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Abstract 23 

Shiga toxin–producing Escherichia coli (STEC) and Campylobacter jejuni are notable 24 

health hazards associated with the consumption of raw milk. These bacteria may colonize the 25 

intestines of asymptomatic cattle and enter bulk tank milk via fecal contamination during 26 

milking. 27 

We studied the frequency of STEC O157:H7 and C. jejuni contamination in tank milk 28 

(n=785) and the in-line milk filters of milking machines (n=631) versus isolation from cattle 29 

feces (n=257) on three Finnish dairy farms for one year. Despite simultaneous isolation of STEC 30 

O157:H7 (17%) or C. jejuni (53%) from cattle, these bacteria were rarely isolated from milk 31 

filters (2% or <1%, respectively) and milk (0%). As revealed by phylogenomics, one STEC 32 

O157:H7 strain was detected on each farm at a time and persisted for ≤12 months despite 33 

rigorous hygienic measures. C. jejuni strains of a generalist sequence type (ST-883 and ST-1080) 34 

persisted in the herds for ≥11 months, and several other C. jejuni types were detected 35 

sporadically. 36 

The stx gene carried by STEC was detected more frequently from milk filters (37%) than 37 

from milk (7%), suggesting milk filters to be more suitable sampling targets for monitoring than 38 

milk. A questionnaire of on-farm practices suggested lower stx contamination of milk when 39 

major cleansing in the barn, culling, or pasturing of dairy cows were applied, while higher 40 

average outdoor temperature was associated with higher stx contamination. Because pathogen 41 

contamination occurred despite good hygiene, and pathogen detection from milk and milk filters 42 

proved challenging, we recommend heat treatment for raw milk before consumption. 43 
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Importance 44 

The increased popularity of raw milk consumption has created demand for relaxing 45 

legislation, despite the risk of contamination by pathogenic bacteria, notably STEC and C. jejuni. 46 

However, the epidemiology of these milk-borne pathogens on the herd level is still poorly 47 

understood, and data are lacking on the frequency of milk contamination on farms with cattle 48 

shedding these bacteria in their feces. This study suggests that (i) STEC contamination in milk 49 

can be reduced, but not prevented, by on-farm hygienic measures while fecal shedding is 50 

observable, (ii) milk filters are more suitable sampling targets for monitoring than milk, although 51 

pathogen detection from both sample matrices may be challenging, and (iii) STEC and C. jejuni 52 

genotypes may persist in cattle herds for several months. The results can be utilized in 53 

developing and targeting pathogen monitoring and risk management on the farm level and 54 

contributed to the revision of Finnish legislation in 2017. 55 

Introduction 56 

Raw cow milk consumption has become more popular in recent years, especially among urban 57 

consumers, creating demand for relaxing the legislation restricting raw milk sales (1–3). 58 

Releasing the sales of raw milk challenges food safety management through the milk production 59 

chain, which has relied on pasteurization to eliminate pathogenic bacteria. Related to the 60 

consumption of unpasteurized milk, Shiga toxin–producing Escherichia coli (STEC) and 61 

thermophilic Campylobacter spp., predominantly C. jejuni, have been regarded as the most 62 

notable health hazards, along with Salmonella spp. (1, 2). These pathogens have caused several 63 

milk-borne disease outbreaks, and appear to be prevalent in cattle (3). Both STEC and C. jejuni 64 

are carried by asymptomatic cattle in their intestines and shed intermittently into the feces (4, 5). 65 

These pathogens may therefore enter milk via fecal contamination during milking. As suggested, 66 
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pathogen contamination of milk may be reduced by good farming practices and milking hygiene, 67 

but not prevented completely (6). 68 

 To evaluate the risk of STEC and Campylobacter infection related to the consumption of 69 

raw milk, previous studies have investigated the prevalence of STEC and thermophilic 70 

Campylobacter spp. in bulk tank milk. In addition, in-line milk filters of milking machines have 71 

been studied as indicators for milk contamination by STEC and Campylobacter spp. because all 72 

the milk entering the tanks passes through them. A recent meta-analysis estimated mean 73 

prevalences of 1.54% for Campylobacter spp. in bulk tank milk and 1.75% in milk filters, 74 

considering previously published data from North America, Europe, and New Zealand (7). 75 

However, reported prevalences varied notably between various studies and regions. According to 76 

the global review by Farrokh et al. (4), isolation rates of 0–2% have typically been reported for 77 

STEC from raw milk. However, high prevalence of stx genes, as indicators for STEC 78 

contamination, have been reported from both bulk tank milk (15.2%) and milk filters (51.0%), 79 

highlighting the higher sensitivity of molecular detection compared to culture methods (8). 80 

 Despite numerous prevalence studies of STEC and thermophilic Campylobacter spp. in 81 

milk and milk filters, few studies have concentrated on the herd-level epidemiology of these 82 

milk-borne pathogens (9–12). Moreover, limited longitudinal data have been published on milk 83 

contamination on farms with cattle shedding these pathogens in their feces. As pathogen 84 

contamination of milk is expected to occur sporadically, frequent sampling is required to detect 85 

contamination events and draw conclusions on their frequency. In addition, detection of dilute 86 

pathogen contamination in large volumes of bulk tank milk poses a challenge, which likely 87 

necessitates several subsamples (13). Previous herd-level studies have analyzed a maximum of 88 

two milk subsamples once per month (9–12). 89 
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 To avoid the aforementioned pitfalls in our present study, three dairy farms with 90 

previously detected carriage of STEC O157:H7 and C. jejuni were sampled for a period of one 91 

year: weekly for in-line milk filters and five subsamples of bulk tank milk and monthly for feces 92 

and the farm environment. We aimed to determine (i) the frequency of milk contamination by 93 

STEC O157:H7 and C. jejuni and associate the occurrence of milk contamination with fecal 94 

shedding of these pathogens. We compared (ii) bulk tank milk and milk filters as sampling 95 

targets for monitoring these pathogens. We investigated (iii) the genomic variation of STEC 96 

O157:H7 and C. jejuni isolates to recognize on-farm persistence and contamination routes. 97 

Finally, (iv) on-farm practices were investigated, aiming to recognize risk factors for milk 98 

contamination. 99 

Results 100 

STEC O157:H7 was isolated from cattle feces on all three farms and infrequently 101 

from the barn environment. 102 

Fecal samples from both milking cows and juvenile cattle were collected on three dairy 103 

farms between January 2014 and June 2015. Fecal carriage of STEC O157:H7 had been detected 104 

on the farms years or months before the commencement of our study, and since the initial 105 

detection the farms had implemented intensive hygienic measures to reduce the pressure for 106 

fecal-oral transmissions. 107 

STEC O157:H7 was isolated from cattle feces (17%) on each farm (1–40%) during the 108 

study (Table 1, Table 2). The isolation rate was higher on farms 2 and 3 with more recently 109 

observed carriage. On farm 1, STEC O157:H7 was only isolated from juvenile cattle in 110 

September 2014. On farm 2, the isolation rate of STEC O157:H7 from cattle feces gradually 111 

decreased since the commencement of the study, from 92% to 0% between March and July, and 112 
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no positives were detected after six months (September 2014). On farm 3, STEC O157:H7 was 113 

detected in 20–50% of the fecal samples from juvenile cattle at the commencement of the study 114 

(February–May) and in 100% of the fecal samples from milking cows two months later, in July 115 

2014. STEC O157:H7 was infrequently isolated from drinking troughs: 0–6% of the samples 116 

tested positive on each farm (Table 1). Drinking water was only sampled on farm 1, and STEC 117 

O157 was not detected. 118 

STEC non-O157 were isolated from cattle feces on farms 2 and 3. 119 

 In addition to STEC O157, the feces were cultured for other STEC serogroups, if 120 

these serogroups (O157:H7, O26, O103, O145, O111, O121, and O45) were first detected in 121 

PCR screening from the milk or milk filters, as was the case on farms 2 and 3. The farms were 122 

monitored for other STEC serogroups to evaluate the influence of these serogroups on the PCR 123 

results, as PCR cannot distinguish whether stx signals arise from STEC O157. Isolates of other 124 

serogroups were also occasionally recovered in conjunction with the attempted isolation of 125 

O157. 126 

On farm 2, STEC O15:H16 was sporadically isolated from the feces of milking cows in 127 

May 2015. No additional serogroups were isolated, albeit the cattle were examined by culture for 128 

STEC O103 in March and April 2014 and for O121, O145, O26, and O45 in May 2015. On farm 129 

3, STEC O26:H11 was isolated from cattle feces during four samplings between August 2014 130 

and June 2015 and once from the drinking troughs (Table 2). STEC O84:H2 was sporadically 131 

isolated from milking cows in October 2014. None of the STEC serogroups O103, O121, O45, 132 

and O145 were isolated from cattle feces in May 2015. 133 
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STEC was seldom isolated from milk or milk filters on farms 2 and 3. 134 

STEC O157:H7 was seldom isolated from milk filters: 2% of the samples tested positive 135 

(0–3% on each farm) (Table 1, Figure 1). Culture-positive milk filters were only observed on 136 

farms 2 and 3, and only simultaneously with fecal isolation from milking cows. No STEC O157 137 

isolates were obtained from milk. 138 

In addition to O157, other STEC serogroups were also studied using a culture method 139 

during each sampling and other STEC serogroups were isolated from milk (<1%) and milk filters 140 

(1%) during the study (Table 1, Figure 1). On farm 2, STEC O182:H25 was isolated once from 141 

milk filters in October 2014. On farm 3, STEC O121:H19 was isolated once from milk in July 142 

2014 and STEC O26:H11 from five milk filter samples in July–October 2014. Altogether, STEC 143 

of any serogroup was isolated from milk filters in 13 (8%) samplings, and only in four samplings 144 

were isolates recovered from more than one milk filter sample. 145 

Milk filter samples tested PCR positive for stx more frequently than milk. 146 

All milk and milk filter samples were screened for the virulence genes stx and eae by 147 

PCR. Stx was infrequently detected from milk: 7% of the subsamples tested positive (3–10% on 148 

each farm) (Table 1, Figure 1). Altogether, stx was detected from milk in 30 (19%) samplings 149 

(12–27% on each farm). Of these 30 samplings, only one subsample tested positive in the 150 

majority (57%) of samplings, and three or more subsamples in 20% of the samplings. In 90% of 151 

the 30 samplings, the milk filter samples also tested stx positive. 152 

Milk filter samples tested positive for stx (37%) more frequently than milk subsamples 153 

