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Campylobacter jejuni, a gram-negative, microaerophilic bacterium, is a predominant cause of bacterial
gastroenteritis in humans. Although considered fragile and fastidious and lacking many classical stress
response mechanisms, C. jejuni exhibits a remarkable capacity for survival and adaptation, successfully
infecting humans and persisting in the environment. Consequently, understanding the physiological and
genetic properties that allow C. jejuni to survive and adapt to various stress conditions is crucial for therapeutic
interventions. Of importance is polyphosphate (poly-P) kinase 1 (PPK1), which is a key enzyme mediating the
synthesis of poly-P, an essential molecule for survival, mediating stress responses, host colonization, and
virulence in many bacteria. Therefore, we investigated the role of PPK1 in C. jejuni pathogenesis, stress
survival, and adaptation. Our findings demonstrate that a C. jejuni �ppk1 mutant was deficient in poly-P
accumulation, which was associated with a decreased ability to form viable-but-nonculturable cells under acid
stress. The �ppk1 mutant also showed a decreased frequency of natural transformation and an increased
susceptibility to various antimicrobials. Furthermore, the �ppk1 mutant was characterized by a dose-depen-
dent deficiency in chicken colonization. Complementation of the �ppk1 mutant with the wild-type copy of ppk1
restored the deficient phenotypes to levels similar to those of the wild type. Our results suggest that poly-P
plays an important role in stress survival and adaptation and might contribute to genome plasticity and the
spread and development of antimicrobial resistance in C. jejuni. These findings highlight the potential of PPK1
as a novel target for therapeutic interventions.

Campylobacter jejuni, a gram-negative, microaerophilic bac-
terium, occurs as a commensal among the intestinal microflora
of various animals, especially chickens and cattle (6, 73). How-
ever, C. jejuni can infect human hosts, invading the intestinal
mucosa and causing watery and/or bloody diarrhea (9). C.
jejuni is transmitted to humans primarily through the consump-
tion of contaminated chicken products, raw milk, or water (2,
3). Currently, C. jejuni is considered a leading bacterial cause
of human food-borne gastroenteritis (3, 61) and has also been
associated with a plethora of symptoms, including acute neu-
romuscular paralysis (Guillain-Barré syndrome) (26). Since an
appropriate vaccine for human campylobacteriosis has yet to
be introduced, it has been suggested that C. jejuni infections
might be alternatively controlled by reducing colonization in
food animals (73). Consequently, determining the physiologi-
cal and genetic properties that allow the survival of C. jejuni
and its colonization of animal hosts, pathogenicity, and adap-
tation to various stresses is of critical importance.

The mechanisms underlying C. jejuni adaptation and survival
under stresses imposed by its environment and host are not
well understood. High variability between different C. jejuni
strains and the unavailability of appropriate genetic tools and

animal models have contributed to the lack of knowledge re-
garding its stress tolerance and pathogenicity. However, it is
suggested that the capacity of C. jejuni to form viable-but-
nonculturable (VBNC) cells under stress (14) and its readiness
for natural transformation (68) and acquiring resistance to
antibiotics (39) are among the strategies that promote stress
adaptation and survival. Although little is known about the
genetics underlying these processes, recent advances in C. je-
juni genomics show that this bacterium carries several impor-
tant genes that might play key roles in mediating stress adap-
tation and survival. Of particular interest are genes encoding
polyphosphate (poly-P) kinases, ppk1 (CJJ81176_1361) and
ppk2 (CJJ81176_0633), that were predicted to be involved in
the metabolism of poly-P (22, 25, 47), an intracellular granule
that impacts several physiological properties in many bacterial
species, including pathogenicity, host colonization, adaptation
to different environments, and survival (28, 31, 46).

Poly-P kinase 1 (PPK1) is encoded by ppk1, which mediates
the synthesis of all or most of the poly-P in the cell (33), while
ppk2 encodes an enzyme (PPK2) that synthesizes GTP from
poly-P (27). Both ppk genes have been associated with the
metabolism of poly-P, which consists of phosphate residues
that are linked by high-energy phosphoanhydride bonds and is
widely distributed in bacterial species (60). Previous reports
showed that poly-P plays important roles in bacterial survival
and stress tolerance, including ATP production (8), entry of
DNA through membrane channels (13, 54), capsule composi-
tion (67), maintaining nutritional requirements during starva-
tion (34), motility, biofilm formation, and resistance to oxida-
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tive, osmotic, heat, acid and alkaline stresses, and stationary-
phase survival (28, 31, 46, 48, 50, 52, 65). Because of their
importance in many bacterial species, it is not surprising to
assume a role for PPK and poly-P in C. jejuni survival, coloni-
zation, and stress tolerance (8).

Interestingly, PPK1 has been shown to be important for C.
jejuni stress responses and pathogenicity (10). However, the
role of ppk1 in key metabolic and physiological responses of C.
jejuni still needs further analysis. For instance, it has been
proposed that during starvation, poly-P might act as a reservoir
for phosphorus and energy (7). Subsequently, poly-P would be
crucial for maintaining viability/metabolism in stressed cells.
This has been observed in H. pylori, where the occurrence of
poly-P correlated with culturability and structurally intact cells
(45). Poly-P-containing nonculturable H. pylori showed a ca-
pacity for ATP and mRNA synthesis after a nutrient stimulus
(45). Consequently, poly-P might be an important factor for
the formation of VBNC cells by stressed bacteria, including C.
jejuni. Furthermore, natural transformation is perhaps one of
the most important mechanisms in the adaptation of C. jejuni,
and poly-P has been reported to play a role in the entry of
DNA through membrane channels (13, 54). It follows that
poly-P might be important for natural transformation, adapta-
tion, and acquisition of antibiotic resistance genes in C. jejuni.
Poly-P can further impact the survival and adaptation in C.
jejuni by modulating antibiotic resistance properties. For ex-
ample, poly-P interacted with Escherichia coli ribosomes (42),
which are known targets of several antibiotics. These observa-
tions suggest that ppk1 might be linked to important physiology
and functions such as VBNC cell formation, natural transfor-
mation, and antimicrobial resistance in C. jejuni. Therefore, in
the present study, we determined the contribution of PPK1 to
C. jejuni stress responses and adaptation, including the ability
to form VBNC cells under acid stress, natural transformation,
and antimicrobial resistance. Furthermore, we assessed the
impact of ppk1 deletion on in vivo chicken colonization. Our
findings highlight the importance of PPK1 in C. jejuni survival,

adaptation to different environmental stresses, and in vivo col-
onization. These findings also indicate the suitability of PPK1
as a potential target for controlling the proliferation of this
pathogen.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All of the bacterial strains and plas-
mids used in this study are described in Table 1. C. jejuni 81-176 is a highly
invasive strain originally isolated from diarrheic patients (32). C. jejuni strains
were cultured on Mueller-Hinton (MH) medium under microaerophilic condi-
tions (85% N2, 10% CO2, 5% O2) at 42°C for 24 h. For isolation of C. jejuni from
chicken feces and organs, MH agar plates were supplemented with Campy-
lobacter selective supplement (SR117E; Oxoid, Lenexa, KS). E. coli strain DH5�
was used for plasmid propagation and cloning purposes. E. coli strains were
grown on Luria-Bertani medium at 37°C overnight. Chloramphenicol (20 �g/ml
for E. coli and 10 �g/ml for Campylobacter), kanamycin (30 �g/ml), and zeocin
(50 �g/ml) were added to the media where necessary.

