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ABSTRACT

Sulfur (S) is an essential macronutrient required for plant growth, metabolism, redox homeostasis, and
defense, and its availability strongly constrains plant performance in both natural and agricultural
systems. Plants exhibit substantial natural variation in sulfur content, for instance, Arabidopsis thaliana
accessions show up to a six-fold difference in foliar sulfur (Baxter et al., 2007; Campos et al., 2021).
Several genes, such as APR2, ATPSI, and OASC, were found to contribute to this variation; however,
they explain only part of it, suggesting additional regulatory layers. Importantly, the functional
significance of this variation and adaptive responses to sulfur limitation remain poorly understood. To
address this gap, we analyzed Arabidopsis accessions grouped into low-, mid-, and high-foliar sulfur

content using an integrated multi-omics and phenotyping framework under varying sulfate supply.

Our study revealed that despite higher basal sulfate levels, high-S accessions experienced pronounced
depletion of sulfur pools and incurred significant fitness costs under sulfur deficiency. The observed
decline in foliar sulfate, total sulfur, and glutathione (GSH) was associated with reduced sulfate uptake
and translocation to the shoots, as well as limited flux into GSH. These physiological changes were
accompanied by a strong induction of sulfur-starvation marker genes and increased oxidative stress.
Besides, high-S accessions also showed restricted growth, accelerated flowering, and altered sulfur—
nitrogen coordination, including repression of nitrate assimilation and broad metabolic reprogramming.
In contrast, low-S accessions maintained sulfur pools and reproductive fitness under sulfur deficiency
through enhanced sulfate uptake and translocation. Unlike the high-S group, low-S accessions
prioritized redox homeostasis by channeling sulfur into glutathione synthesis, achieved through
coordinated induction of genes involved in nitrate and cysteine assimilation. Coordinated induction of
nitrate and cysteine assimilation pathways in the low-S group reflects increased utilization of nitrate and
cysteine under sulfur deficiency. Mid-S accessions exhibited intermediate, context-dependent
responses. We further explored transgenerational effects of sulfur deficiency and found that flowering

time is sensitive to parental sulfur status, alongside other metabolic and developmental traits.

Transcriptome profiling further supported these phenotypes, with high-S accessions showing
substantially more differentially expressed genes under S-deficiency. Although core sulfur starvation
responses were conserved, with 55 core DEGs shared across the group, most DEGs and enriched gene
ontology terms were unique to groups, indicating divergent regulatory strategies. Together, these
findings demonstrate that high basal sulfur content does not confer protection against sulfur limitation
but instead reflects increased vulnerability under prolonged S-deficiency. Also, with our data, we can
deduce that effective sulfur stress tolerance is achieved through coordinated regulation of sulfur

acquisition, metabolic fluxes, redox balance, and development, as exemplified by low-S accessions.



1. INTRODUCTION

1.1 Sulfur: The fourth major nutrient in plants

Sulfur is an essential macronutrient and is considered the fourth most important nutrient for plant growth
after nitrogen, phosphorus, and potassium (Kopriva, 2015). It plays an indispensable role in both primary
and secondary metabolism, contributing to protein synthesis, redox regulation, stress responses, and the
production of defense-related compounds, such as the phytoalexins camalexin and brassinin (Fig. 1)
(Takahashi et al., 2011). Sulfur is a key constituent of the amino acids like cysteine and methionine,
where methionine initiates protein translation, and cysteine enables disulfide bond formation critical for
protein structure and function (Duke & Reisenauer, 1986). Cysteine also represents the metabolic
convergence point of carbon, nitrogen, and sulfur assimilation and serves as the primary bioavailable
source of reduced sulfur for downstream metabolism (Jobe et al., 2019; Pivato et al., 2014). Downstream
of cysteine, glutathione (GSH) plays a central role in cellular redox homeostasis, detoxification of toxic
metals and metalloids, scavenging of methylglyoxal, and protection against abiotic stress
(Hasanuzzmann et al., 2017) (Fig. 1). Beyond its role in protein synthesis, methionine also participates
in stress-associated metabolic adjustments, including osmolyte accumulation and signalling processes
that support cellular stability under adverse conditions (Takahashi et al., 2011; Shah et al., 2022) (Fig.
1). In addition to its metabolic roles, sulfur functions as a regulatory signal coordinating cellular
homeostasis and stress adaptation. Reduced sulfur species such as hydrogen sulfide (H2S), derived from
cysteine metabolism, have emerged as important signaling molecules that modulate stress-responsive
gene expression and interact with phytohormone pathways, thereby fine-tuning plant responses to

abiotic stress (Shah et al., 2022) (Fig. 1).

Beyond primary metabolism, sulfur is integral to the synthesis of chlorophyll, vitamins such as thiamine
and biotin, and iron-sulfur clusters (Fe-S), required for photosynthesis, respiration, and DNA synthesis
(Goodrich & Garrett, 1986; Lunde et al., 2008; Lu, 2018). Sulfur-containing secondary metabolites,
including glucosinolates, camalexin, and brassinin, are central to plant defense against herbivores and
pathogens (Halkier & Gershenzon, 2006; Bednarek et al., 2009; Koprivova & Kopriva, 2014).
Collectively, sulfur-containing compounds such as glutathione, thioredoxins, and glutaredoxins
coordinate redox balance, carbon metabolism, ROS scavenging, and post-translational regulation
(Meyer et al., 2008) (Fig. 1). Altogether, sulfur acts not only as a structural and metabolic nutrient, but
also as a central integrator of redox signalling, ion homeostasis, and hormonal control, ultimately

contributing to enhanced stress tolerance and metabolic resilience in plants.
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Figure 1: Overview on central role of sulfur and sulfur-derived metabolites in redox regulation,
ion homeostasis, and plant stress tolerance. Figure adapted and redrawn from Shah et al. (2022) using
Biorender.

1.1.1 Sulfate assimilation in plants

Plants take up S mainly in the form of sulfate (SO4>") from the soil through roots with the help of two
high-affinity sulfate transporters, i.e. SULTR1;1 and SULTR1;2 (Yoshimoto et al., 2002) (Fig. 2). These
two transporters belong to group 1 sulfate transporters, which are divided into four distinct groups
(SULTR1,2,3, and 4) in plants, which facilitate not only uptake but also distribution of sulfate within
the plants (Maruyama-Nakashita & Ohkama-Ohtsu, 2017). Both of these high-affinity transporters are
localized and expressed in root hairs, epidermis, and cortex cell layers of roots (Yoshimoto et al., 2002)
and are redundant in function, but SULTR1;2 is the major component of the constitutive sulfate uptake
system, while SULTRI;1 is induced mostly under S-limiting conditions (Rouached et al.,
2008; Shibagaki et al., 2002; Takahashi et al., 2000; Yoshimoto et al., 2002). Low-affinity sulfate
transporters belonging to subgroups 2, 3, and 4 facilitate sulfate movement through the vascular system,
including xylem and phloem loading, plastidial uptake, and vacuolar export, respectively (Maruyama-
Nakashita & Ohkama-Ohtsu, 2017) (Fig. 2). Through the coordinated activity of these transporters,
sulfate is efficiently supplied to major assimilation sites, sink tissues, and storage compartments, while
also remaining available for redistribution to support ongoing metabolic demands (Maruyama-
Nakashita & Ohkama-Ohtsu, 2017). Besides root uptake of sulfate, sulfur can also enter plant shoots in
the form of SO, and H,S (Brunold et al., 1983; de Kok et al., 1989; Rennenberg et al., 1996). Plants can
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also acquire S in S-containing amino acids, however, organic sulfates and sulfonates in the soil are not

directly accessible as sulfur sources (Shah et al., 2022) (Fig. 2).

The primary assimilation of sulfate occurs in the plastids, where it is first activated by adenylation to
adenosine 5’-phosphosulfate (APS) with the help of ATP sulfurylases (ATPS), and is present in four
different isoforms (ATPS1, ATPS2, ATPS3, and ATPS4) in Arabidopsis (Fig. 2) Among these four
isoforms, ATPS2 occurs in two different forms, one being cytosolic and the other in the plastids, while
the remaining three isoform proteins are localized in plastids (Murillo & Leustek, 1995). APS can then
follow two alternative pathways: primary assimilation or secondary assimilation (Kopriva et al., 2012).
In the primary assimilation pathway, APS is first reduced to sulfite (SOs* ) by APS reductase (APR),
which exists in three isoforms, all located exclusively in plastids, with APR2 accounting for 75% of total
activity (Rotte & Leustek, 2000) (Fig. 2). The conversion of APS to sulfite is often considered the rate-
limiting step of the primary sulfate assimilation pathway (Vauclare et al., 2002; Kopriva et al., 2012).
This sulfite is then further reduced to sulfide (S*) through the transfer of six electrons, catalyzed by
ferredoxin-dependent sulfite reductase (SiR) (Kopriva et al., 2012), and Arabidopsis contains only the
SiR isoform (Fig. 2).

After reduction, sulfide is channeled into the synthesis of cysteine, the first product of the primary
assimilation pathway and the first compound containing organic reduced sulfur (Hell & Wirtz, 2011)
(Fig. 2). Cysteine (Cys) biosynthesis proceeds via a two-step enzymatic pathway. In the first step, serine
(Ser) is acetylated by serine acetyltransferase (SAT; SERAT), which transfers an acetyl group from
acetyl-CoA to form O-acetylserine (OAS) (Fig. 2). In the subsequent step, OAS (thiol) lyase (OAS-TL)
catalyzes the replacement of the acetyl group with sulfide, forming cysteine (Cys) (Hell & Wirtz, 2011).
Cys biosynthesis takes place in multiple cellular compartments, including plastids, mitochondria, and
the cytosol (Hell & Wirtz, 2011) (Fig. 2). In Arabidopsis thaliana, the SERAT enzyme family is encoded
by five genes with distinct subcellular localizations: SERAT2;1 and SERAT?2;2 are targeted to plastids
and mitochondria, respectively, whereas SERAT1;1, SERAT3;1, and SERAT3;2 are cytosolic (Krueger
et al., 2009). SERAT activity can indirectly regulate Cys production by controlling the availability of

OAS, which may act as a limiting precursor under certain conditions (Maruyama-Nakashita, 2017).

Cysteine represents the primary bioavailable form of reduced sulfur and serves as a precursor for the
synthesis of glutathione (GSH), methionine, and other sulfur-containing metabolites (Pivato et al.,
2014). GSH, a tripeptide composed of glutamate, cysteine, and glycine, functions as a major storage
form of reduced sulfur and plays a central role in sulfur assimilation, redox homeostasis, stress
protection, and detoxification processes (Noctor et al., 2012; Hasanuzzaman et al., 2017). Glutathione
is synthesized through a two-step ATP-dependent pathway: y-glutamylcysteine synthetase catalyzes the
formation of y-glutamylcysteine (y-ECS) from glutamate and cysteine and is encoded by GSHI gene in
Arabidopsis (Hell & Bergmann, 1990; May & Leaver, 1994), while glutathione synthetase, encoded by
GSH?2, catalyzes the subsequent addition of glycine to form GSH, with alternative splicing generating



isoforms targeted to both cytosolic and plastid compartments (Wang & Oliver, 1996; Skipsey et al.,
2005b). Apart from GSH, cysteine can also react with phosphohomoserine, forming cystathionine,
which is then converted to methionine via homocysteine (Calderwood & Kopriva, 2014). Methionine is
an S-containing amino acid and plays a vital role in the initiation of mRNA translation and also acts as
a regulatory molecule in the form of S-adenosylmethionine (SAM). SAM serves as a precursor for many
metabolites, including polyamines, vitamins, nicotianamine (NA), mugineic acid (MA), ethylene, and

thiamine (Astolfi et al., 2021).

In the secondary assimilation pathway, APS is phosphorylated by APS kinase (APK) to form 3-
phosphoadenosine-5-phosphosulfate (PAPS), which represents the active form of sulfate and is used for
the sulfation of peptides or secondary metabolites mediated by sulfotransferases (SOT) (Takahashi et
al., 2011; Koprivova & Kopriva, 2014). Amino acid-derived glucosinolates act as one of the group
acceptors, having a key role in plant defense against pathogens and herbivores (Halkier & Gershenzon,
2006; Bednarek et al., 2009). Similar to ATPS, there are four isoforms of APK (APK1, 2, 3, 4), of which
APK3 is located in the cytosol, and the rest are localized in the plastids (Mugford et al., 2009).

3. Sulfate assimilation

B —

ATPS
—
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2. Sulfate Transport
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\
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<, @ (=)
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Figure 2: Schematic representation of the sulfate assimilation pathway, including sulfate uptake
and transport in Arabidopsis thaliana. Adapted from Koprivova & Kopriva, 2014; Ristova et al., 2022,
and created using Biorender.
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1.1.2 Regulation of sulfate assimilation in plants

Regulation of sulfate assimilation is dependent on sulfur availability, demand for reduced sulfur,
phytohormones, and distinct environmental factors (Koprivova & Kopriva, 2014). Analysis of sulfur
flux through the sulfate assimilation pathway identified sulfate transport and APS reductase (APR) as
the steps with the highest control (Vauclare et al., 2002). This was observed in Arabidopsis roots, where
treatment with labeled cysteine and GSH showed that APR, along with sulfate transporters, accounted
for 92% of control over the sulfur assimilation pathway (Vauclare et al., 2002). Several studies revealed
strong transcriptional regulation of APR by thiols, amino compounds, carbohydrates, and hormones
(Bick et al., 2001; Vauclare et al., 2002; Hartmann et al., 2004). This was further supported by analyses
of plants with altered APR expression, where natural variation in the APR2 isoform among Arabidopsis
ecotypes was associated with differences in sulfate and total sulfur accumulation (Loudet et al., 2007,
Chao et al., 2014). Apart from APR, other genes, such as SERAT (mitochondrial isoform) and SiR, also
contribute significantly to the control of flux through the reductive part of sulfate assimilation (Haas et
al., 2008; Khan et al., 2010). Moreover, altered expression of ATPSI, an ATPS isoform, has been
associated with reduced flux and increased sulfate accumulation in leaves (Kawashima et al., 2011;
Kopriva et al., 2013; Pilon-Smits et al., 1999; Wangeline et al., 2004). Hence, similar to APR2, natural
variation in A7PS1 also contributes to differences in sulfate accumulation among Arabidopsis accessions
(Koprivova et al., 2013; Herrmann et al., 2014). However, these studies clearly indicate the presence of
additional regulatory mechanisms that might target other components of the pathway, and there is no

conclusive general model that connects sulfate sensing to transcriptional regulation.

Unlike other well-known nutrients like nitrogen and phosphorus, there is a gap in knowledge of sulfur
sensing and its regulation, as we still don’t know which molecule acts as a sensor for sulfur (Ristova
and Kopriva, 2022). Only a few regulatory elements have been studied so far, SULFUR LIMITATION
1 (SLIM1), appears to be one of the key regulators of the sulfur deficiency response. SLIM1 was
discovered through a mutagenesis screen in transgenic Arabidopsis plants expressing GFP under the
control of the sulfur deficiency-inducible SULTR1;2 promoter in the Col-0 background. A single
nucleotide substitution in SLIM1 resulted in mutants with a compromised sulfur deficiency response,
characterized by reduced sulfate uptake, impaired growth, and altered transcriptional regulation
(Maruyama-Nakashita et al., 2006). More recently, ETHYLENE-INSENSITIVE3-LIKE 1 (EIL1), a
transcription factor belonging to the same family as SLIM1, was identified as an additional regulator of
sulfur deficiency, acting in an additive manner (Dietzen et al., 2020). Although SLIM1 is involved in
the activation of sulfate acquisition and glucosinolate degradation, the mechanism of this regulation
under sulfur starvation remains poorly understood. It has previously been reported that SLIM expression
was not affected under S limitation, suggesting post-transcriptional regulation (Maruyama-Nakashita et
al., 2006; Aubry et al., 2014). Similarly, miRNA395, which is regulated by SLIMI, is also part of the
regulatory circuit of sulfate assimilation as it targets ATPS and sulfate transporter SULTR2;1, thus

controlling sulfate translocation to shoots and S-homeostasis (Jones-Rhoades & Bartel, 2004).
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Apart from components of sulfate assimilation pathways, there are additional layers of regulation which
controls the induction of sulfate assimilation genes, like treatment with OAS, carbohydrate,
phytohormones, and heavy metals (Kopriva et al., 1999; Vauclare et al., 2002; Hesse et al., 2003; Jost
et al., 2005). In contrast, the pathway can be inhibited by reduced sulfur and by limitations in available
nitrogen and carbon (Koprivova et al., 2000). Target of rapamycin (TOR) kinase, which acts as a central
regulator and integrator of multiple pathways, is involved in mediating sulfur signalling, adapting the
metabolic network of the plant in response to sulfur supply (Yu et al., 2022). Even though the molecular
regulation of sulfate assimilation has been widely studied, many open questions still remain, as it is still
unclear which transcription factors (TFs) and pathways control gene regulation in response to
environmental and metabolic cues. Additionally, although we know TOR is involved in S homeostasis
regulation, we still lack knowledge of other cellular processes directly linked to S homeostasis. Hence,
understanding these mechanisms is a prerequisite for any directed influence on this pathway, e.g., for

crop engineering or enhanced stress resistance.

1.1.3 Sulfate deficiency response and its transcriptional regulation

Sulfur deficiency has emerged as a growing threat to modern agriculture due to the implementation of
the 1970 Clean Air Act and 1990 amendments (Bouranis et al., 2020). This has led to a significant
reduction in atmospheric S emissions, thereby posing a serious threat to modern agriculture, especially
when combined with other deficiencies (Likens et al., 2001; Jobe et al., 2019). Sulfur starvation has
been investigated at both the metabolic and transcriptional levels. At metabolic levels, sulfur-deficient
plants show a decline in total sulfur, which is more severe under long-term S-deficiency (Nikiforova et
al., 2003). Reduction in glucosinolates and sulfate is followed by a significant decline in cysteine and
GSH (Hirai et al., 2003; Hirai et al., 2004; Lunde et al., 2008). The decline in GSH further leads to
oxidative stress by increasing the oxidation ratio and hence more production of Reactive Oxygen Species
(ROS) (Noctor & Foyer, 2016; Hasanuzzaman et al., 2017). The slowdown of sulfate reduction is further
marked by accumulation of cysteine precursor OAS, and thus leading to altered metabolic composition
like enrichment of tryptophan and glycine/serine and N-rich amino acids (Nikiforova et al., 2003;
Nikiforova et al., 2005; Hoefgen & Nikiforova, 2008). Although methionine levels remain unchanged,
a reduction in SAM levels is observed, which hinders many metabolic pathways, including
photosynthesis (Nikiforova et al., 2005; Hoefgen & Nikiforova, 2008). Photosynthesis is also affected
in S-starved plants due to a reduction in sulfolipids, glycolipids, and phospholipids (Lunde et al., 2008).

S-deficiency not only perturbs the metabolic levels but it also leads to transcriptional changes with high
number genes differentially expressed (DEGs), for instance, around 335 DEGs were reported in
Arabidopsis thaliana (Dietzen et al., 2020), 236 DEGs in Oryza sativa, and 565 DEGs in Setaria viridis
(Zenzen et al., 2024). SLIM1 acts as key regulatory component under S-deficiency by exerting its
regulatory function at the levels of S-uptake by upregulation of SULTRI, I, and SULTRI;2 in roots
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(Maruyama-Nakahashita et al., 2006). With the help of meta-analysis on five different sets of
transcriptomic and metabolomic data, a robust set of genes were identified whose expression was tightly
correlated with OAS. These six genes, SDI! (SULFUR DEFICIENCY-INDUCED 1), SDI2 (SULFUR
DEFICIENCY-INDUCED 2), APR3 (APS REDUCTASE 3), SHM7 (SERINE HYDROXYMETHYL
TRANSFERASE 7), GGCT2;1 (y- GLUTAMYL-CYCLOTRANSFERASE 2;1) and LSUI (LOW SULFUR
INDUCED 1) were termed as “OAS cluster genes” (Hubberten et al., 2012). Both SDII and SDI2
interact with MYB28 to repress the biosynthesis of glucosinolates during S-deficiency (Aarabi et al.,
2016). APR3 is one of 3 isoform of APS reductase although not the major one, as knockout of 4PR2
reduced the enzymatic activity by 80% (Loudet al., 2007). Serine hydroxymethyltransferase (SHM7),
also named More Sulfur Accumulation (MSA1) regulates S-adenosylmethionine (SAM) biosynthesis
and maintains S homeostasis epigenetically via DNA methylation (Huang et al., 2016). GGCT2;1 has a
major role in glutathione degradation, especially during abiotic stress (Paulose et al., 2013). LSUI
constitutes a network hub for proteins in response to biotic and abiotic stresses (Sirko et al., 2015).
Notably, all six genes are significantly upregulated during sulfur starvation, predominantly in a SLIM1-
dependent manner (except APR3), and are also induced by exogenous O-acetylserine (OAS) under
sulfur-sufficient conditions, supporting a signalling role for OAS independent of sulfur availability
(Hubberten et al., 2012). Correspondingly, all OAS cluster genes have SLIM1/EIL3 binding site in their
promoter (Ran et al., 2020).

Besides transcriptional regulation, post-transcriptional mechanisms also play a crucial role in controlling
the activity and stability of enzymes involved in sulfur metabolism. One well-established example is the
redox regulation of APS reductase (APR), where oxidative conditions lead to an uncoupling between
APR transcript levels and enzyme activity, highlighting its role in maintaining redox homeostasis under
stress (Bick et al., 2001). Another key regulatory system involves O-acetylserine (OAS) and the cysteine
synthase complex (CSC). OAS functions not only as a metabolic precursor but also as a signalling
molecule for sulfur demand. The CSC, formed by SERAT and OASTL proteins catalyzes cysteine
biosynthesis using OAS and sulfide. Under sulfur deficiency, OAS accumulates, leading to dissociation
of the CSC and thereby linking sulfur availability with cysteine demand (Takahashi., 2023). In addition,
miRNA395 plays a central role in post-transcriptional regulation under sulfur deficiency. It accumulates
under low sulfur conditions and targets key genes such as ATPS1, ATPS3, ATPS4, and SULTR2;1, and
is itself regulated by SLIM1 (Kawashima et al., 2009). Although other miRNAs have also been reported
to respond to sulfur deficiency, their specific targets and functions remain largely unknown. Regulation
of sulfur pools in seeds is less well understood, but available evidence suggests that seed protein
synthesis under sulfur deficiency is primarily controlled at the post-transcriptional level (Higashi et al.,
2006). Overall, significant progress has been made in understanding the molecular and regulatory
mechanisms underlying plant responses to sulfur deficiency; however, major knowledge gaps remain.
In particular, the regulation of OAS-responsive gene clusters and the mechanisms by which OAS

signalling is perceived are still poorly characterized. Moreover, although sulfur deficiency is known to
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suppress secondary sulfur metabolism, it remains unclear whether this results in a redirection of sulfur
flux toward primary metabolic processes. A deeper understanding of these regulatory layers will be
essential for elucidating how plants integrate sulfur sensing with metabolic and developmental

responses, ultimately shaping adaptive strategies under sulfur limitation.

The physiological response to sulfur (S) deficiency is characterized by growth retardation, leaf chlorosis,
anthocyanin accumulation, and an increased root-to-shoot ratio (Aarabi et al., 2020). Chlorosis can
persist for extended periods and may eventually progress to necrosis under prolonged deficiency (Bang
et al., 2020). Notably, S-deficiency symptoms typically appear first in younger leaves and spread in a
basipetal direction, reflecting the relatively low mobility of sulfur within the plant (Bang et al., 2020).
Although the underlying causes of these symptoms are not fully understood, they are likely influenced
by interactions between sulfur, nitrogen, and iron metabolism (Forieri et al., 2017). In addition to
vegetative effects, sulfur deficiency also impacts reproductive development. It can accelerate flowering
while reducing flower number, altering flower development, and impairing pollen quality and quantity
(Nikiforova et al., 2005; Ausma et al., 2021). In oilseed rape, for example, S-deficiency induces “white
blooming,” where petals lose pigmentation due to carbohydrate accumulation and disrupted protein
metabolism, leading to the formation of leuco-anthocyanins (Schnug & Haneklaus, 2005). Sulfur
limitation further affects seed yield and quality. In oilseed rape, S-deficiency applied at the bolting stage
reduced both seed quantity and quality, including declines in protein, oil, and glucosinolate content
(Girondé¢ et al., 2014). Similarly, reduced sulfur availability promotes the accumulation of sulfur-poor
storage proteins, such as w-gliadins and high-molecular-weight glutenin subunits, in wheat. This shift
negatively impacts baking quality, as proper dough structure and loaf volume depend on disulfide bond
formation within the gluten network (Liu et al., 2022). In addition, sulfur deficiency induces strong
accumulation of free amino acids, particularly asparagine and glutamine, reflecting substantial
metabolic reprogramming. This has important agronomic consequences, as elevated asparagine levels
lead to increased acrylamide formation during food processing, as reported in wheat and potato flour
(Muttucumaru et al., 2006; Elmore et al., 2010). Collectively, these findings highlight that sulfur
deficiency not only constrains plant growth and development but also has far-reaching effects on
reproductive success, seed composition, and food quality, underscoring the importance of efficient sulfur

management in both plant adaptation and agricultural systems.
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Figure 3: (A) Impact of S-deficiency on plants and (B) its transcriptional regulation in Arabidopsis
thaliana. (A) Adapted from Bang et al., 2020; (B) Adapted from Aarabi et al., 2020

1.1.4 Crosstalk of Sulfur with the Nitrogen and Phosphorus metabolic pathways

The crosstalk between sulfur (S) and other nutrients has been widely studied and is considered crucial
for maintaining nutrient homeostasis under fluctuating environmental conditions, including combined
nutrient deficiencies. Among these interactions, the tight interconnection between sulfur and nitrogen
(N) pathways is particularly important, as coordinated S-N metabolism not only supports plant growth
and development but also influences the uptake and utilization of other nutrients (Shah et al., 2022).
Sulfur-nitrogen interaction is essential for protein synthesis, and it has long been recognized that
limitation of one nutrient can directly affect the uptake and assimilation of the other (Ahmad et al.,
2007). Evidence from crop species such as Zea mays, Triticum aestivum, and Brassica napus
demonstrates that sulfur deficiency leads to a pronounced reduction in nitrogen use efficiency, while
nitrogen limitation similarly compromises sulfur use efficiency. Under sulfur deprivation, nitrogen
metabolism is strongly disrupted, resulting in the accumulation of nitrate, tryptophan, serine, and O-
acetylserine, alongside a marked decrease in reduced sulfur compounds such as cysteine, glutathione,
and S-adenosylmethionine (Dubousset et al., 2009; Sarda et al., 2014; Lee et al., 2016). These metabolic
changes highlight the close biochemical coupling of sulfur and nitrogen assimilation. At the
transcriptional level, this interdependence is further reflected in the coordinated regulation of key
assimilatory enzymes. Both APS reductase (APR) and nitrate reductase (NR) are induced by reduced
nitrogen sources, such as ammonium and amino acids, as well as by the reduced sulfur compound
cysteine (Kopriva & Rennenberg, 2004). In addition, nitrogen deficiency has been shown to regulate the
expression of several sulfate transporters and genes involved in sulfate assimilation (Ristova & Kopriva,
2022). Consistent with this, increased expression of the nitrate transporter NRT72.1 has been reported
following sulfur resupply, while downregulation of the sulfate transporter SULTRI;1 under nitrogen
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starvation further supports the existence of coordinated sulfur-nitrogen signaling pathways (Bao et al.,
2011). The synergistic interaction between nitrogen and sulfur has also been widely exploited in
agriculture, where balanced N and S fertilization improves grain yield, protein content, and oil
accumulation in crops such as rapeseed (Zhao et al., 1993; Ahmad & Abdin, 2000a). Together, these
physiological, metabolic, and transcriptional responses underscore the tight interdependence of sulfur
and nitrogen assimilation pathways. Despite this extensive evidence, the molecular mechanisms
underlying sulfur-nitrogen crosstalk remain largely unresolved. In particular, it is still unclear how
transcription factors from one signalling pathway influence the regulation of the other, and whether these
interactions are activating or repressive in nature. Elucidating these mechanisms is therefore critical for
improving our understanding of nutrient integration and for optimizing crop growth, physiological

performance, metabolic balance, and yield.

Sulfur not only synergizes with nitrogen but also shows strong interactions with phosphorus (P), as
demonstrated by Rouached et al. (2011). In this study, phosphate (Pi) deficiency resulted in reduced
sulfate accumulation in shoots, while sulfate levels increased in roots. This redistribution was
accompanied by upregulation of the sulfate transporter SULTR 1,3 under Pi starvation, with its induction
shown to be specifically dependent on the phosphate starvation regulator PHR1 (Phosphate Response
1). In contrast, PHRI negatively regulates SULTR2;] and SULTR3,4 in response to Pi deficiency,
indicating that sulfate translocation is actively reprogrammed under altered phosphorus availability.
Notably, this regulatory mechanism is evolutionarily conserved, as a similar response has been observed
in Chlamydomonas reinhardtii via the PHRI homolog PSRI. However, Pi deficiency does not affect the
expression of the high-affinity sulfate transporters SULTRI;I and SULTRI;2 in Arabidopsis
(Maruyama-Nakashita et al., 2004). Sulfur-phosphorus interactions are also evident at the metabolic
level, where sulfolipids are substituted by phospholipids under sulfur deficiency, whereas under
phosphorus deficiency, phospholipids are replaced by sulfolipids. This lipid remodeling is mediated by
the upregulation of SODI and SQD2, genes involved in sulfolipid biosynthesis, whose induction under
Pi deficiency is impaired in the phr! mutant (Yu et al., 2002; Bustos et al., 2010). Additional regulatory
connections are observed at the post-transcriptional level. miR395, which is regulated by SLIM1 and
strongly induced under sulfur starvation, is suppressed under Pi deficiency. This repression may promote
enhanced sulfur translocation from roots to shoots through targeting SULTR2,1 (Hsieh et al., 2009).
Conversely, the phosphate transporter ATPHTI;2, typically induced under Pi deficiency, is also
upregulated under sulfur deficiency, suggesting enhanced phosphate uptake and translocation in
response to sulfur limitation (Bao et al., 2011). The interaction between sulfur and phosphorus has been
widely studied across crop species, where the outcome depends on nutrient availability, fertilization
regime, and crop type (Shah et al., 2022). Co-fertilization with sulfur and phosphorus has been shown
to improve dry matter accumulation, grain yield, straw yield, and nutrient uptake in Oryza sativa (Ali et
al., 2004). Similar synergistic effects have been reported in Brassica juncea L., Solanum melongena L.,

Zea mays L., and Vigna radiata L., where combined S and P application enhanced nutrient uptake, seed
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and grain yield, and overall plant growth and morphology (Teotla et al., 2000; Mishra et al., 2010; Hasan
et al., 2013; Nanthakumar et al., 2014; Parashar & Tripathi, 2020). Despite substantial evidence for
coordinated regulation of sulfate and phosphate homeostasis, PHR1 remains the only transcription factor
currently known to directly link these nutrient signaling pathways, while additional regulatory
components remain largely unidentified. Thus, understanding sulfur-phosphorus interactions will help
us shape plant growth and enhance yield and crop quality, with important implications for both basic

nutrient biology and agricultural management.

1.2 Natural variation of physiological traits in Arabidopsis thaliana

With the advent of molecular mapping markers, it became easier to study the genetic architecture of
quantitative traits in the model plant Arabidopsis thaliana (Chang et al., 1988; Nam et al., 1989). This
species belongs to a small genus with 9 members and is quite distinct for being self-compatible and
having a shorter life cycle, which facilitates genetic studies. The native range of Arabidopsis is believed
to be Eurasia and North Africa, but now it has been introduced all over the world, especially around the
Northern Hemisphere (Al-Shehbaz and O’Kane et al., 2002; Weigel., 2012). Arabidopsis is also a good
model for studying the genetic variability of plant adaptation to nutrient deficiency, since Arabidopsis
accessions have been found in a wide range of habitats differing notably in soil richness and
physiological traits (Ikram et al., 2011). This has been linked to evolutionary importance, as some traits
are advantageous and add an adaptive value to a species under certain environmental conditions. Hence,
there are multiple ways by which plants can respond to different stimuli to adjust their growth and yield.
To study distinct adaptive strategies under nutrient stress, ionomics has emerged as a powerful and
informative approach. It represents a developing functional genomics strategy that uses high-throughput
elemental profiling to identify genes and gene networks involved in the acquisition, transport, and
accumulation of mineral nutrients from the soil, as well as their distribution and homeostasis within the
plant (Rus et al., 2006). Screening around 6,000 fast-neutron-mutagenized Arabidopsis plants under
control conditions, Lahner et al. (2003) identified 51 mutants with altered shoot elemental profiles. From
this, they estimated that approximately 2-4 % of the Arabidopsis genome is involved in regulating
elemental composition, highlighting the complexity of ionomic control (Lahner et al., 2003; Salt et al.,
2004). Additionally, two distinct ionomics datasets comprising around 350 and 1135 A. thaliana
accessions showed large variation in the elemental composition of leaves (Baxter et al., 2007; Campos
et al., 2021). For instance, leaf total sulfur content among Arabidopsis accessions in the Core360 panel
of the Purdue Ionomics project varies widely, ranging from 2.6 g kg™ DW in accession (11PNA4.101)
to 18.9 g kg™' DW in Hod (Baxter et al., 2007). Within the same population, foliar sulfate levels differ
by nearly six-fold (Chao et al., 2014). This extensive natural variation has been widely exploited to
uncover genetic regulators of nutrient accumulation, leading to key discoveries such as the identification
of a molybdate transporter (Baxter et al., 2008) and the HMA3 ATPase underlying cadmium

accumulation (Chao et al., 2012). Consistent with this, natural variation has been also reported for
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nitrogen, phosphorus, boron, and potassium, as well as heavy metals such as zinc, and aluminium,
highlighting the polygenic and environment-dependent nature of mineral nutrient regulation and

adaptation (reviewed in Lefebvre et al., 2009).

