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Abstract
The induction of polyploidy using mutagenic chemicals is one of the plant breeding methods to enhance the production of secondary metabolites. In the current research, to induce polyploidy in lemon balm (Melissa officinalis)
plants, seeds were treated with different concentrations of colchicine for various exposure times. A factorial
experiment was performed using a randomized complete block design with two factors: colchicine concentrations
with four levels (control, 0.05%, 0.1%, and 0.2%) and exposure times with three levels (24, 48, and 72 h) and three
replicates. The physiological and phytochemical traits of plants were measured at a 4–6 leave stage. The results
indicated that different concentrations of colchicine had a significant effect on the chlorophyll a (Chl.a), chlorophyll b (Chl.b), carotenoid, phenol, flavonoid, and rosmarinic acid contents. The exposure times of colchicine also
caused significant changes in Chl.a, Chl.b, carotenoid, phenol, flavonoid, and rosmarinic acid amounts (P # 0.01).
Increasing the colchicine concentration significantly increased the physiological and phytochemical traits at 0.05%
and 0.1% concentration in comparison to the control (P # 0.01). In contrast, the interaction of colchicine concentration and exposure time had a significant effect on Chl.a, Chl.b, carotenoid, and rosmarinic acid amounts.
The findings of this study indicate that one of the effective methods in primary screening of polyploidy plants in
the polyploidization breeding program is the estimation of the physiological changes, the contents of chlorophyll
a and b, and the total amount of chlorophyll and secondary metabolites. Flow cytometry is recommended to be
used for the accurate identification of the ploidy level in M. officinalis.
Key words: colchicine, flavonoid, lemon balm, physiological traits, rosmarinic acid

Introduction
Lemon balm (Melissa officinalis L.) is an aromatic
plant of the Lamiaceae family, with the chromosome
number of 32 and 64 (Kittler et al., 2015). The plant is
grown worldwide, but its origin is not well defined, although the Mediterranean region or western Asia is considered to be its area of origin. The leaves of the plant
contain three major phytochemical compounds, namely
protocatechuic acid, caffeic acid, and rosmarinic acid
(Soltani Maivan et al., 2017). The herb exhibits a broad
range of pharmaceutical properties such as sedative, carminative, antispasmodic, antibacterial, antiviral, antifungal, anti-in ammatory, and antioxidative; furthermore,
M. officinalis is used to treat Graves’, Alzheimer’s, and

thyroid diseases (Bagdat and Cosge, 2012; Kim et al.,
2010; Weitzel and Petersen, 2011).
The production of polyploid plants has been one of
the objectives of the breeding programs for obtaining
differentiated genotypes to maximize traits of agronomic
interest. Polyploid plants may occur naturally, arising
from some cytological mechanisms such as the formation of unreduced gametes, but they may also be obtained synthetically by the induction of chromosome
duplication of somatic cells. This procedure is possible
by using antimitotic substances or thermal shocks to
interfere with the cell cycle. It affects the organization/polymerization or causes the segregation of microtubules, which inhibits the separation of chromosomes
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and leads to the formation of cells with a duplicated
chromosome complement (Dhooghe et al., 2011).
Colchicine (C22H25O6N) is a hormonal plant product
extracted from the seeds and bulbs of Colchicum autumnale L. It is an antimitotic agent used to induce the
formation of polyploids (Dhooghe et al., 2011; Stanys
et al., 2004). Colchicine binds specifically to the tubulin
dimmers to prevent the formation of microtubules to
induce polyploidization (Otto, 2007; Petersen et al.,
2003). Several studies have reported successful artificial
polyploidy induction in various plant species and families
(Dhooghe et al., 2011; Ojiewo et al., 2007; Otto, 2007).
These artificial polyploidial effects caused by colchicine
may induce morphological, cytological, histological, and
even genetic changes (Manzoor et al., 2019; Munzbergova, 2017). The use of colchicine can increase the
number of chromosomes and ultimately increase the
amount of metabolites in the treated plant.
Castro et al. (2003) treated Lolium multiflorum seeds
with 0.2% and 0.4% colchicine solutions and observed
considerable effects on certain agronomic traits such as
leaf size, changes in the allele frequency, and pronounced mutagenic effects in the plants. Polyploidization
in basic chromosome numbers is a major source of evolution and quality production of flowering plants (Zlesak
et al., 2005). Amiri et al. (2010) reported that polyploidy
in ornamental plants caused enlargement in the size of
flowers and leaves, a sturdier stem, intensification of
colors, harder and more robust plants, thicker and more
rigid foliage, apparent increase in tolerance to different
stresses, resistance to diseases and insects, and reduction in the fertility of flowering plants.
Dhawan and Lavania (1996) reported that artificial
polyploidy generally enhances the vigor of plant parts
under study and may be favorable where vegetative organs and biomass constitute an economical product.
Alam et al. (2011) reported that applying colchicine on
the sprouting bud of potato led to improvement in yield
potential, plant height, number of leaves, and fresh
weight. Under in vitro conditions, colchicine has been
successfully applied to induce polyploidy in several
plants such as rhododendron (Vainola, 2000), alocasia
(Thao et al., 2003), scoparia (Escandon et al., 2005), and
astragalus (Chen and Gao, 2007). Dhamayanthi and
Gotmare (2010) reported that colchicine is more effective in seed treatment than in seedling and steam cutting
treatments in cotton. Moreover, Mishra et al. (2010)

