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Abstract

In order to explore the salt-stress responses of two rice varieties, the physiological responses and
biochemical responses were investigated using proteomics and classical biochemical methods. The
results showed that the seedling growth was inhibited under salt condition in two rice varieties, the
seedling growth in the tolerant variety was better than the sensitive variety. The sensitive
variety(L7) appeared obvious salt-injury under 3-day salt stress, the tolerant variety (T07339) keep
normal growth under 7-day salt stress except that the shoot length was decreased. Through the
growth-parameters analysis, most of them in L7 were restrained by salinity and most in T07339
were unaffected. In T07339, the fresh root weight, the content of chlorophyll and the fresh shoot
weight were even increased after 7 days of salt stress. A comparison of two-dimensional gel
electrophoresis (2-DGE) protein profiles revealed 8 differently expressed proteins. Four proteins
were expressed in different pattern between sensitive and tolerant varieties. These results provide
novel insights into the investigations of the salt-response proteins that involved in improved salt
tolerance.
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Introduction

Crop production is severely influenced by adverse environmental conditions in agricultural
systems. Salt stress is a common abiatic stress worldwide. More than 800 million hectares of

Author contribution statement

DX conceived and designed all the experiments, analyzed and interpreted all data. YL performed all experiments and wrote the
manuscript. BW and JL performed part of physiological analysis and review of the manuscript. ZS and MC performed part of protein
extraction and major part of 2-DGE. BL and BY prepared the rice seeds and performed the culture of the rice seedlings. JL performed
part of the physiological analysis. YWL performed protein identification by LS-MC/MC. JL performed 2D SDS-PAGE analysis.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 2

land are affected by high salinity throughout the world (Munns and Tester, 2008). A high
concentration of salt causes ion imbalance, hyper-osmotic stress and oxidative damage (Zhu
2002), resulting in great losses in productivity.

Rice (Oryza sativaL.) is a staple food source being almost exclusively consumed as grain by
the world’s population, and supplying 20% of daily calories (World Rice Statistics, http://
www.irri.org, verified 8 October 2010). Soil salinity is a complex and harmful threat to rice,
due to disruption of ionic, osmotic, and cell-water homeostasis. Further consequences are
disturbance of membrane integrity, nutrient imbalance, altered levels of growth regulators,
and disturbances on general metabolic activities. Although higher plants have developed
sophisticated strategies to counteract salt stress, including selective ion uptake and exclusion
(Shi et al. 2000), compartmentation of Na* in vacuoles (Apse et al. 1999), detoxification of
reactive oxygen species by the antioxidant system (Blokhina et al. 2003; Benavente et al.
2004) and accumulation of osmo-protectants in the cytosol (Waditee et al. 2005; Demiral et
al. 2006). The adaptation to saline stress is a complex physiological process accompanied by
alterations in the levels of numerous metabolites, proteins and mRNAs (Serrano, 1996) and
DNA methylation (Wang et al. 2015). How plants perceive the specific salt stress signal and
transmit information internally is an important issue.

Proteomics is one of the high-throughput approaches that is being used to address biological
function of plants by studying globally expressed proteins in a given tissue including leaf
sheath (Abbasi and Komatsu, 2004), root (Yan et al. 2005; Cheng et al. 2009; Malakshah et
al. 2007; Chitteti et al. 2007), leaf (Kim et al. 2005; Nohzadeh et al. 2007; Sengupta and
Majumder, 2009; Parker et al. 2006), suspension culture cells (Liu et al. 2013), shoot stem
(Song et al. 2011), anther (Sarhadi et al. 2012), young panicle (Dooki et al. 2006). Previous
reports have identified various kinds of proteins (Udomchalothorn et al. 2009; Hoai et al.
2003; Filho et al. 2003; Huang et al. 2008; Cheng et al. 2009; Song et al. 2011) including
transcription factors (Chen et al. 2013; Liu et al. 2014; Wu et al. 2015) in response to salt
stress. Some proteins have been implicated in improving salt tolerance of plants.
Udomchalothorn et al. (2009) observed a significant increase in fructose 2,6-bisphosphatase
(F26BPas) activity only in the salt-tolerant line LPT123-TC171, which resulted in a
decreased F26BP levels leading to an increased partition of carbon to sucrose. This result
suggests that increased F26BPas activity may contribute to salt-stress tolerance in rice
(Udomchalothorn et al. 2009). Arabidopsis (Col-0) plants over-expressing caseinolytic
protease regulatory subunit (ClpD1.3) exhibited higher tolerance to salt and desiccation
stresses as compared to wild type plants (Mishra et al. 2016). Hoai et al. (2003) analyzed
eight rice cultivars’ nitrogen compounds and found that a high capacity to assimilate
ammonium is an important factor in alleviating the consequence of stress. Thus, it is
imperative to identify proteins which confer improved salt tolerance, and this strategy can be
the basis for genetic engineering to improve salt stress tolerance in plants.

