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Running Title: SA187 mediates high light stress tolerance in Arabidopsis thaliana

Summary: Our research demonstrates that Enterobacter sp. SA187 enhances Arabidopsis
thaliana tolerance to high light stress by improving iron and sulfur metabolism through ethylene
signaling. SA187 promotes Fe-S cluster protein synthesis and strengthens the anti-oxidative

redox system, thereby maintaining photosynthesis and overall plant growth under high light

stress condition.
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Abstract

High light stress in subtropical and tropical regions strongly limits agricultural production due to
photo-oxidative damage, decreased growth and yield. Here, we investigated whether beneficial
microbes can protect plants under high light stress. We found that Enterobacter sp. SA187
(SA187) supports Arabidopsis thaliana growth under high light stress by reducing the
accumulation of reactive oxygen species (ROS) and maintaining photosynthesis. When subjected
to high light stress, SA187 triggers dynamic changes in Arabidopsis gene expression related to
fortified iron metabolism and redox regulation thereby enhancing the plant anti-oxidative
glutathione/glutaredoxin redox system. Genetic analysis shows that SA187-enhanced iron and
sulfur metabolism are coordinated by ethylene signaling. In summary, beneficial microbes could

be an effective and inexpensive means for enhancing high light stress tolerance in plants.

Key words: high light stress, beneficial plant-microbe interaction, redox regulation,

glutaredoxins, ethylene signaling
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Introduction

Light is a crucial factor for plants, serving as the primary energy source for photosynthesis and
playing a significant role in plant growth and development. However, excessive light can be
detrimental to plant growth by suppressing their photosynthetic capacity, leading to oxidative
damage to cellular organelles. There have been instances of excess daylight resulting in high light
stress for plants (D'Alessandro et al., 2020). For instance, in the northern hemisphere region (i.e.
Wisconsin, USA), the intensity can be upto 1400 umol.m?2.s! and is assumed to be constant
throughout the year (Handara et al., 2016). Under such high light conditions, excess electrons
cannot be passed to photosystem | (PS I) resulting in the accumulation of multiple reactive oxygen
species (ROS), including hydrogen peroxide (H20;) and superoxide (O2°") (Apel and Hirt, 2004). In
such circumstances, rapid plant response mechanisms like non-photochemical energy quenching
(NPQ) dissipate excess energy as heat (Goss and Lepetit, 2015, Ruban, 2016; Schumann et al.,
2017; Shi et al., 2022). NPQ is a major factor in the rapid protection of Photosystem Il (PSII)
reaction centers against photo-damage otherwise leading to photoinhibition of photosynthesis.
Plants also avoid damage to high light by changing the composition of the photosynthetic
apparatus, chloroplast and leaf avoidance movements or changes in leaf morphology (Walters,
2005, Schottler and Toth, 2014; Kasahara et al., 2002, Wada, 2013; Kim et al., 2005). To survive
and continue development under excess light conditions, plants activate the transcription of
genes encoding enzymes responsible for ROS scavenging (Rossel et al., 2002, Kleine et al., 2007,
Jung et al., 2013). To compensate ROS stress, plants also enhance glutathione production to
manage oxidative stress. Glutathione is the most abundant low-molecular-weight thiol in cells
and is a redox buffer that keeps the intracellular environment in a reduced state (Garcia-Quirds
et al., 2019). Glutathione/Glutaredoxins are involved in the regeneration of enzymes involved in
peroxide and methionine sulfoxide reduction, constituting an important cellular system to
maintain redox homeostasis (Grant, 2001). Recently, it has been shown that glutaredoxins (GRXs)
can be engineered to attain enhanced oxidative stress tolerance in plants under abiotic stresses
such as temperature and light stress (Martins et al., 2020, Hendrix et al., 2023, Dard et al., 2023;

Knuesting et al., 2015; Rey et al., 2017; Cheng et al., 2011).
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Although plants try to combat excess light conditions, they are not always successful in doing so,
resulting in irreversible cellular damage or cell death. In this context, studies have demonstrated
the effectiveness of plant growth-promoting bacteria (PGPB) in promoting plant growth under
abiotic stresses such as heat and iron (Harbort et al., 2020; Shekhawat et al., 2022). In this work,
we show that beneficial endophytic Enterobacter sp. SA187 isolated from root nodules of the
Indigofera argentea can enhance A. thaliana high light stress tolerance by coordianted iron and
sulfur acquisition, thereby strengthening the plant anti-oxidative system. We also show that the
beneficial effect of SA187 on high light stress is dependent on the plant ethylene signaling
pathway to reprogram the plant transcriptome for enhancing plant high light stress tolerance.
Overall, we propose that microbes that live in association with plants could be an effective system

for enhancing high light stress tolerance in crops.
Results:
SA187 induces high light stress tolerance in A. thaliana

In order to assess the effect of SA187 on the growth of A. thaliana in high light stress, we
colonized A. thaliana plants with SA187 and exposed 5-day-old colonized and non-colonized
plants to normal light (NL) at 130 umol m™2 st and high light (HL) at 1050 umol m2 s* (Fig. 1A).
Compared to NL, exposure of non-colonized plants to HL led to chlorotic leaf damage (Fig. 1B)
and 129 % reduction of plant fresh weight (FW) (Fig. 1C). In contrast, SA187-colonized A. thaliana
plants were protected against HL chlorotic leaf damage and continued growth (Fig. 1B). To
investigate SA187-induced plant HL stress tolerance, we evaluated the FW of SA187-colonized-
HL treated (HL+187) to non-colonized-HL treated plants (HL). HL+187 exhibited 102% higher FW
levels than non-colonized plants (HL). This effect is HL stress specific, as under NL control
conditions, SA187-colonized (NL+187) and non-colonized plants (NL) displayed similar growth
(Fig. 1B) and FW (Fig. 1C). These data show that SA187 protects A. thaliana from HL stress and

enhances plant growth.

SA187 improves plant growth under high light stress by increasing the Chlorophyll A and B

levels
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High light stress affects the photosynthetic machinery of plants and consequently chlorophyll
content. To check the performance of SA187-colonized plants under HL, we measured
chlorophyll A and B contents. As shown in Fig. 1D and E, compared to NL, HL stress significantly
reduced chlorophyll A and B levels by 134% and 82%, respectively. However, compared to non-
colonized HL plants, SA187-colonized-HL plants showed a significant increase in chlorophyll A and
B levels (Fig. 1D, E, 76% and 45%, respectively). The colonization of SA187 did not influence the
levels of chlorophyll A and B under control NL condition, indicating that SA187 mediates a

beneficial effect on A. thaliana only under HL stress (Fig. 1D, E).

Dynamic transcriptome responses of A. thaliana seedlings to short-, mid-, and long-term high

light stress

To investigate the underlying molecular events of HL stress on A. thaliana, we performed
transcriptome analysis of plants exposed to HL for 1h, 24h and 5d along with their respective
controls that were exposed to NL (S Fig. 1A-E). We used pairwise comparisons (e.g., 1h of NL
versus 1h of HL) to identify differentially expressed genes (DEGs) at each time point. The
expression profiles of all DEGs upon HL stress treatment fell into short-term (1h), mid-term (24h),
and long-term (5days) plant responses (Fig. 2). Considering DEGs with P<0.05and FC>2or<-2,
a total of 1841 DEGs were observed at 1h, 2324 DEGs at 24h and 2,395 DEGs at 5day of HL stress,
respectively (Dataset 1).

