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Chapter 1. General introduction

Wheat (Triticum aestivum L.) is an important food crop grown worldwide, accounting for
approximately 25% of the world's staple food (Pocketbook, 2018). Salinity is one of the major
factors that affect crop growth, affecting large terrestrial areas of the world (Zhu 2001).
Although the salinity tolerance of wheat is strong (Shabala 2017), the increase in salt
concentration reduces wheat yield (Munns et al. 2006). Overcoming yield losses in crops under
salinity is important to study.

Studies of the salt tolerance mechanisms of plants have mainly focused on osmotic
adjustment, membrane function, and gene expression (Shabala 2017). However, the function
of cell wall in plant salt tolerance and its responses under saline conditions have been rarely
investigated (Deinlein et al., 2014). Especially in plant roots, the root cell walls act as the first
line, directly interacting with salt. Studies showed that pectin modification (Yan et al. 2018),
cellulose synthesis (Zhang et al. 2016), and hemicellulose synthesis (Li et al. 2013) were
involved in response to salt stress. Changes in cell wall properties and physical characteristics
under salinity stress are of primary importance to the plant’s tolerance to salinity (Byrt et al.,
2018). Particularly in the root tips, the cell wall composition is involved in cell elongation,

thereby affecting root growth.

1.1 Wheat growth under salinity

Electrical conductivity (EC) of the saturation paste extract exceeding 4 ds/m (equivalent to
40 mM NaCl) is defined as saline soil (Shabala 2017). Because the salt concentration
experienced by roots can be several times higher than that in the saturation extract, a soil with
an EC of 4 ds/m often has a concentration of 80—100 mM NaCl (Shabala 2017). The excessive

salt cause series of detrimental effects on plant, including osmotic stress, ionic stress, oxidative



stress, plant growth, photosynthesis, metabolic disturbances, and ion toxicity (Shabala 2017).
Among these effects, the most significant and oblivious one is the plants growth inhibition.
The detrimental effects of salinity contain two stages. The first stage is an osmotic-stress
stage. The second stage is ion toxicity stage caused by accumulations of Na" under salinity
stress. During the first stage, the plant growth is sensitive to the salinity stress. The roots firstly
stop growing (quiescent phase) after the salinity stress perception (Fig. 1-1; van Zelm et al.
2020). Thereafter, the growth rate partially recovers (recovery phase). The recovery rate of
growth depends on the plant organ, local sodium concentrations, and salt sensitivity (Julkowska
and Testerink 2015). For example, in Arabidopsis, the growth rate is recovered by 50% in

primary root, while the growth rate is 10% in the lateral root (Duan et al. 2013).
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Figure 1-1 Phases of root growth in response to salinity stress. Plant first decreases growth rate during early signalling
phase, and then stops growth (quiescent phase). After 24-48 h, the growth is partially recovered (recovery phase). The
recovered growth (recovery extent) rate under salinity stress is lower than that under normal condition. The growth rates of
organ are different under salinity stress. This schematic is cited from Julkowska and Testerink (2015).

1.2 Root growth in relation with salinity tolerance

Root growth maintenance is an important trait for plant to tolerate salinity stress (Mujeeb-
Kazi et al. 2019). Especially during the seedling stage, root length under salinity condition is
an important index to assess salt tolerance (Rahnama et al. 2011). High root growth rate leads
to a robust root architecture, which increases the Na* sequestration capacity in root mature

region and prevents the excessive salt accumulated in shoots (Munns et al. 2020). The high



root growth rate also optimized the root shoot ratio, resulting in an energy-usage balance

between source and sink (Tyerman et al. 2019).

1.3 Cell wall compositions in response to salinity stress

Cell elongation is crucial for maintaining growth. In root tips, cell wall composition is
involved in the cell elongation, thereby affecting root growth (Cosgrove 2018). As the
outermost layer that constrains the cell growth, the cell wall is composed of relatively stiff
cellulose microfibrils embedded in a hydrated matrix of pectin and hemicellulose (Fig. 1-2;
Cosgrove, 2018). Pectin is associated with ion homeostasis (Koyama et al., 2001), hydraulic
conductivity (McKenna et al., 2010), and cell wall expansion (Palin and Geitmann, 2012;
Willats et al., 2001). Under salinity stress, plants modify composition and structure of the root
cell walls (Byrt et al., 2018), affecting cell wall extensibility and cell elongation (Cosgrove,
2015; Tenhaken, 2015). Studies showed that Na* can also directly break the cell wall integrity
under salinity stress (Feng et al. 2018). In response to salt stress, genes that regulate pectin
modification (Yan et al. 2018), cellulose synthesis (Zhang et al. 2016), and hemicellulose
synthesis (Li et al. 2013) are involved. These results indicate that changes in cell wall

composition are indispensable for plants to cope with salt stress.
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Figure 1-2 Conceptual depiction of structural compositions of primary cell walls. Cellulose microfibrils are represented as
thick rods with hydrophobic (blue) and hydrophilic faces (orange). Hemicellulose (green) and pectin (yellow) fill the space
between microfibrils and bind to the hydrophilic surfaces. The red arrows point to cellulose-xyloglucan-cellulose junctions.
Cosgrove (2018) develops the ‘hot-spot” model to explain the physical strength of cell wall. The cellulose-hemicellulose-
cellulose conjunctions are the main load-bearing structure (red arrow; Cosgrove 2018).

The changes in composition of the cell wall affect not only the mechanical properties of the
root, but also the chemical properties of cell wall (Byrt et al., 2018). The carboxyl groups of
poly-galacturonic acid (PGA) and hydroxycinnamic acid are the chief cation-binding groups
in pectin and hemicellulose (Fig. 1-3; Davis et al., 2003; Meychik et al., 2014; Pelloux et al.,
2007). The ion transport from apoplast to plasma membrane can interact with these carboxyl
groups (Meychik et al., 2014). Divalent cations can form the “egg-box” structure with pectin
and hemicellulose contents in the cell wall (Grant et al., 1973), which maintains the integrity
of cell wall structures (Byrt et al., 2018). Under salinity stress, sodium ions compete for the ion

binding sites in the cell walls (Lutts et al., 2016) and undermine the pectin cross-links, resulting

in a loss in cell integrity (Feng et al., 2018).
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Figure 1-3 Egg-box model for how excess Na* might influence cell wall pectin properties. A. Cellulose microfibrils are
linked by pectin, calcium, and boron. B. Na* binds to the polygalacturonic acid tails of cellulose microfibrils and breaks the
interaction between cellulose microfibrils. This schematic is cited from Byrt et al. (2018).

1.4 Cell wall extension in response to salinity stress

Cell wall extension, composition, structure, and growth dynamics have been extensively
reviewed by Cosgrove (2018). Pectin governs the cell wall extensibility by affecting the cell
wall elasticity (Wolf and Greiner 2012). Recent studies have reported extensive pectin-
cellulose interactions (Wang et al. 2015) and pectin-xylan links (Tan et al. 2013) in cell walls.
Hemicellulose 1 is composed of long polysaccharide chains and is associated with cellulose
microfibrils (Zhong and Lauchli 1993; Fry 2011). Hemicellulose II adheres to the surface of
cellulose and forms cellulose-xyloglucan-cellulose conjunctions, which are major load bearing
points for mechanical forces (Park and Cosgrove 2012; Zhang et al. 2014). Cellulose
contributes to wall rigidity and mechanics (Zhang et al. 2014).

The primary cell wall behaves like a viscoelastic composite material that demonstrates a
time-dependent extension under load and time-dependent shrinkage after stretching (Boudaoud
2010; Cosgrove 2018). A Kelvin-Voigt-Burgers model with four elastic (Eo, E1, E2, E3) and
four plastic (0, 771, 12, n3) parameters effectively analyzed cell wall extension and shrinkage in

the creep-extension analysis (Fig. 1-4; Tanimoto et al. 2000). Cell wall extension is partially



elastic and partially plastic (Boudaoud 2010), and the elastic and plastic parameters determine
the elastic and plastic extension, respectively. Such extension (deformation) is a result of the

polymeric nature of the cell wall, however, the mechanical properties are largely unknown

(Cosgrove 2018).
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Figure 1-4. Schematic diagram of creep meter. Eg and ny are two most important parameters that represent cell wall
extensibility. A typical creep extension curve during 5 min extension and 5 min shrinkage. Linear instantaneous deformation
(A-B), nonlinear deformation (B-C) and final linear deformation (C-D) were simulated to the equation (B) and physical
parameters of elastic moduli and viscosity coefficients were calculated. The schematic is modified from Tanimoto et al.
(2000).

1.5 Expansin expression and apoplastic pH

The plant growth requires the initial cell wall loosening before the cell elongation. The cell
loosening is elucidated as ‘acidic growth theory’, and further developed by Cosgrove et. al.
(2000). The apoplastic pH activates the expansin, which then releases the binding sites of
xyloglucan-cellulose conjunctions and loosens the cell wall. This process needs the interaction
among apoplastic pH, cell wall properties and expansins (Fig. 1-5). Salinity stress changes the
properties and structure of cell wall. Furthermore, studies showed the expression pattern of
expansin was also changed under salinity stress (Han et al. 2019). In leaves, salinity stress

alters the apoplastic pH, cell wall properties and expansins, resulting in significant growth

6



inhibition in response to salt (Geilfus 2017). However, there is limited information about the
long-term response of root apoplastic pH to salinity stress. Short-term apoplastic alkalization
in the root under salinity stress has been reported in Arabidopsis (Gao et al., 2004), although
that study did not clarify whether the apoplastic alkalization occurred in the root elongation

zone or the mature zone.

Cellulose

Figure 1-5. Schematic diagram of cell wall loosening by expansins. The hydrophobic region (blue) of cellulose microfibrils
(yellow areas) are bound to various glycans such as xyloglucan or xylan (green coils). Expansin can bind to the hydrophobic
region and unzip the non-covalent cross-links (black line) between cellulose and xyloglucan, resulting in a type of polymer
creep. This schematic is cited from Cosgrove (2018).

1.6 Objectives
Wheat production has been severely affecting by soil salinization. It has been an urgent issue
to improve wheat productivity in salinized soils. Therefore, it is essential to study the salinity
tolerance mechanisms in wheat. To elucidate the functions of root cell wall in root growth
under salinity stress, this study was conducted with the following objectives:
1) to investigate the chemical compositions and properties of root cell wall in relation with root
growth under salinity stress.
2) to study the effect of extensibility of root cell wall on root growth under salinity stress.

3) to clarify the function of expansins in root extension under salinity stress.



Chapter 2. Chemical compositions and properties of root cell wall

in relation with root growth under salinity stress

2.1 Abstract

Root cell wall composition has been associated with salt tolerance in plants. the cell wall
composition of root tips in wheat (Triticum aestivum L.) cultivars and their related mechanisms
of salt tolerance were evaluated. Two salt-sensitive (Yonliang-15 and GS-6058) and salt-
tolerant wheat (JS-7 and Xinchun-31) cultivars were used. Salt stress decreased the pectin
content in the first zone in all cultivars except JS-7. Hemicellulose I and II increased
significantly in the first and second zones in sensitive cultivars compared to tolerant cultivars.
Cellulose content increased significantly in all cultivars in both zones; this increment was more
pronounced in sensitive cultivars than in tolerant cultivars. The uronic acid content in pectin in
the first zone was significantly lower in sensitive cultivars than in tolerant cultivars, while the
uronic acid content in hemicellulose showed an opposite tendency. The cation exchange
capacity of the root cell wall was significantly lower in sensitive cultivars than in tolerant
cultivars. A positive relationship existed between root growth, relative content of pectin in the
total cell wall of the first zone, and cation exchange capacity of the root cell wall; however,
root growth and the relative content of cellulose in the total cell wall were negatively associated.
These results suggested that high pectin content and cation exchange capacity, as well as low
hemicellulose and cellulose contents in the cell wall of wheat root might be useful for

maintaining root growth and tolerance under salt stress conditions.



2.2 Introduction

Salinity is one of the major factors that affects crop growth, leading to severe damage and
loss of yield (Zhu 2001). Plant growth largely depends on cellular growth and plant cell walls.
Salt stress can indirectly affect the cell wall composition by causing changes in cell wall
metabolism. For example, studies have shown that pectin modification (Yan et al. 2018),
cellulose synthesis (Zhang et al. 2016), and hemicellulose synthesis (Li et al. 2013) are
involved in response to salt stress in Arabidopsis. These results indicate that changes in cell
wall composition are indispensable for plants to cope with salt stress. Particularly in the root
tips, the cell wall composition is involved in cell elongation, thereby affecting root growth.

The cell wall is composed of relatively stiff cellulose microfibrils that are embedded in a
hydrated matrix of pectin and hemicellulose (Cosgrove 2018). Cellulose and xyloglucan are
the main load-bearing components of the cell wall (Cosgrove 2018), while pectin is associated
with ion homeostasis (Koyama et al. 2001) and cell wall expansion (Palin and Geitmann 2012).
In excised pea roots (Pisum sativum), salt increased uronic acid and cellulose contents
(Solomon et al. 1987); in cotton (Gossypium hirsutum), salt decreased the cellulose and the
total uronic acid contents of the cell wall in the elongation zone (Zhong and Lauchli 1993).
Furthermore, in wheat roots, salt stress significantly decreased the pectin and cellulose contents
but increased the hemicellulose content (Al-Hakimi and Hamada 2001); in soya bean (Glycine
max), a salt-sensitive cultivar increased hemicellulose and cellulose contents and decreased
pectin content in the root elongation zone under salt stress (An et al. 2014).

When the cells stop expanding in the differentiation zone, secondary cell walls are produced;
in the secondary cell wall, hemicellulose, and pectin are replaced by cellulose microfibrils
(Mellerowicz and Sundberg 2008). Notable differences in cell wall composition between the
root elongation zone and the differentiation zone show the different strategies adopted by plants

to cope with salt stress (Byrt et al. 2018). Further, in the elongation zone, the pectin cross-links



help to maintain the integrity of cell walls (Feng et al. 2018) and ion homeostasis under salt
stress (Fang et al. 2019). Moreover, in the differentiation zone, the increased uronic acid
content in the cell wall traps Na* and restrict its movement.

Cation exchange capacity (CEC) of the cell wall indicates the ability of cell walls to hold
exchangeable cations, reflecting the possibility of cation interaction in cell walls. Salt tolerance
in plants is associated with the CEC of cell walls. The roots of Spinacia oleracea (glycophyte)
and Suaeda altissima (halophyte) have been reported to exhibit an increase in uronic acid
content and CEC of cell wall in response to salt stress; these increments were more pronounced
in the halophyte (Meychik et al. 2006). In chickpea (Cicer arietinum), salt stress increased the
uronic acid content in two cultivars, and salt-tolerant cultivars showed high CEC in the isolated
cell walls (Meychik et al. 2010). In barley (Hordeum vulgare), salt-tolerant cultivars showed
greater Na“ exchange capacity relative to salt-sensitive cultivars (Flowers and Hajibagheri
2001). In celeriac (Apium graveolens) and parsnip (Pastinaca sativa), pectin largely
contributed to the CEC of the root cell wall (Szatanik-Kloc et al. 2017). Studies have also
shown that hemicellulose interacts with cations and retains cadmium and aluminum in
Arabidopsis (Yang et al. 2011; Zhu et al. 2013). This suggests that under salt stress,
hemicellulose may also contribute to the cation exchange capacity of the root cell wall in the
differentiation zone.

In wheat, salt tolerance related to osmotic (Cuin et al. 2009) and specific ion toxicity (Asgari
et al. 2012; Jixiang Lin 2012) in cells have been extensively studied, however, the changes in
root cell wall that are related to root growth and CEC under salt stress remain unclear.
Therefore, the objectives of this study were to investigate the changes in root cell wall
compositions of the root first (meristem and elongation zone) and second zone (differentiation

zone), and assess the ability of cation exchange in cell walls of four wheat cultivars with
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contrasting salt tolerance under salt stress conditions. Understanding these issues would be

beneficial for further improving salt resistance in wheat.

