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Sulfur (S) possesses a wide variety of essential func-
tions for cell structure and metabolism. Incorporated 
into the amino acids Cys and Met, S is an important 
component of proteins. Cys is further a constituent 
of the tripeptide glutathione (GSH), which maintains 
cellular redox balance and is involved in cell signal-
ing and xenobiotic and heavy metal detoxification 
(Rouhier et al., 2008). Furthermore, S is an important 
component of prosthetic groups, such as iron-sulfur 
clusters, lipoic acid, or coenzyme A, and a range of 
secondary metabolites (Takahashi et al., 2011). Plants 
acquire S from the soil as its inorganic anion, sulfate. 

Sulfate uptake and distribution within the organism 
is facilitated by sulfate transporters. For assimilation, 
the inert and stable sulfate is activated by ATP sulfu-
rylase (ATPS) by transferring it onto an α-phosphate 
residue of ATP and yielding in adenosine-5′-phospho-
sulfate (APS; Fig. 1). APS, as a branch point interme-
diate, can be phosphorylated by APS kinase to form 
the donor of sulfate groups in secondary metabolism, 
3′-phosphoadenosine 5′-phosphosulfate. The majority 
of APS, however, follows the reduction pathway and is 
reduced by APS reductase (APR). APR uses the reduc-
ing capacity of GSH to convert APS into sulfite. Subse-
quently, the ferredoxin-dependent reduction of sulfite 
by sulfite reductase (SIR) produces sulfide, which can 
further be incorporated into the amino acid backbone 
of O-acetyl-Ser (OAS), a Ser derivative produced by 
Ser acetyltransferase. OAS (thiol)lyase (OAS-TL) con-
verts sulfide and OAS into Cys (Takahashi et al., 2011). 
Cys can serve as the initial substrate of Met biosynthe-
sis or as a constituent amino acid of proteins and pep-
tides, such as GSH. GSH biosynthesis is mediated by 
two ATP-consuming catalytic reactions by γ-glutamyl- 
Cys synthetase (γECS) and GSH synthetase, which join 
its constituent amino acids Glu, Cys, and Gly (Fig. 1) 
(Rouhier et al., 2008). Sulfate assimilation seems to  
belong to the core metabolism of most plant cells, with 
a notable exception of plants with C4 photosynthesis.

C4 photosynthesis minimizes the oxygenation reac-
tion of Rubisco and increases the efficiency of photo-
synthesis under normal conditions. This is achieved by 
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changes in leaf anatomy and strict cell type-specific  
enzyme localization, facilitating the distribution of carbon 
fixation and assimilation across two distinct cell types, 
mesophyll cells (MCs) and bundle sheath cells (BSCs; 
Sage et al., 2012). CO2 is initially converted in MCs into 
bicarbonate by carbonic anhydrase. Bicarbonate serves 
as a substrate for the carboxylation of 2-phosphoe-
nolpyruvate (PEP) to oxaloacetate by PEP carboxylase 
(PEPCase). Oxaloacetate is subsequently reduced to C4 
acids, malate, or Asp, which diffuse into BSC. In BSC 
the C4 acids are decarboxylated, and the released CO2 
is assimilated by Rubisco in the Calvin cycle (Slack  
et al., 1969). Thus, the CO2 concentration in BSC is  
increased, and the oxygenase reaction of Rubisco and 
consequently photorespiration is reduced. These char-
acteristics lead to high photosynthetic efficiency even 
at low CO2 intracellular concentration, which is partic-
ularly advantageous at warm and dry climates (Sage 
et al., 2012). C4 photosynthesis evolved independently 
more than 60 times in both monocot and dicot lineages 
in a repeatable and predictable evolutionary process 
(Sage et al., 2012; Heckmann et al., 2013; Williams et al.,  
2013). Intermediates of such evolutionary processes 
have been identified in a number of plant genera with 
partial characteristics of C4 plants and named as C3-C4 
(Kennedy and Laetsch, 1974). Particularly important 
for studies of C4 photosynthesis are C3-C4 plants in gen-
era also containing C3 and C4 species, the best exam-
ple being Flaveria (Ku et al., 1991; Schulze et al., 2013). 
Flaveria is a small genus with 23 species native mostly 
to North America, particularly the south of the USA 
and northern part of Mexico (Powell, 1978; McKown  
et al., 2005). Phylogenetic analyses showed that the C3-C4 
species are true evolutionary intermediates in the evo-
lution of C4 photosynthesis, which in Flaveria evolved 
independently twice (Kopriva et al., 1996; McKown  
et al., 2005). In addition to C3-C4 and C4 species, three 
Flaveria species are classified as C4-like, because despite 

having highly active C4 photosynthetic enzymes and 
pronounced Kranz anatomy, some carbon fixation still 
occurs directly through the C3 cycle, and photosynthe-
sis is sensitive to oxygen (Cheng et al., 1988; Ku et al., 
1991). Interestingly, not only photosynthetic enzymes 
show cell-specific expression between MCs and BSCs 
in C4 plants, but also proteins involved in nitrate and 
sulfate assimilation (Kopriva, 2011).

Sulfur research in C4 plants was initiated by show-
ing that 90% of ATPS activity is confined to the bun-
dle sheath strand in Digitaria sanguinalis (Gerwick and 
Black, 1979). These results were later confirmed in 17 
additional C4 species (Gerwick et al., 1980). Further 
studies showed that APR is also largely restricted to 
the BSC, whereas SIR and OAS-TL activity was equally  
distributed across MCs and BSCs (Schmutz and Brunold, 
1984; Kopriva and Koprivova, 2005). However, in the 
C4 dicot Flaveria trinervia, no differences in the distri-
bution of APR between MCs and BSCs were observed 
(Koprivova et al., 2001). On the other hand, analy-
sis of Arabidopsis (Arabidopsis thaliana) BSC trans-
latome revealed that transcripts of genes for sulfate 
assimilation are highly and coordinately enriched in 
BSCs of this C3 species. Therefore, BSC specificity of 
sulfur metabolism has been discussed as a species- 
dependent characteristic (Aubry et al., 2014; Weckopp 
and Kopriva, 2015). However, the analysis of S metab-
olism in Flaveria species of different photosynthesis 
types indicated another intriguing connection between  
C4 photosynthesis and sulfate reduction. The leaves 
of C4 species F. trinervia and F. australasica showed a 
higher abundance of Cys and GSH as well as higher 
APR activity when compared to C3 species (Koprivova 
et al., 2001). Accumulation of Cys and GSH is demand 
driven, and their synthesis rate is under the control of 
APR (Vauclare et al., 2002). Thus, these results indi-
cate a complex link between C4 photosynthesis and  
S metabolism.

Figure 1. Sulfate assimilation pathway in plants. ATPS, ATP sulfurylase; APS, adenosine-5′-phosphosulfate; APK, APS kinase; 
PAPS, 3′-phosphoadenosine-5′ phosphosulfate; APR, APS reductase; SIR, sulfite reductase; SAT, Ser acetyltransferase; OAS, 
O-acetyl-Ser; OAS-TL, OAS (thiol)lyase; γ-EC, γ-glutamyl-Cys; γ-ECS, γ-EC synthetase; GSH, red. glutathione; GSHS, GSH 
synthetase; GSSG, ox. glutathione; Fd, ferredoxin.
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Here, we address the connection between S homeo-
stasis and the evolution of C4 photosynthesis by com-
parative analysis of Flaveria species with different 
photosynthetic properties in nutrient-controlled envi-
ronments. We show that, under controlled conditions 
with both normal and low S supply, C4 Flaveria species  
accumulate more Cys and GSH. The accumulation is 
a consequence of increased flux through sulfate assimi-
lation in C4 species and driven by increased GSH 
turnover in C4 leaves. In addition, analysis of inter-
species grafts between C3 F. robusta and C4 F. bidentis  
revealed that, in C4 Flaveria species, GSH is preferentially 
synthesized in the root and that the root controls the 
allocation of S between roots and shoots. Sulfate assim-
ilation in C4 plants seems to be tightly linked with the 
synthesis of Ser by the phosphorylated pathway of Ser 
biosynthesis (PPSB).

