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Campylobacter spp. are a leading cause of bacterial enteritis worldwide, including countries
in Africa, and have been identified by the World Health Organisation (WHO) as one of the
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Introduction

Foodborne zoonoses, especially diarrhoeal diseases, are an important cause of morbidity and
mortality worldwide, but the epidemiology of diarrhoeal disease in Botswana is poorly under-
stood [1]. Cryptosporidium, Salmonella, Shigella, Rotavirus and Adenovirus have been associ-
ated with past gastroenteritis outbreaks [1]. HIV is endemic in Botswana; according to
UNAIDS HIV AIDS estimates in 2016, 350,000 people in Botswana are living with HIV, with
22.2% adult HIV prevalence [2]. Diarrheal disease is a major cause of mortality and morbidity
among HIV-infected patients and HIV is a predisposing factor to diarrhoeal disease and asso-
ciated complications [1].

Infection by Campylobacter jejuni is considered to be the most prevalent cause of bacterial
diarrhoeal disease worldwide, responsible for ~500 million cases of gastroenteritis per year [3].
The transmission chain of Campylobacter spp. is not completely defined but chickens are con-
sidered to be the major vehicle for transmission to humans. Additional sources of infection are
likely to include red meat, unpasteurised milk and contaminated water. In developing coun-
tries, Campylobacter spp. infection is common in early childhood owing to poor sanitation and
close human contact with animals [4]. With age, infection rates decline, fewer infections are
associated with diarrhoea, and the duration and magnitude of convalescent excretion of Cam-
pylobacter spp. is reduced [5]. Although the severity of Campylobacter spp. infection in adults
is different between developed and developing countries, the clinical signs of infection in
adults in developing countries appear to be similar to those in developed countries [6]. Acute
signs range from protracted watery diarrhoea to bloody diarrhoea with fever, abdominal
cramps, and the presence of faecal leukocytes [4, 7]. Although the vast majority of cases are
self-limiting, there is emerging data in developing countries that even very common ‘asymp-
tomatic’ infections (those without diarrhoea) is associated with reduced linear growth (low
height for age) [8].

Limited studies have been conducted in developing countries that report on Campylobacter
spp. in both humans and animals, in particular genotypic information [9]. One study carried
out at the two referral hospitals in Botswana found that 14% of children admitted with acute
gastroenteritis had Campylobacter spp. detected in their stool [10].

Most Campylobacter spp. infections are self-limiting and treatment is usually supportive.
However, effective antimicrobial therapy is critical for people with severe or prolonged campy-
lobacteriosis, for the elderly, for the young or for the immunocompromised [9, 11, 12]. The
development of resistance by the bacterium obviously limits treatment options in humans and
other animals [11]. A recent study of Campylobacter spp. in the private health care sector in
South Africa found a high prevalence of resistance to the fluoroquinolones, macrolides and tet-
racycline, which are drugs in the first-line treatment of C. jejuni and C. coli [9]. In recent years,
isolates from both developed and developing countries have shown resistance to several anti-
microbials, including fluoroquinolones, tetracyclines, beta-lactams, aminoglycosides and
macrolides [7, 9, 11, 13], which are the most frequently used antimicrobials for the treatment
of campylobacteriosis [6, 7, 9, 11-14]. This has led the World Health Organisation in 2017 to
list Campylobacter spp. as one of the six high priority antimicrobial resistant pathogens [15].
Antimicrobial usage in both animal agriculture and human medicine can influence the devel-
opment of antibiotic-resistance in Campylobacter spp. [13]. It is thought that the unrestrained
use of antimicrobials in developing countries, in particular, has contributed to increased anti-
microbial resistance in Campylobacter spp. [6, 7, 11]. In some countries, antimicrobials are still
used as growth promoters as opposed to therapeutic agents [11]. As a zoonotic pathogen, anti-
microbial-resistant isolates of Campylobacter spp. can be transferred to humans via contami-
nated food, water or milk. The use of fluoroquinolones in food animals, in particular chickens,
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has been associated with increases in resistant Campylobacter spp. causing disease in humans
[16]. However, little is understood regarding the potential contribution of this source of anti-
microbial resistance in the African context.

Genotypic information about Campylobacter spp. in developing countries is lacking [17].
Currently there are no available data on the prevalence, molecular epidemiology or antimicro-
bial susceptibility of Campylobacter spp. isolates in Botswana, neither in patients nor in poultry
reservoirs. As such, this is the first survey conducted in Botswana with the aim to characterise
Campylobacter spp. isolated from diarrhoeal patients, and from free-range and broiler chick-
ens to determine the genetic diversity and the presence of antimicrobial resistance genes.

Results and discussion
Diversity of Campylobacter spp.

Campylobacter spp. were isolated from diarrhoeal paediatric patients admitted to the Princess
Marina Hospital in Gaborone, Botswana, and from caecal samples collected from commercial
broiler and free-range chickens. The chickens were purchased from various poultry farms
within the Gaborone catchment area, which is located close to the border with South Africa.
Chickens were obtained from five sites with commercial broilers and eight sites with free-
range chickens.

Genomes were sequenced using Illumina HiSeq or MiSeq technologies for 20 Campylobac-
ter spp. isolates from human diarrhoeal patients and 70 isolates from chickens, of which 35
were from commercial broilers and 35 were from free-range chickens. To assess which Cam-
pylobacter species each isolate belonged to, an initial comparative genome analysis was per-
formed in by pairwise average nucleotide identity (ANI) BLAST analysis in JSpeciesWS [18]
using the generally accepted ANI species cut-off of 94% [19] (S1 Table). Human and free-
range chicken isolates were predominantly C. jejuni, with 19 human isolates being C. jejuni
(95%) and one being C. coli (5%), while 29 (82.8%) free-range chicken isolates were C. jejuni
and 6 (17.1%) were C. coli. Out of the 35 commercial broiler isolates, 14 (40.0%) were C. jejuni
and 21 (60.0%) were C. coli (S1 Table).

Mutilocus sequence typing (MLST) identified 19 sequence-types (STs) for C. jejuni and 7
for C. coli (S1 Table). Two novel STs were identified for C. jejuni; ST9024 and ST9027, which
both belong to clonal complex ST354. Three novel STs were found for C. coli; ST9025 (clonal
complex ST1150), and ST9026 and ST9028 that both belong to clonal complex ST828.

Noteworthy, 24 out of 28 C. coli isolates belonged to clonal complex ST2828 (S1 Table),
indicating that, based on MLST, the C. coli isolates are genetically more conserved. In recent
Catalonian (north-east Spain) and Italian studies, the predominant clonal complex of C. coli
isolates was also ST828 [20, 21]

Phylogenetic analyses of Campylobacter spp.

