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Excessive salt in soils significantly limits rice production worldwide because rice is
hypersensitive to salt stress with a low threshold electrical conductivity of 3 dS m-1 equivalent
to 30 mM NaCl. Salt sensitivity in rice plants is associated with the accumulation of Na+ and
Cl- to the toxic levels in shoots and particularly in the leaf blade which is the most active
photosynthetic tissue. Therefore, the removal of Na+ and Cl- from the leaf blade is important
for the survival and salt tolerance in rice. To remove Na+ and Cl- toxic ions from the leaf blade
in rice, these ions are unloaded from xylem vessels and sequestered to the vacuole in the leaf
sheath of rice, which referred to as ‘salt removal ability in leaf sheath’. The general objective
of this study was to investigate physiological and molecular mechanisms of salt removal by
the leaf sheath in rice to determine the control point of and genes associated with the ability of
removing salt in the leaf sheath of rice.
In Chapter 2, the physiological mechanism of salt removal by leaf sheath in rice was
characterized by studying on specific part and tissue involved in the accumulation of salt ions
including Na+, Cl- and K+ in the leaf sheath. To achieve this goal, the distribution patterns of
Na+, Cl- and K+ was identified along the longitudinal axis of leaves and in the internal tissues
of leaf sheath of salt-tolerant variety FL478 and salt-sensitive variety IR29 grown under control
and saline conditions. The measurement and specific locations of Na+, Cl- and K+ were
examined using atomic adsorption spectrometry, ion chromatography and energy dispersive
X-ray spectroscopy attached to a scanning electron microscope. The removal ability of Na+
and Cl– was evaluated by the sheath:blade ratio of Na+ and Cl- concentrations. The result
illustrated that the rice leaf sheath showed the sheath:blade ratio of Na+ but not of Cl–, was
increased by NaCl treatment. There was a genotypic difference of Na+ sheath:blade ratio
between salt-tolerant and salt-sensitive varieties. In addition, Na+ concentration was higher in
the basal leaf sheath, whereas Cl– concentration was higher in the middle and tip parts under

NaCl treatment. At the tissue level, the fundamental parenchyma cells of leaf sheaths retained
the highest amounts of Na and Cl when treated with excess NaCl. These results indicated that
the leaf sheath of rice efficiently functions to remove excess Na+ and Cl- from xylem vessels
in the basal part (Na+) and in the upper part (Cl-) along the longitudinal axis. After transferring
Na+ and Cl- from xylem vessels, these ions were transported to and sequestered in the central
fundamental parenchyma cells of leaf sheaths under salt stress.
In Chapter 3, gene expression analysis was performed to identify Na+, Cl- and K+
transporter genes associated with the salt distribution patterns along the longitudinal axis of
leaves and in the internal tissues of leaf sheaths, and the genes that increase their expression
levels under salinity. The 5th leaves of salt-tolerant variety FL478 treated with NaCl was used
and separated into 4 parts: basal, middle, and apical parts of leaf sheath and whole leaf blade.
Total RNA was isolated from each part of leaves using a RNeasy Plant Mini Kit (QIAGEN).
Real-time PCR analysis was performed to determine the relative expression levels of each
candidate gene. The transcriptional expression analysis showed that basal parts of salt-treated
leaf sheath showed significantly higher expression levels of OsHKT1;5, OsSOS1, OsNHX1,
OsNHX2, OsNHX3 and OsNHX5 than that of the control leaf sheath. OsHKT1;5 and OsNHX5
expression levels were significantly higher in the peripheral parts, while OsNHX3 showed
significantly higher in central parenchyma cells under NaCl treatment. For Cl transporter
genes, in response to salt stress, OsCLC1 and OsSLAH2 significantly increased in all the parts
of leaves, OsSLAH1 significantly increased in all parts of leaf sheaths, and OsNPF2;4
significantly increased in basal and upper leaf sheaths. OsNPF2;4 and OsCLC2 had relative
expression level higher in central parenchyma cells of internal leaf sheath under salinity. These
finding suggested that OsHKT1;1, OsHKT1;5, OsNHX1, OsNHX2, OsNHX3 and OsNHX5
might be involved in the accumulation of Na+ in the basal parts of salt-treated leaf sheath.
OsHKT1;5 may be involved in Na+ unloading from xylem vessels. The accumulation of Na+
in the fundamental parenchyma cells might be mediated by OsNHX3 in the central regions and
OsNHX5 in the peripheral regions under saline conditions. Furthermore, the removal of Cl- in
the leaf sheath is possibly regulated by OsNPF2;4, OsCLC1, OsCLC2, OsSLAH1 and
OsSLAH2. The Cl- accumulation in the fundamental parenchyma cells might be associated with
OsNPF2;4 and OsCLC2 in response to salt stress.
In Chapter 4, genome-wide association study (GWAS) was conducted to find
associated single nucleotide polymorphisms (SNPs) and candidate genes related to the salt
removal ability in the rice leaf sheath. In this study, 296 accessions of the rice diversity panel,
composed of indica, aus, tropical japonica, temperate japonica, aromatic and admixed

accessions, were used to identify salt removal related traits. Genome association analysis was
performed using a 44 K SNP chip. The GWAS results showed that 11 SNPs were significantly
associated with the removal of Na+ in leaf sheath from the indica subpopulation and that
numerous SNPs were significantly associated with the removal of Cl- in the leaf sheath from
whole panel as well as from indica and tropical japonica subpopulations. 25 genes and 211
genes were discovered in the significantly associated regions with Na+ and Cl- removal ability
in the leaf sheath, which derived from many functional categories such as transport, enzymes,
kinase activity, protein binding and many others. GWAS data implied that rice accessions in
the indica sub-group are the main source of genes or alleles that regulate Na+ and Cl- removal
in leaf sheaths, while the removal of Cl- in leaf sheaths is probably involved in multiple genetic
mechanisms under salt stress.
Taken all together from Chapters 2 to 4, the leaf sheath of rice actively removes Na+ in
the basal parts and Cl- in the upper parts by unloading these ions from xylem vessels and
transferring them to the central regions of internal leaf sheath. Then, Na+ and Cl- were highly
accumulated in the fundamental parenchyma cells in the central regions of internal leaf sheath,
which in turn helps to reduce the concentrations of these ions in the leaf blade under saline
conditions. The removal of Na+ in the leaf sheath may be genetically associated with six Na+
transporter genes and some of 25 genes detected in GWAS on Na+ sheath:blade ratio during
salt stress. Five Cl- transporter genes and some of 211 genes found in GWAS on Clsheath:blade ratio might be involved in the Cl- removal ability in the rice leaf sheath under
salinity. Additionally, indca rice varieties are the important sources of diverse genes that
regulate the Na+ and Cl- removal ability in the leaf sheath of rice. The outcomes of this project
will help enhance the understand of complex salt tolerance mechanism in rice and provide
potential candidate genes for future molecular studies and breeding program, which is crucial
to create superior salt-tolerant rice varieties.

