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Plant response mechanisms to deficiency of a single nutrient, such as sulfur (S) or iron (Fe), have been described at agronomic,
physiological, biochemical, metabolomics, and transcriptomic levels. However, agroecosystems are often characterized by
different scenarios, in which combined nutrient deficiencies are likely to occur. Soils are becoming depleted for S, whereas Fe,
although highly abundant in the soil, is poorly available for uptake because of its insolubility in the soil matrix. To this end,
earlier reports showed that a limited S availability reduces Fe uptake and that Fe deficiency results in the modulation of sulfate
uptake and assimilation. However, the mechanistic basis of this interaction remains largely unknown. Metabolite profiling of
tomato (Solanum lycopersicum) shoots and roots from plants exposed to Fe, S, and combined Fe and S deficiency was performed
to improve the understanding of the S-Fe interaction through the identification of the main players in the considered pathways.
Distinct changes were revealed under the different nutritional conditions. Furthermore, we investigated the development of the
Fe deficiency response through the analysis of expression of ferric chelate reductase, iron-regulated transporter, and putative
transcription factor genes and plant sulfate uptake and mobilization capacity by analyzing the expression of genes encoding
sulfate transporters (STs) of groups 1, 2, and 4 (SIST1.1, SIST1.2, SIST2.1, SIST2.2, and SIST4.1). We identified a high degree of
common and even synergistic response patterns as well as nutrient-specific responses. The results are discussed in the context of
current models of nutrient deficiency responses in crop plants.

Several biotic and abiotic stresses provoke unfavor-
able environmental fluctuations, which require plants
to reprogram and adjust metabolism, growth, and de-
velopment to adapt and survive. In particular, crop
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species are continuously challenged by inadequate sup-
ply of nutrients. In recent years, the decrease of atmo-
spheric SO, emissions and lower sulfur (S) supply
through mineral fertilization (McGrath et al., 2002) have
led to the occurrence of S deficiency, rendering S an im-
portant issue for plant nutrition. As a result, the effects of S
deficiency have become a major subject area, particularly
for studies focused on regulatory aspects of S assimilation.
Responses of plants under S deficiency have been de-
scribed at the levels of agronomy, physiology, biochem-
istry, metabolomics, and transcriptomics (for review, see
Lewandowska and Sirko, 2008; Watanabe et al., 2010).
However, little is known concerning the physiological
responses during S deficiency conditions in relation to
how they are modified by the interactions that S has with
other nutrients in the rhizosphere. The consequences of
nutrient interactions are largely unknown, although such
scenarios commonly occur in agroecosystems. In partic-
ular, excess or deficiency of one nutrient could modify the
internal demand and consequently, the uptake and as-
similation rate of other nutrients.

Recently, it was shown that the iron (Fe) use effi-
ciency in maize (Zea mays; Astolfi et al., 2003; Bouranis
et al.,, 2003), barley (Hordeum vulgare; Kuwajima and
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Kawai, 1997; Astolfi et al., 2006a), tomato (Solanum
lycopersicum; Zuchi et al.,, 2009), and durum wheat
(Triticum durum; Zuchi et al., 2012; Ciaffi et al., 2013)
increased under adequate S supply. In these studies, it
has been suggested that, in grasses (strategy II plants),
this effect could be ascribed to a decrease in the pro-
duction and release of phytosiderophores induced by S
deficiency, whereas in tomato (a strategy I plant), the
effect was rather caused by an impaired ethylene and
nicotianamine (NA) production.

Strategy I plants cope with low Fe availability in the soil
by mobilizing and taking up Fe** ions from soil particles
by acidification of the rhizosphere, likely driven by an
increased plasma membrane proton-pumping ATPase
activity (Dell'Orto et al., 2000), by enhancing the activity
of a plasma membrane bound Fe(III) -chelate reductase,
and by overexpression of an Fe** transporter of root epi-
dermal cells (Eide et al., 1996; Robinson et al., 1999).
Romera et al. (1999) showed that pea (Pisum sativum),
cucumber (Cucumis sativus), and tomato roots produced
more ethylene under Fe deficiency, with ethylene pro-
duction being correlated with Fe(Ill) reducing capacity.
Furthermore, after inside root cells, NA plays an impor-
tant role for Fe distribution within the plant (Rudolph
et al., 1985; Douchkov et al., 2002; Takahashi et al., 2003).

The link between S and Fe mainly arises from the fact
that ethylene and NA share a common precursor,
namely S-adenosyl-methionine (SAM), and Met is re-
quired for the synthesis of SAM (Hesse and Hoefgen,
2003). Furthermore, it has been shown in plants that Fe
is normally linked with S when it is bound in Fe-S
proteins, suggesting that Fe-S clusters are the biggest
sink for Fe within the plant (Balk and Pilon, 2011).

As described above for S deficiency, most studies
aimed at understanding the physiological basis of the
plant response to Fe deficiency have largely been fo-
cused on manipulating this single nutrient in isolation
and on model plants, such as Arabidopsis (Arabidopsis
thaliana). Fewer studies have concentrated on crop
plants, such as barley, rice (Oryza sativa), tomato, and
other economically important species, although there
are indications that adaptive mechanisms of crops
might differ from those of model plants (Moller and
Tester, 2007). Furthermore, even fewer studies dealt
with responses of plants to combinations of nutrient
deficiencies (Pii et al., 2015), although it is reasonable to
suggest that simultaneous imposition of two stresses
will trigger response mechanisms different than the
response to each stress applied separately.

Previously, Zuchi et al. (2009) showed that, in tomato
plants exposed to both S and Fe starvation, no induc-
tion of Fe(Ill)-chelate reductase activity and ethylene
production occurred. Thus, S deficiency seems to pre-
vent the development of the typical responses to Fe
deficiency in tomato. However, it was also recently
shown that Fe deficiency significantly up-regulated
most of the sulfate transporter (ST) genes belonging
to groups 1, 2, and 4 in tomato roots (Paolacci et al.,
2014). This interaction between S and Fe triggers
the activation of complex response mechanisms to
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assumingly maintain plant primary metabolism func-
tion and maintain adequate levels of Cys, Met, and their
derivatives as well as Fe-S clusters as essential building
blocks of various enzymes. Especially, the latter asks for
a coordinated control of Fe and S metabolism. How-
ever, the metabolic mechanisms involved in coordination
are far from being understood and will likely require
considerable research effort to be ultimately unraveled.
As a first step toward this goal, the changes in the
metabolome of tomato plants subjected to simultaneous
S and Fe deficiency were evaluated and compared with
the results for the metabolic response to S or Fe starvation
alone. The development of the Fe deficiency stress
response was followed through the analysis of the ex-
pression of the ferric chelate reductase (SIFRO1), iron-
regulated transporter (SIIRT1), and putative transcription
factor (SIFER) genes, and plant sulfate uptake and mo-
bilization capacity were investigated by analyzing the
expression of genes encoding STs of the groups 1, 2, and
4 (SIST1.1, SIST1.2, SIST2.1, SIST2.2, and SIST4.1).

RESULTS

Plant Growth and S and Fe Accumulation

As previously observed (Zuchi et al., 2009), the overall
growth of tomato seedlings was severely reduced by
either S or Fe deficiency (Table I), which is perhaps un-
surprising given that both are essential elements. Total
protein concentration was additionally significantly
lower in plants exposed to nutrient deficiency than in
plants grown in complete nutrient solution (Table I). In
particular, after the imposition of sole Fe starvation,
protein concentrations were approximately 15% and 25%
lower than the control in shoots and roots, respectively. S
deficiency affected this parameter even more dramati-
cally, provoking approximately 65% and 35% decreases
with respect to the control in shoots and roots, respec-
tively (Table I). Under the combined deficiency condi-
tion, it reached its lowest value, being approximately 70%
and 50% lower than the control in shoots and roots, re-
spectively (Table I).

In accordance with the plant phenotype, S deficiency
drastically reduced the accumulation of total S in both
shoot and root tissues (—96% and —90%, respectively).
However, Fe-deficient plants also showed markedly re-
duced levels of total S accumulation in both shoots (—40%)
and roots (—50%; Table I).

Furthermore, as would be anticipated, Fe deficiency
led to large decreases in Fe content (—75% in both
shoots and roots); however, surprisingly, greater re-
ductions were found under S deficiency (—85% in both
shoots and roots) and dual deficiency (—92% in both
shoots and roots; Table I).

