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Abstract

Salmonella enterica serovar Typhimurium can enter and colonize the
apoplast of plants, including the edible ones, making them a potential
reservoir for the pathogen and a route for human contamination. We
previously showed that in Arabidopsis thaliana shoot colonization, S.
Typhimurium takes advantage of its ability to export zinc primarily through
the Pip-type ATPase ZntA induced by zinc excess. Moreover, a plant line
with reduced ability to translocate zinc from roots to shoots is more
susceptible to S. Typhimurium shoot colonization. We, therefore,
hypothesized that plants employ zinc intoxication as a defense strategy
against invading bacteria. Here we show that, upon S. Typhimurium
colonization, A. thaliana modulates the expression of zinc transporters,
favoring the long-distance movement of the metal as well as lowering zinc
storage into the plant vacuoles. Notably, we demonstrate that this strategy
depends on the recognition of bacterial flagellin by the FLS2 receptor, a
signal that triggers the PAMP-Triggered Immunity response in plants.
Disrupting this interaction, either using an S. Typhimurium Dfla strain or
an A. thaliana fls2 mutant line, reduces the zntA expression in shoot-
colonizing bacteria. This observation is confirmed by a luminescent zinc
biosensor assay, showing that the A. thaliana fls2 does not increase
bioavailable zinc in the S. Typhimurium colonized shoots. Moreover, gene
expression analyses in the colonized /s2line revealed a downregulation of
the root-to-shoot zinc translocation compared to Col-0. Overall, our results

suggest that flagellin recognition by plants triggers zinc fluxes towards the
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invading bacteria as a facet of the PAMP-Triggered Immunity response,
highlighting the importance of plant zinc homeostasis for the interaction

with human pathogens.
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Introduction

Salmonella enterica serovar Typhimurium (STM) is a major cause of
human foodborne illness, frequently transmitted through raw vegetables
contaminated during pre- and post-harvest procedures !. In addition to
colonizing plant surfaces, STM is able to enter plant tissues through
stomata, roots, and lesions, subsequently invading the apoplast and
translocating to different parts of the plant through the xylem 2. STM
colonization of internal tissues has been reported in different edible plants,
including lettuce, cilantro, tomato, and spinach, highlighting the
importance of elucidating the molecular mechanisms underlying the STM-

plant interaction 3-6,

Plants detect invading bacteria through membrane-bound Pattern
Recognition Receptors (PRRs), which recognize conserved Pathogen-
Associated Molecular Patterns (PAMPs). This recognition initiates
intracellular signaling cascades that activate the first layer of the plant
immune system, known as PAMP-Triggered Immunity (PTI) 7. The PTI
response includes the closure of the stomata and deposition of callose to
restrict pathogen invasion, and the production of reactive oxygen species
and antimicrobial compounds to hamper their replication 7. A well-studied
example of bacterial PAMP is the flg22 peptide, a sequence at the N-
terminus of the bacterial flagellin, highly conserved among different
bacteria. In many plant species, bacterial flagellin is recognized by the

Flagellin-sensitive 2 receptor (FLS2), a receptor-like kinase that initiates



74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

a phosphorylation cascade, ultimately leading to transcriptional
reprogramming in the plant cell 8. Intriguingly, STM effectors delivered
into plant cells interfere with host defense mechanisms, subverting them

and allowing the bacteria to proliferate in the apoplast °.

Using the model plant Arabidopsis thaliana, we have demonstrated that
STM colonizing the shoots expresses the Zn/Cd detoxification system ZntA,
a Pip-type ATPase that actively extrudes zinc (Zn) when its intracellular
concentration exceeds the nanomolar range 10. An STM znt4 mutant is
more sensitive to Zn, in vitro, and is less able to persist in A. thaliana

shoots, unless the plant has an impaired root-to-shoot Zn mobilization 11,12,

Zn is one of the most essential micronutrients for plants, acting as a
cofactor of more than 300 enzymes and as a structural component for
many proteins, including a large number of transcription factors 13. Zn
deficiency in plants produces severe symptoms such as chlorosis, stunted
growth, delayed flowering and fruiting, and weaker root systems 13. At the
same time, Zn may exert toxic effects by interacting with functional groups
of proteins or by replacing other cations at their binding sites, leading to
protein inactivation 14. Since the range of concentrations between
deficiency and toxicity is extremely narrow, the regulation of absorption,
transport, and distribution of Zn, both at the tissue and cellular levels, is
critical for maintaining metal homeostasis and ensuring proper plant
function 1516, This is accomplished by a coordinated network of
membrane-bound transporters that function at different levels of uptake,

