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Abstract: Plant chromosome manipulation is a powerful tool in plant breeding due to
its significant impact on various genetic traits and diversity. To investigate the effect of
polyploidy induction in anise (Pimpinella anisum L.), three different concentrations
(0.01%, 0.5%, and 5%) of colchicine were tested. In this study, the seeds and terminal
buds of five-week-old plants were treated with colchicine, and the process was repeated
for three consecutive days. Subsequently, molecular, physiological, and morphological
traits of both control (diploid) and induced (autotetraploid) plants were investigated.
The results revealed that 0.01% colchicine had no significant effect on ploidy induction,
while significant effects were observed at 0.5% and 5%. Seedlings treated with
concentrations higher than 0.5% colchicine exhibited larger stomatal size, lower stomatal
density, and darker leaf color. In addition, the contents of DNA, RNA, and total protein
increased in seedlings treated with concentrations of 0.5% and 5%. Karyotype
observation confirmed polyploidy induction in plants treated with colchicine
concentrations above 0.5%. Overall, this study shows that colchicine can alter anise
plants” ploidy by 0.5% and 5% and boost leaf size and pigments associated with
photosynthesis, resulting in stronger plants.
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Introduction

Anise (Pimpinella anisum L.), 2n = 2x = 18, is a
medicinal and aromatic plant belonging to the
Apiaceae family that is used in the pharmaceutical,
perfume production, and food industries (Gtilgin et
al., 2003). Additionally, the fruits and essential oils
of this plant have antispasmodic, antioxidant,
antimicrobial, insecticidal and antifungal effects
(Ozcan and Chalchat, 2006; Tepe et al., 2006). The
seeds of this plant contain 5 to 5.5% essential oil,
which is mainly composed of volatile
phenylpropanoids such as transanthol (Tabanca et
al,, 2006). In addition, anise seed essential oil
contains a small amount of estragole, anisaldehyde
and cis-anthole (Omidbaigi et al., 2003; Tabanca et
al., 2006). Anise seed and its essential oil are used
both in ancient and modern times in salty foods,
baked goods and various drinks. Anise seeds are a
good source of many essential B complex vitamins,
such as pyridoxine, niacin, riboflavin and thiamine.
Considering all the positive features, including anti-
diabetes, blood fat reduction, antioxidant activities,
anticancer and antimicrobial properties, anise seeds
and essential oils are recommended for safe use as
dietary supplements (Sun et al., 2019).

Today, various methods, such as metabolite
engineering, cell culture and the use of elicitors, are
used to increase the production of secondary
metabolites in medicinal plants. Increasing the
ploidy level (polyploidy) is also known as an
effective method for producing new genotypes and
increasing the yield of plants (Chung et al., 2017; Liu
et al., 2023). Polyploidy can also affect secondary
metabolites in terms of quantity and chemical
diversity. These changes are due to structural and
functional modifications caused by an increase in
the allelic level (Zahumenicka et al., 2018).
Polyploid plants are larger than diploids in terms of
morphological characteristics such as leaf, stem,
and root size, which can be beneficial for yield and
crop production (Dhooghe et al.,, 2011), especially
for fodder, vegetables, and medicinal plants.
Polyploidy occurs spontaneously in plants but can
be induced in a short period of time by using
antimitotic substances such as colchicine, which
interferes with spindle formation (Eng and Ho,
2019). Polyploidized plants are more tolerant to
adverse environmental conditions due to their
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relatively stronger foundation (Fang et al., 2019).
Additionally, polyploidy affects the increase in
photosynthesis by increasing the amount of
chlorophyll, and as a result, polyploid plants have a
stronger foundation than their ancestors
(Zahumenicka et al., 2018).