Construction of the C. jejuni ppk1 mutant and the complemented strain.
Genomic DNA was extracted from C. jejuni strain 81-176 with a Masterpure
DNA purification kit (Epicentre, Madison, WI) according to the manufacturer’s
instructions. Oligonucleotides were designed from the published genome se-
quence of C. jejuni strain 81-176 (GenBank accession no. NC_008787) with
Vector NTI software and commercially synthesized by Integrated DNA Tech-
nologies (Skokie, IL). All of the oligonucleotides used in this study are listed in
Table 2. Appropriate restriction sites were included in the primers to facilitate
digestion and ligation into cloning vectors. Restriction enzymes were purchased
from Promega (Madison, WI). To generate the deletion mutant, ppk1 was am-
plified by using the PPK1 F and PPK1 R primers from the C. jejuni genomic
DNA along with approximately 1 kb of DNA sequences upstream and down-
stream of the target gene. The PCR products were purified with a QIAquick
PCR purification kit (Qiagen, Valencia, CA). Purified PCR products were li-
gated into zeocin-resistant pZErO-1 (Invitrogen, Carlsbad, CA), a zero back-
ground cloning vector, with a Fast-Link DNA ligation kit (Epicentre) and trans-
formed to Library Efficiency DH5� E. coli competent cells (Invitrogen) to
generate the plasmid pDG1. Plasmid (pDG1) DNA was isolated with a QIAprep
spin mini prep kit (Qiagen), and the whole plasmid, except the target gene, was
amplified by inverse PCR with the PPK1 INV F and PPK1 INV R primers.
Purified inverse PCR products were ligated to a kanamycin resistant cassette
from pUC4K, and the resulting suicide vector was named pDG2. pDG2 was
electroporated into C. jejuni as described by Wilson et al. (69). Briefly, C. jejuni
strains were grown on MH agar plates at 42°C for 24 h under microaerophilic
conditions and the cells were harvested in 1 ml sterile, chilled, ice-cold wash
buffer (15% glycerol, 272 mM sucrose) and pelleted (13,000 rpm for 5 min at

TABLE 1. Bacterial strains and plasmids used in this studya

Strain or plasmid Relevant description Source or
reference

Strains
C. jejuni

81-176 Wild type Qijing Zhang
�ppk1/DG001 81-176 derivative with deletion in ppk1 gene; ppk1::Kan This study
�ppk1c/DG002 DG001 harboring pDG3, Cm This study
81-176 (dcuA::tetO) Carries tetracycline resistance marker for natural transformation; Tet Qijing Zhang

E. coli DH5� Used for cloning Invitrogen

Plasmids
pZErO-1 Cloning vector for making suicide vector; Zeo Invitrogen
pRY111 E. coli-Campylobacter shuttle vector for complementation 71
pRK2013 Helper plasmid for conjugation 1
pUC4K Source for kanamycin Amersham
pDG1 pZErO-1 containing ppk1 region plus 1 kb upstream and downstream of 81-176; Zeo This study
pDG2 A portion of ppk1 replaced with kanamycin resistance region from pUC4K in pDG1;

Zeo Kan
This study

pDG3 pRY111 containing ppk1 coding region and the upstream promoter sequence for
complementation; Cm

This study

a Kan, kanamycin; Cm, chloramphenicol; Zeo, zeocin; tetO, tetracycline resistance gene.
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4°C). The cells were then washed three times in ice-cold wash buffer and resus-
pended in 500 �l of ice-cold wash buffer, and 50 �l of cell suspension was used
for electroporation. One microgram of pDG2 plasmid DNA was added to 50 �l
of the cell suspension and mixed thoroughly by pipetting. The cell-DNA mixture
was transferred into a prechilled 0.2-cm-wide cuvette and electroporated at 2.5
kV, 200 �, and 25 �F with a Gene Pulser Xcell (Bio-Rad, Hercules, CA). One
hundred fifty microliters of SOC medium (Invitrogen) was added to stabilize the
cells, and the suspension was spotted onto a nonselective MH agar plate and
incubated overnight at 42°C. Following incubation, the cells were harvested,
plated onto MH agar with kanamycin (30 �g/ml), and incubated at 42°C for 2 to
3 days under microaerophilic conditions. The kanamycin-resistant colonies were
patched and streak purified, and the ppk1 deletion was confirmed by PCR with
the PPK1 F and PPK1 R primers. One of the PCR-confirmed mutant clones
(DG001) was selected for further studies.

For construction of the complemented strain (the �ppk1c mutant), the ppk1
gene, along with the potential upstream promoter sequence, was amplified from
strain 81-176 chromosomal DNA with the PPK1 COMP F and PPK1 COMP R
primers. Appropriate restriction sites for PstI and KpnI were incorporated in the
oligonucleotides to facilitate ligation into digested pRY111, an E. coli-Campy-
lobacter shuttle vector (71). The resulting complementation plasmid (pDG3) was
introduced into the C. jejuni �ppk1 mutant by conjugation as described previ-
ously (44). The resulting complemented strain (the �ppk1c mutant) was desig-
nated DG002.

TEM. Transmission electron microscopy (TEM) procedures were used as
described previously (23, 46). Briefly, bacterial cells grown to the mid-log phase
were adjusted to an optical density at 600 nm (OD600) of 0.5 and fixed in 2%
paraformaldehyde–2.5% glutaraldehyde, embedded in 1% agar, and postfixed in
1% osmium tetroxide. The samples were then dehydrated in a graded ethanol
series and embedded in Spurr’s resin (Ted Pella Inc., Redding, CA), and 80- to
90-nm sections were cut with a diamond microtome knife. The specimens were
then stained with 2% uranyl acetate and lead citrate and examined under a
Hitachi 7500 transmission electron microscope (Pleasanton, CA) at 80 kV at the
Molecular and Cellular Imaging Center (Ohio Agricultural Research and De-
velopment Center [OARDC]; http://www.oardc.ohio-state.edu/mcic).

