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Abstract: An efficient callus induction and in vitro regeneration were developed using plant growth
regulators, carbon sources, and basal media for three selected Malaysian wetland rice varieties (MR220,
MR220-CL2, and MR232) and one upland variety (Bario). Effect of plant growth regulator (PGR) was
carried out using four different concentrations (1–4 mg/L) of 2,4-D (2, 4-dichlorophenoxyacetic acid),
and NAA (1-naphthalene acetic acid) (2.5, 5.0, 7.5, and 10 mg/L) with optimized 2,4-D. Effects of carbon
sources (maltose and sorbitol), and basal media (MS, N6, and LS) were also studied with optimized
PGR to maximize the induction of regenerable calli. This study found that all four varieties exhibited
high frequency of callus induction on MS (Murashige and Skoog) medium that was supplemented with
3 mg/L 2,4-D and 30 g/L maltose. Callus induction frequencies in the cases of MR220, MR220-CL2,
MR232, and Bario were found to be 76%, 94%, 85%, and 42% respectively. Morphological analysis
through scanning electron microscopy (SEM) and histological analysis revealed the embryogenicity
of the induced callus. In the regeneration study, it was observed that combination of 2 mg/L BAP
(6-benzylaminopurine), 2 mg/L Kin (Kinetin) and 0.5 mg/L NAA supplemented MS medium has the
potential to promote regeneration of selected indica rice varieties with higher regeneration percentage,
i.e., 82% (MR220-CL2), 68% (both in MR220 and MR232), and 40% (Bario). The optimized conditions
for callus formation and regeneration can be useful for biotechnological practices for the genetic
improvement of Malaysian indica rice.

Keywords: indica rice; plant growth regulator; carbon source; SEM; histology; callus
induction; regeneration

1. Introduction

Rice (Oryza sativa L.) is the second most widely cultivated crop in the world [1]. The major
subspecies of rice are indica and japonica, while indica subspecies is the most widely cultivated crop
in south and southeast Asian countries [2,3]. The National Agrofood Policy of Malaysia (2011–2012)
highlighted that local rice production should be increased to ensure the country’s demand for the
growing population. Malaysia sets to achieve food security up to 80% by 2020, which also increases
the food demand. Several measures have been taken by the government to stabilize the rice supply,
however, the food security only reached 72% as of 2017 [4]. Furthermore, the area of land available for
cultivation of crop is decreasing rapidly because of urbanization as well as a decrease in the area of
fertile land [5]. Previous reports showed that rice production is adversely affected by abiotic stress and
is highly vulnerable to weather changes [6–10]. The increasing demand seriously requires an increase
in yield to bridge the demand and production gap. Malaysian rice is grown both in wetland and
upland areas of the country. Although the yield of wetland rice is comparatively higher than upland
rice, upland rice is advantageous due to its low cost of production and low irrigation requirements [11].
The upland rice Bario is also beneficial for its sticky texture, fine elongated grains, mild pleasant aroma,
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and exquisite taste [12]. It could be promoted as a health food because of its low glycemic index [13].
In order to ensure food security, the country needs to develop new high yielding rice varieties [14]
through available options such as molecular breeding and biotechnology [15].

To increase yield, the Malaysian Agricultural Research and Development Institute (MARDI)
released several hybrid rice varieties including MR220, MR220CL2, and MR232. These hybrid rice
varieties are prime in terms of their quality and comparatively higher yield. However, among the above
varieties, only MR220-CL2 was superior to other varieties with regard to herbicide resistance [6,7,16].
Even though these varieties are said to be high yielding their plants are however susceptible to flooding,
drought, and low resistance to diseases and pests (MR220, MR232, and Bario) [17–19]. To overcome
these challenges, conventional breeding, genetic engineering, and in vitro tissue culture methods
could be combined to develop new rice varieties [20]. Although conventional breeding methods
improve rice varieties, their progress rate is slow [21]. In vitro method is known to be an efficient
method for developing an improved rice variety [22,23]. However, the lack of efficient tissue culture
protocols is one of the main barriers for breeding improvement and biotechnological studies. Previous
research showed that the recalcitrance of indica rice was attributed to low callusing and regenerating
abilities [24] compared to japonica subspecies [22] in particular to various conditions of in vitro tissue
culture. Eventually, within indica subspecies, a significant variation was also found with in vitro
culture response in different genotypes [3].

