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A total of 95 human Campylobacter jejuni isolates acquired from domestic infections and collected from three districts in Finland during the seasonal peak (June to September) in 2012 were analyzed by PCR-based multilocus sequence typing (MLST) and
by whole-genome sequencing (WGS). Four predominant sequence types (STs) were detected among the isolates: ST-45 (21%)
and ST-230 (14%, ST-45 clonal complex [CC]), ST-267 (21%, ST-283 CC), and ST-677 (19%, ST-677 CC). In districts 1 and 3,
most of the infections occurred from early July to the middle of August, with a peak at weeks 29 to 31, but in district 2, the infections were dispersed more evenly throughout 3 months (June to August). WGS data were used for further whole-genome MLST
(wgMLST) analyses of the isolates representing the four common STs. Shared loci of the isolates within each ST were analyzed as
distance matrices of allelic profiles by the neighbor-net algorithm. The highest allelic variations (>400 different alleles) were
detected between different clusters of ST-45 isolates (1,121 shared loci), while ST-230 (1,264 shared loci), ST-677 (1,169 shared
loci), and ST-267 isolates (1,217 shared loci) were less diverse with the clusters differing by <40 alleles. Closely related isolates
showing no allelic variation (subclusters) were detected among all four major STs. In some cases, they originated from different
districts, suggesting that isolates can be epidemiologically connected and may have the same infection source despite being originally identified as sporadic infections.

C

ampylobacter species, especially Campylobacter jejuni, are the
most commonly reported causes of bacterial gastroenteritis in
both developed and developing countries (http://www.who.int
/mediacentre/factsheets/fs255/en/) with an estimate of 8.4% of
the total burden of diarrheal diseases (1) and with ⬎190,000 cases
reported annually in the European Union (EU) and costs of
around €2.4 billion per year (http://www.efsa.europa.eu/en
/topics/topic/campylobacter.htm). In Finland, ⬎4,000 Campylobacter infections are registered annually (4,251 cases in 2012), and
the overall incidence for the whole population in 2012 was 78/
100,000 (www.thl.fi). Most infections are sporadic and associated
with foreign traveling. In areas with a colder climate, like Northern Europe, a distinct peak in the frequency of Campylobacter
infections occurs during the summer months, from June to August (2, 3). The seasonal peak is probably associated with summer
activities, including increased outdoor exposures like contacts
with animals and soil, barbecuing, consumption of water from
private wells, and swimming in natural waters (4, 5). On the
whole, poultry and poultry products have been shown to be a
major source of C. jejuni infections in humans (6–9).
In Finland, since 1994, clinical laboratories have reported all
culture-positive Campylobacter findings to the National Infectious Diseases Register (NIDR), without, however, distinguishing
domestic and imported infections (10). In our previous studies
concerning the C. jejuni population structure and molecular epidemiology in Finland, large numbers of human C. jejuni isolates of
domestic origin have been collected mainly from the Helsinki

December 2014 Volume 52 Number 12

metropolitan area (11, 12). In this study, Campylobacter isolates
were collected from domestically acquired infections in three
midsized districts located outside the metropolitan area. Earlier
studies have shown that risk factors and incidences of Campylobacter infections may vary in different geographical areas (6, 13).
Molecular typing methods, especially the widely used multilocus sequence typing (MLST), have been an essential tool in studies
of C. jejuni (9, 14, 15). However, MLST, where sequences from
seven housekeeping genes are defined as sequence types (STs) and
clonal complexes (CCs) (16), has limited ability to further discriminate genetically related isolates within STs. Recently, wholegenome sequencing (WGS) has become increasingly affordable,
and it provides information about the bacterial genomes with a
much higher resolution than MLST (17–20). Whole-genome
MLST (wgMLST) analyses enable the recognition of genetic rela-
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tionships between epidemiologically associated isolates and isolates that potentially have the same infection source. Gene loci and
allele numbers can be determined using the publicly available Bacterial Isolate Genome Sequence Database (BIGSdb) on the pubMLST.org/campylobacter web page (21).
The aims of this study were (i) to explore the MLST of human
C. jejuni isolates and their spatial and temporal distributions in
three districts during the seasonal peak in 2012, (ii) to compare the
MLST data from this study to data collected previously from clinical isolates from the Helsinki metropolitan area in Finland, and
(iii) to further recognize the genetically related isolates within STs
using wgMLST and to analyze their associations in relation to
their isolation site and time.

