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Abstract

The effect of short-term water deficit stress was studied, on anthocyanin content and yield
components in rice using a comparative study of three different water management regimes,
continuous flooding (CF), safe-alternate wetting and drying irrigation (AWD) and critical-AWD,
with the aim of gaining better understanding of the effectiveness of modified AWD treatments to
increase the anthocyanin content in the Riceberry variety. The results showed that both the critical-
AWD and safe-AWD conditions promoted a longer period to flowering than the CF condition by
7 d and 4 d, respectively, while plant growth slowed. The average grain yield per pot and the harvest
index decreased significantly by decreasing the soil moisture content. The safe-AWD treatment had
the highest water use efficiency (0.66 g/m*) which was not significantly difference to critical-AWD.
The total anthocyanin content (TAC) in unpolished colored rice grain progressively increased in
response to decreasing water supply. The TAC of safe-AWD and critical-AWD plants was 2-fold

and 4-fold, respectively, higher compared to well-watered plants.

Introduction

Rice (Oryza sativa L.) is one of the staple food crops worldwide
(Li et al., 2004; Vijay and Roy, 2013). White rice has been the most
common rice consumed by humans for many years (Li et al., 2004).
In recent years, colored rice has become more popular for its health
benefit due to its high nutritional value (Chunthaburee et al., 2016).
Colored rice contains naturally occurring pigment called anthocyanin,
which is one of the bioactive compounds with antioxidant benefit
(Khoo et al., 2017). The potential health benefits of anthocyanins
are to prevent cardiovascular disease (Rechner and Kroner, 2005;
Cassidy, 2018), its anticancer (Wang et al., 2009) and anti-obesity
(Kwon et al., 2007) properties and to improve visual health (Shim et
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al., 2012). The grain-filling stage is the most crucial step in the process
of grain development and polyphenol accumulation (Ma et al., 2016).
In wheat, anthocyanin levels increase rapidly during grain development
and decrease before maturity (Knievel et al., 2009). In Thai colored
rice varieties, research revealed that there is a rich source of natural
anti-oxidative compounds for beneficial use as an active ingredient in
cosmetics, functional foods and pharmaceuticals (Saewan and Vichit,
2015).

Anthocyanins are the primary pigment responsible for red,
purple and blue in plants where they are synthesized by the flavonoid
biosynthesis pathway (Aizza and Dornelas, 2011; Chunthaburee
et al., 2016). It can present in many tissues, such as leaves, flowers,
fruits and seeds (Khoo et al., 2017). Anthocyanin can be induced in
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plants by several environmental factors, such as high salinity, excess
light intensity, pH level, high or low temperature and soil moisture
(Kovinich et al., 2015). Under direct drought stress, an increased
anthocyanin level results mainly from photoprotection of chlorophyll
by the xanthophyll cycle, reactive oxygen species scavengers and
stress signals (Tahkokorpi, 2010; Kovinich et al., 2015). Therefore,
it indicated that anthocyanin helps plants to cope with abiotic stress,
most importantly preventing crop yield reduction.

A successful irrigation management called alternate wetting
and drying irrigation (AWD) has been proven to effectively reduce
water used in paddy fields (Price et al., 2013; Linquist et al., 2014;
Lampayan et al., 2015). Under AWD, fields are subjected to alternate
cycles of continues flooding and drying conditions. Irrigation using
AWD is interrupted until the soil water content reaches a certain
moisture level, after which the field is re-flooded. However, to date,
it has not been widely adopted due to the potential for yield loss. In
addition, the effect of short-term water deficit during the vegetative
stage on the content of antioxidants (such as anthocyanin) remains
unexplored, which could affect the anthocyanin accumulation in
colored rice at different developmental stages of the plant. Thus, the
current experiment investigated the effects of water stress including
alternate wetting and drying irrigation on plant growth, anthocyanin
accumulation and yield components in Thai colored rice.

Materials and Methods
Plant materials and growth conditions

Seeds of the Thai colored rice variety, Riceberry, were obtained
from the Phitsanulok Rice Research Center, Thailand. The experiment
was conducted in the greenhouse at Naresuan University, Thailand.
The average air temperature and relative humidity (%RH) were
37 + 3°C and 60 £ 5 %RH during the day and 25 + 2°C and
85 + 5 %RH at night. Seeds were sown on moistened filter papers
placed on Petri plates. Germinated seedlings were transferred to a
seedling tray with the soil water content maintained at 100%. The
21-day-old seedlings were transferred into plastic pots (25.4 cm in
diameter and 30 cm high) containing 4 kg of clay soil with one plant
per pot. A plastic tube (4 cm in diameter and 30 cm long) with holes
around it was installed to observe the water level of each pot.

