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Abstract

Plants live under the constant challenge of microbes that probe the environment in search of potential hosts. Plant cells
perceive microbe-associated molecular patterns (MAMPs) from incoming microbes and activate defense responses that
suppress attempted infections. Despite the substantial progress made in understanding MAMP-triggered signaling pathways,
the downstream mechanisms that suppress bacterial growth and disease remain poorly understood. Here, we uncover how
MAMP perception in Arabidopsis (Arabidopsis thaliana) elicits dynamic changes in extracellular concentrations of free
L-amino acids (AA). Within the first 3 h of MAMP perception, a fast and transient inhibition of AA uptake produces a tran-
sient increase in extracellular AA concentrations. Within 4 and 12 h of MAMP perception, a sustained enhanced uptake
activity decreases the extracellular concentrations of AA. Gene expression analysis showed that salicylic acid-mediated sig-
naling contributes to inducing the expression of AA/H + symporters responsible for the MAMP-induced enhanced uptake.
A screening of loss-of-function mutants identified the AA/H + symporter lysin/histidine transporter-1 as an important con-
tributor to MAMP-induced enhanced uptake of AA. Infection assays in Iht1-1 seedlings revealed that high concentrations
of extracellular AA promote bacterial growth in the absence of induced defense elicitation but contribute to suppressing
bacterial growth upon MAMP perception. Overall, the data presented in this study reveal a mechanistic connection be-
tween MAMP-induced plant defense and suppression of bacterial growth through the modulation of AA transport activity.

Introduction nutrient-rich extracellular fluids that bathe the mesophyll cells,

Despite being sessile organisms that lack an adaptive immune  that is, the leaf apoplast (Xin and He, 2013). Early in the inter-
system, plants are remarkably resistant to microbial infections.  action, plant pattern-recognition receptors perceive a suite of
Leaf bacterial pathogens initiate infections upon breaching the microbial molecules or products of their activities, generally
stomatal barrier at the leaf surface and entering the water and known as microbe-associated molecular patterns (MAMPs)
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and activate defense responses collectively known as MAMP-
triggered immunity (MTI) (Gémez-Gomez et al, 1999; Nicaise
et al, 2009). At the cellular level, early MTI responses include
mitogen-activated protein-kinases activation, cytoplasmic Ca™?
influx, extracellular alkalinization, production of reactive oxygen
species, and genome-wide transcriptional reprogramming
(Gémez-Gomez et al, 1999; Asai et al, 2002; Lecourieux et al,
2005). Late MTI responses include stomata closure, synthesis
and accumulation of amino acid (AA)-derived secondary
metabolites, and reinforcement of plant cell walls via callose
and lignin deposition (Adams-Phillips et al, 2009; Clay et al,
2009; Chezem et al, 2017). Whereas MTI prevents most
microbes from causing disease, pathogens have evolved mecha-
nisms to counter MTI and produce infections. The bacterial
pathogen  Pseudomonas syringae pv. tomato DC3000
(PstDC3000) suppresses MTI via the synthesis of the plant de-
fense signaling antagonist molecule coronatine (COR) and the
activity of type-3 secretion system (T3SS) effector proteins
(T3E) (Hauck et al, 2003; Millet et al., 2010). PstDC3000 mutant
strains that do not produce COR or deliver T3E fail to suppress
MTI and only produce weak infections in otherwise susceptible
host plants (Bender et al, 1987 Brooks et al, 2005 Zhang
et al, 2008; Millet et al, 2010; Xin and He, 2013). In the leaf
apoplast, invading bacteria spend the first few hours adjusting
their metabolism to this rapidly changing environment (Yu
et al, 2013; O'Leary et al, 2016). By modifying the leaf apoplast
composition, plants might be able to suppress bacterial growth.
In addition to polysaccharides, proteins, and complex second-
ary metabolites, the leaf apoplast of Arabidopsis (Arabidopsis
thaliana) and tomato (Solanum lycopersicum) is rich in organic
acids, polyamines, proteogenic AA, and gamma-aminobutyric
acid (GABA) (Solomon and Oliver, 2001; Solomon and Oliver,
2002; Rico and Preston, 2008). Importantly, glucose, fructose,
and several AA support PstDC3000 growth in vitro and have
been shown to regulate the expression of T3SS genes in vivo in
a concentration-dependent manner, suggesting an important
function for these metabolites in controlling bacterial infections
(Rahme et al, 1992; Rico and Preston, 2008; Park et al, 2010;
Anderson et al, 2014; Chatnaparat et al, 2015a; Chatnaparat
et al, 2015b; Yamada et al, 2016).

Among other metabolites, free AA and/or GABA accumu-
late in tomato leaf and leaf apoplast upon infection by
Cladosporium fulvum or P. syringae (Solomon and Oliver,
2001) (Solomon and Oliver, 2002; O'Leary et al,, 2016), sug-
gesting a causal connection between accumulating metabo-
lites and plant susceptibility to infections. It is unknown,
however, if the accumulation of AA and GABA results from
an ineffective plant defense response, or instead, from a mi-
crobial strategy to obtain nutrients and cause disease. These
two equally plausible scenarios hinder the effort to define
causality between metabolite content and pathogenicity.
Previous studies showed that, among other plant metabolites
that change their extracellular concentrations in response
to MTI elicitation, organic acids, fructose, and glucose, can
modulate bacterial virulence in a concentration dependent
manner, thus providing a mechanistic explanation for
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MTI-mediated bacterial growth suppression. While MTI
elicitation induces extensive changes in metabolite compo-
sition, only a few changing plant metabolites have been
tested and reported to modulate bacterial growth in
planta. Given the complexity of the MAMP-elicited meta-
bolic changes, it would be expected that changes in con-
centrations of several metabolites could contribute to
suppressing bacterial infections via multiple different mech-
anisms. Indeed, MTI suppresses the growth of both virulent
and nonvirulent bacterial strains (e.g. that do not express
an active T3SS), suggesting that suppressing virulence is
not the only mechanism by which MTI suppresses bacterial
growth (Tsuda et al,, 2008; Nobori et al., 2018).

Salicylic acid (SA) is an intracellular signaling molecule
that mediates transcriptional responses that elevate plant re-
sistance to microbes. The signaling role of SA is well under-
stood in defense processes initiated by cytosolic receptors,
the so-called “resistance genes,” that perceive T3E and initi-
ate the SA-mediated onset of an enhanced pathogen-
resistant state known as effector-triggered immunity (ETI)
(Delaney et al,, 1994). The plant cells that initiate ETI often
undergo programmed cell death (PCD), which manifests as
a dried area of dead plant tissue at the site of attempted in-
fection (Greenberg et al, 1994; Jirage et al, 1999; Coll et al,
2011). Importantly, Arabidopsis mutants that fail to accu-
mulate SA in response to microbial invasion not only fail to
induce cell death but are also highly susceptible to microbes
that do not elicit ETI, indicating that the role of SA goes be-
yond controlling cell death and ETI (Lynne Reuber et al,
1998; Volko et al, 1998, Wildermuth et al, 2001). In
Arabidopsis plants, SA levels increase 6 h after perceiving
the MTl-eliciting synthetic peptide fig22, a 22 AA-long pep-
tide containing the minimal epitope of the bacterial protein
flagellin (Tsuda et al,, 2008). Unlike wild-type plants, the SA
biosynthesis mutant SA induction-deficient 2 (sid2) only par-
tially activates the flg22-elicited transcriptional program and
is less able to restrict P. syringae infections upon MTI elicita-
tion (Wildermuth et al, 2001; Tsuda et al, 2009). Therefore,
both MTI and ETI use SA-mediated signaling to induce resis-
tance against microbes (Lu and Tsuda, 2021). However, it
remains unclear which SA-signaling-controlled genes contrib-
ute to suppressing bacterial growth upon flg22-induced MTI.

Several lines of evidence suggest connections between AA
transport activity and SA accumulation. Mutants or trans-
genic plants with enhanced AA export or compromised
import activity accumulate high concentrations of SA (Liu
et al, 2010; Yang et al, 2014a; Besnard et al, 2021). Lysin/
histidine transporter-1 (LHT1) encodes an AA importer that
localizes to the plasma membrane of leaf mesophyll cells
where it plays an important role taking up GIn and other
AA from the leaf apoplast (Hirner et al., 2006). When grown
under long-day conditions, lht1-1 plants express high levels
of the ammonium transporter-1;1 (AMT71;1), a gene induced
in response to intracellular GIn deficiency (Gazzarrini
et al, 1999; Liu et al, 2010). In such growth conditions,
Iht1-1 plants progressively accumulate SA and develop
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spontaneous cell death lesions that are visible four weeks af-
ter germination, leading to a stunted rosette size and en-
hanced resistance to biotrophic pathogens (Hirner et al,
2006; Liu et al, 2010). The stunted phenotype of Iht1-1
plants was fully rescued when LHT1 was expressed under
the control of a leaf mesophyll-cell-specific promoter, show-
ing that loss of expression in the root is not responsible for
the constitutive activation of defense responses (Hirner
et al, 2006). Iht1-1 spontaneous cell death and pathogen
phenotypes were rescued by the sid2 mutation, demonstrat-
ing that the buildup of SA is necessary to produce these
phenotypes (Liu et al., 2010). Conversely, LHTT mRNA accu-
mulation increases upon SA treatment and pathogen inocu-
lation (Liu et al, 2010). Similarly, several Arabidopsis genes
encoding AA transporters are induced by pathogens and de-
fense elicitors (Yang et al, 2014a), suggesting that AA trans-
porters are potential effectors of MTI or the SA-mediated
inducible defense.

