
Impairment in Sulfite Reductase Leads to Early Leaf
Senescence in Tomato Plants1[W][OPEN]

Dmitry Yarmolinsky, Galina Brychkova, Assylay Kurmanbayeva, Aizat Bekturova, Yvonne Ventura,
Inna Khozin-Goldberg, Amir Eppel, Robert Fluhr, and Moshe Sagi*

The Jacob Blaustein Institute for Desert Research, Albert Katz Department of Dryland Biotechnologies,
Ben-Gurion University of the Negev, Beer Sheva 84105, Israel (D.Y., G.B., A.K., A.B., Y.V., I.K.-G., A.E., M.S.);
and Department of Plant Sciences, Weizmann Institute of Science, Rehovot 76100, Israel (R.F.)

Sulfite reductase (SiR) is an essential enzyme of the sulfate assimilation reductive pathway, which catalyzes the reduction of
sulfite to sulfide. Here, we show that tomato (Solanum lycopersicum) plants with impaired SiR expression due to RNA interference
(SIR Ri) developed early leaf senescence. The visual chlorophyll degradation in leaves of SIR Ri mutants was accompanied by a
reduction of maximal quantum yield, as well as accumulation of hydrogen peroxide and malondialdehyde, a product of lipid
peroxidation. Interestingly, messenger RNA transcripts and proteins involved in chlorophyll breakdown in the chloroplasts were
found to be enhanced in the mutants, while transcripts and their plastidic proteins, functioning in photosystem II, were reduced in
these mutants compared with wild-type leaves. As a consequence of SiR impairment, the levels of sulfite, sulfate, and thiosulfate
were higher and glutathione levels were lower compared with the wild type. Unexpectedly, in a futile attempt to compensate for
the low glutathione, the activity of adenosine-59-phosphosulfate reductase was enhanced, leading to further sulfite accumulation in
SIR Ri plants. Increased sulfite oxidation to sulfate and incorporation of sulfite into sulfoquinovosyl diacylglycerols were not
sufficient to maintain low basal sulfite levels, resulting in accumulative leaf damage in mutant leaves. Our results indicate that,
in addition to its biosynthetic role, SiR plays an important role in prevention of premature senescence. The higher sulfite is likely the
main reason for the initiation of chlorophyll degradation, while the lower glutathione as well as the higher hydrogen peroxide and
malondialdehyde additionally contribute to premature senescence in mutant leaves.

Sulfur is a constituent of many important biological
compounds including amino acids, the redox-buffering
tripeptide glutathione, polysaccharides, coenzymes,
sulfolipids, and many secondary metabolites (Amtmann
and Armengaud, 2009). Plants are able to reduce inor-
ganic sulfate to sulfide, which is subsequently incorpo-
rated into organic molecules. This process consists of
successive enzymatic reactions that occur in chloroplasts
of plant cells. Sulfate is transported to chloroplasts (Cao
et al., 2013), where it is adenylated by ATP:sulfate ade-
nylyltransferase (ATPS; EC 2.7.7.4). The product of this
reaction, adenosine-59-phosphosulfate (APS), is reduced
with the formation of toxic sulfite by APS reductases
(APRs; EC 1.8.4.9) employing reduced glutathione (GSH).
The further reductive assimilation of sulfite is catalyzed
by sulfite reductase (SiR; EC 1.8.7.1) that contains one
iron-sulfur cluster and one siroheme as prosthetic
groups and uses reduced ferredoxin as the physiological

donor of the six-electron reduction of sulfite to sulfide
(Nakayama et al., 2000; Yonekura-Sakakibara et al.,
2000). The latter is incorporated by O-acetyl-Ser (thiol)
lyases (EC 2.5.1.47) into Cys that can be used for glu-
tathione synthesis (Yi et al., 2010; Takahashi et al., 2011).

In addition to reductive assimilation, plants can perform
alternative sulfite conversion. The oxidation of sulfite to
sulfate is catalyzed by sulfite oxidase (SO; EC 1.8.3.1) and
is considered as the main avenue in plant protection
against sulfite toxicity (Brychkova et al., 2007; Lang et al.,
2007). Sulfur transferases (STs; EC 2.8.1.2) also participate
in sulfite detoxification by the synthesis of the less
toxic thiosulfate from b-mercaptopyruvate and sulfite
(Papenbrock and Schmidt, 2000; Tsakraklides et al., 2002).
UDP-sulfoquinovose synthase1 (SQD1; EC 3.13.1.1)
utilizes sulfite for the biosynthesis of sulfoquinovosyl
diacylglycerols (SQDGs; sulfolipids) required for proper
function of the photosynthetic membranes (Sanda et al.,
2001). The molecular factors and enzymes were shown re-
cently to act as a network inmaintaining sulfite homeostasis
in plants (Tsakraklides et al., 2002; Brychkova et al., 2013).

As with other nutrient metabolic pathways in plants,
the enzymes required for sulfur assimilation and thiol
metabolism are highly regulated and tightly coordinated
at many levels (Yi et al., 2010). The flux of metabolites
via the sulfate assimilation reductive pathway is con-
trolled by APR enzymes whose expression is modulated
by sulfate as well as nitrate availability and various
stress factors (Leustek et al., 2000; Martin et al., 2005).
However, it was recently revealed that SiR plays a more
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important role in the regulation of sulfate assimilation
than previously supposed. Arabidopsis (Arabidopsis
thaliana) plants with lowered SiR activity exhibited dra-
matically reduced biomass production as well as marked
disturbances in plant metabolism, indicating that SiR is
essential for plant growth and plays a flux-controlling
role in the sulfate assimilation reductive pathway (Khan
et al., 2010).

Although SiR exhibits a semiconstitutive pattern of
expression (Khan et al., 2010), this enzyme was induced
by short-term sulfite application (Brychkova et al., 2007,
2013; Yarmolinsky et al., 2013) as well as long-term SO2
fumigation (Randewig et al., 2012). By employing tomato
(Solanum lycopersicum) and Arabidopsis SiR mutants
overexpressing or impaired in SiR activity, it was re-
cently demonstrated that SiR not only functions as a
component of the sulfate assimilation reductive pathway
but also plays a role in protecting plants against sulfite
toxicity (Yarmolinsky et al., 2013). Importantly, the
plastidic 70-kD SiR enzyme acts as a binding protein in
the plastidic DNA organization in addition to its func-
tions in sulfite conversion (Cannon et al., 1999; Sato et al.,
2001; Chi-Ham et al., 2002; Sekine et al., 2002, 2007; Kang
et al., 2010).

Here, we show that impairment in tomato SiR ex-
pression resulted in accelerated yellowing of the cot-
yledons and later in the lower leaves of older plants,
while the upper leaves remained unaffected. In this
study, we demonstrated that the restriction of sulfate
reduction due to SiR impairment leads to a deregu-
lation of the sulfate assimilation reductive pathway,
resulting in decreased glutathione in SiR-impaired
plants. The consequent enhancement of sulfate assimi-
lation pathways causes further sulfite overproduction
and results in senescence-like damage of tomato leaves.

RESULTS

SiR-Impaired Plants Demonstrate Early Leaf Senescence

Suppression by RNA interference was recently shown
to down-regulate SiR transcript, protein, and activity
(Yarmolinsky et al., 2013). Independent lines with im-
paired SiR expression due to RNA interference (SIR Ri),
SIR Ri37, and SIR Ri40, displayed phenotypes of yellow
spots on the older leaves and were employed in this
study to unravel the connection between SiR impair-
ment and accelerated chlorophyll degradation.

The first clear-cut abnormality that distinguished
SIR Ri plants from the wild-type plants was early necrosis
and chlorophyll degradation in cotyledons at the age of
2 to 3 weeks (Fig. 1A). We further compared SIR Ri with
wild-type leaves at different stages of development. For
1-month-old plants, the following wild-type leaves were
compared with the corresponding SIR Ri leaves: (1) the
first and second leaves as counted from the top, (2) the
third leaf from the top, and (3) the fifth leaf from the top.
For the 2- or 3-month-old plants, we compared the third,
fifth, and seventh or third and sixth wild-type leaves,
respectively, with the corresponding leaves of SIR Ri

plants. The SIR Ri plants were characterized by obvious
fast yellowing of the older (lower) leaves, while the cor-
responding leaves of the wild-type plants remained green
or demonstrated only slight change in color. This phe-
notype was observed throughout the life span of SIR Ri
plants (Fig. 1B; Supplemental Fig. S1). In general, the SIR
Ri37 line demonstrated more pronounced symptoms of
early leaf senescence than SIR Ri40 plants (Fig. 1;
Supplemental Fig. S1), probably due to multiple inser-
tions in its genome (Yarmolinsky et al., 2013).

