ABSTRACT
XIONG, JIAJUAN. Survival of Animal-derived Campylobacter Strains in Raw and

Pasteurized Milk, and the Roles of Capsule in Campylobacter Survival in vitro, and in Chick
Colonization. (Under the direction of Dr. Sophia Kathariou).

Campylobacter spp. is a major cause of acute bacterial gastroenteritis in the developed
countries. It can survive in a wide range of environments, raw milk and poultry are major
reservoirs. Survival of animal-derived Campylobacter strains, including six C. jejuni and six
C. coli, was examined in raw and pasteurized milk at 4°C. Most (11/12) of the
Campylobacter strains survived in both raw and pasteurized milk for at least 14 days. The
most resistant strain, a C. jejuni from a dairy cow, retained its viability over eight weeks in
pasteurized milk, while the most sensitive strain showed a > 5-log;o CFU/ml reduction in raw
milk after one week. The majority (9/12) of the strains survived better in pasteurized milk
than in raw milk, while the opposite was observed for two C. coli strains. The findings
indicate that Campylobacter spp. can survive in milk for at least 14 days at 4°C and that
survival is strain-dependent. To elucidate mechanisms underlying such adaptation, we
characterized the role of capsule in Campylobacter survival in milk and other media, and in
chick colonization. Three capsule-deficient mutants (kpsM::kan"), C. coli 6979M2, C. jejuni
BS142M2 and C. jejuni SC1453M2 were constructed by insertional mutagenesis. Compared
to the wild type strains, the colonies of the mutants were smaller, more convex, and shinier
on agar media; the mutants were more sensitive to desiccation and two (C. coli 6979M2 and
C. jejuni BS142M2) grew slower in broth. These two mutants were also more sensitive to

certain antibiotics than their wild type counterparts. The survival of the mutants in distilled



water, raw and pasteurized milk was comparable to survival of their wild type counterparts,
as was the ability of the bacteria to transform to nalidixic acid resistance via transformation.
In chick colonization experiment, C. coli 6979 M2 showed > 3logio reduced cell density in
cecal contents than its parent strain. These results suggest that capsule is essential for C. coli
in chick colonization and responsible for colony morphology on solid agar and can protect
cells from desiccation, but its impact on growth rate, competence and antibiotic resistance is

strain-dependent.
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CHAPTER 1

Literature Review



General background on Campylobacter

Campylobacter spp. is small (0.2-0.9 um wide and 0.2-5.0 um long), spiral or curved
Gram-negative bacteria, with either uni- or bi-polar flagella (Vandamme, 2000). Of the 18
species within the genus Campylobacter, C. jejuni and C. coli are the most significant
species in regard to food safety (Humphrey et al., 2007). Over 95% of the reported human

infections are caused by C. jejuni and C. coli. (Lastovica and Skirrow, 2000; Park, 2002).

C. jejuni is implicated in about 85% of the cases of human campylobacteriosis, with the
remaining cases being primarily caused by C. coli (Friedman et al., 2000). As a foodborne
pathogen, Campylobacter is currently a major cause of acute bacterial gastroenteritis in the
United States and other industrialized countries and is responsible for approximately 500
million cases worldwide annually (Friedman et al., 2000). Campylobacter is recognized for
its involvement in serious post-infection neurological complications, including paralysis,
especially Guillain-Barré and Miller-Fisher syndromes (Nachamkin, 1998; Hughes, 2004; Yu

et al., 2006; and Vucic et al., 2009).

Campylobacter is frequently isolated from the gastrointestinal (Gl) tracts of a wide range
of warm-blooded animals such as poultry, swine, sheep, cattle, dogs and cats. Birds,
especially poultry, are considered to be the primary reservoir for Campylobacter, and the
organism is generally considered to be commensally in these hosts (Altekruse et al., 1999;
Stern and Line, 1992).The animals carrying Campylobacter usually do not display any

evident symptoms such as those associated with human campylobacteriosis (Park, 2002). C.



jejuni and C. coli may co-exist in the Gl tract of an animal but in different ratios. Multiple
surveys show that generally C. jejuni is a predominant species in broilers and cattle, whereas
C. coli has a relatively higher prevalence in turkeys and (especially) in swine (Aarestrup et
al., 1997; Boes et al., 2005; Gebreyes et al., 2005; Luangtongkum et al., 2006; Saenz et al.,
2000; and Smith et al., 2004; Wright et al., 2008). The majority of human Campylobacter
infections occur as sporadic cases (Friedman et al., 2000). Poultry, raw milk, water, pets, and
wild birds have been implicated as sources of Campylobacter infections (Friedman et al.,
2000). Poultry can be heavily contaminated with up to 10° CFU at Campylobacter per g of
cecal contents, but are asymptomatic. However, as few as 102 cells are sufficient to cause

severe disease in humans (Young et al., 2007; Black et al., 1988).

Campylobacter is a fastidious bacterium in the laboratory but is capable of surviving in a
wide range of environments. C. jejuni, C. coli and C. lari are considered to be thermophilic
Campylobacter spp. (van Vliet and Ketley, 2001). They are able to grow at temperatures
ranging from 34°C to 44°C, with an optimal growth temperature of 42°C, however growth
ceases below 30°C (Doyle and Roman, 1981; Gill and Harris, 1983; Hazeleger et al., 1995,
1998). Campylobacter has been isolated form river, estuarine, and coastal waters (Keener et
al., 2004). Campylobacter is sensitive to heat with a D-value of less than 1 min at 60°C. It is
capable of surviving in the pH range of 4.9 to 9.0 and grows optimally at pH 6.5 to 7.5.
Campylobacter is an obligate microaerophile and requires oxygen concentration at 3 to 15%,
and carbon dioxide concentration at 3 to 5%. (van Vliet and Ketley, 2001; Stern and Kazmi,

1989).



C. coli are differentiated from C. jejuni by the hippurate hydrolysis test, where a positive
hippurate hydrolysis result is specific for C. jejuni (Skirrow and Benjamin, 1980). PCR
using primers targeting hipO can be used to identify C. jejuni (Hani and Chan, 1995). For C.
coli identification, PCR primers and/or oligonucleotide probe derived from the putative
virulence gene ceuE, encoding a lipoprotein involved in siderophore transport, are used

(Gonzalez et al., 1997).

Survival of Campylobacter in food and environment

Due to its narrow growth temperature range (34°C to 44°C) and obligately
microaerophilic nature, Campylobacter may be unable to grow in the environment and in
foods, even though it may survive in these habitats. Campylobacter has the potential to
survive remarkably under conditions which are non-supportive to growth, irrespective of its
fastidious requirements for growth. Campylobacter can survive in surface waters for a few
days at ambient temperatures (approximately 20°C), and for a much longer time (up to
several weeks) at 4°C (Buswell et al., 1998; Pickert and Botzenhart, 1985; and Terzieva and
McFeters, 1991). Environmental factors may facilitate Campylobacter survival under adverse
conditions. Survival times are longer in nutrient-rich water compared to purified water
(Thomas et al., 1999). Although the survival of C. jejuni and C. coli strains varied when
inoculated on fresh produce, the death rate of the most resistant strain on cantaloupe was as
low as 0.19 log CFU /day (Karenlampi and Hanninen, 2004), suggesting that Campylobacter
could maintain its viability long enough on fresh produce to pose a risk to consumers. In the

viable but nonculturable (VBNC) state, C. jejuni was able to survive for around 4 months



(Rollins and Colwell, 1986). Campylobacter has been postulated to be able to survive in
water in the VBNC state (Thomas et al., 1999; Cappelier et al., 2000); however, the function
of this dormant stage in Campylobacter life cycle is a subject of controversy (van de Giessen
etal., 1996). C. jejuni was also demonstrated to be persistent on chicken skin fragments at
4°C (Lee et al., 1998). Chan et al (2001) compared survival of C. jejuni human clinical
isolates and poultry-derived isolates in Mueller-Hinton broth and chicken rinse at 4°C.
Survival of clinical isolates was relatively stable, while survival of poultry-derived isolates
was reduced significantly by approximately four orders of magnitude in fourteen days.
Substantial variability in survival was observed among different strains (Chan et al., 2001).
Although the bacterium is incapable of reproduction below 30°C, many important
physiological activities can take place. Oxygen consumption, catalase activity, ATP
production, protein synthesis, chemotaxis, and aerotaxis were demonstrated in C. jejuni
strains at temperatures as low as 4°C (Hazeleger et al., 1998), suggesting that the pathogen
may be metabolically active and able to move to favorable niches at low temperatures, which
may facilitate the bacterium’s survival in food and in the environment. When frozen on
chicken skin (1 cm?),C. jejuni remained viable for 14 days at -20 °C and 56 days at -70°C
(Lee et al., 1998). Furthermore, the bacterium could withstand repeated freezing and thawing
similar to that which may occur in the home, even though survival decreased with repeated

freezing and thawing (Lee et al., 1998).

Campylobacter can form biofilms on a variety of abiotic surfaces commonly used in

watering supplies and plumbing systems in animal husbandry facilities and meat-processing



plants (Buswell et al., 1998; Trachoo et al., 2002; and Zimmer et al., 2003), which may
confer to the bacterium protection against stresses in the environment and provide a
continuous source of inoculums for food animals, ultimately leading to human infections.
Biofilm formation of Campylobacter is influenced by various nutritional and environmental
conditions. Both flagella and quorum sensing have been demonstrated to play roles in biofilm

formation in C. jejuni (Reeser et al., 2007).

All animals raised for food have a potential to be Campylobacter-positive. Murinda et al
(2004) investigated the major habitats of pathogens on dairy farms and found that 5.1% of
samples were positive for C. jejuni. The presence of campylobacters in the intestinal tract of
dairy animals results in milk contamination via fecal contamination. Campylobacter was also
reported to be able to be directly excreted in milk (Orr et al., 1995). Campylobacter is one of
the important foodborne pathogens that are commonly involved in raw milk contamination
(Jayarao et al., 2006; Schmidt and Davidson, 2008). C. jejuni has been detected in 9.2% of
131 samples from bulk tank milk in eastern South Dakota and western Minnesota (Jayarao
and Henning, 2001). Another study reported that approximately 27% (82 out of 300) of raw
milk samples were positive for Campylobacter in China (Yang et al., 2003). Many outbreaks
of Campylobacter have been caused by the consumption of raw or inadequately pasteurized
milk (Blaser et al., 1987; Wood et al., 1992; Fahey et al., 1995; Evans et al., 1996;

Harrington et al., 2002; and Schildt et al., 2006).

Doyle and Roman (1982) examined the survival of eight C. jejuni strains in raw milk at

4°C, and found that different strains survived quite differently. The most tolerant strain



decreased by less than 2 logip CFU/mI after two weeks, suggesting Campylobacter could be
present and persistent in raw milk for a long period of time. In contrast, the most sensitive

strains showed more than 6 logio CFU/mI decrease in 7 days.

As an important and popular component of the diet, milk is also a vehicle for the
transmission of numerous bacteria of both human and animal origin. Milk can be
contaminated with zoonotic pathogens including Campylobacter at any stage in the
production to consumption continuum as it is derived from animals. Pasteurization in
combination with application of the program Hazard Analysis and Critical Control Points

would be significant to guarantee the safety of milk for human consumption.

Genomic diversity and natural transformation of Campylobacter

The genome of several C. jejuni strains including NCTC11168 (1.6Mbp), RM1221
(1.8Mbp), 81-176 (1.6Mbp), and 81116 (NCTC11828, 1.6Mbp) have been completely
sequenced (Fouts et al., 2005). The genome of C. coli strain RM2228 (1.86 Mbp) was also
sequenced, but sequence gaps have not been fully closed. C. coli RM2228 was a multidrug
resistant isolate from a chicken carcass. C. jejuni RM1221 had an average of 98.41% protein
identity with C. jejuni NCTC11168, and an average of 85.81% protein identity with C. coli

RM2228 (Fouts et al., 2005).

Genome sequencing and comparative genomic studies revealed that there are
approximately twenty regions that are hypervariable among different C. jejuni strains

(Parkhill et al., 2000; Fouts et al., 2005). These diversified regions consist of four genomic



islands called Campylobacter jejuni-integrated elements (CJIES) and more than 18 loci
encoding lipooligosaccharide (LOS) biosynthesis, capsular polysaccharide (CPS)
biosynthesis, flagellar modification, and DNA restriction/modification loci. Parker et al
(2006) employed DNA microarray assays to show the wide prevalence of the four CJIES in
both C. jejuni and C. coli, and characterized the modular patterns and diversity of these four
CJIEs in different C. jejuni strains (Parker et al., 2006). These findings indicate the genetic

diversity and complexity in Campylobacter.

Both C. jejuni and C. coli are naturally competent and can take up DNA from the
environment, resulting in recombination between genomes from different strains. The
capacity of horizontal transfer of DNA both in vitro and during chick colonization may play
a key role in genomic plasticity and introduction of new factors such as antibiotic resistance
in Campylobacter through natural transformation (Wang and Taylor, 1990; de Boer et al.,
2002; Wilson et al., 2003; Kim et al., 2006). C. jejuni exhibits a higher preference in taking
DNA from other C. jejuni strains, in contrast to DNA from other species (Wilson et al.,
2003). The efficiency of natural transformation is also influenced by the level of carbon
dioxide, density and growth stage of bacterial cells, and temperature, which suggests that the
horizontal exchange of genetic material might be environmentally controlled (Wilson et al.,
2003; Kim et al., 2008). Several genes that are required for natural transformation have been
identified by transposon mutagenesis in C. jejuni (Wiesner et al., 2003). These genes were
involved in DNA uptake, DNA transportation and recombination and several encoded

proteins homologous to those involved in type Il secretion systems (Wiesner et al., 2003).



Several other competence genes associated with a plasmid-encoded type IV system, N-linked
glycosylation, LOS biosynthesis, and a putative DNA-processing enzyme have been
demonstrated to be necessary for natural transformation (Bacon et al., 2000; Fry et al., 2000;
Larson et al., 2004; Takata et al., 2005; Jeon and Zhang, 2007). The mechanism of
recognizing and taking up extracellular DNA in Campylobacter has yet to be understood.
Genotyping also indicates that stable lineages of C. jejuni are present, which indicates that
not every strain in the Campylobacter population is capable of acquiring extracellular DNA
(Manning et al., 2001). Using comparative genome hybridization between non-transformable
and transformable C. jejuni strains, an extracellular DNase encoded by a gene (dns) in the
Mu-like prophage integrated element 1 (CJIE1) has been to be involved in blocking natural

transformation of C. jejuni (Gaasbeek et al., 2009).

Hypervariable carbohydrates in Campylobacter

Genetic diversity of polysaccharide biosynthesis regions in the Campylobacter genome
determines a large capacity of Campylobacter to produce a variety of carbohydrates (Parkhill
et al., 2000; Fouts et al., 2005; Karlyshev et al., 2005b). Carbohydrates existing on bacterial
cell surface are in the form of polysaccharides, glycolipids and glycoproteins, playing key
roles in cell-cell interaction and host immune responses. There are primarily four groups of
glycans produced by Campylobacter including the lipooligosaccharide (LOS), the capsule,
and O- and N-linked protein glycosylation systems. In contrast to the conserved loci for the
N-linked glycosylation pathway, the loci involved in the biosynthesis of the other three

groups of glycan molecules are highly variable among different strains.



The LOS of Campylobacter is highly variable. Besides maintaining the structural integrity
of bacterial outer membrane, LOS serves to protect Campylobacter from host immune
system. The LOS is composed of two regions, lipid A and core oligosaccharide (Moran et al.,
2000). The lipid A moiety of C. jejuni LOS has a variable disaccharide backbone and every
backbone has different phosphorylation patterns. The core oligosaccharides in certain
serotypes contain a terminal structure that is similar to the structure of human gangliosides
GM1a and GM2, which has been linked to the induction of autoimmune polyneuropathies,
Guillain-Barré (GBS), and Miller Fisher syndromes (St. Michael et al., 2002). Besides the
variable structure in lipid A, the core oligosaccharides have also been shown to have phase
variation. Phenotypic variation of C. jejuni LOS structures is attributed to presence or
absence of specific genes and high frequency sequence variation resulting from slipped
strand mispairing (homopolymeric tract variation) during chromosomal replication (Moran et
al., 2000; Hallet, 2001). The diversity of LOS may contribute to the ability of C. jejuni to
adaption to a wide range of hosts and intestinal niches, as well as non-intestinal
environments. Besides the potential induction of the autoimmune polyneuropathies by certain
LOS structures, a C. jejuni mutant with inactivated or truncated LOS was shown to be
compromised in host cell adherence and invasion, as well as serum resistance (Fry et al.,

2000; Guerry et al., 2000; and Guerry et al., 2002).

CPS is another class of Campylobacter cell surface carbohydrates with a potential for high
structural variation (Karlyshev et al., 2005a; Aspinall et al., 1992 and 1994). A detailed

review for studies of CPS in Camplylobacter is described in a later separate section.
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In C. jejuni the O-linked glycosylated molecules have only been known to be flagellar
subunits (flagellin) (Szymanski et al., 2003). The glycan structure of modified flagellin is
pseudaminic acid (PseAm). The PseAm form may vary among different strains/species due
to modifications in PseAm (Goon et al., 2003; Thibault et al., 2001). It is important for
flagellin to be glycosylated because mutations on some genes involved in pseudaminic acid
biosynthesis resulted in non-motile and/or aflagellate cells (Logan et al., 2002). There are
about 50 genes in the O-linked glycosylation island of C. jejuni NCTC 11168. The O-linked
glycosylation Island is a hypervariable region with deletion and insertion of genes.
Additionally, a number of genes in the flagella glycosylation locus contain homopolymeric
nucleotide tracts resulting in phase variation. Guerry et al. (2006) observed reduced
Campylobacter autoagglutination and virulence following the changes in flagellin
glycosylation (Guerry et al., 2006). The variation in flagella production and further motility
may contribute to bacterial adaptation to environmental changes. Like LOS biosynthesis,
variation in cell flagella glycan structure may help Campylobacter cell to evade the host

immune response (Karlyshev et al., 2002, Guerry et al., 2006).

Besides the O-linked protein glycosylation system, the N-linked protein glycosylation
system is another glycosylation system in C. jejuni (Szymanski et al., 2003 and Young et al.,
2007). The pgl locus for N-linked protein glycosylation is adjacent to the gene cluster
responsible for LOS biosynthesis. The N-linked protein glycosylation system is responsible
for the glycosylation of dozens of proteins in C. jejuni. In contrast to its linked LOS

biosynthesis locus, the genetic locus of the N-linked glycosylation system is highly
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conserved, with only one gene (wlaJ) reported to be variable (Wood et al., 1999). Mutations
in the locus for the N-linked glycosylation system reduced Campylobacter’s capability to
attach and invade eukaryotic cells in vitro and conferred reduced ability for colonization of
chickens and mice (Wood et al., 1999). On the other hand, the N-linked glycosylation system
could potentially protect cells from proteolytic cleavage and increase the stability of proteins.

(Szymanski et al., 2003 and Young et al., 2007).

Study of CPS in Campylobacter

Capsule has been found on the cell surface of a wide range of bacterial species. Highly
hydrated with more than 95% water (Costerton et al., 1981), capsule is the outmost layer of
the bacterial cell and mediates the interactions between cytoplasm and its immediate
extracellular environment. Capsule plays a significant role in survival and persistence of
bacterial cells in the environment and contributes to the virulence of pathogens. CPSs are

known to have at least the following functions:

(1). Prevention of desiccation. Ophir and Gutnick found that the mucoid isolates of E.
coli, Acinetobacter calcoaceticus, and Erwinia stewartii were more resistant to drying than
nonmucoid mutant strains. They also found that the expression of the genes encoding
enzymes for the biosynthesis of capsule increased by desiccation (Ophir and Gutnick, 1994).
Another study found that the sigma factor AlgU (AlgT) might be a significant factor
controlling exopolysaccharide production and tolerance in response to desiccation and

osmotic stress in Pseudomonas fluorescens (Schnider-Keel et al., 2001). A possible
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mechanism is that desiccation may change the external osmolarity, which elicits increased

capsule biosynthesis (Roberson and Firestone, 1992).

