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Quorum sensing by N-acylhomoserine lactones is not
required for Aeromonas hydrophila during growth with
organic particles in lake water microcosms
Katharina Styp von Rekowski, Melanie Hempel, Bodo Philipp

Abstract It was investigated whether quorum sensing
(QS) mediated by N-acylhomoserine lactones (AHLs) was
important for heterotrophic bacteria from the littoral zone
of the oligotrophic Lake Constance for growth with organic
particles. More than 900 colonies from lake water microcosms with artificial organic aggregates consisting of autoclaved unicellular algae embedded in agarose beads were
screened for AHL-production. AHL-producing bacteria of
the genus Aeromonas enriched in the microcosms but
AHLs could not be detected in any microcosm. To test for a
potential function of AHL-mediated QS, growth experiments with the wild type and an AHL-deficient mutant of
Aeromonas hydrophila in lake water microcosms were performed. Growth of both strains did not differ in single cultures and showed no mutual influence in co-cultures. In cocultures with a competitor bacterium belonging to the
Cytophaga-Flavobacterium group, growth of both A.
hydrophila strains was reduced while growth of the competitor bacterium was not affected. Exogenous AHL-addition did not influence growth of the Aeromonas strains in
any microcosm experiment. These results showed that
AHL-mediated QS was not required for A. hydrophila during colonization and degradation of organic particles in
lake water microcosms, suggesting that cell-cell signalling
of heterotrophic bacteria in oligotrophic waters relies on
novel signal molecules.
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Introduction

Heterotrophic bacteria contribute significantly to the degradation of organic detritus particles such as aggregates of
decaying phyto- or zooplaukton (Azam et a1. 1993; Simon
et a1. 2002; Pemthaler and Amann 2005). After initial
attachment, bacteria form biofilms to establish a stable
association with organic particles. For the degradation of
polymers within organic particles, bacteria release extracellular hydrolytic enzymes. In the course of polymer degradation, the respective oligo- and monomers partly diffuse into
the surrounding water and create plumes of dissolved
organic matter (DOM) serving as nutrients for suspended
heterotrophic bacteria (Azam and Long 200 1; KiOrboe and
Jackson 2001). In oligotrophic waters like Lake Constance
where the concentration of DOM is low [<1 mg C 1-1
(Hanisch et a1. 1996)], organic particles represent patches
of increased metabolic activity of heterotrophic bacteria
(Simon et a1. 2002).
It has been demonstrated that various cell-cell interactions of heterotrophic bacteria occur at organic particles
(Simon et a1. 2002; Grossart et a1. 2003). Those can be
cooperative interactions, such as biofilm formation or sharing extracellular enzymes and their degradation products,
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as well as antagonistic interactions, such as production of

accession number EF395377), and all bacterial colonies

inhibitory substances (Long et a1. 2005). The release of
enzymes and secondary metabolites in a highly diffusive

from enrichments (see below) were cultivated with a

environment will be only rewarding at high cell densities.

Therefore, these processes are often controlled by cell-den-
sity-dependent regulation of gene expression which is med-
iated by diffusible signal molecules whose concentration
correlates with the population density. This process is
termed quorum sensing CQS) (for recent reviews see Waters

and Bassler 2005; Keller and Surette 2006). In many
aquatic Gram-negative bacteria, QS is mediated by N-acyl-
homoserine lactones (AHLs). AHL- mediated QS is being
intensively studied with host-associated bacteria in the con-
text of pathogenicity and symbiosis while possible func-
tions of this process for free-living bacteria in their natural
environments have received less attention (Manefield and

Turner 2002; Chhabra et a1. 2005; Keller and Surette 2006).
The aforementioned bacterial interactions required for
detritus utilization render organic particles a paradigmatic

setting for QS. Therefore, we hypothesize that AHL-medi-
ated QS has an important function for heterotrophic bacte-
ria from the water column for growth with organic
particles. Several observations support this hypothesis.
AHL-producing bacteria have been isolated from marine

snow (Gram et a1. 2002) and AHLs have been detected in
aquatic biofilms (McLean et a1. 1997). Including AHLs into

