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Abstract: In recent years it has been established a significant 

relationship between sulfur (S) and iron (Fe) nutrition. In particular, 

it has been demonstrated that S deprivation can hinder Fe acquisition in 

barley, maize and wheat. This can be explained by assuming that, in order 

to cope with low Fe availability in the soil, grasses have evolved a 

phytosiderophores (PS)-based Fe chelation system (Strategy II) and PS are 

synthesized from methionine, through a nicotianamine intermediate. 

On the other hand, it has been demonstrated that wheat plants exhibit a 

higher Fe accumulation when supplied with excess S concentration, this 

effect being especially beneficial under severely limited Fe supply. 

The goal of this study was to explore whether the higher ability to 

acquire Fe, induced by a higher S supply, might be a general response of 

graminaceous species. 

The response of durum wheat (Triticum durum L.), barley (Hordeum vulgare 

L.), and maize (Zea mays L.) to the excess of S availability (2.4 mM vs 

1.2 mM which is considered as optimal) was studied as a function of Fe 

availability (limited and sufficient, 20 and 80 µM, respectively). At the 

end of the experimental period, which lasted 11 days, growth parameters 

(shoot and root fresh weight and chlorophyll content), total S and Fe 

concentrations, and PS release rate were compared among the three 

species. Furthermore, we evaluated plant sulfate uptake capability, by 

analysing the expression of genes coding for high affinity sulfate 

transporter (TdST1.1, HvST1.1 and ZmST1.1) in roots of each graminaceous 

plant.  

Our preliminary findings are largely consistent with the apparent 

divergence among the three species. In particular, an excess S supply may 

result in the improvement of Fe use efficiency in durum wheat plants, but 

not in both barley and maize. 

The use of higher S supply seems to be a promising approach, at least for 

wheat plants, which can both reduce agricultural demand for Fe 

fertilizers and improve the Fe use efficiency of plants. 

 

 



 

 



March 31st, 2016 

 

The Editor-in-Chief 

Prof. J.-C. Kader 

 

Dear Editor, 

 

Thanks for the advises given for our manuscript. However, I have to say we were a little bit 

perplexed reading the Reviewers’ comments and yours on the revised manuscript. Indeed it seems 

that notwithstanding our efforts the manuscript is not still suitable for publication in 

Environmental and Experimental Botany. 

As stated in the cover letter of the revised paper, and as stated by the same Reviewer #2 in the 

second review process, we accepted most of the suggestions of the reviewers modifying 

considerably the structure of the paper and strengthening our conclusions on the interactions 

between sulfur and iron nutrition. It seems that the work we did was satisfying for Reviewer #1, 

but not for Reviewer #2. 

We carefully read the criticism raised by Reviewer #2. However, in our opinion, we already 

answered the points raised. 

 

In particular, Reviewer #2 stress once again the importance of the levels of nutritional elements in 

roots in addition to the data from shoot. As you can find in the attached reviewer comments, we 

commented on the issue related to the Fe concentration in roots as follows: 

"This is an important criticism, but it is likely our fault that we have not been sufficiently 

explanatory to allow the understanding of the rationale of some analysis. Nutrient acquisition by 

roots is a key component of NUE, but it is not the only one at least for Fe. Indeed, it has been 

demonstrated that although the supply of Fe from soil to the root apoplast should be adequate, 

the transport from the apoplast to the symplast is often impaired (Mengel, 1994), thus even if a 

plant shows high concentrations of Fe at root level it can however show Fe deficiency symptoms 

(Kosegarten and Koyro, 2001). High amounts of extraplasmatic Fe have been detected in the roots 

of plants grown in nutrient solution (Bienfait et al., 1985): in roots Fe is mainly present as 

apoplastic pool and this Fe is basically adhering to the outer surface of the epidermis probably in 

particular form and do not contribute significantly to the nutrition of the plant (Strasser et al., 

1999). Furthermore, Grusak and Cakmak (2005) demonstrated that even at high Fe supply, 

concentration of Fe in shoot and seed could remain relatively low, likely due to limited phloem 

mobility. We previously showed that the concentration of Fe in wheat shoots was increased by 

increasing S supplies (Zuchi et al., 2012), but more information about dynamics of Fe distribution 

in shoots and thresholds for S supply is crucial to guide the exploitation of these findings to 

develop an agronomic practice to reduce the negative impact of Fe deficiency and, possibly, to 

improve the nutritional value of food crops by increasing Fe content (agronomic biofortification). 

In this paper, therefore, we explore the diversity of three graminaceous, with special interest on 

relative efficiency of the “root-to-shoot” Fe transfer (measured as Fe accumulation in shoot), 

rather than the relative efficiency of the “solution-to-plant root” transfer, highlighting interesting 

Cover Letter



parallels or divergences with that of other micronutrients (Mn and Zn). …..." 

Furthermore, it is well known that the Fe concentration in the roots (cellular Fe pool) is usually in 

the same range as in the shoots (Strasser et al., 1999). The differences observed between root and 

shoot Fe concentrations are only due to the presence in roots of the apoplastic Fe pool (Bienfait et 

al, 1985) and because no easy and reliable differentiation between symplast and apoplast iron 

could be made (Bienfait et al, 1985), it is difficult to measure the real root cellular Fe 

concentration. Finally, doing these new experiments would require far more time than the 21 days 

you mentioned. 

 

A second point is that Reviewer #2 asks for an explanation related to the effect of Fe deficiency on 

root fresh biomass that we commented as follows: 

"This is another important criticism and we again thank the reviewer for the through revision of 

our work. We had attempted to discuss the possible mechanisms mediating the observed 

responses, however our current knowledge on this matter is not enough and therefore in some 

cases we decided to not over speculate on this specific matter. The main problem in studying 

nutrient interactions is that combined nutrient deficiencies may have a negative or positive 

interaction, but very often result as a new condition that requires different responses from those  

observed when plant response to deficiency of a single nutrient is described. In particular, we 

think that we observe a partial overlap of at least two nutrient starvation response modules which 

crosswise influence one another (and most likely additionally influence other nutrient 

metabolisms). For the example cited by the reviewer, it has been demonstrated (Kutz et al. 2002) 

a role for the isoenzyme nitrilase 3 and for auxin in the regulation of root morphology in response 

to S supplies, with S deficiency leading to transcriptional activation of the gene encoding nitrilase 

3, resulting in an increased root elongation growth and lateral root formation. This response 

provides the plant with a mechanism to escape soil depleted of S and increases its chances of 

gaining access to fresh supplies of this essential element. According to this hypothesis, our data 

showed that super-optimal S supply did not affect root growth, but, on the other hand, when it is 

associated with Fe deficiency we observed a different response, i.e. a decreased root growth. We 

could speculate about Fe interference with plant perception of external S concentration, for 

example, or something else. However, we wonder which would be the added value of these 

speculations on a paper aiming at “exploring whether the higher ability to acquire Fe, induced by a 

higher S supply, might be a general response of graminaceous species”. 

