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26 ABSTRACT
27 Campylobacter jejuni and Campylobacter coli are important bacterial causes of human
28 foodborneillness. Despite several years of reduced antibiotics usagein livestock production in
29 the UK and US, high prevalence of antimicrobial resistance (AMR) persistsin Campylobacter.
30 Both countries have instigated genome sequencing-based surveillance programs for
31 Campylobacter, and here we have identified AMR genesin 32,256 C. jejuni and 8,776 C. coli
32  publicly available genome sequences to compare the prevalence and trends of AMR in
33 Campylobacter isolated in the UK and US between 2001-2018. AMR markers were detected in
34  68% of C. coli and 53% of C. jegjuni, with 15% of C. coli being multi-drug resistant (MDR)
35 compared to only 2% of C. jguni. The prevalence of aminoglycoside, macrolide, quinolone and
36 tetracycline resistance remained fairly stable from 2001-2018 in both C. jejuni and C. coli, but
37  satistically significant differences were observed between the UK and US. Therewas a
38 statistically significant higher prevalence of aminoglycoside and tetracycline resistance for US C.
39 coli and C. jejuni, and macrolide resistance for US C. coli. In contrast, UK C. coli and C. jgjuni
40 showed asignificantly higher prevalence of quinolone resistance. Specific MLST clonal
41  complexes (e.g. ST-353/464) showed >95% quinolone resistance. This large-scale comparison of
42  AMR prevalence has shown that the prevalence of AMR remains stable for Campylobacter in the
43 UK andthe US. This suggests that antimicrobial stewardship and restricted antibiotic usage may
44 help contain further expansion of AMR prevalence in Campylobacter, but are unlikely to reduce
45 itintheshort term.
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47 INTRODUCTION
438 Antibiotics are one of the great success stories of the 20" century, changing medicine and
49  agricultural practices (1). Unfortunately, the fairytale did not last, and over the last decades,
50 antimicrobial resistance (AMR) has become a significant problem (2). The excessive and
51 inappropriate use of antibiotics in human and veterinary medicine and their widespread use as
52  growth promotersin agriculture has led to arise of resistance to many classes of antibiotics,
53 including last-resort, critically important antimicrobials for human medicine (3). Thisis now
54  recognised as a serious and global crisis, especially given the lack of progressin developing
55  novel antibiotics (4). The World Health Organisation declared AMR a severe threat to global
56  public health in 2014 (5), and called upon the urgent introduction of multi-sectorial measures to
57  prevent further development of AMR. Thisincludes responsible use, which falls under
58 antimicrobial stewardship (6, 7). One of the aspirations of reduced use of antimicrobialsisthat in
59  the absence of antibiotic selection, susceptible isolates should have afitness advantage over
60 resistant isolates (8, 9), thereby restricting expansion of drug-resistant populations.
61 While phenotypic testing in the laboratory is still regarded as the gold standard, molecular
62  tools such as those based on whole genome sequencing (WGS) are strong contenders to
63  supersede phenotypic testing (10, 11), and have been successfully used in foodborne pathogens
64  such as Salmonella and Campylobacter (12-15). However, harmonisation of databases and
65 softwaretoolsisstill required to avoid inter-laboratory reproducibility issues (16). Tools such as
66 the NCBI AMRfinder software and curated Bacterial Antimicrobial Resistance Reference Gene
67 Database at NCBI will certainly assist with such standardisation (17).
68 The bacterial pathogen Campylobacter is one of the leading causes of human bacterial
69 diarrhoed illness worldwide (18), and the European Food Safety Authority (EFSA) and the
70 Centersfor Disease Control (CDC) have reported similar levels of campylobacteriosisin the

