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Abstract: Soil relative water content and seed plumpness have been shown to be the key factors
affecting seed germination and seedling growth of rice under direct drought cropping. It remains to
be determined whether seed germination and seedling growth of water-saving and drought-resistant
rice (WDR) and conventional rice with the same proportion of rice seed have the same response
to soil moisture changes. The purpose of this study was to investigate the seed germination and
physiological characteristics of the rice cultivars Guangliangyou 1813 (GLY-1813,indica hybrid rice)
and Hanyou 73 ((HY-73), WDR) with four different specific gravities (T1, T2, T3, and T4; the rice
seeds were divided into four specific gravity levels by weight using saline water, the representative
specific gravities were <1.0, 1.0-1.1, 1.1-1.2 and >1.2 kg m~3, respectively), at five soil moisture
content gradients (soil relative water contents of 10-20%, 20-40%, 40-60%, 60-80%, and 80-100%),
under dry direct seeding conditions. The results showed that GLY-1813 had a higher germination
potential, germination and seedling emergence rates, greater root dry weight, seedling dry weight,
root oxidation activity, and chlorophyll content, and lower malondialdehyde (MDA) content when
the soil relative water content was 20-40% or 40-60%. Cultivar HY-73 had the highest germination
rate and seedling physiological activity at 20-40% relative water content; its growth vigor was better
than that of GLY-1813 at the same soil moisture level. In conclusion, the soil relative water content for
seed germination of HY-73 was 20-40%, which was less than that of GLY-1813. When soil relative
water content was sufficient for seed germination and growth, the higher the plumpness of the rice
seed, the easier it was to resist the negative effects of an adverse growth environment.

Keywords: dry direct seeding; water-saving and drought-resistant rice; soil relative water content;
seed-specific gravity; seed vigor; physiological traits

1. Introduction

Rice is an important food crop world-wide and requires a large volume of water for
its cultivation. According to statistics, irrigated rice field accounts for 75% of the world’s
total rice cropping area, and the irrigation water used for rice accounts for about 70-80% of
total agricultural water consumption in China [1].
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Yield loss due to drought and water shortage occurs every year. When rice is subjected
to drought, plant cell elongation and the rate of nutrient absorption slow down, stomata
close, and physiological activity, storage capacity, and productivity decrease, thus affecting
grain yield and the quality of rice [2]. In recent years, with global climate and environmental
changes, the shortage of supply and the demand for agricultural water resources in China
have become increasingly serious [3]. Spring drought has undoubtedly made rice sowing
and transplantation more challenging, which requires an alternative seeding technology [4].
Dry direct seeding technology of rice refers to sowing non-germinated rice seeds in a
shallow soil layer of 1-2 cm in a field after the stubble of summer harvest crops has been
removed. After sowing, the field is irrigated and the extra water drained after the seeds
have absorbed a sufficient amount of water for germination and rooting.

Seedlings are irrigated at the second leaf stage in the field to promote tillering. This
is a new method for rice production which saves labor and reduces costs [5,6]. Dry direct
seeding technology usually includes dry sowing, dry strip sowing, and dry hole sowing,
which have the advantages of water conservation, drought resistance, high mechanical
efficiency, and improved labor productivity [7,8]. When rice production is threatened,
dry direct seeding becomes an effective method for addressing seedling emergence in
water-deficient areas; it saves on labor force requirements and reduces cost year on year [9].

Under dry direct seeding, irregular germination of seeds can cause problems, such
as seed germination failure and uneven seedling emergence [10], thus affecting plant pop-
ulation, and reducing yield [11,12]. Seed germination is affected by both internal and
external conditions [13]. When the calcium or lignin content of the seed coat is too high, it
is difficult for the embryo to absorb water, which affects germination [14]. Abiotic stressors,
such as salt, drought, hypoxia, and low temperature also inhibit germination [15,16]. Seed
germination is extremely sensitive to drought stress, and sufficient water is necessary
for seeds to break dormancy and develop from heterotrophic immature embryos to au-
totrophic seedlings [17]. Germination indexes, rate, seedling vigor, and seedling biomass
vary under different water treatments [18]. When PEG-6000 osmotic solution is used to
simulate drought stress, seed germination is strongly inhibited, and germination rate is
lower at higher osmotic concentrations [19]. Flood stress forces plants into a low oxygen
environment, which inhibits plant aerobic respiration, endogenous hormone synthesis,
signal transduction, and normal energy metabolism, all of which restrict plant growth and
development [20].