(7%) (Table 1, Figure 1). Stx was detected from milk filters in 91 (58%) samplings (29–86% on 154 

each farm). In 30% of these 91 samplings, stx was also detected in the milk subsamples. Overall, 155 

stx prevalence appeared 5.6-fold (4.3–6.0 on each farm) higher in milk filter samples than in 156 
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milk subsamples, with an odds ratio of 8.3 (95% confidence interval: 6.0–11.5) for higher 157 

prevalence in milk filters. Samplings with stx-positive milk filter samples occurred 3.1-fold more 158 

often than samplings with stx-positive milk samples, with an odds ratio of 5.9 (95% confidence 159 

interval: 3.6–9.9) for higher occurrence in milk filters. 160 

Detection rate of stx, eae, and serogroup-specific genes by PCR varied farm to farm. 161 

Stx and eae were detected from milk and milk filters also when no STEC could be 162 

isolated from cattle feces. However, farm-to-farm variation was observed: three-fold more stx-163 

positive milk (7–10%) and milk filters (40–45%) were detected on farms 2 and 3 compared with 164 

farm 1 (3% and 15%, respectively), where STEC was not isolated from fecal samples of milking 165 

cows during the study (Table 1, Figure 1). On farm 1, only 29% of the stx-positive milk filters 166 

also tested positive for eae, whereas the majority of the stx-positive milk filters tested eae 167 

positive on farms 2 (76%) and 3 (91%). 168 

Milk and milk filters positive for stx and eae were also PCR-screened for seven 169 

serogroups associated with the highest health risk for consumers (14). Serogroups O157:H7, 170 

O103/O145, O26, O45, and O121 were detected with PCR from milk or milk filters on farms 2 171 

and 3. No serogroup O111 was detected. Few of the examined filters, 17 (17%) and 1 (2%) on 172 

farms 2 and 3, respectively, tested PCR positive for O157:H7. STEC O157:H7 was not detected 173 

by PCR from two milk filters, despite isolates being obtained, indicating insensitivity of the PCR 174 

method for O157:H7. On farm 2, fewer (0–15%) examined milk filters (n=39) tested PCR 175 

positive for other serogroups than for O157:H7. On farm 3, a higher proportion (31–48%) of the 176 

examined milk filters (n=29) tested PCR positive for O45, O26, and O121 than for O157:H7 and 177 

the other serogroups (0–7%), congruent with the isolation of O26 and O121 from the farm. 178 
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STEC isolates shared similar genetic features within a serogroup. 179 

STEC isolates were studied for serotype and the main virulence genes, and one or two 180 

isolates were subtyped per each positive sample (feces or other sample materials, respectively) 181 

by pulsed-field gel electrophoresis (PFGE). All STEC O157:H7 isolates from the three farms 182 

harbored virulence genes stx1a, stx2c, eae, and hlyA, represented clade 7 by Manning et al. (15), 183 

and were highly similar with each other in PFGE (similarity ≥95%, maximum difference of four 184 

bands from the predominant type). In addition, STEC O26:H11 isolates from farm 3 represented 185 

highly similar pulsotypes with each other (similarity ≥95%, maximum difference of two bands 186 

from the predominant type) and harbored genes stx1a, eae, and hlyA. Other STEC isolates were 187 

sporadic findings from farm 2 (O15:H16 harboring stx2g and estIa; O182:H25 harboring stx1a, 188 

eae, and hlyA) and farm 3 (O84:H2 harboring stx2c, eae, and hlyA; O121:H19 harboring stx2a, 189 

eae, and hlyA) (Table S1). 190 

Phylogenomics of STEC O157:H7 revealed persistence of one or two genotypes on 191 

each farm. 192 

To conclude whether one or more STEC O157:H7 genotypes persisted on the farms, 193 

phylogenomic analysis was performed for a selection of farm isolates collected both before (1–5 194 

isolates per farm) and during the study period (2–16 isolates per farm) (Table S1). Thus, the 195 

isolate selection also considered the first detection of the pathogen on the farm years or months 196 

before our study and represented all positive samplings. First, whole-genome multilocus 197 

sequence typing (wgMLST) was performed to investigate the similarity of 32 farm isolates 198 

among 482 globally collected isolates from the INNUENDO database (16), all representing 199 

sequence type (ST) ST-11 in the seven-loci multilocus sequence typing (MLST) (Data set S1). In 200 

the resulting minimum spanning tree (Fig. S1), the farm isolates grouped with other Finnish 201 
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isolates (from cattle, farm environments, or human clinical samples) in a separate branch from 202 

foreign isolates, and appeared to be within relatively close pairwise distances (PWDs). In the 203 

allelic profile size of 2353, the maximum PWD was 23 (1.0%) among the farm isolates, while 204 

the maximum PWD within the whole data set was 633 (27%). The closest foreign isolate, 205 

collected in UK in 2016, differed from the closest farm isolate with a PWD of 30 (1.3%) and was 206 

selected as an outgroup for further analyses. 207 

Because of the high similarity between the farm isolates, their phylogeny was 208 

investigated with higher resolution by mapping the sequencing reads to a draft, in-group 209 

reference genome to determine genome-wide single nucleotide polymorphisms (SNPs). The 210 

resulting maximum likelihood tree, which considered both SNPs and invariant sites, revealed 211 

four lineages with high confidence: UFBoot bootstrapping support of 100% (Figure 2). All 212 

isolates from farm 2, collected during a 12-month period (October 2013–September 2014), 213 

clustered into one lineage. Likewise, one lineage grouped the isolates from farm 3, collected 214 

during an 11-month period (January–November 2014). The isolates of farm 1 divided into two 215 

lineages: one lineage for the isolates collected in October 2011–January 2012 and one lineage for 216 

the isolates collected more than 2.5 years later, in September 2014. Thus, a maximum 12 months 217 

of on-farm persistence was detected for STEC O157:H7 strains in our study, within the limits of 218 

sampling periods. Similar results were obtained both by including or excluding the outgroup 219 

strain from the analysis. To further date back the closest ancestor of farm 1 lineages, temporal 220 

signal and validity of the molecular clock assumption were investigated using root-to-tip 221 

analysis. No clear temporal signal was detected in this analysis (R
2
 =1.6×10

-3
) and thus, no 222 

evolutionary dating was performed. 223 
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No C. jejuni could be isolated from milk, although it appeared prevalent in cattle. 224 

C. jejuni was isolated only from one milk filter sample and not from milk in our study 225 

(Table 1). Nevertheless, C. jejuni was repeatedly isolated from cattle feces: 53% of the samples 226 

tested positive (16–87% on each farm). As with the fecal samples, swab samples from the 227 

drinking troughs showed farm-to-farm variation (0–18%). Drinking water was only sampled on 228 

farm 1, and no C. jejuni could be isolated from these samples. 229 

C. jejuni was isolated only in summer on farm 2, and only sporadic genotypes were 230 

detected. 231 

One or two C. jejuni isolates from each positive sample (feces or other sample materials, 232 

respectively) were subtyped by PFGE, and a representative isolate of each pulsotype was 233 

subjected to whole-genome sequencing, followed by MLST (Table S2, Fig. S2). Persistent 234 

pulsotypes detected in more than four samplings were further investigated using wgMLST. 235 

On farm 2, the isolation rate of C. jejuni from the fecal samples of milking cows 236 

remained high (≥83%) during the warm months (May–August) and gradually decreased to 0% in 237 

winter (Table 2). Only once was C. jejuni recovered from the drinking troughs. The isolates 238 

represented 15 pulsotypes, which appeared in one to four temporally related samplings, and no 239 

persistent pulsotypes were recognized. Furthermore, the pulsotypes represented eleven STs (11, 240 

45, 48, 267, 677, 692, 1701, 1938, 4080, 5559, and 7435). Six farm isolates of ST-45 were 241 

further subjected to wgMLST with 436 ST-45 isolates from the INNUENDO database (Data set 242 

S2, Fig. S3) (17). In the allelic profile size of 654 loci, dissimilarity was observed between the 243 

isolates that were collected from farm 2 in spring and fall (PWD 44.6%) and between isolates 244 

from the three farms (PWD≥3.5%), supporting sporadic findings. 245 
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Both sporadic and persistent C. jejuni genotypes were detected on farms 1 and 3.  246 

On farm 1, the isolation rate of C. jejuni from cattle feces varied over time, with no 247 

recognizable trend (Table 2). The C. jejuni isolates represented three pulsotypes that were 248 

detected sporadically by MLST and belonged to ST-45 or ST-1080 (Table S2, Fig. S2). One 249 

pulsotype that represented ST-1080 appeared persistently in five samplings throughout year 250 

2014. Three ST-1080 isolates of farm 1, collected during an 11-month period (February–251 

December 2014), were subjected to wgMLST and compared with four ST-1080 isolates 252 

available from the INNUENDO database (17), all originating from Finland (Data set S3, Fig. 253 

S4). In the allelic profile size of 874 loci, the isolates from farm 1 appeared within a PWD of 2 254 

(0.2%) from each other and a PWD of 22–28 (2.5–3.2%) from the other Finnish ST-1080 255 

isolates. Thus, the ST-1080 isolates of farm 1 appeared similar in wgMLST, supporting PFGE 256 

results on the persistence of a single strain. 257 

On farm 3, a high proportion (≥83%) of the fecal samples from milking cows tested 258 

positive for C. jejuni in every sampling. In addition, C. jejuni could be isolated from drinking 259 

troughs (18%) in four samplings, indicating defects in the hygiene and pressure for fecal-oral 260 

transmissions. Eighteen pulsotypes were recognized among the C. jejuni isolates, representing 261 

eleven STs (45, 267, 538, 583, 883, 925, 991, 4080, 5559, 9407, and 9408). A majority of the C. 262 

jejuni pulsotypes appeared sporadically in one or two samplings. One pulsotype (ST-4080 in 263 

MLST) was detected in four samplings throughout the year. Furthermore, one pulsotype (ST-883 264 

in MLST) occurred persistently in each sampling after initial detection in July 2014. In addition 265 

to feces, it was recovered twice from drinking troughs and once from milk filters.  266 

Five ST-883 isolates from farm 3 were further subjected to wgMLST and compared with 267 

66 ST-883 isolates of global origin from the INNUENDO database (Data set S4, Fig. S5). Farm 268 
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3 isolates had been recovered during an 11–month period (July 2014–May 2015) and appeared 269 

within a PWD of 1 (0.1%) from each other in the allelic profile size of 801 loci. Overall, the 270 

maximum PWDs within all 71 isolates was 285 (36%) and the closest other isolates (from 271 

Austria) were within PWDs of 14–15 (1.7–1.9%) from the isolates of farm 3. Results obtained by 272 

wgMLST indicated a high similarity between the ST-883 isolates from farm 3, thus supporting 273 

