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Nitrobacter winogradskyi is a chemolithotrophic bacterium that plays a role in the nitrogen cycle by oxidizing nitrite to nitrate.
Here, we demonstrate a functional N-acyl-homoserine lactone (acyl-HSL) synthase in this bacterium. The N. winogradskyi ge-
nome contains genes encoding a putative acyl-HSL autoinducer synthase (nwi0626, nwiI) and a putative acyl-HSL autoinducer
receptor (nwi0627, nwiR) with amino acid sequences 38 to 78% identical to those in Rhodopseudomonas palustris and other Rhi-
zobiales. Expression of nwiI and nwiR correlated with acyl-HSL production during culture. N. winogradskyi produces two dis-
tinct acyl-HSLs, N-decanoyl-L-homoserine lactone (C10-HSL) and a monounsaturated acyl-HSL (C10:1-HSL), in a cell-density-
and growth phase-dependent manner, during batch and chemostat culture. The acyl-HSLs were detected by bioassay and identi-
fied by ultraperformance liquid chromatography with information-dependent acquisition mass spectrometry (UPLC-IDA-MS).
The C�C bond in C10:1-HSL was confirmed by conversion into bromohydrin and detection by UPLC-IDA-MS.

The fate of nitrogen in aquatic and terrestrial environments is
dependent on the microbially driven process of nitrification.

Aerobic nitrification is carried out primarily by diverse, chemo-
lithotrophic microorganisms in a two-step process with ammonia
(NH3) being converted to nitrite (NO2

�) and then to nitrate
(NO3

�) (1–3). Two physiologically distinct and diverse groups of
organisms participate: the ammonia oxidizers, bacteria (AOB)
and archaea (AOA), and nitrite-oxidizing bacteria (NOB) (1–3).
Coupling of NH3 oxidation to NO2

� oxidation is important to
provide energy and reductant for both nitrification partners, to
avoid the inhibitory effects of NO2

� accumulation on AOB and
AOA, and to control the availability of NO3

� for plant growth
(1–4). The process of nitrification is mostly well coupled in natu-
ral environments as NO2

� rarely accumulates (5, 6). However,
environmental fluctuations and stresses can result in uncoupling
and NO2

� accumulation (7, 8), which may lead to production of
N2O, a potent greenhouse gas, and a reduction in nitrogen use
efficiency by agricultural crops (9). Considering the wide variety
of proteobacteria involved in nitrification, bacterial cell-cell sig-
naling or quorum sensing (QS) via N-acyl-homoserine lactones
(acyl-HSLs) may be one mechanism that contributes to coupling
and maintaining efficient nitrification between nitrifying bacteria
(10–12).

QS is a common strategy to coordinate gene expression with
cell density, diffusion dynamics, and spatial distribution via the
production of diffusible chemical signals (10–12). In bacteria, QS
can control a host of different cooperative and stress-associated
phenotypes, including exopolysaccharide production, biofilm
formation, motility, exoenzyme secretion, luminescence, conju-
gation, and adaptation to stationary phase (10, 12–14). Acyl-HSLs
are the best-studied signaling compounds, or autoinducers, in
Gram-negative bacteria, but peptide signals, quinolones, aryl-ho-
moserine lactones, and other chemical moieties can also act as
autoinducers in bacteria (15, 16).

Acyl-HSL QS usually employs a LuxI homolog autoinducer
synthase and a LuxR homolog signal receptor, with their associ-
ated genes being commonly located adjacent to each other in the
genome and LuxI being generally positively autoregulated (16).

The autoinducer synthase is continuously expressed at a basal
level and produces acyl-HSLs that initially diffuse or are trans-
ported out of the cell. When a critical threshold concentration is
reached, autoinducers diffuse or are transported back into the cell
and are bound by the signal receptor that activates transcription of
a variety of genes, generally including the autoinducer synthase. In
this way, whole populations of cells coordinate gene expression in
response to diffusible chemical signals.

There is evidence for acyl-HSL QS in nitrifying bacteria. Two
AOB may produce acyl-HSLs (17–19), and a metagenomic clone
from the phylum Nitrospirae and potentially from the NOB “Can-
didatus Nitrospira defluvii” contained LuxI and LuxR homologs
(20). There is precedent for acyl-HSL QS in mixed populations of
bacteria carrying out anaerobic ammonium oxidation (anam-
mox) (21, 22); however, we are focused on aerobic nitrifying bac-
teria. Nitrobacter winogradskyi, a well-studied nitrite-oxidizing
bacterium, contains adjacent luxI and luxR gene homologs in its
genome (nwi0626 and nwi0627, respectively), suggesting that it
has the potential to produce and respond to acyl-HSL autoinduc-
ers (23).

