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a  b  s  t  r  a  c  t

Greenhouse  hydroponic  experiments  were  performed  to  evaluate  potential  role  of  H2S on Al toxicity  in
barley  seedlings.  Seedlings  pretreated  with  200  �M NaHS  as  a  donor  of  H2S for  24  h and  subsequently
exposed  to 100  �M AlCl3 for 24 h  had  significantly  longer  roots  than  those  without  NaHS.  The  promoted
root  elongation  was  correlated  with  a substantial  decrease  in  Al-induced  overproduction  of  lipid  perox-
idation,  electrolyte  leakage  and Al  accumulation  in  roots,  and  a marked  increase  in  Al-induced  depress
activities  of Na+K+-ATPase  and  H+-ATPase.  The  alleviating  role  of  H2S on Al-induced  toxicity  was  also
found  in  a  time-  and  dose-dependent  experiment.  Addition  of  200  and  400  �M NaHS  to  100  �M AlCl3
effectively  alleviated  Al-toxicity,  markedly  diminished  Al-induced  MDA  accumulation,  and  increased
luminum (Al)
arley (Hordeum vulgare L.)
ydrogen sulfide (H2S)
ineral elements
xidative stress

chlorophyll  content,  net  photosynthetic  rate  (Pn)  and  maximal  photochemical  efficiency  (Fv/Fm)  com-
pared  with  Al  alone.  Exogenous  H2S significantly  elevated  depressed  CAT  activities,  and  further  improved
root  POD  activity.  Moreover,  NaHS  decreased  Al accumulation,  but elevated  concentrations  of  S,  P,  Ca,
Mg and  Fe  in  plants.  These  data  suggest  that  H2S-induced  alleviation  in  Al  toxicity  is attributed  to
reduced  Al uptake  and  MDA  accumulation,  improved  uptake  of  P, Ca, Mg  and Fe, and  elevated  ATPase
and  photosynthetic  performance.
. Introduction

Aluminum (Al) is a major yield-limiting factor in acidic soils,
n which it becomes soluble into its ionic form causing phyto-
oxic effects even at micromolar level [1].  Moreover, excessive Al
n the diet may  impair kidney function, cause seizures and reduce

ental alertness, as well as other chronic disorders [2].  Corre-
pondingly, it is urgently necessary to elucidate the mechanism of
l accumulation/tolerance to develop approaches for preventing

ts accumulation in plants, so as to alleviate Al-toxicity in plants
nd minimize the associated health risks from exposure to high

l-containing foods.

Root growth inhibition is the primary symptom of Al toxicity
3]. Meanwhile, one of the earlier responses of Al toxicity is over

Abbreviations: APX, ascorbate peroxidase; ATPase, adenosine triphosphatase;
AT, catalase; Ci, intercellular CO2 concentration; Fv/Fm, maximal photochemi-
al efficiency of PSII; GR, glutathione reductase; Gs, stomatal conductance; GST,
lutathione-S-transferase; H2S, hydrogen sulfide; MDA, malondialdehyde; NaHS,
odium hydrogen sulfide; Pn, net photosynthetic rate; POD, guaiacol peroxidase;
EL, relative electrolyte leakage; ROS, reactive oxygen species; RRE, relative root
longation; SOD, superoxide dismutase; SPAD, soil plant analysis development; TBA,
hiobarbituric acid; Tr, transpiration rate.
∗ Corresponding author.

E-mail address: wufeibo@zju.edu.cn (F.B. Wu).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.12.076
© 2012 Elsevier B.V. All rights reserved.

accumulation in reactive oxygen species (ROS) and subsequent
production of lipid peroxidation [4,5]. The high ROS scavenging
ability by the activation of antioxidative system can be resulted
into enhanced Al tolerance because adequate antioxidant enzymes
and other antioxidant metabolites may  help in removing excess
ROS thus inhibiting lipid peroxidation [5].  It has been shown that
elevated ROS level caused by Al stress activated expression of
genes related to antioxidant enzymes such as superoxide dismu-
tase (SOD, EC 1.15.1.1), catalase (CAT, EC 1.11.1.6), peroxidase (POD,
EC 1.11.1.7) and glutathione-S-transferase (GST, EC 2.5.1.18) [6–8],
resultantly conferring Al tolerance. In a recent study, Abu-Romman
and Shatnawi [9] demonstrated that barley SOD gene (HvSOD) was
involved in antioxidative pathway under various environmental
stresses. Recently, the role of adenosine triphosphatases (ATPase),
especially H+-ATPases, in Al resistance in plants has been demon-
strated [10,11]. Also Al-induced alteration of root surface potential
causes reduction in Mg2+-ATPase, which is the substrate for Mg-
dependent ATPase of plant plasma membrane [12].

Hydrogen sulfide (H2S), a colorless gas with foul odor of rot-
ten eggs, is known as the third gaseous transmitter in mammalian
cells after nitric oxide and carbon monoxide [13]. Recently, its

role as to promote wheat seed germination [14], induce stoma-
tal closure and to participate in abscisic acid-dependent signaling
[15] was reported. Also it has antioxidative response against abi-
otic stresses such as copper, boron, drought and osmotic stresses

dx.doi.org/10.1016/j.jhazmat.2011.12.076
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wufeibo@zju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.12.076
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14–17].  Hence, the questions arise whether H2S participates in Al
olerance and does ATPase have any crucial role in response to Al
tress? Thus further study is needed to test the hypotheses that
xternal H2S could act as a regulator or antioxidant intervention
trategy in preventing Al toxicity, its alleviating role is related to
TPase, and to get a better understanding of how plants adjust to
n adverse environment.

The present study demonstrates the potential role of H2S in
odulating Al-induced oxidative stress, Al uptake and transloca-

ion, ATPase and photosynthetic performance, and plant growth
n barley plants coping with Al stress. Our results support the
ypotheses that H2S reduces Al concentration, suppresses ROS pro-
uction and alleviates Al-induced oxidative damage in plants and
elps maintain ATPase and photosynthetic performance and plant
rowth under Al stress.