In addition to the decreased chlorophyll content
(Fig. 1; Supplemental Fig. S1), the photosynthetic effi-
ciency in the yellowing leaves of SIR Ri plants was
reduced. The maximum photochemical efficiency of
PSII in the dark-adapted state (Fv/Fm) was substan-
tially decreased in the lower leaves of SIR Ri plants
compared with the upper leaves of the same plants as
well as with the corresponding lower leaves of the
wild type (Fig. 1C; Supplemental Fig. S1). Imaging of
PSII activity in the whole tomato leaves revealed its
uneven distribution in the lower leaves of SIR Ri plants,
where the Fv/Fm ratio was greatly reduced at the edges,
while the tissue in the vicinity of the large vessels
remained mostly unaffected (Supplemental Fig. S2).

Enhanced production of reactive oxygen species
(ROS) as well as malondialdehyde (MDA), a marker
for lipid peroxidation, is characteristic of naturally
senescent leaves (Dhindsa et al., 1981; Khanna-Chopra,
2012; Wang et al., 2013). Staining leaves with
3,39-diaminobenzidine (DAB) revealed significantly
higher levels of hydrogen peroxide in the third and the
fifth leaves of 1-month-old SIR Ri plants compared
with the wild type (Supplemental Fig. S3). Impor-
tantly, MDA level increased with the age of SIR Ri
leaves and, unlike the generation of ROS, was higher in
all the tested leaves of SIR Ri plants compared with the
wild type (Supplemental Fig. S3). These results indicate
that MDA and ROS are indicative, if not the cause, of
the decrease in quantum yield and chlorophyll content
in the leaves of SIR Ri plants.

The casein lytic proteinase (Clp) complex is the most
abundant protease in the chloroplast stroma and is
known to be involved in controlling leaf senescence and
response to various stress factors (Roberts et al., 2012). An
ATP-dependent Clp protease regulatory subunit clpD
(encoded by senescence associated gene15) was associated
with leaf senescence in aspen (Populus tremula) and
Arabidopsis plants (Roberts et al., 2012). Significant up-
regulation of clpD transcript was evident in the lower
leaves of SIR Ri plants (Fig. 1D; Supplemental Fig. S1A),
indicating an enhanced degradation of chloroplast
proteins as a result of SiR impairment. The levels of
autophagy-related protein8a (ATG8a) were also higher in
SIR Ri plants than in the wild type plants, reflecting en-
hanced autophagy processes (Fig. 2B). Taking together
the enhanced degradation of chlorophyll, the reduction of
maximal quantum yield, the enhanced catabolic pro-
cesses, and the increase in MDA and ROS concentrations,
our results clearly indicate that SiR impairment results in
early leaf senescence phenotype in tomato plants.
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Figure 1. Early leaf senescence in SiR-impaired tomato plants compared with the wild type (WT). A, The damage on
cotyledons of SIR Ri plants at the age of 2 weeks (left). Chlorophyll content and Fv/Fm in the cotyledons of SIR Ri lines are
shown in the middle and right, respectively. The bars represent the average 6 SE (n = 6 in the chlorophyll assay; n = 8 for
the wild type and SIR Ri37; and n = 5 for SIR Ri40 in the Fv/Fm assay). B, Leaf phenotypes of wild-type and SIR Ri plants at
the age of 1 month. The top (1-2L), the third (3L), and the fifth (5L) leaves counted from the tops are shown together with
the general plant appearance. C, Chlorophyll content (left) and maximal quantum yield (middle) in the 1-month-old
tomato plants. Bars represent the average values 6 SE (n = 5 in the chlorophyll assay; n = 4 for the wild type; n = 6 for
Ri37; and n = 4 for SIR Ri40 in the Fv/Fm assay). D, Expression of clpD transcript in the 1-month-old tomato plants. The
values are average 6 SE (n = 8 for the wild type and SIR Ri [average of SIR Ri37 and SIR Ri40 plants]). Transcript
quantification was performed by real-time PCR using TFIID (SGN-U571616) as a housekeeping gene. The values were
normalized to the top leaf of the wild type. The values denoted with different letters are significantly different according
to the Tukey-Kramer honestly significant difference mean-separation test (JMP 8.0; P , 0.05). The uppercase letters
reflect differences between leaves of the same genotype; the lowercase letters distinguish different genotypes. The scale
bars are shown.
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Molecular Components Associated with Chlorophyll
Breakdown Lead to Early Chlorophyll Degradation in
Leaves of SiR-Impaired Plants

Chlorophyll breakdown is an obvious feature of leaf
senescence and is catalyzed by a number of enzymes
whose expression is tightly regulated to avoid accumu-
lation of highly toxic intermediate products (Hörtensteiner
and Kräutler, 2011). The accelerated degradation of
chlorophyll in SIR Ri plants led us to investigate the
mechanism/s of chlorophyll catabolism in the 1- and
2-month-old plants (Fig. 2A; Supplemental Fig. S4A).
Importantly, the transcript encoding STAY-GREEN1
(SGR1) protein, the initiator of chlorophyll break-
down in chloroplasts (Sakuraba et al., 2012), was
significantly enhanced in the lower leaves of SIR Ri
plants compared with both the young leaves of the
same plants and with the leaves of wild type plants
(Fig. 2A; Supplemental Fig. S4A). Similar to SGR1, the
transcript of PHEOPHYTINASE (PPH) gene, which
encodes the protein involved in the first step of
chlorophyll breakdown (Hörtensteiner and Kräutler,
2011), was clearly up-regulated in SIR Ri plants (Fig.
2A; Supplemental Fig. S4A). PHEIDE A OXYGEN-
ASE (PAO) catalyzes the key reaction of chlorophyll
catabolism, porphyrin macrocycle cleavage of pheo-
phorbide A to a primary fluorescent catabolite (Pruzinská
et al., 2003; Hörtensteiner and Kräutler, 2011). Although
there were no differences in PAO transcript levels be-
tween the genotypes, western immunoblotting analysis
revealed that the lower leaves of both wild-type and SIR
Ri plants expressed high levels of PAO protein (Fig. 2B).
However, a significantly higher level of PAO protein
was found in the fifth leaves of SIR Ri40 plants com-
pared with the corresponding leaves of the wild-type
plants. The difference between PAO transcript and PAO
protein likely reflects existence of posttranscriptional
mechanisms regulating PAO expression. Importantly,
unlike the 1-month-old plants, both the PAO protein
and transcript in the lower leaves of the 2-month-old
plants were clearly enhanced in SIR Ri plants compared
with the wild type (Supplemental Fig. S4B). The in-
crease in expression of PAO in SIR Ri plants indicates
that SiR impairment likely leads to chlorophyll degra-
dation by the PAO pathway shown to be activated
during natural leaf senescence (Hörtensteiner and
Kräutler, 2011).

Altered Expression of Photosynthesis-Related Plastidic
Proteins in SIR Ri Leads to the Reduction in PSII Activity

The decrease in maximal quantum yield, which was
observed in leaves of SIR Ri plants, could be associated
with reduced levels of plastidic proteins functioning in
the photosystem. D1 protein (encoded by psbA transcript),
a component of the reaction center of PSII (Keren et al.,
1997), and psbO, one of the subunits that construct the
water-splitting system of PSII (Roose et al., 2010), were
significantly lower in SIR Ri than in the 1-month-old
(Fig. 2B) and 2-month-old wild-type leaves (Supplemental

Fig. S4B). While the wild-type plants demonstrated an
enhancement of D1 and psbO proteins in their lower
leaves compared with the young top leaves, the mutants
showed only a slight enhancement or a decrease in the
levels of these proteins in the lower leaves. The 2-month-
old SIR Ri plants additionally showed a significant reduc-
tion of light-harvesting chlorophyll a/b-binding protein1
(Lhcb1) and ferredoxin1 (Fdx1; Supplemental Fig. S4B).
Similarly, levels of the large subunits of Rubisco (LSU/
Rubisco) and small subunits of Rubisco (SSU/Rubisco)
were significantly lower in the lower leaves of SIR Ri
plants compared with the leaves at the same position in
wild-type plants (Fig. 2B; Supplemental Fig. S4B).

