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ABSTRACT Phenotypic variation is prevalent in the zoonotic pathogen Campylobacter jejuni, the leading agent of enterocolitis
in the developed world. Heterogeneity enhances the survival and adaptive malleability of bacterial populations because variable
phenotypes may allow some cells to be protected against future stress. Exposure to hyperosmotic stress previously revealed prev-
alent differences in growth between C. jejuni strain 81-176 colonies due to resistant or sensitive phenotypes, and these isolated
colonies continued to produce progeny with differential phenotypes. In this study, whole-genome sequencing of isolated colo-
nies identified allelic variants of two purine biosynthesis genes, purF and apt, encoding phosphoribosyltransferases that utilize a
shared substrate. Genetic analyses determined that purF was essential for fitness, while apt was critical. Traditional and high-
depth amplicon-sequencing analyses confirmed extensive intrapopulation genetic variation of purF and apt that resulted in via-
ble strains bearing alleles with in-frame insertion duplications, deletions, or missense polymorphisms. Different purF and apt
alleles were associated with various stress survival capabilities under several niche-relevant conditions and contributed to differ-
ential intracellular survival in an epithelial cell infection model. Amplicon sequencing revealed that intracellular survival se-
lected for stress-fit purF and apt alleles, as did exposure to oxygen and hyperosmotic stress. Putative protein recognition direct
repeat sequences were identified in purF and apt, and a DNA-protein affinity screen captured a predicted exonuclease that pro-
moted the global spontaneous mutation rate. This work illustrates the adaptive properties of high-frequency genetic variation in
two housekeeping genes, which influences C. jejuni survival under stress and promotes its success as a pathogen.

IMPORTANCE C. jejuni is an important cause of bacterial diarrheal illness. Bacterial populations have many strategies for stress
survival, but phenotypic variation due to genetic diversity has a powerful advantage: no matter how swift the change in environ-
ment, a fraction of the population already expresses the survival trait. Nonclonality is thus increasingly viewed as a mechanism
of population success. Our previous work identified prominent resistant/sensitive colonial variation in C. jejuni bacteria in re-
sponse to hyperosmotic stress; in the work presented here, we attribute that to high-frequency genetic variation in two purine
biosynthesis genes, purF and apt. We demonstrated selective pressure for nonlethal mutant alleles of both genes, showed that
single-cell variants had the capacity to give rise to diverse purF and apt populations, and determined that stress exposure se-
lected for desirable alleles. Thus, a novel C. jejuni adaptive strategy was identified, which was, unusually, reliant on prevalent
genetic variation in two housekeeping genes.
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The helical Gram-negative microaerophilic epsilonproteobac-
terium Campylobacter jejuni is notable for extensive intrapo-

pulation genetic variation. As revealed by the first genome se-
quence of C. jejuni NCTC11168 (1), much of this genetic variation
results from phase variation due to lengthening or shortening of
simple homopolymeric nucleotide sequence tract repeats, influ-
encing the expression or translation of genes affecting numerous
phenotypes. This typically involves genes encoding surface struc-
tures, including those required for flagellar motility (2–4), lipooli-
gosaccharide structure (5), and capsular polysaccharide biosyn-
thesis (6), and can also affect genes involved in DNA restriction

and modification (RM) systems (1). Variation of these so-called
“contingency loci” is accepted as an important survival strategy of
C. jejuni and other important pathogens, promoting niche and
host adaption, virulence, and antigenic diversity for immune sys-
tem evasion (7). Thus, genetic variation is thought to enhance the
success of C. jejuni as the leading cause of bacterial food-borne
diarrheal disease in the developed world and the most frequent
antecedent to Guillain-Barré syndrome demyelinating polyneu-
ropathy (8).

Since C. jejuni does not possess homologues of DNA mismatch
repair (MMR) systems (mutS, mutL, and mutH) (1, 9), reversible
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phase variation in homopolymeric tracts is thought to occur via
slip-strand mispairing (SSM) during DNA synthesis. The failure
to detect and repair SSM is thought to facilitate the high frequency
of reversible phase variation, which is experimentally determined
to be between 10�3 and 10�5 mutations/cell division (10). How-
ever, our previous work identified population-level phenotypic
heterogeneity with characteristics that were potentially inconsis-
tent with homopolymeric-tract-based phase variation (11). In the
current study, we describe novel high-frequency genetic muta-
tions associated with colony phenotype variation that are unusual
in C. jejuni for several reasons: (i) the affected genes were not
involved in the biosynthesis of surface-exposed structures or RM
systems; (ii) the genetic variation was not mediated by SSM at
homopolymeric tracts; and (iii) unlike homopolymeric tract
changes, the DNA sequence changes did not result in frameshift
truncations but were predicted to produce different alleles of
genes with relatively modest amino acid sequence changes. There-
fore, the variation did not result in the on-off phenotypic switch-
ing behavior characteristic of phase variation but instead enabled
a spectrum of phenotypic outcomes among individual bacteria.

We demonstrate that this genetic diversity occurred in two purine
biosynthesis genes and drove adaptive bet hedging-like pheno-
typic behavior predicted to enable niche exploitation through
multistress resistance/sensitivity and promotion of C. jejuni sur-
vival.

RESULTS
Whole-genome-sequencing identification of purF and apt mu-
tations in colonial variants. We previously identified prevalent
phenotypic heterogeneity among single colonies of C. jejuni strain
81-176, observed via their relative fitness for survival following
transfer to Mueller-Hinton (MH) agar supplemented with 1.0%
NaCl (hyperosmotic stress) (11). In that work, colonies grown on
MH agar were isolated and then spotted to NaCl-containing me-
dium and assessed for growth or nongrowth (Fig. 1A). Differences
in sensitivity or resistance to hyperosmotic stress were observed
among individual colonies. To assess the heritability of these phe-
notypes, progeny from five sensitive colonies were passaged on
MH agar and then tested for sensitivity or resistance to hyperos-
motic stress as before. The majority of the progeny colonies re-

