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Regulation of Polyphosphate Kinase Production by Antisense RNA in

Pseudomonas fluorescens P0-1
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Pseudomonas spp. adapt rapidly to environmental fluctuations. Loss or overproduction of polyphosphate reduces the fitness of
Pseudomonas fluorescens Pf0-1, indicating the importance of the fine-tuning of polyphosphate production. An antisense RNA
was investigated and shown to regulate the polyphosphate kinase gene (ppk) by a posttranscriptional mechanism reducing ppk

transcript abundance.

N atural environments present a multitude of challenges to
which bacteria have robust and efficient solutions. In soils,
bacteria must respond to changing environmental conditions, in-
cluding temperature, moisture, pH, nutrient levels, and popula-
tions of competing species. Studies of growth in soil and plant
environments have shown that numerous genes are upregulated
relative to their levels in in vitro culture (8, 24, 28, 32, 35), indicat-
ing that a complex and mostly unexplored suite of genetic mech-
anisms are utilized for optimal growth in nonlaboratory settings.
We have been exploring the genetic basis underlying the fitness of
Pseudomonas fluorescens Pf0-1 in a loam soil (for examples, see
references 3, 13, 15, and 31). Such studies give insight into ecologic
success and are of importance for the optimization of applications
such as the biologic control of plant pathogens and the bioreme-
diation of contaminated sites. These applications require that use-
ful bacteria be able to compete with indigenous microbes and
persist for a sufficiently long time to be successful.

Several different systems have been implicated in the mainte-
nance of the optimal fitness of P. fluorescens Pf0-1 in soil. For
example, the transcriptional regulator AdnA is required for
growth and spread under field conditions (15) and the gene cosA is
required for efficient colonization of sterile soil (31). We recently
showed that inorganic polyphosphate (PolyP) is important for the
competitive fitness of P. fluorescens Pf0-1 (33). PolyP is a chain of
inorganic phosphate (P;) molecules joined by phosphoanhydride
bonds, the formation of which in bacteria is catalyzed by the en-
zyme PolyP kinase. Molecules of PolyP, which can be greater than
100 monomers, are found in all branches of life on earth (14).In a
range of bacteria, PolyP has been associated with numerous phe-
notypes, including virulence (12, 27), quorum sensing (27), mo-
tility (20, 26, 30, 37), and survival (12, 25, 33). Furthermore, ab-
sence of PolyP has often been associated with pleiotropic effects
but these phenotypes vary greatly among different species (2).

The gene ppk, specifying PolyP kinase, is part of the Pho regu-
lonin P. fluorescens and is therefore upregulated in response to low
levels of available P; (33). The Pho regulon is controlled by the
two-component regulatory pair PhoB and PhoR in response to
low extracellular levels of P;. When the environmental P; level is
low, the histidine kinase PhoR phosphorylates PhoB, which in
turn binds promoters of Pho regulon genes, thus activating the
response to phosphate starvation. Critical to this system is the
high-affinity transport complex PstSCAB-PhoU, which imports
P; at times of P; starvation and also negatively regulates PhoR
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phosphorylation of PhoB (36), thus repressing the entire Pho
regulon. In our experiments with a ppk mutant of P. fluorescens
Pf0-1, we observed that loss of PolyP production led to a reduction
in competitive fitness (33). However, our prediction that overpro-
duction of PolyP in a pst mutant would relieve the fitness defect
proved to be incorrect. In fact, the pst mutant had a greater com-
petitive fitness defect than the ppk mutant. A pst ppk double mu-
tant had the same competitive fitness phenotype as a ppk single
mutant; the ppk deletion rescued the more severe pst-related phe-
notype, indicating that both the absence and the overproduction
of PolyP are deleterious, suggesting that precise control of PolyP
production is important for survival in soil.

In a previous study which aimed to identify soil-induced genes
in P. fluorescens Pf0-1, a transcriptionally active sequence anti-
sense to ppk (termed iiv8) was discovered (32). Given the apparent
need for the fine-tuning of ppk expression, we examined whether
this sequence codes for a protein or antisense RNA (asRNA) that is
capable of modulating PolyP production and determined the
mode of asRNA action.