Changes in Inorganic Anion Concentrations

In addition to total S and Fe contents, the concentra-
tions of sulfate, phosphate, and nitrate were measured to
estimate whether the different treatments differentially
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Table I. Shoot and root dry weight (grams plant™') and protein, S, and Fe contents (milligrams plant ') of

tomato plants subjected to varying nutritional stress

Values given in parentheses are percentages of control. Data are means of six independent replicates run
in triplicate. C, Control; D, dual deficiency; F, Fe deficiency; S, S deficiency.

Tissue and Treatment Dry Weight Protein Content S Content Fe content
g plant™’ mg plant™’

Shoot
C 0.185 (100)? 12.729 (100) 0.236 (100) 0.098 (100)?
F 0.112 (60)° 10.570 (83)° 0.115 (58)° 0.026 (25)°
S 0.066 (35)° 4.605 (36)° 0.023 (4)° 0.016 (15)°
D 0.059 (32)° 3.484 (27)¢ 0.014 (3)° 0.008 (8)

Root
C 0.024 (100)* 1.494 (100)° 2.199 (100) 0.750 (100)?
F 0.016 (66)" (75)° 1.292 (49)° 0.186 (27)°
S 0.009 (40)° (64)° 0.099 (10) 0.111 (16)°
D 0.008 (32)° (51)8 0.075 (6)° 0.061 (8)

“Significant differences between samples (P < 0.05).
0.05). “Significant differences between samples (P < 0.05).

ples (P < 0.05).

bSignificant differences between samples (P <
dSignificant differences between sam-

altered the accumulation of other essential macroele-
ments within the tomato seedlings (Fig. 1).

As expected, lower concentrations of sulfate were
measured in both shoots and roots of S-deficient tomato
seedlings. Fe deficiency did not affect the sulfate content
in shoots and roots, and a combined deficiency of Fe and
S did not further reduce the sulfate content than under
sulfate-deplete conditions (Fig. 1A). This finding reveals a
distinctively different behavior of sulfate accumulation in
the tissue compared with total S amounts, which are,
indeed, negatively affected by Fe depletion.

By contrast, shoot concentrations of phosphate
seemed sensitive to both Fe and S deficiency. For in-
stance, an increase in phosphate concentration was
observed in shoots of —Fe (+34%) and —S (+46%)
plants, and the increase became more evident with the
imposition of the dual deficiency, reaching an almost 3-
fold increase compared with control plants (Fig. 1B).
However, at the root level, neither Fe nor S starvation
significantly affected phosphate concentrations (Fig.
1B). Shoot nitrate concentrations were not significantly

different between nutrient-deprived and control plants
(Fig. 1C), whereas —Fe and —Fe-—S plants showed
slightly reduced nitrate concentrations in roots (ap-
proximately —15%), and —S plants displayed control or
even slightly increased nitrate levels (Fig. 1C).

Transcriptional Analysis of ST Genes

To explain the reduction in the accumulation of total
S in Fe-deprived plants, the expression patterns of five
genes coding for STs belonging to three different
groups (1, 2, and 4) were evaluated (Figs. 2 and 3).

All five ST genes were found to be expressed in both
roots and shoots of control plants, although their rela-
tive expression was different among the two tissues
(Fig. 2). SIST1.1 was preferentially expressed in roots,
with a transcriptional level about 37 times higher than
in shoots, whereas the abundance of transcripts of the
other ST of the group 1, SIST1.2, was approximately the
same in shoots and roots of control plants and about 1.5
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Figure 1. Sulfate (A), phosphate (B), and nitrate (C) concentrations (micromoles gram ™' fresh weight [FW]) in shoots (white bars)
and roots (gray bars) of tomato plants subjected to varying nutritional stress. Data are means = sp of six independent replicates run
in triplicate. Significant differences between samples are indicated by different letters: different uppercase letters indicate sig-
nificant differences in roots (P < 0.05), and different lowercase letters indicate significant differences in shoots (P < 0.05).

C, Control; D, dual deficiency; F, Fe deficiency; S, S deficiency.
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Figure 2. Relative expression levels by qRT-PCR of the five ST genes in
shoots (white bars) and roots (gray bars) of control tomato plants. The six
cDNA pools from shoots and roots of three control plants (three bio-
logical replicates) were tested in triplicate and normalized using the
geometric average of the relative expression of the two reference genes
SITIP41 and SICAC. Relative expression levels of the five genes were
referred to those of a calibrator set to the value of 1, which was repre-
sented by the gene in the two tissues with the lowest expression
(SISTS1.1 in shoots), and are given as averages * sp. Significant differ-
ences between samples are indicated by different letters: different up-
percase letters indicate significant differences in roots (P < 0.05), and
different lowercase letters indicate significant differences in shoots
(P < 0.05). Asterisks indicate significant differences between different
tissues at the same nutritional condition (**, P < 0.05; and ***, P < 0.01).

times lower than that of SIST1.1 in roots (Fig. 2). In
contrast, the expression levels of the two tomato group 2
STs, SIST2.1 and SIST2.2, were higher in shoots than in
roots of control plants, with the highest difference ob-
served for SIST2.2 (approximately 3-fold higher; Fig. 2).
Finally, the transcript levels of SIST4.1 were equally high
in both shoots and roots of control plants and similar or
even higher compared with the respective highest ex-
pression levels of the other four ST genes (Fig. 2). In
agreement with previous results, the five ST genes
belonging to groups 1, 2, and 4 were significantly up-
regulated by S deficiency in both shoots and roots of to-
mato seedlings, with the exception of SIST2.2, which was
unaffected in root tissues by exposure to S deprivation
(Fig. 3). For instance, the transcript levels of SIST1.1 were
approximately 11 and 15 times higher in shoots and roots,
respectively, compared with control plants, whereas the
relative amounts of transcripts of the other high-affinity ST
gene SIST1.2 increased approximately 18 and 27 times in
shoots and roots, respectively (Fig. 3, A and B). Similarly,
the expression of SIST4.1 was significantly up-regulated in
response to S deprivation, with transcript abundance ap-
proximately 6 and 15 times higher in shoots and roots,
respectively, than in control plants (Fig. 3E). Moreover,
although SIST2.1 was induced in shoots by about 3-fold,
the transcript levels of this gene were strongly up-
regulated in root tissues upon sulfate starvation (approx-
imately 13 times higher than in control plants), whereas S
deprivation induced significant changes in the expression
of the other low-affinity ST gene SIST2.2 only in shoots,
with a transcriptional level approximately 10 times higher
than in control plants (Fig. 3, C and D).
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Interestingly, with the exceptions of SIST2.1 in shoots
(Fig. 3C) and both SIST1.1 and SIST2.2 in roots (Fig. 3, A
and D), all of the tomato ST genes analyzed were al-
ready significantly up-regulated after the imposition
of Fe limitation under S-sufficient conditions, and their
expression was increased to an even greater extent
when S-deficient plants were additionally deprived of
Fe (Fig. 3). At the root level, the high-affinity ST gene
SIST1.2 was up-regulated by Fe deficiency (transcrip-
tion levels approximately 3 times higher than in control
plants; Fig. 3B), whereas the expression of the two low-
affinity STs SIST2.1 and SIST4.1 was approximately 3
and 2 times higher than in control plants, respectively
(Fig. 3, C and E). However, the expression of four of five
analyzed ST genes was up-regulated in shoots upon
Fe deprivation, with transcriptional levels about 2- to
3-fold higher than in control plants (Fig. 3).

It is worth noting that, despite these increases in ex-
pression of ST genes, which indicate that the plants
sense sulfate deprivation, total S levels are reduced
under S starvation, dual starvation, and even exclusive
Fe starvation (Table I).