In this sense, we feel that we gave a comprehensive discussion. We also acknowledge that the 

plant response to dual starvation is complex. For this reason we believe that it is important to 

provide the absolute data in the ms as a first observation which we hope will provoke debate and 

experimentation that may allow mechanistic dissection of the phenomenon." 

Since the reviewer pointed out that this was an interesting point to discuss in the paper we added 

the following sentences to the discussion section (p. 9) (highlighted in green): 

“To our knowledge, this is the first study in which are observed such changes in root development. 

There are few reports dealing with nutrient interactions and the evidences from these studies 

indicate that combined nutrient deficiencies may have a negative or positive interaction, but very 



often result as a new condition that requires different responses from those  observed when plant 

response to deficiency of a single nutrient is described.”. 

 

Concerning the third point raised be the Reviewer #2, in the first review he wrote: “In 3.4, it is not 

rational to say "The imposition of the sole Fe deficiency (F treatment) decreased the expression 

of both TdST1.1 and HvST1.1 with respect to the control (C condition)", because the difference is 

not obvious between E and C in Barley” and we commented as follows: “Indeed, we compared F 

treatment with C treatment, not E with C”. 

Now, he wrote: “I want to say is "the difference is not obvious between F and C in Barley.", but 

NOT "the difference is not obvious between E and C in Barley". 

We modified the text according to the reviewer suggestion by adding the sentence (p. 9) 

(highlighted in green):  

“even if this effect seemed less evident in the case of barley”. 

 

Based on these extensive and exhaustive responses we think that the manuscript could be 

considered for publication in its present form (i.e. with the additional comments in the results and 

discussion section mentioned in the paragraph before). 

 

Looking forward to be hearing from you, 

 

Stefania Astolfi 
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The authors would like to thank again the Reviewer #2 for the through revision of our work. 

We carefully read the criticism raised again by Reviewer #2. However, in our opinion, we already 

answered the points raised. 

 

In particular, Reviewer #2 stress once again the importance of the levels of nutritional elements in 

roots in addition to the data from shoot. As you can find in the attached reviewer comments, we 

commented on the issue related to the Fe concentration in roots as follows: 

"This is an important criticism, but it is likely our fault that we have not been sufficiently 

explanatory to allow the understanding of the rationale of some analysis. Nutrient acquisition by 

roots is a key component of NUE, but it is not the only one at least for Fe. Indeed, it has been 

demonstrated that although the supply of Fe from soil to the root apoplast should be adequate, 

the transport from the apoplast to the symplast is often impaired (Mengel, 1994), thus even if a 

plant shows high concentrations of Fe at root level it can however show Fe deficiency symptoms 

(Kosegarten and Koyro, 2001). High amounts of extraplasmatic Fe have been detected in the roots 

of plants grown in nutrient solution (Bienfait et al., 1985): in roots Fe is mainly present as 

apoplastic pool and this Fe is basically adhering to the outer surface of the epidermis probably in 

particular form and do not contribute significantly to the nutrition of the plant (Strasser et al., 

1999). Furthermore, Grusak and Cakmak (2005) demonstrated that even at high Fe supply, 

concentration of Fe in shoot and seed could remain relatively low, likely due to limited phloem 

mobility. We previously showed that the concentration of Fe in wheat shoots was increased by 

increasing S supplies (Zuchi et al., 2012), but more information about dynamics of Fe distribution 

in shoots and thresholds for S supply is crucial to guide the exploitation of these findings to 

develop an agronomic practice to reduce the negative impact of Fe deficiency and, possibly, to 

improve the nutritional value of food crops by increasing Fe content (agronomic biofortification). 

In this paper, therefore, we explore the diversity of three graminaceous, with special interest on 

relative efficiency of the “root-to-shoot” Fe transfer (measured as Fe accumulation in shoot), 

rather than the relative efficiency of the “solution-to-plant root” transfer, highlighting interesting 

parallels or divergences with that of other micronutrients (Mn and Zn). …..." 

Furthermore, IT IS WELL KNOWN that the Fe concentration in the roots (cellular Fe pool) is usually 

in the same range as in the shoots (Strasser et al., 1999). The differences observed between root 

and shoot Fe concentrations are only due to the presence in roots of the apoplastic Fe pool 

(Bienfait et al, 1985) and because no easy and reliable differentiation between symplast and 

apoplast iron could be made (Bienfait et al, 1985), it is difficult to measure the real root cellular Fe 

concentration. Finally, doing these new experiments would require far more time than the 21 days 

mentioned (minor revision), not to mention the relative costs of ICP measurements. 

 

A second point is that Reviewer #2 asks for an explanation related to the effect of Fe deficiency on 

root fresh biomass that we commented as follows: 

"This is another important criticism and we again thank the reviewer for the through revision of 

our work. We had attempted to discuss the possible mechanisms mediating the observed 

responses, however our current knowledge on this matter is not enough and therefore in some 

cases we decided to not over speculate on this specific matter. The main problem in studying 

*Response to Reviewers



nutrient interactions is that combined nutrient deficiencies may have a negative or positive 

interaction, but very often result as a new condition that requires different responses from those  

observed when plant response to deficiency of a single nutrient is described. In particular, we 

think that we observe a partial overlap of at least two nutrient starvation response modules which 

crosswise influence one another (and most likely additionally influence other nutrient 

metabolisms). For the example cited by the reviewer, it has been demonstrated (Kutz et al. 2002) 

a role for the isoenzyme nitrilase 3 and for auxin in the regulation of root morphology in response 

to S supplies, with S deficiency leading to transcriptional activation of the gene encoding nitrilase 

3, resulting in an increased root elongation growth and lateral root formation. This response 

provides the plant with a mechanism to escape soil depleted of S and increases its chances of 

gaining access to fresh supplies of this essential element. According to this hypothesis, our data 

showed that super-optimal S supply did not affect root growth, but, on the other hand, when it is 

associated with Fe deficiency we observed a different response, i.e. a decreased root growth. We 

could speculate about Fe interference with plant perception of external S concentration, for 

example, or something else. However, we wonder which would be the added value of these 

speculations on a paper aiming at “exploring whether the higher ability to acquire Fe, induced by a 

higher S supply, might be a general response of graminaceous species”. 

In this sense, we feel that we gave a comprehensive discussion. We also acknowledge that the 

plant response to dual starvation is complex. For this reason we believe that it is important to 

provide the absolute data in the ms as a first observation which we hope will provoke debate and 

experimentation that may allow mechanistic dissection of the phenomenon." 