Five replications of the three irrigation treatments, continues
flooding (CF), safe-AWD and critical-AWD, were laid out in a
completely randomized design. Three water regimes were modified
based on AWD techniques developed by the International Rice
Research Institute (IRRI; Price et al., 2013). Plants were well-watered
until day 20 after being transferred into pots. Thereafter, the treatments
were applied. The CF condition kept the water depth at approximately
5 cm above the soil surface throughout the growing stage. The
safe-AWD treatment kept the soil dry until the water depth was 15
cm below the soil surface (by observing the water level inside the
tube) and then the pots were re-watered to a standing water depth of
approximately 5 cm above the soil surface (Bouman and Lampayan,
2009). The critical-AWD condition was designed according to Carrijo

et al. (2017) with some modification. It involved a more severe water
deficit compared to safe-AWD. Critical-AWD kept the soil dry before
re-watering. Briefly, the soil water level was observed (by checking
the water level inside the tube) until it was lower than 15 cm from
the surface for a few days or until rolled leaves appeared at level 4
(O’Toole and Moya, 1978). At this stage, the soil water content was
25% compared to the CF condition. The cycles of the AWD treatments
were repeated until the appearance of the panicle initiation phase.
During and after the flowering period, all plants of all treatments were
well-watered to prevent yield reduction (Bouman et al., 2007).

Based on previous observations and measurements in the study
of the impact of different irrigation treatments on the soil moisture
content, plants under the CF, safe-AWD and critical-AWD treatments
were maintained in the greenhouse at soil water contents before re-
watering of 100%, 50% and 25%, respectively. The soil moisture
content was maintained using the irrigation methods described
previously. The irrigated water per pot was recorded to calculate the
water use efficiency per pot.

Measuring yield components

Yield components were measured according to an IRRI protocol
(Gomaz, 1972) with some modification. Five samples per treatment
were selected for collecting data. Plant height was measured at the
grain-filling stage. After harvest, the panicle length, number of grains
and number of filled grains were manually measured for each panicle
sample. The panicle length was measured using a centimeter ruler
from the neck to the tip of each panicle. Grain was weighed for the
1,000 grains weight and collected grain yield per pot at 14% seed
moisture. The harvest index (HI) and water use efficiency (WUE)
per plot were calculated according to Howell et al. (2015), with some
modification. The HI calculated as the ratio of grain weight and total
biomass weight from each sample. The WUE was calculated from
corrected grain weight per plot in grams / the total volume of irrigation
water in cubic meters applied per pot in the period from transplanting
to harvesting and expressed as grams per cubic meter.

Extraction of rice grain samples

The anthocyanin contents were extracted from the unpolished
rice grains according to Pedro et al. (2016), with some modification.
Unpolished rice grains were carefully ground into powder using a
mortar and pestle. A portion (50 g) of each ground sample was extracted
using 100 mL of HCl in ethanol (0.01 mL/mL) at room temperature for
1 hr. The extracts were filtered with Whatman® No. 1 filter paper. The
clear extract samples then were stored at 4°C for further analysis.

Determination of total anthocyanin content

The total anthocyanin content (TAC) was determined using the
pH-differential method (Giusti and Wrolstad, 2001). The buffer
systems were prepared as 0.025 M potassium chloride buffer
(pH 1.0) and 0.4 M sodium acetate buffer (pH 4.5). Briefly, two sets
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of rice grain extract (20 uL for each set) were prepared. The first set
was mixed with 180 pL of pH 1.0 buffer, and the second set was
mixed with 180 pL of pH 4.5 buffer. These mixes were incubated
for 30 min in the dark at room temperature before measuring the
absorbance at 520 nm and 700 nm using a microplate reader. The TAC
measured in milligrams per liter which was converted to milligrams
of total anthocyanin content per 1 g of dry grain was calculated using
Equation 1:

Total anthocyanin content = (A x mW x DF x 1000) /(e x 1) (1)

where, A is the absorbance of the diluted sample = (Ag,; — Asq)
oit0 — (Aszg — Aggo)pmass MW is the molecular weight of cyanidin-
3-glucoside = 449.2; DF is the dilution factor; 1 is the path length
in centimeters, € is the molar extinction coefficient of cyanidin-3-
glucoside = 26,900; and 1,000 provides the conversion from grams to
milligrams.

Statistical analysis

Results were expressed as the mean + SD. Data were analyzed
using one-way analysis of variance followed by Duncan’s multiple
range test at the 95% confidence level (p < 0.05). Statistical analysis
was performed using the R software (RStudio Team, 2016).