Transcriptional Analysis of Fe Stress-Related Genes

The three genes SIFRO1, SIIRT1, and SIFER were used
as representative Fe deficiency-responsive genes. Their
expressions in response to the Fe availability and function
have been previously described (Eckhardt et al.,, 2001;
Ling et al., 2002; Bereczky et al., 2003; Li et al., 2004;
Brumbarova and Bauer, 2005; Schikora et al., 2006).
SIFRO1 encodes ferric chelate reductase, which reduces
Fe** at the root-soil interface, and the SIIRT1 gene en-
codes a high-affinity Fe*" transporter. Together, the pro-
ducts of these two genes mobilize Fe** across the root
epidermal plasma membrane into root cells. The ex-
pression of both SIFRO1 and SIIRT1 genes is controlled
by the basic helix-loop-helix (bHLH) transcription factor
SIFER. Their expression was detected only in roots under
all nutritional conditions analyzed, and as previously
described (Paolacci et al., 2014), the relative amounts of
their transcripts in roots of control plants were markedly
different (Fig. 4). In particular, the transcript level of
SIIRT1 was approximately 2 times that of SIFER in con-
trol plants, whereas SIFRO1 was expressed at a very low
level (transcription levels approximately 28 and 13 times
lower than those of SIIRT1 and SIFER, respectively; Fig. 4).

In agreement with previous results, the expression of
SIFRO1, SIIRT1, and SIFER was strongly up-regulated
by Fe deprivation in roots of tomato seedlings (Fig. 5).
In particular, SIFER and SIFRO1 displayed very similar
expression patterns, with significant increases under Fe
deficiency alone (approximately 7-fold) or combined
with S deficiency (approximately 8-fold), whereas their
expression was unaffected by S starvation alone (Fig. 5,
A and B).

However, the expression of the SIIRT1 gene in roots
of tomato seedlings under Fe deficiency treatment also
showed a sharp increase with a transcriptional level
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Figure 3. Relative expression levels by real-time qRT-PCR of SIST1.1
(A), SIST1.2(B), SIST2.1(C), SIST2.2 (D), and SIST4.1 (E) genes in shoots
(white bars) and roots (gray bars) of tomato plants subjected to varying
nutritional stress. Data are means = sp of three independent replicates
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approximately 5 times higher than in control plants
(Fig. 5C). Interestingly, SIIRT1 was also significantly
up-regulated in roots harvested from S-deficient plants,
even if the expression level of SIIRT1 induced by S
starvation (approximately 2-fold higher than in control
plants) was significantly lower than that found under
Fe deficiency (Fig. 5C). Moreover, we found that the
transcriptional level of SIIRT1 in roots exposed to both
Fe and S deficiency was approximately 7 times higher
than in control plants, which corresponded to the sum
of the transcript increases observed in the —Fe and —S
plants (Fig. 5C).

Determination of Metabolite Levels

More than 40 metabolites were extracted and iden-
tified from both shoots and roots of tomato seedlings
(Table II). We describe changes in metabolites involved
in the tricarboxylic acid cycle (Table II), changes in
primary metabolites and ions involved in the S assim-
ilation pathway (Fig. 6; Table II), and changes in the
content of the amino acid NA (Fig. 7), which plays an
important role in Fe transport within the plant (von
Wiren et al., 1999). Although fully quantitative data are
displayed in Figures 6 and 7 and Table II, allowing the
comparisons between both tissues and conditions, all
data were summarized as fold changes normalized to
the control level in Figure 8, which facilitates the com-
parison of relative changes and tendencies in relation to
the full nutrient state. A principal component analysis of
this data set (Supplemental Fig. S1A) placed root and
shoot samples from fully nutrient-supplied seedlings at a
similar position, whereas all other nutrient conditions
were clearly separated. Principal component accounts for
71.6%, separating the data sets on the basis of sulfate
availability. The respective PCA loadings (Supplemental
Fig. S1B) display that the main metabolites driving this
separation are the known sulfate starvation response
metabolite O-acetyl-serine (OAS); the N-rich amino
acids Lys, Arg, Asn, Orn, and GIn, and the aromatic
amino acids Tyr, Trp, and Phe, all of which accumu-
late. Furthermore, down-regulated metabolites contrib-
uting strongly to PC1 are glutathione, reduced (GSH),
v-glutamyl-cysteine (GEC), sulphide, total S, Cys, and
sulfate (i.e. all S-containing metabolites) as well as py-
ruvate (Hirai et al., 2004; Nikiforova et al., 2005; Sieh
et al., 2013; Bielecka et al., 2014).

In tomato shoots, organic acid metabolism (the tri-
carboxylic acid cycle) was differentially affected by Fe
and S availability. In particular, fumarate, citrate, and
malate increased significantly with sole Fe deficiency,
whereas sole S deficiency led to large and significant

run in triplicate. Significant differences between samples are indicated
by different letters: different uppercase letters indicate significant dif-
ferences in roots (P < 0.05), and different lowercase letters indicate
significant differences among in shoots (P < 0.05). C, Control; D, dual
deficiency; F, Fe deficiency; S, S deficiency.
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Figure 4. Relative expression levels by qRT-PCR of the three iron stress-
related genes (SIFROT, SIIRT1, and SIFER) in roots of control tomato
plants. The three cDNA pools from roots of three control plants (three
biological replicates) were tested in triplicate and normalized using the
geometric average of the relative expression of the two reference genes
SITIP41 and SICAC. Relative expression levels of the three genes were
referred to those of a calibrator set to the value of one, which was
represented by the gene with the lowest expression (SIFRO1). Statistics
are the same as in Figure 2.

decreases of their relative amounts (Table II). When to-
mato seedlings were exposed to dual deficiency, the rel-
ative amounts of malate and citrate did not change
significantly compared with S-deprived plants, whereas
fumarate was further reduced (Table II). When —Fe
plants were also exposed to S deficiency, the greatest
change was found in tricarboxylic acid cycle intermedi-
ates, all of which significantly declined (Table II).

In tomato roots, Fe deficiency resulted in a 3-fold
increase of citrate, but the same compound did not
change significantly with either S deficiency alone or
dual deficiency (Table II), especially compared with
shoots where citrate is slightly reduced compared with
control. However, the relative amounts of fumarate and
malate did not change when plants were exposed to a
single deficiency but decreased significantly on expo-
sure to dual deficiency (Table II).

S-containing compounds can be assumed to react in a
sensitive manner to depletion of the availability of the
element. Figure 6 shows the effect of different nutrient
availabilities on the concentrations of sulfide and selected
S-containing metabolites (the thiols Cys, GEC, and GSH
and the downstream product of the Cys Met pathway
SAM), whereas changes in Met content are reported in
Table II; all data are summarized in Figure 8. As already
observed for total S content (Table I) and sulfate concen-
tration (Fig. 1), the sulfide concentrations were strongly

A SIFER B SIFRO1 c
2

2 10 B B 10 B B 10
g 8 8 8
& 6 6 6
g 4 4 5 4
g2 24 A 2
2o 0 0

C F S D c F 5 0D

Plant Physiol. Vol. 169, 2015

Sulfur-Iron Interaction in Tomato

reduced by S starvation in both shoots and roots of to-
mato plants (Fig. 6). Moreover, changes in sulfide con-
centration closely followed the pattern of total S content
when tomato seedlings were grown under Fe depriva-
tion, showing significant decreases (—60% and —80% in
shoots and roots, respectively) with respect to the control
plants (Figs. 6 and 8). As expected, the withdrawal of S
from the nutrient solution resulted in a significant de-
crease of pools of selected S-containing compounds, with
the exception of SAM and at least in root tissues, Met,
which seemed to be less affected by S deficiency (Fig. 6).
Met levels were differently affected by S starvation in
shoots and roots (Table II). In particular, in root tissues,
Met levels were almost unaffected but significantly de-
creased in shoots of plants exposed to single or combined
S deficiency compared with control plants (Fig. 8; Table
II). This reduced pool size was coupled to increases of the
Cys precursors Ser, Gly, and OAS (Fig. 8; Table II).

As noted previously for total S and sulfide contents,
exposure to Fe deficiency alone also resulted in a pro-
nounced decrease of S-containing metabolites, with the
exception of Cys, which was unaffected in shoots and
even increased (+50% compared with the control) in
roots under Fe stress (Fig. 6). Surprisingly, the increase
in Cys accumulation was not associated with a corre-
sponding reduction of either Ser or OAS (Table II).
However, the reduction of sulfide and the major thiols,
GEC and GSH (Fig. 6A), indicate an existing sulfate
starvation stress condition under which Cys contents
would be anticipated to be reduced (Fig. 6D).