We also quantified the relative expression of chlo-
roplastic genes encoding selected proteins of the PSII
core complex (psbA, psbB, psbC, and psbD) as well as
LSU/Rubisco and clpP1. The latter is a central com-
ponent of the Clp chloroplastic proteolytic complex
and is encoded by the chloroplast genome, while all
the other Clp components are nucleus-encoded pro-
teins (Sokolenko et al., 2002; Peltier et al., 2004). The
young top leaves of the 1-month-old SIR Ri plants
exhibited a slight reduction of psbA, LSU/Rubisco, and
clpP1 transcripts (approximately 80% of the wild-type
level), while the other genes remained unaffected
(Fig. 2C). Significantly, a more pronounced reduction
was shown in the expression of psbA, psbB, psbC, psbD,
and LSU/Rubisco and clpP1 transcripts in the third
and/or fifth and/or seventh leaves (from the top) of SIR
Ri plants compared with the wild type (Fig. 2C;
Supplemental Fig. S4C). The suppressed expression of
the psbA transcript encoding the D1 protein was in
agreement with the reduced levels of this protein in the
leaves of SIR Ri plants (Fig. 2, B and C; Supplemental
Fig. S4, B and C).

The Impact of SiR Impairment on Sulfur Metabolism in
Tomato Plants

One can expect that damage to the chloroplast in
SIR Ri plants would be associated with a disturbance
in sulfur metabolism that occurred in SiR-impaired
plants (Khan et al., 2010; Yarmolinsky et al., 2013). To
address this question, we measured major sulfur me-
tabolites in SIR Ri and wild-type tomato plants.

Concentrations of sulfite and total glutathione were
the highest in the top unextended leaves, decreasing
with leaf age. By contrast, sulfate and thiosulfate were
associated with leaf age, being higher in the lower
leaves compared with the younger upper leaves (Fig. 3;
Supplemental Fig. S5). Sulfur metabolism in SIR Ri to-
mato plants significantly differed from that of wild-type
plants. Glutathione levels were decreased in all the
leaves of the 2-week-old SIR Ri seedlings, including
cotyledons, while the same leaves demonstrated con-
siderably increased sulfite compared with the wild type
(Fig. 3A). Older SIR Ri plants at the age of 1 and 2
months also exhibited a decrease in glutathione levels in
all of their leaves compared with the wild-type leaves
(Fig. 3B; Supplemental Fig. S5). As opposed to levels of
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Figure 2. The expression of plastidic transcripts and proteins in wild-type (WT) and SIR Ri plants at the age of 1 month.
A, Expression of genes related to chlorophyll degradation in SIR Ri plants. The top (1-2L), the third (3L), and the fifth (5L) leaves
(counted from the tops) were collected and analyzed by quantitative real-time PCR using TFIID (SGN-U571616) as a house-
keeping gene. The values are average 6 SE (n = 8 for the wild type and SIR Ri [presented as average 6 SE of SIR Ri37 and SIR
Ri40]). The values were normalized to the top leaf of the wild type. B, Immunoblotting analysis of wild-type and SIR Ri tomato
plants. Leaf samples were collected according to their positions from the plant tops. Extracted proteins were separated using
SDS-PAGE, transferred to polyvinylidene difluoride membranes, and incubated with protein-specific antibodies as described in
“Materials and Methods.” Protein extracts were loaded as 0.5 mg per lane for D1, psbO (one of the subunits that construct the
water-splitting system of PSII), and Rubisco (LSU and SSU) or 10 mg per lane for PAO and ATG8a. Relative band intensities are
shown normalized to the top leaves of the wild-type plants. The positions of Precision Plus Protein Standards (Bio-Rad) are
shown. C, Expression of genes encoded by chloroplast genome. Quantitative real-time PCR analysis was performed as de-
scribed in A. The values denoted by different letters are significantly different according to the Tukey-Kramer honestly signif-
icant difference mean-separation test (JMP 8.0; P , 0.05). The uppercase letters reflect differences between leaves of the same
genotype; the lowercase letters distinguish different genotypes.
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total glutathione, sulfite was increased in the top third
and fifth leaves of 1-month-old SIR Ri plants compared
with wild-type leaves (Fig. 3B).

Sulfide in plant cells can be generated either as the
result of sulfite reduction by SiR in chloroplasts (Yi
et al., 2010; Takahashi et al., 2011) or the release from
degraded sulfur-containing biomolecules such as Cys
(Alvarez et al., 2010; Álvarez et al., 2012). While sulfide
was decreased with leaf age in wild-type leaves, in SIR
Ri plants, it increased with leaf age. Accordingly, sul-
fide levels were lower in the top leaves of SIR Ri plants
than in the wild type and similar in the third leaves of
both genotypes. However, the lower fifth leaves of SIR
Ri plants showed significantly higher sulfide than the
wild type (Fig. 3B, left insert in the middle). The rela-
tively high sulfide levels detected in the third and fifth
leaves in SIR Ri plants indicate that the decreased
sulfide synthesized by the impaired SiR activity in
these leaves was most likely compensated by sulfide
originated from the degradation of sulfur-containing
metabolites, e.g. free and protein-bound sulfur amino
acids and glutathione. Free Cys levels followed the
same trend as sulfide and were increased with leaf age
in SIR Ri plants, being lower than the wild type in the

top leaves, similar in the third leaf, and higher than the
wild type in the fifth leaf (Fig. 3B, middle insert in
the middle). The decreased levels of sulfide, Cys, and
total glutathione in the top leaves of SIR Ri plants
unequivocally indicate the impairment of the sulfate
assimilation reductive pathway due to limited SiR
activity.

Thiosulfate can be a product of sulfite detoxification
in plants, as it is considered to be less toxic than sulfite
(Tsakraklides et al., 2002; Brychkova et al., 2013). Sul-
fite accumulation in SiR-impaired plants was accom-
panied by significantly higher levels of thiosulfate than
detected in leaves of the wild type, approximately
1.4- to 2.0-fold higher levels in all the leaves of the
1-month-old SIR Ri tomato plants compared with the
wild-type plants (Fig. 3B). The pathway of sulfolipid
biosynthesis provides an additional route for sulfite
detoxification, as it consumes sulfite for the reaction
with UDP-Glc (Sanda et al., 2001; Shimojima, 2011). As
a possible consequence of the sulfite enhancement in
SiR-impaired plants, the top and the third leaves of SIR
Ri plants had significantly higher SQDG content than
the corresponding leaves of the wild type (Fig. 3B).
However, while SQDG did not alter with leaf age in

Figure 3. The effect of SiR impairment on sulfur metabolite levels in different tomato leaves. A, Glutathione (left) and sulfite
(right) in the 2-week-old tomato plants. The metabolites were detected in cotyledons (Cot.) and the top leaves (1-2L) of SIR Ri
and wild-type (WT) plants. The presented values are average 6 SE (n = 4 for glutathione and n = 6 for sulfite assays). B, Sulfur
metabolites in leaves of 1-month-old SIR Ri and wild-type plants. The top (1-2L), the third (3L), and the fifth (5L) leaves (counted
from the tops) were collected; glutathione, sulfite, sulfide, Cys, SQDG, thiosulfate, and sulfate were quantified in the samples as
described in “Materials and Methods.” The presented values are average 6 SE (each metabolite was quantified in three to six
technical repeats). The stem segments were collected between the ground and cotyledons. The presented values are average 6 SE

(n = 3). The values denoted by different letters are significantly different according to the Tukey-Kramer honestly significant
difference mean-separation test (JMP 8.0; P , 0.05). The uppercase letters reflect differences between leaves of the same
genotype; the lowercase letters distinguish different genotypes.
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wild-type plants, the fifth leaves of the 1-month-old SIR Ri
plants contained significantly less SQDG than the upper
leaves of the same plants, indicating that the increased
sulfolipid degradation with leaf age paralleled the se-
nescence symptoms in SIR-impaired plants (Fig. 3B).
Sulfate was dramatically enhanced in all the leaves

of SIR Ri plants, ca 2-fold higher than in wild-type
leaves (Fig. 3B; Supplemental Fig. S5). Sulfate en-
hancement could be the result of sulfite oxidation in
the leaves and/or enhanced sulfate uptake. The higher
total sulfur concentrations detected in the mutant
leaves (Supplemental Fig. S6) and the increased sulfate
in the lower stem segment in SIR Ri plants indicate that
SiR impairment resulted in enhanced sulfate uptake
compared with wild-type plants (Fig. 3B). Importantly,
while the upper leaves of the mutants showed only an
insignificant influx of total sulfur and a slight reduction
of organic sulfur (calculated as a subtraction of sulfate
and sulfite from the total sulfur), total sulfur was sig-
nificantly enhanced in the fifth leaf of SIR Ri plants
compared with the wild type (Supplemental Fig. S6).
Sulfate prevailed in the total sulfur pool of the fifth
yellowing leaf of SIR Ri plants (89% 6 4%), whereas
organic sulfur in these leaves was approximately 2.7-fold
lower than in the wild type (Supplemental Fig. S6),
reflecting a vast degradation of sulfur-containing organic
substances.

