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The inorganic polyphosphate (poly-P) is a key regulator of stress responses and virulence in many bacterial patho-
gens including Campylobacter jejuni. The role of exopolyphosphatases/guanosine pentaphosphate (pppGpp) phos-
phohydrolases (PPX/GPPA) in poly-P homeostasis and C. jejuni pathobiology remains unexplored. Here, we analyzed
deletion mutants (Appx1, Appx2) and the double knockout mutant (dkppx), all Appx mutants exhibited increased capacity
to accumulate poly-P; however only Appx1 and dkppx mutants showed decreased accumulation of ppGpp, an alarmone
molecule that regulates stringent response in bacteria, suggesting potential dual role for PPX1/GPPA. Nutrient survival
defect of Appx mutants was rescued by the supplementation of specific amino acids implying that survival defect may
be associated with decreased ppGpp and/ or increased poly-P in Appx mutants. The ppkT and spoT were upregulated in
both AppxT and Appx2 suggesting a compensatory role for SpoT and Ppk1 in poly-P and ppGpp homeostasis. The lack
of ppx genes resulted in defects in motility, biofilm formation, nutrient stress survival, invasion and intracellular survival
indicating that maintaining a certain level of poly-P is critical for ppx genes in C. jejuni pathophysiology. Both ppx7 and
ppx2 mutants were resistant to human complement-mediated killing; however, the dkppx mutant was sensitive. The
serum susceptibility did not occur in the presence of MgCl, and EGTA suggesting an involvement of the classical or
lectin pathway of complement mediated killing. Interestingly, the chicken serum did not have any effect on the Appx
mutants’ survival. The observed serum susceptibility was not related to C. jejuni surface capsule and lipooligosaccharide
structures. Our study underscores the importance of PPX/GPPA proteins in poly-P and ppGpp homeostasis, two critical

molecules that modulate environmental stress responses and virulence in C. jejuni.

Introduction

Campylobacter jejuni is a microaerophilic gram-negative curved
bacterium that persistently colonizes the intestine of various live-
stock especially, poultry.! However, C. jejuni can infect humans
and its infection is considered to be a prevalent cause of bacte-
ria- mediated diarrheal disease worldwide.? Campylobacteriosis
is often a self-limiting disease characterized by fever, abdominal
pain, vomiting, and sometimes bloody diarrhea. In addition, fatal
post-infectious complications like Guillian—Barre Syndrome,
Miller Fisher Syndrome, and reactive arthritis can also occur.?
Efforts to reduce campylobacteriosis in humans are directly
linked to a better understanding of the pathobiology of C. jejuni;

*Correspondence to: Gireesh Rajashekara; Email: rajashekara.2@osu.edu

however, the molecular basis of such virulence mechanisms are
not fully elucidated yet.

Inorganic polyphosphate (poly-P), a polymer of ten to hun-
dreds of phosphate residues, linked by high-energy phospho-
anhydride bonds, is conserved in every cell in nature.? It can
serve as a source of energy for synthesis of sugars, nucleosides,
and proteins as well as an activating precursor for fatty acids,
phospholipids, polypeptides, and nucleic acids. Poly-P is also a
key regulator of bacterial survival, stress responses, host colo-
nization, and virulence in many pathogenic bacteria including
C. jejuni’>” Poly-P metabolism is governed by several specialized
enzymes; Polyphosphate kinase-1 (PPK1) is responsible for the
synthesis of long chain poly-P from ATP. Although the reaction
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is reversible, the synthesis of poly-P is favored.>® Polyphosphate
kinase-2 (PPK2) utilizes poly-P to generate GTP at a rate
75-fold greater than that of the poly-P synthesis from GTP. !
Exopolyphosphatases (PPXs) degrade poly-P into a smaller
branch of inorganic phosphate. PPXs have been classified into
two kinds; the classical PPX and the dual function PPX/GPPA.
Classical PPX enzymes are primarily monofunctional and their
essential role is in poly-P homeostasis.!*" Classical PPXs have
been shown to be involved in motility, biofilm formation, sporu-
lation and providing resistance to complement-mediated killing
in different bacteria.'®'” On the other hand, PPX/GPPA enzymes
have both exopolyphosphatase and guanosine pentaphosphate
(pppGpp) phosphorhydrolase activities to generate guanosine
tetraphosphate (ppGpp), an alarmone that regulates stringent
response in bacteria.”'*'®! In particular, PPX/GPPA enzymes
play a supplementary role in ppGpp metabolism related to the
bacterial starvation induced stringent response.'®2%

C. jejuni 81-176 encodes two potential dual function exo-
polyphosphatases ppxI/gppa (CJJ81176_0377) and ppx2/gppa
(CJJ81176_1251). To date, no studies describe the role of these
enzymes in poly-P hydrolysis and/or ppGpp synthesis as well as
in C. jejuni pathophysiology. Since poly-P homeostasis is critical,
and PPX/GPPA enzymes are involved in poly-P metabolism and
possibly in ppGpp synthesis, we hypothesize that PPX/GPPA
enzymes may have an important role in C. jejuni pathobiology
and persistence in different environmental conditions. To test
our hypothesis, we generated deletion mutants of ppx! and ppx2
(AppxI and Appx2) as well as the double knockout for both genes
(dkppx) and the analyses of these mutants suggest that ppx1/gppa
contributes to both poly-P and ppGpp pools in C. jejuni and ppx/
gppa genes are important for the C. jejuni stress responses and
virulence related traits.

Results

The PPX/GPPA proteins of C. jejuni

The phylogenetic analysis using MEGA-5 (Center for
Evolutionary Medicine and Informatics) showed that the
C. jejuni PPX1/GPPA clustered with Helicobacter and Acrobacter
whereas PPX2/GPPA with E. coli and Mycobacterium tuberculosis
species (Fig. S1). Further ClustalW2, structure based sequence
alignment using reference sequence of Aquifex aeolicus also
showed that the C. jejuni PPX1/GPPA (CJJ81176_0377) has
both the catalytic residue E116 required for PPX activity and
arginine residues (R16 and R258) necessary for GPPA activity
(Fig. S2A), suggesting that this enzyme might mediate both poly
P and (p)ppGpp hydrolysis. Conversely, C. jejuni PPX2/GPPA
(CJJ81176_1251) possesses the catalytic residues E103 and R12
but not R254 (Fig. S2A), indicating this enzyme is less likely a
mediator of (p)ppGpp hydrolysis. Moreover, the predicted three
dimensional (3D) structure of C. jejuni PPX1/GPPA showed
closer alignment with the reference sequence from A. aeolicus
PPX/GPPA than the PPX2/GPPA further suggesting a role for
(Fig. S2B and C) PPX1/GPPA in pppGpp hydrolysis.

