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ABSTRACT The laboratory strain of Pseudomonas aeruginosa, PAO1, activates genes
for catabolism of adenosine using quorum sensing (QS). However, this strain is not
well-adapted for growth on adenosine, with doubling times greater than 40 h. We
previously showed that when PAO1 is grown on adenosine and casein, variants
emerge that grow rapidly on adenosine. To understand the mechanism by which
this adaptation occurs, we performed whole-genome sequencing of five isolates
evolved for rapid growth on adenosine. All five genomes had a gene duplication-
amplification (GDA) event covering several genes, including the quorum-regulated
nucleoside hydrolase gene, nuh, and PA0148, encoding an adenine deaminase. In
addition, two of the growth variants also exhibited a nuh promoter mutation. We re-
capitulated the rapid growth phenotype with a plasmid containing six genes com-
mon to all the GDA events. We also showed that nuh and PA0148, the two genes at
either end of the common GDA, were sufficient to confer rapid growth on adeno-
sine. Additionally, we demonstrated that the variant nuh promoter increased basal
expression of nuh but maintained its QS regulation. Therefore, GDA in P. aeruginosa
confers the ability to grow efficiently on adenosine while maintaining QS regulation
of nucleoside catabolism.

IMPORTANCE Pseudomonas aeruginosa thrives in many habitats and is an opportu-
nistic pathogen of humans. In these diverse environments, P. aeruginosa must adapt
to use myriad potential carbon sources. P. aeruginosa PAO1 cannot grow efficiently
on nucleosides, including adenosine; however, it can acquire this ability through ge-
netic adaptation. We show that the mechanism of adaptation is by amplification of
a specific region of the genome and that the amplification preserves the regulation
of the adenosine catabolic pathway by quorum sensing. These results demonstrate
an underexplored mechanism of adaptation by P. aeruginosa, with implications for
phenotypes such as development of antibiotic resistance.
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Pseudomonas aeruginosa grows in a wide variety of environments (1). The ecological
versatility of P. aeruginosa has been attributed to its large genome, high occurrence

of genetic regulatory pathways, and high proportion of genes involved in the metab-
olism and transport of organic compounds (2). P. aeruginosa is an opportunistic
pathogen of humans that can cause chronic lung infections such as those associated
with cystic fibrosis patients (3).

To survive in such a broad range of environments, P. aeruginosa must adapt to a
myriad of conditions. Such adaptations occur via two general mechanisms. The first is
based on regulation affecting gene transcription while the second occurs from genetic
alterations (4). These genetic mechanisms include single-nucleotide changes and ge-
netic rearrangements (4). One method of reversible genetic adaptation is gene
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duplication-amplification (GDA), which results in increased gene copy number (5, 6).
GDA at a given locus can occur several orders of magnitude more frequently than
spontaneous point mutations (4, 7). GDA has been associated with bacterial survival in
extreme or variable conditions, including antimicrobial exposure or growth on subop-
timal nutrient sources, and may have a role in rapid coevolution between host and
pathogens (8).

Gene amplification allows the genome to expand and contract dynamically, with
duplication length changes occurring in approximately 1 out of every 100 dividing cells
after the initial duplication has occurred (5, 9, 10). GDA may be transient and therefore
difficult to detect because the copy number change can be lost within several gener-
ations due to loss of selective conditions or other genetic changes that reduce the
benefit from increased gene dosage (4, 6). Modern next-generation sequencing meth-
ods allow for more ready detection of GDA, as the generated reads will increase in
number in proportion to the magnitude of a GDA (11, 12). In addition to the read depth,
“split reads” spanning novel GDA junctions can identify new genomic sequences
created by the GDA, compared to the reference genome (12–14).

GDA allows for adaptation to conditions that impose severe demands on regulatory
systems (15, 16). Among the genetic regulatory pathways of P. aeruginosa is its quorum
sensing (QS) system, which controls the production of a battery of virulence factors,
secreted enzymes, and secondary metabolites, based on threshold population densities
(17). P. aeruginosa QS is complex and involves multiple transcriptional regulators,
including two complete N-acyl-homoserine lactone (AHL) QS systems, LasR-I and RhlR-I
(17–20). LasR responds to the signal N-3-oxo-C12-homoserine lactone (3OC12-HSL),
which is produced by LasI.

