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Abstract. Nurmansyah, Setyadi AH, Fatumi NC, Fatmawati Y, Wulandari RA, Purwantoro A. 2021. Genetic variation of doubled haploids
derived from anther culture of M1 red rice plants. Biodiversitas 22: 4923-4929. The doubled haploid (DH) technology when integrated
with induced mutation could accelerate development of local rice cultivars with several desirable traits. Anthers from the first generation
of mutant (M1) plants were utilized for DH production. However, the effectiveness of inducing and fixing mutation requires detailed
evaluation with the help of molecular techniques for its accuracy and reliability than that of morphological or biochemical assessments.
The objective of this research was to develop and detect genetic variation of DH plants derived from anther culture of M 1 plants. Seeds of
local red rice cultivar, Cempo Abang, were treated with four gamma-ray doses (0, 100, 200, 300 Gy) and planted to produce the M 1
plants. Panicles at the booting stage of the M 1 plants were collected and used as donor anthers. The present study suggested that gamma
irradiation treatments indirectly could increase callus formation. However, it also reduced the number of callus producing plantlets due
to higher frequency of brown calli. Eleven spontaneous DH plants obtained in the study along with parental plants were assessed to
determine the occurrence of genetic variation using six RAPD primers. The RAPD primers generated 51 bands, of which 34 alleles or
66.7% were polymorphic with an average of 5.6 polymorphic alleles per primer. The genetic similarity among parent and 11 DH lines
based on Jaccard’s similarity index ranged from 0.622 to 0.902. The DNA polymorphism among the DH plants demonstrated the effect
of gamma irradiation to create genetic variation. Therefore, this method could be used as an alternative for rice breeding programs
especially to develop preferred traits in the local rice cultivars.
Keywords: Cempo Abang, anther culture, double haploids, M1 plants, RAPD markers

INTRODUCTION
Pigmented rice is considered a superfood for its
antioxidant, anticancer and other nutritional properties
(Limbongan et al. 2021). Indonesia is known for its local
pigmented rice cultivars due to their high adaptability and
diversified genome. However, the local cultivars have a
lower yield as compared to improved varieties. In order to
overcome various undesirable characteristics and further
utilize the local cultivar genome, rice breeders constantly
strive to improve the yield potential by several breeding
methods, including induced mutation. This technique is an
alternative approach utilized in plant breeding for rapidly
enriching the genetic variability. Induced mutant alleles act
as a genetic variation source for crop improvement and
candidate gene discovery through functional genomics in
many crops, including rice (Kumawat et al. 2019). Sobrizal
(2016) also reviewed how induced mutation benefited in
improving the characteristics of the local varieties such as
reducing harvest period, plant stature, as well as increasing
yield potential. Moreover, mutation breeding is frequently
used to discover new genetic sources for abiotic and biotic
stress tolerance, herbicide resistance, nutritional quality
traits, and climate resilience (Chaudhary et al. 2019).
Although induced mutation demonstrated its ability to
improve local varieties, it is equally time consuming as the
conventional cross breeding program which requires 6-8

breeding cycles to get the homozygous line. On the other
hand, doubled haploid (DH) technology only requires one
or two generations to obtain homozygous line which helps
in accelerating the breeding program. In rice, DH plants
could be generated by in vitro spontaneous diploidization
without chromosome doubling treatments through anther
culture (Lee at al. 2003). A rather different technique was
experimented in which both induced, and DH methods
were incorporated and created by mutagens in one
generation. The method utilized first generation of mutant
(M1) plants as donor plants for DH production (Szarejko
and Forster 2007). Although several studies have focused
on this technique in rice (Lee et al. 2003; Myint et al.
2005), to the best of our knowledge, there is no genetic
diversity assessment based on molecular markers of DHs
derived from mutant plants. The detection of variation
using molecular markers is more accurate and reliable than
that of morphological or physiological characteristics
(Zakiyah et al. 2019). Furthermore, the information will
help breeders determines the efficiency of this technique in
generating variation.
The objective of this study was to develop and evaluate
the genetic variation based on molecular markers of DHs
derived from anther culture of the M1 plants. The M1 plants
were generated from the local red rice cultivar, Cempo
Abang, that were subjected to four doses of gamma
radiation (0, 100, 200, and 300 Gray). Cempo Abang is
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preferred by consumers due to its intermediate amylose
content (21.42%) which makes rice softer and stickier.
Moreover, it has a high protein content (9.04%), beta
carotene (153.15 µg/100g), and iron (16.09 ppm).
However, its yield is low due to lower number of grains per
panicle and lower number of productive tillers (Kristamtini
and Purwaningsih 2009). Random Amplified Polymorphic
DNA (RAPD) markers were used in this study which was
efficient in assessing the genetic variability and diversity in
many rice cultivars (Sholikhah et al. 2019; Zakiyah et al.
2019; Mazumder et al. 2020).

