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Summary  15 

 Hakea prostrata (Proteaceae) has evolved in extremely phosphorus (P)-impoverished 16 

habitats. Unlike species that evolved in P-richer environments, it tightly controls its 17 

nitrogen (N) acquisition, matching its low protein concentration, and thus limiting its 18 

P requirement for ribosomal RNA (rRNA). Protein is a major sink for sulfur (S), but 19 

the link between low protein concentrations and S metabolism in H. prostrata is 20 

unknown, although this is pivotal for understanding this species’ supreme adaptation 21 

to P-impoverished soils.  22 

 Plants were grown at different sulfate supplies for five weeks and used for nutrient 23 

and metabolite analyses.  24 

 Total S content in H. prostrata was unchanged with increasing S supply, in sharp 25 

contrast with species that typically evolved in environments where P is not a major 26 

limiting nutrient. Unlike H. prostrata, other plants typically store excess available 27 

sulfate in vacuoles. Like other species, S-starved H. prostrata accumulated arginine, 28 

lysine and O-acetylserine, indicating S deficiency.  29 

 Hakea prostrata tightly controls its S acquisition to match its low protein 30 

concentration and low demand for rRNA, and thus P, the largest organic P pool in 31 

leaves. We conclude that the tight control of S acquisition, like that of N, helps H. 32 

prostrata to survive in P-impoverished environments.  33 

 34 

Key words: Hakea prostrata, metabolite profiling, sulfur uptake, phosphorus-use efficiency, 35 

plant nutrition, Proteaceae.  36 

 37 

 38 
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Introduction  39 

Sulfur (S) is an essential macronutrient. It is the fourth most abundant nutrient by mass in 40 

plants after nitrogen (N), phosphorus (P) and potassium (K), and is required for plant growth 41 

and development (Nikiforova et al., 2004). Plants take up S from soil mostly as SO4
2-

 42 

(Leustek & Saito, 1999) and transport the anion within the plant for subsequent assimilation 43 

through sulfate transporters (Rouached et al., 2009). During S assimilation, SO4
2-

 is first 44 

activated by adenylation to adenosine 5’ phosphosulfate (APS) by ATP sulfurylase (ATPS). 45 

APS is reduced to sulfite by APS reductase (APR) and then to sulfide by sulfite reductase 46 

(Kopriva & Rennenberg, 2004). In a separate pathway, sulfite is also used in sulfolipid 47 

biosynthesis (Benning, 1998). However, sulfide is incorporated into a specific serine-derived 48 

precursor, O-acetylserine (OAS), by OAS-(thiol) lyase (OAS-TL) in the cysteine synthase 49 

complex to produce the amino acid cysteine (Wirtz et al., 2001).  50 

O-acetylserine links S metabolism to N metabolism via serine-glycine metabolism, and to 51 

carbon metabolism through acetyl-CoA derived from pyruvate oxidation (Hell, 1997). 52 

Moreover, cysteine, being a building block for the synthesis of methionine, protein and 53 

glutathione, further interconnects S metabolism to N metabolism in plants (Hell, 1997; 54 

Nikiforova et al., 2004).
 
Sulfur metabolism is regulated by N nutrition in plants, as N 55 

limitation reduces APR activity, resulting in decreased S assimilation (Koprivova et al., 56 

2000). Conversely, S limitation affects N metabolism by decreasing cysteine biosynthesis, 57 

which ultimately reduces protein synthesis in the plant (Nikiforova et al., 2006).  58 

We recently showed that N acquisition and assimilation into protein are tightly controlled in 59 

H. prostrata  (Prodhan et al., 2016), a species that has evolved in the extremely P-60 

impoverished habitats of south-western Australia (Lambers et al., 2011; Veneklaas et al., 61 

2012; Lambers et al., 2015) where total P accounts for only one-twentieth (Lambers et al., 62 
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2012b) of that in unfertilised crop or pasture soils (Hedley et al., 1982). Controlled N 63 

acquisition and thus assimilation reduces the demand for ribosomal RNA (rRNA), the largest 64 

organic P pool in leaves (Veneklaas et al., 2012). This N-acquisition strategy along with 65 

several physiological and biochemical traits underlies the remarkable adaptation of this 66 

species to a low-P environment that differs fundamentally from what is known for plants that 67 

evolved in nitrogen (N)-limited habitats (Lambers et al., 2015).  68 

The striking physiological and biochemical adaptations in H. prostrata to a low-P 69 

environment include production of specialised cluster roots that mine P from inaccessible P-70 

complexes in the root zone through carboxylate exudation (Lambers et al., 2010). In addition, 71 

this species economises the use of the P it acquires by being highly efficient and proficient in 72 

remobilising it from senescing tissues to deliver P to developing tissues (Lambers et al., 73 

2012a). Leaf membrane lipids are also remodelled to replace P-containing phospholipids with 74 

non-P-containing lipids, which has no impact on photosynthesis (Lambers et al., 2012b). 75 

Furthermore, this species has a very low level of ribosomal RNA (rRNA) (Sulpice et al., 76 

2014).  77 

A low level of rRNA is associated with a low level of protein (Elser et al., 1996; Matzek & 78 

Vitousek, 2009). Therefore, the tight control of N acquisition and assimilation into protein is 79 

linked to the low level of rRNA, because most of the total N in plant goes to protein. 80 