The PPX1/GPPA and PPX2/GPPA proteins are conserved
across the different strains of C. jejuni with amino acid sequence
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identity ranging from 97% to 100%. In addition, PPX/GPPA
enzymes are also conserved among other sequenced Campylobacter
spp. (PPX1/GPPA sequence identity 35% to 97%; PPX2/GPPA
sequence identity 46% to 99%). However, the PPX1/GPPA and
PPX2/GPPA share 30% identity and 49% similarity in amino
acid content as also noted in Corynebacterium glutamicum (PPX1;
PPX2 share only 25% identity; 45% similarity) and M. tubercu-
losis (Rv0496-PPX/GPPA; Rv1026-PPX/GPPA share only 27%
identity; 42% similarity)."*

The ppx/gppa genes contribute to exopolyphosphatase
function

In order to verify that the deletion of ppx/gppa genes did not
affect the overall growth properties of the mutants, we assessed
the Appx mutants growth by determining CFUs at different time
interval in MH broth. Our result confirmed that there was no
significant difference between CFU forming ability of Appx
mutants (AppxI, Appx2, dkppx) and wild type (Fig. S3).

To investigate ppx genes role in exopolyphosphatase activ-
ity, we measured the intracellular poly-P levels in Appx mutants
(Appx1, Appx2, and dkppx). Our results indicated that the deletion
of ppx genes alters the intracellular poly-P levels when compared
with wild type. The AppxI and dkppx mutants showed significant
(P <0.05, P < 0.001) increase in the poly-P levels (45.5 nM and
48.5 nM/mg of total cellular protein [TCP], respectively) when
compared with wild type (35 nM/mg TCP). The Appx2 mutant
also exhibited an increased poly-P levels (39.5 nM/mg TCP) but
it was not significant (P = 0.079) (Fig. 1). The complemented
strains (Cppx! and Cppx2) displayed levels of poly-P (37 nM/mg
TCP) similar to wild type. Our findings confirm that the ppx1/
gppa and ppx2/gppa mutants have elevated poly-P and thus may
encode exopolyphosphatase activity. Furthermore, these results
indicate that ppx1/gppa gene has a major role in poly-P degrada-
tion and both genes may have additive effect in poly-P hydrolysis
as observed with dkppx mutant.

The ppx1/gppa gene contributes to ppGpp pool

It has been previously reported that metabolism of ppGpp in
C. jejuni is primarily governed by SpoT;® however, PPX/GPPA
proteins in C. jejuni are structurally similar and possess con-
served amino acid residues required for the bifunctional activ-
ity as seen in A. aeolicus, suggesting that these proteins may
have a subsidiary role in ppGpp metabolism. To address this,
we determined the levels of ppGpp in the wild type and Appx
mutants starved in MOPS for up to 24 h. Our results showed
that there was no difference in ppGpp accumulation at 3 h but
differences were observed at 6 h and 24 h. At 24 h, the Appx1,
and dkppx mutants displayed significantly decreased levels of
ppGpp 6% (P < 0.05) and 12% (P < 0.001) respectively, com-
pared with wild type. Conversely, the level of ppGpp in the
Appx2 mutant was significantly higher (30%) than wild type
(Fig. 2). However, complemented strains (Cppx! and Cppx2)
did not show significant change in the intracellular ppGpp pool
(data not shown). The lack of complementation is likely due to
chloramphenicol used to grow these strains, since chloramphen-
icol has been shown to inhibit ppGpp synthesis.?® Further, the
pppGpp levels were increased in both ppxI (4.5%) and dkppx
(5.76%) mutants compared with the wild type suggesting a dual
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role for ppxl. These results suggest that 56—
ppx1/gppa contribute to both poly-P and
ppGpp pools in C. jejuni. This is consis-
tent with the predicted 3D structure of
C. jejuni PPX/GPPA proteins (Fig. S2B
and C). Protein sequence and predicted
3D structure of C. jejuni PPX1/GPPA
resembles the bi-functional PPX/GPPA
protein of A. aeolicus. Only C. jejuni
PPX1/GPPA possesses two conserved
arginine residues (R16 and R258
corresponding to R22 and R267 of
A. aeolicus) necessary for GPPA activ- 32-
ity suggesting that the PPX1/GPPA of &
C. jejuni may be associated with both
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C. jejuni ppx/gppa genes are essen-
tial for survival in basal media

Figure 1. Intracellular poly-P levels in C. jejuni Appx mutants. Poly-P was extracted using glass milk
and quantified by toluidine blue O method. Each data point represents the mean + SE of 3 indepen-
dent experiments with duplicate samples. *P < 0.05 and **P < 0.001.

Previous studies have shown that
poly-P is essential for C. jejuni to survive
under low nutrient stress.>?” Our results indicate that C. jejuni
Appx mutants have altered poly-P homeostasis. Thus, we fur-
ther studied the mutants’ ability to withstand nutrient limitation
stress by monitoring the Appx mutants’ nutrient stress survival in
MEM. Results indicate that Appxl, Appx2, and dkppx mutants
were significantly (P < 0.05) defective in survival after 36 h.
Trans- complementation of AppxI and Appx2 mutants partially
restored the nutrient stress tolerance ability of mutants compa-
rable to wild type (Fig. 3A-C).