Somatic embryogenesis (SE) is an important plant propagation method, which can be utilized as
a tool in various crop improvement programs [25]. The earliest stage of SE induction draws attention
due to the situation of embryonic cells, which provides us with information of the mechanism on
cell development as well as the regeneration potential that is used in plant biotechnology [26,27].
Besides, SE is a rapid and robust system for clonal propagation of many plant species receiving
attention for its commercial value [28]. In this process, callus induction and subsequently plant
regeneration are the prime steps and prerequisite before employing any genetic improvement
program [20,29,30]. The success of SE depends on various factors including genotype, explant, plant
growth regulator, basal salt, cultural conditions and developmental stages of the mother plants [31,32].
Among them, plant growth regulators play a key role in cell division and differentiation during
somatic embryogenesis [33,34], thus embryogenic callus is prerequisite for successful regeneration.
Success of callus induction and subsequent regeneration depends on exogenous supply of plant growth
regulators (PGR) [35,36], as well as the type and its concentration of PGR [27,37,38]. In case of callus
induction of rice, 2,4-D alone or in combination with 1-naphthalene acetic acid (NAA) have been
successfully induced from callus-derived from seed [39,40]. Somatic embryogenesis of Malaysian rice
has been studied on MRQ 74, MR80, MRQ50, MR219, MR123, MR127, MR232 by using different media
combination [3,32,41–43]. Panjaitan et al. [31] observed that 2,4-D alone can induce calli up to 80% in
MR219, whereas the combination of 2,4-D and kinetin induce lower calli percentage (61%) in the same
variety [41]. However; the response of MR232 towards 2,4-D and NAA supplemented MS medium
were the highest at 95% as reported by Rahman et al. [3]. These reports showed that Malaysian
indica rice were genotype dependent. During the callus induction, cell necrosis was also a barrier for
successful regeneration, but the reason is still unclear [44]. A previous report showed that inclusion of
maltose in cultured media caused less browning compared to sucrose [40]. Although various studies
have been conducted using different types and concentrations of carbon supplementation into basal
media [24,45–47], the types and concentration of carbon sources for potential callus induction and
plantlet regeneration has not been established yet [32]. During SE, different types of calli (such as
embryogenic, non-embryogenic, and rhizogenic) can be induced while only embryogenic calli have
potential for regeneration [48,49]. The difference between embryogenic calli and non-embryogenic
calli can be revealed by scanning electron microscopy and histology [50] rather than visual observation
alone. In this study, we present an efficient, robust, and rapid protocol for Malaysian rice that can be
utilized as an efficient tool for further molecular studies and as a biotechnological approach.
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2. Materials and Methods

2.1. Plant Materials

To improve callus induction and regeneration, three wetland Malaysian indica rice varieties namely
MR220, MR232, and MR220-CL2 and one upland indica rice Bario were selected for this experiment.
The wetland rice varieties were collected from MARDI, Seberang Prai and Penang, Malaysia and the
upland rice variety, Bario, was collected from Sarawak, Malaysia.

2.2. Seed Surface Sterilization

Manually dehusked mature rice seeds were sterilized using 100% ethanol for 1 min. Afterwards,
the ethanol was discarded and a mixture of 100% Clorox (sodium hypochlorite 5.99%) with 2–3 drops
of Tween-20 (Sigma-Aldrich, St. Louis, MO, USA) were used. The seeds were then shaken on an orbital
shaker at 120 rpm for 30 min. The sterilized seeds were rinsed 5 times with sterile double-distilled
water and then blot dried on sterilized filter paper (90 mm).

2.3. Callus Induction Experiment

The seeds of four rice varieties were cultured on MS media [33] fortified with different
concentrations of plant growth regulators. The plant growth regulators used in this study were
2,4-D and NAA. At first, 2,4-D (1–4 mg/L) was tested and then the optimized 2,4-D concentration
were added with different concentrations of NAA (0.0, 2.5, 5.0, 7.5, and 10 mg/L). Subsequently,
MS (Murashige and Skoog) [33], N6 [51], and LS (Linsmaier and Skoog) ([52] basal media were tested
with above optimized auxin (from 2,4-D and NAA experiment) treatment. Different carbon sources
(i.e., maltose and sorbitol) and sucrose with three different concentrations (10 g/L, 20 g/L, and 30 g/L)
were selected as treatments on optimized basal media with optimal auxins for all four varieties. The pH
of the medium was adjusted to 5.7 before autoclaving began. The culture medium was sterilized in an
autoclave at 121 ◦C and 15 psi (103.4 kPa) for 20 min. Finally, 20–25 mL medium was poured into Petri
dishes under laminar air flow to maintain a sterile condition. Seeds were cultured horizontally on to
the media with different treatments under aseptic conditions and then incubated at 25 ± 2 ◦C in dark
conditions. The callus induction frequency was recorded after 3 weeks of culturing. The following
Equation (1) was used for determining the callus induction frequency as given below [53]:

Calli in duction f requency =
(Number o f seed with calli)
(Number o f incubated seeds)

× 100% (1)

2.4. Callus Morphology

Rice calli were characterized based on morphology and structure through a light microscope (Nikon
Eclipse E200, Tokyo, Japan), scanning electron microscopy (SEM), and histology. The embryogenic calli
were characterized and determined by these morphological studies.

