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In this work we report on a high-throughput mass spectrometry-based technique for the rapid high-
resolution identification of Campylobacter jejuni strain types. This method readily distinguishes C. jejuni from
C. coli, has a resolving power comparable to that of multilocus sequence typing (MLST), is applicable to
mixtures, and is highly automated. The strain typing approach is based on high-performance mass spectrom-
etry, which “weighs” PCR amplicons with enough mass accuracy to unambiguously determine the base
composition of each amplicon (i.e., the numbers of A’s, G’s, C’s, and T’s). Amplicons are derived from PCR
primers which amplify short (<140-bp) regions of the housekeeping genes used by conventional MLST
strategies. The results obtained with a challenge panel that comprised 25 strain types of C. jejuni and 25 strain
types of C. coli are presented. These samples were parsed and resolved with demonstrated sensitivity down to
10 genomes/PCR from pure isolates.

Food-borne pathogens are estimated to cause 76 million
illnesses annually in the United States alone (19), and consid-
ering the impact on society from health care costs and lost
productivity, the time and effort expended to understand the
epidemiology of the underlying agents are well justified.
Campylobacter has been identified as one of the leading caus-
ative bacterial agents associated with food-borne illnesses in
the United States as well as worldwide (1, 3, 9, 10, 18, 21, 29).
It is believed that many of these cases of illness are due to
improperly handled poultry products, as Campylobacter con-
tamination rates have been reported to be as high as 71% in
commercial chicken products (31). The underlying etiology of
90% of the cases of campylobacteriosis is associated with
Campylobacter jejuni, and the majority of the remaining cases
are related to Campylobacter coli (11). Although they are not
generally considered severe for healthy individuals, septicemia,
meningitis, abortions, Guillian-Barré syndrome, and deaths
have occurred (2, 23).

The routine identification of infections or contamination
typically relies on culture-based protocols (16). Culturing of
these gram-negative, microaerophilic organisms is difficult and
often requires several days to weeks; moreover, biochemical
strain typing is not always accurate (24, 25). Alternative testing
methods can include matrix-assisted laser desorption ioniza-
tion–time of flight mass spectrometry biomarker analysis (8,
17), pulsed-field gel electrophoresis (PFGE), amplified frag-
ment length polymorphism (AFLP) analysis, phage typing, re-
sistotyping, serotyping, and PCR and genomic analysis (21).

Campylobacter jejuni and C. coli PCR-multilocus sequence

typing (MLST) has been at the forefront of recent research in
this arena and is based on the characterization of genomic
heterogeneity in highly polymorphic regions of seven house-
keeping genes (4, 20, 22). MLST applies a phylogenetic order-
ing of strains that is nearly unambiguous as a means of iden-
tification, and a detailed database is being assembled to define
strain sequence types (STs) (14). The disadvantages of con-
ventional MLST-based approaches include the analysis time,
the cost per sample, and the requirement that samples be
derived from pure isolates.

Here we report on an alternative technique for the rapid
high-resolution differentiation of Campylobacter strains that
maintains a resolving power comparable to that of the MLST
approach, can function with mixtures, and is automated from
end to end such that hundreds of samples can be analyzed on
a single instrument each day. The strain typing approach is
based on technology originally developed for the identification
of a diverse collection of pathogens by PCR amplification of
broadly conserved housekeeping genes and analysis of the re-
sulting amplicons by mass spectrometry (12). As the exact
molecular weight of each nucleotide is known with very high
precision, one can use the measured molecular masses of the
forward and reverse strands of the amplicons (along with
Watson-Crick base-pairing constraints) to unambiguously de-
termine the base composition of each PCR product (12). The
approach has previously been used to detect and type the
strains of bacterial pathogens associated with respiratory pneu-
monia (6), adenoviruses (26), human coronaviruses (27), Acin-
etobacter baumannii (7), and more recently, a diverse collection
of human and avian influenza viruses (28). This approach uses
a unique mass spectrometry-based platform to identify organ-
isms across broad biological kingdoms by targeting broadly
conserved genes (e.g., DNA encoding 16S or 23S ribosomal
subunits in bacteria) (12).
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More relevant to this work, by targeting genes that are highly
conserved among a given genus or species, the same platform
can be used to parse closely related bacterial or viral species
with the appropriate primer panel. As demonstrated below,
closely related strain variants of C. jejuni are readily distin-
guished from one another on the basis of subtle base compo-
sition differences in conserved genes. The base compositions
from eight C. jejuni amplicons are adequate to provide high-
resolution ST identification. As each PCR is analyzed in just
under a minute, the integrated platform (known as the Ibis
T5000 biosensor system) is capable of analyzing over 1,400
PCRs in 24 h or 175 samples a day (8 PCRs/sample). Addi-
tional enhancements in throughput will be achieved by PCR
multiplexing and enhanced automation.

