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Plants accumulate free L-proline (Pro) in response to abiotic
stresses (drought and salinity) and presence of bacterial patho-
gens, including the tumor-inducing bacterium Agrobacterium tu-
mefaciens. However, the function of Pro accumulation in host-
pathogen interaction is still unclear. Here, we demonstrated that
Pro antagonizes plant GABA-defense in the A. tumefaciens C58-
induced tumor by interfering with the import of GABA and con-
sequently the GABA-induced degradation of the bacterial quorum-
sensing signal, 3-oxo-octanoylhomoserine lactone. We identified a
bacterial receptor Atu2422, which is implicated in the uptake of
GABA and Pro, suggesting that Pro acts as a natural antagonist of
GABA-signaling. The Atu2422 amino acid sequence contains a
Venus flytrap domain that is required for trapping GABA in human
GABAB receptors. A constructed atu2422 mutant was more virulent
than the wild type bacterium; moreover, transgenic plants with a
low level of Pro exhibited less severe tumor symptoms than did
their wild-type parents, revealing a crucial role for Venus flytrap
GABA-receptor and relative abundance of GABA and Pro in host-
pathogen interaction.

plant defense � virulence � plant tumor � lactonase

The bacterial pathogen Agrobacterium tumefaciens genetically
engineers the plant host by transferring a piece of DNA (the

T-DNA) from its tumor-inducing (Ti) plasmid to the nuclear
genome of plants. Proliferation of the transformed plant cells
results in formation of a tumor (crown gall disease), which is
colonized by the pathogen (a review in ref. 1). In addition,
expression of the T-DNA redirects the metabolism of plant cells
toward the production of compounds called opines, which are
used by the pathogen as nutrients or signals to control the
expression of some virulence functions. In bacterial cells, the
opines stimulate the synthesis of a quorum-sensing (QS) signal,
3-oxo-octanoylhomoserine lactone (OC8HSL) (2), which in turn
activates the horizontal transfer and amplification of the copy
number of the Ti plasmid (3), thereby increasing the aggressive-
ness of A. tumefaciens populations and contributing to the
dissemination of the Ti plasmid.

In response to A. tumefaciens infection, plants activate a
complex program of defense (4–7), which includes the synthesis
of �-aminobutyric acid (GABA). In A. tumefaciens, GABA
promotes degradation of the OC8HSL signal by the lactonase
AttM, thereby attenuating expression of the OC8HSL-
dependent functions (8, 9). Paradoxically, tumors simulta-
neously accumulate opines and GABA which induce two oppo-
site functions in A. tumefaciens that are the synthesis and
degradation of the OC8HSL signal, respectively. Because the
plant tumor is a unique ecological niche in which A. tumefaciens
expresses OC8HSL-dependent functions including horizontal
transfer of the Ti plasmid (2), it can be hypothesized that the
bacterial pathogen has evolved mechanisms to escape plant
GABA-defense.

Here, we report that Pro antagonizes the GABA-induced
degradation of OC8HSL. Therefore Pro, which accumulates in
the tumor (10), could be used by the pathogen to by-pass the

plant GABA-defense. Moreover, we demonstrate that the mech-
anism for perception of GABA and Pro involves a bacterial
receptor containing a Venus flytrap domain which is also
required for GABA sensing by the human GABAB-receptor
(11). This research highlights that the anti-GABA paradigm,
which permits the development of medicines against neurologic
diseases, is already exploited by a tumor-inducing pathogen to
escape host GABA-defense.

Results
Free Proline and Valine Antagonize the AttM-Mediated Degradation
of OC8HSL in the Presence of GABA. We screened amino acids and
organic acids (1 mM) for their capacity to reduce expression of
an attK-lacZ fusion which harbors the promoter for the attKLM
operon of A. tumefaciens C58 (12), in the presence of GABA (0.1
mM). Among the molecules tested, that include opines, a 10-fold
excess of proline (Pro) and valine (Val) was sufficient to
antagonize the GABA-dependent expression of the AttM lac-
tonase, as well as the degradation of the OC8HSL signal (Fig.
1A). Under those culture conditions, the addition of Pro or Val
(1 mM) did not significantly affect bacterial cell density (Fig.
1A). Because the import of GABA is required for expression of
attM (9), the direct effect of Pro or Val was investigated. Both
Pro and Val abolished transport of GABA in A. tumefaciens C58
cells (Fig. 1B).