To analyze transcriptional dynamics across different time points under high light (HL)
stress, we first organized the transcriptome data into 20 clusters before conducting gene
ontology (GO) enrichment analysis (Fig. 2). The transcriptome analysis in A. thaliana under HL
stress unveiled nuanced temporal responses, revealing distinct molecular events during various
phases of stress exposure. In the short term (1h), we identified a specific set of 524 genes (cluster
2) that were exclusively up-regulated. These genes were enriched in responses to abiotic stimuli,
cell redox homeostasis, and various stressors like HL intensity, oxidative stress, and heat stress.
This immediate response indicated the activation of stress-related pathways to cope with the
initial impact of HL. At 1h and 24h, we observed a distinct upregulated cluster of 244 induced
genes (cluster 4), which showed enrichment in responses to karrikin, water deprivation, abscisic

acid, light stimulus, and acidic chemicals. Interestingly, a cluster of 564 genes (cluster 5) was
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gradually upregulated across all three time points (1h, 24h, and 5 days). Enrichment terms for
cluster 5 included autophagy, response to hypoxia, oxygen-containing compounds, and
programmed cell death, suggesting a sustained and coordinated cellular response correlating
with the observed HL-induced plant growth arrest over time. The 24h-HL response was notable
for a cluster of 658 upregulated genes (cluster 10) enriched in categories like sulfur metabolism,
anthocyanin and secondary metabolite biosynthesis, and redox processes. This behavior points
to an active adaptive plant response to counteract the stress conditions and maintain cellular
homeostasis. Clusters 18 and 19 highlighted genes specifically up-regulated after 5 days of
exposure, mainly involved in autophagy, hypoxia, and cell death.

We conducted an additional analysis focusing on genes consistently up-regulated in
response to high light (HL) stress across all three HL treatments. A Venn diagram highlights 32
genes (S Fig. 2) that are consistently up-regulated in all HL treatments. These genes are enriched
for high light intensity responses and can be regarded as high light (HL) signature genes such as
ELIP1, HSP23.5, ROF2, HSP17.6A, HSP70b, HSP90.1, HOP3 and TIN1. In contrast, 52 genes were
consistently downregulated across all high light (HL) treatments. Notably, this set includes genes
encoding components of the photosynthesis machinery, such as PSBT and PSBF (Datasheet 2). In
summary, our findings provide a deeper understanding of the plant's sophisticated adaption

dynamics and contribute to the broader comprehension of plant stress responses.

SA187 dynamically reprograms A. thaliana transcription under high light

We next compared the molecular response of non-colonized to SA187-colonized A. thaliana
plants after 24h and 5days of exposure to HL stress. At 24h, in comparison to NL non-colonized
plants, and considering a FC > 1.6 or < -1.6 (P < 0.05), 454 genes were differentially expressed in
SA187-colonized plants under NL conditions (Dataset 3). In contrast, 471 DEGs were found in
SA187-colonized (HL + 187) compared to non-colonized plants (HL) (Dataset 3) at 24h of HL stress
exposure. Compared to non-colonized plants (HL), SA187-colonization of plants (HL+187)
resulted in 414 DEGs at day 5 of HL. By contrast, comparing non-colonized (NL) to SA187-
colonized plants at 5 days of exposure to normal light conditions (NL+187) showed only 82 DEGs

(Dataset 3).
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Under both normal and high light conditions, SA187 induced the expression of 18 genes
at 24 hours. These genes are characteristic of typical bacterial response genes, including PRI,
PR5, SARD1, and FRK1. After 5 days of high light exposure, 15 genes are induced (S Fig. 3 A-B),
including CYP71A12, CML46 and WRKY46 (Datasheet 4). Notably, only three genes (AEDI,
AT5G42530 and AT2G25510) were consistently up-regulated across all treatments (NL, NL+187,
HL, HL+187), while no common down-regulated genes were identified in these treatments (S Fig.

3 C-D).

SA187 reprograms A. thaliana transcriptome related to photosynthesis and oxidative stress in

high light stressed plants

We used heat maps to better understand how SA187-colonized A. thaliana responds to high light
(HL) conditions. The maps revealed differential gene expression patterns at 24 hours in both
normal light (NL) and HL settings (Fig. 3A). The DEGs identified at this 24-hour time point were
systematically categorized into 10 distinct clusters. Cluster 1, comprising 45 genes, emerged as
uniquely up-regulated due to SA187 colonization under NL. These genes exhibited a notable
enrichment in processes associated with lipid localization, transport, and macromolecule
localization. Clusters 2 and 3, encompassing 83 and 80 genes, respectively, exhibited a distinctive
downregulation in non-colonized plants under HL, a phenomenon observed to a lesser extent in
colonized plants subjected to HL (HL+187) (Fig. 3A). Genes within Cluster 2 were found to be
responsive to metal ion exposure, engaged in photosynthesis (involving multiple LHCBs, PSAs,
and PSBs), oxidative stress, and iron binding (c/CDH, FER1, FER3, FER4, MYB15). In contrast,
Cluster 3 was characterized by enrichment in processes such as phosphorylation, response to
hormone stimulus, amino acid metabolism, and phosphate metabolism. Cluster 5, housing 159
genes, demonstrated specific up-regulation in colonized plants under HL conditions (HL+187)
(Fig. 3A). These genes were notably enriched in responses to bacterium, salicylic acid stimulus,
and redox metabolism, involving key elements such as peroxidases (PRXs), ATBBE4, 6, 7, F6H1,
ARD1, FRO2, GA20X8, HO3, PAD3, and SAG13. Finally, Cluster 6, composed of 53 genes,
exclusively exhibited induction in non-colonized plants under HL, with no corresponding
induction observed in colonized HL-plants (HL+187) (Fig. 3A). These genes were enriched for

responses to water deprivation, osmotic stress, and abscisic acid.
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In summary, the 24-hour transcriptome analysis revealed distinct gene expression profiles
related to photosynthesis (S Fig. 3E) and oxidative stress management in SA187-colonized A.
thaliana, highlighting a refined regulatory response compared to non-colonized plants under HL
conditions.

Transcriptome data reveals that SA187 modulates the plant redox status via glutaredoxins

under long-term high light stress

We employed a transcriptome heat map to assess A. thaliana response to prolonged HL stress
(Fig. 3B). Four clusters revealed distinct gene expression patterns (Fig. 3B). Cluster 4 consists of
94 genes, which showed higher transcript levels in non-colonized plants under HL treatment but
not in colonized plants (HL+187) (Fig. 3B). These genes showed enrichment for response to heat,
response to jasmonic acid and abscisic acid. Cluster 6 contains 120 genes that are down-regulated
in non-colonized plants under HL but less in SA187-colonized plants (HL+187) (Fig. 3B). These
genes showed enrichment for cell wall organization, lipid transport, photosynthesis, redox
metabolism and root development. Similarly, cluster 9 includes 67 genes that are down-regulated
in non-colonized plants (HL) but up-regulated by SA187 (HL+187) under HL conditions (Fig. 3B).
These genes exhibited GO-enrichment for photosynthesis, light harvesting (CAB2, LHCB2.1, PSBE,
PSBH, PSBI), redox homeostasis (ROXY6, 8, 9, 12, 14, 20), generation of precursor metabolites
and energy, disulfide and sulfur group redox metabolism. Cluster 10, likewise, exhibited
enrichment primarily in HL+187 and to a lesser extent in HL plants, specifically with terms such
as response to nitrogen compounds, oxygen-containing compounds, iron ion homeostasis,
ethylene and photosynthesis. The presence of SA187 elevated transcript levels of 22 genes
involved in the photosynthesis process. These genes include PSAD-2, LHCB6, CAB2, PSAH2,
LHCB2.1, LHCB2.2, PSBX, LHCB4.3, PSAH-1, PSBTN, PSBQ-2, RBCS2B, RBCS1B, LHCB3, PSAN, PSBK,
PSBI, PSBZ, PSBJ, PSBH, PSAC, and NDHE (S Fig. 3E). The transcriptome data of NL+187 and
HL+187-treated plants at 5 days indicated that SA187 colonization upholds gene expression
associated with photosynthesis and redox balance, orchestrated by glutaredoxins and the
biogenesis of Fe-S cluster proteins (S Fig. 4). The regulation of these genes suggests that SA187