. Materials and methods

.1. Plant material and growth condition

.1.1. Short-term experiment
Hydroponic experiment was carried out on Huajiachi Campus,

hejiang University, Hangzhou, China. Uniform healthy seeds of
arley (Hordeum vulgare L. var. ZAU 3) were surface sterilized by
oaking in 2% H2O2 for 30 min, rinsed with distilled water seven
imes and germinated on moist filter paper in an incubator at
0 ± 1 ◦C for 2 days. Germinating caryopses were transferred to net
rays floated on containers filled with 5 L of basic nutrient solution
18] at pH 5.8 in greenhouse. Seven-day-old uniform seedlings with
verage tap root about 9.5 cm were transferred to 0.5 mM  CaCl2
olution at pH 4.3 containing with or without H2S donor (NaHS,
igma) [19] for 24 h prior to a further 24 h exposure to 0 or 100 �M
lCl3. Al as AlCl3 and H2S as NaHS were added to CaCl2 solution in
orresponding containers to form five treatments: control, 48 h in
.5 mM CaCl2 solution without Al and NaHS; pre-S, 24 h pretreated
ith 200 �M NaHS, then transferred to 0.5 mM CaCl2 solution with-

ut Al for 24 h; Al, 24 h growth in 0.5 mM CaCl2 solution, then
xposure to 100 �M AlCl3 for 24 h; pre-S + Al, 24 h 200 �M NaHS
retreatment followed by 24 h 100 �M AlCl3 exposure; and pre-
a2SO4 + Al, 24 h 200 �M Na2SO4 pretreatment followed by 24 h
00 �M AlCl3. To verify the possible role of H2S released by NaHS,
00 �M Na2SO4 was used as the control of NaHS. The experiment
as laid in a completely randomized design with 4 replicates con-

aining 15 plants each replicate per treatment. Root lengths were
easured with a ruler keeping millimeter precision before and

fter treatment and then root elongation was calculated. Root sam-
les were rinsed with 0.5 mM CaCl2 solution, used immediately or
rozen in liquid nitrogen and stored at −80 ◦C for analysis.

.1.2. Long-term experiment
As to time and dose dependent experiment, seedlings were

rown on net trays floating on containers as mentioned above,
ut each having approximately 9 L basal nutrient solution. After
0 days (two-leaf stage), Al as AlCl3 and H2S as NaHS were added
o basal nutrient solution [18,20] in corresponding containers to
orm five treatments: control, basal nutrient solution without Al
nd NaHS; Al, 100 �M AlCl3; Al + 100S, 100 �M AlCl3 + 100 �M
aHS; Al + 200S, 100 �M AlCl3 + 200 �M NaHS; Al + 400S, 100 �M
lCl3 + 400 �M NaHS. The experiment was laid in a completely ran-
omized design with three replicates containing 25 plants each
eplicate per treatment. Solution pH was adjusted to 4.3 ± 0.1 with

aOH or HCl on daily basis, as required. The solution was continu-
usly aerated with pumps and renewed every 5 days. Plant samples
or antioxidant enzyme activities were collected after 1, 5, 15 and
5 days Al exposure. Fresh samples were immediately frozen in
aterials 209– 210 (2012) 121– 128

liquid nitrogen and stored frozen at −80 ◦C for further analyses or
directly used for biochemical assays.

2.2. Measurements of plant growth traits and S, Al and other
elemental concentrations

After 25 days treatment, plants were uprooted and separated
into roots and tops (shoots and leaves), plant height and root
length were simultaneously measured, and then dried at 75 ◦C and
weighed. Contents of Al and elements including S, P, K, Ca, Mg
and Fe were determined by inductively coupled plasma atomic
emission spectroscope (ICP-AES, IRIS/AP optical emission spec-
trometer, Thermo Jarrel Ash, San Jose, CA) after digesting samples
with HNO3–HClO4 (2:1, v/v).

2.3. Examination of root Al distribution

After 24 h Al treatments, roots were immersed in 20 mM Na2-
EDTA solution for 15 min, washed in deionized water for 5 min,
stained with 10 mM MES  buffer (pH 5.5), containing 100 mM Morin
(Sigma–Aldrich) for 30 min  in dark. After a further wash in MES
buffer, the images of longitudinal and transverse sections of root
tips were obtained using a Zeiss confocal microscope (Axioplan
2 connected with LSM 510, Carl Zeiss, Oberkochen, Germany) at
488 nm/515 nm (Argon laser) excitation/emission wavelength [21].

For Al content, 10 root tips (0–1 cm)  were excised and placed in
a plastic tube containing 1.5 ml  of 2 N HCl for at least 24 h shaking.
The Al concentration in the solution was  measured with ICP-AES
[5].

2.4. Measurement of chlorophyll content and photosynthesis
parameters

After 25 days of treatment, chlorophyll content (expressed as
SPAD value measured with a chlorophyll meter Minolta SPAD-
502, Japan) [13] and photosynthesis parameters were measured
on the second uppermost fully expanded leaves with five repli-
cates. A LI-6400 portable photosynthesis system (LI-COR, Lincoln,
NE) was  used to measure net photosynthetic rate (Pn), stomatal
conductance (Gs), transpiration rate (Tr), and intercellular CO2 con-
centration (Ci) [22]. The maximal photochemical efficiency of PSII
(Fv/Fm, the ratio of variable fluorescence to maximal fluorescence)
was synchronously measured using a portable pulse-modulated
fluorometer (FMS-2 Hansatech Instruments Ltd., England).

2.5. Determination of relative electrolyte leakage (REL) and lipid
peroxidation

Plasma membrane integrity in roots was  measured in terms of
electrolyte leakage. Root tissues (100 mg)  were cut into small pieces
and vibrated for 30 min  in deionized water followed by measure-
ment of conductivity of bathing medium (EC1). The samples were
boiled for 15 min  and again measured the conductivity (EC2) [5].
Percent relative electrolyte leakage (REL) was determined using the
following formula:

REL(%) = EC1

EC2
× 100

The level of lipid peroxidation was measured as the amount
of malondialdehyde (MDA) determined by the thiobarbituric acid
(TBA) reaction [20].
2.6. Assays of antioxidant enzyme activities

Approximately 0.5 g of plant tissue was extracted for enzyme
assays. SOD, CAT, POD, APX and GR activities were determined
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ccording to Chen et al. [23]. Glutathione S-transferase (GST) activ-
ty was determined using a GST colorimetric activity assay kit
Jiancheng Bio Co., Nanjing, China). The reactions contained 50 mM
otassium phosphate (pH 6.5) at 25 ◦C, aliquots of enzyme extract,

 mM GSH, 0.4 mM CDNB, and 1% (v/v) ethanol in a final vol-
me  of 1 ml.  Reactions were initiated with addition of the CDNB
ubstrate in ethanol. Enzymatic formation of 2,4-dinitrophenyl-
-glutathione at 340 nm (E = 9.6 mM−1 cm−1) was monitored for

 min  and corrected for non-enzymatic controls. All spectropho-
ometric analyses were conducted on a Shimadzu UV-2410PC
pectrophotometer. ATPase activity was determined by measur-
ng the release of Pi using the activity assay kit (Jiancheng Bio Co.,
anjing, China; http://www.njjcbio.com/html/search.php).