translocation, and intracellular compartmentalization 17. The majority of
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known Zn transporters belong to three main families: ZIP (zinc-regulated
transporter (ZRT)/iron-regulated transporter (IRT)-like proteins) 18, HMA
(Heavy Metal ATPases) 19, and CDF (Cation Diffusion Facilitators), also

known as MTPs (Metal Tolerance Proteins) 29,

ZIP transporters are involved in the transport of Zn from the apoplast or
organelle lumen into the cytoplasm 21. They are particularly expressed in
the root epidermis and cortex and are involved in the uptake from the
rhizosphere. Most ZIP transporters appear to function redundantly to
facilitate Zn influx into the root symplast 2223, MTP and HMA proteins
mediate the transport of cations either out of the symplast or into specific
intracellular compartments. MTP1 and MTP3 are localized to the tonoplast
and mediate the Zn accumulation into the vacuole to prevent cytosolic Zn

toxicity 2425,

In contrast, MTP2 mediates Zn transport into the endoplasmic reticulum,
possibly facilitating the symplastic radial movement toward the xylem 26,
Zn loading into the xylem is primarily driven by the P1B-type ATPases
HMA?2 and HMA4, which are expressed in the vascular tissues where they
function redundantly to drive Zn translocation from roots to shoots 19.
Interestingly, HMA2 and HMA4 are essential for conferring resistance to
A. thaliana against the necrotrophic fungus Plectosphaerella

cucumerina?’.

In this study, we demonstrate that A. thaliana actively mobilizes Zn in
response to STM colonization. Furthermore, our findings indicate that the

Zn mobilization depends on the interaction between bacterial flagellin and



122 the FLS2 receptor, suggesting that a localized modulation of Zn levels may

123 function as a component of the defense strategy against bacterial invasion.
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Results
A. thaliana mobilizes Zn towards S. Typhimurium colonized shoots

We have previously shown that STM exploits its Zn detoxification systems
to successfully colonize A. thaliana shoots 1. However, it remained unclear
whether the excess Zn sensed by STM was due to an increase in plant Zn
content following colonization, as already shown for fungal invasion 27. To
address this issue, we measured Zn content by ICP-MS in mock-treated
and STM-colonized shoots, as well as in whole Col-0 seedlings (Figure 1).
As expected, we found a higher amount of Zn in the whole seedlings
compared to the shoots, consistent with the role of root vacuoles as major
Zn storage sites 17. While no significant difference in Zn content was
observed between mock and colonized whole seedlings, STM-colonized
shoots exhibited a significant increase in Zn levels compared to mock-
treated shoots. This may suggest that the plant responds to STM invasion
by moving the Zn toward the colonized shoots rather than enhancing Zn

uptake from the growth medium.

B mock
7 STM

Zinc (mg/kg DW)

shoots seedlings
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Figure 1. Zn content in A. thaliana Col-0 shoots and whole seedlings. Total
Zn content was measured by ICP-MS in shoots or entire seedlings at 3 days post-
inoculation with STM or control buffer (mock) and normalized to the dry weight
of each sample. Statistical differences were assayed by Two-way ANOVA and

Tukey's multiple comparison test (**p<0.005; ****p<0.0001)

Previous studies have shown that the Zn2+-ATPases AtHMA2 and AtHMA4
play a role in Zn mobilization toward the site of fungal infection 27.
Moreover, we found that in the absence of functional AtHMA2 and
AtHMA4, the STM detoxification system is not critical for bacterial survival
in the shoots !1. We, therefore, analyzed the expression of the genes
encoding these Zn2*-ATPases, along with AtZIP5 and AtMTP2, also
involved in Zn mobilization to the shoots, after inoculation of Col-0 shoots
with STM. Our analysis also included transporters induced by Zn excess
and involved in Zn translocation into the vacuole (i.e., AtMTP1, AtMTP3,
AtHMAZ3) and the Golgi (AtZNE1). As shown in Figure 2A and 2B, shortly
after STM inoculation, Col-0 increases the transcription of genes for root-
to-shoot Zn mobilization. Conversely, a general downregulation of all the
genes responsible for intracellular Zn compartmentalization was observed.
At a later time point (Figure 2C and 2D), as STM colonization is
established, Zn mobilization to the shoots remains sustained and even
intensifies. Accordingly, as the Zn concentration in the shoots increases,
transcription of some of the transporters involved in the movement of the
metal from the cytosol to the vacuole (AtMTP1) or the Golgi apparatus

