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Choline is abundantly produced by eukaryotes and plays an important role as a precursor of the osmoprotectant glycine betaine.
In Pseudomonas aeruginosa, glycine betaine has additional roles as a nutrient source and an inducer of the hemolytic phospho-
lipase C, PlcH. The multiple functions for glycine betaine suggested that the cytoplasmic pool of glycine betaine is regulated in P.
aeruginosa. We used 13C nuclear magnetic resonance (13C-NMR) to demonstrate that P. aeruginosa maintains both choline and
glycine betaine pools under a variety of conditions, in contrast to the transient glycine betaine pool reported for most bacteria.
We were able to experimentally manipulate the choline and glycine betaine pools by overexpression of the cognate catabolic
genes. Depletion of either the choline or glycine betaine pool reduced phospholipase production, a result unexpected for choline
depletion. Depletion of the glycine betaine pool, but not the choline pool, inhibited growth under conditions of high salt with
glucose as the primary carbon source. Depletion of the choline pool inhibited growth under high-salt conditions with choline as
the sole carbon source, suggesting a role for the choline pool under these conditions. Here we have described the presence of a
choline pool in P. aeruginosa and other pseudomonads that, with the glycine betaine pool, regulates osmoprotection and phos-
pholipase production and impacts growth under high-salt conditions. These findings suggest that the levels of both pools are
actively maintained and that perturbation of either pool impacts P. aeruginosa physiology.

Acquisition or synthesis of osmoprotectants is important for
survival of many pathogens in the host (23, 43, 51). A number

of osmoprotectants can be derived from the host, including pro-
line, choline, carnitine, and glycine betaine (GB). As a moiety on
phosphatidylcholine and sphingomyelin, choline is likely the
most abundant of these compounds at infection sites. Choline
must undergo metabolism to GB to afford osmoprotection (28),
with a single reported exception (20). Pseudomonas aeruginosa has
an efficient choline acquisition system regulated by both positive-
feedback induction and choline-dependent repression (34, 46,
55). Choline is initially transported into the cell by the BetT1 and
BetT3 transporters (9, 34), where it can be used to generate bac-
terial phosphatidylcholine and to posttranslationally modify pro-
teins (1, 32, 35, 59). Cytoplasmic choline can also release BetI
repression of betBA transcription (25), which leads to production
of choline oxidase (BetA) and betaine aldehyde dehydrogenase
(BetB), which sequentially oxidize choline to GB (18, 26).

P. aeruginosa can use GB as a nutrient and energy source and as
an osmoprotectant, as well as to regulate transcription via GbdR
(29, 30, 53, 55). GB activation of the GbdR transcription factor
leads to induction of the transcripts encoding the secreted phos-
pholipase C virulence factor PlcH (27, 31, 39, 44, 54, 57, 58), the
periplasmic phosphorylcholine phosphatase, PchP (37, 55), and
the CbcXWV high-capacity ABC transport system for choline and
GB (9, 34). These products result in increased potential for choline
acquisition from lipid precursors (55) and contribute to the for-
mation of a positive-feedback induction loop. Choline acquisition
has been proposed to promote both the survival and the virulence
of P. aeruginosa due to the multiple functions of choline and GB
(31). We predict that P. aeruginosa regulates intracellular pools of
both choline and GB to ensure balance between the multiple in-
tracellular roles of each metabolite.

Many bacteria rapidly accumulate cytoplasmic GB when sup-
plied with choline or GB in a high-salt medium (7, 26, 42). This
has been best studied in the Enterobacteriaceae and Bacillus subti-

lis, where the GB pool is actively regulated by balancing import
and efflux (3, 21). Intracellular GB accumulation has physiologi-
cal consequences that can be deleterious, particularly in certain
mutant backgrounds, supporting the importance of proper GB
regulation in the cell (16, 21). Unlike the Enterobacteriaceae and B.
subtilis, many soil- and water-dwelling Proteobacteria, including
P. aeruginosa, can use GB as a sole source of carbon, nitrogen, and
energy through successive demethylations to glycine (5, 22, 52).
As both a nutrient and an osmoprotectant, the regulation of cho-
line’s and GB’s fate within P. aeruginosa cells is predicted to be
more complex than in the Enterobacteriaceae. Because choline ac-
quisition from lipid precursors, high-capacity transport under
low-salt conditions, and GB metabolism are all regulated by GB
activation of GbdR in P. aeruginosa (9, 34, 55, 56), we predict that
misregulation of GB and choline pool sizes impact one or more of
these activities.

