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Abstract This research was conducted in order to study
salt tolerance of Phyllostachys vivax McClure and Arund-
inaria fortunei (Van Houtte) Riviere et C. Riviere. The
effects of salinity stress on growth parameters, anatomical
changes, and ion accumulation from two 1-year-old bam-
boo species under different salt treatments were investi-
gated. The growths of P. vivax and A. fortunei were not
severely inhibited when salt content was lower than 0.42%.
Their structural properties of vascular tissue were affected,
and both species showed decreases in vessel diameters and
a higher vessel density under salt stress, but they could still
maintain relatively stable anatomical structure in saline
soils. Besides, the results indicated that Na™ accumulation
progressively increased for organs as salinity levels
increased. In particular, the accumulation of Nat in
underground organs was obviously higher than those in
culms and leaves. The levels of K™, Ca2+, and Mgpr in
salt-stressed cells gradually decreased in response to the
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increase of Na™. Overall, we concluded that P. vivax and A.
fortunei had the ability to withstand salt stress.

Keywords Anatomical structure - Growth index - Ion
accumulation - Saline environment

Abbreviations

ROS  Reactive oxygen species
SOD  Superoxide dismutase
APX  Ascorbate peroxidase
POD  Guaiacol peroxidase
MDA Malondialdehyde

Fy Minimum fluorescence
F, Maximum fluorescence
F, Variable fluorescence
Pn Net photosynthetic rate
SEM  Scanning electron microscopy
Introduction

Plants are subjected to various abiotic stresses during their
life cycle (Turan 2012). Salinity, a major environmental
stress that adversely affects the overall metabolic activities
of plants, can even cause death (Roychoudury et al. 2008).
Salinity in soil or water is a major stress, especially in arid
and semi-arid regions (Ashraf and Harris 2004; Mahajan
and Tuteja 2005; Wang et al. 2013). Nearly 20% of global
cultivated areas, and nearly half of global irrigated lands
are affected by salinity (Zhu 2001). Soil contaminated by
salts (ECe >4 dS m~' or 40 mM NaCl or osmotic potential
<0.117 MPa) are defined as salinized, which directly
affects vegetative plant growth and development prior to
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the reproductive stage (Allakhverdiev et al. 2000; Sairam
and Tyagi 2004; Chinnusamy et al. 2005; Ashraf et al.
2008; Ashraf 2009; Suriyan and Chalermpol 2009), ulti-
mately causing diminished economic yield and quality
(Sairam and Tyagi 2004). Salinity stress is caused by
excess salts such as Na®, Cl~ and plant growth is first
impaired by osmotic stress, which is directly caused by
high concentrations of ions in the soil, making it more
difficult for plants to extract water from a saline environ-
ment (Munns 1993; Flowers and Colmer 2008; Satpal et al.
2012). In a second phase of salt stress, accumulation of
high concentrations of salts within the plant damage cell
function and structure and, finally, suppresses plant growth
(Flowers et al. 1977).

Plant response to salinity is a complex set of traits
which involves morphological, physiological, and cellular
processes (Zhu et al. 2012). Biomass weight, leaf index
and survival ratio of plants in saline soil have been
commonly used for screening salt-tolerant genotypes of
plants (Allen et al. 1994; Cuartero et al. 2006; Li et al.
2009). Many studies have been performed examining the
mechanism of plant salt tolerance, including osmotic
adjustment, ROS scavenging, ion homeostasis, and pho-
tosynthesis (Bowler et al. 1991; Shi et al. 2002; Tattini
et al. 2002; Stepien and Johnson 2009). Moreover, some
salt-responsive genes have been identified (Rathinasaba-
pathi et al. 1997; Apse et al. 1999; Halfter et al. 2000;
Zhang et al. 2012a).

The effect of salinity on root (An et al. 2003), leaf (Hu
and Schmidhalter 2001; Kilic and Kabar 2007), and stem
anatomy (Cavuoglu et al. 2008; Dolatabadian et al. 2011)
has already been reported. Junghans et al. (2006) showed
that high salt concentrations reduced cambial activity in
Populus euphratica Olivier. Xylem thickness had an
increase, and xylem formation and arrangement changed
when soybean plants were grown under salinity stress,
especially at high levels of salinity (Dolatabadian et al.
2011). Moreover, salinity reduced total leaf area in straw-
berry plants (Awang et al. 1993) and increased leaf
thickness in tomato plants (Raafat et al. 1991). Salinity also
reduced development of vascular tissue (Belda and Ho
1993), increased trichome density, but decreased or had no
effect on stomatal density in tomato.

Bamboo is one of the most important non-timber forest
products with great ecological and economic values glob-
ally (Judziewicz et al. 1999). Bamboo belongs to the
monophyletic BEP clade (Bambusoideae, Ehrhartoideae,
Pooideae) in the grass family (Gramineae) and consists of
woody and herbaceous varieties (Zhang et al. 2012b).
These fast growing, resilient, perennial grasses have been
shown to thrive in diverse climatic and soil conditions
(Liese 1987). The bamboo resource in China is one of the
richest in the world. More than 500 different bamboo
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species occur (36% of the world total), and China is
regarded as the center of bamboo origination and distri-
bution worldwide (Dai et al. 2011; Zhou et al. 2011).