(AtZNE1) is increased.
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Figure 2. Expression of Zn transporters in A. thaliana Col-0 following STM
inoculation. Fold changes of mRNA levels were assayed by qRT-PCR at 3 hours
(A and B) and 3 days (C and D) after STM inoculation. Statistically significant
differences between each bar and the gene expression in the mock plants (dotted
lines) were assayed by the Mann-Whitney test (*p>0.05; **p>0.005), n = 3. Fold
Changes with 0.5 > FC > 1.5 are indicated by §.

ZntA is necessary for shoot colonization upon flagellin recognition

by FLS2
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To test whether Zn mobilization is part of the PTI response to STM, we
investigated the role of the flagellin-FLS2 interaction. Specifically, we
used the STM Afla mutant that lacks flagella and the A. thaliana fis2
mutant, which is unable to detect flagellin via the FLS2 receptor. First, we
confirmed that the loss of flagella has no impact on the ability of STM to
tolerate excess Zn in vitro (Figure S1). Moreover, the absence of flagella
does not impair the ability of STM to colonize A. thaliana shoots (Figure
3A). Accordingly, the STM wild-type can similarly colonize the f/s2 mutant
line, lacking the FLS2 receptor (Figure 3B), indicating that a failure in
recognizing this PAMP does not hinder STM entry or persistence in the

shoots.
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Figure 3. Effect of flagellin-FLS2 impairment on colonization of A.
thaliana shoots (A) Colonization of Col-0 (ex Col-0) by STM and STM Dfla. (B)
Colonization of Col-0 (ex Col-0) and f/s2 mutant (ex fIs2) by STM. Bacterial loads
were evaluated 24, 48, and 72 hours post-inoculation (hpi). Each dot represents
the CFUs/mg of fresh weight (FW) from one shoot. No statistical differences (nd)
between samples at the same time point were detected (Shapiro-Wilk and

Multiple unpaired t-tests).

Next, we examined whether the absence of flagellin-FLS2 signaling affects
plant Zn mobilization. We analyzed zniA induction in two models where

the flagellin-FLS2 interaction is disrupted: (i) comparing STM wild-type
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and STM Afla in Col-0 plants (Figure 4A), and (ii) comparing STM wild-
type colonizing Col-0 versus fIs2 plants (Figure 4B). In both cases, zntA
expression is significantly reduced when the flagellin-FLS2 interaction is
absent. This suggests that Zn mobilization is a flagellin-triggered PTI

response sensed by STM.

To determine the relevance of the STM Zn detoxification system in this
plant response, we performed competition assays between STM zniA
mutant and STM wild-type strains in Col-0 and 7s2 shoots (Figure 4C). As
previously demonstrated, the STM wild-type outcompeted the STM zntA
mutant in Col-0 shoots !1. In contrast, in fIs2 plants, competition indices
were more variable and showed no significant difference between strains,
consistent with reduced Zn mobilization. Together, these findings strongly
indicate that STM does not sense toxic Zn concentrations in the absence

of the flagellin-FLS2 interaction.
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Figure 4. Expression and impact of znt4 in STM colonizing A. thaliana
shoots. (A) gqRT-PCR analysis of zn¢A4 induction in STM wild-type (STM) and STM
lacking flagellin (STM Dfla) recovered from Col-0 (ex Col-0) at 3 dpi. (B) qRT-
PCR analysis of zntA induction in STM wild-type recovered from Col-0 (ex Col-0)
or fIsZ (ex fIs2) at 3 dpi. The horizontal dotted lines indicate zntA expression level
in STM grown in LB medium. Statistical significance was assayed by the Mann-
Whitney test (*p>0.05), n = 3. (C) Competition assay in Col-0 and 752 shoots at
3 days post-inoculation with STM zntA (strain A) and STM wild-type (strain B).
Each dot represents the Competitive index from one shoot, and the horizontal
lines are the median values. The statistical significance of the median CI (output

ratio compared to input ratio) was calculated using the Student’s t-test (z2s, not
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significant), after verifying the normal distribution of the datasets by the Shapiro-
Wilk test.

