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Abstract: Mutation technology has been applied more in recent decades to achieve novel products
that are not commonly found in nature. An experiment was conducted to examine the effects of an
N-methyl-N-nitrosourea (MNU) mutation on the growth, yield, and physicochemical properties of
rice. Seeds of two rice cultivars (K1: DT84, and K3: Q5), along with their mutant lines (K2: mutated
DT84, and K4: mutated Q5), were sown, and the established seedlings were transplanted to an
open field. Ten hills per plot were randomly selected to evaluate growth parameters, yield, and
components. Physicochemical attributes, including protein, amylose, and lipid contents, as well as
taste score were measured by a quality tester device. The results showed that plant length, tiller
number, and panicle length were higher in mutant lines than those of their cultivars. Furthermore,
mutant lines took longer to reach heading and maturity stage. The highest panicle number, spikelet
number, repined ratio, 1000 grain weight, 1000 brown rice weight, and grain yield were obtained
in mutant lines, as compared to cultivars. The greatest grain yield was obtained in the K4 mutant
line (11.6 t/ha), while the lowest was recorded in the K1 cultivar (7.7 t/ha). Lower amylose, protein,
and lipid contents were observed in mutant lines compared to those in cultivars. The taste score,
which increased from 67.7 to 73.7, was found to be correlated with lower amylose, protein, and lipid
contents. The mutation approach increased the grain length but decreased the grain width of tested
varieties. This study highlights and suggests the importance of MNU mutation in terms of rice yield
improvement with preferable quality.
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1. Introduction

Rice (Oryza sativa L.) is one of the leading crops and provides the main source of calories for
more than half of the world’s population [1-3]. An increasing population has raised demands for rice
production worldwide, especially in Asian countries where rice is consumed as part of the typical
diet [4,5]. To meet increasing demand, various methods and techniques of genetic manipulation have
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been applied to optimize rice production, such as mass selection, hybridization, mutation, and genetic
modification, among others [6].

Mutation technology has been used to achieve novel attributes that are rarely observed in nature [7].
Utilization of gamma rays has recently raised attention as a speedy method to improve the qualitative
and quantitative properties for several crops [8]. El-Degwy [9] stated that gamma irradiation increased
heading time, plant length, and panicle number per plant, but it decreased total grain yield compared
to those of nonmutagenic rice plants. Induced mutation is a promising tool for creating new genotypes,
changing major genes, and governing the quantitative character [10].

Among known methods of mutation, N-methyl-N-nitrosourea (MNU) mutation is a significant
approach that effectively enhances and improves food production in many crops, especially in
rice [11,12]. Recently, Xuan et al. [13] documented that rice lines developed by MNU mutation
exhibited high yield, good quality, and were a potential source for breeding new rice cultivars.
The application of mutant rice cultivars is spreading and becoming more prevalent in rice-producing
countries. China has been increasingly using this technology for over 15 years [14]. As a result,
hundreds of new rice varieties have been released worldwide, especially by China, Japan, and India [5].

Overall, the developed mutant rice cultivars do not have ideal growth performances or quality
and are not as adaptable [15]. Hence, more attention is required to evaluate the growth performance,
yield potential, and physicochemical properties of mutant rice cultivars based on growing regions to
increase productivity and improve desired qualities. The screening process is an essential approach to
find suitable and adaptable environments for the developed mutant lines [16]. Within the screening
process, phenotypic evaluation is a crucial factor to determine the effectiveness of mutation technology.
Very few studies have evaluated the utilization of the MNU approach on rice [5,17,18]. Thus, this research
was carried out to examine the effects of MNU mutation on the growth, yield, and physicochemical
properties of rice.

2. Materials and Methods

2.1. Experimental Site and Design

This experiment was conducted in the experimental paddy field and Laboratory of Plant Physiology
and Biochemistry affiliated to Hiroshima University, Higashi-Hiroshima City, Japan. It was carried out
during the rice-growing season from May to October 2018 in irrigated conditions. The field cultivation
was arranged in a randomized complete block design with three replications and four cultivars/mutant
lines, as shown in Table 1. Mutant lines (F2) were the self-pollination F1 of the mutated K1 and K3
cultivars, which were obtained from the treatments of MNU mutation following a protocol described
previously [17,18]. Briefly, seeds of the original cultivars were treated with 150 mM MNU for three
hours, dried, and kept in hermetic conditions for three months. Afterward, the seeds were collected
and stored at 5 °C in the darkness for further use. The mutated F1 was self-pollinated to yield the
mutated F2 population. The experimental field was puddled by power tiller, leveled manually, and
each plot was designed at 3 m?.