The majority of amino acids increased under either S
or dual deficiency (Table II). Among amino acid com-
pounds, NA plays a key role in Fe transport within the
plant and is produced from the precursor SAM, which
is synthesized directly from the S-containing amino
acid Met. NA levels were found to be very low in shoots
compared with roots, and also, NA accumulation was
not affected by Fe deficiency alone (Fig. 7). Interest-
ingly, under S deficiency, whether alone or in combi-
nation, NA accumulation in both shoots and roots was
not detectable (Fig. 7). Despite this effect, the levels of
the NA precursor SAM remained available (Fig. 6E).

DISCUSSION

Is There a Differential Metabolic Response to S Deficiency
when Plants Are Also Fe Deficient?

The effects of S deficiency on Arabidopsis seedlings
have been described by Nikiforova et al. (2003, 2004,

Figure 5. Relative expression levels by
real-time qRT-PCR of SIFER (A), SIFRO1 (B),
and S/IRTT (C) genes in roots of tomato
plants subjected to varying nutritional stress.
Statistics are the same as in Figure 3. C,
Control; D, dual deficiency; F, Fe defi-
ciency; S, S deficiency.

SIIRT1
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Table II. Relative amounts of metabolic compounds in shoots and roots of tomato plants subjected to

varying nutritional stress

Peak height in GC-TOF/MS analysis was normalized to sample fresh weight. Statistics are the same as in
Table 1. C, Control; D, dual deficiency; F, Fe deficiency; na, not analyzed; S, S deficiency.

Compound Shoot Root
C F S D C F S D

Ala 3.73% 3.52°  9.79°%¢ 1644 120" 1.40° 3.07°° 2.06*°
Ala, B- 0.02* 0.02*  0.05"°  0.08“¢ 0.02° 0.02* 0.05° 0.03*"
Arg 0.11* 0.08*° 1.12*¢  343% 003" 0.01* 019> 0.41%
Asn 0.13* 0.11*  0.95° 3.89"¢  0.10° 0.06° 0.67*°  2.39¢
Asp 2.95% 2.55%0 25550 205b 9497 1960 3.71P¢ 256
Citric acid 5.47° 5.99°¢ 426" 423" 1450 4715 1.80°  2.24°
Fru 3.24% 433" 4732 420°  0.18  0.22° 0.92°¢ 0.71P¢
Fumaric acid 0.53* 0.66°° 036>  0.19% 016" 0.14* 0.15  0.09"f
y-Aminobutyrate 3.01° 256> 2.84P4F 32670 118 128 1.78°¢ 1.71°¢
Glc 3.91 524 6.10° 5.05°  0.16> 0.23* 0.70°¢  0.43%¢
Glc-6-P 0.02* 0.02°  0.02° 0.01""  0.04* 0.04* 0.05>¢ 0.03"f
Glu 5.23% 534>  go2bcd  464Pef 3517 344 657°¢ 578>
GIn 1.78% 1.71*  21.16>°  28.46% 1.33* 1.07° 7.82°¢ 14.07%¢
Glutaric acid, 2-oxo- 0.07° 0.09°  0.03>"  0.02%" 032* 044 030° 031°
Inositol, myo- 2,93 3.45* 482%  5719°¢ 054 073 1.16°  2.70°°
lle 0.30° 0.33? 1.40° 453>¢ 048 026" 0.83¢ 1.63%
Lys 0.07* 0.09°  0.94° 3.66%¢  0.11* 0.07*  0.25*¢  0.65%
Malic acid 6.71* 7.94> 4764 3934 5190 470° 4.13*®> 350"
Met 0.05* 0.04>"  0.029f 0.04*"  0.09° 0.060 0.09° 0.112
Orn 0.10° 0.07° 1.03>¢  3.62° 0.07° 0.07* 027°¢ 0.53%
Phe 0.15* 0.15%  0.93"  2.08°¢ 025 0.13* 041> 0.45"¢
Phosphoric acid 1.34* 1.76% 2.22° 4.76°¢  8.16° 836 9.27*° 10.63°
Pro 0.63* 0.48>  0.73? 0.81*" 0.45* 036* 055" 0.76"¢
Pro, 4-hydroxy 0.01* 0.01*  0.04 0.11°¢ na? na? 0.03> 0.12¢
Putrescine 0.30° 0.30°  0.47°¢  0.60°° 032* 0.23>" 028" 039
Pyruvic acid 0.04* 0.04*  0.02°  0.01> 003 003 0.02>F 0.02°f
Quinic acid 0.59* 0.70** 0.87% 1.14% 032 0.29° 0.44>  0.54P¢
Saccharic acid 0.08° 0.09°  0.09° 0.09° 1.68 0.80>" 0.77°%" 0.38%f
Ser 1.03* 1.34* 528> 893 0.01° 001 0.02° 0.02"¢
Ser, O-acetyl- 0.02° 0.02*°  0.47° 2.03>¢  0.01* 0.01* 0.20° 017>
Succinic acid 0.13* 0.22°  0.08" 0.04*"  0.19* 0.17° 0.3 0.08%f
Suc 493 567°  5.88° 5.70° 035 0.33" 0.52°¢  0.46%¢
Thr 0.51° 0.62*  1.78 3.85P¢ 024 0.21°  0.46°° 0.82¢¢
Trp 0.12* 0.08*  0.56% 171 0.02°  0.01* 0.02°  0.05"¢
Tyramine 1417 1320 1.04° 1.51°  0.44* 030 054 028"
Tyr 0.08* 0.07*  0.43° 2,03 023 012 047°¢ 0.58"¢
Val 0.60° 0.62°  2.64% 7.75"¢  0.60° 0.48" 1.35>° 2.19°d

“Significant differences between samples (P < 0.05).
dSigniﬁcant differences between samples (P < 0.05).
‘Decreased levels.

0.05). “Increased levels.
ferences between samples (P < 0.05).

bSignificant differences between samples (P <
€Significant dif-

2005), Maruyama-Nakashita et al. (2004), and Hirai
et al. (2005) using transcriptome and metabolome-wide
approaches. Growth of Arabidopsis plants on S-free
nutrient medium has been shown to lead to large de-
creases in chlorophyll, proteins, and RNA, suggesting
severe alterations of plant metabolism. Accordingly, in
tomato plants, it was also previously shown that S de-
ficiency resulted in a significant decrease of plant
growth and a diminution of chlorophyll content (Zuchi
et al., 2009). In this study, those effects observed at the
macroscopic level when tomato was exposed to S
starvation were correlated with a significant reduction
of protein abundance (Table I). Data shown in Table I
confirm previous findings (Zuchi et al.,, 2009) that
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sulfate nutrition affects not only S accumulation in
plant tissues but also Fe accumulation, with S defi-
ciency resulting in a decrease of the total S content,
which would be expected, and interestingly, a massive
decrease in Fe content.

Sulfate uptake and assimilation rates are modulated
in response to both plant S demand for growth and
external S supply (Hawkesford and De Kok, 2006).
Plant exposure to limited S supply results in an
up-regulation of the sulfate uptake capacity by an
increased expression of STs (for review, see
Lewandowska and Sirko, 2008; Takahashi et al., 2011).
Accordingly, most of the ST genes belonging to groups
1, 2, and 4 showed a significant increase in their
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Figure 6. Sulfide (A), Cys (B), GEC (C), GSH (D), and SAM (E) concentrations
(micromoles gram71 fresh weight [FW]) in shoots (white bars) and roots (gray
bars) of tomato plants subjected to varying nutritional stress. Data are means * sp
of six independent replications run in triplicate. Statistics are the same as in
Figure 1. C, Control; D, dual deficiency; F, Fe deficiency; S, S deficiency.
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expression upon S starvation (Fig. 3). In particular, a
major increment of transcript abundance in response to
S deprivation was detected for SIST1.1 and SIST1.2 in
both roots and shoots (Fig. 3, A and B). Previously, such
high-affinity group 1 STs were characterized as being
responsible for the primary uptake of sulfate by the root
(Buchner et al., 2010). However, several studies also
showed the presence of their transcripts in shoots of
S-deficient plants, suggesting a further function for S
distribution into different cell types in different tissues
(Koralewska et al., 2007; Ciaffi et al., 2013). In contrast
to what has been suggested before (Parmar et al., 2007;
Koralewska et al., 2008), SIST1.1 and SIST1.2 showed the
same pattern of regulation in both shoots and roots of
tomato plants (Fig. 3, A and B), suggesting that these
transporters could be involved in the widespread and
tissue-independent response to S deficiency. Otherwise, S
deprivation promoted the expression of other transporters
in a tissue-dependent manner. In particular, the low-
affinity group 2 ST, SIST2.2, seems to play a specific role
in S deficiency response at the shoot level (Fig. 3D),
whereas both SIST2.1 and SIST4.1 seem to be predomi-
nantly root specific (Fig. 3, C and E). There were also some
interesting additional trends in the expression profiles of
STs. First, there was a significant increase in the abundance
of transcripts after imposition of sole Fe deficiency. Sec-
ond, S and Fe deficiency in most cases interacts synergis-
tically, resulting in an even more increased expression of
STs in shoots and roots of plants exposed to dual defi-
ciency than in those deprived for a single nutrient (Fig. 3).