Variation of GABA/Pro Ratio in Plant Hosts. Wounding, which is a
prerequisite event for the emergence of a tumor, had no effect
on Val and Pro concentrations, but stimulated the accumulation
of GABA (Fig. 2A). Tumor tissues also accumulated GABA as
a part of the plant response to bacterial infection (7, 9). High
GABA/Val ratios in healthy (0.6), wounded (2.6) and tumor
(0.4) tissues disqualified Val as a bona fide anti-GABA com-
pound in planta. In contrast, the GABA/Pro ratio in tumor
tissues was 0.1, a value similar to that permitting effective
anti-GABA activity in vitro (Fig. 1 A). Asn, Asp, Gln, Glu, and
Pro were the most abundant amino acids in the plant tumor (Fig.
2B); together, they represented 84% of the total free amino
acids. None but Pro significantly affected the uptake of GABA,
nor the expression of the GABA-regulated operon attKLM (Fig.
2B). Pro, which accumulates in plant tumor (Fig. 2 A), would
therefore be the most probable natural antagonist of GABA-
signaling in the bacterial pathogen A. tumefaciens C58. To test
this hypothesis, expression of the GABA-induced operon att-
KLM was compared in the presence of stem or tumor tissues,
which release GABA (up to 0.08 mM) and Pro (up to 0.84 mM)
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at different ratios in the culture medium. The results indicate
that high expression of the attK-lacZ fusion in the wild-type A.
tumefaciens C58 was correlated with a high GABA/Pro ratio
(Fig. 2C). Moreover, in the presence of stem tissues, attK-lacZ
expression was reduced by addition of Pro (Fig. 2D) and in the
braE mutant (Fig. 2C), which is defective for the main route of
GABA uptake (9).

The Receptor Atu2422 Is Required for Import of GABA, and Belongs to
Venus Flytrap Family. The ABC-transporter Bra belongs to a
subfamily of ABC-transporters that requires a periplasmic solute
binding protein (SBP) for trapping and accompanying the
transported compounds to the channel (13). A mutation in the
SBP-encoding gene atu2422, which is located downstream of
the braDEFG operon, was constructed. Import of GABA (Fig.
3A), growth in the presence of GABA as a sole nitrogen source,
GABA-dependent expression of lactonase AttM and degrada-
tion of the OC8HSL signal (Fig. 3B) were abolished in the
atu2422 and braE mutants. By contrast, those phenotypes were
not affected in A. tumefaciens mutants defective for other
putative SBPs, namely Atu4519, Atu5531, and Atu2276, which
have high amino acid sequence similarity to Atu2422 (from 56%
to 79%). The receptor Atu2422 is therefore strictly required for
GABA signaling pathway in A. tumefaciens C58. Atu2422 has
significant sequence identity (40%) with SBPs such as the
Leu-Binding Protein and the Leu-Ile-Val-Binding Protein of
Escherichia coli. Their three-dimensional structure (14, 15)
revealed a bilobate domain that is called the Venus flytrap by
analogy with the carnivorous plants. Common residues involved
in ligand binding by bacterial Venus flytrap domain (16) are
conserved in Atu2422. Moreover, our preliminary X-ray data
analysis of Atu2422 protein confirmed a Venus flytrap fold (17).

By-Products of GABA Bypass Atu2422 for Stimulating Expression of
attKLM Operon. GABA may be converted by plant enzymes into
�-hydroxybutyrate (GHB) with succinic semialdehyde (SSA) as
a toxic intermediate (18, 19). A nonenzymatic conversion of
GHB into �-butyrolactone (GBL) may occur at acidic pH. We
observed that import of GHB (Fig. 3C) and expression of
lactonase AttM in the presence of SSA, GHB, and GBL (Fig. 3D)
was similar in the wild-type strain and the atu2422 and braE

mutants, suggesting these compounds use other carrier(s) to
enter into the bacterial cells. These alternative pathways may
explain residual expression of the attKLM operon in the braE
mutant when challenged with tumor and stem tissues (Fig. 2C).
Moreover, addition of Pro did not affect expression of attKLM
operon in the presence of by-products of GABA suggesting that
Pro would specifically act on GABA-signaling pathway.