Table 1. Origin and description of the selected cultivars and mutant lines.

Code Origin Descriptions Status
K1 DT84 A traditional sticky rice w'1th good quality in Cultivar
the north of Vietnam
K2 Mutated DT84 F2 (self-pollination from the mutated DT84 F1) Mutant line
A commercial rice cultivar with good quality in .
K3 Q> the north of Vietnam Cultivar
K4 Mutated Q5 F2 (self-pollination from the mutated Q5 F1) Mutant line

Cultivars and mutant lines were subtype Indica and provided by Khai Xuan International Co. Ltd., and Agricultural
Genetic Institute, Hanoi, Vietnam.
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2.2. Plant Materials and Seedling Management

Perfect seeds of the selected cultivars and mutant lines were soaked in distilled water and
managed in a growth chamber for 72 h at 30 °C. The pregerminated seeds were sown in nursery boxes
(30 x 60 cm) in commercial soil (N.P.K. contents at 0.8, 1.0, and 1.3 g/kg, JA-ZEN CHU Co. Hiroshima,
Japan). The seedlings (25 days old) with 3.5 plant age in leaf number were transplanted to the prepared
rice field. The distances between plants and rows were 15 and 20 c¢m, respectively. Every hill contained
one seedling. Weeds were manually controlled at maximum tillering and heading stages. Standard
fertilizer (14-10-13) at 130 g per plot was applied at early tillering and milking stages. Water was
kept normally based on environmental conditions and plant requirements. Plants were harvested at
maturity stage.

2.3. Measurements of Growth and Yield Attributes

Ten hills per plot were randomly chosen to evaluate the growth parameters, yield, and components.
Growth parameters were recorded at the maturity stage. Plant length was measured from the surface
of the soil to the tip of the flag leaf. Tillers were counted by hand, and panicle length was measured by
sample ruler. Panicles were counted in the field, and spikelet numbers were summed per each panicle.
Collected grains of each plot were threshed and dried at room temperature to obtain 18% moisture
content. The repined grain ratio was calculated based on the formula shown below after the separation
of filled and unfilled grains by salt solution (NaCl/water at 1.06 hydrometer). The 1000 grain weight
was recorded in triplicate. The grain yield was determined with the below formula. The grains were
then dehusked using automatic rice husker machine (model TR-250, Kett Electric Laboratory, Tokyo,
Japan), and the brown rice grains were used for further procedures.

Repined grain ratio (%) = (filled grains/total grains) x 100,

Grain yield (g/hill) = Panicle number per hill X Spikelet number per panicle X
Ripened grain ratio x 1000 grain weight,

2.4. Measurements of Physicochemical Properties

Physicochemical properties, including protein, amylose, and lipid contents, as well as taste score
were measured by a quality tester machine (PGC Shizuoka Seiki PS-500 machine, version 2-12, Shizuoka
Seiki Co. Ltd., Shizuoka, Japan) using 100 g brown rice grains with three replications. Ten perfect
brown rice grains were selected for each cultivar and mutant line to record grain length, grain width,
and grain length-to-width ratio using a vernier caliper as well as to observe their appearance.

2.5. Statistical Analysis

Data were analyzed by Minitab 16.0 statistical software (Minitab Inc. State College, PA, USA).
One-way analysis of variance (ANOVA) was conducted to express the differences between cultivars
and mutant lines, followed by Tukey’s multicomparison test. Significant differences were defined at
p < 0.05 probability level. Pearson correlation was conducted to indicate the relation between grain
yield and other parameters.

3. Results

3.1. Growth Attributes

Growth parameters in terms of plant length, tiller number per hill, panicle length, and days
to heading and maturity are summarized in Table 2. Plant length and tiller number per hill of
mutant lines were not significantly higher than those of the cultivars, while the panicle length was
significantly higher in both mutant lines K2 (26.4 cm) and K4 (29.2 cm) in comparison with their origins
K1 (23.1 cm) and K3 (26.3 cm), respectively. Days to heading and maturity were significantly different
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(p < 0.05) between mutant line (K4) and cultivar (K3); mutant lines took longer to reach heading and
maturity stages. Plant length and tiller number per hill ranged from 108.5 to 114.1 cm and 11.1 to 13.7,
respectively, with the highest value in K2. Panicle length was within the interval of 23.1 to 29.2 cm,
and the longest was obtained in K4. Based on the heading and maturity behaviors, K4 and K3 were
late and early maturity crops, respectively.