FIG 1 Heritable colony stress phenotype variation linked with purF and apt mutations. (A) Schematic illustration depicting 100 single colonies. Blue indicates
growth/stress resistance and yellow indicates defective growth/stress sensitivity of replicated colonies grown on Mueller-Hinton (MH) agar with 1.0% NaCl
(hyperosmotic stress). Colonies with red outlines on both plates indicate NaCl-sensitive isolates designated for heritability testing. (B) Heritability assessment.
Colonies outlined in red in panel A were selected from the MH agar-only plate and correspond to the five NaCl-sensitive isolates also outlined in red on MH agar
with 1.0% NaCl. These clones were propagated on MH agar only and then tested for heritability of the NaCl-sensitivity defect. One hundred progeny were tested
on MH agar with 1.0% NaCl; shown is a schematic illustration of progeny phenotypes, color coded as shown by the key in panel A. (C) Relative levels of NaCl
stress sensitivity of colony isolates compared to that of the parental wild type. Mean results with standard errors of the means (SEM) from three independent
experiments are shown, presented as the ratio of CFU recovered on MH agar with 1.0% NaCl versus CFU recovered on MH agar only: **, P � 0.01; ***, P � 0.001.
(D) Whole-genome sequencing identification of a single mutation with 100% variant frequency in either purF or apt in each sensitive strain, with anticipated
protein effect. (E) Genomic loci and operons of purF and apt. (F) Conserved domains of purF and apt. (G) Purine biosynthesis pathway schematic with purine
substrates involved in purF and apt reactions.
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tained the sensitive parental phenotype, but frequent phenotypic
reversion was evident (Fig. 1B). To quantify the phenotypic dif-
ferences between the five sensitive isolates and the heterogeneous
wild type, optical density (OD)-standardized cultures were plated
on MH agar or MH agar with 1.0% NaCl, and colony counts were
taken. Approximately 30% of the wild-type heterogeneous popu-
lation survived hyperosmotic challenge, but only 3 to 7% of the
populations derived from the sensitive isolates survived (Fig. 1C).
To determine whether these growth defects were due to a genetic
cause, whole-genome sequencing of the five sensitive strains and
the parental wild type was carried out via 454 pyrosequencing to a
depth of ~16�. Variant analysis detected only one nonsynony-
mous mutation with 100% variation frequency in each of the five
sensitive strains, occurring in either of two open reading frames
(ORFs), CJJ81176_0227 (encoding the glutamate amidophospho-
ribosyltransferase PurF) and CJJ81176_0934 (encoding the ade-
nine phosphoribosyltransferase Apt). Of the five mutations, three
involved distinct changes in purF (Fig. 1D): variant colony 2 had a
G-to-C transversion that resulted in a change of alanine to glycine
at position 304 (A304G), colony 3 had a C-to-T transition that
resulted in a G292S mutation, and colony 5 had a 3-bp insertion
that resulted in the deletion-insertion G95delinsGV. The apt mu-
tation in colonies 1 and 4 was identical, a T-to-C transition result-
ing in an I61T change in Apt. The other genes in the purF and apt
operons encode genes of unrelated or unknown function, and
neither these operons nor other purine biosynthesis genes are or-
ganized nearby each other on the chromosome (Fig. 1E). PurF and
Apt share phosphoribosyltransferase (PRTase) domain homology
(Fig. 1F), and both purF and apt are predicted purine biosynthesis
pathway genes encoding PRTases that use 5-phospho-�-D-ribose-
1-diphosphate (PRPP) in their respective reactions (Fig. 1G).
PurF additionally harbors a glutamine amidotransferase domain.

Deletion of apt results in growth defects, and deletion of
purF is lethal. To determine whether the mutations detected in
purF and apt were equivalent to loss-of-function mutations, dele-
tion of purF and apt was attempted via gene replacement with a
nonpolar apramycin antibiotic resistance (aprr) marker (12). De-
letion of purF was not possible unless a second copy of the purF
gene was provided in trans (not shown). Thus, purF is likely an
essential gene, consistent with a previous report (13). Deletion of
apt was possible, but the �apt::aprr strain (�apt) was severely
compromised in its growth, as assessed by plating OD-
standardized equivalents from wild-type and �apt cultures for
CFU quantification. In comparison to the wild type, the �apt
strain produced 107-fold fewer CFU (Fig. 2A) and could not be
transformed with a plasmid-borne apt complement construct
(not shown). Complementation of the mutation was enabled by
introducing the apt-containing operon (see below) at a secondary
locus before deletion of apt (�apt/apt). Microscopy of 6-h (log-
phase) cultures revealed aberrant �apt morphologies, which were
not seen with apt allele mutants (not shown). Fluorescence mi-
croscopy also revealed widespread permeabilization and lysis of
�apt bacteria, indicated via phosphatidylserine-binding fluores-
cent annexin V staining, and the presence of extracellular DNA,
shown by DNA-binding propidium iodide (PI) fluorescence ex-
ternal to bacterial cells (Fig. 2B). Since the �apt mutant was highly
defective for viability, it was not useful for comparative studies
versus the wild type. Overall, these data showed that the sequenced
apt mutants, which did not display growth defects on MH agar
(not shown), were unlike the �apt deletion strain. Furthermore, at

least one functional copy of purF was required for growth; thus,
the sequenced mutations resulted in purF and apt alleles that did
not confer complete loss of function.

Allelic complementation restores resistant phenotypes to
sensitive isolates. To show that purF and apt alleles were respon-
sible for the observed sensitive/resistant phenotypes, allelic com-
plementation was performed. Insufficient expression from the
nonnative cat promoter precluded purF or apt single-gene com-
plementation (not shown). As mutations were not detected in any
other genes of the purF or apt operons, allelic complementation
was carried out via in trans chromosomal integration of purF and
apt variant operons (see Fig. S1A in the supplemental material).
Integrated PCR-amplified purF or apt operons from wild-type
genomic DNA rescued the hyperosmotic defects of purF-A304G
and apt-I61T mutant strains (see Fig. S1B). Sequence analysis
showed that complementation of apt-I61T was via insertion of the
reference apt copy, but complementation of purF-A304G was due
to insertion of a purF-T91del allele, not the reference allele. Thus,
the purF-T91del allele had been unexpectedly cloned into the al-
lelic complement. Addition of the sensitive purF-A304G or apt-
I61T allele into the wild type did not result in hyperosmotic sen-
sitivity, implying that these alleles are not dominant (see Fig. S1C).

Multifarious purF and apt mutations are prevalent in the
C. jejuni population. A comprehensive analysis of allelic variation
in the heterogeneous population was carried out to associate purF
and apt genotypes with stress-related phenotypes (see below).
From the parental heterogeneous population passaged on MH
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FIG 2 Effect of apt deletion. (A) Relative counts of CFU recovered on MH
agar from OD-equivalent cultures of the parental wild-type and �apt::aprr

strains. Mean results with SEM from six independent experiments are shown:
**, P � 0.01; ns, not significant. (B) Bright-field (differential interference con-
trast [DIC]) and fluorescence microscopy examining morphology and integ-
rity of wild-type and �apt::aprr strains. Fluorescence microscopy samples were
costained with propidium iodide for DNA (red) and annexin V conjugate for
permeabilization/phosphatidylserine (blue). Representative fields of view
from two independent experiments are shown.
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agar, 96 colonies were chosen randomly for growth in MH broth
for preservation and genomic extraction. Via traditional Sanger
dideoxy methodology, the purF, apt, and prsA genes from each of
the 96 single colonies were PCR amplified and sequenced. The
prsA sequencing control was chosen because PrsA is the ribose-
phosphate pyrophosphokinase encoded by CJJ81176_0925 that
acts upstream from purF and apt in purine biosynthesis (Fig. 1G).
The 96-colony purF, apt, and prsA concatenated sequence analysis
revealed that the reference alleles for purF and apt were not the
most prevalent and comprised only 11.5% (11/96) of the popula-
tion (Fig. 3A). No mutations were identified in the prsA sequenc-
ing control. Certain alleles were rare (e.g., purF-S256R [1/96]),
and other alleles were abundant (e.g., purF-T91del [14/96]). All of
the mutations were missense only, with no apparent transition/
transversion bias. Mutations were more common in purF (71/96)
than in apt (17/96), and no colonies with mutations in both purF
and apt were detected. Multiple mutations of the same gene were
uncommon, and all occurred within purF (4/96). The most com-
mon mutations in purF were single single-nucleotide polymor-
phisms (SNPs) (34/71), followed by deletion/insertion of single
codons (18/71). The most abundant mutations in apt were large
insertions of 48 bp (7/17) or 51 bp (1/17). These insertions were
duplications of the sequence flanking the insertion. SNPs were
also detected in apt and were typically found in the coding region
between the sites of the larger insertions (Fig. 3B). Mutations in
purF were concentrated in a hypervariable region in the glutamate
binding domain; however, mutations were also found elsewhere
in purF (aligned DNA/translated sequences of purF, apt, and prsA
from the 96 colonies are shown in Fig. S2 to S4 in the supplemental
material).