Kim DW (2005) reported that salt stress-responsive proteins expression and leaf morphology
has a positive correlation. Ghaffari A (2014) reported the physiology and proteome
responses of two contrasting rice mutants and their wild type parent under salt stress
conditions at vegetative stage. The standard evaluation score (SES) scores, Na* and K*
concentrations in shoots and Na*/K* ratio were significantly different in contrasting

Acta Physiol Plant. Author manuscript; available in PMC 2019 November 15.


http://www.irri.org/
http://www.irri.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 3

mutants, and 34 unique differentially accumulated proteins were identified in various
molecular processes. In a comparative complex-omics analysis of leaf whole cell lysate of
two rice genotypes with contrasting responses to salt, an interaction was detected for
glycolytic enzymes enolase (ENO1) and triosephosphate isomerase (TPI) and also for a
chlorophyll a-b binding protein and RuBisCo small subunit elicited by salt stress (Hashemi
et al. 2016). Although these studies have investigated the salt stress-related proteins and their
relation with physiological and biochemical responses caused by salt stress, the correlation
between salt stress-triggered physiological responses in rice plant and changes in root
protein profile is still lacking. Since root is the first organ to perceive the salt signal, the
investigation of root protein expression under salt stress is critical and important. In this
study, we have evaluated the salt stress-triggered damage to two rice varieties in terms of
physiological parameters, and report the correlation between identified proteins and salt
stress-induced changes in physiological parameters and morphological symptoms.

Materials and Methods

Plant Material and Salt Treatment

Rice (Oryza sativa L. japonica) cvs T07339 and L7 were used in this study. They were
sterilized and germinated by the same method. The rice seeds were sterilized by 70%
ethanol and 3% bleach, then washed with water for three times. After that the seeds were
soaked in water for one day and then germinated on wet filter paper for one day. After
germination, 24 rice seedlings for each variety were cultured in two plastic containers
containing Y'S (Yoshida’s nutrition solution) (Yoshida et al. 1976). Rice seedlings grown in a
greenhouse at 30°C during the day and 22°C at night under natural light conditions. When
rice seedlings were at the second leaf fully unfolded stage, the uniformly grown seedlings
were selected and transferred to nutrition solution containing 60 mM NaCl. The rice
seedlings transferred to the nutrition solution without NaCl served as the control. After 7
days, they were evaluated under salt stress and control condition.

Plant Physiological Analysis

Rice seedlings were harvested randomly to measure growth parameters. Lengths of shoot
(the whole seedling above the seed), leaf (3rd), leaf sheath (the area from above the seed to
the joint at the base of the 3rd leaf), and root, and the fresh weight (FW) of shoot and root
were measured. The shoot of seedlings were oven-dried at 80°C for 48 hours, and the
resulting dry weight (DW) was measured. The values are presented as means from ten
seedlings. Statistical analysis was performed using the Student’s #test. A<0.05 and P<0.01
was considered statistically significant.