As indicated in Figure 3, apart from SIST2.1, all of
the tomato ST genes analyzed were significantly up-
regulated after the imposition of Fe limitation alone
under S-sufficient conditions, clearly suggesting an in-
creased uptake and translocation capacity of sulfate
within the plant induced by Fe deprivation. However,
upon Fe deprivation, some transporters showed ex-
pression changes, which were common to the shoots
and the roots (SIST1.2 and SIST4.1), whereas others
were specific to shoots (SIST1.1 and SIST2.2) or roots
(SIST2.1). The up-regulation of the high-affinity ST gene
SIST1.2 by Fe deficiency in roots suggests an increased
sulfate uptake capacity, whereas the elevated expres-
sion of the two low-affinity STs SIST2.1 and SIST4.1 is
probably an indication of an increased sulfate translo-
cation capacity from root to shoot induced by Fe dep-
rivation. The finding that SIST4.1 transcripts were less
abundant in shoots than in roots under S and dual de-
ficiency conditions, while being at least as abundant in
shoots as in roots under Fe starvation suggests an im-
portant function of this transporter in the mobilization
of sulfate from the vacuoles to the cytosol in roots to
regulate the flux of sulfate toward the xylem, which
was previously shown in Arabidopsis by Kataoka et al.
(2004). It should, however, be noted that, despite the
increased uptake capacity and sulfate availability in the
medium, total S levels were reduced under Fe starva-
tion and not just under S and dual starvation (Table I).

The differential expression patterns of genes encod-
ing the two high-affinity STs (SIST1.1 and SIST1.2)
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Figure 7. NA concentration (micrograms gram ™' fresh weight [FW]) in
shoots (A) and roots (B) of tomato plants subjected to varying nutritional
stress. Data are means = sp of six independent replications run in
triplicate. Statistics are the same as in Figure 1. C, Control; D, dual
deficiency; F, Fe deficiency; n.d., not detectable; S, S deficiency.

observed in roots after Fe starvation likely indicate that
the mechanisms of sulfate uptake regulation under Fe
and S deficiency are distinct in tomato. This cross in-
fluence cannot be explained currently. Although sulfide
levels get reduced under Fe starvation, Cys levels even
increase without a corresponding decrease of the Cys
precursor molecules Gly, Ser, and OAS (Figs. 3 and §;
Table II), thus displaying a combination of S starvation
and S sufficiency metabolic signatures. One possible
explanation is that, despite the transcriptional induc-
tion of the uptake system, the STs do not get activated
posttranslationally by phosphorylation of the Sulfate
Transporter and Anti-Sigma factor antagonist domain,
which has been shown to be essential (Rouached et al.,
2005). This would require distinct regulatory processes
targeting STs upon Fe or S starvation. Under Fe star-
vation, the flux toward SAM and NA or ethylene might
be favored to secure Fe uptake and in planta transport
rather than GSH biosynthesis. It is also noteworthy that
Fe depletion additionally results in a reduction of shi-
kimate pathway intermediates (Fig. 8). Thus, it seems
that, under Fe depletion, Reactive Oxygen Species
scavenging is compromised in favor of using resources
for safeguarding Fe uptake.

It has been suggested that the pathway intermediate
OAS is a regulator of S metabolism (Hubberten et al.,
2012). However, OAS levels were not affected by sole Fe
starvation (Fig. 8; Table II), thus excluding the OAS
cluster-controlled response module from Fe starvation
control. This is in concordance with the fact that the
control of expression of STs seems to be independent
from OAS accumulation (Hopkins et al., 2005). With
respect to the regulation of sulfate uptake, it has been
proposed that the induction of STs is most likely trig-
gered by changes in sulfate concentration (Koralewska
et al., 2008), other than those in thiol compounds
(Maruyama-Nakashita et al., 2004; Davidian and
Kopriva, 2010). However, the molecular details under-
lying this mechanism remain unknown. This prompted
us to measure the concentration of these compounds
in the root and shoot of tomato plants upon exposure
to the different nutritional stresses. Clearly, the up-
regulation of ST genes after imposition of S defi-
ciency could be ascribed to a significant decrease of
sulfate concentration (Fig. 1A) as well as reductions in
S metabolites, particularly sulfide, Cys, GEC, and GSH
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(Fig. 6), in both shoots and roots. The up-regulation of
the ST genes after exposure of tomato seedlings to Fe
deficiency, however, did not depend on changes in
sulfate levels (which were not affected by this treat-
ment) but may result from associated alterations in
sulfide, GEC, and GSH concentrations (Fig. 6). In par-
ticular, these compounds decreased in Fe-deficient
plants compared with control plants, and the largest
reduction was observed in levels in roots.

Plants suffering from S limitation exhibit a reduction
of photosynthetic rate as well as decreased synthesis of
SAM and otherwise increased photorespiratory path-
way as evidenced by transcript, metabolite, or protein
profiling studies in Arabidopsis (Nikiforova et al.,
2005). Here, we report that, when tomato plants cope
with S deficiency at the shoot level, pools of the
S-containing compounds (Cys, GSH, Met, and SAM)
were decreased, whereas Ser and OAS were increased,
corresponding to the typical responses to S deficiency
alone in other plants. However, when S-deficient plants
were additionally exposed to Fe deficiency, SAM levels
were not reduced, potentially retaining flux to SAM as
discussed above.

The importance of Met and SAM as precursors of
ethylene has been suggested (Zuchi et al., 2009). Inter-
estingly, in this current study, Met and SAM levels did
not change in S-deficient roots, most likely mirroring
the increase in ethylene production in the same roots
and adding further support to what was initially hy-
pothesized. However, the significant reduction of root
ethylene production because of the imposition of ad-
ditional Fe deficiency to —S plants did not seem to be
associated to a reduction in root Met levels (Fig. 8; Table
II), although a decrease of SAM and associated me-
tabolites, as Cys and GSH, was observed (Fig. 6). This
stability in the amount of Met is in concordance with
previous findings in Arabidopsis that was exposed to
continued or exposed sulfate starvation (Nikiforova
et al., 2005).

The majority of amino acids increased under either S
or dual deficiency. This finding might be explained by
either an increased biosynthetic capacity or an in-
creased protein degradation rate. Previously, it was
shown that plants compensate for amino acid imbal-
ances, here caused by unavailability of S, by enhancing
amino acid biosynthesis (Hofgen et al., 1995). Further-
more, protein degradation may contribute to amino
acid increases (Table I), and the excess pools of nitrogen
need to be channeled into N-rich amino acids (Fig. §;
Table II), such as Orn, Arg, GIn, Asn, and Lys (Nikiforova
et al., 2006).