Differential phenotypes of single-colony isolates are associ-
ated with high-frequency variation of purF and apt. The 96 col-
onies were tested simultaneously under a variety of stress condi-
tions using OD-standardized equivalent cell numbers. In addition
to 48 h of growth on MH agar with or without NaCl, the stresses
tested included subjection to atmospheric O2 for 48 h, exposure to
42°C or 45°C for 48 h, and aging for 72 h. O2-stressed and aged
bacteria were subsequently grown on MH agar with or without
NaCl; heat stress was tested alone or on plates containing NaCl.
After single or combination stress exposure, the resulting growth/
nongrowth phenotype of each of the 96 strains was assessed, and
spot growth was digitized into a heat map and arranged by purF

and apt genotype. Results are shown only for conditions with phe-
notypic differences between isolates (Fig. 4A). Colonies with sen-
sitive phenotypes comprised 20% to 30% of the total colonies
tested. Overall, the different stresses were closely related in terms
of phenotypic outcome; for instance, a NaCl-sensitive colony was
typically sensitive to all stressors tested. Multistress sensitivity was
associated with specific allele families (e.g., purF-G95V, purF-
G292S, and apt-E154A), as were multiresistant phenotypes (e.g.,
purF-V336F). However, a number of allele families continued to
display phenotypic variation between isolated colonies bearing
the same mutation (e.g., purF-V93_D96delVLGD). NaCl-
sensitive colonial isolates had improved phenotypic outcomes fol-
lowing aging.

Underproduction of Apt correlates with stress sensitivity.
Colony 15 was found to have a unique mutation in the Shine-
Dalgarno ribosome binding site (RBS) of apt, effecting a change
(shown in boldface) from CGAGGCA to CGAAGCA (Fig. 4A,
red). Since colony 15 was also NaCl sensitive (see Fig. S5A in the
supplemental material), we reasoned that modulation of apt
translation might have phenotypic outcomes analogous to those
of certain primary sequence mutations. To test the translation, a
reporter gene, astA, encoding arylsulfatase (14), was fused to the
reference or mutant RBS under promoter-equivalent expression
control and inserted separately into the strain 81-176�astA ge-
netic background (see Fig. S5B). Reporter measurement demon-
strated that the mutant RBS reduced translation (see Fig. S5C).
Therefore, reduced enzyme production had an effect similar to the
effect of mutations in apt that confer NaCl sensitivity.

Mutant alleles contribute to phenotype distribution in the
population. Mutations were associated with multistress resis-
tance, but the initial spot growth/nongrowth phenotypic assay
could not quantify enhanced or relative growth defects. To quan-
tify increases/decreases in hyperosmotic stress survival, a more
sensitive CFU-based NaCl stress test was carried out on represen-
tative strains derived from single-colony isolates harboring repre-
sentative resistance- or sensitivity-conferring alleles (Fig. 4B). The
representative strains had no relative growth defects when grown
on MH agar alone. In contrast, the strains with the purF-V336F
(12/96) and purF-T91del (14/96) alleles, which conferred resis-
tance to NaCl stress, were recovered at ~15-and ~1.6-fold higher
levels of CFU, respectively, than the heterogeneous wild type on
NaCl-supplemented MH agar. All other representative-allele-
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NaCl for 30 s compared to the results for the �apt strain without NaCl exposure. Luminometric values are relative to average luminometric value of parental wild
type. Mean results with SEM from six independent experiments are shown: *, P � 0.05; **, P � 0.01; ****, P � 0.0001. Bars in panels B and C are color coded as
shown on the right in panel A.
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bearing strains tested were sensitive to NaCl, the most sensitive of
which (purF-G292S strain) yielded ~105 fewer colonies than the
wild type on NaCl. Collectively, the data (Fig. 4A and B) show that
the alleles in a heterogeneous population contribute a wide spec-
trum of specific stress phenotypes to the overall wild-type pheno-
type.

Given that purF and apt are purine biosynthesis genes, muta-
tions may affect the global purine pool and cell energetics. A
luciferase-based ATP determination assay was carried out as a
representative assay for the purine pool and to assess respiration
and ATP production. Log-phase cultures of the representative-
allele-bearing strains were standardized by total cell number, ex-
posed to 1.0% NaCl for 30 s, and lysed for ATP determination.
Strains bearing alleles associated with stress sensitivity had less
total ATP than the heterogeneous wild-type population or strains
bearing the purF-V336F resistance-associated allele (Fig. 4C; see
also Fig. S5D in the supplemental material). Without NaCl treat-
ment, no differences in total ATP were observed (not shown).
Consistent with all data described thus far, the phenotypic effects
of purF and apt mutations were only revealed after exposure to
stress.

High-depth amplicon sequencing reveals purF and apt ge-
netic heterogeneity in single-colony isolate progeny. The high
rates of phenotypic reversion in the progeny of single-colony iso-
lates and the prevalence of multiple purF and apt alleles suggested
that phenotypic reversion might be due to further mutation of
purF and apt or mutation back to the reference sequence. To assess
this, genomic extractions from the representative-allele-bearing
isolates were used for PCR amplification and high-depth (~5,000-
fold) Illumina MiSeq-based amplicon sequencing of purF, apt,
and prsA. Sequence variants were determined for each represen-
tative isolate and ranked by the frequency of the variation. Hyper-
osmotic stress testing was also carried out on 96 single-colony
progeny from each of the representative-allele-bearing strains to
profile progeny phenotypes (Fig. 5A). The NaCl stress phenotypes
of the 96 progeny were represented by blue/yellow resistant/sen-
sitive heat maps, which showed that the overall phenotype of the
representative strain was related to the abundance of that same
phenotype among the colony’s progeny. Phenotypic revertants
were not observed for some representative-allele-bearing strains,
and amplicon sequencing revealed that those strains either did not
mutate further, did so beyond the limit of detection (e.g., apt-
E154A, contains 100% variant sequence), or had low-frequency
reversion (e.g., purF-G95V, contains 99% variant sequence).
Analysis also revealed that certain representative isolate popula-
tions (e.g., those bearing purF-V336F and purF-V93_D96delVLGD
alleles) contained both reference and other allele sequences at high
frequencies. For simplicity, amplicon variants were mapped to the
reference 81-176 sequence, and thus, the prevalent large duplica-
tion insertions in apt are poorly represented in this analysis. To
control for sequencing artifacts, prsA was included in every anal-
ysis. No prsA variants differing from the reference sequence were
observed (data not shown), thus highlighting the peculiarity of
random purF and apt allele frequencies.

Purine allele heterogeneity in other C. jejuni type strains. To
determine whether purF and apt variation was also found in other
type strains of C. jejuni, phenotypic testing under NaCl stress and
amplicon sequencing of purF, apt, and prsA were carried out on
strain 81116, the genome-sequenced (GS) and original (O) ver-
sions of NCTC11168, and the initial heterogeneous strain 81-176

(Fig. 5B). These analyses demonstrated that 81-176 is the most
heterogeneous strain; however, all strains displayed heterogeneity
phenotypically and/or in the frequency and type of variation in
purF and apt. The two versions of NCTC11168 — known for a
variety of phenotypic/proteomic differences (15, 16)—also dif-
fered in their overall sensitivity to hyperosmotic stress, frequency
of phenotypic variation, and purF and apt alleles. For example,
apt-C99Y was found in 22% of the NCTC11168-O population
and yet was absent in the NCTC11168-GS strain. The phenotypic
and sequencing results for strain 81116 revealed that sequence
variation in purF did not produce phenotypic variation in this
instance, perhaps because purF-S113L was phenotypically silent.
Overall, these data confirmed that high rates of variation in purF
and apt are generally present in C. jejuni spp.

