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Abstract

Plant immunity relies on the perception of microbe-associated molecular patterns (MAMPs) from invading microbes to induce
defense responses that suppress attempted infections. It has been proposed that MAMP-triggered immunity (MTI) suppresses
bacterial infections by suppressing the onset of bacterial virulence. However, the mechanisms by which plants exert this action
are poorly understood. Here, we showed that MAMP perception in Arabidopsis (Arabidopsis thaliana) induces the accumu-
lation of free amino acids in a salicylic acid (SA)-dependent manner. When co-infiltrated with Glutamine and Serine, two of the
MAMP-induced highly accumulating amino acids, Pseudomonas syringae pv. tomato DC3000 expressed low levels of virulence
genes and failed to produce robust infections in otherwise susceptible plants. When applied exogenously, Glutamine and Serine
directly suppressed bacterial virulence and growth, bypassing MAMP perception and SA signaling. In addition, an increased
level of endogenous Glutamine in the leaf apoplast of a gain-of-function mutant of Glutamine Dumper-1 rescued the partially
compromised bacterial virulence- and growth-suppressing phenotype of the SA-induced deficient-2 (sid2) mutant. Our data
suggest that MTI suppresses bacterial infections by delaying the onset of virulence with an excess of amino acids at the early
stages of infection.

Introduction other (Preston 2017). While plant responses evolved to sup-

Plants are remarkably resistant to microbial infections. Only
specialized microbes with evolved mechanisms to suppress
inducible plant defense responses can cause disease
(Abramovitch and Martin 2004). Leaf bacterial pathogens ini-
tiate infections by breaching the stomatal barrier at the leaf
surface and gaining access to the leaf apoplast, the water- and
nutrient-rich intercellular space in the leaf mesophyll (Xin
and He 2013). In the leaf apoplast, invading bacteria spend
the first 5 h without growing and adapting their metabolism
to the new and rapidly changing apoplastic environment
(Xin and He 2013). Early in the interaction, both plant and
bacterial cells perceive each other and activate transcription-
al and metabolic programs tailored to gain control over each

press infection attempts, bacterial responses evolved to allow
rapid adjustment to the leaf apoplastic environment, sup-
press plant defense responses, and promote leaf colonization
(Yu et al. 2013; O’Leary et al. 2016). Plants recognize invading
bacteria by their unique suite of molecules or activity pat-
terns, generally known as microbe-associated molecular pat-
terns  (MAMPs).  Plant-encoded  pattern-recognition
receptors perceive MAMPs at the cell surface and activate
defense responses collectively known as MAMP-triggered im-
munity (MTI; also known as pattern-triggered immunity or
PTI) (Gomez-Gomez et al. 1999; Nicaise et al. 2009). At the
cellular level, MTI early responses include the activation of
mitogen-activated protein-kinases, cytoplasmic Ca®* influx,
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membrane depolarization, extracellular medium alkaliniza-
tion, production of reactive oxygen species, and genome-
wide transcriptional reprogramming (Granado et al. 1995;
Jeworutzki et al. 2010; Maintz et al. 2014; Bigeard et al.
2015). Late MTI responses include the synthesis and accumu-
lation of defense signaling molecules salicylic acid (SA) and
ethylene (Gomez-Gomez et al. 1999; Asai et al. 2002;
Lecourieux et al. 2005), the synthesis and accumulation of
amino acid-derived secondary metabolites, the closing of
the stomata, and the reinforcement of plant cell walls via cal-
lose and lignin deposition (Adams-Phillips et al. 2009; Clay
et al. 2009; Chezem et al. 2017). Ultimately, MTI responses
suppress bacterial growth via several mechanisms that act
synergistically and coordinately. Suppressing MTl is a critical
step in colonizing the plant host (Abramovitch and Martin
2004). Nonpathogenic bacteria fail to suppress MTI re-
sponses, cannot adjust their metabolism to the rapidly chan-
ging leaf apoplast environment, and succumb within the first
hours of the attempted colonization (Hauck et al. 2003; Clay
et al. 2009). Bacterial pathogens, however, have evolved viru-
lence mechanisms to suppress MTI early in the interaction
(Xin et al. 2018). After entering the leaf apoplast,
Pseudomonas syringae pv. tomato DC3000 (PstDC3000) per-
ceives Arabidopsis (Arabidopsis thaliana) metabolites and in-
duces the synthesis of Type-3 secretion system (T3SS)
secretory proteins, secreted T3SS effector proteins (T3E),
and the SA-antagonist molecule coronatine (COR), all of
which have a concerted activity suppressing plant defense
(Bender et al. 1987; Brooks et al. 2005; Zhang et al. 2008;
Xin and He 2013).

Recent studies have shown that Arabidopsis plants that
had been exposed to MAMPs and allowed to proceed with
the MTI program for 24 h suppressed the induction of
PstDC3000 T3SS, T3E, and COR biosynthesis genes
(Lovelace et al. 2018; Nobori et al. 2018; Smith et al. 2018),
suggesting that MTI suppresses bacterial growth via suppres-
sing virulence. The MTI-mediated suppression of bacterial
virulence seems to rely on changes in the metabolite com-
position of the leaf apoplast. Arabidopsis seedlings exposed
to elf26, a 26 amino acid-long synthetic peptide containing
the minimal epitope of bacterial translation Elongation
Factor-Tu, suppressed the onset of PstDC3000 virulence via
lowering the availability of citric acid, aspartic acid, and
4-benzoic acid (Anderson et al. 2014). Similarly, the percep-
tion of flg22, a 22 amino acid-long synthetic peptide contain-
ing the minimal epitope of bacterial flagellin, induced
changes in sugar concentrations in the leaf apoplast of
Arabidopsis that compromised the onset of PstDC3000 viru-
lence (Yamada et al. 2016). Overall, these studies suggest that
MAMP perception elicits changes in the concentration of
plant metabolites in the leaf apoplast that affect bacterial
virulence and growth.

In addition to sugar polymers, secreted proteins, and com-
plex secondary metabolites, primary plant metabolites such
as hexoses and free L-amino acid (hereinafter referred to as
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“L-AA”), are among the most abundant metabolites in the
Arabidopsis leaf apoplast. Notably, some of these metabolites
(e.g. glucose and several L-AA) suffice to support PstDC3000
growth and regulate the expression of PstDC3000 virulence
genes in vitro, suggesting a critical function for these metabo-
lites in controlling bacterial infections (Rahme et al. 1992;
Rico and Preston 2008; Park et al. 2010; Anderson et al.
2014; Chatnaparat et al. 2015a, 2015b; Yamada et al. 2016).
In addition, organic acids, gamma-aminobutyric acid
(GABA), and some L-AA accumulate at lower millimolar con-
centrations in Cladosporium fulvum-infected tomato leaf
(Solomon and Oliver 2001, 2002). Similarly, GABA and sev-
eral proteogenic L-AA accumulate to high concentrations
in the leaf of P. syringae-infected Arabidopsis and bean
(Phaseolus vulgaris) plants (Ward et al. 2010; O’Leary et al.
2016), suggesting that these metabolites could play a role
in defense or susceptibility to pathogens.

In a previous study, we presented evidence that flg22 per-
ception elicits changes in both, L-AA transport activity and
extracellular L-AA concentrations. Importantly, high concen-
trations of extracellular L-AA promoted bacterial growth in
mock-treated seedlings but suppressed bacterial growth
when MTI was elicited 24 h prior to the inoculation
(Zhang et al. 2022). The present study aimed at addressing
the mechanisms by which fig22-elicited changes in L-AA con-
centrations impact the growth of PstDC3000. Here, we pre-
sent evidence that GIn and Ser, among other less
represented L-AAs, accumulate in flg22-treated leaves and
leaf apoplast of Arabidopsis plants. The MTl-induced in-
creased concentration of L-AA depends on an intact
SA-mediated signaling pathway and suffices to suppress
PstDC3000 virulence and growth, suggesting that
MAMP-elicited accumulation of L-AA plays a pivotal role
in suppressing bacterial infections. Overall, our data provide
insights into how MAMP perception leads to metabolite
changes that confer enhanced immunity to bacterial
infections.