However, this N response in H. prostrata likely requires modification in S metabolism, 81 

because i) there is a strong cross-talk between N and S metabolism in plants (Koprivova et 82 

al., 2000) (Nikiforova et al., 2006), and ii) the protein pool is also a sink for the majority of 83 

total S in plants (Nikiforova et al., 2005; Bimbraw, 2008; Zhang et al., 2015). However, S 84 

nutrition in H. prostrata has never been investigated and may reveal a link between S 85 

metabolism and the remarkable adaptation of this species to the world’s most severely P-86 

impoverished soils. Therefore, we surmise that the tight control of N acquisition and 87 
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assimilation into protein modifies S acquisition and assimilation in H. prostrata to match its 88 

low protein concentration, and thus reduces its P requirement for rRNA, as an adaptation to 89 

an extremely low level of P in its P-impoverished environments. 90 

 91 

Materials and Methods 92 

 93 

Plant growth 94 

Roots of soil-grown six-month-old Hakea prostrata R.Br. plants were washed and treated 95 

with 0.01% (v/v) sodium hypochlorite for eight min to avoid fungal contamination. The 96 

washed plants were transferred to a hydroponics tank in a temperature-controlled glasshouse 97 

at the University of Western Australia and grown during May to August 2014. The tank 98 

temperature was maintained at 18 to 20 °C. Individual plants were grown in a 5 L plastic pot 99 

containing 4 L modified Hoagland’s solution (100 µM Ca(NO3)2, 100 µM K2SO4, 2.5 µM 100 

KH2PO4, 27 µM MgSO4, 0.1 µM MnCl2, 0.1 µM ZnSO4, 0.025 µM CuSO4, 1.25 µM H3BO3, 101 

0.0075 µM CoCl2, 0.025 µM (NH4)6Mo7O24, 5 µM Fe-EDTA, 10 µM KCl, 33.3 µM Na2O3Si; 102 

pH 5.8). Before starting the treatments, plants were acclimated to the hydroponics for a six-103 

week period with the nutrient solution changed twice a week.  During the acclimation period, 104 

plants were grown on low Pi (2.5 µM) to avoid P-toxicity, because H. prostrata plants have 105 

evolved on the most P-impoverished soils on earth (Lambers et al., 2015) and are extremely 106 

sensitive to P (Lambers et al., 2013). Glasshouse temperature was maintained at 14 °C at 107 

night and 25 °C during the day on an average. The average highest light intensity was 680 108 

µmol m
-2

 s
-1

 (70% transmission through the glass) between 12:00 h and 14:00 h, with sunrise 109 

at 07:15 h and sunset at 17:30 h. Minimum and maximum relative humidity inside the 110 

glasshouse were 32% during the day and 62% at night on an average. 111 
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After acclimation, H2PO4
- 

and SO4
2-

 treatments were applied to the plants in a binary 112 

combination with one nutrient varying at a time. Four plants were randomly assigned to each 113 

treatment for five weeks. At the start of the treatments, a further four plants were harvested to 114 

determine the pre-treatment metabolic status of the plants. The entire nutrient solution was 115 

changed twice a week with doses of H2PO4
- 
to a final concentration of 10 µM or 20 µM, and 116 

SO4
2-

 to a final concentration of 0, 77 µM or 1000 µM. Plants grown on low SO4
2-

 (77 µM) 117 

were supplied a level of H2PO4
- 
(10 µM) that is standard for H. prostrata. The H2PO4

- 
supply 118 

was increased to 20 µM for the increased SO4
2-

 supply (1000 µM) to ensure that H2PO4
- 
was 119 

not limiting under the high SO4
2-

 treatment. During the treatment period, plants were visually 120 

screened for any symptoms arising from limiting or excess supply of H2PO4
- 
and SO4

2-
. At 121 

the end of treatment, five to six fully-expanded mature leaves from the top of the main stem 122 

were harvested together, weighed, snap-frozen in liquid nitrogen and stored at -80 °C until 123 

later analysis. The rest of the plant was weighed immediately to determine fresh weights, 124 

oven dried at 70 °C for a week, and weighed again to determine dry weights. Concentrations 125 

of H2PO4
-
, SO4

2-
, individual amino acids, total soluble protein, and chlorophyll were 126 

determined in the snap-frozen mature leaves. Total S and P concentrations were determined 127 

in oven-dried mature leaves, stems, and roots. Total S and P contents in leaves, stems and 128 

roots were calculated from the S and P concentrations and the biomass.  129 

Determination of nutrient elements  130 

Leaves, stems and roots were oven dried (70 °C, 48 h) and ground using a Teflon-coated 131 

stainless steel ball mill. An aliquot of  0.2 g ground material was acid-digested using 132 

concentrated HNO3:HClO4 (3:1) and subjected to radially configured inductively coupled 133 

plasma optical-emission spectrometry (ICP-OES) (Simultaneous Varian Vista Pro, Varian 134 

Australia Pty Ltd, Mulgrave, Victoria, Australia) equipped with an auto-sampler (A.I. 135 
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Scientific AIM-3600) and a charge-coupled device (CCD) detection system (ICP-OES; 136 

ChemCentre, Perth, WA, Australia). Concentrations of S and P were determined in leaves, 137 

stems and roots, while those of Boron (B), Molybdenum (Mo), Calcium (Ca), Potassium (K), 138 

Magnesium (Mg), Sodium (Na), Copper (Cu), Iron (Fe), Manganese (Mn) and Zinc (Zn) 139 

were determined only for leaves. 140 

Determination of total soluble protein  141 

Plant materials were ground cryogenically (Cryorobot, Labman, North Yorkshire, UK). An 142 

aliquot of 20 mg ground powder was extracted by ethanol for three times for 30 min each at 143 

120 °C. The first and second extractions were with 250 µL and 150 µL, respectively, of 80% 144 

(v/v) ethanol buffered with 10 mM 2-(N-morpholino) ethanesulfonic acid, pH 5.9. The final 145 

extraction was carried out with 250 µL of 50% (v/v) ethanol buffered as mentioned above. 146 

The extraction was resolved by centrifugation for 10 minutes at 5200 x g after each of the 147 

above extractions. The supernatant was removed and the pellet was resuspended in 400 µL of 148 

0.1 M NaOH by a benchtop thermal mixer at 120 °C for 30 minutes. After cooling the 149 

solution to 25 °C, the suspension was clarified by centrifugation at 10,620 x g for 10 min. 150 