Stress exposure selects fitter purF and apt alleles. Assigning
phenotypic causation to a single allele is difficult given the poten-
tial for high rates of phase variation, reversion, or secondary mu-
tations and other confounding behavior. We hypothesized that if
purF and apt mutations affected cellular responses to oxygen or
osmotic stress, then oxygen or osmotic stress should select for
stress-resistant purF and apt alleles. Cultures of the heterogeneous
wild type were thus exposed to atmosphere (O2 stress) or sub-
jected to repeated and increased NaCl treatment. At each end-
point, genomic DNA was harvested for amplicon sequencing, and
the NaCl stress phenotypes of 96 colonies grown from the culture
were assessed. Exposure to O2 selected for the multistress
resistance-conferring purF-T91del and O2-resistant purF-G95V
alleles, which increased from undetected to 27% and 19%, respec-
tively, of the post-O2 exposure population (Fig. 5C). For hyperos-
motic stress effects, the heterogeneous wild type was exposed to
MH broth containing 0.8% NaCl for 24 h, followed by reinocula-
tion into fresh broth and another 24-h exposure to 1.0% NaCl.
The allele most differentially represented was purF-V336F, which
increased from undetected in the unstressed heterogeneous wild
type to 19% and 22% at each successive exposure endpoint. The
apt-L92F allele also increased from undetected to 16% and 24%
with each successive exposure to NaCl. Phenotypic analyses
showed that stress-sensitive progeny decreased in abundance after
exposure to either O2 or NaCl. Most of the alleles detected via
amplicon sequencing were not previously identified in the screen
of 96 colonies.

Intracellular survival in epithelial cells is affected by genetic
heterogeneity in purF and apt. Successful host cell invasion and
intracellular survival of C. jejuni are correlated with oxidative
stress resistance and virulence (17). Since purF and apt alleles af-
fected O2 and hyperosmotic stress tolerance, the representative-
allele-bearing strains were used to infect INT407 host epithelial
cells and assessed for intracellular survival by gentamicin protec-
tion assay. Invasion and intracellular survival were determined by
lysing the epithelial cells and recovering intracellular bacteria for
CFU enumeration at relevant time points (Fig. 6A). The counts of
CFU recovered from host cells infected with the heterogeneous
wild type were normalized to a value of 1.0 at each time point, for
comparison to the counts of CFU recovered for representative
isolates. The progression from inoculum to 5 h and 8 h intracel-
lular survival is shown (Fig. 6). Representative-allele-bearing
strains invaded INT407 host cells equally well (3-h time point; not
shown). However, NaCl resistance correlated with intracellular
survival, e.g., the strains bearing NaCl stress-resistant alleles purF-
V336F and purF-T91del were not significantly different from the
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FIG 5 Identification of genetic heterogeneity within single colonies and other C. jejuni type strains, and effects of stress selection on mutant populations. Each
heat map depicts the resistant/sensitive stress phenotypes, color coded as indicated by the key in panel A, of 96 progeny derived from the indicated strains and
conditions, with a list of alleles detected by amplicon sequencing and their relative levels of abundance (maximum � 1.0 [100%]; the frequency listed is the ratio
of allele to reference sequence at the specific base position) below. Alleles with synonymous mutations are indicated with a red “S”. Each circle in a heat map
represents the average of the spot growth densitometry measurements from three independent experiments performed with OD-standardized cultures, with the
average densitometry value being relative to the average value for all colony isolates grown on MH agar alone under standard conditions. (A) Stress phenotype
variation and heterogeneity of purF and apt alleles within single-colony-derived representative isolates. The original Sanger sequence genotype of the represen-
tative variant colony is listed above the phenotypic heat map, with sequence variants detected by Illumina MiSeq-based amplicon sequencing listed below the heat
map. (B) Stress phenotype analysis of 96 colonies derived from parental C. jejuni type strains 81116, NCTC11168-GS, NCTC11168-O, and 81-176, and
heterogeneity of purF and apt alleles of each strain. Sequence variant analysis was performed using the known reference sequence specific to each type strain. (C)
Effects of exposure to atmospheric O2 or repeated treatment with MH broth containing 1.0% NaCl on progeny phenotypes and purF and apt genotypes. For O2

exposure, the parental 81-176 strain was exposed to atmosphere for 48 h and then plated for single colonies on MH agar, from which 96 progeny were derived.
The resistant/sensitive phenotype of each of the 96 progeny was retested by exposure to atmospheric O2 for 48 h prior to phenotypic assessment on MH plates.
Genomic DNA for amplicon sequencing was obtained from pooled viable colonies after the initial O2 exposure. For successive NaCl exposure, strain 81-176 was
grown in MH broth or MH broth with 1.0% NaCl for 24 h, and then NaCl-treated cells were used for repeated treatment. At each treatment endpoint, cultures
were plated on MH agar to obtain viable single colonies. Stress phenotypes for 96 random colonies from MH agar were obtained by subsequent testing on MH
agar with 1.0% NaCl. Genotypes of purF and apt were assessed by amplicon sequencing of genomic DNA from pooled viable colonies from MH agar.
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heterogeneous wild type. However, at the 8-h time point, strains
bearing the purF-V336F or purF-T91del allele yielded 12.1-fold
and 6.8-fold more bacteria, respectively, than the strain bearing
the NaCl-sensitive allele apt-E154A, which was significantly im-
paired for intracellular survival compared to the heterogeneous
wild type. We next assayed all 96 single-colony isolates in inde-
pendent host cell infections and compared bacterial recovery from
cells to bacterial NaCl resistance. Regardless of the NaCl stress
phenotype, the variant strains invaded cells equally well (Fig. 6B,
3-h time point). In contrast, differential intracellular behavior
was observed among the 96 single-colony isolates at the 8-h
intracellular-survival time point (Fig. 6B, bottom). Furthermore,
NaCl sensitivity/resistance phenotypes for allele families or sib-
lings (Fig. 6B, color coded as in Fig. 4A) were generally similar to

the intracellular survival trends, e.g., NaCl-sensitive apt-E154A
siblings were defective for intracellular survival and NaCl-
resistant purF-V336F siblings generally survived better than
strains bearing other alleles.

