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Climate change and decreasing in farmlands threaten global rice production.
The productivity and grain quality of KDML105 (Oryza sativa ‘KDML105”), one
of Thailand’s famous scented rice is depending on photoperiod and cultivating
conditions. Cultivar improvement using induced mutagenesis has previously
been performed and screening of candidate mutant lines (MT1, MT3, MT4,
MTS, MT6) were then investigated in comparison with KDML105 to gain M6
generation. Comparative morphological features revealed that five mutant
lines showed semi-dwarf shoot with erected leaves, higher tiller numbers, and
compact clump when compared to KDML10S. Interestingly, the variations of
photoperiodism of flowering were observed among mutants and its original. All
five lines of candidate mutants showed flowering unaffected by day length even
under long-day or short-day that required only 47-85 days after transplanting to
reach the flowering date. In contrast, KDML 105 showed flowering only under
short-day conditions. On the other hand, three candidate mutants (MT3, MT5
and MT6) after screening for salinity tolerance were further selected to grow
for M6 seed production. The tiller numbers, spikelet numbers, total grain yield,
and grain weight obtained from MT3, MTS and MT6 mutants were significantly
more than those obtained from KDML 105. The mutants obtained in this study
are characterized as intermediate photoperiodism with shortened production
time. It is also suggested to further investigate the grain quality to examine the
overall properties of these mutants prior to use in the rice breeding program.

KEYWORDS:
KDML 105,

rice mutants,
photoperiodism,
semi-dwarf clump

1. Introduction

Thai jasmine rice (Kao Dawk Mali 105, KDML105)
is one of the important rice traits for Thailand’s
Economy. The unique scent with high cooking quality
makes it popular among consumers and refers to
a high marketable price in the international rice
traits. The data from Thailand ministry of commerce
showed that the export of KDML105 rice steadily
increased from 2015 to around 1,607,356 tons in
2019 (Chuaykerd et al. 2020). Among Thai scent rice
cultivars, KDML 105 has been identified as the cultivar
that produces the highest grain quality (Vanavichit et
al. 2018). However, it has inadequate productivity and
still has limitations due to its phenotype’s humper to
its production such as long shoot length with droopy
clump (Yanetal. 2012) makes it susceptible to lodging.
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Lodging of rice caused a problem in rice production,
it leading to poor grain filling, poor grain quality and
lowering the efficiency of harvesting (Jinger and
Dhar 2018). Droopy leave reduced light harvesting
for photosynthesis under high-density cultivation
(Wickramasinghe et al. 2021). Moreover, KDML105 is
a photoperiod-sensitive rice cultivar which flowering
is induced by short-day photoperiod. Traditionally, it
is cultivated once a year, started during the monsoon
in July (Khotasena et al. 2022) and harvested in
November (Vanavichit et al. 2018).

The current situation of decreasing rice farmland
due to land conversion, expansion of urban areas
(Chai et al. 2019; Widyawati et al. 2021) and climate
changes affected global rice production. Most
KDML105 production is located in the northeast
of Thailand where some areas are prone to high
salinization (Vanavichit et al. 2018). It predicted
that climate change will accelerate soil salinization
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(Eswar et al. 2021) and might threaten KDML105
production. KDML105 is considered a moderately
salt-susceptible cultivar in which productivity is
reduced by exposure to moderate salt stress (EC = 4.0
dSm-') (Sangwongchai and Thitisaksakul 2019). Salt
stress leads to osmotic stress that induces stomata
to close which restricted the CO, available for
photosynthesis (Hussain et al. 2017). Furthermore,
long-term exposure to NaCl reduce chlorophyll
concentration in the leaves which limits the ability of
the plant to harvest light energy for photosynthesis
(Zahra et al. 2022). Restriction of sugar supply from
the leave due to reduction in photosynthesis affected
by salt stress at reproductive stage causes sterility and
reduces grain weight production in rice (Abdullah et
al. 2001).

