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The nonprotein amino acid y-aminobutyric acid (GABA) is the
most abundant amino acid in the tomato (Solanum lycopersicum)
leaf apoplast and is synthesized by Arabidopsis thaliana in re-
sponse to infection by the bacterial pathogen Pseudomonas
syringae pv. tomato DC3000 (hereafter called DC3000). High
levels of exogenous GABA have previously been shown to re-
press the expression of the type III secretion system (T3SS) in
DC3000, resulting in reduced elicitation of the hypersensitive
response (HR) in the nonhost plant tobacco (Nicotiana tabacum).
This study demonstrates that the GABA permease GabP pro-
vides the primary mechanism for GABA uptake by DC3000
and that the gabP deletion mutant AgabP is insensitive to GABA-
mediated repression of T3SS expression. AgabP displayed an
enhanced ability to elicit the HR in young tobacco leaves and in
tobacco plants engineered to produce increased levels of GABA,
which supports the hypothesis that GABA uptake via GabP acts
to regulate T3SS expression in planta. The observation that
P. syringae can be rendered insensitive to GABA through loss of
gabP but that gabP is retained by this bacterium suggests that
GabP is important for DC3000 in a natural setting, either for
nutrition or as a mechanism for regulating gene expression.

y-Aminobutyric acid (GABA) is a ubiquitous nonprotein
amino acid, which is found across all domains of life. In certain
plants, GABA is produced in large quantities in response to
abiotic and biotic stresses (Bouche et al. 2003), including the
interaction between Pseudomonas syringae pv. tomato DC3000
(hereafter called DC3000) and Arabidopsis thaliana (Ward
et al. 2010). Furthermore, GABA is abundant in phloem exu-
dates of oilseed rape (Brassica napus) (Beuvé et al. 2004) and
Medicago truncatula (Girousse et al. 1991; Sulieman and
Schulze 2010), and it is the most abundant amino acid in leaf
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apoplast extracts from tomato (Solanum lycopersicum) and bean
(Phaseolus vulgaris) (O’Leary et al. 2016; Rico and Preston
2008; Solomon and Oliver 2001).

Park et al. (2010) established a link between GABA concen-
trations, both in planta and in vitro, and the ability of DC3000 to
express virulence genes by demonstrating that higher concen-
trations of GABA repress the expression of hrp genes that en-
code the type III secretion system (T3SS). DC3000 appears to
lack glutamate decarboxylase (GadB) (Park et al. 2010) and is,
therefore, predicted to be unable to synthesize GABA directly
from glutamate, a common route of synthesis in other bacteria,
plants, and animals. However, in comparison with other pseu-
domonads, DC3000 and other P. syringae pathovars possess an
unusually large number of genes for the conversion of GABA to
succinic semialdehyde (three GABA transaminase genes enco-
ded by gabT-1, gabT-2, and gabT-3) and the subsequent con-
version of succinic semialdehyde to succinate (three succinic
semialdehyde dehydrogenase genes encoded by gabD-1, gabD-2,
and gabD-3). Park et al. (2010) noted that this apparent excess
of GABA metabolism genes in P. syringae might imply ‘an ex-
ceptional ability to convert GABA to succinate.” It has been
postulated that the repressive effect that GABA has on virulence
gene expression may mean it is important for P. syringae cells to
degrade GABA rapidly to lessen the repressive effect (Park et al.
2010; Yu et al. 2013).

In order for P. syringae to metabolize plant-derived GABA,
it must be taken up across the bacterial outer and inner mem-
branes. Multiple mechanisms for GABA uptake have been
identified in bacteria, the best characterized of which in-
volves a GABA permease belonging to the APC (amino
acid/polyamine/organocation) transporter superfamily, known
as GabP (Brechtel et al. 1996; Schneider et al. 2002). The
genome of DC3000 contains a putative GABA permease gene
(PSPTO_5356) that shares 68% sequence similarity with gabP
in Escherichia coli K-12 (Brechtel et al. 1996). GABA per-
meases have also been characterized in Bacillus subtilis
(Brechtel and King 1998; Ferson et al. 1996; Zaprasis et al.
2014), Agrobacterium tumefaciens (Planamente et al. 2010),
Corynebacterium glutamicum (Zhao et al. 2012), and Rhizo-
bium leguminosarum (Hosie et al. 2002). In E. coli, gabP is found
clustered with gabT, gabD, and gabC (a gene thought to repress
the expression of the GABA operon) (Schneider et al. 2002),
while in DC3000, PSPTO_5356 is not found in an operon or
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close to any other GABA-related genes. Substrate specificity
for GabP in E. coli has been reported to be high, with only
GABA or GABA analogs able to pass through the permease
(Brechtel et al. 1996). However, in B. subtilis GabP has been shown
to be a high-affinity transporter for both GABA and [-alanine and
a low-affinity transporter for proline (Zaprasis et al. 2014).

Interestingly, although the genome of DC3000 contains a pu-
tative gabP, the genome sequences of many strains of P. syringae,
including DC3000, display a notable reduction in amino acid
permease genes belonging to the Pfam aa_permease family
(PF00324), the family within the APC superfamily clan (CL0062)
that includes gabP (Buell et al. 2003). The underlying reason for
this reduction is not known, but the fact that the GabP is retained
in spite of this reduction suggests it provides an important function
for the bacterium.

The expression of gabP (and other genes involved in GABA
metabolism) has been reported to increase on exposure to host
plant apoplast in both P. syringae pv. syringae B728a and
P. syringae pv. phaseolicola NPS3121 (Hernandez-Morales et al.
2009; Yu et al. 2013). In P. syringae pv. syringae B728a gabP was
reported to be moderately upregulated in response to nitrogen
limitation in minimal medium (Yu et al. 2013). Chatnaparat et al.
(2015a and b) have also recently demonstrated that P. syringae
strains deficient in the production of (p)ppGpp, which coordinates
responses to nutrient starvation, show reduced expression of
GABA metabolism genes and are impaired in their ability to use
GABA as sole carbon or nitrogen source. This implies that uptake
of GABA via GabP occurs during plant infection and is affected
by nitrogen availability. The alternative sigma factor RpoN (c>%)
is required for the transcription of many genes involved in ni-
trogen uptake and assimilation and virulence in P. syringae and
other bacteria (Hendrickson et al. 2000a and b; Ramos et al.
2013). Jones et al. (2007) previously demonstrated that an
rpoN mutant of Pseudomonas fluorescens is impaired in its
ability to assimilate GABA. It is, therefore, reasonable to
anticipate that the gabP gene of P. syringae may also be
regulated by RpoN.