71  European Union and United States (19, 20). The causative agents, C. jejuni and C. coli, are
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72  commonly associated with poultry, wild birds, ruminants and pigs, with undercooked meat and
73 cross-contamination seen as common causes of infection (21). The major categories of antibiotics
74  used to treat Campylobacter are macrolides, such as erythromycin in humans. In contrast,
75  aminoglycosides such as gentamicin and streptomycin, macrolides, quinolones such as
76  ciprofloxacin and nalidixic acid, and tetracycline have been commonly used in agricultural and
77  veterinary settings (22-24). The WHO has listed Campylobacter as a high-priority antibiotic-
78  resistant pathogen due to the rapid rise in quinolone resistance in Campylobacter (2).
79 One of the requirements for unbiased monitoring of antimicrobial resistance levelsin
80 Campylobacter isthe existence of large-scale surveillance studies with genome sequences and
81  matching metadata deposited in public repositories such as NCBI and EMBL. Historical isolates
82  and collections may suffer from biases introduced by afocus on isolates with 'interesting'
83  phenotypes such as multiple antibiotic resistances. Only two countries have instigated large-scale
84  genome sequencing-based surveillance of Campylobacter: the United Kingdom (UK) and United
85  States of America (US). The UK surveillance has focused on clinical isolates (25, 26), whereas
86 the USsurveillance combines isolates from clinical, food and animal sources (27, 28).
87 In this study we have collected the available whole genome sequences from UK and US C.
88 jeguni and C. coli isolates between 2001-2018, and have assessed the presence of genes
89  conferring resistance to aminoglycosides, macrolides, quinolones and tetracyclines. We highlight
90 thetrends over time, differences between the two countries, and show the stability of the
91 frequency of resistance to four antibiotic categoriesin Campylobacter in the UK and US which
92  could raise concerns about future developments.
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94 RESULTS

95

96 Comparison of genome assembly- and sequence read-based AM R marker detection

97 To assess the efficacy of the NCBI AMRfinder software tool with Campylobacter genome

98  sequences, we compared it with arecent AMR analysis of 381 UK C. jgjuni and C. coli isolates

99  (13). Painset et al. (13) performed AMR marker detection directly on the Illuminasequencing
100 reads using in-house scripts, whereas we used the NCBI AMRfinder software tool which requires
101  genomesto be assembled first. There were no false-positives detected using the NCBI
102 AMRfinder software for any of the antibiotic resistance classes (Table 1), and there was 100%
103  agreement for detection of quinolone resistance (GyrA D87 mutation) and aminoglycoside
104  resistance markers. Screening for tetracycline resistance resulted in 2/161 tetO-positive isolates
105 that wereinitially reported negative for the tetO gene using NCBI AM Rfinder. Further
106 investigation of these two samples showed the tetO gene to be split over two contigs, which was
107  detectable by secondary screening with BLAST using the Abricate software tool, and this was
108  subsequently done as standard (Supplementary Table S1). Finally, macrolide resistance based on
109 23SrRNA gene mutations resulted in three negative samples previously reported positive (13).
110  However, al three samples contained both the wild-type and mutated 23S rRNA alleles,
111  suggesting only one or two of the three C. jgjuni 23S rRNA genes mutated. Genome assembly
112  adgorithmsare likely to ignore the minority gene variants, leading to these samples being tested
113  negative. Finally, there were five genome assemblies that contained an aph(3)-1lla
114  aminoglycoside resistance gene (Table S1) not included in Painset et al. (13). Overall, there was
115 very good concordance between the two tests, and we considered this a validation for testing
116  Campylobacter genome assemblies with the NCBI AM Rfinder software tool.
117

118 Characteristics of a 2001-2018 C. jejuni and C. coli genome assembly database from public
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119  sources
120 A total of 32,256 C. jegjuni and 8,776 C. coli genomes were included in our study. The
121  distribution over the year categoriesis shown in Figure 1A; for C. coli, approximately 400 UK
122  samples were added for each of the 2015-2018 years, whereas the number of US C. coli samples
123  increased from approximately 500 samplesin 2015 to just over 2,000 in 2018. Similar trends
124 were observed for C. jguni, where the number of UK samples varies between approximately
125 2,000 and 4,000 per year, while the number of US samples increased from approximately 1,000
126  in 2015 to just under 4,000 in 2018. The samples from 2001-2014 were combined, as these did
127  not have consistent availability of samples, with yearly numbers varying between 0-350 (C. coli,
128  UK), 7-704 (C. coli, US), 10-1,881 (C. jejuni, UK) and 0-277 (C. jejuni, US) (Supplementary
129  Figures S1, S2).
130 The C. jejuni and C. coli samples were split into several groups: UK and US-derived
131  samples, and within each historical samples from 2001-2014 versus the 2015-2018 individual
132  years, and the three source categories (farm animals, human, poultry). Comparison of these
133  categories (Figure 1B) showed that UK samples were dominated by human isolates
134 (approximately 70% for C. coli vs 5% for C. coli from the US), with farm animal samples poorly
135 represented. In contrast, US samples showed a better representation of farm animal samplesfor
136  both C. jejuni and C. coli, especialy in samples derived from 2001-2014.
137
138 Distribution of antimicrobial resistance markersin C. jejuni and C. coli
139 The antimicrobial resistance profiles were determined for all the C. jgjuni and C. coli
140 genomesusing NCBI AMRfinder. The presence of any of the 44 resistance markers was
141 trandated into aminoglycoside resistance (20 markers), macrolide resistance (9 markers),
142  quinoloneresistance (10 markers) or tetracycline resistance (5 markers). Table 2 shows the