Currently, water priming, hormone priming, salt priming, nutrition priming, and other
methods are often used to promote seed germination, but few studies have examined the
germination of dry seeds under different soil moisture content conditions [21]. The objective
of this study was to examine the effects of soil moisture content on the germination and
physiological characteristics of rice seeds with different specific gravity under dry direct
seeding conditions. The germination conditions and physiological characteristics were
compared between a water-saving and drought resistant rice cultivar and a conventional
rice cultivar sown under dry direct seeding conditions to determine the suitable soil water
threshold.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

Two rice cultivars, the indica hybrid Guangliangyou 1813 (GLY-1813) and the water-
saving and drought-resistant cultivar Hanyou 73 (HY-73), were used in this study. Seeds
were sown in pots filled with 3.5 kg of soil. Five levels of soil moisture regime reirrigation
to achieve different soil relative water contents of 10-20%, 20—-40%, 40—-60%, 60—-80% and
80-100% of water holding capacity, respectively, were used in this study to determine the
effects of soil moisture content. The experiment was carried out in an incubator (GLD-
450E-4, 30/25 °C day/night temperature, 12 h photoperiod) in September 2020, at the
Zhuanghang Experimental Station, Shanghai Academy of Agricultural Sciences, Shanghai,
China (30°88'89” N, 121°38'51” E), and repeated once in November 2020.
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Before the start of the experiment, five soil samples were taken randomly to measure
their water content. Soil samples were placed in an aluminum box and dried in an oven at
125 °C to a constant weight. Soil water content was calculated using the formula below:

. o weight of moist soil — weight of dried soil
Soil water content (%) = weight of dried soil

x 100

Another five soil samples were taken to calculate the water holding capacity of the
soil. The soil samples were soaked in water for one day until saturation and weighed. After
that, the soil was dried in an oven at 125 °C to a constant weight. The soil water holding
capacity and relative soil water content were calculated:

weight of water in saturated soil

weight of dried soil <100

Soil water holding capacity (%) =

soil moisture content
Relative soil water content (%) = — _ — % 100
soil water holding capacity

The experiment was carried out in pots (50 cm long, 40 cm wide, and 30 cm high). Each
pot was filled with 3.5 kg of soil containing 16.6 g kg~! of organic matter, 30.2 mg kg~ ! of
nitrogen, 36.5 mg kg~ ! of phosphorus, and 95.6 mg kg ! of potassium. The water content,
soil water holding capacity, and relative water content of the tested soil were 7.2%, 75%,
and 9.6%, respectively, before the start of the soil moisture treatment. The amount of water
required to achieve each of the five soil moisture contents was 0.24-0.49 kg, 0.49-0.97 kg,
0.97-1.46 kg, 1.46-1.95 kg, and 1.95-2.44 kg, respectively.

Each pot was weighed at 3 pm every day to check if irrigation was needed and to
calculate the amount of water required. The pots were watered manually to the highest
relative water content of the corresponding treatments if the soil relative water content was
close to the minimum value within its designated water content treatment range. During the
period of this experiment, pots from different treatments were watered at the same time.

Each rice variety was divided into four specific gravity levels: T1, T2, T3 and T4
(Table 1). The specific gravity method using saline water was employed to sort the seeds as
follows: Briefly, industrial salt and water were mixed into a salt solution (2 L) with specific
gravities of 1.0, 1.1, and 1.2 (kg m~3). Five hundred grams of seeds of each variety were
placed into clean water and each salt solution with specific gravity and agitated for 1 min.
The floating rice seeds were picked up and graded as T1, T2, T3 and T4, respectively, and
were then quickly washed with clean water and dried at 35 °C in an oven (Table 1).

Table 1. Classification standard of two cultivars of rice.

Salt Water Seed Specific . o
Seed Label Proportion (kg m~?) Gravity (kg m~3) Screening Criteria
T1 1 <1 Float in clear water

Sinks in clear water and rise in
T2 1.1 1-1.09 salt water with a specific
gravity of 1.1

Sinks in salt water with a
specific gravity of 1.1 and

13 12 11-1.19 floats in salt water with a
specific gravity of 1.2
T4 _ 512 Sinks in brine with a specific

gravity of 1.2

Fifty seeds from each of the four specific gravities of each rice variety were randomly
sown 0.5 cm deep in the same pot, totaling 400 seeds in a pot. The spacing between seeds
in the same specific gravity was 1 cm, the spacing between different gradients was 2 cm.
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Each pot was assigned randomly to one of the five water content treatments; there were
three replicates for each water content treatment. In total, there were 15 pots. Diseases,
insects, and weeds were controlled during the experiment.

2.2. Measurements
2.2.1. Germination Indexes

The germination indexes were calculated following the conventional germination rate
test method [22] and the methods commonly adopted by local farmers. Seed germination
was observed and recorded from the second day after sowing. The germination indexes
were calculated using the formulae listed below:

__ number of rice seeds germinated within 3 d

Germinati tential (%) = 100
ermination potential (%) total number of seeds tested (50 grains) 8

number of rice seeds germinated within 7 d

total number of seeds tested (50 grains) x 100

Germination rate (%) =

. number of rice seedlings within 15 d
1 %) = 1
Seedling rate (%) total number of seeds tested (50 grains) X100

number of seeds germinated in day t (1 — 7 days)
the number of germination days (1 — 7 days)

Germination index = Z

Vigor index = Germination index x dry weight of seedlings in mg (7 days)

2.2.2. Morphological Indexes and Root Oxidation Activity

Five representative seedlings with consistent growth were collected from each treat-
ment at 15 days after sowing (DAS) and rinsed carefully with running water. Shoot height,
root length, and root numbers were recorded. After measuring the shoot and root lengths,
they were separated, and dried at 75 °C to obtain dry weights. The ratio of root dry weight
to shoot dry weight was calculated as root-shoot ratio.