Genes coding for extracellular products are overrepresented in the LasR regulon
(21). The list of LasR-induced products includes the secreted protease elastase (22), a
“public good” shared among the population (23, 24). When elastase production is
required for growth, such as when P. aeruginosa grows on the milk protein casein,
LasR-null mutants emerge (23–25). These individual bacteria are “social cheaters” that
avail themselves of the elastase produced by QS-intact cooperators but do not engage
in QS themselves (23, 24, 26). P. aeruginosa has several mechanisms to deter social
cheating in populations, including policing of cheaters by QS-dependent hydrogen
cyanide (27), deferring synthesis of QS products until stationary phase (28, 29), and
coregulation of intracellular “private goods” with public goods by LasR (25).

Adenosine catabolism (30–32) by P. aeruginosa is dependent on LasR-regulated
transcription of nuh (33), which encodes a cellular nucleosidase, a “private good.” Nuh
is also required for growth on inosine (25). The nuh gene product hydrolyzes adenosine
into adenine and ribose, and inosine into hypoxanthine and ribose (Fig. 1). Adenine is
subsequently deaminated to produce hypoxanthine, which is degraded to glyoxylate
and urea (30, 31, 33). Ribose can be metabolized through the pentose phosphate
pathway (2).

We previously examined the long-term growth of P. aeruginosa strain PAO1 in a
minimal medium containing casein and adenosine as carbon and energy sources
(25). We showed that the quorum-controlled linkage of elastase to cellular nuh
expression suppressed emergence of social cheaters in the population by providing
a metabolic incentive to cooperate. We also observed that the parent strain PAO1
grew slowly on adenosine as a carbon and energy source (with doubling times
greater than 40 h), but after about 100 doublings in casein plus adenosine,
populations transferred to adenosine minimal medium grew relatively rapidly
(doubling times of about 5 h).

We investigated the genetic mechanism allowing P. aeruginosa to more efficiently
use adenosine as a carbon and energy source, and the impact of adaptation to fast
growth on adenosine on regulation by QS. We show that all the adenosine growth
variants we examined contained a GDA region that included nuh.
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RESULTS
The growth rate of P. aeruginosa PAO1 increases after prolonged growth in the

presence of adenosine. Wild-type P. aeruginosa PAO1 showed a doubling time of
about 40 h when grown on photosynthetic medium (PM; see Materials and Methods)
containing 1% adenosine (PM-adenosine) (Fig. 2A). We previously reported that daily
passage of PAO1 for 25 days on medium containing 0.75% adenosine and 0.25% casein
resulted in emergence of adenosine growth variants (25). These variants grew more
rapidly on PM-adenosine than the parent strain did (Fig. 2A, variants A and B). We
performed a similar experiment with 0.9% adenosine and 0.1% casein medium, and
after 14 days, we again identified adenosine growth variants (Fig. 2A, variants C, D, and
E). Doubling times in PM-adenosine varied between 5 to 12 h (Fig. 2A and Table 1).
Additionally, there was reproducible variation in the lag phase, with 2 of the 5 (variants
C and E) isolates demonstrating lag phases of about 50 h, while the other variants
demonstrated minimal lag. The phenotypes of variants A to E were stable and growth
rates in PM-adenosine were maintained after single isolates were grown for 18 h in
LB-morpholinepropanesulfonic acid (LB-MOPS).
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FIG 1 Adenosine catabolism in Pseudomonas aeruginosa. Nuh, the PA0143 gene product, is a nucleosi-
dase that can cleave the base from adenosine or inosine to release ribose (31, 33). PA0148 is involved in
the deamination of adenine (35). PA0148 cannot catalyze the deamination of adenosine (35) and there
is no gene known to encode an adenosine deaminase in P. aeruginosa. Hypoxanthine is metabolized in
multiple reactions to urea (31).