143  breakdown of the number of isolates predicted to be resistant for both C. coli and C. jejuni.
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144 In C. coli, 15.1% of samples were predicted to be multi-drug resistant (MDR, resistant to
145  three or more classes of antibiotics), whereas only 2.5% of C. jguni were predicted to be MDR.
146  Similarly, aimost half of C. jejuni samples (46.6%) did not have any resistance marker compared
147  toone-third of C. coli samples (32.2%). Approximately half of the C. coli and C. jejuni isolates
148  were predicted to be resistant to tetracycline (55.1% and 44.3%, respectively), while about one-
149  third of C. coli and C. jguni were predicted to be resistant to quinolones (28.7% and 31.9%,
150 respectively). Notable differences were seen in aminoglycoside resistance (C. coli 35.4% vs C.
151  jejuni 5.5%) and macrolide resistance (C. coli 9.6% vs C. jejuni 0.8%) (Table 2). Of note, the
152  prevalence of gentamicin resistance was 213/8,776 (2.4%) for C. coli and 127/32,256 (0.4%) for
153  C. jguni, with most gentamicin resistance markers detected in US samples (Supplementary Table
154  Sl).
155
156 Comparison of AMR levels between the UK and US (2001-2018)
157 The UK and US are currently the two countries which do large-scale genome sequencing-
158 based surveillance of Campylobacter (14, 26), and this allows for insight in the dynamics of
159 antibiotic resistance in these two industrialised countries over time. The years covering 2015-
160 2018 were used individually while combining the 2001-2014 samples to function as a possible
161 baseline for comparative purposes. The predicted resistance to aminoglycosides, macrolides,
162 quinolones and tetracycline were plotted out for the UK and US isolates and compared for trends
163  (Figure 2), with the individual years from 2001-2018 shown in Supplementary Figure S1 and S2.
164 The general trend for both C. coli and C. jguni was that the proportion of aminoglycoside
165 and tetracycline-resistant isolates was significantly higher in the US than in the UK between
166  2015-2018, while the prevalence of quinolone resistance was significantly lower in the US
167  (Figure 2), and prevalence of macrolide resistance was similar for both countries for C. jegjuni,

168 and was higher for US C. coli for three of the four years, but lower in 2015 (Figure 2).
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169  Approximately 40% of the US C. coli isolates were predicted to be resistant to aminoglycosides
170  (range 39-45%), whereas in the UK C. coli isolates this was approximately 20% (range 12-26%).
171  For C. jguni, the prevalence of aminoglycoside resistance was between 12-14% for the US
172  isolates compared to 1-4% for the UK isolates. Differences were less pronounced for tetracycline
173 resistancefor C. jguni (range 39-46% for UK vs 48-56% for the US samples), whilein C. coli
174  thisvaried between 36-56% for the UK isolates, and 50-65% for the US isolates. Macrolide
175  resistance was present in much higher levelsin C. coli in both the UK and the US isolates,
176  ranging from 3-19% in the UK isolates and 6-14% in the US C. coli isolates, while it was
177  between 0-1% in the UK and the US C. jguni isolates. Finally, the trend was reversed for
178 quinolone resistance, with a higher proportion of the UK isolates predicted to be quinolone-
179 resistant. For C. coli, the proportion of quinolone-resistant UK isolates was 31-44% for UK
180 isolates versus 25-39% for US isolates, while for C. jejuni the proportion was 39-44% for UK
181 isolates and 22-23% for US isolates. For each of the Campylobacter species and antibiotic class,
182  statistically significant differences were generally observed between countries and year
183  (Supplementary Table S2).
184 Next to the differences between the two countries, we also observed that the only antibiotic
185 for which there was a clear decrease in resistance from 2015 to 2018 was macrolide resistance
186 (Figure 2), asit decreased from 15% to 6% in the US isolates, and from 19% to 5% in the UK
187 isolates. For the other three antibiotic classes, there was little change from 2015-2018 and
188  especialy in C. coli, the proportion of resistant isolates remains high for aminoglycoside
189 resistance (US), quinolone resistance (UK, US) and tetracycline resistance (UK, US). For C.
190 jguni, the levels of quinolone resistance are especially of concern in the UK.
191
192  Associations between isolation source and ML ST genotypesand AMR markersin C. coli