MATERIALS AND METHODS
Gamma radiation treatment
Seeds of Cempo Abang were treated using four
different gamma radiation doses (0, 100, 200, and 300
Gray) to generate M1 seeds at the Center for the
Application Isotope and Radiation Technology, National
Nuclear Energy Agency (BATAN), Indonesia. The M1
seeds were then planted in the glasshouse. Five healthy M1
plants per treatment were selected as donor plants for the
anther culture.
Development of DH plants
Explant collection and preparation
Ten panicles per treatment were collected from the M1
plants, which produced red pericarp color, at the booting
stage, when the length between the flag leaf and the
penultimate leaf was 8 to 12 cm (Figure 1a). The selected
panicles were wrapped in an aluminum foil and stored at
4ºC for 8 days. After cold pretreatment, the leaf sheaths
were removed from the panicles. Appropriate spikelets
containing anthers at uninucleate microspore stage, in
which the length of anthers was less than half the length of
the spikelet (Dewi et al. 2017), were surface sterilized with
20% (v/v) of a 5.2% sodium hypochlorite solution for 15
minutes followed by washing five times using sterile water.
Callus induction and plant regeneration
Callus induction medium (CIM) consisted of N6 basal
medium supplemented with 2 mg L−1 NAA, 0.5 mg L−1
kinetin, putrescine 20 µM, 3% (w/v) sucrose, and 0.3%
(w/v) phytagel. A total of 300 anthers per treatment were
cultured in a petri dish (90×15 mm) containing 25 ml CIM
and placed in the dark at 25ºC. Calli with 1-2 mm diameter
were transferred to regeneration medium containing MS
basal medium supplemented with 2 mg L−1 kinetin, 0.5 mg
L−1 NAA, putrescine 20 µM, 3% (w/v) sucrose, and 0.3%
(w/v) phytagel. The transferred calli were incubated in
continuous light at 25ºC. Green plantlets (3-5 cm long)
were transferred to a glass tube containing 15 ml rooting
medium (MS basal medium + 0.5 mg L−1 IBA).
Acclimatization
The acclimatization of green plantlets, which had 3 to 4
leaves and roots, consisted of two phases. In the first phase,
the green plantlets were transferred into test tubes
containing sterile water for 1 to 2 weeks in a room where

sunlight can pass through a window. This stage aimed to
induce more functional roots and to adjust plants into
higher light intensity from sunlight. The result of the first
phase is shown in Figure 1h when the plant had healthy
root development. After that, the plants were transferred
into plastic boxes containing mud in a greenhouse under
25% shading for 2 weeks. The survival plants were then
placed into 10-liter plastic pots under full sunlight.
Observation and data analysis
The percentage of callus induction and plant
regeneration were investigated from cultured anthers. The
onset of callus initiation and total number of browning
calli, calli producing plants, green plants, and albino plants
were also calculated. The data analysis was carried out
using Microsoft Excel.
Genetic diversity assessment using RAPD
DNA extraction
Total genomic DNA was extracted from leaf tissue of
the DH plants which were evaluated by normal growth
using DNA mini kit from Geneaid Biotech Ltd. The normal
growth of DH plants was identified by normal
morphological appearance similar to their parental diploid
plant with more than 90% grain fertile. Quantification of
the genomic DNA was determined by NanoDropTM
spectrophotometer and DNA was then diluted with TE
buffer to final concentration of 100 ng L-1.
PCR amplification
Each PCR reaction was conducted on 12.5 µL total
volume containing 6.25 μL GoTaq® Green Master Mix
(Promega), 3.25 μL nuclease-free water, 2.5 μL of DNA
template, and 1 μL of each RAPD primer. PCR
amplification was set as follows: pre denaturation at 94°C
for 3 minutes, followed by 40 cycles of denaturation at
94°C for 1 minute, annealing at 37°C for 1 minute, and
elongation at 72°C for 1 minute 30 seconds, with a final
elongation at 72°C for 10 minutes. Amplified products
were electrophoresed on 1.5 % (w/v) agarose gel.
Observation and data analysis
Observation was done on the profile of DNA fragments
in agarose gels. The amplified products were scored based
on the presence of the DNA band i.e., 1 for presence and 0
for absence using Gel Analyzer 19.1 software
(www.GelAnalyzer.com). Polymorphism information
content (PIC) for each RAPD primer was calculated using
Gene Diversity Software (GDdom) that can be accessed
online through http://plantmolgen.iyte.edu.tr/GDdom/
(Abuzayed et al. 2017). The PIC value calculates the
informativity of each primer which indicates the capability
of a primer to generate polymorphic bands. The PIC value
of RAPD primer as a dominant marker ranges from 0 to 0.5
(Nagy et al. 2012). Jaccard similarity coefficient was used
to estimate genetic similarity among DH plants as well as
Principal Coordinates Analysis (PCoA). In addition, cluster
analysis was carried out to determine the clustering pattern
of DH plants based on the unweighted pair group method,
with arithmetic averaging (UPGMA), using Jaccard
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similarity index, in the PAST (Paleontological Statistics) v.
4.03 program (Hammer et al. 2001).