Chlorophyll content was measured on the 2nd leaf of control and salt-treated rice seedlings
using a portable chlorophyll meter (SPAD-502 Chlorophyll Meter Model SPAD-502).
Values are presented as means from ten seedlings. Statistical analysis was performed using
the Student’s £test and p<0.05 was considered statistically significant.
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Measurement of ion concentration

Following 3 days of oven-drying of seedling shoots at 60°C, approximately 0.1 g of each
dried powdered sample (see above) was weighed and extracted in 100mM nitric acid for 2 h
at 90°C (Deng et al. 2015). The concentrations of Na* and K* in the extracts were
determined using inductively coupled plasma-optical emission spectrometry (Perkin-Elmer,
Norwalk, CT, USA).

Two-Dimensional Gel Electrophoresis (2-DGE) of Rice Root Proteins

Total protein was extracted from rice roots using the method of Wang et al. (2006). For the
iso-electro-focusing (IEF), the precast immobilized pH gradient (IPG) strips (Bio-Rad) were
rehydrated for 12 hours in rehydration buffer containing 300 ug of proteins. After isoelectric
focusing, the IPG strips were equilibrated in equilibration buffers according to the
manufactural instruction and then placed directly onto 12% polyacrylamide-SDS slab gels.
The gels were run in parallel at 32 mA per gel using a Protean Il electrophoresis cell (Bio-
Rad). Gels were stained with silver. Two-D gel electrophoresis of rice root proteins was
conducted with three replications.

Image Analysis

For each treatment, three 2-DE gels were used for data analysis. Protein spots showing
reproducible change in staining intensity were subjected to mass spectrometric analysis.
Those interest spots of interest were excised from the stained gels using a scalpel and then
stored at 4°C for subsequent mass spectrometry analysis. Protein spots from the 2-D gels
were digested by trypsin as described previously (He and Li, 2008).

Protein Identification by Liquid Chromatography-tandem Mass Spectrometry (LC-MS/MS)

The dried digests were re-suspended in 10 ul of a solution of 2.5% acetonitrile and 2.5%
formic acid in water and 5 pl of the digest were analyzed by LC-MS/MS on a linear ion trap
(LTQ) mass spectrometer (Thermos Fisher Scientific). Peptides were loaded onto a 100 pum
x 120 mm capillary fused silica column packed with MAGIC C18 (5 um particle size, 20 nm
pore size, Michrom Bioresources, CA) at a flow rate of 500 nL/min. Peptides were separated
by a gradient of 5-35% acetonitrile / 0.1% formic acid over 50 min, 35-100% acetonitrile /
0.1% formic acid in 1 min, and 100% acetonitrile /0.1% formic acid for 9 min, followed by
an immediate return to 2.5% acetonitrile /0.1% formic acid and a isocratic hold at 2.5%
acetonitrile /0.1% formic acid until the next injection. Peptides were introduced into the
linear ion trap via a nanospray ionization source and a laser pulled ~3 um orifice with a
spray voltage of 1.8 kV. Mass spectrometry data were acquired in a data-dependent “Top 10”
acquisition mode, in which a survey scan from m/z 360-2000 is followed by 10 collision-
induced dissociation (CID) tandem mass spectrometry MS/MS scans of the most abundant
ions. MS/MS scans were acquired with the following parameters: isolation width: 2 m/z,
normalized collision energy: 35%, Activation Q: 0.250 and activation time = 30 ms.
Dynamic exclusion was enabled (repeat count: 2; repeat duration: 30 sec; exclusion list size:
500; exclusion duration: 60 sec). The minimum threshold was 500. Product ion spectra were
searched using the SEQUEST HT engine implemented on the Proteome Discoverer 1.4
(Thermo Fisher Scientific, Waltham, MA, USA) against a curated Uniprot database of
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Oryza-sativa (subsp. japonicaand /ndica combined; downloaded on January 26, 2015).
Search parameters were as follows: (1) full trypsin enzymatic activity, (2) two missed
cleavages, (3) min. peptides length = 6, (4) mass tolerance at 2 Da for precursor ions and 0.8
Da for fragment ions, (5) Dynamic modifications on methionine (+15.9949 Da: oxidation),
(6) 4 maximum dynamic modifications allowed per peptide; and (7) static modification on
cysteine (+57.0215 Da: carbamidomethylation). Peptides were filtered according to XCorr
criteria of 2.0, 2.5, 3.0 for singly, doubly and triply charged peptides and minimal number of
peptides =2. The identifications in each spot were ranked by sequence coverage and the top
hits were reported, provided that its theoretical MW and pl information match those
obtained from the 2-D gels..