Induction and enumeration of VBNC cells of C. jejuni. C. jejuni VBNC cells
were induced as described by Chaveerach et al. (14). Briefly, 1 ml of a culture
grown overnight containing 5 � 108 bacterial cells/ml (OD600 of 0.5) was added
to 4 ml of MH broth with the pH adjusted to 4.0 with formic acid. The cultures
were incubated under microaerophilic conditions at 42°C for 3 h. The induction
of VBNC cells was confirmed by determining the culturable cell counts by the

spread plate method and viable cell counts by fluorescence microscopy with
5-cyano-2,3-ditolyl tetrazolium chloride (CTC)–4�,6-diamidino-2-phenylindole
(DAPI) staining.

To determine culturable cell counts, 100-�l volumes of culture at 0, 0.5, 1, 2,
and 3 h posttreatment with formic acid were serially diluted (10-fold) and plated
onto MH agar in triplicate. The plates were incubated at 42°C under microaero-
philic conditions, and the number of CFU per milliliter (culturable count) was
calculated.

At the aforementioned time intervals, 1 ml of culture was stained with CTC-
DAPI for actively respiring and total C. jejuni cell counts as described by Cap-
pelier et al. (12). Briefly, CTC (Polysciences, Inc., Warrington, PA) was added to
a final concentration of 5 mM to 1 ml of formic acid-treated cells and incubated
in the dark for 1 h at room temperature. The cells were then counterstained with
5 �g/ml of DAPI for 30 min. The cells were subsequently pelleted by centrifuging
at 13,000 rpm for 4 min, and the pellet was resuspended in 100 �l of phosphate-
buffered saline (PBS) and fixed with formaldehyde. Twenty microliters of the cell
suspension was placed on a clean, oil-free slide, and an 18-mm coverslip was
placed on the sample and sealed with nail polish. The slides were observed with
a Zeiss (Thornwood, NY) Axiophot upright fluorescence microscope equipped
with AxioCam HRc and Axiovision 2.05 software. The cells were subjected to
fluorescent light with an excitation filter of 405 nm and a 455-nm dichroic mirror,
which facilitates the simultaneous visualization of both DAPI (blue) and CTC
(red). Viable cells convert CTC into insoluble formazan crystals, which accumu-
late in the cell and appear red under fluorescence microscopy, while both viable
and dead cells are stained by DAPI. Ten fields were counted for each sample,
with an average of 90 bacteria in each field. The percentage of viable cells was
calculated as follows: % viability � (viable cell count/total cell count) �100.
Total cell counts were determined by adding the viable (red) and dead (blue) cell
counts. The results represent the mean of three independent experiments. We
also recorded the OD600 at the specified time points after CTC staining in order
to observe the temporal change in intensity of tetrazolium reduction and further
confirm the viability results generated from the fluorescence microscopy counts.

Flow cytometry. Flow cytometry analysis of the bacterial samples was per-
formed after formic acid treatment to determine possible change in cell mor-
phology and granularity (the shifts in forward scatter [FSC] and side scatter
[SSC]) with a FACScalibur (BD Biosciences, San Jose, CA) as described previ-
ously (66). Briefly, 100 �l of the bacterial samples at 0, 0.5, 1, 2, and 3 h
posttreatment were diluted to 1 ml with 1� PBS (pH 7.4) and the samples were
analyzed at an excitation wavelength of 488 nm. All parameters were read as

TABLE 2. Primers used in this study

Name Sequence (5�–3�)a Use

PPK1 F ATAAAAGGTACCATTTAGCCATAAAACTCCCG Amplification of 81-176 ppk1 region
PPK1 R AAAAAACTGCAGGCGATAGGTTTGAACCTTTA

PPK1 INV F ATAAAAGGATCCTACAGATCAAAGTCGTGCAA Amplification of pDG1 except ppk1
PPK1 INV R AAAAAAGGATCCGAACATTGGTCTAAAACACG

PPK1 COMP F AAATAACTGCAGGTCCTAAACCACTTTGCGCT Amplification of ppk1 gene for complementation
PPK1 COMP R AAATAAGGTACCCCTCGCTTCCACCAGTTTTA

CsrA F TTATCGGAGAAGGTATAG Real-time quantitative PCR amplification of cDNA from
ppk2, csrA, spoT, phosR, cmeC, pstS, pstC, and
CJJ81176_0750 from 81-176 strain

CsrA R TTTCTAAGTATCATAAGGG
SpoT F GTAACCACTCGCACAATATC
SpoT R GATGTCGCAGTTTATTCTCC
PhosR F GCAAACATAATCATCACAACCAC
PhosR R GAGAGCAAGGATACAAAGAAGC
CmeC F GCTGCTGCTCAATTAGGTATAG
CmeC R GCTTCATAATCATACTCACTTGC
PstS F CCTTATACAAACTGGAATCAAATC
PstS R GACACATCACTCATTACAAGC
PstC F CGCTTATGCTTTAGGTATGAC
PstC R GCTGCCATCACCACTATC
CJJ81176_0750 F GGTCTTGTTGCCTTATTG
CJJ81176_0750 R GTATCGCTATGTTCTATGC
PPK2 F ATCTAATACTCCAACTTGTC
PPK2 R TTCTTCTTCTCCACTACG

a Underlining indicates restriction sites added to the 5� end of each primer.
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logarithmic values, and 100,000 events were recorded for each sample. The assay
was repeated two times.

Natural transformation frequency. Natural transformation was performed as
described previously (29). Briefly, cultures of the C. jejuni wild-type, �ppk1, and
�ppk1c strains grown overnight on MH agar plates were resuspended in fresh
MH broth to an OD600 of 0.05. The bacterial suspension (0.5 ml) was then
incubated in sterile tubes at 42°C with shaking at 200 rpm under microaerophilic
conditions for 3 h. After adding 1 �g of donor DNA from the dcuA::tetO mutant
of C. jejuni 81-176 (tetracycline resistant), the bacterial suspension was incubated
for another 4 h under the conditions described above. Transformants and total
bacterial counts were obtained by plating on MH agar with or without tetracy-
cline (5 �g/ml), respectively. Transformation frequency was expressed as the
number of transformants from 1 �g of DNA divided by the total bacterial count.
The experiment was repeated three times with triplicate transformation reactions
each time.

