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Abstract This study described the effects of colchicine application on the morphological
characteristics of Neolamarckia cadamba plantlets. Surface-sterilised seeds and in vitro-grown
nodal segments were treated with different concentrations of colchicine (0.1%, 0.3%, and 0.5%)
and durations (24 h and 48 h). For both seeds and nodal segment explants, mortality rates
correlated positively with colchicine concentration and treatment duration. In terms of
morphological characteristics, the explants showed a decrease in shoot length, but an increase
in the percentage of shoots with abnormal leaves and darker green leaves over the control when
treated with more severe colchicine. For seeds treated with colchicine, multiple shoot seedlings
were also observed. The number of shoots proliferated correlated positively with the severity of
colchicine treatment. It showed that colchicine could exert plant development in vitro, which is
similar to plant growth regulators. The stem diameter of seedlings was larger when seeds were
treated with colchicine. A higher colchicine concentration with a longer period of treatment of
explants induced higher variation. The various morphological characteristics observed in the
treated explants indicated genetic changes which could be useful for the genetic improvement
of N. cadamba.
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Introduction

Neolamarckia cadamba (Roxb.) Bosser belongs to the Rubiaceae. Its
local name varies between countries: Kelempayan (Malaysia), Krathum
(Thailand) and Jabon (Indonesia) (Soerianegara and Lemmens, 1993). This
rapid-growing semi-hardwood forest tree can reach 45 m in height and 1.6 m in
diameter. The average leaf size is 50 cm =< 25 cm, opposite-leaf arrangement,
oval in shape, and broader leaves on young plants (Krisnawati et al., 2011). N.
cadamba has been used widely in Ayurvedic medicine to treat various types of
ailments from mild to severe in India. This has led to prolific literature on the
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phytochemistry of this forest tree that focuses on its traditional medicinal uses
and pharmacological effects. Three comprehensive review articles summarise
all the uses of this tree in medicine (Dubey et al., 2011a, 2011b; Dwevedi et al.,
2015; Pandey and Negi, 2016). In Malaysia, Indonesia, and Southern China, the
silvicultural practices of N. cadamba are mainly aimed at timber and pulp
production.

Research related to the improvement of plant genotypes, silviculture,
and fibre usage of this plant has been rare in comparison with that of traditional
medication. The genes responsible for lignin and cell wall synthesis in N.
cadamba have been identified (Ho et al., 2014; Tiong et al., 2014; Pang et al.,
2015; Tchin et al., 2018a, 2018b; Ho et al., 2020), which are essential for the
production of quality timber. Genetic improvement in N. cadamba through
mutagenesis is conducted using chemical mutagens, such as ethyl
methanesulfonate (EMS) (Zayed et al., 2014) and physical mutagens, such as
gamma rays (Zanzibar and Danu, 2015). Fibre yield from this tree is suitable
for pulp production (Lal et al., 2010).

Colchicine is an alkaloid extracted from Colchicum autumnale L. whole
plants (Nelson et al., 2007) and Gloriosa superba L. roots (Ghosh et al.,
2002), both from the Liliaceae family. It has been commonly used as an
effective medicine for treating gout for ages (Wallace, 1961). In plant science
research, colchicine is used to produce mutants, particularly autopolyploids,
due to its antimitotic actions in the cell (Rego et al., 2011; Dixit and
Chaudhary, 2014; Niu et al.,, 2016; Noori et al., 2017). Apart from
polyploidisation, gene mutations in explants have also been reported in several
studies involving colchicine (Rauf et al., 2006; Khosravi et al., 2009;
Podwyszynska et al., 2015). Studies on the plant morphology of a large
population of explants that have undergone colchicine treatment are limited
because researchers often omit this area of research. It is noteworthy that
colchicine has effects similar to plant growth regulators (PGRS), which
influence developmental variances, either stimulatory or inhibitory (Hayashi et
al., 2008; El-Nashar and Ammar, 2016). Furthermore, some studies compared
the effects of colchicine and PGRs on plant morphology directly (Bennici et al.,
2006; Tank and Thaker, 2014; El-Latif et al., 2018).