Results and Discussion
Effect of water managements on growth and yield components

Water management significantly influenced plant development
and most of the yield component parameters in the Riceberry variety
as presented in Table 1. Short-term water deficit treatments (the
AWD treatments) significantly affected the reproductive stage of rice.
The number of days to flowering (DTF) increased significantly when
water availability in the soil was limited at the prior to flowering
stage. Under critical-AWD, the flowering time was delayed for 7 d
compared to the CF condition. The results indicated that the number
of days to flowering in Riceberry was responded dependent on any
short-term water deficit stress. The results were consistent with Zhang
et al. (2016) who reported that flowering time of all tested indica and
Jjaponica cultivars was significantly delayed by drought, suggesting
that drought-related flowering responsive genes may have already

existed prior to genetic divergence between indica and japonica.
Whereas most rice cultivars tend to delay flowering time under water
deficit stress (Wopereis et al., 1996; Ndjiondjop et al., 2010), some
commercial rice varieties exhibit early flowering in order to escape
drought (Vikram et al., 2016). The drought-escape mechanism has
also been reported in a model plant such as Arabidopsis by rapid
flowering and reproduction before soil drying (Yue et al., 2006; Riboni
etal., 2013). Taken together, these results highlight the consequence of
genotype and environment interactions on the flowering time in rice.

The average number of panicles per hill was significantly affected
by water treatments, especially at the panicle initiation stage. Critical-
AWD plants had fewer panicles per hill (27), while CF and safe-AWD
plants produced more panicles per hill (31 and 29, respectively).
Critical-AWD management showed a direct effect on decreasing the
panicle length, the number of filled grains per panicle and the 1,000
grains weight.

A significant reduction in the rice grain yield per pot was observed
in the AWD treatments (Fig. 1A and 1B), which had short-term water
deficit stress. Based on the difference in irrigation methods, regression
analysis on the variation in grain yield per pot and soil moisture
content levels showed that grain yield was significantly correlated
with soil moisture content (p < 0.05) as presented in Fig. 1B. The
grain yield decreased significantly when the soil moisture content
decreased. The safe-AWD treatment (which had 50% lower soil
moisture content than CF) decreased the grain yield per pot by 30%
compared to the CF plants. Moreover, the critical-AWD treatment
(where the soil was dried below 25% of the soil moisture content of
the CF condition) resulted in grain yield losses of 51% relative to CF.
Most lowland rice varieties can tolerate up to 30% reduction in total
irrigation volume without significantly decreasing yield (Richards and
Sander, 2014). In contrast, the current finding showed a reduction in
the grain yield under safe-AWD, which involved a 50% reduction in
total irrigated water compared to CF. It has also been reported that
yield loss was mainly due to a reduced growth rate (Devkota et al.,
2013) which was caused by limited water availability. The reduced
growth rate and grain yield are due to water stress slowing down
carbohydrate synthesis by reducing the photosynthetic rate, resulting
in a weakened sink strength in the reproductive stages (Kumar et al.,
2012; Pascual and Wang, 2017). Thus, it is important to note that
applying a short-term water deficit treatment in order to improve
the ability of anthocyanin accumulation requires precise timing and
duration to prevent yield loss.

Table 1 Yield components under different water management systems, continuous flooding (CF), safe-alternate wetting and drying irrigation (AWD) and critical-AWD

L. Days to Number of Panicle length Filled grains/ Unfilled grains/ 1,000 grains

Irrigation . . . . . .
flowering panicles/hill (cm) panicle panicle weight (g)

CF 88.00+0.28¢ 31.33£0.55% 29.94+0.06° 174.2246.53¢ 16.56+1.03° 24.70+0.24*
Safe-AWD 92.00+0.48° 29.33+0.55¢ 26.79+0.43° 131.78+4.17° 24.00+0.73 23.86+0.15°
Critical-AWD 95.67+0.28* 27.00+0.48° 25.13+0.35¢ 102.11£2.01¢ 30.22+0.48¢ 23.660.20°
Coefficient of variation (%) 3.37 7.21 8.04 29.05 18.16 2.46
Ftest skskok 3k sksksk kkk * *

Data are mean + SE of five replicate biological samples.

Means in the same column superscripted with different letters are significant different (p < 0.05).