Fifteen days after sowing, five seedlings from each treatment were collected and rinsed
carefully with running water. Shoot height, root length, and root numbers were recorded.
After measuring the length of shoots and roots with a ruler, they were separated and dried
at 75 °C to obtain dry weights. The root oxidation activity (g «-NA g~! DW h!) was
determined by measuring the oxidation of alpha-naphthylamine (x-NA) following the
method of Ramasamy et al. [23]. The wavelength absorption at 510 nm was measured
using a spectrophotometer (UV2100, Unico, Side Instruments, Shanghai, China).

2.2.3. Chlorophyll Content

The chlorophyll content was determined following the method of Zou [24]. Fresh
leaves (0.1 g, without midrib) were cut into pieces, ground thoroughly under dark or low
light conditions in a phosphoric acid buffer (2 mL; pH =7), and then extracted with 80%
acetone until the leaf tissue turned white. The extraction solution (200 uL) was placed in
a microquartz colorimetric dish/96-well plate and absorption at 663 nm and 645 nm was
recorded.

2.2.4. Seed o-Amylase Activity and Seedling Soluble Total Sugar Content

At 15 days after sowing, the germinated seeds from each treatment (five seeds) were
cleaned and ground in water with a mortar and pestle. The homogenate was kept at 25 °C
for 15-20 min, agitated every 3 min and then centrifuged at 3000 rpm for 10 min. The
supernatant was transferred to a volumetric flask and diluted with water to a final volume
of 100 mL.

The reaction was initiated by adding 0.1 mL of appropriately diluted supernatant to a
preheated mixture containing 1 mL of 1% (w/v) soluble starch and 0.9 mL of sodium citrate
buffer (50 mM, pH 5.0). The solution was then incubated at 100 °C in a boiling water bath
for 10 min. The reaction was terminated by adding 3 mL of 3, 5-dinitrosalicylic acid solution.
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The resulting mixture was boiled for 7 min, and then immersed in ice water. Finally, the
mixture was diluted with 10 mL of deionized water and the absorbance at 540 nm was
measured with a spectrophotometer (UV2100, Unico, Side Instruments, Shanghai, China).
Seed x-amylase activity was calculated using the formula of Choi et al. [25].

At 15 days after sowing, rice seedlings were harvested, cleaned, and placed in an oven
at 110 °C for 15 min using an air blast and kept overnight at 70 °C. Ground leaf powders
(50 mg) were extracted with 4 mL of 80% alcohol in a 10 mL graduated centrifuge tube in
a water bath at 80 °C for 40 min. The extracts were centrifuged, and the supernatant was
collected, and the soluble total sugar content of seedlings was determined according to the
method described by Chen et al. [26].

2.2.5. Content of Malondialdehyde (MDA) and Proline (PRO)

At 15 days after sowing, leaf samples (1 g) were ground to a homogenate in 10 mL
10% trichloroacetic acid with a small amount of quartz sand added. After centrifuging at
4000x g for 10 min at 4 °C, an aliquot of 3 mL of supernatant was mixed with 3 mL of 0.6%
thiobiological acid in a tube with a lid, which was placed in a boiling water bath (HH-§,
Lichen Technology, Shenzhen, China) for 15 min. After cooling down, the absorbance
at 532 nm and 600 nm was measured using a spectrophotometer. The malondialdehyde
content was calculated using the method described by Ramasamy et al. [23].

Fresh leaf samples (1 g) were extracted with 80% ethanol. Glacial acetic acid (2 mL)
and 25 mg mL~! ninhydrin reagent (2 mL) were added to the extraction solution, which
was then heated in a water bath at 100 °C for 15 min. After cooling down, the absorbance
at 520 nm was measured using a spectrophotometer (UV2100, Unico, Side Instruments,
Shanghai, China). The proline content per milliliter of the tested sample solution was
determined using a standard curve [27].

2.2.6. Activity of Peroxidase (POD) and Superoxide Dismutase (SOD)

At 15 days after sowing, 0.3 g of fresh leaf sample was ground in phosphate-buffered
saline (PBS, pH 7.8). The homogenate was centrifuged at 10,500 g for 20 min at 4 °C and the
supernatant was mixed with 14.5 mmol L~! of methionine and 60 pmol L~! of riboflavin
solution. The mixture was lit for 20 min in a 4000 LX illumination incubator. After that, the
absorbance at 560 nm was measured using a spectrophotometer (UV2100, Nico Company,
Shanghai, China). The activity of superoxide dismutase (SOD) was determined following
the method of Yang et al. [28].

At 15 days after sowing, 0.2 g of fresh leaf was ground in liquid nitrogen and extracted
with 3 mL of phosphate-buffered saline (PBS, pH 7.8) in an ice bath. The extracts were
centrifuged at 8000 g at 4 °C for 10 min. After that, 1.95 mL of 0.3% H,O,, 0.95 mL of 0.2%
guaiacol, 1 mL of phosphate-buffered saline (PBS, pH 7.0), and 0.1 mL of supernatant were
added to initiate the reaction. The absorbance at 470 nm was recorded, and peroxidase
(POD) enzyme activity was calculated according to Scebba et al. [29].