1.2.1 Natural variation in sulfur content and S-containing metabolites

The two ionomics datasets also revealed large variability in foliar sulfur content among other elements
(Baxter et al., 2007; Campos et al., 2021) (Fig. 4A). The S-content variation ranges up to six-fold in
plants grown under control conditions and under optimal supply, indicating diverse adaptive strategies
used by plants in response to different environmental stimuli (Baxter et al., 2007; Campos et al., 2021).
To explain the cause of this variation, a quantitative genetic approach was employed, i.e., Quantitative
Trait Loci (QTL) mapping. Through QTL mapping, genes responsible for variation in the number of
traits can be identified using biparental crosses (Koornneef et al., 2004). Loudet et al. (2007) identified
two major quantitative trait loci (QTLs) controlling shoot sulfate content using recombinant inbred lines
(RILs) derived from the Arabidopsis thaliana accessions Bay-0 and Shahdara. The first QTL was
mapped to APR2, a central enzyme in the sulfate assimilatory reduction pathway. Natural variation at
this locus was shown to strongly influence sulfate accumulation, with a single amino-acid substitution
(Ala399-Glu399) causing a near-complete loss of APR2 enzymatic activity and consequent sulfate
accumulation in the plant (Loudet et al., 2007). Consistent with this, additional weak APR?2 alleles were
independently associated with elevated sulfate or total sulfur content in the Hod and Love-1 accessions,
underscoring the importance of APR2 in sulfate homeostasis (Chao et al., 2014). Subsequent work by
Koprivova et al. (2013) characterized the second major QTL, i.e., ATPSI, encoding the enzyme
catalyzing the first committed step of sulfate assimilation. Natural variation at this locus was primarily
due to differences in transcript abundance among RILs and accessions, leading to altered enzyme
activity and increased sulfate accumulation in lines with lower ATPS! expression (Koprivova et al.,
2013). Despite their importance, the QTLs harbouring APR2 (SO10.1) and ATPSI (SO10.2) together
accounted for only a limited proportion of the phenotypic variation in sulfate content, explaining
approximately 21% and 23%, respectively (Loudet et al., 2007). Recently, another gene, mitochondrial
OAS-TL, OASC, was linked to variation in sulfate content. Loss of OASC resulted in a reduction in
sulfate content as sulfate uptake and translocation were significantly dropped. Genetic and transgenic
complementation analyses revealed single nucleotide polymorphism (SNP) in accessions with a lysine
(K) at position 81 of the OASC sequence (Col-0-like) accumulated higher sulfate than those with
arginine (R) (Ha-0-like) at this position. This SNP affected the function of OASC and also sulfate
accumulation. However, as the Ks; is located in the transit peptide, it is not clear what functional impact
this variation might have (Koprivova et al., 2023). Accordingly, alongside ATPS1 and APR2, OASC

emerges as an additional metabolic enzyme involved in controlling sulfate levels in Arabidopsis.
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Also, as QTL mapping can only use variation between two genotypes, Genome-wide association studies
(GWAS) was employed to cover more genes with a wide variety of genotypes in a large population
(Weigel., 2012). This approach has been employed in rice, wheat, Brassica napus, and other plant
species for analysis of traits related to sulfur metabolism (Huang & Han et al., 2014). Although GWAS
has been successfully used to identify candidate genes for controlling sulfate accumulation in B. napus
leaves, in Arabidopsis, this was not the case (Koprivova et al., 2014; Atwell et al., 2010). But variation
in secondary S-containing metabolite i.e. glucosinolates (GSLs) were analysed using GWAS in both B.
napus and Arabidopsis (Lu et al., 2014; Chan et al., 2011). GSLs are primary defense compounds against
herbivores and pathogens (Burow & Halkier, 2017). However, their induction is dynamic leading to
distinct changes in GSLs patterns as it is heavily dependent on biotic and environmental factors (Del
Carmen Martinez-Ballesta et al., 2013; Yang et al., 2020). The extensive natural variation in GSLs in
Arabidopsis can be due to multiple factors, such as genetics, local environment, and population history,
which might play a key role in building local adaptations to biotic factors (Katz et al., 2021). Several
major causal loci, such as AOP2, AOP3, MAM1, MAM3, and GSL-OH, are responsible for variation in
GSLs biosynthesis and for positive selection (Chan et al., 2010; Brachi et al., 2015; Katz et al., 2021).
As GSLs patterns are dynamic, understanding the control of GSLs accumulation can help in genetic
variation studies such as stochastic variation, which was found to be genetically encoded as well

(Jimenez-Gomez et al., 2011).

Overall, natural variation in sulfur content and sulfur-containing metabolites in Arabidopsis thaliana
have been useful in identifying key genetic regulators of sulfur accumulation. Studies combining
ionomics, quantitative genetics, and metabolic analyses have revealed that enzymes of the sulfate
assimilation pathway play a central role in shaping foliar sulfur levels, while also highlighting the
polygenic nature of this trait. Recent work, including that of De Jager et al. (2023), has further linked
sulfur content with sulfate uptake, internal sulfate pools, and downstream sulfur metabolites across
accessions. Together, these studies demonstrate that variation in sulfur content is tightly connected to
sulfur metabolism and transport, providing a strong framework for exploring sulfur-related traits in
Arabidopsis. However, whether these differences have functional consequences for plant performance

under sulfur deficiency is still unclear.
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Figure 4: Natural variation in the foliar S-content of Arabidopsis thaliana accessions. (A) S content
in leaf from Campos et al., 2021 (B) Principal component analysis on ionomics of 174 overlapping
accessions between the two datasets (Baxter et al., 2007; Campos et al., 2021). Adapted from De Jager
et al., 2023.
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1.3 Aims of this thesis

Despite several genes, such as APR2, ATPS1, and OASC, having been identified for controlling foliar S-
and sulfate content variation, they can only partially explain this variation, suggesting the presence of
additional regulators. While the molecular mechanisms underlying sulfate accumulation in these genes
are known, the broader adaptive potential arising from variation in S-content, i.e., the ecological contexts
in which sulfur status influences plant performance, remains poorly understood. One reason could be
that most of these studies were conducted under controlled laboratory conditions. As a result, the broader
adaptive relevance of variation in sulfur content, particularly under soil-based growth conditions where
nutrient availability fluctuates, remains insufficiently explored. In particular, it is unclear whether
differences in sulfur content represent passive metabolic variation or distinct sulfur-use strategies that

affect growth, nutrient homeostasis, and fitness. Based on this, the aims of the thesis are:

1. To assess the relevance of S-content variation on S-homeostasis under varying sulfate
concentrations

2. To determine the ecological function by correlating S-related traits and fitness for A. thaliana

3. To evaluate transcriptional responses underlying these differences by performing global

expression analysis

To address these objectives, A. thaliana accessions with natural variation in foliar S content were used
to measure metabolic, transcriptional, and developmental traits under varying sulfate concentrations in

a sand: soil experimental setup.
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2. MATERIAL AND METHODS

2.1 Plant material

We selected accessions based on the previous study from Jager et al. (2024), which used the two
ionomics datasets, i.e., Baxter et al. (2007) and Campos et al. (2021) to cluster A. thaliana accessions
into three groups on the basis of their S-content, i.e., low S, mid S, and high S. Hence, depending on the

availability of these accessions in our lab, a panel of 13 accessions was used for the study as mentioned

in  Table 1, along with their geographical information obtained from
https://1001genomes.org/1135/accessions
Table 1. A. thaliana accessions used in the study
S.No. | Accession | Accession name | Group based on S- | Latitude Longitude
ID content
1. 5832 Appl-16 Low-S 56.3130014 15.9807762
2. 7316 Rhen-1 Low-S 51.9667 5.56667
3. 6203 Tdr-18 Low-S 55.7567793 14.1225226
4. 8311 In-0 Low-S 47.5 11.5
5. 8326 Lis-1 Low-S 56.0089259 14.7427433
6. 6909 Col-0 Mid-S 38.3 -92.3
7. 7206 Kro-0 Mid-S - -
8. 6243 Tottarp-2 Mid-S 55.95 13.85
9. 7092 Com-1 High-S 49.416 2.823
10. 8365 Rak-2 High-S 49 16
11. 7098 Di-1 High-S - -
12. 7418 Zu-1 High-S 47.3667 8.55
13. 8235 Hod High-S 48.8 17.1

2.2 Growth conditions

Seeds were surface-sterilized under a sterile hood using 125 ml sodium hypochlorite (NaOCl) and 2.5
ml of 37% (v/v) conc. HCI for 3 hours inside the dessicator. After 3 hours, sterile water was added to
the seeds, which were kept at 4°C in darkness for 3 days (Stratification). These seeds were then used for

subsequent experiments.

2.2.1 Growth condition: Agar plate system

The sterilized seeds were placed on Modified Long Ashton medium (Table 2) containing 0.8% agarose.
The media consisted of either full nutrient (Control; 0.75 mM MgSO4x7H>0) or low sulfur (Low S;
0.75 mM MgClx6H,0 and 0.015 mM MgSO4x7H,0). Plates with seeds were then incubated for 18
days in Sanyo light chambers at 22°C under long-day conditions (16 h light/8 h darkness; 150 pE*m™
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*s1). After 18 days, samples from shoots and roots were collected in 1.5 mL tubes from different plates

and immediately frozen in liquid nitrogen.

2.2.2 Growth condition: Hydroponic system
The seeds were placed on sterile polypropylene mesh in 12-well plates, with 1 ml of Modified Long

Ashton medium in each well (components identical to those in Tables 2 & 3, except agarose), under
similar conditions as in 2.2.1. The plates were then wrapped with aluminum foil and stored in the dark
at 4°C for 3 days (stratification). After 3 days, the foil was removed to allow etiolation, and the plates
were shifted to the Sanyo light chambers under long-day conditions (as mentioned above) to incubate

for two weeks, and the media was changed every week.

2.2.3 Growth condition: Pot system

Seeds were sterilized and stratified as described before and then seeds were transferred to pots with 90%
autoclaved sand/soil mixture. Plants were cultivated in a growth chamber to full maturity under long-
day photoperiod (16 h light/8 h darkness; 150 pE*m-2 *s-1) with 21°C and 60% humidity. Three sulfate
regimes were tested: Control (0.75 mM MgSO4*"), Sulfur-deficient (0.75 mM MgCl,), and Short-
pulse, where control (0.75 mM MgSO4>") was supplied for four hours, and plants were washed with
deionized water, and then followed by sulfur-deficient (0.75 mM MgCly) for the rest of the week. A
randomized complete block design with eight biological replicates per genotype was used. Plants were
watered with deionized water for the first 2 weeks after sowing, and starting in the third week, respective
treatment was applied with Modified Long Ashton medium as mentioned in Table 2 & 3 (everything
identical except no agar and sucrose was added). At week 5, two healthy, fully expanded leaves (the 7th
and 8th) along with roots were harvested for metabolite analyses, including anions (nitrate, sulfate,
phosphate), thiols (cysteine and glutathione), and gene expression studies (QPCR). A second set of plants
was grown to maturity for measurement of developmental traits like rosette diameter, flowering time,
plant height, number of siliques, and total seed yield per plant. For rosette diameter, plants were pictured

every week starting from the 2" week using a Canon EOS camera.

Table 2. Macroelement composition of used Long Ashton nutrient solution (Hewitt, 1952)

Macroelements Concentration
Ca(NOs), x 4H,O 1.5 mM

KNOs 1 mM
KH2PO4 0.75 mM
MgSO4 x 7 H,O 0.75 mM
Fe-EDTA 0.1 mM
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Table 3. Microelement composition of used Long Ashton nutrient solution (Hewitt, 1952)

Microelements Concentration
MnCl; x 4H,O 10 uM

H3;BO; 50 uM

ZnCl, 1.75 uM
CuCl, 0.5 uM
NaMoOg4 0.8 uM

KI 1 uM

CoCl, x 6H,O 0.1 uM

Table 4. Composition of used Long Ashton Sulfur Limitation nutrient solution (Hewitt, 1952):
MgSOy4 limitation was complemented by MgCl,

Compound Concentration (Low-S)
Ca (NOs3)2 x 4H,O 1.5 mM
KNO; 1 mM
KH2PO4 0.75 mM
MgSO4 x 7 H,0 0.015 mM*
Fe-EDTA 0.1 mM
MgCl, x 6H,O 0.75 mM
Additives

Sucrose 5S¢l

MES Hydrate (Sigma | 0.8 g/l
Aldrich)

Low EEO Agarose 8 g/l

pH adjusted to 5.7; *In case of S-deficient condition for pot system MgSOq x 7 H>O was OmM

2.3 Metabolite analysis

2.3.1 Anions extraction and quantification

For the measurement of phosphate, nitrate and sulfate anions, frozen tissue material as described in
section 2.2.1, around 20 mg was homogenized using a Bead Ruptor 24 3D (Omni International, USA).
To this, 1 ml of sterile H,O was added and shaken for 1 h at 4°C; then heated to 95°C for 15 min. The
samples were centrifuged at maximum speed for 15 min at 4°C, and 500 pl of the supernatants was
diluted with 500 pl sterile H>O and transferred to an ion chromatography vial. Standard curves were
generated using 0.5 mM, 1 mM, and 2 mM KH,PO., KNOs3, and K>SOs. The inorganic anions were
measured with the Dionex ICS-1100 chromatography system and separated using a Dionex lonPac AS22
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RFIC 43 250 mm analytical column (Thermo Scientific). The running buffer was made up of 4.5 mM
NaCOs and 1.4 mM NaHCO:.

2.3.2 Thiols extraction and quantification

To analyze low molecular weight thiols (cysteine and GSH), approx. 20 mg of homogenized frozen
shoot and root material was extracted with 0.1 M HCl at a 1:10 ratio (w/V) and subsequently centrifuged
for 10 minutes at maximum speed at 4°C. In the meantime, standards, ranging from 0-100 uM, were
prepared using 2 mM L-cysteine and GSH stocks and were also included in subsequent extraction steps.
For the analyses, 60 pl of the supernatant was transferred to a new tube and 100 ul 0.25 M CHES-NaOH
(pH 9.4) was added. Thereafter, 35 ul of 10 mM dithiothreitol (DTT) was added to reduce the thiols, the
tubes were vortexed, and the mixture was incubated for 40 min at room temperature (RT). Five ul of 25
mM monobromobimane was added to the reduced extracts, the samples were vortexed and incubated in
darkness for 15 min at RT. The reaction was stopped by adding 110 pl of 100 mM methansulfonic acid
and vortexing. After centrifugation at 4°C for 20 min, 200 pl of supernatant was transferred into high-
performance liquid chromatography (HPLC) vials. The conjugated thiols were resolved using reverse
phase (RP)-HPLC (Eurospher 100-3 C18, 150 x 4 mm; Knauer) and a gradient of 90% [v/v] methanol
and 0.25% [v/v] acetic acid, pH 4.1 in 10% [v/v] methanol and 0.25% [v/v] acetic acid, pH 4.1, and
detected fluorimetrically with a 474 detector with an excitation wavelength at 380 nm and emission

wavelength at 470 nm. The flow rate was constant at 1 mL min™'.

2.3.3 Determination of elemental composition by ICP-MS

The content of total sulfur was analyzed in the leaves and seeds using an inductively coupled plasma
mass spectrometry (ICP-MS). The plant material was dried at 60°C for 48 h, and approximately 25 mg
of homogenized samples were digested in metal-free polypropylene centrifuge tubes with 0.5 ml
concentrated nitric acid (68%) overnight at room temperature, followed by digestion at 100 °C for 40
min. After mineralization, the samples were diluted to approximately 5.0 ml with ultra-pure (deionized)
water and centrifuged at 4 °C at 2000 g for 30 min. The elemental analysis was performed using an
Agilent 7700 ICP-MS (Agilent Technologies, Santa Clara, California, USA) in the standard mode of

operation.

2.3.4 Global metabolite analysis by GC-MS
For global metabolite profiling protocol described by Fiehn et al. (2000) was followed, approximately

40 mg of homogenized plant material was extracted in 1.5 ml of a precooled (-20 °C) solvent mixture
consisting of H,O: MeOH: CHCIs (1:2.5:1, v/v/v). Ribitol/DMPA was added as an internal standard to
a final concentration of 5 uM. Samples were vortexed and incubated on a shaker at 4 °C for 6 min, then
centrifuged at maximum speed for 5 min. The resulting supernatant was used for metabolite analysis by
gas chromatography—mass spectrometry (GC-MS) using a 7200 GC-QTOF system (Agilent, Santa
Clara, USA). Measurements were performed at the CEPLAS Plant Metabolism and Metabolomics
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Facility, Heinrich-Heine-University Diisseldorf. Metabolite abundances were quantified by normalizing

peak areas to the internal standard Ribitol/DMPA.

2.4 Gene expression analysis using qRT-PCR

2.4.1 RNA Isolation

Total RNA was extracted from the roots and shoots using standard phenol/chloroform extraction and
LiCl precipitation. For isolation of RNA, samples were collected in 1.5 mL tubes, each containing three
glass beads, frozen in liquid nitrogen, and homogenized using Bead Ruptor 24 3D (Omni International,
USA). 500 pL of RNA extraction buffer (§0 mM Tris/HCL (pH 9.0), 150 mM LiCl, 50 mM EDTA, 5%
w/v SDS) was added to each sample before adding 500 pL of phenolchloroform-isoamyl alcohol
(Sigma-Aldrich, Germany), samples were shaken for 5 min (RT,100 rpm) and centrifuged for 25 min
(RT, maximum speed). The upper aqueous phase was transferred to new tubes containing 500 pL of
phenol-chloroform-isoamyl alcohol, vortexed, and centrifuged for 20 min (RT, maximum speed). This
step was repeated once more before transferring the upper aqueous phase into fresh tubes and adding
150 uL (1/3™) of 8 M LiCl. Samples were vortexed and kept overnight at -20°C. Samples were defrosted
and centrifuged for 30 min (4°C, maximum speed) the next day. The supernatant was discarded, 300 pL
of sterile HO was added, and the samples were incubated shaking for 10 min (65°C, 500 rpm). 100 pL
of 8 M LiCl was added to each sample, and the samples were kept at -20°C overnight. On the third day,
samples were defrosted and centrifuged for 30 min (4°C, maximum speed), the supernatant was
discarded, 400 puL 70% EtOH was added to wash the pellet, and samples were centrifuged for 10 min
(4°C, maximum speed). The supernatant was completely discarded, and pellets were left to dry for 5
min (RT) before addition. Subsequently, 15-25 uL sterile nuclease-free H>O was added depending on
the size of the pellet and incubated for 20 min (65°C, 500 rpm). RNA concentration and purity were
determined using the NanoDrop 2000c¢ Spectrophotometer (Thermo Scientific).

2.4.2 Reverse Transcription of isolated RNA
Following RNA extraction, DNase treatment was conducted prior to cDNA synthesis from 600 ng of

total RNA using the QuantiTect Reverse Transcription Kit (QIAGEN), strictly adhering to the
manufacturer's protocol. The resulting cDNA was subsequently diluted with nuclease-free water to a

final volume of 200 pL.

2.4.3 Real-time quantitative polymerase chain-reaction (QPCR)

Quantitative real-time PCR (qPCR) analysis was carried out to assess the expression of target genes
utilizing gene-specific primers listed in Table 5, which were ordered from Sigma-Aldrich. gPCR
reactions were conducted using SYBR green as per the manufacturer’s instructions and were performed
on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad). All quantifications were normalized
to the actin and clathrin genes (Medici et al., 2015) using the 2"2°* method. Each RT-qPCR assay was

conducted in technical duplicates across six biological replicates.
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Table 5. qPCR Primers used in our study

Gene name GENE_ID (TAIR) PRIMER

ACT2/8-F AT3G18780 GGTAACATTGTGCTCAGRGGTGG
ACT2/8-R AACGACCTTAATCTTCATGCTGC
CLA F AT2G40060 AGCATACACTGCGTGCAAAG
CLA R TCGCCTGTCACATATCTC

SULTR2;1 F AT5G10180 CACAAGCTGAATCAAGCAAAGTTCG
SULTR2;1 R CAATAACCCGTAACACAACTGGTC
BCA3 QF AT1G23730 TGTCCTTGGGGAATCTTTTG
BCA3 QR CAAAGGCAGGGGTAGTCTTG
PYD4 QF AT3G08860 CCTCACAAACAGCAGCTCAG
PYD4 QR GGGGCTGAGGAACTCTCG
LSU3_QF1 AT3G49570 GGAACGGAGAGTTGGAGAGA
LSU3 QRI GCGCCTGATCTAAAGACTCG
SULTRI1;2 F AT1G78000 GATCAGCCTAAGTCTAAGCAGT
SULTRI1;2 R AAAGTGTAGTTACGTCCCCAAT
SBP1_QF1 AT4G14030 CATGGAGAAAGGCTCACACA
SBP1_QRI1 AGGACCGTCTGGTTCATCAC
SAT3;1 F AT1G55920 AAAAGACGTTCCTTCGCATAGT
SAT3;1 R GGGTCTTGCTCTTCCATGAC

SAT3;2 F AT4G35640 AGGATGTTCCTTCGCATAGC

SAT3;2 R GCATCATGCTCCATTGTCAT
GGCT2;2 QF1 AT4G31290 ACACCGGTGAAGGAATCAAG
GGCT2;2 QR1 GGCAACAGCTTCTGGATGAT
OASTL-A _F AT4G14880 GAACAGAACGCAAACGTCAA
OASTL-A R TCTTGTGAGGACCTGGCTTC
SHM7_F AT1G36732 CAGGCATCTCATACTGCAAAGC
SHM7 R CAATGACAACCCGAGGCTGT
MSRBS5 _F AT4G04830 TGAGATCACTTGTGCTGCGT
MSRBS5 R AGAGGAAGATTTTGCCGGGT
APR2-L AT1G62180 AAAAGAGCTCCAAGGGCTAT
APR2-R CGACATGAGTGAATCAACATCTC
APR3-L AT4G21990 CCAATCAAGTATCCATCAGAGAAG
APR3-R CCGAACAAGATTCAAGAAAGATG
SDII1-L AT5G48850 TCCCTGTGGAGACACTCCTT
SDI1-R CCATCTCCGGGTTCTTCTCT

27




SDI2 F AT1G04770 GTCCTTATGTCCGAGCGAAG

SDI2 F TCTCGCTTTAATCGCTATCCA

LSU1 F AT3G49580 GAGGCGGAAGAGCAACTCTG

LSU1 R CCATGAGGAAGAGCATGCGA

LSU2 F AT5G24660 ACGAGCTACGACGGAAGAAC

LSU2 R GGCAGAGGCAGAGTCTGAAG
SAT2;1 F AT1G55920 CACTGTTGGATCAGAAGCAT

SAT2;1 R AACCAGTGTTTGATCCAGTCG
SAT2;2 F AT3G13110 GGGAAGCTCAAGCCGAACAGTATC
SAT2;2 R GGCCTCTCGTTTCAGGATCAAGA
SiR F AT5G04590 TCATTCTGTTTTCTTAGGAAGATATGG
SiR_ R GTCTCAGGCTTCGCAGGA

NIA1 F AT1G77760 AAGCCGTACACATTAAAAGGCTA
NIA1 R TCACCTCAACCCTCGTTACC

NIA2 F AT1G37130 CTTTGGTAGACGCCGAACTC

NIA2 R TTTAGCTCGTTGATTATGTACTCTGG
NiR1 F AT2G15620 AGCGATTCCTCTTGATGC

NiR1 R GTTCGTCGATAAGCCACA

HRS1 F AT1G13300 TTCTTCTACCCGTAATCATTACGTC
HRS1 R TACACTCTTTAATCCCGGCAT

NRT1;1 F AT1G12110 GCACATTGGCATTAGGCTTT

NRT1;1 R CTCAATCCCCACCTCAGCTA

GSH1 F AT4G23100 ACATCGACTGTACTGGAATGACA
GSH1_R CCAGGGAGACAGGGAAGTTT

GSH2 F AT5G27380 CCAGGTGTTCTCGAGAGGTT

GSH2 R CTCCAAAGCCCAGCAAAG

2.5 RNA-Sequencing

2.5.1 RNA Extraction

Total RNA was isolated with PureLink™ Plant RNA Reagent (Invitrogen, Thermo Scientific™,
Waltham, Massachusetts, USA), using the small-scale isolation procedure recommended by the supplier,
with minor modifications. Approximately 50 mg of shoot or root tissue samples were cryogenic-
pulverized and kept frozen in liquid nitrogen before extraction. Each sample was resuspended by brief
vortexing with 0.5 ml of pre-cold (4 °C) PureLink™ Plant RNA Reagent and incubated at room
temperature for 5 min in a vertical rotating shaker. After centrifugation at 12,700 rpm for 2 min at room

temperature, the supernatant was transferred to a new RNase-free microtube containing 0.1 ml of 5 M
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NaCl, and 0.3 ml of 24:1 (v/v) chloroform-isoamyl alcohol was added, thoroughly mixed, and
centrifuged at 12700 rpm for 10 min at 4 °C. The aqueous phase was recovered into a new microtube
with an equal volume of 4 M LiCl-isopropyl alcohol (3:1 v/v) and incubated overnight at -20 °C. On the
following day, the mixture was centrifuged at 12,700 rpm for 30 min at 4 °C, and the supernatant was
decanted and replaced with 1.0 ml of 75% ethanol. Finally, the solution was centrifuged at 12,700 rpm
for 5 min at room temperature, the supernatant was completely discarded, and the microtubes were left
open in the fume hood for 5 min to air-dry. The isolated RNA was resuspended in 20 pul RNase-free
water, and concentration was estimated spectrophotometrically using a nanodrop (NanoDrop™ 2000c

Spectrophotometer, Thermo Scientific).

For RNA sequencing the RNA samples were further purified with TURBO DNA-free™ Kit (Invitrogen,
Thermo Scientific), in an adapted version of the routine DNAse treatment specified by the manufacturer.
In a 0.5 ml microtube, a total amount of 2 pg of RNA was resuspended in 20 ul RNase-free water and
gently mixed with 2.1 ul 10X TURBO DNase™ Buffer and 1.5 pl of TURBO DNase™ Enzyme. The
reaction was incubated at 37 °C, and after 30 min the enzyme activity was stopped by the addition of
4.5 pl DNase Inactivation Reagent, followed by vortexing, and incubation for 5 min at room
temperature. The suspension was centrifuged at 12,700 rpm for 1.5 min at room temperature, and the

supernatant containing the treated RNA was transferred to a new RNase-free microtube.

2.5.2 RNA-Sequencing by Novogene

Quality control of RNA samples was performed before sequencing using the Bioanalyzer system (2100
Bioanalyzer Instrument, Agilent Technologies, Santa Clara, California, USA), and the RNA 6000 Nano
Kit (Agilent Technologies, Santa Clara, California, USA), adopting a RIN cutoff value of at least 7 (2
pg; 50-200 ng/ul; OD260/280=1.8-2.1; OD260/230>1.5). The library preparation and RNA
sequencing were performed by Novogene (Novogene Co., Ltd., Cambridge, UK). After the quality
control procedures, a non-strand-specific RNA library construction was carried out using poly-T mRNA
enrichment. The resulting mRNA was randomly fragmented and used for the first cDNA synthesis via
random hexamer priming, after which the second-strand synthesis was accomplished based on Illumina
specifications, with the addition of the buffer containing dNTPs, RNase H, and DNA polymerase 1
(Novogene Co., Ltd., Cambridge, UK). End repair and dA-tailing were performed prior to the ligation
of adapter sequences. After insert size selection and PCR amplification, the ready library was
fluorometrically quantified with Qubit™ (Thermo Scientific™, Waltham, Massachusetts, USA) as well
as by RT-qPCR, and re-assessed with the Bioanalyzer system for size distribution. Libraries were
sequenced using Illumina NovaSeq™ 6000 Sequencing System (Illumina, Inc., San Diego, California,

USA), to produce paired-end 150 bp reads and coverage of 30-40 Million reads per sample.

2.5.3 RNA-Seq: Data Processing and analysis

Output data containing the paired-end sequence data of each sample (duplicate files) and their

corresponding associated FastQC quality reports were stored as FastQ (fq.gz) files. Additionally, a

29



quality control step was performed using MultiQC version 1.11 (Ewels et al., 2016) to check the raw
data from sequenced libraries, including the total number of sequences and estimate duplicated sequence
counts. When necessary, residual rRNA sequences were filtered out with SortMeRNA version 4.3.4
(Kopylova et al., 2012), and then Trimmomatic version 0.39 (Bolger et al., 2014) was used to remove
the adapters employed in the sequencing. Low-quality sequences were trimmed using the ‘maxinfo’
method with a target length of 125 bp, and subsequently, MultiQC was used for a second quality control,
and processability of over 90% was confirmed for all samples. HISAT?2 version 2.1.0 (Kim et al., 2019)
was used to align the sequenced fragments against the reference genome datasets Arabidopsis reference
transcriptome

(ftp://ftp.arabidopsis.org’/home/tair/Genes/TAIR10 _genome release/TAIR10 gene lists/) as transcripts
per kilobase million. Read summarization was performed with featureCounts version 2.0.0 (Liao O et
al., 2014) and the resulting count matrix was used for downstream analysis. The stringent differential
expression analysis was performed with DESeq2 (Love et al., 2014) and limma (Ritchie et al., 2015).
Here, we used log2 fold change > 1.0 or log2 fold change < -1.0, adjusted P-value < 0.05 cut off to obtain
the DEGs, and then used the intersect of both analyses. Z-score was computed on a gene-by-gene basis
by subtracting the mean and then dividing by the standard deviation. For functional gene ontology Gene
Ontology (GO) enrichment analysis was performed using the PANTHER overrepresentation test
(http://pantherdb.org) with the Arabidopsis thaliana genome as background. Significant GO biological
process categories were identified using Fisher’s Exact Test with Bonferroni correction (P < 0.05). For
visualization, the significantly enriched terms were plotted as bubble plots using clusterprofiler package
in R. The bubble size represents the number of genes in each category, and color scale corresponds to —
log10(P value), indicating the significance of enrichment. Variance-stabilized counts from DESeq2 were
scaled per gene (Z-score), and hierarchical clustering was performed using Euclidean distance and

complete linkage. Heatmaps were generated with the pheatmap package in R.

2.6 Measurement of Sulfate uptake and flux

Sulfate uptake was assessed in Arabidopsis seedlings cultivated for 14 days in 12-well plates as
described in section 2.2.2. For uptake assays, the growth medium was replaced with 1 mL of the
modified Long-Ashton solution containing 0.2 mM sulfate and supplemented with 12 pCi of [*35S]
sulfuric acid. Seedlings were incubated for 3 hours under light conditions. Following incubation,
seedlings retained on the mesh support were thoroughly rinsed, blotted dry, and separated into root and
shoot tissues. Tissues were individually weighed and snap-frozen in liquid nitrogen for subsequent
analysis conducted on the same day. Metabolites were extracted in a 10-fold volume of 0.1 M HCI, from
which 10 pL of the extract was used to determine S-uptake, and 50 ul of extract was used to measure

incorporation of **S into thiols as described in Dietzen et al., 2020.
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2.7 Detection of Hydrogen peroxide (H20:2) using DAB staining

Hydrogen peroxide (in situ) was detected via DAB (3,3’-Diaminobenzidine) staining (Sigma-Aldrich),
using a modified protocol based on Daudi et al. (2012). 18-day-old 4. thaliana shoots were grown under
control (0.75 mM) and low sulfur (0.015 mM) conditions as mentioned above. These were then dipped
in 5 ml of DAB solution (I mg/mL) containing 0.05% (v/v) Tween20 along with 10 mM sodium
phosphate buffer used as a control. This was followed by gentle vacuum infiltration for 5 min using
dessicator. With the DAB reaction, the reaction was allowed to proceed for 4 hours at 100 rpm, after
which the shoots were fixed in 3.5 ml bleaching solution (ethanol: glycerol: acetic acid, 3:1:1) by
incubation at 95°C for 15 minutes in a water bath. Leaves were then incubated in fresh bleaching solution
until complete chlorophyll removal. Subsequently pictures of DAB stained seedlings were acquired
using a Leica DMRA microscope (Leica Microsystems) equipped with DISKUS software (Carl H.
Hilgers-Technisches Biiro).

2.8 Detection of Superoxide (O2’) using NBT Staining

NBT (Nitro Blue Tetrazolium) staining protocol by Kumar et al., 2014 was used where 18 days old 4.
thaliana seedlings grown under control (0.75 mM) and low sulfur (0.015 mM) conditions as mentioned
above in section 2.2.2, were harvested and immersed in 3 ml of 0.2 % NBT staining solution prepared
by dissolving 0.1 g NBT into 50 mM sodium phosphate buffer (pH 7.5). Subsequently, 35-day-old leaves
from the pot system were used and dipped in the same solution. The well plates with the immersed
seedlings were then wrapped with foil and kept overnight at room temperature. The next day, the staining
solution was drained off, and chlorophyll was removed from the seedlings by dipping them completely
in absolute ethanol and heating them in a boiling water bath for 10 minutes. These seedlings were then
transferred to a paper towel saturated with 60% glycerol and were ready for photography. Pictures of
NBT-stained seedlings were acquired using a Leica DMRA microscope (Leica Microsystems) equipped
with DISKUS software (Carl H. Hilgers-Technisches Biiro). The presence of superoxide can be

confirmed using dark blue stains.

2.9 Statistical analysis
Data from metabolites and qPCR were curated, processed, and filtered in Microsoft Excel (Microsoft
Office package). This processed data was then used to generate a figure using JMP software

(https://www.jmp.com/en/home). To assess significant differences, a mixed model was used, in which

LSMeans (Least Squares Means) were calculated for each accession/genotype, followed by a post-hoc
test. In addition, for the mixed model, we kept accessions nested within groups as a random effect, as
we were interested in the behavior of the three groups for most traits. Experimental values represent
mean values and SE; n represents the number of independent samples with 8 replicates per accession if

not specified otherwise. Heatmaps and correlation plots were created in RStudio.
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3. RESULTS - Chapter 1: Ecological function of S-content variation in
Arabidopsis thaliana

3.1 Foliar sulfur reserves and sulfate pools are strongly compromised in the high-S
group under S-deficiency

Based on two independent ionomics datasets (Baxter et al., 2007; Campos et al., 2021), which reported
large natural variation in elemental composition among Arabidopsis thaliana accessions, including leaf
sulfur (S) content, we identified 175 overlapping accessions that showed significant differences in total
foliar S. To further characterize this variation, Principal Component Analysis (PCA) was performed as
described in Jager et al. (2023), focusing on elements contributing most strongly to the variation. The
first and third principal components (PCs) together explained around 33% of the total variance, with S-
content contributing most prominently to these components. Plotting these PCs against each other
allowed us to classify the accessions into three distinct groups differing in their inherent leaf sulfur

accumulation capacity: low-S, mid-S, and high-S accessions (Jager et al., 2023) (Fig. 4).

From these groups, a panel of 13 representative accessions with a gradient of S content was selected
based on availability and previous characterization. Although the molecular mechanisms responsible for
altered sulfate accumulation in certain accessions are known, where loci such as  APR2 and ATPS1 are
responsible for this accumulation (Loudet et al., 2007; Koprivova et al., 2014). However, the extent to
which natural variation in S-content influences plant performance under conditions of fluctuating
environmental S supply remains largely unexplored. Our earlier work revealed a strong connection
between total foliar S-content and the abundance of distinct S-containing metabolites under normal S-
supply (Jager et al., 2023). However, how this inherent variation in S accumulation capacity impacts

responses to sulfur deficiency and fluctuating S availability in soil has not yet been addressed.

To investigate this, we grew the selected accessions in a 90% sand: 10% soil mixture under three
different S-regimes: Control, with optimal sulfate concentration (750 pM), Sulfur-deficient (S-def)
(OuM), with no external sulfate supply, and Short-pulse (SP) treatment, in which sulfate was provided
intermittently for a short period (4 hours) each week followed by no sulfate (S-def) for the rest of the
week. Plants were fertilized twice weekly with the respective nutrient solutions, and leaves were

harvested at the 5" week for biochemical analysis.

As expected, the high-S group showed significantly higher levels of total sulfur compared to the low-S
group under control conditions, which were quite consistent with our previous findings in Jager et al.
(2023) (Fig. 5A). A similar and even clearer trend was observed for shoot sulfate content, where high-S
accessions accumulated substantially more sulfate than both mid-S and low-S groups (Fig. 5B).
However, under S-deficiency, sulfate levels followed an opposite trend compared to normal S-supply.
Although the sulfate levels were markedly reduced in all groups, the relative decline was most

pronounced in the high-S group under S-deficiency. Interestingly, although low-S accessions displayed
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early signs of S-depletion, as shoot sulfate dropped significantly under S-def conditions already at the
4™ week (Supplementary Fig. 1), by the 5" week, it was the high-S group that exhibited the most
dramatic response. We observed an approximately 40% reduction in shoot sulfate and a nearly 50%

decrease in total foliar S content compared to their respective control values (Figs. 5A, 5B).

In contrast, for roots, there were no significant genotypic differences in sulfate levels under control
conditions. Nevertheless, the impact of S-deficiency was much stronger in roots, where sulfate content
declined drastically across all three groups, indicating prioritization of sulfur allocation to shoots under
S-deficiency (Fig. SC). Another interesting pattern emerged under the short-pulse (SP) treatment. In the
low-S group, sulfate levels for both roots and shoots could be restored to near-control values, indicating
an efficient mechanism to rapidly take up and retain sulfate even with limited temporal availability. In
contrast, both mid-S and high-S groups failed to recover their sulfate pools under the same conditions,
suggesting that accessions with higher baseline S content are less flexible in coping not only with S-

deficient conditions but also with fluctuating S-supply (Fig. 5B & C).

