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Abstract

Background Early flooding helps control weeds but reduces seedling establishment in direct-seeded rice

and aims (Oryza sativa). When combined with appropriate management practices, the use of geno-
types that better tolerate flooding during emergence can enhance crop establishment in
flood-prone areas. Management options include seed pre-treatment and we tested the influ-
ence of pre-soaking for 24 h prior to sowing or of priming (soaking for 24 or 48 h followed by
drying).

Methodology The effects on seedling establishment after 21-day flooding of pre-soaking seeds for 24 h
before sowing and/or of priming seeds were examined together with physiological responses
connected with reactive oxygen scavenging. Seeds of four lines with contrasting abilities to
tolerate flooding at the germination stage were compared. Seeds were primed using KCl sol-
utions (48 h) or water (24 h) and pre-soaked using water. Lipid peroxidation and activities of
reactive oxygen-scavenging enzymes were measured in seeds before sowing. Carbohydrate
mobilization in germinating seeds and seedling growth were also monitored at intervals.

Principal results Seed pre-treatment by pre-soaking or by priming increased survival of flooding and acceler-
ated and improved seedling establishment, especially in tolerant genotypes. Primed seeds
had less lipid peroxidation and higher superoxide dismutase (SOD) and catalase (CAT) activi-
ties than non-primed seeds. Amylase activities and starch breakdown were also hastened in
primed seeds. Survival after flooding was positively correlated with amylase activity but nega-
tively correlated with the extent of lipid peroxidation.

Conclusions Pre-soaking and priming improved seedling establishment in flooded soil, enhanced the
capacity to scavenge reactive oxygen species in seeds by increasing SOD and CAT activities,
and hastened carbohydrate mobilization. Tolerant genotypes responded better to these treat-
ments, emphasizing the effectiveness of combining genetic tolerance with appropriate seed
pre-treatment to improve seedling establishment of rice sown in flooded soils.
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There are three principal methods for establishing a crop
of rice. These are (i) dry seeding, where seeds are sown
(broadcast, drilled or dibbled) on unsaturated soils; (ii)
wet seeding, where pre-germinated seeds are sown in
saturated puddled soils; and (iii) transplanting, which
involves replanting rice seedlings grown in nurseries
into puddled soils. Dry- and wet-seeding methods,
often referred to as direct seeding, are becoming more
popular with rice farmers because they require less
labour and time than transplanting (Tuong et al. 2000).
Where there is good control over the water supply (irri-
gated systems), farmers commonly practise wet
seeding, using pre-germinated seeds. In areas where
water is scarce or the supply is unpredictable, as in
rainfed areas, dry seeding is usually adopted (Chin and
Mortimer 2002).

Direct seeding is more attractive than transplanting
because it is cheaper and can result in an earlier harvest
(Balasubramanian and Hill 2002). However, poor germi-
nation, uneven stand establishment and high weed infes-
tation are some of the constraints that restrict its
large-scale adoption in flood-prone rainfed areas (Du
and Tuong 2002; Ismail et al. 2009). Weed infestation
can however be lessened by shallow flooding immediately
after sowing. Although rice seed can germinate under
such flooded conditions, subsequent growth is mostly
limited to the coleoptile and only tolerant genotypes
have the ability to elongate and produce healthy seed-
lings that emerge above the water surface (Ismail et al.
2009). Earlier screening identified several rice genotypes
that are more tolerant of flooding during germination
and emergence (Angaji et al. 2010). These tolerant
types have the ability to mobilize and use stored carbo-
hydrates even under the low oxygen stress caused by
flooding, through mechanisms associated with carbo-
hydrate metabolism (Ismail et al. 2009).

Knowledge and adoption of practices that prolong
seed longevity through proper storage and handling,
and produce optimal seedbed conditions can further
improve the performance of tolerant -cultivars to
ensure good crop establishment in flooded soils. Our
recent studies described some of these seed-handling
strategies and seedbed management options, and
established the need to combine good agronomic prac-
tices with genetic tolerance for better crop establish-
ment following direct seeding in soils prone to
early-season floods (Ella et al. 2010).