Results

MAMP perception elicits the accumulation of amino
acids in fig22-treated leaves

Amino acids transport activity and the extracellular concen-
trations of L-AA dynamically change in response to MAMPs
perception in liquid-grown 10-d-old Arabidopsis seedlings
(hereafter referred to as “seedlings”). Extracellular L-AA con-
centrations increase within 2 to 4 h posttreatment (HPT)
and drop between 8 and 24 HPT with MAMPs (Zhang
et al. 2022). In agreement with our previously published
data, the fig22-induced enhanced L-AA uptake activity led
to a significant increase in L-AA concentration in
flg22-treated compared to mock-treated seedlings
(Fig. 1A). To determine if, like in seedlings, the elicitation of
MTI leads to changes in L-AA concentrations in treated
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Figure 1. The perception of fig22 induces the accumulation of amino acids in treated leaves. A) Concentrations of L-AA in eleven-day-old seedlings
24 h post-treatment (HPT) with water (mock) or fig22. B) Total L-AA in leaves of wild-type plants after infiltration of leaves with water (mock) or
fig22. C) Total L-AA in leaf apoplastic washing fluids of wild-type plants treated with water (mock) or fig22, 24 HPT. D) Total L-AA in the phloem sap
of wild-type leaves 24 HPT. Statistical analysis: Welch t-test (A) and t-tests for (B-D) at P values <0.05 (*), <0.01 (**), and <0.0001 (****). All figures
show one representative experiment from at least 3 independent experiments.

leaves and leaf apoplast of 6-wk-old plants (hereafter referred
to as “plants”), the concentration of L-AA was assessed in
fully expanded mature leaves at 4, 8, 20, and 24 HPT with
fig22. Like in whole seedlings, L-AA concentrations in leaves
increased by 20 HPT (Fig. 1B) and in the leaf apoplastic wash
fluids (AWFs) by 24 HPT with flg22 (Fig. 1C). The
flg22-receptor mutant fIs2 did not accumulate L-AA in leaf
tissue in response to the flg22 treatment (Supplemental
Fig. S1), demonstrating that L-AA accumulation in treated
leaves is a signaling-dependent process initiated by the
FLS2 receptor. To define which L-AA contribute to increasing
the concentrations of total L-AA following fig22 perception,
leaves were water-infiltrated (mock-treated) or infiltrated
with fig22 and then collected for L-AA extraction and profil-
ing 24 HPT. Except for Thr and Pro, which remained un-
changed, all L-AA detected in leaf samples seemed to
accumulate in response to flg22 perception, with Ala, Asn,
GIn, Glu, Gly, His, Phe, Ser, and Val increasing significantly
compared to mock-treated samples (Table 1). The increased

concentration of L-AA elicited by flg22 also led to an increase
in L-AA concentrations in the phloem sap 24 HPT (Fig. 1D),
suggesting a net mobilization of L-AA out of the treated
leaves.

Amino acids that accumulate in MTl-elicited leaves
directly suppress bacterial virulence and growth

Free L-AAs are the major form of organic nitrogen in the leaf
apoplast. Independent studies have reported concentrations
of 2 to 4 mM total L-AA in the leaf apoplast of Arabidopsis
(Pilot et al. 2004; Hirner et al. 2006; Yang et al. 2014) tomato
(Rico and Preston 2008), and beans (Lohaus et al. 2007;
O’Leary et al. 2016), showing that the leaf apoplast is a
nitrogen-rich environment. Similar concentrations were de-
tected in our study, with GIn, Ser, Glu, Asp, and Ala repre-
senting approximately 80% of all L-AA detected in the leaf
AWF of naive wild-type plants. These AAs accumulated sig-
nificantly in response to flg22 perception in wild-type plants
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Table 1. Concentrations of individual amino acids in leaf apoplastic
washing fluids of wild-type and sid2 plants 24 h posttreatment with
water (mock) or 1 uM fig22

mock fig22

Mean SEM Mean SEM Adjusted P-value
Ala 142.9 7.3 2163 5 2.44%x1078 2
Arg 6.8 0.4 73 0.4 849x 107"
Asn 47 2.7 583 2.7 475% 1072 2
Asp 285 8.9 2915 85 9.38x 107"
Gln 2779 168 3527 19.1 475% 1072 2
Glu 3423 142 5279 158 6.10x 107° a
Gly 382 2.8 9.8 83 1.07x107¢ 2
His 47 0.2 8 0.6 948 % 107° a
lle 39 0.2 63 1 170 x 107"
Leu 5.9 0.6 9.9 1.8 1.97 % 107"
Lys 6.8 0.6 8.8 0.9 3.12x 107"
Phe 55 0.3 12.7 1.1 3.44x107° 2
Pro 296 39 282 49 9.38%x 107"
Ser 158 7.6 2263 82 850 107° 2
Thr 86.5 34 84.7 2.7 938%x 107"
Val 11.8 0.4 186 1.8 546 %1073 2
Total 14528 1954.3

“Statistically significant differences at P <0.05 between wild-type mock- and
fig22-treated leaves. Concentrations of free L-AA (pmol/mg DW) in extracts of water-
(mock) or flg22-treated wild-type leaves 24 h posttreatment. Mean + SEM of mock
(n=18) and fig22 (n = 17) samples from 4 independent experiments. Data were ana-
lyzed with multiple Welch t-test; P-values were adjusted by 2-stage step-up false dis-
covery rate method (Q = 0.01).

(Supplemental Table S1). Several L-AAs that accumulated in
the leaf apoplast have been shown to modulate bacterial
growth and virulence gene expression in vitro (Rahme et al.
1992; Rico and Preston 2008; Chatnaparat et al. 2015b), sug-
gesting that changes in amino acid concentrations in planta
could modulate bacterial infections. To elucidate the poten-
tial biological function of increased L-AA concentrations in
plant immunity, we sought to bypass MAMP perception
with the exogenous supplementation of individual L-AA
and assess their impact on PstDC3000 growth in the leaf apo-
plast. To this end, 2 pilot tests were performed to set the con-
ditions for future experiments. A pilot experiment using
radiolabeled Pro, GIn, and Ser showed that these L-AAs
were quickly removed from the apoplast by plant cells
upon infiltration (Supplemental Fig. S2). These data indi-
cated that amino acids must be co-infiltrated with bacteria
to ensure that PstDC3000 is exposed to the high L-AA con-
centrations found in the leaf apoplast of MTl-elicited plants.
Having set up the timing for L-AA supplementation, a second
pilot experiment determined the amino acid concentrations
to be used. As GIn and Ser are the 2 most highly represented
L-AA that accumulate in the leaf apoplast of flg22-treated
plants, we initially tested the effect of these 2 L-AA on
PstDC3000 growth in plants that were never treated to elicit
MTI (hereafter referred to as naive plants). The data showed
that the co-infiltration of PstDC3000 with 10 mM Gln + Ser
reproducibly inhibited bacterial growth 48 h postinoculation
(HPI)  compared to nonsupplemented PstDC3000
(Supplemental Fig. S3), while the results were inconclusive
with 1 mM concentration. To control for the potential toxic

Zhang et al.

