale-Kamnik central WWTP car-
ried effectively proved to be efficient for the removal of the cytogenotoxic substances in
treated effluent and consequently in aquatic environment. The upgraded and improved
Domzale-Kamnik central WWTP has a very effective aerobic tertiary treatment stage.
Biological rate of achievement by such SBR technology has shown excellent results. We
could not find any parameters than would show the final treatment effluent (FTE) water
to exceed the maximum permissible doses (MPDs).

Keywords: chemical analysis, phytotoxicity, genotoxicity level, environmental moni-
toring, water quality.

INTRODUCTION

The wastewater (WW) level is increasing with intensive anthropogen-
ic activities like industrial, agricultural and urban development (Kalia et
al. 2018). WW can be characterized as complex chemical mixtures of indi-
vidual organic and inorganic substances (Fijalkowski et al. 2017). All such
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chemicals can be potential sources of pollution and may
result in different ecotoxicological effects (Lyubenova
et al. 2012), that can affect human health (Pecol 2018).
However well constructed and well working wastewa-
ter treatment plant (WWTP) can solve these problems.
Even better solution is if we combine this with various
techniques like ecoremediations, such as constructed
wetlands (Firbas and Amon 2013), processes in ecologi-
cal drainage ditches (Kumwimba et al. 2017), vermicom-
posting process the collective action of earthworms and
microbes (Bhat et al. 2018), associated with stabilization
pond (Hara and Marin-Morales 2017), and the most var-
ious attractive coremediation technologies.

Just physical and chemical measurements cannot tell
us the whole picture of the degree of the toxicity of the
pollutant (Firbas 2015; Firbas and Amon 2017). The con-
centration of the toxic agent is not always proportional
to the danger to human health. Environmental monitor-
ing detected potential environmental genotoxic xenobi-
otics and is based on the use of vascular (higher) plants
and aquatic vertebrates (Grisolia et al. 2005; Oriaku et
al. 2011). Both onion plant and fish are sensitive indica-
tors for assessment of environmental pollution (Pathi-
ratne et al. 2015; Batista et al. 2016; Hemachandra and
Pathiratne 2017).

Aquatic vertebrates accept foreign substances, e.g.
xenobiotics through the epithelium, which accumu-
late in the body and may induce various potential toxic
effects (Walker et al. 2012). These xenobiotics produce
multiple consequences at organism, population, com-
munity and ecosystem level, affecting organ function,
reproductive status, population size, species survival,
and thus biodiversity (Bolognesi and Hayashi 2011). In
order to monitor the health of aquatic organism, bio-
markers have been used as effective tools in environ-
mental risk assessment (Ghisi et al. 2016). The micronu-
cleus (MN) assay is one of the most widely used geno-
toxicity biomarkers in aquatics organisms, and is used
for in situ monitoring of water ecosystems assessing clas-
togenic and aneugenic events in different cell types (Al-
Sabti and Metcalfe 1995; Kirsch-Volders et al. 2011). MN
are cytoplasmic chromatin-containing bodies formed
when centric and/or acentric chromosome fragments or
whole chromosomes that are not included in the main
nuclei after cell division.

Onion A. cepa L. is widely recognized and useful as
excellent genetic model to detect environmental xeno-
biotics (Leme and Marin-Morales 2009; Firbas 2011;
Bakare et al. 2012;Karaismailoglu 2015; Verma et al.
2016; Karaismailoglu 2017; Bonciu et al. 2018; Makar et
al. 2020, Sutan et al. 2020). This plant can absorb xeno-
biotics across the leaf cuticle through stomatal and root
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epidermis. Root growth inhibition and adverse effects on
chromosomes, for example chromosome break provide
on indication of likely cytotoxicity and/or genotoxicity.
(Dietrich et al. 2001; Bonciu et al. 2018). The relatively
large 2n = 16) and karyotype diverse chromosomes
are very appropriate for the detection of morphological
changes. In vivo Allium M test (Firbas and Amon 2013;
2014) used for study of the specific morphology (struc-
ture) exclusively of metaphase chromatids and chro-
mosome damage. Furthermore, the chromosome and
chromatid morphology is easily altered by chemical
and natural compounds. By using biological (genotox-
ic) tests, we can ascertain those responses of the tested
onion plant A.cepa, which result in eventual damage to
its genetic material (chromosomes) regardless of the tol-
erance limits that can be caused by various contamina-
tion samples within an environment. In regard to the
universality of the living organisms genetic codes, the
research results are transferable (applicable) to human
beings (Nefic et al. 2013).

Several higher plant systems were evaluated bioas-
says with plant root meristematic cells such: Corian-
drum satuvum L. (Pramanik et al. 2018), Bidens laevis L.
(Pérez et al. 2011), Drimia polyantha (Blatt. &McCann)
(Daphedar and Taranath 2018), Lactuca sativa L. (Morei-
ra et al, 2020), Helianthus annuus (Karaismailoglu et
al. 2013), Elodea canadensis (Zotina et al. 2015), Nigella
sativa (El-Ghameryand Mousa 2017) and Trigonella foe-
num - graecum L. (Mahapatra et al. 2019) possessed suit-
able cytological characteristics for cytotoxicity and geno-
toxicity testing.

The measured biological effects of some water sam-
ples appear related to the physical characteristics. There-
fore, genotoxicity assays should be included, along with
conventional chemical analysis, in water quality moni-
toring programs (Radi¢ et al. 2010; Singh et al. 2014;
Etteieb et al. 2016). So many ecotoxicological studies
focus on the assessment of physical and chemical envi-
ronmental parameters and biological responses of organ-
isms (Baldantoni et al. 2018; Wijeyarante and Wadasin-
ghe 2019). The method of combining bioassays with the
analytical chemistry and monitoring as well as screening
represents a powerful approach to identify organic and
inorganic pollutants - the main toxic components in
complex mixtures of treated wastewater (Etteiab et al.,
2016; Firbas and Amon, 2017).

In this paper we studied the genotoxicity level (GL)
sources (Malakahmad et al. 2017) of the river Kamniska
Bistrica - both upstream and downstream of the final
treated effluent (FTE) of the waste water treating plant
for the cities Domzale-Kamnik. The GL levels were
determined in two ways. Firstly with the fish periph-
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eral blood erythrocytes MN test in the nine freshwater
autochthonous salmonid and cyprinid fish species and
Allium metaphase (M) root type cell test and secondly
with the Allium metaphase (M) root type cell test. This
combination represents a good assessment of both physi-
cal (e.g. temperature, oxygen, pH, ...) and chemical (pes-
ticides, metals, ...) parameters. The work described here
has been done in the period 2017-2019 and is based on
the data from the renovated Domzale-Kamnik central
WWTP (it was renovated in 2016). However in our arti-
cle (Firbas in Amon 2017) we monitor this WWTP from
2013-2014 that is before its renovation.

MATERIALS AND METHODS

Description of the water system of the river Kamniska Bis-
trica

The river Kamniska Bistrica (KB) is a left tributary of
the river Sava, which is a right tributary to Danube river.
It is 32.8 km long and has a torrential character from its
spring in the Alps to its confluence with the Sava river.
The river is spread over 535 km? of mountain and plain
area (Figure 1). Because of the construction and housing
activities the river has been regulated into a moderately
narrow channel running through the towns Kamnik and
Domzale. In other areas the river is mainly untouched.

Some sources mention that there were probably
close to 200 km of canals excavated and buried again
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in different times in history (Vahtar 2006). Today, there
are over 40 km of active mill streams along the river
Kamniska Bistrica and most of them are still in use.
The flow of the river varies from 2 to 10 m? per second.
In one year the river receives 7 million m? treated water
from the Domzale-Kamnik central WWTP (Hvala et al
2002).

Domzale-Kamnik central WWTR, Slovenia

Before the 2016 upgrade is central the Domzale-
Kamnik central WWTP (latitude 46°07’N; longitude
14°36’E) is a conventional two-stage activated sludge
plant (ASP) designed to remove organic matter from the
wastewater, built in 1980 (Hvala et al. 2002). The capac-
ity of the plant is 200,000 PE (Population Equivalent)
with an average daily inflow of approximately 20.000
m?>/day. The plant influent consists of 45% municipal and
55% industrial wastewater (Hvala et al. 2002).

Upgrade in year 2016 include construction of a
new aerobic biological rate of achievement of tertiary
treatment by SBR technology and the construction of
the input object for the reception of large quantities of
waste water and appropriate mechanical pre-treatment,
which will increase operational safety. After upgrading
the WWTP fourth largest system for wastewater treat-
ment in Slovenia, and ensuring the quality parameters
of treated water for discharge into the watercourse, the
river Kamniska Bistrica. The capacity of the upgraded
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Figure 1. Study map of models WWTP including Allium M test and Pisces MN test. Samples and fishes were taken from river Kamniska
Bistrica. Legends: CBIF: cart board industry factory with WWTP, WWTP: wastewater treatment plant; WW: wastewater; WWTW: waste-
water treatment work; FTE: final treated effluent; PHP: physical-chemical parameter; CHP: chemical parameter.



122

WWTP is 149,000 PE, which means that it will accept
the waste water of all residents in the reception area and
other waste water (http://www.ccn-domzale.si/index.
php/en/wastewater-treatment/plant-upgrade-project.
Accesed 13. August 2020).

Collection of water samples
Water type definitions

Natural samples: river fresh water. The study area,
which is Kamnigka Bistrica river spatially lies between
latitude 46°19’N and 46°04’N and longitude 14°34’E and
14°37’E (Figure 1).

Biotechnological samples: samples for all different
stages of WW treatment. Wastewater: complex mixtures
of municipal, industrial (pharmaceutical, textile, food
processing, dyes-paints, timber industry, laundry tex-
tile), and rain water so called inflow. Inflow to Domzale-
Kamnik central WWTP has a heterogeneous composi-
tion composed of municipal, industrial and rain water.
WW treatment after mechanical stage: sand trapping and
solid separation. Final treated effluent: treated water from
Domzale-Kamnik central WWTP so called outflow.

Sampling locations in relation to the WWTP position

Sampling locations and biological tests according to
the location of the WWTP are summarized according to
Firbas and Amon (2017):

- 100 m or more upstream before the inlet into the

WWTP (Allium M test, Pisces MN test),

- Influent waste water in the WWTP (Allium M test),
- Wastewater after solid separation (Allium M test),

- Effluent water from SBR (Allium M test),

- 100 m or more downstream after the outlet from the

WWTP (Allium M test, Pisces MN test),

The detailed description of sampling locations (Figure 1)

I. Kamniska Bistrica - Drinov rob (as a negative con-
trol in the natural environmental pattern)

II. Kamniska Bistrica - village STUDA (950 m
upstream central WWTP - discharge point)

III. WW inflow

IV. WW after solid separation (WW treatment after
mechanical stage)

V. FTE outflow from SBR

VI. Kamniska Bistrica — village BISCE (1750 m down-
stream central WW'TP)
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Terms of monitoringand sampling

First sampling: Allium M test and physical analyt-
ics 16. 02. 2017; electric fishing for in situ MN test 16.
02. 2017; sample WW and FTE is 24 h on average from
02/14/2017, 8:00 to 15/02/2017, 8:00.

Second sampling: Allium M test and physical ana-
lytics 18. 10. 2017; electric fishing for in situ MN test 24.
10. 2017; sample WW and FTE 24 h on average from
17/18 Oct.

Third sampling: in vivo Allium M test, electric fish-
ing for in situ MN test and physical analytics 25. 05.
2018;sample WW and FTE is 24 h on average from24/25
May.

Fourth sampling: in vivo Allium M test, electric
fishing in situ MN test and physical analysis13. 08. 2019;
sample WW and FTE is 24 h on average from21/22
August.

Fifth sampling: in vivo Allium M test, electric fish-
ing in situ MN test and physical analysis 23. 07. 2020;
sample WW and FTE is 24 h on average from 22/23 July.

We sampled on three experimental sites. On each of
those the samples were taken four times. We have done
the measurements February 2017, in October 2017, in
May 2018, and the fourth August 2019, and fifth (last)
sampling was done in July 2020. Three experimental
sites were chosen, namely area Studa and area Biice,
which were compared with sites Drinov rob of no sew-
age influence, as the control area (Figure 1).

Physical and chemical analyses

For the measuring of water physical and chemical
analyses we collected six samples. Here three are natural
river samples and three biotechnological samples. Sam-
ples of river water and biotechnological samples were
collected from the sites, stored in bottles with thermo-
stable boxes and transferred to the laboratory. Chemical
parameters including: the metal/metalloid and organic
component varied depending on the industrial profile.
Physical parameters including: temperature, alkalin-
ity (pH), electrical conductivity (EC), total suspended
solid (TSS), dissolved oxygen (DO), nutrients (nitro-
gen, phosphor),Kjeldhal nitrogen (KN), chemical oxy-
gen demand (COD) and biochemical oxygen demand
(BOD;s)were determined in accordance with standard
analytical methods (APHA, 2012).

Water physical parameters such as temperature, pH,
EC, DO and TSS were measured in situ using HACH
electrodes; TSS by (with) gravimetry; Nitrate N and
nitrite N by Segmented Flow Analysis (SFA); Ammonia
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by Ion selective electrode (ISE) or Spectrophotometry;
and Kjeldahl N (with the composite method Digestion
— Destillation - Titration). Total phosphorus, total nitro-
gen and COD were determined with spectrophotometry
and BOD; with Volumetry (VOL) in incubation bottles.

Concentrations of metals (Zn, Al, Cu, Cd, Co, Cr,
Ni, Ag, Pb and Fe) were analyzed using Inductively
Coupled Plasma-Mass spectroscopy (ICP-MS). Benzene,
toluene, ethylbenzene, xylene (BTEX) were analyzed
using Gass Chromatography (DB-5 60x0.53x3 columns)
- Flame Ionizator Detector(GC-FID).Absorber organic
halogens (AOX) and cyanide were analyzed using Liquid
Chromatography with tandem Mass Spectrometry (LC-
MS/MS). Chloroalcane (C,-C,;) were analyzed using
Gass Chromatography with Electron Capture Detector
(GC-ECD). Nonylphenol and nonylphenol ethoxylate
were analyzed using LC-MS/MS. Di(2-ethylhexil) phtha-
late (DEHP) were analyzed using GC (5-MS columns
30m x 0.25mm x 0.25pum) with Electron Capture Detec-
tor (ECD). Index mineral oil were analyzed using GC
with Flame Ionization Detector (FID).

Test organisms used as bioindicators

Plant: Onion A. cepa, (Stuttgarter Riesen). Small
onion bulbs of the same uniform size, weighing about 3
- 3.5 g, were denuded by removing the loose outer scales
and scraped so that the root primordia were immersed
into the different tested liquids.

Fish: Salmonids: grayling (Thymallus thymallus),
brown trout (Salmo trutta fario); Cyprinids: european
minnow (Phoxinus phoxinus), european bullhead (Cottus
gobio), common bardel (Barbus barbus), mediteranean
bardel (Barbus meridionalis), european chub (Leuciscus
cephalus), perch (Perca fluviatilis), nase (Hondrostoma
nasus nasus). Seven cyprinids and two salmonids fish
species inhabiting European freshwater ecosystems, were
evaluated for their as in situ pollution biomarkers using
the micronucleus test in peripheral blood erythrocytes.
As the indicators fish species were used because of their
ecological significance. Fish species 150 - 200 g were col-
lected from natural environment in the three locations.

Onion plant Allium M assay

The tests were done with the Allium M or Allium
chromosome damage (CsD) test and show the degree of
genotoxicity by observing the aberrations of the exclu-
sively metaphase chromosomes of the plant A. cepa that
are evoked by genotoxic substances in the polluted water
(Firbas and Amon, 2013; 2014). Five onion bulbs are left

to grow in the sample water for 72 hours. Then first the
macroscopic morphological parameters are observed -
the length of roots (showing the general toxicity), their
shape, number, color and degree of malformation. The
genotoxicity level (GL) on the microscopic observation is
a general term referring to alternation to the gross struc-
ture or content of chromosome damage by exposure to
toxic agents (Malakahmad et al. 2017). GL is defined by
the percentage between all the metaphase cells and the
cells with their chromosomes damaged. 200 random
chosen metaphase cells (with well-recognized chromo-
somes) originate from the sample composed of ten root
apex cells taken from five onion bulbs - two roots from
each onion bulb (Firbas and Amon, 2013).

Chromosome preparations were set up from root
meristems containing actively growing cell by the fol-
lowing method: developing root with bulbs were pre-
treated with 0.1 % aquatic solution of colchicine for 3
hours at 21 °C. After washing in distilled water for 20
min the terminal developing roots of 2 mm length were
fixed for 1h in methanol:propionic acid mixture (3:1 or
1:1). Then they were macerated and stained in order to
obtain a cellular suspension. This sample was stained
with 0.5 % aceto-carmine for 4-5 minutes at 60 °C with-
out hydrolysis, and squashed in aceto-carmine (Firbas
and Al-Sabti, 1995). The optical microscope used in the
investigation was the Olympus - BX 41 (Japan) with
the photo system PM 10 SP, typical magnifications used
were 400 X and anisole-immersion 1.000 X. Onion (A.
cepa) has 16 (2n = 16) monocentric chromosomes. The
possible aberrations seen at metaphase are: chromosome
break, chromatide break and centromere break (Firbas
and Amon 2014). The cell is called aberrant if at least
one chromosome gets damaged. Sometimes 4 to 8, or
even up to all 16 chromosomes in the chromosome set
are damaged, with dicentric and ring chromosomes (Fir-
bas 2015).