Since the reviewer pointed out that this was an interesting point to discuss in the paper we added 

the following sentences to the discussion section (p. 9) (highlighted in green): 

“To our knowledge, this is the first study in which are observed such changes in root development. 

There are few reports dealing with nutrient interactions and the evidences from these studies 

indicate that combined nutrient deficiencies may have a negative or positive interaction, but very 

often result as a new condition that requires different responses from those  observed when plant 

response to deficiency of a single nutrient is described.”. 

 

Concerning the third point raised be the Reviewer #2, in the first review he wrote: “In 3.4, it is not 

rational to say "The imposition of the sole Fe deficiency (F treatment) decreased the expression 

of both TdST1.1 and HvST1.1 with respect to the control (C condition)", because the difference is 

not obvious between E and C in Barley” and we commented as follows: “Indeed, we compared F 

treatment with C treatment, not E with C”. 

Now, Reviewer #2 wrote: “I want to say is "the difference is not obvious between F and C in 

Barley.", but NOT "the difference is not obvious between E and C in Barley". 

We modified the text according to the reviewer suggestion by adding the sentence (p. 9) 

(highlighted in green):  

“even if this effect seemed less evident in the case of barley”. 

 



Highlights 

• Three grasses were exposed to S supply that doubled optimal one (2.4 vs 1.2 mM). 

• Physiological responses to super-optimal S supply differs in graminaceous species. 

• In shoots of durum wheat Fe accumulation increased by increasing S availability. 

• Fe deficiency and excess S supply showed additive effect on S accumulation in wheat. 

• ST1.1 expression is induced in roots of super-optimal S supplied plants. 

 

 

*Highlights (for review)



 

1 
 

Title page 

 

Article title: The effect of excess sulfate supply on iron accumulation in three graminaceous 

plants at the early vegetative phase 

 

All author names and affiliations:  Silvia Celletti
1
 

Anna Rita Paolacci
1
 

Tanja Mimmo
2
 

Youry Pii
2
 

Stefano Cesco
2
 

Mario Ciaffi
3
 

Stefania Astolfi
1
 

 

1 
DAFNE, University of Tuscia, via S. C. de Lellis, 01100 Viterbo, Italy 

2
Faculty of Science and Technology, Free University of Bozen, 39100 Bolzano, Italy 

3
DIBAF, University of Tuscia, via S. C. de Lellis, 01100 Viterbo, Italy 

 

Corresponding author details:  Dr. Stefania Astolfi 

Università degli Studi della Tuscia - DAFNE 

      Via San Camillo de Lellis s.n.c. 

      01100 - VITERBO 

Telephone Number: 0761 357337 

E-mail address: sastolfi@unitus.it 

  

*Manuscript
Click here to view linked References

http://ees.elsevier.com/eeb/viewRCResults.aspx?pdf=1&docID=9019&rev=2&fileID=194705&msid={0168DCB5-D227-4108-9246-43F205075F11}


 

2 
 

The effect of excess sulfate supply on iron accumulation in three graminaceous plants at the 

early vegetative phase 

 

Silvia Celletti
1
, Anna Rita Paolacci

1
, Tanja Mimmo

2
, Youry Pii

2
, Stefano Cesco

2
, Mario Ciaffi

3
 

and Stefania Astolfi
1
 

1 
DAFNE, University of Tuscia, via S. C. de Lellis, 01100 Viterbo, Italy 

2
Faculty of Science and Technology, Free University of Bozen, piazza Università 5, 39100 Bolzano, 

Italy 

3
DIBAF, University of Tuscia, via S. C. de Lellis, 01100 Viterbo, Italy 

 

Abstract 

In recent years it has been established a significant relationship between sulfur (S) and iron (Fe) 

nutrition. In particular, it has been demonstrated that S deprivation can hinder Fe acquisition in 

barley, maize and wheat. This can be explained by assuming that, in order to cope with low Fe 

availability in the soil, grasses have evolved a phytosiderophores (PS)-based Fe chelation system 

(Strategy II) and PS are synthesized from methionine, through a nicotianamine intermediate. 

On the other hand, it has been demonstrated that wheat plants exhibit a higher Fe accumulation 

when supplied with excess S concentration, this effect being especially beneficial under severely 

limited Fe supply. 

The goal of this study was to explore whether the higher ability to acquire Fe, induced by a higher S 

supply, might be a general response of graminaceous species. 

The response of durum wheat (Triticum durum L.), barley (Hordeum vulgare L.), and maize (Zea 

mays L.) to the excess of S availability (2.4 mM vs 1.2 mM which is considered as optimal) was 

studied as a function of Fe availability (limited and sufficient, 20 and 80 µM, respectively). At the 

end of the experimental period, which lasted 11 days, growth parameters (shoot and root fresh 

weight and chlorophyll content), total S and Fe concentrations, and PS release rate were compared 

among the three species. Furthermore, we evaluated plant sulfate uptake capability, by analysing the 

expression of genes coding for high affinity sulfate transporter (TdST1.1, HvST1.1 and ZmST1.1) in 

roots of each graminaceous plant.  

Our preliminary findings are largely consistent with the apparent divergence among the three 

species. In particular, an excess S supply may result in the improvement of Fe use efficiency in 

durum wheat plants, but not in both barley and maize. 

The use of higher S supply seems to be a promising approach, at least for wheat plants, which can 

both reduce agricultural demand for Fe fertilizers and improve the Fe use efficiency of plants. 
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Keywords: iron deficiency; iron accumulation; sulphur nutrition; Strategy II; phytosiderophores; 

wheat. 

 

Abbreviations: EDTA, ethylene diamine tetracetic acid; NS, nutrient solution; PS, 

phytosiderophores. 

 

1. Introduction 

Human population growth and nutrient deficiency disorders require measures designed on the one 

hand to raise yield of crops and on the other hand to improve the nutritional quality of the crop for 

human consumption. Both problems may be faced by manipulating the plant nutrition management 

in particular areas of the world. Macro- and micronutrients enter the food chain mainly through 

plants, so nutritional problems result essentially from a low content of nutrients in edible parts of 

crops (Grusak and Dellapenna, 1999). Thus, the maintenance of highly productive agricultural 

systems and the increase of nutrient contents in food crops must include firstly a balanced supply of 

nutrients to crops and secondly the improvement of plant capability to uptake nutrients from the soil 

and to translocate them to the edible parts. 

