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The bacterial pathogen Agrobacterium tumefaciens produces the
quorum-sensing (QS) signal 3-oxo-octanoylhomoserine lac-
tone (OC8HSL) for controlling horizontal transfer of its tumor
inducing (Ti) plasmid that carries both the T-DNA and the viru-
lence genes. Over-accumulation of OC8HSL also increases se-
verity of plant symptoms (number of emerging tumors at infec-
tion site) by an unknown mechanism. A. tumefaciens strain C58
expresses two lactonases, AttM (BlcC) and AiiB, that cleave
OCB8HSL and are potential modulators of QS. Recent data
highlight the direct contribution of lactonases AttM and AiiB in
the control of OC8HSL level and QS-regulated functions such
as conjugation of Ti plasmid and seriousness of plant symptoms.
Expression of the two lactonases is regulated by different plant
signals. A working model of QS in the course of the A. tumefa-
ciens-plant host interaction is proposed and discussed.

Introduction

The bacterial phytopathogen Agrobacterium tumefaciens,' caus-
ative agent of the crown gall disease, is able to transfer a segment
of DNA (T-DNA) from its tumor inducing (Ti) plasmid to the
nuclear genome of the infected plant cells. T-DNA genes encode
for synthesis of plant growth factors (auxin and cytokinins)
resulting in uncontrolled cell proliferation and development of
a plant tumor, in which intercellular spaces are colonized by the
pathogen. In transformed plant cells, T-DNA genes also encode
for synthesis of specific compounds, called opines, which are used
by the pathogen as a source of nitrogen and carbon. In addition,
some opines stimulate the synthesis of a bacterial quorum-sens-
ing (QS) signal, 3-oxo-octanoylhomoserine lactone (OC8HSL),
which in turn controls amplification of the copy number of the
Ti plasmid in A. tumefaciens, and its horizontal transfer by conju-
gation.? QS is therefore a key regulatory element in the dissemi-
nation process of virulence genes. Moreover, the link between a
high concentration of QS signal and aggravated virulence symp-
toms on plant hosts was established.* This correlation suggests
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that QS contributes to A. tumefaciens aggressiveness. In this
review, we discuss recent advances®® relative to the implication
of the lactonases AttM and AiiB in cleavage of the QS signal,
therefore in modulation of the QS-mediated communication in
A. tumefaciens.

The Lactonases AttM and AiiB

In A. tumefaciens strain C58, two lactonase-encoding genes, artM
(=blcC=atu5139) and aiiB (=atu6071) are borne on At and Ti
plasmids, respectively.”® The eponym proteins AttM and AiiB
belong to two sub-clusters of a large family of Zn-hydrolases'
that encompasses QS signal-cleaving lactonases of Arthrobacter,
Bacillus, Klebsiella, Mezorhizobium, Photorhabdus and
Rhizobium. Both AttM and AiiB cleave the gamma-butyro-
lactone ring of a wide spectrum of QS signals.”!® The structure
of AiiB is available!? and shows high similarity with that of the
QS-signal lactonase AiiA from Bacillus thuringiensis. Purified
AiiB preferentially cleaves QS signals with an acyl chain longer
than four carbons, such as hexanoyl-, octanoyl- and decanoyl-
homoserine lactones. AttM, but not AiiB, efficiently cleaves the
simplest gamma-butyrolactone (GBL) into gamma-hydroxy-
butyric acid (GHB) that may be used as a carbon source by
A. tumefaciens.>" Noticeably, A. tumefaciens cannot use QS sig-
nals as a sole carbon or nitrogen source.

