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Sulphur (S) is available to plants as sulphate (SO4
2-) in the soil to the roots and as gaseous SO2 in the 

atmosphere to the shoots. Of all the macronutrient, S is perhaps the nutrient which has attracted the 
most attention in soil science and plant nutrition due to its potential defensive characteristics to pests, 
good nutritive potentiality to crops and its relative immobility in the soil-plant system. This review 
highlights the mechanisms of uptake and translocation of S from soil and its transport in xylem and 
phloem tissues of plants. Moreover, it also throws new insights, have led us to revisit the hypothesis of 
S chelation in reference to oxidative stress induced by heavy metals sequestration.
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Of  the  total  17  naturally  occurring  essential 

elements,  7  are  considered  as  macro-elements 

(Mengel  and  Kirkby,  1987),  and  all  are  of  great 

biological  importance.  Among  them nitrogen  (N), 

potassium  (K),  calcium  (Ca)  are  non-toxic  to  an 

extent  at  low  to  moderate  concentration  while 

Phosphorus (P) and S seems to be more or less toxic 

to  plants at  higher  concentration (Niess,  1999).  In 

fact, yield of most crop plants increase linearly with 

the amount of  fertilizers  that  they absorb (Loomis 

and  Conner,  1992)  (Figure  1)  (Table  1).  Plants 

display  a  higher  degree  of  physiological  and 

developmental  plasticity  in  response  to  their 

changing nutritional conditions (Forde and Lorenzo, 

2001). Mineral elements those acquired primarily in 

the  form  of  inorganic  ions,  continuously  cycle 

through  all  organisms  and  their  environments 

(Epstein,  1972)  and  enter  the  biosphere 

predominantly through the root system of plants, so 

in a sense, plants act as the Miners of the earth crust 
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(Epistein, 1994). Crop plants, however, typically use 

less than half of the fertilizer applied (Loomis and 

Conner, 1992) and the rest may leach out to water 

bodies and now becoming a major cause of water 

pollution (Hill, 1997) (Table 2). 

Figure 1. Response of plant to amount of one nutrient.

Table 1. Macro-elements classified on the basis of their mobility with in a plant and their tendency to 

re-translocate during deficiencies.

Mobile Im-mobile
N

K

Mg

P

Ca

S

Si

Note: Elements are listed in the order of their abundance in the plant.

Table 2. Adequate tissue levels of macro-nutrients that may be required by plants (Epstein, 1972,  

1994).

Element Name      At. Wt.     Concentration in dry matter   %           Relative no of atoms with

                                                                                                             respect to molybdenum.

N                           14.01                 1,000                          1.5              1,000,000

K                           39.10                 250                             1.0               250,000

Ca                         40.08                 125                             0.5               125,000

Mg                        24.32                 80                               0.2                80,000

P                           30.58                 60                               0.2                 60,000

S                            32.07                30                               0.1                 30,000

Si                           28.09                30                               0.1                 30,000 

S  is  the  9th and  least  abundant  essential 

macronutrient  in  plants.  The  dry  matter  of  S  in 

plants is only about 1/15 of N and it is necessary to 

be assimilated in to organic metabolites as well as 

play critical roles in the catalytic or electrochemical 

function of the biomolecules in cells (Saito, 2004). It 

is  found  in  amino  acids  (Cys  and  Met), 

oligopeptides  (glutathione  (GSH)  and  PCs), 
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vitamins and cofactors (Biotin, thiamine Co A and 

SAM) and a variety of secondary products (GSL in 

Cruciferae  and  Allyl  Cys  sulfoxides  in  Liliaceae) 

(leustek,  2002).  Cys  is  a  component  in  organic 

compounds  including  GSH  that  have  been 

implicated  in  the  adaptation  of  plants  to  various 

types  of  stresses  affects  the  kinetics  of  cysteine 

synthase (CS) formation leading to destabilization of 

the  complex.  CS,  formed  by  the  pyridoxal  5'-

phosphate-dependent  enzyme  O-acetylserine 

sulfhydrylase  (OASS)  and  serine  acetyltransferase 

(SAT),  the  branch  point  of  the  S,  C,  and  N 

assimilation  pathways  (Salsi  et  al.,  2010).  The 

regulation  of  CS  activity  through  the  transient 

formation  of  multiprotein  assemblies  plays  an 

important  role  in  the  control  of  biosynthetic 

pathways.  Cys-rich  PR  proteins,  such  as  non-

specific  lipid  transfer  proteins  (nsLTPs)  and 

metallocarboxypeptidase  inhibitors  are  candidates 

for the sequestration of metals (Harada et al., 2010). 

OAS-TL catalyses the final step of Cys biosynthesis 

and its isoforms are localised in the cytoplasm, the 

plastids  and  mitochondria  but  the  contribution  of 

individual  O-acetyl  serine  (thiol)  lyase (OASTL) 

isoforms  to  plant  S  metabolism has  not  yet  been 

fully  clarified.  OAS-A1  (gene  encoding  the 

cytosolic OAS-TL) is involved in maintaining S and 

thiol  levels  and  is  required  for  resistance  against 

cadmium  (cd)  stress  (Shirzadian-Khorramabad  et 

al.,  2010).  The  antioxidant  function  of  2-Cys 

peroxiredoxin  (Prx)  involves  the  oxidation  of  its 

conserved peroxidatic Cys to sulphenic acid that is 

recycled by a reductor agent.  During the oxidative 

stress,  the peroxidatic  Cys  can be overoxidized to 

sulphinic acid inactivating the Prx. 

Moreover, S nutrition significantly increased the 

Cys, GSH and alliin contents of leaves and bulbs in 

onion,  at  all  harvesting  dates  and  at  maturity 

(Mohamed and Aly, 2008). The thiol (-SH) group of 

Cys in proteins takes a job of maintaining protein 

structures by forming disulphide bonds between two 

Cys  residues  via  oxidation.  The  thiol  of  Cys  and 

GSH is  often  involved in  the redox cycle  by two 

thiol↔disulphide  conversions.  This  interchange  is 

versatile  for  redox  control  and  mitigation  against 

oxidative  stress  in  nearly  all  aerobic  organisms 

including  plants  (Leustek  and  Saito,  1999).  In 

addition, GSH contents increased in response to salt 

stress  in  leaves  and  stress-induced  decreases  in 

transpiration and net CO2 assimilation rates at light 

saturation  as  well  as  enhanced  rates  of 

photorespiration cause accumulation of Gly and Ser 

in leaves immediate precursors of GSH (Herschbach 

et al., 2010). The nucleophilicity of the thiol group 

and  in particular,  GSH,  play an  important  role  in 

detoxification of xenobiotics by direct  conjugation 

with sulfhydryl (-SH) group mediated by glutathione 

S-transferase  (GST).  Since,  GSH  function  in 

xenobiotic  and  heavy  metal  detoxification,  plant 

development  and  plant-pathogen  interactions.  As 

well as its emerging functions for plant GRXs and 

GSH concern the regulation of protein activity via 

glutathionylation and the capacity of some GRXs to 

bind Fe-S centres and for some of them to transfer 

Fe-S clusters into apoproteins (Rouhier et al., 2008). 

The level of GSH was lower and the redox state was 

significantly more oxidized, led to an up regulation 

of  the  cytosolic  isoforms  of  GSH  reductase  and 

monodehydroascorbate reductase (MDHA), as well 

as  alternative  antioxidants  like  flavonoids  and 

anthocyanins  were  increased  in  the  S-deprived 

plants  (Lunde  et  al.,  2008).  PCs  are  involved  in 

detoxification  of  heavy  metals  by  serving  as 

chelating ligands through thiol groups. Therefore, it 

is well cleared that proper S nutrition is one of the 

good strategies to alleviate the damaging effects of 

Cd on plants,  and to avoid its  entry into the food 

chain, developing tolerance to Cd toxicity and thus, 

low Cd uptake and accumulation in different parts of 

crop plants (Sarwar et al., 2010). 
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S cycle in nature 

S cycle  is  a good example to illustrate linkage 

between  the  air,  water  and  soil  and  also  provides 

excellent examples of the interaction and regulation 

that  exists  between  different  minerals  cycles  and 

demonstrates  the complex biological  and chemical 

regulation. Plants require a continuous supply of S 

and  its  compounds  in  order  to  synthesize  some 

amino acids and proteins. Inorganic SO4 is a major 

source  of  biologically  significant  S.  Most  of  the 

biologically  incorporated  S  is  mineralized  by 

bacteria  and  fungi  in  ordinary  decomposition  by 

species  of  Aspergillus  and  Neurospora.  Some 

organic  S  enters  the  atmosphere  as  SO2 threw 

incomplete  combustion  of  fossil  fuels,  especially 

coal. Inorganic S as SO4
2- may participate out, but 

since it is relatively soluble, it serves as a source of 

elemental  S  in  many  ecosystems.  SO4 is  also 

reduced under anaerobic conditions to elemental S, 

or to sulphide, including H2S by such heterotrophic 

bacteria  as  species  of  Beggiatoa,  oxidises  H2S  to 

elemental S and species of Thiobacillus, oxidise it to 

SO4
2- as shown in the following reactions. 