193 and C. jguni
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194 Due to the pronounced differences in isolation source between the UK and US (Figure 1B),
195 we investigated whether there were differential contributions to the proportions of antibiotic-
196 resistant isolatesfor C. coli and C. jejuni isolates from 2015-2018 (Figure 3A). There was no
197  clear pattern of overrepresentation of any isolation source for the AMR isolatesin C. coli.,
198 However, the low number of farm animal isolates from the UK may hide some effects. Similarly,
199 for C. jguni there was no clear link with any of the three source categories (Figure 3A).
200 We also investigated whether specific multilocus sequence types (MLST) clonal complexes
201  (CC) were associated with specific antibiotic resistances in the UK and USisolates. For C. coli,
202  97.3% of theisolates are from CC-828. For C. jgjuni, we looked at the clonal complexes for
203  which both for the UK and US there were at least >100 samples available for 2015-2018 (Figure
204  3B). For aminoglycoside resistance, there was a spread over all the major clonal complexes for
205 USisolates, with CC-21 and CC-353 having the highest proportion of resistant isolates (17-20%).
206  In contragt, for the UK isolates, aminoglycoside resistance was primarily found in CC-353 and
207  CC-42. The CC-353 clonal complex was aso involved in macrolide resistance, although this
208 playsaminor rolein the C. jgjuni isolates, with CC-45 showing the highest proportion of
209 resistant isolatesin the US. For both quinolone resistance and tetracycline resistance, all major
210  MLST genotypes contributed to resistance, but the major contribution to quinolone resistance in
211 UK isolates came from CC-353, CC-354 and CC-464, where almost all isolates were predicted to
212  bequinolone resistant, consistent with earlier reports (26, 29). Finally, the highest proportions of
213  tetracycline resistance were associated with CC-354 and CC-464 for UK isolates, and CC-257
214  and CC-42 for USisolates. Most of the clonal complexes reported here are primarily associated
215  with poultry and human infections, except for CC-42 associated with cattle.
216

217
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218 DISCUSSION
219 In this study we have exploited the possibilities afforded by the active genome sequencing-
220  based surveillance for Campylobacter in the UK and US, to determine the trendsin AMR over
221  recent years, and compare these trends within and between the two countries. Similar studies
222  have previously been conducted in individual countries, but often at a smaller scale than
223  employed in this study, or focusing on ashorter time period. For instance, arecent UK study
224 investigated 528 human isolates from 2015-2016 (13), while a 2018 US-based study focused on
225 589 isolates from 2015 (14). These, and other genome sequencing-based studies have al shown
226  that identifying resistance markers in genome sequences matches well with phenotypic resistance.
227  Hence we are confident that our study appropriately represents AMR trends detected in 32,256 C.
228  jejuni and 8,876 C. coli samples, as listed in Supplementary Table S1.
229 Monitoring of AMR on this scale requires active surveillance with sequencing data and
230 metadata being released in the public domain. We have combined the information present in the
231  Genbank database, which contains both US and UK samples, and the Campylobacter PUbMLST
232  database which includes a large number of UK isolates. Our dataset is based on a de-duplicated,
233  quality controlled set of genome segquences with strict requirements for available metadata. The
234  criteriafor isolate source, year and country data allowed direct comparison between the UK and
235 US Campylobacter samples for C. coli and C. jguni (Figure 1B). The UK dataset leans heavily
236  on the Oxfordshire Sentinel Surveillance (25, 26), which explains the dominance of human
237 samplesinthe UK dataset in each individual year. This contrasts with the US dataset, which has
238 anequa distribution over the three source categories. While thisis not ideal for comparative
239  purposes, we do note that for C. jgjuni the distribution over the dominant MLST clonal
240 complexes was very similar (Figure 3), with the major differences being that CC-257 and CC-464
241  were prevalent in a higher proportion in UK samples (5% and 6% more of the total number of

242  samples). In comparison, CC-353 was more prevalent in US samples (7% more). All three clonal