(2). Promotion of adherence. CPSs may help bacteria to attach to biotic and abiotic
surfaces, resulting in the formation of biofilms and colonization in different environmental
conditions (Costerton et al., 1987). CPSs have been found to be a critical factor in adherence
to eukaryotic cells in several pathogens such as Streptococcus pneumoniae (Bootsma et al.,
2007), Staphylococcus aureus (Risley et al., 2007), Vibrio parahaemolyticus (Hsieh et al.,

2003), Streptococcus suis (Benga et al., 2004) and C. jejuni (Bachtiar et al., 2007).

(3). Resistance to host immunity. Although most CPSs can elicit an immune response, a
small set of them are poorly immunogenic. These include polysaccharides containing N-
acetylneuraminic acid (NeuNAc) such as those in E. coli K1 (Stevens et al., 1978) or

Neisseria meningitidis (Ganguli et al., 1994).

CPSs consist of repeating single units (monosaccharides) joined by glycosidic linkages.
These repeating units could be homo- or heteropolymers and may be covalent associated
with either organic or inorganic molecules. Any two monosaccharides can be joined in a
number of configurations, and each of the multiple hydroxyl groups within each
monosaccharide unit has a potential to form a glycosidic bond with another monosaccharide
unit. Thus, CPSs are in an incredibly diverse range of configurations resulting from both the
structure of the monosaccharide units and the way the units are joined together. The

introduction of branches into the polysaccharide chain and substitution of both organic and

13



inorganic molecules contribute to additional structural complexity of CPSs (Roberts, 1996).

(See figure 1.1)
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Figure.1.1. Capsular locus organization in C. jejuni NCTC 11168. CPS assembly and translocation
genes are indicated as thick black arrows. Striped arrows are genes involved in CPS biosynthesis.
The thin black arrows are genes with known functions but not related to CPS biosynthesis. The open
arrows are genes with unknown functions. Vertical arrows indicate homopolymeric C tracts (Cn) and
a 21bp sequence repeated nine times in gene Cj1433c. This figure is generated based on the NCBI
gene database of C. jejuni NCTC 11168 and data in St. Michael et al., 2002; and Karlyshev et al.,
2000. The internal region flanked by kps genes is highly variable among strains with different
serotypes reflecting the diversity of CPS biochemical structures.

Assembly of bacterial cell surface polysaccharides is conserved in bacteria (reviewed in
Whitfield and Roberts, 1999). Nucleotide diphosphate sugars are synthesized in the
cytoplasm and subsequently linked by glycosyltransferases to an undecaprenyl
pyrophosphate carrier anchored in the membrane. The assembled polysaccharide is delivered
across the cell membrane by using an ABC (ATP binding cassette) transporter which is

composed of a transmembrane channel, KpsM, the ATPase, and KpsT in most Gram-
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negative bacteria. These transporter components assemble a complex with four to five
additional Kps proteins to make a stable and effective translocation system for the
polysaccharide to move to the bacterial surface. The genetic organization of the capsule gene
clusters is conserved in bacteria with kps transporter genes flanking an internal region prone
to genetic recombination and reorganization and harboring polysaccharide biosynthesis
genes. A microarray hybridization analysis showed that there were differences in the CPS-
related genes among the strains of different serotypes of C. jejuni (Dorrell et al., 2001).
Sequencing of the C. jejuni NCTC11168 genome revealed that the guanosine cytosine (GC)
content of the cps locus (Cj11168 cj1415-cj1442) was lower (26.5%) than that of the entire
genome (30.6%), which suggests that the cps locus might be acquired through horizontal
gene transfer (Parkhill et al., 2000). Furthermore, the biosynthetic region of the cps locus was
prone to phase variation because there were several genes having homopolymeric tracts (poly
G/C tracts) due to slipped-strand mispairing during replication (Parkhill et al., 2000; Fig. 1).
Biochemical structure analysis and comparative sequence analysis demonstrated the presence
of additional CPS modifications and an abundance of genes potentially involved in heptose
biosynthesis in different C. jejuni strains (Karlyshev et al., 2005b). Variation in the CPS
structure may help Campylobacter to avoid host immune responses and survive through

different stressful environments.

The C. jejuni NCTC11168 CPS structure is composed of 6-O-methyl- D-glycero-a- L-
gluco-heptose, - D-glucuronic acid modified with 2-amino-2-deoxyglycerol, 3- D-GalfNAc

and - D-ribose (St Michael et al., 2002). The GalfNAc was firstly found in bacteria. Variable
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glycerol, ethanol, and methyl modifications on the sugar repeats have been found in C. jejuni
capsule biochemical structures which suggests that a single polysaccharide in capsule could
have different modifications in C. jejuni (St Michael et al., 2002). The cps locus of
NCTC11168 has several genes that are homologous to the relevant genes in E. coli (St
Michael et al., 2002). For example, Cj11168 1439c is a homologue to glf, encoding UDP-
pyranose mutase in E. coli, which is involved in the biosynthesis of galactofuranose. The
Cj11168_1439c mutant has a phenotype similar to that of a capsular transport mutant kpsM.
Cj11168_1441c is homologous to E. coli kfiD encoding an UDP-glucose dehyrogenase

responsible for the biosynthesis of glucuronic acid (St Michael et al., 2002).

In C. jejuni, the CPSs have been shown to be encoded and regulated by large number of
genes and found to be the major antigens in the Penner serotyping scheme, which is based on
heat-stable antigen of C.jejuni (Karlyshev et al., 2000; Bacon et al., 2001; Dorrell et al.,
2001). As in most Gram-negative bacteria, the genes encoding CPSs in C. jejuni are
functionally separated into three major regions. The highly variable internal region (cps
genes) contains the genes required for the biosynthesis of the CPS repeating units. The
sequencing of cps genes from seven strains (NCTC11168, HS:1, HS:19, HS:23, HS:36,
HS:23/36, and HS:41) showed that the internal biosynthetic region varied between 15.2 kb
(HS:1) and 34.1 kb (HS:2 and HS:41) (Karlyshev et al., 2005b). The potential for genetic
variation in this region is due to various gene insertions and deletions as well as the presence
of homopolymeric G /C tracts in several cps genes. The two more conserved flanking regions

(kps genes) are involved in polymerization of the repeating units and translocation of the CPS
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to the cell surface. CPS was demonstrated to be required for virulence of C. jejuni.
Compared with the wild type strains, the cps mutants showed increased hydrophobicity and
decreased resistance to human serum, and further had decreased potential for epithelial cell
attachment and invasion, and for diarrheal disease in a ferret model (Bacon et al., 2001; Boy
et al., 2007). Using alcian blue staining and electron microscopy, Karlyshev et al. (2001)
found that the the previously described high-molecular-weight ‘lipopolysaccharides’ (HMW
LPSs) of C. jejuni were actually CPSs. The two HMW glycan (26Kda to > 85Kda, 26-50
Kda, respecitvely) that determine the antigens for serotyping have been shown to be phase
variable (Karlyshev and Wren, 2001; Karlyshev et al., 2001; Moran et al., 2000). The larger
HMW glycan was lost in the C. jejuni 81-176 kpsM (CJJ81176_1441) mutant resulting in
the losss of CPS as well as the serotype designations of the bacteria which should have been
typeable with HS23 or HS36 antisera (Bacon et al., 2001). The kpsM gene
(Cj11168_Cj1448c) is located in the translocation region of the CPS locus. It encodes a
component of an ABC transporter involved in capsule transport, and homologs to KpsM have
been found in E. coli and several other bacteria (Karlyshev et al., 2000). kpsE gene that is
located in the same region as kpsM is involved in polymer transport through the bacterial cell
surface. The protein encoded by kpsE is involved in a direct connection between the inner
membrane transporter proteins (KpsM and KpsT) and other proteins in the outer membrane,
thus allowing the nascent polymer to cross the periplasmic space (Whitfield & Roberts, 1999;
Arrecubieta et al., 2001). In contrast to the wild type strain of C. jejuni, a kpsE mutant

exhibited significantly reduced capability in adherence to and invasion of human embryonic
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epithelial cells. However, the ability of the kpsE mutant to colonize chicks was only slightly
reduced in comparison to that of the corresponding wild type strain, suggesting that other
factors besides capsule are involved in the adhesion and colonization of C. jejuni in the

chicken gut (cecum and colon) (Bachtiar et al., 2007).

Both CPS and LOS are primary components of carbohydrates on the outer surface of
Campylobacter cells. Jeon et al (2009) demonstrated that LOS mutants of a C. jejuni strain
were much more sensitive to erythromycin than the wild type strain which was intrinsically
resistant to erythromycin, the antibiotic of choice currently for treating human
campylobacteriosis. In contrast, the CPS mutant strain and its wild type counterpart exhibited
comparable resistance to antimicrobials. The transformation frequency was increased by 4-,
25-, and 97- fold in the CPS mutant, the LOS mutant, and CPS/LOS double mutant,

respectively. These data indicate that surface carbohydrates and lipopolysaccharides in

C. jejuni play important roles in resistance to antimicrobials and natural transformation

efficiency (Jeon et al., 2009).

Since most research work has been focused on cell surface carbohydrates, molecular
biology and pathogenesis in C. jejuni, it would be significant to determine the molecular
biology and pathogenesis of C. coli which accounts for about 10-15 % of human
campylobacteriosis. C. coli is significantly more prevalent than C. jejuni in swine and is also
frequently recovered from turkeys (Aarestrup et al., 1997; Boes et al., 2005; Gebreyes et al.,
2005; Luangtongkum et al., 2006; Saenz et al., 2000; Smith et al, 2004; Wright et al., 2008 ).

The potential disease burden associated with C. coli can become higher with the high
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prevalence of multi-drug resistance strains of C. coli in turkey and swine (Luangtongkum et

al., 2006; d’lima et al., 2007).
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CHAPTER 2

Survival of Campylobacter jejuni and C. coli strains in raw and pasteurized milk at 4°C
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ABSTRACT

Limited information is available on survival of animal-derived Campylobacter spp. in
milk. In this study we monitored survival of six strains of Campylobacter jejuni and six C.
coli strains from turkeys and cattle in raw and pasteurized milk held at 4°C. Survival in raw
milk at 4°C varied markedly among the strains: the most resistant strain exhibited 0.69-log10
CFU/ml reduction after 4 weeks in raw milk, and the most sensitive strain showed a > 5-logi
CFU/ml decrease after one week in raw milk. All six C. jejuni strains and four of the six C.
coli strains survived better in pasteurized milk than in raw milk (P < 0.01). C. coli strains
generally showed lower persistence in pasteurized milk than were the C. jejuni strains, and
two C. coli strains (both from turkeys) had higher log reductions in pasteurized than in raw
milk. In raw milk the reduction of Campylobacter CFUs corresponded with increases in
Aerobic Plate Counts. Noticeable variation was observed in survival of the same strains in
different batches of raw milk. Survival in pasteurized milk also varied among different
batches, albeit to a lesser extent. These results indicate that the survival outcomes of animal-
derived Campylobacter spp. in both raw milk and pasteurized milk are complex and
determined by multiple factors including milk batch, species of Campylobacter (C. jejuni vs.
C. coli) and strain. The persistence and robustness of several of the strains in raw and
especially in pasteurized milk emphasize the importance of pasteurization of raw milk and
subsequent safe handling of pasteurized milk to avoid secondary contamination prior to

consumption.
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INTRODUCTION

Campylobacter jejuni and C. coli are the most common causative agents involved in
food-borne bacterial gastroenteritis in the developed world (Friedman et al., 2000). Cases of
campylobacteriosis have been mostly associated with the consumption of undercooked
poultry, unpasteurized milk and contaminated drinking water (Altekruse and Tollefson, 2003;
Adak et al., 1995). Raw milk is commonly consumed by farm families (35% to 60%) and a
small portion (3.5%) of the general population in the US (LeJeune and Rajala-Schultz, 2009).
An average of 5.2 outbreaks per year was due to the consumption of raw milk and raw milk
products from 1993 to 2007. Campylobacter spp. was the major contributor (71%) to these
raw milk-associated outbreaks; other contributors were Escherichia coli 0157:H7 (ca. 14%)

and Salmonella spp. (ca.14%) (CDC, 2009).

Survival of C. jejuni in milk has been investigated and different results were reported
from different studies. C. jejuni (11 human isolates) was reported to be able to survive in
sterile milk for up to 22 days at 4°C, and for less than 3 days at 25°C (Blaser et al., 1980).
Christopher et al (1982) examined the effects of pH and temperature on the survival of five
C. jejuni strains and five C. fetus strains in sterile skim milk and found that the cell density
rapidly decreased by 5- to 6-log;o CFU/ml in 2.5 days at 20°C, and slowly decreased by
approximately 4-log;o CFU/ml after 14 days at 1°C. Doyle and Roman (1982) reported
variable survival profiles among eight C. jejuni strains in raw milk held at 4°C for 14 days.
These eight strains included three human isolates, two strains of porcine origin, one avian

isolate and two bovine isolates. The most robust isolate was reduced by less than 2-log; after
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14 days, while CFUs of the most sensitive strain were below detectable levels after 7 days
(Doyle and Roman, 1982). There are no data available for the survival of C. coli in milk.
Thus, the purpose of this study was to investigate the survival of C. jejuni and C. coli from
cattle and turkeys in both raw milk and pasteurized milk and to determine the impact of

species (C. jejuni and C. coli) and host origin on the survival of the bacteria.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The Campylobacter strains used in this study
are listed in Table 1. Strains were chosen so as to have distinct subtypes based on pulsed-
field gel electrophoresis (PFGE) and / or flaA typing. Strains with the same MLST-based
sequence type (ST) could be differentiated by PFGE and flaA typing and in certain cases also
differed in antimicrobial susceptibility profiles (Table 1). Strains C. coli 6979 and C. coli
7474 were members of a clade (“cluster II””) primarily associated with turkeys (Miller et al.,
2005). These strains had related STs (ST-1150 and ST-1161) and distinct PFGE and flaA
types, and also differed in their antimicrobial susceptibility profiles (Table 1). All strains
were stored in brain heart infusion broth (BHI, Becton Dickinson, Sparks, MD) supplemented
with glycerol 20% at —80°C. Prior to the experiments, each strain was streaked on a sheep
blood agar plate (Remel, Lenexa, KS) and incubated microaerobically at 42 °C for 48h as
described previously (Smith et al., 2004). To make a fresh cell suspension, one or two
colonies from each plate were transferred into a tube containing 5 ml Mueller-Hinton broth

(MHB) (Becton Dickinson) and incubated micro-aerobically at 42°C for 24h.
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Milk. Fresh raw whole milk and pasteurized whole milk was obtained from North
Carolina State University’s Dairy Plant. For each experiment, the raw and the pasteurized
milk were from the same batch, consisting of bulk tank milk collected from several herds in
North Carolina and transported to the dairy plant. The pasteurization process was 78.8°C for
28 seconds. Raw milk was screened and confirmed to be free of Campylobacter prior to each
test. Twenty five milliliters of raw milk was sampled from each batch and enriched in Bolton
broth (25 ml 2x Bolton Broth, 2.5 ml Laked Horse Blood, 0.5 ml Bolton Broth selective
supplement, Oxoid) at 37 °C for 24h. A loopful (about 10pl) of enriched milk was streaked
onto a blood-free Campylobacter spp. selective plate (Charcoal Cefoperazone Dexycholate
Agar, CCDA,; Oxoid, Basingstoke, Hampshire, England), followed by incubation micro-
aerobically at 42°C for 48h.

Survival of Campylobacter in raw and pasteurized milk. Both raw and pasteurized
milk were stored in 4 °C for no more than 24 h prior to being inoculated with C. jejuni or C.

coli. MHB was used as diluents for culture preparation and as a control medium for strain

C. jejuni BS269. One milliliter of each Campylobacter spp. overnight-culture was
transferred into 99 ml of raw and pasteurized milk, respectively, and mixed thoroughly to
make a homogenized cell suspension (ca. 10°CFU/mI) in each type of milk. The cell
suspensions in milk were then distributed into 15ml sterile Falcon tubes in 5 ml aliquots and

kept at 4 °C.

To test the survival of Campylobacter spp. in the milk, CFU/ml of Campylobacter spp.

in milk were determined at time zero (immediately after inoculation) and at specific intervals
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(7 days). Duplicate samples (two tubes) from each group (raw and pasteurized) were serially
diluted with sterile MHB and plated in duplicate on CCDA. Colonies were enumerated
following incubation microaerobically at 42 °C for 48h. pH of raw and pasteurized milk was
measured over the duration of the experiment. Appropriate dilutions of the cell suspensions
were also plated onto four replicate MHA plates, two of which were incubated aerobically at
37°C for 48 h, whereas the other two plates were incubated aerobically at 4°C for 7 days.
Colonies grown on the MHA plates at 37°C and at 4°C were enumerated to determine

CFU/ml of mesophilic and psychrotrophic bacteria, respectively, in the raw milk.

RESULTS

Survival of C. jejuni BS269 in raw and pasteurized milk and in MHB at 4°C.

C. jejuni BS269, isolated from a dairy cow, was inoculated at ca. 3 x10° CFU/ml into raw
milk, pasteurized milk, and MHB and stored at 4°C. The survival of the bacterium was
significantly different in the three different media. In pasteurized milk, BS269 remained
stable over the entire course of four weeks, with <1 logio CFU/ml reduction (Fig. 2.1). More
than 10°cells/ml could be recovered from the inoculated pasteurized milk after 8 weeks at
4°C (data not shown). In contrast, in raw milk BS269 showed 0.71, 3.8, 4.8, and 5.6 logig
CFU/mI decrease in the 1%, 2" 3™ and 4™ week, respectively. Survival remained stable in
MHB for the first two weeks, but declined thereafter, with 4.3 log;o CFU/ml reduction after 4

weeks (Figure 2.1). Raw milk pH declined from 6.85 to 6.47 in the course of the experiment,
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whereas pH of the pasteurized milk remained stable (Figure 2.1). Meanwhile, APC increased

from 6.0x10> CFU/ml at the beginning to 9.4x10" CFU/ml after 21 days.

Pronounced variability among C. jejuni and C. coli strains in survival in raw and
pasteurized milk. To determine whether the observed markedly impaired survival of C.
jejuni BS269 in raw vs. pasteurized milk could be observed with other C. jejuni strains and
with strains of C. coli, a panel of 11 additional strains were investigated. This panel included
five C. jejuni strains (two from dairy cows and three from turkeys) and 6 strains of C. coli
(two from dairy cows and four from turkeys) (Table 2.1). Survival in raw and pasteurized
milk was monitored after 14 days of storage at 4°C. Campylobacter survival in raw or
pasteurized milk varied greatly among the different strains (Figure. 2.2). C. jejuni strains
generally survived less in raw milk than in pasteurized milk (P < 0.05). However, reductions
in survival of the dairy cow-derived strains C. jejuni BS142 and C. jejuni BS501 were much
lower in raw milk than observed with C. jejuni BS269 (Figure. 2.2). C. jejuni BS501
showed pronounced robustness in both raw and pasteurized milk, with < 1 log;oCFU/ml
reduction in raw milk or pasteurized milk after 14 days (in three different experiments,
10g10CFU/mI reductions of this strain ranged from 0.13 to 0.91). Nonetheless, this strain
survived even better in pasteurized milk, with log;oCFU/ml reductions ranging from 0.09 to

0.19 in three different experiments (Figure 2.2, and 2.3).