Construction of an iiv8 expression vector. The gene iiv8 is
upregulated during growth in soil (32), but specific factors influ-
encing the expression of 7iv8 are currently unknown. Therefore, to
allow induced expression above basal levels we constructed a plas-
mid carrying iv8 under the control of the Py,;, promoter. The
658-bp 7iv8 transcribed region previously determined by 5’ and 3’
rapid amplification of cDNA ends (33) was amplified by PCR using
primers iiv8BAD-F (5'-GAGGAATTCGCTGTTTTGCAGCAGTT
TCG-3' [EcoRlI restriction site is in italics]) and iiv8BAD-R (5'-G
AGAAGCTTGCGCTTCATCCGTCGTCG-3" [HindIII restric-
tion site is in italics]), resulting in a 658-bp amplicon spanning
positions 6131885 to 6132542 of the Pf0-1 genome. Using the
EcoRI and HindIII restriction sites included in the primers, the
iiv8 amplicon was cloned with pHERD26T (Tet") (23), resulting
in the plasmid pHERDIiv8, in which iiv8 is controlled by Py, .
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Induction of #iv8 expression by arabinose was confirmed by re-
verse transcription (RT)-PCR (not shown).

Construction of P. fluorescens Pf0-1ArecA. To test the impact
of iiv8 on ppk, our experiments depend on the expression of iiv8 in
trans. Interpretation of the data could be complicated if recombi-
nation between pHERDIiv8 and chromosomal ppk occurred, as a
ppk null phenotype would result. If some cells in the population
carried pHERDIiv8 as an integrated element, PolyP produced by
the population would be reduced because of the subset of cells
carrying a plasmid integrated in the middle of ppk. To avoid re-
combination-mediated effects, we constructed a recA deletion
mutant of P. fluorescens Pf0-1 which was used in all experiments.
Sequences flanking recA were amplified by PCR using primer
pairs recD5f and recD5r (5'-CAGCAGCTGAATGTACCGAC
and 5'-GGTTGTCATCGGTGCAATCAGTCCTCACGTAATCA
ATAAGG, respectively) and recD3f and recD3r (5'-CCTTATTG
ATTACGTGAGGACTGATTGCACCGATGACAACC and 5'-G
AACCGTCGAAGGTAACGTG, respectively). The products were
subsequently joined by splicing by overlap extension PCR (10).
The amplicon in which recA was absent was cloned into pGEM-T
Easy (Promega) and then cloned into pSR47s (16) using the NotI
restriction sites of pGEM-T Easy. The resulting clone was used to
produce the recA deletion in P. fluorescens Pf0-1 by allele exchange
as described previously (32). Deletion of recA from the P. fluore-
scens PfO-1ArecA strain (bases 1346268 to 1347327) was con-
firmed by PCR using a primer which anneals outside the recA
flanking region used to construct the deletion mutant.

PolyP accumulation is influenced by iiv8. We reasoned that
the gene iiv8, found antisense to ppk on the chromosome (33),
may influence the production of PolyP. The iiv8 transcript might
interact with ppk mRNA such that translation is reduced or en-
hanced. To examine this possibility, we transferred plasmids
pHERD?26 and pHERDIiv8 into P. fluorescens Pf0-1ArecA by con-
jugation from Escherichia coli S17-1 and tested the effect of in-
duced iiv8 transcription on PolyP accumulation. Because they are
transcribed from the same stretch of DNA, it is not possible to
separate 7iv8 and ppk. Therefore, these experiments tested the ef-
fect of plasmid-based #iv8 in the background of Pf0-1, which has a
functional single copy of iiv8.

Extraction and quantification of PolyP were carried out as de-
scribed previously (33), with modifications to allow induction of
expression from Py, . Test strain Pf0-1ArecA(pHERDIiv8) and
vector control strain Pf0-1ArecA(pHERD26) were grown for 16 h
in high-phosphate morpholinepropanesulfonic acid (MOPS) me-
dium (MOPS-H), which contains 2 mM K,HPO, (33), at 30°C,
after which the bacteria from 1 ml of culture were collected by
centrifugation, washed twice in MOPS-H, and finally suspended
in 1 ml of MOPS-H. Two flasks of MOPS-H were inoculated with
each strain (1:50 dilution) and incubated at 30°C. After 6 h of
growth, arabinose was added (final concentration of 0.25%) to
one culture of each strain to induce expression from P, ,. After a
further 2 h of growth, PolyP was extracted from induced and non-
induced cultures of each strain.