RESULTS AND DISCUSSION
Development of DHs derived from M1 plants
Anthers from all treatments were able to generate callus
with relatively similar on the onset of callus initiation,
ranging from 24 to 26 days. The percentage of anthers
producing callus increased with increasing irradiation dose
which was 3.33%, 4.33%, 5.00%, and 5.67% at doses of 0,
100, 200, and 300 Gy, respectively (Table 1). In other
studies, the percentage of callus induction of Indica rice
cultivars was relatively in a similar range of 2.30%-8.45%
(Ali et al. 2021; Rahman et al. 2021). Cempo Abang is
classified as the Indica subspecies, which is known as more
recalcitrant to callus induction in-vitro than the Japonica
subspecies. Grewal et al. (2011) found that the Indica
group had lower anther culturability with an average of
1.2% than the Japonica group which had anther
culturability of 28.1%. They also discovered that genes that
are responsible for anther culturability are considered
incomplete dominant.
The onset and frequency of callus initiation is widely
known as genotype dependent. It can be improved by
adjusting culture media with different combination ratio of
auxin and cytokinin (Rahman et al. 2021), modified basal
media (Ali et al. 2021), or supplementing with polyamines
(Maharani et al. 2020). The present study suggested that
gamma irradiation treatments indirectly could increase
callus formation. However, it does not affect the onset of
callus induction. The increasing number of callus
formations on higher doses might be related to gamma rays
as stress treatment. Datta (2005) stated that callus induction
from anther culture is highly influenced by several types of
stress pretreatments. Moreover, Mkuya et al. (2005) found
that direct application of gamma rays on panicles improved
the callus induction of Indica rice line.

4925

The transferred callus produced the brown callus, rooty
callus, and plantlet with different frequencies. The brown
and rooty calli were unable to generate plantlets. The
brown calli were frequently found in the higher dosages of
gamma radiation. Consequently, the frequency of callus
produced plantlets decreased with the increasing dose of
gamma irradiation which was 60.00%, 53.85%, 33.33%,
and 23.35% for 0, 100, 200 and 300 Gy, respectively
(Table 2). Myint et al. (2005) also observed that plants that
were subjected to the highest gamma irradiation dose (450
Gy) generated the lowest percentage of plant regeneration.
The higher number of brown calli could be caused by stress
effect of gamma irradiation. Choi et al. (2021) reported that
gamma irradiation is not only damaging the plant DNA but
also inducing oxidative stress through excessive reactive
oxygen species production, leading to indirect cell damage.
Each transferred calli generated albino, green, or mixed
shoots which produced both green and albino plantlets
(Figure 1e-1g). All the transferred calli derived from 0 and
300 Gy formed albino plants while the remaining
treatments generated calli producing albino, green, and
mixed shoot. Calli that were generated both albino and
green plantlets were also found in anther culture of
temperate Japonica rice varieties (Hooghvorst et al. 2018).
Albinism or chlorophyll-deficient regeneration is one of the
most important challenges in anther cultures of many cereal
crops like barley (Makowska and Oleszczuk 2014), triticale
(Krzewska et al. 2015), rice (Mishra and Rao 2016), and
wheat (Weigt et al. 2019). In rice, the frequency of albino
plant varies from 5% to 100%, and it is affected by several
factors such as the length of cold pre-treatment exposure,
genotype, culture medium, and gelling agent (Mishra and
Rao 2016; Tripathy et al. 2019). The study showed a high
frequency of albino plant ranging from 67% in 200 Gy
treatment to 100% in 0 Gy and 300 Gy treatments. The
various responses among the treatments indicated that
gamma irradiation treatment did not affect the frequency of
albino plant. On the other hand, the average number of
shoots per transferred calli reduced with the increase in
irradiation dose, from 6.2 shoots in control treatment to 3.5
shoots in 300 Gy treatment (Table 3).