effect of high GIn and Ser levels on bacterial growth,
PstDC3000 was grown in M9 minimal medium supplemen-
ted with increasing concentrations of these L-AA. The data
show that both GIn and Ser, alone or combined, not only
were not toxic but also significantly promoted bacterial
growth at concentrations of 1 and 10 mM, while 0.1 mM
did not affect bacterial growth (Supplemental Fig. S4). In
addition, to control for the potential context-specific toxicity
of amino acid supplementation in the leaf apoplastic envir-
onment, bacterial survival was assessed at 3 HPI in naive
plants. The data showed that GIn and Ser supplementation
did not affect bacterial numbers at the early stages of infec-
tion (Supplemental Fig. S5). These data ruled out the possi-
bility that the lower bacterial counts observed at 48 HPI in
GIn- and Ser-supplemented bacteria could originate from a
smaller bacterial inoculum in the supplemented plants com-
pared to nonsupplemented controls. Having confirmed the
lack of toxicity at the used concentrations, bacteria were sup-
plemented with 10 mM of every individual L-AA that accu-
mulates in flg22-treated leaves to test their impact on
bacterial leaf colonization. While most L-AA did not affect
PstDC3000 growth, His had a growth-promoting effect, and
Gln, Ser, and Val suppressed bacterial growth (Fig. 2A).
Previous studies have shown that an exogenous supply of
20 MM Glu induced SA signaling-mediated defense re-
sponses in Arabidopsis plants 5 d after treatment (Goto
et al. 2020). Similarly, 100 mM Glu supplementation rapidly
elicited Arabidopsis local defense responses that propagated
systemically via rapid changes in cytoplasmic calcium fluxes
(Toyota et al. 2018). Notwithstanding the use of lower con-
centrations of amino acids in our experiments, the evidence
reported by Goto et al. (2020) and Toyota et al. (2018) war-
ranted testing the potential for GIn and Ser to induce defense
responses in our experiments. If 10 mM GlIn + Ser supple-
mentation had a plant defense-inducing activity, these ami-
no acids could indirectly suppress bacterial growth by
eliciting plant defense. To test this possibility, we assessed
the expression of MTI and SA defense-related marker genes
in naive plants supplemented with GIn and Ser. We infil-
trated leaves of naive plants with GIn + Ser alone or co-
infiltrated PstDC3000 with GIn + Ser and assessed plant de-
fense responses by monitoring the expression of the early in-
duced defense marker genes CYP81F2 (Cytochrome P450
monooxygenase 81F2) and WRKY29 (transcription factor
WRKY?29), and the late-induced defense genes ICS1 (isochor-
ismate synthase-1) and PR1 (pathogenesis related-1). While
WRKY29 encodes a transcription factor that positively regu-
lates flg22-elicited immunity, CYP81F2 codes for an enzyme
needed for synthesizing indole glucosinolates and callose de-
position in response to flg22 perception (Clay et al. 2009).
Infiltration of leaves with GlIn + Ser alone did not induce
the MTI marker genes CYP81F2 and WRKY29
(Supplemental Fig. S6A). However, the SA biosynthesis
gene ICST and the SA defense marker gene PRT were modest-
ly but significantly induced 24 h after Gln + Ser infiltration
(Supplemental Fig. S6B). These data suggest that Gln and/
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Figure 2. Amino acids that accumulate in MTl-elicited leaves modulate PstDC3000 growth and virulence in naive wild-type plants. A) Bacterial
growth 48 hours post-inoculation (HPI) of PstDC3000 alone (mock) or co-infiltrated with individual amino acids in leaves of naive plants and nor-
malized by the growth of PstDC3000 in mock. The number of plants used per condition is indicated atop. B) hrpL gene expression 2.5 h after in-
oculation of liguid HMM medium with PstDC3000 supplemented with the indicated amino acids and normalized by the expression in non-
supplemented HMM medium. C) Expression of virulence genes in leaves of naive plants 3 HPI with PstDC3000 co-infiltrated with either GIn (n
= 12), Ser (n = 12), or Val (n = 18), normalized by the expression in non-supplemented PstDC3000. Statistical analysis: Brown-Forsythe and
Welch ANOVA tests compared with mock (A); P values <0.05 (*), <0.01 (**), <0.001 (***) were adjusted by the two-stage step-up false discovery
rate method (Q = 0.01). The center line indicates the median; the box extends from the 25th to 75th percentiles, and the whiskers show the entire
data distribution. One sample t-tests for (B-D). Combined data of 3 (A,C) and 4 (B) independent experiments.

or Ser could prime plants for defense responses. In addition,
CYP81F2 showed modest but significantly higher expression
in leaves infiltrated with PstDC3000 and Gln + Ser compared
to leaves infiltrated with PstDC3000 alone (Supplemental
Fig. S6A). Nevertheless, when Gln + Ser were co-infiltrated
with PstDC3000 into leaves of naive plants, ICST and PR1
were expressed at the same level as those detected in leaves
infiltrated with bacteria alone (Supplemental Fig. S6B). These
data show that Gln and Ser supplementation do not suppress
bacterial growth by eliciting plant defense responses.

The induced expression of CYP81F2 in leaves co-infiltrated
with PstDC3000 and GlIn + Ser likely reflects the virulence-
suppressing effect of GIn + Ser on PstDC3000. MAMP per-
ception strongly induces CYP81F2 and callose deposition, 2
responses that PstDC3000 suppresses early in the infection
(Clay et al. 2009). These data suggest that Gln + Ser supple-
mentation could impair the ability of PstD3000 to suppress
early MAMP-elicited responses. To test this hypothesis, we
examined hrpl gene expression, a major T3SS regulator in
PstDC3000. Following the conditions established in an early
study (Rahme et al. 1992), we grew PstDC3000 in
hrpL-inducing minimal medium (HMM) supplemented
with 5 mM of each L-AA for 150 min before collecting bac-
terial samples to assess gene expression. Except for Phe, every
L-AA tested decreased hrpL expression in vitro, with Gln and
Ser showing a large and statistically significant effect (Fig. 2B).
It has been proposed that MAMPs perception elevates plant
immunity against PstDC3000 via compromising the onset of
bacterial virulence (Anderson et al. 2014; Lovelace et al. 2018;
Nobori et al. 2018). To assess the impact of L-AA on bacterial
virulence in planta, we tested the effect of Gln, Ser, Val, and
His supplementation on virulence gene expression at early
stages postinoculation. To this end, we co-infiltrated
PstDC3000 with His, GIn, Ser, and Val individually in naive

plants and assessed the expression of the T3SS regulator
hrpL, the T3E avrPto, and the COR synthesis gene cfl. These
3 bacterial genes are induced at the early stages of the infec-
tion and have been used as virulence markers in previous
studies (Lovelace et al. 2018; Nobori et al. 2018). While GIn
and Ser significantly suppressed the expression of hrpL,
avrPto, and cfl, Val only suppressed hrpL, avrPto (Fig. 2C).
The co-infiltration of PstDC3000 with His did not affect the
expression of these genes (Supplemental Fig. S7), suggesting
that His boosts bacterial growth without modifying bacterial
virulence. As a comparison, we tested the effect of citric acid,
aspartic acid, and 4-benzoic acid on bacterial growth at 50
and 500 pM concentrations as previously reported by
Anderson et al. (2014) in seedlings. Our data revealed that
the 500 pM combination of the 3 metabolites modestly in-
creased bacterial growth in mock-treated leaves but had
no effect on bacterial growth in flg22-treated leaves
(Supplemental Fig. S8A). In addition, these metabolites did
not affect the expression of T3SS in mock- or flg22-treated
plants, suggesting that, unlike in seedlings, these metabolites
do not induce virulence and bacterial growth in planta
(Supplemental Fig. S8B). Overall, our data suggest that Gln
and Ser may play an important role in suppressing bacterial
virulence gene expression in flg22-treated plants.

Although effective at suppressing bacterial growth and
virulence gene expression, the surge in amino acid concentra-
tions is only 1 of the many responses elicited after fig22 per-
ception. To compare the virulence-suppressing activity of
Gln + Ser with that of flg22 pretreated plants, we co-
infiltrated PstDC3000 with Gln + Ser in naive wild-type
plants or infiltrated PstDC3000 alone in flg22 pretreated
plants, and assessed the expression of the hrpL, avrPto, and
cfl. While the expression of virulence genes was significantly
lower in PstDC3000 co-infiltrated with GIn + Ser compared
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Figure 3. MTI suppresses bacterial virulence and growth via Gln and Ser accumulation. A) Expression of virulence genes in naive plants 3 hours post-
inoculation (HPI) with PstDC3000 and GIn + Ser. Mean + SEM, n = 12. B) Expression of virulence genes in flg22-treated plants 3 HPI with PstDC3000
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infiltrated with PstDC3000 alone, or mock-treated plants infiltrated with PstDC3000 and GlIn + Ser. E) PstDC3682 growth 48 HPI in naive plants co-
infiltrated with Gln + Ser. F) PstAhrcC growth 48 HPI in naive plants infiltrated alone or co-infiltrated with Gln+Ser. G) Bacterial growth 48 HPI in
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analysis: one-sample t-tests (A-C); Welch t-test (D); t-test (E-G). Statistically significant differences at P values <0.05 (*), <0.01 (**), <0.001 (***), or
non-significant (ns) are shown. (A-C) combination of 3 independent experiments. (D-G) one representative experiment of at least 3 independent

experiments.

to PstDC3000 infiltrated alone in naive plants (Fig. 3A), these
genes were expressed to similarly low levels in flg22-treated
plants with or without GIn + Ser co-infiltration (Fig. 3B).
Importantly, both GIn + Ser infiltration in naive plants and
fig22 pretreated plants suppressed the expression of
PstDC3000 virulence genes to a similar extent, suggesting
that MTI suppresses bacterial virulence through the
virulence-suppressing activity of Gln and Ser.