Table 2. Description of growth parameters among cultivars and mutant lines.

Code Plant Length Tiller Number Days to Days to Panicle Length
(cm) per Hill Heading Maturity (cm)
K1 1134+ 3.6 a 121+ 0.4 ab 106.3 +0.6 b 136.7+1.1b 231+05¢
K2 1141+5.6a 137+04a 107.6 +0.7b 1382+ 0.7b 264+03b
K3 1085+ 3.1a 111+11b 104.0+£2.6b 132.7 £2.3¢ 263+02b
K4 1095+22a 125+ 1.3 ab 1223 +11a 151.0+1.0a 292+06a

Values are presented as mean + standard deviation. Different letters in a column indicate significant differences at
p < 0.05.

3.2. Yield and Its Components

Grain yield and its components are illustrated in Table 3. There were significant differences
(p < 0.05) in 1000 grain weight, 1000 brown rice weight, and grain yield among mutant lines and
cultivars. Panicle number per hill significantly differed between K3 and K4. The highest panicle
number per hill, 1000 grain weight, 1000 brown rice weight, and grain yield were obtained in mutant
lines rather than in their cultivars. Additionally, spikelet number per panicle and repined ratio were
higher in mutant lines, and 1000 husk weight was greater in the cultivars but did not differ statistically.

Panicle number per hill, spikelet number per panicle, and repined ratio, respectively, ranged
from 9.3 to 11.1, 127.7 to 148.6, and 83.4% to 90.0%. The weights of 1000 grain, 1000 brown rice, and
1000 husk ranged from 22.0 to 24.1 g, 18.0 to 21.3 g, and 2.6 to 4.0 g, respectively. The greater grain
yield (11.6 t/ha) was obtained in K4, a mutant line, and the lowest grain yield (7.7 t/ha) was recorded
in K1, a cultivar.

Table 3. Description of grain yield and its components among cultivars and mutant lines.

Panicle Spikelet Ripened 1009 1000 BI:OWH 1000 Husk G.ram
Code  Number Number per Ratio (%) Grain Grain Weight (2) Yield
per Hill Panicle ” Weight(g)  Weight (g) gnts (t/ha)

K1 9.7+04ab 127.7 + 8.8 b 834+56a 225+01b 192+03b 33+01a 77+05b
K2 106+01a 1420+6.1ab 900+15a 239+04a 213+02a 26+02a 108+02a
K3 93+09b 1353+52ab 862+12a 220+06b 18.0+04c 40+10a 79+06Db
K4 111+13a 1486 +3.1a 873+36a 241+04a 211+03a 30+05a 116+02a

Values are presented as mean =+ standard deviation. Different letters in a column indicate significant differences at
p <0.05.

3.3. Physicochemical Properties and Appearance

Physicochemical properties, including amylose, protein, and lipid contents; taste score; and grain
length, width, and length-to-width ratio are presented in Table 4. A significant difference (p < 0.05)
among cultivars and mutant lines was observed in terms of amylose content. Taste score significantly
differed between K1 and K2 as well as grain length between K3 and K4. Amylose, protein, and lipid
contents ranged from 21.4% to 23.3%, 6.6% to 7.0%, and 7.7% to 10.7%, respectively. Lower amylose,
protein, and lipid contents were recorded in mutant lines rather than in their cultivars, but the protein
and lipid contents were not statistically significant. Taste score extended from 67.7 to 73.7 (as reference),
which was enhanced with the decrease in amylose, protein, and lipid contents.
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Table 4. Description of physicochemical properties of rice grain among cultivars and mutant lines.

Grain Grain Grain
Code Amylose (%)  Protein (%)  Lipid (%)  Taste Score Length Width Length/Width
(mm) (mm) Ratio

K1 232+01a 70+04a 107+ 06a 68.0+0.0b 62+03b 25+01a 25+0.0b
K2 225+0.1b 6.6+04a 103+06a 737+30a 63+01b 24+01a 26+0.1b
K3 233+00a 69+01a 83+0.6b 677 +1.1Db 62+01b 22x+02a 28+ 04ab
K4 214+04c 6.6+03a 77+11b 700+1.0ab 71+04a 21x00a 33+02a

Values are presented as mean + standard deviation. Different letters in a column indicate significant differences at
p < 0.05.