Phylogeny was built separately for C. jejuni (Fig 1) and C. coli (Fig 2) based on core genome
alignments, which include 1107 or 1197 genes respectively. In addition, phylogeny was also
assessed using extracted single nucleotide polymorphisms (SNPs) derived from a reference-
based alignment; C. jejuni NCTC11168 [22] was used as a reference (S1 Fig and S2 Fig). Clus-
tering of isolates in both core genome- and SNP-based phylogenies was identical, indicating
that both methods successfully extracted the existing phylogenetic signal. It is noteworthy that
MLST seems to be an effective indication of related lineages as isolates belonging to the same
ST clustered together. Each clade, as defined by ST, appears to contain very little genetic diver-
sity within the clade compared to the differences between clades. These results suggest that the
employed methods provide a clear indication of the relatedness of the isolates. However, due
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Fig 1. Phylogeny and AMR profile of C. jejuni isolates from this study. Core genome maximum likelihood phylogeny of C. jejuni isolates
visualised in the interactive Tree of life tool (iTol) [23]. The tree was rooted on isolate 2445 to facilitate comparison with the SNP-based phylogeny
shown in S1 Fig. Clustering of isolates was found to be in accordance between core genome and SNP-based phylogenies (S1 Fig). Clustering of
isolates belonging to the same ST was consistent. Shown for each isolate are: isolate identifier, the geographic location of isolation, presence of AMR
determinants and ST.

https://doi.org/10.1371/journal.pone.0194481.g001

to the genetic promiscuity of Campylobacter spp., the trees are unlikely to represent the true
phylogenies.

Our data show that isolates from across the phylogenies of each Campylobacter spp. are
present in broilers, free-range chickens and humans. As anticipated, strains from the same
sample set/location were closely related. However, there is also evidence of (closely) related
strains in different locations, suggesting that geographic spread may have occurred. Regarding
the possibility of geographic spread of C. jejuni, we observed that isolate S26 from a free-range
chicken in Lentsweletau was present in a cluster with isolates from free-range chickens from
Boatle that were isolated six months previously. S3 from a free-range chicken in Mochudi was
present in a cluster with isolates from free-range chickens from Ramapatle isolated fourteen
months later. $28 and S29 from free-range chickens in Lentsweletau are present in a cluster
with isolates from free-range chickens from Kopong isolated one month later. S50, S51 and
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Fig 2. Phylogeny and AMR profile of C. coli isolates from this study. Core genome maximum likelihood phylogeny of C. coli isolates visualised in the iTol [23];
the tree was rooted with isolate B15 as an outgroup. Clustering of isolates was found to be in accordance between core genome and SNP-based phylogenies (52
Fig). Isolates belonging to the same ST clustered together. Shown for each isolate are: isolate identifier, the geographic location os isolation, presence of AMR
determinants and ST.

https://doi.org/10.1371/journal.pone.0194481.g002
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S55 from free-range chickens in Gabane are present in a cluster with isolates from free-range
chickens from Gaborone—block 9 (S64) isolated ~2 weeks later and Ramapatle (S47) isolated
~1 week previous. S4, S10 and S27 from free-range chickens, each from a different geographi-
cal location and from a different sampling time (spanning seven months) form a cluster (S1
Table, Fig 1 and S1 Fig).

Regarding the possibility of geographic spread of C. coli, we observed that isolate B39 from
a broiler chicken in Gaborone—Old Naledi was present in a cluster with isolates from broiler
chickens in Ramotswa (B21) isolated fifteen months previously and Mmatseta (B54) isolated
three months later. Isolates B23, B24 and B27 from broiler chickens in Ramotswa were present
in a cluster with isolates from broiler chickens in Matebele (B9, B10 and B11) isolated four
months later. Isolates B30, B31 and B32 from broiler chickens in Metsimaswane were present
in a cluster with isolates from broiler chickens in Ramotswa (B25) and Metsimaswane (B29)
isolated on the same day and Gaborone—OIld Naledi (B37) isolated fifteen months later. C. coli
B15 isolated from a broiler in Gaborone-North, ST9025, a novel ST belonging to clonal com-
plex ST1140, is distant to the other C. coli isolates in this study (Fig 2 and S2 Fig). Pair-wise
ANT analyses with the other C. coli isolates in our study confirmed that B15 belongs to the C.
coli species, i.e. all were >94% ANI, which is generally considered the species cut-off value
[19].

We observed limited mixing of strains between broiler and free-range chickens, as evi-
denced by most branches of the phylogeny only having strains from a single host, with the
exception of C. coli isolates S11 from a free-range chicken in Ramotswa, S66 from a free-range
chicken in Gaborone Block 9 isolated nineteen months later and S74 from a free-range chicken
in Notwane isolated eighteen months later were present in a cluster with C. coli isolates from a
broiler chicken B72 isolated nineteen months later from Kumakwane and a human isolate
2511 from Tlokweng (date of isolation not recorded, but before the isolates from the chickens
were collected) (S1 Table, Fig 1 and Fig 2).

For C. jejuni we observed human isolates that were highly related to chicken isolates. This
included i) human isolate 2144 from Gaborone and S65 isolated from a free-range chicken in
Gaborone Block 9, i) human isolate 2162 (Gaborone) is related to broiler isolates B13 and B14
from Gaborone North, iii) human isolate 2521 is related to broiler isolates B60, B62, B64, B65,
B68 and B70 (Fig 1 and S1 Fig).

Comparative analyses of Campylobacter spp. from Botswana with other
African isolates

The distribution of Campylobacter spp. isolates from Botswana was analysed with other Afri-
can isolates using multi locus sequence type (MLST) allelic profiles available from the
PubMLST database [24] (accessed in January 2017). Minimum spanning trees generated and
visualised in GrapeTree [25] were used to assess the phylogenetic relatedness amongst African
isolates; trees were built separately for C. jejuni (Fig 3) and C. coli (Fig 4) isolates. STs repre-
sented by Botswanan isolates predominantly comprised isolates from Botswana only, with the
exception of i) C. jejuni ST1932 that comprised 6 Nigerian and 1 Botswanan isolate, i) C. jejuni
ST52 comprised 4 isolates from Senegal and 3 isolates from Botswana, iii) C. coli ST3241 with
3 isolates from Botswana and 1 from Egypt. In line with the dispersed distribution of African
C. jejuni and C. coli isolates across the MLST-based tree, Botswanan Campylobacter spp. iso-
lates were also widely distributed across the tree (Fig 3 and Fig 4). Several C. jejuni ST's are
located at the outside of the tree, e.g. ST137 (human isolate 2556) and ST583 (human isolate
2162, and broiler isolates B13 and B14) that belong to clonal complex ST45, and the clonal
complex ST21 isolates that belong to ST19, ST883 and ST5649 that comprises human, free-
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Fig 3. MLST of C. jejuni isolates from this study and other African C. jejuni isolates. Minimum spanning tree generated from C. jejuni allelic profiles
visualised in GrapeTree [25], which included African C. jejuni isolates that were available in the PubMLST database [24] (accessed in January 2017). Isolates are
colour-coded according to country and labelled with STs. The number of isolates per node (ST) are indicated through pie-charts. The number of nucleotide
differences between STs is depicted at the branches. If STs differ by more than 2 nucleotides, branches are truncated (dashed lines). More details can be found in
S1 Table and in the text.

