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Quorum sensing, a form of cell-cell communication among
bacteria, allows bacteria to synchronize their behaviors at the
population level in order to control behaviors such as lumines-
cence, biofilm formation, signal turnover, pigment produc-
tion, antibiotics production, swarming, and virulence. A better
understanding of quorum-sensing systems will provide us
with greater insight into the complex interaction mechanisms
used widely in the Bacteria and even the Archaea domain in
the environment. Metagenomics, the use of culture-indepen-
dent sequencing to study the genomic material of microor-
ganisms, has the potential to provide direct information about
the quorum-sensing systems in uncultured bacteria. This
article provides an overview of the current knowledge of quo-
rum sensing focused on phylogenetic diversity, and presents
examples of studies that have used metagenomic techniques.
Future technologies potentially related to quorum-sensing
systems are also discussed.

Microbial Communication: Quorum Sensing

Bacteria interact with one another using chemical molecules
as sensing signals. Detection of the molecules allows bacteria to
distinguish between low and high cell-population densities and
to control gene expression in response to changes in cell number!
and the local environment.? This process, referred to as quorum
sensing (QS), allows a population of bacteria to coordinately
control gene expression. Several types of QS signals have been
found, including N-acyl-L-homoserine lactone (AHL) in the
Proteobacteria.">* In these bacteria, AHL-dependent QS systems
have been shown to regulate many bacterial behaviors, such as

virulence>®

and biofilm formation,”® mainly in response to cell
densities. AHL-dependent QS systems are now recognized to play
important roles in the regulation of bacterial behavior. The first
QS system to be discovered was the Lux system of Vibrio fischeri,
which regulates light production in the light organs of certain
deep-sea fish and squid using AHL-signaling molecules. AHL is

composed of a homoserine lactone (HSL) ring with an acyl chain
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(Fig. 1A). The acyl-chain length typically varies from C4 to C12
and may be modified by a 3-oxo substituent or a 3-hydroxy sub-
stituent or a degree of unsaturation. The AHL-based QS systems
usually contain a /ux/ gene homolog, which is responsible for the
synthesis of AHLs, and a /uxR gene homolog, which acts as an
AHL-responsive transcriptional regulator.” When the number of
cells reaches a given threshold or bacterial “quorum”, the AHL
concentration becomes sufficiently high for the signaling mol-
ecules to be recognized by an AHL-responsive transcriptional
regulator, LuxR, which activates or represses target genes.

LuxI catalyzes the formation of the AHL from the substrates
S-adenosyl-L-methionine (SAM) and acyl-acyl carrier protein
(acyl-ACP)."® The LuxI enzymes are composed of a single domain
of approximately 205 amino acid residues in length. The LuxI
sequence is conserved among members of the AHL synthase fam-
ily, which share more than 20% identity/40% similarity within
this sequence." The conserved region and conserved residues are
apparent in an alignment of the AHL synthases (Fig. 2). The
N-terminal region of the LuxI sequence is the most conserved
part of the enzyme. This region includes invariant residues that
are crucial for the enzymatic activity, and that play a role in the
binding of the conserved substrate, SAM, and catalysis."? The
C-terminal region of the enzyme is less conserved overall, since
this region is involved in recognition of the variable part of the
acyl-ACP substrate, which has an acyl chain of varying length.

LuxR is the most studied member of the newly emerging fam-
ily of transcriptional regulators involved in AHL-mediated quo-
rum sensing. A 20-bp inverted repeat sequence, which was found
close to the -35 box of sigma 70 promoter is involved in the acti-
vation of LuxR. This inverted repeat is typically considered to be
a lux box-like element where a LuxR regulator binds to the LuxI/
LuxR-type QS systems.”*" The LuxR homolog LasR was discov-
ered in P. aeruginosa.'® LasR protein act in concert with AHL to
coordinate the expression of target genes, including genes encod-
ing virulence factors. TraR from Agrobacterium tumefaciens binds
to AHL and regulates conjugal plasmid transfer,”” and ExpR
from Pectobacterium carotovora regulates exoenzyme production
and antibiotic synthesis in this bacterium. All LuxR homologs
have a low similarity with LuxR (25% identity).

