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Abstract. Sulfite, a sulfur-containing compound, has traditionally been
viewed as a toxic byproduct of sulfur metabolism in plants. Recent research,
however, highlightsitsemergingroleasasignalingmoleculeinfluencingawide
range of physiological processes. This review delves into the dualistic nature
of sulfite, examining its involvement in plant stress responses, developmental
pathways, and metabolic regulation. Sulfite signaling is intricately linked
with reactive oxygen species (ROS) and hormonal networks, particularly
abscisic acid (ABA), facilitating plants' adaptive responses to environmental
stresses such as drought. Moreover, the regulatory mechanisms of sulfite
homeostasis, including sulfite reductase activity and sulfite transporters,
underscore its significance in maintaining cellular function and redox
balance. The insights into sulfite's role as a signaling molecule open new
avenues for enhancing crop resilience and productivity through targeted
metabolic engineering. Understanding sulfite dynamics thus represents a
promising frontier in plant biology, with potential applications in sustainable
agriculture and stress management.
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Sulfite production

Sulfite is an intermediate of the assimilatory sulfur reduction pathway used by plants, algae,
fungi, and bacteria to form cysteine and methionine. Above a certain threshold specific for each
plant species, sulfite may cause damage to cell components such as DNA, proteins and lipids
(Leustek et al., 2000; Tanaka et al., 1982; Yang and Purchase, 1985; Ziegler, 1974). Production
of sulfite from sulfate anions, taken up by the sulfate transporters from the soil, occurs through
the adenylation of sulfate by ATP sulfurylase [ATPS, EC 2.7.7.4] and further reduction to sulfite
by adenosine 5'-phosphosulphate reductase [APR, EC 1.8.4.9] (Figl). Sulfite also exists as
atmospheric sulfur gas sulfur dioxide (SO2), which is taken up by the foliage and dissociates
in the apoplastic water of the mesophyll to bisulfite (HSO3-) and sulfite (SO32-). Sulfur
dioxide inhibits plant growth, affects bio-productivity (Ashenden and Williams, 1980), leads
to increased susceptibility to plant diseases, leaf chlorosis and necrosis, decreases the rate of
CO2 exchange in whole leaves, results in disorganization of cellular components such as endo-
membranes of plastids and consequently affect photosynthesis (Hallgren and Gezelius, 1982).
However, at low doses sulfur dioxide is utilized as a nutrient that may contribute significantly
to the plant's sulfur, especially if the sulfur supply in the soil is in shortage (Leustek and Saito,
1999; Rennenberg, 1984).

Sulfite canbealso generated endogenously upon degradation of S-containing metabolites such
as cysteine and methionine (Brychkova et al., 2013; Hansch and Mendel, 2005). This pathway
involves production of H2S from L-cysteine by an L-cysteine desulfhydrase [DES1, EC 4.4.1.1]
or O-acetylserine-(thiol) lyase [OASTL; EC 2.5.1.47] (Kurmanbayeva et al., 2017; Rennenberg
et al,, 1987; Riemenschneider et al., 2005). H2S is oxidized to GSSH either nonenzymatically
in the presence of GSSG or catalyzed by a currently unknown cytosolic enzyme. Mitochondrial
sulfurdioxygenase [ETHE, EC 1.13.11.18] oxidizes GSSH to sulfite (Krussel et al., 2014), which is
either converted to thiosulfate (S203) via the addition of a persulfide group by sulfurtransferases
[STR1, EC 2.8.1.2] or transported to the peroxisomes for oxidation to sulfate (SO4) by sulfite
oxidase (SO, EC. 1.8.3.1,; (Brychkova et al., 2013; Lang et al., 2007).
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Figure 1.

Schematic overview of primary and secondary sulfur metabolism in Arabidopsis thaliana. Primary
sulfate assimilation is represented by bold arrows, since it represents a major sink for sulfate
assimilation. Enzymes are indicated in blue, metabolites in black. Abbreviations: SULTR, sulfate
transporter; AMP, adenosine monophosphate; ATPS, ATP sulfurylase; APR, APS reductase; APK,
APS kinase; DES1, L-cysteine desulfhydrase; ETHE1, sulfurdioxygenase; GR2, glutathione reductase
2; GSH, reduced glutathione, GSSG, oxidized glutathione; OASTL, O-acetylserine-(thiol) lyase;
PAP, 3'-phosphoadenosine 5'-phosphate; PAPS, 5’-phosphoadenosine 3’-phosphosulfate; SAL1,
3’-phosphoadenosine 5’-phosphate phosphatase, SiR, sulfite reductase; SO, sulfite oxidase; SOT,
sulfotransferase, STR, sulfurtransferase.