A previous report showed that the polyamine pre-
cursor putrescine accumulates under sulfate starva-
tion conditions (Nikiforova et al., 2005). The lack of
SAM providing the aminopropyl moiety to generate
spermidine and spermine likely accounts for this ac-
cumulation (Bielecka et al., 2014). However, under the
starvation conditions imposed in this experiment, SAM
levels remained unchanged, suggesting the operation
of a different, as yet unknown mechanism. At this
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Figure 8. Changes in the metabolite levels in shoots and roots of tomato plants subjected to varying nutritional stress. Differences
in metabolite abundance on a fresh weight basis were calculated by dividing the metabolite levels in the plants subjected to
nutritional stress (Fe deficiency [F], S deficiency [S], and dual deficiency [DI]) by the levels in the control plants (C). Blue and red
represent decreases and increases, respectively, compared with C plants. Fold changes of NA and 4-hydroxy-Pro in roots between
two conditions were calculated and colored orange, because the metabolites were not at detectable levels in other two condi-
tions. Data of ethylene production in roots were published (Zuchi et al., 2009). AAA, Aromatic amino acid; BCAA, branched
chain amino acid; GABA, y-aminobutyric acid; na, not analyzed; nd, not detected (below detection limit); TCA, tricarboxylic

acid.
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point, it might be hypothesized that Fe and S starvation
induces distinct response mechanisms that exhibit par-
tial overlap, which has indeed been shown by com-
paring the transcriptome of either Fe- or S-starved
Arabidopsis plants (Watanabe et al., 2010, 2012). This
might provide an explanation of why we find both
synergistic and contrasting changes at the transcript
and metabolite levels. Physiologically, Fe and S me-
tabolism needs to be correlated to a certain extent,
because for example, maintenance of Fe-S cluster for-
mation under conditions of inadequate nutrient supply
needs coordinated responses, whereas S metabolism is
additionally involved in multiple processes of primary
and secondary metabolism. Thus, we assume a control
independent from Fe metabolism of these especially
sulfate-related processes. In part, this is mirrored by
the intensive overlap but also, by distinct responses
of the S and Fe starvation transcriptome (Watanabe
etal., 2010, 2012). Furthermore, we need to state that
the tomato system shows differences to the standard
Arabidopsis system.

Is There a Differential Metabolic Response to Fe
Deficiency when Plants Are Also S Deficient?

The characterization of the response to limited Fe
nutrition in strategy I plants showed that the mobili-
zation of Fe’" ions from soil particles is favored by an
increased proton extrusion, likely driven by an increase
in plasma membrane H"ATPase activity, the induction
of a ferric chelate reductase activity, which allows
higher reduction rates of Fe’* to Fe’*, and increased
citrate and ethylene production in roots (Schmidt et al.,
1999; Lépez-Millan et al., 2001; Waters et al., 2002; Curie
and Briat, 2003; Kabir et al., 2012). The Arabidopsis
FRO2 and IRT1 genes, encoding the ferric reductase
and the Fe transporter involved in Fe** uptake from the
soil, respectively, are up-regulated in the root epidermis
in response to low Fe availability, with the FER-LIKE
IRON DEFICIENCY INDUCED TRANSCRIPTION
FACTOR (FIT) transcription factor (hHLH29) coordi-
nating their responses (Colangelo and Guerinot, 2004;
Walker and Connolly, 2008).

In this study, we found that exposure of tomato
seedlings to Fe deprivation inhibited protein synthesis
(Table I) and furthermore, that the reduction of Fe ac-
cumulation in both shoot and root tissues (Table I) was
closely related to the up-regulation of SIFER, SIFRO1,
and SIIRT1 (Fig. 5), similar to what is reported for their
orthologous genes FIT, FRO2, and IRT1 from Arabidopsis
(Colangelo and Guerinot, 2004; Walker and Connolly,
2008). More importantly, we found that Fe deficiency
additionally strongly reduced total S content in both
shoots and roots of tomato plants (—40% and —50%,
respectively), which led to an increased transcription of
STs, albeit that they seem to be inactive.

Some have proposed that increased root ethylene
production is required in strategy I plants under Fe de-
ficiency to positively regulate the expression of FIT-like
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genes (Lucena et al., 2006; Garcia et al., 2010). It has
been previously shown that, in tomato, the amount of
ethylene released by Fe-deficient roots was higher than
in the control plants (Zuchi et al., 2009), and accord-
ingly, in this study, an enhanced expression of SIFER
(Fig. 5) was found, which could be assumed to be es-
sential for the high-level induction of both SIFRO1 and
SIRT1 (Fig. 5). Surprisingly, S deficiency treatment
alone has also been shown to increase the root ethylene
production (Zuchi et al., 2009), which has been sug-
gested to be because of a marked decrease of protein
synthesis (Table I) and consequently, the accumulation
of ammonia in plant tissue (Nikiforova et al., 2005).
However, the increased ethylene release observed
under S deprivation may not be accompanied by a
complete activation of the Fe deficiency response mech-
anisms, because among the three Fe-responsive genes
analyzed in this study, only the expression of SIIRT1
was significantly affected in roots of —S plants (Fig. 5).
This finding indicates that the two components of the Fe
deficiency response (reduction and transport) are dif-
ferentially sensitive to or regulated by ethylene levels,
confirming and extending previous findings in tomato
(Zuchi et al., 2009). Most interestingly, we found that
the transcriptional level of SIIRT1 in roots exposed to
both Fe and S deficiency was approximately 7 times
higher than in control plants, which corresponded to
the sum of the transcript increases observed in the —Fe
(5 times higher than in control plants) and —S (ap-
proximately 2-fold higher than in control plants) plants.
This finding suggests that IRT1 gene expression could
be regulated by complex mechanisms that might differ
from Fe supply. This hypothesis is further supported by
the finding that, in the roots of the tomato Fe-inefficient
mutant T328fer, SIFRO1 transcripts were not detected,
whereas SIIRT1 expression may still be observed under
both Fe-deficient and -sufficient conditions (Li et al.,
2004), suggesting that the SIIRT1 expression is un-
der the control of different transcriptional regulators.
Moreover, as recently reviewed by Brumbarova et al.
(2015), several studies suggested that the expression of
IRT1 in Arabidopsis requires more than just the core
strategy I transcriptional regulators, which may explain
the strong connection between Fe uptake and other
mineral stress responses, including S deprivation
(Cailliatte et al., 2010; Abel, 2011; Bernal et al., 2012;
Forieri et al.,, 2013), and its integration into the plant
developmental program (Giehl et al., 2012; Blum et al,,
2014).

Synthesis of ethylene has been shown to require Met
as a precursor of SAM, which is also the precursor of
molecules, such as NA and polyamines (Hesse and
Hoefgen, 2003). In strategy I plants, it has been shown
that NA plays a key role in symplastic and phloem Fe
transport (Rudolph et al., 1985; Douchkov et al., 2002).
In higher plants, Met is produced by S assimilation, and
the Asp pathway provides the carbon backbone (Ravanel
etal., 1998; Hesse and Hoefgen, 2003). A constant level of
free Met is guaranteed by the Yang cycle, which recycles
the methylthio group for regeneration of Met when SAM
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is used for synthesis of polyamines or ethylene (Yang and
Hoffman, 1984). Thus, it seems likely that a limited S
supply in tomato might impair both ethylene and NA
synthesis, thus inhibiting both uptake and translocation
of Fe to the shoot (Table I). Our previous finding supports
this hypothesis, because under S-deprived conditions in
tomato, the expression of the NA synthase gene is com-
pletely blocked independently from the availability of Fe
(Zuchi et al., 2009). However, in this study, we showed
that the levels of the two precursors of ethylene and NA,
Met and SAM, remain constant in tomato seedlings un-
der the observed starvation conditions (Fig. 6; Table II).
Thus, on the basis of these results, it is difficult to interpret
the significance of this response, even if it is undoubtedly
attributable to regulatory mechanisms in which tomato
plants cope with changes in S availability in their envi-
ronment by tightly regulating Fe homeostasis (Table I).
However, considering the fact that the major sinks of Fe
are Fe-S clusters and heme, impaired Fe-S clusters as-
sembly occurring in the absence of S might induce plants
to limit excessive Fe accumulation to avoid resulting
toxicity effects. Moreover, recently, it was proposed that
the demand of Fe and S for the biosynthesis of Fe-S
clusters in the organelles may constitute a feedback sig-
nal that coordinates the uptake and reduction of both
nutrients (Balk and Pilon, 2011). In support of this hy-
pothesis, retrograde signals have been suggested that
regulate the uptake and metabolism of Fe during Fe de-
ficiency (Vigani et al., 2013).

It is well known that exposure to Fe deficiency in-
duces several metabolic changes occurring at the
whole-plant level (Zocchi, 2006). An increase in organic
acid metabolism (tricarboxylic acid cycle) with Fe de-
ficiency was observed at the shoot level, most likely to
sustain Fe acquisition by providing organic acids
(hence, the increase of citrate but no other tricarboxylic
acid cycle intermediates in roots under Fe starvation
[Fig. 8; Table II] and protons for rhizosphere acidifica-
tion). When —Fe plants were also exposed to S defi-
ciency, the greatest change was found in the tricarboxylic
acid cycle, which did not increase, and especially, no
significant citrate accumulation occurred in root tis-
sues. Furthermore, we found an accumulation of both
Ser and OAS upon Fe starvation alone as well as a
strong reduction of sulfide, suggesting that Cys bio-
synthesis was prevented, even if, surprisingly, the Cys
concentration was increased. Most likely, an increased
rate of protein degradation could explain the increased
Cys accumulation. The most likely explanation for the
elevated Cys content would be an increase in the pro-
tein degradation rate (Table I). Another possibility
could be a specific regulation that favors the Cys-
Met-SAM branch for eventual NA biosynthesis under
Fe-depleted conditions. Furthermore, the reduction of
available sulfide, although sulfate is available, could
be speculated to be the result of regulatory systems
keeping Fe and S levels in balance when Fe is not
available (Fig. 8).