To explore potential mechanistic connections between
L-AA availability and PstDC3000 virulence suppression, we
tested the expression of relA, a bacterial gene that controls
the onset of survival and virulence programs in response to
nutrient starvation (Traxler et al. 2008). relA encodes an en-
zyme that controls the intracellular levels of the signaling me-
tabolite guanosine penta- and tetra-phosphate, collectively
known as (p)ppGpp. Like in other bacterial species,
PstDC3000 expressed relA in a nitrogen-poor medium to
higher levels than in a rich medium (Supplemental Fig. S9).
When co-infiltrated with Gln + Ser, PstDC3000 expressed
lower levels of relA than when infiltrated alone in naive plants
3 HPI (Fig. 3C). Twenty-four HPI, however, PstDC3000 ex-
pressed higher levels of relA when co-infiltrated with Gln +

Ser in naive plants or infiltrated alone in flg22-treated plants
(Fig. 3C). These data suggest that the extra availability of GIn
and Ser in the early stages of leaf colonization suppresses relA
expression, likely compromising the early onset of bacterial
virulence. At later stages in leaf colonization, a higher expres-
sion of relA may be necessary to withstand the harsher apo-
plastic environment encountered by bacteria that were
compromised to suppress plant immunity earlier during
the infection. To assess the contribution of Gln + Ser to
MTI-mediated suppression of bacterial growth, we tested
the growth of PstDC3000 co-infiltrated with GIn + Ser in
naive plants side by side with PstDC3000 inoculated alone
in fig22-treated plants. Plants pretreated with fig22 24 h prior
to bacterial inoculation suppressed bacterial growth to a lar-
ger extent than naive plants co-infiltrated with PstDC3000
and GIn + Ser, suggesting that beyond GIn and Ser accumu-
lation, other defense responses elicited by flg22 contribute to
suppressing bacterial growth (Fig. 3D). Like PstDC3000, the
growth of the COR synthesis mutant strain PstDC3682 was
also suppressed when co-infiltrated with Gln + Ser (Fig. 3E).
Unlike PstDC3000, however, the growth of the T3SS mutant
strain  AhrcC  was similarly compromised in both
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L-AA-supplemented and nonsupplemented leaves (Fig. 3F),
suggesting that GIn + Ser supplementation suppresses bac-
terial growth primarily via suppressing the expression of
the T3SS. In addition, flg22 pretreated plants suppressed
the growth of PstDC3000 to the same extent regardless of
whether bacteria were infiltrated alone or co-infiltrated
with GIn + Ser (Fig. 3G). The nonadditive effect of Gln + Ser
supplementation on flg22-elicited bacterial growth suppres-
sion further supports the hypothesis that MTI suppresses
bacterial virulence via increasing GIn and Ser availability.
The relatively small protection conferred by Gln + Ser com-
pared to MTI elicitation with flg22, indicates that additional
defense mechanisms, elicited by fig22 and not by Gln and Ser,
also contribute to suppressing bacterial growth. In support of
the direct effect of GIn+ Ser on PstDC3000, the co-
infiltration of PstDC3000 with GIn + Ser in leaves of naive
fls2 plants bypassed the need for fig22 perception to suppress
hrpL and cfl expression (Supplemental Fig. S10A) and bacter-
ial growth (Supplemental Fig. S10B). Overall, our data show
that GIn + Ser supplementation does not elicit plant defense
responses and that the expression of bacterial virulence is sig-
nificantly lower than control levels when PstDC3000 is co-
infiltrated with GIn + Ser in planta. These data suggest that
increased L-AA concentrations contribute to bacterial
growth suppression directly by suppressing virulence.

SA signaling contributes to the accumulation of
amino acids in MAMP-elicited leaves

The Arabidopsis SA-induced deficient-2 (sid2) mutant is a
loss-of-function mutant of ICST that does not induce the
synthesis of SA in response to microbial attack, a phenotype
associated with attenuated responses to fig22 perception
and enhanced susceptibility to PstDC3000 infections
(Wildermuth et al. 2001; Tsuda et al. 2008). SA signaling
has been shown to positively regulate the expression of
AA/H" symporters and the uptake activity in flg22-treated
seedlings (Zhang et al. 2022). To test if SA could play a similar
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role in plants, we assessed the expression of AA/H™ sympor-
ters in flg22-infiltrated leaves of wild-type and sid2 plants 8
HPT. Like in seedlings, while leaves of wild-type plants re-
sponded to flg22 perception by inducing the expression of
several transporters, sid2 only partially induced these genes
(Supplemental Fig. S11), suggesting that, like in seedlings,
SA plays an important signaling role in L-AA transport in
plants. Since SA is an important mediator of
MAMP-elicited signaling and L-AA transport, we hypothe-
sized that SA could also play an important role in the accu-
mulation of L-AA in flg22-treated leaves. To test this
hypothesis, we assessed the concentration of total L-AA in
whole leaves and the leaf AWF of wild-type and sid2 plants
24 HPT with flg22. While leaf L-AA concentrations remained
the same 24 HPT with water or fig22 (Fig. 4A), a modest in-
crease in L-AA concentration, lower than that observed in
the wild-type, was detected in the leaf AWF of fig22-treated
sid2 plants (Fig. 4B), suggesting that SA-mediated signaling is
required for leaves to accumulate L-AA in response to flg22
perception. As revealed by LC-MS analysis of sid2 AWFs
(Supplemental Table S1), an increase in alanine seems to ac-
count for the modest increase of total L-AAs in response to
flg22 perception (Fig. 4B). To test for potential connections
between MAMP perception, SA-mediated L-AA accumula-
tion, and bacterial virulence suppression, we tested if
flg22-treated sid2 plants could suppress PstDC3000 virulence
gene expression to a similar extent as wild-type plants. While
fig22-pretreated wild-type plants significantly suppressed
hrpL expression as early as 1 HPI, sid2 plants allowed
PstDC3000 to express hrplL to a similar extent as mock-
treated sid2 plants (Fig. 4C). By 3 HPI, however,
flg22-pretreated sid2 plants suppressed the expression of
hrpL to the same extent as flg22-pretreated wild-type plants
(Fig. 4C). These data suggest that the compromised increase
in L-AA concentrations in response to flg22 perception
causes a delay in suppressing virulence gene expression in
sid2. To address the contribution of increased L-AA levels
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on bacterial virulence and growth independently of
SA-mediated defense, we bypassed SA signaling by co-
infiltrating PstDC3000 with GIn + Ser in sid2 plants. Like in
naive wild-type plants, PstDC3000 co-infiltrated with Gln +
Ser expressed similarly low levels of hrpL and cfl in naive
sid2 plants 3 HPI (Fig. 4D). In addition, the co-infiltration of
PstDC3000 with Gln + Ser significantly suppressed bacterial
growth in naive sid2 plants albeit to a lower extent than in
wild-type plants (Fig. 4E). While GIn + Ser co-infiltration sup-
pressed bacterial growth in the SA-competent fls2 receptor
mutant and wild-type plants to the same extent
(Supplemental Fig. S10), the growth suppression was less pro-
nounced in sid2 (Fig. 4E), suggesting that, besides suppressing
virulence gene expression at early time points during leaf col-
onization, SA-mediated defense responses that operate at la-
ter time points contribute to suppressing bacterial growth all
along the 48 h infection period. In addition, these data sug-
gest that SA-mediated signaling positively regulates the accu-
mulation of L-AA in flg22-treated leaves, thus suppressing
bacterial virulence at early time points after inoculation.