The goal of the present study was to determine how
MAMP perception impacts extracellular concentrations of
AA and whether such changes contribute to plant immu-
nity. Here, we report evidence that the perception of
MAMPs leads to dynamic changes in AA transport activity
and AA extracellular concentrations, identify transporters
that contribute to changing extracellular concentrations of
AA, define signaling pathways involved in their regulation,
and describe the impact that AA concentration changes
have on plant immunity and bacterial growth.
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Results

Elicitation of MTI induces dynamic changes in AA
transport activity

Previous studies have shown that the onset of MTI is ac-
companied by changes in the composition of extracellular
organic acids (Anderson et al, 2014). To understand if AA
concentrations also change and how such changes contrib-
ute to plant immunity, we began by analyzing the AA con-
tent of exudates obtained from 10-day-old wild-type
seedlings grown in liquid Murashige and Skoog (MS) me-
dium and treated with flg22 for 24 h to elicit MTI. The con-
centration of total AA was assessed in samples of the MS
medium containing seedling exudates at different time
points after treatment. The concentration of total AA in the
exudates rose within the first 4 h, then declined and
remained low between 12 h and 24 h after MAMP percep-
tion (Figure 1A). Targeted mass spectrometry analysis of
exudates showed that, the concentration of most extracellu-
lar AA changed in response to flg22 perception, except Asp
and Glu. While the concentration of most AA increased sig-
nificantly 4 h post-flg22 treatment, Arg, Gly, Lys, Thr, and
Tyr show a similar upward trend but did not increase signifi-
cantly. Twenty-four hours post-treatment, the concentration
of all extracellular AA detected (except for Asp and Glu) de-
creased significantly in exudates of flg22-treated compared
to mock-treated seedlings (Table 1). We hypothesized that
changes in AA concentrations in exudates would be
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Figure 1 MAMP perception induces changes in AA transport activity that modulate extracellular AA concentrations. A, Mean + standard error of

the mean (sem) (n = 3) of total AA concentrations in the liquid exudates of mock- (black) or fig22-treated (red) wild-type seedlings. B, *"Pro, (C)
31GlIn, and (D) *M'Ser uptake rates of wild-type seedlings pre-treated with water (black) or fig22 (red) for 1 h, 4 h, 8 h, or 24 h prior to assessing the
uptake activity. n = 6 replicates of 10 seedlings per point. E, Accumulation of *'Pro (CPM = count per minute) in roots and shoots of seedlings
pretreated with water (black) or fig22 (red) for 24 h. Intact seedlings were allowed to take up **Pro for 3 h, washed and severed below the hypo-

cotyl, and CPMs were quantified separately in shoots and roots. n = 4 replicates of 10 seedlings per point. (ns) nonsignificant. Data analysis: t-test

(A); Welch t test (B, C, D, and E). * ** and *** indicate statistically significant differences at P-values of <0.05, <0.01, and < 0.001, respectively.
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Table 1 Concentration of AA in exudates of wild-type seedlings (mean =+ standard error of mean) assessed by mass spectrometry

4 h post-treatment

24 h post-treatment

Mock (n = 6) flg22 (n = 6) Mock (n = 8) flg22 (n = 8)
Amino Mean Standard error Mean Standard error  Adjusted P-value Mean Standard error Mean Standard error  Adjusted P-value
Acids  (uM)  ofthemean  (UM)  of the mean M versus F (uM)  of the mean  (uM)  of the mean M versus F
Ala* 5.42 0.10 12.57 0.25 1.24E-03 Ala* 3.24 0.56 0.63 0.09 2.19E-03
Arg 0.04 0.00 037 0.03 6.70E-02 Arg* 0.21 0.02 0.11 0.02 3.39E-03
Asn* 0.10 0.00 0.40 0.02 2.49E-02 Asn*  36.79 3.96 8.02 1.72 6.90E-05
Asp 5.43 0.22 4.03 0.13 3.05E-01 Asp 2.79 0.66 177 0.47 2.32E-01
Cys ND ND ND ND Cys 0.05 0.02 ND ND
Glu 10.03 0.29 11.86 0.28 3.82E-01 Glu 6.06 0.78 8.24 1.97 3.30E-01
Gln* 71.42 0.89 123.97 0.70 5.00E-06 GIn* 62.28 11.84 16.66 3.66 5.79E-03
Gly 1.84 0.07 4.13 0.20 7.77E-02 Gly* 4.35 1.00 1.19 0.21 1.61E-02
His* 0.58 0.01 1.05 0.01 2.00E-06 His* 3.00 0.49 0.30 0.15 6.29E-04
lle* 3.72 0.03 7.81 0.14 1.77E-03 lle* 1.13 0.25 0.19 0.04 6.16E-03
Leu* 2.44 0.02 6.65 0.13 1.30E-03 Leu* 1.93 0.51 0.10 0.03 8.75E-03
Lys 0.02 0.00 0.10 0.01 7.68E-02 Lys* 0.44 0.05 0.12 0.02 2.21E-04
Met* 0.07 0.00 0.30 0.01 1.17E-02 Met 0.06 0.02 0.02 0.00 9.51E-02
Phe* 0.92 0.01 3.72 0.06 2.54E-04 Phe*  0.54 0.12 0.17 0.03 1.84E-02
Pro* 0.79 0.01 2.32 0.04 3.43E-04 Pro* 2.36 0.41 0.00 0.06 5.47E-04
Ser* 6.15 0.16 12.54 0.39 2.09E-02 Ser* 7.48 0.90 1.80 0.36 2.28E-04
Thr 3.05 0.06 4.31 0.12 9.32E-02 Thr* 2.36 0.39 0.88 0.24 6.95E-03
Try* 0.42 0.00 0.80 0.01 1.51E-04 Try* 0.23 0.06 0.04 0.01 1.24E-02
Tyr 0.58 0.01 123 0.05 5.30E-02 Tyr* 0.34 0.07 0.08 0.02 5.34E-03
Val* 11.97 0.09 20.52 0.17 3.10E-05 Val* 5.47 1.42 0.36 0.14 8.67E-03

Asterisks indicate AA whose concentrations increased or decreased significantly (P < 0.05 in bold font) at 4 h (n = 6) and 24 h (n = 8) after flg22 treatment, respectively.
(ND) not detected. More than five independent experiments produced similar results. Data were analyzed with Welch t-test; P-values were adjusted by the two-stage step-up

false discovery rate method (Q = 0.01).

dependent on changes in AA transport activity across the
plasma membrane. To test this hypothesis, we assessed AA
transport activity in wild-type seedlings using radiolabeled
Pro, Gln, and Ser, three AA whose concentrations increased
at 4 h and decreased significantly 24 h after MTI elicitation.
The AA uptake activity of mock- and flg22-treated seedlings
was assessed at several time points between 1 h and 24 h af-
ter treatment by removing the liquid medium, washing the
seedlings, and incubating the seedlings in a mix of 100-uM
cold Pro, GIn, or Ser, and 3.7 kBq of the corresponding
radiolabeled AA. Wild-type seedlings were allowed to take
up **Pro for 3 h, and Gln or Ser for 30 min. The perception
of fig22 inhibited *'Pro, *"'GIn, and *"'Ser uptake as soon as
1 h post-elicitation but induced their uptake at later time
points, mirroring the concentrations of extracellular AA
detected in seedling exudates along the same 24 h period
(Figure 1, B-D). These data suggest that changes in AA
transport activity contribute to changing extracellular con-
centrations of AA in response to flg22 perception. To test
the implication of MAMP perception in this response, AA
exudation and transport were measured in the fls2-1
(SALK_026801) and efr-1 (SALK_044334) mutants, respec-
tively lacking the receptor for flg22 and elf26, a 26 AA-long
synthetic peptide containing the minimal epitope of the
bacterial ribosome elongation factor-TU. Like flg22, treat-
ments with elf26 for 24 h induced an enhanced AA uptake
activity in wild-type seedlings (Supplemental Figure S1).
Unlike wild-type seedlings, fls2-1 and efr-1 did not show en-
hanced uptake of AA 24 h after flg22 or -elf26 treatments,
respectively (Supplemental Figure S1). These data indicate

that changes in AA transport are dependent on signaling
processes initiated by MAMP receptors and suggest that
changes in AA transport activity are a conserved response
to MAMP perception. To determine which organ/s contrib-
uted to flg22-induced enhanced AA uptake, seedlings were
grown in liquid MS medium, treated with water or flg22 for
24 h, allowed to take up Pro for 3 h, and sectioned below
the hypocotyl to assess >"'Pro accumulation in shoots and
roots separately. This approach revealed that shoots contrib-
uted with most of the basal and the flg22-induced enhanced
uptake (Figure 1E). In a similar experiment, seedlings were
treated with water or flg22 for 8 h, sectioned below the hy-
pocotyl, and roots and shoots were then allowed to take up
*"Pro separately. Here again, while shoots uptake was in-
creased by flg22 pretreatment, roots showed less uptake ac-
tivity overall and did not show enhanced Pro uptake in
response to flg22 treatment (Supplemental Figure S2). These
data indicate that MAMP-elicited changes in AA transport
in green tissues, and not root tissues, are responsible for the
modulation of the concentrations of extracellular AA
detected in seedling exudates.

