A JB

Journals.ASM.org

Response of Vibrio cholerae to the Catecholamine Hormones
Epinephrine and Norepinephrine

Petra Halang,®* Charlotte Toulouse,® Bernadette GeiBel,® Bernd Michel,? Birgit Flauger,” Manuel Miiller,® Ralf T. Voegele,®
Volker Stefanski,? Julia Steuber®

Institute of Microbiology, University of Hohenheim (Stuttgart), Stuttgart, Germany?; Institute of Animal Husbandry and Animal Breeding, University of Hohenheim
(Stuttgart), Stuttgart, Germany®; Institute of Phytomedicine, University of Hohenheim (Stuttgart), Stuttgart, Germany©

ABSTRACT

In Escherichia coli or Salmonella enterica, the stress-associated mammalian hormones epinephrine (E) and norepinephrine
(NE) trigger a signaling cascade by interacting with the QseC sensor protein. Here we show that Vibrio cholerae, the causative
agent of cholera, exhibits a specific response to E and NE. These catecholates (0.1 mM) enhanced the growth and swimming mo-
tility of V. cholerae strain 0395 on soft agar in a medium containing calf serum, which simulated the environment within the
host. During growth, the hormones were converted to degradation products, including adrenochrome formed by autooxidation
with O, or superoxide. In E. coli, the QseC sensor kinase, which detects the autoinducer AI-3, also senses E or NE. The genome of
V. cholerae 0395 comprises an open reading frame coding for a putative protein with 29% identity to E. coli QseC. Quantitative
reverse transcriptase PCR (qQRT-PCR) experiments revealed increased transcript levels of the gseC-like gene and of pomB, a gene
encoding a structural component of the flagellar motor complex, under the influence of E or NE. Phentolamine blocks the re-
sponse of E. coli QseC to E or NE. A V. cholerae mutant devoid of the gseC-like gene retained the phentolamine-sensitive motil-
ity in the presence of E, whereas NE-stimulated motility was no longer inhibited by phentolamine. Our study demonstrates that
V. cholerae senses the stress hormones E and NE. A sensor related to the histidine kinase QseC from E. coli is identified and is
proposed to participate in the sensing of NE.

IMPORTANCE

Vibrio cholerae is a Gram-negative bacterium that may cause cholera, a severe illness with high mortality due to acute dehydra-
tion caused by diarrhea and vomiting. Pathogenic V. cholerae strains possess virulence factors like the cholera toxin (CTX) and
the toxin-coregulated pilus (TCP) produced in response to signals provided by the host. In pathogenic enterobacteria, the stress-
associated hormones epinephrine (E) and norepinephrine (NE) of the human host act as signal molecules for the production of

virulence factors and promote bacterial growth by the sequestration of iron from the host. Here we show that V. cholerae, like
some enterobacteria, benefits from these stress hormones and possesses a sensor to recognize them.

S tress enhances the susceptibility of a mammalian host to infec-
tion by bacteria. The stress-associated mammalian hormones
epinephrine (E) and norepinephrine (NE), for example, support
the growth (1-3) and motility (4, 5) of the enterobacteria Esche-
richia coli, Salmonella enterica serovar Typhimurium, and Kleb-
siella pneumoniae (6), of Pseudomonas aeruginosa (7, 8), and of
some Vibrio species (9) in a serum-based bacteriostatic medium.
As E and NE share structural similarities to the bacterial catechol
siderophores—a benzene ring with two adjacent hydroxyl
groups—it was suggested that these stress hormones may be in-
volved in the binding and uptake of iron by bacteria, thus promot-
ing growth or motility (1-5). Recently, the mechanism by which
catecholamine hormones bind to the ferric ion in complex with
lactoferrin or transferrin was elucidated. The catecholamines are
able to reduce Fe(III) to Fe(II), which exhibits a lower affinity for
transferrin or lactoferrin than Fe(III) does (10). In E. coli, NE
works as a transcription factor, enhancing the expression of the
siderophore enterobactin and, as a direct consequence, enhancing
iron uptake (11). Structural similarities between bacterial sidero-
phores and the catecholamine hormones, together with the avail-
ability of E and NE in the host gut, strongly suggest that pathogenic
bacteria are able to use these compounds as pseudosiderophores for
the uptake of iron. The ability to sense E and NE is an example of
interkingdom communication since bacterial gene expression

December 2015 Volume 197 Number 24

Journal of Bacteriology

patterns are influenced by host hormones. E and NE are sensed
via the two-component system QseBC, with QseC as the recep-
tor for these catecholates and QseB as its cognate response
regulator, which initiates transcription of different virulence-
associated genes (4, 12).

Some Vibrio cholerae strains cause the severe illness cholera in
humans, and thus it was of interest to investigate whether this
pathogen also responds to the stress hormones E and NE. Using V.
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TABLE 1 Strains and plasmids

Strain or plasmid Characteristics” Reference or source
Strains
V. cholerae 0395-N1 ActxA Str' 13
V. cholerae 0395-N1 ApomAB ~ ActxA Str* ApomAB 26
V. cholerae 0395-N1 AgseC ActxA Str* AgseC This work
E. coli TOP10 Invitrogen
E. coli B3914 20
Plasmids
pJET1.2 CloneJET, Fermentas
pJET-AgseC This work
pSW7848 19
pSW7848-gseC This work

@ Str', streptomycin resistance.

cholerae strain RIMD2203102, Nakano et al. (9) did not observe
improved growth in the presence of E or NE. Yet, the genome of V.
cholerae O1 classical strain 0395 revealed the presence of an open
reading frame with significant homology to gseC from E. coli. Here
we show that a derivative of the classical V. cholerae O395 strain, V.
cholerae O395-N1 (13), specifically responds to catecholate hor-
mones. A mutant variant of this strain lacking the gseC-like gene
was constructed, and it exhibited diminished motility on serum-
containing soft agar. The significance of our findings with respect
to the stress-dependent responses of V. cholerae in the host is
discussed.