Expression of attlM and aiiB Genes is Controlled
by Different Plant Signals

None of the tested QS-signals, including the A. tumefaciens-pro-
duced OC8HSL, were able to regulate the expression of the 2iiB
and a#tM genes.””'>" Transcription of these genes is, however,
stimulated by different plant compounds. Expression of 4B is
increased’ in the presence of specific opines, agrocinopines A
and B,” which are also required for synthesis of the QS signal
OCS8HSL in A. tumefaciens strain C58.'" Expression of artM
gene, which belongs to the a#2KLM operon,’ is increased in the
presence of succinicsemialdehyde (SSA), gamma-hydroxybutyrate
(GHB), gamma-butyrolactone (GBL), gamma-aminobutyrate
(GABA), and salicylic acid.*!31820 GABA acts as an ubiquitous
signal implicated in communication between cells or organisms,
including plants and bacteria.?! AtctM-inducing compounds, such
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Figure I. Regulation of AttM-encoding gene by plant signals. The
upper part summarizes knowledge on the catabolic and QS-silencing
functions of the attKLM operon, its regulation by transcriptional repres-
sor Att], as well as the antagonistic activity of Pro for importation of
GABA in the bacterial pathogen. The lower part illustrates the synthesis
and degradation of GABA in plants. In addition to abbreviations used

in the text: lKG, alpha-ketoglutarate; GAD, glutamate decarboxylase;
GABA-T, GABA transaminase; GLYR, Glycolate reductase; SSADH, SSA
dehydrogenase; Suc, succinate; TCA, tricarboxylic acid cycle. Simple and
stopped black arrows represent regulatory pathways in A. tumefaciens;
blue arrows, movements across cell compartments; double-line arrows,
enzymatic reactions; and cylinder indicates the bacterial ABC-trans-
porter Bra.

as GABA and salicylic acid, are accumulated in A. tumefaciens-
infected plants and A. tumefaciens-induced plant tumors.?>*
The plant pathways for GABA biosynthesis and degradation are
strongly activated in A. tumefaciens-induced tumors;** and by-
products of GABA, such as SSA, GHB and GBL are therefore
expected to be present in the plant tumors.*

In vitro, SSA and GHB, but neither GBL nor GABA, are able
to inhibit the DNA-binding capability of the transcriptional
repressor Att] at the promoter region of the a££KLM operon.'*'® In

cell cultures, the expression of aztKLM observed in the presence
of GABA and GBL should therefore require the conversion of

www.landesbioscience.com

MINI-REVIEW

these two compounds to SSA and GHB by a GABA-transaminase
(an unidentified enzyme) and lactonase (AttM), respectively.®
Under starvation, the stress alarmone ppGpp would stimulates
biosynthesis of SSA, hence expression of lactonase AttM and
decay of QS signal.'® Because salicylic acid affects growth rate of
A. tumefaciens,” one could hypothesize that, under salicylic acid-
induced slowdown, A. tumefaciens could accumulate SSA which
in turn stimulates AttM-mediated inactivation of the QS signal
OCB8HSL.

The mechanisms by which SSA, GHB and GBL penetrate
A. tumefaciens cells are still unknown. However, both the ABC-
transporter Bra (Atu2424 to Atu2427)* and periplasmic binding
protein (PBP) Atu2422,5% are required for GABA uptake to the
bacterial cytoplasm, and therefore for the GABA-induced expres-
sion of attKLM. There are more than 150 ABC transporters and
PBPs in the genome of A. tumefaciens C58,*° which are impli-
cated in key functions including the binding of plant sugars by
the PBP ChvE during the eatly steps of activation of the virulence
genes,”’
cinopines.?®* Noticeably, the agrocinopine ABC-transporter is

and importation of opines, such as nopaline and agro-

required for expression of the lactonase AiiB.”

A recent work® revealed that free amino acids such as proline
(Pro) and valine may antagonize the uptake of GABA, there-
fore the GABA-induced degradation of OC8HSL. Because Pro
accumulates in plant tumor,”** it may be a very probable natu-
ral antagonist of GABA signaling in A. rumefaciens. The mecha-
nism by which Pro blocks importation of GABA implicates the
PBP Atu2422 which is required for transport of Pro and GABA.
Pro would act as a competitive antagonist of GABA for binding
Atu2422. Remarkably, Pro does not affect the importation of
GHB, suggesting that by-products of GABA may induce expres-
sion of attM gene even in the presence of Pro. A model of the
complex regulation of AttM-encoding gene by plant compounds
is proposed in the Figure 1.