HEPES-buffered complex medium designated medium B.
Medium B contained the following ingredients (final con-
centrations): tryptone (0.05%), yeast extract (0.0005%),
HEPES (10 mM), NH4 Cl (5 mM), MgS04 (0.5 mM), KCI
(14 mM), and NaCI (7.2 mM). The pH was adjusted to 7.0
with NaOH. After autoclaving the medium was comple-
mented with CaCl2 (0.01 mM), phosphate solution
(0.15 mM, pH 7, prepared with K2 HP04 (0.105 mM) and
NaH2 P04 (0.045 mM), and trace element solution SL 10
(Widdel et a1. 1983). Chromobacterium violaceum strain
CV026 (McClean et a1. 1997) and the Escherichia coli
strains pSB401, pSB536, and pSB1075 (Winson et a1.
1998) were cultivated on Luria-Bertani (LB) medium con-
taining tryptone (1 %), yeast extract (0.5%), and NaCI (1 %).
Solid media were prepared with 1.5% Bacto agar (Difco).
Lake water microcosms for enrichment of heterotrophic
bacteria
Lake water microcosms were set up with water samples
from the littoral zone of Lake Constance and agarose beads
containing autoclaved cells of the unicellular green algae
Scenedesmus ohUquus as nutrient source. The employment

of agarose beads was adapted from a study in which they

media for enrichment cultures enhanced the cultivation

were used to monitor surface attaclnnent of aquatic bacteria

efficiency for marine (Bruns et a1. 2002) and freshwater
bacteria (Bussmarm et a1. 200 1). Interestingly, AHL-pro-
ducing biofilms attract zoospores of green algae (J oint et a1.
2002; Tait et a1. 2005). While these studies suggest an
important function for AHL-mediated QS in aquatic bio-

(Grossart et a1. 2003). Lake water samples were taken with
sterile plastic tubes from a pier 10 m offshore the Limnol-
ogy Institute (University of Constance) at a depth of about
40 cm and directly used for enrichments. For preparation of
the agarose beads, 50 ml of S. obliquus cultures (kindly pro-
vided by E. von Elert) with a total carbon content of
12.6 mg were harvested by centrifugation at 1O,000xg for
10 min at room temperature, washed with 0.9% NaCl, and
finally resuspended in 4 ml 0.9% NaCI and 16 ml of dis-
tilled water. These 20-ml suspensions were supplied with
1% agarose (Seakem LE agarose, BMA), autoclaved for
20 min at 121 cC, and poured into Petri dishes (8.5 cm diam-
eter). From solidified algae-containing agarose, beads with
a total algal carbon content of about 0.06 mg were punched
out with a truncated 1 ml pipette tip and placed into 7.5 ml

films, a systematic study to prove this function for aquatic
heterotrophic bacteria under natural conditions is, to our

knowledge, still lacking. To investigate our hypothesis with
bacteria from the water column of the littoral zone of Lake
Constance we set up enrichment cultures with lake water
samples exposed to organic particles in microcosm experi-
ments. If our hypothesis is correct we expect that AHL-pro-
ducing bacteria enrich at and in vicinity to organic particles

and AHLs can be detected. As methodical prerequisites for
this study, we had to develop an appropriate microcosm
model system for simulating the colonization of organic

particles in the littoral zone and to establish a method for a
broad screening for AHL-producing bacteria.

Materials and methods
Cultivation of bacteria

Aeromonas hydrophila strains AH-1N and AH-1N ahyJ
(Lynch et a1. 2002), Cytophaga sp. strain 4D9 (gene bank

lake water in a sterile glass tube. These tubes were incu-

bated at 16 cC on a rotatory mixer (CVM, Frobel) at
100 rpm. After 0, 24, 48, and 72 h samples of the lake water
(suspended fraction) and whole agarose beads (biofilm frac-

tion) were taken to determine total cell numbers in the sus-
pended fraction and viable cell numbers in both fractions.