reported that polyploid plants of opium poppy (Papaver
somniferum L.) showed high drought tolerance, pest
resistance, and better performance, while Alam and
Razaq (2015) reported that polyploid plants of tea (Camellia sinensis L.) showed a high ability to survive in
adverse environmental conditions.
A wide spectrum of secondary metabolites, resulting
in an expanding growth area, and investigations for improved new varieties for better winter hardiness, higher
content of essential oil, and higher yield of M. officinalis
are of special interest in plant breeding programs. However, little information is available regarding the response of M. officinalis to polyploidy induced by colchicine. The present study aimed to investigate the effect
of colchicine on polyploidy induction and morpho-physiological responses of lemon balm to different concentrations and exposure times of colchicine.
Materials and methods
Plant material

Lemon balm seeds were obtained from the Medicinal
Plants Research Center, Shahed University, Tehran, Iran.
Experimental design

The seeds were decontaminated by dipping in 0.1%
mercuric chloride solution supplemented with a few drops
of Tween 20 and agitated for 5–7 min. The seeds were
then thoroughly rinsed three times in sterile distilled water for 3 min each. The decontaminated seeds were
aseptically cultured on 50 ml Murashige and Skoog (MS)
solid medium in flasks (Murashige and Skoog, 1962). The
pH of the media was adjusted to 5.8 with NaOH or HCl
before autoclaving at 120EC for 20 min. The cultures
were maintained in dark at 25 ± 2EC until germination
occurred. Once germinated, the seedlings were removed
and placed in a growth room with a light regime of 16/8 h
light/dark photoperiod (30 μmol @ m!2 s!1) provided by
a mixture of cool white fluorescent tubes and incandescent lights and maintained at 25 ± 2EC.
The in vitro germinated seedlings were used as the
source of explants for subsequent experiments. The
shoot explants were obtained from 4-week in vitro germinated seedlings. The explants were surface sterilized
with 10% Clorox (commercial bleach) for 10 min and
rinsed 3 times with sterile distilled water. Next, 1 cm
long explants were treated with different concentrations
of colchicine (0, 0.05, 0.1, and 0.2%) for various expo-
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sure times (24, 48, and 72 h). After 4 weeks of the adjustment process, the seedlings were placed in a greenhouse. Before the flowering stage, all the plants were
harvested, and data on the morpho-physiological traits
such as total dry weight; chlorophyll a, chlorophyll b, carotenoid, phenol, flavonoid, and rosmarinic acid contents;
and chromosomal responses were measured. Different
polyploidy plants were obtained, and their ploidy levels
were confirmed by flow cytometry (Chavan et al., 2014).
Determination of pigment contents