Polyploidization is often associated with
morphological and physiological changes that can
increase plant growth rate and yield other
commercially beneficial traits (Cheng et al., 2015). It
was previously reported that polyploid plants have
advantages in terms of creating tissues and organs;
in general, compared with those of diploid species,
the size of vegetative tissues, the shape of large
flowers and resistance to environmental stresses are
improved (Liu et al.,, 2011; Meng et al., 2011). For
example, autotetraploid lavenders (Lavandula
angustifolia) had larger flowers and leaves, thicker
peduncles and larger shield hairs on their leaves
than did their diploid genotypes (Urwin et al,
2007). Treating the terminal bud of watercress
plants (Nasturtium officinale) with 0.5% colchicine
was able to induce tetraploidy. Similarly, compared
with diploid plants, tetraploid plants exhibit
significant differences in leaf dimensions, stomatal
number and chlorophyll content (Aqafarini et al.,
2019). Investigation of different methods of
polyploidy induction in Ispaghul (Plantago ovata
Forsk.) showed that the use of 0.3% colchicine
treatment for 24 hours or 22.5% trifloralin treatment
for 72 hours on seeds results in the most tetraploid
plants (Sabzehzari et al., 2020). Induction of
polyploidy with different concentrations of
colchicine was successfully performed in Salvia
species such as Salvia bowleyana (Duan et al., 2006)
and S. hains (Grouh et al.,, 2011). In both species,
compared with diploid plants, chromosomally
doubled plants had thicker and wider leaves, darker
colors, thicker roots and larger stomata. It has been
reported that in some cases, increased resistance to
pathogens can be associated with polyploidy. For
example, the tetraploid Trifolium pratense is more
resistant to clover rot than is its diploid ancestor
(Vestad, 1960; Vleugels et al., 2013), and the
tetraploid Glycine tabacina is more resistant to leaf
rust disease (Phakopsora pachyrhizi) than is its
diploid ancestor (Burdon and Marshall, 1981).
Recent hypotheses show that ploidy can affect plant
defense by increasing genetic adaptation to
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pathogens through replacement or through new
functions of resistance genes and genes related to
plant defense (Innes et al., 2008; King et al., 2012). In
the present study, different concentrations of
colchicine were applied to induce polyploidy in
anise. We found that terminal bud treatment with
0.5% and 5% colchicine could increase the
polyploidy rate in anise plants, as evidenced by
changes in the morphological and physiological
traits along with alterations in nucleic acid content.

Materials and Methods

Plant materials and seed treatment

In the first experiment, anise seeds, landraces
prepared from Shahrood region, were transferred to
3% sodium hypochlorite solution for 15 minutes for
sterilization, after which the seeds were washed
three times with distilled water to remove the
residues of the solution. Then, the anise seeds were
placed between two layers of filter paper and
irrigated with distilled water. After one week, the
water in the Petri dishes was removed, and the
samples (200 seeds) were treated with different
concentrations of colchicine (0.01% and 0.5%) for
different periods of time (6, 24 and 48 hours). Ten
microlitres of colchicine solution was added to each
petri dish. Finally, after seven days, the number of
plants was counted, and the results were used to
measure the survival rate.

Terminal bud treatment

In the second experiment, sterilized anise seeds
were grown in pots. First, perlite and peat moss
were prepared at a ratio of 2:1, mixed together and
transferred to the pots. Seven seeds were
subsequently planted in each pot (finally, four
plants remained in each pot for treatment). Pots
were maintained under a 17-hour photoperiod
(6000 lux) and a 25 + 3°C temperature. After five
weeks, the terminal buds of the plants were treated
with different concentrations of colchicine (0 (as a
control), 0.01%, 0.5%, or 5%). The selection of
colchicine concentrations was determined based on
the review of previous studies. Between 10 and 11
am (when the mitotic divisions were most
common), the terminal bud was treated with 5 ul of
colchicine. This work was repeated for three
consecutive days.
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Measurement of morphological traits

After applying the terminal bud treatment, new
leaves were considered to confirm polyploidy.
Determination of ploidy level in treated plants was
first based on morphological changes in different
stages of growth and development by observing
plants suspected of polyploidy in comparison with
control plants. Morphological traits such as the
length and width of new leaves, length of petioles,
distance between nodes, and density and size of
stomata were measured. A digital caliper was used
to measure seedling length, leaf length, the distance
between the second leaflet, the length and width of
the terminal leaflet and the diameter of the petiole.

Measurement of plant stomata

To determine the number of stomata on the surface
of the new leaves, the upper layer of the leaf was
covered with a thin layer of colorless varnish. After
drying, the above layer was placed on a clean glass
slide using adhesive tape, and the number and size
of the stomata were counted with an Olympus CH2
optical microscope.