MAMP-perception elicits an enhanced uptake of AA
via the activation of AA/H™ symporters

In most physiological conditions, cytosolic concentrations of
AA are higher than those found outside the cells. Cells main-
tain a high cytosolic concentration of AA via both the de
novo biosynthesis and the reuptake of AA that leak out of
the cells (Okumoto and Pilot, 2011; Yang et al, 2020; Yao
et al, 2020). Cells take up AA against a concentration
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gradient via plasma membrane-localized AA/H™-coupled
symporters (AA/H™ symporters) whose activity depend on
the H* electrochemical gradient generated by the plasma
membrane H™ -ATPases (Bush and Langston-Unkefer, 1988).
To test whether the MAMP-elicited enhanced uptake of AA
requires H* gradient, and hence AA/H* symporters, *'Pro
accumulation was assessed in seedlings pretreated for 24 h
with water or flg22 and then treated with carbonyl cyanide
m-chlorophenyl hydrazine (CCCP) for 40 min before the
start of the AA uptake assay. CCCP, a protonophore that
dissipates the H* gradient across all membranes, quickly
inhibits adenosine triphosphate (ATP) synthesis and the H™ -
coupled transport of AA (Bush and Langston-Unkefer, 1988;
Hirner et al, 2006). CCCP inhibited both the basal and the
MTl-elicited uptake of Pro (Figure 2A), highlighting the role
of AA/H™ symporters in the MTl-elicited enhanced AA up-
take activity 24 h post-treatment. Expectedly, the inhibition
of AA uptake with CCCP produced a significant increase in
extracellular AA concentrations (Figure 2B), showing that
seedlings continued exporting AA out of the cells through
passive transporters when the active uptake of AA was
inhibited. To identify transporters that would contribute to
AA uptake during MTI progression, we mined published
Arabidopsis gene expression data for flg22-induced AA/H™
symporters and found eleven genes induced in seedlings at
either 1 h or 3 h after flg22 perception (Denoux et al., 2008).
Seven of these AA/H™ symporters were at least 1.5-fold in-
duced (P < 0.05) by flg22 treatment in Arabidopsis leaves:
two members of the AA permease (AAP) subfamily, three
members of the LHT subfamily, one member of the proline
transporter (ProT) subfamily, and one member of the cat-
ionic AA transporter (CAT) subfamily (Supplemental Table
S1). Ten-day-old seedlings grown in liquid medium were
treated with water (mock treatment) or fg22 and RNA sam-
ples were collected at different time points. nanoString hy-
bridization and reverse transcription—quantitative
polymerase chain reaction (RT-qPCR) confirmed that wild-
type seedlings induced the expression of these AA transport-
ers 8 h after exposure to flg22 (Figure 2C), a time point
when the uptake of Pro, GIn, and Ser was higher than in
mock-treated seedlings (see Figure 1, C, D, and E). To assess
the contribution of these genes to changes in AA transport
during MTI progression, we tested the basal and the flg22-
induced uptake of AA in their corresponding loss-of-
function mutants. >*'Pro was used as a tracer for uptake in
aap3-1 (SALK_148822), Iht1-1 (SALK_034566), and prot2-1
(SALK_067508) since the corresponding transporters were
previously confirmed to transport Pro (Rentsch et al, 1996;
Okumoto et al, 2002; Hirner et al, 2006). AA uptake in
cat1-1 (SALK_087921) was assessed with *"'GIn, because
CAT1 was shown to transport Gln but not Pro (Su et al,
2004). Due to the lack of information on LHT7 and LHT10
substrate specificity, we tested *"'Pro and *GIn transport in
Iht7-1 (SALK_027033), Iht7-2 (SALK_043012), and Iht10-1
(SALK_114616). Of the eight mutants tested, only Iht1-1 up-
take activity was lower than in the wild-type and did not
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increased 24 h after flg22 treatment (Figure 2, D and E). In
addition, Iht1-1 was the only mutant for which the AA con-
tent in seedling exudates was not decreased by flg22 treat-
ment, in agreement with its inability to enhance AA uptake
in the same conditions (Figure 3B and Supplemental Figure
S3). The Iht1-1 mutant also lacked the flg22-elicited en-
hanced uptake of *'Ser (Supplemental Figure S4A) and the
elf26-elicited increase in *"'Pro, *"'GIn, and *‘'Ser uptake
(Supplemental Figure S4, C, D, and E). As previously shown
by Hirner et al. (2006), the uptake of glucose, which also
depends on an intact H* gradient across the plasma mem-
brane, was similar in wild-type and Iht1-1 in mock condi-
tions (Supplemental Figure S4B), confirming that the
observed AA transport defects are not caused by an altered
H™ electrochemical gradient or another general transport
defect in Iht1-1. To rule out MAMP perception or signaling
defects in |ht1-1, we assessed the transcriptional response to
fig22 perception. RT—qPCR data showed that lht1-1 and wild-
type seedlings induced the expression of canonical fig22-
responsive genes to a similar extent 3 h after flg22 treatment
(Figure 2F). Similarly, AA/H™ symporters were induced to a
similar extent in [ht1-1 and wild-type seedlings 3 h after fig22
treatment (Figure 2F). These data show that fig22 perception
and signaling are intact the /ht1-1 mutant. Overall, the data
presented in this section demonstrate that the flg22-induced
AA/H™ symporter LHT1 is necessary to drive the enhanced
uptake of AA elicited by fig22 and elf26.

Salicylic acid-mediated signaling contributes to AA
uptake regulation

While the impact of AA transport defects on SA accumula-
tion has been reported in several studies, the impact of SA
signaling on AA transport activity has been less docu-
mented. In beet (Beta vulgaris) leaves, SA treatment inhib-
ited the uptake of AA in a dose-dependent manner
(Bourbouloux et al, 1998). This precedent, together with
previously published connections between SA accumulation
and the compromised AA transport in Iht1-1 (Liu et al,
2010), prompted us to test if SA accumulation contributes
to inhibiting AA uptake of lht1. To this end, we assessed the
uptake of AA in the Iht1-1, sid2-2 double mutant (/7s2),
which no longer accumulates an excess of SA compared to
Iht1-1 (Liu et al, 2010). Both, Iht1-1 and /152 showed a simi-
larly lower uptake of **Pro in mock conditions compared to
the wild-type, and fIg22 treatment had no effect on Pro up-
take in either genotype, showing that SA does not contrib-
ute to the impaired AA uptake in Iht1-1 (Figure 3A).
Interestingly, Pro uptake did not increase in response to
flg22 treatment in the sid2-2 mutant (Figure 3A), suggesting
that the SA signaling plays a role in the flg22-induced en-
hanced uptake of AA. Consistently with their compromised
uptake, the concentration of extracellular AA in |ht1-1 and
I1s2 did not decrease in response to flg22 perception
(Figure 3B). In addition, sid2-2 showed a lower concentration
of extracellular AA in exudates of mock-treated compared
to wild-type seedlings (Figure 3B). Measurement of Gln
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Figure 2 LHT1 drives the uptake of AA in both mock and MTl-elicited seedlings. A, Wild-type (wt) seedlings were treated for 24 h with water
(black) or fg22 (red). *"Pro uptake was assessed with or without 100-uM CCCP to inhibit active transport. n = 3 replicates of 10 seedlings per
point. Two independent experiments produced identical results. B, Concentration of total AA in exudates of wild-type (wt) seedlings treated with
water or 100-uM CCCP. Total AA were quantified in exudates 1 h, 3 h, and 5 h post-treatment. n = 4 replicates of 10 seedlings per point. Two in-
dependent experiments produced identical results. C, Mean = sem (n = 3) relative expression of AA/H™ symporters in wt seedlings 8 h after fig22
treatment; messenger RNA (mRNA) levels were assessed with nanoString hybridizations and analyzed with the nSolver software. LHT10 expression
was quantified via RT-qPCR. Total RNA samples were obtained from 15 10-day-old seedlings 8 h after fig22 treatment from three independent
experiments. D, "3Pro and (E) *"GIn uptake activity in wt and insertional mutants of candidate genes after mock- (black) or fig22 treatment (red).
Replicates of 10 seedlings per sample (n = 8). F, Mean = sem relative expression of early canonical fig22-induced genes (left) and AA/H™ symport-
ers (right). Total RNA samples were obtained from 15 10-day-old seedlings 3 h post-treatment from three independent experiments (n = 3). Data
analysis: Welch t test (A); t test (B and F); one-sample t test (C); multiple Welch t test (D and E). *, **, and *** indicate statistically significant differ-
ences at P-values of <0.05, <0.01, and <0.001, respectively.