Moreover,  SO4
2- is  the  principal  biologically 

available  form  that  is  reduced  by  autotrophs  and 

incorporated  in  to  proteins,  S  being  an  essential 

constituent of certain amino acids. Not as much S is 

required by the ecosystem, nor it is often limiting to 

the growth of plants and animals. Nevertheless, the 

S is a key one in the general pattern of production 

and decomposition. Figure 2 provides estimates of 

amount  of  S  in  the  reservoir  pools  (Lithosphere, 

Atmosphere and Oceans), and the annual fluxes in 

and out of these pools including inputs and outputs 

directly  related  to  human  activities.  Once  in  the 

atmosphere, this gaseous phase is converted to other 

forms,  principally  SO2,  SO4
2-

 and  S  aerosols.  S 

aerosols, unlike CO2, reflect sun light back in to the 

sky,  thereby contributing to  global  cooling and  to 

acid rain. 

Figure 2. S cycle, linking air, water and soil (modified Odum, 1966).
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Moreover, S cycle is increasingly being affected 

by industrial air pollution. The gaseous oxides of S 

are toxic to varying degrees. Normally they are only 

transitory  steps  in  their  respective  cycles  in  most 

environments.  They  are  present  in  very  low 

concentrations and adversely affect important biotic 

components  and  processes  of  ecosystems.  They 

constitute  about  1/3  of  industrial  air  pollutants 

discharged into the air. Coal burning emissions and 

automobile  exhaust  are  major  sources  of  SO2 and 

SO4  production. SO2 is damaging to photosynthesis. 

The  destruction  of  vegetation  around  copper 

smelters is largely caused by SO2. Oxide of S along 

with water vapour produce acid rain (SO2 + NO2), a 

truly alarming development, has great impact on soft 

water  lakes  and  already  acidic  soil  that  lack  pH 

buffer. The increase in acidity in lakes has rendered 

them in capable of supporting their fauna and flora.

Mechanism of uptake and translocation

S plays a pivotal role in the cellular metabolism 

of  many  organisms.  In  plants,  the  uptake  and 

assimilation  of SO4
2- is  strongly  regulated  at  the 

transcriptional level. Activity of SO4
2- uptake system 

in  higher  plants  is  related  to  external SO4
2- 

conditions.  In  higher  plants,  S  metabolism  is 

initiated  by the uptake  of  SO4
2- by roots  from the 

environment. Plants assimilate inorganic SO4
2- in to 

Cys. Thus plants serve as nutritional S sources for 

animals (Giovanelli et al., 1980). Uptake of SO4
2- by 

plants is considered to be the key entry step of the S-

cycle in the nature. Low experimental S supply is up 

regulating  the  expression  of  high  affinity  SO4
2- 

transporter  SULTRI  1  (HAST),  present  in  the 

plasma-membrane  of  root  hairs,  epidermis  and 

cortex  cells  (Maruyama-Nakashita  et  al.,  2004). 

HAST also  up  regulates  by  Cd and  Zn  exposure, 

resulting higher SO4
2- concentration in root (Nocito 

et  al.,  2006;  Sun et  al.,  2007).  The expression of 

HAST seems to be undetectable in plants growing in 

S-sufficient  conditions  (Herbette  et  al.,  2006). 

Second SO4
2- transporter, SULFTR 2 is abundantly 

expressed  at  higher  SO4
2- levels  than  HAST.  The 

effect of Cd  along with  other heavy metals on the 

expression of SULFTR1,  2 has not  been analysed 

till  now,  but  it  is  well  cleared  that  it  have  low 

affinity to SO4
2- and involved in transport  at  their 

expression sites (Hawkesford and De Kok, 2006). 

In addition, the study of SULFTR1, 2 activities 

will be very welcome to judge primary step of S-

metabolism  in  plant  growing  in  heavy  metal 

containing  richly  areas.  A  decrease  of  this 

transporter  activity  may  keep  sufficient  S  in  the 

roots for Cd detoxification as proved by increasing 

levels of sulphide, GSH and non-protein thiols (Sun 

et al., 2007). SULTR 3 localised in shoots, help to 

short  out  the diminished activity of  SULFTR 1, 2 

because  SULTR  3  is  not  sensitive  to  Cd.  The 

expression  SULTR 4,  1  are  interfering  with short 

distance  efflux  of  SO4
2-  from the  vacuole  into  the 

cytoplasm,  is  not  affected  by  exposure  of  Cu 

(Sehiavon et al.,  2007). Therefore the influence of 

heavy metal stimulated expression of most of these 

S-suppliers  certainly  ensures  an  optimum  S 

requirement  for  heavy metal  detoxification.  If  this 

stimulation find in case of other heavy metals, has 

still to be investigated.

Moreover, the SO4
2- is transported into plant root 

cells by SO4
2- transporters and then mostly reduced 

to S2-. The S2- is then bonded to OAS through the 

activity  of  Cys  synthase  (OASTL)  to  form  Cys. 

OASTL, a key enzyme of the plant S assimilatory 

pathway,  catalyses  the  formation  of  Cys  from S2- 

and  OAS.  Transgenic  hybrid  poplar  (Populus 

sieboldi x P. grandidentata 'Y63') plants expressing 

cys1 found to accumulated up to several-fold higher 

Cys  and  GSH levels  and  were  significantly  more 

resistant in terms of foliar damage to the pollutants 

than  control  (Nakamura  et  al.,  2009).  Studies  of 

Shivbagaki and Grossaman (2010) show that a root 

plasma membrane SO4
2- transporter of Arabidopsis, 
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SULTR1; 2, physically interacts with OASTL. The 

interaction was initially demonstrated using a yeast 

two-hybrid system and corroborated by both in vivo 

and  in  vitro binding  assays.  The  domain  of 

SULTR1; 2 shown to be important for association 

with  OASTL  is  called  the  STAS  domain.  This 

domain is at the C terminus of the transporter and 

extends  from  the  plasma  membrane  into  the 

cytoplasm. The functional relevance of the OASTL-

STAS interaction  in  yeast  mutant  cells  devoid  of 

endogenous SO4
2- uptake activity but co-expressing 

SULTR1;  2  and  OASTL.  The  analysis  of  SO4
2- 

transport in these cells suggests that the binding of 

OASTL to the STAS domain in  this  heterologous 

system  negatively  impacts  transporter  activity. 

Therefore they suggests a regulatory model in which 

interactions  between  SULTR1;  2  and  OASTL 

coordinate  internalization  of SO4
2- with  the 

energetic/metabolic state of plant root cells.

SO4
2- transporters  are  differentially  affected  at 

metal exposure. S containing amino acids (Cys and 

Met)  and stress  response-related  compounds (such 

as  GSH),  are  derived  from  reduction  of  root-

absorbed  SO4
2-.  SO4

2- distribution  in  cell 

compartments  necessitates  specific  transport 

systems.  The  low-affinity  SO4
2- transporters 

SULTR4; 1 and SULTR4; 2 have been localized to 

the vacuolar  membrane,  where  they may facilitate 

SO4
2- efflux from the vacuole.  The study of Zuber et 

al.  (2010)  revealed  a  role  for  SULTR4;  1  in 

determining  SO4
2- content  of  mature  Arabidopsis 

seeds. Moreover, the adaptive response of sultr4; 1 

mutant seeds as revealed by proteomics suggests a 

function  of  SULTR4;  1  in  redox  homeostasis,  a 

mechanism that has to be tightly controlled during 

development  of  orthodox  seeds.  Lycopersicon 

esculantum SO4
2- transporter  gene  (LeST  1.1) 

encodes a high-affinity SO4
2- a transporter (HAST) 

located in root epidermis. Also studies of Abdin et 

al.  (2010)  clearly  indicate  that  constitutive 

expression of LeST 1.1 gene in Brassica juncea had 

led  to  enhanced  capacity  of  S  uptake  and 

assimilation even in S-insufficient conditions.

Selenate  (Se)  and  SO4
2- share  the  initial 

assimilation  route,  Se  fertilization  could  interfere 

with S metabolism and plant growth. Se application 

does not affect plant growth, contents of Cys, GSH, 

total GSL, glucoraphanin (major aliphatic GSL) or 

the  expression  of  BoMYB28  (encoding  a 

functionally confirmed master regulator for aliphatic 

GSL biosynthesis). Conversely, due to the changed 

expression of SO4
2- transporters (BoSULTR1; 1, 1; 

2,  2;  1,  and  2;  2),  SO4
2- and  total  S  contents 

increased  in  the  shoot  of  young  plants  while 

decreasing in the root (Hsu et al., 2010). Shinmachi 

et  al.  (2010)  studied  the  interactions  between  S 

nutritional status and SO4
2-  transporter expression in 

field-grown  wheat  (Triticum  aestivum)  using 

Broadbalk +S and -S treatments and concluded that 

S  fertilizer  has  a  marked  impact  on  Mo  and  Se 

distribution  and  accumulation,  which  is  at  least 

partially a result  of altered gene expression of the 

SO4
2- transporter family. Moreover, Se is thought to 

compete with SO4
2- in the S assimilation pathway, 

and SO4
2- therefore  may  have  a  protective  effect 

against the toxic effects of high doses of Se in algae. 

The high concentration of SO4
2- was able to counter 

Se-induced production of PCs and GSH. In addition, 

Simmons and Emery (2010) studied the interaction 

of Se and SO4
2- with respect to the induction of PCs 

short metal detoxification peptides made from the S-

rich  molecule  GSH  and  finally  suggested  the 

possible mechanisms for above generalization (i) A 

negative  feedback  system  in  the  S  assimilation 

pathway that affects PCs production when SO4
2- is 

abundant  (ii)  Competition  for  uptake  at  the  ion 

transport level between Se and SO4
2-.

Moreover, regulatory factors are the demand of 

reduced S in organic or non-organic form and the 

level of OAS, the C precursor for Cys biosynthesis. 
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In plants, Cys is synthesized by action of the Cys-

synthase  complex  (CSC)  containing  serine 

acetyltransferase (SAT) and OASTL, both enzymes 

are located in plastids, mitochondria and the cytosol. 