positively influences the expression of key genes related to light harvesting, photosystem
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components, electron transport, ultimately contributing to enhanced plant photosynthetic

activity.
SA187 reprograms the plant proteome under long-term high light stress

After 5 days of HL exposure, we performed LC-MS/MS protein analysis in SA187-colonized A.
thaliana. Using a fold change >1.6 and P value < 0.05, 40 proteins increased, and 34 decreased
(Datasheet 5). Up-regulated proteins showed enrichment in cytoplasm, organelle envelope,
plastid, and chloroplast. Interestingly, despite no overlap with the transcriptome, both analyses
highlighted enrichment in photosynthesis-related GO categories. Overall, 965 differentially
expressed proteins were identified without considering P values, with 408 up-regulated and 275
down-regulated in SA187-colonized-HL plants (Dataset 5). The GO analysis of the 408 up-
regulated proteins revealed GO terms such as: response to ROS, glycosyl compound and
tetrapyrrole metabolism, chloroplast, plastid thylakoid and iron-sulfur cluster binding (Datasheet
5). Although only 6 proteins showed an overlap between the up-regulated transcriptome and
proteome, similar GO categories, such as photosynthesis, response to reactive oxygen species,
and iron-sulfur cluster binding were obtained. Among the 6 common genes in the overlap
between proteome and transcriptome, two proteins of PSIl (PSBH, PsbTn), showed enhanced
abundance in colonized plants (S Fig. 5). The protein analysis showed enrichment of proteins for
the iron-sulfur cluster binding category contained the following 6 proteins: Fe-S center of
cytochrome b6f complex PETC; Iron-Sulfur (Fe-S) cluster gene ARABIDOPSIS MITOCHONDRIAL
FERREDOXIN 1; FERREDOXIN C 2 (FdC2); CHLOROPHYLL A OXYGENASE (CAO); 2Fe-2S ferredoxin-
like superfamily protein; Methylthiotransferase (Dataset 3). These results support the hypothesis
that SA-187-colonized plants can grow under HL conditions by enhancing the resilience of the

photosystems via the continued biosynthesis of Fe-S proteins.
Role of Fe in SA187-mediated rescue of plant growth under high light stress

Iron is crucial for plant function, especially during the photosynthesis. Analysis of the
transcriptome data at 24 hours and 5 days of high light (HL) stress (S Fig. 6), revealed enrichment
for iron-related genes in colonized plants. These genes encompass various aspects of iron

metabolism, including those involved in iron starvation response (e.g., AT5G40510, NPF2.5,
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ATAGP22, RHS13, ZIP3), in iron uptake and transport (e.g., FRO2, FRO4, FRO6, IRT2, F6H1), as
well as in iron storage (e.g., FER1, FER3, FER4). Therefore, we checked if SA187 could help A.
thaliana in Fe uptake under low iron conditions. As seen in Figure 4a-b, A. thaliana faced a 171%
reduction in FW under low iron conditions (low iron; 4mg FeNaEDTA/L) but showed a 131%
growth improvement with SA187-colonization (low iron+187). Control experiments with no iron
(0Omg/L) revealed no growth for both SA187-colonized and non-colonized plants, indicating SA187
requires at least a minimal iron quantity for growth rescue (Fig. 4A-B).To further characterize the
role of iron in the SA187-induced HL tolerance, we used the irt1-1 mutant that is deficient in iron
uptake. irt1-1 plants showed a growth deficit and leaf chlorosis phenotype under HL stress. In
contrast to WT plants, the phenotype of irt1-1 mutant plants could not be improved by
colonization of SA187 (Fig. 4C-D), indicating the important role of iron import in the SA187-
induced tolerance mechanism under HL stress. To eliminate the possible discrepancies in
bacterial colonization, we evaluated the effect of irt1-1 mutant and HL stress on SA187
colonization. The results at 5 and 10-days of HL stress in Col-0, irt1-1 mutants revealed no
significant differences in colony-forming unit (CFU) levels between wild type and mutants,
indicating that the mutants do not affect the overall colonization in A. thaliana under NL or HL
conditions (S Fig. 7). In low iron conditions (8 mg/L), plants exposed to HL stress (HL-Fe) exhibited
a 61% reduction in FW compared to iron-sufficient conditions (HL+Fe) (Fig. 4E). Conversely, under
low iron conditions, SA187-colonized plants (HL-Fe+187) outperformed non-colonized plants (HL-
Fe) (Fig. 4E). Increasing FeNaEDTA levels in the medium under HL stress (HL++Fe) had significant
growth benefits, akin to SA187 colonization (Fig. 4F). Iron addition increased fresh weight by 80%
(HL++Fe) compared to non-treated HL plants (HL+Fe). Notably, the combined treatment of SA187
and increased FeNaEDTA (HL+Fe+187) showed the highest fresh weight increase at 110% under
HL stress (Fig. 4F). Iron levels in shoot and root were assessed in non-colonized and SA187-
colonized plants under NL and HL conditions (Fig. 4G, H). Under NL conditions, SA187 inoculation
did not impact iron concentrations. However, under HL conditions, SA187 increased iron levels

in the shoot and root by 35% and 33%, respectively (Fig. 4H).

Sulfur plays an important role in SA187 mediated high light stress tolerance
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Sulfur is essential for photosynthesis due to its roles in protein synthesis, enzyme activity,
chlorophyll production, and redox regulation. High light (HL) stress can damage Fe-S proteins,
mainly in PSI and ferredoxin. Our transcriptome data revealed DEG enrichment of sulfur
compound and amino acid metabolic processes after 24 hours and 5 days of HL exposure in
colonized plants, including BGLU34, BGLU35, BCAT6, CYP81F2, IGMT1, NAC042, and WRKY70 (S
Fig. 8). Additionally, genes containing Fe-S cluster proteins (ABCI, NEET, PSAC) were upregulated
in HL+187 conditions. Increased sulfate concentrations in the medium have also been reported
to help plants to withstand various abiotic stresses such as salt stress. Therefore, we compared
the growth of plants under HL stress with increased MgSQ4 levels in the medium (S Fig. 9). Under
HL stress, the addition of sulfate (HL+S) showed significant beneficial effects on plant growth
similar to colonization by SA187 (S Fig. 9). The addition of sulfate increased FW by 90% (HL+S),
when compared to non-treated HL plants (Mock+HL). Examining sultr1;2, sirl-1, and IsuC mutant
plants highlighted the key role of the plant sulfur metabolism in HL stress tolerance. Importantly,
SA187 showed the ability to enhance the growth of these mutants under HL stress, highlighting

its potential as a stress ameliorator (S Fig. 9).
SA187 reduces ROS levels and affects the cytoplasmic redox state under high light stress