2.3 Materials and methods

2.3.1 Materials

Among 10 different wheat cultivars, four spring wheat cultivars: Yongliang-15 (YL-15),
GS-6058, JS-7, and Xinchun-31 (XC-31) were investigated. XC-31 was obtained from
Xinjiang Agricultural University, while GS-6058, JS-7, and YL-15 were obtained from the
Northwest Institute of Eco-Environment and Resource in Gansu, China. According to the
previous review (Mujeeb-Kazi et al. 2019), root growth rate under salinity stress is closely
related to salt tolerance in wheat. JS-7 and XC-31 were chosen as salt-tolerant cultivars, while
YL-15 and GS-6058 as salt-sensitive cultivars following observations at the young seedling
stage under 80 mM NacCl condition.

Grain’s surface was sterilized in 0.5% sodium hypochlorite for 5 min, and rinsed three times
with distilled water. Twenty grains of a cultivar were set on a sheet of filter paper and placed
in a plastic bag, then, the plastic bag containing wheat grains was placed in a dark-conditioned
growth chamber (SANYO MLR-350 HT, Japan) set at 25 °C. When roots were approximately
1.5 cm, they were exposed to NaCl solutions (0, 40, 80, and 120 mM, respectively) in 11 days.
Each treatment contained 20 sheets. The growth chamber was then set at 60% relative humidity,
2000 Ix for 16 h at 23 °C and 8 h at 18 °C in the dark. Root lengths were measured with calipers
every day after NaCl treatments. Relative root growth under the 80 mM NaCl condition was
calculated based on a root length of 100% for seedlings of each cultivar grown under 0 mM

NacCl solution.
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2.3.2 Composition of root cell wall

The roots were washed with distilled water. The segments of 0—5 mm (first zone: meristem
and elongation zone) and 5-10 mm (second zone: differentiation zone) were excised and
collected. Fresh weights of each replicate (approximately 160 segments) were recorded. The
composition of the cell wall was determined according to An et al. (2014) with slight
modification. Pectin, hemicellulose, and cellulose fractions of the cell wall were extracted by
CDTA (trans-1,2-Diaminocyclohexane-N,N,N',N'-tetraacetic acid), KOH (potassium
hydroxide), and sulfuric acid, respectively. The amounts of total sugar and uronic acid in each
fraction were measured using the phenol-sulfuric acid method (Dubois et al. 1951) and meta-

hydroxy diphenyl method (Blumenkrantz and Asboe-Hansen 1973), respectively.

2.3.3 Cation exchange capacity (CEC)

The CEC of the entire root cell wall was measured using the methods of Crooke (1964) and
Meychik and Yermakov (2000) with slight modification. Excised roots were kept in an oven
at 100 °C for 20 min and then dried at 50 °C for two days. Dried roots of each sample were
placed in tubes and were further incubated and centrifuged in the following sequence: 10 mM
KOH (three times), distilled water (once), and 10 mM HCI (3 times); these solutions were
prepared with deionized water. The samples were finally washed with deionized water until
the electrical conductivity of the supernatant dropped to 0. The root samples were then dried
to a constant weight at 50 °C.

Root samples (0.04 g) of each replicate were placed in 15 mL tubes and 12.5 mL of NaCl
solution (0, 10, 40, 80 mM) was added to each replicate. To reach a full ionic equilibrium, the
samples underwent several agitations while they remained in the solution for 48 hours. The pH
of the solution before and after the equilibrium was determined using a pH meter (HORIBA

D24, Japan). The CEC of the cell walls was calculated with the following formula (1):
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(10—1’*’“’ - 10-PH"”) X V X 1000
g

CEC = (1)

where CEC = cation exchange capacity of cell walls (mmol g! dry weight), pH™ and pH*? =
initial and equilibrium pH of the solution, V= volume of the solution (ml), and g = dry weight

of the sample (g). Each treatment had three replicates.

2.3.4 Statistical analysis

Statistical analysis was performed using SPSS 21 software (IBM Corp., USA). The data
were subjected to an analysis of variance (ANOVA), and the means were compared using
Duncan's multiple range test (P < 0.05). Pearson correlations were used to determine the
relationship between root growth, cell wall composition in the root first and second zones, and

the CEC of the entire root cell wall.

2.4 Results

2.4.1 Root growth

The 80 mM NaCl solution dramatically inhibited root elongation in all cultivars, the root
lengths of JS-7 and XC-31 were greater than those of YL-15 and GS-6058 under both 0 and
80 mM NaCl treatments (Fig. 2-1A). The relative root lengths of JS-7 and XC-31 were
significantly higher than those of YL-15 and GS-6058 under the 80 mM NacCl treatment 11
days after germination (Fig. 2-1B). With regard to root growth, JS-7 and XC-31 were

designated as tolerant, whereas YL-15 and GS-6058 were designated as sensitive cultivars.
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Figure 2-1 Root growth of four wheat cultivars under 0 mM and 80 mM NaCl treatments.
1) Root length of two salt-sensitive wheat cultivars (YL-15, square; GS-6058, round) and two salt-tolerant
wheat cultivars (JS-7, triangle; XC-31, inverted triangle) under 0 mM (dash line) and 80 mM NaCl

(straight line) treatments. Data are expressed as means + S.E. (n = 20). Data followed by different letters
indicate significant differences at P < 0.05.

2) Relative root length of two salt-sensitive wheat cultivars (YL-15 and GS-6058) and two salt-tolerant wheat
cultivars (JS-7 and XC-31) under 80 mM NaCl treatments at 11 days after germination. The relative root
growth was calculated based on a root length of 100% for plants of each cultivar grown without NaCl.

Data are means + S.E. (n = 20). Data followed by different letters indicate significant differences at P <
0.05.

2.4.2 Composition of root cell wall

The data for root cell wall compositions were similar between 0 and 40 mM NaCl treatments,
and between 80 and 120 mM NaCl treatments, therefore, only the data of 0 and 80 mM NaCl
treatments are shown in Fig. 2-2. In the first zone, all cultivars under the 80 mM NaCl treatment
except the JS-7 showed a decrease in the pectin content, moreover, there was no difference in
pectin content in the second zone (Fig. 2-2). Concerning hemicellulose 1 (HC1) and
hemicellulose II (HC2), under the 80 mM NacCl treatment, significant increases in both the first
and second zones were observed only in the sensitive cultivars; except for HC1 in JS-7 in the
first zone. The HC1 and HC2 in the second zone of tolerant cultivars remained similar with the
80 mM NaCl treatment. The cellulose content increased dramatically in both the first and

second zones in all cultivars under the 80 mM NacCl treatments.
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Figure 2-2 Total sugar contents of pectin, hemicellulose I (HC1), hemicellulose II (HC2), cellulose in elongation
(0—5 mm) and second zones (5—10 mm) of root tips in salt-sensitive (YL-15, GS-6058) and salt-tolerant wheat
cultivars (JS-7, XC-31) under 0 and 80 mM NaCl treatments. Data are expressed as means + S.E. (n = 5). Data
followed by different letters indicate significant differences at P < 0.05.

2.4.3 Uronic acid content in pectin, hemicellulose, and cellulose

In the first zone, the uronic acid content in pectin was significantly lower in the sensitive
cultivars than in the tolerant cultivars with 80 mM NaCl treatment (Fig. 2-3). However,
hemicellulose (HC1 and HC2) fractions showed an opposite tendency in both the elongation
and second zones. The uronic acid content in cellulose increased dramatically in the first and

second zones in all cultivars with NaCl treatments, except XC-31 in the first zone. The

15



magnitudes of increase in cellulose content were pronounced in the second zone of the salt-

sensitive cultivars, which increased more than two times under the 80 mM NaCl condition.
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Figure 2-3 Uronic acid contents in pectin, hemicellulose I (HC1), hemicellulose 11 (HC2), and cellulose in the
elongation (0—5 mm) and second zones (5—10 mm) of root tips in two salt-sensitive wheat cultivars (YL-15, GS-
6058) and two salt-tolerant wheat cultivars (JS-7, XC-31) under 0 and 80 NaCl treatments. Data are expressed as
means = S.E (n =5). Data followed by different letters indicate significant differences at P < 0.05.

2.4.4 Cation exchange capacity of root cell walls

To study the changes in CEC of the wheat roots, the CEC of the root cell walls at the solution
ionic strength of 10, 20, 40, and 80 mM were measured. The CEC of the entire root of the four
cultivars grown in 0 mM and 80 mM for 11 days are shown in Fig. 2-4. The CEC of the root
cell walls in the four wheat cultivars treated with 0 and 80 mM showed the highest exchange
capacity at the solution ionic strength of 80 mM. Salt treatment significantly decreased the

CEC of the cell wall in all the wheat cultivars (Fig. 2-4). Therefore, the CEC of the root cell
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walls in sensitive cultivars was significantly lower than the tolerant cultivars under the 0 mM
and 80 mM treatments. The decrease of CEC was about 20% in all wheat cultivars except JS-
7 under the 80 mM treatment (9.42%). Under 80 mM treatment, the salt-tolerant cultivars (XC-
31 and JS-7) showed increase in CEC by 20.6% and 35.2%, respectively at the solution ionic
strength of 80 mM as compared to solution of 10 mM, whereas the salt-sensitive cultivar

showed less change in CEC.
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Figure 2-4 Cation exchange capacity of roots cell walls under 0 (left) and 80 (right) NaCl treatments was
measured in a series concentration of NaCl solution (10, 20, 40, and 80 mM) in YL-15 (open square), GS-6058
(open triangle), JS-7 (solid round), and XC-31 (solid square). Data are expressed as means + S.E. (n = 3). Data
followed by different letters indicate significant differences at P < 0.05.

2.4.5 Correlations of cell wall related parameters

Salinity affected the cell wall composition in both zones. The first zone (0-5 mm) showed
the initial response of root cell wall to the salinity stress. The second zone (5-10 mm) displayed
further changes in the cell wall compositions under salt conditions, which may reflect the Na*
sequestration ability of the cell wall in the root differentiation zone. The data of root growth,
CEC and cell wall composition in both zones of JS-7 and YL-15 under 0 and 80 mM treatments
were subjected to the correlation analysis. In addition, data regarding the first and second zones
were subjected to correlation analysis (Table 2-1 and Table 2-2, respectively). The sugar and
uronic acid content of each fraction in root tips (both first and second zone) were transformed
into relative content because the relative sugar and uronic acid content of the cell wall fraction
better reflected the effects of saline stress in different wheat cultivars. In the present study, the
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root growth was positively related to the relative content of the pectin fraction (r = 0.87), and
negatively related to the relative content of the cellulose fraction (r = -0.66) in the first zone
(Table 2-1). The total cell wall content in the first zone showed a negative effect on the root
growth (r=-0.68). While the CEC of the root cell walls showed a positive effect on root growth
(r=0.72). And the CEC of the root cell wall was positively related to the relative uronic acid
content of the pectin fraction (r = 0.81), and negatively related to the total cell wall and total
uronic acid (r = -0.91 and R = -.714, respectively), in the first zone (Table 1-1). Similarly, in
the second zone, the CEC of the root cell wall was positively related to the relative uronic acid
content of pectin (r = 0.76) and HC1 (r = 0.78) and negatively related to the total cell wall (r =

-0.89) (Table 2-2).

Table 2-1 Correlation among the relative sugar content of pectin, hemicellulose I (HC1), hemicellulose 11
(HC2), and the cellulose fraction in the elongation zone (0—5 mm from the root cap), cation exchange capacity
(CECQ), total cell wall, and root length are shown in the table. The relative sugar contents were based on the
percentage of individual fractions relative to that of the total cell wall.

Total Total

Relative uronic acid content (%) Relative total sugar content (%) Root
uronic cell Growth
Pectin  HCI1 HC2  Cellulose Pectin HCl1 HC2 Cellulose acid wall
Pectin
Relative uronic  HC1 702
acid content HC2 .380 .645
Cellulose 496 .622 -.092
Pectin 306 -228 228 -458
Relative total HCI -.619 405 405 -742% .011
sugar content HC2 -.039 -476  -476 =377 519 -.293
Cellulose 275 - 110 -.110  .891**  -773*  -476 -.605
Total uronic acid (mg g™") -.231 131 131 191 -832% 347 -750% 590
Total cell wall (mg g _766%  -.149 149 -.591 -.399 J758*%  -175 -.188 .604
Root Growth (mm) 310 225 225 -.264 .869** - 173 .624 -.660* -.895%* -.682%
CEC 807" 135 135 329 .609 -.701 .380 -.061 -714% -912%* 122%*

Data followed by * and ** indicate significant correlation at P < 0.05 and at P < 0.01, respectively.
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Table 2-2 Correlation among the relative sugar content of pectin, hemicellulose I (HC1), hemicellulose II (HC2),
and the cellulose fraction in the elongation zone (5-10 mm from the root cap), cation exchange capacity (CEC),
total cell wall, and root length are shown in the table. The relative sugar contents were based on the percentage of
individual fractions relative to that of the total cell wall.

Relative uronic acid content (%) Relative total sugar content (%) Tota] Total Root
Pectin  HCI HC2  CellulosePectin ~ HC1 ~ HC2  Cellulose ' orp cell  Growth
acid wall
Pectin
Relative uronic  HCI .887**
acid content HC2 548 172
Cellulose  .616 .829%* 105
Pectin -.133 136 =525 -.011
Relative total HCI 490 487 -.097  -.016 .570
sugar content HC2 =318 -.142 -.406 114 .036 -.353
Cellulose  -.006 -.248 578 -.048  -.840** -631 -399
Total uronic acid (mg g™) -.034 -.091 187 276 -.509 =537 347 345
Total cell wall (mg g™) -.671 -.836%*  .001 -.589 -.324 -.533 208 328 584
Root Growth (mm) .260 180 185 -.231 475 .651 -585 -243 -.879%* -.538
CEC .760* 782* .200 .388 411 J71*% 0 -312 -434 -.606 -.892%*%  722%

Data followed by * and ** indicate significant correlation at P < 0.05 and at P < 0.01, respectively.
2.5 Discussion

Root growth maintenance is an important trait for wheat growth and it is highly associated
with salt tolerance (Mujeeb-Kazi et al. 2019). Under salt stress, the high relative root length is
closely related to salt tolerance in wheat at the early seedling stage (Sadat Noori and McNeilly
2000). In this study, the JS-7 and XC-31 showed a 5%—10% increase in the relative root length
as compared to YL-15 and GS-6058 (Fig. 2-1). Therefore, JS-7 and XC-31 were shown to be

more tolerant to salt stress than YL-15 and GS-6058.

2.5.1 Cation exchange capacity in relation with salt tolerance

Wheat evaporates water 50 times more than it retains, which makes the shoots more sensitive
to NaCl (Munns et al. 2020). To avoid the accumulation of Na* in shoots, wheat roots prevent
more than 95% NaCl from entering the cells by extruding the excess Na* from the cytosol
(Munns et al. 2020). Being the outmost layer of the cells, root cell walls are involved in
constraining the movement of Na™ to the stele, and ultimately to the shoots (Byrt et al. 2018).
Furthermore, cell walls are negatively charged and they bind cations reversibly. Previous
studies showed that in Suaeda altissima (Meychik et al. 2006) and barley (Flowers and

Hajibagheri 2001), the CEC of the cell walls in the mature zone is highly associated with salt
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tolerance. In this study, however, the decreased CEC under saline condition suggests that Na*
affects the cell wall components that are involved in cation binding (Fig. 2-3 and Fig. 2-4). The
high CEC under the saline condition and the increase in Na“ concentration in the tolerant
cultivars (Fig. 2-4) imply that the tolerant cultivars bind more Na* in the root cell wall than the
sensitive cultivars, which may result to a reduced concentration of toxic Na" entering into the
cells and transporting to the shoot. The high correlation among the CEC and root growth
indicates that the chemical property of the root cell wall that is related to the CEC is an

important factor that affects root growth under saline conditions.