RESULTS

Regulation of Sulfate Assimilation by Sulfur Deficiency 
in Flaveria

To understand the mechanisms of higher accumula-
tion of Cys and GSH in C4 compared to C3 Flaveria spe-
cies (Koprivova et al., 2001), a new cultivation system 
for Flaveria plants was established, allowing to control 
the nutrient concentration. This cultivation system 
was used to assess the effect of S deficiency on Flaveria  
species of different photosynthesis mechanisms, as this 

treatment has been used in the past to study the regu-
lation of sulfate assimilation (Nikiforova et al., 2004). 
Under sufficient S, C4 Flaveria species consistently 
showed higher levels of low Mr thiols, Cys, and GSH 
in the leaves compared to their C3 ancestors (Fig. 2). 
The concentrations of the thiols correlated negatively 
with previously reported CO2 compensation points 
used as a quantitative measure for the establishment 
of a C4 cycle (Supplemental Fig. S1). Interestingly, Cys 
concentration in leaves of all species was not affected 
by S deficiency, indicating a tight and evolutionary 
conserved regulation of this metabolite (Fig. 2A). On 
the other hand, leaf GSH concentration was signifi-
cantly reduced in S-deficient plants, to approximately 
the same level despite photosynthetic type (Fig. 2B). 
The sulfate content of the leaves was strongly reduced 
under S deficiency. However, sulfate content did not 
show a correlation with photosynthesis type (Sup-
plemental Fig. S2A). The same was true for OAS con-
centration in the leaves, which accumulated more in 
S-deficient plants compared to the controls, but there 
was no correlation between photosynthesis type and 
the absolute levels or ratios between concentrations at 
the two S conditions (Supplemental Fig. S2B).

A higher accumulation of Cys and GSH in the shoots 
of C4 plants appears to indicate higher demand for  
reduced S compounds with increasing C4 properties. 
To test whether C4 plants are more sensitive to S defi-
ciency than C3 plants, the loss in shoot weight of all six 
species and the photosynthetic performance of the C3 
species F. robusta and the C4 species F. australasica and 
F. bidentis were determined in response to S deprivation 

Figure 2. Influence of S deficiency on leaf Cys and GSH concentration in Flaveria species. Leaf Cys (A) and GSH (B) was  
analyzed in 23-d-old seedlings of six Flaveria species. The plants were exposed to low sulfate (50 µm S; S50) or adequate sulfate 
(750 µm S; S750) conditions for 16 d. Data (n = 12 for S750, n = 4 for S50) are shown as box plot (25–75%); the line represents 
median; the whiskers represent 1.5 interquartile range (IQR). Different letters represent values significantly different at P < 0.05 
(Student’s t test). F. robusta, C3; F. linearis and F. anomala, C3-C4; F. palmeri, C4-like; F. australasica and F. bidentis, C4.
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(Supplemental Fig. S3). No correlation was observed 
between the effect of S deficiency on shoot biomass 
and photosynthesis type. Photosynthetic performance 
was tested by measuring gas exchange in plants culti-
vated in an adapted cultivation system (unsterile pot 
culture, 1:1 sand-vermiculite mix, fertilized with full 
nutrient medium or 50 µm S nutrient solution). No 
significant effect of S deficiency was detected on the 
CO2 compensation points, CO2 assimilation rate at 40 
Pa CO2, or photosynthetic efficiency (initial slope of 
a photosynthetic CO2 response curve) of any species 
(Supplemental Fig. S3B). The relatively mild S defi-
ciency, therefore, seems not to affect the photosynthetic 
performance, regardless of the photosynthetic mecha-
nism. Hence, the increasing accumulation of GSH fol-
lowing the establishment of a C4 cycle seems not to be 
necessary for the maintenance of the photosynthetic 
activity under steady-state conditions but can be con-
nected to broader metabolic adaptions associated with 
the evolution toward C4 photosynthesis or possibly to 
the maintenance of photosynthesis under non-steady-
state conditions.

To address how the higher accumulation of Cys and 
GSH in C4 species is achieved, a [35S]sulfate feeding 
experiment was performed in five Flaveria species  
under fully nourished (S750) and S-deficient (S20) con-
ditions (Fig. 3). At full sulfate supply, sulfate uptake rates 
did not vary significantly between C3 and C4 species 
(Fig. 3A). In S-deficient plants, uptake was increased 
to a higher degree in C4 species, whereas F. robusta only 
showed a slight but still significant increase in sulfate 
uptake (Fig. 3A). In vivo flux analysis revealed that the  
incorporation of the [35S]sulfate into GSH was signifi-
cantly higher in leaves of F. anomala, F. palmeri, and  
F. australasica compared to F. robusta and F. linearis at 
full nutrition, but the difference increased highly under  
S deficiency (Fig. 3B). In F. robusta and F. linearis, the 
flux was not affected by S deficiency. Furthermore, 
with exception of F. robusta, S-deficient plants of other  
Flaveria species allocated more sulfur to the leaves  
than fully nourished plants (Fig. 3C). Particularly in 
S-deficient C4 F. australasica, more than 80% of the sulfur 
was translocated to the shoots, and about 10% was used 
for GSH synthesis. This result suggests that intermedi-
ate and C4 species prioritize the restoring of GSH pools 
in the shoots. In the roots of all species tested, the only 
[35S]-labeled compound detected after resupplying for 
4 h was inorganic sulfate, confirming the higher meta-
bolic capacity and demand of the shoots over the roots.

C4 Flaveria Species Show Increased Turnover of GSH

Our results indicate that C4 Flaveria species have a 
higher demand for GSH, supplied by higher flux into 
GSH as well as a higher storage capability for this 
metabolite. To test for differences in GSH turnover,  
seedlings of C3 F. robusta and C4 F. australasica were 
grown under full nutrition and exposed to buthionine- 
(S,R)-sulfoximine (BSO), a specific and potent inhibitor 
of γECS (Griffith and Meister, 1979), for 48 h. Exposure 

to BSO led to an expected decline in GSH concentra-
tions in both species but with different kinetics in the 
shoots versus the roots (Fig. 4). Within the first 4 h of 
BSO supplementation, GSH concentrations in shoots of 
F. robusta decreased from 93 pmol mg FW−1 to 58 pmol 
mg FW−1, i.e. a rate of 9 pmol mg FW−1 h−1, reaching a 
final concentration of 35 pmol mg FW−1 after 24 h. The 
GSH concentration in C4 F. australasica shoots decreased 
in the first 8 h after exposure to BSO from 450 pmol mg 
FW−1 to 190 pmol mg FW−1, i.e. a rate of 32.5 pmol mg 
FW−1 h−1. In the following 16 h, GSH degradation rather  
stagnated, with a rate of GSH loss of only about 2 pmol 
mg FW−1 h−1, followed by another phase of rapid GSH 
consumption until reaching a final concentration of  
34 pmol mg FW−1 after 48 h. Despite the different abso-
lute GSH consumption rates, the relative rates (% of the 
initial concentration) were similar in the first 24 h. Af-
ter 48 h, both species retained the same concentration 
of GSH, which represented 43% of the initial GSH pool 
in F. robusta but only 7.5% in F. australasica. The chang-
es in accumulation of GSH in the roots of both species 
followed the same pattern. Within 24 h, the amount of 
GSH was reduced from approximately 200 pmol mg 
FW−1 to a minimum level of roughly 40 pmol mg FW−1. 
This concentration was retained in the roots of both 
species with further exposure to BSO (Fig. 4B). Thus, in 
the shoots as well as the roots of both species, a GSH 
concentration between 30 and 40 pmol mg FW−1 seems 
to be indispensable for the plants. The large margin  
between the maintained GSH pool and the minimum 
level in shoots of F. australasica underlines the importance 
and metabolic involvement of GSH for this C4 species.