2.3. Statistical Analysis

SPSS.22 was used for statistical analyses. Three-way analyses of variance (ANOVA)
were carried out to determine the effects and interactions between cultivars, water content
treatment, and seed specific gravity. SigmaPlot 10.0 software was used for plotting. Data
from the two experiments were pooled because similar trends were shown in the two
experiments (LSD = 0.05).

3. Results

There were significant differences in the measured indexes between soil moisture
treatments employed in this study (Table 2). Effects of soil moisture treatments were
observed for root dry weight, seedling dry weight, proline (PRO) content, malondialdehyde
(MDA) content, a-amylase activity, chlorophyll a, and chlorophyll content. The effects of
soil moisture treatment on SOD and POD activity were similar.
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Table 2. F-values from three-way ANOVA for germination potential (GP), germination rate (GR),
seedling rate (SR), vigor index (VI), root shoot ratio (RSR), root oxidation activity (ROA), pod enzyme
activity (POD), and total soluble sugar content (TSC) among cultivar, water moisture treatment, and
seed specific gravity.

Source of Variation df GP GR SR VI RSR ROA POD TSC
Cultivar (C) 1 28.5 ** NS NS 192.4 ** 6.9 * NS 10.2 ** 31.2**
Treatment (T) 4 413.1 ** 353.2 ** 236.8 ** 71744.1 ** 137.3 ** 109.69 ** 31.9 ** 21.5**
Specific Gravity (S) 3 189.3*  235.7*  2852*  39686.8 ** 5.4 ** 25.61 ** NS 7.7 **

CxT 4 18.3 ** 10.2 ** 4.4 ** 4383.7 ** NS 6.1 ** 12.4 ** NS

CxS 3 NS NS NS 288.2 ** NS NS NS NS

TxS 12 37.3** 33.1** 13.0 ** 8300.1 ** 4.9 ** NS 4.6 ** NS

CxTxS 12 23* 20* NS 535.0 ** NS NS NS NS

NS: not significant at alpha = 0.05; *: significant at alpha = 0.05; **: significant at alpha = 0.01. There were six
replicates.

3.1. Seed Weight and Grain Shape of Rice with Different Specific Gravities

For the two rice cultivars, the higher the specific gravity was, the higher the grain
weight was (Table 3). There was no significant difference in grain weight between T3 and
T4, but they were significantly higher than T1 and T2 for both the two cultivars. There
were no significant differences in grain length and width among different specific gravities
within the same rice variety. Under the same seed specific gravity, there was no significant
difference in grain weight and grain width between the two rice cultivars. The grain length
of HY-73 was significantly greater than that of GLY-1813.

Table 3. The differences in the thousand-grain weight and grain size between different specific
gravities of the two rice varieties.

Seed Specific Grain

Cultivar Gravity Weight Grain Length Grain Width
(kg m—3) (mg) (mm) (mm)

T1 2219 + 0.39 ¢ 821+021b 231+031a

T 2437 + 038D 8.72 + 0.63b 231+033a

GLY-1813 T3 2644 +029a 8.80 + 0.75b 232+ 042a
T4 2715+ 031 a 8.85 + 059 b 23240292

T1 2221 4021 c 921+ 0.85a 246 +021a

T 25.25 + 0.16 b 923 +0.71a 246 +0.16a

HY-73 T3 27.20 £ 0.12 a 9.36 + 0.98 a 250 + 013 a
T4 28.15 + 0.28 a 9.35+ 0.76 a 249 +0.15a

Note: T1, T2, T3 and T4 represent the four seed specific gravity levels of the two test cultivars, <1.0, 1.0-1.1, 1.1-1.2
and >1.2 (kg m~3), respectively. Data were pooled from the two experiments. Values with different letters are
statistically different at alpha = 0.05 (1 = 6). There were six replicates.

3.2. Germination Potential, Germination Rate, and Seedling Rate

The results showed that when the soil relative water content was at 20-40% and 40-60%
of water holding capacity, the germination potential, germination rate, and seedling rate
of GLY-1813 were higher than those under other water treatments (Figure 1A-C). The
germination potential, germination rate, and seedling rate of HY-73 were the greatest when
the soil moisture content was 20-40%; they then gradually decreased with increasing soil
moisture. The germination potential, germination rate, and seedling rate of seeds with
different specific gravity were as follows: T4 > T3 > T2 > T1 in both the two cultivars. The
optimum soil moisture content for seed germination was 40-60% for GLY-1813 and 20-40%
for HY-73.
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Figure 1. Effects of soil relative water content on germination potential (A), germination rate (B),
seedling formation rate (C) and seedling vigor index (D) of two rice cultivars (GLY-1813 and HY-73)
with different specific gravities. T1, T2, T3 and T4 represent the four seed specific gravities for each of
the two test cultivars, <1.0, 1.0-1.1, 1.1-1.2, and >1.2 (kg m~3), respectively. 10-20%, 20-40%, 40-60%,
60-80% and 80-100% are the five soil relative water contents. Data from the two experiments were
pooled. Vertical bars represent & standard error of the mean. Different letters above the bars indicate
significant differences at alpha = 0.05. There were six replicates.