The contents of chlorophyll a, chlorophyll b, total
chlorophyll, and carotenoid were measured using the
Lichtenthaler method (1987). Fresh leaves (0.03 g) were
homogenized with 10 ml of 80% chilled acetone. The
extract was centrifuged at 2000 × g for 10 min. The absorbance of the supernatant was estimated spectrophotometrically at 663, 645, and 480 nm using a Shimadzu UV-Vis 1201 spectrophotometer. The contents of
the pigments were expressed in terms of mg/g fresh
weight of tissue.
Determination of the total phenolic content

The total phenolic content was determined using the
method of Marinova et al. (2005). One milliliter of the
extract was diluted with 9 ml distilled water, followed by
the addition of 1 ml of Folin-Ciocalteu’s phenol reagent,
and the solution was thoroughly mixed. After 5 min,
10 ml of 7% Na2CO3 was added, and the mixture was diluted to 25 ml by adding 4 ml of distilled water and incubated at room temperature for 90 min. The absorbance
was measured using a spectrophotometer at 750 nm.
Determination of the total flavonoid content

The total flavonoid content was determined using the
aluminum chloride colorimetric method (Marinova et al.,
2005). First, 1 ml of extract was added to 4 ml distilled
water in a flask, followed by the addition of 0.3 ml of 5%
NaNO2. After 5 min, 0.3 ml of 10% AlCl3 was added, and
the mixture was diluted to 10 ml by adding 2.4 ml distilled water. The absorbance of the mixture was measured at 510 nm.
Determination of the rosmarinic acid content

The aerial parts of the plants were dried at 63EC for
48 h. To determine the rosmarinic acid content, the
dried plant material was ground into fine powder, and
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then, 0.5 g of the powder was dissolved in 30 ml methanol and kept at room temperature for 8 h. The process
was repeated several times with the same solvent system until the solvent portion became colorless. A Whatman No. 1 filter paper was used for filtering the solvent
extract. The solvent extract was then concentrated
under reduced pressure by using a rotary evaporator.
The concentrated extract was transferred to conical
flasks, and the remaining solvent was removed. Final
drying was performed by placing the concentrated extracts in an electric oven at room temperature, and the
weights of the final dried extracts were measured. Four
milligrams of crude extract were dissolved in HPLCgrade ethanol (Merck, Germany) to form 1 mg/ml stock
solution. Twenty microliters of each working standard
solution was injected into the HPLC system in five replicates. A calibration curve was generated by linear regression based on peak areas (Ozturk et al., 2010). One
milliliter of each sample was finally filtered into HPLC
vials by using disposable polypropylene syringe filters
with 0.2 μm pore size and was then subjected to HPLC
analysis. The HPLC system used was an Agilent (7890A
model, USA) with a C18 Eurospher100 column (125
× 4 mm and 5 μm particle size).
Standard preparation

The standard compound of rosmarinic acid (99%) was
used as the reference compound. From the stock solution, serial dilutions (0, 10, 20, 30, 40, 50, 60, and
70 μg/ml) were prepared and injected into the injection
port of the HPLC unit. The run time was set for 3.7 min.
The retention time and the standard area were obtained.
A calibration curve was generated by linear regression
based on peak areas (Vijaykumar et al., 2007).
Injection of the sample solution

The extracted leaf samples were filtered and injected
(20 μl) into the HPLC port with a 25 μl syringe in three
replicates. The run time was adjusted for 12 min. Rosmarinic acid peaks were identified using the standard
retention time and the area of the peak was recorded.
Estimation of the size and density of stomata