Bacterial isolates. Campylobacter isolates were collected from patients
with domestically acquired enteric infections in June to September 2012.
Isolates were collected by the local clinical laboratories of four hospital
districts located in central and eastern Finland (see Fig. S1 in the supplemental material). Samples for districts 1 and 3 were each collected from
one hospital district (hospital districts 13 and 14, respectively) (see Fig. S1
in the supplemental material), but for convenience in district 2, two
sparsely populated hospital districts were pooled into one (hospital districts 10 and 11) (see Fig. S1 in the supplemental material). The numbers
of inhabitants in the three districts were 279,000 (district 1), 121,000 (district 2), and 265,000 (district 3). Infections were defined as domestic when
the patient had not traveled abroad within 2 weeks of the onset of symptoms. One isolate from the primary culture of each patient was used for
the study. The isolates were stored in skim milk at ⫺70°C prior to further
molecular investigations. Of the total of 109 isolates, isolates that did not
grow after primary isolation (13 isolates) or were confirmed as Campylobacter coli (1 isolate) by species-specific PCR (22) were excluded, resulting
in a total of 95 C. jejuni isolates that were included in the MLST and WGS
analyses in this study. Isolates were numbered and marked with a letter
indicating the district from which they were collected (K1, K2, etc. for
district 1, M1, M2, etc. for district 2, and J1, J2, etc. for district 3).
DNA extraction and PCR. DNA was extracted using the Wizard
genomic DNA purification kit (Promega, Mannheim, Germany), and the
DNA concentrations were measured using a Nanodrop ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA) and a Qubit fluorometer
(Life Technologies; Invitrogen, CA). The DNA was stored at ⫺20°C prior
to WGS or PCR.
MLST and wgMLST. Twenty-one human isolates were analyzed by
PCR-based MLST only. PCRs and sequencing of the seven MLST loci were
performed as described in previous studies (12, 23). Briefly, sequencing
was carried out by BigDye Terminator v. 3.1 chemistry (Applied Biosystems, Foster City, CA), and sequencing products were run on an ABI
Prism 3130XL genetic analyzer or an ABI 3730 DNA analyzer (Applied
Biosystems). Furthermore, WGS was performed on 74 human isolates.
Genome sequences were determined using Illumina HiSeq sequencing
technology (100 cycles, paired-end library, ⬎200⫻ coverage; performed
by FIMM [Institute for Molecular Medicine], Helsinki, Finland). The
reads were filtered using the ConDeTri Perl script (default settings, minimum read length of 75 nucleotides), and only sequences passing the
quality threshold in both paired reads were assembled into contigs using
ABySS 1.3.5.
Data analysis. MLST sequences were analyzed using BioNumerics v.
5.1 (Applied Maths, Kortijk, Belgium). Different alleles, STs, and CCs
were assigned using the Campylobacter MLST database (pubMLST.org/
campylobacter/). Assembled contigs of the whole-genome sequences were
uploaded to the pubMLST.org/campylobacter website, which then automatically annotated all loci and numbered alleles currently available in the
Bacterial Isolate Genome Sequence Database (BIGSdb). The results were
processed in Excel (Microsoft Excel 2010), separately for each ST, to in-
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RESULTS

