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Abstract

Background and aims The mechanism for silicon-
mediated salt tolerance is still not very clear. The aim
of this study was to investigate the possible role of
silicon in regulating carbohydrate metabolism in cu-
cumber (Cucumis sativus L.).

Methods Two cucumber cultivars (‘JinYou 1’ and
‘JinChun 5”) grown hydroponically were subjected to
75 mM NaCl stress in the absence or presence of added
silicon (0.3 mM). Plant growth, oxidative damage, chlo-
rophyll fluorescence and carbohydrate metabolism were
investigated.

Results Added silicon improved plant growth and pho-
tosynthetic performance, while alleviated oxidative
damage of cucumber under salt stress. Salt stress in-
creased the soluble sugar levels in both leaves and roots.
Starch was accumulated in the leaves but decreased in
the roots under salt stress. Added silicon decreased the
soluble sugar levels in leaves through regulating the
activities of carbohydrate metabolism enzymes. The
starch content was decreased in leaves but increased in
roots by added silicon under stress. Silicon addition
increased the root sucrose content in ‘JinYou 1’ but
decreased it in ‘JinChun 5’ under salt stress.
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Conclusions Silicon-mediated decrease of assimilate
accumulation in leaves may alleviate photosynthetic
feedback repression, while silicon-enhanced assimilate
transport provides more energy storage in the roots,
which is beneficial for salt stress tolerance.

Keywords Carbohydrate metabolism - Cucumber -
Chlorophyll fluorescence - Silicon - Salt stress

Introduction

Salinity stress is one of the most serious constraints that
adversely affect crop production (Zhu and Gong 2014).
Salt stress imposes two stresses on plant tissues: one is
osmotic stress caused by relatively high solute concen-
trations of the soil (growth medium) that disrupt homeo-
stasis in water potential, and the other is ion-specific
stress resulting from excess accumulations of Na™ and
Cl” and altered K/Na" ratios (Golldack et al. 2011; Yin
et al. 2016). Limited capacities of Na" and Cl~ exclusion
from the plasma membrane and/or compartmentation
into the vacuole lead to their excess accumulations in
the cytosol (Blumwald 2000; Munns and Tester 2008).
Moreover, due to the similarity of K" and Na* radii which
makes it difficult for plants to discriminate between them,
salt stress disrupts the acquisition of K' nutrient
(Blumwald 2000), which is one of the essential elements
for plant growth and plays a critical role in maintaining
enzyme activities (Jouyban 2012). The excess accumu-
lations of salt ions and decreased K'/Na" ratios disturb
essential biochemical reactions in the cytosol by
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impairing enzyme activities and protein functions
(Chinnusamy et al. 2005). How to increase the tolerance
of crops to salt stress has received worldwide attention.
Silicon (Si) is the second most prevalent element in
soil after oxygen and it is a beneficial element for plants,
especially in adverse environmental conditions (Guntzer
et al. 2012). Silicon application has been proven to be a
promising method to reduce the damaging effects of salt
stress on plants (Zhu and Gong 2014; Rizwan et al.
2015). Much work has been done to explore the mech-
anism(s) for silicon-mediated salt tolerance in plants.
Most previous studies have been focused on how silicon
decreases Na' accumulation and maintains ion
homeostasis in plants under salt stress. For example,
Yin et al. (2013) found that silicon addition decreased
Na' accumulation in the leaves of sorghum. In grape-
vine, silicon application decreased both Na" and Cl~
accumulations in the roots under salt stress
(Soylemezoglu et al. 2009). Gurmani et al. (2013) re-
ported that Si application decreased Na" transport and
improved K'/Na" ratio in salt-stressed wheat. However,
silicon-mediated decrease in Na’ accumulation is not
always the case (Romero-Aranda et al. 2006; Zhu and
Gong 2014), suggesting the involvement of other mech-
anism(s). Recently, a number of studies have been fo-
cused on the alleviative effect of silicon on osmotic stress
induced by salinity and found that silicon addition im-
proved the plant water status, such as in tomato
(Romero-Aranda et al. 2006; Li et al. 2015a), maize
(Rohanipoor et al. 2013), sorghum (Yin et al. 2013),
turfgrass (Esmaeili et al. 2015) and cucumber (Wang
et al. 2015a). Chen et al. (2014) demonstrated that the
alleviative effects of silicon in the osmotic stress phase
were more pronounced than salt-induced ion toxicity in
wheat. Liu et al. (2015) reported that added silicon
alleviated the inhibition of root hydraulic conductance
under salt stress in sorghum, and this was accounted for
by increases in aquaporin expression and activity.
However, they observed that salt stress alone also stim-
ulated aquaporin expression, although the root hydraulic
conductance was inhibited, which suggests a complex
mechanism for silicon-mediated regulation of root hy-
draulic conductance. In cucumber, Wang et al. (2015a)
found that silicon enhances the salt tolerance of cucum-
ber through improving water balance and reducing Na*
accumulation in plants; however, Zhu et al. (2015) pro-
posed that added silicon enhanced root water uptake in
salt-stressed cucumber and it was less likely that silicon
was actively involved in reducing Na" accumulation.
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These results imply genotype-dependent reactions of
silicon-mediated salt tolerance in cucumber plants. In
addition, previous work by Zhu et al. (2004) also sug-
gested that silicon-mediated salt tolerance of cucumber
was attributed to the decreased oxidative stress.
However, it remains unclear whether this is a direct
action of silicon or just a consequence of stress allevia-
tion. In zucchini squash (Cucurbita pepo L.), another
important cucurbitaceae plant, silicon supply enhanced
salt tolerance by inhibiting the translocation of Na and ClI
to the leaves (Savvas et al. 2009). These studies
suggest that the mechanism for silicon-mediated
salt tolerance in plants is still not fully understood, and
more work is still needed.