In addition to the increased accumulation of organic
acids, particularly citric acid, in roots facilitating Fe
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mobilization (Relldn-Alvarez et al., 2011; Valentinuzzi
etal., 2015), metabolite profiles reported in Figure 8 and
Table II showed that Fe deficiency induced an accu-
mulation of Glc and Fru. A drop of pyruvic acid in
plants exposed to sulfate deficiency indicates a slow-
down of the glycolytic pathway, especially prevalent
under combined Fe and S starvation, where addition-
ally Glc-6-P levels were reduced (Fig. 8). These obser-
vations are in contrast to previous studies in sugar beet
(Beta vulgaris), which have generally shown that me-
tabolites related to glycolysis increased in Fe-deficient
roots (Lopez-Millan et al., 2000a, 2000b). Increase of
both tricarboxylic acid cycle and glycolytic activities is
commonly coupled with increased phosphoenolpyru-
vate carboxylase activity, which is involved in C fixa-
tion (De Nisi and Zocchi, 2000), most likely to provide
extra C skeletons for leaves with reduced photosyn-
thetic activity (Lépez-Millan et al., 2000a, 2000b). We
additionally assume that Glc and Fru accumulation is
related to stress responses and the onset of senescence,
which is in concordance with the observed protein
degradation, amino acid accumulation, and chloro-
phyll breakdown (Watanabe et al., 2013).

Other important Fe deficiency-induced changes were
the increase in Cys concentration and ethylene pro-
duction, whereas GSH decreased, and Met and SAM
were not changed. An increase in root Cys content
under Fe stress conditions was also found previously in
barley, a strategy Il plant (Astolfi et al., 2006b). Such
findings would indicate a role of this amino acid in both
strategies of Fe deficiency response. However, the im-
position of Fe deficiency to —S plants caused a strong
reduction of Cys and a moderate reduction of SAM
(Fig. 8), which resulted in a lower ethylene production
compared with sole Fe depletion, thus likely hindering
plant capability to develop the response mechanisms to
cope with Fe deficiency.

NA levels remained relatively stable in roots of
Fe-deficient plants (Fig. 7), regardless of a significant de-
crease of Fe content in the same tissue (Table I), whereas
its level drastically dropped when S was removed from
the nutrient solution (Figs. 7 and 8). The same held true
for NA concentrations in shoots, although levels were
clearly much lower than those observed in roots (Figs. 7
and 8). It is interesting to note that the reduction of Fe
content caused by S deficiency was greater than that
induced by Fe deficiency and also, that changes in NA
level show a correlation with previous observation
that S deficiency virtually abolished expression of the
Nicotianamine Synthase (NAS) gene, independent of
the Fe growth conditions (Zuchi et al., 2009). NA is
involved in both xylem and phloem Fe transport (von
Wiren et al., 1999; Briat et al., 2007), and it has been
reported that an elevated internal concentration of Fe
can significantly promote NA synthesis (Pich et al.,
2001). This response would be complementary to the
overall alleviation of Fe-induced oxidative damage.

As hypothesized above, we have to assume a com-
plex regulatory system, wherein Fe and S starvation
induces partially overlapping and partially distinct
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response mechanisms that coordinate plant response
to joint starvations. The detailed wiring of these re-
sponse modules still needs to be resolved. It is further
noteworthy that distinct differences occur between the
Arabidopsis model system and tomato.

MATERIALS AND METHODS
Plant Material

Tomato (Solanum lycopersicum ‘Gimar’) seedlings were grown hydroponi-
cally in plastic pots (six seedlings per pot) containing 2.2 L of nutrient solution
(Zhang et al., 1991) for 7 d and exposed to 1.2 mu sulfate and 40 M Fe-EDTA.
One-half of the plants were then transferred for another week to an S-free nu-
trient solution. Thereafter, one-half of the plants derived from the two S growth
conditions (+S and —S) were transferred to an Fe-free nutrient solution.

In S-free nutrient solution, sulfate salts (K*, Mn*', Zn?*, and Cu?*) were
replaced by appropriate amounts of the corresponding chloride salts (K*, Mn?*,
Zn**,and Cu”). Nutrient solution was continuously aerated and changed every
2 d. Plants were grown in a growth chamber under 200 gmol photons m™2 ™"
photosynthetic photon flux and a 14-h/10-h day/night regime (27°C/20°C
day/night temperature cycling and 80% relative humidity). Plants were harvested
17 d after sowing.

Extraction of Total RNA, Complementary DNA
Preparation, and Expression Analyses

Total RNA was extracted from shoots and roots of control and treated (dual
deficiency, Fe deficiency, and S deficiency) tomato plants using the method
described by Verwoerd et al. (1989). The resulting RNA was treated with
RNase-Free DNase I (Promega) according to the manufacturer’s protocol. After
digestion, nucleotides were removed from RNA using a G50 Sepharose Bulffer
Exchange Column (Amersham). RNA concentration and integrity were
checked using a NanoDrop ND-1000 Spectrophotometer (Labtech). The quality
of RNA samples was also assessed by electrophoresis on 1% (w/w) formal-
dehyde agarose gels. First-strand complementary DNA (cDNA) was synthe-
sized from 1 ug of RNA by the M-MLV (H-) Reverse Transcriptase (Invitrogen),
and the resulting cDNA was diluted 1:5 for real-time quantitative reverse
transcription (qQRT)-PCR analyses.

The expression of genes involved in Fe homeostasis (SIFRO1, SIIRT1, and
SIFER) and coding for STs of groups 1, 2, and 4 (SIST1.1, SIST1.2, SIST2.1,
SIST2.2, and SIST4.1) were analyzed by qRT-PCR as described in Paolacci et al.,
2014. In particular, qRT-PCR analyses were performed using an Mx3000PTM
Real-Time PCR System with Brilliant SYBR Green QPCR Master Mix (STRA-
TAGENE) according to manufacturer’s protocols in 25-uL reaction volumes
containing 1 uL of each 5-fold diluted cDNA and 150 nm forward and reverse
primers (reported for each analyzed gene in Paolacci et al., [2014]). Standard
curves based on five points, corresponding to a 5-fold dilution series (1:1-1:625)
from pooled cDNA, were used to compute the PCR efficiency of each primer
pair. PCR efficiency (E) is given by the equation E = (10 [-1/m] — 1) X 100
(Radonic et al., 2004), where m is the slope of linear regression model fitted over
log-transformed data of the input cDNA concentration versus Cycle threshold
(Ct) values according to the linear equation y = m X log(x) + b. Three biological
replicates, resulting from three different RNA extractions and reverse tran-
scription PCR and qRT-PCR reactions from three separate plants, were used in
quantification analysis; three technical replicates were analyzed for each bio-
logical replicate.

Raw Ct values were transformed to relative quantities using the ACt formula
Q = E*® where E is the efficiency of the primer pair used in the amplification of
a particular gene, and ACt is the difference between the sample with the lowest
Ct (highest expression) from the data set and the Ct value of the sample in
question. The expression data of the genes of interest were normalized using the
geometric average of the two reference genes Tonoplast intrinsic proteind-like
family protein (SITIP4I) and Clatrin adaptor complexes medium subunit (SICAC;
primer pairs reported in Paolacci et al., 2014), and their normalized relative
values were given as mean value * sp; sps on normalized expression levels were
computed according to the geNorm User Manual (geNorm Manual; updated
July 8, 2008). Relative expression levels of the genes of interest were referred to
those of a calibrator set to the value 1, which was represented by the treatment
with the lowest expression.
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Metabolite Extraction and Preparation for Gas
Chromatography-Time of Flight/Mass Spectrometry
Metabolite Profiling

Samples of shoots and roots grown in the conditions described above were
pulverized in liquid nitrogen, and aliquots of 100 to 150 mg of fresh weight were
prepared and used for metabolite extraction, derivatization, and analysis exactly
as described in Lisec et al., 2006.