Electrofishing collected methods

Salmonid and cyprinid fish inhabiting European
freshwater ecosystems were evaluated for their use as in
situ pollution biomarkers using the micronucleus test in
peripheral blood erythrocytes. Fish were collected with
electrofishing (EF) which is a common professional sur-
vey method used to sample fish population to determine
abundance, density, and species composition. When per-
formed correctly, EF results in no permanent harm to
fish, which are returned to their natural environment
only two minutes after being caught.
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Fish MN assay

For the MN assay, peripheral blood samples were
obtained from the gill region. Blood was smeared imme-
diately on clean grease free microscope slides, air dry for
6 hours and the fixed in absolute methanol for 18-20 min-
utes, the prepared slides were left to air dry at room tem-
perature. The blood smears were stained with 5 % Giemsa
in Sorenson buffer solution for 7 minutes. After washing
with distilled water and left to air dry at room tempera-
ture, the slides are then ready for microscopy. Since Giem-
sa solution stains the nuclear material much darker than
the cytoplasmic material, the MN were readily visible with
anisol - 1.000 X next to the normal nuclei and a micronu-
cleus of the erythrocyte cells. Erythrocytes, 10.000 + 200
per specimen, were analyzed to determine the frequency of
cells with one or two micronuclei and then calculated to
the number of MN per 1000 erythrocytes (MN/1000 E).

Statistics calculation

Values are the mean of five replicates with standard
deviation (+SD). Statistically established significant dif-
ferences among the investigated samples are confirmed
by the statistical calculation of paired data analysis using
the two-way Fisher’s exact test, which gives the p-val-
ue property between pairs of data calculated for a 2x2
contingency table (Agresti 1992). In the 2x2 frequency
tables the statistical results as shown by the p-values
sometimes do not show the significance, the addition of
allium and micronucleus test clearly show the difference
with other methods leads us to suggest that the picture
could be more complex (Firbas and Amon 2013; 2017).

RESULTS
Chemical parameters

The chemical analysis of the FTE and maximum
permissible concentrations (MPC) standard are pre-
sented in Table 1. We could not find any parameters that
would show the FTE water worse in quality than the
original river water. The FTE does not additionally bur-
den the river Kamniska Bistrica.

Physical parameters

In addition to standard parameters (COD, BOD;,
TSS) we included also the fundamental physical param-
eters nitrate (NO;—N), nitrite (NO,—N), Kjeldhal—
N, ammonia (NH,—N), phosphate (PO,—P), electrical
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Table 1.Chemical analysis of the final treated effluent (FTE)
and maximum permissible concentrations (MPC) standard. The
Domzale-Kamnik central WWTP with an upgrade of a new aerobic
biological rate of achievement of tertiary treatment by SBR technol-
ogy treating has been shown to be very effective.

Parameter and unit MPC*  FTE
Zn/Zink (mg/l) 2.0 0.0414
Total cyanide (mg/l) 0.5 0.010
AOX/Absorber organic halogens (mg/1) 0.5 0.150
Chloralcanes - Cy-C,5 (mg/l) 0.04  0.0035
Di(2-ethylhexil) phthalate (DEHP) (mg/l) 013 0.0004
Nonylphenol and nonylphenol ethoxylate (mg/l)  0.03  0.00023
Al/Aluminium (mg/1) 3.0 0.047
Cu/Cupper (mg/l) 0.5 0.010
Cd/Cadmium (mg/1) 0.025 0.001
Co/Cobalt (mg/l) 0.03  0.0010
Cr/Cromium Total (mg/l) 0.5 0.010
Ni/Nicel (mg/l) 0.5 0.010
Ag/Silver (mg/1) 0.1 0.010
Pb/Lead (mg/1) 0.5 0.010
Fe/Iron (mg/l) 2.0 0.150
Index minerals oils (mg/1) 5.0 0.100
BTX - Benzene, Tuolene, Xylene (mg/1) 0.1 0.03
Benzene (mg/l) 0.1 0.03
Toluene (mg/1) 0.1 0.03
Ethylbenzene (mg/l) 0.1 0.03
m,p- Xylene (mg/1) 0.1 0.03
o-Xylene (mg/1) 0.1 0.03

*MPC: maximum permissible concentration - Legistation (Official
Leaf republic of Slovenia: 64/2012).

conductivity and pH. We measured the river Kamnigka
Bistrica at three locations from its location Drinov rob
to the location called Bis¢e (Figure 1). It is this sector
where the treatment water from the WWTP enters the
river Kamniska Bistrica. This WWTP reduces pollutants
to a level that nature can successfully process further.
Detailed analysis of water physical parameters here are
presented in Table 2, 3, 4, 5 and 6.

General toxicity - phytotoxicity

The results of the general toxicity are shown in
combined Tables 2, 3, 4, 5, 6 and Figure 2. The location
Drinov rob is taken as the negative control. General tox-
icity of the river samples they have more or less the same
root length of the test plants (p > 0.05). All three of the
river water samples shows longer roots and lesser general
toxicity than the WW or FTE (p < 0.05). The FTE show
longer roots and lesser general toxicity than the untreat-
ed wastewater (p < 0.01).
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Table 2. United parameters physical quantities;cytological effects of the investigated samples survey - the genotoxicity level (damage to
chromosomes) and general toxicity - phytotoxicity (root length inhibition) on the test onion plant A. cepa and Piscesmicronuclei (MNi)fre-
quencies in peripheral blood erythrocytes of river fish. First sampling February 2017

Sample sites

Farameter P K2 Drinov rob gy wwre Afermechanical Lo vy g
(Negative control) step
Physical analysis
Water temperature C 4.9 6.1 9.4 - 10.1 7.5
pH - 8.2 8.0 7.6 7.7 7.6 6.7
Electrical conductivity pS/cm 226 372 - - - 470
Dissolved oxygen mg/l 11.78 10.38 - - - 10.98
To subside 1h ml/1 0 0 - - 0 0
To subside 2 h ml/1 0 0 14 3 0.1 0
TSS - lum mg/l 2 4 236 167 13.4 3
Ammonia NH,—N mg/l - - 33 53 29 -
Kjeldahl N mg/l 2.5 2.5 50 71 32 2.7
Nitrate NO;—N mg/l 0.8 1.3 2.2 - 7.4 2.0
Nitrite NO,—N mg/1 - - 0.75 - 0.50 -
Total N mg/l - - 34.0 - 6.3 -
Total P mg/l 0.5 0.5 3,67 7.9 0.38 -
COD mg/l 5.0 6.0 551 595 33 7.4
BOD;s mg/l 3.0 3.0 347 240 5 3.0
Allium metaphase (M) test
Phytotoxicity mm 34+2.7 33+1.5 11.0+1.2 11.0+1.1 31+1.7 34+2.4
Genotoxicity % 2.50+0.3 4.50+0.5 34.50+2.6 21.50+1.3 11.0£0.9 4.50+0.5
Micronucleus (MN) Pisces test
Leuciscus cephalus %o - 0.90 £0.33 0.98 £0.61
Thymallus thymallus %0 - 1.29 +0.35 0.82 +0.34
Phoxinus phoxinus %o - 0.78 +0.45 0.74 + 0,31
Salmo trutta fario %0 0.19 £0.02 2.00 £0.65 -
Cottus gobio %o 0.44 £0.11 4.50 1,50 1.36 £ 0.77

Legend. KB: Kamniska Bistricariver, K2, K4: fishing area, WW: wastewater, FTE: final treated effluent, WWTP: Central Domzale-Kamnik
Wastewater Treatment Plant, %: chromosome damage (CsD) per 100 cells, GL: Genotoxicity level, %o:micronucleiper 1000 erythrocytes.

Genotoxicity level

The results of the genotoxicity level (GL) expressed
in percentage points (%), are shown in the combined
Tables 2 to 6. The treated outflowing water is signifi-
cantly less genotoxic than the inflowing (polluted) water.
So the GL decreased from 34.5 % lowers on 11 % in
the year 2017 (p = 6.0 < 0.00001)._The wastewater first
undergoes the mechanical treatment. Afterwards the
genotoxic level is significantly lower (shown by less dam-
aged chromosomes) while the cytotoxic level remains
the same (the lengths of tested Allium bulbs roots are
not significantly changed). The Kamniska Bistrica river
in K2 sector (Drinov rob) shows zero (Figure 3) or not
more than one damaged chromosome in a chromosome
set (Figure 4). Incoming wastewater is highly genotoxici-

ty. Typically at least 4-10 chromosomes (Figure 5), some-
times even all chromosome get damaged (Figure 6). Also
dicentric and ring chromosomes can appear. The treated
wastewater from the Domzale-Kamnik central WWTP
and Kamniska Bistrica river in K4 sector (Studa and
Bisce) shows a much lesser degree of genotoxicity — typi-
cally two chromosomes, rarely four are damaged.

Micronucleus (MN)

The results of the MN studies are shown in Tables
2 to 5. Peripheral blood erythrocytes with MN are
shown in Figure 7. Three experimental sites were chosen,
namely, Drinov rob, Studa and Bi¢e. Sampling was car-
ried out in February 2017, October 2017, May 2018, and
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Table 3. United parameters physical quantities;cytological effects of the investigated samples survey - the genotoxicity level (damage to
chromosomes) and general toxicity - phytotoxicity (root length inhibition) on the test onion plant A. cepa and Pisces micronuclei (MNi)

frequencies in peripheral blood erythrocytes of river fish. Second sampling October 2017

Sample sites

Farameter P K2 Drinov rob gy wwre Afermechanical Lo vy g
(Negative control) step
Physical analysis
Water temperature C 7.0 12.2 16.2 - 17.5 12.7
pH - 8.2 8.1 7.6 7.6 7.1 7.9
Electrical conductivity pS/cm 218 415 - 1301 - 461
Dissolved oxygen mg/l 11.39 11.68 - - - 10.99
To subside 1h ml/1 0 0 - - 0 0
To subside 2 h ml/1 0 0 13 1,9 0.05 0
TSS - Tum mg/l <2 <2 380 177 5.0 2
Ammonia NH,—N mg/l 0.05 < 0.015 31.90 38 0.33 <0.015
Kjeldahl N mg/l - - 24.40 55.1 229 -
Nitrate NO;—N mg/l 0.79 1.1 0.70 - 4.99 2,4
Nitrite NO,—N mg/l - - 0.32 - 0.13 -
Total N mg/l - - 47 - 6.2 -
Total P mg/l <0.05 <0.05 7.00 7.5 0.28 <0.05
COD mg/l <50 7.3 638 599 26.1 < 5.0
BODs mg/l < 3.0 <3.0 240 - 6 <3.0
Allium metaphase (M) test
Phytotoxicity mm 34.0 £2.9 33.0 £2.2 11.0 +1.2 13.0 +1.4 31.0 £2.9 34.0 +2.7
Genotoxicity % 2.50 1.1 4.50 £1.3 34.50 £2.1 19.50 £1.3 9.0 1.3 4.50 £1.1
Micronucleus (MN) Pisces test
Leuciscus cephalus %o - 431 £1.55 2.98 £0.51
Thymallus thymallus %o - 1.77 £0.23 0.7 £0,21
Chondrostoma nasus %o - 1.00 +0.20 1.36 £0.34
Salmo trutta fario %0 0.20 £0.1 - -
Cottus gobio %00 0.32 0.1 2.34 +£0.39 -

Legend. KB: Kamniska Bistricariver, K2, K4: fishing area, WW: wastewater, FTE: final treated effluent, WWTP: Central Domzale-Kamnik
Wastewater Treatment Plant, %: chromosome damage (CsD) per 100 cells, GL: Genotoxicity level, %o:micronuclei per 1000 erythrocytes.

August 2019. All fishes, regardless of species composi-
tion, show lower values (0.32-1.1 MN/1000 erythrocytes
(E) in the Bisce sector than in the Studa sector (0.78-2.01
MN/1000 E), which is the most relevant for the species
of European bullhead (Cottus gobio). The lowest MN
abundance (0.0-0.2-0.34 MN/1000 E) is in the sector
Drinov rob. The increased appearances of micronuclei
in fish blood erythrocytes shows that the fish is living in
water of higher genotoxic level. A significant increase in
the number of MN in specimens of Cottus gobio at the
Kamniska Bistrica river is the result of the discharge
of the waste water of the Cart board industry factory
(CBIF) in the sector Studa. We have monitored the fre-
quencies of MN from 2017 to 2020 and saw that the
frequency falls from year to year what points to cleaner
water.

From the results of these researches we conclude
that the FTE from the Domzale-Kamnik central WWTP
does not adversely affect the quality watercourse of the
Kamniska Bistrica river. Kamniska Bistrica is already
partially contaminated above the outflow (the Studa sec-
tor) since the measured values are 2 to 5 times higher
than in the sector Drinov rob.

Measurements of the genotoxicity level with Allium
M test and physical parameters that support biological
parameter implement a good basis for the risk assess-
ment studies and Environmental Quality Standard -
Ecological Status (EQS-ES) (Firbas 2015; Firbas and
Amon 2017). In this article, we add the results of the
Pisces MN tests (Table 7).
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Table 4. United parameters physical quantities;cytological effects of the investigated samples survey - the genotoxicity level (damage to
chromosomes) and general toxicity - phytotoxicity (root length inhibition) on the test onion plant A. cepa and Piscesmicronuclei (MNi) fre-
quencies in peripheral blood erythrocytes of river fish. Third sampling may 2018.

Sample sites

Parameter nil : .

aramete oot (KNZe g’ag‘znc‘;vnézll’) Ki-Studa  ww-wwrp Afer T;;hamcal FTE - WWTP K4 - Bisce

Physical analysis
Water temperature C 7.8 12,1 15.7 - 17.8 14.5
pH - 8.2 8.08 8.2 - 7.2 7.8
Electrical conductivity pS/cm 193 287 - - - 338
Dissolved oxygen mg/l 11.53 10.66 - - - 9.92
To subside 1h ml/1 0.1 - - - <0.1
To subside 2 h ml/1 0 0.2 15 - 0 <0.1
TSS - 1um mg/l - 14.3 200 - - 37.6
Ammonia NH,—N mg/l - 0.04 31 39 1.34 0.016
Kjeldahl N mg/l (<2.5)0.28 (<2.5)0.37 - 54.2 - (< 2.5) 0.59
Nitrate NO;—N mg/l 0.7 0.97 - - - 1.48
Nitrite NO,—N mg/1 - - - - - -
Total N mg/l < 0.05 0.97 42 - 5.6 0,094
Total P mg/l - - 6.95 7.0 0.603 -
COD mg/l <5 7.6 445 467 47 10.8
BOD;, mg/l <3 <3 240 295 5.0 <3
Allium metaphase (M) test
Phytotoxicity mm 36 £3.1 34 £2.8 11.0 £1.2 12.0 £1.1 33 £2.3 34 £2.5
Genotoxicity % 2.90 £1.2 5.50 £1.3 28.0 £2.2 12.30 £1.1 7 1.2 4.50 £1.2
Micronucleus (MN) Pisces test

Leuciscus cephalus %o - - 0.81 £0.23
Perca fluviatilis %0 - - 0.78 +0.19
Barbus meridionalis %o - 1.78 £0.45 1.1 £0.11
Barbus barbus %0 - 0.75 +£0.21 -
Salmo trutta fario %0 0.15 +0.10 0.82 +0.19 -
Cottus gobio %0 - 0.95 +0.19 0.32 +0.21

Legend. KB: Kamniska Bistricariver, K2, K4: fishing area, WW: wastewater, FTE: final treated effluent, WWTP: Central Domzale-Kamnik
Wastewater Treatment Plant, %: chromosome damage (CsD) per 100 cells, GL: Genotoxicity level, %o:micronuclei per 1000 erythrocytes.

DISCUSSION

The present work has been done in order to evalu-
ate the genotoxic effects of WW and FTE on different
sites in river Kamnigka Bistrica using the physical and
chemical analysis on Allium M and Pisces MN assays.
WW treatment is an important process of consider-
able significance for the environment. In the eco-gen-
otoxicology the samples are subjected to the physical
and chemical analysis as well as to the genotoxical tests
(Radi¢ et al. 2010; Matsumoto et al. 2006; Grisolia et al.
2009; Okonkwo et al. 2011; Bakare et al. 2012; Polard et
al. 2011; Akpoilih 2012; Firbas and Amon 2017; Fran-
cisco et al. 2019; Kaur et al. 2020). These two methods
are complementary. As the water leaves the WWTP it

flows into the river and again becomes the integral part
of the ecosystem (Walia et al. 2013). Our results show
how important is the effectiveness of this WWTP along
with the continual monitoring including the study of
all necessary parameters (Bolognesi and Hayashi 2011;
Radi¢ et al. 2010; Raisuddin and Jha 2004; Herrero et
al. 2012; Tabres et al. 2011; Bagatini et al. 2009; Galindo
and Moreira 2009).