Fifty stomata were measured on the lower epidermis
of leaves taken randomly from untreated and colchicinetreated plants. For this purpose, four well-expanded
fresh leaves of control and colchicine-treated plants were
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Determination of the ploidy of the plants
by flow cytometry
Fresh leaves were collected from the control plant
and plants treated with different concentrations of colchicine. The nuclei were extracted and analyzed for
polyploidy by flow cytometry (CyFlow® Cube8, Partec,
Germany). The leaves were chopped with a razor blade,
homogenized in Petri dishes containing 400 ml of a nuclei extraction buffer, and filtered using a 30 nm filter.
The filtered nuclei samples were stained for 1 min using
1600 ml 4N,6-diamidino-2-phenylindole (DAPI) staining
buffer (Yokoya et al., 2000). All extraction processes
were performed on ice. The fluorescence emission was
measured using a 365 nm filter.
To confirm the flow cytometry results, root tips were
excised and pretreated with 0.002 M 8-hydroxyquinoline
for 4 h at room temperature, and then washed in distilled water for 5 min. The root tips were fixed with Carnoy
solution at room temperature for 24 h. They were rinsed
with distilled water and stored in 70% ethanol at 4EC for
further cytological analysis. The roots were hydrolyzed
in 1 N HCl for 12 min at 60EC and then squashed on
slides containing a drop of 1% acetocarmine staining
solution (Sakhanokho et al., 2009).
Statistical analysis

The experimental design was a factorial experiment
based on a completely randomized two-factor design with
three replicates. The obtained data were analyzed using
SPSS version 25, and mean comparisons were made
following Duncan’s multiple range test at P # 0.05.
Results
Effect of colchicine concentrations and exposure times
on total dry weight
The analysis of variance revealed that colchicine concentrations (C) and exposure times (T) significantly affected the total shoot and root dry weight. The inter-
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taken, and xylene was applied to the lower epidermis
and kept for drying. After drying, the lower epidermis
was peeled off with forceps and was stained with trypan
blue (Sigma, USA) for visualization of stomatal density
under a light microscope (Olympus BX40, Shinjuku,
Tokyo, Japan) at 40 and 100 × magnification (Hamill
et al., 1992). The difference in the stomata length between the colchicine-treated plants and control plants
was observed by Cryo SEM analysis.

Total dry weight [g]
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Colchicine × Exposure time

Fig. 1. A comparison of the effect of colchicine concentrations
and exposure times on total dry weight; mean values ± standard error of the mean (SEM) are derived from three independent replicates; the values superscripted by different letters
are significantly different (P # 0.01)

action of C × T was significant in terms of total dry
weight (P # 0.01) (Table 1). The results showed that the
total dry weight increased with the increase in the percentage of colchicine. The highest total dry weight
(0.38 ± 0.04 g) was observed at 0.1% colchicine and 24 h
exposure time, while the treatment of plants with 0.05%
colchicine and 72 h exposure time resulted in a slight decrease in the total dry weight (0.08 ± 0.01 g) in comparison to controls (0.13 ± 0.04 g) – Figure 1. The plants
indicated stress symptoms such as leaf fall due to a high
concentration of colchicine. The symptoms and lethality
also increased with the increase in the colchicine concentration and exposure time The symptoms and lethality varied depending on the concentration of colchicine
and exposure time, for example, the total shoot and root
dry weight of plants treated with 0.05% colchicine for
72 h was 0.08 ± 0.01 g, whereas the plants treated with
0.1 and 0.2% colchicine for 72 h were unable to survive.
Effect of colchicine concentrations and exposure times
on chlorophyll and carotenoid contents
The results indicated that colchicine concentrations
(C) and exposure times (T) significantly affected chlorophyll a, chlorophyll b, and carotenoid contents. The
interaction of C × T was significant in terms of chlorophyll a, chlorophyll b, and carotenoid contents (P # 0.01)
(Table 1). The results revealed that chlorophyll a, chlorophyll b, and carotenoid contents increased with the
increase in the percentage of colchicine up to 1%, while
chlorophyll a, chlorophyll b, and carotenoid contents decreased with the increase in the exposure time of col-
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Table 1. A variance analysis of the effect of colchicine concentrations and exposure times
on some physiological traits of Melissa officinalis
S.O.V

Mean square

df

Chl.a

TDW
*

7.77

**

Caro

Phenol

0.68

**

51888.2

*

0.15

**

4731.7

**

0.60

**

1758.0
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3

0.017

Time (T)

2

0.024

**

2.18
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6

0.040

**
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18

0.004
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0.03
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615.2
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*

