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SUMMARY

Comparative nucleotide sequence analysis of nineteen genes of different functional 

classes was carried out in representative isolates of Mannheimia haemolytica (10 to 

32 isolates), Mannheimia glucosida (1 to 6 isolates), and Pasteurella trehalosi (1 to 4 

isolates). The genes include one DNA repair and recombination gene (recA), nine 

metabolic enzyme genes (aroA, asd, galE, gap, gnd, g6pd, mdh, mi ID, and pmm), one 

secreted protein gene {gcp), four periplasm-associated lipoprotein genes {pipA, plpB, 

p ip e , andplpD), and four outer membrane protein genes {ompA, thpB, tbpA, 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 isolates from 

cattle to sheep, have played important roles in the evolution of the M. haemolytica 

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

Comparative nucleotide sequence analysis of the nineteen genes indicated that only 

single nucleotide substitutions had occurred in the recA, asd, gnd, g6pd, mtlD, and 

gcp genes of M haemolytica. A  phylogenetic tree based on their concatenated 

sequences supported the evolutionary relationships of isolates of M  haemolytica 

based on previous MLEE studies. In contrast, the aroA, gap, mdh, pmm, plpA, plpB, 

plpC, plpD, ompA, tbpB, tbpA, and wza genes showed evidence of vaiying degrees of 

mosaic structure which suggests that horizontal DNA transfer 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  haemolytica. Extensive recombinant exchanges 

have occurred in the outer membrane protein genes ompA, tbpB, tbpA, and wza. The 

different tree topologies and different patterns of nucleotide and amino acid diversity
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of these four genes indicate that they have different evolutionary 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 

cattle 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, 

glucosida, and P. trehalosi were also investigated in this study since phages are 

known to mediate horizontal DNA transfer. Induction of bacteriophages 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 P. trehalosi (one of four isolates). Genetic variation of the phages 

was assessed by restriction endonuclease analysis and host range was determined by 

plague assay. Phage DNA was successfully isolated from 15 M. haemolytica, one A4, 

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. Plaque assay revealed that 13 M. 

haemolytica, one M. glucosida, and one P. trehalosi lysates could produce lysis zones 

on one to six M. haemolytica, two M. glucosida, and one P. trehalosi indicator 

isolates, respectively.

Using restriction endonuclease analysis and genomic analysis of the M  haemolytica 

genome 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 sequence and compared with the genome of P2 phages.



CHAPTER 1: INTRODUCTION



CHAPTER 1: INTRODUCTION

1.1 The organisms

1.1.1 History and nomenclature ofM. haemolytica, M. glucosida, and P. trehalosi

Mannheimia haemolytica, Mannheimia glucosida, and Pasteiirella 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 serotyping, were 

adopted to distinguish isolates within the P. haemolytica 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 ability to fennent L-arabinose and trehalose, respectively (Smith, 1961).

Serotyping has recognized 17 serotypes of P. haemolytica based on indirect 

haemagglutination assay (IHA) that detects differences in capsular polysaccharide 

(see section 1.4.1.1 for further details) (Fodor et a l, 1988; Fraser el a l, 1982; Pegram 

et al., 1979; Younan & Fodai*, 1995). There is a consistent association between 

serotypes and biotypes (Table 1.1). Serotypes 1, 2, 5 to 9, 11 to 14, 16, and 17 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 P. haemolytica and reclassified 

as Pasteurella trehalosi in 1990 based on numerical taxonomic analysis and DNA- 

DNA hybridization (Sneath & Stevens, 1990). Subsequently, the A biotype of P. 

haemolytica was assigned to a new genus, Mannheimia, in 1999 based on ribotyping, 

16S rRNA sequencing, DNA-DNA hybridization, and phenotypic data
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Table 1.1 Reclassification of the F. haemolytica complex

New species name Previous biotypes and serotypes of P. haemolytica

M. haemolytica A l, A2, A5, A6, A7, A8, A9, A12, A13, A14, A16, A17

M  glucosida A 11

P. trehalosi T3, T4, T10, T15
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(Angen et al., 1999b). Serotype Al 1 isolates were reclassified as Mannheimia 

glucosida, and the remaining 12 serotypes were reclassified as Mannheimia 

haemolytica. The reclassification of the P. haemolytica complex is summarized in 

Tablet. 1.

The growing information on genetic relationships has led to the reclassification of 

other members of the family Pasteurellaceae, and the three genera Pasteurella, 

Actinobacillus, and Haemophilus that originally formed the family now include the 

new genera Mannheimia (Angen et al., 1999b), Phocoenobacter (Foster et al., 2000), 

Lonepinella (Osawa et ah, 1995), Histophilus (Angen et al., 2003), Gallibacterium 

(Cliristensen et al., 2003), and Volucribacter (Christensen et al., 2004a). Sequence 

analysis o f the 16S rRNA gene and several housekeeping genes within the 

Pasteurellaceae has provided additional evidence to support this new classification 

and also suggests that some species such as [P]. trehalosi, [Actinobacillus] capsulatus, 

[Plaemophilus] ducreyi, [Haemophilus] parainfluenzae, [Actinobacillu.s] 

actinomycetemcomitans, 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) (Christensen 

et al., 2004b; Dewhirst et al., 1992; Korczak et a l, 2004).

According to the topology based on 16S rRNA sequence data of members of the 

Pasteurellaceae (Figure 1.1), Mannheimia is more closely related to the genus 

Actinobacillus than to the genus Pasteurella (Angen et al., 1999b; Davies et al., 1996; 

Dewhirst et al., 1992).
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Figure 1.1 Neighbour-joining tree for the 16S rRNA gene of members of the 

Pasteurellaceae. The tree was constructed with Jukes-Cantor coiTection for 

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

sequences used are shown. Genera in square brackets need reclassification because 

they are on branches that are distant from the major branches.
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1.1,2 Morphological and biochemical characteristics of M. haemolytica, M. 

glucosida, and P. trehalosi

Cell morphology. M. haemolytica, M. glucosida, and P. trehalosi have a

morphology common with other members of the Pasteurellaceae (Angen et 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 AI 

isolates of M. haemolytica (Potter et 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. trehalosi are slightly different from 

those of M. haemolytica and M. glucosida (Smith, 1961). After 24 hours the 

colonies of F. trehalosi are yellowish in colour and measure up to 2 mm in diameter. 

When smears are made in distilled water, lace-like patterns appear. On the other 

hand, the colonies o fM  haemolytica and M  glucosida are smaller than those of P. 

trehalosi and show are lightish-grey in colour. Smears in distilled waters show even 

dispersal.

Biochemical characteristics. The biochemical properties of M  haemolytica, M. 

glucosida, and P. trehalosi that have been reported by previous investigators (Angen 

et al., 1999b; Mutters et al., 1989; Sneath & Stevens, 1985; Sneath & Stevens, 1990) 

are compared in Table 1.2. Three species contain common characteristics for 

haemolysis, D-sorbitol, maltose, dextrin, indole and D-melibiose. However, P. 

trehalosi can be distinguished from M  haemolytica and M  glucosida by fermenting 

trehalose and not fermenting D-xylose. M  haemolytica and M  glucosida can be 

differentiated by the NPG test. Although M  glucosida and M  haemolytica are 

referred to as the ‘A biotype’ (Smith, 1961), no isolate of these species ferments L-

y
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Table 1.2 Biochemical characteristics ofM. haemolytica, M. glucosida, and P. 

trehalosi

Property M. haemolytica " M. glucosida " P. trehalosi *

Haemolysis + + +

Ornithine decarboxylase - D -

Trehalose - - +

L-Arabinose - D -

D-Sorbitol + + +

D-Xylose + + ~

Maltose + + +

Dextrin + + +

Glucosides - D D

Gentiobiose - D NT

NPG (|3-glucosidase) - + D

Meso-Inositol D + D

ONPF (a-fucosidase) + D -

ONPX (p-xylosidase) D D -

ONPG (P-galactosidase) D + -

Indole - - -

D-Melibiose - - -

" See references (Angen et aL, 1999b; Mutters et aL, 1989)

* See references (Sneath & Stevens, 1985; Sneath & Stevens, 1990) 

Symbols: + = positive; - = negative; D = + or -; NT = not tested
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arabinose in recent experiments (Angen et ah, 1999b; Mutters et ai., 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 

immunodeficiency and stress (Biberstein, 1990). The three species have differences 

in virulence and host specificity (Frank, 1989; Gilmour & Gilmour, 1989). M  

haemolytica is recovered from various ruminants such as cattle, sheep, goats, and deer, 

whereas M. glucosida occurs mostly in sheep, and P. trehalosi occurs only in sheep 

(Biberstein & Thompson, 1966; Quirie et al., 1986). M. haemolytica is responsible 

for pneumonic pasteurellosis (Frank, 1989), while P. trehalosi is responsible for 

systemic pasteurellosis and M. glucosida is not normally associated with disease 

conditions (Gilmour & Gilmour, 1989)

1.2.1 Pneumonic pasteurellosis caused by M. haemolytica

M. haemolytica is the etiological agent of bovine and ovine pneumonic pasteurellosis 

that cause considerable economic losses to the beef and sheep industries worldwide 

(Frank, 1989; Gilmour & Gilmour, 1989; Martin, 1996). Bovine pneumonic 

pasteurellosis has various names such as bovine respirator}^ disease (BRD), shipping 

fever, transit fever, dust pneumonia, bronchial pneumonia, fibrinous pleuropneumonia, 

and bovine epizootic pneumonia. It is believed that losses due to pneumonic 

pasteurellosis are greater than the losses due to all other diseases of cattle in the 

United States (De Alwis, 1993).

Serotypes A 1, A2, and A6 of M. haemolytica are carried in the nasopharynges and
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tonsils of healthy and unstressed cattle, whereas all 12 serotypes of M  haemolyfica 

are associated with sheep. However, only small numbers occur because they are 

kept in check by host defence mechanisms (Frank, 1989; Gilmour & Gilmour, 1989). 

However, under stressful conditions such as physical and physiological stress or viral 

and bacterial infections, the compromised defence mechanisms allow rapid 

multiplication of specific serotypes of M. haemolytica in cattle and sheep (Biberstein 

& Thompson, 1966; Frank, 1989; Martin, 1996). The pathogenicity of different 

serotypes varies in cattle and sheep. For example, serotype A1 isolates are 

predominant in bovine pneumonic pasteurellosis (Frank, 1989; Gonzalez & 

Maheswaran, 1993), whereas serotype A2 isolates are the major course of ovine 

pneumonic pasteurellosis (Gilmour & Gilmoui', 1989; Odugbo et al., 2003). This 

increased proliferation has been shown to increase the number of aerosolised M. 

haemolytica (Jericho et al., 1986; Purdy el al., 1989), thus allowing bacteria to be 

aspirated deeper into the lung (DeRosa et a l, 2000). Once pulmonary alveolar 

colonization has begun, bacterial toxins together with the animal’s immunopathologic 

responses result in pulmonary damage (Ackermann & Brogden, 2000; McBride el al.,

1999). Death can occur within two or tliree days or the infection can proliferate and 

lead to chronic lung damage (Brogden et al., 1998). Thus, early recognition 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. trehalosi is an important disease in 

Britain, but it appears to be less common worldwide than pneumonic pasteurellosis 

(Biberstein & Thompson, 1966). Most outbreaks occur sporadically in weaned
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lambs from the period September to December. Stressful environmental conditions 

such as cold and wet weather and management factors such as marketing and 

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

Since lesions were consistently found in the tonsils 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 to 

the lung capillaiy bed forming the characteristic emboli (Gilmour & Gilmour, 1989). 

The bacteria also 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 (Confer et al., 1990; 

Highlander, 2001 ; Lo, 2001). The major vimlence factors of M. haemolytica include 

secreted proteins such as leukotoxin (LKT), glycoprotease (Gcp), and neuraminidase, 

and cell surface factors such as capsulai" polysaccharide (CPS), Upopolysaccharide 

(EPS), and outer membrane proteins (OMPs).