Table 1. Callus induction frequency and the onset of callus initiation at different gamma irradiation treatment
Treatment
0 Gy
100 Gy
200 Gy
300 Gy

No. of
anthers cultured
300
300
300
300

The onset of callus initiation (days
after anther inoculation)
26
26
24
25

The number of callus obtained
No.
%
10
3.33
13
4.33
15
5.00
17
5.67

Table 2. Plant regeneration frequency at different gamma irradiation treatment
Treatment
0 Gy
100 Gy
200 Gy
300 Gy

No. of callus
transferred
10
13
15
17

Brown callus
No.
%
2
20.00
6
46.15
10
66.67
11
64.71

Rooty callus
No.
%
2
20.00
0
0.00
0
0.00
2
11.76

Plantlet
No.
6
7
5
4

%
60.00
53.85
33.33
23.53
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Table 3. Plant regeneration efficiency at different gamma irradiation treatment

Treatment

No. of
callus

0 Gy
100 Gy
200 Gy
300 Gy

6
7
5
4

A

F

No. of callus producing shoot

No. of shoot

Albino

Mixed

Green

Albino

Green

Total
shoots

6
5
3
4

0
1
1
0

0
1
1
0

37
27
12
14

0
9
6
0

37
36
18
14

B

D

C

G

H

I

Percentage
of albino
plant (%)
100
75
67
100

Average shoot/
transferred calli
6.2
5.1
3.6
3.5

E

J

Figure 1. Double haploids development from M1 red rice plants through anther culture. A. Selected boot length, B-C. Callus initiation,
D. Callus generated green spot in regeneration medium, E. Callus regenerated into single type of plantlet (green or albino), F. Callus
produced multiple mixed plantlets (green and albino), G. Single albino plantlet, H. Well-formed roots in the first phase of
acclimatization, I. Comparison among parent, haploid, and DH plants, J. Comparison between haploid and DH panicles

A total of 15 green plants were regenerated from
induced calli derived from plants that were subjected to
100 and 200 Gy. Twelve out of them survived and grew
with morphological appearance similar to diploid parental
plants, 11 of which were spontaneous DHs, and one was a
haploid plant. The 11 DH plants have red pericarp as their
parental line. The successful rate of acclimatization was 80
% which is lower than that of the other studies such as
91.7% in F1 hybrid of Indica rice (Dewi et al. 2017), 89%
in F2 generation of Mediterranean Japonica rice (LópezCristofanini et al. 2018), and 100% in F1 generation of
temperate Japonica rice (Sakina et al. 2020). The
spontaneous DH plants were identified by their normal
morphological appearance with more than 90% grain
fertility whereas haploid plant had smaller appearance with
sterile panicle (Figure 1i-1j). The percentage of
spontaneous DH was higher (91.7%) than that obtained in
different donor plants, such as 11.5%-47.1% in plants
generated by crosses among Japonica rice (LópezCristofanini et al. 2018); 30.6%-60.0% in plants generated
by crosses among Indica rice (Dewi et al. 2019).
Genetic diversity assessment of double haploids using RAPD
Eleven spontaneous DH plants obtained in this study
and parental plant were assessed for genetic diversity using
Table 4. Characteristics of six RAPD primers