High endogenous apoplastic GIn suppresses bacterial
infections

To better mimic the high L-AA concentrations of
MTl-elicited leaves without supplementing PstDC3000 with
exogenous L-AA, we sought to assess the impact of high
GIn concentrations on bacterial infections in leaves of
naive plants that constitutively accumulate high concentra-
tions of L-AA in the leaf apoplast. The Arabidopsis
GLUTAMINE DUMPER-1 gene encodes a transmembrane
protein that positively regulates the secretion of Gln to the
leaf apoplast. The gain-of-function mutant gdu1-1D constitu-
tively accumulates high concentrations of Gln in the leaf apo-
plast (Pilot et al. 2004; Pratelli et al. 2010). While 0.8 mM GIn
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concentrations are found in AWF of soil-grown gdu1-1D
(Pilot et al. 2004), in pellet-grown gdu1-1D accumulated ap-
proximately 0.5 mM GIn compared to 0.3 mM in wild-type
naive plants (Supplemental Fig. S12). The constitutive secre-
tion of GIn in gdu1-1D depletes cells from intracellular GIn
and generates oxidative stress, followed by the accumulation
of high concentrations of SA, spontaneous cell-death lesions,
and the development of enhanced disease-resistance pheno-
type 4 wk after germination (Liu et al. 2010). To eliminate the
SA-associated phenotypes that would otherwise make
gdu1-1D unsuitable to test the role of high apoplastic GIn le-
vels on bacterial gene expression and growth, we used the
double mutant sid2Xxgdu1-1D that accumulates high GIn le-
vels in the leaf apoplast without exhibiting any of the en-
hanced defense responses associated with SA accumulation
(Liu et al. 2010). The double mutant accumulated higher
amounts of L-AA in the leaf apoplast than wild-type and
sid2 naive plants (Fig. 5A). In naive sid2xgdu1-1D plants, non-
supplemented PstDC3000 bacteria expressed hrpl, AvrPto,
and cfl to lower levels than in sid2 plants (Fig. 5B). This result
was reminiscent of the lower expression of these virulence
genes in naive wild-type or sid2 plants when PstDC3000
was co-infiltrated with Gln + Ser (Fig. 3A). In addition, and
consistently with previous results obtained with GIn + Ser
supplemented PstDC3000, bacterial growth was significantly
lower in sid2xgdu1-1D compared to sid2 naive plants
(Fig. 5C). Altogether, these data demonstrate that Gin +
Ser supplementation and high endogenous GIn concentra-
tions similarly suppress PstDC3000 virulence and growth.
The data also highlights the role of SA signaling in controlling
L-AA levels in response to flg22 perception and provides a
mechanistic explanation to understand the enhanced sus-
ceptibility to PstDC3000 infections of Arabidopsis mutants
compromised for SA biosynthesis and signaling.
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Figure 5. High endogenous levels of GIn impact PstDC3000 virulence and growth in naive plants. A) Concentration of total amino acids (L-AA) in
leaf apoplastic washing fluids (AWF) of wild-type (wt), sid2, and sid2 x gdu1-1D naive plants. B) Expression of virulence genes in sid2 x gdu1-1D (n =
15) naive plants inoculated with PstDC3000 alone and normalized by the expression in sid2 plants (n = 13); Mean & SEM C) PstDC3000 growth in wt,
sid2, and sid2 x gdu1-1D naive plants 48 HPI. Statistical analysis: Brown-Forsythe and Welch ANOVA tests (A) and (C); P values were adjusted by the
two-stage step-up false discovery rate method (Q = 0.01). (A,C) one representative experiment from at least three independent experiments. (B)
combination of 3 independent experiments. Different letters atop each data group denote statistically significant differences at P value <0.05 in (A,
C). Statistically significant differences at P values <0.01 (**) and <0.001 (***) are shown in (B).
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Discussion

Increased availability of amino acids in leaf apoplast
suppresses the onset of bacterial virulence

Plant bacterial pathogens must sense the environment and
activate virulence pathways to suppress induced plant de-
fense before they can colonize the leaf apoplast (Xin et al.
2018). While low levels of virulence may hinder bacteria’s
ability to suppress plant defense responses, high levels of
virulence expression may compromise bacterial growth by
diverting energy away from the central metabolism (Xin
et al. 2018). In most bacterial species, survival and growth
are coordinated by the intracellular concentrations of (p)
ppGpp (Traxler et al. 2008). In nitrogen-limiting, or otherwise
suboptimal growth conditions (e.g. oxidative stress and os-
motic stress) such as those experienced in minimal medium,
bacteria express high levels of the (p)ppGpp-synthesis genes
relA, thus allowing (p)ppGpp to accumulate. In turn, (p)
ppGpp binds RNA polymerases, shifting transcription toward
genes that are essential for virulence and stress survival. In
the leaf apoplast, the availability of L-AA and other sources
of carbon and nitrogen changes as the infection progresses,
demanding PstDC3000 to constantly adjust (p)ppGpp levels
to maximize growth. Upon entering the leaf apoplast,
PstDC3000 spends the first 3 to 6 h sensing the new environ-
ment and adjusting its metabolism to express virulence genes
in preparation for the rapid growth that takes place later in
the infection (Nobori et al. 2018; Xin et al. 2018). In the early
stages of host colonization, the main function of the T3SS is
to suppress plant defense responses that would otherwise
terminate the infection. Indeed, PstDC3000 mutants com-
promised to express a functional T3SS, elicit strong MTI
and fail to infect otherwise susceptible host plants (Hauck
et al. 2003). Similarly, PstDC3000 mutant strains compro-
mised for the synthesis of (p)ppGpp, are unable to express
wild-type levels of T3E proteins and only produce modest in-
fections in otherwise susceptible Arabidopsis plants
(Chatnaparat et al. 20153, 2015b). The early expression of
the T3SS has been proposed as an important factor to pre-
dict the success of PstDC3000 to produce infections
(Nobori et al. 2018). In agreement with previous studies,
our data show that 3 HPI in MTl-elicited plants, PstDC3000
expresses levels of relA and virulence genes lower than those
detected in naive plants. The low expression of relA in
MTl-elicited plants is consistent with the metabolic adjust-
ment to the nitrogen-rich leaf apoplast environment pro-
vided by plants that have accumulated L-AA prior to the
inoculation (Fig. 1, Table 1, Fig. 3, B and C). Similarly,
PstDC3000 expresses low levels of relA and virulence genes
when co-infiltrated with Gln + Ser into naive wild-type plants
(Fig. 2, Fig. 3, A and C), again suggesting that high GIn + Ser
concentrations, such as those encountered when infiltrated
in leaves of MTl-elicited plants, serve a passive defensive
function aimed at lowering bacterial stress responses and
virulence. Twenty-four HPIl, however, PstDC3000 co-
infiltrated with Gln + Ser in naive plants, or infiltrated alone
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in MTl-elicited plants, expressed higher levels of relA com-
pared to bacteria infiltrated alone in naive plants (Fig. 3C).
These data suggest that PstDC3000 experiences a higher level
of stress at later time points when co-infiltrated with Gln +
Ser in naive plants, perhaps due to not having been able to
suppress plant defense responses earlier in the infection
(Fig. 3, A and C). Importantly, PstDC3000 expressed similarly
low levels of T3SS, T3E, and COR biosynthesis genes when in-
filtrated alone into leaves of fig22-treated plants (Fig. 3A) or
when co-infiltrated with GIn + Ser into naive plants (Fig. 3B),
suggesting that GIn + Ser and flg22 pretreatment suppress
bacterial virulence gene expression through similar
mechanisms.

Amino acid-mediated suppression of virulence only
partially suppresses bacterial growth

MTI suppresses not only the growth of the virulent
PstDC3000 wild-type strain but also that of T3SS mutants
that typically produce mild infection in wild-type naive
Arabidopsis plants, suggesting that other mechanisms
beyond T3SS suppression may account for the
MTI-mediated protection against bacterial infections
(Nobori et al. 2018). This evidence is consistent with the
suppressing activity that GIn + Ser exerts on PstDC3000
growth described in this study. L-AA supplementation in
naive plants did not suppress PstDC3000 growth to the
same extent as MTl-elicited plants (Fig. 3E). In addition, al-
though effective at suppressing the growth of bacterial
strains that do not produce COR (Fig. 3F), L-AA supple-
mentation did not suppress the growth of the AhrcC strain
(Fig. 3G). These data suggest that the increased availability
of amino acids elicited by fig22 in wild-type plants suffices
to suppress bacteria virulence, but it is insufficient to sup-
press bacterial growth fully. This model is consistent with
L-AA playing a defensive role in suppressing virulence, a
critical mechanism in the early stages of infection, but im-
plies that other offensive responses are needed to further
restrict bacterial growth in MTl-elicited plants. This hy-
pothesis is supported by the fact that, while GIn + Ser sup-
plementation suppressed bacterial virulence similarly in
wild-type and sid2 plants (Fig. 4D), they only partially sup-
pressed bacterial growth in sid2 compared to wild-type
plants (Fig. 4E). In addition, while the expression of viru-
lence genes is suppressed to a greater extent in
sid2xgdu1-1D than in sid2 (Fig. 5B), the enhanced disease
susceptibility phenotype of sid2 was only partially rescued
by the increased availability of Gln in the sid2xgdu1-1D
background (Fig. 5D). These data demonstrate that beyond
the early suppression of virulence, active defense mechan-
isms mediated by SA signaling restrict bacterial growth as
the infection progresses. Hence, we propose that the bac-
terial infection level observed 48 HPI depends on both, de-
fensive responses that suppress virulence within the first 3
HPI and offensive responses that create a harsher environ-
ment as bacteria continue to colonize the leaf apoplast.
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SA signaling positively regulates the accumulation of
amino acids in response to MAMPs perception