.7. Statictical analysis

Statistical analyses were performed with Data Processing Sys-
em (DPS) statistical software package [24] using one-way ANOVA
ollowed by the Duncan’s Multiple Range Test (SSR) to evaluate
ignificant treatment effects at significance level of P ≤ 0.05.

. Results

.1. H2S donor alleviated Al-induced inhibition of root elongation
nd biomass

The protective role of H2S on A1-induced inhibition in barley
as examined by pre-treating seedlings with 200 �M NaHS for

4 h, and subsequently subjecting to 100 �M AlCl3 for 24 h (short-
erm experiment; Fig. 1). Al stress alone caused 63.6% reduction
n root length compared with control. However, when pretreated

ith H2S donor NaHS before Al exposure (i.e. pre-S + Al), the detri-
ental effects on root length were markedly declined. In contrast to
aHS pretreatment, seedlings pretreated with 200 �M of Na2SO4
ad no obvious effects (Fig. 1A). Meanwhile, little visible difference
f symptom was observed between Pre-S (pretreated with NaHS
nd then grown under normal condition) and control, conveying
hat NaHS itself conferred no toxicity to seedlings and showed no
egative effect on plant growth. Also, H2S by itself did not cause
oot inhibition.

In the long-term experiment, 25 days 100 �M Al exposure
osed severe biomass reduction. Addition of NaHS in 100 �M Al
olution significantly alleviated, with level-depending effect, Al-
nduced growth inhibition and symptoms of chlorosis and necrosis
n leaves (Supplemental Table 2, Supplemental Fig. S1).  Addition of
00 and 400 �M NaHS in 100 �M Al solution (Al + 200S, Al + 400S)

ncreased plant height by 14.6%, 15.1%, root length by 18.7%, 106%,
nd biomass by 35%, 55.3%, respectively, compared with Al-alone
reatment (Al). However, use of 100 �M NaHS was  not effective in
meliorating Al toxicity on biomass.

.2. H2S suppressed Al uptake in barley plants under Al stress

Root Al concentrations were very low in plants grown in non-
l medium (both in control and pre-S alone), but increased to
.3 nmol root tip−1 when treated with 100 �M Al. Presence of NaHS

n Al-stressed medium (i.e. pre-S + Al) suppressed Al uptake, and
oot tip Al content reduced by 23% compared with Al alone treat-
ent (Fig. 1B). Similar trend was observed in fluorescence images

llustrating effect of pretreatment without or with 200 �M NaHS on
l localization in longitudinal and cross sections of root tips (Fig. 2).
.e. root tips from Al-alone solutions exhibited more fluorescence
han NaHS pretreatment followed by Al exposure. The longitudi-
al section of root tips of pre-S + Al yielded 17% significantly less
uorescence intensity compared with Al-alone treatment (Fig. 2A
aterials 209– 210 (2012) 121– 128 123

and B). This decrease in fluorescence was  parallel with significant
reduction of Al content in root tips by pre-S + Al treatment (Fig. 1B).

In the long-term experiment, NaHS addition reduced Al concen-
tration in shoots and roots compared with Al-alone treatment, with
the largest reduction in Al + 400S treatment (cf. 66% and 37% reduc-
tion), followed by Al + 200S (57% and 22%) and Al + 100S (10% and
5%), respectively. On the basis of shoot Al accumulation, Al + 200S
was the best treatment by reducing 43% Al accumulation in shoots
as compared to Al alone. The result of 100 �M NaHS treatment
was not statistically different from that of Al-alone treatment; and
increasing NaHS to 400 �M was not effective on further reduction
in shoot Al content as compared to 200 �M NaHS (Supplemental
Table 2).

3.3. Effect of Al and H2S on nutrient content

As shown in Table 1, exposure to 100 �M AlCl3 alone caused sig-
nificant reduction in P, Mg  and Fe in both shoots and roots, while
reduction in Ca concentration was  only observed in roots. Applica-
tion of NaHS along with 100 �M AlCl3 promoted the concentration
of P, Ca, Mg  and Fe in plants. As compared with Al alone treat-
ment, element concentration of Al + 200S/Al + 400S treatments in
shoots enhanced P, Ca, Fe by 71%/107%, 61%/93%, 40%/44%; while
in roots Ca, Mg,  Fe respective increased 7%/9%, 37%/84%, 33%/34%. Al
alone treatment decreased shoot S concentration. Addition of NaHS
in 100 �M Al solution (Al + 100S, Al + 200S, Al + 400S) significantly
increased S concentration by 109%, 223%, 277% in shoots and 80%,
86%, 86% in roots, respectively, compared with Al alone treatment.

3.4. Chlorophyll content and photosynthetic parameters

After 25 days of treatments, great variation in photosynthetic
parameters was  observed by Al toxicity and H2S application. Leaf
chlorophyll content (SPAD value) decreased by 30% in Al treat-
ment compared with control. Application of NaHS (cf. Al + 100S,
Al + 200S and Al + 400S treatments) reduced Al-induced chlorophyll
inhibition by enhancing 8%, 29% and 34% SPAD value, respectively
over Al alone treatment. Similar results were found in net photo-
synthetic rate (Pn), stomatal conductance (Gs), transpiration rate
(Tr) and chlorophyll fluorescence (Fv/Fm). There were 37%, 143%,
43% and 26% reduction in Pn, Gs, Tr and Fv/Fm, respectively by Al
treatment in comparison with control. Al + 200S and Al + 400S treat-
ments improved Pn, Gs, Tr and Fv/Fm by 37%, 83%, 71%, 26%, and
45%, 94%, 81%, 18%, respectively, compared with Al alone treatment.
However, no significant difference was found between Al + 100S
and Al alone treatment. Contrary to these results, significant over-
production (12%) of the intercellular CO2 concentration (Ci) by
Al toxicity was  noted compared to control; while Al + 200S and
Al + 400S resulted in 6% and 8% reduction, respectively as against
Al (Table 2).