PFGE results on persistence. 274 

On-farm practices and temperature affected stx contamination of milk. 275 

To recognize risk factors for milk contamination, we investigated the effect of on-farm 276 

practices, meteorological factors, and hygiene indicators on stx contamination of milk using a 277 

logistic regression model with nine explanatory variables (Table 3). Stx contamination of milk 278 

was reduced by three on-farm practices: removal of milking cows from the herd by culling 279 

(variable ‘Sale’), major cleansing in the barn (variable ‘Cleanse’), and pasturing of milking cows 280 

(variable ‘Pastured’). Average outdoor temperature (variable ‘Temp’) weakly increased milk 281 

contamination (95% credibility interval: 0.49–1.25). However, mild correlation (Pearson 282 

coefficient 0.6) was observed between temperatures (Temp) and pasturing (Pastured) in the data 283 

exploration, which could have weakened the observed effects of these variables. 284 

No effect on stx contamination of milk was observed for five variables: abnormalities in 285 

feed (variable ‘Feed’), maintenance of the milking equipment (variable ‘Maint’), rainy days as 286 

an indicator of humidity (variable ‘Rain’), total bacterial counts (variable ‘Bact’), and somatic 287 

cell counts (variable ‘Cell’). However, maintenance of the milking equipment (Maint) possibly 288 

reduced milk contamination (95% credibility interval: -2.76–0.07), but exceeded the tolerance 289 

limit for uncertainty, and thus reliable conclusions cannot be drawn. 290 
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Discussion  291 

We studied the occurrence of STEC O157:H7 and C. jejuni in cattle feces to evaluate the 292 

contamination pressure on milk on three farms with previously detected carriage of these 293 

pathogens. Since the first detection of STEC O157:H7 years or months before our study, the 294 

farms had followed national policies and implemented rigorous hygienic measures to reduce 295 

environmental contamination, and thereby, fecal-oral transmissions. Therefore, these measures 296 

could have reduced the fecal prevalence over months and contributed to the variation observed 297 

between the samplings and farms, although the observed variation could also have been due to 298 

naturally intermittent fecal shedding. Previous reports have suggested the effect of on-farm 299 

practices on STEC, but not on C. jejuni (18, 19). Fecal shedding of STEC O157:H7 and C. jejuni 300 

was at least intermittently observed on each farm during the study, introducing a contamination 301 

pressure on milk via feces. 302 

STEC O157:H7 was isolated from milk filters only simultaneously with the fecal 303 

isolation from milking cows, and no isolates were recovered from milk. However, other STEC 304 

serogroups were additionally isolated from the farms and could have contributed to the rate of stx 305 

detection. The detection of stx and serogroup-specific genes in milk and milk filters reflected the 306 

on-farm rate of STEC isolation from the feces of milking cows and serogroups of the isolates, 307 

suggesting that PCR results from milk and milk filters were associated with fecal shedding. We 308 

observed lower detection rates for stx and eae and no serogroup-specific genes on farm 1, where 309 

no STEC was isolated from cow feces. Positive PCR results in the absence of culturable STEC 310 

suggest shedding of the pathogen at levels below the detection limit of culture methods, 311 

intermittent shedding that was not captured by monthly samplings, or the presence of free-312 

floating stx-converting bacteriophages (20). Because stx signals may arise from free phage 313 
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particles, eae signals from enteropathogenic E. coli and other species, and serogroup-specific 314 

genes from non-pathogenic E. coli (14), PCR cannot confirm the presence of viable STEC 315 

isolates that harbor these genes. However, high prevalence of stx phages in the farm environment 316 

could pose a risk for new STEC pathotypes by transduction (20). Overall, any STEC should be 317 

considered a potential pathogen to humans, as novel pathogroups may arise from the 318 

rearrangements of virulence features due to high genomic plasticity (21). 319 

Detection of STEC O157:H7 in cattle feces decreased below the detection limit on all 320 

three farms during the study period. The isolates represented clade 7, which has been associated 321 

with less severe disease and with environmental fitness that likely facilitates O157:H7 322 

colonization of bovines (15, 22). As revealed by phylogenomic analysis, only one STEC 323 

O157:H7 lineage was detected on each farm at a time and they persisted for up to 12 months 324 

after first detection. On farm 1, the detection of two lineages, sampled more than 2.5 years apart, 325 

suggested re-introduction of STEC O157:H7 to the herd after months of negative detection, 326 

assuming that the analyzed isolates (n=7) well-represented the on-farm genomic variation. 327 

Similarly, Worley et al. (23) found only one or two genomic lineages of STEC O157:H7 within 328 

herds in California regardless of the isolation rate, and they observed on-farm persistence of a 329 

lineage for 11 months. In our study, origin and source of the presumably new farm 1 strain was 330 

not investigated, but the results of wgMLST indicated a domestic origin: the strain grouped with 331 

other Finnish isolates, which mainly sourced from cattle, farm environments, or human clinical 332 

samples. Transmission from drinking water, purchased cattle, or feed was excluded because 333 

STEC was not detected from the water samples and all new animal material was raised and 334 

silage produced on-farm. In general, STEC survives in the environment and effluents for long 335 
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periods of time, and can be transmitted to cattle via animal vectors such as wildlife and pests 336 

(24). 337 

In contrast to STEC O157:H7, C. jejuni was repeatedly isolated from cattle feces on all 338 

three farms, but sparsely detected in milk and milk filters. Despite hygienic measures, 339 

persistence of C. jejuni was observed on two farms for at least 11 months, and sporadic strains 340 

were detected on all three farms. As suggested (25), certain C. jejuni genotypes have adapted and 341 

circulate within farm environments, but cannot outcompete other genotypes as several genotypes 342 

are observed simultaneously within a herd. Furthermore, generalist genotypes that infect multiple 343 

animal species occur in agricultural environments, whereas genotypes in wildlife show more 344 

host-specificity. On farm 2, high occurrence of sporadic C. jejuni only in summer suggest that 345 

transmissions originated from the surrounding environment outside of the frost season 346 

(November–February). Pasturing in a bird-rich area may have contributed to the short-term 347 

colonization of animals by C. jejuni, although transmissions between cattle and wild birds are 348 

controversial (25–27). Persistence of two C. jejuni genotypes, namely ST-1080 (no CC 349 

designation by the time of writing) and ST-883 (ST-21 CC), were observed on farms 1 and 3, 350 

respectively. Both STs and ST-21 CC have previously been found from multiple hosts 351 

(https://pubmlst.org/campylobacter/) (28), indicating the generalist nature of the genotypes. 352 

These genotypes could supposedly be adapted to long-term colonization of the animals or 353 

sustaining the colonization in the herd via survival in the environment better than the sporadic 354 

genotypes. Varying survival abilities of C. jejuni lineages have been demonstrated in sources 355 

outside the host (29, 30), but more research is needed on reservoirs and vehicles in farm 356 

environments. 357 
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Furthermore, we investigated the frequency of milk contamination on farms positive for 358 

STEC O157:H7 and C. jejuni, and compared the suitability of bulk tank milk and milk filters as 359 

sampling targets. Milk entering a tank is passed through the milk filters, which could therefore 360 

indicate contamination during milking and be used as an alternative sampling target to bulk tank 361 

milk (8, 13, 31). More frequent detection of STEC and C. jejuni from milk filters than milk 362 

suggests that pathogen contamination occurred during milking, but often could not be detected 363 

from the five milk subsamples. Detection was probably hindered by the low concentrations of 364 

pathogenic bacteria in the tank milk. This is supported by the observation that in the majority of 365 

samplings only one out of five subsamples tested positive. Pathogen contamination occurred 366 

despite the milk appearing of good hygienic quality, based on total bacterial counts that were 367 

usually below 50 000 cfu/mL on all three farms. No correlation between total bacterial counts 368 

and stx contamination of milk was observed in the statistical analysis. Similarly, Ruusunen et al. 369 

(6) observed that total bacterial counts poorly indicated pathogen contamination. However, 370 

dissimilar results on pathogen contamination of milk could have been obtained on farms with 371 

poor milking hygiene (31). Noteworthy, failure to detect small quantities of STEC and C. jejuni 372 

in milk could pose serious public health implications, as only a few cells may cause infection 373 

depending on strain characteristics and host susceptibility (21, 32). As one positive out of five 374 

subsamples (25 mL) corresponds to 0.0089 MPN/mL (95% confidence interval: 0.0012–0.066) 375 

(33), one glass (200 mL) of milk could cause infection with the contamination levels observed in 376 

our study. 377 

As the detection of STEC from milk filters suggested, fecal contamination occurred 378 

during milking. Nevertheless, C. jejuni was poorly detected from milk filters and milk, despite 379 

the majority of fecal samples from milking cows testing positive. This may indicate poor 380 
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survival of C. jejuni in both milk and milk filters or an inability to detect the pathogen by 381 

standard culture methods due to sub-lethal cell damage (7, 29). Milk filter samples were 382 

analyzed 48–72 h after sampling and storage in buffered peptone water, which appeared 383 

insufficient for the detection of C. jejuni. As recently suggested by Artursson et al. (13), the 384 

isolation rate of C. jejuni from milk filters is highly affected by sampling regime and could be 385 

improved by the addition of Cary Blair transport medium. On the other hand, C. jejuni strains 386 

may differ in their ability to survive in raw milk, and thus pose a different risk related to the 387 

consumption of raw milk (34). Raw milk offers ideal growth conditions for bacteria due to its 388 

rich nutrients, neutral pH, and high water activity, but also exposes bacteria to environmental 389 

stresses: rich competing microbiota, bactericidal compounds, and cold storage (34, 35). 390 

Therefore, inability to proliferate in cold conditions and sensitivity to toxic derivatives formed by 391 

oxygen may hamper the survival of C. jejuni in raw milk (34). 392 

Lastly, we investigated on-farm risk factors that could have affected milk contamination 393 

by STEC bacteria, as indicated by the presence of stx. Results suggest the desired effect of 394 

cleansing as a control measure. Effect of culling could be explained by variation in the fecal 395 

shedding of STEC between animals and over time, which has been studied extensively (reviewed 396 

in reference 24). Culling of a super-shedder could reduce environmental contamination and, 397 

thereby, reduce the contamination pressure on milk (12). Pasturing could decrease shedding by 398 

shifting the diet from concentrated feed to fresh grass, as concentrated feed has been reported to 399 

increase STEC shedding (24). Alternatively, lower animal density on pastures could reduce 400 

udder contamination, thus reducing the contamination pressure on milk. Average outdoor 401 

temperature was observed to increase milk contamination, concordantly with the observations of 402 
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higher STEC prevalence during warm months (24). With the limited data set used in our study, 403 

the results can be regarded as preliminary and should be verified with more data. 404 

