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Little is known about the homeostasis of sulfite levels, a cytotoxic by-product of plant sulfur turnover. By employing extended
dark to induce catabolic pathways, we followed key elements of the sulfite network enzymes that include adenosine-5'-
phosphosulfate reductase and the sulfite scavengers sulfite oxidase (SO), sulfite reductase, UDP-sulfoquinovose synthase, and
B-mercaptopyruvate sulfurtransferases. During extended dark, SO was enhanced in tomato (Solanum lycopersicum) wild-type
leaves, while the other sulfite network components were down-regulated. SO RNA interference plants lacking SO activity
accumulated sulfite, resulting in leaf damage and mortality. Exogenous sulfite application induced up-regulation of the
sulfite scavenger activities in dark-stressed or unstressed wild-type plants, while expression of the sulfite producer,
adenosine-5'-phosphosulfate reductase, was down-regulated. Unstressed or dark-stressed wild-type plants were resistant to
sulfite applications, but SO RNA interference plants showed sensitivity and overaccumulation of sulfite. Hence, under extended
dark stress, SO activity is necessary to cope with rising endogenous sulfite levels. However, under nonstressed conditions, the
sulfite network can control sulfite levels in the absence of SO activity. The novel evidence provided by the synchronous dark-
induced turnover of sulfur-containing compounds, augmented by exogenous sulfite applications, underlines the role of SO and
other sulfite network components in maintaining sulfite homeostasis, where sulfite appears to act as an orchestrating signal

molecule.

As a plant macronutrient, sulfur (S) is important for
yield production and the quality of crops. In nature, S is
mostly available in its fully oxidized anion sulfate form,
which is taken up, reduced, and incorporated into Cys
via sulfite and sulfide generation in the sulfate assim-
ilation pathway (Saito, 2000). In addition to the pres-
ence of S in the amino acids Cys and Met, it is an
important component of oligopeptides such as reduced
glutathione (GSH), coenzymes, prosthetic groups, vita-
mins, secondary metabolites, and lipids (Saito, 2000;
Leustek, 2002). In the latter case, the chloroplast membrane
containing sulfoquinovosyldiacylglycerol (SQDG) is
one of the primary S-containing components in higher
plants (Shimojima, 2011).
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Sulfite, a less oxidized form of sulfate, is an interme-
diate in the assimilation of S and a potentially cytotoxic
molecule (Leustek et al., 2000) that, if not rapidly me-
tabolized, can wreak havoc at the cellular (Sanda et al,,
2001; Davidian and Kopriva, 2010) and whole-plant
(Murray, 1997; Brychkova et al., 2007) levels. Roots ob-
tain sulfate from the soil, and sulfite is generated from
sulfate in the leaves by the chloroplast-localized adeno-
sine-5'-phosphosulfate (APS) reductase (APR; Enzyme
Commission [EC] 1.8.4.9; Vauclare et al., 2002). Another
source of sulfite is atmospheric, originating from mi-
crobial, volcanic, or anthropogenic activities and enter-
ing the plant via the stomata or through the root system.
In mammalian tissue, endogenous sulfite is thought to
be formed during the degradation of the S-containing
amino acids (Amy, 1988; Heber and Huve, 1998; Hansch
and Mendel, 2005); however, such a pathway has yet to
be explored in plants.

Known avenues for sulfite usage include sulfite as-
similation, incorporation into metabolites, and detoxifi-
cation, which together make up a potential network for
the control of sulfite turnover (Fig. 1). These include
ferredoxin-dependent sulfite reduction catalyzed by
the chloroplast-localized sulfite reductase (SiR; EC 1.8.
7.1), which yields the reduced sulfide for primary sulfate
assimilation (Khan et al., 2010). Another pathway for
sulfite utilization is its incorporation into sulfolipids, cat-
alyzed by the chloroplast-localized UDP-sulfoquinovose
synthase (SQD1; EC 3.13.1.1; Sanda et al.,, 2001). Sulfite

148 Plant Physiology@, January 2013, Vol. 161, pp. 148-164, www.plantphysiol.org © 2012 American Society of Plant Biologists. All Rights Reserved.


mailto:gizi@bgu.ac.il
http://www.plantphysiol.org
mailto:gizi@bgu.ac.il
http://www.plantphysiol.org/cgi/doi/10.1104/pp.112.208660

Sulfite Homeostasis in Tomato Plants

sulfoquinovosyldiacylglycerol (SQDG)

UDP-sulfoquinovose

Sulfite Oxidase
(EC1.8.3.1)

DP.
ATP Pi 2 GSH AMP g}lJJoose
2H* -
SulfateAAAPs M» Sulfite

2o HO

UDP-sulfoquinovose
synthase
(EC 3.13.1.1)

3Fded  3FAX  Qaceyllserine oot

3H,0
S A SulfideM»(:ysteine

ATP Sulfurylase APS Reductase Sulfite Reductase  O-acetylserine (thiol) lyase
(EC27.74) (EC 1.8.4.9) (EC 1.8.7.1) (EC 2.5.1.47)
ATP ) Methionine
Thiocyanate Sulfur-

APS kinase H transferases

ADP /] (E.C.2.7.1.25) (EC 2.8.1.x)

H+ Cyanide

3'-phosphoadenylyl sulfate Thiosulfate

Figure 1. Schematic representation of sulfite network enzymes in plants. Sulfite is generated from sulfate in two consecutive
steps. In the first step, ATP sufurylase catalyzes the adenylation of sulfate to APS, and then sulfite is produced in the chloroplast
by the glutathione-dependent APR. In the chloroplast, the generated sulfite can be further reduced to sulfide by the ferredoxin-
dependent SiR. The sulfide together with O-acetyl-L-Ser are the substrates for Cys biosynthesis catalyzed by OAS-TL. Alter-
natively, the chloroplast-localized sulfite can enter the sulfolipid reductive pathway to generate SQDG in two consecutive steps.
In the first step, UDP-sulfoquinovase is catalyzed by SQD1, employing sulfite and UDP-Glc as substrates, while in the second
step, SQDG is catalyzed by SQDG synthase, employing UDP-sulfoquinovose and diacylglycerols as substrates. Sulfite local-
ized to the cytosol and mitochondria may be detoxified to thiosulfate by the STs or be generated by these enzymes from
thiosulfate and cyanide (Nakamura et al., 2000; Papenbrock and Schmidt, 2000a; Tsakraklides et al., 2002). Sulfite can be
oxidized to sulfate by the molybdenum cofactor-containing enzyme, peroxisomal SO. Fd™, Oxidized ferredoxin; Fd™?, reduced
ferredoxin; GSSG, oxidized glutathione; H,0O,, hydrogen peroxide; PPi, diphosphate.

can be reoxidized back to sulfate by the molybdenum
cofactor-containing enzyme, sulfite oxidase (SO; EC
1.8.3.1), localized in the peroxisomes (Eilers et al.,
2001). Alternatively, the mitochondrion- and cytosol-
localized B-mercaptopyruvate sulfurtransferases (STs;
EC 2.8.1.2.), MST1 and MST2, respectively, have been
shown to catalyze the synthesis of the less toxic com-
pound thiosulfate in the presence of S-mercaptopy-
ruvate and sulfite (Papenbrock and Schmidt, 2000a;
Tsakraklides et al., 2002).

Since sulfite is cytotoxic (Leustek et al., 2000), it can
be expected that its cellular levels are tightly regulated
through an interplay between its production and con-
version. However, virtually nothing is known about the
factors regulating its homeostasis in plants and the in-
teraction of enzymes involved in internal sulfite de-
toxification. In this work, extended dark stress was
employed as a means to induce catabolic pathways
(Keskitalo et al.,, 2005; Brychkova et al, 2007) that
stimulate the turnover of S-containing metabolites and
result in sulfite flux. We analyzed known components
of the sulfite homeostasis network in tomato (Solanum
lycopersicum) plants and demonstrated the essential
role of SO. During dark stress, SO expression was
enhanced while the expression of the other known
sulfite network components, APRs, SiR, SQD1, and
STs, was inhibited. In the absence of the SO activity,
toxic sulfite levels accumulated in the dark and was
accompanied by increased leaf damage and plant mor-
tality. Direct sulfite application stimulated components
of the sulfite network, indicating that sulfite might play
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an important role as a signal molecule in orchestrating
sulfite homeostasis.