Phyllostachys vivax McClure belongs to Phyllostachys
in the Bambusoideae. It is widely distributed in Jiangsu
Province. Phyllostachys vivax likes the humid environment
and could grow in coastal saline areas with strong adapt-
ability. The wall of culm which is thin and brittle could be
used to make baskets. It is one of the most important shoot
bamboos because of its strong ability to produce new
shoots and delicious taste (Li et al. 2012). Arundinaria
fortunei (Van Houtte) Riviere et C. Riviere belongs to
Pleioblastus in the Bambusoideae. It is widely distributed
in East China. Arundinaria fortunei, a relatively cold-re-
sistant plant, enjoys the humid environment and well
drained soil (Zhang et al. 2006). It is an ornamental bam-
boo with short and glabrous internodes. Its culm sheaths
are glabrous, and each culm has 4-7 lanceolate leaves that
are white to pale yellow (Wu and Peter 2008). Arundinaria
fortunei has good adaptability, fast growth, large root
system, resistance to cutting, and few pests and diseases
(Zhang et al. 2000).

In bamboo, salinity stress inhibits seedling growth,
reduces shoots, and decreases biomass accumulation. Many
studies on activities of SOD (superoxide dismutase), APX
(ascorbate peroxidase), and POD (guaiacol peroxidase),
accumulation of malondialdehyde (MDA), and photosyn-
thesis and chlorophyll amounts have been reported.
Unfortunately, there have been few studies on the effect of
salinity on morphology and anatomy of bamboo. The
studies on the effects of salinity on anatomy and ion con-
centration changes in different organs exhibit more sensi-
tive responses compared with physiological and
biochemical changes. Thus, we investigated (1) growth
parameters; (2) anatomical changes of roots, rhizomes,
culms, and leaves; and (3) accumulations of Nat, K%,
Ca®", and Mg2+ in roots, rhizomes, culms, and leaves of
two bamboo species under different amounts of salt stress.
The objectives of this study were to evaluate their growing
performances on salty soils by examining their salt toler-
ance from anatomical changes and ion accumulation.

Materials and methods
Determination of soil properties

Dongtai Forest Farm coastal beach shelter belts are located
at N32°85'-34°20'; E119°57'-120°45’ in Yancheng City in
Jiangsu Province. The soil in this zone is coastal saline soil,
for which ingress of sea water is the major contributing
factor in saline soil formation. We defined three regions as
S1, S2, and S3 based on soil properties, including soil bulk
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density, soil moisture content, pH and concentration of
Na*t, K, Ca**, Mg?*, C1I™, NO;~, HCO;~, and SO4*".
The S1 area was on the coast. S2 and S3 were, respectively,
50 and 100 m from the coast.

Sample preparation

Roots, rhizomes, culms and leaves were collected from
1-year-old P. vivax and A. fortunei. Three sample plots of
10 x 10 m* were created in each area. Plant heights and
ground diameters of all bamboo were measured in every
sample plot. A 1-m? bamboo bundle containing standard
bamboo was selected to determine biomass. Roots, rhi-
zomes, culms, and leaves of bamboo were weighed. Three
replicates were done in every sample plot.

A part of each sample was placed in an FAA buffer for
microscopic analysis as described below. The remaining
roots, rhizomes, culms, and leaves were washed three times
with distilled water and quick-killed at 105 °C for 15 min;
samples were then dried at 80 °C in an oven until dry
weight remained constant. Metal elements were analyzed
by inductively coupled plasma-mass spectrometry (ICP-
MS). All samples were collected randomly and processed
in sets of three replicates.

Measurements of photosynthetic parameters

Chlorophyll fluorescence quenching analysis was con-
ducted with a portable fluorometer (Mini-IMAGING-PAM,
WALZ, Germany). Leaves were darkened for half an hour
before measurement. Minimum fluorescence (Fy) was
found with the excitation of leaves with a weak light beam
(0.5 pmol m 2 s~ !). Maximum fluorescence (F,) was
measured following a saturating pulse (2500 pmol m~2 -
s_l). Yield of variable fluorescence (F,) was calculated as
F,—Fy, and maximum efficiency of PSII photochemistry in
the dark-adapted state as F, F,, = (F,—Fp Fm_l) (Genty
et al. 1989). Net photosynthetic rate (Pn) was determined
with LI-6400 (LI-COR, Lincoln, USA). All measurements

were repeated at least three times.
Sectioning and SEM microscopy

Culm tissue samples of ~0.5 cm? in volume were fixed in
FAA buffer [50% ethanol, acetic acid, and formaldehyde,
18:1:1 (v/v/v)] and exhausted with an aspirator pump.
Subsequently, tissues were lyophilized by freeze-drying
(Free Zone, LABCONCO, USA) for 48 h. Rhizome and
culm sections were cut with a cryo-microtome (CM3050S,
LEICA, Germany), while leaf and root sections were cut
with a sliding microtome (SM2000R, LEICA, Germany).
For scanning electron microscopy (SEM), root, culm, leaf
and rhizome sections of each species were mounted onto

stubs with double-sided adhesive tape. Each sample was
coated with gold in a Polaron E-5000 sputter coating unit,
scanned, and photographed using an XL-30 ESEM (XL-30
ESEM, FEI, USA). The measurements were based on
approximately 15 readings for each sample.