Time (h)

C
el

l D
en

si
ty

 (O
D

60
0)

0 50 100 150

0.01

0.1

1

10 A B D E

PAO1 

nuh 

lasI  +3OC12-HSL lasI 

PAO1 

0 100 150 200 250

0.01

0.1

1

10

Time (h)

lasR 
A B

 PA0148

C

FIG 2 Growth of P. aeruginosa in adenosine broth. (A) Growth of P. aeruginosa PAO1 and five variants (A
to E) in PM-adenosine. Cell density was measured as optical density at 600 nm. Isolates A and B arose during
passage in 0.75% adenosine, 0.25% casein broth and C to E arose during passage in 0.9% adenosine, 0.1%
casein broth. (B) Long-term incubation of PAO1 and nuh, PA0148, lasI, and lasR deletion mutants in
PM-adenosine. After approximately 150 h, the growth rates of wild type, LasI� PAO1 (with or without 2 �M
3OC12-HSL), and LasR� PAO1 accelerated. Deletion mutants of nuh and PA0148 mutants were unable to
grow on adenosine as a sole carbon and energy source.
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We next asked if adenosine growth variants could emerge from the wild type
without casein in the medium. Four colonies of wild-type PAO1 were used to
inoculate PM-adenosine. After about 150 h, the growth rate began to accelerate
(Fig. 2B). The ability to grow on adenosine was dependent on nuh and the adenine
deaminase PA0148, as deletion mutants of the parent strain were unable to grow
on adenosine (Fig. 2B). We next asked if the phenotype was dependent on the QS
transcription factor LasR. Both a LasR� mutant and a LasI� mutant (with or without the
addition of the 3OC12-HSL signal) eventually acquired the adenosine growth variant
phenotype (Fig. 2B), suggesting that the adaptation did not involve QS transcription
factors.

All adenosine growth variants have a duplicated genomic region encompass-
ing PA0143 to PA0148. To determine the genetic changes associated with this
heritable phenotype, we compared the genomes of the wild type to all five variants. We
did not identify a nucleotide substitution, insertion, or deletion common to all aden-
osine fast-growing variants (see Table S2 in the supplemental material), although two
variants (A and B) harbored a mutation in the �35 region of nuh (Tables 1 and S2). All
variants showed increased read depth compared to that of the wild type in the region
containing nuh (Fig. 3) compared to the average read depth in other parts of the
aligned genome.

The increase in read depth is consistent with the hypothesis that the adenosine
growth variant phenotype was directly related to a gene duplication-amplification
event (GDA). The length and magnitude of the GDA were variable between the isolates
(Table 1 and Fig. 3; see also Table S3 in the supplemental material). In all variants, we
confirmed the length of the duplicated region by inference from novel reads identified
in our sequencing, i.e., split read analysis (13, 34), and copy number variation analysis
(Table S3). We also confirmed the novel junction in variant A by direct sequencing.

A 6-kb genomic region was amplified across all variants (Fig. 3 and Table S3). This
region contained several genes coding for enzymes in the nucleoside degradation
pathway. The genes included in the GDA were as follows: PA0143 (nuh); PA0144,
encoding a hypothetical nucleoside deoxyribosyltransferase; PA0145, encoding an-
other hypothetical nucleoside deoxyribosyltransferase; PA0146, encoding a hypothet-
ical basic membrane protein; PA0147, encoding a hypothetical oxidoreductase; and
PA0148, encoding an adenine deaminase (35). Both nuh and PA0144 possess a LasR-
RhlR binding motif upstream of the open reading frame (ORF) (36–39). An additional
5-kb region was amplified in all but one variant (variant C); genes included in this 5-kb
region of the genome include PA0149, encoding an extracytoplasmic function
sigma-70 factor (40); PA0150, encoding an anti-sigma factor; PA0151, encoding a
probable TonB-dependent receptor; pcaQ, encoding transcriptional regulator PcaQ

TABLE 1 Doubling times and genetic alterations of adenosine growth variants

Strain Promotera

Doubling
time (h)

Gene duplication-amplification results

Start
nucleotideb

End
nucleotideb Size (kb) Copy no.c

Variants
A Variant 5 132143 222860 90.7 2
B Variant 7 161949 186875 24.9 10
C wt 9 146392 169812 19.7 9
D wt 5 162685 175070 12.4 10
E wt 12 138531 196457 57.9 3

wt PAO1 wt 45 1
aPromoter sequence compared to wild-type (wt) PAO1. The variant promoter contains a C-to-T substitution
at nucleotide 163308 (based on PAO1 reference on www.pseudomonas.com).

bStart and end nucleotides of amplified region from cross-referencing split read and copy number variation
analysis using StrandNGS 2.9.

cCopy number was estimated using the copy number variant analysis feature of StrandNGS 2.9, divided by 2
to account for the haploid nature of bacteria.
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(41); pcaH, encoding a protocatechuate 3,4-dioxygenase, beta subunit; and part of
pcaG, encoding the alpha subunit of protocatechuate 3,4-dioxygenase, which is impor-
tant for catabolism of phenolic compounds (42, 43).