Of the three tested C. jejuni strains from turkeys, two strains (strains 10297 and 7287)
exhibited pronounced declines in raw milk, whereas survival in pasteurized milk was

impacted only minimally. The difference in survival in raw vs. pasteurized milk was

36



especially striking for C. jejuni strain 10297, for which survival in raw milk decreased by as
much as five orders of magnitude in the first week of storage (Figure 2.2, and 2.3). This
strain was found to be the most susceptible to raw milk among all C. jejuni and C. coli
strains examined. In contrast, the strain’s survival in pasteurized milk was stable, with
approximately 80% of cells still recoverable after 14 days (Figure 2.2, and 2.3). Even
following incubation in pasteurized milk for eight weeks, C. jejuni strain 10297 exhibited

reduction of only 2.6 log;o CFU/mI (data not shown).

Of the six tested C. coli strains, three (the dairy cow-derived strain C. coli BS491 and
the two turkey-derived strains C. coli 7474 and C. coli 8286) had significantly higher
reductions in raw than in pasteurized milk (P < 0.01), similarly to the trend observed with
strains of C. jejuni (Figure 2.2, and 2.3). However, one strain (C. coli 169E, derived from a
dairy cow) survived similarly in raw and pasteurized milk (ca. 2.5 log;oCFU/ml reduction),
and, interestingly, two strains (C. coli 5963 and C. coli 6979), both of turkey origin, survived
better in raw than in pasteurized milk (P < 0.01). C. coli 6979 and C. coli 5963 were stable in
raw milk, with recovery reduced by only 0.41 (+ 0.18) and 0.90 (+ 0.1) log;o CFU/m,
respectively, after 14 days in raw milk, whereas following 14 days in pasteurized milk
recovery of C. coli 6979 and C. coli 5963 was reduced by 1.50 (+ 0.75) and 2.17 (x 0.4)
log10CFU/mI, respectively (Figure 2.2, and 2.3). These results indicate the survival of C. coli
strains in raw vs. pasteurized milk varied greatly, with opposite trends observed with some

strains than with others.
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APC Enumerations in raw milk. The population of other bacteria in raw milk was
monitored by plate counts to determine whether the survival of Campylobacter spp. in raw
milk was associated with the increase in growth of aerobic bacteria in the raw milk. APCs
including mesophiles and psychrotrophs were determined in raw milk. APCs in fresh raw
milk varied from batch to batch ranging from 10 CFU/ml to 10° CFU/ml at the start point (0
day). The APC differences in raw milk did not impact the survival of Campylobacter spp.
(Fig. 2.4). APCs (mesophiles) in raw milk reached up to 10 CFU/ml (increased by
approximately two to five orders of magnitude) over 14 days at 4°C, irrespective of the
presence or absence of Campylobacter spp. (Figure 2.1 and 2.4). The population of the
psychrotrophs was found to change from a small fraction of the APCs (less than 20%) at the
beginning to more than 70% of the APCs following 14 days of storage at 4°C (data not
shown). Increases in APCs were not significantly different between raw milk samples
inoculated with Campylobacter and those without Campylobacter (P > 0.05, Figure2.4),
suggesting that the presence of Campylobacter did not affect APCs in raw milk at

refrigeration temperature.

pH value of milk. pH value was measured for each type of milk when they were sampled for
cell enumerations. The typical trends of pH in raw and pasteurized milk inoculated with
Campylobacter and stored at 4°C are shown in Figure 2.1. The pH value of raw milk
inoculated with Campylobacter ranged from 6.61 to 6.73 at the beginning, then decreased by
0.21 ~ 0.33 unit in 14 days (average reduction was 0.25), which is parallel to the trends of pH

values in raw milk with no inoculation of Campylobacter spp. The pH value of pasteurized
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milk inoculated with Campylobacter spp. was stable (6.7 £ 0.02) throughout the 14 days
(Table 2.2). The pH decreased in raw milk while the APC increased during the storage time,
indicating the decrease of pH resulted from the more metabolites generated by increasing

numbers of APC in raw milk (Figure 2.1, Table 2.2).

Impact of different batches of raw and pasteurized milk on survival of Campylobacter.
Examination of strain C. jejuni BS269 in five different experiments using different batches
of milk revealed consistent trends (noticeably greater reductions in raw vs. pasteurized milk)
although the extent of the reductions varied among the trials. Variation among batches was
lower with pasteurized than with raw milk (Table 2.3). Survival outcomes between tests
involving different batches of milk were comparable with most of the other tested strains,
with between-batch differences in log10 CFU/mI reductions following 14 days generally <1.
However, relatively high batch-to-batch variation was noted for two strains, C. coli 6979 and
C. coli 7474 in both raw and pasteurized milk (Figure 2.5). Initial APCs also differed among
batches, but no correlation was noted between APC levels and outcome in Campylobacter

survival in raw milk (Figure 2.5).

DISCUSSION

Six C. jejuni strains and six C. coli strains were tested for their survival in raw and
pasteurized milk at refrigeration temperature (4°C). The survival of strains of both species
varied greatly in both raw milk and pasteurized milk. Doyle and Roman (1982) investigated

the survival of eight C. jejuni isolates in unpasteurized milk and found that the survival of all
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strains was reduced during 14 days of storage at 4°C, even though the extent of reduction
varied significantly among the strains. However, this study did not include any C. jejuni from

turkeys, and no C. coli strains were examined.

Here, we found that all six C. jejuni strains survived significantly better in pasteurized
milk than in raw milk (P < 0.05). Generally, there was <1 log;o CFU/mI decline of the tested
strains following two weeks in pasteurized milk at 4°C. Two dairy cow-derived strains, C.
jejuni BS269 and C. jejuni BS501 appeared especially robust in pasteurized milk at 4°C,
with their CFUs remaining stable for more than two weeks after inoculation of the product.
C. jejuni BS501 also exhibited pronounced robustness in raw milk; only 23% of cells failed
to be recovered from the raw milk two weeks following inoculation and storage at 4°C. A
bovine isolate was also found to be unusually robust in raw milk in the earlier study of
Roman and Doyle (1982). In the current study, two of the three turkey-derived strains
showed high rates of decline in recoverable populations from raw milk (> 4 logio CFU/mI
reductions in two weeks), whereas the third exhibited a 2 logyg CFU/ml reduction during this
time. One may speculate that some strains from dairy cows may have been exposed to
selection for enhanced persistence in raw milk, e.g. through their exposure to milk in cows
with mastitis. Such selection would be expected to be stronger for C. jejuni than other
Campylobacter spp., since cows are predominantly colonized with C. jejuni. Analysis of
additional strains from cows, turkeys, and other animal sources will be needed to further

assess the impact of strain origin on C. jejuni’s ability to persist in raw milk.

In comparison to the survival trends observed in raw vs. pasteurized milk with the
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C. jejuni group, the survival pattern of C. coli strains was more complicated. The trend
observed with all tested C. jejuni strains (greater survival in pasteurized than in raw milk)
were observed only with three of the six tested C. coli strains. Of the other three, one showed
similar CFU/mlI reductions in raw and pasteurized milk, whereas the other two, both from
turkeys, survived better in raw than in pasteurized milk, a pattern unlike that of the other
strains tested. These two strains exhibited the greatest robustness in raw milk (<1 logio
CFU/ml reduction) among the C. coli strains tested. Neither of the two tested dairy cow-
derived C. coli strains seemed unusually robust in raw milk. In pasteurized milk, the six C.
coli strains generally showed greater CFU/mI declines than observed with C. jejuni. These
species-related patterns of survival in milk need to be further assessed by a larger number of

strains of both species.

At this time, mechanisms underlying differences among strains in survival in raw or
pasteurized milk remain unknown. We have not been able to detect correlations between
genotypic attributes of the strains and their survival profiles. Two C. jejuni strains with the
same MLST-based subtype (C. jejuni 10297 and C. jejuni SC1453, both of ST-2934) varied
noticeably in their declines in raw milk. Two strains of C. coli with the same ST (C. coli
8286 and C. coli 5963, both of ST-1126) exhibited opposite trends in their survival patterns
in raw vs. pasteurized milk, as did the two cluster Il strains (C. coli 6979 and C. coli 7474).
The findings suggest that genetically related strains may differ in their ability to survive in
raw or pasteurized milk, and that the underlying mechanisms are mediated by strain-specific

attributes.
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The aerobic plate counts ( APCs) increased in all instances during the two-week
duration of the experiments, while pH decreased in every batch of raw milk. The pH change
in Campylobacter-free raw milk was similar to that in raw milk inoculated with
Campylobacter. Further, pH of all pasteurized milk samples was stable irrespective of the
presence of Campylobacter. The data suggest that the presence of Campylobacter spp. had
no impact on the pH in milk, and that the decrease of pH in raw milk was primarily due to
the growth of aerobic bacteria in the milk. The presence of Campylobacter spp. had no
apparent influence on the growth of those aerobic bacteria. The results support the previous
findings that there was no direct relationship between the rates of change in pH, APCs, and
Campylobacter CFU/ml in raw milk (Doyle and Roman, 1982). Another challenge in the
study of survival of Campylobacter spp. in milk was the different results obtained from
different batches of milk used, contributing to the weak reproducibility of results from

repeats.

In addition to the intrinsic properties of each particular strain, multiple factors in raw milk
could influence survival of Campylobacter, such as composition, initial APCs, and
concentration of bioactive compounds in milk. Raw milk produced by a healthy cow should
be free of microorganisms. However, milk can become contaminated with bacteria in the
process of collection and storage because there are microorganisms (primarily
Staphylococcus, Streptococcus, Bacillus, Micrococcus, Corynebacterium, and occasionally
coliforms) colonizing the teat skin or the mammary gland canal, and the container for

collecting and storing milk is generally not sterile (LeJeune and Rajala-Schultz, 2009). Initial
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APCs ranged from 10? CFU/mI to 10° CFU/mlI in the raw milk used in the study. The
variation of bacterial composition and density contributes to the complexity of microflora
and may impact subsequent metabolites generated in the raw milk, including metabolites
with antimicrobial activity. In this study, the survival pattern of the strains were determined
by results from at least two independent experiments with generally close agreement (<1
log10 CFU/ml) in two different batches of milk for most strains. However, batch-to-batch
variation was noted for some strains, especially C. coli 6979 and C. coli 7474, suggesting
that some strains may be more susceptible to currently unidentified differences between milk

batches.

In addition to the aerobic bacteria that may affect the survival of Campylobacter in raw
milk, several bioactive compounds in raw milk, including lactoferrin, lactoperoxidase, bovine
immunoglobin and others yet to be characterized, may impact the survival of Campylobacter.
Lactoferrin, an iron-binding glycoprotein, is one of the known potent antimicrobial
components in milk. The antimicrobial activities of native lactoferrin in both raw and
pasteurized milk are similar, but the protein is denatured by ultrahigh-temperature treatment
(Paulsson, et al., 1993). The concentration of lactoferrin in milk varies in the range from 0.02
and 0.2 g/L during the lactation period (Steijns and van Hooijdonk, 2000). The
lactoperoxidase (LP) system in raw milk has inhibitory effects on both Gram-positive and
Gram-negative microbes (Siragusa and Johnson 1989). The LP system is sensitive to heat but
retains 75% activity following pasteurization at 72°C for 15 s (Marks et al., 2001; Barrett

et al. 1999). However, LP activity decreased rapidly as the temperature increased to 80°C
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(Griffiths 1986). The antimicrobial effects of the LP system were suggested to explain the
earlier described better survival of C. jejuni in sterilized milk than in raw milk (Doyle and
Roman, 1982). However, our study also identified two strains (one C. jejuni and one C. coli)
that exhibited similar survival trends in raw and pasteurized milk, as well as two C. coli

strains that survived better in raw milk.

The persistence of C. jejuni and C. coli in both raw milk and pasteurized milk
emphasizes the importance of pasteurization of raw milk, and of subsequent safe handling to
avoid secondary contamination post pasteurization. Identification of the specific factors
involved in inactivation of C. jejuni and C. coli in raw milk would be important in reducing

the food safety burden associated with Campylobacter and other pathogens in milk.
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Table 2. 1. Campylobacter strains used in this study

Strain MLST Source Antimicrobial resistance**
C. jejuni
BS269 262 Dairy cow, colon A
BS142 45 Dairy cow, colon A
BS501 61 Dairy cow, colon A
10297 2934 Turkey, fecal Q
7287 1839 Turkey, fecal TSQ
SC1453 2934 Turkey, cecum Pan-sensitive
C. coli
BS491 ND* Dairy cow, colon AT
BS169E 828 Dairy cow, colon TSK
7474 1161 Turkey, fecal Pan-sensitive, Cluster 11
8286 1126 Turkey, fecal TSEKQ
5963 1126 Turkey, fecal TSEKQ
6979 1150 Turkey, fecal T

*ND, not done;

**Antibiotics are as follows: T, tetracycline; S, streptomycin; E, erythromycin; K,
kanamycin; A, ampicillin; Q, (fluoro) quinolone (nalidixic acid and ciprofloxacin)
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Table 2. 2. pH in raw and pasteurized milk at 4°C after 14 days of incubation at 4°C

- Raw milk (inoculated with Pasteurized milk Raw milk (not inoculated with
strains Campylobacter spp.) Campylobacter spp.)

do d1a D g0 gia DR g gq  Decreas
BS269 6.61  6.37 0.24 6.64 6.64 0 6.66 6.36 0.3
BS142 6.67  6.35 0.32 6.65 6.63 0.02 6.68 6.33 0.35
BS501 6.61 6.4 0.21 6.76 6.69 0.07 6.62 6.38 0.24
10297 ND ND ND 6.77 6.78 -0.01 6.81 6.66* 0.15
7287 6.7 6.48 0.22 6.7 6.66 0.04 6.8 6.53 0.27
SC1453 6.66  6.36 0.3 6.74 6.67 0.07 6.68 6.33 0.35
BS491 6.73  6.40 0.33 6.73 6.7 0.03 6.8 6.5 0.3
BS169E 6.63 6.4 0.23 6.63 6.65 -0.02 6.66 6.36 0.3
7474 6.62  6.39 0.23 6.63 6.64 -0.01 6.66 6.36 0.3
8286 6.70  6.42 0.28 6.71 6.68 0.03 6.69 6.42 0.27
5963 6.64  6.42 0.22 6.73 6.69 0.04 6.66 6.36 0.3
6979 6.67  6.46 0.21 6.66 6.7 -0.04 6.68 6.32 0.36
Average 6.66  6.40 0.25 6.70 6.68 0.02 6.69 6.39 0.30

ND, Not done;

* Measured at 5d-storage, not 14d-storage.
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Table 2. 3. Log reduction of C. jejuni BS269 (decrease in logio0CFU/ml over 14 days at 4°C)

and APC (increase in log1oCFU/mI over 14 days at 4°C) in five different experiments using

different batches of milk

Date 08/28/07  09/25/07 01/08/08 01/29/08 07/01/08
Decrease in raw milk 3.77 3.60 3.61 2.07 2.76
Decrease in pasteurized milk 0.05 0.10 0.24 0.00 0.16
APC (start) 2.78 4.0 4.13 5.1 4.24
APC (end) 6.76 8.1 7.49 7.9 8.85
Increase of APC 3.98 4.1 3.36 2.8 4.61

48



10 6.9

[ )
8 - 6.8
E 61 - 6.7
T
O S
2
(@]
S 44 - 6.6
-@— BS269 in raw milk
2 A =0O= BS269 in pasteurized milk - 6.5
¥~ BS269in MHB
A - APC in raw milk
@ - pHinraw milk
-Q - pH in pasteurized milk
0 T T T T T T 64
0 5 10 15 20 25 30
Days

Figure 2. 1. Survival of C. jejuni strain BS269 in raw milk, pasteurized milk, and MHB, as
well as increases in APC in raw milk (without C. jejuni) and pH changes of raw milk and
pasteurized milk which were inoculated with strain C. jejuni BS269 over the time course of
four weeks. Data are from a representative experiment out of at least three independent
repeats. Error bars at each data point are the standard deviation of four replicates. pH was

measured once for each independent experiment.
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Figure 2. 2. Survival of Campylobacter spp. in milk at 4°C over 14 days. The survival of
each strain in raw milk and pasteurized milk was tested at the same time. The bars represent
the mean of two repeats, and error bars indicate the standard deviations of data from each of
the two repeats (n = 4).
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Figure 2. 3. Survival curves of C. jejuni (A, B) and C. coli (C, D) in milk at 4°C over 14
days. The data for day 14" are the same as in Figure 2.2.
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Figure 2. 4. Increase of APC in raw milk during 14 days at 4°C in the absence and presence
of Campylobacter spp. isolates. Determinations were from four different trials. Bars are
means of two replicates from a representative trial and error bars represent standard
deviations of four individual data from the two replicates. Due to the use of different batches
of raw milk, the data were different between repeats but revealed the same trend. Un-
inoculated raw milk from each trial is designated as “original”.
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CHAPTER 3

Roles of capsule of animal-derived Campylobacter spp. in vitro
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ABSTRACT

Campylobacter spp. is able to survive in foods and in the environment in spite of its
fastidiousness. Capsule may have a role on such survival. Three animal derived strains
including one turkey-derived C. coli strain (6979) and two C. jejuni strains (BS142 and
SC1453, of bovine and turkey origin, respectively) were subjected to insertional mutagenesis
of kpsM resulting in capsule- deficient mutants (kpsM::kan"). The mutants were characterized
in terms of cell and colony morphology, growth rate, tolerance to desiccation, competence,
MICs to selected antibiotics, survival in milk and in water. Compared to the parent strains,
the mutants formed smaller, thicker and shinier colonies on different solid agar media. Two
of the mutants had reduced growth rate in MHB at 37°C, and strain-specific differences were
observed between mutant and wild type strains in swarming in soft agar. All three mutants
had impaired tolerance to desiccation compared to the wild type strains (P < 0.05), and
exhibited higher susceptibility to certain antibiotics than the parent strains. However, no
significant differences were observed between the mutants and their wild type counterparts in
survival in milk and in distilled water, or in competence. Results suggest that capsule may
have some effects on bacterial growth, antibiotic resistance, and motility in Campylobacter
spp. but these effects are strain dependent. Further studies are needed to accurately assess the

impact of capsule in environmental adaptations in Campylobacter.
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INTRODUCTION

Campylobacter strains are responsible for the majority of bacterial gastrointestinal
disease in humans all over the world (Lastovica and Skirrow, 2000; Skirrow and Blaser,
2000). Among the 18 known species in the genus Campylobacter, C. jejuni and C. coli are
the most significant species in regard to food safety (Humphrey et al., 2007). C. jejuni is
implicated in 80 to 90% of the cases of human campylobacteriosis, with the remaining cases
being primarily caused by C. coli (Nachamkin et al., 2000; Friedman et al., 2000). As a
zoonotic agent, Campylobacter spp. commonly colonizes poultry and other warm-blooded
meat animals such as cattle, sheep, and swine (Humphrey et al., 2007; Jacobs-Reitsma, 2000).
Although this bacterium is fastidious and difficult to culture in vitro, it is able to survive in
the environment and one of the most frequently isolated food-borne pathogens from raw milk,
untreated water and poultry. (Solomon and Hoover, 1999). The primary risk factors for
human campylobacteriosis include cross-contamination with raw poultry, consumption of
undercooked poultry products, unpasteurized milk, and untreated surface water, zoonotic

transmission, and international travel (Altekruse and Tollefson, 2003).