Growth of C. jejuni depends upon availability of free amino
acids.”® Further studies have shown that the preferential uti-
lization of serine, aspartate, glutamate and proline in vitro by
C. jejuni® It is also known that perturbation in ppGpp levels is
associated with amino acid starvation in E. co/i,*° we hypothesize
that specific amino acids supplementation to Appx mutants may
rescue ppGpp-induced growth defect in basal media (MEM-a).
Supplementation of amino acids serine, proline, glutamate, and
aspartate at 20 mM in basal media significantly rescued the sur-
vival defect of all Appx mutants at t36, t48, and t60 h except for
aspartate in Appx2 and dkppx at 60 h (Fig. 3D). Growth of the
Appx2 mutant, even though not defective in intracellular ppGpp
accumulation, was also rescued by specific amino acids supple-
mentation. However, although the amino acid supplementation
in wild-type C. jejuni enhanced its survival, it was not signifi-
cant. These results suggest that altered poly-P and/ or ppGpp
levels in ppx mutants may contribute to C. jejuni nutrient starva-
tion stress survival.

The ppx/gppa genes are essential for motility and biofilm
formation in C. jejuni

Our results showed that C. jejuni Appx mutants displayed sig-
nificant (P < 0.05, P < 0.001) defect in motility. The motility
zone for AppxI, Appx2, and dkppx were 1.7 cm, 2.3 cm, and 1.5
cm respectively, compared with wild type (3.3 ¢cm). The motil-
ity defects were partially restored in complemented strains CppxI

(2.5 cm) and Cppx2 (2.7 cm) (Fig. 4A and B).
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Figure 2. Intracellular ppGpp levels in the C. jejuni Appx mutants. The
amount of ppGpp accumulation was assessed in MOPS using early log
phase culture labeled with *P. The nucleotides were resolved by TLC
and quantified using densitometry. The graph shows the percentage
decrease/increase in the levels of ppGpp in mutants at 24 h. The comple-
mented strains (CppxT and Cppx2) did not show a significant change in
the intracellular ppGpp pool compared with wild type as chlorampheni-
col has been shown to inhibit ppGpp synthesis (data not shown). Each
bar represents the average from 2 independent experiments performed
using duplicate samples in each experiment.

We next investigated the role of ppx/gppa genes in C. jejuni
biofilm formation. Results in Figure 4C and D indicate that
Appxl and Appx2 mutants showed no impairment in biofilm for-
mation where the amount of biofilm formation for the AppxI
(OD,,, = 0.154) and for Appx2 (OD, = 0.119) was similar to
the wild type (OD,,, = 0.145). However, the deletion of both
genes (dkppx mutant) significantly (P < 0.001) affected the
amount of biofilm formation (OD_, = 0.033) (Fig. 4C and D).
Alrogether, these findings indicate that ppx/gppa genes play a role
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Figure 3. Nutrient stress survival of Appx mutants in minimum essential media: (A-C) Sensitivity of C. jejuni Appx mutants to nutrient starvation was
assessed by monitoring their survival in chemically defined media (MEM without glutamine) at different time points. All the Appx mutants showed stress
survival defect at t 36 h onwards and complemention partially rescued the defect. (D) Nutrient stress survival of Appx mutants in stringent basal media
(MEM-q) in presence or absence of specific amino acids. The specific amino acids (.-aspartate, .-glutamate, .-serine and L-proline) were added to basal
media at the concentration of 20 mM. CFU/mL value represents mean = SD of two independent experiments with duplicate samples in each experiment.
The dotted line across the bar graph indicates the limit of detection (10 CFU/mL). *P < 0.05. n.s denotes not significant.

in transmission related phenotypes such as motility and biofilm
formation in C. jejuni.

Deletion of ppx/gppa genes affects C. jejuni survival during
osmotic stress but not oxidative stress

The ability of C. jejuni ppx mutants to resist osmotic stress
was determined in the presence of NaCl as an osmotic stressor.
Our results indicate that there was no significant difference in
the osmotic stress tolerance response when tested on MH agar
containing 0.17 M NaCl in both AppxI and Appx2 mutants com-
pared with wild type. Conversely, the dkppx mutant did exhibit
a significant (2 < 0.05) sensitivity to osmotic stress in compari-
son to wild type strain (Fig. 5A and B). Furthermore, our CFU
data indicated that the survival of the dkppx mutant under liquid
osmotic stress (MH broth containing 0.25 M NaCl) was also sig-
nificantly (P < 0.05) affected at 48 and 60 h. Since, AppxI and

Appx2 mutants did not show defect in osmotic stress tolerance on
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solid media, we did not test these strains in liquid culture. These
results indicate that the ppx/gppa genes may play a role in the
C. jejuni osmotic stress tolerance.

The Appx mutants showed no significant difference between
zones of sensitivity to oxidative stressors (0.3% H,O, or 20 mM
Paraquat) compared with wild type (Fig. S4A and B).

The Appx mutants exhibit defect for invasion and intracel-
lular survival

To assay virulence associated phenotypes of invasion and intra-
cellular survival, C. jejuni Appx mutants and wild-type strains
were allowed to infect INT 407 human intestinal epithelial cells
at different MOIs. Our results indicated that the invasion profile
of the Appx mutants and wild type were similar at higher MOI;
however, at low MOI the mutants were consistently less inva-
sive. The intracellular survival was also assessed using a MOI of
100:1, although both Appx2 and dkppx mutant were defective
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Figure 4. Motility and biofilm formation of C. jejuni Appx mutants. (A) Motility was assessed on 0.4% soft agar at 42 °C for 24 h. (B) Motility was quantified
by measuring the swarming zone (diameter in cm) surrounding the stabbed area. Each bar represents the average from 3 independent experiments
with duplicate samples. *P < 0.05 **P < 0.001. (C) The biofilm formation was visualized by staining with 1% crystal violet for 15 min. (D) The amount of
biofilm was quantified by measuring the absorbance at 570 nm after dissolving in 3 mL DMSO for 48 h. Each bar represents the mean + SE of 3 indepen-
dent experiments with triplicate samples in each experiment. **P < 0.001.

in intracellular survival, only the dkppx mutant was significantly The ppxl and ppx2 mutants display resistance to comple-
(P<0.001) defective in comparison to wild type (Fig. 6A and B). ment-mediated killing

These data suggest that both PPX/GPPA enzymes are important The bactericidal activity of complement factors present
for the invasion and intracellular survival. in serum is an innate defense mechanism against intruding
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Figure 5. Osmotic stress responses of C. jejuni Appx mutants. The dkppx
mutant shows decreased osmotic stress tolerance on solid media (A) as
well as liquid media (B). In liquid media osmotic stress was determined
by monitoring cells survival at different time points. Each bar represents
the mean =+ SE from 3 independent experiments with duplicate samples
in each experiment. *P < 0.05.