The Receptor Atu2422 and Transporter Bra Contribute to the Import
of Pro. Transport of Pro is affected in the atu2422 and braE
mutants (Fig. 4A), revealing that the Atu2422/Bra system may
transport both GABA and Pro. Pro would therefore act as a
competitive antagonist of GABA via the Atu2422/Bra system.
The Bra ortholog in Rhizobium leguminosarum strain 3841 is
required for uptake of a broad spectrum of amino acids including
GABA, Ala, Arg, Glu, and Leu (13). In contrast, transport of
Glu (Fig. 4B), Ala, Arg, or Leu was not affected in braE, atu2422
(ortholog of rl3745), and atu2276 (ortholog of rl3540) mutants of
A. tumefaciens C58. Moreover, the addition of GABA and Pro
at a 100-fold excess had no effect on transport of Glu (Fig. 4B),
Ala, Arg, or Leu, suggesting that A. tumefaciens expresses other
dedicated transporters for these amino acids. To test this hy-
pothesis we constructed a derivative of A. tumefaciens C58 in
which the operon encoding the general amino acid ABC-
transporter Aap (13) is mutated. The aap mutant retained only
20% of the capacity for Glu uptake in the wild type (Fig. 4C), and
75% of that for Arg and Leu, whereas GABA, Pro and Ala
uptake was unaffected. Thus, the ABC-transporter Aap of A.
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tumefaicens C58 is the major transporter of Glu, which is the
main precursor of GABA in plants.

Involvement of the GABA-VFT-Receptor Atu2422 in Virulence. The
mutation atu2422 affected neither the expression of virB-lacZ
fusion in the presence of acetosyringone (Fig. 5A), nor the
transfer of T-DNA in tomato and tobacco plants, nor T-DNA
integration in A. thaliana under the conditions tested (Fig. 5B).
In contrast, a higher number of emerging tumors was observed
in incisions infected by the atu2422 mutant than in that infected
by wild type strain C58 (Fig. 5C). In a complemented atu2422
mutant, the transport of GABA, the GABA-induced degrada-
tion of OC8HSL and the antagonist activity of Pro were restored
(Fig. 5D). Moreover, a decrease of plant symptoms was observed
in the complemented mutant compared with the atu2422 mutant

harboring the empty vector pME6000 (Fig. 5D), suggesting that
the assimilation of GABA and/or GABA-regulated functions
can modulate the emergence of tumors.

Involvement of GABA-Regulated Genes in Virulence. We investigated
the involvement in virulence of GABA-regulated genes previously
identified as up-regulated (atu5139 � attM) and down-regulated
(atu3181, atu1049, and atu3178) by comparative transcriptomics
(20). Appropriate mutants were used for performing the infection
assay on tobacco plants. We previously reported (9) that fresh
weight of the tumors induced by A. tumefaciens C58 wild-type or
mutant attM on tobacco plants was similar (0.7 � 0.4 g vs. 0.7 �
0.3 g, respectively). In this article, the method for measuring
virulence symptoms on host plant was refined (i.e., measurement of
the number of emerging tumors instead of the weight of all tumors
at infection site) according to a procedure published by Pappas and
Winans (3). The refined method was used in all virulence assays
shown in Figs. 5 and 6. Among the tested mutants attM, atu3181,
atu1049, and atu3178, only attM and atu3181 derivatives were more
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virulent than the wild-type strain (Fig. 6A), exemplifying the
involvement of GABA-regulated functions in the control of tumor
emergence. This phenotype observed on tobacco plants was con-
firmed on tomato plants.