The importance of the GSH pool in F. australasica is 
further supported by the comparison of de novo GSH 
synthesis and its consumption rate in F. robusta and 
F. australasica (Fig. 4C). De novo GSH synthesis was 
determined by feeding fully nourished and sulfur- 
starved seedlings with [35S]sulfate for 4 h. The GSH 
consumption rate in F. australasica was almost 3-fold 
higher in comparison to F. robusta. At full nutrient con-
ditions, shoot GSH synthesis could not be detected 
in F. robusta and was low in F. australasica. This result 
points to a high turnover of GSH as it is synthesized. 
Analysis of GSH synthesis in S-deficient plants  
revealed that the investment of newly acquired sulfate 
in restoring the GSH pool was of great importance for 
F. australasica. The rate of GSH synthesis was 34 pmol 
mg FW−1 h−1 higher than the determined consumption 
rate. Hence, this C4 species invests largely in restoring 
and maintaining the internal GSH pool as turnover 
proceeds. The higher GSH consumption rate in C4  
Flaveria leaves was corroborated by increased transcript 
levels of γ-glutamyl cyclotransferase 2.1 (GGCT2.1), a 
crucial factor in the maintenance of GSH homeostasis, 
which degrades GSH to 5-oxo-Pro and Cys-Gly pep-
tide (Paulose et al., 2013). GGCT2.1 expression levels in 
the shoots of F. robusta and F. australasica were higher 
than in the roots. Moreover, while initially at compa-
rable levels, in the course of BSO exposure the expres-
sion in C4 species was induced to a higher degree than 
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in the C3 species (Fig. 4D). Similarly to our analysis of  
F. robusta and F. bidentis, data mining from comparative 
transcriptomic data of two species from the Cleoma-
ceae family, Tarenaya hassleriana (C3) and Gynandropsis 
gynandra (C4; Külahoglu et al., 2014), revealed higher 
GGCT2.1 transcript levels in leaves of C4 compared 
to C3 species (Supplemental Fig. S4). Thus, GGCT2.1 
seems to be a crucial regulator of GSH homeostasis in 
C4 species beyond Flaveria.

Inhibition of GSH synthesis by BSO often results in 
the accumulation of Cys (Vauclare et al., 2002; Hart-
mann et al., 2004). Interestingly, shoot Cys concentra-
tions did not change over the course of 48 h of BSO 

treatment in both F. robusta and F. australasica (Supple-
mental Fig. S5A). On the other hand, Cys accumulated 
slightly but significantly in the roots of F. robusta, from 
7 pmol mg FW−1 to 18 pmol mg FW−1 and significantly  
and more profoundly in the roots of F. australasica, 
from 8 pmol mg FW−1 to 55 pmol mg FW−1 (Supple-
mental Fig. S5B). This 7-fold increase in root Cys indi-
cates a high activity of GSH synthesis in root tissues of 
the C4 species. Indeed, transcript levels of γECS were 
higher in roots than in shoots of both species and roots 
of C4 Flaveria compared to C3 roots, and the same is 
true for T. hassleriana and G. gynandra (Supplemental 
Fig. S6). Molecular adaptions of the root system leading  

Figure 3. [35S]sulfate uptake and partitioning in Flaveria species. Twenty-day-old seedlings of five Flaveria species were resup-
plied for 4 h with 0.2 mm [35S]sulfate nutrient solution after 6 d exposure to low sulfate (20 µm sulfate; S20) or adequate sulfate 
(750 µm sulfate; S750). Sulfate uptake (A) and root-to-shoot translocation (B) were determined by scintillation counting after 
tissue solubilization. C, Incorporation of [35S]sulfate into sulfate, GSH, Cys, and other compounds was determined by HPLC 
analysis. Relative [35S] partitioning into shoot sulfate, GSH, Cys, proteins, and other compounds after 4 h of resupply is shown, 
n = 4. Different letters represent values significantly different at P < 0.05 (Student’s t test).
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to higher GSH synthesis are therefore likely to be  
involved in the adjustment of S supply and GSH homeo-
stasis of C4 plants.

Partitioning of S in Shoots and Roots of Flaveria Species

To test the significance of the root for S metabolism 
in the context of the evolution of C4 photosynthesis, the 
five species were grown under full nutrient and low 
S conditions. Total S, sulfate and low Mr thiols were 
determined in shoots and roots (Supplemental Fig. 
S7). Whereas total S and sulfate did not show any clear 
patterns relative to photosynthetic type, Cys, and GSH 
were again more abundant in leaves of C4 species at 
full nutrition. Cys was also more abundant under S  
deficiency (Supplemental Fig. S7, E and G). In the roots, 
GSH but not Cys accumulated more in the C4 species 

at full nutrition. To better understand the partitioning 
of S in the different species, the relative portions of  
total S in sulfate, Cys, and GSH were calculated (Fig. 5).  
In the shoots of fully nourished Flaveria species, the 
fraction of total S occupied by inorganic sulfate was 
relatively stable at 50%–70%. However, in the roots, 
the fraction of inorganic sulfate was higher in the C4 
species. Exposure to S deficiency reduced the sulfate 
pool in the shoots and roots of F. robusta, F. linearis,  
F. anomala, and F. palmeri to 3.5%–16%. The C4 species 
F. australasica suffered little loss of relative sulfate pool 
in shoots, but showed a strong decrease in roots. The 
increase in GSH fractions of total S in shoots and roots 
of all species along the evolutionary gradient resem-
bles the gradient observed in shoot GSH concentration 
(Figs. 2 and 5; Supplemental Fig. S7). The gradient is 
more pronounced in root tissue, ranging from 0.14% in 

Figure 4. GSH turnover in F. robusta and F. australasica. GSH concentrations in shoots (A) and roots (B) of 20-d-old seedlings of 
F. robusta (C3) and F. australasica (C4) in a time course of 48 h after transfer to medium supplemented with 2 mm BSO. Data are 
presented as means and se, n = 4. C, GSH synthesis was analyzed in 20-d-old seedlings exposed to low sulfate (20 µm sulfate; 
S20) or adequate sulfate (750 µm sulfate; S750) for 6 d by resupply with 0.2 mm [35S]sulfate solution for 4 h. GSH consumption 
rate is calculated from A at 4 h after treatment with 2 mm BSO. Data are shown as box plot (25%–75%); the line represents 
median, and the whiskers represent 1.5 IQR, n = 4. D Transcript levels of GGCT2.1 in shoots and roots of 20-d-old seedlings 
in a time course of 48 h after transfer to medium supplemented with 2 mm BSO. Data are presented as means and SEM, n = 4. 
Asterisks represent significant differences between F. robusta and F. australasica at P < 0.05 (Student’s t test).
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F. robusta to 3.9% in F. australasica. F. linearis showed a 
root Cys and GSH relative pattern similar to C4 species, 
due to the fact that total S concentrations in F. linearis 
roots were exceptionally low (Fig. 5; Supplemental Fig. 
S7). The highest impact of sulfur deficiency on relative 
GSH pools was observed in F. australasica (Fig. 5). Cys 
fractions in S-deficient plants increased, since its levels 
were not affected by S deficiency, but total S content 
decreased (Fig. 5; Supplemental Fig. S7).

Roots Control S Distribution between Plant Organs in 
Flaveria

The analyses so far showed fundamental differences 
between C3 and C4 Flaveria species in the partitioning 
of S metabolites. To find out whether these changes 
are controlled by the root or by the shoot, we estab-
lished cross-species grafting with a C3 F. robusta and C4 
F. bidentis. Reciprocal grafted plants and homografted 
control plants were exposed to full nutrition condi-
tions (750 µm sulfate) or S starvation (20 µm sulfate) for 
6 d and resupplied with 200 µm [35S]sulfate solution. 
As observed before, no difference in sulfate uptake 
under full nutrition was detected (Fig. 6A). After S defi-
ciency, which induced uptake in all plants, all grafted 
plants containing at least one C4 organ, scion (shoot), 
or stock (root) showed higher rates of sulfate uptake 
than the C3/C3 control (Fig. 6A). Under full nutrition, 
the scion GSH concentration corresponded to the scion 
identity, i.e. high in C4 scions, and was unaffected by 
the individual stock, showing the importance of high 
GSH for the metabolic processes in C4 leaves (Fig. 6B). 
When the plants were exposed to S starvation, GSH 
pools were depleted. Resupply with 200 µm [35S]sulfate 
solution for 4 h was sufficient for the control C3/C3 (sci-
on/stock) and C4/C4 plants to fully restore their scion 
GSH pools to the levels at full S supply. However, C4/
C3 grafted plants failed to restore their GSH pools and 
accumulated only half as much GSH when compared 
to plants under full nutrition and the C4/C4 controls. 
On the other hand, C3/C4 plants accumulated almost 

twice the amount of GSH in their scions compared to 
plants under full nutrition (Fig. 6B). Hence, mainte-
nance of GSH homeostasis in the C4 shoot seems to be 
dependent on the root.