six RAPD primers. The number of amplified bands is
shown in Table 4. The RAPD primers generated 51 bands,
of which 34 alleles or 66.7% were polymorphic with an
average of 5.6 polymorphic alleles per primer. The band
size of the six RAPD amplified products ranged from 317
to 2133 bp. The PIC value ranged from 0.100 to 0.318 with
an average of 0.206. The RAPD polymorphism among 11
DH plants and parental line using OPA 12 primer is shown
in Figure 2.
The polymorphic alleles indicated variability among
DH plants when compared with parental plant. The
percentage of RAPD polymorphism obtained in this study
was lower than that obtained by Zakiyah et al. (2019)
which illustrated 21 aromatic rice genotypes with 84.4%
polymorphism; Hanum et al. (2020) when analyzed four
red rice genotypes with 93.5% polymorphism; and Epe et
al. (2021) when characterized 15 rice cultivars with 88.9%
polymorphic alleles. The polymorphic difference was due
to different uses of rice genotypes as well as RAPD
primers. Moreover, the polymorphism among the DH
plants is not expected to be high because of the individual
plant derived from the same parental line. The DNA
polymorphism among the DH plants demonstrated the
effect of gamma irradiation to generate genetic variation.
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Table 4. Characteristics of six RAPD primers
Primer
OPA 12
OPA 16
OPA 18
OPD 02
OPD 03
OPD 05
Total
Mean

Primer sequence
(5′-3′)
TCGGCGATAG
AGCCAGCGAA
AGGTGACCGT
GGACCCAACC
GTCGCCGTCA
TGAGCGGACA

Size range
(bp)
339-1755
408-2018
317-1490
297-1570
493-2133
388-1096

Total number of
bands
11
9
9
9
8
5
51
8.5

Figure 2. RAPD banding pattern of 11 DH plants and parental
line using OPA 12 primer. L: DNA ladder, P: parental line, DM:
Double haploid mutants

Gamma-rays induced mutation is one of the most
frequently used method to generate valuable mutation in
rice mutation breeding. Among the 853 rice mutant
varieties registered in the mutant variety database of IAEA,
66% or 564 varieties were generated by gamma-rays, most
of them were subjected to irradiation treatment ranging
from 100 to 300 Gy. At the genome level, Zhang et al.
(2020) analyzed the M1 plants of rice cv. Gaogengnuo that
were previously treated with 300 Gy gamma radiation
using whole-genome resequencing. They found a total of
356,314 single nucleotide polymorphisms (SNPs), 9075
structural variations (SVs), 73,495 insertion/deletion
polymorphisms (InDels), and 5100 copy number variations.
These huge DNA polymorphisms are valuable resources in
order to create variation by fixing it into DH plants through
anther culture.
The genetic similarity between parental and 11 DH
lines based on Jaccard’s similarity index ranged from 0.622
to 0.854 while among the DH lines, it ranged from 0.524 to
0.902 (Table 5). The highest similarity value was between
double haploid mutant no. 5 (DM-5) and DM-10 while the
lowest similarity value was between DM-4 and DM-9. The

Polymorphic
bands
10
7
7
3
6
1
34
5.6

Polymorphism
(%)
90.9
77.8
77.8
33.3
75.0
20.0

PIC
value
0.318
0.284
0.165
0.111
0.260
0.100

66.7

0.206

wide range of variation among parental line and the DH
plants was also shown in the scatter biplot of PCoA (Figure
3a). The two principal coordinates that accounted for
68.3% of total variation distributed 11 DH plants and
parental lines into four quarters. Although there is no study
to assess genetic variation among DH plants derived from
anther culture, Kim et al. (2003) studied genetic variation
among plants originating from irradiated calli of rice
embryos. They detected genetic variation between parent
and plant from irradiated calli ranging from 62.7% to
94.1% which is relatively similar to the present study.
The UPGMA dendrogram showed that the DH plants
and parental line were divided into three clusters based on
the average genetic similarity value of 0.70 (Figure 3b).
The first cluster consists of parental plant and six DH
plants induced by 200 Gy while the second and third
clusters consist of respective three DH plants induced by
100 Gy. This result revealed that the DH plants were
separated based on the level of the treatment. Nurmansyah
et al. (2021) had also a similar result when comparing
genetic similarities among faba bean M2 mutant plants
using AFLP markers. They found that mutant plants from
the same gamma irradiation treatment were gathered in the
same cluster and separated from the other groups.
The average genetic similarities among DH plants from
the same dose of irradiation treatment compared to the
parental plant were also calculated. The 200 Gy-gamma
irradiation-induced DH plants showed higher genetic
similarities to the parental plant (0.810) than that of the 100
Gy-gamma irradiation-induced DH plants (0.655). It
indicated that the DH plants generated from 200 Gy are
relatively similar to the parent. Moreover, it explained that
the higher irradiation dose does not mean a higher mutation
rate. It was explained by Li et al. (2016) when evaluating
the mutation rate of six M2 rice plants that were previously
treated by three different doses of gamma irradiation rays
(150, 250, and 350 Gy) using whole-genome sequencing.
They found that plants that were exposed to the same dose
had a relatively similar mutation rate. Although there was
an increase of mutation rate in the 150 Gy-induced mutant
plants from 9.49 × 10−6 to 9.70 × 10−6 in the 250 Gyinduced mutant plant, the 350 Gy-induced mutant plants
showed a lower mutation rate with 7.52 × 10−6.
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Table 5. Pairwise Jaccard genetic similarity index of 11 DH plants and parental line
Parent
DM-1 DM-2 DM-3 DM-4 DM-5
1
Parent
0.684
1
DM-1 (100)
0.658
0.839
1
DM-2 (100)
0.625
0.639
0.758
1
DM-3 (100)
0.622
0.800
0.828
0.774
1
DM-4 (100)
0.805
0.659
0.634
0.683
0.600
1
DM-5 (200)
0.805
0.619
0.595
0.643
0.561
0.857
DM-6 (200)
0.854
0.707
0.643
0.690
0.610
0.86
DM-7 (200)
0.711
0.735
0.706
0.714
0.719
0.683
DM-8 (100)
0.762
0.545
0.558
0.568
0.524
0.814
DM-9 (200)
0.825
0.659
0.675
0.683
0.641
0.902
DM-10 (200)
0.628
0.641
0.658
0.757
0.667
0.609
DM-11 (100)
DM-1-DM-11: Double haploids originated from M1 plants number 1 to 11.
plant