Domzale-Kamnik central WWTP after the upgrade
in 2016 represents the superb state of the technology of
modern wastewater treatment in the world and high-
quality clean waste water and achieves a high clean-
ing effect. The modernization also included additional
system comprises three main process blocks: (i) a new
inlet that complements the existing mechanical stage,
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Table 5. United parameters physical quantities;cytological effects of the investigated samples survey - the genotoxicity level (damage to
chromosomes) and general toxicity - phytotoxicity (root length inhibition) on the test onion plant A. cepa and Pisces micronuclei (MNi)

frequencies in peripheral blood erythrocytes of river fish. Fourth sampling august 2019

Samples sites

Farameter P K2 Drinov rob gy wwre Afermechanical oo vy g
(Negative control) step
Physical analysis
Water temperature °C 8.5 19.1 19.3/19.6* - 21.4/21.6* 159
pH - 8.2 8.2 8.0/8.2* 7.7 7.2/7.3* 7.6
Electrical conductivity pS/cm 211 413 - - - 499
Dissolved oxygen mg/l 11.85 9.15 - - - 8.69
To subside 1h ml/1 0 0 - - - 0
To subside 2 h ml/l 0 0 13 0,7 <0.05 0
TSS - lum mg/l 2 4,1 290 72.5 <2 183
Ammonia NH,—N mg/l 0.015 0.032 29.6 26.8 <03 0.13
Kjeldahl N mg/1 - - - - - -
Nitrate NO;—N mg/1 0.71 1.1 - - - 2.7
Nitrite NO,—N mg/1 - - - - - -
Total N mg/l - - 6.48 - 0.84 -
Total P mg/l 0.05 0.05 50 54 7.7 0,06
COD mg/l 5 12.1 575 243 <30 7.8
BOD; mg/l - - 280 - <5 -
Allium metaphase (M) test
Phytotoxicity mm 36 £3.1 34 +3.0 12 +0.9 12 +0.7 34 +2.5 36 2.7
Genotoxicity % 3.0+1.3 5.50 +1.2 29.0 £1.9 11.0 £1.1 6.50 £1.3 4.50 £1.2
Micronucleus (MN) Pisces test
Leuciscus cephalus %o - 0.75 £0.31 0.50 £0.23
Thymallus thymallus %o - 1,21 +£0.22 1.14 +0.19
Phoxinus phoxinus %0 - 0.85 £0.11 -
Barbus meridionalis %o - 1.06 +0.29 -
Salmo trutta fario %0 1.22 +0.10 - -
Cottus gobio %o 0.31 +0.17 0.96 £0.21 1.52 +0.27

Legend. KB: Kamniska Bistricariver, K2, K4: fishing area, WW: wastewater, FTE: final treated effluent, WWTP: Central Domzale-Kamnik
Wastewater Treatment Plant, %: chromosome damage (CsD) per 100 cells, GL: Genotoxicity level, %o:micronuclei per 1000 erythrocytes.

(ii) a new aerobic biological stage with advanced SBR
technology with anaerobic selector for partial biologi-
cal phosphorus removal and a new de-ionization pro-
cess, (iii) the existing anaerobic biological stage with the
production of biogas and cogeneration (http://www.ccn-
domzale.si/index.php/en/wastewater-treatment/plant-
upgrade-project).

As the environmental discharge standards are get-
ting more advanced, the traditional (continuous flow-
based) WW treatment process faces severe challenges. It
has become inevitable to include tertiary treatment units
for nutrient removal from WW. SBRs due to its opera-
tional flexibility and excellent process control possibil-
ity are being extensively user for the treatment of WW
which nowadays is fast becoming contaminated with

newer and more complex pollutants (Dutta and Sarker,
2015). Some WWTP with SBR may use additional step
such as nitrogen or phosphorous removal as well as bio-
logical nutrient removal. This third and last step in the
basic wastewater management system is mainly com-
prised of removing phosphates and nitrates (Saito et al.
2004). Nitrogen and phosphorous have become the key
factors leading to eutrophication of receiving water.
While achieving simultaneous nitrogen and phospho-
rous removal, biological methods play an important role
in treating municipal and/or industrial wastewater such
as SBRs (Jungles et al. 2014).

The character of WWs effluents varies great-
ly, dependent on the nature of the specific industry
involved, both in terms of the likely BOD; loading of
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Table 6. United parameters physical quantities; cytological effects of the investigated samples survey — the genotoxicity level (damage to
chromosomes) and general toxicity - phytotoxicity (root length inhibition) on the test onion plant A. cepa and Pisces micronuclei (MNi)
frequencies in peripheral blood erythrocytes of river fish. Fifth sampling July 2020

Sample sites

Farameter ot K2 - Drinov rob ) 40 ww - wwrp After FTE - WWTP K4 - Bidce
(Negative control) mechanical step
Physical analysis
Water temperature C 8,3 15.0 15.0
pH - 7,9 8,2 7,5 7,7 7,8 7,7
Electrical conductivity pS/cm 210 362 812 908 871 438
Dissolved oxygen mg/l 11,02 9,3 9,07
To subside 1h ml/1 0 0 16 1,2 0 0
To subside 2 h ml/l 0 0 15 1,5 0 0
TSS - 1um? mg/l
Ammonia NH,—N mg/l 0,1 0,06 19,7 10,6 0,3 0,06
Kjeldahl N mg/l <2,5 2,5 37,9 30,1 2,5 2,5
Nitrate NO;—N mg/l 0,58 0,94 0,36 0,34 6,06 1,8
Nitrite NO,—N mg/1
Total N mg/l
Total P mg/l 0,026 0,075 6,6 3,9 0,97 0,12
COD mg/l <5 11,1 534 125 22,2 9,1
BOD;, mg/l <3 <3 255 85 4,5 <3
Allium metaphase (M) test
Phytotoxicity mm 39 34 12 13 35 38
Genotoxicity % 2,5 6,50 30,0 10,5 6,50 4,50
Micronucleus (MN) Pisces test
Cottus gobio %o - 0.9+0.33 0,7+0.24
Leuciscus cephalus %o - 0,7+0.22 -
Phoxinus phoxinus %o - - 0,5+0.13
Barbus meridionalis %0 - 1,1+£0.35 -
Thymallus thymallus %0 - 0,5+0.12 -
Salmo trutta fario %o 0,3+0.11 - -

Legend. KB: Kamniska Bistricariver, K2, K4: fishing area, WW: wastewater, FTE: final treated effluent, WWTP: Central Domzale-Kamnik
Wastewater Treatment Plant, %: chromosome damage (CsD) per 100 cells, GL: Genotoxicity level, %o:micronuclei per 1000 erythrocytes.

any organic components and the type of additional con-
taminants which may also be present. Accordingly, the
chemical industry may offer WWs with high COD and
rich various toxic compounds is another high BOD;
that effluent contains (Evans and Furlong 2011). Param-
eters of the COD, BOD; and TSS properties are the
key parameters for the standardized monitoring of the
cleaning process in the WWTP and at the same time
they show the how much the environmental picture gets
modified after mixing with the effluent of the WWTP.
The correlation between COD, BOD; and TSS properties
is linearly proportional to the results obtained from the
genotoxicity tests (Firbas and Amon 2013).

Test systems need to be developed on the basis
of criteria that allow a realistic assessment of GL and

are of major ecological importance in environmental
screening and monitoring at the cell, organism, popula-
tion and ecosystem levels. Currently, clastogenic and/or
aneugenic bio-marker so called MN and CsD are most
frequently and trustworthy for genotoxicity testing in
aquatic environments. Many toxic and potentially toxic
chemical substances, some of natural origin and oth-
ers due to human activities, are released into the envi-
ronment daily (Obiakor et al. 2012). It has been shown
that the chemical analysis alone is not enough to assure
that the effluent water is really clean. To protect human
and ecosystem health, it is necessary to perform also the
biological analysis and to develop sensitive assays and to
identify responsive cells and species and their life stages
(Raisuddin and Jha 2004).
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Figure 2. Examples of series of onions cultivated 72 h in different biotechnological and environmental river samples. A) Drinov rob, B)
Studa, C) wastewater, D) WW after mechanical step, E) final treated effluent, F) Bisce.

The in situ quantification of MN fish erythrocytes
has shown to be an adequate bio-marker in the evalua-
tion of aquatic ecosystems quality (Al-Sabti and Metcalfe
1995; Minissi et al. 1996). Given the nucleated nature
of erythrocytes in fish the MN test has gained high rel-
evance in bio-monitoring of aquatic environments, also

including assessment of water quality (Palacio-Betancur
et al. 2009). Aquatic vertebrates and invertebrates are
directly exposed to many pollutants dissolved or sus-
pended in the surface water (Bolognesi and Hayashi
2011; Smital and Kurelec 1997; Bolognesi and Fenech
2012; Bersiene et al. 2012; Walker et al. 2012). Salmonids
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Figure 3. Diploid monocentric metaphase chromosome from the

root meristem cells of the onion (Allium cepa L.), containing 2n of

16, with basic chromosome number x=8 (2n=16).

Figure 4. One chromosome is damaged.

T. thymallus, S. trutta fario, and cyprinidsP. phoxinus, C.
gobio, B. barbus, B. meridionalis, L. cephalus, P. fluvia-
tilis, H. nasus nasus that are inhabiting European fresh-
water ecosystem were evaluated for their use as in situ
using the micronucleus test (Rodriguez-Cea et al. 2003;
Minissi et al. 1996). In situ surveys of wild freshwater
ecosystems with different levels of pollution showed that
cyprinids fish in moderately pollution sites do not pre-
sent higher micronuclei averages than those caught in
clean rivers system, whereas micronuclei are induced by
Thymallus thymallus, Salmo trutta fario and Cottus gobio
inhabiting moderately polluted sites. Our results demon-
strated the suitability of Cottus gobio for in situ monitor-
ing of freshwater ecosystems using the Pisces MN test.
Some researchers have reported the sensitivity of
this species, including in the detection of genotoxicity

Figure 5. Different number chromosome damage in metaphase
cells obtained from the meristem root-type cells of onion (A. cepa
L).

Figure 6. Whole chromosome set is damaged.

effects: Frequency of micronucleated erythrocytes (E) in
blood of Phoxinus phoxinus in the laboratory conditions
and in environment is 0.3-0.7 MN/1000 E (Bolognesi
and Hayashi M 2011; Ayllon and Garcia-Vaszquez 2000).
In blood of Leuciscus cephalus that lives in partially con-
taminated river waters one finds levels of micronucle-
ated erytrocytes 0.7-2.9 MN/1000 E (Piccoli et al. 2010).
The low to high frequency (0.5-5 MN /1000 E) MN in
the erythrocytes (E) is known for Chondrostoma nasus
in an uncontaminated environment 0.5 MN/1000 E and
4 MN/1000 E in a contaminated environment (Koca and
Koca 2008). The Barbus barbus also has 0.5 MN/1000
E in uncontaminated environment and 3 MN/1000 E
in a contaminated environment (Boettcher et al 2010).
The frequency of MN in the erythrocytes of Salmo truta
fario specimens was increased after exposure to a con-
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Figure 7. Normal mononucleated erythrocytes, and micronucleated erythrocytes in peripheral blood.a) Salmo trutta fario, b) Thymallus
thymallus, c) Barbus barbus, d) Barbus meridionalis, e) Phoxinus phoxinus, f) Leuciscus cephalus, g) Cottus gobio, h) Hondrostoma nasus, i)
Perca fluviatilis.
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Table 7.Correlation between chromosome damage (CsD) of the Allium M test and Pisces MN test of the genotoxicitylevel (GL) with par-
allel physical parameters (BODs, NO; — N). The relationship is directly related to the Environmental Quality Standard-Ecological Status

(EQS-ES) and environmental risk assessment (ERA).

MN CsD
Pisces MN test  Allium M test %E:,i ;(;sirsli:;ii; Environmental samples EQS-ES* ( (;3 011]1)5/1) N(% ;DN
(v MN/1000 E) v CsD /100 C 2 M8 &
Natural
- <2 mutagenicity High quality drinking water 505 > 1.5
test organisms '
0.09/0.20 2-5 NO RISK Spring (drinking) water WERY GOOD 32-70
R I. Quality class rivers and lakes 1.6 -24 ’ '
LOW L.- IL. Quality class rivers
0.30/0.50/1.26 4-10 LOW/MIDLE and lakes GOOD 20-54 6.5-9.5
MIDLLE . .
1.21/2.01/5.50 9-21 MIDLE/HIGH II. Quality class rivers and lakes, MODERATION <85 >9.6
22 -39 Wastewater (municipal waste)
) HIGH Treated wastewater, FTE WEACLY 15 - 20 o-12
i 40 - 55 CRITICAL Wastewater (industrial, leachate, BADLY 100 - 500 5 20

intensity chemical)

centration 25 ppm EMS (Ethyl methanesulfonate) under
laboratory condition to 1,8-2,7 MN/1000 E and con-
centration 780 pg/ml PCB (Polychlorinated biphenyl)
induced 1,5-1,7 MN/1000 E (Belpaeme et al. 1996).

The relevance of this MN test is also confirmed by
the work by De Flora et al. (1993), Schultz et al. (1993),
Al-Sabti and Metcalf (1995), Marlasca et al. (1998), Ayl-
lonand Garcia-Vazquez(2000), Ayllén et al. (2000),
Ayllén et al. (2001), Raisuddin and Jha (2004), Bagdonas
and Vosyliene (2006), Kim and Hyun (2006), Barsieneet
al. (2006), Ali et al. (2008), Palacio-Betancur et al.
(2009),Boettcher et al. (2010), Bolognesi and Hayashi
(2011) and Llorente et al. (2012).

The frequency of occurrences of CsD in root cells
(CsD/200 cells) in the plant of common onion (Allium
cepa L.) in uncontaminated laboratory and natural con-
ditions is 2.0-2.5 damaged chromosome cells/200 cells
(%) and is evaluated as a negative control (Firbas and
Amon 2014).

Very little of Allium test studies are focused on
clastogenic and/or aneugenic effects, thus, chromo-
some damage and chromosome number changes in the
chromosome set. The use of colchicine during chromo-
some preparation destroys microtubules, but influenc-
ing the chromosome movement, increased frequency of
metaphase with arranged condensed chromosomes and
reduced transition from metaphase to anaphase, allow-
ing a better observations of the exclusively metaphase
chromosome (Ray et al. 2013; Firbas and Amon 2014;
Kundu and Ray 2017). However this research strategy
is provided by the Allium metaphase (M) test. Chromo-
some preparation is a key and crucial step in all cytoge-

netic techniques (Kirov et al. 2014), and cytogenetic
assay are classical method to detect chromosome dam-
age (aberration, anomalies). The metaphase chromosome
anomalies as detected in the Allium M test procedure
are not excluded to occur also in the human chromo-
somes when exposed to similar pollutants. Plant cytoge-
netic, using Allium M test, identifies same chromosome
damages as they are identified in human cytogenetic
such as: chromosome and chromatid damages, dicen-
tric chromosomes, aneuploidy, euploidy and transloca-
tion (Stimpson et al. 2013; Firbas and Amon 2014; Fir-
bas 2015; Polsikovsky et al. 2018). Mentioned chromo-
some aberrations cause clinical defects on human body
(Schauer 1981; Pardee et al. 2007; Gibbs 2008; Duesberg
2005; Duesberg 2007; Gardner 2009). The study of DNA
damage at the chromosome level is an essential part of
genetic toxicology because chromosomal mutation is an
important event in carcinogenesis (Fenech 2000), the
genotoxic disease syndrome (Kurelec 1993) and evalu-
ated genotoxic effect in autoimmune diseases by the
micronucleus test assay (Torres-Bugarin et al. 2015).

The Allium M test—Pisces MN test means that these
two independent testing system technologies show the
same results in our research (Firbas and Amon 2017).
Allium M test—Pisces MN test is a reliable, preferred and
accurate method for the monitoring of the WWTP and
water quality in aquatic ecosystem. Both tests help us to
monitor the chromosome damages caused by the water
pollution. The test system Allium M test—Pisces MN test
has two restrictions: (i) MN can produce also a whole
and undamaged chromosome and (ii) in the Allium M
test cytostatic colchicine can mask the occurrence of
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C-mitosis. In both cases here we talk about the malfunc-
tion of the mitotic process, however, this is not a chro-
mosomal or chromatid lesion.

For testing the genotoxicity of the collected water
samples, two assays were used: chromosome aberration
assay in metaphase mitotic cell (Kumar and Panneersel-
vam 2007; Panneerselvam et al. 2012; Ragunathan and
Panneerselvam 2007) and MN assay in interphase cell
(Bolognesi et al. 2006). The CsD and MN studies have
shown to be highly reliable and preferred in genotoxicity
testing. The aim of this study was to determine of river
water quality by conducting an experiment involving
biomonitoring of water constituents of genotoxicity in
fish and onion inhabiting these sites. In summary, WW
treatment process in one of the most important environ-
mental conservation processes that should be encour-
aged worldwide.