1.3.1 Secreted proteins

1.3.1.1 Leukotoxin (LKT)

M. haemolytica LKT is a pore-forming cytolysin that is a member of the RTX (repeats
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in toxin) family of Gram-negative bacterial cytotoxins (Strathdee & Lo, 1987). 

However, M. haemolytica LKT is distinguishable from other RTX toxins by its target 

specificity for ruminant leukocytes and platelet. Cytolysis requires higher LKT 

concentrations to form transmembrane pores, which results in osmotic lysis. On the 

other hand, at lower concentrations, M. haemolytica LKT modifies leukocytes and 

platelets to release toxic oxygen products and protease which cause tissue necrosis 

(Nyarko et al., 1998).

Nucleotide sequence analysis of the leukotoxin {IktA) gene of M  haemolytica has led 

to an understanding of its molecular evolution (Davies et a l, 2001). The mosaic 

structure of IktA and the presence of identical IktA gene sequences in isolates of 

different evolutionary lineages suggest that horizontal transfer and intragenic and 

assortative (entire gene) recombination have occuned. In addition, host switching of 

isolates between cattle and sheep has also been an important factor in the evolution of 

IktA since ovine alleles contain recombinant segments derived from bovine serotype 

A2 strains. Therefore, horizontal DNA transfer and recombination, together with 

host switching of isolates from cattle to sheep, have led to the rapid evolution of LktA 

and have possibly contributed to host adaptation (Davies et al., 2001)

1.3.1.2 Glycoprotease (Gcp)

The glycoprotease (Gcp) of M. haemolytica has been characterized and is a neutral 

protease which is not toxic or lytic to host cells. However, it has activity against O- 

linked sialoglycoproteins on the surface of host cells such as macrophages or on the 

mucosal epithelium of the host respiratory tract (Abdullah et a l, 1991 ; Abdullah et al.,

1992). M. haemolytica Gcp is also capable of inducing platelet activation, adhesion, 

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

10
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pasteurellosis (Nyarko et ah, 1998).

The glycoprotease of aM . haemolytica A l isolate has been sequenced (Abdullah et a l, 

1991), and the presence of the gcp gene and enzyme activity have been examined in 

isolates of the various serotypes (Lee et al., 1994; Watt et al., 1997). According to 

PCR, southern blot hybridization, and western blot analyses, all A4, haemolytica 

serotypes possess the gcp gene and have glycoprotease activity. However, M. 

glucosida contains the gcp gene, but exhibits no glycoprotease activity whereas P. 

trehalosi possesses neither the gene nor glycoprotease activity (Abdullah et al., 1990; 

Lee et al., 1994; Watt et al., 1997). Vaccination with recombinant glycoprotease of 

A4, haemolytica A \  was shown to protect cattle against experimental challenge with 

live A4, haemolytica A l (Shewen et al., 2003).

1.3.1.3 Neuraminidase

There is evidence that A4, haemolytica A \  isolates produce neuraminidase during a 

naturally acquired infection in cattle (Straus et ah, 1998) and neuraminidases 

produced by various serotypes of A4, haemolytica are quite similar (Straus et a i,

1993). However, the exact mechanism of neuraminidase in pathogenicity has not yet 

been elucidated. It has been suggested that neuraminidase may exert a pathogenic 

role by removing sialic acid from mucus or cell surface glycoproteins (Gottschalk, 

1960; Kelly & D., 1970). This can potentially cause a reduction of the protective 

capability of these proteins against potential pathogens and promote bacterial survival 

during an active infection.

11
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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). 

Capsulai’ 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 bacterial capsules of a number of Gram-negative 

pathogens in avoiding host defensive systems and in adherence to mucus or epithelial 

cells have been reported (Boyce & Adler, 2000; Unkmeir et al., 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 et al., 1989), resistance to 

serum bacteriolysis (Chae et al., 1990; McKerral & Lo, 2002), as well as inhibition of 

the phagocytic and bactericidal activities of neutrophils (Czuprynski et al., 1989).

The capsule gene cluster of M. haemolytica serotype Al has been characterized (Lo et 

al., 2001) and has a structure typical of group II capsules of Gram-negative bacteria 

(Roberts, 1996). It consists of tliree regions which are involved in capsule transport 

(region 1), capsule biosynthesis (region 2), and phospholipid substitution (region 3) 

(Figure 1.2). The nucleotide and inferred amino acid sequences of regions 1 and 3 

are homologous to those of a number of bacteria (Table 1.3) that produce group II 

capsules (Chung et al., 1998; Frosch et al., 1992; Kroll & Booy, 1996; Ward & Inzana, 

1997). In contrast, the sequences of four uncharacterised

12
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Capsule transport region 

_A.

Capsule biosynthesis region Phospholipid substitution region
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Figure 1.2 Genetic organization of theM. haemolytica serotype A l capsule gene 

cluster. Green, red, and yellow arrows indicate the capsule 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. HaemolyticaH. influenzae N. meningitidis A. pleuropneumoniaeP. multocida function

wzt bexA ctrD cpxA hexA ATPase

wzm bexB ctrC cpxB hexB Inner membrane 

protein

wzf bexC ctrB cpxC hexC Periplasm-spanning

protein

wza bexD ctiA cpxD hexD Outer membrane 

protein

nmaB - - - -

nmaA - - - -

wbrA - lipA phyA Phospholipid

substitution

wbrB lipB phyB Phospholipid

substitution

13
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ORFs ill region 2 are unique and ai'e 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 in 

many bacterial species (Frosch et 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 & Whitfield,

2000). Comparative sequence analysis of this protein indicates that it is highly 

conserved among different Gram-negative bacteria (Paulsen et al., 1997; Ralm et al., 

1999; Whitfeld & Roberts, 1999). Wza homologs have been predicted to have a 

secondary P-barrel structure, (Frosch et al., 1992; Paulsen et al., 1997; Whitfeld & 

Roberts, 1999) and electron microscopy of E. coli Wza reveals that the protein 

consists of ringlike multimers in the outer membrane (Drummelsmith & Whitfield, 

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 are involved in the 

transport of phage particles, DNA, and type II and III proteins across bacterial 

membranes. The 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 et ah, 1999).

1.3.2.2 Lipopolysaccharide

The lipopolysaccharide (LPS) is the major glycolipid molecule present in the cell wall 

of Gram-negative bacteria and generally consists of tliree distinct regions (Preston et 

al., 1996). The lipid A region is composed of sugars and fatty acids and anchors the

14
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LPS in the outer membrane. The core oligosaccharide region consists of 

approximately 10 monosaccharides and comiects the lipid A and 0-antigen regions. 

The O-antigen consists of repeating units of from one to seven monosaccharides 

(Hitchcock et al., 1986). However, a large number of Gram-negative bacteria 

contain LPS that lacks O-antigen. These two different LPS types, with and without 

0-antigens, have been termed smooth and rough-type LPS, respectively (Plitchcock et 

ah, 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 et al., 1996).

All tluee 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 (Klian et al., 1998; Luderitz et al., 1973). The core 

oligosaccharide and O-antigen regions provide resistance to complement-mediated 

serum killing and phagocytic engulfment by blocking the access of complement to the 

outer membrane (Allen et ah, 1998; Pluschke et ah, 1983). The O-antigen also has a 

role in adherence (Bilge et ah, 1996; Jacques & Paradis, 1998).

M. haemolytica LPS is unusual in that rough and smooth forms occur independently 

in different isolates (Ali et ah, 1992; Davies & Donachie, 1996; Lacroix ei ah, 1993). 

However, the presence of only a single O-antigen type, in isolates of relatively 

different diverged core-oligosaccharide regions, suggests that the O-antigen genes 

may have been obtained recently by horizontal DNA transfer (Davies & Donachie,

1996). Eight different LPS types have been identified in M. haemolytica (see 

section 1.4.1.2) and there is evidence that the LPS of serotype A l isolates of M. 

haemolytica is also involved in endotoxic activities, adherence, and host 

immunopathologic responses (Adlam, 1989; Breider et ah, 1990).

15
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1.3.2.3 Periplasm-associated proteins

1.3.2.3.1 Lipoproteins (PipA, PlpB, and PlpC)

Three tandemly arranged lipoprotein genes encoding three 28-30 kDa lipoproteins, 

have been described separately in M. haemolytica by two different groups (Cooney & 

Lo, 1993; Murphy & Whitworth, 1993). Consequently, two different names, 

plpB, and plpC  (Cooney & Lo, 1993; Murphy & Whitworth, 1993), and Ippl, lpp2, 

and lpp3 (Cooney & Lo, 1993; Murphy & Whitworth, 1993) have been assigned to 

these genes. The genes appear to be transcribed from a single promoter located in 

upstream ofplpA (or Ippl). They encode similar lipoproteins, which are 

homologous to the 28 kDa lipoprotein genes ofE.  coli (Yu et ah, 1986) and li. 

influenzae (Chanyangam et al., 1991). These three lipoproteins are highly 

immunogenic (Dabo et a l,  1994), but examination of the predicted amino acid 

sequences ofplpA,plpB  andplpC  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. haemolytica and M. glucosida isolates contain the plpA, 

plpB, and plpC  genes whereas P. trehalosi isolates do not appear to contain these 

genes (Cooney & Lo, 1993).

Although the exact role of the M. haemolytica PlpA, PlpB, and PlpC (or Lppl, Lpp2, 

and Lpp3) proteins has not been demonstrated, a mutant isolate lacking these three 

lipoproteins resulted in enhanced susceptibility to bovine complement-mediated 

killing and reduced capacity for survival in vivo (Dabo et ah, 1994).

16
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1.3.23.2 Lipoprotein (PlpD)

The plpD  gene encodes lipoprotein PlpD, but it is located in a different part of the 

chromosome fromplpA,plpB, and plpC  (Nardini et al., 1998). Sequence analysis 

indicates 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 et al., 1998). Therefore, Nardini et al. (1998) suggested that 

PlpD may be an outer membrane protein. However, PlpD may be a periplasmic- 

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 ar e anchored to the membrane (Koebnik et 

al., 2000). Outer membrane proteins (OMPs) are essential not only because they 

maintain the integrity (Sonntag et al., 1978) and selective permeability 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 et al., 1999).

1.3.2.4.1 Heat modifiable outer membrane protein (OmpA)

The heat-modifiable outer membrane protein (OmpA) is highly conserved in Gram- 

negative bacteria (Beher et al., 1980). The OmpA protein of M  haemolytica shows 

homology to that of E. coli and other Gram-negative bacteria (Mahasreshti et a i,

1997). Studies have suggested the heat-modifiable outer membrane protein (OmpA)
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play roles in serum resistance (Weiser & C., 1991) in adherence (Dabo el a.L, 2003; 

Reddy et al., 1996; Torres & Kaper, 2003), in conjugation (Schweizer & Henning, 

1977), and as a bacteriophage receptor (Morona et al., 1984; Morona et al., 1985) in 

many Gram-negative bacteria. 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 p-strands and four 

relatively long, mobile, hydrophilic surface-exposed loops (Arora et al., 2001;

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

The OmpA proteins of bovine and ovine M. haemolytica isolates have been shown to 

exhibit interisolate molecular mass heterogeneity that con’elates with the host of 

origin (Davies & Donachie, 1996). The ompA gene of a bovine serotype Al M. 

haemolytica isolate has been cloned and sequenced (Zeng et al., 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 et al., 1997; Zeng et al., 1999) suggests that it may have similai’ 

functions. A strong IgG response in cattle to the surface-exposed domains of the M. 

haemolytica OmpA protein demonstrates that the protein has vaccine potential (Zeng 

et al., 1999).

1.3.2.4.2 Transferrin-binding proteins (TbpA 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 & Sclnyvers, 1996). For M. 

haemolytica, whieh does not produce siderophores, the transferrin binding proteins 

TbpB and TbpA are thought to be key in acquiring iron from the host (Ogunnariwo & 

Schryvers, 1996).

