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ABSTRACT
Cattle are commonly asymptomatic carriers of Shiga toxin-producing
Escherichia coli (STEC) and Campylobacter jejuni, which cause
gastroenteritis in humans. Especially STEC infections may lead to severe or
fatal consequences. Both STEC and C. jejuni are intermittently shed in cattle
feces and can contaminate bulk tank milk via fecal contamination during
milking. These bacteria are effectively eliminated from milk by
pasteurization, but the consumption of unpasteurized milk, or raw milk,
poses a risk of infection. In recent years, the consumption of raw milk has
become more popular, with public demand to relax legislation that restricts
sales of raw milk. However, on-farm epidemiology of these pathogens have
warranted further investigation to support the development of on-farm risk
management practices and pathogen monitoring of dairy farms that sell raw
milk to consumers.
These studies investigated a milkborne outbreak caused by STEC (Study
I) and obtained longitudinal data on the contamination of bulk tank milk by
STEC and C. jejuni, and explored on-farm contamination routes of these
pathogens (Study II). Furthermore, the studies revealed strain characteristics
of C. jejuni that may affect survival and persistence of this pathogen in milk
(Study III). The occurrence of STEC and C. jejuni, or C. jejuni alone, was
determined in bulk tank milk, in-line milk filters of the milking machine,
cattle feces, and the farm environment on four dairy farms (STEC and C.
jejuni in Studies I and II) or one dairy farm (C. jejuni in Study III). STEC and
C. jejuni isolates from the dairy farms were further subjected to phenotypic
characterization and whole-genome sequencing, followed by comparative
genomic analyses to explore gene contents and phylogenetic relationships
between the isolates. Furthermore, questionnaire data were collected to
trace back the outbreak source (Study I) and to determine on-farm risk
factors associated with milk contamination using a logistic regression model
(Study II). Ultimately, the results contributed to the revision of the Finnish
legislation that restrict the sales of raw milk in 2017 (Study II).
Study I elucidated the reservoirs and transmission routes of atypical,
sorbitol-fermenting (SF) STEC O157, which have largely been unknown. The
study presents microbiological and epidemiologic evidence that an outbreak
of SF STEC O157 with 11 cases originated from a recreational farm housing
dairy cattle and was transmitted via the consumption of raw milk. Thus,
these results strongly support bovine origin of SF STEC O157.
In longitudinal monitoring (Study II), one clone of STEC O157:H7, which
represented a bovine-associated lineage, was simultaneously isolated on each
of the three dairy farms. STEC O157:H7 persisted in two herds for up to 12
months, and a similar but distinct clone was reintroduced in one herd 2.5
years after the previous detection. These results support evidence that few
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STEC O157:H7 clones persist on-farm simultaneously. Unlike STEC, both
persistent and numerous sporadic C. jejuni strains appeared simultaneously
on dairy farms (Studies II and III). Persistence for 11 months or longer was
associated with a few C. jejuni genotypes, especially the host generalist
sequence type (ST) ST-883. C. jejuni of ST-883 outperformed other STs in
environmental fitness, representing the only ST that could be isolated from
bulk tank milk and milk filters and the dominant ST found from
environmental samples. Therefore, ST-883 imposes a higher contamination
pressure on milk than other STs among the farm isolates and represents a
candidate for on-farm risk-based monitoring.
In the longitudinal monitoring, STEC was rarely isolated from bulk tank
milk and milk filters and only simultaneously with fecal isolation. Higher
detection rates were obtained from milk filters than milk by both culture
methods and real-time PCR. Therefore, milk filters are more reliable
sampling targets for monitoring of STEC than milk. Isolation of C. jejuni
from milk and milk filters was associated with C. jejuni clone rather than
sample material, but the isolation rates of C. jejuni appeared generally poor.
To enhance the isolation rates for monitoring purposes, the sampling regime
also warrants further consideration. Reduced milk contamination by STEC
was associated with on-farm practices: pasturing and culling of dairy cows
and rigorous cleansing in the barn. Higher outdoor temperatures were
associated with increased milk contamination.
In Study III, C. jejuni of ST-883 persistently contaminated bulk tank milk
of a dairy farm for seven months or longer after having caused a milkborne
outbreak. Although ST-883 survived in refrigerated raw milk longer than
other STs from the same farm, the persistence of ST-883 in bulk tank milk
was likely affected by other phenotypic traits such as biofilm formation.
Outbreak strain of ST-883 reversibly adapted to survival in bulk tank milk,
showing biofilm formation in an on/off manner among replicate cultures and
cellular heterogeneity by phase variation in genes related to capsule and
oxidative stress response. Furthermore, the outbreak strain harbored a pTetlike genomic element, which may have contributed to higher biofilm
quantities. This study identified candidate phenotypic and genotypic
mechanisms affecting survival and persistence of C. jejuni in milk.
Taken together, STEC and C. jejuni can persist on dairy farms for months
or longer and contaminate bulk tank milk despite stringent on-farm hygiene
measures. Although these measures cannot totally prevent milk
contamination, they likely reduce the contamination pressure on milk.
Therefore, cost-effective hygiene measures should be applied on all farms
that sell raw drinking milk to consumers. Detection of pathogens from milk
may be challenging, and milk may also be contaminated by highly virulent
STEC and C. jejuni strains that show atypical phenotype, increasing their
environmental endurance or hampering their detection. Therefore, only heat
treatment of raw milk before consumption can adequately assure its food
safety.
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1 INTRODUCTION
Pasteurization and other heat treatments of milk effectively eliminate
zoonotic bacterial pathogens that may otherwise transmit from cattle to
humans and cause milkborne infections. Pasteurization has therefore been a
standard procedure in dairy processing for decades and has also set
standards for modern milk hygiene [1, 2]. However, consumption of
unpasteurized milk, commonly also known as raw milk, has increased in
popularity in recent years, creating public demand to relax the legislation
that restrict the sales of raw milk [3, 4]. In 2013, Finland eased the on-farm
sales of raw milk by omitting the requirement to register a dairy processing
plant [5]. Also pathogen monitoring on farms that annually sell more than
2,500 kg of raw milk was introduced into the legislation in 2013 and revised
in 2017 [5, 6]. Along with consumer preferences and legislative requirements,
there has been an urge to understand on-farm epidemiology of pathogens
that potentially transmit to humans via raw milk. Such understanding would
further support the development of on-farm risk management practices and
pathogen monitoring of dairy farms that sell raw milk to consumers.
The most notable health hazards associated with drinking raw milk
include Shiga toxin-producing Escherichia coli (STEC) and Campylobacter
jejuni, which cause gastroenteritis in humans [3]. Campylobacteriosis is the
most common bacterial gastroenteritis in the developed world, although the
disease is typically self-limiting and non-fatal. In contrast, STEC infections
can cause severe or fatal disease, especially in children, and are the fourth
most common cause of bacterial gastroenteritis in Europe [7]. Both STEC
and C. jejuni are ubiquitous in dairy cattle in Europe, including Finland.
These bacteria colonize the intestines of commonly asymptomatic cattle, are
shed in their feces, and transmit to the environment via fecal contamination.
These pathogens may also enter milk via fecal contamination during milking
[3]. However, data are limited on the frequency of pathogen contamination
of milk in dairy herds that shed STEC and C. jejuni in their feces [8–11].
This thesis investigated the frequency and contributing factors of milk
contamination by STEC and C. jejuni on Finnish dairy farms. The effects of
on-farm practices, meteorological factors, and hygiene indicators on
pathogen contamination of milk were modeled to aid the development of onfarm risk management practices. The persistence, reservoirs, and
contamination routes of these pathogens on the farm level were studied,
along with genotypic determinants affecting persistence, by exploiting wholegenome sequencing (WGS). By these means, this thesis identified strainspecific features that contribute to bacterial adaptation in dairy farm
environments and possibly to higher risk for milkborne infections.
Furthermore, the detection rate of STEC and C. jejuni was assessed from
different sample materials. These results can be utilized in the development
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of pathogen monitoring on dairy farms. Moreover, the results contributed to
revision of the Finnish legislation in 2017.
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2 REVIEW OF THE LITERATURE
2.1 Dairy production
2.1.1 Primary production and processing of cow’s milk
In 2017, a total of 676 million tons of cow’s milk was produced worldwide:
32.8% in Europe, 30.2% in Asia, and 27.3% in the Americas, predominantly
in the US (14.5%), India (12.3%), Brazil (5.0%), and Germany (4.8%).
Finland produced 2.4 million tons of milk (0.4% globally), with an average
annual yield of 8,750 kg/cow (seventh highest globally) in 2017 [12]. The
yield is generally affected by cow breed, health status, nutrition, and animal
husbandry [13]. In 2018, the Finnish cattle population mainly represented
Holstein Friesian (50%), Ayrshire (49%), and indigenous Finnish breeds
(1%), whereas the high-yielding (>10,000 kg/cow/year) Holstein Friesian
predominates globally. Finnish dairy cattle were housed in warm tie stall
(61%) and warm free stall barns (39%), with an average of 29 and 74 cows,
respectively, and milked in pipeline milking in stalls (60%) or in a milking
parlor (19%) or in an automated milking system (20%) [14]. The cows were
fed without antibiotic or hormonal growth promoters, mainly with fresh
grass and grass silage, complemented with grain and oleiferous and
leguminous plants [15]. The majority of Finnish dairy herds (63%) were
pastured during summer months (May–September) and were housed
indoors in winter, whereas a minority of herds were kept indoors year round
(20%) or had access to an outdoor pen in winter (11%) [14]. According to
regulation, cattle in tie stall barns should be taken outdoors in summer, but
this does not apply to animals in free stall barns [16]. However, Finnish dairy
farms are currently undergoing structural changes towards decreasing the
number of farms, with simultaneously increasing herd sizes, automation, and
number of free stall barns [17]. Increase of herd sizes follows the global
trend, led by the US [18].
On average, Finnish dairy cows calve once a year, at anytime of the year,
from the age of two years onwards and are culled by the age of five years [19,
20]. Cow calves are usually raised at dairy farms according to closed herd
policies, whereas bull calves are sold to feedlots. After calving, cows lactate
for 10 months and go dry two months before the next calving. While
lactating, cows are milked two or three times per day into a bulk tank, which
combines milk from all lactating cows in the herd [16]. Before milking,
udders are cleaned either manually with a warm, moist cloth or by automatic
brushing, followed by attachment of teat cups of the milking machine.
During milking, milk enters the bulk tank through a replaceable, in-line milk
filter of the milking machine, which is composed of textile fibers and removes
any visibly large particles from the milk. In the bulk tank, the milk is chilled
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from 35°C to 0–6°C within an hour from milking. The milk filter is replaced
after each milking round, usually twice per day in pipeline milking, followed
by washing of the milking machine with alkaline or acidic detergents. In
automated milking, cows’ need decides the moment of milking, but the milk
filter is replaced and the milking machine is washed usually three times per
day [21]. The bulk tank is usually drained and washed every second day, and
the milk is transported to a dairy plant for concerted processing [19].
Processed drinking milk typically undergoes skimming and
homogenization to modify fat contents, followed by pasteurization, usually
meaning a heat treatment at 72°C for 15 seconds, to eliminate harmful
microbiota and extend shelf life without affecting nutrients or taste. Heat
treatment of milk may be conducted also at lower (thermized milk) or higher
temperatures (extended shelf life; ESL, ultra-high temperature; UHT, and
sterilized milk) [3]. Pasteurized or heat-treated milk is primarily used in the
manufacture of various dairy products. In 2018, 98% of all milk produced in
Finland was processed in dairy plants, and only a fraction was used on-farm
for human (4.5 million liters) and animal nutrition (37.4 million liters) as
raw milk [17]. Raw milk refers to milk that has not been heated above 40°C
or undergone any equivalent processing—only chilling is allowed [22]. Raw
milk is consumed fresh on-farm or sold either fresh or frozen to domestic
markets with legal restrictions [6]. Besides its marginal drinking and cooking
usage, raw milk is used in the manufacture of artisan cheeses. In cheese
manufacturing, milk undergoes fermentation (by the addition of starters, i.e.
lactic acid bacterial cultures), enzymatic coagulation, i.e. curdling (by the
addition of rennet), molding, draining of whey, and salting [23]. Moldy,
semi-hard, and hard cheeses are additionally ripened for weeks, months, or
even years, and the ripening time is considered to correlate with the
elimination of harmful microbiota [23, 24].

2.1.2 Composition and microbiota of cow’s milk
Milk is an emulsion consisting of fat globules in a serum phase. The fat
globule membrane mainly consists of proteins, phospholipids, and
triacylglycerols and is usually degraded in processed milk by
homogenization, which results in homogeneous dispersion of fat molecules
in milk. Additionally, milk contains lactose as the primary carbohydrate and
as the principal carbon source for milk microbiota [3]. A rich microbiota is
introduced to milk predominantly either during or after milking from
environmental sources, including the teat apex, milking equipment, air,
water, feed, grass, soil, and in case of mastitis (mainly caused by
Staphylococcus spp., Streptococcus spp., or coliforms, such as Escherichia
coli), also via mammary excretion [3, 25]. The milk microbiota is
predominated by lactic acid bacteria, such as Lactococcus, Streptococcus,
Lactobacillus, Leuconostoc, and Enterococcus spp., but also psychrotrophs
are abundant, including Pseudomonas, Acinetobacter, and Aeromonas spp.
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Milk favors microbial growth with rich nutrient content, neutral pH, and
high water activity [3, 26]. Chilling of milk to 0–6°C suppresses the growth of
most microbiota, except the psychrotrophs, and pasteurization eliminates
vegetative bacteria, but not spores [3].
Milk contains naturally also antimicrobial compounds, such as
lactoferrin, lysozyme, immunoglobulins, and lactoperoxidase, although the
concentrations of lactoferrin and lysozyme are low in healthy cow’s milk [27].
In addition, milk contains somatic cells, predominantly white blood cells
(macrophages, lymphocytes, and neutrophils), which comprise 70–80% of
somatic cells in uninfected udder quarters, and become elevated in mastitis.
The minority of somatic cells are epithelial cells from udder tissue.
Composition of cow’s milk varies depending on the cow’s breed, stage of
lactation, digestive tract fermentations, and udder health status. In addition,
the composition is subject to dietary effects, including energy and protein
intake and seasonal and regional effects on feed [3]. Especially colostrum,
which is milked up to 3–5 days after calving, is rich in antibodies and
minerals [27, 28].

2.1.3 Milkborne infections and hygiene
Although raw milk contains beneficial microbes with probiotic and flavor
effects, zoonotic pathogens may be also present if the milk is not pasteurized
or heat-treated. Pasteurization, invented by Louis Pasteur in 1866, came into
force first in Chicago, USA in 1908 and decades later in Finland (in 1958)
[29, 30]. Comprehensive pasteurization revolutionized milk hygiene by
substantially decreasing milkborne infections [2, 31]. Today, the majority of
milk is heat-treated in developed countries, but marginal audiences have
shown interest also towards the consumption of raw milk in recent years,
coupled with the trend towards unprocessed, natural foods. Such foods are
claimed to possess higher nutritional values or other health benefits than
their processed alternatives, although scientific evidence is limited [reviewed
in 32]. Since the implementation of pasteurization, however, pasteurized
milk has set standards for risk management in dairy production. Therefore,
the consumption of raw milk poses a challenge for milk hygiene [3, 4].
The hygienic quality of bulk tank milk is monitored by European dairy
processors using total bacterial counts and somatic cell counts as indicators,
which may also affect the producer price depending on the country [3]. Total
bacterial count detects a variety of aerobic bacteria that grow at 30°C, being
thus only indicative of bacterial contamination, whereas somatic cell counts
are indicative of udder health status. By EU regulation [22], raw milk that is
received for processing should not exceed bacterial counts of 100,000
colony-forming units/ml (CFU/ml) and somatic cell counts of 400,000
cells/ml. US regulations are consistent with EU bacterial counts, but allow
somatic cell counts of 750,000 cells/ml [4]. Average European counts are
20,000 CFU/ml and 200,000 cells/ml, respectively [3]. In Finland, however,
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average counts appeared substantially lower in 2018, approximately 5,500
CFU/ml and 130,900 cells/ml, respectively, with 96.8% of milk complying
with top-quality (E-class) standards (<50,000 CFU/ml and <250,000
cells/ml). Automated milking yielded slightly higher average counts, 8,200
CFU/ml and 171,000 cells/ml [33]. Previous studies have shown, however,
that pathogens may be present in milk despite low total bacterial counts [34].
In the EU, main health hazards associated with raw drinking milk
comprise
thermotolerant
Campylobacter
spp.
(predominantly
Campylobacter jejuni), Salmonella spp., STEC, Brucella melitensis,
Mycobacterium bovis, and tickborne encephalitis virus (TBEV). These
pathogens are present in milk-producing animals in the EU and have caused
human infections via raw drinking milk, as shown by epidemiologic evidence
from reported outbreaks [reviewed in 3]. From 2007 through 2012,
altogether 27 milkborne outbreaks were reported in the EU, caused by
Campylobacter (78%), TBEV (11%), STEC (7%), and Salmonella (4%).
Especially Campylobacter, STEC, and Salmonella are ubiquitous in the EU
milk-producing animal population and milk, and are thus considered as the
most notable health hazards in raw drinking milk [3]. These are also among
the top four causes of bacterial gastroenteritis in humans in developed
countries [7, 35]. Salmonella, however, is rare in Finnish livestock, including
cattle, due to extensive national monitoring and zero tolerance in feed, and
human infections are therefore primarily travel-associated [7, 36]. B.
melitensis and M. bovis have caused milkborne outbreaks in the EU, but are
less common and geographically more restricted in milk-producing animals,
thus posing a lower risk of milkborne infection. Psychrotrophic Listeria
monocytogenes may also pose a risk of milkborne infection, but listeriosis
outbreaks attributable to raw drinking milk were not reported in the EU from
2007 through 2012 [3].
The top three health hazards in raw milk [3, 31], C. jejuni, STEC, and
Salmonella, colonize the intestines of asymptomatic cattle, transmit via the
fecal-oral route within a herd, and primarily enter milk via fecal
contamination during milking. To lower the transmission pressure of such
enteric pathogens, on-farm biosecurity measures have been applied and are
voluntarily obeyed regardless of their pathogen status by 86% of Finnish
dairy farms, accounting for herds within Centralized Health Care [37]. To
avoid introducing pathogens to the herd, recommendable actions include
closed herd or stable rearing groups (separately for calves, heifers, and cows),
food and water hygiene, and restricted access to the barn by visitors and
other species, including livestock, pets, and pests (rodents, birds, and flies).
Dry and clean bedding, modest animal density, proper manure handling, and
overall cleanliness of pens, routes, feeding surfaces, drinking troughs,
equipment, and vehicles restrict the spread of enteric pathogens on-farm or
from the farm, or lower their abundance in the farm environment, thus
limiting repeated fecal-oral transmissions [38–43]. Low transmission
pressure can eventually eradicate Salmonella from a colonized herd, but
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eradication of Campylobacter and STEC is considered difficult [42, 44].
Biosecurity measures have previously been suggested to reduce fecal
shedding of STEC on cattle farms, but the effect of such measures on
Campylobacter remains obscure [42]. Contamination pressure on milk while
cattle are shedding these pathogens in their feces warrants further study.