In addition, to compare sulfur partitioning between inorganic sulfate and organic sulfur pools, we
calculated the ratio of organic S to inorganic S for each accession (Fig. 5D). Under control conditions,
low-S accessions displayed the highest organic/inorganic S ratios, indicating a greater investment in
sulfur assimilation and a comparatively smaller sulfate storage pool (Fig. 5SD). In contrast, high-S
accessions and mid-S accessions exhibited the lowest ratios, consistent with their elevated sulfate levels.
However, under S-deficiency these differences were much more pronounced. We observed that low-S
accessions showed a pronounced increase in the organic/inorganic ratio by almost 26-fold, reflecting
strong conservation of organic S despite experiencing decline in sulfate levels (Fig. 5D). While mid-S
accessions showed rather greater variability in group with Col-0 showing much higher ratio under S-
deficiency indicating stronger decline in sulfate pool (inorganic pool) with organic S pool rather
conserved. High-S accessions showed stable ratios even under S-limitation, indicating their reduced

capacity to maintain organic sulfur pools under S-deficiency (Fig. 5D).

Taken together, these results highlight distinct adaptive strategies among the three groups. The low-S
group possesses a more robust and metabolically flexible sulfur assimilation strategy, followed by the
mid-S group, which shows intermediate behavior. The high-S accessions, despite their naturally high
sulfate reserves under control conditions, show the strongest depletion and least recovery capacity under
deficiency. This indicates that their high-S phenotype relies predominantly on sulfate storage and lacks

the metabolic plasticity needed to buffer against depletion.
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Figure 5: Sulfur deficiency reduces foliar sulfate and total sulfur, with strongest effects in high-S
accessions (A) Total foliar sulfur (mg kg™' DW) , (B) Shoot sulfate (nmol mg™ FW), and (C) Root
sulfate (nmol mg™! FW) in low-S (blue), mid-S (orange), and high-S (red) accessions grown under
control (750 uM sulfate), sulfur-deficient (0 uM), or short-pulse (SP; intermittent supply) conditions
(D) Ratio of Organic S/ Inorganic S in low-S (blue), mid-S (orange), and high-S (red) accessions grown
under control (750 uM sulfate), sulfur-deficient (0 uM). Plants were grown in a 9:1 sand: soil mix and
fertilized twice weekly with the indicated S regimes. At week 5, the 7th—8th leaves and roots (split
longitudinally) were harvested (n = 8 per accession). Data were analyzed using mixed models followed
by Tukey’s HSD; different letters indicate significant differences (P < 0.05). Boxplots show means +
SE.

Sulfur deficiency leads to extensive transcriptional reprogramming, including the upregulation of sulfate
transporters and a suite of genes collectively referred to as sulfur starvation marker genes (Dietzen et
al., 2020; Maruyama-Nakashita et al., 2006). Therefore, to corroborate the sulfate and total sulfur
phenotypes observed across the three groups, we next evaluated the relative expression of key S-marker
genes, namely SD/1 (Sulfur Deficiency-Induced 1), SDI2 (Sulfur Deficiency-Induced 2), SHM?7 (Serine
Hydroxymethyl Transferase 7), APR2 (Adenosine-5'-phosphosulfate reductase), LSU2 (Low Sulfur
Upregulated 2), LSUI (Low Sulfur Upregulated 1), and the sulfate transporters SULTRI,1 (STRI,1) and
SULTRI;2 (STRI;2). As roots are generally considered the primary site of sulfate perception and uptake

34



and appeared more responsive at the metabolic level under S-deficiency, we performed qPCR analysis
in roots of six accessions, selecting two accessions from each group as representatives. However,
because SDI! is known to be robustly induced by sulfur starvation in both shoots and roots, its

expression was assessed in both tissues.

Consistent with its role as a canonical sulfur starvation marker, transcript levels of SDI/I were
significantly induced under S-deficiency in both shoots and roots of almost all accessions. The only
notable exception was Kro-0, which showed higher relative expression in roots, albeit not significantly,
while displaying no difference in relative expression of SDI/ in shoots (Fig. 6B). Importantly, in line
with the stronger relative decline in shoot sulfate content observed in high-S accessions, SDI/1 expression
in shoots was significantly higher in these accessions under S-deficiency along with Col-0, indicating a
more pronounced sulfur starvation response at the transcriptional level (Fig. 6B). A similar trend was
observed for SDI2, another well-established marker of sulfur limitation. SDI2 expression increased
significantly under sulfur deficiency in multiple accessions, with the strongest induction observed in
both high-S accessions i.e. Hod and Zu-1, followed by In-0 while levels remained unchanged in other

genotypes (Fig. 6B).

Genes involved in sulfur metabolism and sulfur starvation signaling exhibited clear accession-specific
transcriptional responses under sulfur deficiency. APR2, a key enzyme in the assimilatory sulfate
reduction pathway, showed significant induction under S-deficiency, particularly in the high-S
accessions Zu-1 and Hod, suggesting activation of sulfate reduction in response to declining sulfate
availability in these genotypes (Fig. 6B). Similarly, members of the LSU gene family, which are well-
established markers of sulfur-deficiency signaling, also exhibited differential induction patterns. LSU!
was significantly upregulated in In-0 and Zu-1 under S-deficiency, whereas LSU2 showed stronger
induction in Zu-1 and Col-0, indicating considerable genotype-specific variation in sulfur starvation
signaling (Fig. 6B). The gene SHM7, which is linked to sulfur metabolism, also responded to sulfur
limitation in an accession-dependent manner. Significant upregulation of SHM?7 was observed only in
In-0 and Zu-1, suggesting that activation of this pathway is restricted to specific genotypes (Fig. 6B).
Expression of sulfate transporters further supported the presence of genotype-specific responses to
sulfur limitation. The high-affinity sulfate transporter SULTRI;2 showed significant increased
expression in In-0 and Col-0, followed by both high-S accessions In-0 and Zu-1. In contrast, SULTRI, I
exhibited significant upregulation only in Zu-1 and In-0 under S-deficiency (Fig. 6B).

Taken together, these results reveal substantial variation in transcriptional responses to sulfur deficiency
among the accessions. Both high-S accessions showed strong induction of sulfur starvation marker
genes, with Zu-1 responding to nearly all genes tested, consistent with the pronounced decline in shoot
sulfate content observed under sulfur limitation. In contrast, low- and mid-S accessions exhibited more
moderate or gene-specific transcriptional adjustments, suggesting that different genotypes employ

distinct regulatory strategies to maintain sulfur homeostasis under limiting conditions.
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Figure 6: Relative expression of sulfur marker genes in A. thaliana accessions. (A) Least Square
Means (LSMeans) of sulfate concentration in shoots of A. thaliana accessions. i.e. App1-16 (low-S), In-
0 (Iow-S), Col-0 (mid-S), Kro-0 (mid-S), Zu-1 (high-S) and Hod (high-S) under control and S-def
conditions. (B) Heatmap representing relative expression of S-marker genes using the 2" method and
row-scaled to generate Z-scores for visualization in heatmaps under Control and S-def (S_Def)
conditions. Statistical analysis was performed using two-way ANOVA followed by Tukey’s post hoc
test for multiple comparisons for treatment and genotype. Asterisks indicate significant differences (* p
<0.05, ** p <0.01, *** p <0.001) between the genotypes and the treatments (n=6).

LSUT

SDII_Roots

STRI;1

STRI1;2

36



3.2 Enhanced sulfate uptake and transport in low-S group during S-deficiency

Plants acquire sulfur primarily in the form of sulfate through the roots, and one of the earliest responses
to sulfur limitation is an increase in sulfate uptake capacity, which is generally achieved through the
induction of high-affinity sulfate transporters (Dietzen et al., 2020). In our previous study, we reported
that sulfate levels under control conditions showed a positive correlation with S-uptake capacity among
these accessions (Jager et al., 2023), suggesting that inherent differences in foliar sulfate accumulation
are linked to differences in uptake. To determine whether this relationship persists under sulfur-deficient
conditions, we grew representative accessions from each group for 14 days under either control or S-

deficient conditions and quantified root sulfate uptake using [**S] labeling.

Consistent with our earlier findings, we observed a significant positive correlation between foliar sulfate
content and S-uptake across all accessions under control condition (Fig. 7B). This indicates that
genotypes with higher steady-state sulfate levels indeed maintain higher uptake activity, under optimal
supply. As expected for a typical S-deficiency response, all three groups showed an overall increase in
sulfate uptake, however we observed no correlation of S-uptake and foliar sulfate content under S-def
condition (Fig. 7A & B). Among the groups, high-S accessions displayed the highest absolute S-uptake
rates under deficiency which is consistent with their higher sulfate accumulation capacity under non-

limiting conditions (Fig. 7A).

In addition, when analyzing the relative change rather than absolute uptake rates, clear differences
emerged among the groups. Low-S accessions exhibited the strongest plasticity in response to S-
deficiency, with uptake increasing by approximately 27-fold compared to their control levels (Fig. 7C).
Moreover, this increase in uptake was accompanied by a substantial enhancement in root-to-shoot
translocation, which increased by around 37-fold (Fig. 7C). This coordinated adjustment suggests that
low-S accessions actively reinforce both S-acquisition and its delivery to the shoot under limiting
conditions. Such a strategy likely contributes to their ability to maintain sulfate pools and preserve foliar

total sulfur levels even when external S supply is withdrawn.

In contrast, although high-S accessions showed the highest absolute uptake rates, their relative increase
in uptake under S-deficiency was significantly smaller compared to the low-S group. A similar pattern
was observed for translocation, where the fold change in high-S accessions was lower than that of low-
S accessions. This more modest induction suggests that high-S accessions, while capable of high uptake
under sufficient S, do not proportionally adjust their uptake and translocation machinery to the same
extent under deficiency. These patterns are consistent with the stronger depletion of sulfate and total
foliar sulfur observed in the high-S group under S-deficient conditions (Fig. 5). Together, this indicates
that the high-S phenotype appears to rely on maintaining high sulfate acquisition under ample supply,
but lacks the compensatory enhancement in uptake and transport that would support efficient
conservation or redistribution during deficiency. Thus, their higher absolute uptake likely reflects a

higher intrinsic demand rather than an adaptive strategy to cope with S limitation.
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Overall, these results highlight a clear distinction in how the three groups respond to S-deficiency at the
level of sulfate acquisition and movement within the plant. Low-S accessions rely on a more responsive
and flexible uptake-translocation system, enabling them to stabilize foliar S more effectively, whereas
high-S accessions maintain high constitutive uptake but show limited plasticity when sulfate becomes
limiting. Mid-S accessions display intermediate behavior for both parameters. Also, the positive
correlation between foliar sulfate content and sulfate uptake under control conditions indicates that the
differences in steady-state sulfate levels among the accessions are at least partly driven by variation in
their sulfate uptake capacity. However, the weakening or loss of this correlation under S-deficient
conditions suggests that additional mechanisms contribute to sulfate accumulation when external supply
is limited. This implies that under S-deficiency, factors beyond uptake alone, such as changes in internal
redistribution, storage, or differential regulation of transport processes, may play a role in determining

foliar sulfate levels.
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Figure 7: S-deficiency triggers stronger sulfate uptake and allocation to shoots in low-S accessions
(A) Sulfate uptake in roots (nmol h™! g'! FW) (B) Regression analysis of Sulfate content vs S-uptake
under Control and S-def conditions (C) Fold change uptake (Uptakes.qer— Uptakecontrol/ Uptake control) and
Root-shoot fold change translocation (Translocations.qet— Translocationcontro/ Translocation conirol) With
translocation unit measured as (nmol h™! g”! FW). Arabidopsis plants (25 seedlings) fed with either 750
uM SO4>" (Control) or 15 pM SO4? (S-def) were grown on a nylon net in hydroculture for 14 d and,
after incubation with [**S] sulfate for 3 hours, shoots and roots were harvested separately and extracted
with 0.1 M HCI for radioactivity quantification. Data were analyzed using mixed models followed by
Tukey’s HSD; different letters indicate significant differences (P < 0.05). Boxplots and bar plots show
means = SE (n= 6 per accession).

3.3 Reduced sulfur (thiols) pools and redox balance are differentially compromised
under sulfur deficiency

Cysteine (Cys) is the first organic compound containing reduced sulfur and represents a central
metabolic hub connecting three major primary metabolic pathways, namely carbon, nitrogen, and sulfate
assimilation (Takahashi et al., 2011; Jobe et al., 2019). Glutathione (GSH), derived from cysteine,
functions as a major storage form of reduced sulfur (Kuzuhara et al., 2000; Leustek et al., 2000). In
addition, GSH is a key component of the cellular antioxidant network and is widely regarded as a major
determinant of cellular redox homeostasis, thereby indirectly influencing numerous fundamental cellular
processes (Ball et al., 2004). Given these central roles, we quantified both thiols in shoots and roots of

the three accession groups under control, sulfur-deficient, and short sulfur pulse (SP) conditions.

As expected, in shoots, both Cys and GSH contents were significantly reduced across all groups under
sulfur deficiency (Fig. 8A, C). Notably, low-S accessions accumulated significantly higher shoot Cys
under control conditions (Fig. 8A), but also displayed the strongest relative reduction upon sulfur
withdrawal. Under deficiency, shoot Cys levels in the low-S group declined by approximately 57-fold,
corresponding to an almost three-fold decrease relative to control (Fig. 8A). In contrast, mid-S and high-
S accessions exhibited more moderate reductions in shoot Cys. Importantly, Cys levels were restored in
all three groups under SP treatment, with the mid-S group showing the most pronounced recovery (Fig.

8A).
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A contrasting pattern was observed for shoot GSH. High-S accessions accumulated the highest GSH
levels under control conditions (Fig. 8C), in agreement with previous observations (Jager et al., 2023).
However, these accessions also experienced the most severe relative depletion under sulfur deficiency,
with shoot GSH levels decreasing nearly three-fold. By comparison, low-S and mid-S groups exhibited
smaller relative reductions in shoot GSH. Similar to cysteine, SP treatment largely restored shoot GSH

levels toward control values across all groups (Fig. 8C).

In roots, thiol accumulation followed a distinct pattern compared to shoots (Fig. 8B, D). Root Cys levels
showed no consistent or significant trend across the three groups under any of the treatments (Fig. 8B),
indicating a relatively stable cysteine pool in roots irrespective of sulfur supply. In contrast, root GSH
levels responded more dynamically: both low-S and high-S groups exhibited significant reductions in
GSH under sulfur deficiency, whereas the mid-S group maintained root GSH more effectively (Fig. 8D).
Following SP treatment, root GSH levels increased across all groups; however, recovery remained

incomplete in low-S roots.

Taken together, these results reveal distinct thiol adjustment strategies among the three groups under
sulfur limitation. Low-S accessions preferentially accumulated shoot cysteine under sulfur-sufficient
conditions, but this pool was particularly sensitive to sulfur deprivation, although partial recovery was
possible under intermittent sulfur supply. In contrast, high-S accessions stored larger glutathione
reserves under control conditions, yet these reserves collapsed most strongly under sulfur deficiency,
suggesting a heavy reliance on GSH buffering that becomes unsustainable when sulfur supply is limited.
Mid-S accessions exhibited smaller and more moderate changes in both cysteine and glutathione pools,

consistent with their overall intermediate and less dynamic responses to fluctuating sulfur availability.
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Figure 8: Distinct thiol adjustment strategies across low-, mid-, and high-S accessions (A) Shoot
cysteine (nmol g! FW), (B) Root cysteine (nmol g! FW), and (C) Shoot Glutathione (GSH) (nmol g™*
FW) (D) Root GSH (nmol g' FW) in low-S (blue), mid-S (orange), and high-S (red) accessions grown
under control (750 uM sulfate), sulfur-deficient (0 pM), or short-pulse (SP; intermittent supply)
conditions. Plants were grown in a 9:1 sand: soil mix and fertilized twice weekly with the indicated S
regimes. At week 5, the 7th—8th leaves and roots (split longitudinally) were harvested (n = 8 per
accession). Data were analyzed using mixed models followed by Tukey’s HSD; different letters indicate
significant differences (P < 0.05). Boxplots show means + SE.

3.3.1 Sulfur flux into thiols reveals preferential allocation toward glutathione in low-S accessions
under sulfur deficiency

As the low-S group displayed a stronger relative decline in shoot cysteine in response to sulfur-deficient
treatment, while shoot glutathione (GSH) pools did not decrease as dramatically compared to the mid-
S and high-S groups, we next investigated how sulfate assimilation into reduced sulfur pools is regulated
in these accessions under sulfur limitation. To address this, we selected two representative accessions
from each group based on their sulfate and total sulfur contents and grew them under control and sulfur-
deficient conditions for 14 days. Subsequently, plants were supplied with radiolabelled sulfate [**S] for
3 hours, and the relative incorporation of [**S] into cysteine and GSH was quantified separately in shoots

and roots.

Consistent with known sulfur starvation responses in Arabidopsis, we observed a significant increase in
relative incorporation of [ **S] into GSH under sulfur-deficient conditions across all three groups (Fig.
9A). This response aligns with previous reports demonstrating that sulfur limitation induces high-
affinity sulfate transporters and enzymes involved in sulfate assimilation, and thus promotes the
preferential allocation of newly assimilated sulfur toward antioxidant pools such as GSH (Dietzen et al.,
2020). Importantly, the magnitude of this response differed between groups: the relative incorporation
of [**S] into GSH in shoots was significantly higher in the low-S group under sulfur deficiency compared
to the mid-S and high-S groups (Fig. 9A). This pattern was consistently observed at the accession level,
as both low-S accessions exhibited elevated [**S] GSH incorporation under sulfur-deficient conditions

(Fig. 9B).
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In roots, we also detected an increase in relative [**S] incorporation into GSH under sulfur deficiency;
however, this response did not follow a clear genotype- or group-specific trend. While individual
accessions showed variable incorporation levels, no consistent differences between low-, mid-, and
high-S groups were apparent in roots. In contrast, relative incorporation of [**S] into cysteine did not
show significant alterations between groups in either shoots or roots (Supplementary Fig. 2). However,
in the shoot, we observed a significant decline in relative incorporation of cysteine under S-deficiency
in all groups, indicating channeling of S-flux into active GSH biosynthesis and hence no labeled cysteine

being accumulated under S-limitation (Supplementary Fig. 2A).

Together, these results demonstrate that under sulfur-deficient conditions, low-S accessions
preferentially enhance the relative flux of newly assimilated sulfur into glutathione, particularly in
shoots as translocation was significantly enhanced for this group under S-deficiency. This flux-level
adjustment is consistent with our earlier observations that shoot GSH pools in the low-S group were
comparatively better maintained under sulfur deficiency than those of high-S accessions, despite a
pronounced reduction in cysteine levels. Collectively, these findings suggest that low-S accessions
actively prioritize glutathione biosynthesis under sulfur limitation, likely as a strategy to preserve redox

homeostasis when sulfur availability becomes restrictive.
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Figure 9: Low-S group depicting higher relative incorporation into GSH. (A) [*S] incorporation
into GSH [%] in shoots among three groups and (B) among individual accessions in each group under
Control and S-deficient condition. Arabidopsis plants (25 seedlings) fed with either 750 uM SO4*
(Control) or 15 uM SO4 > (S-def) were grown on a nylon net in hydroculture for 14 d and, after
incubation with [**S] sulfate for 3 hours, shoots and roots were harvested separately. Thiols were
separated by HPLC, and the radioactivity in Cys and GSH was measured with a radiodetector. Statistical
analysis was performed using two-way ANOVA followed by Tukey’s post hoc test for multiple
comparisons for treatment and genotype. Different letters indicate significant differences (p < 0.05)
between the genotypes and the treatments. Values are means * s.e.m. (n=6).
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3.3.2 Sulfur deficiency leads to a stronger oxidative imbalance in high-S accessions

Glutathione (GSH) is a central redox buffer in plant cells, functioning as a major scavenger of reactive
oxygen species (ROS). Both the absolute size of the GSH pool and the ratio between reduced and
oxidized glutathione (GSH: GSSG) are critical determinants of cellular redox potential and are essential
for efficient detoxification of hydrogen peroxide (H-0.) (Hasanuzzaman et al., 2017; Madhu et al.,
2023). A decline in GSH abundance, therefore, reflects a reduced buffering capacity and a shift toward
a more oxidized intracellular environment. Based on our earlier observations, the pronounced reduction
of GSH pools in the high-S group under sulfur deficiency likely reflects a combination of constrained
biosynthetic capacity and increased oxidative demand. Furthermore, the comparatively lower relative
incorporation of [*S] into GSH in high-S accessions, relative to the low-S group, suggested that these
genotypes may be less efficient in reinforcing their antioxidant capacity under sulfur limitation. We,
therefore, hypothesized that the inability to maintain GSH pools and to sufficiently enhance sulfur flux

into GSH could result in elevated oxidative stress in high-S accessions during sulfur starvation.

To test this hypothesis, we assessed ROS accumulation using 3,3'-diaminobenzidine (DAB) staining,
which detects hydrogen peroxide through its oxidation by heme-containing peroxidases to form a brown
precipitate (Daudi et al., 2012; Madhu et al., 2023). The presence and extent of brown staining were
thus used as a direct proxy for H202 accumulation. For this analysis, we selected one representative
accession from each group (Appl-16, Col-0, and Hod) and stained 18-day-old seedlings grown under
control and sulfur-deficient conditions. Under sulfur deficiency, all three genotypes displayed increased

DAB staining, indicating elevated H>O2 accumulation compared to control conditions (Fig. 10A).

Quantification of shoot H20: levels was performed by calculating the percentage of stained area relative
to total leaf area (Fig. 10B). Under control conditions, Hod already exhibited elevated basal staining
(approximately 30-35%), whereas Appl1-16 and Col-0 showed comparatively lower levels (around 15-
20%). Upon sulfur deficiency, DAB-stained area increased in all three genotypes; however, the response
was markedly stronger in Hod, reaching approximately 60-70%. In contrast, App1-16 and Col-0 showed
only a moderate increase to approximately 25-35% (Fig. 10B). The substantially higher proportion of
stained area in Hod under sulfur deficiency indicates enhanced accumulation of H2.0O2 and suggests a

reduced capacity to maintain redox homeostasis under sulfur-limiting conditions.

To further substantiate the elevated oxidative stress observed in high-S accessions, we next examined
superoxide (O2") accumulation using Nitroblue tetrazolium (NBT) staining. This experiment included
two accessions per group, allowing for a broader assessment of group-level responses. Six accessions
were stained at a similar developmental stage and under identical treatment conditions as described for
DAB staining. NBT reacts with superoxide anions to form a blue or purple formazan precipitate,
enabling visualization of Oz~ accumulation (Kumar et al., 2014). Under sulfur-deficient conditions, all
accessions exhibited increased NBT staining compared to controls, confirming that sulfur limitation

perturbs overall redox homeostasis (Fig. 10C). Notably, high-S accessions (Hod and Zu-1) displayed
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the strongest accumulation of superoxide, followed by mid-S accessions (Col-0 and Kro-0), whereas

low-S accessions showed comparatively weaker changes relative to their control conditions (Fig. 10C).

In addition, NBT staining was also performed on leaves harvested from 35-day-old plants grown under
sand: soil mix. Although clear differences between control and sulfur-deficient treatments were still
apparent, ROS accumulation at this later developmental stage was more spatially restricted and localized
to specific leaf regions rather than distributed uniformly across the entire shoot (Supplementary Fig. 3).
Low-S accessions (Appl-16 and In-0) showed detectable superoxide accumulation, but staining
intensity was more pronounced in mid-S and high-S accessions, with Col-0, Kro-0, and Zu-1 exhibiting
particularly strong localized signals. Interestingly, Hod displayed a less dramatic overall increase
compared to early vegetative stages; however, superoxide accumulation remained evident in distinct
leaf regions, suggesting a shift toward localized oxidative stress rather than whole-tissue saturation
(Supplementary Fig. 3). Such spatially restricted staining may reflect localized ROS production
associated with stress signalling or metabolic hotspots within the leaf, as ROS bursts are often generated
in specific tissues through NADPH oxidase activity and can accumulate at discrete sites of oxidative

stress rather than uniformly across the entire organ (Chapman et al., 2019).

Collectively, these datasets indicate that the stronger reduction of GSH pools observed in high-S
accessions under sulfur deficiency is associated with elevated ROS accumulation and a diminished
ability to reinforce antioxidant defenses through enhanced sulfur flux into glutathione. In contrast, low-
S accessions appear better equipped to buffer oxidative stress under sulfur limitation, likely due to their
higher relative incorporation of newly assimilated sulfur into GSH. Together, these findings support a
model in which differential regulation of glutathione metabolism and sulfur allocation underpins

accession-specific variation in redox homeostasis during sulfur starvation.
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Figure 10: High-S group shows signs of oxidative damage under S-deficiency (A) Pictures of stained
A. thaliana accessions. i.e. App1-16 (low-S group), Col-0 (mid-S group), and Hod (high-S group) under
control and low-S conditions (B) Barplot shows stained DAB area (%) in App 1-16, Col-0, and Hod
accessions, under Control and S-def conditions. (C) Pictures of NBT stained 18 days old seedlings of A4.
thaliana accessions. i.e. Appl-16 (low-S), In-0 (low-S), Col-0 (mid-S), Kro-0 (mid-S), Zu-1 (high-S)
and Hod (high-S) under Control and S-def conditions. Statistical analysis was performed using two-way
ANOVA followed by Tukey’s post hoc test for multiple comparisons for treatment and genotype.
Lowercase letters indicate significant differences (p < 0.05) between the genotypes and the treatments.
Values are means + s.e.m. (n=6).

3.3.3 Transcriptional regulation of cysteine and glutathione biosynthesis genes reflects accession-
specific sulfur allocation strategies under sulfur deficiency

To corroborate the phenotypes described above, we next examined whether the observed metabolic
changes were reflected at the transcriptional level. As major differences in cysteine and glutathione pools
were primarily detected in shoots, we focused our gene expression analyses on shoot tissue. Based on
our earlier experimental design, we selected six accessions representing the low-, mid-, and high-S
groups and quantified the expression of key genes involved in cysteine biosynthesis, including SERINE
ACETYLTRANSFERASE  isoforms  (SERAT), SULFITE REDUCTASE (SiR), and O-
ACETYLSERINE(THIOL)LYASE A (OASTL-A). SERAT enzymes catalyze the formation of O-
acetylserine (OAS), the immediate precursor of cysteine, and are encoded by multiple isoforms that are
localized in different cellular compartments (Watanabe et al., 2008). In this study, we focused on the
major SERAT isoforms i.e. SERAT3,;1, SERAT3,;2, SERAT2;1, SERAT2;2, previously reported to
contribute substantially to cellular OAS production and sulfur-responsive transcriptional regulation
(Watanabe et al.,, 2008). Similarly, OASTL-A, the predominant cytosolic isoform of O-
acetylserine(thiol)lyase, was selected because it catalyzes the final step of cysteine biosynthesis and

represents the primary contributor to cysteine synthesis in the cytosol (Heeg et al., 2008).

Under control conditions, transcript levels of SERAT2;2, SERAT2;1, SiR, and OASTL-A were
significantly higher in high-S accessions compared to low- and mid-S accessions (Fig. 11B), suggesting

a higher basal sulfur assimilation capacity that may contribute to the larger sulfur pools observed in
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these genotypes. However, under sulfur-deficient conditions, gene expression responses were strongly
accession-specific rather than strictly group-dependent. We observed a significant upregulation of
SERAT2;2 in both mid-S accessions i.e. Col-0 and Kro-0 and also in Zu-1 under sulfur deficiency,
whereas SERAT?2;2 was significantly downregulated in Hod, with no statistically significant changes
detected in both low-S accessions (Fig. 11B). A similar pattern was observed for relative expression
levels of SERAT2; 1, except Hod which did showed downregulation of this gene under S-deficiency but
not significant. In contrast, SERAT3, 1 showed a distinct pattern: both high-S accessions, Hod and Zu-1,
exhibited significant downregulation of SERAT3, I under S-deficient conditions and completely opposite
pattern was seen in both mid-S accession with expression being significantly enhanced. Surprisingly,
Zu-1 showed upregulation for SERAT3,2 while no change in Hod was observed under S-limitation,
indicating genotype specific prioritization of different isoform under S-deficiency (Fig. 11B). Both low-
S accessions did not show any significant differences for expression levels of both SERAT3;1 and

SERATS3;2 in response to S-deprivation (Fig. 11B).

Expression of SiR revealed yet another layer of divergence. SiR was strongly induced in Zu-1 under
sulfur deficiency, followed by Appl1-16, and both mid-S accessions also showing significant response.
Notably, SiR expression was unchanged in another low-S accessions In-0, and the gene was
downregulated in high-S accessions, Hod, when compared relative to their respective control conditions,
although the change was not significant (Fig. 11B). Similarly, OASTL-A expression exhibited contrasting
trends across accessions, with induction observed in low-S accession like App1-16 and mid-S accessions
Kro-0, whereas both high-S accessions showed a reduction in transcript levels with significant

differences observed for Hod under sulfur deficiency (Fig. 11B).

Taken together, these transcriptional profiles indicate that accessions employ distinct regulatory
strategies to cope with sulfur deficiency at the level of cysteine biosynthesis. Low-S accessions, which
exhibited the most pronounced decline in cysteine pools under sulfur deficiency, generally maintained
or enhanced the expression of cysteine biosynthetic genes, suggesting an active compensatory response
aimed at sustaining sulfur assimilation and downstream metabolite production. This transcriptional
behavior is consistent with our metabolic and flux data, where low-S accessions preferentially increased
sulfur allocation toward glutathione biosynthesis, potentially to preserve redox balance under sulfur-
limiting conditions (Fig. 8C, Fig. 9A). Mid-S accessions displayed significant upregulation of most the
cysteine biosynthesis genes suggesting a tendency toward compensatory regulation rather than
restriction of sulfur assimilation. In contrast, high-S accessions exhibited a markedly different strategy.
Despite showing strong induction of classical sulfur starvation marker genes and a robust sulfur
deficiency response at the signaling level, both Hod and Zu-1 displayed downregulation of key cysteine
biosynthesis genes, including SERAT3;1 and OASTL-A, under sulfur-deficient conditions. This
transcriptional repression, together with the pronounced decline in glutathione pools (Fig. 8C) observed
earlier, suggests a restrictive strategy in which high-S accessions limit further investment into reduced

sulfur biosynthesis when sulfur becomes limiting. Such restriction may reflect an inability to sustain
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sulfur-intensive metabolic pathways, potentially contributing to the elevated oxidative stress phenotypes
observed in these accessions. In addition, while downregulation of SERAT2;1, and SERAT2;2 was
observed for Hod, the opposite response in Zu-1 indicates heterogeneity in the group and distinct

regulatory mechanisms in these genotypes.
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Figure 11: Relative expression of Cys synthesis genes in A. thaliana accessions. (A) Least Square
Means (LSMeans) of shoot Cys concentration in A. thaliana accessions. i.e. App1-16 (low-S), In-0 (low-
S), Col-0 (mid-S), Kro-0 (mid-S), Zu-1 (high-S) and Hod (high-S) under control and S_def conditions.
(B) Heatmap representing relative expression of Cys synthesis genes in shoots using the 2" method
and row-scaled to generate Z-scores for visualization in heatmaps under Control and S-def (S_Def)
conditions. Statistical analysis was performed using two-way ANOVA followed by Tukey’s post hoc
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test for multiple comparisons for treatment and genotype. Asterisks indicate significant differences (* p
<0.05, ** p<0.01, *** p < 0.001) between the genotypes and the treatments (n=6).

For the glutathione (GSH) biosynthetic pathway, we analyzed the transcript abundance of GSHI and
GSH? in shoots, as the most pronounced differences in GSH pools were observed in this tissue. Under
control conditions, expression levels of both GSHI and GSH2 were significantly higher in the high-S
accessions compared to low- and mid-S accessions, consistent with their higher steady-state GSH
accumulation (Fig. 12A & B). However, under sulfur-deficient conditions, the regulation of these genes

diverged markedly between groups and even among accessions within the same group.

Within the low-S group, App1-16 showed a significant upregulation of GSH2 under sulfur deficiency,
whereas In-0 displayed no significant change (Fig. 12B). This response parallels the relatively moderate
decline in shoot GSH observed in these accessions under sulfur limitation (Fig. 12A), suggesting that
maintenance or induction of GSH biosynthetic capacity may contribute to buffering GSH pools in low-
S genotypes. In the mid-S group, contrasting behaviors were again evident: while Col-0 maintained
GSH levels under sulfur deficiency, Kro-0 exhibited a significant decrease in shoot GSH (Fig. 12A).
Correspondingly, only Kro-0 showed a significant induction of both GSHI and GSH2 transcripts under
sulfur-deficient conditions (Fig. 12B), indicating an attempted compensatory response that was

nevertheless insufficient to prevent GSH depletion.

In contrast, accessions belonging to the high-S group displayed a distinct regulatory pattern. Despite
experiencing the strongest relative decline in shoot GSH under sulfur deficiency (Fig. 12A), the two
high-S accessions differed substantially at the transcriptional level. Hod showed a significant
downregulation of both GSHI and GSH2 under sulfur-deficient conditions, whereas Zu-1 maintained
expression levels comparable to control conditions (Fig. 12B). This divergence suggests fundamentally
different adaptive strategies within the high-S group. Genotype Hod appears to adopt a conservative
strategy by actively restricting further biosynthetic investment into glutathione under sulfur limitation-
thereby allowing GSH pools to decline. While Zu-1 may instead experience limitations at the level of
substrate availability or flux, rather than transcriptional control, as gene expression is not induced despite

strong depletion of GSH pools.

Taken together, these results indicate that accessions from the low- and mid-S groups, which generally
exhibit smaller relative declines in GSH content, respond to sulfur deficiency by maintaining or
enhancing the expression of GSH biosynthetic genes. In contrast, high-S accessions exhibit a decoupling
between GSH pool depletion and transcriptional regulation, with accession-specific strategies ranging
from transcriptional restraint (Hod) to apparent substrate-limited regulation (Zu-1). These findings
further support the notion that natural variation in sulfur status is associated with fundamentally different

strategies of thiol management and redox buffering under sulfur-limiting conditions.
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Figure 12: Relative expression of GSH synthesis genes in A. thaliana accessions. (A) Least Square
Means (LSMeans) of shoot GSH concentration in 4. thaliana accessions. i.e. Appl-16 (low-S), In-0
(low-S), Col-0 (mid-S), Kro-0 (mid-S), Zu-1 (high-S) and Hod (high-S) under control and S def
conditions. (B) Heatmap representing relative expression of GSH synthesis genes in shoots using the 2
A% method and row-scaled to generate Z-scores for visualization in heatmaps under Control and S-def
(S_Def) condition. Statistical analysis was performed using two-way ANOVA followed by Tukey’s post
hoc test for multiple comparisons for treatment and genotype. Asterisks indicate significant differences
(* p<0.05, ** p<0.01, *** p <0.001) between the genotypes and the treatments (n=6).
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3.4 Sulfur deficiency affects accumulation of Nitrate and Phosphate in the groups
differently

Distinct studies have shown strong interactions between nitrate and sulfate assimilation (Koprivova et
al., 2000; Takahashi & Saito., 1996), and nitrate uptake and reduction are known to be suppressed under
S deficiency (Jobe et al., 2019). Similarly, sulfur and phosphate signaling are tightly interconnected,
with leaf phosphate often positively correlated with sulfate levels (Ristova et al., 2022; Soda et al., 2019;
Rouached et al., 2011). Hence, we tested these accessions for the accumulation of these two anions as

well and observed a strong link between these three nutrients.

