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ABSTRACT Many Pseudomonas aeruginosa infections are derived from residential,
recreational, or surface water sources; thus, these environments represent an impor-
tant preinfection niche. To better understand P. aeruginosa biology in these environ-
ments, we quantified transcriptional changes by microarray after exposure to diluted
LB, diluted R2B, potable tap water, and freshwater from a eutrophic pond. Quantita-
tive reverse transcription-PCR (qRT-PCR) confirmed the conservation of these re-
sponses in other water sources, and competition experiments were used to test the
importance of three implicated metabolic pathways. The global transcriptional re-
sponses in potable water and freshwater showed strong induction of genes involved
in metabolism of the head groups and acyl tails of phospholipids, as well as nucleo-
tide metabolism, with commensurate decreased transcript expression of genes en-
coding their synthetic pathways. These data suggest that phospholipids and nucleotides
are part of the nutritional milieu of these two environments. A unique response in
municipal-delivered potable water was to the metals in the piping system, particularly
copper. To identify potential nutrient sources used by P. aeruginosa in these environ-
ments, we used competition assays between the wild-type and deletion mutant
strains in three pathways induced under these conditions. For phospholipid head-
group metabolism, ethanolamine utilization (eutB) was important for competition in
potable water, while choline oxidation (betBA) was important for competition in
freshwater. Nucleotide utilization, particularly pyrimidine metabolism (dht), showed a
trend toward importance in freshwater but was not statistically significant. These
findings provide new insights into the P. aeruginosa response to potable water and
freshwater and led to the identification of potentially important nutrient sources in
these environments.

IMPORTANCE Much of our knowledge about Pseudomonas aeruginosa comes from
the infection niche, and much less is known about its lifestyle in the environment. P.
aeruginosa is an adaptable bacterium capable of growing in many environments but
is particularly common in potable water systems and freshwater. We used the
transcriptional responses of P. aeruginosa to these environments to identify im-
portant nutrient sources specific to either of these two environments. Addition-
ally, these environments could provide experimental situations to understand
gene function for the large number of transcripts with unknown functions in-
duced under these conditions.

KEYWORDS nutrient limitation, preinfection niche, ethanolamine, choline, copper,
water system, water systems

Pseudomonas aeruginosa is a common environmental bacterium particularly abun-
dant in freshwater environments and potable water (PW) systems (1, 2). P. aerugi-

nosa can be a serious opportunistic pathogen causing a variety of different infections,
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including life-threatening bacteremia and pneumonia in neutropenic patients, chronic
infections in cystic fibrosis and chronic obstructive pulmonary disease, serious eye and
ear infections, and generally non-life-threatening but common and costly folliculitis
and nail infections. P. aeruginosa lives in the PW system (3–6) and can cause infection
directly from this environment; this is best studied in folliculitis and ear infections, for
which �80% of the cases are PW derived (7–10). For eye infections and cystic fibrosis,
evidence suggests some infections are derived from the PW system (11–15). Numerous
studies of nosocomial pneumonia and bacteremia in intensive care units (ICUs) (includ-
ing references 16–27) support a proportion of PW-derived P. aeruginosa infections
being between 8 and 50% (28–31), and when patient PW was subject to filtration and
sterilization, the contribution of PW-derived infections in the units dropped (16–18,
32–34). Given the evidence for PW impact on P. aeruginosa infection, surprisingly little
is known about P. aeruginosa biology in this environment.

PW contains a variety of dissolved organic carbon species of different sizes and
chemical classes, some of which are accessible to bacteria for growth, termed assimi-
lable organic carbon (AOC) (35–37). While many studies have characterized bacterial
growth on AOC and hydrological and treatment processes that alter AOC (38–43),
relatively little is known about the specific carbon sources utilized by bacteria during
growth in PW. Our goal in this study was to use the P. aeruginosa transcriptional
response to PW and freshwater to better understand these environments from the
bacterial perspective and identify potential carbon and nitrogen sources used under
these conditions. Here, we describe that P. aeruginosa responds to PW and freshwater
by inducing transcripts involved with phospholipid and nucleotide metabolism and
downregulating genes involved in their synthesis. The PW transcriptional response
includes the signature of the metals present in the plumbing system, with induction of
transcripts involved in copper, iron, and zinc stress and downregulation of transcripts
involved with uptake of these metals. Competition experiments with mutants in
specific metabolic pathways support ethanolamine as an important nutrient source in
PW, while choline is important in freshwater. This study provides foundational data on
the P. aeruginosa responses to PW and freshwater and lays the groundwork for a better
understanding of these environments as important preinfection niches.