Increased gene copy number of the core amplified region confers an adenosine
growth variant phenotype. To determine whether an increase in the gene dosage
discussed above was sufficient to confer the adenosine growth variant phenotype, we
used the plasmid pBBR1MCS-5 (44) to increase the gene copy number of the 6-kb
region common to all variants. Pseudomonas aeruginosa contains approximately 5
copies of this plasmid per cell (45). We cloned the region encompassing PA0143 to
PA0148 into pBBR1MCS-5 (see Table S1 in the supplemental material). Both the wild
type and the LasR� mutant containing PA0143 to PA0148 mimicked the adenosine-
growth variant phenotype (Fig. 4). Furthermore, we reasoned that the key genes were
likely nuh (PA0143) and PA0148, as their products can act in concert to hydrolyze and
deaminate adenosine (Fig. 1), yielding ribose and hypoxanthine. To determine if nuh
and PA0148 were the minimal genes required for the phenotype, we simultaneously
overexpressed only nuh and PA0148. The concurrent overexpression of the nucleosi-
dase (Nuh) and the adenine deaminase (the PA0148 gene product) conferred the
adenosine growth phenotype and was indistinguishable from growth resulting from
the overexpression of the whole region encompassing PA0143 to PA0148 (Fig. 4A).

Additionally, we queried whether the nuh promoter mutation in variants A and B
accelerated or otherwise changed growth on adenosine, by cloning the PA0143 to
PA0148 region containing the variant promoter (Tables 1 and S1) into pBBR1MCS-5. The
presence of the variant promoter resulted in accelerated growth compared to the wild
type (Fig. 4). Expression of either empty vector (Fig. 4) or pBBR1MCS-5 containing
PA0144 or PA0148 alone in PAO1 resulted in no increase in growth rate on 1%
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adenosine (data not shown). We therefore conclude that duplication of the region
encompassing PA0143 through PA0148 is required for fast growth on adenosine.

Overexpression of nuh alone does not result in fast growth on adenosine. As
discussed above, whole-genome sequencing demonstrated that two variants (A and B)
harbored a C to T substitution at the second base pair of the �35 box of the nuh
promoter (Fig. 5, top). The only other genetic change observed in more than one
variant was mutation of psdR. PsdR is a transcriptional repressor of genes involved
in the uptake and intracellular degradation of dipeptides in P. aeruginosa (46).
Inactivation of PsdR has been shown to improve proteolytic growth on casein (47).
Although we identified myriad other mutations, none was common to two or more
variants (Table S2).

In variants A and B, a single allele of nuh was observed that contained the promoter
mutation (i.e., every copy of the gene contained the promoter mutation). The C to T
promoter substitution results in a �35 sequence closer to the consensus sequence than
the wild type, and therefore we predicted that it would result in enhanced transcription
of nuh while preserving the LasR binding site (37, 48–51) (Fig. 5, top). We only observed
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FIG 4 Increased copy number of the 6-kb region confers an adenosine-growth variant phenotype. (A)
Growth curves of PAO1 expressing the plasmid pJT7, which contains the PA0143 to PA0148 region from
PAO1 with either the wild-type (black) or variant (red) nuh promoter. Additionally, we expressed the
plasmid pJT10 (blue), which contains only PA0143 and PA0148, in PAO1. (B) Growth curves of PAO1 ΔlasR
containing pJT7 with either the wild-type (black) or variant (red) promoter. In both panels, the empty vector
pBBR1MCS-5 is shown (orange). Cell density is measured as optical density at 600 nm.

FIG 5 Influence of the nuh promoter mutation on nuh expression. (Top) The promoter mutation (var) was found
in variants A and B. Shown are the LasR binding site (36), the predicted �10 and �35 sequences, the E. coli
consensus (white text) (50, 51), and the ATG start codon. The transcription start site has not been experimentally
resolved (66). (Bottom) We used a nuh-gfp fusion to measure transcriptional activation from the wild-type and
variant promoters. Data are presented as total fluorescence divided by OD600. In the absence of LasR, GFP was
below the limit of detection from the wild-type promoter. Expression of the variant promoter in a LasR� mutant
resulted in a 4.5-fold increase in GFP compared to the wild-type promoter in PAO1. In PAO1, the variant promoter
was associated with an 18.5-fold increase in GFP compared to the wild-type promoter sequence. All pairwise
comparisons are statistically significant using a t test (P � 0.001 in all cases).
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the promoter mutation in the two variants that had grown on adenosine longer than
20 days.