Finally, total soluble protein concentration was spectrophotometrically determined in the 151 

supernatant (Bradford, 1976). 152 

Determination of leaf pigments  153 

Two ml pre-cooled (-20°C) methanol was added to an aliquot of 25 mg cryogenically ground 154 

leaf tissue. The mixture was homogenised and incubated in the dark at 4 °C. After 30 min of 155 

incubation, the mixture was centrifuged at 21,000 x g for 5 min and the supernatant was used 156 

to measure the absorbance at 470, 653 and 666 nm. The specific absorption coefficient in 157 

methanol was used to calculate chlorophyll a and b and total carotenoid concentrations in 158 

leaves (Lichtenthaler & Wellburn, 1983; Warren, 2008).  159 
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Determination of amino acids and inorganic ions 160 

An aliquot of 50 mg ground leaf tissue was extracted with 360 µL pre-cooled (-20°C) 161 

extraction mixture (300 µL methanol, 30 µL 2 mg mL
-1

  nonadecanoic acid methylester in 162 

CHCl3, 30 µL 0.2 mg mL
-1

 
13

C6-sorbitol in methanol) in a benchtop vortex with 550 rpm 163 

shaking at 70 °C for 15 min . The cap of the Eppendorf tubes was quickly opened and closed 164 

every minute to release the build-up pressure in the tubes. The solution was allowed to cool 165 

to 25 °C, mixed with 200 µL CHCl3 and incubated at 37 °C with 600 rpm shaking for five 166 

min. After incubation, 400 μL of ultraliquid chromatography/mass spectrometry (ULC/MS) 167 

grade water was added to the solution and vortexed vigorously followed by centrifugation at 168 

25 °C for 5 min at 21,000 x g.  The supernatant was aliquoted in 100 µL and dried by rotary 169 

evaporation under vacuum.  170 

For determination of individual amino acids, a vacuum-dried aliquot was dissolved in 45 µL 171 

5 mM sodium phosphate buffer (pH 6.2) followed by vigorous mixing. Solutions were 172 

clarified by centrifugation at 21,000 x g for 15 min at 4 °C. An aliquot of 30 µL from the 173 

supernatant was used for HPLC analysis (Dionex UltiMate 3000 series HPLC equipped with 174 

a Hyperclone ODS C18 column, Thermo Scientific). Individual amino acids were determined 175 

by fluorescence detection and pre-column on-line derivatisation with O-phthalaldehyde 176 

(Lindroth & Mopper, 1979; Kim et al., 1997). 177 

To determine ions, another vacuum-dried aliquot was dissolved in 550 µL ULC/MS grade 178 

water. H2PO4
-
 and SO4

2-
 were separated and quantified by ion chromatography (Dionex ICS-179 

3000, Dionex, Idstein, Germany). The anions were eluted with a KOH gradient up to 55 mM 180 

(KOH gradient: 0 min, 6 mM; 10 min, 45 mM; 12 min, 55 mM; 17 min, 6 mM). Data were 181 

collected and processed by chromeleon v6.8 software (Dionex). A standard curve for each 182 

ion was used to determine the corresponding ion concentration in the samples. 183 



9 
 

Determination of thiols and S-adenosyl methionine 184 

An aliquot of 50 mg ground leaf tissue was extracted with 250 µL of 0.1 M HCl and 5.625 185 

mg of polyvinylpolypyrrolidone (PVPP) washed with 0.1 M HCl by homogenising the 186 

sample mix in Retsch ball mill for one minute followed by centrifugation at 21,000 x g for 10 187 

min at 4 °C. Another set of samples was spiked by adding 50 µM cysteine, 50 µM glutathione 188 

(GSH) and 50 µM S-adenosyl methionine (SAM) in 250 µL of 0.1 M HCl with the PVPP 189 

during sample extraction. Thiols were measured by a combination of monobromobimane 190 

fluorescent labelling and HPLC (Anderson, 1985; Fahey & Newton, 1987). A mixture of 20 191 

µL of extract and 40 µL of 25 µM N-acetyl-cysteine as the internal standard was reacted with 192 

10 µL of 8.5 mM N-ethylmorpholine and 3 µL of 30 mM tris (2-carboxyethyl) phosphine for 193 

20 min at 37°C. After this reduction step, the reaction mix was reacted with 3 µL of 30 mM 194 

monobromobimane in acetonitrile for 20 min at 37°C in the dark. The labelling reaction was 195 

terminated by the addition of 10 µL of acetic acid and the resulting solution was subjected to 196 

HPLC analysis (Dionex UltiMate 3000 series HPLC, Thermo Scientific) equipped with a 197 

C18 column (KNAUER, Berlin, Germany). Thiols were eluted with an increasing methanol 198 

gradient comprising buffer A (0.25% acetic acid, pH 4.0) and buffer B (100% methanol) as 199 

described in Hubberten et al. (2012).  200 

SAM was measured by HPLC with a UV detector (Dionex UltiMate 3000 series HPLC, 201 

Thermo Scientific) equipped with a Hyperclone ODS C18 column (Phenomenex). SAM was 202 

eluted with an increasing methanol gradient comprising buffer A (50 mM sodium dihydrogen 203 

phosphate and 8 mM octanesulfonic acid) and buffer B (100% methanol) as described in 204 

Zuchi et al. (2015). SAM was detected by UV absorption at 254 nm.  205 

Data were corrected for the recovery of spikes added to plant samples at the start of 206 

extraction. 207 

 208 
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Statistics 209 

Statistical analyses were carried out in R (R Development Core Team, 2013). Normality and 210 

equal variance of the data were tested by Shapiro-Wilk Normality test and Levene test, 211 

respectively. Log10 transformation of data was performed when the original data failed the 212 

assumptions of normality and equal variance tests. One-way ANOVA and Tukey’s honestly 213 

significant difference (HSD) were used to assess significant differences between the means 214 

and mean separation at p < 0.05, respectively.  215 

 216 

Results  217 

To determine the metabolic changes in H. prostrata in response to sulfur availability, we 218 

challenged established, nine-month old H. prostrata plants with S starvation, and a low and 219 

high supply of S. At the start of the experiment, we harvested four plants, labelled as ‘Pre-220 

treatment’, to document the metabolic status of the plants before their exposure to the 221 

treatments. At harvest, these ‘pre-treatment’ plants were five weeks younger than the ones 222 

exposed to the treatments and had been grown on the low level of phosphorus (P) (2.5 µM) 223 

present during the hydroponics acclimation period. During the treatment period, the P level 224 

was increased to 10 µM P for the low-S (77 µM) treated plants. The P supply was two-fold 225 

higher (20 µM) for the high-S (1000 µM) treated plants to ensure that P was not limiting 226 

under the high-S treatment. We analysed both the ‘pre-treatment’ and ‘post-treatment’ plants 227 

and compared the metabolic status resulting from exposure to different S supplies.  228 