10
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243  complexes are primarily associated with poultry, and hence for C. jguni, we concluded that the
244  datasets can still be compared. For C. coli this was more difficult to assess, as most samples
245  cluster in the agricultural Clade 1A (30, 31) which only contains CC-828 and a minority of
246  samples not part of this clonal complex. Theindividual MLST sequence types (STs) may
247  primarily represent the STs prevalent in the two countries, and may be affected by the differences
248  inisolation sources between the samples from the two countries (Fig. 1B).
249 In this study we have focused on four classes of antibiotics, dueto their relevancein
250 Campylobacter and their usage in the categories of hosts investigated. The macrolide
251  erythromycin and the fluoroquinolone ciprofloxacin are used to treat human infections with
252  Campylobacter (22). In contrast, all four classes of antibiotics are used therapeutically in the
253  veterinary sector for livestock, albeit not for control of Campylobacter, as the usage is associated
254 with other infectious diseasesin livestock (32). As highlighted earlier, the WHO has listed
255  Campylobacter as a high-priority antibiotic-resistant pathogen (2), especialy linked to
256  fluoroguinolone resistance in Campylobacter. Antimicrobial resistance in Campylobacter spp. is
257 acombination of de novo point mutations associated with quinolone and macrolide resistance,
258  and genetic exchange on plasmids and other mobile elements for aminoglycoside and tetracycline
259  resistance genes (33). In addition, the natural competence of C. jguni and C. coli (34, 35) may
260 allow further dissemination of resistance through populations. Although the usage of antibiotics
261 hasbeen limited in the UK and the US for a considerable period of time (32, 36, 37), thereis no
262  apparent reduction visible in the prevalence of resistance in the large numbers of C. jejuni and C.
263  coli samplesinvestigated here (Figure 2). Our statistical analyses suggest that there may be small
264 increasesin C. jgjuni resistance to some antibiotics in recent years, when compared compared the
265 levelsof 2014 and earlier (Supplementary Table S2). However, due to the composition of the
266  dataset and its retrospective nature, this is something that requires a prospective study to further

267 investigate, which falls outside of the aims and scope of the work presented here. A possible

11
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268  hypothesisfor the observations could be that resistance to especially tetracyclines,
269  aminoglycosides and quinolonesis not detrimental to Campylobacter, or not sufficiently
270  detrimental to allow out-competition by susceptible isolates. Conversely, resistance may even be
271  associated with advantageous phenotypes, as the gyrase mutations associated with quinolone
272  resistance gave riseto increasesin virulence phenotypesin C. jgjuni (38, 39), while tetO-
273  containing plasmids are ubiquitous and stable in C. jejuni and C. coli (40, 41). Aminoglycoside
274  resistance genes are especially widespread in C. coli, and their association with mobile elements
275 (33, 42) may assist their stability in the populations.
276 The similarities between the UK and US datasets suggest that the situation in other
277  industrialised countries may be similar, but thiswill require more intensive surveillance programs
278 and will need to balance clinical, food and agricultural samples, including sewage and water
279  sources. A recent study reported that fluoroquinolone usage in pigs and poultry in France from
280  2011-2018 decreased by >70% in poultry, and almost 90% in pigs. However, resistance to
281  ciprofloxacin increased in poultry Campylobacter isolates from 50% to approximately 60%,
282  whereas in Escherichia coli prevalence of ciprofloxacin resistance was stable in broiler and pig
283  isolates, but decreased in turkey isolates (43). Similar studies have been done in other countries,
284  but often are based on small or limited datasets where selection bias may affect the resullts.
285 The lack of reduction of the proportion of AMR isolates in Campyl obacter from both
286  countries does suggest that reduced usage of antimicrobials, such as mandated by antimicrobial
287  stewardship, will not be sufficient to reduce the incidence of AMR in Campylobacter, although it
288  may well contribute positively to reigning in further increases of AMR. For clinical purposes,
289  macrolides such as erythromycin are still useful for treating C. jguni infections, but their efficacy
290 may be reduced for C. cali. In contrast, the high level of quinolone resistance in both C. jgjuni
291 andC. coli does not bode well for the future efficacy of ciprofloxacin treatment of