RESULTS
P. aeruginosa transcriptomes in diluted R2B and diluted LB are remarkably

similar. Our primary goal in this study was to identify P. aeruginosa genes induced in
response to potable water. One of the more common media for the growth of potable
water bacteria is full-strength or diluted R2B, and this medium was to serve as our
control for the remaining experiments. Because many previous P. aeruginosa transcrip-
tomes were done using LB, we sought to compare our half-strength R2B (1/2R2B) to
half-strength LB (1/2LB) to examine the transcriptional differences.

Surprisingly, there were only 34 transcripts that differed in expression more than
3-fold between these two conditions (see Data Set S1 in the supplemental material). Of
the 20 transcripts at levels higher in 1/2LB than 1/2R2B, eight were involved in nitric
oxide and nitrate reduction (nirJ, nirG, PA0515, nirC, norC, norB, ppyR, and fhp; altered
3.1- to 10.6-fold), three with choline metabolism (encoded by the betIBA operon; altered
6.5- to 29.1-fold), two involved with polyamine response (agtA [6.1-fold] and gbuA
[3.8-fold]), two involved with membrane responses (oprH [10.7-fold] and esrC [8.5-fold]),
and five transcripts of uncharacterized genes (3.5- to 9.1-fold changes).

Fourteen transcripts were present at higher levels in 1/2R2B than in 1/2LB, with nine
of them directly related to iron acquisition and transport (pvdE, fpvA, pvdS, bfd, PA3690,
PA4514, PA4515, PA4517, and phuR; altered 3.1- to 10-fold) and three related to altered
flux through metabolic pathways (gcvH2 [3.8-fold], antB [4.5-fold], and ureG [3.7-fold]).

These findings suggest that the major differences that P. aeruginosa detects be-
tween these two media are iron availability, oxidized nitrogen content or oxygen
availability, and altered organic nitrogen species, particularly the abundance of choline
in LB from the 10-fold greater concentration of yeast extract compared to R2B.
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Response of P. aeruginosa to tap water. Our primary goal was to determine the
transcriptome of P. aeruginosa in the presence of potable (tap) water. We compared the
transcriptomes between 1/2R2B and undiluted tap water, as described in Materials and
Methods. In total, the expression of 485 transcripts were significantly changed more
than 3-fold between 1/2R2B and tap water (Data Set S2), which represents approxi-
mately 8.6% of the genome.

Differences between the conditions can be described based on the functions of
transcripts altered and their direction (Fig. 1 and Data Set S2). One of the most notable
and obvious differences between 1/2R2B and tap water is the concentration of tran-
sition metals, particularly copper, resulting in the induction of 22 transcripts involved in
transition metal resistance and efflux, and the decrease in the expression of 11

FIG 1 Pseudomonas aeruginosa transcriptome changes in response to tap water. (A) Volcano plot
showing the transcripts that met both fold and P value cutoffs. Colors denote functional classes of
transcripts, and only transcripts with two or fewer symbol overlaps are colored: light green, transition
metal homeostasis; yellow, lipid metabolism; mauve, stress responses; red, amino acid metabolism; light
blue, respiratory cytochromes; gray, hypothetical unknowns. (B) Transcripts plotted in panel A clustered
by function showing number of transcripts that were present at higher levels in tap water (blue bars) or
lower in tap water (red bars).
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transcripts involved in coproporphyrinogen, hemerythrin, and bacterioferritin pro-
duction.