To avoid the demand gap in the future and
sustain food security, it is indispensable to increase
KDML105 production and improve its tolerance to
salt stress, as well. The global impact of mutation-
derived varieties of crop plants with consumers'
preferences has been used to improve rice properties.
Many existing KDML105 mutants with property
improvements have been reported such as Ser (Yan
et al. 2012), PKOS, BKOS (Boonrueng et al. 2013), RD
6 and RD15 (Mackill et al. 1996). Nevertheless, these
mutants were evaluated according to their potential
to improve KDML105 production. In this research,
candidate mutants of KDML105 were evaluated
according to its responses to salinity stress and
photoperiodism.

2. Materials and Methods

2.1. Plant Materials

Seeds of KDML105 rice (Oryza sativa ssp. Indica
‘KDML105’) were obtained from Pathum Thani
Rice Research Center, Thailand (KDML 105; GS.
No. 27748). The mutant lines used in this research
(lines; MT1, MT3, MT4, MT5 and MT6) were M4
generation of KDML105 mutants obtained from
combination treatments of ethyl methyl sulphonate
(EMS) and gamma irradiation (Theerawitaya et
al. 2011). Each tested line was germinated from
selected seed and then aseptically sub-cultured for
in vitro multiplication. The plantlets with complete
shoot/root formation were transplanted to the soil-
containing pots (one plant per pot) and incubated

in the greenhouse before being used for the
experiments.

2.2. Cultivation Conditions

After transplantation, the rice pots of KDML105
and mutants were subsequently cultivated in the
greenhouse with good fertigation at the location
site of 3.7647355, 100.523256. The morphological
characterizations of the transplants were determined
at both vegetative and reproductive stages. The
number of tillers and the clump appearances were
observed for 60 days after transplantation. Shoot
length and flag leave developments were observed at
the grain-filling stage. To evaluate the photoperiodism
responses, treatments of transplantation at three
different periods of greenhouse-grown pot plants
were conducted. The transplantation date of crop 1,
crop 2 and crop 3 were performed in the same year
but started at different ranges of middle January, May
or August, respectively. The record of the photoperiod
of culturing location is referred to https://www.
timeanddate.com/sun/thailand/bangkok. The date
of flowering was recorded when fifty percent of
the panicles were partially exerted from the leaves
sheet of the flag leaves (Janwan et al. 2013). All plants
were harvested about 35 days after heading, and
the percentage of fertility and grain weight were
recorded.

2.3. EvaluationofRiceMutantsinSusceptibility
to NaCl Stress at Early Reproductive Stage

The tested rice lines were transferred from in
vitro culture to the soil in a plastic pot until the
end of the booting stage in the greenhouse and
then treated with or without 150 mM Nacl for 15
days. The solution was replaced every two days to
maintain salt concentration. The photosynthesis was
recorded at the end of the treatment using a portable
photosynthesis system (Model LI 6400, LI-COR®Inc,
Lincoln, Nebraska, USA). The flag leaves were sampled
for pigment analysis. One hundred grams of leaves
were grounded into powder followed by pigment
extraction using 95.5% acetone at 4°C for 42 h. The
absorbance of the solution was measured using a
UV-vis spectrophotometer at wave length 644 and
662 nm. The concentration of the chlorophyll was
measured using the following formula (Lichtenthaler
1987):
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[Chla] = 9.784 D622-0.99 D644 (1)
[Chlb] =21.42 D644-4.65 D622 (2)
Total Chl = [Chla + Chlb] (3)

After salt treatment, rice was irrigated with tap water
until the harvesting period.

2.4. Statistical Analysis

The experimental design used for mutants’
characterization was a complete randomized design
with three replications while the effect of salt stress
at the early reproductive stage was evaluated using
a 6 x 2 factorial in a complete randomized design.
The different mean values of the treatment were
analyzed by Duncan’s Multiple Range Test (DMRT)
and analyzed by SPSS software (SPSS for Windows,
SPSS Inc., Chicago, Illinois, USA).