Flagellin-FLS2 interaction is necessary for Zn mobilization toward

colonized shoots

Based on the observation that zntA4 induction was impaired in the absence
of FLS2-mediated flagellin recognition, we hypothesized that Zn
accumulation in colonized shoots may be differently regulated in the fIs2
mutant. Therefore, we measured total Zn content in shoots of mock plants
or inoculated with STM using ICP-MS, comparing Col-0 and f/sZ2 lines. As
shown in Figure 5A, STM colonization triggers a significant increase in Zn
content in Col-O0 shoots, whereas Zn levels in f/s2 remain unchanged.
Notably, fIs2 plants exhibit a higher basal Zn content than Col-0 under
mock conditions. Given the low zntA expression previously observed in
STM recovered from fIs2 plants (Figure 4B), we hypothesized that the
elevated Zn in {fIs2 shoots may not be bioavailable or may be
compartmentalized in a way that prevents STM from perceiving it as toxic.
To verify this hypothesis, we used a luminescent bacterial biosensor, which
is highly sensitive to variations of Zn availability (Figure S2). The results,
reported in Figure 5B, indicate that the basal amount of available Zn is
comparable in both A. thaliana lines, increasing during STM colonization

in the Col-0 but not in the f7s2 mutant.

To further investigate this aspect, we compared the expression of Zn

transporters, whose expression was altered after STM inoculation, in the
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presence or absence of the flagellin-FLS2 interaction. The genes encoding
the transporters involved in root-to-shoot Zn translocation are
downregulated in f/s2 compared to Col-0 (Figure 6A), suggesting that
FLS2 signalling influences systemic Zn mobilization. In contrast, A{ZNE1,
involved in intracellular Zn compartmentalization, shows no significant
changes between the two plant lines, indicating that Zn mobilization
toward STM likely occurs through long-distance transport rather than
internal redistribution from cellular compartments. Accordingly, a similar
expression profile can be observed in Col-0, comparing the STM wild-type
with the STM Dfla colonization (Figure 6B). Consistently, the long-distance
Zn transporters are downregulated in this analysis, except for AtMTP?2,
which shows no significant change in expression.
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Figure 5. Zn content in A. thaliana Col-0 and fIs2 shoots. (A) Total Zn
content measured by ICP-MS in shoots inoculated or not with STM wild-type (3
dpi). Each bar represents the mean value of three pools of approximately 10
shoots each. (B) Relative Zn availability in Col-0 and f/s2 mock or colonized with
STM (3 dpi). The groups of values represented in the boxes are calculated by the
formula [(RLU/FW)1x 100], (n = 9). Statistical differences were assayed by Two-
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indicated by §.
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Discussion

Metal intoxication was originally identified as a component of the innate
immune defense in mammalian phagocytes, where it functions to kill
intracellular bacteria 28. Upon activation by LPS or INFy, macrophages
upregulate metal transporters that accumulate metals such as Cu and Zn
inside the phagolysosome 28. Interestingly, unicellular eukaryotes like the
free-living amoeba Dictyostelium discoideum also employ metal
intoxication as an antibacterial strategy by upregulating metal
transporters homologous to those in higher eukaryotes, suggesting that
this defense mechanism is evolutionarily conserved 29. The use of metal
intoxication to fight invading microorganisms has also been suggested for
plants. Arabidopsis hallerii and other hyperaccumulators are thought to
exploit their extreme tolerance toward high metal concentration against
herbivores and plant pathogens, through the so-called "elemental defense
hypothesis" 30. Recent evidence shows that metal accumulation is
associated with fungal invasion in non-hyperaccumulator plants, too. A.
thaliana increases Zn concentration in the apoplast during P. cucumerina
infections, as a consequence of the induction of the AtHMA2 and AtHMA4
transporters?’. Colonization of wheat by the powdery mildew Blumeria
graminis is associated with ferric iron accumulation in the cell wall that
promotes oxidative damage against the pathogen3l. Moreover, our
previous research demonstrated that invading STM must express the ZntA
Zn detoxification system to efficiently colonize the shoots of A. thaliana.
Accordingly, ZntA is no longer essential when the plant accumulates less