3.5. H2S reduced Al-induced electrolyte leakage and over
accumulation of lipid peroxidation

A significant increase of 43% in relative electrolyte leakage (REL)
in roots was  observed in 24 h Al alone treatment compared with
control. Pre-S + Al showed 20% decrease in REL over Al alone (Al)
exposed roots. Pretreatment with Na2SO4 did not cause significant
reduction in Al-induced REL (Fig. 3A).

Exposure to 100 �M AlCl3 caused significant MDA  overpro-
duction, while Pre-S + Al significantly reduced MDA  content. In
short-term experiment, compared to control, 24 h Al exposure

(Al) resulted in 65% increased root MDA  contents (Fig. 3B), while
Pre-S + Al lowered this overproduction to only 24%. Na2SO4 pre-
treatment was not effective in lowering MDA  caused by Al toxicity
(Fig. 3B). In time- and dose-dependent experiment, both root and

http://www.njjcbio.com/html/search.php
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Fig. 1. Effect of H2S-donor NaHS pretreatment on relative root elongation (RRE, A) and Al content (B) of barley roots under 24 h Al stress.
Seedlings were pre-treated with or without 200 �M NaHS for 24 h and then exposed to 100 �M AlCl3 in 0.5 mM CaCl2 solution for 24 h. Means with different letters are
significantly different (P < 0.05). The five treatments represent as follows: control, 48 h in 0.5 mM CaCl2 solution without Al and NaHS; Pre-S, pretreated with 200 �M NaHS
in  0.5 mM CaCl2 solution for 24 h then transferred to 0.5 mM CaCl2 solution without Al and NaHS for further 24 h; Al, 24 h in 0.5 mM CaCl2 solely solution prior to exposure
to  100 �M AlCl3 in 0.5 mM CaCl2 for further 24 h; Pre-S + Al, 24 h 200 �M NaHS pretreatment followed by 24 h 100 �M AlCl3 in 0.5 mM CaCl2 solution; Pre-Na2SO4 + Al, 24 h
200  �M Na2SO4 pretreatment followed by 24 h 100 �M AlCl3 in 0.5 mM CaCl2 solution, respectively. RRE was  calculated as percent of control.

Fig. 2. Effect of the H2S-donor NaHS pretreatment on fluorescence images illustrating effect of pretreatment without or with 200 �M NaHS on the localization of Al in
longitudinal (A, Al; B, Pre-S + Al; C, Pre-Na2SO4 + Al) and cross (a and b) sections of the barley root tips exposed to 100 �M AlCl3 for 24 h. Fresh root tips were taken from 0 to
10  mm behind the apex, and root cross-sections were taken from the root zone between 1 and 3 mm behind the apex. Bar = 250 �m.  Relative fluorescence intensities (D) on
longitudinal section were calculated using Image J software. Data are means ± SD (n = 5).

Table 1
Effect of the H2S-donor NaHS on mineral nutrient content in barley seedlings after 25 days of Al exposure.

Treatment S (mg  g−1 DW)  P (mg  g−1 DW)  K (mg  g−1 DW)  Ca (mg  g−1 DW)  Mg (mg g−1 DW)  Fe (�g g−1 DW)

Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root

Control 1.0 c 2.0 b 4.6 a 2.3 a 6.3 a 3.7 b 0.9 c 1.1 a 0.8 a 1.1 a 98.2 a 417.9 a
Al  0.6 d 1.7 b 2.2 c 1.5 b 6.6 a 3.4 b 0.9 c 0.7 bc 0.4 b 0.4 d 49.7 c 260.1 c
Al  + 100S 1.2 c 3.0 a 2.7 c 1.5 b 6.5 a 3.3 b 0.9 c 0.6 c 0.5 b 0.5 cd 44.9 c 277.6 c
Al  + 200S 1.8 b 3.1 a 3.7 b 1.5 b 6.5 a 4.1 ab 1.4 b 0.8 b 0.5 b 0.6 c 69.5 b 344.8 b
Al  + 400S 2.1 a 3.1 a 4.5 a 1.6 b 7.3 a 4.9 a 1.7 a 0.8 b 0.6 b 0.8 b 71.8 b 348.5 b

Control, and Al, Al + 100S, Al + 200S and Al + 400S correspond to basic nutrition solution without Al, and basic nutrient solution having 100 �M AlCl3 and supplemented with
100,  200 and 400 �M NaHS, respectively. Means with different letters in the same columns are significantly different (P < 0.05).

Table  2
Effect of the H2S-donor NaHS on SPAD value, the maximal photochemical efficiency (Fv/Fm), and photosynthesis parameters in barley leaves after 25 days of Al exposure.

Treatments SPAD value Fv/Fm Pn (�M CO2 m−2 s−1) Tr (mM  H2O m−2 s−1) Gs (mM m−2 s−1) Ci (�M CO2 M−1)

Control 44.4 a 0.791 a 18.6 a 2.24 a 259 a 654 d
Al  31.0 d 0.589 d 11.7 c 1.28 c 116 c 732 a
Al  + 100S 33.8 c 0.630 c 12.8 c 1.57 b 127 c 715 ab
Al  + 200S 40.1 b 0.741 b 16.0 b 2.18 a 213 b 691 bc
Al  + 400S 41.6 b 0.733 b 16.9 ab 2.33 a 226 b 677 cd

Seedlings were grown in basic nutrient solution having 100 �M AlCl3 and supplemented with 100, 200 and 400 �M NaHS for 25 days. Means with different letters in the
same  columns are significantly different (P < 0.05).
SPAD = soil plant analysis development, Pn = net photosynthetic rate, Gs = stomatal conductance, Tr = transpiration rate, Ci = intercellular CO2 concentration.
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Fig. 3. Effect of H2S-donor NaHS pretreatment on relative electrolyte leakage (REL, A) and MDA  content (B) in barley roots after 24 h 100 �M Al stress; Effect of different
l 5 days
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orrespond to basic nutrition solution without Al, and basic nutrient solution havin
re  means with error bars indicating SD (n = 3). Different letters indicate significant

hoot showed significant enhancement in MDA  contents by Al alone
reatment; application of 100, 200 and 400 �M NaHS reduced MDA
ccumulation, except for day 1 of Al + 400S. On day 15, MDA  con-
ents in roots of Al + 200S and Al + 400S and in shoots of Al + 400S
educed to a level which was similar to the control. On day 25, NaHS
ddition in 100 �M Al solution diminished Al-induced MDA  accu-
ulation in shoots/roots and almost recovered to control level in

hoots (Fig. 3C and D).