2.4.1. Scanning Electron Microscopy (SEM) Observation

The 3-week old calli were selected in order to observe the calli epidermal surface of callus
under the scanning electron microscope (Hitachi, Tm 30000, Tokyo, Japan). The calli were fixed with
formaldehyde acetic acid (FAA; 3.7% v/v formaldehyde, 70% v/v ethanol, 5% v/v acetic acid) solution
for 48 h. (The function of the fixative stage is to preserve the callus tissue. Then the fixed callus
was dehydrated in a different graded ethyl alcohol series i.e., 75% (v/v), 85% (v/v), 95% (v/v) and
100% (v/v) for one hour per concentration and then dried. Then the calli were dried using critical point
drying at 35 ◦C for one hour (CPD: Leica). The dried calli were then coated with gold and after that
the callus was observed.
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2.4.2. Histological Analysis

The histological study was conducted to observe the microscopic anatomy of embryogenic (E)
and non-embryogenic (NE) calli from all varieties. Samples from four different varieties were fixed
in FAA to preserve the cells. The calli were then dehydrated through different grades of ethanol in a
series for 48 h and embedded in paraffin wax using Tissue Embedding System 2900 (TEC) (Histo Line
Laboratories, Milan, Italy). Finally, the specimens were sectioned into 5 µm sections and stained with
hematoxylin. The sections were then mounted on slides and observed under a light microscope (Nikon
Eclipse E200, Japan). The above protocol was followed according to Liu et al. and Vega et al. [50,54].

2.5. Plant Regeneration and Acclimatization

Calli were taken from four different rice varieties (MR220, MR220-CL2, MR232, and Bario) and
placed on regeneration media (RM) (MS basal media) supplemented with a combination of BAP
(1–3 mg/L), Kin (1–2 mg/L) and NAA (0.5 mg/L), and 30 g/L maltose. The media were solidified with
4 g/L gelrite [42]. Every treatment contained three replicates with 3 g of calli each. All cultures were
then incubated under a 16/8 (light/dark) photoperiod at 27 ◦C. The in vitro regenerated plantlets were
transferred to culture tubes containing the same MS basal medium for shoot elongation. The in vitro
regeneration response based on green spot initiation in different varieties was observed every week.
After the plantlet initiation, the regenerated plantlets were transferred to culture tubes containing the
same MS basal medium for shoot elongation. The number of regenerated shoots was calculated every
two weeks after transferring. To facilitate root proliferation, the regenerated in vitro plantlets were
transferred to a half strength basal MS medium for 7 days without any PGR supplementation. After that,
the plantlet was gently washed with sterile water to completely remove the adhering medium so as
to minimize fungal attacks. Then the in vitro plantlets with healthy roots were transplanted into soil
within pots for acclimatization. Regeneration percentage was counted as Equation (2) below [48].

Regeneration =
the number of greenspot producing callus

the number of callus piece inoculated
× 100% (2)

Numbers of plantlet regeneration/calli sample were also counted. Survivability percentage of
in vitro raised plantlets at natural environmental conditions (27 ◦C ± 2) was recorded at 2-week age
after transplanting the plants into pots of best regeneration media. The experiments were set-up in a
completely randomized block design.

2.6. Statistical Analysis

The callus induction frequency and plantlet regeneration were recorded for three replicates.
The data analyses were conducted using SPSS software version 22.0 (SPSS, Chicago, IL, USA) where
mean differences were evaluated using Tukey’s test. The differences were considered statistically
significant when p ≤ 0.05. Different means were marked with different letters (a, b, c, d, e) in order to
represent the significant value of the differences.

3. Results and Discussion

3.1. Callus Induction

High percentage of re-generable embryogenic calli is a prerequisite for genetic manipulation
towards varietal improvement [55]. This study aimed to test and improve the embryogenic potential
of calli for better plant regeneration efficiency.

3.1.1. Effect of 2,4-D

In vitro callus induction was studied from the mature seeds of four indica rice (Oryza sativa L.)
varieties by using MS medium supplemented with different concentration of 2,4-D i.e., 1.0–4.0 mg/L,
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and without 2,4-D used as a control. The callus induction frequency (CIF) (%) in different media showed
significant differences (p = 0.001). In general, all 2,4-D treatments were found to produce calli ranging
from 20–82% in all four tested varieties (Figure 1). Increment of 2,4-D up to 3 mg/L increased the
callus percentage but it then decreased. Within the four varieties, MR220 (68%), MR220-CL2 (82%),
MR232 (78%), and Bario (28%), MS media containing 3 mg/L 2,4-D exhibit the highest frequency of calli
induction. No callus formation was found on MS medium without 2,4-D which was tested as control.
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Figure 1. Calli induction frequency in four indica rice varieties (MR220, Mr220-CL2, MR232, and Bario)
supplemented with different concentration of 2,4-D (2, 4-dichlorophenoxyacetic acid) on MS (Murashige
and Skoog) basal media after 3 weeks of culture. Mean values of calli induction frequency marked with
the same letters do not differ significantly (P ≤ 0.05) in Tukey’s test. Vertical bars represent ± SD (n = 3).