Zn in the shoots due to an impairment of the root-to-shoot Zn transport 11,
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In this study, we demonstrate that A. thaliana responds to STM
colonization by actively redistributing Zn toward the site of bacterial
invasion (Figures 1 and 2). This response is related to the induction of key
long-distance Zn transporters, including AtHMA2, AtHMA4, and AtMTP2.
An additional and less characterized transporter from the ZIP family,
AtZIP5, is also upregulated during the early stages of colonization.
Interestingly, a homolog of ZIP5 was recently reported to be upregulated
in tomato plants in response to STM infection, suggesting a conserved role
across species 32, The increased Zn accumulation likely supports the
activity of Zn-dependent enzymes and Zn-finger transcription factors
involved in the plant response to invading bacteria. However, the increase
in zntA expression clearly suggests that the metal is, at least in part,
perceived by the invading bacteria and sensed as toxic!l. Moreover, at
early time points after STM colonization, we observe a slight but still
significant downregulation of AtMTP1 and AtMTP3, which are involved in
Zn sequestration from the cytosol into the vacuole (Figure 2B). This may
allow a rapid Zn mobilization to the apoplast, which is the compartment
where STM resides 9. Interestingly, it has been demonstrated that AtMTP3
silencing increases Zn content in the shoots, suggesting that this
transporter plays a role in restricting the Zn root-to-shoot movement 24,
Zn mobilization toward the site of the invasion is maintained over time
(Figure 2C), while the host plant buffers the increased Zn flux as suggested
by the significant induction of the Golgi-localized transporter AtZNE1, and
a slight increase in the transcription of AtMTPI (Figure 2D) 33,

Accordingly, at later time points, A{ZIP5 is no longer induced. ZIP
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transporters are positively regulated by the transcription factors bZIP19
and bZIP23, which are inactivated by Zn binding when the metal is highly

available in the cytosol?435,

We hypothesized that the Zn redistribution is a targeted response to
microbial recognition by the plant, triggered by the perception of STM
flagellin by FLS2. The role of flagella in STM colonization of plants is still
controversial and depends on the experimental model analyzed 3637,
However, a recent study has shown that both colonization and persistence
of STM in tomato plants do not require the presence of flagella and that
flagellin expression becomes heterogeneous in the STM population during
long-term colonization 38, In our model, STM colonization and persistence
in A. thaliana shoots are not affected by the presence of flagellin or FLS2
(Figure 3), unlike plant pathogens as P. syringae that can be advantaged
by the absence of the FLS2 receptor3?. However, disruption of the flagellin-
FLS2 interaction leads to a significant downregulation of znt4 in STM
colonizing the plants (Figures 4A and 4B). This indicates that, in the
absence of the PTI activation, the bacteria do not experience Zn toxicity.
The competition assay further strengthens our hypothesis: in f/s2 plants,
STM zntA mutant is not outcompeted by STM wild-type, supporting the
functional relevance of the flagellin-FLS2 interaction for the Zn
mobilization following STM invasion (Figure 4C). Indeed, the
measurement of the shoot Zn content indicates that there is no increase in
the colonized f7s2 shoots, compared to the mock-treated samples (Figure
5A). However, we noticed that basal Zn content in the f7s2 mutant is

significantly higher than that in the Col-0 line. This was unexpected, since
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no previous evidence correlates the FLS2 receptor to Zn homeostasis in
the absence of a flagellin stimulus. A more comprehensive analysis of
differentially regulated genes in the f/s2 mutant compared to Col-0 may
help clarify whether the absence of the FLS2 receptor influences pathways
involved in Zn uptake or storage, potentially revealing a role for FLS2

beyond PAMP recognition.