Diab and colleagues examined the fate of exogenous GB, but
not exogenous choline, in P. aeruginosa, where they demonstrated
an intracellular pool of GB that was long-lived even when GB was
present as the sole carbon source (12). However, the consequences
of having choline as the source of GB for these metabolite pools in
P. aeruginosa remained unknown. In this study, we have examined
choline and GB homeostasis where supplied choline was the sole
source of choline and resultant GB. Our focus on choline allowed
us to uncover the existence of a novel choline pool and describe
the previously unappreciated interaction between the choline and
GB pools in P. aeruginosa. The presence of a choline pool in P.
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aeruginosa is in direct contrast to similar studies of Sinorhizobium
meliloti, which maintained a GB pool only during growth on cho-
line (15, 52, 56). To our knowledge, this is the first report of phys-
iologic choline pools that are present in the absence of osmotic
stress or betBA mutations (4, 20). We also used experimental de-
pletion of the endogenous choline and GB pools to demonstrate
that depletion of either pool alters PlcH production and growth
under high-salt conditions. These findings directly link regulation
of choline and GB pools with virulence and stress protection. Fi-
nally, the presence of choline and GB pools in other pseudomon-
ads also suggests importance across this group of bacteria.

MATERIALS AND METHODS
Strains and growth conditions. Pseudomonas aeruginosa strains PAO1
and PA14, Pseudomonas putida (ATCC 49128), Pseudomonas fluorescens
(ATCC 13525), Pseudomonas syringae DC3000, Burkholderia cepacia
(ATCC 25416), Sinorhizobium meliloti RM1021, and Escherichia coli
strains were maintained on LB medium. When necessary, gentamicin was
added to final concentrations of 10 �g/ml for E. coli, 50 �g/ml for P.
aeruginosa in LB medium, and 20 �g/ml for P. aeruginosa in MOPS (mor-
pholinepropanesulfonic acid) medium (55). Growth of all species was
measured by determining optical density at 600 nm (OD600). Prior to all
experiments described here, cells picked from a fresh LB plate were grown
for 24 h in MOPS minimal medium with 20 mM sodium pyruvate and 5
mM glucose (15). After this overnight growth, we saw no evidence of
catabolite repression of GB catabolism, presumably due to early utiliza-
tion of glucose during growth. Growth experiments were performed with
choline as a sole carbon source or choline as a supplemental carbon
source; in these experiments the total carbon source concentration
equaled 20 mM unless otherwise noted. For high-salt experiments, NaCl
was added to increase the salt concentration by 700 mM unless otherwise
noted, which results in a final NaCl concentration of 750 mM. L-Arabi-
nose was added to a final concentration of 0.05% (wt/vol) to induce ex-
pression from pBAD-based expression plasmids. P. aeruginosa and B. ce-
pacia were grown at 37°C or 30°C, as noted below, while P. putida, P.
fluorescens, P. syringae, and S. meliloti were grown at 30°C.

Cell labeling, small-molecule extraction, sample preparation, and
13C-NMR. Labeled choline was synthesized by reacting labeled [1,2-
13C]dimethylethanolamine (custom synthesized by Cambridge Isotopes)
with iodomethane as described previously (15). We chose to use a 13C-
labeled compound because this would allow us to track the abundance
and the identity of the molecule with certainty, because choline and a
downstream metabolite exhibit doublets in the 13C nuclear magnetic res-
onance (13C-NMR) spectrum, resulting from coupling of the adjacent 13C
nuclei. In P. aeruginosa, choline is sequentially demethylated to glycine
(12, 56). During growth on choline, glycine is hydroxylated to serine and
serine is deaminated to form pyruvate (38, 52). Once pyruvate is decar-
boxylated during complete metabolism of choline, the original labeled
carbons are separated and thus the doublet disappears.

Cells were grown in 30 ml of MOPS with 20 mM pyruvate and 5 mM
glucose, collected by centrifugation, washed with Dulbecco’s phosphate-
buffered saline (DPBS), and resuspended in 30 ml of MOPS with 5 mM
[1,2-13C]choline and 15 mM unlabeled choline or an alternate carbon
source, with or without additional NaCl. Unless otherwise noted, after 9 h
of growth at the organism’s preferred temperature, with shaking at 200
rpm, cells were collected by centrifugation and washed twice with DPBS.
The pellet was twice extracted with 250 �l of 80% ethanol. The extracted
cell pellets and ethanolic extracts were dried in a rotary evaporator. The
pellets were weighed, and the dried ethanolic extract residue was resus-
pended in 100% deuterium oxide (D2O). [13C]methanol was added to
achieve a final concentration of 20 nmol per mg (dry weight) of pellet as an
internal reference standard. 13C-NMR spectra were collected on a 500-
MHz Bruker AXR or a 500-MHz Varian Unity Innova high-field NMR
spectrometer. The spectrometer was referenced to an external standard of