Distribution and characteristics of human isolates. Forty-three
isolates were obtained from district 1 (⬃279,000 inhabitants; incidence, 15.4/100,000), 25 from district 2 (⬃121,000 inhabitants;
incidence, 20.6/100,000), and 41 from district 3 (⬃265,000 inhabitants; incidence, 15.5/100,000). More than half of the patients
(55% in district 1 and 63% in districts 2 and 3) were men. The
proportions of patients older than 60 years in the three districts
were 40%, 42%, and 34%, respectively. In addition, 29% of the
patients in district 3 were 51 to 60 years old. Only three cases, one
in each district, were observed in children aged 10 years or less (4,
1, and 9 years).
MLST of C. jejuni isolates. MLST from 95 C. jejuni isolates
revealed a total of 23 STs, with 15 of them assigned to CCs (Table
1). The most frequent STs of the human isolates were ST-45 (21%,
ST-45 CC), ST-230 (14%, ST-45 CC), ST-267 (21%, ST-283 CC),
and ST-677 (19%, ST-677 CC). The frequencies of the CCs detected from the three different districts are shown in Fig. 1. Isolates
that belonged to ST-45 CC covered 39% and 49% of the isolates in
districts 1 and 3, respectively, while ST-677 CC was the most common CC (40% of isolates) in district 2 (Fig. 1). Compared to our
previous C. jejuni MLST data, collected from 1996 to 2006 from
domestically infected patients living in the Helsinki metropolitan
area (11, 12), the frequencies of the two major clonal complexes
(ST-45 CC and ST-677 CC) were in line with those of districts 1
and 3. However, in district 2, ST-45 CC was not so common, and
ST-677 CC, in turn, was overrepresented (P ⬍ 0.05) compared to
that in other districts and our previous data (Fig. 1). Furthermore,
the frequencies of ST-283 CC were higher (P ⬍ 0.05) in all three
districts than in our previous data (Fig. 1). Interestingly, ST-50
(ST-21 CC), a common ST among human isolates of the metropolitan area for several years (11), was not detected among the
isolates of this study, and isolates of ST-21 CC, in general, were
detected in only one district (Table 1).
Temporal distribution of STs. Most of the infections, espe-
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MATERIALS AND METHODS

clude only the shared loci of the isolates under the analysis. The neighbornet algorithm, based on the allelic distance matrix of the shared loci of the
isolates, was used to construct phylogenetic networks. Neighbor-net networks were constructed on each ST and visualized using SplitsTree software (24) implemented on the pubMLST.org website. Allelic differences
among the isolates of the clusters were defined using the BIGSdb and Excel
(see Table S3 in the supplemental material). Isolates that had identical
alleles among all shared loci (subclusters) (see Fig. 3) were further analyzed as a new study population by investigating new sets of shared loci
and defining the allelic differences as described above (see Table 2). The
clonal genealogy of the strains based on the whole-genome sequences was
estimated using a model-based approach to determine bacterial microevolution implemented in ClonalFrame (24). Genomes were aligned using progressiveMauve (25), and collinear blocks bigger than 500 bp were
filtered using the Perl script stripSubsetLCBs (25). Then, ClonalFrame
was run with 30,000 burn-in iterations followed by 30,000 data collection
iterations. The strict consensus tree representing the combined data from
three independent runs was exported as a Newick file and labeled using
CorelDRAW X5 (see Fig. S2 in the supplemental material).
Statistical analysis. Statistical tests were performed using SPSS software (IBM SPSS Statistics 21). The frequencies of the clonal complexes in
each district were compared to our previous data collected in 1996, 1999,
2002, 2003, and 2006 from the Helsinki metropolitan area (11, 12). The
Pearson chi-square and Fisher’s exact tests were carried out by crosstabulations for each CC in districts 1, 2, and 3. Differences in frequencies
were considered statistically significant for P values of ⬍0.05.

MLST and wgMLST of Human C. jejuni Isolates

TABLE 1 MLST of domestically acquired human C. jejuni isolates from
three districts in Finland in 2012
Districtb

19

2

2

11
45
230
538

1
20
13
1

2
1, 2, 3
1, 2, 3
1

61

2

1

283
267
383

20
1

1, 2, 3
2

677
677
794

18
2

1, 2, 3
1, 2

690
991

1

2

952
3492
5987

1
1

3
3

1287
945

1

1

1332
1276

1

2

UA
951
1030
1080
1365
2068
6591
6626
7007c

1
1
2
2
1
1
1
1

2
3
1, 3
2, 3
1
3
3
2

21

45

61

a

Number of isolates with the indicated ST. A total of 95 human C. jejuni isolates were
included.
b
Districts in which the STs were detected.
c
Novel ST.