Antibiotic susceptibility testing. The susceptibility of the wild-type, �ppk1, and
�ppk1c strains to various antimicrobials was determined by the standard micro-
titer broth dilution method as described previously (38, 49). The bacterial cul-
tures were grown to mid-log phase and adjusted to an OD600 of 0.05 in MH
broth. One hundred microliters of culture was then added to serially diluted
(twofold) antimicrobials on a 96-well microtiter plate, mixed by pipetting, and
incubated at 42°C under microaerophilic conditions for 2 days. The MIC was
determined by recording the lowest concentration of an antimicrobial showing
complete inhibition of bacterial growth. The antimicrobials and compounds used
in this study were ciprofloxacin, erythromycin, tetracycline, rifampin (rifampi-
cin), polymyxin B, cefotaxime, deoxycholic acid, taurocholic acid (Sigma Chem-
ical Co., St. Louis, MO), sodium dodecyl sulfate (SDS; EM Science, Gibbstown,
NJ), cholic acid (ACROS Organics, Belgium), and ethidium bromide (Amresco,
Solon, OH). The susceptibility testing was repeated three times, and the mean
MIC (�g/ml) was calculated for each antimicrobial.

Survival under nutrient downshift. The role of PPK1 in C. jejuni survival
under nutrient downshift was assessed as described previously (10, 49). Briefly,
mid-log-phase cultures of the wild-type, �ppk1, and �ppk1c strains were pelleted
and washed twice with minimal essential medium (MEM). The pellets were
resuspended in MEM, and the OD600 was adjusted to 0.05. The suspensions were
then incubated under microaerophilic conditions at 42°C with shaking at 200
rpm. One hundred-microliter volumes of the culture at different time points were
serially diluted (10-fold) in MEM and plated onto MH agar in triplicate. The
plates were incubated under microaerophilic conditions, and the number of
CFU/ml was calculated. The experiment was repeated three times.

Reverse transcription (RT)-PCR analysis. To study differential gene expres-
sion in the wild-type and mutant strains with and without formic acid treatment,
we targeted key genes involved in phosphate uptake (phosR, CJJ81176_0899;
pstS, CJJ81176_0642; pstC, CJJ81176_0643; and the periplasmic substrate bind-
ing protein-encoding gene, CJJ81176_0750) (53, 70), the stringent response
(spoT, CJJ81176_1288) (24), and multidrug resistance (cmeC, CJJ81176_0388)
(38), as well as posttranscriptional global regulator csrA (CJJ81176_1121) (20).
The real-time quantitative PCR primers used in this study were designed with
Beacon Designer 7.0 software (Premier Biosoft International, Palo Alto, CA).
The wild-type and �ppk1 mutant strains were grown to mid-log phase at 42°C in
MH broth under microaerophilic conditions, and 1 ml of culture with an OD600

of 0.5 was added to 4 ml of MH broth with or without pH adjustment to 4.0 with
formic acid and incubated under microaerophilic conditions at 42°C for 30 min.
Formic acid-treated, as well as untreated, wild-type and mutant strains were used
for total RNA extraction with an RNeasy Mini kit (Qiagen), and cDNA was
synthesized with SuperScript III First-Strand Synthesis SuperMix (Invitrogen)
according to the manufacturer’s protocol. Quantitative RT-PCR was performed
with a SensiMixPlus SYBR RT-PCR kit (Quantace, Norwood, MA) in a Mas-
tercycler ep realplex2 thermal cycler (Eppendorf, Westbury, NY). The relative
expression of different genes in the wild-type and mutant strains was normalized
with the rpoA (CJJ81176_1582) gene amplified from the corresponding sample.
The difference in the expression of the genes was determined by the threshold
cycle (CT) method, and the assay was repeated three times with two replicates
each time for each sample.

Since PPK2 is also involved in the metabolism of poly-P (27), we performed
quantitative RT-PCR analysis of ppk2 expression in the wild-type and �ppk1
mutant strains as described above.

Chicken colonization studies. Day-old broiler chicks were obtained from a
local hatching facility at the Food Animal Health Research Program (OARDC,
Wooster, OH), and the chicks were confirmed to be negative for Campylobacter
by culturing of cloacal swabs on MH agar with Campylobacter selective supple-
ment (SR117E; Oxoid). The chicks were divided randomly into six groups with
five chicks in each group. Groups 1, 2, and 3 were inoculated orally with 103, 104,

and 105 CFU/chick of the wild-type bacterium, respectively, while groups 4, 5,
and 6 received 103, 104, and 105 CFU/chick of the �ppk1 mutant in 200 �l of 1�
PBS (pH 7.4), respectively. The chicks were given feed and water ad libitum and
cared for in accordance with the guidelines of Association for the Assessment
and Accreditation of Laboratory Animal Care. The chicks from each group were
euthanized on day 8 postinoculation. Cecal contents, feces, and bursae were
collected aseptically, weighed, and homogenized in 1� PBS (pH 7.4). The sus-
pensions were serially diluted (10-fold) and plated onto MH agar with Campy-
lobacter selective supplement. The plates were incubated at 42°C under mi-
croaerophilic conditions, and the number of CFU per gram of cecal contents,
feces, or bursas was calculated. The data represent the average from five chicks.

Statistical analysis. All of the data generated in this study were analyzed by
one-way analysis of variance, followed by Tukey’s honestly significant difference
test and were expressed as mean � SE (standard error). A P value of 	0.01 or
0.05 (� level) was considered statistically significant for all of our assays.

RESULTS

The �ppk1 mutant is defective in the accumulation of poly-P
granules. The ability to accumulate poly-P has been demon-
strated in several bacteria, and PPK mutants have been shown
to have low levels of poly-P (4, 10, 46, 65). TEM of the C. jejuni
wild-type and �ppk1 mutant strains revealed the presence of
large putative poly-P granules in the wild-type bacterial sec-
tions, while such granules were either absent or present as
relatively smaller and indistinct granules in the �ppk1 mutant
(Fig. 1A). Specifically, large putative poly-P granules were
found in 30% or more of the examined wild-type sections, and
these granules were absent in the majority of �ppk1 mutant
sections, with only 3% or less of the sections showing compar-
atively small and indistinct granules. Our results corroborate
the previous finding showing decreased levels of poly-P in the
ppk1 mutant strain compared to the wild type with the tolui-
dine blue O staining assay (10).

We also monitored the growth of the wild-type, �ppk1, and
�ppk1c strains in MH broth by plating 100 �l of the culture at
0, 10, 20, 30, 40, 50, 60, and 70 h after inoculation to determine
if these strains have any growth defects under standard incu-
bation conditions. All of the strains exhibited similar growth
patterns in MH broth (Fig. 1B).