.6. Response of antioxidant enzymes to Al and H2S addition

There was a significant increase in activities of antioxidant
nzymes (POD, SOD, CAT, APX and GR) in barley roots exposed to
l treatment (Supplemental Table 1). Pre-S + Al treatment increased
ST activity by 25% compared to 24 h Al alone exposed roots. How-
ver, slight increase in POD, APX and GR activities was also observed
y pre-S + Al. By contrast, CAT activity was significantly lowered in
re-S + Al compared with Al alone treatment.

The time- and H2S dose-dependent response pattern for CAT
ctivity to Al and H2S addition is shown in Fig. 4. Unlike short term
xperiment, shoot/root CAT activities were significantly reduced by
l exposure throughout the long term experiment. The SOD activity

n both roots and shoots was increased by Al stress except for shoot
OD on day 1 and 25 exposure. Al + 100S lowered SOD activity in
oots up to day 5 as compared with Al alone treatment (Al). On day
5, Al + 200S and Al + 400S resulted in 17% and 20% increase in root
OD activity than Al alone treatment (Al), respectively. In shoots,
l-induced SOD activity increase was decreased in Al + 200S and
l + 400S on day 5 and Al + 100S on day 15, but no difference was
oticed on day 1 and 25 compared with Al alone treatment. Al stress
esulted in significant enhancement of POD activity in both roots
except for day 25) and shoots in comparison with the control. H2S

upplementation to Al solution further boosted up POD activity in
oots with H2S-level. Whereas, NaHS addition resulted a decrease
n shoot POD activities in comparison with Al alone. Dramatically,
AT activity in roots and shoots was lowered upon Al exposure,
 100 �M Al exposure. Control, and Al, Al + 100S, Al + 200S and Al + 400S (C and D)
 �M AlCl3 and supplemented with 100, 200 and 400 �M NaHS, respectively. Data
ences (P < 0.05).

except for day 1 in shoots; and H2S greatly enhanced CAT activity
with increasing NaHS levels. On average of day 5, 15 and 25, CAT
activity of Al + 100S, Al + 200S, Al + 400S treatments increased by
28%, 57%, 79% in roots and by 138%, 218%, 248% in shoots against Al
alone treatment. Al exposure significantly increased APX activity in
roots and shoots, except for day 1 in shoots. Addition of NaHS to Al
solution lowered APX activity in roots up to day 5; but enhanced
on day 25 with H2S level, where Al + 400S caused 19% increase over
Al alone treatment. In shoots, H2S lowered APX activity on day 1;
but caused significant increase after 5 days Al exposure.

Al stress elevated GR activity in roots of day 1 and in shoots of
day 5, but no significant difference on the other days related to the
control. Upon NaHS addition, GR activity both in roots and shoots
significantly increased except for day 1 in shoots. NaHS induced
GR increase was in linear fashion in NaHS dose dependent man-
ner. After 25 days of treatment, GR activity of Al + 100S, Al + 200S,
Al + 400S treatments enhanced by 29%, 55%, 76% in roots and 17%,
40%, 57% in shoots, respectively over Al alone treatment.

3.7. Effect of H2S and aluminum on ATPase activity in barley roots

ATPase activity of roots was  measured in short term exper-
iment (Fig. 5). Aluminum stress caused significant inhibition of
H+-ATPase, Na+K+-ATPase and Ca2+Mg2+-ATPase activities, being
28%, 44% and 13% lower than that of control. Pretreatment of
H2S donor NaHS (Pre-S + Al) markedly up-regulated Al-induced
decrease in H+-ATPase and Na+K+-ATPase activities, but no signifi-
cant effect on Al-dependent decrease in Ca2+Mg2+-ATPase activity.
Pretreatment with Na2SO4 had no noteworthy effect on ATPase
activity in barley roots under Al stress.

4. Discussion
Aluminum becomes highly phytotoxic in acidic environment
thus resulting in alteration of various physiological and biochem-
ical processes of plants [1].  Hydrogen sulfide is an emerging
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Fig. 4. Effect of NaHS on SOD, POD, CAT, APX and GR activities in roots (A, C, E, G, I) and shoots (B, D, F, H, J) of barley seedlings exposed to Al stress. Control, and Al, Al + 100S,
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l  + 200S and Al + 400S correspond to basic nutrition solution without Al, and bas
aHS,  respectively. Data are means with error bars indicating SD (n = 5). Different l

ubset  of data within each sampling date.

ignaling molecule to regulate a variety of physiological processes
n plants [15]. In this study, we analyzed the potential ameliora-
ive role of H2S against Al stress in barley seedlings by evaluating
ts performance on antioxidant defense system, ATPase activity
nd photosynthetic performance. Our results clearly demonstrated
hat pretreatment of barley seedlings with 200 �M NaHS for 24 h
pre-S + Al) decreased Al-induced root length inhibition and Al
ccumulation in root apices (Figs. 1 and 2). Our results suggest
 potential role of NaHS application as an intervention strategy
n mitigating Al stress and reducing Al uptake and translocation
n barley plants. To test whether the ameliorative effect of NaHS
n Al-dependent root elongation is via the production of HS− or
ient solution having 100 �M AlCl3 and supplemented with 100, 200 and 400 �M
indicate significant differences (P < 0.05) among the 5 treatments and refer to each

H2S, the effect of 200 �M of Na2SO4 pretreatment on root elonga-
tion upon 100 �M Al exposure was  also investigated. In contrast
to NaHS, pretreated with 200 �M Na2SO4 had no significant effect
on root elongation, Al accumulation in root apex, ion leakage and
oxidative damage caused by Al exposure (Figs. 1–3). As NaHS is
a donor of H2S, therefore, our results further proved that NaHS-
released H2S, rather than other substances from decomposition of
NaHS accounts for mitigating effect of Al induced inhibition of root

elongation [19].