CONCLUSION AS AN ENVIRONMENTAL ESSAY

How healthy is a water (Firbas 2016) and/or living
environment is definitely an opinion-forming issue. Its
message is an integral part of biological science, thus
opening up a world which enables us to determine the
quality of any living environment by using current bio-
logical observation. This concerns the different lengths
of a tested onion plant’s roots, and any injuries to the
chromosomes within their cells and micronucleus (MN)
in blood erythrocytes indigenous fish in relation to their
environment.

Physical and chemical analysis alone do not provide
any reliable answer to the question of how healthy the
water is. However complementary research in associa-
tion with biological and chemical studies are needed in
order to obtain a fully comprehensive picture, because
it is difficult to identify a wide variety of effects (chemi-
cal pollution) within the environment. The biological
method reveals an integrated impact on the growth and
development of living cells or organisms, and detects
the presence of harmful substances within the limits
and capabilities of analytical methods. By using biologi-
cal (genotoxicity) tests, we see that the outcomes of both
plant and animal testing show damage of their genetic
material (chromosomes) regardless of the tolerance lim-
its that can be caused by various contamination sample
concentrations within an environment. In regard to the
universality of the living organisms “genetic codes”, the
research results are transferable (applicable) to human
beings. It is time for us to act in a responsible way, thus
ensuring a healthy environment which based on high
quality drinking water.

Peter Firbas, Tomaz Amon

The different feedback from the tested plant’s root
growth is a general quality indicator of an environ-
mental sample. Their straight growth is an indicator of
how adequate is the environment they are growing in.
Looking at the cellular level of the tested plant’s root-tip
growth, especially when monitoring the cells and deter-
mining the ratio between the undamaged and damaged
chromosomes, and the presence or absence of micronu-
clei in the blood of erythrocytes gives us a very detailed
picture of the environmental living quality, respectively
answering the question as to how healthy the living
environment is.

Co-dependence of pollution within an environment
is substantial evidence that some genotoxic stuff causes
chromosomal damage, known as genotoxicity, and dis-
plays carcinogenic properties, as well as hormone dis-
rupting chemicals (HDC) features. Risk assessment is
insufficient just to find out how threatened we are due
to different kinds of pollution within the environment,
namely, it is very important to also discover how serious
it is (how does it create adverse effects in biological sys-
tems). The evidence is indisputable that there are no safe
doses, and that maximum permissible doses (MPDs)
are, by agreement, subordinate to the practical applica-
tions. There are biological tests in response to these chal-
lenges, showing the synergistic and cumulative effects of
harmful pollution, mechanisms of transmission, and the
transformation of harmful pollution within biological
systems.
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Abstract. One of the most crucial aspects of biological diversity for conservation strat-
egies is genetic diversity, particularly in rare and narrow endemic species. Our study
is the first attempt to utilize SCoT markers to check the genetic diversity in Iran.
We used 115 plant samples. Our objectives were 1) to check genetic diversity among
Geranium species 2) Genetic structure of the Geranium 3) Do the Geranium species
exchange genes? 4) To detect isolation by distance among the Geranium species. We
used traditional morphological and molecular methods to assess genetic diversity and
genetic structure in the Geranium species. A total of 129 amplified polymorphic bands
were generated across 13 Geranium species. The size of the amplified fragments ranged
from 150 to 3000 bp. G. stepporum showed the highest values for the effective number
of alleles (Ne = 1.30) and Shannon information index (I =0.35). Significant ANOVA
results (P <0.01) showed differences in quantitative morphological characters in plant
species. G. sylvaticum showed high genetic diversity. Mantel test showed a significant
correlation (r = 0.17, p=0.0002) between genetic distance and geographical distance,
so isolation by distance (IBD) occurred among the Geranium species. According to the
SCoT markers analysis, G. kotschyi and G. dissectum had the lowest similarity, and the
species of G. sylvaticum and G. pratense had the highest similarity. The present study
revealed that a combination of morphological and SCoT methods could distinguish
the species of Geranium.

Keywords: morphology, species identification, SCoT (Start Codon Targeted).

INTRODUCTION

Genetic diversity helps to understand species characteristics and adap-
tation strategy in an ever-changing environment and aids in understand-
ing the evolutionary relationship among species (Erbano et al. 2015). Several
programs have been launched to conserve plant diversity while utilizing and
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preserving plant genetic materials(Gomez et al. 2005).
Given the importance of genetic diversity in conserva-
tion strategies and programs, it is necessary to study
genetic diversity in plant species, particularly threatened
and rare species (Cires et al. 2013).

Population size is a pivotal factor to fathom
genetic diversity because it disentangles the varia-
tion in a gene (Ellegren and Galtier 2016; Turchetto et
al. 2016). Genetic variation and diversity are essential
parameters for species survival; usually, individuals can-
not exchange genetic materials due to geographical and
genetic barriers. Therefore, this could generate a scat-
tered population. Since these individuals have limited
gene flow, there is a greater chance of a decline in popu-
lation size (Frankham 2005).

Around 325 species of Geranium L. occur in the
world (Aedo et al. 1998). Geranium species have medici-
nal and horticulture uses; henceforth, some systematic
studies were conducted to better utilize Geranium spe-
cies in plant systematics and plant industry (Aedo 1996).
Recent classification system divides Geranium into three
subgenera (Yeo 2008). Among them, subgenera Gera-
nium has 300 species (Aedo and Estrella 2006). G. sect.
Dissecta occurs in the Eurasian, Mediterranean, and
Himalaya regions. The majority of Tuberosa (Boiss.)
members are found in Western Europe, Central Asia,
and Northwest Africa. Vegetative characters aid to clas-
sify Tuberosa into subsections Tuberosa (Boiss.) Yeo and
Mediterranea R. Knuth (Yeo 2008). Previous studies
identified the center of diversity of the G. subsect. Tuber-
osa in Iran and Turkey (Aedo and Estrella 2006; Aedo et
al. 2007; Esfandani-Bozchaloyi et al. 2018a, 2018b, 2018c,
2018d). The geranium genus has twenty-two to twenty-
five species in Iran (Schonbeck-Temesy 1970; Onsori et
al. 2010). Leaves and fruit morphology are valid charac-
ters to identify the Geranium species (Salimi Moghadam
et al. 2015). Nonetheless, advancement in molecular sci-
ence has revolutionized plant systematics and taxonomy
to provide authentic results.

Start codon targeted (SCoT) polymorphism is one of
the latest addition in molecular science. SCoT is a sim-
ple DNA marker system. It works on the short conserved
region in plant genes surrounding the ATG (Collard
and Mackill 2009) translation start codon (Collard and
Mackill 2009). Start codon targeted (SCoT) is affordable
and produces reliable results and robust genetic profile
of plant species (Collard and Mackill 2009, Wu et al.
2013, Luo et al. 2011).

It is essential to mention that Iran is the center of
the diversity of Geranium species. However, no study
has been conducted to study genetic diversity via the
SCoT molecular system. Our study is the first attempt
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to utilize SCoT markers to check the genetic diversity
in Iran. We used 115 plant samples. Our objectives were
1) to check genetic diversity among Geranium species 2)
Genetic structure of the Geranium 3) Do the Geranium
species exchange genes? 4) To detect isolation by dis-
tance among the Geranium species

MATERIALS AND METHODS
Plant materials

We collected thirteen Geranium species from differ-
ent parts of Iran (Table 1, Figure 1). Morphological and
molecular methods were used to study Geranium spe-
cies. One hundred fifteen plant samples (5-10 per plant
species) were examined for morphometric analyses. We
collected the following species for our study purpose.
G. dissectum L. (sec. Dissecta); G. persicum Schonb.-
Tem., G. tuberosum L., G. kotschyi Boiss., G. stepporum
P.H.Davis (sec. Tuberosa subsect. Tuberosa (Boiss.) Yeo);
G. platypetalum Fisch. & C. A. Mey., G. gracile Ledeb.
ex Nordm., G. ibericum Cav. (sec. Tuberosa subsect.
Mediterranea R. Knuth). G. columbinum L., G. rotundi-
folium L., G. collinum Stephan ex Willd, G. sylvaticum
L., G. pratense (sec. Geranium). Different occurrence
records were checked and correct identification of spe-
cies was carried out by Khayatnezhad in Iran. (Davis
1967, Schonbeck-Temesy 1970; Zohary 1972, Aedo et al.
1998b, Janighorban 2009). We mentioned the sampling
sites details in Table 1. Plant specimen vouchers were
deposited in the Herbarium of Azad Islamic University
(HAIU).

Morphometry

We studied 21 qualitative and 19 quantitative plant
morphology characters. Data were transformed (Mean=
0, variance = 1), before ordination (Podani 2000).
Euclidean distance was implemented to cluster and ordi-
nate plant species

Dna extraction and SCoT assay

We isolated DNA from fresh leaves. Leaves were
dried. The extraction of DNA was carried out in accord-
ance with the previous procedure. (Esfandani-Bozch-
aloyi et al. 2019). An agarose gel was used to validate the
purity of the DNA. 25 SCoT primers were used (Collard
& Mackill (2009). Among them, we selected ten prim-
ers that had simple, expanded, and rich polymorphism
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Table 1. Geranium species and populations, their localities and voucher numbers.
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Sp. No. of cqllected Locality Latitude Longitude Altitude
accessions (m)
1. G. Geranium dissectum 10 Esfahan, Ghameshlou, Sanjab 37°07°48” 49°54°04” 165
2. Geranium collinum 5 Lorestan, Oshtorankuh, above Tihun village 37°07°08” 49°54’11” 159
5 East Azerbaijan, Ahar, Kaleybar 38°52’93” 47°25°92” 1133
5 East Azerbaijan, Kaleybar, Shojabad 38°52’93” 47°25°92” 1139
3. Geranium rotundifolium 5 Tehran, Tuchal 35°50°36” 51°24°28” 2383
4. Geranium columbinum 5 Ardabil, Khalkhal 35°42°29” 52°20°51” 2421
5. Geranium sylvaticum 9 East Azerbaijan , Ahar, Kaleybar 38°52°39” 47°25°92” 1133
6. Geranium pratense 10 East Azerbaijan, Kaleybar, Shojabad 38°52’39” 47°25°92” 1137
7. Geranium platypetalum 8 Hamedan, Nahavand 38°52’39” 47°23°92” 1144
8. Geranium gracile 9 Mazandaran, Tonekabon-Jannat Rudbar 36°48°47” 50°53°68” 1600
9. Geranium ibericum 7 Mazandaran, Noshahr, Kheyrud Kenar Forest 36°38°05” 51°29°05” 1250
10. Geranium kotschyi 10 Alborz, Karaj- Qazvin 35°49°23” 51°00°04” 1365
11. Geranium tuberosum 8 Kermanshah, Islamabad 38°52’39” 47°25°92” 1133
12. Geranium stepporum 9 Esfahan, Fereydunshahr 35°50°03” 51°2428” 2383
13. Geranium persicum 10 Tehran, Firuz Kuh 35°43’15” 52°04’12” 1975

Table 2. SCoT primers used for this study and the extent of polymorphism. 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
SCoT-1 CAACAATGGCTACCACCA 16 16 100.00% 0.37 3.88 8.56 1.65
SCoT-3 CAACAATGGCTACCACCG 20 20 100.00% 0.55 6.23 8.23 2.47
SCoT-6 CAACAATGGCTACCACGC 15 14 93.74% 0.47 5.66 7.56 3.67
SCoT-11 AAGCAATGGCTACCACCA 13 12 92.31% 0.34 3.21 5.60 5.55
SCoT-14 ACGACATGGCGACCACGC 10 10 100.00% 0.36 4.86 9.55 3.45
SCoT-15 ACGACATGGCGACCGCGA 9 8 84.99% 0.43 491 7.43 4.85
SCoT-16 CCATGGCTACCACCGGCC 13 13 100.00% 0.44 4.34 11.55 3.44
SCoT-17 CATGGCTACCACCGGCCC 16 16 100.00% 0.37 3.88 8.56 1.65
SCoT-18 ACCATGGCTACCACCGCG 20 20 100.00% 0.55 6.23 8.23 2.47
SCoT-19 GCAACAATGGCTACCACC 15 15 100.00% 0.39 3.25 10.11 1.87
Mean 13.4 129 97.78% 046 49 8.4 3.6
Total 134 129

bands (Table 2). Overall, the polymerase chain reaction
contained 25ul volume. This 25 volume included ten
milliliters of Tris-HCI buffer, 500 milliliters of KCI, 1.5
milliliters of MgCl2, 0.2 milliliters of each dNTP, 0.2
milliliters of a single primer, 20 ng genomic DNA, and
three units of Taq DNA polymerase. (Bioron, Germany).
We observed the following cycles and conditions for the
amplification. At 94°C, a five-minute initial denaturation
step was performed, followed by forty cycles of one min-
ute at 94°C. Then 1-minute cycle was at 52-57°C followed
by two minutes at 72°C. In the end, the final extension
step was performed for seven to ten minutes at 72°C.

We confirmed the amplification steps while observing
amplified products on a gel. A 100 base pair molecular
ladder/standard was used to validate the scale of each
band. (Fermentas, Germany).

Data analyses

We used the Ward methods and the Unweighted
pair group approach with arithmetic mean (UPGMA).
Multidimensional scaling and principal coordinate anal-
ysis were also used (Podani 2000). Analysis of variance
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Figure 1. Map of Iran shows the collection sites and provinces
where Geranium species were obtained for this study.

(ANOVA) was used to determine the morphological dif-
ferences between species and populations. PCA analysis
(Podani 2000) was done to find the variation in plant
population morphological traits. The PAST program,
version 2.17, was used to perform multivariate and all
required calculations (Hammer et al. 2001). We encoded
SCoT bands as present and absent. The appearance and
absence of bands were indicated by the numbers 1 and 0.
We calculated all necessary parameters to study genetic
diversity. In addition to genetic diversity parameters, we
also assessed the marker index (MI) of primers because
MI detects polymorphic loci (Ismail et al. 2019). Marker
index was calculated according to the previous proto-
col (Heikrujam et al. 2015). The effective multiplex ratio
(EMR) and the number of polymorphic bands (NPB)
were calculated. Gene diversity-associated characteris-
tics of plant samples were calculated. Nei’s gene diversity
(H), Shannon information index (I), number of effec-
tive alleles (Ne), and percentage of polymorphism (P%
=number of polymorphic loci/number of total loci) were
measured (Shen et al. 2017). Unbiased expected hete-
rozygosity (UHe), and heterozygosity were assessed with
the aid of GenAlEx 6.4 software (Peakall and Smouse
2006). Neighbor-joining (NJ) and networking were stud-
ied to fathom genetic distance plant populations (Free-
land et al. 2011). The Mantel test was carried out to find
the correlation between genetic and geographical dis-
tances (Podani 2000). Our goal was to know the genetic
structure and diversity. Therefore, we also investigated
the genetic difference between populations by analyzing
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molecular variance (AMOVA) in GenAlEx 6.4 (Peakall
and Smouse 2006). Furthermore, gene flow (Nm) was
estimated through Genetic statistics (Ggr)in Pop Gene
ver. 1.32 (Yeh et al. 1999). We also did STRUCTURE
analysis to detect an optimum number of groups. For
this purpose, the Evanno test was conducted (Evanno et
al. 2005). It is a common approach to measure genetic
divergence or genetic distances through pair-wise Fgr
and related statistics. The Mantel test detects spatial pro-
cesses that shape population structure. We used PAST
software ver. 2.17 to calculate the Mantel test ( (Hammer
et al. 2012 ). For the Mantel test, SCoT data was used to
measure Nei genetic distance, whereas geographical data
was used to calculate the geographic distances in PAST
software. It is calculated based on the sum of the paired
differences among both longitudes and latitudes coor-
dinates of the studied populations. The Mantel test, as
originally formulated in 1967, is given by the following
formula.

Zm=iiguxdu

=l jml

Where g; and d;; are, respectively, the genetic and
geographic distances between populations i and j, con-
sidering 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

RESULTS

Species identification and inter-relationship
Morphometry

Significant ANOVA results (P <0.01) showed differ-
ences in quantitative morphological characters in plant
species. Different clustering and ordination methods
showed similar patterns. Therefore, UPGMA clustering
and PCA plot of morphological characters are presented
here (Fig. 2, 3). In general, plant samples of each species
belong to a distinct section, were grouped, and formed
a separate cluster. This finding indicates that the mor-
phological characteristics examined may distinguish the
Geranium species into two main clusters or classes. We
did not observe any intermediate types in the specimens.
In general, the UPGMA tree produced two large groups
(Fig. 2). The morphological characters PCA plot (Fig. 3)
clearly divided the species into distinct groups with no
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Figure 2. UPGMA clustering of morphological characters revealing
species delimitation in subg. Geranium.

intermixing. This is consistent with the UPGMA tree
that was previously described.

Species identification and genetic diversity

Ten SCoT primers were screened to study genetic
relationships among Geranium species; all the prim-
ers produced reproducible polymorphic bands in all 13
Geranium species. An image of the SCoT amplification
generated by SCoT-17 &14 primers is shown in figure 4.
A total of 129 amplified polymorphic bands were gener-
ated across 13 Geranium species. The size of the ampli-
fied fragments ranged from 150 to 3000 bp. G. steppo-
rum showed the highest values for the effective number
of alleles (Ne = 1.30) and Shannon information index (I
=0.35) (Table 3). We reported genetic difference among
the Geranium species as indicated by AMOVA (P = 0.01)
test results. 65% of the total variation was among spe-
cies, and 35% was within species. Pair-wise, FST values
showed a significant difference among all studied species
(Table 4). Moreover, genetic differentiation of these spe-
cies was demonstrated by significant Nei’s GST (0.44, P
=0.01) and D_est values (0.155, P = 0.01).