Campylobacter contains 4 types of surface carbohydrates including lipooligosaccharide
(LOS), capsule polysaccharides (CPS), and proteins with O- and N-linked glycosylation
(Moran et al., 1996). CPSs are thought to be involved in serum resistance, adherence and
subsequent invasion of epithelial cells, chick colonization and virulence in a ferret model
(Bacon et al., 2001; Bachtiar et al., 2007; and Jones et al., 2004). Variations in capsule

structures determine different serotypes of Campylobacter spp. (Karlyshev et al., 2000). In
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Campylobacter spp., capsule has been mostly studied in regard to its role in colonization,
pathogenicity and immune avoidance. Such studies have focused on selected strains of C.
jejuni of human clinical origin, with little information available on C. jejuni from meat
animals (reviewed in Young et al., 2007). Studies on the role of capsule on the survival of C.
jejuni in the environment have not been available, neither is there any information available
on the possible roles of capsule in adaptations of C. coli. The purpose of our study was to
determine the role of capsule in the survival of animal-derived C. jejuni and C. coli isolates
in the environment, using insertional mutagenesis of the kpsM gene, known to be required

for capsule biosynthesis in Campylobacter.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The Campylobacter spp. strains used in this
study are listed in Table3.1. All strains were stored in brain heart infusion broth (BHI, Becton
Dickinson, Sparks, MD) supplemented with glycerol (20%) at —-80°C. Prior to use, each
strain was streaked on a tryptic soy agar plate supplemented with 5% sheep blood (BAP)
(Remel, Lenexa, KS) and incubated microaerobically at 42 °C for 48h as described
previously (Smith et al., 2004). To make a fresh cell suspension, one or two typical colonies
from each plate were transferred into a tube containing 5 ml Mueller Hinton broth (MHB,
Becton Dickinson, Sparks, MD) and incubated microaerobically using the CampyPak

Microaerophilic System (BBL, Sparks, MD) at 42°C for 24h.
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Construction of CPS mutants and determination of transformation efficiency. The
C. jejuni strain DB208 (kindly provided by P. Guerry) was used as DNA donor in this study.
DB208 is a capsule-deficient strain since its kpsM gene has been interrupted with a
kanamycin (kan") cassette of 1427bp at nt 575 by integration via double-cross over exchange
(Bacon et al., 2001). C. coli 6979, C. jejuni BS142 and C. jejuni SC1453 were animal-
derived isolates sensitive to kanamycin, and were used to construct CPS-deficient mutants.
Genomic DNA (gDNA) of DB208 was used as donor to naturally transform the strains C.
coli 6979, C. jejuni BS142 and C. jejuni SC1453 (gDNA recipients), and to make the first
generation of capsule-deficient (kpsM::kan") strains designated 6979M1, BS142M1 and
SC1453M1, respectively. The procedure for natural transformation was followed as
described previously (Kim et al., 2006) but with few modifications. A typical fresh colony on
a BAP plate of each recipient strain was aseptically transferred to a 15 ml Falcon tube
containing 5 ml of MHB and incubated microaerobically for 24 h. One hundred microliters
of each cell suspension was transferred to 50 ml pre-warmed (at 42°C) MHB, and incubated
microaerobically at 42°C for 7 h allowing the bacterial cells to be at exponential phase. For
each transformation, 500 pl of each cell suspension was transferred to a 15-ml sterile Falcon
tube which contained 15 pl of gDNA (3-4 ug) extracted from C. jejuni DB208. Two
replicate tubes were used for each strain, and the tube without gDNA was used as negative
control. Following incubation microaerobically at 42 °C for 5 h, 130 pl from each
transformation tube was spread plated in triplicate on MHA supplemented with kanamycin

(50 pg/ml, MHA*®), and 100pl cell suspension was serially diluted with MHB and plated on
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MHA in duplicate. One hundred microliters of cell suspensions from the tube for negative
control were plated on two MHA*®" plates. All plates were incubated microaerobically at 42
°C for 48 h. The number of colonies on MHA*®" plates was converted to the density of
transformants (CFU/ml), and the number of colonies on MHA plates was calculated with the
corresponding dilution factor to estimate the total cell density (CFU/mI) during
transformation. The ratio (transformation frequency) of the transformant density to the total

recipient density was used to evaluate the transformation efficiency of each recipient strain.

In order to construct the CPS mutant of each strain with insertional mutagenesis in
kpsM, two pairs of primers including two forward primers (kpsMT_F1 and kpsMT_F2) and
one shared reverse primer (kpsMT_R) were designed based on the sequence of kpsM and
kpsT genes in C. jejuni 81-176 in the NCBI database (Accesion # AF322113), and used in a
PCR using gDNA as template from each of the first generation mutants (6979M1, BS142M1
and SC1453M1) to get DNA fragments of kpsM and kpsT gene harboring a kan" cassette.
PCR conditions were as follows: 95°C for 5 min for initial melting, followed by 35 cycles of
95°C for 30 s, 52°C for 30 s, and 72°C for 2min 50 s and then a final step of 72°C for 10
min after the cycling was completed. The size of product from this PCR reaction was
confirmed by gel electrophoresis (0.8% agarose) and concentration was measured by using a
NanoDrop spectrophotometer. The product of PCR reaction was then used to transform the
corresponding parent strain. The procedure of transformation and evaluation of
transformation efficiency were exactly the same as stated above except that the PCR

fragment of kpsM with the kan' cassette was used as donor DNA. The transformants obtained
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on MHA" plates were considered as the second generation CPS mutants (6979M2,
BS142M2 and SC1453M2). The primers and DNA template used to construct the second
generation of mutants are listed in Table 2.3.b.The sequences and positions of the primers

were described below:

Two forward primers

kpsMT_F1: 20 mer 5’- TGTTAAATGTAATTCACGCT -3’

kpsMT_F2: 18 mer 5’- ATGCCTGAAGGGATTTCT -3’

And a shared reverse primer for both pairs

kpsMT_R : 20 mer 5’- CCTATACTACAATTTTCAGG -3

Primer kpsMT _F1started at the nt 2 in kpsM, and primer kpsMT_F2 started at the nt 159

in kpsM. Both pairs of the primers shared the same reverse primer sequence (nt 87 - 107) in
kpsT. The length of kanamycin cassette is 1427 bp, and it integrated into kpsM at nt575.
When the primer pair KpsMT_Fland kpsMT_R was used, the PCR products were expected to
be 889 bp and 2316 bp for wild type and the mutant, respectively (782bp from kpsM, 107 bp
from kpsT, and 1427 bp from the integrated kanamycin cassette). When the primer pair
kpsMT_F2and kpsMT_R was used, the PCR products were expected to be 731bp and 2158 bp
for wild type and the mutant, respectively (624 bp from kpsM, 107bp from kpsT, and 1427 bp
from the integrated kanamycin cassette) (Figure 3.1a). The general approach for construction

of 6979M2, BS142M2 and SC1453M2 is shown schematically in fig3.1b.

Confirmation of CPS mutants. To confirm that kpsM was blocked with the kan"

cassette in each transformant, the primers kpsMT_F2 and kpsMT_R were used to target the
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kpsM harboring the kan' cassette (2158bp) in PCR with gDNA extracted from each
transformant (M2). The kpsMT DNA fragment from the corresponding parent strain was

amplified for comparison. The PCR conditions were as stated above.

The PCR products obtained by using the primers kpsMT_F1 and kpsMT_R for both the
2" generation transformants (M2 strains) and their parent strains were purified from the
electrophoresis gel and sequenced at the Genome Research Laboratory of North Carolina

State University.

Electron microscopy (EM). In order to physically demonstrate the presence of capsule on
the wild type cells and the absence from the mutant cells, cells of C. coli 6979 and its CPS
mutant 6979M2 were stained with the cationic dye Alcian blue and examined by electron
microscopy at the Center for Electron Microscopy of North Carolina State University. Alcian
blue has been used for staining capsules in several bacterial species and has strong affinity for
CPS of C. jejuni (Karlyshev et al., 2001; Karlyshev and Wren, 2001). It has been suggested
that CPS expression is reduced when C. jejuni is co-cultured with host epithelial cells
(Corcionivoschi et al., 2009). Therefore, C. coli 6979 obtained from the cecum of inoculated
chicks after 21 days post-inoculation (Chapter 4) was subcultured (first selectively grown on
CCDA, followed by streaking on blood agar for two successive times) and the bacteria were
also examined using EM to determine if there was any change in capsule structure following
chick colonization. Treatment of the cells for electron microscopy was as described

previously (Karlyshev et al., 2001).
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Determination of bacterial cell morphology and colony morphology on different
media. A loop of fresh cell suspension of each of the wild type strains and their CPS mutant
strain grown in MHB was spread on a slide and examined for morphology and motility using
phase-contrast microscopy. A fresh culture of each strain was diluted and spread to allow
single colonies on MHA, CCDA (charcoal cefoperazone deoxycholate agar; OXOID), and
BAP plates, followed by incubation microaerobically at 42°C for 48 h. The colony

morphology of each parent strain was compared with their corresponding CPS mutant strain.

Growth rate determination. A certain volume of fresh culture of each strain was
transferred to 50 ml MHB and ODggo Was adjusted to 0.0075, followed by incubating at
37°C microaerobically (5% CO,, 12% O,, balance N ) in a tri-gas incubator (model 550D;
Fisher Scientific). One milliliter of homogenized culture was taken out for measuring the
optical density (ODggp) in a spectrophotometer (Shimadzu UV-1650PC) every two hours.
The relationship between the natural logarithmic value of optical density [Ln(ODggo)] and
incubation time was plotted, the slope of the linear part (R* > 0.98) for at least five data
points in the plot was calculated and used as the growth rate (h™*) for the corresponding
strain. The relationship between the growth rate (h™) and generation time (min) was

expressed as the equation, generation time = (In2/growth rate) x 60.

Motility tests. Motility testing of Campylobacter spp. was done on soft agar as described
previously (Guerry et al., 2001) but with few modifications. Two microliters of fresh cell

suspension with optical density of 0.1 (ODggo) Was spotted on BHI containing 0.4% agar,
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followed by incubation microaerobically at 42°C for 48 h. Zones of motility of the parent

strains and their CPS mutant were visually compared.

Desiccation challenge. Fifty microliters of a fresh culture (24h in MHB at 42°C) was
spread evenly on a sterile nitrocellulose membrane (25mm, 0.22um; Millipore) which was
placed in a sterile Petri dish, followed by air drying for 15 min with perpendicular laminar air
flow in a biosafety cabinet. The inoculated membrane that was not subjected to air drying
was used for measuring initial count of bacterial cells on the membrane (No). Five replicate
membranes were used for cell count measurement before and after air drying for each
culture. Each membrane was then cut into pieces and placed in a plastic conical tube (50 ml,
Corning, NY) containing 2 ml MHB. The tubes were vortexed in full speed for 30 sec,
followed by serial dilution with MHB, and plating on MHA using a spiral plater (model
4000, Spiral Biotech, Inc., Norwood, MA). Plates were incubated microaerobically at 42°C
for 48 h and the colonies on the plates were counted in an automated plate reader (QCount,
Spiral Biotech). Reduction in survival of Campylobacter spp. in response to desiccation was
measured by a decrease in log values from Ngto Nis [log (No/N1s)], where Nis is the

CFU/membrane after 15 min air drying, and Ny is the initial CFU/membrane prior to air dry.

Survival in raw milk, pasteurized milk, and distilled water. The three pairs of wild
type and their corresponding CPS mutants were tested for their survival in raw and

pasteurized milk, as well as distilled water at 4°C. The test procedure was followed as

63



described in Chapter 2, but the holding time for milk samples was 28 d while the holding

time for distilled water samples was 14 d.

Bacterial cell competence assays. In contrast to the strains used in the study above, C.
coli strain 7725 was resistant to nalidixic acid. The gDNA of C. coli 7725 was used to
naturally transform the three strains and their corresponding CPS mutants and see if there
was difference in competence between wild type cells and the CPS mutants. The procedure
for natural transformation was followed as described above except that nalidixic acid
(20ug/ml) was added in MHA instead of kanamycin. The assay was performed in five
plicates for each pair of strains. Two tubes without gDNA were used as negative controls for

each strain. The experiment was repeated independently in triplicate.

Sensitivity to antibiotics. The sensitivity of a wild type strain and its CPS mutant strain
to different antibiotics including ampicillin, ciprofloxacin, erythromycin, nalidixic acid,
streptomycin, and tetracycline was examined by a microtitre plate assay. Each fresh culture
was diluted 100-fold (ca. 10° CFU/mI) with MHB containing a certain concentration of the
antibiotic, and 200 ul of the diluted cell suspension was added to a well in each of two
replicate 96-well plates, and incubated microaerobically at 42°C for 48 h. A control with no
antibiotics included was used for each strain. Bacterial growth was measured as optical
density at 600 nm in a microtitre plate reader (SAFIRE, TECAN, Austria) before and after
incubation. The experiment was repeated independently in triplicate. The minimal inhibitory
concentration (MIC) was defined as the lowest concentration of each antibiotic at which no

bacterial growth was detected.
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RESULTS

Natural transformation-mediated insertional mutagenesis and transformation
frequency of the animal derived isolates of both C. coli and C. jejuni strains. A CPS
deficient strain C. jejuni DB208 (kpsM::Kan') was used as a donor strain to transform three
animal-derived isolates using total genomic DNA extracted from strain DB208. The three
recipient organisms were sensitive to kanamyecin but had different multilocus sequence types
(MLST, Table3.1). Furthermore, these three recipients were also different in their antibiotic

resistance profiles (Table 3.1).

The frequency of transformation using gDNA was approximately 10* times higher than
using the kpsM::kan" DNA fragments (Table 3.2a). The highest yield of transformants
(8.6x10™*) was obtained with C. coli 6979 transformed with gDNA as a donor (Table 3.2a).In
addition, the frequency varied with different recipients even though the same donor (QDNA
or PCR fragment) was used. When the PCR fragments from C. jejuni DB208 were used as
DNA donor, only C. coli 6979 could be transformed and the transformation frequency was
6.4x10°®, other two strains including C. jejuni 81-176 and C. coli 7474 could not be
transformed by this PCR fragments (data not shown). Seven additional strains (Five C. coli
and two C. jejuni) were also examined for natural transformation to kanamycin resistance
with gDNA harboring the kanamycin resistance cassette in kpsM (Table 3.2c). No
transformants was obtained from these strains when the PCR fragments (produced by both
pairs of primers, and gDNA from the corresponding first generation mutant as a template)

were used as donor. For this reason, the subsequent studies were focused on the three strains
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described above (C. coli 6979, C. jejuni BS142 and C. jejuni SC1453) and their mutants

obtained with the PCR fragment used as donor DNA.

Confirmation of kpsM mutations by PCR and sequence analysis. Using primers
kpsMT_F2 and kpsMT_R flanking kpsMT, the expected PCR fragments were obtained from
wild type strains and their corresponding kpsM mutants (kpsM::kan") (Figure 3.2). The PCR
fragments for wild type and mutant strains were 731bp and 2158bp, respectively.

Three mutants were obtained with PCR fragment when the pairs of primers kpsMT_F1
and kpsMT _R were used. Sequencing data from the two mutant strains (C. coli 6979M2 & C.
jejuin BS142M2) showed that the kan' cassette was integrated at nt 575 in kpsM gene. The
sequence of the kan" cassette from 6979M2 was similar to that of pIP1433 (Trieu-Cuot at.al,
1985) with 99% identity (Figure 3.13). The sequence data for 6979M2 and BS142M?2
showed that the fragment sequence between kpsMT_F1 and kpsMT_R was the same as that in
C. jejuni DB208 (Figure 3.14, and 3.15), indicating that the original kpsM gene had been
replaced by donor DNA fragment. Due to the unsuccessful sequencing analysis, it would be
ideal to double check the sequence data from SC1453M2 by a new sequencing analysis.

Electron microscopy analysis reveals absence of capsule in the mutants. To examine
the presence of capsule in the wild type strain C. coli 6979 and absence of capsule in the CPS
mutant strain 6979M2, Alcian blue staining and EM were performed. The wild type cells
were in a mixture of coccoid form and rod shape, while all of the mutant cells were in
coccoid form. A black thick layer (CPS stained with Alcian blue) surrounding the cytoplasm

of the wild type cells was observed. In contrast, there was no such black layer or even broken
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stained capsule observed outside of the CPS mutant cells treated with Alcian blue (Figure
3.3). There was no apparent difference of stained CPS between the cells from stock culture
and the cells isolated from the cecum of a chick infected with C. coli 6979 following three

passages in laboratory media

Bacterial cell morphology and colony morphology on different media. The 24 h fresh
culture of each strain in MHB was examined by phase-contrast microscopy. Both wild type
and CPS mutants of each strain had spiral morphology in 24 h fresh cultures. Although the
mutant seemed to have shorter, oval cells, the differences in cell morphology were not
pronounced or consistently detected with phase contrast microscopy (Figure 3.4, 3.5, and
3.6). Overall, however, the mutants were more prone to form coccoid cells under the same
incubation conditions as the wild type, indicating that the loss of capsule had an impact on
cell morphology. But the differences were most noticeable in young (24 h) cultures, and most
cells of both wild and mutant strains became coccoid in 48 h cultures. DB 208 also showed
the same change pattern (Data not shown). Colonies on different solid media were visually
compared following 48 h of incubation. In comparison to the colonies of the wild type
strains on CCDA, BAP, and MHA, the colonies of the CPS mutants were smaller, thicker,
and shinier (Figures 3.4, 3.5, and 3.6). The observations indicate the capsule in

Campylobacter spp. may affect colony morphology on agar media.
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Growth rates of wild type strains and CPS mutants in MHB. In order to determine
whether the CPS in Campylobacter spp. had an effect on cell growth, growth curves were
done for the three pairs of strains in MHB at 37°C (Figure. 3.17). The generation times for
the wild type strains C. coli 6979, C. jejuni BS142, and SC1453 were 99.27 (+ 1.58) min,
86.85 (£ 0.4) min, and 166.08 (£ 9.83) min, respectively. The generation times of the CPS
mutants C. coli 6979M2 and C. jejuni BS142M2 were 27 min and 26 min longer than their
corresponding parents (Table 3.3; Figure 3.17 A&B). C. jejuni SC1453 was the slowest
growing strain among the three, with generation time 67 min and 79 min longer than C. coli
6979 and C. jejuni BS142, respectively. This slow growth rate was also observed in the CPS
mutant from this strain (SC1453M2, Table 3.3; Figure 3.17 C), indicating that C. jejuni
SC1453 and its mutant (SC1453M2) were not able to grow well in MHB at 37°C. The data
suggest that loss of CPS may impair growth of Campylobacter spp. in MHB, at least in those

strains that can grow well in this medium.

Motility of wild type cells and CPS mutant cells on soft agar. Soft agar (0.4%)
medium was used to examine the motility of wild type strains and their CPS mutants. The
diameter of the swarming zones was different among the strains, and between wild type and
mutant strains. For strain C. coli 6979, the swarming zone was smaller than that of its CPS
mutant (Figure 3.7a). Further, C. jejuni 81-176 and the CPS mutant (DB208) exhibited the
same pattern that the swarming zone of the wild type was smaller than the mutant (DB208)
(Figure 3.7b). It must be noted, however, that C. jejuni 81-176 & DB208 were provided to

us from two different individuals (Dr. Jon Olson and Dr. P. Guerry, respectively), and the
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apparent lack of swarming of C. jejuni 81-176 indicates putative unidentified mutations. The
opposite was observed with the two strains of C. jejuni BS142 and SC1453. The motility
zones of the CPS mutants of the C. jejuni mutants were smaller than those of the
corresponding wild type strains (Figure 3.7a). The results indicate the swarming zones on
soft agar plates varied with different strains tested resulting in difficulty in evaluating the role

of capsule in cell motility of Campylobacter spp.

Loss of capsule results in impaired tolerance to desiccation. Assessment of survival
following drying on nitrocellulose revealed that the CPS mutants had reduced survival in
comparison to their wild type counterparts. C. coli 6979 exhibited 0.77 (£ 0.27) logio
decrease after 15 min, while the CPS mutant 6979M2 had 1.42 (+ 0.16) logio
CFU/membrane decrease. Similar reductions were observed with the CPS mutants of C.
jejuni BS142 and C. jejuni SC1453 (P < 0.01; Figure 3.8). These data indicate the
significance of capsule in protection of C. coli and C. jejuni against desiccation. When
challenge time was extended to 20 minutes, the number of viable cells was below the
detection limit. Although theoretically the viability of bacterial cells should be reduced
gradually, oxidative stress is another factor involved in desiccation which may contribute to

the quick loss of viability of Campylobacter cells.