Subcellular  metabolite  analysis  by  non-aqueous 

fractionation revealed distinct changes in subcellular 

metabolite distribution upon short-term S starvation. 

In  addition,  Metabolite  and  transcript  analyses  of 

SERAT1.1 and SERAT2.1 mutants (Krueger et al., 

2010) grown under S starvation conditions indicate 

that  both isoenzymes  do not  contribute directly  to 

the transcriptional  regulation  of  genes  involved in 

uptake SO4
2- and assimilation (Krueger et al., 2010). 

Furthermore,  recent  findings  of  Takahashi  (2010) 

provided evidence that the regulatory pathways are 

highly organized to balance the uptake, storage, and 

assimilation  of  SO4
2- in  plants.  In  addition  to  the 

physiological and biochemical functions diversified 

among the isoforms of SO4
2- transporters, regulatory 

elements  in  transcriptional  and  posttranscriptional 

mechanisms were suggested to play significant roles 

in coordinating the assimilatory functions to adapt 

with varying  S nutritional  status  that  fluctuates  in 

the environment.

In addition, after entry in to the roots cells, SO4
2- 

is delivered to various parts of tissues through the 

vascular  system. Today increasing SO4
2- utilization 

efficiency  (SUE)  is  an  important  issue  for  crop 

improvement.  Little  is  known  about  the  genetic 

determinants  of  SO4
2- utilization  efficiency.  The 

function  of  SUE3  and  SUE4  in  low  S  tolerance 

confirmed  either  by  multiple  mutant  alleles  or  by 

recapitulation analysis. Results of Wu et al. (2010) 

demonstrate  that  this  recapitulation  analysis  is  a 

genetic  screen  or a  reasonable  approach  to  isolate 

Arabidopsis mutants with improved low S tolerance 

and  potentially  with  enhanced  SO4
2- utilization 

efficiency. The  process  of  long-distance 

translocation of the SO4
2- may require five different 

types of transporters in higher plants, responsible for 

cell  to  cell  movement  of  SO4
2- across  the  plasma 

membrane  and  also  involved  in  translocation  of 

SO4
2- from  roots  to  shoots  (Hawkesford,  2003; 

Hawkesford  and  De  kok,  2006;  Clarkson  et  al., 

1993).  Because  the  SO4
2- transporter  protein  is 

involved in this initial step, it may play a central role 

in the regulation of the entire S metabolism pathway 

by  controlling  the  import  of  the  available  SO4
2-. 

Loading of SO4
2- in to vascular tissues in roots and 

unloading of SO4
2- in to the leaf cells are assumed to 

be the essential steps in this process. With respect to 

the  regulation  of  the  entire  SO4
2- assimilation 

pathway,  fluctuation  of  the  extracellular  SO4
2- 

concentration may act as a signal for the modulation 

of the gene expression from the earlier physiological 

experiments on membrane vesicles and cell cultures 

(Smith,  1975),  it  is  demonstrated  that  plants  can 

adapt  to  low SO4
2- availability  by  modulating  the 

SO4
2- transport activity.

(i) Xylem transport 

The chemical composition of xylem sap is very 

different from phloem sap, xylem sap having a pH 

ranging  from  5.0-6.0,  a  more  oxidizing  redox 

potential and a much lower concentration of organic 

compounds  such  as  sugar,  peptides  and  proteins 

(Glavac  et  al.,  1989).  During the  growing season, 

concentrations  of  all  S  compounds  like  GSH and 

SO4
2- in the xylem found highest and decreased later 

(Kostner et al.,  1996). GSH is the main reduced S 

compounds (Thiol ) in the xylem sap  (Rennenberg 

and  lamoureux,  1990)  and  concentration  of 

inorganic  SO4
2- in xylem sap found up to 50 times 

higher than those of GSH,  ranging from 60 to 230 

µmol-1 in case of picea abies (Kostner et al., 1996). 

Thiol concentration in the xylem sap can originate 

from  SO4
2-

 reduction in  the roots  (Brunold,  1990), 

from internal  cycling  as  a  result  of  phloem-xylem 

exchange.  On  average,  SO4
2- concentrations  in 

xylem sap were 30 percent higher at the declining 

site  compared  with  the  normal.  Compounds  like 
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GSH and Cys found significant high concentration 

during the night  and low concentration during the 

day.   Xylem sap  concentrations  of  SO4
2- and  Cys 

twice as high and GSH concentrations were tenfold 

higher  in  surface  roots  than  in  branches.  At  both 

sites, transport of organic S was low (up to 30% of 

total S) compared to transport of SO4
2- (Rennenberg 

and Polle, 1994).

(ii) Phloem transport 

The composition of phloem translocate, moving 

down the stem toward the root was determined from 

the phloem exudates. 20-40% of the S moved in the 

form of organic S compounds. However the bulk of 

S transported as inorganic SO4
2-. The most important 

organic  S  compounds  translocated  in  phloem  are 

GSH,  carrying  about  70% of  level  present  in  the 

organic  fraction.  In  addition,  Met  and  Cys  were 

involved in  phloem S transport  and accounted  for 

roughly 10%. Primarily, the reduced forms of both 

GSH  and  Cys  are  present  in  the  sieve  tubes. 

Previously  published  results  have  shown  that 

tobacco  plants  export  organic  S  compounds  from 

mature  leaves  and  translocate  them  towards  sink 

regions  i.e.  shoot  apex,  immature  leaves  and  the 

roots  system.  This  transport  occurred  at  least 

partially in the phloem. Separation and identification 

of the organic S translocated revealed that GSH is 

the major  component of the translocate in phloem 

(Biddulph et al., 1958). Uptake of SO4
2- by roots has 

been intensively studied (Cram, 1990) whereas the 

processes that control S nutrition and distribution at 

the whole-plant  level  have  received  little  attention 

(Rennenberg,  1995).  However,  it  is  evident  that 

SO4
2- is not only transported in the xylem sap, but 

may also be exchanged between xylem and phloem 

resulting in the circulation of  SO4
2- in the vascular 

system of the  stem (Rennenberg  and  Polle,  1994; 

Schneider et al., 1994b). 

In  addition,  there  are  several  previous  studies 

reports that reduced S compounds are present in the 

xylem sap of deciduous trees  in addition to  SO4
2-. 

For  examples,  Sauter  (1981)  reported  that  the  S-

containing  amino  acids  Met  is  transported  in  the 

xylem sap of Salix.  The thiol  Cys  and GSH have 

been detected in the xylem sap of beech (Schupp et 

al.,  1991)  and  poplar  (Suchneider  et  al.,  1994a). 

Transport  studies  with  Gymnosperms  suggest  that 

reduced  S  in  form  of  GSH  is  transported  in  the 

xylem from mature needles to the going parts of the 

stem especially the new growing needles (Schneider 

et  al.,  1994b).  However,  it  is  not  known to  what 

extent GSH transport contributes to the S nutrition 

in  plants.  SO4
2- is  mainly  translocated  in  upward 

(acropetal)  direction  and  the  capability  of  higher 

plants  to  move  S  in  a  downward  (Basipetal) 

direction  is  relatively  poor.  For  redistribution  of 

stored S, the main transported form GSH undergoes 

by directional phloem-xylem exchange (Rennenberg 

and Herschbach, 1995). Although xylem transport of 

S  in  reduced  form  is  important  for  the  actual 

demands of all tree organs,  SO4
2- dominated the S 

transport  in  the  xylem.  S in  the  root  and  petioles 

found to be translocated towards the younger leaves 

while S of older leaves however, did not contribute 

to S supply of younger tissues (Singh et al., 1994). 

This  shows  that  translocation  against  the 

transpiration  stream  did  not  occur.  Randal  (1988) 

opined  that  the  mobility  of  S  in  the  phloem  is 

relatively  lesser  than  N,  leading  to  chlorosis  of 

younger leaves and later shows necrotic symptoms 

and die (Singh et al., 1994).

Sulphur  induced  protective  mechanism 

against heavy metal sequestration

Plants  have  evolved  a  variety  of  complex 

mechanisms to short out the problem of heavy metal 

sequestration.  Of  which,  chelation  is  a  common 

phenomenon induced by S fertilization. In previous 

studies  Berry  (1986)  suggested  that  accumulation 

and detoxification as the main strategy that serve to 

control  the  uptake  and  accumulation  of  heavy 

JOURNAL OF STRESS PHYSIOLOGY & BIOCHEMISTRY Vol. 7 No. 3 2011

173



Role of sulphur in metal stress...

metals.  Different  plant  species,  commercial 

varieties, cultivars and ecotypes vary widely in their 

tolerance to excess concentrations of heavy metals 

(Al-Hellal,  1995)  and  metal  complexes  of  S-N 

chelating  agents  (Nag  and  Joardar,  1976).  One 

recurrent general mechanism for excess heavy metal 

detoxification  in  plants  and  other  organisms  is 

chelation  by  a  ligand  and  in  some  cases,  the 

subsequent compartmentization of the ligand-metal 

complexes (Singh et al.,  1981). Two major groups 

of  complexes  have  been  isolated  from  various 

higher plants are as follows:

(i) Meta-thioneine (MTs)

(ii) The Phytochelatins (PCs)

MTs are low molecular Cys-rich, metal binding 

proteins.  They are  present  in many,  but not  in  all 

plants.  Plants  MTs  contain  two  structural  metal-

binding,  Cys-rich  domains  in  the  amino  and  the 

carboxyl-terminal  region  (Cobbett,  2003a)  which 

can  bind  Cd,  Cu  and  Zn.  Particularly,  in 

Angiosperms they occur in four types MT1, MT2, 

MT3 and MT4 with different  expressions in  plant 

tissues during plant development and with obviously 

different metabolic functions (Roosens et al., 2005a; 

b;  Zimeri  et  al.,  2005;  Domenech  et  al.,  2006; 

Hassinen et al., 2007; Peroza and Freisinger, 2007). 