Induction of transcription from Py, in Pf0-1ArecA (pHERDIiv8)
resulted in a significant reduction in PolyP accumulation relative
to that in the noninduced culture and the vector controls (P <
0.01; ¢ test). When iiv8 was induced, the amount of accumulated
PolyP was approximately 25% of that in the Pf0-1ArecA vector
control strain (Fig. 1). The probable major regulator of ppk is
PhoR, which, when derepressed in a pstSCAB mutant of Pf0-1,
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FIG 1 Accumulation of PolyP in P. fluorescens Pf0-1ArecA carrying
pHERD:Iiv8 or the vector (pHERD). Induction of iiv8 transcription from the
Ppap promoter in pHERDiiv8 resulted in PolyP accumulation that was ap-
proximately 25% of that obtained with the uninduced vector control (P <
0.01). The y axis shows PolyP accumulation as a percentage of that in unin-
duced Pf0-1 carrying the pHERD26 vector after normalization for cell num-
ber. Data are the average of at least three independent experiments. Error bars
show the standard deviations.

caused a 6-fold increase in PolyP (33). The 4-fold reduction in
PolyP accumulation observed here supports the hypothesis that
iiv8 is a minor regulator of ppk and plays a role in modulating the
fine-tuning of PolyP production or accumulation. There was a
small (but not significant) decrease in PolyP accumulation in two
controls. Uninduced pHERDIiv8 appears to be leaky, which could
explain the reduced PolyP accumulation by uninduced Pf0-
1(pHERD:Iiv8). The reason for a slight reduction in PolyP accu-
mulation by induced Pf0-1 carrying the pHERD vectors is unclear.

iiv8 does not affect the transcriptional activity of the ppk pro-
moter. PhoR regulation of ppk is at the level of transcription, as is
the case for PhoR regulation of other Pho regulon genes. PhoR
recognizes and binds “Pho boxes” associated with phosphate-reg-
ulated promoters, causing increased promoter activity. While iiv8
is antisense to ppk, a mechanism to control ppk other than anti-
sense interference with ppk mRNA was also possible. One such
possibility was negative regulation of transcription from P, .

We constructed a hemB-ppk-lacZ transcriptional fusion and
tested whether the induction of #iv8 expression would alter tran-
scription. First, promoterless lacZ was cloned from pHRP309 (22)
into the Smal/HindIII sites in mini-Tn7 carried by pHRB2 (18).
The Pf0-1 sequence spanning bases 6132852 to 6134419 was am-
plified and cloned into the Xbal restriction site upstream of lacZ’.
The correct orientation of the hemB-ppk insert relative to lacZ was
verified by PCR. It is not known whether ppk is transcribed inde-
pendently or together with hemB, which is immediately upstream
and possesses a probable Pho box (18). Thus, our fusion clone
includes hemB to account for the possibility that P, is upstream
of the hemB open reading frame (Fig. 2A). The fusion clone was
mobilized into P. fluorescens PfO-1ArecA by conjugation along
with transposase-carrying helper plasmid pUX-BF13 (1), result-
ing in the insertion of Tn7 carrying hemB-ppk-lacZ into the Tn7
site downstream of glmS in P. fluorescens. For each experimental
replicate, Pf0-1ArecA carrying pHERDIiiv8 was grown in
MOPS-H for 16 h. The cells were recovered by centrifugation and
washed twice in low-phosphate (0.14 mM) MOPS-L (33). Washed
cells were used to inoculate MOPS-L (1:50 of the original culture).
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FIG 2 (A) Diagrammatic representation of the transcriptional fusion con-
struct used to assess ppk transcription in the presence or absence of induced
iiv8 expression. Numbers indicate the coordinates in the P. fluorescens Pf0-1
genome sequence (GenBank accession number CP000094). This construct,
carried by a mini-Tn7 element, was used to create a single-copy transcriptional
fusion in Pf0-1. (B) Expression of iiv8 does not reduce hemB/ppk promoter
activity. The activity of the hemB/ppk promoter fused to lacZ was measured
using the method of Miller (17). The promoter activity in Pf0-1 carrying
pHERDIiv8 did not differ significantly between arabinose-induced and non-
induced cultures (P = 0.537). The data shown are averages from three inde-
pendent experiments. Error bars show the standard deviations.