In conclusion, our study suggested persistence of STEC O157:H7 in the three Finnish 405 

herds for up to 12 months. Although the milk produced by the farms had good hygienic quality 406 

based on total bacterial counts, STEC contamination occurred occasionally during milking, 407 

especially at times when fecal shedding was detected. STEC was detected more frequently from 408 

milk filters than from five subsamples of milk, suggesting that sampling could be targeted to 409 

milk filters, reducing the number of required subsamples and, subsequently, analysis costs. 410 

Despite C. jejuni being prevalent in cattle, representing both persistent and sporadic strains, 411 

almost none could be detected from milk or milk filters. Lack of detection was probably due to 412 

poor survival of C. jejuni in these sample matrices. Therefore, analysis of milk or milk filters 413 

may poorly indicate the risk of campylobacteriosis related to the consumption of raw milk, 414 

especially if laboratory analyses are delayed after sampling. This should be considered when 415 

planning a sampling regime for monitoring. Furthermore, detection of various C. jejuni strains 416 

and highly pathogenic serogroups of STEC in the Finnish herds implies that categorization of 417 

farms as positive or negative may be arbitrary for targeted risk management. Instead, cost-418 

effective on-farm hygienic practices should be promoted on all farms that produce raw drinking 419 

milk to reduce the contamination pressure on milk, although the practices alone cannot prevent 420 

contamination. Because pathogen contamination occurred despite rigorous on-farm hygienic 421 

measures, and pathogen detection from milk and milk filters appeared challenging, the health 422 

risks of raw milk can only effectively be avoided by heat treatment of the milk before 423 

consumption. 424 
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Materials and Methods 425 

Farms.  426 

Three Finnish dairy farms were recruited to the study on the basis that fecal samples of 427 

their cattle had previously tested positive for both STEC O157:H7 and C. jejuni. Before this 428 

study, STEC O157:H7 had been detected on farm 1 over two years previously (in October 2011 429 

and January 2012), on farm 2 four months previously (in October 2013), and on farm 3 two 430 

months previously (in December 2013). Since the first detection of STEC O157:H7, the farms 431 

had followed national policies by implementing rigorous hygienic measures aimed at reducing 432 

on-farm transmission of this pathogen. These measures included continual disinfection of 433 

drinking and feeding troughs, along with enhanced hygiene during milking and handling of feed 434 

and manure. All farms were located in southern Finland and housed milking cows in warm 435 

freestall barns. The cattle were pastured in summer (fenced off from natural waters) and reared 436 

indoors in winter. All new animal material was raised and silage produced on the farms. Farm 1 437 

housed 30 cows for pipeline milking in a parlor, whereas farms 2 and 3 both housed 60 cows in 438 

an automated milking system. 439 

Sampling, sample handling, and test portions.  440 

Each farm was sampled for a year between January 2014 and June 2015: 52–53 times for 441 

milk and milk filters and 11 times for feces, drinking troughs, and drinking water. All the 442 

samples were chilled immediately after collection and dispatched to the laboratory. Laboratory 443 

analyses were initiated as soon as possible, usually within 24 h of sampling. As an exception, 444 

milk filters were stored on farms after collection for up to 48 h, moistened with buffered peptone 445 

water, and dispatched to the laboratory with the milk samples. Sample containers were filled or 446 

airtight sample bags were used to avoid drying and extra air space, detrimental for the survival of 447 
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Campylobacter. All samples were examined in the national reference laboratory for STEC and 448 

thermophilic Campylobacter in food. 449 

Milk samples (2 L) were collected from the bulk tanks after two days of milk 450 

accumulation, before voiding the tanks. Milk was examined as five subsamples of 25 mL. All 451 

replaceable filters of the milking machines were collected during the same milk accumulation 452 

period, 3–10 filters per sampling. Milk filters were longitudinally halved for STEC and 453 

Campylobacter analyses, and one to three halves were enriched as a sample in 225 or 450 mL of 454 

broth depending on their size. 455 

Freshly voided feces of 5–10 animals were pooled into one fecal sample according to the 456 

contemporary sampling regime of the Finnish monitoring program for STEC (36). Fecal samples 457 

were taken separately from milking cows and juvenile cattle in the barn and examined as 10-g 458 

test portions. Drinking troughs were sampled with duplicate sponge swabs (Polywipe, Medical 459 

Wire & Equipment, Corsham, Wiltshire, UK), and duplicates were divided between STEC and 460 

Campylobacter analyses. A single swab from the drinking troughs was enriched in 90 mL of 461 

broth. Samples from drinking water (8 L) both in the barn and on the pastures were taken if the 462 

water sourced from a private supply, as was the case on farm 1. Drinking water was passed 463 

through 0.45-µm membrane filters (GN-6 Metricel Membrane, Pall Corporation, Ann Arbor, MI, 464 

USA) as two subsamples of 4 L, and the filters were halved for STEC and Campylobacter 465 

analyses. Filter halves of a 4-L subsample were enriched in 100 mL or (for three or more halves) 466 

in 225 mL of broth. 467 

PCR screening and culture of STEC from milk and milk filters.  468 

Milk and milk filters were analyzed for STEC by ISO/TS 13136:2012 (37). After 469 

enrichment in modified tryptone soya broth supplemented with 12 mg/L acriflavin, milk and 470 
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filter samples were simultaneously subjected to DNA extraction and immunomagnetic separation 471 

(IMS). DNA was extracted from 1 mL (MasterPure kit, Epicentre, Madison, WI, USA) or 100 472 

µL (iQ-Check STEC kit, Bio-Rad, Marnes-la-Coquette, France) of enriched sample broth and 473 

screened for the virulence genes stx and eae using real-time PCR (Taqman ISO assay, Life 474 

Technologies, Thermo Fisher Scientific, Carlsbad, CA, USA or iQ-Check STEC kit). To avoid 475 

PCR signal interference, milk fat and acriflavin-containing broth were carefully removed before 476 

DNA extraction by pipetting and centrifugation. PCR inhibition was monitored with an internal 477 

amplification control. A minimum of one sample positive for stx and eae per sampling was 478 

further analyzed for serogroups O157:H7, O26, O103, O145, O111, O121, and O45 using real-479 

time PCR (iQ-Check STEC kit). 480 

IMS (Dynabeads anti–E. coli O157, Life Technologies, Thermo Fisher Scientific, Oslo, 481 

Norway) was followed by plating onto selective agars: cefixime-tellurite sorbitol MacConkey 482 

agar with 5-bromo-4-chloro-3-indoxyl-β-D-glucuronide (Harlequin, Lab M, Lancashire, UK) 483 

and CHROMagar STEC (CHROMagar, Paris, France). These plates were used for STEC 484 

detection throughout the study unless mentioned otherwise. The plates were screened for typical 485 

O157 colonies that were sorbitol and β-glucuronidase negative. To detect other STEC serogroups 486 

than the typical O157, 10 µL of enriched sample was plated without IMS, and the plates were 487 

screened for typical non-O157 colonies that were sorbitol positive. Suspected non-O157 colonies 488 

were streaked onto CHROMagar STEC and screened for the virulence genes using real-time 489 

PCR. 490 

STEC culture from cattle feces, drinking troughs, and drinking water.  491 

Fecal samples were cultured for E. coli O157 by ISO 16654:2001, with the exceptions of 492 

enrichment for 6 h and selective agars (38). Swabs from drinking troughs and drinking water 493 
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were examined for STEC O157 by ISO/TS 13136:2012 with the enrichment in modified tryptone 494 

soya broth supplemented with 16 mg/L novobiocin (37). Swabs were enriched for 6 h, as an 495 

exception from the standard method. The enriched samples were subjected to IMS and cultured 496 

for the detection of typical STEC O157 without PCR screening. If STEC serogroups other than 497 

O157 were detected in the PCR screening of milk or milk filters, feces were additionally 498 

examined for that serogroup with IMS in one or two samplings. 499 

Confirmation and characterization of STEC isolates.  500 

Suspected STEC isolates were biochemically confirmed as E. coli, tested for O-antigen 501 

agglutination (E. coli O157 Latex Test kit, Oxoid, Thermo Fisher Scientific, Basingstoke, UK or 502 

E. coli rabbit antisera for O26, O111, O104, O103, or O145, SSI Diagnostica, Hillerød, 503 

Denmark), and examined for the presence of stx1, stx2, eae, and hlyA by conventional multiplex 504 

PCR (39). Stx-positive isolates were subtyped using PFGE with XbaI digestion (40). Subtyping 505 

was performed for two isolates per positive milk, milk filter, or swab sample and one isolate per 506 

positive fecal sample. Gel images were analyzed using BioNumerics software (version 6.6; 507 

Applied Maths, Sint-Martens-Latem, Belgium). In PFGE fingerprints, a difference of one or 508 

more bands was designated as a different pulsotype. Similarities in PFGE fingerprints were 509 

calculated using the Dice coefficient with 1.5% optimization and 1.0% tolerance. 510 

Analyses for C. jejuni. 511 

Feces, milk, milk filters, and swabs from drinking troughs were cultured for thermophilic 512 

Campylobacter spp. by ISO 10272-1:2006 and drinking water by ISO 17995:2005; both methods 513 

with the exception of enrichment for 24 h (41, 42). Species of suspect Campylobacter isolates 514 

were identified biochemically or by matrix-assisted laser desorption/ionization time-of-flight 515 

mass spectrometry (MALDI Biotyper, reference library version 4.0.0.1, 5627 main spectra 516 
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libraries, Bruker Daltonik, Bremen, Germany). C. jejuni isolates were subtyped using PFGE with 517 

SmaI digestion or (if non-digestible by SmaI) with KpnI (43). Isolates were selected for PFGE 518 

and data were analyzed as described for STEC, but with 0.5% optimization and 1% tolerance. 519 

Whole-genome sequencing, assembly, and in silico typing. 520 

Based on pulsotypes, representative isolates were further selected for whole-genome 521 

sequencing. Altogether, sequences were obtained for 32 STEC O157, five STEC non-O157, and 522 

36 C. jejuni isolates (Table S1 and S2). After DNA extraction (PureLink Genomic DNA Mini 523 

Kit, Life Technologies, Thermo Fisher Scientific, Carlsbad, CA, USA or DNeasy Blood and 524 

Tissue Kit, Qiagen, Hilden, Germany), genomic DNA libraries were prepared (Nextera XT or 525 