3.3. Rice Seed Vigor Index

The rice seed vigor index of GLY-1813 was the highest when the soil relative water
content was at 40-60%; the seed vigor index of HY-73 was the highest at the soil moisture
content of 20-40% (Figure 1D). Under the same water treatment, there was a significant
difference between specific gravity conditions; the seed vigor index increased with specific
gravity. When soil relative water content was less than 40%, the seed vigor of HY-73 was
greater than that of GLY-1813. However, the seed vigor of GLY-1813 was greater than that
of HY-73 when the soil relative water content was greater than 40%.

3.4. Morphological Index (Root Number, Root Length, and Shoot Length)

The number and length of roots of the variety GLY-1813 were the greatest when the
soil relative water content was at 40-60% (Table 4). For HY-73, the number and length of
roots were the greatest when the soil relative water content was at 20-40%.
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Table 4. Effects of soil relative water content on seedling root number, root length and shoot length
of two rice varieties with different specific gravities.

Soil Relative . See.d. Root Root Length Shoot
Water Cultivar Specific Number (cm) Length
Content Gravity (cm)
T1 36+02la 40+021b 17+025d
T 36+019a 41+017b  40-+032¢
GLY-1813 T3 40+02a 55+019a 58+035b
L0200, T4 40+023a 55+018a  78+052a
0-20% T1 36+027a 40+029b  2.6-+028¢
v ™ 38+026a 45+033b  35+025b
- T3 40+033a 624+031a  40+027b
T4 40+032a 65+034a 80+023a
T1 524+019c  45+026c 152+039d
T 54+016c  92+045b  20.0 +051c
GLY-1813 T3 61+023c  100+047b 220+ 043¢
040 T4 73+022b  150+035a 28.0+045a
o T1 624+032c 131+042b 23.6+033c¢
s T 69+033b 133+044b 250+ 028b
- T3 83+042a 141+043a 265+032b
T4 85+046a 153+051a 28.0+033a
T1 64+025¢ 116+028c 128 +046¢
™ 73+024b 130+032b 220+056b
GLY-1813 T3 84+022a 132+034b 240+ 065b
100 T4 86+02la 160+048a 30.0+074a
—-60% T1 54+03lc  55+036c 188+053d
s ™ 65+033b 11.0+£049b 27.0 & 0.44c
- T3 724+035a 120+053b 28.0+035b
T4 74+034a 160+045a 30.0+034a
T1 51+023c  98+032b 100 +042c
T 62+024b 11.0+044b 11.0+038c
GLY-1813 T3 64+022b 103+046b 240+ 058b
080 T4 63+025b 150+045a 250 +056b
-80% T1 54+036c 51+042d  9.9+036¢
v T 69+032a 79+045c 125+ 043¢
- e 7240362  76+049c 264 +049b
T4 73+033a 105+ 045b 30.0 +045a
T1 48+018b  41+032c  40+032d
T 64+019a  42+036c 65+ 045c¢
GLY-1813 T3 65+022a 50+041b  65+043c¢
§0-100°, T4 66+02la 70+055b 13.0+056b
-100% T1 46+029b  32+023c  38+053d
s T 54+033b 35+019c  68+047c
- T3 68+038a  65+032b  69-+049c
T4 68+036a 101+033a 19.0+064a

Note: T1, T2, T3 and T4 represent the four seed specific gravity levels of the two test cultivars, the representative
specific gravity is <1.0, 1.0-1.1, 1.1-1.2 and >1.2 (kg m~3), respectively. 10-20%, 20-40%, 40-60%, 60-80% and 80-100%
represent the soil relative water content of the five gradients, respectively. Data are averages observed for the two
replicate studies because they showed the same tendencies; values with different letters show that the indicators of
the same variety and different specific gravity of rice were significantly different at alpha = 0.05 (1 = 6).

Under the same soil moisture condition, root number, root length, and shoot length
increased with the seed specific gravity in both the two cultivars. When the soil relative water
content was at 20—40%, the root number, root length, and shoot length of HY-73 were higher
than that of GLY-1813.
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3.5. Shoot Dry Weight, Root Dry Weight, and Root-Shoot Ratio