Sulfite Homeostasis in SiR-Impaired Tomato Plants

Increased concentrations of sulfite were shown pre-
viously to cause leaf damage (Brychkova et al., 2013).
The expression of the sulfite network transcripts and
enzymes was generally affected by leaf age and
genotype of the plants, in a manner similar to the
distribution of sulfur metabolites (Figs. 4 and 5;
Supplemental Figs. S7 and S8). As expected, SiR
transcript (by more than 2-fold) and SiR activity (by
1.5- to 1.8-fold) levels were higher in the wild type
than in SiR mutants and decreased with leaf age
(Figs. 4 and 5; Supplemental Figs. S7 and S8). While SO
transcript in the wild-type plants was not affected by
leaf age, its expression was unexpectedly lower in the
fifth leaves of SIR Ri mutants compared with the upper
leaves of the mutant and the fifth leaves of wild-type
plants (Fig. 4, top middle insert). However, despite the
lower transcript level, SO activity was dramatically
increased in the fifth leaf, indicating a process of
posttranscriptional control. SO activity increased with
leaf age, likely as a result of increased cellular sulfite.
This increase occurs due to the natural reduction in
SiR activity with age in wild-type plants and due to
the forced reduction in SiR-impaired plants (Fig. 5;
Supplemental Fig. S8). Accordingly, the enhanced ac-
tivity of SO in SiR-impaired plants is in agreement
with the higher sulfate levels in the leaves of SIR Ri
plants compared with wild-type leaves.
The increased sulfite in the leaves of SiR-impaired

plants could be a result of the reduced SiR activity cou-
pled to enhanced APR expression. Enhanced expression

of the APR transcripts as well as enhanced APR activity
were evident in SiR-impaired plants compared with the
corresponding leaves in wild-type plants at the age of
1 and 2 months (Figs. 4 and 5; Supplemental Figs. S7
and S8). The notion regarding enhanced APR-depen-
dent sulfite generation in SIR Ri plants was supported
by the enhanced ATPS activity in SiR-impaired plants,
especially in the lowest leaves, being able to generate
enough APS, the substrate for sulfite generation by APR
(Fig. 5, bottom left insert).

Thiosulfate accumulation in plants may indicate
excessive sulfite conversion to the less toxic thiosulfate
by the STs activity (Brychkova et al., 2013). Net ST
activity in plants was defined as the difference between
detected sulfite generation and consumption (Brychkova
et al., 2013). Net ST activity was enhanced with leaf
age in both genotypes. In SIR Ri plants, only the ac-
tivity of the top leaf was found to be higher than that
of the corresponding wild-type leaves, while in the
third and fifth leaves, activity was significantly lower or
tended to be lower than the corresponding leaves of the
wild-type plants (Fig. 5). Taking into account that thio-
sulfate content was higher in SIR Ri than in the wild-
type plants (Fig. 3) and that the sulfite detoxification
activity of STs was enhanced only in the top leaves of
SIR Ri plants (Fig. 5), these results indicate that the
thiosulfate increase in SiR-impaired plants was likely
related to other ST activities (Papenbrock et al., 2011)
that were not detected here.

Interestingly, although the transcript of SQD1 pro-
tein, which directs sulfite to the sulfolipid biosynthesis
pathway (Sanda et al., 2001), was not affected (Fig. 4),
the SQDG content was significantly enhanced in the
young leaves of SIR Ri plants compared with wild-type
young leaves (Fig. 3B). However, the increased sulfite
incorporation into SQDG was not sufficient to maintain
low basal sulfite levels (Fig. 3).

Considering the expression of the sulfite network
components and sulfur-containing metabolites in SIR
Ri tomato plants, our results indicate that SiR impair-
ment results in a thiol shortage that activates the sulfate
reduction pathway, including APR-generated sulfite
(Leustek et al., 2000; Kopriva and Rennenberg, 2004;
Kopriva, 2006). In the absence of normal SiR activity,
the other sulfite-converting components of the sulfite
network are activated for maintaining homeostatic
sulfite levels in the plant tissues.

DISCUSSION

Formation of Sulfite by APR in SiR-Impaired Plants

Our results show that a reduction in SiR to approxi-
mately 50% to 65% of the wild-type SiR activity (Fig. 5;
Supplemental Fig. S8) resulted in multiple phenotypes,
including a reduction in total organic sulfur and glu-
tathione in plant leaves, increased sulfite and sulfate,
and premature senescence (Figs. 1 and 3; Supplemental
Figs. S1–S3, S5, and S6). Moreover, despite the reduced
ability to utilize sulfite, the tomato plants with impaired
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SiR exhibited enhanced APR expression in all their
leaves compared with the corresponding wild-type
leaves (Figs. 4 and 5; Supplemental Figs. S7 and S8).
The insufficient accumulation of reduced sulfur prod-
ucts in SIR-impaired plants seems also to result in el-
evated sulfate uptake by roots (Khan et al., 2010) and
enhanced transportation of sulfate in stems (Fig. 3B).
The net result is that the accumulation of sulfite (Fig. 3)
as the enhanced APR activity was further exacerbated
by the increased activity of ATPS, which catalyzes the
biosynthesis of APS, the substrate for APR, being sig-
nificantly higher in the fifth leaf of the mutant plants
(Fig. 5). The result is unexpected, as chloroplastic APR is
accepted as the main regulatory point in the sulfate

assimilation reductive pathway (Vauclare et al., 2002).
Yet, as our results show, no direct product feedback
mechanism exists for this metabolic stage. APR is
known to be regulated by a number of factors such as
diurnal rhythm (Kopriva et al., 1999), nitrogen defi-
ciency (Kopriva et al., 2002), and carbohydrate (Hesse
et al., 2003) and salinity levels (Koprivova et al., 2008).
Importantly, APR is highly regulated by thiols in a
demand-driven manner (Leustek et al., 2000; Kopriva
and Rennenberg, 2004; Kopriva, 2006), i.e. its activity
increases when reduced sulfur compounds levels are
low, such as during sulfur starvation or depletion
of glutathione, and decreases when excess reduced
sulfur is available (Vauclare et al., 2002; Kopriva and

Figure 4. The impact of SiR suppression on transcripts of the sulfite network genes. The top (1-2L), the third (3L), and the fifth
(5L) leaves (counted from the tops) were collected from 1-month-old SIR Ri and wild-type (WT) plants and analyzed by
quantitative real-time PCR using TFIID (SGN-U571616) as a housekeeping gene. The values are average6 SE (n = 8 for the wild
type and SIR Ri [SIR Ri37 and SIR Ri40 plants were summarized together]). The values were normalized to the top leaves of the
wild-type plants. The values denoted by different letters are significantly different according to the Tukey-Kramer honestly
significant difference mean-separation test (JMP 8.0; P , 0.05). The uppercase letters reflect differences between leaves of the
same genotype; the lowercase letters distinguish different genotypes.

Figure 5. Effect of SiR impairment on the sulfite network enzyme activities. The top (1-2L), the third (3L), and the fifth (5L)
leaves (counted from the tops) were collected from 1-month-old SIR Ri and wild-type (WT) tomato plants; enzyme assays in the
leaves were performed as described in “Materials and Methods.” The presented values are average 6 SE (n = 3), where data for
SIR Ri plants represent the average of the activities detected in SIR Ri37 and SIR Ri40 plants. ATPS activity is expressed as nmol
ATP mg–1 protein min–1, SiR activity is expressed as nmol Cys mg–1 protein min–1, and SO, ST, and APR activities are expressed
as nmol sulfite mg–1 protein min–1. The values denoted by different letters are significantly different according to the Tukey-
Kramer honestly significant difference mean-separation test (JMP 8.0; P , 0.05). The uppercase letters reflect differences be-
tween leaves of the same genotype; the lowercase letters distinguish different genotypes.
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Koprivova, 2004; Kopriva, 2006; Davidian and Kopriva,
2010). Thus, it is not the lack of sulfide that causes
physiological damage but rather the condition in which
thiol demand-driven positive regulation of chloroplastic
APR obviates its control by excess sulfite product.
Direct deregulation of APR activity has been ach-