These cultures were grown for 6 h, and then one was induced by
the addition of arabinose. 3-Galactosidase activity was measured
(17) after a further 2 h of growth. Induction of 7iv8 expression had
no significant effect on the transcriptional activity of the fusion
construct (P = 0.537; unpaired ¢ test) (Fig. 2B). These data dem-
onstrate that the mechanism by which #iv8 reduces the accumula-
tion of PolyP is unrelated to promoter activity, supporting the
suggestion of a direct posttranscriptional mechanism of action. The
iv8 transcript does not act in a manner antagonistic to the Pho regu-
lon upregulation of ppk transcription. Thus, ppk expression can in-
crease during growth in P;-limited environments, and rather than
expression being shut down by iiv8 when PolyP is too high, the
amount of Ppk is likely fine-tuned to the appropriate level.

iiv8 affects the abundance of ppk mRNA. The alternative hy-
pothesis to 7iv8 reduction of PolyP by reduced ppk transcription is
that 7iv8 RNA acts in a posttranscriptional manner to control
PolyP accumulation. Because iiv8 is a cis gene with respect to ppk,
an antisense mechanism of action in which iiv8 and ppk tran-
scripts interact is likely. The 7iv8 transcript could act by base pair-
ing with ppk transcript and blocking translation or by base pairing
causing targeted degradation of ppk mRNA. The latter idea leads
to the prediction that induction of iiv8 expression would be asso-
ciated with a reduced abundance of ppk mRNA. To test this pre-
diction, after 20 h of growth, we induced the expression of iiv8
from pHERDIiv8 in P. fluorescens Pf0-1ArecA under low-P; con-
ditions previously shown to result in high Pho regulon activity
(19) and ppk transcription (33). Two hours after induction began,
RNA from experimental and control cultures was stabilized using
RNAprotect Bacteria Reagent (Qiagen) and extracted using an
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FIG 3 Absolute numbers of transcripts per nanogram of total RNA from rplU
(control) and ppk in Pf0-1 carrying either the vector pHERD26 or iiv8 asRNA-
expressing pHERDIiv8. Induction of 7iv8 significantly reduced transcript ppk
abundance (¢ test) relative to that in the control sample. These data are the

average and standard error of the mean from three biological replicate exper-
iments, each of which consisted of three technical replicates.

RNeasy minikit, including the on-column DNase treatment
(Qiagen), followed by an additional DNase treatment with RQ1
DNase (Promega). RNA concentration and purity were assessed
using a NanoDrop spectrophotometer. The abundance of ppk
mRNA was quantified by quantitative RT-PCR (qRT-PCR).
Primers for ppk (ppk-qRT-F, 5'-CGAAACACCTGTCGGAC
TAG; ppk-qRT-R, 5'-GCTGATCACGCTGAAAATGT) were de-
signed using recommended parameters (4), and rplU (gene for
508 ribosomal protein L51; Pf0-1 locus tag Pfl01_4860) was cho-
sen as a reference based on observations that its expression was
unchanged under high- and low-P; conditions (18).