wild-type in both mock and fig22 conditions (Supplemental
Figure S5). This result suggests that SA exerts a positive action
on the regulation of AA uptake in both non-elicited and

uptake 24 h after flg22 treatment corresponded well with
these data: no increase in Gln uptake was observed for Iht1-1
and /1s2, while sid2-2 showed less Gln uptake activity than the
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Figure 3 Salicylic acid positively modulates the late MAMP-induced enhanced AA uptake. A, *"Pro uptake 24 h after mock (black) or fig22 (red)
treatment. Replicates of 10 seedlings per point (n=4). Four independent experiments yielded similar results. B, Concentration of total extracellular
AA in exudates of seedlings 24 h after mock (black) or fig22 (red) treatment. Replicates of 10 seedlings per sample (n = 5 for wt, Ith1-1, and sid2-2;
n = 6 for Iht1-sid2 double mutant). C, Mean + sem relative expression of early canonical fig22-induced genes in wt (solid) or [1s2 (stripped) seed-
lings 3 h after mock (black) or fig22 (red) treatment. Total RNA samples were obtained from 15 10-day-old seedlings 3 h post-treatment from
three biological replicates (n = 3) and gene expression was assessed via RT-qPCR. D, Mean = sem relative expression of AA/H™ symporters in wt
(solid) or sid2 (stripped) seedlings 8 h after mock (black) or fig22 (red) treatment. Total RNA samples were obtained from 15 10-day-old seedlings
8 h post-treatment from three biological replicates (n = 3). Gene expression was assessed via nanoString hybridization except for LHT10 which
was quantified by RT-qPCR. E, Mean =+ sem relative expression of flg22-induced, SA-regulated AA/H™ symporters in cpr1 seedlings normalized to
the wt levels. Total RNA samples were obtained from 15 10-day-old seedlings 8 h post-treatment from three biological replicates (n = 3) and gene
expression was assessed by RT-qPCR. Two independent experiments yielded similar results. F, *"Pro uptake in nontreated cpri seedlings.
Replicates of 10 seedlings per sample (n = 12). Data analysis: Welch and Brown-Forsythe ANOVA tests (A); two-way ANOVA test (B); multiple t
tests (C); t test (D) except for LHT10 Welch t test; one-sample t test (E); Welch t test (F). *, **, and *** indicate statistically significant differences at
P-values of <0.05, <0.01, and <0.001, respectively. Different letters in (A) and (B) indicate statistically significant differences at P <0.05.

MTl-elicited conditions. The response to flg22, assessed as the high levels of SA would display a constitutively high expression
expression of the fig22-induced markers CYP81F2, MYB51, and ~ of AA/H™ symporters and enhanced AA uptake activity com-
WRKY29, was similar in the wild-type and [1s2 seedlings 3 h pared to wild-type plants. Indeed, the “Constitutive Expressor
post-treatment (Figure 3C), showing that neither the Iht1-1 of PR genes-1" (cpr1) mutant that overaccumulates SA

nor the sid2-2 mutations affected early flg22 signaling. (Bowling et al, 1994), expresses higher levels of LHT1, LHT7,
To test for a potential role for SA in the transcriptional regu-  and LHT10 mRNAs compared to wild-type seedlings
lation of AA transporters following fig22 treatment, the expres- (Figure 3E). In addition, *'Pro uptake in crpT was significantly

sion of the seven flg22-induced AA/H* symporters was higher than in wild-type seedlings (Figure 3F), confirming our
assessed in the sid2-2 mutant 8 h after flg22-treatment. The ex- hypothesis. These data show that SA-mediated signaling posi-
pression of AAP3, LHT1, LHT7, ProT2, and LHT10 was lower in tively regulates the uptake of AA both in control and flg22-
sid2-2 compared to wild-type in non-elicited conditions, and elicited conditions. In addition, the AA transport activities
AAP3, LHT7, ProT2, and LHT10 were not induced in sid2-2 to  corresponded tightly with the concentration of extracellular
the same extent as in wild-type seedlings in response flg22 per- AA in exudate in all the conditions tested.

ception. These data suggest that, in addition to LHT1, AAP3,

LHT7, ProT2, and LHT10, play a role, albeit minor, in mediating ~ MAMP perception transiently inhibits AA uptake
the AA uptake activity controlled by SA in both non-elicited  independently of SA signaling

and MTl-elicited conditions (Figure 3D). Based on this evidence, Having established that LHT1 and flg22-elicited SA-mediated
we hypothesized that mutants that constitutively accumulate ~ responses are important in activating AA uptake and
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lowering extracellular AA concentrations 24 h after flg22
treatment, we assessed the role of SA and AA/H™ symport-
ers in the inhibition of AA uptake observed 1 h after flg22
perception, when the concentration of extracellular AA
increases in the exudates (Figure 1A). While the decrease in
Pro uptake in the wild-type seedlings 1 h after elicitation
was absent in fls2, the inhibition was still present in sid2-2,
suggesting that this response depends on the receptor-
mediated perception of flg22, but not on SA-mediated sig-
naling (Figure 4A). Previously published gene expression
data (Denoux et al, 2008) and our results showed that the
expression of all the AA transporters tested was induced 1
h, 3 h, and 8 h after flg22 treatment (Supplemental Table S1
and Supplemental Figure S6A and B; Figure 2C). Therefore,
the inhibition of AA uptake 1 h after flg22 perception does
not correspond with the expression of AA/H™ symporters,
suggesting that other regulatory mechanisms might be in-
volved. Leaf mesophyll cells are in direct contact with bacte-
rial pathogens that colonize the leaf apoplast. Hence, to
provide a more direct estimation of the changes that take
place in the leaf apoplast in response to flg22, we measured
AA transport properties of mesophyll protoplasts. Like seed-
lings (Figure 1A; Supplemental Figure S1), the perception of
flg22 by wild-type protoplasts induced the expression of
MTI response markers (Supplemental Figure S7A) and eli-
cited an FLS2-dependent inhibition of AA uptake at 1 and
3 h post-treatment (Figure 4B; Supplemental Figure S7B). As
shown previously, while Iht1-1 protoplasts were compro-
mised for Pro uptake (Hirner et al, 2006), they still
responded to flg22 treatment by decreasing the uptake even
further (Figure 4C). These data suggest that, in addition to
LHT1, other transporters must be responsible for the back-
ground uptake activity in lht1-1 protoplasts. The role of SA-
mediated signaling in AA uptake was assessed in leaf proto-
plasts of sid2-2 and of the “Non-expressor of Pathogenesis-
Related genes-1” (npr1) mutant, a signaling mutant that
accumulates wild-type levels of SA, but fails to induce SA-
mediated transcriptional responses (Cao et al, 1997). In
nonelicited conditions, **Pro uptake was lower in sid2-2 and
npr1 protoplasts compared to the wild-type (Figure 4D).

Zhang et al.

The perception of flg22 still inhibited Pro uptake in both
mutants to a similar extent as in wild-type protoplasts.
These data show that SA-signaling is necessary for basal AA
uptake activity in mesophyll cells in mock conditions, and
confirmed that, like in seedlings, the perception of flg22
inhibits the uptake of AA at earlier time points via an SA-
independent mechanism.