MATERIALS AND METHODS

Chemicals, bacterial strains, and oligonucleotides. Unless stated other-
wise, chemicals were purchased from Sigma-Aldrich Chemie GmbH,
Germany. Oligonucleotides were custom synthesized by Eurofins MWG
Operon, Germany. Yeast extract, tryptone, and Bacto agar were pur-
chased from Becton, Dickinson, USA. The strains and plasmids used in
this study are listed in Table 1.

Sequence alignments. Amino acid sequences of QseC homologs were
obtained from the NCBI BLAST database by using the algorithm blastp
(protein-protein BLAST) with the query sequence QseC from the E. coli
K-12 substrain W3110 (GenBank accession no. YP_491218.1). Multiple
sequence alignments of 40 sequences for QseC were performed using the
ClustalW algorithm (14) implemented in the BioEdit Sequence Align-
ment Editor (version 7.0.5.3) (15), with default settings. Identical and
similar residues were identified with BioEdit using an identity and simi-
larity threshold of 83% and a Blosum62 (16) scoring matrix. Sequence
analyses, drawings of plasmid charts, and designs of oligonucleotides were
performed using Geneious Pro 5.4.6.

Cultivation media. LB medium (1% [wt/vol] tryptone, 0.5% [wt/vol]
yeast extract, and 1% [wt/vol] NaCl) was used for the cultivation of V.
cholerae. For growth on solid medium, 1.5% (wt/vol) Bacto agar was
added before the autoclaving. To monitor the formation of adreno-
chrome from epinephrine, V. cholerae was grown in a modified M9 me-
dium containing 7 g liter ' Na,HPO,, 3 g liter ! KH,PO,, 0.5 g liter '
NaCl, 1 g liter ! NH,CI, 0.1 mM CaCl,, 1 mM MgSO,, 20 mg li-
ter ! each of methionine, threonine, histidine, and leucine, and 1 mg
liter ! thiamine, and 0.2% (wt/vol) glucose as a carbon source. To 20 ml
of medium, 50 pg ml™' streptomycin and 0.1 mM epinephrine were
added at the start of the experiment. Serum-based SAPI medium was used
for growth experiments and motility assays in the presence of catechol-
amine hormones (17). SAPI medium is a salt-based medium containing
0.05% (wt/vol) NH,NO;, 0.025% (wt/vol) KH,PO,, and 0.025% (wt/vol)
KCl dissolved in 680 ml deionized H,O. The pH was adjusted to 7.2 to 7.5
with 5 M HCL. After the autoclaving, 0.1% (vol/vol) sterile 1 M MgSO,,
0.277% (vol/vol) sterile 1 M glucose, and 1% (vol/vol) sterile 1 M HEPES
with a pH of 7.5 were added. Prior to the experiments, 30% (vol/vol)
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untreated fetal calf serum (FCS) (Seromed) or adult calf serum (ACS)
(Sigma) was added. For motility experiments, 0.25% (wt/vol) Bacto agar
was added prior to the autoclaving. To inactivate the bacteriostatic com-
pounds, serum was heated to 60°C and incubated at this temperature for
30 min (heat-treated serum). This treatment inactivates heat-sensitive
viruses and mycoplasms and reduces the amount of heat-sensitive com-
ponents in the serum, e.g., vitamins, growth factors, and the mammalian
complement system. Growth was also monitored in RPMI 1640 (FG 1385;
Biochrom), which is used as a cultivation medium for eukaryotic cells
(18). It contains NaCl, KCl, amino acids, vitamins, glucose as a carbon
source, and 20 mM HEPES as a buffer substance. Phenol red was added as
a pH indicator. Heat-treated fetal calf serum (30% [vol/vol]) was added
prior to inoculation with V. cholerae.

Construction of a chromosomal deletion mutant in V. cholerae. The
upstream and downstream regions of the gseC-related gene (GenBank
accession no. ABQ19142.1; denoted “sensor protein QseC, provisional”)
were amplified from the genomic DNA of V. cholerae O395-N1 using
primer pairs qseC up fwd BamHI and gseC up rev (upstream fragment)
and gseC do fwd and gseC do rev (downstream fragment). In a second
step, the up and down fragments were joined using primers gseC up fwd
BamHI and qseC do rev (see Table S1 in the supplemental material). For
the two reactions, Phusion high-fidelity DNA polymerase was used ac-
cording to the manufacturer’s protocol. After purification, the 244-bp
fragment was ligated into pJET1.2 using the CloneJET kit by Fermentas
and transformed into chemically competent E. coli TOP10. The plasmid
pJET-AgseC was isolated from E. coli TOP10 and was digested using
the enzymes BamHI and Xbal according to the manufacturer’s proto-
col. Then, it was ligated into the linearized suicide plasmid pSW7848
(19) and transformed into E. coli 3914 (20). V. cholerae and E. coli
B3914(pSW7848-qseC) were costreaked from LB plates with the appro-
priate antibiotics and diaminopimelic acid onto LB plates containing no
antibiotics but containing 200 wM diaminopimelic acid. The agar plates
were incubated for 6 h at 37°C. Cells were harvested with 2 ml LB medium,
and serial dilutions (10" to 10~ %) were prepared in LB medium. From
each dilution, 100 pl was spread on an LB agar plate containing strepto-
mycin (50 pg/ml), chloramphenicol (25 pg/ml), and glucose (1% [wt/
vol]). Plates were incubated overnight at 37°C, and single colonies were
streaked on LB plates containing 50 pg/ml streptomycin and 10 mM
arabinose. These plates were incubated at room temperature until colo-
nies appeared; these were tested by PCR (OneTaq polymerase; NEB) using
primers qseC up fwd and qseC do rev (see Table S1). The expected length
of the PCR product from a V. cholerae mutant strain lacking the gseC-like
gene is 240 bp. We identified two clones carrying the deletion (see Fig. S1
in the supplemental material).

Monitoring the growth of V. cholerae. Bacterial growth experiments
were performed with 5 ml liquid serum-SAPI medium or RPMI 1640
medium in sterile test tubes (160 by 16 mm; Assistent) under aerobic
conditions. The optical densities of the bacterial cultures at a wavelength
of 600 nm (ODy,) were determined. One milliliter of a V. cholerae over-
night culture was centrifuged at a relative centrifugal force (RCF) of
10,416 for 1 min. The bacterial pellet was resuspended in an equal amount
of SAPI medium. This culture was used to inoculate 5 ml of serum-SAPI
medium to an ODy, of 0.01. Growth was monitored by measuring the
ODy,s at specific times.

