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Abstract  27 
Purpose: A critical question is whether plants can acquire sulphur (S)-containing amino acids (i.e., cysteine (Cys) and 28 
methionine (Met)) without prior mineralisation via microorganisms to sulphate, and if so, how does this compare with 29 
direct sulphate uptake? 30 
Methods: To address this, we measured the influx of three S compounds (Cys, Met and sulphate) by maize (Zea mays 31 
L.) in sterile hydroponic culture. Plants were then labelled with either 14C or 35S at ecologically relevant concentrations 32 
(100 µM) over a short period (24 h). Uptake of intact Cys and Met was estimated by the ratio of 14C to 35S incorporation 33 
into plant tissues. Efflux of 35S-compounds was also estimated by monitoring the increase of 35S in the root bathing 34 
solution after pre-feeding maize roots with each S compound. In addition, a split root system was used to explore S 35 
incorporation and translocation within the host maize plant. All experiments in this study were conducted on 10 days 36 
old maize plants (cultured from seeds to three leaf stage) in 10% strength S free Long Ashton solution. 37 
Results: Sulphate was the preferred S source by maize, with a two-fold greater S accumulation compared to that from 38 
Cys or Met. In addition, 62 % of Cys and 59 % of Met was taken up intact by maize roots, even when sulphate was 39 
available. A large proportion of the S taken up was rapidly translocated to the shoot preventing loss in root exudation. 40 
This indicates that Cys and Met could theoretically constitute a significant proportion of a maize plant’s S supply, 41 
particularly under S-limiting conditions. The efflux of 35S from Cys, Met and sulphate were in the same form they 42 
were taken up, indicating that efflux occurred via passive leakage. 43 
Conclusion: We present direct evidence for the rapid intact influx and efflux of dissolve organic sulphur (DOS) by 44 
maize plants. Our results indicated that maize plants are very effective in cycling S compounds at the whole-plant 45 
level. 46 
 47 
Keywords Cysteine · Dissolved organic sulphur · Methionine · Influx · Efflux · Radiotracer  48 
 49 
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Introduction 56 
 57 
Sulphur (S) is an essential element for plants, insufficient S supply could affect crop yield and quality, caused by S 58 
requirement for S containing amino acids, protein and enzyme synthesis (Koprivova and Kopriva 2016). Soil S occurs 59 
in both organic and inorganic forms: sulphate is generally much less abundant (Bohn et al. 2015), and the most 60 
common form of inorganic S and can be divided into sulphate in soil solution, adsorbed sulphate and mineral sulphur; 61 
while up to 98% of total soil S may be present as organic compounds, associated with a heterogeneous mixture of 62 
plant residues, animals and soil microorganisms (Freney 1986). It is generally believed that S is predominantly taken 63 
up by plant roots in an inorganic form (i.e., sulphate;(Prasad and Shivay 2018). In actively growing plants, sulphate 64 
is then transported in the xylem via a selective distribution/redistribution system to the expanding leaves (Anderson 65 
and Fitzgerald 2003), where assimilation into organic S takes place in the light (Takahashi 2010; Takahashi et al. 66 
2011). It should be noted that in the case of N, many plants are opportunistic, and capable of taking up a range of 67 
organic N forms, such as simple forms:amino acids and oligopeptides (Weigelt et al. 2005; Gallet-Budynek et al. 68 
2009; Ge et al. 2009; Czaban et al. 2016; Song et al. 2016; Zhu et al. 2019), depending on the prevailing conditions 69 
in the soil (Moreau et al. 2019). However, only a few studies have focused on S-containing amino acids (Ma et al. 70 
2021; Wang 2021).  71 

Cysteine (Cys) and methionine (Met) represent  an important proportion (8-15%) of soil organic S (Scott et al. 72 
1981; Zenda et al. 2021). Cys is the first reduced S product resulting from the sulphate assimilation pathway (Li et al. 73 
2020), while both Cys and Met play important roles in the growth and development of plant cells (Wirtz and Droux 74 
2005; Kopriva et al. 2019; Narayan et al. 2022). Evidence has been presented that Cys can be actively transported into 75 
cultured tobacco cells (Harrington and Smith 1977), where it can be rapidly metabolized, with the final products being 76 
pyruvate, ammonium and S-sulfocysteine (Tishel and Mazelis 1966). The transport of Met into excised plant roots 77 
has also been studied, with observations suggesting that the same membrane transport system can take up both Cys 78 
and Met as other free amino acids (Wright 1962). Therefore, direct evidence is required to determine if S-containing 79 
amino acids could be taken up intact by plant roots and their quantitative contribution to plant S demand compared to 80 
sulphate (Fig. S1). 81 

In previous studies, plant nutrient uptake is often studied in simplified systems, such as excised roots in hydroponic 82 
culture (Jia et al. 2020; Bai et al. 2022). This technique has been used extensively and has provided valuable 83 
information about uptake rates of specific nutrients at the molecular and cellular level. Some researchers, however, 84 
have argued that excised roots may artificially increase the loss of nutrients from roots and thereby inhibit net uptake 85 
(Lucash et al. 2007), resulting in an unrealistic estimation of root uptake. In addition, excising roots could alter the 86 
source-sink relationships within the plant, which may give feedback on root membrane transport systems and repress 87 
uptake if the above-ground sink is removed. It is therefore essential to study nutrient uptake in intact plants. 88 