At present, there is much interest in developing strategies aiming at increasing micronutrients’ 

content and bioavailability in staple grain crops to promote human health and nutrition (Grusak, 

2002). Among micronutrients, iron (Fe) is one of the most important in improving crop yield, food 

quality and human nutrition. Plants cannot easily acquire Fe even if it is abundant in soil (Guerinot 

and Yi, 1994). Thus, Fe deficiency is widespread and limits yield in many parts of the world (Mori, 

1999) and, on the other hand, Fe deficiency disorders in humans such as anaemia affect more than 2 

billion people in all parts of the world and beyond, being a major impediment to socioeconomic 

development, it leads to high social and public costs (Hind and Guerinot, 2012). 

Iron is an essential micronutrient for all living organisms, being a component of a number of 

proteins and enzymes with functions in key metabolic processes. 

Because of the critical importance of Fe homeostasis for plant growth, significant progress has been 

made in recent years in understanding how plants cope with Fe deficiencies and how acquisition 

mechanisms are regulated in response to Fe availability in both Strategy I (all plants except grasses) 

and Strategy II (grasses) plants (reviewed in Kobayashi and Nishizawa, 2012). The first group 

(Strategy I plants) acidifies the soil and reduces Fe
3+

 before uptake, while Strategy II plants 

synthesize and release Fe
3+

-chelating compounds named phytosiderophores (PS). Both adaptive 

strategies are systemically induced by Fe deficiency in order to improve Fe uptake (Kobayashi and 

Nishizawa, 2012). 
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However, plant Fe nutrition does not rely only on Fe availability but it is significantly affected by 

changing availability of other essential nutrients in the rhizosphere. This aspect is important in 

relation to the presence of coordinated acquisition and assimilation systems. 

The findings of previous studies suggest a reciprocal influence between sulfur (S) and Fe, in which 

the deficiency of one of the two nutrients induces physiological modifications allowing an adequate 

and balanced assimilation of the other one. 

In particular, plant capability to take up and accumulate Fe is strongly dependent on S availability 

in the growth medium (Astolfi et al., 2003; Bouranis et al,. 2003; Astolfi et al., 2006a; Zuchi et al., 

2012) and, on the other hand, Fe deficiency adaptation requires the adjustment of S uptake and 

assimilation rate (Astolfi et al., 2006b; Ciaffi et al., 2013). 

Recently, it has been demonstrated in wheat that providing S above adequate concentrations may 

result in the improvement of Fe use efficiency (Hawkesford et al., 2014) in wheat plants and this S 

nutritional effect seems to be especially advantageous for plants grown under severe Fe limitation 

(Zuchi et al., 2012). 

A possible explanation for this relationship could be that the higher S concentration might play a 

role in the PS biosynthetic pathway, being methionine the common precursor of both PS and 

nicotianamine (Mori and Nishizawa, 1987).  

The last evidence could have important implications for the improvement of the nutritional value of 

food crops, since wheat is a strategic crop for human consumption and Fe is one of the most 

important nutrients in improving the crop’s yield and quality.  

Here we compared three graminaceous species, such as durum wheat (Triticum durum L.), barley 

(Hordeum vulgare L.) and maize (Zea mays L.), in order to explore whether the higher ability to 

acquire Fe, induced by a higher S supply, might be a common response of grasses. 

In particular, growth parameters (shoot and root fresh weight and chlorophyll content), total S, Fe, 

Zn and Mn concentrations, and PS release rate were assessed with two different levels of Fe 

availability (limited and sufficient, 20 and 80 µM, respectively). Furthermore, the expression of 

genes coding for high affinity sulfate transporter (TdST1.1, HvST1.1 and ZmST1.1) was analysed in 

roots of each graminaceous plant and related to root total S accumulation rate as indicator of plant 

sulfate uptake capacity. 

 

2. Materials and methods 

2.1 Hydroponic growing conditions 

Seeds of durum wheat (T. durum L. cv. Svevo), barley (H. vulgare L. cv. Europa) and maize (Z. 

mays L. cv. PR33T56, Pioneer Hi-bred Italia Srl) were germinated on moistened paper in the dark 

at 20 °C for 4 d. Seedlings were then transferred in plastic pots (18 seedlings in each pot) and 
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grown for 11 days with hydroponic nutrient solution (NS) (Zhang et al., 1991), being exposed to the 

different four treatments (C, 1.2 mM sulfate and 80 M Fe
III

-EDTA; F, 1.2 mM sulfate and 20 M 

Fe
III

-EDTA; E, 2.4 mM sulfate and 80 M Fe
III

-EDTA; EF, 2.4 mM sulfate and 20 M Fe
III

-

EDTA). Sulfate concentrations were selected and applied according to our previous report (Zuchi et 

al., 2012). The NS was continuously aerated and renewed every 2-3 d. Plants were cultivated in a 

growth chamber at 27/20 °C and 14/10 h day/night cycles with a relative humidity of 80% and 200 

mol m
-2

 s
-1

 PAR at leaf level. Shoots and roots were harvested and analyzed on day 11 after 

sowing. 

 

2.2 Chlorophyll content 

The concentration of chlorophyll content per unit area was estimated in attached leaves by a SPAD 

portable apparatus (Minolta Co., Osaka, Japan) using the first fully expanded leaf from the top of 

the plant. 

 

2.3 Analysis of micro- and macronutrient concentrations 

To determine micronutrient (Fe, Mn and Zn) concentrations, leaf tissues were oven-dried at 80 °C 

to constant weight and thereafter were acid digested with concentrated ultrapure HNO3 (650 mL 

L
−1

; Carlo Erba, Milano, Italy) using a single reaction chamber (SRC) microwave digestion system 

(UltraWAVE, Milestone, Shelton, CT, USA). The element concentrations were analyzed by ICP-

OES (Spectro CirosCCD, Spectro, Germany).  

To determine total S concentration, one g of each shoot and root sample was dried at 80°C and then 

ashed in a muffle furnace at 500 °C. The ashes were dissolved in 10 mL of 3 N HCl and filtered 

through Whatman No. 42 paper. In contact with BaCl2, a BaSO4 precipitate is formed which is 

determined turbidimetrically (Bardsley and Lancaster, 1962). 

 

2.4 Collection of root exudates and determination of PS release 

Phytosiderophores release from plant roots was analyzed by determining PS content in root 

washings, as previously described (Zuchi et al., 2012). Briefly, plants were removed from the NS at 

2 h after the onset of the light period and the roots were thoroughly washed two times for 1 min in 

deionised water. Root systems were then submerged into 500 ml of continuously aerated deionised 

water for 3, 2 and 6 h, for wheat, barley and maize, respectively. Thereafter, Micropur (10 mg l
-1

) 

(Roth, Karlsruhe, Germany) was added to prevent microbial degradation of PS. PS content in root 

washings were determined using the Fe-binding assay revised by Reichman and Parker (2006). 