During a typical C. jejuni host cell infection (Fig. 6C), a bottle-
necking event occurs in which only a fraction of the total bacterial
population adhere to and invade cells and survive intracellularly
(in the data shown in Fig. 6A, these data for the wild type were
normalized to 1.0 for each time point and do not reflect the actual
CFU obtained at each time point). We hypothesized that the cell
infection/survival process would select for alleles conferring fit-
ness in epithelial cells. INT407 cells were infected with the heter-
ogeneous wild type, and the purF, apt, and prsA allele sequences
were assessed by amplicon sequencing prior to infection and at 5,
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FIG 6 Fitness selection and effects of purF and apt mutations in invasion and intracellular survival in infection of INT407 epithelial cells. (A) Invasiveness and
intracellular survival of representative-allele-bearing strains in semiconfluent epithelial cells assessed by gentamicin protection assay. The numbers of wild-type
CFU recovered following host cell lysis were normalized to 1.0 for each assay time point (0 h, infection inoculum; 5 h and 8 h, intracellular bacteria). Counts of
CFU of representative-allele-bearing strains recovered are compared to those of heterogeneous wild type at each relevant time point. Mean results with SEM from
three independent experiments are shown, and statistics are shown for 8-h time point: *, P � 0.05; **, P � 0.01; ns, not significant. (B) Adherent/intracellular
bacteria (3 h, top), and intracellular survival (8 h, bottom) of 96 purF- and apt-genotyped single-colony isolates in INT407 epithelial cells. Each dot represents
an isolate (out of 96); the average CFU count recovered from host cells for an individual isolate relative to the average CFU count recovered for the entire
population is shown on the x axis, and growth on NaCl relative to the population average is on the y axis (data are from the experiment whose results are shown
in Fig. 4). CFU data are from three independent experiments. CFU recovered at 3 h include bacteria adherent to host cells and intracellular bacteria; CFU
recovered at 8 h from gentamicin-treated host cells are from intracellular bacteria only. Dots (B) and bars (A) are color coded to represent the families of
representative alleles shown in Fig. 4, and grey dots are used for all other variants (B). (C) CFU recovered from typical INT407 infection with heterogeneous
wild-type C. jejuni 81-176 at infection (0 h), adherent and intracellular (3 h), and intracellular survival (5, 8, and 12 h) time points. The infection inoculum is the
total number of bacteria used to infect host cells (MOI of 100). (D) Strain selection for allele fitness as shown by intracellular survival and examination of NaCl
resistance/sensitivity phenotypes in 96 colonies after liberation from host cells. Amplicon-sequencing analysis of variants was performed on genomic DNA from
pooled colonies recovered on MH plates at each intracellular time point. Each pool was the equivalent of three independent experiments with 24 technical
replicates (total of 72 infections at each intracellular time point to maximize CFU/allele recovery).
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8, and 12 h postinfection (Fig. 6D). Sequencing was carried out on
pooled colonies obtained by plating harvested epithelial cell ly-
sates. The most selected-for allele in the population was purF-
V336F, which increased in abundance from 14% of the preinfec-
tion population to 22%, 31%, and 77% at 5, 8, and 12 h
postinfection. Since replication of C. jejuni within host cells is not
thought to occur (18), this likely represented increased survival
rather than growth. The NaCl resistance of 96 colonies recovered
at each time point was assessed as described above, and the results
showed that passage through INT407 cells selected for variants
with NaCl stress-resistant phenotypes. These data show that pas-
sage of C. jejuni through epithelial cells selects for stress fit vari-
ants.

The putative DNA-binding PolB-like exonuclease Cj1132c
promoted spontaneous mutation. As mutations affecting purine
biosynthesis might affect global mutation frequencies (19), the
strains bearing representative alleles were tested for differences in
the spontaneous mutation rate. Mutation frequency was assessed
by enumerating spontaneous resistance to the fluoroquinolone
ciprofloxacin, which is conferred by DNA gyrase (gyrA) point
mutations (20, 21). No significant differences in the rates of spon-
taneous ciprofloxacin resistance were detected for the strains
bearing representative alleles and the heterogeneous wild-type
population (not shown), consistent with prsA-sequencing data.
Although the observed mutations in purF were not limited to the
hypervariable region, a direct repeat (AATCGCTATAGGGCATA
ATCGCTAT) was found in purF directly upstream from the hy-
pervariable region, potentially a protein binding site. A similar
yet imperfect sequence (AATAGCAACTGG_ins_CGGAACAGC
TAT) was found at the boundaries of an apt duplication-insertion.
Thus, we reasoned that a specific DNA-binding factor may pro-
mote hypervariation. A protein pulldown assay, using as the bait a
5=-biotinylated truncated purF sequence containing the direct re-
peat and hypervariable region, was performed via stable isotope
labeling of amino acids in cell culture (SILAC)-based proteomics
(22). Two putative DNA-binding proteins were pulled down in
two independent experiments: Cj1132c (encoded by CJJ81176_
1149, gene annotated as wlaX), and SSB (single-stranded DNA-
binding protein, encoded by CJJ81176_1089) (Fig. 7A). In this
assay, pulled-down proteins with nonspecific interactions with
the purF DNA probe, such as PorA (Fig. 7B, top), have an equal
ratio of [13C6]arginine-labeled and [13C6

14N4]arginine-labeled
peptides, whereas potentially specific interactions are identified by
primarily [13C6]arginine-labeled peptides (Fig. 7B, bottom). Since
SSB is a ubiquitous protein, Cj1132c was chosen for further assess-
ment; it is predicted to belong to an uncharacterized bacterial
group of DEDDy 3=-to-5= exonucleases, which have homology
with the proofreading DNA replication/repair exonuclease do-
mains of family B DNA polymerases (Pfam DNA_pol_B_exo2).
To assess roles for Cj1132c in purF variation, cj1132c was deleted
(�cj1132c) in the purF-T91del allele background because T91del is
located in the hypervariable region of purF and the differential
allele and phenotypic-switching frequencies were known and
amenable to testing in this strain. This also avoided the additional
complication of single-colony isolation from the heterogeneous
wild-type 81-176 strain, which might yield uncharacterized vari-
ants during mutant construction. In the purF-T91del back-
ground, the �cj1132c mutation did not seem to affect the rate of
NaCl stress phenotypic variation (not shown). However, the
�cj1132c mutation did influence the spontaneous mutation rate,

and fewer ciprofloxacin-resistant colonies were produced by the
�cj1132c mutant than by the comparator strain or the mutant
with �cj1132c/cj1132c genetic complementation (Fig. 7C). Thus,
Cj1132c did not actively promote hypermutation of purF in these
limited analyses but may have a role in DNA maintenance.

DISCUSSION

Purines are evolutionarily ancient molecules, and the biosynthesis
or uptake of purines is essential to life. Purines are involved in the
synthesis of DNA and RNA (adenosine/guanosine), cell energetics
(ATP/GTP), and cell signaling alarmones and stress responses
[cyclic AMP, cyclic di-GMP, and (p)ppGpp] and are central to
metabolism (NADH/coenzyme A) (23). The purine precursor,
PRPP, is also important for amino acid biosynthesis (histidine/
tryptophan) (24, 25) and for pyrimidine synthesis and salvage (23,
26). PRPP is used by PurF for de novo IMP nucleoside biosynthesis
(and thus for AMP/GMP production) and by Apt for the recy-
cling/salvage of the adenine nucleotide to the nucleoside form
(AMP), and it provides redundancy in AMP production. Except
for apt, the purine salvage pathway is absent in C. jejuni, and the
bacterium encodes neither nucleotide/nucleoside transporters
nor the array of PRTases, deaminases, or phosphorylases for gua-
nine, thymidine, hypoxanthine, and xanthosine salvage (1). Thus,
C. jejuni appears to be incapable of extracellular purine salvage. In
agreement with this, we found that �purF mutants could not be
generated on medium supplemented with adenine, adenosine,
guanine, and/or guanosine, and an exogenous supply of adeno-
sine did not rescue the growth defect of the �apt mutant (not
shown). Thus, our data suggest that de novo purine biosynthesis is
essential for C. jejuni and that salvage is absent or dispensable. In
contrast, the related Helicobacter pylori does not encode the de
novo purine biosynthesis pathway and relies solely on purine sal-
vage, utilizing an outer membrane nuclease not present in C. je-
juni to digest extracellular DNA (27). As C. jejuni is a naturally
competent organism, whole-DNA uptake is a potential source of
nucleobases for Apt salvage, although this remains to be tested.