In this study, we investigate the function and regulation of
the gabP (PSPTO_5356) gene in DC3000 and its importance
for growth and virulence in planta. We describe the con-
struction and characterization of a gabP deletion mutant of
DC3000 and specifically examine the role of gabP in GABA
uptake and metabolism, regulation of virulence gene ex-
pression, and in the interaction of DC3000 with host and
nonhost plants and plants engineered to produce increased
levels of GABA.

RESULTS

gabP is conserved in P. syringae and
other plant-associated pseudomonads.

GabP (gabP) PSPTO_5356 is one of only four predicted amino
acid permeases belonging to the Pfam family aa_permease
(PF00324), which is retained in DC3000. Its location in the ge-
nome is illustrated in Supplementary Fig. S1. Genome compa-
risons show that the reduction in the size of this family is a
common feature of P. syringae, with only five aa_permease genes
in P. syringae pv. phaseolicola 1448A and six in P. syringae pv.
syringae B728a, compared with 21 in P. fluorescens Pf-5, P. putida
KT2440, and P. aeruginosa PAOL1.

The majority of Pseudomonas species present in GenBank
contain putative gabP genes (Supplementary Fig. S2), with
the exception of the P. aeruginosa and P. mendocina clades.
These gabP genes share close sequence similarity and, where
multiple gabP genes exist within a single genome, as in
P. putida and P. entomophila, are likely to have arisen by gene
duplication.

A deletion mutant of PSPTO_5356 is impaired
in GABA assimilation.

Wild-type DC3000 is able to use GABA as both a carbon and a
nitrogen source. In contrast, a deletion mutant of DC3000
lacking PSPTO_5356 (AgabP) is unable to use GABA as a
carbon source but is able to use GABA as a nitrogen source in
media containing both GABA and glucose (Fig. 1). AgabP dis-
plays an initial growth lag when provided with GABA as a ni-
trogen source (Fig. 1D) but multiplies to the same density as
DC3000 within 36 h (Fig. 1E). The ability of AgabP to use GABA
as sole carbon source can be partially restored by complementa-
tion with pBS46:gabP (Supplementary Fig. S3).

Biolog GN2 MicroPlates were used to compare the ability of
DC3000 and AgabP to metabolize a range of carbon sources in
media adjusted to pH 5.5 (apoplastic pH) or pH 7.0 (the pH
routinely used for Biolog analyses) (Supplementary Fig. S4).
Unsurprisingly, the primary difference in the metabolic pheno-
type of DC3000 and AgabP is loss of GABA assimilation, which
is evident at both pH 5.5. and pH 7.0. AgabP also shows a
reduced ability to metabolize proline and alanylglycine and an
increased ability to metabolize citrate but only at pH 5.5. These
results support the identification of PSPTO_5356 as a GABA
permease that provides the primary mechanism for GABA up-
take in DC3000.

GABA is imported via gabP and assimilated
via the tricarboxylic acid (TCA) cycle.

The observation that AgabP is able to grow in the presence of
GABA as a nitrogen source but not as a carbon source suggests
the presence of an alternative GABA transport system that is
active when glucose is available as a carbon source. We in-
vestigated this using an isotope dilution approach in which un-
labeled GABA was introduced to cells that had been isotopically
labeled with [*Cg] glucose. The loss of 13C_labeled carbon from
amino acids incorporated into protein was monitored over time
(Fig. 2; Supplementary Fig. S5).

In media supplemented with both GABA and ['*Cq]glu-
cose, the amino acid labeling patterns observed in DC3000 are
consistent with co-metabolism of glucose and GABA, with
decreased labeling in amino acids derived from TCA cycle
intermediates and continued incorporation of label into amino
acids derived from sugar phosphates and three-carbon phosphate
esters. For example, little reduction can be seen in the labeling of
serine and histidine, derived from triose and pentose phosphates,
but labeling is rapidly reduced in glutamate and aspartate, de-
rived from oxoglutarate and oxaloacetate, respectively. In media
containing GABA as sole carbon source, all amino acids show a
substantial reduction in labeling within 24 h in DC3000, with a
more rapid decrease being observed in amino acids derived
from TCA-cycle intermediates (aspartate, threonine, glutamate,
lysine, and arginine). In contrast, after 24 h, AgabP cells show no
decrease in labeled carbon in the measured amino acids in either
the GABA or GABA + NHj treatments (Fig. 2), consistent with
the inability of AgabP to grow in these treatments (Fig. 1).

AgabP only shows a substantial decrease in labeling of TCA
cycle—derived amino acids in the GABA and [13C6]glucose
treatment after 24 h (Fig. 2). The decrease in labeling in TCA
cycle—derived amino acids observed in this treatment suggests
that both DC3000 and AgabP assimilate GABA intracellu-
larly via the action of GABA transaminase and succinic semi-
aldehyde dehydrogenase, irrespective of whether it is transported
by GabP or by an alternative transport mechanism. However,
the long delay before decreased labeling can be detected in
AgabP relative to DC3000 demonstrates that, although an
alternative transport mechanism capable of transporting
GABA exists in DC3000, GabP provides the primary route
for GABA uptake.
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Fig. 1. Comparison of the ability of Pseudomonas syringae pv. tomato
DC3000 and AgabP to use y-aminobutyric acid (GABA) as a carbon
source, a nitrogen source, and as a carbon and nitrogen source. A to D,
Cultures of DC3000 (black circle) and AgabP (white square) were grown
in M9-glucose medium (A) or media in which GABA replaced glucose
and ammonium chloride (B), glucose (C), or ammonium chloride (D).
Representative data for individual cultures from four independent
growth studies are presented. E, Comparison of cell density of DC3000
and AgabP across the different treatments 36 h after subculture. Values
are the mean + standard deviation of three independent replicates. An
asterisk (*) indicates a value that is significantly different from DC3000
grown in the same medium (Student’s #-test; P < 0.01).
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PSPTO_5356 expression is induced
by GABA and regulated by RpoN.