Photosynthesis is a process that converts light energy
into chemical energy. Sucrose and starch are the main
products of photosynthesis (Goldschmidt and Huber
1992). In the cytoplasm, one of the key enzymes for
sucrose synthesis is sucrose-phosphate synthase (SPS)
(Huber and Huber 1996). The main form of sugar trans-
port in plants is sucrose, which is transported by sucrose
transporter (Riesmeier et al. 1994). The main enzymes
responsible for sucrose degradation are sucrose synthase
(SUS) and invertase (Ranwala and Miller 1998). SUS
can catalize both sucrose synthesis and decomposition,
with the latter being its main role (Geigenberger and
Stitt 1993). In starch metabolism, ADP-glucose
pyrophosphorylase and amylase play important roles
in starch synthesis and decomposition, respectively
(Cardemil and Varner 1985; Ballicora et al. 2004).
Continuous supply of available photosynthetic carbon
is crucial for normal growth and development of plants.
However, under stress conditions, the ability of plants to
utilize light energy can be limited, which induces an
overproduction of reactive oxygen species (Rossel et al.
2002) and causes oxidative damage. Moreover, environ-
mental stresses also influence the source-to-sink trans-
port of assimilates. On one hand, the inhibition of as-
similate export leads to accumulations of soluble sugar
and starch in source leaves, which causes photosynthetic
feedback repression; on the other hand, it reduces car-
bon and energy supply for the sink tissues (Stitt 1991;
Khelil et al. 2007). Under stress conditions, the accu-
mulation of carbohydrates in sink tissues can play an
important role in osmoprotection, osmotic adjustment,
carbon storage and radical scavenging in plants (Parvaiz
and Satyawati 2008). In view of the beneficial role of
silicon on plant photosynthesis and growth under salt
stress (see review by Zhu and Gong 2014), it is
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reasonable to speculate that silicon may have a
regulatory effect on carbohydrate metabolism in
plants. However, relevant information is still
lacking.

Cucumber is an important horticultural crop and is
highly sensitive to salinity (Huang et al. 2009). The
positive effect of silicon on salt tolerance of cucumber
has been observed in previous studies (Wang et al.
2015a; Zhu et al. 2015). In this study, the effects of
silicon on the growth, oxidative damage, chlorophyll
fluorescence and carbohydrate metabolism were inves-
tigated in cucumber seedlings. This study may help to
understand the role of silicon in regulating carbohydrate
metabolism and the mechanism for silicon-mediated
tolerance to salt stress in plants.

Materials and methods
Plant material and growth conditions

Two cucumber (Cucumis sativus L.) cultivars ‘JinYou
1’ and ‘JinChun 5’ were used in this study, with the
former being more sensitive to salt stress (Zhang and
Wu 2009). Seeds were thoroughly rinsed with distilled
water and germinated on moist gauze in petri dishes at
28 °C in dark for 2 days. The germinated seeds were
sown in quartz sands and transferred to the university
greenhouse. The temperature was set to 28 °C/18 °C,
12 h/12 h (day/night) in the greenhouse. When the
second leaves were fully expanded, the seedlings were
transferred to 15-L plastic containers filled with contin-
uously aerated 1/4 strength of modified Hoagland nutri-
ent solution based on Hoagland and Arnon (1950).
Three days after transplanting, the strength of solution
was increased to 1/2. The modified full strength
Hoagland nutrient solution contained the following
components: 4 mM Ca(NOs),*4H,0, 6 mM KNO;,
1 mM NH4H,PO,4, 2 mM MgSO4+7H,0, 46.24 uM
H3;BO;, 7.73 uM MnCl,°4H,0, 0.77 puM
ZnS04°7H,0, 0.20 uM CuSO4*5H,0, 0.45 uM
Na,Mo0042H,0, 71.24 uM EDTAFeNa+*3H,0. Seven
days after transplantation, salt treatment was started by
adding 75 mM sodium chloride (NaCl) to the nutrient
solution in the absence or presence of 0.3 mM silicon as
sodium silicate (Na,Si03-9H,0). The pH of the nutrient
solution was adjusted to 6.0 every two days using 0.2 M
H,SO,4 or 1 M KOH. The culture solutions were
renewed every 6 days. After 5, 10 and 15 days of salt

treatment, the recent fully expanded leaves and roots
were harvested, immediately frozen in liquid N, and
then stored at —80 °C until analysis.

Plant dry weight and chlorophyll fluorescence

After 15 days of salt stress, the plant dry weights were
determined after oven drying at 80 °C for 72 h.

The leaf chlorophyll fluorescence parameters were
measured using a portable fluorometer (PAM-2500;
Walz, Effeltrich, Germany). The minimal (F,) chloro-
phyll fluorescence emission was determined on dark-
adapted leaves. The maximal chlorophyll fluorescence
(F,) was obtained during a subsequent saturating light
pulse (8000 umol m > s~' for 0.8 s). The steady-state
fluorescence (F;) was recorded after the leaf being con-
tinuously illuminated with actinic light at an intensity of
300 umol m 2 s ', A second saturating pulse of white
light (8000 pmol m 2 s for 0.8 s) was imposed to
determine the maximum fluorescence level in the light-
adapted state (F,,,"). The minimal fluorescence level in
light-adapted state (F,") was determined by illuminating
the leaf with far-red light (7 umol m 2 s™") for 3 s. The
fluorescence parameters were calculated according to
Shuetal. (2013) and Hu et al. (2014): maximal quantum
yield of PSII photochemistry, F,/F,, = (Fp, — Fo)/Fp;
effective quantum-use efficiency of PSII in light-
adapted state, F,’/F,) = (F,' — F,))/Fy'; quantum yield
of PSII photochemistry, ®pg;; = (Fp,,' — F)/fm'; photo-
chemical quenching, qP = (F,, — F)/(F,,' — F,’); and
nonphotochemical quenching, NPQ = (F,, — F,,)/F.,,".

Malondialdehyde and hydrogen peroxide contents

Malondialdehyde (MDA) content in the leaves or roots
was measured by thiobarbituric acid reaction according
to Shi et al. (2014) with modifications. Fresh plant tissue
(0.5 g) was homogenized in 10 ml of 0.1 % (w/v)
trichloroacetic acid, and the extract was centrifuged at
5000 g for 10 min at 4 °C. To measure MDA, 1.5 ml of
the supernatant was added into 1.5 ml of 0.5 % (w/v)
thiobarbituric acid (TBA) made in 5 % trichloroacetic
acid. The mixture was heated at 100 °C for 20 min and
then quickly cooled in an ice bath. After centrifuging at
7888 g for 10 min, the absorbance of the supernatant
was measured at 450 nm, 532 nm and 600 nm. The
MDA concentration was calculated using the formula: C
(umol L") = 6.45 (ODs3, - ODgop) - 0.56 ODyso
(Zheng and Tian 2006).