Sulfite consumption

Due to its toxicity, sulfite levels are tightly regulated by the sulfite network enzymes
through the interplay between sulfite production and consumption. Sulfite utilizing enzymes
such as sulfite reductase [SiR, EC 1.8.7.1] and sulfite oxidase (SO) have been considered as
a defensive team, protecting plant cells from sulfite damage, likely by increasing SiR and SO
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activities as reported in Arabidopsis and tomato plants (Brychkova et al., 2007; Lang et al,,
2007; Yarmolinsky et al., 2013). The exact molecular mechanisms involved in sulfite signaling
are still largely unknown, yet studies with SiR and SO mutants have demonstrated the existence
of a tight coregulatory mechanism of the sulfite network components. Suppression of SiR or SO
genes resulted in the compensation by other components of the network that consume sulfite
(Brychkova et al., 2013; Yarmolinsky et al., 2013).

SiRis the bottleneck enzyme for the sulfite reduction pathway, whose activity affects nitrogen
and carbon metabolism and which is essential for growth and development in Arabidopsis
(Khan et al., 2010). Plant SiR is encoded by a single-copy gene, that contains one iron-sulfur
cluster and one siroheme as prosthetic groups (Nakayama et al., 2000). Sulfite reduction to
hydrogen sulfide (H2S) by plant SiR is processed in a ferredoxin (Fd)-dependent manner in
which a relatively high proportion of NADPH is needed to drive the electron transfer from Fd by
Fd-NADP+ reductase (FNR) (Yonekura-Sakakibara et al., 2000). SiR appears to be an important
enzyme which protects plant tissue against sulfite toxicity, specifically in the chloroplast
(Yarmolinsky et al., 2013). Leaves of SIR Ri tomato plants contained significantly higher sulfite
levels than the corresponding leaves of the wild type plants which resulted in early senescence
(Yarmolinsky et al., 2014).

SO is a molybdenum cofactor (MoCo)-containing enzyme, localized in the plant peroxisomes,
which catalyzes the oxidation of sulfite to sulfate. SO activity is the primary response of the
sulfite network, protecting plant cells from the prolonged excessive sulfite in the mutant
leaves or under sulfite/sulfur dioxide exposure (Brychkova et al., 2013; Randewig et al., 2012;
Yarmolinsky et al., 2013). Representing 0.1% of all proteins, this enzyme was long considered
to be constitutively expressed (Lang et al., 2007). Yet, SO deficiency in plants is not necessarily
lethal, unless other sulfite network enzymes are down-regulated or there is a need for sulfite
detoxification, while in mammalian cells the mitochondrion localized SO deficiency leads to
severe neurological abnormalities.

Sulfite utilization also refers to other components such as the sulfurtransferases (STR) that
generate thiosulfate from sulfite and thiocyanate as well as the UDP-sulfoquinovose synthase
[SQD1, EC 3.13.1.1] that initiates the biosynthesis of sulfolipids from UDP-glucose and sulfite
(Brychkova et al., 2013; Sanda et al., 2001). In the Arabidopsis genome 20 putative STRs were
identified as proteins containing an Rhd domain (Mao etal., 2011; Papenbrocketal., 2011). STRs
perform a wide variety of functions, including cyanide detoxification (Ito and Minami, 1999),
hydrogen sulfide detoxification (Ramasamy et al., 2006), involvement in sulfate metabolism
(Nandi and Westley, 1998), management of the cytotoxicity of reactive oxygen species in aerobic
tissues (Nandi et al., 2000), mobilization of sulfur for iron-sulfur cluster biosynthesis or repair
of iron-sulfur proteins (Mao et al,, 2011; Pagani et al., 1984), and interaction with thioredoxin
(Ray et al,, 2000). The affinity of STRs to sulfite was demonstrated (Tsakraklides et al., 2002),
as well as induction of sulfite consuming activity towards thiosulfate production by sulfite
application (Brychkova et al., 2013). SQD1 transcripts and proteins appeared to be also highly
sensitive to sulfite application, responding already 30 min after sulfite application, yet the role
of STRs as well as SQD1 in sulfite detoxification need to be further studied.
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Sulfite and reactive oxygen species