The anatomical indicators of roots, including exodermal
thickness, endodermal thickness, and vessel diameter, were
measured using Image-Pro Plus image-processing software
(IPP). Vascular bundle area, sieve tube area, and vessel
diameters for culms and rhizomes; and thickness of leaf,
vascular bundle diameter, and vessel diameter in different
leaf veins were also measured.

Inductively coupled plasma-mass spectrometry

The roots, rhizomes, culms, and leaves of P. vivax and A.
fortunei were, respectively, collected in S1, S2 and S3;
samples were washed first with tap water for 30 s and then
twice with distilled water for 1 min to remove ions
attached to surfaces. Cleaned samples were quick-killed at
105 °C for 15 min, and then dried in an oven at 80 °C until
dry weight was constant, and K, Ca, Na, and Mg concen-
trations in samples were measured by ICP-MS. The sam-
ples were dried in an oven at 60 °C for 4 h before
digestion. Prior to the determination of iron, 0.2 g of the
sample was diluted with 5 ml of concentrated HNO3 and
mineralized by the microwave digestion system, using a
multiwave 3000 with 1000 W of power at 15 ramp/min,
followed by a 20-min hold at a rate of 0.4 bar s~ up to 50
bars, in the temperature range of 213-230 °C. K, Ca, Na,
and Mg concentrations were determined in these samples
by the ICP-MS technique performed using an ICE3500
spectrometer (ICE3500, Thermo Scientific, USA). Each
treatment was repeated three times, and data are reported as
mean £+ SD (n = 3).

Statistical analyses

Mean + SD were determined. Analyses were conducted by
SPSS software. Data from different replicates were ana-
lyzed by ANOVA and significant differences between
means were determined by Duncan’s multiple-range test,
with differences of P < 0.05 being considered as
significant.

Results
Analysis of soil physical properties
The soil bulk density of topsoil between 0 and 20 cm was

1.207-1.246 g cm®, which is a typical sandy soil. The pH
of soil was from 7.97 to 8.15, which is weakly alkaline.
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Moreover, the ionic components of soil were mainly K,
Ca’**, Na*, Mg”™, CI™, SO,*~, CO5>~, and HCO; ™, and
concentrations of Na™, Mg”, and CI” were highest
(Table 1). Soluble salt contents of soil in the S1 area (soil
near the ocean) ranged from 0.4 to 0.6%, being a saline
soil. Soil in S2 was a mid-saline soil, and soluble salt
contents ranged from 0.1 to 0.3%.The soluble salt con-
centrations of soils in S3 (soil far from the ocean) were less
than 0.1%, being a non-saline soil.

Growth parameters of two species affected by salt
stress

When uniformly one-year-old P. vivax and A. fortunei
were cultured in soil with different salt concentrations,
growth rates displayed measurable differences. In general,
heights, diameter at breast height (DBH) and water content
in different organs declined with increasing salt concen-
trations in soil. Growth characteristics of two species were
not significantly affected by increasing salinity level to
moderate levels (less than 0.1%) in soil far from the ocean
(S3). However, at the high salt concentration level (from
0.3 to 0.6%), all of the recorded growth attributes were
decreased, and there were lower values in A. fortunei.
Growth of A. fortunei was more sensitive to NaCl stress,
and height in soil of the nearshore area (S1) was signifi-
cantly inhibited by 57%. Water contents in different organs
of A. fortunei were obviously reduced in S2 and S1 soil;
the reduction of leaf water contents was 36% in S2 and
44% in S1 (Table 2). Growth performance of P. vivax in
the stressful environment was significantly affected; the
decline in heights in S2 and S1 were 11 and 30%,
respectively, and the reduction of leaf water contents in S2
and S1 were 13 and 27%, respectively. The effects of salt
on biomass varied with concentration of salt (Table 3). The
biomass of bamboo in S1 was inhibited significantly
(P < 0.05) versus that in S3. The leaves of P. vivax were
most affected by salt stress, the biomass of which
decreased by 79%, with culms reduced by 59%. Perfor-
mances of roots and rhizomes in the stressed environment
were consistent with that of leaves, and the water content
of rhizomes was more sensitive than roots. In conclusion,
growth performance of P. vivax was highly affected by
saline environments, while growth of A. fortunei was not
affected greatly. Both P. vivax and A. fortunei could live in
the saline environments, indicating that the two species
both have high salt tolerance.