MAMP-induced changes in AA transport contribute
to restricting bacterial growth

Both seedlings and adult plants perceive flg22 and mount
defense responses that suppress P. syringae infection (Zipfel
et al, 2004; Danna et al, 2011). To test the effects of flg22-
induced changes in AA transport activity and extracellular
concentrations of AA on the bacterial growth, P. syringae
pv. maculicola ES4326 (PsmES4326) growth was measured in
seedling exudates obtained from mock or flg22-treated wild-
type seedlings. Pathogen growth was slower in exudates of
flg22-treated seedlings (Figure 5A). This result was reminis-
cent of those obtained when the pathogen infected seed-
lings in liquid medium (Danna et al, 2011), suggesting that
the conditions that determine bacterial growth are, to some
extent, similar in seedlings and exudates. To assess the con-
tribution of the lower AA content in exudates of flg22-
treated seedlings on bacterial growth, seedling exudates
obtained 24 h after mock or flg22 treatment were supple-
mented with individual AA, and PsmES4326 growth rates
were determined as doubling time. In the conditions tested,
Asn, Glu, GIn, Leu, and Pro were able to rescue bacterial
growth (Supplemental Table S2), suggesting that decreased
concentrations of Asn, Gln, Leu, and Pro in the exudates of
flg22-elicited seedlings (Table 1) contribute to limiting
PsmES4326 growth. We thus reasoned that grinding flg22-
treated wild-type seedlings would make the sequestered AA
available to support bacteria growth, thus allowing bacteria
to grow similarly in both mock-elicited and flg22-elicited
seedling lysates. Ten-day-old seedlings grown in liquid MS
medium were treated with water (mock) or flg22 for 24 h
and then removed from the MS medium and ground. In
the lysates of flg22-treated seedling, PsmES4326 replicated
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Figure 4 MAMP perception rapidly and transiently inhibits the uptake of AA in a salicylic acid-independent manner. A, **'Pro uptake in wt and
mutant seedlings 1 h after mock (black) or fig22 (red) treatment. Replicates of 10 seedlings per sample (n = 12 for wt; n = 6 for mutants). B-D,
*Pro accumulation in mesophyll protoplasts of wt plants and the fis2 (B), Iht1-1 (C), sid2-2, and npr1 (D) mutants. Protoplasts were treated for
3 h with fig22 (red) or water (black) before Pro uptake assessment. Replicates of 1 x 10" protoplast cells per sample (n = 3). Data analysis:
Welch t test (A, B, and C); t test (D). *, ** and *** indicate statistically significant differences at P-values of <0.05, <0.01, and < 0.001, respectively.
Different letters indicate statistically significant differences at P <0.05 (D).
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Figure 5 The rapid and transient MAMP-elicited AA uptake inhibition contributes to suppressing bacterial growth. A, Bacterial doubling time in
exudates was obtained 24 h after mock (black) or fig22 (red) treatment of wt seedling. Replicates of bacterial growth in exudates were obtained
from 15 10-day-old seedlings from three biological replicates (n = 3). B, Bacterial doubling time in lysates obtained from wt seedlings 24 h after
mock (black) or fig22 (red) treatment. Replicates of bacterial growth in seedling lysates were obtained from 15 10-day-old seedlings from three bi-
ological replicates (n = 3). C, Percentage of bacterial growth in flg22-treated wt or Iht1-1 (Iht1) seedlings normalized by growth in mock-treated
seedlings 30 h after inoculation. Replicates of bacterial growth in 15 10-day-old seedlings from three biological replicates (n = 3). D, Callose and (E)
lignin deposition in wt and Iht1-1 (Iht1) mock- (M) or fig22- (F) treated seedlings grown for 6 days in liquid MS and stained 2 days after treatment.
Bar size = 0.05 mm. Arrows indicate callose or lignin deposits. Images were taken with a Zeiss Axio Imager microscope and a color CCD camera.
Bar size = 1Tmm. Data analysis: t test (A and B); Welch t test (C). *, **, and *** indicate statistically significant differences at P-values of <0.05,

<0.01, and <0.001, respectively.

faster than in mock-elicited seedling lysates, suggesting that
MTl-elicited seedlings actively suppress bacterial growth by
modifying the apoplast composition, perhaps via sequester-
ing AA inside the cell (Figure 5B).

To directly test if and how flg22-elicited changes in AA
concentration contribute to plant defense and bacterial
growth, wild-type and Iht1-1 seedlings were grown in liquid
MS medium for 10 days and treated with water or flg22 for
24 h before inoculation with PsmES4326. The infection pro-
ceeded in conditions identical to those used for plant
growth. Thirty hours later, seedlings were removed from lig-
uid MS and ground to assess infection. In good agreement
with the hypothesis stated above, Iht1-1 seedlings allowed
for enhanced bacterial growth in mock-treated seedlings
(Supplemental Figure S8), possibly due to the higher con-
centration of extracellular AA available to support growth in
Iht1-1. Upon flg22 perception, however, bacterial growth was
suppressed to a higher extent in lht1-1 than in wild-type

seedlings (Figure 5G Supplemental Figure S8). As Iht1-1 does
not lower the concentration of extracellular AA in response
to flg22 perception, this result falsifies the hypothesis that
PsmES4326s growth positively corresponds with the abun-
dance of extracellular AA upon the elicitation of MTI. Adult
Iht1-1 plants are smaller than wild-type and constitutively
express SA-mediated enhanced resistance to P. syringae,
which could explain the exacerbated suppression of bacterial
growth 24 h after flg22 treatment. However, in the condi-
tions and developmental stage tested in this study, the size
and morphology of Iht1-1 seedlings were indistinguishable
from wild-type (Figure 5E; Supplemental Figure S9A and B).
In addition, Iht1-1 seedlings expressed wild-type levels of the
SA-mediated defense marker pathogenesis related-1 (PR1),
both after mock and flg22 treatment, suggesting that Iht1-1
seedlings have not yet developed the SA-overaccumulation
phenotype observed in adult plants (Supplemental Figure
S9C). The low level of intracellular AA in adult /ht1-1 plants
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triggers an AA starvation response that induces the ammo-
nium transporter AMT1;1 (Liu et al, 2010). Since AA starva-
tion has been proposed to play an important role in the
onset of MTI (Pajerowska-Mukhtar et al, 2012), we tested
AMTT;1 expression to assess if AA starvation could explain
the exacerbated suppression of bacterial growth in Iht1-1.
Our data show that both wild-type and Iht1-1 seedlings
expressed similar basal levels of AMTT;1 and induced its ex-
pression to the same extent in response to flg22 perception
(Supplemental Figure S9D). The strength of the flg22-
induced defense responses in lht1-1 was further studied by
assessing callose and lignin deposition. Aniline blue and
phloroglucinol histochemical staining showed that, in re-
sponse to flg22 perception, Iht1-1 deposited callose and lig-
nin to a similar extent as wild-type seedlings (Figure 5, D
and E Supplemental Figure S10). Overall, these data show
that no difference in the canonical responses to flg22 per-
ception was observed between Iht1-1 and the wild-type and
that the underlying mechanisms that produce the exacer-
bated suppression of bacterial growth in flg22-elicited Iht1-1
are still unknown.

Discussion

Changes in AA transport are an integral part of the
response to MAMP perception

Infected tomato leaves accumulate primary and secondary
metabolites thought to be important to define plant resis-
tance or susceptibility to pathogens (Solomon and Oliver,
2007; Solomon and Oliver, 2002; Solomon et al, 2003;
Sonawala et al,, 2018). The association between susceptibility
to virulent pathogens and the increased AA and GABA con-
centrations reported in these studies suggested a causal link
between susceptibility and metabolite accumulation. It is
unclear, however, if the change in metabolite concentrations
in the whole infected leaf is a signature of an unsuccessful
plant defense program or a susceptibility program orches-
trated by the pathogen. Several AA found in the tomato
leaf apoplast support PstDC3000 growth in vitro (Rico and
Preston, 2008), suggesting that their accumulation in
infected tomato leaves would favor bacterial growth.
However, AA concentrations increased in Arabidopsis leaves
inoculated with both virulent and non-virulent PstDC3000
strains, suggesting that both susceptibility and resistance to
bacterial infection elicit a similar plant metabolic response
(Ward et al,, 2010). Recent studies have used chemical or ge-
netic perturbations to elicit defense responses and profile
plant metabolites in the absence of infection. The mitogen-
activated protein-kinase phosphatase-1 (MKP1) gene enco-
des a phosphatase that negatively regulates MAMP-triggered
signaling (Anderson et al, 2011); the corresponding mkp1
knockout displays enhanced MTI and resistance against
PstDC3000. Untargeted mass spectrometry profiling of mkp1
seedling exudates uncovered that among other metabolites,
organic acids (citric acid, 4-benzoic acid, and aspartic acid)
were present at lower concentrations in mkp1 compared to
the wild-type (Anderson et al, 2014). When combined with

Zhang et al.

fructose and applied exogenously, these organic acids
showed virulence-inducing activity on PstDC3000, and were
able to restore bacterial virulence in a dose-dependent man-
ner in mkp1 and elf26-treated wild-type seedlings. These
data suggested that elf26 perception in wild-type plants
leads to a decrease in the extracellular concentrations of
metabolites that normally allow PstDC3000 to induce viru-
lence (Anderson et al, 2014). Exudates obtained from mkp1
and wild-type seedlings contain a complex mix of known
and still unidentified metabolites, with several of them rep-
resented differentially in mkp1 (Anderson et al, 2014). This
complexity suggests that, in addition to organic acids and
sugars, several metabolites whose concentrations change
upon MAMP perception could directly or indirectly contrib-
ute to suppressing bacterial infections.