The role in Cd detoxification is supported by MT1 

knock-down plants  of  Arabidopsis  thaliana which 

become  Cd  hypotolerant  despite  a  diminished  Cd 

uptake (Zimeri et al., 2005). Independent of external 

metal  exposure,  expression  of  MT1  is  enhanced 

during  leaf  senescence  of  all  investigated  based 

metal-tolerant plants (Kohler et al.,  2004; Heise et 

al., 2007).

Moreover, the expression of MT2 genes depends 

on plant age (Guo et al., 2003; Kohler et al., 2004), 

plant tissues (Chang et al.,  2004) and heavy metal 

exposure. Expression of MT2 seems to be restricted 

to leaves and slightly stimulated at exposure to Cd, 

Cu or  Zn  (Guo  et  al.,  2003;  Kohler  et  al.,  2004; 

Zhang et al., 2005; Hassinen et al., 2007). MT2b is 

highly expressed in roots and leaves and the mRNA 

level  is  obviously  species  and  ecotype  specific. 

Treatments  of  Brassica  juncea with  Cu  and  Zn 

reduce the expression of MT2 (Schafer et al., 1997). 

The expression of MT3 genes is elevated with leaf 

ageing  and  at  exposure  to  Cu,  but  not  to  Cd  in 

leaves. The MT3 expression is not changed in roots 

of basal Cu-tolerant plants and ecotypes (Guo et al., 

2003;  Kohler  et  al.,  2004;  Roosens  et  al.,  2004). 

MT4 is  highly expressed  in  seeds of  Arabidopsis  

thaliana (Guo  et  al.,  2003).  Therefore,  MT4 may 

play  a  role  in  metal  homeostasis  during  seed 

development and seed germination. Presently, some 

experimental  data  are  available  to  evaluate  the 

impact of the additional S need by MTs for metal 

detoxification on the total S pool.

Moreover,  Clemens  (2006a)  favours  a  role  of 

PCS in metal homeostasis. Another function of PCs 

may  be  degradation,  however,  is  only  possible  if 

PCS is activated by Cd exposure (Beck et al., 2003; 

Blum et al., 2007; Grzom et al., 2006) and therefore, 

not  possible  when plants  do  not  grow on  metal-

enriched  soils.  GSH  depletion  following  Cd 

exposure has been observed in cultured cells and in 

roots  (Klapheck  et  al.,  1995).  In  maize,  decreased 

GSH  was  accompanied  by  increase  in  γ-EC 

contents.  Inhibition  of  PC  accumulation  by 

buthionine  sulphoximine,  demonstrated  the 

importance of γ-EC activity in PC synthesis (Grill et 

al.,  1987).  Elevated  γ-ECS activity  was  shown to 

correlate with Cd resistance in cultured tomato cells 

(Chen and Goldsborough, 1994) while inhibition of 

γ-ECS markedly enhanced the negative effects of Cd 

on  growth  in  birch  (Gussarsson  et  al.,  1996). 

Although  no  extensive  study  has  get  been 

undertaken, the study of heavy metal tolerance will 

probably be one of the most important applications 

of plants over expressing γ-ECS. The up regulation 

of GSH during the biosynthesis to provide substrates 

JOURNAL OF STRESS PHYSIOLOGY & BIOCHEMISTRY Vol. 7 No. 3 2011

174



Mazid et al

for PCs. The total protein and GSH content of barley 

and maize roots declined with an increase in heavy 

metal  concentration;  however,  this  decrease  was 

more in the roots than in the shoots (Shanthala et al., 

2006).  Thus  GSH  is  somehow  involved  in  the 

biosynthesis of PCs (Robinson et al., 1993) which in 

turn  confers  tolerance  to  the  cells  (Jackson et  al., 

1987).

Based  on  their  solubility  under  physiological 

conditions, heavy metals may be available to living 

cells and have significance for the plant and animal 

communities  with  in  various  ecosystems  (Weast, 

1984). Among the heavy metals As, Hg, Ag, Sb, Cd, 

Pb and Al have no known functions as nutrients and 

seem  to  be  more  or  less  toxic  to  plants  and 

microorganisms  (Sogut  et  al.,  2005;  Beak  et  al., 

2006).  There are two types of causal  relationships 

existing  between  the  high  concentration  of  heavy 

metals  on  soil  and  the  expression  of  toxicity 

symptoms. On the one hand, heavy metals compete 

with essential  mineral  nutrients for uptake thereby 

disturbing the mineral nutrition of plants (Clarkson 

and  Luttge,  1989)  and  on  the  other  hand,  after 

uptake by the plant, it accumulates in plant tissues 

and  cell  compartments  and  hampers  the  general 

metabolism of the plant (Turner, 1997).

The  SO4
2- concentration  in  non-metal-enriched 

environments is mostly in the range from 0.16 to 7 

mM SO4
2- in  soil  solution and  surface  near  water 

(Stuyfzand, 1993; Haneklaus et al., 2003). The SO4
2- 

concentration  of  soil  solution varies  from 13 mM 

SO4 in the Cu mine of the Parys Mountains (Walton 

and Johnson, 1992) and up to 110 mM SO4
2- in the 

Avoca  Cu/Zn  mine  in  Ireland  (Gray,  1996).  The 

SO4
2- concentration in standard nutrient  solution is 

moderate.  When  standard  nutrient  solution  is 

diluted, the SO4
2-concentration decreases to levels of 

S  deficiency  with  impact  on  gene  expression  and 

enzyme activities  (Nocito  et  al.,  2006;  Sun et  al., 

2007).  Because  of  concomitant  changes  in  metal 

sensitivity, it is difficult to compare plant reactions 

at extreme low SO4
2-  supply (Cazale and Clemans, 

2001;  Van  Belleghem  et  al.,  2007)  with  those  of 

plants grown at 18-fold higher SO4
2- concentration 

(Howden et al., 1995a; 1995b; Dominguez-Solis et 

al., 2004). In contrast to SO4
2-, the exposure to heavy 

metals,  especially  Cd,  surpasses  environmentally 

relevant  concentration  in  many  physiological 

experiments. Investigation with high Cd levels can 

only show how a heavily disturbed metabolism of a 

nearly  dead  plant  reacting  to  an  extreme, 

environmentally never occurring plants. Cd and Pb 

exposure causes high mutation rates in Arabidopsis  

thaliana (Kovalchuk  et  al.,  2005)  with  floral 

anomalies  (bonding),  poor  seed  production  and 

malformed  embryos.  Other  nutrients  have  also  an 

impact on the uptake of heavy metals especially that 

of Cd and Pb. Up regulation of S related enzymes at 

Cd  exposure  such  as  PC  synthase  occurs  also  at 

insufficient N supply (Sarry et al., 2006).

In  addition,  the  role  of  S  along  with  other 

macronutrients  like  N,  P,  S  and  Ca  and 

micronutrients like Zn, Fe, Mn and Si has play a role 

in decreasing Cd uptake and accumulation in crop 

plants (Sarwar et al., 2010). Excessive S supply may 

result in loss of rice yield,  but it  could effectively 

reduce  Cd accumulation in brown rice exposed to 

Cd contaminated soils (Fan et al., 2010). Studies of 

Castillo-Michel  et  al.  (2009)  suggest  that  the 

concentration of S increased in roots of Cd treated 

plants  but  remained  at  normal  concentration  in 

shoots.  Several  S-containing metabolites  like GCL 

and  GSH have  attractive  targeted  issues  in  recent 

years for engineering the tolerance against oxidative 

stress in crop plants (Foyer, 1997). Of which, GSH 

have major multiple roles in plant defences against 

both  biotic  and  abiotic  stresses  by  reducing  the 

ascorbate  in  ascorbate-glutathione  cycle  (Nakano 

and Asada, 1980). In this pathway,  GSH acts as a 

recycled intermediate in the reduction of H2O2 using 
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electrons  derived,  ultimately,  from  H2O  (Foyer, 

1997).

GSH accumulation  is  found to compensate  for 

decrease  in  the  capacity  of  other  antioxidants,  for 

example, in catalase-deficient mutants and in plants 

where  catalase  activity  has  been  reduced  by 

antisense  technology (Chamnonngpol  et  al.,  1996; 

Willekens et al., 1997). Furthermore, when GSH is 

depleted, increases sensitivity to oxidative stress has 

frequently been found (Kunert et al., 1990; Kushnir 

et al., 1995; Grant et al., 1996). In instances where 

GSH  depletion  has  not  increased  sensitivity  to 

oxidative stress (Greenberg and Demple, 1986; May 

et  al.,  1996),  it  is  probable  that  other  antioxidant 

molecules are increased to compensate for decreases 

in  GSH.  Since,  GSH  is  a  major  water  soluble 

antioxidant accounts only for 2% of the total organic 

S content in plants ranging from 120 to 380 m mol S 

kg/dry matter( Hawkesford and De-Kok, 2006; Sun 

et al., 2007) and directly reduces most AOS (Active 

oxygen  species).  GSH peroxidases  are  induced  in 

plants  in  response  to  stress  (Eshdat  et  al.,  1997). 