The transferrin binding protein genes of M. haemolytica have been cloned and 

sequenced (Ogumiariwo et a l, 1997). The tbpB and tbpA genes are in an operonic 

arTangement, with tbpB preceding tbpA and putative regulatory and promoter 

sequences upstream of the tbpB gene. The transferrin binding proteins (TbpA and 

TbpB) have molecular weights of 100 000 and 71 000, respectively (Deneer & Potter, 

1989) and together form a receptor which is specific for ruminant transferrin 

(Oguimariwo & Schryvers, 1990; Schryvers & Gonzalez, 1990; Yu et al., 1992).

The tbpB and tbpA genes from isolates o f A. pleuropneumoniae (Gerlach et al., 1992),

H. influenzae (Gray-Owen et al., 1995; Loosmore et al., 1996), and 77. meningitidis 

(Anderson et al., 1994; Legrain et al., 1993) have been cloned and sequenced. The 

TbpA proteins are generally highly conserved within a species, while the TbpB 

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

The structure and function of the transferrin binding proteins are similar to the 

lactoferi'in binding proteins, suggesting that these iron-uptake mechanisms have arisen 

from a common evolutionary precursor (Gray-Owen & Sclnyvers, 1996; Pettersson et 

al., 1994). The amino acid sequences of TbpA are similar to the membrane- 

spanning siderophore receptor FbpA (Buchanan et al., 1999) and other members of 

the TonB-dependent family of receptor proteins (Comelissen & Sparling, 1994). In 

contrast, the amino acid sequences of TbpB lack any obvious membrane spanning 

stretches (Gerlach et al., 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 amplify segments of 

transferrin binding protein (or lactoferrin binding protein) genes from divergent 

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

Although antigenic heterogeneity of transferrin binding proteins, particularly TbpB, 

limits its utility in some bacterial species (Linz et a l,  2000; Loosmore et aL, 1996; 

Myers et al., 1998), common antigenic domains of TbpB and TbpA have been 

identified in several species (Holland et al., 1996; Stevenson et al., 1992), and their 

efficiency to produce protective antigens in various animal challenge models 

(Loosmore et al., 1996; Rossi-Campos et al., 1992) suggest that they are potential 

vaccine candidates . In M, haemolytica, protective antibodies were produced against 

TbpB and the antibodies appear to cross-react with TbpB from several different 

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

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

1.4.1 Classification based on phenotypic relationships

1.4.1.1 Serotyping

Serotyping is used in many countries for differentiating isolates of A4, haemolytica, A4, 

glucosida, and P. trehalosi and is based on the capsular polysaccharide (Biberstein & 

Thompson, 1966; Frank, 1989; Fraser e/n/., 1983; Gilmour & Gilmour, 1989;

Odugbo et al., 2003; Sisay & Zerihun, 2003). Serotyping is performed by the
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indirect haemagglutination assay (IHA) using antisera raised against the reference 

capsular polysaccharide types (Fraser et a!., 1983). To date, twelve capsular 

serotypes have been recognized in M. haemolytica, one in M. glucosida, and four in P. 

trehalosi (Table 1.1). However, untypeable isolates of M. haemolytica and M. 

glucosida isolates are also frequently isolated (Donachie et al., 1984; Gilmour & 

Gilmour, 1989; Odugbo et al., 2003). The untypeable isolates have been described 

as mutants which have lost their ability to produce capsular polysaccharide (Gentry et 

al., 1988). In addition, capsular polysaccharides of types 6 , 9, and 16 occur among 

other Mannheimia species (Angen et 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 A 1 (Adlam 

et al., 1984), A2 (Adlam et al., 1987), and A l,  (Adlam et a l, 1986) and P. trehalosi 

serotypes T4 (Adlam et al., 1985b) (Adlam et al., 1985a) and T15 (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. haemolytica 

serotype A 1 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 Escherichia coli K1. The serotype A4, 

haemolytica A l  capsule has a similar structure to the N. meningitidis serogroup L and 

Haemophilus influenzae type f  capsules. The teichoic acid like capsular antigen of P. 

trehalosi serotype T15 also occurs in the capsule of E. coli K2 and K62, N. 

meningitidis serogroup H, and Actinobacillus pleuropeumoniae serotype 9 (Beynon et 

al., 1992). The P. trehalosi serotype T4 polymer is also similar to 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-reacting in immunological tests with antisera
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Table 1.4 The capsule composition of serotypes A l, A2, and A7 of M. haemolytica 

and serotypes T4 and T15 o f f .  trehalosL

Serotype Capsule Composition
Similar capsule types 
in other pathogens

Al “ >3)-D-(2-acetam ido-2-deoxy-4"D- 

acetyl-/?-D-m annopyranosyluronic 

acid)-( 1 ->4)-D "(2“acetam ido-2- 

deoxy-y^- D -m annopyranose)-(l

Enterobacterial com m on antigen

A2 ->2)-a-D-77-acetylneuram inic acid- 

(8~->(and a dextran polym er)

Neisseria meningitidis se ro g ro u p  B 

Escherichia coli K 1

A 7 ->3 )-y^-2-acetam ido-2- 

deoxygalactopyranose-( 1 “ >3)-a-2- 

acetam ido-2-deoxy-6-0-acetly" 

glucopyranose-( 1 -phosphate-^

Neisseria meningitidis serogroup  L 

Haemophilus influenzae type f

T4 -^(2 -g lycero I-1 )-> (phosphate)—>- 

(6-a-D -galactopyranose-1 )->  

(partially <9-acetylated on 0 2  and C3 

o f  galactopyranose)

T15 -> (2-g lycero l-1 )-> (phosphate)->

(4 -a-D -galactopyranose-1 )~> 

(partially  D -acetylated on C2 and C3 

o f  galactopyranose)

Escherichia coli K 2 and K62 

Neisseria meningitidis serogroup H 

Actinobacillus pleuropneumoniae 
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 of 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 et al., 1992; Davies & Donachie, 1996; Davies & Quirie, 1996; 

Lacroix et al., 1993). Eight LPS types were identified in M. haemolytica, one in M. 

glucosida, and six in P. trehalosi (Davies & Donachie, 1996; Davies & Quirie, 1996; 

Davies et al., 1996). The variations of M. haemolytica LPS profiles were mainly due 

to four different types of low molecular mass bands representing core-oligosaccharide 

(1 to 4) and the presence or absence (A or B) of high molecular mass bands 

representing a single O-antigen type (Davies & Donachie, 1996). There was a 

strong correlation between LPS profiles and capsular serotype (Table 2.1). For 

example, serotypes A l, A5, A6 , A9, and A12 were associated with LPS type 1 A, 

serotypes A2, A8 , A 14, and A16 with LPS types IB and 3B, and serotypes A l  and 

A l 3 with LPS type 4A. The LPS profiles of M. glucosida were represented by a 

single LPS type, 4C, which had a similar core-oligosacchaiide to the type 4 LPS of AT 

haemolytica but had a distinctive O-antigen type, C (Davies & Donachie, 1996).

The LPS profiles of P. trehalosi represented by six different LPS types, 1 to 6 , were 

veiy different to those of both M. haemolytica and M. glucosida in their core- 

oligosaccharide and O-antigen regions (Davies & Quirie, 1996),
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1.4.1.3 OMP profiles

The OMP profiles of M. haemolytica, M. glucosida, and P. trehalosi were analysed by 

SDS-PAGE (Davies & Donachie, 1996; Davies & 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, haemolytica were 

strongly correlated with capsular serotypes (Table 2.1 ). For example, serotypes A 1, 

A5, A6 , A8 , A9, and A12 were associated with OMP type 1, serotypes A2, A14 and 

A16 were associated with OMP type 2, and serotypes A7 and A13 were associated 

with OMP type 3. The OMP profiles of M  glucosida showed similarity to those of 

serotype A7 and A13 isolates of M. haemolytica but the OMP profiles of P. trehalosi 

were very different to those of M. haemolytica and M  glucosida. In addition, OMP 

analysis demonstrated an association between specific OMP profiles and host 

specificity (i.e. cattle or sheep). For example, bovine isolates of serotype Al and A6 

were associated with OMP type 1.1, whereas ovine isolates of serotypes A 1 and A6 

were associated with OMP type 1.2. Similarly, bovine isolates serotype A2 were 

associated with OMP type 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 evolutionaiy 

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

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

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

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

haemolytica, M. glucosida, and P. trehalosi are distantly related (Angen et al., 1999b; 

Davies et al., 1996). However, sequence analysis of the 16S 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 

16S rRNA gene (Angen et al., 1999b; Davies et a l, 1996). Serotype A l, A5 to A9, 

A12 to A14, and A16 isolates have 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 indicated that all isolates were clearly 

differentiated as distinct species (Angen et al., 1999b; Davies et al., 1996).

1.4.2.2 Multilocus enzyme electrophoresis (MLEE)

Multilocus enzyme electrophoresis (MLEE), 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 eucaryotic 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 because 

housekeeping proteins are selectively neutral and provides a reliable phylogeny in the 

absence of significant recombination (Musser, 1996; Selander & Smith, 1990;

Selander et al., 1986)
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MLEE has been successfully used for analyzing the genetic diversity and population 

structure of M. haemolytica and provides an evolutionaiy framework for the variation 

of other molecules in M. haemolytica (Davies et a l, 1997a). In comparison with 

MLEE data, serotyping is of limited value in defining genetic relationships (Davies et 

ah, 1997a). MLEE showed that a small number of clones are associated with a large 

proportion of disease cases. For example, serotype Al and A6  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 ETs 12 to 14 were responsible for the majority of ovine 

disease (Davies et ah, 1997a). This suggests that different evolutionaiy lineages 

have become adapted to cattle and sheep (Davies et ah, 1997a).

MLEE studies have also been carried out for M. glucosida (Davies et ah, 1997a) and 

P. trehalosi (Davies et ah, 1997b). The mean genetic diversity per locus {PI) 

indicates that M. glucosida is a relatively divergent species (77 = 0. 485) whereas M. 

haemolytica (77= 0. 297) and P. trehalosi (77 = 0. 289) are less divergent species 

(Davies et ah, 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 different strategies are involved in the generation of genetic 

variation: local sequence changes, genetic reanangements, and horizontal DNA 

transfer.
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Local sequence changes. The strategy of local sequence changes includes point 

mutations (Musser, 1995) and small deletions/insertions (Zinser et al., 2003), which 

are generated by mutagens or replication eiTors. The variation occurs spontaneously, 

and affects one specific trait that may confer an advantage in a changing environment. 

Since the mutations occur randomly throughout entire genes, the local sequence 

changes in essential genes such as ribosomal RNA genes or housekeeping genes are 

used to estimate evolutionaiy distances (Chiistensen et al., 2004b; Korczak et al., 

2004).

Genetic rearrangements. Insertion sequences (IS) which encode only features 

necessary for their own mobilization fonn a part of bacterial genomes as repetitive 

DNA sequences and participate in bacterial DNA rearrangements in bacterial genomes 

(Mahillon & Chandler, 1998). Their DNA rearrangement activities result in gene 

conversion, inactivation, deletion, inversion, and duplication (Arber, 2003). Gene 

duplication provides 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, IS 

also occur on plasmids, phages and in composite transposons where the IS often 

forms the ends of the elements and are involved in new antigenic variants (Ziebuhr et 

a l, 1999).

Horizontal DNA transfer. Bacteria can change rapidly by acquisition of foreign 

genes from other organisms through tliree mechanisms (Morsclihauser, 2000;

Saunders et al., 1999; Spratt & Maiden, 1999). Transformation involves the uptake 

of free DNA from the environment; conjugation is a cell contact-dependent process 

that involves DNA transfer via plasmids or transposons; transduction is a phage 

mediated DNA transfer process. The acquisition of foreign genes allows die rapid
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generation of new variants, unlike the first and second mechanisms which result in 

more slowly evolving genes (Lawrence, 1999; Ocliman et a l, 2000; Saunders et a l,

1999). Therefore, the generation of new isolates and species by the first and second 

strategies is limited and is a veiy slow process, but horizontal gene transfer plays a 

major role in bacterial evolution (Garcia-Vallve et aL, 2000; Lan & Reeves, 1996),

In particular, the importance of horizontal gene transfer has been highlighted since its 

role in the emergence of epidemic pathogens has been reported (Mooi & Bik, 1997; 

Reid et aL, 2000; Whittam et a i, 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 levels (Begley et 

al., 1999). This is brought about by DNA repair systems that fix most variation to 

ensure a certain degree of genetic stability (Arber, 2000). Similarly, restriction 

modification systems reduce foreign DNA acquisition to low levels by cutting the 

foreign DNA. However, these small DNA fragments are also recombinogenic.