Nextera Flex Kit, Illumina, San Diego, CA, USA) and subjected to paired-end sequencing (250-526 

bp reads) on HiSeq or MiSeq (Illumina) platforms. Reads were further subjected to quality 527 

control, de novo assembly, and MLST by INNUca pipeline (version 3.1) (44). MLST types were 528 

derived from the PubMLST website (https://pubmlst.org/) (45–47). In silico serotypes, virulence 529 

genes for pathotyping E. coli, and stx subtypes were obtained for STEC isolates by reads 530 

mapping against the reference genes, respectively, using seq_typing (version 0.1), patho_typing 531 

(version 0.3), and ReMatCh (version 3.2) with the stx subtype reference sequences from the 532 

VirulenceFinder database (48–52). ReMatCh was run with initial parameters --533 

minGeneCoverage 100, --minGeneIdentity 100, --minCovPresence 1, and --minCovCall 1, 534 

followed by manual curation of the positive hits to resolve presumably cross-reactant subtypes. 535 

Clade typing of STEC O157 isolates was performed as originally defined by Manning et al. (15), 536 

using eight definitive SNP positions according to Yokoyama et al. (53). Reads were first mapped 537 

against eight reference genes from the Sakai strain (GenBank accession no. NC_002695.1) (54, 538 
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55) by ReMatCh with default parameters, and definitive SNPs were then determined from the 539 

resulting alignments. 540 

Whole-genome multilocus sequence typing. 541 

To assess genomic variation of the data sets in wider or global context, draft genome 542 

assemblies were subjected to wgMLST using chewBBACA software (version 2.0.8) with the 543 

chewBBACA schemas for E. coli and C. jejuni (16, 17, 56, 57). Resulting allelic profiles were 544 

concatenated with the profiles representing the same MLST ST from the INNUENDO database 545 

(16, 17). After extracting the core loci, PWDs were calculated and used to infer a minimum 546 

spanning tree in PHYLOViZ Online (https://online.phyloviz.net/) that uses the goeBURST 547 

algorithm (58). 548 

Analyses were performed for four data sets: (i) Allelic profiles of 32 STEC O157:H7 549 

isolates originating from all three farms were compared with 482 ST-11 profiles from the 550 

INNUENDO database (Data set S1). (ii) Allelic profiles of six C. jejuni isolates from the three 551 

farms were compared with 436 ST-45 profiles from the INNUENDO database (Data set S2). (iii) 552 

Allelic profiles of three C. jejuni isolates from farm 1 were compared with four profiles from the 553 

database, all representing ST-1080 (Data set S3). (iv) Allelic profiles of five C. jejuni isolates 554 

from farm 3 were compared with 66 ST-883 profiles from the database (Data set S4). 555 

Phylogenomics of STEC O157:H7 isolates. 556 

Based on PWDs in wgMLST, the closest foreign isolate to STEC O157:H7 farm isolates 557 

was selected as an outgroup for further analyses. Its assembled genome sequence was obtained 558 

from EnteroBase (accession no. ESC_FA0769AA) and reads from the European Nucleotide 559 

Archive (accession no. SRR4787064) (57, 59). The assembled genome sequences of 32 STEC 560 

O157:H7 farm isolates and the outgroup were annotated with Prokka (version 1.12), followed by 561 
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pangenome analysis with Roary (version 3.8.0) to select an in-group reference genome with the 562 

highest number of coding sequences (60, 61). 563 

SNPs were then called from the sequencing reads of 31 genomes against the assembled 564 

reference genome (Ec_Farm2_2014-03_C1) and core SNPs were extracted using Snippy (version 565 

4.0-dev) (62). The analysis was performed both with and without the outgroup 566 

(ESC_FA0769AA). The full sequence alignment of core SNPs and invariant sites was then 567 

analyzed for recombination using Gubbins (version 2.3.1), and recombinant regions were 568 

masked from the alignment by maskrc-svg (version 0.4) (63, 64). From the recombination-free 569 

alignment, a maximum likelihood tree was constructed using IQ-TREE (version 1.5.5) with 570 

automatic model selection and both the SH-aLRT test and UFBoot bootstrapping with 1000 571 

replicates (65–67). An automatically selected substitution model K3Pu+R7 assumed three 572 

substitution types, unequal base frequencies, and a free rate of heterogeneity across sites. To test 573 

the validity of the molecular clock assumption, a temporal signal was investigated from the 574 

resulting phylogeny by root-to-tip analysis in TempEst (version 1.5.1) with the best-fit root 575 

option (68). 576 

Analysis of risk factors for milk contamination by stx. 577 

Simultaneously with each milk sampling, the farmers filled out a questionnaire on 578 

deviations from normal farm practices during the preceding week. The questionnaire data 579 

consisted of 26 questions (i.e. variables), each with 157 binary answers (i.e. observations for a 580 

single variable; presence/absence data, three farms for 52–53 weeks). Excluding missing data, 581 

each question contained 152 binary answers. Questions were excluded from the analysis based 582 

on: (i) zero inflation with less than 5% of presence data (16 questions excluded), (ii) biological 583 

irrelevance to milk contamination (three questions excluded: data on juvenile cattle and on 584 
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unspecified farm visitors), (iii) heterogeneous reporting practices between the farms (one 585 

question excluded: changes in staff), or (iv) notable collinearity with another variable (one 586 

question excluded: questionnaire data on udder health). 587 

In addition to the questionnaire, total bacterial counts (variable ‘Bact’) and somatic cell 588 

counts (variable ‘Cell’) were included in the analysis as indicators for milk hygiene and udder 589 

health, respectively. These results had been obtained by dairy laboratories in separate samplings 590 

from our study respectively using flow cytometry (BactoScan FC, Foss, Hillerød, Denmark) and 591 

fluoro-opto-electronic methods (69). Therefore, respectively 89 (57%) of Bact and 93 (59%) of 592 

Cell results were analyzed from the same bulk tank content by the dairy laboratories and this 593 

study. The missing values were either (i) replaced with plausible values from temporally close 594 

results (49 Bact and 57 Cell values) or (ii) multiply imputed within the model from a distribution 595 

exploiting the observed values. One large value was observed for both variables Bact and Cell, 596 

but their removal as outliers could not be justified biologically. 597 

To include meteorological variables, weather observations were retrieved from the 598 

nearest weather station of each farm, considering distance to the coast (70). Temperature and 599 

humidity were hypothesized to mediate milk contamination by affecting conditions for bacterial 600 

survival and growth in the barn and on pastures. Number of rainy days was used as an indicator 601 

for humidity because of its robustness to seasonal effect. 602 

Altogether, nine explanatory variables were included in the model (M1, Table 3) after 603 

data exploration (71). Continuous variables (Bact, Cell, and Temp) were standardized ([xi–μ]/σ) 604 

before the analysis. 605 

logit(θ𝑖𝑗) = 𝛽0𝑗 + 𝛽1𝑆𝑎𝑙𝑒𝑖 + 𝛽2𝐶𝑙𝑒𝑎𝑛𝑠𝑒𝑖 + 𝛽3𝐹𝑒𝑒𝑑𝑖 + 𝛽4𝑃𝑎𝑠𝑡𝑢𝑟𝑒𝑑𝑖 + 𝛽5𝑀𝑎𝑖𝑛𝑡𝑖

+ 𝛽6𝑅𝑎𝑖𝑛𝑖 + 𝛽7𝑇𝑒𝑚𝑝𝑖 + 𝛽8𝐵𝑎𝑐𝑡𝑖 + 𝛽9𝐶𝑒𝑙𝑙𝑖 

(M1) 
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𝑦𝑖𝑗|𝜃𝑖𝑗~𝐵𝑖𝑛(𝑛𝑖𝑗 , 𝜃𝑖𝑗), 

where  yij is the number of stx-positive milk subsamples in sampling i, farm j 606 

nij is the number of milk subsamples in sampling i, farm j  607 

θij is the proportion of stx-positive milk subsamples in sampling i, farm j 608 

𝑆𝑎𝑙𝑒𝑖𝑗~𝐵(𝑝1), 𝐶𝑙𝑒𝑎𝑛𝑠𝑒𝑖𝑗~𝐵(𝑝2), 𝐹𝑒𝑒𝑑𝑖𝑗~𝐵(𝑝3), 𝑃𝑎𝑠𝑡𝑢𝑟𝑒𝑑𝑖𝑗~𝐵(𝑝4),𝑀𝑎𝑖𝑛𝑡𝑖𝑗~𝐵(𝑝5) 

𝐵𝑎𝑐𝑡𝑖𝑗~𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝜆1), 𝐶𝑒𝑙𝑙𝑖𝑗~𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝜆2) 

with uninformative priors 609 

𝑝(𝛽0𝑗) = 𝑁(0, 103), 𝑗 = 1,2,3 

𝑝(𝛽𝑘) = 𝑁(0, 103), 𝑘 = 1,… ,9 

𝑝(𝑝𝑙) = 𝐵𝑒𝑡𝑎(1,1), 𝑙 = 1,… ,5 

𝑝(𝜆𝑚) = 𝐺𝑎𝑚𝑚𝑎(10−2, 10−2), 𝑚 = 1,2 

Data were analyzed using the R software (version 3.4.4) and JAGS software (version 610 

4.3.0) via rjags package (version 4–6) (72–74). Markov Chain Monte Carlo simulations were run 611 

using 10 000 iterations in two chains with thinning of 2 and adaptation of 200 iterations. 612 

Convergence and autocorrelation were checked from the resulting chains. Posterior probabilities 613 

p(βk > 0) and 95% credibility intervals were calculated for βk. Explanatory variables were 614 

interpreted to increase milk contamination if p(βk > 0) > 0.95, to decrease milk contamination if 615 

p(βk > 0) < 0.05, and to have no effect on milk contamination if 0.05 ≤ p(βk > 0) ≤ 0.95. 616 

Data availability. 617 

De novo genome assemblies (Data set S5), and data and code for R are available from the 618 

Zenodo repository (http://doi.org/10.5281/zenodo.1467142). 619 
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Accession numbers. 620 

Whole-genome sequencing reads were submitted to the European Nucleotide Archive 621 

under project accession numbers PRJEB28441 or PRJEB27020 (Table S1 and S2). 622 

Acknowledgements 623 

We thank the farmers and local veterinarians for cooperating in the samplings and 624 

laboratory personnel at Evira for their technical assistance. Jani Halkilahti from the National 625 

Institute for Health and Welfare (Helsinki, Finland) is acknowledged for advice on stx subtyping. 626 