These  enzymes  are  involved  in  detoxification  of 

lipid  peroxidases  rather  than  H2O2.  Efficient 

recycling  of  GSH  is  ensured  by  glutathione 

reductase  (GR)  activity.  The  components  of  this 

cycle  exist  in both chloroplast and cytosol  (Foyer, 

1993)  and  evidence  for  their  presence  in 

mitochondria,  glyoxysomes  and  peroxisomes  has 

been  recently  reported  (Jimenez  et  al.,  1997). 

Therefore,  it is crucial to establish the significance 

of  GSH as  a  reductant  in  process  of  heavy metal 

tolerance against oxidative stress (Figure 3).

Figure 3. A detailed account of potential cellular mechanisms for metal detoxification and tolerance in  

plants. This figure is a composite view of various roles of S nutrition played in different  

plants. Here GS and PC stands for GSH synthase and phtochelatin synthase.
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Conclusion and future guidelines

Although  our  knowledge  about  the  role  of  S 

fertilization in plant metabolism  and defense have 

been  described  in  recent  years  for  the  tri-peptide 

thiol  GSH  (GSH)  and  other  S  assimilatory 

metabolites  like  GSL,   particularly  specific  to 

family,  Brassicaceae.  In  spite  of  this,  the 

biosynthesis of such S assimilatory metabolites and 

their defense responses to oxidative and heavy metal 

stress conditions in higher plants as well as in the 

soil-plant  system  has  still  many  gaps  in  our 

knowledge  or  only  partly  understood.  Certainly 

more  research  work  is  needed  regarding  the 

mechanism  of  S-chelation  towards  heavy  metal 

detoxification.  Authors  suggesting  that  researchers 

must  elaborate  the  knowledge  about  the 

biochemistry  of  S-homeostasis  factors,  physical 

interactions  of  transporters  and  chelaters.  The 

application  of  trans-gene  technology  to  over-

expressing of  two enzymes  (GS and –ECS)  of  S-

assimilatory metabolic pathway, especially involved 

in enhancing the GSH content up to 10 fold greater 

than untransformed plants open up a promising vista 

of  prospectives  for  industrial  and  environmental 

applications.  Tissue  culture  (in  vitro  techniques) 

researches are very relevant to explain the display of 

S-chelation and also a priority approach to explain 

enzymological  aspects  as  well  as  nutrients-heavy 

metal homeostasis. 

ACKNOWLEDGEMENT

The authors are highly thankful for the facilities 

obtained  at  AMU Aligarh.  Financial  support  from 

the  Department  of  Science  and  Technology,  New 

Delhi in the form of project (SR/FT/LS-087/2007) is 

gratefully acknowledged.

REFRENCES

Abdin, M.Z., Akmal, M., Ram, M., Nafis, T., Alam, 

P.,  Nadeem,  M.,  Khan,  M.A.,  Ahmad,  A. 

(2010).  Constitutive  expression  of  high-

affinity  sulfate  transporter  (HAST)  gene  in 

Indian  mustard  showed  enhanced  sulfur 

uptake and assimilation. Protoplasma, PMID: 

20938698. 

Al-Helal,  A.A.  (1995).  Effect  of  cadmium  and 

mercury  on  seed  germination  and  early 

seeding growth of rice and alfalfa.  J. Univ.  

Kuwait (Sciences), 22: 76-83.

Beak,  K.H.,  Chang,  J.Y.,  Chang,  Y.Y.,  Bae,  B.H., 

Kim, J., Lee, I.S. (2006). Phytoremediation of 

soil  contaminated  with  cadmium  and/or 

2,4,6- Trinitrotoluene.  J.  Environ. Biol.,  27: 

311-316.

Beck, A., Lendzian, K., Oven, M., Christmann, A., 

Grill,  E.  (2003).  Phytochelatin  synthase 

catalyzes key step in turnover of glutathione 

conjugates. Phytochemistry, 62: 423–431.

Berry, W.L. (1986). Plant factors influencing the use 

of plant analysis as a tool for biogeochemical 

properties.  In:  Mieneral  exploration  : 

Biological  systems and organic matter.  Eds, 

Vol 5, Prentice-Hall, New Netherland. 

Biddulph,  O.,  Biddulph,  S.,  Cory,  R.,  Koontz,  H. 

(1958).  Circulation  patterns  for  phosphorus, 

sulfur  and  calcium in  the  bean  plant.  Plant 

Physiol., 33: 293-300.

Blum, R., Beck, A., Korte, A., Stengel, A., Letzel, 

T., Lendzian, K., Grill, E. (2007). Function of 

phytochelatin  synthase  in  catabolism  of 

glutathione-conjugates.  Plant  Journal, 49: 

740–749.

Brunold, C. (1990). Reduction of sulfate to sulfide. 

In: Sulfur Nutrition and Sulfur Assimilation 

of  Higher  Plants  (ed.)  SPB  Academic 

Publishing, The Hague, The Netherlands, pp. 

13-31.

Castillo-Michel,  H.A.,  Hernandez, N., Martinez-

Martinez, A., Parsons, J.G., Peralta-Videa, 

J.R., Gardea-Torresdey, J.L. (2009). 

JOURNAL OF STRESS PHYSIOLOGY & BIOCHEMISTRY Vol. 7 No. 3 2011

177

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Castillo-Michel%20HA%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Protoplasma.');


Role of sulphur in metal stress...

Coordination  and  speciation  of  cadmium in 

corn seedlings and its effects on macro- and 

micronutrients  uptake.  Plant  Physiol.  

Biochem., 47(7): 608-614. 

Cazale,  A.C.,  Clemens,  S.  (2001)  Arabidopsis  

thaliana  expresses  a  second  functional 

phytochelatin  synthase.  FEBS  Letters, 507: 

215–219.

Chamnongpol,  S.,  Willekens,  H.,  Langebartels,  C., 

Van Montagu, M., Inze,  D., Van Camp, W. 

(1996).  Transgenic  tobacco  with  a  reduced 

catalase activity develops necrotic lesions and 

induces  pathogenesis-related  expression 

under high light. The Plant Journal, 10: 491–

503.

Chang, T., Liu, X., Xu, H., Meng, K., Chen, S., Zhu, 

Z.  (2004).  A  metallothionein-like  gene 

htMT2  strongly expressed in internodes and 

nodes of Helianthus tuberosus and effects of 

metal ion treatment on its expression. Planta, 

218: 449–455.

Chen,  J.,  Goldsborough,  P.B.  (1994).  Increased 

activity  of  y  glutamylcysteine  synthetase  in 

tomato cells selected for cadmium tolerance. 

Plant Physiology, 106: 233–239.

Clarkson,  D.T.,  Hawkwsford,  M.J.  (1993). 

Molecular  biological  approaches  to  plant 

nutrition. Plant and Soil, 155/156: 21-31.

Clarkson, D.T., Luttge, U. (1989). Mineral nutrition: 

Divalent  cations,  transport  and 

compartmentalization.  Prog.  Bot.,  51:  93-

112.

Clemens,  S.  (2006a).  Evolution  and  function  of 

phytochelatin  synthases.  Journal  of  Plant  

Physiology, 163: 319–332.

Cobbett, C. (2003a). Heavy metals and plants-model 

systems  and  hyperaccumulators.  New 

Phytologist, 159: 289–293.

Cram, W.J. (1990). Uptake and transport of sulfate. 

In Sulfur Nutrition and Sulfur Assimilation of 

Higher  Plants  (ed.)  SPB  Academic 

Publishing by, The Hague, The Netherlands, 

pp. 3-11.

Domenech, J., Mir, G., Huguet, G., Capdevila, M., 

Molinas,  M.,  Atrian,  S.  (2006).  Plant 

metallothionein  domains:  functional  insight 

into physiological metal binding and protein 

folding. Biochimie, 88: 583–593.

Dominguez-Solis,  J.R.,  Lopez-Martin,  M.C.,  Ager, 

F.J.,  Ynsa,  M.D.,  Romero,  L.C.,  Gotor,  C. 

(2004).  Increased  cysteine  availability  is 

essential  for  cadmium  tolerance  and 

accumulation in  Arabidopsis thaliana.  Plant 

Biotechnology Journal, 2: 469–476.

Epstein,  E.  (1972).  Mineral  nutrition  of  plants: 

principles  and  perceptive.  New  York:  John 

Wiley and Sons.

Epstein, E. (1994). The anamoly of silicon in plant 

biology.  Pro. NatI. Acad. Sci. USA.,  91: 11-

17.

Eshdat, Y., Holland, D., Faltin, Z., Ben-Haygim, G. 

(1997).  Plant  glutathione  peroxidases. 

Physiologia Plantarum, 100: 234–240.

Fan,  J.L.,  Hu,  Z.Y.,  Ziadi,  N.,  Xia,  X.,  Wu,  C.Y. 

(2010).  Excessive  sulfur  supply  reduces 

cadmium accumulation in brown rice (Oryza 

sativa L.). Environ Pollut., 158(2): 409-15. 

Forde,  B.G.,  Lorenzo,  H.  (2001).  The  nutritional 

control  of root development.  Plant and Soil 

232: 51-68.

Foyer,  C.H.  (1993).  Ascorbic  acid.  In:  Alscher, 

R.G., Hess, J.L., (ed.) Antioxidants in higher 

plants. Boca Raton: CRC Press, pp. 31–58.

Foyer,  C.H.  (1997).  Oxygen  metabolism  and 

electron  transport  in  photosynthesis.  In: 

Scandalios, J. (ed.) Oxidative stress and the 

molecular  biology  of  antioxidant  defenses. 