MATERIALS AND METHODS

Primers for genotyping. Housekeeping genes provide a good basis for species
identification (15); thus, in this work primer targets were established on the same
housekeeping genes used by the Campylobacter MLST project (4, 14): aspA,
glnA, gltA, glyA, pgm, tkt, and uncA. By using a combined set of 1,208 C. jejuni
strain types and 256 C. coli strain types, sequence alignments for each of the
genes were concatenated to yield a total of 3,309 nucleotide positions. The
primer pairs were selected for maximal diversity by using previously described
criteria (6, 12), with 16 initial primer pairs used for C. jejuni. On the basis of the
strain resolution ability, amplification specificity, and amplification sensitivity
with laboratory strains and sample throughput considerations, the C. jejuni-
specific primer pairs were competitively narrowed to a panel of eight primer pairs
(Table 1). As part of the initial primer selection process, all primer candidates
were tested in silico in simulated PCRs against bacterial databases to minimize
the possibility of cross-genus amplification, to avoid confounding of the results
for future research aimed at detection directly from complex bacterial back-
grounds.

Primer sensitivity with isolates. Studies performed with quantified, isolated
DNA demonstrated that the assay is sensitive down to at least 10 genome
equivalents per 50-�l PCR mixture by use of the purified genome of C. jejuni
RM3211, as quantified by UV measurement at 260 nm.

Test genomes. Fifty genomes from isolates were obtained from the Campy-
lobacter collection of the USDA, ARS, WRRC, PSMRU. Of this set, 45 samples
possessed unique STs by MLST, 2 C. jejuni samples (strains RM4275 and
RM4279) had the same ST, and 3 samples (strains RM3210, RM4190 and
RM4280) had STs yet to be determined.

PCR amplification. PCR was performed in 40-�l reaction mixtures consisting
of 10� PCR buffer, deoxynucleoside triphosphates (dNTPs), primers, genomic
sample, and Fast Start polymerase (2.4 U per reaction mixture). A mass-modi-
fied dGTP containing 10 13C atoms per base was employed in place of standard
dGTP to enhance the mass separation of base compositions that would otherwise

be very similar (S. A. Hofstadler, Y. Jiang, T. A. Hall, C. Massire, K. Sannes-
Lowery, R. Sampath, L. Blyn, and D. E. Ecker, unpublished data). The reactions
were performed in 96-well plates (Bio-Rad, Hercules, CA) with an Eppendorf
thermal cycler (Westbury NY). The following PCR conditions were used to
amplify the sequences used for PCR/electrospray ionization (ESI)-mass spec-
trometry analysis: 95°C for 10 min, followed by eight cycles of 95°C for 30 s, 48°C
for 30 s, and 72°C for 30 s, with the 48°C annealing temperature increasing 0.9°C
each cycle. The PCR was then continued for 37 additional cycles of 95°C for 15 s,
56°C for 20 s, and 72°C for 20 s.