LuxI and LuxR homologs have been identified in diverse
species throughout the gram-negative Proteobacteria, includ-
purple bacteria, marine

ing  phototrophic non-sulfur
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Figure 1. Chemical structures of representative QS signals. (A) N-Acyl-L-homoserine lactone insight into the functional dimensions of
(AHL), R represents either the 3-oxo substituent or absence of substitution. (B) Autoinducer-2 (Al- environmental genomic data sets and will
2), (C) y-Butyrolactones, (D) A-factor, (E) p-Coumaryl homoserine lactone (pC-HSL), (F) Indole. help to achieve a major goal of environmen-

vibrios, rhizosphere bacteria, enteric commensals, and oppor-
tunistic pathogens of plants and animals. To our knowl-
edge, AHL-producing bacteria have been identified in over
37 genera within the Alphaproteobacteria, Betaproteobacteria,
Gammaproteobacteria,®'®*° and Cyanobacteria®* The Luxl/
LuxR-type QS systems have been experimentally charac-
terized in more than 70 different species in the phylum
Proteobacteria.®* Genome sequencing of a number of cul-
tured Deltaproteobacteria*® and a yet-to-be cultured bac-
terium belonging to the phylum Nitrospirae®® indicates that
they may harbor putative LuxI/LuxR-type QS systems. It
has been speculated that half the bacterial phyla (26 candi-
date phyla) do not have cultivated representatives, although at
least 52 bacterial phyla have been identified from 16S rRNA
gene sequences in environmental samples.”” These results sug-
gest that not only Alphaproteobacteria, Betaproteobacteria, and
Gammaproteobacteria, but also a diverse array of other bacte-
ria, including as-yet-uncultivated bacterial phyla, likely possess
LuxI/LuxR-type QS systems. More recently, a bacterial Luxl/
LuxR-like QS system was found in a methanogenic archaeon,
Methanosaeta harundinacea 6Ac, and shown to be involved in
regulating cell assembly and carbon metabolic flux.?®

Based on the neighbor-joining trees generated from aligned
LuxI and LuxR sequences, the majority of proteins in each fam-
ily are clustered within the same groups defined by 16S rRNA
sequences of bacteria®? (Fig. 3). Although individual exceptions
to this rule were observed, the overall congruity between the quo-
rum sensing and the rRNA trees is consistent with the notion
that the quorum-sensing proteins within the Proteobacteria are
of ancient origin.

Metagenomics: Access to Uncultured Bacteria

A better understanding of QS systems will provide us with
greater insight into the complex interaction mechanisms among
the Bacteria and even the Archaea in the environment. Previous
research has been limited by the lack of information on uncul-
tivated members of the community. More than 99% of the
microbes that exist in the environment cannot be cultivated
easily,27‘3°
are present in 1 g of soil.! Thus, most of the microbes in the

and it has been reported that approximately 107 cells
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tal microbiology—that is, clarifying the
complexities of microbial community function and the interac-
tion among these microbes.

Metagenomic analysis is usually initiated by the isolation of
DNA from environmental samples, and then this DNA is used
to construct a metagenomic library by cloning DNA fragments
into an appropriate vector (plasmid, cosmid, fosmid, etc.), or
used directly for high-throughput sequencing such as 454 pyro-
sequencing (Fig. 4). To increase the efficiency of gene isolation
in metagenomic samples, many laboratories isolate metage-
nomic DNA from a microbial community after enrichment in
the laboratory. To construct a metagenomic library from the
purified DNA, Escherichia coli has been used as a host strain.
Construction of the metagenomic library is followed by screening
for novel genes. Two major strategies have been used to identify
genes encoding novel enzymes and the production of chemical
compounds. One of these methods, the function-based screen-
ing method, is generally selected based on the enzymatic activity
of novel gene products in the metagenomic library.***¢ In this
method, environmental DNAs are cloned into expression vec-
tors and propagated in appropriate hosts, followed by evaluating
the activity expressed by the recombinants.’”** The evaluation of
activity is often performed using a sensor strain or an indicator
substrate that shows a color change as a result of biocatalytic con-
version on agar plates. Because it is not dependent on previously
sequenced genes, this method has the potential to identify novel
classes of functional enzymes.