Root systems of plants not only import water and nutrients from the soil solution but also release low and high-89 
molecular-weight compounds back to the environment (More et al. 2020). The translocation of organic compounds 90 
from leaves, and the release of root exudates such as sugars, amino acids and organic acids by roots, are particularly 91 
important when plants are growing in nutrient-deficient soils or when plant species have a very low capacity for 92 
reducing nutrients in their roots (Atkins and Smith 2007; Carvalhais et al. 2011). Amino acids are generally considered 93 
the second most abundant class in terms of the total amount exuded by plant root systems, after sugars (Iannucci et al. 94 
2021). Depending on the cause and mechanisms, amino acid release from roots may include active transport (Badri et 95 
al. 2009; Lesuffleur and Cliquet 2010) and passive diffusion (Rroço et al. 2002; Vives-Peris et al. 2020a). Passive 96 
diffusion of amino acids is driven primarily by the large concentration gradient between the cytoplasm of root cells 97 
(e.g., 1 – 10 mM) and the outside soil solution (0.1 – 10 µM;(Jones and Darrah 1993; Moore et al. 2003; Phillips et 98 
al. 2004) while active transport of amino acids is mediated by proteins located in the root plasma membrane and can 99 
release amino acids against the electrochemical potential gradient into the soil solution (Okumoto et al. 2004; Vives-100 
Peris et al. 2020b). 101 

 102 
We conducted four hydroponic experiments using maize as a model plant. Dual labelled (14C, 35S) Cys and Met 103 

was supplied to young maize under hydroponic conditions, since it has been proved that some plants can utilize amino 104 
acids as sources of N for growth and development (Moran-Zuloaga et al. 2015), we hypothesized that (1) S containing 105 
amino acids (Cys and Met), as sources of C, N and S, could also be taken up intact by maize even at field-relevant 106 
amino acid concentrations (100 µM). In addition, it is known that amino acid uptake by plant roots involves selective 107 
proton-coupled amino acid transporter, and these transporters act on the specificity of substrates (Yao et al. 2020), but 108 
relatively little is known about how S containing amino acids might be transported, we hypothesized that (2) Cys and 109 
Met would not affect the uptake of each other, due to being taken up by separate transporters. Moreover, a few 110 
physiological studies indicated that amino acid efflux from roots was via passive diffusion, while other researchers 111 
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argue that amino acid efflux may rely on dedicated root transporters, we hypothesized that (3) Cys and Met efflux 112 
from maize roots in hydroponic conditions is a passive process, due to them being low molecule weight, relatively 113 
hydrophobic. 114 

 115 
Materials and methods 116 
 117 
Plant material and nutrient solution 118 
 119 
Maize (Zea mays L.) seeds were sterilized in 2 % sodium hypochlorite (1 min) and rinsed twice with sterile distilled 120 
water (Cuero et al. 1986; Sauer and Burroughs 1986). The seeds were soaked for 24 h in sterile deionized water and 121 
allowed to germinate on moist filter paper at room temperature (ca. 20 ℃) under sterile conditions. After 48 h, each 122 
seedling was transferred into individual microcosms. Each microcosm consisted of 25 ml polypropylene containers 123 
filled with 20 ml of full-strength S-free Long Ashton nutrient solution (Hewitt 1952; Smith et al. 1983). The 124 
composition of the full-strength nutrient solution used in this study was as follows (g 10 L-1) MgCl2·6H2O, 3.05; KCl, 125 
1.49; CaCl2·2H2O, 5.88; NaH2PO4.2H2O, 2.92; Na2HPO4.12H2O, 0.47; H3BO3, 0.86; MnCl2.H2O, 0.30; ZnCl2, 0.03; 126 
CuCl2.2H2O, 0.06; Na2MoO4.2H2O, 0.005; FeEDTA, 0.33; MES buffer, 0.19; NaNO3, 3.40; NH4Cl, 2.14. This study 127 
replaced all sulphate nutrient salts with chloride salts, so plants were expected to be S deficient once the nutrient 128 
reserve from the seeds was exhausted. After adding an individual seedling, the microcosms were placed in a climate-129 
controlled cabinet with a 16 h photoperiod maintained at 25 ± 0.5 ℃. 7 d after transplanting, plants were transferred 130 
to 10 %-strength S-free Long Ashton solution for a further 3 d. All experiments were conducted on 10 days old maize 131 
plants in 10 % strength S-free hydroponic solution, with three fully expanded leaves on the main shoot. 132 

At the three-leaf stage, there are three elongated leaves, and the tip of the fourth leaf appears at the centre of the 133 
leaf whorl (Fig. S2). We chose this growth stage for the following experiments because this stage is a pivot point of 134 
maize growth from heterotrophic growth (i.e., growth relying on seed reserves) to autotrophic growth (i.e., growth 135 
relying on photosynthesis after the exhaustion of seed reserves) (Cooper and MacDonald 1970)(Hanway 1966). All 136 
three compounds were chosen to reflect possible organic (Cys, Met) and inorganic (Na2SO4) S compounds typically 137 
released and exposed to plant roots during the breakdown of soil organic matter.  138 

To ensure and maintain sterile conditions, all nutrient stock solutions, deionized water and containers 139 
(polypropylene vials, syringes, pipette tips, etc.) used in this experiment were autoclaved (121 ℃, 30 min) before 140 
experimentation. In addition, roots were rinsed with sterile 10 %-strength Long Ashton nutrient solution (to remove 141 
any exoenzymes and exudates) before being exposed to 35S/14C-labelled substrates (L-[1-14C]-Cys, L-[35S]-Cys, L-[1-142 
14C]-Met, L-[35S]-Met, [35S]-SO4

2-; 0.3 kBq ml-1; American Radiolabeled Chemicals, St. Louis, MO, USA). 143 
Experiments were carried out during daylight hours with plants exposed to the same light intensity and temperatures 144 
described above.  Potential influence of light on nutrient solution was excluded by tightly wrapping the root 145 
compartment with aluminium foil. 146 

 147 
Experiment 1: Plant uptake and partitioning of 14C-Cys and Met 148 
 149 
Briefly, 18 uniform maize plants (10 days old) were rinsed with sterile 10 %-strength Long Ashton nutrient solution 150 
before being placed into individual 25 ml polypropylene containers filled with 20 ml of 10 %-strength S-free Long 151 
Ashton nutrient solution. Experiment 1 included the following six treatments; three replicates of each treatment were 152 
performed: 153 

(a) 14C-Cys  154 
(b) 14C-Cys + Met  155 
(c) 14C-Cys + Na2SO4 156 
(d) 14C-Met  157 
(e) 14C- Met + Cys  158 
(f) 14C- Met + Na2SO4 159 