Effects of salt on photosynthetic parameters
The variation on photosynthetic parameters, as revealed by

the F, F,,”! ratio and Pn, indicates the toxicity of salt
stress. There were no significant differences in P, and
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Table 1 Physical properties and salt contents of soils from three regions

Mg>+ Total

Na™

Ca2+
(kg™ (gkg™ (kg™ (gke) (gkg™ (ke (gke) (gkg™ (kg™ (gkg ") soluble

K+

Cl™

PH Total N Total P

Soil

Soil bulk
density

Soil

Treatment

Location

HCO;~ S0,

CO;*~

moisture
contents

layer
(cm)

salt (g kg™

(gem™)

4.285

0.187
0.169
0.157
0.163
0.113

1.571
1.623
0.690
0.531

0.202
0.189
0.168
0.156
0.132
0.128

0.088
0.091

1.753
1.580
0.753

0.091 0.261

0.100
0.103
0.108
0.095

0.753

0.912

0.357 8.11

1.241
1.360
1.223
1.382
1.260
1.408

0-20
20-40
0-20
20-40
0-20
20-40

S1

Dongtai

4.128
2.206
2.136
0.975

0.248

0.078

0.419

7.98 0.504
8.05 0.924
8.02 0.485
8.13 0.895
795 0.511

0.403

Forestry
Farm

0.063

0.167
0.179
0.140
0.139

0.068

0.729
0.428

0.342
0.413

S2

0.054

0.841

0.083

0.093 0.076 0.152 0.043 0.168
0.148 0.162

0.737

0.354
0.408

S3

0.983

0.105

0.051

0.112 0.089

0.409
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Table 2 Various morphological indicators and water contents of different organs of Phyllostachys vivax and Arundinaria fortunei in different

salinity soils

Treatment Height (m) DBH (cm) Water contents of organs (%)
Root Rhizome Stump Branch Leaf

P. vivax S1 6.06 + 0.21b 249 £ 0.13b 0.34 + 0.02b 0.43 £+ 0.01b 0.40 + 0.02b 0.33 + 0.01b 0.44 £ 0.01b
S2 7.72 + 0.62a 3.11 &+ 0.20ab 0.42 + 0.01a 0.49 + 0.02b 0.49 + 0.02a 0.41 £ 0.01a 0.53 £ 0.02a
S3 8.66 + 0.38a 3.61 £+ 0.30a 0.45 + 0.01a 0.55 + 0.02a 0.52 + 0.01a 0.45 + 0.02a 0.61 £ 0.01a

A. fortunei S1 0.32 + 0.04c 0.33 + 0.00b 0.38 + 0.02¢ 0.35 + 0.01c 0.29 £ 0.01c
S2 0.41 + 0.03b 0.34 + 0.01b 0.40 + 0.02b 0.38 + 0.01b 0.33 £ 0.02b
S3 0.75 + 0.02a 0.46 + 0.01a 0.63 + 0.01a 0.53 + 0.01a 0.52 £ 0.02a

Values followed by different letters differ significantly from each other (P < 0.05). Mean + SE, n = 3

Distinct letters indicate significant (P < 0.05) differences

Table 3 Photosynthetic parameters and biomasses of different organs of Phyllostachys vivax and Arundinaria fortunei in different salinity soils

Treatment Pn (umol m2s7h F\/F,, Biomass of different organs (kg)
Root Rhizome Culm Leaf

P. vivax S1 1.15 £ 0.54b 0.75 £ 0.05b 8.10 £ 0.51b 5.72 £ 0.58b 3.76 £ 0.50c 0.42 £+ 0.05b
S2 2.59 £ 0.44a 0.78 £ 0.02ab 9.55 £ 0.56b 7.24 £ 0.53a 6.91 £ 0.50b 2.53 £ 0.50a
S3 3.56 + 0.25a 0.81 £ 0.02a 11.02 £ 1.00a 8.01 + 0.86a 9.07 £+ 0.48a 1.97 £ 0.50a

A. fortunei S1 —0.34 + 1.01b 0.69 + 0.11b 1.57 £ 0.51a 3.37 £ 0.51b 0.49 + 0.35a 0.53 £ 0.03a
S2 0.26 + 0.14a 0.74 + 0.05ab 1.52 + 0.52a 371 £ 1.23b 0.68 £+ 0.25a 0.73 £ 0.02a
S3 044 £ 0.31a 0.76 £ 0.07a 1.78 £ 1.23a 4.88 £+ 0.52a 0.76 £+ 0.50a 0.82 £+ 0.02a

Values followed by different letters differ significantly from each other (P < 0.05). Mean &+ SE, n = 3

Distinct letters indicate significant (P < 0.05) differences

F, F,,”" of P. vivax and A. fortunei leaves in S2 compared
to those in S3 (Table 3). With the increasing salt concen-
tration, plants in S1 exhibited apparently lower values than
those in S3. The obvious decrease showed that the leaf
photosystem was damaged by high salt stress.