@ Springer



234

Plant Soil (2016) 406:231-249

Hydrogen peroxide content in the leaves and roots
was determined according to Gong et al. (2005). The
plant tissue was ground in cold 0.1 % (w/v) trichloro-
acetic acid and the extract was centrifuged at 12,000 g
for 15 min. A half ml of the supernatant was mixed with
0.5 ml of 10 mM potassium phosphate buffer (pH 7.0)
and 1 ml of 1 M KI. The absorbance of the solution was
recorded at 390 nm, and the content of H,O, was
determined using a standard curve.

Sugar and starch contents

Soluble sugar was measured using a sugar analysis
system (HPLC, Shimadzu, Kyoto, Japan) according to
Dong et al. (2011) with modifications. Briefly, the recent
fully expanded leaves and roots were harvested and
soluble sugars were extracted with 80 % (v/v) aqueous
ethanol four times (75 °C, 10 min each). After evapo-
rating the supernatant, the residue was redissolved in
water, filtered through a 0.45 pm membrane HPLC filter
(Whatman, Maidstone, UK) and used for soluble sugar
analysis. The residue left after extracting soluble sugars
was used for determination of starch content according
to Yang et al. (2001).

Enzyme extraction and activity assay

Frozen samples were used for activity determination of
sucrose phosphate synthase (SPS) (EC 2.4.1.14), su-
crose synthase (SUS) (EC 2.4.1.13), acid invertase
(AL EC 3.2.1.26), neutral invertase (NI, EC 3.2.1.26),
ADP-glucose pyrophosphorylase (ADP-GPPase, EC
2.7.7.27) and amylase activities (EC 3.2.1.1). One gram
of tissue was extracted in 50 mM Hepes-NaOH
(pH 7.5), 5 mM MgCl,, 1 mM Na-EDTA, 2.5 mM
dithiothreitol, 0.5 mg ml ™! bovine serum albumin, and
0.05 % (v/v) Triton X-100 according to the method of
Hubbard et al. (1989). The homogenates were
centrifuged at 22,000 g at 4 °C for 10 min and
the extracts were dialyzed at 4 °C for 20 h with three
changes of dialysis buffer (Choudhury et al. 2010;
Dong et al. 2011).

SPS activity was assayed according to Dong et al.
(2011). The above extract (0.2 ml) was incubated with a
reaction mixture containing 0.2 ml of 200 mM Hepes
(pH 7.5), 0.1 ml of 25 mM fructose-6-phosphate, 0.1 ml
of 100 mM MgCl, and 0.1 ml of 50 mM UDP-glucose.
The mixtures were incubated at 27 °C for 30 min, after
which the reaction was terminated by boiling the
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mixture for 3 min. The amount of sucrose formed was
determined by the resorcinol method (Vu et al. 1993)
after cooling to room temperature. The SUS activity was
assayed in the direction of UDP-fructose synthesis using
a sucrose synthase assay kit (Genmed Scientifics Inc.,
USA). The soluble protein was measured following the
method of Bradford (1976). Both SPS and SUS
activities were presented as the amount of products
formed per g of protein in a minute.

Acid invertases and neutral invertases were extracted
and determined according to Miron and Schaffer (1991)
with modifications. The tissues were homogenized in
50 mM Hepes-NaOH (pH 7.5), 0.5 mM Na-EDTA,
2.5 mM dithiothreitol, 3 mM diethyldithiocarbamic acid,
0.5 % (w/v) bovine serum albumin, and 1 % (w/v)
insoluble polyvinyl pyrrolidone. The assay mixture for
acid invertase contained 0.2 ml of enzyme extract, 0.6 ml
of 0.1 M sodium acetate buffer (pH 4.5) and 0.2 ml of
0.75 M sucrose. The reaction was progressed in a 30 °C
water bath for 30 min and stopped by boiling the mixture
for 5 min in a water bath (Rosales et al. 2007). Reducing
sugars released from sucrose were determined according
to Rosales et al. (2007) by addition of dinitrosalicylic
acid reagent. The neutral invertase activity was deter-
mined as for acid invertase but with 0.1 M K,HPO,—
citrate buffer (pH 7.0) instead of sodium acetate buffer
(Rosales et al. 2007). Both acid invertases and neutral
invertases activities were presented as the amount of
products formed per g of protein in a minute.

The [3-amylase was extracted as described by Duffus
and Rosie (1973) and the activity was determined using
alkaline dinitrosalicylic acid (Bhatia and Asthir 2014).
The ADP-GPPase was extracted according to Rosa et al.
(2009) and its activity was determined using an ADP-
GPPase assay kit (Genmed Scientifics Inc., USA).

Statistics

Data were subjected to analysis of variance using SPSS
19.0. The differences were considered significant at
P <0.05.

Results

Plant growth

Under non-stress conditions, silicon addition did not
change the dry mass accumulation in either ‘JinYou 1’
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or ‘JinChun 5 (Fig. 1). Salt stress severely decreased
the plant dry weights of both cultivars after treat-
ment for 15 days. Silicon application, on the other
hand, significantly alleviated the deleterious effect
of salt stress on the growth of both cultivars: the
plant dry weights of ‘JinYou 1’ and ‘JinChun 5’
were increased by 62.3 % and 33.5 % respectively in
NaCl + Si treatments compared with NaCl treatments
alone (Fig. 1).

Malondialdehyde and hydrogen peroxide contents

Under non-stress conditions, silicon addition did not
change the malondialdehyde (MDA) or hydrogen per-
oxide (H,0,) levels in either cucumber cultivar (Fig. 2).
Under salt stress, the MDA and H,O, contents in the
roots and leaves of both cultivars were significantly
increased as compared to their respective controls; while
silicon addition significantly inhibited the increases,
especially at late period of stress.

Chlorophyll fluorescence parameters

Compared with the control, salt stress reduced the max-
imum photochemistry efficiency of PSII (F,/Fy,), effi-
ciency of excitation capture by open PSII reaction center
(Fy’/Fu"), actual photochemical efficiency of PSII
(®ps) and coefficient of photochemical quenching
(qP) (Table 1); while addition of silicon alleviated these
decreases in stressed plants. Unlike the changes of other
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Fig. 1 Effects of silicon on dry weight of cucumber seedlings
under salt stress. The dry weights of seedlings were measured after
15 d of exposure to salt stress. C, control; Si, silicon; Na, salt
treatment (NaCl); Na + Si, salt treatment plus silicon. Values are
mean + SE of ten replicates. Different letters above bars indicate a
significant difference (P < 0.05)

parameters, the nonphotochemical quenching (NPQ)
was significantly increased by NaCl treatment, but it
was decreased by added silicon in stressed plants.
There were no significant differences in these parame-
ters between the control plants and those treated with
silicon alone.