The concentration of each S compound in the final nutrient solution was 100 µM (i.e., in treatment b, the 160 
concentration of Cys and Met were 100 µM separately), which was in the range of previously reported amino acid 161 
concentrations in soil solution (Jones and Darrah 1994; Johnson and Pregitzer 2007). After injection of labelled 162 
material(s) into the nutrient solution (0.3 kBq ml-1), the plant-solution system was immediately transferred into a 2 L 163 
translucent sealable plastic container (Lock & Lock; Really Useful Products Ltd, West Yorkshire, UK; Fig. S3).  164 

After 24 h, 14C activity in each compartment was determined separately. Plant roots and shoots were destructively 165 
harvested. 14CO2 evolution from plant tissues was trapped by placing a NaOH solution vial (1 M, 10 ml) inside the 166 
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container. This harvest period was chosen to ensure that sterility was maintained as well as ensuring that all the S in 167 
the external medium was not depleted during the incubation period (Barber and Gunn 1974; Gaume et al. 2001). 168 

Plant materials were first rinsed with 0.01 M CaCl2 for 30 s to remove any isotope adhering to the plant surface. 169 
Plant shoots and roots were then oven dried (80 ℃, 24 h), weighed and ground to powder separately. 14C activity in 170 
the plant tissues (shoots and roots) was determined with an OX-400 Biological Sample Oxidizer (RJ Harvey 171 
Instrument Corp., Hillsdale, NJ). The liberated 14CO2 from the oxidizer was captured in Oxosol scintillation fluid 172 
(National Diagnostics, Hessle, UK) and then quantified by liquid scintillation counting using a Wallac 1404 173 
scintillation counter with automated quench correction (Wallac EG&G, Milton Keynes, UK). The amount of 14C-174 
amino acid remaining in the nutrient solution alongside the amount of plant respiration (14CO2 trapped in NaOH 175 
solution) was also determined by liquid scintillation counting, as described above. 176 

 177 
 Experiment 2: Plant uptake and partitioning of 35S-Cys, Met and SO4

2- 178 
 179 
27 uniform maize plants were selected for experiment 2. Maize germination, transplanting and nutrient provision were 180 
the same as described in Experiment 1, except that 14C was replaced with a 35S tracer, and no NaOH traps were required 181 
(Fig. S3). The concentration of each 35S-labelled compound in the final nutrient solution was 100 µM and the chase 182 
period was 24 h, at which time the incorporation of 35S into plant tissues was determined. Experiment 2 included nine 183 
treatments as follows, and three replicates of each treatment were performed: 184 

(a) 35S-Cys  185 
(b) 35S-Cys + Met  186 
(c) 35S-Cys + Na2SO4 187 
(d) 35S-Met  188 
(e) 35S-Met + Cys  189 
(f) 35S-Met + Na2SO4 190 
(g) 35S-Na2

35SO4  191 
(h) 35S-Na2

35SO4 + Cys  192 
(i) 35S-Na2

35SO4 + Met  193 
Similar to experiment 1, the concentration of each S compound in the final nutrient solution was 100 µM (i.e., in 194 

treatment b, the concentration of Cys and Met were 100 µM separatelyAfter injection of labelled material(s) into the 195 
nutrient solution (0.3 kBq ml-1), the plant-solution system was immediately transferred into a 2 L translucent sealable 196 
plastic container (Lock & Lock; Really Useful Products Ltd, West Yorkshire, UK; Fig. S3). In treatments a, b, c, d, e 197 
and f, to determine the liberation of inorganic 35S from Cys or Met (e.g., from exudation or exoenzyme activity) in the 198 
nutrient solution during the course of the experiment, the nutrient solution at the end of the experiment was divided 199 
equally into two parts. Half of the nutrient solution was directly used for 35S quantification (i.e., sulphate mineralized 200 
from Cys or Met, plus organic 35S) by liquid scintillation counting. The remaining half was shaken (200 rev min-1; 5 201 
min) with the same volume of 0.1 M BaCl2 (10 ml) and centrifuged (4000 rev min-1; 5 min) to remove any sulphate 202 
by precipitation (i.e., as Ba35SO4) from the nutrient solutions, leaving the organic-S (35S-Met and 35S-Cys) in solution. 203 
As described above, the amount of 35S in the resultant solutions was determined by liquid scintillation counting. 204 

The amount of 35S incorporated into the plant material was also determined. Plant materials were first rinsed with 205 
0.01 M CaCl2 for 30 s to remove any isotope adhering to the plant surface. Plant material was then divided into roots 206 
and shoots, weighed and dried (80 ℃, 24 h), and ground to powder prior to further measurements. To determine the 207 
total amount of 35S incorporated into each plant tissue, 40 mg of the powdered sample was placed in glass vials, and 208 
1 ml of Soluene-350 (PerkinElmer Life Sciences, Inc) added. The vials were then capped and incubated (40℃, 4 h) 209 
until the samples were fully digested and almost colourless. In our case, this eliminated the presence of pigments and 210 
chlorophyll, which may cause quenching and inaccurate readings on the scintillation counter (Gibson 1980; Smith and 211 
Lang 1987; Thomson and Temple 2020). The amount of 35S was then determined by liquid scintillation counting, as 212 
described above. 213 