2.1.4 Sales regulations and pathogen monitoring of raw milk
In Europe, hygiene and labeling of raw drinking milk are regulated by the
EU, and EU regulations are further complemented with national regulations,
which may lay down additional requirements and restrict or prohibit the
sales of raw drinking milk [22, 28]. In many EU countries, raw milk can be
sold directly at the farm to consumers. In some countries, raw milk is also
distributed via vending machines and via internet sales [3]. In the US, crossstate sales of raw milk to consumers are prohibited by federal law, but intrastate sales are permitted in 60% of states, although limitations may apply
[45, 46]. Prohibited raw milk sales have also been circumvented by cowshare and leasing programs and by designating raw milk as pet food [4, 45].
Both in the EU and US, microbiological criteria for raw drinking milk mainly
comprise total bacterial counts, somatic cell counts, or coliforms [2–4, 46].
In Finland, total bacterial and somatic cell counts of raw drinking milk
must comply with E-class standards, and on-farm sales are permitted up to
2,500 kg/year without the need for official approval. Farms that sell more
than 2,500 kg/year of raw drinking milk need an approved food
establishment and monitoring plan for pathogens. STEC O157 and
Salmonella should be monitored in cattle feces by culture methods before
starting the raw milk sales, and thereafter, once every year. In addition, raw
cow’s milk should be examined for L. monocytogenes, milk filters for STEC,
and milk filters from an automated milking system also for thermotolerant
Campylobacter by culture methods every year. Real-time pathogen
monitoring of every milk batch would be impractical due to analysis costs
and duration, which may exceed the short shelf life of raw drinking milk,
despite faster culture-independent methods used for pathogen testing.
Additionally, retail sales of packaged raw milk are only permitted from an
approved food processing plant [5, 6]. As suggested previously, detection of
pathogens from bulk tank milk may be challenging due to dilution effect, and
analysis of milk filters may thus yield higher detection rates [47, 48].
However, limited data exist on the comparison of bulk tank milk and milk
filters as sample materials for the detection of different pathogen species.
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2.2 Shiga toxin-producing Escherichia coli (STEC)
2.2.1 History, definition, virulence determinants, and serotypes
STEC came into public awareness 37 years ago in 1983, after having caused
two outbreaks of hemorrhagic colitis (bloody diarrhea) via undercooked
hamburger beef patties in the US [49]. The outbreak was caused by E. coli of
serotype O157:H7 that produced Shigella dysenteriae serotype 1 (Shiga) -like
cytotoxin [50]. Earlier reports from 1983 and 1977 had associated sporadic
cases of hemolytic uremic syndrome (HUS) with cytotoxin-producing E. coli,
including serotype O157:H7, and described isolation of such organisms from
humans and food [51, 52].
Before its association with Shiga toxin, the cytotoxin was defined as lethal
to cultured African green monkey (Vero) kidney cells, leading to the
designations Verotoxigenic or Vero toxin-producing E. coli [51]. Still today,
designations referring to Vero toxin and Shiga toxin are used synonymously,
although harmonization efforts have promoted Shiga toxin-producing E. coli
[53]. In addition, STEC is sometimes called enterohemorrhagic E. coli
(EHEC), referring to the ability to cause hemorrhagic colitis in humans—an
ability that only applies to a subset of STEC strains [54].
Despite lack of clinical manifestation, STEC strains that represent certain
serotypes and carry intimin-encoding gene eae are sometimes confusingly
also called EHEC. Intimin is an outer membrane adhesin that binds to
intestinal epithelial cells, leading to attaching and effacing lesions. Intiminencoding gene eae is located in a pathogenicity island, called the locus of
enterocyte effacement (LEE), along with other genes that are needed for
bacterium–host cell adhesion [55]. Presence of eae, indicating the presence
of LEE, is common among STEC strains that cause enterohemorrhagic colitis
or HUS. However, STEC may be highly pathogenic also without eae, and eaeharboring STEC strains can sometimes also cause mild symptoms or
asymptomatic infections [56]. Strains that harbor eae without producing
Shiga toxin are designated as enteropathogenic E. coli (EPEC), which
typically cause diarrhea in infants in the developing world [57]. Other
diarrhea-causing E. coli are also known, e.g. enterotoxigenic E. coli (ETEC).
Such E. coli produces heat-labile or heat-stable enterotoxins, encoded by elt,
estIa, or estIb genes, and commonly causes travel-associated diarrhea [58].
Two types of Shiga toxins, Stx1 and Stx2, are known to be produced by
STEC and are encoded by three (stx1a, stx1c, and stx1d) and seven (stx2a–
stx2g) alleles, respectively, which are carried by lambdoid bacteriophages
[53]. Stx1 is almost identical to the cytotoxin of S. dysenteriae 1 and
approximately 60% identical to Stx2 at the amino acid sequence level. Stx
comprises two protein moieties, of which A inhibits protein synthesis in host
cells, causing cytotoxicity, and B binds to host cell receptor [55]. Cytotoxicity
varies between Stx types and subtypes, affecting virulence of STEC strains.
Stx2 is more toxic than Stx1, and subtype Stx2a has been associated with
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HUS most frequently. Furthermore, Stx1a has been associated with
hemorrhagic colitis [55, 59].
STEC bacteria share a core genome of 2,200 genes with apathogenic,
commensal E. coli and derive their pathogenic properties from the large
accessory genome of E. coli, comprising more than 10,800 genes [60]. Thus,
the genome size of E. coli ranges from 4.0 Mb for laboratory-adapted E. coli
strain K-12 to 5.5–6.2 Mb for STEC [61]. Commensal E. coli strain HS has a
genome size of 4.6 Mb. STEC harbors 120 genes that are unique to the
pathotype, and 43% of these genes are phage-related [60]. These 120 genes
also include LEE-encoded genes and non-LEE genes that encode effector
proteins with virulence properties. The effector proteins are secreted into the
host cell and allow the bacteria to colonize, multiply, and cause disease [55].
Taken together, horizontal gene transfer from the large pool of accessory
genes has enabled emergence and evolution of STEC and other pathogenic E.
coli and continues to feed the genomic plasticity of E. coli. Thus, STEC
strains with novel virulence gene ensemble have emerged in the past and are
likely to emerge also in the future [62, 63].
Because the definition of STEC is independent from serotype, STEC may
represent the same O:H serotypes as commensal E. coli. Today, 188 O types
and 53 H types of E. coli are known, referring to the somatic
lipopolysaccharide O antigen and flagellar H antigen, respectively [64].
However, O serogroups are often discussed in connection to STEC because
certain serogroups are abundant among clinical isolates [65]. These
serogroups have been deemed top seven serogroups, comprising O157, O26,
O103, O111, O121, O45, and O145, and declared as adulterants in food [66].
Therefore, also analytics efforts have concentrated on the detection of these
seven serogroups in food.

2.2.2 Reservoirs and environmental transmission of STEC
STEC resides in the gastrointestinal tract of its primary host, cattle and other
ruminants, which are typically asymptomatic carriers that lack host cell
receptors for Stx. By co-evolution with Stx-converting phages, STEC has
developed a selective advantage for transmission and survival in its bovine
host, whereas humans are considered transient accidental hosts. Such
selective advantage comprises adaptation to the nutrient conditions and
competing microbiota in the bovine gut, which likely downregulates stress
response and subsequent production of virulence factors [67, 68].
Cattle transmit STEC to the environment by fecal shedding. Fecal
shedding patterns vary intermittently, but long-term carriage for months or
years has been reported [11, 69]. Shedding typically increases during warm
months, and higher prevalence of STEC O157 has been reported in summer
and higher prevalence of non-O157 STEC in spring and fall [70].
Furthermore, animals excreting high bacterial quantities in their feces
(>10,000 CFU/g) are regarded as super-shedders, and super-shedding has
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especially been associated with STEC strains that carry stx2a [11, 71]. STEC
can survive in the environment for a year and endure the Nordic winter,
imposing transmission pressure on other animals and humans [72]. In
addition, animal vectors, such as wildlife and pests, can transmit STEC to
cattle [41].
Finland has monitored the prevalence of STEC O157 in the feces of
slaughtered cattle and sampled cattle farms based on slaughter findings and
suspected human infections (any serogroup) [73–75]. From 2012 through
2018, annual prevalence of 1.4–2.9% (1% accuracy at 95% confidence
interval, CI) has been recorded in slaughtered cattle with annually 10–45
farms positive for STEC (at 95% CI if more than 5% of the herd excretes
STEC) [73, 76].

2.2.3 STEC infections in humans
STEC is the fourth most common cause of bacterial gastroenteritis after
Campylobacter, Salmonella, and Shigella (in the US) or Yersinia (in the EU)
[7, 35]. Compared with Campylobacter, Salmonella, and Yersinia, however,
STEC generally causes more severe disease, being the most common cause of
HUS worldwide. STEC transmits via the fecal–oral route and the infective
dose can be low, less than 100 bacterial cells [56]. STEC commonly causes
both sporadic infections and outbreaks. Infections are usually acquired by
the consumption of contaminated food or water, contact with animals or
contaminated environments, or person-to-person contact [77]. Foodborne
STEC infections are typically acquired via undercooked beef, dairy products,
raw milk, or fresh produce (e.g. sprouts) [56]. However, STEC has caused
infections also via acidic or dry foods and drinks such as apple cider, salami,
and flour [78–80].
Symptoms of STEC infection range from asymptomatic carriage to severe
sequelae and death. After a typical incubation period of 3–4 days, watery
diarrhea and abdominal pain are first experienced for 1–3 days, with bloody
diarrhea following over the next several days in 90% of culture-confirmed
infections. HUS occurs 5–13 days after the onset of symptoms and develops
in 15% of patients under 10 years of age with a diagnosed STEC O157:H7
infection. HUS commonly causes acute renal failure, but other systemic
complications may also occur, comprising neurological (such as seizures,
coma, and stroke), cardiac, pulmonary, and intestinal (bowel perforation,
necrosis, and pancreatitis) consequences [56]. Severe complications affect
especially children and the elderly, but deaths have been reported also
among adults in good general health before STEC infection [62]. After
symptoms subside, asymptomatic carriage of STEC may continue for
months, restricting return to daycare and work, and thus, causing socioeconomic burden [81].
STEC O157 has been associated with HUS more frequently than other
serogroups [7, 65]. Furthermore, STEC O157 still represents the most
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prevalent serogroup among clinical isolates, although non-O157 STEC
infections have been reported increasingly, probably because of improved
laboratory diagnostics. In the EU and US, respectively, 1.66 and 2.85
confirmed STEC infections per 100,000 population were reported in 2017
and 2016, with STEC O157 accounting for 32% and 36% of infections [7, 35].
Higher incidences were reported in northern than in southern Europe with
the highest incidences in Ireland (16.6), Switzerland (8.2), and Scandinavia
(7.3–4.6). Finland reported an incidence of 2.2, with 45% of infections
associated with travelling abroad [7]. Globally, a high incidence of 11.4 was
also reported in New Zealand (in 2017) and 13.9 in Argentina (in 2014, only
O157) [67, 82–85]. In the US, serogroups O26, O103, O111, O121, O45, and
O145 accounted for 82% of non-O157 infections in 2000–2010 [65].
Serogroups O91 and O146 were additionally abundant in Europe, comprising
11% of non-O157 infections in 2017 [7].

2.2.4 Phylogenetic framework of STEC O157:H7
Because STEC O157:H7 has been regarded as the major serotype in both
its clinical prevalence and manifestation, major research efforts have focused
on this serotype. The current evolutionary model proposes that STEC
O157:H7 sequentially evolved from non-pathogenic E. coli O55:H7 by the
acquisition of phenotypic traits and virulence determinants, and finally by
serotypic change of O55:H7 that harbored stx2c phage and the LEE
pathogenicity island [59, 86]. After the serotypic change, two clonal
complexes (A4 and A5) diverged, giving rise to the non-motile (NM) O157
variant that was sorbitol-fermenting (SF) (A4) and to the motile O157:H7
variant that was unable to ferment sorbitol (NSF) (A5) (Figure 1). According
to timed phylogenies by Dallman et al. [59], this divergence occurred
approximately 405 years (95% credibility interval, CrI: 525–306 years)
before present, in 1615, although such approximations rely on mutation
(clock) rate and population assumptions and should therefore be interpreted
with care. Clonal complex A5 later evolved by losing its ability to produce βglucuronidase and by paraphyletic acquisition and loss of Stx-converting
phages, giving rise to contemporary diversity, referred to as typical STEC
O157:H7 [59].
Strains of typical STEC O157:H7 have been subjected to phylogenetic
grouping by overlapping schemes, which divide the strains into three stable
lineages (I, II, and I/II) and their sublineages (Ia–Ic and IIa–IIc) or nine
clades [87–89]. Lineage II, which represents clade 7 by the Manning scheme,
diverged from the β-glucuronidase-producing ancestor. Furthermore, the
common ancestor of lineages I and I/II diverged from the lineage II ancestor.
The lineages are globally dispersed, complemented by clonal expansion of
local subpopulations [59]. The common ancestor of typical STEC O157:H7
originated probably from the Netherlands and was disseminated globally by
animal movement, probably via Holstein Friesian cattle [84, 90]. Despite its
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longer history, STEC O157:H7 came into public awareness fairly recently, 37
years ago, which is thought to be due to the expansion of populations that
acquired stx2a and stx1a, causing more severe disease [59].

Figure 1

Evolutionary model of Shiga toxin-producing Escherichia coli O157. The model
shows clonal complexes A3–A5, lineages, clades, ability (SF) or inability (NSF) to
ferment sorbitol, non-motility (NM), β-glucuronidase expression (GUD), acquisition
of stx genes carried by lambdoid phages, and approximated evolutionary timescale
in years before present (year) [59, 89]. The figure was adapted from elsewhere [59]
and used under the terms of the Creative Commons Attribution 3.0 Unported (CC
BY 3.0) License, https://creativecommons.org/licenses/by/3.0/. The original
figure was complemented with clades and timescale, slightly modified for layout and
abbreviations, and lineages Ic and Ic2 were merged into one (Ic).

2.2.5 Characteristics of sorbitol-fermenting STEC O157
Although typical STEC O157:H7 accounts for the majority of human
infections, infections caused by the atypical, SF STEC O157 variant (A4;
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Figure 1) have also been reported in Europe and Australia [91, 92]. SF STEC
O157 was first detected in Germany in 1988 and has since caused several
outbreaks in Europe [91]. In Germany, SF STEC O157 accounts for 20% of
HUS cases caused by STEC. In Czech Republic, SF STEC O157 and typical
STEC O157 each cause 13% of HUS cases, being equally prevalent [93].
Despite frequent human findings, the sources of SF STEC O157 infections
have remained largely unknown, and SF STEC O157 has seldom been
isolated from animals. A few reports exist on the isolation of SF STEC O157
from cattle and a pony [94–96]. In contrast to the typical STEC O157, SF
STEC O157 infections are usually observed in winter and in children under 3
years of age. Therefore, different reservoirs or vehicles have been suspected
for SF STEC O157 than for the typical STEC O157 [96]. Although
phylogenetically related, a few phenotypic and genotypic differences exist
between SF STEC O157 (usually referred to as the German clone) and the
typical STEC O157, as summarized in Table 1. Compared with the German
clone, however, exceptional plasmid gene compositions have been reported
among Australian and Czech SF STEC O157 strains [92, 93].
Table 1

Characteristics of sorbitol-fermenting (SF) Shiga toxin-producing Escherichia coli
(STEC) O157 in comparison with typical STEC O157:H7.