Motility on soft agar plates. To prepare the soft agar plates, warm
SAPI soft agar medium (14 ml) was mixed with 6 ml adult calf serum and
20 g pl ! streptomycin in sterile 50-ml reaction tubes. A hormone (0.1
mM epinephrine or norepinephrine) or 0.35 mM phentolamine was
added as indicated in the legend to Fig. 9. The media were briefly vortexed
and poured into sterile petri dishes. These plates were kept closed over-
night at room temperature and dried with partially opened lids under a
sterile bench for about 1 h prior to handling. Five milliliters of LB medium
supplemented with streptomycin was inoculated with a single colony of
V. cholerae, and bacteria were grown overnight at 37°C. Fresh LB me-
dium was inoculated with the overnight cultures to an ODg,, of 0.01,
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and aerobic growth was continued until an ODg,, of 0.5 was reached.
Cells were briefly centrifuged and resuspended in an equal amount of
SAPI medium. Aliquots (1.25 pl) were spotted on the soft agar plates,
with six spots for each condition. Care was taken to obtain spots with
similar diameters at the start of the experiment. The soft agar plates
were incubated at 37°C.

Statistical analysis. Statistical analysis (Student’s  test) and graphical
presentation of data were performed using Origin 8.0.

Isolation of total RNA from V. cholerae. Five milliliters of fresh LB
medium supplemented with 50 wg ml~' streptomycin was inoculated
with a single colony of V. cholerae. After the cells were grown aerobically
overnight at 37°C, 1 ml of the bacterial culture was centrifuged and the
bacterial pellet was resuspended in an equal volume of SAPI medium. Five
milliliters of serum-SAPI medium (30% [vol/vol] adult calf serum) sup-
plemented with 0.1 mM E, NE, or FeSO, was inoculated with the over-
night culture to an ODg, of 0.01. Addition of FeSO, was required in the
control reaction mixture to obtain comparable amounts of mRNA from
the different V. cholerae cultures. Cells were grown aerobically (180 rpm)
at 37°C until they reached an ODg, of 0.5 to 0.7. Enzymatic lysis and
proteinase K digestion were performed according to the manufacturer’s
protocol using the RNeasy minikit (Qiagen). The RNA yields from V.
cholerae grown with 0.1 mM FeSO,, 0.1 mM E, or 0.1 mM NE were 0.39
pg el 0.18 wg pl !, and 0.77 wg pl Y, respectively. The quality of the
isolated RNA was assessed by gel electrophoresis in 0.75% LE GP agarose
(Biozym) with 1X Tris-acetate-EDTA (TAE) buffer, 7.4% (vol/vol) form-
aldehyde, and 1-fold-concentrated GelRed from a 10,000-fold-concen-
trated stock solution (Biotium). The RiboRuler high-range RNA ladder
(Thermo Scientific) was used as the molecular standard. For the synthesis
of cDNA, the SuperScript III first-strand synthesis system for reverse
transcriptase PCR (RT-PCR) (Invitrogen) was used according to the
manufacturer’s protocol, using 8 ul of each RNA preparation. The ran-
dom hexamer primers (50 ng/pl) supplied by the manufacturer were used
in the synthesis reaction.

qRT-PCR. A SensiFAST SYBR and fluorescein kit (Bioline) was used
to determine the expression level of specific target genes in a quantitative
reverse transcriptase PCR (qQRT-PCR). Each reaction mix with a volume
of 20 wl was prepared with 500 nM each primer (final concentration)
(see Table S1 in the supplemental material) and 2.5 ng cDNA. qRT-PCRs
were performed in a CFX96 cycler (Bio-Rad) using a two-step protocol
with the following thermal cycling parameters: 95°C for 2 min (polymer-
ase activation), with 40 cycles at 95°C for 10 s (denaturation) and 60°C for
20 s (primer annealing and extension). Following the last amplification
cycle, a melting curve was generated by heating from 65°C to 95°C in
increments of 0.5°C/s. Calculations of primer efficiencies were performed
with CFX Manager software (Bio-Rad). The efficiencies of primers with
regard to binding to rssA, pomB, and gseC were tested as triplets with
different cDNA concentrations (0.0025 ng, 0.025 ng, 0.25 ng, and 2.5 ng).
All primer pairs had an R? of 1, with efficiencies of 97.8% (rrsA), 95.5%
(pomB), and 97.3% (gseC) (see Fig. S2 in the supplemental material). Each
gene and condition was measured in triplicate. The threshold cycle (C;)
values of pomB and gseC were normalized using rssA, a housekeeping
gene coding for the 16S rRNA. Expression ratios were calculated using
the efficiency (E)-corrected Pfaffl equation below (21), with E,, .. as
the amplification efficiency of pomB or gseC, E, erence @s the amplifi-
cation efficiency of rssA, CP as the crossing point (the point at which
the fluorescence rises above the background fluorescence), ACP ..
as the CP deviation of the control minus the sample of the target gene
transcript, and ACP . g ence @s the CP deviation of the control minus
the sample of the reference gene transcript. The values of rssA, pomB,
and gseC, obtained for V. cholerae cultivated in serum-SAPI with 0.1
mM FeSO,, were used as controls. The Pfaffl equation is as follows:
ratio = (Etargel)Acp‘argd(comml - sample)/(Ereference)ACmeCrmce(contrul - sample).