High light stress induces ROS production in the chloroplast, and one of the major drastic effects
of ROS is the inhibition of the photosynthetic machinery. To test the possibility that SA187
protects A. thaliana from excessive ROS levels, we examined superoxide levels in SA187-
colonized and non-colonized plants grown under control, NL and HL stress conditions. Nitroblue
tetrazolium staining showed that SA187 colonization did not enhance superoxide radical levels
under normal light conditions (Fig. 5A). However, under HL conditions, SA187-colonized plants
(HL+187) showed reduced superoxide levels when compared to non-colonized HL plants (Fig. 5A).
Since HL-induced ROS can disturb the redox status of cells, we compared the redox status of
SA187 colonized to non-colonized plants under HL stress. We used a cytosolic GRX1/ro-GFP2
tagged reporter line to monitor the A. thaliana response to HL-imposed redox changes in SA187-
colonized and non-colonized plantlets. The ro-GFP2 fluorescence was collected at 505-530 nm
after excitation with either 405 nm or 488 nm. The ratio of images was calculated as 405/488 nm

fluorescence. When evaluating the ro-GFP2 redox ratio, specifically focusing on leaf cytosol (Fig.
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5C), we noted gradual partial oxidation after 24 hours, 5 days, and 10 days of high light (HL). In
contrast, there was a progressive reduction observed in SA187-colonized plants under HL
(HL+187). The redox ratios were significantly higher in non-colonized plants when compared to
SA187-colonized plants at 5 and 10 days of HL stress (Fig. 5B-C). After 10 days of HL, non-
colonized plants showed a 405/488 ratio of 0.72 (partial oxidation), while SA187-colonized plants
showed 0.45 (fully reduced), indicating that SA187-colonized plants have a fortified redox
balance under HL stress. As a control, we used 10mM DTT and 100mM H;0; to fully reduce or
oxidize the ro-GFP2 (Fig. 5B, D). The ro-GFP2 is monitoring the glutathione (GSH) redox
homeostasis. Since the synthesis of glutathione is tightly linked to ROS protection, one possible
explanation for these results could be that SA187-colonized plants have higher redox capacity
due to improved GSH synthesis. To confirm this, we used cad2-1 mutant, characterized by a
deficiency in gamma-glutamylcysteine synthetase—a pivotal enzyme in glutathione biosynthesis.
cad2-1 mutant plants exhibited retarded growth phenotypes under normal conditions due to
reduced glutathione synthesis. However, the growth of cad2-1 mutants is ameliorated in the
presence of SA187. When subjected to HL stress, non-colonized plants exhibit significant growth
inhibition in contrast to SA187-colonized plants (Fig. 5E). These findings emphasize the role of
SA187 in maintaining glutathione levels, providing a protective effect against damage induced by

triggered by HL stress.
SA187 improves the plant thiol redox balance under high light conditions

The generation of ROS induced by high light leads to protein inactivation through the oxidation
of thiol groups. To assess this, we measured the thiol content in SA187-colonized and non-
colonized plants under NL and HL stress conditions at days 5 and 10. At day 5, HL treatment for
5 days resulted in a 9-fold reduction in total protein thiol compared to NL conditions (S Fig. 10A).
Conversely, SA187-colonized plants exhibited a slight increase in protein thiol content under both
NL and HL conditions (S Fig. 10A). Moreover, plants colonized by SA187 exhibited increased levels
of non-protein thiol content under high light (HL) stress, potentially attributable to elevated
glutathione (S Fig. 10B), contributing to an overall increase in total cellular thiol compared to non-
colonized plants (S Fig. 10C). Notably, these findings provide additional support for the SA187-

mediated growth rescue of cad2-1 mutant plants. After 10 days of HL stress, SA187-colonized
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plants demonstrated a reduction in non-protein thiol content and a 92% increase in protein thiol
content compared to non-colonized HL-plants (S Fig. 11). These findings suggest that the
presence of SA187 alleviates protein thiol oxidation in HL-treated plants, but also induces non-

protein thiol level in the context of HL.
Plant glutaredoxins play an important role in SA187-mediated high light stress tolerance

Glutaredoxins are key proteins to protect cells from oxidative stress and are known to be involved
in the biogenesis of Fe-S clusters as well as redox reactions (Lill et al., 2008; Rouhier et al., 2008,
2010). Since our transcriptome data showed enrichment for the transcript of different
glutaredoxins and disulfide oxidoreductase activity, we examined the role of the cytosolic iron-
sulfur cluster glutaredoxin GRXS17 in SA187-Mediated high light stress tolerance. grxs17-
colonized and non-colonized mutant plants were subjected to NL and HL conditions. As shown in
S Fig. 10D the grxs17 mutant plants suffered significantly under HL stress compared to wild-type
plants, exhibiting a reduction of 70% FW (S Fig. 10D, E). Unlike wild-type Arabidopsis which were
protected from high light stress (112% higher FW compared to non-colonized HL treated plants),
SA187 colonized grxs17 mutant plants were compromised in the SA187 beneficial effect under
HL stress (S Fig. 10D, E). These results indicate the importance of glutaredoxins in SA187-

mediated HL stress tolerance mechanism in plants.
Ethylene is a key regulator of SA187-mediated high light stress tolerance

The transcriptome analysis of plants at 5 days of high light (HL) treatment revealed a significant
GO term enrichment for ethylene in SA187-colonized plants compared to the non-colonized
counterpart. This enrichment encompassed various aspects of ethylene biosynthesis and
signaling, involving genes such as ACS4, ACS6, ACS5, ETO2, ERF2, ERF13, ERF15, TN7, AT1G28370,
AT4G29780, ATAVT6B, and WRKY40 (Fig. 3B) (S Fig. 8). Moreover, previous studies showed that
ethylene is a key regulator in SA187-mediated plant growth under heat and salt stress
(Shekhawat et al., 2021; de Zélicourt et al., 2018). To test whether ethylene also plays a role
in SA187-induced HL stress tolerance, we analyzed the ethylene-insensitive ein3-1 mutant under
NL and HL conditions. As shown in Fig. 6A, unlike wild type, ein3-1 mutants were compromised

in SA187-mediated HL stress resistance, indicating that EIN3 is involved in SA187-mediated HL
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stress tolerance. We further confirm these results in ethylene-insensitive ein2-1 mutant plants (S
Fig. 12A, B). Iron uptake is regulated by ethylene (Lucena et al., 2015), therefore, we also analyzed
whether SA187 is compromised in ethylene mutants under low iron conditions. Unlike in wild-
type plants, SA187 could not restore the phenotype of ein3-1 mutants under low iron conditions
(Fig. 6B). These results indicate that the ethylene pathway is also involved in SA187-mediated
enhanced iron uptake under normal conditions of light intensity. To confirm that ethylene
signaling mediates plant HL stress tolerance by SA187, we performed gRT-PCR of ein3-1 mutant
plants for FRO2 and LHCB genes after 24 h and 5 days of HL treatment. SA187-colonized ein3-1
plants were compromised in inducing higher transcript levels of these genes under HL stress
when compared to wild-type plants, confirming EIN3-dependent induction of HL stress tolerance
by SA187 (Fig. 6C, F). We further confirmed our hypothesis by verifying the gene expression of
IGMT1, BCAT6, LSU1, CYP17A12, HO3 and FER4 genes (S Fig. 13). To eliminate the possible
discrepancies in bacterial colonization, we evaluated the effect of ein2-1 mutant and high light
stress on SA187 colonization. The results at 5 and 10 days of HL stress in Col-0, ein2-1 mutants
revealed no significant differences in CFU levels, indicating that the ethylene mutant does not

affect the overall colonization of A. thaliana by SA187 under NL or HL conditions (S Fig. 7).
Discussion