Feature

SF STEC O157

Typical STEC O157

sorbitol

+

−

β-glucuronidase

+

−

motility

−a

+

hemolysis

−b

+

Phage type

88 or 23

various

Stx type

stx2 only

stx1, stx2, or both

eae (intimin)

+

+

cdtV-ABC operon (cytolethal distending

+

−b

−

+

pSFO157 (121 kb)

pO157 (92 kb)

hlyCABD operon (EHEC hemolysin)

+

+

etp operon (type III secretion system)

+

+

espP (serine protease)

−

+

katP (catalase peroxidase)

−

+

sfpAHCDJFG operon (Sfp fimbriae)

+

−

Phenotype

Chromosomal genes

toxin V)
terZABCDEF operon (tellurite resistance)
Plasmid (size)
Plasmid-encoded genes

+, presence. −, absence.
a

flagellar fliCH7 gene is present, but impaired.

b

occurs rarely.
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2.2.6 Methodological challenges in screening and isolation of STEC
Isolation of STEC fundamentally relies on the microbiology of E. coli, which
is a facultative anaerobic, Gram-negative, non-spore-forming rod with
optimal growth temperature at 37°C and ability to ferment lactose [97].
Furthermore, isolation of typical STEC O157 colonies has traditionally relied
on their inability to ferment sorbitol on sorbitol MacConkey agar (SMAC),
which allows differentiation of these pathogenic strains from the rich
background flora of commensal E. coli in feces, environmental samples, and
food. In addition, SMAC agar has often been complemented by βglucuronidase and tellurite to further differentiate typical STEC O157
colonies. Colonies of O157 have subsequently been selected based on their Oantigenic properties by immunomagnetic separation (IMS) [98]. Since the
first reports of STEC O157, however, awareness has increased regarding SF
O157 and non-O157 STEC as causes of human disease and their probable
under-diagnosis due to isolation methods [96, 99]. More chromogenic media
have since appeared on the market, but no single culture method exists that
can capture the whole phenotypic variety of STEC and simultaneously
distinguish them from non-pathogenic E. coli.
Therefore, culture-independent methods have been applied, including
real-time PCR, for the detection of stx, eae, and serogroup-specific genes
directly from the specimen. While real-time PCR offers higher sensitivity
than culture methods, it can also capture signals from DNA that reside in
separate or dead bacterial cells or in free-floating Stx-converting phages [99].
Both Stx phages and intimin-encoding gene eae have been found also from
other bacterial species, including Shigella (stx) and Citrobacter (stx or eae)
[68, 100–102]. Therefore, real-time PCR is often used for initial screening,
accompanied by an isolation attempt to confirm the presence of viable STEC,
making detection of STEC laborious [99].

2.2.7 STEC in dairy production
STEC can contaminate bulk tank milk mainly via fecal contamination during
milking. In addition, reports exist on the isolation of STEC from mastitis,
although the prevalence remains obscure [reviewed in 103]. Furthermore,
STEC can survive in raw milk at 5°C, proliferate in milk at 8°C, tolerate
acidity, and survive the cheese manufacturing process [23, 104]. Therefore,
STEC infections have been acquired via the consumption of both raw milk
and processed dairy products, including ripened raw milk cheese [105].
Previous studies have reported isolation of STEC from 0–2% of raw milk
samples globally, as reviewed by Farrokh et al. [106]. Similar isolation rates
of 0–5.7% and 2.7% have been reported in European and Finnish studies,
respectively [3, 34]. Higher detection rates have been obtained by real-time
PCR for stx from bulk tank milk (15%) and milk filters (51%) [47].
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2.3 Campylobacter jejuni
2.3.1 History and microbiology of C. jejuni
The first report of Campylobacter dates back to 1886 when Theodor
Escherich observed the presence of spiral-shaped bacteria, initially named as
Cholera infantum, in stools of deceased infants [107]. In 1938, Levy [108]
documented a milkborne campylobacteriosis outbreak caused by Vibrio
jejuni. In 1973, the organism was renamed as Campylobacter jejuni due to
differences in DNA base composition, growth requirements, and metabolism
between vibrios and the previously established genus Campylobacter [109,
110]. The epidemiology of Campylobacter was largely unknown until the
development of laboratory techniques in the 1970s, namely a filtration
method and selective medium, which enabled the isolation of these bacteria
from feces, expanding the discovery of Campylobacter from versatile hosts
and environmental sources [111–113]. Due to close relatedness, the gastric
pathogen Helicobacter pylori was initially classified as Campylobacter
pylori before the establishment of the genus Helicobacter in 1989 [114].
Currently, the genus Campylobacter consists of 39 species, four (C. jejuni,
C. coli, C. lari, and C. upsaliensis) of which are termed as thermotolerant
Campylobacter spp. [115, 116]. Human campylobacteriosis cases are most
frequently caused by C. jejuni (84–90%), followed by C. coli (≥9%) [7]. C.
jejuni comprises two subspecies, C. jejuni subsp. jejuni and C. jejuni subsp.
doylei, which differ from each other biochemically and can be separated
based on the nap gene locus. C. jejuni subsp. doylei has been associated with
human bacteremia and gastritis along with enteritis, but is rarely obtained
from clinical samples and mainly from pediatric patients [117]. C. jejuni
subsp. jejuni is the major cause of human campylobacteriosis and hereafter
will be referred to as C. jejuni.
C. jejuni is a Gram-negative, non-spore-forming rod that moves with the
aid of a polar flagellum or, when stressed, adopts a non-motile, spherical
coccoid form. C. jejuni has fastidious growth requirements, including
microaerobic conditions (5–10% O2 and 5–12% CO2) and temperatures above
30°C. Ideally, C. jejuni and other thermotolerant Campylobacter spp. grow
at 37–42°C, at body temperatures of their mammal and avian hosts, but can
survive without proliferation for months in cold waters or in moist, shaded
environments [118–121]. In addition, C. jejuni cannot usually utilize
carbohydrates in its energy metabolism, instead using primarily amino acids
and secondarily short-chain fatty acids. Iron metabolism is also essential for
the growth of C. jejuni, and oxygen sensitivity of the ferrous enzyme cofactors likely causes the microaerophilic nature of this organism [122]. C.
jejuni is considered fragile to environmental stressors such as atmospheric
levels of oxygen, heat, drying, UV radiation, and extreme pH and salinity
conditions [119–121].
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Isolation of C. jejuni and other thermotolerant Campylobacter spp. from
fecal, food, and environmental samples relies on their enrichment under
microaerobic conditions at 42°C using selective media. Typical colonies are
then selected based on colony morphology, motility, and positive oxidase
test. Positive hippurate test usually distinguishes C. jejuni from C. coli.
Alternatively, species identification can be based on proteomic fingerprinting
using matrix-assisted time-of-flight (MALDI-TOF) mass spectroscopy [116,
123].

2.3.2 Genome and population structure of C. jejuni
In 2000, Parkhill et al. [124] sequenced the first C. jejuni genome, the
reference strain NCTC 11168, and the genomes of other reference strains
(RM1221, 81-176, and 81116) followed soon after [125–127]. C. jejuni has a
small chromosome of 1.6–1.8 Mbp with a low G+C content of around 30%
and approximately 1,600–1,800 coding sequences [124, 128]. Remarkably,
the genome of C. jejuni lacks operon structure and repetitive DNA sequences
(i.e. duplicated genes), but contains hypervariable regions. These
hypervariable regions (or regions of divergence or plasticity) reside mainly in
gene clusters encoding surface structures, such as the capsule,
lipooligosaccharide, and flagella. In these regions, variability occurs in the
presence, absence, and organization of genes, but also the gene sequences
show allelic variation. Allelic variation arises mainly from length variation of
short homopolymeric tracts (poly-G or poly-C), causing premature
termination of gene translation. This allows C. jejuni to rapidly switch gene
functions between on and off state in a phenomenon called phase variation.
Phase variation enables rapid adaptation to environmental conditions,
probably aiding host colonization [124].
Some C. jejuni strains harbor horizontally acquired genomic elements,
including plasmids and integrated elements. The reference strain 81-176
carries two plasmids, pVir and pTet [129, 130]. Both of these plasmids
contain a type IV secretion system, which mediates cell contact and transfer
of macromolecules, including transfer of putative virulence proteins to the
host cell [129]. The plasmid pTet harbors also the tetO gene, which confers
resistance to tetracycline and has been suggested to maintain genomic
plasticity in C. jejuni [130, 131]. Integrated elements (CJIE1–CJIE5),
presumably of prophage or plasmid origin, harbor genes encoding nucleases,
which likely inhibit natural transformation of C. jejuni [125, 132, 133]. C.
jejuni is naturally competent for DNA uptake by transformation, allowing
acquisition of new genetic material by horizontal gene transfer [133].
Additionally, conjugation (mainly by conjugative plasmids) and transduction
(by bacteriophages) can facilitate horizontal gene transfer [130, 134].
Acquired genetic material is incorporated into the chromosome by
recombination, allowing introduction of new genes, homologous allelic
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replacements, and non-homologous replacements, which cause gene
disruptions [134, 135].
The vast genomic diversity within C. jejuni is mainly driven by extensive
recombination, which disrupt signals of clonal evolution that arise from
mutations, insertions, and deletions caused by replication errors or damage.
However, clonal population structure of C. jejuni has also been resolved and
frequently studied using multilocus sequence typing (MLST) [135]. MLST
assigns C. jejuni strains to sequence types (STs) based on allelic differences
in seven housekeeping genes. The gene loci are determined by the genus- or
species-specific MLST scheme, in this case the scheme for C. jejuni and C.
coli. STs are further grouped into major lineages called clonal complexes
(CCs) if they share four or more identical loci with the founder ST, as
determined by the BURST algorithm [136]. The nomenclature for STs and
CCs are globally harmonized and maintained at the PubMLST database
(https://pubmlst.org/campylobacter/). As resolved by MLST, C. jejuni populations
are structured into several clusters of related isolates, which follow their
assignation to CCs. Today, the PubMLST database (accessed 31 Oct 2019)
contains 44 CCs for C. jejuni and C. coli, of which mainly 2 CCs (ST-828 CC
and ST-1150 CC) represent the variation within C. coli, whereas C. jejuni are
assigned to all 44 CCs. The diverse population structure of C. jejuni lacks
geographical and temporal segregation, but shows host adaptation [135].

2.3.3 Reservoirs and environmental transmission of C. jejuni
C. jejuni inhabits the digestive tract of many wild and domesticated mammal
and avian hosts, which are typically asymptomatic carriers. Common
reservoirs of C. jejuni include poultry and cattle, and the bacterium is widely
spread in agricultural environments [137, 138]. Hakkinen et al. [139]
reported a prevalence of 19.5% for C. jejuni in the feces of Finnish
slaughtered cattle in 2003, although monitoring data for C. jejuni in Finnish
cattle are lacking from recent years. Population studies have revealed both
host-specialist and host-generalist lineages of C. jejuni. Host-generalist
lineages (such as ST-21 CC and ST-45 CC) can colonize multiple animal
species and are more commonly found in agricultural environments, whereas
host-specialists typically reside in a single species of wildlife due to either an
ecological barrier or restricted colonization ability [140, 141]. As postulated
by Sheppard and Maiden [135], livestock represents a relatively new niche
within the evolution of C. jejuni, and none of the C. jejuni lineages have
developed competitive advantage over other lineages within this niche.
Therefore, usually several STs are found simultaneously in agricultural
environments. A few livestock-associated generalist lineages are also known,
such as ST-61 in cattle, and specialist STs are also encountered within
generalist CCs, which may be related to progressive adaptation [137].
Whether C. jejuni transmits to livestock from the wildlife reservoir remains
debatable [142, 143].
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Due to its fastidious growth requirements, C. jejuni can only proliferate in
the host intestines, and colonized animals may shed high numbers of the
bacterium in their feces [144]. In cattle, shedding patterns vary
intermittently and seasonal peaks are typically observed in late spring and
early summer in temperate regions [137, 144]. C. jejuni spreads in the
environment via fecal contamination and transmits to other animals via the
fecal–oral route. Both newborn calves and newly hatched chicks are free
from C. jejuni and acquire the infection within a few days via the horizontal
route from the surrounding environment [144, 145]. Especially, soil and
water bodies may get contaminated directly from defecating animals or via
agricultural run-offs and protect the survival of C. jejuni in favorable (moist
and cool) conditions for prolonged periods of time [119, 146]. Animal vectors,
such as flies, birds, and rodents, have been suggested to maintain
transmission pressure in agricultural environments, although the
transmission routes of C. jejuni generally warrant further study [147, 148].

2.3.4 Survival mechanisms of C. jejuni in the environment
C. jejuni lacks many classical stress response mechanisms found in other
Gram-negative bacteria, such as the RpoS-mediated response, but possesses
alternative mechanisms to survive in harsh environmental conditions [124].
Especially, survival in the environment necessitates defense against
atmospheric levels of oxygen and reactive oxygen species. Oxygen tolerance
of C. jejuni, a microaerophile, is facilitated by an array of anti-oxidative and
regulatory gene products, which differ from those of other facultatively
aerobic enteric pathogens, such as E. coli [121, 149]. Other environmental
survival strategies of C. jejuni include adoption of dormant lifestyles, namely
viable but not culturable (VBNC) state, coccoid form, and biofilm formation,
and probably also interactions with other microbiota and protozoa, although
the role of protozoa as either protective hosts or predators remains debatable
[121, 150]. C. jejuni may enter the VBNC state in nutrient-poor
environments, and oxygen exposure probably contributes to this transition.
The VBNC state reduces cell metabolism, causing inability to grow colonies
on conventional laboratory media, while simultaneously retaining viability
and ability to recover and cause infection [151, 152]. In the VBNC state, cells
often undergo morphological changes to the coccoid form. The non-motile,
coccoid form likely saves energy under stressful conditions and is also
observed in laboratory cultures, thus not limited to the VBNC state [121].
In biofilms, sessile micro-organisms live in aggregated and differentiated
communities, which protect them against hostile environmental conditions
such as chemical (disinfectants) and mechanical (rinsing) stress [153].
Biofilm formation is a complex process, including attachment to the surface,
aggregation, and adaptation to the biofilm lifestyle [154]. C. jejuni forms
biofilm on various abiotic surfaces and survives in polymicrobial biofilms. As
previously suggested, C. jejuni are secondary colonizers of pre-existing
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biofilms on poultry farms, and co-existence in Pseudomonas biofilms could
enhance environmental survival of C. jejuni [155, 156]. Biofilm formation of
C. jejuni may be enhanced by oxygen exposure, and biofilm-grown cells have
shown shifted expression levels towards oxidative stress defense, iron
uptake, and membrane transport [154, 157]. Furthermore, mutational studies
have revealed the role of surface proteins, extracellular DNA, flagella, and
quorum sensing in the biofilm formation of C. jejuni [158–160]. However,
different C. jejuni strains vary in their ability to form biofilm as well as in
their ability to tolerate atmospheric levels of oxygen and to survive in the
environment [121, 161, 162]. More research is needed to elucidate the
complex mechanisms affecting the survival of C. jejuni in the environment.

2.3.5 C. jejuni infections in humans
Campylobacter is the leading cause of bacterial gastroenteritis in humans in
the developed world and also causes significant disease burden in developing
countries, although Campylobacter infections are probably heavily
underreported worldwide. In the EU and US, respectively, steady notification
rates of 61.4–64.8 and 11.8–13.0 per 100,000 population were reported in
2013–2017; however, increasing incidence trends have been observed
worldwide over the past decade [7, 35, 163]. Of the reported Campylobacter
infections, C. jejuni accounts for 84–90% [7]. C. jejuni transmits via the
fecal–oral route, the infective dose may be low (less than 100 cells), and
infections are predominantly sporadic [7, 163, 164]. In developing countries,
campylobacteriosis typically affects children up to two years of age, whereas
adults rarely experience symptoms, probably due to developed immunity
[165]. In developed countries, campylobacteriosis occurs among people of all
ages, but frequently affects young adults [163, 166]. Campylobacteriosis cases
typically peak during summer months in temperate regions, whereas such
seasonality is not observed in tropical regions [7, 165]. In Finland, a seasonal
peak in campylobacteriosis cases occurs typically in July–August, and most
interviewed cases are associated with travelling abroad (79% in 2017) [7,
166].
Humans acquire C. jejuni infections via the consumption of contaminated
food or water or via direct contact with animals or contaminated
environments. Person-to-person transmissions are rare. The majority of
infections originate from the chicken reservoir, especially via the
consumption of chicken meat. Cattle represent the second most common
source of campylobacteriosis, but beef accounts for only a minority of
infections [138, 167]. C. jejuni survives well in chicken carcasses and retail
chicken protected by feather follicles, but is exposed to drying and
atmospheric levels of oxygen in beef carcasses, causing low occurrence of C.
jejuni in retail beef (<1%) [7, 138]. Instead, foodborne, cattle-associated
infections are typically acquired via the consumption of raw milk, which has
also caused several outbreaks [3, 4, 31]. In addition to foodborne and direct
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exposures, run-offs of cattle manure can cause C. jejuni infections via
drinking water (well water) and swimming and recreational activities
(surface waters) [146, 168]. Molecular epidemiologic studies have revealed
that C. jejuni of clonal complexes ST-21 CC and ST-45 CC are abundant
among clinical isolates, but also in agricultural settings [169]. Additionally,
increasing proportions of ST-21 CC isolates have been reported along the
food chain from farm to fork [170].
Campylobacteriosis is typically a non-fatal and self-limiting disease with
symptoms including watery diarrhea, fever, abdominal pain, and sometimes
also bloody diarrhea and vomiting. The incubation period lasts 1–5 days and
diarrhea is experienced for 1–3 days, although discomfort may continue for
weeks [112, 163]. Sequelae may also follow in rare cases, including GuillainBarré syndrome, reactive arthritis, extra-intestinal infections, bacteremia,
and irritable bowel syndrome. Guillain-Barré syndrome is a severe paralytic
condition that requires hospitalization [163]. Although several putative
virulence genes have been suggested, the pathogenesis of C. jejuni remains
poorly understood. Pathogenesis of C. jejuni is facilitated by host
colonization, which requires motility and chemotaxis, adhesion, invasion,
and toxin production. Although C. jejuni produces cytolethal distending toxin
like other Gram-negative pathogenic bacteria, toxin production of C. jejuni
does not similarly determine virulence as in STEC [120].