SA regulates defense responses against biotrophic and hemi-
biotrophic pathogens at multiple levels. In addition to play-
ing an essential role in activating cell-death-mediated resist-
ance initiated by plant intracellular receptors that detect
bacterial T3E, SA plays a critical role in activating immunity
upon MAMP perception (Tsuda et al. 2008). In a previous
study, we unveiled that SA plays a positive role in regulating
the basal update and the enhanced uptake of L-AA elicited
by MAMPs perception in Arabidopsis seedlings (Zhang
et al. 2022). Like in seedlings, SA is necessary to induce the
expression of AA/H" symporters in response to MAMP per-
ception in mature leaves of plants (Supplemental Fig. S9)
(Zhang et al. 2022). The biological function of the induced
gene expression and enhanced L-AA uptake activity detected
in seedlings is still unclear. One possibility is that the en-
hanced uptake lowers the concentrations of L-AA in the
leaf apoplast and deprives PstDC3000 of carbon and nitrogen
at the late stages of infection. In support of this possibility,
the expression of relA, a bacterial proxy for nitrogen scarcity,
was higher in PstDC3000 infiltrated into MTl-elicited plants
than in mock-treated plants 24 HPI (Fig. 3C). The late induc-
tion of relA (e.g. 24 HPI) in wild-type plants likely induces the
onset of bacterial survival programs, diverting energy away
from central metabolism and perhaps further compromising
bacterial growth. Since sid2 plants accumulate less L-AA than
wild-type plants in the leaf apoplast (Fig. 4B) and take up less
L-AA in response to fig22 treatment in the seedlings stage
(Zhang et al. 2022), we hypothesize that the SA-dependent
uptake of L-AA contributes to lowering apoplastic L-AA le-
vels at late infection stages. Overall, the evidence collected
in this study and our previous study suggests that SA signal-
ing is needed for the PAMP-induced fast increase in L-AA
concentrations in the apoplastic side of the plasma mem-
brane, which suppresses the onset of bacterial virulence at
early infection stages. Such virulence suppression likely pro-
vides plants with time to mount offensive responses without
bacterial interference. At later time points, SA signaling is re-
quired to induce L-AA transporters that will enhance the up-
take of L-AA and likely deprive bacteria of the carbon and
nitrogen needed to support rapid growth.

How amino acids suppress bacterial virulence
during MTI

A simplified model of bacterial virulence suppression is pre-
sented in Supplemental Fig. S13. When plants perceive
MAMPs and mount defense responses in the absence of bac-
terial interference, the series of events that follow recapitu-
late the sequence of events elicited by nonpathogenic
bacterial strains: the plant cells perceive the incoming bac-
teria and quickly elicit the accumulation of free amino acids
in the leaf apoplast, which prevents bacterial from expres-
sing virulence. Data obtained in a previous study showed
that the perception of fig22 and elf26 quickly inhibits the
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uptake of L-AA within the first 4 HPT in Arabidopsis seed-
lings (Zhang et al. 2022). Since the uptake of L-AA is
mediated by AA/H" symporters whose activity depends on
the H" gradient across the plasma membrane, we hypothe-
sized that the inhibition of L-AA uptake observed within the
first hours after fig22 or elf26 perception (Zhang et al. 2022)
could result from the inhibition of the H*-pump ATPase
AHA1 and the rapid change in ion fluxes across the plasma
membrane that combined leads to the alkalinization of the
apoplastic fluids (Jeworutzki et al. 2010; Elmore and Coaker
2011). In liquid-grown seedlings and liquid-cultured plant
cells, the alkalinization of the liquid medium is one of the
first responses elicited by fungal ergosterol (Granado et al.
1995), fig22 (Felix et al. 1999), and a shorter version of the
elf26 peptide called elf18 (Kunze et al. 2004), among other
MAMPs. Due to technical limitations, the alkalinization of
the leaf apoplastic fluids has yet to be confirmed in the
leaves of intact plants. In addition, technical limitations hin-
der the direct assessment of L-AA transport activity in intact
leaves. Thus, we can only infer that fig22 perception in plants
inhibits the L-AA uptake activity via the alkalinization of the
leaf apoplast. Notwithstanding the lack of direct evidence in
planta, we have demonstrated that flg22 and elf26 percep-
tion also inhibit the uptake of L-AA in protoplasts of meso-
phyll cells obtained from plants (Zhang et al. 2022),
suggesting that a similar inhibition of L-AA uptake may oc-
cur in the mesophyll cells of intact leaves. The combined ac-
tion of passive L-AA secretion from mesophyll cells and the
inhibition of active L-AA uptake would likely result in a net
increase in L-AA levels on the apoplastic side of the plasma
membrane. However, it is still unknown if the net increase in
L-AA concentrations in the leaf apoplast elicited by flg22
perception 24 HPT (Fig. 1C) results from the inhibition of
L-AA uptake. Like in seedlings, the induction of AA/H™ sym-
porters elicited by flg22 in leaves would seem to indicate
that an enhanced uptake, similar to that observed in seed-
lings (Zhang et al. 2022) would take place in intact leaves
as soon as the early inhibition of uptake subsides. Further
studies will be necessary to understand if and how the inhib-
ition of L-AA uptake contributes to rapidly increasing L-AA
concentration in flg22-treated intact leaves, as well as the
identity of the transporters that allow L-AA to accumulate
in the leaf apoplast.

Materials and methods

Plant growth conditions

Arabidopsis (A. thaliana) plants were grown on pellets (Jiffy
Pellets #7) in growth Conviron Gen100 chambers with 9 h
of light photoperiod, 100 pEm™>s™" light energy, 23 °C,
and 70% relative humidity (RH). Plants were watered with
half-strength Hoagland solution 3 times a week for the first
4 wk. Then, plants were watered with tap water 3 times a
week for 2 more weeks. Wild-type plants were the reference
Col-0 ecotype unless otherwise specified. The sid2 mutant
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(sid2-2 allele) was a gift from Mary Wildermuth at the
University of California Berkeley. The gdu1-1D mutant was
identified in an activation-tagged screen as described in
Pilot et al. (2004). Seedlings were grown in liquid
Murashige and Skoog (MS) basal medium with vitamins
(Phytotechnology Laboratories) supplemented with 0.5 g/L
MES hydrate and 5 g/L sucrose, pH 5.7 corrected with
KOH, in a Conviron Adaptis A1000 growth chambers
(Conviron, Inc.) under 16 h of light photoperiod, 23 °C con-
stant temperature, 100 pEm~2s~ ' light energy, and 80% RH.