The Lactonases AttM and AiiB Modulate QS
and Conjugation of Ti Plasmid

In A. tumefaciens strain C58, conjugation of Ti plasmid requires
the presence of particular opines called agrocinopines and that of
the QS-signal OC8HSL.'*" Agrocinopines, which are imported
into bacterial cytoplasm via the ABC transporter Acc,?
late the repressor activity of the transcriptional factor AccR? that

modu-

controls the expression of the operon encoding TraR. TraR exhib-
its a high affinity to OC8HSL. The TraR-OC8HSL complex?*%
binds specific DNA sequences of promoting regions of the rep and
tra operons and activates their transcription. The r¢p and 774 genes
control amplification of copy number and horizontal transfer of
the Ti plasmid. The TraR-OC8HSL complex also stimulates the
transcription of #al," that encodes for synthesis of OC8HSL,
and therefore stimulates a positive loop that amplifies synthesis
of the OC8SHL signal. A strong negative control on biosynthesis
of OC8HSL is exerted by TraM that binds TraR and disrupts
the TraR-DNA complex.’® In the presence of agrocinopines, the
synthesis of TraR at a high rate compensates the antagonist effect

of TraM.
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The implication of the AHL lactonases AttM and AiiB in
the accumulation of OC8HSL and QS-regulated functions,
especially conjugation of Ti plasmid was evaluated in different
laboratories. In vitro, purified lactonase ActM inactivated more
rapidly free OC8HSL than OC8HSL bound by TraR,® sug-
gesting that the intracellular TraR-OC8HSL complex would
protect the QS signal from lactonase cleavage. In a strain con-
stitutively expressing TraR, the intracellular level of OC8HSL
remained unaffected by AttM because of a protecting effect of
TraR.® In contrast, when cell cultures of A. tumefaciens C58
were induced by azzM-inducers, such as GABA, GHB, GBL and
SSA, or aiiB-inducers agrocinopines, the lactonases AttM and
AiiB modulated the level of the extracellular OC8HSL.%"%13
These observations revealed the implication of lactonases in
the control of OC8HSL exchange between cells, therefore the
QS-mediated communication.

Conjugation of plasmid Tiwas compared using donor strains
in which lactonase-encoding genes were mutated or not. These
experiments were performed in planta and in minimal medium
in the presence of agrocinopines or in traM and/or accR genetic
backgrounds. An #iiB mutant and its corresponding wild type
strain were used as donors in conjugation experiments: Ti plas-
mid transconjugants emerged earlier in crosses involving the
lactonase AiiB-defective strain. Moreover, the higher conjuga-
tion efficiency of #iiB mutant was correlated both with an early
appearance and a higher level of OC8HSL in culture medium,
confirming the implication of AiiB in QS and Ti plasmid conju-
gation.” Regarding AttM, the other lactonase, an 27 mutant
and an ¢t/ mutant (this latter constitutively express the AttM
lactonase) were used as donors in conjugation experiments. The
att] mutant was affected for transfer of the Ti plasmid in mini-
mal medium and in planta.®* However, the a7/ mutant was
slightly more efficient a donor than its wild type counterpart for
conjugation of Ti plasmid in planta.® More precisely, transcon-
jugants appeared earlier with ##£M mutant than with wild type
as donors, suggesting that aztM exerts a transitory effect on
conjugation. Two main non-exclusive hypotheses may be pro-
posed to explain this transitory effect: (1) the AttM-mediated
inactivation of OC8HSL could be balanced by a stronger syn-
thesis of OC8HSL and TraR in plant tumor; (2) the GABA-
controlled expression of a#2KLM in planta could be attenuated
by another plant signal such as free proline, which accumulates
in the tumor tissues and antagonizes the transport of GABA
into A. tumefaciens, therefore GABA-induced degradation of
OC8HSL.®