The Emergence of Tumors Is Attenuated in a Tobacco Transgenic Line
with Reduced Pro Accumulation. In all of the above plant assays
(Figs. 5 and 6A), the plants were grown on compost and were
automatically supplied with water. According to a previous
report (21), the accumulation of free Pro in stem tissues could
be stimulated by growing plants on sand with an ammonium
supply (5 mM). Under this growth condition, a 10-fold increase
of Pro in the tobacco stem (0.16 vs. 1.5 �mol/g FW) was
observed. However, because cytosolic glutamine synthetase GS1
is required for Pro accumulation in stem (21), the level of Pro
was reduced in an antisense GS1 tobacco line (Fig. 6C). Using
both physiologic (with or without ammonium) and genetic
(wild-type vs. GS1 lines) approaches, we were able to modulate
Pro level (therefore GABA/Pro ratio) in tobacco plants and
compared their virulence symptoms induced by A. tumefaciens.

Symptoms induced by A. tumefaciens C58 wild type were more
severe (columns with asterisks in Fig. 6 A and B) on tobacco plants
with high (with NH4 supply) levels of Pro than on those with a low
level. Moreover, wild-type A. tumefaciens C58 induced fewer symp-
toms on the GS1 line than on the wild-type line (columns with
letters A and B in Fig. 6B), suggesting the involvement of Pro level
in tumor emergence. Because lactonase AttM is regulated by
GABA/Pro ratio (Fig. 1A) and appears to contribute to virulence
symptoms (Fig. 6A), we hypothesized the involvement of AttM in
the Pro-dependent variation of the observed plant symptoms. This
hypothesis predicts that varying the Pro concentration in the plant

host should not affect virulence symptoms caused by an attM
mutant. Comparable symptoms were indeed observed on wild type
plants (with or without ammonium) and GS1 derivatives (columns
with a diamond in Fig. 6 A and B) inoculated by a attM mutant,
revealing the involvement of lactonase AttM in the modulation of
plant symptoms under ammonium supply.

Discussion
This study reveals that GABA and Pro play opposite roles in the
virulence of A. tumefaciens C58. A high GABA concentration in the
plant host decreases the number of emerging tumors (9), whereas
a high Pro concentration enhances tumor emergence (Fig. 6). Pro
level is directly correlated to the nature of the nitrogen source
assimilated by the plants (21). Therefore, an immediate agronomic
implication of this work is that ammonium-containing nutrient
solutions, which stimulate a decrease of the GABA/Pro ratio in the
host plants, could increase their sensitivity to A. tumefaciens C58.
However, Pro is proposed to participate in the defense response of
the host plant challenged by bacterial pathogens: accumulation of
Pro is induced by reactive oxygen species, depends upon the plant
signal salicylic acid, and contributes to the hypersensitive response
and cell death of infected tissues (22, 23). In particular, Pro steadily
accumulates in the A. tumefaciens-induced plant tumor (7, 10),
wherein it also plays a role in the protection of plant tissues from
desiccation (10). One could not exclude a direct contribution of the
pathogen to Pro accumulation in the plant tumor, because the Ti
plasmid of A. tumefaciens C58 encodes an ornithine cyclodeaminase
that releases Pro from ornithine, a by-product of the most abundant
opine, nopaline (24). Other Ti plasmids encode ornithine cy-
clodeaminase and proline formation (25). Remarkably, in A. rhi-
zogenes, the ornithine cyclodeaminase encoding gene, rolD, is
localized in the T-DNA (26); this oncogene contributes to virulence
of the pathogen by an unknown mechanism (27). Through manip-
ulation of Pro synthesis or utilization of the stress-induced accu-
mulation of Pro, A. tumefaciens, and A. rhizogenes pathogens should
be able to by-pass a part of the plant defense response and optimize
the expression of their virulence factors.