RESULTS

Sulfite Accumulation in Wild-Type and SO RNA
Interference Plants during Extended Dark Stress

When grown under normal growth conditions, to-
mato and Arabidopsis (Arabidopsis thaliana) SO RNA
interference (SO Ri) plants are indistinguishable from
wild-type plants (Brychkova et al.,, 2007). However,
when subjected to above-ambient concentrations of
SO,, SO Ri plants showed stress symptoms that in-
clude the enhancement of senescence-associated tran-
scripts and chlorophyll degradation (Brychkova et al.,
2007). To further elucidate the role of SO in relation to
other known genes that participate in sulfite turnover,
we exposed tomato wild-type and SO Ri plants to
extended dark (Fig. 2). Under this stress, a catabolic
state is induced in the plant that results in premature
senescence (Hortensteiner and Feller, 2002; Guo and
Crawford, 2005; Pruzinska et al., 2005; Brychkova
et al, 2008a, 2008b). In this case, wild-type plants
showed 90% survival, whereas SO Ri plants showed
evidence of leaf damage after 6 d in the dark and only
between 30% to 38% survival (Fig. 2, A and B) and
exhibited significantly lower relative chlorophyll con-
tent than wild-type plants (Fig. 2C). Gene expression
markers for senescence, WRKY Ild-1 (Yang et al., 2009)
and cytosolic GIn synthetase (Kawakami and Watanabe,
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Figure 2. The effect of 11-d dark stress on mortality and senescence-associated symptoms in tomato wild-type (WT) and SO Ri
(Ri) plants. The days indicated on the black background represent dark treatment, and those on the white background represent
the 16-h-light/8-h-dark regime. A, Photographs of wild-type and SO Ri plants (Ri 137 and Ri 421) after an 11-d dark treatment
and subsequent 9-d recovery (total of 20 d) in a normal light/dark cycle. Closeups of mutant plants (day 11 in the dark) and
leaves (20 d after treatment initiation) are presented in the insets. B, Survival rates (bars; left y axis) and damage level (line; right
y axis) of wild-type and SO Ri plants evaluated at the day 9 of recovery. Error bars indicate st (n = 16). C, Leaf chlorophyll
content at the day 9 of recovery. Error bars indicate st (n = 6). D, Quantitative transcript expression analysis of the senescence
marker genes WRKYIId-1 (SGN-U563810; i), cytosolic Gln synthetase (GS7; SGN-U577193; ii), and chloroplastic GIn syn-
thetase (GS2; SGN-U578319; iii). The relative expression after normalization to TFIID (SGN-U329249) is calculated by
comparison with that of day 0 (set as 1.0). Error bars indicate st (n = 6). Different uppercase letters indicate significant dif-
ferences between wild-type and SO Ri plants (Student’s t test; JMP 8.0 software; http://www.jmp.com/), and lowercase letters
indicate significant differences within the plant species in response to treatment (Tukey-Kramer HSD test; JMP 8.0 software). The

data for SO Ri plants represent means for SO Ri 131 and SO Ri 421 mutants.

1988; Kamachi et al., 1991; Pageau et al., 2006), showed
rapid induction only in SO Ri lines (Fig. 2, Di and Dii,
respectively). Significantly, chloroplastic GIn synthetase
(Kamachi et al., 1991), as a negatively expressed marker
for senescence, was repressed more in SO Ri than in
wild-type plants (Fig. 2Diii).

Sulfite accumulation could be a cause of the accel-
erated tissue damage in SO Ri plants. Indeed, under
dark stress, up to a 2-fold enhancement of sulfite levels
was detected in SO Ri leaves (from 0.62 to 1.2 umol g~ !
fresh weight; Fig 3A; Supplemental Table S1). The in-
crease dissipated upon reexposure of the plants to a
normal light/dark regime (Fig. 3A). In contrast, under
dark conditions, a significant reduction of sulfite con-
tent was noted in wild-type leaves (from 0.52 to 0.33
umol g' fresh weight; Fig 3A; Supplemental Table
S1). When leaves were sampled in correlation with
observed damage (days 6 and 7; Fig. 3Bi), a positive
correlation between the damage and sulfite content
was noted (Fig. 3Bii), further supporting the toxic role
of sulfite. As sulfate is a direct product of SO activity,
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we examined its accumulation in wild-type and SO Ri
plants. Sulfate was found to be significantly enhanced
in the wild-type leaf during extended dark stress;
however, its level was unchanged in the SO Ri mutants
(Fig. 3C; Supplemental Table S1). The increase in sul-
fate could be a result of ongoing sulfate transport to
the leaf or enhanced turnover of S-containing com-
pounds in the leaves. To resolve this, the sulfate level
in xylem exudate sap was determined from the stem
just below the sampled leaves. In dark-stressed wild-
type plants, it was more than 3-fold higher compared
with the unstressed control, being more than twice
higher than in SO Ri plant sap (Supplemental Table
S2). These results indicate that sulfate increase in wild-
type plants can originate from sulfate transport. In
contrast to wild-type sap, where no dark-induced
sulfite enhancement was observed, the sulfite level in
the sap of SO Ri plants was enhanced. The results
imply that in the SO Ri mutant, the majority of sulfite
originated from sulfite transport. In normal plants,
sulfite does not accumulate due to SO activity. In the
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Figure 3. Sulfate, sulfite, total protein, and S-containing amino acid levels in tomato wild-type (WT) and SO Ri (Ri) plants as
affected by extended dark stress. The days indicated on the black background represent dark treatment, and those on the white
background represent the 16-h-light/8-h-dark regime. A, Sulfite accumulation. Error bars indicate st (n = 6). B, Damage level in
the leaves after 6 d in the dark (i) and sulfite accumulation in the damaged area of the SO Ri leaves (ii). Nondamaged (ND; score
1), weakly damaged (WD; when damage level is less than 15%; score 2), medium damage (MD; when damage level is 15%-
50%,; score 3), and severely damaged (SD; when damage level is more than 50%; score 4) were defined. Error bars indicate st
(n = 6). Pearson correlation analysis of the damage level in SO Ri mutants (score 1-4) versus sulfite was performed with R
software (http://www.wessa.net/rwasp_correlation.wasp/). The r value is the Pearson product-moment correlation coefficient.
Significance is estimated with two-sided P values. C, Sulfate accumulation in wild-type and SO Ri mutant leaves. Error bars
indicate st (n = 8). D, Effect of the dark treatment on top leaf total protein content estimated by the Bradford assay. Error bars
indicate st (n = 8). E and F, Free (E) and protein-bound (F) Cys (i) and Met (ii) in wild-type and SO Ri tomato plants at 0 and 11 d
of dark treatment. Error bars indicate st (n = 8). Different uppercase letters indicate significant differences between wild-type
and SO Riplants (Student’s ttest; JMP 8.0 software), and lowercase letters indicate significant difference within the plant species
in response to treatment (Tukey-Kramer HSD test; JMP 8.0 software). All data for SO Ri plants represent means for SO Ri 131

and SO Ri 421 lines. Fw, Fresh weight.

absence of active SO in the SO Ri plants, sulfite, the by-
product of S-containing metabolite turnover, was trans-
ported from below and accumulated, causing damage to
the leaves (Supplemental Table S2).

The Levels of Free and Bound S-Containing Amino Acids
in Dark Stress

The breakdown of S-containing amino acids and S-
containing metabolites has been suggested as the source
of endogenous sulfite appearance in mammals (Amy,
1988; Heber and Huve, 1998; Hansch and Mendel, 2005).
We explored this possibility by examining the changes in
protein and S-containing amino acids during dark stress.
The total protein level was found to be reduced by 24%
and 63% in the dark in wild-type and SO Ri plants, re-
spectively (Fig. 3D). Unexpectedly, in control conditions,
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total protein of SO Ri plants was 22% higher in com-
parison with the wild-type plants (Fig. 3D). While the
amount of free Cys was slightly enhanced by treatment,
the amount of free Met changed in wild-type or SO Ri
lines by more than 13-fold (Fig. 3, Ei and Eii, respec-
tively). The source of free Cys and Met can be attributed
to the dark-induced protein degradation (Slavikova et al.,
2008) detected in the tomato plants (Fig. 3D). In support
of this notion, significant reductions of hydrolyzed TCA-
precipitated protein-bound Cys (Fig. 3Fi) and Met (Fig.
3Fii) in both wild-type and SO Ri leaves in response to
dark stress were detected. This decrease was much higher
in mutant compared with wild-type leaf, being 47%
versus 28% of the initial Met level and 36% versus 18%
of the initial Cys level, respectively (Fig. 3, Fii and Fi,
respectively). Importantly, inspection of the total S-
containing amino acid content (the sum of protein-
bound and free amino acids) in tomato leaves revealed
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aloss of 0.33 and 0.91 umol g fresh weight in wild-type
and SO Ri plants, respectively (Supplemental Table S1),
almost equally contributed by Cys and Met turnover
(Fig. 3, E and F). These results indicate that (1) toxic
endogenous sulfite accumulates in leaves during ex-
tended dark stress due to, at least in part, turnover of S-
containing amino acid degradation (Fig. 3, E and F), as
was shown for mammals (Amy, 1988; Heber and Huve,
1998; Hansch and Mendel, 2005), and (2) under ex-
tended dark conditions, the presence of sulfite oxidation
activity plays an essential role in sulfite detoxification by
facilitating the conversion of the toxic sulfite to sulfate.