This suggests that the restriction modification systems also stimulate DNA variation 

in small steps (Arber, 2000; Edwards et a l,  1999; Milkman et a l, 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 escapes the repair processes or gene loss is now subject 

to natural selection and this comprises purifying (negative) and diversifying (positive) 

selection. Purifying selection 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 species to improve their fitness in the encountered environment. The 

level of purifying and diversifying selection can be accessed by comparing the rates 

of synonymous and nonsynonymous nucleotide substitutions (Fay & Wu, 2001; 

Kimura, 1977; Nei & Kumar, 2000b). These are defined as the number of 

synonymous substitutions per synonymous site (ds) and nonsynonymous substitutions 

per nonsynonymous sites (<7̂ ), 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 the dp value varies 

extensively from gene to gene, and at different sites within a gene, depending on the 

protein or domain function. Housekeeping genes are under severe functional 

constraints are subject to high levels of purifying selection and have low d p /d s  (or 

high dsldp) 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 d p /d s  (or low ds/dp )  values (Jordan et a i, 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" or "panniictic", where alleles are at 

linkage equilibrium and recombinational exchanges are sufficiently frequent to 

obscure the evolutionary relationships (Feil & Spratt, 2001; Smith et aL, 1993; Spratt 

& Maiden, 1999). For example, N. meningitidis is a naturally transformable 

bacterial species (Kioll et al., 1998; Morsclihauser, 2000; Saunders et al., 1999) and
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has a non-clonal population structure, whereas E. coli and Salmonella enterica are not 

naturally transformable and have clonal structures (Pupo et al., 1997; Selander & 

Smith, 1990). Therefore, the rate of horizontal DNA transfer in a non-clonal 

bacterial population is much higher than in a clonal bacterial population (Smith et al., 

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 important factor 

governing the rate of evolution for protein-coding genes (Jordan ei 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 et al., 2000; Gogarten & 

Olendzenski, 1999; Jain et al., 1999; Nelson & Selander, 1992; Radman et a l, 2000; 

Rivera et al., 1998). Comparative sequence analysis (Figure 1.3) of different 

functional classes of genes among closely related genomes shows that different 

functional classes of genes evolve at significantly different rates (Jordan et al., 2002). 

Among the 18 specific functional categories of genes 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 involved in DNA replication, recombination and repair 

are divergent. In addition, different functional groups show different levels ofVv 

value suggesting that synonymous substitutions are also subject to purifying selection 

based on functional constraint, although some effect of mutational bias cannot be
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Average rank R = 0.92 P < 0.001

d̂  ̂- rank

Figure 1.3 Rank correlation of average and djd^ for orthologs from different 

COG functional categories (Jordan et al.y 2002). Metabolism: C~ energy 

production and conversion, G - carbohydrate transport and metabolism, E - amino 

acid transport and metabolism, F - nucleotide transport and metabolism, H - 

coenzyme metabolism, I - lipid metabolism. Information storage 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, 

chaperones, M - cell envelope biogenesis, outer membrane, N - cell motility and 

secretion, P - inorganic ion transport and metabolism, T - signal transduction 

mechanisms. Poorly characterized: R - general function prediction only, S - 

function unknown.
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ruled out (Jordan et 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 (Feil & Spratt, 2001; Musser, 1996).

Variation in these genes is generated mostly by local sequence changes and very low 

rates of horizontal DNA transfer and recombination occur. Thus, these genes have 

been used for elucidating the genetic structure of bacterial populations (Boyd et a t, 

1994; Christensen et at., 2004b; Stine et al., 2000). In contrast, genes that encode 

virulence factors are under strong selective pressure from, for example, the host 

immune system, pH, temperatur e, and osmolarity and have been subject to frequent 

horizontal gene transfer events that obscure the clonal population structure (Guiney, 

1997; Gupta & Maiden, 2001; Robertson & Meyer, 1992). These genes include 

those encoding outer membrane proteins (Hobbs et a i, 1994), capsular 

polysaccharides (Mooi & Bik, 1997), penicillin binding proteins (Spratt et al., 1992), 

and exotoxins (Davies et a l,  2001).

1.5.7 Emergence of new pathogens by horizontal gene transfer

In the last two decades there have been large improvements in bacterial disease 

prevention and treatment due to advances in immunization and antibiotics. However, 

at the same time, not only have a series of newly recognized bacterial diseases 

emerged, but a number of diseases have re-emerged in drug resistant forms (Feil & 

Spratt, 2001). Most of these diseases are associated with new variants that have 

acquired virulence or drug resistant genes by horizontal gene transfer. The 

emergence of E. coli 0157: H7 and V. cholerae 0139 are well known examples of
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these events.

1.5,71 Emergence of E. coli 0157: H7

Enterohaemon'hagic E. coli (EHEC) 0157: H7 is an important epidemic pathogen, 

which probably evolved from an enterophathogenic E. coli (EPEC) (Riley et a l,

1983). EHEC 0157:H7 is distinguished from other E. coli by unique chai'acteristics. 

For example, EHEC 0157:H7 does not possess the classical toxins of enterotoxigenic 

E. coli (ETEC), lacks the invasive abilities of enteroinvasive E. coli (EIEC), and is 

serotypically distinct from EPEC, an important cause of infantile diarrhoea in the 

developing world (Riley et a l,  1983). However, EHEC 0157: H7 isolates have 

EHEC-specific Shiga toxin genes encoded by prophages, cany EHEC-specific 

plasmids that encode adhesins, and have a EPEC-specific chi’omosomal eae gene that 

medicates attachment to epithelial cells (Donnenberg & Whittam, 2001).

Phylogenetic analysis of E. coli isolates has shown that EHEC 0157:H7 isolates are 

more closely related to EPEC 0 5 5 :H7 isolates than to other EHEC isolates (Whittam 

et a l,  1993) (Reid et a l, 2000). Therefore, Reid (2000) and Donnenberg (2001) 

suggested that EHEC 0157:H7 isolates evolved from an EPEC 055:H7-like ancestral 

clone by the addition of the EHEC specific Shiga-like toxins and plasmids.

1.5.7.2 Emergence of Vibrio cholerae 0139

Among various serotypes of Vibrio cholerae, only V. cholet^ae serotype 01 has been 

responsible for epidemic cholera until serotype 0139 was recovered in the cholera 

epidemic in India in 1992 (Albert et a l, 1993; Ramamurthy et a l, 1993). V. 

cholerae 0139 produces EPS that has a distinct 0-antigen with a shorter side-chain 

and a different sugar composition compared to that of V. cholerae serotype 01
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(Comstock et ah, 1995; Johnson et a i, 1994), However, MLEE of V. cholerae 

(Jolinson et al., 1994) and recA sequence analysis (Stine et al., 2000) have shown that 

V. cholerae 0139 isolates are closely related to V. cholerae 01 strains. This 

suggests that V, cholerae 0139 evolved from V. cholerae 01 after acquisition of the 

0139 type 0-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 Recombinase A (recA)

The recA gene encodes RecA which is involved in nearly every type of homologous 

recombination event (Kowalczykowski et al., 1994; Radman et al., 2000).

Mutations in recA affect not only recombination but also DNA repair, 80S  

mutagenesis, cell division, and chromosomal segregation. RecA is highly conserved 

among Gram-negative bacteria (Karlin & Brocchieri, 1996) and has been used to 

study the phylogénie relationships of V. cholerae (Byun et al., 1999; Feil et a l, 1996; 

Stine et al., 2000; Zhou & Spratt, 1992) and Neisseria species (Byun et al., 1999; Feil 

et al., 1996; Stine et al., 2000; Zhou & Spratt, 1992).

1.6.2 Genes encoding metabolic enzymes

1.6.2.1 5-enoIpyruvylshikimate-3-phosphate synthase {aroA)

The aroA gene encodes the enzyme 5-enolpyruvylshikimate-3 -phosphate synthase 

(AroA) which catalyzes the condensation of shikimate 3-phosphate (S3P) and
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phosphoenolpymvate (PEP) to form EPSP, a precursor for the aromatic amino acids, 

p-amiiiobenzoic acids, and dihydrobenzoate. AroA is an important enzyme for 

bacterial growth. Disruption of the aroA gene leads to auxotrophy of the bacteria 

and aroA mutants have been studied as vaccine candidates in several bacteria 

(Hernanz Moral et a i,  1998; Tabatabaei et al., 2002; Tatum et al., 1994).

1.6.2.2 Aspartate-semialdehyde dehydrogenase {asd)

The asd gene encodes the enzyme aspartate semialdehyde dehydrogenase (Asd) 

which catalyses the conversion of aspartyl phosphate to aspartate semialdehyde and is 

required for the biosynthesis of diaminopimelic acid (DAP), lysine, methionine, 

threonine and isoleucine (Harb & Abu Kwaik, 1998; Hatten et al., 1993; Hoang et 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 o f host cells (Harb & Abu Kwaik, 1998).

Sequence comparison o f asd in Psudomonas aeruginosa, E. coli, and H. influenzae 

has revealed greater than 63% identity among these bacteria (Hoang et al., 1997), 

demonstrating the conserved nature of this gene in Gram-negative bacteria.

However, comparative sequence analysis of the asd gene from pathogenic clones of V. 

cholerae demonstrated a high rate of intragenic recombination without a suitable 

explanation (Byun et al., 1999).

1.6.2.3 UDP"gaIactose 4-epimerase igalE)

The galE gene encodes the enzyme UDP-galactose 4-epimerase (GalE) which

35



CHAPTER 1: INTRODUCTION

catalyzes the interconversion of UDP galactose and UDP glucose in the Leloir 

pathway of galactose metabolism (Potter & Lo, 1996). However, it is also important 

in EPS biosynthesis because galactose is a constituent of the O-antigen and core 

oligosaccharide regions of EPS. 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 et al., 1992). The inferred amino acid sequence of the M  

haemolytica A1 GalE shows a high level of homology, 81.6%, with that of the H. 

influenzae type b GalE (Potter & Eo, 1996)

1.6.2.4 GIyceraIdehyde-3-phosphate dehydrogenase {gap)

The gap gene encodes the enzyme glyceraldehyde-3-phosphate dehydrogenase (Gap) 

which catalyzes the reversible interconversion of glyceraldehyde-3-phosphate and 

1,3-bisphosphoglycerate 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 to those 

based on MLEE suggesting that allelic variation has been generated largely by point 

mutations rather than intragenic recombination (Nelson et al., 1991).

1.6.2.5 6-phosphogluconate dehydrogenase {gnd)

The gnd  gene encodes the enzyme 6 -phosphogluconate dehydrogenase (Gnd) which 

catalyzes the conversion of 6 -phosphogluconate to ribulose-5-phopate in the pentose 

phosphate pathway (Sprenger, 1995). Ribulose-5-phosphate is the final product of 

the pentose phosphate pathway and is involved in the biosynthesis of RNA, DNA, 

nucleotide coenzymes, and cell wall constituents. The gnd gene of E. coli and S. 

enteria, in spite of its housekeeping nature, showed high levels of variation due to
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intragenic recombination (Bisercic et al., 1991). It was suggested that this was due 

to its location next to the highly polymorphic rfb genes, which encode O-antigen 

structures (Bisercic et al., 1991; Nelson & Selander, 1994; Thampapillai el al., 1994). 

However, the gnd  gene is not located in the rfb operon o f Actinobacillus 

actinomycetemcomitans (Bisercic et al., 1991) and in the MLEE study of M. 

haemolytica Gnd showed no amino acid polymoiphism (Davies et al., 1997a).