The Nitrobacter genus is a widely distributed group of NOB in
the family Bradyrhizobiaceae that is isolated from soil, water, and
sewage and closely related to various Rhizobiales group members
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(3, 4). Nitrobacter winogradskyi was isolated from soil, and it is
commonly used as a model NOB because of its superior growth
rate, nitrite tolerance, and growth yield compared to those of
other NOB (3, 4). Currently, there is no information on the pur-
pose of acyl-HSL QS in N. winogradskyi, but QS may serve to
regulate cellular functions, such as nitrogen metabolism and bio-
film formation, or possibly interspecies signaling with AOB. Fur-
ther knowledge of acyl-HSL QS in this NOB is the first step in
determining if there is a role for QS during nitrification.

In this study, we characterize a LuxI signal synthase homolog
(referred to here as NwiI) and a LuxR signal receptor homolog
(referred to here as NwiR) in N. winogradskyi by comparison to
homologs in other Rhizobiales members with QS systems. We
show that nwiI and nwiR are expressed in a cell density- and
growth phase-dependent manner that correlates with acyl-HSL
production measured by bioassay. Finally, we identify acyl-HSLs
by ultraperformance liquid chromatography with information-
dependent acquisition mass spectrometry (UPLC-IDA-MS).

MATERIALS AND METHODS
Chemicals. N-Decanoyl-DL-homoserine lactone, analytical-grade aceto-
nitrile, and formic acid were purchased from Sigma-Aldrich (St. Louis,
MO). High-performance liquid chromatography (HPLC)-grade ethyl ac-
etate and acetic acid were purchased from EMD Chemicals (Darmstadt,
Germany) and VWR International (Radnor, PA), respectively.

Bacterial strains and growth medium. N. winogradskyi Nb-255 was
routinely cultivated in 60 mM NaNO2

� minimal salts medium as described
previously (24). Agrobacterium tumefaciens KYC55(pJZ372)(pJZ384)
(pJZ410) was cultivated, preinduced, and used in detection of acyl-HSLs
as described previously (25, 26).

Bioinformatic analyses. The Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) (http://www.genome.jp/kegg/) and Basic Local Align-
ment Search Tool (BLAST) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) were
used to identify QS-related genes in N. winogradskyi and homologs in
related organisms (27, 28). MUSCLE was used for multiple alignment of
amino acid sequences (29, 30), and phylogenetic analyses were conducted
using MEGA6 (31). The NwiI and NwiR evolutionary histories were in-
ferred using the maximum likelihood method, based on the Le Gascuel
model, gamma distributed with invariant sites and with partial deletion of
gaps (32). Phylogenetic trees were visualized using FigTree, version 1.4.2
(http://tree.bio.ed.ac.uk/software/figtree/).

Growth conditions. Cells in chemostats were grown at 28°C in NO2
�-

supplemented medium adjusted to pH 7.2 to reduce lactonolysis of po-
tential acyl-HSLs. Cell density was manipulated by changing the NO2

�

concentration in the medium reservoir (5 mM, 12 mM, and 60 mM) to
generate approximately 1 � 106, 4 � 106, and 2 � 107 cells ml�1 (optical
densities at 600 nm [OD600s] of 0.003 to 0.006, 0.01 to 0.03, and 0.04 to
0.07, respectively) based on previously published cell density estimates
(33). Experimental chemostats with 1 liter of culture medium were assem-
bled in glass vessels (Bio-Probe, catalog number 1965-97001; Bellco Glass,
Vineland, NJ) and maintained at a steady-state dilution rate (D) of 0.015
h�1 (doubling time [Td] of 1.93 days). Steady state was defined as two
doublings with less than a 10% change in OD600 and nitrite concentration.
At steady state, D is equal to the specific growth rate (�), and � can be
converted to Td via the equation ln(2) � Td · � (based on the classic
growth equation N � N0 · e�t, where N represents the cell density at time
t and N0 represents the starting cell density). Chemostats were routinely
monitored for OD600 and NO2

� concentration, and heterotrophic bacte-
rial contamination was assessed by plating 200-�l aliquots of culture on
Luria-Bertani agar plates. Batch cultures were carried out as outlined
above in 60 mM NO2

�-supplemented medium at pH 7.2, inoculated to
an optical density at 600 nm (OD600) of 0.0005 from mid-exponential-
phase cultures, and grown in Erlenmeyer flasks in a rotary shaker at 100
rpm at 28°C. Experimental cultures were monitored every 24 h to check

the OD600 value, the NO2
� concentration by the Griess assay as described

previously (34), and for the presence of acyl-HSL (bioassay). Cells were
harvested on days 2, 4, and 6 for RNA extraction from batch cultures
growing at three different approximate growth rates (fast, day 2 OD600 of
�0.00387 and Td of �0.67 days; medium, day 4 OD600 of �0.0330 and Td

of �1.75 days; slow, day 6 OD600 of �0.0458 and Td of �2.20 days).
Growth rate was calculated using the equation: Td � (t2 � t1) · [log(2)/
log(q2/q1)], where the OD600 is used for cell density q and time t is in days.
The Td was calculated based on the change in cell density from the previ-
ous day.