The partitioning of [35S]-labeled metabolites was 
also quantified in the grafted plants. Compared to full  
nutrition, S deficiency resulted in increased [35S] allo-
cation to the scions in grafted plants with C4 rootstocks 
but not in those with C3 stock (Fig. 6C). The sulfate 
pools in scions of grafted plants supplied by a C4 stock 
did not change between the nutrient regimes, but the 
increase in scion [35S]sulfur was due to higher amounts 
of GSH. In contrast, in grafts supplied by a C3 stock, 
the scion sulfate pool was diminished. The large influ-
ence of the root system corroborates the hypothesis of 
enhanced GSH synthesis and translocation in the roots 
of C4 Flaveria species.

To understand the influence of roots and shoots on 
GSH metabolism and sulfate assimilation, transcript 
levels of genes involved in both pathways were ana-
lyzed in scion and stock tissue of interspecific C3-C4 
grafts grown under full nutrition (Supplemental Fig. 
S8). The transcript levels of γECS in the grafted plants 
corresponded to the levels in ungrafted F. robusta and 
F. bidentis, i.e. they were higher in C4 scions and stocks 
compared to their C3 counterparts and higher in C4 
rootstocks than C4 scions. Interestingly, the GGCT2.1 
mRNA accumulated to higher levels in scions of C4/
C4 homografts than of C4/C3 grafted plants (Supple-
mental Fig. S8B). This result points to diminished GSH 
turnover when the C4 scion is provided by a C3 stock. 
Transcript levels of SULTR2.1, a low-affinity sulfate 
transporter facilitating sulfate translocation to shoots 
(Takahashi et al., 2000), were higher in both scions and 
stocks of C3/C3 than C4/C4 grafts (Supplemental Fig. 
S8C). When a C4 scion was grafted onto a C3 stock, 
SULTR2.1 mRNA levels in the stock were lower than 
in the C3/C3 homograft. Hence, the scion seems to play 
a role in the down-regulation of SULTR2.1 in the stock 
tissue. The expression analysis showed that C4 stocks 
have lower SULTR2.1 transcript levels than C3 stocks,  

Figure 5. Partitioning of sulfur in 
shoots and roots of Flaveria spe-
cies. Total sulfur, sulfate, Cys, and 
GSH were determined in shoots 
and roots of 23-d-old seedlings 
of five Flaveria species grown in 
low sulfate (30 µm sulfate; S30) or 
adequate sulfate (750 µm sulfate; 
S750) for 16 d. Sulfate, Cys, and 
GSH concentrations were calcu-
lated relative to total sulfur con-
centrations. Data are presented 
as mean % of total sulfur and se, 
n = 4. Different letters represent 
values significantly different at P 
< 0.05 (Student´s T-test).
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which should result in lower transport of sulfate into  
the shoots. Since the transport of S into the shoot is 
unchanged and even increased at low S, and the tran-
script levels of γECS are high in C4 roots, GSH is likely to 
be the form of S translocated to shoots in this C4 species.

Links between S Metabolism and Amino Acid 
Biosynthesis in C3 and C4 Flaveria

Should GSH be the transport metabolite in C4 plants, 
the metabolism of its constituting amino acids Glu 
and Gly, as well as Ser, the precursor of Cys, should 
be coordinated with sulfate assimilation. In C3 plants, 
GSH synthesis is usually limited by Cys availability  

(Takahashi et al., 2011; Noctor et al., 2012). Indeed, in full 
nutrition, Cys allocation in the grafted plants largely  
reflects the allocation of GSH (Fig. 7). Glu, the most 
abundant amino acid, shows higher concentrations 
in the scion tissues compared to the root tissues. C4 
scions and C3 stocks accumulate more Glu compared 
to C3 scions and C4 stocks, respectively. Remarkably, 
the C3 scion Glu concentration is reduced when sup-
plied by a C4 stock. The highest Gly concentration is 
found in stocks of C3/C3 homografts, and Gly is high 
in the C3 scion of the C3/C4 grafted plants (Fig. 7B). In 
C3 rootstocks, Gly levels are higher than in C4 stocks. 
This result points to photorespiration being the main 
pathway for Gly synthesis.

Figure 6. [35S]sulfate uptake and partitioning in interspecies grafts of F. robusta and F. bidentis in dependence on the nutrient 
regime. Seedlings of F. robusta (C3) and F. bidentis (C4) were grafted 5 d after germination. 35 d after grafting, the grafted plants 
were resupplied for 4 h with 0.2 mm [35S]sulfate nutrient solution after 6 d exposure to low sulfate (20 µm; S20) or adequate 
sulfate (750 µm; S750). A, Total [35S]sulfate uptake. B, Total shoot GSH concentration in S-starved (S20), resupplied, and fully 
nourished (S750) grafts. Data are shown as box plot (25–75%); the line represents median, and the whiskers represent 1.5 IQR, 
n = 4. C, Relative [35S]sulfate partitioning into shoot sulfate, GSH, Cys, proteins, and other compounds after 3 h of resupply. 
Different letters represent values significantly different at P < 0.05 (Student’s t test), n = 4.
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In the C4 species F. australasica and F. bidentis, as well 
as in the C4/C4 homografts, Ser showed a higher abun-
dance in the scion tissue compared to the stocks. This  
allocation pattern was reversed in the C3 species  
F. robusta and the C3/C3 homografts. Additionally, the Ser 
concentration in the total plant was higher in C3 com-
pared to C4 species (Fig. 8A). The C3/C4 grafted plants 
resemble the C4/C4 homografts, whereas in the C4/C3 
grafted plants, Ser concentration in the scion and stock 
are similar, since Ser concentrations in the tissues fol-
low those in homografted controls (Fig. 8A). Due to the 
photorespiratory conversion of Gly to Ser in C3 plants, 
the Ser-to-Gly ratio is often used as a marker for pho-
tosynthesis type, with higher values for C4 species. The 
Ser-Gly ratio was higher in C3 stocks compared to C4 
stocks (Fig. 8C). The Ser-Gly ratio in scions of C3/C4 

grafted plants, however, increased to values of C4 scions  
with the highest value in C4/C3 grafts. Hence, C4 roots 
are important for the manifestation of C4 characteristic 
Ser-Gly ratio, suggesting that these ratios may not be 
controlled only by photorespiration.

Photorespiration, however, is not the only source 
of Ser biosynthesis. Heterotrophic tissue synthesizes  
Ser by the PPSB (Ho et al., 1999; Ros et al., 2014). 
Therefore, transcript levels of phospho-Ser phosphatase 
(PSP), which is involved in this pathway, were ana-
lyzed in shoots and roots of F. robusta and F. bidentis, 
as well as scions and stocks of grafted plants (Fig. 8B).  
PSP transcript levels were low and comparable in F. 
robusta shoots and roots and C3 organs of the grafted 
plants. Higher levels of PSP mRNA were detected in 
the C4 species F. bidentis, with approximately 3-fold 

Figure 7. Root and shoot concentrations of GSH and its composing amino acids in interspecies grafts of F. robusta and  
F. bidentis. Seedlings of F. robusta (C3) and F. bidentis (C4) were grafted 5 d after germination and analyzed 35 d after grafting. 
A, Steady-state levels of GSH. B, Steady-state concentrations of the GSH-composing amino acids Glu, Cys, and Gly. Data are 
shown as box plot (25–75%); the line represents median, and the whiskers represent 1.5 IQR, n = 4. Different letters represent 
values significantly different at P < 0.05 (Student’s t test).
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higher levels in the roots than in the leaves, which 
were retained in the grafted plants. The accumulation 
of PSP transcripts in C4 species points to the impor-
tance of the PPSB for Ser supply in C4 plants, partic-
ularly in the root. Increased Ser biosynthesis in the 
roots of C4 plants might, therefore, facilitate the con-
version of Ser to Cys and subsequently GSH in the 
same tissue.