292  Campylobacter infections in humans. With regard to aminoglycosides and tetracyclines, the latter

12
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293 isnot recommended due to the high level of resistance, whereas with aminoglycosides
294  gentamicin can still be used for now, as prevalence of gentamicin resistance isstill low.
295 Taken together, the data presented here strongly suggest that reduced usage of antibiotics has
296  not resulted in asignificant reduction of antimicrobial resistance in Campylobacter, which is of
297  considerable public health and economic concern. Changes in agricultural practices, slaughter
298 andretail will need to be substantial to reduce the overall prevalence of Campylobacter. These
299  efforts should lessen the need for antibiotic usage to achieve the goals of antimicrobial
300 stewardship. Smilar comparative studies could be done in other countries and other foodborne
301  zoonotic infections to assess whether this situation is unique for Campylobacter or mirrored in
302  other pathogenic bacteria.
303

304
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305 MATERIALSAND METHODS
306
307 Campylobacter genome assemblies and metadata categoriesincluded in this study
308 A total of 44,751 C. jejuni and 12,709 C. coli genome assemblies were collected from the
309  Genbank and Campylobacter PUbMLST databases, and were coupled to metadata from the
310 Genbank files and from PUbMLST. Genome assemblies were obtained from the NCBI database
311  using nchi-genome-download version 0.2.11 (https://github.com/kblin/ncbi-genome-download/),
312  and supplemented with genome sequences from the Campylobacter pubML ST website
313  (http://pubmlst.org/campylobacter/) (44). M etadata were extracted from Genbank flat files and
314  the NCBI Pathogens database (https.//www.ncbi.nim.nih.gov/pathogens). All genome assemblies
315  were screened for assembly statistics using Quast version 4.5 (45), and genome assemblies were
316  excluded if failing two or more of the following criteria: number of contigs < 200, N50 > 25 kb,
317  L50< 25 contigs, largest contig > 50 kb or the number of Ns per 100 kb > 50. Genomes with a
318 tota sizeoutside 1.4 Mbp and 2.1 Mbp were automatically excluded. Duplicate entries were
319 removed by comparing sample names, assembly statistics such as N50, L50 and genome size and
320 metadata such as year, source and country. After deduplication, samples were subsequently only
321 included if the following metadata were available: isolation source, year of isolation, and isolated
322 inthe UK or US. Isolation sources were combined to give three main categories: farm animals
323  (pigs, cattle, sheep, goat, including milk and meat samples), human (clinical isolates) and poultry
324  (chicken, turkey, including meat samples). Samples representing environmental, farm, generic
325 "food" and wild birds were excluded, as were samples lacking other metadata. This resulted in the
326 exclusion of 6,327 C. jguni and 877 C. coli samples with missing information on country, year or
327 isolation source; 1,634 C. jgjuni and 142 C. coli were not from the UK or US; 3,116 C. jguni and
328 2,086 C. coli were from outside the 2001-2018 period studied here, and 1,418 C. jejuni and 828

329 C. coli werenot from animal, ruminant, poultry or human sources. We focused on 2015-2018 as
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330 individual years as both UK and US doing surveillance projects, while historical samples were
331 categorised as 2001-2014. Overall, we analysed atotal of 41,032 genome sequences, represented
332 by 32,256 C. jejuni and 8,776 C. coli genomes (Supplementary Table S1).
333
334  Screening for antimicr obial resistance markers
335 Genome assemblies were screened for AMR markers using the NCBI AMRfinder software
336  tool version 3.1.1b (17), with the October 2019 database, and the nucleotide setting (-n) and the
337  organism switch (-O Campylobacter) which includes screening for point mutation-based
338  resistances. Genome assemblies were also screened using Abricate version 0.9.8
339 (https://github.com/tseemann/abricate/) and the NCBI database, which screens for AMR genes,
340  but not point mutation-based resistances. Resistance genes were categorised into four types of
341  resistance: aminoglycoside resistance [aph(2")-1a, aph(2")-If, aph(2")-1f2, aph(2")-1g, aph(2")-1h,
342  aph(2")-l1a, aph(2")-111a, aph(2")-1Va, apmA, aac(6)-le, aac(6)-Im, aad9, aadE, aadE-Cc,
343  ant(6)-la, aph(3)-l1a, aph(3")-lb, aph(3)-l1la, aph(3)-Vlla, spw], macrolide resistance
344 [23S_A2074C, 23S_A2074G, 23S_A2074T, 23S _A2075G, cfr(C), erm(36), erm(B), erm(C),
345 erm(F)], quinolone resistance [GyrA_D90N, GyrA_D90Y, GyrA_P104S, GyrA_T86A,
346  GyrA_T86l, GyrA_T86K, GyrA_T86V, gnrB, gnrD, gnrD1] and tetracycline resistance [tet(32),
347  tet(L), tet(O), tet(W), tet(X)]. Samples were considered multi-drug resistant (MDR) when
348  containing resistance markers for three or more classes of antibiotics.
349
350 Comparison of genome assembly-based screening for AMR geneswith sequencing-read
351 based screening
352 The Supplementary Data presented in Painset et al. (13) contained 381 accession numbers to
353 FASTQ read files of UK Campylobacter samples used for screening for antimicrobial resistance