Survival of wild type strains and CPS mutants in milk and distilled water. Survival
of C. coli 6979, C. jejuni BS142 and C. jejuni SC1453 in raw milk and pasteurized milk
was reported in Chapter 2. We asked whether the capsule plays a role in the survival of

Campylobacter spp. in milk and water. The three pairs of strains were tested for their
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survival in raw and pasteurized milk, as well as in distilled water. Following storage in raw
milk at 4°C for 28 days, log reduction in CFU/mI of C. coli 6979, C. jejuni BS142 and C.
jejuni SC1453 was 1.6 (£ 0.24) , 3.9 (2 0.2) , and 4.4 (£ 0.23) logs, respectively (Figure 3.9).
There was no significant difference in logso reduction in CFU/ml in raw milk between the
wild type strain and the corresponding CPS mutant for any of the three strains (P > 0.05). A
similar pattern was observed in pasteurized milk, even though the cell reduction of each
strain in pasteurized milk was different from that in raw milk (Figure 3.9). Similarly to what
was observed in the milk study (Chapter 2), C. coli 6979 along with its CPS mutant survived
better in raw milk than in pasteurized milk after 28 days, which was opposite to the other two

strains C. jejuni BS142, and C. jejuni SC1453, and their CPS mutants (Figure 3.9).

There also seemed to be no significant difference in survival of the wild type bacteria and
their CPS mutants in distilled water at 4°C. Logso reduction in CFU/ml of C. jejuni SC1453
and its CPS mutant (1453M2) in distilled water after 14 days at 4°C was 1.88 logso and 1.87
l0g10, respectively. CFU/ml of C. coli 6979 and C. jejuni BS142 exhibited greater than 4.0
logso reduction in distilled water after 14 days at 4°C, with similar reductions observed for

their corresponding CPS mutants (P > 0.05, Figure 3.9).

Competence of wild type strains and CPS mutants. To determine if capsule has an
effect on bacterial cell competence, we assessed efficiency of transformation of the three
strains and their corresponding mutants to transformation to nalidixic acid resistance. Donor
DNA for the transformations was genomic DNA of C. coli 7725, a strain resistant to

nalidixic acid. The transformation frequencies varied among the different wild type strains,
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with efficiency of transformation to nalidixic acid resistance for C. coli 6979 estimated at
3.22 (+ 1.41) x 10™*, approximately 100 times higher than that of C. jejuni BS142 and C.
jejuni SC1453. However, no significant differences in transformation frequency were
observed between the parent and the corresponding CPS mutant for any of the strains (Figure
3.12). No colonies were found on any of the negative control plates, suggesting that loss of

capsule may have no detectable impact on spontaneous mutation frequency.

Sensitivity of Campylobacter spp. to different antibiotics. All three pairs of strains
were tested for their sensitivity to different antibiotics in MHB. The minimum inhibitory
concentrations (MIC) of an antibiotic varied among the three strains. C. coli 6979 was the
most resistant strain to ciprofloxacin (MIC, 0.625 pg/ml), erythromycin (MIC, 1.25 pg/ml)
and nalidixic acid (MIC, 60 pg/ml). Tetracycline MIC for C. coli 6979 was 240 pg/ml, in
agreement with the known resistance of this strain to tetracycline (Table 3.1). C. jejuni
BS142 was the most sensitive strain to ampicillin (MIC was less than 12.5 pg/ml), while it
was the most resistant strain to streptomycin, with MIC was 5 pg/ml. The MICs of most
antibiotics for C. coli 6979 were twice of those for its CPS mutant (6979M2) excluding
tetracycline for which MIC was the same for both parent and the CPS mutant (240 pg/ml).
There was no difference in the MICs of each antibiotic between C. jejuni BS142 and its CPS
mutant (Table 3.4). The MICs of ampicillin, cirprofloxacin, and streptomycin for C. jejuni
SC1453 were two-fold higher than those for its CPS mutant (SC1453M2), whereas those of

erythromycin and nalidixic acid did not differ between wild type and mutant. The results
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suggest that capsule may contribute to the resistance of bacterial cells to antibiotics but the

protective effect is strain and antibiotic dependent.

DISCUSSION

The CPSs in C. jejuni are encoded and regulated by large number of genes (Karlyshev et
al., 2000; Bacon et al., 2001; Dorrell et al., 2001). As in other bacteria, the genes encoding
CPSs in C. jejuni are functionally separated into three major regions. The highly variable
internal region (cps genes) contains the genes required for the biosynthesis of the CPS
repeating units. The two more conserved flanking regions (kps genes) are involved in
polymerization of the repeating units and translocation of the CPS to the cell surface (Dorrell
et al., 2001). kpsM is one of the kps genes and is essential to encode an important component
of ABC (ATP-Binding Cassette) transporter which is responsible for transferring the
polysaccharides synthesized inside the cells to the outside of the cell membrane. Insertional
mutagenesis in kpsM gene results in capsule deficiency in C. jejuni (Bacon et al., 2001;

Karlyshev et al., 2001).

In this study, three capsule deficient strains were constructed by blocking kpsM. The loss
of capsule resulted in smaller, thicker, shinier and less mucoid colonies than the parent
strains on solid agar media indicating that capsule can influence colony morphology on solid
media. It has been suggested that capsule polysaccharides may afford a gel matrix that
reduces friction and facilitates bacterial cells to move on solid agar media (Gygi et al., 1995,

Stahl et al., 1983), and the colony morphology differences may reflect this attribute.
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However, this phenomenon is distinct from the swarming motility on soft agar (0.4% agar
plates). Although the swarming motility (on 0.4% agar plates) of the wild type strains was
different from their corresponding CPS mutant strains, it was hard to define the role of
capsule in swarming motility. On soft agar the swarms of C. jejuni BS142 and C. jejuni
SC1453 were bigger than those of their corresponding CPS mutants, whereas the CPS mutant
of C. coli 6979 had a larger swarm zone than its wild type parent. Further strains of the two
species would need to be tested to determine whether the impact of capsule loss on swarming
motility differs between C. jejuni and C. coli. Karlyshev et al (2000) reported that a
kpsM::kan" mutant of C. jejuni G1 was not affected in swarming motility on 0.3% agar plates.
Furthermore, swarming motility on soft agar reflects the outcome of several processes,
including motility, chemotaxis and growth, and at this time it is not clear which of these
processes may be impacted in the CPS mutants constructed here. Even though motility did
not seem to be impacted in liquid, it may be impacted in semi-solid media such as soft agar,

used for the swarming motility assays.

Although there were some cell morphology differences between wild type and CPS
mutants in 24 h cultures in liquid, both the wild type and the CPS mutants were converted to
coccoid cells in 48 h cultures. These results are in agreement with previous findings that C.
jejuni cells transform from spiral to coccoid forms when the incubation time is more than two
days (Karlyshev et al., 2001; Thomas et al., 1999; Tangwatcharin et al., 2006). In contrast to

the wild type cells, the growth rate of the CPS mutants was significantly reduced except for
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the poorly growing strain C. jejuni SC1453, suggesting that capsular polysaccharide may

facilitate adaptations of campylobacters dwelling in liquid environments.

One of the primary functions of bacterial capsules is in protecting bacteria from
desiccation (Roberson and Firestone, 1992; Ophir and Gutnick, 1994). Expression of genes
mediating biosynthesis of capsular polysaccharides can be triggered by increases in external
osmolarity (Berry et al., 1989; Pickard et al., 1994). Our experiment using nitrocellulose
membranes for assessment of tolerance to short term desiccation was designed to examine
the protective effects of capsule as a physical barrier against drying in the environment.
Campylobacter spp. is very sensitive to drying and/or oxidative stress from oxygen,
supported by our observation that no CFUs could be recovered after 20 min on the
nitrocellulose. The CPS mutants were more susceptible to air drying than their corresponding
parent strains indicating that capsule can protect cells from drying. In addition to desiccation
challenges, the role of capsule to protect cell survival in liquid in the absence of growth was
also determined. However, loss of capsule did not seem to impact survival of the bacteria in
raw milk, pasteurized milk, or distilled water at 4°C. The faster decrease in survival in
distilled water than in milk suggests that Campylobacter spp. can survive better in a nutrient-
rich environment than in water. However, reduction in viability of C. jejuni SC1453 and its
mutant in water was comparable to that in raw milk (Figure 3.11C). This might be
contributed to slow metabolic activity as this strain grew much slower than the other tested

strains. Regardless of the disparities in survival with different strains, recovery of the bacteria
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following 14 days in distilled water strongly indicates that Campylobacter spp. has strong

ability to survive in environments with scarce nutrients.

Campylobacter primarily possesses CPS and lipooligosaccharide (LOS) as surface
carbohydrates (Karlyshev et al., 2005). Capsule is the outermost layer of cells and thus may
render protection against antibiotics. Our results showed that the antimicrobial resistance
profiles between the wild type strain and the corresponding CPS mutant varied with different
strains (Table 3.4). The CPS deficient strain C. coli 6979M2 was more sensitive than its
parent strain to several antibiotics, whereas no difference was observed in the sensitivity to
antibiotics between C. jejuni BS142 and its CPS mutant. The CPS deficient strain of C.
jejuni SC1453M2 was more resistant to some of the antibiotics than the parent strain. These
results indicate that capsule can deliver some protection for attack of antibiotics, but this
protection is modest and antibiotic and/or strain-dependent. Our result is consistent with the
findings by Jeon et al (2009), who compared the roles of CPS and LOS in antibiotic
resistance and natural transformation in C. jejuni and found that the LOS mutant was
significantly more sensitive to erythromycin than the parent strain while the CPS mutant

exhibited the same level of erythromycin resistance (Jeon et al., 2009).

Natural transformation is an important mechanism for Campylobacter survival in the
environment, as it can mediate horizontal gene transfer and dissemination of antimicrobial
resistance genes (Kim et al., 2006, 2008; Jeon et al., 2008; Young et al., 2008). Most C. coli
and C. jejuni strains are naturally competent at the exponential growth phase, and the

transformation frequency varies with strains, the type of donor DNA, and environmental
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conditions (Wang and Taylor, 1990; Kim et al., 2006). Most C. coli strains excluding 6979
could not be naturally transformed with gDNA from C. jejuni strain DB208, even though
they were able to be transformed with gDNA from C. coli 6979 at a low frequency. The
transformation frequency with the PCR fragment (kpsM::kan") was approximately 10
thousand times lower than that with gDNA, likely due to the limitation in the size of the
regions of homology. The observed superior competence of C. coli 6979 makes this strain an
ideal platform for molecular mutagenesis of C. coli. Although the mechanism of natural
transformation is not completely understood, foreign DNA needs to be first taken up by
recipient cells before it can be integrated in the chromosomal DNA. Capsule, the outermost
layer of cells, may facilitate or obstruct the uptake of foreign DNA. However, transformation
frequency was similar between wild type bacteria and the corresponding CPS mutant for all
three pairs of strains, indicating that loss of capsule did not impact transformation efficiency.
However, Jeon et al (2009) found that the kpsS mutation (kpsS::aphA3) in C. jejuni
NCTC11168 increased transformation frequency by 4- fold. The different results may be due
to the different strains and test conditions used. Several other functions have been suggested
for polysaccharide capsules including adherence, resistance to host immunity, and mediation
of microbe-plant interactions (Roberts, 1996). In this study, impacts on several attributes
assessed in vitro were statistically significant but relatively modest for some (desiccation,
growth rate, and colony and cell morphology, swarming on soft agar) and no significant
differences were observed for others (survival in milk or water, transformation efficiency). In

contrast, the ability of the kpsM mutant of C. coli 6979 to colonize day-old chicks appeared
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to be abolished (Chapter 4), suggesting that the capsule plays a critical role for survival of
Campylobacter in vivo. However, the exact mechanism of colonization of chicks by
Campylobacter spp. is yet to be explored, and impact of capsule in other virulence or

colonization models needs to be characterized.

In summary, Campylobacter capsular polysaccharides may impact colony morphology on
solid agar, growth rate in liquid environment and protection against desiccation. Capsule of C.
coli is also essential for colonization of day-old chicks. Capsule loss did not appear to
significantly impact resistance to antimicrobials, transformation efficiency and survival in
liquid in the absence of growth. The role of capsule in swarming motility needs to be further
characterized. The protective effects of capsule polysaccharides against stresses may be
brought about in synergy with other surface polysaccharides such as LOS, which is an area to
be explored. Potential roles of capsule in other adaptations of Campylobacter, such as

biofilm formation, phage infection, and tolerance to acidity, osmotic stress, and other stresses

have yet to be examined.
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Table 3. 1. List of Campylobacter spp. strains used in the study

ID |s[,)oallz1et|(c))1;1 MLST | Species Source ABR(ATKQ)*
81-176 1985 913 C. jejuni Dr.J.Olson | -
DB208 2000 | - C. jejuni P. Guerry
6979 06/22/04 1150 C. coli Turkey, fecal
6979M1 05/12/08 | ----- C. coli This study TK
6979M2 06/30/08 | ----- C. coli This study TK
BS142 02/25/03 45 C. jejuni | Dairy cow, colon A

BS142M1 09/27/08 | - C. jejuni This study AK
BS142M2 10/09/08 | @ ----- C. jejuni This study AK
SC1453 12/14/06 2934 C. jejuni Turkey, cecum Pan-sensitive
SC1453M1 09/27/08 | - C. jejuni This study K
SC1453M2 10/09/08 | @ ----- C. jejuni This study K
7725 08/03/04 1150 C. coli Turkey, fecal TQ
6067 11/15/03 1150 C. coli Turkey, water TQ
7474 07/22/04 1161 C. coli Turkey, fecal Pan-sensitive
6461 04/08/04 854 C. coli Hog fecal, TSE
2113 06/06/02 | ------ C. coli Hog, fecal Pan-sensitive
1702 rnd 04/20/02 | - C. coli Turkey, cecum ATQ
BS678E 02/25/04 3598 C. jejuni Beef cow, colon Pan-sensitive
BS655E 02/05/04 8 C. jejuni Beef cow, colon Pan-sensitive

*Antibiotics are as follows: T, tetracycline; K, kanamycin; A, ampicillin; Q, (fluoro)

quinolone (nalidixic acid and ciprofloxacin).
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Table 3. 2a. Frequency of transformation of Campylobacter spp. to kanamycin resistance
using total genomic DNA or PCR fragment DNA

Transformation frequency
Recipient Donor strain Transformants

gDNA PCR fragment

C.coli 6979  C. jejuni DB208 8.6 x 10™ C. coli 6979M1
C.coli6979  C. coli 6979M1 6.4x 107 C. coli 6979M?2
C. jejuni BS142 C. jejuni DB208 1.9 x 10™ C. jejuni BS142M1
C. jejuni BS142C. jejuni BS142M1 8.74x10®  C. jejuni BS142M2
C. jejuni C. jejuni
SC1453 C. jejuni DB208  8.74 x 10” SC1453M1
C. jejuni C. jejuni C. jejuni
SC1453 SC1453M1 9.2 x 10 SC1453M2
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Table 3. 2b. Primers and DNA template used for the generation of PCR fragments which
were used to construct the second generation CPS mutants (kpsM::kan")

Recipient Pairs of primer Template Transformants
strains
kpsMT_F1 )
gDNA of DB208 C. coli 6979M2-DB208
) kpsMT_R
C. coli 6979
kpsMT_F1 .
gDNA of 6979M1 C. coli 6979M2
kpsMT_R
kpsMT_F1 L
gDNA of BS142M1 C. jejuni BS142M2
C. jejuni kpsMT_R
BS142 kpsMT_F2
gDNA of BS142M1 | - *
kpsMT_R
kpsMT_F1 L
gDNA of Sc1453M1 C. jejuni SC1453 M2
C. jejuni kpsMT_R
SC1453 kpsMT_F2
gDNA of Sc1453M1 | - *
kpsMT_R

*No transformant obtained.
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Table 3.2c. Frequencies of transformation of Campylobacter spp. with gDNA containing

kpsM gene harboring a Kan" cassette

Transformation

Recipient Donor strain frequency Transformants
C. coli 7474 C. coli 6979M2 1.76x107 C. coli 7474M1
C. coli 7474 C. coli 7474M1 2.54x10™ C. coli 7474M2
C. coli 7474 C. jejuni DB208 3.1x10° C. coli 7474M3
C. coli 6461 C. jejuni DB208 <23x10°
C. coli 6461 C. coli 6979M2 <6.67x10° e
C. coli 2113 C. coli 6979M2 9.3x10™° C. coli 2113M1
C. coli 1702rnd C. coli 6979M2 1.37x10” C. coli 1702 M1
C. coli 1702rnd C. coli 1702M1 2.3x10°® C. coli 1702M3
C. coli 6067 C. coli 6979M2 2.5%x10°® C. coli 6067M1
C. coli 6067 C. jejuni DB208 2.28x10°® C. coli 6067M3
C. jejuni BS678E C. jejuni DB208 3.1x10”" C. jejuni BS678E M1
C. jejuni BS655E  C. jejuni DB208 3.6x10° C. jejuni BS655E M1
C. jejuni BS142 C. jejuni BS142M1 1.88x10™ C. jejuni BS142M3
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Table 3.3. Growth rate of Campylobacter spp. in MHB at 37°C

Growth rate

Strain ht Minutes
C. coli 6979 0.4189 + 0.007 99.27 £ 1.58
C. coli 6979M2 0.32975 + 0.007 126.13 +2.73
C. jejuni BS142 0.47875 + 0.002 86.85 + 0.40
C. jejuni BS142M2 0.3696 + 0.023 112.73+7.16
C. jejuni SC1453 0.2508 + 0.015 166.08 + 9.83
C. jejuni SC1453M2 0.2491 + 0.007 166.98 + 4.46
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Table 3. 3. Minimum inhibitory concentration (pg/ml) of antibiotics to Campylobacter spp. in MHB

Antibiotics in MHB (pg/ml)

Strai
o Ampicillin|Ciprofloxacin|Erythromycin Nalidixic acid|Streptomycin | Tetracycline

C. coli 6979 400 0.625 1.25 60 2.5 240

C. coli 6979 M2 200 0.313 0.625 30 1.25 240
C. jejuni BS142 <125 <0.04 0.313 15 5 <0.94
C. jejuni BS142M2 | <125 <0.04 0.313 15 5 <0.94
C. jejuni SC1453 800 0.078 0.313 15 2.5 <0.94
C. jejuni SC1453M2 400 <0.04 0.313 15 1.25 <0.94
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Figure 3. 1a. Construction and characterization of the kpsM mutants of Campylobacter spp.
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Figure 3.1b. Construction scheme of capsule-deficient strains of 6979M2, BS142M2 and
SC1453M2
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Figure 3. 2. PCR assay with primers kpsMT_F2 and kpsMT _R for the presence and absence
of kanamycin (Kan") cassette inserted in kpsM gene.
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Figure 3. 3. Electron microscopy of cells of C. coli 6979 wild type and CPS mutant (6979M2) treated with Alcian blue. CA,
capsule.
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C. coli 6979 wild type C. coli 6979 wild type C. coli 6979 wild type
on CCDA on blood agar on MHA

C. coli 6979 wild type

C. coli 6979 kpsM mutant C. coli 6979 kpsM mutant C. coli 6979 kpsM mutant
on CCDA on blood agar on MHA

C. coli 6979 kpsM mutant

Figure 3. 4. Morphology of bacterial cells with phase contrast microscopy and colonies of C. coli 6979 wild type and its kpsM
mutant on different agar media
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C. jejuni BS142 wild type C. jejuni BS142 WT on blood agar C. jejuni BS142 WT on MHA

(Y
o

-

yos o C. jejuni BS142 kpsM mutant C. jejuni BS142 kpsM mutant C. jejuni BS142 kpsM mutant
G Jejuni BS142 kpsM mutant on CCDA on blood agar on MHA