In addition to the transition metals, transcripts related to lipids, polyamines, biofilm
formation, stress, and nucleotide utilization were substantially altered (Fig. 1 and Data
Set S2). Tap water led to the induction of 18 transcripts related to lipid acquisition and
metabolism with concomitant reduction in the expression of three lipid synthesis
transcripts, suggesting a lipid source in tap water. These included the induction of
transcripts for the metabolism of choline, ethanolamine, and glycerol, suggesting a
source of glycerophospholipids. A similar pattern was seen for transcripts related to
polyamines and nucleotides, where the expression of transcripts encoding utilization
and transport components were increased and those encoding biosynthetic pathways
were decreased. Ten transcripts involved in biofilm formation, particularly the Fap-
based pathway, were induced, while the expression of five transcripts related to
flagellar synthesis or regulation were decreased. Eight transcripts encoding heat shock
chaperones or parts of the misfolded protein response system were induced, while the
expression of a number of transcripts coding for members of the universal stress
protein family were decreased.

It was also evident that the differential availability of amino acids and carbohydrates
between the two conditions altered both amino acid-related pathways and central
metabolism (Fig. 1 and Data Set S2). In particular, the expression of transcripts for
enzymes of the glyoxylate shunt were increased, while those of some related to
glycolysis were decreased. Also increased are the expression of transcripts related to
amino acid uptake, while the expression of most of the arc transcripts, involved in
anaerobic arginine utilization, are decreased.

There were also reductions in the expression of transcripts involved in microaero-
philic and anaerobic metabolism in PW compared to 1/2R2B, including the nir and nor
genes and the cbb3-2 cytochrome oxidase complex genes. This is likely a direct
consequence of more rapid growth and oxygen depletion under the 1/2R2B condition,
leading to increased expression of these microaerobic and anaerobic respiratory tran-
scripts (44, 45) than an actual repression under the PW condition.

Finally, a notable pattern in the transcripts involves those genes related to transla-
tion and growth. In total, the expression of 56 transcripts involved in translation and
growth are lower in PW than in 1/2R2B, while the expression of only four transcripts are
increased. One of those transcripts increased in PW is rmf, a gene whose expression is
greatly dependent on growth rate, being strongly induced during slower growth.
Together, these patterns suggest slower growth in tap water than in 1/2R2B, which is
not surprising given the difference in nutrient concentrations between these two
conditions.

The response of P. aeruginosa to pond water. The P. aeruginosa response to
surface water from a eutrophic pond was somewhat similar to the tap water response
compared to 1/2R2B (Fig. 2A and Data Set S3). In total, the expression of 600 transcripts
were differentially expressed more than 3-fold, and many followed the same pattern as
for tap water: decreased growth signaled via altered expression of translation-related
genes, changes to central metabolism particularly glyoxylate shunt induction, induction
of transcripts for branched-chain amino acid utilization, and increases in the expression
of nucleotide utilization transcripts with decreases in nucleotide synthesis-related gene
expression. Given the large number of changes between 1/2R2B and pond water, we
decided to focus on those genes differentially expressed between tap and pond water.

There were 151 transcripts differentially expressed between PW and pond water. In
pond water, there was increased expression of transcripts involved in lipid and head
group metabolism, branched-chain amino acid uptake, aerotaxis, chemotaxis, nucleo-
tide utilization, and a number of uncharacterized genes (Fig. 2B and Data Set S4). The
expression of transcripts involved in metal stress and detoxification, drug efflux and
outer membrane permeability, and a number of uncharacterized genes were decreased
in pond water compared to PW. In particular, the induction of metal stress genes only
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in the PW treatment is not surprising given the high concentration of metals in that
system and their comparative rarity in most surface waters. With similar reasoning, the
expression of genes for SDS metabolism and drug resistance were decreased in pond
water compared to PW. Given the frequent carriage of these compounds in PW, this is
not surprising. Important to note here is that Shelburne Pond does not drain a large
watershed and has very little residential or industrial inputs; thus, while it has a high
nutrient load, there is relatively little input of consumer products.

