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A rice mutant defective in antioxidant-defense system
and sodium homeostasis possesses increased sensitivity to salt stress
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Abstract

Screening salt-sensitive mutants is a powerful method to identify genes associated with salt tolerance. We used forward
genetic screening with sodium azide-mutated rice (Oryza sativa L. cv. Tainung 67) to identify mutants showing
hypersensitivity to salt stress. A new mutant line, named salt hypersensitive 1 (shsl) and exhibiting a severe salt-
sensitivity when grown under a high NaCl concentration, was identified; the salt hypersensitivity was caused by
duplicate recessive epistasis with mutations likely in two different loci. The shs/ salt sensitive phenotypes included a
decreased seed germination rate, reduced shoot height and root length, severe and quick wilting, and overaccumulation
of sodium ions in shoots as compared with wild-type plants. In addition, shs/ showed a decreased photosynthetic
efficiency and enhanced hydrogen peroxide (H,0,) production under the salt stress. An increased superoxide dismutase
activity and decreased catalase activity were responsible for the hyperaccumulation of H,O, in shs/. The
hypersensitivity of shs/ to the salt stress might be caused by an impaired antioxidant machinery and cellular Na"
homeostasis.

Additional key words: catalase, chlorophyll fluorescence, hydrogen peroxide, Oryza sativa, oxidative stress, salt hypersensitive
mutant, superoxide dismutase.

Introduction

Approximately 20 % of the Earth’s land and nearly a half
of the irrigated land are affected by salinity (Prasad et al.
2000, Mahajan and Tuteja 2005, Chikelu et al. 2007) and
rice is the most salt-sensitive crop among cereals (Munns
and Tester 2008). Rice may experience salt stress at
germination and seedling or reproductive growth stages
and is considered most susceptible to salt stress at the
2- to 3-leaf stage (Zheng et al. 2001). Excessive Na"
accumulation in plants grown under a high salinity
greatly reduces the photosynthetic capacity of plant
leaves (Munns 2002) and increases production of reactive
oxygen species (ROS), such as superoxide (0O,"),
hydrogen peroxide (H,O,), and the hydroxyl radical
(OH"), which leads to oxidative stress and cell death (Gill
and Tuteja 2010). Plants possess efficient antioxidant
enzymes that function as ROS scavengers to protect cells

against oxidative damage (Foyer and Harbison 1994). For
example, superoxide dismutase (SOD; ECI1.15.1.1)
dismutates O, to H,0, and O,. Hydrogen peroxide is
scavenged by catalase (CAT; EC 1.11.1.6) which
hydrolyzes H,O, to H,O and O, (Gill and Tuteja 2010).
Salinity stress causes an imbalance between ROS
generation and scavenging that leads to oxidative
damage. Thus, increased antioxidant activity is an
important mechanism plants use to enhance tolerance to
salt stress (Gill and Tuteja 2010).

Excluding Na' ions and maintaining a low Na'
content in roots and shoots is another important
mechanism which plants use to tolerate a high salinity
(Golldack et al. 2003, Ren et al. 2005, Munns and Tester
2008). Many studies have reported the crucial role of
certain Na' transporters in maintaining a low shoot tissue
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Na' content under a high salinity in Arabidopsis, durum
wheat, bread wheat, and rice (Shi ef al. 2002, James et al.
2006, Martinez-Atienza et al. 2007, Munns ef al. 2012).
Plants have evolved complex salt-responsive
signaling and metabolic processes at cellular, organ, and
whole plant levels to cope with salt stress. Understanding
the genetic control mechanisms underlying salt tolerance
greatly facilitates the development of salt-tolerant
cultivars. Mapping studies have identified quantitative
trait loci of several physiological traits related to salt
tolerance at various growth stages in rice (Sabouri et al.
2009, Thomson et al. 2010, Islam et al. 2011, Zhou et al.
2013). Cytosolic ASCORBATE PEROXIDASE 2
(OsAPX2) and chloroplast/mitochondrion co-localized
GLUTATHIONE REDUCTASE 3 (OsGR3) have been
showed to play an important role in rice protection
against abiotic stresses by scavenging ROS (Zhang et al.
2013, Wu et al. 2015). A salt-induced receptor-like
kinase OsRMC acts as negative regulator of salt stress

Materials and methods

Salt-sensitive rice mutants were screened from a sodium
azide (NaN3) induced Oryza sativa L. cv. TNG67 mutant
(Mjo) population comprising 460 mutant lines treated
with 150 mM NaCl, and severity of damage was scored
(Gregorio et al. 1997). One of the salt-hypersensitive
mutants, shsl, was further investigated. After screening
another eight generations by the pedigree method, the
Mg pure line of shs! was used for physiological and
biochemical assays. Surface-sterilized seeds were

germinated on water-soaked filter paper (Whatman No. 1).