 

2.5 Total RNA extraction and RT-PCR analysis 



 

6 
 

Total RNA was extracted from roots of wheat, barley and maize plants using the Trizol reagent 

(Invitrogen) according to manufacturer’s instructions. The resulting RNA was treated with RNase-

free DNase I (Promega) according to the manufacturer’s protocol. Following digestion, nucleotides 

were removed from RNA using a G50 Sepharose buffer exchange column (Amersham). RNA 

concentration and integrity were checked with a UV/VIS spectrophotometer Lambda 3B (Perkin 

Elmer). The quality of RNA samples was also assessed by electrophoresis on 1.2% (w/v) agarose 

gels. First-strand cDNA was synthesized from 1 μg of RNA by the M-MLV (H-) Reverse 

Transcriptase (Invitrogen) and the resulting cDNA was diluted 1/5.  

PCR reactions were performed by the HotMasterMix system (Eppendorf) using 1 μl of the diluted 

RT reaction and primer pairs as in Table 1. PCR conditions were: initial denaturation at 94 °C for 5 

min, 28-35 cycles of amplification, each at 94 °C for 1 min, 62 °C for 1 min and 72 °C for 2 min. 

Samples (5 μl) of the amplification products were collected after 28, 30, 32 and 35 PCR cycles and 

analyzed by electrophoresis on 1.5 (w/v) agarose gels for semi-quantitative PCR. Each RT-PCR 

experiment was independently repeated three times to test the amplification reproducibility.  

For semi-quantitative RT-PCR specific primers were designed within the 3’ end region of the three 

genes coding for Group 1 high affinity sulfate transporter in durum wheat (TdST1.1), barley 

(HvST1.1) and maize (ZmST1.1) on the basis of cDNA sequences previously isolated by Ciaffi et al. 

(2013), Smith et al. (1997) and Hopkins et al. (2004). 

For each of three species 18S cDNAs were also amplified as internal controls (Table 1). The 

specificity of the amplified fragments was checked by sequencing the PCR products to confirm that 

the sequences corresponded to the target genes. 

 

2.6 Statistical analysis 

Each reported value represents the mean ± SD of measurements carried out in triplicate and 

obtained from four independent experiments. Statistical analyses of data were carried out by 

ANOVA with the GraphPad InStat Program (version 3.06). Significant differences were established 

by posthoc comparisons (HSD test of Tukey) at P < 0.05. 

 

3. Results 

3.1 Plant growth parameters 

A significant decrease (20%) in the fresh weight of shoots was observed in Fe-deficient wheat 

plants, irrespective of S supply, compared to control plants (C), while the decrease was not 

significant in both Fe-deficient barley and maize plants compared to controls (Fig. 1A). Similarly, 

root growth was also reduced by limited Fe availability in wheat plants with a 30% and 40% fresh 

weight decrease in Fe-deficient (F) and Fe-deficient supplied with excess sulfate (EF) plants, 



 

7 
 

respectively (Fig. 1B). In the case of barley plants, a decrease in the growth of the root system was 

detected only when Fe deficiency was associated with an excess of S (EF condition); on the 

contrary, maize root development was almost unaffected by any imposed nutritional conditions 

(Fig. 1B). 

It is worth nothing that plants grown in the presence of 2.4 mM sulfate (E) did not show toxicity 

symptoms such as reduction of both shoot and root growth, when compared with control plants (C); 

yet in wheat, root growth was significantly increased (25%) by increasing S concentration in NS 

(Fig. 1B). 

When grown at optimal S and Fe supply (C condition), wheat and barley plants did not differ by the 

SPAD values, whereas maize seedlings were characterized by the lowest chlorophyll content (Fig. 

2). The SPAD values in Fe-deficient plants (F) reflected Fe chlorosis induction, although marked 

differences were found in the relative decrement of chlorophyll content among the three species. 

Both wheat and maize plants showed a strong reduction of chlorophyll levels (by about 77 and 

68%, respectively), reaching values associated with severe chlorosis symptoms (SPAD readings 

below 10), while in barley plants chlorophyll content decreased by only 20% compared with control 

plants (Fig. 2). EF treated plants showed a partial (wheat and maize) or total (barley) recovery from 

Fe deficiency chlorosis (Fig. 2). On the other hand, both wheat and maize plants submitted to the E 

treatment increased their SPAD values compared to control plants, whereas the application of 

higher S supply did not affect chlorophyll content of barley leaves in comparison to control (Fig. 2). 

 

3.2 Accumulation of inorganic ions in shoots 

The concentration of total S, Fe, manganese (Mn), and zinc (Zn) was determined in shoot tissues of 

all species following the imposition of the four treatments (Figs. 3 and 4). 

Significant increases in shoot S accumulation were found in all plants receiving limited Fe supply, 

irrespective of S supply, but the effect resulted more or less pronounced depending on the species 

(Fig. 3). With respect to control, in wheat both sole Fe deficiency (F condition) and sole S excess (E 

condition) increased S accumulation by 20%, and it was found an additive effect in EF wheat plants 

in which the increase reached 40% (Fig. 3). Similarly, both sole Fe deficiency and sole S excess 

caused in barley plants an increased S accumulation of about 70% and 40%, respectively, but 

differently than in wheat, the association of the two treatments resulted in almost no effect on shoot 

S accumulation (Fig. 3). Finally, in maize S accumulation was significantly induced only by Fe 

deficiency, alone or in combination with S excess (70 and 75%, respectively) (Fig. 3). 

Shoot Fe concentration was obviously reduced by sole Fe deficiency (F condition) in all species 

(20-30% with respect to the control C), but it was affected differently when Fe deficiency was 

associated to high S supply (EF condition) (Fig. 4A). In particular, wheat plants showed an 
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increased capacity to accumulate Fe in shoots, after exposure to EF condition when compared with 

the other two grass species, with values near to those of the control plants (C), whereas under the 

same condition, in barley and maize the reduction in Fe accumulation was even greater than that 

observed under sole Fe deficiency (approximately 50% with respect to the control C) (Fig. 4A). 

Furthermore, only in wheat plants Fe accumulation slightly increased under E treatment (Fig. 4A). 

The accumulation pattern of the other micronutrients investigated within the shoots of different 

species at different nutritional conditions, was very similar, as shown in Fig. 4 (B and C). As 

expected, both Mn and Zn accumulation was higher in plants grown in Fe-limited NS (F condition), 

but when the lack of Fe was associated to higher S supply (EF condition) the effect of Fe deficiency 

on Mn and Zn accumulation disappeared in both barley and maize, but not in wheat where the Mn 

and Zn levels were even more increased than in F condition (Fig. 4B and C).  