The present study showed higher CIF on MS medium containing 3 mg/L 2,4-D for all wetland rice
varieties, however, for Bario rice, the CIF exhibited very low compared to other studied rice varieties.
Various plant growth regulators (PGR) play a key role in cell division and differentiation during
somatic embryogenesis [33,34]. Within different PGR, auxin is responsible for shoot formation [44].
Previous research showed that calogenesis mostly depends on exogenous supply of auxin and the
type and concentration of auxin [56]. Hence, in this study, no callus induction was found in control
treatment (0.0 mg 2,4-D). Rice seeds of indica variety (CR-5272) were induced by 2,4-D at a different
concentration [44]. This research also found that higher concentrations of 2,4-D decreased callus
induction and turned to browning of the callus. Subsequently, the MS medium containing 2 mg/L
2,4-D was used to induce 61% callus induction frequency in MR219 [41]. This research also found
that the lower percentage of callus induction was formed when using other auxin treatments namely,
Picloram (16%), Dicamba (19%), and 2,4,5-T (14%) using the same rice variety. The 2 mg/L 2,4-D
exhibits highest callus induction in another indica rice MR219 variety which was 75% [41]. In our study,
3 mg/L 2,4-D showed higher CIF compared to other concentrations. A variation between 2 mg and
3 mg/L 2,4-D, could be due to a different variety of indica rice as the ability to form callus is dependent
on genotype, besides PGR treatment [57].

The callus morphology of four different rice varieties (MR220, MR220-CL2, MR232, and Bario)
are presented in Figure 2a–d. The seeds cultured onto MS media supplemented with 3 mg/L 2,4-D,
produced calli that were compact, nodular, dry, iso-diametric, and had a relatively whitish to light
yellowish color with a smooth surface (Figure S1). In contrast, non-embryogenic calli had loosely held
cells, were watery and yellowish to brownish in color. Our finding was in agreement with the previous
rice calli induction works [41,49]. Based on color and structural morphology, the calli obtained from
the present experiment were mostly embryogenic on MS media containing 3 mg/L 2,4-D. Previous
literature illustrated that 2,4-D was effective for callusing in several other Malaysian indica rice [58],
which corroborates the present study.
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3.1.2. Effect of 2,4-D and NAA

The present study was conducted to see if combination of optimal 2,4-D (3 mg/L) and different
concentrations of NAA (2.5 mg/L, 5.0 mg/L, 7.5 mg/L, 10 mg/L) would increase the callus induction
percentage compared to 2,4-D only. The effect of 2,4-D and NAA with different combinations is
presented in Table 1. The range of CIF was between 59.4% and 82% in varieties MR232, MR220,
and MR220-CL2 for concentrations of 2,4-D and NAA. The effect of 2,4-D with combined NAA did not
show any significant difference of CIF in the varieties of MR220, MR220-Cl2, and MR232. The highest
callus induction frequency was 32.8% for Bario rice when explant was cultured on MS media with
3 mg/L 2,4-D and 2.5mg/L NAA. Increasing NAA concentrations for 5 mg/L NAA onwards decreased
the callus percentage for Bario. In the case of Bario, the lowest callus induction (22.5 %) was found on
MS medium supplemented with 1 mg/L 2,4-D and 10 mg/L NAA. The results further demonstrated
that combination of auxin (i.e., 3 mg 2,4-D + 2.5–10 mg/L NAA) did not show any significant difference
in CIF for wetland rice varieties.

According to a previous study, auxin was known to play an important role in callus induction and
proliferation [38]. Moreover, the combination of different types of auxins was a better alternative to the
use of single auxin for callus induction of rice [59]. In this study, all varieties showed non-significant
results when treated with the combination of NAA and 2,4-D. Moreover, a lower calli induction of all
four varieties was recorded when using a higher concentration of auxin treatment. This result is in
support of Verma et al. [60], lower calli induction were detected on three indica rice cultivars (Govind,
Jaya, Basmati1) when using higher concentration of auxin. Previous research showed that combination
of 2,4-D and NAA caused a reduction in callus induction frequency [42]. Both the above statements
support the upland cultivar Bario, however, they differed in the cases of wetland cultivar i.e., MR232,
MR220, MR220-CL2 [61]. Therefore, MS medium supplemented with 3 mg/L 2,4-D was selected to be
the optimal concentration for callus induction in all varieties.