*

2446.1

ns
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**

613.6
717.4
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0.23

**
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*

0.01

**
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227.4

0.00
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**

ns
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0.003

ns

ns

0.01

0.005

ns

6.76

**

ns

0.01

0.00

5

Chlorophyll a

Chlorophyll b

4
3
2
1

72

48

T
0.
2

T
0.
2

C

C

C

24

72

T
0.
2

T

48

0.
1

C

C

C

0.1

0.
1

T

T

24

72

48

T
0.
05

C

0.
05

C

C

T

24

72

T

T
0

0.
05

T
0

C

T 24
C0

48

0
C

Chlorophyll a and b [:g/g FW]

TDW – total dry weight, Chlo.a – chlorophyll a, Chlo.b – chlorophyll b, Caro – carotenoid, Flavo – flavonoid, RMA – rosmarinic acid,
NS – number of stomata, SL – stomatal length, SW – stomatal width

Colchicine × Exposure time

Fig. 2. Mean comparison of the effect of colchicine concentrations and exposure times on chlorophyll a and chlorophyll b
contents; mean values ± standard error of the mean (SEM) are
derived from three independent replicates (P # 0.01)
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Fig. 3. Mean comparison of the effect of colchicine concentrations and exposure times on carotenoid contents; mean values
± standard error of the mean (SEM) are derived from three independent replicates; the values superscripted by different
letters are significantly different (P # 0.01)

chicine. The highest chlorophyll a (4.60 ± 0.01 μg/g FW),
chlorophyll b (1.49 ± 0.03 μg/g FW), and carotenoid contents (357.2 ± 14.7 μg/g FW) were observed at 0.1% col-

chicine and 24 h exposure time compared to the control
for chlorophyll a (1.49 ± 0.2 μg/g FW), chlorophyll b
(0.52 ± 0.07 μg/g FW), and carotenoid contents (121.3
± 16.2 μg/g FW) (Fig. 2 and Fig. 3). The treatment of
plants with 0.05% colchicine and 72 h exposure time resulted in a slight decrease in chlorophyll a, chlorophyll b,
and carotenoid contents compared to 0.1% treatment
and 24 h exposure time. The plants indicated stress
symptoms and lethality depending on colchicine concentration and exposure time. The mortality rate at 0.1%
and 0.2% colchicine for 72 h was 100%.
Effect of colchicine concentrations and exposure times
on the total phenolic content
The results of the analysis of variance indicated that
the main effect of colchicine and exposure time significantly affected the total phenolic content (P # 0.05),
while the interaction of colchicine and exposure time
had no significant influence on the total phenolic content
(Table 1). The results showed that the highest total phenolic content (62.88 ± 5.6 μg/g FW) was obtained at
0.05% colchicine in comparison to the control plant
(15.70 ± 0.47 μg/g FW), while the increase in the exposure time led to a decrease in the total phenolic content
(Fig. 4).
Effect of colchicine concentrations and exposure times
on the total flavonoid content
Colchicine concentrations (C) and exposure times (T)
significantly affected the total flavonoid content. The
interaction of C × T was significant in terms of the total
flavonoid content (P # 0.01) – Table 1. The results revealed that the total flavonoid content increased with the
increase in the colchicine concentration of up to 0.1%.
The highest total flavonoid content (64.7 ± 19.4 mg/g)
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was observed at 0.1% colchicine and 48 h exposure time,
while the treatment of plants with 0.05% colchicine and
24 h exposure time resulted in a slight decrease in the
total flavonoid content compared to the total flavonoid
content of 13.1 ± 1.3 μg/g FW in the control plant
(Fig. 5).
Effect of colchicine concentrations and exposure times
on the rosmarinic acid content
The HPLC results indicated that the highest rosmarinic acid content (0.98 ± 0.01 mg/g DW) was observed at
0.05% colchicine concentration and 48 h exposure time,
while the treatment of plants with 0.2% colchicine and
24 h exposure time resulted in a slight decrease in the
rosmarinic acid content compared to the rosmarinic acid
content of 0.64 ± 0.01 mg/g DW in the controls (Fig. 6).