 

3.3 PS release 

PS release rate greatly increased in all three species upon exposure to sole Fe limitation (1.5, 2.5 

and 2 fold higher than control, in wheat, barley and maize, respectively) (Fig. 5). Also in EF 

condition PS release rate increased significantly in all graminaceous when compared with the 

control treatment (C), however the level of increase was markedly different among the three 

grasses. In particular, in wheat and maize it remained unaltered, when compared with the sole Fe 

deficiency, while it was severely reduced in barley with respect to the F condition (Fig. 5). 

 

3.4 Total S accumulation and expression of genes coding for high affinity sulfate transporters 

(ST1.1) in roots  

Exposure of wheat and barley plants to low Fe concentrations regardless from S supply (F and EF 

conditions) resulted in higher accumulation of total S in root tissues (Fig. 6A). Interestingly, in 

barley the increase in the S concentration was similar between plants subjected to F and EF 

treatments, whereas in wheat grown in EF condition resulted in an even greater effect on root S 

accumulation than that observed in those grown in F condition (four-fold vs. 75% higher than in 

control plants) (Fig. 6A). On the other hand, in maize plants total S accumulation appeared to be 

unaffected by both Fe and S supply, even though maize plants exhibited the highest level of S 

accumulation in all the four considered growth conditions when compared with the other two 

grasses (Fig. 6A). 

Under high S supply (E treatment) the expression level of ST1.1 genes increased in roots of all 

grasses, with the more pronounced effect observed in maize (Fig. 6B). Although unexpected, these 

results indicate that the three grass ST1.1 genes were up-regulated by S supplementation. On the 

other hand, the effect of Fe deficiency on the expression of the three grass ST1.1 genes was 



 

9 
 

ambiguous. The imposition of the sole Fe deficiency (F treatment) decreased the expression of both 

TdST1.1 and HvST1.1 with respect to the control (C condition), even if this effect seemed less 

evident in the case of barley, whereas when Fe deficiency was associated to enhanced S supply (EF 

condition) transcript levels of the same two ST1.1 genes were almost unaffected with respect to the 

E condition (Fig. 6B). In contrast, in maize there was a significant increase in the abundance of 

ZmST1.1 transcripts following imposition of Fe deficiency, irrespective of S availability (Fig. 6B). 

 

4. Discussion 

Sulfur and Fe are directly related to plant growth and development: S is required for the 

biosynthesis of key compounds including the amino acids cysteine and methionine, proteins, 

glutathione and several secondary products such as glucosinolates (Hell and Rennenberg, 1998); Fe 

is involved as a cofactor for many enzymes in respiration, DNA synthesis and nitrogen metabolism. 

In addition, both S and Fe are essential for photosynthesis and chlorophyll biosynthesis within 

plants and are also required for the assembly of Fe-S clusters (Couturier et al., 2013). 

Iron deficiency is generally characterized by an inhibition of shoot and root biomass production and 

by the appearance of severe leaf chlorosis (Marschner, 1995). In this study, among the three species 

tested, durum wheat showed the highest decrease of biomass production upon exposure to limited 

Fe levels accompanied by the highest decrease in chlorophyll content of the leaves, whereas barley 

was the least susceptible to Fe deficiency, both in terms of growth and leaf chlorosis (Figs. 1 and 2). 

The effect of Fe deficiency on root fresh biomass was even more pronounced following the 

application of excess S supply. To our knowledge, this is the first study in which are observed such 

changes in root development. There are few reports dealing with nutrient interactions and the 

evidences from these studies indicate that combined nutrient deficiencies may have a negative or 

positive interaction, but very often result as a new condition that requires different responses from 

those  observed when plant response to deficiency of a single nutrient is described. On the other 

hand,  the high concentration of S in NS seems to counteract the negative effect of Fe deficiency on 

leaf chlorophyll content (Fig. 2). In particular, no significant differences were detected in SPAD 

values of the barley leaves between control and EF conditions, and both wheat and maize, under Fe 

deficiency and high S supply, greatly recovered from the strong leaf chlorosis determined by the 

sole Fe deprivation (Fig. 2). This effect can be clearly attributed to high S concentrations in NS 

during Fe stress, since all plant species grown in E condition exhibited leaf SPAD values that were 

higher than the control (C) (Fig. 2). 

It is worth nothing that in shoots of different grasses the concentration of total S was differently 

affected by Fe or S treatments (Fig. 3). In wheat, the total S concentration of shoots was 20% higher 

in Fe-deficient plants (F) and 20% higher in high S supplied (E) plants than control ones (C), and 
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surprisingly 40% higher in the plants grown in EF condition than in control ones (C), suggesting a 

additive effect of both treatments on this parameter. Also in barley plants total S accumulation 

increased under both F and E condition (70 and 40% higher than in control plants, respectively), but 

when both treatments were applied together no significant difference was found on this parameter 

compared to control condition. On the other hand, in maize plants we found that only exposure of 

seedlings to Fe deficiency (sole or in combination with high S supply) resulted in increased S 

accumulation at shoot level. The significant accumulation of S induced by sole Fe deficiency in 

shoot tissues of all three species would be functional to the overall alleviation of Fe deficiency. 

These observations are consistent with previous studies, which have shown in the species studied so 

far an improvement of Fe use efficiency under adequate S supply in different species such as maize 

(Astolfi et al., 2003; Bouranis et al., 2003), barley (Kuwajima and Kawai, 1997; Astolfi et al., 

2006a), tomato (Zuchi et al., 2009; Zuchi et al., 2015) and durum wheat (Ciaffi et al., 2013). 

However, most of the studies involving the effect of S nutrition on Fe accumulation in plants have 

been limited to levels of S concentrations not exceeding 1.2 mM, which is a concentration close to 

the optimum S requirement for plant growth (Astolfi et al., 2006b). Interestingly, it has been 

reported that a super-optimal S supply (2.4 mM vs 1.2 mM which is considered as optimal) 

increased Fe accumulation in wheat (Zuchi et al., 2012), this increase being higher in Fe-deficient 

than in Fe-sufficient conditions, showing that the higher S availability under Fe deficiency 

conditions could provide, at least in wheat, a higher capability to cope with this stress. On the basis 

of these findings, it has been proposed that there could be a threshold S requirement for S induced 

effects on Fe accumulation (Zuchi et al., 2012) and the present study aimed at further 

experimentally supporting this hypothesis. However, our results showed that the three tested 

graminaceous species showed different performances in terms of Fe accumulation capacity in 

response to S availability, indicating different threshold values among the three plant species.  