Seed priming through soaking followed by partial dehy-
dration to trigger the germination processes and further
drying before radicle emergence (Bradford 1986) can
ensure rapid and uniform seed germination in various
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cereals (Lee et al. 1998; Basra et al. 2002; Farooq et al.
2006a) and vegetable species such as tomato (Mitra and
Basu 1979) and onion (Ilbi and Eser 2002). In most of
these studies, seeds were grown under aerated conditions
and priming was reported to increase seed vigour and
extend seed longevity. In rice sown in aerated soils,
seed priming enhances seedling emergence, kernel
quality and yield (Farooq et al. 2006a). Activities of
several enzymes associated with the germination
process have been observed to change in response to
seed priming. These include increases in activities of
a-amylase in rice (Farooq et al. 2006b), acid phosphatase
and esterase in lettuce (Khan et al. 1978), and antioxidant
enzymes in lucerne (Zhang et al. 2007). A rapid resump-
tion of DNA synthesis and initiation of cell division was
observed in wheat soon after hydration (Dell’Aquila and
Taranto 1986) while repair of DNA and other cellular com-
ponents (e.g. membranes), which may be damaged
during seed maturation, dehydration and storage, has
been suggested to take place during seed priming. It
has also been suggested that the onset or completion of
DNA repair may be a major contributing factor to the
improvement in germination after osmopriming
(Burgass and Powell 1984).

Generation of reactive oxygen species (ROS) is known
to occur during the dehydration of various plant
tissues, including seeds during maturation (Smirnoff
1993). Oxidative damage results from the reaction of
ROS with cellular components and membrane phospho-
lipids, causing their breakdown to malondialdehyde
(MDA) and simple alkanes. These reactions could
impair various metabolic functions by changing the
physicochemical properties of cell membranes through
disruption of lipid bilayers. This in turn can promote
leakage of solutes, leading to cell death (Scandalios
1993). The peroxidation of polyunsaturated fatty acids
is likely to be one of the major causes of deterioration
of stored seeds (Wilson and McDonald 1986). Previous
studies reported the presence of several antioxidative
and hydrolytic enzymes in dry seeds, and a rise in their
activities after the start of imbibition. Any pre-treatment
that can enhance the activities of antioxidants can be
expected to enhance seed germination and early seed-
ling growth, particularly when seeds are sown under
suboptimal conditions such as flooded soils. Achieving
this will benefit direct seeding in flood-prone areas.

The present study evaluates the effectiveness of seed
pre-treatments before sowing on seedling establishment
under flooded conditions. Seeds of contrasting geno-
types were either pre-soaked in water for 24 h prior to
sowing or subjected to the priming process. Priming
involved soaking in water for 24 h or in KCl solution for
48 h and then drying and storing prior to sowing. The
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effects of these treatments on growth and survival, and
the capacity of seeds to scavenge ROS and mobilize and
use carbohydrate reserves were investigated in lines with
inherently different abilities to tolerate flooding at the
germination stage.

Plant material and experimental set-up

Four rice genotypes selected from earlier screenings
(Ismail et al. 2009; Angaji et al. 2010; Ella et al. 2010)
were used. Two of the genotypes are tolerant of flooding
during germination and early establishment (‘Khaiyan’
and ‘Khao Hlan On’) and two are relatively intolerant of
flooding (‘FR13A’ and ‘IR42’). Two experiments were
conducted using seeds stored in a desiccator in cold
storage (5-8 °C). Before each experiment, seed dor-
mancy was broken at 55 °C for 5 days. Seedling trays
with grids of 34 rows were used, each row comprising
17 cells of 1cm x 1cm x 2.5cm filled with finely
ground field soil. Seeds of each genotype were sown
dry at ~0.5 cm soil depth in six rows per replication
(one seed per cell, and a total of 102 seeds) with two
rows left vacant between genotypes. Trays were sub-
merged in 8-10cm of tap water in concrete tanks
immediately after sowing. Another set of trays was
maintained under control (non-flooded) conditions in
an adjacent area. A randomized complete block design
was used with four replications in each experiment.
The set-up was maintained inside a greenhouse under
ambient temperature and irradiance.