4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) in D2O. All peaks, in-
cluding those of compound standards and the added methanol standard
in the resuspended ethanolic extract, were consistently found 2 ppm fur-
ther downfield from their published ppm values due to solvent effects.
During acquisition, we used a 1- or 2-s delay to enhance the detection of
13C-labeled compounds. We used a full relaxation protocol (7-s delay) to
quantify the abundance of each labeled carbon. We compared integration
spectra of reference samples with a 1- or 2-s delay to those of the same
samples with the full relaxation protocol, which allowed us to generate
correction factors for choline and GB in relation to methanol. We used
these correction factors to normalize the signals from the C-2 atoms of
choline and GB to calculate the nmol per mg or the dry weight for each
sample.

Construction of BetBA and GbcBA expression vectors. The pBetBA
expression vector was constructed by amplifying the betBA portion of the
betIBA operon from P. aeruginosa PA14 genomic DNA using Phusion DNA
polymerase with GC buffer (NEB), primer BetBA exp-F (5=-actctctactgtttct
ccatacccgtttttttgggctagcAAGAGAGGACTGCAACATGG-3=), and primer
BetBA exp-R (5=-tcaggctgaaaatcttctctcatccgccaaaacagccaaCATGCTGGT
CGAGGTGTG-3=). The lowercase letters in the primers represent regions
for Saccharomyces cerevisiae homologous recombination. This product
was cloned into the L-arabinose-inducible expression vector pMQ80 us-
ing yeast recombination based on the methods of Shanks and colleagues
(48). After validation of the construct by sequencing, we verified that the
pBetBA construct rescued the PAO1 betB::Tn5 (PAO1 library number 104
[19]) strain for growth on choline (data not shown).

The enzymes for GB demethylation, GbcA and -B, are encoded by a pair
of divergently transcribed genes. In order to ensure inducible coexpression,
we used a PCR strategy to construct a gbcBA operon under the control of the
pBAD promoter to generate pGbcBA. The pGbcBA expression vector was
constructed by amplifying gbcA with primer gbcABconstruct-Afor1 (5=-GG
CATGAGGAGTTACCGATG-3=) and primer gbcABconstruct-Arev1
(5=-tgtatcaggctgaaaatcttctctcatccgccaaaacagcGCAGGTTGTCCATGACC
TTT-3=) and amplifying gbcB with primer gbcABconstruct-Bfor1 (5=-ttct
ccatacccgtttttttgggctagcgaattcgagctcCAGGTCGCGATAAGCATGTA-3=)
and primer gbcABconstruct-Brev1 (5=-ctcagggtggaagtgacgtccatcggtaactcc
tcatgccGCCCTCAGTAGTCGATGACC-3=) from P. aeruginosa PA14
genomic DNA using Phusion DNA polymerase in GC buffer (NEB). The
lowercase letters in the primers represent regions designed for the splice
overlap or yeast homologous recombination. These initial amplicons
were used in a splice overlap extension PCR using primers gbcABcon-
struct-Bfor1 and gbcABconstruct-Arev1 to generate a product that placed
gbcB in front of gbcA in a single operon. This PCR product was cloned into
pMQ80 using yeast recombination based on the methods of Shanks and
colleagues (48). After validation of the construct by sequencing, we veri-
fied that the pGbcBA construct rescued the �gbcAB mutant (56) for
growth on choline (data not shown).

Phospholipase C activity assay. Phospholipase C activity was mea-
sured by observing the hydrolysis of the synthetic substrate p-nitrophe-
nylphosphorylcholine (NPPC) based upon the Kurioka and Matsuda
method (24), modified as we have described previously (55), using a final
concentration of 10 mM NPPC. P. aeruginosa was inoculated at an OD600

of 0.3 into MOPS minimal media with 20 mM pyruvate, gentamicin, and
0.05% L-arabinose, with or without 1 mM choline and with or without
added NaCl. Cells were grown for 24 h at 37°C with shaking. NPPC hy-
drolysis was measured by monitoring absorbance at 410 nm over time
using a Synergy2 spectrophotometer (BioTek). Phospholipase C activity
was reported in �mol of p-nitrophenol generated per minute of reaction
per optical density (OD600) per ml of culture using the extinction coeffi-
cient 17,700 M�1 cm�1 (49).