We observed both shoot nitrate and phosphate decrease under S deficiency for all groups (Fig. 13A, C).
The decline in shoot nitrate was particularly pronounced in the low-S group, where nitrate fell by ~ 60-
fold compared to control despite higher initial levels. Notably, short-pulse (SP) supplementation restored
shoot nitrate in low-S and high -S accessions to control levels, whereas mid-S groups remained
comparable to their S-deficient state (Fig. 13A). In roots, the trend contrasted with shoots for low-S
accessions, which contained the lowest nitrate under control, but accumulated significantly more under
deficiency, suggesting altered root-to-shoot transport (Fig. 13B). However, there were no significant
differences observed for mid-S and high-S accessions for root nitrate levels under S-def. With short
pulse treatment, nitrate levels in roots were similar to control for all the groups except mid-S, where a

significant decline was seen compared to the control condition.

For phosphate, we confirmed our previous finding (Jager et al., 2023) that low-S accessions accumulate
higher shoot phosphate under control conditions with mid-S and high-S resembling each other. However,
low-S group just like nitrate also exhibited the strongest relative decline under S-deficiency followed by
mid-S group (Fig. 13C). Surprisingly, high-S group didn’t show any significant decline in shoot
phosphate levels, which could be due to already low levels of phosphate under normal condition. Root
phosphate remained largely stable across treatments in all groups (Fig. 13D). Unlike nitrate, phosphate
in shoots did not increase under SP conditions, indicating that short sulfate supplementation is
insufficient to restore phosphate levels (Fig. 13C). Altogether, these results highlight distinct N-S and
P-S interactions across accession groups and the importance of sulfur in maintaining nutrient

homeostasis.
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Figure 13: Sulfur deficiency alters nitrate and phosphate accumulation in a group-specific manner
(A) Shoot nitrate (nmol g' FW), (B) Root nitrate (nmol g' FW), and (C) Shoot phosphate (nmol g™*
FW) (D) Root phosphate (nmol g' FW) in low-S (blue), mid-S (orange), and high-S (red) accessions
grown under control (750 uM sulfate), sulfur-deficient (0 uM), or short-pulse (SP; intermittent supply)
conditions. Plants were grown in a 9:1 sand: soil mix and fertilized twice weekly with the indicated S
regimes. At week 5, the 7th—8th leaves and roots (split longitudinally) were harvested (n = 8 per
accession). Data were analysed using mixed models followed by Tukey’s HSD; different letters indicate
significant differences (P < 0.05). Boxplots show means + SE.

3.4.1 Nitrate partitioning and transcriptional responses under Sulfur deficiency differ in low-S
and high-S accessions

The nitrate phenotype observed under sulfur deficiency revealed a strong group-specific response,
evident in both shoots and roots, and closely resembling the cysteine phenotype previously described in
shoots. Previous studies have identified cysteine biosynthesis as a major convergence point for carbon,
nitrogen, and sulfur acquisition pathways (Jobe et al., 2019), indicating a strong metabolic linkage
between these processes. Based on these observations, we next investigated the transcriptional
regulation of nitrate uptake and assimilation genes in both tissues and examined their relationship with

cysteine biosynthesis genes.
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Under control conditions in shoots, Hod displayed significantly higher basal expression of most nitrate
assimilation genes, including NIAI, NIA2, and NRTI; 1, compared to all other accessions (Fig. 14B).
This elevated basal expression is consistent with the higher nitrate levels observed in Hod relative to
other genotypes (Fig. 14A), suggesting that Hod possesses an enhanced baseline capacity for nitrate

acquisition and/or nitrate handling under non-stressed conditions.

Under sulfur deficiency, both low-S accessions (Appl-16 and In-0) showed significant induction of
NIAI in shoots and roots relative to their respective control conditions (Fig. 14B & C). Similar to NIA1,
induction of NIA2 and NiR1 is observed in shoots of low-S accession, especially App1-16, although not
significant, while In-0 showed pronounced increase in HRS!I expression under S-deficiency (Fig. 14B).
In roots, these genes did not show marked changes, with the exception of NiRI, which was significantly
upregulated in Appl-16 under sulfur deficiency (Fig. 14C). Interestingly, HRSI expression was
significantly downregulated in roots of App1-16 under sulfur deficiency (Fig. 14C), indicating tissue-

specific regulation of nitrate-responsive signaling in low-S accessions.

In mid-S accessions, consistent with their relatively homogeneous nitrate phenotype in shoots, no
significant changes in nitrate assimilation gene expression were detected in shoots of Col-0 except for
NiR1 where enhanced induction was reported under sulfur deficiency (Fig. 14B). Kro-0 under S-
deficiency showed significant upregulation of all nitrate assimilation genes we tested in our study,
indicating active assimilation of nitrate in this genotype. In roots, although nitrate levels varied between
Col-0 and Kro-0, both accessions showed a similar transcriptional response (Fig. 14C). However, in
contrast to low-S accessions, Kro-0 exhibited significant downregulation of NiRI under sulfur

deficiency (Fig. 14C).

In the high-S group, nitrate phenotypes in both shoots and roots were highly accession-specific, and this
heterogeneity was reflected at the transcriptional level (Fig. 14A-C). Under sulfur deficiency, no major
changes in nitrate assimilation gene expression were observed in shoots of Zu-1, except for a significant
upregulation of HRSI and NRT1, I under S-deficiency. However, in Hod, transcript levels of NiR1, and
NRTI,; I were significantly downregulated (Fig. 14B) unlike low-S and mid-S accession where a strong
induction was observed. In roots, NIAI was significantly upregulated in both high-S accessions and

similar response was also seen in Zu-1 for N/42 under S-deficiency (Fig. 14C)

Correlation analysis further revealed a significant positive relationship between relative expression of
nitrate assimilation genes (NIAI, NIA2, NRTI;1, and HRSI) and cysteine biosynthesis and sulfur
reduction genes, including SERAT?2,2, SiR, and OASTL-A, specifically in shoots (Supplementary Fig.
4A). This coordinated expression pattern supports a tight coupling between nitrate reduction and sulfate
assimilation pathways in the shoot. In roots, expression of APR2 correlated positively with the high-
affinity nitrate transporter NR72.1 (Supplementary Fig. 4B), suggesting coordinated regulation of nitrate

acquisition and sulfate reduction capacity in this tissue.
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Taken together, the coordinated upregulation of nitrate assimilation genes in shoots of low-S accessions,
along with induction of NI4! in both roots and shoots and NiR! in roots, indicates activation of a
systemic nitrate reduction program under sulfur deficiency, consistent with the pronounced decline in
shoot nitrate observed in these accessions. In contrast, downregulation of NiRI, NRTI;I, and HRSI in
shoots of Hod, together with repression of N/42 in roots and a distinct regulation of NI41, suggests that
high-S accessions limit nitrate assimilation under sulfur deficiency through organ- and accession-

specific transcriptional control.
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Figure 14: Relative expression (2*¢") of Nitrate assimilation genes in A. thaliana accessions. (A)
Least Square means (LSMeans) of nitrate concentration in shoots of A. thaliana accessions. i.e. Appl-
16 (low-S), In-0 (low-S), Col-0 (mid-S), Kro-0 (mid-S), Zu-1 (high-S) and Hod (high-S) under control
and S-def conditions. Heatmap representing relative expression of nitrate assimilation genes in (B)
Shoots and (C) Roots using the 22" method and row-scaled to generate Z-scores for visualization in
heatmaps under Control and S-def (S_Def) conditions. Statistical analysis was performed using two-
way ANOVA followed by Tukey’s post hoc test for multiple comparisons for treatment and genotype.
Asterisks indicate significant differences (* p <0.05, ** p <0.01, *** p <0.001) between the genotypes
and the treatments (n=6).

3.5 Sulfur deficiency induces more extensive shoot metabolic reprogramming in high-
sulfur accessions

In line with our previous observations that sulfur (S) deficiency affects not only sulfur metabolism but
also the assimilation of other nutrients and gene expression, we next investigated metabolomic changes
in 35-days old leaves, measured via GC-MS in these accessions. This approach was motivated by earlier
studies demonstrating that S deficiency strongly impacts plant metabolism (Zenzen et al., 2024;
Nikiforova et al., 2005). Overall, S deficiency induced accession-specific metabolic responses, with
more pronounced changes in Kro-0 and the high-S accessions, whereas Col-0 and the low-S accessions

showed comparatively modest metabolic alterations.

As expected, S deficiency led to the accumulation of several amino acids across all accessions, although
the magnitude and specificity of these responses differed. Among the low-S accessions, Appl-16
displayed significant increases in glutamate, glycine, serine, and threonine, whereas In-0 showed a
significant increase only in threonine, accompanied by reduced levels of B-alanine, GABA (y-Amino

Butyric Acid), and methionine (Fig. 15). In the mid-S group, Col-0 exhibited increased aspartate and
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threonine levels, while Kro-0 showed a much stronger response, with elevated levels of nearly all amino
acids except aspartate, proline, and serine. Similarly, the high-S accession Hod showed increased
concentrations of several amino acids, including asparagine, aspartate, glutamate, isoleucine, leucine,
threonine, and valine. In contrast, Zu-1 exhibited a more selective response, characterized by increased

glycine levels and reduced methionine content (Fig. 15).

Sugar metabolism was also differentially affected by S deficiency. Both low-S accessions accumulated
raffinose, while increased disaccharide levels were observed only in Appl-16 (Fig. 15). In the mid-S
group, Kro-0 showed significantly higher fructose and sucrose levels, whereas no comparable changes
were detected in Col-0. Both high-S accessions exhibited a significant increase in sucrose under S

deficiency (Fig. 15).

Organic acid levels were largely conserved across accessions, with some notable exceptions. Appl-16
showed a significant decrease in fumarate, while In-0 accumulated higher levels of glycolate (Fig. 15).
Citrate/isocitrate levels showed opposite response in mid-S accessions with levels increasing in Col-0
but decreasing in Kro-0. Also, Kro-0 additionally accumulated malate and maleate under S deficiency.
In the high-S group, Zu-1 showed increased pyruvate and reduced maleate levels, whereas Hod exhibited
higher malate accumulation. Among other metabolites, glycerol levels were significantly elevated in
Appl-16, Col-0, Zu-1, and Hod under S deficiency. Both high-S accessions also showed increased levels
of phosphorylated hexoses, while App1-16 and Kro-0 uniquely exhibited a significant reduction in myo-
inositol (Fig. 15).

Taken together, these results indicate distinct metabolic strategies among the three groups in response
to S deficiency. While the low-S accessions and Col-0 displayed relatively moderate metabolic
adjustments, Kro-0 and the high-S accessions underwent extensive metabolic reprogramming,
highlighting genotype-dependent differences in metabolic plasticity under sulfur-limited conditions

(Fig. 15).

55



alpha_Alanine
Asparagine
Aspartate

beta_alanine FOld—Change

Gaba

Glutamate 3
Clutamine
Glycine 2
Isoleucine
Leucine
Lysine 1
methionine
Phenylalanine 0
proline
Serine _1
Threonine
b - Valine
- Disaccharide -2
- Fructose
[ | Glucsse -3
- - Raffinose
Sucrose
alpha_Ketoglutarate Category
alpha_OH_glutarate . )
it sosiate Amino acid
Fumarate
Glycerate S uga r
| -f:ﬂ‘“’ Organic acid
3 * Malate Other
maleate
S e Pyruvate
Succinate
- *  3Me_OH_butyrate
ethanclamine
Glycerol
Hexose_P
sinapinate
Gluconate
e - Myoinositol
. ribonate
LAE PP HP
& \’QQ

Figure 15: High-S accessions exhibit a stronger, system-wide metabolic reconfiguration under
sulfur deficiency. Heatmap representing fold change (z-score) in metabolite accumulation in response
to S-deficient conditions in App1-16; In-0 (low-S), Col-0; Kro-0 (mid-S), Zu-1; Hod (high-S). The blue
color represents a decreasing trend, while the yellow color represents an increasing trend. Asterisks
indicate statistically significant differences, according to two-way anova statistics with (n=6) (* p <
0.05, ** p<0.01, *** p<0.001).

3.6 Fitness related trait strongly affected in high-S accessions under S-deficiency

To assess how natural variation in sulfur status affects the growth and development at normal and low
S supply, we examined multiple growth- and fitness-related traits, including rosette diameter (RD),
flowering time, silique number, and seed weight, across low-S, mid-S, and high-S accession groups

under different sulfur regimes.

To estimate the impact of S deficiency on vegetative growth, rosette diameter was measured at four

developmental time points, from day 16 to day 36, under control, sulfur-deficient, and short-pulse
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conditions. Because the accessions differ substantially in flowering time, flowering time was included
as a covariate in the mixed-effects model to account for intrinsic differences in developmental timing.
Analysis of rosette diameter revealed clear group-specific growth trajectories (Fig. 16A-i1). Low-S
accessions exhibited relatively larger rosettes during early development under control conditions. The
larger rosetter diameter in these accessions is consistent with their late flowering nature (Fig. 16B) where
delayed bolting allows more leaf development. However, from day 28 onward, rosette growth tended
to stabilize under both Control and S-deficient conditions. In contrast, under the short-pulse treatment,
low-S accessions continued to increase rosette size, with significant differences observed at day 36.
Notably, sulfur deficiency did not impose a strong additional penalty on rosette size in the low-S group
(Fig. 16A-ii), suggesting that their growth pattern primarily reflects developmental timing rather than
strong sensitivity to external sulfur limitation. Mid-S accessions, unlike the low-S group, displayed a
more continuous growth pattern across all treatments. However, sulfur deficiency led to a pronounced
reduction in growth, particularly between day 21 and day 28. By day 36, rosette diameter under
deficiency partially recovered and approached control levels at the group mean level (Fig. 16A-i).
Nevertheless, analysis at the accession level revealed that both Col-0 and Kro-0 exhibited strong growth
inhibition under sulfur deficiency (Fig. 16A-ii). Under the short-pulse treatment, mid-S accessions
responded differently: although rosette diameter increased significantly by day 28 relative to the control,
a marked decline was observed by day 36, suggesting that transient sulfur supply was insufficient to
sustain continued growth. High-S accessions showed a growth pattern broadly similar to the mid-S
group, characterized by continuous rosette expansion under control conditions. However, they suffered
the strongest relative decline in rosette diameter under sulfur deficiency, with significantly smaller
rosettes evident from day 28 to day 36 (Fig. 16A-1). As observed for mid-S accessions, the short-pulse
treatment initially stimulated growth in high-S accessions at day 28, but this was followed by a
significant reduction in rosette diameter by day 36. This pattern indicates a higher and more sustained
sulfur demand in high-S accessions to maintain vegetative growth, consistent with their pronounced

sensitivity to sulfur limitation.

Flowering time (FT) further underscored distinct adaptive strategies among the three sulfur (S) groups
(Supplementary Fig. 5A). To account for intrinsic differences in flowering behavior among accessions,
flowering time responses were analyzed as fold changes relative to the control condition (Fig. 16B).
This normalization revealed clear group-specific responses to sulfur availability. Low-S accessions
showed flowering time ratios close to one under both S-deficient and short-pulse treatments, indicating
that flowering time remained largely stable despite changes in sulfur supply (Fig. 16B). In contrast, mid-
S accessions exhibited a strong delay in flowering under S-deficiency relative to control conditions with
no change in flowering time under short-pulse treatment (Fig 16B). The delay in flowering in mid-S
group suggests that sulfur limitation prolongs the vegetative phase rather than triggering an early
reproductive transition in this group. High-S accessions displayed ratios below 1, suggesting that

flowering occurred earlier under sulfur-deficient conditions compared to control plants, and showed a

57



similar response even under short-pulse treatment (Fig. 16B). Such accelerated flowering under nutrient
limitation has previously been associated with stress-induced reproductive transitions in Arabidopsis
(Nikiforova et al., 2005). Together, these results indicate that the three sulfur groups differ primarily in

the sensitivity of their flowering responses to sulfur availability.

Reproductive performance, assessed by silique number, revealed that high-S accessions were
particularly vulnerable to sulfur stress (Fig. 16C). Under S-deficiency, total seed weight declined across
all groups except mid-S, but the group showed a significant decline in silique number, indicating
prioritization of maintaining seed quality over seed quantity (Supplementary Fig. 5B). Reductions in
silique number were also evident more strongly in high-S accessions under sulfur deficiency. Low-S
accessions showed only a moderate decline in silique number, indicating relative reproductive stability
(Fig. 16C). Notably, the short-pulse treatment partially restored silique numbers in low-S and mid-S
accessions, whereas high-S accessions failed to recover, maintaining significantly lower silique numbers

compared to control (Fig. 16C).

Besides, we also tested the seeds harvested for their total-S content by analysing elemental composition
of the seeds using ICP-MS under both control and S-deficient conditions (Supplementary Fig. 6). In
contrast to the pronounced differences observed in leaf sulfur levels, total sulfur content in seeds did not
differ significantly among the three S-content groups under control conditions (Fig. 16D). This suggests
that sulfur allocation to seeds is tightly regulated and buffered against variation in vegetative sulfur
status. However, under S-deficient conditions, seed total-S decreased significantly across all groups
(Fig. 16D). This indicates that while seed sulfur composition is maintained under sufficient sulfur
supply, prolonged sulfur limitation reduces the overall sulfur available for reproductive allocation,
resulting in a similar decline in seed sulfur content across genotypes. Together, these findings suggest
that although natural variation strongly influences vegetative sulfur pools, reproductive sulfur allocation

is more conserved and becomes uniformly constrained when sulfur supply is limiting.

Collectively, these results demonstrate that sulfur deficiency imposes group-specific fitness costs that
reflect underlying natural variation in sulfur status. Low-S accessions adopt a conservative strategy
characterized by enhanced vegetative growth and stable flowering and reproductive output. Mid-S
accessions showed restricted growth with delayed flowering and moderate yield penalties under stress.
High-S accessions, however, appear highly plastic in their developmental responses, displaying
accelerated flowering, reduced vegetative growth, and pronounced reproductive losses. This pattern
reinforces the conclusion that sulfur limitation is particularly unfavorable for high-S accessions,

consistent with their stronger S-starvation responses and more oxidative stress discussed before.
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Figure 16: Growth and reproductive traits show contrasting responses to sulfur deficiency among
S-content groups (A) (i) Least Square Means (LSMeans) of Rosette diameter (RD) (in cm) measured
from day 16 to day 28 under Control (750 puM), S-def (0 uM) and Short pulse conditions with (ii)
Pictures of plant taken at day 36 under Control and S-def condition representing App1-16, In-0 (low-S
group); Kro-0, Col-0 (mid-S group); Zu-1, Hod (high-S group) (B) Fold change in flowering time in
response to S-deficient and short-pulse treatment (C) Number of siliques quantified in low-S (blue),
mid-S (orange), and high-S (red) accessions grown under control (750 uM sulfate), sulfur-deficient (0
uM), or short-pulse (SP; intermittent supply) conditions (D) Total-S (mg/ kg DW) in seeds under control
(750 uM sulfate), and sulfur-deficient (0 uM). Plants were grown in a 9:1 sand: soil mix and fertilized
twice weekly with the indicated S regimes. Data were analyzed using mixed models, followed by post-
hoc test; different letters indicate significant differences (P < 0.05). Boxplots show means + SE (n= 8
per accession).

3.7 Influence of parental sulfur availability on metabolic responses in the next
generation

Previous studies have reported that epigenetic mechanisms form an integral part of the plant sulfur-
deficiency response, as sulfur limitation can induce genome-wide DNA methylation in plants (Huang et
al., 2016; Luo et al., 2025). We were, therefore, interested in investigating how genetically driven
variation among accessions and environmentally induced variation arising from sulfur deficiency
together influence metabolic and developmental responses in the next generation. In addition to the well-
documented decline in total sulfur under sulfur-limiting conditions, our ionomics analysis of seeds
harvested from accessions belonging to different sulfur groups revealed several group-specific elemental
responses (Supplementary Fig. 6). Along with a consistent decrease in sulfur content, we observed a
significant increase in molybdenum accumulation across all groups. Furthermore, cadmium levels were
significantly elevated in the low-S and mid-S groups (Supplementary Fig. 6). These findings further
indicated that sulfur limitation not only alters sulfur partitioning in seeds but also affects the
accumulation of other elements in a group-dependent manner, potentially influencing seed quality and
subsequent plant performance. Thus, we aimed to test whether seeds produced under sulfur-deficient

conditions could prime the subsequent generation for improved performance or altered stress responses.
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To address this, we selected five representative accessions, including two each from the low-S (Appl-
16, In-0) and high-S (Zu-1, Hod) groups, along with Col-0 from the mid-S group. Seeds harvested from
plants grown under control (C) and sulfur-deficient (S-) conditions in the parental generation were used
to generate the next generation. These seeds (Appl-16_C, Appl-16_S-, In-0_C, In-0_S-, Col-0_C, Col-
0_S-,Zu-1_C, Zu-1_S-,Hod C, and Hod_S-) were subsequently grown again under control and sulfur-

deficient conditions in a sand: soil mixture (Fig. 17A).

The next-generation plants were analyzed for anion content (NOs~, PO+*~, SO+*), thiol content (cysteine
and glutathione), and key developmental traits, including flowering time and silique number. We
observed that sulfate accumulation patterns in the next generation closely resembled those of the parental
generation. However, in Hod, under control conditions, plants derived from S-deficient parents showed
a significant decline in sulfate compared to plants from the S-sufficient condition (Fig 17B). Hod also
exhibited the strongest relative decline in sulfate content under sulfur deficiency, followed by Zu-1, Col-
0 (mid-S), Kro-0 (mid-S), and In-0 (low-S). In contrast, the low-S accession Appl-16, similar to its
parental generation, did not show a significant reduction in sulfate levels under sulfur-deficient
conditions (Fig. 17B). Nitrate and phosphate contents also followed trends comparable to those observed
in the parental generation, with no major differences detected between generations (Supplementary Fig.

7A & B).

In addition to anion profiles, thiol contents (cysteine and glutathione) in the next generation largely
mirrored parental responses, consistent with our earlier observations that sulfur-dependent thiol
regulation is strongly genotype dependent and primarily driven by current sulfur availability rather than
parental sulfur status (Supplementary Fig .8). Similarly, reproductive output, as measured by silique
number, did not show major deviations from parental trends (Fig. 17D). Notably, flowering time
exhibited genotype-specific responses in the next generation (Supplementary Fig. 7C). Fold change
analysis of flowering time revealed that low-S accessions specially Appl-16, derived from sulfur-
deficient parents displayed a delay in flowering under sulfur deficiency in the next generation. In
addition, Col-0 maintained stable flowering time regardless of parental sulfur status, while high-S
accessions, i.e., Zu-1, showed accelerated flowering in plants derived from sulfur-deficient parents.
Together, these results indicate that parental sulfur limitation can influence flowering-time regulation in
the subsequent generation in a genotype-dependent manner, with the clearest responses observed in

Appl-16 and Zu-1, although these genotypes exhibit opposite shifts in flowering behavior (Fig. 17C).

Taken together, these results indicate that, for most metabolic traits examined, sulfur availability in the
parental generation does not lead to strong or fixed transgenerational inheritance effects in the immediate
next generation. Instead, the majority of anion and thiol responses appear to be predominantly governed
by the sulfur environment experienced by the current generation. Nevertheless, the observed flowering
time shift in low-S accessions points to the possibility that parental sulfur status may modulate specific

developmental responses.
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Figure 17: Parental sulfur availability influences sulfate accumulation and reproductive traits in
the next generation. (A) Schematic overview of the experimental design for the parental-progeny study.
Seeds harvested from plants grown under control (C) or sulfur-deficient (S-) conditions in the parental
generation were used to generate the next generation, which was subsequently grown again under
control or sulfur-deficient conditions. (B) Shoot sulfate content (nmol g FW), (C) Fold change of
flowering time in response to S-deficient condition compared to control (D) number of siliques in App1-
16 and In-0 (low-S group; blue), Col-0 (mid-S group; orange), and Zu-1 and Hod (high-S group; red)
accessions. Plants were grown in a 9:1 sand: soil mixture and fertilized twice weekly with either control
nutrient solution containing 750 uM sulfate or sulfur-deficient solution (0 uM sulfate). For the next-
generation experiment, seeds derived from parental plants grown under control (C) or sulfur-deficient
(S-) conditions were germinated and cultivated under the same two sulfur regimes. At week 5, the 7th—
8th rosette leaves were harvested for analysis (n = 8 per accession per treatment). Data were analyzed
using two-way ANOVA followed by post hoc tests. Different letters indicate statistically significant
differences among genotypes and treatments (P < 0.05). Boxplots represent means + SE.
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3.8 Multi-trait analysis reveals distinct sulfur response strategies both at the population
and genotype levels

To investigate coordinated physiological responses to sulfur deficiency, a multi-trait principal
component analysis (PCA) was performed using delta (A) values of a trait calculated as a difference
between Least square means (LSMeans) of the trait at control and S-deficient condition which represents
changes in physiological, metabolic, and growth-related traits between sulfur-deficient and control
conditions. The use of A values or fold change differences allowed direct comparison of trait responses
independent of baseline genotype differences, thereby capturing sulfur-specific physiological

adjustments.

We first used the fold change differences of traits for all 14 accessions to explore adaptive strategies
under S-deficiency at the population level (Fig 18A & B). We found, PCA had clear structure in the
multivariate response space. The first two principal components explained 52.6% of the total variance,
with PC1 accounting for 29.7% and PC2 for 22.9% of the variation. PC1 was primarily driven by traits
related to nutrient uptake and transport, including fold changes in anion content in roots and shoots,
ICP-based elemental accumulation in shoots, root uptake, and translocation. This axis, therefore,
represents variation in nutrient acquisition and redistribution capacity under sulfur deficiency. In
contrast, PC2 was dominated by sulfur metabolic and growth-related traits, including thiols in roots and
shoots, ICP content in seeds, rosette diameter (RD) (day 36), and flowering time, reflecting differences

in metabolic adjustment and developmental responses to sulfur limitation (Fig. 18B).

The distribution of accessions along the principal component axes revealed clear separation among
sulfur-response groups. High-sulfur accessions clustered predominantly along PC1, which was strongly
associated with nutrient uptake and translocation traits, indicating that variation among these accessions
was largely driven by differences in acquisition and transport capacity under sulfur deficiency. In
contrast, low-sulfur accessions were separated primarily along PC2, which was dominated by sulfur
metabolic and growth-related traits, suggesting that although these accessions increase sulfur uptake,
their response to sulfur deficiency was more strongly shaped by internal metabolic adjustment and
allocation processes. Mid-sulfur accessions occupied an intermediate position between these two
extremes, consistent with a more plastic or mixed response strategy. Together, these results indicate that
sulfur deficiency elicits coordinated but mechanistically distinct physiological responses across
accessions, with genotypes differing in the relative contribution of nutrient acquisition versus metabolic

adjustment rather than in the presence or absence of these responses (Fig. 18A).

To further resolve genotype-specific behaviour, principal component analysis (PCA) was performed at
the individual accession level where we utilized the phenotypic data from six accessions, used in our
prior analysis. This analysis confirmed substantial genotypic variation in sulfur response strategies (Fig.
18C & D). The first principal component (PC1), explaining 33% of the total variance, was primarily

driven by metabolic and growth-related traits, including fold change differences in thiol content, gene
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expression, flowering time, and anion accumulation, indicating differences in internal sulfur utilization
and developmental adjustments (Fig 18D). The second principal component (PC2), accounting for
30.7% of the variance, was dominated by traits associated with nutrient acquisition and allocation, such
as elemental composition (ICP content), root uptake, and rosette diameter (day 35), reflecting variation
in nutrient uptake efficiency and biomass investment under sulfur deficiency. Distinct positioning of
individual genotypes was observed within this multivariate space. Accessions such as Hod and In-0
exhibited strong responses along either the metabolic or uptake axes, indicating contrasting sulfur
response strategies. Kro-0 showed a pronounced shift along the uptake-associated axis, suggesting a
strategy characterized by enhanced nutrient acquisition and allocation rather than metabolic adjustment.
In contrast, App1-16 and Zu-1 displayed relatively weak responses across both principal components,
indicative of a more conservative physiological adjustment to sulfur limitation. Col-0 occupied an
intermediate position, reflecting balanced contributions from both metabolic and uptake-related traits
(Fig. 18C).

Together, these results demonstrate that sulfur deficiency leads to coordinated yet divergent
physiological responses among Arabidopsis accessions. Rather than exhibiting a uniform response,
genotypes employ distinct combinations of nutrient acquisition, sulfur metabolic regulation, and growth

adjustment, underscoring the complex and genotype-dependent nature of sulfur use efficiency.
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Figure 18: Principal component analysis of multi-trait responses to sulfur deficiency. (A) PCA
score plot showing clustering of all 14 accessions grouped according to S-content. Red, blue, and orange
symbols represent high-S, low-S, and mid-S groups, respectively. (B) Corresponding loading plot
showing the contribution of individual traits to PC1 and PC2 across all accessions. (C) PCA score plot
at the genotype level, including six representative accessions (App1-16; In-0; Col-0; Kro-0; Zu-1; Hod)
under control and sulfur-deficient conditions. (D) Loading plot illustrating the contribution of individual
traits to PC1 and PC2 across the six accessions. A (delta) values represent the change in each trait in
response to sulfur deficiency, calculated as the difference between LSMeans under sulfur-deficient and
control conditions (A = S-deficient — Control).
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4. RESULTS - Chapter 2: Transcriptomic and metabolic signatures
underlying sulfur-content variation during early development in Arabidopsis

thaliana

4.1 High-S group shows more prominent transcriptional programming under S-limitation
Several studies have reported that sulfur (S) deficiency induces a coordinated reprogramming of gene
expression in order to maintain cellular homeostasis under nutrient stress conditions (Yoshimoto et al.,
2002; Takahashi et al., 2007; Maruyama-Nakashita et al., 2017). In addition to these previously reported
responses, the contrasting physiological and metabolic behaviors observed between the high-S and low-
S groups in our study, as discussed in the preceding chapters, prompted us to further investigate their

transcriptional responses under S-deficient conditions.

We selected the same six Arabidopsis accessions used in earlier analyses, namely App1-16, In-0, Col-0,
Kro-0, Zu-1, and Hod. Plants were grown for 18 days under either control (750 uM sulfate) or sulfur-
deficient (15 uM sulfate) conditions, after which root tissues were harvested for transcriptomic analysis.
Roots were specifically chosen for RNA extraction as they represent the primary site for sulfate uptake
and sensing. For each genotype and condition, three biological replicates were used. Total RNA was
isolated and sequenced using the Illumina platform at Novogene (UK). On average, at least 30 million
high-quality reads per sample were generated. The reads were mapped to the Arabidopsis thaliana
reference genome (TAIR10) using HISAT2, with more than 95% of the reads mapping uniquely. Only

uniquely mapped reads were retained and quantified at the gene level using HTSeq-count.

Differential gene expression analysis was performed using DESeq2, using q<0.05 and [log,FC|>1 as cut-
off. To identify robust and commonly regulated genes under sulfur deficiency, an intersection analysis
was subsequently applied across all six accessions, resulting in a stringent set of differentially expressed
genes (DEGs). Furthermore, principal component analysis (PCA) was conducted on variance-stabilized
(vst) normalized read counts to examine global transcriptional variation and sample clustering patterns
(Fig. 19A). PCA analysis revealed that genotypic differences accounted for a larger proportion of the
variance than treatment effects, with the exception of Hod, which exhibited a stronger separation
between control and sulfur-deficient conditions (Fig. 19A). Principal component 1 (PC1) explained
17.92% of the total variance, while PC2 accounted for 12.38%. No clear clustering was observed based
solely on sulfur treatment, and each accession clustered independently, indicating strong genotype-

specific transcriptional signatures (Fig. 19A)

Notably, a clear trend emerged in the number of differentially expressed genes across the accessions.
With increasing sulfur content, the number of significant DEGs also increased. The high-S accessions
Hod exhibited the highest number of DEGs (1486 genes) in response to sulfur deficiency, followed by
Zu-1 with 550 DEGs. In contrast, Appl-16, belonging to the low-S group, displayed the fewest
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transcriptional changes, with only 174 significant DEGs, while Kro-0 showed a similarly low response
with 266 DEGs. Among the remaining accessions, Col-0, another mid-S genotype, exhibited 359 DEGs,
followed closely by In-0 from low-S group with 339 induced DEGs under S-deficiency (Fig 19B).

Collectively, these results demonstrate that high-S accessions exhibit a more pronounced transcriptional
response to sulfur limitation compared to low- and mid-S groups. The substantially higher number of
differentially expressed genes in the high-S group suggests enhanced transcriptional reprogramming in
response to sulfur deficiency, likely reflecting their increased sensitivity to sulfur stress as reported in

the earlier chapter, in their metabolic and developmental traits.
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Figure 19: Transcriptomic responses to sulfur deficiency across Arabidopsis accessions. (A)
Principal component analysis (PCA) of RNA-seq data from roots of six Arabidopsis accessions
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belonging to low S (App1-16 and In-0), mid S (Col-0 and Kro-0), high S (Zu-1 and Hod) grown under
control (750 uM sulfate) and S-deficient (15 uM sulfate) conditions. (B) Volcano plots of DEGs (padj
< 0.05, |log2FC| > 1) under S-deficiency. Red dots indicate upregulated DEGs, and blue dots represent
downregulated DEGs and gray area in the center represents not significant DEGs.

4.2 Only 55 DEGs are shared among all accessions

In order to identify a conserved transcriptional response to sulfur deficiency across all six accessions,
we intersected the lists of DEGs obtained for each accession in response to S-deficiency. This analysis
revealed a relatively small core set of 55 genes that were commonly regulated across all genotypes (Fig.
20A), indicating that only a limited subset of genes exhibits a uniform response to sulfur limitation

irrespective of genetic background.

This conserved gene set included several well-characterized sulfur-responsive marker genes, such as
SHM7, SULTR2;1, LSUI, SDI1, APS4, and SERAT3; 1, all of which have been previously implicated in
sulfur assimilation and sulfur starvation responses (Fig. 20B). The presence of these genes among the
shared DEGs confirms the robustness of the dataset and highlights a conserved core sulfur-responsive
transcriptional module across accessions. In addition, to further check the validity of the dataset obtained
from RNA-Seq, we performed qPCR on ten of the S-deficiency marker genes in roots of these six
accessions from an independent experiment. We then compared RNA-Seq results with qPCR by
performing correlation analysis and most of the genes showed high R? proving our RNA-Seq results

(Supplementary Fig. 9).

To further characterize the functional relevance of these shared DEGs, we performed gene ontology
(GO) enrichment analysis. This revealed significant enrichment of biological processes related to sulfur
metabolism, including sulfate assimilation, sulfur compound biosynthetic process, S-glycoside
biosynthetic process, serine family amino acid biosynthetic process, and glucosinolate biosynthetic
process (Fig. 20C). These enriched categories are consistent with known physiological adjustments that
occur under sulfur limitation and underscore the central role of sulfur-related metabolic pathways in the
conserved transcriptional response. Interestingly, apart from GO categories connected to the usual S-
starvation response, we also observed categories that are not directly connected to S-homeostasis. These
are in particular genes from the enriched GO term “regulation of circadian thythm” CCA1 (CIRCADIAN
CLOCK ASSOCIATED 1), LCL5/ RVES (REVEILLE 8), LHY (LATE ELEONGATED HYPOCOTYL 1),
thus suggesting implication of S-starvation in the circadian clock (Supplementary Fig. 10). Several
enriched GO terms were associated with environmental stress responses, such as response to external
stimulus, and response to ultraviolet radiation, including genes SDII (SULFUR DEFICIENCY-
INDUCED 1), PYD4 (PYRIMIDINE 4), 4CL3 (4-COUMARATE: CoA LIGASE 3), CHS (CHALCONE
SYNTHASE), HYH (ELONGATED HYPOCOTYL 5 HOMOLOGUE) and others indicating involvement
of broader stress-response pathways in addition to sulfur metabolism (Supplementary Fig. 10).