RNA extraction and qPCR. RNA was extracted as described previ-
ously with minor modifications (33). Briefly, bacterial cells were collected
and concentrated by centrifugation and lysed via sonication, and RNA
was purified with an RNeasy minikit (Qiagen, Germantown, MD) as rec-
ommended by the manufacturer. Transcript levels were analyzed by a
two-step reverse-transcription quantitative PCR (qPCR) procedure using
a CFX96 Touch real-time PCR system with SYBR green-I-based detection
kits according to the directions of the manufacturer (Bio-Rad Laborato-
ries, Hercules, CA) and normalized to cDNA concentrations measured
with a NanoDrop ND UV-visible light (UV-Vis) spectrophotometer
(Thermo Scientific, Wilmington, DE) to account for differences in cell
density and reverse transcriptase efficiency between samples. Synthesis of
cDNAs was carried out as previously described (35). Primers for qPCR
transcript quantification of nwiI were ACGAGATGGAGCAGGCTTAT
(forward) and AGAACGCGATCTTCTTCGAT (reverse), and those for
nwiR were GAGCGCTATTTCACGAAAGG (forward) and GTTTGACC
GTTGAGGGTGAT (reverse). The 25-�l qPCR mixtures contained for-
ward and reverse primers (300 nM each; listed above), 1 ng of purified
cDNA, and iQ SYBR green Supermix reagents (Bio-Rad Laboratories,
Hercules, CA). The cycling program consisted of 5 min at 95°C, followed
by 40 cycles of 15 s at 95°C and 1 min at 60°C. Dissociation curves were
created to ensure the absence of nonspecific amplification. Reaction
efficiency and initial concentrations of template were calculated with
LinRegPCR, version 2015.1, as described previously (36).

Acyl-HSL bioassay. Acyl-HSLs were extracted twice from 10 ml of
culture supernatant with an equal volume of acidified ethyl acetate as
previously described (37). Extracts were dried down under filtered air,
reconstituted to a 100� stock, and screened for acyl-HSLs (at a 1� con-
centration) by a broad-range Agrobacterium bioassay (via a �-galactosi-
dase reporter system) as described previously (25, 26). Briefly, the cell
lysate from the bioassay is used to perform a Miller assay to detect �-ga-
lactosidase activity by adding o-nitrophenyl-�-D-galactopyranoside
(ONPG), measuring the time to observe a color change, and measuring
the OD420. Miller units were calculated using the following equation:
number of Miller units � 1,000(OD420)/[(bioassay OD600)(Ts � T0)0.2]
where the Ts is the time of color change and T0 is the time of ONPG
addition. The Agrobacterium bioassay used in this study was previously
shown to detect at least 32 acyl-HSLs and acyl-HSL analogs (25, 38).

Ultraperformance liquid chromatography with information-de-
pendent acquisition mass spectrometry (UPLC-IDA-MS). Acyl-HSL
signal structure was identified as described previously with modifications
(39). The supernatants of three replicate 1-liter batch cultures were col-
lected after the cells were pelleted by centrifugation during the period of
peak signal production per cell (day 4 batch culture at an OD600 of 0.025
to 0.035, according to the bioassay). The supernatant was then acidified to
pH 2 with HCl to avoid lactonolysis and extracted five times with 200 ml
of ethyl acetate. Extracts were dried down under a stream of filtered air
and reconstituted in water with 20% (vol/vol) acetonitrile and 0.1% (vol/
vol) formic acid.

Samples (volume, 10 �l) were separated on a Synergi C12 reverse-
phase column (250 by 1 mm; particle size, 4 �m [Phenomenex, Torrance,
CA]) using a Nexera LC-30AD UPLC (Shimadzu, Kyoto, Japan). The
elution program consisted of water with 5% acetonitrile for 2 min, fol-
lowed by a linear increase to 90% acetonitrile over 30 min, and a hold of 15
min at 90% acetonitrile; the column was then reequilibrated for 15 min at
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5% acetonitrile. Mass spectrometry was performed using a 5600 Triple
TOF (time of flight) instrument (AB Sciex, Concord, Ontario, Canada) in
positive-ion electrospray ionization (ESI) mode. The instrument was op-
erated at a temperature of 250°C and a spray voltage of 5,500 V. An infor-
mation-dependent acquisition (IDA) HPLC-MS method was used to ac-
quire MS and product ion data. Product ion parameters were set at a
collision energy (CE) of 30 and a declustering potential (DP) of 80. Prod-
uct ion spectra were searched for marker fragment products at m/z (mass/
charge) 102.055 since acyl-HSLs consistently fragment to a protonated
([M�H]�) lactone moiety (C4H8NO2, [M�H]�, m/z 102.055). Data
were analyzed by Analyst TF, version 1.5, and PeakView, view 1.2 (AB
Sciex, Concord, Ontario, Canada). Chemical structures were drawn with
ChemSketch Freeware, version 2012 (ACD Labs, Ontario, Canada).