https://doi.org/10.1371/journal.pone.0194481.9003

range and broiler isolates (S1 Table and Fig 3). Some of the commercial broiler C. coli isolates
appear to be more distantly related to other African C. coli isolates, i.e. B15 (ST9025) and
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Fig 4. MLST of C. coli isolates from this study and other African C. coli isolates. Minimum spanning tree generated from C. coli allelic profiles
visualised in GrapeTree [25], which included African C. coli isolates that were available in the PubMLST database [24] (accessed in January 2017). Isolates
are colour-coded according to country and labelled with STs. The number of isolates per node (ST) are indicated through pie-charts. The number of
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nucleotide differences between STs is depicted at the branches. If ST's differ by more than 2 nucleotides, branches are truncated (dashed lines). More
details can be found in S1 Table and in the text.

https://doi.org/10.1371/journal.pone.0194481.9004

isolates belonging to ST9028 (B25, B29, B30, B31 and B27) (S1 Table and Fig 4). The data high-
light the diversity of Campylobacter spp. in Botswana and indicate both local and global strains,
confirming previous MLST studies with C. jejuni and C. coli isolates from poultry, cattle and
humans in Nigeria [17].

Antimicrobial resistance profiles derived from whole genome sequence
data

Fluoroquinolones, tetracyclines, beta-lactams, aminoglycosides and macrolides are the most
frequently used antimicrobials for the treatment of campylobacteriosis [6, 7, 9, 11-14]. In
Campylobacter spp., as in other Gram-negative bacteria, the main mechanism of fluoroquino-
lone resistance is chromosomally mediated through mutation of gyrA by alteration of codon
86 from threonine to isoleucine [6]. Campylobacter spp. carrying the Thr-86-Ile change in the
GyrA subunit of DNA gyrase can persist in the absence of antimicrobial selection pressure
[11]. In Campylobacter spp. resistance to tetracycline is primarily mediated by a ribosomal pro-
tection protein (fetO) that is transferred as a plasmid-encoded gene or on the chromosome
where it is not self-mobile [6, 9, 14]. Resistance to ampicillin and other beta-lactams is widely
reported among Campylobacter spp. isolated from humans and poultry [26, 27]. A significant
knowledge gap still exists concerning the molecular basis of beta-lactam resistance in Campylo-
bacter spp. [28]. Resistance to beta-lactams in Campylobacter spp. can be mediated by OXA-61
beta-lactamase, which is encoded by the blagxa 61 gene [29], but other beta-lactamases also
exist [26]. Aminoglycoside (gentamicin) resistance occurs through the presence of genes
including aph(2”)-IF, aac/aphD, aph(2”)-Ig and aacA4 [30]. High-level macrolide resistance is
mediated through mutation of the 23S rRNA [6].

We performed an in silico assessment for mutations conferring antimicrobial resistance
and for the presence of antimicrobial resistance genes. For both C. jejuni and C. coli isolates
there was a noticeable presence of tetO (52%), gyrA-T861 (47%) and blapxa.e; (72%) (Fig 1, Fig
2, Table 1 and S1 Table). We found no evidence of other antimicrobial resistance genes (as
described in Materials and Methods). In comparison, a recent WGS-based study of 16 Catalo-
nian (north-east Spain) broiler Campylobacter spp. isolates (12 C. jejuni and 4 C. coli) revealed
higher prevalence of tetO (81%) and gyrA-T861 (100%) [20].

In this study, mutation of gyrA was limited to T86I, confirming that this is the most com-
mon gyrA mutation. This is also in line with studies conducted in Portugal, Catalonia and
Poland in which the only detected gyrA mutation was T86I [20, 31, 32].

Mutations of the 23S rRNA gene that confer macrolide resistance were not detected in the
Botswanan Campylobacter spp. isolates reported in this study, indicating that prevalence of
macrolide resistance is low in Botswana. This is in line with a Polish study, which detected the
A2075G 23S rRNA mutation only in 8 out of 802 poultry isolates [32]. However, a Catalonian
study found the A2075G 23S rRNA mutation in 3 out of 4 tested C. coli isolates but not in the
C. jejuni isolates [20], whereas an Italian study observed the A2075G 23S rRNA mutation in 49
out of 197 tested Campylobacter spp. isolates [21].

We found that tetO was more prevalent in C. coli (24/28; 85.7%) than C. jejuni (23/62;
37.1%) (P = 0.0003). Also, gyrA-T861 was more prevalent in C. coli (26/28; 92.9%) than C.
jejuni (17/62; 27.4%) (P = 6.93e-08) (Table 1). Our analyses showed that tetO was more preva-
lent in Campylobacter spp. isolated from broilers than from humans (P = 0.0021) (Table 1).
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Table 1. Frequency of antimicrobial resistance genes (tetO, gyrA-T86I and blapxa.6;) in C. jejuni and C. coli from broiler, free-range chickens and human clinical

isolates.

C. jejuni

blaOXA-61

tetO

gyrA-T861

blaOXA-61 + tetO

blaOXA-61 + gyrA-T86l

tetO + gyrA-T861

blaOXA-61 + tetO + gyrA-T861
None

C. coli

blaOXA-61

tetO

gyrA-T86l1

blaOXA-61 + tetO

blaOXA-61 + gyrA-T86l

tetO + gyrA-T861

blaOXA-61 + tetO + gyrA-T861

None

Broiler
8/14 (57.1%)
8/14 (57.1%)
5/14 (35.7%)
3/14 (21.4%)
5/14 (35.7%)
3/14 (21.4%)
3/14 (21.4%)
1/14 (7.1%)

Broiler
15/21 (71.4%)
18/21 (85.7%)
19/21 (90.5%)
15/21 (71.4%)
13/21 (61.9%)
16/21 (76.2%)
13/21 (61.9%)
0/21 (0%)

Free range
20/29 (68.9%)
11/29 (37.9%)
3/29 (10.3%)
11/20 (37.9%)
0/29 (0%)
0/29 (0%)
0/29 (0%)
6/29 (20.7%)
Free range
6/6 (100%)
6/6 (100%)
6/6 (100%)
6/6 (100%)
6/6 (100%)
6/6 (100%)
6/6 (100%)
0/6 (0%)