2.5.2 Uronic acid in relation with cation exchange capacity

The uronic acid-rich polysaccharides are the main ion-binding sites in the cell walls under
physiological conditions (Meychik and Yermakov 2000). It has been reported that uronic acid
content in pectin contributes about half of the CEC in the root cell wall (Szatanik-Kloc et al.
2017). Previous studies showed that HC I retains cadmium and aluminum in Arabidopsis (Y ang
et al. 2011; Zhu et al. 2013), indicating that the ion-bind sites of hemicellulose could also
interact with cations. In our study, the CEC of the total cell wall was positively correlated with
the relative uronic acid content in pectin in the root first zone (Table 2-1), indicating that the
uronic acid in pectin contributes to the interaction between Na” and the cell wall. In the second
zone, the close relationship between the CEC of the root cell walls, relative uronic acid content
in pectin, and HC1 (Table 2-2), indicates that the development of cell wall, the ion-binding

sites of both pectin, and HC I may be involved in the enhancement of the CEC in the cell wall.

2.5.3 Root growth in response to salinity
The impact of abiotic stress on wheat cell wall polysaccharides has been studied previously

(Al-Hakimi and Hamada 2001; Leucci et al. 2008). However, the changes in the composition
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of cell wall polysaccharides in wheat root tips with differing salt tolerance under salt stress
have not been reported. In the present study, the total sugar content of the cell wall was
significantly increased in all wheat cultivars under salt stress after 11 days of germination. In
contrast, previous studies showed a decrease in soybean under a 2-day salt stress (An et al.
2014). The discrepancies between our study and previous studies show the spatial-temporal
changes of cell wall compositions, which may be related to the root growth under salt stress.
The growth rate of the roots during the salt stress showed a period of quiescence (8 to 48 hours)
and growth recovery thereafter (van Zelm et al. 2020). Salt-tolerant cultivars showed less
decrease in the cell wall content than the salt-sensitive cultivars in soya bean after 40 hours of
salt treatments, indicating that the maintenance of root cell wall components is important for
the recovery of root growth under salt stress (An et al. 2014). Under the long-term salinity
stress, the Na* decreased the cell wall-bound hydrolases, resulting in the deposition of cell wall
and stunted growth in the roots (Singh and Prasad 2009). The same situation may have occurred
in the present study; the negative correlation between the total cell wall content in the root first
zone and root growth (Table 2-1) suggests that the increase in the total cell wall component by
salt stress in all wheat cultivars might be associated with the inhibitory effects of salt on root
growth. In addition, a lesser increment of the root cell wall components might contribute to the
root growth under long-term salt stress in salt-tolerant cultivars (Fig. 2-2). This result also
suggests salt stress may decrease cell division frequency and inhibit cell elongation, resulting
in smaller cells and denser tissue. The thickness of cell wall and size of cell will be further

studied by microscope and fluorescent antibody.
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Table 2-3 Relative sugar contents of pectin, hemicellulose I (HC1), hemicellulose II (HC2), and the cellulose
fraction in the elongation and adjacent zone of root tips under 0 and 80 NaCl concentrations. The relative sugar
contents were based on the percentage of individual fractions relative to the total cell wall. Data followed by
different letters indicate significant differences at P < 0.05.

. Salt PN o o Cellulose
Cultivars treatment Pectin (% total cell wall) HC1 (% total cell wall) HC2 (% total cell wall) (% total cell wall)
Elongation Adjacent Elongation Adjacent Elongation Adjacent Elongation Adjacent
0 mM 22.56 efg 2573 g 32.53 gh 29.08 ef 9.72 cd 6.67 a 35.19b 39.14 be
YL-15
80 mM 13.43 be 13.72 be 33.81h 29.57efg  9.55cd 6.88 a 4321 cd 49.83 ef
0 mM 18.87 de 19.06 de 31.81 gh 26.68 de 11.33d 8.42 abc 37.99 be 45.79 de
GS-6058
80 mM 9.13 ab 10.75 ab 31.09 fgh 28.61 ef 9.77 cd 7.48 ab 50.00 ef 53.16 f
0 mM 20.98 def 16.95 cd 26.85 de 24.27d 26.13 h 2361¢g 26.04 a 35200
JS-7
80 mM 17.60 cd 16.97 cd 17.30 be 17.08 be 16.83 f 16.62 f 48.27 def 49.33 ef
0 mM 23.61 fg 16.51 cd 1895¢ 16.93 be 13.80 ¢ 13.05¢ 43.64 cd 53.51f
XC-31
80 mM 9.45 ab 6.79 a 13.73 a 15.44 ab 8.43 abc 9.07 be 68.39 g 68.71 g

2.5.4 Cell wall composition in response to salinity

Salt stress significantly increased the cell wall content and altered the cell wall composition
in the root first zone. With 80 mM salt treatment, pectin accounted for 17% of total cell wall
composition in the root first zone in JS-7, while pectin accounted for 13% and 9% in YL-15
and GS-6058, respectively (Table 2-3). The relative cellulose content increased in the root
elongation and second zones in all wheat cultivars under salt stress (Table 2-3). The cellulose
and total cell wall contents were higher in the sensitive cultivars than in the tolerant cultivars
with 80 mM salt treatment (Fig. 2-2). The correlation analysis showed that the root growth was
positively related to the relative content of the pectin fraction in the first zone and negatively
related to the relative content of cellulose fraction and the total cell wall in the first zone. This
indicates that the high pectin content, low cellulose, and less accumulation of cell walls may
contribute to the high root growth rate in salt-tolerant cultivars under salt stress.

Pectin encompasses a range of galacturonic acid-rich polysaccharides, the uronic acid-rich
polysaccharides form a hydrogel matrix through cross-linking that is mediated by cations

(O’Neill et al. 2004). The reduction of pectin cross-linking caused by Na* could reduce the

22



stabilizing influence of pectin in the cell wall (Feng et al. 2018). Mutant that has less cross-
linking in pectin showed hypersensitive phenotypes to salt stress in Arabidopsis (Yan et al.
2018) and rice (Oryza sativa) (Fang et al. 2019). High amounts of uronic acid help to maintain
the stabilization of cell wall and contributes to a hydrated environment around cell membranes,
supporting a homeostatic microenvironment for cell wall bound hydrolases and ion
transportation (Byrt et al. 2018). Consequently, in the present study, the high levels of uronic
acid content (Fig. 2-3) might also contribute to root growth under salt stress in the salt-tolerant
cultivars XC-31 and JS-7.

In the primary cell wall, the cellulose-hemicellulose-cellulose conjunctions are the main
load-bearing components determining the elongation of cells (Cosgrove 2018). In the present
study, HC I and II were significantly increased in both the elongation and second zones in the
salt-sensitive cultivars as compared to the salt-tolerant cultivars under salt stress (Fig. 2-2).
Under the 80 mM NaCl condition, the salt-sensitive cultivars showed higher HC I content and
lower HC II content in the second zone than in the first zone (Fig. 2-2). Koyro (Koyro 1997)
reported that salt stress altered the structure of cellulose microfibrils and hemicellulose,
forming a stiffness-meshed network. The reduced growth rate in coffee (Coffea arabica) leaf
cells under salt stress is mainly due to the increase in hemicellulos content, which forms
stronger linkage between hemicellulose and cellulose (De Lima et al. 2014). The decrease in
the content of hemicellulose in salt-tolerant cultivars (Fig. 2-2 and Table 2-3) may result in less
conjunctions between hemicellulose and cellulose in the cell walls, alleviating the growth
inhibition caused by the increased cellulose contents.

In conclusion, salinity stress decreased pectin and increased cellulose and total cell wall
contents, which showed different patterns compared with the short-term alteration of cell wall
composition in response to salinity. The CEC of cell walls and hemicellulose content in cell

wall may play important roles on maintaining root growth and low Na® content in plants. The
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present results also provide valuable insights of cell wall composition enhancing salt tolerance
in wheat. However, the mechanism of how wheat root regulates the synthesis of hemicellulose
and forms the linkage between the hemicellulose and cellulose under salinity stress needs to be

further studied.
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Chapter 3. Extension of root cell wall in relation with root growth

under salinity stress

3.1 Abstract

Two salt-sensitive (Yongliang-15, GS-6058) and two salt-tolerant (JS-7, Xinchun-31) wheat
cultivars were used to investigate the extension, extensibility (viscoelastic parameters), and
chemical composition of the cell walls in their root elongation regions (apical 10 mm-long root
segments), under salinity stress. After 10 days of saline (80 mM NaCl) or control (0 mM NaCl)
treatments, elasticity of the root cell wall, indicated by Eo, significantly decreased in the salt-
sensitive cultivars, whereas the Eo in the salt-tolerant cultivars was maintained at the same level
as that in the non-saline condition. Root extension and the differences among cultivars were
largely dependent on elastic extension, which accounts for one-half to two-thirds of the total
extension. Viscosity, indicated by 7y, and the plastic extension of the root cell walls did not
change across the treatments and cultivars. The significant decrease in cell wall elasticity in
the root elongation region was one of the factors that depressed root growth in salt-sensitive
cultivars under the saline condition. The well-maintained elasticity of salt-tolerant cultivars
alleviated the depression of root growth by NaCl. Cell wall elasticity was positively correlated
with the relative pectin and hemicellulose I contents and negatively correlated with the relative
cellulose content. Under saline conditions, the relative hemicellulose II content did not change
in the salt-sensitive cultivars; however, it decreased in the salt-tolerant ones. Thus, changes in
chemical composition of the cell wall correspond with the cell wall extensibility and root

growth in wheat cultivars with different degrees of salt tolerance.
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3.2 Introduction

Root growth is vital for the whole plant growth under saline conditions (An et al. 2002), and
depends on cell division and elongation in the elongation zone. Driven by turgor pressure, the
cells keep expanding while the cell walls keep extending until they become too rigid to extend
(Cosgrove 2018). Salinity decreases the turgor pressure due to osmotic stress (Rygol and
Zimmermann 1990; Ogawa and Yamauchi 2006). Therefore, wall extensibility is one of the
most important factors for root elongation under saline conditions.

Cell wall extension, composition, structure, and growth dynamics have been extensively
reviewed by Cosgrove (2018). Cell walls are composed of stiff cellulose microfibrils embedded
in a hydrated matrix of pectin and hemicellulose. Pectin governs the cell wall extensibility by
affecting the cell wall elasticity (Wolf and Greiner 2012). Recent studies have reported
extensive pectin-cellulose interactions (Wang et al. 2015) and pectin-xylan links (Tan et al.
2013) in cell walls. Hemicellulose I is composed of long polysaccharide chains and is
associated with cellulose microfibrils (Zhong and Lauchli 1993; Fry 2011). Hemicellulose II
adheres to the surface of cellulose and forms cellulose-xyloglucan-cellulose conjunctions,
which are major load bearing points for mechanical forces (Park and Cosgrove 2012; Zhang et
al. 2014). Cellulose contributes to wall rigidity and mechanics (Zhang et al. 2014). The primary
cell wall behaves like a viscoelastic composite material that demonstrates a time-dependent
extension under load and time-dependent shrinkage after stretching (Boudaoud 2010;
Cosgrove 2018). A Kelvin-Voigt-Burgers model with four elastic (Eo, E1, E2, E3) and four
plastic (o, n1, n2, n3) parameters effectively analysed cell wall extension and shrinkage in the
creep-extension analysis (Tanimoto et al. 2000). Cell wall extension is partially elastic and
partially plastic (Boudaoud 2010), and the elastic and plastic parameters determine the elastic

and plastic extension, respectively. Such extension (deformation) is a result of the polymeric
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nature of the cell wall, however, the mechanical properties are largely unknown (Cosgrove
2018).

Changes in the cell wall composition in relation to the cell wall extensibility have been
reported. Pectin and de-esterification of pectic homogalacturonan have been associated with
wall stiffening and growth cessation (Siedlecka et al. 2008; Hongo et al. 2012; Wang et al.
2020). An increase in the phenolics and lignin in the cell wall, caused by water deficit,
reportedly reduces the cell wall extension in the root elongation zone (Fan et al. 2006).
Xyloglucan hydrolase decreases the amount and molecular mass of xyloglucans, which has
been shown to increase the cell wall extensibility in the azuki bean (Kaku et al. 2002). The
increase in the hemicellulose and ferulic acids in the cell wall, induced by Al, reportedly
increases wall rigidity in wheat (Tabuchi and Matsumoto 2001). A decrease in the amount of
xyloglucan increases the elastic and viscous extensibility of the apical root in tea (Safari et al.
2018). Hydrolysation of hemicellulose increases the wall extensibility in tomato hypocotyls
(Miedes et al. 2011). In Arabidopsis, xyloglucan-deficient walls are more easily extended than
normal walls (Xiao et al. 2016). A low concentration of bifunctional endoglucanases (which
have the ability to cut both xyloglucan and cellulose) make the cell wall more deformable (Park
and Cosgrove 2012). A denser assembly of cellulose microfibrils induces wall stiffness
(Podgorska et al. 2017). A rice mutant with a defect in root elongation showed a significantly
low extensibility and high cellulose and hemicellulose II contents in the root cell wall in the
elongation zone (Inukai et al. 2012). Three classes of enzymes have been suggested to be
involved in the cell wall elongation: EGases, XTHs, and glycosidases (Fry 2004). Collectively,
these previous reports indicated that the chemical composition and extensibility of the cell wall
inherently interact and sensitively respond to the growth environment.

Studies on the effects of abiotic stresses on the root cell wall extension are fairly limited.

Water deficit has been shown to reduce the cell wall extensibility of the root elongation zone
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in maize (Fan et al. 2006). Excessive aluminium (Al) in culture media depressed cell wall
extension in the root apical zone in wheat (Tabuchi and Matsumoto 2001; Ma et al. 2004).
Application of silicon (Si1) increased the elastic extension and viscocity of the apical root cell
wall in sorghum under drought conditions (Hattori et al. 2003). Compared to roots, the
hypocotyl and leaves have been more extensively studied. Water deficit reportedly decreased
the cell wall extensibility in the hypocotyl of soybean (Wu et al. 2005), and drought stress
decreased the cell wall elasticity in rose leaves (Al-Yasi et al. 2020). Si application was shown
to increase the leaf cell wall extensibility in rice, oat, and wheat seedlings (Hossain et al. 2002),
and lead exposure reduced the leaf cell wall extensibility in rice (Hossain et al. 2015). NH4"-
toxicity reportedly increases the cell wall rigidity, which limits the expansion of leaf cells
(Podgorska et al. 2017). Auxin has recently been found to stimulate cell elongation by
increasing the wall extensibility (Barbez et al. 2017; Majda and Robert 2018). Abiotic stresses
seem to generally depress the cell wall extensibility; however, the effects of salinity (Na* ions)
on root cell wall extension and extensibility have not yet been reported.

Under saline conditions, higher proportions of pectin and lower proportions of cellulose have
been associated with cultivar differences in root growth in soybean (An et al. 2014a). The
widely reported elevation effect of calcium (Ca) application on root growth under salinity stress
was partially attributable to enhanced pectin levels (An et al. 2014b). A lower proportion of
wall cellulose in the hypocotyls of squash and cultured tobacco cells ameliorated the inhibition
in cell expansion and elongation under salinity stress (Sakurai et al. 1987; Iraki et al. 1989).
The structural arrangement of cellulose microfibrils was altered by salt exposure in sorghum
(Koyro 1997). The amount of cellulose in the primary root was shown to decrease in response
to salinity stress in cotton (Zhong and Lauchli 1993) and soybean (An et al. 2014a). In
Artemisia annua, the main changes in the cell wall were found in the structure of pectin under

salt stress (Corréa-Ferreira et al. 2019). Feng et al. (2018) reported that salinity damaged the
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cell walls in Arabidopsis by disrupting pectin crosslinking. Wang et al. (2020) reported that
sodium induced pectin de-esterification, which reduced cell wall stiffness in isolated onion
epidermel cells. The extension coefficient of wheat leaves was decreased even under short-
term salinity exposure (Veselov et al. 2009). While the genes encoding xyloglucan-related
enzymes, which are functional in the enhancement of root growth, were upregulated under
long-term salinity exposure (Mahajan et al. 2020).