Mutations in the purine biosynthetic pathway ultimately lead
to changes in the availability of purines and intermediates, with
complex consequences given the central role of purine metabo-
lites and the integration of stress responses with cellular meta-
bolic pathways. Purine limitation effects are described for
many bacterial species. Purine auxotrophs (�purF mutants) of
Mycobacterium smegmatis have reduced viability in O2-
depleted stationary-phase culture (28). In Bacillus subtilis, pu-
rine deprivation promotes sporulation, resulting from a reduction
in the synthesis of AMP/GMP (29). Purine auxotrophic mutants
of Listeria, Mycobacterium, Francisella, and Brucella species are
severely attenuated for virulence/colonization in animal models
(30–34), and both Salmonella and Shigella flexneri purine biosyn-
thesis mutants have been evaluated as vaccine strains because of
the attenuation of those strains (35, 36).

How might changes in the purine pool affect Campylobacter’s
response to osmotic and oxidative stress? In Escherichia coli, hy-
perosmotic stress (37) or �purF deletion (38) activates the expres-
sion of the polyphosphate kinase ppk, which results in the accu-
mulation of polyphosphate, a high-energy phosphate storage
polymer (39, 40). In C. jejuni, polyphosphate is required for hy-
perosmotic stress survival, survival during carbon starvation, and
intracellular survival in epithelial cells and is accumulated in the
stationary growth phase (41). Furthermore, the guanosine-based
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alarmones ppGpp and pppGpp are known to enhance polyphos-
phate accumulation (41), which is also absent in E. coli �relA
(p)ppGpp synthetase mutants (37, 42). Additional mechanisms,
such as ppGpp-mediated inhibition of the exopolyphosphatase
ppx, lead to polyphosphate accumulation (37). Thus, altered
polyphosphate reservoirs may account for the phenotypic effects
of the mutations in purF and apt, which will be a focus of future
work.

In Lactococcus lactis, mutations in guaA (GMP synthetase; de
novo purine biosynthesis) and hpt (hypoxanthine guanine PR-
Tase; purine salvage) confer multistress (acid, oxidative, and heat
stress) resistance, as do mutations in relA (43). This suggests that

flux in the purine biosynthesis pathway and/or ppGpp fluctua-
tions are stress signals that lead to stress resistance. For C. jejuni,
we also found that specific purF and apt mutations have the op-
posite consequence, contributing to multistress sensitivity. Other
modified purines, such as the second messengers cyclic AMP and
cyclic di-GMP, may also be affected by mutations in purF and apt.
In C. jejuni, cyclic di-GMP is implicated in deoxycholate stress
resistance (44), and in other bacteria, it has roles in biofilm for-
mation (45). In addition, C. jejuni uses nucleotide-activated sug-
ars in the biosynthesis of glycans, such as the GDP precursors of
the O-linked flagellin glycans (46–48). Thus, because purine bio-
synthesis mutations may influence numerous signaling cascades,
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14N4]arginine) C. jejuni total protein lysates were incubated
with biotinylated purF DNA or prsA DNA, respectively. A 1:1 light/heavy mixture of DNA/protein complexes was captured on streptavidin beads. Proteins were
eluted from beads by digestion with PstI restriction enzyme, and trypsinized proteins were analyzed by gel electrophoresis liquid chromatography-mass
spectrometry. Each dot represents an identified peptide. SILAC analysis discriminates the specificity of an interaction; peptides with a low heavy/light ratio
indicate higher-affinity capture. Data are representative of two independent experiments statistically assessed by the Benjamini-Hochberg false discovery rate
(FDR), and FDR Q significance values are indicated: *, Q � 0.024; **, Q � 0.014. (B) Representative mass spectra for SILAC-labeled captured peptides. Top, equal
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metabolic regulation, and specific stress response systems, purF
and apt mutations in C. jejuni are likely to have pleotropic conse-
quences for stress resistance and sensitivity mechanisms.

Why are the mutant purF and apt phenotypes only evident
under stress? The strains with different purF and apt mutant al-
leles— except for �apt strains—all grow equally well under the
replete, nonstressed conditions of standard MH medium (not
shown). This may explain the prevalence of multiple alleles in the
MH-grown population, because there is minimal selective pres-
sure acting on less fit or fitter alleles. In rich MH medium, the
growth rate of C. jejuni can be much faster than in many environ-
ments where transmission and colonization occur (49–53). High
DNA replication rates are known to outpace and saturate postrep-
licative DNA MMR mechanisms (54, 55). Known MMR mecha-
nisms are absent in C. jejuni (9); thus, accelerated growth rates
may contribute to enhanced mutation rates. Since the �apt null
mutant exhibited poor growth in MH medium and the �purF
mutant could not grow at all, selective pressure is maintained for
alleles conveying overall functionality of both purF and apt in MH
medium. The effect of additional selective pressure on the mutant
allele population was demonstrated via exposure to NaCl, O2, and
the intracellular milieu of INT407 epithelial cells (Fig. 5C and 6D).
In each experiment, a stress-fit allele was selected for, and the allele
was prominently represented in the poststress population. Since
genome-wide association of particular alleles and phenotypes may
not conclusively prove a linkage between allele and phenotype,
these experiments provide additional support for the specific role
of purF and apt mutations in stress fitness.

Highly expressed genes are known to undergo higher muta-
tional frequencies (56), but both purF and apt were expressed at
levels similar to that of the nonhypervariable prsA (not shown).
Furthermore, transcription of purF and apt was not significantly
affected by exposure to osmotic stress (not shown), signifying that
the observed phenotypic effects are posttranscriptional or post-
translational. The mutation in the RBS in the representative apt
colony 15 demonstrated that reduced translation of Apt had ef-
fects synonymous with those of purF and apt mutations that con-
ferred stress sensitivity. Thus, changes in translation efficiency do
have a role in this process; however, because the majority of ob-
served mutations altered the primary sequence of purF and apt,
this suggests that phenotypes potentially arise from differential
enzyme kinetics, insensitivity or hypersensitivity to allosteric
feedback, or other, unknown mechanisms (57). As PurF is re-
sponsible for purine commitment in the biosynthesis pathway,
the enzyme receives feedback from GMP/AMP and from other
adenine and guanine nucleotides (58–60). Apt activity is com-
petitively inhibited by various 5= nucleotides and diphosphate,
in cooperation with PRPP, and is subject to end product inhi-
bition by AMP (61–63).

Conserved domain analysis of the purF and apt alleles suggests
that the mutations do not occur in conserved active-site residues
(not shown). No conclusions can thus far be made about the spe-
cific enzymatic effects of altered residues based solely on the dif-
ferent phenotypic outcomes. Although the phenotypes of alleles
with low ATP levels correlated with the phenotype of a strain
underproducing Apt, ATP levels are a measure of cell energy/
respiration and do not necessarily provide insight into the effects
of primary sequence mutations in purF and apt on their respective
reactions. In the current study, the results of ATP assays generally
mirrored major phenotypic differences between single-colony

isolates under stress, with more stress-resistant variants showing
higher levels of ATP and sensitive variants lower levels of ATP.
Addressing the specific effects of mutations on the purF and apt
reactions requires in-depth analysis of substrate-to-product ra-
tios. This is an interesting question for future experiments, but the
high rates of purF and apt reversion or mutation in most single-
colony isolates result in mixed populations that will complicate
comparative metabolomic approaches. The caveat of measure-
ments performed on mixed populations is that they reflect the
average population behavior (64), which may not be consistent
with the specific effect of the original founder allele.