The position of the C�C double bond on the acyl chain of C10:1-HSL
was determined based on the ion fragmentation series of unsaturated
acyl-HSLs reported previously (40). Briefly, unsaturated acyl-HSL ion
fragmentation suggests that if the double bond were placed on the (7 	
x)th carbon distant from the amidic group, then the series of ions with
even-numbered m/z ratios would end at m/z (198 	 14x) (40).

RESULTS
Characterization of autoinducer synthase and receptor ho-
mologs NwiI and NwiR. The open reading frames (ORFs)
nwi0626 and nwi0627 of N. winogradskyi were previously anno-
tated as putative LasI and LasR homologs, autoinducer synthase
and signal receptor proteins, respectively, of the gammaproteo-
bacterium Pseudomonas aeruginosa (23). LasI and LasR are ho-
mologs of the extensively studied LuxI and LuxR of Aliivibrio fis-
cheri (formerly Vibrio fischeri) (16). For sequence identity
comparison and phylogenetic analysis of putative autoinducer syn-
thase and receptor homologs in N. winogradskyi, BLAST was cou-
pled with KEGG to identify protein homologs of nwi0626 (NwiI) and
nwi0627 (NwiR) and with MUSCLE to align the corresponding
amino acid sequences. The closest homologs (by percent identity) to
NwiI were found to be from Nitrobacter hamburgensis and closely
related NOB (86 to 94%), Rhodopseudomonas palustris HaA2
(72%), and various Rhizobiales (38 to 68%). NwiI was only 25%
similar to LasI. MEGA6 was used to construct a phylogenetic tree of
various LuxI homologs to determine the evolutionary relationship of
NwiI to other acyl-HSL synthases (Fig. 1A).

Autoinducer synthases from the Rhizobiales form four clades,
each with distinguishing features (Fig. 1A). Clade 1 includes NwiI
as well as two putative autoinducer synthases from the closely
related N. hamburgensis, several uncharacterized autoinducer syn-
thase genes from different R. palustris strains (only strain HaA2
shown), and a synthase from Methylobacterium extorquens (41–
44). Clade 1 has few other distinguishing features besides that M.
extorquens produces unsaturated acyl-HSLs (41). Clade 2 is dis-
tinguished by the production of unusual branched-chain acyl-
HSLs and aryl-HSLs by R. palustris and Bradyrhizobium species
(45–47). While clade 3 is poorly supported by bootstraps, all syn-
thases in this clade synthesize long-chain (�12 carbons), unsatu-
rated acyl-HSLs (48–51). Clade 4 consists of TraI homologs, in-
cluding a signal synthase from one of the large plasmids of N.
hamburgensis (43, 52). The TraI/TraR (TraI/R) system has been
well studied in Agrobacterium tumefaciens and other Rhizobiales,
where it generally controls conjugation of the Ti plasmid involved
in crown gall formation (52).

We reasoned that the cognate signal receptor genes, usually
found adjacent to the autoinducer synthase in the genomes of
characterized acyl-HSL-producing microorganisms, would form
similar clades as they generally evolve together (53). We used the

same pipeline outlined above to construct a phylogenetic tree of
various LuxR homologs (Fig. 1B). While the nodes and branches
of the receptor tree are different, each cognate signal receptor can
be found in the same clade as the signal synthase genes, albeit with
poor bootstrap support (Fig. 1B). The next step in demonstrating
acyl-HSL quorum sensing (QS) in N. winogradskyi was to deter-
mine if nwiI and nwiR are expressed in a cell density-dependent
manner and show positive auto-regulation.

Expression of nwiI and production of acyl-HSLs are cell den-
sity dependent during chemostat culture. To measure expression

FIG 1 Phylogenetic trees of selected NwiI (A) and NwiR (B) homologs. The scale
bar indicates the number of substitutions per residue. Bootstrap values from 500
resamplings are shown for nodes with 0.5 or greater. Boxes indicate the locations of
NwiI and NwiR in the trees. Numbered bars indicate clades 1 through 4 described
in Results. The name or gene number of the homolog follows abbreviations for
genus and species: N. winogradskyi Nb-255 (Nw), N. hamburgensis X14 (Nh),
Rhodopseudomonas palustris HaA2 and CGA009 (Rp), Methylobacterium ex-
torquens AM1 (Me), Bradyrhizobium japonicum USDA6 (Bj), Bradyrhizobium
sp. strain ORS278 (B), P. aeruginosa PAO1-UW (Pa), Rhodobacter sphaeroides
2.4.1 (Rs), Rhizobium leguminosarum bv. viciae 3841 (Rl), Agrobacterium vitis
S4 (Av), Sinorhizobium meliloti 1021 (Sm), Aliivibrio fischeri ES114 (Af), A.
tumefaciens C58 (At), and Yersinia paratuberculosis YP111 (Yp).
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of nwiI and nwiR during steady-state growth at different cell densities,
we chose a chemostat culture maintained at a constant growth rate.
By making NO2

� the growth-limiting nutrient in chemostat culture
and reducing its concentration in the medium reservoir, we altered
the steady-state cell density while keeping the dilution rate constant
for a steady-state doubling time (Td) of 1.93 days.