RESULTS
P. aeruginosa maintains intracellular pools of choline and GB.
Many bacteria maintain GB pools during exposure to choline or
GB, particularly under osmostress conditions (8, 21, 36). How-
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ever, accumulation of a substantial choline pool has been reported
in only one organism grown under high-salt conditions (20). Ad-
ditional reports of long-lived choline accumulation are in the con-
text of mutations in the choline oxidase genes (3). We previously
observed that deletion or chemical inhibition of the dimethylgly-
cine demethylase (Dgc) in P. aeruginosa led to accumulation of
dimethylglycine and also a substantial accumulation of choline
and GB (15). Our original hypothesis was that GB accumulated
due to feedback inhibition on the GB demethylase. However, ex-
amination of subsequent data suggested the existence of physio-
logic pools of choline and GB during P. aeruginosa growth on
choline in the absence of mutations. To address these observations
and examine the proposed choline and GB pools, we grew P.
aeruginosa PAO1 on 15 mM choline, pyruvate, glucose, or citrate
with the addition of 5 mM [1,2-13C]choline in the presence of 50
mM NaCl. Ethanol extracts from cells harvested during exponen-
tial phase were analyzed by 13C-NMR (Fig. 1; results are quantified
in Table 1). P. aeruginosa maintains nearly equivalent pools of
choline and GB when growing on choline as a sole carbon source
(Fig. 1A and Table 1). When choline was supplemented with other
carbon sources, P. aeruginosa maintained similarly sized or larger
GB pools but smaller choline pools (Fig. 1B to D and Table 1).
When grown on pyruvate with labeled choline, the GB pool ex-
ceeded the choline pool nearly 5-fold (Fig. 1B). When grown with
glucose or citrate, choline content was low and close to the detec-
tion limit, while GB quantities were close to those of choline-
grown cells (Fig. 1C to D and Table 1). These quantities of GB are
comparable to those reported for E. coli and B. subtilis in moderate
salt concentrations (17, 28).

To determine if the pools were altered by increased salinity
(total, 750 mM NaCl), we measured the choline and GB pools
during growth under high-NaCl conditions in the presence of the

same four carbon sources. We observed that the addition of NaCl
substantially increased the choline pool in citrate and increased
the GB pool in the presence of glucose. Conversely, when the
organism was grown with pyruvate, the GB pool was significantly
decreased during growth on high salt (Fig. 1B and F and Table 1)
(P � 0.04). The other pools did not substantially change with the
addition of salt. Interestingly, when cells were grown on citrate
with labeled choline in hyperosmotic media, choline was nearly
twice as abundant as GB (Fig. 1H and Table 1). Based on rough
calculations using the various estimates from Gram-negative bac-
teria, only the GB pool of glucose-exposed cells in high salt were

FIG 1 13C-NMR of cell extracts showing choline and glycine betaine (GB) pools during growth on different carbon sources in the presence of high or low
concentrations of salt. The carbon source for each column is noted at the top of the figure. The top row is low salt (50 mM NaCl, standard MOPS medium), and
the bottom row is high salt (MOPS plus 700 mM NaCl). The x axis represents ppm. Under all conditions, cells were grown in the presence of 5 mM
[1,2-13C]choline. For panels A and E, additional unlabeled choline was added for a total of 20 mM choline; therefore, the labeled compound is only one-quarter
of the pool in these cells (as observed by the peak heights compared to that of the methanol standard). Abbreviations: c, choline; g, glycine betaine (GB); me,
[13C]methanol; s, sarcosine. Each panel shows results representative of at least three experiments.

TABLE 1 Choline and GB pool quantificationa

NaCl concn
(mM) Carbon source(s)b

Choline pool
(nmol/mg
[dry wt])
(�SD)

GB pool
(nmol/mg
[dry wt])
(�SD)

50 Choline 42.11 (29.42) 56.23 (16.27)
Pyruvate � choline 23.57 (2.64) 112.54 (35.03)
Glucose � choline 13.12 (1.44) 52.70 (13.34)
Citrate � choline 16.52 (5.59) 46.05 (12.41)

750 Cholinec 66.61 (26.42) 51.26 (15.24)
Pyruvate � choline 36.39 (9.33) 20.69 (1.34)
Glucose � choline 14.22 (7.70) 166.07 (49.14)
Citrate � choline 81.15 (15.58) 44.65 (31.14)

a Normalized to the methanol standard and quantified as described in Materials and
Methods.
b Carbon sources are for a total of 20 mM. In all cases, [13C]choline was added to 5
mM.
c Calculations for pool sizes reflect that only 25% of the supplied choline is
[13C]choline.
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capable of providing osmoprotection as the sole osmoprotectant.
It is important to note that our ability to detect compounds out-
side the choline catabolic pathway is limited and that there are
likely de novo syntheses of other osmoprotectants under these
conditions.