Table 1. Effect of 3 mg/L 2,4-D (2, 4-dichlorophenoxyacetic acid)and different concentrations of NAA
(1-naphthalene acetic acid) for callus induction frequency after 3 weeks of culture.

Treatment (mg/L) Variety

2,4-D NAA MR220 MR220-CL2 MR232 Bario

3.0 0.0 68 82.0 78.0 28.0 a
3.0 2.5 70 70.3 71.0 32.8 a
3.0 5.0 68.0 74.3 68.5 25.0 b
3.0 7.5 66.0 74.0 60.0 25.6 b
3.0 10 60.0 64.5 59.4 22.3 c
p NS NS NS 0.001

Mean values (n = 3) marked with the same letters do not differ significantly (p ≤ 0.05) in Tukey’s test. NS indicates
as non-significant.
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3.1.3. Effect of Different Basal Media

Following the optimization of callus induction percentage by 2,4-D, 3 mg/L of 2,4-D was used
in subsequent experiment by using different basal media of MS, N6, and LS (Figure 3). The CIF (%)
of different rice varieties from three different basal media showed significant differences (p = 0.001)
(Figure 3).
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Figure 3. Callus induction frequency for four Malaysian rice varieties cultured on different basal media
MS, N6, and LS media. Mean values marked with the same letters do not differ significantly (p ≤ 0.05)
in Tukey’s test. Vertical bars represent ± SD (n = 3).

The CIF on MS was higher than that of N6 and LS media for MR220-CL2 and MR232. However,
MS and N6 showed differences between MR220 and Bario variety, with a high CIF found in MR220-CL2
(82%) for MS medium. However, callus were not produced for Bario when cultured on LS medium.
Hence, the use of LS media was also not preferable in these three wetland varieties which showed the
lowest percentage of callus induction (less than 10%). The MR220 callus percentage was almost similar
to that when cultured on MS and N6 medium.

Previous work showed that most Malaysian rice callus were induced from MS medium but with
different auxin treatment such as reported by Panjaitan et al. [31] and Rahman et al. [3]. From the
present study, it was shown that auxin influenced the callus induction frequency but differed among
varieties which concurs with a previous reported study [53]. The findings of the present study also
showed that responses of different rice varieties were varied and depended on the auxin and basal
media used. This statement was supported by Bevitori et al. [62] where they reported that somatic
embryogenesis of rice depends upon various factors, such as explant age, donor plant, genotype,
nutrient media, auxin concentration, and environmental conditions.

3.1.4. Effect of Carbon Sources

The present study evaluated the CIF on MS media supplemented with 3 mg/L 2,4-D (optimized
medium). In this work, sucrose, maltose, and sorbitol were used with different concentration (20,
30, 40 g/L) treatments for all varieties tested. The CIF differed significantly (p = 0.002) between the
media (Figure 4). Within different treatments, 30 g/L maltose showed a higher frequency of callus
induction compared to other concentrations of sucrose, sorbitol, and maltose in all four varieties of
MR220, MR220-CL2, MR232, and Bario (76%, 94%, 85%, and 42% respectively). On the other hand,
low CIF was found in 20 g/L sucrose, maltose, sorbitol, and 40 g/L sorbitol in all varieties. The results
also showed that decreasing the amount of sucrose and maltose caused a significant reduction in CIF
except for sorbitol. Significantly lower CIF was found in sorbitol media for all varieties.
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Figure 4. Callus induction frequency of MR220, MR220-Cl2, MR232, and Bario varieties cultured on
MS media supplemented with 3 mg/L 2,4-D treated with different carbon sources were evaluated.
Mean values marked with the same letters do not differ significantly (p ≤ 0.05) in Tukey’s test. Vertical
bars represent ± SD (n = 3).

We evaluated the role of carbon sources in controlling excessive production of phenolic
compounds from callus on the callusing medium in the case of indica rice. Maltose was found
to control phenolic secretion when it was used as a sole carbon source. Carbon source maltose (30 g/L)
gave the highest CIF compared to sucrose (30 g/L). The highest CIF was found in MR220-CL2 (94%) in
30 g/L maltose. However, for maltose showed no browning effect after 3 weeks compared to sucrose
(Figure 5).
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Figure 5. Callus morphology of 30 g/L Maltose (A) and sucrose (B) on MS media supplemented with
3 mg/L 2,4-D. Bar = 1 mm.