 214 
Experiment 3: Efflux of 35S-labelled Cys, Met and 35SO4

2- from maize roots 215 
 216 
9 uniform sterile maize plants were removed from the 10 %-strength Long Ashton nutrient solution and transferred 217 
into the open barrel of individual 25 ml polypropylene syringes with a two-way stopcock connected at the bottom 218 
(Fig. S4). Each syringe was filled with 20 ml of one isotopically labelled S compound (i.e., 35S-Na2SO4, 35S-Cys or 219 
35S-Met; 100 µM) in 10 %-strength Long Ashton S-free nutrient solution. This simple axenic system facilitated the 220 
collection of root-derived 35S efflux and minimized root damage and overestimation of efflux (Ayers and Thornton 221 
1968).  222 
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After being transferred to the new nutrient solution, maize plants were supplied with each 35S compound for 1 h in 223 
the external root bathing medium. After 1 h, the labelled nutrient solution was removed by opening the valve at the 224 
bottom of each syringe, and the plants were rinsed with 0.01 M CaCl2 for 30 s to remove any isotope adhering to the 225 
roots. The syringe was then refilled with 20 ml of non-35S-labelled 10 %-strength Long Ashton nutrient solution 226 
(bathing solution). This root bathing solution was collected and replaced every 10 min over an 80 min period. The 227 
amount of 35S label present in the collected solutions in either an organic or inorganic form was determined using the 228 
0.1 M BaCl2 precipitation procedure described above. This enabled the efflux of both sulphate and organic S from 229 
maize roots to be determined. 35S efflux from roots (Sefflux) was expressed as nmol (g root DW)-1  determined by the 230 
increase of 35S in the bathing solution between the start (T0) and the end (Tt) of the sampling period, where R is dry 231 
root biomass, and T denotes sampling time.                                                            232 
                                                          𝑆𝑒𝑓𝑓𝑙𝑢𝑥 = (𝑇𝑡 − 𝑇𝑂) ÷ (𝑅 × 𝑇)                                                                (Eqn. 1)                                    233 

Many studies have investigated the efflux of low molecular weight (MW) organic solutes and ions (e.g., K+, Cl-, 234 
sugars, etc.) after pre-loading plant roots. This efflux process typically involves three distinct root compartments: the 235 
apoplast, cytoplasm and vacuole (Thoiron et al. 1981; Saftner et al. 1983). In this study, we discounted the fast 236 
exchanging (<1 min) apoplast compartment, due to failure to collect bathing solution in the first 5 min. Here we fitted 237 
a mathematical model to the experimental efflux data (Rauser 1987), in which the leakage of S compounds to the outer 238 
bathing solution was considered as the sum of two diffusional processes from the cytoplasm and vacuole to the root 239 
bathing medium: 240 

                                                 𝑦 = 𝑎 × (1 − 𝑒−𝑐×𝑡) + 𝑏 × (1 − 𝑒−𝑑×𝑡)                                                      (Eqn. 2)                                                                                         241 
Where y is the accumulated 35S washed out of plant roots into the bathing solution, a and b are the sizes of the S 242 
storage pool in the cytoplasm and vacuole, respectively, and c and d are the exponential coefficients describing the 243 
rate of 35S release from these pools into the external root bathing solution. The half-life (t½) of each pool can then be 244 
calculated as follows: 245 

𝑡1
2⁄ =

ln (2)
𝑐⁄   246 

                                                                                 𝑡1
2⁄ =

ln (2)
𝑑

⁄                                                                     (Eqn. 3) 247 

The initial volume of different S compounds in the two compartments, A and B, can be calculated by:  248 

𝐴 = 𝑏 − 𝑑
𝑐⁄ × 𝑏   249 

                                                                               𝐵 = 𝑎 + 𝑑
𝑐⁄ × 𝑏                                                                  (Eqn. 4) 250 

 251 
Experiment 4: A split root system to explore the cycling of amino acid S and 35SO4

2- between shoots and roots in 252 
young maize plants 253 
 254 
In experiment 4, 15 uniform maize plants were selected, and the roots of each maize plant were split approximately 255 
equally between two separate containers of nutrient solution (Fig. 1). At the start of the experiment, one of the root 256 
compartments was exposed to a radioisotope solution (i.e., either 35S-Cys, 14C-Cys, 35S-Met, 14C-Met or 35S-Na2SO4; 257 
100 µM). Roots in this compartment were termed ‘donor’ roots, while the other root compartment was immersed into 258 
the unlabelled 10 %-strength Long Ashton nutrient solution, and roots in this compartment were termed ‘receiver’ 259 
roots. The ‘donor root’ compartment was used for the labelling, and the ‘receiver root’ compartment was used for 260 
determining the internal S cycling and subsequent release of radioisotope into the nutrient solution. 261 

Each experimental unit was placed inside a 2 L translucent sealable plastic container (Lock & Lock; Really Useful 262 
Products Ltd, West Yorkshire, UK; Fig. 1). After 24 h, the shoots were removed, and the roots harvested and rinsed 263 
with 0.01 M CaCl2 for 30 s to remove any surface isotope contamination. The nutrient solution from both 264 
compartments was collected to determine isotope depletion by the donor root and isotope exudation from the receiver 265 
root. As described above, 35S and 14C in the plants and solutions was determined by liquid scintillation counting. 266 

For 14C treatments, 1 M NaOH trap (10 ml) was placed inside the 2 L plastic container beside the maize plant to 267 
catch any 14CO2 evolved. For the 35S treatments, no NaOH traps were used. 268 

 269 
 270 
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 271 
Fig. 1. Schematic representation of the experimental apparatus showing the maize plant growing in a split root system 272 
with only ‘donor root’ exposed to radioisotope. This system was allowed to develop over a 24 h-period. For the 14C 273 
treatment, NaOH traps were placed inside Lock & Lock plastic containers to capture any 14CO2 respiration from maize. 274 

 275 
 276 
Statistics and data analysis 277 
 278 
All experiments were carried out in triplicate. Plants with similar shoot heights (ca. 12 cm) and root lengths (ca. 9 cm) 279 
were selected for our experiments. When calculating root S influx, it was assumed that the efflux of the S compounds 280 
was minimal during the exposure period. Similarly, it was assumed that S uptake was minimal during the exposure 281 
period for the calculation of S efflux. The relative contribution of amino acid-S taken up in an intact form into maize 282 
plant (in percent) was calculated using the 14C/35S excess ratio in plant samples relative to the 14C/35S ratio of applied 283 
Cys and Met tracer separately (the 14C/35S ratios of applied Cys and Met are 1, because only one carbon atom of Cys 284 
and Met is labelled with 14C, and only one sulphur atom is labelled with 35S). Amino acid efflux was expressed in 285 
nmol (g root DW)-1 h-1 on a dry root biomass weight basis, as the increase of amino acid-35S increase in the bathing 286 
solution between the start and the end of experiment (80 min). All data analysis was carried out in IBM SPSS Statistics 287 
v25 (IBM UK Ltd., Portsmouth, UK). Graphs and curve fitting were produced using SigmaPlot v13.0 (Systat Software 288 
Inc., London). The results are presented as means ± SEM (n = 3), and significant differences are discussed at the p < 289 
0.05 level. 290 