Human
15/19 (78.9%)
4/19 (21%)
9/19 (47.4%)
3/19 (15.8%)
6/19 (31.6%)
3/19 (15.8%)
2/19 (10.5%)
1/19 (5.3%)
Human
1/1 (100%)
0/1 (0%)
1/1 (100%)
0/1 (0%)
1/1 (100%)
0/1 (0%)
0/1 (0%)
0/1 (0%)

Total
43/62 (69.4%)
23/62 (37.1%)
17/62 (27.4%)
17/62 (27.4%)
11/62 (17.7%)
6/62 (9.7%)
5/62 (8.1%)
8/62 (12.9%)

Total
22/28 (78.6)
24/28 (85.7%)
26/28 (92.9%)
21/28 (77.8%)
20/28 (71.4%)
22/28 (78.6%)
19/28 (67.9%)
0/28 (0%)

https://doi.org/10.1371/journal.pone.0194481.t001

We observed that the gyrA-T86I mutation was more prevalent in Campylobacter spp. isolated
from broilers than from free-range chickens (P = 0.0082) (Table 1). Also, we found that
blaoxa.s; was widely distributed in C. jejuni 43/62 (69.4%) and C. coli 22/28 (78.6%) (Table 1).
This is in line with a survey conducted in the United Kingdom, in which 52% of poultry associ-
ated Campylobacter spp. isolates were ampicillin-resistant, of which 92% carried blaoxas;

[26].

C. coli isolates had higher numbers of individual antimicrobial resistance genes, hence they
also had a higher proportion of combinations of resistance genes. All three resistance genes i.e.
tetO, gyrA-T861 and blapy . s; Were present in 5/62 (8.1%) of C. jejuni isolates and 19/28
(67.9%) of C. coli isolates (Table 1). This finding supports previous studies that have suggested
that C. coli has increased resistance due to exposure to a larger number of antimicrobial agents
compared to C. jejuni [12, 14]. None of the C. coli isolates were negative for any of the antimi-
crobial resistance genes 0/28 (0%), while 8/62 (12.9%) of the C. jejuni isolates were negative
(Table 1). Interestingly, all six C. coli isolates from the free-range birds contained all three resis-
tance genes.

Conclusion

Here we report on the genomic diversity of circulating Campylobacter spp. causing diarrhoeal
disease in humans and of colonised chickens in Botswana. Phylogeny showed that the Cam-
pylobacter spp. isolated from the different poultry and human sources were highly related, sug-
gesting that zoonotic transmission is likely.

In a large proportion of Campylobacter spp. isolated from humans, broilers and free-range
chickens in this study we detected tetO (52%), gyrA-T861 (47%) and blapxa.s; (72%) genes.
Our study has identified isolates carrying multiple drug resistance genes, i.e. 27% of the isolates
carried all three above mentioned resistance determinants. The C. coli isolates analysed in our
study had a higher prevalence of the individual antimicrobial resistance genes when compared
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to C. jejuni isolates, which is in line with other studies [20, 21, 31, 32]. The whole genome
sequence data indicates that Campylobacter spp. isolated from humans and chickens in
Botswana have the potential to be resistant or multiply resistant to a number of antimicrobial
classes, however we did not test specifically for phenotypic antimicrobial resistance. The pres-
ence of antimicrobial resistance genes to first line treatment drugs is a concern. Collectively,
the data suggest that the efficacy of using current treatments for treating human campylobac-
teriosis and for the treatment or use as growth promoters in chickens should be evaluated.

Our analyses did not identify any Campylobacter spp. carrying 23S rRNA gene mutations
that confer macrolide resistance, suggesting that erythromycin or azithromycin may still be an
effective treatment. In addition, aminoglycosides such as gentamycin may be an alternative
option as we found no evidence of aphA-3 and aacA4 genes.

Importantly, this survey provides detailed insight into the phylogeny of and antimicrobial
resistance profiles of Campylobacter spp. in Botswana. Further studies that cover a larger geo-
graphic study area are necessary to detect emerging resistance patterns and to assess the impact
of strategies designed to mitigate antimicrobial resistance.

Materials and methods
Ethics statement

This study was reviewed and approved by the institutional review boards of the Botswana Min-
istry of Health, Gaborone, Botswana-PPME-13/18/1 Vol VII (434); Princess Marina Hospital,
Gaborone, Botswana—PPME-13/18/1 Vol VII (434); Health Research and Development Com-
mittee, University of Botswana—REF:UBR/RES/IRB/GRAD/394; University of Cambridge,
Cambridge, United Kingdom—REF:HBREC.2016.19. Written informed consent was obtained
from guardians/parents for all human subjects who had stool samples collected for this study.

Isolation of Campylobacter spp. from commercial and free-range broilers

The chickens were purchased from various poultry farms within the Gaborone catchment
area, which is located close to the border with South Africa. Chickens were obtained from five
sites with commercial broilers and eight sites with free-range chickens. The dataset included
fully grown ready-for-slaughter chickens from poultry farms and free-range chickens obtained
from small enterprises; only one farm was sampled in each sample represented in S1 Table.
‘Free-range’ chickens refer to the indigenous breed of chickens kept in Botswana. This type of
chicken is slow growing, reaching maturation and ready-for-slaughter at 5-6 months (opposed
to the broilers that are slaughtered at 4-5 weeks). These chickens are not housed but are
allowed to roam and forage in the farm area during the day, they are only sheltered to protect
them from predators at night.

A loop full of caecal sample was streaked on Campylobacter Blood-free selective agar; Char-
coal-Cefoperazone-Deoxycholate Agar (CCDA) [33], mixed with a selective supplement
SRO0155 containing cefoperazone 32 mg/l and amphotericin B 10 mg/1 of medium (Oxoid).

Isolates were incubated at 37°C for 48 h under microaerobic conditions (Oxygen 5%, Car-
bon dioxide 5-8%) achieved using GasPak'™ EZ Campylobacter sachets and incubation cham-
bers (Becton Dickinson and Company, USA). A plate inoculated with Campylobacter spp.
strain, C. jejuni ATCC® 33560™ (Microbiologics St. Cloud, USA), was included in every
incubation chamber as a control. Typical watery, spreading and convex colonies were picked
and screened for Campylobacter spp. using Gram stain, catalase and oxidase tests. Gram-nega-
tive, curved or seagull wing-shaped, catalase and oxidase positive, bacterial isolates were puri-
fied and suspended in cryovials containing plastic beads and 40% glycerol, followed by
freezing and storage at -80°C.