Analysis of catecholates in serum-based medium by electrochemical
detection. V. cholerae was grown aerobically in 30 ml serum-SAPI (ACS)
under shaking (180 rpm) at 37°C in the presence of 50 p.g ml~ ! strepto-
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mycin and either 0.1 mM E or NE. The ODy, at the beginning of the
experiment was adjusted to 0.01 with a liquid overnight culture of V.
cholerae. For this purpose, the ODg, of the overnight culture was deter-
mined, and 1 ml of the culture was centrifuged for 1 min at an RCF of
8.609. The supernatant was discarded, and the bacterial pellet was resus-
pended in SAPI medium. As controls, serum-SAPI (ACS) medium with
either 0.1 mM E or NE but without the addition of V. cholerae was in-
cluded. At the points in time indicated in Fig. 6, aliquots of the cultivation
medium were taken and centrifuged. The supernatant was filtered
through a 0.2-pm filter device and was shock frozen in liquid nitrogen.
Samples were then stored at —80°C. The detection of E and NE in serum-
SAPI medium was performed by high-performance liquid chromatogra-
phy (HPLC) with electrochemical detection. The sample preparation with
alumina extraction was adapted from the method first described by Anton
and Sayre (22). In brief, 1 ml of serum-SAPI (ACS) and 1,000 pg of an
internal standard (dihydroxybenzylamine; Thermo Fisher Scientific)
were added to extraction tubes containing 20 mg Al,O; previously acti-
vated with 600 pl 2 M Tris-EDTA buffer (pH 8.7). Samples were thor-
oughly mixed in an overhead shaker for 10 min and afterwards were
washed 3 times with 1 ml of 16.5 mM Tris-EDTA buffer (pH 8.1), fol-
lowed by centrifugation for 1 min (1,000 X g, 4°C). The catecholates were
eluted by addition of 120 ul 0.2 M HCIO,, short mixing, and centrifuging
for 1 min (1,000 X g, 4°C). Thirty microliters of the eluate was injected
into the HPLC system (Thermo Fisher Scientific Dionex UltiMate 3000),
which consisted of an autosampler (WPS-3000TBSL), a pump (ISO-
3100BM), a degasser (SRD-3200), and an electrochemical detector (Cou-
lochem III) with a conditioning cell (model 50210A) and an analytical cell
(model 5011A). The potentials of the cells were set at 300 mV, 50 mV, and
—250 mV. The separation was performed with a reversed-phase column
(Recipe). Cat-A-Phase IT was used as the mobile phase, with a flow rate of
I ml min~".

Analysis of catecholates in minimal medium by UV-Vis detection.
V. cholerae was grown aerobically under shaking conditions (180 rpm) at
30°C in modified M9 medium with or without 0.1 mM E. The starting
0Dy, was adjusted to 0.05 using an inoculum of V. cholerae cells from an
overnight culture in LB medium, which had been centrifuged (7,000
rpm), washed with M9, collected by centrifugation, and resuspended in
M9 medium. To monitor the fate of E in the absence of V. cholerae and to
exclude the formation of adrenochrome from a source other than E, a
control with E but without inoculum and a control with inoculum but
without E were handled in parallel manners. At the time points indicated
in Fig. 7, aliquots were taken, ODy, values were determined, and cells
were removed by centrifugation (7,000 rpm). The supernatant was passed
through a polytetrafluoroethylene (PTFE) filter (pore size, 0.2 pm; Am-
chro), and 50 pl was immediately loaded onto an HPLC system (Bischoff)
consisting of a pump (type 3350), an analytical cell, and a UV-visible
(UV-Vis) multiple-wavelength detector (DAD-4L). UV-Vis spectra for
HPLC peak analysis were obtained using a diode array DAD-3000 detec-
tor (Bischoff). If necessary, dilutions were prepared in eluent. The eluent
was continuously degassed (Gastorr TG-14), and the column was heated
to 30°C (54010 oven; Sykam). E was detected at 279 nm and adreno-
chrome was detected at 480 nm (23) following isocratic separation on the
reversed-phase ProntoSIL-120-3-C18 AQ column (Bischoff) with the cat-
echolamine phase A eluent. To prepare 1.04 liters of eluent, 11.22 g so-
dium acetate (trihydrate), 6.73 g citric acid (water free), and 0.048 g diso-
dium acetate were dissolved in 0.935 liter of deionized H,O and filtered
(pore size, 2 to 3 wm; Rotilab 114 A). If required, the pH (30°C) was
adjusted to 4.35, and 0.105 liter of methanol was added. The final pH
was 4.4. The flow rate was varied, with 0.3 ml min~ ! from 0 to 1 min,
a gradient (0.3 ml min~ ' to 0.7 ml min~ ') from 1 to 3 min, and 0.7 ml
min~' from 3 to 7 min. Concentrations of adrenochrome and E were
determined with the help of a linear regression curve using standards
in eluent ranging from 1 pM to 500 wM adrenochrome or 10 uM to
10 mM E.
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FIG 1 Growth of V. cholerae in different serum-based media. Cells were
grown aerobically for 24 h at 37°C. The ODy,,, was measured every hour for 8
h after inoculation. Averages and standard deviations of results from two ex-
periments are shown.

RESULTS

Epinephrine and norepinephrine stimulate the growth of V.
cholerae. To simulate the environment in a eukaryotic host, V.
cholerae was treated with the stress hormones epinephrine (E) and
norepinephrine (NE) in a serum-based medium that contained
bacteriostatic compounds like the complement system (24). The
upper intestinal tract is a microaerobic environment with O, ten-
sions decreasing from the highest physiological concentration
(160 torr or 21% O, partial pressure) to 58 torr in the stomach and
32 torr in the midduodenum (determined in mice [25]). We
therefore chose aerobic conditions and first tested the growth of V.
cholerae in different serum-based media without added E or NE.
As expected, the highest growth yields were observed with a me-
dium (FCS-RPMI 1640) containing heat-treated fetal calf serum
(FCS) (Fig. 1). The lowest growth yields were observed in serum-
SAPI with adult calf serum (ACS) that had not been heated. We
next asked if E or NE (each 0.1 mM) stimulated growth in a native
or a heat-treated serum-based medium. Stimulation was observed
in the presence of native ACS (Fig. 2E), where the final absor-
bances at 600 nm were 0.69 (E), 0.35 (NE), and 0.17 (no hormone
added). Lower hormone concentrations (0.1 to 10 wM) did not
significantly enhance the growth of V. cholerae in this medium
(Fig. 3). Native calf serum contains iron-chelating proteins, like
transferrin, which greatly diminish the concentration of free-iron
cations, thereby preventing the growth of bacteria. Studies per-
formed with E. coli indicated that E and NE liberate iron from
specific iron-binding proteins in the serum-based medium (10),
thereby stimulating bacterial growth. Iron clearly accelerated the
growth of V. cholerae in the serum-SAPI (ACS) medium (Fig. 3).
The levels of growth of V. cholerae with 0.1 mM E or NE, without
added hormone, or with 0.26 mM FeSO, were compared. The first
results obtained with serum-SAPI (ACS) (Fig. 2E) revealed that
the effect of E or NE (each 0.1 mM) was observed after a prolonged
incubation. When the experiments were repeated, growth was
monitored continuously for 55 h, and the final cell densities were
determined after 85 h. At this time, all cultures grown in serum-
SAPI (ACS) reached similar cell densities, but there were pro-
found differences with respect to the growth rate and the onset of
growth (Fig. 4). In the presence of FeSO,, cell growth commenced
after 10 h and was shortly followed by V. cholerae cells grown in
NE. In the medium with no additions or with E added, cells ex-
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FIG 2 Effect of catecholamines on growth of V. cholerae in different serum-
based media. Cells were grown aerobically for 24 h at 37°C. The ODy,, was
measured every hour for 8 h after inoculation. Averages and standard devia-
tions of results from two experiments are shown.