The seedlings were grown hydroponically in a half-
strength Kimura B solution (Yoshida et al 1972) in a
phytotron (Agricultural Experimental Station, National
Taiwan University, Taipei) with a natural irradiance,
day/night temperatures about 30/25 °C, and a 90 %
relative humidity. For the test of salt sensitivity of the
wild-type TNG67 and shsi, the rice salt-tolerant cultivar
Nona Bokra and salt-sensitive cultivar IR28 (Igarashi
et al. 1997) were used as controls. Two-week-old
seedlings were used in all experiments.

For growth analysis, two-week-old seedlings
underwent various NaCl treatments (0, 100, 150, 200, and
250 mM) for 3 d. The shoot and root lengths of the
seedlings were measured with a ruler and changes were
calculated as percentage of the length of the control
plants treated with the hydroponic solution only. For
biomass analysis, shoots and roots were divided for
measurement of fresh mass at the end of the treatments.
For dry mass estimation, tissues were dried at 70 °C for
2 d. For germination assay, at least 100 surface-sterilized
seeds were germinated on water-soaked filter paper.
Seeds were considered as germinated when at least
0.5 cm of coleoptiles and radicles had emerged.

For survival rate assay, two-week-old seedlings
underwent the NaCl treatment (150 mM) for 0, 3, 5, and
7 d and a recovery with a half-strength Kimura B solution
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response in rice (Serra et al. 2013). Transgenic rice over-
expressing the Na'/H" antiporter 1 (OsNHX1) exhibits a
higher salt tolerance (Fukuda et al. 2004). A drought and
salt tolerance (dst) mutant isolated from an ethyl
methanesulfonate-mutated M2 population of the japonica
variety Zhonghua 11 shows an enhanced tolerance to
drought and salt via a stomatal aperture control (Huang
et al. 2009). The rice salt sensitive 1 (RSS1) protein is
key factor in maintaining meristematic cell division in
both shoots and roots by regulating cell cycle under salt
stress (Ogawa et al. 2011).

The aim of this research was to identify the salt-
hypersensitive 1 (shsl) rice mutant by a forward genetic
screening sodium-azide (NaNj)-mutated Oryza sativa L.
cv. Tainung 67 (TNG67) and follow its growth and
development under a salt stress. In addition,
photosynthetic efficiency, Na' content, and activities of
antioxidant enzymes SOD and CAT were compared with
the wild type.

for 7d. Surviving shoots showed a green colour.
Photosynthetic efficiency was evaluated according to a
variable to maximum chlorophyll a fluorescence ratio
(F\/Fy) according to (Kitajima and Butler 1975). After
the seedlings underwent the NaCl treatments (0, 100, 150,
200, and 250 mM) for 3 d, the 2™ Jeaves were darkened
for at least 10 min before measurement of F,/F,, using a
Junior-PAM fluorometer (Walz, Germany).

For Na* and K determinations, shoot and root tissues
were dried at 70 °C for 2 d, incubated with 70 % (v/v)
HNO; and 70 % (v/v) HCIO,4 at 200 °C for 1 h and then
dissolved in distilled water (Yoshida ef al. 1972). Content
of Na" and K" was quantified by use of flame photometry
(Model M410, Sherwood Scientific, Cambridge, UK).