Wild-type DC3000 displays a 15-fold increase in expression
of gabP in media containing GABA as a carbon source (Sup-
plementary Fig. S6), but an 7poN mutant (A. Chatterjee, personal
gift) is unable to grow in this environment (data not shown) and
displays a fivefold decrease in gabP expression. It, therefore,
seems likely that gabP is up-regulated in the presence of GABA
via an RpoN-dependent regulatory mechanism. A sequence con-
forming to the —24/-12 consensus motif (GG-10bp-GC) recog-
nized by RpoN (Studholme et al. 2000) is located 81 bp upstream
of the start codon of PSPTO_5356 (GGCGTAATTCTTGC),
which suggests that RpoN may directly regulate gabP expression.

AgabP is not impaired in growth
in planta or in extracted tomato leaf apoplast.

GABA is the most abundant amino acid in the tomato leaf
apoplast, and increases in abundance in A. thaliana plants
inoculated with P. syringae (Rico and Preston 2008; Ward
et al. 2010). However, the degree and severity of disease
symptoms caused by DC3000 and AgabP in tomato are in-
distinguishable when bacteria are introduced by infiltration at
10* CFU/ml (data not shown) or dip-inoculation at 10* or 10°
CFU/ml (Fig. 3A; data not shown). AgabP also shows no
significant difference from DC3000 in its ability to colonize
tomato leaves or tomato leaf apoplastic washing fluid (AWF)
or in its ability to colonize A. thaliana (Ler) and the GABA-
accumulating line pop2-1 (Palanivelu et al. 2003), which lacks
GABA transaminase (Supplementary Fig. S7).

AgabP is able to deplete
the same apoplastic components as DC3000.

The observation that AgabP shows no difference from DC3000
in its ability to colonize GABA-rich plants or grow in apoplast
extracts suggests that DC3000 does not use GABA as a primary
source of carbon or nitrogen in these environments. To examine
whether DC3000 takes up GABA during growth in the plant
apoplast and to investigate whether AgabP is altered in its ability
to absorb GABA or other metabolites in an apoplastic environ-
ment, we performed a metabolic footprinting experiment in
which AgabP and DC3000 were grown in tomato leaf AWF,
which was then profiled using proton nuclear magnetic reso-
nance (IH—NMR) (Fig. 4).

Both DC3000 and AgabP preferentially deplete the same me-
tabolites following inoculation into AWF, including amino acids
such as asparagine, aspartate, glutamine, and glutamate. Both
strains fail to deplete betaine, inositol, serine, and threonine.
However, at 8 h, there is a significant difference between the
two strains in GABA depletion, with a reduction in the GABA
content of extracts incubated with DC3000 but not those in-
cubated with AgabP (Fig. 4A). This confirms that GabP is the
primary transporter for GABA uptake but shows that GABA is
only taken up by GabP once preferred nutrient sources such as
glutamate and aspartate have been depleted. By 24 h, AgabP
depletes GABA to the same degree as DC3000, which suggests
that the secondary transport mechanism identified in the iso-
tope dilution analysis (Fig. 2) can be used for inefficient or
delayed uptake of GABA in AgabP over a prolonged incuba-
tion period. The only other statistically significant difference
between the two strains is increased uptake of the nicotinate-
derived secondary metabolite trigonelline (N-methyl nicotin-
amide) (Ashihara et al. 2015; Minorsky 2002) by AgabP.
These results provide compelling evidence that, despite its
abundance in the tomato apoplast, GABA is a less-favored
carbon and nitrogen source for DC3000, which preferentially
assimilates other abundant amino acids, such as glutamate and
aspartate.



AgabP elicits an increased hypersensitive response (HR) attributed to repression of T3SS expression by GABA. It was,

in tobacco plants that overproduce GABA. therefore, logical to examine whether AgabP displayed an altered

It was previously reported that a GABA transaminase- ability to elicit the HR. The ability of AgabP to elicit the HR

deficient mutant of DC3000 (AgabT2/T3/T1) showed a reduced is indistinguishable from DC3000 in mature wild-type tobacco

ability to elicit the HR in tobacco (Park et al. 2010), which was (‘Xanthi’) leaves. However, in young leaves, AgabP is able to
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Fig. 2. Isotope dilution analysis reveals an alternative mechanism for transporting y-aminobutyric acid (GABA) into Pseudomonas syringae pv. tomato
DC3000 in the absence of gabP. Cultures of DC3000 (circle) and AgabP (square) were grown in ['*Cg]glucose to label cellular protein prior to incubation with
unlabeled GABA, either in combination with *Cg glucose (upper panels), alone (middle panels), or with ammonium chloride (lower panels). Under these
conditions, GABA provides the sole source of nitrogen (N), both carbon and nitrogen (C/N), or carbon (C), respectively. The mean 13C fractional abundance of
amino acids obtained by hydrolysis of proteins extracted from cells sampled at intervals after transfer to unlabeled media was determined. Data show the mean
of values obtained from three independent replicates for which the standard deviation is typically less than 5% and is obscured by the symbol. The metabolic
map indicates the precursor for synthesis of each amino acid.
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elicit the HR at lower densities than wild-type DC3000 (Fig. 3B),
which may reflect age-dependent differences in leaf apoplast
composition or plant defense signaling processes (Allan and
Shelp 2006; Masclaux et al. 2000).