Experiment I tested the effects of two seed treat-
ments: (i) pre-soaking seeds for 24 h before sowing
and (ii) seed priming, in which seeds were soaked for
24 h and then dried and stored before sowing. In both
treatments, tap water was used, and effects on emer-
gence, seedling survival and growth in flooded soil
were monitored. Additional trays were set up and seed-
lings were harvested from two rows daily for the first 9
days after sowing and flooding, for assessing emergence
and growth. Pre-soaking of seeds before sowing is rel-
evant in irrigated areas where farmers can use seeds
that were hydrated before sowing, while priming is
more likely to be used in rainfed areas where rainfall is
unpredictable and dry seeding is preferred.

In Experiment II, seeds were primed for 48 h using
three concentrations of KCl solution with water poten-
tials of —0.75, —1.50 and —2.25 MPa (0.15, 0.30 and
0.45 M, respectively). In preliminary trials, 48 h was
more effective than 24 h when KCl was used as the
priming solution. Additional trays allowed seedlings
from two rows of cells to be harvested daily for the
first 9 days after flooding for measuring root and shoot
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emergence and growth, and two further rows for asses-
sing non-structural carbohydrates and amylase activity.

Seed pre-treatments

Uniformly sized seeds were selected and 100-grain
weight was recorded. To minimize contamination
during priming, seeds were surface sterilized with
2.63 % NaOCl solution (household bleach diluted to 1:1
with sterile water) for 30 min and then rinsed three
times with sterile dH,0. The seeds were then soaked in
aerated priming solution (1 g of seeds per 5 mL of sol-
ution) at room temperature (26.0+0.1 °C) in the dark.
The priming solution was decanted after the specified
duration of priming, and seeds were placed in plastic
dishes lined with a few layers of paper towels that
were frequently replaced during the first hours to accel-
erate drying of primed seeds. After blotting dry, seeds
were transferred to a laminar airflow cabinet with an
air flow rate of 880m3min ! (measured using a
heavy-duty Vane anemometer model 407113; Extech
Instrument Corporation, Waltham, MA, USA). The air
flow temperature was 26.24+0.2°C and the relative
humidity was 63.54 1.0 %. Air drying of seeds in the
laminar airflow cabinet was terminated after a week,
when the seeds reached a moisture content similar to
the original level of 12.94 0.1 %. The dried seeds were
kept in labelled plastic containers inside a desiccator at
5-8°C and used within a month. Pre-soaking of the
seeds before sowing was achieved following the same
methods used during priming, using aerated water (1 g
of seeds per 5mL of water) at room temperature in
the dark.

Seedling growth and survival

The number of surviving seedlings was counted in both
the control and flooded treatments in both experiments
21 days after sowing and flooding. In flooded treat-
ments, seedling survival was measured as the percen-
tage of seedlings that emerged above the water
surface. Seedlings were harvested during the first 9
days following sowing, germinating seeds were
counted, and lengths of shoot and root were measured.