APR and SO in Dark-Stressed Wild-Type and SO Ri Plants

Sulfite accumulation could be a consequence of im-
balance between sulfite de novo generation by APR
(Kopriva et al., 2009) and its utilization by other members

of the sulfite network. Inspection of APR expression
revealed a reduction of all three APR transcripts in re-
sponse to dark treatment and recovery of the transcript
levels upon transferring the plants to light (Fig. 4A).
Detection of tomato APR protein with an antibody
(Brychkova et al., 2012b) revealed a decline of APR pro-
teins with dark stress in both wild-type and SO Ri plants
(Fig. 4B). Similar to APR proteins, inspection of APR ac-
tivity employing APS as a substrate (Brychkova et al.,
2012b) revealed that the sulfite-generating activities of the
APRs in both wild-type and SO Ri plants decreased with
time in the dark but were enhanced upon transfer to a
normal light/dark regime thereafter (Fig. 4C). Interest-
ingly, the SO Ri mutants displayed a tendency for higher
APR activity compared with that detected in wild-type
plants at days 7 and 11 in the dark, likely as a result of a
higher amount of residual APR protein in SO Ri plants
(Fig. 4, Bii versus Bi). Importantly, unlike the significant
major decline in total Cys and Met in mutant leaves, no
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Figure 4. APR and SO expression in tomato wild-type (WT) and SO Ri (Ri) plants as affected by extended dark stress. The days
indicated on the black background represent dark treatment, and those on the white background represent the 16-h-light/8-h-
dark regime. A, Transcript analysis of APRT (SGN-U580331), APR2 (SGN-U580235), and APR3 (SGN-U578339). The relative
expression after normalization to TFIID (SGN-U329249) is calculated by comparison with that of the wild type at day O (set as
1.0). Error bars indicate st (n = 6). B, APR proteins extracted from leaves of wild-type (i) and SO Ri (ii) plants, fractionated by
SDS-PAGE, and immunoblotted with APR-specific antiserum. Each lane contains 10 ug of soluble proteins. The data are from
one of three independent experiments that yielded essentially identical results. C, Activity analysis of APR detected by sulfite
appearance. Error bars indicate st (n = 6). D, Accumulation of GSH, the APR substrate, in response to dark stress. Fw, Fresh
weight. E, Transcript analysis of SO (DQ853413) calculated as described in A. F, SO activity detected as sulfite disappearance.
Error bars indicate st (n = 6). G, SO proteins extracted from leaves of wild-type (i) and SO Ri (ii) plants, fractionated, and
immunoblotted as described in B employing SO-specific antiserum. Error bars indicate st (n = 8). Different uppercase letters
indicate significant differences between wild-type and SO Ri plants (Student’s t test; JMP 8.0 software), and lowercase letters
indicate significant differences within the plant species in response to treatment (Tukey-Kramer HSD test; JMP 8.0 software). All
data for SO Ri plants represent means for SO Ri Ri 131 and SO Ri 421 lines. For both SO Ri lines, representative in gel activities

and immunoblot analyses are presented.
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significant decline in GSH, the electron donor for the APR
activity, was observed in SO Ri leaves compared with
wild-type plants at the end of the dark stress (Fig. 4D;
Supplemental Table S1).

As elevated sulfite in the dark was readily detected
in the mutants but not in wild-type tissues, we inves-
tigated how the expression of SO responded to the
dark stress. A highly significant 2.4- to 3-fold increase in
the expression of wild-type SO transcript, protein, and
activity was noticed (Fig. 4, E and Gi). The SO protein
level and detectable activity tended to revert to lower
levels when plants were returned to a normal light re-
gime. As anticipated, SO Ri plants showed negligent
amounts of SO transcript, protein, and activity (Fig. 4,
E, F, and Gii).

These results indicate that (1) APR activity is re-
duced upon extended dark stress, although the resid-
ual amounts can still be a potential source for sulfite
accumulation in SO Ri plants, and (2) SO expression
enhancement in wild-type leaves paralleled the in-
crease seen in sulfite generation in response to dark
stress in SO Ri leaves, indicating that SO is essential for
normal sulfite homeostasis during dark stress.

SiR Expression in Dark-Stressed Wild-Type
and SO Ri Plants

SiR catalyzes the reduction of sulfite to sulfide and is
likely the main route for sulfite utilization in the light
(Khan et al., 2010). The relative expression of SiR tran-
script was found to be significantly reduced during dark
stress but recovered upon transfer of the plants to a
normal day/night regime in both wild-type and SO Ri
plants (Fig. 5A). In order to examine SiR activity, two
different activity assays were employed, a coupled O-
acetyl-L-serine thiol lyase (OAS-TL)-dependent measure
of SiR activity, in which the SiR activity product is
detected as the final Cys product, and a direct sulfide-
detecting in gel SiR activity assay (Brychkova et al.,
2012c). Both the coupled SiR assay and the direct in gel
assay exhibited sharp, approximately 3-fold reductions
in SiR activity in wild-type and SO Ri plants. However,
the activity was only partially recovered upon return to
light in the SO Ri lines (Fig. 5, B and C). The reduction of
in vitro SiR activity correlated with the reduced amount
of detectable SiR protein (Fig. 5, compare B and C with
D). As NADPH is an essential substrate for SiR activity
in situ (Yonekura-Sakakibara et al., 2000; Brychkova
et al., 2012c), we examined its level. As shown in Figure
5E, the NADPH level also decreased with time in the
dark and recovered upon transition to the normal light/
dark regime. Interestingly, upon a normal day/night
regime, SiR transcript and activity, as well as NADPH,
were slightly elevated in SO Ri mutants as compared
with the wild-type plants (Fig. 5, A, B, and E), likely
reflecting a higher need to detoxify sulfite in the SO Ri
plants. The reduction in SiR protein and NADPH levels
in response to dark are consistent with a dark stress-
dependent decrease of SiR.
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SQD1 and MSTs in Dark-Stressed Wild-Type
and SO Ri Plants

Additional members of the sulfite network, SQDI,
MST1, and MST2 (Supplemental Table S3), were exam-
ined for their possible contributions to sulfite regulation.
The expression of chloroplast-localized SQD1 transcript
decreased during dark stress and recovered upon return
to light in both wild-type and SO Ri plants (Fig. 5F).
Arabidopsis SQD1 is 79% identical to that of tomato, and
antibodies raised against recombinant Arabidopsis SQD1
detect polypeptides of identical gel mobility (Shimojima
et al,, 2005; Fig. 5G). As shown in Figure 5G, the SQD1
protein decreased with dark stress, resulting in a decline
in sulfolipid (SQDG) being more reduced in SO Ri than in
wild-type leaves (Supplemental Table S1). The degrada-
tion of sulfolipids is an essential step in chloroplast deg-
radation (Shimojima, 2011).

While the transcript level of MST2 was down-
regulated in wild-type and SO Ri plants (Fig. 5Hii),
MST1 was not affected much by dark stress (Fig. 5Hi).
However, both MST transcripts were enhanced upon
plant transfer to a normal light regime (Fig. 5H). Tomato
STs, MST1 and MST2, exhibited strong similarity to the
Arabidopsis MST1 (91% and 86% of the amino acids
were identical or strongly similar to tomato MST1 and
MST2 on a stretch of 253 and 329 amino acids,
respectively; Supplemental Table S3). Antibody raised
against the Arabidopsis MST1 protein detected tomato
proteins that exhibited identical gel mobility to that
shown for Arabidopsis MST1 (Papenbrock and Schmidt,
2000a) and revealed a decrease in immunoreactive poly-
peptide with dark stress in both wild-type and SO Ri
plants (Fig. 5I).