PLOS ONE | https://doi.org/10.1371/journal.pone.0194481 March 21,2018 11/16


https://doi.org/10.1371/journal.pone.0194481

@° PLOS | ONE

Campylobacter spp. phylogeny in Botswana

Isolation of Campylobacter spp. from human infection cases

Specimens were obtained from diarrhoeal patients from the largest referral hospital in
Botswana (Princess Marina Hospital, Gaborone, Botswana) and surrounding clinics. Inclusion
criteria include all stools from patients with acute gastroenteritis under the age of 13 years and
loose, watery and bloodstained stools from patients over the age of 13 years. Acute gastroenter-
itis was defined as having >2 loose bowel movements in a 24 h period or vomiting with any
loose stools with a maximum duration of 13 days. Exclusion criteria included, discharge from
hospital within 7 days of admission and diarrhoea of 14 days or longer. Samples were only col-
lected from patients that had given approval.

Stools collected in Carry Blair transport media (Becton Dickinson and Company, USA)
were cultured on the same day on Campylobacter selective agar; Columbia agar base with Skir-
row’s selective supplement with added vancomycin 10 mg/l, polymixyn B 5 mg/l and trimetho-
prim 2500 IU/I and 10% sheep blood. Samples were incubated under microaerobic conditions
(CampyGen, Oxoid). The weight and volume of the inoculum was not measured for each sam-
ple; aloop-full piece of stool, picked from the mucous part of the specimen, was streaked on
the selective agar media. Gram-negative curved or seagull wing-shaped, catalase and oxidase
positive, bacterial isolates were purified by subculture on new blood agar plates. The isolates
were suspended in cryovials containing plastic beads and 40% glycerol, followed by freezing
and storage at -80°C.

Isolation of Campylobacter spp. genomic DNA for sequencing

Pure cultures of isolates were individually suspended in saline to match 0.5 MacFarland stan-
dard. DNA was extracted from the suspensions using MagNA Pure Compact Nucleic Acid Iso-
lation Kit I (Roche Diagnostics GmbH, Germany) on MagNA Pure Compact automated
extraction and purification platform, according to the manufacturer’s instructions (Roche
Diagnostics GmbH, Germany).

Whole genome sequencing

Genome sequencing libraries were prepared using the NEBNext Ultra II DNA library prep kit
(New England Biolabs) as described in de Vries et al. [34]. The libraries were sequenced using
150 bp paired-end sequencing on the Illumina HiSeq 4000 platform (Genomics core facility at
Cancer Research UK) or on the Illumina MiSeq platform using 250-300 bp paired-end
sequencing (in-house facility).

Genome assembly and annotation

The Illumina HiSeq 4000 read files were demultiplexed using the demuxFQ tool (Cancer
Research UK) and adapter-trimmed in Cutadapt. De novo draft genome assemblies were cre-
ated using Illumina HiSeq or MiSeq paired-end reads using Spades v3.6.2 [35] and annotated
with Prokka [36].

In silico-based MLST phylogeny

MLST was performed using the short-read sequence-typing tool SRST2 [37] with allele
sequences derived from the PubMLST database [24] (accessed in January 2017) as reference.
Novel allele sequences and STs were submitted to PubMLST database [24]. For comparative
analyses with African Campylobacter spp. isolates, MLST minimum spanning trees were gen-
erated and visualised in GrapeTree [25], which included African C. jejuni and C. coli isolates
available in PubMLST database [24] (accessed in January 2017). Further examination of the
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assembled genomes of the C. coli revealed some anomalies with the MLST genes. In 17 out of
28 C. coli isolates we observed the presence of an additional MLST gene allele. In all cases, this
involved a single gene out of the 7 MLST genes, e.g. in C. coli 2511 both gltA_16 and gltA_30
were present and in C. coli B10 both gltA_10 and gltA_30 were found. The second allele was
consistently detected at low coverage and in small contigs. Collectively, this involved 6 out of
the 7 MLST genes: gltA, uncA, aspA, glyA, tkt and glnA. For the C. coli MLST analyses pre-
sented, the high sequence coverage hits were selected. Importantly, such observations were not
made in any of the C. jejuni isolates which were sequenced at the same time, intermingled with
the C. coli isolates, suggesting that this is not related to a sequencing error or contamination.
This may be the result of horizontal gene transfer with the species C. coli.

Core genome and SNP-based phylogenetic analyses

Core genome phylogenetic analysis was performed in Roary [38] using the Prokka annotation
[36]; 2 95% nucleotide identity cut-off was applied for inclusion in the core genome. Sequences
were aligned using MAFTT [39] and Maximum Likelihood (ML)-phylogeny was reconstructed
in RaxML v8.2.9, with GTRCAT approximation and automatic bootstrapping (autoMRE) using
rapid bootstrapping mode [40], and visualised in the interactive Tree of life tool (iTol) [23]. For
SNP-based phylogenies, sequence reads were aligned against C. jejuni NCTC11168 [22] as a ref-
erence genome using SMALT [41], following default settings to identify SNPs. Extracted SNPs
were used to construct ML-phylogenies using RaxML v 7.3.6 (rapid bootstrapping and subse-
quent ML search using 100 bootstrap replicates) [40].

In silico identification of antimicrobial resistance determinants

The gyrA and 23S rRNA gene sequences were extracted from the Prokka genome annotations.
The gyrA sequence was translated to the protein sequence and aligned. The 23S rRNA gene
sequences were directly aligned. Alignments were conducted in in CLC main workbench
v7.3.3. For GyrA we assessed aa position 70 for Ala to Thr (not found); amino acid (aa) posi-
tion 86 Thr to Ile (found and discussed), aa position 90 Asp to Asn (not found). For the 23S
rRNA gene we assessed positions 2074 and 2075 of which mutations confer high-level macro-
lide resistance [42]; no resistance-associated mutations were found. The intergenic region
between cmeR and cmeABC or mutations in the L4 and L22 ribosomal proteins were not
assessed as part of this study.

Antimicrobial resistance (AMR) gene detection was conducted through alignment of Illu-
mina sequence reads to a custom AMR gene database, which was built from gene sequences
available from the ARG-ANNOT [43] and RESfinder [44] databases. Of note, the compiled
AMR gene database also contained ermB that is implicated in macrolide resistance [43].

Statistical analyses

Statistical analyses were performed in R via the rpy2 module in Python. Bonferroni-corrected
P-values are reported.

Nucleotide sequence accession numbers

[llumina whole genome sequencing data has been deposited in the European Nucleotide
Archive (http://www.ebi.ac.uk/ena) and are available via study accession number
PRJEB18561.
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Supporting information

S1 Table. Overview of Campylobacter spp. isolates including; ID, source, sample location,
sample date, species and antimicrobial resistance gene (tetO, gyrA-T86I and blapx,.6;)
presence (P) or absence (A), MLST sequence type (ST), allelic profiles and ENA accession
numbers.

