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ABSTRACT Plant tissue culture is a technique that has invariably been used for various purposes such as obtaining transgenic plants
for crop improvement or functional analysis of genes. However, this process can be associated with a variety of genetic and epigenetic
instabilities in regenerated plants, termed as somaclonal variation. In this study, we investigated mutation spectrum, chromosomal
distributions of nucleotide substitution types of single-nucleotide polymorphisms (SNPs) and insertions/deletions (InDels) by whole
genome re-sequencing between Dongjin and Nipponbare along with regenerated plants of Dongjin from different induction periods.
Results indicated that molecular spectrum of mutations in regenerated rice against Dongjin genome ranged from 9.14 × 10−5 to 1.37 ×
−4
10 during one- to three-month callus inductions, while natural mutation rate between Dongjin and Nipponbare genomes was 6.97 ×
10−4. Non-random chromosome distribution of SNP and InDel was observed in both regenerants and Dongjin genomes, with the
highest densities on chromosome 11. The transition to transversion ratio was 2.25 in common SNPs of regenerants against Dongjin
genome with the highest C/T transition frequency, which was similar to that of Dongjin against Nipponbare genome.
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INTRODUCTION
Agrobacterium-mediated gene transformation based on
tissue culture system is a relatively high efficiency method,
most commonly used for transgenic plant development.
This often involves introduction of foreign gene into callus
or other explants, accompanied by cell selection and plant
regenerations. However, this process can be associated
with a variety of genetic and epigenetic instabilities in
regenerated plants (Kaeppler et al. 2000; Leva et al. 2012).
In terms of transgenic plants, unintended genetic and
epigenetic changes caused by somaclonal variation or
foreign gene insertion or coupled effects might well repay
investigations. In recent years, advances in construction of
high-quality map-based reference genomes for model
plants and next-generation sequencing (NGS) technologies

have enabled more efficient identification of genome-wide
DNA polymorphisms such as single nucleotide polymorphisms (SNPs) and insertion/deletions (InDels). So far,
several studies have been carried out to reveal mutation rate
and mutation spectrum of somaclonal variation in regenerated rice plants (Miyao et al. 2012; Kawakatsu et al.
2013; Zhang et al. 2014; Kashima et al. 2015).
Generally speaking, transgenic rice productions require
about 2.5 to 3 months accompanied with four steps
consisting of callus induction, Agrobacterium co-cultivation
and selection, shoot differentiation and plant regeneration.
Long time in vitro culture and random transgene insertion
provide possibilities on occurrences of unintended genetic
changes (Phillips et al. 1994). Therefore, to distinguish
transgene insertional mutations and somaclonal variations
induced by tissue culture would be very necessary in
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confronting debates on biosafety of transgenic crops.
Recently, DNA polymorphisms of transformants or regenerants derived from several treatments such as variable
Agrobacterium strain, T-DNA transformation approach,
and selection condition had been studied by Wei et al.
(2016). They found that regenerants and transformants
showed relatively low mutation rates comparing to those of
T-DNA tagged mutants and Tos17 lines under different
treatments collectively. And also, they could not conclusively differentiate SNPs and InDels caused from
Agrobacterium transformation and callus-induced
somaclonal variation. Thus, unintended genomic changes
may be interpreted to exist in the germplasm or as other
type of induced mutagenesis.
Rice as one of the important staple foods for world’s
populations is often used for gene functional study and
transgenic rice development (Wang et al. 2013). For
transgenic crops/plants developed by Agrobacteriummediated transformation, people tend to be concerned with
food, feed and environmental biosafety, which possibly
triggered by genetic variations including somaclonal
variations and transgene insertion mutations. In the present
study, a conventional Korean rice variety ‘Dongjin’ was
used for one-month, two-month, and three-month callus
inductions, respectively. These calli experienced generation substitutions by subcultures of 3, 6 and 9 times
respectively, followed by plantlets regeneration. By using
whole genome re-sequencing technique, we attempted to
assess mutation spectrum and patterns of somaclonal
variation in rice regenerants derived from different callus
induction periods of a non-transgenic rice variety Dongjin.
We believed that chromosomal and DNA mutation levels
on regenerated rice plants would be valuable references to
biosafety assessment of transgenic rice and other plants.

dehulled Dongjin seeds, callus was induced on Murashige
and Skoog (MS) solid medium with 2 mg/L 2,4dichlorophenoxyacetic acid (2,4-D) at 26 ± 1°C in darkness.
Calli subculture was performed every 10-12 days as one
generation. The fresh calli were selected and transferred
onto new callus induction medium (MS). After callus
induced, MS medium with 1.0 mg/L kinetin and 0.1 mg/L
naphthalene acetic acid (NAA) were used for shoot regeneration under the conditions with 16-hour photoperiod and
26 ± 1°C of room temperature. Root formation of shoot
regenerants was performed on plant growth regulator-free
basal MS medium for 2 weeks, followed by culture in 0.1%
Hyponex solution (Hyponex, Imlay, MI, USA) for 1 week.
All of regenerated plantlets were subsequently transplanted
into the soil in pots and grown in a greenhouse. Actually,
1-month, 2-month, and 3-month callus inductions were
separately experienced 3, 6 and 9 calli generations. The
regenerated plantlets were named as R1, R2, and R3
groups, respectively (Fig. 1).