ieved in Arabidopsis and maize (Zea mays) mutants by
overexpression of APR from Pseudomonas aeruginosa
(PaAPR). The resultant plants exhibited stunted growth,
leaf chlorosis, and sectoring with nonchlorophyll tissue,
as compared with the wild type (Tsakraklides et al.,
2002). In that case, the activity of PaAPR was several-
fold higher than the native APR activity in maize
(Martin et al., 2005) and Arabidopsis (Tsakraklides
et al., 2002) wild-type plants. The PaAPR over-
expression resulted in relatively low accumulation of
toxic sulfite (up to 120 nmol g–1 fresh weight [FW]
higher than the wild type; Tsakraklides et al., 2002).
Nonetheless, the damages resembled SO2-induced
lesions (Martin et al., 2005) and are likely the result of
long-term sulfite toxicity, whose level exceeded the
capacity of the sulfite network to convert sulfite to
less toxic metabolites (Tsakraklides et al., 2002). SO-
impaired Arabidopsis plants, fumigated with a rela-
tively low SO2 concentration (0.6 mL L21), which
did not damage wild-type plants, exhibited typical
sulfite-induced damages only after a relatively long
time (60 h) of exposure (Randewig et al., 2012). Thus,
the PaAPR-induced damage in Arabidopsis and
maize plants (Tsakraklides et al., 2002; Martin et al.,
2005) and the long-term induced damage by relatively
low SO2 are in agreement with our results showing that
enhanced APR and impaired SiR activity result in sul-
fite accumulation, damage to chloroplasts, and prema-
ture senescence (Figs. 1–5; Supplemental Figs. S1, S2, S4,
S7, and S8).
Glutathione levels in SiR-impaired leaves could be

depleted not only by the reduced sulfide supply for
Cys biosynthesis, a component of the glutathione tri-
peptide, but also by direct interaction of sulfite with
glutathione by a nucleophilic displacement mechanism
to form thiol and S-sulfonate compounds (Stricks et al.,
1955). A fast (within 3 h) glutathione decrease was
evident in Arabidopsis wild-type and SiR-impaired
leaves in response to application of sulfite (Yarmolinsky
et al., 2013) and in rat hepatocytes where sulfite cy-
totoxicity was accompanied by a rapid disappear-
ance of oxidized glutathione followed by a slow
depletion of glutathione (Niknahad and O’Brien, 2008).
Accordingly, tobacco (Nicotiana tabacum) and poplar
(Populus spp.) plants overexpressing Cys synthase and
exhibiting enhanced glutathione biosynthesis were
highly resistant to sulfite (Noji et al., 2001; Nakamura
et al., 2009), and Arabidopsis plants overexpressing
SiR were resistant to sulfite toxicity, likely as the result
of glutathione accumulation in response to sulfite in-
jection (Yarmolinsky et al., 2013). The resistance to
sulfite in the plants containing high glutathione levels
can be attributed to the role of glutathione in protect-
ing leaves from sulfite-induced oxidative stress (Noji

et al., 2001; Nakamura et al., 2009) and/or by a direct
interaction with sulfite.

The changes in sulfite and glutathione are both ex-
pected to affect APR activity in opposing ways. Ex-
ogenous sulfite applications were shown to suppress
APR activity (Randewig et al., 2012; Brychkova et al.,
2013), whereas a decrease of thiol in plants enhanced
sulfate assimilation by the activation of APR expres-
sion (Vauclare et al., 2002; Kopriva and Koprivova,
2004; Kopriva, 2006; Davidian and Kopriva, 2010). In
our study, the level of APR expression, which was
higher in SIR Ri leaves compared with the leaves of the
wild-type plants, indicates that the APR induction by
glutathione depletion overcame the APR suppression,
inducing a dangerous cycle of further sulfite en-
hancement. Taken together, our results indicate that
SiR impairment shows that the senescence-like phe-
notype is consistent with damage caused by sulfite.
Furthermore, decreased glutathione in SiR-impaired
plants as a result of the biosynthetic lesion led to un-
expected enhanced futile APR expression and further
sulfite overproduction.

SiR Activity and Sulfite Homeostasis Impacts on
Leaf Senescence

Sulfite is a toxic intermediate in the plant sulfate
reductive pathway, and therefore, its level is tightly
regulated (Tsakraklides et al., 2002; Brychkova et al.,
2013). The detoxifying capability of SO has been
demonstrated to be an important component of the
sulfite network, protecting plants against sulfite tox-
icity (Brychkova et al., 2007, 2013; Lang et al., 2007). In
view of the Km value of SiR for sulfite being compa-
rable to that of SO, 10 mM (Krueger and Siegel, 1982)
versus 33.8 mM (Eilers et al., 2001), respectively, it is
reasonable to expect a role of SiR in the efficient utili-
zation of excessive sulfite, at least, in the chloroplasts
where SiR is localized. The importance of SiR in plant
protection from sulfite toxicity was highlighted in
Arabidopsis and tomato plants with a partial sup-
pression of SiR activity. In that case, the plants are
more sensitive to toxic sulfite than wild-type plants
(Yarmolinsky et al., 2013).

Importantly, leaves of SIR Ri plants contained sig-
nificantly higher sulfite levels than the corresponding
leaves of the wild-type plants (Fig. 3). The endogenous
sulfite levels detected in SIR Ri top leaves (593 and 522
nmol sulfite g–1 FW in 2-week-old and 1-month-old
plants, respectively) are at a similar level to the sul-
fite detected in SIR Ri mutant leaves injected with
4 mM sulfite (i.e. resulting in 632 and 520 nmol sulfite g–1

FW 30 min and 24 h after the injection, respectively;
Yarmolinsky et al., 2013). Considering the damage
caused by the similar levels of injected sulfite, these
results indicate that the symptoms of early senescence
detected in SIR Ri-impaired leaves can be attributed
to the prolonged exposure to the toxic sulfite (Fig. 1;
Supplemental Figs. S1 and S2). It is also possible that
the actual level of sulfite that was produced in SIR Ri
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plants was higher than what was detected here (Fig. 3)
due to its fast reduction and oxidation and binding to
tissue constituents (Huber et al., 1987; Papenbrock and
Schmidt, 2000; Tsakraklides et al., 2002; Brychkova
et al., 2012a; Yarmolinsky et al., 2013).

In addition to SiR, sulfite can be consumed by other
enzymes of the sulfite network. Although the back
oxidation of sulfite to sulfate was shown to be the main
avenue in sulfite detoxification (Van Der Kooij et al.,
1997; Brychkova et al., 2012a), the insufficient SiR
activity resulted in high sensitivity of SiR-impaired
plants to excessive sulfite, despite the up-regulated SO
activity (Yarmolinsky et al., 2013). The enhanced SO
activity is the primary response of the sulfite network,
protecting plant cells from the prolonged excessive
sulfite in the mutant leaves (Fig. 5; Supplemental Fig. S8;
Khan et al., 2010; Yarmolinsky et al., 2013). However,
due to the peroxisomal localization of SO, the chloro-
plast is especially prone to sulfite under conditions
where SiR is disabled and APR activity continues. The
net result is the initiation of premature leaf senescence,
as was evident in the cotyledons and older leaves by
yellowing, chlorophyll degradation, maximal quan-
tum yield decrease, and the enhanced chloroplastic
protein degradation (Figs. 1 and 2; Supplemental
Figs. S1–S3).

SQD1 can potentially contribute to sulfite detoxifi-
cation due to its low Km value for sulfite (10 mM) and
chloroplast localization (Sanda et al., 2001). SQDG,
whose biosynthesis starts with SQD1 activity, was
enhanced in the younger leaves of SIR Ri plants (Fig. 3B).
Importantly, rapid up-regulation of SQD1 in response to
sulfite injections has been noticed in tomato plants injected
with sulfite solutions (Brychkova et al., 2013), supporting
the notion of the participation of SQD1 in sulfite detoxi-
fication as a member of the sulfite network. However,
SQD1 activity in SIR Ri plants was apparently insufficient
to protect chloroplasts from sulfite. The increased SQDG
level in the upper leaves of SIR Ri plants might be also
related to additional stabilization of PSII (Minoda et al.,
2002, 2003) required during enhanced sulfite production.

Taken together, our results suggest that SiR plays a
central role in sulfite detoxification in the chloroplasts,
guarding the organelle during an increase of APR ac-
tivity and/or sulfite penetration from outside (Huber
et al., 1987; Papenbrock and Schmidt, 2000; Tsakraklides
et al., 2002; Brychkova et al., 2012a; Yarmolinsky et al.,
2013). We further show that conversion of sulfite into
sulfolipids and its oxidation into sulfate were not suf-
ficient to maintain basal sulfite levels at nontoxic levels
in SIR Ri plants.