We asked whether overexpression of nuh alone might confer the adenosine-
growth variant phenotype. We placed nuh under the control of an arabinose-
inducible promoter (pJN105.Nuh) in wild-type PAO1 and found that addition of
exogenous L-arabinose (0.1% to 2.0%), which cannot be used by P. aeruginosa as a
carbon source (52), did not result in faster growth on adenosine (data not shown).

The nuh promoter mutation retains LasR regulation of nuh. Next, we assessed
the impact of the �35 promoter mutation on nuh transcription by creating a Pnuh-gfp
reporter plasmid. Thus, we could relate green fluorescent protein (GFP) expression to
nuh transcription associated with either wild-type or variant promoter sequences (Fig.
5, bottom). As expected, expression of the wild-type promoter fusion in PAO1 resulted
in a low but detectable level of GFP, and expression in a LasR� background resulted in
minimal transcription of gfp. This finding is consistent with previous data (33). The
single-nucleotide change found in variants A and B increased transcription (Fig. 5,
bottom) in both LasR� and LasR� backgrounds. The promoter mutation in a LasR�

background resulted in an 18.5-fold increase in GFP fluorescence compared to that in
the wild-type promoter. In a LasR� background GFP was only detectable from the
variant promoter. The expression of the variant promoter in a LasR� background was
4.5-fold more than the maximum expression of the wild-type promoter in a LasR�

background. Therefore, although transcription of nuh is increased in a LasR� individual
harboring the nuh promoter mutation, a LasR� cell would still have greater levels of
gene transcription. This finding is consistent with microarray and proteomics data
which show approximately a 5-fold induction of nuh transcription and protein levels by
LasR (21, 53).

DISCUSSION

We investigated the mechanism by which P. aeruginosa PAO1 acquires the ability to
grow rapidly on adenosine as a sole carbon and energy source, and discovered that this
process is mediated in large part by GDA. Amplification of the genomic region of PAO1
from PA0143 to the end of PA0148 significantly reduced the doubling time on
adenosine as a sole carbon and energy source. We created a synthetic gene duplication
by cloning this 6-kb region into a moderate-copy-number plasmid, and in doing so, we
recapitulated the variant phenotype of increased growth rates in 1% adenosine me-
dium (PM-adenosine) (Fig. 4).

We discovered that coexpression of just the two flanking genes of the common
GDA, PA0143 and PA0148, was necessary for the phenotype, as plasmids expressing
these genes individually did not confer the adenosine growth enhancement pheno-
type, but a plasmid with both genes did confer rapid growth on adenosine. These
findings indicate that P. aeruginosa requires expression of the deaminase encoded by
PA0148 in addition to the nuh gene product to effectively use adenosine as a carbon
and energy source. This result is consistent with the idea that adenosine catabolism in
P. aeruginosa takes place by hydrolysis of adenosine to adenine and ribose, followed by
deamination of adenine (Fig. 1), as the PA0148 gene product does not catalyze the
deamination of adenosine (35).

Two of the intervening genes included in the GDA, PA0144 and PA0145, have no
reported function but are orthologous to those in nucleoside degradation pathways of
other pseudomonads (54) and might have a role in catabolism of nucleosides other
than adenosine. It is difficult to speculate on the roles of PA0146 and PA0147, as their
orthologs are for a hypothetical basic membrane protein and oxidoreductase, respec-
tively, but these genes are not necessary for the phenotype as expression of PA0143
and PA0148 together was sufficient to confer fast growth on adenosine.

In addition to the GDA, we also describe a promoter mutation that was found in two
variants. This substitution in the promoter region of nuh results in increased nuh gene
transcription (Fig. 5). However, this mutation maintains QS regulation: transcription is
4-fold higher in the presence of active LasR than in a LasR mutant (Fig. 4). This nuh
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promoter mutation occurred in the two variants (A and B) isolated after 25 days of
growth on casein-adenosine broth. Gene amplification followed by subsequent muta-
tion within the duplicated region is well described (4, 6). In the case of our adenosine-
growth variant, these two mechanisms appear to be complementary. The GDA is
apparently required for the adenosine growth phenotype, as even the isolates with the
variant nuh promoter carried multiple copies of the region in question (Table 1).