Extraction and quantification of amino acids with
fluorometric assay

The 4th and 5th pairs of leaves were collected in 2 ml round-
bottom microcentrifuge tubes and flash-frozen at the indi-
cated time points (see figure legends) after infiltration. For
seedlings, 1uM fig22 of the synthetic peptide
(QRLSTGSRINSAKDDAAGLQIA; GenScript, Cat# RP19986)
was added on Day 10, and 24 h later samples were flash-
frozen in liquid nitrogen. Frozen leaf and seedling samples
were then lyophilized and weighed. The dry weight was ad-
justed to approximately 11 mg in each sample and turned
into powder with two 5 mm stainless steel beads with
Qiagen Tissue Lyser for 5 min at 3000 strokes per minute.
Extraction in 400 pl of 80% v/v methanol was performed
by mixing thoroughly with Qiagen Tissue Lyser for 5 min at
3000 strokes per minute. The samples were incubated at
28 °C overnight, centrifuged at 17.000x g for 10, and
300 pl of the supernatant were transferred to a new tube
and mixed with 200 pl of chloroform and 100 pl of water.
The samples were mixed with a Qiagen Tissue Lyser for
1 min at 3000 strokes per minute and then centrifuged at
17.000 X g for 10 min. The clear upper phase (150 pl) was
transferred to a new tube for air drying and resuspended in
HPLC-grade water. Apoplastic washing fluids were obtained
using the infiltration and centrifugation method (Lohaus
et al 2001). The 4th and 5th pairs of leaves were infiltrated
with water or 1 uM fIg22 as described above. Twenty-four
hours postinfiltration, the leaves from 2 plants (8 leaves total)
were pooled together as 1 sample and rolled together to fit
inside the cylinder of a 5 ml sterile syringe. The tip of the syr-
inge was sealed with parafilm, the leaves inside the cylinder
were submerged in sterile water, the plunger was inserted
in the cylinder, and the leaves were infiltrated by repeatedly
applying positive and negative pressure by gently moving the
plunger up and down. Once fully infiltrated, the leaves were
removed from the syringe and pat-dried on tissue paper to
remove surface water. Leaves of each sample were stacked to-
gether and inserted back in the cylinder of a clean 5 ml syr-
inge without a plunger. The syringe was inserted in a clean
15 ml conical tube and centrifuged for 5 min at 500 X g in
a swinging bucket clinical centrifuge. Apoplastic washing
fluids were collected at the bottom of the 15 ml conical
tube, transferred to 1.5 ml microcentrifuge tubes, and stored
at —80 °C until analysis. Phloem sap was collected as
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described by Corbesier et al. (2002) with minor modifica-
tions. Briefly, previously infiltrated leaves were detached
from the plant at the base of the petioles and rinsed in
10 mM EDTA to remove cellular content at the edge of
the cut. Petioles ends were then submerged in 400 pl of
5mM EDTA at 100% RH for 6 h in the dark at 23 °C.
Phloem sap samples diluted in EDTA were then lyophilized
and stored at room temp.

Free amino acids were quantified with the commercial
L-AA (total AA) or the GIn fluorometric assay kits
(BioVision, Inc; Cat # K639 and Cat# K556) following the
manufacturer’s directions. Briefly, a 12.5 pl reaction mix con-
taining 11.5 ul L-AA assay buffer, 0.5 pl L-AA probe, and
0.5 ul L-AA enzyme mix was added to each well containing
12.5 ul of AWFs or L-AA standards to generate a standard
curve. The reactions were incubated in a microtiter plate read-
er (SpectraMax® i3x, Molecular Devices) for 30 min at 37 °C.
The fluorescent signal (E./E., =535/587 nm) in each well
was recorded every 5 min. AA quantification was performed
on 5 to 6 independent samples per condition. Total amino
acid concentration in each sample was calculated using the
TREND function in excel and the standard calibration curve.

Profiling of amino acids leaf tissue

Fourth and fifth pairs of leaves were infiltrated with water or
1 uM flg22 for 24 h before being collected in 2 ml round bot-
tom tubes and flash-frozen. Samples were then lyophilized
and weighed. The dry weight of each sample was adjusted
to approximately 5 mg. Dried leaves were crushed into pow-
der with metal beads in a Qiagen Tissue Lyser. Amino acids
were extracted with 200 pul of HCl 10 mM spiked with
0.1 mM Novarline (Sigma-Aldrich) as an internal extraction
control, plus 200 pl of Chloroform. Each sample was vortexed
for 2 min and centrifuged at 17,000 X g for 5 min. The super-
natant was transferred to a new tube for analysis using a
method previously described (Collakova et al. 2013). Briefly,
samples were derivatized with AccQ:Tag™ labeling fluores-
cence kit (Waters Corporation), and amino acids were sepa-
rated using ultra-performance liquid-chromatography
(UPLC) with an Acquity UPLC and detected using an
Acquity FLP fluorescence detector (Waters Corporation).

Profiling of amino acids in apoplastic washing fluids
The quantification of individual amino acids in AWFs was
performed at the University of Virginia-Biomolecular
Analysis Facility Core following a standard protocol
(Nemkov et al. 2015). Serial dilutions of standards of every
AA were run for every analysis. Five microliters of samples
were injected into a UHPLC system (Ultimate 3000,
Thermo, San 378 Jose, CA, USA) and separated through a
3 min isocratic elution (5% v/v acetonitrile, 95% v/v water,
0.1% v/v formic acid) on a 1.7 um C18 column (Kinetex
XB-C18, Phenomenex, Torrance, CA, USA) at 250 pl/min
and 25 °C. High-resolution mass spectrometry analysis was
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performed using a triple quadrupole orbitrap mass spec-
trometer (Q-Exactive HF-X, Thermo Scientific).

Bacterial infection assays in Arabidopsis plants
Infections were performed as described previously by Hauck
et al. (2003) with minor modifications. Plants were grown in
pit pellets and watered as indicated above. Fully expanded
leaves (4th and 5th pairs) of 6-wk-old plants were pressure
infiltrated from the abaxial side of the leaf lamina with a ster-
ile 1 ml needleless syringe loaded with bacterial suspension.
PstDC3000 inoculum from —80 °C glycerol stock was
streaked on an LB-agar plate and incubated overnight at
28 °C. A small amount of bacterial lawn from the overnight
plate was transferred to 3 ml King’s Broth media in a 50 ml
conical tube and incubated under agitation for 3 to 4 h at
28 °C to an ODggonm Of 0.4 to 0.7. Bacteria were pelleted by
centrifugation at 8.000 X g for 3 min and resuspended in ster-
ile water. The pelleting and resuspension were repeated 3
times to wash the bacterial inoculum. Bacteria were resus-
pended in 5 mM MES buffer (pH 5.7), and the ODgponm
was adjusted to 0.0002. For PstAhrpC (T3SS mutant) and
PstDC3682 (COR mutant), an ODggonm of 0.02 was used for
plant inoculation to compensate for the slow PstAhrpC
and PstDC3682 bacterial growth in wild-type Col-0 plants.
PstAhrpC and PstDC3682 were provided by Prof. Alan
Collmer (Cornell University) and Prof. Barbara Kunkel
(University of Washington), respectively. For amino acids
supplementation, each amino acid was added to the bacter-
ial suspension to reach a 10 mM final concentration and im-
mediately infiltrated into leaves. When combined, GIn and
Ser were supplemented at 10 mM each. For the elicitation
of MTI before bacterial inoculation, leaves were infiltrated
with water (mock) or with 1 uM flg22 peptide via pressure
infiltration (as described above) 24 h prior to bacterial inocu-
lation. Infections were allowed to proceed for 48 h. For bac-
terial infection quantification, leaves were removed from the
plants, and 5 mm in diameter leaf discs were collected with a
hole puncher and transferred to 2 ml round bottom tubes.
Samples were ground in 400 pl of sterile water with metal
beads in a QIAGEN Tissue Lyser. Ten-fold serial dilutions of
the ground leaf samples were plated on LB rifampicin
50 pg/ml Omin Tray'™ single-well rectangular plates
(Nunc™) and incubated overnight at 28 °C. Colony forming
units (CFUs) were counted under the microscope (Olympus
$Z61) and informed as CFUs per cm” of leaf area.

Bacterial virulence gene expression

PstDC3000 from an overnight liquid King’s B culture was trans-
ferred to a sterile 50 ml conical tube with fresh media (1:10 di-
lution) and incubated at 28 °C for 2 h with agitation. For in
vitro gene expression analysis, PstDC3000 was pelleted by cen-
trifugation, washed 3 times with sterile water, and resus-
pended in Hrp-inducing minimal medium (Huynh et al.
1989). Bacteria were added to wells of a 12-well tissue culture
plate at a final optical density (ODggonm) of 0.2, and individual
L-AAs were added at a 5 mM final concentration to the
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corresponding wells by triplicate. The plates were incubated
at room temperature (23 °C) for 150 to 190 min before the
bacteria were transferred to microcentrifuge tubes, pelleted,
and stored at —80 °C for RNA extraction. For in planta gene
expression analysis, PstDC3000 was resuspended at an
ODggonm of 0.2 in 5 mM MES (pH 5.7). For control experi-
ments, PstDC3000 was infiltrated into leaves as is. For amino
acids supplementation experiments, bacteria were added to
L-AAs solution prepared in 5 mM MES (pH 5.7) and immedi-
ately infiltrated into the 4th and 5th pairs of leaves. Leaf sam-
ples were taken between 150 and 180 min after infiltration,
flash-frozen in liquid nitrogen, and stored at —80 °C for RNA
extraction.