Aluminum stress resulted in oxidative stress measured in terms
of MDA  contents in barley roots/shoots (Fig. 3B–D), and caused sig-
nificant changes in REL in roots (Fig. 3A), suggesting a negative
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Fig. 5. Effect of pretreatment of 200 �M NaHS on ATPase activity (�mol  Pi g−1 h−1)
on  barley roots exposed to 100 �M AlCl for 24 h. Data are means with error
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mpact on membrane integrity and thus membrane deteriora-
ion. Such alteration could affect normal ion exchange capacity of
lasma membrane and all physiological activities linked to mem-
rane functioning. Like other stresses, under Al stress, plant cells
ave evolved antioxidant enzymes system including POD, CAT,
OD, GST, GR and APX that are involved in cellular detoxification
f ROS [25,26].  It has also been well documented that the genes
ncoding these antioxidant enzymes are also activated by Al stress
8]. Maron et al. [7],  by employing microarray analysis showed a
reat variation in root gene expression under Al stress in maize
nd proposed that beside Al-activated citrate release, other pos-
ible mechanisms are likely to be operating in Al tolerance. There
as varied expression of POD under Al stress in maize. Moreover,

enes encoding GST and SOD were also upregulated, indicating
heir role in defense against Al stress. Abu-Romman and Shatnawi
9] showed that HvSOD gene is chloroplastic and is involved in
ntioxidative responses under environmental stresses. They pro-
osed that upregulation of SOD gene in barley by drought and
old stress shows its importance in defense against environmen-
al stresses. In our current study, Al stress suppressed CAT activity
oth in roots and shoots in the long term experiment (Fig. 4E and
); which was in agreement with reports from other plants such as
ice [27]. This decline in CAT activity is a signal of oxidative stress
reation, which might be due to inhibition of enzyme synthesis or
ue to a change in the assembly of enzyme subunits under Al condi-
ion [27]. However, Al stress caused increase in SOD, APX and POD
ctivities (Fig. 4A–D, G and H). Enhanced SOD activity may  function
n signaling of Al induced oxidative stress, which can lead to the
nduction of antioxidant enzymes associated with H2O2 scaveng-
ng system [4,27].  The APX enzyme, which catalyses the reduction
f H2O2 to water by using ascorbic acid as specific electron donor,
as shown to be induced by Al both in roots and shoots as observed

n rice [27]. Al-induced POD activity was in agreement with the
bservations by Wang et al. [28]. Therefore, it can be concluded
hat activated antioxidant system under Al stress may  be beneficial
or plants to remove excess ROS and inhibit lipid peroxidation.

Addition of NaHS (Al + 100S, Al + 200S, Al + 400S) markedly ele-
ated CAT and further improved GR activity except for day 1 in
hoots (Fig. 4E and F). The pattern of alterations in POD, SOD, APX
nd GR activities induced by Al stress was also affected by the
resence of H2S donor NaHS. Thus, it might be deduced that H2S

ndirectly scavenges ROS accumulation via elevating Al-decreased
AT activities and further stimulating root/shoot GR and root POD
ctivities, which may  partly account for its alleviating effect on

l-induced oxidative damage in barley seedlings.

As an emerging signal molecule, H2S has been documented to
lay a regulatory role including mitigation of oxidative stress and

nduction of antioxidant defense system in plants under various
aterials 209– 210 (2012) 121– 128 127

stressful conditions. It has been reported that H2S enhances the
activities of APX and GR in wheat seedlings under water stress
[29]. Based on these evidences, it was  concluded that H2S may acti-
vate an antioxidant signaling pathway and play a protective role in
plants against variety of abiotic stresses. This ability of H2S to exert
a protective function against Al-caused oxidative stress might be
due to the following pathway: reaction with lipid radicals and then
stop the propagation of lipid oxidation, and activation of antiox-
idant enzymes such as CAT and POD. Increasing evidences show
that hydrogen sulfide (H2S) can act as a signaling molecule similar
to NO and CO in animals, and participating in various biological pro-
cesses [19,30]. H2S serves as a signal molecule to control thiol levels
[31,32], and reduces NO accumulation in guard cells by causing sto-
matal opening in light and dark exposure as well [33]. However,
the characterization and role of H2S as a signal molecule and its
molecular mechanisms of antioxidant adaptation are still limited.
Therefore, further study is needed to verify the involved signaling
pathways.

Al also alters membrane potential and ion channel activity [34],
inhibition of proton adenosine triphosphatase (H+-ATPase) [35]
and lipid peroxidation. In present study, Al caused depression
of root ATPase activity, especially H+-ATPase and Na+K+-ATPase;
however, pretreatment with NaHS resulted in up-regulation of
both H+-ATPase and Na+K+-ATPase activities. The plasma mem-
brane Na+K+-ATPase are ubiquitous P-type membrane transport
proteins, which couple the energy derived from ATP hydrolysis
to drive transport of solutes against their electrochemical gradi-
ents and are involved in transport of protons [36]. Zhang and Han
[37] reported that enhanced UV-B radiation reduced Na+K+-ATPase
activity in mitochondria, chloroplasts and cellular solutes of wheat
seedlings, UV-B radiation induced damage to wheat seedlings in
terms of activity of Na+K+-ATPase in various organelles can be
repaired in part by He-Ne laser irradiation.

Exposure to 100 �M AlCl3 caused significant reduction in P,
Mg and Fe in shoots/roots and Ca in roots. Therefore, excessive Al
accumulation could affect the uptake and distribution of certain
nutrients in the plants, and hence would be responsible for mineral
deficiencies/imbalance and depression of plant growth. Addition
of NaHS in Al treatments showed an Al-dose-dependent effect on
mineral uptake. For example, addition of NaHS elevated concentra-
tions of P, S, Ca, Mg,  and Fe in plants, when compared with Al-alone
treatment (Table 1). Thus, elevated uptake of P, Ca, Mg  and Fe may
be one of the mitigatory mechanisms of external NaHS.

Earlier investigations have demonstrated a notable reduction in
the rate of photosynthesis (Pn) by Al in different plant species [38].
In our experiment, the results were consistent with the observa-
tions of Farquhar and Sharkey [39], who suggested that inhibition
of photosynthesis, was caused by stomatal or non-stomatal fac-
tors, divided by intercellular CO2 concentration (Ci). Although H2S
plays its role in absicic acid (ABA)-dependent induction of stoma-
tal closure [15], in present study stomatal conductance (Gs) was
enhanced by H2S. As H2S counteracts oxidative burst by reduc-
ing H2O2 concentration, it can be assumed that H2S might be
preventing H2O2 signaling in guar d cells. Hence, exogenous H2S
addition may  have impaired the ABA-induced H2O2 mediated sto-
matal closure. Further, Chen et al. [40] also reported that 100 �M
NaHS addition to Spinacia oleracea plants caused increase in Gs and
enhanced the photosynthesis. However, further studies are needed
to clarify the mechanism of H2S induced enhancing Gs.

In conclusion, NaHS addition had significant beneficial effects
on Al-exposed barley plants. It effectively decreased Al accumu-
lation and alleviated Al-induced growth inhibition and toxicity.