Light is vital for plant growth, serving as the main energy source. However, excess light absorption
can lead to increased production of ROS, causing photo-oxidative damage and inhibiting
photosynthesis. Our data confirm previous reports that plants respond to short-, mid- and long-
term HL stress by dynamic transcriptional changes (Huang et al., 2019). Transcriptome analysis
uncovered the relative dynamics of transcriptional changes. Complex transcriptional responses
occur in plants when exposed to different timescales of HL stress. The novelty of our work is that
microbes can assist plants in maintaining growth under such stress conditions (Fig. 1B-C).
Mitochondria and chloroplasts rely on abundant iron and sulfur for essential functions, such as
photosynthesis, respiration, DNA repair, and ribosome biogenesis, which are all facilitated by Fe-
S cluster-containing proteins (Rouhier et al., 2010). Our research unveils the mechanisms by
which SA187-mediated ethylene signaling orchestrates iron and sulfur metabolism, bolstering

Arabidopsis tolerance to HL stress. Under HL, plants accumulate reactive oxygen species (ROS),
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which impair Fe-S cluster proteins vital for photosynthesis. Transcriptomic and phenotypic
analyses reveal that SA187 enhances plant uptake of Fe and S, supporting the synthesis of Fe-S
cluster proteins essential for photosynthesis machinery maintenance under stress. Moreover, we
find that SA187 colonization rescues plant growth under Fe-limiting conditions during HL stress.
Supplementation with Fe and S, similarly enhances plant resilience to HL, akin to SA187
colonization. SA187 promotes iron acquisition by upregulating root (FRO2, FRO4, FRO6, IRT2) and
chloroplast-associated (FER1, FER3, FER4, ZIP3, HO3) iron genes. The elevated transcripts of root-
associated genes could be attributed to the enhanced root formation observed in plants
colonized by SA187 under HL stress conditions. While previous studies have highlighted the
beneficial role of microbes in aiding plants under iron-limiting conditions (Zamioudis et al., 2014;
Verbon et al., 2017; Harbort et al., 2020; Montejano-Ramirez et al., 2023), our study brings forth
a novel aspect by revealing that microbes can also confer protection to plants under high light
stress, which consequently induces iron limitation. This finding highlights the complex role of
microbial colonization in plant resilience, particularly in challenging environmental conditions
such as high light stress. Proteomic analysis verified increased Fe-S cluster and photosystem
protein levels in SA187-colonized plants upon 5 days of HL exposure. Additionally, MgSO4
supplementation augmented plant performance under HL stress. Analysis of sultr1;2, sirl-1, and
IsuC mutant plants underscores the pivotal role of the plant sulfur metabolism in HL stress
tolerance. Remarkably, SA187 enhances the growth of these mutants under HL stress,
highlighting its potential as a stress ameliorator. Photosynthetic organisms have evolved a variety
of direct and indirect mechanisms for HL stress management including ROS
production/scavenging, stomatal regulation, and systemic signaling (Mignolet-Spruyt et al., 2016;
Huang et al., 2019; Shi et al., 2022; Barczak-Brzyzek et al., 2022). In this context, our data revealed
that SA187 induces the expression of several peroxidases such as PRX, 31, 37, 69 and 71 at 24h;
while PRX01, 2, FSD1 and other peroxidases accumulate in long-term HL. Higher expression of
these peroxidases helps plants to scavenge ROS and maintain photosynthetic activity (Lu et al.,
2017; Fryer et al., 2003; Melicher et al., 2022). In addition, the antioxidative process relies on
glutathione, which facilitates the reduction of disulfide-containing proteins by glutaredoxins

(Holmgren, 1989; Gleason and Holmgren, 1988). Glutaredoxins undergo oxidation by substrates
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and are non-enzymatically reduced by glutathione. This glutathione/glutaredoxin system plays a
crucial role in maintaining redox homeostasis (Grant, 2001). Multiple pieces of evidence suggest
that glutathione and glutaredoxins play a role in responding to oxidative stress by rejuvenating
enzymes involved in disulfide protein reduction. Moreover, glutaredoxins are versatile proteins
involved in various functions, including Fe-S cluster biogenesis, encompassing iron and sulfur
acquisition, cluster assembly, transfer, and maintenance. Our data from HL stress experiments
on both colonized and non-colonized plants demonstrates that the presence of SA187 boosts the
expression of a cluster of at least 8 glutaredoxin genes after 5 days of exposure to HL. This implies
that SA187 prompts the elevation of the GRX/glutathione system to reinforce the redox
equilibrium. This hypothesis is supported by the loss of the beneficial effect of SA187 in grxs17
mutant plants under HL stress. GRXs can be engineered to enhance oxidative stress tolerance in
plants and to investigate redox-controlled processes in temperature stress tolerance (Kapoor et
al., 2015; Martins et al., 2020; Kumar et al., 2021). AtGRXS17 plays a role in anti-oxidative stress,
tolerance to iron deficiency and thermotolerance in both yeast and plants (Wu et al., 2012; Yu et
al., 2017; Cheng et al., 2020 ) and transgenic expression of fern Pteris vittata glutaredoxin PvGrx5
in A. thaliana increases tolerance to high-temperature stress and reduces oxidative damage to
proteins (Sundaram and Rathinasabapathi, 2010). Proper performance of the GRXs/glutathione
system is involved in maintaining the thiol redox balance of the thiol proteins. We therefore also
checked the protein and non-protein thiol content of SA187-colonized and non-colonized plants
under NL and HL conditions. The protein thiol contents decreased in HL treatment, but to a lower
level in SA187-colonized plants. Moreover, the non-protein thiol content was higher in SA187
colonized compared to non-colonized plants under HL. These data show that SA187 maintains
the protein thiol status via an improved anti-oxidant system. Oxidative stress is expected to
increase the sulfur flux to sulfur reduction for the production of the redox buffer GSH/GSSG. We
suggest that SA187 helps to improve both sulfur and iron homeostasis to maintain the redox

balance and thereby reduce HL-induced oxidative damage in A. thaliana (Fig. 7).