DISCUSSION

The Gradient in GSH Accumulation toward C4 Species

In recent years, substantial progress in the under-
standing of C4 photosynthesis and its evolution has 
been achieved (Heckmann et al., 2013; Schulze et al., 

Figure 8. Ser biosynthesis in Flaveria species and interspecies grafts of F. robusta and F. bidentis. A, Leaf and root Ser concen-
trations were analyzed in 23-d-old seedlings of F. robusta (C3), F. australasica (C4), and F. bidentis (C4). B, Seedlings of F. robusta 
and F. bidentis were grafted 5 d after germination and analyzed 35 d after grafting for steady-state Ser concentrations. C, Ser-
Gly ratio in scions and stocks of the grafted plants in 7B and 8B were calculated. Data are shown as box plot (25–75%), the 
line represents median, the whiskers represent 1.5 IQR, n = 4. D PSP transcript levels relative to ACTIN in shoots and roots in 
20-d-old seedlings of F. robusta (C3) and F. bidentis (C4). E, Seedlings of F. robusta and F. bidentis were grafted 5 d after germi-
nation and analyzed 35 d after grafting. Transcript levels of PSP relative to ACTIN are shown. Crossbar, mean; n = 4. Different 
letters represent values significantly different at P < 0.05 (Student’s t test).
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2013; Williams et al., 2013; Schuler et al., 2016). However, 
knowledge about nutritional aspects associated with  
the enhanced photosynthetic efficiency of C4 plants  
remains limited. This study addresses a significant gap 
in knowledge and shows that nutrient homeostasis has 
to be taken into account to understand the full com-
plexity of the evolution of C4 plants. The initial interest 
in the connection between S metabolism and C4 pho-
tosynthesis came from the localization of the enzymes 
of sulfate assimilation (Gerwick et al., 1980; Koprivova  
et al., 2001; Kopriva and Koprivova, 2005; Weckopp 
and Kopriva, 2015). However, Koprivova et al. (2001) 
indicated further adaptations in sulfur metabolism 
dependent on the photosynthesis type, showing increas-
ing leaf Cys and GSH content with the progression of a 
C4 cycle in Flaveria. Here, these results were confirmed 
under strictly controlled nutrient conditions in another 
set of Flaveria and, at least for Cys, also at two levels 
of sulfur supply. Interestingly, this work reveals that 
the increasing leaf Cys and GSH concentration does 
not correlate with leaf inorganic sulfate (Supplemental 
Figs. S2A and S7), despite sulfate comprising the larg-
est plant sulfur pool (Fig. 5). This result emphasizes 
the importance of the regulation of Cys and GSH levels  
in C4 Flaveria species. In addition, OAS, which is an  
important regulator of sulfate assimilation in Arabidop-
sis (Hubberten et al., 2012), does not seem to underlie 
the regulation in Flaveria. So what is the biological driver 
for this high GSH accumulation in C4 plants?

GSH is the most abundant low-molecular-weight 
thiol in plant cells. It is present in its reduced (GSH) 
and oxidized form (GSSG), acting as a cellular redox 
buffer. Its redox buffering capacities are dependent 
on the GSH/GSSG ratio as well as the concentra-
tion of GSH in the cells (Schafer and Buettner, 2001;  
Pfannschmidt, 2003). Thus, enhanced concentrations 
of GSH, as observed along the evolutionary gradient 
of Flaveria and in the C4 scions of grafted plants, could 
be an indication for adapted redox buffering capaci-
ties. Correspondingly, S-starved intermediate and C4 
species showed significantly higher translocation of S 
and flux into shoot GSH (Fig. 3). The large investment 
of newly acquired sulfate into GSH could, therefore, 
serve the purpose of restoring the full GSH redox  
potential. Drastic changes in the cellular redox potential 
evoked by S starvation and the reduction in GSH pools 
could have a direct impact on the general plant perfor-
mance and photosynthetic efficiency. However, neither 
the reduction in shoot biomass nor the photosynthetic 
performance showed a photosynthesis type-dependent 
reaction to S starvation (Supplemental Fig. S3). As S 
deprivation did not influence the photosynthetic per-
formance of F. robusta, F. australasica, and F. bidentis, it 
is possible that minimum levels of leaf GSH are main-
tained to secure redox reactions in primary metabolism 
by adapting the GSH/GSSG ratio. Therefore, the high 
accumulation of GSH in fully nourished C4 Flaveria spe-
cies is likely to serve other metabolic and regulatory 
purposes. Alternatively, the redox buffering capacity  
could become important during non-steady-state  

conditions, such as light transients when redox demand 
fluctuates rapidly as leaf C3 and C4 cycles are coordi-
nated (Slattery et al., 2018).

One of the possible functions of high GSH accumu-
lation is scavenging of reactive oxygen species (ROS). 
GSH-dependent ROS detoxification can occur within 
the ascorbate-glutathione pathway, by glutaredoxin- 
dependent peroxiredoxins or GST peroxidase activity 
(Foyer and Noctor, 2009; Noctor et al., 2012). An increase 
in oxidative stress can harm the function of the photo-
synthetic apparatus and might act as a collateral selec-
tive pressure to evoke higher storage capacities for GSH 
(Wise and Naylor, 1987; Krause, 1988). Indeed, C4 spe-
cies of the genus Cleome were reported to have a higher  
tolerance to ROS formation than their C3 relatives  
(Uzilday et al., 2012). This higher tolerance may become 
particularly important during fluctuating light intensi-
ties (Slattery et al., 2018). However, comparison of leaf 
transcriptomes of Flaveria species revealed that some 
genes involved in redox regulation have increased 
expression in C4 species but others in C3 species (Gowik 
et al., 2011). A thorough monitoring of the redox state 
in the C3 and C4 Flaveria species, e.g. by rhoGFP, would 
thus be necessary but is not feasible since no transfor-
mation protocols are available for the C3 species.

GSH is also involved in the control of plant devel-
opment, tissue differentiation, and cell cycle regulation 
(Diaz-Vivancos et al., 2015). GSH is indispensable to 
maintain cell division in the root apical meristem and 
to preserve the unimpaired development of the floral 
meristem (Vernoux et al., 2000; Reichheld et al., 2007; 
Bashandy et al., 2010). The interaction of GSH and 
auxin plays a crucial role in these processes. GSH reg-
ulates the expression and distribution of PIN proteins 
and, hence, the directed distribution of auxin as well 
as the interaction of auxin and strigolactones (Vernoux  
et al., 2000; Bashandy et al., 2010; Koprivova et al., 2010; 
Marquez-Garcia et al., 2014; Schnaubelt et al., 2015). 
Additionally, recruitment of GSH into the nucleus and 
fluctuations in the cellular GSH concentrations are cru-
cial for the progression of the cell cycle (Pellny et al., 2009; 
Diaz Vivancos et al., 2010). Besides increased growth 
rates, one major characteristic of this complex trait is the 
establishment of the Kranz anatomy, associated with 
differentiation of the BSC and increase in vascular tis-
sue density (Laetsch, 1974; Sage, 2004; Atkinson et al., 
2016). Though the underlying mechanism is not yet 
understood, an increase in cell number and differentia-
tion connected to auxin metabolism has been discussed 
(Aubry et al., 2014). Therefore, GSH may be involved 
in the evolution of Kranz anatomy, as a regulator of the 
cell cycle and vascular tissue differentiation. As with the  
cell-specific localization of the pathway in C4 leaves,  
the role of high GSH remains an open question.