Soluble sugar and starch contents

In the leaves of both cucumber cultivars, salt stress
remarkably increased the concentrations of sucrose,
fructose and glucose (Table 2). However, the concentra-
tions in the silicon-treated seedlings were significantly
lower than those without added silicon under salt stress,
especially at later stress period (10 and 15 days). The
ratio of hexose to sucrose was decreased by salt stress
after 10 and 15 days of treatment in both cultivars, and it
was increased by silicon addition in the stressed plants
(Table 2). The starch concentrations were gradually
increased in the leaves of both cultivars during the salt
treatment, and the highest level appeared on the 15th
day of treatment; while silicon addition inhibited the
increase, except on the 5th day in ‘JinYou 1°, when the
starch concentration was decreased under salt stress and
added silicon inhibited the decrease (Table 2). In both
cultivars, the ratios of sucrose to starch in the leaves
were obviously increased, while added silicon inhibited
the increases.

In the roots of ‘JinYou 1°, under stress conditions,
significant increases in sucrose, fructose and glucose
concentrations were observed (Table 2). Silicon appli-
cation promoted the increases in sucrose and glucose
levels, but it had little effect on the fructose concentra-
tion, except a slight increase after 5 days of treatment. In
the roots of ‘JinChun 5’°, salt stress significantly in-
creased the levels of sucrose, fructose and glucose from
5th day on, while silicon addition basically inhibited the
increases, except on the 15th day, when there was no
significant difference in sucrose concentration between
NaCl and NaCl+Si treatments. In the roots of both
cultivars, the ratios of hexose to sucrose were decreased
after 10 and 15 days of salt stress (Table 2). There was
no significant difference in this ratio between NaCl and
NaCl+Si treatments in both cultivars, except that silicon
addition decreased the ratio in ‘JinYou 1’ after 15 days
of stress (Table 2). The starch concentrations in the roots
of both cultivars were decreased after 10 and 15 days of
salt stress, but the accumulations were increased in the
presence of added silicon (Table 2). The ratios of
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Fig. 2 Effect of silicon on malondialdehyde and hydrogen perox-
ide contents of cucumber seedlings under salt stress. A-D, JinYou
1; E-H, JinChun 5. A, B, E and F, MDA content; C, D, G and H,

sucrose to starch in the roots of both cultivars were
increased under salt stress (Table 2); while silicon addi-
tion did not change the ratio on the Sth and 10th days
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H,0,. DW, dry weight; MDA, malondialdehyde. Values are
mean + SE of four replicates. Different letters above bars indicate
a significant difference at P < 0.05

after stress start, but it increased the ratio on the 15th day
in ‘JinYou 1°. In ‘JinChun 5’, silicon addition inhibited
stress-induced increase in this ratio (Table 2).
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Table 1 Effect of silicon on the chlorophyll fluorescence of cucumber leaves under salt stress

(I)PSII

qP

NPQ

Cultivar Treatment F./Fn F,//F

JinYou 1 C 0.790 + 0.004a 0.736 = 0.010a
Si 0.787 + 0.004a 0.718 £ 0.005ab
Na 0.764 £+ 0.004b 0.651 £+ 0.008¢c
Na + Si 0.787 + 0.004a 0.699 = 0.013b

JinChun 5 C 0.798 + 0.001a 0.746 = 0.017a
Si 0.798 £+ 0.003a 0.733 = 0.007a
Na 0.750 = 0.019b 0.612 £ 0.026¢
Na + Si 0.776 £ 0.007ab 0.665 + 0.016b

0.654 = 0.018a
0.631 = 0.013ab
0.438 + 0.029¢
0.559 + 0.047b
0.665 £ 0.023a
0.668 = 0.012a
0.418 + 0.049¢
0.574 £ 0.017b

0.896 + 0.024a
0.886 = 0.024ab
0.647 £+ 0.033¢
0.773 £ 0.058b
0.891 £ 0.017a
0911 +0.013a
0.664 = 0.069b
0.863 £ 0.021a

0.240 £ 0.033bc
0.222 £ 0.024c¢
0.449 £+ 0.041a
0.329 + 0.039b
0.260 £ 0.026¢
0.276 = 0.019¢
0.555 = 0.070a
0.403 £+ 0.037b

The measurements were conducted 10 days after salt stress treatment. C, control; Si, silicon; Na, salt treatment (NaCl); Na + Si, salt treatment

plus silicon. Values are mean + SE of eight replicates. Different letters indicate a significant difference among treatments (P < 0.05)

The contents of total carbohydrates (sucrose, glu-
cose, fructose and starch) in leaves were basically in-
creased under salt stress, especially at late stress period;
while added silicon partly inhibited the increases
(Table 3). In the roots of ‘JinYou 1°, the total carbohy-
drate content was increased after 5 days of salt stress, but
it was decreased after 15 days of stress; while silicon
addition increased the total carbohydrate content from
the 10th day onward after stress initiation. In the roots of
‘JinChun 5°, except on the 5th day, the total carbohy-
drate content was basically not altered by salt or silicon
addition. It is noticeable that the ratio of total carbohy-
drate content in root to that in leaf was decreased under
salt stress, and it was obviously higher in silicon-added
plants (Table 3).

Activities of enzymes involved in sucrose and starch
metabolism

(a) sucrose phosphate synthase (SPS)

Compared with the control, the SPS activities in both
leaves and roots were significantly increased in the two
cucumber cultivars under salt stress (Figs. 3a, 3¢ and 4a,
4e). In the leaves of both cultivars, salt-stress-induced
increases in the SPS activities were significantly
inhibited by added silicon after 10 and 15 days of
treatment (Figs. 3a and 4a). In ‘JinYou 1°, added silicon
further increased the SPS activity in the roots of stressed
plants (Fig 3e). However, in the roots of ‘JinChun 5°,
silicon addition inhibited stress-induced increase of the
enzyme activity (Fig. 4e).