Our data show that MAMP perception triggers significant
changes in the concentration of extracellular AA, supporting
the hypothesis that these changes contribute to plant de-
fense (Supplemental Figure S1; Figure 1 and Table 1). The
observed changes in AA concentrations are dynamic, with
an inhibition of uptake at early time points (<5 h post-elic-
itation), followed by an increased AA uptake activity and
the concomitant depletion of extracellular AA at later time
points (>8 h post-elicitation) (Figures 1 and 4).
Importantly, extracellular AA whose concentrations in-
creased soon after flg22-treatment decreased at later time
points suggesting that these changes modulate the overall
concentration of AA rather than the specific composition
(Table 1). While the early inhibition of AA uptake does not
seem to operate through gene expression regulation, the
late enhanced uptake of AA coincide with the expression of
several AA/H™ symporters that were induced in response to
flg22 perception (Supplemental Table S1; Figure 2). Among
them, LHT1 showed to be essential to execute the enhanced
AA uptake during this response (Figure 2; Supplemental
Figure S4). Amino acid transport studies in yeast showed
that the Arabidopsis LHT1 protein can transport several AA,
including Pro, Gln, and Ser, a profile consistent with the
changes in AA concentrations detected in our study (Hirner
et al, 2006, Rentsch et al, 2007). In addition, LHTT is
expressed in the leaf epidermis and mesophyll cells at the
seedling stage, a pattern that is consistent with the in-
creased accumulation of AA in seedling shoots (Figure 1E
Supplemental Figure S2) (Hirner et al, 2006). Similar changes
in AA transport were observed in protoplasts obtained from
leaf mesophyll cells that directly interact with bacterial
pathogens growing in the leaf apoplast. Like in seedlings, the
uptake of AA by mesophyll cells was inhibited soon after
MAMP perception (Figure 4, B-D), suggesting that meso-
phyll cells contribute to both, the early decreased AA up-
take activity of seedlings (Figure 4A) and the increased
concentration of extracellular AA in seedlings exudate 4 h
after flg22 treatment (Figure 1A and Table 1). Overall, our
data suggest that changes in extra- and intracellular concen-
tration of AA are integral responses to MAMP perception.
The concentrations of individual extracellular AA are
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determined by the relative activity of both AA exporters
and importers. While exporters are likely facilitators that
move AA passively downward a concentration gradient
(Ladwig et al,, 2012; Mdiller et al,, 2015; Besnard et al, 2016;
Besnard et al, 2018), AA/H™ symporters recapture extracel-
lular AA (Frommer et al, 1995; Yang et al, 2020). Thus, the
decreased AA uptake that follows the first 1-3 h upon
MAMP perception likely suffice to transiently increase the
extracellular concentrations of AA (Figures 1, B, C, D and 4).
Indeed, when the plasma membrane H* gradient was dissi-
pated by CCCP treatment, a rapid increase in the concentra-
tions of extracellular AA was observed (Figure 2, A and B).
The transient inhibition of AA uptake in response to flg22
perception could result from cytosolic Ca>* influx and
anions efflux, together or independently of the flg22-
mediated inhibition of the plasma membrane H™-ATPase
(Jeworutzki et al,, 2010; EImore and Coaker, 2011). The con-
sequent increase in the extracellular pH could inhibit the ac-
tivity of the AA/H™ symporters thereby producing the
accumulation of AA outside the cells (Felix et al, 1999
Gbémez-Gémez et al., 1999; Jeworutzki et al, 2010). Once the
ion fluxes return to basal levels, the restored electrochemical
gradient would then allow AA/H™ symporters to work and
lower the extracellular concentrations of AA.

It is unclear, however, if these changes take place in ma-
ture plants and if and how they operate under natural infec-
tion conditions. The dynamic nature of the changes in
transport activity and extracellular concentrations of AA
suggests that timing is important. Since infected leaves start
to accumulate AA 12 h after inoculation with virulent or
avirulent bacteria (Ward et al, 2010), it seems plausible that
reverting the MAMP-elicited changes could contribute to
the success of pathogenic bacteria. Indeed, if virulent bacte-
ria manage to suppress the early MAMP-elicited inhibition
and the later increase in AA uptake activity, they could in-
duce a slow but sustained increase in the concentrations of
extracellular AA that could favor host colonization. Such a
scenario is consistent with the sustained increased of total
AA concentration in Arabidopsis leaves between 12 h and
18 h after inoculation with virulent bacteria compared to
the overall drop in concentrations observed between 12 h
and 18 h after inoculation with avirulent bacteria (Ward
et al, 2010).

Salicyclic acid signaling positively regulate the
expression of AA/H™ symporters

The role of SA signaling in plant defense is best understood
in the context of ETI, where cytosolic plant receptors detect
microbial effectors and trigger a rapid SA burst essential to
execute PCD. Although ETI does not entirely rely on PCD
(Clough et al,, 2000; Coll et al,, 2010; Coll et al, 2011), it of-
ten provides infected plants with the last resource to stop
localized infections. Unlike ETI, however, the MAMP-elicited
SA burst typically does not lead to PCD, and the role of
SA seems to be limited to the reinforcement of an flg22-
elicited signaling sector that is susceptible to T3E-mediated
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suppression (Tsuda et al,, 2008; Tsuda et al, 2009). Our data
uncovered an important role for SA-mediated signaling in
regulating the expression AA/H* symporters and AA up-
take. SA signaling contributes to inducing the expression of
AA/H™ symporters that play a role in lowering extracellular
concentrations of AA (Figures 2, C, F and 3, C-E). Further
confirming the role of SA signaling in AA transport regula-
tion, we uncovered that mutants with altered SA levels, and
hence, SA-mediated signaling capacity, differ in their AA up-
take activity in both non-elicited and elicited conditions
(Figures 3 and 4; Supplemental Figure S5). In addition, our
data show that SA signaling contributes to basal and in-
duced expression of LHTT and other AA/H™ symporters,
each one perhaps contributing a modest but significant up-
take activity that becomes evident when comparing AA up-
take in wild-type versus sid2-2 or npr1 seedlings or
mesophyll cell protoplasts (Figures 3 and 4). The compro-
mised AA uptake 24 h after MAMP perception could par-
tially explain the enhanced susceptibility to bacterial
infections of sid2-2 and other mutants with defective SA sig-
naling. Transport defects could alter AA concentrations in-
side and outside the cells, and consequently the speed and
the magnitude of the MAMP-elicited changes in AA trans-
port activity, which could allow bacterial pathogens to sup-
press plant defense responses early in the infection and take
advantage of the extracellular AA at later time points to
support robust bacterial growth. The opposite SA-mediated
signaling phenotype of cpr1 and sid2-2 positively correspond
with both their resistance to P. syringae infections and their
AA uptake activity. Yet, further studies will be necessary to
determine if the AA transport phenotype of cpr1 and sid2-2
translates into differences in the speed and magnitude of
changes in the extracellular concentration of AA and how
that impacts bacterial growth in these mutants.

Increased concentrations of extracellular AA
contribute to suppressing bacterial growth during
MTI

Several pieces of evidence obtained in this study suggested a
positive association between bacterial growth and AA avail-
ability. Amino acid concentration in seedling exudates or
lysates of seedlings corresponded with bacterial growth
(Figure 5, A and B). Exogenous supplementation of individ-
ual AA whose extracellular concentrations dropped 24 h af-
ter flg22 treatment rescued bacterial growth in exudates of
flg22-treated wild-type seedlings (Supplemental Table S2).
This association was also evident when comparing bacterial
growth in wild-type and Iht1-1 mock-treated seedlings
(Figure 5G; Supplemental Figure S8). These observations sug-
gested that the long-term increase in AA uptake that
removes extracellular AA would suppress bacterial growth
by perhaps depriving the pathogen of needed nutrients.
However, in contradiction with this hypothesis, when MTI
was elicited 24 h prior to bacterial inoculation of seedlings,
Iht1-1 was more effective at suppressing bacterial growth
than the wild-type (Figure 5C; Supplemental Figure S8).
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This observation could be explained by an exacerbated
flg22-induced defense responses in Iht1-1. However, canoni-
cal responses to MTI elicitation, namely callose and lignin
deposition, and SA-mediated PR-1 expression, were induced
similarly in Iht1-1 and in wild-type seedlings (Figure 5, D and
E; Supplemental Figure S9C). In addition, unlike in adult
plants, no morphological evidence of SA-mediated enhanced
resistance phenotypes (e.g. stunted growth) was observed in
Iht1-1 at the seedling stage (Supplemental Figure S9, A and
B). These data suggest that exacerbated flg22-induced
responses do not account for the exacerbated suppression
of bacterial growth in Iht1-1. Nevertheless, we cannot rule
out that MAMP-elicited responses that we have not tested
in this study could contribute to the exacerbated suppres-
sion of PsmES4326 observed in Iht1-1, and further studies
will be needed to test this possibility.