pathogenic bacteria. Since the lack of PPX in Neisseria menin-
gitidis increased its resistance to complement-mediated kill-
ing," we next asked whether PPX/GPPA may have similar role
in C. jejuni. To assess the complement mediated killing we
compared the growth and survival of mutant and wild type
strains in pooled normal (N) or heat inactivated (HI) human
and chicken serum (NHS/NCS), respectively. The AppxI and
Appx2 mutants showed significant (P < 0.05) resistance to kill-
ing by human serum complement compared with wild type;
surprisingly, the deletion of both the genes (dkppx) significantly
(P < 0.05) increased the sensitivity to complement mediated
killing. Trans-complementation of ppx! and ppx2 genes restored
the complement mediated killing to levels similar to wild type
(Fig. 7A). However, surface structures such as LOS and CPS
could not be attributed to complement mediated killing (resis-
tant/sensitivity) observed for the mutants (Fig. SSA and B). This
was further confirmed by qRT-PCR analysis for the expression
of genes involved in LOS and CPS (kpsM, estll, waalF, and lgtF)
biosynthesis,? which was similar in all mutants compared with
wild type (Fig. S6).

To further investigate the complement pathways involved,
the activity of the classical and lectin pathways was inhibited in
normal sera by adding 10 mM MgCl, and 10 mM EGTA."*
Addition of MgCl, and EGTA inhibited the observed relative
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Figure 6. The ppx mutants display defect in invasion and intracellular
survival in INT 407 human intestinal epithelial cells. (A) Invasion assay
and (B) Intracellular survival assay. The dotted line across the bar graph
indicates the limit of detection (10 CFU/mL). Each bar represents the
mean + SE from 2 independent experiments with duplicate samples in
each experiment. *P < 0.05 **P < 0.001.

serum resistance in both AppxI and Appx2 and the sensitivity
of dkppx (Fig. 7B) suggesting that serum resistance or sensitiv-
ity is likely mediated by the classical and/or the lectin pathway.
Further, complement-mediated killing in human serum at 37 °C
and 42 °C was similar; however, the killing efficiency was slightly
pronounced at 37 °C (data not shown). In contrast to human
serum, chicken serum had no effect on the killing of the Appx
mutants (Fig. 7C).

spoT and ppkl are upregulated in Appx mutants

Next, in order to better understand the mechanistic aspects
of poly-P homeostasis in C. jejuni Appx mutants, we performed
qRT-PCR targeting known key genes involved in poly-P and
ppGpp metabolism (spoT; ppkl, and ppk2).°Our results show
that spo7 expression was upregulated 2-fold or more in all three
mutants and was significant (P < 0.05) in Appx] mutant (>6-
fold) (Fig. 8) compared with wild type. Similarly, ppkl expres-
sion was also upregulated more than 2-fold in the ppx/ and
dkppx mutants; whereas the expression of ppk2 was similar in all
mutants compared with wild type. These data suggest that the
upregulation of ppkl and spoT might be important in regulating

Volume 5 Issue 4

©2014 Landes Bioscience. Do not distribute.



>

Log10 killing

w

Log10 killing

o4l B N S S G
o &
G 0.20-
o))
k=
=
=
©
S  rmmmn s
R I
A 9 4+
& 5 3
VQQ VQQ S"Q

Figure 7. Complement dependent killing of C. jejuni Appx mutants.
(A) Appx mutants killing by human serum. (B) Appx mutants killing by
human serum in the presence of MgCl, and EGTA (C) Appx mutants kill-
ing by chicken serum. Log, killing was determined by subtracting the
difference between number of CFU determined in heat inactivated
human or chicken serum (HINHS or HINCS) to normal serum (NHS or
NCS). Bars represent the mean + SE of 3 independent experiments per-
formed in duplicates each time. *P < 0.05.

poly-P and ppGpp levels thus avoiding excessive accumulation of
poly-P in the absence of ppx genes.

Discussion

In contrast to other well studied enteric pathogens such
as Salmonella, Shigella, and E. coli, C. jejuni lacks most of the

www.landesbioscience.com

Fold difference in expressions

Figure 8. qRT-PCR analysis of C. jejuni Appx mutants for genes involved
in poly-P and ppGpp homeostasis. Fold difference in transcript levels
was assessed by 2*CT method. The expression of target genes was nor-
malized to the 16s-rRNA expression levels from the same strain and then
the relative expression of target genes were determined by comparing
to expression in wild type strain. Each bar represents the mean + SE of
the relative fold change in expression from 4 independent experiments
performed in duplicates each time. *P < 0.05.

classical virulence factors. Sequencing of several C. jejuni strains,
including one known to be highly virulent and invasive strain
(C. jejuni 81-176), did not uncover any of the classical virulence
factors.?**> Moreover, relatively small size genome (1.64 Mb) of
C. jejuni demands to exploit most of its genes efficiently to meet
great challenges to survive and transmit between hosts. Hence, a
better understanding of the host-microbe interactions that affect
the C. jejuni pathogenesis is of immense importance.

Previous studies have shown that the poly-P plays a critical
role in virulence related phenotypic traits in pathogenic bacte-
ria including C. jejuni.®**¥ In this work, we focused to expand
our understanding of poly-P homeostasis in C. jejuni by inves-
tigating the role of PPX enzymes. In M. tuberculosis, deficiency
of PPX leads to increased accumulation of poly-P and restricted
the growth in auxenic cultures and in human macrophages.®® In
A. aeolicus, PPX/GPPA enzymes, in addition to poly-P degrada-
tion, also breaks down pppGpp to ppGpp,'** playing an impor-
tant role in the starvation induced stringent response. As shown
in the present study, C. jejuni has two exopolyphosphatases
which individually or additively act in maintaining the poly-P
pool (Fig. 1) but are not redundant. In C. glutamicum, dele-
tion of ppxI or ppx2 resulted in increased poly-P accumulation.”
Determination of exopolyphosphatase activity and intracellular
poly-P concentration in C. glutamicum revealed that PPX2 is the
major exopolyphosphatase effective on short chain poly-P. C. glu-
tamicum PPX1 and PPX2 share only 25% amino acids identity
and it was suggested that non-overlapping substrate preference
may be the reason for occurrence of two or more exopolyphospha-
tase within one species.” Likewise, PPX1 and PPX2 of C. jejuni
share only 30% amino acid identity with the PPX1/GPPA likely
serving as a major exopolyphosphatase; however, further analysis
to detect poly-P molecules and their sizes are needed to determine
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C. jejuni PPX1 and PPX2 substrate specificity. The occurrence of
two or more exopolyphosphatases within a species is not restricted
to C. jejuni as is also seen in E. coli, Vibrio cholera, M. tubercu-
losis, and C. glutamicum.>** If we take into account that poly-P
confers improved fitness under environmental stress,* then the
selective maintenance of ppx genes may be strongly associated
with changing environments, while an immovable environment,
such as a host cell, could cause gene/function loss, as suggested by
the lack of ppx genes in Mycoplasma spp.”