We began to detect choline and GB accumulation by 1 h post-
addition, a time course similar to those previously reported (9, 33,
47). These pools were maintained for at least 12 h during growth
on choline as a sole carbon source but were below the detection
limit at 24 h (data not shown). Therefore, although the pools are
present during growth, they are depleted for use as a carbon source
when no additional carbon source is available.

Overexpressing the choline or GB catabolic enzymes can de-
plete the respective intracellular pool. To study the functions of
these intracellular metabolite pools, we tested whether the choline
or GB pools could be experimentally depleted without the need to
alter growth conditions. We hypothesized that overexpressing P.
aeruginosa’s native catabolic enzymes for choline oxidation
(BetBA) or GB demethylation (GbcBA) would lead to depletion of
the corresponding cytoplasmic pools. When the genes responsible
for oxidizing choline to GB (betBA) were overexpressed, there was
no observable choline pool (Fig. 2B) (compare to the empty vector
control in Fig. 2A). It is interesting to note that when normalized
to the methanol standard, the GB content increased approxi-
mately 25%, an increase of approximately 20 nmol/mg (dry
weight). The original choline pool was approximately 40 nmol/mg
(dry weight). Therefore, the entire choline pool did not accumu-
late as GB upon choline depletion, suggesting compensatory reg-
ulation of the size of the GB pool.

When the genes encoding the GB demethylase (gbcBA) were
overexpressed, the GB pool was depleted approximately 80%
compared to that with the empty vector control (Fig. 2A and C).
However, the choline pool was not depleted, suggesting that P.
aeruginosa does not drain the choline pool to replenish the GB
pool. During depletion of the GB pool, we observed a doublet
corresponding to sarcosine (Fig. 2C). We were not able to deplete
the GB pool below detection, as we did for choline, but we were
able to demonstrate that overexpression of the gbcBA genes leads
to substantial depletion of the GB pool and creation of a detectable
sarcosine pool. Addition of L-arabinose to the empty vector does
not alter pools compared to those in cells without the vector (com-
pare Fig. 1A and 2A).

Effects of overexpressing betBA or gbcBA on phospholipase
C activity. After establishing our ability to experimentally deplete
each metabolite pool, we examined the functional consequences
of choline and GB pool depletion. We hypothesized that modula-
tion of choline and GB pools would impact processes related to
these metabolites, including GB-induced production of the he-
molytic phospholipase C, PlcH (55), and growth under hyperos-
motic conditions (29). We first examined production of PlcH as
measured by NPPC hydrolysis (50). Transcriptional induction of
plcH by the metabolites of choline, GB and dimethylglycine, is
dependent on the AraC family transcription factor GbdR (55, 56);
therefore, we predicted that depletion of the GB pool by gbcBA
overexpression would reduce PlcH expression due to depletion of
the GbdR ligand (Fig. 2). As shown in Fig. 3, overexpression of
gbcBA resulted in an approximately 50% reduction in secreted
phospholipase C activity.

We initially predicted that overexpressing the betBA genes
would increase PlcH expression due to the increase in GB content

in the cells and, hence, GbdR activation. However, we observed
that choline depletion resulted in an approximately 50% reduc-
tion in phospholipase C activity, similar to the level of depletion of
the GB pool (Fig. 3). During betBA overexpression, roughly half of
the depleted choline pool is added to the GB pool (Fig. 2). We will
address the potential role of the choline pool in PlcH regulation in
the discussion. As previously reported, in the presence of high
NaCl concentrations, P. aeruginosa produces less PLC activity
overall (46). However, as with low-salt conditions, overexpression
of gbcBA or betBA reduced PLC activity approximately 45% under
each condition when cells were induced with choline (Fig. 3).

Overexpression of either catabolic system reduced PLC activity
under the uninduced condition. We do not know whether this
change is due to removal of choline and GB carried into the over-
night culture from the proceeding LB plate or whether these en-
zymes somehow interact with the regulatory system indepen-
dently of their enzymatic function.