JOURNAL OF STRESS PHYSIOLOGY & BIOCHEMISTRY Vol. 7 No. 3 2011

178

javascript:AL_get(this,%20'jour',%20'Environ%20Pollut.');
javascript:AL_get(this,%20'jour',%20'Environ%20Pollut.');
javascript:AL_get(this,%20'jour',%20'Plant%20Physiol%20Biochem.');
javascript:AL_get(this,%20'jour',%20'Plant%20Physiol%20Biochem.');


Mazid et al

New York:  Cold  Spring  Harbor  Laboratory 

Press, pp. 587–621.

Giovanelli  J.S.,  Mudd,  S.H.,  Datko,  A.H.  (1980). 

Sulphur  amino  acids  in  plants.  In  the 

biochemistry of plants, ed. B.J. Miftin, Vol. 

5, New York: Academic Press, pp. 453-505.

Glavac,  V.,  Koenies,  H.,  Jochheim, H.,  Ebben,  U. 

(1989). Mineralstoffeim Xylemsaft der Buche 

und  ihre  jahreszeitlichen 

Konzentrationsverдnderungen  entlang  der 

Stammhohe. Agnew Bot., 63: 471-486.

Grant,  C.M.,  MacIver,  F.H.,  Dawes,  I.W.  (1996). 

Glutathione  is  an  essential  metabolite 

required for resistance to oxidative stress in 

the yeast Saccharomyces cerevisiae.  Current  

Genetics, 29: 511–515.

Gray,  N.F.  (1996).  Field  assessment  of  acid  mine 

drainage contamination in surface and ground 

water. Environmental Geology, 27: 358–361.

Greenberg, J.T., Demple, B. (1986). Glutathione in 

Escherichia coli is dispensable for resistance 

to  H2O2 and  gamma  radiation.  Journal  of  

Bacteriology, 168: 1026–1029.

Grill,  E.,  Winnacker,  E.L.,  Zenk,  M.H.  (1987). 

Phytochelatins,  a  class  of  heavy-metal-

binding peptides from plants, are functionally 

analogous  to  metallothioneins.  Proceedings  

of  the  National  Academy  of  Sciences  USA, 

84: 439–443.

Grzam,  A.,  Tennstedt,  P.,  Clemens,  S.,  Hell,  R., 

Meyer, A.J. (2006). Vacuolar sequestration of 

glutathione  S-conjugates  outcompetes  a 

possible  degradation  of  the  glutathione 

moiety  by  phytochelatin  synthase.  FEBS 

Letters, 580: 6384–6390.

Guo,  W.J.,  Bundithya,  W.,  Goldsbrough,  P.B. 

(2003).  Characterization  of  the  Arabidopsis  

metallothionein  gene  family:  tissuespecific 

expression  and  induction during  senescence 

and in response to copper.  New Phytologist, 

159: 369-381.

Gussarson, M.,  Asp, H., Adalsteinsson, S., Jensen, 

P. (1996). Enhancement of cadmium effects 

on growth and nutrient composition of birch 

(Betula  pendula)  by  buthionine  sulphoxi- 

mine  (BSO).  Journal  of  Experimental  

Botany, 47: 211–219.

Haneklaus,  S.,  Bloem, E.,  Schnug,  E. (2003).  The 

global  sulphur  cycle  and  its  links  to  plant 

environment.  In:  Sulphur  in  Plants (ed.) 

KluwerAcademic  Publishers,  Dordrecht,  the 

Netherlands, pp. 1–28.

Harada,  E.,  Kim,  J.A.,  Meyer,  A.J.,  Hell,  R., 

Clemens,  S.,  Choi,  Y.E. (2010).  Expression 

profiling of tobacco leaf trichomes identifies 

genes  for  biotic  and  abiotic  stresses.  Plant 

Cell Physiol., 51(10): 1627-1637. 

Hassinen,  V.H.,  Tervahauta,  A.L.,  Halimaa,  P., 

Plessl,  M.,  Peraniemi,  S.,  Schat,  H.,  Aarts, 

M.G.M.,  Servomaa,  K.,  Karenlampi,  S.O. 

(2007).  Isolation  of  Zn-responsive  genes 

from two accessions of the hyperaccumulator 

plant Thlaspi caerulescens. Planta, 225: 977-

989.

Hawkesford, M.J. (2003). Transporter gene families 

in  plants:  the  sulphate  transporter  gene 

family:  redundancy  or  specialization? 

Physiol. Plant, 117: 155–163.

Hawkesford,  M.J., De Kok, L.J. (2006).  Managing 

sulphur  metabolism  in  plants.  Plant  Cell  

Environ., 29: 382–395.

Heise,  J.,  Krejci,  S.,  Miersch,  J.,  Krauss,  G.J., 

Humbeck,  K.  (2007).  Gene  expression  of 

metallothioneins in barley during senescence 

and heavy metal treatment. Crop Science, 47: 

1111–1118.

Herbette,  S.,  Taconnat,  L.,  Hugouvieux,  V.,  et  al. 

(2006). Genomewide transcriptome profiling 

JOURNAL OF STRESS PHYSIOLOGY & BIOCHEMISTRY Vol. 7 No. 3 2011

179

javascript:AL_get(this,%20'jour',%20'Plant%20Cell%20Physiol.');
javascript:AL_get(this,%20'jour',%20'Plant%20Cell%20Physiol.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hell%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meyer%20AJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kim%20JA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Harada%20E%22%5BAuthor%5D


Role of sulphur in metal stress...

of  the  early  cadmium  response  of 

Arabidopsis  roots and shoots.  Biochimie, 88: 

1751–1765.

Herschbach, C., Teuber, M., Eiblmeier, M., Ehlting, 

B.,  Ache,  P.,  Polle,  A.,  Schnitzler,  J.P., 

Rennenberg,  H.  (2010).  Changes  in  sulphur 

metabolism  of  grey  poplar  (Populus  x 

canescens)  leaves  during  salt  stress:  a 

metabolic  link  to  photorespiration.  Tree  

Physiol., 30(9): 1161-1173. 

Hill,  M.K.  (1997).  Understanding  Environmental 

Pollution, Cambridge University Press.

Howden,  R.,  Andersen,  C.R.,  Goldsbrough,  P.B., 

Cobbett, C.S. (1995a). A cadmium-sensitive, 

glutathione-deficient  mutant  of  Arabidopsis  

thaliana. Plant Physiology, 107: 1067–1073.

Howden,  R.,  Goldsbrough,  P.B.,  Andersen,  C.R., 

Cobbett,  C.S.  (1995b).  Cadmium-sensitive, 

cad1  mutants  of  Arabidopsis thaliana  are 

phytochelatin  deficient.  Plant  Physiology, 

107: 1059-1066.

Hsu,  F.C., Wirtz,  M.,  Heppel,  S.C.,  Bogs,  J., 

Kramer,  U.,  Khan, M.S.,  Bub, A.,  Hell,  R., 

Rausch, T. (2010). Generation of Se-fortified 

broccoli  as  functional  food:  impact  of  Se 

fertilization  on  S  metabolism. Plant  Cell  

Environ.,  doi:  10.1111/j.1365-

3040.2010.02235. 

Jackson, P.J., Unkefer, C.J., Doolen, J.A., Watt, K., 

Robinson,  N.J.  (1987).  Poly  (Y-glutamyl 

cysteinylglycine),  its  role  in  cadmium 

resistance  in  plant  cells.  Proc.  Natn.  Acad.  

Sci. USA., 84: 6619-6623.

Jimenez,  A.,  Hernandez,  J.A.,  Del-Rio,  L.A., 

Sevilla, F. (1997). Evidence for the presence 

of  the  ascorbate-glutathione  cycle  in 

mitochondria and peroxisomes of pea leaves. 

Plant Physiology, 114: 275–284.

Klapheck,  S.,  Schlunz,  S.,  Bergmann,  L.  (1995). 

Synthesis  of  phytochelatins  and  homo-

phytochelatins  in  Pisum  sativum  L.  Plant 

Physiology, 107: 515–521.

Kohler,  A.,  Blaudez,  D.,  Chalot,  M.,  Martin,  F. 

(2004).  Cloning  and  expression  of  multiple 

metallothioneins  from  hybrid  poplar.  New 

Phytologist, 164: 83–93.

Kostner,  B.,  Biron,  P.,  Siegwolf,  R.,  Granier,  A. 

(1996). Estimates of water vapour fluxes and 

canopy conductance at the tree level utilizing 

different xylem sap flow methods in a Scots 

pine plantation.  Theor. Appl. Clim.,  53: 105-

113.

Kovalchuk, I.,  Titov, V., Hohn, B.,  Kovalchuk, O. 

(2005).  Transcriptome  profiling  reveals 

similarities and differences in plant responses 

to  cadmium  and  lead.  Mutation  Research,  

Fundamental and Molecular Mechanisms of  

Mutagenesis, 570: 149–161.

Krueger,  S., Donath,  A.,  Lopez-Martin,  M.C., 

Hoefgen,  R.,  Gotor,  C.,  Hesse,  H.  (2010). 

Impact  of  sulfur  starvation  on  cysteine 

biosynthesis in T-DNA mutants deficient for 

compartment-specific  serine-

acetyltransferase. Amino Acids,  39(4): 1029-

1042. 

Kunert,  K.J.,  Cresswell,  C.F.,  Schmidt,  A., 

Mullineaux,  P.M.,  Foyer,  C.H.  (1990). 