 229 

 230 
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Hakea prostrata tightly controls S accumulation in its organs at a set-point, 231 

despite a wide variation in sulfate supply 232 

Remarkably, after five weeks of treatment, plants grown with 1000 µM sulfate had the same 233 

S content in their leaves, roots and stems as plants supplied with only 77 µM sulfate (Fig. 1a-234 

c). There was an excess supply of sulfate to both sets of plants, as the total S content of the 235 

plants accounted for only 1 to 10% of the cumulative sulfate supplied over the treatment 236 

period.  237 

Plants starved of sulfate had the same total S content in leaves, stems and roots as “pre-238 

treatment” plants harvested five weeks earlier at the start of the treatment period (Fig. 1a-c). 239 

Thus, there was no net reallocation of S between organs or a net loss of S from the plant 240 

during the starvation treatment. By contrast, the S content in leaves, stems and roots of plants 241 

supplied with 77 µM sulfate was about twice that in the starved plants, indicating that growth 242 

within the five-week treatment period created a demand for S and that the lack of S 243 

acquisition was not simply due to the plants containing an excess of S at the start of the 244 

treatment. The S concentration was greater in leaves and stems of the pre-treatment plants 245 

compared with that of the treated plants (Fig. S1a,b), while the treated plants had 2.4- to 3.6- 246 

fold greater biomass due to five weeks more growth (Fig. 5a-c). However, like the S content, 247 

the S concentration was similar in the low-S and high-S treated plants (Fig. S1a-c).  248 

In contrast to the situation with S, the organ concentration of total P responded strongly to 249 

only a two-fold difference in phosphate supply, as expected (Shane et al., 2003) (Fig. S1e). 250 

Leaves and stems of plants supplied with 20 µM phosphate during the treatment period 251 

tended to have a two-fold greater P concentration (Fig. S1e) than those of plants supplied 252 

with 10 µM phosphate. Conversely, variation in sulfate supply had no effect on total P 253 

concentration in mature leaves, stems or roots of H. prostrata (Fig. S1d-f).  254 
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Sulfur metabolite concentrations do not respond to variation in sulfate 255 

supply 256 

Regardless of sulfate starvation or supply, H. prostrata leaves had the same concentration of 257 

total soluble protein (TSP) (Fig. 2a), S-containing amino acids cysteine and methionine (Fig. 258 

2c,d), S-adenosyl methionine (SAM, Fig. 2e), which is a major downstream intermediate 259 

whose production consumes 80% of total methionine compared with 20% consumed in 260 

protein synthesis (Giovanelli et al., 1985), and glutathione (Fig. 2f). In addition, the 261 

concentration of these metabolites was similar to that in leaves of the pre-treatment plants 262 

(Fig. 2a,c-f). Among the non-S-containing amino acids, the concentrations of the amide 263 

amino acids asparagine and glutamine, and aspartate, the precursor of asparagine, were 264 

remarkably lower in the treated plants after the five-week treatment period compared with 265 

plants harvested before the start of the treatments (Fig. S2l-n). This reduction was similar 266 

among all three sulfate treatments, and thus independent of S supply (Fig. 2b). Being major 267 

constituents of the free amino acid pool in plants, the reduction in the concentration of these 268 

amino acids also led to an overall lower concentration of total free amino acids (TAA) in 269 

leaves of the treated plants compared with the pre-treatment plants (Fig. 2b). The leaf 270 

concentrations of the other amino acids that were profiled were about the same in leaves of 271 

plants, regardless of sulfate supply (Fig. S2a-k,o).  272 

Hakea prostrata showed a sulfate-starvation response when sulfate supply 273 

was withheld 274 

Sulfate starvation reduced the sulfate concentration in leaves compared with that in plants 275 

grown with sulfate (Fig. 3a). Interestingly, the sulfate-treated plants maintained a fairly 276 

constant leaf sulfate concentration of 20 nmol mg
-1

 FW, despite having a 13-fold range of 277 

sulfate availability in the growth medium (Fig. 3a). Furthermore, the leaf sulfate 278 
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concentration in the treated plants was similar to that in the pre-treatment plants, despite an 279 

extended growing period of five-weeks with high sulfate supply (Fig. 3a). In sharp contrast, 280 

the leaf phosphate concentration increased when the phosphate supply was increased by only 281 

two-fold (Fig. 3b).  282 

As a typical response to sulfate-starvation, sulfate-starved H. prostrata accumulated arginine 283 

(Fig. 3c) and lysine (Fig. 3d) in its leaves compared with plants provided with sulfate. Leaf 284 

concentrations of these amino acids in low-S and high-S treatments were similar to those in 285 

the pre-treatment plants (Fig. 3c,d). Plants starved of sulfate also tended to have a two-fold 286 

greater leaf concentration of O-acetylserine (OAS), the non-sulfurylated precursor for 287 

cysteine biosynthesis and a marker of sulfate-starvation, than leaves of plants provided with 288 

sulfate (Fig. S3). On the other hand, plants grown on a low or high sulfate supply had a 289 

similar leaf concentration of OAS to the pre-treatment plants (Fig. S3).  290 

Chlorophyll a and b concentrations in leaves decreased significantly under sulfate starvation 291 

in comparison with plants grown with a standard sulfate supply (Fig. 4a,b). However, 292 

increasing the sulfate supply beyond this standard level did not increase the concentration of 293 

these leaf pigments (Fig. 4a,b). The leaf concentration of total carotenoids was not responsive 294 

to sulfate supply (Fig. 4c). 295 

Hakea prostrata biomass was non-responsive to short-term sulfate 296 

starvation or higher supply  297 

Whole-plant dry biomass increased in the treated plants by two- to three-fold compared with 298 

the pre-treatment plants during the five weeks of growth throughout the treatment period 299 