A

DM-6

DM-7

DM-8

DM-9

DM-10

DM-11

1
0.860
1
0.683
0.690
1
0.773
0.778
0.605
1
0.814
0.86
0.683
0.814
1
0.644
0.652
0.757
0.542
0.644
1
Values in the bracket indicate irradiation doses of each DH

B

Figure 3. Relatedness among DH plants and parental plant. A. Principal Coordinates Analysis (PCoA) based on Jaccard’s similarity
index of 11 DH plants and parental plant. B. Cluster analysis of 11 DH plants and parental plant using the UPGMA method. DM-1-DM11: Double haploids originated from M1 plants number 1 to 11. Green font/dot indicates 100Gy-gamma radiation-induced DH plants,
Red font/dot indicates 200Gy-gamma radiation-induced DH plants

In conclusion, gamma irradiation treatments could
increase anther culturability. However, it reduces the
number of calli producing plantlets due to higher frequency
of brown calli. It also decreases the average number of
shoots produced per transferred calli. The DNA
polymorphism was detected among the DH plants and
parental lines which demonstrated the effect of gamma
irradiation to generate genetic variation. Moreover, cluster
analysis shows that DH plants from the same dose of
irradiation treatment were gathered within the same cluster
which indicates plants from the same dose of treatment
have a similar mutation rate. Therefore, the DH method
integrated with induced mutation could be used as an

alternative for rice breeding program especially to improve
local rice cultivars.

ACKNOWLEDGEMENTS
The authors would like to thank Directorate of Research
Universitas Gadjah Mada for funding and supporting this
research through the Young Scientist Capacity Building
Grant 2020 under program number 2403/UN1.P.III/DITLIT/PT/2020.