There were significantly correlations between the
sucrose concentration and sucrose phosphate synthase

activity in the roots of both cultivars (Fig. 5). Similar
results were also observed in the leaves, except on
the 5th day after salt treatment, when there were
positive correlations with high correlation coeffi-
cients although they were not statistically signifi-
cant at P = 0.05 level.

(b) sucrose synthase and invertases

Under salt stress, the activities of sucrose synthase were
increased in both leaves and roots of the two cucumber
cultivars (Figs. 3b, 3f and 4b, f). In the leaves, under salt
stress, silicon addition did not affect the sucrose
synthase activity in ‘JinYou 1’ (Fig. 3b), whereas
it significantly inhibited the activity in ‘JinChun
5’ (Fig. 4b). In the roots of both cultivars, a
decreased activity of sucrose synthase by added
silicon was observed after 15 days of salt treatment
(Figs. 3f and 4f).

In the leaves, the acid invertase activities were de-
creased at late period of salt stress, while added silicon
alleviated the decreases in both cucumber cultivars
(Figs. 3c and 4c). By and large, the activities of neutral
invertases were not changed by added silicon in both
cultivars under salt stress, except on the 15th day, when
the activity was inhibited by silicon addition in ‘JinChun
5’ (Figs. 3d and 4d).

In the roots of ‘JinYou 1°, salt stress significantly
increased the activities of both acid invertase and neutral
invertase, and silicon application further promoted the
increases (Fig. 3g, h). In the roots of ‘JinChun 5°, the
activities of both invertases were basically increased
under salt stress, while added silicon had no effect on
their activities (Fig 4g, h).
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Plant Soil (2016) 406:231-249 239
Table 3 Effect of added silicon on total carbohydrate contents in the roots and leaves of cucumber seedlings under salt stress
Total carbohydrate content (mg g ' DW)
JinYou 1 JinChun 5
Duration (d) Treatment Leaf Root Root/Leaf Leaf Root Root/Leaf
5 C 589+ 1.5b 345+19 0.59 77.7 £ 2.8b 37.8 £1.7¢ 0.49
Si 64.6 £ 3.3b 359+ 23b 0.56 79.3 £5.3b 39.6 = 2.3bc 0.50
NaCl 77.6 £ 2.6a 49.8 +3.1a 0.64 89.0 £ 3.8a 49.7 + 1.9a 0.56
NaCl + Si 813+ 1.4a 51.7+1.2a 0.64 84.0 £ 1.9b 435 +0.7b 0.52
10 C 75.7 £ 1.8¢ 39.7 £ 1.9b 0.52 82.6 £2.3c¢ 545+13 0.66
Si 753 +£2.7¢c 38.6 £ 2.0b 0.51 87.8 £2.2¢ 53.7+29 0.61
NaCl 146.6 + 2.5a 36.9 = 1.6b 0.25 156.9 + 2.4a 592 +£3.7 0.38
NaCl + Si 112.6 £ 1.4b 48.6 £ 3.8a 0.43 126.4 +2.9b 557 +£24 0.44
15 C 70.2 £ 2.3¢ 53.0 £3.0a 0.75 84.5 £ 4.6¢ 67.7+3.5 0.80
Si 75.7 £ 2.8¢ 52.6 £29a 0.69 772 £2.1c 59.7+£22 0.77
NaCl 1382+ 1.7a 39.5 £ 2.0b 0.29 156.7 + 2.7a 63.0+2.0 0.40
NaCl + Si 108.8 +2.1b 56.4 £ 1.8a 0.52 111.1 + 1.6b 68.0 2.6 0.61

The total carbohydrate content was the sum of sucrose, glucose, fructose and starch contents. Values are mean + SE of five replicates.

Different letters indicate a significant difference (P < 0.05)

(c) Amylases and ADP-GPPase

In the leaves of both cucumber cultivars, the amylase
activities were enhanced under salt stress, except on the
5th day, when the amylase activity was decreased in
‘JinYou 1’ (Fig. 6a, c¢). However, the amylase activities
were kept at the control levels in silicon-treated plants
under stress in the two cultivars (Fig. 6a, c).

In the roots of ‘JinYou 1°, the amylase activity was
only increased after 15 days of salt stress, and added
silicon increased the activities from the 10th day onward
(Fig. 6b). In “JinChun 5’, salt stress increased the amy-
lase activities in roots throughout the stress period and
silicon addition inhibited the increase, except on the
15th day, when the activity was not changed by added
silicon under salt stress (Fig. 6d).

In the leaves of both cultivars, the activities of ADP-
GPPase were significantly increased under salt
stress, while added silicon partly inhibited the increase
(Fig. 7a, b).

Discussion
The ameliorative effects of silicon on the growth inhi-

bition of salt-stressed plants have been reported in quite
some species like rice (Gong et al. 2006; Shi et al. 2013),

wheat (Tuna et al. 2008), sorghum (Liu et al. 2015),
sugarcane (Ashraf et al. 2010), aloe (Xu et al. 2015),
tomato (Romero-Aranda et al. 2006; Li et al. 2015a),
zucchini (Savvas et al. 2009) and cucumber (Zhu et al.
2004; Wang et al. 2015a; Zhu et al. 2015). In this study,
the salt-induced growth inhibition in cucumber seed-
lings was significantly improved by silicon addition,
which is consistent with previous findings.

Salinity and other various abiotic stresses can induce
overproductions of reactive oxygen species by limiting
the plant’s ability to use light energy through photosyn-
thesis (Rossel et al. 2002). Excess H,O, in plant cells
can lead to the occurrence of lipid peroxidation, which
can be assessed in terms of malondialdehyde (MDA)
content (Shi et al. 2014). In this study, silicon addition
decreased the H,O, accumulation and MDA contents in
salt-stressed cucumber, suggesting that added silicon
may have improved the photosynthetic performance of
stressed plants. Chlorophyll fluorescence has been
widely used to monitor photosynthetic performance
in plants (Gorbe and Calatayud 2012). Fluorescence
quenching can be separated into photochemical and
nonphotochemical components (Maxwell and Johnson
2000; Baker 2008). In general, F,/F,,, (maximal quan-
tum yield of PSII photochemistry), F,’/F,,’ (effective
quantum-use efficiency of PSII in light-adapted state),
Ppgp (quantum yield of PSII photochemistry), and qP
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Fig. 3 Effect of silicon addition on the activities of enzymes
involved in sucrose synthesis and catabolism in ‘JinYou 1°. A-D,
leaf; E-H, root. A and E, sucrose phosphate synthase (SPS); B and
F, sucrose synthase; C and G, soluble acid invertase; D and H,