Lipid peroxidation

Lipid peroxidation was measured before sowing from all
treatments in Experiment II, as the concentration of
MDA determined using the thiobarbituric acid method
described in Ella et al. (2003). Fifty dry seeds were
weighed and ground to a powder in liquid N, and then
extracted with 10 mL of 50 mM potassium phosphate
buffer (pH 7.0). The extracts were centrifuged at
10000xg and 4°C for 20 min and the supernatant
was used for the assay. The reaction mixture contained
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1 mL of supernatant and 1 mL of 0.5 % (w/v) thiobarbitu-
ric acid solution containing 20 % (w/v) trichloroacetic
acid. After mixing, the reaction mixture was incubated
at 95 °C for 30 min and then placed in an ice bath. The
cooled mixture was centrifuged at 10 000xg and 4 °C
for 10 min. The absorbance of the supernatant layer
was measured at 532 and 600 nm and, after subtracting
the non-specific absorbance measured at 600 nm, the
MDA concentration was calculated using an extinction
coefficient of 155 mM~*cm ™.

Extraction of reactive oxygen-scavenging enzymes
and activity assessment

Extraction and enzyme activity assays were carried out
as described in Ella et al. (2003). In Experiment II,
reactive oxygen-scavenging enzymes were extracted
from non-primed seeds and seeds primed with KCl sol-
ution of —2.25MPa water potential (0.45 M). Fifty
seeds were weighed and ground to a fine powder in
liquid N, and extracted with 10 mL of ice-cold potass-
ium phosphate buffer containing 1 mM ascorbic acid
(pH 7.8). The extract was centrifuged at 10000xg
and 4°C for 20 min and the supernatant was used
for the assay. Ascorbate peroxidase (APX) and catalase
(CAT) activities were assayed using the fresh super-
natant layer containing the crude enzyme extract.
About 1mL of the supernatant was dialysed against
Viskase Membra-Cel (MWCP 7000, Chicago, IL, USA)
overnight with potassium phosphate buffer (pH 7.8).
A 10% increase in extract volume was observed
after dialysis. The dialysed extract was used for the
activity assay of glutathione reductase (GR) and super-
oxide dismutase (SOD). A total assay volume of 1 mL
was maintained in all measurements of enzyme activi-
ties. All assays were done at published optimum con-
ditions (temperature, pH and substrate concentration)
and with recovery checks using (i) purified enzymes
manufactured by Sigma Chemicals, (i) a mixture of
purified enzyme and sample, and (iii) sample mixtures.
Percentage recovery was high (within a maximum
uncertainty limit of 5.0 %) and activity values observed
were very close to the additive value predicted in a
given mixture of purified enzyme and sample, and
also in sample mixtures. The activity values reported
here were corrected according to their respective
recovery. Enzyme activity assays were measured fol-
lowing Nakano and Asada (1987) for APX, Beers and
Sizer (1952) for CAT, Halliwell and Foyer (1978) for
GR, and Asada et al. (1973) for SOD. Enzyme activities
are expressed in units per milligram of protein. Protein
concentration was measured following Bradford (1976).
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Non-structural carbohydrate analysis

A subsample of the same seeds treated in Experiment II
was used for carbohydrate analysis. Germinating non-
primed seeds and seeds primed with a KCl solution of
—2.25MPa were collected daily after sowing and
frozen in liquid N,, freeze-dried and weighed to obtain
their dry weights. The method for non-structural carbo-
hydrate analysis is described in Ismail et al. (2009).
Dried samples were extracted in 80 % ethanol (v/v)
and analysed for total soluble sugar concentration. The
residue was then washed several times and analysed
for starch concentration.

Amylase activity

Amylase activity was assayed following the method
described in Ismail et al. (2009). Seedlings harvested 1
and 3 days after sowing were extracted with 0.02 M
sodium phosphate buffer (pH 6.9) with 0.006 M NaCl.
The crude extract was used in the assay at room tempera-
ture. Starch was first converted to maltose as catalysed by
amylase. The maltose produced was reacted with
3,5-dinitrosalicylic acid, which was reduced to form a
coloured product with maximum absorption at 540 nm.
The absorption values were read on a standard curve
established with increasing amounts of maltose. One
unit of amylase activity is defined as micromoles of
maltose produced per minute and specific activity was
expressed in units per milligram of protein. Protein con-
centration was determined following Bradford (1976).