We found that nwiI was induced in a cell density-dependent
manner (Fig. 2A). In the chemostat, expression of nwiI was in-
duced greater than 10-fold at medium (OD600 of 0.012) and high
(OD600 of 0.069) cell densities compared to the level at a low
(OD600 of 0.0056) cell density (Fig. 2A). However, nwiR showed
no change in gene expression in response to cell density under
these conditions (Fig. 2A). Next, we measured the acyl-HSL con-
centration during chemostat culture using a broad-range, ultra-
sensitive A. tumefaciens bioassay that has been shown to detect a
wide variety of acyl-HSLs of various chain lengths, saturation lev-
els, and oxidation states (25, 38). Because the bioassay responds
differently to different acyl-HSLs, quantification of specific signal
populations was not possible, so signal concentrations were ex-
pressed as Miller units (see the “Acyl-HSL bioassay” section in
Materials and Methods) (25). A significant increase in acyl-HSL
concentration was detected when cell density increased in re-
sponse to an increasing NO2

� concentration (Fig. 2B). A 2-fold
increase in cell density caused by increasing the NO2

� concentra-
tion from 5 to 12 mM resulted in a 6-fold increase in total acyl-
HSL. The highest cell densities showed a 10-fold increase relative
to the lowest cell densities (Fig. 2B). When we calculated the
amount of acyl-HSL produced per day, normalized to optical den-
sity, there was significantly more acyl-HSL being produced at the
medium cell density than at the other densities (Fig. 2C).

nwiI and nwiR expression and acyl-HSL production are cell
density and growth phase dependent during batch culture. The
absence of nwiR induction during chemostat culture led us to
investigate gene expression and acyl-HSL production during
batch culture, where the growth rate is dynamic. We mimicked the
different cell densities achieved in the chemostats by extracting
RNA from batch cultures at similar cell densities (see Materials
and Methods) but corresponding to different growth phases (Fig.
3A, x axis). Compared to the chemostat data, we detected similar
cell density-dependent induction of nwiI when gene expression
was measured in the presence of acyl-HSL during batch culture,
but the growth rate of the batch cultures (based on the slope of the
growth curve) had a profound effect (Fig. 3). Both nwiI and nwiR
were induced approximately 5-fold at medium cell density com-
pared to levels at low density, but when the growth rate decreased
at high cell density, expression of both genes decreased (Fig. 3A).

To further characterize the induction of acyl-HSL synthesis
during batch culture, we measured acyl-HSL accumulation
throughout batch growth. Similar to the chemostat results, acyl-
HSL significantly accumulated during a 2-fold increase in the
OD600 from low cell density (Fig. 3B). On day 3, acyl-HSL in-
creased 6-fold compared to the level at day 2, and on day 4 there
was a 4-fold increase in the amount of acyl-HSL compared to the
amount at day 3 (Fig. 3B). When we calculated the amount of
acyl-HSL produced per day, normalized to optical density, a sig-
nificant spike in acyl-HSL production was observed on day 4 (Fig.
3C). This increase in acyl-HSL level coincided with the transition
to slower growth, as shown by plotting the log OD600 value against
time (Fig. 3C, circled data). The increase in acyl-HSL also coin-
cided with an increase in the expression of nwiI and nwiR

(Fig. 3A). Interestingly, acyl-HSL production significantly de-
creased on day 5, followed by an eventual decrease in acyl-HSL
concentration on days 8 and 9 (Fig. 3C).

Closer examination of the data showed that expression of nwiI

FIG 2 Gene expression and acyl-HSL detection during chemostat culture.
Fold change in expression of nwiI and nwiR was measured by qPCR (A), and
total acyl-HSL detected (B) and acyl-HSL production (C) were measured by
bioassay during chemostat culture. Filled circles (line graphs) indicate cell
density measured as the optical density at 600 nm (OD600; right y axis) con-
trolled by the concentration of NO2

� (x axis) in the medium reservoir. (A)
Bars represent fold change expression relative to 5 mM NO2

� (left y axis). (B
and C) Bars represent acyl-HSL level or production (reported as Miller units or
as Miller units · OD600

�1 · day�1; left y axis). Asterisks indicate a statistically
significant increase in expression or acyl-HSL level between 5 mM NO2