Adjustment of anatomy changes to salt stress

The scanning electron microscopic views of root cross
sections of P. vivax (Figs. 1-6) and A. fortunei (Figs. 7—
12) at different salinity levels are shown, including exo-
dermis, parenchymal cells, aerenchyma, endodermis,
vessels, and xylem tissue. The analysis of microscopic
results showed a significant difference on all traits due to
salinity stress between the two species. The increase in
salinity levels increased the exodermis layer thickness of
P. vivax. Exodermis thickness of P. vivax in S1 was 9.6%
higher than that in S3 (Table 4). On the contrary, there
was no significant difference among salinity treatments on
exodermis thickness of A. fortunei. The exodermis is a
layer of cells from the outermost layer of the cortex that
provide protection against water loss of the root as well as

mechanical protection. Moreover, with the increasing salt
content, the diameter of vessels were reduced, but sig-
nificant differences existed between the two species.
Reduction of vessel diameter in P. vivax was obvious in
S1, where it declined by 13.8%. However, A. fortunei
vessels were more sensitive to salinity stress, as the vessel
diameter in S1 declined by 25.6% and by 12.8%, com-
pared with S3. Moreover, salinity did not affect exoder-
mis thickness in A. fortunei. Our results, which showed a
significant increase thickness of exodermis with salt stress
and weaker effect of salt stress on vessel diameter, led us
to speculate that P. vivax would have a better tolerance to
salt stress.

Bamboo plants have underground stems, which are
commonly known rhizomes. The scanning electron
microscopic views of rhizome cross sections from P. vivax
(Figs. 13—-18) and A. fortunei (Figs. 19-24) at different
salinity levels are shown, including vessels, vascular bun-
dles, parenchymal cells, and sieve tubes. Salinity-induced
structural changes were seen in vascular tissue in rhizomes.
With increasing salt, vascular bundle area and vessel
diameter were decreased. Measured vascular tissue
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Figs. 1-6 The cross-sectional anatomy of roots of Phyllostachys vivax in different salinity soils 1, 4: S3; 2, 5: S2; 3, 6: S1. en endodermis, ex

exodermis, pc parenchymal cell, A aerenchyma, v vessel

Figs. 7-12 The cross-sectional anatomy of roots of Arundinaria fortunei in different salinity soils 7, 10: S3; 8, 11: S2; 9, 12: S1. en endodermis,

ex exodermis, pc parenchymal cell, A aerenchyma, v vessel

parameters in rhizomes of P. vivax were less affected by
salt stress. The vascular bundle area of P. vivax and A.
fortunei in S1 were diminished by 18.5 and 48.3%,
respectively (Table 5). Changes in sieve tube area under
salt stress was similar to those of the vascular bundle area
(20.7 and 34.3%). The increase in salinity level decreased

@ Springer

the vessel diameter. The vessel diameter of A. fortunei had
the highest decrease in S1, which was 26.2% lower than
that in S3, while vessel diameter of P. vivax in S1 was
declined by 11.2% compared with that in S3. Vascular area
represents the ability of bamboo to transport water and
organic nutrients. We believe that the decrease in vascular
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Table 4 Anatomical cross-sectional characteristics of roots of Phyllostachys vivax and Arundinaria fortunei in different salinity soils

Treatment Thickness of exodermis (pm) Thickness of endodermis (um) Diameter of vessel (um)
P. vivax S1 11048 + 2.71a 29.12 £+ 0.43a 69.96 + 1.44b

S2 105.98 + 2.31b 22.29 £+ 0.52b 78.10 £ 0.88a

S3 100.79 + 2.48c 22.54 £ 0.61b 81.21 £+ 1.14a
A. fortunei S1 89.40 + 1.24a 21.96 £+ 0.72a 44.18 £+ 1.01c

S2 89.47 £ 1.13a 20.43 £+ 0.61a 51.77 £+ 1.06b

S3 86.65 £ 1.73a 18.07 £+ 0.74b 59.38 £+ 1.24a

Values followed by different letters differ significantly from each other (P < 0.05). Mean & SE, n = 3

Distinct letters indicate significant (P < 0.05) differences

Figs. 13-18 The cross-sectional anatomy of rhizomes of Phyllostachys vivax in different salinity soils 13, 16: S3; 14, 17: S2; 15, 18: SI1.

v vessel, vb vascular bundle, pc parenchymal cell, st sieve tube

area directly reduced efficiency of transportation, and the
plant growth was inhibited.

Vascular tissue in culms of P. vivax was structurally
affected by salt stress (Figs. 25-30). Changes in vascular
bundle area and sieve tube area of culms of P. vivax in S2
and S3 were not significantly different. Moreover, when the
salt concentration increased to 0.3%, vascular bundle area
and sieve tube area of culms in S1 declined by 11.96 and
9.38%, respectively, compared to those in S3 (Table 6).
These parameters were not analyzed in A. fortunei.