Variations  in  the  activity  of  glutathione 

reductase and the cellular glutathione content 

in relation to sensitivity to methylviologen in 

Escherichia  coli.  Archives  of  Biochemistry  

and Biophysics, 282: 233–238.

Kushnir,  S.,  Babiychuk,  E.,  Kampfaenkel,  K., 

Belles-Boix, E., Van Montagu, M., Inze,  D. 

(1995).  Characterisation  of  Arabidopsis 

thaliana  cDNAs  that  render  yeasts  tolerant 

toward  the  thiol-  oxidising  drug  diamide. 

JOURNAL OF STRESS PHYSIOLOGY & BIOCHEMISTRY Vol. 7 No. 3 2011

180

javascript:AL_get(this,%20'jour',%20'Amino%20Acids.');
javascript:AL_get(this,%20'jour',%20'Plant%20Cell%20Environ.');
javascript:AL_get(this,%20'jour',%20'Plant%20Cell%20Environ.');
javascript:AL_get(this,%20'jour',%20'Tree%20Physiol.');
javascript:AL_get(this,%20'jour',%20'Tree%20Physiol.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Polle%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ache%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ehlting%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ehlting%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Eiblmeier%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Teuber%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Herschbach%20C%22%5BAuthor%5D


Mazid et al

Proceedings  of  the  National  Academy  of  

Sciences USA, 92: 10580–10584.

Leustek,  T.  (2002).  Sulfate  metabolism.  In  CR 

Somerville,  EM  Meyerowitz,  eds,  The 

Arabidopsis Book. American Society of Plant 

Biologists,  Rockville,  MD, 

doi/10.1199/tab.0009. 

Leustek, T., Saito, K. (1999). Sulfate transport and 

assimilation  in  plants.  Plant  Physiol.,  120: 

637–643.

Loomis,  R.S.,  Corner,  D.J.  (1992).  Crop  ecology: 

Productivity and management  in  agriculture 

Systems.  Cambridge  University  Press, 

Cambridge.

Lunde,  C.,  Zygadlo,  A.,  Simonsen,  H.T.,  Nielsen, 

P.L., Blennow, A., Haldrup, A. (2008). Sulfur 

starvation  in  rice:  the  effect  on 

photosynthesis,  carbohydrate  metabolism, 

and  oxidative  stress  protective  pathways. 

Physiol. Plant, 134(3): 508-521. 

Maruyama-Nakashita,  A.,  Inoue,  E.,  Watanabe-

Takahashi,  A.,  Yamaya,  T.,  Takahashi,  H. 

(2003).  Transcriptome  profiling  of  sulfur-

responsive  genes  in  arabidopsis  reveals 

global effects of sulfur nutrition on multiple 

metabolic  pathways.  Plant  Physiol.,  132: 

597–605.

May, M.J., Parker, J.E., Daniels, M.J., Leaver, C.J., 

Cobbett, C.S. (1996). An Arabidopsis mutant 

depleted  in  glutathione  shows  unaltered 

responses to fungal and bacterial  pathogens. 

Molecular  Plant-Microbe  Interactions,  9: 

349–356.

Mengel, K., Kirkby, E.A. (1987). Principles of plant 

nutrition. International Potash institute, Bern.

Mohamed  ,  A.A.,  Aly,  A.A.  (2008)  Alteration  of 

some  secondary  metabolites  and  enzymes 

activity  by  using  exogenous  antioxidant 

compound  in  onion  plants  grown  under 

seawater  salt  stress.  American-Eurasian 

Journal of Scientific Reseach, 3(2): 139-146.

Nag, K., Joardar, D.S. (1976). Metal complexes of 

sulphur-nitrogen  chealating  agents.  III.  2-

aminocyclo-pentene-I-dithiocarboxylic  acid 

compexes  of  Cr(III),  Fe(III),  Co(III),  Fe(II) 

and  Co(II).  Inorganica  Chimica  Acta,  17: 

111-115.

Nakamura, M., Kuramata, M., Kasugai, I., Abe, M., 

Youssefian,  S. (2009).  Increased  thiol 

biosynthesis of transgenic poplar expressing a 

wheat  O-acetylserine(thiol)  lyase  enhances 

resistance  to  hydrogen  sulfide  and  sulfur 

dioxide toxicity.  Plant Cell Rep., 28(2): 313-

323. 

Nakano, Y., Asada, K. (1980). Spinach chloroplasts 

scavenge hydrogen peroxide on illumination. 

Plant, Cell and Physiology, 21: 1295–1307.

Niess,  D.H.  (1999).  Microbial  heavy-metal 

resistance.  Appl.  Microbiol.  Biotech.,  51: 

730-750.

Nocito, F.F.,  Lancilli,  C., Crema, B., Fourcroy,  P., 

Davidian,  J.C.,  Sacchi,  G.A.  (2006)  Heavy 

metal stress and sulfate uptake in maize roots. 

Plant Physiol., 141: 1138–1148.

Peroza,  E.A.,  Freisinger,  E.  (2007).  Metal  ion 

binding properties of Triticum aestivum E(c)-

1  metallothionein:  evidence  supporting  two 

separate  metal  thiolate  clusters.  Journal  of  

Biological  Inorganic Chemistry, 12:  377–

391.

Randall, P.J. (1988). Evaluation of the sulphur status 

of  soils  and  plants.  Techniques  and 

interpretation.  Proc.  of  TSI-FAI  symp. 

Sulphur in Indian agriculture, New Delhi. 

Rennenberg,  H.  (1995).  Processes  involved  in 

glutathione metabolism. In: Amino Acids and 

their  Derivatives  in  Higher  Plants  (ed.) 

JOURNAL OF STRESS PHYSIOLOGY & BIOCHEMISTRY Vol. 7 No. 3 2011

181

javascript:AL_get(this,%20'jour',%20'Plant%20Cell%20Rep.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Youssefian%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Abe%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kasugai%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kuramata%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nakamura%20M%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Physiol%20Plant.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Haldrup%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Blennow%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nielsen%20PL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nielsen%20PL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Simonsen%20HT%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zygadlo%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lunde%20C%22%5BAuthor%5D


Role of sulphur in metal stress...

Cambridge University Press, Cambridge, pp. 

155-171.

Rennenberg,  H.,  Herschbach,  C.  (1995).  Sulfur 

nutrition  of  trees:  a  comparison  of  spruce 

(Picea abies  L.) and beech (Fagus sylvatica 

L.). J. Plant Nutr. Soil Sci., 158: 513-517.

Rennenberg,  H.,  Lamoureux,  G.L.  (1990). 

Physiological  processes  that  modulate  the 

concentrations of glutathione in plant cells. In 

Sulfur  Nutrition  and  Sulfur  Assimilation  of 

Higher  Plants.  Eds,  SPB  Academic 

Publishing, The Hague, The Netherlands, pp. 

53-65.

Rennenberg,  H.,  Polle,  A.  (1994).  Metabolic 

consequences  of  atmospheric  sulphur influx 

into plants. In: Plant Response to the Gaseous 

Environment.  Molecular,  Metabolic  and 

Physiological  Aspects  (ed.)  Chapman  and 

Hall, London, pp. 165-180.

Robinson,  J.,  Tommey,  A.M.,  Kuske,  C.,  Jackson, 

P.J.  (1993).  Plant  metallothioneins.  J. 

Biochem., 295: 1-10.

Roosens, N.H., Bernard, C., Leplae, R., Verbruggen, 

N. (2004). Evidence for copper homeostasis 

function  of  metallothionein  (MT3)  in  the 

hyperaccumulator  Thlaspi  caerulescens. 

FEBS Letters, 577: 9–16.

Roosens, N.H., Bernard, C., Leplae, R., Verbruggen, 

N.  (2005a).  Adaptative  evolution  of 

metallothionein  3  in  the  Cd/Zn 

hyperaccumulator  Thlaspi  caerulescens. 

Zeitschrift  fьr  Naturforschung.  Journal  of  

Biosciences, 60: 224-228.

Roosens, N.H., Bernard, C., Verbruggen, N., Leplae, 

R.  (2005b).  Variations  in  plant 

metallothioneins:  the  heavy  metal 

hyperaccumulator  Thlaspi caerulescens  as  a 

study case. Planta, 222: 716–729.

Rouhier,  N.,  Lemaire,  S.D.,  Jacquot,  J.P.  (2008). 

The  role  of  glutathione  in  photosynthetic 

organisms:  emerging  functions  for 

glutaredoxins  and  glutathionylation.  Annu.  

Rev. Plant Biol., 59: 143-166.

Saito,  K.  (2004).  Sulfur  assimilatory  metabolism. 

The long and smelling road.  Plant Physiol., 

136: 2443–2450.

Salsi,  E.,  Campanini,  B.,  Bettati,  S.,  Raboni,  S., 

Roderick,  S.L.,  Cook,  P.F.,  Mozzarelli,  A. 

(2010).  A  two-step  process  controls  the 

formation of the bienzyme cysteine synthase 

complex. J.  Biol.  Chem.,  285(17):  12813-

12822. 

Sarry, J.E., Kuhn, L., Ducruix, C., et al. (2006). The 

early responses of Arabidopsis thaliana cells 

to cadmium exposure explored by protein and 

metabolite profiling analyses.  Proteomics, 6: 

2180-2198.

Sarwar,  N.,  Saifullah,  Malhi,  S.S.,  Zia,  M.H., 

Naeem, A., Bibi, S., Farid, G. (2010). Role of 

mineral  nutrition  in  minimizing  cadmium 

accumulation by plants. J. Sci. Food Agric., 

90(6): 925-937.