Grain length, grain width, and grain length-to-width ratio ranged from 6.2 to 7.1 mm, 2.1 to
2.5 mm, and 2.5 to 3.3 mm, respectively. Mutant line (K4) displayed an increased grain length as
compared to cultivar (K3). K4 was recorded as the longest grain compared to other cultivars/mutant
lines; however, K1 was observed as the thickest grain cultivar. Figure 1 shows the physical appearance
of the cultivars and mutant lines. Rice grains produced by K1 were white in color, while the others
were brown.

K1 K2 K3 K4

KORRUSRTE
N XN T h

Figure 1. Appearance of cultivars and mutant lines.

3.4. Relationship of Yield with Other Parameters

The correlation coefficient of grain yield with growth parameters, yield components, and
physicochemical properties are illustrated in Table 5. There were significantly positive correlations
among grain yield with tiller number per hill, panicle length, panicle number per hill, spikelet number
per panicle, repined ratio, 1000 grain weight, and taste score. However, a significant, negative
correlation was found between grain yield and amylose content. Furthermore, grain yield did not show
any significant correlation with protein, lipid, grain length, and grain width in these cultivars/mutant
lines. The correlation between grain yield with its components (panicle number, spikelet number,
repined ratio, and 1000 grain weight) is demonstrated in Figure 2. The results show that there was
a linear relation between grain yield and its components (r = 0.885, p = 0.001; r = 0.718, p = 0.009;
r=0.580, p = 0.048; and r = 0.890, p = 0.001), respectively. The results of correlation between grain
yield with amylose content and taste score also exhibited a linear relation (r = —0.836, p = 0.001; and
r = 0.641, p = 0.025) but a nonlinear correlation with protein and lipid contents (r = —0.381, p = 0.222;
and r = —0.170, p = 0.597) see Figure 3.
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Figure 2. The correlation of grain yield with panicle number, spikelet number, ripened ratio, and 1000
grain weight. (a), Panicle number; (b), Spikelet number; (c), Ripened ratio; (d), 1000 grain weight.
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Figure 3. The correlation of grain yield with amylose, protein, and lipid contents, and taste score.
(a) Amylose content; (b) protein content; (c) lipid content; and (d) taste score.
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Table 5. The correlation coefficient of grain yield with growth parameters, yield components, and physicochemical properties among cultivars and mutant lines.

TN PL PN SN RR GW GY AC PC LC TS GL
PL 0.047
PN 0.726 ** 0.437
SN 0.178 0.810 *** 0.422
RR 0.559 * 0.306 0.328 0.280
GW 0.658 * 0.574 * 0.779 ** 0.554 0.500
GY 0.685 ** 0.671 ** 0.885 *** 0.718 ** 0.580 * 0.890 ***
AC -0.330 —-0.807 ***  —0.664 ** —-0.786 ** -0.274 —-0.833 ***  —0.836 ***
PC -0.242 —-0.553 * -0.320 -0.373 -0.018 -0.476 -0.381 0.534
LC 0.322 —0.734 ** —-0.004 —-0.433 -0.101 -0.027 -0.170 0.393 0.232
TS 0.803 ** 0.260 0.528 0.415 0.549 0.597 * 0.641 * -0.379 —-0.595 * 0.180
GL -0.003 0.707 ** 0.360 0.587 * 0.115 0.520 0.497 —0.723 ** -0.294 —-0.693 ** 0.013
GWD 0.357 —-0.686 ** -0.282 -0.307 -0.013 —-0.256 -0.302 0.444 0.195 0.574 * 0.298 -0.478

*,** and *** indicate significant differences at p < 0.05, p < 0.01, and p < 0.001 probability levels. TN (tiller number), PL (panicle length), PN (panicle number), SN (spikelet number), RR (ripened ratio),
GW (1000 grain weight), GY (grain yield), AC (amylose content), PC (protein content), LC (lipid content), TS (taste score), GL (grain length), and GWD (grain width).
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4. Discussion

Genotypic properties play a dominant role in crop production. Manipulation of genetic sources
is an option toward meeting rising food demand [19]. Mutation technology modifies the genotypic
mechanism of plants through the alteration of select genes [17]. Such changes cause variation in
phenotypic performances and productivity of crops [17,18]. Variations in rice grain yield and its quality
are largely dependent on genetic and environmental factors [20]. In this study, MNU mutation showed
a wide variation in growth, yield, and physicochemical properties of rice.