The hypervariability of purF and apt represents a novel phe-
nomenon. A recent study by Mohawk et al. (65) found similar
patterns of mutation in the motA flagellar motor protein gene in
C. jejuni 81-176, although these mutations abrogated MotA func-
tion. This further supports the hypothesis that C. jejuni strain
81-176 is highly variable, exceeding the known phase variation
and mutator frequencies of other bacteria (9). Mutator pheno-
types in model bacteria typically result from mutator alleles, often
mutant MMR genes, with corresponding genome-wide 100- to
1,000-fold increases in transitions, frameshifts, and chromosomal
rearrangements (66). Given the absence of MMR genes in Cam-
pylobacter, this implies that this is a genus of constitutive muta-
tors. Using ciprofloxacin resistance-based methodologies, the
spontaneous mutation rate of our heterogeneous C. jejuni 81-176
parent strain was determined to be ~10�8 (not shown), equivalent
to previously established rates (21, 67). Since flaws in purine bio-
synthesis have been shown to have genome-wide mutational con-
sequences in other organisms (19), purine biosynthesis mutants
could be potential mutator alleles. However, despite differences in
purF and apt variant frequencies between isolates, the global spon-
taneous mutation rate was unaffected in each representative iso-
late (ciprofloxacin resistance; not shown), and other gene muta-
tions were not detected (prsA sequencing). Thus, purF and apt
mutations are not classic mutator alleles. Since 85/96 random col-
onies had various mutations affecting purF and apt and given that
contingency locus phase variation occurs at rates of ~10�3 (1, 3, 5,
10), spontaneous mutation rate assessments via ciprofloxacin re-
sistance do not assess the true scope of mutation frequency in the
C. jejuni population. Ignoring recombination and horizontal gene
transfer, we speculate that the (i) basal mutation frequency, (ii)
homopolymeric tract-based phase variation, and (iii) nonho-
mopolymeric high-frequency variation in purF, apt, and poten-
tially, other genes each contribute to the total variation in the
C. jejuni population. The DNA sequences and phenotypes of the
purF and apt alleles are examined many generations after the mu-
tation occurred, and during this time, selective pressure and un-
known factors have almost certainly acted to confound determi-
nation of gene-specific mutation rates. Thus, an important caveat
of this study is that it is difficult to measure the mutation rates of
specific genes, such as purF and apt.

Why, then, are mutations in purF and apt so prevalent if the
same variation is not observed for all genes? Why does the ob-
served selective pressure not ensure sequence fidelity in purF and
apt? Current evolutionary opinion is that mutations occur ran-
domly (68), unless a specific mechanism exists to increase the rate
of mutation. In the absence of a conventional homopolymeric-
tract-based mechanism of phase variation, we assessed whether a
specific DNA-binding factor was responsible for purF hypervaria-
tion, reasoning that a sequence-specific protein might affect DNA
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replication fidelity. The putative exonuclease Cj1132c was identi-
fied as a candidate purF binding protein. Although cj1132c dele-
tion decreased the emergence of spontaneous ciprofloxacin-
resistant mutants, the gene product did not appear to promote
purF hypervariability within the limitations of the study per-
formed here. Since the PCR-generated purF probe bait would
contain mismatched/single-stranded DNA sequences, the pull-
down experiment and subsequent mutation frequency analyses
may have identified Cj1132c as a potential repair/DNA mainte-
nance mediator. In C. jejuni, the transcription-repair coupling
factor Mfd (mutation frequency decline) promotes spontaneous
fluoroquinolone resistance, and �cj1132c, like �mfd, decreased
the spontaneous mutation rate (20). Despite finding no clear role
for Cj1132c in purF and apt hypervariation, our experiments with
Cj1132c are included in this study, in part because the SILAC-
based affinity screen exemplifies new experimental proteomics
approaches available for C. jejuni researchers. These data were also
included because they demonstrated challenges posed by hetero-
geneous populations in reductionist-genetics-based methodolo-
gies, discussed below.

Natural populations of bacteria are assumed to be genetically
heterogeneous, but laboratory isolates, which are often derived
from a single purified colony, are assumed to be reasonably ho-
mogenous. Our data are evidence that this is a false assumption for
C. jejuni laboratory strains and their progeny. The creation of a
deletion mutant necessitates the selection of a single colony, and
comparative analyses (often a deletion mutant compared to the
original wild type) require otherwise isogenic backgrounds to en-
sure that phenotypes are not due to secondary mutations. The
multiple mutative properties of C. jejuni therefore complicate
such analyses, highlighting the importance of phenotype verifica-
tion from multiple isogenic clones. Homopolymeric-tract-
mediated phase variation has been thought to drive the majority of
C. jejuni genetic and the resultant phenotypic variation. Phase
variation is a stochastic process; thus, we speculate that the effects
of phase variation are partly mitigated by the high rates of both on
and off switching in homopolymeric tracts, resulting in a predict-
able on-to-off equilibrium (10). In contrast, since there is no ho-
mopolymeric tract or obvious mechanism to revert back to the
original sequence, the effects of purF and apt hypervariability may
be considerable for a bottlenecked population. Furthermore,
phase variation results only in on or off phenotypic states, whereas
purF and apt hypervariability has the potential for multiple phe-
notypic states. Thus, genetic analyses that depend on single-
colony procedures that alter population dynamics must be ap-
proached with caution by researchers in the field. The potential for
high-frequency secondary mutations reinforces the need for (i)
phenotypic testing of multiple isogenic clones of deletion mutants
and (ii) complementation of mutants.

A population with variable genomes enhances the probability
of survival of a bacterial species. In the current study, conclusive
evidence was provided for genetic variation in purF and apt and
was identified as a mechanism promoting extensive phenotypic
heterogeneity in a mixed C. jejuni population. We provided fur-
ther evidence for the role of this genetic diversity in relevant niche
exploitation, and we conclude that purF and apt variability is a
novel strategy ensuring C. jejuni success, akin to phenotypic bet
hedging (69–71) and yet reliant on the mutation of specific genes.
How nonlethal hypervariability of purF and apt occurs remains
unexplained and will be the focus of future investigations, as will

analyses of the specific cellular effects of various purF and apt
alleles. Also of interest is whether any other C. jejuni genes (in
addition to purF, apt, and motA) undergo similar hypervariability.
Even though this study examined only purF and apt, the genetic
heterogeneity in the parental population was so enormous that the
prevalence of mutant alleles exceeded that of the wild-type refer-
ence allele. This begs the question of what exactly is the wild type?
Others have speculated that Campylobacters are a type of quasi-
species (1, 72, 73); i.e., a population of genotypes, often organized
around more prevalent genotypes of higher fitness (74), with a
wild-type sequence that is defined as the average of all present
genotypes (75). Our data support this definition and demonstrate
the effect of selection on the distribution of mutants. In conclu-
sion, this study identified high-frequency genetic variability in the
fitness-requisite housekeeping genes purF and apt, revealing a
novel adaptive mechanism important for the life cycle of C. jejuni,
with clear consequences for the investigation and containment of
this widespread pathogen.

MATERIALS AND METHODS
Bacterial strains, colony isolation, and growth conditions. Studies were
performed with C. jejuni human isolate strain 81-176 (76), unless other-
wise stated (see Table S1 in the supplemental material for a full list of
bacterial strains and plasmids). C. jejuni was grown on MH agar or broth
(Oxoid) supplemented with vancomycin (10 �g·ml�1) and trimethoprim
(5 �g·ml�1) in a microaerobic (6% O2) or increased-CO2 (12% CO2)
atmosphere in a Sanyo tri-gas incubator (solid medium) or generated via
the CampyGen (Oxoid) system (shaken broth cultures). For colony vari-
ant identification, strains were plated to give ~150 colonies/plate on MH
agar and were grown for 48 h. Individual colonies were selected and inoc-
ulated into 200 �l of MH broth in each well of a 96-well plate and grown
for 24 h prior to preservation and phenotypic testing.