In agreement with previous report (Zuchi et al., 2012), in shoots of durum wheat Fe accumulation 

increased by increasing S availability in NS and, more importantly, we observed that in Fe-deficient 

plants the addition of 2.4 mM sulfate allowed the accumulation of Fe amounts only slightly lower 

than those observed in Fe-sufficient control, although their Fe supply in NS was very different (20 

vs. 80 M Fe
III

-EDTA, respectively) (Fig. 4A). Thus, EF wheat plants, although Fe-deficient, 

showed levels of Fe accumulation in shoots close or similar to what is expected under normal Fe-

sufficient growth conditions. This finding suggests that the efficiency to accumulate Fe by wheat 

plants can be increased even at limited metal concentrations in NS by an over-supply of sulfate and 

thus the real S concentration responsible for achieving that effect represents the optimum S 

requirement to improve shoot Fe concentration, at least in wheat plants. A further interesting result 

is the pattern of Mn and Zn accumulation in shoot which was observed among the three grasses 



 

11 
 

following exposure to the different nutritional conditions (Fig. 4B, C). When plants were challenged 

with single Fe deficiency (F), their accumulation pattern was in agreement with previous reports 

showing that the plant accumulation of metals, such as Cd, Mg and Zn, can be enhanced under Fe 

deficiency (Cohen et al., 1998; Lombi et al., 2002) and all species shared the same response. On the 

other hand, variation of response among considered grasses was observed after exposure of 

seedlings to EF condition. Interestingly, only the wheat plants exposed to EF condition showed 

increased levels of both Mn and Zn as compared with both control (C) and Fe-deficient (F) plants, 

indicating the possibility of additive interactions between Fe deficiency and excess S supply also on 

aforementioned ion concentrations in the shoots and also revealing a further unique feature of 

wheat. 

Intriguingly, clearly antagonistic interaction between Fe deficiency and excess S supply occurred 

for shoot Fe concentration in both barley and maize plants. In particular, Fe accumulation in shoots 

of EF plants was clearly lower than that of F plants (45% vs. 20% and 45% vs. 30% when 

compared with control ones, for barley and maize, respectively) (Fig. 4A). 

The large variation in the capacity to accumulate Fe in leaves observed among the three 

graminaceous species investigated following exposure to excess S supply can be broadly interpreted 

as the result of changes in the secretion pattern of Fe-chelating substances (PS) by roots, as PS 

release rate is expected to increase substantially in Fe-efficient species (Römheld, 1987; Marschner 

and Römheld, 1994). Indeed, PS release rate greatly increased under Fe deficiency conditions in all 

species, although the magnitude of these changes was clearly related to their different tolerance to 

Fe chlorosis (barley>wheat>maize) (Römheld and Marschner, 1990) (Fig. 5). To explain the very 

low rates of PS release that occurred in maize compared with both wheat and barley, several 

hypotheses could be proposed. Firstly, it might be due to different metabolic features, being maize a 

C4 species, and consistently with the literature C4 grasses release lower amounts of PS in roots 

exudates compared with C3 ones (Kawai et al., 1988; Onyezili and Ross, 1993). Additionally, the 

evidence so far available shows that maize is the only grass species found to not have diurnal 

patterns of PS release under Fe deficiency, but rather a low and constant release (Yehuda et al., 

1996). Being consistent with these suggestions and with observed Fe concentrations in maize plant 

tissues, our data indicate that the low but constant rate of PS release by maize roots did not prevent 

maize capability to accumulate Fe. 

Furthermore, whereas in both wheat and maize seedlings the average trends in PS release were 

similar between the F and EF condition, suggesting that there was no adverse effect of excess S 

supply, in barley PS release significantly decreased by 30% in EF condition compared with F 

condition, indicating again that the combination of treatments was negative and therefore clearly 

antagonistic, as earlier suggested for shoot Fe accumulation (Fig. 5). 

http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2007.01990.x/full#b7
http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2007.01990.x/full#b7
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These results provide the first evidence that parallels among graminaceous plants are limited, at 

least for the effect induced by excess S supply on PS release rate and subsequent Fe accumulation 

and may also account for the positive link between greater S availability and better Fe use 

efficiency in wheat, proving the benefits of increased amounts of PS as an adaptation to the 

interaction between Fe deficiency and excess S supply. 

Previous experimental evidences demonstrated that graminaceous plants adequately supplied with S 

responded better to Fe deficiency stress (Astolfi et al., 2003; Bouranis et al,. 2003; Astolfi et al., 

2006a; Zuchi et al., 2012) and also that S uptake and assimilation are closely modulated in response 

to the higher S demand induced by Fe deficiency (Astolfi et al., 2006b; Ciaffi et al., 2013). This 

would suggest that in plant species displaying contrasting patterns of both S and Fe accumulation, 

also rates of S uptake could be different. Total S accumulation was quantified and related to the 

expression of genes coding for high-affinity sulfate transporters (ST1.1) in root tissues of the three 

grass species as an indicator of the ability of plants to take up sulfate from the external medium 

(Fig. 6). The Group 1 high affinity sulfate transporters are involved in the primary uptake of sulfate 

by the roots and are highly responsive to S availability, meaning that usually the expression of the 

genes coding for these transporters is up-regulated in response to S deprivation (for review, see 

Lewandowska and Sirko, 2008; Maruyama-Nakashita, 2004; Takahashi et al., 2011). In particular, 

these analyses were planned to better understand how availability of S and Fe affects the expression 

of ST1.1 genes and, finally, to further understand the relationship between changes in sulfate uptake 

rate induced by differential expression of the same genes and plant capability to accumulate Fe. 

The pattern of accumulation of total S in roots of the three species under the four considered 

conditions closely followed that observed in shoots (Fig. 6A). In wheat plants, the effect of both 

treatments combined (Fe limitation and excess S) was additive on root S concentrations, as 

previously observed in shoots. On the other hand, in barley roots from plants exposed to both 

treatments, sole or combined, the S concentration was approximately the same and about twofold 

higher than that found in control plants, thus in this species the effect of the two stresses was not 

additive. Finally, in maize, root S concentration was unaffected by S supply, either alone or 

combined with Fe deficiency. These different patterns of S accumulation might be attributed to 

different plant ability to produce and release PS and thus to cope with Fe deficiency. Indeed, wheat 

plants cultivated under combined effects of Fe limitation and S excess exhibited greater root S 

amounts than plants exposed to sole Fe stress and this trend was associated with similar PS release 

rates between F and EF plants; in barley plants, Fe deficiency had no significant effect on root S 

accumulation when combined with a high S supply and consequently combined stress significantly 

decreased PS release rate; in maize no significant differences were observed among all exposure 

experiments in both root S accumulation and PS release rate.  
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Commonly plants respond to a limited S supply by increasing the expression of genes coding 

sulfate transporters, mainly high affinity sulfate transporters of Group 1 (ST1.1) (Astolfi et al,. 