Previous studies of PPX/GPPA proteins in A. acolicus and
E. coli have shown that these enzymes possess bifunctional activ-
ity." However, in M. tuberculosis two PPX-GPPA homologs were
shown to have distinct biochemical activities.?* To our knowl-
edge, this is the first study in C. jejuni depicting its PPX/GPPA
possible dual role and its significance in numerous transmission
and virulence related phenotypes. Our densitometry data for
ppGpp production indicated that both AppxI and dkppx mutants
have decreased ppGpp (Fig. 2), while ppx2 mutant has increased
ppGpp levels when compared with wild type. This suggests
that the ppGpp metabolism in C. jejuni is also regulated by fac-
tors other than PPXs. In this context Gaynor et al. showed that
C. jejuni stringent response is mediated by SpoT” which mediates
both ppGpp synthesis and pppGpp hydrolysis and lack of this
protein impairs C. jejuni resistance to rifampicin.>?* Our qRT-
PCR data support the concept of Spol” upregulation as a com-
pensatory mechanism in poly-P and ppGpp homeostasis (Fig. 8).
However, sensitivity to rifampicin was not affected in the ppx
mutants (data not shown) which suggest that ppGpp levels are
not below the threshold levels to have any effect on rifampicin
sensitivity.” Further studies are needed to understand the com-
plex mechanisms behind regulation of (p)ppGpp by the PPX-
GPPA proteins in C. jejuni.

C. jejuni’s ability to withstand the nutrient limited conditions
in environment is critical for waterborne transmission. The bio-
film formation and viable but not culturable (VBNC) state are
known defense mechanism that a bacterium can exploit.*’ The
poly-P homeostasis in C. jejuni is shown to be important for bio-
film formation, nutrient stress survival, osmotic stress tolerance,
and for the maintenance of the VBNC state.>?” Furthermore,
C. jejuni flagellar motility has also been implicated in biofilm
formation.*""** As shown in B. cereus,'® our data indicate that
PPX/GPPA enzymes are required for the motility and biofilm
formation. Although the motility was affected in both mutants, a
pronounced defect was seen in the dkppx mutant, suggesting that
C. jejuni ppx1/gppa and ppx2/gppa genes additively contribute to
motility. Conversely biofilm formation was only affected in the
dkppx mutant (Fig. 4A and B) indicating a complex intercon-
nected network of genes regulating this process in C. jejuni.

Complement-mediated bacterial killing is a key component
of the humoral arm of the innate immunity necessary to con-
trol systemic infections from mucosal surfaces. Thus encapsu-
lated bacteria counteract the antibacterial effect of complement
by preventing deposition of the membrane attack complex on
bacterial membranes.” In V. meningitidis, lack of PPX increases
its resistance to complement-mediated killing independently
of changes in surface structures such as CPS, LPS, and the
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factor-H-binding protein. Instead N. meningitidis lack of PPX
function modifies the interaction with the components of alter-
native pathway of complement activation.”” Our findings are in
agreement with this previous report, as the deletion of individual
ppx genes conferred resistance to complement-mediated killing.
Consistent with this finding, in a previous study it was reported
that poly-P by itself can inhibit complement-mediated killing.””
Strikingly, our result also showed that in C. jejuni deletion of
both genes (dkppx) results in sensitivity to complement-medi-
ated killing (Fig. 7A) suggesting a pleotropic effect of the double
knockout contributing to its sensitivity even in the presence of
higher levels of poly-P.

Analyses of the CPS and LOS profiles of C. jejuni ppx mutants
as well as qRT-PCR analysis of selected LOS/CPS biosynthetic
genes suggested that these surface structures may not play a
role in complement-mediated killing. Additionally, our results
revealed that either classical or lectin mediated complement acti-
vation pathway are likely to play a role in C. jejuni ppx-mediated
resistance or sensitivity to human serum (Fig. 7B). Perhaps the
increased resistance of ppx/ and ppx2 mutants may suggest that
the C. jejuni uses it genes optimally to suite its lifestyle in humans
and thus facilitating further spread to new host. However, addi-
tional studies are required to resolve the mechanism(s) behind
observed susceptibility to the complement mediated killing.
Interestingly, there was no effect of chicken complement factors
on ppx mutants’ killing (Fig. 7C). This could be explained if
the functionality of PPX/GPPA proteins depends on several fac-
tors such as temperature, host restricted expression of ppx genes,
and/or the host immune system tolerance, among others. To our
knowledge, this is first study showing differential contribution of
ppx genes to complement mediated killing.