Deletions, allelic complementation, and fluorescence microscopy.
All PCR was performed with high-fidelity iProof polymerase (Bio-Rad).
For replacement deletion, the purF and apt genes were PCR amplified
from 81-176 genomic DNA with oligonucleotides 6409/6410 and 6413/
6414, respectively, and ligated to pGEM-T vector. Inverse PCR amplifica-
tion of the resulting plasmids, pGEM-T-purF and pGEM-T-apt, with oli-
gonucleotides 6411 (KpnI) and 6412 (XbaI) and 6415 (KpnI) and 6416
(BamHI), respectively, introduced the restriction sites indicated in paren-
theses. Similarly digested apramycin resistance cassettes from pAC1A (12)
were ligated to the inverse PCR products. The resulting plasmids were
introduced into C. jejuni 81-176, and homologous recombinants were
selected for on MH agar containing 60 �g·ml�1 apramycin. Transfor-
mants were only recovered for the �apt::aprr mutation. Deletion of
cj1132c was carried out by a similar methodology (see Table S2 in the
supplemental material for oligonucleotides). Allelic complementations/
gene introductions were performed via the introduction of purF and apt
variant allele operons or other constructs into the appropriate strain with
the genome-insertional gene-delivery plasmid pRRH or pRRA (12). For
fluorescence microscopy, 1 �l of bacterial culture was incubated with 30
�M propidium iodide and 1 �l of Alexa Fluor 350-annexin V conjugate
(Life Technologies) for 10 min prior to mounting on a 1.0% agarose pad
for visualization. Cells were imaged at �100 magnification with a Nikon
TE 2000-U microscope equipped with an argon-ion laser (EXFO X-Cite)
and a charge-coupled device camera (Hamamatsu).

Phenotypic stress assessments, ATP determination, and cell infec-
tion. To assess mutant phenotypes, single-colony cultures in 96-well
plates were diluted with MH broth to an optical density at 600 nm
(OD600) of 0.05, and 5-�l amounts were spotted on test condition plates.
Test conditions included growth for a total of 48 h on MH agar with 0.8%
NaCl, or with 1.0% NaCl, growth for 48 h at 42°C or 45°C (on plates), or
72 h aging or exposure to atmosphere (O2) for 48 h (in liquid broth) prior
to resumption of growth (spotted onto plates) for 48 h under standard
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conditions, or as indicated in Fig. 4A for combination stresses. Growth/
nongrowth of spots was quantified from scanned plates by using ImageJ
densitometry tools, and the data converted to heat map visualizations via
Matrix2png (77). NaCl sensitivity/resistance phenotypes were analyzed
by plating serial dilutions with an OD600 of 0.1 of representative strains on
MH agar or MH agar with 1.0% NaCl and enumerating CFU. Luciferase-
based ATP determination was carried out on dilutions to an OD600 of 0.2
of C. jejuni exposed to 1.0% NaCl for 30 s that were quantified by using a
Varioskan luminometer (Thermo Scientific) according to the manufac-
turer’s instructions (ATP determination kit; Life Technologies). Cell in-
fection gentamicin protection assays were performed with INT407 intes-
tinal epithelial cells, as previously described (41). Briefly, 1-ml wells
containing semiconfluent INT407 epithelial cells were inoculated with
logarithmic-phase C. jejuni at a multiplicity of infection (MOI) of 100
(0-h time point; inoculation). Host cell adherence and invasion were as-
sessed prior to the addition of 150 �g·ml�1 gentamicin (Gm) by plating
H2O-lysed epithelial cells for bacterial CFU enumeration on MH agar at
3 h postinfection (adherence/invasion time point). Gm treatment was
carried out for 2 h to kill extracellular bacteria (5-h time point; intracel-
lular bacteria), and then the medium was replaced with 10 �g·ml�1 of
Gm. Intracellular survival was assessed by lysing Gm-treated epithelial
cells and plating for bacterial CFU at 8 and 12 h postinfection. Arylsulfa-
tase assays were performed as previously described (78). The viability of
the �apt mutant was assessed by plating for CFU on MH agar using serial
dilutions of bacteria standardized to an OD600 of 0.05 after being har-
vested from bacterial growth on MH plates. All t test statistical analyses
were performed in Prism (GraphPad) unless otherwise stated.

Conventional, whole-genome, and amplicon sequencing. Genomic
DNA for all experiments was harvested via Wizard genomic DNA purifi-
cation (Promega). Conventional dideoxy Sanger sequencing was per-
formed by Genewiz on high-fidelity PCR-amplified DNA obtained using
the oligonucleotides listed in Table S2 in the supplemental material and
manually assembled and verified. Whole-genome sequencing of five iso-
lates to a depth of ~16� was performed on the 454 GS FLX titanium
(Roche 454) sequencing platform. Shotgun library preparation, read
mapping, and variant analysis were performed according to established
procedures (79), using the sequence deposited in GenBank under acces-
sion number CP000538.1 as the reference sequence (The Institute for
Genomic Research). Amplicon sequencing of purF, apt, and prsA was
performed on the Illumina MiSeq system. To avoid PCR bias, the reaction
products of two separate 25-cycle PCRs (52°C annealing temperature,
45-s extension) using optimized semiuniversal oligonucleotides (see Ta-
ble S2) were pooled for each amplicon. Equimolar amounts of the three
amplicons for each sample were pooled for preparation of 24 Nextera XT
libraries, according to the manufacturer’s preparation guide (Illumina).
Libraries were quantified using KAPA library quantification kit number
kk4284 (Kapa) as recommended except with 10-�l volumes and 90-s
annealing/extension PCR and then pooled equimolarly and normalized to
4 nM. The libraries were sequenced with a 2 � 300-bp paired-end v3 kit
on a MiSeq instrument (Illumina) following the manufacturer’s proto-
cols. Variant discovery was performed using GATK (Broad Institute) soft-
ware (see variant information in Data Set S1).

SILAC-based DNA-protein interaction screen. Affinity capture of
DNA-binding proteins from SILAC extracts was performed as previously
described (22), with modification. Briefly, C. jejuni (�argH::cat arginine
auxotroph; unpublished) was metabolically labeled with 400 �M either
[13C6]arginine (light) or [13C6

14N4]arginine (heavy) (Cambridge Isotope
Laboratories) as the SILAC amino acid in modified Dulbecco’s modified
Eagle’s medium (Caisson) (supplemented with 20 mM glutamine, 10 �M
iron ascorbate) and lysed via sonication in 50 mM Tris, pH 8.0, 150 mM
NaCl, 0.1% Triton X-100. Affinity purifications were performed with bi-
otinylated biotin–TEG (triethyleneglycol, a spacer)– double-stranded
DNA purF bait (or prsA control DNA) immobilized on streptavidin beads
(Invitrogen). Protein-DNA complexes were pooled, eluted by PstI (NEB)
restriction enzyme cleavage, and digested with ArgC, and purified pep-

tides were analyzed by reverse-phase liquid chromatography-mass spec-
trometry. MaxQuant (80) was used for identification and quantification
of data from two independent experiments (see Data Set S2 in the supple-
mental material); a Benjamini-Hochberg false discovery rate of 0.05 was
used for statistical assessment (Perseus). Additional description of meth-
ods is in Text S1 in the supplemental material.
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