High GSH Turnover in C4 Flaveria

Unlike Cys pools, leaf GSH pools decreased in 
response to S deficiency in all Flaveria species ana-
lyzed and did not correlate with the establishment of  
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C4 photosynthesis (Fig. 2). GSH is the main storage com-
pound for reduced S (Kopriva and Rennenberg, 2004; 
Noctor et al., 2011). Hence, the observed depletion of 
the GSH pool could be a consequence of GSH break-
down to serve the demand for steady Cys levels. GSH 
is metabolized in the γ-glutamyl cycle, in which GGCT 
catalyses the γ-glutamyl dipeptide degradation pro-
ducing 5-oxo-Pro, which is further converted to l-Glu 
by 5-oxoprolinase (Meister, 1974). In Arabidopsis, 
GGCT2.1 has been identified as the major γ-glutamyl 
cyclotransferase involved in GSH degradation (Pau-
lose et al., 2013). Correspondingly, GGCT2.1 transcript 
levels are induced by S deficiency (Nikiforova et al., 
2003). The Flaveria GGCT2.1 homologs showed high-
er transcript abundance in shoots of the C4 species  
F. bidentis compared to the C3 species F. robusta, point-
ing to a higher GSH turnover in C4 species. Interestingly, 
similar differences were observed in transcriptomic 
data of T. hassleriana and G. gynandra (Külahoglu et al.,  
2014), closely related C3 and C4 species of the Cleo-
maceae family. With two examples of independently 
emerged C4 photosynthesis, this indicates that GSH 
turnover in the leaf is important for the establishment 
of a C4 cycle.

This hypothesis is strengthened by the results obtained 
during the treatment of F. robusta and F. australasica 
with BSO. Upon BSO treatment, synthesis of GSH is 
impaired, whereas sulfate assimilation into Cys is not 
affected. Therefore, Cys often accumulates in BSO-treated 
plants (Hartmann et al., 2004). Remarkably, the GSH 
consumption rate in leaves of F. australasica was 2-fold 
higher in the first 4 h of exposure to BSO compared 
to F. robusta. The decline in shoot GSH concentrations 
in F. australasica correlates with the transcript levels 
of GGCT2.1. An increase in GGCT2.1 transcript indi-
cates active GSH turnover upon BSO treatment. The 
reasons for high GSH turnover in C4 leaves, even under 
unstressed conditions, remain elusive so far.

Interestingly, upon exposure to BSO, shoot Cys con-
centrations in F. robusta and F. australasica remained 
stable. Only the root of C4 F. australasica accumulated 
Cys, indicating a high activity of GSH synthesis, as 
described, e.g. in Hartmann et al. (2004) (Supplemen-
tal Fig. S5). Transcript analysis of γECS supports this  
hypothesis, since γECS transcript increases more strongly 
in roots of F. australasica than F. robusta upon BSO treat-
ment (Supplemental Fig. S6). In contrast, shoot γECS 
transcript levels react only slightly to BSO. Addition-
ally, unstressed roots of C4 F. bidentis and G. gynandra 
show significantly higher amounts of γECS transcript 
compared to shoot tissue and roots of their C3 rela-
tives, F. robusta and T. hassleriana (Supplemental Fig. 
S6). Taken together, the increased expression of γECS 
in C4 roots and the accumulation of Cys in the roots 
of F. australasica upon BSO treatment indicate higher 
GSH synthesis rates in the roots than in the shoots of 
C4 plants. Indeed, 2-fold higher enzymatic activity of 
γECS was detected in roots of 7- and 11-d-old seedlings 
of maize compared to the activity in shoots (Ruegsegger 
and Brunold, 1993). The enhanced GSH synthesis in 

the roots thus seems to be a general feature in C4 plants 
and might be linked to the establishment of C4 photo-
synthesis.

The partitioning of S into different pools in shoots 
and roots also supports the hypothesis of high GSH 
synthesis in C4 roots. GSH fractions of shoots and 
roots were steadily increasing along the evolutionary 
axis (except for F. linearis roots, which accumulated  
exceptionally little S in the roots), and were particularly 
increased by S deprivation in F. palmeri roots as well 
as shoots and roots of F. australasica. Interestingly, in 
C4 F. australasica the sulfate pool in the shoots was not 
depleted by S deficiency as strongly as in other spe-
cies and remained at approximately 60% of total sulfur 
(Fig. 5). Sulfate is retained in vacuoles of mutants of 
the vacuolar sulfate transporters sultr4;1 and sultr4;2 
(Kataoka et al., 2004); therefore, these transporters need 
to be identified and analyzed in detail in F. australasica  
and other C4 species. Since GSH decreased upon  
S deficiency, it is possible that only little of the shoot 
sulfate pool is invested into GSH synthesis in C4  
F. australasica. Considering the increased GSH synthesis 
rates in the roots and GSH accumulation in the shoots 
of unstressed C4 Flaveria, transport of GSH or its pre-
cursor γEC from the root into the shoot is likely. Corre-
spondingly, after feeding with [35S]sulfate, no labeled 
Cys or GSH was detected in the roots, indicating that 
the reduced compounds are rapidly translocated.

Roots Control of Sulfur Homeostasis in C4 Flaveria

To determine whether the different allocation of S 
metabolites in C3 and C4 plants is driven by the root or 
the shoot, we performed reciprocal grafting between 
the C3 F. robusta and C4 F. bidentis. Grafting is extensively  
applied to gain knowledge on systemic signaling 
in plants (Tsutsui and Notaguchi, 2017). The grafted 
plants were analyzed 35 d after grafting, when the 
roots and shoots are well developed, and were used to 
dissect the interaction of root and shoot in nutrient and 
metabolite transport connected to S metabolism. Total 
[35S] uptake and translocation rates indicate that, under 
unstressed conditions, S root-to-shoot translocation is 
mainly controlled by the root system, particularly the 
C4 root (Fig. 6). Correspondingly, SULTR2.1 shows 
higher transcript abundance in scions and stocks of 
C3/C3 homografts compared to C4/C4 homografts. In 
C3/C4 grafted plants, SULTR2.1 is expressed according 
to the individual tissue identity, but C4/C3 grafts show 
a significant decrease of SULTR2.1 in scions and stocks. 
The C4 rootstock thus seems to be adapted to lower 
rates of inorganic sulfate translocation into the shoot. 
The down-regulation of SULTR2.1 in the C3 stocks of 
C4/C3 grafts could be dependent on systemic signals 
excreted by the C4 scion to maintain shoot S homeo-
stasis. The signal might be GSH, which is known to 
down-regulate SULTR2.1 transcript levels (Lappartient 
et al., 1999), and its high levels present in unstressed C4 
scions could influence the expression of SULTR2.1 in 
C3 stocks of C4/C3 grafted plants (Figs. 6 and S8).
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In S-deficient plants, only grafts supplied by a 
C4 stock showed increased translocation of newly  
acquired S into their scions, regardless of the scion iden-
tity (Fig. 6). The up-regulation of sulfate uptake and 
assimilation was sufficient to fully restore GSH pool 
in the C3/C3 and C4/C4 homografts after 4 h feeding. 
Remarkably, at the same time, C4/C3 grafted plants 
only accumulated about 50% of their control GSH 
pool, whereas the C3/C4 plants reached almost twice as 
much GSH in their scions compared to fully nourished 
plants. This result indicates that C4 roots produce large 
amounts of GSH that is transported into the shoots 
via the xylem. Similarly, increased translocation of 
GSH was seen in poplars overexpressing γECS, which 
showed 5-fold higher GSH concentration in the xylem 
than wild-type poplars (Herschbach et al., 2000). GSH 
turnover is, however, slower in C3 scions, due to lower 
expression of GGCT2.1, causing overaccumulation of 
GSH.

C4 Flaveria species are adapted to higher GSH con-
centrations in their shoots than C3 species. However, 
high concentrations of GSH have been reported to 
have negative effects on plant development (Creissen 
et al., 1999; Herschbach et al., 2010; Ivanova et al., 2011). 
The stocks of C4/C3 grafts are confronted with 4-fold  
increased GSH concentrations in their scions. Acropetal 
transport of GSH in these grafts might, therefore, evoke 
a physiological response in the stock tissue. Indeed, 
SULTR2;1 and γECS transcript levels were decreased 
in C3 stocks of C4/C3 grafts and point to long-distance 
feedback regulation of sulfate translocation and GSH 
synthesis in the roots (Supplemental Figs. S6 and S8). 
Although the stocks show transcriptional effects in 
γECS, feedback inhibition of γECS occurs largely post-
translationally in animals and plants (Richman and 
Meister, 1975; Hell and Bergmann, 1990; Noctor et al., 
2002). Since we were not able to measure GSH synthe-
sis rates in the roots, enzyme activity assays of γECS 
and GSH synthase in the interspecific grafts could pro-
vide important insight into the systemic regulation of 
GSH biosynthesis.