Growth attributes, including plant length, tiller number, and panicle length, were varied among
cultivars and mutant lines. Plant length largely depends on the length of internodes [21] and the
application of nitrogenous fertilizer [22], which varies based on genetic differences between varieties
and environmental conditions [23]. On the other hand, increased plant length is often associated with
stress responses such as light and shading [24]; therefore, further observations on the expressions of
genes and gene clusters in determining the plant length should be done. Simultaneously, experiments
with other environmental stresses should be carried out to confirm responsive levels between mutant
lines and the corresponding cultivars. Tiller number is the most important factor for panicle formation
and development in rice plants [25] and is a major determinant of grain yield [26]. Laza et al. [27]
reported that rice varieties with long and intermediate panicle sizes produced greater grain yields
than the varieties with small panicles. Thus, mutant lines produced high yields compared to the
original cultivars.

An increase or decrease in the vegetative period of rice plants can affect yield and its components.
Kasim et al. [28] found that mutations can reduce plant age by shortening the plant heading and
maturity times. On the contrary, the present study showed that mutant line K4 matured later than the
original cultivar K3, whereas there was no change between K2 and K1. The results suggested that the
mutation by MNU might elongate the maturity period of normal rice (K3) rather than sticky rice (K1),
but grain yields of both rice types increased. Previous studies also reported that late-maturity varieties
contribute to higher biomass production and accumulation of photosynthates [17]. As vegetative
growth of mutant lines was favorable and had extensive root visibility, this situation might lead mutant
lines to take advantage of soil nutrients and applied fertilizers, consequently postponing heading
and maturity stages, as reported by Ali et al. [29], who stated that excessive nutrients tend to delay
heading and maturity stages. On the other hand, shortened vegetative growth in the selected cultivars
may lead to decreased spikelet number per panicle, repined ratio, 1000 grain weight, and grain yield.
Similar results were reported by Vergara et al. [30]. These influences might be determined by genetic
backgrounds of varieties and their responses to various environmental conditions.

Yield components are the main factors affecting grain yield [31]. Duan et al. [32] stated that panicle,
spikelet, repined ratio, and 1000 grain weight were the most important traits and key enhancers of
yield. In the present study, panicle number per hill, spikelet number per panicle, repined ratio, and
1000 grain weight were higher in mutant lines, which consequently resulted in increased grain yield,
and is in line with previous studies [32]. Anh et al. [5] explained that full-grain weight is the key
decider for grain yield; however, results of this study showed that all the yield components were
responsible for grain yield production in both cultivars and mutant lines. Grain yield has a linear
correlation with its components [31]; we also found a linear correlation between grain yield and its
components, which is in line with the previous study.

Rice grain quality is determined by several physical and chemical characteristics; thus, a specific
customer class might have special preferences [2,4,33]. Amylose, protein, and lipid contents are the
main elements of the physicochemical quality of rice grain and should be considered as a crucial
factor in rice breeding strategies [2,4,34]. These quality traits are largely affected by genotypic and
environmental conditions [33]. The results of this study indicated that MNU mutation decreased the
percentage of amylose content in the rice grain. Low amylose content in rice grain increases softness
and stickiness, while higher amounts cause rice grain to become hard and easily breakable during
the grain milling process [2,4,35]. It has been shown that high amylose, protein, and lipid contents
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decrease grain taste score; thus, the selected cultivars exhibited lower taste scores, and mutant lines
showed a higher taste score. Protein and lipid contents are major indicators of the nutritional value of
rice grain [20,31]. Zhou et al. [36] reported that rice grains with low amylose and protein contents are
preferred in world markets.

Rice grain appearance, in terms of cooking and eating, mainly depends upon cultural differences
and consumer preferences [33,37]. Physical traits including grain length, grain width, and grain
length-to-width ratio are considerable elements of appearance [2,5]. Noori et al. [38] reported that
grain length and width mostly depend on the cultivar genotype. In our study, the MNU mutation
increased the grain length. It is reported that the grain appearance quality is associated with grain
nutritional quality [5,39]. The results of this study proved that MNU mutation can increase grain
yield and produce quality grains. Hence, the MNU mutation approach may be used to support the
production of high-quality rice grain as well as help developing countries to increase their productivity
by releasing new cultivars within a short period of time.

5. Conclusions

The cultivated area for rice production has remained the same; whereas, rice demand is rising.
Therefore, enhancement of rice yield per unit area is required. High yields and stable performances
of new rice cultivars under different environments are key factors for sustainable rice production.
Determination of the interaction between genotypic and environmental traits is an effective and
stable approach to rice productivity. Released varieties by MNU mutation showed improved growth
parameters, yield potential, and physicochemical properties of the F2 generation compared to their
parents. Further examination on the subsequent generation from F3 should be conducted to select the
elite rice lines with improved yield and quality from the MNU mutation.
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