Exogenous carbon sources are the main energy sources for explants because the explant is
unable to manufacture its own food, which is called heterotrophism nature [34]. It was also proven
that carbohydrate supplementation enhances enzyme activities for callus formation in Oryza sativa
indica [32]. Carbon sources are needed in certain genotypes for potential callus induction and shoot
organogenesis. Higher mass occurred more from maltose during regeneration then sucrose in the indica
rice variety [32]. Previous reports showed that maltose had been used in another culture with profound
response but only in certain rice genotypes [63]. Maltose promotes signals to trigger carbohydrate
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metabolism for higher callus mass formation in indica rice variety MR232 and MR219 [40]. The above
study also showed that maltose provides comparatively better development of the green spot of
somatic embryos and regeneration plantlet than sucrose in Malaysian aromatic indica rice. There was
also a browning effect found in sucrose media. The statement of the previous research supports our
studies, where callus browning was observed in sucrose media, but there was no browning effect
found in maltose treated media [32].

Maltose (3%) was found to be efficient in controlling phenolic secretion and so it was used for
further studies. Extracellular hydrolysis of maltose takes place at a slower rate when compared to
sucrose and it is taken up and hydrolyzed more slowly. This activity can be the major reason for the
ability of maltose in controlling phenolic secretion in culture medium. The accumulation of toxic
products such as phenolic compounds and depletion of nutrients might have led to cell death and
eventually a decline in the bio-mass growth [58]. By changing the composition of the media, such as
plant growth regulators, the carbon source has a possible effect of improving tissue dissociation [32].
There are some color differences between brown calli and whitish calli: observation revealed that
brown callus is unable to regeneration [24,64,65], this is similar to our observation.

The findings of our study were in agreement with the previous works [17,22,41,44,60,66]
which stated that indica rice varieties produced the highest callus percentages when cultured on
an MS medium supplemented with 2–3 mg/L 2,4-D. Nonetheless, the CIF were between 60% and
87% compared to the present study where they reached up to 94%. Callus induction of rice occurs
with the presence of different plant growth regulators in certain nutrient media. However, high callus
induction and regeneration may differ in different varieties and media types. In this study, whitish
and globular calli were found in maltose treated media and brownish calli were found in sucrose
treated media. In parallel to the above observations, Visarada et al. and Abiri et al. [41,49] reported
that nodular, compact and whitish calli were highly embryogenic while watery, yellowish, rhizogenic
and necrotic calli were stated to be non-embryogenic. Non-embryogenic calli are not competent to
regenerate [35]. Based on color and structural morphology, the calli of the present study were mostly
embryogenic in maltose treated media. Previous studies illustrated that maltose gave high embryo
formation in indica rice [3]. Only embryogenic calli of rice exhibited high frequency regeneration for
use in genetic transformation experiments [40,67,68].

3.2. Morphological Characterization

3.2.1. Scanning Electron Microscopy (SEM)

The 3-week old Calli were collected from MS media supplemented with 3 mg/L 2,4-D with 30 g/L
maltose for SEM analysis. A scanning electron microscopy (SEM) study was conducted to observe the
appearance of the callus epidermal surface with embryogenic calli. From the SEM photo obtained,
embryogenic calli confirmed a globular shape and compact structure, formed between cells which
were clustered together (Figure 6) for all four varieties i.e., MR220, MR220-CL2, MR232, and Bario.

A similar appearance of embryogenic callus was reported in a previous study conducted by
Rahman et al. [40] with different Malaysian rice varieties (MR219) but the developmental ages were
older (8 weeks) compare to our study (3 weeks) [69]. In this study, embryogenic structure could be
observed after 3 weeks as visualized by SEM. Morphology of embryogenic callus may vary in different
varieties. However, in general, most of the structures of the embryogenic calli of different varieties
plants and crops examined were of globular form. Similar results have been reported in different
plants and crops including O. sativa var. Japonica, Stylosanthes spp. and Cenchrus ciliaris) [62,70–73].
Bevitori et al. [62] also reported that embryogenic callus of IR 54 rice cultivar was globular shape with
tightly packed cells, our observations corroborate with these findings. The result of SEM observation
gave evidence of the embryogenic potential of calli obtained in the present study which is in agreement
with the findings of Shen et al. [74].
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Figure 6. Scanning electron microscopic observation of callus culture of 4 varieties (A) MR220;
(B) MR220-CL2; (C) MR232, and (D) Bario showing the globular and unfolded callus structure to
differentiate the cells of the embryogenic callus from the 4 week culture. Bar (A,C,D) =100 µm,
B = 200 µm.