2.3.6 C. jejuni in dairy production
C. jejuni enters milk via fecal contamination during milking, although rare
reports of subclinical mastitis also exist [8]. Due to its stringent growth
requirements, C. jejuni cannot proliferate in raw milk and is eventually
inactivated by the increase of competing microbiota and decrease of pH,
although the survival of C. jejuni in raw milk also varies between strains
[171]. C. jejuni can cause infections via the consumption of fresh raw milk
cheese, but ripening of cheese inactivates the organism [172, 173]. Despite its
fragility, C. jejuni has been the most frequent cause of raw milk-mediated
outbreaks and has been isolated from 0–12% of samples from raw cow’s milk
in European studies [reviewed in 3]. Furthermore, a meta-analysis by
Christidis et al. [174] estimated a global mean prevalence of 1.3% for
Campylobacter spp. in raw cow’s milk. In a previous Finnish study,
Ruusunen et al. [34] examined bulk tank milk from 183 dairy farms, but no
thermotolerant Campylobacter were detected in these samples.
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2.4 Methods for bacterial comparative genomics and
genomic epidemiology
2.4.1 Genotyping in the pre-genomic era
Pulsed-field gel electrophoresis (PFGE) has long been the golden standard
for genotyping of bacterial strains. In PFGE, bacterial genomic DNA is
fragmented using sparse-cutting restriction endonucleases, and the DNA
fragments are then separated by their molecular weight in gel
electrophoresis, resulting in gel migration patterns of DNA bands, i.e.
fingerprints. These fingerprints are typically assigned into pulsotypes in a
database. However, lack of consistent nomenclature and differing
experimental conditions have hindered strain comparisons by PFGE between
different laboratories and countries. Additionally, PFGE is subject to visual
interpretation and only separates DNA fragments by their size, thus not
providing any information on the genomic contents and reasons for fragment
size variations [175]. These limitations have been circumvented by sequencebased methods such as seven-loci MLST (introduced in Section 2.3.2). While
MLST is applicable for studying the diverse population structure of C. jejuni,
it lacks power to differentiate STEC O157 populations, which are highly
clonal and predominantly assign to ST-11 according to the MLST (Achtman)
scheme for E. coli [176, 177]. Recently, WGS has replaced PFGE as the
method of choice for genotyping of C. jejuni and STEC strains, and it has
extended the discriminatory power of MLST, while retaining backwards
compatibility with MLST nomenclature [67, 178, 179].

2.4.2 Whole-genome sequencing, assembly, and annotation
WGS became an affordable choice for genotyping of bacterial strains
alongside high-throughput (i.e. next-generation) sequencing techniques,
especially short-read sequencing. The short-read techniques produce
millions of nucleotide sequences in a massively parallel manner during a
single sequencing run. Each genome is sequenced multiple times (i.e.
coverage of depth, typically an average of 30–100 times) in short random
reads of 50–400 bp in length. Although sequencing reaction chemistries vary
between manufacturers (Illumina and IonTorrent), the WGS workflow
comprises extraction of genomic DNA from a pure culture, preparation of
genomic libraries, template preparation by either bridge amplification
(Illumina) or emulsion PCR (IonTorrent), and automated sequencing.
Library preparation further includes mechanic or enzymatic fragmentation of
DNA, addition of adaptors and indices (i.e. barcodes for the differentiation of
multiplexed samples within a run), and amplification. The market-leading
manufacturer Illumina relies on sequencing by synthesis of the
complementary strand and fluorescence-based detection of reversibly
blocked terminator nucleotides. The reaction also allows paired-end

33

Review of the literature

sequencing, in which library fragments are sequenced to the specified read
length consecutively from both directions for improved accuracy [178].
Illumina technology produces highly accurate base calls, with a vast majority
of base calls exceeding Phred quality score Q30, corresponding to 99.9%
accuracy [180].
Short-read WGS generates large datasets in text format, which require
algorithmic processing to obtain human-readable results of biologic interest.
Processing often includes quality control and quality trimming of reads,
especially when downstream analysis requires assembly of reads into longer
contiguous sequences, i.e. contigs, to obtain draft genomes. While raw
sequencing reads cover most of the genome multiple times, a draft genome
covers a single copy of an almost complete genome (95–99%), which
contains gaps and contigs in a random and possibly also reversed order.
Assembly process may be reference-based, in which reads are mapped
against a highly similar reference genome, or de novo, in which reads are
assembled without a reference genome, commonly utilizing de Brujin graph
[181]. De Brujin graph breaks up each read into k length subsequences (i.e. kmers) and deduces adjacent k-mers based on their overlap by k−1
nucleotides [182]. After assembly, contigs may be subject to quality checks,
correction of assembly errors, and when downstream analysis necessitates,
ordering using a highly similar, complete (i.e. closed) genome as a template.
Assembled contigs may be further subjected to annotation, in which genetic
features, such as protein-coding sequences (CDS), are automatically
predicted within the genome. In functional annotation, these CDS are further
assigned to protein functions exploiting similarity searches against
databases, which is often performed automatically (e.g. using Prokka
software), although manual curation may follow [181, 183].
Numerous software and software pipelines are available for assembly,
quality control, and downstream analyses. In these studies, INNUca pipeline
was used for automatic quality control and assembly of Illumina paired-end
data. INNUca pipeline uses FastQC sofware to evaluate the quality of reads,
Trimmomatic for quality trimming of reads, Spades for de novo assembly
using several k-mer lengths, and Pilon to correct assembly errors [184–186].
In addition, INNUca monitors the data for contamination by different or
same species at several steps. Before FastQC analysis, reads are mapped
against around 20 species-specific gene loci to determine the true
chromosomal coverage of depth, which is not biased by mobile genetic
elements of high copy number, and to alert to contamination issues, observed
as multiple alleles or absence of loci. After assembly, reads are mapped back
to contigs, and low-coverage and short contigs, which may contain
contaminants, are removed [187]. Furthermore, Kraken 2 software is used
for taxonomic assignment of both raw reads and final contigs against a
database, which is based on the assignment of each k-mer within the query
genome to the lowest common ancestor of all database genomes containing
the given k-mer [188, 189]. INNUca outputs the percentage of most
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abundant taxa within the genome as determined by Kraken 2. Finally,
INNUca uses seven-loci MLST for species confirmation [187].

2.4.3 Variant calling
Comparative genomics aims to determine the variation between two or more
genomes, allowing analysis of structural variations (i.e. large genomic
rearrangements, such as inversions, deletions, and translocations), and pangenomic and phylogenomic comparisons [190, 191]. In phylogenomic
comparisons, variation may be determined within a few loci or on a wholegenome scale, based on nucleotide variations, allelic variations, or k-mer
compositions. In principle, k-mer compositions of phylogenetically related
genomes are similar, which offers a crude basis for phylogenetic clustering
and can be utilized in species determination [192]. However, genomic
comparison of bacterial strains necessitates more sophisticated methods,
which are based on either single-nucleotide polymorphisms (SNPs) or alleles
(gene-by-gene, i.e. MLST methods).
In MLST methods (introduced in Section 2.3.2), variation at each gene
locus is reduced to an allele number (i.e. name), which only indicates
whether alleles are identical or differ at the sequence level, regardless of the
extent of sequence variation. For higher resolution, MLST methods can be
extended from seven loci to thousands of loci with the same principle of allele
assignment, although algorithmic principles change. Both core-genome
MLST and whole-genome MLST (wgMLST) schemas exist, containing,
respectively, only core loci, which are present in all (or almost all) genomes
of the dataset used in schema building, or both core and accessory loci, which
derive from the pan-genome of such dataset [193]. In these studies, wgMLST
schemas for E. coli and C. jejuni were used with the chewBBACA software for
allele calling, which includes prediction and translation of CDS within the
query genome and calculation of BLAST (basic local alignment search tool)
score ratios between query and database sequences to identify alleles [194–
196]. Although the same wgMLST schemas are used throughout studies, the
number of shared loci varies depending on the dataset being evaluated,
allowing dynamic scaling of resolution.
The highest resolution, however, can only be achieved by SNP-based
methods. When a highly similar reference genome is available, reads can be
aligned (i.e. mapped) to this reference to determine SNP positions (e.g. using
Snippy software). Alternatively, datasets comprising more diverse genomes
may be subject to core gene alignment (e.g. using Roary software) after de
novo assembly, annotation, and pan-genome analysis. Either way, variation
is captured at the nucleotide sequence level [197, 198]. Whereas alignment of
full or core genomes can provide high-resolution information for
phylogenomic or pan-genomic studies, alignment of reads against a few loci
can provide enough information for in silico typing without the need for
genome assembly or annotation [181]. For example, in silico typing can be
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based on the presence or absence of certain loci, allowing pathotyping and
serotyping of E. coli genomes, or based on SNP differences in certain loci,
allowing stx subtyping and clade typing of E. coli.

2.4.4 Phylogenomic trees
Phylogenomics investigates evolutionary relationships between genomes.
These relationships are presented with a tree topology, in which leaves (or
tips) represent the genomes under investigation, inner nodes represent their
extinct ancestors (or divergence events), and branch lengths represent the
time required to mutate one genome into another. Unrooted trees present
relationships between genomes without depicting the common ancestor of
the whole dataset as the root. Groups of evolutionary descendants of a
common ancestor are termed as monophyletic groups, lineages, clades, or
clones [67]. Various methods can be applied to construct trees, yielding
various alternative tree topologies. For example, maximum likelihood offers
a highly accurate method to construct trees from sequence alignments based
on SNP differences. In the method, the tree topology is chosen from the
alternative ones by maximizing the likelihood (function) that the topology
derives from the data under a certain hypothesis (evolutionary model) [199].
The accuracy of this topology can be further evaluated by bootstrapping,
which is based on random sampling (e.g. 1,000 times) of sequence features
from the alignment with replacement, and construction of trees from such
random samples. Bootstrapping yields a support value for each branch,
which represents the proportion of trees (e.g. from 1,000 trees) that contain
the branch [200].
Because phylogenies assume clonal evolution (by mutations, insertions,
and deletions), recombination (introduced in Section 2.3.2) violates the
assumption. Recombination potentially introduces several SNPs in one
event, creating substantial variation, and is therefore usually masked from
sequence alignments before constructing phylogenies to improve tree
accuracy. In contrast, MLST methods reduce SNPs to allelic differences and
are therefore more robust against recombination [197]. Phylogenies can be
constructed from wgMLST data based on a distance matrix, which contains
pairwise distances (PWDs) between all genomes of a dataset [193]. PWD
represents the number of variant loci between two genomes, limited by the
number of shared loci within the dataset (allelic profile size). Various
distance-based phylogeny construction methods that rely on different
evolutionary assumptions exist such as UPGMA (unweighted-pair group
method with arithmetic mean) and Neighbor Joining [201–203]. In addition,
distance matrices can be used to infer minimum spanning trees (MSTs),
which depict the genomes under investigation as nodes and PWDs between
nodes as links. Nodes are connected in a way that minimizes the summed
distance of all links in the tree. For example, goeBURST algorithm uses
tiebreak rules to calculate a unique and globally optimized tree [204]. The
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tree lacks inner ancestral nodes, and links present only PWDs, not
evolutionary time. Therefore, MSTs visualize relationships between genomes
on a short timescale and not their evolutionary history, being useful in, for
instance, outbreak investigations [205].

2.5 Statistical modeling
2.5.1 Generalized linear model and logistic regression
In statistical inference, conclusions regarding unobserved quantities are
drawn from numerical data. These unobserved quantities are either
potentially observable quantities, such as future observations, or quantities
that are not directly observable, such as parameters that cover the
hypothetical process of yielding the observed data, e.g. regression coefficients
[206]. In the simplest form, linear regression describes a linear relationship
between the response variable Yi and an explanatory variable Xi (i.e.,
covariate) at the ith unit:
𝑌𝑖 = 𝛼 + 𝛽 ∙ 𝑋𝑖 + 𝜀𝑖
Where α is the population intercept, β is the population slope, and ε is the
residual or the information that is not explained by the model. The values of
regression coefficients α and β can be estimated for the whole population
based on observed sample data (y and x) given that certain assumptions are
met (normality, homogeneity, independence, and fixed X), which are
considered in data exploration before modeling [207, 208]. Estimation can
be based on maximizing the likelihood (function) that the model produced
the observed data or minimizing the unexplained part of the model [203,
207]. The slope β is often of particular interest in estimation, denoting the
effect of an explanatory variable or treatment (e.g. cleansing) on the response
variable or phenomenon (e.g. contamination of milk by bacteria). The
intercept α sets the constant level of Yi (when Xi=0), which may also be
stratified by subgroups in clustered sampling (e.g. as a fixed effect by
sampling site). In linear regression model, the response variable (Yi) follows
normal (i.e. Gaussian) distribution, which is not directly applicable in every
case (although it could be applicable for suitably transformed variables).
Generalized linear model allows the use of non-Gaussian distribution for
the response variable and also the use of a different relationship (link)
between the response variable and the explanatory variable (or often
multiple explanatory variables) than in linear regression. The model consists
of three steps: (i) the distribution of the response variable, (ii) specification
of the systematic part, meaning a function of explanatory variables, and (iii)
the link between the mean of the response variable and the systematic part.
Proportional data, such as the percentage of positive samples in sampling i,
follows from Binomial(n, πi) distribution of the positive counts in a sample of
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n with the mean of n∙ πi, where the unknown expected proportion πi can get
values from 0 to 1. Therefore, such data also necessitates a link function that
maps all of the linear expressions α+β∙Xi between 0 and 1, regardless of the
values of α, β, and Xi. This can be achieved by logistic regression, in which log
odds, meaning the natural logarithm of odds πi/(1− πi) and denoted as
logit(πi)=log(πi/(1− πi)), are modeled as a linear function of the explanatory
variables. Instead of values between 0 and 1, odds present probability ratios
without an upper bound, between 0 and infinity. Log odds, additionally, can
present negative values, ensuring sensible realizations for any regression
variables [209].

2.5.2 Bayesian methods
Bayesian data analysis covers three steps. First, a full probability model is set
as a joint probability distribution for all observable and unobservable
quantities, given the prior knowledge on the underlying scientific problem
and the data collection process. Second, the conditional probability
distribution (i.e. posterior distribution) of the unobserved quantities of
interest is calculated and interpreted, given the observed data. Third,
implications of the resulting posterior distribution and the model fit are
evaluated, possibly followed by repeating the steps with model alterations.
Bayesian inference interprets probability intervals in the sense of direct
quantification of uncertainty, providing a powerful approach for interval
estimation and for fitting complicated models with multiple parameters and
hierarchy [206]. Bayesian posterior CrI can be directly interpreted to contain
the unknown quantity with high probability, given the actual data, whereas a
frequentist CI corresponds to the frequency of possible CIs that contain the
unknown quantity in repeated independent samplings of data [210].
According to Bayes’ rule, the posterior probability distribution p(θ|y) for
parameter θ (conditional on data y) is defined as the product of prior
probability distribution p(θ) and the likelihood function p(y|θ), the latter of
which derives from the probability model for observed data:
𝑝(𝜃|𝑦) =

𝑝(𝜃) ∙ 𝑝(𝑦|𝜃)
𝑝(𝑦)

In case relevant prior knowledge does not exist, or its effect needs to be
avoided, prior distributions can also be uninformative, meaning that the
inference of posterior probabilities is practically unaffected by prior
distributions. If we are interested in the effect of an explanatory variable Xi
(see Section 2.5.1) without prior knowledge, we could define an
uninformative prior distribution for β and then calculate a posterior
probability distribution for β. Calculation of posterior probabilities usually
rely on simulation such as Markov Chain Monte Carlo. Such simulation is
based on drawing values of θ from approximate distributions and correcting
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those draws iteratively to approximate the target posterior distribution
p(θ|y) more precisely with a large set of sampled values of θ. Thus, the draws
form a Markov chain, which improves at each step in the sense of converging
to the target distribution [206]. From the posterior probability distribution
of β, we could define a 95% CrI, or conclude that the explanatory variable has
a positive effect with at least 95% chance if at least 95% of the sampled values
of θ were positive; corresponding to the posterior probability P(θ>0 | y) 
0.95. Similarly, negative effects can be concluded, as can any other
quantitative statements regarding the uncertain quantities.
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3 AIMS OF THE STUDY
This thesis investigated the occurrence of bulk tank milk contamination by
STEC and C. jejuni, risk factors for milk contamination, and contamination
routes of these pathogens on dairy cattle farms. Furthermore, on-farm
persistence of STEC O157:H7 and C. jejuni strains was investigated, along
with phenotypic and genotypic traits affecting persistence.
Specific aims were as follows:
1. To present microbiological and epidemiologic evidence on the human
transmission of SF STEC O157:H7 (NM) from cattle reservoir and raw
milk (I).
2. To determine the frequency of bulk tank milk contamination by STEC
O157:H7 and C. jejuni and the occurrence of milk contamination with
fecal shedding of these bacteria by the cattle herd in longitudinal
monitoring (II).
3. To compare bulk tank milk and in-line milk filters of the milking
machine as sampling targets for monitoring STEC O157:H7 and C.
jejuni (II).
4. To monitor the effect of on-farm hygienic measures on persistent bulk
tank milk contamination of C. jejuni and to identify the contamination
route (III).
5. To recognize risk factors for bulk tank milk contamination by STEC
among on-farm practices, milk hygiene indicators, and meteorological
factors (II).
6. To recognize on-farm persistence and contamination routes of STEC
O157:H7 and C. jejuni strains on a whole-genome sequence scale (II,
III).
7. To identify phenotypic and genotypic traits that contribute to the
persistence of a C. jejuni strain in bulk tank milk (III).
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4 MATERIALS AND METHODS
4.1 Farm samplings (I–III)
4.1.1 Dairy farms and suspected milkborne outbreaks (I–III)
In both Studies I and III, a dairy farm was first sampled on the basis of a
suspected outbreak. Study I describes an outbreak of SF STEC O157 that was
identified in south-western Finland in June 2012. Children had been
hospitalized with HUS after the consumption of raw cow’s milk from a local
farm. The suspected farm was a historical travel sight with methods from the
1950s for rearing livestock (15 cows and 14 sheep) and manual milking.
In Study II, three dairy farms were recruited to a longitudinal study on
the basis of previous on-farm isolation of both STEC O157:H7 and C. jejuni.
STEC O157:H7 had been isolated over two years previously on farm 1 and
three to four months previously on farms 2 and 3. Farm 1 housed 30 cows for
pipeline milking in a parlor. Farms 2 and 3 both housed 60 cows in an
automated milking system. All farms of Study II were located in southern
Finland.
Study III describes a follow-up study of a campylobacteriosis outbreak
recognized in western Finland in November 2012. Children had been
hospitalized with bloody diarrhea and C. jejuni infection after the
consumption of raw cow’s milk purchased from a local farm. The farm
housed 40 cows for pipeline milking in tie stalls. According to a
questionnaire administered to regular milk-purchasing customers and party
attendees (total response rate 97%), 18/62 persons (29%) fell ill with
diarrhea, of whom 11/14 (79%) had a culture-confirmed infection and 12/16
(75%) had consumed raw milk. C. jejuni of an identical pulsotype was
isolated from the dairy farm and patients.