High genetic diversity was observed within species
(Fig. 5) G. sylvaticum (sp5) showed high genetic diversity,
as supported by diversity profiles (Table 3). The PCA plot
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Figure 3. PCA plots of morphological characters revealing species
delimitation in subg. Geranium.

SRTT B

Figure 4. Electrophoresis gel of studied ecotypes from DNA frag-
ments produced by SCoT-11 & SCoT-17.

successfully separated the species into groups. It shows
the application of SCoT molecular markers to differen-
tiate Geranium species. PCA results strongly support
the AMOVA and genetic diversity results. Nm results
showed 0.21 value. It indicates limited gene flow among
Geranium species.

Mantel test with 5000 permutations showed a sig-
nificant correlation (r = 0.17, p=0.0002) between genetic
distance and geographical distance, so isolation by dis-
tance (IBD) occurred among the Geranium species.

Nei’s genetic identity and the genetic distance results
showed genetic distances among the species (Table is not
included). G. sylvaticum and G. pratense (sect. Gerani-
um). were genetically identical (0.93). The lowest degree
of genetic similarity occurred between G. kotschyi and
G. dissectum (0.47).

The species genetic structure

To determine the optimum number of genetic
groups, we used STRUCTURE analysis followed by the
Evanno test. In the Geranium population, we used the
admixture model to show interspecific gene flow and
ancestrally shared alleles.

STRUCTURE analysis followed by the Evanno test
produced AK =6. The STRUCTURE plot (Fig. 6) revealed
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Figure 5. PCA plot of Geranium species based on SCoT data.

more information about the genetic structure of the
Geranium species and shared ancestral alleles and gene
flow between Geranium species. This plot revealed that
Genetic affinity between G. sylvaticum and G. pratense
(similarly colored) and G. ibericum and G. gracile (simi-
larly colored) are due to shared common alleles. This is
in agreement with the Neighbor joining dendrogram pre-

Table 3. Genetic diversity parameters in the studied Geranium spe-
cies. (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%= percentage of
polymorphism, populations).

Pop N Na Ne I He UHe %P

spl 6.000 0.244 1.032 026 023 0.18  55.53%
sp2 4.000 0314 1.044 0.16 0.18 0.23  43.38%
sp3 8.000 0.201 1.00  0.33 0.17  0.12 42.23%
sp4 5.000 0.341 1.058 024 027 020 53.75%
sp5 3.000 0.567 1.062 024 022 0.113 44.73%
sp6 5.000 0.336 1.034 0.23 0.25 0.19 51.83%
sp7 4.000 0.344 1.042 020 023 0.20 57.53%
sp8 5.000 0.369 1.011 010  0.11 0.12  30.15%
sp9 8.000 0.499 1.067 0.14  0.12 0.14 49.26%
spl10 9.000 0.261 1.014 0.142 0.33 0.23  43.15%
spll 6.000 0.555 1.021 0.32 0.25 0.28 43.53%
spl12 10.000 0.431 1.088  0.35 0.32 0.13  67.53%
spl13 3.000 0.255 1.021 0.15 0.18 0.12  42.15%

sented before. The other species are distinct in their allele
composition and differed genetically from each other.

The low Nm value (0.21) suggests limited gene flow
between the Geranium species and supports genetic
stratification as indicated by K-Means and STRUCTURE
analyses. The population assignment test also coincided
with Nm result. We could not detect substantial gene
flow among the Geranium species. However, we obtained
SCoT and morphological trees (consensus tree) (Figure
not included). STRUCTURE plot results showed the high
degree of genetic stratification in the Geranium species.

DISCUSSION

Species identification and taxonomic consideration

In phylogenetic systematics, ecology, biogeography,
and biodiversity, plant species identification is a central

SP1 SP2&3

SP4&S&6 SP7-9 SP10-11 SP12-13

Figure 6. STRUCTURE plot of Geranium species based on SCoT-11.
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theme. Several evolutionary processes operate to form
new species. Usually, gene flow occurs between phyloge-
netically closely related species (Schluter 2001, Duminil
and Di Michele 2009, Ji et al. 2020, Sun et al. 2021, Niu
et al. 2021, Zou et al. 2019). Genetic diversity and species
differentiation is the outcome of isolation by distance,
local adaptation, and gene flow (Freeland et al. 2011, Fri-
chot et al. 2013)

The Geranium is a relatively complex taxonomic
group, and several morphological characters make it dif-
ficult to identify and classify Geranium species (Won-
dimu et al. 2017). Given the complexity, it is necessary
to explore other methods that could complement the tra-
ditional taxonomical approach (Erbano et al. 2015). We
examined genetic diversity in Geranium by morphologi-
cal and molecular methods. We mainly used SCoT mark-
ers to investigate genetic diversity and genetic affinity
in Geranium. Our clustering and ordination techniques
showed similar patterns. Morphometry results clearly
showed the utilization or significance of morphological
characters in Geranium species. PCA results also con-
firmed the application of morphological characters to
separate Geranium species. The present study also high-
lighted that morphological characters such as length,
bract length, and stipule length could delimit the Gerani-
um group. The Geranium species highlighted morpholog-
ical differences. We argue that such a dissimilarity was
due to differences in quantitative and qualitative traits.

Present findings on morphological differences agree
with the previous studies (Jeiter et al. 2015; Salimi
Moghadam et al. 2015; Aedo and Pando 2017). Poly-
morphic information content (PIC) values are helpful to
detect genetic diversity. The current study recorded aver-
age PIC values of 0.46. This value is sufficient to study
genetic diversity in the population (Kempf et al. 2016).
The previous scientific data (Kurata et al. 2019) supports
our current high diversity results.

Interestingly, STRUCTURE results showed the pres-
ence of shared alleles in Geranium species. This exist-
ence of shared alleles is related to self-pollination in
Geranium (Williams et al. 2000). Some Geranium mem-
bers are also pollinated by bees, flies, and honey bees
(Lefebvre et al. 2019). Present findings revealed lim-
ited gene flow, and it is quite logical to report low gene
flow. Similar low gene flow values were recorded while
using RAPD markers (Fischer et al. 2000). Other prob-
able reasons for limited gene flow are geographical iso-
lation (Fischer et al. 2000) among the Geranium species
and population. Low or limited gene flow results were
according to the Mantel test results. The Mantel test
indicated a positive correlation between genetic and geo-
graphical distances. Therefore, it is concluded that isola-

tion by distance and limited gene determines the Gera-
nium population genetic structure.

SCoT data revealed a minimal amount of gene flow
among the studied species. It was also supported by
STRUCTURE analysis as Geranium species mostly had
distinct genetic structures. Reticulation analysis also
showed some degree of gene flow in Geranium spe-
cies. We did not observe any intermediate forms in our
extensive plant collection, but morphological variability
within each species did occur to some extent.

Current findings showed a significant correlation
between genetic and geographical distances. Our findings
revealed that isolation by distance (IBD) existed between
Geranium species (Mantet test results). The magnitude of
variability among Na, Ne, H, and I indices demonstrated
a high level of genetic diversity among Geranium species.
Dendrogram and principal component analysis results
showed a clear difference among Geranium species. This
shows the high utilization of the SCoT technique to iden-
tify Geranium species. Our results have implications for
conservation and breeding programs.

CONCLUSIONS

The present study investigated the molecular varia-
tion of 13 species. Molecular and morphometric analy-
sis confirmed morphological and genetical difference
between Geranium species. This was first attempt to
assess genetic diversity through SCoT molecular mark-
ers and morphometric analysis in Iran. The current
study reported two significant clusters. These two major
groups were separated on the basis of genetic and mor-
phological characters. The genetic similarities between
13 species was estimated from 0.47 to 0.93. SCoT molec-
ular markers analysis, showed that G. kotschyi and G.
dissectum had the lowest similarity. Current study also
reported correlation between genetic and geographical
distances. This clearly indicated isolation mechanism
involved in the ecology of Geranium species. Present
results showed the potential of Start Codon Targeted
to assess genetic diversity and genetic affinity among
Geranium species. Current findings have implications
in biodiversity and conservation programs. Besides this,
present results could pave the way for selecting suitable
ecotypes for forage and pasture purposes in Iran.
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Abstract. Date Palm (Phoenix dactylifera L.) is one of the oldest domesticated fruit
trees. For future breeding program, knowledge on genetic structure of cultivars is nec-
essary. Therefore, the present study was performed with the following aims: 1- To pro-
vide data on genetic diversity and genetic structure of 36 date palm cultivars, 2- To
provide data on the association between fruit characteristics and the genetic features
of the cultivars. We used nine SSRs and EST-SSR loci for our genetic investigation.
The most of SSR loci obtained have a high Gst value (0.70), and therefore have a good
discrimination power for date palm cultivar differentiation task. K-Means cluster-
ing grouped date palm cultivars either in two broad clusters, or in 16 smaller genet-
ic groups. This was supported by delta K = 2 of the STRUCTURE analysis. AMOVA
produced significant genetic difference among date palm cultivars (PhiPT = 0.70, P =
0.001). New genetic differentiation parameters estimated also produced significant dif-
ference among date palm cultivars (G’st (Nei) = 0.673, P = 0.001; G’st (Hed) = 0.738,
P = 0.001). Test of assignment revealed that some of the cultivars have 33-66% misas-
signment, probably due to genetic admixture. Heatmaps of genetic versus morphologi-
cal and agronomical characters in date palm cultivars differed from each other show-
ing the cultivars morphological changes is not merely related to their genetic content.
It points toward the potential role played either by environmental conditions or local
selection practice. The new findings can be utilized in future conservation and breed-
ing of date palms in the country.

Keywords: date palm, genetic variability, genetic structure, PST index, population
assignment.

INTRODUCTION

Plant species of the family Palmae/ or Arecaceae are distributed mainly
in tropical and subtropical areas, but a few species grow at higher latitudes in
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the southern hemisphere. The main diversification cent-
ers of these taxa are the equatorial coast of Africa, Oce-
ania, the Brazilian coast, the Amazon, Indonesia and the
Antilles (Moore & Uhl, 1982).

The palm trees greatly contribute to the economy
of the people around the world. Different sort of fruits,
seeds, the ‘palmito’, honeys, ‘sagu’ (material with starch
extracted from the centre of the trunks), different drinks
from the sap or the fruits, and crystallized sugar from
the sap, are only some of the palm tree products con-
sumed by mankind (Rivas et al. 2012). Among date palm
tree species, African oil palm (Elaeis guineensis), the
coconut tree (Cocos nucifera), the date palm (Phoenix
dactylifera) and the betel nut palm (Areca catechu), are
considered as the main cultivated plant species. They are
cultivated in about 14.585.811, 11.208.072, 1.264.611 and
834,878 hectares respectively (FAO, 2010).

The Date Palm (Phoenix dactylifera L.) is one of old-
est domesticated fruit trees, which its wild plants records
date back to 5000-6000 BC in Iran, Egypt and Paki-
stan (El Hadrami & El Hadrami, 2009). This important
food plant produced about 7.048.089 tons of date only in
Algeria, Saudi Arabia, Egypt, the Arab Emirates, Iraq,
Iran, Morocco, Oman, Pakistan and Tunis (FAO, 2010).

Successful future development of date palm industry
and cultivation depends on proper evaluating, utilizing,
and conserving date palm genetic resources, as well as
efficient assessment of the present and potential future
cultivars (Jaradat, 2014).

One of the main tasks in plant genetic resources
investigation is evaluation of available genetic diversity.
Genetic diversity of date palm would be studied at dif-
ferent levels, including between cultivars, populations or
individual clones, as well as between different geographi-
cal regions. Genetic variability may be measured at the
morphological, physiological, biochemical or molecular
levels (Jaradat, 2014).

The degree and distribution amount of genetic
diversity may vary among different oases and popula-
tions, due to historical, geographical, ecological and
anthropogenic factors (Jaradat, 2014). Mankind can also
influence the genetic diversity of date palms by his activ-
ities like cultivation practice, social behavior, artificial
selection as well as spatiotemporal exchange and move-
ment of germplasm (Jaradat, 2014).

Date palm cultivars are reported to have a common
genetic back-ground and therefore, proper differentiation
of the cultivars and individual plant assignments in each
cultivar is a difficult task and mistakes are inevitable in
that. This may also be due to genetic admixture of the
date palms (Sharifi et. al. 2018, Saboori et al. 2019, 2021
a,b, Gros-Balthazard et al. 2020).
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“In general, the question of individual assignment to
population samples resulted in the development of dif-
ferent statistical methods distinguishing between resi-
dent individuals that are “mis-assigned” (have a geno-
type that is most likely to occur in a population other
than the one in which the individual was sampled) by
error from real immigrant individuals (i.e., type I error,
Piry et al. 2004). “In assignment investigation, Monte
Carlo resampling methods have been proposed to iden-
tify a statistical threshold beyond which individuals are
likely to be excluded from a given reference population
sample. The principle behind these resampling methods
is to approximate the distribution of genotype likeli-
hoods in a reference population sample and then com-
pare the likelihood computed for the to-be-assigned
individual to that distribution (Piry et al. 2004)”.

A combination of stable morphological characters
and molecular markers may be used in date palm genet-
ic diversity studies and discrimination among closely
related date palm cultivars and clones (Johnson et al.
2015). Different molecular markers (neutral, multilocus
and DNA-sequence based markers) have been utilized
in date palm genetic diversity investigations as well as
cultivar phylogeny analyses (see for example, Sharifi et
al. 2018, Saboori et al. 2019, Saboori et al. 2020). Among
these molecular markers, the nuclear microsatellite
markers (simple sequence repeat, SSRs) are known to be
precise and accurate in genetic finger printing of date
palm cultivars (Ahmed et al.,, 2013, Johnson et al. 2015,
Zehdi-Azouzi. et al. 2015). Moreover, Zhao et al. (2013)
developed several EST-SSR (Expressed sequence tag-
SSR) gene based markers to investigate date palm (Phoe-
nix dactylifera L.) genetic finger printing. These genetic
markers may provide a valuable genetic and genomic
tool for further genetic research and varietal develop-
ment in date palm, such as diversity study, QTL map-
ping, and molecular breeding.

Date palm comprises one of the most important
horticultural crops of Iran which is cultivates in several
parts of the country but it is mainly in southern parts
of Iran (Fig. 1). They have about 400 date palm cultivars,
currently under cultivation. Although domestic date
palm identification started by 1960s in Iran, it was basi-
cally relied on morphological features. However, recent
genetic investigations utilize molecular approaches
(Hajia et al. 2015).

The genetic investigations on Iran date palms, are
mainly focused on cultivar identification and evaluation,
genetic diversity analyses and cultivars relationships, as
well as male and female cultivars discrimination (see for
example, Hajian, 2007, Marsafari and Mehrabi, 2013, Has-
sanzadeh Khankahdani and Bagheri, 2019. Saboori et al.
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Figure 1. The provinces that are under date palm cultivations in
Iran. Numbers 1- 13 are: Hormozgan, Kerma, Fars, Sistan & Bal-
uchestan, Bushehr, Khuzestan, South Khorasan, Isfahan, Yazd, Ker-
manshah, Eilam, Kohgiluie and Boier-Ahmad, and Seman, respec-
tively (Hajian 2007, Hajian et al. 2015).

2020). However, with regard to 400 date palm cultivars
and different geographical areas of their cultivation, we
need a lot more detailed genetic studies in these cultivars.

Along with genetic diversity, significant difference in
morphological and agronomic characters of date palm
cultivars is important for breeding purpose. QST, is a
quantitative genetic analog of Wright’s FST (Spitze 1993,
Prout and Barker 1993). The FST gives provides a stand-
ardized measure of the genetic differentiation among
presumed populations, while the QST provides the
amount of genetic variance among populations relative
to the total genetic variance. In fact, the average QST of
a neutral additive quantitative trait is expected to be
equal to the mean value of FST for neutral genetic
loci. The FST can be readily measured on commonly
available genetic markers, and QST can be measured
by an appropriate breeding design in a common gar-
den setting. Therefore, QST is an index of the effect of
selection on the quantitative trait. If QST is higher than
FST, it is taken as evidence of spatially divergent selec-
tion on the studied quantitative trait. If QST is much
smaller than FST then this has been taken as evidence of
spatially uniform stabilizing selection, which makes the
trait diverge less than expected by chance.

According to Leinonen et al. (2006) and Brom-
mer (2011) “when QST estimates are not available, PST
can be justified as a substitute.” According to Brommer
(2011) “divergence across populations of species that are
less amenable for proper QST estimation may still be of
considerable evolutionary or conservation interest” and
it can be assessed by using PST. This in turn estimates
the quantitative genetic differentiation (i.e., additive

genetic variance) using quantitative trait measurements
within populations (Brommer, 2011). The PST index
assesses the local adaptation through natural selection of
wild populations and is an approximation of the quan-
titative genetic differentiation index (QST), obtained in
common garden experiments (Gentili et al. 2018).