Sample preparation and mass spectrometry base composition determination.
Following PCR amplification, 96-well plates containing the amplicon mixtures
were rigorously desalted by use of a protocol based on the weak anion-exchange
method published elsewhere (13). As part of the T5000 platform, a custom
eight-channel, fixed-needle liquid-handling robot based on a mini autosampler
(LEAP Technologies, Carrboro, NC) was used to dispense and aspirate the rinse
buffers and transfer sample aliquots. Initially, aliquots of PCR solutions were
transferred to the desalting plate, where the amplicons were bound to a weak
anion-exchange resin. Unconsumed dNTPs, salts, polymers, and other low-mo-
lecular-weight species that might interfere with subsequent ESI-mass spectrom-
etry analysis were removed by rinsing the resin with solutions containing volatile
salts and organic solvents. Elution of the final purified/desalted PCR products
was accomplished by rinsing the resin with an aliquot (typically 25 �l) of a
high-pH buffer. For optimal calibration of the mass spectrometer, internal mass
standards, which bracket the m/z range of the PCR products’ charge state
envelope, were added to the elution buffer to allow internal calibration of each
mass spectrum. ESI-time of flight (TOF) data were obtained on the Ibis T5000
platform, which utilizes a Bruker Daltonics MicrOTOF apparatus, with each
75-�s ESI-TOF scan (a 37.5-�s delay followed by a 37.5-�s digitization event at
2 GHz) comprising 75,000 data points. For each spectrum, 660,000 scans
were coadded. All aspects of data acquisition were controlled by the Bruker
MicrOTOF software package (version 1.0). Sample aliquots of 20 �l were auto-
matically introduced into the mass spectrometer on the T5000 platform, which
utilizes a CTC HTS PAL autosampler (LEAP Technologies). Analyte solutions
were electrosprayed at 1.3 �l/min against a heated countercurrent bath gas made
up of dry air. Spectral calibration and data processing are automatically initiated
as the next sample is injected into the mass spectrometer. Base compositions are
derived by the use of an algorithm constrained by Watson and Crick base pairing
and acceptable mass error limits. For MLST analysis on the T5000 platform,
where the amplicon size is typically less than 130 bp and mass errors are routinely
less than 20 ppm, unique base compositions are obtained. The use of
[13C]guanosine increases the mass and base compositional separation, providing
further assurance that a unique base composition is obtained while permitting
the option of analyzing larger amplicons or the use of greater mass errors, if such
an option is required. For example, when normal dNTPs are used, the base
composition A47, G19, C32, and T39 (42,031.18 Da) and the base composition
A48, G18, C31, and T40 (42,030.19 Da) differ by a G3A base and a C3T base,
resulting in a mass difference of 1 Da (24 ppm). By using the modified 13C-
enriched dGTP during PCR, the mass difference is 10 Da (237 ppm) for A47,
G19, C32, and T39 (42,197.81 Da) and A48, G18, C31, and T40 (42,187.02 Da)
and is easily resolved (Hofstadler et al., unpublished). The automation scheme

TABLE 1. Panel of primers used for MLST on the T5000 platform for C. jejuni strain typing by base composition analysis

Primer code Primer location Forward primer Reverse primer

2588 TKT_NC002163-1569415-1569903_107_236 TCGCTACAGGCCCTTTAGGA
CAAG

TCCCCATCTCCGCAAAGA
CAATAAA

2590 GLYA_NC002163-367572-368095_214_340 TGCCTATCTTTTTGCTGATAT
AGCACATATTGC

TCCTCTTGGGCCACGCAA
AGTTTT

2592 PGM_NC002163_21_142 TCCTAATGGACTTAATATCA
ATGAAAATTGTGGA

TCAAACGATCCGCATCAC
CATCAAAAG

2593 PGM_NC002163_149_277 TAGATGAAAAAGGCGAAGT
GGCTAATGG

TCCCCTTTAAAGCACCAT
TACTCATTATAGT

2594 GLNA_NC002163-658085-657609_79_179 TGTCCAAGAAGCATAGCAAA
AAAAGCAA

TCAAAAACAAAGAATTCA
TTTTCTGGTCCAAA

2595 ASPA_NC002163-96685-97196_367_497 TCCTGTTATTCCTGAAGTAGT
TAATCAAGTTTGTTA

TCAAGCTATATGCTACAA
CTGGTTCAAAAAC

2598 GLTA_NC002163-1604931-1604529_165_261 TGGCAGCTAGAATAGTAGCT
AAAATCCCTAC

TCACGATCTAAATTTGGA
TAAGCCATAGGAAA

2599 GLTA_NC002163-1604931-1604529_252_381 TGGGTCGTGGTTTTACAGAA
AATTTCTTATATATG

TTTTGCTCATGATCTGCAT
GAAGCATAAA
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and the associated software of the Ibis T5000 platform are described in detail
elsewhere (5).