To determine the total cell counts (TCCs), cells from the
suspended fraction were collected on a black polycarbonate
filter (pore size 0.2 ~m; Millipore) and stained with
1 ~g ml- 1 DAPI (4', 6-diamidino-2-phenylindole). Cells on
filters were counted with epifluorescence microscopy. To

477

obtain the biofilm fraction, single agarose beads were
repeatedly washed in 0.4 ml medium B. Washed beads were
gently homogenized with a sterile plastic pestle in 100 ~l of
petassium phosphate buffer (50 mM, pH 6). Homogenates
of single beads were further disintegrated enzymatically
with 50 units of Pseudomonas atlantica agarase (Sigma) at
30 c C for 90 min. Viable cells in suspended, washing, and
biofilm fractions were quantified by counting colony forming units (CFUs) on medium B agar-plates as described earlier (Klebensberger et a1. 2006). Colonies were counted
after 24 h incubation at 16 c C. TCCs of the biofilm fraction
could not be determined because it contained many cell
clusters and autofluorescing fragments of algae that interfered with DAPI analysis. Microcosm enrichments were set
up on June 25, 2004 (water temperature 14SC), and on
November 29, 2004 (8 c C). As controls, microcosms containing beads without algae were employed.
Lake water microcosms for growth experiments with pure
strains in single and co-cultures
Lake water samples were taken as described above and
sterilized by filtration through a 0.2 ~ pore membrane
(FP3010.2 CA-S; Schleicher and Schuell). Algae-containing agarose beads were prepared as described above except
that the algal carbon content was increased to 0.12 mg. Precultures of A. hydrophila strains AH-IN and AH-IN ahyJ
and of Cytophaga sp. strain 4D9 were grown with medium
B overnight. TCCs of the pre-cultures were determined as
described above. Microcosms containing one agarose bead
in 5 ml sterile lake water were inoculated with
10 6 cells ml- 1 as single or as co-cultures and incubated as
described above. After 24, 48, and 72 h samples from suspended and biofilm fractions were taken and processed as
described above. For CFU determination cells were plated
on solid medium B with increased tryptone concentration
(1 %). After overnight incubation, strain 4D9 and the Aeromonas strains could be unambiguously differentiated by
their different colony morphologies since Aeromonas colonies were larger and whitish while Cytophaga colonies
were smaller and yellow. The Aeromonas strains AH-IN
and AH -IN ahyJ were distinguished by the C. violaceum
CV026 AHL-bioassay (see below).

Bioassays for AHL-production
Single colonies obtained from high dilution steps of the
CFU counts of the microcosm experiments were transferred
to medium B backup plates for systematic storage. All colonies grown on these backup plates were tested for AHL
production in bioassays with C. violaceum strain CV026
(McClean et a1. 1997) and the bioluminescent E. coli
strains pSB401, pSB536, and pSB1075 (Winson et a1.

1998; Yates et a1. 2002). Bioassays with strain CV026 indicating AHLs with short acyl side chains such as N-hexanoyl-L-homoserine lactone (HHL) or N-octanoyl-Lhomoserine lactone (OHL) were performed by streaking
test colonies adjacent to the indicator strain on solid LB
medium. AHL-producing bacteria were indicated by violacein production in strain CV026 as described earlier
(McClean et a1. 1997). The E. coli indicator strains respend
to different AHLs by producing bioluminescence; strain
pSB401 detects AHLs with short and long acyl side chains,
strain pSB536 is specific for butanoyl-L-homoserine lactone (BHL), and strain pSB1075 is specific for AHLs with
long acyl side chains such as N-3-oxododecanoyl-L-homoserine lactone (OdDHL). For bioassays with the E. coli
AHL indicator strains, liquid cultures of test colonies were
set up with 200 ~l medium B in 96-well microtiter plates
(Microwell, Nunc). After incubation for 48 h at 16 c C, these
microtiter plates were centrifuged at 1,7oog for 15 min
(5804 R centrifuge with A-2-DWP rotor; Eppendorf). Culture supernatants (50 ~l) from each well were transferred to
black 96-well microtiter plates (Microwell optical bottom
plates, Nunc) and supplied with 150 ~l of E. coli cultures
adjusted to an optical density of 0.2 at 600 nm. After 2, 4
and 6 h, bioluminescence and the optical density at 595 nm
were measured with a microtiter plate reader (Genios,
Tecan). Bioluminescence intensities were normalized to
cell densities of the indicator strains. On each black microtiter plate, positive controls were set up with 0.1 ~M (final
concentration) of either BHL (Fluka), HHL (Fluka), or
OdDHL (kindly provided by Paul Williams) for the respective indicator strains. Equivalent volumes of acetonitrile
(the solvent for all AHLs) served as negative controls.
Extraction of AHLs from culture supernatants and AHL
bioassays after separating extracts by thin layer chromatography (TLC) were performed as described earlier (Yates
et a1. 2002). As lactone rings in AHLs with short acyl side
chains tend to hydrolyze at the slightly alkaline pH values
(7.5-8.0) prevailing in the microcosms, we had acidified
supematant samples prior to extraction to reform potentially hydrolyzed lactone rings as described earlier (Yates
et a1. 2002).
Identification of bacteria
N-acylhomoserine lactone-positive colonies were purified
by transferring single colonies on solid medium B several
times. Strains still producing AHLs after purification were
further characterized by standard phenotypic assays (Gramtyping, oxidase test) and by Msp! restriction fragment
length polymorphism (RFLP) analysis of the 16S rRNA
gene PCR product as described earlier (Schmitt-Wagner
et a1. 2003). Selected strains with distinct RFLP patterns
were further identified by sequencing the 16S rRNA gene.
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Sequences were compared with the NCBI-database (http://
www.ncbi.com) using the BLAST search tool (Altschul
et a1. 1997).

