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SUMMARY

Comparative nucleotide sequence analysis ol nineteen genes of different functional
classes was carried out in representative isolates of Mannheimia haemolptica (10 to

32 isolates), Manrheimia glucosida (1 to 6 isolates), and Pasteurelly trehalosi (1 10 4
isolates).  The genes include one DNA repair and recombination gene (irecA), nine
metabolic enzyme genes (arod, asd, galE, gap, gnd, gopd, mdh, milD, and pmm), one
secreted protein gene (gep), fowr periplasm-associated lipaprotein genes (pipA, pipB.
pipC, and pipD), and four outer membrane protein genes (ompA, thpB, thpA, and wza).
This study was inspired by previous work which had revealed that recombination
involving M. glucosida and P. trehalosi, together with host switching of isclates from
cattle to sheep, bave played important roles in the evolulion of the M. haemolytica

leukotoxin operon (Davies ef al., 2001; 2002).

Comparative nucleotide sequence analysis of the nineteen genes indicated that onty
single nucleolide substitutions had occurred in the recd, asd, gnd, gopd, miD, and
gep genes of M. haemolytica. A phylogenetic tree based on their concalenated
sequences supported the evolutionary relationships of isolates of M. haemoflytica
based on previous MLEE studies. In contrast, the arod, gap. mdh, pmm, plpA, pip8,
plipC, pipD, ompA, thpB, tbhpA, and wza genes showed evidence of varying degrees of
mosaic structure which suggests that horizontal DNA transfcr and intragenic
recombination have played important roles in the evolution of these genes.
Recombinant segments of M. haemolytica genes have been derived from M. glucosida
and other unidentified sources indicating that DNA from other bacterial species has
contributed to the evolution of M. Auemolytica. Extensive recombinant exchanges
have occurred in the outer membrane protein genes omp/, tbpB, tbpd, and wza.  The

different tree lopologies and different patterns of nucleotide and amino acid diversity
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ol these four genes indicate that they have different cvolutionary histories.  However,
the evolutionary histories of these four genes support the previously proposed view
that M. haemolytica diversity has been influenced by the transmission of isolates from
caitle to sheep and vice versa, which is probably linked to the domestication of these

species.

The temperate bacteriophages of representative isolates of M. haemolytica, M.
glucasida, and P. frehalosi were also investigated in this study since phages arc
known to mediate horizontal DNA transfer.  Induction of bacleviophages with
mitomycin C and examination by electron microscopy revealed that temperate phages
were more prevalent in M, haemolytica (24 of 32 isolates) than M. glucosida (one of
six isolates) and /. trehalosi (one of four isolates).  Genelic vasiation of the phages
was assessed by restriction endonuclease analysis and host range was determined by
plague assay. Phage DNA was successfully isolated from 135 M. haemolytica, one M.
glucosida, and one P. trehalosi isolates and restriction endonuclease analysis
identified nine different RE types (A to I) in M. haemolytica, one RE type (J) in M.
glucosida, and one RE type (K} in P. trehalosi.  Plaquc assay revealed that 13 M.
haemolytica, one M. glucosida, and one P. trehalosi lysates could produce lysis zoncs
on one to six M. haemolytica, \wo M. glucosida, and one P, trehalosi indicator

isolates, respectively.

Using restriction endonuclease analysis and genomic analysis of the M. haemolytica
genomne sequence, phages of RE type A were shown to be very similar to P2 phages of
E. coli. The annotated genome of this phage type was derived from the bacterial

unannotated genomic scquence and compared with the genome of P2 phages.
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1.1 The organisms

1.1.1 History and nomenclature of M. fraemolytica, M. giucosida, and P. trehalosi

Mannheimia haemolytica, Mannheimia glucosida, and Pasteurella trehalosi were
formerly recognized as one species, Pasteurella haemolytica, which was proposed by
Newson and Cross when they isolated a bacterium that caused pneumonia in calves in
1932 (Newsom & Cross, 1932).  However, P. haemolytica showed highly divergent
characteristics and two general typing methods, biotyping and scrotyping, weic
adopted to distinguish isolates within the 7. Acemolytica complex. Biotyping
identified two biotypes of P. haemolytica based on a number of differences in
phenotypes such as cultural and biochemical traits, pathogenicity, growth dynamics,
and antibiotic sensitivity. The two biotypes were designated A and T which reflect
the abilily to ferment L-arabinose and (cehalose, respectively (Smith, 1961).
Serotyping has recognized 17 scrotypes of P. haemolytica based on indirect
haemagglutination assay (IHA) that detects differences in capsular polysaccharide
(see section 1.4.1.1 for further details) (Fador ef af., 1988; Fraser e/ al., 1982, Pegram
et al., 1979; Younan & Fodar, 1995). There is a consistent association between
serotypes and biotypes (Table 1.1).  Serotypes 1,2,5t0 9, 11 to 14, 16, and I7 are
associated with biotype A, whereas serotypes 3, 4, 10, and 15 are associated with

biotype T (Biberstein & Gills, 1962).

The T biotype of P. haemolytica was separated from I, haemolytica and reclassified
as Pasteurella trehalosi in 1990 based on numerical taxonomic analysis and DNA-
IDNA hybridization (Sneath & Stevens, 1990).  Subseguently, the A biotype of P.
haemolytica was assigned to a new genus, Manrnheimia, in 1999 based on ribotyping.

16S rRNA sequencing, DNA-DNA hybridization, and phenotypic data
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Table 1.1 Reclassification of the P, aemolytica complex

New specics name

Previous biotypes and serotypes of P. hwemolytica

M. haemolytica
M. glucosida

P. wrehalosi

Al,A2,AS, AG,A7. A8, A9, A12, Al3, Al4, Al6, A17
All
T3, T4, T10, T15
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(Angen ¢t af., 1999b). Serotype All isolates were reclassified as Adannheimia
glucosida, and the remaining 12 serotypes were reclassified as Mannheimia
haemolytica. The reclassificalion of the /2. haemolytica complex is summarized in

Tablel.1.

The growing information on genetic relationships has ied to the reclassification of
other members of the family Pasteurellaceae, and the three gencra Pasteurella,
Actinobacillus, and Haemophifus that originally formed the family now include the
new genera Mannheimia (Angen ef ul., 1999b), Phocoernobacter (Faster et alf., 2000),
Lonepinella (Osawa et al., 1995), Histophilus (Angen et al., 2003), Gallibacterium
(Christensen et ., 2003), and Folucribacter (Christensen ef al., 2004a).  Scquence
analysis of the 168 rfRNA gene and several housekeeping genes within the
Pasteurellaceae has provided additional evidence Lo support this new classification
and also suggests that some species such as [P]. trehalosi, [Actinobacillus] capsulutus,
[Haemophilus] ducreyi, [{laemaphilus] parainfluenzae, [Actinebacillus]
aclinomycetemcomitans, and [Haemophilus | parasuis need further reclassification
since they are on branches that are distinct from the other major branches of
Pasteurella, Haemophilus, and Actinobacillus, respectively (Figure 1.1) (Chrislensen

el al., 2004b; Dewhirst ef al., 1992; Korczak ¢f ol., 2004),

According to the topology based on 16S rRNA sequence data of members of the
Pastewrellaccoe (Figure 1.1), Mannheimia is more closely related to the genus
Actinobacillus than to the genus Pasteurella (Angen ¢t al., 1999b; Davies et al., 1996;

Dewhirst et al., 1992).

e
B
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Figure 1.1 Neighbour-joining trce for the 165 rRNA gene of members of the

Pastenrellaceae. The tree was constructed with Jukes-Cantor correction for

nucleotide substitutions. The species name and GenBank accession numbers for the

sequences used arc shown.  Genera in square brackets need reclassification becavse

they are on brunches that are distant from the major branches.




CHAPTER 1: INTRODUCTION

1.1.2 Morphological and biochemical characteristics of M. haemeolytica, M.,

glucosida, and P, irehalosi

Cell morphology. M. haemolytica, M. glucosida, and P. trehalosi have a
morphology common with other members of the Pastewreliaceae (Angen ef al.,
1999b; Sneath & Stevens, 1990).  Cells are Gram-negative, non-motile, rods or
coccobacilli.  Two types of fimbriae have been demonstrated on the surface of Al
isolates of M, haemolytica (Potter ef al., 1988), but their presence on other serotypes

of M. haemolytica as well as on M. glucosida and P. trehalosi, is unknown.

Cultural morphology. The cultural traits of P. trehialosi are slighily different from
thasc of M. haemolytica and M. glucosida (Smith, 1961).  After 24 hours the
colonies of P. trehalosi are yellowish in colour and measure up to 2 mm in diameter.
When smears are made in distilled watcr, lace-like patterns appear.  On the other
hand, the colonies of M. haemolytica and M. glucosida ave smaller than those of P.
trehalosi und show are lightish-grey in colour.  Smears in distitled waters show even

dispersal.

Biochemical characteristics. The biochemical properties of M. haemolvtica, M.
glucosida, and P. frehalosi that have been reported by previous investigators (Angen
et al., 1999b; Mutters et al., 1989; Sneath & Stevens, 1985; Sneath & Stevens, 1990}
are comparcd in Table [.2. Three species contain common characteristics for
haemalysis, D-sorbitol, maltose, dextrin, indole and D-melibiose. THowcver, P.
trehalosi can be distinguished from M. Agemolytica and M. glucoside by lermenting
trehalose and not fermenting D-xylose. M. haemolytica and M. glucosida can be
differentiated by the NPG lest.  Although M. glucosida and M. hac;mol}v‘rica are

referred to as the “A biotype” (Smith, 1961), no isolate of these species ferments L-
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Table 1.2 Biochemical characteristics of M. hnemolytica, M. glucosida, and 2.

trehalosi

Property

M. haemolytica © M. glucosida °

P. trehalosi ©

Haemolysis
Ornithine decarboxylase
‘Irehalose

l.-Arabinose

D-Sorbitol

p-Xylose

Maltose

Dextrin

Glucosides

Gientiobiose

NPG {j3-glucosidase)
Meso-Inositol

ONPF (ex-fucosidase)
ONPX (B-xylosidase)
ONPG (B-galactosidase)
Indole

n-Melibiose

-+

o+

[N
T

4

D

+ o+ o+

+ O3 ©

+ T U

“ See references (Angen ef al., 1999b; Mutters et af., 1989)

b See references (Steath & Stevens, 1985; Sneath & Stevens, 1990)

Symbols: + = positive; - = negative; D =+ or -; N'T = not tested
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arabinose in recent experiments (Angen ez al., 1999b; Muticrs ef al., 1989).

1.2 The diseases

M. haemolytica, M. glucosida, and P. trehalosi are commensal parasites, but they

have pathogenic potential and can multiply quickly under conditions of
immunodelficiency and stress (Biberstein, 1990).  The three specics have differences
in virulence and host specificity (Frank, 1989; Gilmour & Gilmour, 1989). A
haemolytica is recovered from various ruminants such as cattle, sheep, goats, and deer.
whereas M. glucosida occurs mostly in sheep, and P. frehalosi occurs only in sheep
(Biberstein & Thompson, 1966; Quirie e/ al., 1986). M. haemolytica is responsible
for pneumonic pasteurcllosis (Frank, 1989), while P. trehalosi is responsible for
systemnic pasteureliosis and M. glucosida is not normally associated with disease

conditions (Gilmour & Gilmour, 1989)

1.2.1 Pncumonic pasteurellosis caused by M. haemolvtica

M. haemolytica is the etiological agent of bovine and ovine pneumonic pasteurellosis
that cause considerable economic losses to the beef and sheep industiries worldwide
(Frank, 1989; Gilmour & Gilmour, 1989; Martin, 1996). Bovine pneumonic
pasteurellosis has various names such as bovine respiratory disease (BRD), shipping
fever, transit fever, dust pneumonia, bronchial pncumonia, Gbrinous pleuropneumonia,
and bovine epizootic pneumonia. It is believed that losses due to pneumonic
pasteurellosis are greater than the losses due to all other discascs of cattle in the

United States (De Alwis, 1993).

Serotypes Al, A2, and A6 of M. haemolytica are carried m the nasopharynges and
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tonsifs of healthy and unstressed catlle, whereas all 12 serotypes of M. haentolytica
are associated with sheep.  However, only small numbers occur because they are
kept in check by host defence mechanisms (Frank, 1989; Gitmour & Gilmour, 1989).
However, under stressful conditions such as physical and physiological stress or viral
and bacterial infections, the compromised defence mechanisms aliow rapid
multiplication of specific serotypes of M. Aaemolytica i cattle and sheep (Biberstein
& Thompson, 1966; Frank, 1989; Martin, 1996). The pathogenicity of different
serotypes varies in cattle and sheep. For example, sél‘otype Al isolates are
predominant in bovine pneumonic pasteurellosis (Frank, 1989; Gonzalez &
Maheswaran, 1993), whereas serotype A2 isolates are the major course of ovine
poeumnonic pasteurellosis (Gilmour & Gilmour, 1989; Odugbo et al., 2003).  This
increased proliferation has been shown to increase the number of aerosolised A4
haemolytica (Jericho et al., 1986; Purdy et af., 1989), thus allowing bacteria to be
aspirated deeper into the lung (DeRosa et al., 2000).  Once pulmonary alveolar
colonization has begun, bacterial toxins together with the animal’s immunopathologic
responses result in pulmonary damage {(Ackermann & Brogden, 2000; McBride ef «f.,
1999). Death can occur within two or three days or the infection can proliferate and
lead 1o chronic lung damage (Brogden ef af., 1998). Thus, carly recoguition and
treatment are important. The early clinical signs of pneumonic pasteurellosis are
characterized by fever, dyspnea, cough, depression, anorexia, and nasal and eye

discharge (Frank, 1989; Gilmour & Gilmour, 1989).
1.2.2 Systemic pasteurellosis caused by P. trehalosi
Systemic pasteurellosis of sheep caused by P. frehalosi is an impozrtant disease in

Britain, but it appears to be less conunon worldwide than pncumonic pasteurellosis

(Biberstein & Thompson, 1966).  Maost outhreaks occur sporadically in weaned
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lambs from the period Scptember to December.  Stressful environmental conditions
such as cold and wet weather and management factors such as markeling and

transporting have been implicated as predisposing causes (Gilmour & Gilmour, 1989).

Since lesions were consistently found in the (onsils and in the pharyngeal and
oesophageal mucosa, it is postulated that the bacteria multiply at these sites and
spread via the venous and/or lymphatic drainage to the anterior vena cava and then fo
the lung capillary bed forming the characteristic emboli (Gilmour & Gilmour, 1989).
The bacteria atso spread haematogenously to all of internal organs including the liver,
spleen and kidneys (Martin, 1996). This disease is essentially an acute
enterotoxaemia and at the start of an outbreak some sheep are usually found dead,
while others may be seen to have collapsed and to be dyspnoeic and frothing at the

mouth (Gilmour & Gilmour, 1989; Martin, 1996)

1.3 Bacterial virulence factors

A variety of virulence factors are associated with M, haemolytica (Conter ef al., 1990;
Highlander, 2001; Lo, 2001). The major virulence factors of M, haemolyiica include
secreted proteins such as leukotoxin (LKT), glycoprotease (Gep), and neuraminidase,
and cell surface factors such as capsular pelysaccharide (CPS), lipopolysaccharide
(LPS), and outer membrane proteins (OMPs).

1.3.1 Secreted proteins

1.3.1.1 Leukotoxin (LKT)

M. haemolytica LKV is a pore-forming cytolysin that is a inember of the RTX {(repeats
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in toxin) family of Gram-negative bacterial cytotoxins (Strathdee & Lo, 1987).
However, M. haemolytica LK1 is distinguishable from other RTX toxins by its target
spectficity for ruminant leukocytes and platelet.  Cylolysis requires higher LKT
concentrations to form transmembrane pores, which results in osmotic Iysis.  On the
other hand, at lower concentrations, M. haemolytica LKT modifies leukocytes and
platclets to release toxic oxygen products and protease which eause tissuc necrosis

(Nyarko et al., 1998).

Nucleotide sequence analysis of the leukotoxin (/kz4) gene of M. haemolytica has led
to an understanding of its molecular evolution (Davies ef af., 2001).  The mosaic
structure of /kt4 and the presence of identical /&f4 gene sequences in isolates of
different evolutionary lineages suggest that horizontal transfer and intragenic and
assortative (entire gene) recombination have occurred.  In addition, host switching of
isulates between cattle and sheep has also been an important factor in the evolution of
lktA since ovine alleles contain recombinant scgments derived from bovine serotype
A2 strains. Therefore, horizontal DNA transfer and recombination, together with
host switching of isolates from caitle to sheep, have led to the rapid evolution of LktA

and have possibly contributed to host adaptation (Davies ef a/., 2001)

1.3.1.2 Glycoprotease (Gep)

The glycoprotease (Gep) of M. haemolytica has been characterized and is a neulral
protease which is not toxic or lytic to host cells. However, it has activity against O-
linked sialoglycoproteins on the surlace olhost cells such as macrophages or on the
mucosal epithelium of the host respiratory iract (Abdullah et al., 1991; Abdullah er of.,
1992). M. haemolytica Gep is also capable of inducing platelet act‘iva!ion, adhesion,

and aggregation, which are observed in the tungs of cattle with pneumonic

10
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pasteurellosis (Nyarko ef al., 1998).

The glycoprotease of a M. haen-zofy;f'fca Al isolate has been sequenced (Abdutiah ef af.,
1991), and the presence of the gep gene and enzyme activity have been examined in
isolates ol the various serotypes (Lee ef al., 1994; Watt ef al., 1997). According to
PCR, southern blot hybridization, and western blot analyses, all M. haemolyiica
serotypes possess the gep gene and have glycoprotease activity.  However, A4,
glucosida contains the gep gene, but exhibils no glycoprotease activity whereas P.
trehalosi possesses neither the gene nor glycoprotease activity (Abdullah es af., 1990;
Lee et af., 1994; Watt et al., 1997).  Vaccination with recombinant glycoproteasc of
M. haemolvtica Al was shown to protect cattle against experimental challenge with

live M. haemvlytica Al (Shewen er al., 2003).
1.3.1.3 Neuraminidase

There is evidence that M. haemolytica Al isolates produce neuraminidase during a
naturally acquired infection in caitle (Straus ef ¢/., 1998) and neuraminidases
produced by various serotypes of M. haemolytica are quitc similar (Straus ef al.,
1993). However, the exact mechanism of neuraminidase in pathogenicity has not yet
been elucidated. [t has been suggested that neuraminidase may exert a pathogenic
role by removing sialic acid from mucus or cell surface glycoproteins (Gotischalk,
1960; Kelly & D., 1970). This can potentially cause a reduction of the protective
capabilitly of these proteins against potential pathogens and promote bacterial survival

during an active intection.
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1.3.2 Cell wall proteins and carbohydrates
1.3.2.1 Capsular polysaccharide (CPS)

The capsular polysaccharides are composed of repeating monosaccharides linked
covalently to the cell surface by phospholipid or lipid A molecules (Roberts, 1996).
Capsular polysaccharides are an incredibly diverse range of molecules that may differ
not only in monosaccharide units but also in how these units are joined together
(Roberts, 1996). The roles of bacierial capsules of a number of Gram-negative
pathogens in avoiding host defensive systems and in adherence to mucus or epithelial

cells have heen reported (Boyce & Adler, 2000; Unkmeir ef «f., 2002).