Statistical analysis

Data from each experiment were subjected to analysis of
variance using CROPTAT for Windows version 7.2 (Inter-
national Rice Research Institute 2007) based on a ran-
domized complete block design model with four
replications. Relationships between different attributes
were studied using linear regression.

Effect of seed priming and pre-soaking on growth
and survival under flooded conditions

Priming with water for 24 h in the absence of pre-soaking
significantly improved seedling survival of all four geno-
types under flooded conditions compared with no
priming. The two tolerant genotypes, ‘Khaiyan’ and ‘Khao
Hlan On’, survived flooding better than intolerant geno-
types in the absence of priming, and this advantage was
enhanced by priming (Fig. 1). Pre-soaking seeds in water
for 24 h before sowing had greater positive effects than
priming in the absence of pre-soaking except with
‘Khaiyan’, where both priming alone and pre-soaking
had similar effects. In flooding-intolerant ‘IR42’ only,
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Fig. 1 Seedling survival of four rice genotypes after priming
or pre-soaking of seeds for 24 h before sowing in flooded
soil. Data are means of four replicates, each of 102 seeds
(Experiment I). Vertical bars indicate +SE. Genotypes
‘Khaiyan’ and ‘Khao Hlan On’ are classified as more flooding
tolerant than ‘FR13A’ and ‘IR42’ at the germination stage.

combining seed priming and seed pre-soaking resulted in
better survival than either treatment alone. Seed pre-
treatment also enhanced the emergence of both shoot
and root (Fig. 2). Both priming and pre-soaking enhanced
shoot emergence, the effect being more evident in
flooding-intolerant genotypes ‘FR13A’ and ‘IR42’ (Fig. 2A).
Root emergence was delayed by ~1-2 days in all geno-
types compared with shoot emergence and was enhanced
in both primed and pre-soaked seeds, with greater effects
in the two flooding-intolerant lines (Fig. 2B). Post-
germination shoot and root elongation also benefited
from the pre-treatment. Both grew longer in seedlings
from primed and pre-soaked seeds, and were enhanced
most in seeds subjected to both priming and pre-soaking
before sowing (Fig. 3). The flooding-intolerant genotypes
‘FR13A’ and ‘IR42’ gave the largest response. In both Exper-
iment I and Experiment II, seedlings of the flooding-
tolerant lines derived from primed seeds reached the soil
surface earlier (~5-6 days after sowing and flooding)
than those from the control seeds (~8-9 days). Also, a
more uniform growth was visually apparent in seedlings
from primed seeds (data not shown). Similar positive
effects on seedling growth and survival were observed in
seeds primed with tap water for 24 h or with KCl solution
for up to 48 h (data not shown). Correlations of survival
with emergence and root and shoot growth were strong
and positive (Table 1).
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Lipid peroxidation and activities of reactive
oxygen-scavenging enzymes in dry seeds before
sowing

Lipid peroxidation was measured before sowing in non-
primed seeds and in seeds primed with different concen-
trations of KCl solution. Priming significantly reduced the
extent of lipid peroxidation, with stronger reduction in
seeds of ‘IR42’ (Fig. 4). Seeds primed for 48 h with the
most concentrated KCl solution (—2.25 MPa) had the
lowest concentration of MDA, indicating the least
amount of lipid peroxidation.

Activities of selected reactive oxygen-scavenging
enzymes were assessed before sowing in non-primed
seeds and in seeds primed with —2.25 MPa KCl solution
for 48 h. Priming substantially increased the activity of
SOD and CAT in seeds of the tolerant genotypes ‘Khaiyan’
and ‘Khao Hlan On’. Smaller positive effects were seen in
flooding-intolerant ‘FR13A’ and ‘IR42’ (Fig. 5). No APX or
GR activity was found in any of the seeds. Strong negative
correlations between the extent of lipid peroxidation in
seeds before sowing and activity of SOD (r= —0.73, P <
0.001) and CAT (r= —0.76, P < 0.001; Table 1) suggest
their involvement in reducing membrane degradation
during germination. The strong negative correlation
between lipid peroxidation in seeds before sowing and
seedling survival 21 days after sowing and flooding (r =
—0.93, P < 0.001; Fig. 6) also suggested the importance
of maintaining lipid membrane integrity for better germi-
nation and emergence during flooding.