Conservation of select metabolic gene responses in diverse water sources and
in environmental strains. Our microarrays were based on a single source of PW and
a single freshwater pond. To test the broader applicability of our findings, we quantified
the induction of three transcripts in two additional PW sources: a municipal and a well
water source, and three additional freshwater sources: a mesotrophic impoundment
(Indian Brook Reservoir), a eutrophic lake (Colchester Pond), and a river (Winooski
River). The betB, dht, and eutB transcripts were strongly induced under all of these
conditions compared to the 1/2R2B control and normalized to the ppiD transcript (46,

FIG 2 Pseudomonas aeruginosa transcriptome changes comparing a freshwater pond to tap water. (A)
Venn diagram showing the similarity of transcriptome changes in tap water or pond water each
compared to 1/2R2B media. Numbers represent number of transcripts. (B) Transcripts that were changed
comparing freshwater to tap water clustered by function showing number of transcripts that were higher
in pond water (blue bars) or lower in pond water (red bars).
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47) (Fig. 3A). There was some variability between sites, but they were small compared
to the scale of the changes. The difference in normalization method for microarrays and
these qRT-PCR experiments likely explains their difference in the scale of transcriptional
changes, as the microarray is based on a whole-chip signal rather than a single control
transcript. Given the large drop in the expression of many abundant translation-related
transcripts in the PW and freshwater samples (Fig. 1 and 2 and Data Sets S2 and S3), this
would lead to decreasing apparent differences in the microarray.

FIG 3 Measuring P. aeruginosa transcript changes in other sources of potable water and freshwater and
in environmental isolates. (A) Induction of the bet, eutB, and dht transcripts occurs in a variety of potable
and surface water sources. (B) The betB, eutB, and dht transcripts are induced in potable and pond water
in three environmental isolates. Inset shows the environmental isolates grown on PIA. For both panels,
the betB, dht, and eutB transcripts were measured by qRT-PCR normalizing to the ppiD transcripts and
setting the 1/2R2B ratio to one for each transcript. R, 1/2R2B; M, municipal tap water; 1/2R, 1/2R2B; D, well
water; I, Indian Brook Reservoir; C, Colchester Pond; W, Winooski River; PW, potable water; FW, freshwater.
Blue bars denote potable water samples, and green bars denote freshwater samples. The PW for panel
B is identical to the M sample in panel A, and the FW in panel B is identical to the C samples of panel
A. The PA14 data shown in panel B are directly pulled from panel A to enable easier comparison.
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We also tested the conservation of these metabolism-related transcriptional re-
sponses in three wild isolates of P. aeruginosa isolated from water fixtures on our
campus that were phenotypically distinct from PA14 (see inset, Fig. 3B). In all three
environmental isolates, the betB, eutB, and dht transcripts were induced with some
variation in levels between strains (Fig. 3B). These data suggest that the responses of
the wound isolate, PA14, are representative of plumbing-derived strains, at least for
these transcripts.

Roles of ethanolamine, choline, and pyrimidine catabolic genes in potable
water and freshwater. One of our goals was to identify specific AOC components via

the P. aeruginosa transcriptional response and test their relative importance using
competition assays. As described in Materials and Methods, standard chromosomal lacZ
or antibiotic resistance markers showed strong defects when wild-type (WT)-versus-WT
competitions were conducted in PW. Therefore, we used serial dilution plating onto
two different plate types, one permissive to WT and mutants, and the other restrictive
to mutant growth. Using this system, we tested the importance of choline (betBA),
ethanolamine (eutB), and pyrimidine (dht) metabolism in PW and surface water from a
pond. As shown in Fig. 4A, a loss of choline oxidation to glycine betaine was important
for competition versus wild type in surface water from a pond but not in PW.
Conversely, ethanolamine deamination was important in PW but not in freshwater from
a pond. Pyrimidine metabolism showed a trend toward importance in pond water, but
this change was not significant, though the mean effect size was similar to that seen for
loss of choline metabolism. None of these deletions impacted competition in 1/2R2B or
morpholinepropanesulfonic acid (MOPS) medium with pyruvate and glucose as carbon
sources (Fig. 4B).