Gene or genome mutation breeding of tropical forest trees has been
limited mainly due to its slow-growing habit and recalcitrance to the plant
growth regulators (PGRs). These characteristics hamper the development of an
efficient in vitro system that is fundamental to the efficiency of mutation
breeding. In this study, we described the effects of colchicine application on the
in vitro regeneration and morphological characteristics of N. cadamba plantlets
derived from seeds and nodal segments. Information derived from this study
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could pave the way for laying the foundations in the establishment and
identification of improved N. cadamba plants, which are more superior and
economically important to both the industry and environment. Hence, the
objective of this study was to determine the effects of colchicine application on
the in vitro regeneration and morphological characteristics of N. cadamba
plantlets derived from seeds and nodal segments. To the best of our knowledge,
there are no published reports on colchicine treatment of N. cadamba.

Materials and methods
Seed pre-treatment and surface sterilisation

After collection from the field, the processed seeds from the selected N.
cadamba candidate plus tree (Clone CPT-N5; N02<00.780" E11203.877"),
were stored in a refrigerator at 4<C to ensure that they were fresh and not
damaged. This experiment was conducted from February 2018 to March 2019.
Seeds used in all the experiments were thoroughly cleaned from debris, and
only healthy seeds were selected for pre-treatment. The seeds were soaked in
sterile distilled water for 24 h at 35<C in a water bath in order to overcome seed
dormancy before in vitro germination. The seeds were surface-sterilised using
the first 20% (v/v) Clorox (5.0% sodium hypochlorite) with a drop of Tween-
20 for two min, and secondly 70% (v/v) ethanol for 30 seconds. The seeds were
also rinsed once with sterile distilled water between the two stated sterilant
treatments. Finally, after carrying out the sterilisation regime as described, the
seeds were further rinsed three times in sterile distilled water.

Medium preparation

The medium used for seed germination was B5 medium (Gamborg et al.,
1968), while for shoot regeneration, the medium used was B5 medium
supplemented with 1 mg/L 6-Benzylaminopurine (BAP). Both media were
supplemented with 20 g/L sucrose and solidified with 8 g/L Phyto-agar. The
medium pH was adjusted to 5.5 before autoclaving at 121 <C for 20 min.

Colchicine treatment for seeds
Seeds were treated with colchicine at three different concentrations and
two durations for each concentration: 0.1%, 0.3%, and 0.5% colchicine for 24 h

and 48 h, respectively. In the control treatment, sterile distilled water was used
for 24 h and 48 h. To improve contact between colchicine and explants, the
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explants submerged in the colchicine solution were agitated at 100 rpm on an
orbital shaker. The whole process of treatment was conducted in the dark to
avoid deterioration of colchicine. Seeds treated with colchicine were surface-
sterilised before being cultured on basal BS medium in a disposable Petri dish.
The culture was incubated for four weeks to determine the germination
percentage. Germinated seedlings were transferred to glass jars with fresh basal
B5 medium for eight weeks with 4-weekly subcultures before morphological
data were recorded.

Colchicine treatment for nodal segments

The following procedure was used to obtain nodal segments for
colchicine treatment. Surface-sterilised seeds were inoculated onto basal B5
medium (Gamborg et al., 1968) for seed germination. After two months, a
healthy seedling was chosen as the explant for multiple shoot regeneration. The
seedlings were excised into individual nodal segments and transferred onto
shoot regeneration medium (B5 medium + 1.0 mg/L BAP). After a month,
individual nodal segments were excised again from newly formed shoots. This
process was repeated until a sufficient number of nodal segments were attained.
Finally, individual shoots were excised from shoot clumps and cultured on B5
medium for eight weeks (sub-cultured every four weeks) to eliminate the
effects of BAP before colchicine treatment. The nodal segments harvested after
the process, as described above, were treated with the same colchicine
concentrations and durations as the treatment conditions for seeds. Treated
nodal segments were cultured on shoot regeneration medium in a glass jar for
eight weeks with 4-weekly subcultures before morphological data were
recorded.

Culture conditions

All cultures were incubated at 25 £ 1<C with a 16 h photoperiod (40
pmolms™) provided by LEDs (Light Emitting Diodes) horticultural lighting.
The cultures were incubated for four weeks to determine the surviving explants.
Morphological characters of seedlings were recorded, which include plant
height, number of leaves, number of shoots, and leaf greenness after eight
weeks of colchicine treatment.