We conclude that the increased GSH accumulation 
in C4 shoots is caused by increased GSH synthesis in 
the roots because (1) γECS is more highly expressed in 
roots than in shoots and C4 roots compared to C3 roots 
(Supplemental Figs. S6 and S8) and is also induced 
by BSO to higher degree in C4 roots than in C3 roots 
(Supplemental Fig. S6); (2) in the BSO experiment, Cys 
not used for GSH synthesis accumulates in roots and 
not in shoots (Supplemental Fig. S5), and the accu-
mulation is higher in C4 than in C3 roots; (3) C4 shoots 
supplied by C4 roots accumulate more 35S in GSH than 
when supplied by C3 roots. Since GSH synthesis in 
the shoots should be the same, the difference strongly 
indicates GSH transport from roots; (4) transcript lev-
els of SULTR2;1, necessary for translocation of sulfate 
(as an alternative to GSH), are lower in C4 than in C3 
shoots; (5) in C3 shoots of C3/C4 grafted plants, GSH is 
not increased compared to C3/C3 because SULTR2;1 is 
highly expressed in the C3 shoots and facilitate sulfate 

translocation, driving the S from GSH synthesis in the 
root.

Ser Biosynthesis as a Possible Driving Force for the 
Allocation of GSH Synthesis in C3 and C4 Flaveria

GSH synthesis has been allocated to roots in C4 
plants (Fig. 6B). The accumulation of GSH-constituent 
amino acids, however, does not show correspondingly 
higher levels in C4 roots. Cys and Gly require Ser for 
their synthesis. In C3 plants, Ser is mainly derived from 
photorespiration in photoautotrophic tissues (Bauwe 
et al., 2010; Maurino and Peterhansel, 2010). In hetero-
trophic tissues, the PPSB constitutes the main source  
of Ser (Ho and Saito, 2001; Benstein et al., 2013). Up- 
regulation of genes involved in the PPSB in response 
to darkness and elevated CO2 concentrations indicates 
that the PPSB is important when photorespiration is 
minimized (Benstein et al., 2013; Toujani et al., 2013). 
Therefore, PPSB is probably responsible for Ser pro-
duction in C4 plants with low rates of photorespiration 
(Bräutigam and Gowik, 2016).

Analysis of steady-state Ser levels in roots and shoots 
of F. robusta, F. australasica, and F. bidentis showed the 
same shoot-root allocation as detected for Cys in C3/C3 
and C4/C4 autografts of F. robusta and F. bidentis. As 
observed for Cys, scion-stock allocation of Ser in inter-
species grafts was rather C4-like. C4/C3 grafts accumu-
lated comparable amounts of Ser in scions and stocks. 
When supplied by a C4 stock, Ser concentrations  
decreased in C3 scions. Again, this indicates a complex, 
photosynthesis type-dependent interplay of shoot and 
root involved in Ser homeostasis. The signals, trans-
port processes, and mechanisms driving this interplay 
remain to be elucidated. The regulation is potentially 
under the control of the stock tissue, as C3/C4 grafts 
revealed scion and stock ratios reflecting the C4 control.

PSP showed similar expression levels in various or-
gans of Arabidopsis, and only little sensitivity to en-
vironmental influences (Cascales-Miñana et al., 2013). 
The mRNA levels of PSP were higher in F. bidentis 
compared to F. robusta and showed 3-fold higher tran-
script levels in the roots of the C4 species, which was 
maintained in interspecies grafts. High PSP mRNA 
levels in C4 shoots indicate the importance of the PPSB 
pathway in C4 plants. This has been corroborated by a 
transcriptomics analysis of Cleomaceae species of dif-
ferent photosynthesis types, with the C4 Gynandropsis  
gynandra showing substantially higher PSP transcript 
levels in roots than in leaves and in C3 Tarenaya hassleriana 
(Külahoglu et al., 2014), which corresponds well with 
the reduced importance of photorespiration. It seems 
that in C4 plants the PPSB largely substitutes photore-
spiratory Ser biosynthesis. Therefore, Ser biosynthesis 
is relocated to the root. Hence, the relocation of GSH 
metabolism in C4 plants could be the evolutionary 
answer to changes in Ser biosynthesis caused by de-
creased rates of photorespiration.

The following model for sulfur metabolism in C3 
and C4 Flaveria is proposed based on the presented 
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data (Fig. 9). C4 species show higher uptake capacity 
for inorganic sulfate compared to C3 species. C3 spe-
cies transport large amounts of sulfate to the shoot, 
where the main sulfate pool is located. The major 
part of Ser, required for sulfate assimilation into Cys, 
is derived from photorespiration. GSH pools are kept 
at low levels with de novo synthesis in leaves meet-
ing the instant demand. C4 species, on the other hand, 
store considerable amounts of newly acquired sulfate 
in their roots and show low sulfate translocation rates. 
Sulfate assimilation into GSH is enhanced in the roots, 
connected to Ser synthesis by the PPSB. GSH is trans-
ported into the shoot, supplementing the shoot GSH 
pool. Large amounts of shoot GSH enters the γ-glutamyl  
cycle. The significance of the vast accumulation of 

GSH and its high turnover and degradation rates in C4 
plants, however, remains elusive.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Six Flaveria species were selected by their CO2 compensation points to pro-
vide a gradient in C4 photosynthesis manifestation (Ku et al., 1991; Supplemen-
tal Table S1). Seeds were kindly provided by Udo Gowik (Institute for Biology 
and Environmental Sciences, Carl von Ossietzky University, Oldenburg). Flaveria 
seeds were surface sterilized by chlorine gas sterilization for 4 h. Sterilized 
seeds were placed on 0.5× Murashige and Skoog agar plates with sterile tooth-
picks and stratified for 3 d at 4°C in the dark. The plates were subsequently 
incubated in a Percival phyto chamber under long-day conditions (16 h light 

Figure 9. Differences in organization of sulfate uptake, assimilation, and GSH metabolism between C3 and C4 Flaveria species. 
Arrow sizes indicate differences in transport and flux between C3 and C4 Flaveria. GSH, glutathione; PPSB, phosphorylated 
pathway of Ser biosynthesis.
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at 100 µE, 21°C, 50% humidity) for 7 d. The seedlings were transferred to ster-
ile 500-mL WECK mold jars in which 80 mL Long Ashton nutrient solution 
containing 0.65% agarose was poured. The jars were closed with two clamps 
each and transferred to a high-light growth chamber (Johnson Control) with 
long-day conditions (day 16 h, light 500– 600 µE, 21°C constant, 50% humid-
ity) for 16 d. This allowed the control of nutrient supply, which was adjusted 
to 750 µm MgSO4 in full supply and 20 to 50 µm MgSO4 (supplemented with 
MgCl2 to obtain 750 µm Mg2+). The sulfate levels were adjusted according to 
growth conditions and length of treatment to achieve S deficiency, which was 
tested in preliminary experiments. Alternatively, for the [35S]sulfate feeding 
experiments, 10-d-old seedlings were transferred onto large square petri dishes 
(245 mm × 245 mm × 25 mm) filled with 250 mL of Long Ashton medium with 
0.65% agarose. Low sulfur conditions were adjusted to 20 µm MgSO4 × 7 H2O  
and substituted with 730 µm MgCl2 × 6 H2O. The plates were incubated in a 
Johnson high-light growth chamber for 7 d. For BSO treatment, the control 
(750 µm sulfate) plates with seedlings of F. robusta and F. australasica were  
incubated for 8 d. The seedlings were transferred to another large square petri 
dishes filled with solidified (0.65% agarose) Long Ashton medium supple-
mented with 2 mm BSO. Transfer and subsequent incubation was conducted 
in a high-light growth chamber, and samples were collected at 0, 4, 8, 12, 24, 
and 48 h after transfer.