DNA isolation and NGS analysis
Three plants from each regenerated plant group and
three Dongjin plants were leaf sampled during seedling
stages and stored at −80°C, until DNA extractions. CTAB
method was used for genomic DNA isolation, with an
additional step of chloroform purification. After RNase
treatment, DNA concentrations were quantified by Nanodrop

MATERIALS AND METHODS
Plant materials
A commercial Korean japonica rice cultivar ‘Dongjin’
(Oryza sativa ssp.) and its regenerated plants from 1-month,
2-month, and 3-month callus inductions, respectively,
were used for this study. After sterilization of mature

Fig. 1. Schematic diagram showing preparation of regenerated plants for Next-generation sequencing (NGS).
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ND 1000-spectrophotometer (Thermo Fisher Scientific
Inc., Wilmington, NC, USA) and storage at −20°C.
Approximately 20 µg each of high-quality genomic
DNA from 12 plant samples was prepared for NGS. The
fragmented genomic DNA was blunt end-repaired, adenylated, ligated with paired-end adaptors, and enriched/
linearized with PCR to construct library using TruSeq
DNA Nano sample preparation kit, according to the
manufacturer’s protocol (Illumina, San Diego CA, USA).
®
Agilent 2100 Bioanalyzer DNA chip and Qubit 2.0
Fluorometer (Invitrogen) were used for quality control of
libraries and concentration analysis. Then, each sample
®
was sequenced on an individual lane on a NextSeq 500
(Illumina Inc., San Diego, CA, USA) sequencing system.

Reference mapping and SNP/InDel identification
Before whole genome re-sequencing analysis, raw data
was processed for adaptor trimming and low-quality reads
filtering by quality score > Q30 (QPhred = 30). Trimmed
sequencing reads created from three Dongjin plants and
nine regenerated plantlets were separately mapped against
the standard japonica rice genotype Nipponbare reference
genome (the Os-Nipponbare-Reference-IRGSP-1.0, http://
rapdb.dna.affrc.go.jp/download/irgsp1.html) using Burrows
Wheeler Aligner (BWA) software algorithm. SNP and
InDel identifications between Nipponbare and Dongjin,
and/or nine regenerated rice plants were further analyzed
using SAMtools (v0.1.17) software following descriptions
by Arai-Kichise et al. (2014).

RESULTS
Sequencing and mapping reads against Nipponbare
genome
The Illumina sequencing collectively yielded 26,093 ×
6
6
10 bps and 69,111 × 10 bps for three Dongjin genomes
and nine regenerated plant genomes, respectively. After
filtering, the high-quality data with an average 92.28% of
total reads were used to analyze genetic variations for all
samples. By mapping against the standard Nipponbare
reference genome, on average of 91.88% of Dongjin and
90.62% of regenerated plants of sequencing reads were

uniquely mapped onto Nipponbare reference genome,
covering 96.36% and 95.96% of the Nipponbare genome,
respectively. Moreover, effective sequencing depths of
mapped reads were 20.42 × and 17.70 × across the whole
genomes of Dongjin and its regenerated plants, respectively.
Among chromosomes, chromosome 11 had the lowest
genome mapping depths of 18.05 × for Dongjin and 15.63 ×
for regenerated plants, while the highest mapping depth of
21.11 × and 19.17 × were detected in chromosome 12 of
Dongjin and chromosome 10 of regenerated plants,
respectively.

Variant chromosomal distributions of Dongjin
genomes
SNPs and InDels were identified from Dongjin genomes
against Nipponbare. A total of 242,530 SNPs, 5,968
insertions and 6,609 deletions were identified. The average
natural mutation rate including SNPs and InDels per site
−4
between Dongjin and Nipponbare genome was 6.97 × 10 ,
with 373.245 Mb being the size of the reference genome
Nipponbare. The highest and lowest densities of variants
were located on chromosome 11 and chromosome 3. Both
SNPs and InDels showed the highest densities on
chromosome 11 (Fig. 2A and B). In addition, high relative
densities of SNPs were detected on chromosome 10, 12,
and 8, while chromosome 4 and 10 were identified for high
densities of InDels. On chromosome 4, 8 and 11, slight
differences in SNP densities were observed in three
Dongjin genomes (DJ1, DJ2, and DJ3). InDel distributions
on most of chromosomes were found to be close to the
centromeres. A large proportion (> 75%) of total InDels
occurred within a small scale (≤ 2 bp), with maximum
insertions/deletions scale of 24/31 bp (Fig. 3A).