Early Leaf Senescence in the Tomato SiR-Impaired Plants

Leaf senescence affects sulfur metabolism, and the
levels of sulfur metabolites and enzyme activities re-
lated to sulfur metabolism largely depend on leaf age/
positions (Figs. 3–5; Supplemental Figs. S7 and S8).
Leaf senescence consists of highly regulated degrada-
tion of complex biomolecules in aged leaves and the

remobilization of the released nutrients to newly
formed sink organs, including young leaves and de-
veloping seeds (Guiboileau et al., 2010). This process is
tightly connected to plant response to stress, which can
initiate premature leaf senescence (Gepstein and Glick,
2013). Here, we showed that SiR impairment is asso-
ciated with deterioration of chloroplast performance,
degradation of chlorophyll and protein, accumulation
of autophagy ATG8a proteins, hydrogen peroxide,
and lipid peroxidation products, which are all hall-
marks of leaf senescence (Figs. 1 and 2; Supplemental
Figs. S1–S3).

SiR-impaired plants were characterized by the accu-
mulation of sulfate in the leaves (Fig. 3; Supplemental
Fig. S5), which is considered as a trait of leaf senescence
(Watanabe et al., 2013). The excessive sulfate in leaves is
a result of the enhanced SO activity that produces sul-
fate de novo from sulfite generated by the enhanced
APR activity (Fig. 5; Supplemental Fig. S8) and/or re-
leased from degraded sulfur-containing metabolites
(Brychkova et al., 2013). The source for sulfite genera-
tion in the leaves by APR is likely the enhanced sulfate
translocation from the lower plant parts of SiR-impaired
plants, as was shown previously in Arabidopsis SiR
mutants by Khan et al. (2010) and indicated here by the
higher sulfate level in the lowest stems of SIR Ri com-
pared with the wild type (Fig. 3B). The increased sulfate
is the main source for the enhanced total sulfur in SIR Ri
leaves (Supplemental Fig. S6).

Cys levels followed the same trend as sulfide and
were increased with leaf age in SIR Ri plants, being
lower than the wild type in the top leaves but similar
and even higher than the wild-type third and fifth
leaves, respectively (Fig. 3B, left and middle inserts of
the middle section). Considering that the senescence
symptoms appeared in the third and fifth leaves of SIR
Ri37 and in the fifth leaf of Ri40 (Fig. 1B), as well as the
decreased organic sulfur in the lower leaves of SIR Ri
plants (Supplemental Fig. S6), the increase of Cys
levels in the lower leaves of the mutant plants is likely
a result of the accelerated catabolic processes that re-
sults in the degradation of sulfur-containing metabo-
lites (Brychkova et al., 2013) and yellowing of the
leaves (Fig. 5). Cys is the direct donor of sulfur atom
for the maturation, by sulfuration, of the active center
of the molybdo enzyme xanthine dehydrogenase
(XDH), catalyzed by molybdenum cofactor sulfurase
(ABA3 in Arabidopsis and FLACCA in tomato; Sagi
et al., 1999, 2002; Bittner et al., 2001). Recently, it was
shown that a shortage in Cys availability in the plant
reduced the activity of XDH in Arabidopsis (Cao et al.,
2014). XDH plays a pivotal role in purine catabolism,
and impairment in XDH activity results in plant
premature senescence (Brychkova et al., 2008). One
may expect XDH activity to be decreased in the top
leaves of SIR Ri plants, where lower Cys levels com-
pared with the wild type were evident (Fig. 3). How-
ever, inspection of XDH activity revealed that XDH
responded to factors other than Cys availability; in top
and third leaves of SiR-impaired plants, the activity
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was higher, whereas in the fifth leaf, it was similar, as
compared with the wild type (Supplemental Fig. S9).
The enhanced XDH activity in the top and third leaves
compared with the wild type likely reflects senescence-
related processes in these leaves, such as purine ca-
tabolism (Brychkova et al., 2008), and is in agreement
with enhanced expression of ATG8a in SIR Ri com-
pared with the wild type (Fig. 2). These results indicate
that Cys level in mutant leaves did not limit XDH
maturation by sulfuration and thus is not the cause for
leaf senescence but rather the consequence of senescence-
related processes in the mutant.
SiR impairment reduced photosynthesis efficiency,

as follows from decreased quantum yield, affected
chloroplast proteins (Figs. 1 and 2; Supplemental
Figs. S1–S3), and deregulated carbon metabolism (Khan
et al., 2010). The energy supply from the chloroplasts
could be further significantly decreased by a futile cycle
of sulfate reduction to sulfite followed by sulfite back
oxidation to sulfate. Each round of this cycle would
consume one ATP molecule for sulfate adenylation
and two molecules of GSH for APS reduction to sulfite
(Yi et al., 2010; Takahashi et al., 2011). Taking into
account the simultaneous up-regulation of ATPS, APR,
and SO in SiR-impaired leaves compared with wild-
type plants, the futile cycle of sulfate reduction to
sulfite followed by sulfite back oxidation to sulfate
by SO in SiR-impaired plants could be an energetically
costly process wasting ATP and GSH and enhancing
the drop of glutathione levels in the mutant leaves (Fig. 3;
Supplemental Fig. S5).

SiR Impairment Leads to Metabolic Block in Reduced
Sulfur and Excess Sulfite That Are Responsible for the
Premature Senescence

The toxicity of exogenous sulfite was shown to be
dependent on the level of SiR expression in plants,
indicating that SiR plays a role in protecting leaves
against the toxicity of sulfite accumulation (Yarmolinsky
et al., 2013). Here, we analyze different mutant plants at
the steady state and detect endogenous sulfite levels in
top leaves of tomato SIR Ri mutant that were previously
shown to be above the threshold that causes damage.
The increased sulfite oxidation to sulfate and incorpo-
ration of sulfite into SQDGs in mutant plants further
indicate the important role of SIR in sulfite detoxification,
since both metabolic pathways were able to partially
substitute the impaired SIR in conversion of excess sul-
fite. Furthermore, the direct product of SO activity, sulfate,
was increased in leaves, and its enhanced transportation
in stems of mutant plants (Fig. 3; Supplemental Fig. S5)
as well as the enhanced expression of ATPS both lead to
the increase of APR (Figs. 3 and 5; Supplemental Fig.
S8) and are hallmarks of enhancement of the sulfate
reductive pathway as a result of metabolic block by SiR.
Thus, both the impairment of SiR in detoxifying excess
sulfite and the block that results in decrease in gluta-
thione are the result of SiR impairment and are thus

simultaneously responsible for sulfite accumulation and
premature senescence phenotype in the mutant.

The Effect of SiR Impairment on Photosynthesis

Photosynthesis efficiency was demonstrated to be
modified by the effect of SO2/sulfite on photosynthetic
electron transport, photophosphorylation, and CO2
assimilation levels (Shimazaki and Sugahara, 1979;
Cerovi�c et al., 1982; Schmidt et al., 1990; Veeranjaneyulu
et al., 1991; Wu et al., 2011). The response of the pho-
tosynthesis process to sulfite is well studied at the
physiological level; however, little is known about
the molecular mechanism/s of sulfite influence on the
photosynthetic apparatus. For example, a decrease in
the activity of PSII was observed in the photosynthetic
electron transport system of chloroplasts isolated from
Spinacia oleracea plants after fumigation with SO2
(Shimazaki and Sugahara, 1979); however, a specific
target for sulfite toxicity has not been discovered, though
a varied sensitivity to sulfite can be expected among the
chloroplastic proteins. Here, we show that D1 and psbO
proteins were greatly decreased in lower leaves of SIR-
impaired plants compared with the upper leaves of these
plants (Fig. 2B; Supplemental Fig. S4B). D1, the primary
target of light-induced irreversible oxidative damage
(Mattoo et al., 1981; Ohad et al., 1990), seems to be a
sulfite-sensitive photosynthetic component and may act
as an indicator for plant sensitivity to sulfite because its
level was decreased in wheat (Triticum aestivum) leaves
subjected to low levels of SO2 for 4 months (Ranieri et al.,
1995). PsbO plays a crucial role in stabilization of PSII,
and its down-regulation resulted in a decline of quantum
yield in Arabidopsis mutant (Yi et al., 2005). Accord-
ingly, the reduced quantum yield in the lower leaves of
SiR-impaired plants compared with the wild type (Fig. 1;
Supplemental Figs. S1 and S2) can be, at least partially,
attributed to the decrease of psbO protein in these leaves
(Fig. 2B; Supplemental Fig. S4B). Rubisco, the most
abundant protein in green tissue (Bindschedler and
Cramer, 2011), was decreased in the lower leaves com-
pared with the wild type (Fig. 2B; Supplemental Fig. S4B).
The degradation of Rubisco is a hallmark of senescent
leaves, reflecting nutrient remobilization to young plant
organs (Khanna-Chopra, 2012). The increased levels
of sulfite and ROS in SIR Ri plants likely damaged
Rubisco molecules, initiating their degradation (Fig. 2B;
Supplemental Fig. S4B), as has been demonstrated for
oxidative stress (Mehta et al., 1992; Khanna-Chopra,
2012).