This alleviation was related to a significant reduction in Al uptake
and MDA  accumulation, and improvement in P, Ca, Mg  and Fe
uptake, ATPase and photosynthetic performance. In addition, CAT
and POD activities, when concerning ROS scavenging systems, play
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2S-based lower lipid peroxidation might result in better function-

ng of plasma membrane, and reduce Al stress to barley plants as
as evident by enhancement of root elongation, increased biomass

nd improvement of photosynthetic performance.

cknowledgments

This study was financially supported by the National Natural
cience Foundation of China (31071365, 31171488) and the Special
oundation for the Author of National Excellent Doctoral Disserta-
ion of PR China (200556).

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.jhazmat.2011.12.076.

eferences

[1] W.J. Horst, Y.X. Wang, D. Eticha, The role of the root apoplast in aluminium-
induced inhibition of root elongation and in aluminium resistance of plants: a
review, Ann. Bot.: Lond. 106 (2010) 185–197.

[2]  G. Berthon, Chemical speciation studies in relation to aluminium metabolism
and toxicity, Coord. Chem. Rev. 149 (1996) 241–280.

[3] M. Sivaguru, W.J. Horst, The distal part of the transition zone is the most
aluminum-sensitive apical root zone of maize, Plant Physiol. 116 (1998)
155–163.

[4] B. Meriga, B.K. Reddy, K.R. Rao, L.A. Reddy, P.B.K. Kishor, Aluminium-induced
production of oxygen radicals, lipid peroxidation and DNA damage in seedlings
of  rice (Oryza sativa),  J. Plant Physiol. 161 (2004) 63–68.

[5] Y.S. Wang, Z.M. Yang, Nitric oxide reduces aluminum toxicity by preventing
oxidative stress in the roots of Cassia tora L., Plant Cell Physiol. 46 (2005)
1915–1923.

[6] B. Ezaki, M.  Suzuki, H. Motoda, M.  Kawamura, S. Nakashima, H. Matsumoto,
Mechanism of gene expression of Arabidopsis glutathione S-transferase, AtGST1,
and AtGST11 in response to aluminum stress, Plant Physiol. 134 (2004)
1672–1682.

[7] L.G. Maron, M.  Kirst, C. Mao, M.J. Milner, M.  Menossi, L.V. Kochian, Transcrip-
tional profiling of aluminum toxicity and tolerance responses in maize roots,
New Phytol. 179 (2008) 116–128.

[8] S.J. Ahn, Z. Rengel, H. Matsumoto, Aluminum-induced plasma membrane sur-
face  potential and H+-ATPase activity in near-isogenic wheat lines differing in
tolerance to aluminum, New Phytol. 162 (2004) 71–79.

[9] E. Darko, H. Ambrus, E. Stefanovits-Banyai, J. Fodor, F. Bakos, B. Barnaba, Alu-
minium toxicity, Al tolerance and oxidative stress in an Al-sensitive wheat
genotype and in Al-tolerant lines developed by in vitro microspore selection,
Plant Sci. 166 (2004) 583–591.

10] S. Abu-Romman, M.  Shatnawi, Isolation and expression analysis of chloroplas-
tic  copper/zinc superoxide dismutase gene in barley, S. Afr. J. Bot. 77 (2011)
328–334.

11] H. Shen, L.F. He, T. Sasaki, Y. Yamamoto, S.J. Zheng, A. Ligaba, X.L. Yan, S.J.
Ahn, M.  Yamaguchi, S. Hideo, H. Matsumoto, Citrate secretion coupled with
the modulation of soybean root tip under aluminum stress. Up-regulation of
transcription, translation, and threonine-oriented phosphorylation of plasma
membrane H+-ATPase, Plant Physiol. 138 (2005) 287–296.

12] S. Lindberg, G. Griffiths, Aluminum effects on ATPase activity and lipid-
composition of plasma-membranes in sugar-beet roots, J. Exp. Bot. 44 (1993)
1543–1550.

13] R. Wang, Two’s company, three’s a crowd: can H2S be the third endogenous
gaseous transmitter? FASEB J. 16 (2002) 1792–1798.

14] H. Zhang, L.Y. Hu, K.D. Hu, Y.D. He, S.H. Wang, J.P. Luo, Hydrogen sulfide pro-
motes wheat seed germination and alleviates oxidative damage against copper
stress, J. Integr. Plant Biol. 50 (2008) 1518–1529.
15] C. Garcia-Mata, L. Lamattina, Hydrogen sulphide, a novel gasotransmitter
involved in guard cell signaling, New Phytol. 188 (2010) 97–984.

16] H. Zhang, Y.K. Ye, S.H. Wang, J.P. Luo, J. Tang, D.F. Ma, Hydrogen sulfide coun-
teracts chlorophyll loss in sweet potato seedling leaves and alleviates oxidative
damage against osmotic stress, Plant Growth Regul. 58 (2009) 243–250.

[

aterials 209– 210 (2012) 121– 128

17] B.L. Wang, L. Shi, Y.X. Li, W.H. Zhang, Boron toxicity is alleviated by hydro-
gen  sulfide in cucumber (Cucumis sativus L.) seedlings, Planta 231 (2010)
1301–1309.

18] F.B. Wu,  G.P. Zhang, P. Dominy, H.X. Wu,  D.M.L. Bachir, Differences in yield
components and kernel Cd accumulation in response to Cd toxicity in four
barley genotypes, Chemosphere 70 (2007) 83–92.

19] R. Hosoki, N. Matsuk, H. Kimura, The possible role of hydrogen sulfide as an
endogenous smooth muscle relaxant in synergy with nitric oxide, Biochem.
Biophys. Res. Commun. 237 (1997) 527–531.

20] F.B. Wu,  G.P. Zhang, P. Dominy, Four barley genotypes respond differently to
cadmium, lipid peroxidation and activities of antioxidant capacity, Environ.
Exp. Bot. 50 (2003) 67–78.

21] S.J. Zheng, J.L. Yang, Y.F. He, X.H. Yu, L. Zhang, J.F. You, R.F. Shen, H.  Matsumoto,
Immobilization of aluminum with phosphorus in roots is associated with high
aluminum resistance in buckwheat, Plant Physiol. 138 (2005) 297–303.

22] F. Wang, F. Chen, Y. Cai, G.P. Zhang, F.B. Wu,  Modulation of exogenous glu-
tathione in ultrastructure and photosynthetic performance against Cd stress in
the  two barley genotypes differing in Cd tolerance, Biol. Trace Elem. Res 144
(2011) 1275–1288.