Experimental design and data analysis

There were eight treatments, including two controls for both seeds (100
seeds per treatment) and nodal segments (ten nodal segments per treatment).
Both experiments were repeated thrice. Morphological characters of seedlings
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and shoots were recorded, including plant height, stem diameter, number of
nodes, number of leaves, number of shoots, and leaf greenness. Leaf greenness
of this study was determined using the IRRI (International Rice Research
Institute) leaf colour chart. This chart is used by the IRRI to measure the
greenness of rice leaves before determining the nitrogen fertiliser requirement
of rice crops (www.knowledgebank.irri.org). Data were subjected to analysis of
variance (ANOVA) using IBM SPSS version 23 programme. ANOVA was
carried out, followed by Duncan New Multiple Range Test (DNMRT) (P <
0.05).

Results
Seed and nodal segment mortality

In the first experiment, seeds were treated with different colchicine
concentrations and durations before inoculation on seed germination medium,
namely basal B5 medium. The seed germination percentage was the first
variation assessed before the morphological characteristics (Figure 1a). The
data collected showed the extent of toxicity of different concentrations of
colchicine for different durations of treatment on the seeds (Figure 2). The
highest seed germination percentage attained was the control treatment
(distilled water, 24 h) at 15.67% (Figure 1a).

In the second experiment, uniform nodal segments derived from a
seedling were treated with the same colchicine regime as the seeds in the first
experiment. The highest surviving nodal segments were from the control
treatment (distilled water, 24 h) at 86.67%. Meanwhile, the lowest surviving
percentage of nodal segments (23.33%) was from 0.5% colchicine treatment at
48 h. In all colchicine-treated nodal segments and control, more prolonged
submersion in either colchicine solution or sterile distilled water tended to
increase mortality (Figure 1b). In the control treatment, buds started to emerge
after the second week of culture on the shoot regeneration medium. However,
colchicine-treated explants only started to produce buds after three to four
weeks. Generally, nodal segments treated with more severe colchicine took
longer time to regenerate (Figure 3a, 3b, 3c, and 3d). This could be due to the
injury inflicted by colchicine, and therefore, time is required for the explants to
recover before regeneration can take place. Explants that did not survive were
bleached before they turned brown (Figure 3e).

Physical and chemical-induced mutagenesis studies often used lethal dose
50 (LD50) to determine the specific dosage of mutagens that likely to induce
mutations. LD50 means the concentration or duration of mutagen treatment that
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can reduce the living population of explants by half. In this study, control
treatment (0.0% colchicine, 24 h, and 48 h) was used as the baseline to
determine the LD 50 of colchicine-treated explants (Figure 1a and b). In seeds,
half of the germination percentage of the first control (0.0% colchicine, 24 h)
was 7.84%, while second control (0.0% colchicine, 48 h) was 7.16% (Figure
1a). Therefore, the LD50 for N. cadamba seeds was 0.3% colchicine for 48 h,
0.5% colchicine for 24 h, and 0.5% colchicine for 48 h. In nodal segments, half
of the surviving of the first control (0.0% colchicine, 24 h) was 45.0%, while
second control (0.0% colchicine, 48 h) was 33.35% (Figure 1b). Therefore, the
LD 50 for N. cadamba nodal segments for the first control was 0.5% colchicine
for 24 h, while the second control was 0.5% colchicine for 48 h.

Shoot length and node number

In the first experiment, when seeds were treated with different
concentrations of colchicine for different durations, the results showed that the
seedlings with the longest mean shoot length (2.83 cm) were from 0.0%
colchicine for 24 h (control), whereas the shortest mean shoot length (1.81 cm)
was from 0.5% colchicine for 24 h (Table 1). In terms of the number of nodes,
0.0% colchicine for 24 h (control) had the highest mean number of nodes per
shoot (5.06), while treatment with 0.5% colchicine for 24 h had the lowest
mean number of nodes per shoot (2.53). For the second experiment involving
the nodal segments, the longest mean shoot length (0.73 cm) was from the
control treatments, while the shortest mean shoot length (0.41 cm) was from
0.5% colchicine for 48 h (Table 2). In the case of the number of nodes, the
highest mean number of nodes per shoot (2.08) was from treatment with 0.3%
colchicine for 48 h, whereas treatment with 0.5% colchicine for 24 h had the
lowest mean number of nodes per shoot (1.22). Therefore, morphological
variation concerning the mean shoot length, either the colchicine-treated seeds
or nodal segments, produced shoots shorter than those in the control treatment
due to delayed growth after colchicine treatment.