 291 
Results 292 
 293 
Plant uptake and partitioning of 14C-labelled Cys and Met 294 
 295 
In experiment 1, the results indicated that maize roots rapidly took up both 14C-Cys and Met, after which the amino 296 
acid-C was incorporated into both new cell biomass and utilized for respiration. A similar amino acid incorporation 297 
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rate was recorded for both amino acids: 203.4 ± 35.7 nmol 14C (g root DW)-1 h-1 for Cys and 191.9 ± 30.7 nmol 14C 298 
(g root DW)-1 h-1 for Met. However, the partitioning of 14C among the different plant compartments varied for the two 299 
amino acids. Overall, a higher proportion of 14C-Cys was partitioned into plant respiration, while a higher proportion 300 
of 14C-Met was partitioned into plant biomass (p < 0.05). Based on our calculation, 5.8 ± 0.7 % and 3.7 ± 0.2 % of the 301 
added Cys and Met-14C were respired by the maize plants, respectively, whereas 6.7 ± 0.3 % and 11 ± 0.5 % were 302 
incorporated into plant biomass (shoot plus root tissues), respectively.  303 

Overall, 14C recovered in plant shoots, roots, solution and CO2 evolution from the root-solution system exceeded 304 
80 % for all treatments. The highest amount of 14C recovered in the 14C-Cys among all three compartments (shoots, 305 
roots and respiration) was for 14CO2 evolution, constituting 5.8 ± 0.7 % of 14C-Cys input. Only a small fraction of the 306 
14C derived from Cys was retained in plant roots after uptake (2.6 ± 0.1 %), while a larger proportion (4.1 ± 0.2 %) 307 
was transported to the shoots. Total plant utilization of 14C derived from Met (15 ± 0.4 %) was similar to that from 308 
Cys (13 ± 0.8 %); however, the highest 14C partitioning for Met was found in the shoots (6.3 ± 0.3 %), followed by 309 
the roots (4.5 ± 0.5 %) and respiration (3.7 ± 0.2 %).  310 

Plant uptake of Cys and Met decreased in the presence of each other. Cys supply led to a decrease in Met 311 
partitioning into respiration, shoot tissue and root tissue by 29 ± 10 %, 49 ± 13 %, and 58 ± 11 % respectively, while 312 
Met supply led to a decrease in Cys incorporation into respiration, shoot tissue and root tissue by 48 ± 12 %, 42 ± 10 313 
%, and 55 ± 6.7 %, respectively. In contrast, plant uptake of Cys and Met was not markedly affected by the presence 314 
of sulphate (p < 0.05, Fig. 2). This implies that Cys and Met may be a more favourable source of S even under 315 
situations where plants could access sulphate.  316 
 317 

 318 
Fig. 2. Partitioning of 14C label after the introduction of 14C-Cys or Met to maize plants under sterile hydroponic 319 
conditions for 24 h a) 14C-Cys recovered in the shoots; b) 14C-Cys recovered in the roots; c) 14C-Cys respiration from 320 
the maize plant; d) 14C-Met recovered in the shoots; e) 14C- Met recovered in the roots; f) 14C-Met respiration from 321 
the maize plant. Bars and lines represent mean ± SEM (n = 3). Different lowercase letters note significant differences 322 
(p < 0.05 was used as the upper limit for statistical significance). 323 

 324 
Uptake and partitioning of 35S-labelled Cys, Met and SO4

2- 325 
 326 
The uptake of all three S forms was similar in that the labelled S taken up was not retained in root tissues but was 327 
rapidly transported to the shoots. However, there were striking differences in the ability of the maize plants to utilize 328 
these three different S compounds.  329 

Overall, 10 ± 1.4 %, 10 ± 0.8 %, and 12 ± 1.1 % of the added 35S were recovered in the plant roots from Cys, Met 330 
and sulphate, respectively (Fig. 3). However, in terms of transportation to shoot tissue, sulphate was more mobile than 331 
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both amino acids as only 12 ± 0.9 % and 13 ± 1.9 % of Cys and Met was detected in shoot tissues, whereas a 332 
significantly greater proportion (34 ± 2.2 %) of the added sulphate (p < 0.05) was found in the shoots.  333 

Cys and Met uptake rate by the whole plant was 347 ± 15 and 390 ± 54 nmol 35S (g root DW)-1 h-1, respectively, 334 
over this 24 h sampling period. Cys and Met resulted in significantly decreased levels of both root uptake and shoot 335 
transportation in the presence of each other (p < 0.05; Fig. 3). Cys supply effectively decreased root uptake and shoot 336 
transportation of Met by 35 % and 30 %, respectively (p < 0.05), while Met supply effectively decreased root uptake 337 
and transportation of Cys by 42 % and 30 %, respectively (p < 0.05). 338 

The retention of both amino acids in the roots was unaffected by the presence of sulphate (p > 0.05), but 339 
transportation of 35S-Cys and 35S-Met to the shoot was markedly decreased in the presence of sulphate by 30 % and 340 
21 % (p < 0.05), respectively (Fig. 3). This resulted in significant inhibition of total Cys uptake when sulphate was 341 
present (p < 0.05), although it proved non-significant for Met. In contrast, root 35S-sulphate uptake and transportation 342 
to shoots were markedly decreased by 33 % and 47 % in the presence of Cys, and by 23 % and 34 % in the presence 343 
of Met, respectively, indicating that there was a downregulation of inorganic S uptake by organic S compounds. 344 