4.1.2 Farm samplings and on-farm hygienic measures (I–III)
The farms were sampled to confirm the outbreak source (Study I) or to
monitor on-farm contamination of STEC or C. jejuni (Studies I–III). Since
the first detection of STEC O157 (Studies I and II) or C. jejuni (Study III), onfarm hygienic measures were applied to reduce contamination pressure of
the pathogen and to prevent human transmissions. The hygienic measures
were continued during samplings and included continual disinfection of
drinking and feeding troughs and contaminated areas. Enhanced hygiene
practices were applied in milking and in handling of feed and manure. To
decontaminate bulk tank milk on the outbreak-associated farms, either the
milk room was replaced (Study I) or the milking machine and milk tank were
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rigorously rinsed with acid, and their components were replaced (Study III).
Sales of raw milk were prohibited on all farms after the first suspicion of
pathogen contamination. Regardless of the pathogen contamination, the
farms had followed closed herd policies and produced their own silage (Study
II).
In Study I, the farm was sampled both during the outbreak and three
months later. Samples were taken for STEC analyses from cattle (n=29) and
sheep feces (n=7), bulk tank milk (n=16), and the farm environment (n=56).
Twenty-seven, 5, 8, and 1 sample, respectively were taken for Campylobacter
analyses. Environmental samples were taken as surface swabs from the milk
room, routes, drinking troughs, and feeding tables.
In Study II, the farms were sampled for one year between January 2014
and June 2015. Five subsamples of bulk tank milk (n=785) and milk filters
(n=631) were collected weekly, altogether 52 to 53 times on each farm. Cattle
feces (n=257), swabs from drinking troughs (n=199), and two subsamples of
drinking water (n=32) were taken monthly or every second month,
altogether 11 times on each farm. Water samples were taken only on farm 1,
where drinking water originated from a private supply.
In Study III, the farm was sampled during six months after the outbreak.
Samples were taken from bulk tank milk (n=11) and replaceable in-line filters
of the milking machine (n=21) weekly during the first three months and once
at six and seven months after the outbreak. Cattle feces (n=39) were taken
twice during the first two months, and the farm environment (n=54) was
sampled throughout the six-month period. Environmental samples
comprised rinsing water of the milking machine, udder cloths, and surface
swabs from the milk room, milking liners, drinking troughs, and feeding
surfaces.

4.1.3 Sample handling and test portions (I–III)
Farm samples were chilled immediately after collection and dispatched to
the laboratory. Laboratory analyses were started within 24 hours of
sampling, except for milk filters (see below). Samples were analyzed at the
Finnish Food Authority (Helsinki, Finland), which is the national reference
laboratory for STEC and thermotolerant Campylobacter.
Bulk tank milk was analyzed as two to ten subsamples (Study I) or five
subsamples (Studies II and III) of 25 ml in 225 ml of broth. Milk filters were
collected within 48 h from milk sampling (Study II: three to ten filters; Study
III: one to four filters), moistened with buffered peptone water, refrigerated,
and dispatched to the laboratory with the milk samples. Milk filters were
longitudinally halved and one (Studies II and III) to three (Study II) halves
were enriched as a sample in 225 ml (Studies II and III) or 450 ml of broth
(Study II).
Fecal samples were either taken from the rectum and analyzed as
individual samples (cattle in Studies I and III) or freshly collected from the
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barn floor (Study II) or pastures (sheep in Study I) and analyzed as pooled
samples of 5 to 10 animals according to the contemporary sampling regime of
the Finnish monitoring program for STEC [73]. For each fecal sample, a test
portion of 10 g was enriched in 90 ml of broth.
Each swab sample was taken with a moistened sponge (Polywipe; Medical
Wire and Equipment, Corsham, Wiltshire, UK), which was enriched in 90 ml
(Study II) or 225 ml of broth (Studies I and III). Each udder cloth was
enriched in 225 ml of broth (Study III). For a water sample, 8 liters (Studies
II and III) or 12 liters (Study III) of water was collected either as drinking
water from the barn and pastures (Study II) or as rinsing water of the milking
machine (Study III). Each water sample was filtered through 0.45-μm-poresize membrane filters (GN-6 Metricel Membrane; Pall Corporation, Ann
Arbor, MI, USA), and filters of the whole sample (Study III) or filters of two
4-liter subsamples (Study II) were enriched in 100 ml (Study II) or 225 ml of
broth (Studies II and III).

4.2 Screening and isolation of STEC (I, II)
4.2.1 Human samples (I)
Suspected SF STEC O157 was isolated from human fecal samples at the
Turku University Hospital (Turku, Finland), and the isolates were further
characterized at the National Institute for Health and Welfare (Helsinki,
Finland). Human isolates were examined for O:H serotype by agglutination,
sorbitol fermentation on SMAC, hemolysis on tryptose agar containing 5%
washed sheep blood and 10 mM of Ca2Cl, and phage type by culturing with
lytic phages, as described previously [211–214]. Virulence genes stx1, stx2,
eae, ehxA, and saa were examined by PCR and H genoserotypes of nonmotile isolates by real-time PCR [215, 216]. Antimicrobial susceptibility was
tested by a disk diffusion method according to the Clinical Laboratory
Standards Institute (CLSI) for streptomycin, sulphonamide, and tetracycline
or according to the European Committee on Antimicrobial Susceptibility
Testing (EUCAST) for ampicillin, chloramphenicol, trimethoprim,
ciprofloxacin, gentamicin, nalidixic acid, cefotaxime, mesillanam
(amdinocillin), and imipenem.

4.2.2 Milk and milk filters (I, II)
Milk and milk filter samples were analyzed for STEC simultaneously by realtime PCR and culture methods according to a technical specification of the
International Organization for Standardization, (ISO/TS) 13136:2012 [217].
The samples were enriched in modified tryptone soy broth (mTSB)
containing 12 mg/l acriflavin (Studies I and II) or in buffered peptone water
(Study I) and subjected to DNA extraction (MasterPure kit [Epicentre,

43

Materials and methods

Madison, WI, USA] or iQ-Check STEC kit [Bio-Rad, Marnes-la-Coquette,
France]) and IMS (Dynabeads anti-E. coli O157; Life Technologies/Thermo
Fisher Scientific, Oslo, Norway). DNA extracts were analyzed for the
presence of virulence genes stx1, stx2, and eae by real-time PCR (TaqMan
ISO assay [Life Technologies/Thermo Fisher Scientific, Carlsbad, CA, USA]
or iQ-Check STEC kit). Stx-positive samples were further examined for the
serogroups O157:H7, O26, O103, O145, O111, O121, and O45 by real-time
PCR (iQ-Check STEC kit) (Study II).
IMS was followed by plating onto two selective media: cefexime-tellurite
SMAC with 5-bromo-4-chloro-3-indoxyl-β-D-glucuronide (CT-SMAC-BCIG)
(Harlequin, Lab M, Lancashire, UK) and CHROMagar STEC (CHROMagar,
Paris, France). In Study I, CHROMagar STEC was replaced with CT-SMAC
(Difco; Becton, Dickinson and Company, Le Pont de Claix, France) during
the outbreak. The plates were screened for SF STEC O157 colonies that were
sorbitol- and β-glucuronidase-positive (Study I) or for typical STEC O157
colonies that were sorbitol- and β-glucuronidase-negative (Study II). In
Study II, other STEC serogroups than typical O157 were examined by plating
10 μl of enriched sample without IMS and screening the plates for suspect
sorbitol-positive colonies. Suspect STEC non-O157 colonies were further
streaked onto CHROMagar STEC and screened for the virulence genes stx1,
stx2, and eae.

4.2.3 Cattle feces and the farm environment (I, II)
Fecal and environmental samples were examined for STEC O157 by culture
methods according to ISO 16654:2001 (Study II: feces and Study I) or
ISO/TS 13136:2012 (Study II: swabs and water) [98, 217]. The samples were
enriched in mTSB broth containing, respectively, 20 mg/l or 16 mg/l
novobiocin. Fecal samples were enriched for 6 h and environmental samples
for 6 h (Study II: swabs and Study I) or 18−24 h (Study II: water and Study
I). Enriched samples were subjected to IMS, followed by plating onto
selective media, as described for milk and milk filters. In Study II, feces were
additionally examined for non-O157 serogroups with IMS in one or two
samplings if these serogroups were first detected in PCR screening of milk
and milk filters.

4.2.4 Confirmation and characterization of STEC farm isolates (I, II)
Suspect STEC colonies were biochemically confirmed as E. coli and tested for
O antigen agglutination using E. coli O157 latex test kit (Oxoid, Thermo
Fisher Scientific, Basingstoke, UK) (Studies I and II) or E. coli rabbit antisera
for O26, O111, O104, O103, or O145 (SSI Diagnostica, Hillerød, Denmark)
(Study II). The colonies were additionally tested for β-glucuronidase activity
and hemolysis (Study I) [218, 219]. PCR methods were further applied to
study suspect STEC isolates for the presence of genes stx1, stx2, eae, ehxA
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(Studies I and II), rfbE (O157), and sfpA (Study I) [215, 217, 220]. In Study I,
stx genes were subtyped using a PCR method [221]. As an exception, an
isolate that lacked rfbE (O157) was examined for the O:H serotype and stx
subtype by serologic and PCR methods, respectively, at the World Health
Organization Collaborating Centre for Reference and Research on
Escherichia and Klebsiella (Copenhagen, Denmark). A representative farm
isolate of Study I was examined for phage type and serotype as described for
human isolates.

4.3 Isolation of C. jejuni (I–III)
Water samples were cultured for thermotolerant Campylobacter according
to ISO 17995:2005 (Study II) and other farm samples according to ISO
10272-1:2006 (Studies I and II), both methods with the exception of
enrichment for 24 h [116, 222]. In Study III, farm samples were cultured for
thermotolerant Campylobacter according to Nordic Committee on Food
Analysis (NMKL) 119:2007, and Campylobacter in milk samples (25 ml) was
quantified by the most probable number (MPN) method using three dilutions
and five replicates (3×5 MPN) [123, 223]. Suspect Campylobacter isolates
were confirmed as C. jejuni biochemically (Studies I–III) or by MALDI-TOF
(MALDI Biotyper, reference library version 4.0.0.1, 5627 main spectra
libraries, Bruker Daltonik, Bremen, Germany) (Studies II and III).

4.4 Subtyping of isolates by pulsed-field gel
electrophoresis (I–III)
For each positive sample, one to three STEC (Studies I and II) or C. jejuni
(Studies II and III) isolates were subtyped by PFGE. STEC isolates were
subtyped with XbaI digestion [224]. C. jejuni isolates were subtyped with
SmaI digestion or, if non-digestible, by SmaI with KpnI [225]. PFGE
fingerprints were analyzed with BioNumerics software (version 6.6; Applied
Maths, Sint-Martens-Latem, Belgium), and unique pulsotypes were
designated by the difference of one or more bands. Similarities in PFGE
fingerprints were calculated using the Dice coefficient with 1.5% optimization
and 1.0% tolerance for STEC and with 0.5% optimization and 1% tolerance
for C. jejuni.

4.5 Phenotypic characterization of C. jejuni isolates (III)
In Study III, a representative C. jejuni isolate of each pulsotype (n=8) was
subjected to phenotypic characterization with the reference strain NCTC
11168 (ST-43, ST-21 CC): survival in refrigerated raw milk, aerotolerance,
biofilm formation, and antimicrobial susceptibility. Additional isolates from
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different sample materials were studied for survival in raw milk and biofilm
formation, together with an ST-883 milk filter isolate from Study II. All
experiments included a negative control (uninoculated broth) and were
repeated at least three times (corresponding to three biological replicates).
The isolates were streaked onto ovine blood agar plates from deep-frozen
glycerol stocks and incubated under microaerobic conditions (5% oxygen,
10% CO2) at 41.5°C (biofilm studies) or at 37°C for 48 h. A single colony was
then inoculated into 10 ml of Mueller Hinton broth and incubated under
microaerobic conditions at 41.5°C without shaking overnight for 16‒18 h. To
obtain an initial concentration of 106 CFU/ml for aerotolerance and biofilm
studies, the overnight culture was diluted in 10 ml of fresh broth 10-fold (ST58 isolates) or 100-fold (other isolates). Aerotolerance studies were adapted
from Oh et al. [162], and cultures were incubated under aerobic shaking (200
rpm) at 41.5°C. According to Oh et al., strains that survive for 12 h are
considered aerotolerant and strains that survive for 24 h are deemed hyperaerotolerant.
Raw milk was purchased from retail (Kaskikansa, Saloniemen Juustola,
Laitila, Finland) and stored in deep-frozen aliquots on the day of delivery.
After thawing, 100 ml of raw milk was inoculated to a concentration of 105
CFU/ml in a 250-ml screw-capped flask and incubated under aerobic
conditions at 4°C without shaking. Colony counts were determined from
serial dilutions of culture on charcoal cefoperazone deoxycholate agar
(CCDA, Oxoid, Thermo Fisher Scientific, Wesel, Germany) (milk studies) or
on blood agar (aerotolerance studies) at 0 h and subsequent time points.
Biofilm studies were adapted from Oh and Jeon [226]. Biofilm formation
was studied in 75-μl monocultures as six technical replicates on a polystyrene
microplate (96 wells, flat bottom, TC-treated, sterile; Corning 3598; SigmaAldrich, Germany). The microplate was incubated under microaerobic
conditions without shaking at 41.5°C for 48 h. After discarding the culture
broth, the microplate was rinsed with phosphate-buffered saline (PBS), dried
at room temperature for 20 min, and stained with 1% crystal violet in
aqueous solution. Excess stain was then discarded and rinsed with the buffer.
Stained biofilms were eluted with 100 μl of 10% acetic acid and 30%
methanol solution (experiment setup A) or 20% acetone and 80% ethanol
solution (experiment setup B) and quantified by measuring absorbance at
595 nm. After subtracting background readings of uninoculated broth and
square root transformation, absorbance data were subjected to Welch’s
analysis of variance for heteroscedastic data and pairwise two-tailed t tests
with no assumption of equal variances, adjusting P values with the
Benjamini-Hochberg method. Data analysis was conducted in R software
(version 3.4.4) [227].
Antimicrobial susceptibility was tested for erythromycin, ciprofloxacin,
tetracycline, streptomycin, gentamicin, and nalidixic acid by microdilution
(VetMIC Camp EU, National Veterinary Institute, Uppsala, Sweden).
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4.6 Genomic studies (I–III)
4.6.1 Whole-genome sequencing (I–III)
Based on pulsotypes, representative isolates were selected for WGS: 1 STEC
isolate in Study I, 37 STEC and 36 C. jejuni isolates in Study II, and 46 C.
jejuni isolates in Study III. Genomic DNA was extracted (PureLink genomic
DNA minikit [Life Technologies/Thermo Fisher Scientific, Carlsbad, CA,
USA] or DNeasy blood and tissue kit [Qiagen, Hilden, Germany]) and
genomic DNA libraries were prepared (Nextera XT or Nextera Flex kit;
Illumina, San Diego, CA, USA), followed by paired-end sequencing (read
length of 100-bp, 150-bp, or 250-bp) on a MiSeq or HiSeq instrument
(Illumina).

4.6.2 In silico typing by reads mapping (I, II)
Sequencing reads of STEC isolates were mapped against reference gene sets
to study stx subtypes, the presence of virulence genes (Studies I and II), in
silico serotype, and clade type (Study II). For stx subtyping, ReMatCh
software (version <2.0 in Study I and 3.2 in Study II) was used for mapping
reads against reference sequences from Ashton et al. (Study I) or from the
VirulenceFinder database (accessed 26 June 2018) (Study II) [228–231]. In
Study I, sequences of virulence genes etpD, katP, and espP, and tellurite
resistance genes ter-ZABCDEF were extracted from E. coli O157:H7 strain
Sakai (GenBank accession no. AB011549.2 and NC_002695.1), gene sfpA,
encoding pilin subunit of SF STEC O157, from E. coli O157:H– plasmid
pSFO157 (NC_009602.1), and cytolethal distending toxin genes cdtV-ABC
from Enterobacteria phage fiAA91-ss (NC_022750.1) [232–235]. Each gene
of ter and cdt-V clusters was mapped separately. In Study II, virulence genes
that determine pathotype were studied by patho_typing (version 0.3) and in
silico serotype by seq_typing (version 0.1) [236, 237]. STEC O157 isolates
were clade-typed according to Manning et al. [89], using the eight definitive
SNP positions suggested by Yokoyama et al. [238]. Eight reference genes
were extracted from the strain Sakai (NC_002695.1), reads were mapped
against these genes with ReMatCh, and definitive SNPs were then
determined from the resulting alignments.