Effects of overexpressing betBA or gbcBA on growth under
high-salt conditions. GB has been studied extensively for its abil-

FIG 2 13C-NMR of P. aeruginosa cell extracts after exposure to [1,2-13C]cho-
line, with choline as the sole carbon source. Cells were grown as described in
Materials and Methods in the presence of gentamicin, L-arabinose (0.05%),
and labeled choline for 6 h. (A) Cells maintaining the pMQ80 empty vector
(expresses green fluorescent protein [GFP] during arabinose induction under
pBAD control); (B) cells expressing the betBA genes under pBAD control; (C)
cells expressing the gbcBA genes under pBAD control. These spectra are repre-
sentative of at least three biological replicates. Abbreviations: cho, choline; GB,
glycine betaine; Me, [13C]methanol standard; sarc, sarcosine.
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ity to act as a potent osmoprotectant. Therefore, we hypothesized
that depletion of the GB pool by gbcBA overexpression would
result in poor growth under hyperosmotic conditions. Con-
versely, we predicted that intracellular GB accumulation driven by
betBA overexpression would result in improved growth in hyper-
osmotic media. We first tested the ability of P. aeruginosa to grow
under hyperosmotic conditions with glucose as the primary car-
bon source, with or without a low concentration of choline (250
�M). The low concentration of choline in the medium allowed us
to uncouple P. aeruginosa’s ability to process choline and utilize it
as an osmoprotectant from its ability to gain a net benefit from
choline as a carbon source, as this concentration of choline does
not support substantial growth (data not shown). We assessed
growth by measuring the OD600 at 24 h when cells were grown on
glucose as the primary carbon source and at 40 h when cells were
grown on choline as the sole carbon source. With choline as the
sole carbon source in high salt, cells do not exit lag phase until �18
h postinoculation.

In the absence of choline, P. aeruginosa grew well on glucose in
MOPS media with no added NaCl, but when NaCl was added at
700 mM or higher, there was no growth regardless of which plas-

mid was carried (Fig. 4). The addition of L-arabinose did not alter
the osmostress response or growth under these conditions. In the
presence of choline, growth under low-salt conditions was slightly
increased as reported previously (12), and addition of choline al-
lowed growth with high salt (Fig. 4A), as has been well docu-
mented for most bacteria (26). When the betBA genes were over-
expressed under hyperosmotic conditions with glucose as the
primary carbon source, growth was equal to, or slightly better
than, that with the empty vector control at 24 h, as we predicted
(Fig. 4A). Conversely, overexpressing the gbcBA genes in hyperos-
motic media yielded much less growth than with the empty vector
control, as predicted based on the importance of GB for osmopro-
tection (Fig. 4A).

Glucose is partially catabolite repressive to GB catabolism in P.
aeruginosa (12), so we chose to examine the effect of catabolic-
enzyme overexpression during high-salt growth with choline as
the sole carbon source. Overexpression of either set of genes did
not change growth on choline as a sole carbon source under low-
salt conditions (data not shown). However, the results in Fig. 4B
show that overexpression of either betBA or gbcBA significantly
altered growth on choline under hyperosmotic conditions. After
40 h of growth, overexpression of gbcBA yielded much better
growth than with the empty vector control, while overexpression
of betBA resulted in no growth. These effects were unpredicted
and will be addressed in the discussion.

Choline and GB pools in other aerobically choline-cataboliz-
ing Proteobacteria. Many species of bacteria can aerobically ca-
tabolize choline and use it as a sole carbon, nitrogen, and energy
source (22). Thus, we hypothesized that other soil- and water-
dwelling Proteobacteria, particularly other pseudomonads, can
maintain cytoplasmic pools of choline and GB during growth. We
grew P. aeruginosa, P. fluorescens, P. putida, P. syringae, Burkhold-
eria cepacia, and Sinorhizobium meliloti in 15 mM choline and 5
mM [1,2-13C]choline for 9 h and analyzed the labeled metabolites
by 13C-NMR. All of the pseudomonads that we examined main-
tained both choline and GB pools during growth on choline (Fig.
5). At 30°C, P. aeruginosa, P. fluorescens, and P. putida maintained
a larger pool of GB than choline, a pattern that was reversed in P.
syringae. B. cepacia, a betaproteobacterium, maintained a substan-
tial pool of GB and a small choline pool. As has been previously
reported (52), the alphaproteobacterium and plant symbiont S.

FIG 3 PLC activity measured by NPPC hydrolysis activity in culture superna-
tants. Cells were grown in MOPS pyruvate with or without choline and with or
without NaCl for 24 h as noted below the x axis. Enzyme activity was calculated
as described in Materials and Methods and was normalized to that of a culture
OD600. These data are representative of three independent experiments each
containing three biological replicates. Error bars represent standard devia-
tions.