Hydrogen peroxide was visually detected in the
2™ leaves with 3,3-diaminobenzidine (DAB) used as
substrate (Orozco-Cardenas and Ryan 1999). The leaves
were cut and incubated with a DAB (1 mg cm™) solution
for 12 h under an irradiance of 50 umol m™ s and a
temperature of 27 °C, then in 95 % (v/v) ethanol for 12 h
which decolorized the leaves except for a brown
polymerization product produced by DAB with H,0,.
H,0, staining was repeated 4 times with similar results.
Hydrogen peroxide content in leaves of TNG67 and shs/
was estimated according to Patterson efal. (1984). A
reaction mixture consisted of 2 c¢cm’ of a 50 mM
phosg)hate buffer (pH 6.8), 0.5 cm’® of a plant extract and
1 cm’ of a reagent [0.1 % (v/v) TiCly in 20 % (v/v)
H,SO,]. The plant extract was prepared from the 2™
leaves of two-week-old rice seedlings. Leaf tissue was
ground in liquid nitrogen and extracted with a 50 mM
phosphate buffer. Absorbance was measured at 410 nm.
The amount of H,O, was calculated using a standard
curve. In ascorbate (AsA) pretreatment, the 2™ leaves
were incubated in a 2 mM AsA containing hydroponic
solution for 6 h before the salt treatment. After the AsA
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pretreatment, the rice seedlings were moved into a
hydroponic solution with or without 150 mM NacCl for
H,0, content determination, and the 2™ leaves were cut
for DAB staining.

For extraction of enzymes, leaf tissue was homoge-
nized with a 0.1 M sodium phosphate buffer (pH 6.8)
using a chilled pestle and mortar. Superoxide dismutase
activity was determined as described by Giannopolitis
and Ries (1977); one unit of SOD activity was defined as
the amount of the enzyme that inhibited the rate of
nitroblue tetrazolium (NBT) photoreduction by 50 %.
The activity of CAT was estimated by monitoring a

Results

Screening 460 NaNj-induced rice mutants associated
with salt tolerance revealed 8 mutant lines exhibiting a
severe injury under the high salt stress as compared with
the wild type. The mutants were named salt
hypersensitive (shs). One of the mutants, SA0604, also
termed as shsl, was selected for morphological and
functional characterization. The salt hypersensitivity of
the mutant was tested in every generation to confirm
mutant purity. Segregation analysis of the F, population
from a cross between shs/ and TNG67 plants revealed a
digenic segregation with a 9:7 (152:132) ratio for salt
sensitivity:salt tolerance. Thus, the salt sensitivity in shs/
was caused by duplicate recessive epistasis, and the salt
hypersensitivity was likely caused by mutation at two
different loci. The shsl was screened for another eight
generations by the pedigree method, and the Mg
homozygous lines of shs/ were used for physiological
and biochemical assays.

To determine the effect of shs/ mutation on growth
and development of rice, changes in germination rate,
shoot height, root length, and survival were examined
under the control and NaCl-stress conditions. The shs/
displayed salt sensitivity at the germination and seedling
stages. In the control and NaCl-stressed plants, seed
germination started within 24 h of imbibition for the
TNG67 seeds and after 24 h for the shs/ seeds (Fig. 14).
The TNG67 and shsl seeds exhibited 100 and 45 %
germination rates, respectively, on day 3 under the
control conditions. The shs/ achieved a 100 % germi-
nation on day 6 under the control conditions (Fig. 14).
Under the high NaCl concentrations, germination rates
decreased in both the TNG67 and shs/ seeds to 65 and
10 % on day 3, 90 and 50 % on day 6, and 97 and 67 %
on day 10, respectively, as compared to the control
conditions (Fig. 14). Thus, compared to TNG67, the shs/
seeds showed a reduced germination rate under the salt
stress until day 10 and a delayed germination under both
the control and NaCl-stress conditions. The shoot height
and root length (Fig. 1B) gradually decreased with the
increasing NaCl concentration in the two-week-old
TNG67 and shsl seedlings. The shoot height was more
inhibited in the shs/ than TNG67 seedlings with a NaCl
concentration > 200 mM. The root length did not differ
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decrease in absorbance at 240 nm due to H,O, reduction
(coefficient of absorbance of 39.4 M ecm™) according to
Roland and Irwin (1951). One enzyme unit was defined
as the amount of H,O, consumed per min. Values were
corrected by subtracting those obtained in the absence of
substrate or enzymatic extracts. Protein content of the
enzyme extracts was measured by the Bradford (1976)
method.