Effect of colchicine concentrations and exposure times
on the size and density of stomata
The analysis of variance showed that the colchicine
concentration affected significantly the size and density
of stomata, while exposure times and the interaction of
C × T were not significant in terms of the size and density of the stomata of lemon balm (Table 1). Among
colchicine concentrations, 0.2% colchicine yielded the
lowest density of stoma (6.19 ± 0.43), followed by 0.1%
and 0.05% concentrations and the controls (0%). The
results showed that the size of the stomata in colchicinetreated plants was larger than that in diploid plants. The
length of stomata varied depending on different colchicine concentrations, ranging from 31.19 ± 0.59 μm (controls) to 39.93 ± 0.75 μm (0.2% colchicine), and their
width varied from 17.94 ± 0.47 μm (controls) to 23.20
± 0.71 μm (0.2% colchicine) (Fig. 7 and Fig. 8).
Determination of the ploidy levels of plants
by flow cytometry
The 2-month-old controls and tetraploid plants were
analyzed by flow cytometry for chromosome number confirmation. The results of the flow cytometric analysis indicated that the fluorescence intensity peak position in
a diploid sample (2 ×) was almost 160 (Fig. 9A), while the
peak of the tetraploid sample (4 ×) was 320 (Fig. 9B). The
result of flow cytometry showed that tetraploidy was
detected in plants derived from the germinating seeds
exposed to 0.2% colchicine for 24 h. No tetraploidy was
detected in seedlings exposed to other colchicine concentrations. This result suggests that 0.2% colchicine
treatment for 24 h was sufficient to induce cell polyploidization, whereas 0.2% colchicine for 48 h treatment
had some toxic effects such as leaf fall.
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Fig. 6. HPLC chromatogram of lemon balm treated with A) 0.05% colchicine and 48 h exposure time
and B) 0.2% colchicine and 24 h exposure time
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To confirm the flow cytometry results, the chromosome number of each sample was counted using a microscope at 40 × magnification (Olympus BX40). Cells from
tetraploid plants had 2n = 4x = 44 chromosomes, which

was twice the number of chromosomes in the diploid
controls (2n = 2x = 22) (Fig. 10). This indicated that
flow cytometry can be used for the identification of polyploidy in lemon balm.
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A

B

Fig. 8. The size of the stoma of A) a colchicine-treated and B) untreated plant; stomata were
obtained from the same parts of the leaves in the control and treated plants and observed
under a light microscope at 40× and 100× magnification (scale bar = 40 μm)
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Fig. 9. Histogram of the flow cytometric analysis of Melissa officinalis L. A) diploid (2n = 2x = 32)
and B) tetraploid plant (2n = 4x = 64)

Discussion
Improvement of plant characteristics is required for
an effective development of new varieties that are of
high pharmaceutical and economical interest. Polyploidy
is an interesting phenomenon in plants and plays a major
role in plant evolution by establishing an important pathway for diversification and genetic variations (Bennett,
2004). In our study, the highest rate of chromosome
doubling was achieved when the explants were treated
with 0.2% colchicine for 24 h, which was associated with
the highest plant survival rates without toxic effects,
while a longer duration of treatment (72 h) at 0.1% and
0.2% colchicine concentrations was found to be lethal.

The application of colchicine was found to be effective
for chromosome doubling of many crops, including feverfew (Tanacetum parthenium L.) (Saharkhiz, 2007),
Acacia mangium (Harbard et al., 2012), Swamp rose
mallow (Hibiscus moscheutos) (Li and Ruter, 2017),
White orchid tree (Bauhinia acuminata) (Basumatari and
Das, 2017), Sultana (Impatiens walleriana) (Wang et al.,
2018), and Gladiolus (Gladiolus grandiflorus) (Manzoor
et al., 2018).
The size and density of stomata have been used to
differentiate between colchicine-treated and untreated
plants (Omezzine et al., 2012; Vanitha et al., 2013). As
seen in stomatal size, plants under 0.2% colchicine treat-
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Fig. 10. The chromosomes of A) diploid (2n = 2x = 32)
and B) tetraploid (2n = 4x = 64) plants of Melissa officinalis L.