FIG 4 Effect of catabolic enzyme overexpression on P. aeruginosa growth in increasing salt concentrations. (A) P. aeruginosa carrying the specified vector grown
on MOPS glucose with gentamicin and 0.05% L-arabinose for 24 h. Growth conditions were with or without 250 �M choline and with or without added NaCl,
as noted below the x axis. Cells exposed to these high-salt conditions were unable to grow without added choline. (B) P. aeruginosa growth in 750 mM NaCl when
cells were grown with choline as the sole carbon source for 40 h. Both panels are representative of the results of at least three experiments each containing three
biological replicates. Error bars represent standard deviations.
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meliloti maintained a large GB pool and no detectable choline
pool. To standardize conditions for these comparisons, we grew
all the species at 30°C. When we compared the P. aeruginosa re-
sults to those of our 37°C experiments, we noted that the choline
pool was �30% smaller at 30°C than at 37°C, with a GB-to-cho-
line ratio of �3 at 30°C, compared to �1.5 at 37°C (Fig. 5A and B).
The other bacterium in our comparison capable of growth at both
temperatures was B. cepacia. In contrast to P. aeruginosa, B. cepa-
cia did not substantially alter its choline pool, but the GB pool was
smaller at the lower temperature (Fig. 5C and D). These changes
suggest some form of temperature-dependent regulation of the
choline and GB pools in both P. aeruginosa and B. cepacia.

DISCUSSION

We are interested in eukaryote-derived molecules that bacteria
sense to alter their physiology and regulatory processes to impact
cross-kingdom associations. Bacterial detection of eukaryotes is a
key component of a variety of interactions, including host-patho-
gen, commensal-host, and symbiont-host relationships. One
molecule that appears to participate in large number of such as-
sociations is choline (1, 5, 11, 13, 14, 32, 36, 40). Choline is a small
molecule produced abundantly by eukaryotes, and some pro-
karyotes, both in its free form and as a moiety on phosphatidyl-
choline, sphingomyelin, and choline-O-sulfate. We and others
have hypothesized that choline is a signal that denotes the pres-
ence of a eukaryote for P. aeruginosa (31, 50, 56). Based on this
model, choline-specific phospholipase C functions as a secreted
mediator to detect eukaryotes due to release of phosphorylcholine
from eukaryotic membranes. Likewise, catabolic genes that de-
plete this signal function to turn off the detection system or mod-
ulate its response. In the context of this model, we are interested in
how the catabolism of choline and its metabolites alters bacterial
physiology and virulence.

In the Enterobacteriaceae, choline import and subsequent GB
accumulation occur only under osmostress conditions (26). Thus,
GB appears to serve a solely osmoprotective role in these bacteria.
In contrast, many soil- and water-dwelling bacteria can use cho-
line and GB as a sole source of carbon, nitrogen, and energy (22).
For these organisms, transport and regulation of GB fate do not
depend solely on osmostress (9, 34). For example, it has been
demonstrated that the uptake of choline occurs regardless of sa-
linity in S. meliloti and that pools of GB are present under both
high- and low-salt conditions (52). In S. meliloti, glycine betaine
methyltransferase (GBMT) was shown to be osmotically regu-
lated, thereby controlling flux through the GB catabolic pathway
and allowing greater GB accumulation under high-salt conditions
(52). This observation established the model that regulation of the
catabolic enzymes in this pathway governs the GB pool size. Here
we have shown that unlike S. meliloti, P. aeruginosa and other
pseudomonads maintain pools of both choline and GB during
growth, which we could deplete by overexpression of the cognate
catabolic enzymes. Thus, it appears that, like S. meliloti, one way
that P. aeruginosa can control osmoprotectant flux is via regula-
tion of catabolism. However, one difference between the catabolic
pathways in these two organisms is that P. aeruginosa uses an
N-demethylating oxygenase to demethylate GB instead of the
GBMT family of enzymes (56). We do not currently know the level
at which GB demethylation is regulated in P. aeruginosa, but our
previous data suggest that regulation is likely posttranscriptional
(56).

The presence of a stable choline pool has been reported in only
a few cases (4, 20); however, our report of the P. aeruginosa choline
pool represents a new observation for bacteria capable of choline
catabolism as a carbon source. Choline is not a useful osmopro-
tectant, with one known exception, in bacteria (20). Therefore, the
regulated accumulation of choline, even during osmostress (Fig.