(DOCX)

S1 Fig. SNP-based phylogeny and AMR profile of C. jejuni isolates. SNP-based maximum
likelihood phylogeny of C. jejuni isolates visualised in interactive Tree of life tool (iTol) [S1].
The tree was rooted on reference isolate C. jejuni NCTC11168 [S2]. Clustering of isolates was
found to be in accordance between core genome and SNP-based phylogenies (Fig 1). Cluster-
ing of isolates belonging to the same ST was consistent. Shown for each isolate are: isolate iden-
tifier, the geographic location of isolation, presence of AMR determinants and ST.

(DOCX)

S2 Fig. SNP-based phylogeny and AMR profile of C. coli isolates. SNP-based maximum
likelihood phylogeny of C. coli isolates visualised in interactive Tree of life tool (iTol) [S1]. The
tree was rooted on reference isolate C. jejuni NCTC11168 [S2]. Clustering of isolates was
found to be in accordance between core genome and SNP-based phylogenies (Fig 2). Cluster-
ing of isolates belonging to the same ST was consistent. Shown for each isolate are: isolate iden-
tifier, the geographic location of isolation, presence of AMR determinants and ST.

(DOCX)

Author Contributions

Conceptualization: Moses Vurayai, David Goldfarb, Duncan J. Maskell, Maitshwarelo Igna-
tius Matsheka, Andrew J. Grant.

Formal analysis: Stefan P. W. de Vries, Mark Holmes, Michael Bateman, Andrew J. Grant.

Funding acquisition: Moses Vurayai, David Goldfarb, Duncan J. Maskell, Maitshwarelo Igna-
tius Matsheka, Andrew J. Grant.

Investigation: Stefan P. W. de Vries, Moses Vurayai, Andrew J. Grant.

Methodology: Stefan P. W. de Vries, Moses Vurayai, Srishti Gupta, Michael Bateman, Andrew
J. Grant.

Project administration: Maitshwarelo Ignatius Matsheka, Andrew J. Grant.
Supervision: Andrew J. Grant.
Writing - original draft: Stefan P. W. de Vries, Andrew J. Grant.

Writing - review & editing: Stefan P. W. de Vries, Moses Vurayai, Srishti Gupta, Michael
Bateman, David Goldfarb, Duncan J. Maskell, Maitshwarelo Ignatius Matsheka, Andrew J.
Grant.

References

1. Rowe JS, Shah SS, Motlhagodi S, Bafana M, Tawanana E, Truong HT, et al. 2010. An epidemiologic
review of enteropathogens in Gaborone, Botswana: Shifting patterns of resistance in an HIV endemic
region. PLoS One. 5(6):€10924. https://doi.org/10.1371/journal.pone.0010924 PMID: 20543877

http://www.unaids.org/en/resources/documents/2016/prevention-gap

3. Kirk MD, Pires SM, Black RE, Caipo M, Crump JA, Devleesschauwer B, et al. 2015. World Health Orga-
nization Estimates of the Global and Regional Disease Burden of 22 Foodborne Bacterial, Protozoal,

PLOS ONE | https://doi.org/10.1371/journal.pone.0194481 March 21,2018 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0194481.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0194481.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0194481.s003
https://doi.org/10.1371/journal.pone.0010924
http://www.ncbi.nlm.nih.gov/pubmed/20543877
http://www.unaids.org/en/resources/documents/2016/prevention-gap
https://doi.org/10.1371/journal.pone.0194481

@° PLOS | ONE

Campylobacter spp. phylogeny in Botswana

10.

11.

12

13.

14.

15.
16.

17.

18.

19.

20.

21.

22,

23.

24,

and Viral Diseases, 2010: A Data Synthesis. PLoS. Med. 12:e1001921. https://doi.org/10.1371/journal.
pmed.1001921 PMID: 26633831

Black RE, Levine MM, Clements ML, Hughes TP, Blaser MJ. 1988. Experimental Campylobacter jejuni
infection in humans. J Infect Dis. 157:472-479. PMID: 3343522

Coker AO, Isokpehi RS, Thomas BN, Amisu KO, Obi CL. 2002. Human campylobacteriosis in develop-
ing countries. Emerg Infect Dis. 8:237-244. https://doi.org/10.3201/eid0803.010233 PMID: 11927019

Padungton P, Kaneene JB. 2003. Campylobacter spp in human, chickens, pigs and their antimicrobial
resistance. J Vet Med Sci. 65(2):161-170. PMID: 12655109

Ruiz-Palacios GM. 2007. The health burden of Campylobacter infection and the impact of antimicrobial
resistance: playing chicken. Clin Infect Dis. 44:701-703. https://doi.org/10.1086/509936 PMID:
17278063

Amour C, Gratz J, Mduma E, Svensen E, Rogawski ET, McGrath M, et al. 2016. Epidemiology and
impact of Campylobacter infection in children in 8 low-resource settings: results from the MAL-ED
study. Clin Infect Dis. 63:1171-1179. hitps://doi.org/10.1093/cid/ciw542 PMID: 27501842

Shobo CO, Bester LA, Baijnath S, Somboro AM, Peer AKC, Essack SY. 2016. Antibiotic resistance pro-
files of Campylobacter species in the South Africa private health care sector. J Infect Dev Ctries.
10:1214—1221. https://doi.org/10.3855/jidc.8165 PMID: 27886034

Pernica JM, Steenhoff AP, Welch H, Mokomane M, Quaye |, Arscott-Mills T, et al. 2016. Correlation of
clinical outcomes with multiplex molecular testing of stool from children admitted to hospital with gastro-
enteritis in Botswana. J Pediatric Infect Dis Soc. 5(3):312—318. https://doi.org/10.1093/jpids/piv028
PMID: 26407262

Reddy S, Zishiri OT. 2017. Detection and prevalence of antimicrobial resistance genes in Campylobac-
ter spp. isolated from chickens and humans. Onderstepoort J Vet Res. 84:e1—e6.

Ge B, Wang F, Sjolund-Karlsson M, McDermott PF. 2013. Antimicrobial resistance in campylobacter:
susceptibility testing methods and resistance trends. J Microbiol Methods. 95(1):57—67. https://doi.org/
10.1016/j.mimet.2013.06.021 PMID: 23827324

Luangtongkum T, Jeon B, Han J, Plummer P, Logue CM, Zhang Q. 2009. Antibiotic resistance in Cam-
pylobacter: emergence, transmission and persistence. Future Microbiol. 4(2):189—-200. https://doi.org/
10.2217/17460913.4.2.189 PMID: 19257846

Abdi-Hachesoo B, Khoshbakht R, Sharifiyazadi H, Tabatabaei M, Hosseinzadh S, Asasi K. 2014. Tetra-
cycline resistance genes in Campylobacter jejuni and C. coli isolated from poultry carcasses. Jundisha-
pur J Microbiol. 7(9):e12129. https://doi.org/10.5812/jjm.12129 PMID: 25485062

http://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf

Kaakoush NO, Castano-Rodriguez N, Mitchell HM, Man SM. 2015. Global epidemiology of Campylo-
bacter infection. Clin Microbiol Rev. 38(3):687-720.