Role of poly-P in the formation of VBNC cells of C. jejuni.
Since VBNC cell formation has been suggested as a mecha-
nism for C. jejuni survival under environmental stress, we in-
vestigated the contribution of poly-P to VBNC cell formation.
VBNC cells were induced with formic acid as described pre-
viously (11, 14), and direct culturable, total, and viable cell
counts were determined at different time points. At 0 h, the
wild-type and �ppk1 and �ppk1c mutant strains showed a high
number of culturable cells (5 � 108 CFU/ml). However, the
culturability of these strains decreased drastically (5 � 102

CFU/ml) at 30 min posttreatment with acid, which was not
significantly different among the three strains. Interestingly,
cell culturability was completely lost at 1 h in all three strains
(Fig. 2A). Despite the loss of culturability, CTC-DAPI staining
showed the presence of viable cells (i.e., stained with CTC) of
the wild-type, �ppk1, and �ppk1c strains after formic acid
treatment, suggesting the formation of VBNC cells. The wild-
type strain had a significantly (P 	 0.01) higher number of
VBNC cells than did the �ppk1 mutant strain (Fig. 2B). The
number of viable cells of the wild-type strain decreased grad-
ually over time, while the number of these cells of the �ppk1
mutant drastically dropped at 1, 2, and 3 h posttreatment
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(Table 3). In the wild-type strain at 1 h, 96% of the cells were
viable but none were culturable. In contrast, cells of the mutant
strain showed only 36% viability while none were culturable. A
similar trend was seen at 2 h with 94% of the cells maintaining
viability in the wild type compared to 4% in the �ppk1 mutant
strain. At 3 h posttreatment, there was a significant decline in
the viable cell counts of the wild-type strain (42%) but still the
viable counts were significantly higher than that of the �ppk1
mutant (3%). Complementation of the mutant with the wild-
type copy of ppk1 restored its viability to levels similar to those
of the wild type. We also recorded the OD600 at specified time
points after CTC staining, and we found that the viability
followed a trend similar to that observed by fluorescence mi-
croscopy (Fig. 2A). The difference between the viable counts of
the wild-type and �ppk1 mutant strains was significant (P 	
0.01) at 1, 2, and 3 h posttreatment with acid.

We performed fluorescence-activated cell sorter analysis to
determine if bacterial cells undergo changes in morphology
and granularity after formic acid treatment. Our results
showed a change in cell size (FSC) and granularity (SSC) in the
mutant strain compared to the wild-type strain from 1 to 3 h
posttreatment. Separation of the total (P1) cell population
based on their size and granularity demonstrated that there
was a significant (P 	 0.01) drop in P1 gated cells of the �ppk1
mutant from 1 to 3 h posttreatment with formic acid compared

to those of the wild-type strain (Fig. 3). Complementation of
the mutant with the wild-type copy of ppk1 restored cell size
and granularity to wild-type levels.

The �ppk1 mutant exhibits a decrease in transformation
frequency. To determine if ppk1 has a role in natural transfor-
mation, we assessed the transformation frequency in the wild-
type, �ppk1, and �ppk1c strains. Since the C. jejuni 81-176
strain used in the present study is pTet (confers tetracycline
resistance) plasmid cured, we used genomic DNA from a
dcuA::tetO mutant of the 81-176 strain (tetracycline resistant)
as the donor for determining the transformation frequency.
The �ppk1 mutant showed a significant decrease (18-fold, P 	
0.01) in natural transformation frequency compared to the
wild-type strain (Fig. 4). Complementation of the mutant with
the wild-type copy of ppk1 restored the transformation fre-
quency to wild-type levels.

The �ppk1 mutant is sensitive to various antimicrobials and
bile acids. In order to determine the contribution of ppk1 to
antimicrobial resistance, we tested the susceptibility of the
81-176 wild-type, �ppk1, and �ppk1c strains to various antimi-
crobials and compounds. Our results showed that the �ppk1
mutant strain was more susceptible to several antimicrobials
(Table 4) than was the wild-type strain. For example, the
�ppk1 mutant showed a significant increase in susceptibility to
erythromycin (128-fold, P 	 0.01), cefotaxime (66-fold, P 	

FIG. 1. (A) Transmission electron micrographs of the wild-type and �ppk1 mutant C. jejuni strains. The TEM sections show large, distinct
poly-P granules (arrows) in the wild type but not in the �ppk1 mutant, as observed with other bacteria (46, 65). Representative images are shown.
Bars, 200 nm. (B) Growth curves of the wild-type, �ppk1, and �ppk1c strains. The growth curves were assessed by growing the bacteria in MH broth
and direct plating on MH agar in triplicate or by measuring the OD600 at different time points. Data represent the mean � SE of two independent
experiments. WT, wild type.
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0.01), and ciprofloxacin (16-fold, P 	 0.05). The �ppk1 mutant
strain was also sensitive to rifampin (twofold), polymyxin B
(fourfold), and tetracycline (eightfold). Interestingly, the
�ppk1 mutant showed susceptibility to cholic acid (8-fold),

taurocholic acid (8-fold), and deoxycholic acid (16-fold). In
addition, the �ppk1 mutant demonstrated 31-fold and 4-fold
increases in sensitivity to ethidium bromide and SDS, respec-
tively. Complementation of the mutant with the wild-type copy

FIG. 2. Effect of ppk1 deletion on the formation of VBNC cells of C. jejuni. (A) Culturability of the wild-type, �ppk1, and �ppk1c strains after
formic acid treatment as determined by CFU enumeration and OD600 measurements after CTC staining. The data represent the mean � SE of
three independent experiments. (B) Fluorescence microscopy images of CTC-DAPI-stained C. jejuni cells showing viable (CTC-stained red cells,
thick arrow) and dead (DAPI-stained blue cells, thin arrow) cells at different time points after formic acid treatment. Microscopy images a, b, c,
d, and e (wild-type strain); f, g, h, i, and j (�ppk1 mutant strain); and k, l, m, n, and o (complemented strain) are the representative images of three
independent experiments treated with formic acid for 0, 0.5, 1, 2, and 3 h, respectively. Note the drop in viable cells (red cells) of the �ppk1 mutant
at 1, 2, and 3 h posttreatment compared to the wild-type strain. Bars, 10 �m. WT, wild type.
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of ppk1 either partially or completely restored resistance to
wild-type levels.

Transcription of the ppk2, phosR, pstS, pstC, cmeC, csrA,
spoT, and CJJ81176_0750 genes was affected in the �ppk1
mutant. In order to understand the mechanism behind PPK1-
mediated stress responses and adaptation, quantitative RT-
PCR analysis was performed to examine the expression of
phosphate regulon genes (phosR, pstS, pstC, and the periplas-
mic substrate binding protein-encoding gene, CJJ81176_0750),
PPK2 (ppk2), the multidrug resistance efflux pump gene
(cmeC), the global posttranscriptional regulator (csrA), and
the stringent response regulator (spoT). Interestingly, the
aforementioned genes were found to be significantly (P 	
0.01) upregulated (fivefold or more) in the �ppk1 mutant rel-
ative to the wild-type strain (Fig. 5). Of particular interest,
pstC, CJJ81176_0750, pstS, phosR, and ppk2 were upregulated
48-fold, 40-fold, 30-fold, 9-fold, and 9-fold, respectively. Gene
expression was also analyzed after formic acid treatment and
during the induction of VBNC cells. Our results showed that,
with the exception of ppk2, the expression of the aforemen-
tioned genes was not affected in the acid-treated �ppk1 mu-
tant. The ppk2 gene was significantly downregulated (fivefold)
(P 	 0.05) in the �ppk1 mutant after acid treatment. However,

the expression of ppk2 and the aforementioned genes was not
affected in the wild type before and after acid treatment.