ROS play an important signaling role in plants controlling processes such as growth,
development, response to biotic and abiotic environmental stimuli, and programmed cell
death. Plants produce reactive oxygen species (ROS) at a very low level under normal growth
conditions in chloroplasts, mitochondria and peroxisomes. However abiotic and biotic stresses
can increase the rate of ROS production which may cause oxidative damage. ROS mediated
signaling is controlled by a delicate balance between production and scavenging. Changes in
the balance of reduced vs. oxidized forms of certain antioxidants such as glutathione may be
used as a sensor for changes in the environment, and changes in ROS levels may directly affect
the redox situation in the cell (Tripathi et al., 2009).

High sulfite may cause elevated ROS accumulation and might be one of the causes for sulfite-
induced damage (Yarmolinsky et al., 2014). On the other hand ROS were shown to initiate
sulfite oxidation in a non-enzymatic way (Hansch et al., 2006; Ziegler, 1974). At low sulfite
concentrations, H202 as a reaction product of SO is degraded by catalase. At higher sulfite
concentrations accumulating H202 derived from the SO reaction oxidizes non-enzymatically
a second sulfite molecule. An additional defense system was recently proposed (Hansch et
al., 2006). Plant specific class Il peroxidases, also called guaiacol peroxidases [EC 1.11.1.7,
(Tognolli et al., 2002)], may act as a back-up mechanism for survival upon sulfite exposure in
so-ko mutant (Baillie et al., 2019).

Relation of sulfite to drought

Stomataregulate gas exchange between plants and the atmosphere and allow CO2 provision
for photosynthesis. Control of the size of the stomatal aperture optimizes the efficiency of
water use through dynamic changes in the turgor of the guard cells. Many environmental
factors such as CO2 concentration, biotic and abiotic stresses, and additionally different plant
hormones, can modulate stomatal reaction. For plants that encounter dehydration stress, the
most essential factor is the ability of stomatal closure to prevent excess water loss. Opening
and closing is achieved by the swelling and shrinking of the guard cells, which is driven by ion
exchange; cytoskeleton reorganization and metabolite production; the modulation of gene
expression and the posttranslational modification of proteins (Kim et al.,, 2010). Recently,
a role of sulfur and sulfur-containing compounds in abiotic stress defenses has also been
postulated (Chan et al.,, 2013).

Sulfate is the only macronutrient that increases in the xylem sap during drought stress
treatments (Ernstetal., 2010). Sulfate accumulates at early stages of drought preceding drought-
related hydraulic signaling and ABA accumulation. A sulfate feeding experiment demonstrated
a stimulating effect of sulfate on ABA synthesis and QUAC1/ALMT12 channels activation that
subsequently leads to stomatal turgor loss and stomatal closure (Malcheska et al., 2017).

Hydrogensulfide (H,S) participatesin stressresponses, development,and stomatal movement
inplants. H,S is enzymatically produced by SiR through sulfite reduction and also during catabolic
pathway of conversion of cysteine to pyruvate, H,S, and NH,+ catalyzed by DES1(Alvarez et
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al,, 2010). It was shown that H2S participates in ABA- or ethylene-induced stomatal closure in
different plant species. ABA treatment did not lead to stomata closure in isolated epidermal
strips of des1 mutants, indicating that DES1 is required for ABA-dependent stomatal closure
(Sculffi et al., 2014). Also it was shown that H,S may act independently or upstream of ABA by
inactivation of current carried by inward-rectifying K+ channels (Papanatsiou et al., 2015).

Detoxification of increasing ROS levels during drought may necessitate increased glutathione
production. Thus the importance of GSH during drought seems to be apparent. Yet, glutathione
has been shown to negatively regulate ABA-induced guard cell movement (Akter et al., 2012;
Okuma et al., 2011). The Arabidopsis cad2 - 1 mutant that is deficient in y-GCS enzyme and the
application of 1-chloro-2,4- dinitrobenzene (CDNB), a chemical that decreases GSH content,
to wild type Arabidopsis enhanced the ABA-induced stomatal closure. Restoring levels of GSH
by external application of glutathione monoethyl ether restored the phenotype of wild type
Arabidopsis. The level of glutathione under drought stress was shown to be decreased at early
stages when drought was not yet measurable in leaves, and increased in correlation with ROS
level at later stages of drought (Koffler et al., 2014).