The observation of the higher Zn content in the f/s2 mutant compared to
the Col-0 shoots appeared in striking contrast with the low zntA4 expression
in STM colonizing the fIs2 mutant (Figure 4B). However, using a whole-
cell biosensor, we demonstrate that the amount of free Zn is similar in the
two plant lines, and it increases only in Col-0 following STM colonization
(Figure 5B). This reporter strain was previously employed to investigate
Zn availability in a Galleria mellonella model, demonstrating that
invertebrate hosts employ nutritional immunity mechanisms relying on Zn
deprivation to control pathogen growth 49, The lower amount of free Zn in
the f1s2 colonized shoots compared to Col-0 agrees with the observation
that expression of Zn transporters is downregulated in the absence of
flagellin-FLS2 interaction (Figure 6). The increase of Zn perceived by STM
likely occurs in Col-0 apoplast, where these bacteria reside, and where the
metal is weakly buffered by the cell wall polysaccharides rather than

sequestered by proteins 13.

In conclusion, our results indicate that the recognition of flagellin by FLS2
initiates a shift in Zn distribution, specifically directing Zn fluxes toward

the site of bacterial invasion, and contributing to plant defense via
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localized metal stress. Concomitantly, we observed a decrease in Zn
transport toward compartments not accessible to the apoplast-localized
bacteria. This targeted mobilization of Zn appears to be an integral
component of the PTI response, since it is abrogated in the absence of
flagellin-FLS2 interaction. Although the downstream signaling events
connecting flagellin perception to Zn transporter activation remain to be
fully elucidated, it is plausible that canonical PTI components are involved.
For instance, receptor-associated kinases such as BIK1, MAP kinase
cascades (MPK3/6), and WRKY transcription factors have well-established
roles in transcriptional reprogramming during immune responses and
could similarly regulate genes encoding Zn transporters 7. Further work is
needed to test these hypotheses and to dissect how PTI integrates
micronutrient homeostasis into immune signaling networks, along with a
precise evaluation of subcellular Zn localization. Moreover, it would be
valuable to investigate whether this response can be triggered by PAMPs
other than bacterial flagellin and to extend this analysis to edible plants
that can act as a reservoir of enteric human pathogens. Although plants
are not typically considered conventional hosts for STM, the ability of
these enterobacteria to colonize leafy vegetables, cereals, and fruits poses
a significant threat to human health 1. Also, expanding the analysis to
additional plant-pathogen systems will allow us to generalize this response
mechanism and strengthen the concept of a plant nutritional immunity, or
elemental defense hypothesis, where the host manipulates micronutrient
availability to inhibit pathogens, either by withholding or by overloading

30, The discovery that A. thaliana activates a defense response involving
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Zn mobilization through a PAMP-mediated mechanism provides a
foundation for future studies aimed at developing innovative strategies to
mitigate the risks associated with the consumption of contaminated plant-
derived foods. This study highlights the critical role of adequate Zn
supplementation in agriculture for enhancing plant resistance to
pathogenic microorganisms, while simultaneously improving the

nutritional quality of crops.
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Materials and methods

Reagents

All the chemicals required for the solutions were bought as ultrapure
reagents from Sigma-Aldrich (Sigma-Aldrich Corporation, St. Louis, MO).
ZnSO,4 was freshly dissolved in ultrapure water as a 0.5M solution, suitably
diluted, and used within a few days. The antibiotics were dissolved as
1000X concentrated stock solutions, then sterilized using filtration and

stored at -20°C.

Bacterial strains and growth conditions

The bacterial strains and plasmids used in this study are listed in Table S1.
Bacteria were streaked from glycerol stocks on Luria Bertani Agar plates
(LBA) or Pseudomonas Isolation Agar (PIA) supplemented with antibiotic
when needed (for E. coli and STM, 10 pg/mL gentamicin and 50 pg/mL
kanamycin; for P. aeruginosa, 100 pg/mL gentamicin ) and routinely
grown in Luria Bertani medium (LB) at 37°C with aeration. Vogel-Bonner
Minimal Medium (VBMM: 0,192 g/L. MgSO, 7H,0, 2 g/L citric acid , 10 g/L
anhydrous K;HPOq4, 3.5 g/L NaNH,HPO,4 4H,0, 2 g/L glucose, 2 pM FeSO4
) was used for P. aeruginosa growth under Zn-limiting conditions, as

already described 4!.