Due to the energetically favorable equilibrium, ST
activity can be measured either as sulfite generation or
consumption. The detection in desalted crude protein
extracts represents the sum of the activities of all the ST
group members (Nakamura et al., 2000; Papenbrock and
Schmidt, 2000a; Tsakraklides et al., 2002; Papenbrock
et al., 2011). Sulfite-consuming activity was detected as
sulfite disappearance (Tsakraklides et al., 2002) in the
presence of thiocyanate (SCN; Fig. 5]) or as SCN™ dis-
appearance (Supplemental Fig. S1A; Nakamura et al,,
2000; Papenbrock and Schmidt, 2000a). To abrogate in-
terfering SO activity, total ST activities were detected by
inhibiting SO with tungstate (Brychkova et al., 2012b;
Xiong et al., 2012). The reciprocal ST activity (i.e. sulfite
generation) was detected indirectly as SCN™ enhance-
ment in the presence of thiosulfate and cyanide (Fig. 5K;
Nakamura et al., 2000; Papenbrock and Schmidt, 2000a;
Tsakraklides et al., 2002). Both ST activities (Fig. 5, ] and
K) as well as thiosulfate (Fig. 5L; Supplemental Fig. S1B)
showed significant decreases with time in dark stress.
However, upon transfer to the light, only the wild type
exhibited recovered sulfite-consuming activity of STs,
while sulfite-generating activity of STs was enhanced
only in SO Ri plants (Fig. 5, ] and K). The decreases in ST
activity and protein content but not transcript level are
an indication of posttranslational processes. Markedly,
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Figure 5. SiR, SQD1, and MST1 and MST2 expression in tomato wild-type (WT) and SO Ri (Ri) plants as affected by dark stress.
The days indicated on the black background represent dark treatment, and those on the white background represent the 16-
h-light/8-h-dark regime. A, SiR transcript (SGN-U214723) relative expression. B and C, Kinetic activity (B) and SiR in gel assay
(O) of proteins extracted from wild-type (left) and SO Ri (right) leaves. D, Immunoblot analysis of SiR protein. Protein extracted
from wild-type (left) and SO Ri (right) leaves were fractionated by native PAGE and immunoblotted with SiR-specific antiserum.
Each lane contains 10 ug of soluble proteins. The data are from one of three independent experiments that yielded essentially
identical results. E, The level of NADPH, the reductant for SiR activity, as affected by the dark stress. Error bars indicate st (n =
6). Fw, Fresh weight. F and G, SQDT1 transcript (SGN-U217001) relative expression (F) and protein immunoblot analysis (G) as
described in D after protein fractionation with SDS-PAGE and immunoblotting with SQD1-specific antiserum. H, MSTT
(FJ711706) and MST2 (FJ711707) relative expression analysis. All the relative expression values were calculated by comparison
with that of day O (set as 1.0) after normalization to TFIID (SGN-U329249). Error bars indicate st (n = 6). |, MST1 protein
immunoblot analysis as described in G employing MST1-specific antiserum. J, Sulfite-consuming activity of STs assayed as
sulfite disappearance. K, Sulfite-producing activity of STs assayed as SCN™ appearance. Error bars indicate st (n = 6). L, Thi-
osulfate levels, a product of sulfite-consuming activity and a substrate of sulfite-generating activity of STs, as affected by dark
stress. Error bars indicate st (n = 6). Different uppercase letters indicate significant differences between wild-type and SO Ri
plants (Student’s t test; JMP 8.0 software), and lowercase letters indicate significant differences within the plant species in
response to treatment (Tukey-Kramer HSD test; JMP 8.0 software). All data for SO Ri plants represent means for SO Ri 137 and
SO Ri 421 lines. For both SO Ri lines, representative in gel activities and immunoblot analyses are presented.

the potential sulfite-consuming activity of ST in wild-
type plants grown under normal growth conditions as
measured in vitro were about 30% to 50% the values
measured for SO in vitro activity. If this is indicative of in
vivo potential, it indicates a significant role for ST activity
in sulfite homeostasis. The higher thiosulfate level (Fig.
5L) and ST sulfite-consuming activity (Fig. 5]) in SO Ri
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mutant plants in comparison with the wild type in con-
trol unstressed conditions may point to a potential role of
STs in sulfite detoxification in the absence of SO activity.
Due to the continuous reduction of ST activity with time
in the dark, the role of ST in sulfite turnover under dark
stress conditions is likely negligible. However, the in-
crease in ST sulfite-consuming activity and enhancement
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of thiosulfate, the expected product of such activity, in
wild-type plants after the transfer to light support the
notion of ST’s potential role in sulfite homeostasis.

Sulfite Homeostasis in Normally Grown and Dark-Grown
Sulfite-Injected Plants

The correlation between sulfite accumulation and leaf
damage (Fig. 3Bii) indicates that the accumulated sulfite
is responsible for the damaged tissue. We examined the
effect of direct sulfite infiltration to the leaves by injec-
tion (Wu et al,, 2011; Brychkova et al., 2012a). The three
lowest leaves of 6-week-old plants were injected, and
the third leaves from the bottom were used for damage
evaluation and sulfite and sulfate determination. No or
little damage was noted in mock or 0.5 to 5 mm sulfite-
injected wild-type and SO Ri plants grown in normal
light/dark conditions (Supplemental Figs. S2A and
S3A). At higher concentrations (5-7.5 mM), damage se-
verity was significant, reaching 10% and 30% in wild
type and SO Ri leaves, respectively (Supplemental Fig.
S2A). In contrast, SO Ri plants exposed to dark for 96 h,
injected with 0.05 to 1 mm sulfite, and then left in the
dark for an additional 2 d showed heightened leaf
damage severity of more than 40% when injected with
low levels of sulfite (0.2 mm). No damage appeared in
sulfite-injected wild-type leaves exposed to similar treat-
ment (Fig. 6A; Supplemental Fig. S2B).

For quantitative analysis, a known amount of sulfite
was injected (33 uL of 0.5 mm soluhon) to result in an
additional 0.1 umol sulfite g' fresh weight. As ex-
pected, sulfite injected to dark-grown wild-type leaves
resulted in an immediate sulfite enhancement to 0.4
wmol sulfite g 7! fresh weight. However, in dark-grown
SO Ri leaves similar treatment resulted in a 0.6 umol
sulfite g ' fresh we1ght increase and rapidly rose to 1.6
umol sulfite g~ ! fresh welght (Fig. 6B). When similar
injections were carried out in the light, much less sulfite
accumulated in the SO Ri lines (Supplemental Fig. S3B).
The discrepancy between SO Ri and wild-type plants
and between light and dark in the SO Ri mutants can be
explained by the uncoupling of sulfite production and
utilization. In the absence of active SO, the residual
sulfite network system was unable to cope with the in-
jected sulfite, resulting in a cascade effect of sulfite tox-
icity that prevents its efficient scavenging.

Regulation of the Sulfite Network by Sulfite

To further examine the regulation of the sulfite
network in response to sulfite injections, the responses
of the sulfite network components were monitored. An
increase in wild-type SO transcript was noted at 0.5 h
(light) or 4 h (dark) after the injection and lasted 8 h in
the light (Supplemental Fig. S3C) or 48 h in dark—grown
plants (Fig. 6C). SO activity was 10.8 = 0.26 nmol min
mg 1n the hght—grown wild type and 22.3 = 1.35 nmol
min~' mg~! in the dark-pretreated wild type. However,
significant and rapid SO activity induction after sulfite
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injection was evident 0.5 h after the injection and lasted
8 h (Fig. 6D). The induction of SO activity by sulfite was
higher in the dark than in light-grown plants (compare
Fig. 6D with Supplemental Fig. S3D). This result dem-
onstrates the ability of sulfite to induce SO, previously
described as a constitutive enzyme (Hénsch et al., 2006;
Brychkova et al., 2007; Lang et al., 2007).

Sulfate level in sulfite-injected plants compared with
mock-treated controls was increased in wild-type
plants but not in SO Ri plants due to the reduced SO
activity (Fig. 6E; Supplemental Fig. S3E). Surprisingly,
the expected increase in sulfate in wild-type leaves,
especially in the dark-stressed plants, was above the
amount of sulfite injected into the sampled leaves.
Inspection of the xylem exudate sap, sampled from the
stem below the third injected leaf 0.5 h after sulfite
injection, revealed that sulfate level in dark-stressed
plants was significantly increased. In contrast, sulfite
level was significantly increased in plants grown un-
der normal conditions and in dark-stressed plants
(Supplemental Table S4). These results indicate that, in
addition to direct oxidation of the injected sulfite by
SO, sulfate accumulated due to transport from the
lower parts of sulfite-injected, dark-stressed wild-type
plants. Additionally, the oxidation of the transported
sulfite by SO in the sampled leaf could be another
significant source for sulfate enhancement (Fig. 6E;
Supplemental Table S4). Thus, the presence of active
SO is an important component for fast conversion of
the toxic sulfite to the nontoxic sulfate in the sulfite-
injected plants and for the transportation of the re-
sultant excess sulfate to the younger leaves.

The level of SiR expression as a result of sulfite appli-
cation was examined next. SiR is down-regulated by dark
pretreatment 1tse1f from 0.8 = 0.09 (wild type) and 1.09 =
0.08 nmol min~ mg 1 (SO Ri) in the hght to 0 15 = 0.08
(wild type) and 0.15 = 0.11 nmol min 1 (SO Ri) in
the dark. However, the injection of sulﬁte rapldly in-
duced (after 0.5 h) SiR activity in both dark- and light-
grown plants (Fig. 6, F and G; Supplemental Fig. S3, F
and G), where in both wild-type and SO Ri plants the
highest activity levels were obtained 4 h after sulfite in-
jection. As shown here, the induction of SiR by sulfite is in
contrast to the description that it is a semiconstitutive
enzyme (Leustek, 2002; Kopriva, 2006; Khan et al., 2010).