hibited pronounced lag phases and showed similar growth be-
haviors up to 40 h. At this time, cells with E showed a slight
increase in growth rate compared to that of the control with no
hormones added (Fig. 4). These findings prompted us to test
whether the catecholate hormones E and NE affected the motility
of V. cholerae and the expression of the gseC-like gene. We also
investigated the fate of these compounds in the serum and studied
the phenotype of a mutant devoid of the gseC-like gene. Since the
response to the hormones was most obvious in the medium with
native adult calf serum (serum-SAPI), this medium was chosen
for further studies and will be referred to as serum-SAPI.

Increased motility of V. cholerae in the presence of epineph-
rine or norepinephrine. The effect of the catecholates E and NE
(each 0.1 mM) on the motility of V. cholerae was studied using
serum-SAPI soft agar (Fig. 5). We included the pornAB deletion
strain lacking a functional flagellum (26) as the control since the
stimulation of growth by the catecholates might increase the col-
ony size even in the absence of cellular motility. After 24 h of
incubation, the increased spreading of the cells was detected in
E-treated and NE-treated wild-type cells compared to spreading
in the wild-type cells without catecholates. With the pomAB dele-
tion strain, colony size increased only slightly with E or NE, which
was probably caused by growth stimulation in the presence of the
catecholates. Importantly, the addition of phentolamine, a revers-
ible, nonselective a-adrenergic antagonist (27), reduced motility
rings of the E-treated and NE-treated wild-type cells to diameters
observed with the pomAB deletion strain (Fig. 5).

Detection of epinephrine and norepinephrine in bacterial
supernatants using HPLC. To elucidate the fate of E and NE in
the supernatants of a serum-containing medium, we determined
the amount of these catecholate hormones using HPLC combined
with electrochemical detection. E and NE recovered both from the
serum-SAPI medium without bacteria and from the culture su-
pernatants eluted at the expected retention times at 6.0 min and
4.9 min, respectively, and at the expected amount (around 2 X 10*
ng ml™") at the start of the experiments (Fig. 6A and B). Analyses
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FIG 3 Growth of V. cholerae in adult calf serum is not affected by 0.1 wM to 10 wM epinephrine or norepinephrine. Serum-SAPI (ACS) medium was
supplemented with 0.1 pM (A), 1 uM (B), or 10 wM (C) epinephrine or norepinephrine. Cells were grown aerobically for 85 h at 37°C. The ODg,, was measured
every hour for the first 54 h. Control without addition, black; 0.26 mM FeSO,, green; norepinephrine, blue; epinephrine, red. Experiments were performed as
triplets, and the outliers were omitted. Averages and standard errors were calculated from two experiments.

were performed immediately after addition of the catecholates (0
h) and after 48 h. The catecholamines (dilution, 1:16) were no
longer detectable in serum-SAPI, which was incubated for 48 h in
the absence of bacteria. However, in the supernatant from the
bacterial cultures treated with E (dilution, 1:80), small amounts of
E (around 1% of the initial amount at 0 h) were still detectable at
the expected retention time (6.0 min) after 48 h. In addition, a
second peak appeared shortly before the E peak (retention time,
5.8 min) (Fig. 6B). Similarly, in the supernatant from the bacterial
cultures treated with NE (dilution, 1:80), an unknown compound
appeared. The retention time was 5.4 min, which was approxi-
mately between the retention times of NE and E (Fig. 6B). NE
could not be detected in these 1:80-diluted supernatants after 48 h.