In M. haemolytica, 12 different polysaccharide capsule serotypes have been identified
(Table 1.1) and further details of the capsule serotypes are provided in section 1.4.1.1.
Studies of the Al capsular type polysaccharide indicate that it is involved in
adherence of M. haemolytica to alveolar surfaces (Brogden e/ «f., 1989), resistance to
serumn bacteriolysts (Chae ef al., 1990; McKerral & Lo, 2002), as well as inhibition of’

the phagoeytic and bactericidal activities of nentrophils (Czuprynski ef ¢f., 1989).

The capsule gene cluster of M. haemolytica serotype Al has been characterized (T.o ef
al., 2001) and has a structure typical of group L capsules of Grami~nicgative bacteria
(Roberts, 1996). It consists of three regions which are involved in capsule transport
(region 1), capsule biosynthesis (regton 2), and phospholipid substitution (region 3)
(Iigurc 1.2).  The nucleotide and inferred amine acid sequences of regions | and 3
arc homologous to those of a number of bacteria (Table 1.3) that produce group il
capsules (Chung et al., 1998; Frosch ef ¢l., 1992; Kroll & Booy, 1‘596; Ward & Inzana,

1997).  In contrast, the sequences of four uncharacterised
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Capsule transport region Capsule biogynthesis region Phosphaolipid substitution region
A A AL
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Figure 1.2 Genetic organization of the M. fiaemolytica serotype Al capsule gene
cluster. Green, red, and vellow arrows indicate the capsuole transport, capsule

biosynthesis, and phospholipid substitution regions, respectively.

Table 1.3 Capsular genes of M. haemolytica and homologous genes in other

species
Gene name Gene

M. haemalytica H. influcnzac N. meningitidis A, pleuvopneumonineP. multocida function

wazt bexA ctrD epxd hexd ATPase

WL bexB etrC cpxls hexB Inner membrane
protein

wzf bexC cirls cpxC hexC Periplasm-spanning
protein

wza hexD) ctird cpxD hexD QOuter membrane
protein

a8 - . - -

nmad - - - -

whnrd - lipd - phyd Phospholipid
substitution

wbrB - lipB - phyB Phospholipid
substitution

13
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ORFs in region 2 are unique and are thought to have been acquired from an unknown
source (Lo et al., 2001). This is consistent with the general view that regions 1 and 3
are conserved, but region 2 is highly diverged due to recombinational exchanges i

many bacterial specics (Frosch ef al., 1992: Roberts, 1996).

Wza is located in the outer membrane and is involved in the translocation of capsular
polysaccharide molecules across the outer membrane (Drummelsmith & Whitlield,
2000). Comparative sequence analysis of this protein indicates that it is highly
conserved among different Gram-negative bacteria (Paulsen ef af., 1997; Rabn ¢f of.,
1999; Whitfeld & Roberts, 1999).  Wza homologs have been predicted to have a
secondary [3-barrel structure, (Frosch et al., 1992; Paulsen ef al., 1997, Whitleld &
Roberts, 1999) and electron microscopy of E. coli Wza reveals that the protein
consists of ringlike multimers in the outer membrane (Drummelsmith & Whitficld,
2000; Nesper et al., 2003).  Although there is a lack of sequence similarity, the
images of the Wza multimers resemble those obtained with members of the secretin
protein family (Genin & Boucher, 1994; Russel, 1998), which arc involved in the
transport of phage particles, DNA, and type II and III proteins across bacterial
membranes. ‘L'he secretins are thought to consist of two major domains, the C-
terminal domain embedded in the outer membrane and the N-terminal domain which
extends in to the periplasm and is involved in substrate binding and signal

transduction (Brok ef ad., 1999).
1.3.2.2 Lipopolysaccharide
The lipopalysaccharide (LPS) is the major glveolipid molecule present in the cell wali

of Gram-ncgaltive bacteria and generally consists of three distinct regions (Preston ef

al., 1996).  The lipid A region is composed of sugars and fatty acids and anchors Lhe
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LPS in the outer membrane. The core oligosaccharide region consists of
approximately 10 monosaccharides and connects the lipid A and O-antigen regions,
The O-antigen consists of repeating units of from one to seven monosaccharides
(Hitchcock ef al., 1986). However, a large number of Gram-negative bacteria
contain LPS that lacks O-antigen. These two different LPS types, with and without
Q-antigens, have been termed smooth and rough-type LPS, respectively (Hitcheock er
al., 1986). In general, smooth-type LPS is associated with enteric bacteria and
rough-type LPS with mucosal bacteria, although both LPS types can be present in

enteric and mucosal bacteria (Preston er af., 1996).

All three regions of LPS are involved in the pathogenesis of Gram-negative bacterial
infections. Lipid A has roles in the typical endotoxic activities and host
immunopathologic responses (Khan ef of., 1998; Luderitz et a/., 1973). The core
oligosaccharide and O-antigen regions provide resistance to complement-mediated
serum killing and phagocytic engulfiment by blocking the access of complement to the
outer membranc (Allen er al., 1998; Pluschke ef al., 1983).  The O-antigen also has a
role in adherence (Bilge ef al., 1996; Jacques & Paradis, 1998).

M. hagemolytica LPS is unusual in that rough and smooth forms occur independently
in different isolates (Ali ef al., 1992; Davies & Donachic, 1996; Lacroix ef al., 1993).
However, the presence of only a single O-antigen type, in isolates of relatively
different diverged core-oligosaccharide regions, suggests (hal the O-antigen genes
may have been obtained recently by horizontal DNA transfer (Davies & Donachie,
1996). Tight different LPS types have been identified in M. haemolytica (see
section 1.4.1.2) and there is evidence that the LPS of serotype A1 isolates of M,
haemolytica is also involved in endotoxic activities, adherence, and host

immunopathologic responses (Adlam, 1989; Breider ef af., 1990).
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1.3.2.3 Periplasm-associated pretleins

1.3.2.3.1 Lipoproteins (PlpA, PIpB, and PlpC)

Three tandemly arranged lipoprotein genes enceding three 28-30 kDa lipopioteins,
have been described separately in M. haemolytica by two different groups (Cooncy &
Lo, 1993; Murphy & Whitworth, 1993). Consequently, two diflerent names, pip4,
pipB, and plpC (Cooney & Lo, 1993; Murphy & Whitworth, 1993), and Ipp!, lpp2,
and Ipp3 (Cooney & 1.0, 1993; Murphy & Whitworth, 1993) have been assigned to
these genes. The genes appear to be transcribed from a single promoter located in
upstream of plpd (or ippl). They encode similar lipoproteins, which are
homologous to the 28 kDa lipoprotein genes of £. coli (Yu et af., 1986) and H.
influenzae (Chanyangam ef al., 1991). These three lipoproteins are highly
immunogenic (Dabo ef af., 1994), but examination of the predicted amino acid
sequences of pipAd, pipB and pipC of M. haemolytica suggests that these proteins may
be localized to the inner membrane (Cooney & Lo, 1993). Data from southern blot
analysis showed that all M, hgemolytica and M. glucosida isolates contain the pipA,
pipB, and pipC genes whereas P. trehalosi isolates do not appear to contain these

genes {Cooney & Lo, 1993).

Although the exact role of the M. haemaolytica PlpA, PlpB, and PlpC (or Lppl, Lpp2,
and Lpp3) proteins has not been demonstrated, a mutant isolate lacking these three
lipaproteins resulted in enhanced susceptibility to bovine complement-mediated

killing and reduced capacily for survival in vivo (Dabo ef af., 1994).
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1.3.2.3.2 Lipoprotein (PlpD)

The plpD gene encodes lipoprotein PipD), but it is located in a different part of the
chromosome from plpA, pipB, and plpC (Nardini ef af., 1998).  Sequence analysis
indicales that the N-terminal region of PlpD contains typical lipoprotein sequences,
but the C-terminal region is similar to the C-terminal region of the outer membrane
protein OmpA (Nardini e/ af., 1998). Therefore, Nardini ez al. (1998) suggested (hat
PlpD may be an outer membrane protein. However, PlpD may be a peripiasmic-
spanning protein rather than an outer membrane protein because the C-terminal region

of OmpA corresponds to the periplasmic domain (Pautsch & Schulz, 2000).
1.3.2.4 Outer membrane proteins (OMPs)

About 50% of outer membrane mass consist of proteins, either in the form of integral
membrane proteins or as lipoproteins that are anchored to the membrane (Koebnik ef
al., 2000). Outer membrane proteins (OMPs) are essential not only because they
maintain the integrity (Sonntag ef @f., 1978} and selective permeabitity of the
membrane (Lugtenberg & Van Alphen, 1983), but also because they are involved in
bacterial pathogenesis. OMPs play a major role in immune complex disease,

because many of the proteins are surface exposed (McBride ef al., 1999).

1.3.2.4.1 Heat modifiable outer membrane protein (OmpA)

The heat-maodifiable outer membrane protein (OmpA) is highly conserved in Gram-
ncgative bacterta (Beher ef al., 1980).  The OmpA protein of M. haemolytica shows
homology to that of E. coli and other Gram-negative bacteria (Mahasreshti ef ¢d.,

1997).  Studics have suggested the heat-modifiable outer membrane protein (OnmpA)
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play roles in serum resistance (Weiser & C., 1991} in adherence (INabo ef af., 2003;
Reddy er al., 1996; Torres & Kaper, 2003), in conjugation (Schweizer & Heuning,
1977), and as a bacteriophage receptor (Morona ef ¢!., 1984; Morona et al., 1985) in
many Gram-negalive bactcria.  The structure of OmpA has been very well studied in
E. coli.  The three-dimensional structure of OmpA has been determined by X-ray
crystallography and nuclear magnetic resonance spectroscopy and indicates that the
protein consists of eight membrane-traversing anitiparallel §-strands and four
relatively long, mobile, hydrophilic surface-exposed loops (Arora ef al., 2001;

Pautsch & Schuly, 1998; Pautsch & Schulz, 2000).

The OmpA proteins of bovine and ovine M. haemolytica isolates have been shown to
exhibit interisolate mo.lecular mass heterogeneity that correlates with the host of
origin (Davies & Donachie, 1996). The ompA pene of a bovine serotype Al M.
haemolyiica isolate has been cloned and sequenced (Zeng ¢t of., 1999).  Although
the function of OmpA has not been demonstrated in M. haemolytica, the significant
homology of the M. haemolytica OmpA protein with that of other Gram-negative
bacteria (Mahasreshti ef al., 1997; Zeng et al., 1999) suggests that it may have similar
functions. A strong IgG responsc in cattle to the surface-exposed domains of the M.
haemolytica OmpA prolein demonstrates that the protein has vaccine poicntial {(Zeng,

et al,, 1999).

1.3.2.4.2 Transferrin-binding proteins (I'bpA and TbpB)

Because the host provides an iron limited environment to potential pathogens,
successful bacterial pathogens require mechanisms for obtaining iron from the host
{Wooldridge & Williams, 1993). Therefore, a number of different iron acquisition

systems have evolved in bacterial pathogens. These include the production of
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siderophores and the presence of specific receptors for iron-containing glycoproteins
such as lactoferrin and transferrin (Gray-Owen & Schryvers, 1996),  For M.
haemolytica, which does not produce siderophores, the transferrin binding proteins
‘I'bpB and TbpA are thought to be key in acquiring iron from the host (Oguunariwo &

Schryvers, 1996).

The transfervin binding protein genes of M. haemolytica have been cloned and
sequenced (Ogunnariwo ef al., 1997).  The thp# and thpA genes are in an operonic
arrangement, with tbpB preceding thp4 and putative regulatory and promoter
sequences upstream of the thpB gene,  The transferrin binding proteins (TbpA and
TbpB) have molecular weights o[ 100 000 and 71 000, respectively (Deneer & Potter,
1989} and together form a receptor which is specific for ruminant (ransferrin
(Ogunnariwo & Schryvers, 1990; Schryvers & Gonzalez, 1990; Yu ef al., 1992).

‘I'he tbpB and ibpA genes from isolates of A. pleurepneumoniae (Gerlach ef af., 1992),
H. influenzae {(Gray-Owen ef al., 1995; Loosmore ¢f ¢l., 1996), and N. meningitidis
(Anderson ef al,, 1994; Legrain ef ql., 1993) have been cloned and sequenced. The
TbpA proteins are generally highly conserved withiu a species, while the ThpB

proteins tend to be more variable (Cornelissen & Sparling, 1994).

The structure and function of the transferyin binding proteins are similar to the
lactoferrin binding proteins, suggesting that these iron-uplake mechanisins have arisen
from a common evolutionary precursor (Gray-Owen & Schryvers, 1996; Pettersson et
af., 1994), The amino acid sequences of ThpA are similar to the membrane-
spanning siderophore receptor FbpA (Buchanan ef al., 1999} and other members of
the TonB-dependent family of receptor proteins (Cornelissen & Sparling, 1994). In
contrast, the amino acid sequences of TbpB lack any obvious membrane spanning

strelches (Gerlach et af., 1992) indicating that it is lipid modified and anchored to the
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outer membrane (Gray-Owen & Schryvers, 1996).  Comparative sequence analysis
of transferrin binding proteins and lactoferrin binding proteins from divergent species
detect regions of identity that are likely to represent functionally conserved domains.
Primers designed from these conserved regions were able to amplily segments of
transferrin binding protein (or lactoferrin binding protein) genes from divergent

species possessing there receptors (Ogunnariwo & Schryvers, 1996).

Although antigenic heterogeneity of transferrin binding proteins, particularly ThpB,
limits its utility in some bacterial specics (Linz ef ¢f., 2000; Loosmore ef af., 1996;
Myers ¢t al., 1998), common antigenic domains of ThpB and TbpA have been
identified in several species (Holland ef al., 1996; Stevenson ef al., 1992), and their
efficiency to produce protective antigens in various animal challenge models
(Loosmore et al., 1996; Rossi-Campos ef al., 1992) suggest that they are potential
vaccine candidates . In M. haemolytica, proteclive antibodies were praduced against
TbpB and the antibodies appear to cross-react with ThpB from several different

serotypes including serotypes of ovine pathogens (Potter et af., 1999).

1.4 Variation in M. haemolytica, M. glucosida, and P. trehalosi

1.4.1 Classiftcation based on phenotypic relationships

1.4.1.1 Serotyping

Serotyping is used in many countries for differentiating isolates of M. haemolyvtica, M.
glucosida, and P. trehalosi and is based on the capsular polysaccharide (Biberstein &
Thompson, 1966; Frank, 1989; Fraser ¢t a/., 1983; Gilmour & Gilmour, 1989;

Qdugbo et al., 2003; Sisay & Zerihun, 2003).  Serotyping is performed by the
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indirect haemagglutination assay {THA) using antisera raised against the reference
capsular polysaccharide types (Fraser ef a/., 1983). To date, twelve capsular
serotypes bave been recognized in M. haemelytica, one in M. glucosidc‘e, and {our in P.
trehalosi (lable 1.1). However, untypeable isolates of M. haemolytica and M.
ghucosida 1solates are also frequently isolated {Donachie ¢f ¢f., 1984; Gilmour &
Gilmour, 1989; Qdugbo ¢f al., 2003). The untypeable isolates have been described

as mutants which have lost their ability to produce capsular polysaccharide (Geniry er
al., 1988). In addition, capsular polysaccharides of types 6, 9, and {6 occur among
other Mannheimia species (Angen er al,, 1999a).  This suggests that serotyping is of

limited use for differentiating isolates of M. haemolytica and M. glucosida.

Adlam characterized the capsular structures of M. haemolytica serotypes Al (Adlam

et al., 1984), A2 (Adlam ef al., 1987), and A7, (Adlam ¢/ af., 1986) and 2. irehalosi
serolypes T4 (Adlam ef @l., 1985b) (Adlam et af., 1985a) and T'15 (Table 1.4). The |
authors reported that the capsular antigens of M. haemolytica and P. trehalosi could

be found in other bacterial species. The capsular polysaccharide of M. haemolylica

serotype Al is similar to the widely distributed ‘enterobacterial common antigen’.

The M. haemolytica serotype A2 polymer is identical to the capsular polysaccharide

of Neisseria meningitidis serogroup B and Lscherichia coli K1.  The scrotype M.

haemolvtica A7 capsule has a similar structure to the N, meningitidis serogroup L and

Haemophilus influenzae type " capsules.  The teichoic acid like capsular antigen of 2.

trehalosi serotype T'15 also occurs in the capsule of . coli K2 and K62, N.

meningitidis serogroup H, and Actinobacillus plewropewmoniae serotype 9 (Beynon ef

al., 1992).  The P, trehalosi serotype T4 polymer is also similar {o these capsular

structures, but it differs from them in the linkage of galactose to the phosphate group.

which is via C6 rather than C4.  This difference in configuration is sufficient to make

the polymers non cross-reacling in immunological tests with antisera
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Table 1.4 The capsule composition of serotypes Al, A2, and A7 of M. haemolytica

and scrotypes T4 and T'15 of P, trehraiosi.