Upregulation of a designated gene via promoter mutation is estimated to be 5 to 8
orders of magnitude less frequent than GDA of the same gene (55, 56). We do not know
the mechanism of acquiring the nuh promoter mutation associated with variants A and
B, but it is striking that a single nuh allele is present in all variants. It is possible that the
nuh promoter mutation was acquired prior to the GDA; however, we do not know
under what circumstances the nuh promoter variant might be beneficial in the absence
of GDA. We did not observe a growth benefit in adenosine broth solely with overex-
pression of nuh, which suggests that any benefit of increased expression of nuh is
unresolvable under the conditions of our experiments.

An alternate possibility is that the GDA occurred prior to the mutation. Given that
a single nuh allele is seen in all variants, the variant allele would therefore need to
replace the wild-type nuh allele. The dynamic nature of GDA may facilitate this by
allowing for contraction of gene copies with the wild-type allele, while copies of the
variant allele are preserved or further amplified. Previously, it was shown that a
fitness-improving mutation reduces selection for amplification and in some instances
the copy number may even be reduced to one (9); however, we have shown that
amplification of multiple genes is important for the phenotype, and it would be difficult
to account for the loss of all duplicated copies of the entire region before reamplifi-
cation occurred. Another explanation for the selection of the promoter mutation is that
selective pressure for improved adenosine growth varies throughout the daily passag-
ing of the evolved cultures. One possibility is that selection occurs at conditions of low
cell density such as during the daily passage before growth achieves a threshold
population density to activate quorum sensing. The promoter mutation is associated
with increased nuh expression (Fig. 5, bottom). There is a noticeable growth advantage
associated with the variant promoter compared to the wild-type promoter under
conditions where LasR is not present (Fig. 4). This result supports the possibility that the
variant nuh allele could arise either before or after an initial GDA due to selection during
low population density.

The GDA we observed had an interesting consequence on regulation of adenosine
catabolism by the QS transcription factor LasR. We observed that either a LasR� or
LasI� mutant can acquire the ability to grow on adenosine as a carbon and energy
source (Fig. 2). An essential gene for adenosine catabolism, nuh, is known to have an
element of LasR-independent transcription (21, 33). Neither the gene amplification nor
the �35 promoter mutation changed this basic feature of nuh regulation. In both cases,
the presence of signal-bound LasR resulted in higher transcription of nuh than in the
absence of LasR. However, the basal transcription of nuh (in the absence of LasR) was
increased by the promoter mutation, decreasing the requirement for LasR. This finding
is consistent with the fact that the mutation occurred in the promoter without altering
the LasR binding site (Fig. 5, top).

One might predict that the partial decoupling of the intracellular enzyme Nuh from
QS and subsequently from elastase production might allow for the invasion of LasR�

mutants in media containing both casein and adenosine as carbon and energy sources.
However, we did not observe such a phenomenon (25) and our growth experiments
with the synthetic duplication demonstrate a growth advantage for QS wild type
compared to LasR-null strains (Fig. 4). These data suggest that in PM-adenosine the
benefit of lasR mutation is not sufficient to offer a fitness advantage against the wild
type, and LasR mutants would be unable to invade a population of LasR wild-type cells.

Our work demonstrates that GDA is a reproducible pathway to enhance nucleoside
catabolic abilities in P. aeruginosa PAO1. A GDA encompassing genes PA0143 to
PA0148 improves the ability of PAO1 to grow on adenosine as a carbon and energy
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source. These results offer insights into the social and metabolic environment of P.
aeruginosa and have relevance to its adaptation as a pathogen in the myriad settings
where this bacterium causes a chronic infection.

MATERIALS AND METHODS
Bacteria, plasmids, and primers. The bacteria, plasmids, and primers used are listed in Table S1 in

the supplemental material. All mutants were created by using allelic exchange (57, 58) with a suicide
vector containing in-frame deletions constructed by splice-overlap extension PCR (59) or Escherichia coli
DH5�-mediated assembly (60). Gentamicin was used to maintain plasmids in E. coli (10 �g per ml) and
P. aeruginosa (100 �g per ml). Where indicated, 2 �M 3OC12-HSL (Cayman Chemical, Ann Arbor, MI) was
added to cultures.