In our study in general the significant phenotypic changes
(motility, biofilm formation, osmotic stress survival, and serum
sensitivity) were observed in the double mutant (dppx) compared
with the single mutants. However at present, we do not know
what molecules are involved in these phenotypic differences. We
believe that it is either due to additive effect of ppxI and ppx2
deletion leading to higher poly-P levels or decreased ppGpp in
the double knockout compared with single mutant; for example,
motility was affected more in the double mutant compared with
the single mutants. However, we observed osmotic stress defect,
biofilm formation defect, and serum sensitivity only in the dou-
ble mutant, we believe that these results observed in the double
mutant is most likely a pleotropic effect of increased poly-P or
decreased ppGpp to a threshold levels that is not seen in single
mutants. It is also likely that poly-P and/ or ppGpp molecules
act separately or in combination toward specific phenotypes. In
this regard, a recent study has demonstrated that ppGpp and
poly-P signaling molecules uniquely and/or commonly regu-
lated developmental regulators with cell type specific activities in
Caulobacter crescentus. '

In conclusion, we report that C. jejuni ppx/gppa genes are
important for maintaining critical levels of poly-P and ppGpp in
the cell. Besides their role in stress related phenotypic traits, they
have a role in complement mediated killing. Our study expands
the multi-factorial regulation of poly-P metabolism in C. jejuni.
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Table 1. Bacterial strains and plasmids used in this study

Strain/plasmid Relevant description Source
Strains
C.jejuni81-176 Used as wild type strain of C. jejuni Dr Qijing Zhang
E. coli DH5« E. coli strain used for cloning Invitrogen
Appx1 C. jejuni 81-176 derivative with deletion in ppx1/gppa gene; ppx1/gppa:Kan This study
Appx2 C. jejuni 81-176 derivative with deletion in ppx2/gppa gene; ppx2/gppa::Kan This study
dkppx C. jejuni 81-176 derivative with deletion of ppx1/gppa and ppx2/gppa; ppx1/gppa:Kan, ppx2/gppa::Cm This study
Cppx Appx1 with pRY111- containing ppx1coding reg|or.1 and the upstream promoter sequence for This study
complementation; Cm
Cppx2 Appx2 with pRY111- containing ppx2 coding reglop and the upstream promoter sequence for This study
complementation; Cm
Plasmids
pPRY111 E. coli-Campylobacter shuttle vector for complementation Yao et al.*®
pRK2013 Helper plasmid for conjugation, Kan Akiba et al.’®
pZErO-1 Cloning vector for making suicide vector; Zeo Invitrogen
pUC4K Source for kanamycin gene, Kan Amersham
pZErO-1-ppx] pZErO-1 containing ppx1/gppa region plus 1 kb upstream and downstream sequences from C. jejuni This study
81-176; Zeo
ppx1-suicide vector PZErO-1-ppx1 with ppx1/gppa replaced by kanamycin resistance gene from pUC4K; Zeo, Kan This study
pZErO-1-ppx2 pZErO-1 containing ppx2/gppa region plus 1 kb upstream and downstream sequences from C. jejuni This study
81-176; Zeo
ppx2-suicide vector pZErO-1-ppx2 with ppx2/gppa replaced by kanamycin resistance gene from pUC4K; Zeo, Kan This study
ppx2-suicide vector-Cm ppx2-suicide vector with kanamycin resistance marker replaced by chloramphenicol resistance gene This study
from pRY111; Zeo, Cm
pRY111-ppx1 pRY111 containing ppx1 coding and upstream sequence for complementation, Cm This study
PRY111-ppx2 pRY111 containing ppx2 coding and upstream sequence for complementation, Cm This study

Kan, kanamycin; Zeo, zeocin; Cm, chloramphenicol
Materials and Methods

Bacterial strains and growth conditions

Bacterial strains and plasmids used in this study are listed
in Table 1. All studies were performed with the highly invasive
C. jejuni strain 81-176 originally isolated from a diarrheic patient.”
C. jejuni cultures were routinely grown on Mueller—Hinton (MH;
Becton Dickinson and Company) agar under microaerobic condi-
tion (85% N, 10% CO,, and 5% O,) ina DG250 Microaerophilic
Workstation (Microbiology International). For the growth curve
and stress survival assays, C. jejuni strains were cultured in MH
broth with or without specific antibiotics at 42 °C with shaking
at 200 rpm. All the bacterial strains were enumerated (CFU/mL)
on MH agar by plating 10-fold serial dilutions. For the purpose
of cloning and plasmid propagation, Escherichia coli DH5a cells
were used and routinely cultured on Luria-Bertani (LB; Becton
Dickinson and Company) medium at 37 °C. Growth media were
supplemented with specific antibiotics: chloramphenicol (20 pg/
mL for E. coli, 10 pg/mL for C. jejuni), zeocin (50 pg/mL), and
kanamycin (30 pg/mL) wherever required.

Cloning techniques

The primers for PCR and qRT-PCR were designed using
Vector NTI® software (Invitrogen) or Integrated DNA
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Technologies scientific tool (IDT) and were commercially syn-
thesized by IDT. All the primers used in the present study are
listed in the Table S1. QIAquick®PCR purification and a spin
miniprep kits for plasmid isolation were purchased from Qiagen.
Masterpure® DNA purification and Fast-Link DNA ligation
kits were purchased from Epicenter. Restriction enzymes were
purchased from Promega. pZEro-1, the zero background cloning
vector and E. coli DH5a competent cells were purchased from
Invitrogen. Cloning and other molecular biology techniques were
performed as previously described.*

Construction of C. jejuni 81-176 ppx deletion mutants and
complemented strains

C. jejuni 81-176 genome possesses two exopolyphos-
phatase genes, ppxl/gppa (C]JJ81176_0377) and ppx2/eppa
(CJJ81176_1251) encoding 486 and 324 amino acids, respec-
tively (Fig. S7). Further, BLAST search using ppx/gppa gene
from Aquifex aeolicus as a reference sequence confirmed that
these two genes likely represent exopolyphosphatases. The dele-
tion mutants (Appxl, Appx2, and dkppx) were generated by
double crossover homologous recombination as we described pre-
viously.?! Briefly, to construct the mutant, the target gene, along
with its upstream and downstream sequences (approximately 1
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kb), was amplified from C. jejuni 81-176 genomic DNA with
specific primers. The PCR product was cloned into pZErO-1
plasmid, the resulting construct was amplified by inverse PCR
ensuring that most of the ppx! and ppx2 coding sequences were
deleted. The inverse PCR product was ligated to a kanamycin
gene from pUC4K and the final suicide vector was introduced
into C. jejuni 81-176 by electroporation as described.” To
generate a double knockout (dkppx) mutant, ppx2 suicide vec-
tor, in which the kanamycin resistance gene was replaced with
chloramphenicol gene, was electroporated into AppxI mutant.
Colonies grown on MH agar containing kanamycin and chlor-
amphenicol were selected as the double knockout mutant and
deletion of target genes were confirmed by PCR using primers
specific to upstream and downstream sequences of the target
gene.