FIG 4 Competition experiments show the relative importance of P. aeruginosa metabolic genes in tap
water and freshwater. (A) Competition in tap and pond water. (B) Competition in 1/2R2B (R2) and MOPS
pyruvate glucose media (M). Competition experiments were conducted comparing wild-type PA14 to
isogenic deletion mutants with deletions of betBA, eutB, or dht. The ratios of WT to mutants at time zero
(T0) are shown in the gray bars, while tap water (blue bars) and freshwater (green bars) are shown for 24
h. The dotted line marks a WT-to-mutant ratio of 1:1. Data were analyzed using a one-way ANOVA with
a Dunnett’s posttest, as described in Materials and Methods comparing each competition to the T0 ratio.
n.s., not significant; **, P � 0.01; ***, P � 0.001. All ratios in panel B are not significantly different from
the input ratio.
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DISCUSSION

The importance of the preinfection environment on acquisition rate and pathoge-
nicity, including molecular details of bacterial response to the preinfection niche, has
been well studied for the opportunistic pathogens Legionella pneumophila, Vibrio
cholerae, and Listeria monocytogenes, as well as for the foodborne enterics E. coli and
Salmonella enterica. A similar examination is lacking for P. aeruginosa. Little is known
about the physiologic or transcriptional programs used by P. aeruginosa to survive in its
preinfection water niches, despite ample evidence for PW systems, recreational waters,
and freshwater systems as important infection sources.

Mendis and colleagues have done the most comprehensive assessment to date of
P. aeruginosa interaction with a model drinking water medium (48). They showed that
P. aeruginosa exposed to the tap water model Fraquil was still able to invade epithelial
cells and was more cytotoxic than P. aeruginosa exposed to rich media, but Fraquil did
not support strong biofilm formation. As these authors point out, real tap water has
many nutrients, including organic nitrogen and carbon sources, which are not present
in Fraquil (48). The reason Mendis et al. chose Fraquil, and the drawback of using real
tap water, is that tap water is both geographically and temporally variable. Here, we
have used snapshot samples of tap water, well water, and surface water from a few
freshwater ponds and a river, representing different sources and nutrient loads, to
make an argument about the broad conclusions that can still be reached regardless of
the likely numerous differences that will exist between disparate sources of water. We
also utilized environmental strains to ensure that responses of PA14 could be extrap-
olated to wild P. aeruginosa isolates (Fig. 3B), and while there was variation in the
absolute induction levels between these strains, the three metabolic transcripts of
interest were all strongly induced in both tap water and pond water in these strains.

All natural and municipal water sources contain dissolved nutrients, and part of the
aim of municipal water treatment is to limit the dissolved organic carbon and nitrogen
sources to improve water taste and safety, in part by keeping growth of heterotrophic
bacterial counts low. Increases in dissolved carbon, particularly AOC, have been asso-
ciated with increased heterotrophic growth and some instances of waterborne Enter-
obacteriaceae outbreaks. While groundwater and surface water can have relatively high
levels of AOC (0.1 to 9 mg · liter�1, and often much higher), most treated water has AOC
levels between 7 and 200 �g · liter�1, and guidelines are set to keep AOC at �50 �g ·
liter�1 in some jurisdictions for public health (36). With nitrate in the 0.5 to 5 mg ·
liter�1 range and phosphate often present at between 0.05 and 0.5 mg · liter�1, AOC
appears to be the growth-limiting resource for heterotrophs, like P. aeruginosa, in the
potable water system (35, 38). Excellent studies were conducted defining the range of
AOC and the growth of bacteria under these conditions (see, e.g., references 38, 43, and
37), but the identities of the AOC compounds remained largely unknown. Here, we
show that choline, and perhaps pyrimidines, are important components of AOC in
surface freshwater, while ethanolamine appears to be an important component in tap
water (Fig. 4). These competition studies were guided by our transcriptional profiles,
and we propose that these transcriptomes contain information regarding the identities
of other important components of the AOC pool.