NURMANSYAH et al. – Doubled haploids from anther culture of M1 plants

REFERENCES
Abuzayed M, El-Dabba N, Frary A, Doganlar S. 2017. GDdom: An online
tool for calculation of dominant marker gene diversity. Biochem
Genetics 55: 155-157. DOI: 10.1007/s10528-016-9779-0.
Ali J, Nicolas KLC, Akther S, Torabi A, Ebadi AA, Marfori-Nazarea CM,
Mahender A. 2021. Improved anther culture media for enhanced
callus formation and plant regeneration in rice (Oryza sativa L.).
Plants 10 (5): 839. DOI: 10.3390/plants10050839.
Chaudhary J, Deshmukh R, Sonah H. 2019. Mutagenesis approaches and
their role in crop improvement. Plants 8 (11): 467. DOI:
10.3390/plants8110467.
Choi HI, Han SM, Jo YD, Hong MJ, Kim SH, Kim JB. 2021. Effect of
acute and chronic gamma irradiation on the cell biology and
physiology of rice plants. Plants 10 (3): 439. DOI:
10.3390/plants10030439.
Datta SK. 2005. Androgenic haploids: Factors controlling development
and its application in crop improvement. Curr Sci 89: 1870-1878.
Dewi IS, Syafii M, Purwoko BS, Suwarno WB. 2017. Efficient indica rice
anther culture derived from three-way crosses. SABRAO J Breed
Genet 49: 336-345.
Dewi IS, Putri NH, Purwoko BS. 2019. Response of anther donor
genotypes (F1) from indica x indica crosses to rice anther culture.
Jurnal AgroBiogen 15: 45-52. DOI: 10.21082/jbio.v15n1.2019.p4552.
Epe IA, Bir MSH, Choudhury AK, Khatun A, Aktar MM, Arefin MS,
Islam MA, Park KW. 2021. Genetic diversity analysis of high
yielding rice (Oryza sativa) varieties cultivated in Bangladesh.
Korean J Agric Sci 48: 283-297. DOI 10.7744/kjoas.20210022.
Grewal D, Manito C, Bartolome V. 2011. Doubled haploids generated
through anther culture from crosses of elite indica and japonica
cultivars and/or lines of rice: Large-scale production, agronomic
performance and molecular characterization. Crop Sci Soc Am 51:
2544-2553. DOI: 10.2135/cropsci2011.04.0236.
Hammer Ø, Harper DAT, Ryan PD. 2001. Past: Paleontological Statistics
Software Package for Education and Data Analysis. Palaeontologia
Electronica 4: 1-9.
Hanum L, Wardana ST, Alazi, Windusari Y, Aminasih N, Patriono E.
2020. Analysing South Sumatra red rice polymorphism using random
amplified polymorphic DNA (RAPD) markers. J Physics Conf Series
1480: 1-8. DOI: 10.1088/1742-6596/1480/1/012069.
Hooghvorst I, Ramos-Fuentes E, López-Cristofannini C, Ortega M, Vidal
R, Serrat X, Nogues S. 2018. Antimitotic and hormone effects on
green double haploid plant production through anther culture of
Mediterranean japonica rice. Plant Cell Tiss Organ Cult 134: 205215. DOI: 10.1007/s11240-018-1413-x.
Kim DS, Lee IS, Hyun DY, Jang CS, Song HS, Seo YW, Lee YI. 2003.
Detection of DNA instability induced from tissue culture and
irradiation in Oryza sativa L. by RAPD analysis. J Plant Biotechnol 5:
25-31.
Kristamtini, Purwaningsih H. 2009. Potensi pengembangan beras merah
sebagai plasma nutfah Yogyakarta. Jurnal Litbang Pertanian 28: 8895. [Indonesian]
Krzewska M, Czyczyło-Mysza I, Dubas E, Gołębiowska-Pikania G, Zur I.
2015. Identification of QTLs associated with albino plant formation
and some new facts concerning green versus albino ratio determinants
in
triticale
(×Triticosecale Wittm.)
anther
culture. Euphytica 206: 263-278. DOI: 10.1007/s10681-015-1509-x.
Lee SY, Cheong JI, Kim TS. 2003. Production of doubled haploids
through anther culture of M1 rice plants derived from mutagenized
fertilized
egg
cells. Plant
Cell
Rep 22: 218-223.
DOI:
10.1007/s00299-003-0663-0.
Limbongan Y, Ramadhan R, Shimizu K, Arung ET. 2021. Agronomic
characteristics of 30 promising lines of aromatic, red, and black rice
and their antioxidant and cytotoxic effects in some cancer cells.
Biodiversitas 22: 1695-1700. DOI: 10.13057/biodiv/d220412.
Li S, Zheng Y, Cui H, Fu H, Shu Q, Huang J. 2016. Frequency and type
of inheritable mutations induced by a rays in rice as revealed by