In our study, we discovered that ethylene is crucial for SA187-induced HL stress tolerance in
plants. Our findings highlight the compromised HL tolerance in ein3-1 mutant plants, underlining

the importance of the ethylene pathway and EIN3 transcription factor. Moreover, ethylene
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signaling is vital for regulating iron uptake mechanisms, as shown by the poor growth of ein3-1
mutants under iron-limiting conditions. Interestingly, SA187-colonized ein3-1 plants displayed
compromised growth under low iron conditions, unlike their wild-type counterparts. This
observation suggests that SA187-induced ethylene signaling is vital for maintaining an adequate
iron supply during HL stress. Previous research has also shown that, under iron deficiency
conditions, EIN3 up-regulates FIT1, consequently influencing the expression of IRT1 and FRO2
genes (Yang et al., 2022). The modified synthesis of phytohormones in plants by beneficial
microbes influences the plant responses to iron deficiency. Similarly, ethylene signaling in A.
thaliana plays a role in regulating the sulfur regulon, which encompasses a significant portion of
sulfur metabolic enzymes. This regulation influences sulfate uptake, contributing to the synthesis
of precursors for protein synthesis and antioxidants like glutathione for mitigating cellular ROS
levels. The diminished upregulation of iron and sulfur genes observed in SA187 colonized ein3-1
plants (Fig. 7; S Fig. 13) highlight the central role of ethylene in orchestrating plant responses to
iron and sulfur homeostasis under stress conditions, rationalizing why SA187-induced ethylene
signaling is crucial for sustaining iron and sulfur levels during HL stress. We further analyzed the
SA187 genome, revealing the presence of genes encoding enterobactin and aerobactin
siderophores (S Fig. 14A). The results on Chrome Azurol S (CAS) plates also demonstrated
siderophore production by SA187 (S Fig. 14B). Additionally, genes involved in iron metabolism
(entB, YbdZ, Enterobactin synthase components B and F, Ferric aerobactin receptor, and FepD)
(S Fig 15) were upregulated after 6 hours of growth on CAS plates compared to LB media, as well
as in colonized plants under high light (HL) stress compared to normal light (NL) (specifically entB
and YbdZ) (S Fig. 15 B,D). These findings support the idea that SA187 utilizes its iron metabolism

to enhance plant growth under HL stress conditions.

In summary, our data support the notion that colonization with SA187 can shield plants
from extreme oxidative stress conditions such as HL stress. The findings highlight the nuanced
impact of microbial colonization on plant stress resilience, particularly in sustaining crucial
processes like photosynthesis and redox homeostasis. Protection against these stresses is

achieved through ethylene-dependent signaling that enhances iron and sulfur acquisition levels,
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ultimately fortifying the antioxidative redox system. As a result, SA187 helps maintain

photosynthesis and overall plant growth under challenging HL stress conditions.
Materials and Methods

Bacterial inoculum and media preparation

The endophytic bacterial strain, Enterobacter sp. SA187 was isolated from root nodules of
Indigofera argentea collected from the Jizan region of Saudi Arabia (Andrés-Barrao et al., 2017).
Before performing the plant colonization experiments, the cryogenically maintained SA187 strain
was streaked out on LB agar media and incubated at 28°C for 24 h. A single colony was used for
further experiments. For bacterial seed plates, 50 ml of half-Murashige and Skoog medium (MS)
with 0.9% agar and a pH of 5.8 was mixed with 0.1 ml of fresh bacterial suspension with an OD
of 0.2 to obtain a final number of 10° CFU ml. For control plates, 0.1 ml of liquid LB was mixed
with %2 MS media.

Plant material and growth conditions for A. thaliana

A. thaliana wild-type Col-0 seeds and mutants (irt1-1, ein3-1, cad2-1, sirl-1) were obtained from
publicly available collections. While seeds of GRX1/ro-GFP2 and grxs17 mutant lines were
obtained from Jean-Philippe Reichheld’s lab. Seeds were surface-sterilized with 0.05% SDS,
followed by three times washing with absolute ethanol. The sterilized seeds were plated on %
MS medium agar plates seeded with 10° CFU/ml SA187. Seeds were stratified at 4°C for 2 days
and then plates were transferred to growth chambers (Model CU36-L5, Percival Scientific, Perry,
IA, USA) for growth. For high light experiments, after 5 days, SA187-inoculated and non-
inoculated seedlings of near equal lengths were transferred to new % MS plates. For the high
light stress experiment, SA187 treated and non-treated control plants were transferred to 16h
high light intensity of 1050 umol m-2 s-1 in Biochamber (Huang et al., 2019). For control
conditions, the colonized and non-colonized plants were transferred to a 16h normal light
condition of 130 pmol m? s'. The light was measured by the Spectroradiometer SPR-03
(Luzchem). The temperature of the high light chamber was maintained by cool airflow from the
bottom of the chamber to make sure the medium and leaf temperatures were kept at 22°C to
match the control growth condition. Samples were harvested at 1 h, 24 h and 5 days of high light

treatment. The control plants were kept in the 130 umol m-2 s-1, 22°C chamber for collecting
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control samples at each time point. Sterile conditions were maintained throughout the
experiment by ensuring the plates were securely sealed with surgical tape, effectively preventing
any external contamination from compromising the results.

Chlorophyll measurements

Chlorophyll a and b were extracted from 50 mg frozen shoot samples with 80% acetone (Arnon,
1949; Sims and Gamon (2002). After centrifugation, supernatant was used to measure OD at 537,
647, 645, and 663 nm. Following formula was used to calculate Chl a/b: Chl a (umol ml-1) =
0.01373 A663 - 0.000897 A537 - 0.003046 A647; Chl b (umol ml-1) = 0.02405 A647 - 0.004305
A537 - 0.005507 A663.

RNA extraction, reverse transcription, and qRT-PCR

For RNA-seq analysis, total plant RNA was extracted from colonized and non-colonized plants
exposed to normal light (NL) and high light stress conditions using the Nucleospin RNA plant kit
(Macherey-Nagel), including DNasel treatment, according to the following manufacturer’s
recommendations. For qPCR analysis, the total RNA was reverse-transcribed using a using
Superscript Il (Invitrogen): 1 ug of total RNA and oligo-dT as primer were used for the cDNA
synthesis according to the manufacturer’s protocol. For A. thaliana gene expression analyses,
tubulin was used as a reference gene. All reactions were done in a CFX96 Touch Real-Time PCR
Detection System (Bio-Rad) as follows: 50°C for 2 min, 95°C for 10 min; 40x (95°C for 10 s and
60°C for 40 s). All reactions were performed in three biological replicates, and each reaction as a
technical triplicate. The reference genes used in this analysis was ACTIN2 (At3g18780) (33), gene
expression were normalized against reference gene.

Bioinformatics analysis of RNA-seq data

Concentration and purity of RNA were determined by spectrophotometry and integrity was
confirmed using an Agilent 2100 Bioanalyzer with an RNA 6000 Nano Assay (Agilent Technologies,
Palo Alto, CA, USA). The RNA samples with RNA integrity number (RIN) more than 8, and 280:260
ratios more than 2 were further used for the RNA-sequencing purpose. We performed mRNA
libraries of total plant RNA using Illumina mRNA Library Prep kit. Libraries were sequenced using
the lllumina HiSeq 4000 platform. We checked the quality of the sequenced reads using FASTQC

(Andrews, 2010). The low-quality reads or base pairs and the adaptors were trimmed using
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Trimmomatic V0.36 (Bolger et al., 2014). The trimmed reads were then aligned using TopHat
v2.2.1 to the TAIR10 and SA187 genome combined (Trapnell et al., 2009; Trapnell et al., 2012;
Kim et al., 2013). Reads per million bases and differential expression between two conditions
were calculated using Cufflinks v2.2.0 (Trapnell et al., 2009). To identify differentially expressed
genes, specific parameters (P-value < 0.05; statistical correction: Benjamini—Hochberg; FDR <
0.05) in cuffdiff were used. Post-processing and visualization of differential expression were done
using cummeRbund v2.0.0. A cut-off of 2-fold change and P-value less than 0.05 were set to
identify the up- and down-regulated genes between NL and HL conditions; while a cut-off of 1.6-
fold change and P-value < 0.05 were set to identify the up- and down-regulated genes between
HL and HL+187 treatments. AgriGO (Tian et al., 2017) was used to find the corresponding GO
terms (FDR < 0.05) and the functions of the respective genes. Venny (Oliveros, 2007-2015) was
used to identify common or unique. The cluster analysis was conducted using MeV
(MultiExperiment Viewer) software, which allows for comprehensive data visualization and
analysis. This software enabled us to organize and interpret the complex datasets, providing
insights into the relationships and patterns within the gene expression data.