Ngulukun S, Oboegbulem S, Klein G. 2016. Multilocus sequence typing of Campylobacter jejuni and
Campylobacter coli isolates from poultry, cattle and humans in Nigeria. J Appl Microbiol. 121:561-568.
https://doi.org/10.1111/jam.13185 PMID: 27206561

Richter M, Rossello-Mora R, Oliver Glockner F, Peplies J. 2016. JSpeciesWS: a web server for prokary-
otic species circumscription based on pairwise genome comparison. Bioinformatics 32(6):929-931.
https://doi.org/10.1093/bioinformatics/btv681 PMID: 26576653

Konstantinidis KT, Tiedje JM. 2005. Genomic insights that advance the species definition for prokary-
otes. Proc Natl Acad Sci U S A 102(7):2567-2572. https://doi.org/10.1073/pnas.0409727102 PMID:
15701695

Cantero G, Correa-Fiz F, Ronco T, Strube M, Cerda-Cuellar M, Pedersen K. 2017. Characterization of
Campylobacter jejuni and Campylobacter coli broiler isolates by whole genome sequencing. Foodborne
Pathog Dis. https://doi.org/10.1089/fpd.2017.2325 PMID: 29256637

Pergola S, Franciosini MP, Comitini F, Ciani M, De Luca S, Bellucci S, et al. 2017. Genetic diversity and
antimicrobial resistance profiles of Campylobacter coli and Campylobacter jejuni from broiler chicken in
farms and at time of slaughter in central Italy. J Appl Microbiol. 122(5):1348—1356. https://doi.org/10.
1111/jam.13419 PMID: 28194914

Gundogdu O, Bentley SD, Holden MT, Parkhill J, Dorrell N, Wren BW. 2007. Re-annotation and re-anal-
ysis of the Campylobacter jejuni NCTC11168 genome sequence. BMC Genomics 8:162. https://doi.
org/10.1186/1471-2164-8-162 PMID: 17565669

Letunic |, Bork P. 2016. Interactive tree of life (iTOL) v3: an online tool for the display and annotation of
phylogenetic and other trees. Nucleic Acids Res 44:W242-245. https://doi.org/10.1093/nar/gkw290
PMID: 27095192

Jolley KA, Maiden MC. BIGSdb: Scalable analysis of bacterial genome variation at the population level.
BMC Bioinformatics. 11:595. https://doi.org/10.1186/1471-2105-11-595 PMID: 21143983

PLOS ONE | https://doi.org/10.1371/journal.pone.0194481 March 21,2018 15/16


https://doi.org/10.1371/journal.pmed.1001921
https://doi.org/10.1371/journal.pmed.1001921
http://www.ncbi.nlm.nih.gov/pubmed/26633831
http://www.ncbi.nlm.nih.gov/pubmed/3343522
https://doi.org/10.3201/eid0803.010233
http://www.ncbi.nlm.nih.gov/pubmed/11927019
http://www.ncbi.nlm.nih.gov/pubmed/12655109
https://doi.org/10.1086/509936
http://www.ncbi.nlm.nih.gov/pubmed/17278063
https://doi.org/10.1093/cid/ciw542
http://www.ncbi.nlm.nih.gov/pubmed/27501842
https://doi.org/10.3855/jidc.8165
http://www.ncbi.nlm.nih.gov/pubmed/27886034
https://doi.org/10.1093/jpids/piv028
http://www.ncbi.nlm.nih.gov/pubmed/26407262
https://doi.org/10.1016/j.mimet.2013.06.021
https://doi.org/10.1016/j.mimet.2013.06.021
http://www.ncbi.nlm.nih.gov/pubmed/23827324
https://doi.org/10.2217/17460913.4.2.189
https://doi.org/10.2217/17460913.4.2.189
http://www.ncbi.nlm.nih.gov/pubmed/19257846
https://doi.org/10.5812/jjm.12129
http://www.ncbi.nlm.nih.gov/pubmed/25485062
http://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf
https://doi.org/10.1111/jam.13185
http://www.ncbi.nlm.nih.gov/pubmed/27206561
https://doi.org/10.1093/bioinformatics/btv681
http://www.ncbi.nlm.nih.gov/pubmed/26576653
https://doi.org/10.1073/pnas.0409727102
http://www.ncbi.nlm.nih.gov/pubmed/15701695
https://doi.org/10.1089/fpd.2017.2325
http://www.ncbi.nlm.nih.gov/pubmed/29256637
https://doi.org/10.1111/jam.13419
https://doi.org/10.1111/jam.13419
http://www.ncbi.nlm.nih.gov/pubmed/28194914
https://doi.org/10.1186/1471-2164-8-162
https://doi.org/10.1186/1471-2164-8-162
http://www.ncbi.nlm.nih.gov/pubmed/17565669
https://doi.org/10.1093/nar/gkw290
http://www.ncbi.nlm.nih.gov/pubmed/27095192
https://doi.org/10.1186/1471-2105-11-595
http://www.ncbi.nlm.nih.gov/pubmed/21143983
https://doi.org/10.1371/journal.pone.0194481

@° PLOS | ONE

Campylobacter spp. phylogeny in Botswana

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.
42,

43.

44,

Zhou Z, Alikhan N-F, Sergeant MJ, Luhmann N, Vaz C, Francisco AP, et al. 2017. GrapeTree: Visuali-
zation of core genomic relationships among 100,000 bacterial pathogens. bioRxiv https://doi.org/10.
1101/216788

Griggs DJ, Peake L, Johnson MM, Ghori S, Mott A, Piddock LJ. 2009. Beta-lactamase-mediated beta-
lactam resistance in Campylobacter species: prevalence of CJ0299 (bla OXA-61) and evidence for a
novel beta-lactamase in C. jejuni. Antimicrob Agents Chemother. 53(8):3357-3364. https://doi.org/10.
1128/AAC.01655-08 PMID: 19506058

Juntunen P, Heiska H, Hanninen ML. 2012. Campylobacter coli isolates from Finnish farrowing farms
using aminopenicillins: high prevalence of bla(OXA-61) and beta-lactamase production, but low MIC
values. Foodborne Pathog Dis. 9(10):902—906. https://doi.org/10.1089/fpd.2012.1176 PMID:
22924522

Zeng X, Brown S, Gillespie B, Lin J. 2014. A single nucleotide in the promoter region modulates the
expression of the beta-lactamase OXA-61 in Campylobacter jejuni. J Antimicrob Chemother. 69
(5):1215-1228. https://doi.org/10.1093/jac/dkt515 PMID: 24408987

Alfredson DA, Korolik V. 2005. Isolation and expression of a novel molecular class D beta-lactamase,
OXA-61, from Campylobacter jejuni. Antimicrob Agents Chemother. 49(6):2515-2518. https://doi.org/
10.1128/AAC.49.6.2515-2518.2005 PMID: 15917560

Yao H, Liu D, Wang Y, Zhang Q, Shen Z. 2017. High prevalence and predominance of the aph(2”)-if
gene conferring aminoglycoside resistance in Campylobacter. Antimicrob Agents Chemother. 61(5) pii:
e00112-17.