� and
other NO2

� concentrations (*, P � 0.05; **, P � 0.005; ***, P � 5e�5, by a
two-tailed t test). Values are the means of three independent biological repli-
cates. Error bars indicate the standard deviations of the means.
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and nwiR was sensitive to growth phase during both batch and
chemostat cultures. When cells were growing quickly at low den-
sity in batch culture, both genes were expressed at low levels (Fig.
3A). If expression values during slow growth of both chemostat
(Td of 1.93 days) and batch (Td of �1.75 and 2.20 days, for day 4
and day 6, respectively) cultures are compared to those of low-
cell-density batch cultures growing at the maximum growth rate
(Td of �0.67, day 2 batch culture), both nwiI and nwiR were
strongly induced during slow growth (Td � 1.75) (Fig. 4). How-
ever, expression of nwiR and nwiI decreased when the Td slowed to
1.93 and 2.2 days, respectively (Fig. 4). These data provided fur-
ther evidence that N. winogradskyi produces and responds to acyl-
HSLs.

Identification of acyl-HSLs by UPLC-IDA-MS. Acyl-HSLs
from N. winogradskyi batch cultures were extracted and concen-
trated for detection by mass spectrometry. UPLC-IDA-MS analy-
sis of N. winogradskyi supernatant extracts detected two com-
pounds with molecular ions [M�H]� of m/z 256.1886 and
254.1729, corresponding to N-decanoyl-L-homoserine lactone
(C10-HSL) and an unsaturated acyl-HSL, C10:1-HSL (Table 1).
Semiquantitative measurement of the intensity of each com-
pound’s peak suggested that C10:1-HSL was the predominant au-
toinducer (Table 1). The compounds were identified as acyl-HSLs
by the presence of a high-intensity peak at m/z 102.055 corre-
sponding to the protonated lactone moiety in the extracted-ion

FIG 3 Gene expression and acyl-HSL detection during batch culture. Fold
change in expression of nwiI and nwiR was measured by qPCR (A), and total
acyl-HSL detected (B) and acyl-HSL production (C) were measured by bioas-
say during batch culture. Filled circles (line graphs) indicate cell density mea-
sured as the OD600 (right y axis). (A) RNA was extracted from batch cultures
on days 2, 4, and 6 at three approximate cell densities that correspond to Tds
(x axis). Bars represent fold change expression relative to a Td of 0.67 days
(left y axis). (B) Bars represent acyl-HSL detected (reported as Miller units; left
y axis). (C) Squares represent acyl-HSL production (Miller units · OD600

�1 ·
day�1; left y axis). Batch cultures were sampled daily (x axis). Asterisks indicate
statistically significant changes in gene expression compared to a Td of 0.67
days or acyl-HSL detection between days 1 and 2 and days 3 and 4 (*, P � 0.05;
**, P � 0.005; ***, P � 5e�5, by a two-tailed t test). The data points in a circle
highlight a statistically significant (P � 0.05 by a two-tailed t test) spike in
acyl-HSL production (compared to levels for previous days) that correlates
with growth phase transition (Td of �0.67 days changes to 1.75 days). Values
are the means of three independent biological replicates. Error bars indicate
the standard deviations of the means.

FIG 4 Growth phase- and cell density-dependent gene expression of nwiI and
nwiR. Fold change expression (y axis) of nwiI and nwiR relative to that in a
batch culture with a Td of 0.67 days (day 2) plotted against Td (x axis). Cell
density was measured as the OD600 (right y axis). Tds of 0.67, 1.75, and 2.20
days correspond to batch culture samples harvested on days 2, 4, and 6, respec-
tively. A Td of 1.93 days corresponds to 60 mM NO2

� chemostat samples
(circled values). Values are the means of three independent biological repli-
cates. Error bars indicate the standard deviations of the means.

TABLE 1 Chromatographic and mass spectrometric data of acyl-HSLs
identified by UPLC-IDA-MS in extracts from N. winogradskyi batch
culture

Acyl-HSL
Chemical
formula

Exact
mass (Da)

RT
(min)a

[M�H]�

(m/z)b

Error
(ppm) Intensityc

C10-HSL C14H25NO3 255.18344 31.5 256.1886 �0.5 26,046
C10:1-HSL C14H23NO3 253.16779 30.7 254.1729 �0.5 242,770
a RT, retention time.
b Experimental m/z values of protonated molecules.
c Relative abundance of protonated molecules (unitless).
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chromatogram (XIC) fragmentation pattern spectra. To further
confirm the identity of the compounds, the XIC fragmentation
pattern from a synthetic C10-HSL standard was compared to that
of C10-HSL from N. winogradskyi (Fig. 5A and B, respectively).
The two compounds have similar fragmentation patterns, includ-
ing characteristic [M�H-H2O]�, [M�H-101]�, and [M�H-
101-H2O]� peaks at m/z 238, 155, and 137, respectively (Fig. 5A
and B). We were unable to find a C10:1-HSL standard for compar-
ison, but the XIC fragmentation pattern supports our conclusion
(Fig. 5C). Peaks at m/z 236, 153, and 135 correspond to [M�H-
H2O]�, [M�H-101]�, and [M�H-101-H2O]�, respectively,
considering the loss of two H molecules due to the carbon-
carbon double bond (C�C) (Fig. 5C). In addition, we identi-
fied the position of the C�C bond in the acyl chain between
carbon 9 and carbon 10 based on the ion fragmentation model
presented in a previous study on unsaturated acyl-HSLs by