1.6.2.6 Glucose-6-phosphate-l-dehydrogenase (g6pd)

The g6pd gene encodes the enzyme glucose-6 -phosphate I -dehydrogenase (G6 pd) 

which catalyzes the conversion of glucose 6  phosphate to 6 -phosphoglucono-ô- 

lactone in the first step of the pentose phosphate pathway (Sprenger, 1995). There is 

less information about sequence analyses of this gene, significant variation of G6 PD 

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

1.6.2.7 Malate dehydrogenase {mdh)

The mdh gene encodes tlie enzyme 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 et al., 1994), and the mdh gene has been used 

to determine the genetic relationships of E. coli (Pupo et al., 1997). Significant 

variation o f Mdh was demonstrated in the MLEE study of M. haemolytica (Davies et 

a l,  1997a).
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1.6.2.8 Mannitoï-1-phosphate dehydrogenase {mtlD)

The mtlD gene encodes the enzyme mamiitol-1-phosphate dehydrogenase (MtlD) 

which catalyses the conversion of mannitol-1-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 MLEE study of M. 

haemolytica (Davies et al., 1997a).

1.6.2.9 Phosphomannomutase (pmm)

The pmm  gene encodes the enzyme phosphomannomutase (Pmm) which converts 

mannose-6 -phosphate to mamiose-l-phospate. Mannose-1 -phospate is required for 

the synthesis of a full-length core polysaccharide in addition to O-antigen (Allen et al., 

1998; Comstock et al., 1996; Goldberg et al., 1993). Brucella abortus mutants in 

pmm  had decreased virulence in mice, confirming the role of this enzyme in the 

biosynthesis of smootli-type EPS and its role in the intracellular 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 -phosphate to 

glucose-1-phosphate as well as mamrose-6 -phosphate to mannose-1-phospate. 

Pmm/Pgm is also involved in synthesis of O-antigen and the core oligosaccharide 

region of LPS, (Regni et al., 2000; Videira et al., 2000; Ye et al., 1994). However, 

Pmm and Pgm are separate proteins in Brucella abortus and Brucella suis (Allen et 

al., 1998; Foulongne et al., 2000; Ugalde et al., 2000). Pmm is also required for 

alginate production (Goldberg et 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
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have significant variation by MLEE analysis (Davies et al., 1997a).

1.6.3 Genes encoding secreted proteins

1.6.3.1 Glycoprotease (gcp)

The gcp gene encodes glycoprotease (Gcp) and was selected based on its putative 

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

of the glycoprotease of M. haemolytica are provided in section 1.3.1.2.

1.6.4 Genes encoding periplasm-associated proteins

1.6.4.1 Lipoproteins {plpA,plpB, and plpC)

TheplpA,plpB, andplpC  genes encode the lipoproteins PlpA, PlpB, and PlpC, 

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

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

1.6.4.2 Lipoprotein iplpD)

The plpD  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

1.6.5.1 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 section 1.3,2.4.1.

1.6.5.2 Transferrin binding proteins {tbpB and tbpA)

The tbpB and tbpA genes encode the transferrin binding proteins TbpB and TbpA and 

were selected because the transferrin receptor is an important virulence factor, and 

more importantly is known to exhibit specificity for host transfemn. Further details 

o f 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 to the host immune 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 molecular data
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(Nei & Kumar, 2000a). Of these, the unweighted pair-group method using 

arithmetic 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 data 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 Evolution 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 examine 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 tree is 

examined to find an even smaller S value. This close-neighbour-interchange (CNI) 

search will be continued until the Minimum Evolution tree is obtained, which is the 

tree with the smallest S value. However, if many trees represent the data almost
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equally, the Minimum 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 estimate of the number of nucleotide substitution per site 

{d) is 0.05 or less, the P or Jukes-Cantor distance is used whether there is a 

transition/trans version {R) bias or not or whether the substitution rate (r) varies with 

nucleotide site or not.

2. When 0.05 < < 1.0, the Jukes-Cantor distance 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 random, the 

other option, called the pairwise-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 are 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 ( P c )  or bootstrap value ( P b ) .  If this P c  or P b  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 P b , 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 Proteobacteria

Bacteriophages are viruses that infect bacteria. According to the International 

Committee for the Taxonomy of Viruses (ICTY), one order, nine families, and 

seventeen genera of bacteriophages are currently identified in the Proteobacteria (Van
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Regenmortel et al., 2000) (Tablel.5). The current classification of phages is based 

mainly on phage moiphology (tailed, cubic, or filamentous) and the type of phage 

genome (ds DNA, ss DNA, ds RNA, or ss RNA); 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 ah, 2002; Weinbauer & Rassoulzadegan, 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-like virus) (Van Regenmortel et 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 

noncontractile, 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 recently 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 (Hendrix et a l, 1999).
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Table 1.5 The bacteriophages of the Proteobacteria

Family
Nature of ^   ̂ Genome

Envelope . 
the genome size (kb)

Morphology

Myoviridae dsDNA No 39-169

Siphoviridae dsDNA No 22-121

Podoviridae dsDNA No 19-44

Tectiviridae dsDNA No 15

Corticoviridae dsDNA No

Inoviridae ssDNA No 7-9

Microviridae ssDNA No 4-6

Cystoviridae 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 are 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 

filamentous phages, by a budding process. In contrast to lytic phages, temperate 

phages are associated exclusively with dsDNA tailed phages {Caudovirales) with the 

exception of Inoviridae phages that contain ssDNA (Van Regenmortel et 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 contractile tails, which are thick and more or less rigid 

(Figure 1.4A). However, the tail tubes surrounding the sheath become shorter and 

thicker during penetration (Caspar, 1980). Head and tails are assembled in separate 

pathways. Myoviridae phages seem to be more sensitive to freezing and thawing 

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

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

1.8.3.2 Siphoviridae (dsDNA)

Siphoviridae phages have long noncontractile tails, which are thin and flexible (Figure
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D

' " ' - 'ü  ' ' ; i

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 X 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/rn/foto/P22Mic.htmI

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

temperate 1-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 filamentous (Figure 1.4D). 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 Life cycles of temperate phages

1.8.4.1 Phage receptor recognition

Before phage DNA can enter 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 (Etz et a l, 2001; Lang, 2000), LPS (Nesper et 

al., 2000; Quirk etal., 1976), flagella (Samuel etal., 1999), and pili (Lubkowski et 

al., 1999; Malmborg et al., 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 etal., 1998; Pelkonen etal., 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 conformational changes in tail fibers bound to the cell wall. 

These trigger a reaiTangement of the hexagon-shaped base plate into an extended 

star-shaped 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 attachment and penetration the phage DNA, which is mostly linear, becomes 

circularized by pairing of complementary cohesive ends (P2 and X) or by 

generalized/site-specific recombination of terminally redundant ends (PI 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 event; (2) it is protected 

from degradation by host-coded exonucleases; (3) it is easily integrated into the 

bacterial genome through a single reciprocal recombinational event (see 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 lysogenic 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 is transcribed to produce mainly N and Cro proteins (Figure 

1.6A). Then, the antiterminator N protein allows transcription and translation of 

CII and c m  (Figure 1.6B). CII is a positive transcriptional regulator and GUI 

protects CII from rapid degradation by a host protease called HflA (for high 

frequency of lysogenation). CIFCIII proteins activate P r e , causing transcription of 

Cl (Figure L6 C).

The Cro and Cl proteins, which are the immediate-early and delayed-early gene 

products, respectively, are involved in a commitment to the lysogenic or lytic cycles. 

There are three binding sites between P r  and P r m , which are accessible to both the 

Cl and Cro proteins. Cl proteins bind to the three sites from right to left, while 

the Cl repressor proteins bind from left to right. If one Cl protein fills the right site, 

it will block the transcription of Cro proteins (Figure 1.6D), but allow synthesis of 

Cl until all three sites are occupied with Cl proteins and lysogeny will be established 

(Figure 1.6E). In contrast, if one Cro protein fills the left site (Figure 1.6D ), it will 

block Cl protein synthesis, but allow transcription of P, O, and Q proteins (Figure
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Phage

Host cell

Lysogenic cycle
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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
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(B) Synthesis ofCll and c m

(Q  Synthesis of Cl fmm PRE
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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 Cl repressor and Int proteins begins at PRE and PI, respectively. 

Lysogenic cycle: (D), Cl repressor protein blocks further transcription from PR and 

PL, but acts as gene activator permitting transcription of the Cl gene form PRM.

(E), concentrated Cl 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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1.6E0- P and O proteins are required for phage DNA replication, and the specific 

antiterminator Q proteins are required for transcription of late genes needed for the 

lytic cycle.

Although the Cro protein is made before the Cl protein, the lysogenic cycle has 

frequently arisen due to two factors (Voyles, 2002b); 1) The efficiency and stability

of the Cl 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 hflA gene. The lower 

concentration of HflA in turn reduces the degradation of CII and increases Cl 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 will 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 site 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 tRNA 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 lysogenic chromosome includes a complete copy of 

the gene and an incomplete pseudogene on the other end of the prophage. In general, 

insertion sites have an interrupted dyad symmetry. For example, the anticodon loop
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BOP'
(attL)

BOB'
(attB)

Int, IMF t

X genome

X genome

►
Bacterial chromosome

Int, Xis, IHF

(attR)
FOB'

BOP'
(attL)

It
POB Lysogenic chromosome 
(attR)

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 (attP) and bacterial attachment (attB) sites undergo reciprocal site- 

specific recombination promoted by Int and IHF (reaction 2). This creates two unique 

hybrid attachment sites {attL and attR) each of which differs fi*om attP 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 quantities of O and P proteins are produced (Figure 1.6D0, 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 

(PI 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 packaged 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 isolates rarely 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, 1968; Jiang et al., 

1995; Pullinger et a l, 2004) and ultraviolet radiation (UV) (Inoue & lida, 1968; 

Nordeen & Currier, 1983; Richards et al., 1985) but also other agents such as 

danofloxacin (Froshauer et al., 1996), ciprofloxacin (Strauch et al., 2004), hydrogen 

peroxide (H2O2) (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 temperate 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 agents 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 LexA, 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 Cl (see section 1.8.4.4) 

are structurally similar to LexA, these proteins also become inactivated and the lytic 

cycle will begin (Walker, 1984).

1.8.6 Phage immunity

Lysogenic bacteria can be infected by other phages, but they cannot be infected by 

additional members of the same phage type (Voyles, 2002b). This immunity is 

confened by intracellular repression mechanisms under the control of virus genes. 

When cells are lysogenized with phages, there will be plenty of Cl proteins in the 

cytoplasm (Figure 1.6E). Thus, if new lambda phages are introduced to these cells, 

the Cl proteins can immediately bind to P r  and P l  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 infected 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 et ah, 2004). However, they are dangerous to their 

lysogenic hosts because the lysogenized phages will inevitably enter their lytic cycles 

in descendants of the initial lysogen. High genomic deletion rates are maintained to 

remove dangerous genetic parasites in the bacterial chromosome, and control the size 

of the bacterial genome, despite a constant bombardment with parasitic DNA over 

evolutionary time (Lawrence et ah, 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, one of the most surprising 

findings is the enonnous extent of prophage DNA within bacterial genomes 

(Canchaya et ah, 2003a). A number of bacterial genomes contain multiple phage 

genomes which result in the introduction of numerous unique genes to the lysogen.

The most extreme case is currently represented by the food pathogen E, coli 0157:H7 

isolate Sakai (Ohnishi et ah, 2001; Perna et ah, 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 et ah, 2002), These findings suggest that bacteriophages have 

played a predominant role in the emergence of these pathogens. However, a number
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of sequenced bacterial pathogens do not possess phage related genes suggesting that 

prophages may not be required for the evolution of a pathogenic life-style in every 

bacterial species (Brussow et 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 et al., 2004; Canchaya et al., 2003b; Miao & Miller, 1999). 

Phage-mediated gene transfer can be achieved by two mechanisms, 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 extra genes frequently encode important virulence factors 

(Table 1.7) and allow the lysogen to enlarge its host range and increase its fitness in 

an environmental 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 common phage-encoded virulence factors. A 

variety of major bacterial toxins such as cholera toxin, cy to toxin, exfoliative toxin A, 

and Pasteurella multocida toxin are located within the genome of temperate 

bacteriophages. In addition to toxins, bacteriophages carry O-antigen modification 

genes (gtr), type III secretion effector protein genes (sopE), superoxide dismutase
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CHAPTER 1: INTRODUCTION

genes {sodQ, outer membrane protein genes {lorn and bor), and adhesion genes {tcp). 