Proteomic Data Analysis

Functional categorization of proteins was carried out according to the GO rules using the
gene ontology tools at http://www.agbase.msstate.edu. The ontologies contained three parts:
(1) the biological process in which the gene product participates; (2) the molecular function
that describes the gene product activities; and (3) the cellular compartment where the gene
product can be found.

Results and Discussion

Morphological Responses at Seedling Stage

Several studies indicated that rice becomes very sensitive during early seedling stage
(Gregorio et al. 1997), thus the effect of salinity on morphological characteristics was
evaluated for the two rice varieties during early seedling stage. After 7 days of salt
treatments, there was a clear distinction between the two entries. The two rice varieties had
different visual symptoms of salt toxicity (Fig. 1), most of T07339 plants had normal growth
and no salt injury leaf symptoms, except the length of seedlings is shorter than the control.
L7 plants were more sensitive to salinity, e.g. the first leaf was whitish and rolled, half of the
second leaves were rolled, and the growth of the third leaf was restrained.

Salinity stress at early seedling stage manifests on the first leaf, followed by the second, and
finally on the growing leaf. After 7 days of salt treatment, the seedlings’ leaves appeared salt
injury symptoms gradually from the first leaf to the third leaf. Seedling survival was not
affected by salinity stress, probably because the salt treatment was mild salt stress condition
(Negrao et al., 2011). We classified the leaves symptoms of salt injury, and the statistics
(Table 1) showed that the percentage of salt-harmed leaves on the second leaf was ninety-
four in the variety of L7, otherwise the percentage is forty-seven in T07339; over one half of
plant seedlings showed that only the first leaf was rolled in T07339. The results strongly
demonstrated that T07339 plants have higher tolerance than L7 plants to salt stress.

Physiological Responses to Salt Stress

K*/Na* ratios in roots and shoots—The K*/Na* ratios of rice seedlings were
decreased among all the two rice cultivars either under 3 day or 7 day of salt stress (Table 2).
The difference of K*/Na* ratios in root were not statistically significant between L7 and
T07339. However the K*/Na™ ratios in T07339 shoots were doubles of those in L7 shoots,

Acta Physiol Plant. Author manuscript; available in PMC 2019 November 15.


http://www.agbase.msstate.edu/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 6

especially the K*/Na* ratio in T07339 shoots at 3 days salt treatment was 2.67 times that in
L7 shoots. The difference of K*/Na* ratios in shoots were statistically significant (Table 2).
The higher K*/Na* ratio might suggest that T07339 have more ability of stimulating the ion
equilibrium under salt stress.

Salt tolerant variety—T07339

Most growth parameters (Fig. 2) was not significantly affected after 3 days of salt stress
except that the fresh root weight dramatically increased, about 30% increase under salinity,
and the dry root weight decreased. That is a very interesting phenomenon. This results might
suggest that the root absorbed much water to dilute the large amounts of Na* in its tissues,
which is another effective approach to cope with salinity stress. In previous research, rice
seedlings were shown to be able to dilute the absorbed Na* through its higher growth rate
(Nakhoda et al. 2012). After 7 days of salt stress the shoot length and dry root weight of
T07339 plants were reduced, and the content of chlorophyll, fresh shoot weight and dry
shoot weight increased significantly (Fig. 2). The content of chlorophyll increased
dramatically which contributes to the increase of the fresh shoot weight and dry shoot
weight.

Salt sensitive variety—L7

The growth of rice seedlings was significantly inhibited by salt stress. The shoot length of
rice seedlings and the 3" leaf length were dramatically reduced compared with the control
seedlings after 3 or 7 days of salt stress (Fig. 3). The 2" leaf sheath length decreased after 7
days of salt stress. The dry shoot weight was significantly reduced after 7 day salt stress. All
these results shown in Fig. 3 indicate that L7 is more sensitive to salinity than T07339.