Soil moisture stress had significant effects on the root and shoot dry weights and the
root-shoot ratio in both cultivars. The root and shoot dry weights of rice cultivar HY-73 were
generally higher than that of GLY-1813 (Figure 2A,B). Root dry weights of both cultivars
were the lowest when soil relative water content was more than 80%. The shoot dry weight
of the two cultivars was lower when the soil was too dry (soil relative water content at
10-20%), or too wet (soil relative water content at 80-100%) (Figure 2B). When the soil
relative water content was 20—40%, shoot dry weight was higher in HY-73 compared to
GLY-1813 with similar specific gravity (Figure 2B). The root-shoot ratio was the largest at
the soil relative water content of 10-20% for both the two cultivars (Figure 2C).
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Figure 2. Effects of soil relative water content on root dry weight (A), shoot dry weight (B) and root shoot
ratio (C) of two rice cultivars with different specific gravities. T1, T2, T3 and T4 represent the four seed
specific gravities for each of the two test cultivars, <1.0, 1.0-1.1, 1.1-1.2, and >1.2 (kg m™3), respectively.
10-20%, 20-40%, 40-60%, 60-80% and 80-100% are the five soil relative water contents. Data from the
two experiments were pooled. Vertical bars represent + standard error of the mean. Different letters
above the bars indicate significant differences at alpha = 0.05. There were six replicates.

3.6. Root Oxidation Activity

The root oxidation activity was the highest at a soil water content of 40-60% for GLY-
1813 and at 20-40% for HY-73 (Figure 3). The root oxidation activity increased with seed
specific gravity; the root oxidation activities of T3 and T4 were significantly greater than
that of T1 and T2. The root oxidation activity of HY-73 was greater than that of GLY-1813
when grown at soil water content of 10-40%.
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Figure 3. Effects of soil relative water content on root oxidation activity of the two rice cultivars with
different specific gravities. T1, T2, T3 and T4 represent the four seed specific gravities for each of the
two test cultivars, <1.0,1.0-1.1, 1.1-1.2, and >1.2 (kg m*3), respectively. 10-20%, 20—40%, 40-60%,
60-80% and 80-100% are the five soil relative water contents. Data from the two experiments were
pooled. Vertical bars represent + standard error of the mean. Different letters above the bars indicate
significant differences at alpha = 0.05. There were six replicates.

3.7. Chlorophyll Content

The content of chlorophyll a in GLY-1813 was the highest when grown at a soil water
content of 40-60% (Figure 4A,B). When the soil relative water content was between 20-40%,
the contents of chlorophyll a and chlorophyll b in HY-73 were greater than that in GLY-1813.
Under the same soil water conditions, the higher the seed specific gravity, the greater was the
chlorophyll content in the seedling leaves. While the contents of chlorophyll a and chlorophyll
b were greater in HY-73 than in GLY-1813 when the soil relative water content was less than
40%, they were lower in HY-73 compared to GLY-1813 when the soil relative water content
was higher than 40% (Figure 4A,B).

0.7

15+ (A) GLY1813-T1@ HY73-T1 m ®) GLY1813-T1 @ HY73-T1 ®
ggig{g% H HY73-T2 @ GLY1813-T2 @ HY73-T: @

GLles_nE HY73-T3 O 0.6 , GLY1813-T3@ HY73-T3 [

5 HY73-T4 O GLY1813-T4[] HY73-T4 [OJ

0.5

-
[

0.4

0.3

0.2

Chlorophyll a content (p ml'l)
g
Chlorophyll b content (p m.l'l)

e
o

0.1

0 !
10%-20%  20%-40% 40%-60% 60%-80% 80%-100%

3 L
10%-20% 20%-40% 40%-60% 60%-80% 80%-100%
Soil relative water content

Soil relative water content
Figure 4. Effects of soil relative water content on chlorophyll A (A) and chlorophyll B (B) contents of
the two rice cultivars with different specific gravities. T1, T2, T3 and T4 represent the four seed specific
gravities for each of the two test cultivars, <1.0, 1.0-1.1, 1.1-1.2, and >1.2 (kg m*3), respectively.
10-20%, 20-40%, 40-60%, 60-80% and 80-100% are the five soil relative water contents. Data from the

two experiments were pooled. Vertical bars represent + standard error of the mean. Different letters
above the bars indicate significant differences at « = 0.05. There were six replicates.
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3.8. a-Amylase Activity and Total Soluble Sugar Content

For both of the two varieties, the x-amylase activity was the lowest when the soil
relative water content was at 10-20% (Figure 5A). It levelled off when the soil relative water
content was higher than 20%. Under the same soil water conditions, the -amylase activity
increased significantly with increase in seed weight. There was no significant difference in
x-amylase activity between the two varieties.

400

151w GLYI813-TI (A) (B)
N GLY1813-T2
3 GLY1813-T3
[ GLY1813-T4
I HY73-T1
I HY73-T2
3 HY73-T3
[ HY73-T4

300 - of o

Za
ha

200

o -amylase activity (mg (g min)")

10- 20% 20— 40% 40— 60% 60— 80% 80— 100%

Soil relative water content

Total soluble sugar content (ng g")

10- 20%

4, .

bR

Ol e b“

ille O

A\ d
¢ c b
<
adf 4

100

20— 40% 40— 60%

60— 80% 80— 100%

Soil relative water content

Figure 5. Effects of soil relative water content on a-amylase activity (A) and total soluble sugar
content (B) of two rice cultivars with different specific gravities. T1, T2, T3 and T4 represent the
four seed specific gravities for each of the two test cultivars, <1.0, 1.0-1.1, 1.1-1.2, and >1.2 (kg m*3),
respectively. 10-20%, 20-40%, 40-60%, 60-80% and 80-100% are the five soil relative water contents.
Data from the two experiments were pooled. Vertical bars represent & standard error of the mean.
Different letters above the bars indicate significant differences at « = 0.05. There were six replicates.