(Fig. 5a). Both shoot and root biomass increased during the treatment period (Fig. 5b,c). 300 

When the sulfate supply was withdrawn from the medium, H. prostrata was still able to put 301 

on as much biomass at the whole plant, shoot or root levels as when sulfate was supplied 302 
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(Fig. 5a-c). On the other hand, H. prostrata had similar growth of the shoot and root at both 303 

77 µM and 1000 µM sulfate in the growth medium (Fig. 5b,c).  304 

Leaf molybdenum content was low when the sulfate supply was high in the 305 

medium  306 

We surmise that the mechanism that allows H. prostrata to maintain a remarkably constant 307 

level of S in its organs over a wide range of sulfate supplies is to control sulfate acquisition 308 

through down-regulation of sulfate transporters in the roots (Hawkesford, 2007). To test this 309 

hypothesis, we used molybdenum as a poxy for sulfate transporter capacity, because sulfate 310 

transporters also transport molybdenum (Fitzpatrick et al., 2008; Bittner, 2014).  We 311 

determined molybdenum content and concentration in the leaves of Hakea prostrata across 312 

the sulfate treatments. Interestingly, plants grown with sulfate had only half of the 313 

molybdenum content in their leaves as plants grown without any sulfate (Fig. 6a). 314 

Furthermore, the molybdenum content was similar at both 77 µM and 1000 µM sulfate 315 

supplies, which was similar to that in the pre-treatment plants supplied with 77 µM sulfate 316 

(Fig. 6a). Not surprisingly, the lower content of molybdenum in the leaves of the sulfate-fed 317 

plants was associated with a lower concentration of molybdenum in the leaves of these plants 318 

relative to that in the sulfate-starved plants (Fig. 6b). This pattern of response of molybdenum 319 

was unique in comparison to any of the other nutrients that we profiled in the leaves of the 320 

same plants (Fig. S4a-p). Leaf content or concentration of calcium (Ca), potassium (K), 321 

magnesium (Mg), sodium (Na), copper (Cu), iron (Fe), manganese (Mn) or zinc (Zn) was 322 

non-responsive to sulfate supply during the treatment period (Fig. S4a-p). The Ca, Mg, Na, 323 

Cu, Mn and Zn content of the treated plants was also similar to that in the pre-treatment 324 

plants (Fig. S4b,f,h,j,n,p). As a result, treated plants had lower concentrations of these 325 

nutrients compared to the pre-treatment plants (Fig. S4a,e,g,i,m,o), simply because of the 326 
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dilution of these nutrients by growth (Fig. 5b). The treated plants did, however, accumulate K 327 

and Cu during growth in the treatment period, and this accumulation was independent of 328 

sulfate supply (Fig. S4c,d,k,l).   329 

 330 

Discussion  331 

Our results reveal that H. prostrata is exceptional in how it responds to sulfate availability 332 

compared with most other plants that have been studied.  In a hydroponic culture, a 13-fold 333 

range in sulfate supply during an experimental period of five weeks resulted in no difference 334 

in S content in leaves, stems or roots of H. prostrata. Nearly all of the sulfate that was 335 

supplied in excess in the growth media was simply not taken up by the roots. Like S content, 336 

the average S concentration in leaves, stems or roots of H. prostrata was also firmly 337 

maintained, at a set-point of 1 to 3 mg g
-1

 DW, depending on the tissue, despite the large 338 

variation in sulfate supply.  339 

The non-responsiveness of H. prostrata to the 13-fold range of sulfate supplies is not typical 340 

for plants. Rather, plants tend to increase internal S concentration with increasing supply of 341 

sulfate. For instance, the S concentration in leaves of sugar beet (Beta vulgaris cv Druid) 342 

increased 41% (1.9 to 2.6 mg g
-1

 DW) when the sulfate supply was increased only five-fold 343 

(150 to 750 µM). Leaf S concentration increased a further 66% (2.6 to 4.4 mg g
-1

 DW) when 344 

the sulfate supply was increased a further two-fold (Thomas et al., 2000). This species also 345 

showed an increase in root S concentration with increasing S supply, although it was less 346 

dramatic than the increase in leaves (Thomas et al., 2000).  Likewise, the S concentration in 347 

leaves and roots of hydroponically-grown onion (Allium cepa) increased 300% (2.9 to 12.3 348 

mg g
-1

 DW) and 600% (1.8 to 12.6 mg g
-1

 DW), respectively, when the sulfate supply was 349 

increased 40-fold (100 to 4000 µM) (McCallum & Pither-Joyce, 2002). Mungbean 350 
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(Phaseolus aureus) increased its leaf S concentration by 26% (1.5 to 1.9 mg g
-1

 DW) due to 351 

increasing the S supply by four–fold (936 to 3742 µM) (Arora & Luthra, 1971). The model 352 

plant, Arabidopsis thaliana, grown in Petri dishes for 13 days with 100 or 915 µM sulfate had 353 

a whole-plant S concentration that was 72% greater at the higher supply (Nikiforova et al., 354 

2003).  Conversely, the remarkably constant total S concentration in leaves, stems and roots 355 

of H. prostrata over a 13-fold range of sulfate supply indicates that H. prostrata exhibits a 356 

tight control on its S acquisition which is fundamentally different from that found in other 357 

investigated species.   358 

Maintaining a low S concentration in its organs is typical of the extremely P-use efficient H. 359 

prostrata. While H. prostrata plants grown here in hydroponics at the higher S supply had 360 

about 3 mg S g
-1

 leaf DW, plants in their natural habitat typically have a slightly lower 361 

concentration (about 1.6 mg S g
-1

 leaf DW’; P.E. Hayes et.al, unpublished). Although the S 362 

concentration in wild plants is above the critical limit (0.96 mg g
-1

 leaf DW) required for 363 

plant growth and development (Epstein & Bloom, 2005), it is 15 to 20% lower than the 364 

median S concentration in leaves of 58 species of trees, shrubs and herbs sampled in their 365 

natural habitats (Fig. S5; Table S1).  366 

Similar to leaf S concentration, H. prostrata also held its leaf protein concentration at a set-367 

point. The protein concentration was non-responsive to the supply of sulfate over the range 368 

from complete starvation to an excess supply over a period of five weeks. This constant 369 

protein concentration was not unexpected, because protein is a major pool for plant S 370 