There were also significant differences among salinity
treatments in leaf parameters. With the increasing salt
content, the leaf thickness reduced. Leaf thickness of P.
vivax in S1 was reduced by 5.1%, which was not signifi-
cantly different compared with S3. While leaves of A.

fortunei were more sensitive to salinity stress, with leaf
thickness of that in S1 declined by 28.3%. Leaf number or
leaf area expansion appeared to be a sensitive indicator to
salinity. Our research showed that salt-stressed plants have
smaller vascular bundle diameters. Overall, vascular bun-
dles of P. vivax were less affected (Table 7). Furthermore,
trichome density from epidermal leaf cells of P. vivax
(Figs. 31-36) and A. fortunei (Figs. 37-42) was observed
to increase under the salt stress treatment.

Accumulation of Na*, K*, Ca’>* and Mg®" in organs
The accumulation of Na*, K*, Ca** and Mg”" in the organs

of P. vivax and A. fortunei at various concentrations of salt
were studied. Our results showed that Na™ accumulation
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Figs. 19-24 The cross-sectional anatomy of rhizomes of Arundinaria fortunei in different salinity soils 19, 22: S3; 20, 23: S2; 21, 24: SI.

v vessel, vb vascular bundle, pc parenchymal cell, st sieve tube

Table 5 Anatomical cross-sectional characteristics of rhizomes of Phyllostachys vivax and Arundinaria fortunei in different salinity soils

Treatment Crosssectional area of vascular Crosssectional area of sieve Diameter of vessel
bundle (umz) tube (pmz) (pum)

P. vivax S1 8.72E4 £+ 1757.30b 7.01E3 4+ 504.96b 98.90 £ 2.24c
S2 1.16ES 4+ 3072.03a 9.24E3 4+ 407.95a 104.59 £+ 2.60b
S3 1.07E5 =+ 3989.08a 8.84E3 £ 365.58a 111.33 £ 2.12a

A. fortunei S1 1.87E4 + 898.14c 2.45E3 + 74.85b 48.02 £+ 1.20c
S2 2.78E4 £+ 761.70b 2.77E3 + 48.85b 55.23 £ 2.06b
S3 3.62E4 + 644.68a 3.73E3 £ 52.34a 64.99 £+ 1.29a

Values followed by different letters differ significantly from each other (P < 0.05). Mean + SE, n = 3

Distinct letters indicate significant (P < 0.05) differences

progressively increased for organs as salinity levels
increased (Table 8). In particular, the accumulation of Na™
in underground organs was significantly higher than that in
culms and leaves. K* content decreased with the over-ac-
cumulation of Na™. The K* efflux from organs of P. vivax
tended to be smaller than that of A. fortunei. For example, K*
concentration in leaves of P. vivax in S1 declined by 45.9%,
while K* concentrations in leaves of A. fortunei in S1 zone
decreased by 72.0%. The loss of K content in leaves of P.
vivax was much slower than A. fortunei. Salt stress also
caused a decrease in Ca®" concentration. The reductions of
Mg>" in leaves and roots were much larger than those in
culms and rhizomes. For leaf Mg2+ content, our data
revealed that the treated A. fortunei was reduced more. The
Mg*" content of roots showed the same pattern as that of
leaves.
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Discussion

Plant growth and development are adversely affected by
salinity—a major environmental stress that limits agricul-
tural production. The initial phase of growth reduction is
due to an osmotic effect, which is similar to the initial
response to water stress. The second, slower effect is the
result of salt toxicity, and a salt-sensitive species or
genotype differs from a more salt-tolerant one by its
inability to prevent salt accumulation to toxic levels
(Lauchli and Grattan 2007). High salinity in soil reduces
the water potential of the rhizosphere environment, causing
water stress in plants, which will result in difficulties in
absorbing water and inhibition of plant growth. Therefore,
the index of water content is an important indicator of the
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Figs. 25-30 The cross-sectional anatomy of culms of Phyllostachys vivax in different salinity soils 25, 28: S3; 26, 29: S2; 27, 30: S1. v vessel,

vb vascular bundle, pc parenchymal cell, st sieve tube

Table 6 Anatomical cross-sectional characteristics of culms of Phyllostachys vivax in different salinity soils

Treatment Crosssectional area of vascular bundle (umz) Crosssectional area of sieve tube (pmz) Diameter of vessel (m)
P. vivax S1 5.89E4 + 2271.28b 4.35E3 + 200.64b 80.79 + 1.02b

S2 6.33E4 + 2140.91ab 4.61E3 + 323.60ab 83.36 + 0.60b

S3 6.69E4 + 2423.95a 4.80E3 + 344.31a 89.40 + 0.55a

Values followed by different letters differ significantly from each other (P < 0.05). Mean + SE, n = 3

Distinct letters indicate significant (P < 0.05) differences

Table 7 Anatomical cross-sectional characteristics of leaves of Phyllostachys vivax and Arundinaria fortunei in different salinity soils

Treatment Depth of leaf Diameter of great vascular bundle Diameter of small vascular bundle Diameter of vessel
(nm) (hm) (nm) (nm)