SiR was identified as an abundant component of
nucleoid structure in chloroplasts (Cannon et al., 1999;
Sato et al., 2001; Chi-Ham et al., 2002; Sekine et al.,
2002, 2007). Though the role of SiR in nucleoid func-
tioning has not been finally clarified, it was shown that
the silencing of SiR greatly affected the expression of
chloroplast-encoded genes (Kang et al., 2010). Despite
significantly lowered SiR expression in the young top
leaves of SIR Ri plants compared with the wild type
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(Figs. 4 and 5), these leaves showed only slight down-
regulation of psbA, LSU/Rubisco, and clpP1 transcripts,
while psbB-D transcripts as well as chlorophyll content
and maximal quantum yield remained unchanged
(Figs. 1B and 2C). Likely, the SiR-dependent altera-
tions in nucleoid structures in the young leaves of SIR
Ri plants were not sufficient to affect photosynthesis
activity in these leaves (Figs. 4 and 5). However,
chloroplast-encoded transcripts were down-regulated
in the lower senescent leaves of SIR Ri plants, indi-
cating that chloroplast nucleoid structures were prob-
ably deregulated due to the insufficient SiR protein
and additional unknown factors. It is possible that the
long-term exposure to sulfite, especially in the older
leaves, affected proteins encoded by the chloroplast
genome in SIR-impaired tomato plants, likely by
opening S-S bridges in their structures (Ziegler and
Libera, 1975). However, the decreased chloroplast-
encoded transcripts in SIR-impaired plants could be
also a consequence of premature leaf senescence that
was induced by the reduced SiR activity.

A Role for ROS in Premature Senescence of
SiR-Impaired Leaves

Sulfite accumulation that occurred during fumiga-
tion of plants and isolated chloroplasts with 2 ppm SO2
led to the generation of hydrogen peroxide by a chain
reaction, depending on photosynthetic electron trans-
port and resulting in the oxidation of enzymes of the
Calvin cycle as well as a decrease in photosynthesis
rate (Asada and Kiso, 1973; Tanaka et al., 1982a,
1982b). Therefore, the higher hydrogen peroxide con-
centrations in the lower leaves of SiR-impaired plants
(Supplemental Fig. S3) could be a result of sulfite ac-
cumulation in these leaves (Fig. 3). The development of
early senescence in the lower leaves of SiR-impaired
plants can be also attributed to the excess hydrogen
peroxide (Supplemental Fig. S3) damaging plant struc-
tures (Cohen et al., 2005; Muthuramalingam et al., 2013)
and/or acting as a signal molecule in senescence
(Khanna-Chopra, 2012).

The accumulation of hydrogen peroxide may also be
a consequence of the GSH level weakening the anti-
oxidant capacity in these leaves and resulting in the
accumulation of hydrogen peroxide (Supplemental
Fig. S3). This notion is supported by the over-
accumulation of hydrogen peroxide in Arabidopsis
plants that were impaired in cytoplasmic O-acetyl-Ser
(thiol)lyase activity and demonstrated GSH (López-
Martín et al., 2008).

The oxidation of sulfite in plants is mainly attributed
to SO activity (Eilers et al., 2001; Brychkova et al., 2007,
2012a; Lang et al., 2007). However, 40% of sulfite ox-
idation in nonstressed, nongreen suspension cultures
of tobacco mutants lacking active SO was carried out
by component/s other than SO (Eilers et al., 2001).
Moreover, tomato and Arabidopsis RNA interference
mutants lacking SO activity still exhibited significant

residual sulfite oxidation (Eilers et al., 2001; Brychkova
et al., 2007). The non-SO oxidation of sulfite was sug-
gested to be initiated by ROS (Pfanz and Oppmann,
1991; Miszalski and Ziegler, 1992; Brychkova et al.,
2012a; Hamisch et al., 2012). The decreased level of
hydrogen peroxide, which was detected in the upper
young leaves of SiR-impaired plants, could be a result
of direct oxidation of sulfite to sulfate by hydrogen
peroxide (Hänsch et al., 2006).

CONCLUSION

We show here how the impairment in SiR ability to
reduce sulfite to sulfide results in deregulation of the
sulfate assimilation reductive pathway as the result of
decreased production of thiols in SiR-impaired plants.
This is characterized by the enhancement of sulfate
assimilation and sulfite overproduction (Figs. 3–5;
Supplemental Figs. S5–S8). The increase of sulfite oxi-
dation to sulfate and incorporation of sulfite into
SQDGs were not sufficient to maintain nontoxic basal
sulfite levels, resulting in accumulative leaf damage in
SIR Ri plants as a consequence of sulfite toxicity. In
addition to the higher sulfite levels, the lower gluta-
thione versus higher hydrogen peroxide and MDA
levels, which are hallmarks of oxidative stress, also
likely further contributed to chlorophyll degradation
and the early leaf senescence in the mutant plants. Our
results add substantive understanding to the interplay
of sulfur biosynthetic and breakdown pathways and
clearly indicate that SiR expression is an essential tool
for regulation of toxic sulfite during sulfate assimila-
tion and should be properly expressed to avoid pre-
mature senescence in tomato leaves.

MATERIALS AND METHODS

Growth Conditions

Tomato (Lycopersicon esculentum/Solanum lycopersicum ‘Rheinlands Ruhm’)
plants were germinated on filter papers, soaked with water, and transferred at
the stage of cotyledons to pots filled with a peat and vermiculite (4:1, v/v)
mixture containing slow-release high-N Multicote 4 with microelements (0.3%
[w/w]; Haifa Chemicals, http://www.haifachem.com/). Tomato plants were
grown in a growth room under a 12-h light/12-h dark regime, 22°C, 75% to
85% relative humidity, and 100 mmol m–2 s–1 light intensity. All plants in pots
were supplemented with 20-20-20 (Haifa Chemicals) water-soluble fertilizer
(1 g L–1) once a week. Wild-type, SIR Ri37, and SIR Ri40 plants were vege-
tatively propagated in a controlled greenhouse under light intensity of 400 to
500 mmol m–2 s–1 at Ben-Gurion University, Sede Boqer Campus (Supplemental
Fig. S1B).

SiR-Impaired Tomato Plants

Tomato SIR Ri lines with reduced SiR expression described recently
(Brychkova et al., 2012c; Yarmolinsky et al., 2013) were employed in this
study. The homozygous SIR Ri40-38 line (designated as SIR Ri40) carried one
insertion of transfer DNA (Yarmolinsky et al., 2013), while SIR Ri37 line car-
ried at least two insertions of transfer DNA in its genome and was amenable
only for vegetative propagation (Yarmolinsky et al., 2013). However, using a
large number of seeds, we could grow SIR Ri37 plants sufficient for demon-
strating alterations from the wild type and similarity to SIR Ri40 plants in
senescence symptoms, enzyme activities, proteins, transcripts, and metabolites
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levels. Vegetative propagated wild-type, SIR Ri37, and SIR Ri40 plants were
employed in this study to demonstrate earlier leaf senescence in 3-month-old
SiR mutant plants (Supplemental Fig. S1B), while seed-propagated plants were
used for all the other data presented. No difference was observable between the
two plant sources.

We compared SIR Ri with wild-type leaves at different stages of devel-
opment. Because of the early abscission of lower leaves in 2- and 3-month-old
SIR Ri plants, the leaves were counted from the tops of both mutants and
wild-type plants. For 1-month-old plants, where SIR Ri and wild-type plants
had the same number of leaves, the following wild-type leaves were compared
with the corresponding SIR Ri leaves: the first and second undeveloped leaves
as counted from the top and the third and fifth leaves from the top (corre-
sponding to the sixth and seventh and fifth and third leaves counted from the
ground, respectively). For the 2- or 3-month-old plants, we compared the third,
fifth, and seventh or third and sixth wild-type leaves, respectively, to the cor-
responding SIR Ri leaves. Three distal leaflets of the tomato leaves were collected
from four to five tomato plants, shredded by scissors, well mixed, and frozen
in liquid nitrogen. The samples were stored at –80°C until RNA, protein, or
metabolite extraction.