Data are expressed as means + SEs. Statistical
differences were analyzed by Student’s ¢ test or Duncan’s
multiple range test. A value P < 0.05 was considered as
statistically significant.

between shs! and TNG67 (Fig. 1C). When the seedlings
were treated with 150 mM NaCl for 5 d, only
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Fig. 1. Effects of NaCl on seed germination and growth of rice
seedlings. 4 - Quantification of germination rate of TNG67 and
shsl with or without 150 mM NaCl. Each measurement
consisted of at least 100 seeds. B - Shoot height represented as
percentage of control plants in two-week-old TNG67 and shs!
after 3-d treatment with indicated NaCl concentrations. C - Root
length represented as percentage of control plants in two-week-
old TNG67 and shs! after 3-d treatment with indicated NaCl
concentrations. Data are means + SE (n = 10). Points with
different letters are significantly different at P < 0.05.
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Fig. 2. Survival of TNG67 and shs! seedlings under NaCl
treatment. 4 - Two-week-old TNG67 and shs! seedlings grown
in the same pots (as indicated in right panel) were treated with
150 mM NacCl for different periods and then recovered for one
week before pictures were taken. B - Quantification of survival.
Data are means = SE (n = 50). * - Significant differences
between TNG67 and shs] at P <0.05.

25 % of the shsl seedlings survived, and no seedlings
survived after 7 d of the treatment (Fig. 24,B). In contrast,
TNG67 was barely affected by the salt stress. Hence, shs/
exhibited a more rapid and more severe wilting
symptoms than the wild-type plants. Because of growth
and developmental defects exhibited by sks/ under the
salinity, it was considered as hypersensitive salt-stress
mutant.

To understand the salt-sensitivity differences of
TNG67 and shsl, we performed a physiological analysis
comparing TNG67 and shs/ with a salt-tolerant rice
cultivar Nona Bokra (NB) and a salt-sensitive cultivar
IR28. All cultivars showed similar morphologic features
under the control conditions (Fig. 34). However, under
the NaCl treatment, the IR28 and shs! plants showed
wilting symptoms unlike NB and TNG67 which
displayed tolerance to the salt stress (Fig. 34). The IR28
and shs! showed a gradual decrease in dry mass with the
increasing NaCl concentration as compared with TNG67,
with a similar decrease in both the cultivars (Fig. 3B).
The decrease in dry mass production caused by salinity
was less severe in NB and TNG67 than in IR28 or shsl,
which further confirms that the two former cultivars were
salt-tolerant. Moreover, the dry mass inhibition was less
pronounced for TNG67 than NB, so TNG67 was more
tolerant to the salt stress than NB (Fig. 3B).

Photosynthetic efficiency was determined in leaves of
NB, IR28, TNG67, and shs! by analysis of the F,/F,

RICE SALT-HYPERSENSITIVE MUTANT

ratio. With the increasing NaCl concentration, the IR28
and shs! plants showed a rapid decrease in
photosynthetic efficiency but no change was noticed in
the NB and TNG67 plants (Fig. 3C). Also, comparison of
germination rates showed no significant change between
IR28 and shs! under the control conditions. Under the
salt stress, the germination rate decreased in IR28 and
shsl as compared to the control plants; shs/ exhibited a
more pronounced decrease in germination rate as
compared with IR28 (Fig. 3D). Therefore, TNG67 was
more tolerant to the salt stress, and shs/ exhibited a salt-
sensitivity phenotype analogous to IR28.

To understand whether salt hypersensitivity is due to
the overaccumulation of Na' ions, we determined Na'
content in the shoots of the TNG67 and shs/ plants
grown under 0 and 150 mM NaCl for 72 h. Both the
TNG67 and shs! plants showed an increased Na® content
under 150 mM NaCl (Fig. 44). However, after 9 h of the
NaCl treatment, the shs! plants showed a more
pronounced accumulation of Na' ions as compared with
the TNG67 plants (Fig. 44). The shs! showed a lower K"
content as compared with TNG67 under the control
conditions (Fig. 4B). The shsl plants showed an
increased accumulation of K™ ions from 3 to 24 h of the
NaCl treatment and a higher K content than TNG67
from 6 to 12 h of the NaCl treatment. After 12 h of the
NaCl treatment, shs! showed a sudden decrease in K'
content which was lower than that in TNG67 after 48 h
(Fig. 4B). The shs1 showed a slightly greater Na'/K " ratio
under the control conditions, a lower Na'/K" ratio from
6 to 12 h after the NaCl treatment, and a greater Na'/K"
ratio after 24 h of the NaCl treatment than the TNG67
plants (Fig. 4C). In contrast, these plant types did not
differ in accumulation of Na* in roots (data not shown).
Therefore, Na' overaccumulation in shoots might be
responsible for the salt-hypersensitivity phenotype of
shsl.