Serotype Capsule Composition

Similar capsule types

in other pathogens

Al

A2

AT

T4

115

-»3)-0-(2-acetamido-2-dcoxy-4-O-
acetyl-S-D-mannopyranosyluronic
actd)-{1—>4)-0-(2-acetamido-2-
deoxy-/- D-mannopyranose}-(1-—

-»2)--D-N-acetylnevraminic acid-
{8—>(and a dextran polymer)

—3)-f-2-acetamido-2-
deoxypalactopyranosc-(1-—3)-c-2-
acetamido-2-deoxy-6-O-acetly-
glucopyranose-(1-phosphate—

—>(2-glycerol-1)~>(phosphate)—>
{6-a-D-galactopyranose-1)—
(partially O-acetylated on C2 and C3
of galactopyranose)

—{(2-glycerol-1}—{phosphate)—
(4-o-D-galactopyranose-1)—
(partially O-acetyiated on C2 and C3
of galactopyranose)

[interobacterial common antigen

Neisseria meningitidis serogroup B
Escherichia coli K1

Neisseria meningitidis sexogroup L
Haemaophilus influenzae type {

Escherichia coli K2 and K62
Neisseria meningitidis secogroup H
Actinobacillus plenropneianoniae
serotype 9
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(Adlam et al., 1985b). Adlam (Adlam, 1989) interpreted that the production of similar
or identical capsular structures among different pathogenic bacterial species is an
example ol convergent evolution to elude the defence mechanisms of the host under

attack.

1.4.1.2 LPS profiles

The LPS profiles of M. haemolytica, M. glucosida, and P. trehalosi were analysed by
SDS-PAGE (Ali ef ai., 1992; Davies & Donachie, 1996; Davics & Quirie, 1996;
Lacroix et ad., 1993). Eight LPS types were identified tn M. haemolytica, one in M,
glucosida, and six in P. trehalosi (Davies & Donachie, 1996; Davies & Quirie, 1996;
Davies ef a¢f., 1996). The variations of A, haemolyrica LPS profiles were mainly due
to four diffcrent types of low molecular mass bands representing core-oligosaccharide
(1 to 4) and the presence or absence (A or B) of high melecular mass bands
representing a single O-antigen type (Davics & Donachie, 1996).  There was a
strong correlation between LPS profiles and capsular serotype (Tuble 2.1).  For
example, serotypes Al, A5, A6, A9, and A12 were associated with L.PS type 14,
serotypes A2, A8, Al4, and A16 with LPS types 1B and 3B, and serotypes A7 and
Al3 with LPS type 4A.  The LPS profiles of M. glucesida were represented by a
single L.PS type, 4C, which had a similar core-oligosaccharide to the type 4 LPS of M.
haemolytica but had a distinctive O-antigen lype, C (Davies & Donachie, 1996).

The LPS profiles of P. trehalosi represented by six diffetent LPS types, 1 to 6, were
very different to those of both M. haemolytica and M. glucosida in their core-

oligosaccharide and O-antigen regions (Davies & Quirie, 1996).

23




CHAPTER §: INTRODUCTION

1.4.1.3 OMD profiles

The OMP profiles of M. haemolytica, M. glucosida, and P. trehalosi were analysed by
SDS-PAGE (Davies & Donachie, 1996; Davics & Quirie, 1996). Twenty OMP
profiles were identified in M. haemolytica, two in M. glucosida, and four in P,
trehalosi, respectively.  The variations OMP profiles of M. haemolvtica were
strongly correlated with capsular serotypes (Table 2.1). lior example. serotypes Al,
A5, A6, A8, A9, and A12 werc associated with OMP type 1, serotypes A2, Al4 and
A16 were associated with OMP type 2, and serotypes A7 and A13 were ussociated
with OMP type 3. The OMP profiles of M. glucosida showed similarity to those of
scrotype A7 and Al3 isolates of M. sgemolytica but (he OMP profiles of P. rehalosi
were very different to those of M. haemolytica and M. glucosida.  Tn addition, OMP
analysis demonstrated an association between specific OMI profiles and host
speciftcity (i.e. cattle or sheep). For example, bovine isolates of serotype Al and A6
were associated with OMD type 1.1, whereas ovine isolates of serotypes Al and A6
were associated with OMP type 1.2, Similarly, bovine isolates serotype A2 were
associated with OMP typc 2.1, whereas ovine serotype A2 isolates were associated

with OMP type 2.2 (Table 2.1}.

1.4.2 Classification based on genetic relationships

In contrast to phenotypic classification, genotypic classification reflect evolutionary

relationships and is a more reliable means of differentiating specics and isolates

within species.
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1.4.2.1 Sequence analysis of the 16S rRNA gene

Sequence analysis of the 16S tRNA gene has been successfully used to discriminate

species within Pasteurellaceae (see section 1.1.1) and clearly reveals that A.

haemolytica, M. glucosida, and P. (rehalosi ure distantly related (Angen ef al., 1999b;
Davies ef al., 1996). However, sequence analysis of the 165 rRNA gene is of limited

use for differentiating isolates within a species because the gene is highly conserved.

For example, various serotypes of M. haemolytica contain only two different types of

168 TRNA gene (Angen ¢f al., 1999b; Davies ef al., 1996).  Serotype Al, AS to A9,

Al2 o Ald, and Al isolates bave identical 16S rRNA sequences but differ from

serotype A2 at two nucleotide positions. However, the 16S rRNA sequence data for

M. glucosida and P. trehalosi isolates indicaled that all isolates were clearly

diffcrentiated as distinct species (Angen ef al., 1999b; Davies et al., 1996).
1.4.2.2 Multilocus enzyme electrophoresis (MLEE)

Mulitilocus enzyme electrophoresis (MILEE), which measures allelic variation in
housekeeping genes by detecting changes that cause amino acid substitutions
affecting the net electrostatic charge or configuration of polypeptides, has been a
standard method in both bacterial and eucaryolic population genetics and systematics
(Selander et al., 1986). The special advantage of MLEE is that variation in mobility
can be directly related to allelic variation at specific genes encoding specific proteins.
In particular, the variation is not likely to be due to convergent evolution becuuse
housekeeping proteins are selectively neutral and provides a reliable phylogeny in the
absence of significant recombination (Musser, 1996, Selander & Smith, 1990;

Selander ez ¢l., 1986)
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MLEE has been successtully used for analyzing the genetic diversity and population
structure of M. haemolytica and provides an evolutionary framework for the variation
of other molecules in M. hgemolytica (Davies ef al., 1997a).  In comparison with
MLEE data, serotyping is of limited valuc in defining genetic relationships (Davies ez
al., 1997a). MLEE showed that a small number of clones are associated with a large
proportion of disease cases.  For example, scrotype Al and AG isolates of ET 1 were
responsible for 75% of bovine disease, while serotype A2 isolates of ETs 21 and 22
and serotype A7 isolates of 131s 12 to 14 were responsible for the majority of ovine
disease {Davies ef al,, 1997a). This suggests that different evolutionary lineages

have become adapted to cattle and sheep (Davies ef al., 19974).

MLEE studies have also been carried out for M. glucosida {Davies et al., 1997a) and
P. wrehalosi (Davies ef al., 1997b).  The mean genetic diversity per locus (H)
indicates that M. glucosida is a relatively divergent species (7 = 0. 485) whereas M.
haemolytica (I == 0. 297) and P. trehalosi (H=10. 289) are less divcrgenl species
{Davies et al., 1997a; 1997b).

1.5 The molecular evolution of bacterial populations
1.5.1 Genetic variation occurs by three mechanisms

Genetic variation, which is continually arising in bacterial populations, is key to the
evolution of bacteria, as it enables bacterial isolates to exploit new environments and
defines their particular niche in the species (Lan & Reeves, 2000; Reeves, 1992).
Three qualitatively diftferent strategies are involved in the generation of genetic
variation: {ocul sequence changes, genetic rearrangernents, and hori.zoutal DNA

transfer.
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Local sequence changes. ‘the strategy of local sequence changes includes poinl
mutations (Musset, 1995) and small deletions/insertions {Zinser et al., 2003}, which
arc generated by mutagens or replication errors.  The variation occurs spoataneously,
and affects one specific trait that may confer an advantage in a changing crivironment.
Since the mutations occur randomly throughout entire genes, the local sequence
changes in essential genes such as ribosomal RNA genes or housckeeping genes are
used to estimate evolutionary distances (Christensen ef al., 2004h; Korczak ef al.,

2004).

Genetic rearrangements.  Insertion sequences (IS) which encode only features
necessary for their own mobilization form a part of bacterial genomes as repetitive
DNA sequences and participate in bacterial DNA rearrangements in bacterial genomes
{Mabhillon & Chandler, 1998). Their DNA rearrangement activities resull in gene
conversion, inactivation, deletion, inversion, and duplication {Arber, 2003).  Gene
duplication providcs the substrates for further mutational evolution such as local
sequence changes or horizontal gene transfer without destroying the function of the
product encoded by the original gene (Teichmann & Babu, 2004).  In addition, I8
also occur on plasmids, phages and in composite transposons where the IS often
forms the ends of the clements and arc involved in new antigenic variants (Ziebuhr et

al., 1999).

Horizontal DNA transfer. Bacteria can change rapidly by acquisition of foreign
genes from other organisms through three mechanisms (Morschhauser, 2000,
Saunders ef al., 1999; Spratt & Maiden, 1999). Transformation involves the uptake
of free DNA from the environment; conjugation is a ccll contact-dependent process
that involves DNA transfer via plasmids or {ransposons; transduc-tio‘n 1s a phage

mediated DNA transfer process. The acquisition of foreign genes allows the rapid
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generation of new variants, unlike the first and second mechanisms which result in
more slowly evolving genes (Lawrence, [1999; Ochman ef «l., 2000; Saunders e/ af.,
1999). Therefore, the generation of new isolates and species by the first and secand
strategics is limited and is a very slow process, but horizontal gene transfer plays a
major role it bucterial evolution (Garcia-Vallve ef al., 2000; Lan & Reeves, 1996).

In particular, the importance of horizontal gene transter has been highlighted since its
role in the emergence of epidemic pathogens has been reported (Mooi & Bik, 1997;

Reid ef af., 2000; Whittam ef /., 1993),
1.5.2 Limitation of bacterial diversity

Since genetic variation of bacteria lead only rarely to an increase in fitness of the
organism, the frequency of such changes must be kept to tolerable Icvels (Begley ef

al., 1999). This is brought aboul by DNA repair systems that fix most variation 1o
ensure a certain degree of genetic stability (Arber, 2000).  Similarly, restriction
modification systems reduce foreign DNA acquisition o low levels by cutting the
foreign DNA. However, thesc small DNA fragments arc also recombinogenic.

This suggests that the resiriction modification systems also stimulate TINA variation

in small steps (Arber, 2000; Edwards ¢t al., 1999; Milkman ¢t al., 1999). In addition,
the host range of vectors such as bacteriophages and plasmids will limit the extent of

horizontal DNA transfer and recombination.

1.5.3 Purifying and diversifying selection

The genetic variation which cscapes the repair processes or gene 10ss is now subject
to natural sclection and this comprises purifying (negative) and diversifving (positive)

selection. Purifying selcction removes deleterious variants which reduce the fitness
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of organisms whereas diversifying selection favours essential variants which enhance
survival, spread, and transmission of an organism within a specific ecological niche.
In this way, only advantageous changes can be incorporated into the population and
lead bacterial specics to improve their filness in the encountered environment.  The
level of purifying and diversifying sclection can be accessed by comparing the rates
of synonymous and nonsynonymous nucleotide substitutions (Fay & Wu, 2001;
Kimura, 1977; Nei & Kumar, 2000b).  Thesc are defined as the number of
synonymous substitutions per synonymous site (ds) and nonsynonymous substitutions
per nonsynonymous sites (dy), respectively.  Since synonymous substitutions do not
affect amino acid changes, they are free from natural selection and the ds value is
similar for many genes. On the other hand, nonsynonymous substitutions, which
cause amino acid changes, are subject to selective pressure and tlic oy value varies
extensively {rom gene to gene, and al different sites within a gene, depending on the
protein or domain function. Ilousekeeping genes are under severe functional
constraints are subject to high levels of purifying selection and have tow dy/ds (or
high dg¢/dy) values. In contrast, outer membrane proteins are under strong selective
pressure from the host immune system, experience high levels of positive selection,

and have high da/ds (or low d¢/dy) values (Jordan ef al., 2002).
1.5.4 Evolutionary rates of different species

Bacterial population structures range from "highly clonal”, where high levels of
linkage disequilibrium occur to "non-clonal” ot "panmictic”, where aileles are at
linkage equilibrium and recombinational exchanges arc sufficiently trequent to
obscure the evolutionary relationships (Feil & Spratt, 2001; Smith ef al., 1993; Spratt
& Maiden, 1999). For example, N. meningitidis is a naturally transformable

bacterial species (Kroll et af., 1998; Morschhauser, 2000; Saunders ef al., 1999) and
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has a non-clonal population struciure, whereas £. cofi and Salmonelln enterica are not
naturally transformable and have clonal structures (Pupo et of., 1997, Selander &
Smith, 1990). Therefore, the rate of horizontal DNA transfer in a non-clonal
bactcrial population is much higher than in a clonal bacterial population (Smiith e/ «l.,
1993). Nevertheless, bacteria such as E. coli contain a significant percentage of
genes due to horizontal DNA transfer by conjugation or transduction (Lawrence &

Ochman, 1998},
1.5.5 Evolutionary rates of genes of different functional classes

The relative level of purifying selection is thought to be the most impaortant factor
governing the rate of evolution for protein-coding genecs (Jordan ef al., 2002). The
essential proteins under strong functional constraint are subject to high levels of
purifying selection, while non-essential proteins under less functional constraint
experience lower levels of purifying selection and evolve more rapidly through
horizontal DNA. transfer and recombination (Garcia-Vallve ef af., 2000; Gogarten &
Olendzenski, 1999; Jain ef al., 1999, Nelson & Sclander, 1992; Radman et af., 2000;
Rivera ef al., 1998). Comparative sequence analysis (Tigure 1.3) of different
functional classes of gencs among closely related genomes shows that different
functional classes of genes evolve at significantly different rates (Tordan et al., 2002).
Among the 18 specific functional categories of gencs based on the clusters of
orthologous groups of proteins {COG) database, genes involved in energy production
and conversion as well as in translation are highly conserved, whereas genes of
unknown function and genes invelved in DNA replication, tecombination and repair
are divergent. In addition, different functional groups show different levels of d,
value suggesting that synonymous substitutions are also subject o p.urifying selection

based on functional constraint, although some cffcet of mutational bias cannot be
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Figure 1.3 Rank correlation of average d, and d./d, for orthologs from different
COG functional categories (Jordan ef afl,, 2002), Metabolism: C- energy
production and conversion, (3 - carbohydrate transport and metabolism, E - amino
acid transport and metabolism, F - nucleotide transport and metabolism, H -
coenzyme melabolism, 1 - lipid metabolism.  Imformation sterage and processing:
J - translation, ribosomal structure and biogenesis, K - transcription, L - DNA
replication, recombination and repair.  Cellular processes: D - cell division and
chromosome partitioning, O - post-translational modification, protein turnover,
chaperonies, M - cell envelope biogenesis, outer membrane, N - cell motility and
secretion, P - inorganic ion transport and metabolism, T - signal transduction
mechanisms.  Toorly characterized: R - general function prediction only, S -

function unknown.
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ruled out (Jordan ¢f al., 2002).
1.5.6 Housekeeping and virulence-associated genes

Housekeeping genes, which are associated with metabolism and information storage
and processing, are selectively neutral (Feitl & Sprail, 2001; Musser, 1996).
Variation in these genes is generated mostly by local scquence changes and very low
rates of horizontal DNA transfer and recombination occur.  Thus, these genes have
becn wsed for elucidating the genetic structure of bacterial populations (Boyd er al.,
1994; Christensen e/ al., 2004b; Stine ef al., 2000). In contrast, genes that cncode
virulence factors are under strong selective pressure trom, for example, the host
immune system, pH, emperature, and osmolarity and have been subject to frequent
borizontal gene transfer events that obscure the clonal population strocture (Guiney,
1997; Gupta & Maiden, 2001; Robertson & Meyer, 1992). These genes include
those encoding outer membrane proteins (Hobbs ef al., 1994), capsular
polysaccharides (Mooi & Bik, 1997), penicillin binding proteins (Spralt ef af., 1992},

and exotoxins (Davies ef af., 2001).
1.5.7 Emergence of new pathogens by horizental gene transfer

In the last two decades there have been large improvements in bacterial discase
prevention and treatment due to advances in immunization and antibiotics. FHowever,
at the same time, not only have a scrics of newly recognized bacterial discases
emetged, but a number of diseases have re-emerged in drug resistant forms (Feil &
Spralt, 2001). Most of these diseases are assaciated with new vartants that have
acquired virulence or drug resistant genes by horizontal gene transfér. The

emergence of K. coli O157: H7 and V. cholerae 0139 are well known examples of
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these events.

1.5.7.1 Emergence of E. coli O157: H7

Enterohaemorrhagic E. coli (FHEC) 0157: H7 is an imporiant epidemic pathogen,
which probably evolved from an enterophathogenic Z. coli (EPEC) (Riley et of .,
1983). EHEC 0O157:H7 is distinguished from other £. colf by unique characteristics.
For example, EHEC O157:H7 does not possess the classical toxins of enterotoxigentc
I, coli (ETECY), lacks the invasive abilitics of enteroinvusive £. coli (EIEC), and is
serotypically distinet from EPEC, an important cause of infantile diarrhoea in the
developing world (Riley ef /., 1983). However, EHEC 0157: H7 isolates have
EHEC-specific Shiga toxin genes encoded by prophages, carry EHEC-specific
plasmids that encode adhesins, and have a EPEC-specific chromosomal eae gene that
medicates attachment to epithelial cells (Donnenberg & Whittam, 2001).
Phylogenctic analysis of E. cofi isolates has shown that E11EC O157:117 isclates are
more closely related to EPEC O55:H7 isolates than to other EIIEC isolates (Whittam
el al., 1993) (Reid ef al., 2000). Therefore, Reid (2000) and Donnenberg (2001)
suggested that EHEC O157.H7 isolates evolved from an EPEC QO55:H7-like ancestral

clone by the addition of the EITEC specific Shiga-like toxins and plasmids.
1.5.7.2 Ewmergence of Vibrio cholerae 0139

Among various serotypes of Vibrio cholerae, only V. cholerae serotype O1 has been
responsible for epidemic cholera until serotype 0139 was rccovered in the cholera
epidemic 10 India in 1992 (Albert ef «l., 1993; Ramamurthy et al., 1993). V.
chelerae 0139 produces LPS that has a distinct O-antigen with a sl.';orlzer side-chain

and a different sugar composition compared to that of V. cholerae serotype Ol
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(Comstock ¢t al., 1995; Johnson ef al., 1994). Rowever, MLEE of V. cholerae
(Johnson ¢f al., 1994) and recd scquence analysis (Stine e af., 2000) have shown that
V. cholerae 0139 isolates are closely related to V. cholerae O1 strains.  This
suggests that . cholerae 0139 evolved trom V. cholerae O1 after acquisition of the

0139 type O-antigen genes by horizontal DNA transfer (Mooi & Bik, 1997).