4.6.3 Genome assembly and multilocus sequence typing (II, III)
Sequencing reads were subjected to quality control, de novo assembly, and
MLST using INNUca pipeline (version 3.1 in Study II and 4.2.0 in Study III)
[239]. MLST types (ST and CC) were obtained from the PubMLST database
(https://pubmlst.org/) [136, 176, 240]. Kraken 2 software was used for
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contamination check of reads and contigs against the MiniKraken2_v1_8GB
database (retrieved 13 November 2018) [189, 241].

4.6.4 Whole-genome multilocus sequence typing (II, III)
Draft genome assemblies of STEC O157 (Study II) and C. jejuni (Studies II
and III) isolates were examined for genomic variation in a global context by
wgMLST using chewBBACA software (version 2.0.8) with the chewBBACA
schemas for E. coli and C. jejuni [194–196]. Allelic comparisons were
performed within the same MLST ST, and global data for the comparisons
were obtained from either the INNUENDO database or the BIGS database
[194, 195, 240]. After obtaining allelic profiles for each dataset (Table 2),
shared loci were extracted and used to calculate PWDs and infer MST with
goeBURST algorithm using PHYLOViZ Online (https://online.phyloviz.net/) and
PHYLOViZ version 2.0 [204, 242].
Table 2

Datasets for whole-genome multilocus sequence typing of Shiga toxin-producing
Escherichia coli (STEC) O157:H7 and Campylobacter jejuni.

Dataset

Study

Farma

Species

Sequence
type

S1

II

1–3

S2

II

1–3

STEC
O157:H7
C. jejuni

S3

II

1

C. jejuni

S4

II

3

S5

III

S6

III

a

ST-11

No. of
genomes from
the study
32

No. of reference
genomes (from
database)
482 (INNUENDOdb)

ST-45

6

436 (INNUENDOdb)

ST-1080

3

4 (INNUENDOdb)

C. jejuni

ST-883

5

66 (INNUENDOdb)

NA

C. jejuni

ST-883

40

71 (Dataset S4) +
66 (BIGSdb) = 137

NA

C. jejuni

ST-58

3

34 (BIGSdb)

NA, not applicable.

4.6.5 Annotation and pan-genome analysis (II, III)
Contigs of the assembled genomes (Table 3) were ordered with Mauve
(version 2.3.1) against the reference genome NCTC 11168 (RefSeq accession
no. NC_002163.1) (Dataset S8) and were annotated using Prokka (version
1.13) (Studies II and III) [183, 243, 244]. Prokka-annotated contigs were
subjected to pan-genome analysis using Roary (version 3.8.0) with the
option not to split paralogs [198]. Pan-genomes were studied to select the
isolate with the highest number of CDS as the reference for further analyses
(Datasets S7 and S8), to explore unique gene contents within the genomes
(Dataset S8), and to construct a global core gene phylogeny of C. jejuni
(Dataset S9).
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Table 3

Datasets for pan-genome analysis of Shiga toxin-producing Escherichia coli
(STEC) O157:H7 and Campylobacter jejuni.

Dataset

Study

Species

S7

II

S8

III

STEC
O157:H7
C. jejuni

S9

III

C. jejuni

a

No. of
genomes from
the study
32

No. of reference genomes (from database
or source)a

46

2 (Cj_Farm3_2014-09_F1 from Study II
and NCTC 11168)
1,159
(non-human isolates from INNUENDOdb)

46

NA

NA, not applicable.

4.6.6 Genome-wide single-nucleotide polymorphisms (II, III)
SNPs were analyzed by mapping genomic reads (Table 4) against the
assembled in-group reference genome with the highest number of CDS using
Snippy (version 4.0-dev in Study II; 3.2-dev in Study III) [245]. In Study II,
core SNPs were extracted to construct a recombination-free phylogeny of
STEC O157:H7 farm isolates. Recombinations were analyzed and masked
from the full sequence alignment of core SNPs and invariant sites using
Gubbins (version 2.3.1) and maskrc-svg (version 0.4) [246, 247]. Maximumlikelihood tree was inferred from the recombination-free alignment using IQTREE (version 1.5.5) with automatic model selection and UFBoot
bootstrapping with 1,000 replicates [200, 248, 249]. The automatically
selected model (K3Pu+R7) assumed three substitution types, unequal base
frequencies, and a free rate of heterogeneity across sites. In Study III, SNPs
were assessed to identify genetic adaptation of the C. jejuni outbreak type
isolates to their isolation source. Relative abundance of milk isolates versus
cattle isolates harboring certain gene variants was compared using pairwise
two-tailed Fisher’s exact test of independence with the significance threshold
at P=0.05 in R software (version 3.4.4) [227].
Table 4

Datasets for genome-wide analysis of single-nucleotide polymorphisms in Shiga
toxin-producing Escherichia coli (STEC) O157:H7 and Campylobacter jejuni.

Dataset

Study

Species

Sequence
type

No. of mapped
genomes

In-group reference genome

S10

II

ST-11

31

Ec_Farm2_2014-03_C1.fasta

S11

III

STEC
O157:H7
C. jejuni

ST-883

39

ST883_2013-01_C5.gbk
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4.6.7 Gene comparisons (III)
Genomic regions of interest were manually inspected and aligned using
Geneious (version 10.2.2; Biomatters, Auckland, New Zealand) and Artemis
Comparison Tool (version 18.0.2) [250]. Rapid Annotation using Subsystem
Technology (RAST) and SEED Viewer were used to study functional
annotations among representative isolates [251]. Suspect plasmid sequences
were characterized using nucleotide BLAST comparisons against the NCBI
(National Center for Biotechnology Information) database (accessed 11 June
2019) and against the plasmids of the reference strain 81-176, pTet (RefSeq
accession no. NC_006135.1) and pVir (NC_005012.1) [252–255].
Additionally, reads were mapped against the reference pTet to confirm the
presence or absence of pTet genes.
Presence and absence of the genes that encode di-/tripeptide transporter
(dtpT) were evaluated among 46 isolates from Study III and 1,159 C. jejuni
isolates of non-human origin from the INNUENDO database (Dataset S9)
[195]. Prokka-annotated nucleotide CDS of all 1,205 genomes were screened
against the reference nucleotide sequences from the isolate ST45_201212_C1 (genes dtpT_1 and dtpT_2; locus tags BELOJCJC_00581 and
BELOJCJC_00582) using ABRicate (version 0.9.3) [256]. The reference
sequences represented the longest gene variants within the isolates of Study
III and shared nucleotide sequence identity of 64.9% with each other.
Relative abundance of genomes from the INNUENDO database that
harbored dtpT_1 gene were compared by host (ruminant, poultry, canine,
mammal, and avian) using Pearson’s Chi-square test of independence with
post-hoc pairwise tests. P values were adjusted using Benjamini-Hochberg
false discovery rate method with the significance threshold at P=0.05. Data
analysis was conducted in R software (version 3.4.4) [227]. Nucleotide
sequence of dtpT_1 from the isolate ST45_2012-12_C1 was subjected to
BLASTn comparisons against the NCBI database (accessed 2 May 2020) to
identify similar sequences from species other than C. jejuni [253, 257].

4.7 Questionnaire studies and statistical modeling (I, II)
4.7.1 Outbreak investigation (I)
To trace back the source of SF STEC O157 infections on the farm,
questionnaire data were collected on five exposures: consumption of raw
milk, consumption of food, contacts with cattle and sheep, visits to the barn,
and visits to pastures. Data were collected with an online form that was
publicly available via the city website for nine days from 29 June 2012.
Attack rates with 95% CIs and Fisher’s exact P values were calculated to
compare exposed with unexposed persons. Data were analyzed using Stata
software (version 10.0; StataCorp, College Station, TX, USA). A case was
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defined as laboratory-confirmed STEC infection or diarrhea or blood in feces
between 31 May and 11 July in a person who visited the farm in June 2012.

4.7.2 Risk factors for milk contamination (II)
The effects of on-farm practices, milk hygiene indicators, and meteorological
factors on stx contamination of bulk tank milk were studied using a logistic
regression model with nine explanatory variables and a fixed effect with
three levels (three farms). The proportion of stx in milk subsamples (as the
response variable) was used as an indicator for the presence of STEC in bulk
tank milk.
In conjunction with each weekly sampling, the farmers filled out a
questionnaire on deviations from normal farming practices during the
preceding week. After data exploration [208], the questionnaire data
consisted of five questions (i.e. variables), each with 157 binary answers (i.e.
observations for a single variable; presence/absence data, three farms for
52–53 weeks). These questions comprised culling of dairy cows (variable
Sale), major cleansing in the barn (Cleanse), abnormalities in feed (Feed),
pasturing of dairy cows (Pastured), and maintenance and breaks of the
milking equipment (Maint).
In addition, total bacterial (Bact) and somatic cell (Cell) counts of bulk
tank milk were included in the analysis. These results had been obtained
using flow cytometry (BactoScan FC; Foss, Hillerød, Denmark) and fluoroopto-electronic methods, respectively [258]. Missing values were either
replaced with plausible values from temporally close results or, when
unavailable, multiply imputed within the model from distributions exploiting
the observed values.
Furthermore, average outdoor temperature (Temp) and number of rainy
days (Rain; as an indicator for humidity) during the preceding six days were
included in the analysis. Meteorological data were retrieved from the nearest
weather station of each farm [259]. Continuous variables (Bact, Cell, and
Temp) were standardized ([xi−μ]/σ) before the analysis.
Uninformative priors were determined within the model. Data analysis
was performed using R (version 3.4.4) and JAGS (version 4.3.0) software via
the rjags package (version 4–6) [227, 260, 261]. Two Markov chains were
simulated using 10,000 iterations with thinning of 2 and adaptation of 200
iterations. Posterior probabilities P(βk > 0 | data) and 95% CrIs were
calculated for βk, which indicates the effect of each explanatory variable
(k=1,…,9). An explanatory variable was interpreted to increase milk
contamination if posterior probability P(βk > 0 | data) is higher than 95%, to
decrease milk contamination if posterior probability P(βk > 0 | data) is lower
than 5%, and to have no effect on milk contamination if posterior probability
equals or is between 5% and 95%. Mathematical formulae are presented in
the original publication, and code and data are available.
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4.8 Data and code availability (I–III)
WGS reads were submitted to the European Nucleotide Archive under
project accession numbers PRJEB15547 (run accession no. ERR1662961;
Study I), PRJEB28441 and PRJEB27020 (Study II), and PRJEB35057 (Study
III). Genome assemblies (Studies II and III), Prokka-annotated references
(Study III), and code (Study II) are available from the Zenodo repository
(Study
II:
https://doi.org/10.5281/zenodo.1467141
and
Study
III:
https://doi.org/10.5281/zenodo.3490627).
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5 RESULTS
5.1 STEC on dairy farms (I, II)
5.1.1 Isolation of STEC from farm samples (I, II)
In Study I, SF STEC O157:H7 (NM) was isolated from cattle feces and the
farm environment, altogether from nine samples within three months after
the outbreak (Table 5). No isolates were recovered from bulk tank milk.
Additionally, STEC O146:H− was isolated from sheep feces (Table 6).
In Study II, STEC O157:H7 was isolated from all three farms during a oneyear sampling period (Table 5). On farm 1, STEC O157:H7 was isolated only
from one sample, taken from cattle feces, during the study. Isolation rates
from cattle feces were higher on farms 2 (40%) and 3 (11%), with more
recently observed carriage of STEC O157:H7. On farm 2, STEC O157:H7 was
isolated from cattle in six samplings (55%) and only during the first seven
months of the study (March–September). On farm 3, STEC O157:H7 was
isolated from cattle in three samplings (27%) within seven months after the
commencement of the study (February–July). On farms 2 and 3, STEC
O157:H7 was infrequently isolated from environmental samples (6%), taken
from drinking troughs, and from milk filter samples (2–3%). Culture-positive
milk filters were observed only simultaneously with fecal isolation from dairy
cows (Figure 2). No STEC O157:H7 isolates were obtained from bulk tank
milk.
Additionally, in Study II, STEC of serogroups other than O157:H7 were
isolated on farms 2 and 3 (Table 6). Isolation of these other serogroups was
attempted from milk and milk filters in every sampling and from cattle feces
in one or two samplings after a positive PCR screening result from milk or
milk filters. In addition, these serogroups were occasionally isolated in
conjunction with an attempted isolation of O157. On farm 2, STEC O15:H16
and O182:H25 were sporadically recovered from cattle and milk filters,
respectively. On farm 3, STEC O26:H11 was isolated in July and thereafter:
from milk filters in four samplings (8%), from cattle in four samplings, and
once from drinking troughs. Additionally, on farm 3, STEC O121:H19 and
O84:H19 were isolated once from bulk tank milk and cattle, respectively.
Altogether, in Study II, STEC were isolated from milk filters in 13
samplings (8%), and in the majority of these samplings (69%), only one milk
filter sample tested culture-positive (Figure 2). STEC isolates were recovered
from bulk tank milk only in one sampling (<1%).
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Table 5

Isolation of Shiga toxin-producing Escherichia coli O157 [stx subtype] from dairy
farms. Number of positive samples (percentage of examined samples)a per
sample source altogether in 2 (Study I), 11 (Study II: cattle and environment), or
52–53 (Study II: milk and milk filters) samplings on each farm.

Sample
source
sheep
cattle
environment
milk
milk filters

Study Ib

Study II, farm 1c

Study II, farm 2c

Study II, farm 3c

0 (0)
2 (7)
7 (13)
0 (0)
NA

NA
1 (1)
0 (0)
0 (0)
0 (0)

NA
34 (40)
4 (6)
0 (0)
8 (3)

NA
9 (11)
3 (6)
0 (0)
4 (2)

a

NA, not analyzed.
sorbitol-fermenting O157:H7 (non-motile) [stx2a].
c
O157:H7 [stx1a, stx2c].
b

Table 6

Isolation of Shiga toxin-producing Escherichia coli of serogroup other than O157
[stx subtype] from dairy farms. Number of positive samples (percentage of
examined samples)a,b per sample source altogether in 2 (Study I), 11 (Study II:
cattle and environment), or 52–53 (Study II: milk and milk filters) samplings on
each farm.

Sample
source
sheep
cattle
environment
milk
milk filters

Study Ic

Study II, farm 1d

Study II, farm 2e,f

Study II, farm 3g,h,i

2c
0
0
0
NA

NA
0
0
0 (0)
0 (0)

NA
1e
0
0 (0)
1 (<1)f

NA
8g + 1h
1g
2 (1)i
5 (3)g

a

Percentage is omitted when all samples were not analyzed systematically.
NA, not analyzed.
c
O146:H− [stx1c, stx2b].
d
not detected.
e
O15:H16 [stx2g]; fO182:H25 [stx1a].
g
O26:H11 [stx1a]; hO84:H2 [stx2c]; iO121:H19 [stx2a].
b
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Figure 2

Detection of Shiga toxin-producing Escherichia coli (STEC) from milk filters and bulk tank milk by culture methods and real-time PCR in 52–53
samplings and simultaneous isolation of STEC from dairy cows in 11 samplings on three farms (Study II). The figure was adapted from the original
publication (Study II) and used under the terms of the Creative Commons Attribution 4.0 International (CC BY 4.0) License / Modified layout from
original, https://creativecommons.org/licenses/by/4.0/.

Results

5.1.2 Detection of STEC from milk and milk filters (I, II)
Simultaneously with culturing, bulk tank milk and milk filter samples were
screened for the presence of virulence genes stx and eae by real-time PCR, as
indicators for the presence of STEC (Table 7). In Study I, stx2 and eae were
detected from one milk sample (6%) only, and isolation was unsuccessful. No
samples were taken from milk filters.
In Study II, stx was infrequently detected from milk subsamples on each
farm (3–10%), but milk filters yielded higher detection rates (15–45%).
Altogether, stx was detected from milk in 30 samplings (19%) and from milk
filters in 91 samplings (58%) (Figure 2). Both the prevalence of stx-positive
samples (odds ratio; OR=8.3, 95% CI: 6.0–11.5) and the occurrence of stxpositive samplings (OR=5.9, 95% CI: 3.6–9.9) were higher for milk filters
than for milk.
PCR signals for stx and eae were detected from milk and milk filters also
without simultaneous isolation of STEC from milk, milk filters, or cattle
feces. PCR detection rates were lower on farm 1, where STEC was isolated
only from one fecal sample from juvenile cattle during the study, than on
farms 2 and 3.
No serogroups were detected on farm 1 by PCR. On farm 2, 17 examined
milk filter samples (17%) tested PCR-positive for O157:H7 and fewer (0–15%)
for serogroups other than O157:H7. On farm 3, one examined milk filter
sample (2%) tested PCR-positive for O157:H7 and a higher proportion (31–
48%) for serogroups O45, O26, and O121.

Table 7

Screening of Shiga toxin-producing Escherichia coli from dairy farms. Number of
positive milk filter samples or subsamples of bulk tank milk (percentage of
examined samples)a in 2 (Study I) or 52–53 (Study II) samplings on each farm.