Non-structural carbohydrates and amylase activity
in seeds germinating under flooding

Changes in the concentrations of soluble sugars and
starch in germinating non-primed and primed seeds
were assessed during the first 9 days after sowing and
flooding in the two tolerant and two intolerant genotypes.
Seed priming significantly affected the concentrations of
soluble sugars and starch in germinating seeds. Starting
3 days after sowing and the start of flooding, concen-
trations of soluble sugars increased with time. Over the
9 days flooding, sugar concentrations increased most
strongly in the two flooding-tolerant genotypes. They
also give a larger response to priming (Fig. 7). Starch
showed a reversed trend starting from Day 4 when con-
centrations decreased with time, with faster reductions
in tolerant genotypes and in seedlings from primed seeds.

Amylase activity in germinating seeds was measured
1 and 3 days after the start of the experiment, and
similar trends were observed. Data collected at Day 1
are presented in Fig. 8. Total amylase activity was signifi-
cantly higher in primed seeds than in non-primed seeds
and tolerant genotypes showed substantially greater
responsiveness to priming (Fig. 8A). In all genotypes,
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Fig. 2 Effect of seed pre-treatments on emergence of (A) shoot and (B) root of four rice genotypes during flooding with 10 cm of
water (Experiment I). Data are means of four replicates, each of 34 seeds. Vertical bars indicate + SE. Genotypes ‘Khaiyan’ and

‘Khao Hlan On’ are classified as more flooding tolerant than ‘FR13A’ and ‘IR42’ at the germination stage.

a-amylase activity was increased by priming and, again,
the two flooding-tolerant lines were more responsive
than the intolerant lines. B-Amylase activities were
lower than those for a-amylase in all genotypes but
were increased by priming, particularly in the tolerant
lines. Correlations between amylase activity and
growth and survival were strong and positive. Total

amylase activity 1 day after sowing correlated positively
with shoot (r=0.89, P < 0.001) and root (r=0.48, P <
0.001) length measured 5 days after sowing, and with
seedling survival 21 days after sowing (r=0.84;
Table 1). Correlations of survival with a- and B-amylase
activities, as well as with shoot and root lengths, were
high and statistically significant (Table 1).
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Fig. 3 Effect of seed pre-treatments on elongation of (A) shoot and (B) root of four rice genotypes during flooding with 10 cm of
water (Experiment I). Data are means of four replicates, each of 34 seeds. Vertical bars indicate + SE. Genotypes ‘Khaiyan’ and
‘Khao Hlan On’ are classified as more flooding tolerant than ‘FR13A’ and ‘IR42’ at the germination stage.

Discussion

In rainfed areas, direct-seeded rice is frequently affected
by waterlogging and shallow floods when heavy rain
falls soon after sowing. Even in irrigated areas, irregular
crop establishment is common when the land is uneven
or when shallow flooding is used to suppress weed

growth. This damage arises because of the high sensi-
tivity of rice to flooding during these stages. Genetic vari-
ation in the ability of rice seeds to germinate in flooded
soils has been reported before (Yamauchi et al. 1993;
Angaji et al. 2010), and the basis of the tolerance was
recently investigated (Ismail et al. 2009; Angaji et al.

AoB PLANTS 2011 plr007
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Table 1 Correlation coefficients for associations between
different traits of seeds and seedlings germinated and grown
under flooded conditions.