1.6 Candidate genes for comparative sequence analysis

1.6.1 Genes encoding DNA repair and recombination enzymes

1.6.1.1 Recombinise A (recA)

The recd gene encodes RecA which is involved in nearly every type of homologous
recombination event (Kowalczykowski ef af., 1994; Radman et al., 2000},

Mutations in rec4 affect not only recombination but also DNA repair, SOS
mutagenesis, cell division, and chromaosomal segregation. RecA is highly conserved
among Gram-negative bacteria (Karlin & Brocchieri, 1996) and has been uscd to
study the phylogenic relationships of V. cholerae (Byun et al., 1999; Feil ¢/ al., 1996;

Stine ef ai., 2000; Zhou & Spratt, 1992) and Neisseria species (Byun ¢f af., 1999 Feil
et al., 1996; Stine ef al., 2000, Zhou & Spratt, 1992),

1.6.2 Gencs encoding metabolic enzymes
1.6.2.1 S5-enolpyruvylshikimatc-3-phosphate synthasc (arod)

The arod gene encodes the enzyme S-enolpyruvylshikimate-3-phosphate synthase

(AroA) which catalyzes the condensation of shikimate 3-phogphate (S3P) and
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phosphoenolpyruvate (PP} to form EPSP, a precursor for the aromatic amino acids,
p-aminobenzoic acids, and dibydrobenzoate.  AroA is an important enzyme for
bacterial growth. Disruption of the aro4 gene leads to auxotrophy of the bacteria
and aro4 mutants have been studied as vaccine candidates in several bacteria

(Iernanz Moral ef al., 1998; Tabatabaci ef ¢f., 2002; Tatum ef af., 1994).

1.6.2.2 Aspartate-semialdchyde dehydrogenase (usd)

The asd gene encodes the enzyme aspartate semialdehyde dehydrogenase (Asd)
which catalyses the conversion of aspartyl phosphate to aspartate semialdchyde and is
required for the biosynthesis of diaminopimelic acid (DAP), lysine, methionine,
threonine aud isoleucine (Harb & Abu Kwaik, 1998; Hatten ef al., 1993; Hoang er al.,
1997; Le et al., 1996; Rees & [Hay, 1995). DAP is involved in peptide cross-linking
of peptidoglycan which is required for cell wall structure and mutations in asd of
Legionella pneumophila have been shown to affect survival in the intracellular

environment of host cells (Harb & Abu Kwaik, 1998).

Sequence compatison of asd i Psudomonas aeruginosa, I, coli, and H. influenzae
has revealed greater than 63% identity among these bacteria (Hoang et al., 1997),
demenstrating the conserved nature of this gene in Gram-negative bactcria.

However, comparative sequence analysis of the asd gene from pathogenic c¢lones of V.,
cholerae demonstrated a high rate of intragenic recombination without a suitable

explanation (Byun ef gl., 1999).

1.6.2.3 UDP-galactose 4-cpimerase (gall)

The galls gene encodes the enzyme UUDP-galactose 4-epimerase (GalF) which
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catalyzes the interconversion of UDP galactose and UDP glucose in the Leloir
pathway of galactose metabolism (Potier & Lo, 1996). However, it is also important
in LPS biosynthesis beecause galactose is a constituent of the O-antigen and core
oligosaccharide regions of LPS.  Thus, GalE plays an important role in an organism's
virulence. H, influenzae galE mutants have been shown to be less virulent than the
wild type (Maskell ef al., 1992).  The inferred amino acid sequence of the M,
haemelytica Al GalE shows a high level of homology, 81.6%, with that of the &.
influenzae type b GalE (Potter & Lo, [996)

1.6.2.4 Glyceraldehyde-3-phosphate dehydrogenase (gap)

The gap gene encodes the enzyme glyceraldehyde-3-phosphate dehydrogenase (Gap)
which catalyzes the reversible interconversion of glyceraldchyde-3-phosphate and
1,3-bisphosphoglycerale in  the glycolytic pathway (Fothergill-Gilmore & Michels,
1993). Comparative nucleotide sequence analysis of the gap gene in E. coli and S.
typhimurium have shown that the tree topologies were generally similar ta those
based on MLEE suggesting that allelic variation has been generated largely by poiat

mutations rather than mtragenic recombination (Nelson ef al., 1991).
1.6.2.5 6-phosphogluconate dehydrogenase {(gnd)

The gnd pene encodes the enzyme 6-phosphogluconate dehydrogenase (Gnd) which
catalyzes the conversion of 6-phosphogluconaie to ribulose-5-phopate in the peniose
phosphate pathway (Sprenger, 1995).  Ribulose-5-phosphate is the final product of
the pentosce phosphate pathway and is involved in the biosynthesis of RNA, DNA.
nucleotide coenzymes, and cell wall constituents. The gnd gene ofE. coli and S.

enteria, n spite of its housekeeping nature, showed high fevels of variation duc o
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intragenic recombination (I3isercic ef al., 1991). Tt was suggested that this was due
to its location next to the highly polymorphic #/2 genes, which encode Q-antigen,
structures (Biscreic ef al., 1991; Nelson & Selander, 1994; Thampapillai ef al., 1994).
However, the gnd gene is not located in the 1/ operon of Actinobacillus
actinomycetemcomitans (Bisercic ef ¢f., 1991) and in the MLEE study of 3,

haemolytica Gnd showed no amino acid polymorphism (Davies ez al., 19973),

1.6.2.6 Glucose-6-phosphate-1-dchydrogenase (g6pd)

The g6pd gene encodes the enzyme glucose-6-phosphate 1-dehydrogenase (Gopd)
which catalyzes the conversion of glucose 6 phosphate to 6-phosphoglucono-&-
laclone in the first step of the pentose phosphale pathway (Sprenger, 1995).  There is
fess information about sequence analyses of this gene, significant variation of GGPT)

was demonstrated in the MLEE study of M. kaemolytica (Davies ef al., 1997a)

1.6.2.7 Malate dehydrogenase (mdit)

The mdh gene encodes the enzyinc malate dehydrogenase (Mdh) which catalyses the
conversion of malate to oxaloacetate in several metabolic processes, including the
tricarboxylic acid and glyoxylate cycles.  Previous studies of mdh have shown little
or no evidence of recombination (Boyd ef /., 1994), and the mdFr gene has been used
to determnine the genefic relationships of £. coli (Pupo ef al., 1997).  Signiticant
variation of Mdh was demonstrated tn the MLIE study of M. Agemolytica (Davies et

al., 1997a).
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1.6.2.8 Mannitol-1-phosphate dehydrogenase (s#:(D)

The mrlD gene encodes the enzyme mannitol- {-phosphate dehydrogenase (MtUID)
which catalyses the conversion of mannitol- [ -phosphate to fructose 6-phosphate
(Teschner et al., 1990). There is less information about sequence analyses of this
gene, but significant variation of MtlD was demonstrated in the MLEL study of M.

haemolytica (Davies ef al., 1997a).

1.6.2.9 Phosphomannomutase (prinr)

The pmm gene encodes the enzyme phosphomannomutase (Pmm) which converts
mannose-6-phosphate to mannose-1-phospate.  Mannose-1-phospate is required for
the synthesis of a full-length core polysaccharide in addition to O-antigen (Allen ef a/.,
1998; Comstock et al., 1996; Goldberg et af., 1993). Brucella abortus mutants in
pmm had decreased virulence in mice, confirming the role of this enzyme in the
biosynthesis of smooth-type LPS and its role in the intracelluiar survival of this
organism (Allen et al., 1998).  In Sphingomonas paucimobilis and P. aeruginosa
Pmm is a bifunctional protein with phosphomannomutase (Pmm) and
phosphoglucomutase (Pgm) activity. This protein converts glucose-6-phosphatc 1o
glucose-1-phosphate as well as mannose-6-phosphate to mannose-1-phospate.
Pmm/Pgm is also involved in synthesis of O-antigen and the core origosaccharide
region of LPS, (Regni ef @l., 2000, Videira et al., 2000; Ye ef «l., 1994). Tlowever,
Pmum and Pgm are separate proteins in Brucella abortus and Brucella suis (Allen et
al., 1998; Foulongne ef al., 2000; Ugalde et al., 2000). Pmm is also required for
alginate production {Goldberg ef al., 1993; Ye et al., 1994), which is believed to
protect the infecting bacterial cells from phagocytosis, as well as from antibiotic

therapy (Govan & Deretic, 1996).  The Pgm protein of M. haemolytica was shown to

38




CHAPTER 1: INTRODUCTION

have significant variation by MLEE analvsis (Davies ef af., 1997a).

1.6.3 Genes encoding scereted proteins

1.6.3.1 Glycoprotease (gcp)

The gep gene encodes glycoprotease (Gep) and was selected based on its putative

virulence characteristics and because it is produced in secreted form. Further details

of the glycoprotease ol M. haemolytica are provided in scction 1.3.1.2,

1.6.4 Genes encoding periplasm-associated protcins

1.6.4.1 Lipoproteins (pipA, pipB, and pipC)

The plpA, pipB, and pipC genes encode the lipoproteins PlpA, PlpB, and PipC,

respectively, and were selected because the proteins have a highly antigenic nature.

Further details of the lipoproteins of M. Aucemolytica are provided in section 1.3.2.3.1.

1.6.4.2 Lipoprotein (pipD)

The pipD gene encodes the lipoprotein PlpD and was selected because the protein has
a highly antigenic nature. Further details of the lipoprotein of M. haemolytica are

provided in section 1.3.2.3.2.
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1.6.5 Genes encoding outer membrane proteins

1.6.3.1 Heat modifiable outer membrane protein (ompA)

The ompA gene encodes the heat modifiable outer membrane protein OmpA and was
selected because of previously recognized molecular mass variation in bovine and
ovine isolates of M. haemolytica and its potential role in virulence.  Further details of
the OmpA protein of M. haemolytica are provided in scetion 1.3.2.4.1.

1.6.5.2 Transferrin binding proteins (tbpB and thpA)

The thpB and tbpA genes encode the transferrin binding proteins TbpB and TbhpA and
were selected because the transferria receptor is an iniportant virulence factor, and
more importantly is known to exhibit specificity for host transfertin.  Further detatls
of the TbpB and TbpA proteins of M. haemolytica are described in section 1.3.2.4.2.
1.6.5.3 Capsule transport protein (wza)

The wza gene encodes the capsule transport protein Wza and was selected because it
is located in the outer membrane and exposed (o the host immunc system.  Further
details of the Wza protein of M. haemolytica is described in section 1.3.2.1.

1.7 Analysis of nucleotide sequence data

1.7.1 Methods of phylogenetic tree reconstruction

‘There are numerous methods for constructing phylogenetic trees from motecular data
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(Nei & Kumar, 2000a). Of these, the unweighted pair-group method using
avithimetic averages (UPGMA), the Neighbour-joining method, and the Minimum

Evolution method are commonly used for nucleotide sequence data.

UPGMA. UPGMA, which was originally used for phenotypic characters, can be
used for constructing phylogenetic trees from nucleotide sequence duta when the rate
of nucleotide or amino acid substitution is the same for all evolutionary lineages.
However, the rate of nucleotide substitution varies in different evolutionary lineages

and, therefore, UPGMA often gives an incorrect topology (Nei & Kumar, 2000a).

Neighbour-joining method. The Neighbour-joining method generates a tree
topology by finding neighbours, which are two taxa connected by a single node in an
unrooted tree.  This method is a simplified version of the Minimum Evolution
method and can be used instead of the Minimum Evolution method when a small

number of sequences are used (Nei & Kumar, 2000a).

Minimum Evelution method. The Minimum Evolution method has useful
statistical properties because the method examines all possible topologies to find a
topology showing the smallest value of the sum of all branches (S). However, the
number of possible topologies rapidly increases with the number of sequences and it
becomes difficult to examinc all topologies. Therefore, it is suggested to construct a
Neighbour-joining tree first, and then the neighbourhood of the Neighbour-joining
tree is examined to find a tree with a smaller S value (temporary Minimum Evolution
tree). Next, the neighbourhood of the temporary Minimum Evolution trec is
examined to find an even smaller S value.  This close-neighbour-interchange (CNY)
search will be continued until the Minimum Evolution tree is oblained, which is the

tree with the smallest S value, However, if many trees represent the data almost
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equally, the Mintmum Evolution tree may not be supported.

1.7.2 Distance measures to be used for phylogenetic reconstruction

Although there are various distance measures for estimating the number of nucleotide
or amino acid substitutions {(d), there is no general statistical method for choosing an
appropriate distance measure for constructing tree topologies. However, computer
simulations and empirical studies have supported the following guidelines for the

purpose of topology construction (Nei & Kumar, 2000c)

1. When the Juke-Cantor estimale of the nurnber of nucleotide substitution per site
(d) is 0.05 or less, the P or Jukes-Cantor distance is used whether there is a
transition/transversion (K) bias or not or whether the substitution rate (») varies with

nucleotide site or not.

2. When 0.05 < d < 1.0, the Jukes-Cantor disiance is used unless the
transition/transversion (R) ratio is high (R > 5). When the R ratio is high and the
sequences examined are long, the Kimura distance or gamma distance should be used.
However, if the number of sequences is large and the sequences examined are
relatively short, the P distance often gives better results.

3. When d > 1.0, the phylogenetic tree constructed is generally unreliable.

1.7.3 Handling of sequence gaps and missing data

Gaps and missing data are generally ignored in the distance estimation, but there are

two different ways to treat these sites (Nei & Kumar, 2000a). One approach, called
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the complete-deletion, is to delete all of these sites from the analysis. This is
generally desirable because different regions of DNA or amino acid sequences often
evolve under different evolutionary pressures. However, if the number of
nucleotides involved is small and gaps are distributed more or less at randoms, the
other option, called the pairwisc-deletion, may be used. This computes a distance
for each pair of sequences ignoring only those gaps that are involved in the pairwise

comparison.

1.7.4 Reliability of phylogenetic trees obtained

‘When a phylogenetic tree is constructed, it is important to examine the reliability of
the tree obtained (Nei & Kumar, 2000d). The interior branch test and the bootstrap
test arc two major methods of testing the reliability of the tree for topological errors.
Both tests examine the reliability of each interior branch of the tree and compute the
confidence probability (Pc) or bootstrap value (Pg). If this Pc or Pg is over 95%, the
interior branch is considered to be significantly positive. Even if the interior
branches are not well supported by the high Pc or Py, the phylogenetic tree could be a
correct one because it is the best tree obtainable under the principles of reconstruction

used.

1.8 Bacteriophages and their life cycle

1.8.1 Bacteriophages of the Profeobacteria

Bacteriophages are viruses that infect bacteria.  According to the International

Committee for the ‘laxonomy of Viruses (ICTV), one arder, nine families, and

seventeen genera of bacteriophages are currently identified in the Profeobacteria (Vap
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Regenmortel ez al., 2000) (Tablel.5). The current classification of phages is based
mainly on phage morphology (tailed, cubic, or filamentous) and the type of phage
genome (ds DNA, ss DNA, ds RNA, or ss RNAY); it does not reflect hierarchical or
evolutionary relationships. A genome-based evolutionary taxonomy for phages has
also been proposed (Rohwer & Edwards, 2002) and showed roughly similar
classification to that proposed by the ICTV. However, it has been argued that a
definition of viral species is not meaningful in the presence of excessive gene transfer

(Lawrence et al., 2002; Weinbauer & Rassouizadegan, 2004).

The taxonomic names of orders, families, and genera are latinized, ending in —virales
(e.g., Caudovirales), —viridae (e.g., Myoviridae), and -virus (e.g., Inovirus),
respectively. However, the tailed phage genera have vernacular names based on the
type species, ending in “-like virus” (e.g., P2-likc virus) (Van Regenmortel ef al.,

2000).

The most abundant types of bacteriophage are ds DNA tailed phages which account
for 96% of reported bacteriophages; the other phages comprise less than 4% of
bacteriophages (Ackermann, 2003). Tailed phages consist of three families, the
Myoviridae (61%), Siphoviridae (25%), and Podoviridae (14%), which have long
noncontraciile, long contractile tails, and short noncontractile tails, respectively
(Ackermann, 2003). They are highly diverse in their DNA size, DNA composition,
dimensions and fine structure, and in their physiology, but their common
morphological and replication features indicate that they are fundamentally related
and they have recenlly been classified into the order Caudovirales (Maniloff &
Ackermann, 1998). Tailed phages are arguably very ancient and some estimates
suggest that they are older than the separation of life into Bacteria, Archaea and

Eukarya (Heudrix et al., 1999).
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Table 1.5 The hacteriophages of the Proteobacteria

Nature of

Genome

Family the genome Envelope size (kb) Morphology
Myoviridae dsDNA No 39-169 Er——
Siphoviridae dsDNA No 22-121 @:'
Podoviridae dsDNA No 19-44 @z
Tectiviridae dsDNA No 15 ﬁ:
Corticoviridae dsDNA. Na 9 @
Inoviridae ssDNA No 7-9 ES e
Microviridae ssDNA No 4-6 @
Cystoviridee dsRNA Yes 13
Leviviridae ssRNA No 3-4 @
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1.8.2 Virulent and temperate bacteriophages

Bacteriophages can be grouped into two classes, virulent and temperate, based on the
ability of lysogenization (Barksdale & Arden, 1974).  Virulent phages arc associated
with all family types of bacteriophage (Van Regenmortel et al., 2000) and the T series
of dsDNA phages are well-studied examples (Birge, 1994a; Birge, 1994b). Virulent
phages multiply inside the host cells and escape by lysing the cell or, in the case of
(ilamentous phages, by a budding process. In contrast to lytic phages, iemperate
phages are associated exclusively with dsDNA tailed phages (Caudovirales) with the
exception of Inoviridae phages that contain ssSDNA (Van Regenmortel ef al., 2000),
Temperate phages differ from virulent phages in that the phage genome is able to

integrate into the bacterial chromosome without causing lysis of the host cell.

1.8.3 Major families of temperate phages

1.8.3.1 Myoviridae (dsDNA)

Myoviridae phages have long contraclile tails, which are thick and more or less rigid
(Figure 1.4A). However, the tail tubes surrounding the sheath become shoiter and
thicker during penetration (Caspar, 1980). Head and tails are assembled in scparate
pathways. Myoviridae phages seem to be more sensttive to freezing and thawing

and to osmotic shock than other tailed phage families. Properties of temperate P1-

like, P2-like, and Mu-like viruses are listed in Table 1.6.