*=p<0.05; **=p<0.01; *** =p<0.001
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Fig. 1 Effects of water managements on: (A) mean grain yield per pot; (B) correlation between grain yield per pot and soil moisture content; (C) harvest index

(HI); (D) water use efficiency (WUE), where data are mean of five replicate biological samples, error bars indicate + SD and different lowercase letters indicate

significant differences (p < 0.05) between means

The harvest index (HI) was significantly different among
treatments, being significantly lower by 15.5% under the safe-AWD
treatment and substantially decreased by 32.7% under the critical-
AWD treatment compared to the CF treatment. WUE or water
productivity was significantly different between the AWD and CF
treatments (Fig. 1D). The highest WUE was observed in the safe-
AWD treatment (0.66 g/m®) followed by the critical-AWD treatment
(0.62 g/m*). There was no significant differences between the two
short-term water deficit treatments. The highest grain production loss
was 0.66 g/m? under the safe-AWD treatment, indicating that 0.66 g of
grain was lost for a saving of 1 m? of water. CF had the lowest grain
production loss (0.40 g/m®). Although under critical-AWD the water
use efficiency was less than for CF, this was also accompanied by
reduced growth and grain yield (Carrijo et al., 2017).

Accumulation of total anthocyanin content in response to water stress

Rice with a red, purple and black bran layer is a great source of
nutrients and bioactive compounds, such as anthocyanin (Chen et
al., 2015). The anthocyanin content is highly unstable depending on
genotype (G), environment (E) and GXE interactions (Khoo et al.,
2017). Variation in the total anthocyanin content (TAC) of unpolished
Riceberry grain under different water managements (Fig. 2) showed
that a short-term water deficit during the growing season had a
significant influence on anthocyanin production. Under the critical-
AWD condition, the anthocyanin content was 4-fold higher than for
the well-watered plants (CF) plants. The highest TAC was 15.17 mg/g,
for the critical-AWD treatment followed by the safe-AWD treatment
(6.82 mg/g), while the CF plants had the lowest TAC (3.61 mg/g).

Environmental stresses, such as excess light, salinity, drought
and high or low temperature can affect the production of antioxidant
compounds and the grain quality (Steyn et al. 2002; Hatier and Gould
2008; Van den Ende and El-Esawe, 2014). In the current study, the
levels of anthocyanin concentration increased with increased stress
conditions. Furthermore, the anthocyanin increase was not only
caused by the continuous drought condition, but a short-term water
deficit in the vegetative stage could also increase anthocyanin levels
in rice grain.

A similar study also reported that the capacity of antioxidant
compounds varied among different growing conditions (Somsana
et al., 2013). They showed that the interaction between genotype and
environment plays a major role in the variation in the anthocyanin
content in rice grain by 42.79%, and 22.46%, respectively. The
findings from their experiment are consistent with the results presented
in the current study, which showed that variation in the anthocyanin
content was affected by environmental factors, such as short-term
water deficit stress. An unfavorable growing condition can stimulate
the biosynthesis of phenolic substances, which play an important role
in adapting to environmental stress and defense responses. A plant
responds to stress by increasing the anthocyanin content because
anthocyanin acts as a protective regulator against various biotic and
abiotic stresses (Roychoudhury et al., 2008; Chunthaburee et al.,
2016). In addition, a certain period and level of water deficit stress
could activate the expression of genes involved in anthocyanin
biosynthesis, resulting in the accumulation of anthocyanin and
improvement in drought resistance in rice (Chen et al., 2015). These
results emphasize the importance of water management during the
growing period to enhance anthocyanin accumulation in colored rice
grain.

35.0 4

30.0 4 —

250 4

TAC (mg C3G/g dry grain)

Fig. 2 Effects of water managements on total anthocyanin content (TAC) in
unpolished Riceberry grain (mean + SD); different lowercase letters above
bars show significant differences (p < 0.05) between means; CF = continuous
flooding; AWD = alternate wetting and drying irrigation.
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Water management using AWD techniques is a highly effective
water-saving irrigation strategy without affecting yield based on
several studies, while other studies have reported that AWD could
reduce plant growth and yield, as was the result from the current
study. The main factors causing yield loss depend on the degree of soil
drying (AWD threshold) which seems to have a large effect on yield.
Although using this irrigation technique can cause yields to decline
by 30 %, it has been demonstrated that safe-AWD can reduce water
input by about 50% compared to well-watered method (CF). Despite
the effect of AWD on the growth, yield and water use efficiency, AWD
triggered the protective mechanisms by increasing the anthocyanin
concentration to cope with the stress conditions. However, the
degree of the changes in the yield components and anthocyanin
content is dependent on many factors, such as timing, duration, plant
developmental stage, genotype, soil type and severity of the water
deficit stress. In the current study, safe-AWD presented as a promising
water management strategy that can increase the levels of anthocyanin
content and water productivity. This suggests that factors causing
delayed flowering time, yield loss and increased TAC are not only
caused by a decreased soil water content, but also relate to the timing,
duration and severity of the water deficit application. Hence, further
investigations will address the exact timing, duration and severity of
applying short-term water deficit stress that can increase anthocyanin
accumulation in rice grain without reducing the yield. This is could be
a great opportunity to develop nutrient-rich rice products for health
benefits.
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