354  genes. The FASTQ files were downloaded from the Sequence Read Archive using fastg-dump

15


https://doi.org/10.1101/2021.08.24.457564
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.24.457564; this version posted January 22, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

available under aCC-BY-NC-ND 4.0 International license.
van Vliet et al. Stability of Campylobacter AMR over an 18 yr period
from the SRA toolkit (https://github.com/nchi/sra-tools), and genomes assembled using Spades
version 3.14 (46) viathe Shovill version 1.0.9 tool and standard settings
(https://github.com/tseemann/shovill/). All genomes passed the Quast QC, and were screened
using the NCBI Amrfinder tool version 3.6.7 (17) with the nucleotide setting ("-n") and the
organism switch ("-O Campylobacter") as described above. All genome assemblies were aso
screened using Abricate version 0.9.8 (https://github.com/tseemann/abricate/) and the NCBI
database with a minimum coverage of 30% (--mincov 30) to check for the tetO tetracycline
resistance gene being split over two or more contigs. These 381 genome assemblies have not

been included in the other analyses presented here.

Statistical analysis of association between resistance markers and descriptor variables
(country, year and isolation sour ce)

The presence or absence of resistance for each of the four classes of antibiotics was assessed
using ageneralized linear model with alogit link function (binomial family). Country, year and
isolation source of each sample were considered as explanatory variables. Interactions between
predictors were not considered. Bootstrapping with 500 repeats was carried out to estimate the
95% confidenceinterval (Cl) of the prevalence of resistance for each country and year. All
statistical analyses were carried out in R (version 4.0.3) (47), and the data are presented in

Supplementary Table S2.

Data description

All genome sequences used in this study are available from the Genbank/EM BL/DDBJ databases
or the Campylobacter PUbMLST website (https.//pubmlst.org/organisms/campylobacter-
jejunicoli/). The assembly accession numbers (NCBI Genome) or genome ID numbers

(Campylobacter PUbMLST) are listed in Supplementary Table S1, together with the metadata
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380 used and the AMR gene data.

381
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Table 1. Validation of antimicrobial resistance marker detection in Campylobacter genomes using NCBI
AMRfinder with assembled genomes, compared to the study of Painset et al. (13) which used detection of

antimicrobial resistance markers with I1lumina sequencing reads.

Antibiotic category positive negative percentage agreement (positive, negative)”
Aminoglycosides 14/ 14~ 362/ 362 100%, 100%
Macrolides 28/28"" 350/ 350 100%, 100%
Quinolones 172/172 209/ 209 100%, 100%
Tetracycline 159/1617"  220/220 98.6%, 100%

* Detection of AMR markersusing NCBI AMRfinder version 3.6.7 on genomes assembled using Shovill
version 1.0.9, using samples described in Painset et al. (13). The predictions from NCBI AMRfinder were
compared to the results from Painset et al. (13) and the percentage agreement reported for AMR marker-
positive and AMR-marker negative samples.

** Fjve samples contained an additiona aph(3")-I11a aminoglycoside resistance gene not reported in (13),
and were not included in the percentage calculation. Two of these samples were phenotypically resistant to
aminoglycosides (13).

*** Three negative samples were previously reported as erythromycin-susceptible in resisance testing,
and showed inconclusive mutation detection in Painset et al. (13). These were excluded from the
percentage calculations.

**** The two negative samples had the tetO resistance gene divided over two contigs, which resulted in
NCBI AMRfinder being unable to detect the tetO resistance gene. Additional screening using Abricate
version 0.9.8 with the "--mincov 30" setting (allowing screening for gene fragments) allowed the detection

of this AMR marker (Supplementary Table S1).
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Table 2. Distribution of antibiotic resistance classesin C. coli and C. jejuni genome sequences (2001-

2018 combined).