3.2.2. Histology

The 3-week old calli from MR220, MR220-CL2, MR232 and Bario varieties cultured on MS media
(supplemented by 3 mg/L 2,4-D) were subjected to histological analysis to determine the embryogenic
or non-embryogenic nature of the calli. This was accomplished by analyzing the characteristics of
the cells’ ultrastructure. This present study showed that embryogenic calli were exhibited as small,
stained and compact isodiametric cells while the non-embryogenic calli were shown to be large and
highly vacuolated cells (indicated by the arrows) in all varieties (Figure 7). These embryogenic cells
have dense cytoplasm, nuclei undergoing uninterrupted cell division with small vacuoles. Moreover,
the presence of numerous starch granules intensifying was observed in all varieties which indicated
high metabolic activity. However, both non-embryogenic and embryogenic regions were detected in
the same callus.

The observations are in agreement with the findings of previous studies where embryogenic
calli exposed meristematic cells with high division rates and isodiametric cells with small, and dense
cytoplasm [50,75]. Non-embryogenic cells have large vacuoles, a small starch grain and an abundance
of intercellular space [62]. A dense cytoplasm with several starch grains found in all embryogenic
cells indicates high metabolic activity and the capability to dedifferentiate in order to rise up to
embryogenic calli [50,76]. Histological analysis provides information for the ultrastructure of calli for
the purpose of selecting embryogenic calli for further regeneration processes [77]. The production
of the highest rate of embryogenic calli is very important for developing an efficient regeneration
protocol. That, in turn, can be used as a substantial tool for crop improvement and in functional studies
of genes [20]. The maximum number of plantlets of Malaysian rice varieties was regenerated from the
highest rate of embryogenic calli [78].
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Figure 7. (A–D) Histological analysis of calli derived from in vitro tissue cultures on MS media
containing 3 mg/L 2,4-D on MS media for (A) MR220; (B) MR220-CL2; (C) MR232, and (D) Bario.
Calli inner region containing both small meristematic cells with stained nucleus in the mitotic cell
zone indicate embryogenic callus (E) and vacuolated large cells indicate non-embryogenic callus (NE).
Magnification 4 × 10, Bar = 100 µm.

3.3. Plant Regeneration

Good quality embryogenic calli were transferred to regeneration medium (RM) in order to
investigate their potential for plant regeneration. Calli from the most responsive callus induction
medium MS supplemented 3 mg/L 2,4-D with 30 g/L maltose were used for assessing their
regeneration potential. The plantlet regeneration frequency and the number of plantlets regenerated
are shown in Table 2. Plantlet regeneration (%) and number of plantlets regenerated for four different
varieties varied significantly between the regeneration media except for the two varieties viz. MR232
and Bario. The highest plantlet regeneration was found in RM5 and RM6 in the case of all the varieties
whereas th highest plantlet regeneration was found in MR220-CL2 (82%) and the lowest in Bario
(40%). The number of plantlet was also high in MR220-CL2 and was 9.1 in RM5. A higher number of
plantlets was also found in RM5 and RM6 for MR220 (7 and 5, respectively) and MR220-CL2 (9.1 and
6.1, respectively).
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Table 2. The effect of different concentration (mg/L) of BAP (6-benzylaminopurine) + Kinetin + 0.5 NAA in MS (Murashige and Skoog) medium on plantlet
regeneration (%) from the calli of four different Malaysian indica rice varieties.

Treatment Name
Treatment (mg/L) Plantlet Regeneration (%) Number of Plantlets Regenerated

BAP Kinetin NAA MR220 MR220-CL2 MR232 Bario MR220 MR220-CL2 MR232 Bario

RM1 1.0 1.0 0.5 24 c 27 cd 16 c 10 c 4 b 4 b 4.2 4.6
RM2 2.0 1.0 0.5 28 bc 38 c 28.6 b 14 c 7 a 4.1 b 5.1 5.4
RM3 3.0 1.0 0.5 34 b 43 c 33 b 24 b 4.5 b 5.3 b 4.2 3.9
RM4 1.0 2.0 0.5 23 c 24.1 d 32 b 12 c 4 b 2.7 c 5.4 3.8
RM5 2.0 2.0 0.5 68 a 82 a 68 a 40 a 7 a 9.1 a 6.1 3.8
RM6 3.0 2.0 0.5 62 a 71 ab 70 a 29 ab 5 a 6.1 ab 4.1 4.2

p 0.041 0.001 0.034 0.045 0.001 0.001 N.S. N.S.

Means followed by different letters were significantly different at p ≤ 0.05 in Tukey’s test (n = 3), calli were induced n MS medium supplemented with 3 mg/L 2,4-D and 30 g/L maltose.
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In the current investigation, greening of the calli on RM was observed after two weeks of transfer
in the case of all varieties. Then the green spots further developed into multiple shoots after 3 weeks,
in vitro plantlets, and then developed into healthy plants in the pot (Figure S2). All varieties showed
flowering within 45 days except Bario, this is because Bario is upland rice and takes more time (53 days)
to flower compared to wetland rice varieties. In the present study, plantlet regeneration percentage
was found to increase significantly with increasing concentration of cytokinin (RM5) in the case of all
the four rice varieties (Table 2).