3. Results

3.1. Evaluation of Morphological Growth
and Development Among KDML105 and lIts
Mutants

The comparisons of shoot length, tiller numbers,
characteristics of rice clump and panicle among
KDML105 and five candidate mutants were
demonstrated (Figure 1). KDML105 rice has a shoot
length > 140 cm, while five mutant lines showed a
semi-dwarf shoot length of about < 120 cm (Figure
1A). All candidate mutants produced more tillers
than KDML 105 (Figure 1B), especially MT1 and
MT6 had the highest tiller productions. The average
tiller numbers produced by greenhouse-grown
transplants of KDML 105 was 6+0.58 tillers per
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Figure 1. The morphological comparisons of KDML105 and five mutant lines (MT1, MT3, MT4, MT5, MT6). The shoot
length (A) was measured at the grain filling stage; and numbers of tiller/clump (B) were recorded after 60 days
of transplantation. The clump appearances, flag leaf and panicle development were compared (C). Different
letters present at top of the bar graphs in Figure 1 (A) and (B) indicated the highly significant differences of
mean (+SD) analyzed by DMRT at p<0.01 using three biological replications (1 pot/1 replication) with three

experimental replications



clump, while MT1, MT3, MT4, MT5 and MT6 produce
approximately 2-9 folds of tiller numbers per clump
more than their original KDML105. Moreover, all
mutants have compact clumps with erected leave
(Figure 1C). In opposite, KDML 105 has a spreading
shoot, loosely clump and droopy leave.
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3.2. Comparison of Flowering Date and Yield
between KDML105 and Its Mutants

Time to the flowering of KDML105 and its mutants
were affected by the date of transplanting (Figure 2).
In this research, crop 1 of KDML cultivated in middle
of January (Figure 2B) still in the vegetative stage
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Figure 2.

Photoperiod affected the panicle development of KDML105 and five mutant lines (MT1, MT3, MT4, MT5 and

MT®6) according to different cultivation periods. The in vitro plants were transferred to the soil pots and grown in
the greenhouse at different periods. The vegetative and reproductive periods were recorded according to three
different transplanting time in the same year as; crop 1 (B), crop 2 (C) and crop 3 (D). The record of photoperiod
(Timeanddate 2022) was referred according to the location site at 3.7647355,100.523256. The white bar
represented the period of vegetative stage, whereas the filled bar represented the period of reproductive stage.
The start of the reproductive stage was determined when 50% of panicle (head) emerge from flag leaf. The
numbers in the parentheses after code of tested rice indicated the means (£SE) of harvesting times (DAT = days
after transplantation)> the experiments were conducted using three biological replications (1 pot/1 replication)
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until the experiment was ended in May. For crop 2
and crop 3 of KDML105 that were cultivated in May
(Figure 2C) and August (Figure 2D), the flowering
occurred in October and November, respectively
when the photoperiod was less than 12 h.d"' (Figure
2A). The flowering time of KDML105 transplanting
in May (1526 DAT) was 2 times more than the
flowering date of KDML105 transplanted in August
(7316 DAT). In our experiments, all candidate
mutants showed successive flowering with grains in
all tested crop periods (Figure 2B-D). All five mutant
lines of KDML105 that were cultivated in January
or May flowered during long-day photoperiod
conditions, while mutants cultivated in August
flowered during short-day photoperiod. The mutants
that were transplanted in August have a shorter time
to flowering (~ 46-48 days) when compared to those

transplanted in January and May which need about
70 to 85 days for flowering.

Rice production is determined by the ability to
produce filled grains, which depends on its fertility.
In our experiment using the greenhouse-grown rice
pots, the percentages of fertility and yields increased
from crop 1 to crop 2 and crop 2 to crop 3 (Figure 3).
KDML105 grown in crop 1 failed to produce panicle
when the experiment was terminated on late May.
As result, there has no fertility (%) was detected in
KDML105 at crop 1. It was noted that five lines of
mutant could generate fertility in crop 1, even at a low
percentage of less than 20% (Figure 3A). In regards to
the results from Figure 2B and C, the mutants of crop
1 and crop 2 could flowering but had slightly different
flowering-date under long-day photoperiod.
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Figure 3. Percentages of fertility (A) and grain weight per clump (B) of KDML105 and five mutant lines (MT1, MT3, MT4,
MT5 and MT6) recorded at different cultivation periods. The in vitro plants were transferred to the soil pots
and grown in the greenhouse at different periods; as crop 1 (January-May; 120 days), crop 2 (May-November;
187 days) and crop 3 (August-December; 108 days) of same year. Different letters indicated highly significant
differences within crop-period of mean (+SD) analyzed by DMRT at p<0.01 using three biological replications (1
pot/1 replication) with three experimental replications
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3.3. Effect of NaCl Stress on Physiological
Responses, Fertility Percentage and Grain
Weight

