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Nitrosomonas europaea strain Schmidt produces at least three acyl homoserine lactone (AHL) signal mole-
cules: C4-homoserine lactone (HSL), C4-HSL, and C,,-HSL. These compounds were identified in extracts of
chemostat culture effluent by three independent methods. The concentrations of AHL in effluent were low (0.4
to 2.2 nM) but within the range known to induce AHL-responsive systems. The absence of LuxI and LuxM
homologs from the genome of N. europaea strain Schmidt suggested that AHL synthesis occurs by an alternate
pathway, possibly mediated by an HdtS homolog. To the best of our knowledge, the present report is the first
to document the types and levels of AHLs produced by N. europaea.

Nitrosomonas europaea and other ammonia-oxidizing bacte-
ria (AOB) play a pivotal role in affecting the fate and behavior
of nitrogen in the environment. Terrestrial and freshwater
AOB grow predominantly in biofilms (1, 7, 13, 18), but little is
known about how conditions unique to the biofilm environ-
ment affect their biology and, consequently, nitrogen cycling.
In other members of the class Proteobacteria, a major process
affecting cellular structure and function in biofilms is quorum
sensing, which is mediated by acyl-homoserine lactone (AHL)
signal molecules (6). Much is known about AHL production by
a diversity of heterotrophic proteobacteria, but to date, AHL
production by the chemolithotrophic AOB has not been con-
clusively documented. The objectives of this study were to
determine if N. europaea strain Schmidt produces AHL and, if
so, to identify the types and levels of these molecules.

N. europaea strain Schmidt was obtained from the American
Type Culture Collection (ATCC strain 19718). Batch cultures
were grown in ATCC medium 2265 (2) at 25°C in light-
shielded flasks to which aliquots of sterile 30% (wt/vol) K,CO,
were periodically added. Continuous culture of N. europaea
was done in a BioFlo 110 modular benchtop fermentor (New
Brunswick Scientific Co., Edison, NJ). Cells were grown in
ATCC medium 2265 (lacking cresol red) in a light-shielded
vessel at a specific growth rate of 0.025/h (71% of the maxi-
mum specific growth rate reported for N. europaea [9]). The
temperature was held at 25°C, the dissolved oxygen concentra-
tion was maintained at 5 mg/liter (60% of the saturation level
at 25°C), and the pH was maintained at 7.1 = 0.1. A near-
neutral pH was used to minimize the potential for AHL deg-
radation by lactonolysis (20). At steady state, the culture op-
tical density at 600 nm was 0.11 (6 X 10° cells/ml, 45 pg
biomass dry weight/ml). Aliquots (100 pl) of the culture were
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regularly plated on 1/10 nutrient broth to verify the absence of
heterotrophic contaminants.

Extracts were prepared from supernatants of N. europaea
batch cultures (5 liters total) and chemostat effluent. Batch
cultures were harvested when the cultures had twice acidified
their medium, after which accumulation of nitrite-limited
growth (final optical density at 600 nm = 0.08). For the che-
mostat culture, 7 liters of effluent was collected, the cells were
removed by centrifugation (20 min, 5,500 X g) and the clarified
supernatant acidified to pH <2 with HCI. After incubating
overnight at room temperature, the culture fluid was extracted
as described by Shaw et al. (19). Dried extracts were reconsti-
tuted in ethyl acetate and then stored at —20°C. Noninoculated
medium 2265 was extracted as a negative control.

Reporter strains used for AHL detection were Chromobac-
terium violaceun CV026 (12) and Agrobacterium tumefaciens
NTLR/pCF372/pCF218 (11) (Table 1). Extracts and AHL
standards (Sigma-Aldrich, St. Louis, MO) were spotted (AHL
standards, 1 to 4 wg; extracts, 5 to 50 wl) onto reversed-phase
octadecyl thin-layer chromatography (TLC) plates (200-pm
layer; Baker) that were developed and analyzed by agar over-
lays with A. tumefaciens NTLR as described elsewhere (19).
For preparative TLC, extracts were applied in a line (20 to 30
wl/em, 300- to 400-pl total volume) and the A. tumefaciens
NTLR overlay was poured over part of the developed plate to
locate the AHL. Corresponding areas in the overlay-free area
were excised and extracted as described by Shaw et al. (19).