The tomato ST is a large 18-member multigene family
(Supplemental Table S3) with likely varying affinities for
their sulfite or thiosulfate products, such that they spe-
cialize in the catalysis of either sulfite consumption or
production. Transcripts of the STs MST1 and MST2 were
generally enhanced in dark-stressed plants as well as in
normally grown plants in response to sulfite injection
(Fig. 7A; Supplemental Fig. S4A). Net ST activity is de-
fined as the difference between sulfite-consuming activ-
ity and sulfite-producing activity. Upon application of
sulfite, the sulfite-consuming activity was enhanced,
while the sulfite-producing activity of STs was either
generally not affected or was down-regulated (Fig. 7, B—
D; Supplemental Fig. 54, B-D). As the net ST activity is
more active in the light (1.38 + 0.14 and 4.03 = 0.17 nmol
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Figure 6. Damage evaluation, sulfite and sulfate levels, and expression analysis of SO and SiR in dark-stressed wild-type (WT)
and SO Ri (Ri) plants as affected by 0.5 mm sulfite injection. The hours (h) indicated on the black background mean time in the
dark, and those on the white background mean the 16-h-light/8-h-dark regime. A, The appearance of 6-week-old plants 72 h
after sulfite or water (mock) was injected into leaves of 5-d dark-stressed plants. After injection, plants were left for an additional
48 h in the dark and then transferred to light for 24 h (i). Damaged leaf area quantification is presented as severity of damage (ii).
B, Time course of sulfite level in sulfite-injected (inj) versus water-injected (mock) leaves. Error bars indicate se. C, SO transcript
relative expression of wild-type and SO Ri leaf extracts. D, SO activity assayed as sulfite disappearance and presented as the
difference between the activities in sulfite- and mock-injected leaves. The starting SO activities were 22.3 = 1.35 and 2.9 *
1.24 nmol min~" mg ™" for the wild type and SO Ri, respectively. Error bars indicate st (n = 6). E, Sulfate levels presented as the
differences between their levels in sulfite- and mock-injected leaves at each time point. Sulfate levels just before the injections
were 5.92 + 0.34 and 5.57 = 0.53 umol g~' fresh weight (Fw) for wild-type and SO Ri leaves, respectively. F, SiR transcript
relative expression of wild-type and SO Ri leaf extracts. G, SiR activity assayed in the coupled SiR-O-acetyl-L-serine reaction by
determining Cys generation and presented as the difference between the activities in sulfite- and mock-injected leaves. The
initial SiR activities before the injections were 0.15 = 0.08 and 0.15 = 0.11 nmol min~" mg~" for the wild type and SO Rj,
respectively. Error bars indicate st (n = 6). Different uppercase letters indicate significant differences between wild-type and SO
Ri plants (Student’s t test; JMP 8.0 software), and lowercase letters indicate significant differences within the plant species in
response to treatment (Tukey-Kramer HSD test; JMP 8.0 software). Asterisks indicate significant differences between sulfite-
injected and the corresponding mock-injected parameter detected. All data for SO Ri plants represent means for SO Ri 131 and
SO Ri 421 lines.

min~' mg " in wild-type and SO Ri plants, respectively)
and negligible in the dark-pretreated plants (—0.13 *
0.15 and —0.24 = 0.08 nmol min~' mg ™" in the wild type
and SO Ri, respectively), a more drastic enhancement
than in dark-stressed plants was evident after sulfite in-
jection (compare Fig. 7B with Supplemental Fig. S4B).
The sulfite-consuming ST activities would generate
thiosulfate; indeed, elevated levels of thiosulfate were
detected in sulfite-injected plants, being higher in the
light-grown plants (Fig. 7E; Supplemental Fig. S4E).
SQD1 transcript and protein levels were also signifi-
cantly up-regulated in response to sulfite injection into
leaves of dark-stressed wild-type plants or into wild-type
and SO Ri mutant leaves grown under a natural light
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regime (Fig. 7, F and G; Supplemental Fig. 54, F and G).
The results indicate that, in addition to SO, the other
sulfite network members that assimilate sulfite, SiR,
SQD1, and the STs, may have a role in sulfite homeostasis.

APRs generate sulfite; inspection of their transcript
levels after sulfite injection revealed rapid reduction in
APR2 and APR3 in both wild-type and SO Ri dark-
stressed plants in the light and the dark (Fig. 8, A and
C). In addition, APR activity was reduced, especially
during the first 0.5 h as a result of sulfite injection (Fig.
8, B and D). As APR activity is higher in the light
(14.10 = 1.15 nmol min~' mg ™" for the wild type and
13.36 = 1.07 nmol min' mg~' for SO Ri) compared
with the dark (4.89 = 0.32 nmol min ' mg' for the
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Figure 7. Expression analysis of the STs and SQD1 and thiosulfate levels in dark-stressed wild-type (WT) and SO Ri (Ri) plants
as affected by 0.5 mm sulfite injection. The hours (h) indicated on the black background mean time in the dark, and those on the
white background mean the 16-h-light/8-h-dark regime. A, MSTT (left) and MST2 (right) transcript relative expression. B, Net ST
activities defined as the difference between sulfite-consuming activity and sulfite-producing activity of STs (as presented in C
and D, respectively). The initial net ST activities before the injections were —0.13 = 0.15 and —0.24 = 0.08 nmol min™" mg™'
for the wild type and SO Ri, respectively. Error bars indicate st (n = 6). C, Sulfite-consuming activity of STs assayed as SO,*~
disappearance (presented as the difference between the activities in sulfite- and mock-injected leaves). The initial activities
before the injections were 0.92 + 0.47 and 0.63 = 0.24 nmol min~' mg~" for the wild type and SO Ri, respectively. Error bars
indicate st (n = 6). D, Sulfite-producing activity of STs expressed as SCN™ appearance in the presence of thiosulfate and cy-
anide. The initial activities were 1.05 = 0.13 and 0.87 = 0.06 nmol min™" mg~" for the wild type and SO Ri, respectively. Error
bars indicate st (n = 6). E, Thiosulfate levels presented as the differences between their levels in sulfite- and mock-injected
leaves at each time point. Thiosulfate levels in control plants were 20.7 = 1.27 and 22.1 = 8.25 nmol g~ fresh weight (Fw) for
wild-type and SO Ri plants, respectively. Error bars indicate st (n = 6). F, SQDT transcript relative expression analysis. All
relative expression levels after normalization to TFIID (SGN-U329249) are presented relative to the normalized expression in
mock-injected leaves at each time point. Error bars indicate st (n = 3). G, SQD1 protein immunoblot analysis of wild-type (top)
and SO Ri (bottom) leaf extracts. Proteins were fractionated by SDS-PAGE and immunoblotted with SQD1-specific antiserum.
Each lane contains 10 ug of soluble proteins. LC, Light control; C, 96-h dark-treated control; M, mock injected; Inj, sulfite
injected. The data are from one of three independent experiments that yielded essentially identical results. Different uppercase
letters indicate significant differences between wild-type and SO Ri plants (Student’s t test; JMP 8.0 software), and lowercase
letters indicate significant differences within the plant species in response to treatment (Tukey-Kramer HSD test; JMP 8.0
software). Asterisks indicate significant differences between sulfite-injected and the corresponding mock-injected parameter
detected. All data for SO Ri plants represent means for SO Ri 137 and SO Ri 421 lines. For both SO Ri lines, representative in gel
activities and immunoblot analyses are presented.

wild type and 6.86 = 0.53 nmol min~' mg ™' for SO Ri), strong negative regulator of APRs, being able to down-
a more drastic reduction than in dark-stressed plants regulate the APR activities not only in normally grown
was evident after sulfite injection (Fig. 8, compare B plants but also when these activities are already down-
and D). These results suggest that sulfite acts as a regulated in dark-pretreated plants.
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Although the existence of modulation events of tran-
scriptional regulatory element(s) was not presented in
this study, either because they may not exist or will be
uncovered, our data indicate that sulfite may act as an
orchestrating signal molecule. Here, we demonstrate, to
our knowledge for the first time, the rapid sulfite-
dependent induction of the sulfite network components
SiR, SQD1, STs, SO, and APRs at both the transcript
and activity levels. The application of sulfite to light-
and dark-pretreated plants demonstrated that, in order
to homeostate sulfite levels, sulfite down-regulates
APR, even when already being down-regulated by
the dark, up-regulates SiR, STs, and SQD1, even when
already being down-regulated by the dark, and up-
regulates SO, even when already being up-regulated
by the dark pretreatment.