For complementation, target genes along with the poten-
tial promoter regions were amplified from genomic DNA with
specific set of primers; products were cloned into pRY111, an
E. coli—Campylobacter shuttle vector.”® Resulting constructs were
introduced into the respective mutants by triparental conjugation.
The complementation strain for the dkppx mutant was not gener-
ated due to a limited availability of replicating plasmids as well as
antibiotic markers of choice for use in C. jejuni. Complemented
strains (Cppx! and Cppx2) were also confirmed by PCR.

Growth curve assay

The growth curve assay was performed as described previ-
ously” Cultures were grown to mid-log phase on MH agar,
washed, suspended in MH broth, adjusted to OD,, 0.05, and
incubated microaerobically at 42 °C for 60 h with shaking at
200 rpm. For assessing the growth, CFUs were determined at
different time points by plating 10-fold serially diluted cultures
on MH agar.

Extraction and quantification of poly-P

The extraction of poly-P from C. jejuni strains were per-
formed using the glassmilk method as previously described.®’
Briefly, C. jejuni cultures were grown in MH broth to mid-sta-
tionary phase to reach OD_, of 0.3, cells were harvested fol-
lowed by lysis with buffer (guanidine isothiocynate-GITC 4
mM, 500 mM TRIS-HCI pH 7.0). Total protein concentration
in the lysate was estimated by Bradford analysis (BCA kit, Pierce
Scientific) and poly-P content was analyzed using toluidine blue
O dye. Briefly, for poly-P quantification, lysates were washed
with buffer (5 mM TRIS-HCI [pH-7.5], 50 mM NaCl, 5 mM
EDTA, 50% ethanol) and pellets were resuspended in a buffer
(50 mM TRIS-HCI [pH 7.4], 10 mM MgCl,, and 20 pg each
of DNase and RNase per mL) and the poly-P was eluted by brief
centrifugation at 9500 x g with elution buffer (50 mM TRIS-
HCI pH 8.0).

The poly-P extracted from C. jejuni lysates were incubated
with toluidine blue O dye (TBO 6 mg/liter in 40 mM acetic acid)
at room temperature followed by assessing absorbance at 630 nm
and 530 nm, where the ratio of 530 nm/630 nm provides the
amount of poly-P in a given sample. Levels of poly-P in C. jejuni
lysates were determined by direct comparison with a phosphorus
standard curve and were expressed as nmol/mg of total cellular
protein.
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ppGpp isolation and detection

Isolation and detection of ppGpp was assayed as described pre-
viously.”® Briefly, bacterial strains were grown on MH agar for
16—18 h. Cultures were diluted to adjust OD_, of 0.25 in MH
broth; cells were pelleted, washed twice in MOPS-MGS at 9500
x g (50 mM MOPS, 55 mM mannitol, 1 mM MgSO,, 0.25 mM
CaCl,, 19 mM glutamic acid, and 0.004 mM biotin) and sus-
pended in 250 WL MOPS-MGS 3" 2P at 100 wCi per mL (3.7
x 10'? Bq) was added to cells and incubated microaerobically for
3, 6, and 24 h at 37 °C. Previously we have observed that the pro-
longed exposure (starvation stress) in MOPS results in increased
accumulation of ppGpp that can be readily detected.” Labeled
bacteria were harvested at the above specified times, washed and
treated with lysozyme in 10 mM Tris (pH 8.0) for 20 min. The
ppGpp was extracted with equal volume of 2 M formic acid and
placed on ice for 15 min. Samples were spun for 5 min at 9500
x ¢, and 3 pL of supernatant was spotted directly onto cellulose
TLC plates, dried, and developed in 1.5 M KH,PO, and visual-
ized by autoradiography. For TLC separation, loading concentra-
tions were normalized across all strains and approximately equal
number of cells were loaded on the TLC plate.

Motility assay

The motility assay was performed as described previously.”!
Briefly, C. jejuni grown overnight on MH agar microaerobi-
cally at 42 °C was harvested, washed with MH broth and OD
was adjusted to 0.05. Two microliter culture (-5 x 107 cells) was
stabbed onto 0.4% semi-solid agar and incubated microaero-
bically at 42 °C. After 24 h of incubation, the swarming zone
(diameter) around the stabbed area was measured in centimeters.

Biofilm assay

The static biofilm formation was assayed as previously
described.® Briefly, cells were grown microaerobically overnight
on MH plate at 42 °C, harvested in MH broth and OD, | was
adjusted to 0.05. Then the culture (100 L) was inoculated to
2 mL of MH broth in borosilicate tubes and incubated micro-
aerobically at 42 °C for 48 h without shaking. Static biofilm for-
mation was visualized by staining with 1% (w/v) crystal violet
for 15 min. To quantify amount of biofilms, 3 mL of dimethyl
sulfoxide (DMSO, Sigma) was added and incubated at room
temperature for 24 h. The absorbance was measured at 570 nm.

Growth in chemically defined medium

Briefly, C. jejuni cultures were grown microaerobically on
MH agar for 1618 h at 42 °C. The cultures were washed twice
by centrifuging at 9500 x ¢ for 2 min with minimum essen-
tial media (MEM without glutamine) or stringent basal media
(MEM-a) with or without supplementation of amino acids L-ser-
ine, L-asperatate, L-glutamate, and L-proline at 20 mM concen-
tration. Bacteria were suspended in the defined media to adjust
OD,,, of 0.05 (approximately 1 x 10®° CFU/mL) and incubated
microaerobically at 42 °C with shaking at 200 rpm. CFUs were
determined by plating on MH agar at different time intervals.

Osmotic stress assay

Osmotic stress was determined as described previously.®
Briefly, mid log-phase grown bacterial cultures were suspended
in MH broth and OD_ adjusted to 0.05. Cultures were then
serially diluted (10-fold) and a 10 wL samples were spotted on
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MH agar containing 0.17 M NaCl and the growth was assessed
after 48 h of incubation microaerobically at 42 °C. To test sur-
vivability of ppx/gppa mutants to osmotic stress in liquid media,
cultures were adjusted to OD_; 0.05 in MH broth containing
0.25 M NaCl and incubated microaerobically for 60 h at 42 °C
with shaking at 200 rpm. CFUs were assessed at different time
points by plating on MH agar.