1.8.3.2 Siphoviridae (dsDNA)

Siphoviridae phages have long nonconlractile tails, which are thin and flexible (Figure
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CHAPTER 1: INTRODUCTION

Figure 1.4 Negatively-strained electron micrographs of temperate phages of the
major morphological types (families). (A) Enterobacteria phage P2 of the family
Myoviridae, (B) Enterobacteria phage A of the family Siphoviridae, (C) Enterobacteria
phage P22 of the family Podoviridae, and (D) Enterobacteria phage M 13 of the
family Inoviridae.
The sources: (A) http://www.biochem.wisc.edu/inman/empics/0021a.jpg

(B) http://www.virustaxonomyonline.com

(C) http://www.asm.org/division/m/foto/P22Mic.html

(D) http://www.virustaxonomyonline.com
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1.4B). Head and tails are assembled in separate pathways. Properties of

temperate A-like virus are listed in Table 1.6,

1.8.3.3 Podoviridae (dsDNA)

Podoviridae phages have short, noncontractile tails (Figure 1.4C), The head is
assembled first and the tail subunits are added to the completed head.  Properties of

temperate P22-like virus are listed in Table 1.6.

1.8.3.4 Inoviridae (ssDNA)}

Inoviridae phages are lilamentous (Figure 1.4DD).  They are approximately 7 nm in
diameter and 700 to 2,000 nm in length.  Although they are not stable, the genomes

of Inoviridae phages are able to integrate into bacterial genomes.

1.8.4 Lifc cycles of temperate phages

1.8.4.1 Phage receptor recognition

Before phage DNA can cnter through the bacterial cell wall, phages must attach to
specific attachment sites, or receptors, on the cell surface (Lindberg, 1973).
Common receptor sites include OMPs (Biz er @l., 2001; Lang, 2000), LPS (Nesper et
al., 2000; Quirk et al., 1976), flagella (Samuel ef al., 1999), and pili (Lubkowski ef
al., 1999; Malmborg et af., 1997). In contrast to these phage receptors, capsule
may normally block the access of bacteriophages to the receptors present in an
underlying cell wall structure (Weiner et al., 1995). Therefore, phages infecting

encapsulated bacteria often produce capsular depolymerases which show substrate
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specificity (Hughes er al., 1998; Pelkonen et al., 1992).

1.8.4.2 Penetration

Successful attachment is followed by penetration of the phage DNA into the cell.
The sheath contraction of Myoviridae T4 phages is the best-studied mechanism of
penetration for contracted tail types of bacterial phages (Caspar, 1980). This
process is initiated by canformational changes in tail fibers bound to the cell wall.
These trigger a rearrangement of the hexagon-shaped base plate into an extended
star-shuped conformation.  As a result, the sheath of the helical tail slips and forms
a shorter helix and the tail tube slides through the cell wall and contacts the
cytoplasmic membrane. A pore forms in the membrane and the DNA enters into

the cell.

1.8.4.3 DNA circularisation

After attachinent and penetration the phage DNA, which is mostly linear, becomes
circularized by pairing of complementary cohesive ends (P2 and A) or by
generalized/site-specific recombination of terminally redundant ends (P1 and P22)
(Keppel & Georgopoulos, 1988).  Keppel and Georgopoulos (1988) suggested that
a circular genome has several advantages: (1) it allows complete replication of the
genome through a single, unidirectional DNA initiation cvent; (2) it is protected
from degradation by host-coded exonucleases; (3) it is easily integrated into the
bacterial genome through a single reciprocal recombinational cvent (sce section
1.8.4.4.1); and (4) it is easily unwound or overwound through the action of

topoisomerases
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1.8.4.4 Lysogenization or lysis

An overall view of the life cycle of a temperate bacteriophage is shown in Figure 1.5.
Temperate phages can enter into a lysogenic cycle or a lytic cycle.  In the lysogenic
cycle, phage DNA integrates into the bacterial chromosome and the phage genome

is multiplied along with the bacterial genome at the time of cell division. However,
in the lytic cycle, phage DNA is multiplied inside the host cells and mature phage

escape by lysing the cell, in the same way as virulent phages (see section 1.8.2).

The genetic events leading to the Iysogenic or lytic cycles have been well studied in
phage lambda and are shown in Figure 1.6 (Birge, 1994c¢; Voyles, 2002b).  First,
immediate-early mRNA 1is transcribed to produce mainly N and Cro proteins (Figure
1.6A). Then, the antiterminator N protein atlows transcription and translation of
CII and CHI (Figure 1.68). CII is a positive transcriptional regulator and CIi
protects CII from rapid degradation by a host protease called HfI1A {(for high
frequency of lysogenation). CII/CIII proteins activate Pgg, causing (ranscription of

CI (Figure 1.6C).

The Cro and CI proteins, which are the immediate-curly and delayed-early gene
products, respectively, are involved in a commitient to the Iysogenic or lytic cycles.
There are three binding sites between Pr and Pry, which are accessible to both the
CI and Cro proteins.  CI proteins bind to the three sites from right to left, while

the CI repressor proteins bind trom left to right. If one CI protein fills the right site,
it will block the transcription of Cro proteins (Figure 1.6D), but allow synthesis of
CT until all three sites are occupied with CI proteins and lysogeny will be established
(Figure 1.6E). In contrast, if one Cro protein fills the left site (Figure 1.6D7), it will

block CI protein synthesis, but allow transcription of P, O, and Q proteins (Figure
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55 Attachment
¢ Host cell
-— Injection
Lysogenic cycle Lytic cycle

e )

Figure 1.5 Consequence of infection by a temperate bacteriophage. The
alternatives upon infection are integration of the virus DNA into the host DNA
(lysogenization) or replication and release of mature virus (lysis). The lysogenic

cell can also be induced to produce mature virus and lyse.
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(A) Synthesis of Cro and N
J—H —p

Figure 1.6 The molecular events of the lambda phage lysogenic or lytic cycle.
(A), immediate-early gene expression of the Cro and N proteins. (B),
antitermination by N permits synthesis of the CII and CIII gene activator proteins.
(C), synthesis of the CI repressor and Int proteins begins at PRE and PI, respectively.
Lysogenic cycle: (D), CI repressor protein blocks further transcription from PR and
PL, but acts as gene activator permitting transcription of the CI gene form PRM.

(E), concentrated CI proteins finally block PRM. Lytic cycle: (D), the N protein
permits transcription to continue and O, P, and Q proteins are synthesized. (E'), the
activator protein Q allows transcription of the late genes and concentrated Cro

proteins block PR, PL, and PRM.
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1.GE"). P and O proteins arc required for phage DNA replication, and the specific
antiterminator Q proteins are required for transcription of late genes needed for the

Iytic cycle.

Although the Cro protein is made betore the CI protein, the lysogenic cycle has
frequently arisen due to two factors (Voyles, 2002b): 1) The efficiency and stability
of the CI proteins on binding sites is better than those of the Cro proteins. 2} Low
levels of energy sources activate adenylate cyclase and the concentration of cAMP
becomes high, resulting in inhibition of transcription of the AfIA gene. The lower
concentration of HflA in turn reduces the degradation of CII and increases CI proteins.
In starving cells, lysogenization is more advantageous than the lytic cycle to the
phages because the overall biosynthetic rates of starving cells are low and the progeny

virions wiil not be made quickly.

1.8.4.4.1 The lysogenic cycle

When the lysogenic cycle is established (Figure 1.6E), the phage genome integrates
into the bacterial genome, via the Campbell model, by site-specific recombination
between a bacterial attB sitc and the attP site of the circularized phage DNA (Figure
1.7} (Sadowski, 1986). There are various phage integration sites in the bacterial
chromosome (Campbell, 2003). Some phages insert into intergenic DNA whilst
others insert within genes; these may be either protein structural genes or ZRNA genes.
Intragenic insertion might be expected to inactivate the disrupted gene, but such
inactivation is avoided by the presence within the phage of that part of the gene 3' to
the crossover point.  Thus, the [ysogenic chromosome includes a complete copy of
the gene and an incomplete psendogene on the other end of the prbphage. In general,

insertion sites have an interrupted dyad symmetry. For example, the anticodon loop
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COs Cos

A genome

A genome

(attP)
POP'

BOB' Bacterial chromosome
(attB)

Int, l}?* ? (Dlnt. Xis, IHF

BOP'
(attL)

v1

Cos

(I;gf; (Zﬁ)g) Lysogenic chromosome

Figure 1.7 Mechanism of integration and excision of phage lambda (Sadowski,
1986). After injection, the linear lambda genome circularizes (reaction 1), and the
phage attachment (a#tP) and bacterial attachment (a#tB) sites undergo reciprocal site-
specific recombination promoted by Int and IHF (reaction 2). This creates two unique
hybrid attachment sites (a#tL and attR) each of which differs from a#tP and attB. The
integrated lambda phage DNA can be cut out by reversal of this reaction in the
presence of the Int, IHF, and Xis proteins (reaction 3). The actual crossover takes

place in the grey regions of each attachment sites.
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region of tRNA genes is one of the common phage insertion sites.
1.8.4.4.2 The lytic cycle

‘When sufficient quantitics of O and P proteins are produced (Figure 1.6D7), DNA
replication is initiated and concatemers, multimeric DNA molecules, are made by
rolling circle replication (Keppel & Georgopoulos, 1988).  Then, late mRNA is
transcribed to produce late proteins such as phage head and tail protein and Lytic
proteins, and the progeny viral DNA is cleaved from concatemeric DNA at pac sites
(P1 and P22) or at unique sites to produce identical DNA molecules with cos sites (P2
and X). The heads and tails are assembled independently (Voyles, 2002a). When
DNA is packuged into the assembled head, the assembled tail and tail fibers are added.
Ultimately, when assembly is finished, the virions are released from the host cell by

lysing them.
1.8.5 Phage induction

Although lysogenic isolatcs rarcly produce phages in nature, temperate phages can
easily be induced by artificial treatments. 'The most popular agents for these
treatments are mitomycin C (Humphrey et al., 1995; Inoue & lida, 1908; Jiang ef al.,
1995; Pullinger e# al., 2004) and ultraviolet radiation (UV} (Inoue & Tida, 1968;
Nordeen & Currier, 1983; Richards er al., 1983) but also other agents such as
danofloxacin (Froshauer et af., 1996), ciproftoxacin (Strauch et al., 2004}, hydrogen
peroxide (H,0,) (Figueroa-Bossi & Bossi, 1999}, and X-ray (Boling & Randolph,
1977) can also be used. However, not all prophages are inducible by all agents and

some lemperate phages can only be induced by natural events,
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Phage induction is associated with the SOS regulatory system that is activated as a
result of DNA damage (Walker, 1984). Inducing agenls such as mitomycin C and
UV light damage DNA and activate the SOS system,  In the SOS system, DNA
damage induces a protease called RecA. RecA inactivates Lex A, the repressor of a
number of DNA repair genes, in order to induce expression of DNA repair functions.
Since the phage specific repressors of the lytic cycle such as CI (see section 1.8.4.4)
are structurally simifar to LexA, these proteins also become inactivated and the lytic

cycle will begin (Walker, 1984).

1.8.6 Phage immunity

Lysogenic bacteria can be infecled by other phages, but they cannot be infectcd by
additional members of the same phage type (Voyles, 2002b). This immmunity is
conferred by intracellular repression mechanisins under the control of virus genes.
When cells are lysogenized with phages, there will be plenty of CI proteins in the
cytoplasm (Figure 1.6F). Thus, if new lambda phages are introduced to these cells,
the CI proteins can immediately bind (0 Pr and Py in the newly introduced phages to
block any expression of that virus’s genome. Thus, there will be no lysis. However,
the lysogenic cells can be cured by heavy irradiation (Barksdale & Arden, 1974).
Presumably this treatment causes the prophage to excise from the host chromosome
and be lost during subsequent cell growth. These cured isolates are no longer

immune to the virus and they can be infccted again.
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1.9 The role of bacteriophages in bacterial evolution
1.9.1 Evolutionary arms race between temperate phages and bacteria

Many temperate phages carry genes that can increase the fitness of the lysogen (see
section 1.9.3) (Brussow ef al., 2004). Howover, they are dangerous (o their
lysogenic hosts because the lysogenized phages will inevitably enter their kytic cycles
in descendants of the initial lysogen. IMigh genomic deletion rates are maintained to
remove dangerous genctic parasites in the bacterial chromosome, and control the size
ol the bacterial genoine, despite a constant bombardment with parasitic DNA over
evolutionary time (Lawrence ef al., 2001). The deletion rates are determined by
natural selection where the benefits realized by somewhat promiscuous deletion are

offset by the detriments incurred by occasional removal of useful DNA,
1.9.2 Prophages in bacterial genomes

Since bacterial genome data have become available, onc of the most surprising
findings is the enounous extent of prophage DNA within bacterial genomes
(Canchaya ef al., 2003a). A number of bacterial genomes contain muliiple phage
genomes which result in the introduction of numerous unique genes to the lysogen,
The most extreme casc is currently represented by the food pathogen E. coli O157:H7
isolate Sakai (Ohnishi et al., 2001; Perna et al., 2001). This E. coli isolate contains
18 prophage genome elements, which account for half of the isolate specific
sequences. The sequenced Streptococcus pyogenes serotype M3 isolate also contains
large number of prophage sequences which constitute about two-thirds of the strain-
specific genes (Beres ef al., 2002). These findings suggest that bilcteriophagcs Lave

played a predominant role in the emergence of these pathogens. However, 4 number
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of sequenced bacterial pathogens do not possess phage related genes suggesting Lhat
prophages may not be required for the evolution of a pathogenic life-style in every

bacterial species (Brussow ef al., 2004).
1.9.3 Bacteriophages mediate gene transfer

Prophages are not only quantitatively important genetic elements of the bacterial
chromosome, but also the most efficient virulence gene provider to bacterial
chromosomes (Brussow ef al., 2004; Canchaya ef al., 2003b; Miao & Miller, 1999).
Phage-mediated gene trans{er can be achieved by two mechanisins, specialized

transduction and generalized transduction (Birge, 1994d).
1.9.3.1 Specialized transduction

Sometimes, temperate phages are imprecisely excised from. the host chromosome and
small segments of flanking bacterial DNA can be co-packaged with the phage DNA
(Birge, 1994d). Upon infection of the next host, this bacterial DNA, together with
the phage DNA, can be incorporated into the bacterial chromosome by site-specific
recombination. These cxtra genes frequently encode important virulence factors
(Table 1.7) and allow the lysogen to enlarge its host range and increase its fitness in
an cnvironmental niche by phage conversion which promotes evasion of host immune
defences or provide mechanisms to breach host barriers (Boyd & Brussow, 2002;
Brussow et al., 2004). Toxins are cornimon phage-encoded virulence factors. A
variety of major bacterial toxins such as cholera toxin, cytotoxin, exfoliative toxin A,
and Pastenrella multocida toxin are located within the genome of temperate
bacteriophages. 1n addition to toxins, bacteriophages carry O-anfigcn modification

genes (gtr), type I secretion effector protein genes (sopE), superoxide dismutase
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genes (sodC), outer membrane protein genes (lom and bor), and adhesion geues (7ep).

These phage-encoded virulence [actors are always linked to the viral DNA.
1.9.3.2 Generalized transduction

Sometimes, bacteriophages commit the error of packaging lysed bacterial DNA along
with or instead of phage DNA and upon infection of the next host, this bacterial DNA
can be incorporated into the bacterial chromosome (Birge, 1994d). Almost any size
of bacterial genome can be found inside the head of a transducing phage particle.
Upon infection of the next host, the foreign bacterial DNA is injected and may be
incorporated into the bacterial chromosome by homologous recombination. Using
genetically marked genes, the ability of generalized transduction has been examined
and a number of bacteriophages capable of generalized transduction have been
identified. They include temperate phages from Pseudomonas aeruginosa (Budzik
et al., 2004), Streptomyces coelicolor (Buike et al., 2001}, V. cholerae (Fidelma Boyd
& Waldor, 1999; Hava & Camilli, 2001; Ogg et al., 1981), Pseudomonas syringae
(Nordeen & Currier, 1983), Salmonella and E., coli (Schicklmaier et al., 1998), and A.
actinomycetemcomitans (Willi et al., 1997). Frequencies of iransduction in many
phages range from 107 to 10°® per plaque-forming unit (PFU) (Burke et al., 2001;
QOgg et al., 1981).

1.10 Objectives of research

The main objective of this study was to investigate the molecular evolution of genes
of different functional classes in M. haemolytica, M. glucosida, and P. trehalosi.
The study was inspircd by previous work on the M. haemolytica leukotoxin operon

(Davies et al., 2001; 2002). These revealed that recombination involving
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M. glucosida and P. rrehalosi, together with host switching of isolates [rom cattle to
sheep, have played important roles in generating the complex mosaic structure of the
leukotoxin operon (Davies et al., 2001; 2002). There were a series of questions to
address in this study. s there evidence of horizontal DNA transfer and
recombination in other genes? Is there a correlation between the extent of
recombination and gene function? Does the intensity of purifying and diversifying
selection vary among different functional classes genes? How do the various
evolutionary processes relate to differences in virulence and host specialization? Is
there further evidence that host-switching of isolates has contributed o the evolution
of other genes? With respect to these questions, comparative sequence analysis of
one DNA repair and recombinase gene (recA), nine metabolic enzyme genes (aroA,
usd, galE, gap, gnd, gopd, mdh, milD, and pmm), one secreted protein gene (gcp),
four periplasm-associated protein genes (pipA, plpB, plpC, and plpD), and {our outer
membrane protein genes {ompA, tbpB, tbpA, and wza) was performed in

representative M. haemolytica, M. glucosida, and P. trehalosi strains.

A further goal of the study was (o identily and characterize temperate bacteriophages
among representative M. haemolytica, M. glucosida, and P. trehalosi isolates since
bacteriophages are known to mediate horizontal DNA transfer. Bacteriophages were
characterized by electron microscopy, plague assay, and restriction endonuclease
analysis. In particular, a P2-like phage genome was identified and characterized in
the bacterial genome of M. haemelytica isolate PH213 and the presence of this phage

examined in selected isolates,
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2.1 Bacterial isolates

Thirty two isolates of M. haemolytica, six isolates of M. glucosida, and four isolatcs
of P. trehalosi were investigated in this study. These isolates were selected because
they represent the various evolutionary lineages, serotypes, and host species of origin
(bovine or ovine) and have been described in previous studies (Davies & DPonachie,
1996; Davies & Quirie, 1996; Davies ef al., 1996; 1997a; 1997b; 2001; 2002). The
properties of the isolates are shown in Table 2.1 and the genetic relationships of the M.

haemolytica isolates are shown in Figure 2.1.