23] F. Chen, F. Wang, F.B. Wu,  W.  Mao, G. Zhang, M.  Zhou, Modulation of exogenous
glutathione in antioxidant defense system against Cd stress in the two barley
genotypes differing in Cd tolerance, Plant Physiol. Biochem. 48 (2010) 663–672.

24] Q.Y. Tang, M.G. Feng, DPS Data Processing System for Practical Statistics, Sci-
ence, Beijing, 2002.

25] S.S. Gill, N. Tuteja, Reactive oxygen species and antioxidant machinery in abiotic
stress tolerance in crop plants, Plant Physiol. Biochem. 48 (2010) 909–930.

26] C. Inostroza-Blancheteau, M.  Reyes-Díaz, F. Aquea, A. Nunes-Nesi, M.  Alberdi, P.
Arce-Johnson, Biochemical and molecular changes in response to aluminium-
stress in highbush blueberry (Vaccinium corymbosum L.), Plant Physiol.
Biochem. 49 (2011) 1005–1012.

27] P. Sharma, R.S. Dubey, Involvement of oxidative stress and role of antioxidative
defense system in growing rice seedlings exposed to toxic concentrations of
aluminum, Plant Cell 26 (2007) 2027–2038.

28] H.H. Wang, J.J. Huang, Y.R. Bi, Nitrate reductase-dependent nitric oxide produc-
tion is involved in aluminum tolerance in red kidney bean roots, Plant Sci. 179
(2010) 281–288.

29] C.J. Shan, S.L. Zhang, D.F. Li, Y.Z. Zhao, X.L. Tian, X.L. Zhao, Y.X. Wu,  X.Y. Wei,
R.Q. Liu, Effects of exogenous hydrogen sulfide on the ascorbate and glutathione
metabolism in wheat seedlings leaves under water stress, Acta Physiol. Plant.
33 (2011) 2533–2540.

30] G. Yang, L. Wu,  B. Jiang, W.  Yang, J. Qi, K. Cao, Q. Meng, A.K. Mustafa, W.  Mu,  S.
Zhang, S.H. Snyder, R. Wang, H2S as a physiologic vasorelaxant: hypertension
in  mice with deletion of cystathionine �-lyase, Science 322 (2008) 587–590.

31] A. Riemenschneider, V. Nikiforova, R. Hoefgen, L.J. De Kok, J. Papenbrock, Impact
of  elevated H2S on metabolite levels, activity of enzymes and expression of
genes involved in cysteine metabolism, Plant Physiol. Biochem. 43 (2005)
473–483.

32] S. Westerman, I. Stulen, M.  Suter, C. Brunold, L.J. De Kok, Atmospheric, H2S
as  sulphur source for Brassica oleracea: consequences for the activity of
the enzymes of the assimilatory sulphate reduction pathway, Plant Physiol.
Biochem. 39 (2001) 425–432.

33] M. Lisjak, N. Srivastava, T. Teklic, L. Civale, K. Lewandowski, I. Wilson, M.E.
Wood, M.  Whiteman, J.T. Hancock, A novel hydrogen sulfide donor causes sto-
matal opening and reduces nitric oxide accumulation, Plant Physiol. Biochem.
48  (2010) 931–935.

34] C. Poschenrieder, B. Gunse, I. Corrales, J. Barcelo, A glance into aluminum toxi-
city and resistance in plants, Sci. Total Environ. 400 (2008) 356–368.

35] S.J. Ahn, M. Sivaguru, H. Osawa, G. Chae Chung, H. Matsumoto, Aluminum
inhibits the H+-ATPase activity by permanently altering the plasma membrane
surface potentials in squash roots, Plant Physiol. 126 (2001) 1381–1390.

36] S. Dattagupta, M.  Redding, K. Luley, C. Fisher, Comparison of proton-specific
ATPase activities in plume and root tissues of two co-occurring hydrocarbon
seep tubeworm species Lamellibrachia luymesi and Seepiophila jonesi, Mar. Biol.
156 (2009) 779–786.

37] J. Zhang, R. Han, Effects of He–Ne laser and UV-B radiation on Na+/K+-ATPase
activity in organelles of wheat seedlings, Chinese Bull. Bot. 44 (2009) 451–456.

38] S. Ali, F. Zeng, L. Qiu, G.P. Zhang, The effect of chromium and aluminum on
growth, root morphology, photosynthetic parameters and transpiration of the
two  barley cultivars, Biol. Plant. 55 (2011) 291–296.

39] G.D. Farquhar, T.D. Sharkey, Stomatal conductance and photosynthesis, J. Ann.

Rev. Plant Physiol. 33 (1982) 317–345.

40] J. Chen, F.H. Wu,  W.H. Wang, C.J. Zheng, G.H. Lin, X.J. Dong, J.X. He, Z.M. Pei,
H.L. Zheng, Hydrogen sulphide enhances photosynthesis through promoting
chloroplast biogenesis, photosynthetic enzyme expression, and thiol redox
modification in Spinacia oleracea seedlings, J. Exp. Bot. 62 (2011) 4481–4493.

http://dx.doi.org/10.1016/j.jhazmat.2011.12.076

	Alleviation of aluminum toxicity by hydrogen sulfide is related to elevated ATPase, and suppressed aluminum uptake and oxi...
	1 Introduction
	2 Materials and methods
	2.1 Plant material and growth condition
	2.1.1 Short-term experiment
	2.1.2 Long-term experiment

	2.2 Measurements of plant growth traits and S, Al and other elemental concentrations
	2.3 Examination of root Al distribution
	2.4 Measurement of chlorophyll content and photosynthesis parameters
	2.5 Determination of relative electrolyte leakage (REL) and lipid peroxidation
	2.6 Assays of antioxidant enzyme activities
	2.7 Statictical analysis

	3 Results
	3.1 H2S donor alleviated Al-induced inhibition of root elongation and biomass
	3.2 H2S suppressed Al uptake in barley plants under Al stress
	3.3 Effect of Al and H2S on nutrient content
	3.4 Chlorophyll content and photosynthetic parameters
	3.5 H2S reduced Al-induced electrolyte leakage and over accumulation of lipid peroxidation
	3.6 Response of antioxidant enzymes to Al and H2S addition
	3.7 Effect of H2S and aluminum on ATPase activity in barley roots

	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