Stem diameter and multiple shoot production

The mean stem diameters of shoots from all colchicine-treated seeds were
larger than those of the control treatment. The largest mean stem diameter was
2.09 mm found on seedlings from seeds treated with 0.5% colchicine for 48 h,
while the smallest was 1.15 mm from control for 48 h (Table 1). The stems of
seedlings from the control treatment were weak and thin (Figure 2a). However,
seedlings from seeds treated with colchicine had thicker and stronger stems
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(Figure 2c and 2d). In the case of nodal segments, no significant difference was
found in stem diameter between shoots regenerated from colchicine-treated or
control nodal segments (Table 2). No morphological variation was observed in
terms of stem diameter of the regenerated shoots from the colchicine-treated
nodal segment. This could be due to the effect of the regeneration medium used
in forcing multiple shoot regeneration from colchicine-treated nodal segments.

Seeds treated with colchicine produced multiple-shoot seedlings, while
very few of the seedlings in the control treatments showed multiple shoot traits.
The data showed that 0.3% colchicine for 48 h treatment induced the highest
mean number of shoots per seedling (2.59) and the highest mean percentage of
seedlings with multiple shoots (75.0%) (Table 1). Among all seeds treated with
0.1% colchicine for 24 h and 48 h, the mean number of shoots per seedling was
lower than that of 0.3% colchicine regardless of treatment duration. This result
indicates that more severe colchicine treatments (0.3% for 24 h and 48 h) tend
to stimulate seeds to form a higher number of shoots per seedling. Seedlings
from seeds treated with colchicine exhibited immense morphological variation
through the development of seedlings with multiple shoots (Figure 2b and 2c).
The extent of this variation is, therefore, colchicine-dosage dependent.
However, in the nodal segment study, all nodal segments treated with
colchicine from control to 0.1% colchicine for 48 h produced multiple shoots,
but at 0.5% for 24 h and 48 h, only about 50% of them produced shoots even
though nodal segments were cultured on the same shoot regeneration medium
(Table 2). Half of the nodal segment produced only a single shoot with stunted
growth. The result of nodal segment culture was in contrast with seed culture as
colchicine seems to be inhibitive to the growth and development of nodal
segments, but simulative to seeds.

Leaf morphology

In seeds, seedlings with the highest mean number of leaves per shoot
(10.11) were from 0.0% colchicine for 24 h, while the lowest mean number of
leaves per shoot (5.24) was from 0.5% colchicine for 24 h (Table 1). The mean
number of leaves per shoot reduced when the severity of colchicine increased to
0.5% colchicine for 24 h but decreased on 0.5% colchicine for 48 h. In nodal
segments, shoots regenerated with the highest mean number of leaves per shoot
(4.15) was from 0.3% colchicine for 48 h, while the lowest mean number of
leaves per shoot (2.47) was on 0.5% colchicine for 24 h. Although there was a
significant difference in terms of the mean number of leaves per shoot between
treatments (Table 2), no noticeable trend was observed between the number of
leaves per shoot when the severity of colchicine treatment increased.
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Abnormal leaves occur on the shoots of seeds and nodal segments treated
with colchicine. Several types of morphologically aberrant leaves occur, such
as curled leaves (Figure 2e), orbicular leaves (Figure 2f), and unexpanded
leaves (Figure 3f). For both explants derived from seeds and nodal segments
without colchicine treatment, no abnormal leaf was observed. Seeds treated
with 0.3% colchicine for 48 h produced the highest mean percentage of the
explants with abnormal leaves (45.83%) (Table 1). However, nodal segments
treated with 0.5% colchicine for 48 h produced the highest mean percentage of
the explants with abnormal leaves (50.00%) (Table 2). Over the passage of in
vitro conditions, the abnormal leaves will age and senesce, and the plant may
grow new leaves that are normal. This phenomenon appears to be temporary in
nature. In the experiment using seeds, seedlings with darker green leaves were
not significantly different (Table 1). In nodal segments, the mean percentage of
darker green leaves was significant among the colchicine-treated treatments.
However, none of the shoots from nodal segments in control treatments showed
a darker green leaf trait. The highest mean percentage of dark green leaves
(61.11%) was obtained at 0.5% colchicine for 24 h (Table 2).