(Nikiforova et al., 2005; Bimbraw, 2008; Zhang et al., 2015). This result is consistent with a 371 

previous study (Prodhan et al., 2016) in which the protein level in leaves of H. prostrata was 372 

static and independent of N supply. In contrast, hydroponically-grown spinach (Spinacea 373 

oleracea) shows a 40% greater protein concentration in leaves at 1500 µM sulfate compared 374 

with that under S starvation (Warrilow & Hawkesford, 1998). In Brassica napus, the protein 375 
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concentration dropped by 20% in plants starved for sulfate for six days compared with that in 376 

plants that received 1500 µM sulfate in hydroponic culture (Zhang et al., 2015). Furthermore, 377 

when these plants were re-supplied with 1500 µM sulfate after S starvation for three days, the 378 

protein level increased sharply by 45%. Petri dish-grown Arabidopsis thaliana plants had a 379 

2.5- to 3.5-fold higher protein concentration when the sulfate supply was 10-fold higher (134 380 

to 1218 µM) (Nikiforova et al., 2005). 381 

The distinctly different response to sulfate supply in H. prostrata than in other plants extends 382 

to the level of S-linked metabolites. The concentration of the first organic metabolite of S 383 

assimilation, cysteine, was independent of sulfate supply during the experimental period (Fig. 384 

2c). In contrast, sulfate starvation results in a lower concentration of cysteine in other plants 385 

(Lencioni et al., 1997; Nikiforova et al., 2003; Krueger et al., 2010). Also in sharp contrast to 386 

other plants, the leaf methionine concentration in H. prostrata showed the same response as 387 

that of cysteine (Fig. 2d). In sugar beet, there was a 50% greater concentration of methionine 388 

in leaves when the sulfate supply was doubled (Thomas et al., 2000). Furthermore, the de 389 

facto end-product of methionine biosynthesis, S-adenosyl methionine (SAM), which 390 

consumes 80% of the methionine produced by a plant while only 20% is used in protein 391 

synthesis (Giovanelli et al., 1985; Hesse et al., 2004), did not change with increasing sulfate 392 

supply, but was rather independent of the sulfate supply (Fig. 2e). Furthermore, S-starved 393 

plants generally store N by accumulating the amides glutamine and asparagine in leaves 394 

(Migge et al., 2000). This, again, is in sharp contrast with H. prostrata, where the 395 

concentrations of these N-storing amino acids dropped dramatically during the five weeks of 396 

treatment regardless of the level of S or P supply. These responses, again, suggest that H. 397 

prostrata functions at a low level of internal N, as found by Prodhan et al. (2016). Likewise, 398 

the concentration of glutathione, a redox metabolite that contains cysteine, was unaffected by 399 

sulfate supplies of 77 µM and 1000 µM (Fig. 2f). In contrast to a response typical of other 400 
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plants (Nikiforova et al., 2005), the non-responsiveness of this S-containing metabolite to a 401 

13-fold range in sulfate supply strongly suggests that S acquisition is tightly controlled in H. 402 

prostrata.  403 

As intended, the pre-treatment growth did not satiate the sulfur requirement of the plants for 404 

the experimental period. Rather, pre-treated H. prostrata continued to take S from the 405 

nutrient solution over the five-week experimental period. Withdrawal of sulfate from the 406 

medium led to i) reduced sulfate concentration in leaves compared with that when sulfate was 407 

supplied (Fig. 3a), ii) accumulation of arginine and lysine (Fig. 3c,d), a sulfate-starvation 408 

response (Dijkshoorn & van Wijk, 1967), iii) a reduction in leaf photosynthetic pigment 409 

concentrations compared with plants under the standard sulfate supply (Fig. 4a,b), which has 410 

also been reported as a sulfate-starvation response in other plants (Nikiforova et al., 2005), 411 

and iv) a trend of accumulating OAS (Fig. S3), the precursor for cysteine biosynthesis and an 412 

indicator for S starvation (Watanabe et al., 2010). On the other hand, a greater supply of 413 

sulfate neither increased the abundance of S-containing metabolites in leaves nor sulfate 414 

storage in the organs, as the total S content in leaves, stems and roots was completely non-415 

responsive to sulfate supply (Fig. 1a-c). The excess sulfate just remained as a surplus in the 416 

nutrient solution. Accordingly, the biomass at the whole plant, shoot or root level remained 417 

similar between the low-S and high-S supplies (Fig. 5a-c). Interestingly, the biomass 418 

production was also not responsive to sulfate withdrawal for the five-week treatment period 419 

(Fig. 5a-c). These results agree with a previous study that plant biomass production in H. 420 

prostrata can withstand a short-term perturbation in external nutrient supplies (Kuppusamy et 421 

al., 2014).  422 

An S supply of 1000 µM led to a reduction in molybdenum content in leaves of H. prostrata 423 

compared with that when sulfate was withheld entirely (Fig. 6a). Likewise, the molybdenum 424 

concentration in the leaves of the sulfate-treated plants was less than that in plants grown 425 
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without sulfate (Fig. 6b). Transport of molybdenum in the presence of sulfate has been 426 

studied in other species, where the presence of external sulfate resulted in reduced acquisition 427 

of molybdenum into roots of rice (Kannan & Ramani, 1978) and reduced translocation of 428 

sulfate from root to shoot in tomato (Stout et al., 1951). It has been reported that 429 

molybdenum can be transported by a sulfate transporter (Fitzpatrick et al., 2008; Bittner, 430 