Plant lines and growth conditions
The Arabidopsis thaliana wild-type line ecotype Columbia-0 (Col-0) was
derived from a laboratory collection. The f7s-2 mutant line (SALK 141277),

lacking the FLAGELLIN SENSING 2 receptor FLS2, was obtained from the
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Nottingham Arabidopsis Stock Center. The seedlings were grown in half-
strength MS (2.2 g/L) (Duchefa Biochemie), 0.05% MES (Sigma-Aldrich),
pH 5.7. In the end, 0.8% agar was added to the medium, and then it was
sterilized for 20 min at 121°C by autoclaving and poured into Petri dishes
to solidify. A. thaliana seeds were sterilized in 70% ethanol for 1 min and
then in 3% sodium hypochlorite, 0.05% Tween-20 for 10 min, mixing by
vortex once every 2 min. The seeds were washed four times with sterile
water under a laminar flow hood, sown on MS along a single line (14-16
seeds per plate), and left in the dark at 4°C to stratify for three days. Plates
were placed vertically in a growth chamber at 22 °C, and a photoperiod of

16/8 hours light/dark.

Salmonella Typhimurium colonization of Arabidopsis thaliana

Single colonies of the bacterial strains were inoculated in LB broth and
grown at 37°C with aeration overnight. The cultures were then diluted
1:100 in fresh LB broth and grown at 37°C for 2 hours until an ODggp of
0.4 - 0.6. The bacterial suspension was then diluted to 107 CFU/ml in 0.5
mM Potassium Phosphate buffer and used to colonize 10-day-old A.
thaliana shoots, as previously described !l. Briefly, the shoot of each
seedling was wet with 0.05 ml of the bacterial suspension, withdrawing
the excess liquid from the plate shortly after. The plants were harvested
and utilized at varying time intervals, according to the experiment. For
bacterial count, each A. thaliana shoot was placed in 1.5ml
microcentrifuge tubes, weighed on an analytical balance (model BP121S
Sartorius), and surface-sterilized for 2 minutes using a sterilizing solution

(phosphate-buffered saline (PBS) containing 0.1% SDS, 0.2% Tween 20,
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and 1% NaClO), then extensively washed with sterile ddH,0. After adding
0.2ml of 0.01 M MgCl, and 20% glycerol, the shoots were mechanically
homogenized using a sterile micro pestle. The homogenates were diluted
in PBS and plated on LBA. For bacterial enumeration, the number of
colonies from each homogenate was related to the weight of the shoot and

reported as CFU/mg of fresh weight (FW).

RNA extraction and qRT-PCR analysis

Total RNA was extracted from A. thaliana Col-0 and £Is2 seedlings
colonized or not colonized (hereafter referred to as mock) with STM. For
each experimental condition, groups of 20-25 plants were pooled, frozen
with liquid nitrogen, and mechanically ground to a fine powder using a
mortar and pestle (previously treated with chloroform to inactivate RNases
and cooled). RNA was extracted from 100 mg of powdered plant tissue
using the RNeasy Plant Mini Kit RNA (Qiagen) and stored at -80°C.
Bacterial RNA from LB cultures of STM was obtained from mid-log phase
grown inocula (ODgop = 0.5-0.6). An aliquot corresponding to
approximately 107 cells was employed for RNA extraction using the
RNeasy mini kit (Qiagen GmbH) according to the manufacturer’s
instructions. The concentration and purity of the RNA from plant
homogenates and bacterial cultures were determined with a NanoDrop™
Lite Spectrophotometer (Thermo Fisher Scientific).

RNA extracted from plant homogenates and bacteria grown in LB was used
for cDNA synthesis by retrotranscribing 1 png of RNA using PrimeScript™

Reagent Kit (Takara Bio Inc.) according to the manufacturer’s instructions.
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The primers used for qRT-PCR analyses are listed in Table S2. The
reactions were performed in triplicate using SYBR GREEN dye (PCR
Biosystems) and the QuantStudio3 apparatus (Applied Biosystems), with
the following parameters: (i) initial denaturation at 95°C for 2 min; (ii) 45
cycles of denaturation at 95°C for 10s, primer annealing at 58°C for 20s
and extension at 65°C for 20s; (iii) melting curve, from 55°C for 1min. The
mRNA fold induction was calculated using the [J[JCt method %2 using

UBIQUITIN10 for A. thaliana and gmk for STM as housekeeping genes.