However, cultivar differences in root growth in relation to the cell wall extensibility,
extension, and compositions in crops have not been reported previously. Therefore, the present
study investigated the root cell wall extension parameters and extension and chemical
compositions in the elongation region of young wheat seedlings under saline and non-saline
conditions. The aim of the study was to understand the interactions among the extensibility and
extension of the root cell wall, chemical composition, and root growth in wheat under saline

conditions.
3.3 Materials and methods

3.3.1 Cultivation of wheat seedlings

Based on the growth and yield of the cultivars grown in saline soils in the northwest of China
(personal communication with local researchers), two salt-sensitive (Yongliang-15, GS-6058)
and two salt-tolerant (JS-7, Xinchun-31) wheat cultivars were selected as the experimental
materials. Seeds of the four cultivars were surface sterilised in 5% sodium hypochlorite (NaOCI)
for 5 min and then rinsed with distilled water three times. Twenty seeds were placed in a line
on a sheet of filter paper. Each prepared sheet of filter paper (with the wheat seeds) was placed
in a 24 x 34 cm plastic zipper bag and moistened with distilled water. The plastic bags
containing the seeds were vertically placed in growth chambers (SANYO MLR-350 HT, Japan)
set at 25 °C. Two days later, when the roots and leaves had reached lengths of ~1.5 cm and 1

cm, respectively, 80 mM NaCl (saline treatment) solutions with 1/12 fold of Hoagland solution
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were reinsed on roots everyday. The same solution without NaCl was used as the control (non-
saline treatment). Excess solutions were drained. During the treatment period in the growth
chambers, plants were exposed to light (2000 Ix) conditions of 16/8 h (light/dark) and
temperatures of 23/18 °C (day/night).

The lengths of all primary and seminal roots (usually three roots were generated from one
seed) were measured daily. Ten days after the NaCl treatments, when there were significant
differences in root length between the sensitive and tolerant cultivars in the 80 mM NaCl
treatment group, roots of the seedlings were sampled for extension and chemical composition
analysis.

3.3.2 Root cell wall extension

The extension of the apical root cell wall was determined following the method developed
by Tanimoto et al. (1997, 2000). Apical root segments (10 mm-long) were excised and placed
into boiled ethonol (80 °C) for 5 min to inactive the proteins. The segments were stored in
ethonol at 4 °C. Before the extension measurement, the root segments were hydrated with
distilled water at room temperature (about 20 °C) for 15 min. The diameter of the root at 5 mm
behind the root tip, i.e. the middle part of the elongation zone, was measured under a
microscope (Vitiny UM12, China) and the actual extension was determined using the computer
program Creep meter (Yamaden RE2-3305C, Japan).

For each treatment, 30—50 roots from 4—5 growth bags were successfully measured. Sections
of the root region between 3 to 8 mm behind the root tip (5 mm-long section) were subjected
to the extension measurements. The root was secured between two clamps of the creep meter.
A tensile force of 0.05 N was found to be optimal for obtaining typical clean and stable creep
extension curves for these wheat roots, and tensile forces higher than this value resulted in
some roots breaking soon after extension. Roots were extended for 5 min and then released for

another 5 min. The extension was recorded by a computer at 0.2 second intervals. During the
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measurement, roots were kept in a drop of distilled water to prevent drying out. Elastic
parameters (Eo, E1, E2, E3), the plastic parameter, the viscosity coefficient (7o, #1, 72, 113), and
the total, elastic, and plastic extension distances were determined by the computer program,
based on the Kelvin-Voigt-Burgers model (Tanimoto et al. 2000). Refer to Tanimoto et al.
(2000) for detailed information regarding the root extension measurements.

Because the tensile force was fixed at 0.05 N for all roots, the extension distance would be
shortened in the case of thick roots, even if they exhibited the same extensibility. To eliminate
the effect of root thickness on extension distance, the values were converted as the extension
distance under the 80 mM NaCl treatment proportionally to the increase in the area of the root
cross sections. i.e. The converted extension = measured extension distance x(1+ (Sgo-So0)/So).

Where Sgoand Sp are the areas of root cross section under 80 and 0 mM NacCl.

3.3.3 Chemical compositions in root cell wall

Roots were rinsed with distilled water three times, and then 10 mm-long apical segments
were excised with a razor blade. Root samples from 4-5 bags containing ~160 root segments
represented one replicate and 4-5 replicates were taken per treatment. The fresh weights of
these segments were recorded. Some segments were assigned for dry weight measurement, i.e.
placed in an oven set at 90 °C for 3 days prior to measurement. The water content of all cultivars
under the control and salinity treatments were calculated. Based on the water content, the dry
weights of the segments were calculated to determine the composition measurements. Cell wall
compositions were analysed using the procedure of Zhong and Lauchli (1993) with minor
modification. Specifically, root segments were homogenised with ice-cold Tris-HCI buffer (pH
7.4) and Tris buffer-saturated phenol using a puT-12 bead crusher (Taitec Corporation,
Koshigaya, Japan). The homogenate was centrifuged with 15 minutes, 5 000 g at 10 °C. The
supernatant was discarded and the pellet containing the cell walls was further purified by

sequential incubation and centrifugation in cold Tris-HCI, ethanol, acetone, a mixture of
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methanol: chloroform, and again acetone and ethanol. Cell wall extracts were treated with
pronase in phosphate (pH 7.0). The walls were further treated with CDTA, 1 and 4 M KOH for
pectin, hemicellulose I, and II extraction. Residual insoluble sediments were designated as the
‘cellulose fraction’. The amount of total sugar in each fraction was measured using the phenol-
sulphuric acid method (Dubois et al. 1951) and the meta-hydroxy diphenyl method
(Blumenkrantz and Asboe-Hansen 1973).
3.3.4 Statistical analysis

All data were analysed using an ANOVA and the means were compared using Duncan's
multiple range test at P < 0.05. Correlations among the compositions, extension distances,
elastic parameters, and plastic parameters of the root cell wall and root growth were analysed
by Pearson’s correlations at P < 0.05. SPSS 21 software (IBM SPSS, USA) was used for all

statistical analyses.

3.4 Results

3.4.1 Root growth

Salinity severely depressed root growth in all cultivars (Table 3-1). The relative root growth
in the sensitive cultivars (Yongliang-15, GS-6058) was lower than that of the tolerant cultivars
(JS-7, Xinchun-31). Compared with the control, the roots became thicker under NaCl treatment,
1.e., root diameters increased by ~10% and 40%, and the area of the root cross sections

increased by ~1.2 and ~1.9 times in the sensitive and tolerant cultivars, respectively.

Table 3-1 Root growth, diameter, and cross-sectional area of four wheat cultivars under 0 and 80 mM NaCl
treatments

. NaCl Root length Relative root Root diameter Area of cross Increase 1 the
Cultivars (mM)  (cm) rowth (%)  (mm) section (mm?) cross-sectional
& ? area (%)
Yongliang-15 0 14.10£0.58 100 0.524+£0.027 0.216+0.014 O
80 5.15+0.08 37 0.590 £0.005 0.273+0.005 23
GS-6058 0 13.29+0.92 100 0.531+£0.002 0.223+0.003 O
80 3.77+0.19 28 0.581 £0.005 0.264+0.005 18
1S-7 0 13.80+0.14 100 0.426+£0.003 0.143+0.002 O
80 6.59 £ 0.33 49 0.590£0.023 0.274+0.023 93
Xinchun-31 0 15.84+£0.27 100 0.484+£0.001 0.184+0.003 O
80 8.98+0.13 57 0.637+0.027 0.320+0.028 78
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3.4.2 Extension of root cell wall

Table 3-2 Distribution of elastic parameters and viscosity coefficients of root cell walls of four wheat cultivars
under 0 and 80 mM NaCl treatments

N NaCl Elastic parameters Viscosity coefficients
Cultivars
(mM) Eo Ei E2 E3 no ni n2 n3
(10° Pa) (107 Pa) (107 Pa) (107 Pa) (10'° Pa s) (10° Pa s) (10% Pa s) (107 Pa s)
Yongliang- 0 1.65+0.21c 3.12+0.25ab 3.31+0.93a 3.60 +0.20a 2.07+0.25b 1.30 £ 0.09a 2.03+£0.07a 4.33+0.42a
15
80 3.33+0.15ab 3.00 +0.25b 3.09+0.47a 4.15+0.39a 2.58 +0.26b 1.21+0.12a 1.76 £ 0.23a 5.12+0.71a
GS-6058 0 1.95 + 0.14bc 3.73+0.19ab 3.40+0.92a 4.64 +0.05a 2.69 +0.30b 1.56 £0.12a 2.02+0.08a 4.89+0.37a
80 3.64 +0.44a 3.49 +0.35ab 3.51+0.13a 4.19 £ 0.40a 1.83+0.21b 1.37+0.14a 1.81+0.08a 4.76 + 0.44a
157 0 3.71+0.49a 3.82+0.14ab 3.13+0.18a 3.83+0.38a 2.86 +0.47b 1.68 +0.04a 2.03+0.08a 4.34+0.35a
80 3.37+0.50ab 3.41 +0.40ab 2.86+0.29a 3.59+0.39a 2.53+0.30b 143 £0.14a 1.66 +0.16a 4.23+0.58a
0 3.40 +0.29ab 4.34 +0.69a 3.35+08la 3.64+0.92a 3.55+0.65ab 1.72+0.32a 1.85+0.26a 4.52 +1.00a
Xinchun-31 80 4.04+091a 4.28 +0.51ab 3.98+0.11a 4.8 +1.57a 5.31+ 1.66a 1.60 £ 0.10a 1.79 + 0.35a 3.75+1.28a

Values represent means = SEs (n = 17-51)
Means followed by the same letter in the same column are not significantly different (P < 0.05)

The results of the elastic parameters and viscosity coefficients are shown in Table 3-2,
wherein an increase in the E¢ value indicates a decrease in elasticity. The Eo values in the
sensitive cultivars were significantly increased after the 80 mM NacCl treatment, i.e. to almost
double the values observed under the control treatment, However, no significant changes were
observed in the tolerant cultivars after NaCl treatment. Under the non-saline condition, the Eo
values of the sensitive cultivars were significantly lower compared with those of the tolerant
cultivars. The elastic modules of Ei, Ez, and E3 approximately ranged from 2.78 x 107 to 4.87
x 107 Pa in all treatments, i.e. were ~10 times higher than Eo. No significant differences were
observed among the E1, E», and E; modules between the 0 and 80 mM NaCl conditions for all
cultivars, and no significant differences were detected in the viscosity modules (70, 71, %2, 113)

across cultivars and treatments.
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Fig. 3-1 Typical creep extension curves of root cell walls during the extension (5 min) and shrinkage (5 min) of
four wheat cultivars under 0 (black lines) and 80 (grey lines) mM NaCl treatments. The total, elastic, and plastic
extensions were determined by reading the extensions at 5 and 10 min. The schematic illustration is based on the
extension curve of Yongliang-15.

Po/Eo: linear instantaneous deformation

Po/E1+ Po/Ex+ Po/Es: non-linear deformation

Po/no: creep deformation

Typical root extension curves of all cultivars under both 0 and 80 mM NaCl treatments were
successfully obtained using the setting conditions. Representative extension curves are shown
in Fig. 3-1. As expected, salinity treatment depressed the root extension and this depression
was much more prominent in the salt-sensitive cultivars than in the tolerant cultivars. Extension
and viscoelastic parameters are simply illustrated in Fig. 3-1. Further details regarding the
extension curves have been described by Tanimoto et al. (2000). The elastic, plastic, and total
extensions are shown in Fig. 3-2. The directly measured total extension distances of roots were
decreased by about 40-60% after 80 mM NaCl treatment in all cultivars (Fig. 3-2A). The elastic
and plastic extension distances were generally decreased by the salinity treatment in all
cultivars (Fig. 3-2A). The converted extension distances, which eliminated the effect of root
thickness on the salinity treatment, were all increased in the four cultivars because the NaCl
treatment caused the roots to thicken (Fig. 3-2B). However, a significant decrease in the elastic
and total extension in the sensitive cultivars was still observed after treatment with 80 mM

NaCl, compared with the control. While no significant differences were detected in the elastic,
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plastic, and total extension results between the 0 and 80 mM NaCl treatments in the tolerant
cultivars, elastic extension accounted for approximately one-half to two-thirds of the total
extension in all cultivars and treatments, and plastic extension accounted for half or less than

half of the total extension.
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Fig. 3-2 The elastic, plastic, and total extensions of the root cell wall of four wheat cultivars under 0 and 80 mM
NaCl treatments. A: Data were directly measured using a creep meter. B: Converted data that account for changes
in root thickness. Data represent means + SEs (n = 17-51). Different upper- and lowercase letters indicate
significant differences (P < 0.05) in the elastic extension and plastic extension, respectively

3.4.3 Chemical composition of root cell wall

The chemical compositions and their relative amounts are shown in Fig. 3-3. The relative
contents of the cell wall compositions were consistent with their absolute values. Irrespective
of the wheat cultivars, no significant differences were detected in the total amounts of the root
cell wall in the 10 mm-long apical root segments between the 0 and 80 mM NaCl treatments.
However, the relative content of the four compositions (pectin, hemicellulose I, hemicellulose
I1, and cellulose) differed greatly in response to the NaCl treatment. The relative pectin content
decreased, whereas the relative cellulose content increased in all cultivars under the saline
condition. The tolerant cultivars showed significantly low relative hemicellulose I contents
compared with the sensitive cultivars. The sensitive cultivars showed no significant changes in

the relative hemicellulose contents, but the tolerant cultivars showed a significant decrease
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under the saline condition. Notably, the total cell wall content in Xinchun-31 was only about
half that of the other cultivars.

Correlations among the root extension parameters and the cell wall compositions are shown
in Table 3-3. It is noteworthy that negative correlations were detected between Eo and relative
pectin, Eo and relative hemicellulose I, relative pectin and relative cellulose, and relative
hemicellulose I and #; and positive correlations were detected between the root growth, the
total and plastic extensions, and the relative pectin contents. In addition, when using the
calculated extensions, a positive correlation was observed between the root growth and elastic

extension.
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Fig. 3-3 Relative and absolute contents of pectin, hemicellulose I, hemicellulose 11, and cellulose in the root cell
wall of four wheat cultivars under 0 and 80 mM NaCl treatments. Values inside the bars indicate the relative
values. Data represent means + SEs (n = 5). Different letters within the same composition indicate significant
differences in the relative content (P < 0.05). ns: no significant difference in the total cell wall content between 0
and 80 mM NaCl treatments within the same cultivar

3.5 Discussion

The tolerant cultivars (JS-7, Xinchun-31) showed higher relative root growth than the
sensitive cultivars (Yongliang-15, GS-6058), which is consistent with their growth and
production in real saline soils. Many previous reports have shown that wheat root growth is
consistent with the whole plant growth under saline conditions (Sadat Noori and McNeilly

2000; Aslan et al. 2016; Mujeeb-Kazi et al. 2019). Therefore, the root length at the early
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seedling stage can be used as a reliable salinity tolerance parameter for wheat cultivars.
Hereafter, discussions regarding the salinity tolerance are based on the observed root growth.
3.5.1 Extension curve of root cell wall

Extensibility of the cell wall is an important factor that regulates cell elongation in plant
tissue (Sakurai 1991; Cosgrove 2018). Extension curves of the root cell wall (subjected to
measurement using a creep meter) have only previously been reported for green peas, i.e. the
first attempt using a creep meter to obtain the extension curve of the root cell wall (Tanimoto
et al. 2000). The extension curves of wheat roots under both saline and non-saline conditions
in this study showed similar shapes to that reported for green peas (Fig. 3-1). This result
confirmed that the mechanical properties of plant roots, even thin wheat roots, follow the
Kelvin-Voigt-Burgers viscoelastic model (Tanimoto et al. 2000). In this model, modules Eo
and 7 are the most significant parameters that indicate the elastic and viscous properties of the
root cell wall, respectively (i.e. where higher Eo values indicate lower extensibility). In the
present study, the extension curves intuitively illustrated the cultivar differences in root cell
wall extension and the effects of salinity on cell wall extension. The largely depressed
extension in the sensitive cultivars indicated that the mechanical properties of the root cell wall
of these cultivars were very sensitive to salinity stress.
3.5.2 Elastic parameters in relation with root growth

Eo values have been reported for only three plants, i.e. green pea (Tanimoto et al. 2000),
sorghum (Hattori et al. 2003), and Arabiadopsis (Shigeyama et al. 2016). In the present study,
the Eo of the elongation region of salt-sensitive cultivars under the non-saline condition ranged
from 1.6 to 1.8 10° Pa (Table 3-2). These values were similar to those reported for green pea
and sorghum roots (1.6-2.6 10° Pa) but were 10 times those reported for Arabiadopsis stems
(1.8-3.2 10° Pa). The Ey of the tolerant cultivars was higher than that of the above-mentioned

plants, i.e. ~3.5 10° Pa. Salinity increased the Ey in the sensitive cultivars but had no effect on
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that in the tolerant cultivars (Table 3-2). These results are very similar to those seen for Al
stress, e.g. Al increased the Eo in Al-sensitive wheat cultivar but had no effect on the Eo in the
tolerant cultivar (Ma et al. 2004). This previous report suggested that Al binding with the cell
wall resulted in the deformation of the cell wall, which increased the E¢ and reduced the
exentsibility. Sodium (Na®) also directly binds with cell walls, and, the ion-binding was
reportedly much lower in tolerant cultivars compared with sensitive cultivars in barley and
Silene paradoxa (Flowers and Hajibagheri 2001; Colzi et al. 2012). Therefore, the increased
Eo values in the sensitive cultivars may have been partially due to excesive Na-binding with
the cell walls, although the Na binding in the tolerant cultivars may have been insufficient to
cause cell wall deformation. Three ionogenic groups: amine, galacturonic acid, and phenolic
are reportedly involved in cation binding in cell walls (Meychik et al. 2006). In the present
study, the significantly increased Eo values in the sensitive cultivars (Table 3-2) may represent
one of the factors that inhibited the root growth. In contrast, the unaffected Eo of the tolerant
cultivars suggested that this parameter may not be a limiting factor for root growth in these
studied cultivars under saline conditions. In addition, these results suggest that the mechanical
properties of the root cell wall may be related to the cultivar differences in root growth under
salinity stress. The turgor pressure of cells, i.e. the driving force for cell elongating, decreases
under salinity stress (Rygol and Zimmermann 1990; Ogawa and Yamauchi 2006); therefore,
the significance of cell wall elasticity on cell elongation becomes very pronounced under saline
conditions.