Strain typing and clonal complex association. For each Campylobacter strain
examined, the base compositions for all eight primer pair regions were compared
to a base composition database derived from the sequence information for the
2,927 STs in the Campylobacter MLST database. All ST matches for each am-
plified primer pair region were compiled to find the highest degree of correlation
among the STs. Less defined samples, novel base compositions, and multiallelic
loci can be added to the base composition database as they are encountered for
future analysis. Thus, enhancement of the database can be effected by new
sequence information or newly derived base composition signatures.

RESULTS

MLST strain typing on the T5000 platform and clonal com-
plex association for primer selection. The assay for Campy-
lobacter on the T5000 platform incorporates two primer pairs
that unambiguously distinguish C. coli and C. jejuni, determin-
ing whether one or both species are present in a sample, and
then incorporates a panel of eight C. coli-specific and/or eight
C. jejuni-specific primers to determine the STs and the ST-
clonal complex association. In this work we focus the discus-
sion on the C. jejuni panel. Initial primer selection was com-
putationally performed with a database of 1,208 campylobacters
to produce concatenated sequences from the seven housekeeping
genes, from which 16 primer pairs were chosen for maximum ST
diversity on the basis of the base composition. A panel of eight
primer pairs (Table 1) was selected to provide a high resolution
among the vast majority of STs in the database (i.e., the ability to
resolve any database strain from the remainder of the databases
strains). While an expanded primer panel would provide addi-
tional resolution, practical constraints associated with the use of a
large number of primers kept the panel relatively small. None-
theless, the worst-case resolution with the eight selected C. jejuni-
specific primers and the 1,208 campylobacters is 94%, but on
average, the resolution is greater than 99.8%.

The base composition differentiation obtained with a single
primer pair is illustrated in Fig. 1, which shows the deconvo-
luted mass spectrum for both strands of the tkt gene amplicon
for strain RM4197, along with the identical regions for five
other C. jejuni strains. Strain identification and the T5000 soft-
ware-derived base compositions are listed to the left of the
spectra. By using as a reference strain RM4197, which has a
base composition of A45, G26, C22, and T49 in the targeted
region of the tkt gene, it is possible to visualize the change in
signal associated with the single-nucleotide polymorphism cor-
responding to the [13C]guanosine-to-adenosine transition
(�26 Da) on one strand along with the complementary tran-
sition of cytidine to thymidine (�15 Da) on the complemen-
tary strand. Although differences in the spectra are readily
visible, the T5000 software automatically converts the raw mass
spectra to forward/reverse strand molecular masses, which are
in turn converted to base compositions. Collections of base
compositions obtained with multiple primers are then used to
strain type the organism of interest, thus eliminating the need
to manually interpret the mass spectra.

Diversity in Campylobacter isolates. Base composition allelic
calls were produced for all 50 Campylobacter isolates by using
the eight C. jejuni-specific primer pairs and two of the primers
pairs that differentiate C. jejuni and C. coli. With the C. jejuni-
specific primers, a high degree of allelic diversity among the C.
jejuni isolates was expected, while on the basis of the bioinfor-

matic criteria used to choose the primers, the C. coli isolates
were expected to be less well differentiated from one another
but readily distinguished from C. jejuni.