Results
Enrichment of heterotrophic bacteria in lake water microcosms
For enrichment of particle-associated heterotrophic bacteria
from the littoral zone of Lake Constance, the natural microflora was exposed to artificial organic particles consisting
of autoclaved cells of the naturally occurring alga Scendedesmus ohliquus embedded in agarose. In these enrichments, growth of suspended and of particle-associated
bacteria (biofilm fraction) was monitored over time. TCCs
and CFUs of suspended bacteria increased in all microcosms, and the highest numbers of cells were obtained in
microcosms containing agarose beads with algae (Fig. l a,
b). Cultivation efficiencies (CFUITCC) of suspended bacteria peaked after 48 h incubation in microcosms with algaecontaining agarose beads and reached values above 60%. In
control microcosms containing agarose beads without algae
CFU-counts increased less and cultivation efficiencies were
around 1% throughout the experiments. The cultivation
efficiency in lake water microcosms without agarose beads
was in the same range (not shown). In the biofilm fractions,
CFUs in microcosms with algae-containing agarose beads
increased much stronger than those from microcosms
Fig. 1 Lake water microcosms
for enrichment of heterotrophic
bacteria from the littoral zone of
Lake Constance. The microcosms contained agarose beads
with algae (filled square) and
without algae (open square). a
TCCs of the suspended fraction,
b CFUs of the suspended and c
the biofilm fraction. d Estimated
CFU s of AHL-producing bacteria in the suspended fraction (A,
B) and the biofilm fraction (C,
D) of microcosms containing
agarose beads without (open
bars) and with algae (filled
bars). Microcosms were set up
in November 2004. Bars represent standard deviation (n = 6)

8

containing agarose beads without algae (Fig. 1c). As
described under Materials and methods TCCs of the biofilm
fraction could not be determined for teclmical reasons. The
determination of CFUs in the washing fractions revealed
that loosely attached bacteria could be removed (not
shown). In summary, algae-containing agarose beads supported growth of heterotrophic bacteria in suspension and
in the biofilm fraction. The growth observed in microcosms
without algae was also observed in microcosms without
any agarose beads (not shown), indicating that this growth
must be based on endogenous nutrients from the lake water.
The enrichments set up in June (not shown) and November
2004 (Fig. 1) gave similar results.
Screening for and identification of AHL-producing bacteria
All colonies growing on medium B backup plates were
screened for AHL-production. As some colonies did not
grow on solid LB medium they could not be tested with the
indicator strain CV026. This indicator strain responds to
AHLs with short acyl side chains only and has a relatively
low sensitivity. To overcome these limitations, we developed a screening method of culture supernatants in 96-well
microtiter plates using three highly sensitive bioluminescent E. coli indicator strains that cover a broad range of
AHLs with different acyl side chains (Fig. 2). This procedure allowed a fast screening of a total number of 905 colonies for AHL-production. We found that 244 colonies
stimulated indicator strains. Many AHL-producing colonies
activated two or more indicator strains, namely strains
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including BHL, HHL, and OHL (not shown)_ To investigate whether these Aeromonas strains would produce
AHLs in lake water microcosms we cultivated selected
Aeromonas strains in filter-sterilized lake water containing
agarose beads with algae. No AHLs could be detected in
organic extracts of small (7.5 ml) or large (200 ml) lake
water microcosms.
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Fig.2 Response of bioluminescent Escherichia coli indicator strains
to different AHL-concentrations after an incubation time of 4 h: (open
square) strai n pSB 40 1 with HHL, (open circle) slTain pSB 536 wilh
BHL . (open triangle) strain pSB 1075 with OdDHL. Bars represe nt
standard deviation (n = 3)