To investigate whether the level of GABA present in plant
tissues affects HR elicitation, we examined the interaction of
DC3000 and AgabP with tobacco plants engineered to

CUCPB5113

B DC3000  AgabP
N T
03 . :

Buffer

DC3000
T i

Buffer

overproduce GABA through overexpression of a truncated
version of glutamate decarboxylase, which lacks the auto-
inhibitory calmodulin-binding domain (GADAC1) (McLean
et al. 2003). AWF composition analyses demonstrate that
GABA accounts for 61% percent of total amino acids in
GADAC1 AWF, in comparison with 36% of total amino acids
in AWF from wild-type leaves. AgabP elicits visible necrosis at

DC3000
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AgabP AgabP

L

Lower leaves

C DC3000

Nicotiana tabacum
cv Delgold

D Dc3000

GADACA1

Fig. 3. Comparison of symptoms elicited by Pseudomonas syringae pv. tomato DC3000 and AgabP in tomato (host) and tobacco (nonhost) leaves. A, Disease
symptoms in tomato (Solanum lycopersicum cv. Moneymaker). Leaves were dipped in bacterial suspensions adjusted to 10* CFU/ml in 10 mM MgCl,
supplemented with 0.02% Silwet L-77. Symptoms were photographed 7 days postinoculation. The nonpathogenic type III secretion mutant DC3000
hrcQbRS' TU::QSp'/SmR (CUCPBS5113) (Badel et al. 2006) is shown as a negative control. B, Hypersensitive response (HR) elicitation in tobacco (Nicotiana
tabacum cv. Xanthi) leaves of varying age. Bacteria were suspended in 10 mM MgCl, and were diluted to obtain the inoculum densities (optical density at 600
nm) shown. Suspensions were inoculated into leaves, which were photographed 24 h postinoculation. C and D, The impact of increased y-aminobutyric acid
(GABA) content on HR elicitation in tobacco. Tobacco (cv. Delgold) leaves were inoculated with bacteria suspended in 10 mM MgCl, at densities between 10°
and 107 cells/ml. HR elicitation was assessed in wild-type plants (C) and in a transgenic line (GADAC]) that exhibits increased GABA content (D). Symptoms

were photographed 24 h postinoculation.
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lower cell densities than wild-type DC3000 in GADACI plants
(Fig. 3C and D).

AgabP is insensitive to hrp repression by GABA.

As GABA has been shown to repress the expression of the
hrp genes encoding the P. syringae T3SS, which delivers ef-
fectors that elicit the HR (Park et al. 2010), we speculated that
the increased ability of AgabP to elicit the HR in GABA-rich
plant tissues resulted from its ability to continue to express the
T3SS at a high level in the presence of exogenous GABA due to
lack of GABA uptake. We introduced a luminescent reporter
plasmid, pBS63, containing a transcriptional fusion of the hrpL
promoter to the [ux operon (provided by B. Swingle, United
States Department of Agriculture-Agricultural Research Service
[USDA-ARS]) into DC3000 and AgabP. The luminescence and
optical density (OD) of the reporter strains was monitored in hrp-
inducing M9-fructose medium, in which glucose is replaced with
fructose (Huynh et al. 1989; Rahme et al. 1992) and the pH is
adjusted to 5.5 to mimic apoplastic pH (Brencic and Winans
2005). DC3000 and AgabP display similar growth and lumines-
cence in M9-fructose but, as predicted, AgabP does not exhibit
the GABA-dependent repression of hrp expression shown by
DC3000 (Fig. 5A and B). Quantitative reverse transcription-
polymerase chain reaction (QRT-PCR) analyses confirm that the
expression of both hrpL and the HrpL-regulated effector gene
avrE are repressed by GABA in DC3000 and that this repression
is alleviated in AgabP (Fig. 5C).

DISCUSSION

PSPTO_5356 is the primary GABA permease
in DC3000 and is regulated by RpoN.

The results reported here demonstrate that PSPTO_5356
(gabP) provides the primary route by which DC3000 takes up

GABA from its environment, including the leaf apoplast. It also
offers evidence that DC3000 gabP is part of a suite of RpoN-
dependent genes that are regulated in response to physiological
stimuli associated with carbon and nitrogen availability in the
plant environment and which include the positive activator of
hrp expression hrpL (Yu et al. 2014). hrpL is regulated by HrpR
and HrpS, which belong to the NtrC (nitrogen regulatory) family
of two-component regulators that act in conjunction with RpoN
to regulate gene expression (Tang et al. 2006). The identity of the
NtrC family regulator responsible for regulation of gabP in
P. syringae remains to be determined, but a possible candidate is
CbrB, as both an rpoN mutant and cbrB mutant of the plant
growth-promoting strain P. fluorescens SBW25 lose the ability to
assimilate GABA as a carbon source, while an ntrC-deficient
mutant is unaffected (Jones et al. 2007; Zhang and Rainey 2008).
The regulation and properties of the GabP permease described
here are very similar to those reported for the GabP permease of
B. subtilis, in which gabP transcription is induced in nitrogen-
limiting conditions, and controlled by the main nitrogen re-
gulatory protein of B. subtilis, TnrA (Ferson et al. 1996).
GabP is the primary, high-affinity transporter for GABA in both
P. syringae and B. subtilis, although both possess transporters that
enable a low level of GABA uptake in a gabP mutant background
(Zaprasis et al. 2014). The similarities in the regulation and fun-
ction of GabP in these two unrelated bacteria suggest that GabP
may play a physiologically analogous role in GABA uptake and
metabolism in a range of plant- and soil-associated bacteria.
Interestingly, although this study provides strong support for a
role for GabP as the primary GABA permease in DC3000, it is
possible that GabP may also act to import other plant metabolites.
In B. subtilis GabP has been reported to be a high-affinity trans-
porter for both GABA and B-alanine and a low-affinity transporter
for proline (Zaprasis et al. 2014), while GABA permeases in
Saccharomyces cerevisiae and A. thaliana have been reported to
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Fig. 4. Depletion of tomato leaf apoplastic metabolites by Pseudomonas syringae pv. tomato DC3000 and AgabP. Tomato leaf apoplast washing fluid was
inoculated with DC3000 (filled column) and AgabP (open column) and the metabolic composition of the culture medium was analyzed by proton nuclear
magnetic resonance A, 8 and B, 24 h after inoculation. Spectra were normalized to total spectral intensity and the abundance of each metabolite was expressed
relative to the mean of that measured in the original apoplast extract. Each value is the mean + standard deviation from three independent replicates. Dashed
lines indicate the relative metabolite concentration in the original apoplast extract, for reference. An asterisk (*) indicates values that differ significantly
between DC3000 and AgabP (Student’s r-test; P < 0.01).
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transport, respectively, both GABA and proline (Jauniaux et al.
1987) or GABA, proline, and glycine betaine (Grallath et al.
2005). Although proline is a relatively poor carbon source for
DC3000 (Rico and Preston 2008), we observed an appreciable
reduction in proline utilization by AgabP in Biolog analyses,
although only at pH 5.5. GabP may, therefore, also contribute to
the uptake of additional plant metabolites, although it seems un-
likely that GabP is a major transporter for glycine betaine in
DC3000 as OpuC (PSPTO_4575-4578) has been identified as the
primary transporter for this compound (Chen and Beattie 2007).