Cataldi et al. (Fig. 5C, chemical structure) (40). Unfortunately,
our analysis was unable to clarify the isomeric form of the C�C
bond of C10:1-HSL.

Finally, to further confirm the identity of an unsaturated
acyl-HSL, acyl-HSL extracts were treated with bromine aque-
ous solution and examined by UPLC-IDA-MS. Bromohydrins
are readily formed by a water nucleophilic attack to the reactive
bridged bromonium ion formed by the reaction of bromine
with the C�C bond (40). After bromine treatment, the
[M�H]� m/z of 254.1729 corresponding to C10:1-HSL was not
detected, but the corresponding isotopologues and XIC frag-
mentation pattern of the oxybrominated OHBrC10-HSL were
detected (Fig. D). The structure of C10-HSL was unaffected by
bromine treatment and was still detected (data not shown).
These results further suggest the presence of a C�C double
bond in the C10:1-HSL of N. winogradskyi.

FIG 5 UPLC-IDA-MS chromatograms of standards and acyl-HSLs produced by N. winogradskyi. Extracted-ion chromatogram (XIC) fragmentation pattern
spectra for protonated molecules ([M�H]�) and chemical structures of synthetic C10-HSL standard (A), C10-HSL extracted from N. winogradskyi culture
supernatant (B), and C10:1-HSL extracted from N. winogradskyi culture supernatant (C) are shown. (D) XIC fragmentation pattern spectra and ion currents
(inset) for protonated ([M�H]�) oxybrominated acyl-HSL corresponding to the main isotopologues of the bromohydrin of C10:1-HSL. Noise was reduced in
all XICs by thresholding and Gaussian smoothing, and mass values were rounded to the nearest whole numbers.
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DISCUSSION
Evolutionary history of autoinducer synthases in Rhizobiales
suggests a functional split into four clades. Previous analysis of
autoinducer synthase evolutionary history has focused on broad
surveys of all known LuxI and QS-related LuxR homologs, and
phylogenetic comparison has been unable to predict what acyl-
HSL is synthesized (53–55). Our phylogenetic analysis was fo-
cused on comparing NwiI and NwiR with their orthologues in
QS-proficient Rhizobiales. Our analysis identified four potential
clades of autoinducer synthases in the Rhizobiales, with clade 1
and clade 2 being sister clades (Fig. 1). Clade 2 is the best-sup-
ported clade, both by bootstrap values and function, with all Bra-
dyrhizobium and R. palustris strains producing unusual aryl-HSLs
or isovaleryl-HSLs (44–47). With the inclusion of our data, clade 1
includes two characterized members (N. winogradskyi and M. ex-
torquens) that produce unsaturated acyl-HSLs, a possible discrim-
inatory characteristic of this clade (41). Production of unsaturated
acyl-HSLs by N. winogradskyi may simply be the result of a larger
than usual pool of unsaturated fatty acids. N. winogradskyi con-
tains a complex membrane system, and when its fatty acid methyl
ester (FAME) profile was analyzed, greater than 90% of the pool
was unsaturated (see Table S1 in the supplemental material). Our
phylogenetic analysis also suggests that N. hamburgensis has been
the recipient of horizontal gene transfer events since it contains
three autoinducer synthases in two different clades, including a
homolog to the classic TraI/R conjugation system on one of its
large plasmids (43, 55).

Cell density- and growth phase-dependent expression is a
marker of acyl-HSL QS systems. Our results add to a large body of
work suggesting that induction of many acyl-HSL QS systems is
both cell density and growth phase dependent (13). Although
NOB are generally found at low cell densities in soils (105 to 5 �
105 nxrA copies g�1) (56, 57), heterogeneous spatial distribution
and restricted diffusion under unsaturated soil conditions could,
in fact, permit autoinducers to reach effective localized concen-
trations (11). Indeed, our experiments confirmed that the QS sys-
tem of N. winogradskyi was induced at a cell density of approxi-
mately 3.2 �106 cells ml�1 during batch culture (Fig. 3B).