The field of Gram-negative bacterial pathogenesis is revisiting the literature of slow
growth that has been the cornerstone of environmental microbiology and mycobac-
teriology, as it has been appreciated that bacteria in many host-associated niches,
particularly chronic infections, are growing very slowly. The ability of P. aeruginosa to
grow exceptionally slowly in tap water may be one of the traits or preconditions that
allow this bacterium to establish chronic infections in the lung, which also often show
slow growth (49), though under dramatically different nutrient regimes. One of the
signals of slow growth and carbon hoarding we see in tap water and pond water is the
induction of transcripts encoding enzymes of the glyoxylate shunt, which has been
shown to be important in slow growth, particularly under host-like conditions, such as
cystic fibrosis sputum (50) and growth on mucin (51). Further examination of the
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molecular details of P. aeruginosa interaction with freshwater and tap water will likely
yield more clues about its basic biology and the metabolic flexibility that enables its
pathogenesis.

MATERIALS AND METHODS
Bacterial strains and maintenance conditions. P. aeruginosa PA14 wild-type and deletion strains

described below were maintained on Lennox broth (LB) or Pseudomonas isolation agar (PIA). E. coli DH5�

and S17�pir, used in cloning and conjugation, respectively, were maintained on LB with appropriate
antibiotics when needed. Environmental strains of P. aeruginosa (MJ750, MJ751, and MJ752) were
isolated from plumbing fixtures within buildings on the University of Vermont campus using PIA with
pyocyanin added and incubated at 42°C to enrich for P. aeruginosa (52). All strains collected in this way
were verified as P. aeruginosa using the genus- and species-specific PCR primers described by LiPuma
and colleagues (53).

Generation of deletion strains. Our betBA deletion mutant of PA14 was previously reported (54).
Mutants with deletions of dht and eutB were generated by amplifying the flanking regions of each gene
with the primers listed in Table 1. The amplified fragments were digested with BamH1 and KpnI and
ligated into similarly cut pMQ30 (55). After validation, the resulting plasmids were transformed into
S17�pir, which was conjugated with P. aeruginosa PA14 wild-type cells and single-crossover integrants
selected on PIA with 50 �g/ml gentamicin. After restreaking of gentamicin-resistant colonies on plates
with gentamicin, cells were grown in LB without antibiotic for 3 h, and double-crossover recombinants
were selected on LB with no NaCl and 5% sucrose at 30°C. Deletions were verified by PCR and phenotypic
analysis of growth on uracil and ethanolamine as sole nitrogen sources for dht and eutB mutants,
respectively (note that dht mutants are not completely deficient for growth on uracil as a sole nitrogen
source but are severely compromised).

Growth conditions and RNA preparation for microarrays. Cells were exposed to four environ-
ments: diluted R2B, diluted LB, potable water from a lab faucet, and water from a eutrophic pond.
Half-strength R2B (1/2R2B) and half-strength LB (1/2LB) media were made and sterilized by autoclaving.
Potable water was sampled from a faucet in our laboratory by collecting the first 30 ml of the day and
then vortexing the faucet’s aeration disk in the water sample for 20 s. About half the sample was
decanted for use in the experiment. Pond water was collected from the shore near the boat launch on
Shelburne Pond in Shelburne, VT, on 28 May 2014 (the day of exposure for transcriptomics) and consisted
of 30 ml of water with a small amount of sediment. This sample was taken during a light bloom of the
cyanobacterium Microcystis aeruginosa.

Before the addition of cells, 12-well Transwell tissue culture plates (Costar; 0.4 �m pore size) were
prepared by presoaking wells and filters with 1.5 ml of a nonsterile aliquot of their respective treatment
condition in the lower chamber and 450 �l of heat-treated and 0.22-�m-pore-size sterile-filtered
inducing condition in the upper chamber for 1 h at 22°C. The filtration was done to remove native
bacteria and eukaryotes from the upper chamber in the potable water and pond samples, but sterile
medium was also filtered to control for any leachate from the filters. After filtration, all samples were
heated at 70°C for 30 min to inactivate any bacteria that passed through the filter. Such heat treatments
are standard in municipal water studies, as many waterborne bacteria pass through a 0.22-�m-pore-size
filter.