Poly-P is required for dose-dependent chicken colonization.
We assessed the ability of the �ppk1 mutant to colonize the
cecum and bursa and its shedding in the feces of 2-day-old
chicks. The dose dependency of colonization was studied by
inoculating the chicks with three doses of inoculum separately,
103, 104, and 105 CFU/chick (n � 5). Our results demonstrated
that the �ppk1 mutant was significantly defective (P 	 0.05) in
chicken colonization at all inoculum doses for all organs and
feces compared to the wild type (Fig. 6). Chicks infected with
103 or 104 CFU/chick of the �ppk1 mutant had no detectable
bacteria in any of the samples tested. However, chicks infected
with 105 CFU/chick of the �ppk1 mutant were colonized with
approximately 4 logs, 3 logs, and 2 logs fewer bacteria in the
cecal contents, feces, and bursae, respectively, compared to the
wild-type strain.

DISCUSSION

To better understand the role of poly-P in stress survival and
environmental adaptation mechanisms in an important enteric
pathogen, C. jejuni, we constructed a deletion mutant by tar-
geting PPK1 (�ppk1), an enzyme that mediates poly-P synthe-

FIG. 3. Two-parameter FSC/SSC flow cytometry analysis of C. je-
juni strains with and without formic acid treatment. FSC represents
cell size, while reverse scatter is for cell granularity. A gate (P1) was set
on FSC versus SSC to select the cell population for determining the
change in cell size/granularity. The percent changes in P1-gated cells of
the wild-type and �ppk1 and �ppk1c mutant strains at different time
points after formic acid treatment are shown. The bars represent the
mean � SE of two independent experiments. *, P 	 0.01. WT, wild
type.

FIG. 4. Effect of ppk1 deletion on C. jejuni natural transformation.
The donor DNA contained a tetracycline resistance (tetO) marker. The
data represent the mean transformation frequency � SE of three
independent experiments with triplicate transformation reactions in
each experiment. *, P 	 0.01. WT, wild type.

TABLE 3. Percentages of viable cells as determined by
CTC-DAPI staininga

Strain
% of viable cells after:

0 h 0.5 h 1 h 2 h 3 h

Wild type 100 98.4 96.7 94.5 42.4
�ppk1 mutant 100 97.7 30.5 3.5 2.8
�ppk1c mutant 100 98.9 95.2 46.9 27.6

a A total of 10 fields were counted for each sample, with an average of 90
bacteria in each field. The percentage of viable cells was calculated as follows: %
viability � (viable cell count/total cell count) �100. Total cell counts were
determined by adding viable (red) and dead (blue) cell counts. The results
represent the mean of three independent experiments.

TABLE 4. Susceptibility of C. jejuni to antimicrobials, bile acids,
and other compounds

Agent

Inhibitory concn(�g/ml)

Wild type �ppk1 mutant
(fold difference)a

�ppk1c
mutant

Ciprofloxacin 0.26 0.016 (16) 0.13
Erythromycin 0.5 0.003 (128) 0.12
Cefotaxime 2.0 0.03 (66) 1.0
Rifampin 103 51.5 (2) 51.5
Polymyxin 4.0 1.0 (4) 1.0
Tetracycline 2.06 0.26 (8) 2.06
Ethidium bromide 1.25 0.04 (31) 1.25
SDS 375 93.75 (4) 375
Cholic acid 5,156 645 (8) 5,156
Taurocholic acid 36,000 4,500 (8) 36,000
Deoxycholic acid 16,500 1,031 (16) 8,250

a Fold difference in susceptibility between the wild type and the �ppk1 mutant.
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sis in the cell. Although the C. jejuni �ppk1 mutant showed
growth patterns similar to those of the wild-type strain, as
expected, the mutant was deficient in the accumulation of
poly-P and exhibited defects in key survival and adaptation
responses. Significantly, the �ppk1 mutant showed reduced
abilities to form VBNC cells under stress, acquire DNA
through natural transformation, and resist antimicrobials. The
impairment of these physiological and stress responses, along
with other observed deficiencies, confirmed that poly-P plays
an essential role in the survival and adaptation of C. jejuni.

The absence of ppk genes was associated with defects in
growth, responses to stress and starvation, and viability in sev-
eral bacterial species (31, 40, 45, 58). This is also true of C.
jejuni survival and stress tolerance, as our results showed that
the �ppk1 mutant, after losing culturability (Fig. 2A), exhibited
reduced viability (Table 3) and an inability to form VBNC cells
under acid stress (Fig. 2B). Furthermore, flow cytometry anal-
ysis showed a significant change in cell size and granularity of
the �ppk1 mutant during acid treatment (Fig. 3), probably
indicating an increase in dead cells (35) and corroborating the
inability to form VBNC cells, which have been reported to
occur in spiral (noncoccoidal) forms in C. jejuni (19). Poly-P
particles have been found in starved and morphologically al-
tered Vibrio parahaemolyticus (15), while Nilsson et al. (45)
showed that poly-P accumulated in structurally intact coccoid
forms of starved H. pylori, probably for storing energy during
starvation. Despite this, no direct association between poly-P
and PPK1 and the formation of VBNC cells has been reported
previously. This is important, as VBNC cell formation has been
proposed as a strategy for surviving environmental stresses in

many bacterial species, including enteric pathogens such as C.
jejuni (55, 56). While usually undetectable by standard cultur-
ing techniques, in many cases, VBNC cells were reported to
maintain pathogenicity, further increasing the public health
importance of these forms. Although VBNC cell forms have
been reported for C. jejuni strains that were exposed to star-
vation and other stresses (14, 37, 55), the significance of these
forms in the epidemiology of C. jejuni has been a subject of
debate (43, 57, 63), probably due to variations in the animal
model, dose of VBNC cells, and strains used (14). However, it
appears that VBNC C. jejuni cells were successfully resusci-
tated after passage in embryonated eggs (12, 14) and the
strains recovered their capacity to adhere to HeLa cells, an
indication of regained pathogenicity (12).