Figure 3. 5. Morphology of bacterial cells with phase contrast microscopy and colonies of C. jejuni BS142 wild type and its kpsM
mutant on different agar media
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C. jejuni SC1453 wild type C. jejuni SC1453 wild type C. jejuni SC1453 wild type C. jejuni SC1453 wild type
on CCDA on blood agar on MHA

C. jejuni SC1453 kpsM mutant C. jejuni SC1453 kpsM mutant C. jejuni SC1453 kpsM mutant  C. jejuni SC1453 kpsM mutant
on CCDA on blood agar on MHA

Figure 3. 6. Morphology of bacterial cells with phase contrast microscopy and colonies of C. jejuni SC1453 wild type and its
kpsM mutant on different agar media
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kpsM mutant

C. coli 6979 C. jejuni BS142 C. jejuni SC1453

Figure 3. 7a. Swarming motility of Campylobacter spp. wild type strains and CPS mutants on soft agar (0.4%, w/v). The images
represent one representative of three independent experiments.
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Figure 3.7b. Swarming motility of C. jejuni 81176 (panel A) and its CPS mutant DB208 (panel B) on soft agar (0.4%, w/v). The
images represent one representative of three independent experiments.
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Figure 3. 8. Desiccation tolerance of Campylobacter spp. wild type strains and CPS mutants
on nitrocellulose membranes. Each bar represents the mean of five replicates from one
representative experiment. Error bars indicate the standard deviation of the mean (n = 5).
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Figure 3. 9. Survival of Campylobacter spp. wild type strains and CPS mutants in raw milk
and pasteurized milk at 4°C over 28 days. Each bar represents the mean of two replicates

from two independent repeats. Error bars indicate the standard deviation of the mean (n = 4).
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Figure 3. 10. Survival of Campylobacter spp. wild type strains and CPS mutants in distilled
water at 4°C over 14 days. Each bar represents the mean of two replicates from two
independent repeats. Error bars indicate the standard deviation of the mean (n = 4).
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Figure 3. 11. Survival of Campylobacter spp. wild type strains and CPS mutants in distilled
water at 4°C over 14 days. A, strain C. coli 6979 and 6979M2; B, C. jejuni BS142 and
BS142M2; and C, C. jejuni SC1453 and 1453M2. Each bar represents the mean of two

replicates from two independent repeats. Error bars indicate the standard deviation of the
mean (n = 4).
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Figure 3. 12. Efficiency of transformation of Campylobacter spp. wild type strains and CPS
mutants to nalidixic acid resistance. Donor DNA was gDNA of C. coli 7725. Each bar
represents the mean of five replicates from one representative experiment. Error bars indicate
the standard deviation of the mean (n =5).
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GCTTAGCCGARTTGGATTACTTACTGAATARCGATCTGGCCGATGTGGAT TGCGAAAACTGGGAAGARGACACTCCATTTARAGATCCGCGCGAGCTGTATGATTTTTTARAGACGGARAAGCCCGAAGAGGAACTTGTCTTTTCCCACG
GCTTAGCCGARTTGGATTACTTACTGAATARCGATCTGGCCGATGTGGAT TGCGAAAACTGGGAAGARGACACTCCATTTARAGATCCGCGCGAGCTGTATGATTTTTTARAGACGGARAAGCCCGAAGAGGAACTTGTCTTTTCCCACG

1201 1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320 1330 1340 1350
! 1
GCGACCTGGGAGACAGCARCATCTTTGTGARRGATGGCARAGTARGTGGCTTTATTGATCT TGGGAGARGCGGCAGEGCGGACARGTGGTATGACATTGCCTTCTGCGTCCGGTCGATCAGGGAGGATATCGEGGARGAACAGTATGTCG
GCGACCTGGGAGACAGCARCATCTTTGTGARRGATGGCARAGTARGTGGCTTTATTGATCT TGGGAGARGCGGCAGEGCGGACARGTGGTATGACATTGCCTTCTGCGTCCGGTCGATCAGGGAGGATATCGEGGARGAACAGTATGTCG
GCGACCTGGGAGACAGCARCATCTTTGTGARRGATGGCARAGTARGTGGCTTTATTGATCT TEGGAGARGCGGCAGEGCGGACARGTGGTATGACATTGCCTTCTGCGTCCGGTCGATCAGGGAGGATATCGEGGARGAACAGTATGTCG

1351 1360 1370 1380 1390 1400 1410 1420 1430 1440 1450 1460 1470 1480 1491
1

!

AGCTATTTTTTGACTTACTGGGGATCAAGCCTGATTGGGAGARARTARRATATTATATTTTACTGGATGARTTGTTTTAGTACCTAGATTTAGATGTCTARRRRGCTT
AGCTATTTTTTGACTTACTGGGGATCAAGCCTGATTGGGAGARARTAARATATTATATTTTACTGGATGARTTGTTTTAGTACCTAGATTTAGATGTCTARRARGCT TATCGATGATARGCTGTCARACATGAGAATTCCC
AGCTATTTTTTGACTTACTGGGGATCAAGCCTGATTGGGAGARARTARRATATTATATTTTACTGGATGARTTGTTTTAGTACCTAGATTTAGATGTCTARRRAGCTT . o \vssesssrsarssssssosssesnrasssss

Figure 3. 13. Alignment of the nucleotide sequences between the integrated kanamycin resistance cassette in kpsM gene of C. coli
6979M2 and the kanamycin resistance fragment (NCBI data base accession number IP1433).
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| 1

6979ut. GTHHANAGACTAGATTTGGTAARA-TARATATCTGGGTTATTTTTGGGTTATTGGCGAGCCTATGAGTGTCATTTTAATACTTACTACCATTGTGA
B9791T NTAACTAGATTTGGARAAAR-TAGGTATCTTGGATATATATGGGTAGT TGGAGAGCCTATGAGCGTTGTGCTTTTGGTGACTATTATAGGAA
AF322113 ATGTTARATGTAARTTCACGCTTTATTTTTTAGGGAGT TRAAAACTAGATTTGGARARARTAGGTATCTTGGATATATATGGGTAGT TGGAGAGCCTATGAGCGTTGTGCTTTTGGTGACTATTATAGGAR
CONSENSUS L ,.svevssrsrssssnsrsssssssssnsssssssssANAaACTAGATTTGGAAARA, TAggTATCTLGGATATATaTGGGTagTTGGAGAGCCTATGAGEGTE2TecTEE TeeTeACTALLATaGaA

131 140 150 160 170 180 190 200 210 220 230 240 250 260

| 1

6979wt CTATTCTCAGAGAATATCATCATCAACTARTGCCTGAAGGGATTTCTATTTTTATGTTTTTGATTTCAGGCATAGTTCCTTATTTTATGTTTAGAAGTATAGTTACTCAGCTTATGARTGGCATAGGAGC
6979MT CTGTCATTAGGGAATATCATCATCAAGTTATGCCTGAAGGAATTTCTATTTTTATGTTTTTARTTTCAGGTATTATGCCTTTTTTTATGTTTAGAAGTATAGTTACTCAACTTATGARTGGAATAGGGGE
AF322113 CTGTCATTAGGGARTATCATCATCAAGT TATGCCTGARGGAATTTCTATTTTTATGTTTTITAATTTCAGGTATTATGCCTTTTTTTATGTTTAGAAGTATAGTTACTCARCTTATGARTGGAATAGGGGC
Consensus CTgTcaTtAGgGARTATCATCATCARgTEATGCCTGAAGGARTTTCTATTTTTATGTTTTTaATTTCAGGEATLaTgCCTTETTTTATGTTTAGARGTATAGTTACTCAACTTATGARTGGaATAGGEGC

261 270 280 290 300 310 320 330 340 350 360 370 380 390

| 1

6979wt AAATTTGGCTCTTTTTGCTTACARACCTGTAAARACCTATACATGTTTTTATCGCTAGGACTTTACTTGAGTTTTGTATTTATTTTGTTATATTTGTAGCAGTATTGTTTATAGTGGGTTGGTTTTTTAGA
6979MT AAATTTATCTTTGTTTGCCTATARACCTGTARAACCTATACATGTATTTATTGCTAGARCTTTGCTTGARTTTTGTATTTATTTIGTGATTTTTATCACCGTGCTTTTTTTTGCAGGGTGGTTCTTTAGA
AF322113 ARATTTATCTTTGTTTGCCTATAARCCTGTARARCCTATACATGTATTTATTGCTAGARCTTTGCTTGAATTTTGTATTTATTTTGTGATTTTTATCACCGTGCTTTTTTTTGCAGGGTGGTTCTTTAGA
Consensus RAARTTTatCTeTgTTTGCcTALARACCTGTARRACCTATACATGTaTTTATLGCTAGAACTTTgCTTGRATTTTGTATTTATTTTGTZATETTTalcaCeGTgeTETTTETEGeaGGe TGGTTCTTTAGA

391 400 410 420 430 440 450 460 q70 480 4930 500 510 520

| 1

6979wt TTAGARGTTATCCCTAGGCATTTTTTARGCGTGATGATTTGTATATTTTTGCTTATGTGTTCGGGTTTTGCTTTGGGTATGGTTTTTGCTATCATTGGATATTTTTTAGAGCCCTTARAGACTTTGCTTA
B6979HT CTCGATGTATTTCCTGTTCATTTACTTGGAGTTTTATTTTGTATTTTTTTACTTATATGCTCAGCTTTTGCTTTAGGGATTTGTTTTGCTATTGTTTGGCACTTTGTAGARTCTTTARGAACTTTATTAG
AF322113 CTCGATGTATTTCCTGTTCATTTACTTGGAGTTTTATTTTGTATTTTTTTACTTATATGCTCAGCTTTTGCTTTAGGGATTTGTTTTGCTATTGTTTGGCACTTTGTAGARTCTTTARGAACTTTATTAG
Consensus clcGALGTabTECCTgELCATTTacTheGaGTEETaLTTTGTATETTTTTAaCTTATaTGeTCaGeTTTTGETTTaGhgATEETTTTGCTATETTLGEcAcTTTeTAGAALCETTAAgaACTTTakTag

521 530 540 550 560 570 580 590 600 610 620 B30 640 650

| 1

6979wt ATTATTTTAGTATAGTATTTTATTGGGGTTCGGGTGTTATCTTTCCTACTTGGCT === TATGCCARARCCTRATTCTTGATATATTATATTATAATCCTTTGCTTCATGTTATGGAGCTTTTARGATT
B979HT CTTATTTTAGTATAGTATTTTATTGGAGTTCTGGGATTATATTTCCTACCTGGT TRX XXX XARCTCCTCGTCCTTTACTTGATATATTTTATTACARTCCTTTGCTTCATATTTTTGAACTTTTAAGATT
AF322113 CTTATTTTAGTATAGTATTTTATTGGAGTTCTGGGATTATATTTCCTACCTGGT T-————— ARCTCCTCGTCCTTTACTTGATATATTTTATTACAATCCTTTGCTTCATATTTTTGAACTTTTARGATT
Consensus cTTATTTTAGTATAGTATTTTATTGGAGTTCLGGgaTTATATTTCCTACCTGGET, .., .. afctCClegt CCTETaCTTGATATATTETATTACAATCCTTTGCTTCATATTETEGRACTTTTARGATT

651 660 670 680 690 F00 710 720 730 740 750 760 7 780

| 1

6979wt TAATTTTTTTGARARTTATCCTTTGCARGATGATTATACTTATACTTATCCTATATTTTGCATTATATGCACTTCTTTTGTGGGACTTTTTTTATATTATTACAATAGACAAGCTTTAACAGCAGTGAGA
B979HT TAATTTTTTTGAGARTTATCCTTTGCARGATGARTATAGTTATTTTTATGCTATATTTTGGATTTTACTAGTTTTATTTATAGGGCTTTTTATTTACTACTATAATAGACAAGCTCTAACGGCGGCAARA
AF322113 TAATTTTTTTGAGAATTATCCTTTGCARGATGARTATAGTTATTTTTATGCTATATTTTGGATTTTACTAGTTTTATTTATAGGGCTTTTTATTTACTACTATAATAGACARGCTCTAARCGGCGGCAARA
Consensus TARTTTTTTTGAgARTTATCCTTTGCARGATGAATATAgTTATELTTATECTATATTTTGEATTETActagt TTLaTTTaTaGGgCTTTTTaTE TARCTACcTALARTAGACAAGCTcTAACgGCgGeaNan

781 790 800 810 820 830 840 850 860 870 880 890 8497

| |

6979ut. AGAACATGA----TAAARGTTTTAAATTTARCCAAATCTTATCCTTTATTTAATGGCGGAAGGCATTATGTTTTTARAGATTTTACTTTTGARTTTCCTGARA-TGGHNANTATAGGA
6979MT AAAGAATGAATGATAAAGCTARTTAATCTARCTAAATCTTATCCTTTATTTAGTGGCGGAAGGCATTATGTTTTTARARATT

AF322113 AARAGAATGARTGATARAGCTARTTAATCTAARCTAAATCTTATCCTTTATTTAGTGGCGGARGGCATTATGTTTTTARARATTTTACTTTTGARTTTCCTGARARTTGTAGTATAGG

Consensus HafgaATGAatgaTAAAgcTaaTLAATc TAACEARATCTTATCCTTTATTTATGGCGGAAGGCATTATGTTTTTARAaATTEL actttLgaattteckgaaa,t g, a, batage,

Figure 3. 14. Alignment of the nucleotide sequences among the PCR fragments with primers kpsMT_F1 and kpsMT_R for C. coli
6979 wild type and CPS mutant, and kpsMT sequence in C. jejuni 81-176 (Accession #: AF322113). “xxxxxx” indicate the
position of integrated kan' cassette
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| 1

w142 ATARCTAGATTTGGAARA--TAGGTATCTTGGATATATATGGGTAGT TGGAGAGCCCATGAGTGTTGTGCTTTTGGTGACTATTATAGGAA
HT142 CHCTHGATARCAGATTTGGAAAR--TAGGTATCTTGGATATATATGGGTAGT TRGAGAGCCTATGAGCGTTGTGCTTTTGGTGACTAT TATAGGAA
AF322113 ATGTTARATGTARTTCACGCTTTATTTTTTAGGGAGTTAARAACTAGATTTGGAAARARTAGGTATCTTGGATATATATGGGTAGT TGGAGAGCCTATGAGCGTTGTGCTTTTGGTGACTATTATAGGAA
CONSENSUS  ..icesssssscsssssscssssssssssssssssssh.aaafctAGATTTGGAARA, . TAGGTATCTTGGATATATATGGGTAGT TGGAGAGCCLATGAGEGTTGTGCTTTTGGTGACTATTATAGGAR

131 140 150 160 170 180 190 200 210 220 230 240 250 260

1 1

wtld? CTGTTATTAGGGARTATCATCATCARGTTATGCCTGARGGAATTTCTATTTTTATGTTTTTARTTTCAGGTATTATGCCTTTTTTTATGTTTAGARGTATAGTTACTCARCTTATGARTGGARTAGGGGC
HT142 CTGTCATTAGGGAATATCATCATCARGTTATGCCTGARGGAATTTCTATTTTTATGTTTTTAATTTCAGGTATTATGCCTTTTTTTATGTTTAGARGTATAGTTACTCARCTTATGARTGGARTAGGGGC
AF322113 CTGTCATTAGGGARTATCATCATCARGTTATGCCTGARGGARTTTCTATTTTTATGTTTTTAATTTCAGGTATTATGCCTTTTTTTATGTTTAGARGTATAGTTACTCAACTTATGARTGGAATAGGGGL
Consensus CTGTcATTAGGGARTATCATCATCARGT TATGCCTGAAGGARTTTCTATTTTTATGTTTTTARTTTCAGGTATTATGCCTTTTTTTATGTTTAGARGTATAGT TACTCARCTTATGAATGGARTAGGGGT

261 270 280 290 300 310 320 330 340 350 360 370 380 390

| 1

wt142 AAATTTATCTTTGTTTGCCTATARACCTGTAARGCCTATACATGTATTTATCGCTAGAACTTTGCTCGAGTTTTGTATTTATTTTGTGATTTTTATCACCGTGCTTTTTTTTGCAGGGTGGTTCTTTAGA
HT142 ARATTTATCTTTGTTTGCCTATAARCCTGTAARACCTATACATGTATTTATTGCTAGAACTTTGCTTGAATTTTGTATTTATTTIGTGATTTTTATCACCGTGCTTTTTTTTGCAGGGTGGTTCTTTAGA
AF322113 AARATTTATCTTTGTTTGCCTATAARCCTGTARARCCTATACATGTATTTATTGCTAGARCTTTGCTTGARTTTTGTATTTATTTTGTGATTTTTATCACCGTGCTTTTTTTTGCAGGGTGGTTCTTTAGA
Consensus  ARATTTATCTTTGTTTGCCTATAARCCTGTAARACCTATACATGTATTTATLGCTAGAACTTTGCTEGAATTTTGTATTTATTTTGTGATTTTTATCACCGTGCTTTTTTTTGCAGGGTGGTTCTTTAGA

391 400 4q10 420 430 440 450 460 q70 480 490 S0 510 520

| 1

wbld2 CTTGATGTATTTCCTGTTCATTTGCTTGGAGTTTTATTTTGTATTTTTTTACTTATGTGTTCAGCTTTTGCTTTGGGGATTTGTTTTGCTATTATTTGGCATTTTATAGARCCTTTAAGAACTTTATTAG
HT142 CTCGATGTATTTCCTGTTCATTTACTTGGAGTTTTATTTTGTATTTTTTTACTTATATGCTCAGCTTTTGCTTTAGGGATTTGTTTTGCTATTGTTTGGCACTTTGTAGARTCTTTAARGAACTTTATTAG
AF322113 CTCGATGTATTTCCTGTTCATTTACTTGGAGTTTTATTTTGTATTTTTTTACTTATATGCTCAGCTTTTGCTTTAGGGATTTGTTTTGCTATTGTTTGGCACTTTGTAGARTCTTTARGAACTTTATTAG
Consensus CTcGATGTATTTCCTGTTCATTTaCTTGGAGTTTTATTTTGTATTTTTTTACTTATATGeTCAGCTTTTGCTTTaGGGATTTGTTTTGCTATTETTTGGCACTT T TAGARLCTTTARGAACTTTATTAG

521 530 540 550 560 570 580 590 (A1) 610 620 630 B0 650

| 1

weld? CTTATTTTAGTATAGTGTTTTATTGGACTTCTGGARTTATATTTCCTACTTGRLT—————- TATGCCARGGCCAATGCTTGATATATTTTATTATAATCCCTTACTTCATATTTTTGAACTTTTAARGATT
HT142 CTTATTTTAGTATAGTATTTTATTGGAGTTCTGGGATTATATTTCCTACCTGGT TXX XXX XARCTCCTCGTCCTTTACTTGATATATTTTATTACARTCCTTTGCTTCATATTTTTGARCTTTTARGATT
AF322113 CTTATTTTAGTATAGTATTTTATTGGAGTTCTGGGATTATATTTCCTACCTGETT—————~ ARCTCCTCGTCCTTTACTTGATATATTTTATTACAARTCCTTTGCTTCATATTTTTGAACTTTTARGATT
Consensus CTTATTTTAGTATAGTaTTTTATTGGAgTTCTGGgATTATATTTCCTACCTGGRT, ... ., aActCCLeGLCCEL TAaCTTGATATATTTTATTACARTCCETTCTTCATATTTTTGAACTTTTAAGATT

651 (3] 670 680 630 F00 710 720 730 740 750 760 70 780

1 1

wt142 TAATTTTTTTGAGAATTATCCTTTACAAGATGARTATAGTTATTTTTATGCTATATTTTGGATTTTGCTTGTTTTATTTATAGGGCTTTTTACTTACTACTATARTAGGCARGCTTTAGCGGCGGCARRA
HT142 TRAATTTTTTTGAGAATTATCCTTTGCAAGATGARTATAGTTATTTTTATGCTATATTTTGGATTTTACTAGTTTTATTTATAGGGCTTTTTATTTACTACTATAATAGACARGCTCTARCGGCGGCARAA
AF322113 TAATTTTTTTGAGAATTATCCTTTGCARGATGARTATAGTTATTTTTATGCTATATTTTGGATTTTACTAGTTTTATTTATAGGGCTTTTTATTTACTACTATARTAGACARGCTCTAACGGCGGCAARA
Consensus  TRAATTTTTTTGAGAATTATCCTTTgCAAGATGARTATAGTTATTTTTATGCTATATTTTGGATTTTaCTaGTTTTATTTATAGGGCTTTTTALTTACTACTATAATAGACARGCTcTAACGGCGGCARAR

781 790 800 810 820 830 840 850 860 870 880 890 900
1 1
wt142 AAAGARTGARTGATTARAGTTAATTARTCTARCAARATCTTATCCTTTATTTAGTGGTGGARGGCATTATGTTTTTARRARTTTTACCTTTGAATTTCCTGAAAATGGHNANNTANAGGAR
HT142 ARAGARTGARTGAT-ARAGCTARTTAATCTAACTARATCTTATCCTTTATTTAGTGGCGGAAGGCATTATGTTTTTARARATTT
AF322113 AAAGARTGAATGAT-ARAGCTAATTARTCTAACTARATCTTATCCTTTATTTAGTGGCGGARGGCATTATGTTTTTARARATTTTACTTTTGAATTTCCTGAARATTGTAG-TATAGG
Consensus AAAGAATGARTGAT,ARAGC TAATTAATCTAACLAAATCTTATCCTTTATTTAGTGGeGGARGGCATTATGTTTTTAAAAATTTEac . LLEgaatttccbgaaaat . g, a. .La. agg. .