4929

whole genome sequencing. J Zhejiang Univ - Sci B 17: 905-915.
DOI: 10.1631/jzus.B1600125.
López-Cristofanini C, Serrat X, Ramos-Fuentes E, Hooghvorst I, Llao R,
López-Carbonell M, Nogués S. 2018. An improved anther culture
procedure for obtaining new commercial Mediterranean temperate
japonica rice (Oryza sativa) genotypes. Plant Biotechnol 35: 161-166.
DOI: 10.5511/plantbiotechnology.18.0409a.
Maharani A, Fanata WID, Laeli FN, Kim KM, Handoyo T. 2020. Callus
induction and regeneration from anther cultures of Indonesian indica
black rice cultivar. J Crop Sci Biotechnol 23: 21-28. DOI:
10.1007/s12892-019-0322-0.
Makowska K, Oleszczuk S. 2014. Albinism in barley androgenesis. Plant
Cell Rep 33: 385-392. DOI: 10.1007/s00299-013-1543-x.
Mazumder SR, Hoque H, Sinha B, Chowdhury WR, Hasan MN, Prodhan
SH. 2020. Genetic variability analysis of partially salt tolerant local
and inbred rice (Oryza sativa L.) through molecular markers. Heliyon
6 (8): e04333. DOI: 10.1016/j.heliyon.2020.e04333.
Mishra R, Rao GJN. 2016. In-vitro androgenesis in rice: Advantages,
constraints and future prospects. Rice Sci 23: 57-68. DOI:
10.1016/j.rsci.2016.02.001.
Mkuya MS, Si HM, Liu WZ, Sun ZX. 2005. Effect of 137Cs gamma rays
to panicles on rice anther culture. Rice Sci 12: 299-302.
Myint KS, Aung KO, Soe K. 2005. Development of a short duration
upland rice mutant line through anther culture of gamma irradiated
plants. Mutation Breed Newslett Rev 1: 13-14.
Nagy S, Poczai P, Cernák I, Gorji AM, Hegedus G, Taller J.
2012. PICcalc: An online program to calculate polymorphic
information content for molecular genetic studies. Biochem
Genet 50: 670-672. DOI: 10.1007/s10528-012-9509-1.
Nurmansyah, Alghamdi SS, Migdadi HM. 2021. High quantitative trait
variability in faba bean mutagenized population for high-yielding
breeding program in Saudi Arabia. Legume Res 44: 773-778. DOI:
10.18805/LR-601.
Rahman ZA, Seman ZA, Othman AN, Ghaffar MBA, Razak SA, Yusof
MFM, Nasir KH, Ahmad K, Chow YL, Subramaniam S. 2021.
Efficient callus induction and plant regeneration of Malaysian indica
rice MR219 using anther culture. Biocatalys Agric Biotechnol 31:
101865. DOI: 10.1016/j.bcab.2020.101865.
Sakina A, Mir S, Najeeb S, Zargar SM, Nehvi FA, Rather ZA, Salgotra
RK, Shikari AB. 2020. Improved protocol for efficacious in
vitro androgenesis and development of doubled haploids in temperate
japonica rice. PLos One 15 (11): e0241292. DOI:
10.1371/journal.pone.0241292.
Sholikhah U, Parjanto, Handoyo T, Yunus A. 2019. Genetic diversity of
black and aromatic rice cultivar (Oryza sativa L.) from various region
in Indonesia using Random Amplified Polymorphic DNA markers
(RAPD). Intl J Adv Sci Engineer Inform Technol 9: 1046-1051.
Sobrizal. 2016. Potential of mutation breeding in improving Indonesian
local rice varieties. Sci J Appl Isotopes Radiation 12: 23-36.
Szarejko I, Forster BP. 2007. Double haploidy and induced mutation.
Euphytica 158: 359-370. DOI: 10.1007/s10681-006-9241-1.
Tripathy SK, Swain D, Mohapatra PM, Prusti AM, Sahoo B, Panda S,
Dash M, Chakma B, Behera SK. 2019. Exploring factors affecting
anther culture in rice (Oryza sativa L.). J App Biol Biotechnol 7: 8792. DOI: 10.7324/JABB.2019.70216.
Weigt D, Kiel A, Siatkowski I, Zyprych-Walczak J, Tomkowiak A,
Kwiatek M. 2020. Comparison of the androgenic response of spring
and winter wheat (Triticum aestivum L.). Plants 9: 49. DOI:
10.3390/plants9010049.
Zakiyah NM, Handoyo T, Kim KM. 2019. Genetic diversity analysis of
indonesian aromatic rice varieties (Oryza sativa L.) using RAPD. J
Crop Sci Biotechnol 22: 55-63. DOI: 10.1007/s12892-018-0271-0.
Zhang L, Sun PY, Xie HK, Zhang YH, Zhang YY, Peng XM, Yang Z.
2020. Characterization of γ-radiation-induced DNA polymorphisms
in the M1 population of the japonica rice variety Gaogengnuo by
whole-genome resequencing. Russ J Genet 56: 693-705. DOI:
10.1134/S1022795420060149.