As described above, 0.1 M BaCl2 was introduced to remove any sulphate (i.e., as Ba35SO4), enabling us to separate 345 
organic and inorganic S forms in the solutions. According to our results, after 24 h, > 80 % of the 35S in the nutrient 346 
solution remained in the forms they were injected initially, indicating that the majority of 35S-Cys, Met and 35SO4

2- 347 
had not been mineralized or degraded by the time we sampled.   348 
 349 

 350 
Fig. 3. Partitioning of 35S label after the introduction of 35S-Cys, Met or SO4

2- to maize plants under sterile hydroponic 351 
conditions for 24 h a) 35S-Cys recovered in the shoots; b) 35S-Met recovered in the shoots; c) 35S-SO4

2- recovered in 352 
the shoots; d) 35S-Cys recovered in the roots; e) 35S-Met recovered in the roots; f) 35S-SO4

2- recovered in the roots. 353 
Values represent means ± SEM (n = 3). Different lowercase letters note significant differences (p < 0.05 was used as 354 
the upper limit for statistical significance). 355 

 356 
Uptake of intact Cys and Met 357 
 358 
To determine whether Cys and Met were taken up as intact molecules or as inorganic compounds after enzymatic or 359 
microbial degradation, results of the uptake techniques (i.e., via 14C and 35S labelling) were combined (Fig. 4). The 360 
co-location of 14C and 35S appears a reasonable measure of uptake of intact Cys and Met by plants roots under sterile 361 
hydroponic conditions. The ratio of 14C/35S incorporation into plant shoot and root indicated that at least 62 % of Cys 362 
and 59 % of Met were taken up intact. This is based on our assumption that: intact amino acid uptake is implied if the 363 
slope of the correlation of 14C to 35S excess in the plant tissue is the same as in the parent amino acid compounds fed 364 
to the plants. 14C to 35S ratio of parent Cys and Met is 1:1 in our study, due to only one carbon atom of Cys and Met 365 
was labelled with 14C. 366 
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 367 
Fig.4. The relationship between the total accumulation of 14C and 35S radiotracer (nmol. (g root DW)-1. h-1) by maize 368 
roots after 24 h of exposure to the labelled solution containing 100 µM Cys or Met. n = 9. Lines indicate a linear 369 
regression for 1-14C, 35S Cys and Met: 14C excess = 0.622 35S excess for Cys; 14C excess = 0.598 35S excess for Met. 370 
 371 
Efflux of 35S labelled-Cys, Met and SO4

2- from maize roots. 372 
 373 
The results showed that of the 35S taken up by the plant, 37, 28, and 28 % Cys, Met and sulphate-S was recovered in 374 
the root bathing medium within 80 min, respectively. The results showed that Cys and Met effluxes were in a similar 375 
range, between 1.0 ± 0.1 and 4.2 ± 0.3 µmol (g root DW)-1 h-1 for Cys, and 0.7 ± 0.2 and 3.2 ± 0.1 µmol (g root DW)-376 
1 h-1 for Met (Fig. 5), indicating rapid efflux of low molecular S compounds within a short monitoring period. The 377 
release of sulphate was similar to those of the Cys and Met, with rates ranging from 1.2 ± 0.1 to 4.2 ± 0.3 µmol (g 378 
root DW)-1 h-1.  379 

 380 
 381 

 382 
Fig. 5. Cumulative efflux of added 35S-Cys, Met or sulphate per unit (g) dry mass of maize roots. Prior to measuring 383 
efflux, plants were pre-treated with radioisotopes for 60 min. Efflux was determined by measuring the increase of 384 
radioisotope in the root bathing medium solutions. BaCl2 was applied to separate organic and inorganic S in solution. 385 
Data represent means ± SEM (n = 3). Lines represent fits of a double first-order exponential decay equation to the 386 
experimental data (r2 > 0.99 in all cases; Eq. (2)). 387 
 388 

The application of BaCl2 allowed the separation of organic and inorganic S in the root exudates. The results revealed 389 
that the efflux of all three S compounds was mainly in the form they were taken up, suggesting efflux of low molecular 390 
weight compounds in a short period occurs via passive leakage. This is in line with previous studies, which suggested 391 
that amino acid efflux is generally regarded as not carrier-mediated but occurs by passive leakage (Jones and Darrah 392 
1993; Paynel et al. 2001) and could be recaptured by roots.  393 

The release of 35S into the bathing solution indicated two distinct compartments, which may be interpreted as two 394 
pools: the cytoplasmic and vacuole compartments (Cooper and Clarkson 1989; Paynel et al. 2001). The rate of 35S 395 
release from the roots decreased sharply over the course of the efflux period. A double first-order exponential decay 396 
equation fitted well to the efflux data (R2 > 0.99; Fig. 5). This predicted that the half-life for the slower exchanging 397 
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compartment (vacuole) were 0.7, 2.6, and 0.5 h for Cys, Met and sulphate, respectively (Table. 1), while half-lives for 398 
the faster-exchanging compartment (cytoplasm) were 3.0, 3.1 and 3.7 mins for Cys, Met and sulphate, respectively. 399 
Based on calculation from Eqn. 4, the cytoplasmic S pool was estimated to range from 0.58 to 0.71 µmol (g root DW)-400 
1, which was smaller than their concentration in the vacuole, ranging from 1.0 to 1.1 µmol g-1 root DW.  401 

 402 
Table 1. Parameters of amino acid-35S (Cys and Met) and sulphate-35S release from intact maize roots. Efflux data 403 
was fitted to a double first order exponential decay model (Eqn. 2: 𝑦 = 𝑎 × (1 − 𝑒−𝑐×𝑡) + 𝑏 × (1 − 𝑒−𝑑×𝑡). The 404 
parameters a and c represent the 35S held in the cytoplasm and vacuole, respectively, while b and d are the efflux 405 
constants for these two pools, respectively. The leakage of S compounds to the outer bathing solution was considered 406 
as the sum of two diffusional processes from the cytoplasm and vacuole to the root bathing medium: where y is the 407 
accumulated 35S washed out of plant roots into the bathing solution, a and b are the sizes of the S storage pool in the 408 
cytoplasm and vacuole, respectively, and c and d are the exponential coefficients describing the rate of 35S release 409 
from these pools into the external root bathing solution. Values represent means ± SEM (n = 3). 410 