To construct plasmids for expression of the entire region encompassing PA0143 to PA0148, we used
E. coli DH5�-mediated assembly (60). In this approach, there are separate primers for the vector
(designated “V.F” and “V.R” [see Table S1 in the supplemental material]) and for the genomic regions
consisting of PA0143 to PA0148 (pJT7 primers). These primers were also employed to create the
coexpression plasmid of PA0143 (pJT10_nuh R) and PA0148 (pJT10_PA0148 F) (Table S1).

Plasmids for expression of specific genes in the region of PA0143 to PA0148 were constructed using
restriction enzyme-based cloning (61). Individual genes were amplified by PCR and cloned into
pBBR1MCS-5 (44). Primers for nuh (pJT4 primers), PA0144 (pJT5 primers), and PA0148 (pJT3 primers) with
the associated restriction endonuclease sites are listed in Table S1.

To assess transcription from the nuh promoter, either the wild-type nuh promoter or the variant nuh
promoter was fused to gfp in the plasmid pPROBE-GT (62) to form Pnuh-wt or Pnuh-var, respectively. We
measured GFP fluorescence after overnight growth of P. aeruginosa electrotransformed with either
plasmid. Additionally, nuh was placed under the control of the pbad arabinose-inducible promoter on the
plasmid pJN105 (63) using primers Pnuh.HindIII F and Pnuh.BamHI R (Table S1).

Growth conditions. In all experiments, P. aeruginosa PAO1 (2) was used as the wild-type strain and
grown in LB with 50 mM morpholinepropanesulfonic acid (MOPS) at pH 7.0 (LB-MOPS), or in PM minimal
medium (64) supplemented with casein, adenosine, or both (total carbon 1%, wt/vol) (25). Cells were
grown at 37°C with shaking (225 rpm). To start experiments in PM-casein-adenosine, we prepared
overnight cultures in LB-MOPS, inoculated 3 ml of PM-casein-adenosine broth with 20 �l of the overnight
culture, and incubated for 36 h. Subsequent daily transfers were 30 �l of the previous day’s culture into
3 ml fresh PM-casein-adenosine. Individual variants were selected by plating onto LB agar from passage
experiments with 0.75% adenosine and 0.25% casein (variants A and B isolated at 25 days) or 0.9%
adenosine and 0.1% casein (variants C, D, and E isolated at 14 days). For arabinose-inducible gene
expression, we added 0.01 to 2% L-arabinose to cultures (63, 65). L-Arabinose cannot be used as an
energy source by P. aeruginosa (52).

For growth curves and subsequent whole-genome sequencing, isolates were grown overnight, then
subcultured in LB-MOPS. Cells at mid-logarithmic phase were used to inoculate 25 ml PM-adenosine in
250-ml flasks at an optical density (OD) at 600 nm (OD600) of 0.02. DNA was isolated from samples taken
in early stationary phase (OD � 2.0) for whole-genome sequencing as described below. Growth curves
were in triplicate.

Whole-genome sequencing. Genomic DNA for sequencing was purified from stationary-phase
cultures of variants grown in LB-MOPS or PM-adenosine using the Gentra Puregene Yeast/Bact. kit
(Qiagen Sciences, Germantown, MD). We used an Illumina MiSeq to complete whole-genome sequencing
with paired 150-bp reads. We aligned reads to the published sequence of P. aeruginosa PAO1 (accession
NC_002516) using StrandNGS version 2.9 software (Strand Life Sciences, Bangalore, India). This software
was used to assess read depth, split read, and calculate copy number differences for the duplications.

Accession number(s). Raw sequencing reads of adenosine growth variants have been deposited to
NCBI SRA BioProject PRJNA342344 under BioSample accessions SAMN06678220, SAMN06678221,
SAMN06678222, SAMN06678223, SAMN06678224 (variants A to E), and SAMN06689578 (PAO1).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JB
.00261-17.

SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
SUPPLEMENTAL FILE 2, PDF file, 0.1 MB.
SUPPLEMENTAL FILE 3, PDF file, 0.1 MB.
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