Table 1. Morphological effects after colchicine treatment on seeds under in
vitro condition

Colchi- Time  Shoot No. of Stem No. of Multiple  No. of Abnormal Dark
cine (H) length nodes diameter  shoots shoots leaves leaves (%)  green
(%, wiv) (cm) = per (mm) = per (%) = per +SE leaves
SE shoot+ SE seedling S.E shoot + (%) =
S.E +SE S.E S.E
0.0 24 283+ 5.06 + 134 + 1.07 + 6.99 + 1011+ 0.00+0.00° 11.06 +
0.05°% 0.07° 0.08% 0.04° 4.13¢ 0.13° 2.76°
48 2.80 + 468+ 115+ 1.04 + 6.85 + 936+  0.00%0.00° 1227+
0.09° 0.12% 0.02¢ 0.02° 414 0.24% 6.38°
0.1 24 219+ 392+ 173 + 1.30 + 15.50 799+ 1630+ 12.16 +
0.13™ 0.32% 0.04% 0.08™ +2.57¢ 0.49" 9.57%¢ 1.64°
48 2.65 + 429+ 2.06 + 1.25 + 2500+ 859+ 12.78=% 16.11 +
0.12%® 0.39™ 0.14%® 0.09™ 8.66° 0.78™ 3.64™ 3.89°
0.3 24 2.26 + 329+ 1.80 + 220+ 5333+ 665+ 3889+ 16.39 +
0.16™ 0.27% 0.14%® 0.10° 3.33° 0.58%f 11.11% 2.17°
48 1.94 + 3.04 + 1.85 + 259 + 75.00+ 6.08+ 4583 % 27.78 =
0.14° 0.22° 0.15%® 0.18° 0.00° 0.43°% 417° 2.78°
05 24 1.81 + 253+ 1.65 + 239+ 5556+ 524+  41.67=* 27.78 =
0.30° 0.24 0.17™ 0.31° 5.56° 0.45° 17.35% 11.11°
48 249 + 371+ 2.09 + 159 + 4111+ 742+ 2333+ 38.33 +
0.11%® 0.11°%% 0.18* 0.05° 4.84° 0.21°%% 14.53%¢ 21.67°

S.E is Standard error. Data are means of 3 replicates with 100 explants per replicate. Means followed by different
alphabet denote significant differences within a column based on DNMRT (P = 0.05).
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Table 2. Morphological effects after colchicine treatment on nodal segments
under in vitro condition

Colchi- Time Shoot No. of Stem No. of Multiple  No. of Abnormal  Dark
cine (H) length nodes diameter  shoots shoots leaves leaves (%) green
(%, (cm) = per (mm) + per (%) = per +S.E leaves
w/v) SE shoot+ S.E nodal SE shoot + (%) +
SE segment SE SE
+SE
0.0 24 073+ 1.85 + 115+ 481+ 10000 + 371+ 0.00 + 0.00 +
0.01? 0.04? 0.02 0.19° 0.00° 0.08° 0.00° 0.00°
48 073+ 183+ 116 + 400+ 10000 + 3.67=+ 0.00 + 0.00 +
0.00° 0.07? 0.01° 0.17° 0.00° 0.13° 0.00° 0.00°
0.1 24 0.66 + 1.88 + 1.28 + 240 + 7746+ 377+ 17.78 + 10.32 +
0.04® 0.08° 0.08° 0.13¢ 5.64° 0.16° 1.11% 5.21%
48 0.48 + 1.40 + 1.09 + 3.04 + 100.00 + 2.80 + 3111+ 18.89 +
0.03% 0.05° 0.04% 0.22° 0.00% 0.10° 5.88% 1.11>
0.3 24 0.67 + 1.82 + 1.16 + 325+ 7833+ 364+ 28.33 + 35.00 +
0.03® 0.05° 0.022 0.26° 1.67° 0.11 6.01% 5.00®
48 0.58 + 2.08 + 1.28 + 215+ 7389+ 415+ 45.56 + 50.56 +
0.05" 0.23° 0.05° 0.08% 3.89° 0.45° 13.65° 12.92°
05 24 047 + 122 + 1.19 + 1.78 50.00 + 247+ 50.00 + 38.89 +
0.06% 0.03° 0.10% 0.22° 9.62° 0.17° 9.62° 5.56%
48 0.41 + 150 + 119 + 1.44 + 4444+  3.00 =% 44.44 + 61.11 +
0.04¢ 0.10° 0.10% 0.06 5.56° 0.19° 5.56° 20.03°

S.E is Standard error. Data are means of 3 replicates with 10 explants per replicate. Means followed by different
alphabet denote significant differences within a column based on DNMRT (P = 0.05).