DISCUSSION

A Central Role for SO within the Sulfite Network during
Extended Dark Stress

Here, we show that the sulfite network is responsive
to conditions of dark stress and the presence of sulfite.
The increase in sulfate levels in wild-type plants in

response to sulfite injection and to the dark stress (Figs.
3C and 6E; Supplemental Fig. S3E) is consistent
with a requirement for SO activity (Figs. 4F and 6D;
Supplemental Fig. S3D). Thus, SO is instrumental as a
detoxifying enzyme maintaining safe sulfite levels to en-
sure plant vitality under conditions of metabolite remo-
bilization. This is evident from the normal phenotype of
the SO Ri mutant plants, where, in the absence of active
SO, additional members of the sulfite network enzymes
can supplement the scavenging activity of SO under
normal light conditions (Supplemental Figs. S3, F and G,
and S4). However, under conditions of extended dark or
application of sulfite in dark-stressed plants, where
complementary sulfite network elements are repressed or
when the sulfite level exceeds their assimilation capacity,
the essential detoxification role of SO activity is revealed
and tissue damage becomes evident (Fig. 6, A and B).
Under normal growth conditions, the other major sink
for sulfite, SiR, channels it into the assimilatory reduction
pathway (Leustek, 2002; Kopriva, 2006; Khan et al., 2010).
However, as shown here, assimilation has a strict light
requirement that is decoupled upon transfer to dark (Fig.
5, A-D). Partial absence of normal SiR activity in Arabi-
dopsis SiR T-DNA insertion mutants resulted in a mod-
erately higher sulfite level in mutant leaves (Khan et al.,
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Figure 8. Expression and activity analysis of tomato APRs in dark-stressed and unstressed wild-type (WT) and SO Ri (Ri) plants
as affected by 0.5 mm sulfite injection. The hours (h) indicated on the black background mean time in the dark, and those on the
white background mean the 16-h-light/8-h-dark regime. A, Relative expression analysis of APR1, APR2, and APR3 in dark-
stressed plants injected with sulfite. B, APR activity in sulfite-injected leaves of plants exposed to the dark. The results are
presented as the differences between the activities in response to sulfite- and mock-injected leaves. The initial APR activities
before dark injection were 4.89 = 0.32 and 6.86 * 0.53 nmol min~' mg™' for the wild type and SO R, respectively. Error bars
indicate st (n = 6). C, Relative expression analysis of APRT, APR2, and APR3 in leaves of plants grown under normal conditions
and then injected with sulfite. All the relative expression levels after normalization to TFIID (SGN-U329249) are presented
relative to the normalized expression in mock-injected leaves at each time point. Error bars indicate se (n = 3). D, APR activity in
sulfite-injected leaves of plants grown under normal conditions. The results are presented as in B. The initial APR activities in
leaves of plants grown under normal growth conditions before the injections were 14.10 = 1.15 and 13.36 = 1.07 nmol min™"
mg~' for the wild type and SO Ri, respectively. Error bars indicate st (n = 6). Different uppercase letters indicate significant
differences between wild-type and SO Ri plants (Student’s t test; JMP 8.0 software), and lowercase letters indicate significant
differences within the plant species in response to treatment (Tukey-Kramer HSD test; JMP 8.0 software). Asterisks indicate
significant differences between sulfite-injected and the corresponding mock-injected parameter detected. All data for SO Ri
plants represent means for SO Ri 131 and SO Ri 421 lines.
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2010). Under more extreme sulfite accumulation, such as
obtained by overexpression of PaAPR in Arabidopsis and
maize (Zea mays), the endogenous SiR activity and the
other sulfite homeostasis components were insufficient to
cope with the accumulating sulfite (Tsakraklides et al.,
2002; Martin et al., 2005). Dark stress as used here accen-
tuates the need for SO under conditions of SiR, SQD1, and
ST inactivity and delineates the role of SO in maintaining
sulfite levels under normal physiological conditions.

The critical point for sulfite damage during dark stress
or injection of sulfite occurred when sulfite was about 3-
fold higher than in normal levels (Fig. 3, A and B). In-
terestingly, in maize, 3-fold sulfite enhancement due to
PaAPR overexpression (Martin et al., 2005) resulted in
aberrant, but nonnecrotic, phenotypes, indicating differ-
ences in species-specific thresholds for sulfite. Sulfite
toxicity appears to have a domino effect and rapidly
damages the very agents that could contribute to its
dissipation. Thus, after sulfite injection of the dark-treated
plants, the sulfite network members are repressed, ex-
acerbating damage, whereas in the light, the capacity of
SiR and STs is sufficient to prevent sulfite accumulation
(compare Fig. 6, A and B, with Supplemental Fig. S3, A
and B). Thus, application of sulfite by injection revealed
further unique aspects of the sulfite network (i.e. the role
of sulfite in regulation of the sulfite network).

Subcellular Localizations of the Sulfite Network and
Sulfite Homeostasis

Peroxisomal localization is ideal for the role of SO in
protecting plants against sulfite toxicity. Their close
vicinity to the chloroplasts (Oikawa et al., 2003) and
mitochondria (Islam and Takagi, 2010) would enable
the generation of a sulfite gradient facilitated by SO-
dependent sulfite oxidation (Hansch and Mendel,
2008). Indeed, application by fumigation of toxic SO,
levels to normally grown Arabidopsis and tomato
mutants, overexpressing or lacking SO activity, dem-
onstrated the essential role of SO in protecting plant
cell components from toxic sulfite (Brychkova et al,,
2007; Lang et al., 2007; Randewig et al., 2012). By
employing prolonged dark stress to induce the pro-
duction of endogenous sulfite under conditions in
which other sulfite network components are down-
regulated, we further demonstrated that peroxisomal
SO serves as the major conduit of sulfite detoxification
(Fig. 2, B and C). Yet, under normal growth conditions,
the activities of the other sulfite network components
are sufficient to protect SO Ri plants from relatively
high doses (5 mm) of toxic sulfite in the absence of SO
activity (Supplemental Fig. S2A). In the chloroplast,
protection against toxic levels of sulfite is afforded by
the activity of the chloroplast-localized enzymes, SiR
and SQD1, that have low K, for sulfite (10 um) and are
sufficiently active (Sanda et al., 2001; Khan et al., 2010).
Indeed, the expression of SiR and SQD1 was rapidly up-
regulated in response to sulfite application (Supplemental
Figs. S3, F and G, and S4, F and G). Additionally, a
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possible support of potential chloroplast-localized mem-
bers of the ST gene family, as shown in Arabidopsis
(Papenbrock et al., 2011), should not be ignored. Thus, the
battery of the chloroplast-localized sulfite-consuming en-
zymes could serve as a “bodyguard” to moderate sulfite
generated by the chloroplast-localized APR (Kopriva,
2006). Sulfite is detoxified as well in the other cellular
compartments by the cytosolic and mitochondrial local-
ized STs (Papenbrock et al, 2011). Importantly, the in
vitro sulfite-consuming activity of STs in tomato plants
grown under normal growth conditions is shown here to
be approximately 50% of SO activity, indicating the po-
tential role of these enzymes, localized to all plant cell
compartments, in sulfite homeostasis.

An S Balance Sheet Reveals a Critical Role of Sulfite

Supplemental Table S1 shows the distribution of S-
containing compounds in the plant at the beginning
and end of the dark treatment. The accounting of
sulfite levels and potential pools of sulfite sources re-
veals that protein (designated as total S-amino acids)
breakdown is largest among the identified compo-
nents of dark-induced changes in S pools (Fig. 3, D-F;
Supplemental Table S1). Due to the dependence of
APR activity on light (Kopriva et al., 1999), the major
source of dark-induced accumulation of sulfite can
only be from the remobilization of internal sources of
previously reduced S. These include thiol compounds,
amino acids, and sulfated membrane components
(Takahashi et al., 2011). SQDG has been hypothesized
to act as an S storage lipid in cells (Shimojima, 2011),
and its degradation in the dark would provide abun-
dant energy for cellular processes but also release sulfite
(Supplemental Table S1). As shown in Supplemental
Table S1, it can be a significant source of sulfite, second
to amino acid sources.

Remarkably, sulfate continues to accumulate during
the dark in wild- -type leaves but not in the SO Ri leaves,
to an amount that 1s approximately 2-fold (or approxi-
mately 4.61 umol g~ ! fresh weight) higher than in control
unstressed plants (Supplemental Table S1). However,
when total S is measured, it continues to grow equally
in both wild-type and SO Ri leaves by 8.4 and 8.18 umol
g ' fresh weight, respectively. Thus, SO has a central
function in determining the distribution of S type within
the leaf but not on total leaf S uptake. This notion is
further supported by the 3-fold increase in sulfate
level in the xylem sap of dark-stressed wild-type plants
(Supplemental Table S2). The absence of any influence of
dark stress on sulfite level in the xylem sap (Supplemental
Table S2) indicates that the sulfite by-product is rapidly
converted into sulfate and likely to so-called “other S
compounds” in wild-type leaves (compare other S
compounds at 0 and 11 d in the dark in Supplemental
Table S1). In contrast, sulfite increase in the xylem sap
of the dark-stressed SO Ri mutant indicates that the
sulfite by-product was transported from outside the
leaf (Supplemental Table S2). The measured sulfite is
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likely an underestimate of true sulfite levels, as sulfate
can also be formed by spontaneous sulfite oxidation
(Héansch et al., 2006; Brychkova et al., 2012a) and as
strong nucleophile will react with other metabolites to
form sulfate compounds, so-called other S compounds
(King and Kaiser, 1974; Peiser et al., 1982; Hansch and
Mendel, 2005; Footitt et al., 2011). Such compounds are
elevated after stress in the SO Ri mutant compared
with the wild type (Supplemental Table S1). Thus, SO
acts as a safety valve and converts sulfite to sulfate,
resulting in less other S compounds.

Remarkably, SO Ri plants in the light contain more
total S-amino acids (by 50%) but less other S com-
pounds (Supplemental Table S1). Hence, the continu-
ous presence of sulfite in the light increases the flux to
S-containing amino acids (i.e. through SiR activity) in
the SO Ri mutants. In the dark, when SiR is inacti-
vated, the breakdown of the excess total S-amino acids
in the SO Ri mutants presents a major source for the
toxic sulfite (Supplemental Table S1).