2.2 General bacteriological procedures

2.2.1 Growth media

Brain heart infusion agar (BHIA; Oxoid, UK) containing 5 % (v/v) sheep's blood (E

& O laboratories Ltd) was used as routine solid medium for growth of M. haemolytica,
M. glucosida, and P. trehalosi.  Brain heart infusion broth (BHIB; Oxoid, UK) was
used as the liquid medium.

2.2.2 Sterilisation

All culture media, glassware, and plasticware were sterilised by autoclaving at 15 Ibs

p.s.i (121°C) for 15 min.
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CHAPTER 2: MATERIAILS AND METHODS

2.2.3 Storage and growth of bacteria

Bacteria were stored at -85 °C in 50 % (v/v) glycerol in BHIB. Bacteria were
subcultured from -85 °C stock cultures onto blood agar and incubated at 37 °C
overnight, The following day, 4 to 5 colonies were inoculated into 15 ml BHIB in

Universal tubes and incubated overnight at 37 “C with shaking (120 rpm).

2.2.4 Culture purity checks

All agar plates and broth cultures were subjected to thorough purity checks, Agar plate
cultures were checked for any unusual colonies after 2 to 3 days. Broth cultures were
subcultared onto blood agar and grown at 37 °C overnight.

2.3 Comparative sequencing analysis

2.3.1 General sequencing procedures

2.3.1.1 Selection of genes

Nincteen genes were selected based on the differing functions and usage of the encoded
proteins (Table 2.2). These include one DNA repair and recombinase gene (recA), nine
metabolic enzyme genes (aroA, asd, galk, gap, gnd, gépd, mdh, mtiD, and pmm), one
secreted protein gene (gcp), four inner membrane or periplasmic spanning lipoprotein

' genes (pipA, pipB, plpC, and pipD), and four outer membrane protein genes {ompA, tbpB,

tbpA, and wza).
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Tablc 2.2 Details of the genes selected for study

Gene namec  Gene product Fuanction (usage)

Genges encoding DNA repair and recombination enzymes

rech. RecA recombinase DNA repair and recombinatian
Genes encoding metabolic enzymes

arof S-enolpyruvylshikimate 3-phosphale synthase  Amino acid biosynthesis

asd Aspartate-semialdehyde dehydrogenase Amino acid biosynthesis

Peptidoglycan biosynihesis

galk UDP-glucose 4-epimerase Carbohydrate metabolism
LPS hiosynthesis

gap Glyceraldehyde-3-phosphate dehydrogenase  Carbohydrale metabolism

gnd 6-phosphogluconate dehydrogenase Carbohydrate metabolism
(MLEE data)

gbpd Glucose-6-phosphate I-dehydrogenase Carbohydrate metabolisin
{MLEE data}

mdh Malate dehydropenase Bnergy production and conversion
(MLEE data)

mtD Manaitol-1-phosphate dehydrogenase Carbohydrate metabolism
{MLEE data)

pmm Phosphomannomutase Carbohydrate metabaolism

LPS and capsule biosynlhesis
Genes encoiling secreted proteins
gep Glycoprotease Neutral protease

Genes encoding periplasm-associated proteins

PIpA, pipB, Lipoproteins PlpA, PIpB, and PlpC Serum resistance
and plpC
pipD Lipoprotein PlpD Not known

Genes encoding outer membrane proteins

ompA OmpA Quter membrane stractural
integrity; adherence; phage receptor

thpB and thpA  TbpB and ThpA Iron acquisition

wza Wza Capsule polysaccharide transport
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2.3.1.2 Primer design for PCR amplification and sequencing

The GenBank database was searched to identify the 19 genes in M. haemolytica and
the closely related specics Actinobacillus actinomycetemcomitans, Haemophilus
ducreyi, Haemophilus influenzae, and Pasteurella multocida. The available gene
sequences from each of the above species were aligned with the Lasergene Megalign
(DNA star, Inc.) software application, and conserved regions werc identified and used
to design two pairs of universal primers (two forward and two reverse) using the
computer program Primer Designer (version 2.0). Primers were synthesized by

Sigma-Genosys (Cambridge, UK) and Hybaid Limited (Middlesex, UK).

The primers were tested in four combinations for PCR amplification with M.
haemolytica isolate PH2 to determine the optimum primer pair and annealing
temperature. The primer pair amplifying the largest fragment without non-specitic
bands was used for further PCRs. The successful PCR primer pair was also used for
the first stage of sequencing and additional primers (forward and reverse) were

designed as sequence data became available.

2.3.1.3 PCR amplification

2.3.1.3.1 Preparation of template DNA

Template DNA was prepared with the TnstaGene matrix kit (Bio-Rad) according to the
manufacturer’s instructions. Onc millilitre of overnight broth culture was cenirifuged
for 1 min at 13,000 x g, the supernatunt removed, and the bacterial pellet resuspended

in 1 ml of sterile dH,O. The sample was centrifuged again for 1 min at 13,000 x g

and the supernatant was removed.  The pellet was resuspended in 200 1} of
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InstaGene matrix and incubated for 30 min at 56 °C. The mixture was then vortexed
at high speed for 10 s and heated in 2 boiling waterbath for 8 min.  After allowing the
tubes to cool for 2 to 3 min, the samples were vortexed at high speed for 10 s and

centrifuged for 3 min at 13,000 x g. The DNA samples were stored at -85 °C.

2.3.1.3.2 Components of PCR

PCRs were carried out in 0.5 ml Gene Amp reaction tubes (Applied Biosystems).
Each PCR reaction mixture contained 32 1l of sterile dH,O, 5 pl of 10x PCR buffer
(100 mM Tris-HCI1 , 500 mM KCl, 15 mM MgCl;, pH 8.3), 4 ul of dNTPs (2.5 mM
dATP, dTTP, dCTP, and dGTP) (Pharmacia Biotech), 4 ul of each primer (12.5 pmol),
1 pl of template DNA, and 0.2 pd (1 unit) of Tag DNA polymerase (Roche, UK} in a

final volume of 50 pl. One drop of liquid paraffin was used to overlay each reaction.

2.3.1.3.3 PCR conditions

PCRs were carried out in a Perkin-Elmer 480 DNA thermal cycler.  For each new
primer set, the following standard PCR conditions were used first: 30 cycles of
denaturation at 94 °C for 45 s, annealing at 55 °C for 45 s, and extension at 72 °C for
2 min with a final extension step of 72 °C for 10 min. However, if non-specific
amplimers were present on the agarose gel, the optimum annealing temperature was

determined experimentally for each primer set.

2.3.1.3.4 Agarose gel electrophoresis

Five microlitres of the PCR mixture were mixed with 1.2 ul of 10x loading dye

(Invitrogen) and loaded onto a 1 % (w/v) agarose (Invitrogen) gel in Ix TAE buffer
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(20 mM Trizma, ImM EDTA, pH8.0) containing ethidium bromide (0.5 pg/ml). 5
1t of a 1 kb fadder (Promega) [S0 ng/ul} were loaded onto one or two wells. The
samples were electrophoresed in a horizontal submarine electrophoresis apparatus
(Ow], USA) at 80 V for 1.2 h and the amplimers were visualised and photographed

under UV light.
2.3.1.4 DNA scquencing
2.3.1.4.1 Purification of PCR products

PCR products were purified with the QIAquick PCR purification kit (Qiagen,
Chatsworth, Calif.) following the manufacturer's protocol. Two hundred and fifty
microlitres of buffer PB were mixed with 45 1l of PCR mixture and transferred to a
QlAquick spin column. The columns were centrifuged for 1 min at 13,000 x g and
the supernatants discarded. The bound DNA was washed by adding 750 pl of buffer
PE and centrifuging for I min at 13,000 x g. The columns were centrifuged [or an
additional 1 min 13,000 x g. The DNA was eluted from the column by adding 30 ul
dH>0 and, after 1 min of standing, centrifuging for 1 min at 13,000 x g. The
effectiveness of purification and approximate DNA concentrations were determined
by running 1 pl of purified sample on an agarose gel. For sequencing, the purified
DNA was diluted by adding 10 pl sample to 50 pl dH,O. The DNA samples were

stored at -20°C.
2.3.1.4.2 Componcnts of sequencing

The sequence reactions were carried out in 0.2 mi Micro Amp reaction tubes (Applied

Biosystems). The reaction mixture contained 4.5 ul of diluted (1:6) purified PCR
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product, 1.5 pl of primer (2 pmol/ul}, and 4 nl of ABI Prism Big Dye Terminatar

Ready Reaction Mix (PE Applied Biosystems).

2.3.1.4.3 Conditions for sequencing

The sequence reactions were carried out in a GeneAmp PCR system 9600 thermal
cycler (Applied Biosystems), using 30 cycles of denaturation at 96 °C for 10 s,

anncaling at 50 °C for 5 s, and extension at 60 °C for 4 min.

2.3.1.4.4 Ethanol precipitation

After cycle sequencing, the samples were ethanol precipitated as follow. Twenty five
microlitres of 100 % ethanol and 1.5 pl of 2 M sodium acetate pH 4.5 (Applied
Biosystems) were added to each reaction tube. The tubes were vortexed gently for [
s and left for 15 min at room temperature. The samples were centrifuged for 15 min
at 13,000 x g and the supernatants were removed. The pellets were rinsed with 100
1l of 70% ethanol and centrifuged for S min at 13,000 x g. The supernatants were
removed and the samples centrifuged again briefly. The residual cthanol was
carefully removed and the samples were air dried for 10 min. Finally, 4 11l of

scquence loading buffer were added to each sample and gently vortexed for 15 min.

2.3.1,5 Sequence analysis

Sequence analysis was performed in an Applied Biosystems 373A DNA sequencer

by the University of Glasgow sequencing service.
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2.3.1.5.1 Analysis of nucleotide and amino acid sequence data

Nucleotide sequence data were analysed and edited with the SEQED™ computer
software (Applied Biosystems; version 1.0.3).  Statistical and phylogenetic analyscs
were carried out with MEGAZ2.1 (Kumar et al., 2001) in conjunction with an amino
acid conversion program (AASEQ), amino acid alignment program (CLUSTALX),
and a realignment program (REALIGW). Secondary structure predictions were
performed with the Psipred secondary structure prediction method (Jones, 1999)

(http://bioinf.cs.ucl.ac.uk/psipred/).

For the ompA gene (section 3.1.1.5.1), the M. haemolytica and M. glucosida OmpA
sequences were aligned and compared with the E. coli OmpA three-dimensional
strectural models (MMDB 16249 and PDB 1G90 (Arora ¢t al., 2001); MMDB 9208
and PDB 1BXW (Pautsch & Schulz, 1998)) using the computer program Cn3D

(http://www.ncbi.nlm.nih.gov/strcture/CN3D/cn3d.shtml).

For the tbpB and thpA genes (section 3.1.1.5.2), the numbers of nucleotide
polymorphic sites were computed using the program PSFIND (version 3). These
statistics were then used to draw a similarity plot (Figure 3.41) using the HAPPLOT

program (version 4},

The programs AASEQ, REALIGW, CLUSTALX, PSIFIND, and HAPPLOT were

kindly provided by T. S. Whittam (Michigan State University).
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2.3.2 Specific sequencing procedures

Preliminary PCR amplification and sequencing were carmried out with 10 diverse M.
haemolytica isolates (PH2, PH66, PH196, PH202, PH278, PH292, PH296, PH494,
PH588, and PH706), one M. glucosida isolate (PHH344), and one P. rrehalosi isolate
(PH246) for the 19 genes.  If the sequences showed significant variation, a larger
number of isolates, up to a total of 42 (Table 2.1), were investigated. The following
sections contain details of different primer sets and their optimum annealing
temperatures specific for the 19 genes. GenBank sequences were used to describe
the locations of primers for each gene (see below) buy, if appropriate sequences were
unavailable, sequences from the unannotated M. haemolytica genome sequence

(http://www.hgsc.bem.tme.edu/microbial/Mhaemolytica/) were used.
2.3.2.1 Genes for encoding DNA repair and recombination enzymes
2.3.2.1.1 RecA recombinase (recA)

Initially, two forward (#200 and #201) and two reverse (#202 and #203) primers were
designed within the conserved regions of the aligned recA sequences from M.
haemolyiica and closely related species (see section 2.3.1.2) (Figures 2.2 and 2.3, and
Table 2.3). The primers were tested in four combinations (#200/#202, #200/#203,
#201/#202, and #201/#203) by PCR with M. haemolytica isolate PH2 to determine the
optimum primer pair and annealing temperature, The primer pair #200/4#202 was
used for PCR and sequencing of the recA gene in 10 representative isolates ol M.
haemolytica and one isolate of M. glucosida (Figure 2.2).  Attempts to amplify recA
in P. trehalosi with the four primer combinations failed. Thercfo-rc, additional

forward (#387) and reverse (#388) primers were designed and used for the recA gene
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EEEm——
#200 #201  #387
——IA recA I
TG TA
157bp <_J A 4_. 1263bp
#203 #388 #202
= { Mh, Mg: PCR (200/202) | —»
- {Pt: PCR (387/388)

Figure 2.2 Diagrammatic representation of the recA gene of M. haemolytica
taxon 746 (AF176376) showing locations of the PCR and sequencing primers.
The locations of the primers used for PCR and sequencing are indicated by bold
arrows and the locations of the unused primers are indicated by thin arrows. The
numbers under the start and stop codons indicate the positions of the first base of the
start codon and third base of the stop codon within the sequence. The large arrow

above recA indicates the direction of transcription.

ATGGCAGAGA AAAAAAGTCA AAAGAACACT CCGGTTAAAC AGATTGATCC GGAACAAAAA GAAAAAGCGT TGGCAGCCGC ATTAGCTCAA A‘!‘K‘GAAAAGS
#201
CCGG

A GO
e U el AR L AL e it i 7
" GTATGAATGA ATTACTCATT TTAGCGGAAT CTCACGGCTT CATTAATAAA

 GCAGGGGOTT GGTTCTCTTA ANk . AMARA TAATGCCATC AAATGGTTAA ARGAACACCC JGAAGIGGCG AGTAAAATTG
i S *‘I§§§ #202

AGCAAGATAT TCGAAATCTA CTCATTTCAA ACCCAACTTT TACGGCTACT CCAGATTCTG AAAATGCAGA CAATGCAGAT GATGAATTTA GTGAAGAAGA

STy

ACTCTAA

Figure 2.3 Nucleotide sequence of the recA gene of M. haemolytica taxon 746
(AF176376) showing locations of the PCR and sequencing primers. The primers
used for PCR and sequencing are in bold type and the unused primers are in thin type.

The shaded area corresponds to the region of sequence that was analysed.
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‘1'able 2.3 Details of primers used for PCR amplification and sequencing of the

recA gene of M, haemolytica, M. glucosida, and P. trehalost

Primer*  Primer Primer’

use No. Hame Isolates® Sequence (5’ te 3") . Position®
P, S #200 RecA/F/1 Mh, Mg ACAGATTGATCCSGAACA 39 - 56
#201 RecA/T/1 AGAAAAAGCRTTRGCAGC 60 -77
PS #387 RecA/F/1 Pt CAATTITGGCAAAGGCTC 160 - 116
7S 202 RecA/R/1 Mh, My CCACITCAGGRTKETCTT 988 - 971
#203 RecA/R/] AWGAGAACCAWGCYCCTG 919-902
P, S #388 RecA/R/1 Pt CCYTGACCRATTTTHTC 944 - 928

%P: PCR amplification, S: Sequencing

? RecA/F/1: RecAfForward/1, RecA/R/1: RecA/Reverse/1

* Mh: M. haemolyrica isolates PH2, PHG6, PH196, PH202, PH278, PI3292, PI296, PI1494, PH388, PH706
Mg: M. glucosida isolate PH344
Pr. P. trehalosi isolate PH246

73 G+C, R: G+A, Y C+T, K: G+T, W: A+T, H: C+T+A

“ Nucleotide position corresponding to the first 5 bp of the primer within recA of the M. haemolytica

GenBank sequence (AF176376) (see Figure 2.3)
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of P. rrehalosi (Figure 2.2). The optimuin annealing temperature for all the PCRs
was 55 °C.  The positions of all primers on the nucleotide sequence of the recA gene
of M. haemolytica are shown in Figure 2.3 and the details of all primcrs are listed in

Table 2.3.

2.3.2.2 Genes encoding metabolic enzymes

2.3.2.2.1 5-enolpyruvylshikimate-3-phosphate synthase (aroA)

Initially, two forward (#56 and #57) and two reverse (#58 and #59) primers were
designed within the conserved regions of the aligned aroA flanking sequences from M.
haemolytica and closely related species (see section 2.3.1.2) (Figures 2.4 and 2.5, and
Table 2.4. The primers were tested in four combinations (#56/4#58, #56/#59, etc) by
PCR with M. haemolytica isolate PH2 to determine the optimum primer pair and
annealing temperature. The primer pair #57/#58 was used for PCR and for the tirst
stage of sequencing of the aroA gene in 32 isolates of M. haemolytica (Figure 2.4A, B,
and C). Attempts to amplify the aroA gene of M, glucosida and P. trehalosi with the
four combinations of primers failed. Therefore, additivnal forward (#72) and reverse
(#73) primers were designed. The primer pair #6/#73 was used for PCR and for the
first stage of sequencing of the ¢roA gene in six isolates of M. glucosida (Figure 2.4A
and C), and the primer pair (#72/4#73) was used for PCR and for the first stage of
sequencing of the aroA gene in four isolates of P. trehalosi (Figure 2.4B).  As
sequence data became available, different sequencing primers were destgned and used
for each group of M. haemolytica, M. glucosida, and P. trehalosi (Figure 2.4). Four
primer pairs were used to sequence aroA in M. haemolytica group Mhl and M.
glucosida groups Mgl and Mg2 (Figure 2.4A), whereas three primer pairs were used

to sequence aroA in M. haemolytica groups Mh2 and Mh3, M. glucosida groups Mg3
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(A) M. haemolytica proup Mh! and M. glucosida groups Mgl+2

e
#56,57  #70 #76, 80 #78

- aroA . |
3 ¥ A
L84bp P | ‘J l A 1480p

#79 #77, 81 #73 #73 #59, 58
g o |
-« {MUh1: PCR (57/58) }
-« IMgl+2: PCR (56/73)] >

(B) M. haemolytica group Mh2 and P. trehalosi group Pt

#72, 37 #170.169 #174
— aroA S
- « P D | <Jr “ i
#175 #171, 172 #73 58
Inftoe Pete 127725
- {Mh2: PCR (57/58)] —»
-« {Pt: PCR (72/73)} >

(C) M. haemolytica group Mh3 and M. glucosida gronps Mg3+4

#56i 57 #169, 176 ﬁ
—] aroA O
ATG TAA
#175 #7 ﬁ! #73 3?2!
« [Mh: PCR (37/58)] >
-« {Mg2+4: PCR (56/73)] >

Figure 2.4 Diagrammatic representation of the aroA gene of M. haemolytica
taxon 746 (U03068) showing locations of the PCR and sequencing primers. (A)
M. haemolytfica group Mhl and M. glucoside groups Mgl and 2, (B) M. haemolytica
group Mh2 and P. trehalosi group Pt, and (C) M. haemolytica group Mh3 and M.
glucosida groups Mg3 and 4. The locations of the primers used for PCR and
sequencing are indicated by bold arrows and the locations of the unused primers are
indicated by thin arrows. The numbers under the start and stop codons indicate the
positions of the first base of the start codon and third basc of the stop codon within the
GenBank sequence.  'The Jarge arrow above aroA indicates the direction of

transeription.
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CGACATATGC TCAATGCCTT AAAAGCGTTA GGCGTGAAAT ATGAGCTATC

#70

Figure 2.5 Nucleotide sequence of the aroA gene of M. haemolytica taxon 746
(U03068) showing locations of the PCR and sequencing primers for M.
haemolytica group Mh1. The primers used for PCR and sequencing are in bold

type. The shaded area corresponds to the region of sequence that was analysed.
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Table 2.4 Details of primers used for I'CR amplification and sequencing of the

aroA gene of M, haemolytica, M. glucosida, and P. trehalost

Primer” Primer  Primer?