Screening for Luxl/LuxR-Type QS Quorum-Sensing
System from a Metagenomic Library

By using a function-based metagenomic screening approach,
new AHL synthase genes have been identified from uncultured
organisms.”*? A high—throughput “intracellular” screening sys-
tem has been designed and used to screen for quorum-sensing sig-
nals from metagenomic libraries. Williamson et al. have designed
an intracellular screening system, designated METREX, in
which metagenomic DNA is cloned in a bacterial host contain-
ing a biosensor for compounds that induce bacterial quorum
sensing.”"* If the metagenomic clone produces a quorum-sens-
ing inducer, the bacterial cell produces green fluorescence pro-
tein (GFP) and can be identified by fluorescence microscopy or
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Figure 2. Multiple alignments of amino acid sequence of LuxI family members. Amino acid sequences were aligned using ClustalW. Amino acid residues
conserved among all members are highlighted in black. Asterisks indicate the 18 amino acid residues comprising the binding tunnel in Lasl. Identical
amino acid residues with Lasl are identified by a gray background. Brackets beside the sequences indicate three groups classified by carbon chain
length of the synthesized AHL. The threonine residue, which is essential for determining the specificity of the enzyme for 3-oxo-acyl-ACP, is shown by a
box. The amino acid sequences used in the alignment are Lasl (GenBank No. P33883), Ppul (AAM75411), QS6-1 (ACH69662), QS10-1 (ACH69667), QS10-2
(ACH69672), Mupl (AAK28505), Yenl (CAA53693), Sinl (CAC46418), Tral (AAB95104), Cepl (AAD12727), Yps| (AAD40486), Luxl (CAA68562), Carl (P33880),
Esal (AAA82096), QS1 (AAT90822), Phzl (AAC41535), Rhil (AAC44037), Asal (AAB70017), and Ahyl (ABD59318).

captured by fluorescence-activated cell sorting. In a study using  active signals produced bind to TraR and activate transcription of
the METREX method, screening of metagenomic libraries con-  the #7aC—/acZ fusion gene, resulting in blue colonies in the pres-
structed from Alaskan soil led to the discovery of a novel LuxI/  ence of 5-bromo-4-chloro-3-indolyl-B-D-galactoside (X-Gal).
LuxR-type QS system with low similarity to the known homologs ~ The analysis of metagenomic libraries constructed from activated
found in Gammaproteobacteria.”' In another study, metagenomic  sludge and soil resulted in the isolation of three new LuxI/LuxR-
analysis of the gypsy moth gut microbiota using the METREX  type QS systems producing novel AHLs most closely related to
method identified a gene that encodes a monooxygenase homo-  those previously found in Alphaproteobacteria, Betaproteobacteria,
log that mediates production of signal mimics that induce QS.**  and Gammaproteobacteria.**

Hao et al. used an A. rumefaciens biosensor strain HC103 Furthermore, Nasuno et al. used a metagenomic approach
(pJZ381) to screen metagenomic libraries for new QS induc- to find novel LuxI/LuxR-type QS systems in uncultured bac-
ers. When metagenomic clones are introduced into the biosen-  teria belonging to classes other than the previous studied
sor strain, if quorum-sensing inducer synthases are present, the  Proteobacteria, such as the phylum Nitrospirae. In this study, the
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Sinorhizobium; Se, Serratia; So, Sodalis; V, Vibrio; Y, Yersinia.