Conversion of epinephrine to adrenochrome during cultiva-
tion of V. cholerae in minimal medium. HPLC analysis of cat-
echolates from a highly complex organic matrix like serum-SAPI
required an extraction step that may result in (partial) loss of
catecholate-derived conversion products. Moreover, the identifi-
cation of conversion products in serum-containing medium is
hampered by many other low-molecular-weight compounds. To
further characterize the conversion product(s) of catecholates, we
followed the fate of 0.1 mM E in minimal medium in the presence
or absence of V. cholerae. Using this medium rather than serum-
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FIG 4 Growth of V. cholerae in adult calf serum is enhanced in the presence of
0.1 mM epinephrine or norepinephrine. Cells were grown aerobically in se-
rum-SAPI (ACS) for 85 h at 37°C. The ODy,, was measured every hour for the
first 54 h. Control without addition, black; 0.26 mM FeSO,, green; 0.1 mM
norepinephrine, blue; 0.1 mM epinephrine, red. Experiments were performed
in triplicate, and outliers were omitted. Averages and standard errors were
calculated from two experiments.
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SAPI allowed direct injection of cell-free supernatants into an
HPLC system connected to a UV-Vis detector operating at multi-
ple wavelengths. In Fig. 7, chromatograms recorded at 480 nm
demonstrate the formation of adrenochrome in minimal medium
with 0.1 mM E in the absence or presence of V. cholerae cells. The
peak assigned to adrenochrome based on its retention time exhib-
ited a UV-Vis spectrum that was comparable to the spectrum of
the adrenochrome standard. Most likely, adrenochrome was
formed during the oxidation of E with superoxide, O, . In fact,
the reaction of E with superoxide under stoichiometric formation
of adrenochrome is the principle behind a spectrophotometric
assay for quantification of superoxide (28). In the medium with
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FIG 5 Epinephrine or norepinephrine increases the motility of V. cholerae in
soft agar with serum-SAPI (ACS). Diameters of growth zones of the V. cholerae
reference strain and its variant lacking the pomA and pomB genes were deter-
mined after 24 h. The top panel shows typical motility rings under the indi-
cated conditions. In the lower panel, the averages and standard errors from six
experiments are presented. P values were calculated using Student’s ¢ test (¥,
P = 0.012). Black bars, control without addition; E, 0.1 mM epinephrine; NE,
0.1 mM norepinephrine; Phe, 0.35 mM phentolamine. V. cholerae ApomAB
lacks the flagellar stator components PomAB and serves as an indicator for
colony size in the absence of swimming motility. WT, wild type.
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FIG 6 Detection of epinephrine and norepinephrine in serum-SAPI in the
absence (A) or presence (B) of V. cholerae. Catecholates were analyzed by
HPLC combined with electrochemical detection. (A) Supernatants from se-
rum-SAPI without bacteria after 0 h or 48 h; (B) supernatants from V. cholerae
grown in serum-SAPI after 0 h and 48 h of growth. At the start of the experi-
ment (¢t = 0 h), 0.1 mM norepinephrine (NE) (1.7 X 10* ngml™ ') or 0.1 mM
epinephrine (E) (1.8 X 10* ng ml~') was added. Standards were as follows:
1,000 pg ml~ ' norepinephrine, 1,000 pg ml~ ' epinephrine, and 1,000 pg ml ™"
internal standard (IS) in serum-SAPL. In the chromatograms, norepinephrine
and epinephrine eluted at 4.9 min and 6.0 min, respectively. Note the different
dilutions of the measured supernatants. Asterisks indicate the peaks assigned
to unknown compounds. a.u., arbitrary units.

0.1 mM E, which was freshly inoculated with V. cholerae cells at 0
h, the adrenochrome concentration was below the detection limit.
After 12 h, when the cells had reached the late exponential phase
(ODgpp» 0.4), the medium contained 0.15 uM adrenochrome, and
its concentration increased to 0.76 wM after 24 h when the sta-
tionary phase was reached (ODg, 0.5) (Fig. 7, middle). During
this time, we did not detect a significant decrease in the concen-
tration of E, as was determined in parallel in aliquots that were
diluted in eluent prior to HPLC analysis. In the control performed
in the absence of cells, larger amounts of adrenochrome were de-
tected. Immediately after addition of E, the medium already con-
tained 0.15 wM adrenochrome, increasing to 0.80 wM and 0.98
M adrenochrome after 12 and 24 h, respectively (Fig. 7, top).
Again, there was no significant change in E concentration, but it
should be noted that the maximum amount of adrenochrome
detected represented only 1% of the initial amount of E added to
the medium, a value that lay within the standard deviation of
quantification of E. Adrenochrome formation from E in minimal
medium was slowed down in the presence of growing V. cholerae
cells compared to that in the cell-free control. We considered that
the adrenochrome detected in culture supernatants may represent
a metabolite excreted by V. cholerae but not a conversion product
from E added at the beginning of the growth experiment. To ex-
clude this, the supernatant from a culture in the late stationary
phase grown in the absence of E was analyzed by HPLC (Fig. 7,
bottom). No adrenochrome was detected. When adrenochrome
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FIG 7 Adrenochrome formation in minimal medium in the absence or pres-
ence of V. cholerae. Adrenochrome was separated by HPLC and quantified
from the area of the peak eluting at 5.0 min. In the top panel (medium with 0.1
mM E in the absence of cells) and middle panel (medium with 0.1 mM E in the
presence of cells), aliquots were taken at 0 h, 12 h, or 24 h and subjected to
HPLC. In the bottom panel, the cell-free supernatant of V. cholerae cells was
grown to the stationary phase in minimal medium without added E. Cell-free
supernatant, black trace; cell-free supernatant with 0.01 mM adrenochrome
added immediately before analysis, dark-gray trace. mAU, arbitrary units

(103).

(10 M) was added to this supernatant, the expected peak eluting
at 5 min was observed. The peak area corresponded to a concen-
tration of 9.4 uM adrenochrome based on a calibration with stan-
dards in eluent (Fig. 7, bottom).

QseC-related proteins in V. cholerae strains. Some bacteria
are able to sense catecholamine hormones by the two-component
system QseBC described for E. coli (29) and S. enterica serovar
Typhimurium (4). Using QseC from E. coli (GenBank accession
no. YP_491218) as a query in a protein-protein BLAST, we found
that QseC-related proteins are present in a variety of important
human, animal, and plant pathogens. The QseC proteins from E.
coliand S. enterica serovar Typhimurium exhibit 80% identity and
89% similarity (Fig. 8). With E. coli QseC as the query, a QseC-
related protein was found in V. cholerae (29% identity, 47% sim-
ilarity) that was highly conserved in different strains (V. cholerae
O1 classical 0395, 01 El Tor B33, and O1 bv. El Tor). The genome
of V. cholerae B33 harbors the cholera toxin (CTX) prophage typ-
ical for the El Tor biovar type but with ctxAB genes coding for the
cholera toxin of the classical biovar type (30). The sequences de-
posited under GenBank accession no. EEO17765.1 (V. cholerae
B33) and AJZ98549.1 (V. cholerae El Tor) represent QseC-like
proteins starting with a Met residue equivalent to Met 25 in the
QseC-like protein in V. cholerae strain 0395 (GenBank accession
no. ABQ19142.1). We considered this very unlikely, as this would
correspond to a truncation of the first transmembrane helix
(TM1) of the histidine kinase (Fig. 8) (31). Twenty-four codons
upstream of the transcription start site of the gene encoding QseC-
like protein from V. cholerae B33 or El Tor as assigned by
GenBank, a Leu codon (UUG) that most likely represents an al-
ternative start codon was found (32). This is followed by codons
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FIG 8 Alignment of QseC sequences from enterobacteria with a putative sensor histidine kinase in V. cholerae. Using E. coli K-12 QseC as the input, sequence
comparisons were performed using an identity and similarity threshold of 83% and the BLOSUMG62 scoring matrix. E. coli K-12 QseC (GenBank accession no.
YP_491218.1), E. coli O157:H7 QseC (GenBank accession no. AAG58160.1) (98% identity, 99% similarity), and Salmonella enterica QseC (GenBank accession
no. WP_023185439.1) (80% identity, 89% similarity) are compared. The putative sensor histidine kinase in V. cholerae O1 classical strain 0395 (GenBank
accession no. ABQ19142.1) (29% identity, 47% similarity) was also included. The predicted transmembrane helices TM1 and TM2, the conserved His residue
accepting a phosphoryl group (arrow) within the His kinase A domain, and the C-terminal histone ATPase ¢ domain (HATPase C) are indicated.