P.vivax  S1  75.19 £ 0.87a 54.77 + 1.10b 29.16 £ 0.66b 12.83 + 0.33b
S2 7718 £ 0.92a 60.65 £ 0.34a 31.49 & 0.79ab 15.01 £ 0.25a
S3 79.26 £ 1.50a 63.13 £+ 0.85a 33.80 £ 040 a 15.29 + 0.10a
A. S1 8512 £ 2.53c 69.66 + 1.65b 35.10 £ 1.73¢ 13.87 £ 0.87b
Jortunei g3 9399 + 2.51b 75.19 £ 2.32b 39.11 £ 1.35b 14.36 £ 0.86b
S3  118.65 £ 3.23a 91.99 £+ 2.51a 4394 £ 2.23a 18.19 £ 0.79a

Values followed by different letters differ significantly from each other (P < 0.05). Mean = SE, n = 3

Distinct letters indicate significant (P < 0.05) differences

salt-tolerance mechanism, which is a direct reflection of
osmotic stress affected by salinity and energy. In addition,
adaptive responses in biomass production are significant
tolerance indicators for bamboo for coping with a stressful
environment. The accumulation of biomass was negatively

correlated with salt concentration in the current research,
indicating that both P. vivax and A. fortunei could tolerate
low salt stress and were severely damaged by high salt
stress. P. vivax and A. fortunei have the ability and
potential to adapt to saline environments. In terms of root
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Figs. 31-36 The cross-sectional anatomy of leaves of Phyllostachys vivax in different salinity soils 31, 34: S3; 32, 35: S2; 33, 36: S1. gv great
vascular bundle, sv small vascular bundle, v vessel, bc bulliform cell, vbs vascular bundle sheath

Figs. 37-42 The cross-sectional anatomy of leaves of Arundinaria fortunei in different salinity soils 37, 40: S3; 38, 41: S2; 39, 42: S1. gv great
vascular bundle, sv small vascular bundle, v vessel, bc bulliform cell, vbs vascular bundle sheath

structure, the uptakes of water, minerals, and heavy metals
are directly affected by root morphological characteristics
(Marschner 1995). It indicates that the genotypic difference
for salt tolerance had a close relationship with root mor-
phology, fine root development, and physiological char-
acters (Jia et al. 2008). In our results, increasing thickness
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of the exodermis after salt stress may provide protection
against water loss of the root, thus showing a higher tol-
erance to salinity stress. The xylem anatomy of plants is
optimized to ensure a continuous transport of water from
roots to leaves under varying water supply conditions.
Drought and increased salinity impair the water status of a
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Table 8 Ion concentration

changes in four different organs Treatment Na* 1 K (mg g_l) Ca® 1 Mg2+,1
of Phyllostachys vivax and (mgeg ) (mgeg ) (mgeg )
Arundinaria fortunei under Roots of P. vivax SI 110 +003a 4704038  045+002b  0.79 = 0.09
different amounts of soil salt
S2 0.76 £ 0.03b 6.93 + 0.36a 0.72 £ 0.03ab 1.05 £ 0.02a
S3 0.51 =+ 0.06¢ 8.08 + 0.62a 0.89 + 0.09a 1.16 £ 0.07a
Roots of A. fortunei S1 1.26 £+ 0.03a 4.38 £+ 0.29¢ 0.23 £+ 0.01b 0.48 £ 0.02¢
S2 0.94 + 0.03b 8.76 £ 0.14b 0.30 & 0.01b 0.74 £+ 0.01b
S3 0.52 £+ 0.03c 14.13 + 0.84a 0.50 + 0.09a 1.27 + 0.06a
Rhizomes of P. vivax S1 0.73 £ 0.01a 2.88 £+ 0.07c 0.38 £+ 0.02b 0.62 £+ 0.01c
S2 0.54 £+ 0.02b 4.39 £ 0.11b 0.49 £+ 0.05a 0.76 £+ 0.02b
S3 0.42 £+ 0.00b 5.31 £ 0.20a 0.53 £ 0.03a 0.88 £ 0.02a
Rhizomes of A. fortunei S1 0.94 £ 0.03a 3.51 £ 0.66b 0.24 £+ 0.02b 0.42 £+ 0.02b
S2 0.71 & 0.01b 5.11 £ 0.38b 0.20 £+ 0.01b 0.68 £ 0.02b
S3 0.40 £ 0.01c 10.33 £ 0.35a 0.43 £+ 0.02a 1.15 £ 0.08a
Culms of P. vivax S1 0.37 £ 0.02a 4.50 £+ 0.31c¢ 0.42 + 0.02b 0.62 £ 0.03b
S2 0.27 £+ 0.02b 7.55 £ 0.75b 0.51 + 0.03b 0.79 + 0.02a
S3 0.21 £ 0.01b 9.41 £ 0.34a 0.72 £+ 0.05a 0.85 £+ 0.03a
Culms of A. fortunei S1 0.74 £ 0.01a 2.92 £+ 0.13¢ 0.20 £+ 0.01c¢ 0.44 £+ 0.01c
S2 0.58 £ 0.04b 520 £ 0.11b 0.32 £+ 0.02b 0.77 £+ 0.05b
S3 0.32 £ 0.02¢ 9.12 £ 0.25a 0.45 £ 0.07a 1.33 £ 0.06a
Leaves of P. vivax S1 0.41 £ 0.04a 5.67 £ 0.51b 0.34 £ 0.03¢ 1.41 £ 0.05¢
S2 0.30 & 0.01b 9.21 £+ 0.35a 0.45 £ 0.00b 1.79 £ 0.09b
S3 0.25 + 0.03b 10.48 + 0.22a 0.58 + 0.01a 2.11 £ 0.09a
Leaves of A. fortunei S1 0.67 £ 0.01a 2.33 £ 0.20b 0.27 £ 0.02b 0.50 £ 0.00c
S2 0.55 £ 0.01b 3.57 £ 0.62b 0.36 £ 0.03b 0.86 &+ 0.02b
S3 0.24 £ 0.01c 8.32 + 0.56a 0.67 £ 0.05a 1.60 £ 0.04a