Discussion

Screening for mutants from explants treated with mutagen (chemical or
physical) using morphological markers on induced putative mutants is termed
as indirect assessment. Mutants can be morphologically determined by
comparing control plants and mutagen-treated plants. Many articles analysed
the morphological characteristics of the population of regenerants derived from
explants treated with colchicine and its control plants. The experiments
evaluated various plant morphological characteristics, such as plant height,
stem diameter, number of shoots, number of leaves, leaf colour, and abnormal
leaf (Bennici et al., 2006; Amiri et al., 2010; Baig et al., 2016; Feng et al.,
2017; El-Latif et al., 2018). Screening methods, such as indirect assessment is
essential because the population of surviving plants treated with mutagen is
large. The extent of variation in plant morphological characteristics could
reflect the genetic changes and show the effectiveness of mutagen treatments.
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Figure 1. Effects of colchicine on (a) seed germination percentage and (b)
surviving nodal segments (%). The solid line across the bars is 24 h treatment
duration, The dotted line across the bars is 48 h treatment duration
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Figure 2. Seeds treated with different concentrations of colchicine and
durations after 12 weeks of culture: (a) Seedling from seed treated with 0.0%
colchicine for 24 h (control); (b) Seedling from seed treated with 0.1%
colchicine for 24 h; (c) Seedling from seed treated with 0.3% colchicine for 24
h; (d) Seedling from seed treated with 0.5% colchicine for 48 h; (e) Seedling
with curled-leaves (S) from seed treated with 0.3% colchicine for 24 h, and (f)
Seedling with orbicular shape leaf (R) from seed treated with 0.5% colchicine
for 24 h. (Bar =1 cm)
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Figure 3. Nodal segments treated with different concentrations of colchicine
and durations: (a) Shoots regenerated from nodal segment treated with 0.0%
colchicine for 24 h (control) after four weeks of culture; (b) Shoots regenerated
from nodal segment treated with 0.5% colchicine for 24 h after four weeks of
culture; (c) Shoots regenerated from nodal segment treated with 0.0%
colchicine for 24 h (control) after eight weeks of culture; (d) Shoots regenerated
from nodal segment treated with 0.5% colchicine for 24 h after eight weeks of
culture, (e) Bleached and browned explants, and (f) Shoots with unexpanded
leaves from nodal segments treated with 0.5% colchicine for 48 h after eight
weeks of culture. (Bar =1 cm)
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According to Martawijaya et al. (1989), the percentage of seed
germination in the soil of fresh seed varied, but it was relatively low at
approximately 25.0%. In this study, at a concentration of 0.3% colchicine for
24 h or higher, the seed germination percentage was less than 10.0%. As
colchicine concentration and treatment duration increased, the germination
percentage reduces (Figure l1a). In most cases, at the same colchicine
concentration, the longer the treatment, the less successful the seed
germination. The seeds started to germinate the first week after culturing on
seed germination medium, but no new seed germination after a month of
culture. One-month-old germinated seedlings were 1.0 - 1.5 cm in length, and
they were transferred to the basal medium in bigger culture vessels for further
growth.

The results of this study are in agreement with the results of the study of
other species, such as Bletilla striata (Li et al., 2018), Eriobotrya japonica
(Blasco et al., 2015), and Sesamum indicum (Anbarasan et al., 2014), where the
higher the colchicine concentration, and the longer the duration of colchicine
treatment, the lower the percentage of seed germination success under in vitro
conditions. On the contrary, in the case of ex vitro conditions carried out by
other researchers, the more severe the colchicine treatment, the higher is the
success of seed germination, for example in Calendula officinalis (EI-Nashar
and Ammar, 2016), Carica papaya (El-Latif et al., 2018), and Dianthus
caryophyllus (Roychowdhury and Tah, 2011). Therefore, different results in
seed germination after colchicine treatment are species-dependent. Seed
freshness and methods of colchicine treatment (in vitro or ex vitro) are also
relevant contributing factors. Different species have different seed sizes,
dormancy lengths, and existing protecting surfaces such as testa thickness and
waxy surface. These factors contribute to the success of colchicine penetration
into cells, thereby affecting cell cycles.