Leaf pigments

The method outlined by Lichtenthaler and
Wellburn (1983) was employed to measure leaf
chlorophyll pigments. In brief, the chlorophyll and
carotenoid contents were measured without
crushing. For this purpose, we mixed 50 mg of leaf
tissue with 5 ml of dimethyl sulfoxide and put it in
an oven at 65°C for 4 hours. After that, using a
spectrophotometer, the absorbance was recorded at
470, 645 and 665 nm. Finally, the contents of
chlorophyll a and b and carotenoids were obtained
using the following relationships:

Chla = (12.19 A665) - (3.45 A645)

Chlb = (21.99 A645 - 5.32 A645)

Cartenoeid = (1000 A470 - 2.14Chla - 70.16Chlb)/200

Protein content

The Bradford method was used to measure the
amount of protein (Bradford, 1976). The Bradford
method is a fast, simple, accurate and sensitive
colorimetric method used to measure the total
protein concentration in biological samples. The
basis of this method is the binding of protein
molecules to Coomassie dye under acidic
conditions, which leads to a change in color from
brown to blue, and as a result, a change in light
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absorption occurs. In fact, Coomassie blue dye
binds to proteins and produces a blue color that can
be measured at a wavelength of 595 nm.

DNA and RNA extraction

DNA extraction was performed using the CTAB
method (Porebski et al, 1997). To
comparability of DNA quantity, 100 mg of young
leaves from each treatment was used. RNA

ensure

extraction was performed using a TRIzol reagent kit

(Kiagene Fanavar, Iran) according to the
manufacturer's instructions. Likewise, to extract
RNA, the same amount of plant tissue was used for
all samples. Finally, the quantity of the extracted
DNA and RNA samples was measured by a Nano

Photometer (Implen N50).

Survival rate and seed germination

The number of surviving plants after terminal bud
treatment with colchicine was evaluated as the
survival percentage. Additionally, the seedlings
that were treated with different concentrations were
allowed to produce seeds. The seeds were
subsequently distributed in Petri dishes, after which
the germination rate was calculated.

Preparation of karyotypes and chromosome

counts

Karyotyping is the process of depicting the set of
chromosomes in the cells of a living organism to
check the chromosomal content. To perform anise
karyotyping, first, the plants that were treated with
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different concentrations of terminal buds were
allowed to produce seeds, after which the seeds
were germinated. The root tips of the germinated
seeds were used to prepare the karyotype. After
cutting the young roots, karyotype preparation was
performed in five steps, namely, root pretreatment
(0.01% colchicine), fixation with Carnoy 1 solution
(one part of absolute acetic acid and three parts of
absolute ethanol), hydrolysis (normal hydrochloric
acid at a temperature of 60°C for 8 minutes), root
staining with 0.1% Aceto Carmen for 45 minutes,
and squashing the roots with 45% acetic acid.
Chromosomes were observed using an OLYMPUS
CH2 light microscope.

Data analysis

The data were analyzed via Minitab 17 software
(version 17) via ANOVA, and the means were
compared using Tukey's test at the 5% probability
level. Graphs were drawn based on the mean and
standard deviation for each treatment by GraphPad
Prism 5.0 software.

Results

Toxic effects of colchicine on embryos

The results showed that seed treatment with
colchicine caused nongermination and nongrowth
of a large number of seeds (Figure 1). The highest
percentage of plant survival was obtained in the
control treatment (no use of colchicine).

100
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'E E 0.5%
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Figure 1. Germination rate of anise seeds treated with colchicine. Different letters indicate significant differences (p value <

0.05) between experimental treatments.
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Figure 2. Stomatal density of young leaves after treatment of top buds with different concentrations of colchicine.

The survival percentage of the seedlings
(germination) decreased with increasing treatment
duration; the highest survival percentage was
related to the duration of 6 hours at a concentration
of 0.01%, and the lowest survival percentage was
related to the duration of 48 hours at a concentration
of 0.5%. These results indicate that colchicine has
toxic effects on embryos and that seed treatment is
not recommended for inducing polyploidy in anise
plants.