PPK1 is responsible for most of the poly-P synthesis in bac-
terial cells (8), which was also inferred from our electron mi-
croscopy images that showed deficient accumulation of poly-P
granules in the C. jejuni �ppk1 mutant (Fig. 1A). Analysis of
ppk mutants of other bacteria has also revealed defective
poly-P granules (46, 65). Since poly-P acts as an energy store
allowing cells to tolerate stress (45), we propose that poly-P-
and PPK1-deficient bacteria lose their ability to enter a VBNC
state, which impacts their capacity to reduce metabolism and
potentially tolerate and adapt to environmental stresses and
the possibility for recovery when conditions are favorable (41).
With the exception of ppk2, which was downregulated under
formic acid treatment, our quantitative RT-PCR data did not
show any significant changes in the expression of selected
genes involved in phosphate uptake and stress tolerance in the
�ppk1 mutant (Fig. 5). Since ppk2 mediates a poly-P-driven
reverse reaction, synthesizing GTP from GDP in a greater
magnitude (75-fold) than the forward reaction (i.e., poly-P
synthesis from GTP) (51), the downregulation of ppk2 can be
interpreted as an additional effort by the cell to decrease en-
ergy (GTP/ATP) expenditure and maintain its already de-
creased poly-P reserves, which might be needed to form VBNC
cells and resist stress. Unlike PPK1, PPK2 is stimulated and

FIG. 5. Histogram showing the relative change in the expression of
target genes before and after formic acid treatment. The relative
change (2
��CT) in gene expression was calculated from the ��CT
value after normalization. �ppk1-WT (wild type) untreated indicates
the fold change in gene expression of the �ppk1 mutant strain relative
to the wild-type strain. WT treated indicates the fold change in gene
expression in the wild-type strain treated with formic acid relative to
the untreated wild type. �ppk1 treated indicates the relative fold
change in gene expression of the �ppk1 mutant treated with formic
acid relative to the untreated �ppk1 mutant. Genes with a twofold or
greater (P 	 0.01 or 0.05) relative change in expression were consid-
ered upregulated or downregulated. Each bar represents the mean �
SE of the relative fold change in expression from three independent
experiments with triplicate reactions for each sample. *, P 	 0.01; **,
P 	 0.05.

FIG. 6. Effect of ppk1 deletion on chicken colonization. Chicks
were randomly assigned to six groups of five. The first three groups
were inoculated with 103, 104, and 105 CFU/chick of the wild-type
strain, while the other three groups received 103, 104, and 105 CFU/
chick of the �ppk1 mutant strain. At 8 days postinoculation, the chicks
were euthanized and the numbers of CFU/gram of cecal contents,
feces, and bursae were calculated. Each bar represents the mean � SE
of five chicks. *, P 	 0.01; **, P 	 0.05. WT, wild type.
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becomes stable in the presence of poly-P (51). As a result, the
absence of or decrease in poly-P accumulation (Fig. 1A) might
have prompted the overexpression of ppk2 in the non-acid-
treated �ppk1 mutant compared to the wild type (Fig. 5),
possibly compensating for the deficiency in poly-P-dependent
PPK2 stability and partially maintaining its functions. Interest-
ingly, the upregulation of ppk2 in the non-acid-treated �ppk1
mutant was accompanied by overexpression of the genes re-
lated to phosphate regulation and uptake, possibly for main-
taining intracellular phosphate levels (51). This does not con-
tradict the gene expression profiles of the acid-treated �ppk1
mutant, since VBNC cell formation might require a certain
decrease in some metabolic and cellular processes, which
would conserve energy and phosphate utilization and conse-
quently limit the need for the overexpression of the aforemen-
tioned genes. However, it should be emphasized that the pre-
cise mechanism(s) by which poly-P influences the formation of
VBNC cells requires further investigation.

An important mechanism for adaptation to environmental
changes and antibiotic stress is the acquisition of important
genetic material through natural transformation (16, 29, 30).
Natural transformation plays an important role in mediating
genetic diversity and the acquisition of antibiotic resistance in
C. jejuni while also facilitating genetic manipulations in this
naturally competent bacterium (17, 29, 68). Interestingly,
poly-P is involved in the formation of cell membrane channels
that allow DNA uptake (13, 54). However, to our knowledge,
the impact of poly-P and its associated enzyme (PPK1) on
natural transformation has not been investigated before. Our
results show that the �ppk1 mutant was significantly deficient
in the frequency of natural transformation (Fig. 4) compared
to the wild-type and complemented strains. While it is true that
the �ppk1 mutant showed an increased susceptibility to tetra-
cycline (Table 4), it should be emphasized that the transfor-
mation experiments with the tetracycline gene occurred under
nonselective conditions. Therefore, the acquisition of the tet-
racycline resistance gene by the mutant should have not been
affected by its susceptibility to tetracycline. We suggest that
PPK1 and poly-P possibly impact genetic diversity, acquisition
of antibiotic resistance genes, and adaptation in C. jejuni by
indirectly impacting the entry of DNA from the environment.
This is important, as ppk-deficient bacteria, especially those
with relatively smaller genomes, like C. jejuni, might be inca-
pable of accessing collective gene pools (“supragenome”),
which greatly restricts natural transformation and adaptation
to environments (5).

Poly-P increases the activity of the stationary-phase RNA
polymerase RpoS (59), possibly leading to adaptive mutations
(21), including those that induce resistance to antibiotics (59).
However, certain stress response factors, such as RpoS, are not
found in C. jejuni. The �ppk1 mutant was significantly more
susceptible to a variety of antibiotics and other antimicrobials
than was the wild-type strain (Table 4). It follows that poly-P
and its associated enzyme (PPK1) can affect the antibiotic
resistance of C. jejuni through various other pathways that are
evidently RpoS independent. For example, poly-P accumula-
tion regulates the synthesis of guanosine tetraphosphate
(ppGpp) (59), an important molecule in stringent responses,
which at high levels, in turn, induces the accumulation of
poly-P (34). Gaynor et al. (24) showed that the stringent re-