RNA was reverse transcribed using the SuperScript IIT First-
Strand Synthesis System from Invitrogen. The cDNAs obtained
were quantified by qPCR using QuantiTect SYBR green PCR for
qPCR mix (Qiagen) and a Stratagene Mx3000P detection system.
The 25-pl reaction mixtures included 12.5 pl of SYBR reaction
mix, 4 pl of 1:10-diluted cDNA, and primers at a final concentra-
tion of 0.3 WM, as used previously in our laboratory (29). To create
standard curves, genomic DNA was PCR amplified using 7p/U and
ppk primers. The resulting amplicons were gel purified, quantified
(NanoDrop), and diluted in 10-fold steps from 100 ng to 0.0001
ng prior to qPCR performed as described above. All samples and
standards were processed with three technical replicates each, as
well as three biological replicates. Template-free controls were
included in the plate to verify that the reaction mixtures were free
of contaminating DNA, and +RNA/—reverse transcriptase reac-
tion mixtures were included to illustrate the higher cycle threshold
values expected with an enzyme-free reaction mixture. The am-
plification cycle was 95°C for 15 min; 45 rounds of 95°C for 30 s,
55°C for 1 min, and 72°C for 1 min; and finally a dissociation curve
0f 95°C for 1 min, 55°C for 30 s, and 95°C for 30 s to make sure that
no primer dimers were interfering with the fluorescence in the
reaction mixture. Raw cycle threshold values were obtained with
MxPro-Mx3000P software and used to calculate absolute tran-
script numbers using the corresponding standard curves. The
analysis of ppk transcript abundance revealed that when iiv8 ex-
pression was increased, the ppk transcript levels were significantly
(P =0.03; unpaired t test) reduced to 1/5 of the level found in cells
in which 7iv8 expression was not elevated, whereas rplU transcript
levels were not significantly affected (Fig. 3). These data are not
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greatly different from the change in PolyP accumulation observed
with the induction of 7iv8 (Fig. 1).

Taken together, these data support the conclusion that a cis-
acting asRNA is involved in the control of PolyP production and
acts by reducing the amount of ppk mRNA. Whether #iv8 directly
senses the PolyP concentration or is regulated by another system
which responds to the PolyP level is unknown. The existence of
asRNAs in phage and plasmids is well established, but until re-
cently, their importance as regulators of bacterial chromosomal
genes had been underappreciated. New details of asRNA have
emerged from experimental studies and from transcriptome pro-
filing using methods that permit the discrimination of coding
strands of DNA. For example, a gene specifying a component of
the photosynthesis machinery in Synechocystis is regulated by an
asRNA (6). High-throughput methods have identified widespread
asRNA molecules in E. coli (5) and Pseudomonas syringae (7). De-
spite these and other studies which reveal the existence of asRNA
(reviewed in reference 9), its functional characterization is some-
what limited. The role of 7iv8 in the modulation of ppk expression
adds to the growing body of knowledge on asRNA.

Alongside elucidation of the importance of asRNA in bacteria,
the question of mechanistic action requires further research.
While the mechanism of many trans-acting sSRNAs is clear, cis-
encoded asRNAs have received less attention. One of the earliest
and best-described asRNA regulation mechanisms encoded in a
bacterial genome (as opposed to a phage or plasmid) is the isiA-
IsrR system in Synechocystis strain PCC6803 (6). The IsrR asRNA
binds isiA mRNA, resulting in the degradation of both RNA spe-
cies. An alternative mechanism, which is used in the posttran-
scriptional control of gadX by GadY in E. coli, is stabilization of the
mRNA (34). GadY base pairs with the intergenic sequence be-
tween gadX and gadW in the bicistronic mRNA, and RNase-de-
pendent processing at this site of interaction increases the stability
of the gadX transcript (21). asRNAs which overlap the 5" untrans-
lated region of a protein-coding gene may act to inhibit transla-
tion by blocking the access of the ribosome to the Shine-Dalgarno
sequence and/or the initiation codon. For example, in E. coli, the
small asRNA SymR represses the translation of the symE tran-
script, most likely by blocking ribosomal access to the Shine-Dal-
garno sequence (11).

Based on our qRT-PCR data which show a large decrease in ppk
transcript abundance associated with 7iv8 overexpression, we sug-
gest that a mechanism involving destabilization of the mRNA is at
work in the ppk-iiv8 system. The fact that iiv8 is upregulated dur-
ing growth in soil (32) indicates that fine-tuning of ppk expression
is necessary for survival under natural conditions and suggests
that responsiveness to fluctuating P; levels is important. The dis-
covery of a new mechanism for the regulation of ppk increases our
understanding of PolyP and its production but does not give fur-
ther insight into the function of PolyP. However, the existence of
both global (via the Pho regulon) and specific regulatory mecha-
nisms highlights the importance of the control of PolyP produc-
tion, which may be crucial in the coordination of the multitude of
roles that PolyP appears to play in bacteria.
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