These phage-encoded virulence factors 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, I994d). 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 (Burke et a l, 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 transduction in many 

phages range from 10'  ̂ to 10'  ̂per plaque-forming unit (PEU) (Burke et al., 2001;

Ogg 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 inspired by previous work on the M. haemolytica leukotoxin operon 

(Davies et ah, 2001 ; 2002). These revealed that recombination involving
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M. glucosida and P. trehalosi, together with host switching of isolates from 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. Is 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 to 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, 

asd, galE, gap, gnd, g6pd, mdh, mtlD, and pmm), one secreted protein gene {gcp), 

four periplasm-associated protein genes (plpA, plpB, plpC, and plpD), and four 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 to identify 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, plaque assay, and restriction endonuclease 

analysis. In particular, a P2-like phage genome was identified and characterized in 

the bacterial genome of M. haemolytica 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 isolates 

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 & Donachie, 

1996; Davies & Quirie, 1996; Davies et 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 lbs 

p.s.i (12UC) for 15 min.

63



CO

I
00

<N

:

I
I

t
IJ
R
%

If
i

I

I I

II

it

II
o ^

II
 ̂W P  P  M

r i  r i  r i  r^

I« g

:s
. 1  
Q C
I #  #  #  #

S S g 3
x g  :§ :# .'iÜ ^  ^  tij ^I

I
"u

p
II

g;
•a a

I■g
T) i

O Q t q p q p q w S C W W W W

On N<N CN i-M *o <N •o
i 'A "--i 'A "--i •--i '--i

-< -< -< -< < -<
s s a a a 3 a a a a a a a

rM r —4 <n c n CO t- H CO CO CO CO CO tH tH
TA r—i r —1 o i o i (N CN (N o i CN <N o i 04 fÔ
rH 1— 1 r - H r - 4 rH t - H T— < F t- H 04 04

< < < < C < c p q < p q < < < A
r 4 (N 1—H (N r—4 CO 1—t r-H rH 04 tH tH

OJ (U (U
> V  V  Mo o o >

Ü ( D 0 O < ü ( D ( D < U < Ü C D 2 à 2 iI - 1 1 1 1 1 1 1 1 1 1 1
p Q p q p q O p q O O O O O O O O O O O

r H t —i N O C nJ i—l O N t ^ W O C X J O N ' —I ' - H ' O V O T f N O

T—| i —H i —I r - i < N C O - ^ i n > O i O V O I > O O O N O i H

sm

NO MD O oo CX) o  !> CO OO o
5̂2 Pk

OO OO 0 4
CO ON OO CO
<N OO CO 0 4
ffi ffi ffi ffi ffi
Qh PL e u PU PL

u

L

s



CO

I

00

I
04

g

f

II

a

I
§■

Î

§
pa
g I

a  a
PL CO œ œ CO

IÎM UoI
u

I
;

I
Ü
* o

kH

I I I
;„ Iü t3

U
U

q3 I
> >

I I
a  pq w <

o o o o o o ' o o - i o i r o c r j c d o o o l c N

S S I s l l l l l l l a a s a

VO VO 
O n ON O Osss|||||||||g|||p u e u P u a a a a p L P L P L a p p a F a p L

11
a) 4—4 Tf rH r—4 04 04 04 04 rH T—H 04
P u 1—4 CO 04 tH rH r-H 04 04 rH 04 04 04 04 04 04

c n CO CO fO 04 04 04 04 04 C4 04 04 04 04 04 04 C O CO

A < a < a a a a a a a a a a a a U a
r o tH rH T— ( CO r o CO rH r f

« 0> O o o (D a.2i o o <D % P o o Ü P 0 g g g

1 1 1 1 1 1 O 1 1 1 •| O f 1 1 V 1
c« O O O o O a a a O o a a o O o O o O

%
& (~- C-- f O 04 04 04 04 04 0 4 04 04 04 04 04 0 4 H 1— j

< < < tH<4 < < < c < < < <3 < < < rH r—4
<

O
W J

0 4 cn Ti" U1 VO l> 00 O O ON O rH rH 04 0 4 rH CO
r-H t- H r-H tH w 1-4 rH r-H 1— 1 0 4 04 04 04 04 04 0 4

!II

to
VO



CO

I

04

:

I
o

§
I

I

(U 0 4 0 4 04 0 4
a 0 4 CO CO CO tH  0 4  CO 1—1

cri CO CO CO

a) U U u
a CO 04  CO 'r-H

H-» T j-

I
0>&

<D

O
a

u  u  
>  >

a a

<0 \h lo 'o 
>’ \h ^S S S 3

> > > > o  o  o  o

o Ü Ü<! a a a

wo 0- o VO

o VO Hd" oON to- ONC4 '=̂' W] 04
a a a aa a a a

'S  -g.

I If
a  a  a i

<N roWn wo *n

g  (D <D (Ua g a 
V  V  Vo  o  o  o

rf o  »n CO H p  p  H

04 »n ON

I ?ë _
ë  RO wo

,11111
I I
wo OOII

I

t
È

I

a

I
Q

I
8CO

VO

I
Î
a%)

VOONON

I§Q
Ia
I(D<DCO

i
Ia
I
COO!

I
I
I
I
?

s



Il
It

50 -tt o  ^  00

I
gf
g
g*' m
E S

s? 
8 8
s

5 5 3 3 <
t T \f) \0  'O  r-(-< <: < < t-- t-- t-~ r-l n

o o
'Frtr4f0'>t>/)'0ï~'0oc\0

> > > O O O è ë m mo o

e*

1
Ci

f
I
.2

iI
R
ê
%«JA

I
I
ts

I

O

IrO
8

3

■ ■ ' -,•■■*.' ■-• -.■•.■"■■ : '/.. '■:■■::'i'i:. ■



CHAPTER 2: MATERIALS 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 

subcultured 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

Nineteen 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, galE, gap, gnd, g6pd, mdh, mtlD, and pmm), one 

secreted protein gene {gcp), four inner membrane or periplasmic spanning lipoprotein 

genes {pipA, plpB, plpC, and plpD), and four outer membrane protein genes {ompA, tbpB, 

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

Gene name Gene product Function (usage)

G en es  e n c o d in g  D N A  r e p a i r  a n d  re c o m b in a tio n  enzym es 

recA R ecA  recom binase

G en es  e n c o d in g  m e ta b o lic  enzym es

aroA

asd

galE

gap

gnd

g6pd

mdh

mtlD

pmm

5-enolpyruvylsh ik im ate 3 -phosphate  synthase 

A spartate-sem ialdehyde dehydrogenase

U D P -g lucose  4-ep im erase

G lyceraldehyde-3-phosphate  dehydrogenase

6-phosphog luconate  dehydrogenase

G lucose-6-phosphate  1-dehydrogenase

M alate  dehydrogenase

M an n ito l-1 -phosphate dehydrogenase

Phosphom annom utase

G en es  e n c o d in g  se c re te d  p ro te in s

gcp G lycopro tease

G en es  e n c o d in g  p e rip la sm -a s so c ia te d  p ro te in s

plpA, plpB, L ipopro teins P ip  A, P lpB , and P lpC

and plpC
plpD L ipopro tein  P lpD

G en es e n c o d in g  o u te r  m e m b ra n e  p ro te in s

ompA O m pA

tbpB and tbpA TbpB  and T bpA

wza W za

D N A  rep a ir and recom bination

A m ino  acid  b iosynthesis

A m ino  acid  b iosynthesis 

Pep tidog lycan  b iosynthesis 

C arbohydrate  m etabolism  

LPS b iosyn thesis 

C arbohydrate  m etabolism

C arbohyd rate  m etabolism  

(M L E E  data)

C arbohydrate  m etabolism  

(M L E E  data)

E nergy  p roduc tion  and conversion  

(M L E E  data)

C arbohydrate  m etabolism  

(M L E E  data)

C arbohyd rate  m etabolism  

L PS and  capsu le  b iosynthesis

N eu tra l p ro tease

S erum  resistance  

N o t know n

O uter m em brane structural 

in tegrity ; adherence; phage recep to r 

Iron  acqu isition

C apsule  po lysaccharide  transport
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2.3.1.2 Primer design for FOR amplification and sequencing

The GenBank database was searched to identify the 19 genes in M. haemolytica and 

the closely related species 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 were 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-specific 

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 InstaGene matrix kit (Bio-Rad) according to the 

manufacturer’s instructions. One millilitre of overnight broth culture was centrifuged 

for I min at 13,000 x g, the supernatant 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 pi 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 a 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 earned out in 0.5 ml Gene Amp reaction tubes (Applied Biosystems).

Each PCR reaction mixture contained 32 pi of sterile dH2 0 , 5 pi of lOx PCR buffer 

(100 mM Tris-HCl, 500 mM KCl, 15 mM MgCL, pH 8.3), 4 pi of dNTPs (2.5 mM 

dATP, dTTP, dCTP, and dGTP) (Pharmacia Biotech), 4 pi of each primer (12.5 pmol),

1 pi of template DNA, and 0.2 pi (1 unit) of Taq DNA polymerase (Roche, UK) in a 

final volume of 50 pi. 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 

dénaturation 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 pi of 1 Ox loading dye 

(Invitrogen) and loaded onto a 1 % (w/v) agarose (Invitrogen) gel in Ix TAB buffer
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(20 mM Trizma, ImM EDTA, pH8.0) containing ethidium bromide (0.5 pg/ml). 5 

pi of a I kb ladder (Promega) [50 ng/pl] were loaded onto one or two wells. The 

samples were electrophoresed in a horizontal submarine electrophoresis apparatus 

(Owl, USA) at 80 V for 1.2 h and the amplimers were visualised and photographed 

under UV light.

2.3.1.4 DNA sequencing

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 pi of PCR mixture and transferred to a 

QIAquick 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 pi of buffer 

PE and centrifuging for 1 min at 13,000 x g. The columns were centrifuged for an 

additional 1 min 13,000 x g. The DNA was eluted from the column by adding 30 pi 

dHaO 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 I pi of purified sample on an agarose gel. For sequencing, the purified 

DNA was diluted by adding 10 pi sample to 50 pi dHaO. The DNA samples were 

stored at -20°C.

2.3.1.4.2 Components of sequencing

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

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

Ready Reaction Mix (PE Applied Biosystems).