Figure 3 (See previous page). Phylogenetic trees of (A) Luxl and (B) LuxR protein sequence homologs obtained from Proteobacteria and Nitrospirae.
The members isolated from metagenomic clones are indicated in bold type. The characterized proteins Aubl, AubR, Ausl, and AusR are highlighted
by red closed boxes. Species belonging to the a-, B-, y-, and §-Proteobacteria are grouped within brackets. A Leptospirillum sequence is used as an
outgroup. The bold brackets represent two groups of phyla. The branch length and bootstrap values were obtained from 1000 replicates using a
neighbor-joining algorithm. Nodes lacking a number are those that could not be supported by more than 50% of the bootstrap value. The scale bars
represent 0.1 and 0.2 substitutions per amino acid site, respectively. The red branches are sequences with experimental evidence. Abbreviations for
the bacterial genus names are as follows: Ab, Acidithiobacillus; Ac, Acidovorax; Ae, Aeromonas; Ag, Agrobacterium; Az, Azospirillum; B, Burkholderia; C,
Chromobacterium; Ci, Citrobacter; D, Desulfovibrio; E, Erwinia; Ed, Edward; G, Geobacter; Ga, Gallionella; M, Mesorhizobium; Mb, Methylobacterium; Ni,
Nitrosospira; Nc, Nitrococcus; P, Pseudomonas; Pa, Pantoea; Po, Polymorphum; R, Rhizobium; Ra, Ralstonia; Rb, Rhodobacter; Rp, Rhodopseudomonas; S,

metagenomic libraries were constructed from the activated sludge
of a coke plant wastewater treatment system containing various
organic pollutants®* and forest soil as a source of phylogeneti-
cally diverse microbes. An “intercellular” screening method was
used, and GFP fluorescence of the biosensor was detected using a
spectrofluorometer (Fig. 5). DNA sequence analysis revealed two
pairs of new LuxI family N-acyl-L-homoserine lactone (AHL)
synthases and LuxR family transcriptional regulators (desig-
nated AubIl/AubR and Ausl/AusR, respectively). Phylogenetic
analysis based on amino acid sequences suggested that Ausl/
AusR was from an uncultured member of the Betaproteobacteria,
whereas AubI/AubR was very deeply branched from previously
described LuxI/LuxR homologs in Proteobacteria, indicating that
it was not acquired recently from proteobacteria but rather has a
more ancient ancestry (Fig. 3). These results demonstrated that
metagenomic approaches are useful for the discovery of novel QS
systems from uncultured bacteria.

A Novel Quorum-Sensing Signal Isolated
by Metagenomic Screening

Several QS signals, including AHL, have been discovered in
cultured microorganisms (Fig. 1). Autoiducer-2 (AI-2) is a furan-
like quorum-sensing signal that was initially identified from
Vibrio harveyi, and its synthesis is catalyzed by a /uxS gene that
has been found in over 70 bacterial species.** y-Butyrolactone
is used as a signal compound to control morphological differen-
tiation and secondary metabolite production in Strepromycetes.
Although y-butyrolactones are structural analogs of AHLs, there
is no known overlap in synthesis or cross-talk between the two
signals. A-factor, which is produced by Streptomyces griseus, has
been well-studied and antagonizes a DNA-binding repressor pro-
tein, thereby promoting the production of the antibiotic strepto-
mycin.” In addition to these compounds, a number of other QS
signals are still being identified, such as p-coumaryl homoser-
ine lactone (pC-HSL), which is classified as a structurally novel
member of the AHLs.*

Indole is formed from tryptophan by tryptophanase and can
be transformed to various oxidative compounds by bacterial
enzymes. Recently, several studies have revealed that indole plays
diverse biological roles as a signal molecule in bacteria (Fig. 1).
Wang et al. have demonstrated that indole activates the transcrip-
tion of genes encoding tryptophanase and enzymes required for
amino acid degradation in E. coli.” A family of indoles regu-
lates virulence and shiga toxin production in pathogenic E. coli.
Virulence of P. aeruginosa is also controlled by indole.*>* The
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effects of indole on biofilm formation in Vibrio cholerae,® non-
pathogenic E. coli K-12, and pathogenic E. coli O157:H7°** have
also been investigated. Previous studies suggest that there are
numerous unknown compounds, including indole derivatives,
that can interfere with or activate AHL or other signal-mediated
QS systems. These structurally similar compounds seem to affect
each other as signaling molecules or just as antagonists in the
natural environments. The actual roles of these compounds in
physiology have not been rigorously investigated, and the discov-
ery of novel bioactive compounds and their functions in the nat-
ural environment will lead to real understanding of the chemical
interactions among all forms of life.