Number of Antibiotic resistance classes

E3

0 1 2" 3 (MDR)* 4 (MDR)

C.coli (N=8,776) 2,828 (32.2%) 2,079 (23.7%) 2,551 (29.1%) 1,146 (13.1%) 172 (2.0%)

C.jejuni (N=32,256) 15,044 (46.6%) 8,749 (27.1%) 7,647 (23.7%) 718 (2.2%) 98 (0.3%)

Resistance classes

aminoglycosides macr olides quinolones tetracycline
C. coli (N=8,776) 3,105 (35.4%) 845 (9.6%) 2,520 (28.7%) 4,837 (55.1%)
C. jejuni (N=32,256) 1,770 (5.5%) 261 (0.8%) 10,276 (31.9%) 14,283 (44.3%)

* the majority of isolates were aminoglycoside resistant (C. coli: 17%), quinolone resistant (C. coli: 26%,
C. jgjuni: 31%) or tetracycline resistant (C. coli: 54%, C. jejuni: 67%).

T the majority of isolates were aminoglycosidettetracycline resistant (C. coli: 55%, C. jgjuni: 11%) or
quinolone+tetracycline resistant (C. coli: 34%, C. jejuni: 88%).

1 the majority of isolates were aminoglycoside+macrolidet+tetracycline resistant (C. coli only: 28%) or
aminoglycoside+quinolonettetracycline resistant (C. coli: 64%, C. jejuni: 86%). MDR = multi-drug

resistant.
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537 LEGENDSTO FIGURES
538
539  Figure 1. Breakdown of the UK and US C. coli and C. jejuni samples obtained in surveillance
540  programsfrom 2015-2018. A) Number of genome sequences per individual year from 2015-
541  2018. The number of US genome sequences shows steady growth each year, whereas the number
542  of UK genome sequences varies per year without a clear trend. B) Comparison of the isolation
543  source category of the UK and US samples from 2015-2018, with the 2001-2014 historical
544  isolatesincluded. Within the UK samples, the human source category is dominant, consistent
545  with the mgjor surveillance category being the Oxfordshire sentinel surveillance (25, 26), while
546  USisolates have a much higher contribution of farm animals (pigs, ruminants) and poultry (27,
547  28).
548
549  Figure 2. Comparison of the proportion of UK and US C. coli and C. jejuni samples resistant to
550  aminoglycosides, macrolides, quinolones and tetracycline for individual years from 2015-2018,
551  with the average of the 2001-2014 period provided for comparative purposes. Error bars show the
552  2.5% and 97.5% quantiles, based on 500 bootstraps.
553
554  Figure 3. Tornado plots displaying the relative contributions of the source categories (A) and C.
555  jejuni MLST clona complexes (B) to the individual antibiotic classes (aminoglycosides,
556  macrolides, quinolones and tetracycline). The horizontal axis shows the percentage UK samples
557  from 100 to 0 on the left half, and the percentage US samples on from 0 to 100 on the right half
558  for each of the categories. Only the samples form the years 2015-2018 have been included for
559 thisfigure.

560
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561 SUPPLEMENTARY INFORMATION
562
563  Supplementary Table S1. Overview of C. jgjuni and C. coli genomes used in this study, with the
564  Genbank or Campylobacter PUbMLST accession numbers, metadata (source, MLST clonal
565 complex, MLST sequencetype), whether they are resistant to aminoglycosides, macrolides,
566  quinolones or tetracycline, and which individual resistance marker they are positive for.
567
568 Supplementary Table S2. Results from the generalized linear regression with alogit link
569 function of AMR prevalence for each of the four antibiotic classes (aminoglycosides, macrolides,
570 quinolones and tetracycline) for C. coli and C. jejuni isolates. Country, source and year categories
571 areconsidered as fixed effects; UK, human source and the pre-2015 categories are used as
572  reference. Odds can be calculated from the exponential of the regression coefficients shown.
573  Statistically significant increases from the reference are highlighted in red, decreases in green.
574
575  Supplementary Figure S1. Comparison of the proportion of UK and US C. coli samples
576  resistant to aminoglycosides, macrolides, quinolones and tetracycline for individual years from
577  2001-2018.
578
579  Supplementary Figure S2. Comparison of the proportion of UK and US C. jguni samples
580 resistant to aminoglycosides, macrolides, quinolones and tetracycline for individual years from
581  2001-2018.

582
583
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