The seeds of N. cadamba are tiny and light. One million air-dried seeds
only weight 38-56 g. A single fruit of N. cadamba contains 8000 seeds
(Soerianegara and Lemmens, 1993). In nature, the seeds are transmitted by
either air or water over a wide geographical area. Wild N. cadamba trees
usually colonise river banks in the deep forests of Borneo. Plants often produce
many seeds to offset the low survival rate after germination. In our opinion, the
smaller the seeds, the easier for colchicine to penetrate the cell to induce
mutation and polyploidisation. Apart from the abundance of seeds, seed
germination either in vitro or ex vitro is relatively easier to conduct and
straightforward as the medium for seed germination generally consists of basal
agar medium and soil mix.
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The mortality of nodal segments was positively correlated with the
colchicine concentration and treatment duration (Figure 1b). This is supported
by other studies on explants derived from in vitro systems with preformed
shoot buds, such as nodal segments of Manihot esculenta (Zhou et al., 2017),
shoot tips of Citrus sp. (Aleza et al., 2009), Gerbera jamesonii (Gantait et al.,
2011), Thymus persicus (Tavan et al., 2015), and Vitis x Muscadinia hybrids
(Xie et al., 2015). Unlike seeds, nodal segments are not protected from seed
coats or testa. As a result, nodal segments are more permeable to colchicine,
which could lead to explant mortality.

In vitro regeneration of either auxiliary or adventitious shoots requires the
intervention of PGRs in order to establish an efficient regeneration protocol for
a specific plant. Nodal segments with preformed shoot-buds enable the
auxiliary shoot to regenerate more readily as compared to adventitious shoots.
Both nodal segments and shoot tips contained buds that could be forced to
regenerate in the regeneration medium. In our study, treated nodal segments
were transferred to regeneration medium (B5 + 1 mg/L BAP) to ensure higher
surviving explants and induce a higher number of regenerants (Fig. 3b and 3d).
In Manihot esculenta, colchicine-treated nodal segments were transferred to
shoot proliferation medium consisting of Murashige and Skoog (1962) medium
supplemented with 0.05 mg/L BAP, 0.02 mg/L naphthalene acetic acid (NAA),
20 mg/L sucrose, and 6.3 mg/L agar (Zhou et al., 2017). This medium helps to
reduce the number of chimeric (mixoploid) regenerants of Manihot esculenta
after four cycles of subcultures of nodal segments from regenerants. Therefore,
the optimised regeneration medium is vital for the production of solid
polyploids.

Slower growth of shoots from either colchicine-treated seeds or nodal
segments could be due to the gene or genome changes after colchicine
treatment, leading to biosynthesis or biosynthesis inhibition of PGRs in the cell.
However, long-term observation is needed to ascertain whether changes in
plant height are due to genetics or epigenetics. In the case of the mango tree,
mutants induced by EMS showed a significant reduction in plant height
yielding, a population of dwarf mango plants (Rime et al., 2019). Further
analysis showed that plants treated with a high concentration of EMS have
altered plant hormones with reduced gibberellic acid and elevated abscisic acid
in leaves. With changes in these plant hormones, plant morphological
development might be altered. In this study, shoots regenerated from
colchicine-treated nodal segments showed a reducing trend in shoot length
when colchicine treatment became more severe (Table 2).

Shorter shoot length after colchicine treatment has been described in
other studies, such as Boesenbergia siphonantha and Curcuma inodora
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(Prabhukumar et al., 2015), Dianthus caryophyllus (Roychowdhury and Tah,
2011), Datura stramonium (Amiri et al., 2010) and Sesamum indicum
(Anbarasan et al., 2014). However, some studies are in contrast with these
studies, namely Carica papaya (El-Latif et al., 2018) and Larsenianthus
careyanus (Prabhukumar et al., 2015). Different results in shoot length from
various studies showed that the effects of colchicine could be different for
different species. However, for the number of nodes, several studies have
shown that colchicine-induced polyploids do not affect the number of nodes
such as Eriobotrya japonica (Blasco et al., 2015), Petunia axillaris (Regalado
et al., 2017) and Thymus persicus (Tavan et al., 2015). The number of nodes
per shoot indicates the growth rate of a plant and plant compactness.

Our results are similar to Feng et al. (2017), where the stem diameters of
the entire population of seedlings from seeds treated with colchicine were
recorded and analysed. The largest stem diameter of Rosa multiflora and Rosa
roxburghii were found in seedlings from seeds treated with 0.5% colchicine for
12 h and 6 h, respectively. Another similar study on Dianthus caryophyllus
explants from colchicine-treated seeds also showed that these plants had
marked an increase in stem diameter (Roychowdhury and Tah, 2011).
However, no significant difference was found in stem diameter between shoots
regenerated from colchicine-treated or control nodal segments of N. cadamba
(Table 2). No morphological variation was observed in terms of stem diameter
of the regenerated shoots from the colchicine-treated nodal segments. This
could be due to the effect of the regeneration medium used in forcing multiple
shoot regeneration from colchicine-treated nodal segments.