Stomatal density

Based on microscopic observations of leaf stomatal
characteristics in plants treated with colchicine
compared to diploids, the density and size of
stomata on new leaves were affected by polyploidy
induction (Figure 2). A decrease in stomatal density
and an increase in stomatal size were observed in
seedlings treated with 0.5% and 5% colchicine. The
size and density of stomata are among the
important traits related to the ploidy level and can
be used as biomarkers.

Morphological traits

The effects of polyploidy induction on
morphological traits were investigated. A
comparison of the means of plants treated with
different concentrations of colchicine revealed that

the length of the seedlings and leaves and the
petiole diameter were not affected by treatment
with different concentrations of colchicine (Figure
3). However, treatment with a 5% concentration of
colchicine somewhat increased the length of the leaf
and petiole diameter. The dimensions (length and
width) of the terminal leaflets and the length
between the leaflets were significantly greater for
the plants treated with high concentrations (0.5%
and 5%) of colchicine. In general, the induction of
polyploidy did not significantly alter the height of
the plant, but it caused changes in the dimensions
of the new leaflets and caused compact seedlings
with broad leaves (Figure 4a and 4b). In this study,
compared with those of the control plants, the
shapes of the new leaves on the plants treated with
5% and 0.5% colchicine were wrinkled, uneven,
wide and thick (Figure 4b).

Leaf pigment content

A comparison of the mean chlorophyll a content
revealed that there was a significant difference
between the 5% colchicine treatment and the control
treatment. However, the 5% treatment did not
significantly differ from the 0.5% treatment (Figure
5).
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Figure 3. Comparison of the means for morphological traits, including seedling length, leaf length, petiole diameter, length
between leaflets, length and width of terminal leaflet, between the control treatment and treatment with different colchicine
concentrations. Different letters indicate significant differences (p < 0.05) between experimental treatments.

Figure 4. Morphological modifications between the control and 5% colchicine treatment groups in terms of seedling height (a)

and leaf length and width (b).
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It seems that the content of chlorophyll a increases
in induced tetraploid plants. No significant
differences were detected in the contents of
chlorophyll b and carotenoids between the

2023 | Volume 11 | Issue 2

colchicine treatments and the control, although the
amounts of chlorophyll b and carotenoids were
somewhat greater in the induced plants and in the
0.5% and 5% treatment groups.

Chlorophyll a Chlorophyll b Carotenoid
36+ 15— 15
a a
ab a
b b - T —T_ 10- T = JL
2 T 0 = z £
> 5 -
g 18- g 5 € s5-
i T T 0- T T 0- T T
Control 0.01% 0.5% 5% Control 0.01% 0.5% 5% Control 0.01% 0.5% 5%
Treatment Treatment Treatment

Figure 5. Mean comparison of chlorophyll a and b and carotenoid content under the colchicine treatments. Different letters
indicate significant differences (p value < 0.05) between experimental treatments.

Nucleic acids and total protein content

In the present study, the Ilevels of three
macromolecules, protein, DNA, and RNA, were
measured in seedlings treated with colchicine
(Figure 6). Significant increases in the

5% colchicine. Interestingly, the total RNA content
sharply increased in the 5% treatment group
compared with the control sample. An increase in
the amount of DNA causes an increase in the
number of genes and, as a result, the content of RNA

and protein is increased. As a result, the effect
intensity of each gene increases in related cellular

concentrations of protein, DNA, and RNA were
observed in the new leaves treated with 0.5% and

pathways.
Protein content DNA content RNA content
1.0 a 16— 800 2000+
a 2 5 a

= 0.9 b b 600 T 1500 T
£ T -
= = b b =2
o 0.8+ o) 400 - 5 1000
£ - :

0.7+ 200 5001 b

b
Control 0.01% 0.5% 5%

1 | §
Control 0.01% 05% 5% Control 0.01% 05% 5%
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Figure 6. Mean comparison of protein, DNA, and RNA content under the colchicine treatments. Different letters indicate
significant differences (p value < 0.05) between experimental treatments.
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Figure 7. Karyotype analysis of the roots of plants treated with 0.01% or 0.5% colchicine.