Shoot biomass

The shoot biomass production was significant different in the two rice varieties. As shown in
Fig. 4, the shoot biomass of salt-treated T07339 seedlings was higher than control condition.
On the other hand, the shoot biomass of L7 under salt stress was reduced compared with
control seedlings. This abnormal performance appeared in T07339 might be owing to the
low Na* concentration stress (Nakhoda et al. 2012). The result confirmed that T07339 has
an effective way to resist mild salinity stress. “Which” protocol and “how” to modulate the
salinity for rice normal growth is still not clear.

Proteome Analysis of Roots from Two Cultivars in Response to Salt Stress

Most of the previous studies focus on leaves’ proteome, but root is the initial organ to
confront the salinity stress and the K*/Na* ratio serves as a reliable indicator of salt stress
tolerance in rice (Chunthaburee et al. 2016), the mechanism how the root transmits the stress
signal and keeps ionic balance is essentially important. Therefor the root was chosen for the
current proteomic analysis. After 7 days of salt treatment, the root proteins from L7 and
T07339 plants were analyzed separately using 2-DGE in three independent biological
replicates. The seedlings roots are harvested separately, then the total proteins in roots from
three independent biological replicates were extracted and separated by 2-DGE using pH 3-
10 IPG strips for IEF. The protein profiles are revealed by silver staining. Differently
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regulated protein spots showing reproducible change in abundance were excised and
subjected to tandem mass spectrometric analysis. Proteins that were identified with the
highest sequence coverage and more than 2 sequenced distinct peptides were deemed as top
hits (Table 3). Sequence information of the proteins that were identified with more than 5
distinct peptides except for protein S4 and S7, where EIF3 and salt stress-induced protein
were identified as top hits, respectively, with equal to or more than 2 distinct peptides. In L7
protein profile (Fig. 5), 4 protein spots showed significant changes in abundance. Out of
them, 1 spot showed significant decrease while 3 spots showed significant increase under
salt stress. While, 4 protein spots’ abundance changed in T07339 protein profile (Fig. 6), 3
spots were down regulated and 1 spot up-regulated under stress.

Among the eight identified proteins (Table 3), DIP3 (S3, S8) acts as hydrolase activity in
carbohydrate metabolic process. 70 kDa heat shock protein (S1, S5), acting as intracellular
molecular chaperones, was reported to assist in repair or degradation of mis-folded proteins
within the cell under stress conditions (Liu et al. 2013; Song et al. 2011; Sarhadi et al. 2012).
They have the same expression patterns in the two rice varieties. S2 and $4 were expressed
only in L7. S-adenosylmethionine synthase (S2) catalyzes the formation of S-
adenosylmethionine (SAM) from methionine and ATP, involving Amino-acid biosynthesis,
one-carbon metabolic process, and S-adenosylmethionine biosynthetic process. SAM is an
important methyl group donor utilized in most trans-methylation reactions (Parker et al.
2006). Several studies showed that the increased induction of SAMS genes might be for the
biosynthesis of lignin and the polyamine glycine betaine during water- or salt- stress
(Sanchez-Aguayo et al. 2004; Tabuchi et al. 2004). $4 (Eukaryotic translation initiation
factor 3 subunit) is a component of the eukaryotic translation initiation factor 3 (elF-3)
complex, which is involved in protein synthesis and, together with other initiation factors,
stimulates binding of mMRNA and methionyl-tRNA.i to the 40S ribosome. The result suggests
that the two proteins’ over-expression was to resist the salt stress. While, S6 and S7 were
expressed only in T07339. S6 (0Os06g0173100 protein) takes part in hydrolase activity of
protein catabolic process, which might take part in the ubiquitin 26S proteasome system. S7
was identified as salt stress root protein/salt stress induced protein/26S proteasome
regulatory particle non-ATPase subunit 12. Salt stress root protein is embedded in the
membrane as the component of the plasma membrane. Salt stress induced protein is in
response to salt and related osmotic stresses. 26S proteasome regulatory particle non-ATPase
subunit 12 is involved in protein catabolic process. It is known to catalyze the ATP-
dependent degradation of ubiquitinated proteins and degrade the proteins that were
unnecessary or damaged. These results implied that this protein might be the donor that
probably contributes to the salt tolerance of T07339.