TABLE 1. Reporter strain sensitivities to common AHLs based on
data from Cha et al. (4) and Shaw et al. (19)“

3-Oxo- 3-Unsubstituted 3-Hydroxy-
HSL HSL HSL

Reporter strain

Co Cs Cip Gz G4 C6 G5 Cyp Cp G G Gy

Agrobacterium tumefaciens + + + + - + + + + + + +
NTLR/pCR372/pCF218

Chromobacterium violaceum — — - — + + + + + — — +
CV026

“ Plus and minus signs indicate detection or lack of detection, respectively, of
a given AHL by the indicated reporter.
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FIG. 1. Mass spectra of standard AHLs and a putative AHL produced by N. europaea. Panels: A and B, C,-HSL; C and D, Cg-HSL; E and F,
C,o-HSL.
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Extracts from preparative TLC and AHL standards were
analyzed by gas chromatography-mass spectrometry (GC-MS)
by using a Hewlett-Packard 6890 series gas chromatograph
equipped with a 6890 series injector and a model 5972 mass
selective detector. The instrument was fitted with a Varian
VF-IMS column (12 m by 0.2 mm; film thickness, 0.33 pm;
Varian Scientific, Palo Alto, CA), and the operation parame-
ters were as follows: injector, 275°C; He carrier gas, 1-ml/min
constant flow; initial oven temperature, 85°C, hold 1 min; 5°C/
min to 250°C, hold 2 min; splitless injection (1 pl); 1-min
purge. The MS transfer line temperature was 280°C, and the
MS source temperature was 170°C. Ionization was by electron
ionization at 70 eV.

In plate assays, only A. tumefaciens NTLR detected AHL in
culture extracts and detected AHL in both the batch and che-
mostat cultures. However, stronger signals were obtained with
the latter and all subsequent analysis focused on these samples.
A volume of extract equivalent to at least 4 ml of N. europaea
continuous-culture effluent was necessary for routine detection
of AHL in the extract by A. tumefaciens NTLR.

Separation of the extract by TLC yielded three well-resolved
spots. The largest spot had a relative migration factor (R;) of
0.23, which was similar to that of the Cg-homoserine lactone
(HSL) standard. The next largest spot had an R, of 0.09, match-
ing that of C,,-HSL, while an R, of 0.47 for the smallest spot
corresponded to C4,-HSL. Standards of 3-oxo-substituted AHL
were also analyzed by TLC, including (Ry): 3-ox0-C,, (0.07),
3-0x0-C, (0.18), 3-ox0-Cg (0.41), and 3-oxo0-C4 (0.68). We
could tentatively rule out identities of the unknowns as oxo-
substituted AHLs based on dissimilar R, values compared to
3-oxo-substituted AHL standards. Additionally, the TLC mi-
gration of 3-oxo-substituted AHLs produces a characteristic
tailing (19), which the unknowns lacked. No AHL were de-
tected in the extract from noninoculated medium.

In each of the three spot extracts, an AHL was identified by
GC-MS that matched the AHL predicted by TLC in GC re-
tention time (Cg-HSL, 14.6 min; C¢g-HSL, 18.7 min; C,,-HSL,
22.6 min) and mass spectra (Fig. 1A to F). From GC-MS
analysis, the total amounts of AHL extracted from 7 liters of
chemostat effluent were estimated to be 0.5 pg, 1.2 pg, and 3.8
pg for Cq-, Cq-, and C,,-HSL, respectively. Thus, concentra-
tions in the culture of the individual AHLs ranged from 0.4 nM
to 2.2 nM; these levels were within the range known to induce
AHL-responsive systems in heterotrophic bacteria (8, 14, 16,
17, 21). These results show that while the amounts of AHL
produced by chemolithotrophically grown AOB may be low,
they could be sufficient to affect the organisms’ physiology.
Low levels of AHL production by AOB likely reflect the en-
ergetic constraints under which these organisms grow.

To the best of our knowledge, the present report is the first
to document the production of multiple AHLSs by N. europaea
and to provide identification of these molecules (6). Batchelor
et al. (3) detected an AHL(s) in a fractionated culture extract
of an N. europaea soil isolate, but the putative AHL(s) was not
identified. Batchelor et al. (3) also demonstrated an apparent
response by N. europaea to 46 nM 3-0xo-C,, an AHL not
detected in the present study. Transcription factor recognition
of nonnative AHL has been demonstrated in other bacteria (4,
15) and could explain the response of N. europaea to 3-oxo-Cgq
observed by Batchelor et al. (3). Alternatively, strains of N.
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europaea may vary in AHL biosynthetic pathways and 3-oxo-Cg
might be a native AHL produced by the N. europaea soil isolate
tested by Batchelor et al. (3).

The genome of N. europaea strain Schmidt lacks homologs
to AHL synthases of either the LuxI or the LuxM family (5),
and the absence of LuxI and LuxM homologs suggests that the
AHIL(s) identified in the present study was synthesized by an
alternate pathway. As noted by Chain et al. (5), one such route
could be mediated by an HtdS homolog (NE1184) present in
the N. europaea strain Schmidt genome. HdtS-like proteins
have been proposed to constitute a third family of AHL syn-
thases, and an HdtS homolog was shown to catalyze produc-
tion of Cq4-, C, -, and 3-OH,C,,.,-HSL (10). Further studies are
warranted to confirm the biosynthetic activity that is proposed
to be encoded by NE1184.
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