All physiological parameters of rice evaluated in
this study, including stomatal conductance (gs), total
chlorophyll content (total chl) in the leave and net
photosynthetic rate (Pn), were affected by 150 mM
NaCl stress at the early reproductive stage (Table
1). Among tested lines, MT1 showed the highest gs
reduction (73.3%) followed by KDML105 (70.3%),
MT4 (66.0%), MT6 (64.7%), MT3 (53.3%) and MT5
(50.6%). All mutants showed lower chlorophyll
reduction (<50%) than KDML105 (66%), among
the mutants MT3 showed the highest chlorophyll
reduction (41%). Evaluation of the net photosynthetic
rate (Pn) of KDML105 and its mutants showed a
significant reduction of Pn after being treated with
150 mM NacCl. Although under the condition without
salt stress (0 mM NaCl), the highest Pn was observed
in line MT1, the MT3 line showed its high efficiency
to retain Pn after being treated with 150 mM NaCl
stress, followed by MT6, KDML105, MT5, MT4 and
MT1, respectively.

At the early reproductive stage, salinity stress
significantly affected the fertility and yield of
KDML105 and its mutants (Table 1). The fertility of
KDML 105, MT1, MT3, MT4, MT5 and MT6 treated
with 150 NaCl were 73.4%, 47.4%, 39.5%, 59.5%, 5.9%
and 31.5% lower than those cultivated without
NaCl (0 mM). In this research, MT6 showed higher
efficiency to sustain the yield under salt stress, the

reduction percentage of grain weight was the lowest
(41%) followed by MT3 (45%), MT5 (51%), MT1 (63%),
MT4 (67%), whereas KDML105 showed the highest
yield reduction (74%) as shown in Table 1.

4. Discussion

4.1. Evaluation of Morphological Growth
and Development Among KDML105 and Its
Mutants

Shoot architecture has a direct impact on rice
productivity. Rice with the tall shoot loosely clump,
such as KDML105, is susceptible to lodging at the
reproductive stage, leading to grain loss (Yan et al.
2012). In the present study, all KDML105 mutants
have semi-dwarf shoots (Figure 1). According to a
previous report, rice with semi-dwarf shoots is more
resistant to lodging at the reproductive stage (Yan et
al. 2012; Okuno et al. 2014). Moreover, mutants have
compact clumps with more tiller per clump than
KDML105. At the reproductive stage, the panicle
develops from the apical meristem of the rice tiller.
For that reason, the tiller number is associated with
rice productivity. The compact tiller-clump type is an
agronomic character that gives high-density planting
advantages (Li et al. 2019), which tolerate to lodging
and benefit for mechanical harvesting. In addition,
erected leave increases the light intercept of the leaf
canopy leading to better photosynthesis in high-
density cultivation (Hussain et al. 2017).

Table 1. The effect of NaCl stress (150 mM) during early reproductive stage on stomatal conductance (gs), total chlorophyll
(chl) contents and net photosynthesis rate (Pn), fertility (%) and grain weight of KDML105 and five mutant lines
(MT1, MT3, MT4, MT5, MT6). The gs, chl and Pn were determined after 15 days of salt treatment