Substr

ates 

Pool a Pool b t½ (fast pool) 

min 

t½ (slow 

pool) h 

A (nmol. (g 

root DW)-1) 

B (nmol. (g root 

DW)-1) 

R2 

Cys 588 ± 17 1107 ± 187 3.0 ± 0.6 0.7 ± 01 1029 ± 179 665 ± 20 0.99 

Met 556 ± 24 1124 ± 355 3.1 ± 0.4 2.6 ± 0.9 1102 ± 354 578 ± 25 0.99 

Na2SO4 560 ± 74 1287 ± 46 3.7 ± 0.3 0.5 ± 0.1 1142 ± 47 705 ± 62 0.99 

 411 
 412 

Cycling of sulphur compounds between maize shoot and root via a split root system 413 
 414 
Over 50 % of the 14C tracer taken up by the donor root was cycled through the whole plant. The fraction of isotope 415 
tracer in each compartment (donor root, shoot, receiver root) is shown in Table. 2. By the end of this incubation 416 
experiment, ≤ 10 % of 14C-Cys from the donor root was transported and retained in the shoot, while a much higher 417 
proportion (nearly 50 %) was respired from the shoot, 14C-Cys partitioning in the receiver root reached a similar level 418 
as the donor root (approximately 20 %). Similarly, 14C-Met was cycled from the donor root to the whole plant, with a 419 
higher proportion retained in the shoot and a lower proportion respired compared to 14C-Cys. 420 

The distribution pattern for 35S differed from that of 14C in that a higher proportion of S was retained in the donor 421 
root tissue. Nearly half of the 35S taken up from the nutrient solution was retained in the donor root, and ca. 40 % was 422 
transported to the shoot, from where less than half was subsequently translocated to the receiver root. One possible 423 
explanation for the difference in 35S and 14C distribution is that after being taken up by the donor roots, amino acids 424 
are metabolized (deaminated, transaminated, etc.) prior to being transported to the shoots (Warren 2012). Donor roots 425 
had taken up 2.1 ± 0.3, 2.4 ± 0.2 and 9.1 ± 0.5 µmol. (g root DW)-1 of 35S-Cys, Met and Na2SO4 in total within 24 h. 426 
Overall, the actual amount of sulphate cycled from the nutrient solution to the donor root was around three times 427 
higher than that of Cys and Met.  428 

By the end of the 24 h cycling period, however, negligible amounts of radioactivity were observed in the nutrient 429 
solution in the receiver root compartment. 430 

 431 
Table 2. Translocation and utilization of three sulphur compounds by maize plants over a 24 h period analysed via 432 
the split root system. Both root compartments received the same amount of nutrient solution. Three independent 433 
measurements from replicate plants were made for each treatment. Values represent means ± SEM (n = 3). 434 

Partitioning of 14C or 35S in each 

compartment 

14C-Cys 35S-Cys 14C-Met 35S-Met 35S-Na2SO4 

14CO2 partitioning (% 14C taken up) 47 ± 9.3  32 ± 2.9   

Shoot tissue (% 14C taken up) 6.0 ± 1.9 21 ± 5.2 11 ± 1.4 29 ± 2.5 21 ± 2.5 

Donor root (% 14C taken up) 23 ± 3.1 64 ± 2.7 32 ± 1.6 49 ± 3.2 63 ± 1.9 

Receiver root (% 14C taken up) 24 ± 5.0 16 ± 3.2 24 ± 1.8 22 ± 2.9 16 ± 3.7 

 435 
 436 
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Discussion 437 
 438 
Previously, dual-labelled (13C, 15N) compounds have been used to estimate amino acid uptake in plants (Wei et al. 439 
2015; Enggrob et al. 2019). In these experiments, uptake of intact amino acids is implied if the slope of the correlation 440 
of 13C to 15N excess in the plant tissue is the same as in the parent amino acid compounds fed to the plants. In this 441 
present study, dual radio-isotope labelling: 14C and 35S were used to estimate uptake of intact amino acids. 14C labelling 442 
has been used in studies of soil-free systems (Pratelli et al. 2016; Oburger and Jones 2018). A 14C tracer was chosen 443 
in this study to eliminate the problem of 13C dilution by the high 12C content in plant tissues, as 13C isotope can be 444 
strongly diluted in plant tissues making it difficult to detect 13C in bulk plant tissues. A 14C tracer approach allows 445 
estimation of the incorporation of amino acid-14C into plant tissues, as well as the amino acid-14C loss in the form of 446 
14CO2 produced during deamination and breakdown of the C skeleton in the tricarboxylic acid cycle (Näsholm and 447 
Persson 2001), or in processes relating to photorespiration (Bauwe et al. 2010).  448 

Data from experiment 2 revealed that plants utilized sulphate preferentially over Cys and Met. This faster 35S-449 
sulphate uptake compared to Cys and Met could be explained by faster sulphate transport from root to shoot tissue, as 450 
similar values for root retention of all three S sources were obtained (Fig. 3). In addition, organic S supply has a 451 
negative effect on sulphate uptake. This agrees with the widely accepted view that initial root uptake of sulphate is 452 
energy dependent through a proton/sulphate coupled co-transport in the plasma membrane of root cells and is well 453 
adjusted to the S status of the plant (Davidian and Kopriva 2010a). When other organic sulphur sources (Cys or 454 
glutathione) are provided to the plant, sulphate uptake is repressed in a negative feedback loop (Hawkesford et al. 455 
2003; Davidian and Kopriva 2010b; Noctor et al. 2011), while during S starvation, uptake is enhanced by activating 456 
the expression of high-affinity sulphate transporters (Maruyama-Nakashita et al. 2004).  457 