Chromosome observation

Chromosome counting is a direct, unambiguous
and common way to determine the number of
chromosomes in plant cells (Figure 7). This method
is vital in plant systematic studies, classification and
breeding. To investigate the effects of colchicine
treatments on the polyploidy of treated plants, we
examined and analyzed the root tip cells. The
results revealed that the chromosome number of the
plants treated with a concentration of 0.5%
colchicine was duplicated comparing to those in the
control and 0.01% colchicine samples. The limited
seed production in the first generation prevented
the preparation of a suitable karyotype for the 5%
treatment. However, based on changes at the 0.5%

-~ Survival%
100 & Tetrapoidy%

L g T T
Control 0.01% 0.5% 5%

Treatment

level, the occurrence of polyploidy in this treatment
can also be confirmed.

Effects of colchicine on survival and induction rate
The results revealed that tetraploid induction was
increased at two high colchicine concentrations,
0.5% and 5%, based on morphological traits and
nucleic acid content (Figure 8a). However, fewer
than 40% of the seedlings treated with 5% colchicine
survived. In addition, the germination rate of seeds
from plants treated with 0.5% or 5% colchicine was
sharply reduced (Figure 8b). Based on the
percentage of tetraploid induction, seedling
survival and seed germination, 0.5% colchicine was
introduced as an effective dose for inducing
tetraploid anise seedlings with high fertility ability.

100 -~ Germination%
X 50+
0 T T T T
Control 0.01% 0.5% 5%
Treatment

Figure 8. Effects of colchicine on the percentage of surviving plants and tetraploid induction (a) and on the percentage of

generated seeds from seedlings (b).
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Discussion

Elevating the ploidy level (polyploidy) is
recognized as an effective approach for generating
novel genotypes with enhancing the biomass,
consequently augmenting the bioactive compounds
of medicinal plants (Nilanthi et al., 2009; Chung et
al., 2017). Polyploidized plants exhibit enhanced
tolerance to negative conditions due to their
relatively stronger organs (Fang et al, 2019).
Additionally, polyploidy affects photosynthesis by
increasing the amount of chlorophyll, and as a
result, polypoid plants have a stronger foundation
than their ancestors (Azoush et al, 2014;
Zahumenicka et al.,, 2018). In this research, the
induction of polyploidy in anise was investigated.
The results showed that applying colchicine to anise
seeds is not a suitable method for increasing ploidy.
Colchicine likely has toxic effects on embryos and
young plants and can cause their death or severe
weakening. On the other hand, terminal bud
treatment had significant effects on morphological
characteristics and other traits related to genome
content. In general, according to the results
obtained from the morphological studies, it can be
said that the treatment of the terminal bud of anise
seedlings with concentrations of 5% and 0.5%
colchicine has been able to have changes in the
distance between the leaflets and the dimensions of
the leaves. These results indicate that changes likely
occurred at the genomic level, which led to
morphological changes in new leaves after
treatment. Autopolyploid plants and their organs
are often larger than their diploid parents are, which
makes them attractive to plant breeders (Dai et al.,
2015). Considering that vegetative organs are the
main source of active compounds in most medicinal
plants, increasing the chromosomal level can be
considered a valuable and fast way to increase drug
production (Dhawan and Lavania, 1996). However,
in many cases, it has been reported that tetraploid
plants are smaller than or equal in size to diploid
plants (Lavania, 2005).

The usual result of polyploidy in plants is reduced
growth due to decreased cell division, which occurs
as a result of disturbance of the auxin content in
cells. In this regard, the rate of respiration and the
activity of a large number of enzymes also decrease
(Stebbins, 1971). In our study, a decrease in seedling
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height and length was observed with increasing
colchicine concentration, which was consistent with
the results observed for the height of anthurium
plants, which showed a decrease in the height of
plants treated with colchicine compared to diploids
(Chen et al., 2011). Additionally, the induction of
polyploidy in chamomile (Saharkhiz, 2007) and
Platanus acerifolia (Liu et al., 2007) was associated
with reduced growth. The decreased growth of
induced polypoid plants is due to a decrease in the
rate of cell division (Eigsti, 1947), a decrease in
growth hormones and decreased activities of
metabolites in plants (Larsen and Tung, 1950). The
decrease in height of tetraploid plants is probably
due to the high toxicity of colchicine and its negative
effects on physiological activities, including the
production and activity of plant growth hormones.
Moreover, differences in leaf margins and leaf
shapes were observed between induced plants
treated with colchicine (5% and 0.5%) and diploid
plants. Some of the observed irregularities in the
leaf size, shape, texture and color of the seedlings
may be due to initial disturbances caused by
colchicine. The leaves of tetraploid plants are
significantly thicker than the leaves of diploid
plants because of the presence of thick parenchyma,
spongy parenchyma and epidermal cells and large
intercellular spaces in the spongy parenchyma
(Allario et al., 2011).