2.3.1.4.3 Conditions for sequencing

The sequence reactions were caiiied out in a GeneAmp PCR system 9600 thermal 

cycler (Applied Biosystems), using 30 cycles of dénaturation at 96 °C for 10 s, 

annealing 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 pi of 2 M sodium acetate pH 4.5 (Applied 

Biosystems) were added to each reaction tube. The tubes were vortexed gently for I 

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 

pi of 70% ethanol and centrifuged for 5 min at 13,000 x g. The supernatants were 

removed and the samples centrifuged again briefly. The residual ethanol was 

carefully removed and the samples were air dried for 10 min. Finally, 4 pi of 

sequence 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 analyses 

were earned out with MEGA2.1 (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 

structural models (MMDB 16249 and PDB IG90 (Arora et al., 2001); MMDB 9208 

and PDB IBXW (Pautsch & Schulz, 1998)) using the computer program Cn3D 

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

For the tbpB and tbpA 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, PSFIND, 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 carried out with 10 diverse M, 

haemolytica isolates (PH2, PH6 6 , PH196, PH202, PH278, PH292, PH296, PH494, 

PH588, and PH706), one M. glucosida isolate (PH344), and one P. trehalosi 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) but, if appropriate sequences were 

unavailable, sequences from the unannotated M. haemolytica genome sequence 

(http://www.hgsc.bcm.tmc.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 forwaid (#200 and #201) and two reverse (#202 and #203) primers were 

designed within the conserved regions of the aligned recA sequences from M. 

haemolytica 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, 

#20I/#202, and #201/#203) by PCR with M. haemolytica isolate PH2 to determine the 

optimum primer pair and annealing temperature. The primer pair #200/#202 was 

used for PCR and sequencing of the recA gene in 10 representative isolates of M. 

haemolytica and one isolate of M. glucosida (Figure 2.2). Attempts to amplify recA 

in P. trehalosi with the four primer combinations failed. Therefore, additional 

forward (#387) and reverse (#388) primers were designed and used for the recA gene
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#200 #201 #387

recA
ATG TAA

157bp ^

#203  #388  #202

M -----------------------------------  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 ATTGAAAAGC
#555 ^  #201 ^

AATTTGGÇAAAGGÇTÇAATT. ATGAAGTTAG GCGATACTCA AGÇCCTTGAT ATTGAAGCAG TTTCAACCGG TTCTCTTGGT TTAGACTCAG CATTAGGCAT

TGGTQGTTTA CCAATGGGTC GTATTGTGGA AATTTATGGA CCGGAGTCTT.CAGGTAAAAC TACATTAACT,TTATCTGTGG TGGCTCAAOC CCAAAAAAAT

.GGTAAAACTT GTGCCTTTAT.TGATQCCG^ CACOCACTTG^ATCCTATTTA CGCCXIGTAAG TTAGGGGTAG'ATACAGATGG ATTATTAATT TCACAACCGG

t ATAATGGCQA ACAAOCAtTA G/UATTTG^XS^ATGOGTTAGT TCGTTCCGQT GCGGTTGATG TAATTATTOT GGACTCTGTT GCGGCACTTA CACCAAAAGC_ 
, t  ' ' , < ; ' ‘ 7i' ' ' " r.'AGAGAITCAA'GCKGATATGQ; GTQAT^{»iTATGGGCTOAyCAAGCTCGTT TAATQTCACA AGCATTGCGT AAATTAACCQ CAAATATCAA AGCOACCAAC

_TGC17GGTGA ■ TTTTCATTAA^ CC'AAATTCOT‘'ATGAAAATTO GAGTAATGTT CGGTAACCCT GAAACCACAA CTGGTGGTAA TGCCCTTAAA TTCTATGCTT

5 CAGTACGTTO, AGATATTCGT CXÎTTCAGGCG TAGTAAAAGA CGOTGATGAG GTTATCGGTA GCGAAACAAA’AGTGAAAATT GTGAAAAACA AGGTTGCTCC

ACCGTTCCGT GAAGTOTAAT TTGATATTAT GTACGGTGAG,GGCATTGCCC GTATGAATGA ATTACTCATT TTAGCGGAAT CTCACGGCTT CATTAATAAA

GCAGGGGCCT GGTTCTCTTA TGAAGGGGAG AAAATCGGTC AGGGTAAAAA TAATGCCATC AAATGGTTAA AAG^i^gâSSSLISâûSESS^ AOTAAAATTG
#203 ^  #388  #202

AGCAAGATAT TCGAAATCTA CTCATTTCAA ACCCAACTTT TACGGCTACT CCAGATTCTG AAAATGCAGA CAATGCAGAT GATGAATTTA GTGAAGAAGA

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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Table 2.3 Details of primers used for PCR amplification and sequencing of the 

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

P rim e r"

use

P r im e r

N o.

P rim er*

n a m e
Iso la tes '' S eq u en ce  (S ' to  3 ') Position"

P ,S #200 R ecA /F/1 Mh, Mg A C A G A T TG A T C C SG A A C A 3 9 - 5 6

#201 R ecA /F/1 A G A A A A A G C R T T R G C A G C 6 0 - 7 7

P ,S #387 R ecA /F/1 Pt C A A T T T G G C A A A G G C T C 1 0 0 -1 1 6

P.s #202 R ecA /R/1 Mh, Mg C C A C T T C A G G R T K T T C T T 9 8 8 -9 7 1

#203 R ecA /R/1 A W G A G A A C C A W G C Y C C T G 919 - 902

P,s #388 R ecA /R/1 Pt C C Y T G A C C R A T T T T H T C 944 - 928

“ P: P C R  am plification , S: Sequencing 

 ̂R ecA /F /1 : R ecA /F orw ard /1 , R ecA /R /1: R ecA /R everse /1

^Mh\ M. haemolytica isolates PH2, PH66, PH196, PH202, PH278, PH292, PH296, PH494, PH588, PH706 

Mg: M. glucosida isolate PH344 

Pt: P. trehalosi isolate PH246

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

® N ucleo tide  position  corresponding  to the first 5' bp  o f  the prim er w ith in  recA o f  the M, haemolytica 

G enB ank  sequence (A F176376) (see F igure 2.3)
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of P. trehalosi (Figure 2.2). The optimum 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 primers are listed in 

Table 2.3.

23.2.2 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/#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 first 

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, additional forward (#72) and reverse 

(#73) primers were designed. The primer pair #56/#73 was used for PCR and for the 

first stage of sequencing of the aroA gene in six isolates of M. glucosida (Figure 2.4A 

and C), and the primer pair (#72/#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 designed 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 MAY and M. 

glucosida groups M gl 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

78



CHAPTER 2: MATERIALS AND METHODS

(A) M. haemolytica group M hl and M, glucosida groups Mg 1+2

#56,57 #70
r  r

#76, 80
J c L

#78

aroA
ATG

184bp T T
#79

I P
#77, 81

]Mhl:PCR (57/58) h

7 1
#71

TAA
14S8b^ 

#73 #59,58

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

#72, 57

ATG

#170.169 # m
J _

aroA

#175
7 J 7 T
#171, 172

|Mh2:PCR(57/58)f-
iPt: PCR (72/73) I

TAA

7 T  J
#73 #58

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

#56, 57

ATG

#169,176 i l l
r * i

aroA
7 T
#175

HMg3+4: PCR (56/73) h
I Mh3: PCR (57/58) I-

58

►

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. haemolytica group M hl and M. glucosida groups M gl 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 base of the stop codon within the 

GenBank sequence. The large arrow above aroA indicates the direction of 

transcription.

79



CHAPTER 2: MATERIALS AND METHODS

GTTCGCTCGATAGCAGGTTATG G M T G C C ^---------

ATGGAAAAAC TAACTTTAAC CCCGATTTCC CGAGTAGAAG GCGAGATCAA TTTACCTGGT TCTAAAAGCC TGTCTAACCG AGCCTTATTA TTAGCCGCCT

TAGCCACCGG TACGACTCAA GTGACCAATT TATTAGATAG TGATGATATT CGACATATGC TCAATGCCTT AAAAGCGTTA GGCGTGAAAT ATGAGCTATC

GGACGATAAA ACCGTCTGTG'TACTTGAAQG GATTGGTOGA GCTTTTAAGG TTCAAAACGG CTTATCACTG TTTCTCGGCA ATGCAGQCAC GGCAATGCGA

œACTTGCAG CAGCATTGTO TTTAAA^CXïr-CAGGAAAAAT/CCCAAATCAT TCTTACCQGT GAACCAAGAX TGAAAGAACG CCCGATTAÂA CACTTAGTCG
 :W-.TGGCAATTAC CAATAGCGTT TGCAGGGGCG GAAAAGTGCA 

- ÿ̂̂ Tÿg|::,AGATTATCOG' TGATCTGGTA 

TTTAGTTAAA GGTAAACAAG 

TOPTI^^ AAGGCAOGTA AAGTAACOGG

,T.i „  J^ACTTGGGGAG AGGATTTTATj  TCAAGCCGAG ,
% .il':''"' " . . . . . . .

ATTGCAACAA CCGCTTTATT TGCCGAAGGA GAAACAGTTA

TCGBVTC
(FATGGATAAAA

&CAGCA ATGGCAACCO AATTGCOTAA AGTCGGGOCA GAGGTAGAAG AAGGGGAAGA 

CTTCCAQCv ACGCTGAAAT TGAAACCTAT AACGATCACC GTATOGCAAT. GTGTTTTTCA
 .

'TTAATTGCCT .TATCGAATAC-«ayV?TGAq^ CGCTAAAACG TTCCCX5ACTT ACTTTAGGGA CTTGGAAAAA TTATCGGTCA

GATAA----------------------------CGTTTTATTGTGGCAGACTAAGCC

^  #58

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 M hl. The primers used for PCR and sequencing are in bold 

type. The shaded area corresponds to the region of sequence that was analysed.

80



CHAPTER 2: MATERIALS AND METHODS

Table 2.4 Details of primers used for PCR amplification and sequencing of the 

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

P r im e r  “ 

u se

P r im e r

N o.

P r im e r  * 

n a m e
Iso la te s  " S eq u en ce  (5 ' to  3 ')'^ P o sitio n  "

F o u r  s ta g e s  o f  se q u e n c in g  (F ig u re  2.4A )

P ,S 1 #56 A roA /F/1 M g l+2 G CTC G A TA G C A G G TTA TG N ot show n

P ,S 1 #57 A roA /F/1 M hl C A G G G T A T G G A A T G C C G A Franking region

S2 #70 A roA /F /2 M hl, Mg 1+2 A A G C G T T A G G C G T G A A A T 173-190

S3 #76 A roA /F/3 M hl, M gl C TG A TG TC TG C C C C A TTA 541-558

S3 #80 A roA /F/3 M gl C T G A TG T C T G C T C C A C TA N ot show n

S4 #78 A roA /F /4 M hl, M g l+2 GGCGTAGATATGGATATG 916-933

P ,S 1 #58 A roA /R/1 M hl, 2+3 G G C T T A G T C T G C C A C A A T Franking region

#59 A roA /R /1 G T C T G C C A C A A T A A A A C G N ot show n

P ,S 1 #73 A roA /R /1 M g l+2 G G A A A C G T T T T T G C G G T A C A N ot show n

S2 #71 A roA /R /2 M hl, M g l+2 G TT T C T T T T A C C C G C C A G 1034-1017

S3 #77 A roA /R /3 M hl, M gl G T T C A T C A T C G A A A G G G T 639-622

S3 #81 A roA /R /3 Mg2 C CA A A A TC TTTC A TC A TC G N ot show n

S4 #79 A roA /R /4 M hl, M g l+2 C C A A TC C C T T C A A C T A C 236-220

T h re e  s ta g e s  o f  se q u e n c in g  (F ig u re  2 .4B  a n d  C )

P ,S 1 #56 A roA /F/1 Mg3+4 G CTC G A TA G CA G G TTA TG N o t show n

P ,S 1 #57 A roA /F/1 Mh2+3 C A G G G T A T G G A A T G C C G A N ot show n

P ,S 1 #72 A roA /F/1 Pt G TG C G T C C A T T G C A G G T T N ot show n

S2 #169 A roA /F /2 Mh2+3, Mg3+4 T T A G TC G A T G C T T TA C G C N ot show n

S2 #170 A ro/V F/2 Pt C A T TTG G TG G A TG C TTTA N ot show n

S3 #78 A roA /F/3 Mh3, Mg3 GGCGTAGATATGGATATG N ot show n

S3 #174 A roA /F/3 Mh2, Pt G G C A A G G T A A A A G T A A C G N ot show n

P ,S 1 #58 A roA /R /1 Mh2+3 G G C T TA G T C T G C C A C A A T N ot show n

P ,S 1 #73 A roA /R /1 Mg3+4, Pt G G A A A C G T T T T T G C G G T A C A N o t show n

S2 #71 A roA /R /2 Mh3, Mg3+4 G TT T C T T T T A C C C G C C A G N ot show n

S2 #171 A roA /R /2 Mh2 A TC TC C C TC C A C C A A A TA N ot show n

S2 #172 A roA /R /2 Pt C C T T C C A C C A A A T A A C G A N ot show n

S3 #175 A roA /R /3 Mh2+3, Mg3, Pt, G G G C G T T C T T T C A T T C T N ot show n

S3 #176 A roA /F/3 Mg4 A TG A A G G T TA T C C G C C G T N ot show n

S3 #177 A roA /R /3 Mg4 A A G A G G C A G A A G A G G C A T N ot show n

“ P: P C R  am plification , S I : F irs t stage o f  sequencing, S2: Second  stage o f  sequencing , S3: T hird  stage 

o f  sequencing , S4: F ourth  stage o f  sequencing 

* A roA /F/1 : A roA /F orw ard /1 , A roA /R /1 : A roA /R everse/1

^M hh M. haemolytica iso lates PH 2, PH 8, PH 66, P H I96, PH 202, PH 232, PH 238, PH 278 , PH 284,
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P H 292, PH 296, PH 338, PH 388, PH 396, PH 398 , PH 484, PH 494, P H 526, 

PH 540, PH 550, PH 588, PH 598, PH 706, P H 786  

Mh2: M. haemolytica iso late  P H 470

Mh3: M. haemolytica iso lates PH 30, PH 376, PH 346, PH 50, PH 56, PH 372, P H 392 

Mgl : M. glucosida iso late  P H 290  

Mg2: M. glucosida iso late  P H 344 

Mg3', M. glucosida iso lates PH 240, PH 496, PH 498 

Mg4\ M. glucosida iso late  PH 574 

Pt: P. trehalosi iso lates PH 246, PH 252, PH 254, PH 68 

® Positions of the aroA primers for M. haemolytica group Mhl only are shown. N ucleo tide position  

correspond ing  to th e  first 5 ' bp  o f  the p rim er w ith in  ai'oA o f the M. haemolytica G enB ank sequence 

(U 03068) (see F igure  2.5)
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and Mg4, and P. trehalosi (Figure2.4B and C). The optimum annealing temperature 

for all the PCRs was 55 °C. The positions of representative M. haemolytica group 

M hl primers on the nucleotide sequence 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 sequences 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/# 184, #182/#185, etc) 

failed, and additional forward (#232) and reverse (#233) primers were designed.