To conduct gas exchange measurements, 21-d-old plants were initially 
transferred to 9-cm round pots with 1:1 mix of vermiculite and sterile sand 
as substrate. The plants were grown in the high-light chamber, watered from 
underneath, and fertilized every third day with 30 mL Long Ashton medium. 
After 20 d, the plants were transferred to 8-cm square pots and were grown at 
the same conditions.

For all experiments, each biological replicate was collected from plants 
grown in different glasses or plates. All experiments were performed inde-
pendently at least twice with similar results.

Interspecies Micrografting of F. robusta and F. bidentis

Interspecies micrografting of F. robusta and F. bidentis was conducted  
using the modified collar-free micrografting protocol by Marsch-Martínez et al.  
(2013) with seedlings 5 d after germination under sterile conditions. The seed-
lings were transferred onto small square petri dishes (120 mm × 120 mm × 15 mm)  
containing a thin layer (2–4 mm) of liquid Long Ashton medium. Cotyledons 
were removed with a single cut with a thin, commercial razor blade. Scion 
and stock were separated by a single horizontal cut in the upper third of the 
hypocotyl. Subsequently, scion and stock were joined thoroughly as soon as 
possible on fresh small square petri dishes with Long Ashton medium, supple-
mented with 0.5% Suc. Cutting and graft union was performed with the help 
of a Hund SM33 binocular stereoscope (Hund). Fresh grafts were incubated in 
a Percival phyto chamber for 7 d with a slight tilt of the plates at 5 to 10 degrees 
and subsequently moved to high-light conditions. Twelve days after grafting, 
the grafts were transferred to large, square petri dishes to grant suitable space 
for scion and stock development. Exposure to different nutrient conditions 
was conducted 29 d after grafting. F. bidentis was used for the grafting, even 
though F. australasica has been analyzed in previous experiments, because 
grafting with F. australasica was not successful.

Isolation of Total RNA and Expression Analysis

RNA was isolated with TRI Reagent (Merck; Chomczynski and Sacchi, 
1987). Approximately 50 mg of plant material were homogenized and extract-
ed in 500 µL TRI Reagent for 5 min. One hundred microliters chloroform were 
added and incubated for 15 min at room temperature. After centrifugation at 
16,000g and 4°C for 15 min the upper aqueous phase was transferred into a 
new reaction tube, mixed thoroughly with 250 µL isopropanol and incubated 
on ice for 60 min. RNA was pelleted by centrifugation at 12,000g and 4°C for 
10 min. The pellet was washed twice with 80% ethanol at room temperature 
and centrifuged for 5 min at full speed (4°C). Finally, the supernatant was 
removed, and the pellet was dried and resolved in 30 µL water at 55°C for  
10 min. RNA samples were stored at −80°C.

The concentration of nucleic acids was measured spectrophotometrically, 
using Nanodrop (Nanodrop ND1000, Peqlab). For RT-qPCR a DNAse treat-
ment and synthesis of first-strand cDNA was performed using QuantiTect 
Reverse Transcription Kit (Qiagen), according to the manufacturer´s instruc-
tions. The qPCR was performed using CFX96 Touch Real-Time PCR Detection 
System (Bio-Rad). Transcript levels were calculated relative to ACTIN tran-
script levels using the ΔCT method (Pfaffl, 2012). The primers (Supplemental  

Table S2) were designed on the 3′ end of cDNA sequences of de novo assem-
bled contigs of F. robusta or F. pringlei and F. bidentis, kindly provided by Udo 
Gowik. The sequences are 70 to 75% identical with the cDNA sequences of the 
corresponding genes in Arabidopsis (Arabidopsis thaliana).

To compare expression of relevant genes in two species from the Cleo-
maceae family, Tarenaya hassleriana (C3) and Gynandropsis gynandra (C4), the 
data set available as Supplemental Data Set 1 in Külahoglu et al. (2014) 
was used.

Measurement of S Containing Metabolites, Sulfate 
Uptake, and Flux through Sulfate Assimilation

Sulfate was determined from approximately 50 mg lyophilized plant mate-
rial by ion chromatography as described in Huang et al. (2016).

The low molecular weight thiols Cys and GSH were extracted and quan-
tified as their monobromobimane-derivatized products from approximately  
30 mg lyophilized plant material as described by Mugford et al. (2009).

Total S was determined by inductively coupled plasma mass spectrometry 
from 100 to 200 mg lyophilized root or shoot tissue by the Plant Metabolism 
and Metabolomics Laboratory, University of Cologne, using an Agilent 7700 
ICP-MS (Agilent Technologies; Almario et al., 2017).

Sulfate uptake and flux through sulfate assimilation was determined 
in fully nourished and sulfur-deficient plants grown on large square plates  
essentially as described in Mugford et al. (2011). Two seedlings transferred to 
12-well plates were incubated shortly in 2 mL nonradioactive Long Ashton 
nutrient solution containing 0.2 mm sulfate, which was subsequently replaced 
by 1 mL of the same solution supplemented with 12 µCi [35S]sulfuric acid. The 
plants were incubated in the hot solution in the light for 4 h. Roots and shoots 
were washed thoroughly, blotted dry, and stored in liquid nitrogen until fur-
ther processing on the same day. Root and shoot samples were extracted in 
10-fold volume of 0.1 m HCl. Ten microliters of extract were used to determine 
sulfate uptake and 50 µL aliquots of each extract were collected for quanti-
fication of [35S] incorporation into thiols and proteins exactly as in Kopriva  
et al. (1999)

Quantification of Amino Acids

Proteinogenic amino acids in ethanolic leaf extracts were detected and 
quantified by derivatization with ortho-phthaldialdehyde and RP-HPLC-
based separation as described by Krueger et al. (2017) using approximately 50 
mg lyophilized leaf material.

Gas Exchange

Gas exchange was determined in young, fully expanded leaves of 10-week-
old plants grown in pots using a Li-Cor LI-6800 with small light source and 
9-cm2 chamber (Li-Cor Biosciences). Steady-state photosynthesis parameters 
were measured at 40 Pa CO2, 1,500 µmol m−2 s−1 PAR with a leaf temperature 
maintained at 25°C and flow rate of 300 µmol s−1. The photosynthetic response 
to CO2 (A-Ci curves) was measured under 1,500 PAR, using CO2 partial pres-
sures of the following order: 40, 40, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 10, 15, 20, 
40, 40, 80, 160, 200, 120, 40 Pa. The photosynthetic carbon efficiency and the 
CO2 compensation point were determined from the slope and x-intercept of 
the initial linear portion of the A-Ci curve, respectively.

Accession Numbers

RNA sequence data underlying the expression analysis of G. gynandra 
and T. hassleriana can be found in NCBI GenBank under accession numbers 
SRP036637 and SRP036837 (Külahoglu et al., 2014). The read data underlying 
the assembled contigs of F. robusta or F. pringlei and F. bidentis used for primer 
design can be found in NCBI Short Read Archive under accession number 
SRP006166 (Gowik et al., 2011).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Leaf Cys and GSH content in Flaveria species in 
dependence on their CO2 compensation point.
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Supplemental Figure S2. Influence of S deficiency on leaf sulfate and OAS 
concentration in Flaveria species.

Supplemental Figure S3. Influence of S deficiency on shoot biomass and 
photosynthetic performance in Flaveria species.

Supplemental Figure S4. GGCT2.1 expression in C3 and C4 species.

Supplemental Figure S5. Effect of BSO treatment on shoot and root Cys 
concentrations in F. robusta and F. australasica.

Supplemental Figure S6. Expression patterns of γECS in roots and shoots 
of C3 and C4 species.

Supplemental Figure S7. Concentration of total sulfur and other sulfur 
pools in shoots and roots of Flaveria species.

Supplemental Figure S8. Expression of γECS, GGCT2.1, and SULTR2.1 in 
scions and stocks of interspecies grafts of F. robusta and F. bidentis.

Supplemental Table S1. Species of the genus Flaveria used in this study.

Supplemental Table S2. Oligonucleotide primers used in this study.

Supplemental File S1. Transcript sequences of analyzed genes from F. ro-
busta or F. pringlei and F. bidentis.
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