Our data also suggest that the amount of acyl-HSL produced
per cell is affected by both cell density and growth phase. For
example, the chemostat experiments suggest that acyl-HSL pro-
duction is highest at a medium cell density (OD600 of 0.0119)
corresponding with a Td of 1.93 days (Fig. 2C). A similar result was
observed during batch culture on day 4, when the Td of the culture
was �1.75 days (Fig. 3C). Equally intriguing is the sharp decrease
in production and concentration of acyl-HSL when cells enter
deep stationary phase (Fig. 3C, days 5 to 9). This growth phase-
dependent decrease in acyl-HSL resembles the las system in Pseu-
domonas aeruginosa where the production and concentration of
the autoinducer 3-oxo-C12-HSL decrease during slow growth
(14). Both studies may hint at biotic degradation of acyl-HSL via
production of acylase or lactonase, similar to the phenomenon
observed in the AOB Nitrosospira multiformis, especially since abi-
otic decay due to pH was negligible (19, 58–60).

Expression of nwiI and nwiR lends support to the hypothesis
that QS-controlled genes in N. winogradskyi are tuned for expres-
sion during a specific phase of growth between the exponential
and stationary phases. While expression of nwiI is cell density
dependent during both the exponential and early stationary phase

of growth (Td � 1.93 days), nwiR expression is much more sensi-
tive to growth phase and decreases when growth is slower than a
Td of 1.75 days (Fig. 4). The expression of nwiI and production of
acyl-HSL decreased after this growth phase transition following
the decrease in expression of nwiR (Fig. 3C and 4). Differences in
expression levels of nwiI and nwiR suggest that, like many LuxI/R
QS systems, the transcriptional regulation of these genes is com-
plex (10, 61–63). Precisely timed expression of nwiR during and
after a transition to slow growth is likely critical for QS-controlled
gene expression, but further studies are needed to identify QS-
regulated genes.

Gene induction studies in Pseudomonas aeruginosa have shown
that signal integration from nutrient starvation, induction of
RpoS (a stationary-phase sigma factor) and the stringent re-
sponse, and cell density-dependent autoinducer accumulation is
necessary for induction of QS-controlled genes (14, 35, 64, 65). QS
genes from members of the Rhizobiales, such as R. palustris, Si-
norhizobium meliloti, A. tumefaciens, and M. extorquens, generally
respond to nutrient presence or deprivation (13, 41, 45, 52, 66).
Similarly, the highest production of acyl-HSL in N. winogradskyi
was measured during a transition to slow growth.

The role of QS in N. winogradskyi and other nitrifying bac-
teria. A coupled acyl-HSL synthase and receptor in the genome,
without the presence of an orphan or solo LuxR homolog, sug-
gests a within-species function for QS in N. winogradskyi (67).
However, the lack of a genetic system in N. winogradskyi could
hamper efforts to precisely determine a phenotype. One interest-
ing phenotype that coincides with acyl-HSL production is the re-
duction in growth rate during batch culture, despite the presence
of approximately 40 mM NO2

�, which is 
120-fold more than
the half-saturation constant, Ks, for NO2

� (0.309 mM) reported
by Nowka et al. (see Fig. S1 in the supplemental material) (68).
This observation suggests that a possible within-species function
of the QS regulon in N. winogradskyi is to control central metab-
olism and stress response genes to prepare the organism for either
higher cell densities or NO2

� limitation (69). N. winogradskyi and
other nitrifying bacteria commonly form complex biofilm com-
munities in the environment, and this may be another role for QS
(70). One other potential role for QS is control of chemotaxis,
similar to that in R. palustris (45). Of course, these possible roles
for QS remain to be tested in N. winogradskyi and other nitrifying
bacteria.

Acyl-HSL QS presents an attractive model for interspecies cell-
cell communication between nitrifying bacteria in the natural en-
vironment, and some evidence of this phenomenon may already
exist. Nitrosomonas europaea, one of the possible AOB partners of
N. winogradskyi, has shown a cell density-dependent recovery
from starvation and produces C10-HSL (17, 18), one of the same
autoinducers as N. winogradskyi, via a candidate hdtS gene (71,
72). Nitrosospira multiformis, another AOB, also has the capacity
to produce acyl-HSLs (19). Genomic evidence suggests that N.
hamburgensis also can potentially produce acyl-HSLs, but signals
were not detected by bioassay under the same growth conditions
used for N. winogradskyi (data not shown). We cannot rule out the
possibility that the broad-range bioassay may not be able to detect
autoinducers produced by the LuxI homologs of N. hamburgensis
or that acyl-HSLs may be produced under different growth con-
ditions. There is metagenomic evidence that other NOB may pro-
duce acyl-HSLs (20), but a broad survey of acyl-HSL production
by AOB and NOB is necessary to establish if acyl-HSL production
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is ubiquitous in environmental nitrifying bacteria, particularly
when they are actively growing together in coculture. Future tran-
scriptome analyses of N. winogradskyi, possibly by measuring
transcriptome changes in response to autoinducer addition or de-
pletion, may shed light on the purpose of QS in this NOB.
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