Sulfite as a Regulator of S Metabolism: Sulfite Producers
and Sulfite Users

The level of APR activity has been considered as the
main control point in the sulfate assimilation pathway
(Kopriva, 2006, Khan et al., 2010). In this work, we
demonstrate its rapid down-regulation (0.5 h) after sulfite
application to maintain sulfite homeostasis and avoid
further toxic sulfite accumulation (Fig. 8, B and D).
Hence, in addition to a role for APR in controlling the
assimilation of sulfite, the level of the sulfite product is
sensed to regulate both transcriptional and posttrans-
criptional levels of APR. We further demonstrated the
regulation of SiR by sulfite, as its activity was rapidly up-
regulated at the transcript and activity levels, reversing
the down-regulation by the dark (Figs. 5, A-D, and 6, F
and G; Supplemental Fig. S3, F and G). In addition to SiR,
chloroplast-localized SQD1 exhibited sulfite-enhanced
expression in response to sulfite (Fig. 7, F and G;
Supplemental Fig. 54, F and G). However, the potential
scavenging activities of SiR and SQD1 as measured by in
vitro capacity (Sanda et al., 2001; Shimojima and Benning,
2003) is lower than SO (compare Figs. 4F and 5B as well
as Fig. 6, D and G, and Supplemental Fig. S3, D and G),
which explains the higher sensitivity of the SO Ri plants
to sulfite (Supplemental Fig. S2). In summary, SO was
demonstrated here to play an important role in sulfite
consumption as a salvage housekeeping enzyme, and
sulfite levels are used as a signal for rapid modification of
the sulfite network.

A Potential Role for ST/Rhodanese Genes in Regulating
Sulfite Levels

Rhodanese-like activity can transfer a thiol to a
sulfite to generate thiosulfate in a reversible reaction.
In Arabidopsis, 20 ST/rhodanese genes are localized to
varied cellular positions (Papenbrock et al., 2011), and 18
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members are identified in tomato (Supplemental Table
S3). Their potential function, to form the less toxic thio-
sulfate from the toxic sulfite by STs, was previously
hypothesized (Nakamura et al., 2000; Papenbrock and
Schmidt, 2000b; Tsakraklides et al., 2002; Martin et al.,
2005) and demonstrated using recombinant AtMST1
protein (Tsakraklides et al., 2002). However, a role of the
ST members in sulfite homeostasis has not been estab-
lished unambiguously. Impressively, a significant sulfite
net consuming activity was demonstrated, being about
18.5% to 38% of the SO activity (compare Figs. 4F and 5, |
and K). The level of thiosulfate increases in planta rap-
idly in response to sulfite injection (Fig. 7E; Supplemental
Fig. S4E) and may represent rapid flux through ST-like
activities. Conceivably, part of the generated ST products,
like thiosulfate, may react with other cell components
and contribute to the levels of the other S compounds.
We noted differences between the levels of net sulfite-
consuming activities by STs in both wild-type and
mutant plants (Fig. 7B; Supplemental Fig. 54B). While
these measurements are the crude sum of all the in
vitro potential activities, they are likely to represent
subtle changes in the populations of ST activities.

The application of extreme environmental insult to
plants, such as extended darkness, has provided a system
for following dramatic shifts in the redeployment of ox-
idized and reduced S. The turnover of S during the
remobilization of cellular components is likely a neces-
sary, albeit negative, by-product of the need for reuse of
carbon skeletons as an energy source. The novel evidence
provided by the synchronous dark-induced turnover of
S-containing compounds augmented by exogenous sul-
fite applications underlines the role of SO and other sul-
fite network components. The network maintains sulfite
homeostasis, providing a fitness component to normal
physiological responses and optimizing diurnal or se-
nescence programs in which the reutilization of existing
cellular constituents takes place.

MATERIALS AND METHODS
Plant Materials, Growth Conditions, and Dark Treatment

Tomato plants (Solanum lycopersicum ‘Rheinlands Ruhm’), both wild type
and SO Ri mutants (Brychkova et al., 2007), were grown in pots filled with a
peat and vermiculite (4:1, v/v) mixture containing slow-release high-N Mul-
ticote 4 with microelements (0.3%, w/w; Haifa Chemicals; http://www.
haifachem.com/) in a growth room under 16 h of light/8 h of dark, 22°C, 75%
to 85% relative humidity, and 100 uE m2 st light, as described before
(Brychkova et al., 2007, 2012a).

For dark treatment, 6-week-old tomato plants were transferred to a dark
room. Samples were collected every day for 15 min, under dim light (40 umol
m~2s7"), as a mixture of top leaves (fifth and six from the bottom) taken from
five plants. After 11 d in the dark, plants were transferred back to the growth
room, and the survival rate and severity of leaf damage were determined
9 d later. The average and st of the survival rate were calculated from 13
independent experiments, with at least 80 plants for each treatment.

Sulfite Injections

Infiltration of sulfite into plant leaves by injection was done as described
recently (Wu et al., 2011; Brychkova et al., 2012a). The three lowest leaves of 6-
week-old wild-type and SO Ri plants, normally grown or exposed to dark
stress for 96 h, were injected either with buffered water (pH 5.7; mock) or 0.5
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mu sulfite (pH 5.7) and left in the dark for an additional 2 d before transfer to
a normal light/dark regime. The volume of the injected solutions was 33% =+
0.5% of leaf weight. The severity of damage was determined 120 h after the
injection, as the mean ratio between the damaged area and the total area of the
third leaves from the bottom, employing 20 leaves for each treatment and
using Image] software (http://rsbweb.nih.gov/ij/) as described before
(Brychkova et al., 2007, 2008a, 2012b). Samples for metabolite determination,
gene expression, and enzyme activity analysis were collected from the third
leaves from the bottom just before the injection and 0.5, 4, 8, 24, 48, and 72 h
later. Plants subjected to dark stress were injected and sampled under dim
light (40 wmol m~2 s 1) conditions.

Sap Exudate Collection, Protein and Chlorophyll
Determination, and Quantification of Leaf Damage Levels

Exudate sap (approximately 200 uL) was collected from plants topped 1 cm
below the fifth leaf. The entire root system of the tomato plants was washed with
distilled water, blotted dry with filter paper, and transferred into an Arimad
2 pressure chamber (www.mrclab.com). Thereafter, the pressure was gradually
increased to cause exudation. The sap (approximately 200 uL) was collected
(Cramer and Lips, 1995; Hartung et al., 1998; Netting et al., 2012) under perma-
nent pressure of 6.2 bar during 10 min and then frozen in liquid nitrogen and kept
in —80°C before use for sulfate and sulfite determination. Similarly, in the case of
sulfite- or water-injected plants, sap was collected from plants topped 1 cm below
the third injected leaf at 0.5 h after injection. The protein content was determined
according to the Bradford method using bovine serum albumin as a standard
(Bradford, 1976). Total chlorophyll content was presented as remaining chloro-
phyll content (e.g. the ratio of chlorophyll content in a treated leaf disc [7 mm] to
the untreated control leaf disc) expressed as percentage. The severity of leaf
damage was estimated as a percentage of damage area to total area as described
by us before (Brychkova et al., 2007, 2008a).

Preparation of RNA and Quantitative Real-Time Reverse
Transcription PCR

For quantitative analysis of transcript expression, total RNA extraction,
reverse transcription reaction, and quantitative real-time PCR employing
specific primers (Supplemental Table S5) were performed as described before
(Brychkova et al., 2007). Reactions normalized with ACTIN Tom41 (L160480),
TIP1 (SGN-U321250), ELONGATION FACTORI1-a (SGN-U196120), and TFIID
(SGN-U329249) as housekeeping genes (Expoésito-Rodriguez et al., 2008)
revealed similar results, allowing us to present results based on the TFIID.

Protein Extraction and Immunoblotting for SO, SiR, APR,
SQD1, and MST1 Proteins

For immunoblot analysis of SO and SiR, proteins from leaf samples were
extracted, fractionated, blotted, and subjected to immunodetection as described
(Brychkova et al., 2007, 2012c). For APR, MST1, and SQD1 immunoblot detection,
protein extracts were prepared under denaturing conditions (Zavgorodnyaya et al.,
1997; Brychkova et al., 2012b), and aliquots of 10 ug of protein were subjected to
12.5% SDS-PAGE under denaturing conditions (Zavgorodnyaya et al, 1997;
Kopriva et al., 1999; Brychkova et al., 2012b) followed by blotting to polyvinylidene
difluoride membranes (Immun-Blot membranes; Bio-Rad; www.bio-rad.com/).
Blotted proteins were subjected to immunodetection with specific antisera raised
against recombinant APR2 as recently described for tomato (Brychkova et al., 2012b;
applied in a 1:2,000 ratio; kindly supplied by Prof. Stanislav Kopriva), MST (1:1,000
ratio; kindly given by Prof. Jutta Papenbrock), or SQD1 (1:2,000 ratio; kindly gifted
by Dr. Mie Shimojima), followed by 5,000-fold phosphate-buffered saline diluted
secondary antibodies (anti-rabbit IgG; Sigma; http://www.sigmaaldrich.com).
Protein bands were visualized by staining with the enhanced chemiluminescence
SuperSignal Western Blotting System (Pierce; http://www.piercenet.com) and
quantified by National Institutes of Health Image software (version 1.6).