Briefly, plant tissues were homogenized in a ball mill for 2 min at —60°C.
Thereafter, 1,400 uL of 100% methanol to stop enzymatic activity and 60 uL of
ribitol (0.2 mg mL ") as internal quantitative standard were added. Samples
were shaken for 15 min at 70°C in a thermomixer and then centrifuged for
10 min at 11,000g. The supernatant of each sample was transferred to a glass
vial; then, 750 uL of chloroform and 1,500 uL of deionized water were added,
and samples were centrifuged for 15 min at 2,200g. The polar upper phase
(150 uL) was collected from each sample, transferred into fresh Eppendorf
tubes, and dried in a vacuum concentrator without heating.

Resulting extracts were derivatized before gas chromatography-time of flight/
mass spectrometry (GC-TOF/MS) metabolite profiling as follow: 40 uL of
methoxyamination reagent constituted of 20 mg mL " methoxyaminhydrochloride
in pure pyridine freshly prepared was added to each sample, which was then
shaken for 2 h at 37°C. Thereafter, 70 uL of a mixture containing N-methyl-N-
(trimethylsilyl)trifluoroacetamide used as derivatization reagent and an excess of
the retention time index standard (0.8 mg mL " fatty acid methylesters in chloro-
form) was added, and samples were shaken for 30 min at 37°C. Finally, samples
were transferred to glass vials that are suitable for GC-TOF/MS analysis.

GC-TOF/MS Metabolite Profiling

The metabolite profiling was conducted on the polar phase of samples using
GC-TOF/MS analysis. In this experiment, an MDN-35 Column was used with
fatty acid methylesters as retention time standards and N-methyl-N-(trime-
thylsilyl)trifluoroacetamide as derivatization reagent. Injection, chromatogra-
phy, and mass spectrometer parameters used are described in Lisec et al., 2006.
The TagFinder Software described in Luedemann et al., 2008 was used for the
quantitative analysis of the metabolite profiling experiment.

NA Quantification

Extraction, derivatization, and analysis of NA levels were carried out using
a standard protocol for GC-TOF/MS (Lisec et al.,, 2006). NA was identified by
coelution with an authentic standard (provided by R. Hell). The ion with a mass-to-
charge ratio value of 186 was used for quantification. Recovery experiments, in
which the amount of authentic NA added at the start of the experiment was
doubled, yielded a result of 90.2 *+ 3.5%, indicating a high stability of the metabolite
and IR derivative throughout extraction, derivatization, and analytical processes.

Thiol Extraction and Determination

Thiols extract was prepared from shoot and root tissues of plants grown as
described above; 50 mg of frozen homogenized plant material was homogenized
in 100 uL of a solution containing 0.1 M HCI and 1% (w/v) polyvinyl-
polypyrrolidone and then put on ice. To each sample, 150 uL of 0.25 m
N-cyclohexyl-2-aminoethanesulfonic acid buffer, pH 9.4 and 20 uL of 25 mm
monobromobimane were added. Derivatization was carried out for 15 min in
the dark at 4°C. Then, the reaction was stopped by adding 100 uL of 100 mm
methanosulfonic acid, and after a centrifugation step of 15 min at 14,000 and
4°C, samples were diluted 1:3 with 92% (w/w) running buffer constituted of
0.25% (w/w) acetic acid, pH 4.0 and 8% (w/w) methanol; finally, they were
loaded to HPLC. HPLC analysis was conducted with an increasing methanol
gradient at pH 4.0 as described in Hubberten et al., 2012. Column eluent was
monitored by fluorescence detection (Aex = 380 nm/Aem = 480 nm). Mixed
standards treated exactly as the sample supernatants were used as a reference
for the quantification of free sulfide, Cys, GEC, and GSH.

Inorganic Ions Extraction and Determination

Frozen and ground shoot and root tissues (approximately 50 mg) from plants
grown as described above were homogenized in 500 1L of 0.1 mm HCIL Samples
were centrifuged twice for 5 min at 14,000¢ at 4°C, and finally, the superna-
tant was transferred to Amicon Ultra-3K Millipore Centrifugal Filters and
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centrifuged again at 5,000¢ at 4°C until complete filtration. The flow through
diluted 1:20 with deionized water was loaded to the Dionex ICS-2000 Sys-
tem. Elution was conducted with a linear gradient of KOH as described in
Hubberten et al. (2012). The concentrations of sulfate, nitrate, and phosphate
were determined using standard reference.

SAM Extraction and Determination

Frozen and ground shoot and root tissues (approximately 50 mg) from plants
grown as described above were homogenized in 400 uL of 0.4 M perchloric acid.
Samples were shaken for 15 min at 4°C and then centrifuged for 10 min at
14,000g at 4°C. Thereafter, the supernatant was transferred to Amicon Ultra-3K
Millipore Centrifugal Filters and centrifuged at 5,000¢ at 4°C until complete
filtration. The flow through was subjected to reversed-phase HPLC using an
ODS Column (Hyperclone C18; 250- X 4.6-mm i.d.; 5 um; Phenomenex) con-
nected to an HPLC system (Dionex) with a UV detector. Chromatography was
performed using an increasing methanol gradient comprising buffer A (50 mm
sodium dihydrogen phosphate and 8 mm octanesulfonic acid) and buffer B
(100% methanol) as follows: 0 to 1 min, 100% A and 0% B; 2 to 10 min, 80% A
and 20% (w/w) B; 10.5 to 20.5 min, 60% (w/w) A and 40% (w/w) B; 23 to
25 min, 80% (w/w) A and 20% (w/w) B; and 26 to 29 min, 100% A and 0% B
with a flow rate of 1.0 mL min". SAM was detected by UV absorption at 254 nm.

Amino Acid Extraction and Determination

Soluble amino acids were determined following a protocol modified from
Scheible et al., 1997. Frozen and ground shoot and root tissues (approximately
100 mg) from plants grown as described above were extracted three times for
20 min at 80°C: one time with 400 uL of 80% (v/v) aqueous ethanol (buffered with
2.5 mm HEPES-KOH, pH 7.5) and 10 uL of 20 uM nor-Val (as an internal standard),
one time with 400 uL of 50% (v/v) aqueous ethanol (buffered as before), and one
time with 200 uL of 80% (v/v) aqueous ethanol. Between the extraction steps,
samples were centrifuged for 10 min at 13,000, and the supernatants were col-
lected. The combined ethanol-water extracts were stored at —20°C or directly
subjected to reversed-phase HPLC using an ODS Column (Hyperclone C18; 150- X
4.6-mm i.d.; 3 um; Phenomenex) connected to an HPLC system (Dionex). Amino
acids were measured by precolumn derivatization with ortho-phthaldehyde in
combination with fluorescence detection (Lindroth and Mopper, 1979) as described
by Kreft et al. (2003). Peak areas were integrated using Chromeleon 6.30 Software
(Dionex) and subjected to quantification by means of calibration curves made from
amino acid standard mixtures.

Other Measurements

To determine total S content, 1 g of each shoot or root sample was dried at 105°C
and ashed in a mulffle furnace at 600°C. The ashes were dissolved in 10 mL of 3N
HCl and filtered through Whatman Number 42 Paper. After mixing 2.5 mL of
sieved mixture with 2.5 mL of 2% (w/v) BaCl,, the amount of BaSO, precipitate
was determined turbidimetrically (Bardsley and Lancaster, 1962).

Fe content in shoots and roots was determined after dry ashing (500°C) of
plant tissue and 1:30 HCl extraction by atomic absorption spectrometry.

Protein concentration was determined according to the work by Bradford
(1976) using bovine serum albumin as the standard.

Statistics

Each reported value represents the mean * sp of measurements carried out
in triplicate and was obtained from six independent experiments.

For expression analysis, each reported value represents the mean *+ sp of
measurements carried out in triplicate and was obtained from three indepen-
dent experiments.

Statistical analyses of data were carried out by ANOVA with the GraphPad InStat
Program (version 3.06). Significant differences were established by post hoc com-
parisons (Tukey’s honestly significant difference mean-separation test) at P < 0.05.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Principal component analysis of metabolite data.
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