Figure 3. 15. Alignment of the nucleotide sequences among the PCR fragments with primers kpsMT_F1 and kpsMT_R for C.
jejuni BS142 wild type and CPS mutant, and kpsMT sequence in C. jejuni 81-176 (Accession #: AF322113). “xxxxxx” indicate
the position of integrated kan" cassette
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1 10 20 30 40 50 B0 70 80 90 100 110 120 130
I I

wE1453 GHTAACTAGAT T TGGAARRA-TAGGTATCTTGGATATATATGGGTAGTTGGAGAGCCTATGAGCGTTGTGCTTTTGGTGACTATTATAGGAR
AF322113 ATGTTARATGTAARTTCACGCTTTATTTTTTAGGGAGTTARAAAC TAGATTTGGAAARRARTAGGTATCTTGGATATATATGGGTAGT TGGAGAGCCTATGAGCGTTGTGCTTTTGGTGACTAT TATAGGAR
HT1453 GATARC-AGATTTGGAAARAA-TAGGTATCTTGGATATATATGGGTAGTTGGAGAGCCTATGAGCGTTGTGCTTTTGGTGACTATTATAGGAR
CONSENSUE  .nreeressessssssrssrsorsssssssmssnssns gat ARCLAGATTTGGAAAAA ., TRAGGTATCTTGGATATATATGGGTAGTTGGAGAGCCTATGAGCGTTGTGCTTTTGGTGACTATTATAGGAR
131 140 150 160 170 180 190 200 210 220 230 240 250 260

I I

wk1453 CTGTCATTAGGGARTATCATCATCAAGTTATGCCTGARGGAATTTCTATTTTTATGTTTTTGATTTCAGGCATTATGCCTITTTITTATGTTTAGAAGTATAGTARCTCAGCTTATGARTGGAATAGGGGL
AF322113 CTGTCATTAGGGARTATCATCATCARGTTATGCCTGARGGAATTTCTATTTTTATGTTTTTARTTTCAGGTATTATGCCTTTTTTTATGTTTAGAAGTATAGTTACTCARCTTATGARTGGARTAGGGGL
AT1453 CTGTCATTAGGGAATATCATCATCAAGTTATGCCTGARGGAATTTCTATTTTTATGTTTTTGATTTCAGGCATTATGCCTTITTTTTATGTTTAGAAGTATAGTAARCTCAGC TTATGARTGGAATAGGGGL
Consensus CTGTCATTAGGGAARTATCATCATCARGTTATGCCTGAAGGARTTTCTATTTTTATGTTTTTeATTTCAGGCATTATGCCTTTTTTTATGTTTAGAAGTATAGTAACTCAgCTTATGARTGGAATAGGGGE

261 270 280 290 300 310 320 330 340 350 360 370 380 390

I I

uk1453 AARATTTATCTTTGTTTGCCTATARACCTGTAARARCCTGTACATGTATTTATTGCTAGAACTTTGCTTGARTTTTGTATTTATTTITGTGATTTTTATCACCGTGCTTTTTTTTGCAGGGTGGTTCTTTAGA
AF322113 AARATTTATCTTTGTTTGCCTATARACCTGTARAACCTATACATGTATTTATTGCTAGARCTTTGCTTGARTTTTGTATTTATTTTGTGATTTTTATCACCGTGCTTTTTTTTGCAGGGTGGTTCTTTAGA
HT1453 ARATTTATCTTTGTTTGCCTATARRCCTGTARRACCTGTACATGTATTTATTGCTAGAARCTTTGCTTGARTTTTGTATTTATTTITGTGATTTTTATCACCGTGCTTTTTTTTGCAGGGTGGTTCTTTAGA
Consensus AARATTTATCTTTGTTTGCCTATARRCCTGTARARCCTgTACATGTATTTATTGCTAGAACTTTGCTTGARTTTTGTATTTATTTTGTGATTTTTATCACCGTGCTTTTTTTTGCAGGGTGGTTCTTTAGA

391 400 410 420 430 440 450 460 470 480 430 500 510 520

I I

wb1453 CTCGATGTATTTCCTGTTCATTTACT TGGAGT TTTATTTTGTATTTTTTTACTCATATGCTCAGCTTTTGCTTTAGGGATTTGTTTTGCTATTGTTTGGCACTTTGTAGAACCTTTARGAACTTTATTAG
AF322113 CTCGATGTATTTCCTGTTCATTTACTTGGAGTTTTATTTTGTATTTTTTTACTTATATGCTCAGCTTTTGCTTTAGGGATTTGTTTTGCTATTGTTTGGCACTTTGTAGAARTCT TTARGAARCTTTATTAG
HT1453 CTCGATGTATTTCCTGTTCATTTACTTGGAGTTTTATTTTGTATTTTTTTACTCATATGCTCAGCTTTTGCTTTAGGGATTTGTTTTGCTATTGTTTGGCACTTTGTAGARCCTTTARGARCTTTATTAG
Consensus CTCGATGTATTTCCTGTTCATTTACTTGGAGT TTTATTTTGTATTTTTTTACTcATATGCTCAGCTTTTGCTTTAGGGATTTGTTTTGLTATTGTTTGGCACTTTGTAGAACCT TTARGARCTTTATTAG

521 530 540 550 560 570 580 530 BOO 610 620 630 640 B50

I I

wk1453 CTTATTTTAGTATAGTATTTTATTGGAGT TCTGGGATTATATTTCCCACCTGGTT: =ARCTCCTCGCCCTTTACTTGATATATTTTATTACARTCCTTTGCTTCACATARTGGAGCTTTTAAGATT
AF322113 CTTATTTTAGTATAGTATTTTATTGGAGTTCTGGGATTATATTTCCTACCTGGTT: —AACTCCTCGTCCTTTACTTGATATATTTTATTACARTCCTTTGCTTCATATTTTTGAACTTTTAAGATT
HT1453 CTTATTTTAGTATAGTATTTTATTGGAGT TCTGGGATTATATTTCCTACCTGGT TR X XARCTCCTCGTCCTTTACTTGATATATTTTATTACARTCCTTTGCTTCACATAATGGAGCTTTTAAGATT
Consensus CTTATTTTAGTATAGTATTTTATTGGAGT TCTGGGATTATATTTCCLACCTGGTT. .. .. ARCTCCTCGECCTTTACTTGATATATTTTATTACARTCCTTTGCTTCACATaaTeGACTTTTAAGATT

651 BEO 670 680 690 F00 710 720 730 740 750 760 770 780

1 1

wE1453 TAANTTTTTTGAAARRTTATCCTT TGCARGATGAANATAGT TANTHTTATGCTATATTTTGGATTTTACHTGCT TTANNTATAGGGCTTTTTATTTACTACTATAATAGACARGC TCTAARCGGCGGCCAARR
AF322113 TAARTTTTTTTGAGAATTATCCTTTGCARGATGAARTATAGTTATTTTTATGCTATATTTTGGATTTTACTAGTTTTATTTATAGGGCTTTTTATTTACTACTATAATAGACAAGC TCTARCGGCGGCAAAR
HT1453 TAATTTTTTTGANARTTATCCTTTGCARGATGAATATAGTTATTTTTATGCTATATTTTGGATTTTACTAGTTTTATTTATAGGGCTTTTTATTTACTACTATAARTAGACARGC TCTAACGGCGGCAARAR
Consensus  TAAETTTTTTGA.ARTTATCCTTTGCARGATGARLATAGTTALTETTATGCTATATTTTGGATTTTACLaGETTTALLTATAGGGCTTTTTATTTACTACTATAARTAGACARGC TCTAACGGCGGC aAAR

781 790 800 810 8§20 830 840 850 860 870 880 890 00 910

I 1
wk1453 AAAGAATGA-——-TAARAGCHART TAATCTAACTARATCTTANCCTTTATT TAG-TGHHGGAAGG-CATTAAGHTCHT TAARAARATTTTACTTTTGAATTTCCTGAAAAT GGNAGTARAGGARNCCCCHHGH
AF322113 AAAGAATGARTGATARAGCTARTTAATCTAACTAAATCTTATCCTTTATTTAG-TGGCGGARGG-CATTATGTT-TTTARAAATTTTACTTTTGAARTTTCCTGAAART TGTAGTATAGG
HT1453 HAAGAANGA----NARAGCTART TARTCTARCTARATCTTATCCTTTATTTAGGTGGCGGAAGGGCATTATGT T---TAAAAATN
Consensus  AAAGAALGA, . . .tARAGCEARTTAATCTARCTAAATCTTALCCTTTATTTAG, ThgeGGAAGG, CATTALGET. .t TAAAAATEELact.LELgaatbt.cocbgaaaat . g, agta, agp., .

9311
1
wk1453 C
AF322113
HT1453
Consensus

Figure 3. 16. Alignment of the nucleotide sequences among the PCR fragments with primers kpsMT_F1 and kpsMT_R for C.
jejuni SC1453 wild type and CPS mutant, and kpsMT sequence in C. jejuni 81-176 (Accession #: AF322113). “xxxxxX” indicates
the position of integrated kan" cassette
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Figure 3. 17. Growth curves of Campylobacter spp. wild type and capsule mutant in MHB at
37°C. Panel A, C. coli 6979 wild type vs. CPS mutant (6979M2); panel B, C. jejuni BS142

wild type vs. CPS mutant (BS142M2); and panel C, C. jejuni SC1453 wild type vs. CPS

mutant (SC1453M2).
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CHAPTER 4

Role of capsule in chick colonization by Campylobacter coli 6979
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ABSTRACT

In order to understand the role of capsule in the survival of Campylobacter coli in avian
reservoirs, C. coli 6979 and its capsule-deficient mutant strain 6979M2 (kpsM::kan') were
investigated by comparing the cell densities of C. coli 6979 and its CPS mutant in cecal
contents following experimental inoculations of day-old chicks. Results indicate that wild
type C. coli could highly colonize the intestinal tract, especially the cecum of the chicks. In
contrast, the capsule mutant strain was markedly impaired in its ability for chick
colonization. The capsular polysaccharides appear to play an essential role in chick

colonization with C. coli 6979.

INTRODUCTION

Campylobacter is responsible for the majority of diarrhea in humans particularly in very
young children all over the world (Lastovica and Skirrow, 2000). Campylobacter has also
been involved in other serious clinical syndromes, especially Guillain-Barré syndrome (Yu et
al., 2006). Eighty to ninety percent of human campylobacteriosis has been associated with C.
jejuni, with C. coli accounting for the majority of the remainder. Both C. jejuni and C. coli
are considered to be commensal microorganisms in the intestinal tract of poultry, and can
reach high levels in the cecum without any symptoms (Park, 2002).

Capsule is a surface-enveloping structure and consists of high-molecular-weight
polysaccharides that are firmly attached to the cell surface of many bacteria (Whitfield,

2006). The capsular polysaccharides (CPSs) play important roles in survival and persistence
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of bacteria in the environment and contribute to the virulence of pathogens (reviewed by
Young et al., 2007). CPSs of C. jejuni have been found to be involved in the bacterium-host
interactions (Bachtiar et al., 2007; Jones et al., 2004; Bacon et al., 2001; and Guerry et al.,
2000). However, there is no documented report about the possible role of capsules in
virulence and chick colonization potential of C. coli , which is another important foodborne
pathogen in the genus Campylobacter and is highly prevalent in turkeys and swine (Gebreyes
et al, 2005; Logue et al, 2003; Smith et al, 2004; Lee et al, 2005; Luangtongkum et al, 2006).
In order to understand the mechanisms involved for colonization of the intestinal tract of
poultry with C. coli, a capsule-deficient strain (6979M2) was created by insertion of a

kanamycin resistance cassette in the kpsM gene in the chromosome of C. coli 6979.

MATERIALS AND METHODS

Bacterial strains and growth media. C. coli 6979 was originally isolated from feces of
a turkey from a conventional turkey farm in North Carolina. This strain is only resistant to
tetracycline and is thus a good candidate for making mutants labeled with an antibiotic
resistance marker. The capsule-deficient strain was designated C. coli 6979M2 and harbored
a kanamycin resistance cassette in kpsM (kpsM::Kan"). Both the wild type strain (6979) and
the mutant strain (6979M2) were stored at -80°C in Brain Heart Infusion (BD Biosciences,
San Jose, CA) supplemented with 20% glycerol. New cultures were initiated by transferring
a loopful (ca. 0.05 ml) of the frozen stock to a sheep blood agar plate (Remel, Lenexa, KS)
and incubating for 48 hours at 42°C microaerobically. One or two colonies were transferred

to 5 ml of Mueller-Hinton broth (MHB) (Becton Dickinson, Sparks, MD) and incubated for
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24h. One hundred microliters of the overnight culture were transferred to 5 ml of fresh MHB
and incubated for another 24h at 42°C microaerobically. Microaerobic conditions were
generated by the CampyPak microaerophilic system (BBL, Sparks, MD). To prepare
inoculum for chick infections, the fresh culture in MHB was diluted with PBS (pH 7.2), and
the cell densities of the wild type and the mutant were adjusted to 2~5 x 10’ CFU/ml with a
spectrophotometer (SmatSpec™ 3000, Biorad, Herclles, CA) at 600nm. The bacterial cell
density was confirmed by plating, and the detailed data are listed in Table 4.1. Equal volumes
of the adjusted wild type culture and the mutant culture were pooled together to prepare the

wild type -mutant mixture.

Chick colonization and detection. Day-of-hatch broiler chicks were supplied by Lake
Wheeler Poultry Facility, operated by the Department of Poultry Science at North Carolina
State University. The birds were housed in an isolation room at the Dearstyne Avian Health
Center (Department of Poultry Science, North Carolina State University) in isolation brooder
batteries (Petersime Incubator Co., Gettysburg, OH) with 10-12 chicks per battery. The
arrangement of the batteries for different groups (Wild type strain C. coli 6979, mutant
6979M2, wild type + mutant mixture, and control) is illustrated in Figure 4.1. Each day-old
chick was inoculated with 0.1 ml of a suspension of 10’ cells/ml using a sterile gavage needle
with blunted tip (18GA, 50mm in length).The group of chicks inoculated with the wild type
strain C. coli 6979 only was termed the “wild type group”. The group of chicks inoculated
with the capsule-deficient strain 6979M2 was termed “mutant group”. Another group that

was inoculated with the C. coli 6979 + 6979M2 mixture was termed “mixture group”. The
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group of chicks inoculated with sterile PBS (pH 7.2; 0.1 ml /chick) served as control group.
Fresh feces (3-5 droppings) from each group were sampled once every 7 days during the
trial. The fecal samples were 10-fold diluted and plated on charcoal cefoperazone
deoxycholate agar (CCDA) and CCDA supplemented with kanamycin 50 pg/ml (CCDA*").
At three weeks post-inoculation, the chickens were killed by CO, asphyxiation.
Approximately 1 g of cecal contents and jejunum contents from each bird was obtained,
serially diluted in MHB, and plated on CCDA and CCDA*®" using a spiral plater (model
4000, Spiral Biotech, Inc., Norwood, MA). The liver from each chick was mechanically
mashed and streaked on CCDA. All of the plates were incubated microaerobically at 42°C.
Following 2 days of incubation, colonies, if any, were counted with an automated plate
reader (QCount, Spiral Biotech), and the CFU/g cecal content was calculated. The data were
analyzed by a student t— test, using a 95% confidence interval. The infection trials were done
twice, at two different dates. The experimental protocols were reviewed and approved by the

North Carolina State UniversityAnimal Care and Use Committee.

Ability of capsule-deficient mutant strain (C. coli 6979M2) to grow on CCDA with
and without kanamycin . CCDA*®" was used to identify the kpsM mutant strain 6979M2.
Since the CCDA medium contains antibiotics (Cefoperazone, 32mg/l; and Amphotericin B,
10mg/I) as selective supplement, we asked whether the CCDA"®" medium may have a
negative effect on the growth of the capsule mutant due to the presence of an additional
antibiotic (kanamycin). To determine whether CCDA*®" was toxic to capsule mutant strain

(6979M2), 100ul of diluted overnight C. coli 6979M2 culture was spread on CCDA and
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CCDAX™ plates, respectively. The number of colonies on two types of plates were counted
and analyzed by a student t —test, using a 95% confidence interval. The morphology of the

colonies was visually observed and compared.

Identification and confirmation of wild type and mutant type cells by PCR. PCR
was used to further confirm the presence or absence of the Kan' cassette in kpsM in the
colonies obtained from the chick cecal contents. Three to ten colonies/bird were randomly
picked from CCDA or CCDA*®" plates and mixed together in 1 ml of distilled water. The
mixed cell suspension was heat-treated at 95°C for 10 minutes, followed by centrifugation at
8000 rpm for 5 minutes, and the supernatant was used as DNA template for PCR. PCR
conditions were as follows: 95°C for 5 min for initial denaturation, followed by 35 cycles of
95°C for 30 s, 52°C for 30 s, and 72°C for 2min 50 s and a final step of 72°C for 10 min.
PCR products were electrophoresed (0.8% agarose). Two pairs of primers including two
forward primers (kpsMT_F1 and kpsMT_F2) and one shared reverse primer (kpsMT_R) were

used to target the kanamycin resistance cassette in kpsM. The sequences of the primers were:
Forward primers,
kpsMT_F1: 5°- TGTTAAATGTAATTCACGCT -3’
kpsMT_F2: 5°- ATGCCTGAAGGGATTTCT -3’
Reverse primer

kpsMT_R: 5’- CCTATACTACAATTTTCAGG -3
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The PCR product should be 731bp and 2158 bp for wild type and mutant, respectively,
with the primer pair (kpsMT_F1 and kpsMT_R); and 889 bp and 2316 bp with the primer pair

(kpsMT_F2 and kpsMT_R).

RESULTS

Growth of the capsule-deficient mutant strain (C. coli 6979M2) on CCDAR™",
Plating of dilutions of C. coli 6979M2 on CCDA and CCDA*®" yielded similar counts of
colonies. (P > 0.05, table 4.2). Furthermore, the morphology of colonies was similar on both
types of media. The results show that CCDA"®" had no apparent negative effects on recovery
of C. coli 6979M2, and could thus be used to monitor and assess colonization of the birds by

the mutant strain.