Hattori et al. (2003) reported an increase in both the extensibility of the root cell wall and
root growth in sorghum in response to Si application under drought conditions. Fan et al. (2006)
reported that maize root cell wall extensibility and root growth were both inhibited by water
deficit stress. Ma et al. (2004) reported that Al directly reduced cell wall extensibility in wheat

roots. The decrease in Al-binding with the cell wall has been shown to improve the elastic and
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viscous extensibility in tea roots (Safari et al. 2018). Collectively, these previous findings and
the findings of the present study indicate that the maintenance of the root cell wall extensibility
is important for root growth under abiotic stress conditions. Our findings revealed that the Eo
was only about 1/10 of that of Ei_3 and almost no significant differences were detected among
Ei13 across treatments and cultivars (Table 3-2). These results confirmed that the elastic
extension of plant roots is mostly determined by Eo when the Kelvin-Voigt-Burgers model is
applied (Tanimoto et al. 2000).

3.5.3 Cell wall extension and viscosity in response to salinity

Different elasticity traits of the cultivars resulted in different elastic and total extension
distance in this study (Fig. 3-2A). After accounting for the changes in root thickness (which
increased under salinity, Table 3-1), the extension distances of the tolerant cultivars under the
saline condition were almost consistent with those under the control conditions (Fig. 3-2B).
These findings suggested that the wall elastic property of the tolerant cultivars favoured cell
elongation under the saline condition. The elastic extension accounted for approximately one-
half to two-thirds of the total extension (Fig. 3-2), thus indicating that the elasticity of the cell
wall mostly contributes to the cell extension in wheat. On the other hand, plastic extension
accounted for half or less than half of the total extension (Fig. 3-2B) and 7, which represents
the viscosity and determines the plastic extension, was not affected by the salinity in all
cultivars (Table 3-2, Fig. 3-2B). Therefore, the elastic properties of the root cell wall are more
prominent for root elongation than the plastic properties in wheat.

The viscosity coefficients (7o, 71, 72, 73,) were in the order of 10'°, 10°, and 108 (Table 3-2),
and were slightly higher than those reported for sorghum roots (10'°, 108, 10%; Hattori et al.
2003), similar to those reported for pea roots (Tanimoto et al. 2000), and much higher than
those reported for Arabidopsis stems (10%, 10°, 10%; Shigeyama et al. 2016). Previous studies

showed that these three cell wall parameters change significantly in response to pH changes
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(Tanimoto et al. 2000), Si application (Hattori et al. 2003; Gtazowska et al. 2018), Al
application (Ma et al. 2004; Safari et al. 2018), and the loss of function of wall glycoside
hydrolases (Shigeyama et al. 2016). However, in the present study, the NaCl treatment had no
effect on the viscosity (plastic property) of the root cell wall in all cultivars (Table 3-2), except
for a slightly high value in Xinchun-31. Tanimoto et al. (2000) suggested that the decrease in
viscosity is related to expansin and the removal of other proteins and calcium ions from the
cell wall. Hattori et al. (2003) suggested that Si-hemicellulose and Si-pectin conjugates were
responsible for the observed changes in root viscosity. Ma et al. (2004) suggested that
interference in the binding of new wall materials with old materials increased the viscosity and
decreased plastic extension. Shigeyama et al. (2016) reported that the accumulation of free
xyloglucan oligosaccharides and the reduced molecular size of xyloglucan in hemicellulose
can decrease the viscosity parameters. However, in the present study, the presence of Na* did
not affect the viscosity coefficient (Table 3-2) and plastic extension in all cultivars (Fig. 3-2B).
Since this property and other related plastic extension parameters (e.g. irreversible extension)
are also important factors that affect cell elongation, further investigations are needed to clarify
how wheat plants maintain this wall property under saline conditions.
3.5.4 Correlations of extension parameters and compositions

The comparable total cell wall amounts under the saline and non-saline conditions in all
cultivars showed a stable allocation of carbon assimilation in the wheat cultivars, despite the
growing environment (Fig. 3-3). The general decrease in the pectin and increase in the cellulose
contents indicated a spatial-temporal change in cells under saline conditions.

To our knowledge, this is the first study to assess the numeric correlations among
viscoelastic parameters and cell wall compositions. The positive high correlations among the
three kinds of extensions (total, elastic, and plastic) indicated that cell elongation involves both

elastic and plastic elongation (Tanimoto et al. 2000; Boudaoud 2010, Table 3-3). The highly
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negative correlations between Eo and the three extensions demonstrated that the elastic property
of the cell wall is of great importance for cell elongation and that Eo may be related to cell wall
loosening. The negative correlations between Eo and the relative pectin and hemicellulose I
contents demonstrated the great contribution of these two compositions to cell elastic extension.
Although the linkage of pectin-cellulose (Wang et al. 2015) and pectin-xylan (Tan et al. 2013)
were reported, the load-bearing points are suggested to be hemicellulose II-cellulose
conjunctions (Cosgrove 2018). Therefore, higher amounts of pectin and hemicellulose I would

be expected to benefit cell elongation.

Table 3-3 Correlation analysis of the extension, viscoelastic parameters, and composition of the root cell wall and
root growth in wheat

Total Elastic Plastic Eo - Pectin Hemi- Hemi- Cellulose Relative

extension extension extension cellulose 1 cellulose 2 growth
Total extension 1
Elastic extension 0.961%* 1
Plastic extension 0.898** 0.746* 1
Eo -0.848* -0.802* -0.824* 1
Mo -0.190 0.005 -0.603 0.842%+* 1
Pectin 0.848*+* 0.848** 0.716* -0.710* -0.368 1
Hemicellulose I -0.496 0.413 0.586 -0.775* -0.830*%  0.167 1
Hemicellulose IT 0.182 0.251 0.033 0.060 0.046 0.351 -0.471 1
Cellulose -0.860* -0.849* -0.757* 0.830* 0.686 -0.832* -0.431 -0.493 1
Relative growth -0.941%* -0.956** -0.774* 0.424 -0.036 -0.866** 0.149 -0.398 0.592 1

Significant correlations are indicated by asterisks (*P < 0.05, **P <0.01)
Eo and 7 indicate the elastic and viscous properties of the root cell wall, respectively.

The negative correlation between the relative pectin and cellulose contents and the opposite
correlations of these two compositions with the extension parameters (Eo, total, plastic, and
elastic extension, Table 3-3) indicate that the deposition of cellulose to the growing cell wall
restricts the elongation of the cell while higher amounts of pectin improve cell elongation. This
notion is consistent with the report by An et al. (2014b), who showed that an increase in the
pectin content induced by Ca application enhanced root growth in soybean. Contrasting effects
of pectin and cellulose on cell wall extension have been reported for white sprunce (Renault
and Zwiazek 1997). With the exception of the mechanical properties, the functions of pectin in
Na-binding, water retention (Jung et al. 2019), and pH adjustment (Cosgrove 2018) may all

comprehensively benefit plant cell growth under saline conditions.
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A high positive correlation between Eo and # reveals interactions between the elastic and
viscosity properties of the cell wall. Previous reports, although not statistically supported, also
showed a positive correlation between these two parameters (Hattori et al. 2003; Ma et al.
2004). In the present study, the final root growth under the saline condition was determined to
be positively correlated with the total, elastic, and plastic extensions, as well as the relative
pectin content (Table 3-3). These results revealed the significance of the root cell wall
properties and the special role that pectin plays in root growth under salinity stress. The present
study did not show any correlation between hemicellulose I and any other parameters, possibly
because the amount of hemicellulose II was too low to produce the statistical results (Table 3-
3). Nevertheless, the decreased hemicellulose II content in the tolerant cultivars implied a
decrease in the load-bearing points in the cell wall, which may enhance the wall extensibility.

Based on the growth processes and dynamics of the cell wall (Cosgrove 2018), our results
implied that the loosening of root cell wall under saline conditions (with reduced turgor
pressure) was largely depressed in the sensitive cultivars but maintained to some extent in the
tolerant cultivars. This wall loossenning corresponded to the elastic extension. When the root
cell wall loosens, new wall materials fill in the space or bind to the old wall. These materials
improve the viscosity and their levels correspond with the plastic nature, i.e. the final
elongation, of the root region. Present study revealed the regulation role of cell wall in root
growth. Cultivar difference in salt tolerance may be related with the property of root cell wall.
Further studies on the changes, constitutions, and functions of the chemical compositions with
regards to the cell wall extension in various crops are needed to fully understand the role of

cell walls in root growth under abiotic stresses.
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Chapter 4. Specific expression of expansins in response to

apoplastic pH under salinity stress

4.1 Abstract

Plant salt tolerance is associated with a high rate of root growth. Although root growth is
governed by cell wall and apoplastic pH, the relationship between these factors in the root
elongation zone under salinity stress remains unclear. Herein, apoplastic pH, pH- and expansin-
dependent cell wall extensibility, and expansin expression in the root elongation zone of salt-
sensitive (Yongliang-15) and -tolerant (JS-7) cultivars under salinity stress were assessed. A
six-day 80 mM NaCl treatment significantly reduced apical-root apoplastic pH in both cultivars.
Under 0 mM NacCl treatment, the optimal pH for cell wall loosening was 6.0 in the salinity-
tolerant cultivar and 4.6 in the salinity-sensitive cultivar. Under 80 mM treatment, a pH of 5.0
mitigated the cell wall stiffness caused by salinity stress in the salinity-tolerant cultivar but
promoted cell wall stiffening in the salinity-sensitive cultivar. Salinity stress altered expansin
expression and differentially affecting cell wall extensibility under pH 5.0 and 6.0. TaEXPAS
might be relative to cell wall loosening at pH 5.0, whereas TaEXPAS5 relative to cell wall
loosening at pH 6.0. These results elucidate the relationship between expansin and cell wall
extensibility in the root elongation zone, with important implications for enhancing plant

growth under salinity stress.
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4.2 Introduction

Under abiotic stress, the plants primary cell wall protects cell integrity and regulates cell
expansion and division (Cosgrove 2018). When plants are exposed to salinity stress, the cell
wall, as the outmost layer of cells, is the first line of defense. Salinity stress alters cell wall
structure (Koyro 1997) and composition (Byrt et al. 2018), factors closely associated with cell
wall extensibility. Salinity stress causes changes in ion homeostasis and transportation across
the cell wall. The roots can extrude sodium ions (Na*) out of cytosol (Munns et al. 2020). Na*
extrusion alters the root apoplastic microenvironment, which shifts the apoplastic pH away
from the range that favours cell wall loosening (Byrt et al. 2018).

Studies on changes in apoplastic pH under salinity stress have focused mainly on the leaves.
Transient leaf-apoplast alkalization under salinity stress has been reported in the field bean
(Felle and Hanstein 2002), barley (Felle et al. 2005), and maize (Geilfus et al., 2017). Further,
an eight-day NaCl treatment induced apoplastic acidification in maize leaves (Zorb et al. 2015).
However, there is limited information regarding the long-term response of root apoplastic pH
to salinity stress. Short-term apoplastic alkalization in the root under salinity stress has been
reported in Arabidopsis (Gao et al. 2004), although the authors did not clarify whether the
apoplastic alkalization occurred in the root elongation zone or in the mature zone.

Apoplastic pH regulates both cell wall composition and extensibility. pH-dependent cell wall
extensibility is explained according to the “acid growth theory” (Rayle and Cleland 1992):
Apoplastic acidification triggers cell wall loosening, resulting in cell elongation and expansion.
In Arabidopsis, apoplastic pH steers root growth (Barbez et al. 2017), promotes cell
differentiation (Pacifici et al. 2018), and regulates cell shape (Dang et al. 2020). The optimal
pH for cell wall loosening differs between shoots and roots. In pea (Pisum sativum) grown
under hydroponic conditions, pH 3.0 buffer induced the maximum apical-root extensibility,

compared with pH values of 4.0-8.0 (Tanimoto et al. 2000). In wheat coleoptiles, the optimum

44



pH for cell wall loosening is 4.0-4.5 (Gao et al. 2008). In maize, root cell wall extensibility
decreased under low water potential (Wu et al. 1996). Low apoplastic pH (pH 4.5) increased
cell wall extensibility in the apical 5 mm root but decreased in the adjacent 5 mm (Wu and
Cosgrove 2000). Apoplastic acidification in the root elongation zone does not increase maize
growth under salinity stress (Zidan et al. 1990). These results indicate the low apoplastic pH
may not induce high cell wall creep under abiotic stress.

Apoplastic pH-dependent cell wall loosening is facilitated by expansins (Cosgrove 2005).
Cellulose-xyloglucan-cellulose conjunctions form the main load-bearing structures in the cell
wall (Park and Cosgrove 2012); expansin can bind to hydrophilic regions on these conjunctions,
unzipping the covalent bonds and loosening the cell walls (Cosgrove 2018). Expansin genes
are abundant in plants. In the wheat genome, the expansin gene superfamily contains over two
hundred expansin genes, more than in rice, Arabidopsis, and tomato (Han et al. 2019). Many
literatures have shown that expansin plays important roles under abiotic stress. In wheat.
Drought stress increases cell walls susceptibility to exogenous expansin treatment (Zhao et al.
2011). Under low-temperature stress, the expansin gene TaEXPAS is highly expressed in a
cold-tolerant wheat cultivar (Zhang et al. 2018); in Arabidopsis, its overexpression improves
cold tolerance (Peng et al. 2019). In wheat under salinity- and PEG-induced stress, expansin
gene expression differs between the leaves and roots (Han et al. 2019), and in transgenic
tobacco, overexpression of wheat coleoptile expansin genes, such as TaEXPA2 (Chen et al.
2017) and TaEXPB23 (Han et al. 2012) enhances root growth and salt tolerance. These studies
believe that, under various types of abiotic stress, expansin closely related to phytohormone
and ROS. In contrast, relationships between expansin expression and pH-dependent cell wall
extensibility have not been widely studied.