Additionally, genes like AK3 (ASPARTATE KINASE 3), IMDI (ISOPROPYLMALATE
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DEHYDROGENASE 1), IMS2 (2-ISOPROPYLMALATE SYNTHASE 2), BCAT4 (BRANCHED-CHAIN
AMINOTRANSFERASE4) were enriched in GO terms related to amino acids i.e. alpha-amino
biosynthetic process and branched chain amino acid metabolic process (Supplementary Fig. 10).
Furthermore, genes related to secondary metabolite biosynthesis, i.e., flavonoid biosynthesis and
metabolic response, were also highly enriched, consisting of CHIL (CHALCONE ISOMERASE LIKE),
FLSI (FLAVONOL SYNTHASE 1), and F3'H (FLAVANONE 3-HYDROXYLASE) (Supplementary Fig.
10). We also observed that among the 55 shared DEGs, the majority (41 genes) were upregulated under
sulfur-deficient conditions, whereas only 14 were downregulated. This bias toward upregulation
suggests that sulfur deficiency primarily induces activation of transcriptional programs involved in
sulfur acquisition, assimilation, and metabolic reprogramming rather than widespread transcriptional

repression.

To further explore whether these conserved DEGs exhibited accession-specific expression patterns, we
transformed the raw read counts using variance-stabilizing transformation (VST) in DESeq2 and
calculated A expression values (VST S - VST Control) for each accession. These values were
subsequently averaged within the low-S, mid-S, and high-S groups. Genes were then ranked based on
the magnitude of their group-wise expression differences (defined as max — min across groups), and the
top ten genes showing the strongest group-specific variation were selected for detailed analysis (Fig.
20D). This analysis successfully recovered several well-established regulators of sulfur metabolism and
signalling, including APR2, SHM7, SERAT3; 1, SERAT3;2, SULTRI;2, and CYP79B2, further validating
the biological relevance of the approach. Importantly, it also identified several genes not previously
associated with sulfur deficiency responses, such as MSRBS5 (METHIONINE SULFOXIDE
REDUCTASE B5), DTXY9 (DETOXIFICATION 9), and SFPI (SENESCENCE-ASSOCIATED SUGAR
TRANSPORTERI), suggesting potential novel components of sulfur-responsive regulatory networks
(Fig. 20D).

Interestingly, expression profiling revealed that several key sulfur-responsive genes, including SHM?7,
SULTRI;2, and MSRBS5, were strongly induced in the high-S and mid-S accessions under sulfur
deficiency, whereas their expression remained comparatively unchanged in the low-S accessions (Fig.
20D). This differential response suggests that low-S accessions employ a more restrained or fine-tuned
transcriptional adjustment to sulfur limitation. Such a targeted and controlled transcriptional response
may contribute to their ability to maintain sulfate levels and sustain fitness-related traits under sulfur
stress, whereas high-S accessions appear to mount a more pronounced transcriptional reprogramming

that is accompanied by greater physiological sensitivity to sulfur deficiency (Fig. 20D).

Collectively, these findings demonstrate that although only a small core set of sulfur-responsive genes
is conserved across accessions, the magnitude and regulation of their expression are strongly genotype

dependent. This highlights the importance of genetic background in shaping sulfur-responsive
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transcriptional networks and supports the conclusion that sulfur adaptation strategies vary substantially

among Arabidopsis accessions.
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Figure 20: Core transcriptional responses and group-specific candidates under sulfur deficiency.
(A) Upset plot showing the overlap of DEGs between six accessions belonging to low S (App1-16 and
In-0), mid S (Col-0 and Kro-0), high S (Zu-1 and Hod) in response to S-deficiency, identifying 55 shared
DEGs across all accessions. (B) Hierarchical clustering of 55 intersecting DEGs between six accessions.
Different colors of the box on the extreme left correspond to different clusters (1-10). (C) Functional
gene ontology (GO) enrichment analysis of shared DEGs. (D) Heatmap of the top 10 candidate genes
showing group-specific variation in expression levels based on AVST (S - C) values. We computed per-
accession expression changes as AVST = (VST count s.gef - VST count contol) (DESeq2 variance-stabilized
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counts), averaged A VST within low-, mid-, and high-S groups, and ranked genes by the spread across
groups (max—min). Candidate sets were visualized as heatmaps of z-scored VST values.

4.3 Assessing Intra-Group Similarity of Transcriptomic Responses to Sulfur Deficiency

After identifying the core set of shared DEGs across all accessions belonging to the three sulfur-content
groups, we next examined the transcriptional responses within each group under sulfur deficiency.
Specifically, we aimed to determine whether accessions belonging to the same sulfur-content group
exhibit similar transcriptional responses to S deficiency. To address this, treatment-responsive DEGs
identified for the two accessions within each group were intersected to obtain overlapping genes that
were consistently regulated in both accessions. This approach allowed us to characterize the shared
transcriptional response within each group and assess the degree of similarity in their regulatory

responses to sulfur deficiency.

For the low-S group, comparison of App1-16 and In-0 revealed a substantial overlap in transcriptional
responses to sulfur deficiency. Comparison of the two accessions revealed 108 shared DEGs, while 66
and 231 genes were uniquely regulated in App1-16 and In-0, respectively (Fig. 21A). Among the shared
DEGs, 63 genes were upregulated and 45 were downregulated under sulfur deficiency (Fig. 21B). To
further understand the functional relevance of these shared DEGs, we performed gene ontology (GO)

enrichment analysis separately for the upregulated and downregulated gene sets.

Among the upregulated genes, as expected several enriched GO terms were associated with sulfur
assimilation and sulfur compound metabolism, including sulfate assimilation, sulfate transport, and
sulfur compound biosynthetic process (Fig. 21C). Representative genes associated with these categories
included known regulators like APR2, APR3, SULTR2;1 (annotated as AST68) which encode key
enzymes involved in sulfate assimilation and translocation (Supplementary Fig 11A). In addition,
classical sulfur starvation marker genes such as SD/I/SDI2 and LSUI/LSU3 were also induced,
indicating activation of the sulfur deficiency signalling network (Supplementary Fig. 11A). Besides
sulfur metabolism, several enriched GO terms were related to secondary metabolism, particularly
flavonoid biosynthetic process, flavonoid metabolic process, and pigment biosynthetic process (Fig.
21C). Consistent with this enrichment, apart from genes described in previous section for flavonoid
biosynthesis, some genes like A1l (CHALCONE FLAVANONE ISOMERASE), UDP-GLUCOSYL
TRANSFERASES i.e. UGT78D2, UGT789C1 showed increased expression under sulfur deficiency
(Supplementary Fig 11B). Activation of flavonoid and pigment biosynthesis may represent a metabolic
adjustment toward sulfur-independent secondary metabolites, which could help maintain protective

functions under sulfur deficient condition.

Among upregulated DEGs, GO terms were also enriched for responses to external and extracellular
stimuli, UV, red, and far-red light, and cellular responses to red or far-red light, indicating that sulfur

deficiency in low-S accessions was accompanied by broader environmental response signalling (Fig.
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21C). Several genes, such as ELIP (EARLY LIGHT-INDUCIBLE PROTEIN), HBP2? (HEME
(TETRAPYRROLE) BINDING PROTEIN 2), ATIPS2 (INDUCED BY PI STARVATION 2), and SIG5
(SIGMA FACTOR 5), are induced in these categories, suggesting integration of sulfur stress with light
signalling pathways (Supplementary Fig 11A). Another notable enriched category among upregulated
genes was detoxification, indicating sulfur deficiency may trigger a protective response to limit stress-
related cellular damage (Fig. 21C). In addition, enrichment of the regulation of circadian rhythm points
to a connection between sulfur deficiency and temporal regulatory networks (Fig. 21C). This is
particularly interesting because sulfur-responsive transcription has been linked to circadian control
previously, and the induction of LHY, LCL5, CCAI, and HYH suggests that low-S accessions may
coordinate sulfur stress responses with daily timing mechanisms (Supplementary Fig. 11A).
Furthermore, GO terms related to amino acid metabolism, particularly L-serine metabolic process and
serine family amino acid biosynthesis, were enriched (Fig. 21C). Serine is a key precursor for cysteine
biosynthesis, and induction of serine-related metabolic pathways may therefore support increased sulfur

assimilation under nutrient-limiting conditions.

In contrast, the downregulated shared DEGs were strongly enriched for pathways related to
glucosinolate and glycosylated secondary metabolite biosynthesis, including glucosinolate biosynthetic
and metabolic process, S-glycoside biosynthetic process and metabolic process, and glycosyl compound
biosynthetic/metabolic process (Fig. 21C). These categories were represented by genes such as
CYP79B2 (cytochrome P450 subfamily B), CYP79B3, CYP83A1, CYP79F2, GSTU26 (GLUTATHIONE
S-TRANSFERASE TAU 26), and IPMI, indicating broad repression of sulfur-rich and defense-related
specialized metabolism (Supplementary Fig. 11B). Such repression of glucosinolates in Arabidopsis has
been previously reported and connected to a resource-saving strategy in which sulfur is redirected from

defense compounds toward essential primary metabolism (Hirai et al., 2003).

The downregulated genes were also enriched for processes related to indole metabolism and defense-
associated secondary metabolites, including indoleacetic acid metabolism, camalexin biosynthesis,
indole phytoalexin biosynthesis, and toxin biosynthetic processes (Fig. 21C). The group also showed
repression of inducible defense capacity as response to insect and callose-related defense processes were
also among the enriched DEGs (Fig. 21C). Together, these patterns indicate repression of pathways
involved not only in glucosinolate synthesis but also in phytoalexin production, hormone-related
metabolism, and defensive specialized metabolism more broadly. Both low-S accession also showed
carbohydrate catabolic process to be suppressed with genes such as BXL2 (BETA-XYLOSIDASE 2), ISA3
(ISOAMYLASE 3), ATPHS2 (ALPHA-GLUCAN PHOSPHORYLASE 2), and MIOX2 (MYO-INOSITOL
OXYGENASE 2) under S-deficiency indicating altered carbon use under nutrient stress (Fig. 21C and
Supplementary Fig. 11B).

Overall, the shared response between Appl-16 and In-0 indicates coordinated transcriptional

adjustments to sulfur deficiency, characterized by activation of sulfur assimilation, secondary metabolic
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and circadian-associated pathways together with repression of glucosinolate, indole, and other defense-

associated metabolic processes.
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For the mid-S accessions, Col-0 showed around 235 DEGs being specific to it, whereas Kro-0 exhibited
only 142 uniquely regulated DEGs (Fig. 22A). In addition, we identified approximately 124 DEGs that
were commonly regulated between the two accessions, hence sharing similarity percentage closely with
the low-S group. Among these shared DEGs, 76 genes were upregulated and 48 genes were

downregulated under sulfur deficient conditions (Fig. 22B).

GO enrichment analysis of the upregulated shared DEGs revealed several functional categories similar
to low-S accessions such as sulfur metabolism and transport, flavonoid biosythesis and metabolic
process, serine family amino acid biosynthesis, regulation of circadian rhythm, and response to external
stimuli and UV radiation indicating the core response of S-deficiency as discussed previously in section
4.3 (Fig. 22C). However, several enriched GO categories were more pronounced or unique in the mid-
S group compared with the low-S accessions. Notably, GO terms related to glutathione metabolism were
enriched among the upregulated genes (Fig. 22C). Genes involved in this pathway, including GST
(GLUTATHIONE S-TRANSFERASE)-related gene, i.e., GSTU27, GGCT2; 1, along with the presence
of DHAR2 (DEHYDROASCORBATE REDUCTASE 2), indicate activation of redox buffering systems,
suggesting that mid-S accessions may respond to sulfur limitation by strengthening antioxidant capacity
(Supplementary Fig. 12A). Consistent with this, the group also shows the presence of an organic
hydroxy compound biosynthetic process, indicating activation of hydroxylated secondary metabolites
with upregulation of genes like ICS2 (ISOCHORISMATE SYNTHASE 2), IPS2, SQE3 (SQUALENE
EPOXIDASE 3), and UDP-GLUCOSYL TRANSFERASES, i.e., UGT78D2, UGT789CI, that can
contribute to antioxidant protection under sulfur deficiency (Fig. 22C & Supplementary Fig. 12A). In
addition, apart from the detoxification process, the cellular oxidant detoxification category was uniquely
enriched in the mid-S group, indicating again a stronger emphasis on redox homeostasis and oxidative
stress protection, with genes like DHAR2, LSUI, LSU2, and LSU3 being strongly regulated in the mid-
S group (Fig. 22C & Supplementary Fig. 12A). Another notable enrichment unique to the mid-S group
was response to cadmium ion, indicating activation of broader metal-stress related signaling pathways
with induction of genes like GGCT2, 1, SBP1 (SELENIUM BINDING PROTEIN 1), MSA1/SHM?7 (Fig.
22C & Supplementary Fig. 12A). The appearance of this GO category among upregulated DEGs was
further supported by significant higher cadmium levels in the mid-S group under S-deficiency indicating

enhanced Cd toxicity in this group (Supplementary Fig. 16).

The downregulated shared DEGs were enriched for several categories associated with secondary
metabolism, including glucosinolate biosynthetic process, glucosinolate metabolic process, S-glycoside
biosynthetic process, glycosyl compound biosynthetic process and branched chain amino acid metabolic
process as also reported in low-S accessions (Fig. 22C). However, GO enrichment analysis also revealed
several metabolic categories that were more characteristic for the mid-S group, including leucine
biosynthetic process and leucine metabolic process with genes like LEUDI (ISOPROPYLMALATE
ISOMERASE 2), IDM1, GSM1 (GLUCOSINOLATE METABOLISM 1), IMS2, and IPM1 being repressed
(Fig. 22C & Supplementary Fig 12B). Additionally, several GO terms related to oxygen and hypoxia
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responses, including cellular response to hypoxia, cellular response to decreased oxygen levels, and
response to hypoxia, were uniquely enriched among the downregulated genes in the mid-S group (Fig.
22C). These categories involved unique sets of genes like RAVI/EDF4 (ETHYLENE RESPONSE DNA
BINDING FACTOR 4), CBPI (CCG-BINDING PROTEIN 1), DIN10 (DARK INDUCIBLE 10) being
downregulated in mid-S accessions under S-deficiency (Fig. 22C & Supplementary Fig 12B). These
categories were not prominent in the low-S accessions, suggesting that mid-S accessions may modulate

oxygen-responsive signaling pathways under sulfur deficiency.

Overall, the shared response between Col-0 and Kro-0 indicates their shared transcriptional adjustments
to sulfur deficiency, which, along with strong activation of sulfur assimilation pathways, includes
dependency on redox-related pathways (glutathione metabolism and oxidant detoxification). At the
same time, S-deficiency leads to repression of secondary metabolites, particularly glucosinolate
biosynthesis; the accessions in this group show coordinated repression of oxygen-related signaling

processes, being unique to the mid-S group.
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The high-S accessions, Zu-1 and Hod exhibited a relatively high number of treatment-responsive DEGs.
Specifically, Zu-1 showed 335 unique DEGs, whereas Hod exhibited a substantially larger number, with
1271 DEGs unique to this accession (Fig. 23A). The large number of accession-specific genes,
particularly in Hod, indicates that the transcriptional responses of high-S accessions to sulfur deficiency
are considerably more divergent than those observed within the low-S and mid-S groups and also its
sensitivity under S-deficient conditions. In contrast to the low-S and mid-S groups, the overlap between
the two high-S accessions was relatively low with only 215 DEGs being shared between these two
accesions (Fig. 23A). Among the shared DEGs, 100 genes were upregulated and 98 were downregulated
under sulfur deficiency (Fig. 23B), indicating a balanced transcriptional response involving both

activation and repression of metabolic pathways.

GO enrichment analysis of the upregulated shared genes revealed several biological processes that were
also observed in the low-S and mid-S groups, including sulfate assimilation, sulfate transport, sulfur
compound transport, flavonoid biosynthesis, detoxification, and glutathione metabolism (Fig. 23C).
These enrichments were supported by induction of classical sulfur marker genes such as SDI1, SDI2,
APR2, APR3, LSUI, LSU2, SERAT isoforms, and SULTR transporters, as described previously
(Supplementary Fig. 13A). Similar to the other groups, GO categories related to circadian rhythm and
rhythmic processes were also enriched (Fig. 23C). However, the genes contributing to these categories
differed. In the high-S group, apart from CCA 1, LHY, HYH, and LCL)5, observed in the other two groups,
circadian regulation was represented by additional genes such as NIGHT LIGHT-INDUCIBLE AND
CLOCK-REGULATED GENE, i.e., LNK2 and LNK3 and SPA3 (SUPPRESSOR OF PHY-4), indicating
close integration of circadian clock and light signaling (Supplementary Fig. 13A). This also suggests
that although circadian regulation appears as a common theme across groups, distinct regulatory
components of the circadian network may be involved in high-S accessions. Additional enriched
categories included responses to extracellular stimuli, responses to UV, and flavonoid metabolism,
indicating activation of environmental stress signaling and protective secondary metabolism under

sulfur limitation (Fig. 23C).

The downregulated shared DEGs showed strong enrichment for pathways related to glucosinolate and
sulfur-containing secondary metabolite biosynthesis, including glucosinolate biosynthetic process, S-
glycoside biosynthesis, and secondary metabolite biosynthesis (Fig. 23C). While repression of
glucosinolate metabolism was also observed in the other groups, several additional metabolic categories
were specifically enriched in the high-S group. These included tryptophan metabolic process, amine
metabolic process, and indolealkylamine metabolic process, indicating broader adjustments in indole-
derived and nitrogen-containing metabolic pathways consisting of CB5-C (CYTOCHROME B5
ISOFORM C), MSRB6, CYP79B2, and CYP79B3 genes (Fig. 23C & Supplementary Fig. 13B). Another
distinctive feature of the high-S response was the strong repression of detoxification-related genes,
particularly multiple members of the GSTU (glutathione S-transferase) family. Compared with the other

groups, where detoxification pathways were often induced, the high-S accessions showed reduced
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expression of several GSTU i.e GSTI, GSTF/711/14/, GSTU20 genes, suggesting differences in redox
regulation and detoxification responses under sulfur deficiency (Fig. 23C & Supplementary Fig. 13B).

Overall, the transcriptional response shared between Zu-1 and Hod includes activation of sulfur
assimilation, circadian regulation, and stress-related metabolic pathways, similar to those observed in
the other sulfur-content groups. However, the genes contributing to these pathways differ, indicating
that similar functional responses may be achieved through distinct regulatory gene networks. In addition,
the high-S group showed broader repression of indole- and amine-related metabolic processes, as well
as strong downregulation of GSTU detoxification genes, suggesting distinct adjustments in secondary
metabolism and redox regulation under sulfur limitation. Finally, the relatively small overlap between
Zu-1 and Hod and the large number of accession-specific DEGs, particularly in Hod, indicate that high-
S accessions exhibit greater transcriptional variability in their responses to sulfur deficiency compared

with the low-S and mid-S groups
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Figure 23: Within-Group Similarity of Differentially Expressed Genes under Sulfur Deficiency.
(A) Venn diagram of DEGs for treatment effect between high-S accessions Zu-1, and Hod. (B) Venn
diagram of upregulated DEGs (up) and downregulated DEGs (down) between high-S accession Zu-1
and Hod. (C) Functional gene ontology (GO) enrichment analysis of intersect upregulated and
downregulated DEGs in high-S accessions Zu-1 and Hod where color of bubble indicates -logl0 (p
value) and size of bubble indicates the gene count.
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4.4 Group-specific Transcriptional Responses to Sulfur Deficiency

After assessing the shared transcriptional responses within each sulfur-content group under sulfur
deficiency, we next investigated group-specific DEGs in order to identify transcriptional responses that
may contribute to distinct adaptive strategies among the sulfur-content groups under sulfur limitation.
To achieve this, the sets of shared DEGs identified for each group (section 4.3) were intersected to
determine genes that were unique to individual sulfur-content groups (Fig. 24A). This comparison
revealed a core set of 55 DEGs shared across all three groups as discussed previously in section 4.2. In
addition, we found 26 DEGs specific to the low-S group, 20 DEGs specific to the mid-S group, and a
substantially larger set of 122 DEGs unique to the high-S group (Fig. 24A). The higher proportion of
unique DEGs in the high-S group (43.6%) suggests a stronger transcriptional divergence of this group
compared with the low-S and mid-S groups in response to sulfur deficiency. Besides, these group-
specific genes, several DEGs were shared between two of the S-content groups. In particular, 30 DEGs
were shared between the mid-S and high-S groups, followed by 19 DEGs shared between the low-S and
mid-S groups, whereas only 8 DEGs were shared between the low-S and high-S groups (Fig. 24A). The
relatively small overlap between the low-S and high-S groups indicates that these groups exhibit
markedly different transcriptional acclimation strategies under sulfur deficiency, consistent with the

metabolic and developmental differences observed previously.

We next examined genes that were specifically regulated in the low-S accessions (Appl1-16 and In-0)
but not in the other sulfur-content groups. Among the 26 unique DEGs, we found 13 genes upregulated
and 13 genes downregulated under sulfur deficiency, indicating that low-S accessions respond through
a balanced transcriptional adjustment rather than a predominantly activating or repressive response. GO
enrichment analysis of these 26 low-S-specific genes revealed biological processes mainly associated
with light signaling, radiation response, and pigment biosynthesis, including cellular response to light
stimulus, cellular response to radiation, cellular response to blue light, response to far-red light, and
pigment biosynthetic process (Fig. 24B). Induction of genes such as ELIP1, SIGE and SOUL-1 (HAEME
BINDING PROTEIN 1), in low-S accessions suggests adjustments in photosynthetic light handling,

photoprotection, and chloroplast-associated metabolism under S-deficiency (Fig. 24C)

Induction of genes such as UGT78D2 further suggest activation of flavonoid-related metabolic
processes, UV protection and antioxidant buffering which might compensate for the metabolic
limitations imposed by sulfur deficiency (Fig. 24C). In addition, upregulation of SWEET13 (SUGAR
WILL EVENTUALLY BE EXPORTED TRANSPORTERS 13) might suggest increased carbon transport
and allocation to facilitate pollen development under S-deficiency. These genes suggest that low-S
accessions may actively coordinate plastid function with prioritizing carbon redistribution to
reproductive tissue. In contrast, several genes associated with carbohydrate metabolism and sugar
signaling were also downregulated in the low-S group. For example, TPPE (TREHALOSE-6-
PHOSPHATE PHOSPHATASE E), which participates in trehalose-6-phosphate metabolism acting as
sucrose sensor, together with ISA3 (ISOAMYLASE 3), a starch-degrading enzyme, and BXL2 (BETA-
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XYLOSIDASE 2), involved in cell wall carbohydrate metabolism, were repressed under sulfur deficiency

which could be strategy to repress sugar and starch breakdown during S-starvation (Fig. 24C).

Overall, the low-S group-specific transcriptional response indicates activation of photoprotective and
pigment-related pathways together with adjustments in carbon allocation and repression of carbohydrate
remobilization processes. These changes suggest that low-S accessions prioritize photosynthetic
function and metabolic balance under sulfur deficiency through coordinated regulation of chloroplast

activity and carbon metabolism.
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Figure 24: Group-specific transcriptional adjustments in response to S-deficiency (A) Venn
diagram of shared DEGs within each group intersected to obtain group-specific DEGs (B) Functional
gene ontology (GO) enrichment analysis of low-S group-specific DEGs, where the color of the bubble
indicates -log10 (p value) and the size of the bubble indicates the gene count (C) Heatmap representing
changes in expression levels of low-S group-specific 26 DEGs across all six accessions in response to
S-deficiency

For the mid-S group, among the 20 group-specific DEGs, 14 genes were upregulated, and 6 genes were
downregulated under sulfur deficiency, indicating a bias toward transcriptional activation of specific
metabolic pathways rather than a balanced regulatory adjustment as observed in the low-S group. In
contrast to the low-S group, GO enrichment analysis did not reveal significantly enriched biological
process categories for these genes. However, KEGG pathway analysis identified enrichment of
secondary metabolic pathways, particularly flavonoid biosynthesis and sesquiterpenoid and triterpenoid
biosynthesis (Fig. 25A). These pathways are associated with the production of specialized metabolites
that contribute to stress protection, antioxidant activity, and chemical defense, suggesting that mid-S
accessions respond to sulfur limitation primarily through adjustments in secondary metabolism.
Consistent with this enrichment, several genes involved in flavonoid metabolism and phenylpropanoid-
related pathways were induced in the mid-S group (Fig. 25A). For example, UGT78D1 and T77
(TRANSPARENT TESTA 7), both involved in flavonoid biosynthesis and modification, were strongly
upregulated under sulfur deficiency (Fig. 25B). Further, the upregulation of genes such as GSTLI
(GLUTATHIONE S-TRANSFERASE LAMBDA 1) and AER (2-ALKENAL REDUCTASE), both
associated with cellular detoxification processes, suggests activation of redox buffering and antioxidant

mechanisms in the mid-S group under sulfur deficiency (Fig. 25B). GSTLI participates in glutathione-
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dependent detoxification reactions, while AER reduces reactive aldehydes generated during lipid
peroxidation, together indicating enhanced protection against oxidative damage (Fig. 25B). In addition
to secondary metabolism and detoxification processes, genes associated with hormone signaling and
developmental regulation were also differentially expressed. For example, PIN5 (PIN-FORMED 35), an
intracellular auxin transporter involved in regulating auxin homeostasis, was induced under sulfur
deficiency, suggesting potential adjustments in growth regulation and developmental plasticity in

response to S limitation (Fig. 25B).

Conversely, genes involved in carbohydrate metabolism and stress-related signaling were
downregulated in the mid-S group. The repression of BGAL4 (f-GLUCOSIDASE 4), which participates
in carbohydrate metabolism and cell wall modification, indicates reduced activity of specific
carbohydrate-processing pathways and may reflect adjustments in carbon utilization and cell wall
remodeling under sulfur deficiency (Fig. 25B). Additionally, GLY14 (GLYOXYLASE 14), a component
of the glyoxalase pathway involved in methylglyoxal detoxification, was downregulated (Fig. 25B). As
the glyoxalase system plays a role in mitigating cytotoxic by-products of stress metabolism, its
repression may indicate altered detoxification capacity under sulfur limitation. GLY 14 has also been
implicated in crosstalk between jasmonic acid and salicylic acid signaling, suggesting potential
modulation of stress-related hormonal pathways in these accessions. Finally, the downregulation of CCL
(CCR-LIKE), a gene associated with circadian regulation, suggests that circadian clock-associated
processes may also be adjusted in the mid-S group during sulfur deficiency, indicating broader
transcriptional reprogramming beyond metabolic pathways (Fig. 25B). Overall, the mid-S group-
specific transcriptional response indicates a strategy characterized by activation of secondary metabolite
pathways, particularly flavonoid and terpenoid biosynthesis, as well as induction of detoxification and
redox-related processes. In contrast to the low-S group, which primarily activated chloroplast-associated
photoprotective pathways, mid-S accessions appear to rely more strongly on secondary metabolic

defenses and antioxidant systems to maintain cellular homeostasis under sulfur limitation.
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Figure 25: Mid-S group-specific transcriptional adjustments in response to S-deficiency (A)
Functional gene ontology (GO) enrichment analysis of mid-S group-specific DEGs, where the color of
the bubble indicates -log10 (p value) and the size of the bubble indicates the gene count (B) Heatmap
representing changes in expression levels of mid-S group-specific 20 DEGs across all six accessions in
response to S-deficiency

The high-S group showed 122 specific DEGs, of which 43 genes were upregulated, and 64 genes were
downregulated, while 15 genes showed opposite regulation between the two accessions i.e. Hod and Zu-
1 under sulfur deficiency. The substantially larger number of group-specific DEGs in the high-S group
compared with the low-S and mid-S groups indicates that high-S accessions undergo more extensive
transcriptional reprogramming under sulfur deficiency. GO enrichment analysis of the upregulated high-
S-specific genes revealed biological processes associated with sulfate and sulfur compound transport
(Fig. 26A). In addition, this group also showed enrichment for photosynthesis light reaction and
photosynthetic electron transport in photosystem I, associated with genes such as PGR5 (PROTON
GRADIENT REGULATION 5), PDE329 (PIGMENT DEFECTIVE 329), and CFBPI/HCEF1 (HIGH
CYCLIC ELECTRON FLOW 1) indicating that high-S accessions adjust photosynthetic energy
generation under sulfur deficiency, likely to maintain ATP and reductant supply for stress acclimation
and sulfur metabolism (Fig. 26A & Supplementary Fig. 14A). A notable feature among the upregulated
genes was the enrichment of hexose, disaccharide, and oligosaccharide metabolic and biosynthetic
processes. These categories were represented by genes such as GoLS1(GALACTINOL SYNTHASE 1),
TPPF (TREHALOSE-6-PHOSPHATE PHOSPHATASE F), SUS3 (SUCROSE SYNTHASE 3) and UGES
(UDP-D-GALACTOSE 4-EPIMERASE 5), suggesting adjustments in soluble sugar metabolism and
carbohydrate partitioning (Fig. 26A & Supplementary Fig. 14A). Such changes may reflect metabolic

reorganization to support energy homeostasis and carbon supply when sulfur limitation constrains
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anabolic metabolism. The upregulated gene set was also enriched for glutathione metabolic process,
supported by genes such as GGCT2;2 and GSTUZ22, indicating activation of redox buffering and
glutathione-associated metabolism (Fig. 26 A & Supplementary Fig. 14A). High-S accessions also
showed the enrichment of circadian rhythm and regulation of circadian rhythm, represented by genes
such as LNK2 and SPA3 (SUPPRESSOR OF PHYA-105) indicating broader adjustments in temporal
regulation under sulfur limitation (Fig. 26A & Supplementary Fig. 14A).

In contrast, the downregulated high-S-specific genes were strongly enriched for processes associated
with secondary metabolism, including glucosinolate biosynthetic process and metabolic process, S-
glycoside biosynthetic process and metabolic process (Fig. 26B). The group also showed enrichment for
toxin metabolic process and catabolic process, and detoxification. Consistent with these enrichments,
several genes associated with glutathione-dependent detoxification were repressed, including GSTF4,
GSTF7, GSTU20, and RHC1 (RESISTANT TO HIGH CO;) (Fig. 26B & Supplementary Fig. 14B). Since
GST enzymes depend on glutathione for detoxification reactions, their repression suggests reduced
activity of glutathione-dependent detoxification pathways, possibly reflecting restricted sulfur
availability and prioritization of sulfur use apart from secondary detoxification processes. Further,
repression of indole-containing compound biosynthetic and metabolic processes including genes such
as IGMTS5 (INDOLE GLUCOSINOLATE O-METHYLTRANSFERASE 5), and MSRB6 indicates reduced
investment in indole-derived defense compounds (Fig. 26B & Supplementary Fig. 14B). Similarly,
downregulation of genes involved in isoprenoid biosynthesis suggests that the synthesis of other
specialized metabolites may also be reduced under sulfur deficiency (Fig. 26B). In addition, the
enrichment of amide transport and amino acid-related metabolic categories suggests that high-S
accessions also adjust nitrogen-containing metabolite transport and amino acid metabolism under sulfur

deficiency, pointing to broader reorganization of nitrogen-sulfur metabolic coordination (Fig. 26B).

A further distinctive feature of the high-S group was the presence of 15 genes showing opposite
regulation between Zu-1 and Hod, indicating considerable transcriptional divergence even within this
sulfur-content group (Fig. 26C). Functional gene ontology analysis revealed several GO terms related
to cell wall organization and structural modification, including cell wall organization, external
encapsulating structure organization, cellulose microfibril organization, and plant-type cell wall
cellulose biosynthetic process being enriched (Fig. 26C). These categories were represented by genes
such as EXT4 (EXTENSIN 4), COBL2 (COBRA-LIKE PROTEIN 2), ENODL2 (EARLY NODULIN-LIKE
PROTEIN 2), and BGLU!I (BETA-GLUCOSIDASE 1) (Fig. 26D). These genes were upregulated in Zu-
1 but downregulated in Hod, suggesting that Zu-1 may maintain or enhance cell wall remodeling and
structural adjustment processes, whereas Hod may suppress these pathways under sulfur deficiency (Fig.
26D). GO enrichment also revealed the mucilage biosynthetic process involved in seed coat
development, associated with genes involved in extracellular matrix formation and seed coat
modification (Fig. 26C). Divergent regulation of these genes between the two accessions further

suggests differences in developmental and structural responses under sulfur limitation (Fig. 26D).
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Another enriched category was cellular response to sulfate starvation, represented by genes such as MGL
(METHIONINE GAMMA-LYASE), which participates in sulfur recycling by promoting cysteine
bisynthesis through methionine degradation (Fig. 26C). In this case, MGL was induced in Zu-1 but
repressed in Hod, suggesting that Zu-1 may activate internal sulfur recycling pathways, whereas Hod
may rely on alternative strategies to cope with sulfur limitation (Fig. 26D). Processes related to protein
metabolism and post-translational regulation were also enriched, including dephosphorylation,
cytoplasmic translational elongation, and protein tetramerization (Fig. 26C). These categories were
associated with genes such as PAP22 (PURPLE ACID PHOSPHATASE 22) and NPGRI (NO POLLEN
GERMINATION RELATED 1), which showed opposite expression patterns between Zu-1 and Hod,
indicating differences in protein modification and metabolic regulation under sulfur deficiency (Fig.
26D). Finally, genes associated with signaling and regulatory pathways, including CLE6
(CLAVATA3/ESR-RELATED 6) and HAIl (HIGHLY ABA-INDUCED PP2C GENE 1), also displayed
opposite regulation between the two accessions (Fig. 26C & D). CLE6 encodes a peptide ligand involved
in developmental signaling, whereas HAIIl encodes a protein phosphatase involved in abscisic acid
(ABA) signaling and stress responses (Fig. 26C & D). Their divergent regulation suggests that Zu-1 and

Hod may differ in hormonal and stress signaling pathways activated during sulfur deficiency.

Overall, the high-S group-specific transcriptional response indicates extensive transcriptional
reprogramming characterized by activation of sulfur transport, photosynthetic processes, carbohydrate
metabolism, glutathione-associated pathways, and circadian regulation, together with repression of
detoxification, sulfur-rich secondary metabolism, indole-containing specialized metabolism, isoprenoid
biosynthesis, and amino acid/amide-related pathways. The presence of a considerable number of
oppositely regulated genes further suggests that high-S accessions do not respond uniformly to sulfur
deficiency, but instead exhibit substantial intra-group divergence in developmental and metabolic
adjustment mechanisms. Hence, the presence of oppositely regulated genes within the high-S accessions
indicates that although Zu-1 and Hod share high sulfur content phenotypes, they may employ distinct
regulatory mechanisms controlling cell wall organization, sulfur recycling, and stress-related signaling

pathways in response to sulfur deficiency.
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Figure 26: High-S group-specific transcriptional re-adjustments in response to S-deficiency (A)
Functional gene ontology (GO) enrichment analysis of high-S group-specific upregulated DEGs (B)
downregulated DEGs (C) oppositely regulated DEGs, where the color of the bubble indicates -log10 (p
value) and the size of the bubble indicates the gene count (D) Heatmap representing changes in

expression levels of high-S group-specific oppositely regulated in both accessions in response to S-
deficiency

4.5 Baseline transcriptomic differences among accessions with contrasting sulfur content
The diverse transcriptional responses observed under S-deficiency for the groups led us to next examine
whether these distinct sulfur-deficiency responses were associated with pre-existing transcriptional
differences among the accessions. Also, we were interested in exploring what regulatory pathways or
candidate genes might account for the natural variation of S-content. To achieve this, transcriptome
variation among the six accessions under the control condition was analyzed. PCA revealed clear
genotype-dependent clustering of samples, indicating substantial differences in transcriptional
regulation among the accessions (Fig. 27A). The first two principal components explained 25% and

20% of the total variance, respectively, and separated the accessions into distinct transcriptional clusters,
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suggesting that natural variation in sulfur accumulation is accompanied by differences in basal

transcriptional programs.