FIG 5 Accumulation of choline and GB in a set of Proteobacteria capable of aerobic choline catabolism as measured by 13C-NMR when the organisms were grown
on choline as a sole carbon source. P. aeruginosa (P.a.) and Burkholderia cepacia (B.c.) were grown at both 30°C and 37°C. P. putida (P.p.), P. fluorescens (P.f.), P.
syringae (P.s.), and Sinorhizobium meliloti (S.m.) were grown at 30°C. Panel B is identical to Fig. 1A and is our representative image for this condition in P.
aeruginosa. Data are representative of at least three independent experiments. Abbreviations: c, choline; g, glycine betaine; me, [13C]methanol. Results in each
panel are representative of at least three experiments.
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1), was surprising given the presence of a functional choline cata-
bolic locus. Importantly, while depletion of the GB pool led to the
predicted decline in PlcH production and growth in high salt,
depletion of the choline pool led to two unexpected findings. First,
we predicted that choline pool depletion would lead to improved
growth during osmostress. This hypothesis was supported by data
from growth in high salt with glucose as the primary carbon
source (Fig. 4A). However, when choline was the sole carbon
source, choline pool depletion resulted in little or no growth,
while GB pool depletion led to improved growth (Fig. 4B). Our
second prediction was that the increasing flux to GB via choline
pool depletion would increase the production of the virulence
factor PlcH through enhanced GbdR activation. However, here
we show that depletion of the choline pool reduces the produc-
tion of PlcH (Fig. 3), suggesting that the choline pool has an
important role in virulence regulation. From our high-salt and
phospholipase induction results, we hypothesize that the cho-
line pool may work to regulate transport and perhaps other
genes via the BetI transcriptional repressor (25, 34, 45). Thus,
competency for BetI regulation may be important for control-
ling the size and fate of the choline pool, thereby regulating
PlcH production and the proper expression of catabolic and
transport proteins.

One important component of osmoprotectant pool regulation
is an efflux mechanism that can sense GB (or stress-related
changes) and control the maximum cytoplasmic accumulation of
GB, which has been best described in Salmonella enterica (16, 21).
The stable maintenance of pool levels— even during blockage in
GB catabolism (15)—strongly suggests that P. aeruginosa also
possesses a regulated efflux mechanism or, alternatively, a tightly
regulated import system. Preferential efflux of GB from supplied
choline has been demonstrated in a mucoid P. aeruginosa strain
isolated from cystic fibrosis sputum (2), but the molecular identity
of the GB efflux system in P. aeruginosa is currently unknown.

Our data, combined with our previous studies, lead to a model
where P. aeruginosa carefully regulates flux through two sequen-
tial catabolic steps to modulate cytoplasmic pools of choline and
GB. To understand the role of these two pools in P. aeruginosa
biology, it is important to note that each of these steps is regulated
by its respective substrate via the cognate transcriptional regula-
tors BetI and GbdR. We have previously pointed out that GB can
function as an osmoprotectant, a nutrient source, and an inducer
of gene transcription via GbdR. We know less about the direct
roles of choline in P. aeruginosa biology and virulence. We know
that choline positively induces choline import via release of BetI
repression (25, 45) at the betT1 and betT3 promoters (34), that
choline can be covalently attached to elongation factor Tu (1), and
that it functions as a substrate for the synthesis of bacterial phos-
phatidylcholine (59). Maintenance of a choline pool may regulate
one or more of these activities. Importantly, we do not know the
full range of BetI targets in P. aeruginosa, so choline may contrib-
ute to as-yet-unknown biology. Recently, Nau-Wagner and col-
leagues reported the regulation of choline to GB flux by the Bacil-
lus subtilis GbsR transcription factor (41). They demonstrated that
GbsR senses choline directly and proposed that GbsR indirectly
senses GB to tune the levels of choline oxidase production (41). It
is probable that the functionally analogous transcription factor in
P. aeruginosa, BetI, works in a similar manner as part of the mech-
anism to regulate the choline and GB pools.

We also noted the temperature-dependent regulation of cho-

line and GB pools in P. aeruginosa. Such an association of choline
and GB with temperature is not surprising given the ability of GB
to function as both a thermo- and a cryoprotectant (6, 10). We do
not currently know the molecular basis of this regulation, but the
differences between the P. aeruginosa regulatory systems and the
B. cepacia regulatory systems may provide insights into potential
mechanisms for temperature-dependent regulation of the choline
and GB pools.

In conclusion, P. aeruginosa and other Gram-negative bac-
teria maintain stable GB pools. Unlike S. meliloti and B. cepacia,
however, the pseudomonads establish and maintain abundant
choline pools during growth on choline. P. aeruginosa changes
the abundance and relative proportions of its choline and GB
pools depending on the main carbon source, medium salinity,
and temperature, and both metabolite pools impact P. aerugi-
nosa physiology via osmoprotection and PlcH production. We
propose that these two pools may regulate aspects of P. aerugi-
nosa biology and virulence beyond those described here, po-
tentially involving other BetI targets or additional transcrip-
tional regulators.
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