. gs Total Chl Pn Fertility Grain weight
NaCl stress Rice line (nmol H,0.m2. s7) (ug. g FW) (umol.m=2. S) (%) (g)
KDML 105 0.71+0.11%® 630.94+25.0? 11.6+1.27¢ 40.9+4.30¢ 3.77+0.19¢
MT1 0.85+0.072 357.8+29.4¢ 15.5+2.012 68.216.00® 5.43+0.13°
0mM MT3 0.77+0.09* 479.4+24 4> 11.2+1.49¢« 68.615.60%° 5.21+0.18°
MT4 0.81+0.08* 426.6+32.4¢ 13.1+0.62"¢ 67.5+6.90% 5.61+0.40°
MT5 0.6210.16° 371.0+49.9¢ 14.4+1.52%® 69.8+11.2% 7.10+0.27?
MT6 0.72+0.16® 323.1+12.1¢ 11.2+1.63¢ 79.4+2.50? 5.61x0.17°
KDML 105 0.21£0.06¢ 214.7+8.30° 6.7+0.52f 10.840.60¢ 0.98+0.14f
MT1 0.23+0.04¢ 279.5+31.3¢ 6.6+0.31f 35.9+10.9% 2.0340.32¢
150 mM MT3 0.3610.05¢ 281.7+27.8¢ 9.240.54¢ 41.543.40¢ 2.85+0.37¢
MT4 0.28+0.08¢ 298.2+24.8¢ 7.240.27¢f 27.349.80¢ 1.8510.42¢
MT5 0.30+0.05¢ 298.2+24.8¢ 9.241.53¢% 65.6+11.5% 3.51+0.28¢
MT6 0.25+0.05¢ 283.8+21.4¢ 6.9+1.44f 54.4+1.50¢ 3.3240.10¢
Significant level
Rice line ns o o o o

Line x Stress

ns

*k

Kk

k%

*3k
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4.2. Comparison of Flowering Date and Yield
between KDML105 and Its Mutants

Harvesting date not only refers to annual rice
production but is also used for cost production. The
harvesting date of rice is highly affected by the time
of flowering. In general, the harvesting date was 35
days after the flowering date (Humayun et al. 2013).
KDML105 is short-day rice that flowering induced
by short-day photoperiod (<12 h photoperiod). The
cultivation of rainfed rice as KDML105, it traditionally
starts to grow in June, flowering in October when
the photoperiod is less than 12 h.d"', and harvesting
in November (Vanavichit et al. 2018). Moreover,
Biswas and Ntanos (2002) reported that KDML105
transplanted in July took a longer duration to reach
the flowering date than those transplanted at the end
of August. In agreement with the previous report,
KDML105 in this study flowering during short-day
photoperiod with KDML105 transplanted in May
took longer time to flowering than transplanted in
August (Figure 3).

In contrast to KDML105, all mutants have
intermediate responses to photoperiodism (Figure 3),
which means being able to flower under long-day and
short-day photoperiods, even though the flowering
date is still influenced by photoperiod (Mackill et
al. 1996). Additionally, our candidate mutants (MT1,
MT3, MT4, MT5 and MT6) have a shorter harvesting
time than KDML105 in all cultivation periods (Figure
3), which is one of the remarkable characteristics.
The mutants transplanted in May or August could
be harvested at 72-82 and 25-27 days earlier than
KDML105 transplanted in the same period. A
combination trait with short periods of cultivation
and intermediate response to photoperiod is useful
for increasing annual rice production by multiple
cropping in a single year and reducing the costs of
rice production.

Spikelet fertility influences rice grain weight by
determining the number of filled grains. Spikelet
fertility can be affected by temperature and
photoperiodism (Zhu et al. 2020). All mutants in crop
1 and crop 2 flowering during long day photoperiod,
but their fertility in crop 1 was more than 30% lower
than crop 2. This result suggested that the low
fertility (%) of mutants in crop 1 in Figure 3A might
not cause by photoperiod or duration of cultivation.
The previous reports revealed that spikelet fertility
was associated with ambient temperature during
heading (Jagadish et al. 2007; Song et al. 2022).

Fertility percentages of IR64 decreased when the
temperature during anthesis was increased from
29.6 to 33.7°C. At a temperature above 29.6°C, the
fertility decreased by about 7% per one degree
Celsius of an increase in ambient temperature
(Jagadish et al. 2007). Therefore, the mutants that
cultivated in crop 1, crop 2 and crop 3 were flowering
in April, July and October, respectively, where the
ambient temperatures (min-max) in Bangkok during
that period were ranged from 27-36°C, 26-34°C
and 25-33°C, respectively (Timeanddate 2022). This
might be indicated that the low fertility and yield of
mutants obtained from crop 1 were highly affected
by temperature stress during the hot season of April.