To identify genes consistently associated with each sulfur-content group, differential expression
analyses were first performed between accessions to get DEGs under the control condition. Then DEGs
were intersected between two accessions within each group, using a stringent cut-off of q<0.05 and
[log2FC[>2, given the substantially higher number of DEGs obtained. This approach yielded 596 shared
DEGs between the two Low-S accessions (Appl-16 and In-0), 238 shared DEGs between the Mid-S
accessions (Col-0 and Kro-0), and 553 shared DEGs between the High-S accessions (Zu-1 and Hod)
(Fig. 27B). These shared DEGs within a group were subsequently intersected in order to identify group-
specific transcriptional signatures. Intersection of the group-level DEG sets revealed distinct
transcriptional patterns associated with each sulfur-content group. A total of 358 genes were uniquely
associated with low-S accessions, 108 genes were specific to Mid-S accessions, and 326 genes were
uniquely associated with high-S accessions, while smaller subsets of genes, i.e., 33 DEGs, were shared
between the three groups (Fig. 27B). The small percentage of overlapping DEGs (3.1%) indicates each
S-content group exhibits a substantial set of uniquely regulated genes, which might account for the
different strategies of sulfur utilization even under non-stress conditions. Also, performing functional
gene ontology on these 33 DEGs didn’t yield any significant GO terms, as most of the genes have not
been characterized. Similarly, no significantly enriched GO or KEGG categories were detected among
the low-S group-specific genes, despite the relatively large number of genes identified (358 DEGs). The
absence of clear functional enrichment, even with such a high number of DEGs, suggests that low-S
accessions may not rely on a single dominant metabolic pathway but instead exhibit more distributed

transcriptional adjustments across diverse biological processes.

Functional enrichment analysis of the mid-S group-specific genes identified significant enrichment only
within KEGG pathway, which were metabolic pathways related to cysteine and methionine metabolism
as well as ubiquinone and other terpenoid-quinone biosynthesis (Fig. 27C). These pathways are
associated with sulfur-containing amino acid metabolism and redox-active cofactor biosynthesis,
suggesting that mid-S accessions maintain transcriptional programs that support coordinated regulation
of sulfur assimilation and redox metabolism. Network visualization of enriched pathways identified
several genes contributing to these processes, including AT5G56080 (NICOTIANAMINE SYNTHASE 2
(NS2), AT5G53970 (TYROSINE AMINOTRANSFERASE 7 (TAT1)), AT5G48950 (1,4-DIHYDROXY-2-
NAPHTHOYL-COA) THIOESTERASES (DHNAT-2), and AT1G01480 (I-AMINO-CYCLOPROPANE-
1-CARBOXYLATE SYNTHASE 2 (ACC 2) (Supplementary Fig 15A). While both NS2 and ACC2 are
involved in SAM biosynthesis and metabolic pathway, TAT! is responsible for amino acid tyrosine
degradation and metabolism and DHNAT-2 is involved in phylloquinone biosynthesis. Hence, the
presence of these genes in the network indicates a probable connection of sulfur-containing amino acid

metabolism with pathways involved in the biosynthesis of redox-active quinone cofactors.
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In contrast, the high-S group-specific genes showed enrichment only for the biological process
“sulfation,” represented by SULFOTRANSFERASE genes such as ATST4A, ATST4C, and ATST2B
(Supplementary Fig 15B). The presence of sulfotransferase genes within this category, which use PAPs
as an obligate substrate for sulfation of peptides and secondary metabolites, suggests that high-S

accessions may preferentially channel sulfur into secondary metabolism and regulatory modifications.

Together, these results demonstrate that Arabidopsis accessions differing in sulfur content already
display distinct transcriptional programs under sulfur-sufficient conditions. The identification of group-
specific gene sets and their associated metabolic pathways suggests that natural variation in sulfur
accumulation is accompanied by different baseline regulatory strategies. While high-S accessions appear
to preferentially allocate sulfur toward sulfation and specialized metabolic processes, mid-S accessions
maintain balanced sulfur and redox metabolism, and low-S accessions exhibit more distributed
transcriptional adjustments consistent with enhanced metabolic flexibility. These pre-existing

transcriptional differences likely contribute to the distinct physiological responses observed under sulfur

deficiency.
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Figure 27: Comparative transcriptome analysis of Arabidopsis accessions under control conditions
(A) Principal component analysis (PCA) of RNA-seq data from roots of six Arabidopsis accessions
belonging to low S (App1-16 and In-0), mid S (Col-0 and Kro-0), high S (Zu-1 and Hod) under control
(750 uM sulfate) conditions (B) Schematic representation used for intersection analysis to identify
shared and group-specific differentially expressed genes among Low-S, Mid-S, and High-S Arabidopsis
accessions under control conditions with cut-off of q<0.05 and [log2FC|>2 (C) Functional gene ontology
(GO) enrichment analysis of mid-S unique DEGs under control condition.
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Consistent with the observed transcriptional divergence, we next performed correlation analysis between
gene expression levels and total-S content under the control condition. This analysis allowed the
identification of genes whose basal transcriptional levels scale with sulfur accumulation capacity across
accessions, thereby highlighting candidates potentially linked to sulfur homeostasis rather than merely

accession-specific transcriptional variation.

This analysis identified several genes whose expression showed strong positive or negative correlations
with sulfate levels, but, given the large list, we considered only those with Pearson correlation
coefficients > 0.9. From this list, we filtered around the top 20 DEGs from both positive and negative
correlation lists, which showed a smooth gradient of expression from low-S to high-S accessions (Fig.
28). Genes positively correlated with sulfate content, included 7IM13 (TRANSLOCASE OF THE INNER
MITOCHONDRIAL MEMBRANE 13), TET6 (TETRASPANING), SDS (SOLO DANCERS), SPPLI
(SIGNAL PEPTIDE PEPTIDASE-LIKE 1), and SAR2 (SECRETION-ASSOCIATED RAS SUPER
FAMILY 2), etc. which displayed progressively increasing expression from Low-S to High-S accessions
(Fig. 28). In contrast, genes such as [4434 (INDOLE-3-ACETIC ACID INDUCIBLE 34), MEBI
(MEMBRANE OF ER BODY 1), EMB2794 (EMBRYO DEFECTIVE 2794), CYP70546, and APX2
(ASCORBATE PEROXIDASE 1B) and others showed strong negative correlations with sulfate levels,
exhibiting higher expression in low-S accessions and progressively lower expression toward high-S
accessions (Fig. 28). The presence of such expression gradients across the six accessions suggests that
basal transcriptional regulation of these genes is tightly associated with natural variation in sulfur
accumulation. Genes showing positive correlations with sulfate levels, including SDS, SPPLI, and
SAR2, which are linked to protein turnover, membrane-associated proteolysis, and vesicular trafficking,
indicate that high-S accessions may maintain elevated basal activity of pathways supporting protein
processing and intracellular trafficking. In contrast, genes showing negative correlations with sulfate
levels included 14434, MEBI1, EMB2794, CYP705A46, and APX2, which are associated with hormone
signalling, defense-related structures, specialized metabolism, and reactive oxygen species
detoxification, indicating that low-S accessions may maintain elevated basal activity of regulatory and

stress-responsive pathways.
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Figure 28: Expression gradients of the top 20 genes positively and negatively correlated with
sulfate levels across Arabidopsis accessions. Expression values under the control condition were
transformed using z-scores, and correlations with Pearson correlation coefficients > 0.9 were considered
for biological interpretation.

4.6 Differential metabolic adjustments between the groups in response to S-deficiency

Following the transcriptomic analysis, we next investigated whether the observed transcriptional
responses under sulfur deficiency were also reflected at the metabolic level during early development,
as we had metabolic data discussed in the previous chapter only for late development. To address this,
a global metabolite profiling was performed on 18-day-old plants grown under control and sulfur-
deficient conditions, using both shoot and root tissues. Log» fold-change analysis was applied to evaluate
metabolic responses to sulfur limitation across accessions. Overall, a clear tissue-specific metabolic
response was observed, with shoots exhibiting markedly stronger metabolic alterations than roots across

all genotypes.

In shoots, sulfur deficiency led to pronounced changes in amino acid metabolism (Fig. 29). As expected,
accumulation of branched-chain amino acids such as valine, leucine, and isoleucine were observed
across all accessions; however, statistically significant increases were predominantly detected in mid-S
and high-S accessions (Fig. 29). In addition, accumulation of the stress-associated amino acid proline
was detected in the shoots of all accessions, although significant differences were observed only in Col-
0. In contrast, root tissues exhibited an opposite trend, with a general decline in most amino acids across
genotypes. An exception was observed in Hod, which showed accumulation of B-alanine, proline, and
glycine under sulfur deficiency, indicating a stress-associated metabolic adjustment specific to this

accession (Fig. 29).

Sugar metabolism also displayed strong accession-dependent responses under sulfur deficiency. In
shoots, significant accumulation of raffinose was observed in In-0, Kro-0, Col-0, and Hod, whereas

fructose accumulation was particularly evident in both low-S accessions and in Kro-0. In contrast,
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glucose levels significantly declined in shoots of the accessions Appl-16 and Col-0. Root tissues were
comparatively less responsive with respect to sugar metabolism; however, significant sucrose
accumulation was detected in low-S accessions, and raffinose accumulation was observed in Hod,

indicating genotype-specific regulation of carbohydrate metabolism under sulfur stress (Fig. 29).

Organic acid metabolism was also strongly affected by sulfur deficiency. Both low-S and mid-S
accessions exhibited a pronounced reduction in the levels of most organic acids in shoots, suggesting a
suppression of central carbon metabolism. In high-S accessions, organic acid levels remained relatively
stable, with the exception of Hod, which showed a significant decline in several tricarboxylic acid (TCA)
cycle intermediates, including fumarate, malate, and succinate. In roots, metabolic responses were
generally weaker; however, Col-0 and Hod again exhibited reductions in TCA cycle intermediates
similar to those observed in shoots, indicating that mitochondrial respiration and carbon metabolism are

particularly affected in these genotypes under sulfur deficiency (Fig. 29).

In addition to primary metabolites, several other compounds exhibited genotype-specific responses.
Shoots of Appl-16 and Col-0 displayed significant reductions in threonate, 2-oxo-gluconate, myo-
inositol, and gluconate, accompanied by increased ribonate accumulation under sulfur-deficient
conditions. Furthermore, both Appl-16 and Hod showed elevated levels of 3-methyl-2-oxobutyrate,
whereas Hod additionally exhibited a significant decrease in ethanolamine content. In contrast, Zu-1
displayed an opposing trend for several of these metabolites. In roots, Appl-16 and Zu-1 showed
significant reductions in ethanolamine, while Zu-1 also exhibited decreased gluconate levels. Hod roots,

however, showed a marked accumulation of myo-inositol under sulfur deficiency (Fig. 29).

Taken together, these results reveal distinct metabolic adjustment strategies among accessions in
response to sulfur deficiency. Low-S accessions primarily exhibited reductions in organic acid levels,
suggesting a downregulation of central metabolism and a reallocation of sulfur toward essential
processes. In contrast, mid-S and high-S accessions, particularly Hod, displayed broader metabolic
remodeling, including changes in both amino acid and organic acid pools, indicative of altered protein
turnover and carbon metabolism. Moreover, the comparison between tissues highlights that metabolic
responses to sulfur deficiency are substantially stronger in shoots than in roots, underscoring the tissue-

specific nature of sulfur-dependent metabolic regulation during early development.
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Figure 29: Metabolic reprogramming in response to sulfur deficiency during early development.
Heatmap representing Log. fold-change of metabolite abundance under sulfur deficiency relative to
control conditions in shoots and roots of six Arabidopsis accessions. Metabolites are grouped by
biochemical class. Colors represent logz (low S / control) ratios, with blue indicating decreases and
yellow indicating increases. Asterisks denote statistically significant differences (* p <0.05, ** p <0.01,
*#%* p <0.001).

4.7 Integrative correlation analysis of transcriptomic and metabolic responses to sulfur
deficiency

To directly link transcriptional regulation with metabolic adjustments under sulfur deficiency, we
performed a correlation analysis between core sulfur-responsive DEGs including the top 10 DEGs
showing group-specific variation discussed in section 4.2 (Fig. 20D) and metabolic profile in shoots and

roots. For this, we used log,fold change of DEGs and metabolites in roots and shoots of the six
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accessions. This analysis revealed distinct and tissue-specific patterns of gene-metabolite associations,
indicating coordinated but differential regulation of sulfur-related metabolism at the transcriptional and

metabolic levels.

In shoots, several metabolites displayed strong positive correlations with key sulfur-responsive genes.
Notably, 2-oxo-gluconate showed a positive correlation with SFPI, suggesting that changes in organic
acid metabolism are associated with sulfur-responsive transcriptional adjustments under sulfur
deficiency (Fig. 30A & Supplementary Fig. 17A). The branched-chain-related metabolite 3-methyl-2-
oxobutyrate (3Me-OH-butyrate) was positively correlated with SHM7 and SULTRI; 2, indicating a close
association between sulfur uptake capacity and amino acid-related metabolic remodelling. Similarly,
gluconate and glycolytic intermediates such as glucose and glycerol exhibited positive correlations with
CYP79F2 and SHM7, suggesting coordination between primary carbon metabolism and sulfur-
responsive transcriptional programs (Fig. 30A & Supplementary Fig. 17A).

Amino acids showed particularly strong associations with sulfur-related genes in shoots as glutamine
was positively correlated with SHM7 and SULTRI;2, consistent with enhanced nitrogen-sulfur
interaction under sulfur limitation (Fig. 30A & Supplementary Fig. 17A). In contrast, several negative
correlations were also observed, particularly branched-chain amino acids exhibited strong negative
associations with sulfur-deficiency markers as valine and phenylalanine were negatively correlated with
SDI1, while isoleucine levels were negatively linked to SDI2 expression (Fig. 30A & Supplementary
Fig. 17A). Similarly, phenylalanine showed significant negative correlations with uncharacterized gene
AT3G05400 but showed opposite trend with 4PR2. Furthermore, glycine levels displayed significant
negative associations with MSRBS5, APR2, but showed positive relation with SULTR2;1 (Fig. 30A &
Supplementary Fig. 17A). Carbon metabolism in shoots also appeared tightly linked to transcriptional
changes, i.e. alpha-hydroxy-glutarate showed broad negative correlation networks involving APR2,
DTX9, SERAT3;2, MSRBS, and SFPI. Maleate exhibited a positive correlation with DTX9 and SFP1
(Figure 30A & Supplementary Fig. 17A).

In roots, gene-metabolite correlations showed a partially distinct pattern, reflecting tissue-specific
metabolic regulation (Fig. 30B & Supplementary Fig. 17B). 2-oxo-gluconate and fumarate were
negatively correlated with CYP79F2, suggesting repression of specific organic acid pools in association
with altered secondary metabolism. Glucose displayed positive correlations with SD/1 while glycolate
showed opposite pattern (Fig. 30B & Supplementary Fig. 17B). Glutamine was negatively associated
with SULTR2; 1, indicating a tighter coupling between sulfur signaling and nitrogen metabolism in roots
compared to shoots. Several amino acids exhibited strong gene-specific associations in roots. Glycine
showed positive correlations with MSRBS5 while negative correlation with CYP79F2, whereas lysine
was negatively correlated with multiple sulfur-related genes including APR2, DTX9, SERAT3;2,
MSRBS, and SFPI, highlighting extensive transcriptional control over amino acid metabolism. Organic

acids such as malate was negatively correlated with SHM7 and SULTR1, 2, while a-ketoglutarate showed
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positive associations with A73G05400 and SULTRI;2, suggesting link between TCA cycle activity and
sulfur assimilation. Additionally, proline, a stress-associated amino acid, correlated positively with
SDI1, supporting its role in sulfur deficiency-induced stress responses (Fig. 30B & Supplementary Fig.
17B).

Overall, this integrative correlation analysis demonstrates that sulfur-responsive transcriptional
programs are closely associated with coordinated metabolic reprogramming, with stronger and more
diverse correlations observed in shoots, while roots exhibit more selective and gene-specific
associations. These findings highlight a tight coupling between sulfur signaling, primary metabolism,
and stress-related metabolic pathways, reinforcing the importance of tissue-specific regulation during

early developmental responses to sulfur deficiency.
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Figure 30: Correlation heatmap of sulfur-responsive genes and metabolites. Heatmaps depict
Spearman correlations between logz (low S / control) fold changes of sulfur-responsive DEGs and
metabolites in (A) shoots and (B) roots. Red and blue colors indicate positive and negative correlations,
respectively. Genes and metabolites are hierarchically clustered to reveal tissue-specific correlation
patterns under sulfur deficiency. P-values representing significance of correlation are mentioned in
Supplementary Fig. 17
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S. DISCUSSION

Sulfur is considered a significant growth-limiting nutrient and ranks fourth among the major nutrient
elements after nitrogen, phosphorus, and potassium (Aula et al., 2019). Various sulfur-containing
metabolites, such as cysteine, glutathione, and methionine, together with sulfur-containing proteins like
thioredoxins, play essential roles in maintaining ion homeostasis and regulating stress tolerance in plants
(Tandon et al., 1984; Jamal et al., 2006). However, sulfur deficiency in crops has become a growing
global concern and has been documented in cereals such as corn (Zea mays), wheat (Triticum aestivum),
and rice (Oryza sativa) (Fontanetto et al., 2000; Inal et al., 2003; Randall et al., 2003). Thus, S deficiency
poses a serious threat to modern agriculture, particularly when combined with other nutrient limitations

(Jobe et al., 2019).

Given this agricultural importance, understanding how plants naturally vary in their sulfur content and
how such variation contributes to adaptive responses under sulfur deficiency is particularly important.
Natural variation in leaf S-content can span up to a 6-fold range across Arabidopsis accessions (Baxter
et al., 2007; Campos et al., 2021), potentially leading to distinct adaptive strategies across environments.
In order to explore the underlying regulatory mechanism behind this variation, quantitative genetics
approaches have been employed, which identified several genes, such as APR2 and ATPSI, that
contribute to this variation, yet explain only a fraction (20—-23%) of the observed differences (Loudet et
al., 2007; Koprivova et al., 2013; Chao et al., 2014). Although loci such as 4PR2 and ATPS! explain
part of the natural variation in foliar sulfate accumulation, much less is known about the ecological
consequences of this variation. Thus, the aim of the thesis is to demonstrate that differences in foliar
sulfur (S) content reflect distinct adaptive strategies among Arabidopsis accessions, influencing how
they balance metabolic adjustment, developmental timing, and transcriptional reprogramming under
sulfur limitation. Furthermore, it investigates whether nutrient homeostasis covaries with functional
traits such as growth, flowering, and reproductive output, thereby providing a physiological context for

previously described genetic variation.

5.1 Sulfur content variation as a determinant of plant adaptive strategy

Sulfate (SO+*) is the primary sulfur source for plants and represents the dominant sulfur pool,
particularly in members of the Brassicaceae (Blake-Kalff et al., 1998; Narayan et al., 2022). Because
sulfur deprivation elicits a coordinated systems-level response involving sulfate uptake, long-distance
transport, and redistribution of internal sulfur pools (Nikiforova et al., 2005), we first examined how
this pool is affected in the accessions differing in basal sulfur accumulation capacity. In natural soils,
sulfate availability can fluctuate considerably due to environmental factors such as groundwater leaching
(Kertesz & Mirleau, 2004; Kopriva & Rennenberg, 2004). Growth in the sand-soil system used in our
study, therefore, likely reflects more closely the heterogeneous sulfur availability of natural

environments than the constant nutrient and sterile conditions used in most sulfur studies. Under these
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circumstances, plant genotypes may differ in their ability to buffer or respond to transient sulfur
limitation. One possible expectation is that accessions with higher basal shoot sulfur content might better
buffer against sulfur deficiency by relying on their larger internal sulfate reserves. However, our results
rather showed that high-S accessions exhibited the most pronounced depletion of shoot sulfate and total
foliar sulfur, together with poor recovery even under short-pulse sulfate supplementation (Fig. 5A, B).
While the low-S accessions not only showed significantly less relative decline in shoot sulfate and total-
S but also restored shoot sulfate to near-control levels under short-pulse treatment (Fig. SA, B). These
patterns indicate that sulfur starvation responses are strongly linked to the size of pre-existing sulfate
pools, but in a counterintuitive manner. Such an opposite pattern can be explained by the fact that
effective adaptation to sulfur limitation depends not only on the absolute size of sulfate reserves but also
on the capacity to mobilize stored sulfate and dynamically reconfigure sulfur allocation (Takahashi et
al., 2011). Indeed, we observed higher organic-to-inorganic sulfur ratios in shoots of low-S accessions
under sulfur deficiency, while a slight or no increase in the organic-to-inorganic ratio in mid-S and high-
S accessions was seen (Fig. 5D). Based on these findings, it seems that low-S accessions operate a more
assimilation-oriented sulfur economy, in which sulfur flux is rapidly directed toward metabolic demand
rather than long-term storage. Such a response in low-S accessions was further mediated by their
enhanced sulfate uptake and increased translocation to shoots (Fig. 7) under S-deficiency, while the
high-S group showed both lower relative uptake and translocation to shoots. Previous studies have
established that, in Arabidopsis, high-affinity sulfate uptake is primarily mediated by the transporters
SULTRI;1 and SULTRI;2, with SULTRI; 1 typically exhibiting the strongest induction during sulfur
starvation (Takahashi et al., 2000; Yoshimoto et al., 2002). Given our observation of increased uptake
in low-S accessions, we then hypothesized that the group should show stronger induction of SULTRI, 1
and SULTRI;2. However, contrary to our hypothesis, high-S accessions showed the strongest induction
of both SULTRI;1 and SULTRI;2 compared with control conditions. The observation that high-S
accessions show higher relative expression of transporters but lower relative uptake can be explained
well with the work of Yoshimoto et al. (2007), which showed that the expression of sulfate transporters
does not always correlate with sulfate uptake because transporter activity is regulated post-
transcriptionally, demonstrating that uptake capacity can be controlled independently of mRNA
abundance. Additionally, the reduced translocation in high-S group, can also be associated with an
attenuated response of miRNA395 and the SLIM1 transcription factor, both of which are important for
increasing translocation to shoots under sulfur starvation by maintaining optimal levels of ATP
sulfurylase transcripts, the first enzyme in sulfate assimilation, along with SULTR2;1, a low-affinity

sulfate transporter (Kawashima et al., 2011).

Besides, our data also showed strong induction of some canonical sulfur starvation marker genes,
including SDI1, APR2, LSU1, in roots of all accessions under sulfur deficiency (Fig. 6). This pattern is
consistent with the established sulfur starvation signalling network controlled by SLIMI1/EIL3
(Maruyama-Nakashita et al., 2006; Takahashi et al., 2011). However, high-S accessions again showed a
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pronounced transcriptional response, whereas low-S and mid-S accessions displayed a more moderate
induction (Fig. 6). These findings indicate that while high-S accessions can activate the starvation signal
at the gene level, they exhibit an attenuated physiological response, suggesting a potential decoupling
between starvation signaling and functional uptake capacity. On the other hand, it likely reflects severe
internal sulfur limitation and cellular stress rather than effective buffering. Consistent with this, previous
studies have emphasized that strong induction of sulfur starvation markers often reflects the severity of
the sulfur deficit perceived by the plant rather than a successful physiological adaptation strategy
(Lewandowska & Sirko, 2008; Kawashima et al., 2011). Accordingly, moderate induction of S-marker
genes in low-S accessions suggests a more efficient acclimation strategy, where controlled
transcriptional adjustment supports stable metabolic reorganization rather than large-scale
reprogramming. Similar patterns were reported for stress-tolerant relatives of Arabidopsis thaliana, i.e.,
Eutrema salsugineum, which often exhibit ‘stress-ready’ expression programs and distinct metabolic
strategies under abiotic stress, such as drought and cold (Wong et al., 2006; Kant et al., 2006). These
genotypes likely achieve a new metabolic steady state through high plasticity and targeted regulation,
thereby avoiding excessive transcriptional activation while sustaining sulfur homeostasis (Koprivova &
Kopriva, 2014; Aarabi et al., 2020). Surprisingly, although mid-S accessions exhibited a substantial
decline in sulfate pools under sulfur deficiency, their transcriptional response was similar in magnitude
to that observed in low-S accessions (Fig. 6). This suggests that moderate sulfur starvation signaling did
not translate into effective physiological compensation. One possible explanation is that sulfate
assimilation and allocation are not controlled solely at the transcriptional level but also through post-
transcriptional and post-translational mechanisms, as has been reported earlier. Key enzymes such as
APS reductase are regulated by cellular redox status, while cysteine synthesis is controlled through the
formation of the cysteine synthase complex (CSC) between SERAT and OASTL proteins (Bick et al.,
2001; Takahashi et al., 2023).

To further assess whether these differences in sulfate uptake and translocation among the groups
translate into differences in the allocation of sulfur to reduced sulfur pools, we measured shoot cysteine
and GSH content in these groups. In plants, assimilated sulfate is reduced to sulfide and incorporated
into cysteine, which serves as the central precursor for a wide range of sulfur-containing metabolites,
including glutathione (GSH), an essential component of cellular redox homeostasis and stress protection
(Noctor et al., 2012; Hasanuzzaman et al., 2017). S-deficiency causes a decline in reduced sulfur pools,
in shoots as documented in Arabidopsis thaliana, Setaria virdis, and Oryza sativa (Dietzen et al., 2020;
Zenzen et al., 2024). Consistent with this, we observed declines in both shoot cysteine and GSH content
across all groups (Fig. 8A & C). However, based on the sulfate content and S-uptake results, we expected
that the low-S group would maintain sulfur metabolism more effectively by prioritizing the synthesis
and maintenance of key reduced sulfur compounds, such as cysteine and glutathione, under S-limitation.
Indeed, this was the case, for the low-S group at least for shoot GSH content, although the group showed

a greater relative reduction of cysteine under S-deficiency (Fig. 8A & C). One possible explanation for
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the cysteine phenotype observed is that sulfur flux may be preferentially directed from cysteine toward
glutathione biosynthesis under sulfur limitation, as glutathione represents a major sink for reduced sulfur
and plays a central role in antioxidant defence (Noctor et al., 2012; Kopriva & Koprivova, 2014). Our
results from [*S] flux measurements validated this dataset (Fig. 9), as we observed that, although
relative incorporation into GSH was enhanced across all groups under S-deficiency, consistent with
previous findings (Dietzen et al., 2020), the low-S genotypes showed much higher sulfur allocation to
GSH in shoots (Fig. 9). In contrast, we observed much greater reduction of GSH in the high-S and mid-
S groups, followed by lower relative incorporation of [*3S] into GSH. This increased flux of cysteine to
GSH in low-S accessions can also be complemented by induction of cysteine biosynthesis genes in
shoots, thereby supporting continued cysteine production under sulfur limitation, even if the metabolite
itself does not accumulate as it is rapidly consumed for GSH synthesis (Dietzen et al., 2020). We then
assessed these accessions for relative expression of several key cysteine and GSH biosynthetic genes in
shoots, including SERATs, SiR, OASTL (OASTL-A), GSHI, and GSH2 (Figs. 11 and 12). Indeed, our
data showed significant upregulation of OASTL-A, SiR, and GSH2 in low-S accessions, as well as
moderate induction of SERAT isoforms under S-deficiency. These genes also showed higher relative
expression in both mid-S accessions, indicating these genotypes enhance their assimilatory power under
S-deficiency. The induction of OASTL-A, SiR, and SERATs was in accordance with several studies
reporting the induction of these key S assimilatory genes downstream of the SLIM1 transcription factor
under sulfur starvation (Nakashita et al., 2006; Nikiforova et al., 2005). But to our surprise, high-S
accessions, especially accession Hod, showed a quite distinct trend with almost all cysteine and GSH
biosynthesis genes being downregulated in this genotype (Fig. 11 and 12). It also differed for its decline
in shoot cysteine content with Zu-1. Such divergence in high-S accession was also reported in our RNA-
Seq data, with only 11.8% of DEGs, shared among the accessions, indicate distinct regulatory network
preferred by two accessions (Fig. 23A). The maintenance of cysteine levels in Zu-1 can also be linked
to our root transcriptomic data showing upregulation of MGL under sulfur deficiency (Fig. 26D). As
MGL participates in the trans-sulfurylation pathway, it facilitates cysteine synthesis through methionine
degradation (Goyer et al., 2007). Hence, repression of cysteine biosynthesis genes along with MGL in
Hod suggests a lower capacity to sustain cysteine biosynthesis in this genotype under sulfur deficiency,
thus restricting downstream assimilatory power (Takahashi et al., 2023; Hirai et al., 2003; Nikiforova et
al., 2003; Apodiakou et al., 2023; Kopriva et al., 2012). Sulfate reduction and thiol biosynthesis are
energy-intensive processes, and in Hod, the loss-of-function of APR2, known to limit sulfate
assimilation, likely reinforce this constraint (Chao et al., 2014). Therefore, the observed repression of
cysteine biosynthesis genes under sulfur deficiency may reflect a protective adjustment to conserve ATP
and reducing equivalents and to mitigate redox imbalance (Schnaubelt et al., 2013). The upregulation of
genes related to increased electron flow to PSI, which is usually linked to maintaining ATP production,
in our transcriptomic data further supports this hypothesis (Fig. 26 A). Additionally, downregulation of
SERATs and OASTL-A in Hod can also be linked to altered CSC dynamics as both genes are involved in
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its formation. Such altered dynamic of CSC is not restricted to sulfur stress but have been associated
with two highly relevant environmental stresses, i.e. drought and high-light stress. It has been reported
that plastidial CSC, which requires SERAT2;1 and OASTL-B for its formation, acts as an abiotic stress
sensor and is important for stomatal closure induced by water limitation and high-light stress (Sun et al.,
2025). Although we did not assess OASTL-B expression in shoots, but its unchanged expression in roots
in transcriptomic dataset and the observed downregulation of SERAT2; 1 in Hod under sulfur deficiency
may indicate a reduced capacity to form a functional CSC. This could contribute to increased
susceptibility to additional abiotic stresses, suggesting that basal sulfur status not only influences sulfur

metabolism but may also affect broader stress response mechanisms.

The restrained cysteine biosynthesis in Hod can then explain much higher relative decline in GSH
content as cysteine provides the immediate sulfur donor for glutathione synthesis (Fig. 11 & 12). In
contrast, despite maintaining cysteine levels, Zu-1 also exhibited a reduction in GSH under sulfur
deficiency. This suggests that, in this accession, the limitation may not occur at the level of cysteine
production but rather at the level of sulfur allocation toward glutathione synthesis or its subsequent
turnover. Such a pattern indicates that maintaining cysteine pools alone is not sufficient to sustain
glutathione levels and that additional regulatory constraints on GSH biosynthesis or utilization exist.
Reduction of GSH indicates attenuated antioxidant capacity and probable oxidative damage under stress,
as reported earlier by Maurizi et al. (2013), where GSH-deficient mutants showed increased oxidative
stress by accumulation of more H>O, and superoxide under stress conditions. Reverse is also true, as
GSH has been linked to provide tolerance to several abiotic stress conditions such as drought, salinity,
low temperature, and toxic metal stress (Foyer & Noctor 2005a; Hasanuzzaman et al., 2017). Hence,
we further tested these groups for H,O; and superoxide content under S-deficiency, and expected the
high-S group to exhibit more severe oxidative damage given their greater reduction in GSH content.
Our data from DAB and NBT staining were consistent with this, as high-S accessions showed higher
H,0» and superoxide accumulation in response to S deficiency, indicating an inability of these groups

to sustain redox buffering (Fig. 10).

The distinct adaptive strategies observed for groups was also validated by multi-trait principal
component analysis, which combined physiological, metabolic, transcriptional, and growth-related traits
into a unified framework (Fig. 18). The PCA clearly separated accessions according to their sulfur
response strategies, with high-S accessions aligning with nutrient uptake and starvation signalling traits,
while low-S accessions clustered with metabolic and redox-related features. Notably, this analysis
highlights that strong transcriptional activation in high-S accessions is not accompanied by effective
metabolic and physiological adjustment, reinforcing the decoupling between sulfur starvation signaling
and functional assimilation. In contrast, low-S accessions exhibited coordinated regulation of sulfur
assimilation, glutathione allocation, and redox homeostasis, indicative of a more efficient acclimation
strategy, while mid-S accessions showed intermediate behaviour. Together, these findings demonstrate

that sulfur stress tolerance depends on coordinated regulation across physiological layers, and that high-
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S accessions, despite strong signalling responses, are poorly suited to sustained sulfur limitation. Similar
patterns have not been reported for sulfur, but for other macronutrients, where high nutrient storage (as
seen in the high-S group) often reflects growth strategies adapted to nutrient-rich environments rather
than improved tolerance to nutrient limitation (Chapin et al., 1990). Natural variation studies in
Arabidopsis thaliana have similarly revealed contrasting strategies of nutrient acquisition and utilization
under nitrogen limitation. Chardon et al. (2010) demonstrated that Arabidopsis accessions differ strongly
in nitrate uptake capacity and nitrogen-use efficiency when grown under limiting nitrogen supply,
indicating that some genotypes sustain growth through more efficient nitrogen utilization rather than
larger nitrogen pools. In a complementary study, Ikram et al. (2012) reported substantial variation in
growth and metabolic plasticity among Arabidopsis accessions exposed to different nitrogen regimes,
highlighting that natural genetic variation can generate distinct physiological strategies for coping with
nutrient scarcity. Together, these comparisons indicate that low-S accessions adopt an efficiency-driven,
assimilation-based strategy; high-S accessions follow a storage-oriented but maladaptive strategy under
sulfur deficiency; and mid-S accessions occupy an intermediate position, highlighting that nutrient-use
efficiency rather than resource abundance determines adaptive success under sulfur deficiency. Our data
also revealed that the decrease in sulfate content under S-deficiency was much stronger in roots than in
shoots and showed no genotypic differences (Fig. 5C). This differential response between roots and
shoots suggests a prioritization of sulfur allocation to the aerial parts under deficiency, possibly through
enhanced mobilization of sulfate from roots to shoots. Such redistribution likely helps sustain essential
processes in photosynthetic tissues, consistent with previous findings that sulfur is preferentially
transported to shoots when external supply becomes limiting (Hawkesford, 2000; Kataoka et al., 2004;
Takahashi et al., 2011).

Apart from the adaptation strategies observed across the groups, our study uncovers previously
unreported features of sulfur-deficiency responses that differ from those described in earlier studies. For
example, Col-0 exhibited a much stronger reduction in cysteine under S-deficiency, while glutathione
levels were comparatively maintained. This contrasts with earlier reports, in which only a moderate
(~20%) reduction in cysteine was observed, together with a pronounced decline in GSH (Dietzen et al.,
2020). Additionally, Col-0 did not show uniform induction of some canonical sulfur starvation marker
genes, differing from the typical response described previously (Dietzen et al., 2020). These
observations point to a divergence between metabolic and transcriptional responses, which may be
influenced by the experimental context. In our study, plants were grown in a sand-based system and
analyzed at a later developmental stage, whereas most previous studies have relied on controlled nutrient
media and early response time points. Importantly, our results highlight an underexplored dimension of
sulfur metabolism, showing that both developmental stage and growth conditions can substantially
modulate sulfur deficiency responses. Similar context-dependent discrepancies between controlled and
more natural growth conditions have been reported in Arabidopsis, where field experiments revealed

limited correspondence with laboratory-derived phenotypes across traits such as fitness, flowering time,
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and photosynthesis (Koehl et al., 2015). Such insights into sulfur metabolite dynamics can guide the
development of crops with improved nutrient efficiency and enhanced tolerance to nutrient fluctuations

commonly encountered in agricultural soils.