Duarte A, Santos A, Manageiro V, Martins A, Fraqueza MJ, Canica M, et al. 2014. Human, food and ani-
mal Campylobacter spp. isolated in Portugal: high genetic diversity and antibiotic resistance rates. Int J
Antimicrob Agents. 44(4):306-313. https://doi.org/10.1016/}.ijantimicag.2014.06.012 PMID: 25130097

Wieczorek K, Kania |, Osek J. 2013. Prevalence and antimicrobial resistance of Campylobacter spp.
isolated from poultry carcasses in Poland. J Food Prot. 76(8):1451—-1455. https://doi.org/10.4315/
0362-028X.JFP-13-035 PMID: 23905805

Hutchinson DN, Bolton FJ. 1984. Improved blood free selective medium for the isolation of campylobac-
ter jejuni from faecal specimens. J Clin Pathol 37:956-957.

de Vries SP, Gupta S, Baig A, L'Heureux J, Pont E, Wolanska DP, et al. 2015. Motility defects in Cam-
pylobacter jejuni defined gene deletion mutants caused by second-site mutations. Microbiology
161:2316-2327. https://doi.org/10.1099/mic.0.000184 PMID: 26385289

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, et al. 2012. SPAdes: a new
genome assembly algorithm and its applications to single-cell sequencing. J Comput Biol 19:455—477
https://doi.org/10.1089/cmb.2012.0021 PMID: 22506599

Seemann T. 2014. Prokka: rapid prokaryotic genome annotation. Bioinformatics 30:2068—-2069.
https://doi.org/10.1093/bioinformatics/btu153 PMID: 24642063

Inouye M, Dashnow H, Raven LA, Schultz MB, Pope BJ, Tomita T, et al. 2014. SRST2: Rapid genomic
surveillance for public health and hospital microbiology labs. Genome Med 6:90. https://doi.org/10.
1186/s13073-014-0090-6 PMID: 25422674

Page AJ, Cummins CA, Hunt M, Wong VK, Reuter S, Holden MT, et al. 2015. Roary: rapid large-scale
prokaryote pan genome analysis. Bioinformatics 31:3691-3693. https://doi.org/10.1093/bioinformatics/
btv421 PMID: 26198102

Katoh K, Standley DM. 2013. MAFFT multiple sequence alignment software version 7: improvements in
performance and usability. Mol Biol Evol 30:772-780. https://doi.org/10.1093/molbev/mst010 PMID:
23329690

Stamatakis A. 2006. RAXML-VI-HPC: maximum likelihood-based phylogenetic analyses with thou-
sands of taxa and mixed models. Bioinformatics 22:2688—2690. https://doi.org/10.1093/bicinformatics/
btl446 PMID: 16928733

http://www.sanger.ac.uk/science/tools/smalt-0

Bolinger H, Kathariou S. 2017. The current state of macrolide resistance in Campylobacter spp.: Trends
and impacts of resistance mechanisms. Appl Environ Microbiol. 83(12) pii: €00416—17. https://doi.org/
10.1128/AEM.00416-17 PMID: 28411226

Gupta SK, Padmanabhan BR, Diene SM, Lopez-Rojas R, Kempf M, Landraud L, et al. 2014. ARG-
ANNOT, a new bioinformatics tool to discover antibiotic resistance genes in bacterial genomes. Antimi-
crob Agents Chemother 58:212—-220. https://doi.org/10.1128/AAC.01310-13 PMID: 24145532

Zankari E, Hasman H, Cosentino S, Vestergaard M, Rasmussen S, Lund O, Aarestrup FM, Larsen MV.
2012. Identification of acquired antimicrobial resistance genes. J Antimicrob Chemother 67:2640—
2644. https://doi.org/10.1093/jac/dks261 PMID: 22782487

PLOS ONE | https://doi.org/10.1371/journal.pone.0194481 March 21,2018 16/16


https://doi.org/10.1101/216788
https://doi.org/10.1101/216788
https://doi.org/10.1128/AAC.01655-08
https://doi.org/10.1128/AAC.01655-08
http://www.ncbi.nlm.nih.gov/pubmed/19506058
https://doi.org/10.1089/fpd.2012.1176
http://www.ncbi.nlm.nih.gov/pubmed/22924522
https://doi.org/10.1093/jac/dkt515
http://www.ncbi.nlm.nih.gov/pubmed/24408987
https://doi.org/10.1128/AAC.49.6.2515-2518.2005
https://doi.org/10.1128/AAC.49.6.2515-2518.2005
http://www.ncbi.nlm.nih.gov/pubmed/15917560
https://doi.org/10.1016/j.ijantimicag.2014.06.012
http://www.ncbi.nlm.nih.gov/pubmed/25130097
https://doi.org/10.4315/0362-028X.JFP-13-035
https://doi.org/10.4315/0362-028X.JFP-13-035
http://www.ncbi.nlm.nih.gov/pubmed/23905805
https://doi.org/10.1099/mic.0.000184
http://www.ncbi.nlm.nih.gov/pubmed/26385289
https://doi.org/10.1089/cmb.2012.0021
http://www.ncbi.nlm.nih.gov/pubmed/22506599
https://doi.org/10.1093/bioinformatics/btu153
http://www.ncbi.nlm.nih.gov/pubmed/24642063
https://doi.org/10.1186/s13073-014-0090-6
https://doi.org/10.1186/s13073-014-0090-6
http://www.ncbi.nlm.nih.gov/pubmed/25422674
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1093/bioinformatics/btv421
http://www.ncbi.nlm.nih.gov/pubmed/26198102
https://doi.org/10.1093/molbev/mst010
http://www.ncbi.nlm.nih.gov/pubmed/23329690
https://doi.org/10.1093/bioinformatics/btl446
https://doi.org/10.1093/bioinformatics/btl446
http://www.ncbi.nlm.nih.gov/pubmed/16928733
http://www.sanger.ac.uk/science/tools/smalt-0
https://doi.org/10.1128/AEM.00416-17
https://doi.org/10.1128/AEM.00416-17
http://www.ncbi.nlm.nih.gov/pubmed/28411226
https://doi.org/10.1128/AAC.01310-13
http://www.ncbi.nlm.nih.gov/pubmed/24145532
https://doi.org/10.1093/jac/dks261
http://www.ncbi.nlm.nih.gov/pubmed/22782487
https://doi.org/10.1371/journal.pone.0194481