Oxidative stress assay

The ability of C. jejuni ppx mutants to survive under oxida-
tive stress was assessed as previously described.? Briefly, bacte-
rial strains (-5 x 107 cells) were spread for confluent growth on
MH agar. At the center of MH agar, 6 mm diameter hole was
made and well bottom was sealed with 50 L of molten MH
agar. Wells were filled with 30 wL 0.3% H,O, or 20 mM para-
quat and plates were incubated microaerobically for 24 h at 42
°C, clear zones of growth inhibition surrounding the wells were
measured in centimeter.

Rifampicin sensitivity assay

Fresh overnight cultures of C. jejuni ppx strains were streaked
onto MH plate containing different rifampicin concentration (50,
100, 150, 200, 250, and 300 pwg/mL) as previously described.”
The plates were incubated at 37 °C, microaerobically for 2448 h
to determine the sensitivity.

Invasion and intracellular survival in INT407 cells

The invasion and intracellular survival in INT 407 cells were
performed as previously described.?>>3 INT 407 cells (-1.4 x 10°)
in MEM with 10% (v/v) fetal bovine serum (FBS) were seeded
to 24-well tissue culture plate and incubated for 18 h at 37 °C
with 5% CO,. MH broth grown mid-log phase C. jejuni cultures
were pelleted by centrifuging at 9500 x ¢ for 10 min and washed
twice with MEM containing 1% (v/v) FBS, adjusted to OD, of
0.02, and subsequently used to infect INT 407 cells. Different
multiplicities of infection (MOI) were used to infect the cells in
duplicate wells. For invasion 1:1, 10:1, 100:1 MOIs were used,
and 100:1 MOI was used for intracellular survival assay. To
assess invasion, INT 407 cells were incubated with bacteria for
3 h and treated with gentamicin (150 pg/mL), and incubated
for additional 2 h. Infected cells were washed with MEM twice,
lysed with 0.1% (v/v) Triton-X 100, and 100 pL of an aliquot
from each well was 10-fold serially diluted in MEM and plated
on MH agar in duplicate to determine CFUs.

In order to determine intracellular survival, following 2 h of
gentamicin treatment as above, infected cells were washed twice
with MEM and fresh MEM containing gentamicin (10 pg/mL)
was added and incubated for additional 24 h. Following incuba-
tion, infected cells were processed to assess CEUs as described
above for the invasion assay.

Serum bactericidal assay

Serum bactericidal assay was performed as described previ-
ously.”*> Commercially available pooled normal human serum
(NHS) and pooled normal chicken serum (NCS) (Innovative
Research) were used. Briefly, C. jejuni strains were harvested
after 16-18 h of growth on MH plates, washed and suspended
to 10° cells/mL in Medium 199 with Hank’s balanced salt solu-
tion containing 0.01% glutamine. From each culture, 150 pL ali-
quots were transferred in duplicate to a 96-well microtiter plate.
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To each well, 50 p.L of either 100% NHS/NCS in Medium 199,
100% heat-inactivated (56 °C for 30 min) HI-NHS/NCS or
Medium 199 alone was added to obtain 25% final concentra-
tion of NHS/NCS or HI-NHS/NCS and the plate was incubated
for 60 min microaerobically at 37 °C for human serum, and at
42 °C for chicken serum. Aliquots (100 pL) from each well were
10-fold serially diluted and plated to assess CFUs. Log, killing
was determined by subtracting the number of CFUs between
HI-NHS/NCS to NHS/NCS-treated samples.

Detection of capsular polysaccharide (CPS) and lipooligo-
saccharide (LOS)

CPS and LOS were analyzed as described previously.

55,56 For

CPS analysis, C. jejuni wild type and mutant cells were har-
vested after 48 h of growth, washed in PBS, standardized to
an OD, of 2.0, then solubilized in 200 pL of sample bufter
(2% SDS, 4% 2-mercaptoethanol, 10% glycerol, 1 M TRIS-
HCI, pH 6.8, and 0.02% bromophenol blue), for 10 min at
100 °C, and then subsequently incubated with 60 g of pro-
teinase K for 1 h at 60 °C. Whole cell lysates were analyzed by
15% SDS-PAGE at 80 mA for 4 h. Pre-stained protein marker
(HyperPAGE, Bioline) was used to determine the molecular
mass and bands were resolved with periodic acid silver nitrate
(PAS) stain. The presence of LOS (normalized by protein con-
tent) was analyzed by 1 dimensional silica gel thin layer chroma-
tography (TLC) using the solvent system n-propanol-water-25%
NH,OH (60:30:10 v/v/v), developed with 10% (v/v) sulfuric
acid in ethanol, and visualized by heating the TLC at 120 °C for
few min as previously described.”

Quantitative RT-PCR

qRT-PCR was performed targeting key genes involved in
poly-P homeostasis, CPS, and LOS synthesis. Mid station-
ary phase grown bacterial cultures were used for total RNA
extraction using RNeasy Mini Kit (Qiagen). RNA concentra-
tion and purity were determined using NanoDrop ND-2000c
spectrophotometer (Thermo Scientific) and agarose gel electro-
phoresis. DNase treated RNA (200 ng) was used for cDNA syn-
thesis using SuperScript® III First-Strand Synthesis SuperMix
kit (Invitrogen). Following cDNA synthesis, cDNA concentra-
tion was normalized to 200 ng and gene specific primers were
used to amplify the genes involved in poly-P homeostasis (spo7;
ppkl, and ppk2), CPS and LOS synthesis (kpsM, cstll, waaF, and
lgtF) along with 16S-7RNA as internal control. qRT-PCR was
performed using SensiMixPlus® SYBR RT-PCR Kit (Quantace)
in a realplex? mastercycler (Eppendorf). The expression of genes
were normalized using 16S-7RNA expression of the same strain
and the relative difference in expression of genes was calculated
using the comparative threshold cycle (**Ct) method to yield
fold-difference in transcript levels compared with wild type.

Statistical analyses

Statistical significance of data was determined using one-way
analysis of variance (ANOVA) followed by the Tukey multiple
comparison post-test or Student 7 test (paired 2-tailed). A P value
of P < 0.05 (o level) was considered statistically significant.
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