for hydrophobic amino acid residues that are conserved in the
QseC-like protein from V. cholerae strain O395. Compared with
typical QseC proteins (Fig. 8), the conserved His (H241) in the His
kinase A domain, which undergoes autophosphorylation cata-
lyzed by the histone ATPase (HATPase) ¢ domain in response to a
signal (33), was identified in the QseC-like proteins from all ex-
amined V. cholerae strains.

Properties of the V. cholerae mutant lacking the gseC-like
gene. A chromosomal knockout of the gseC-like gene was created
without introduction of a resistance marker, and the resulting
mutant strain was studied with respect to growth and motility in
serum-based medium. Its growth behavior was comparable to
that of the V. cholerae wild-type strain with respect to rates and
stimulation in the presence of E and NE. This was in marked
contrast to the motility in serum-containing soft agar, which was
severely impaired in the mutant strain even in the absence of cat-
echolates. After 24 h, the motility ring of the mutant was only
slightly larger than the colony diameter of the immotile V. cholerae
ApomAB strain (Fig. 9).

However, addition of E or NE stimulated the motility of V.
cholerae lacking the gseC-like gene, although to a smaller extent
than observed with the V. cholerae reference strain. We next asked
if phentolamine, the a-adrenergic antagonist, had an effect on the
E- or NE-stimulated motility of the mutant devoid of the gseC-like
gene. With the V. cholerae wild type, phentolamine inhibited E-
and NE-stimulated motility, which is in accord with the data
shown in Fig. 5. The situation was different with the mutant lack-
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ing the gseC-like gene. In the presence of E, phentolamine dimin-
ished the motility rings from 0.55 cm to 0.42 cm, indicating some
competition between E and phentolamine and suggesting the
presence of an additional sensor protein in V. cholerae lacking the
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FIG 9 Motility and catecholate response of the V. cholerae mutant lacking the
gseC-like gene. Motility in serum-containing soft agar was studied with the V.
cholerae reference strain, the mutant lacking the gseC-like gene, and V. cholerae
ApomAB devoid of the flagellar stator proteins PomA and PomB. Diameters of
colonies were determined after 24 h. V. cholerae reference strain, black bars; V.
cholerae AgseC, hatched bars; V. cholerae ApomAB, white bars. V. cholerae
ApomAB is immotile due to the lack of the flagellar stator components
PomAB, and it served as an indicator for colony growth in the absence of
motility. No addition, —; 0.1 mM epinephrine, E; 0.1 mM norepinephrine,
NE; 0.35 mM phentolamine, Phe. The averages and standard errors from eight
experiments are presented. P values were calculated using Student’s ¢ test. *,
P < 0.06.
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FIG 10 Expression of pomB and gseC under the influence of epinephrine or
norepinephrine. The relative fold expressions of pomB and gseC were calcu-
lated using the Pfaffl equation with the housekeeping gene rssA as a reference.
As a control for the expressions of pomB and gseC without added hormones,
cells grown with 0.1 mM FeSO, were used. Expression levels of pornB and gseC
from epinephrine- and norepinephrine-treated cells are given relative to those
in the control. Averages and standard deviations were calculated from techni-
cal triplicates. The numbers are P values obtained by Student’s ¢ test.

gseC-like gene. In marked contrast, the stimulation of motility by
NE of the V. cholerae mutant strain was not prevented by phen-
tolamine; the diameters were 0.60 cm with NE compared to 0.58
cm with NE and phentolamine (Fig. 9). This indicated that the
QseC-like protein participated in the NE-mediated stimulation of
motility in V. cholerae in serum-containing medium.

Expression of gseC and pomB is enhanced in the presence of
catecholamines. To demonstrate the expression of the gseC-like
gene in V. cholerae and to study if expression is modulated by E
and NE, we performed qRT-PCR on gseC. In addition, we fol-
lowed pomB expression in response to E or NE since expression of
flagellar genes is known to be stimulated upon catecholate treat-
ment (4). Expression levels of the gseC-related gene and of pomB
were compared with the level of rssA, a constitutively expressed
household gene. Total RNA was extracted from cells grown in
serum-SAPI with E or NE added, but despite many attempts, we
never obtained RNA in sufficient quantity and quality from cells
grown in serum-SAPI only. We therefore used cells grown in the
absence of hormones but in the presence of 0.1 mM FeSO, as a
negative control for QRT-PCR experiments to study the effect of E
and NE on gseC and pomB expression. All qRT-PCR products
exhibited the expected lengths, and expression of the three target
genes was confirmed in LB medium and in serum-SAPI with hor-
mones or FeSO, added (see Fig. S2 in the supplemental material).
The expression of gseC was approximately doubled in cells treated
with NE and was slightly increased in cells treated with E (Fig. 10).
For pomB gene expression, the results were similar. Analysis of the
swarming behavior of the gseC deletion mutant indicated that this
strain had lost a sensor protein for NE that interacts with phentol-
amine. It is noteworthy that gseC expression of the reference strain
was highest in the presence of NE, which is in support of this
notion.