Why does DC3000 retain a gene that potentially
reduces its ability to suppress host defense responses?

The retention of gabP in DC3000 along with the repres-
sive effect of GABA on virulence gene expression in DC3000
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Fig. 5. AgabP is insensitive to y-aminobutyric acid (GABA)-mediated in-
hibition of virulence gene expression. The effect of GABA on virulence
gene expression in Pseudomonas syringae pv. tomato DC3000 and AgabP
was assessed using a luminescent reporter fusion to hrpL (pBS63) and
through quantitative reverse transcription-polymerase chain reaction (qQRT-
PCR) analysis of ArpL and avrE. A, Normalized luminescence and B, op-
tical density at 600 nm (ODg(p) measurements for DC3000 (pBS63) (circle,
diamond) and AgabP (pBS63) (square, triangle) in M9-fructose (circle,
square) and M9-fructose supplemented with 5 mM GABA (diamond, tri-
angle). Data shown are the mean =+ standard deviation (SD) of four repli-
cates. C, qRT-PCR analysis of avrE and hrpL expression in M9-fructose
(Fru) and M9-fructose supplemented with 5 mM GABA (Fru + GABA).
Cells were harvested to extract RNA 6 h after inoculation. groEL and rpoD
were used as reference genes. Data shown are the mean + SD of three
replicates. An asterisk (*) indicates an expression level significantly dif-
ferent from that of the same strain grown in M9-fructose medium (Student’s
t-test; P < 0.01).
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presents an intriguing paradox. GABA potentially presents an
abundant source of carbon and nitrogen for P. syringae pv. to-
mato, and growth experiments demonstrate DC3000 is capable
of rapid growth using GABA as a carbon or nitrogen source.
However, AgabP was not impaired in growth in susceptible host
plants compared with DC3000, and GABA is not depleted by
DC3000 to a significant degree until 8 h postinoculation in to-
mato apoplast extracts, during which DC3000 preferentially de-
pletes glucose, glutamate, glutamine, and aspartate. This suggests
that GabP is not primarily used as a nutrient transporter when other
preferred nutrients are available.

hrp genes involved in T3SS synthesis are known to be in-
duced rapidly upon introduction of P. syringae into the plant
environment (as early as 1 h postinoculation), and continued
high level induction has been observed for over 6 h (Brencic
and Winans 2005; Ortiz-Martin et al. 2010). However, hrp ex-
pression has been observed to drop within 24 h after inoculation,
and it has been speculated that this corresponds to a change in
apoplast composition that results in suppression of hrp expres-
sion (Thwaites et al. 2004). The results presented here and pre-
vious results showing that the accumulation of intracellular
GABA represses hrp expression in P. syringae (Park et al. 2010)
suggest two mechanisms that could contribute to this pattern of
hrp expression.

First, the delayed GABA depletion observed in metabolite
footprinting experiments suggests that gabP may initially be
repressed or GabP post-translationally inactivated following in-
oculation, enabling hrp genes to be expressed at high levels, even
in plants such as N. tabacum and Solanum lycopersicum, in
which GABA can be the most abundant amino acid in the leaf
apoplast (Rico and Preston 2008). In this respect, it is notable
that we observed rapid induction of hrpL expression in DC3000
in hrp-inducing conditions, even in the presence of high con-
centrations of GABA, with subsequent GabP-dependent repres-
sion of hrp expression in DC3000 after prolonged incubation.
However, gabP and other genes associated with GABA metab-
olism are known to be upregulated within 48 h after infection of
plants by P. syringae (Yu et al. 2013). Therefore, it is possible that
GabP-mediated GABA uptake contributes to a reduction in T3SS
expression once infection has been initiated, thereby reducing the
cost of T3SS expression in a susceptible host or attenuating the
induction of plant defenses in hosts in which delivery of T3SS-
secreted effectors results in elicitation of effector-triggered im-
munity (ETI) and a concomitant increase in apoplastic GABA
(O’Leary et al. 2016), as discussed below.

It has also been suggested that GabP, in conjunction with
GABA transaminase (gabT), can contribute to the maintenance of
intracellular glutamate levels under conditions of starvation and
osmotic stress (Metzner et al. 2004). DC3000 exhibits physio-
logical responses characteristic of adaptation to osmotic stress
during apoplast colonization and is known to accumulate gluta-
mate as a compatible solute (Freeman et al. 2010, 2013). ETI also
creates an environment that imposes increased osmotic stress
(Wright and Beattie 2004). A role for GABA uptake in main-
taining the intracellular glutamate pool is consistent with the
observation that GABA is depleted from apoplast extracts only
once preferred amino acids such as glutamate and glutamine have
become substantially depleted.

Could GABA act as a signal
of the onset of plant defense responses?

The induction of plant defenses is known to be directly as-
sociated with increased concentrations of cytoplasmic and
apoplastic GABA, for example, during disease and pathogen-
associated molecular pattern—triggered immunity in A. thaliana
(Ward et al. 2010), ETT in N. tabacum (Gupta et al. 2013), and
disease and ETI in Phaseolus vulgaris (O’Leary et al. 2016). In



plants GABA is mainly produced by an irreversible reaction
catalyzed by the cytosolic Ca**/calmodulin (CaM)-dependent
enzyme glutamate decarboxylase (GAD, EC 4.1.1.15), which is
activated by either or both Ca** signaling or acidification of the
cytosol during ETI. Thus, GABA accumulates to high levels in
the leaf apoplast, following the onset of cell death and the loss of
cell membrane integrity associated with ETI, which occurs 6 to
8 h after inoculation (O’Leary et al. 2016). Therefore, the ac-
cumulation of apoplastic GABA and its uptake via GabP could
contribute to downregulation of T3SS expression in planta.