cially those caused by the major STs (ST-45, ST-230, ST-267, and
ST-677), were seen in early July to the middle of August in districts
1 and 3 (weeks 28 to 34) (Fig. 2A and C). However, peaks among
the infections (districts 1 and 3) occurred in weeks 29 to 31 (Fig.
2A and C). In contrast, in district 2, where ST-677 was strongly
represented, the infections were dispersed evenly among the 3
months (weeks 23 to 36), and none of the STs showed a distinct
peak (Fig. 2B).
Genetic relationships among isolates within the same ST.
Isolates of the four most common STs (ST-45, ST-230, ST-267,
and ST-677) were further analyzed and compared at the wholegenome level. Various sets of shared loci were analyzed using the
neighbor-net algorithm. The number of shared loci varied from
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DISCUSSION

Although the epidemiology of human Campylobacter infections
has been investigated for more than 35 years (26), a better understanding of the transmission of infections to humans is needed
(27). Most infections are apparently sporadic and occur in patients of all ages and socioeconomic backgrounds, and detection
of the sources of sporadic infections remains unclear. In this
study, we collected 109 Campylobacter isolates from human patients with domestically acquired infections during the seasonal
peak in summer 2012 in Finland. More than half of the patients in
all three districts were male, and more than one-third of the infections occurred in patients older than 60 years. These findings are
consistent with those of our previous study of Finnish patients
with domestic infections in 1999 (10), revealing that a high representation of older patients is typical for the summer peak in Finland, which may indicate some common behavior and impaired
immune defense associated with the increased risk observed in
this age group. According to the NIDR, which contains records
from both imported and domestic infections, the overall inci-
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Isolatesa

CC and ST

1,121 (ST-45) to 1,264 (ST-230). ST-45 isolates formed three clusters that differed by 293 to 453 alleles from each other (Fig. 3).
Isolates of cluster 1 differed by 1 to 8 alleles from each other (Fig.
3), and four subclusters that had identical alleles in all 1,121 loci
were detected (subclusters A to D) (Fig. 3). Two subclusters were
detected among ST-230 isolates in cluster 4 with identical alleles in
1,264 loci (subclusters E and F) (Fig. 3). Similarly, two subclusters
were detected among ST-677 isolates (subclusters H and I) (Fig.
3). A cluster of 10 ST-267 isolates had identical alleles in all shared
1,217 loci (cluster 6, subcluster G) (Fig. 3), and only two isolates
(ST-267, K20 and J22) (Fig. 3) were distinguished. The allelic variations for isolates forming clusters with less than 10 allele differences (cluster 1, clusters 4 and 5, cluster 6, and clusters 7 and 8) are
shown in detail in Table S3 in the supplemental material.
Closely related isolates of the subclusters (identical alleles in all
shared loci) were further analyzed for new sets of shared loci, and
the allelic differences were defined (Table 2). Four ST-45 isolates
of subcluster A (Fig. 3; Table 2), all isolated from district 3 during
a 5-day period in July, had two different alleles (single nucleotide
polymorphisms [SNPs]) in three genes (Cj1232, Cj1270c, and fla
nucleotide) (Table 2). In contrast, no allelic variation was observed in isolates of subclusters B and C, originating from district
3 and isolated in weeks 29 and 31 and 29 and 33, respectively, and
subcluster D from district 1, isolated in week 31 (Fig. 3; Table 2).
ST-230 isolates of both subclusters E and F (Fig. 3; Table 2) had a
one allelic difference among their shared loci (Cj0816 and Cj0497,
respectively) (Table 2). No allelic variations were observed among
the 10 ST-267 isolates of subcluster G that originated from all
three districts and were isolated during a 5-week period (subcluster G) (Fig. 3; Table 2). Also, the two subclusters of ST-677, each
containing five isolates (Fig. 3; Table 2), originated from different
districts and had no allelic variation (subclusters H and I) (Fig. 3;
Table 2).
To evaluate the phylogenetic networks of genetically related
isolates obtained by the neighbor-net algorithm, ClonalFrame
phylogenetic trees were constructed from the same sets of isolates
representing the four STs (see Fig. S2 in the supplemental material). The ClonalFrame genealogies showed parallel genetic relationships between the isolates, supporting the results of the neighbor-net analysis.