5.2 Group-specific coordination of nutrient and metabolic responses to sulfur deficiency

Many studies have shown strong interactions between nitrate and sulfate assimilation (Koprivova et al.,
2000; Takahashi & Saito., 1996; Sarda et al., 2014; Shah et al., 2022), and nitrate uptake and reduction
are known to be suppressed under S deficiency (Dubousset et al., 2009; Sarda et al., 2014; Lee et al.,
2016). The opposite pattern is also well reported: at the transcriptional level, N limitation downregulates
APR activity and the expression of genes involved in sulfate assimilation (Yamaguchi et al., 1999;
Koprivova et al., 2000; Luo et al., 2020). Cysteine acts as the convergence point for three major
pathways of primary metabolism, i.e., carbon, nitrogen, and sulfate assimilation, pointing out again
probable N-S crosstalk (Jobe et al., 2019). Similarly, sulfur and phosphate signaling are tightly
interconnected, with leaf phosphate often positively correlated with sulfate levels (Ristova et al., 2019;
Soda et al., 2019; Rouached et al., 2011). Consistent with these interactions, we hypothesized that sulfur
deficiency would affect nitrogen and phosphate accumulation across accessions, and that variation in
basal sulfur content may influence the extent to which these nutrient interactions are modulated. Our
data revealed pronounced, group-specific alterations in nitrate and phosphate accumulation under sulfur
limitation, indicating that variation in basal sulfur content does shape the coordination of nitrogen and
phosphate homeostasis. Across all groups, sulfur deficiency reduced shoot nitrate levels, consistent with
previous reports showing that sulfur limitation constrains nitrate uptake and assimilation (Fig. 13A)
(Kaur et al., 2011; Li et al., 2020). However, a decline in shoot nitrate was particularly pronounced in
the low-S group, followed by mid-S accessions, and was accompanied by higher root nitrate
accumulation in the low-S group, whereas the mid-S and high-S groups exhibited levels similar to the
control under S deficiency (Fig. 13A & B). This pattern indicated that sulfur limitation can uncouple
nitrate uptake from nitrate accumulation in shoots of the low-S group by stimulating nitrate reduction

and utilization, thereby altering root-to-shoot nitrate partitioning (Kaiser et al., 2002; Wang et al., 2018).

Hence, to check whether this is true at the regulatory level, we measured the relative expression of nitrate
assimilation genes in these accessions. Indeed, nitrate assimilation was enhanced in low-S group as
upregulation of NIA1, NIA2 and slight induction of NiR1, was observed for shoots of low-S accessions
specifically Appl1-16 (Fig 14). Gene NIA1, and NIA2 encodes nitrate reductase (NR) that catalyzes the
first and rate-limiting step of nitrate assimilation. Gene NiR/ encodes nitrite reductase, which converts
nitrite to ammonium (NHa4") in the plastids, hence catalyzing the second step of N-assimilation (Stitt,
1999; Stitt & Scheible, 1999). Besides, we also observed upregulation of HRS!I in shoots of low-S
accession In-0 under S-deficiency (Fig. 14). HRSI (NIGTI1) is a GARP-family transcription factor that

integrates nutrient signals and modulates nitrate-related transcriptional networks, including coordination
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with phosphate signaling in Arabidopsis (Medici et al., 2015). Hence, induction of this gene in shoots
indicates active integration of nitrogen and phosphate signaling pathways, suggesting that sulfur
deficiency triggers broader nutrient reprogramming in this genotype. Such a nitrate response in the low-
S group is consistent with the study by Stitt et al. (2002), in which nitrate depletion was linked to strong
activation of nitrate reduction. In addition, increased NR activity due to NIA/ upregulation has
previously been linked to improved acclimation to stress, as NI41 is a key component of NR-mediated
nitric oxide (NO) production in Arabidopsis (Zhao et al., 2009). NO acts as a signaling molecule and
serves an important role in different abiotic stress tolerance, including drought, salt stress, heat, and
metal toxicity in plants (Mata & Lamattina, 2001; Zhao et al., 2007; Song et al., 2006; Rodriguez-
Serrano et al., 2006; Tian et al., 2007). Further, the activation of nitrate reduction can also be attributed
to increased demand for reduced nitrogen to support cysteine biosynthesis, as cysteine is a common link
between N-S signaling, thereby lowering steady-state nitrate levels in shoots, as we saw in the low-S
group (Kopriva & Koprivova, 2014; Tobe et al., 2019). Together, these responses indicate that low-S
accessions might actively redirect nitrate toward assimilation and metabolic integration rather than

storage, thereby improving adaptation to long-term S-deficiency stress.

In contrast, while the mid-S group responded similarly to the low-S group, high-S accessions, especially
Hod, showed repression of NI4/ in roots along with downregulation of NiR/ and NRT1; I in shoots. The
downregulation of these genes despite nitrate depletion suggests active restriction of nitrogen
assimilation under sulfur limitation (Fig. 14). In Hod, the loss-of-function of APR2 may hence trigger
feedback regulation that downregulates nitrate assimilation to maintain stoichiometric balance between
nitrogen and sulfur metabolism. Such a response aligns well with the study by Kaur et al. (2011), in
which sulfur deprivation not only alters sulfur metabolism but also suppresses components of nitrate
assimilation, including nitrate reductase activity and transcript abundance, reflecting coordinated
nutrient regulation. Also, downregulation of NI41 has been previously linked to reducing NO synthesis,
leading to insensitive stomata that fail to close under abscisic acid treatment, as observed in the nialnia2
double mutant in Arabidopsis (Zhao et al., 2016). Thus, downregulation of nitrate assimilation genes
can be another piece of evidence for the sensitivity of the high-S group under S-limitation, even though
they have higher foliar S-content. Further, our data also revealed that supplementation with sulfate (SP
treatment) restored the shoot nitrate levels back to control values in low-S and high-S accessions,
indicating nitrate homeostasis is highly sensitive to transient sulfur availability (Fig. 13A). However,
the lack of recovery in mid-S accessions suggests their reduced capacity to rapidly integrate fluctuating

sulfur signals into nitrate transport and assimilation responses (Fig. 13A).

Additionally, our data showed a positive correlation between cysteine biosynthetic and nitrate
assimilation genes, further supporting coordinated regulation of nitrogen and sulfur metabolism at the
transcriptional level. Such co-regulation has been described in multiple systems and is thought to ensure
stoichiometric balance between nitrogen and sulfur (Hesse et al., 2004; Reuveny et al., 1980; Prosser et

al., 2001). Such a balance is important to maintain the amino acid levels in plants, which are further
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used for protein synthesis (Carfagna et al., 2011). Given the differential responses of S-related
metabolites and nitrate among these groups, we then examined the global metabolomic profile in 35-
day-old leaves of these accessions under S deficiency (Fig. 15). Metabolic changes under S deficiency
have been well reported in several studies, as S limitation causes systemic internal rebalancing of plant
metabolism (Nikiforova et al., 2006). Such rebalancing can cause either an increase or a decrease in
levels of distinct metabolites, thereby revealing the plants' priorities aimed at economizing resources for
survival and, eventually, seed production (Zenzen et al., 2024; Nikiforova et al., 2006; Nikiforova et al.,
2003). In our study, we observed that S-deficiency induces broad metabolic reprogramming; however,
the extent of this reorganization differed among groups and was highly genotype-dependent. Consistent
with previous reports, most accessions showed a significant accumulation of several amino acids under
sulfur deficiency, with Kro-0 and Hod exhibiting a stronger response (Blake-Kalff et al., 1998; Hirai et
al., 2004) (Fig. 15). This accumulation is likely a consequence of reduced metabolic flux through the
sulfur assimilation pathway, we have previously reported in Hod. As expected from our previous results,
where low-S group performed better under S-deficiency, this group also showed modest changes to
amino acid accumulation. While surprisingly Col-0, the reference genotypes, also behaved similarly to
the low-S group, contrary to previously mentioned studies, this could be due to different developmental
stages and growth systems used in our experiments. Interestingly, in the low-S accession Appl-16, we
observed an accumulation of glutamate, glycine, and serine, consistent with the cysteine-nitrate and
redox patterns described above (Figs. 8, 10, 13, 31). This combination of amino acids suggests active
nitrogen assimilation and enhanced photorespiratory flux, a pathway often stimulated under nutrient and
redox stress to support carbon-nitrogen redistribution and maintain redox balance (Foyer et al., 2009).
Such a pattern is consistent with a strong decline in shoot nitrate, accompanied by the induction of nitrate
assimilation genes, as described before, further validating enhanced nitrate turnover rather than reduced
uptake (Figs. 14 and 31). While in high-S accession Hod, accumulation of glutamate alongside
asparagine and aspartate is indicative of nitrogen retention and stress-driven metabolic reprogramming,
with asparagine serving as a low-cost storage and transport form of nitrogen when growth and anabolic
investment are constrained (Fig. 15) (Lam et al., 1996). This could also be linked to strong sulfur-
starvation signaling, together with repression of nitrate assimilation genes, as observed in our earlier
dataset, accompanied by pronounced depletion of sulfate and glutathione and elevated oxidative stress

(Fig. 31).

Sulfur starvation also affected the accumulation of several sugars and organic acids among the group.
The increased accumulation of sucrose observed in both high-S accessions and Kro-0 is consistent with
a shift toward carbon storage under nutrient limitation, which might further affect photosynthesis and
growth in plants (Fig. 15) (Yan et al., 2022; Lemoine et al., 2013). Such accumulation of sugar levels
can also be linked to increased flux of carbon towards starch content as seen in Spirodela polyrhiza
(Duckweed). S-deficiency led to an increase in starch content in Duckweed, which was 42% and 73%

higher under nitrogen and phosphorus limitation, respectively (Sun et al., 2022). While an increase in
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raffinose in both low-S accessions under S-deficiency can be linked to their role described previously
in regulating abiotic stress tolerance (Yan et al., 2022). Accumulation of one of the organic acids, o-
ketoglutarate, in both high-S accessions indicates an imbalance between carbon availability and nitrogen
assimilation, suggesting restricted incorporation of carbon skeletons into amino acid biosynthesis under
sulfur deficiency (Fig. 15) (Doucette et al., 2011). In high-S accessions, elevated levels of other
metabolites, such as phosphorylated hexoses and glycerol, suggest enhanced glycolytic flux and osmotic
adjustment, which are commonly associated with stress-induced metabolic reprogramming (Fig. 15)
(Obata & Fernie, 2012). By contrast, the more limited metabolic changes in low-S accessions point to a
strategy of maintaining metabolic balance rather than undergoing large-scale reorganization. Together,
these results indicate that sulfur deficiency alters how natural accessions coordinate nutrient cross-talk
and metabolic networks. Low-S accessions appear to prioritize flexible redistribution of nitrate and
sulfur resources and limit global metabolic disruption, whereas high-S accessions and one of the mid-S
accessions, Kro-0, undergo extensive transcriptional and metabolic reprogramming that reflects higher
physiological stress. Thus, variation in sulfur status shapes not only sulfur metabolism itself but also the
broader coordination of nitrogen, phosphorus, and carbon metabolism, ultimately defining distinct

adaptive strategies under sulfur-limited conditions.

The pronounced relative decline in shoot phosphate in low-S accessions highlights their reliance on S-
P signalling interactions (Rouached, 2011; Ristova et al., 2022) and may represent part of their
conservative adjustment strategy, in which both nitrogen and phosphate metabolism are reprogrammed
to maintain sulfur homeostasis under deficiency (Fig. 13C). Our data showed that, although low-S
accessions accumulated higher shoot phosphate under control conditions, consistent with our previous
findings (Jager et al., 2023), they also exhibited the greatest relative decline under sulfur deficiency,
even at a late developmental stage (Fig. 13C). This behaviour is consistent with the well-documented
coordination between sulfate and phosphate signalling, in which sulfur limitation suppresses phosphate
accumulation through shared regulatory components, such as PHRI! and SPX-domain proteins
(Rouached et al., 2011; Mangalakkadan et al., 2026). The absence of a phosphate decline in high-S
accessions likely reflects already low basal phosphate levels, suggesting limited dynamic range rather
than enhanced buffering capacity. Moreover, the inability of short-pulse sulfate supply to restore
phosphate levels in the low-S and mid-S groups highlights that phosphate homeostasis responds more
slowly to sulfur availability than nitrate, in agreement with reports that phosphate signalling integrates

longer-term nutrient status rather than short-term fluctuations (Fig. 13C) (Ares et al., 2022).
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Figure 31: Conceptual model illustrating contrasting sulfur-nitrogen signalling and metabolic
strategies in low-S (App1-16) and high-S (Hod) Arabidopsis thaliana accessions under sulfur
deficiency. Purple arrows indicate transcriptional or regulatory responses, with upward arrows denoting
induction and downward arrows indicating repression. Arrows within metabolite boxes represent
relative changes in metabolite abundance, where upward arrows indicate accumulation and downward
arrows indicate depletion and symbol (~) indicates levels being unchanged.

5.3 Life history strategies and inter-generational outcome of S-availability

Sulfur is an essential nutrient playing a pivotal role in plant physiology and development, largely
because of its central role in metabolism (Kopriva et al., 2004). Several studies have reported that sulfur
deficiency reduces protein synthesis, due to limitations in amino acid biosynthesis, and inhibits
photosynthesis, ultimately leading to retarded growth (Klapheck et al., 1982; Cilbert et al., 1997). Given
its importance, we then wanted to examine how S-availability can shape life-history adaptation in our
Arabidopsis accessions that differ in intrinsic sulfur status. Our metabolic data from earlier chapters
revealed that S-limitation is negatively related to the size of pre-existing S-pools; we wanted to assess
whether this also holds true for developmental traits. Indeed, that was the case, as high-S accessions
experienced disproportionate penalties in vegetative growth, flowering regulation, and reproductive
output, whereas low-S accessions exhibited comparatively stable performance despite limited sulfur
availability, with mid-S accessions showing an intermediate response. The pronounced reduction in
rosette diameter observed in both high-S and mid-S accessions under sulfur deficiency indicates their
greater dependence on a sustained sulfur supply to maintain vegetative growth (Fig. 16Ai-ii). Hence,
this indicates that high-S accessions, which accumulate higher sulfur pools under control conditions,
likely operate at a higher metabolic baseline and therefore experience stronger metabolic constraints
when sulfur becomes limiting. Decline in their growth even under the short-pulse treatment further
supports this interpretation, suggesting that brief sulfur availability is insufficient to meet ongoing sulfur
demand in these accessions (Fig. 16Ai). In contrast, low-S accessions displayed stable growth patterns

even under control condition consistent with the fact that almost all accessions selected randomly were
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late flowering, as many of the accessions in our panel originate from Northern and Central Europe (e.g.
Sweden and the Czech Republic), regions enriched for winter-annual Arabidopsis genotypes adapted to
extended vegetative growth and delayed flowering (Stinchcombe et al., 2004; Johanson et al., 2000).
However, irrespective of sulfur regime, they exhibited a consistent growth strategy even under S-
deficiency, without any reductions being reported, indicating a conservation adaptation strategy (Fig.
16A1). Such strategies have been described in nutrient-limited environments, where slower growth rates
minimize nutrient demand and enhance tolerance to resource scarcity as one of the stress-tolerance
strategies (Chapin, 1980; Grime, 2001). The absence of a strong additional growth penalty under sulfur
deficiency in low-S accessions suggests that these genotypes are pre-adapted to operate at low sulfur

availability, relying on internal reallocation and tight metabolic control rather than high uptake capacity.

Flowering time further revealed distinct, group-specific developmental strategies in response to
fluctuating sulfur supply (Fig. 16B). We observed that low-S accessions maintained flowering-time
ratios close to unity under both sulfur-deficient and short-pulse treatments, with minimal within-group
variability (Fig. 16B). Thus, low-S accessions not only maintained stable growth patterns but also didn’t
exhibit plasticity in flowering time under fluctuating S-supply. Mid-S accessions showed consistently
elevated flowering time ratios under sulfur deficiency with less intragroup variability, indicating these
accessions show a delay in flowering time under S-deficiency. This was quite different from the previous
literature where accelerated flowering has been reported for the low-S group (Nikiforova et al., 2006).
One possible explanation is the prioritization of other physiological processes for immediate survival in
these accessions, as flowering can be energy-intensive and metabolically demanding, and they respond
normally to a short pulse treatment (Fig. 16B) (Baek et al., 2026). However, this can also be linked to
altered flower morphology in this group, as sulfur deficiency is known for a drastic reduction in the
number of open flowers, thus causing retarded floral transition, although we didn’t test the accessions
for this since it was beyond the scope of this study (Ausma et al., 2021). In contrast, high-S accessions
exhibited accelerated flowering time under both S-deficiency and short-pulse treatments, reinforcing the
interpretation of enhanced phenological plasticity in this group (Supplementary Fig. 5A; Fig. 16B). Such
stress-induced acceleration of flowering has been previously reported in Arabidopsis under severe sulfur
limitation and is commonly interpreted as a stress-escape strategy (Nikiforova et al., 2005; Kazan &
Lyons, 2016). Such a response can also be linked to impaired sulfate transport, as observed previously
in the sultr2; I mutant, where impaired sulfate transport resulted in earlier bolting compared with wild-
type Col-0 (Soudthedlath et al., 2024). Additionally, this may be due to inefficient redox buffering, as
glutathione limitation can hasten flowering time, as reported earlier: treatment with L-buthionine
sulfoximine (BSO), which depletes GSH, accelerates flowering unless GSH is supplemented (Ogawa et
al., 2001). Our data on decreased translocation and significant reduction of GSH in high-S accessions

can further validate these findings (Fig. 7 & 8).

As known previously, sulfur plays a crucial role in reproductive development, including seed filling and

embryo development, through its involvement in protein synthesis and antioxidant defense (Zuber et al.,
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2010; Kopriva et al., 2019). In Arabidopsis, it has been reported that under sulfur deficiency, SDI! is
strongly induced during seed development, where it represses sulfur-rich compounds such as
glucosinolates and S-rich seed storage proteins, thereby reallocating sulfur resources (Aarabi et al.,
2021). Additionally, in several cereals, S-deficiency has been shown to reduce both yield and grain
quality, thereby affecting nutritional value (MacGrath et al., 1996; Etienne et al., 2018; Sharma et al.,
2024). Supplementation with sulfur, by contrast, can increase productivity; for example, in wheat,
average grain yield increased from 0.20 to 0.29 kgm2 following S-fertilization (Yu et al., 2021).
Consistent to prior studies, we observed sulfur deficiency led to a significant reduction in seed weight
across all groups (Supplementary Fig. 5B). Indeed, not only the quantity of seed but also the quality of
seed was affected as seen in our ionomics dataset on these seeds, where total-S content was also
significantly reduced under S-deficiency indicating overall role of sulfur in controlling reproductive
fitness in plants (Fig. 16D). However, while all previous studies could document the impact of sulfur
deficiency on plant growth and seed development. To our knowledge, our study is the first to define how
natural variation in intrinsic sulfur status shapes reproductive allocation strategies under sulfur
limitation. By linking sulfur content to the trade-off between seed number and seed provisioning, we
could show a genotype-dependent framework that connects nutrient status to fitness outcomes. We
observed that low-S accessions maintained relatively stable silique numbers but exhibited reduced seed
weight and total-S content, suggesting that these genotypes prioritize seed quantity over seed quality
under sulfur limitation. Mid-S accessions, in contrast, showed reduced silique number with only minor
effects on seed weight, indicating a partial shift toward maintaining seed provisioning at the expense of
reproductive output, although reduced seed sulfur content suggests that sulfur allocation to seeds was
still constrained. High-S accessions were the most reproductively sensitive, showing reductions in both
silique number and seed weight, as well as lower seed total-S content. This indicates an inability to
sustain neither seed quantity, nor seed quality under sulfur deficiency. Altogether, these patterns indicate
that reproductive responses to sulfur deficiency are not solely determined by the external nutrient
environment but are strongly shaped by the genotype's intrinsic sulfur status. Basal sulfur content thus
appears to predefine how plants allocate resources to reproduction under stress, influencing the balance

between seed number and seed provisioning.

As already discussed, prolonged S-deficiency leads to transcriptional reprogramming towards
accelerated flowering (Nikiforova et al., 2005) and also affects the quality of seeds (Muttucumaru et al.,
2006; Zorb et al., 2009). However, how the genetically induced (accession) and environmentally
induced (S-deficiency) variation in S-content affect the performance of the next generation has never
been addressed. Emerging evidence suggests that epigenetic mechanisms are involved in sulfur-
deficiency responses, as sulfur limitation can influence genome-wide DNA methylation in plants (Huang
et al, 2019). This is likely linked to the fact that S-adenosylmethionine (SAM), the universal methyl
donor for DNA methylation, is synthesized from cysteine in the primary sulfate assimilation pathway

(Huang et al., 2019). In line with this, methylation changes have been associated with the gene MSA1
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(More Sulfur Accumulation 1; previously annotated as SHM7), where mutations lead to altered DNA
methylation patterns in several sulfur-deficiency-responsive genes (Huang et al., 2016). Similarly,
Global Transcription Factor Group E proteins, GTE7 and GTE2, along with the chromatin remodelling
factor INO80 Subunit 2B (IES2B) have been associated in modulating dynamic DNA methylation at the
SULTRI; I promoter in Arabidopsis (Luo et al., 2025). Parallel studies have shown that other nutrient
stresses, such as phosphate, nitrate and zinc deficiencies, lead to altered global DNA methylation at the
whole-genome level (Secco et al., 2015; Chen et al., 2018). Based on this, we hypothesized that sulfur
deficiency in the parental generation could influence seed traits and thereby affect metabolism and
functional performance in the offspring, potentially improving their response to sulfur limitation. Our
transgenerational analysis revealed that sulfur availability can influence offspring traits but, in a
genotype-specific manner, highlighting a potential link between sulfur metabolism and epigenetic
regulation (Fig. 17). A clear example was observed in the high-S accession Hod, where progeny from
sulfur-deficient parents maintained lower sulfate levels even when grown under control conditions (Fig.
17A). This was quite contradictory to the high-S phenotype seen in this accession. One reason behind it
could be the maternal effect on seed sulfur provisioning, likely caused by altered sulfur allocation during
seed development, which is also consistent with the reduced total-S content of seeds observed in this
genotype (Fig 16D). Another explanation for such a phenotype can also be triggered by DNA-
methylation due to reduced sulfur availability in the parental generation, which may affect methylation-
related processes during seed formation. Such a transfer of methylation patterns into the progeny due
environmental stresses like nutrient deficiency, salt, jasmonic acid, or salicyclic acid treatment have
been described for genetically identical apomictic dandelions (7araxacum officinale) (Heard et al.,
2014). Flowering time responses showed a similar pattern for two accessions, App1-16 and Zu-1, from
low-S and high-S group respectively (Fig. 17C). In App1-16, parental sulfur deficiency increased the
delay in flowering under S-limitation, whereas in Zu-1 it promoted earlier flowering, consistent with a
stress-escape response. These contrasting responses suggest that parental sulfur status can influence
developmental sensitivity in a genotype-dependent manner, possibly through changes in seed nutrient
status or epigenetic regulation during seed development. Such transgenerational modulation in
flowering time has been reported in Arabidopsis thaliana, where parental effect on mild heat triggered
flowering in genotypes adapted to dry summers (Groot et al., 2017). A similar response has been
observed in other plant species, such as Brassica rapa. Plants grown from seeds collected after natural
drought stress flowered earlier than those from seeds collected before the drought (Franks, 2011).
Additionally, while flowering time and sulfate content showed transgenerational effects, most other
traits, including nitrate, phosphate, thiol levels, and silique number, were primarily determined by the
sulfur conditions experienced by the offspring rather than the parental environment (Supplementary Fig.
7 & 8). However, this does not imply that sulfur deficiency is not involved in epigenetic regulation;
rather, such effects may require multiple generations to influence transcriptional plasticity. This is

consistent with findings in Arabidopsis thaliana, where Suter and Widmer (2013) reported no parental
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or transgenerational effects after two generations of mild salt stress in Col-0. In contrast, exposure over
three generations, particularly when combined with the Sha-0 genotype, resulted in improved growth
under salt stress. Moreover, transgenerational effects are often context-dependent and strongly
influenced by the environment experienced by the offspring (Groot et al., 2016). This may partly explain
why we did not observe consistent parental effects across most traits, as our soil-based growth system
differs from the controlled conditions typically used in studies of epigenetic regulation under sulfur
deficiency. Nevertheless, our results demonstrate that parental sulfur status can influence offspring

performance, although in a genotype-dependent manner.

5.4 S-content variation shapes the magnitude and architecture of transcriptional
acclimation under sulfur deficiency

Sulfur (S) deficiency is known to trigger a coordinated transcriptional reprogramming aimed at
maintaining sulfur homeostasis, reallocating internal sulfur pools, and minimizing growth penalties
under nutrient stress (Yoshimoto et al., 2002; Takahashi et al., 2007; Maruyama-Nakashita et al., 2017).
Apart from Arabidopsis, a large number of genes responsive to sulfate deficiency have been identified
through transcriptomic studies, primarily in rice, Setaria virdis, tomato, and wheat (Zenzen et al., 2024;
Canales et al., 2020; Dai et al., 2015). These studies motivated us to test the hypothesis that natural
variation in basal sulfur content preconditions the transcriptional state of accessions, thereby shaping
the magnitude and coordination of their responses to sulfur limitation. Given that previous
transcriptomic analyses of sulfur deficiency have largely been conducted at early developmental stages
in Arabidopsis, we performed RNA-Seq at 18 days to capture the primary transcriptional response to
sulfur limitation and facilitate direct comparison with existing datasets. Under this hypothesis, low-S
accessions would be expected to rely on a more selective and efficient regulatory adjustment, whereas
high-S accessions would require broader transcriptional reprogramming because their metabolic and
physiological strategy is less suited to sustained sulfur shortage, as seen broadly in previous chapters.
The root transcriptomic data strongly support this view, as high-S accessions showed by far the largest
number of DEGs under sulfur deficiency, while low-S accessions displayed much fewer transcriptional
changes (Fig. 19). Such stronger transcriptional reprogramming was also followed by stronger induction
of S-marker genes in the high-S group, even in early developmental stages. Such enhanced
transcriptional reactivity likely reflects increased sensitivity to sulfur limitation, consistent with SLIM1 -
mediated responses scaling with sulfur status rather than stress tolerance (Brumbarova & Ivanov, 2019;
Nakashita et al., 2006). At the same time, we found core 55 DEGs that were shared across all six
accessions, including well-known regulators of the sulfate starvation response, such as SDI/I, SDI2,
LSUI, APR2, SHM7, and GGCT2;1 (Hubberten et al., 2012; Maruyama-Nakashita et al., 2006) (Fig.
20). These findings confirm that core sulfur-transcriptional modules are widely shared, irrespective of
accession background. However, the core set represents ~1.7% of the total transcriptional response,

indicating that most of the response is shaped by genetic background, as we observed in our PCA, where
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the treatment effect was subsided by genotypic effects (Fig. 19A). Hence, despite extensive evidence
for conserved sulfur starvation signalling components, i.e., SLIM1-mediated regulation of SDI and LSU
genes (Ristova et al., 2022; Maruyama-Nakashita et al., 2006), our data indicate that these accessions
share distinct downstream transcriptional output. Such a response has also been previously described
for monocots under S-deficiency, where a large number of DEGs were species-specific, i.e., rice and
Setaria viridis, with only a small proportion (58) of DEGs shared between them. This indicates that
similar physiological phenotypes could result from distinct regulatory mechanisms or indicates
expression level polymorphism. This was seen previously in Arabidopsis, where strong cis-acting
polymorphisms, many of which are likely to be structural variations, were responsible for the genetic
regulation of global gene expression diversity in the leaf of natural A. thaliana accessions (Zan et al.,
2016). Additionally, it was also seen that using smaller collections of natural 4. thaliana accessions,
large expression variation has been observed both at individual gene (Richards et al. 2012; Gan et al.,
2011) and gene-network (Kliebenstein et al. 2006; van Leeuwen et al., 2007) response levels. Together,
these findings support the notion that phenotypic convergence under sulfur deficiency does not require
conserved transcriptional responses but can instead be achieved through multiple, accession-specific

regulatory solutions.

It was particularly notable, that, in addition to the expected GO categories related to sulfur starvation,
several enriched terms were not directly associated with sulfur homeostasis, including circadian clock
components such as CCAI, LHY, and RVE/LCLS (Fig. 20C; Supplementary Fig. 10). These genes were
not only present within the core set of 55 DEGs but were also enriched among group-specific DEGs
across all three sulfur-content classes. Sulfur metabolism has long been linked to diurnal and circadian
regulation, with previous studies demonstrating that OAS-dependent sulfur signaling is tightly
integrated with clock function, mediated in part by transcription factors such as RVEI and RVES, which
are predicted to regulate OAS cluster genes (Ran et al., 2020). Collectively, these observations indicate
that sulfur-deficiency responses are not solely nutrient-driven but are embedded within circadian
regulatory networks. Another GO category was flavonoid biosynthetic and metabolic process involving
genes CHIL, FLSI, and F3’H, upregulated in all three groups. These genes are involved in flavonoid
biosynthesis, which might indicate accumulation of flavonoids under S-deficiency as has been reported
previously (Nikiforova et al., 2003). Such response can be traced to the antioxidant properties of
flavonoids, which help counteract excessive ROS production and repair damage caused by
environmental stresses such as drought, salinity, and toxic metal stress (Shomali et al., 2022; Hatier et
al., 2008). Hence, this could indicate shared response to S-deficiency in the groups by enhancing

flavonoid production to maintain cellular redox homeostasis.

Beyond this conserved core, our data reveal distinct transcriptional responses across sulfur-content
groups under S-deficiency. Group-specific DEGs in low-S accessions indicate that, in addition to sulfur
assimilation pathways, they also reinforce photoprotective and chloroplast-associated processes by

upregulating genes such as SIG5 and SOUL-1 (Fig. 24). Gene SIG5, involved in transcription of plastid
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genes within chloroplast, is induced under multiple stress conditions and enhances PSII repair, thereby
supporting photosynthetic efficiency (Nagashima et al., 2004). While SOUL-1 is a heme-binding protein
that can bind tetrapyrroles, it functions in heme transport and degradation, contributing to intracellular
ROS homeostasis, and its overexpression has been linked to enhanced oxidative stress tolerance (Huang
et al., 2025; Sun et al., 2025). Accordingly, increased expression of these genes in low-S accessions
likely contributes to their improved performance under S-deficiency by maintaining photosynthetic
function and limiting ROS accumulation, consistent with their lower H>0O. and superoxide levels (Fig.
10). In parallel, low-S accessions showed repression of carbohydrate remobilization, as evidenced by
downregulation of genes involved in sugar and starch metabolism (7PPE, ISA3, BXL?2). The relatively
stable sugar levels in low-S accessions observed in our metabolite data, together with the
downregulation of these genes, suggests a restrained carbon turnover, indicative of a strategy to preserve
metabolic stability under sulfur deficiency (Fig. 29). A similar strategy has been reported in Spirodela
polyrhiza, where young fronds under sulfur deficiency reduce PSII light absorption, maintain redox
balance, and redirect carbon toward starch and anthocyanin accumulation (Persi¢ et al., 2025).
Consistent with this, low-S group showed upregulation of UGT78D2, which catalyzes the glucosylation
of flavonols and anthocyanidins, suggesting that low-S accessions may channel their carbon into
flavonoid-based protective pathways (Lee et al., 2005). At the same time, low-S accessions showed
repression of glucosinolates and defense-related compounds, including camalexin and other indole
phytoalexins. Such responses have been widely documented in Arabidopsis and are linked to reduced
GSH, as it serves as a precursor to sulfur-containing secondary metabolites, such as camalexin (Aarabi
et al., 2020; Falk et al., 2007). However, as low-S accessions maintained GSH levels better than other
groups, this may also reflect a sulfur-saving strategy in which sulfur is redirected from defense
compounds toward essential metabolic functions (Sugiyama et al., 2021). Overall, low-S accessions
exhibit a tightly coordinated transcriptional strategy that links chloroplast protection, carbon economy,

and sulfur reallocation to sustain metabolic and redox stability under sulfur limitation.

In addition to the common sulfur-starvation programme, DEGs unique to mid-S accessions showed
compensatory strategy centered on antioxidant buffering and secondary metabolic adjustment (Fig. 25).
The KEGG pathway showed enrichment for flavonoid and sesquiterpenoid biosynthesis. Terpenoid
biosynthesis has not been directly linked to S-deficiency before, but they have been reported to mitigate
oxidative stress by scavenging reactive oxygen species (ROS) and modulating antioxidant enzyme
systems under abiotic stress (Shan et al., 2025). Consistently, upregulated DEGs also included genes
involved in detoxification, such as GSTLI and AER. AER has been shown to alleviate oxidative stress
by detoxifying reactive carbonyl species under nutrient limitation, while GST-related enzymes
contribute to ROS scavenging and stress tolerance (Shan et al., 2025; Chan et al., 2014). Despite this,
mid-S accessions were unable to fully prevent oxidative stress relative to low-S accessions, as observed
in our data, indicating that this strategy is less effective. For example, repression of GLY14, involved in

methylglyoxal (MQG) detoxification, may contribute to enhanced oxidative damage, as MG accumulates
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under abiotic stress and disrupts cellular redox balance (Zheng et al., 2024). This interpretation is further
supported by enrichment of “response to cadmium (Cd) ion” among upregulated DEGs and our shoot
ionomic data showing higher Cd accumulation under sulfur deficiency in this group (Supplementary
Fig. 16). Given that glutathione (GSH) is central to Cd detoxification through sequestration and
immobilization mediated by LSU/I and LSU2, increased Cd levels suggest a reduced capacity to maintain
redox and metal homeostasis (Li et al., 2023). In addition, mid-S accessions uniquely showed repression
of oxygen-responsive signalling, with “response to hypoxia” enriched among downregulated DEGs.
Similar patterns have been reported in the ei// mutant, a key regulator of ethylene signaling, suggesting
attenuated ethylene-mediated stress responses under sulfur deficiency in the group (Dietzen et al., 2020).
Collectively, these findings indicate that mid-S accessions rely on a reactive, redox-centered
compensatory strategy involving detoxification and secondary metabolism; however, limited
coordination of these processes may result in reduced ability to control oxidative stress relative to low-

S accessions.