(photochemical quenching) have been calculated to re-
flect photochemical quenching, and NPQ is a non-
photochemical-quenching parameter (Zhang et al.
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soluble neutral invertase. Values are mean + SE of four replicates.
Different letters above bars indicate a significant difference at
P<0.05

2009). In this study, the F,/F,, was significantly de-
creased under salt stress, while it was partly improved
by added silicon. Silicon-mediated increase in Fv/Fm
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Fig. 4 Effect of silicon addition on the activities of enzymes
involved in sucrose synthesis and catabolism in ‘JinChun 5°. A-
D, leaf; E-H, root. A and E, sucrose phosphate synthase (SPS); B
and F, sucrose synthase (SUS); C and G, soluble acid invertase; D

has also been observed in rice under drought stress
(Chen et al. 2011). Silicon addition resulted in a less
decrease in qP (photochemical quenching coefficient) in
salt-stressed cucumber (Table 1), suggesting that more

and H, soluble neutral invertase. Values are mean + SE of four
replicates. Different letters above bars indicate a significant
difference at P < 0.05

PSII reaction centers were in an open state, which
allowed more excitation energy to be used for electron
transport in silicon-added plants (Maxwell and Johnson
2000). In addition, the efficiency of excitation energy
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Fig. 5 Correlation between sucrose content and sucrose phosphate synthase activity in the leaves and roots of cucumber seedlings after

NacCl treatment for 5d (a), 10d (b) and 15d (c)

captured by open PSII (F,’/F,,,") was increased by silicon
addition under salt stress, suggesting that silicon de-
creased dissipation of excitation energy as heat in the
PSII antennae, as was the case observed in NPQ
(Table 1). The decrease of NPQ by added silicon implies
an alleviation of damage under salt stress. ®pgy; reflects
electron transport rate (Shu et al. 2013) and it was higher
with silicon addition compared with salt stress alone
(Table 1), indicating silicon-mediated improvement in
the capacity to convert photon energy into chemical

energy. Chloroplast ultrastructure can be damaged by
salinity stress (Parida and Das 2005). Liang (1998)
reported that silicon could ameliorate the damage of
chloroplast ultrastructure induced by salt stress. In Cd-
stressed maize, Vaculik et al. (2015) found that silicon
addition can alleviate cadmium toxicity by enhanced
photosynthetic rate and ®PSII, which may be due to
silicon-mediated enhancement of thylakoid formation in
the chloroplasts of bundle sheath’s cells. In this study,
the improvement of the photosynthetic performance in
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300 W C C | 300
—/3 Si a
250 EEEE Na a . L 250
Na+Si
200 L 200
7 Leaf |5, ] a a L 150
b
100 X b 100
a b b b
i sl . a bb My b b b b be . 5o
b

Amylase activity (nmol mg™ protein min™ )

=
=}
o
=4
o

5 10 15

C Cc bb

5 10 15

Salt stress duration (days)

Fig. 6 Effect of silicon application on the activities of (3-amylase in the roots and leaves of cucumber plants. Values are mean + SE of four
replicates. Different letters above bars indicate a significant difference (P < 0.05)
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Fig. 7 Effect of silicon application on the activities of ADP-glucose pyrophosphorylase in cucumber leaves. ADP-GPPase, ADP-glucose
pyrophosphorylase. Values are mean + SE of four replicates. Different letters above bars indicate a significant difference (P < 0.05)

cucumber under salt stress may have been partly due to
the protective effect of silicon on the structure of pho-
tosynthetic apparatus. Besides, silicon-mediated de-
crease in reactive oxygen species accumulation in cu-
cumber under salt stress may also be related to
enchanced capabilities of antioxidant defense, as ob-
served in wheat, barley, tomato and rice under drought
stress or salt stress (Gong et al. 2005; Gunes et al. 2007;
Peietal. 2010; Li et al. 2015a). It can be seen from these
results that added silicon improved the photosynthetic
performance of cucumber plants under salt stress, which
might allow a constant supply of assimilates to the
growing tissues.

Carbohydrate metabolism in leaves

Sucrose is one of the main products of photosynthesis
(Choudhury et al. 2010). Maintenance of the balance
among sucrose production, translocation, partition and
use are important for the normal growth of plants.
However, under environmental stresses, accumulations
of soluble sugars such as sucrose, fructose and glucose
are usually observed (Gil et al. 2013; Li et al. 2015b;
Richter et al. 2015; Wei et al. 2015), resulting in growth
retardation. Sucrose catabolism to supply hexoses is nec-
essary for cell growth and development (Tymowska-
Lalanne and Kreis 1998; Hiitsch et al. 2015). In this
study, in the leaves of both cultivars, the higher sucrose
accumulation and lower hexose/sucrose ratio caused by
salt stress could be attributed to the higher SPS activity
and lower Al activity after 10 and 15 days of treatment.
The activity of SUS but not invertases (Al + NI) in the
leaves was increased under stress (Figs. 3b—d and 4b—d),
which corresponded with the increased hexose levels
after 10 and 15 days treatment in both cultivars under