The pie chart in Fig. 2 shows the breakdown of the 50 strain
isolates plus the addition of 1 strain found to be a component
within a mixed sample. The C. jejuni-specific primer set was
able to resolve the strains identified as C. jejuni into 21 sets (22
sets if the two primers used to differentiate C. jejuni and C. coli
are added to separate strain RM4192 from strain RM4193),
with the largest set containing two C. jejuni isolates. The clus-
tered set of RM4275 and RM4279 proved identical by both
T5000 software base composition analysis and conventional
MLST. The other two-member set included RM3203 and
RM3210 (to date, RM3210 has no defined profile by MLST);
however, RM3210, intended to be a pure isolate, was observed
to be a mixture by T5000 software base compositional analysis,
with the minor strain exhibiting ca. 20% the amplitude of the
major strain in the mass spectra. The base compositions of two
strains in the mixture differed at five of the eight C. jejuni-
specific primer pair amplicons. The deconvoluted mass spec-
trum in Fig. 3 illustrates the detection of the mixture for
RM3210 by the use of primer pair 2598. Four peaks are ob-
served in the spectrum: the two peaks of the greatest amplitude
define the molecular masses for the complementary strands
derived from the most abundant strain (strain RM3210-major)
in the mixture, and the two minor peaks are for the least
abundant strain (strain RM3210-minor) in the mixture. Above
the peaks are the base compositions determined with the
T5000 software and the ppm mass errors for the molecular
masses. RM3210-major had a base composition of A30, G17,
C22, and T28 for the forward strand; and RM3210-minor had
a base composition of A30, G18, C21, and T28, which repre-
sents a G/C single-nucleotide polymorphism. By using the pro-
file obtained with the eight C. jejuni-specific primer pairs,

FIG. 1. Deconvoluted, ESI-TOF mass spectra of PCR amplicons
derived from the tkt housekeeping genes from six different C. jejuni
strains. Both the forward (�) and the reverse (#) strands of the PCR
amplicons from each strain are clearly evident in the spectra (e.g., for
strain RM4197, the forward strand is A49, G22, C26, and T45 and the
reverse strand is A45, G26, C22, and T49). As can be observed in the
stacked spectra, differences due to variations in the sequence (and,
thus, the base composition) are readily discernible. Note that any mass
differences resulting from changes in the number of guanosines are
enhanced by the use of [13C]guanosine (G*). The T5000 software
automatically determines the base composition of each strain and
provides an ST association by using a set of eight primer pairs.
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RM3210-major matched 22 of the 2,987 C. jejuni STs in the
database, thus excluding 99.3% of the known STs within the
database. The clonal complex for these 22 STs included ST-45
and ST-283. This same profile was found for RM3203. Assum-
ing the absence of null alleles for the three primer pairs pro-

ducing only a single amplicon, RM3210-minor had a base com-
positional profile that matched a single ST, ST-362, from the
clonal complex of ST-362. The profile for the RM3210-minor
was identical to that for sample RM3193. Verification of sam-
ple RM3210 as a mixture was accomplished independently by
MLST and by PCR and sequencing of the lipooligosaccharide
locus.

Also, two samples in the PSMRU strain collection, strains
RM4183 and RM4190, were originally classified as C. jejuni,
but base composition analysis of RM4183 revealed a closer
association to STs from C. coli isolates of clonal complex ST-
828. Subsequent sequence analysis of the MLST housekeeping
genes confirmed that RM4183 was properly assigned to C. coli
by the mass spectrometry-derived base compositions on the
T5000 platform. Sample RM4190’s highest degree of correla-
tion was to seven strains of C. coli that matched five of the
eight primer pairs’ amplicons. MLST data for RM4190 are not
available at this time. Both RM4183 and RM4190 were also
identified as C. coli by the use of the two sets of primer pairs
that differentiate C. jejuni and C. coli, but a more accurate
association for both of these C. coli samples would require the
panel of C. coli-specific primers.

Also to be noted in Fig. 2 is isolate RM4280, which matched
14 C. jejuni isolates and 1 C. coli isolate. This C. coli isolate,
which is ST-1993, was the only C. coli isolate in the set of 39
STs for clonal complex ST-574 in the combined C. jejuni-C. coli
database.