Characterization of Photosynthesis in Tomato Plants

Fv/Fm was measured using a MiniPAM Photosynthesis Yield Analyzer
(Heinz Walz) in tomato leaves adapted to dark for 20 min. Imaging of Fv/Fm
was performed by using IMAGING-PAM M-Series in the MAXI Version
(Heinz Walz). Chlorophyll was extracted from plant tissues in 80% (v/v)
ethanol and detected as described by Brychkova et al. (2007). Chlorophyll was
measured as the sum of chlorophyll a and b according to the following
formula: (13.7 3 A665 – 5.76 3 A649) + (–7.60 3 A665 + 25.8 3 A649; Knudson
et al., 1977).

Western-Blot Analysis

Proteins were extracted in buffer containing 250 mM Tris-HCl (pH 8.48),
1.25 mM EDTA, 14 mM GSH, 4 mM dithiothreitol, 5 mM L-Cys, 0.5 mM sodium
molybdate, and 400 mM Suc and separated in 12.5% or 15% (w/v) acrylamide
gels by SDS-PAGE followed by transfer to polyvinylidene difluoride mem-
branes. Lanes were loaded either with 10 mg of protein (for PAO, Fdx1, and
ATG8a) or 0.5 mg (for D1, Lhcb1, psbO, and LSU/Rubisco and SSU/Rubisco
proteins). Commercial primary antibodies produced by Agrisera AB were
used in the following dilutions: D1 (AS05 084), 1:10,000; Lhcb1 (AS01 004),
1:2,000; ferredoxin (AS06 121), 1:2,000; psbO (AS06 142-33), 1:5,000; and PAO
(AS11 1783), 1:5,000. ATG8a protein was detected by protein-specific antibodies
(dilution, 1:1,000), which were supplied by Abcam. Antibodies simultaneously
recognizing large and small subunits of Rubisco (dilution, 1:3,000) were a gift
from Michal Shapira (Life Science Department, Ben-Gurion University of the
Negev, Israel).

Preparation of RNA and Quantitative Real-Time
Reverse Transcription-PCR

Aurum Total RNAMini Kit and iScript cDNA Synthesis Kit (Bio-Rad) were
used to extract RNA and prepare complementary DNA (cDNA) according to
the manufacture’s instructions. Contamination with genomic DNA was
detected by quantitative real-time PCR with primers for ACTIN Tom41 (SGN-
U60480) using RNA and cDNA samples as templates. Samples of cDNA
containing less than 0.05% genomic DNA were used for further analysis. The
quantitative analysis of transcripts was performed as previously described
(Brychkova et al., 2007) employing suitable primers (see Supplemental Table
S1 for the list of primers used, their sequences, and the expected PCR product).
Real-time PCR reactions were normalized using Transcription factor IID (TFIID;
SGN-U329249) and ACTIN Tom41 (SGN-U60480) as housekeeping genes, both
yielding highly similar results. The data are presented as relative expression
(means 6 SE) to the top or the third leaves of the wild-type plants at the age of
1 or 2 months, respectively. All PCR fragments were extracted from agarose
gels, purified, and sequenced for verification.

Sulfur Metabolites and Enzyme Activities

Determination of sulfite, Cys, total glutathione, sulfate, and total sulfur was
performed as previously described (Brychkova et al., 2012a, 2013; Yarmolinsky

et al., 2013). Sulfite was detected by using the commercial kit employing
chicken SO (Brychkova et al., 2012a). Sulfide was extracted in 50 mM citric
acid, 100 mM Na2HPO4, and 1 mM salicylic acid, pH 5.0 in the ratio 1:40 and
measured immediately by employing the microsensor ISO-H2S-100 for H2S
measurement connected to the TBR1025 analog system (World Precision
Instruments). A calibration curve was plotted based on known sulfide con-
centrations and used to estimate sulfide content in tomato leaves. All
measurements were performed promptly to ensure stability of sulfide in so-
lutions. Soluble protein concentrations were determined using the Bio-Rad
protein assay according to the manufacturer’s instructions.

SiR, SO, ST, and APR activities were assessed as described previously
(Brychkova et al., 2012b, 2012c, 2013). Net ST activity in plants was detected as
the difference between sulfite generation and consumption (Brychkova et al.,
2013). ATPS activity was determined by measuring the production of ATP
from APS and pyrophosphate. ATP formation was detected by hexokinase,
which produces D-Glc-6-P from D-Glc and ATP, and further by Glc-6-P
dehydrogenase forming b-NADPH in presence of b-NADP and D-Glc-6-P
(Robbins, 1962; Bernt and Bergmeyer, 1974). ATPS was expressed as nmol
ATP mg–1 protein min–1, SiR activity was expressed as nmol Cys mg–1 protein
min–1, and SO, ST, and APR activities were expressed as nmol sulfite mg–1

protein min–1. Crude protein extraction and in-gel XDH activity assay were
performed as previously described (Yesbergenova et al., 2005).

Extraction and Determination of Sulfolipids

Fresh leaves of tomato plants (350 mg) were immersed in 3 mL of 75°C
preheated isopropanol with 0.01% (w/v) butylated hydroxytoluene and in-
cubated at 75°C for 15 min. Thereafter, chloroform (1.5 mL) and water (0.6 mL)
were added, and the sample was incubated at room temperature for 1 h. The
lipid extract was transferred to a new tube, and the extraction procedure was
repeated with 4 mL of chloroform:methanol (2:1) with 0.01% (w/v) butylated
hydroxytoluene until plant tissues became white. Then, 1 mL of 1 M KCl was
added to the combined extract; following centrifugation at 4,000g for 15 min,
the upper phase was discarded. Lipids were separated by adding 2 mL of
water, discarding the upper phase and dissolving the remainder polar lipid
fraction in chloroform. The polar lipid fraction was separated on a TLC Silico60
plate in chloroform:methanol:water (65:25:4) solution for the first direc-
tion, followed by additional separation in chlorophorm:methanol:NH4OH:
isopropylamine (65:35:5:0.5) solution in the perpendicular direction. The plates
were sprayed with 0.01% (w/v) primulin solution in acetone:water (60:40,
v/v). The spots corresponding to sulfolipids were traced under UV light, col-
lected and transmethylated with 2% (v/v) sulfuric acid in absolute methanol,
and separated by hexane as previously described (Khozin et al., 1997). Sul-
folipids were quantified using Trace GC Ultra (Thermo Scientific, http://
www.thermoscientific.com/) as previously described (Khozin et al., 1997).

Histochemical Staining of Hydrogen Peroxide and
Detection of MDA

Whole leaves were cut from tomato plants; their petioles were dipped in
solutions of DAB (1 mg mL–1, pH 5.0) and incubated under light for 4 h. The
leaves were discolored in several washes of ethanol at 80°C and then photo-
graphed. The intensity of DAB staining was quantified by using ImageJ
software (http://rsbweb.nih.gov/ij/). MDA was measured in leaves of to-
mato plants according to Heath and Packer (1968) and Hodges et al. (1999).

Statistical Analysis

ANOVA (Tukey-Kramer honestly significant difference mean-separation
test) was used to compare multiple groups of samples (JMP 8.0 software,
http://www.jmp.com/). The bands on SiR immunoblotting were analyzed
with ImageJ software (http://rsbweb.nih.gov/ij/) in accordance with the
developer’s recommendations.

The manuscript is based on the experiments, which were repeated two to
five times and gave similar reproducible results.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Early leaf senescence in SIR-impaired tomato
plants at the ages of 2 and 3 months.
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Supplemental Figure S2. The uneven decline of maximal quantum yield in
leaves of SIR Ri plants.

Supplemental Figure S3. Enhanced markers of oxidative stress in
SiR-impaired tomato plants.

Supplemental Figure S4. Expression of plastidic transcripts and proteins
in wild-type and SIR Ri plants at the age of 2 months.

Supplemental Figure S5. Accumulation of total glutathione and sulfate in
2-month-old wild-type and SIR Ri tomato plants.

Supplemental Figure S6. Accumulation of total sulfur and organic sulfur
in 1-month-old tomato plants.

Supplemental Figure S7. The impact of SiR suppression on transcripts of
the sulfite network genes in 2-month-old SIR Ri tomato plants.

Supplemental Figure S8. The effect of SiR impairment on SiR, SO, and
APR activities in 2-month-old tomato plants.

Supplemental Figure S9. The influence of SiR impairment on XDH activity
in leaves of 1-month-old tomato plants.

Supplemental Table S1. List of primers used for quantitative real-time
PCR.
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