Changes in H,O, content are indicators of the ROS
scavenging capacity of plants under oxidative stress. To
monitor the efficiency of ROS scavenging capacity in
TNG67 and shsl, we estimated H,O, content in the
seedlings during exposure to 150 mM NacCl for 3 d. The
TNG67 plants showed a steady-state content of H,O,
regardless of a number of days of the NaCl treatment
(Fig. 54). In contrast, the shs/ plants showed a
significantly increased H,O, content with the salt stress.
The H,O, content increased four-fold in shs/ as
compared with TNG67 under the high salt stress, which
indicates that H,O, scavenging was more efficient in
TNG67 (Fig. 54). Surprisingly, H,O, content was two-
fold higher in sAs/ than in TNG67 even under the control
conditions, which might explain the salt-hypersensitivity
of shsl. To confirm that the hypersensitivity of shs/
under the salt stress could be due to H,O, hyper-
accumulation, we pretreated the plants with AsA which
impairs H,O, accumulation in plants. Under both the
control conditions and the salt stress conditions, H,O,
accumulation decreased in shs! (Fig. 5B). These results
suggest that H,O, hyperaccumulation participated in salt
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hypersensitivity of shs/.

Because H,0, content varied significantly between
TNG67 and shsl, we determined the activities of CAT,
SOD, ascorbate peroxidase (APX), and glutathione
reductase (GR) in the TNG67 and shs/ seedlings under
150 mM NaCl for 3 d. Both TNG67 and shs/ showed an
increase in SOD activity with the salt stress; however, the
SOD activity increased 1.5 times in the shs/ plants at day
1 and relatively less in the TNG67 plants (Fig. 64). The
CAT activity decreased in both TNG67 and shs/ with the

NaCl stress. The CAT activity was reduced to almost
50 % of the non-treated control in the sAs/ plants, but in
the TNG67 plants, it was less reduced. Interestingly, the
CAT activity was lower in both the non-stressed
seedlings and the stressed seedlings of shs/ than of
TNG67 (Fig. 6B). In contrast, the APX and GR activities
did not change in both TNG67 and shs! with the salt
stress (data not shown). Thus, shs/ showed H,O,
hyperaccumulation, a decreased CAT activity, and an
increased SOD activity under the salt stress.
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Fig. 3. Comparison of TNG67 and shs! to salt-tolerant and salt-sensitive rice cultivars. 4 - Phenotypic responses of Nona Bokra (NB,
salt-tolerant cultivar), IR28 (salt-sensitive cultivar), and TNG67 and shs/ under the NaCl treatment. Two-week-old hydroponically
cultivated seedlings were treated with or without 150 mM NaCl for 3 d and recovered for 5 d. B - The inhibition percentage of dry
mass. Each measurement consisted of 50 seedlings. Data are means = SE. C - F,/F,, of seedlings under NaCl treatment. Two-week-
old seedlings were treated with 150 mM NaCl for 3 d, and 2™ leaves were used for F,/F,, analysis. Data are means + SE (n=4). D -
The germination rate and vigor of IR28 and shs/ treated with or without 150 mM NaCl for 10 d. Each measurement represents at
least 100 seeds. Points with different letters are significantly different at P < 0.05.

Discussion

A high Na" content within a plant is highly toxic and
greatly affects growth, development, and survival. In this
study, we isolated a mutant shs/ that was hypersensitive
to the salt stress both morphologically and physiolo-
gically. The shsl plants showed severe growth and
developmental defects under the high NaCl concen-
trations along with a decreased seed germination rate
(Figs. 1,2). Wilting symptoms appeared quickly and were
severe, which indicated that the plants were extremely
sensitive to the stress. In comparison of germination rate,
dry mass, and photosynthetic efficiency with a salt-
tolerant rice cultivar NB and a salt-sensitive cultivar
IR28, the mutant shs/ was similar to IR28, which further
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confirms the salt-hypersensitivity of shs/ (Fig. 3). Similar
morphological defects have been reported for other rice
salt-sensitive mutants. A rice salt-sensitive mutant rss/
shows an extreme dwarf and short-root phenotype under
a high salinity (Ogawa et al. 2011). Similarly, another
salt-sensitive mutant rss2 shows severe wilting after
exposure to NaCl (Zhou et al. 2013). The salt sensitivity
of rss2 is caused by over-accumulation of Na” in shoots.
Over-accumulation of Na' ions in leaf blades is a major
physiological consequence of high salt stress in salt-
sensitive plants and leads to a reduced total
photosynthetic leaf area (Munns 2002, Davenport et al.
2005, Munns and Tester 2008). We found a higher Na"