3’-phosphoadenosine 5’-phosphate (PAP), produced in secondary sulfur assimilation as a
byproduct of sulfotransferase [EC 2.8.2.-] catalyzed sulfation reactions, is suggested to function
as a retrograde drought signal from the chloroplast to the nucleus. In A. thaliana, a 30-fold
increase of PAP was observed under drought conditions (Estavillo etal.,, 2011). The PAP content
is regulated in the chloroplasts by the 3’ (2’),5’-bisphosphate nucleotidase (SAL1, EC 3.1.3.7),
which dephosphorylates PAP to adenosine monophosphate (Quintero etal. 1996). Consequently,
a loss of function mutation of SAL1 led to an increase of PAP, but also to a 50 % higher drought
tolerance. The targeting of SAL1 to the nucleus of sall knockout mutants led to the complete
complementation of PAP and drought tolerance to wild type levels (Estavillo et al., 2011).

The effects of sulfur dioxide and sulfite on transpiration, stomatal aperture, and water loss
in plants remain inconclusive. Various studies have reported decreases, no changes, or even
increases in stomatal aperture size in response to these compounds (Majernik and Mansfield,
1970; Biscoe et al., 1973; Black et al., 1979; Taylor et al., 1981). Both reductions and a lack of
effect on stomatal conductance and aperture have been observed in Arabidopsis. Recently, the
impact of short-term exposure to sulfur dioxide and sulfite on the sulfite network - particularly
involving APR and SO, the major sulfite-producing and consuming enzymes - and its implications
for stomatal aperture was demonstrated (Bekturova et al., 2021). Arabidopsis wild type, SO
RNA-interference (SO Ri), and SO overexpression (SO OE) transgenic lines infiltrated with sulfite
showed distinct responses due to physiological differences in stomatal aperture size. Sulfite
counteracted the effect of sulfate and abscisic acid-induced stomatal closure in both wild-type
and SO Ri plants. The increase in APR activity in response to sulfite infiltration in wild-type and
SO Ri leaves resulted in elevated endogenous sulfite levels, highlighting the crucial role of APR
in sulfite-induced increases in stomatal aperture.

The central role of adenosine 5’-phosphosulfate reductase in sulfur assimilation

APS reductase (APR) is one of the most important enzymes of the sulfate assimilation
pathway that reduces APS to sulfite through GSH-dependent electron transfer. APR is exclusively
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localized in the plastids and is encoded by a small gene family. In Arabidopsis, genes encoding
three isoforms of APR are regulated in the same way but their response timing and strength are
different (Kopriva, 2004). APR2 response towards various hormone treatments was found to
be different from APR1 and APR3 (Koprivova et al.,, 2008), indicating a specific function of each
isoform. APR2 is the major form, as knockout of APR2 reduced total APR activity by approx. 80%.
APR s highly regulated by various conditions: the expression level of APR2 is down regulated upon
exposure to reduced sulfur compounds such as sulfide, cysteine, and GSH. Stresses such as heavy
metals, salinity, high light or cold caused up-regulation in the APR expression level. An increase in
APR activity was reported upon addition of sugars to the plant media. It was also found that APR
shows a diurnal rhythm where a higher activity rate was observed during the day compared with
the night. Under nitrogen starved condition, APR activity was decreased whereas the addition
of amino acids or ammonium resulted in an increase in APR activity, highlighting the possible
connection between sulfate and nitrogen assimilation. Reduced APS kinase activity in apk1 apk2
mutants led to an increased flux through the pathway to cysteine and GSH by upregulating APR
activity. A QTL analysis of sulfate content in leaves of recombinant inbred lines from Bay-0 and
Shahdara ecotypes revealed a non-synonymous single nucleotide polymorphism (SNP) in the
gene encoding for the APR2 isoform of APS reductase, resulting in almost complete inactivation of
the corresponding enzyme (Loudet et al., 2007). Loss of Sha APR2 resulted in diminishing of total
enzyme activity by 75%. Thus, naturally occurring variation at one of the main sulfate assimilation
enzymes directly affects sulfate homeostasis in the plant.