Sample
Gene target
source
milk
stx
milk
stx and eae
milk filters stx
milk filters stx and eae
a
NA, not analyzed.

Study I
1 (6)
1 (6)
NA
NA

Study II,
farm 1
9 (3)
2 (1)
21 (15)
6 (4)

5.1.3

Study II,
farm 2
25 (10)
15 (6)
142 (45)
108 (34)

Study II,
farm 3
18 (7)
15 (6)
70 (40)
64 (37)

Evidence on milkborne infections caused by sorbitol-fermenting
STEC O157 (I)
In Study I, altogether 11 cases (8%) were recognized among the questionnaire
respondents. SF STEC O157:H7 (NM) was isolated from eight persons,
comprising five cases and three secondary infections. Two persons with a
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secondary infection were asymptomatic adults. Six children (1–7 years of
age) with a culture-confirmed infection were all hospitalized, four of them
with HUS (67%). Significant risk of illness was associated only with the
consumption of raw milk from the farm (relative risk; RR=6.3, 95% CI: 2.10–
18.76, P=0.0003). No significant risk of illness (P>0.05) was associated with
the rest of the exposures: consumption of food, contacts with cattle and
sheep, visits to the barn, and visits to pastures.

5.1.4

Characteristics and genomic epidemiology of STEC on dairy
farms (I, II)
STEC isolates harbored varying stx subtypes (Tables 5 and 6). In addition, all
isolates harbored the pathogenicity-associated genes eae and hlyA. As the
only exception, STEC O15:H16 isolate from Study II lacked eae and hlyA,
instead harboring a virulence gene of enterotoxigenic E. coli, estIa, as
determined by in silico pathotyping.
In Study I, all human (n=8) and farm (n=9) STEC O157 isolates shared
indistinguishable characteristics. The phenotype was sorbitol-fermenting,
non-motile, β-glucuronidase-positive, weakly enterohemolytic, and
susceptible to all (n=12) antimicrobial agents, along with phage type 88.
Furthermore, the isolates were identical in PFGE, suggesting that the
outbreak originated from the farm. The outbreak strain represented the
typical genotype of SF STEC O157 (German clone) by harboring the genes
fliCH7, stx2, eae, hlyA, sfpA, etpD, and cdtV-ABC and lacking the genes katP,
espP, and terZABCDEF [96].
In Study II, all STEC O157:H7 isolates (n=32) from the three farms shared
an identical stx type (stx1a, stx2c), represented clade 7 by Manning et al.
[89], and were highly similar to each other in PFGE (similarity ≥95%).
Furthermore, wgMLST comparison (Dataset S1; allelic profile size 2,353)
grouped the farm isolates with each other (maximum PWD 23 [1.0%]) and
with other Finnish isolates, which originated from cattle, farm environments,
and human clinical samples. Recombination-free SNP phylogeny divided the
farm isolates into four clones with high UFBoot support values of 100%. Each
farm harbored a distinct clone of STEC O157:H7 from the other farms, and
the isolates of farm 1 separated into two clones by their sampling time: 2014
(this study) or 2011–2012 (>2.5 years earlier).
In addition, STEC O26:H11 was repeatedly isolated on farm 3 and the
isolates represented highly similar PFGE fingerprints (similarity ≥95%),
suggesting clonal origin. Other STEC isolates were sporadic findings in
Studies I and II.
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5.1.5 On-farm risk factors for contamination of milk by STEC (II)
The effect of nine risk factors on stx contamination of bulk tank milk, as an
indicator for STEC contamination, was studied using a logistic regression
model. Reduced milk contamination was associated with three on-farm
practices: culling of dairy cows (P(βk > 0 | data)=0.0002, 95% CrI: −72.14,
−2.58), major cleansing in the barn (P(βk > 0 | data)=0.008, 95% CrI: −5.59,
−0.39), and pasturing of dairy cows (P(βk > 0 | data)=0.01, 95% CrI: −2.14,
−0.16). Higher average outdoor temperature was associated with increased
milk contamination (P(βk > 0 | data)=1.0, 95% CrI: 0.42, 1.34). No effect on
milk contamination was observed for five risk factors: abnormalities in feed,
maintenance and breaks of the milking equipment, number of rainy days,
total bacterial counts, and total cell counts.

5.2 C. jejuni on dairy farms (I–III)
5.2.1 Isolation of C. jejuni from farm samples (I–III)
C. jejuni was isolated from all dairy farms in all three studies, but only in
Study III were isolates recovered from bulk tank milk (Table 8). In Study I, C.
jejuni was isolated from three cows repeatedly in two samplings within three
months, but not from the farm environment.
In Study II, C. jejuni was repeatedly isolated from cattle feces on three
farms (16–87%) during one year. On farm 3, the isolation rate was high in
feces throughout the study, and C. jejuni was also repeatedly isolated from
drinking troughs (18%) and once from a milk filter. On farm 2, C. jejuni was
isolated from cattle feces at high rates during the warm months and once
from the drinking troughs. No isolates were obtained during the winter
months (January–March) or from the milk filters. On farm 1, the isolation
rate of C. jejuni from cattle feces showed no trend over time. Furthermore,
fewer fecal samples (16%) tested positive on farm 1 than on the other farms,
and C. jejuni was not isolated from the drinking troughs or milk filters.
In Study III, C. jejuni was repeatedly isolated from cattle feces (64%) and
the farm environment (7%). Remarkably, C. jejuni was also isolated at high
rates from bulk tank milk (91%) and milk filters (48%), being detected in all
11 samplings during six months. From the milk samples, thermotolerant
Campylobacter were quantified at concentrations of 0.007–35 MPN/ml. C.
jejuni contamination persisted in bulk tank milk despite extensive hygienic
measures, and the contamination route could not be identified.
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Table 8

Isolation of Campylobacter jejuni from dairy farms. Number of positive samples
(percentage of examined samples)a per sample source altogether in 2 (Study I;
Study III: cattle), 11 (Study II: cattle and environment; Study III: milk and milk
filters), or 52–53 (Study II: milk and milk filters) samplings on each farm.

Sample source

Study I

Study II,
farm 2
NA

Study II,
farm 3
NA

Study III

1 (20)

Study II,
farm 1
NA

sheep
cattle

7 (26)

14 (16)

48 (56)

74 (87)

25 (64)

environment

0 (0)

0 (0)

1 (2)

9 (18)

4 (7)

milk

0 (0)

0 (0)

0 (0)

0 (0)

10 (91)

milk filters

0 (0)

0 (0)

0 (0)

1 (1)

10 (48)

a

NA

NA, not analyzed.

5.2.2 Genomic epidemiology of C. jejuni on dairy farms (II, III)
C. jejuni isolates were subtyped by PFGE, followed by in silico MLST and
wgMLST analysis of representative isolates in Studies II and III. C. jejuni
isolates were not subtyped in Study I. In Study II, 18 pulsotypes representing
11 STs (STs 45, 267, 538, 583, 883, 925, 991, 4080, 5559, 9407, and 9408) in
MLST were recognized on farm 3, with the highest isolation rate of C. jejuni.
The majority of the C. jejuni types were isolated sporadically in one or two
samplings. However, C. jejuni of ST-883 was isolated in every sampling from
July 2014 onwards, altogether over 11 months. C. jejuni of ST-883 was
isolated from cattle, drinking troughs, and a milk filter, representing 89% of
positive samples from the drinking troughs and the only milk filter isolate in
Study II. Comparison by wgMLST (Dataset S4) supported the persistence of
a single clone: ST-883 isolates from farm 3 appeared within a PWD of 1
(0.1%) from each other in the allelic profile size of 801 loci.
Furthermore, in Study II, C. jejuni isolates from farm 2 represented 15
pulsotypes and 11 STs (STs 11, 45, 48, 267, 677, 692, 1701, 1938, 4080, 5559,
and 7435). Each C. jejuni type was recovered in one to four temporally
related samplings. No persistent C. jejuni types were recognized on farm 2,
supported by the lack of C. jejuni isolation during winter months. On farm 1,
fewer C. jejuni isolates were recovered than on the other farms, and the
isolates represented only four pulsotypes and two STs (ST-45 and ST-1080).
ST-45 isolates were isolated sporadically, but ST-1080 occurred repeatedly in
six samplings throughout the one-year study. In wgMLST, ST-1080 isolates
from farm 1 clustered within a PWD of 2 (0.2%) in the allelic profile size of
874 loci (Dataset S3), thus representing a single clone. ST-45 isolates from all
three farms of Study II were analyzed by wgMLST (Dataset S2), and the
results supported sporadic findings in the allelic profile size of 654 loci:
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dissimilarity between the isolates from the three farms (PWD ≥3.5%) and
between the isolates collected in spring and fall on farm 2 (PWD 44.6%).
In Study III, C. jejuni isolates represented eight pulsotypes and five STs
(STs 45, 50, 58, 61, and 883). Interestingly, only the predominant type, ST883, was isolated from patients during the outbreak and from bulk tank milk
and milk filters during the follow-up study. Therefore, C. jejuni of ST-883
likely caused the outbreak and persisted in bulk tank milk for seven months
or longer. Additionally, the outbreak type of ST-883 was isolated from cattle
feces, the milk room, and a feeding table. Two cows shed the outbreak type in
both samplings. Comparison by wgMLST further suggested clonal origin of
the ST-883 isolates from the farm as they appeared within close PWD of 4
(0.6%) in the allelic profile size of 718 loci (Dataset S5). Furthermore,
Finnish isolates of ST-883 were dispersed within the tree (data not shown),
and the ST-883 isolates of Study II appeared within distant PWD of 21%
from the isolates of Study III. Based on these results, the outbreak clone did
not circulate in Finland.
Other C. jejuni types in Study III were isolated sporadically from an udder
cloth (ST-50) and cattle (ST-45, ST-58, and ST-61). Three isolates of ST-58
were recovered from the farm, and they represented two clones in wgMLST
(Dataset S6): one isolate (ST58_2012-12_C2) appeared unrelated (PWD
4.7%) from the other two isolates (PWD 0.1%) in the allelic profile size of
1064 loci.
Altogether in Studies II and III, sporadic C. jejuni types were detected on
all farms. Simultaneously with sporadic types, a persistent C. jejuni type was
detected on each farm, except farm 2. The persistent C. jejuni types
represented ST-883 (Study II: farm 3 and Study III) and ST-1080 (Study II:
farm 1). Remarkably, only C. jejuni of ST-883 was isolated from bulk tank
milk and milk filters. C. jejuni of ST-883 was also isolated from the majority
of the environmental samples (79%) that tested positive for C. jejuni in
Studies II and III. Although distinct ST-883 clones persisted on two farms,
isolates could be recovered from bulk tank milk only on one of these farms
(Study III) despite frequent sampling.

5.3 Phenotypic and genotypic traits affecting
persistence of C. jejuni in milk (III)
5.3.1 Phenotypic comparison of C. jejuni farm isolates (III)
In Study III, the outbreak clone of ST-883 was further characterized for
phenotypic and genotypic traits to unravel why this type was repeatedly
isolated from bulk tank milk, while C. jejuni was not isolated from milk in the
other two studies. The outbreak clone was studied for survival in refrigerated
raw milk, aerotolerance, and biofilm formation in comparison with other
isolates from the farm (representing STs 45, 50, 58, and 61), reference strain
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NCTC 11168, and an ST-883 isolate (Cj_Farm3_2014-09_F1) from Study II
(Table 9).
ST-883 isolates survived in refrigerated raw milk for four to six days,
whereas the farm isolates that represented other STs survived only for three
days or less. However, the ST-883 clone of Study II, which was not isolated
from bulk tank milk in the longitudinal monitoring, survived in refrigerated
milk longer than the outbreak clone, indicating that persistence in bulk tank
milk was affected by determinants other than prolonged survival in
refrigerated milk. Furthermore, the milk survival phenotype seemed unconserved within a lineage, as variation was noted within the lineage ST-21
CC (STs 43, 50, and 883) and even within the same ST.
Isolates that survived longer in refrigerated milk did not consistently
survive longer in broth culture under aerobic shaking at 41.5°C (Pearson
correlation coefficient 0.23, P=0.56). ST-21 CC isolates from bulk tank milk
(ST-883 outbreak clone) and an udder cloth (ST-50) survived under aerobic
shaking for 24 h, showing hyper-aerotolerance systematically in all five
experiments, whereas cattle isolates survived for 24 h only in two to three
(ST-45, ST-61, and ST-883) or none (ST-58) of the experiments. Therefore,
traits other than aerotolerance were suggested to contribute to survival in
milk.
The outbreak clone from bulk tank milk (ST883_2013-02_M1) formed
biofilm in an on/off manner, showing large variation in biofilm quantities
between replicate cultures, and in higher quantities (P<0.04) than farm
isolates of ST-45, ST-50, and ST-58 in laboratory settings. Mean biofilm
quantities of this milk isolate, ST-61 isolate from cattle, and the control strain
NCTC 11168 did not differ from each other (P>0.14). ST-883 isolate from
Study II (Cj_Farm3_2014-09_F1) formed biofilm poorly, supporting the
argument that biofilm formation may contribute to persistence in milk.
Although C. jejuni biofilms could not be detected on-farm from rinsing water
of the milking machine, evidence of biofilm formation was obtained in
laboratory settings.
Further comparison between the outbreak type isolates of ST-883
revealed that cattle isolates formed biofilm in higher quantities (P<2.7×10-6)
than isolates from milk and milk filters. The milk isolate formed more
biofilm (P=0.03) than the milk filter isolate. Furthermore, only the milk
isolate formed biofilm in an on/off manner, as shown by larger variation in
biofilm quantities between the replicate cultures (95% CI: ±0.12) of the milk
isolate than in the replicate cultures of the cattle isolates (95% CI: ±0.07) or
the milk filter isolate (95% CI: ±0.05).
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Table 9

Characteristicsa of Campylobacter jejuni isolates in Study III: survival in
refrigerated raw milk, aerotolerance, biofilm formation, and presence of pTet-like
genomic element.

Isolation
source
milk filter

Survival in Aerotolerancec Biofilm
milkb [d]
[h]
6
NA
−

pTet

human
cattle
udder cloth
cattle
cattle
cattle
cattle
cattle

3
2
2
0
0
2
3
NA

48
24
72
12
12
12
24
NA

+
−
−
−
−
−
+
++

−
−
−
−
−
−
+
+

ST883_2013-01_C7d

cattle

4

24

++

+

ST883_2013-01_F1d

milk filter

4

NA

+

−

d

milk filter

4

NA

NA

+

bulk tank milk

5

24

+/−

+

Isolate
Cj_Farm3_2014-09_F1
(ST-883)
NCTC 11168 (ST-43)
ST45_2012-12_C1
ST50_2013-03_E1
ST58_2012-12_C1
ST58_2012-12_C2
ST58_2013-01_C3
ST61_2012-12_C1
ST883_2012-12_C6d

ST883_2013-01_F2

ST883_2013-02_M1d

−

a

NA, not analyzed. −, absence. +, presence. ++, presence in higher quantities. +/−, presence in
on/off manner between replicate cultures.
b
time point (0, 1, 2, 3, 4, 5, or 6 days) before reaching the quantification limit: 0 log10 CFU/ml.
c

time point (0, 6, 12, 24, 48, or 72 h) before reaching the quantification limit: 1 log10 CFU/ml.

d

outbreak clone.