accumulation in the shs/ than TNG67 plants under the
NaCl treatment (Fig. 44). A salt-sensitive plant differs
from a salt-tolerant one by its inability to prevent salt
from accumulating to toxic levels in transpiring leaves
(Munns et al. 2006). For instance, the salt-sensitive cv.
IR29 accumulated a 5- to 10-fold greater content of Na"
than salt-tolerant lines BK or Pokkali (Golldack et al.
2003). Therefore, the salt-hypersensitivity phenotype of
shs1 was partially due to over-accumulation of Na" ions.
The decrease in the survival of shs/ under the salt stress
could be explained by the over-accumulation of Na” and
a reduced photosynthetic efficiency.
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Fig. 4. Na" (4) and K* (B) content and an Na'/K" ratio (C) in
shoots of two-week-old TNG67 and shs! seedlings treated
without or with 150 mM NaCl for 0 to 72 h. Means + SE
(n = 4). Points with different letters are significantly different at
P < 0.05. Na'/K" ratios are significantly different only after
48 and 72 h.

Because the gradual accumulation of Na' causes
tissue injury and premature death of older leaves
(Flowers et al. 1991, Munns 1993), the exclusion of Na"
from shoot tissue and maintenance of a low Na'/K' ratio
is an important mechanism for salt tolerance in plants
(Ren et al. 2005). We observed a significantly greater
Na'/K" ratio in the shs/ than TNG67 plants after 24 h of
the salt stress, which indicates the salt-sensitivity of shs/
(Fig. 4C). Interestingly, the Na'/K " ratio was higher in the
shsl than TNG67 plants under the control conditions.

RICE SALT-HYPERSENSITIVE MUTANT

During 6 to 12 h of the salt treatment, the K" content was
higher, and the Na'/K" ratio was lower in the shsl than
TNG67 plants (Fig. 44,C). However, a reason behind
these changes is not known. Transcriptomic and
proteomic analyses have revealed changes in sodium and
potassium channels/transporters, such as a plasma
membrane Na'/H™ antiporter, salt overly sensitive 1
(SOS1) (Shi et al. 2002), a high-affinity potassium
transporter (OsHKT) (Ren et al. 2005, Sunarpi et al.
2005, James et al. 2006, Davenport et al. 2007, Yao et al.
2010, Waters et al. 2013), AKT family channels, and
KUP/HAK/KT family (HAK) transporters (Bafiuelos
et al. 2002, Amrutha et al. 2007), involved in
compartmentation, exclusion, and transportation of Na"
and K'. These findings may explain the changes in the
ion accumulation between the shs/ and TNG67 plants.
Increased ROS production under salt stress is
represented by H,0, accumulation both inside and
outside the cell (Yang et al. 2007). The H,0, content was
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Fig. 5. H,O, content in TNG67 and shs! seedlings under NaCl
treatment. 4 - Histochemical detection of H,O, with 3,3-diami-
nobenzidine (DAB) staining (the upper part) and H,O, content
(the lower part) in the 2™ leaves of TNG67 and shsi seedlings
after treatment with 150 mM NaCl for up to 3 d. Means + SE
(n =4). Points with different letters are significantly different at
P < 0.05. (B) - DAB-staining in the 2™ leaves pretreated with
2 mM ascorbate and exposed to 150 mM NaCl.
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Fig. 6. Antioxidant enzyme activities of TNG67 and shs!
seedlings under NaCl treatment. Superoxide dismutase (SOD)
activity (4) and catalase (CAT) activity (B) in shoots of NaCl
(150 mM) treated two-week-old seedlings. The CAT and SOD
activities were determined 1, 2, or 3 d after the addition of
NaCl. Means + SEs (n = 4). Points with different letters are
significantly different at P < 0.05.
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