 Sauter,  J.J.  (1981).  Seasonal  variations  of  amino 

acids and amides in the xylem sap of Salix. Z 

Pflanzenphysiol, 101: 399-411.

Schafer, H.J., Greiner, S., Rausch, T., Haag-Kerwer, 

A.  (1997).  In  seedlings  of  the  heavy metal 

accumulator  Brassica  juncea  Cu2+ 

differentially affects transcript amounts for g-

glutamylcysteine  synthetase  (g-ECS)  and 

metallothionein  (MT2).  FEBS  Letters, 404: 

216–220.

JOURNAL OF STRESS PHYSIOLOGY & BIOCHEMISTRY Vol. 7 No. 3 2011

182

javascript:AL_get(this,%20'jour',%20'J%20Sci%20Food%20Agric.');
javascript:AL_get(this,%20'jour',%20'J%20Biol%20Chem.');
javascript:AL_get(this,%20'jour',%20'Annu%20Rev%20Plant%20Biol.');
javascript:AL_get(this,%20'jour',%20'Annu%20Rev%20Plant%20Biol.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jacquot%20JP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lemaire%20SD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rouhier%20N%22%5BAuthor%5D


Mazid et al

Schiavon, M., Zhang, L., Abdel-Ghany, S.E., Pilon, 

M.,  Malagoli,  M.,  Pilon-Smits,  E.A.H. 

(2007).  Variation  in  copper  tolerance  in 

Arabidopsis  thaliana  accessions  Columbia, 

Landsberg  erecta  and  Wassilewskija. 

Physiologia Plantarum, 129: 342–350.

Schneider, A., Kreuzwieser, J., Schupp, R., Sauter, 

J.J.,  Rennenberg,  H.  (1994a). Thiol  and 

amino acid composition of the xylem sap of 

poplar trees  (Populus canadensis  ‘robusta’). 

Can. J. Bot., 72: 347-351.

Schneider,  A.,  Schatten,  T.,  Rennenberg,  H. 

(1994b). Exchange  between  phloem  and 

xylem  during  long  distance  transport  of 

glutathione  in  spruce  trees  (Picea  abies  

(Karst.) L.). J. Exp. Bot., 45: 457-462.

Schupp,  R.  (1991).  Untersuchungen  zur 

Schwefelernдhrung  der  Fichte  (Picea  abies  

L.):  Die  Bedeutung  der  Sulfatassimilation 

und des Transports von Thiolen. Dissertation, 

Technische  Universitat  Munchen,  Munchen, 

Germany.

Shanthala, L., Venkatesh, B., Lokesha, A.N., Prasad, 

T.G.,  Sashidhar,  V.R.  (2006).  Glutathione 

depletion  due  to  heavy  metal-induced 

phytochelatin  synthesis  caused  oxidative 

stress  damage:  Beneficial  adaptation  to  one 

abiotic  stress  in linked to vulnerability to  a 

second abiotic stress.  J. Plant Biol.,  33: 209-

214.

Shibagaki,  N.,  Grossman, A.R. (2010).  Binding of 

cysteine  synthase  to  the  STAS  domain  of 

sulfate  transporter  and  its  regulatory 

consequences. J.  Biol.  Chem.,  285(32): 

25094-25102. 

Shinmachi, F., Buchner, P., Stroud, J.L., Parmar, S., 

Zhao, F.J., McGrath, S.P., Hawkesford, M.J. 

(2010).  Influence of sulfur deficiency on the 

expression of specific sulfate transporters and 

the  distribution  of  sulfur,  selenium,  and 

molybdenum  in  wheat. Plant  Physiol., 

153(1): 327-36. 

Shirzadian-Khorramabad,  R.,  Jing,  H.C.,  Everts, 

G.E.,  Schippers,  J.H.,  Hille,  J.,  Dijkwel,  P.P. 

(2010).  A  mutation  in  the  cytosolic  O-

acetylserine (thiol) lyase induces a genome-

dependent  early  leaf  death  phenotype  in 

Arabidopsis. BMC Plant Biol., 10: 80-88.

Simmons, D.B., Emery,  R.J.  (2010).  Phytochelatin 

induction  by selenate  in  Chlorella  vulgaris, 

and  regulation  of  effect  by  sulfate  levels. 

Environ. Toxicol. Chem., PMID: 21038439. 

Singh,  P.K.,  Koacher,  J.K.,  Tandon,  J.P.  (1981). 

Boron  complexes  of  some  oxygen-nitrogen 

and  sulphur-nitrogen  containing  chelating 

agents.  Journal  of  Inorganic  and  Nuclear  

Chemistry, 43(8): 1755-1758.

Singh, S.K., Singh, R., Singh, H.P. (1994). Effect of 

sulphur  on  growth  and  yield  of  summer 

moong. Leg. Res., 17: 53-56.

Smith,  I.K.  (1975).  Sulphate  transport  in  culture 

tobacco cells. Plant Physiol., 55: 303-307.

Sogut, Z., Zaimoglu, B.Z., Erdogan, R., Sucu, M.Y. 

(2005). Phytoremediation of landfill leachate 

using Pennisetum clandestinum.  J. Environ.  

Biol., 26: 13-20.

Stuyfzand,  P.J.  (1993).  Hydrochemistry  and 

hydrology  of  the  coastal  dune  area  of  the 

Western  Netherlands.  PhD  thesis,  Vrije 

Universiteit, Amsterdam, the Netherlands.

Sun, X.M., Lu,  B., Huang,  S.Q., Mehta, S.K., Xu, 

L.L.,  Yang,  Z.M.  (2007).  Coordinated 

expression  of  sulfate  transporters  and  its 

relation with sulfur  metabolites  in  Brassica 

napus  exposed  to  cadmium.  Botanical  

Studies, 48: 43–54.

JOURNAL OF STRESS PHYSIOLOGY & BIOCHEMISTRY Vol. 7 No. 3 2011

183

javascript:AL_get(this,%20'jour',%20'Environ%20Toxicol%20Chem.');
javascript:AL_get(this,%20'jour',%20'BMC%20Plant%20Biol.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dijkwel%20PP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hille%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schippers%20JH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Everts%20GE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Everts%20GE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jing%20HC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shirzadian-Khorramabad%20R%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Plant%20Physiol.');
javascript:AL_get(this,%20'jour',%20'J%20Biol%20Chem.');


Role of sulphur in metal stress...

Takahashi, H. (2010). Regulation of sulfate transport 

and assimilation in plants. Int. Rev. Cell Mol.  

Biol., 281: 129-159.

Turner,  M.A. (1997).  Effect  of cadmium treatment 

on  cadmium  and  zinc  uptake  by  selected 

vegetable species.  J. Environ. Qual.,  2: 118-

119.

Van-Belleghem,  F.,  Cuypers,  A.,  Semane,  B., 

Smeets,  K.,  Vangronsveld,  J.,  Haen,  J., 

Valcke, R. (2007). Subcellular localization of 

cadmium in roots and leaves of  Arabidopsis  

thaliana. New Phytologist, 173: 495–508.

Walton,  K.C.,  Johnson,  D.B.  (1992). 

Microbiological  and chemical  characteristics 

of an acidic stream draining a disused copper 

mine. Environmental Pollution, 76: 169–175.

Weast,  R.C. (1984).  CRC Handbook of  Chemistry 

and  Physics.  64th  Edn.,  CRC  Press,  Baca 

Raton.

Willekens,  H.,  Chamnongpol,  S.,  Davey,  M., 

Schraudner,  M.,  Langebartels,  C.,  Van 

Montagu,  M.,  Inze,  D.,  Van  Camp,  W. 

(1997).  Catalase  is  a  sink  for  H2O2 and  is 

indispensable for stress defence in C3 plants. 

EMBO Journal, 16: 4806–4816.

Wu,  Y.,  Zhao,  Q.,  Gao,  L.,  Yu,  X.M.,  Fang,  P., 

Oliver,  D.J.,  Xiang,  C.B.  (2010).  Isolation 

and  characterization  of  low-sulphur-tolerant 

mutants of Arabidopsis.  J. Exp. Bot.,  61(12): 

3407-3422. 

Zhang, H.Y., Xu, W.Z., Guo, J.B., He, Z.Y., Ma, M. 

(2005).  Coordinated  responses  of 

phytochelatins and metallothioneins to heavy 

metals in garlic seedlings. Plant Science, 169: 

1059–1065.

Zimeri,  A.M.,  Dhankher,  O.P.,  McCaig,  B., 

Meagher,  R.B.  (2005).  The  plant  MT1 

metallothioneins  are  stabilized  by  binding 

cadmiums  and  are  required  for  cadmium 

tolerance and accumulation. Plant Molecular  

Biology, 58: 839–855.

Zuber,  H.,  Davidian,  J.C.,  Wirtz,  M.,  Hell,  R., 

Belghazi,  M.,  Thompson,  R.,  Gallardo,  K. 

(2010). Sultr4; 1 mutant seeds of Arabidopsis 

have  an  enhanced  sulphate  content  and 

modified  proteome  suggesting  metabolic 

adaptations  to  altered  sulphate 

compartmentalization.  BMC Plant Biol., 10: 

78-82.

JOURNAL OF STRESS PHYSIOLOGY & BIOCHEMISTRY Vol. 7 No. 3 2011

184

javascript:AL_get(this,%20'jour',%20'J%20Exp%20Bot.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fang%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yu%20XM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gao%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhao%20Q%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wu%20Y%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Int%20Rev%20Cell%20Mol%20Biol.');
javascript:AL_get(this,%20'jour',%20'Int%20Rev%20Cell%20Mol%20Biol.');