Rice needs optimum vegetative duration to
produce maximum yield was reported by (Vergara
et al. 1966). Shortening the vegetative stage under
their optimum duration can lead to yield penalty
(Vergara et al. 1966; Promchote et al. 2022). KDML105
cultivated in May (crop 2) has a longer harvesting
date (Figure 2C) with higher yield (Figure 3B) than
KDML105 cultivated in August (crop 3) even though
they have a similar percentage of fertility (Figure 3A).
This result might suggest that the lower productivity
of KDML105 in crop 3 compared to crop 2 might
cause by the reduction in the vegetative period. On
the opposite, the shorter duration of the vegetative
stage between crop 2 and crop 3 (Figure 2A and B)
didn’t have a negative impact on the grain yields of
mutants (Figure 3B). This result demonstrated that
the vegetative duration in crop 3 was enough to
support grain development during the reproductive
stage of mutants.

4.3. Effect of NaCl Stress on Physiological
Responses, Fertility Percentage and Grain
Weight

At the beginning of salt stress, plants experience
a water deficit which induces the production of
abscisic acid (ABA). In the leaf, ABA prevents water
loss by stimulating stomata to close leading to
reduce stomatal conductance (Bharath et al. 2021).
In the long-term, salt stress trigger of chlorophyll
degradation in the leaves. Generally, low stomatal
conductance reduces CO, supply for photosynthesis
while low chlorophyll concentration in the leave
reduces the ability of the plant to harvest energy for
photosynthesis (Zahra et al. 2022). In this research,
the reduction of both stomatal conductance and
chlorophyll content were observed in all rice
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lines treated with 150 mM NaCl, which lead to the
reduction in net photosynthesis rate (Table 1). The
comparison among three parameters (gs, total chl
and Pn), the reduction of Pn under salt stress is more
consistent with the reduction of gs than total chl.
This phenomenon was clearly observed in KDML105,
MT1 and MT6. This result might suggest that the
restriction of photosynthesis of those lines under salt
stress is predominantly affected by the limitation of
CO, supply through stomata. Among the rice lines,
MT3 showed its high efficiency to retain Pn after
being treated with 150 mM Nac(l stress, even though
it has a moderate ability to maintain gs and total
chl. This result might suggest that there are factors
other than gs and total chl that also contribute to the
ability of MT3 to maintain the high efficiency of Pn
under 150 NaCl stress.

The reduction of rice fertility, when exposed to salt
stress at the reproductive stage, was also reported by
Abdullah et al. (2001), Boriboonkaset et al. (2013) and
Gerona et al. (2019). The previous report showed that
salt stress at the reproductive stage reduced pollen
viability and led to spikelet sterility of salt-stress-rice
(Abdullah et al. 2001; Gerona et al. 2019). Moreover,
limiting of the carbohydrate supply necessary
for the development of rice grain has also caused
rice sterility (Abdullah et al. 2001). Reduction in
photosynthesis of KDML105 and its mutants during
salt stress further limits the carbon supply and salt
stress generates low water-used efficiency of both
intra- and intercellular levels due to unbalancing
osmotic pressure. Thereby, plant sterility was
generated under NaCl stress and reflected to reducing
the percentage of fertility. Among tested lines, MT5
showed the highest efficiency to retain its fertility
(%) under NaCl stress, the reduction of fertility was
reduced only 4.2% which is lower than MT6 (25%),
MT3 (27.1%), KDML105 (30.1%), MT1 (32.3%) and MT4
(40.2%).

The previous report showed a reduction in rice
fertility under salt stress followed by a yield loss in
rice (Boriboonkaset et al. 2013; Gerona et al. 2019).
Similar phenomena were also found in this research
at five rice lines including KDML105, MT1, MT3,
MT4 and MT6 (Table 1). An interesting finding was
observed in MT5, even though its fertility didn't
significantly affect by salt stress, its yield was reduced
by about 51% under salt stress. This condition might
cause by the reduction of carbohydrate supply
from photosynthesis to developing grain under salt

stress or competition for carbohydrates between
developing grain and stress defence mechanism
(Boriboonkaset et al. 2013), which might reduce the
starch accumulation in developing grain and finally
reduce the grain weight per plant.

Considering all parameters above, three mutants,
MT3, MT5 and MT6 showed interesting performances
under 150 mM NaCl than KDML 105 and the other
two mutants. They could generate more grain
weight under salt stress either by maintaining
chlorophyll content, photosynthesis, plant fertility or
a combination of them.
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