Conclusion

Sulfur-containing metabolites, particularly sulfite and sulfur dioxide, play crucial and
multifaceted roles in plant physiology. Traditionally viewed primarily as byproducts of sulfur
metabolism, recent research has illuminated their significant functions as signaling molecules in
various plant processes. These compounds are integral to managing oxidative stress, modulating
hormonal pathways, and regulating stomatal behavior, especially under environmental stress
conditions such as drought. The interaction of sulfite with key enzymes and its influence on
reactive oxygen species (ROS) and abscisic acid (ABA) signaling underscores its importance in
maintaining cellular homeostasis and enhancing stress resilience. Understanding the dual role
of sulfite—as both a potentially toxic metabolite and a vital signaling molecule—opens new
avenues for agricultural innovation. By leveraging the regulatory mechanisms of sulfite and its
impact on plant stress responses, it is possible to develop crops with enhanced tolerance to
adverse conditions, thereby contributing to sustainable agriculture and food security. Continued
research into sulfur metabolism and the specific roles of sulfite and sulfur dioxide will further
elucidate their contributions to plant health and stress adaptation, offering potential strategies
for optimizing crop performance in a changing climate.
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A. BekTtypoBa, M. Caru
Anvbepm Kay xanvikapaawik wendi 3epmmey mekme6i, [xcelikob6 baaywmeiin wesa0i 3epmmey
uHcmumymol, Heeceemeei beH-TI'ypuoH yHusepcumemi, Cede bokep kamnycuol, Hezes, U3paub

OcimMmaikTepAiH cTpecKe peaKIUACHIH apTTHIPYAAFbI Cy/IbQUTTIH Memymi peJii

Angarna. Kykipti 6ap Kocblibic cyabGUT AICTYPJl TypAe eciMAiKTepAeri KYKipT ajJMacyblHbIH,
yJbl KaHaMa eHiMi peTiHJe KapacTblpbllajbl. ANai/la COHFbl 3epTTey/ep OHBbIH (QU3HNOJOTHUSIIBIK
MpOoLIeCTEPAIH KeH ayKbIMbIHA 9CEpP €TeTiH CHUTHAJIJIbIK MOJIeKyJa peTiHje mMaijla 60oJiaThIH pPeJIiH
kepceTei. bys mwony cynbPUTTIH AyanucTik TabUFATbIH 3epPTTe/i, OHbIH 6CIMAIKTEP/iH CTpeccTik
peakuHsiapblHa, JAaMy >KOJAApbIHA >KoHe MeTaboM3MJi peTTeyre KaTbICyblH Taagangbl. Cynbdur
curHazibl peakTUBTi orTeri TypJepiMmeH (ROS) xoHe ropMoHJIBIK >KeJjijlepMeH, acipece abcuus
KbIIIKblIbIMEH (ABA) TbhIFbI3 GallIaHBICTBI, OYJ 6CIMIIKTEPAiH KYPFaKLWbLIbIK CHSIKTbl KOpLIaFaH
OPTaHbIH CTpeccTepiHe 6elliMeny peakUACHIH XeHingeTei. COHbIMeH KaTap, CyJIbPUTTIK pelyKTasa
6esiceH/iiiri MeH cy/IbQUTTI TackiMa/IAayIbLIap/ibl KOCa aJiFaH/a, CyIbPUT rOMeOCTa3bIHbIH PETTEYIL|
MexaHH3M/iepi OHBIH KacyllalblK, QYHKIMACH MeH TOTBIFY-TOTBIKCbI3JaHy Tele-TeHAiriH caKkTayarbl
MaHbI3JbLIBIFBIH KepceTei. CybUTTIH, CUTHAJIABIK MOJIEKY/a peTiHAeri peJsiiH TyciHy MakKcaTTbl
MeTab0TMKAIbIK UHXKeHePUs apKbl/Ibl AAKbLIAAPAbIH TO3IM/Ii/iri MeH eHIM/Ii/ITiH apTThIPY/IbIH XaHa
KoJiJapbiH amajbl. Ocbliaiia, cyJbPUT AUMHAMMUKACBIH TYCIHY TYpaKThbl aybll IAapyallbIIbIFbIHAA
YK9He CTPeCCTi bacKapy/la a/ieyeTTi KoJilaHb6amapbl 6ap eciMAiKTep 610JI0TUChIHAAFbI TEPCIIEKTUBAIbI
niekapa 60JibIn TabblIabI.