The mechanism by which Pro antagonizes GABA-signaling in A.
tumefaciens C58 was discovered. Pro acts as a competitive antag-
onist of GABA import by the Atu2422-Bra ABC-transporter (Figs.
1, 3, and 4), thereby affecting the expression of GABA-regulated
functions, such as the degradation of QS-signal OC8HSL by the
lactonase AttM (Figs. 1 and 2). In A. tumefaciens C58, QS controls
horizontal transfer (by conjugation) and copy number of Ti plas-
mid. An increase in the number of emerging tumors is correlated
with overaccumulation of the QS-signal OC8HSL and amplifica-
tion of Ti-plasmid copy-number (3, 9, 28), suggesting that severity
of plant symptoms may in part be modulated by QS. Because
GABA-receptor Atu2422 plays a critical role in the expression of
the lactonase AttM, its implication in the A. tumefaciens-plant host
interaction was investigated using several virulence assays. The
expression of vir genes and the transfer of T-DNA to different hosts
was not affected in an atu2422 mutant (Fig. 5 A and B), confirming
that the GABA-signaling pathway and vir-signaling pathway are
independent (9). However, the bacterial GABA receptor (Fig. 5 C
and D) and consequently GABA-regulated functions, including
AttM-mediated degradation of the QS signal (Fig. 6 A and B), play
a role in the emergence of plant tumors. The mechanism by which
QS may modulate plant symptoms remains to be investigated.
Furthermore, this work offers one clue for solving the paradoxical
capability of A. tumefaciens C58 to transfer its Ti plasmid in a
QS-dependent manner even in the presence of the GABA-up-
regulated lactonase AttM (28, 29). Indeed, the effect of AttM on the
QS-dependent conjugation of Ti plasmid was observed in young
tumors with low level of Pro, but the role of AttM was weak in old
tumors with elevated concentration of Pro. A model summarizing
the role of plant signals in regulation of the QS-pathway is proposed
(Fig. 7).
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under NH4 supply.
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The GABA-receptor Atu2422 of A. tumefaciens C58 exhibits a
Venus Flytrap fold (17), which is also essential for perception of
GABA by other bacteria, such as R. leguminosarum (13), and by
several eukaryotic receptors, including GABAB in human brain and
GrlE in the amoeba Dictyostelium discoideum (11, 30). Thus, the
Venus Flytrap domain represents a common fold for sensing
exogenous GABA in both bacteria and eukaryotes. In eukaryotic
GABA-VFT receptors, sensitivity to a strict or wide range of amino
acids results in crucial consequences for their biological role in vivo
(11, 30). In A. tumefaciens C58, the selectivity of the Atu2422-Bra
system (Fig. 4) could reveal an evolutionary innovation implicating
Pro as a natural antagonist of GABA to modulate the QS-pathway
and escape plant GABA-defense in the plant tumor.

Methods
Bacterial Strains and Culture Conditions. The A. tumefaciens strains used in this
work were derivatives of A. tumefaciens C58. The mutants atu1049::acc1,
atu2422::acc1, atu2276::aphA, atu3178::acc1, atu3181::aphA, atu4519::aphA,
atu5531::acc1, aapQ::acc1, and braE::aphA were constructed by inserting the
Gm-cassette (acc1) or Km-cassette (aphA) within the amplified genes (31). The
mutated alleles were introduced into Agrobacterium by electroporation as pre-
viously described (9) and verified by PCR and sequencing. A. tumefaciens C58 and
its derivatives were cultivated at 30°C in Agrobacterium broth (AB) medium (32)
in the presence of mannitol and ammonium chloride, except where alternative
carbon and nitrogen sources are indicated.

�-Galactosidase Activity, OC8HSL, and Amino Acid Measurements. Using the
strategy described previously (12), the virB1 promoter was amplified, fused with
the reporter gene lacZ, and subcloned into the broad host-range vector
pME6031. The attK-lacZ (12) and virB1-lacZ fusions were introduced into A.
tumefaciens strains by electroporation. Induction with acetosyringone (100 �M)
was performed in IB medium (33). The �-galactosidase activity of cells was
measured as previously described (12). OC8HSL detection was performed on TLC
silica plates (C18-reverse phase, Whatman) using pure OC8HSL (a generous gift
from Pr. P. Williams, University of Notthingham) as a standard, and the biosensor
A. tumefaciens NT1(pZLR4) (34). The composition of individual amino acids
(including GABA) in unwounded and wounded stems of tomato and tobacco
plants, and plant tumors was determined by ion-exchange chromatography
using an AminoTac JLC-500V amino acid analyzer (35). Wounded tissues were
frozen 10 min after cutting 0.1-cm sections from plant stems (9). The amino acids
released into the liquid medium by slices of tomato stem and tumor (0.25 g/mL)
were also determined using the AminoTac JLC-500V amino acid analyzer.