The relationship between the values of PST and FST
can be used to estimate the relative importance of genet-
ic processes and selection: (a) PST= FST indicates that
divergence is compatible with a scenario of genetic drift;
(b) PST > FST indicates directional selection (i.e., when
one extreme phenotype (Gentili et al. 2018).

The quantification of population differentiation
based on neutral genetic markers and quantitative traits
can highlight the relative role of evolutionary processes
such as natural selection, genetic drift and gene flow for
patterns of local adaptation (Brommer, 2011; Leinonen et
al., 2013).

Fixation index (FST) is widely used to estimate
genetic differentiation with neutral loci (SSR, ISSR,
AFLP) by analyzing the variance in allele frequency
(Wright, 1965). In contrast, phenotypic differentiation
index (PST) is an estimate of quantitative genetic differ-
entiation (i.e., additive genetic variance) using quantita-
tive trait measurements within populations (e.g., plant
size, growth rate, etc.; Brommer, 2011).

MATERIAL AND METHODS
Plant materials and morphological features

We used 36 cultivars including 122 trees were col-
lected from Ahwaz germplasm collection (Omol-tomair
station of Date Palm & Tropical Fruits Research Center,
Ahwaz, Iran) and different date palm orchards located
in Hormozgan and kerman provinces, Iran (Saboori et
al. 2019, Saboori et al. 2020).

The fruit characters were used based on Saboori et
al. 2020. They were including weight of fruit and seed,
length and width of fruit, length, and width of the seed.

EST-SSR and SSR markers

Genomic DNA of fresh leaves were extracted from
date palm cultivars collected by modified CTAB pro-
tocol (Saboori et al. 2020). For genetic investigation
we used three EST-SSR and six SSR loci. Two primers
EST-PDG3119-rubisco and EST-DPG0633-Laccase were
selected (Zhao et al., 2013), while EST-GTE primer was
designed by Primer3 and Gene Runner software. They
were then checked for accuracy by BLAST algorithm.
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Six primers MPdCIR078, MPdCIR085, PdCUC3-
ssr2, MPdCIR090, MPdCIR048 and MPACIR025
were selected for SSR marker (Bodian et al, 2014). The
sequences of primers of EST-SSR and SSR markers are
listed in Table S1.

PCR reaction for EST-SSR and SSR loci were per-
formed as following; a 25 uL volume containing 20
ng genomic DNA and 5 U of Taq DNA polymerase
(Bioron, Germany), 2X PCR bufter (50 mM KCl; 10 mM
Tris-HCI, pH;8), 1.5mM MgCl,; 0.2 mM of each dNTP
(Bioron, Germany); 0.2 uM of each primer.

The PCR program for EST-SSR and SSR markers
were followed:

The reactions for EST-SSR were amplified in T100
thermal cycler (BioRad, USA) using the following proce-
dure, 5 min at 94 °C, 35 cycles of 30 sec at 95 °C, 30 sec
at 50-60 °C (EST-PDG3119-rubisco 50 °C, EST-GTE 52
°C, EST-DPGO0633- Laccase 60 °C) and 1 min and 30 sec
at 72 °C followed by 5 min at 72 °C as final extension.

The PCR program for SSR markers were performed
as touch-up PCR; 94°C for 5 min, initial 10 cycles at
95°C for 30 sec, annealing step (MPdCIR078 51°C, MPd-
CIR085 47.5 °C, PACUC3-ssr2 62 °C , MPdCIR090 47.5
°C , MPdCIR048 46.9 °C , MPdCIR025 45 °C)for 1 min,
72°C for 1 min and 30 sec, followed by 40 cycles at 95°C
for 30 sec, annealing step (MPdCIR078 52°C, MPd-
CIR085 49.9 °C, PACUC3-ssr2 65 °C , MPdCIR090 49.9
°C , MPdCIR048 48.8 °C , MPdCIR025 48 °C) for 1 min,
72°C for 1 min and 30 sec, a final cycle of 72 °C for 15
min. The PCR amplifications were separated on a 12%
PAGE (poly acrylamide gel electrophoresis) with a 100-
kb gene ruler (Parstous, Iran).

Data analyses
Genetic diversity analyses

The SSR and EST-SSR bands obtained were treated
as binary characters (Podani 2000) and used for fur-
ther analyses. DCA (Dentrented correspondance analy-
sis) was used to evaluate suitability of SSR and EST-
SSR bands obtained. Discriminant power of the bands
obtained was determined by POPGENE program.
Genetic diversity parameters in the date palm cultivars
were estimated by GeneAlex 4.2. A heat map was pro-
duced on these parameters by R package.

Genetic grouping of the cultivars

In order to find the proper number of genetic groups
within date palm studied, we followed two different sta-
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tistical approaches. 1- We used K-Means clustering as
performed in Genodive program, which is based on likeli-
hood method. 2- Delta K was obtained from STRUTURE
analysis which is a Bayesian-based method. Details of
these methods are according to Sharifi et al. (2018).

GenoDive provides two different statistics that can
determine the number of clusters. These are pseudo-
F-statistic; (the optimal clustering is the one with the
highest value for the pseudo-f statistic), and the Bayes-
ian Information Criterion (BIC, calculated using sum of
squares and the optimal clustering is the one with the
lowest value) (Meirmans2020). Both these criteria work
well for clustering populations and individuals, espe-
cially when there is random mating within populations
but BIC has the benefit that it can be used to determine
whether there actually is any population structure at all
(Meirmans 2020).

Based on the number of Ks obtained we performed
Ward clustering as performed in PAST and STRUC-
TURE analysis as implemented in STRUCTURE pro-
gram.

The genetic differentiation of the studied cultivars
was determined by AMOVA as performed in GeneAlex,
as well asby Gst- Nei and Gst-Hederick as performed in
Genodive.

Correlation between morphological characters stud-
ied was determined by Pearson coefficient of correlation.
In order to compare groups of the cultivars based on
both molecular and morphological characters, heat maps
were constructed by related commands in R package.

Population assignment was performed by two dif-
ferent methods: 1- By discriminant analysis (DA) as
performed in SPSS program. In this analysis a sum-
mary table was produced which indicates relatedness of
each case to its presumed population, and finally pro-
vide a percentage value for each population member-
ship based on likelihood method. 2- By using Assign-
ment test in GeneAlex, which is also based on likeli-
hood method and provides a total membership per-
centage for all data in question and also provide pair-
wise populations graph.

Phenotypic versus genetic differentiation

PST index was used to estimate the role of local
adaptation through natural selection in date palm popu-
lations, compared to that of genetic differentiation. For
each population pair, pairwise PST values were calcu-
lated for each trait (and for an average PST), using the
following formula:

PST =co?g/(co’pg+2h%02y)
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In this formula, 8% and &%, are between-popula-
tion and within population variance components for a
trait, respectively; h2 expresses the heritability (the pro-
portion of phenotypic variance that. is due to additive
genetic effects); the scalar ¢ expresses the proportion of
the total variance that is presumed to be due to addi-
tive genetic variance across populations (Broker,2011;
Leinonen et al., 2013).

In the wild, the estimation of the additive genetic
variance components is challenging as breeding design
is impossible. Therefore, QST is often approximated by
PST (Leinonen et al., 2006), which is directly calculated
from the total phenotypic variance components with no
distinction between the relative contribution of genetic
and environmental variations. Therefore, the phenotypic
divergence between populations was estimated by the
parameter PST as follows:
co} &0t

=————-—- or PsT=
cop + 2h2o%,

Pst R B
f;crﬁ + 203,

In this formula, 8%; and &%y are the respective phe-
notypic variances between and within populations, c is
an estimate of the proportion of the total variance due
to additive genetic effects across populations, and h2 is

heritability, the proportion of phenotypic variance due
to additive genetic effects (Brommer, 2011). In present
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study Pst was estimated by Pstat of R package (Da Silva
and Da Silva, 2018).

RESULTS
SSR and EST-SSR analyses

We obtained in total 40 SSR bands in 122 date palm
trees studied. The lowest number of bands (13) occurred
in cultivar “Wardi” (male, No. 32), while the highest
number of bands was observed in cultivars Halili (No.
4), Male (No. 11), Khezrawi (No. 17), and Barhi (No. 20).
The cultivars investigated did not have private band.

The suitability of SSR and EST-SSR bands for date
palm population genetic studies was determined by
DCA plot (Fig. 2). The plot shows a well-scattered dis-
tribution of SSR loci, which indicated that these loci are
from different regions of the genome and are not clus-
tered to each other. Such loci are useful in genetic diver-
sity analyses of the populations.

Discriminating power of SSR and EST-SSR bands
versus migration (Nm) is provided in Table S2. The
result shows that most of SSR loci obtained have a high
Gst value (0.70), and therefore have a good discrimina-
tion power for date palm cultivar differentiation task.
This is also evidenced with the high mean Gst value =
0.81 obtained.
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Figure 2. DCA plot of SSR and EST-SSR bands/loci in date palm cultivars showing well-scattered distribution of loci obtained.
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Genetic diversity of Date palm cultivars

Data with regard to genetic diversity parameters
determined in 122 individual trees of 36 date palm culti-
vars are presented in Table S3.

The range of polymorphism percentage varied
from 2.5 in cultivar Kharook (No. 13), to 25 in. cultivar
Khadhrawi (No. 17). The mean value for polymorphism
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was 13.07%. Usually, date palm cultivars show similar
genetic contents, and therefore, about 13% genetic poly-
morphism is yet appreciable for further breeding stud-
ies if accompanied by some degree of morphological and
agronomical desirable traits variation.

Heat-map constructed based on genetic diversity
parameters (Fig. 3), reveals that based on percentage of
genetic polymorphism (P), Nei’ gene diversity (He) and

Ne

Na

uHe

He

Figure 3. Heatmap of date palm cultivars based on genetic diversity parameters. Abbreviations: Na = No. of different alleles, Ne = No. of
Effective alleles, I = Shanon Information. index, He = Expected Heterozygosity, uHe = Unbiassed Expected Heterozygosity, and P% = Poly-

morphism percentage.
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Shanon Information Index (I), date palms may be classi-
fied in 5 or 6 genetic groups. This classification is sharp-
er by considering only genetic polymorphism parameter.

Grouping of the cultivars

The Nei genetic distance determined in the culti-
vars studied varied from 0.067 between cultivars 1 and
2, to 0.46 between cultivars Estameran (No. 19) and
Mashtoom (No. 28). These low values of genetic dis-
tance, indicates a high degree of genetic alikeness in date
palm cultivars cultivated in the country.

For grouping of the cultivars based on SSR markers,
we first performed K-Means clustering by Genodive pro-
gram (Table S4). The results indicated that these culti-
vars can be grouped either in two broad clusters accord-
ing to Calinski & Harabasz’ pseudo-F: k = 2, or in 16
smaller genetic groups according to Bayesian Informa-
tion Criterion: k = 16.

Ward clustering of the date palm cultivars based on
SSR and EST-SSR data (Fig. 4), also grouped the geno-
types in two major clusters and about 16 sub-clusters
which is in agreement with K-Means clustering.

WARD dengrogram produced two main clusters or
genetic groups in accord with K-Means clustering result.
The cultivars 1-13 comprise the first genetic group and

B o e Ly g = e == S

~ N A L

Distance
o

204

2549

form the first main cluster, while the other cultivars
form the second major cluster or genetic group.

In the first main cluster, the cultivars are distributed
in three sub-clusters A-C. Replicates of the cultivars 1-4
show a higher level of genetic similarity and are placed
in a single sub-cluster, (A). Replicates of the cultivars
9-13 comprise the second sub-cluster B, while replicates
of the cultivar 5-9 form the sub-cluster C. Replicates of
the cultivar 4, were admixed in two sub-clusters A and
C. Few date palm plants of these cultivars also show
some degree of admixture.

Since clustering is based on distance parameter only,
we also tried STRUCTURE analysis for genotype group-
ing, which is a Bayesian-based method. For this, we first
obtained K value by Evanno method, which produced
delta K = 2. This is in agreement with major growing
obtained by K-Means clustering. However, to obtain a
better and more detailed picture on the cultivars genetic
grouping, we carried out STRUCTURE analysis based
on K values 2-5 (Fig. 5). The best genetic grouping
obtained seems to be K =5.

Based on K =5, the cultivars 1-4 show genetic affin-
ity and comprise the first genetic group. This is followed
by the cultivars 5-13, then 14-2, 23-30, and finally the
cultivars 31-36, form the fifth genetic group. All these
five genetic groups show a low degree of genetic admix-
ture with the other groups.
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Figure 4. Ward dendrogram of date palm cultivars based on SSR and EST-SSR data.
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Genetic difference of the cultivars

AMOVA produced significant genetic difference
among date palm cultivars (PhiPT = 0.70, P = 0.001). It
also revealed that 70% of total genetic variability occurs
due to among cultivar difference, while 31% occurs due
to within population genetic variability. Moreover, pair-
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wise AMOVA (Table S5) produced significant genetic dif-
ference between the cultivars of the two main clusters as
well as the cultivars of different sub-clusters in UPGMA
dendrogram. New genetic differentiation parameters esti-
mated produced significant difference among date palm
cultivars (G’st(Nei) = 0.673, P =0.001; G’st(Hed) = 0.738,
P = 0.001). These results indicate the presence of genetic
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Figure 6. ANOVA of morphological characters studied in date palm cultivars.

variability within date palm cultivar germplasm, which
can be used in future breeding program.

Assignment of date palms

Assignment of individual date palm plants by dis-
criminant analysis revealed that the cultivars 2, 9, 10,
13, 20, 21, 25, 29, 31 and. 32, have 33% mis-assignment,
while cultivar 4 has 66% mis-assignment. GeneAlex also
revealed 67% self population assignment and 33% of
other population assignment.

In Table S6, some parts of assignment result for 122
date palms have been given (only those samples inferred
to be from other population are given). Assignment is

based on positive likelihood, and therefore the lower the
value shows the correct assignment (inferred population).

Fst versus Pst estimates

Details of morphological characters studied are giv-
en in Fig. 6. ANOVA produced significant difference (P
<0.01), for these characters among the studied cultivars.

Most of these characters show significant correlation
(P. <0.01) (see for example, Fig. 7).

Heat-maps of the 45 date palm trees based on mor-
phological versus genetic (SSRs), data are presented in
Fig. 8. Comparison of the groupings obtained reveals
difference in the clustering results.
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Figure 7. Representative Pearson coefficient of correlation among morphological characters studied in date palm cultivars.

Moreover, the Mantel test performed between the
two clustering results did not produced a significant
association between the two markers (r = 0.057, P =
0.16), supporting the heat maps. Therefore, grouping and
cultivar relationship illustrated by morphological char-
acters studied do not accord with genetic relationship of
the same date palm cultivars.

Fst versus Pst analyses, revealed that in most of the
studied morphological characters, the Pst value greatly

exceeds that of genetic Fst value. For example, some of
the pair-wise comparison between cultivar No. 3 and the
others are provided in Table S7.

Therefore, PST > FST indicates directional selection
in quantitative fruit and seed characteristics has been
occurred in the studied date palm cultivars. Different
factors may be responsible for these directional changes,
like ecological and environmental conditions in which
the cultivars grow, selection practiced by the breeders
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or locals, etc. In general, morphological difference along
with genetic diversity present in the studied cultivars
may contribute in future breeding of date palm.

DISCUSSION
Genetic diversity

Present study revealed the presence of a low to mod-
erate genetic diversity within date palm cultivars stud-
ied. This is in accord with the studies performed in Iraq
and Tunesian date palms by Jubrael et al. (2005) and
Zehdi et al. (2015), who suggested a common genetic
basis among date palm genotypes despite the differenc-
es in fruit characters and tree morphology. Low genetic
diversity within date palm germplasm was revealed but
both neutral molecular markers like, ISSRs and SSRs
(see for example, Sharifi et al. 2018, Saboori et al. 2020),
and sequence-based marker, like chloroplast DNA (Shar-
ifi et al. 2018).

Cultivars genetic grouping
The cultivars studied were placed in two major

genetic groups by both K-Means and Bayesian-based
delta K estimation more detailed analysis, revealed that

they can be classified in 5 different genetic groups. Such
data may be used in future breeding program. Culti-
var grouping based on STRUCTURE analysis were also
utilized by the other researchers in date palms (see for
example, Sharifi et al. 2018). It is important in plants
with almost common genetic background like date
palms to classify them in different genetic classes.

Population assignment

Population assignment seems to be a prerequisite
step in selecting plant individuals and breeding date
palm, as these plants have a common genetic back-
ground and show overlapping genetic structure. This
may also happen due to genetic admixture of the date
palms (Sharifi et. al. 2018, Saboori et al. 2020). We
obtained about 33% of incorrectly assigned date palms
in respect to their presumed populations. This may be
either due to improper plant sampling or identification
within the germplasm, or due to gene flow and admix-
ture among these cultivars. In any case, such cases
should be considered in future breeding program.