A role for GABA uptake in regulation of Arp expression and in
mitigation of plant defenses is consistent with the enhanced elic-
itation of the HR by AgabP in tobacco leaves. It should be noted
that this assay has been found to be significantly more sensitive to
quantitative variation in T3SS function than in planta growth as-
says (Kvitko et al. 2007). The phenotype of AgabP in planta is
similar to that reported for a mutant of P. syringae pv. phaseolicola
lacking the negative regulator of T3SS expression HrpV, in which
derepression of hrp expression was associated with increased HR
elicitation in the nonhost plant tobacco but had no discernable
effect on growth in the host plant bean (Ortiz-Martin et al. 2010).
Increased HR elicitation has also been reported for P. syringae
strains lacking Lon protease, which acts to degrade the positive
regulator of hrp expression HrpR and T3SS-secreted effectors
(Ortiz-Martin et al. 2010; Yang et al. 2011). As T3SS function is
known to be regulated at multiple levels, including hrp gene
transcription, degradation of hrp regulatory proteins and effectors,
and post-translational regulation of T3SS assembly and effector
delivery (Jovanovic et al. 2014; Ortiz-Martin et al. 2010; Wei and
Collmer 2012), it will be of interest in future work to determine
which mechanisms contribute to GabP and GABA-mediated
regulation of T3SS function and HR elicitation.

Loss of GabP leads to increased uptake
of trigonelline and reveals an alternative mechanism
for GABA uptake in DC3000.

In addition to repressing hrp expression, GABA uptake via
gabP may also affect the activity of other metabolite uptake
mechanisms in P. syringae. Intriguingly, the only significant
difference between AgabP and DC3000 in apoplast metabolite
footprinting experiments, other than a reduction in GABA uptake
by AgabP, was increased depletion of the nicotinate-derived
secondary metabolite trigonelline by AgabP after 24 h. Trig-
onelline has previously been identified as a competitive inhibitor
of GABA transporters and receptors (Breitkreuz et al. 1999;
Hossain et al. 2003), indicating a potential overlap in binding
specificity. Thus, this phenotype could be linked to derepression
of trigonelline uptake and assimilation mechanisms or to in-
duction of a transporter capable of transporting both GABA and
trigonelline, but this remains to be investigated.

In fact, DC3000 appears to possess an alternative GABA
transport mechanism, which is active when bacteria are grown on
a combination of glucose and GABA. Several alternative GABA
transporters have been described in Agrobacterium tumefaciens
and Rhizobium leguminosarum (Hosie et al. 2002; Planamente
et al. 2010; White et al. 2008) that are distinct from the gabP
lineage of GABA transporters and have homologs in DC3000
(Supplementary Table S1). Mutagenesis of these genes in the
AgabP background should give an indication of whether or not
they are actively involved in GABA assimilation.

Once identified, it will be of interest to determine why GABA
uptake and assimilation is observed in AgabP when it is grown
on glucose and GABA but not when bacteria are grown on
GABA alone. Interestingly, recent work by Bren et al. (2016) has
shown that, in E. coli, glucose is a suboptimal carbon source
when bacteria are provided with glutamate rather than ammonia
as a nitrogen source, as this combination of nutrient sources

causes a metabolic imbalance in which levels of TCA cycle
metabolites are high and levels of cAMP are low. The isotope
dilution results presented here confirm that GABA is assimilated
via the TCA cycle in P. syringae, which is consistent with pre-
vious studies describing the conversion of GABA by bacterial
GABA transaminases to glutamate and succinate semialdehyde,
through the transfer of an amino group from GABA to
2-oxoglutarate (Burnett et al. 1979; Prell et al. 2002). It will,
therefore, be interesting to examine whether a similar metabolic
imbalance occurs during co-metabolism of GABA and glucose
in P. syringae and whether this is linked to regulation of this
alternate transport mechanism.

Concluding remarks.

In conclusion, this study has established that PSPTO_5356
(GabP) is the primary GABA permease in DC3000, that it is
likely to be regulated by the sigma factor RpoN, and that it
functions in GABA-mediated suppression of virulence gene
expression. It has also shown that, although GABA is the most
abundant amino acid in the tomato apoplast, its uptake via GabP
does not seem to be important for carbon and nitrogen acquisi-
tion by P. syringae during the early stages of plant colonization.
In future work, it will be interesting to determine the identity of
the one or more secondary GABA transporters used by DC3000
to transport GABA in the absence of gabP, to investigate the
mechanisms underpinning the regulation of gabP expression and
GABA-dependent repression of hrp expression and HR elicita-
tion in P. syringae, and to fully elucidate the roles of apoplastic
and intracellular GABA and GABA uptake in infection by
DC3000.

MATERIALS AND METHODS

Bacterial strains and growth conditions.

The strains used in this study are described in Supplementary
Table S2. Bacteria were stored at —80°C in 20% glycerol, were
grown overnight in Luria Bertani (LB) liquid media (Sambrook
and Russell 2001), were collected by centrifugation, and were
washed twice in the medium to be used in subsequent experi-
ments, before adjusting to an OD at 600 nm (ODgqg) of 0.05. For
apoplast growth assays, bacteria were washed in 0.9% NaCl prior
to resuspension in apoplast extracts. For the GABA utilization
assay, modified M9 media (Sambrook and Russell 2001) were
used, in which 22 mM glucose or 1.87 mM ammonium were
replaced by, or supplemented with, 22 mM GABA. Bacteria
were inoculated into 96-well plates, with a final volume of 150 ul
per well, and OD was measured using a Tecan Infinite 200 plate
reader (Tecan, Theale, U.K.). Plates were incubated at 28°C for
48 h, and ODg readings were taken every 20 min. Plates were
shaken for 10 s before each reading.

Plant species and cultivation.