Quantification of SA187-colonization

Seedlings were initially cultivated on % MS agar plates inoculated with SA187, and 5-day-old
seedlings were subsequently transferred to fresh % MS plates. On the 6th day, the plants were
subjected to NL and HL exposure for 5 days and 10 days, to conduct colony-forming unit (CFU)
analysis. The plants were homogenized by grinding. The resulting sample was then suspended in
1 milliliter of an extraction buffer containing 10 mM MgCl, and 0.01% Silwet L-77. Subsequently,
serial dilutions were carried out, and the diluted samples were plated on LB agar plates. After an
overnight incubation at 28°C, the CFUs were enumerated. The calculated CFU values were
normalized based on the weight of plant material (per milligram).

Protein extraction and sample preparation

In this experiment, A. thaliana WT plants were grown under high and normal light conditions for
five days. The plants were harvested, frozen, and powdered. The proteins were extracted using
a lysis buffer and then purified through a series of steps, including methanol/chloroform

precipitation. The resulting proteins were quantified and digested into peptides. After desalting,
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the samples were prepared for mass spectrometry analysis using Data-Independent Acquisition
(DIA) to study the plant's protein content. This workflow allows for a detailed analysis of protein
changes in response to different light conditions.

DIA-MS analysis

The peptide samples were subjected to DIA-MS analysis using an Orbitrap Fusion Lumos mass
spectrometer (Thermo Scientific) coupled with an UltiMate 3000 UHPLC (Thermo Scientific),
following the methodology outlined in Zhang et al. (2019). In brief, Peptide samples (1.5 pg)
underwent DIA-MS analysis using a Thermo Scientific Orbitrap Fusion Lumos mass spectrometer
coupled with UltiMate 3000 UHPLC. The peptides were desalted, separated over a 130-minute
gradient, and analyzed in triplicate injections. DIA-MS data were collected for three precursor
mass ranges (400—650; 650-900; 900—1,200 m/z) with isolation windows of 6—8 Da. HCD collision
energy was set at 30%, and MS parameters included resolutions of 60,000 for MS1 and 30,000
for MS/MS. The protocol utilized EASY-IC for internal mass calibration, and maximum ion
accumulation time was 100 ms with a target value of 1e6.

DIA-MS data analysis

DIA-MS data was analyzed using Spectronaut software (version 14) with an in-house generated
A. thaliana spectral library. Default Biognosys settings were used for identification, and a paired
Student's t-test was performed to find differentially expressed proteins between control and
mutant samples. Multiple testing correction was applied to control the False Discovery Rate
(FDR). Proteins with a fold-change greater than 1.5 were considered differentially expressed. GO
enrichment analysis was conducted using AgriGO (V2) and Revigo to reduce redundant GO terms.
Quantification of total thiol, non-protein thiols and protein thiol

TT and PT contents were determined according to Sedlak and Lindsay 1968. A. thaliana seedlings
weighing 50 mg were homogenized in 1000 pL of 0.2M Tris-HCl (pH 7.4) and centrifuged at 10
000 x g for 20 min at 4°C. The supernatant was used to assay TT and NPT. To determine the TT,
50 pL of supernatant was mixed with 150 ul of 0.2mM Tris-HCI (pH 8.2), 10 uL of 0.01 M DTNB
and 790 pL of absolute methanol. The yellow color that developed was measured after 15 min at
415 nm against a blank vial containing 50 uL of distilled water instead of supernatant. Total

sulfhydryl groups were calculated based on an extinction coefficient of 13,600 and expressed as
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umol per g fresh weight. To determine of NPT content, 500 puL ml of supernatant was mixed with
400 pL of distilled water and 100 uL of 50% TCA. After 15 min. the mixture was centrifuged at 10
000 x g for 15 min. In 200 uL of deproteinized supernatant, NPT concentration was measured like
that for TT. PT was calculated by subtracting the NPT content from the TT content.

Confocal microscopy of ro-GFP2

SA187-colonized and non-colonized high light stress treated GRX1/ro-GFP2 seedlings were
imaged using an inverted Zeiss LSM 880 confocal microscope equipped with Plan-Apochromat
10x/0.45, Plan-Apochromat 20x/0.8, Plan-Apochromat 40x/1.4 Qil objectives, and the ZEN 2010
software (Zeiss). The excitation of HL-treated colonized and non-colonized ro-GFP2 was
performed at 488 nm and 405 nm, and a bandpass (BP 490-555 nm) emission filter was used to
collect the ro-GFP2 signal. Picture analysis and quantifications of the ro-GFP2 redox ratios

(405/488) were performed using the Redox Ratio Imaging software (Fricker, 2016).

CAS assay for siderophores detection

The production of siderophores was determined using the Blue Agar CAS assay, following the
method described by Louden et al. (2011). SA187 was spotted onto CAS plates and incubated at
28°C for 48 hours. The appearance of a clear zone around and beneath the spotted culture
indicated a positive result for siderophore production.

Data availability

The data set supporting the results of this article is included within the article and its additional
files. The raw data from the RNA-seq samples RNA-Seq data are available at NCBI’s Gene
Expression Omnibus GEO Series accession number GSE251796
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE251796). The raw mass
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Figure 1. SA187 Induces High Light Stress Tolerance in A. thaliana and maintains Chlorophyll A

and B levels

(A) Experimental Setup: A. thaliana seedlings were germinated for 5-days, with or without SA187. At day 6 colonized and non-
colonized seedlings were transferred to fresh 1/2MS and plates were exposed to Normal Light (NL) intensity of 130 umol m-2s1
or High Light (HL) intensity of 1050 umol m-2 s-1 and vertically grown for 10 d. (B) Phenotypic assessment of the beneficial effect
on the growth of 16-days old A. thaliana seedlings under NL (NL, NL+187) and HL (HL, HL+187) stress condition. (C) Fresh weight
of 16-day-old plants with and without SA187 under NL and HL regimes. (D-E) Chlorophyll A and Chlorophyll B in SA187 colonized
and non-colonized plants under NL control and HL stress conditions. All plots represent the means of 3 biological replicates. Error
bars indicate SD. Asterisks indicate a statistical difference based on Student’s t-test *P < 0.05; **P < 0.01; **P < 0.001 for
differences between HL in comparison to HL+187 treatments. Scale bars correspond to 1 cm.