In previous studies, the discovery of QS signals was accom-
plished by chemical purification and structural identification of
signal compounds from the cultivated bacteria. Therefore, these
studies were limited by a lack of information on uncultivated
members of the community. Recently, a metagenomic screening
method was applied to the search for novel signal compounds.
Chemical analysis revealed that the signal mimics were identi-
fied as uncharacterized indole derivatives from gypsy moth gut
metagenomic library. Guan and coworkers proposed that these
signals involving the production of blue-colored compounds rep-
resent a new structural class of QS signals, since the compounds
are chemically distinct from previously described QS inducers.
However, the structure of these indole-based and indoxyl deriv-
atives could not be determined due to their instability during
purification. Future studies will be needed to clarify the chemi-
cal structure of these new signals and their biological role in the
microbial community.

Metagenomic Screening for Quorum-Sensing
Inhibitors

AHL-dependent QS regulates many bacterial behaviors, such
as virulence’® and biofilm formation.®*®" Therefore, AHL-
dependent QS is increasingly seen as a useful target for con-
trolling bacterial behaviors. The most obvious way to quench
QS-mediated gene expression is to inactivate the signaling
molecule itself to prevent it from accumulating. Indeed, a wide
variety of AHL-inactivating bacteria belonging to Acinetobacter
(Gammaproteobacteria), Agrobacterium (Gammaproteobacteria),
Comamonas (Betaproteobacteria), Ochrobactrum
(Alphaproteobacteria),  Pseudomonas — (Gammaproteobacteria),
Ralstonia(Betaproteobacteria), Shewanella(Gammaproteobacteria),
Variovorax (Betaproteobacteria), Tenacibaculum (Bacteroidetes),

and  Nostoc  (Cyanobacteria) have been isolated and
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characterized.®>”>  Furthermore, AHL-
inactivating Gram-positive bacteria within
the Arthrobacter, Bacillus, Microbacterium,
Nocardioides, Rhodococcus, and Streptomyces
genera are also found to have the ability to
inactivate AHLs, suggesting that phyloge-
netically diverse bacteria can quench the
AHL-based QQS.66:68.74-78

AHL-inactivating enzymes have been
found in AHL-inactivating bacteria, and
these enzymes can be divided into three
representative families: AHL-lactonases,
AHL-acylases, and AHL-oxidoreductases
(Fig. 6). The prototype AHL lactonase

O ) ) ) was cloned from Bacillus sp. 240B1 and
Vector (Plasmld, Cosmid, Fosmid and BAC)

shown to hydrolyze the ester bond of the
lactone ring to give acylhomoserine.”

tion of the gene (¢gs4A) encoding an AHL-
inactivating enzyme from Rhodococcus
erythropolis strain W2.”” The gsdA gene
encodes a phosphotriesterase (PTE)-like
broad-spectrum AHL lactonase, which is
found only in the Rhodococcus genus and
solely in strains capable of degrading AHLs.

""@ : Transformation (Host strain: E. coli etc) Furthermore, Uroz et al. GCorth the isola-
@g @ Metagenomic library

On the other hand, a strain of Variovorax

E. coli cell

Metagenomic
library

*Luciferase
*GFP protein
*B-Galactosidase

Figure 5. Biosensor system designed for detection of AHL and AHL mim-
ics. In this intracellular screen, the biosensor that detects active clones is
inside the same cell as the metagenomic DNA. In the case of the inter-
cellular screen, the biosensor that detects active clones is in a different
cell than the metagenomic DNA. The biosensor detects small diffusible
signal molecules that induce quorum sensing. When the signal mole-
cules reach a sufficient concentration, they bind the LuxR transcriptional
activator that activates the luxR promoter and induces the expression of
target genes, in this case GFP. Luciferase and B-galactosidase genes have
been also used as reporter genes.