Five-week-old plants of Arabidopsis thaliana ecotype Ler
and pop2-1 (Palanivelu et al. 2003) were used for the bacterial
population assay and are described as wild-type and GABA-
overexpressing Arabidopsis, respectively. Plants were grown un-
der greenhouse conditions and were transferred to the laboratory
1 day before inoculation. Inoculated plants were maintained in the
laboratory, with a light intensity of 40 umol m™>s™" at 25°C. Both
Nicotiana tabacum L. cv. Delgold and N. tabacum L. cv. Xanthi
were used in HR elicitation experiments. Seeds for N. tabacum
L. cv. Delgold tobacco and GADAC] tobacco lines (McLean et al.
2003) were provided by B. Shelp (University of Guelph, Canada).
N. tabacum seeds were stored at 4°C and were germinated by
immersion in 0.5 mg giberellic acid per milliliter overnight be-
fore planting in soil. Tomato (Solanum lycopersicum L. cv. Rio
Grande) seeds were stored on dry filter paper (Whatman,
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Maidstone, U.K.) at room temperature and were germinated on
wet filter paper for 3 days at 4°C in darkness before planting in
soil. Seedlings were grown in Erin Excel multipurpose compost
(Erin Horticulture, Hinxworth, U.K.) at 21°C with a 16-h
photoperiod and were watered three times a week. Six- to eight-
week-old plants were used for leaf apoplast extractions and
bacterial inoculations.

Bioinformatic and phylogenetic analysis
of Pseudomonas strains.

Tools available via the Pseudomonas Genome Database were
used to visualize PSPTO_5356 and the surrounding region
(Winsor et al. 2011). Both fully and partially assembled
Pseudomonas genomes present in GenBank (Benson et al.
2015) were used for phylogenetic analyses.

Construction of the PSPTO_5356 (gabP)
knockout mutant.

PSPTO_5356 was deleted according to the protocol outlined
by Park et al. (2010). Complementation of the AgabP mutant was
performed using the pBS46 broad—host range vector as described
by Park et al. (2010). The primers used for construction of AgabP
and to amplify gabP from the genome of DC3000 to construct
pBS46:gabP are listed in Supplementary Table S3.

Carbon utilization analysis using Biolog GN2 MicroPlates.

GN2 MicroPlates (Biolog, Hayward, CA, U.S.A.) were in-
oculated with bacteria suspended in inoculating fluid to an ODg5
of 0.28, according to the protocol described elsewhere (Rico and
Preston 2008). The pH of the inoculating fluid was adjusted,
using concentrated HCI to pH 7.0 or pH 5.5 prior to inoculation.
Plates were incubated at 28°C for 36 h. Spectrophotometric
measurements (ODg,y) were taken every 20 min. The plates
included a control well containing no carbon source. This well
was used to determine the increase in OD that could be attributed
to the use of endogenous carbon reserves by the bacteria. Data
was corrected by subtracting the initial OD value of each in-
dividual well from all subsequent measurements to adjust for
colored metabolites. Metabolic activity curves were integrated
for the first 36 h of incubation to obtain summary values.

qRT-PCR analysis of gene expression.

Bacteria were harvested at an ODgg of 0.3 and 500 pl of liquid
culture was used for RNA extraction. RNA was extracted from
cells using the RNeasy minikit (Qiagen, Crawley, U.K.), treated
with DNase I (RNase-Free DNase set, Qiagen) and was then
converted to cDNA using a cDNA synthesis kit (Bioline, London),
according to the manufacturer’s instructions. Primers were used to
monitor the expression of PSPTO_5356 hrpL and avrE (using
rpoD and groEL as reference genes). cDNA (7.5 ul) was added to
each well, followed by 2.5 pl of the forward and reverse primers
and, then, 12.5 pl of SYBR Green master mix (Applied Biosystems,
Foster City, CA, U.S.A.). Primer efficiency was measured using a
dilution series of the pooled cDNA as a template to construct a
standard curve and calculate amplification efficiency. An Applied
Biosystems 7300 RealTime PCR machine was used and data was
collected with the 7300 System SDS software (Applied Biosystems,
Foster City, CA, U.S.A.). The following program was used: 50°C
for 2 min, 95°C for 10 min, and then, 40 cycles of 95°C for 15 s,
followed by 60°C for 1 min.

Tomato leaf apoplast extraction and
bacterial growth assay.

Tomato and tobacco leaf apoplast was extracted using the
vacuum-infiltration method (O’Leary et al. 2014; Rico and
Preston 2008). Leaf apoplast was lyophilized and reconstituted
in distilled water at half the original volume, according to
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dilution calculations originally performed by Rico and Preston
(2008). Bacterial cells were grown in LB medium overnight
and were then washed in 0.9% wt/vol NaCl, prior to resus-
pension in apoplast extracts. The cells were inoculated into the
reconstituted apoplast medium and growth was monitored
spectrophotometrically as described for the bacterial growth
assay conditions. Samples (70 pl) were harvested at 0, 8, and
24 h and were centrifuged to remove bacterial cells. The
apoplast supernatant was lyophilized again prior to '"H-NMR
analysis.

"H-NMR.

Freeze-dried apoplast samples were reconstituted in 700 pl of
80:20 D,O/CD50D containing 0.05% d4-trimethylsilylpropionate
(d4-TSP). Samples were mixed thoroughly and were then allowed
to stand and rehydrate for 45 min. Samples were re-agitated to
ensure the final sample was thoroughly mixed, and 600 ul was
transferred into a 5-mm glass NMR tube for NMR analysis.
"H-NMR data collection was carried out at 300 K, using a Bruker
Avance spectrometer (Bruker, Billerica, MA, U.S.A.) operating at
600 MHz, equipped with a 5-mm selective inverse probe. Spectra
were collected using a water suppression pulse sequence with a
relaxation delay of 5 s. Each spectrum was acquired using 128
scans of 64,000 data points with a spectral width of 12 ppm.
Spectra were automatically Fourier transformed, using an ex-
ponential window with a line broadening value of 0.5 Hz.
Phasing and baseline correction were carried out within the in-
strument software. 'H chemical shifts were referenced to d4-TSP
at 0.00 ppm.

Data for comparison plots was visualized in AMIX software
(Bruker), and compounds were identified against a library of
standards run under identical conditions. Metabolite trajectories
were generated from the intensities of the corresponding NMR
signals. Orthogonal signal correction was carried out prior to
analysis, to remove systematic variation arising from differences
in the quantity of bacteria in the independent experimental rep-
licates (Wold et al. 1998).