Isolates © Sequence (5 to 3")“ Position °
use No. naue

Four stages of sequencing (Figure 2.4A)

P, S1 #56 ArvA/F/] Mgl+2 GCTCGATAGCAGGTTATG Not shown
P, S1 #57 AroA/lY1 Mil CAGGGTATGGAATGCCGA  Franking region
S2 #70 AroAF2  Mhl Mgi+2  AAGCGTTAGGCGTGAAAT 173-190
S3 #76 AroA/F/3 Mhl, Mgl CTGATGTCTGCCCCATTA 541-558
S3 #80 AToA/T/3 Mg2 CTGATGTCTGCTCCACTA Not shown
S4 #78 AroA/FIA  Mhl, Mgi+2  GGCGTAGATATGGATATG 916-933
¥, St #58 ArcA/R/1 Mhl, 2+3 GGCTTAGTCTGCCACAAT Pranking region
#59 ArcA/R/ GTCTGCCACAATAAAACG Not shown
P, S1 #73 AroA/R/ Mgi+2 GGAAACGTTTTTGCGGTACA Not shown
§2 #71 Ar0AR/2  Mhl, Mgl+2  GTTTCTTTTACCCGCCAG 1034-1017
83 #77 AroA/R/3 Mhi, Mgl GTTCATCATCGAAAGGGT 639-622
S3 #81 AroA/R/3 Mg2 CCAAAATCTTTCATCATCG  Notshown
54 #79 AroA/RM4 Mhl Mgl+2  CCAATCCCTTCAACTAC 236-220
Three stages of sequencing (Figure 2.4B and C)
P, S1 #56 AroA/F/1 Mg3+4 GCTCGATAGCAGGTTATG Not shown
P, 81 #57 ArcA/F/1 Mh2+3 CAGGGTATGGAATGCCGA Not shown
P, S1 #72 ArcA/F/] Pt GTGCGTCCATTGCAGGTT Not shown
52 #169 AroAlY2  Mh2+3, Mg3+4 TTAGTCGATGCTTTACGC Not shown
52 #170 AroA/F/2 Pt CATTTGGTGGATGCTTTA Not shown
S3 #78 AroA/F/3 Mh3, Mg3 GGCGTAGATATGGATATG Not shown
S3 #174 AroAJF/3 Mh2, Pt GGCAAGGTAAAAGTAACG  Not shown
P, Sl #58 AroA/R/ Mh2+3 GGCTTAGTCTGCCACAAT Not shown
P, S1 #73 AroAMR/! Mg3+4, Pt GGAAACGTTTTTGCGGTACA Not shown
S2 #71 AroA/RS2 M3 . Mg3+4  GTTTCTTTTACCCGCCAG Not shown
82 #H7 AroA/RS2 Mh2 ATCTCCCTCCACCAAATA Not shown
82 #172 AroA/R/2 Pt CCITCCACCAAATAACGA Not shown
83 #175 AcA/RS3 Mh2+3, My3, Pt, GGGCGTTCTTTCATTCT Not shown
S3 #176 AToA/lF/3 Mg4 ATGAAGGTTATCCGCCGT Nol shown
S3 #177  ArcA/R/3 Mg4 AAGAGGCAGAAGAGGCAT  Not shawn

“P: PCR amplification, S1: First stage of sequeacing, S2: Second stage of sequencing, S3: Third stage
of sequencing, $4: Fourth stage of sequencing

b AroA/E/1: AroA/lPorward/L, AroA/R/T: AroA/Reverse/l

¢ Mhi: M. haemolylica isolates PH2, PH8, PH66, PH 196, PH202, PH232, PH238, PH278, PH284,
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PH?292, PH296, PH338, PH388, PH396, PEI398, PH484, PH494, PI1526,
PI1540, PH550, PH588, PHS98, PH706, PH786

Mh2. M. haemolytica isolate PH470

Mh3; M. haemolytica isolates PH30, PH376, PH346, PH50, PHS56. PH372, PH392

Mgl: M. glucosida isolate PIT290

Mg2: M. glucosida isolate PH344

Mg3: M. glucosida isolates PH240, PII496, PH408

Mg4: M. glucosida isolate PH574

Pt P. trehalosi isolates PH246, PH252, PH254, PH68

? Positions of the aroA primers for M. haemolytica group Mh{ only are shown, Nucleotide position
corresponding to the first 5 bp of the primer within aroA of the M., haemolytica GenBank sequence

(UJ03068) (see Figure 2.5)
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and Mg4, and P. trehalosi (Figure2 4B and C). The optimum annealing termperature
for all the PCRs was 55 °C.  The positions of representative M. haemolytica group
Mhl primers on the nucleotide secjuence of the aroA gene of M. haemolytica are

shown in Figure 2.5, and details of all primers are listed in Table 2.4.

2.3.2.2.2 Aspartate-semialdehyde dehydrogenase (asd)

Since a GenBank sequence was not available and the genome sequence was not
published at the time for the M. haemolytica asd gene, two forward (#182 and #183)
and two reverse (#184 and #185) primers were designed within the conserved regions
of the aligned asd scquences from closely related species of M. haemolytica (see
section 2.3.1.2) (Figures 2.6 and 2.7, and Table 2.5).  Attempts to amplify asd in M.
haemolytica isolate PH2 with four primer combinations (#182/4#184, #182/#185, eic)
failed, and additional forward (#232) and reverse (#233) primers were designed.

The new primers were tested in five combinations (#232/#184, #232/#185, #232/4#233,
etc) by PCR with M. haemolytica isolate PH2 to determine the optimum primer pair
and annealing termperature.  The primer pair #183/#233 was used for PCR and
sequencing of the asd gene in 10 representative isolates of M. haemolytica and one
isolate of M. glucosida, and the primer pair #182/#233 was used for PCR and
sequencing of the asd gene in one isolate of P. trehalosi (Figure 2.6). The optimum
annealing temperature for all the PCRs was 55 °C.  The positions of all primers on
the mucleotide sequence of the asd gene of M. haemolytica are shown in Figure 2.7,

and the details of all primers are listed in Table 2.5.
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#182 #183 #232

asd ==
ATG TAA

15738bp Pu I P (7T 5T

#233 #185 #184

<«€——— Mh, Mg PCR (183/233) | >
= R

Figure 2.6 Diagrammatic representation of the asd gene of M. haemolytica
isolate PHL213 (complementary contig 138 of the genome sequence as of 2/1/04)
showing locations of the PCR and sequencing primers. The locations of the
primers used for PCR and sequencing are indicated by bold arrows and the locations
of the unused primers are indicated by thin arrows. The numbers under the start and
stop codons indicate the positions of the first base of the start codon and third base of
the stop codon within the contig. The large arrow above asd indicates the direction of

transcription.

ATGCAAAATG TAWT GGTATGGTCG cﬂ(m M’mcxrcc'r ATGGTTG:
#182 5

m‘l‘ GGGTGAAAGT AATTCCAAAC GACAAAGAAA CCACATTGCG TGAATTGACC CCWCGAAAG NACCGGTAC A'I'IGAGCGTG COGGTTGGTC

GCTTGCGTAA ATTAGCGATG GGTGGAGAAT ACTTAGCTGC ATTTACCGTA GGTGACCAAT TATTATGGGG TGCAGCAGAG CCTGTTCGCC GCATTTTAGT
#185 #184

Figure 2.7 Nucleotide sequence of the asd gene of M. haemolytica isolate PHL213
(complementary contig 138 of the genome sequence as of 2/1/04) showing
locations of the PCR and sequencing primers. The primers used for PCR and
sequencing are in bold type and the unused primers are in thin typé. The shaded area

corresponds to the region of sequence that was analysed.
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Table 2.5 Details of primers nsed for PCR amplification and sequencing of the

asd gene of M. haemolytica, M. glucosida, and P. trehalosi

Primer* Primer  Primer’ - . o
Isolates Sequence (5" to 3°) Posilion
use No. name
P S #182 Asd/F/1 Pt GGYTTTATYGGY TGGCG 13 -29
P S #183 Asd/Tf1 Mh, Mg CMGTHTTRATGGATCGTA 44 -6l
#232 Asd/F/1 CATTATCGTSACBTGCCA 204 - 221
#184 Asd/R/1 ARTAATTGRTCGCCMAC 1065 - 1048
#185 AsdMR/1 GMYAAATATTCMGGYCC 1037 - 1021
B S #233 Asd/R/L Mh, Mg, Pt GGRATCACTTTYACCCA - 926.910

“P: PCR amplification, S: Sequencing

b ASA/F/1: Asd/Forward/1, Asd/R/1: Asd/Reverse/l

“Mh: M. haemolytica isclates PH2, PHG6, PH196, PH202, PH278, 'H292, PH296, PHAY4, 'H588, PH706

Mg: M. glucosida isolate PH344

Pt P, trehalosi isolate PII244
M: C+A, H: C+T+A, R: G+A, Y: C+T

“Nucleotide position corresponding to the first 5 bp of the primer within asd of contig 138 of the M.

haemolytica genome sequence as of 01/02/04
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2.3.2.2.3 UDDP-galactose 4-epimerase (galE)

Initially, two forward (#192 and #193) and two reverse (#194 and #195) primers were
designed within the conscrved rcgions of the aligned galF sequences from M.
haemolytica and closely relaled species (see section 2.3.1.2) (Figures 2.8 and 2.9, and
Table 2.6). The primers were tested in four combinations (#192/4#194, #192/#195,
etc) by PCR with M. haemolytica isolate P'HZ to delermine the optimum primer pair
and annealing temperature. The primer pair #193/#194 was used for PCR and for
the first stage of sequencing of galE gene in 10 representative isolates of M.
haemolytica, one isolate of M. glucosida, and one isolate of P. trehalosi (Figure 2.8).
The optimum annealing temperature for all the PCRs was 55 °C,  For the sccond
stage of sequencing, primers specific o individual isolates were designed as sequence
data became available, The positions of all primers on the nucleotide sequence of
the galE gene of M. haemolytica are shown in Figure 2.9 and the details of all primers

are listed in Table 2.6.
2.3.2.2.4 Glyceraldehyde-3-phosphate dehydrogenase (gap)

Since a GenBank sequence was not available and the genome sequence was not
published at the time for the M. haemolytica gap gene, two torward (#64 and #65) and
lwo reverse (#66 and #67) primers were designed within the conserved regions of the
aligned gap sequences from closely related species of M. haemolytica (see section
2.3.1.2) (Figures 2.10 and 2.11, and Table 2.7). The primers were tested in four
combinations (FH64/#66, #64/#67, etc) by PCR with M. haemolytica isolate PH2 to
determine the optimum primer pair and annealing temperature. The primer pair
#6566 was used for PCR and for the first stage of sequencing of ‘the gap gene in 32

isolates of M. haemolytica, six isolates of M. glucosida, and four isolates of

86



CHAPTER 2: MATERIALS AND METHODS

—
#192 #193 #219
] alE
ATG & TA
2162bp «l 3178bp
#220 or #221 #195  #194
< { Mh, Mg, Pt: PCR (193/194) } >

Figure 2.8 Diagrammatic representation of the galE gene of M. haemolytica
isolate taxon 746 (U39043) showing locations of the PCR and sequencing primers.
The locations of the primers used for PCR and sequencing are indicated by bold
arrows and the locations of the unused primers are indicated by thin arrows. The
numbers under the start and stop codons indicate the positions of the first base of the
start codon and third base of the stop codon within the GenBank sequence. The

large arrow above galE indicates the direction of transcription.

ATGGTTATAA AGGCTAA

Figure 2.9 Nucleotide sequence of the galE gene of M. haemolytica isolate taxon
746 (U39043) showing locations of the PCR and sequencing primers. The
primers used for PCR and sequencing are in bold type and the unused primers are in

thin type. The shaded area corresponds to the region of sequence that was analysed.
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Table 2.6 Details of primers used for PCR amplification and sequencing of the

galE gene of M. haemolytica, M. glucosida, and P, trehalosi

Primer® Primer Primer’

Isolates’ Sequence (5° to 3¢ Position®
use No. name

#192 GalE/F/1 TTAGTWACAGGYGGKGC 1026

P Sl #193 GalE/F/1 Mh, Mg, Pt GGYGGKGCAGGCTAYAT 19 - 35
S2 #219 GalE/F2 Mh, Mg, Pt GGCACAACCAACCCTTAC 430 - 447
P, S1 #194 GalE/R/1  Mh, Mg, Pt TGCCARTKCCAMGTGTC 986 - 970
#1095 GalB/R/1 GTARCAARYGGCAATATC 900 - 893
S2 #220 GalE/R/2 Mh, Mg CTTCACCGATTAAACCGC 574 - 557
S2 #221 GalE/R/2 Pt CTTCACCAATTAAACCGC 574 . 557

?P: PCR amplification, S1: First stage of sequencing, S2:Sccond stage of sequencing

b GalE/F/1: Gall/Torward/1, Galli/R/1: GalE/Reverse/1

“Mh: M. haemolyrica isolates PH2, PH66, PH196, PH202, PH278, PH292, PH296, PH494, PHS88, PH706
Mg: M. glucosida isolate PH344
Pt P. trehalosi isolate PH246

YW AIT, Y: C+T, K: T+G, R: G+A, M: CHA,

“Nucleotide position corresponding to the first 5° bp of the primer within galE of the M. haemolytica

GenBank sequence (U39043)
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(A) M. haemolytica group Mhl and M. glucosida group Mgl

_—»
#04 #65 #68 #74

o r

S gap »
ATG T,
7074bp l Pl 8078bp

#75 #69 #6060 167

S| | MhI+Mgl (65/66) | »

(B) M. haemolytica group Mh2, M. glucosida group Mg 2, aud P. trehalosi group Pt

#65 #167
TTA jp 4-' call
#168 #66
< ~{ Mh2+Mp2-+Pt (65/66) | :

Figure 2.10 Diagrammatic represceantation of the gap gene of M. haemolytica
isolate PHI213 (contig 156 of the genome sequence as of 22/4/04) showing
locations of the PCR and sequencing primers. (A) M. haemolytica group Mhl
and M. glucosida group Mgl and (B) M. haemolytica group Mh2, M. glucosida group
Mg2, and P. trehalosi group Pt.  The locations of the primers used for PCR and
sequenciog are indicated by bold arrows and the locations of the unused primers are
indicated by thin arrows. The numbers under the start and stop codons indicate the
positions of the first base of the start codon and third base of the stop codon within the

contig. 'The large arrow above gap indicates the direction of transcription.
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ATGGCAATTA AAATTGGTAT TAACGGCTTT GGCCGTATCG GICGTATCGT TTICCGTGCA GCACAACACC GTGATGACAT CGAAGTGGTA GGTATCAACG
#65 o SR ;

GA TGT y g GA SRR 2 : T ’ A ‘ AATT AGT

T (QRIACCATA ACGAAGTTCG CTACTCAAAC AAAGTATTAG ACTTAGTTGC TCACGTATAT AACTACAAAG
#66

Figure 2.11 Nucleotide sequence of the gap gene of M. haemolytica isolate
PHL213 (contig 156 of the genome sequence as of 22/4/04) showing locations of
the PCR and sequencing primers for M. haemolytica group Mh1. The primers
used for PCR and sequencing are in bold type. The shaded area corresponds to the

region of sequence that was analysed.
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Table 2.7 Details of primers used for PCR amplification and sequencing of the

gap gene of M, haemolytica, M. glucosida, and P. trehalosi

Primer” Primer  Primer’ . .
Strains® Sequence (5' to 39) Position®
use No. name

Three stages of sequencing (Figure 2.10A)

#64 Gap/i/1 ATGGTTTTGGTCGTATCG Not shown
P, 51 #65 Gap/T/1 Mhl, Mgl GCCGTATCGTATTCCGTG 41-58
S2 #68 Gap/F/2 Mhl, Mgl GTTTTAACCGGTCCGTCT 352-369
S3 #74 Gap/F/3 Mhi, Mgl GTGTTCCAACCACTAACG 695-712
P, S1 #66 Gap/R/1 Mhi, Mgl ACCCGTTTGTTATCGTACCA 950-931

#o7 Gap/R/1 GTITGAGTAACCCGYTTC Not shown
S2 #09 Gap/R/2  Mhi, Mgl TTCGCTGCACCTGTTGAT 638-621
S3 #75 Gap/R/3 Mhi, Mgl ACCTGTTGCTTCAACTGC 294-277

Two stage of sequencing (Figoure 2.108)

P, 51 #65 Gap/FR/1 Mh2,Mg2, Pt GCCGTATCGTATTCCGTG Not shown
52 #167 Gap/F/2 Mh2, Mg2, Pt TGACAACTGTTCACGCAA Not shown
P, 81 #606 Gap/R/1 Mh2,Mg2, Pt ACCCGTTTGTTATCGTACCA Not shown
52 #1638 Gup/R/2 Mh2, Mg2, Pt GTTGCGTGAACAGTTGTC Not shown