Protein Extraction and Kinetic Assays for SO, APR, and
SiR and in Gel SiR Activity

Activities for APR, SiR, and SO were extracted and assayed as described
(Brychkova et al., 2012a, 2012b, 2012c). In brief, SO activity was measured as
the disappearance of sulfite (Pachmayr, 1960; Lang et al., 2007; Khan et al.,
2010; Teschner et al., 2010; Brychkova et al., 2012a). The desalted protein
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extracts were treated with 1 mm tungstate for 30 min at 4°C to inhibit SO
activity (Brychkova et al., 2012a). APR activity employing APS as substrate
was detected using the sulfite-specific fuchsin colorimetric detection method
(Brychkova et al., 2012b). SiR activity was estimated by the coupled SiR/OAS-
TL assay (Bosma et al., 1991; Khan et al., 2010) with the addition of NADPH
and tungstic acid (Brychkova et al., 2012c). The resultant generated Cys was
detected as described before (Gaitonde, 1967; Burandt et al., 2001; Ohtsu et al.,
2010; Brychkova et al., 2012c). SiR in gel activity detection is based on the
detection of sulfide, the direct product of SiR activity, reacting with lead ac-
etate to yield lead sulfide bands (Brychkova et al., 2012c).

ST Kinetic Activity

ST activities were extracted as described previously (Nakamura et al., 2000;
Papenbrock and Schmidt, 2000a; Tsakraklides et al., 2002). In brief, sulfite-
generating sulfurtransferase activity was determined by colorimetric detec-
tion of SCN™ formation at 460 nm as the red Fe(SCN); complex from cyanide
and thiosulfate using acidic iron reagent (FeCl,, 50 g L™'; 65% HNO;, 200 mL
L) as described before (Papenbrock and Schmidt, 2000a). Sulfite-consuming
activity of the STs was determined as described before (Papenbrock and
Schmidt, 2000a; Tsakraklides et al., 2002) with modifications. The reaction
assay contained 0.1 M Tris-HCl buffer, pH 8.48, 0.1 mm Na,SO,;, 5 mm
B-mercaptoethanol, 50 um NaSCN, and 80 ug mL™" desalted protein extract
treated before the assay with 1 mm tungstate for 30 min at 4°C to disrupt SO
activity that consumes sulfite. The sulfite-consuming activity was measured
during 15 min at 37°C and was estimated as sulfite disappearance, as de-
scribed for SO activity (Pachmayr, 1960; Lang et al., 2007; Khan et al., 2010;
Teschner et al.,, 2010; Brychkova et al., 2012a) and employing Na,SO; as a
standard in solution containing NaSCN. Sulfite-consuming activity was
assayed also as SCN™ disappearance by detecting Fe(SCN), (Papenbrock and
Schmidt, 2000a). NaSCN was used as a standard in solution containing
Na,SO;. Desalted protein extracts incubated with assay medium in the ab-
sence of sulfite were used as blanks. The net sulfite-generating activity was
estimated as the difference between sulfite consumption activity and sulfite
generation activities of STs and expressed as nmol sulfite min ' mg ™' protein.

Extraction and Determination of NADPH, Sulfolipids,
GSH, and Free and Bound Amino Acids

NADPH was extracted with 0.1 N KOH solution as described (Hajirezaei et al.,
2002) and detected at 570 nm during 40 min at 30°C using the cycling assay
(Matsumura and Miyachi, 1980). Total lipids were extracted in isopropanol fol-
lowed by heating at 80°C for 15 min as described by Bligh and Dyer (1959).
Sulfolipids were separated from the other lipids by two-dimensional thin-layer
chromatography in chloroform:methanol:acetic acid:water (73:25:2:4) polar lipid
separation solution, followed by quantification on Trace GC Ultra (Thermo
Scientific; http:/ /www.thermoscientific.com) as described before (Khozin et al.,
1997). Free amino acids and GSH were extracted from frozen leaf samples and
detected according to Matityahu et al. (2006) and Hacham et al. (2008). For
protein-bound amino acid determination, total proteins were extracted from 100
mg of leaves using a standard protocol of TCA precipitation (Wang et al., 2006)
followed by triple washing the SDS with 100% methanol and 80% acetone.
Extracted proteins were hydrolyzed in constant boiling HCI vapors at 110°C for
22 h under nitrogen (Hacham et al., 2008). Total amino acids were determined by
the AccQ-Tag method (Waters; http:/ /www.waters.com/) using a Waters Alli-
ance 2695 HPLC instrument. Quantification was performed using a Waters 2475
Multi 22 wavelength fluorescence detector as described previously (Hebeler et al.,
2008; Dotson and Westerhoff, 2012). Reduced and oxidized forms of glutathione
were determined also according to Griffith (1980) with similar results to those
detected by HPLC.

Determination of Total S, Sulfate, Sulfite, and Thiosulfate

Sulfate was stabilized with 24 mm formaldehyde in 2 mm Na,CO;/0.75 mm
NaHCO; solution to prevent spontaneous sulfite oxidation (Lindgren et al.,
1982) and determined as described (Brychkova et al., 2012a). Total S content
was determined as described before (Busman et al., 1983). Sulfite levels were
measured using sulfite detection methods based on (1) chicken SO, (2) a
coupled sulfite reductase reaction linked to OAS-TL, and (3) a colorimetric
fuchsin-based method as described by Brychkova et al. (2012a). Since data
obtained with these three methods varied by less than 10%, only data based on
chicken SO detection methods are presented. Thiosulfate content in deproteinized
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samples extracted in 0.1 m Tris-HCI, pH 9.0, was detected employing a method
modified from Papenbrock and Schmidt (2000b). In addition to 0.058 units mL™!
bovine liver rhodanase, type II (Sigma R1756), the reaction contained 5 mm di-
thiothreitol in 0.1 M Tris-HCI, pH 9.0. Thiosulfate was detected as sulfide pro-
duced within 30 min at 26°C and trapped by acidified cadmium acetate (1%; pH
5.0; Murray et al., 2003) and fixed by adding 100 uL of 30 mm FeCl, dissolved in
1.2 M HCl and 100 uL of 20 mm N,N-dimethyl-p-phenylene-diamine dissolved in
7.2 M HCL. Samples were incubated at 40°C for 10 min, and the production of
methylene blue was monitored spectrophotometrically at 625 nm (Siegel, 1965;
Murray et al., 2003). The calibration curves for thiosulfate without and with the
addition of plant extract were linear in the tested range, 0.3 to 3.0 nmol, with
correlation coefficient higher than 0.999 (Supplemental Fig S1B).

Statistical Analysis

The data for SO Ri plants represent means for SO Ri 131 and SO Ri 421
lines. Immunodetection of proteins and enzyme activities was performed on
three to six independent protein preparations from different experiments. For
both SO Ri lines, representative in gel activities and/or immunoblot analyses
are presented. Metabolite measurements were done on six samples from two
to six independent experiments. Each treatment was evaluated using ANOVA
(Student’s t and Tukey-Kramer honestly significant difference [HSD] tests;
JMP 8.0 software; http://www .jmp.com/). Pearson correlation analysis was
performed in R statistical software (Wessa, 2012). Analysis of covariance was
employed to compare linear regression line slopes (http:/ /faculty.vassar.edu/
lowry/vsancova.html).

Supplemental Data

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

Supplemental Figure S1. Sulfurtransferases sulfite-consuming activity in
response to dark stress and the detection of thiosulfate.

Supplemental Figure S2. Appearance and damage level of tomato leaves
in response to sulfite injection.

Supplemental Figure S3. Damage evaluation, sulfite and sulfate levels,
and expression analysis of sulfite oxidase and sulfite reductase in tomato
plants as affected by 0.5-mwm sulfite injection.

Supplemental Figure S4. Expression analysis of the sulfurtransferases,
UDP-sulfoquinovose synthase, and thiosulfate level in tomato plants
as affected by 0.5-mwm sulfite injection.

Supplemental Table S1. Turnover of sulfur-containing metabolites in
the top leaves in response to dark stress in tomato wild type and SO
mutants.

Supplemental Table S2. The levels of sulfate and sulfite in the leaves and in
xylem sap as affected by dark stress in tomato wild type and SO mutants.

Supplemental Table S3. Predicted representatives of the large group of
tomato sulfurtransferases.

Supplemental Table S4. The levels of sulfate and sulfite in the stem xylem
sap exudate in dark-stressed and normal-grown wild-type tomato plants
after injections with 0.5 mm sulfite.

Supplemental Table S5. List of primers used for quantitative real-time
PCR (Lycopersicon esculentumt).
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