In planta growth assays and HR assays.

Three-week-old tomato (Solanum lycopersicum cv. Money-
maker) plants were used for virulence assays. For observation of
symptoms following syringae infiltration, leaves were infiltrated
with a bacterial suspension of 3.52 x 10* CFU/ml in 10 mM
MgCl, with a blunt syringe. Symptoms were photographed 7 days
postinoculation. For observation of symptoms following dip
inoculation, plants were inverted and the leaves were immersed
for 30 s in a bacterial suspension of 10* or 10° CFU/ml in 10 mM
MgCl, supplemented with 0.02% Silwet L-77. Leaves were
allowed to dry and were scored and photographed 7 days
postinoculation.

For in planta growth assays in tomato leaves, bacteria were
resuspended in 10 mM MgCl, at an ODg of 0.1, were diluted
1,000-fold, and were inoculated by blunt syringe. Four replicate
leaf disks were excised 0, 2, and 5 days after inoculation and were
individually homogenized in 1 ml of 10 mM MgCl,. For in planta
growth assays in A. thaliana leaves, bacteria were resuspended in
10 mM MgCl, at an ODg of 0.3, were diluted at 107, and were
inoculated by blunt syringe. Three replicate leaf disks were ex-
cised after 24, 48, and 78 h and were homogenized in 300 ul of
10 mM MgCl,. The resulting homogenates were plated onto
King’s B agar containing 50 pg of rifampicin per milliliter in serial
10-fold dilutions, to estimate the number of CFU per unit of leaf
area. For HR assays, bacteria were suspended in 10 mM MgCl, at
an OD of 0.3 and were diluted to obtain inoculum densities of
3.52 x 10® and below. Suspensions were inoculated into tobacco
leaves and the HR was recorded 24 h later. All experiments were
repeated at least three times with similar results.



hrpL expression assays.

The hrpL::luxCDABE reporter plasmid pBS63 (provided by
B. Swingle, USDA-ARS) was electroporated into DC3000 and
AgabP and transformed cells were selected using 25 pg of
kanamycin per milliliter. Bacteria were cultured in black clear-
bottomed 96-well plates in which OD and luminescence were
recorded using a Tecan Infinite 200 plate reader.

Isotope dilution analysis of GABA uptake and metabolism.

The uptake and metabolism of GABA by DC3000 and AgabP
was investigated using an isotope-dilution strategy in which cells
were first grown on 99% [13C6]glucose until fully labeled with
13C, and were then transferred to a medium containing unlabeled
GABA as either a carbon or nitrogen source. The subsequent
depletion of label provided evidence for the metabolism of
GABA. Bacteria were grown overnight in LB 10-ml cultures and
were then collected by centrifugation and were resuspended in
MO containing 99% [°Cel glucose (22 mM) at an ODg of around
0.05. The M9 cultures were again allowed to grow overnight until
they reached a high density. The samples were centrifuged again,
were resuspended in fresh labeled M9 at an ODgq of 0.05, and
were allowed to grow to an ODgy of 0.3 (by this stage, the
specific '*C abundance of C atoms in amino acids was greater
than 95%). Bacteria were resuspended in 10 ml of modified M9
media containing 22 mM GABA as either a carbon, nitrogen, or
carbon and nitrogen source, with unmodified M9 used as a con-
trol. Aliquots (1 ml) of cells were removed at 0, 2, 4, 6, and 8 h for
analysis, and at 24 h, the remaining culture was harvested. Bac-
teria were collected by centrifugation and were washed once,
using 1 x M9 salts, and pellets stored at —80°C.

Gas chromatography-mass spectrometry (GC-MS)
analysis of the constituent amino acids of protein.

Protein in bacterial samples was hydrolyzed in 6 M HCI and the
resulting amino acids were converted to their tert-butyldimethylsilyl
derivatives, using MTBSTFA containing 1% TBDMS (Sigma-
Aldrich, Gillingham, U.K\) in pyridine as described by Zamboni
et al. (2009). Derivatized amino acids were then analyzed by GC-
MS on an Agilent 7890A GC coupled to an Agilent 5975C quad-
rupole MS, using procedures described elsewhere (Masakapalli
et al. 2013; Williams et al. 2010). Ion chromatograms were baseline
corrected using MetAlign (Lommen 2009) and peaks were identi-
fied using AMDIS32 (National Institute of Standards and Tech-
nology) and a library of TBDMS-derivatized amino acids generated
in our laboratory. Mass isotopomer abundances were quantified
using Chemstation, and the fractional abundance of 13C_labeled
amino acids was determined after correction for the presence of
naturally occurring heavy isotopes in the derivatized fragments
(Wahl et al. 2004).

High-pressure liquid chromatography (HPLC) analysis
of soluble amino acids in N. fabacum apoplast extracts.
Apoplast samples were obtained from two leaves of two rep-
licate plants, for each tobacco line. Apoplast (10 ul) was mixed
with 10 ul of 0.1 M HCI, 5 pl of 0.52 M N-isobutyryl-D-cysteine,
5 ul of 0.32 M o-phthaldialdehyde and 55 ul of 0.13 M borate
buffer, pH 10.4. This mixture was incubated for 2 min at room
temperature and 80 ul was injected into a HPLC reverse phase
C-18 column. The HPLC program used was as follows: 0 to 80%
buffer B for 80 min, 80 to 100% buffer B for 10 min, and 100
to 0% buffer B for 10 min. The flow rate was 1 ml min'. The
relative percentages of buffer B were achieved by altering the
flow of this buffer with respect to buffer A. Buffer A consisted of
23 mM sodium acetate trihydrate and 10% HPLC grade metha-
nol. Buffer B consisted of 23 mM sodium acetate trihydrate and
60% HPLC grade methanol. The fluorescence detector was set at
230 nm excitation and 445 nm emission. Internal standards of

10 mM GABA and amino acids were run on the column to
establish the position of individual amino acids in the HPLC
profile. Amino acid abundance was calculated from the peak area.
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