screening screening
paradouxus was found to degrade AHLs by
an acylase in which the amide bond con-
Figure 4. Construction and analysis of metagenomic libraries from environmental samples. The necting the HSL ring to the acyl chain is
metagenomics involved constructing a DNA library and analyzing the functions and sequences cleaved, releasing homoserine lactone and
in the library. a fatty acid, which is further metabolized.
AHL-oxidoreductase activity was first
QS signal observed from R. erythropolis, which reduces AHLs with 3-oxo

substituents to their corresponding 3-hydroxy derivatives.®
Although the AHL-oxidoreductase gene has not been cloned
yet, an oxidoreductase protein from R. erythropolis was purified
and characterized.®*® Database searches for homologs of the
characterized AHL lactonases and acylases in complete bacterial
genomes have shown that relatives of these enzymes exist in a
wide range of species, indicating that bacteria that possess these
activities may be widespread in the environment.®

With the widespread appearance of antibiotic-resistant bac-
teria, there is an increasing demand for novel strategies to con-
trol infectious diseases. Although the role of AHL-inactivating
enzymes in bacteria has not been fully resolved, the AHL-
inactivating enzymes may have utility as therapeutic agents to
inhibit microbial virulence and pathogenicity. To exploit the
novel types of QQ (quorum quenching) enzyme from the uncul-
tured bacteria, a metagenomic approach has been used to isolate
the genes encoding AHL-inactivating enzymes. A metagenomic
library generated from bacteria inhabiting pasture soil in France
was screened for the presence of fosmid clones conferring QQ
ability upon their E. coli host.** One clone demonstrated QQ
activity, and a gene, glcA, encoding an AHL-lactonase activ-
ity was identified. The QIlcA protein belongs to the family of
zinc-dependent metallohydrolases and appears to be distantly
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related to other AHL-lactonases discovered A
in Agrobacterium, Bacillus, Photorhabdus, and
Rhizobium species. In addition, a metagenomic
approach allowed the discovery of a novel bacte-
rial QQ enzyme (QsdB) in a rhizosphere that
was treated with y-caprolactone.® QsdB is the
first amidase signature (AS) family member
exhibiting QQ-activity. These results indicate
that a metagenomic approach is a useful tool for
identifying a variety of QQ enzymes from envi-
ronmental samples.

In addition to the metagenomic screens to
access the unculturable bacteria, screens of QS
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inhibitors (QSIs) have been attempted from cul-

tivated bacteria in order to develop new drugs
for biofilm-based chronic infections.’¢*° Lee et
al. have reported that biofilm formation was

Figure 6. Schematic representation of the enzymatic reactions of various quorum-sensing
signal degradation and modification enzymes. AHL signal inactivation, where R represents
either a 3-oxo substituent or absence of substitution, is shown. (A) AHL family, (B) acyl-
homoserine, (C) fatty acid, (D) homoserine lactone, (E) 3-hydroxy AHL.

inhibited by 7-hydroxyindole and 5-hydroxy-
indole in E. coli®® It has also been reported
that 4-hydroxyindole, 5-hydroxyindole, 6-hydroxyindole, and
isatin inhibited not only membrane vesicle production but also
Pseudomonas quinolone signal (PQS) synthesis.” These deriva-
tives were suggested to either act as bacterial signals or antago-
nists of indole, or to inhibit the binding of indole to the signal
receptor. Recently, it has been revealed that one of the haloge-
nated furanone derivatives, (52)-4-bromo-5-(bromomethylene)-
3-butyl-2(5H)-furanone from a marine macroalgae, inhibits the
QS systems in E. coli K-12.9 Although previously reported QSIs
have been isolated from the cultivated bacteria, the microbial
community may be a target of research to discover novel QSI
compounds.

Concluding Remarks and Future Prospects

Metagenomic technology is currently applied to a broad range
of tasks, such as determining the potential applications of QS sys-
tems, QS signals, and QS inhibitors. Metagenomic technology is
able to study microorganisms in the environment that are, as yet,
unculturable, and which represent more than 99% of the organ-
isms in some environments. It is expected that the number of
novel QS systems identified using metagenomic technology will
exceed the number identified through sequencing of QS systems
from isolated individual microbes. Metagenomics may provide
insight into the functional dimensions of QS systems in micro-
bial communities and will help to achieve a major goal of micro-
biology: the linking of individual microbial species to function.