Competition Assay

Bacterial competition assays in A. thaliana seedlings were performed as
previously described 11. Briefly, STM znt4A mutant (strain A) and STM wild-
type (strain B) were streaked on LBA plates, and a single colony of each
strain was inoculated into the LB medium. The cultures were grown at 37
°C with aeration until reaching an ODgg9 of approximately 0.5 - 0.6.
Subsequently, the bacterial suspensions were diluted to 107 CFU/mL and
mixed in a 1:1 ratio in 0.5 mM potassium phosphate buffer, pH 7.4. A
suitable dilution of the mixture was plated on LBA and replica-plated on
LBA supplemented with kanamycin, to determine the input ratio. The
bacterial mixture was used to colonize A. thaliana shoots. At 3 days post-
inoculation, the shoots were homogenized, and suitable dilutions of the
homogenates were plated on LBA. The next day, the plates were replica-
plated on LBA supplemented with kanamycin to evaluate the output ratios.
The competitive index (CI) was calculated for each shoot, as the ratio of

the output to the input of strain A to strain B, using the formula:
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CI = (Output STM zntA / STM wt) / (Input STM zntA / STM wt).

Statistical significance was determined by comparing the input and output

ratios using the Student's t-test.

Salmonella Typhimurium Zinc Sensitivity Assay

Overnight LB cultures of STM wild-type, STM Dfla, and STM zntAzitB
mutant were normalized to an ODgyy of 0.1, corresponding to
approximately 108 CFU/ml. Serial tenfold dilutions were prepared in a
sterile PBS buffer to achieve a range of concentrations from 10! to 106,
then 5ul of each dilution was spotted onto LBA plain or supplemented with
0.5 mM ZnSO,. The plates were incubated at 37°C for 16-18 hours for the

evaluation of growth inhibition.

ICP-MS analysis

The total Zn content in plants was determined in colonized and mock
plants by an inductively coupled plasma mass spectrometer (ICP-MS,
model 820-MS; Bruker), as already described 1!. For sample preparation,
the shoots of 10-day-old infected seedlings were weighed and washed with
1 mM EDTA to remove divalent cations, which eventually contaminates the
surface of the plants, and then washed 4 times with ddH,0. The shoots or
the entire seedlings were dried at 60 °C for 48 h. Subsequently, the
samples were accurately weighed (dry weight, DW) using an analytical
balance and prepared for ICP-MS analysis of Zn content. The total Zn

content was reported as mg/kg dry weight (DW).

Zinc Bioavailability Assay
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Ten-day-old seedlings of A. thaliana Col-0 and f/s2 mutant were either
mock-treated or colonized by STM. At 3 days post-inoculation, the fresh
weight of shoots was recorded, and tissues were carefully homogenized to
minimize external Zn contamination. Homogenates were centrifuged, and
the supernatants were collected.

The PzrmA-lux biosensor was generated by tri-parental mating, in which
the PzrmA-lux plasmid was mobilized from E. co/i DH5a donor cells into
Pseudomonas aeruginosa PAl14, using E. col/i HB101 harboring pRK2013
as the helper strain, as previously described 43. Exconjugants were
selected on PIA supplemented with gentamicin. The biosensor strain was
pre-cultured in LB medium and then diluted 1:1000 in VBMM, where it
was grown overnight to induce Zn limitation. The overnight culture was
subsequently diluted to 5 x 107 CFU/mL in fresh VBMM for use in the
assay.

For each measurement, 180 uL of the biosensor suspension was dispensed
into black-walled, clear-bottom 96-well microplates and incubated for 10
minutes with 20 pL of plant-derived supernatant, in technical triplicate. As
controls, the biosensor was exposed to increasing concentrations of ZnSOa4
(1 mM to 100 mM) or EDTA (6.25 mM to 25 mM) under the same
conditions. Luminescence, recorded as Relative Luminescence Units
(RLUs), was measured using a Sunrise™ microplate reader (Tecan) with
an integration time of 1000 ms, and values were normalized to the
corresponding shoot fresh weight. Relative Zn availability was calculated

as [(RLU/FW)1x 100.
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Statistical analyses

Multiple unpaired t tests, Mann-Whitney test, and Two-way ANOVA with
multiple comparison tests were performed using the GraphPad 10
software, as specified in each figure caption. Prior to applying the t-test,
we checked if the normal distribution model fits the data by the Shapiro-
Wilk test, obtaining a p-value >0.05 for every dataset.
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All data generated or analysed during this study are included in this

published article and its supplementary information files.
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