5.3.2 Genotypic comparison of C. jejuni farm isolates (III)
Genotypic features contributing to the surviving phenotype of the outbreak
clone (ST-883) were studied by comparing the genomic content of 40
outbreak type isolates from different sample materials. Additionally, the
comparison included the strains used in phenotypic studies: six farm isolates
that represented other STs, the control strain NCTC 11168, and ST-883
isolate from Study II. In pan-genome analysis, NCTC 11168 (harboring 1,620
genes) was the nearest neighbor to the outbreak clone (harboring up to 1,667
genes) in terms of genome content. NCTC 11168 lacked 75 genes (4.5%) that
were present in the outbreak clone, of which 43 genes (57.3%) were
associated with the same plasmid-like accessory fragment. The outbreak
clone shared more genes (98.2%) with the reference strain NCTC 11168 than
the other isolates, which shared 97.6% (ST-50) to 88.6% (ST-58) of genes
with the reference strain. The genome of the outbreak clone contributed no
unique genes to the pan-genome.
Interestingly, the majority of the outbreak type isolates (90%) harbored a
pTet-like genomic element that resembled pTet plasmid of the strain 81-176
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with nucleotide sequence identity of 99.7% and coverage of 93%. A small
number of the outbreak type isolates had likely lost the element either on the
farm or in the laboratory. The element included genes that encode a complete
type IV secretion system. An identical pTet-like element was also carried by
the ST-61 cattle isolate, suggesting on-farm horizontal transfer. No pTet-like
element was detected in the other isolates, including NCTC 11168 (Table 9).
The element lacked genes of the pTet plasmid that encode tetracycline
resistance and plasmid replication protein, suggesting susceptibility to
tetracycline and replication within the chromosome. Indeed, all farm isolates
were susceptible to tetracycline and other antimicrobial agents.
Contrary to the reference strain NCTC 11168, a functional di-/tripeptide
transporter (DtpT; locus tag Cj0654c in NCTC 11168, RefSeq accession no.
NC_002163.1) was annotated in the outbreak clone of ST-883. All ST-883,
ST-50, and ST-61 isolates harbored two genes encoding DtpT: one intact
(dtpT_1) and one fragmented (dtpT_2), whereas ST-45 harbored two intact
genes. Within the global genealogy of C. jejuni (comprising 1,205 genomes;
Dataset S9), intact dtpT_2 was associated with a few clonal complexes: ST45 CC, ST-283 CC, and ST-42 CC. Intact dtpT_1 occurred independently
from clonal complexes and was most abundant among isolates from
ruminants (87.7%, P≤0.03). However, dtpT_1 was also prevalent among
isolates from other host taxa (40.0–77.6%). BLASTn search revealed
dissimilarity of dtpT_1 to nucleotide sequences from other bacterial species,
indicating no horizontal acquisition. The closest hit to species other than
Campylobacter was Helicobacter apodemus with nucleotide sequence
identity of 68% and coverage of 75%.
Outbreak type isolates (n=40) were further compared in SNP analysis
using genomic reads to elucidate adaptation by isolation source. Phase
variation, which causes gene impairment by premature termination of
translation, was observed in genes related to the capsule, flagella, and
oxidative stress response. Impaired gene variant of capsular
methyltransferase (Cj1420c) and intact variant of cytochrome C551
peroxidase (Cj0020c) were more abundant among milk isolates (62% and
100%, P=0.01 and P=1.1×10-4, respectively) than among cattle isolates (8%
and 25%), indicating reversible capsular variation and adaptation to
oxidative stress inside or outside the cattle host.
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6 DISCUSSION
6.1 STEC on dairy farms (I, II)
Study I presents microbiological and epidemiologic evidence that an
outbreak of SF STEC O157 with 11 cases originated from a recreational farm
housing dairy cattle, and the infections were primarily acquired by the
consumption of raw milk. Only a few previous reports provide
microbiological evidence of the transmission routes and reservoirs of this
atypical STEC O157, despite frequent human findings [94, 95, 262].
Therefore, reservoirs other than cattle, even humans, have been suspected as
the source of SF O157 infections [96]. Previous microbiological and
epidemiologic evidence suggests human transmissions of SF O157 via direct
contact with cattle and the consumption of ground beef [94, 95, 262].
Furthermore, previous epidemiologic-only evidence suggests human
transmissions via person-to-person contact and contact with a pony or
environmental source [95, 96, 263]. Suspected food vehicles with
epidemiologic-only evidence include raw milk, beef sausage, apple juice, and
quark cheese [264–266]. Study I strongly supports the ruminant origin of SF
STEC O157 and the risk of infection via raw milk consumption.
In Study I, a higher rate of HUS, causing severe sequelae, was observed
among the infected children (67%) than is usually observed in children
infected with typical STEC O157 (15%) [267]. The higher incidence of HUS is
concordant with previous reports on SF STEC O157 infections and infections
caused by STEC strains that produce Shiga toxin variant Stx2a [59, 93].
Furthermore, the outbreak strain of SF STEC O157 represented many
phenotypic and genotypic traits that have typically been reported for SF
STEC O157 isolates from Germany and elsewhere in Europe [93, 96]. In
contrast to the typical German clone, however, the outbreak strain appeared
to be hemolytic and to tolerate tellurite, which enabled its isolation using
selective culture media that usually allow isolation of typical STEC O157 and
overlook SF STEC O157. Because isolation methods of STEC have
traditionally been selective for typical STEC O157, the prevalence of atypical
SF STEC O157 and STEC non-O157 has probably been underestimated both
among clinical isolates and among animal, environmental, and food sources
[268]. This is supported by the increasing trend of non-O157 infections since
the introduction of culture-independent methods in 2000s [35, 65]. Study I
highlights that STEC other than typical STEC O157 can also cause severe
disease in humans, and analytical efforts are needed to reveal their
prevalence and epidemiology in farmed animals and primary production to
better estimate their risk to public health and to design intervention
strategies.
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Consistent with global phylogenomic studies [59, 84, 90], Study II
suggests clonal expansion of STEC O157:H7, which represented a bovineassociated genotype, in the Finnish cattle population and persistence of
STEC O157:H7 in dairy herds for months or possibly years. One clone of
typical STEC O157:H7 was simultaneously isolated on each of the three dairy
farms in longitudinal monitoring. STEC O157:H7 persisted in two herds for
up to 12 months after the first detection, and a similar but distinct genome
subtype was reintroduced in one herd 2.5 years after the previous detection.
As revealed by comparison with globally collected isolates, the farm isolates
grouped with each other and with other Finnish STEC O157:H7 isolates from
human and cattle. Concordantly, previous studies in the US and New Zealand
observed only one or two STEC clones in cattle herds simultaneously despite
high within-herd prevalence [69, 83]. Furthermore, Worley et al. [69]
reported persistence of a STEC O157:H7 clone in dairy herds for 11 months.
In Study II, all STEC O157:H7 clones represented clade 7 according to the
Manning scheme [89] and harbored Shiga toxin gene variants stx1a and
stx2c. Clade 7 has been regarded as a bovine-associated genotype with
enhanced environmental fitness [269]. Manning et al. associated clade 7 with
less severe disease in terms of bloody diarrhea, whereas Dallman et al.
reported higher incidence of bloody diarrhea, but not HUS, among such
strains carrying stx1a and stx2c [59, 89]. Thus, Finnish dairy cattle can be a
source of STEC O157:H7 infection that presumably causes bloody diarrhea,
but rarely HUS.
STEC was seldom isolated from bulk tank milk and milk filters in weekly
longitudinal monitoring on three farms (Study II), and isolates from milk
and milk filters were recovered only simultaneously with fecal isolation. In
addition to STEC O157:H7, STEC of other serotypes were isolated on two
farms from cattle feces, farm environment, milk filters, or milk. Higher
detection rates were obtained from milk filters than from milk by both
culture methods and real-time PCR. These results demonstrate that STEC
contamination of bulk tank milk occurs when cattle are shedding the
bacterium, despite stringent on-farm hygiene measures. Pathogens may also
be present in bulk tank milk irrespective of low total bacterial counts
(generally below 50,000 CFU/ml during the study) in milk. Similarly,
Ruusunen et al. [34] observed that total bacterial counts inadequately
indicate pathogen contamination in bulk tank milk, thus advocating
pathogen-specific testing. Detection of STEC from bulk tank milk, however,
appeared scarce in Study II, probably due to dilution effect, which
necessitates several subsamples, thus increasing analysis costs. Concordant
with previous reports [47, 48], these results suggest that milk filters are more
suitable sampling targets for on-farm monitoring of STEC than bulk tank
milk in terms of detection rates and cost-effectiveness.
In Study II, milk contamination by STEC, as indicated by the presence of
Shiga toxin gene stx, could probably be reduced by on-farm practices: culling
and pasturing of dairy cows and rigorous cleansing in the barn. Higher
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outdoor temperatures probably increased milk contamination, consistent
with previous findings of increased shedding of STEC during warm months
[reviewed in 41]. According to previous studies [reviewed in 41], culling of a
super-shedder could potentially decrease transmission of STEC, thus
decreasing milk contamination. However, shedding states vary intermittently
and can only be observed by laboratory analyses, rendering culling as an
inapplicable control measure in practice [11]. On pastures, dietary shift from
concentrated feed to fresh grass could decrease shedding of STEC, and thus
milk contamination, as concentrated feed has been associated with increased
shedding of STEC [41]. Alternatively, lower animal density on pastures could
reduce udder contamination, thus improving milking hygiene [270].
Furthermore, the results of Study II supported the effect of cleansing against
STEC contamination of milk [271]. Because numerous STEC strains of
different serotypes were detected on the farms and their shedding patterns
vary, categorization of farms as STEC-positive or -negative may be arbitrary
for targeted risk management. Instead, all farms that produce raw drinking
milk should apply cost-effective hygienic measures to reduce contamination
pressure by STEC on milk. These measures cannot, however, totally prevent
milk contamination, and therefore, heat treatment of raw milk before
consumption is recommended to assure its safety.

6.2 C. jejuni on dairy farms (I–III)
Both persistent and numerous sporadic C. jejuni clones occurred
simultaneously on dairy farms in longitudinal monitoring (in Studies II and
III; typing data is lacking in Study I). As previously suggested [135],
genotypes that circulate in farm environments cannot outcompete other
genotypes, and thus, multiple C. jejuni genotypes are typically observed
simultaneously within a herd. Furthermore, C. jejuni genotypes in livestock
usually represent host-generalist lineages, whereas host-specificity is typical
among genotypes in wildlife. In Study II, high occurrence of sporadic C.
jejuni genotypes only during the pasture season in summer, not during the
in-house period in winter, on one of the farms supports transmissions from
the surrounding environment. The herd pastured in a bird-rich area, which
might have contributed to the short-term colonization of cattle by C. jejuni,
although there are controversial reports on transmissions between cattle and
wild birds [135, 142, 143]. C. jejuni can also transmit to livestock via rodents
and flies and survive for long periods of time in natural waters [118, 147,
148], although in this case the herd had no direct access to natural waters.
Nevertheless, high occurrence of C. jejuni and abundance of genotypes
regardless of rigorous on-farm hygiene measures throughout Studies II and
III support findings [272] that C. jejuni transmits frequently and is prevalent
on dairy cattle farms, introducing a contamination pressure on bulk tank
milk via cattle feces. Although eradication of C. jejuni from dairy farms is
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unlikely, and milk contamination cannot be prevented completely, costeffective on-farm hygienic measures and heat treatment of raw milk before
consumption are recommended to reduce the risk of campylobacteriosis and
STEC infections.
In Studies II and III, on-farm persistence was associated with a few C.
jejuni genotypes, especially the host-generalist genotype of ST-883, which
represents clonal complex ST-21 CC. C. jejuni of ST-883 outperformed other
STs in environmental fitness, representing the only ST that could be isolated
from bulk tank milk and milk filters and the dominant ST found from the
barn environments. Despite global deposits of ST-883 representatives to
public databases and their clinical abundance, only Kärenlampi et al. [169]
have previously discussed the role of this ST in human infections and its
reservoirs, suggesting an association with cattle. In general, the whole clonal
complex (ST-21 CC) is prevalent among clinical isolates, presumably due to
superior endurance through the food processing chain compared with other
lineages [170]. In Studies II and III, ST-883 showed exceptional endurance
in dairy farm environments, which likely contributed to on-farm persistence
and long-term fecal shedding in the herds. Therefore, ST-883 poses higher
contamination pressure on milk than the other observed STs, thus
representing a suitable candidate for risk-based monitoring on dairy farms.
In Studies II and III, isolation of C. jejuni from bulk tank milk and milk
filters was associated with C. jejuni genotype (ST-883) rather than with
sample material. ST-883 was the only genotype that could be isolated from
bulk tank milk and milk filters. Interestingly, variation was observed also
between different clones of ST-883, and only one clone could be recovered
from bulk tank milk despite frequent monitoring. As shown in Study III, this
ST-883 clone did not outperform among several STs in survival in
refrigerated raw milk, although ST-883 strains survived in milk longer than
other STs. Therefore, strain-specific traits affect survival of C. jejuni in bulk
tank milk and milk filters, but isolation of C. jejuni from these sample
matrices was also likely hindered by methodological aspects in these studies.
Artursson et al. [48] reported higher isolation rates of C. jejuni from milk
filters when using transport medium and higher isolation rates from milk
filters than from bulk tank milk. In Study III, C. jejuni was isolated more
frequently from bulk tank milk (91%) than from milk filters (48%) due to a
single clone of ST-883, but the contamination route remained unidentified.
With respective isolation rates of 0% and 1% from bulk tank milk and milk
filters in Study II, data are limited to support either of these sample materials
for on-farm monitoring of C. jejuni. Instead, the sampling regime should be
reconsidered for monitoring purposes: milk filters should be shipped to
laboratory and analyzed immediately after sampling, and transport medium
could be used to enhance isolation of C. jejuni. Although milkborne outbreak
was associated only with the persistent strain of ST-883 in Study III,
previous reports [273–275] suggest that various C. jejuni genotypes can
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cause milkborne infections and should therefore not be overlooked in
analytics.

6.3 Phenotypic and genotypic traits affecting
persistence of C. jejuni in milk (III)
As suggested in Study III, C. jejuni of ST-883 survived in refrigerated raw
milk longer than the other STs, but other phenotypic traits contributed to the
persistence of the outbreak clone in bulk tank milk. Furthermore, survival in
milk was determined by traits other than aerotolerance, although adaptation
to oxygen exposure was observed among the farm strains. Hyperaerotolerance was consistently detected among the isolates from bulk tank
milk and an udder cloth, but not among cattle isolates, indicating adaptation
to oxygen exposure in the environment. Furthermore, most outbreak type
isolates from cattle harbored a phase-variable, impaired variant of
cytochrome C551 peroxidase gene (Cj0020c), whereas such isolates from
milk and other sources harbored an intact gene variant. This gene has
previously been associated with oxygen stress defense and chick colonization
[149, 276]. Therefore, reversible adaptation of the cytochrome C551
peroxidase gene may contribute to the survival of C. jejuni inside and outside
the cattle host, from low to high oxygen tensions.
Oxygen tolerance may also be a consequence of other adaptation
mechanisms, such as biofilm formation. Biofilm formation is a complex
process, in which cells first adhere to a surface, aggregate, and then adapt
their metabolism to biofilm lifestyle—towards oxidative stress defense, iron
uptake, and membrane transport [154]. Indeed, the outbreak clone formed
biofilm in laboratory settings in higher quantities than other farm isolates,
excluding the ST-61 isolate, offering a possible explanation for persistence in
milk. Interestingly, both biofilm-forming strains (ST-883 and ST-61)
harbored an identical pTet-like genomic element. The pTet-like element
contained genes that encode a complete type IV secretion system, which has
previously been suggested to mediate cell contact in biofilm formation of
Helicobacter pylori [277]. Presence of plasmids has also been associated
with enhanced biofilm formation in various other pathogenic enterobacteria
[278–280]. In Study III, the outbreak type isolates that harbored the pTetlike element formed more biofilm than the isolate lacking the element,
suggesting that this element may contribute to biofilm formation.
Furthermore, the outbreak type isolates from cattle formed biofilm in
higher quantities than such isolates from milk and milk filters, and the milk
isolate formed biofilm in an on/off manner between replicate cultures. This
suggests reversible adaptation of the outbreak clone to survival in milk at the
cost of biofilm formation or surface adhesion. Reversible adaptation could be
due to phase variation. A phase-variable, intact variant of cytochrome C551
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peroxidase (Cj0020c) and an impaired variant of capsular methyltransferase
(Cj1420c) were prevalent among milk isolates of the outbreak type, unlike in
cattle isolates. Pascoe et al. [161] reported an association of biofilm formation
with cytochrome C551 peroxidase in ST-21 CC and with capsule in ST-45 CC
using a genome-wide association approach, although the role of this capsular
methyltransferase gene remains unclear. The role of these phase-variable
genes in biofilm formation warrants further investigation.
In addition, the outbreak strain harbored an intact di-/tripeptide
transporter gene (dtpT). DtpT plays a role in peptide-dependent signaling of
the lactic acid bacterium Lactococcuc lactis, which relies on peptide
transporters for growth in milk [281, 282]. Higher expression levels of dtpT
have also been observed in Listeria monocytogenes strains that persisted in
dairy environments compared with non-persisting strains [283]. In the
global genealogy of C. jejuni, the dtpT_1 gene was most abundant among
ruminant isolates, but also prevalent among isolates from other host taxa.
Thus, it remains inconclusive whether this gene promotes survival of C.
jejuni within the bovine host and in farm environments. C. jejuni has
previously been suggested to compensate growth restriction in the host by
peptide transport [284]. Further studies are needed to elucidate the role of
peptide transporters in the survival of C. jejuni in milk.
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Conclusions

7 CONCLUSIONS
1. Cattle can be a reservoir of atypical SF STEC O157, which can transmit
to humans via raw milk consumption and cause severe disease with a
high incidence of HUS (I).
2. STEC contamination occurs during milking when cattle are shedding
the bacterium, despite strict on-farm hygiene. C. jejuni may be poorly
detected from bulk tank milk and milk filters regardless of high
within-herd prevalence (II).
3. Milk filters are more reliable sampling targets for monitoring of STEC
than bulk tank milk (II). Isolation rates of C. jejuni from milk and milk
filters depend on the C. jejuni clone, although sampling regime should
also be considered to improve isolation rates (II, III).
4. C. jejuni can persistently contaminate bulk tank milk for months
despite stringent hygiene measures; the contamination route remains
obscure (III).
5. Milk contamination by STEC bacteria can probably be reduced, but
not prevented, by on-farm practices, including pasturing and culling
of dairy cows and rigorous cleansing in the barn. Higher outdoor
temperatures probably increase milk contamination (II).
6. Typical STEC O157:H7, which represents a bovine-associated
genotype and a clonal origin, has spread in the Finnish cattle
population. Therefore, Finnish dairy cattle can be a source of STEC
O157:H7 infection that presumably causes bloody diarrhea, but rarely
HUS. STEC O157:H7 can persist in dairy herds for a year, and only a
few STEC O157:H7 clones persist on-farm simultaneously (II).
6. Both persistent and numerous sporadic C. jejuni strains occur
simultaneously on dairy farms, and persistence is likely associated
with a few C. jejuni genotypes. Especially, C. jejuni ST-883 can persist
on dairy farms, showing superior environmental fitness and survival
in raw milk. Therefore, ST-883 poses a higher contamination pressure
on bulk tank milk than other detected STs and represents a suitable
candidate for risk-based monitoring on dairy farms (II, III).
7. Biofilm formation offers one possible explanation for the persistence
of C. jejuni outbreak clone (ST-883) in bulk tank milk. Biofilm
formation may be associated with the presence of pTet-like genomic
element and with phase-variable genes that are related to the capsule
and oxidative stress response. Therefore, these candidate phenotypic
and genotypic mechanisms may affect survival of C. jejuni in milk and
warrant further investigation (III).
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