Kovanen et al.

FIG 2 Distribution of the infections caused by different C. jejuni STs from June
to September (weeks 22 to 38) in three districts (according to the sampling
date).
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dence rates during the seasonal peak in 2012 were 39.1 (district 1),
30.2 (district 2), and 40.4 (district 3) per 100,000 inhabitants
(www.thl.fi). In our present study, the incidence rates were 15.4,
20.6, and 15.5 per 100,000 inhabitants in districts 1, 2, and 3,
respectively, suggesting that infections from domestic sources
covered approximately half of the total number of registered infections. The higher incidence in district 2 (composed of two
sparsely populated hospital districts) may be explained by structural differences in the region: the number of summer cottages is
higher and the number of people living in the population center is
lower than those in districts 1 and 3 (www.tilastokeskus.fi). In our
previous study (10), incidence rates covering only domestic infections during the seasonal peak in 1999 (July to September) were
higher in districts 1 and 3 (74.1 and 36.9 per 100,000 inhabitants)
and similar in district 2 (20.6 per 100,000 inhabitants).
Eighty percent of all C. jejuni isolates in the present study were
associated with three clonal complexes, ST-45 CC, ST-283 CC,
and ST-677 CC, which were mainly represented by four STs (ST45, ST-230, ST-267, and ST-677). When we compared the MLST
data from our previous study (11), in which human C. jejuni isolates from 1996 to 2006 from the Helsinki metropolitan area were
investigated, the frequencies of the two major CCs (ST-45 CC and
ST-677 CC) were in accord with those in our present study. However, the frequencies of STs in district 2 differed significantly from
our earlier data. Interestingly, in general, isolates belonging to the
ST-21 CC and especially to the ST-50 CC were detected every year
in our previous study from the Helsinki metropolitan area (11),
but in this study, only two uncommon ST-19 isolates (ST-21 CC)
were detected. There are a limited number of studies concerning
the MLST of C. jejuni from human patients from different parts of
the world, but the predominant MLST lineages seem to have regional differences. In the study by McCarthy et al. (28), the MLST
from Finnish patients differed significantly from the types of the
patients from the United Kingdom, Australia, and New Zealand.
Further, in a Swiss study (29), ⬎60% of the human C. jejuni isolates belonged to ST-21 CC, ST-48 CC, and ST-257 CC, while
ST-45 CC covered ⬍2% of the isolates. However, isolates belonging to ST-45 and ST-283 CCs were shown to be more common
during the summer in previous studies from the United Kingdom
(28, 30). In our study, infections caused by the four most commonly detected STs were mostly detected during 7 weeks, from

Journal of Clinical Microbiology

Downloaded from http://jcm.asm.org/ on May 17, 2021 by guest

FIG 1 Frequencies (%) of the clonal complexes (CCs) among Finnish human C. jejuni isolates in three districts (columns 1, 2, and 3) and among human isolates
(n ⫽ 454) collected from the Helsinki metropolitan area in Finland from 1996 to 2006 (column 4) (10). *CCs in which the difference in frequency in the district
relative to the metropolitan area is statistically significant (P ⬍ 0.05).