TyiiH ce3aep: cynbdUT, cTpeccke kayan 6epy, KYPFaKIIbLIbIK, PEAKTUBTI OTTeri TypJiepi, abcuus
KbILIKBLJIBI, aZieHO31H 5'-pocdocynbdaTpeayKTasa.
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A. BekTtypoBa, M. Caru
MexcdyHapooHas wkoaa uccaedosanutl nycmoiHb Aabbepma Kaya, HHcmumym uccsedosaHust nycmulHb
Akob6a baaycmelina, YHusepcumem ben-I'ypuoHa e Hezese, kamnyc Cede bokep, Hezes, H3pausib

Pemarmias poJib CyibpUTa B yCUJI€HUM PeaKIMM pacTeHMil Ha cTpecc

AHHoTanusa. CynbOUT, cepocosieplkalllee CoeflMHEHHe, TPAJUIMOHHO PacCMaTPUBAETCsd Kak
TOKCHUYHBIN MOGOYHBIHA MPOAYKT MeTabo/IM3Ma cephbl B pacTeHUsAX. OnHAKO HeJaBHUE HCCIeI0BaHUS
NOYEPKUBAIOT €ro PacTyUIyI poJib B KAaYeCTBE CUTHAJBHOW MOJIEKYJIbI, BIHUSIONIEH HAa NIUPOKUN
CHEKTp GU3HOJIOTUYECKHUX MPOIECCOB. ITOT 0030p YIAy6JsieTCd B [ABOMCTBEHHYIO MPHPOAY
cy1bdUTa, U3ydasl ero y4acTHe B peaKlUsAX pacTeHUM Ha CTPeCC, MyTSIX Pa3BUTHS U META60/IUYECKON
perynsanuu. [lepenada curua/ioB cysibpUTa HEpa3phIBHO CBSI3aHa C aKTUBHBIMHU popMaMH KUCI0po1a
(ADK) u ropMoHa/IbHBIMHU CeTsIMH, 0cO6eHHO abcuu3oBod kucaoTod (ABK), obseryas ajganTUBHbIE
peaKIy pacTeHUH Ha CTPecChl OKPYXKamIleld cpe/ibl, TAKHe, KaK 3acyxa. bosiee Toro, peryasiTopHblie
MeXaHU3Mbl CyJbGUTHOTO rOMEOCTa3a, BKJIIYAsh aKTUBHOCTb CYJAbOUTPEAYKTA3bl U CyJbPUTHBIE
epeHOCYHKH, IO[YEPKHUBAIOT €ro 3Ha4eHHe B MOAAePKaHUHU KJIeTOYHOU PYHKINU U OKUCJIUTENbHO-
BOCCTAaHOBUTEJbHOTO GasiaHca. [loHuMaHue posiu cyabdUTA KAK CUTHAJBHOU MOJIEKYJIbI OTKPHIBAET
HOBblEe BO3MOXHOCTH JJII MOBBIIIEHNUS] YCTOWYUBOCTH U MPOAYKTUBHOCTH CEJbCKOX035HCTBEHHBIX
KYJIBTYP [1I0CPEICTBOM IieJieHalpaBJeHHON MeTab0/IndeCKOU nHKeHepU . TakM 06pa3oM, TOHUMaHHe
JAUHAMUKU CyJbOUTOB NMpeJCcTaB/sseT co60i MHOroo6enamily 06J1acTb B OMOJOTUU PacTEHUN C
NOTEHLHMA/bHBIM NPUMEHEHHEM B YCTOMUYMBOM CEJIbCKOM XO35IMCTBE U YIIPAaBJEHUU CTPECCOM.

KntoueBble ciioBa: cybGUT, peaKiius Ha CTPece, 3acyxa, aKTUBHbIe pOpPMbI KUCJI0PO/a, abCIU30Bast
KHCJIOTa, aJleH03uH-5"-pocdocynbdaTpenykrasa.
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