Figure 2. Dynamic Transcriptome Responses of A. thaliana seedlings to Short-, Middle-, and Long-

Term High Light Stress

Hierarchical clustering of up- and down-regulated DEGs in A. thaliana in response to 1h, 24h and 5d of Normal light (NL)and high
light (HL) exposure. For every gene, FPKM (Fragments Per Kilobase of transcript per Million mapped reads) values were
normalized. Red bars denote an increase, while green bars indicate a decrease in expression for a given gene. For the most
relevant clusters, gene families significantly enriched are indicated based on gene ontology. The pink line in each cluster indicates
an overall trend of differentially expressed genes in a particular cluster for different treatments. The 5-day-old seedlings were
transferred to new % MS plates before NL and HL treatments. The RNA-seq was performed with 1h, 24h and 5-days of HL-exposed
plants and their respective controls at NL condition. RNA-seq experiments were performed in three biological replicates.

Figure 3. SA187 Reprograms the A. thaliana Transcriptome to Improve Photosynthesis and
Oxidative Stress after 24 h (A) and 5 days (B) of HL stress

(A) Hierarchical clustering of up-and down-regulated DEGs in SA187 colonized and non-colonized A. thaliana seedlings in response
to 24h of normal light (NL) and high light (HL) exposure. (B) Hierarchical clustering of up-and down-regulated DEGs in SA187
colonized and non-colonized A. thaliana seedlings in response to 5 days of HL and NL exposure. Red bars denote an increase,
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while green bars indicate a decrease in expression for a given gene. For the most relevant clusters, gene families significantly
enriched are indicated based on gene ontology. 5-day-old seedlings +/- SA187 were transferred to new % MS plates before NL
and HL treatments. The RNA-seq was performed with 24 h and 5-days of HL-exposed plants and their respective controls at NL
condition with and without SA187. RNA-seq experiments were performed in three biological replicates.

Figure 4. SA187-Mediated Plant Growth Rescue under High Light Stress Involves Iron

(A) Phenotypic assessment of SA187 inoculation on growth of A. thaliana seedling grown on +Fe (sufficient iron, 18mg/L
FeNaEDTA), Low iron (4mg/L FeNaEDTA),) and no iron (Omg/L FeNaEDTA) conditions. (B) Fresh weight of 16-day-old plants with
and without SA187 grown under +Fe (sufficient iron), Low iron and no iron conditions stress conditions. (C-D) Phenotypic
assessment (C) and fresh weight analysis of SA187 colonized, non-colonized Col-0 and indicated mutants irt1-1 plants (reductive
import of iron pathway) grown in NL and HL conditions for 10 days. (E) Fresh weight of 16-day-old SA187 colonized, non-colonized
A. thaliana seedlings grown on +Fe (Sufficient iron, 18mg/L FeNaEDTA) and —Fe (Low iron, 8mg/L FeNaEDTA) 1/2MS-media plates
under NL and HL regimes. (F) Fresh weight of Col-0 plants after doubling (36 mg/L FeNaEDTA) the Fe concentration (++Fe) under
NL and HL regimes with and without SA187. (G) Shoot and root iron content of SA 187-colonized and colonized plants under
normal light. (h) Shoot and root iron content of SA187-colonized and non-colonized plants under HL stress measured by ICP-MS.
All plots represent the means of 3 biological replicates. Error bars indicate SD. Asterisks indicate a statistical difference based on
Student’s t-test *P < 0.05; **P < 0.01; **P < 0.001 for differences between HL in comparison to HL+187 treatments and HL++Fe
(36 mg/L FeNaEDTA).

Figure 5. SA187 Reduces ROS levels to maintain plant Photosynthetic Performance in High Light

Stress

(A) Accumulation of superoxide radicals (visualized by nitroblue tetrazolium staining) in NL (normal light, control) and HL (high
light stress) +/-SA187 plants. (B) In vivo monitoring of redox state upon high light stress. Cytosolic ro-GFP2 fluorescence from
confocal images of plants treatment with DTT, H,0, (top two images) and SA187 colonized and non-colonized plant leaf under 5
days high light stress. Cytosolic ro-GFP2 fluorescence was collected at 505-530 nm after excitation with either 405 nm or 488 nm.
(C) Ratio images were calculated as the 405/488 nm fluorescence from SA187 colonized and non-colonized plants exposed to HL
stress for Oh, 24h, 5- and 10-days. (D) Ratio images were calculated as the 405/488 nm fluorescence from 10mM DTT and 100mM
H,0, exposed 10-days old plants. (E) Fresh weight of SA187-colonized or non-colonized wild-type Col-0 and cad2-1 mutant plants
upon long-term exposure to normal light and high light treatments. All plots represent the means of 3 biological replicates. Error
bars indicate SE. Asterisks indicate a statistical difference based on Student’s t-test *P < 0.05; **P < 0.01; **P < 0.001 for
differences between HL in comparison to HL+187 treatments. Scale bars correspond to 1 cm.

Figure 6. Ethylene is a Main Regulator of SA187-Mediated High Light Stress Tolerance

(A) Fresh weight of SA187-colonized or non-colonized wild-type Col-0, and ein3-1 mutant plants upon long-term exposure to
normal light and high light. (B, C) Fresh weight and phenotypic assessment of SA187-colonized or non-colonized wild-type Col-0,
and ein3-1 mutant plants under low iron (4 mg/L FeNaEDTA) conditions. (D, E) Transcript levels of FRO2 (ferric reduction oxidase
2) and LHCB (light-harvesting Chl a/b-binding) in Col-0 and ein3-1 mutant plants after 24h of normal light (NL, NL+187) and high
light exposure (HL, HL+187). (F, G) Transcript levels of FRO2 (ferric reduction oxidase 2) and LHCB (light-harvesting Chl a/b-
binding) in Col-0 and ein3-1 mutant plants after 5days of normal light (NL, NL+187) and high light exposure (HL, HL+187). For
transcript level analysis, the data were normalized to tubulin as a reference gene. All plots represent the means of 3 biological
replicates. Error bars indicate SE. Asterisks indicate a statistical difference based on Student’s t-test *P < 0.05; **P < 0.01; **P <
0.001 for differences between HL in comparison to HL+187 treatments. Scale bars correspond to 1 cm.

Figure 7. A model representing SA187-Mediated High Light stress Tolerance in A. thaliana

Through Ethylene-dependent Iron-assisted Redox Metabolism

The model illustrates the ethylene-dependent SA187-induced iron and sulfur metabolism in Arabidopsis. SA187-induced iron
metabolism plays a crucial role in the biogenesis of Fe-S clusters and the maintenance of Fe-S cluster-containing proteins,
essential for the electron transport chain (ETC). Additionally, SA187-induced sulfate is utilized for the formation of Fe-S clusters
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and can be converted into either glutathione (GSH). GSH, in turn, participates in reducing the oxidation of thiol-containing
proteins through the glutathione/glutaredoxin-dependent redox metabolism, ultimately mitigating high light-induced ROS.

HL= high light; PSll= photosystem II; Cytb= Cytochrome b; PSl= photosystem I; O,= Oxygen; ROS= Reactive oxygen species; Protein
(SH)= thiol containing protwin; Protein (S),= Disulfide protein; GRX(S),= Oxidized glutaredoxins; GRX(SH),= Reduced
glutaredoxins; GSH= reduced glutathione; GSSG= Oxidized glutaredoxins; NADP*= Oxidized nicotinamide adenine dinucleotide
phosphate; NADPH= Reduced nicotinamide adenine dinucleotide phosphate
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