CV026 and pSB536 or strains pSB401 and pSB1075. There
were no clear correlations between the origin of colonies
(regarding incubation time of and localization within
microcosms) and their activation of indicator strains.
The percentages of AHL-producing colonies from total
CFUs were determined and used to estimate the total numbers of AHL-producing CFU (Fig. I d). In all microcosms,
AHL-producing bacteria enriched over time. The highest
numbers were observed in microcosms with algae-containing agarose beads. After 48 h, there were more than 106
AHL-producing colonies ml- 1 in the suspended fraction of
these microcosms, corresponding to a 104 -fold enrichment
compared to freshly collected lake water. Considering the
TCCs, cultivable AHL-producing bacteria accounted for
about 15% of the total bacterial number. To investigate
whether the enrichment of AHL-producing bacteria was
reflected by the accumulation of AHLs we analyzed supernatants of lake water microcosms with the bioluminescent
E. coli strains. AHLs could not be detected in any of the
microcosm supernatants, not even in 100 ~l extracts of
50 ml lake water microcosms including 20 agarose beads
with algae [detection limits: 10 nM for E. cali psB 401 and
E. coli psB 536, 0.5 nM for E. cali pSB1 075 (Fig. 2)].
From 244 AHL-producing colonies, 193 AHL-producing pure cultures were isolated and characterized_ All AHLproducing isolates were oxidase-positive, Gram-negative
bacteria_ RFLP-analysis with MspI showed very similar
patterns for all isolates. Sequencing the 16S rRNA gene
from selected isolates revealed that all of them belonged to
the genus Aeromonas, including A. hydrophila, A. sobria,
A. salmonicida, and A. veranii. TLC-analysis of supernatants from selected strains grown with medium B indicated
production of different AHLs with short acyl side chains,