Parameters in association r value
. ExpenmentI ...........................................................
Seedling survival and
Shoot emergence 3 days after sowing 0.87*
Root emergence 5 days after sowing 0.91*
Shoot length 5 days after sowing 0.89*
Root length 7 days after sowing 0.83*
Experiment II
Lipid peroxidation in seeds before sowing and
SOD activity -0.73*
CAT activity -0.76*
Total amylase activity 1 day after sowing and
Shoot length 5 days after sowing 0.89*
Root length 5 days after sowing 0.48*
Seedling survival and
Total amylase activity 1 day after sowing 0.84*
a-Amylase activity 1 day after sowing 0.83*
B-Amylase activity 1day after sowing 0.85*
Shoot length 5 days after sowing 0.88*
Root length 5 days after sowing 0.63*

*Significant at the P < 0.001 level.

2010). Our recent studies showed that germination and
seedling establishment under flooded conditions could
be affected by numerous seed and seedbed manage-
ment practices before sowing. These include controlling
seed age, storage conditions and the conditions of the
floodwater during germination (Ella et al. 2010). In the
present paper we report on pre-sowing treatments that
could further enhance the expression of tolerance
under field conditions. In direct-seeded farming
systems, these could be used to advantage in conjunc-
tion with new flood-tolerant lines currently being devel-
oped in a breeding programme. In particular, we studied
pre-soaking or soaking followed by drying and storage
before sowing on the emergence and growth of seed-
lings under flooded conditions. Furthermore, we
attempted to unravel the physiological bases for the
enhancement in seed germination and seedling estab-
lishment resulting from these treatments.

Higher seedling survival under flooded conditions was
observed in pre-soaked or primed seeds than in non-
primed seeds (Fig. 1). Priming increased the percentage

O Khaiyan
6 O Khao Hlan On
— B FR13A
w
3 = IR42
@
w
i
o
< 4| = —
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= - o
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| 2|
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|
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Mot primed -0.75 -1.50 -2.25

Water potential of KCI solution (MPa)

Fig. 4 Effect of seed priming for 48 h in KCl solutions of
different water potentials on lipid peroxidation in dry
seeds before sowing (Experiment II). Data are means of
four replicates, each of 50 seeds. Vertical bars indicate + SE.
Genotypes ‘Khaiyan’ and ‘Khao Hlan On’ are classified as
more flooding tolerant than ‘FR13A’ and ‘IR42’ at the germi-
nation stage.

of seeds with emerging shoots and roots under
flooded conditions (Fig. 2), and also the rate of shoot
and root growth (Fig. 3). This was also observed in
other crops but under aerated conditions, as in lucerne
(Zhang et al. 2007), muskmelon (Nascimento 2003)
and sorghum (Tiryaki and Buyukcingil 2009). Similar
effects were also observed when seeds were pre-soaked
with water for 24 h before sowing. However, further
increases in seedling growth and survival were observed
in the intolerant genotypes when seeds were primed
and then pre-soaked before sowing. This suggests that
these seed treatments could substantially enhance
crop establishment in flooded soils particularly when
using seeds of less tolerant genotypes.

Priming decreased lipid peroxidation (Fig. 4) and
increased SOD and CAT activities in dry seeds before
sowing (Fig. 5). This positive effect on reducing the
extent of lipid peroxidation was also observed in
lucerne seedlings (Zhang et al. 2007). Lipid peroxidation
is one major consequence of free radical-mediated injury
to cellular membranes, and peroxidation of fatty acyl
groups occurs mostly in membrane phospholipids,
which can greatly alter the physicochemical properties
of lipid bilayers, resulting in severe cellular dysfunction.
This damage leads to leakage of cellular contents and
affects the respiratory activity of the mitochondria and

AoB PLANTS 2011 plr007
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the carbon-fixing ability of the chloroplast (Scandalios
1993). The improved emergence and enhanced growth
in rice seedlings from primed seeds under flooded con-
ditions may, to a degree, be attributed to the reduced
lipid peroxidation caused by higher SOD and CAT activi-
ties in primed seeds.