“P: PCR amplification, S1: First stage of sequencing, S2: Second stage of sequencing, S3: Third stage
of sequencing
b GAP/F(1: GAP/Forward/1, GAP/R/1: GAP/Reverse/1
CMhI: M. haemolytica isolates FH2, PHS, PH66, PH196, PH202, PH232, PH238, PH278, PI1284,
PH292, PH296, PH338, PH388, PH396, PH398, PHA4E4, PH494, PHS526,
PHS40, PH550, PH388, PHS98, PH706, PH786
M¥2: M. haemolytica isolates PH470, PH30, PH376, PH346, PHS0, PHS6, PH372, PH392
Mg1: M. glucosida isolates PH290, P 344
Mg2: M. glucosida isolates P’H240, PH496, PH498, PH574
Pr P. rrehalosi isolates PH246, PI1252, PH254, PH68
¢ Positions of the gap primers for M. haemeolytica group MhI only are shown. Nucleotide position
corresponding to the first 5 bp of the primer within gap of contig 136 of the M. haemol ytica penome

sequence as of 01/02/04 (see Figwre 2.11)
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P. trehalosi (Figure 2.10).  As sequence data became available, different sequencing
primers were used for each group of M. haemolytica, M. glucosida, and P. trehalosi
isolate (Figurc 2.10). Three primer pairs were used to sequence gap in M.
haemolytica group Mhl and M, glucosida group Mgl (Figure 2.10A), whereas two
primer pairs were used to sequence gap in M. haemolytica groups Mh2, M. glucosida
group Mg2, and P. trehalosi group £t (Figure 2.108). The optimuin annealing
temperature for all the PCRs was 50 °C.  The paositions of representative M,
haemolytica group Mhl primers on the nucleotide sequence of the gap gene of M.

haemaolytica are shown in Figure 2.11, and details of all primers are listed in Table 2.7,

2.3.2,2,5 6-phosphogluconate dehydrogenase {gnd)

Since a GenBank sequence was not available and the genome sequence was not
published at the time for the of M. haemolytica gnd gene, three forward (#238 to
#240) and three reverse (#241 to #243) primers were designed within the conserved
regions of the aligned gnd sequences from closcly related species of M. haemolytica
(see section 2.3.1.2) (Figures 2.12 and 2.13, and Table 2.8). The primers were tested
in nine combinations (#238/#241, #238/#242, etc) by PCR with M. haemolytica
isolate PH2 to determine the optimum primer pair and annealing temperature. The
primer pair #240/4#241 was used for PCR and for the first stage of sequencing of the
gnd gene in 10 representative isolates of M. haemolytica, one isolate of M. glucosida,
and one isolate of P. trehalosi (Figure 2.12), The optimum annealing temperature
for all the PCRs was 57 °C.  For the second stage of sequencing, primers specitic to
individual isolates were designed as sequence data became available, The positions
of all primers on the nucleotide sequence of the gnd gene of M. haemolytica are

shown in Figure 2.13, and the details of all primers are listed in Table 2.8.
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—>
#238#2394240 #255 or #256

i B
_l:TG gnd TAA}_

34482bp Pl | ) ] B35936bp
#257 #243  #242 #241
< 1 Mh, Mg, Pt: PCR (240/241) | >

Figure 2.12 Diagrammatic representation of the gnd gene of M. haemolytica
isolate PHL213 (contig 160 of the genome sequence as of 2/1/04) showing
locations of the PCR and sequencing primers. The locations of the primers used
for PCR and sequencing are indicated by bold arrows and the locations of the unused
primers are indicated by thin arrows. The numbers under the start and stop codons
indicate the positions of the first base of the start codon and third base of the stop
codon within the contig. The large arrow above gnd indicates the direction of

transcription.

TQHMOC TCAGACCCA'I‘ ACT‘I‘CAMGA TA‘I"I‘TI‘OGM

__CC!'MA'EOG CG'I'CMCCA‘I‘ TACCTTCTTA GA'I'GOCTACA

CCTCGGCACG ‘HTACCOOCA Mﬂncwmmnr GGTGCTCATA CTTATGAGCG TACAGACAAA GOTCGCGGTG AGTTCTTCCA

CACCAACTGG ACAGGACGTG GCGGTAATAC CGCATCGACC ACTTATGATG TGTAA

Figure 2.13 Nucleotide sequence of the gnd gene of M. haemolytica isolate
PHL213 (contig 160 of the genome sequence as of 2/1/04) showing locations of the
PCR and sequencing primers. The primers used for PCR and sequencing are in
bold type and the unused primers are in thin type. The shaded area corresponds to the

region of sequence that was analysed.
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Table 2.8 Details of primers used for PCR amplification and sequencing of the

gnd gene of M. haemolytica, M. glucosida, and P. trehalosi

Primer”  Primer  Primer” .
Isolates” Sequence (5 to 3") ¢ Position’
use No. name
#238 Gnd/F/1 AAGGYGAYATCGGYGTTA 17 -28
#239 Gnd/FN TCGGYGTTATYGGCTTAG 20 -37
P 51 #240 Gnd/F/1 Mh, Mg, Pt GGCTTAGCSGTRATGGG 31-47
S2 #2585 Gnd/F/2 Mh, Mg GCTATGATGAAATGCACG 638 - 655
S2 #256 Gnd/bi2 Pt GCTACGATGAAATGCAAG 638 - 655
P, 51 1241 Gud/R/1 Mh, Mg, Pt RTAGTCRCGTTGTGCTTG 1347 -1330
#242 Gnd/R/I GCCACYACTTTRCGCCA 1232 - 1216
#243 Gnd/R/1 ATACAACCTTCACGCCA 1100 - 1084
S2 #257 Gnd/R/2  Mh, Mg, Pt CCGTCTTCGTCITTGTA 733-1727

"P: PCR amplification, S1: Fist stage of Sequencing, S2: Second stage of sequencing

b Gnd/EF/1: Gnd/Forward/1, Gnd/R/1: Gnd/Reverse/1

“ Mh: M. haemolyrtica isolates PH2, PH66, PH196, PH202, PH278, PH292, PH296, PH494, PH588, PH706

Mpg: M. glucosida tsolate PH344

Pr: P. trehalosi isolate PH240

TR: G+4, 8: G1C, Y: C+T

“Nucleotide position corresponding to the first 5° bp of the primer within gnd of contig 160 of the M.

haemolytica genome sequence as of 01/02/04 (see Figure 2.13)
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2.3.2,2.6 Glucose-6-phosphate-1-dehydrogenase (g6pd)

Since a GenBank scquence was not available and the genome sequence was not
published at the time for the M. haemolytica gépd gene, three forward (#206 to #208)
and two reverse (#290 and #210) primers were designed within the conserved regions
of the aligned gépd sequences from closely related species of M. haemolytica (see
section 2.3.1.2) (Figures 2.14 and 2.15, and Table 2.9). The primers were tested in
six combinations (#206/#290, #206/#210, etc) by PCR with M, haemolytica isolate
PH2 to determine the optimum primer pair and annealing temperature. The primer
pair #207/#210 was used for PCR and for the first stage of scquencing of the gopd
gene in 10 representative isolates of M. haemolytica (Figure 2.14).  Attempts to
amplify gbpd in P, trehalosi and M. glucosida with the six primer combinations failed.
Therefore, additional forward (#3835 and #395) and reverse (#386 and #3906) primers
were designed, but no combination of any primer pair amplified the g6pd gene of M.
glucosida and P. trehalosi (Figure 2.14). The optimum annealing temperature for all
the PCRs was 54 °C. For the second stage of sequencing, primers specific to
individual isolates were designed as sequence data became available. The positions
of all primers on the nucleotide scquence of the gopd gene of M. haemolytica are

shown in Figure 2.15, and the details of all primers are listed in Table 2.9.

2.3.2.2.7 Malate dehydrogenase (mndh)

Since a GenBank sequence was not available and the genome sequence was not
published at the time for the M. haemolytica mdh gene, three forward (#186, #187,
and #191) and three reverse (#188, #189, and #190) primers were designed within the
conserved regions of the aligned mdh sequences from closcly related species of M.

haemolytica (see section 2.3.1.2) (Figures 2.16 and 2.17, and Table 2.10). ‘The
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#395 #385 »
#206 #207 #208 #258

o E
_‘LTG il mj_

30312bp Pl | -l  d <] 317990p
#259 #396  #210 #386 #209
= { Mh: PCR (207/210) } »>

Figure 2.14 Diagrammatic representation of the gépd gene of M. haemolytica
isolate PHL213 (contig 160 of the genome sequence as of 2/1/04) showing
locations of the PCR and sequencing primers. The locations of the primers used
for PCR and sequencing are indicated by bold arrows and the locations of the unused
primers are indicated by thin arrows. The numbers under the start and stop codons
indicate the positions of the first base of the start codon and third base of the stop
codon within the contig. The large arrow above g6pd indicates the direction of

transcription.

ATGAATGCTG AAAATAGCTG TATCGTCATT TTTGGTGCTT ; ] BCTC | TAACTTATAT AAGATTGGCA
£ R Sis

ﬂooococu ACCGWAC GCAAAGTAT GGCGAAAACC GTCCGGTACA ATGAAGAAGA AAGTGTAA
#210 #386 209

Figure 2.15 Nucleotide sequence of the g6pd gene of M. haemolytica isolate
PHL213 (contig 160 of the genome sequence as of 2/1/04) showing locations of the
PCR and sequencing primers. The primers used for PCR and sequencing are in
bold type and the unused primers are in thin type. The shaded area corresponds to the

region of sequence that was analysed.
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Table 2.9 Details of primers used for PCR amplification and sequencing of the

26pd gene of M. haemolytica, M. glucosida, and P. trehalosi

Primer®  Primer Primer’

Isolates® Sequence (5’ to 3¢ Position’
use No. name
#206 Gapd/E/1 TTTTYGGYGCVTCHBGGYG 29 -46
P S1 #207 G6pd/I/1 Mh CIIGGYGAYYTMACTYATCG 4} - 59
#208 Gopd/F/ TGRSTGARVAY 1Y TCCG 104 - 121
#385 Gopd/F/ L TTTTCGGYGCDTCHGGKGA 30 -47
#395 Gopd/F/1 TATCGTAATTTTCGGCGC 21-38
52 #2538 Gopd/F2 Mh GCAATGCGTGATATGTTC 700 - 717
#2008 G6pd/R/1L GCCACYACTTTRCGCCA 1478 - 1461
P, 81 #210 Gopd/R/1 Mh TTTBGCCGATBARTTTRTCRGC 1437 - 1417
#386 Gopd/R/1 TTWCGCCAYACTTTGCC 1467 - 1451
#396 Gopd/R/1 TAAVCGYTCATAAGCGG 1266 - 1250
S2 #259 GOpd/R/2 Mh TGCGACTTCATCACGCA 804 - 788

“P: PCR amplification, S1: I'irst stage of sequencing, S2:Second stage of sequencing

 Gapd/F/1: Gepd/Forward/1, Gépd/R/1: Gépd/Reverse/|

° Mh: M. haemolytica isolates PH2, PH66, PH196, P11202, P1i278, PH292, PH296, PH494, PH58R, PH706
4y C+T, Vi A+C+G, H: C+T+A, M: C+A, R: G+4, S: G+C, D: A+G+T, K: T+G, B: C+T, W: A+T

¢ Nucleotide position corresponding to the first 5’ bp of the primer within g6pd of contig 160 of the M.

haemolytica genome sequence as of 01/02/04 (see Fignre 2.15)
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(A) M. haemolytica P112

e
HE86HIBT#191 #244 245
— “mdh
ATG "i.‘AA|
28937byp <l ] cdd 2%030p

#246 #1892 #1388 #190

4 PH2: PCR (244/246) [~

(B) M. haemolytica PH2

b1y =
ATG

— mdh I
p= o TAA
#254 #252 #189
4——*—| PH2: PCRI (1B6/254)
PH2: PCR2 (253/189) |
{C) M. haemolyiica (Mh), M., glucosida (Mg), and P. trehalosi (Pr)
#186 #2651266
— mdh -
AIG A
32342684267 #190
4 Mh:PCR (265/267) | |
< [ Mg PCR (186268) | >
4———{ PuPCR(I86/190) | »

Figure 2.16 Diagrammatic represcntation of the mdh gene of M. haemolytica
isvlate PHL213 (contig 178 of the genome sequence as of 22/4/04) showing
locations of the PCR and sequencing primers. (A) PH2, first PCR, (B) PH2,
second PCRs, and (C) Mh, Mg and Pt. The locations of the primers used for PCR
and sequencing are indicated by bold arrows and the Jocations of the unused primers
are indicated by thin arrows.  The numbers under the start and stop codons indicate
the positions of the first base of the start codon and third base of the stop codon within

the contig. The large arrow above mdh indicates the direction of transcription.
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TCTACCTATC GGCAATCTCA GCGAATTTGA AAAAGATCAA

L A N . D4 #l
CTAGAGCAGT TAATTCCTGT Anagyémmmpm -rmnrm AATGCTTAA
188 #190

Figure 2.17 Nucleotide sequence of the mdh gene of M. haemolytica isolate
PHL213 (contig 178 of the genome sequence as of 22/4/04) showing locations of
the PCR and sequencing primers. The primers selected for final PCR and
sequencing are in bold type and the unused primers are in thin type. The shaded area

corresponds to the region of sequence that was analysed.
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Table 2.10 Details of primers used for PCR amplification and sequencing of the

mdh gene of M, haemolytica, M. glucosida, and P. trehalosi

Primer® Primer Primer®

Isolates ¢ Sequence (5’ to 377 Posilion °
use No. name
FAR #1846 Mdh/F/1 Mh (PR2), Mg, Pt AAGTTGCWGTWYTAGGTG 17-34
#187 Mdh/i¥1 CGCAGGYGGTATYGGTCA 36-53
#1901 Mdh/F/1 GCAGGTGGKATWGGWCA 37-53
BS #244 Mdh/F/ 1 Mt (PH2) TWTKCBGGTGAAGATCC 183 - 200
#245 Mdh/F/1 GCRCGTAAACCKGGTAT 250 - 266
B S #253 Mdu/1#/1 CTTGTACCRCCTACTGC 389 - 400
S #265 Mdh/F/1 Mh TGTWYTAGGTGCYGCAGG 24 -41
#2606 Mdh/F/1 GCAGGYCGWATYGGTCA 37-53
#1188 Mdh/R/1 CCTAATTCAATATCYGCACG 944 -925
P S #189 Mdh/R/1 GGTARRATTTCTTCHACRCC 866 - 847
IS #1906 MdI/R/1 Pt RCCYAATTCAATATCYGC 945 - 928
A #246 Mdh/R/1 M~ (PH2) ACTTCBGTVCCBGCATTT 662 - 645
PS #267 Mdh/R/} Mh TCCACRCCATTTKTACC 854 - 838
#252 Malv/R/1 CCGGCATTTTGGATACG 653 - 637
RS #254 Mdh/R/1 Mh (PH2) CCAATCACAGGCACTCTT
PS #268  Md/R/1 Mg KTACCTAARCGAAYCGG 842 - 826
S #323 Mdl/R/1 Pt TTACCTAAACGCACAGGC 842 - 825

¥ P; PCR amplification, S: Sequencing

* Mdh/FY1: Mdh/Forward/1, Mah/R/1: Mdh/Reverse/1

“Mh: M, haemolytica isolates PH2, PH66, PH196, PH202, PH278, PH292, PH296, PH494, PH588, PH706
Mg: M. glucosida isolate PI1344
Pt P trehalost isolate PI1246

9. A+T, Y: C+T, K: T+G, B: C+T, R: G4+-A, V: A+C+G

“Nucleotide position corresponding to the first 5 bp of the primer within mdh of contig 178 of the M.

haemolytica genome sequernce as of 01/02/04 (see Figure 2.17)
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primers were tested in nine combinations (#186/#188, #186/#189, efc) by PCR with M.
haemolytica isolate PH2 to determine the optimum primer pair and annealing
temperature. The primer pair #186/#189 produced a band of the expected size, but
also a strong non-specific band. Therefore, additional forward (#244 and #245) and
reverse (#246) primers were designed. The primer pair #244/#246 was amplified a
small segment of mdh for isolate PH2 (Figure 2.16A). The amplified product was
sequenced and one forward (#253) and two reverse (#2352 and #254) internal primers
were designed to amplify a larger segment of the mdh gene. Two overlapping
regions of mdh were amplified without non-specific bands and sequenced for isolate
PII2 with primer pairs #186/#254 and #253/#189 (Figurc 2.16B). Finally, two
forward #265 and #266 and two reverse #267 and #268 internal primers were
designed. The primer pair #265/#267 was used for PCR and sequencing of the mdh.
gene in 10 representative isolates of M. Aaemolytica, the primer pair #186/#268 was
used for PCR and sequencing of the mdh gene in one isolate of M. glucosida, and the
primer pair #186/4#190 was used far PCR and sequencing of the mdh gene in one
isolate of P. trehalosi (Figure 2.16C).  The internal primer #323 was designaied for
sequencing of the mdh gene in P. trehalosi because the sequence quality with the
reverse primer #190 was poor. The optimum annealing temperature of the PCRs was
55 °C for M. haemolytica and 50 °C for M. glucosida and P. trehalosi. The positions
of all primers on the nucleotide sequence of the mdh gene of M. haemolytica are

shown in Figure 2.17, and the details of all primers are listed in Table 2.10.
. 2.3.2.2.8 Mannitol-1-phosphate dehydrogenase (inflD)
Since a GenBank sequence was not available and the genome sequence was not

published at the time for the of M. haemolytica mdh gene, two forward (#362 and

#363) and two reverse (#364 and #365) primers were designed within the conserved
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regions of the aligned mzID sequences from closely reluted species of M. haemalyticu
(see section 2.3.1.2) (Figures 2.18 and 2.19, and Table 2.11). The primers were
tested in four combinations (#362/4#364, #362/#3635, etc) by PCR with M. haemolytica
isolate PH2 to determine the optimum primer pair and annealing temperature. The
prime; pair #363/4#364 was used for PCR and for the first stage of sequencing of m#D
in 17 isolates of M. haemolytica, six isolates of M. glucosida, and one isolate of P.
trehalost (Figure 2.18). The optimum annealing temperatare for the PCRs was 55 °C
{or M. haemolytica and P. trehalosi and 58 °C for P. trehalosi.  For the second stage
of sequencing, primers specific t