Values followed by different letters differ significantly from each other (P < 0.05). Mean &+ SE, n = 3

plant and may increase the tension on the water column in
the conducting system, which makes the occurrence of
cavitations and subsequent embolisms more likely (Tyree
and Sperry 1989; Zimmermann and Tyree 2002). The
xylem of plants exposed to high salinity often contain
vessels with smaller diameters than those plants grown
under less stressful conditions (Fahn 1964; Bass et al.
1983; Reinhardt and Rost 1995; Baum et al. 2000). A
similar phenomenon was observed by Eckstein et al.
(1976), who investigated the effect of deicing salt on
chestnut trees. They found smaller and more rounded
vessels and a higher vessel density under high salinity. In
the present study, both species showed decreases in vessel
diameters and a higher vessel density under salt stress.
Moreover, trichomes may be a mechanism to increase
tolerance to salt stress. It was recently suggested that leaf
glandular trichomes could contribute to high salt tolerance
by the excretion of ions (Gucci et al. 1997).
Photosynthetic parameters mainly depend on the pho-
tosynthetic ability and pigment content of leaves (Gitelson
et al. 1999). Thus, they have been widely used in the

analysis of photosynthesis ability, the study of the photo-
synthetic mechanism and the identification of leaf injuries.
Important photosynthetic parameters, such as the F, F,, '
ratio and Pn, often decrease when plants are damaged or
experiencing stress because of photo-inhibition from a
stressful environment. In the investigation, F, F mfl and Pn
declined in leaves of P. vivax and A. fortunei exposed to
high salt concentrations. The decrease indicates that the
salt-stress environment could inhibit photosynthesis by
damaging the reaction center of photosynthesis (Maxwell
and Johnson 2000). Indeed, photosynthesis of P. vivax and
A. fortunei leaves were both severely constrained in S1.
According to Weimberg (1987), high levels of Na™
inside cells inhibit Kt uptake, and as a result, it causes an
increase in the Na*/K™ ratio. Under saline conditions, the
ratio falls dramatically due to excessive Na* accumulation
in the cytosol and K" leakage (Maathuis and Amtmann
1999; Cuin et al. 2008). The ability to retain K* makes an
important contribution to plant salt tolerance (Chen et al.
2007; Summart et al. 2010). Decrease of cytosolic K™ may
activate caspase-like proteases leading to programmed cell
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death (Shabala 2009). Therefore, the ability to retain high
concentrations of K* in leaves presumably in the cytosol is
likely to be important for maintaining normal metabolism
of leaves under salt stress (Zhang et al. 2011).

K™ and Ca®" have been reported to be major cations in
cell organization as well as major contributors to osmotic
adjustment under stress conditions in several plant species
(Santos-Diaz and Alejo-Ochoa 1994; Hirschi 2004). In the
current study, the level of K™ and Ca®" in salt-stressed
cells gradually decreased while that of Nat dramatically
increased. The decrease in K™ and Ca®" contents under
stress condition has been previously reported in other
species particularly in the salt-sensitive lines (Lutts et al.
1996; Lutts et al. 2004).

Mg>", an important element for chlorophyll structure
and as an enzyme cofactor, is found in photosynthate
export, which is impaired and leads to enhanced degrada-
tion of chlorophyll in magnesium-deficient source leaves,
resulting in increased oxygenase activity of ribulose bis-
phosphate carboxylase (Marschner and Cakmak 1989;
Ramoliya et al. 2004). Mg®" accumulations in leaves and
roots were significantly decreased. The decrease may be
attributed to the fact that increasing Na™ ions inhibited the
absorption of both K and Mg*" due to antagonistic
interactions (Correia et al. 2010).

In conclusion, by investigating the growth indexes,
anatomical indicators, and elemental distributions of the
two species in three different saline areas, our study
showed that they exhibited good growth performance and
stable anatomical structure in saline soils. In addition, they
had less accumulation of Nat and degree of nutrient ele-
ments imbalance. Thus, we conclude that P. vivax and A.
fortunei have the ability to grow successfully in salty soils.
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