Therefore, herein, the aim of this study was to clarify how the relationship between

apoplastic pH and expansin affects cell wall extensibility under salinity stress. Using salinity-
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sensitive and salinity-tolerant wheat cultivars, changes in apical-root apoplastic pH and cell
wall extensibility, using buffers with different pH values and exogenous expansin treatments,
and expansin gene expression were examined. Understanding the relationship between
apoplastic pH and pH-dependent cell wall extensibility under salt stress is of great importance,
not only to elucidate the mechanism underlaying plant growth regulation under salinity stress,

but also to improve the screening or breeding of stress-adapted crop plants.

4.3 Materials and Methods

4.3.1 Cultivation of wheat seedlings

Two spring wheat cultivars, Yongliang-15 (YL-15) and JS-7, that differ in salinity tolerance
were used. Seeds of the two cultivars were surface sterilized in 70% ethanol for 5 min, then
soaked in distilled water overnight. Twenty seeds were placed in a line on a sheet of filter paper,
which was then placed in a 24 x 34 cm Ziploc bag and wetted with 50 ml distilled water. The
seeds sprouted in growth chambers (MLR-350 HT, SANYO, Moriguchi, Japan) at 28 °C (24
h dark). Starting two days later, when the roots reached ca. 1.5 cm, 1/12 strength Hoagland
solution, containing 0 or 80 NaCl treatments, was applied to the roots every 2 d. Light was

provided at 2,000 Ix (16 h light / 8 h dark), and the chamber temperature was constant at 25 °C.

4.3.2 Apoplastic pH

The HPTS (8-Hydroxypyrene-1,3,6-trisulfonic acid trisodium salt hydrate) were used to
investigate apoplastic pH in the elongation and mature zones at a cellular resolution. HPTS, an
extracellular pH indicator, has low toxicity because it does not penetrate the cell membrane
(Han and Burgess 2010); it has been used to assess cell wall apoplastic pH in Arabidopsis roots

and petals (Barbez et al. 2017; Dang et al. 2020).
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For imaging analysis of apoplastic pH in the root elongation zone, 50 ml of 0 mM or 80 mM
NacCl solution (1/12 Hoagland solution, pH 6.5), supplemented with 1 mM HPTS, were applied
to the two-day-old seedlings. After irrigating the plants with the salt treatments containing
HPTS, six-days-old root of plants were sandwiched between a cover glass and a 35-mm petri
dish (with a 20 mm micro-well; Matsunami Glass, Osaka, Japan). Root imaging was performed
using a confocal laser scan microscope (FV10-ASW; Olympus, Tokyo, Japan). Fluorescence
signals for the protonated HPTS (excitation at 405 nm) and deprotonated HPTS (excitation at
473 nm) were detected using a 60% oil-immersion objective lens. The ratiometric image was
obtained by dividing the signal intensity of the 473-nm channel by that of the 405-nm channel,
for each pixel. For calibrating the HPTS dye, the wheat roots were stained in medium of a
given pH between 4.0 and 7.0, supplemented with 1 mM HPTS, for 30 min. A best-fitting
regression method was used to plot the calibration curve. Image analysis was performed using
Fiji software (https://fiji.sc/) and a customized macro script (Barbez et al. 2017), with a slight

modification. The experiments were performed using at least six biological replicates.

4.3.3 Expansin extraction

The whole protein from the cell were used because the previous study showed the protein
extracted from the cytosol did not change the cell wall extensibility (McQueen-Mason et al.
1992). Attempts to extract expansin from cell wall preparations of wheat root tips by extracting
with a high salt buffer were unsuccessful. Therefore, the expansin extraction was performed
following Harrison et al. (2001), with a slight modification. Roots (20 g) were homogenized in
a blender with liquid nitrogen and macerated further with 100 ml of extraction buffer
(comprising 10 mM 3-[N-morpholino] propanesulphonic acid (MOPS)-NaOH buffer at pH 7.0,
0.5% (w/v) cetyltrimethylammonium bromide, and 30% (w/v) glycerol), until the mixture

reached ambient temperature (24 °C). The extraction buffer was then collected and filtered

47



through Miracloth (Merck Millipore, MA, US). Three volumes of precooled acetone were
added to the extract, which was then incubated at —20 °C overnight. The mixture was
centrifuged at 5 000 xg for 10 min at 4 °C, the supernatant was discarded, and the protein pellet
washed once with three volumes of acetone (—20 °C) before freeze-drying. The dried pellets
were stored at —20 °C. Protein was assayed using the Bradford method, using a commercial kit
(TaKaRa, Shiga, Japan). Before applying to the root segments, each expansin pellet was
dissolved in citrate-phosphate buffer. After being centrifuged at 5 000 xg for 10 min at 4 °C,

the supernatant solution was diluted to diluted to 100 pg/ml.

4.3.4 Root extensibility

As the root extensibility experiments and expansin extraction required many roots (more
than 1,000), the experimental period was extended to collect enough samples. Roots tips of
ten-day-old seedlings grown in 0 mM or 80 mM NaCl solutions (1/12 Hoagland solution, pH
6.5) were used to measure changes in cell wall extensibility, at various buffer-pH values and
expansin concentrations. Root-tip extensibility was determined following a method developed
by Tanimoto et al. (2000). The root extensibility experiments had two parts: Experiment I
assessed changes in the cell wall extensibility of root segments at pH ranging from 3.0 to 6.0;
experiment II assessed the effects of exogenous expansin on cell wall extensibility using buffer
at pH 5.0 or pH 6.0.

In experiment I, root segments of 10 mm from the root tip were prepared by placing them in
boiling methanol (80 °C) for 3 min, according to McQueen-Mason et al. (1992). Methanol-
boiling treatment denatures the cells but partly preserves expansin activity, whereas water-
boiling denatures all expansins (McQueen-Mason et al. 1992). Before the cell wall extensibility
measurement, the methanol-boiled root segments were hydrated with distilled water at ambient

temperature (24 °C) for 15 min, then incubated in citrate-phosphate buffer, with pH ranging
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from 3.0 to 6.0, for more than 30 min under ambient temperature (24 °C). In experiment II, the
root tips were boiled in water, to entirely inactive the expansin. To obtain the exogenous
expansin for the later experiments, four sets of expansin samples were extracted, one from each
cultivar grown under each salinity treatment. After being hydrated with distilled water, the
water-boiled root segments were incubated with exogenous expansin at pH 5.0 or 6.0 (citrate-
phosphate buffer) for more than 30 min.

After being treated with various pH buffers or exogenous expansin concentrations, the
extensibility parameters—the elasticity modulus (Eo) and viscosity coefficient (nn)—of the
root specimens under a constant tensile force were measured. Before the root specimen was
mounted between clips, the diameter of the root at ca. 5 mm from root tip was measured using
a microscope (Vitiny UM12, Taiwan, China). The extensibility of the root region between 3—
8 mm from the root tip measured using a creep meter (Yamaden RE2-33005C, Tokyo, Japan).
A tensile force of 0.05 N was found to be optimal for obtaining the typical extensibility curve,
based on a previous study (Tanimoto et al. 2000) and our preliminary tests. Roots were
stretched for 5 min and then released for 5 min. The experiments were performed using at least
19 biological replicates. Details regarding the root extensibility measurements are reported by

Tanimoto et al. (2000).

4.3.5 Expansin expression and Co-expression analysis

To evaluate changes in expansin expression in response to salinity stress, the total mRNA
from the root tips of YL-15 and JS-7 plants treated with 0 mM or 80 mM NaCl were extracted.
The transcripts of selected expansin genes that are highly expressed in wheat root tips were
then analysed, based on a previous study (Lin et al. 2005).

The total mRNA from 60-80 mg of wheat root tips that had been subjected to 0 mM or 80

mM NaCl treatment was extracted using a NucleoSpin® RNA kit with rDNase (TaKaRa, Shiga,
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Japan). cDNA was synthesized using a PrimeScript® RT Reagent Kit (TaKaRa, Shiga, Japan)
according to the manufacturer’s instructions. Specific primer sequences for the expansin genes
were  designed using the  Triticeae  Multi-omics  Center  primer  server
(http://202.194.139.32/PrimerServer), and specificity was checked by blasting the sequences
against IWGSC RefSeq annotation v1.1 (Appels et al. 2018). Actin was used as the reference
gene, and actin primers were from a previous study (Zhu et al. 2016). The qRT-PCR reaction
mixture included TB Green® Premix Ex Taq™ II (Takara, Shiga, Japan). The qRT-PCR
conditions were as follows: 95 °C for 30 s, followed by 40 cycles of 95 °C for 5 s and 60 °C
for 15 s. Three biological replicates were used for each sample. The sequence data were
analysed using the 2744CT method, according to the Minimum Information for Publication of
Quantitative Real-Time PCR Experiments (MIQE) guidelines (Bustin et al. 2009).
TaEXPA5-A, -B, -D (gene ID: TraesCS3A02G165900, TraesCS3B02G199900,
TraesCS3D02G175800) and T7TaEXPAS8-A, -B, -D (gene ID: TraesCS3A02G187600,
TraesCS3B02G217000, TraesCS3D02G191300) were examined using the knowledge network
generated by KnetMiner (http://knetminer.rothamsted.ac.uk; Hassani-Pak et al. 2020). The
expansin network includes both wheat-specific information sources and cross-species

information, from Arabidopsis.

4.3.6 RNA-seq expression analysis

The publicly available RNA-seq data generated from the bread-wheat cultivars Chinese
Spring and Qing Mai 6 were used to study the wheat expansin gene expression (GenBank
accession SRP062745; Zhang et al. 2016). The expansin expression data were obtained from
the Triticeae Multi-omics Center (http://202.194.139.32/expression/index.html). Euclidean-

distance cluster analysis of the RNA-seq data was conducted using TBtools (Chen et al. 2020).
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4.3.7 Statistical analysis

Statistical tests were performed using IBM Statistics 21 (SPSS Inc., Chicago, IL, USA).
Data-distribution normality was analysed using the Shapiro-Wilk test. Eo and nn were
normalized via log-transformation. For pairwise comparisons, statistical differences were
detected using a Student’s #-test. For comparing apoplastic pH among the zones, cultivars, and
treatments, the fluorescence intensity ratio (the intensity at 473 nm divided by the intensity at
405 nm) data were analysed using a one-way ANOV A and Duncan’s new multiple range test.
For correlation analysis, Pearson correlation coefficient between the traits were calculated
using R package, PerformanceAnalytics and fitted with linear regression. To detect statistical
differences between the groups, in terms of root segments, expansin expression, and pH, a

three-way ANOV A with Bonferroni post-hoc tests were performed.
4.4 Results

4.4.1 Root growth

Two wheat cultivars, Yongliang-15 (YL-15; salinity-sensitive) and JS-7 (salinity-tolerant),
were treated with NaCl at 0 mM and 100 mM. After 30 d of salinity stress, YL-15 showed
worse chlorosis than JS-7. In the cultivation experiment using filter-paper, JS-7 showed
significantly faster root growth than YL-15, under salinity stress (Fig. 4-1A, B, C). After 4 d
of 80 mM NaCl treatment, JS-7’s root growth recovered and remained relatively high, whereas
the root growth rate of YL-15 was low (Fig. 4-1A). Because the root-growth rates of the two
cultivars differed significantly at day 6 of the salinity treatment (Fig. 4-1C), the apoplastic pH
in the roots after 6 d of 80 mM NaCl treatment was analysed to investigate the effects of Na*

ions on apoplastic pH.
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Figure 4-1. Root-growth rate and total length of the Yongliang-15 (YL-15) and JS-7 wheat cultivars, under the
control and salinity-stress treatments.

Root-growth rate of YL-15 and JS-7 under seven-day 0 mM and 80 mM NaCl treatments. Growth rate was recorded daily.
(B) Total root length of YL-15 and JS-7 under seven-day 0 mM and 80 mM treatments. The data are shown as the mean +
SE (n: 37-51). (C) Histogram distribution of root-growth rate of two cultivars after 6-d 80 mM salt treatment.

4.4.2 Apoplastic pH

The 473/405 nm intensity ratio increased with the pH value of the medium (Fig. 4-2A, B).
The ratio values were used to plot a calibration curve over the range of physiological pH of the
root cell wall (pH 4.0 to pH 7.0; Fig. 4-2C). The absorption spectra of HPTS at pH-values from
4.09 to 7.9 with Aex 405 nm and 473 nm was analysed. The results showed the fluorescent

intensity of HPTS at 473 and 405 nm can present the changes in pH from 4.2 to 7.0.
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Moving away from the root tips, the apoplastic pH decreased, and the region 1 mm from the
root tips showed the lowest apoplastic pH, in both cultivars and under both NaCl treatments
(Fig. 4-2D). Therefore, in this study, pH at 1 mm from the root tip was measured as
representative of the elongation zone and pH at 5 mm from root tip was as representative of
the mature zone.

After treating wheat roots with 0 mM or 80 mM NaCl supplemented with 1/12 strength
Hoagland solution for 6 d, apoplastic pH in the root elongation and mature zones was measured.
473/405 nm intensity ratio was lower in the root elongation zone than in the mature zone in
both cultivars under both treatments (Fig. 4-2E, F), and this ratio was lower under the 80 mM
treatment than under control, in both zones and cultivars (Fig. 4-2A, B). Under the 80 mM
NacCl treatment, intensity ratio decreased from 1.53 (equivalent to pH ~6.28) to 0.48 (pH ~5.3)
in the elongation zone (Fig. 4-2E), and from 4.23 (pH ~6.9) to 1.72 (pH ~6.36) in the mature
zone, in both wheat cultivars (Fig. 4-2E). In summary, salinity stress induced apoplastic

acidification in the elongation and mature zones in both cultivars.
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Figure 4-2. HPTS staining of wheat apical roots, HPTS calibration and apoplastic pH in the root elongation and
mature zone of Yongliang-15 (YL-15) and JS-7 wheat cultivars, under 0 mM and 80 mM NacCl treatments.

YL-15 Js-7

(A) HPTS staining of root cells. (Left) Protonated (acidic) version of HPTS (Aex 405 nm; Aem 430 nm). (Middle)
Deprotonated (basic) version of HPTS (Aex 473 nm; Aem 520 nm). (Right) Ratiometric image: For each pixel, the 473
intensity is divided by the 405 intensity. (B) HPTS calibration. Apoplastic epidermal root-meristem 473/405 values, of
seedlings incubated for 30 min in citrate-phosphate buffer, pH 4.2—7.0. (C) Regression analysis-derived equation enabling
calculation of apoplastic pH from the obtained 473/405 values. (D) HPTS-stained root tip of six-day-old seedling under 0
mM and 80 mM NaCl treatments. The color key shows the 475/405 intensity ratio. Scale bars: 20 um (A) and 50 pm (B). (E)
Analysis of apoplastic pH in the elongation (left) and mature (right) zones under 0 (green bars) and 80 mM (orange bars)
NaCl treatments. The data are shown as the mean + SE (n: 6-9 roots per data point). The different lowercase letters above
the bars identify groups that differ significantly (P < 0.05). (F) HPTS staining of root cells in the elongation and mature
zones under 0 mM and 80 mM treatments, respectively. The color key indicates pH. Scale bars: 20 um.