To test investigate whether AHL-mediated QS had an
important function for growth of Aeromonas sp. with
organic aggregates, we submitted A. hydrophila strain AHIN and the AHL-deficient isogenic mutant strain AH-1N
ahy/ (Lynch et a1. 2002) to growth experiments in lake water
microcosms. With these two strains it has been shown previously that AHL-based QS is important for biofilm formation
(Lynch et a1. 2002) and exoenzyme production (Swift et a1.
1999). Thus, these strains were feasible representatives of
Aeromollas sp. to test for the function of AHL-mediated QS
in our lake water microcosms. In growth experiments with
pure Aeromanas cultures, the wild-type strain AH-1N and
the ahy/ mutant did not differ regarding growth rates and cell
numbers. Both strains reached 10' CFUs ml - 1 in the suspended fraction after 48 h and about 10' CFUs ml- 1 after
72 h in the biofilm fraction. To investigate whether the wild
type had a growth advantage in competition with the ahy/
mutant the strains were inoculated at a 1: 1 ratio. This ratio
remained stable in the suspended and in the biofilm fraction
throughout the experimen~ indicating that both strains grew
equally (Fig_3a, b). To investi gate whether the ahy/ mutant
might profit from AHL-production by the wild type, the
strains were inoculated at a 9: 1 ratio of wild type to ahy/
mutant TIlls initial ratio remained also stable throughout
growth (not shown). These results indicated that the ability
to produce AHLs did not affect growth of A. hydraphila
strain AH-IN in lake water microcosms.
To investigate whether cell- cell communication via
AHLs might be important for A. hydrophila in competition
with other bacteria, we co-inoculated the Aeromonas strains
with Cytaphaga sp. strain 4D9, which we had isolated from
a lake water microcosm. In general, members of the
Cytophaga-Flavabacterium group of the Bacteroidetes are
abundant in aquatic habitats and are important degraders of
polymers (Kirchman 2002; Lemarchand et a1. 2006). We
isolated several Cytaphaga- Flavobacterilllll strains from
high dilution steps of our microcosms_ These traits rendered a Cytophaga strain a feasible competitor for A_
hydrophila in ecophysiological experiments. In pure culture, strain 4D9 grew in the suspended and in the biofilm
fraction, reaching higher CFUs than the Aeromonas strains
(not shown). If co-inoculated with strains AH-1N or AHIN ahy/ individually, strain 4D9 grew like the pure culture
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Fig. 3 Growth of pure strains in
defined co-cultures in lake water
microcosms. CFUs of a co-culture of Aeromonas hydrophila
strains AH -1 N (filled square)
and ahyJ (open square) in (a)
suspended and (b) biofilm fractions. CFUs of co-cultures of
Cytophaga strain 4D9 (filled circle) with strain AH-IN (filled
square) and of strain 4D9 (open
circle) with strain ahyJ (open
square) in (c) suspended and (d)
biofilm fractions. Bars represent
standard deviation (n = 9)
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(Fig. 3c, d). The same result was obtained if strain 4D9 was
co-inoculated with a 1: 1 mixture of strains AH-IN and AHIN ahyJ (not shown). These results indicated that growth of
Cytophaga strain 4D9 was not influenced by the Aeromonas strains. In contrast, growth of the Aeromonas strains
was severely influenced by strain 4D9. Both strains showed
only poor growth in co-cultures with strain 4D9 (Fig. 3c,
d). In suspended fractions, CFUs of both Aeromonas strains
first decreased after 24 h and then increased to the initial
values which remained stable for the remaining incubation
time (Fig. 3c). In the biofilm fractions, CFU counts of both
Aeromonas strains decreased with time by one order of
magnitude (Fig. 3d). No difference between the wild type
and the ahyJ mutant could be observed.
We could not detect AHLs in any microcosm containing
strain AH-IN. To investigate whether the addition of AHLs
would influence growth of the Aeromonas strains, we supplied lake water microcosms with BHL Cl ~), the cognate
AHL of A. hydrophila strain AHI-N. This addition had no
effect on growth of strains AH-IN, AH-IN ahyJ, and 4D9,
neither in pure nor in mixed cultures (not shown). Monitoring BHL in supernatants with E. coli pSB536 revealed that
the concentration of BHL decreased with time in all lake
water microcosms including the sterile control, presumably
due to chemical hydrolysis of the lactone ring.