The exacerbated suppression of bacterial growth observed
in flg22-treated Iht1-1 indicates that low concentrations of
extracellular AA are not essential to suppress bacterial
growth, at least when MTI is elicited 24 h prior to bacterial
inoculation. On the contrary, the evidence suggests that
high concentrations of extracellular AA help suppress the
growth of invading bacteria.

Based on the evidence collected in this study, it seems
likely that the MTl-elicited suppression of bacterial growth
relies on a defensive response that involves increasing the
concentrations of extracellular AA alongside an offensive
response that involves the onset of other MAMP-elicited
responses such as the synthesis of toxic metabolites. The
defensive responses could impact bacterial metabolism pre-
venting the onset of survival programs needed to counter
offensive plant responses. In support of this hypothesis,
previous studies have revealed both, that AA availability
regulates (p) ppGpp synthesis and survival responses
(Traxler et al,, 2008), and that (p) ppGpp responses control
survival and virulence programs in P. syringae (Chatnaparat
et al, 2015a; Chatnaparat et al, 2015b). Although the bio-
logical function of the enhanced uptake of AA and the low
extracellular AA content observed 24 h upon MAMP per-
ception remains unknown, we hypothesize it could allow
plant cells to restore AA homeostasis in anticipation of fu-
ture encounters with microbes. If such readiness pertains
the fast increase in concentration of extracellular AA, the
compromised reuptake of AA would allow [ht1-1 to build
high AA concentrations in the leaf apoplast constitutively,
bypassing the need for fast AA release. Further studies will
be needed to test this hypothesis.

Materials and methods

Plant material

Arabidopsis thaliana ecotype Col-0 and T-DNA insertional
lines (Col-0 background) were obtained from Arabidopsis
Biological Resource Center, Ohio State University. Whenever
available, two independent alleles of previously uncharacter-
ized insertional lines were tested. The SALK lines used in this
study were obtained and indexed by Alonso et al. (2003).
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Wild-type Col-0 (CS1092); fls2-1 (SALK_026801) (Jaillais et al,
2011); efr-1 (SALK_044334c) (Zipfel et al, 2006); aap3-1
(SALK_148822) (Marella et al, 2013); aap4 (Wiscseq_
DsLox351C05.0); Iht1-1 (SALK_034566) (Hirner et al, 2006);
cat1 (SALK_087921) (Yang et al, 2014); Iht7-1 (SALK_027033);
Iht7-2  (SALK_043012);  Iht10  (SALK_114616);,  prot2
(SALK_067508). The sid2-2 mutant was a gift from Mary
Wildermuth at the University of California, Berkeley; npri-1
and cpr1-1 mutant were a gift from Xinnian Dong at Duke
University. Polymerase chain reaction genotyping and gene
expression primers are listed in Supplemental Table S3.
Agarose gel images of PCR genotyping and RT-PCR gene ex-
pression tests are shown in Supplemental Figure S11.

Plant growth and MAMP treatments

Seedlings were grown in 12-well tissue culture plates as pre-
viously published with few modifications (Danna et al,
2011). Seeds were sterilized in 10% v/v bleach (2 min, twice)
and washed three times with sterile water. After 48 h incu-
bation at 4°C in the dark for stratification purposes, 15-20
seeds were dispensed into wells of 12-well tissue culture
plates (BD Falcon; 353043) containing 1 mL of liquid MS
medium. Seedlings were grown for 10 days (replacing me-
dium at Day 8) at 23°C, 80% humidity (to prevent medium
evaporation) in plant growth incubators (Conviron Adaptis
A1000) under 100 pE-m™>s™" energy and a 16 h photope-
riod. Ten-day-old seedlings were mock-treated with water or
treated with MAMPs by pipetting a water solution of syn-
thetic peptides (GenScript) into the wells (1-uM final con-
centration of flg22 or elf26).

Uptake of proline, glutamine, serine, and glucose in
seedlings

Arabidopsis seeds were surface sterilized in 10% bleach and
kept in dark at 4°C for 2 days before sowing on MS phyto-
agar plates. The plates were incubated vertically in growth
chambers for 3 days. Seedlings were then transferred to 12-
well culture plates with fresh MS liquid medium (pH 5.7)
and incubated as described above (Plant growth and MAMP
treatment). Seeds of cpr1 were germinated in MS liquid me-
dium side by side with the corresponding wild-type controls.
Every well of a 12-well plate contained 10 seedlings, and the
uptake was normalized by dry weight. Liquid MS medium
was changed on day eight after sowing. On Day 10, 1-uM
flg22 or elf26 peptide (final concentration) was added to the
seedlings. The same volume of sterile water was added to
the mock group. When indicated, 100-uM CCCP (final con-
centration) was added to the seedling 40 min before uptake
starts. The uptake protocol was modified from Pratelli et al.
(2010). Seedlings were washed in MS liquid medium and
then incubated in fresh MS medium with 100 pM cold
Proline, cold glutamine, or cold serine, and 3.7 kBq of the
corresponding U-3H-radiolabeled AA (Perkin Elmer). Plates
with seedlings were then transferred to a growth chamber
and incubated under slow shaking at 23°C, 80% relative hu-
midity, and 30 pEm™s' for 15 min. The uptake was
stopped by washing seedlings with 0.2 mM CaSO, twice.
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To assess uptake in roots and shoots separately, seedlings
were washed and sectioned right below the hypocotyl, and
counts per minute (CPMs) were measured separately.
Samples were then lyophilized, ground into powder using
glass beads and a Tissue Lyser (QIAGEN) and digested in 1
mL of 10% bleach overnight. Chlorine was removed by dry-
ing the samples at 55°C overnight before resuspending the
samples in 200 pL of scintillation cocktail (Ultima Gold;
Perkin Elmer) and transferring them to a 96-well Isoplate-96
microplate (PerkinElmer). Radioactivity (counts per minute)
was measured with a MicroBeta Trilux Scintillation Counter
(Perkin Elmer). Glucose uptake was assessed as described
above using "““Glc (Perkin Elmer) and 100-uM cold glucose.
Unless otherwise indicated in the figure legends, seedlings
were treated with water (mock) or MAMPs for 8 h and
allowed to uptake *'Pro for 3 h. For *"'GIn, *"'Ser, and
"“Glc uptake activity, seedlings were treated for 24 h with
water (mock) or MAMPs and allowed to uptake 31Gln,
3HSer, and "““Glc for 0.5 h before processing the samples to
count CPMes.

Quantification of free AA in seedling exudate
Murashige and Skoog medium containing seedling exudates
was collected by pipetting the liquid medium out of the
wells containing 15-20 11-day-old seedlings grown as de-
scribed above (see Plant growth and MAMP treatments).
Total AA concentration in exudates was quantified with the
commercial kit “L-Amino Acid Quantitation Colorimetric/
Fluorometric” (BioVision).

AA profiling

Samples were collected as indicated above (see
Quantification of free AA in seedling exudate) and analyzed
at the University of Virginia-Biomolecular Analysis Facility
Core following a standard protocol (Nemkov et al, 2019).
Serial dilutions of standards of every AA were ran for every
analysis. Five pL of samples were injected into a ultra-high-
performance  liquid-chromatography ~ (UHPLC)  system
(Ultimate 3000, Thermo, San Jose, CA, USA) and separated
through a 3 min isocratic elution (5% acetonitrile, 95% wa-
ter, 0.1% 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 per-
formed using a triple quadrupole orbitrap mass spectrome-
ter (Q-Exactive HF-X, Thermo Scientific).

Leaf mesophyll protoplast preparations and uptake
of radiolabeled AA

Arabidopsis protoplasts were obtained from 4-week-old
Arabidopsis plants grown under 12 h light photoperiod,
100 pEm 25" light energy, 24°C, and 70% humidity, follow-
ing a standard protocol (Yoo et al, 2007). For uptake assays,
protoplasts incubated in mannitol 400 mM + MgCl, 15
mM + 2-(N-morpholino)-ethanesulfonic acid (MES) 4 mM
solution overnight were transferred to 12-well culture plates
with 1 mL of mannitol 500 mM + MES 4 mM + KCI 20
mM  buffer per well. For MTI elicitation, 1 pM (final) fig22
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or sterile water (mock) was added to protoplasts suspension.
Plates with protoplasts were then kept in growth chambers
under dim light (20 uEm™s™") and gently rocking for 3 h
before adding 100 pM (final) cold AA, and 3.7 kBq (final)
U-’H- of the corresponding radiolabeled AA. Samples were
taken at different time points as indicated in figure legends
and lysed in reporter lysis buffer (Promega E397A). For nor-
malization purposes, aliquots of the lysates were used for pro-
tein quantification with Bradford assays. The samples were
then bleached and CPMs were quantified as described previ-
ously for seedlings. CPMs were normalized by mg of protein.