Isolation of wild type C. coli 6979 and its capsule-deficient strain (6979M2) from
chick feces following the inoculations. Fresh feces from all groups were examined to
monitor colonization with C. coli 6979 wild type and mutant strains. Campylobacter was
recovered from all three inoculated groups (wild type group, mutant group and mixture
group) in the first week post-inoculation (Table 4.6). However, at week 2 of both trials no
Campylobacter could be recovered on CCDAX®" from fecal droppings of the mixture group,
even though typical Campylobacter colonies were obtained on CCDA from the same fecal
samples. These findings indicated that the mutant cells in the mixture groups were out-
competed by the wild type strain at week 2 post-inoculation. Similar findings were obtained

with fecal droppings from the mutant group (Table 4.6). The results indicate that the mutant
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can colonize chicks in the first week, but in the presence of wild type cells the growth of
mutant type cell was inhibited and the mutant was finally out-competed from the chick

cecum.

Enumerations of Campylobacter from cecal contents on CCDA and CCDA®" . On
day 21 post-inoculation, Campylobacter cell density in chick cecal contents varied greatly
among the different birds, and was in the range from 2.1x10° CFU/g to 8.8 x10® CFU/g in
birds infected with the wild type strain (Table 4.3 and table 4.4). PCR analysis of randomly
chosen colonies confirmed that these were wild type cells since they lacked the kanamycin
resistance cassette. (Figure 4.2: lane 3; figure 4.4: lane 3). No colonies were obtained on any
of the CCDA*®" plates which were used to detect possible cross-contamination of the wild
type group by the mutant strain. A similar range of Campylobacter cell density was found in
the mixture group based on growth on CCDA plates. PCR results for the randomly chosen
colonies showed that colonies on CCDA plates were wild type (Figure 4.2: lane 7; Figure
4.4: lane 6 & 9). Unexpectedly, no colonies were obtained on CCDA*®" plates in the mixture
groups in either trial, which indicates that mutant cell density was at least five orders of
magnitude lower than the density of the wild type in chick cecal contents in the mixture
group (Table 4.3 and Table 4.4). Although the chicks were initially inoculated with the same
amount of wild type and mutant, the chicks were almost exclusively colonized by the wild

type bacteria.

Cecal contents from bacteria inoculated with the mutant yielded unexpected results. A

much greater number of Campylobacter colonies were obtained on CCDA than on CCDA*"

113



from most (75%) chicks in the 1" trial and all chicks in the 2™ trial. PCR was done for the
randomly chosen colonies from the first trial, obtained on CCDA with samples at the highest
dilution (10°°). All tested colonies were found to lack the kanamycin resistance cassette
(Figure 4.2: lane 5 & 6; Figure 4.3: lane 3 & 5; Figure 4.4: lane 4). In contrast, analysis for
the colonies obtained from the cecal contents of the mutant group in the first trial on
CCDA*" showed presence of the cassette (Figure 4.2: lane 4; Figure 4.3: lane 4 & 6; Figure
4.4: lane 5). These findings indicated that these birds which had been inoculated with the
mutant strain were colonized by both wild type and mutant cells. Furthermore, the mutant
cells were not detectable (no recovery on CCDA®) in cecal contents from 6/12 (50%) of the
chicks infected with the mutant strain in the first trial and 9/10 (90%) of those infected with
the mutant strain in the second trial. The data suggest that the chicks in the mutant group
were contaminated and largely colonized by wild type cells and the inoculated mutant cells

were out-competed in the cecum in most chicks.

In the first trial, comparable cell counts on both CCDA and CCDA"®" plates were
observed in three chicks (No. 4, 7, and 9) in the mutant group. The size of the PCR products
confirmed the presence of the kanamycin cassette in colonies randomly chosen from CCDA
(n =5) and CCDAX®" (n = 5) (Figure 4.3: lane7, 8, 9&10), indicating that these three chicks
were only colonized by mutant cells. The cell density in the cecum of these chicks varied
from 1.6x10° CFU/g to 5.5x10° CFU/g based on the colonies grown on CCDA*®. Highest
numbers of the mutant cells were observed in cecal contents of bird No. 9 (5.5x10° CFU/g).

The other two birds, No. 4 and No. 7, were colonized with the mutant cells at 3.5x10° CFU/g
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and 1.5x10* CFU/g in cecum, respectively. In comparison to the wild type cell densities in
the cecum in chicks infected with either the wild type strain or the mixture, the observed

colonization in these three chicks was at least three orders of magnitude lower.

There were no significant differences in C. coli 6979 wild type cell densities in cecal
contents of chicks among the wild type, mutant, and mixture groups (P > 0.5). Chicks in the

control group from both trials remained free of Campylobacter (Table 4.1, and Table 4.2).

Recovery of Campylobacter from jejunum contents and liver of chicks inoculated with
the wild type strain and the mutant. To determine the status of colonization and growth of
inoculated Campylobacter in other organs, jejunum contents and liver were sampled from the
chicks in the wild type group and the mutant type group. The wild type cell density in
jejunum contents in the wild type group varied from below the detection limit (2.0x10?
CFU/qg) to 4.8x10* CFU/g (Table 4.5). The average cell density in the jejunum was at least 4
log1oCFU lower than that in cecal contents (10° — 108 CFU/g). Jejunum contents from birds
inoculated with the mutant yielded colonies on CCDA, but not on CCDA*" . PCR results
from randomly chosen colonies from these CCDA plates indicated absence of the kanamycin
resistance cassette (Figure 4.2: lane 8&9; Figure 4.4: lane 7&8). No Campylobacter could be
isolated from any of the liver samples on CCDA (data not shown). The data indicate that
liver was not colonized with Campylobacter at detectable levels, even though Campylobacter

colonized the chick cecum at high density.
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DISCUSSION

C. coli 6979 exhibited strong ability in colonizing the intestinal tract of chickens and
could be recovered in high numbers from cecal contents, is in agreement with the findings of
previous studies with C. jejuni (Beery et al., 1988; Soerjadi et al., 1982). When the wild type
cells were mixed in equal portions with the CPS mutant cells, the CPS mutant was unable to
colonize the cecum of chicks, indicating that the absence of capsule significantly attenuated

chick colonization by C. coli 6979.

Wild type cells were unexpectedly isolated and identified in the mutant group in both
trials, with the exception of three chicks (No. 4, 7, and 9) of the 12 inoculated with the
mutant strain in the first trial. The wild type cell densities in cecal contents from most chicks
in the mutant group were comparable to those in the wild type group and in the mixture
group (P > 0.05). The high density of the wild type strain in the mutant group was likely due
to cross-contamination of birds inoculated with the mutant with bacteria excreted by chicks
inoculated with the wild type strain. Such cross-contamination cannot be excluded, since the
different groups of birds were housed in one isolation unit. The apparent cross-contamination
affected birds inoculated with the mutant and the mixture strain. There was no detectable
Campylobacter colonization of any of the birds in the control group. At least one more trial
should be done to accurately assess the colonization impairment in the CPS mutant. It may be
necessary to test the mutant alone, by housing birds inoculated with the mutant separately

from those inoculated with the wild type strain or those inoculated with the mixture of wild
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type and mutant. Thus was not done in the current study, to minimize the potential impact of

different environments in colonization.

Based on the data from the three chicks in the mutant group in the first trial that were
not colonized with the wild type cells, colonization of the cecum with the capsule-deficient
mutant cells was markedly lower than with the wild type strain. The findings suggest that in
the chicks inoculated with the mutant or with the mixture of wild type and mutant, the mutant
cells were out-competed by the wild type. The results indicate that CPSs are essential for C.
coli 6979’s ability to colonize and grow in chickens. C. coli 6979 is a fecal isolate from

turkey, and CPSs may be essential for its colonization of turkeys, as well.

CPSs in C. jejuni have been demonstrated to play a significant role in adherence to and
invasion of eukaryotic cells (Bachtiar et al., 2007; Bacon et al., 2001). However, there is no
evidence for cellular attachment or invasion of C. jejuni in the intestinal tract of colonized
birds. In experimental infections of chickens the bacteria are highly prevalent in the cecum
without apparent inflammation or intestinal disease (Beery et al., 1988; Meinersmann et al.,
1991). Byrne et al. (2007) reported that avian mucus inhibits the ability of Campylobacter to
interact with epithelial cell surfaces. Thus, the role of CPSs in chick colonization is yet to be

explored.

C. coli 6979 wild type grows relatively faster than the CPS-deficient strain (6979M2) in
MHB at 37°C (Chapter 3), which may contribute to the predominance of the wild type strain

in the chick cecum. Further studies are needed to assess fitness of both strains in mixed
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cultures in vitro and in vivo. The data may help to elucidate the cause of elimination of the

CPS mutant in the presence of the wild type strain in the chick cecum.

Capsule antigens have been demonstrated to be the key antigenic determinants in the
heat-stable typing scheme (e.g. Penner scheme) (Karlyshev et al., 2000; Bacon et al., 2001).
A kpsM mutant of C. jejuni 81-176 was impaired in invasion of eukaryotic cells and reduced
in virulence in a ferret diarrheal disease model (Bacon et al., 2001). Bachtiar et al (2007)
created a CPS mutant (kpsE::kan") of C. jejuni 81116 which was isolated from a waterborne
outbreak. In comparison to the wild type, the CPS mutant (kpsE::kan") was significantly
reduced in adherence and invasion of human epithelial cells. The CPS mutant colonized the
intestinal tract of chickens at a lower level than the parent after 10 d post-inoculation (10*°
CFU/g vs. 10%"CFU/g in cecum contents) (Bachtiar et al., 2007). The CPS-deficient strain of
C. coli 6979 was significantly reduced in chick colonization, even though the mutant was still
able to colonize the chick cecum. These data suggest that capsule polysaccharides play roles

in bacteria-host interactions.

Several other factors are also involved in chick colonization. In addition to CPSs, other
carbohydrates, such as lipooligosaccharide (LOS), O- and N-linked protein glycosylation
systems are surface-associated in C. jejuni and involved in pathogenesis (Young et al.,
2007). Biosynthesis of these carbohydrates is encoded and regulated by different loci in the
genome of Campylobacter (Fouts et al., 2005; Karlyshev et al., 2005; and Parkhill et al.,
2000). In C. jejuni LOS is associated with resistance to fusidic acid, novobiocin, SDS, and

erythromycin (Kanipes et al., 2004; Jeon et al., 2009). Loss of LOS significantly increased
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natural transformation frequency in C. jejuni (Jeon et al., 2009). O- and N-linked protein
glycosylation has been demonstrated to be significant for the attachment of C. jejuni to
human and chicken host cells (Karlyshev et al., 2004). Thus, further studies are needed to
determine if surface carbohydrates other than CPSs are involved in the colonization process,

to further understand the molecular mechanisms implicated in chick colonization.
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Table 4. 1. Bacterial inoculum (CFU/mI) used for chick inoculation

Experiment #1

Experiment #2

C. coli 6979

C. coli 6979M2

4.2x10’

2.6x10’

5.7x10’

5.65%10’

Table 4. 2. Ability of capsule-deficient mutant strain (C. coli 6979M2) to grow on CCDA
with and without kanamycin

Experiment #1 Experiment #2

plate # CCDA CCDA" CCDA CCDA"
Plate 1 54 57 67 77
Plate 2 48 ol 71 71
Plate 3 ND ND 65 68
Plate 4 ND ND 73 74
Average 51 54 69 72.5

P value 0.55 0.24

ND, Not done.
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Table 4. 3. Cell density (Logig CFU/gram) of Campylobacter coli 6979 wild type (6979) and its capsule mutant (6979M2) in chick

cecal content on day 21 post-inoculation (Experiment #1)

Wild type (6979) Capsule mutant (6979M2) Mixture (6979 & 6979M2 Control
C,\rl‘g.k CCDA | CCDA+Kan C,\Tg_k CCDA | CCDA+Kan C,\rl‘g.k CCDA | CCDA+Kan Cl\tl]g.k CCDA
1 7.66 <231 1 8.33 4.15 1 5.63 <231 1 <17
2 8.48 <231 2 8.67 3.21 2 9.00 <231 2 <17
3 7.70 <231 3 8.57 <231 3 7.12 <231 3 <17
4 6.14 <231 4 3.80 3.54 4 8.17 <231 4 <17
5 8.42 <231 5 6.14 <231 5 7.74 <231 5 <17
6 6.58 <231 6 7.49 <231 6 7.75 <231 6 <17
7 8.19 <231 7 3.90 4.17 7 6.47 <231 7 <17
8 5.31 <231 8 6.32 <231 8 6.85 <231 8 <17
9 6.23 <231 9 5.80 5.74 9 8.19 <231 9 <17
10 6.02 <231 10 <231 <231 10 8.30 <231
11 7.70 <231 11 5.16 <231 11 5.83 <231
12 6.34 <231 12 3.26 <231 12 5.28 <231
Median 7.12 NA Median 6.14 4.15 Median 7.43 NA Median NA
Mean 7.06 NA Mean 6.13 4.16 Mean 7.19 NA Mean NA
STDEV 1.08 NA STDEV 1.97 0.97 STDEV 1.19 NA STDEV NA
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Table 4. 4. Cell density (Logigo CFU/gram) of Campylobacter coli 6979 wild type (6979) and its capsule mutant (6979M2) in chick

cecal content on day 21 post-inoculation (Experiment #2)

Wild type (6979) Capsule mutant (6979M2) Mixture (6979 & 6979M2 Control

CI\'l‘g.k CCDA | CCDA+Kan ngk CCDA | CCDA+Kan C,\Tg.k CCDA | CCDA+Kan C,\Tg.k CCDA
1 6.12 <231 1 8.40 <231 1 8.95 <231 1 <17
2 8.94 <231 2 7.35 <231 2 8.13 <231 2 <17
3 7.51 <231 3 6.48 <231 3 8.59 <231 3 <17
4 6.91 <231 4 6.25 3.63 4 8.82 <231 ) <17
5 7.87 <231 5 7.17 <231 5 7.01 <231 5 <17
6 6.60 <231 6 7.42 <231 6 7.63 <231 6 <17
7 7.31 <231 7 6.21 <231 7 7.26 <231 7 <17
8 8.30 <231 8 5.84 <231 8 7.21 <231 8 <17
9 6.20 <231 9 6.50 <231 9 7.16 <231 9 <17
10 8.05 <231 10 7.35 <231 10 5.39 <231 10 <17
Median 7.41 NA Median 6.84 NA Median 7.45 NA Median NA
Mean 7.38 NA Mean 6.90 NA Mean 7.62 NA Mean NA
STDEV 0.93 NA STDEV 0.77 NA STDEV 1.07 NA STDEV NA

124



Table 4. 5. Cell density (Logig CFU/gram) of Campylobacter coli 6979 wild type (6979) and its capsule mutant (6979M2) in chick
jejunum content on the 21* day post-inoculation

Experiment #1 Experiment #2
Wild type (6979) Capsule mutant (6979M2) Wild type (6979) Capsule mutant (6979M2)
C,\rl‘gk CCDA Chick NO. CCDA C,\rl‘g’_k CCDA | Chick NO. CCDA CCDA+Kan
1 3.09 1 3.74 1 2.61 1 2.61 <231
2 <231 2 3.74 2 3.63 2 3.76 <231
3 2.61 3 4.15 3 4.33 3 3.54 <231
4 <231 4 <231 4 3.09 4 3.49 <231
5 3.61 5 291 5 3.46 5 3.85 <231
6 3.85 6 2.79 6 4.30 6 3.01 <231
7 <231 7 2.61 7 3.87 7 4.74 <231
8 2.79 8 2.61 8 3.42 8 2.31 <231
9 2.79 9 3.26 9 3.76 9 2.31 <231
10 3.21 10 <231 10 4.68 10 3.71 <231
11 3.26 11 2.79
12 2.79 12 2.79
Median 3.09 Median 2.79 Median 3.69 Median 3.51 NA
Mean 3.11 Mean 3.00 Mean 3.71 Mean 3.33 NA
STDEV 0.42 STDEV 0.59 STDEV 0.62 STDEV 0.77 NA

125



Table 4. 6. Detection of Campylobacter coli 6979 wild type (6979) and its capsule mutant (6979M2) in chick feces during the
colonization experiment

Experiment #1

Experiment #2

Group Medium Day 7 Day 14 Day 21 | Group Medium Day 7 Day 14 Day 21
Control CCDA - - - Control CCDA - - -
CCDA + + + CCDA + + +
WT WT
CCDAR" ND - - CCDAR" - - -
CCDA + + + CCDA + + +
MT MT
CCDAR" ND + - CCDAR" + - -
CCDA + + + CCDA + + +
Mixture Mixture
CCDAR" ND - - CCDAR" + - -

CCDA*™: CCDA supplemented with kanamycin 50pg/ml
“.» indicates no typical Campylobacter colonies on CCDA or CCDA"
“+” indicates the presence of typical Campylobacter colonies on CCDA or CCDA"
ND, Not done.




Control

C. coli 6979M2

C. coli 6979

C. coli 6979 + 6979M2

Figure 4. 1. Battery arrangements in chick colonization experiments. Arrangement of

batteries for different groups of chicks inoculated with wild type strain C. coli 6979 (6979),

capsule mutant (6979M2), mixture of wild type and mutant, and PBS as control.
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Figure 4. 2. PCR assay for Kan' cassette in kpsM in colonies isolated from chick colonization
experiment #1.

Primers, kpsMT_F2 and kpsMT_R. Expected amplicon sizes are 731bp and 2158bp for wild
type and mutant, respectively.
Lanes:
1. C. coli 6979 wild type;
2. C. coli 6979M2;
3. Colonies on CCDA for bird NO. 1 cecum content from wild type group;
4. Colonies on CCDAX®" for bird NO. 4 cecum content from mutant group;
5. Colonies on CCDA for bird NO. 6 cecum content from mutant group;
6. Colonies on CCDA for bird NO. 8 cecum content from mutant group;
7. Colonies on CCDA for bird NO. 2 cecum content from mixture group;
8. Colonies on CCDA for bird NO. 3 jejunum content from mutant group;
9. Colonies on CCDA for bird NO. 1 jejunum content from wild type group;
10. Negative control (no DNA template).
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Figure 4. 3. PCR assay for Kan" cassette in kpsM in colonies isolated from chick colonization
experiment #1.

Primers and expected amplicon sizes are as in figure. 4.2.
Lanes:

1. C. coli 6979 wild type;

2. C. coli 6979M2;
3. Colonies on CCDA for bird NO. 1;
4. Colonies on CCDAK®" for bird NO. 1;
5. Colonies on CCDA for bird NO. 2;
6. Colonies on CCDAK®" for bird NO. 2;
7. Colonies on CCDA for bird NO. 7;
8. Colonies on CCDAX" for bird NO. 7;
9. Colonies on CCDA for bird NO. 9;
10. Colonies on CCDAX*" for bird NO. 9;
11. Negative control (no DNA template).
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Figure 4. 4. PCR assay of Kan' cassette in kpsM gene in colonies isolated from chick
colonization experiment #2.

Primers, kpsMT_F1 and kpsMT_R Expected amplicon sizes are 889bp and 2316bp for wild
type and mutant, respectively.
Lanes:

1. C. coli 6979 wild type;

2. C. coli 6979M2;

3. Colonies on CCDA for bird NO. 2, 8, 10 cecum content from wild type group;

4. Colonies on CCDA for bird NO. 1, 4, 10 cecum content from mutant group;

5. Colonies on CCDA® for bird NO. 4 cecum content from mutant group;

6. Colonies on CCDA for bird NO. 1, 2, 3 cecum content from mixture group;

7. Colonies on CCDA for bird NO. 2, 8, 10 jejunum content from wild type group;
8. Colonies on CCDA for bird NO. 1, 4, 10 jejunum content from mutant group;
9. Duplicate of lane 6;
10. Negative control (no DNA template).
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