Discussion
Quorum sensing via AHLs has been shown to be involved
in biofilm formation (Kjelleberg and Molin 2002) and
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competitive or cooperative bacterial interactions (Keller
and Surette 2006) in many Gram-negative bacteria. In this
study, we scrutinized whether AHL-producing bacteria
from oligotrophic lake water would errrich at or in vicinity
of organic particles and, if so, whether a potential function
of AHL-signaling could be demonstrated in ecophysiological experiments with pure strains in single or defined cocultures. As a prerequisite for these investigations we had
to establish lake water microcosms with artificial organic
particles which should provide conditions that are very similar to the natural situation in the littoral and that should
allow retrieval of particle-associated biofilm bacteria in a
reproducible way. The agarose beads containing Scenedesmus ohUquus cells met these requirements. While the algal
cells served as a nutrient source with a defined carbon concentration for growth of heterotrophic bacteria, the agarose
beads themselves were not degraded during the incubation
period and served as a mere matrix for algal detritus. The
number of bacteria in the suspended fraction of algae-containing microcosms did not exceed cell numbers usually
prevailing during algal blooms in Lake Constance (Glide
et a1. 1985), indicating that the carbon concentration of S.
ohUquus was set in a realistic range. Furthermore, the agarose beads could be disintegrated under comparably mild
and defined conditions, allowing qualitative retrieval of
particle-associated biofilm bacteria. A second important
prerequisite for our study was the establishment of a
method that allowed fast screening of a large number of
bacteria for AHL-production. The bioassays with highly
sensitive Escherichia coli indicator strains in 96-well format proved to be a reliable and efficient screening that
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covered AHLs of different structures and allowed analysis
of bacteria that did not grow on solid LB medium.
We found that Aeromonas sp. with the ability to produce
AHLs enriched in the biofilm and in the suspended fraction
of lake water microcosms with algae-containing agarose
beads. These Gammaproteobacteria are ubiquitous in
aquatic environments from which they can be readily isolated (von Graevenilz 1987). They occur at low numbers of
10-10 3 CFU ml- 1 in surface waters and show comparably
low survival rates in oligotrophic waters (Hazen et a1. 1978 ;
Kersters et a1. 1996). Although fast-growing Gammaproteobacteria are usually not abundant in natural aquatic systems it has been repeatedly observed that they can
transiently enrich at patches of high nutrient availability
(Pernthaler and Amanu 2005). In agreement with this
observation, we showed that cell numbers of Aeromonas
strains increased to 106 CFU ml- 1 at nutrient hot spots in
oligotrophic lake water microcosms. As some Aeromonas
species are pathogenic for fish (Bruhu et a1. 2005) and for
humans (Leclerc et a1. 2002; von Graevenilz 2007) our
study calls attention to detritus particles as potential reservoirs of these opportunistic pathogens.
At first sight, the enrichment of Aeromonas strains with
the ability to form AHLs suggested an important role of
AHL-mediated QS for these strains during colonization and
degradation of organic particles, thereby supporting our initial hypothesis. However, we could not detect AHLs in any
microcosm, not even in SOG-fold concentrated extracts,
indicating that the natural microfiora did not produce significant amounts of AHLs. Nevertheless, AHL-signaling
could operate in microcompartments on the organic particles. Diffusion sensing (Redfield 2002) and compartment
sensing (Koerber et a1. 2005) are modified concepts of QS
in which cell-cell communication could occur at low cell
numbers if these cells reside in a habitat of low diffusion or
if they are clustered in aggregates. A feasible approach to
test these alternative concepts of AHL-mediated QS in the
lake water microcosms was to compare pure cultures of an
AHL-producing Aeromonas strain with an isogenic AHLdefective mutant. AHL-mediated diffusion sensing or compartment sensing should be indicated by reduced growth of
the AHL-deficient mutant strain ahyJ in the biofilm fraction. However, we did not obtain any evidence of such a
growth disadvantage of the ahyJ mutant, neither in pure
culture nor in competition with the wild type or with
Cytophaga sp. strain 4D9. Alternatively, the ahyJ mutant
could have a growth advantage during co-incubation with
the wild type because it could profit from the AHL-signal
while avoiding energy investment for its synthesis. A selective advantage of such so-called cheaters has been postulated for QS-deficient mutants (Kreft 2005; Keller and
Surelte 2006). However, the ahyJ mutant had no growth
advantage under conditions prone to cheating. As the ahyJ

mutant had no phenotype in any microcosm experiment and
as the addition of BHL to microcosm experiments had no
effects, we conclude that AHL-mediated QS is not required
for growth of A. hydrophila with organic particles in microcosms simulating the conditions in the littoral of Lake Constance. It must be emphasized that AHL-based cell-cell
communication below the detection limit of our indicator
strains might occur in microcolonies but it cannot be a prerequisite for growth in this environment. To our knowledge, this is the first systematic attempt to explore the role
of AHL-mediated QS for degradation of detritus particles
under oligotrophic conditions.
As pointed out in the introduction, the utilization of
organic particles by heterotrophic bacteria in aquatic systems is highly prone to involve QS. Why did A. hydrophila
not employ AHL-mediated QS although it is undoubtedly
required for the production of extracellular enzymes (Swift
et a1. 1999; Bi et a1. 2007) and for biofilm formation (Lynch
et a1. 2oo2)? In the respective experiments, A. hydrophila
was cultivated in rich media. As AHLs are widespread signal molecules among bacteria of different species their
usage implies risks for the producers, such as the aforementioned cheating, unwanted activation of competitors, or signal inactivation by AHL-degrading bacteria (Kreft 2005).
Under the nutrient- and energy-limited conditions prevailing in our microcosm experiments, energy investment into
QS via such unspecific signals may not payoff. AHL-based
signaling may be more important in nutrient-rich environments. In agreement with this assumption AHLs could be
extracted from infected fish (Bruhu et a1. 2005) and the
addition of AHLs to activated sludge had an influence on
the bacterial community composition (Valle et a1. 2004).
In conclusion, our study reveals that AHLs are not universal signal molecules that bacteria would employ under
all environmental conditions, thereby endorsing the search
for novel bacterial signal molecules.
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