A decrease in stomatal density and an increase in
stomatal size were observed in seedlings treated
with 0.5% and 5% colchicine. Increasing the ploidy
level of the nucleus often causes structural changes
such as stomatal density, increasing the size of
stomatal cells and the number of chloroplasts in the
cell. Research has shown that the size of stomatal
guard cells is more affected by genetic factors than
is that of other plant cells and is less influenced by
environmental conditions (Watrous and Wimber,
1989). With increasing ploidy level, the length and
width of the stomata increase, and as a result, the
stomatal density decreases. Increasing ploidy also
increases the number of chloroplasts in stomatal
guard cells. Studies on chicory and Egyptian bean
plants have shown that the number of chloroplasts
in the stomatal guard cells of tetraploid plants is
greater than that in diploid plants (Ghotbi Ravandi
et al., 2013). On the other hand, in tetraploid hop
plants, despite the increase in stomatal size, no
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significant difference in stomatal density per unit
area was observed between diploid and tetraploid
plants (Roy et al., 2001). Therefore, the type of
species under study plays an important role in
determining stomatal indices at different ploidy
levels. In most cases, polyploid leaves exhibit a
greater volume of mesophyll cells with more
chloroplasts and chlorophyll than diploids,
resulting in a greater rate of photosynthesis per cell
(Coate et al., 2012). Previous research has shown
that polyploidization increases the number of
chloroplasts and photosynthesis in each cell, which
may be due to the increase in genome content and
cell size (Warner and Edwards, 1993). The results of
the present study showed that colchicine treatment
had a significant effect only on the content of
chlorophyll a. In the research conducted by Liao et
al. (2016)Liao et al. (2016)Liao et al. (2016) on
Populus trees, the photosynthetic rate and
chlorophyll content were significantly greater in
tetraploids than in diploids. In addition, Abdoli et
al. (2013)Abdoli et al. (2013)Abdoli et al. (2013)
reported that an increase in ploidy causes an
increase in the number of chloroplasts in the leaf
and thus increases photosynthesis. An increase in
the number of gene copies causes an increase in the
number of transcripts and the amount of protein,
which in turn affects the cell volume and plant stem
(Tsukaya, 2008). The results of this research
confirmed that the content of genomic material and
the amount of total RNA increased in plants treated
with 5% colchicine, and as a result, the total protein
content also increased in the cells. Additionally, Yan
etal. (2014)Yan et al. (2014)Yan et al. (2014) reported
an almost twofold increase in total protein in radish
plants. Although there is sometimes no direct
relationship between RNA and protein levels,
different factors affect the translation and stability
of proteins. Increasing the genomic level can be
considered as a strategy in the breeding of
medicinal plants to increase biomass and effective
substance

Conclusion

Based on the results obtained from this research, it
can be concluded that colchicine, as a disruptor of
mitotic spindles, can induce polyploidy in anise
plants. Terminal bud treatment was found to be
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more effective than seed treatment. It seems that
colchicine concentrations higher than 0.5% are
suitable for increasing ploidy, although the toxicity
associated with higher concentrations reduces the
survival rates of seedlings and their fertility. Based
on four important traits related to polyploidy-
namely, DNA content, total RNA content, protein
content, and stomatal size and density- it is
concluded that it is possible to produce
autotetraploid plants using colchicine. An increase
in the amount of genomic content caused a change
in the appearance of anise plants, as these plants
had larger leaves. Additionally, compared with that
in the control plants, the amount of chlorophyll in
the polyploidized plants increased. An increase in
leaf size and chlorophyll content can increase the
photosynthesis rate and water consumption
efficiency in plants, thereby potentially increasing
production rates. In the end, the success of
autoploid plant production can be influenced by
factors such as the concentration of the inducing
substance, the chosen growth stage for treatment
and the method of applying the treatment.
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