2006b; Hawkesford et al., 1995; Smith et al., 1997; Vidmar et al., 1999), which would result in 

increased capacity for sulfate uptake. Surprisingly, in this study we found that the expression of 

ST1.1 genes was up-regulated in roots of all considered species in response to a high S supply, sole 

or in combination with Fe deficiency, and this enhanced expression may likely reflect greater S 

uptake rate (Fig. 6B). This held true at least for wheat and barley plants, displaying higher root S 

concentrations and allocating more S to shoots, but not for maize. On the other hand, the expression 

of ST1.1 genes was down-regulated following imposition of the sole Fe deficiency in both wheat 

and barley, but up-regulated in maize, when compared with control plants. Despite these clear 

differences in the expression patterns of the three ST1.1 genes, the capacity to accumulate greater 

amounts of S in plant tissues under Fe deficiency did not seem different among the three species, 

suggesting that higher rates of sulfate accumulation cannot be merely attributed to up-regulation of 

ST1.1 genes, at least in wheat and barley. Although we discarded the possibility that differences in 

the transcript levels of these genes fully explained the observed effects on S accumulation, we 

cannot discard other factors explaining these contrasting results. For instance, it is important to 

consider recent advances in the understanding of the role of different high affinity transporters in 

the modulation of sulfate fluxes under Fe and S deficiency (Ciaffi et al., 2013). In particular, it has 

been demonstrated in wheat that the function of TdSultr1.3 may strengthen sulfate uptake for 

maintaining a high rate of methionine synthesis to support PS production under Fe deficiency; in 

contrast TdSultr1.1, which is the same gene named in this study as TdST1.1, seems be involved in 

the response to sulfate deprivation, suggesting that the mechanisms of sulfate uptake regulation 

under Fe and S deficiency are different (Ciaffi et al., 2013). 

In this work, which should likely be considered only as preliminary screen to select the most 

promising crop to be tested later, we analysed the expression of genes coding for high affinity 

sulfate transporters which are considered the most responsive genes to the S availability. However, 

as previously reported in wheat (Ciaffi et al., 2013), other high affinity sulfate transporters could 

take part in the process and should be investigated further. 

In conclusion, the purpose of this paper was to explore potential and sustainable use of S nutrition 

in improving Fe use efficiency in grasses and we found in wheat highly additive interactions 

between Fe deficiency and excess S supply on Fe acquisition and accumulation, and by contrast in 

barley and maize several antagonistic interactions between the two factors. 

The data reported here indeed suggest that in wheat plants changes in S accumulation were closely 

related to plant capability to release PS and correspondingly to accumulate Fe. Furthermore, the 

evidence that increased S supply in NS was associated to a corresponding increase of shoot S 
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concentration which is likely to underlie changes of shoot Fe accumulation, suggesting that this 

could be due to a threshold requirement of S supply for the alleviation of Fe deficiency. However, 

the specific response observed in wheat is likely not conserved among grasses, since a very 

different behavior was found in barley and maize. 

This finding could be significant to overcome a key challenge in plant Fe nutrition: the optimization 

of Fe acquisition and allocation based on a sustainable new approach with low cost and decreased 

requirements for Fe fertilizers. 
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Figure captions 

 

Fig. 1 Plant growth parameters 

Shoot (A) and root (B) fresh weight of wheat (dark bars), barley (grey bars) and maize (white bars) 

plants. Plants were grown being exposed to different four treatments: C=control (1.2 mM sulfate 

and 80 M Fe
III

-EDTA), F=Fe deficiency (1.2 mM sulfate and 20 M Fe
III

-EDTA), E=excess S 

supply (2.4 mM sulfate and 80 M Fe
III

-EDTA) and EF=excess S supply and Fe deficiency (2.4 

mM sulfate and 20 M Fe
III

-EDTA). Data are means ± SD of four independent replications run in 

triplicate. Significant differences between samples are indicated by different letters: different lower 

case letters indicate significant differences in wheat (P<0.05); different upper case letters indicate 

significant differences in barley (P<0.05); different bold lower case letters indicate significant 

differences in maize (P<0.05).  

 

Fig. 2 Chlorophyll content 

Chlorophyll concentrations measured using a SPAD meter in leaves of wheat (dark bars), barley 

(grey bars) and maize (white bars) plants. SPAD readings were made using the first fully expanded 

leaf from the top of the plant. Treatments and statistics as in Fig. 1. 

 

Fig. 3 Shoot total S accumulation 

Total S concentrations in shoots of wheat (dark bars), barley (grey bars) and maize (white bars) 

plants. Treatments and statistics as in Fig. 1. 

 

Fig. 4 Shoot concentrations of Fe, Mn and Zn 

Fe (A), Mn (B) and Zn (C) concentrations in shoots of wheat (dark bars), barley (grey bars) and 

maize (white bars) plants. Treatments and statistics as in Fig. 1. 

 

Fig. 5 PS release 

PS release by roots of wheat (dark bars), barley (grey bars) and maize (white bars) plants. 

Treatments and statistics as in Fig. 1. 

 

Fig. 6 Total S accumulation and expression of genes coding for high affinity sulfate transporters 

(ST1.1) in roots 

Total S accumulation (A) and expression of genes coding for high affinity sulfate transporters 

(ST1.1) (B) in roots of wheat (dark bars), barley (grey bars) and maize (white bars) plants. 

Treatments and statistics as in Fig. 1. In B for each plant species 18S cDNAs were also amplified as 
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internal controls and M indicates part of the DNA molecular weight marker XIV 100 bp ladder 

(Roche, Indianapolis, IN) with the most intense band of 500 bp in length. 
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Table 1 

Primer pairs used in RT-PCR analysis 

 

Gene 
Accession 

number 
Forward primer 

TM 

(°C) 
Reverse primer 

TM 

(°C) 

Amplicon 

length (bp) 

TdST1.1 JX896648 ATTTGCATCAGTGGAGTACGG 60.0 CCGACCGACAGGAATATCTTG 61.7 486 

HvST1.1 X96431 TGCATCAGTGGAGTACGGC  60.9 CGCAGCTTCTGGATCACTG  60.7 429 

ZmST1.1 AF355602 GGCTTGCTCATTGCGGTT 62.3 CCGACCGTGAGGAATATGTTG  62.6 467 

Td18S AY049040 GGCCGTTCTTAGTTGGTGGA  62.3 TGTACAAAGGGCAGGGACG  62.0 361 

Hv18S AY552749 CGGTCCTATTGTGTTGGCCT  62.2 TAAGAACGGCCATGCACC  60.6 387 

Zm18S AF168884 CGCAAGGCTGAAACTTAAAGG  61.2 GCATTCCTCGTTGAAGACCA  61.2 461 
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