ment showed a higher ploidy level than the untreated
plants. The stomatal size increased in the tetraploid
plants, but the stomatal density decreased (Fig. 7).
These observations are in agreement with the results of
Chen and Gao (2007) on Astragalus membranaceus,
Tang et al. (2010) on Paulownia tomentosa, Wannakrairoj and Tefera (2013) on Aframomum corrorima, and
Ghani et al. (2014) on Mentha mozaffarianii; these authors reported that the mean length of the stomata was
higher in tetraploid plants than in diploid plants. However, the stomatal number per unit was significantly reduced by increasing the ploidy level due to the increased
stomatal size. High ploidy levels resulting in lower
stomatal density have previously been confirmed in
M. mozaffarianii (Ghani et al., 2014), and Tagetes erecta
(Sajjad et al., 2013).
The present study showed that tetraploids had
a higher chlorophyll index as well as higher fresh and
dry weights than diploids. Similar results were previously reported in feverfew (Saharkhiz, 2007), M. mozaffarianii (Ghani et al., 2014), strawberry (Murti et al.,
2012), and Echinacea purpurea (Abdoli et al., 2013). In
the present study, tetraploids showed higher fresh and
dry weights than diploids, whereas the dry weight of
Vicia villosa (Tulay and Unal, 2010) and Anthurium andraeanum (Chen et al., 2011) was higher in diploids than
in tetraploids. Our results also agreed well with the
findings of Maruska et al. (2010) who showed that polyploidy allows to develop plant forms containing higher
amounts of biologically active compounds than their
initial diploid forms.

In agreement with the reports of Manzoor et al.
(2018) on gladiolus (G. grandiflorus), Wang et al. (2018)
on Sultana (I. walleriana), and Li and Ruter (2017) on
Swamp rose mallow (Hibiscus moscheutos), the findings
of the present study indicated that a low concentration
of colchicine facilitated plant growth as indicated by an
increase in certain measured morphological and phytochemical traits such as total dry weight and phenol, flavonoid, and rosmarinic acid contents. Various studies
have reported that under an extremely high concentration of colchicine, the plant growth was inhibited and the
mortality rate of plants increased due to toxic effects
(Maruska et al., 2010; Sajjad et al., 2013; Talebi et al.,
2017). Apparent variations in cytological and morphological traits compared to the diploid plants were observed for the tetraploid lemon balm plants analyzed in
the present study (Fig. 9 and Fig. 10). The tetraploid
plants had significantly larger stomata and higher rosmarinic acid contents, suggesting that the tetraploid
plants may have higher photosynthetic and transpiration
capacities. The remarkable differences in morphological
phenotypes, stomata size, and density in the tetraploid
plants may explain their elevated levels of rosmarinic
acid content, because lemon balm leaves are the main
tissue for both synthesis and primary accumulation of
rosmarinic acid (Yadav et al., 2011). Our results indicated that the levels of rosmarinic acid content were
higher in tetraploid plants than in diploid plants. In this
study, tetraploid lemon balm plants had improved characteristics, including growth indices, stomata size and
rosmarinic acid content.
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In the present study, the analysis of chromosome
number and the flow cytometric analysis demonstrated
the induction of tetraploid individuals (2n = 4x = 64)
from diploid plants after the treatment of M. officinalis
L. with colchicine. Moghbel et al. (2015) showed that
the DNA content increased because of polyploidy induction in safflower and licorice plants. The basic method
used for ploidy estimation is a flow cytometric analysis,
which is a quick, reliable, and widely used technique for
identifying ploidy in plants (Urwin et al., 2007). The flow
cytometric analysis reduces the time needed to determine the ploidy level in safflower and licorice plants
(Moghbel et al., 2015), and its reliability has been proven in cytological analyses (Harbard et al., 2012; Pereira
et al., 2014; Talebi et al., 2017).
Conclusions
Increasing the concentration of colchicine decreased
the survival rate of M. officinalis L. The explants treated with 0.2% colchicine for 24 h showed the maximum
rate of polyploid induction. By increasing the ploidy level, the stomatal features as well as the morpho-physiological characteristics of the plant markedly changed.
Moreover, the techniques of polyploid induction could
be considered as models for polyploidy manipulation in
other medicinal and ornamental plants.
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