Bacterial growth in supplemented minimal medium
Bacteria were grown overnight in 5 ml of King’s B liquid me-
dium at 28 °C with shaking. Bacterial cultures were diluted
1:10 with fresh King's B medium the following morning
once the culture reached 0.5 ODggonm, the bacteria were pel-
leted and resuspended in water 3 times. Washed bacteria were
resuspended to a final OD600 of 0.05 in modified M9 media,
containing KH,PO, 15 g/L; NaCl 2.5 g/L; Na,HPO, 33.9 g/L;
NH,CI 5 g/L; MgSO, 5 mM, sucrose 100 M, and supplemen-
ted with GlIn, Ser or a combination of both. Bacteria were
grown in 96 well plates with near constant agitation at 28 °
C. ODggonm measurements were taken every 2 min.

RNA extraction and RT-qPCR
Leaf samples or bacterial pellets were removed from the
—80 °C freezer and kept on dry ice until grinding. Right before
grinding, Trizol Reagent (Invitrogen) was added to each tube,
and samples were ground with metal beads and a QIAGEN
Tissue Lyser. For bacteria RNA extraction either from leaves
or bacterial pellets, Trizol Reagent (Invitrogen) and 0.1 mm
in diameter Zirconia/Silica beads (Sigma-Aldrich) were
added to each tube and pulverized with a bead beater
(BioSpec Products) for 2 min at 7.000 stroke/min before pro-
ceeding with RNA purification. RNA samples were then trea-
ted with DNAse-l (Promega) to remove genomic DNA
contamination. cDNA was synthesized with M-MLV retro-
transcriptase (Promega) and random hexamers primers
(Invitrogen). RT-qPCR reactions were carried out with
SYBR Green reagent (CoWin Biosciences, Inc.) in an
Applied  Biosystems™ 7500 Fast Real-Time PCR
Instrument. Actin2 (At3g18780) expression and gyrA
(PSPTO_1745) were used as normalizing housekeeping genes
for Arabidopsis and PstDC3000, respectively. Gene expression
data are shown as the logarithmic transformation of 2 (log,)
times 2 to the power of minus delta—delta Ct (2799, 3
mathematical formulation that represents fold change
gene expression as log, of relative quantification, or log,
(RQ), for short. The sequences of the primers used were:

gyrA-F: 5'-ttcL-AAtgctgatcccggaagaagg-3'; gyrA-R: 5'-atttc
ctcaccatccagcacctga-3';

hrpL-F: 5'-tcaggaaagctgggaagacgaagt-3’; hrpL-R: 5'-atgttcg
acggcaggcaatcaatg-3';
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avrPto-F: 5'-atgacgggagcgtcaggaatcaat-3'; avrPto-R: 5'-atcc
gttcgggttcatagtcgcaa-3';

cfl-F: 5'-tgctegtctegtegecaa-3'; cfl-R: 5'-cgatacccttagttagtcc
tgtgg-3';

CYP81F2-F: 5'-ctcatgctcagtatgatge-3’; CYP81F2-R: 5'-ctcca
atcttctcgtctatc-3’;

WRKY29-F: 5’-atccaacggatcaagagctg-3'; WRKY29-R: 5'-gcg
tccgacaacagattctc-3';

ICS1-F: 5’-gaactcaaatctcaacctee-3'; ICS1-R: 5'-actgcgacgag
agaagaaac-3’;

PR1-F: 5’-ttcttccctcgaaagetcaa-3'; PR1-R: 5'-aaggcccaccaga
gtgtatg-3';

Gene expression analysis of Arabidopsis amino acid
transporters

The 4th and 5th pairs of leaves of 6-wk-old plants were infil-
trated with water (mock treatment) or 1 uM of fig22 syn-
thetic peptide with a needleless syringe. Eight hours later,
leaves were removed from plants, snap froze in liquid nitro-
gen, and the RNA samples were obtained with Trizol Reagent
(Invitrogen). One microgram of total RNA per sample was
used for nanoString hybridization with the probes listed in
Supplemental Fig. S11B. Raw counts were analyzed with
the nSolver® software (nanoString, Inc) to calculate fold
change in gene expression described in Geiss et al. (2008).

Quantification of radiolabeled amino acids in whole
leaf and leaf apoplastic washing fluids

Using a needleless 1 ml syringe, the 2nd and 3rd pair of
leaves from 6-wk-old plants were infiltrated with a mix of
1T mM cold amino acids (Gln, Ser, or Pro) spiked with the
corresponding "“C labeled amino acid. One hour after infil-
tration, the leaves were removed from the plants at the base
of the lamina, quickly rinsed in water, and transferred to a
5 ml sterile syringe without a plunger. Apoplastic washing
fluids were obtained as described above in the “Extraction
and quantification of amino acids with fluorometric assay”
section. After collecting apoplastic washing fluids, the
leaves in each sample were transferred to a 2 ml round bot-
tom microcentrifuge tube containing two 5 mm metal
beads and 400 pl of 5% v/v bleach (to remove chlorophyll)
and ground with the QIAGEN Tissue Lyser. The recovered
apoplastic washing fluids, typically 100 pl, were mixed
with 100 pl of scintillation cocktail and kept in the dark
for 2 h. One hundred microliters of the leave’s lysates
were lyophilized overnight, resuspended in 100 pl of water,
mixed with 100 pl of scintillation cocktail, and stored in the
dark for 2 h. Radioactivity in each sample was assessed as
counts per minute (CPMs) using a Wallac 1450 TriLux
MicroBeta 96-well plate liquid scintillation counter
(PerkinElmer).

Accession numbers
Sequence data from this article can be found in the GenBank
data libraries under accession numbers NM_118486.6_
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(WRKY29), NM_127025.3 (PR1); NM_202414.1 (ICS1); NM_
1193224 (GDU1); NM_125104.3 (CYP81F2); NM_0013383
58.1 (ACT2); gene ID 1183382 (PstDC3000 gyrA); gene ID:
1183040 (PstDC3000 hrpl); gene ID: 1186363 (PstDC3000
cfl); gene ID: 1185679 (PstDC3000 AvrPto); and gene ID:
947244 (relA). Accession numbers of Arabidopsis AA/H +
symporters are shown in Supplemental Fig. S11.

Supplemental data

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

Supplemental Table S1. Concentrations of individual
amino acids in leaf AWF of wild-type and sid2 plants 24 h
posttreatment with water (mock) or 1 uM fig22.

Supplemental Figure S1. Total amino acids in whole
leaves of wild-type (wt) and fis2 plants infiltrated with water
(black) or fig22 (red) 24 h posttreatment.

Supplemental Figure S2. Supplemented amino acids were
quickly removed from the leaf apoplast.

Supplemental Figure S3. GIn + Ser supplementation sup-
presses PstDC3000 growth in planta.

Supplemental Figure S4. GIn and Ser supplementation
promotes PstDC3000 growth in vitro.

Supplemental Figure S5. GIn + Ser supplementation does
not affect bacterial titter at 3 h postinoculation.

Supplemental Figure S6. Arabidopsis defense gene ex-
pression in response to GIn + Ser infiltration.

Supplemental Figure S7. Expression of virulence genes in
PstDC3000 co-infiltrated with 10 mM His in naive plants 3 h
postinoculation.

Supplemental Figure S8. Effect of citric acid, aspartic acid,
and 4-benzoic (CAB) on PstDC3000 growth and virulence in
6-wk-old plants.

Supplemental Figure S9. relA expression in hrp-inducing
minimal medium (HMM) normalized by its expression in
King's B (KB) rich medium.

Supplemental Figure S10. Exogenous supplementation of
GlIn + Ser bypasses flg22 perception to suppress bacterial
virulence in fls2.

Supplemental Figure S11. Amino acid transporters gene
expression in flg22-infiltrated plants.

Supplemental Figure S12. High endogenous GlIn level in
the leaf apoplastic washing fluids of gdu1-1D.

Supplemental Figure S13. A tentative model of how
plant-made amino acids suppress bacterial virulence during
MTI.
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