In contrast, high-S accessions, apart from activation of sulfur starvation pathways, revealed a broader
and more complex response involving photosynthetic electron transport, carbohydrate metabolism, and
also circadian rhythm (Fig. 26). The group showed enhanced transcriptional regulation of electron
transport toward photosystem I (PSI), as genes associated with its proper functioning, including PGRS,
PDE329, and CFBPI, were upregulated (Yamamoto et al., 2018; Strand et al., 2017). As PSl is involved
in cyclic electron flow, which is responsible for producing ATP without reducing NADP, thus increased
electron flow to the system indicates that high-S accessions prioritize ATP production under S-
deficiency (Walker et al., 2014). Such an imbalance in photosynthetic function has also been reported
in rice under S-deficiency; however, no direct link of these mechanisms has been studied in Arabidopsis
yet, further explaining the broader impact of S-deficiency in plants (Lunde et al., 2008). The group also
responded to S-deficiency by upregulating genes like SUS3, GoLSI involved in carbohydrate
metabolism. While increased SUS transcript levels are linked with meeting the increased glycolytic
demand during environmental stress (Ricard et al., 1998; Déjardin et al., 1999), gene GoLSI is linked
with osmoprotectant function by maintaining ROS levels against heavy metal stress (Ranjan et al.,
2025). Hence, this indicates that the high-S group prioritizes photosynthetic energy balance while
reallocating carbon toward stress-protective metabolites under S-deficiency. This response was further
accompanied by repression of detoxification-related genes, particularly glutathione S-transferases
(GSTF, GSTU), as well as downregulation of glucosinolate and indole metabolism. As GSTs are
involved in the conjugation of GSH to toxic compounds, and are usually upregulated under S-starvation,
their repression in this group suggests GSH-independent detoxification. Some studies have reported that
several GSTs are involved in regulating the binding and transport of defence-related compounds e.g.
indole-derived compounds (Dixon et al., 2011). Hence, the co-clustering of indole-containing
biosynthetic pathways with GST genes for downregulated DEGs further validate this fact. Another

notable feature was the low overlap of DEGs between Zu-1 and Hod, with several genes showing
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opposite regulation. These included pathways related to cell wall organization, developmental
signalling, and protein regulation, indicating divergent regulatory strategies despite similar sulfur status.
The contrasting behaviour of MGL further supports this divergence. MGL catalyzes methionine
degradation and contributes to sulfur recycling via methanethiol (Goyer et al., 2007), and is typically
induced under sulfur deficiency (Dietzen et al., 2020). Its induction in Zu-1 but repression in Hod
suggests that Zu-1 retains greater capacity for internal sulfur remobilization, consistent with maintained
cysteine levels, whereas Hod appears more constrained under S-deficiency. Collectively, these findings
indicate that high-S accessions mount a strong but heterogeneous response characterized by enhanced
energy reprogramming yet limited detoxification and recycling capacity, reflecting a less coordinated

and less efficient acclimation to sulfur deficiency.

Transcriptomic data under control conditions further demonstrated that natural variation in sulfur
content is underpinned by distinct baseline transcriptional programs that likely precondition subsequent
stress responses (Fig. 27). Surprisingly, low-S accessions did not show clear functional enrichment
despite a large number of DEGs, suggesting a more distributed and flexible transcriptional organization
rather than reliance on specific pathways. This was consistent with correlation analysis between DEGs
and S-content, where genes associated with diverse biological processes were identified; for example,
14A34, involved in auxin signalling and apical hook formation, and 4APX2, which functions in H-0:
detoxification via the ascorbate-GSH cycle (Caverzan et al., 2012; Wang et al., 2024) (Fig. 28). In
contrast, mid-S accessions showed enrichment of cysteine and methionine metabolism, with genes such
as NS2 and ACC2 involved in SAM biosynthesis (Roje et al., 2006). This group also exhibited
enrichment of quinone biosynthesis pathways, including DHNAT-2, involved in redox-active
phylloquinone synthesis, indicating coordinated regulation of sulfur assimilation and redox cofactors
consistent with their intermediate stress response (Lohmann et al., 2006). High-S accessions, however,
were enriched for sulfation processes mediated by sulfotransferases such as ATST4A, ATST4C, and
ATST2B, indicating preferential allocation of sulfur toward secondary metabolism, including
glucosinolates (Koprivova et al.,, 2016) (Supplementray Fig. 15B). Sulfation reactions consume
activated sulfate (PAPS), and in Hod, which carries a loss-of-function mutation in APR2, a key enzyme
in sulfate reduction, this likely restricts flux into reduced sulfur pools (cysteine and glutathione) while
allowing continued accumulation and utilization of sulfate for sulfation. This is consistent with our
previous study (Jager et al., 2023), where high-S accessions showed higher indolic glucosinolate content
and increased expression of SOT17. This may explain the paradox of high sulfate content despite limited
assimilation capacity, as sulfur is stored or diverted into sulfated compounds rather than incorporated
into primary metabolism. Such a shift results in apparent sulfur accumulation but reduced metabolic
availability, consistent with the impaired physiological performance of high-S accessions specially Hod
under sulfur deficiency. Additionally, high-S accessions showed enhanced expression of genes such as
SPPLI and SAR2, associated with protein turnover and vesicular trafficking, suggesting elevated basal

activity of cellular processing and transport systems that may facilitate sulfate storage or
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compartmentalization (Han et al., 2009; Tripathy et al., 2020). Collectively, these findings indicate that
high sulfur content does not reflect enhanced assimilation capacity but rather altered sulfur partitioning,
where limited reduction capacity (e.g., APR2 constraint), combined with active sulfation and storage

processes, leads to sulfate accumulation and shapes distinct adaptive strategies under sulfur deficiency.

5.5 Coordinated transcriptional and metabolic reprogramming under sulfur deficiency
during early development

To further corroborate the transcriptional response observed in our data, we performed global metabolic
profiling of 18-day-old roots and shoots of these genotypes for direct comparison of the two traits and
to explore whether transcriptional and metabolic reprogramming are coordinated in response to S-
deficiency (Fig. 29 & 30). Consistent with previous finding by Nikiforova et al. (2006), we also observed
a strong link between these two datasets, but we were also surprised to find striking differences in the
metabolites of early- and late-developing shoots (mentioned in earlier chapter) of the same genotypes.
Such age related metabolic and transcriptomics changes have been previously reported in Arabidopsis
(Buchanan-Wollaston et al., 2003; Breeze et al., 2011; Woo et al., 2018). For example, the contents of
some metabolite like choline and amino acids like alanine and glutamine were high in four-week-old
Arabidopsis plants and less abundant in six-week-old plants along with y-aminobutyric acid (GABA)
present only in four-week-old plants (Jafari et al., 2017). Additionally, our data also revealed that sulfur
deficiency induced markedly stronger metabolic changes in shoots than in roots, consistent with role of
shoots as the primary site of sulfate reduction and assimilation (Fig. 29) (Kopriva et al., 2015). This
tissue bias is well documented at the transcriptional level (Dietzen et al., 2020; Nikiforova et al., 2003;
Hirai et al., 2004) and is here reflected at the metabolic level, indicating that sulfur-responsive gene
expression is rapidly translated into metabolic adjustments during early growth. Our findings revealed
accumulation of branched-chain amino acids (BCAAs) in shoots across all genotypes (Fig. 29). Despite
this, RNA-Seq analysis showed enrichment of downregulated genes associated with the BCAA
metabolic process, suggesting that reduced metabolic turnover may contribute to their accumulation.
However, this was much pronounced in mid-S and high-S groups. This may indicate a shift in the
metabolic pathway from Aspartic (Asp) through the branch-point homoserine toward accumulating
BCAAs, such as threonine and isoleucine, in these groups (Blake Kalff et al., 1998). It can also be due
to the reduced metabolic flow along sulfur assimilation pathway (Blake kalff et al., 1998; Hirai et al.,
2004). Alternatively, the accumulation of BCAAs may result from enhanced protein degradation under
stress conditions, a process regulated by ABA signaling that increases the availability of free amino
acids (Huang et al., 2017). In contrast, the general decline in amino acid levels in roots indicates reduced
biosynthetic activity and supports the view that roots primarily function as sulfur-acquisition and
transport organs rather than as sites of metabolic buffering. Changes in organic acid and sugar
metabolism in shoots further indicate a reorganization of central carbon metabolism under sulfur

limitation (Fig. 29). Reduced levels of organic acid and TCA cycle intermediates, particularly in low-S
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and mid-S are consistent with earlier reports that sulfur deficiency may affect mitochondrial function
and, consequently, respiration in these genotypes, highlighting that natural sulfur variation modulates
not only sulfur metabolism itself but also the plant's broader energetic state (Nikiforova et al., 2005).
Hence, when interpreted together with group-specific DEGs marked by induction of photoprotective
and chloroplast-associated genes and repression of carbon remobilization, this suggests a coordinated
strategy in the low-S group in which carbon flux is restricted while maintaining photosynthetic stability
and redox balance. The reduction in organic acids, together with enrichment of redox-related pathways
such as ubiquinone biosynthesis, indicates a disruption of central carbon metabolism in mid-S
accessions, accompanied by compensatory activation of electron transport and redox buffering

mechanisms to maintain cellular homeostasis.

Importantly, the integrative correlation analysis directly links these metabolic adjustments to sulfur-
responsive transcriptional programs (Fig. 30). Positive associations between sulfur uptake and
assimilation genes (e.g. SULTRI;2, SHM7) and metabolites related to carbon and amino acid
metabolism support the concept of coordinated sulfur-carbon-nitrogen regulation, a hallmark of sulfur
starvation responses (Hesse et al., 2004; Jobe et al., 2019). Conversely, negative correlations between
sulfur deficiency markers such as SDI// and BCAAs reinforce the regulatory role of SDI/ as a central
hub that reallocates sulfur away from secondary and growth-associated metabolism toward essential
processes (Blake kalff et al., 1998; Hirai et al., 2004). The presence of both positive and negative gene-
metabolite correlations, particularly in shoots, indicates that sulfur deficiency does not induce a uniform
metabolic shutdown but rather a selective reprogramming of pathways depending on sulfur status and
genotype. Roots exhibited fewer, more gene-specific correlations, consistent with a more constrained
metabolic role and tighter transcriptional control, particularly linking sulfur signaling to nitrogen
metabolism and stress responses. Overall, these results demonstrate that sulfur deficiency elicits an
integrated transcriptional-metabolic response already during early development, and that natural sulfur
variation shapes the balance between metabolic conservation and flexibility. Low-S accessions
preferentially downregulate central metabolism, whereas mid-S and high-S accessions display broader
metabolic plasticity. This early divergence in metabolic strategy likely underpins the distinct
physiological and fitness outcomes observed later in development, reinforcing sulfur homeostasis as a

systems-level trait emerging from coordinated gene-metabolite networks.

5.6 Conclusion and future perspective

Our work demonstrates that effective adaptation to sulfur limitation depends not on the magnitude of
sulfate reserves, but on the coordinated integration of uptake, assimilation, allocation, redox buffering,
and life-history regulation (Nikiforova et al., 2005; Kopriva & Koprivova, 2014; Jobe et al., 2019).
Contrary to our initial hypothesis, accessions with lower basal sulfur content (low-S) consistently

performed better under sulfur deficiency. These genotypes maintained sulfur pools through enhanced
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uptake and translocation, while efficiently channeling sulfur flux toward glutathione via coordinated
regulation of cysteine and nitrate pathways. This was further supported by their higher basal expression
of stress- and redox-associated genes and a restrained, targeted transcriptional response under sulfur
limitation, involving photoprotective adjustments and reduced carbon remobilization. Together, these
features define a highly plastic, assimilation-centered strategy that supports metabolic stability and stress

tolerance.

In contrast, high-S accessions exhibited a storage-oriented strategy that was already evident under
control conditions, as indicated by enrichment of sulfation-related pathways mediated by
sulfotransferases. In the case of Hod, loss-of-function of APR2 likely restricts sulfate reduction,
reinforcing sulfur allocation toward sulfated metabolites and contributing to sulfate accumulation
without effective assimilation. Under sulfur deficiency, these accessions displayed strong transcriptional
reprogramming, including induction of sulfur-starvation pathways, photosynthetic electron transport,
and carbohydrate metabolism. However, this response was poorly coordinated with metabolic demand,
resulting in depletion of reduced sulfur pools, increased oxidative stress, and fitness penalties.
Divergence within this group, particularly in sulfur recycling via MGL, further highlights distinct
regulatory routes, with repression of MGL in Hod likely contributing to its higher sensitivity due to
limited sulfur remobilization. Developmental traits further indicated that high-S accessions are more
susceptible to sulfur deficiency, as they exhibited reduced rosette diameter and accelerated flowering
and reproductive penalties. Mid-S accessions occupied an intermediate position, showing activation of
canonical sulfur-starvation responses along with additional detoxification and secondary metabolic
pathways, including flavonoid, terpenoid, and glutathione-associated metabolism. Despite this
compensatory response, they exhibited elevated oxidative stress and incomplete physiological
adjustment, indicating a less efficient adaptive strategy than that of low-S accessions. Our study further
shows that effective sulfur stress tolerance arises not from maximal activation of starvation signaling,
but from coordinated and efficient integration of metabolic, redox, and developmental responses.
Accordingly, future work should focus on elucidating post-transcriptional and post-translational
regulation of sulfur pathways, linking sulfur-use strategies to ecological and evolutionary contexts, and
testing plant responses under combined nutrient stresses, particularly nitrate and phosphate, which more

closely reflect natural and agricultural environments.

Importantly, our study provides novel insights by integrating early and late developmental stages within
a sand—soil system that better reflects natural environmental heterogeneity. The discrepancies observed
relative to previous studies, particularly in Col-0 responses, highlight the strong context dependency of
sulfur-deficiency responses. Furthermore, our work is among the first to demonstrate genotype-
dependent parental effects of sulfur status on offspring traits such as flowering time and sulfate content.
Our findings also extend sulfur biology into reproductive outcomes, showing that sulfur deficiency not
only reduced vegetative sulfur pools but also lowered total sulfur content in seeds and reduced seed

weight across all genotypes, indicating that sulfur-use strategies directly influence seed provisioning and
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reproductive quality. Importantly, our data reveal that sulfur variation extends beyond sulfur metabolism
itself, reshaping nutrient crosstalk and metabolic coordination, particularly with nitrogen, phosphorus,
and carbon metabolism. At the molecular level, the limited overlap of DEGs among accessions
underscores extensive regulatory divergence, suggesting that similar physiological outcomes can arise
through distinct transcriptional architectures. In this context, expression genome-wide association
studies (eGWAS) represent a valuable approach to identify regulatory loci underlying expression
variation. Moreover, our study identifies novel pathways, including flavonoid and sesquiterpenoid
metabolism and photosynthetic adjustments, as well as candidate genes not previously associated with
sulfur deficiency, thereby expanding the known regulatory landscape of sulfur responses. In addition,
the pronounced differences between root and shoot metabolic profiles highlight the importance of tissue-
specific regulation, and reciprocal grafting experiments would provide a powerful approach to
disentangle root- versus shoot-driven control of sulfur uptake, long-distance signaling, and allocation

strategies under deficiency.

From an applied perspective, our work challenges the assumption that higher nutrient content confers
greater resilience. Instead, it highlights that lower sulfur content, when coupled with efficient
assimilation and allocation, represents a promising trait for improving nutrient-use efficiency and stress
tolerance in crops. Rather than selecting for high nutrient accumulation, breeding strategies should focus
on optimizing the coordination between uptake, assimilation, and metabolic demand. Overall, this study
establishes sulfur-use efficiency as an emergent property of integrated gene—metabolite networks shaped
by natural variation, providing a conceptual framework for linking nutrient metabolism with plant

adaptation and agricultural improvement.
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7. SUPPLEMENTARY FIGURES
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Supplementary Figure 1: Shoot Sulfate content (nmol/ mg™') measured at 4™ week in low-S (blue),
mid-S (orange), and high-S (red) accessions grown under control (750 uM sulfate), sulfur-deficient (0
uM), or short-pulse (SP; intermittent supply) conditions. Plants were grown in a 9:1 sand: soil mix and
fertilized twice weekly with the indicated S regimes. At week 4, the 7th—8th leaves were harvested (n =
8 per accession). Data were analyzed using mixed models followed by Tukey’s HSD; different letters
indicate significant differences (P < 0.05). Boxplots show means + SE.
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Supplementary Figure 2: (A) [*S] incorporation into cysteine [%] in shoots among group (B) [**S]
incorporation into cysteine [%] in roots among group. Arabidopsis plants (25 seedlings) fed with either
750 uM SO4* (Control) or 15 pM SO4 * (S-def) were grown on a nylon net in hydroculture for 14 d
and, after incubation with [35S] sulfate for 3 hours, shoots and roots were harvested separately and
measured via HPLC with a radiodetector or after elution from DEAE-Sephadex by scintillation
counting. Statistical analysis was performed using two-way ANOVA followed by Tukey’s post hoc test
for multiple comparisons for treatment and genotype. Lowercase letters indicate significant differences
(p < 0.05) between the genotypes and the treatments. Values are means + s.e.m. (n=4-6).
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Control

S-deficient

Supplementary Figure 3: Pictures of NBT stained 35 days old seedlings of A. thaliana accessions. i.e.
Appl-16 (low-S), In-0 (low-S), Col-0 (mid-S), Kro-0 (mid-S), Zu-1 (high-S) and Hod (high-S) under
control and S-def conditions.
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Supplementary Figure 4: (A) Correlation matrix along with correlation probability between relative
expression cysteine biosynthesis and nitrate assimilation genes in shoots of A. thaliana acessions (B)
Correlation matrix along with correlation probability between relative expression sulfate and nitrate
assimilation genes in roots of A. thaliana acessions
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Supplementary Figure 5: (A) Flowering time in days (B) Weight of seeds (in mg) in low-S (blue), mid-
S (orange), and high-S (red) accessions grown under control (750 pM sulfate), sulfur-deficient (0 uM)
or short-pulse (SP; intermittent supply) conditions. Data were analyzed using mixed models followed
by Tukey’s HSD; different letters indicate significant differences (P < 0.05). Boxplots show means + SE
with (n=8 per accessions). Plants were grown in a 9:1 sand: soil mix and fertilized twice weekly with
the indicated S regimes.
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Supplementary Figure 6: Heatmap representing elemental composition in seeds of low-S (blue), mid-
S (orange), and high-S (red) accessions grown under control (750 pM sulfate), sulfur-deficient
conditions. Data were analyzed using post-hoc test; different letters indicate significant differences (* p
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<0.05, ** p <0.01, *** p <0.001). Boxplots show means + SE with (n=8 per accessions). Plants were
grown in a 9:1 sand: soil mix and fertilized twice weekly with the indicated S regimes.
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Supplementary Figure 7: (A) Shoot nitrate content (nmol mg"' FW), (B) Shoot phosphate content
(nmol mg™ FW) (C) Flowering time in days in Appl-16 and In-0 (low-S group; blue), Col-0 (mid-S
group; orange), and Zu-1 and Hod (high-S group; red) accessions. Plants were grown in a 9:1 sand: soil
mixture and fertilized twice weekly with either control nutrient solution containing 750 uM sulfate or
sulfur-deficient solution (0 uM sulfate). For the next-generation experiment, seeds derived from parental
plants grown under control (C) or sulfur-deficient (S-) conditions were germinated and cultivated under
the same two sulfur regimes. At week 5, the 7th—8th rosette leaves were harvested for analysis (n = 8
per accession per treatment). Data were analyzed using two-way ANOVA followed by post hoc tests.
Different letters indicate statistically significant differences among genotypes and treatments (P < 0.05).
Boxplots represent means = SE.
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Supplementary Figure 8: (A) Shoot cysteine content (nmol mg' FW), (B) Shoot GSH content (nmol
mg ' FW) in Appl-16 and In-0 (low-S group; blue), Col-0 (mid-S group; orange), and Zu-1 and Hod
(high-S group; red) accessions. Plants were grown in a 9:1 sand: soil mixture and fertilized twice weekly
with either control nutrient solution containing 750 uM sulfate or sulfur-deficient solution (0 pM
sulfate). For the next-generation experiment, seeds derived from parental plants grown under control
(C) or sulfur-deficient (S-) conditions were germinated and cultivated under the same two sulfur
regimes. At week 5, the 7th—8th rosette leaves were harvested for analysis (n = 8 per accession per
treatment). Data were analyzed using two-way ANOVA followed by post hoc tests. Different letters

indicate statistically significant differences among genotypes and treatments (P < 0.05). Boxplots
represent means + SE.
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Supplementary Figure 9: Heatmap representing correlation analysis between relative expression of
genes studied using g-PCR (for example Gene qPCR) and RNA-Seq dataset. Colors represent logz (low
S / control) ratios, with blue indicating negative correlation and red positive correlation.
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Supplementary Figure 10: Network visualization of enriched Gene Ontology (GO) biological
processes identified from the set of 55 core differentially expressed genes in response to S-deficiency.
Orange nodes represent significantly enriched GO terms, while gray nodes represent genes associated
with these terms. Edges indicate functional associations between genes and GO categories. Node size
reflects the number of genes associated with each GO term.
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Supplementary Figure 11: Network visualization of enriched Gene Ontology (GO) biological
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low-S accessions in response to S-deficiency. Orange nodes represent significantly enriched GO terms,
while gray nodes represent genes associated with these terms. Edges indicate functional associations
between genes and GO categories. Node size reflects the number of genes associated with each GO

term.
A
ATGSTU27
DHAR2
detoxification
response to toxic substance. a
cellular /detoxiﬁcation sulfur compound transport
cellular oxidant detoxiﬁcatig 2 response to starvation
! : ——
cellular response to toxic substance -LSU3 ggllularresponse to externalistimulus to extracellular stimulus
ATFLS1 LSuU1 response to extracellular.stimulus SELA1
AtCHIL.  /ATMSRB5 Cellular response to starvation gyiar response to-nutrient levels- ATSDI1 AST68 <ive
UGT78D1 . flavonoid metabolic process response to nutrient levels P
UGT89C1 ATIPS2 PYD4 P
flavonoid biosynthetic process CYP75B1 ATBCA3 @:
Fah AT [
TGS response to UV
response to UV-B 4CL3

serine family amino acid biosyr@etic process

HYH APR2 MSA1

sulfate assimilation. ATSERAT3;2" L-serine metabolic process

ATSERAT3;1
AtSBP1 APR3

150



APS4

. . ) branched-chain amino acid metabolic process
leucine biosynthetic process

branched-chain amino acid blosynthenc process Suirar compound i
S-glycoside biosynthetic process BCAT4

leucine metabolic process
P AIEECRY W glucosinolate-biosynthetic process-CYP79F2

IMS2 ATIMDA / DJ=1f_BASS5
SM41~ glycosinolate:-biosynthetic process
AR3a-amino acid biosynthetic processCYeﬁf?‘féndary metabolite'biosynthetic-process—S-glycoside metabolic process size
——glucosinolate metabolic process °

alpha-amino acid metabolic process CYP83A1
glycosmolate metabolic process

. ATCB5-C o
response-to-insect glycosyl compound metabolic process DEWAX ®

amino acid biosynthetic process

NA

response to hypoxia

response to decreased-oxygen levels BGAL4

DIN10 AtRAV1  CBP1

Supplementary Figure 12: Network visualization of enriched Gene Ontology (GO) biological
processes identified from the set of (A) Upregulated DEGs (B) Downregulated DEGs shared among
mid-S accessions in response to S-deficiency. Orange nodes represent significantly enriched GO terms,
while gray nodes represent genes associated with these terms. Edges indicate functional associations
between genes and GO categories. Node size reflects the number of genes associated with each GO

term.
A APR3
ATSERAT3;1
L-serine metabolic process sulfate assimilation APR2
MSA1
ATSERAT3:2 AISBP1
UGT84A1 4CL3 size
AST6ES HYH response to UV ; i
SULTR1;1 response to UV-B_ ATCHS ®:
ASTS6 sulfate transport . F3H o
response to starvation ATBCA3 flavonoid metabolic process @ 7
SEL™. aTSDIA CGLD27 flavonoid biosynthetic process ATMSRBS @@ »
sulfur compound transport -__—Tesponse to extracellular stimulus AtCHIL ATFLS1
SDI2 ~sSu1 @®:
UGT73B3
PYR: LSUS_' . cellular oxidant detoxification
3 . detoxification DHAR2
circadian rhythm ATGSTL22
LCLS rhythmic process
LNK2 ; ;
v AtCCA1 glutathione metabolic process AtGGCT2:2
SPA3

regulation of circadian rhythm AtGGCT2;1

151



ATGSTF14
B ATGSTF11

ATGSTU20

leucine metabolic process

leucine biosynthetic process branched-chain amino acid biosynthetic process ATGST1

toxin metabolic process

ATGSTF7
|pM|ATIMD1 GSM1
BASS5
. 2 ATLEUDA
BCAT4glucosinolate metabolic_process IMS2 CYPToh2
glycosinolate biosynthetic pr:glycoside metabolic-processt Svb79B3
CYP79F2 glycosinolate _m*,__e‘?bd'? pr?ctes; i tsecondar)( metabolite biosynthetic process—ATL8
alyensyl compound-biosynthetic pro‘c—e‘s's_"'g HEOSINOa, e_ 10Syn .e i pr‘oc‘e'sialpha-amino acid metabolic process
AKN2 == ; sulfur.compound biosynthetic’process ASN1
S-glycoside:biosynthetic process
_NA
OMTS paaat AIMSRES
ATCB5-C AtPLT6

ATSOT17 DJ-1f
AK3

APS4

Supplementary Figure 13: Network visualization of enriched Gene Ontology (GO) biological
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while gray nodes represent genes associated with these terms. Edges indicate functional associations
between genes and GO categories. Node size reflects the number of genes associated with each GO
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Supplementary Figure 14: Network visualization of enriched Gene Ontology (GO) biological
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nodes represent genes associated with these terms. Edges indicate functional associations between genes
and GO categories. Node size reflects the number of genes associated with each GO term.
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Supplementary Figure 15: Network visualization of enriched Gene Ontology (GO) biological
processes identified from the (A) DEGs unique to mid-S group (B) DEGs unique to high-S group under
control condition. Orange nodes represent significantly enriched GO terms, while gray nodes represent
genes associated with these terms. Edges indicate functional associations between genes and GO
categories. Node size reflects the number of genes associated with each GO term.
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Supplementary Figure 16: Total Cadmium (Cd) content (nmol/ mg™) in shoot in low-S (blue), mid-
S (orange), and high-S (red) accessions grown under control (750 uM sulfate), sulfur-deficient (0 pM),
conditions. Data were analyzed using mixed models followed by Tukey’s HSD; different letters indicate
significant differences (P < 0.05). Boxplots show means + SE.
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Supplementary Figure 17: Correlation probability of sulfur-responsive genes and metabolites in
(A) shoots and (B) roots as described in Figure 30. P-values < 0.05 representing significant
correlation.
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traits to PC1 and PC2 across the six accessions. A (delta) values represent the change in each trait in
response to sulfur deficiency, calculated as the difference between LSMeans under sulfur-deficient and
control conditions (A = S-deficient — CONtrol). .........coviiiiiiiiiii i 65
Figure 19: Transcriptomic responses to sulfur deficiency across Arabidopsis accessions. (A)
Principal component analysis (PCA) of RNA-seq data from roots of six Arabidopsis accessions
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< 0.05, [log2FC| > 1) under S-deficiency. Red dots indicate upregulated DEGs, and blue dots represent
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16 and In-0. (C) Functional gene ontology (GO) enrichment analysis of intersect upregulated and
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(A) Venn diagram of DEGs for treatment effect between mid-S accessions Col-0, and Kro-0. (B) Venn
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and Kro-0. (C) Functional gene ontology (GO) enrichment analysis of intersect upregulated and
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Figure 23: Within-Group Similarity of Differentially Expressed Genes under Sulfur Deficiency.
(A) Venn diagram of DEGs for treatment effect between high-S accessions Zu-1, and Hod. (B) Venn
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and Hod. (C) Functional gene ontology (GO) enrichment analysis of intersect upregulated and
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Figure 24: Group-specific transcriptional adjustments in response to S-deficiency (A) Venn
diagram of shared DEGs within each group intersected to obtain group-specific DEGs (B) Functional
gene ontology (GO) enrichment analysis of low-S group-specific DEGs, where the color of the bubble
indicates -log10 (p value) and the size of the bubble indicates the gene count (C) Heatmap representing
changes in expression levels of low-S group-specific 26 DEGs across all six accessions in response to
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Functional gene ontology (GO) enrichment analysis of mid-S group-specific DEGs, where the color of
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Figure 26: High-S group-specific transcriptional re-adjustments in response to S-deficiency (A)
Functional gene ontology (GO) enrichment analysis of high-S group-specific upregulated DEGs (B)
downregulated DEGs (C) oppositely regulated DEGs, where the color of the bubble indicates -log10 (p
value) and the size of the bubble indicates the gene count (D) Heatmap representing changes in
expression levels of high-S group-specific oppositely regulated in both accessions in response to S-
4 1S3 165 (<3 0T PP PP PR 90
Figure 27: Comparative transcriptome analysis of Arabidopsis accessions under control conditions
(A) Principal component analysis (PCA) of RNA-seq data from roots of six Arabidopsis accessions
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belonging to low S (App1-16 and In-0), mid S (Col-0 and Kro-0), high S (Zu-1 and Hod) under control
(750 uM sulfate) conditions (B) Schematic representation used for intersection analysis to identify
shared and group-specific differentially expressed genes among Low-S, Mid-S, and High-S Arabidopsis
accessions under control conditions with cut-off of q<0.05 and [log2FC|>2 (C) Functional gene ontology
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Figure 28: Expression gradients of the top 20 genes positively and negatively correlated with
sulfate levels across Arabidopsis accessions. Expression values under the control condition were
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Figure 29: Metabolic reprogramming in response to sulfur deficiency during early development.
Heatmap representing Log. fold-change of metabolite abundance under sulfur deficiency relative to
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yellow indicating increases. Asterisks denote statistically significant differences (* p <0.05, ** p <0.01,
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Figure 30: Correlation heatmap of sulfur-responsive genes and metabolites. Heatmaps depict
Spearman correlations between log> (low S / control) fold changes of sulfur-responsive DEGs and
metabolites in (A) shoots and (B) roots. Red and blue colors indicate positive and negative correlations,
respectively. Genes and metabolites are hierarchically clustered to reveal tissue-specific correlation
patterns under sulfur deficiency. P-values representing significance of correlation are mentioned in
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Figure 31: Conceptual model illustrating contrasting sulfur-nitrogen signalling and metabolic
strategies in low-S (Appl-16) and high-S (Hod) Arabidopsis thaliana accessions under sulfur
deficiency. Purple arrows indicate transcriptional or regulatory responses, with upward arrows denoting
induction and downward arrows indicating repression. Arrows within metabolite boxes represent
relative changes in metabolite abundance, where upward arrows indicate accumulation and downward
arrows indicate depletion and symbol (~) indicates levels being unchanged............cccccevvviviiiinnnnnn 111
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incorporation into cysteine [%] in roots among group. Arabidopsis plants (25 seedlings) fed with either
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counting. Statistical analysis was performed using two-way ANOVA followed by Tukey’s post hoc test
for multiple comparisons for treatment and genotype. Lowercase letters indicate significant differences
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Supplementary Figure 5: (A) Flowering time in days (B) Weight of seeds (in mg) in low-S (blue), mid-
S (orange), and high-S (red) accessions grown under control (750 uM sulfate), sulfur-deficient (0 uM)
or short-pulse (SP; intermittent supply) conditions. Data were analysed using mixed models followed
by Tukey’s HSD; different letters indicate significant differences (P < 0.05). Boxplots show means + SE
with (n=8 per accessions). Plants were grown in a 9:1 sand: soil mix and fertilized twice weekly with
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conditions. Data were analysed using post-hoc test; different letters indicate significant differences (* p
<0.05, ** p<0.01, *** p<0.001). Boxplots show means = SE with (n=8 per accessions). Plants were
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group; orange), and Zu-1 and Hod (high-S group; red) accessions. Plants were grown in a 9:1 sand:soil
mixture and fertilized twice weekly with either control nutrient solution containing 750 uM sulfate or
sulfur-deficient solution (0 uM sulfate). For the next-generation experiment, seeds derived from parental
plants grown under control (C) or sulfur-deficient (S-) conditions were germinated and cultivated under
the same two sulfur regimes. At week 5, the 7th—8th rosette leaves were harvested for analysis (n = 8
per accession per treatment). Data were analysed using two-way ANOVA followed by post hoc tests.
Different letters indicate statistically significant differences among genotypes and treatments (P < 0.05).
Boxplots represent Means & SE. ......cooiiiiiiiiiii e 147
Supplementary Figure 8: (A) Shoot cysteine content (nmol mg' FW), (B) Shoot GSH content (nmol
mg' FW) in Appl-16 and In-0 (low-S group; blue), Col-0 (mid-S group; orange), and Zu-1 and Hod
(high-S group; red) accessions. Plants were grown in a 9:1 sand:soil mixture and fertilized twice weekly
with either control nutrient solution containing 750 uM sulfate or sulfur-deficient solution (0 uM
sulfate). For the next-generation experiment, seeds derived from parental plants grown under control
(C) or sulfur-deficient (S-) conditions were germinated and cultivated under the same two sulfur
regimes. At week 5, the 7th—8th rosette leaves were harvested for analysis (n = 8 per accession per
treatment). Data were analysed using two-way ANOVA followed by post hoc tests. Different letters
indicate statistically significant differences among genotypes and treatments (P < 0.05). Boxplots
represent MEANS £ SE. ... i 148
Supplementary Figure 9: Heatmap representing correlation analysis between relative expression of
genes studied using q-PCR (for example Gene qPCR) and RNA-Seq dataset. Colors represent logz (low
S / control) ratios, with blue indicating negative correlation and red positive correlation................... 148
Supplementary Figure 10: Network visualization of enriched Gene Ontology (GO) biological
processes identified from the set of 55 core differentially expressed genes in response to S-deficiency.
Orange nodes represent significantly enriched GO terms, while gray nodes represent genes associated
with these terms. Edges indicate functional associations between genes and GO categories. Node size
reflects the number of genes associated with each GO term. .........cocviieiviniiiienii e 149
Supplementary Figure 11: Network visualization of enriched Gene Ontology (GO) biological
processes identified from the set of (A) Upregulated DEGs (B) Downregulated DEGs shared among
low-S accessions in response to S-deficiency. Orange nodes represent significantly enriched GO terms,
while gray nodes represent genes associated with these terms. Edges indicate functional associations
between genes and GO categories. Node size reflects the number of genes associated with each GO
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Supplementary Figure 12: Network visualization of enriched Gene Ontology (GO) biological
processes identified from the set of (A) Upregulated DEGs (B) Downregulated DEGs shared among
mid-S accessions in response to S-deficiency. Orange nodes represent significantly enriched GO terms,
while gray nodes represent genes associated with these terms. Edges indicate functional associations
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between genes and GO categories. Node size reflects the number of genes associated with each GO

Supplementary Figure 13: Network visualization of enriched Gene Ontology (GO) biological
processes identified from the set of (A) Upregulated DEGs (B) Downregulated DEGs shared among
high-S accessions in response to S-deficiency. Orange nodes represent significantly enriched GO terms,
while gray nodes represent genes associated with these terms. Edges indicate functional associations
between genes and GO categories. Node size reflects the number of genes associated with each GO
1953010 KO TP TP PO PR PR PPROPRPPN 152
Supplementary Figure 14: Network visualization of enriched Gene Ontology (GO) biological
processes identified from the set of (A) Upregulated DEGs (B) Downregulated DEGs unique to high-S
group in response in response to S-deficiency. Orange nodes represent significantly enriched GO terms,
while gray nodes represent genes associated with these terms. Edges indicate functional associations
between genes and GO categories. Node size reflects the number of genes associated with each GO
LS5 4 10 PP TP 153
Supplementary Figure 15: Network visualization of enriched Gene Ontology (GO) biological
processes identified from the (A) DEGs unique to mid-S group (B) DEGs unique to high-S group under
control condition. Orange nodes represent significantly enriched GO terms, while gray nodes represent
genes associated with these terms. Edges indicate functional associations between genes and GO
categories. Node size reflects the number of genes associated with each GO term. .........cccoceeveeninnns 154
Supplementary Figure 16: Total Cadmium (Cd) content (nmol/ mg™!) in shoot in low-S (blue), mid-
S (orange), and high-S (red) accessions grown under control (750 pM sulfate), sulfur-deficient (0 pM),
conditions. Data were analysed using mixed models followed by Tukey’s HSD; different letters indicate
significant differences (P < 0.05). Boxplots show means = SE.........ccccoiieiiiiniiiniinii e 154
Supplementary Figure 17: Correlation probability of sulfur-responsive genes and metabolites in
(A) shoots and (B) roots as described in Figure 30. P-values < 0.05 representing significant correlation.
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