NAA was constantly used in all media according to Rahman et al. [3]. These researchers reported that
regenerated plantlet was weak without NAA. According to Rueb et al. [35], higher amounts of BAP and
Kinetin may stimulate initial cell division and play an important role in somatic embryogenesis and plantlet
regeneration. The present study revealed that 2 BAP + 2 Kinetin + 0.5 NAA contributed to the highest
plantlet regeneration in all four Malaysian rice varieties. Previous report showed that the use of kinetin
helps to improve somatic embryogenesis by influencing mitosis, cytokinesis, total protein synthesis, lignin
biosynthesis, vascular differentiation, and differentiation of mature chloroplasts from protoplastids [70].

Morphological features of regenerating callus under the light microscope are presented in Figure 8.
Greening of the callus was observed within 21 days on regeneration media and then regenerated shoot
and plantlet regeneration were observed in all the four rice varieties.
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Figure 8. Plant regeneration through somatic embryogenesis of four Oryza sativa indica rice varieties
which were derived from MS medium supplemented with 3 mg/L 2,4-D and 30 g/L maltose.
A–D: Morphological features of callus on regeneration media under light microscope after 10 days
of regeneration; E–H: green spot initiation after 21 days of regeneration; I–L: regenerated shoot;
M–P: plantlet regeneration of MR220, MR220-CL2, MR232, and Bario respectively. Bar: 10 mm (A–L);
and Bar: 1 mm (M–P).
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3.4. Acclimatization

A large number of somatic embryos derived plantlets were successfully acclimatized to ex
vitro conditions (Figure S1). The roots of plant were washed and placed in soil in a glass house at
27 ± 2 ◦C for 10 days. Maximum survival of plants was noticed in the case of MR220-CL2 followed by
MR220 and MR232 varieties (Table 3). After 10 days, plants were exposed to natural environmental
conditions. It was observed that after 30 days, plants showed a remarkable growth performance.
The plants regenerated on RM5 medium showed significantly highest survivability percentage for all
four varieties after 2 weeks in the natural environmental conditions.

Table 3. Survival percentage of in vitro raised plantlets from RM5 (2 BAP+ 2 Kinetin+ 0.5 NAA) and
RM6 (3 BAP+ 2 Kinetin+ 0.5 NAA) under natural environmental conditions (Malaysian condition) in
pots after 2 weeks.

Variety MR220 MR220-CL2 MR232 Bario

Survival percentage from RM5 90.0 a 92.0 a 88 a 84 a
Survival percentage from RM6 80.0 b 80.0 b 70.0 b 72 b

p 0.001 0.002 0.001 0.009

Means (n = 3) with common letters within a column are not significantly different (p ≤ 0.05) in Tukey’s test.

4. Conclusions

In this study, in vitro callus induction was studied on four selected indica rice (Oryza sativa L.)
varieties. Plant growth regulators (i.e., 2,4-D and NAA), carbon sources, and basal media in the
cases of the four Malaysian rice varieties were tested for improving callus induction and for plant
regeneration frequency. In callus induction studies, with different concentrations of 2,4-D, higher callus
induction frequency was observed with 3 mg/L 2,4-D for all wetland rice varieties. The combination
of 2,4-D with NAA did not have any significant difference on the callus induction frequency in the
cases of MR220, MR220-Cl2, and MR232, whereas 30 g/L maltose showed a higher frequency of
callus induction compared to other concentrations of sucrose, sorbitol, and maltose in all the four
varieties. The callus induction frequency of MS was higher than that of N6 and LS for MR220-CL2 and
MR232. In all the varieties tested, callus induction was poorly induced on LS media. The present study
also showed morphological analysis through scanning electron microscopy (SEM) and histological
analysis of callus by analyzing the structural appearance of cells and the embryogenic nature of the
calli. Regeneration percentage was found to be the highest on RM5. Survival of the plants regenerated
on RM5 under natural environmental conditions was the highest. This study showed that the PGR
combination of 2 mg/L of BAP + 2 mg/L of Kinetin + 0.5 mg/L of NAA has the potential to promote
regeneration of selected indica rice varieties.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/8/5/77/s1,
Figure S1: The morphology of calli on MS media of different concentrations of 2,4-D (1-4 mg/L) of (a) MR220 (b)
MR220-CL2 (c) MR232 and (d) Bario, Figure S2: Establishment of MR220, MR220-CL2, MR232 and Bario plant
through in vitro callus induction to ripening stage.
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