Conclusion

The physiological characteristics of two varieties with contrasting responses to salt stress
were evaluated by morphological and physiological analysis and a proteomic approach. The
tolerant variety has better performance than sensitive variety. In tolerant variety (T07339),
the fresh root weight was increased after 3-days salt-stress, the content of chlorophyll, the
fresh shoot weight and the dry shoot weight were increased after 7-days salt-stress. In
sensitive variety (L7), the shoot weight, leaf length, leaf sheath length and the dry shoot
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weight were decreased compared with the control. Through proteomic analysis, we
identified four proteins expressed in different patterns between tolerant and sensitive variety.
Two proteins, involved in salt stress response and ubiquitin 26S proteasome system, might
contribute to the salt tolerance of T07339. Those results provide a new insight into rice
seedlings’ tolerance mechanisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1 2 3 -
Fig.1.

Morphological changes associated with salt stress exposure in rice seedling. Rice seedlings
at the second leaf fully unfolded stage were grown in nutrient solutions containing 60 mM
NaCl (salt stress) or without NaCl (control) for 7 days. 1: T07339 control plants; 2: salt-
stressed T07339 plants; 3: L7 control plants; 4: salt-stressed L7 plants.
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Fig.2.
Salt stress-triggered changes in physiological parameters of T07339 rice seedlings. Values

are means from ten seedlings. Error bars indicate SDg. * indicate significant difference at
£<0.05 and ** indicate significant difference at A<0.01 when compared to control seedlings.
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Salt stress-triggered changes in physiological parameters of L7 rice seedlings. Values are

means from ten seedlings. Error bars indicate SDg. * indicate significant difference at

£<0.05 and ** indicate significant difference at A<0.01 when compared to control seedlings.
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Fig.4.
Root and shoot dry matter and total biomass of T07339 and L7 under control and salt stress

conditions. Data are mean values of ten replicates. Vertical bar shows LSD value for total
biomass. C: Control plants; S: Salt-stressed plants; SDM: Shoot Dry Matter, RDM: Root
Dry Matter.
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Fig.5.

A?epresentative 2-DE gel image of proteins extracted from seedlings of L7 under control
(A) and salt stress (B) condition. Total soluble proteins were loaded in a 11 cm IPG strip
with a pH gradient of 3-10. IEF was performed for a total 70 KVh. In the second dimension,
12% SDS-PAGE gel was used. Proteins were visualized by silver staining. The arrows show
the position of the identified protein spots that showed significant changes during salt stress
treatment along with numbers which represent spot IDs as shown in Table 2.
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Fig.6.

A%epresentative 2-DE gel image of proteins extracted from seedlings of T07339 under
control (A) and salt stress (B) condition. Total soluble proteins were loaded ina 11 cm IPG
strip with a pH gradient of 3—-10. IEF was performed for a total 70 KVh. In the second
dimension, 12% SDS—-PAGE gel was used. Proteins were visualized by silver staining. The
arrows show the position of the identified protein spots that showed significant changes
during salt stress treatment along with numbers which represent spot IDs as shown in Table
2.
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Table 1.

The comparison of visual salt injury at seedling stage

Per centage of yellowed leavesin two test entries
Visual salt stress symptoms

L7 TO7339
Only the first leaf yellowed 0 0.53
The second leaf yellowed 0.94 0.47
The third leaf yellowed 0.60 0
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Table 2.

Comparison of K*/Na* ratio in two rice cultivars exposed to 60 mM NaCl

Theratio of K*/Na*intheroot Theratio of K*/Na* in the shoot
L7 T07339 L7 T07339
CK NaCl CK NaCl CK NaCl CK NaCl

3 Days Later  1.99 0.30 25 0.26 5.66 1.04 10.24 2.78
7 Days Later  2.98 0.33 2.92 0.48 3.41 0.78 5.76 1.15
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