sponse mediated the survival of C. jejuni under exposure to
rifampin, probably through the activation of RelA and/or
SpoT, enzymes that affect the synthesis of ppGpp, which alters
transcription of genes that facilitate survival under stress. This
was further confirmed by our observation that the �ppk1 mu-
tant indeed showed an increased susceptibility to rifampin (Ta-
ble 4). However, spoT was upregulated in the �ppk1 mutant
(Fig. 5), probably in an attempt to induce ppGpp-dependent
accumulation of poly-P (through the inhibition of exopolypho-
sphatase) (34) in the deficient mutant, which also highlights the
importance of previously suggested interactions of poly-P with
stringent response factors (36). The resistance of C. jejuni to
macrolides (erythromycin) and fluoroquinolones (ciprofloxa-
cin) is mediated through changes in the ribosome and muta-
tions in DNA gyrase (encoded by gyrA), respectively (18).
Interestingly, an E. coli ppk mutant showed a 40% decrease in
induced mutagenesis to nalidixic acid resistance (64), which is
a result of base mutations in DNA gyrase genes (72), while
poly-P has been reported to interact with ribosomes, support-
ing translation fidelity in E. coli (42). Furthermore, ppk dele-
tion mutations in Salmonella enterica serovar Typhimurium
and S. enterica serovar Dublin showed an increased suscepti-
bility to polymyxin B (31), corroborating our observations that
the C. jejuni �ppk1 mutant was susceptible to polymyxin (Table
4) and emphasizing the role of poly-P in mediating antibiotic
resistance. Surprisingly, cmeC, a component of a multidrug
efflux pump that mediates resistance to antibiotics and other
important compounds such as bile, which induces virulence
gene expression (38), was upregulated in the �ppk1 mutant
under no stress (Fig. 5), possibly in response to poly-P defi-
ciency. However, overexpression of cmeC did not appear to
facilitate the tolerance of the �ppk1 mutant when it was chal-
lenged with antibiotics or bile. Although our results indicate a
role for PPK1 and poly-P in mediating the resistance of C.
jejuni to different antibacterial compounds, the precise mech-
anism of the observed susceptibility and/or resistance remains
largely unknown and requires further investigation. However,
this might emphasize the importance of poly-P and its associ-
ated enzymes as potential targets for antibiotics and/or other
compounds.

Differential-expression analysis of C. jejuni genes involved
primarily in phosphate uptake, transport, and metabolism
showed that ppk2 (regulates the reversible synthesis of poly-P
from GTP or ATP), phosS/phosR (a two-component system
that activates the transcription of the phosphate regulon),
pstSC (involved in phosphate transport), and a gene for a
periplasmic solute-binding protein (CJJ81176_0750) that is
part of an operon encoding a putative ABC transporter for
phosphate uptake (20, 53, 70) were expectedly upregulated
under normal conditions in the �ppk1 mutant compared to the
wild type (Fig. 5). It has been previously suggested that the Pho
regulon is associated with stress responses (36), as the Pho
regulon was suppressed in E. coli mutant strains (e.g., relA and
spoT mutants) that were deficient in ppGpp accumulation (62).
Consequently, direct and/or indirect interactions have been
proposed to occur between pathways involved in phosphate
regulation, poly-P synthesis, and the stringent response (36). In
C. jejuni, the phosS/phosR two-component system triggers tran-
scription of the phosphate regulon, including CJJ81176_0750
and the pstS and pstC genes, both of which are also transcribed
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during phosphate limitation (70). Consequently, the upregula-
tion of ppk2 and other genes that are involved in phosphate
uptake and transport in the �ppk1 mutant appears to consti-
tute a compensatory response by the bacterium in an attempt
to accumulate poly-P. These observations further highlight the
role of poly-P and its associated metabolic enzymes in adap-
tation and survival responses of C. jejuni.

Consistent with previous findings, C. jejuni motility and re-
sistance to oxidative stress were not impacted in the �ppk1
mutant (data not shown; 10), which surprisingly showed en-
hanced biofilm formation (Fig. 7). Interestingly, csrA (putative
global posttranscriptional regulator), which contributes to bio-
film formation and oxidative resistance in C. jejuni (20), was
upregulated in the �ppk1 mutant (Fig. 5), possibly explaining
the tolerance of this mutant to oxidative stress and its en-
hanced capacity for biofilm formation. Furthermore, our re-
sults indicated that the �ppk1 mutant was susceptible to os-
motic stress and nutrient downshift (Fig. 8A and B) and
exhibited a dose-dependent chicken colonization deficiency
(Fig. 6), while the thermal stress response and resistance to
heavy metals were not impacted (data not shown). With the
exception of thermal stress and resistance to heavy metals, the
tolerance to osmotic and nutrient stresses was previously in-
vestigated, and our results were consistent with the earlier
report (10). Similar to the ppk1 mutant, a C. jejuni spoT mutant
was deficient in poly-P accumulation during growth in a rich
medium despite the presence of an intact ppk1 gene (10). In
our �ppk1 mutant, poly-P did not accumulate despite the over-
expression of spoT and the phosphate regulon genes, further
confirming that functional PPK1 is required for poly-P accu-
mulation. Additionally, this suggested that spoT might affect
the activity of ppk1, which could also be inferred from E. coli
spoT mutants that failed to accumulate ppGpp and pppGpp, as
well as poly-P, under nutrient deprivation (34).

In summary, our observations confirm the importance of
PPK1 in the adaptation, stress tolerance, and survival of C.
jejuni. Furthermore, we elucidate for the first time the role of
poly-P in influencing VBNC cell formation, natural transfor-
mation, and resistance to antimicrobial compounds and bile
acids, while impacting the expression of genes that are impor-

tant in these mechanisms. With limited options (e.g., absence
of RpoS) for survival under various stresses, poly-P and its
associated enzymes might be critical for C. jejuni survival, both
in vivo and during transmission. In addition, poly-P might
contribute to the plasticity of the C. jejuni genome, as well as
the spread and development of antibiotic resistance, by mediating
natural transformation and antimicrobial resistance. Further
studies are warranted to understand the molecular mechanisms of
poly-P regulation of stress responses and pathogenicity and the
interplay of poly-P, phosphate regulation genes, SpoT, and
ppGpp in C. jejuni pathophysiology.
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FIG. 7. Relative amounts of biofilm formation in the wild-type,
�ppk1, and �ppk1c strains. Static biofilm formation in borosilicate
tubes was assessed by inoculating 100 �l of culture with an OD600 of
0.05 into 1 ml of MH broth and incubating it at 42°C under microaero-
philic conditions for 2 days without shaking. Biofilms were visualized
by staining with 250 �l of 1% crystal violet for 15 min. Biofilms were
quantified by measuring the absorbance at 570 nm after dissolving
them in 1 ml of dimethyl sulfoxide for 24 to 48 h. Each bar represents
the mean � SE of two independent experiments. *, P 	 0.01. WT, wild
type.

FIG. 8. (A) Survival of the wild-type, �ppk1, and �ppk1c strains in
MH broth with 0.25 M NaCl. Bacterial strains were grown into mid-log
phase and adjusted to an OD600 of 0.05 in MH broth with and without
0.25 M NaCl and incubated under microaerophilic conditions at 42°C
for 70 h with shaking at 200 rpm. At different time points, samples were
serially diluted (10-fold) and plated onto MH agar in triplicate. The
plates were incubated under microaerophilic conditions, and the num-
ber of CFU/ml was calculated. The assay was repeated three times, and
the mean number of CFU/ml was reported. (B) C. jejuni survival under
nutritional downshift in MEM. Each data point represents the mean �
SE of three independent experiments. *, P 	 0.01. WT, wild type.
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