4.4.3 Cell wall extensibility
Byrt et al. (2018) hypothesized that salinity stress alters apoplastic pH, thereby inhibiting
cell wall loosening. To analyse differences in cell wall extensibility between the two cultivars,
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the effects of salinity stress and pH on the cell wall elasticity modulus (Eo), extensibility
coefficient (nn) and extension (elastic and plastic extension) of the root tips were assessed. In
both cultivars, Eo was significantly higher under the 80 mM NaCl treatment than the control
(Fig. 4-3A). When apoplastic pH was from 4.0 to 5.0, the increments in Eo in YL-15 were
greater than those in JS-7, indicating that the root cell walls of YL-15 were stiffer at low
apoplastic pH than those of JS-7 under the 80 mM treatment (Fig. 4-3C). The differences in Eo
and mn obtained by varying the buffer pH indicate that, for the 0 mM NaCl treatment, the
optimal pH values for cell wall loosening were 4.6 in the apical roots of YL-15 and 6.0 in
segments of JS-7 (Fig. 4-3A, B); for the 80 mM NacCl treatment, a pH of 4.0-5.0 caused cell
wall stiffening in the apical roots of YL-15, whereas this pH range loosened the cell walls in
JS-7 (Fig. 4-3A, B). Elastic extension and creep of root tips confirmed this result. For the 80
mM NaCl treatment, a pH of 4.0-5.0 caused more cell wall creep in the apical roots JS-7
compared with YL-15 (Fig. 4-3D). Between pH 4.0 and 5.0, both JS-7 and YL-15 root
segments showed less elastic extension under the 80 mM treatment than 0 mM treatment (Fig.
4-3D). Increases in Eo and nn are associated with reductions in cell wall elastic extension and
creep, respectively (Fig. 4-3E). In summary, salinity stress stiffened the cell walls and altered
the pH-dependent cell wall extensibility in the apical roots of both cultivars. In contrast, the

apoplastic acidification inhibited cell wall loosening in YL-15 but favoured it in JS-7.
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Figure 4-3. Cell wall elasticity parameter (Eo), creep coefficient (nn), extension, and correlation between the
parameters in the apical roots of Yongliang-15 (YL-15) and JS-7 wheat cultivars, under the 0 mM and 80 mM NaCl
treatments.

Eo (A) and nn (B) of the cell wall in the root tips (3—8 mm from root tip) of the two wheat cultivars, at pH 3.0-6.0. The root
tips were collected after 10-day 0 mM (solid line) and 80 (dash line) mM NaCl treatments in JS-7 (left) and YL-15 (right).
The data are the mean = SE (n: 19-34). Asterisks indicate a significant difference between the treatments (ns P > 0.05, * P <
0.05, ** P<0.01, *** P<0.001, **** P <0.0001). (C) Relative E, (top) and nx (bottom) value of the cell wall under 80
mM treatment. Asterisks indicate a significant difference between the wheat cultivars (ns P> 0.05, * P < 0.05, ** P <0.01,
*¥*% P <0.001, **** P<0.0001). (D) Elastic extension (above zero) and creep (below zero) of the cell wall in the root tips
(3-8 mm from root tip) of the two wheat cultivars, at pH 3.0-6.0. Black and grey bars indicate extension of the root cell wall
that grown under 0 and 80 mM NaCl treatment, respectively. The data are the mean + SE (n: 19-34). Asterisks indicate a
significant difference between the wheat cultivars (ns P> 0.05, * P <0.05, ** P <0.01, *** P <0.001, **** P <(.0001).
(E) Correlation between cell wall parameters (Eo and ny) and extension. Upper shows the Pearson coefficient and
significance. Lower shows the linear regression between parameters and extension. Middle shows the histogram distribution
of parameters and extension, respectively. Asterisks indicate a significant correlation between parameters.

4.4.4 Cell wall extensibility and expansin expression
The expansin-denatured root segments and extracted four sets of protein samples containing
expansins (from the two cultivars and two salinity treatments, respectively) were collected. The

loosening effects of exogenous expansins on cell walls were assessed under pH 5.0 and 6.0.
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The apical-root cell walls of two cultivars showed different susceptibilities to the four sets of
expansin samples (Fig. 4-4A, B). To assess the pH-dependent effects of four sets of expansins,
all apical roots were combined and the cell wall extensibilities under pH 5.0 and 6.0 were
analysed. In general, the expansin extracted from the root of JS-7 grown under the 80 mM
NacCl treatment (JS-7 80 mM) induced the lowest Eo and n~ at pH 5.0, whereas that extracted
from YL-15 80 mM induced the highest Eo and nn at the same pH (Fig. 4-4C). Between pH
5.0 and 6.0, no obvious changes were found in root segments grown under 80 mM treatment
(Fig. 4-4D). Three-way ANOVA revealed significant effects on cell wall extensibility of
expansin, root segment, and the interaction between expansin and buffer pH, but not of the
interaction between root segments and buffer pH (Table 4-1). The differences in cell wall
extensibility in response to exogenous expansin treatment reveal that expansin determined pH-
dependent cell wall extensibility. When apoplastic pH was at 5.0, expansin from YL-15 80 mM

induced cell wall stiffness, whereas expansin from JS-7 80 mM induced cell wall loosening.
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Figure 4-4. Effects of exogenous expansins on cell wall elasticity (Eo) and creep (qn) in the root tips of two wheat
cultivars, Yongliang-15 (YL-15) and JS-7.

Eo modulus (A) and nn coefficient (B) of four sets of root cell walls treated with the four sets of expansin samples, at pH 5.0
(black box) and pH 6.0 (grey box) buffer. The root segments and expansin samples were separated to two cultivars and two
treatment, respectively (n: 15-30). (C) Eo and nx of all apical roots treated with four sets of expansin samples in pH 5.0 or
pH 6.0 buffer. The data are the mean + SE (n: 69-79). The different lowercase letters above the bars identify groups that
differ significantly (P < 0.05). (D) Elastic extension (above zero) and creep (below zero) of root cell walls treated with the
four sets of expansin samples, at pH 5.0 and pH 6.0. Expansins were extracted from the Yongliang-15 (YL-15) and JS-7
cultivars under the 0 mM and 80 mM NaCl treatments. Asterisks indicate a significant difference between the wheat
cultivars (ns P> 0.05, * P <0.05, ** P<0.01).
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The expansin expression in the two cultivars under salinity stress was measured. Compared
with expansin expression in the control, expression was inhibited in the YL-15 80 mM root
tips (except for TaEXPAS5 and TaEXPA9 expression); in contrast, in JS-7 80 mM, TaEXP5 and
TaEXPS8 showed elevated expression and TaEXPA7 and TaEXPA9Y9 maintained the same
expression level. Under the 80 mM NaCl treatment, the cultivars both showed reduced
expression of TaEXPA3, TaEXPA6, TaEXPBI1, TaEXPB7, and TaEXPB10; the reductions did
not differ significantly different between the cultivars (Fig. 4-5). Under salinity stress, elevated
TaEXPAS5 and TaEXPAS expression may mitigate cell wall stiffness and enhance root growth
in JS-7, the salinity-tolerant cultivar, via apoplastic acidification (Fig. 4-5). In summary, the
roots of JS-7 and YL-15 differentially expressed the expansin genes under salinity stress, which

altered the optimal pH for cell wall loosening.
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Figure 4-5. Expression profiling of expansins in wheat roots under 80 mM NacCl stress.

The relative expression levels reflect expansin expression under the 80 mM treatment relative to that under 0 mM treatment,
in the Yongliang-15 (YL-15) and JS-7 cultivars. Error bars: SEs of three biological replicates. Statistically significant
differences between YL-15 and JS-7 were calculated using Student’s #-tests: ** P < 0.01.



Table 4-1. Three-way ANOVA of the effects of root segment, expansin, and buffer pH on the cell wall elasticity
parameter (Eo) and extensibility coefficient (ny).

Dependent Variable: E

Source df F-value Probability
Root segment 3 33.500 0.000
Expansin 3 7.083 0.000
Buffer pH 1 1.772 0.184
Root segment * Expansin 9 3.041 0.001
Root segment * Buffer pH 3 0.277 0.842
Expansin * Buffer pH 3 5.778 0.001
Root segment * Expansin * Buffer pH 9 1.253 0.260

Dependent Variable: 1y

Source df F-value Probability
Root segment 3 25.897 0.000
Expansin 3 4.951 0.002
Buffer pH 1 0.003 0.953
Root segment * Expansin 9 2.089 0.029
Root segment * Buffer pH 3 0.976 0.404
Expansin * Buffer pH 3 2.196 0.088
Root segment * Expansin * Buffer pH 9 1.089 0.369

After immersion in exogenous expansin at pH 5.0 or 6.0 for 30 min, the root segments (3—8 mm from the root tip), of plants
that had been subjected to 0 mM and 80 mM NacCl treatments, were stretched under 0.05 N tensile force. The exogenous
expansins were extracted from the JS-7 and YL-15 wheat cultivars under 0 mM and 80 mM NaCl treatments.

61



4.5 Discussion

4.5.1 Root apoplastic pH under salinity stress

Apoplastic pH steers cell elongation (Barbez et al. 2017), drives cell differentiation (Pacifici
et al. 2018), and regulates cell shape (Dang et al. 2020). For both cultivars, the apoplastic pH
was ~5.3 under 80 mM NacCl condition, whereas the pH was at ~6.3 under 0 mM treatment,
indicating that long-term salinity stress significantly acidified the apical-root apoplast.
However, previous studies have found that the salinity stress induced transient alkalization in
leaf apoplasts—from pH 4.2 to 4.5 in faba bean (Vicia faba; Geilfus and Miihling 2012) and
from pH 4.7 to 5.1 in maize (Geilfus et al. 2015)—and in root apoplasts, from pH 6.4 to 6.8, in
Arabidopsis (Gao et al. 2004). Leaf apoplastic alkalization plays an important role in stomatal
movement (Geilfus et al. 2017). In Arabidopsis roots, apoplastic alkalization may be associated
with early growth arrest in response to the salinity stress (van Zelm et al. 2020).

In wheat root, the extent of apoplastic acidification caused by long-term salinity stress may
be affected by ion-channel functioning and interactions between Na* ions and the cell walls.
Ion-channel proteins, such as SOS1 and PM-H"-ATPase, together pump more than 95% of Na*
ions back into the rhizosphere (Munns et al. 2020). In this Na*-extrusion process, PM-H"-
ATPase is activated to polarize the cell membrane. SOS1 is then activated to pump Na* ions
out of cytosol. Further, under salinity stress, Na* ions interact with the polyglucuronic acid
(PGA) in cell walls and release the H" from the PGA carboxyl groups (Feng et al. 2018). These
findings imply that salinity stress causes apoplastic acidification in roots, especially in root tips,

where the pH determines the growth rate of roots.

4.5.2 Apoplastic pH in relation with cell wall extensibility
The extensibility parameters, Eo and nn, were higher in both cultivars under the 80 mM

treatment, indicating the salinity stress stiffened the cell walls in both cultivars (Fig. 4-3A, B).
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Thus, the root-growth rates and final lengths of the two cultivars were lower under salinity
stress than under the control (Fig. 4-1A, B). Under the 80 mM treatment, JS-7 had faster root
growth than YL-15, suggesting that JS-7 has superior cell-elongation ability under salinity
stress. Interestingly, salinity stress reduced apoplastic pH in the apical roots of both cultivars.
However, apoplastic acidification under salinity stress favoured cell wall loosening in JS-7 but
had the opposite effect in YL-15. The root growth of YL-15 was severely arrested under
salinity stress, more so than that of JS-7 (Fig. 4-1A), indicating that changes in the optimal pH
for cell wall loosening are important for root-growth regulation under salinity stress. In
summary, salinity stress reduced cell wall extensibility in both cultivars. However, apoplastic
acidification and changes in expansin expression differently regulated cell wall extensibility in
the two cultivars. As a result, under salinity stress, apoplastic acidification further stiffened the
root cell walls and slowed root growth in YL-15, whereas, in JS-7, it loosened the root cell

walls and mitigated the inhibition of root growth triggered by Na™.

4.5.3 Expansin expression under salinity stress

The differences in pH-dependent cell wall extensibility between the sensitive and tolerant
cultivars were associated with the differential expression of a-expansins (Fig. 4-5). Expression
levels of TaEXPAS5 and TaEXPAS were higher in JS-7 than in YL-15 under salinity stress; in
JS-7, expansin caused cell wall loosening in the acidified apoplast. Under normal condition,
lower TaEXPA3, TaEXPA7 and TaEXPB10 expressions in roots of JS-7 than YL-15, which
was closely related to the differences in the optimal pH for cell wall loosening between two
cultivars. The different expression patterns of expansin under salinity stress indicates the
elevated expressions of TaEXPAS5 and TaEXPAS in JS-7 may contribute to cell wall loosening
salinity stress. The elevated expression of TaEXPAS5 (Fig. 5) and cell wall loosening at pH 6.0

(Fig. 4-4A, B, C), in both cultivars under the NaCl treatment, indicate that TaEXPAS5 may
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contribute to the cell wall loosening at pH 6.0. Our co-expression analysis showed the
TaEXPAS5 regulated the number of roots, whereas TaEXPAS was highly associated with cell
lengthening under various stresses. TaEXPAS is reported to be closely related to cold tolerance
in wheat (Zhang et al. 2018), and the overexpression of TaEXPAS8 improves cold tolerance in
transgenic Arabidopsis (Peng et al. 2019). These results suggest the importance of TaEXPAS
in enhancing root growth under various abiotic stresses. A recent study has shown that
AtEXPAI overexpression alters the optimal pH for cell wall loosening in Arabidopsis
(Samalova et al. 2020). Therefore, the differential expansin expression between the two wheat
cultivars, both under normal conditions and salinity stress, suggests that cell wall loosening at
pH 5.0 and pH 6.0 is caused by different expansin genes: TaEXPAS8 may induce cell wall
loosening at pH 5.0, whereas TaEXPAS5 may induce it at pH 6.0.

Expansin genes expressed in wheat coleoptiles induce cell wall loosening under low
apoplastic pH (pH of 4.0-4.5; Gao et al. 2008). Further, overexpression of the expansin genes
specifically expressed in wheat coleoptiles (such as TaEXPB23 and TaEXPAZ2) can enhance
root growth under salinity stress (Han et al. 2012; Zhao et al. 2012). These results are consistent
with our findings. Thus, I conclude that, under the apoplastic acidification caused by salinity
stress, the salt-tolerant cultivar elevates its expression of the expansin genes (such as TaEXPAS
and TaEXPAS), which may shift the optimal pH for cell wall loosening from 6.0 to 5.0. This
change in the optimal pH for cell wall loosening enables the salinity-tolerant cultivar to
maintain a relative higher root growth than the sensitive cultivar.

Further, the root expansin extract contains various kinds of expansins, and they are hard to
be separated because they have similar molecular weight and isoelectric point. Based on the
RNA-seq data from GenBank (accession SRP062745), certain a-expansin, -expansin, and
expansin-like A (TaEXPLA) genes are highly expressed only under salinity stress. These stress-

specific expansin genes may also play a critical role in responses to salinity stress. The o-
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expansin, B-expansin, and expansin-like A genes related to salinity stress need to be further

studied.

4.5.4 Characterization of cell wall expansins

Drought stress does not change the susceptibility of root cell walls to exogenous expansin in
wheat (Zhao et al. 2011). Interestingly, at pH 5.0, the expansin extracted from JS-7 80 mM
induced the highest root cell wall nn extensibility in YL-15 80 mM roots, whereas that from
YL-15 0 mM induced the lowest extensibility in YL-15 0 mM roots (Fig. 4-4A, B). This
indicates that salinity stress alters cell wall susceptibility to exogenous expansin in YL-15.
Changes in cell wall susceptibility to salinity stress are related to cell wall structure and
composition. Salinity stress alters cell wall structure, resulting in a stiff and mesh-like network,
suggesting an increase in cellulose-xyloglucan conjunctions (Koyro 1997). The increased
xyloglucan then strengthens the linkages between cellulose molecules; this process reduced the
growth rate in coffee (Coffea arabica) leaf cells under salinity stress (De Lima et al. 2014).
Thus, changes in cell wall susceptibility to expansins may be closely related to changes in cell
wall composition. Further research on changes in cell wall properties under salinity stress is
necessary to elucidate cell wall susceptibility to expansins.