Uptake Assays. GABA uptake assays were performed on cultures of A. tumefa-
ciens grown in AB minimal medium. Reactions were initiated by adding [3H]-
GABA (�-[2,3-3H(N)]-ABA to cell suspensions (5. 107 CFU/mL) at a final concentra-
tionof1 �Minthepresenceofunlabelledaminoacidatdifferentconcentrations.
The reaction was terminated by rapid filtration of samples (50 �L) on ultrafiltra-
tion membrane (0.22 �m Millipore HA, Millipore), and filter washing three times
with 4 mL of AB-medium (13). Filter-bound radioactivity was quantified in a
Packard TriCarb 2200 CA liquid scintillation counter. L- [2,3-3H]-Pro, L-[3-3H]-Ala,
L-[2,3,4-3H]-Arg, [3,4-3H]-Glu, [4,5-3H(N)]-Leu, and [2,3-3H]-GHB uptake assays
were performed using the same protocol. The 3H-derivatives of GABA (94 Ci/
mmol), Pro (49 Ci/mmol), Ala (65 Ci/mmol), Arg (51 Ci/mmol), Glu (50 Ci/mmol),
and Leu (56 Ci/mmol) were provided by Perkin-Elmer, and GHB (50 Ci/mmol) by
American Radiolabeled Chemicals (USA).

Plant Assays. Transfer of T-DNA was performed using the floral dip method (36)
withA.thaliana (n�48)asplanthostandplasmidpCAMBIA3301asT-DNAdonor
conferring Basta resistance. The same plasmid pCAMBIA3301 carrying the
35S::GUS-introntransgenewasusedforevaluatingtransientexpressionofT-DNA
in infiltrated leaves of 10-week-old tobacco plants (Nicotiana tabacum L. cv.
Samson) and infected stem of 8-week-old tomato plants (Solanum lycopersicum
L.cv.Dona).Before infection,bacterial cellswere incubatedinMESbuffer (pH5,6)
supplemented with acetosyringone (150 �M) according to ref. 5. Then, 2, 4, and
6 days post-infection, GUS staining was performed (37) on sections of tomato
stem and disks (1 cm in diameter) excised from tobacco leaves. We measured the
number of colored spots per section of tomato stem (n � 15), and percentage of
GUS-colored surface on each tobacco leaf disk (n � 10). Other virulence assays
were conducted under greenhouse conditions (9) on stems of 10-week-old to-
bacco plants (N. tabacum L. cv. Samson) and 6-week-old tomato plants (S.
lycopersicum L. cv. Dona) grown on compost and automatically supplied with
water three times per day, as well as on stems of 12-week-old tobacco plants (cv.
Xanthi) and its GS1 derivative grown on sand and automatically supplied with an
ammonium-rich nutrient solution (5 mM NH4Cl and 1 mM KH2PO4, pH 6.5) three
timesdaily.Undertheseconditions,GS1 tobaccoplantsexhibit lower levelsofGS1
mRNA, glutamine synthetase activity, and Pro than the wild-type parent (21).
Eachstemwas incised (4cm)withascalpeland infectedbyapproximately106 CFU
of A. tumefaciens C58 or its derivatives that were picked up from 48-h cultures on
LBm-agar plates. The number of tumors per incision was counted 5 weeks
(tobacco) or 3 weeks (tomato) post inoculation. Each plant was categorized into
five classes of severity symptoms: less than five tumors per infection site; from five
to 14, 15 to 29, 30 to 50, or more than 50. Each virulence assay was performed in
at least two independent experiments.
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