Larger stem diameter is an important morphological feature as the larger
stem will result in higher productivity, especially for timber tree species. Stem
diameter studies are typical in colchicine-induced polyploids. In a study
involving stem diameter of colchicine-induced autopolyploid Salix viminalis, a
destructive cross-section of the stem was conducted to analyse its bark, wood,
and pith thickness. The bark and wood of the autopolyploids of Salix viminalis
were thicker than its diploids (Dudits et al., 2016). Many similar studies
showed that colchicine-treated explants produced polyploid plants with larger
stem diameters. These studies include Pogostemon cablin (Widoretno, 2016)
and Vitis sp. (Sinski et al., 2014).

The present result of N. cadamba seeds treated with colchicine is similar
to Datura stramonium seeds treated with colchicine and trifularin under ex vitro
conditions, where an increase in mutagen doses will lead to seedling with more
branches (Amiri et al., 2010). However, multiple shoot formation of colchicine-
treated seeds under in vitro conditions free from PGR has never been published
to the best of our knowledge. This study demonstrated that morphological
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variation with regards to the multiple shoot formation on seedlings could be due
to growth regulatory effects exerted by colchicine treatment on seeds of N.
cadamba. The regulatory effect was similar to the effects of cytokinin like
BAP, which is widely used to induce more multiple shoots per explant.
According to Bennici et al. (2006), colchicine could stimulate the growth and
development process of plant cells and tissues. This effect of colchicine in
respect should be further explored and must not be ignored and underestimated.
However, in nodal segments, the number of shoots and multiple shoot
percentage reduced when colchicine concentration increased.

Leaf morphology is an important characteristic that can be easily
observed due to its abundance. Two factors affect the mean number of leaves
per shoot in this study, namely the number of nodes and the number of shoots.
In almost all cases, every node of N. cadamba has two leaves arranged on
opposite sides of the stem. However, some nodes have more than two leaves,
and when this phenomenon occurs, the frequent occurrence is three leaves per
node. In explants producing multiple shoots, the overall growth for every shoot
is slower, which results in a lower number of leaves. Some studies showed that
colchicine at lower concentrations caused the plants to produce more leaves,
while the elevated concentration of colchicine caused the plants to produce a
smaller number of leaves (EI-Nashar and Ammar, 2016; El-Latiff et al., 2018).

Darker green leaves have been observed in several colchicine-induced
polyploids, such as Anthurium andraeanum (Chen et al., 2011), Manihot
esculentum (Zhou et al., 2017), and Pinellia ternate (He et al., 2012). The
darker green colour among the leaves from explants treated with colchicine can
be related to the chloroplast number in cells and leaf thickness. An increase in
the number of chloroplasts in the cell and thicker leaves cause the leaves to
become darker in colour. The chloroplast number is often determined by the
anatomical studies of the leaf stomata. Several polyploidisation studies have
shown that the number of chloroplasts has increased in the stomata cells of
polyploids (He et al., 2012; Xie et al., 2015; Yang et al., 2015; Xu et al., 2016;
Zhou et al., 2017). In Manihot esculentum polyploids, increased photosynthetic
capacities were observed (Zhou et al., 2017). Many published reports have
shown that polyploid plants have thicker leaves (Chen et al., 2011; Huang et
al., 2015; Xu et al., 2016; Zhou et al., 2017). Leaf thickness can be analysed
using transverse sections of paraffin with embedded leaves (Zhou et al., 2017).

The finding suggested that the optimal colchicine treatment threshold
for both seed and nodal segment explants was between 0.3% and 0.5%
colchicine for the duration of 48 h. The colchicine-induced putative polyploids
of N. cadamba exhibited apparent differences in growth and morphology, such
as a decrease in shoot length, larger stem diameter, abnormal leaves, and darker
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green leaves. Variations in plant morphological characteristics reflect the
genetic changes and the effectiveness of colchicine treatment on seeds and
nodal segments of N. cadamba. The colchicine-induced putative polyploids
could facilitate the development of new germplasm for N. cadamba, which in
turn increases the probability of selecting useful germplasm for tree planting
and breeding programmes that can withstand the change in climate for future
tree planting programmes.
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