The Institute for Molecular Medicine Finland (Helsinki, Finland) is thanked for their sequencing 627 

service, CSC – IT Center for Science Ltd. (Espoo, Finland) for computing resources, and the 628 

Finnish Meteorological Institute (Helsinki, Finland) for open data and advice. Furthermore, 629 

institutes that submit genomic data to EnteroBase and the European Nucleotide Archive are 630 

thanked for open data. This publication made use of the PubMLST website (https://pubmlst.org/) 631 

developed by Keith Jolley and sited at the University of Oxford. The development of that 632 

website was funded by the Wellcome Trust. 633 

Our study was funded by the Finnish Ministry of Agriculture and Forestry (grant no. 634 

1879/312/2012), Finnish Foundation of Veterinary Research, and the Walter Ehrström 635 

Foundation. The sequencing of the strains and the salary of J.I. were supported by the 636 

INNUENDO project (https://sites.google.com/site/theinnuendoproject/), which received funding 637 

from the European Food Safety Authority (EFSA) (grant no. GP/EFSA/AFSCO/2015/01/CT2). 638 

The conclusions, findings, and opinions expressed in this scientific paper reflect only the view of 639 

the authors and not the official position of EFSA, which is not responsible for any use that may 640 

be made of the information they contain. 641 

 on A
pril 24, 2019 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org/


  30 

Author contribution 642 

A.J., H.C., S.H., M.L., and M.H. designed the study, data collection, and microbiological 643 

analyses. A.J. and J.R. conducted the statistical analyses. A.J., M.R., and J.I. contributed to the 644 

whole-genome sequencing and genomic analyses. A.J. analyzed the data and wrote the 645 

manuscript. All authors participated in interpreting the results and revising the manuscript, and 646 

approved the final version. 647 

Disclaimer 648 

M.R. is currently employed with the EFSA in its BIOCONTAM Unit that provides 649 

scientific and administrative support to EFSA's scientific activities in the area of Microbial Risk 650 

Assessment. The positions and opinions presented in this article are those of the authors alone 651 

and are not intended to represent the views or scientific works of EFSA. 652 

Conflict of interest 653 

Authors declare no conflicting interests. 654 

References 655 

1. European Food Safety Authority. 2015. Scientific opinion on the public health risks related to 656 

the consumption of raw drinking milk. EFSA Journal 13:3940.  657 

2. Mungai, EA, Behravesh, CB, Gould, LH. 2015. Increased outbreaks associated with 658 

nonpasteurized milk, United States, 2007–2012. Emerg Infect Dis 21:119–122.  659 

3. Oliver, SP, Boor, KJ, Murphy, SC, Murinda, SE. 2009. Food safety hazards associated with 660 

consumption of raw milk. Foodborne Pathog Dis 6:793–806.  661 

4. Farrokh, C, Jordan, K, Auvray, F, Glass, K, Oppegaard, H, Raynaud, S, Thevenot, D, 662 

Condron, R, De Reu, K, Govaris, A, Heggum, K, Heyndrickx, M, Hummerjohann, J, 663 

 on A
pril 24, 2019 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org/


  31 

Lindsay, D, Miszczycha, S, Moussiegt, S, Verstraete, K, Cerf, O. 2013. Review of Shiga-664 

toxin-producing Escherichia coli (STEC) and their significance in dairy production. Int J 665 

Food Microbiol 162:190–212.  666 

5. Hakkinen, M, Hänninen, ML. 2009. Shedding of Campylobacter spp. in Finnish cattle on 667 

dairy farms. J Appl Microbiol 107:898–905.  668 

6. Ruusunen, M, Salonen, M, Pulkkinen, H, Huuskonen, M, Hellström, S, Revez, J, Hänninen, 669 

ML, Fredriksson-Ahomaa, M, Lindström, M. 2013. Pathogenic bacteria in Finnish bulk tank 670 

milk. Foodborne Pathog Dis 10:99–106.  671 

7. Christidis, T, Pintar, KDM, Butler, AJ, Nesbitt, A, Thomas, MK, Marshall, B, Pollari, F. 2016. 672 

Campylobacter spp. prevalence and levels in raw milk: a systematic review and meta-673 

analysis. J Food Prot 79:1775–1783.  674 

8. Van Kessel, JA, Karns, JS, Lombard, JE, Kopral, CA. 2011. Prevalence of Salmonella 675 

enterica, Listeria monocytogenes, and Escherichia coli virulence factors in bulk tank milk 676 

and in-line filters from U.S. dairies. J Food Prot 74:759–768.  677 

9. Bianchini, V, Borella, L, Benedetti, V, Parisi, A, Miccolupo, A, Santoro, E, Recordati, C, 678 

Luini, M. 2013. Prevalence in bulk tank milk and epidemiology of Campylobacter jejuni in 679 

dairy herds in Northern Italy. Appl Environ Microbiol 80:1832–1837.  680 

10. Murinda, SE, Nguyen, LT, Ivey, SJ, Gillespie, BE, Almeida, RA, Draughon, FA, Oliver, SP. 681 

2002. Prevalence and molecular characterization of Escherichia coli O157:H7 in bulk tank 682 

milk and fecal samples from cull cows: a 12-month survey of dairy farms in East Tennessee. 683 

J Food Prot 65:752–759.  684 

 on A
pril 24, 2019 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org/


  32 

11. McAuley, CM, McMillan, K, Moore, SC, Fegan, N, Fox, EM. 2014. Prevalence and 685 

characterization of foodborne pathogens from Australian dairy farm environments. J Dairy 686 

Sci 97:7402–7412.  687 

12. Murphy, BP, McCabe, E, Murphy, M, Buckley, JF, Crowley, D, Fanning, S, Duffy, G. 2016. 688 

Longitudinal study of two Irish dairy herds: low numbers of Shiga toxin-producing 689 

Escherichia coli O157 and O26 super-shedders identified. Front Microbiol 7:1850.  690 

13. Artursson, K, Schelin, J, Lambertz, ST, Hansson, I, Engvall, EO. 2018. Foodborne pathogens 691 

in unpasteurized milk in Sweden. Int J Food Microbiol 284:120–127.  692 

14. Croxen, MA, Law, RJ, Scholz, R, Keeney, KM, Wlodarska, M, Finlay, BB. 2013. Recent 693 

advances in understanding enteric pathogenic Escherichia coli. Clin Microbiol Rev 26:822–694 

880.  695 

15. Manning, SD, Motiwala, AS, Springman, AC, Qi, W, Lacher, DW, Ouellette, LM, 696 

Mladonicky, JM, Somsel, P, Rudrik, JT, Dietrich, SE, Zhang, W, Swaminathan, B, Alland, 697 

D, Whittam, TS. 2008. Variation in virulence among clades of Escherichia coli O157:H7 698 

associated with disease outbreaks. Proc Natl Acad Sci USA 105:4868.  699 

16. Rossi, M, Silva, MS, Ribeiro-Gonçalves, BF, Silva, DN, Machado, MP, Oleastro, M, Borges, 700 

V, Isidro, J, Viera, L, Halkilahti, J, Jaakkonen, A, Palma, F, Salmenlinna, S, Hakkinen, M, 701 

Garaizar, J, Bikandi, J, Hilbert, F, Carriço, JA. 2018. INNUENDO whole genome and core 702 

genome MLST schemas and datasets for Escherichia coli. (Version 1.0) Zenodo 703 

http://doi.org/10.5281/zenodo.1323690. 704 

https://github.com/theInnuendoProject/chewBBACA_schemas.  705 

17. Rossi, M, Silva, MS, Ribeiro-Gonçalves, BF, Silva, DN, Machado, MP, Oleastro, M, Borges, 706 

V, Isidro, J, Viera, L, Barker, DOR, Llarena, AK, Halkilahti, J, Jaakkonen, A, Kivistö, R, 707 

 on A
pril 24, 2019 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org/


  33 

Kovanen, S, Nieminen, T, Hänninen, ML, Salmenlinna, S, Hakkinen, M, Garaizar, J, 708 

Bikandi, J, Hilbert, F, Taboada, EN, Carriço, JA. 2018. INNUENDO whole genome and 709 

core genome MLST schemas and datasets for Campylobacter jejuni. (Version 1.0) Zenodo 710 

http://doi.org/10.5281/zenodo.1322564. 711 

https://github.com/theInnuendoProject/chewBBACA_schemas.  712 

18. Adam, K, Brülisauer, F. 2010. The application of food safety interventions in primary 713 

production of beef and lamb: a review. Int J Food Microbiol 141 Suppl:S43–S52.  714 

19. Jaakkonen, A, Salmenlinna, S, Rimhanen-Finne, R, Lundström, H, Heinikainen, S, 715 

Hakkinen, M, Hallanvuo, S. 2017. Severe outbreak of sorbitol-fermenting Escherichia coli 716 

O157 via unpasteurized milk and farm visits, Finland 2012. Zoonoses Public Health 717 

64:468–475.  718 

20. Martínez-Castillo, A, Muniesa, M. 2014. Implications of free Shiga toxin-converting 719 

bacteriophages occurring outside bacteria for the evolution and the detection of Shiga toxin-720 

producing Escherichia coli. Front Cell Infect Microbiol 4:46.  721 

21. Food and Agriculture Organization of the United Nations, World Health Organization. 2018. 722 

Shiga toxin-producing Escherichia coli (STEC) and food: attribution, characterization, and 723 

monitoring. Microbiological Risk Assessment Series 31:1–174 724 

https://www.who.int/foodsafety/publications/mra_31/en/.  725 

22. Vanaja, SK, Springman, AC, Besser, TE, Whittam, TS, Manning, SD. 2010. Differential 726 

expression of virulence and stress fitness genes between Escherichia coli O157:H7 strains 727 

with clinical or bovine-biased genotypes. Appl Environ Microbiol 76:60–68.  728 

 on A
pril 24, 2019 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org/


  34 

23. Worley, JN, Flores, KA, Yang, X, Chase, JA, Cao, G, Tang, S, Meng, J, Atwill, ER. 2017. 729 

Prevalence and genomic characterization of Escherichia coli O157:H7 in cow-calf herds 730 

throughout California. Appl Environ Microbiol 83:e00734–17.  731 

24. Berry, ED, Wells, JE. 2010. Escherichia coli O157:H7: recent advances in research on 732 

occurrence, transmission, and control in cattle and the production environment. Adv Food 733 