DISCUSSION

Stress increases the risk of infection by pathogenic microorgan-
isms. The human pathogen enterohemorrhagic E. coli (EHEC)
(12, 29) and the human or animal pathogen S. enterica serovar
Typhimurium (4, 5, 34-36) possess the membrane-embedded
QseC receptor, which senses the catecholamine hormones epi-
nephrine (E) and norepinephrine (NE) or bacterial autoinducer 3
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(AI-3). The binding of one of these compounds leads to an expres-
sion of virulence genes in bacteria (29). Nakano et al. (9) investi-
gated the effect of E or NE on the growth of different Vibrio species
under iron-limiting conditions in serum-containing media. With
V. cholerae strain 0395-N1, we observed that growth was im-
paired in serum-SAPI containing adult calf serum but was not
completely prevented and may be enhanced by adding a 0.1 mM
concentration of either E or NE. This indicated a specific response
of V. cholerae to catecholamine hormones (or their iron com-
plexes [10]), which was further supported by our finding that the
motility of V. cholerae was enhanced in the presence of E or NE.
The addition of phentolamine, a reversible, nonselective a-adren-
ergic antagonist (27), reduced the motility of E-treated or NE-
treated V. cholerae, indicating the presence of an adrenergic recep-
tor that responds to NE or E, similar to the QseC receptor
described in E. coli (27).

Searching the genomes of different V. cholerae strains for ho-
mologs of the QseC protein in E. coli revealed the presence of
QseC-like proteins in V. cholerae strains 0395, B33, and O1 bv. El
Tor. V. cholerae 0395 also possesses a putative response regulator
protein (GenBank accession no. YP_001214980) with 44% se-
quence identity and 67% sequence similarity to QseB from E. coli
(GenBank accession no. EDU66021.1). V. cholerae 0395, devoid
of the gseC-like gene, exhibited reduced motility on serum-SAPI
compared to the reference strain, but motility was still enhanced
by E or NE, suggesting the presence of additional systems for cat-
echolate sensing, like QseE, BasS, or CpxA (37). Expression levels
of the pomB gene coding for a structural component of the flagel-
lar stator complex (38) and the gseC-like gene were increased
when V. cholerae was exposed to E or NE. This indicates an NE- or
E-triggered signal transduction chain in V. cholerae, which might
be related to the QseC-dependent signaling cascades described for
S. enterica (4) and E. coli (29, 39). In V. cholerae, E or NE might
bind to a membrane-embedded receptor encoded by the gseC-
related gene, resulting in its autophosphorylation. The QseC-like
receptor is proposed to transfer its phosphate to its cognate re-
sponse regulator, similar to QseB, which triggers the expression of
flagellar genes, including pomB. This may be accomplished via
upregulation of FIrA, the master regulator of flagellar gene expres-
sion in V. cholerae (40). We were interested in the fate of NE or E
during the growth of V. cholerae in serum-SAPI and adapted a
protocol for extraction and separation of NE and E by HPLC in a
serum-containing medium. The two compounds were clearly sep-
arated, with NE eluting at 4.9 min and E eluting at 6.0 min. The
recoveries for the two hormones from the serum-based medium
with or without bacterial inoculum at the start of the experiments
(0 h) were satisfactory (approximately 2 X 10* ngml~" each), and
they corresponded to the 0.1 mM hormone added to each. In
supernatants from V. cholerae that had reached the stationary
phase (a dilution of 1:80 after 48 h), NE could no longer be de-
tected and the amount of E was drastically diminished. A com-
pletely unexpected finding was that in serum-SAPI medium incu-
bated at 37°C with shaking and without bacteria, neither NE nor E
could be detected after 48 h (even in 1:16 dilutions). This indicated
degradation of the hormones in serum-SAPI in the absence of
cells, which was delayed in serum-SAPI with growing bacteria. In
the presence of V. cholerae cells, E was stabilized and was still
detectable after 48 h. One can speculate that a binding protein in
the native serum with a high affinity for NE or E, similar to lipoca-
lin (41), may diminish the free-hormone concentration. In grow-
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ing cultures, this binding protein, as a growth substrate, would be
degraded by bacteria under release of its bound ligand, giving rise
to the seemingly increased NE and E concentrations in serum-
based medium with V. cholerae cells. This is considered unlikely,
as the applied extraction method prior to HPLC analyses involved
precipitation of proteins with perchloric acid, which releases NE
or E from a binding protein in the serum. We favor another ex-
planation for the observed stabilization of catecholates by V. chol-
erae growing in serum-SAPI. Distinct conversion products of NE
(eluting at 5.4 min) and of E (eluting at 5.8 min) were detected in
the V. cholerae cultures grown for 48 h. Most likely, these com-
pounds are formed by oxidation of NE or E by O, or, in a faster
reaction, by an extracellular superoxide, O, ", formed by V. chol-
erae during respiration (42). In the case of E, a possible candidate
is leucochrome, which further reacts to adrenochrome (28). Ad-
renochrome formation was confirmed in supernatants from V. chol-
erae cells in minimal M9 medium. The improved stability of E in
M9 medium compared to that in serum-SAPI was due to the
shorter incubation time in M9 (24 h in M9 versus 48 h in serum-
SAPI) and the lower temperature (30°C in M9 versus 37°C in
serum-SAPI) (43).

We propose that compared to bacteria in the cell-free medium,
growing bacteria provide a more reducing environment that slows
down the oxidative degradation of NE or E. First, O, tension is
lowered due to the metabolic activity of the bacteria; second, re-
active oxygen species (ROS) like superoxide, which accelerate the
oxidative degradation of NE or E (28) and which are formed dur-
ing the initial oxidation step (44), are eliminated by ROS-protec-
tive enzymes like the periplasmic superoxide dismutase of V. chol-
erae (42). To the best of our knowledge, gseC expression levels in
bacteria exposed to NE or E during growth have not yet been
correlated with the actual concentrations of these signaling com-
pounds in the medium. Our results indicate that NE or E concen-
trations decrease during growth in serum-SAPI and that the two
hormones give rise to conversion products that might also have
signaling capacity. In summary, we demonstrated that V. cholerae
benefits from catecholate hormones when growing in a serum-
based medium, which simulates the environment within the host.
E or NE released by a stressed host might give V. cholerae an ad-
vantage in the colonization of the small intestine by improving
iron sequestration and by increasing motility. Future studies
should address whether E or NE has an effect on virulence factor
and toxin production in V. cholerae.
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