Variant chromosomal distributions of regenerant
genomes
Nine Dongjin regenerated plants from three groups R1,
R2 and R3 were separately sequenced and analyzed for
variants profiles depending on the callus induction periods
(one to three months) against Dongjin genome. The
regenerated plant groups were observed to have the highest
SNP and InDel densities on chromosome 11, followed
chromosome 8 and 10. On the contrary, chromosome 9 and
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Fig. 2. Chromosomal distributions of single nucleotide polymorphisms (SNPs) and Insertion/Deletions (InDels) per 1 Mb
in Dongjin and regenerant genomes respectively. (A) and (B), SNP and InDel distributions in Dongjin genome
against Nipponbare, (C) and (D), SNP and InDel distributions in regenerant genomes against Dongjin.

Fig. 3. Distributions of the length of Insertion/Deletions (InDels) for Dongjin genome (A) and regenerated plant groups
(B). The x-axis shows the number of nucleotide insertions (black) and deletions (gray), y-axis shows the number
of InDels at each length.
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5 were observed to have the lowest SNP and InDel
frequencies, respectively (Fig. 2C and D). InDels (146
insertions and 141 deletions) occurring within a small scale
(≤ 2 bp) accounted for a large proportion (approximately
78%) of total InDels, with maximum insertions/deletions
scales of 13/14 bp (Fig. 3B). On the basis of varying
distribution frequencies on the chromosomes, SNPs and
InDels from regenerated plants shared similar mutation
patterns with that of natural variations between two rice
varieties. This phenomenon implied that SNP and InDel
occurrences caused by callus induction are prone to occur
in the preferred regions of natural variations between
varieties.

Variant comparisons between regenerant groups
We identified a total of 33,005 SNPs and 1,104 InDels
from R1 group, 40,806 SNPs and 2,049 InDels from R2,
and 48,889 SNPs and 2,382 InDels from R3, compared to
Dongjin genome. Line specific SNPs were detected for
15,896 of R1, 17,077 of R2, and 23,874 of R3 groups,
constituting 48.16%, 41.85% and 48.83% of the total
SNPs, respectively. Similarly, line specific InDels were
detected for 429 of R1, 949 of R2 and 1,154 of R3 groups,
constituting 38.86%, 46.32% and 48.45% of the total
InDels, respectively (Fig. 4). DNA mutations were
commonly detected for 5,366 SNPs and 130 InDels
between R1 and R2 groups, 6,652 SNPs and 258 InDels

between R1 and R3 groups, and 13,272 SNPs and 683
InDels between R2 and R3 groups. Approximately 5,091
SNPs and 287 InDels were commonly detected in the three
groups. The average mutation rate including SNPs and
−5
InDels successively increased from 9.14 × 10 in R1
−4
group to 1.37 × 10 in R3 group.

Comparison on nucleotide substitution types of SNPs
Base substitution patterns of identified SNPs were
categorized and analyzed to an average value of 2.20 on the
ratio of transitions (A/G or C/T) to transversions (A/C,
T/A, G/T or C/G) in Dongjin compared to Nipponbare
genome (Fig. 5A). Numbers of transitions A to G and C to
T were calculated as 72,202 and 94,653, but transversion of
A to C, T to A, G to T and C to G were calculated as 16,714,
23,831, 20,945 and 14,185, respectively. Analysis of base
substitution patterns suggested that changes from C to T
occurred more frequently, followed by A to G and T to A.
Base substitution patterns of SNPs identified from three
regenerated plant groups were calculated as ratio of
transitions to transversions (Ts/Tv) that ranged from 1.90
for chromosome 10 to 2.90 for chromosome 9, with an
average of 2.25. C/T transition was the most frequent base
substitution. Transition of A to G and transversion of T to
A were also shown with high relative frequencies,
compared to other base substitutions (Fig. 5B). This Ts/Tv
ratio and base substitution profiles on regenerated plant

Fig. 4. Venn diagram showing single nucleotide polymorphisms (A) and Insertion/Deletions (B) identified from R1, R2
and R3 regenerant plant groups against Dongjin genome. The overlapped parts indicate common detections in R1
and R2, R1 and R3, R2 and R3, and R1, R2 and R3.
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Fig. 5. Base substitution patterns and frequencies between
Dongjin and Nipponbare (A), and Dongjin and its
regenerated plants (B).

groups seemed much closer to those of Dongjin genome.