The total soluble sugar content of the two varieties was higher when the soil relative
water content was at 10-20%, compared to other water content treatments (Figure 6B). The
total soluble sugar content increased significantly with increase in seed specific gravity
for both the two varieties. With increase in soil relative water content, the soluble sugar
content of the two varieties decreased gradually. The total soluble sugar content of HY-73
was significantly higher than that of GLY-1813 when soil relative water content was greater

“'b siickin e

than 40% (Figure 5B).
bb o P ag
i T ¢,

10- 20% 20— 40% 40— 60% 60— 80% 80— 100% 10- 20% 20— 40% 40— 60% 60— 80% 80— 100%

40 18
(A) B GLYI813-T1 (B)
I GLY1813-T2
[ GLY1813-T3 15 -
[ GLY1813-T4
N HY73-T1
B HY73-T2
[ HY73-T3
[ HY73-T4

a2
4Bl Ll LY a add

PRO content (ng g")

MDA content (pg g"FW)
EN ©

w

Soil relative water content Soil relative water content

Figure 6. Effects of soil relative water content on the contents of PRO (A) and MDA (B) of two rice
cultivars with different specific gravities. T1, T2, T3 and T4 represent the four seed specific gravities
for each of the two test cultivars, <1.0, 1.0-1.1, 1.1-1.2, and >1.2 (kg m~3), respectively. 10-20%,
20-40%, 40-60%, 60-80% and 80-100% are the five soil relative water contents. Data from the two
experiments were pooled. Vertical bars represent £ standard error of the mean. Different letters
above the bars indicate significant differences at alpha = 0.05. There were six replicates.
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3.9. Proline and MDA Content

The proline content of seedlings of the two varieties was the highest at a soil relative
water content of 10-20% (Figure 6A). There were significant differences in the proline
content within each variety for different specific gravities when grown at the soil water
content between 10 and 40%; proline content increased significantly with increase in seed
specific gravity for each cultivar. There was no significant difference in proline content
between the two cultivars or among different specific gravity levels when the soil relative
water content was greater than 40%.

For both the two varieties, the MDA content was lower when the soil relative water
content was between 20-60% (Figure 6B). The MDA content in both the two cultivars
decreased significantly with increase in seed specific gravity when the soil relative water
content was greater than 20%. The MDA content of HY-73 was significantly higher than
that of GLY-1813 with the same specific gravity when the soil relative water content was
greater than 40%.

3.10. POD and SOD Enzyme Activities

The POD and SOD enzyme activities were the highest at the soil relative water contents
of 40-60% and 20-40% for GLY-1813 and HY-73, respectively (Figure 7A,B). While the
activities of POD and SOD decreased with increase in the specific gravity when the soil
relative water content was at 10-40%, they increased with increase in the seed specific
gravities when the soil relative water content was greater than 60% for both GLY-1813
and HY-73. The POD and SOD activities of HY-73 were significantly higher than those of
GLY-1813 at the same specific gravity at the soil relative water content of 10-40%.
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Figure 7. Effects of soil relative water content on POD (A) and SOD (B) activities of two rice seedlings
with different specific gravity. T1, T2, T3 and T4 represent the four seed specific gravities for each of
the two test cultivars, <1.0, 1.0-1.1, 1.1-1.2, and >1.2 (kg md), respectively. 10-20%, 20-40%, 40-60%,
60-80% and 80-100% are the five soil relative water contents. Data from the two experiments were
pooled. Vertical bars represent + standard error of the mean. Different letters above the bars indicate

significant differences at alpha = 0.05. There were six replicates.

4. Discussion
4.1. The Effect of Soil Relative Water Content on the Germination of Rice Seeds

With global climate change, dry direct seeding of rice has become more and more
important due to its capacity to enhance water conservation, drought resistance, labor
saving, and cost reduction [30]. The direct seeding of rice has become a widely adopted
method of water-conserving cultivation in China. Under direct dry sowing conditions,
drought resistant rice cultivars germinate very well, which is crucial to achieve a high yield.
The water-saving and drought-resistant rice (WDR) cultivars developed recently by the
Shanghai Agricultural Biological Genetics Center have shown outstanding performance
in large-scale rice production systems. Compared with conventional rice cultivars, WDR
cultivars have a stronger germination ability and higher yield under dry direct seeding
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conditions [31]. Soil moisture is an important factor affecting the germination of rice
seeds, and different rice cultivars and seeds with different specific gravity have different
requirements for soil moisture [32].