MLST and wgMLST of Human C. jejuni Isolates
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FIG 3 The neighbor-net networks of the C. jejuni isolates of the four common STs (ST-45, ST-230, ST-267, and ST-677). Allelic differences are shown with Arabic
numerals. Networks were drawn from the shared loci of each set of isolates: ST-45 (1,121 loci), ST-230 (1,264 loci), ST-267 (1,217 loci), and ST-677 (1,169 loci).
Isolates clustering together are indicated with ellipses (clusters 1 to 8), and isolates with identical alleles are indicated with capital letters (subclusters A to I).

early July to late August. The highest peak in infections occurred
during weeks 29 to 31 in both districts 1 and 3, where ST-45,
ST-230 and ST-267 isolates in particular were strongly accumulated, suggesting a potential point source of infections. However,
in district 2, infections were evenly dispersed, and no peak that
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may indicate different or more long-term continuous sources of
infections was observed.
In addition to MLST, whole-genome sequencing has become a
popular method for studying the molecular epidemiology of C.
jejuni (17, 20). Sequence data based on whole genomes and wg-
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TABLE 2 Isolate information and allelic variation of the isolates of subclusters A to I of the four STs (ST-45, ST-230, ST-267, and ST-677)

ST and subclustera

Locus

Function

CAMP1151 (Cj1232)

Hypothetical protein

CAMP1189 (Cj1270c)

Hypothetical protein

fla nucleotide

Flagellin protein

Isolate (districtb);
sampling date
(mo/day/yr)

Allelic
variations

J6 (3); 7/16/2012
J9 (3); 7/17/2012
J10 (3); 7/20/2012
J7 (3); 7/20/2012
J6 (3); 7/16/2012
J9 (3); 7/17/2012
J10 (3); 7/20/2012
J7 (3); 7/20/2012
J6 (3); 7/16/2012

51
51
2
51
185
185
5
185
463

J9 (3); 7/17/2012
J10 (3); 7/20/2012
J7 (3); 7/20/2012
J12 (3); 7/18/2012
J5 (3); 7/26/2012
J4 (3); 7/19/2012
J13 (3); 8/14/2012
K4 (1); 7/30/2012
K1 (1); 8/2/2012

1,043/15
463
463

J16 (3); 7/19/2012
M4 (2); 8/10/2012
K8 (1); 7/12/2012
J18 (3); 7/16/2012

14
106
162
2

Sequence difference(s)c

45
Subcluster A (1,333 loci)

Subcluster C (1,391 loci)
Subcluster D (1,394 loci)

230
Subcluster E (1,210 loci)

CAMP0751 (Cj0816)

Hypothetical protein

Subcluster F (1,392 loci)

CAMP0459 (Cj0497)

Probable lipoprotein

267
Subcluster G (1,218 loci)

677
Subcluster H (1,288 loci)

Subcluster I (1,310 loci)

G¡A

463/1043: C ¡ G
463/15: C ¡ T (2),
G ¡ A, C ¡ G

C ¡ T (2)
G¡A

M6 (2); 7/13/2012
K19 (1); 7/17/2012
J19 (3); 7/19/2012
J26 (3); 7/22/2012
J23 (3); 7/25/2012
J21 (3); 7/25/2012
J20 (3); 7/26/2012
J25 (3); 7/30/2012
J24 (3); 8/2/2012
M5 (2); 8/11/2012

M9 (2); 6/29/2012
M13 (2); 7/1/2012
M12 (2); 7/16/2012
K32 (1); 7/16/2012
M8 (2); 8/12/2012
M14 (2); 6/23/2012
M11 (2); 7/9/2012
J29 (3); 7/12/2012
J28 (3); 7/31/2012
M10 (2); 8/5/2012

a

The number of shared loci of the subcluster is shown in parentheses.
The district (1, 2, or 3) in which the isolate was collected is shown in parentheses.
c
SNPs that occurred more than once are indicated by a number in parentheses.
b

MLST analysis allow genome comparisons and recognition of genetically related isolates within the STs, supporting the tracing of
potential sources and identifying outbreaks (17, 31).
This study is the first to explore the molecular epidemiology at
both the MLST and whole-genome levels among C. jejuni isolates
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from patients living outside the Helsinki metropolitan area in Finland. wgMLST and the neighbor-net algorithm resulted in only a
limited number of allelic differences (16 to 37) between the clusters within ST-230, ST-267, and ST-677 isolates, suggesting high
intrinsic genetic similarity within these STs. In contrast, for ST-45,
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Subcluster B (1,133 loci)

A¡G
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