Nutr Res 60:67–117.  734 

25. Sheppard, SK, Maiden, MCJ. 2015. The evolution of Campylobacter jejuni and 735 

Campylobacter coli. Cold Spring Harb Perspect Biol 7:a018119.  736 

26. Weis, AM, Storey, DB, Taff, CC, Townsend, AK, Huang, BC, Kong, NT, Clothier, KA, 737 

Spinner, A, Byrne, BA, Weimer, BC. 2016. Genomic comparison of Campylobacter spp. 738 

and their potential for zoonotic transmission between birds, primates, and livestock. Appl 739 

Environ Microbiol 82:7165–7175.  740 

27. Llarena, AK, Skarp-de Haan, CPA, Rossi, M, Hänninen, ML. 2015. Characterization of the 741 

Campylobacter jejuni population in the barnacle geese reservoir. Zoonoses Public Health 742 

62:209–221.  743 

28. Dearlove, BL, Cody, AJ, Pascoe, B, Méric, G, Wilson, DJ, Sheppard, SK. 2015. Rapid host 744 

switching in generalist Campylobacter strains erodes the signal for tracing human 745 

infections. ISME J 10:721–729.  746 

29. Bronowski, C, James, CE, Winstanley, C. 2014. Role of environmental survival in 747 

transmission of Campylobacter jejuni. FEMS Microbiol Lett 356:8–19.  748 

30. Yahara, K, Méric, G, Taylor, AJ, de Vries, Stefan P. W., Murray, S, Pascoe, B, Mageiros, L, 749 

Torralbo, A, Vidal, A, Ridley, A, Komukai, S, Wimalarathna, H, Cody, AJ, Colles, FM, 750 

McCarthy, N, Harris, D, Bray, JE, Jolley, KA, Maiden, MCJ, Bentley, SD, Parkhill, J, 751 

 on A
pril 24, 2019 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org/


  35 

Bayliss, CD, Grant, A, Maskell, D, Didelot, X, Kelly, DJ, Sheppard, SK. 2017. Genome-752 

wide association of functional traits linked with Campylobacter jejuni survival from farm to 753 

fork. Environ Microbiol 19:361–380.  754 

31. Giacometti, F, Serraino, A, Finazzi, G, Daminelli, P, Losio, MN, Bonilauri, P, Arrigoni, N, 755 

Garigliani, A, Mattioli, R, Alonso, S, Piva, S, Florio, D, Riu, R, Zanoni, RG. 2012. 756 

Foodborne pathogens in in-line milk filters and associated on-farm risk factors in dairy 757 

farms authorized to produce and sell raw milk in Northern Italy. J Food Prot 75:1263–1269.  758 

32. Teunis, P, Van den Brandhof, W, Nauta, M, Wagenaar, J, Van den Kerkhof, H, Van Pelt, W. 759 

2005. A reconsideration of the Campylobacter dose–response relation. Epidemiol Infect 760 

133:583–592.  761 

33. Jarvis, B, Wilrich, C, Wilrich, PT. 2018. Excel program (version 6) for the determination of 762 

the Most Probable Numbers (MPN), their standard deviations, confidence bounds and rarity 763 

values according to Jarvis et al. 2015. Reconsideration of the derivation of Most Probable 764 

Numbers, their standard deviations, confidence bounds and rarity values. J Appl Microbiol 765 

119:905.  766 

34. Doyle, MP, Roman, DJ. 1982. Prevalence and survival of Campylobacter jejuni in 767 

unpasteurized milk. Appl Environ Microbiol 44:1154–1158.  768 

35. Quigley, L, O'Sullivan, O, Stanton, C, Beresford, TP, Ross, RP, Fitzgerald, GF, Cotter, PD. 769 

2013. The complex microbiota of raw milk. FEMS Microbiol Rev 37:664–698.  770 

36. Ministry of Agriculture and Forestry of Finland. 2006. Regulation no. 24/EEO/2006. Maa- ja 771 

metsätalousministeriön asetus nautojen EHEC-tutkimuksista teurastamossa ja pitopaikassa. 772 

Finnish. https://mmm.fi/documents/1410837/1818689/24EEO2006.pdf.  773 

 on A
pril 24, 2019 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org/


  36 

37. International Organization for Standardization. 2012. ISO/TS 13136:2012. Microbiology of 774 

food and animal feed – Real-time polymerase chain reaction (PCR)-based method for the 775 

detection of food-borne pathogens – Horizontal method for the detection of Shiga toxin-776 

producing Escherichia coli (STEC) and the determination of O157, O111, O26, O103 and 777 

O145 serogroups. The Organization, Geneva.  778 

38. International Organization for Standardization. 2001. ISO 16654:2001. Microbiology of food 779 

and animal feeding stuffs – Horizontal method for the detection of Escherichia coli O157. 780 

The Organization, Geneva.  781 

39. Paton, AW, Paton, JC. 1998. Detection and characterization of Shiga toxigenic Escherichia 782 

coli by using multiplex PCR assays for stx1, stx2, eaeA, enterohemorrhagic E. coli hlyA, 783 

rfbO111, and rfbO157. J Clin Microbiol 36:598–602.  784 

40. Centers for Disease Control and Prevention. 2013. Standard operating procedure for 785 

PulseNet PFGE of Escherichia coli O157:H7, Escherichia coli non-O157 (STEC), 786 

Salmonella serotypes, Shigella sonnei and Shigella flexneri. Centers for Disease Control and 787 

Prevention, Atlanta, GA.  788 

41. International Organization for Standardization. 2006. ISO 10272-1:2006. Microbiology of 789 

food and animal feeding stuffs – Horizontal method for detection and enumeration of 790 

Campylobacter spp. – Part 1: Detection method. The Organization, Geneva.  791 

42. International Organization for Standardization. 2005. ISO 17995:2005. Water quality – 792 

Detection and enumeration of thermotolerant Campylobacter species. The Organization, 793 

Geneva.  794 

 on A
pril 24, 2019 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org/


  37 

43. Centers for Disease Control and Prevention. 2013. Standard operating procedure for 795 

PulseNet PFGE of Campylobacter jejuni. Centers for Disease Control and Prevention, 796 

Atlanta, GA.  797 

44. Machado, MP, Halkilahti, J, Jaakkonen, A, Silva, DN, Mendes, I, Nalbantoglu, Y, Borges, V, 798 

Ramirez, M, Rossi, M, Carriço, JA. INNUca. GitHub https://github.com/B-UMMI/INNUca.  799 

45. Jolley, KA, Bray, JE, Maiden, MCJ. 15 October 2018, revision date. Open-access bacterial 800 

population genomics: BIGSdb software, the PubMLST.org website and their applications. 801 

Wellcome Open Res 3:124 https://doi.org/10.12688/wellcomeopenres.14826.1.  802 

46. Wirth, T, Falush, D, Lan, R, Colles, F, Mensa, P, Wieler, LH, Karch, H, Reeves, PR, 803 

Maiden, MCJ, Ochman, H, Achtman, M. 2006. Sex and virulence in Escherichia coli: an 804 

evolutionary perspective. Mol Microbiol 60:1136–1151.  805 

47. Dingle, KE, Colles, FM, Wareing, DRA, Ure, R, Fox, AJ, Bolton, FE, Bootsma, HJ, 806 

Willems, RJL, Urwin, R, Maiden, MCJ. 2000. Multilocus sequence typing system for 807 

Campylobacter jejuni. J Clin Microbiol 39:14–23.  808 

48. Machado, MP. seq_typing. GitHub https://github.com/B-UMMI/seq_typing.  809 

49. Machado, MP. patho_typing. GitHub https://github.com/B-UMMI/patho_typing.  810 

50. Machado, MP. ReMatCh. GitHub https://github.com/B-UMMI/ReMatCh.  811 

51. Center for Genomic Epidemiology. 26 June 2018, accession date. VirulenceFinder database 812 

for Escherichia coli. BitBucket 813 

https://bitbucket.org/genomicepidemiology/virulencefinder_db.  814 

52. Joensen, KG, Scheutz, F, Lund, O, Hasman, H, Kaas, RS, Nielsen, EM, Aarestrup, FM. 815 

2014. Real-time whole-genome sequencing for routine typing, surveillance, and outbreak 816 

detection of verotoxigenic Escherichia coli. J Clin Microbiol 52:1501–1510.  817 

 on A
pril 24, 2019 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org/


  38 

53. Yokoyama, E, Hirai, S, Hashimoto, R, Uchimura, M. 2012. Clade analysis of 818 

enterohemorrhagic Escherichia coli serotype O157:H7/H- strains and hierarchy of their 819 

phylogenetic relationships. Infect Genet Evol 12:1724–1728.  820 

54. Hayashi, T, Makino, K, Ohnishi, M, Kurokawa, K, Ishii, K, Yokoyama, K, Han, CG, 821 

Ohtsubo, E, Nakayama, K, Murata, T, Tanaka, M, Tobe, T, Iida, T, Takami, H, Honda, T, 822 

Sasakawa, C, Ogasawara, N, Yasunaga, T, Kuhara, S, Shiba, T, Hattori, M, Shinagawa, H. 823 

2001. Complete genome sequence of enterohemorrhagic Escherichia coli O157:H7 and 824 

genomic comparison with a laboratory strain K-12. DNA Res 8:11–22.  825 

55. NCBI Reference Sequence. 2017. Escherichia coli O157:H7 str. Sakai, complete genome. 826 

GenBank https://www.ncbi.nlm.nih.gov/nuccore/NC_002695.1.  827 

56. Silva, M, Machado, MP, Silva, DN, Rossi, M, Moran-Gilad, J, Santos, S, Ramirez, M, 828 

Carriço, JA. 2018. chewBBACA: A complete suite for gene-by-gene schema creation and 829 

strain identification. Microb Genom, in press.  830 

57. Alikhan, N, Zhou, Z, Sergeant, MJ, Achtman, M. 2018. A genomic overview of the 831 

population structure of Salmonella. PLOS Genet 14:e1007261.  832 

58. Francisco, AP, Bugalho, M, Ramirez, M, Carriço, JA. 2009. Global optimal eBURST 833 

analysis of multilocus typing data using a graphic matroid approach. BMC Bioinformatics 834 

10:152.  835 

59. Health Protection Agency. 2016. Data from "Routine surveillance of E. coli and Shigella by 836 

Public Health England". European Nucleotide Archive 837 

https://www.ebi.ac.uk/ena/data/view/SRR4787064.  838 

60. Seemann, T. 2014. Prokka: rapid prokaryotic genome annotation. Bioinformatics 30:2068–839 

2069.  840 

 on A
pril 24, 2019 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org/


  39 

61. Page, AJ, Cummins, CA, Hunt, M, Wong, VK, Reuter, S, Holden, MTG, Fookes, M, Falush, 841 

D, Keane, JA, Parkhill, J. 2015. Roary: rapid large-scale prokaryote pan genome analysis. 842 