The Lactonases AttM and AiiB, QS
and Plant Symptoms

The implication of QS in the modulation of virulence (num-
ber of emerging tumors) was initially reported in A. rumefaciens
strain R10 overexpressing #7aR? and then observed in other A.
tumefaciens isolates.”> It was hypothesized that over-accumu-
lation of QS signal could increase Ti plasmid copy number,
thereby enhancing the virulence of Agrobacterium. Mutations
affecting lactonase-mediated degradation of QS signals are
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therefore predicted to favor accumulation of QS signal, hence
seriousness of plant symptoms. Virulence assays performed on
tomato and tobacco plants with 4##M and 47iB mutants con-
firmed this hypothesis.” Moreover, the use of transgenic plants
in which the ratio between GABA and its antagonist Pro were
modified, supports the hypothesis of a link between GABA-
induced expression of lactonase AttM and severity of plant
symptoms. Indeed, plants with a high GABA content exhib-
ited less severe symptoms than wild type plants,* while plants
with a high Pro content exhibited more severe symptoms than
wild type plants.® Further investigations are required for under-
standing the precise mechanism by which QS and plant factors
would modulate emergence of plant tumors.

A Working Model for QS
in A. tumefaciens-Plant Host Interaction

A working model for QS in A. rumefaciens-plant host inter-
action is shown on Figure 2. In a first step, wounded plant
released phenolic compounds (Vir-sig) that are sensed by the
pathogen and stimulate the expression of the virulence genes.
The vir genes encode the cellular machinery responsible for
transfer of the T-DNA into the host cells and its integration in
the plant nuclear genome. At the same time, the synthesis of
the QS signal OC8HSL is low because of the absence of agroci-
nopines, while biodegradation of OC8HSL is potentially high
because of the accumulation of GABA—and its by-products—
in wounded plant tissues.

In a second step (emerging and young tumors), the expres-
sion of T-DNA genes in host plant cells drives biosynthesis of
the plant growth factors, auxin and cytokinins, and that of
opines, agrocinopines A and B and nopaline. While growth fac-
tors stimulate plant cell proliferation, opines are used by the
pathogen as nutrients and signals for triggering biosynthesis of
the OC8HSL-binding protein TraR. The complex OC8HSL-
TraR positively controls biosynthesis of the OC8HSL at tran-
scriptional level, but its DNA-binding activity is antagonized
by the protein TraM that delays the work of a positive loop
for OC8HSL biosynthesis and expression of the re¢p and tra
operons. At the same time, agrocinopines and GABA—and its
derivatives—may induce the expression of lactonase AiiB and
AttM that cleave unbound OC8HSL, and therefore prevent
accumulation and release of free OC8HSL in extracellular envi-
ronment. The proposed second step would be the more impacted
by lactonases because of a low synthesis rate of OC8HSL and
TraR. In lactonase-defective strains, OC8HSL would accumu-
late earlier than in a wild type strain, and promote horizontal
transfer of Ti plasmid and emergence of plant symptoms.

In a third step (growing tumors), an elevated production of
agrocinopines by the transformed plant cells induces a strong
biosynthesis of TraR that overcomes the antagonist TraM.
TraR-OC8HSL complex stimulates biosynthesis of OC8HSL at
a high rate that may also overcome the lactonase-mediated deg-
radation of OC8HSL. At the same time, the accumulated free
proline in plant tumor would antagonize the GABA-controlled
expression of the lactonase AttM, therefore would decrease its
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Figure 2. A working model for QS regulation in A. tumefaciens C58-plant host interaction. See text for details. Simple and stopped arrows represent
regulatory pathways, whereas double-line arrows, cylinders, cross, and pentagons represent enzymatic reactions, bacterial ABC-transporters, VirA/G

OCB8HSL-degradation capability. Indeed, OC8HSL signals
are abundantly released in bacterial cell environment. The
proposed working model should be tested by further in vivo
experiments.

As a conclusion, A. tumefaciens C58 exhibits a fine control
of biosynthesis and biodegradation of QS signal OC8HSL of
which the ecological and evolutionary significance have to be
explored. Moreover, the A. tumefaciens system may help us to

understand the dynamics of biosynthesis and degradation of
QS signals in the soil bacterial communities,” as well as their

engineering for protecting plants.*®
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