However, metagenomics is still a developing technology with
limitations to be overcome. A metagenomic approach has a sig-
nificant limitation in terms of the frequency with which QS
system genes are identified (the hit rate). Statistically, for a small-
insert (<10 kb) library, between 10° and 10° clones need to be
screened for a single hit.”® These results suggest that the discovery
of QS system genes in a complex metagenome would be techni-
cally challenging. The hit rate depends on a combination of the
following factors: the choice of a vector, the assay method, and
the efficiency of heterologous gene expression in a surrogate host.
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Of these factors, the efficiency of gene expression is considered
to be one of the most critical. Limmle et al. have developed a
plasmid vector with a dual-orientation promoter to double the
chances of transcribing the cloned insert fragments, and this sys-
tem succeeded in increasing the hit rate about 10-fold.”* However,
many genes, perhaps most, will not be expressed in any particular
host bacterium selected for cloning, such as E. coli. To increase
the capability of identifying the target genes that are difficult to
express in E. coli, Streptomyces lividans, and Pseudomonas putida
were developed as initial alternative hosts. S. lividans was shown
to be a particularly useful host for functional screening of soil
metagenomic libraries for novel polyketide synthase genes.”” In
addition, Craig et al. showed that other bacterial species, includ-
ing Burkholderia graminis and Agrobacterium tumefaciens, were
also very useful hosts for the expression of environmental genes.*’
In addition, the choice of a vector depends on whether the target
of study is individual genes or entire operons and gene clusters
encoding QS systems. To clone the entire gene clusters contain-
ing the QS system genes, the construction of large-insert libraries
is required. Among several available vectors, plasmids (suitable
for cloning smaller than 10 kb DNA fragments) have high copy
numbers and strong vector-borne promoters, but cannot improve
the hit rate compared with other low copy vectors, such as cosmids
(25-35 kb), fosmids (25-40 kb), and BACs (100-200 kb).>* An
additional technique that includes an enrichment step for micro-
organisms harboring the desired traits also needs to be employed
before library construction to increase the hit rate.”*”® Although
the enrichment step results in a reduction of microbial diversity,
the combination of enrichment and metagenomic is useful for
increasing the number of positive clones in a screen and isolating
novel bioactive compounds from complex habitats.>””

The assay methods will also improve to increase the hit rate
in the activity-based screening. The assays for detecting QS
systems are usually performed by using sensor strains. These
strains have the ability to produce GFP protein, luciferase, and
B-galactosidase when the QS signal is present. The agar plate
assay requires no special devices and can be performed at high
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throughput, since positive clones can be distinguished by visual
inspection based on their color. However, the strength of the out-
put signals is often significantly weak, which could be one of the
reasons for the low hit rate. To improve the detection sensitivity
of the assay, some alternative approaches have been applied. Using
liquid cell lysates of metagenomic clones in a microtiter-plate for-
mat is one strategy for increasing the screening sensitivity.” The
biosensor responded with a signal compound producing from a
metagenome clone could be sensitively detected using a spectro-
fluorometer based on the GFP fluorescence. Crude cell lysates
2190 or physical'® procedures.
The cells are lysed by addition of a protein extraction reagent in

were prepared by either chemica

the chemical procedure, while the cells are broken in a vibrat-
ing crusher using glass beads in the physical procedure. The
detection sensitivity of enzymatic activity could be dramatically
improved using bacterial cell lysates instead of intact cells. To

identify unknown QS signals from the metagenomic library, the
development of a sensor strain is an important goal.
Furthermore, next-generation sequencing (NGS) is becoming
one of the standard high throughput data acquisition techniques
that has been applied to both genomics and metagenomics. The
large amounts of data derived from next-generation sequenc-
ing will be appropriate resources for building an efficient data
mining strategy. A website and database named Quorumpeps®
have been developed for analyzing QS system information.'?
Quorumpeps® is a resource for information on quorum-sensing
signaling peptides, including information about the structure,
activity, physicochemical properties and related literature. All
resources are freely accessible at http://quorumpeps.ugent.be/.
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