In a similar study concerned with genetic structure
of Tunesian date palms, Zehdi et al. (2015) reported
the presence of admixed cultivars too. They considered
that the gene flows between eastern and western origins
mostly from east to west following a human-mediated
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diffusion of the species, is the reason for the formation
of mixed genotypes.

Saboori et al. (2020), investigated the genetic struc-
ture of 13 date palm cultivars by SCoT molecular mark-
ers and reported some degree of genetic admixture
among the cultivars. Though, they did not study spe-
cifically assignment of the plants to their populations,
by looking at the clustering result of their samples, it
becomes evident that some of the plants a presumed cul-
tivar has been placed intermixed with plants of anoth-
er cultivar. However, Sharifi et al (2018) investigated
the gene flow and assignment in 16 date palm cultivars
by using ISSR molecular markers and observed some
degree of population admixture and few cases of incor-
rectly assigned date palms.

In an elaborate and precisely studied report by Gros-
Balthazard et al. (2020), they used a joint ethnographic
study and genetic analysis of date palms to test whether
named date palm types are true-to-type cultivars versus
incorrectly assigned samples in desert nearby Siwa (also
known as “feral” in Battesti in Egypt). They recognized
three categories of genotypes within their extensive col-
lection namely, true-to-type cultivar samples, ethno-
varieties and samples of local categories. Therefore,
there is a huge mistake in assigning date palms to their
respective population or named cultivar.

Genetic versus phenotypic differential

Aljuhani (2016), studied the degree of dissimilarity
and the impact of location on the genetic relationship
between local cultivars in Saudi Arabia by using and
twenty-four nuclear microsatellite loci. He reported a
high level of genetic polymorphism in some of the loci,
and could differentiate the studied cultivars by these
markers. Some of these cultivars were grouped accord-
ing to their geographical area in which they were cul-
tivated. We obtained a higher value for Pst versus Fst,
almost in all date palm cultivars studied and for most
of the fruit and seed characters. The Pst is taken as
index for morphological local adaptation through natu-
ral selection, but influenced by environment (Brommer,
2011). If Pst = FST, it indicates that divergence is due
to genetic drift; and if Pst > Fst, it indicates the role of
directional selection (i.e., when one extreme phenotype
is favored over other ones) among populations; and
finally, if Pst< Fst, it indicates that the same phenotypes
are favored in different populations due to stabilizing
selection. We may therefore, suggest that, due to some
local environmental face or local practice of cultivation
or selection, some adaptive changes have occurred in
date palm cultivars in the country. QST-FST compari-
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son has shown that trait divergence due to natural selec-
tion, as opposed to genetic drift have occurred in many
taxa (Leinonen et al. 2013).

In present study, the Mantel test did not produce
significant association between the cultivar grouping
and morphological grouping, in other words we did
not see co-variation between genetic and morphologi-
cal traits. However, in Qst-Fst investigation carried out
by S'urinova’ et al. (2018), in 11 populations of Festuca
rubra, they reported the existence of adaptive differen-
tiation in phenotypic traits and their plasticity across the
climatic gradient and observed statistically significant
co-variation between markers and phenotypic traits,
which is likely caused by isolation by adaptation.

In a similar study, Caré et al. (2018) investigated the
high morphological differentiation in crown architecture
in contrasts with low population genetic structure of
German Norway Spruce Stands by using Pst-Fst method
and 11 nuclear SSR molecular markers.

Norway spruce trees have narrow crown pheno-
types, whereas lowland trees have broader crowns. Nar-
row crown phenotypes are likely the result of adaptation
to heavy snow loads combined with high wind speeds.
They observed a high differentiation of morphologi-
cal traits (Pst = 0.952-0.989) between the neighboring
autochthonous and allochthonous stands of similar age
contrasts with the very low neutral genetic differen-
tiation (Fst = 0.002-0.007; G”st = 0.002-0.030), suggest-
ing that directional selection at adaptive gene loci was
involved in phenotypic differentiation.

It has been suggested that “the QST-FST method is
still underused in ‘omics’ contexts, in which it may be
useful for identifying evolutionary significance in large
data sets in the absence of evolutionary models (Leinon-
en et al. 2013)”.

In conclusion we may sat that considering different
molecular studies in date palm genotypes both around
the world and in our country, and irrespective of molec-
ular marker used (neutral versus sequence based mark-
ers), a low to moderate genetic diversity is present in
limited number of cultivars investigated till now. We
need to carry one further detailed population genetics
analysis in much more number of accessions and culti-
vars to possibly broaden the genetic variability of date
palm for future breeding.
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Locus name

EST- SSR primer sequence Ref

EST-PDG3119-rubisco-F
EST-PDG3119-rubisco-R
EST-DPGO0633- Laccase -F
EST-DPGO0633-Laccase-R
EST-GTE-F

EST-GTE-R

CATACTGATTATTGGCACACC
GTACCATACCGTACCAGTTCA
AGACTGGTTAAGTTGGTGGAG
CTACAAAACTGATGTGGTGGT
GCTTGGCCATCTATGAAAC --
ACTCTGAGCATCCATATCG --

(Zhao et al. 2012)

(Zhao et al. 2012)

SSR primer sequence

MPACIR025(GA)22-F GCACGAGAAGGCTTATAGT (Bodian et al. 2014)
MPACIR025(GA)22-R CCCCTCATTAGGATTCTAC

MPACIR048(GA)32-F CGAGACCTACCTTCAACAAA (Bodian et al. 2014)
MPACIR048(GA)32-R CCACCAACCAAATCAAACAC

MPACIR078(GA)13-F TGGATTTCCATTGTGAG (Bodian et al. 2014)
MPACIR078(GA)13-R CCCGAAGAGACGCTATT

mPdCIR085(GA)29-F GAGAGAGGGTGGTGTTATT (Bodian et al. 2014)
mPdCIR085(GA)29-R TTCATCCAGAACCACAGTA

MPACIR090(GA)26-F GCAGTCAGTCCCTCATA (Bodian et al. 2014)
MPACIR090(GA)26-R TGCTTGTAGCCCTTCAG

PACUC3-ssr2(GA)22-F ACATTGCTCTTTTGCCATGGGCT (Bodian et al. 2014)
PACUC3-ssr2(GA)22-R CGAGCAGGTGGGGTTCGGGT
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Table S2. Discrimination power (Gst value), of SSR loci obtained.

Locus Sample Size Ht Hs Gst Nm

Locusl 122 0.0526 0.0385 0.2676 1.3687
Locus2 122 0.3742 0.0354 0.9053 0.0523
Locus3 122 0.4580 0.1177 0.7430 0.1730
Locus4 122 0.2066 0.0438 0.7882 0.1343
Locus5 122 0.3214 0.0792 0.7536 0.1635
Locus6 122 0.2845 0.0083 0.9707 0.0151
Locus7 122 0.1859 0.0333 0.8209 0.1091
Locus8 122 0.1721 0.0136 0.9212 0.0428
Locus9 122 0.2731 0.0625 0.7710 0.1485
Locus10 122 0.0429 0.0302 0.2961 1.1888
Locusl1 122 0.4963 0.0490 0.9013 0.0548
Locus12 122 0.1975 0.0000 1.0000 0.0000
Locus13 122 0.0759 0.0136 0.8214 0.1227
Locus14 122 0.1600 0.0469 0.7072 0.2071
Locusl5 122 0.2133 0.0906 0.5751 0.3694
Locusl6 122 0.4945 0.0678 0.8629 0.0794
Locus17 122 0.3883 0.1199 0.6913 0.2233
Locus18 122 0.4910 0.0604 0.8770 0.0702
Locus19 122 0.2330 0.0271 0.8836 0.0659
Locus20 122 0.0316 0.0136 0.5705 0.3765
Locus21 122 0.4727 0.1042 0.7796 0.1413
Locus22 122 0.2527 0.0552 0.7816 0.1397
Locus23 122 0.0636 0.0083 0.8691 0.0753
Locus24 122 0.4800 0.0521 0.8915 0.0609
Locus25 122 0.2209 0.0250 0.8869 0.0637
Locus26 122 0.4694 0.1230 0.7380 0.1775
Locus27 122 0.2788 0.0354 0.8729 0.0728
Locus28 122 0.0331 0.0219 0.3391 0.9744
Locus29 122 0.3906 0.0604 0.8453 0.0915
Locus30 122 0.4979 0.0469 0.9059 0.0519
Locus31 122 0.4457 0.1334 0.7006 0.2136
Locus32 122 0.1456 0.0271 0.8138 0.1144
Locus33 122 0.0651 0.0438 0.3276 1.0262
Locus34 122 0.4045 0.1593 0.6060 0.3250
Locus35 122 0.0621 0.0271 0.5633 0.3876
Locus36 122 0.3333 0.0219 0.9343 0.0351
Locus37 122 0.2922 0.0521 0.8217 0.1225
Locus38 122 0.3959 0.0438 0.8895 0.0621
Locus39 122 0.4788 0.0761 0.8411 0.0945
Locus40 122 0.4900 0.1020 0.7930 0.1340
Mean 122 0.2804 0.0530 0.8109 0.1166

* Nm = estimate of gene flow from Gst or Ges. E.g., Nm = 0.5(1 - Gst)/Gst.
Abbreviations: Hs = inbreeding due to sub-population, Ht = Hnbreeding in total population, Gst = Discrimination power, and Nm = Num-
ber of migration.
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Table S3. Genetic diversity parameters in date palm cultivars.

No Cultuvar name Na Ne I He uHe P

1 Mazafati 0.625 1.127 0.104 0.071 0.086 17.50
2 Kalooteh 0.625 1.138 0.116 0.079 0.095 20.00
3 Khalezohrei 0.650 1.138 0.116 0.079 0.095 20.00
4 Holeileh 0.700 1.112 0.106 0.069 0.083 20.00
5 Mordarsang 0.500 1.069 0.058 0.039 0.047 10.00
6 Khazab 0.500 1.056 0.053 0.035 0.042 10.00
7 Holoo 0.600 1.077 0.077 0.050 0.060 15.00
8 Khenizi 0.600 1.117 0.092 0.064 0.077 15.00
9 Negar 0.625 1.127 0.104 0.071 0.086 17.50
10 Shahani 0.475 1.058 0.046 0.032 0.038 7.50
11 Male isolate 0.675 1.101 0.094 0.062 0.074 17.50
12 Alimehtari 0.525 1.069 0.058 0.039 0.047 10.00
13 Kharook 0.450 1.024 0.017 0.012 0.015 2.50
14 Gantar 0.550 1.082 0.063 0.044 0.053 10.00
15 Zahidi 0.600 1.104 0.087 0.059 0.071 15.00
16 Jowzi 0.575 1.104 0.087 0.059 0.071 15.00
17 Khadhrawi 0.750 1.186 0.150 0.103 0.124 25.00
18 Shekkar 0.475 1.032 0.036 0.022 0.027 7.50
19 Istamaraan 0.525 1.045 0.041 0.027 0.033 7.50
20 Barhi 0.650 1.104 0.087 0.059 0.071 15.00
21 Hallawi 0.600 1.104 0.087 0.059 0.071 15.00
22 Braim 0.500 1.069 0.058 0.039 0.047 10.00
23 Dayri 0.525 1.080 0.070 0.047 0.056 12.50
24 Beliani 0.650 1.101 0.094 0.062 0.074 17.50
25 Owaidi 0.525 1.080 0.070 0.047 0.056 12.50
26 Sowaidani 0.450 1.071 0.051 0.037 0.044 7.50
27 Owaimri 0.525 1.056 0.053 0.035 0.042 10.00
28 Mashtoom 0.600 1.104 0.087 0.059 0.071 15.00
29 Fersee 0.600 1.114 0.099 0.067 0.080 17.50
30 SabzParak 0.475 1.080 0.070 0.047 0.056 12.50
31 GhannamiSabz 0.500 1.053 0.060 0.037 0.045 12.50
32 Wardi 0.400 1.071 0.051 0.037 0.044 7.50
33 GhannamiSorkh 1 0.525 1.095 0.068 0.049 0.059 10.00
34 GhannamiSorkh2 0.500 1.045 0.041 0.027 0.033 7.50
35 Foreign male 1 0.525 1.106 0.080 0.056 0.068 12.50
36 Foreign male 2 0.525 1.106 0.080 0.056 0.068 12.50

Abbreviations: Na = No. of different alleles, Ne = No. of Effective alleles, I = Shanon Information. index, He = Expected Heterozygosity, uHe
= Unbiassed Expected Heterozygosity, and P% = Polymorphism percentage.
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Table S4. K-Means clustering of date palm cultivars based on SSR  Table S5. Pair-wise AMOVA showing significant genetic differ-
and EST-SSR data. ence between the studied date palm cultivars (cultivar numbers are
according to Table S3).

SSD(T) SSD(AC) SSD(WC) r-squared pseudo-F BIC

1376672 202482 1174191 0147 20693 871945  Cultivarl Cultivar2 Pvalue
1376.672 319.18 1057.492 0.232 17.959 863.978 3 21 0.001
1376.672 411.173  965.499 0.299 16.751 857.679 4 8 0.001
1376.672 498.76 877.912 0.362 16.618 850.881 4 16 0.001
1376.672 566.45 810.222 0.411 16.22 845.896 5 10 0.001
1376.672 620.841 755.831 0.451 15.744 842.222 5 35 0.001
1376.672 660.327  716.346 0.48 15.012 840.48 6 7 0.001
1376.672 695.563  681.109 0.505 14.425 839.13 6 11 0.001
1376.672 724.476  652.196 0.526 13.824 838.642 6 27 0.001
1376.672 753.245  623.427 0.547 13.411 837.943 6 29 0.001
1376.672 780.048  596.625 0.567 13.074 837.385 6 1 0.001
1376.672 807.604  569.068 0.587 12.891 836.42 7 12 0.001
1376.672  832.456  544.217  0.605 12.708  835.777 8 22 0.001
1376.672 853.797  522.876 0.62 12.48 835.7 8 30 0.001
1376.672 874.463  502.209 0.635 12.305 835.584 11 23 0.001
1376.672 891.686  484.986 0.648 12.066 836.131 14 15 0.001
1376.672 909.553 467.12 0.661 11.912 836.356 15 36 0.001
1376.672 925.794  450.878 0.672 11.75 836.842 21 23 0.001
1376.672 940.632 436.04 0.683 11.581 837.564 18 24 0.001
20 24 0.001
* Best clustering according to Calinski & Harabasz’ pseudo-F: k = 2 20 36 0.092
& Best f:lu.stering according to Bayesian Information Criterion: k = 16 1 36 0.001
Abbreviations: SSD(T) = Total sum of squares, SSD(AC) = Among ’
clusters sum of squares, and SSD(WC) = Within clusters sum of 24 26 0.001
squares. 25 34 0.001
27 31 0.001

Table S6. Assignment result of date palms (only samples inferred to be from other populations are given) based on positive likelihood. (cul-
tivar numbers are according to Table S3).

Hom Infer

cu(iti\far cultfvzfl cultivar ! 2 3 4 > 6 7

1 3 4.432 4.15 3.516 6.055 10.076 12.431 14.59 12.748
1 2 6.034 4.099 4.789 5.549 10.356 13.829 15.386 14.793
2 3 4.592 4.533 3.789 4.453 8.18 10.812 12.845 13.6
2 1 3.373 4.724 3.947 5.708 13.331 12.732 10.891 9.901
2 3 3.704 3.413 3.227 4.453 10.414 14.352 14.289 14.969
3 2 3.579 2.798 3.617 4.152 8.812 12.13 12.067 12.873
3 2 3.771 2.798 3.77 4.328 11.59 14.051 11.988 13.094
4 2 5.057 4.439 5.537 5.554 8.796 10.431 10.368 9.997
8 7 8.698 9.4 9.588 6.106 7.683 7.414 4.429 5.641
9 5 8.379 9.044 9.093 10.565 7.239 7.271 11.271 9.776
9 10 8.328 7.597 8.093 7.935 10.96 12.829 12.908 11.316
10 11 10.93 9.09 10.19 8.759 11.106 11.13 14.085 13.316
11 10 9.93 8.898 9.792 9.537 12.437 12.829 14.607 12.89
11 12 11.555 11.032 10.588 10.236 11.692 11.829 10.243 8.043
11 10 12.708 12.713 13.588 10.333 10.68 11.607 15.306 13.316
15 16 11.437 14.442 14.257 13.379 16.294 17.574 15.431 15.288
15 16 9.592 10.965 11.081 9.981 13.118 14.352 15.908 13.714
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Table S7. Fst versus Pst values in cultivar No.3 with others.