FIG. 2. Pie chart illustrating the ability of the T5000 platform to parse the C. coli strains from the C. jejuni strains and provide high-resolution
typing of C. jejuni strains The largest C. jejuni clusters consisted of two-member sets. RM4275 and RM4279 also proved to be identical by
conventional MLST. The other two-member sets included the mixed sample of RM3210, of which the major strain in the mix had a profile identical
to that of RM3203 and the minor strain had a profile identical to that of RM3193. A conventional MLST profile has yet to be defined for RM3210.
Also, samples RM4190 and RM4183 (originally classified as C. jejuni) were parsed with C. coli by the base compositional assay with the T5000
platform. RM4183 was later confirmed to be C. coli by conventional MLST analysis, while an MLST profile for RM4190 has not yet been
established. The number of matching STs for each C. jejuni samples is provided in parentheses. *, RM4192 and RM4193 required the
differentiating primer pairs to fully separate the strains.

FIG. 3. Detection of two strains in sample RM3210 is clearly illus-
trated in the deconvoluted mass spectrum of the amplicons produced
with primer pair 2598. The two peaks of greatest amplitude (peak A30,
G17, C22, and T28 and peak A28, G22, C17, T30) result from the most
abundant strain in the mixed sample, while the peaks at a ca. 20%
relative amplitude (peak A30, G18, C21, and T28 and peak A28, G21,
C18, and T30) are from the least-abundant strain in the mix. Theoret-
ical molecular mass accuracies are listed below the respective base
compositions.
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By using eight primer pair regions of less than 140 bp, it is
expected that the resolving power will be slightly less than that
of conventional MLST, resulting in the correlation of some
base composition-characterized strains to more than one ST,
as illustrated above for RM3203 and RM3210-major. The
number of matching STs for each C. jejuni isolate identified is
listed in parentheses in Fig. 2. The resolving power of the panel
of C. jejuni-specific primer pairs on the T5000 platform pro-
vided a range of ST matches from 1 for RM3193 and RM3210-
minor to 57 for RM4281, but even with 57 matching STs, the
exclusionary percentage is 98.1%.

Overall, the eight sets of C. jejuni-specific primer pairs were
able separate the 23 C. jejuni isolates identified into 21 sets,
reassign two C. jejuni isolates to C. coli, and parse the remain-
ing 25 C. coli isolates into 12 sets.

DISCUSSION

Of the alternative Campylobacter typing methods, MLST,
PFGE, and AFLP analysis are generally thought to provide the
best discriminatory power and reproducibility. Both PFGE and
AFLP analysis have been reviewed previously for their abilities
to type Campylobacter species (30): neither method provided
the discriminatory power of MLST. Furthermore, the perfor-
mance of these methods can be intricate and time-consuming
(i.e., 2 to 3 days for analysis). MLST provides the highest
degree of resolving power for typing and subtyping; its main
disadvantages are the time and cost for sequencing and the
requirement for pure cultured isolates.

The T5000 platform proved to be highly effective in differ-
entiating the C. jejuni isolates in the panel of 50 Campylobacter
isolates, and it also determined the correct classification of
RM4183 as C. coli instead of C. jejuni, placed RM4190 as a C.
coli isolate, and identified and characterized both components
of a mixed sample, RM3210. Importantly, the T5000 platform
provides high throughput and a fully automated means of
analysis of PCR amplicons at a rate of one well per minute.
Thus, the analyses described above with a panel of eight primer
pairs can be performed at a rate of one sample every 8 min or
175 samples a day. While the eight-primer-pair panel described
above was designed to resolve the majority of the most clini-
cally relevant strain types and represents a high-throughput,
low-cost approach to the study of C. jejuni isolates associated
with campylobacteriosis, additional efforts are under way to
both increase the resolution and improve the throughput of
this assay by going to a four-well triplex format (12 primer pairs
in four wells). This multiplexed format, in conjunction with the
use of a novel dual-head electrospray source under develop-
ment, which will facilitate ESI-TOF analysis at a rate of 30
s/well, will allow the analysis of over 700 samples/day on a
single instrument with a resolution exceeding that described
above.
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