PA14 was inoculated from a fresh LB plate into 3 ml of 1/2R2B medium and grown overnight at 37°C
on a rotating wheel. Cells were collected by centrifugation and resuspended with room temperature
1/2R2B to an optical density at 600 nm (OD600) of 4.0. Fifty microliters of each strain was then added to

TABLE 1 Primers used in this study

Primer name by function Sequence (5= to 3=)
Gene deletion

eutB-GOI-F CACTCGGTACCATTCGCGGTACTTGACGAAC
eutB-SOE-R CCATCGTCGATCGCGATTCGTACTTAATTCGAGGACTGGTTGCAG
eutB-SOE-F AAGTACGAATCGCGATCGACGATGGCTGTCGAAGCGGTAGGTCTC
eutB-GOI-R TTCTCGGATCCTACGCGATCTGGTTCTTCCT
dht-GOI-F TTCTCGGATCCAGCTCGCGGATGTAGTCG
dht-SOE-R CCATCGTCGATCGCGATTCGTACTTTACCCGTCGGTGTACGAAGT
dht-SOE-F AAGTACGAATCGCGATCGACGATGGCGGCTCGATAACTCTCTTCG
dht-GOI-R CACTCGGTACCGAACAGGAGGAAACCGATCA

qRT-PCR
betB-F2 GCAGGACGAGAACACCAACT
betB-R2 AGACCAGGATGCTCATCACC
PA14_eutB_qRTF1 CTATACAACGGCAAGCAGAT
PA14_eutB_qRTR1 GGTCTGGTAGTTGAGCATC
dht-RT-F GCCTACAAGAACGCCATCAT
dht-RT-R GCTGGAAATATGCACCAGGTA
PA14_ppiD_qRTF2 CAACGAATTGCAGTCCTTC
PA14_ppiD_qRTR2 GACTTCTTCAGTTCCACGTA
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the top chamber of a Transwell tissue culture plate, prepared as described above, to achieve a final OD600

of 0.4. Inductions were carried out for 3 h at 22°C. Following induction, cells were gathered by scraping
the filter and walls of the upper chamber and removing all of the upper chamber media and added to
1,000 �l of RNAprotect bacterial reagent (Qiagen). After 5 min, the protected cells were collected by
centrifugation, and the supernatant was decanted before the pellets were frozen at �80°C.

RNA was prepared using a Qiagen RNeasy kit, according to the manufacturer’s protocol, with the
following changes. Prior to extraction, cell pellets were resuspended in 200 �l of Tris-EDTA (TE)
supplemented with 3 mg/ml lysozyme and incubated at room temperature for 20 min. An on-column
DNase I treatment was performed before the RNA was eluted in RNase-free water. Samples were then
treated a second time with RNase-free DNase I (NEB) and incubated for 1 h at 37°C before a second round
of RNeasy column purification was performed.

Microarray methodology. Microarray analysis was performed by the Vermont Genetics Network
Microarray Facility using Affymetrix Pseudomonas aeruginosa PAO1 gene chips and DNA probes gener-
ated by the NuGEN Pico system. Tap water (PW) was assessed in biological triplicate and the other
conditions in biological duplicate, and signals from all probes for a given gene were averaged into one
probe intensity using the Expression Console and Transcriptome Analysis Console software package
version 2.0 (Affymetrix). Transcript changes were identified as those exhibiting at least a 3-fold change
in signal between compared conditions using reliability, maintainability, and availability (RMA) analysis
and a P value of �0.05.

Growth conditions and RNA preparation for quantitative reverse transcription-PCR. All of these
samples were frozen within an hour of collection and stored at �20°C before being thawed, filtered
through 0.22-�m-pore-size filters, and heat treated at 70°C as described for the microarray experiments.
Cells were pregrown in 1/2R2B overnight at 30°C with shaking, collected by centrifugation, washed under
the conditions to which they would be exposed, resuspended at an OD600 of 0.4 in 600 �l in a 24-well
dish, and incubated at 22°C for 3 h. Water samples were taken from a municipal water-supplied tap in
the corresponding author’s residence (Essex, VT), a well water-supplied tap (Jericho, VT), the mesotrophic
Indian Brook Reservoir (Essex, VT), the eutrophic Colchester Pond (Colchester, VT), and the Winooski River
(Williston, VT).