salt stress (Table 2), suggesting that SUS might play a
more important role in sucrose hydrolysis in salt-stressed
cucumber leaves. Despite of the increases of SUS and NI
activities under salt stress (Figs. 3b, d and 4b, d), the leaf
sucrose levels were still increased (Table 2), which sug-
gests that the sucrose synthesis might have increased
more than its degradation, as a good correlation was
observed between the SPS activities and sucrose concen-
trations in both cultivars (Fig. 5). Balibrea et al. (2000)
did not find any correlation between the total sucrolytic
activity (Al + NI + SUS) and both sucrose and hexose
contents in salt-sensitive tomato cultivars. As leaf sugar
content is a result of the balance between synthesis,
degradation and export, the changes of their levels are
complex. Except sucrose synthesis and degradation, it is
possible that salt stress inhibited the sucrose export.
These studies suggest a complex sucrose metabolism,
which remains to be investigated in more detail. In this
study, the relatively low Al activity (Figs. 3¢ and 4c)
observed in the leaves of salt-stressed cucumber could be
explained by a higher concentration of sucrose hydrolysis
products, especially fructose, which was suggested to
inhibit the activities of acid invertases (Winter and
Huber 2000). In this study, although the accumulation
of soluble sugars, especially sucrose in the leaves of both
cucumber cultivars (Table 2) might have contributed to
osmotic adjustment under salt stress. However, the accu-
mulation of sugars may also result from its lower utiliza-
tion in the growing tissues and alternation of source and
sink metabolism (Pelleschi et al. 1997; Alaoui-
Sossé et al. 2004; Khelil et al. 2007), which may
cause the feedback inhibition in photosynthesis of
source leaves and result in growth reduction of cucum-
ber seedlings under salt stress, as observed in this study
(Table 1; Fig. 1).
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Although the positive effects of silicon on plant
growth under stress conditions have been widely report-
ed (Ma 2004; Liang et al. 2007; Rizwan et al. 2015), yet
how silicon regulates sugar metabolism in plants is
largely unknown. In this study, by and large, silicon
addition did not change the levels of soluble sugar in
the leaves (Table 2), nor did it alter the activities of
enzymes involved in their synthesis and catalysis in
non-stress conditions (Figs. 3—4). However, under salt
stress, addition of silicon changed the soluble sugar
metabolism. In the leaves of both cucumber cultivars,
silicon addition alleviated the increase of soluble sugar
level (Table 2). Under salt stress, the silicon-mediated
decrease in the leaf sucrose level might have been
related to the decreases of SPS activities (Figs. 3a and
4a) and increases in Al activities (Fig. 3¢ and 4c).
Silicon addition had little effect on the SUS activity in
‘JinYou 1’ (Fig. 3b) but decreased it in ‘JinChun 5’
(Fig. 4b) under salt stress. These results suggested that
the effect of silicon on the enzymes activities involved
in carbohydrate metabolism is quite complex and spe-
cies-dependent. In leaves, a constant but low level of
hexoses has been proposed to be necessary in growing
leaves in order to maintain a respiratory substrate level
without risking the metabolic activity being perturbed
by large changes in photo-assimilate abundance in near-
by cells (Kingston-Smith et al. 1999). The inhibition of
increase in soluble sugar may contribute to the allevia-
tion of feedback repression of photosynthesis (Khelil et
al. 2007), as observed in this study (Table 1) and our
previous work (Zhu et al. 2015) that added silicon
improved the leaf photosynthesis under salt stress.
Moreover, it should be noticed that the ratio of hexose/
sucrose in leaves, which can be considered to be a
measure of sucrose utilization (Khelil et al. 2007), was
higher with silicon addition compared with NaCl treat-
ment alone after 10 days of stress (Table 2), suggesting
that silicon addition improved sucrose utilization of
cucumber leaves. The increase of sucrose utilization
may provide more energy required for plant growth
(Balibrea et al. 2000; Dong et al. 2011), as the growth
improvement by added silicon under salt stress observed
in this study (Fig. 1).

A high level of sucrose can promote the biosynthesis
of starch (Yuan et al. 2015). Starch serves as a main
carbohydrate store in the majority of higher plants and
can be rapidly degraded to release soluble sugars for
mobilization and utilization (Tetlow 2004; Li et al.
2015c). The activity of ADP-GPPase is of prime

@ Springer

importance in starch synthesis, while amylase catalyzes
the initial step in the hydrolysis of starch into glucose,
maltose and low molecular weight di- and oligosaccha-
rides (Muller-Rober et al. 1990; Bhatia and Asthir 2014;
Wang et al. 2015b). In this study, the ADP-GPPase
activities were promoted in the leaves of both cultivars
under salt stress (Fig. 7), which might have been respon-
sible for the accumulation of starch. Enhancement of (3-
amylase activity by osmotic stress has been reported
previously (Datta et al. 1999; Todaka et al. 2000). In
cucumber, Todaka et al. (2000) found that the (3-
amylase activity was increased under water stress,
followed by increases in sucrose and maltose levels. In
this study, the 3-amylase activity was induced by salin-
ity (except for a decrease in the leaves of ‘JinYou 1 after
5 days of treatment) (Fig. 6), which may have contrib-
uted to the increase of sucrose content in cucumber
seedlings under salt stress. The increased (3-amylase
activities were likely to result in a decrease in starch
accumulation in the leaves of salt-stressed cucumber.
Nevertheless, the starch content was increased in the
leaves (Table 2). It can be assumed that salt stress
induced more starch synthesis by ADP-GPPase than
its degradation by (3-amylase. Under salt stress, silicon
addition reversed both starch biosynthesis and hydroly-
sis back to the control, therefore decreased starch accu-
mulation in the leaves of both cultivars. Except an
alteration of balance between synthesis and degradation,
starch accumulation in leaves may also result from a
decrease in leaf expansion, phloem loading, or capacity
of assimilate transport under stress condition (Alaoui-
Sossé et al. 2004). In the present study, added silicon
decreased the leaf starch content but increased the root
starch content under salt stress, suggesting that added
silicon increased sugar export from the source leaves.
Since excess accumulation of starch in leaves can lead to
a feedback repression of photosynthesis (Han et al.
2008), silicon-mediated decrease of starch accumulation
in cucumber leaves may have contributed to the higher
photosynthetic performance (Table 1). In addition, it
should be noticed that the ratio between sucrose and
starch in the leaves of both cultivars were decreased by
silicon addition compared with NaCl treatment alone
(Table 2), which is compatible with the hypothesis that
the shift from sugar to starch would avoid metabolic
alteration (Balibrea et al. 1996, 2000). Rosa et al. (2009)
reported that salt stress decreased the starch content in
quinoa plants and this decrease was due to the alteration
in carbon allocation in order to produce free proline for
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the alleviation of salinity stress. Recently, Detmann et al.
(2012) suggested that in rice, a silicon accumulator,
silicon could regulate the nitrogen/carbon balance and
amino acid remobilization and led to an improved
crop yield. The role of silicon in controlling nitro-
gen and carbon metabolism in cucumber plants, which
accumulate less Si than rice (Wu et al. 2015), needs to be
studied in future.