DISCUSSION
Genetic engineering, an important technique of innovation
and development compared to traditional breeding
approach has been used for developing new varieties of
crops with a wide range of characteristics within short
periods (Sharma et al. 2016). Agrobacterium-mediated
transformation and in vitro cell culture, the most efficient
tools of genetic manipulations, have been widely used for
development of various transgenic crops in the last two
decades (Husaini et al. 2010). However, tissue culture
systems are believed to cause chromosomal and DNA
sequence variations, methylations, transposon activation,
and somaclonal variants production (Kaeppler et al. 2000;
Jiang et al. 2011; Sabot et al. 2011). Somaclonal variations
may generally cause uncontrolled and random spontaneous
variation in plant cell growth in vitro and their regeneration
procedures are confronted with different media compositions,
plant growth regulators, and other environmental factors
(Leva et al. 2012). In recent years, rapid developments in

NGS technologies have aided in discovery of millions of
genome-wide DNA polymorphisms such as SNPs and
InDels. By using this approach, many studies have been
carried out to reveal genomic variations in somaclonal
variants and transgenic plants (Kaeppler et al. 2000;
Ossowski et al. 2010; Yamamoto et al. 2010; Jiang et al.
2011; Miyao et al. 2012; Jeong et al. 2013; Kawakatsu et
al. 2013; Zhang et al. 2014; Kashima et al. 2015; Anderson
et al. 2016; Wei et al. 2016; Schouten et al. 2017)
In the present study, we investigated chromosomal
distributions, mutation rates and base substitutions of SNPs
and InDels not only between two japonica rice varieties
Dongjin and Nipponbare bred by conventional breeding
methods, but also between regenerated plants induced by
rice callus culture and their donor variety Dongjin. Compared
to Nipponbare genome, the highest chromosomal distribution
densities of SNPs were observed on chromosomes 11 of
Dongjin, followed by chromosome 10, 12 and 8, however,
the highest InDel densities were detected on chromosome
11 followed by chromosome 4 and 10 respectively. In
regenerants, the highest densities of both SNP and InDel
were detected on chromosome 11, followed by chromosome
8 and 10, against Dongjin genome. The most frequent base
substitution was C/T transition in both Dongjin and
regenerant genomes. Similarly, Ts/Tv ratios were calculated
to be 2.20 for Dongjin and 2.25 for regenerants. Thus, it can
be seen that both natural variations (SNPs and InDels)
between varieties and somaclonal variations in regenerants
preferred chromosome 11, followed by chromosome 8, and
10.
For regenerated plant genomes, 5,378 of SNPs and
InDels were common detected from three regenerated plant
groups. We believed these somaclonal variations were
induced by callus culture, regardless of the callus induction
periods. Meanwhile, these variants were found to share
similar chromosomal distribution and base substitution
patterns with those of natural variations. Except for
common variants, both line specific SNPs and InDels were
observed to increase substantially for each month of
extension in callus induction period. Compared to R2
group, significant increase of line specific SNPs and InDels
were observed in R3 group, which indicated more than
two-month tissue culture might cause significant increases
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of genetic variations in regenerants. However, the mutation
−4
rate of 1.37 × 10 for three-month callus induced regenerants
−4
was still much lower than natural mutation rate of 6.97 × 10
between two Dongjin and Nipponbare cultivars. The
mutation rates of somaclonal variation in this study are
similar to those of five-month callus induced rice regenerants
−5
with an average mutation rate of 5.0 × 10 reported by
Zhang et al. (2014), but approximately 50- to 200-folds
higher than rice regenerants derived from Koshihikari and
−6
Nipponbare rice varieties in other studies (1.74 × 10
−7
reported by Miyao et al. (2012); 5.5 × 10 reported by
−6
Kawakatsu et al. (2013); 1.41 × 10 reported by Kashima
et al. (2015)). The reasons for this discrepancy might be
differences in genetic background of donor varieties.
In conclusion, prolonged callus induced periods could
increase in mutation spectrum, which was far below natural
mutation rate. Genomic variations induced by tissue
culture and natural mutations between cultivars were found
to have similar patterns of chromosome distribution and
nucleotide substitution. Through this study, we provided
approximate ranges for mutation spectrums, chromosome
distributions, and nucleotide substitutions of SNPs and
InDels for one-, two- and three-month callus induced rice
regenerants. We believed these results would be valuable
references for development of transgenic plants by using in
vitro cell culture and Agrobacterium-mediated
transformation techniques. Furthermore, it provides new
perspective on risk assessment of transgenic plant. As a
reference, several transgenic lines derived from donor
variety Dongjin will be used to analyze genomic variations
in the further study.
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