Quantitative RT-PCR. Growth conditions and RNA preparations were carried out as described above
(in biological triplicate). cDNA was generated using Superscript II with random hexamers and 100 ng of
total RNA isolated from each strain under each condition. Quantitative RT-PCR was performed with
technical duplicates using NEB’s Q5 2� minimal medium (MM) supplemented with SYBR green I nucleic
acid gel stain (Thermo Fisher Scientific) at a final concentration of 0.2�, as previously described (56), and
the primers are listed in Table 1. For each gene, transcript abundance was determined using a genomic
DNA standard curve dilution series. Each sample for each transcript was normalized to its cognate ppiD
abundance before conversion to relative expression based on the average expression level in the
noninduced control sample (1/2R2B).

Competition experiments. Cells were grown in MOPS medium with 5 mM pyruvate and 0.5 mM
glucose overnight with shaking at 30°C. Cells were collected by centrifugation, resuspended at an OD600

of 0.1 in modified MOPS medium lacking both carbon and nitrogen sources, and incubated for 3 h with
shaking at 30°C. After this starvation period, cells from the WT and the respective mutants were mixed
and diluted 100-fold, and this cell mixture served as a 100� stock added to municipal tap water (Essex,
VT), surface water from the mesotrophic Indian Brook Reservoir (Essex, VT), 1/2R2B, or MOPS medium
with 20 mM pyruvate and 5 mM glucose. The tap and pond water samples had been previously filter
sterilized and heat treated for 30 min at 70°C, as described in “Microarray methodology” above, the MOPS
medium was filter sterilized, and the 1/2R2B was sterilized by autoclaving. An aliquot was taken from the
inoculum stock to calculate input ratios, and samples were incubated in their respective environments
with shaking at 30°C for 24 h. After this incubation, samples were taken from each replicate. To
differentially count WT and mutant CFU, we utilized the known auxotrophies of each mutant strain. All
three mutant strains and WT could grow equally well on MOPS medium with 20 mM glucose as the main
carbon source and 2 mM glycine betaine as the sole nitrogen source. To differentiate the two strains in
competition, the mixtures were also plated on MOPS with 20 mM glucose as the main carbon source and
2 mM choline, ethanolamine, or uracil as the sole nitrogen source, which did not allow growth of the
ΔbetBA, ΔeutB, or Δdht mutant, respectively. Using this system, WT CFU were calculated from the
restrictive plates, and mutant cell numbers were calculated by subtracting the WT CFU from the total CFU
on the permissive MOPS-glycine betaine plates. Mutant CFU was then divided by the WT CFU to calculate
the competitive index normalized to that ratio from the time zero (T0) point.

This method of differentiation was required because we determined from pilot experiments that the
nutrient/growth stress in these environments compared to standard lab conditions led to any cells
expressing a chromosomal lacZ or an antibiotic resistance marker to have a decreased competitive index
in WT-versus-WT competition experiments.

Statistical analysis and data visualization. Microarray statistics were calculated as described in
“Microarray methodology” above using RMA. There were three biological replicate tap (PW) arrays and
two each for the other conditions. BioVenn (57) was used to generate the Venn diagram precursor. All
other statistical analyses and figure generation were conducted in GraphPad Prism. Gene functional
classification was done by manually combining related GO, COG, and KEGG predictions into more general
functions.

Statistics for Fig. 4 were calculated using one-way ANOVA with a Dunnett’s corrected posttest. This
statistical framework was used because our hypothesis was that the competitive index was altered
compared to the input ratio within each mutant/WT mixture.
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Accession number(s). Array data are available in the GEO database under accession number
GSE104819.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.02350-17.

SUPPLEMENTAL FILE 1, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
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