2014). In this study, we considered together the constant level of organ S in H. prostrata 431 

when provided with a high sulfate supply versus the low content of molybdenum in the 432 

leaves of the high-sulfate treated plants compared with sulfate-starved plants. However, one 433 

might envisage that the low response of H. prostrata to the greater availability of S was due 434 

to an excessive molybdenum uptake by the plants that led to down-regulation of the sulfate 435 

transporters. However, this is not supported by the present results. The molybdenum 436 

concentration in mature leaves of Proteaceae in their natural habitat is typically 0.01 to 0.14 437 

µg g
-1

 DW (Denton et al., 2007). While the present H. prostrata plants grown in hydroponics 438 

with a high S supply contained about 3 µg g
-1

 leaf DW (Fig. 6), this is well below the critical 439 

concentration of 10-50 µg g
-1

 DW molybdenum above which molybdenum toxicity likely 440 

occurs in plant tissues (Alloway, 1995). Taken together, this indicates that H. prostrata plants 441 

had lower leaf molybdenum concentrations than that at which toxicity occurs.  442 

Proteaceae in south-western Australia, including H. prostrata, have evolved in a highly-443 

weathered climatically-buffered infertile landscape with a Mediterranean climate (Hopper, 444 

2009). The soils are characterised by very low levels of plant-available macro- and 445 

micronutrients including molybdenum (Lambers, 2014). Hence, molybdenum toxicity is not 446 

something this species would ever encounter in its natural habitat. Therefore, the low 447 

response of H. prostrata to S under the high S supply was not an adaptation to avoid 448 

molybdenum toxicity. On the other hand, the literature is clear about molybdenum being 449 

transported by sulfate transporters (Stout et al., 1951; Kannan & Ramani, 1978; Fitzpatrick et 450 
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al., 2008; Bittner, 2014). In accordance, we surmise that H. prostrata was able to maintain a 451 

set-point of organ S concentration despite the high sulfate supply by down-regulating its 452 

sulfate transporters, which then also caused a decrease in molybdenum acquisition, as 453 

evidenced by the lower molybdenum content of leaves. In stark contrast, organ P 454 

concentration increased with increasing P supply in the growing media, reflecting the very 455 

low capacity of H. prostrata to down-regulate its P acquisition (Shane et al., 2004). However, 456 

even with a higher internal P status, H. prostrata did not translate this P response to increased 457 

need for S, as evidenced by a constant level of S in its leaves, stems and roots over a wide 458 

range of sulfate supply, and the constant concentration of total protein. These contrasting S 459 

and P responses of H. prostrata suggest that this species has evolved to maintain a low level 460 

of internal S, as it maintains a low level of internal N (Prodhan et al., 2016), as a result of low 461 

rRNA levels, and thus low P concentrations. This is in line with the very low level of 462 

available P in the severely P-impoverished environment inhabited of this species.  463 

Finally, the entirety of our results as summarised in Fig. 7 indicates that H. prostrata tightly 464 

controls its sulfate acquisition, even when sulfate is supplied far in excess, and thus maintains 465 

a constant organ S concentration. By maintaining a set-point for total S uptake and 466 

assimilation that is independent of S supply, the plant limits production of S-containing 467 

organic metabolites, particularly the proteogenic amino acids cysteine and methionine, and 468 

total protein, which is a key pool of organic-S in the plant (Nikiforova et al., 2005; Bimbraw, 469 

2008; Zhang et al., 2015). This strategy not only limits S use, and the energy needed for its 470 

assimilation, but, more importantly, also the requirement for P for rRNA by maintaining a 471 

constant low concentration of protein (Raven, 2013). This previously undocumented 472 

mechanism of H. prostrata to maintain S acquisition at a constant level is a fundamentally 473 

different  strategy compared with that  in other typically studied species, which have evolved 474 

in an environment where P is generally not the key limiting nutrient (Lambers et al., 2010). 475 
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Conversely, this mechanism contributes to the survival of H. prostrata in its severely P-476 

impoverished environment as it enables this species to function at low levels of leaf P, 477 

including low levels of rRNA. We envisage that this novel strategy warrants further 478 

examination in the context of developing P-use-efficient crop varieties that will be required to 479 

address the challenges of diminishing non-renewable P resources (Gilbert, 2009).    480 
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Fig. S5 Leaf sulfur concentration for flowering plants of different growth forms. 676 



26 
 

Table S1 Sulfur concentration ([S]) (mg g
-1

 dry weight) in leaves of 58 plant species grouped 677 

by their growth type (tree, shrub or herb) grown in their natural habitat. 678 

 679 

 680 

 681 
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 688 

Fig. 1 Total sulfur (S) and phosphorus (P) content in leaves, stems and roots of Hakea 689 

prostrata. Total amount of S in (a) leaves, (b) stems, (c) roots, Total amount of P in (d) 690 

leaves, (e) stems and (f) roots. Data are the mean ± SE of four independent replicates. The 691 

blue bars show total S and P content for plants grown at different supplies of sulfate and 692 

phosphate in hydroponics for five weeks after a six-week acclimation period. The red bar 693 

shows the corresponding value in plants harvested immediately before starting the 694 

experiment (labelled as ‘pre-treatment’) which were therefore five weeks younger than the 695 

treated plants. Significant differences among treatments were determined by ANOVA, 696 

separated by Tukey’s HSD test (P < 0.05), and indicated by different letters. Dry-to-fresh 697 
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weight ratio (mean ± SE) for ‘pre-treatment’, ‘limiting’, ‘standard’ and ‘high’ treatments 698 

were ‘0.23 ± 0.02’, ‘0.26 ± 0.02’, ‘0.29 ± 0.01’ and ‘0.31 ± 0.07’for shoot; and ‘0.14 ± 0.02’, 699 