Bioinformatics 31:3691–3693.  843 

62. Seemann, T. Snippy. GitHub https://github.com/tseemann/snippy.  844 

63. Croucher, NJ, Page, AJ, Connor, TR, Delaney, AJ, Keane, JA, Bentley, SD, Parkhill, J, 845 

Harris, SR. 2015. Rapid phylogenetic analysis of large samples of recombinant bacterial 846 

whole genome sequences using Gubbins. Nucleic Acids Res 43:e15.  847 

64. Kwong, J, Seemann, T. maskrc-svg. GitHub https://github.com/kwongj/maskrc-svg.  848 

65. Nguyen, L, Schmidt, HA, von Haeseler, A, Minh, BQ. 2015. IQ-TREE: a fast and effective 849 

stochastic algorithm for estimating maximum-likelihood phylogenies. Mol Biol Evol 850 

32:268–274.  851 

66. Kalyaanamoorthy, S, Minh, BQ, Wong, TKF, von Haeseler, A, Jermiin, LS. 2017. 852 

ModelFinder: fast model selection for accurate phylogenetic estimates. Nat Methods 853 

14:587–589.  854 

67. Hoang, DT, Chernomor, O, von Haeseler, A, Minh, BQ, Vinh, LS. 2018. UFBoot2: 855 

improving the ultrafast bootstrap approximation. Mol Biol Evol 35:518–522.  856 

68. Rambaut, A, Lam, TT, Max Carvalho, L, Pybus, OG. 2016. Exploring the temporal structure 857 

of heterochronous sequences using TempEst (formerly Path-O-Gen). Virus Evol 2:vew007.  858 

69. International Organization for Standardization. 2006. ISO 13366-2:2006 (IDF 148-2:2006). 859 

Milk – Enumeration of somatic cells – Part 2: Guidance on the operation of fluoro-opto-860 

electronic counters. The Organization, Geneva.  861 

70. Finnish Meteorological Institute. 2014-2015. Daily weather 862 

observations (storedquery_id=fmi::observations::weather::daily::timevaluepair&place&start863 

 on A
pril 24, 2019 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org/


  40 

time&endtime&). Finnish Meteorological Institute http://data.fmi.fi/. Retrieved 13 August 864 

2015.  865 

71. Zuur, AF, Ieno, EN, Elphick, CS. 2010. A protocol for data exploration to avoid common 866 

statistical problems. Methods Ecol Evol 1:3–14.  867 

72. R Core Team. 2018. R: a language and environment for statistical computing. R Foundation 868 

for Statistical Computing, Vienna, Austria.  869 

73. Plummer, M. 2003. JAGS: a program for analysis of Bayesian graphical models using Gibbs 870 

sampling. In Hornik, K, Leisch, F, Zeileis, A (ed), Proceedings of the 3rd International 871 

Workshop on Distributed Statistical Computing (DSC 2003). Austrian Association for 872 

Statistical Computing, R Foundation for Statistical Computing, Vienna, Austria.  873 

74. Plummer, M. 2016. rjags: Bayesian graphical models using MCMC. R package version 4–6. 874 

https://CRAN.R-project.org/package=rjags.  875 

75. Letunic, I, Bork, P. 2016. Interactive tree of life (iTOL) v3: an online tool for the display and 876 

annotation of phylogenetic and other trees. Nucleic Acids Res 44:W242–W245.  877 

  878 

 on A
pril 24, 2019 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org/


  41 

Tables 879 

TABLE 1 Occurrence of Shiga toxin–producing Escherichia coli (STEC) and Campylobacter jejuni in feces, drinking troughs, milk, and milk 880 

filter samples on three dairy farms during one year. No. of positive samples (or subsamples for milk) per no. of analyzed samples (%) 881 

Analysis Farm 1 Farm 2 Farm 3 In total 

STEC O157:H7 culture  

 Feces, in total 1/87 (1) 34/85 (40) 9/85 (11) 44/257 (17) 

 Feces, milking cows 0/35 (0) 22/69 (32) 6/60 (10) 28/164 (17) 

 Feces, juvenile cattle 1/52 (2) 12/16 (75) 3/25 (12) 16/93 (17) 

 Drinking troughs 0/85 (0) 4/65 (6) 3/49 (6) 7/199 (4) 

 Milk 0/260 (0) 0/260 (0) 0/269 (0) 0/789 (0) 

 Milk filters 0/141 (0) 8/318 (3) 4/173 (2) 12/632 (2) 

STEC non-O157 culture  

 Milk 0/260 (0) 0/260 (0) 2/269 (1)b 2/789 (<1) 

 Milk filters 0/141 (0) 1/318 (<1)a 5/173 (3)c 6/632 (1) 

PCR screening for STEC in milk: stx  

 Milk 9/260 (3) 25/260 (10) 18/269 (7) 52/789 (7) 

 Milk filters 21/141 (15) 142/317 (45) 70/173 (40) 233/631 (37) 

PCR screening for STEC in milk filters: stx and eae  

 Milk 2/260 (1) 15/260 (6) 15/269 (6) 32/789 (4) 

 Milk filters 6/141 (4) 108/317 (34) 64/173 (37) 178/631 (28) 

C. jejuni culture 

 Feces, in total 14/87 (16) 48/85 (56) 74/85 (87) 136/257 (53) 

 Feces, milking cows 11/35 (31) 46/69 (67) 58/60 (97) 115/164 (70) 

 Feces, juvenile cattle 3/52 (6) 2/16 (13) 16/25 (64) 21/93 (23) 

 Drinking troughs 0/85 (0) 1/65 (2) 9/49 (18) 10/199 (5) 

 Milk 0/260 (0) 0/260 (0) 0/265 (0) 0/785 (0) 

 Milk filters 0/140 (0) 0/318 (0) 1/173 (1) 1/631 (<1) 

aserotype O182:H25. 882 

bserotype O121:H19. 883 

cserotype O26:H11. 884 
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TABLE 2 Occurrence of Shiga toxin–producing Escherichia coli (STEC) and Campylobacter jejuni in fecal samples on three dairy farms in 885 

different samplings from February 2014 through May 2015. No. of positive fecal samples (%) per samplinga 886 

Farm 1 Feb 

2014 

Mar Apr May Jun Jul Aug Sep Oct Dec Feb 

2015 

STEC O157:H7 

 Cows 0 0 0 0 0 0 0 0 0 0 0 

 Juveniles 0 0 0 0 0 0 0 1 (17) 0 0 0 

C. jejuni 

 Cows 3 (60) 1 (25) 0 3 (100) 0 0 0 0 2 (67) 1 (33) 0 

 Juveniles 0 2 (40) 0 0 0 1 (17) 0 0 0 0 0 

Farm 2 Mar 

2014 

Apr May Jun Jul Aug Sep Nov Jan 

2015 

Mar May 

 

STEC O157:H7 

 Cows 7 (88) 6 (86) 4 (57) 1 (17) 0 1 (17) 3 (60) 0 0 0 0 

 Juveniles 5 (100) 2 (50) 3 (100) 1 (100) NA 0 1 (50) NA NA NA NA 

C. jejuni 

 Cows 5 (63) 6 (86) 7 (100) 5 (83) 7 (100) 6 (100) 3 (60) 3 (50) 0 0 4 (80) 

 Juveniles 1 (20) 0 0 0 NA 0 1 (50) NA NA NA NA 

Farm 3 Feb 

2014 

May Jun Jul Aug Sep Oct Nov Jan 

2015 

Mar May 

 

STEC O157:H7 

 Cows 0 0 0 6 (100) 0 0 0 0 0 0 0 

 Juveniles 1 (20) 2 (50) 0 0 0 0 0 0 NA NA NA 

STEC O26:H11 

 Cows NA NA NA NA NA 3 (50) NA NA NA 0 1 (17) 

 Juveniles NA NA NA NA NA 1 (50) 2 (67)b 1 (14)b NA NA NA 

C. jejuni 

 Cows 1 (100) 5 (83) 5 (100) 6 (100) 6 (100) 5 (83) 6 (100) 6 (100) 6 (100) 6 (100) 6 (100) 

 Juveniles 4 (80) 4 (100) 0 0 0 2 (67) 1 (33) 5 (71) NA NA NA 

aNA, not analyzed. 887 

bunspecific detection with O157 IMS. 888 
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TABLE 3 Explanatory variables and their modeled effects on the contamination of bulk tank milk by stx gene that indicates contamination by 889 

STEC bacteria. Data consisted of weekly questionnaire answers on farm practices, meteorological observations, and laboratory results on milk 890 

quality on three dairy farms during one year 891 

Variable  Posterior 

probability 

p(βk > 0) 

95% 

posterior 

credibility 

interval 

Effect 

Farm fixed effect with three levels    

Sale culling i.e. removal of cows from the dairy herd 0.0003 -62.63, -3.66 negative 

Cleanse major cleansing in the barn 0.005 -4.93, -0.67 negative 

Feed abnormalities in feed 0.68 -0.58, 0.95 no 

Pastured pasturing of milking cows 0.01 -1.96, -0.32 negative 

Maint maintenance and breaks of the milking equipment 0.06 -2.76, 0.07 no 

Rain number of rainy days (≥ 1 mm) during six days preceding the sampling 0.52 -0.20, 0.20 no 

Temp average outdoor temperature (°C) during six days preceding the sampling  1.00 0.49, 1.25 positive 

Bact total bacterial counts (1000 cfu/mL) 0.78 -0.13, 0.26 no 

Cell somatic cell counts (1000 /mL) 0.41 -0.34, 0.24 no 

 892 

 893 

Figure legends 894 

FIGURE 1 Detection rates of STEC from the feces of milking cows, milk subsamples, and milk 895 

filters in different samplings on three dairy farms between January 2014 and June 2015. STEC 896 

non-O157 isolate that harbored only stx was additionally recovered from feces on farm 2 in May 897 

2015. 898 

 899 

FIGURE 2 Maximum likelihood tree based on genome-wide SNPs of 32 STEC O157:H7 900 

isolates, collected on three dairy farms from October 2011 through November 2014. SNPs were 901 

called against the in-group reference (Ec_Farm2_2014-03_C1). An outgroup strain 902 

(ESC_FA0769AA), collected in the UK in 2016, was included in the analysis. The tree is 903 
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unrooted and UFBoot support values ≥95% are shown. Branch lengths are ignored and only 904 

branches with support values ≥80 are shown. Lineages are colored by farms and branches of the 905 

in-group reference and outgroup are denoted by dashed lines. The tree was visualized using 906 

iTOL (75). 907 

 908 
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