RNA work and gene expression analysis

Seedlings were grown as described above (see Plant growth
and MAMP treatments) flashed frozen in liquid nitrogen fol-
lowed by Trizol-RNA extraction protocol (Invitrogen) with
metal beads and a bead beater (Tissue Lyser, QIAGEN). RNA
samples were treated with DNAse-I (Promega) for genomic
DNA decontamination. For nanoString analysis, three RNA
samples (one sample per experiment from three indepen-
dent experiments) were used; hybridizations of samples with
fluorescent probe sets were performed following standard
protocols in a nCounter Hybridization and reading Station
as previously (Geiss et al, 2008). Raw fluorescent counts
were analyzed and normalized by the expression of Actin2
and log-transformed using nSolver software (nanoString
Technologies Inc). LHT10 probes were not included in the
original nanoString probe set, hence, LHT10 expression was
quantified via RT-qPCR.

For RT-qPCR, cDNA template was synthesized with M-
MLV  (Promega) retro-transcriptase and random oligo-
hexamers (Invitrogen). Actin2 expression was used for nor-
malization. For protoplasts, RNA was extracted with RNeasy
Plant Mini Kit (QIAGEN). pcr primers used for genotyping
and RT-gPCR primers used for gene expression analysis are
listed in Supplemental Table S3. nanoString probes for gene
expression analysis are listed in Supplemental Table S4. The
expression of every gene in response to flg22 was assessed as
relative to ACT2 (At3g18780). When gene expression was
assessed across multiple genotypes, the relative expression of
each gene was normalized by the relative expression of the
same gene in mock or nontreated wild-type seedlings.

MTI elicitation and seedling infection assay

Ten-day-old seedlings were grown as indicated above (plant
growth and MAMP treatments), mock-treated with water
or treated with 1-uM flg22 for 24 h, and then inoculated
with the auto luminescent P. syringae pv. maculicola strain
ES4326 optical density 600nm (ODgponm = 0.0002) carrying
the luxABCDE operon (Fan et al, 2007). The infection pro-
ceeded in the exact same conditions the seedlings were
grown prior to the inoculation. Thirty hours later, infected
seedlings were removed from each well, quickly dried on pa-
per towels to remove surface liquid, and transferred to ster-
ile 2 mL round-bottom tubes. Samples (15-20 seedlings
from each well) were weighted, and 400 pL of sterile water
plus three spherical 5 mm stainless steel beads were added
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to each tube. Seedlings were ground with a beat beater
(Tissue Lyser, QIAGEN) at 25 shakes/s for 3 min. To deter-
mine bacterial counts, aliquots of 100 pL of seedling lysates
were transferred to 96-well microtiter plates (CELLSTAR,
Greiner Bio) and luminescence was assessed as CPMs in a
Wallack 1450 Microbeta TriLux (PerkinElmer). Bacterial titer
was estimated by converting CPMs into colony forming unit
(CFUs) using a CPMs/CFUs experimentally determined con-
version standard (Supplemental Figure S12). The infection
conditions (inoculum and the time point) were set up to as-
sess luminescence (CPMs) when both CFUs and CPMs in-
crease constantly (R” is close to 1) during the infection.

Bacterial growth in liquid exudates of seedlings or
seedling lysates

PsmES4326 (ODgoonm = 0.002) harboring the luxABCDE op-
eron (Fan et al, 2007) was streaked out of fresh Luria broth-
agar plates and cultured in King’s B liquid medium for about
4 h at 28°C until it reached an ODgyy nm Of 0.5-0.7. Bacteria
were pelleted and washed three times with sterile water and
resuspended to the desired ODggg m, in sterile MS medium.
Liquid seedling exudates or seedling lysates were aliquoted
in white solid-bottom 96-well sterile plates (CELLSTAR
Greiner Bio) and were inoculated with ODggp ,m, = 0.0002
(inoculation titter) and the growth was constantly moni-
tored as luminescence (RLUs) with a multimode microplate
reader (Molecular Devices, SpectraMax i3x) at 28°C with
constant orbital shaking. Luminescence was recorded every
30 min for a 12 h period, and bacterial doubling time was
calculated from >10 time points (5 h of growth) where
bacterial luminescence increased at a constant rate
(Supplemental Figure S12). The TREND function in the Excel
software (Microsoft Office) was used to obtain the B value
needed to calculate doubling time in each condition. The B
value is the slope “y” value of the X, Y scattered plot equa-
tion. Doubling time was calculated as the natural logarithm
of 2 (0.693) divided by B.

Callose and lignin deposition staining

Seeds were sown in MS liquid medium and grown for six
days. MTI was elicited with 1 pM (final) fig22 or elf26 by
adding the purified peptides to the medium. Seedlings were
grown for another two days to allow for callose and lignin
depositions to become evident. Seedlings were then fixed
with acetic acid: ethanol (1:3) for at least 1 h. For callose
staining, seedlings were washed in 150 mM K,HPO, for 30
min. Aniline blue (Sigma-Aldrich) 0.01% (final concentra-
tion) was added to 150 mM K,HPO, to obtain the staining
solution. Seedlings were submerged in the staining solution
for 3 h in the dark. Images were taken with an EVOS Cell
Imaging System (Thermo Fisher) using DAPI filter and 4 x
or 10x lenses. For lignin staining, seedlings were stored in
100% ethanol after fixing. Before imaging samples were re-
hydrated in 70% ethanol, 50% ethanol, 30% ethanol for 30
min each step before transferring to water. The staining so-
lution was prepared by adding phloroglucinol to a 15% HCI
acid solution. Seedlings were positioned on glass slides
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without a cover and covered with staining solution. Soon af-
ter adding staining solution, dark field images of seedlings
were taken with 1x and 025X FWD 60 mm lenses in a
Zeiss AXIO Zoom.V16 microscope (Zeiss).

Data analyses

The statistical analysis of the data was performed with
GraphPad Prism and R. All data were subjected to Fligner—
Killeen test in R to assess homoscedasticity. When Fligner—
Killeen P-values were above 0.05, indicative of equal variances
across compared groups, statistical significance between two
groups was calculated using two-tailed t test (i.e. t test) or
one-way analysis of variance (ANOVA) for multiple groups.
When Fligner—Killeen P-values were below 0.05, indicative of
unequal variances, statistical significance was calculated using
Welch t test for two groups. When multiple t test was used
to compare more than two groups of data, the two-stage
step-up method (Benjamini et al, 2006) was used for false
discovery rate analysis with a 1% cutoff (Q = 0.01). Welch
and Brown-Forsythe ANOVA test was used for the analysis
of multiple group comparisons with different variances.
Asterisks indicate statistically significant differences at P-values
of *P <0.05 P <0.01, and **P <0.001. Unless otherwise
indicated in the figure legend, similar results were obtained in
three independent experiments.

Accession Numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under the accession numbers
provided in Supplemental Table S3.

Supplemental data

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

Supplemental Figure S1. The perception of flg22 and
elf26 elicits similar changes in AA uptake.

Supplemental Figure S2. *"'Pro uptake in roots and
shoots of wild-type seedlings.

Supplemental Figure S3. Total extracellular AA in exu-
dates of seedlings 24 h after flg22 treatment.

Supplemental Figure S4. LHT1 contributes to both flg22-
and elf26-induced enhanced AA uptake.

Supplemental Figure S5. Salicylic acid-mediated signaling
contributes to sustaining GIn uptake in mock-treated
seedlings.

Supplemental Figure S6. Perception of flg22 in wild-type
seedlings induces the expression of AA/H™ symporters.

Supplemental Figure S7. Perception of flg22 in wild-type
leaf mesophyll protoplasts.

Supplemental Figure S8. MAMP-elicited suppression of
bacterial growth.

Supplemental Figure S9. Ten-day-old Iht1 seedling mor-
phology and gene expression.

Supplemental Figure S10. Aniline staining of callose in
wild-type and Iht1 mock- (M) or fig22- (F) treated seedlings.
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Supplemental Figure S11. Genotyping and gene expres-
sion analysis of T-DNA insertional lines

Supplemental Figure S12. Luminescence versus CFU
standard

Supplemental Table S1. The perception of flg22 induces
the expression of AA/H + symporters

Supplemental Table S2. PsmES4326 doubling time (h) in
exudates of flg22-treated seedlings supplemented with 10
mM individual AA.

Supplemental Table S3. Genes, mutants, and primers
used in this study.

Supplemental Table S4. nanoString probe set.
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