‘0.17 ± 0.01’, ‘0.20 ± 0.01’ and ‘0.27 ± 0.02’ for root, respectively. 700 

 701 

 702 

 703 

 704 

 705 
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 706 

Fig. 2 Concentrations of central sulfur metabolites in mature leaves of Hakea prostrata. (a) 707 

total soluble protein (TSP), (b) total amino acids, (c) cysteine , (d) methionine, (e) S-adenosyl 708 

methionine (SAM), and (f) total glutathione. Data are the mean ± SE of four independent 709 

replicates. The blue bars show concentrations for plants grown at different supplies of sulfate 710 

and phosphate in hydroponics for five weeks after a six-week acclimation period. The red bar 711 

shows the corresponding value in plants harvested immediately before starting the 712 

experiment (labelled as ‘pre-treatment’) which were therefore five weeks younger than the 713 

treated plants. Significant differences among treatments were determined by ANOVA, 714 

separated by Tukey’s HSD test (P < 0.05), and indicated by different letters. Shoot dry-to-715 
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fresh weight ratio (mean ± SE) for ‘pre-treatment’, ‘limiting’, ‘standard’ and ‘high’ 716 

treatments were ‘0.23 ± 0.02’, ‘0.26 ± 0.02’, ‘0.29 ± 0.01’ and ‘0.31 ± 0.07’, respectively. 717 

FW, Fresh Weight. 718 

 719 

 720 

 721 

 722 

 723 

 724 

 725 

 726 

 727 
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 728 

Fig. 3 Concentration (a) sulfate, (b) phosphate, (c) arginine, and (d) lysine in mature leaves of 729 

Hakea prostrata. Data are the mean ± SE of four independent replicates. The blue bars show 730 

concentrations for the plants grown at the indicated supplies of sulfate and phosphate in 731 

hydroponics for five weeks after a six-week acclimation period.  The red bar shows the 732 

corresponding value in plants harvested immediately before starting the experiment (labelled 733 

as ‘pre-treatment’) which were therefore five weeks younger than the treated plants. 734 

Significant differences among treatments were determined by ANOVA, separated by Tukey’s 735 

HSD test (P < 0.05), and indicated by different letters. Shoot dry-to-fresh weight ratio (mean 736 

± SE) for ‘pre-treatment’, ‘limiting’, ‘standard’ and ‘high’ treatments were ‘0.23 ± 0.02’, 737 

‘0.26 ± 0.02’, ‘0.29 ± 0.01’ and ‘0.31 ± 0.07’, respectively. FW, Fresh Weight.  738 
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 739 

Fig. 4 Concentration of leaf photosynthetic pigments in Hakea prostrata. (a) Chlorophyll a, (b) Chlorophyll b, and (c) total carotenoids. Data are 740 

the mean ± SE of four independent replicates. The blue bars show concentrations for the plants grown at the indicated supplies of sulfate and 741 

phosphate in hydroponics for five weeks after a six-week acclimation period.  The red bar shows the corresponding value in plants harvested 742 

immediately before starting the experiment (labelled as ‘pre-treatment’) which were therefore five weeks younger than the treated plants. 743 

Significant differences among treatments were determined by ANOVA, separated by Tukey’s HSD test (P < 0.05), and indicated by different 744 

letters. Shoot dry-to-fresh weight ratio (mean ± SE) for ‘pre-treatment’, ‘limiting’, ‘standard’ and ‘high’ treatments were ‘0.23 ± 0.02’, ‘0.26 ± 745 

0.02’, ‘0.29 ± 0.01’ and ‘0.31 ± 0.07’, respectively. FW, Fresh Weight. 746 

 747 

 748 
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 749 

Fig. 5 Biomass production of Hakea prostrata. (a) Plant biomass, (b) Shoot biomass and (c) Root biomass. Data are the mean ± SE of four 750 

independent replicates. The blue bars show concentrations for the plants grown at the indicated supplies of sulfate and phosphate in hydroponics 751 

for five weeks after a six-week acclimation period.  The red bar shows the corresponding value in plants harvested immediately before starting 752 

the experiment (labelled as ‘pre-treatment’) which were therefore five weeks younger than the treated plants. Significant differences among 753 

treatments were determined by ANOVA, separated by Tukey’s HSD test (P < 0.05), and indicated by different letters. Dry-to-fresh weight ratio 754 

(mean ± SE) for ‘pre-treatment’, ‘limiting’, ‘standard’ and ‘high’ treatments were ‘0.23 ± 0.02’, ‘0.26 ± 0.02’, ‘0.29 ± 0.01’ and ‘0.31 ± 0.07’for 755 

shoot; and ‘0.14 ± 0.02’, ‘0.17 ± 0.01’, ‘0.20 ± 0.01’ and ‘0.27 ± 0.02’ for root, respectively. DW, Dry Weight. 756 

 757 
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 758 

 759 

Fig. 6 Leaf (a) content and (b) concentration (conc.) of molybdenum (Mo) in mature leaves 760 

in Hakea prostrata. Data are the mean ± SE of four independent replicates. The red bars 761 

show concentrations for plants grown at different supplies of sulfate and phosphate in 762 

hydroponics for five weeks after a six-week acclimation period. The blue bar shows the 763 

corresponding value in plants harvested immediately before starting the experiment (labelled 764 

as ‘pre-treatment’) which were therefore five weeks younger than the treated plants. 765 

Significant differences among treatments were determined by ANOVA, separated by Tukey’s 766 

HSD test (P < 0.05), and indicated by different letters. Shoot dry-to-fresh weight ratio (mean 767 

± SE) for ‘pre-treatment’, ‘limiting’, ‘standard’ and ‘high’ treatments were ‘0.23 ± 0.02’, 768 

‘0.26 ± 0.02’, ‘0.29 ± 0.01’ and ‘0.31 ± 0.07’, respectively.  769 
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 774 

Fig. 7 Diagram depicting the non-responsiveness of Hakea prostrata to a 13-fold variation in sulfate supply coded by colours. S, sulfur;  SO4
2-

, 775 

sulfate ; 60S & 40S, ribosome subunits; rRNA, ribosomal RNA; P, phosphorus; SAM, S-adenosyl methionine.  776 