It is well documented that the influx of amino acids involves proton-coupled amino acid transporters (Bush 1993; 458 
Delrot et al. 2000). The observation that both Cys and Met inhibit the uptake of each another supported our hypothesis 459 
that these amino acids enter root cells via the same transport system. The results clearly showed that a considerable 460 
proportion of the supplied amino acids might have been absorbed intact; this was illustrated by plots of excess 14C 461 
against excess 35S in plant material, with 62 % and 59 % of Cys and Met taken up intact separately (Fig. 4). This 462 
uptake pathway could be important in providing an alternative S source to plants and in recapturing amino acids 463 
previously lost in root exudates or when plants are directly adjacent to decomposing organic matter. However, it 464 
should be noted that the lower concentrations of Cys and Met in soil solutions in situ, as well as the intense competition 465 
between plant roots and rhizosphere microorganisms for nutrient (Owen and Jones 2001) may limit the actual 466 
contribution of these compounds to plant nutrition. It is also not clear whether plant roots are capable of taking up 467 
other dissolved organic S forms (e.g., peptides and proteins). These may also play an important role in the N and S 468 
dynamics, where inorganic N and S are inadequate for plant growth.   469 

A higher proportion of 35S (experiment 2) than 14C (experiment 1) derived from both amino acids in plant material 470 
was detected in the plant tissue. The discrepancy between expected and measured ratios of 14C to 35S may be explained 471 
by several possibilities. First, the difference in measurement of 14C and 35S from biological samples (14C was measured 472 
by dry combustion, while 35S was measured by wet digestion) could have led to different recovery rates of the two 473 
radiotracers. Second, under the action of enzymes released by plant roots, part of added amino acids could have been 474 
degraded in the nutrient solution to inorganic compounds (14CO2, NO3

-, NH4
+ and 35SO4

2-) prior to being taken up 475 
independently (Jones et al. 2005). This rapid enzymatic degradation of amino acids may contribute to a higher 35S 476 
recovery in plant materials due to the fast uptake rates of sulphate by maize roots (Astolfi et al. 2004). Some 14CO2 477 
may also have been lost in respiration during the washing and drying of the root and shoot material. In addition, the 478 
rapid post-uptake metabolism of amino acids may also explain the anomalous relationships between 14C and 35S.  479 

A complication about quantifying intact amino acid uptake is that theoretically, the same correlation in isotope 480 
enrichment could still arise if amino acids were broken down (e.g., by carbon-sulphur lyases) to inorganic forms in 481 
the nutrient solution before being taken up independently. In this short plant uptake experiment, considering the efforts 482 
to minimize microbial growth in nutrient solution before the conduction of experiments, it is likely that the pre-483 
mineralization of Cys and Met was negligible. In addition, previous studies have addressed the importance of carbon-484 
sulphur-lyases in the degradation of amino acids to inorganic compounds, among which methionine gamma-lyase 485 
degrades Met to a-keto acids, ammonia and thiols (Rébeillé et al. 2006; Goyer et al. 2007; Huang et al. 2014), while 486 
D-cysteine desulfhydrase degrades Cys to pyruvate, sulphide and ammonia (Riemenschneider et al. 2005). Therefore, 487 
it is possible that enzymatic transformation of Cys and Met took place during our experiment, and the breakdown 488 
products of these metabolites were taken up separately by maize roots; however, to our knowledge, these enzymes do 489 
not exist extracellularly. Stronger evidence from applying compound-specific (13C/34S) isotope ratio mass 490 
spectrometry (IRMS) could be used to examine this further. 491 
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The contribution of S containing amino acids to plant S nutrition under field conditions could be lower than what 492 
is reported in this study, this is due to the lower Cys and Met concentration in situ, the physico-chemical sorption 493 
mainly by association to clay particles in soil aggregates, as well as a lower bioavailability of Cys and Met to plants 494 
caused by rapid microbial uptake, decomposition (Wang et al. 2023a, b). The rhizosphere plant-microbial competition 495 
for Cys and Met was studied in a mesocosms containing both soil microbes and maize roots, soil microbes 496 
overwhelmingly outcompeted maize plants for Cys and Met within short term (Wang et al. 2023c). However, root 497 
performance in the rhizosphere competition could be different as a function of crop species, root morphology, 498 
inorganic N and S supply, diurnal dynamics and other factors. Therefore, field studies should be carried out in the 499 
future to explore contribution of organic S compounds to plant S nutrition.Rapid efflux of intact S compounds was 500 
detected from maize roots in experiment 3. Rapid sampling was used to minimize the negative effect of root re-capture 501 
of the compounds lost from root efflux. Considering S influx across the plasma membrane is an energy-dependent 502 
process, it is therefore surprising that S appears to leak out again rapidly. We therefore assume that after uptake, each 503 
compound transitorily accumulates in the cellular compartments (cytoplasm, vacuole) that are sensitive to efflux. Once 504 
they enter a complex reductive metabolic pathway, they are less likely to leak out again. Even so, the total amino acid 505 
efflux in the present study may have been underestimated since amino acids could be re-absorbed by plant roots, and 506 
these re-absorbed amino acids would not have been detected in efflux. In addition, high exogenous amino acid 507 
concentrations applied may have stimulated influx and diminished efflux, which is assumed to be concentration 508 
dependent. 509 

 510 
 511 
Conclusions and outlook 512 
 513 
We have presented direct experimental evidence that under hydroponic conditions, maize could directly take up  514 
dissolve organic sulphur in the form of free amino acids (e.g., cysteine and methionine), Cys and Met entered root 515 
cells through the same transport system. This uptake pathway could be important in providing an alternative sulphur 516 
source to plants, and in recapturing amino acid loss in root exudates. Root sulphur efflux results indicated that two 517 
distinct compartments were involved, with the vacuole being the slower releasing compartment and the cytoplasm 518 
being the smaller storage compartment, which is in line with previous studies (Bell et al. 1994; Hawkesford 2008). 519 
Root efflux of cysteine, methionine and Na2SO4 was via passive leakage. We also provided evidence for the rapid 520 
redistribution of sulphur within the plant following root uptake via a split root system.  521 
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