Character Pst Fst Pst Fst Pst Fst Pst Fst
Fruit weight 0.053 0.16 0.43 0.16 0.36 0.16 0.053 0.16
Fruit width 0.001 0.16 0.09 0.16 0.09 0.16 0.001 0.16
Fruit length 0.99 0.16 0.46 0.16 0.01 0.16 0.99 0.16
Seed weight 0.99 0.16 0.44 0.16 0.98 0.16 0.98 0.16
Seed width 0.98 0.16 0.44 0.16 0.99 0.16 0.99 0.16

Seed length 0.99 0.16 0.44 0.16 0.98 0.16 0.99 0.16
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Abstract. The genus Enyalius is composed of 11 described species inhabiting forest
areas in Amazdnia, Cerrado and Atlantic forest biomes. Currently, eight species with
high levels of chromosome variation have been karyotyped. The study aims to char-
acterize the karyotype of Enyalius boulengeri, with classical and molecular techniques,
and improve knowledge about the karyotype evolution of the lizard genus Enyalius.
The species has 2n = 36 chromosomes (8m + 4sm + 24mc), FN = 24; NORs and 18S
rDNA were subtelomeric and located on chromosome pair 2. Repetitive DNA probes
(CAT),, accumulated on centromeric and terminal regions of some macrochromo-
somes. (GA),s probe showed conspicuous accumulation on the pericentromeric region
of chromosome pairs 1 and 6. Repetitive FISH patterns obtained with (GC),5 probe
marked the pericentromeric region of the first chromosome pair. All probes showed
accumulation in the microchromosomes. The chromosomal formula found in E. bou-
lengeri has been considered the ancestral karyotype for pleurodont Iguania. The genus
Enyalius is characterized by two distinctive chromosomal groups; one with highly con-
served karyotypes, whereas the other is karyotypically diverse. Our molecular cytoge-
netics data are promising and will increase knowledge about the genus Enyalius chro-
mosome evolution.

Keywords: Ag-NOR banding, Cytogenetics, FISH, Lizards, rDNA 18S, Repetitive
DNA probes.
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INTRODUCTION

Cytogenetic studies on lizards of pleurodont Igua-
nia infraorder suggest that there are two distinct trends
on chromosome evolution in this taxon: some genera
present chromosome variability, such as supernumerary
chromosomes, sexual elements and large differences in
chromosomal number and size (e. g Liolaemus, Norops,
and Sceloporus); on the other hand, many families show
a conserved karyotype (Gorman & Atkins 1967; Pinna-
Senn et al. 1987; Pellegrino et al. 1999; Bertolotto et al.
2002). Based on these results, the karyotype with 2n = 36
chromosomes and distinction between macrochromo-
somes (M) and microchromosomes (mc) (12M + 24mc)
has been proposed as the ancestral karyotype for Igua-
nia (Paull et al. 1976). However, chromosome banding
reveals that these conservative karyotypes present some
polymorphisms, such as different positions of nucleolar
organizing region (NOR) in some chromosome pairs,
varying patterns of heterochromatin and different mc
morphology (Bertolotto et al. 1996; Kasahara et al. 2004).

The advent of techniques banding heterochromatin
regions in DNA is promising for the advance of the com-
prehension of the genome structure and evolution (Mar-
tins et al., 2011). Microsatellite regions apparently accu-
mulate on regions with low levels of replication, such as
telomeric and centromeric ones, and are easily detected
by Fluorescence in situ Hybridization (FISH) techniques,
as indicated in plants, anurans and fishes (Soares-Scott et
al. 2005; Peixoto et al. 2015; Cunha et al. 2016). Although
cytogenetic studies using molecular tools are still scarce
on reptiles, they allow to understand relations between
populations or/and species, and identify sexual elements
at karyotypic components of species (Martins et al. 2011).

The genus Enyalius (Wied, 1821) is composed of 11
described species inhabiting forest areas in Amazdnia,
Cerrado and Atlantic forest biomes (Rodrigues et al.
2014; Costa & Bérnils 2018). Moreover, cryptic species
are indicated to occur along the Atlantic forest (Rod-
rigues et al. 2014). Currently, eight species of the genus
have been karyotyped (Bertolotto, 2006; Rodrigues et al.,
2014), showing a certain degree of karyotypic variation.
Some phylogenetic related species (clade A sensu Rodri-
gues et al. 2014) are proposed as bearers of the ancestral
karyotype of Iguania. On the other hand, related species
present variation in chromosome number and size and
supernumerary elements (clade B sensu Rodrigues et al.
2014). However, two characters are highly conserved in
Enyalus: the nucleolar organizing region is located on
the chromosome pair number 2 and heterochromatic
regions occur in the centromeric position, on M and on
almost all mc (Bertolotto et al. 2002).

Cynthia Aparecida Valiati Barreto et al.

Phylogenetic relationships within this family are still
unresolved, and studies employing banding techniques
associated to molecular cytogenetics should reveal unde-
tected synapomorphies. Enyalius is a widely distributed
genus and a potential model for biogeographical analy-
ses and chromosome evolution in Squamata. The study
aims to characterize the karyotype of Enyalius bouleng-
eri, with classical and molecular techniques and improve
knowledge about the karyotype evolution of this genus.

MATERIAL AND METHODS
Specimens collection

Seven specimens of Enyalius boulengeri were ana-
lyzed: four specimens (two females - MZUFV 1358-
1359- and two males - MZUFV 1353, 1362) from the
APA Bom Jesus, Divino (20°35°52.85”S; 42°14°25.89”W)
and three specimens (one female - MZUFV 1356 - and
two males - MZUFV 1354-1355) from the Estacdo de
Pesquisa, Treinamento e Educacdo Ambiental (EPTEA),
Mata do Paraiso, Vicosa (20°48°0.40”S; 42°51’47.80”W),
both in Minas Gerais State, Brazil. Proceedings were
carried out according to the Animal Welfare Commis-
sion of the Universidade Federal de Vicosa and the cur-
rent Brazilian laws (CONCEA 1153/95). All vouchers
were deposited in the herpetological collection of the
Museu de Zoologia Jodo Moojen, at the Universidade
Federal de Vigcosa (MZUFV), Vicosa municipality, in
Minas Gerais State, Brazil.

Conventional staining and molecular cytogenetic analyses

The specimens were fed 24 hours before being sac-
rificed. Each specimen was injected intraperitoneally
with 0.1% solution of colchicine (0.1 ml per 10 g of body
weight) 6 hours before euthanasia (carried out intraperi-
toneally with Hypnol solution 0.01 mL. mg?) to induce
local anesthesia and pentobarbital (60 mg.kg! - lethal
dose). Mitotic chromosomes were obtained from gut
epithelial cells, according to Schmid (1978) and stained
using conventional protocols (5 % Giemsa diluted in
Sorensen buffer). The best metaphases were photo-
graphed in digital Olympus BX53 light microscope with
a DP73 Olympus camera, using the CellSens Dimen-
sions” software system. Chromosome pairing and meas-
urements were performed using Image Pro Plus® (IPP
Version 4.5) to determine the modal value (2#n) and the
fundamental number (FN) for the species. Homologs
were paired and grouped according to the centromere
position, in decreasing size order, and classified in meta-
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centrics (m), submetacentrics (sm), subtelocentrics (st)
and telocentrics (t) (Green & Sessions 1991).

Active NORs in the preceding interphase were
identified using silver nitrate precipitation (Ag-NORs)
(Howell & Black 1980), whereas the heterochromatin-
rich regions were detected using C-banding protocol
(Sumner 1972). The FISH technique was performed
according to Pinkel et al. (1986). The 18S rDNA probe
was obtained from E. boulengeri, via polymerase chain
reaction (PCR) with the following primers: 185f (5-CCG
CTT TGG TGA CTC TTG AT-3’) and 18Sr (5-CCG
AGG ACC TCA CTA AAC CA-3’) (Gross et al. 2010).
The 18S probe was labeled by nick-translation with
digoxigenina 11-dUTP, and the signal detection and
amplification were performed using anti-digoxigenin-
rhodamine (Roche Applied Science). The DNA repetitive
probes were thynilated with cy3 at the 5 position (Sig-
ma-Aldrich), using the following repetitive DNA probes:
(A, (C)spp (CA)is, (GA)s, (GC)ys, (TA)ys5, (CAT),,
(CAA),, (CAG),p, (GAG),y, (CGQG),y , and the protocols
followed Ciofh et al. (2011). FISH images were captured
in a BX53 Olympus microscope with a XM10 camera.
All procedures were carried out in the Laboratério de
Sistematica Molecular BEAGLE, at the Universidade
Federal de Vigosa, Vigosa municipality, Minas Gerais
State, Brazil.

Cytogenetic tree

In order to comprehend the relationship between
the phylogenetic hypothesis and cytogenetic data of the
genus Enyalius, we overlapped our results on Rodri-
gues et al. (2014) hypothesis. The cytogenetic data were
derived from the available data on literature (Gorman
et al. 1967; Pellegrino et al. 1999; Bertolotto et al. 2002;
Bertolotto 2006; Rodrigues et al. 2006; Rodrigues et al.
2014). The species tree was reconstructed in TNT 1.6
(Goloboft et al. 2008), and some rearrangements were
made on Figtree software v1.3.1 (Rambaut 2009) and
Hlustrator v. CS3.

RESULTS

A karyotype with diploid number equal to 2n = 36
chromosomes comprised of 12 macrochromosomes (M)
and 24 microchromosomes (mc) (12M + 24mc) char-
acterized the E. boulengeri populations (Figure 1). The
M pairs 1, 3, 4, and 5 are metacentrics, and the pairs 2
and 6 are submetacentrics in all metaphases. The karyo-
type formula was 8m + 4sm + 24mc, with fundamental
number (FN) equal to 24. A secondary constriction was

observed in the distal end of the long arm of chromo-
some pair 2 (Figure 1). Heteromorphic sex chromosomes
or supernumerary elements were not detected in any of
these specimens.

The NORs were detected at the subtelomeric region
of the long arm from both homologues on chromosome
pair 2. NORs location corresponded to the conspicuous
secondary constriction observed with Giemsa stain, and
to the location of the 18S rDNA probe (Figure 1B). The
C-banding results did not highlight heterochromatin
regions from any chromosome pair. This result is prob-
able related to the technique used in this study, once
the presence of heterochromatin are reported to the
other species of the genus (Bertolotto, 2006). Repetitive
DNA probes (GA),; showed conspicuous accumulation
on the pericentromeric region of chromosome pairs 1
and 6 and several mc (Figure 2A), whereas (GC),5 probe
marked the pericentromeric region of the first chromo-
some pair and a few mc (Figure 2B). Repetitive FISH
patterns obtained with (CAT),, accumulated on the
centromeric and terminal regions of some macrochro-
mosomes and several microchromosomes (Figure 2C).
The repetitive DNA probes (A);g, (C)sp, (CA)y5, (TA)5,
(CAA),y, (CAG),p, (CGG)yp, and (GAG),, did not label any
chromosome pair.

The two clades of Enyalius (Rodrigues et al. 2014)
diverged on their cytogenetic patterns (Figure 3). The
clade A (composed of five species with cytogenetic data
available for three of them) presents the same chromo-
some formula (8m + 4sm + 24mc), and one species with
cytogenetically differentiated sex chromosomes (Enya-
lius perditus 2). On the other hand, clade B (composed
of seven species, six of them with cytogenetic data avail-
able), comprises species with high levels of caryological
instability. The species possess different formulae (i. e.
E. pictus: 8m + 4sm + 24mc and E. bibronii: 8m + 2sm
+ 2t + 24mc), as well as B chromosomes (i. e. E. bilin-
eatus: 8m + 4sm+ 24mc + 1B/2B), sex chromosomes (E.
bilinetus and E. leechii), besides some unusual telocen-
tric chromosomes (i. e. E. catenatus 1: 6m + 2sm + 6t +
24mc and E. erythroceneus: 24t + 24mc).

DISCUSSION

Enyalius boulengeri showed a 2n = 36 (12M + 24mc)
karyotype that is ubiquitous among species of the genus
and pleurodont Iguania (Gorman et al. 1967; Pellegrino
et al. 1999; Bertolotto et al. 2002; Bertolotto 2006; Rodri-
gues et al. 2006; Rodrigues et al. 2013).

Furthermore, it was observed a similarity between
the nucleolar organizing region (NOR) and the 18S
rDNA labeling at the distal end of the long arm of both
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Figure 1. Giemsa-stained karyotypes of Enyalius boulengeri. Insets present chromosome pairs with Ag-NOR (above) and 18S rDNA (below)

identified on chromosome pair number 2. Scale bars indicate 5 um.

Figure 2. Mitotic chromosomes of Enyalius boulengeri labeled with the repetitive DNA probes: A: (GA),5; B: (GC);s5; C: (CAT),,. Scale bar
indicated 10 pm.

homologues on chromosome pair 2. This same pattern
(similarity between NOR and 18S rDNA probes and
labeling in chromosome pair 2) is reported for all oth-
er species of the genus Enyalius and from Leiosauridae
family (Bertolotto et al. 2002; Bertolotto 2006; Rodri-
gues et al. 2006). Here, the first Enyalius species was
labelled with repetitive DNA probes, providing addi-
tional karyological data. This result will contributes to
disentangling the phylogenetic relationships within the
genus when similar studies are available to other spe-
cies of the genus. The fundamental number of 24 is also
shared with the other species from clade A of Enyalius
(E. perditus and E. iheringii). The invariable number of
mc (24 mc) in all species of the genus seems to be the
rule in Squamata. Although clades A and B (Rodrigues
et al. 2014) differ on macrochromosome constitution, mc
are the same on all species of Enyalius. Thus, mc seem to
be constituted by DNA sequences that represent a con-
served part of the karyotypes of Enyalius. Patterns of

repetitive DNA probes within this genus will be inform-
ative to test this hypothesis.

Two techniques corroborate that NORs are located
on the subterminal region of the long arm of the second
chromosome pair in E. boulengeri, with eight species of
the genus presenting this same pattern (Bertolotto et al.
2002; Bertolotto 2006; Rodrigues et al. 2006). The con-
servation of chromosomal position of NORs also sug-
gests the stability of this chromosome segment in Leio-
sauridae family (Bertolotto et al. 2002). The pattern of
NOR banding should representing a phylogenetic sign
for close related species. In addition, another pattern
grabbing attention was the location of Ag-NOR and
FISH 18S rDNA probe in the same chromosome region,
which has been reported for several species from differ-
ent families of clade Iguania (i. e. Agamidae (Patawang
et al. 2015), Leiosauridae (Bertolotto et al. 2002), Liola-
emidae (Bertolotto et al. 1996), Polychrotidae (Bertolotto
et al. 2001), and Tropiduridae (Kasahara et al. 1987).
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Figure 3. Compiled information about cytogenetic data in the genus Enyalius and some related species on a condensed phylogenetic

hypothesis resulting from the analyses of Rodrigues et al. (2014).

E. boulengeri showed distribution of microsatel-
lite repeats on pericentromeric and centromeric regions
of the macrochromosome and many microchromo-
ssomes. No uneven accumulation of repetitive DNA
probes was observed in the chromosome pairs, which
corroborates the hypothesis this species have no system
of sexual chromosomes. Studies using FISH to evalu-
ate the genome distribution of microsatellite repeats on
sex chromosomes was realized by Porkorna, 2011, this
study showed certain microsatellite sequences are exten-
sively accumulated over the whole length or parts of the
W chromosome in Eremias velox (Pokornd et al. 2011).
Giovannotti et al, (2018) isolated the repetitive element
IMO-Taql satDNA in several species of Lacertidae and
found this element to be very abundant in the constitu-
tive heterochromatin of the W-sex chromosome of the
four Lacerta species investigated. On the other hand,
repetitive probes also have evidenced chromosome sta-
bility among some species and populations of the Sci-
nax perpusillus group and Ololygon tripui (Peixoto et al.
2015; Peixoto et al. 2016).

Our results highlighted that the chromosomal for-
mula reported in E. boulengeri (8m + 4sm + 24mc) is
shared with all species with described data in clade
A. This pattern are possible result of the phylogenet-
ic relation among the species that occurs in warmer
climates in Southeastern and northeastern Brazil

and once they belonged to the same clade inside the
Enyalius genus. This character has been considered
an ancestral karyotype for pleurodont Iguania, which
includes the Leiosauridae family (Paull et al. 1976;
Bertolotto et al. 2002) and might also be present in the
two remaining species with unknown karyotypes (E.
brasiliensis and E. perditus 1). Clade B members inhab-
it the cooler climates in Southeastern and Southern
Brazil (Rodrigues et al. 2014), and presents a second
distinct trend on chromosome evolution in Iguania,
showing considerable karyotype variability. This trend
is exemplified by Anolis, Norops, Ctenonotus also with
relation to sex chromosomes (Castiglia et al. 2013;
Giovannotti et al. 2017; Lisachov et al. 2019; Kichigin
et al. 2019). For instance, some species present super-
numerary chromosomes, different chromosomal for-
mulae, besides some unusual telocentric chromosomes.
In E. erythroceneus (24t + 24mc), the number of telo-
centric chromosomes seems to derive from fission
events of chromosomes, assuming that the ancestral
karyotype is 8m + 4sm. The karyotypes of two species
in Clade B may also indicate fission events: Enyalius
catenatus and E. bibroni are evidenced by the presence
of telomeric elements (6m + 2sm + 6t + 24mc and 8m
+ 2sm + 2t + 24mc, respectively).
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CONCLUSION

Our results support classical cytogenetics (diploid
number, FN and NOR number and location) as an effi-
cient tool to characterize lizard species in a family level,
which corroborates the position of E. boulengeri within
its genus. Repetitive DNA probes complement this con-
servative pattern and, if apply to other species of the
genus, may allow to detect synapomorphies so as to
improve knowledge about chromosome evolution and
phylogenetic relationship within this genus.
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