Carbohydrate metabolism in roots

To maintain normal growth under salinity, plants need to
regulate carbon allocation, partitioning and its use in the
sink organs (Pelleschi et al. 1997; Li et al. 2015c¢). In Cu-
treated cucumber, the decline in photosynthesis was
proposed to be the consequence of an altered source-
sink relationship, rather than toxic effect of copper on
photosynthesis (Vinit-Dunand et al. 2002). The
sucrolytic activities have been suggested to be involved
in coordinating sink-source relations by maintaining sink
demand and sucrose synthesis and transport (Balibrea
et al. 2000). Root is a sink tissue and the first part of a
plant to be impacted by salinity. However, little is known
about the regulative effects of silicon on carbohydrate
metabolism in roots. In this study, in the roots of both
cultivars, the activities of SPS and enzymes involved in
sucrose degradation (Figs. 3f-h and 4f-h) were all in-
creased under salt stress. The increase of sucrose level in
the roots might have been due to a higher sucrose syn-
thesis than degradation, and salt stress-induced increase
of glucose and fructose levels might be attributed to the
increases in activities of SUS, Al and NI (Figs. 3f~h and
4f-h). The effect of silicon on the levels of soluble sugar
in roots is cultivar-dependant under salt stress (Table 2):
in ‘JinYou 1°, silicon addition resulted in a higher accu-
mulation of soluble sugar; whereas in ‘JinChun 5°, added
silicon alleviated the increase. In ‘JinYou 1°, added sili-
con further increased the invertase activities (Fig. 3g-h),
which may have facilitated sucrose degradation and
hexose accumulation; however, the sucrose level was
not decreased but even increased (Table 2). On the other
hand, the SPS and (3-amylase activities were enhanced
by added silicon under salt stress and there was a positive
linear correlation between sucrose level and SPS activity.
High (3-amylase activity can facilitate the breakdown of
starch, which leads to an accumulation of sucrose (Basu
et al. 2007). These results suggest that the silicon-
mediated sucrose accumulation in the roots of ‘JinYou
1’ might be attributed to the enhancement of SPS and f3-

amylase activities. Similarly, the decrease of sucrose in
the roots of ‘JinChun 5’ mediated by added silicon was
due to the inhibition of SPS and (3-amylase activities.

Silicon-mediated increase in root soluble sugar level
(especially sucrose) in ‘JinYou 1’ may function as an
osmoprotectant and stabilize cellular membranes (Rosa
et al. 2009; Dong et al. 2011), and may also have partly
contributed to the decreased root xylem osmotic poten-
tial, which enhanced water uptake ability under salt
stress as observed in our previous study (Zhu et al.
2015). Similarly, under water stress, silicon has also
been found to enhance osmotic adjustment via active
accumulation of some osmolytes including soluble sug-
ar in rice and sorghum (Sonobe et al. 2011; Ming et al.
2012). In this study, the ratio of hexose/sucrose in roots
of the two cucumber cultivars was decreased under salt
stress, and by and large, silicon did not change it in the
two cultivars, except 15 days after salt stress in
‘JinYou 1’ (Table 2). This suggests that silicon
addition basically did not affect the sucrose utili-
zation efficiency in roots under salt stress, except
in ‘JinYou 1’ at the end of the stress period, but the
accumulation of sucrose in this cultivar might have
contributed to osmotic adjustment and root water up-
take, as discussed above.

In this study, the starch contents in the roots were
decreased during late period of salt stress (Table 2). As
previously discussed, salt stress might induce a decrease
in the capacity of assimilates transport from source
leaves to roots (sink), which may result in the consump-
tion of starch to product energy (Mittler 2006), as can be
seen from the salt-stress-induced increase of (3-amylase
activities (Fig. 6b, d). Silicon-mediated changes of f3-
amylase activities were different in both cucumber cul-
tivars (Fig. 6b, d), but the root starch contents were
increased by added silicon in the stressed plants of both
cultivars. The discrepancy between silicon-mediated
changes of starch content and [3-amylase activity in
‘JinYou 1’ may suggest the involvement of other en-
zymes in starch metabolism, which remains to be inves-
tigated. In this study, during late period of salt stress,
added silicon obviously increased the ratio of carbohy-
drate content in roots to that in leaves (Table 3). This
may suggest that added silicon promoted assimilate
export from the source leaves, therefore enhanced starch
accumulation in the roots. Under stress conditions, an
increase of starch content in roots is beneficial for plant
growth (Dong et al. 2011). Silicon-mediated increase in
the root starch content (Table 2) may have provided
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more energy storage and enhanced stress tolerance in
cucumber plants.

Action mode of silicon?

It is suggested that silicon deposited in cell walls can
form amorphous colloidal complexes with organic mac-
romolecules, which increases the absorption surfaces
and can thus affect water and solute transport in plants
(Gao et al. 2004). Diogo and Wydra (2007) also found
that the increase of resistance to bacterial wilt mediated
by silicon in tomato was associated with its induced
changes in polysaccharide structure of xylems vessel
walls. Isa et al. (2010) found that silicon enhanced the
growth of low-silica rice mutant independent of silica
deposition, and suggested that the accumulated silicon
in cell walls might play an important physiological role.
Ghareeb et al. (2011) suggested that Si induced bacterial
wilt resistance in tomato by priming plants, and they
also suggested that the priming effects were mediated
via ethylene, jasmonic acid and/or reactive oxygen spe-
cies. These studies imply that silicon deposited in cell
walls may regulate solute transport through physi-
cal or physiological mechanism(s). In this study,
there is a possibility that silicon affected the cell
wall properties and thus regulated the assimilate
transportation, while a direct involvement of sili-
con in regulating assimilate transport and its phys-
iological metabolism can not be excluded either.
However, before a conclusion can be drawn, fur-
ther studies are needed to explore the action mode of
silicon in plants.

Conclusions

Salt stress caused the accumulation of photosynthetic
assimilates in the leaves and decreased assimilate export
to the roots. These caused the inhibition of photosyn-
thetic performance and induced ROS accumulation, and
therefore reduced the growth of cucumber plants.
Silicon improved the growth of cucumber plants under
salt stress by regulating assimilate transport and alloca-
tion: silicon-mediated decrease of assimilate accumula-
tion in leaves may contribute to the alleviation of pho-
tosynthetic feedback repression; while silicon-enhanced
assimilate transport provides more energy storage in the
roots, which is beneficial for plant growth and stress
tolerance under stress conditions. Our results may help
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to understand the mechanism for silicon-mediated salt
tolerance in plants.
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