Priming enhanced the activities of amylases in germi-
nating rice seeds (Fig. 8), probably in part, through
advancing the germination process. This suggests that
priming and pre-soaking of seeds before sowing could
accelerate carbohydrate mobilization under low oxygen
stress. Amylases are known to play a major role in
starch breakdown in cereal seeds (Guglielminetti et al.
1995) and, during germination under low oxygen
stress, rice seeds are capable of partial degradation of
starch into readily fermentable carbohydrates to gener-
ate the minimum energy required for growth of the
coleoptiles. Starch is a major energy source for develop-
ing rice embryos and previous studies have established
the importance of a-amylases in starch degradation
even when O, is limiting (Guglielminetti et al. 1995;
Ismail et al. 2009). The enhanced capacity of primed
seeds to (i) scavenge ROS and (ii) mobilize carbohydrates
during germination under low oxygen stress could

2011 plr007  doi:10.1093/aobpla/plr007, available online at www.aobplants.oxfordjournals.org © The Authors 2011
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at least partially explain the enhanced seedling growth
and survival in flooded soils observed in this study.

We observed that seed priming, pre-soaking seeds
before sowing, or the combination of both is more effec-
tive in enhancing germination under flooded conditions
than under control conditions (data not shown), which
highlights the importance of seed pre-treatment when
the conditions for crop establishment are suboptimal
(e.g. flooded soil), and also when seeds are old or have
reduced viability because of poor storage conditions
(Ella et al. 2010). The effect of seed priming on seedling
survival under flooded conditions is more apparent in
tolerant genotypes, suggesting the importance of com-
bining genetic tolerance with proper management
when sowing conditions are unfavourable. Hence,
farmers are more likely to benefit most from seed
priming and other management technologies when tol-
erant varieties become available.

We also studied the effect of priming with water for
24 h, of pre-soaking for 24 h before sowing, and the com-
bination of priming and pre-soaking. Both priming with

2011 plr007

water and pre-soaking for 24 h before sowing improved
germination, growth and survival, with greater enhance-
ment when seeds were primed and then pre-soaked
before sowing. However, the combined positive effect of
priming and pre-soaking was more evident in the intoler-
ant genotype ‘IR42’. Pre-soaking seeds for 24 h before
sowing may serve as an alternative to seed priming in
areas where farmers could have control over water, as
in irrigated areas, because pre-soaked seeds can no
longer be stored. However, under rainfed conditions,
seed priming still remains the obvious choice for
farmers, as they can prime and store their seeds in order
for them to be ready for sowing any time when sufficient
rainwater accumulates in the soil.

This study established the importance of pre-soaking or
priming seeds (soaking and then drying and storing
them before use) before sowing in improving emergence
and seedling establishment in flooded soils. The enhance-
ment in survival and seedling establishment was associ-
ated with (i) lower lipid peroxidation in dry seeds before
sowing and maintenance of higher activity of SOD and
CAT, two key reactive oxygen-scavenging enzymes, and
(ii) higher catabolic activities of amylase enzymes associ-
ated with greater starch mobilization to provide energy for
the growing embryos under low oxygen stress. The effect
of seed priming on carbohydrate mobilization could, in
some way, be exerted through advancing the germination
process. The positive effect of priming and/or pre-soaking
is more evident in the intolerant genotypes. To our knowl-
edge, thisis the first study to establish the effectiveness of
these seed treatments in improving emergence from
flooded soils. Seed priming will be more effective in
areas that are prone to uncontrolled flooding. However,
pre-soaking seeds for 24 h before sowing could be used
instead of, or in combination with, seed priming when
water resources are secure and controlled at the time of
sowing. Combining genetic tolerance with these seed pre-
treatments is more effective when sowing conditions are
less favourable.
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