This study showed that the traditional cultivar GLY-1813 had high germination and
seedling dry weight when the soil relative water content was 40-60%; the WDR HY-73
cultivar had a high germination rate when the relative soil water content was 20—40%
(Figure 1). The germination rate of T2, T3, and T4 of HY-73 was better than that of GLY-1813
when grown under the same soil moisture conditions, which indicated that HY-73 was more
suitable for dry direct seeding. The plumper the seed, the more nutrients are contained
in the grain [33]. It was observed in this study that the higher the specific gravity was,
the greater were the thousand-grain weight, germination potential, germination rate, and
seedling rate. This could be because rice seeds with a higher specific gravity contain more
nutrients which can promote germination [34].

4.2. The Influence of Soil Relative Water Content on the Growth and Development of Rice Shoots

Rice dry matter accumulation is in the storage form of sugar or starch, and this is
the basis of yield [35]. Our results showed that the root and seedling dry weight of the
two varieties were higher when the soil relative moisture content was 20-40% and 40-60%.
Under the same soil moisture conditions, the root dry weight, seedling dry weight, root
length, and seedling height of HY-73 were higher than those of GLY-1813; the magnitude
of differences increased with drought severity. These results indicated that compared
with GLY-1813, HY-73 was a better fit for dry cultivation. Under the same soil moisture
conditions, root number, root length, shoot length, and biomass increased with increase
in seed specific gravity, which indicated that heavier seeds have greater growth potential.
These findings are consistent with the study of Tang et al. [36], who showed that rice
seedlings with lower specific gravity had fewer tillers and seedling growth. The root-shoot
ratio, the ratio of root dry weight to shoot dry weight, reflects the carbon allocation between
underground and aboveground tissues [37]. In the present study, the root-shoot ratio of
the two varieties was the greatest when the soil relative water content was in the lowest
range (10-20%); it was the least in the highest water content range (80-100%). The effect of
specific gravity also decreased with increase in the soil relative water content (Figure 2),
indicating that the allocation of carbon had reached a state of equilibrium once the minimal
soil moisture content required for seedling growth was met.

4.3. The Effects of Soil Relative Water Content on Physiological Characteristics

The seed vigor index, root oxidation activity, POD and SOD enzyme activities, and
chlorophyll a and b content of the two cultivars were higher when the soil relative water
content was at 20-40% and 40-60%, compared to other water regimes (Figure 7). POD and
SOD can eliminate the active oxygen produced within organisms under stress conditions,
and their activity reflects changes in the metabolism of plants [38]. The present study
showed that the activities of POD and SOD of rice seeds with low specific gravity were
higher in GLY-1813 when the soil relative water content was between 10-60% (Figure 7).
These results indicate that seedlings developed from seeds with lower specific gravity have
higher metabolism. Similarly, in HY-73, when the soil relative water content was between
10-40%, seedlings developed from seeds with a lower specific gravity showed stronger
metabolic activity.

MDA content is an indicator of peroxidation in plant cell membranes which is posi-
tively related to damage to cell membranes [39]. Our results showed that the MDA content
was the lowest when the soil relative water content was at 20-40% and 40-60% for GLY-1813
and HY-73, respectively (Figure 6B). These results suggest that the optimum soil moisture
content range is 40-60% for GLY-1813, and 20-40% for HY-73. Chlorophyll can absorb,
transform, and transfer light energy [40]. Previous studies have shown that the stability
of the thylakoid membranes, the absorption of light energy, as well as the photosynthetic
rate of rice, decreased when plants were subjected to saline-alkali osmotic stress [31]. The
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present study showed that the contents of chlorophyll a and chlorophyll b were higher
when the relative water content of soil was between 20-60% for both the two cultivars;
higher or lower soil water content was not conducive to the accumulation of chlorophyll
(Figure 4). Proline and soluble sugar accumulation is a mechanism of plants by which they
respond and adapt to abiotic stressors, such as drought, salinity, etc. [41,42]. The content of
proline and soluble sugar in seedlings was greatest when the relative soil moisture content
was at 10-20%, compared to other water regimes (Figure 6A). These findings suggest that
when the soil water content was below 20%, both GLY-1813 and HY-73 were exposed to
drought stress. x-amylase, also known as ‘dextrinase’, transforms carbohydrates in the en-
dosperm into sugars during germination and transports them to the embryonic tissues [43],
which impacts various indexes in rice [44]. x-amylase activity was the lowest for both
GLY-1813 and HY-73 when the plants were under drought stress (soil water content at
10-20%) (Figure 5A). Interestingly, x-amylase activity increased with seed specific gravity
in both GLY-1813 and HY-73. These results suggest that rice seeds with a greater specific
gravity are better able to break starch into sugars and enable growing seedlings to adjust
osmotically to drought stress under dry direct seeding conditions.

5. Conclusions

Soil relative water content significantly affected the seed germination and seedling
growth of the two rice cultivars; the optimum soil water content range for seed germination
and seedling growth was 40-60% and 20-40% for GLY-1813 and HY-73, respectively. Overall,
HY-73 performed better compared to GLY-1813, which indicated that HY-73 had better
drought resistance and more prominent germination characteristics. Seeds with greater
specific gravity showed higher x-amylase activity, germination potential, germination rate,
root dry weight, seedling dry weight, root oxidation activity, chlorophyll content, and
soluble sugar content across the soil water content levels.
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