In conclusion, the apoplastic acidification of apical roots in response to salinity stress stiffens
the cell walls and inhibits root growth in the salt-sensitive wheat cultivar. However, under
salinity stress, elevated TaEXPAS expression may mitigate cell wall stiffness and enhances root

growth in the salt-tolerant cultivar, via apoplastic acidification.
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5. General discussion

5.1 Physio-biochemical properties of root cell wall

As the outermost layer that constrains the cell growth, the cell wall is composed of relatively
stiff cellulose microfibrils embedded in a hydrated matrix of pectin and hemicellulose
(Cosgrove, 2018). Within the cell wall, pectin, ions, and proteins maintain a stable
microenvironment. In all cultivars used in this study except for JS-7, salt stress decreased pectin
content in the first zone (Fig. 2-2). In sensitive cultivars, hemicellulose I and II concentrations
were significantly higher in the first and second zones than in tolerant cultivars (Fig. 2-2). All
cultivars in both zones showed an increase in cellulose content; this increment was pronounced
in sensitive cultivars (Fig. 2-2). The reduced uronic acid content in pectin was observed in
sensitive cultivars compared with tolerant cultivars in the first zone, while a higher content of
uronic acid was noted in hemicellulose in the second zone (Fig. 2-3). Salinity stress also altered
the apoplastic pH (Fig. 4-2) and expansin expression (Fig. 4-5). For both cultivars, the
apoplastic pH was ~6.3 under 0 mM NaCl condition, whereas the pH was ~5.3 at under 80 mM
treatment, indicating that long-term salinity stress significantly acidified the apical-root
apoplast. Gene expressions of TaEXPA3, TaEXPA6, TaEXPBI and TaEXPB1(0 were reduced
in both cultivars under salinity stress (Fig. 4-5). However, those of TaEXPAS5 and TaEXPAS in
tolerant cultivars increased under salinity. The changes in physio-biochemical properties of

cell wall under salinity were closely correlated with the CEC and extension of the cell walls.

5.2 Interactions of wall related parameters

The uronic acid-rich polysaccharides are the main ion-binding sites in the cell walls under
physiological conditions (Meychik and Yermakov 2000). The CEC of the total cell wall was
positively correlated with the relative uronic acid content in pectin in the root first zone (Table

1-1), indicating that the uronic acid in pectin contributes to the interaction between Na" and the
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cell wall. In the second zone, the close correlation between the CEC of the root cell walls,
relative uronic acid content in pectin, and hemicellulose I indicates that the development of
cell wall, the ion-binding sites of both pectin, and hemicellulose I may be involved in the
enhancement of the CEC in the cell wall (Table 2-2).

The acidic linkages in cellulose and hemicellulose are the main load-bearings in cell wall
(Cosgrove 2018). Cell wall elasticity was positively correlated with the relative pectin and
hemicellulose I contents and negatively correlated with the relative cellulose content,
indicating that high levels of pectin and low levels of cellulose significantly increase the cell
wall extensibility of root tips (Table 3-3). The uronic acid content in cellulose increased
dramatically in the first and second zones in all cultivars with NaCl treatments, except XC-31
in the first zone (Fig. 2-3). A high uronic acid content in cellulose and hemicellulose indicates
that they form more acidic linkages under salinity stress than control condition. In the salt-
sensitive cultivars, the magnitudes of increase in uronic acid in hemicellulose and cellulose
were pronounced than in the tolerant ones (Fig. 2-3). This result indicates the salt-sensitive
cultivars form more acidic linkages than tolerant ones, leading to the significant loss of elastic
properties (Fig. 3-2). Therefore, the high content of pectin and hemicellulose I in salt-tolerant
cultivars maintained the higher extensibility under salt stress compared with the sensitive ones,
whereas the increase of cellulose and uronic acid in hemicellulose and cellulose in sensitive
cultivars leads to the decrease of extensibility, which further inhibits the root growth under
salinity stress and reduces salt tolerance.

Under salinity stress, sodium ions compete for the ion binding sites in pectin. When Na*

binds to pectin, H" is released to the cell wall. Therefore, under salinity stress, the apoplastic
pH decreased (Fig. 4-2E). There were significant differences in cation exchange capacity
between JS-7 and YL-15 (Fig. 2-4). However, two cultivars showed no obvious difference in

apoplastic pH (Fig. 4-2E). This indicates the cation exchange capacity is not the only factor
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that causes the acidification of cell wall. The Na* extrude ability may also induce the decrease
of apoplastic pH: when wheat roots sense Na”, the proton pumps such as ATPase are activated
(Byrt et al., 2018). Subsequently, protons in the cytosol are pumped across the membrane.
While protons return into the cell cytosol due to the potential difference between the membrane,
SOS1, aNa'/H" exchange protein, is activated to extrude excess Na* from the cells (Zhu et al.
2016). Through this process, the apoplastic pH is decreased.

Expansion of the tolerant cultivar was more beneficial at low pH than the sensitive one, as
expansin loosened cell walls at the same pH (Fig. 4-4). The results of qPCR showed salinity
stress increased alpha-expansin expression (7TaEXPAS5 and TaEXPAS) in salt-tolerant cultivar,
which induced the cell wall loosening under low and high apoplastic pH (Fig. 4-5). In salt-
tolerant cultivars, TaEXPAS5 and TaEXPAS expression was elevated under salinity stress,
enhancing cell wall relaxation at low apoplastic pH. The relaxation of cell wall alleviates the
growth rate inhibition associated with decreased turgor pressure. In contrast, sensitive cells
exhibited the opposite effect of stiffening the cell walls, which inhibited cell expansion further.
In chapter 4, the cell wall showed different susceptivity to expansins. YL-15 showed the higher
susceptibility to the expansins (Fig. 4-4A, B), along with the higher uronic acid content in
hemicellulose and cellulose than JS-7 (Fig. 2-3). These results indicate the susceptibility of cell
walls to expansins is closely related to the changes in wall composition, especially the amount
of uronic acid. A high amount of uronic acid in hemicellulose and cellulose increases the

susceptibility of cell walls to expansins.

5.3 Characterization of root cell wall in wheat cultivars

In Suaeda altissima (Meychik et al. 2006) and barley (Flowers and Hajibagheri 2001), the
CEC of the cell walls in the mature zone is highly associated with salt tolerance. In the present

study, salt treatment significantly decreased the CEC of the cell wall in all the wheat cultivars
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(Fig. 2-4). The decreased CEC under saline condition suggests that Na™ affects the cell wall
components that are involved in cation binding (Fig. 2-3 and Fig. 2-4). The CEC of the root
cell walls in tolerant cultivars was significantly lower than the sensitive cultivars under the 0
mM and 80 mM treatments. The high CEC under the saline condition and the increase in Na*
concentration in the tolerant cultivars (Fig. 2-4) imply that the tolerant cultivars bind more Na*
in the root cell wall than the sensitive cultivars.

Salt stress alters cell wall structure, resulting in a rigid, mesh-like network, suggesting an
increase in hemicellulose-cellulose conjunctions (Koyro 1997). As a result of increased
hemicellulose, cellulose microfibrils are strengthened, thereby reducing cell growth in coffee
(Coffea arabica) leaves under salinity stress (De Lima et al. 2014). Elasticity of the root cell
wall, indicated by Eo, significantly decreased in the salt-sensitive cultivars, whereas the Eo in
the salt-tolerant cultivars was maintained at the same level as that in the non-saline condition
(Table 3-2). Root extension and the differences among cultivars were largely dependent on
elastic extension, which accounts for one-half to two-thirds of the total extension (Fig. 3-2).
Viscosity, indicated by 7, and the plastic extension of the root cell walls did not change across
the treatments and cultivars (Table 3-2). The significant decrease in cell wall elasticity in the
root elongation region was one of the factors that depressed root growth in salt-sensitive
cultivars under the saline condition. The well-maintained elasticity of salt-tolerant cultivars
alleviated the depression of root growth by NaCl.

In response to saline treatment, salt tolerant plants had faster root growth than sensitive
plants, indicating that tolerant plants have superior cell elongation ability under salinity stress.
The roots of both cultivars showed a decrease in pH due to salinity stress. In contrast, under
salinity stress, apoplastic acidification induced cell wall loosening in tolerant but not in

sensitive cultivar. The root growth of sensitive cultivar was severely arrested under salinity
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stress, more so than that of tolerant cultivar (Fig. 4-1A), indicating that changes in the optimal

pH for cell wall loosening are important for root-growth regulation under salinity stress.

5.4 Functions of root cell wall in salinity tolerance in wheat

High CEC in cell wall means more sodium ions can be stored in the root wall, which is
useful for reducing cytosolic Na“ accumulation and improving salt tolerance. Previous study
shows that sodium ions can disrupt the structure of the cell wall (Feng et al. 2018), while high
amount of uronic acid helps to maintain the stabilization of cell wall and contributes to a
hydrated environment around cell membranes, supporting a homeostatic microenvironment for
cell wall bound hydrolases and ion transportation. High pectin content and cation exchange
capacity in the cell wall of are useful for maintaining tolerance under salt stress conditions.

Maintaining root growth is a very important feature of wheat growth, which is highly related
to salt tolerance (Mujeeb-Kazi et al., 2019). In root cells, cell elongation depends on turgor
pressure and cell wall extensibility. Excessive salt causes the hyper-ionic and hyper-osmotic
stress to plant cells (Shabala 2017), which decreases the turgor pressure of cells. The cell wall
extensibility becomes a critical factor affecting the growth rate of cells in this scenario. In salt-
tolerant cultivars, changes in chemical composition of the cell wall correspond with the well-
maintained elasticity, which alleviated the depression of root growth by NaCl (Fig. 3-2).
Further, under salinity stress with lowered apoplastic pH (Fig. 4-2), expansins in the tolerant
cultivar resulted in the maintenance of cell wall extensibility, whereas those in the sensitive
cultivars had no such activity. High cell wall extensibility is important for maintaining root
growth and tolerance under salt stress conditions.

The overall result reveals that salinity stress affects cell wall compositions, apoplastic pH
and expansin expression. These changes subsequently affect cation exchange capacity and cell

wall extensibility of wheat roots. Under salinity stress, wheat needs to coordinate the cell wall
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properties in harmony: increasing pectin, hemicellulose I and uronic acid contents in pectin,
while maintaining low hemicellulose II and cellulose contents; tuning the pH-dependent
extensibility to accommodate the apoplastic acidification. This study provides insight into the
relationship between physical, chemical, and biological properties of root cell walls, which can

be used to enhance plant growth under salinity stress.
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Summary

Wheat (Triticum aestivum L.) production has been severely affected by soil salinization.
There is need to improve wheat production in salinized soils. The importance of studying
salinity tolerance mechanisms in wheat cannot be overemphasized. So far, wheat salinity
tolerance has been studied from the aspects of osmotic adjustment, membrane transportation,
hormone regulation, signal transduction, etc. However, studies on root cell walls were very
limited. This study was conducted to investigate the salinity tolerance mechanisms of wheat,
focusing on the function of root cell wall. The objectives of this study were to elucidate the
interactions of cell wall composition, extensibility, expansin expression, root extension, and
root growth under salinity stress and characteristics of root cell wall that contribute to root
growth under salinity.

Two salt tolerant (JS-7, Xinchun-31 (XC-31)) and two salt sensitive (YL-15, GS-6058)
spring wheat cultivars were selected as experimental materials. These cultivars were cultivated
at 0 (control), 40, 80 and 120 mM NaCl concentrations. When root length showed significant
difference among the cultivars, chemical compositions (pectin, hemicellulose I and I1, cellulose,
and uronic acid in each composition), extensibility, expansin expression and apoplastic pH in
apical root (0-10 mm) cell walls, as well as cation exchange capacity of the whole root were

investigated. The main results are described as follows:

1. Chemical compositions and properties of root cell wall in relation with root growth
under salinity stress

Cultivars of JS-7 and XC-31 had higher root growth under salinity stress compared with YL-
15 and GS-6058. This confirmed that the former is more tolerant to salinity stress than the latter.
Salinity stress significantly decreased the pectin content in the elongation zone in all cultivars

except JS-7. Hemicellulose I and II were significantly increased in the elongation and adjacent
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zones in sensitive cultivars under salinity stress. Similarly, the cellulose content increased
significantly across the cultivars in both root zones. This increment was more pronounced in
the sensitive cultivars than in the tolerant cultivars. The uronic acid content in pectin in the
elongation zone was decreased significantly in the sensitive cultivars relative to the tolerant
cultivars, conversely, the uronic acid content in hemicellulose showed a reversed tendency.
The cation exchange capacity of the root cell wall was significantly lower in sensitive cultivars
than the tolerant cultivars. A positive correlation existed between root growth and relative
content of pectin in elongation zone, and cation exchange capacity of the whole roots. However,
root growth and relative content of cellulose were negatively correlated. These results indicate
that a high pectin content and cation exchange capacity, as well as low hemicellulose and
cellulose contents in the cell wall benefit root growth and thus, tolerance under salinity stress

conditions.

2. Extensibility of root cell wall in relation with root growth under salinity stress

The extensibility of root cell wall was significantly decreased in sensitive cultivars, whereas,
that in tolerant cultivars was maintained at the same level as that in the control. Root extension
and the differences between cultivars were largely dependent on elastic extension, which
accounted for one-half to two-thirds of the total extension. Viscosity and the plastic extension
of the root cell walls had no difference across the treatments and cultivars. The significant
decrease in cell wall elasticity in the root elongation region was one of the factors that
depressed root growth in sensitive cultivars under salt stress. The well-maintained elasticity of
tolerant cultivars alleviated the depression of root growth by NaCl. Cell wall elasticity was
positively correlated with the relative pectin and hemicellulose I contents and negatively
correlated with the relative cellulose content. Under saline conditions, the relative

hemicellulose II content was not altered in the sensitive cultivars; however, it decreased
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significantly in the tolerant cultivars. Therefore, changes in chemical composition of cell wall
corresponded with the cell wall extensibility and root growth in wheat cultivars at different
levels of salinity tolerance.

Salinity decreased the root cell wall extension significantly, especially in sensitive cultivars
through an increased extension resistance, but, there were no significant effects on the tolerant
cultivars. The elastic properties of root cell wall of wheat under salinity were more pronounced
in root elongation as compared with the plastic properties. The increment in pectin and
hemicellulose I better improved the elastic extension in the root cell wall, relative to the

deposition of cellulose.

3. Specific expression of expansins in response to apoplastic pH under salinity stress
Salinity treatment significantly reduced apoplastic pH in apical root in both tolerant and
sensitive cultivars. The apoplastic pH in elongation zone was about 6.28 under non-saline
condition, while it decreased to about 5.3 under salinity in both cultivars. For the roots grown
under the non-saline condition, the optimal pH for cell wall extension was 6.0 and 4.6 in
tolerant and sensitive cultivars, respectively. In contrast, roots grown under salinity showed
that the optimal pH for cell wall extension was 5.0 in the tolerant and 6.0 in the sensitive
cultivars. Therefore, the apoplastic pH (5.3) under salinity was favorable to root extension in
tolerant cultivars, but not in the sensitive ones. Expansin gene expressions in root cell wall
were generally suppressed by salinity. Gene expressions of TaEXPA3, TaEXPA6, TaEXPBI1
and TaEXPBI10 were reduced in both cultivars under salinity stress. However, those of
TaEXPAS5 and TaEXPAS in tolerant cultivars were increased under salinity. This increment
may improve root extension under salinity. The expansin activity of the tolerant cultivar was
significantly higher than that of the sensitive one. TaEXPAS mediated cell wall loosening

especially at pH 5.0, whereas, TaEXPAS5 activated especially at pH 6.0. Under salinity stress
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with lowered apoplastic pH, expansins in the tolerant cultivar resulted in the maintenance of
cell wall extensibility, whereas those in the sensitive cultivars had no such activity.

This study investigated the root cell wall from the aspects of chemical composition, physical
property and expansin expression. Each component of the root cell wall has its own effect on
root extension. The extension of root cell wall under saline conditions, with reduced turgor
pressure, was adversely depressed in the sensitive cultivars, but maintained to some extent in
the tolerant ones. The wall loosening corresponded to the elastic extension, which involved
wall expansins and all other components. When the cell wall loosens, new wall materials fill
in the space or bind to the old wall. These materials correspond with the plastic nature, i.e. the
final elongation of the root.

The present study revealed the regulation role of cell wall in root growth. Cultivar
differences in salinity tolerance can be related to the property of root cell wall. Characteristics
of root cell wall such as higher amount of uronic acids and pectin, lower amount of cellulose,
and specific expansin expression were of importance for root extension and growth under

saline stress.
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