The new primers were tested in five combinations (#232/# 184, #232/#185, #232/#233, 

etc) by PCR with M. haemolytica isolate PH2 to determine the optimum primer pair 

and annealing temperature. 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 nucleotide 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 #232rr r
asd

laiG________________________________ _______________________________ __
15738bp ^  ^  I ^ Il4723bn

#233 #185 #184

4   Mh. Mg; PCR (183/233)
^ -------------------------------------------------------------------- Pt: PCR (182/233)

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 TAGGTTTTAT CGGTTGGCGT GGTATGGTCG GTTCGGTCTT AATGGATCGT ATGGTTGAAG AAAATAACTT CGCCAATATC - AACCCTGTTT;
#182 ^  #183 ^  ' 'tiU.

TTTTCACTAC TpCACAAGCO:GGTCAAAAAG CCCCTGTTTT TGGCGGAAAA GATGœOGCG,AATTAÂAÀAA\C6CCTTTGAC ATTGAAGAAT TAAAAAAATT. 
. e ' "W' A # " ' ; 4 r ' ' ' ->,5. . -
AGACATTATC -GTAACTTGCC AAGGTOGTOA. TTATÀÇAAAt Gi^tCTATC CAAAATTWiA ;AP4*XqqSGT TGGAACÇGC^^ATT^ CGCOGCTTCT,

' #232/' =' \ . . '% ' ' ‘Vf... K-.- a
GCATTACX5TA ;TGAAAGACGA" TGCrTATTATOGTATTAGACC i CGGTGAACCA APATGTOATT ;1!CAGAA0GÇT, JAAAAXACGG ;CATTAAAACA ' TTTGTAGGCX5 

GAAACTOTACÏÇGTAAGÇCTA ATGCTÀAaCQiCTATÇOGTQG TTTATTTGAO AAAI3ÀTTIW;;TCGÀOTOdOT; TTCTGTAGCA ACTTACCAAG CCGCTTCCGG: 

.TOCOGqTGCO :JUUMT*«K QWHa^TfûÇT rKnauAl.T;gGlxa«TTAG.XAGXTAGCar,JUUW0CTCA.:Tr»3CAWl.rç CTOCCTCTPC.T.TTTTMAT
   ' ,V.\ * r -ATTOAAOGTA-AÀGTTACOGC TAXA^TGX»TÏ GCGGAAQAdT TCCCAACCGA GAACTTCX3GT iGCOGCATTOG GCOGTAGCTT AATTCCTTGO ATTGATAAAT

àTATTÀCCXSGA' AACXMGGCAX: ACTAAAGAAG 'AGTGGAAAOG TTATtKAGAA ACTAATAAAA ;TTTTAGGTTT AÀQCGATAAC CCAATTCCAG TTGÀTGGTTT

ÂTGCXntîCGT ÀTTGCSÀGCAT TACGCTGCCA CAGCCAAGCA- TTCACAATtA AGCTGÀAAAA AGATATTCCO - TTAGCGGAAA TCGAGCAAAT TATTGCTGCC

CACAATGAAT GGGTGAAAGT AATTCCAAAC GACAAAGAAA CCACATTGCG TGAATTGACC CCGGCGAAAG TGACCGGTAC ATTGAGCGTG CCGGTTGGTC
 5533-------

GCTTGCGTAA ATTAGCGATG GGTGGAGAAT ACTTAGCTGC ATTTACCGTA GGTGACCAAT TATTATGGGG TGCAGCAGAG CCTGTTCGCC GCATTTTAGT
#185 ^  # l8 4

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 type. The shaded area 

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

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

P rim e r"

use

P r im e r

N o.

P rim er*

n a m e
Iso la tes" S eq u en ce  (S ' to  3 ') ' ' Position"

P ,S #182 A sd/F/1 Pt G G Y TT T A T Y G G Y T G G C G 1 3 - 2 9

P ,S #183 A sd/F/1 Mh, Mg C M G TH TTR A TG G A TC G TA 44  - 61

#232 A sd/F/1 C A TTA TC G TSA C B TG C C A 204 - 221

#184 A sd/R /1 A RTA A TTG R TCG C CM A C 1065 - 1048

#185 A sd/R /1 G M Y A A A TA TTCM G G Y C C 1037 - 1021

P ,S #233 A sd/R /1 Mh, Mg, Pt G G R A TC A C TTTY A C C C A 9 2 6 - 9 1 0

"P : P C R  am plification , S: S equencing  

* A sd/F /1: A sd/Forw ard /1 , A sd/R /1: A sd/R everse/1

''Mh: M. haemolytica isolates PH2, PH66, PHI96, PH202, PH278, PH292, PH296, PH494, PH588, PH706 

Mg: M. glucosida isolate PH344 

Pt: P. trehalosi isolate PH246 

'^M: C +A , H: C +T +A , R: G +A , Y: C +T

"N ucleo tide  position  correspond ing  to  the firs t 5 ' bp o f  the prim er w ith in  asd o f  con tig  138 o f  the M. 

haemolytica genom e sequence as o f  01/02 /04
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2.3.2.2.3 UDP-galactose 4-epimerase {galE)

Initially, two forward (#192 and #193) and two reverse (#194 and #195) primers were 

designed within the conserved regions of the aligned galE sequences from M. 

haemolytica and closely related 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/#194, #192/#195, 

etc) by PCR with M. haemolytica isolate PH2 to determine 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 second 

stage of sequencing, primers specific to 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 forward (#64 and #65) and 

two reverse (# 6 6  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 (#64/#66, #64/#67, etc) by PCR with M. haemolytica isolate PH2 to 

determine the optimum primer pair and annealing temperature. The primer pair 

#65/#66 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
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#192 #193 #219

_ C l
ATG

galE

...
#220 or #221

iM
4 —1 > j3 1 7 8 b p

#195 #194

 ►

2!62bp

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.

ATGGCAATTT TAGTTV^AGG TG(
TWI

CTAATTCCTC TGAAGTATCA

OÎAACÇOGCT, ; CGATTGTATT

ivTCCCQATTGt

TCCGCTCCAC. AAAAAGÇQTT 

ATGGTTATAA AGGCTAA

GTGCAGGC TACAjTCGGTT CACATACATT AGTTGAATTA TTAAACGAAA ATCGTGAAAT XGTGGTGTTA GATAATCTTT
193 "

CTTOAOCGTO’TGAAGCAGAT'CACCGGCAAO’AGCGTAAAAT.TCTATCAAGG CGATATTTTA GATCGTGÀTA TTTTACGCAA

TTGAATCGGT AaTTCACTTTj GCCGGTTTAA AAGCTGTAGGjCGAAACGTCA GAGAACCGCT ACGTTACTAT CAAAAACAAT

(KTAGà^M : ATGCT CCAATGTG^ TACCATTGrQ TMAGTTCAT CGGCGACCGT TTATGGTGAT CCGCAGATTA
i ' ^ ' 7 - '  sis'Æ. '

— ^AlUaaaPcccTOkottat: atatggttga acgcattctt. gaagataccg ttaaagcctt

ICTTCAACCOĜ ^̂ GTAOGQpCtC ACOAAA^ G  TTTAATCGGT QAAQATCCAA ACGGTATCCC^ AAATAACTTA
% -  f #220or221

' . T T A C C T C f G T T T G G T G Q C  GATTATAATA ÇTCACGATGG CACAGGTGTG CGTGATTATA 

CtTqO?!CACT "TA;yiAGCCTT ; AGACAAGCAC CAAAATGATG CCGGTTTÇÇA ÇGTTTACAAT "i 

AAGCÇTITGĵ  ; AGÇÇGCAAAT GpCATTACTA^ TTCCATACAA AGTGGTAGAT CGCCGCCCGG GCGATATTGC CGTTTGCTAC 

AGAGCAACTG GGTTGGGAAA CCGAGCGTQG GCTAGAACAA ATGATGAAAG ACACTTGGAA TTGGCAAAAA AATAACCCGA
#194

TTAGGCACAG GAACAGGTTA

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

P rim e r"

u se

P r im e r

N o.

P rim er*

n a m e
Iso la tes" S eq u en ce  (S ' to  3 ')'^ P osition"

#192 GalE/F/1 TTA G T W A C A G G Y G G K G C 1 0 - 2 6

P ,S 1 #193 GalE/F/1 Mh, Mg, Pt G G Y G G K G C A G G C TA Y A T 1 9 - 3 5

82 #219 G alE /F /2 Mh, Mg, Pt G G C A C A A C C A A C C C T T A C 430 - 447

P ,S 1 #194 GaIE/R/1 Mh, Mg, Pt T G C C A R T K C C A M G T G T C 986 - 970

#195 G alE/R /1 G TA RCA A RY G G CA A TA TC 900 - 893

82 #220 G alE /R /2 Mh, Mg C TT C A C C G A T TA A A C C G C 574 - 557

82 #221 G alE /R /2 Pt C TT C A C C A A T TA A A C C G C 574 - 557

"P : PC R  am plification , S I : F irst stage  o f  sequencing, S2;S econd  stage o f  sequencing  

* G alE /F /1: G alE /Forw ard/1 , G aIE /R /1: G alE /R everse/1

"Mh\ M. haemolytica isolates PH2, PH66, PH196, PH202, PH278, PH292, PH296, PH494, PH588, PH706 

Mg'. M. glucosida isolate PH344 

Pv. P. trehalosi isolate PH246 

W: A +T, Y: C+T, K: T+G, R: G +A , M : C +A ,

"N ucleo tide  position  co rresponding  to the first 5 ' bp  o f  the p rim er w ithin galE o f  the  M. haemolytica 

G enB ank sequence (U 39043)
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(A ) M. haemolytica g roup  M hl and  M. glucosida g roup  Mgl

#64 #65

r * r *
#68

ATG
7074bp 7 1

#75

#74

r
sap

7 T
#69

~i  M h l  ( 6 5 / 6 ^

TAA
 ̂ I R 0 7 R b n  

#66 #67

(B ) M. haemolytica g roup  Mh2, M. glucosida g roup  Mg 2 , and  P. trehalosi g roup  Pt

#65

......... r
TTA

sap
CAT

^ ----------------------------
#168

--------------- 1 AAKO , D. 1----------------------
#66

----------------------------

Figure 2.10 Diagrammatic representation 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. (A) M. haemolytica group M hl 

and M. glucosida group M gl and (B) M. haemolytica group Mh2, M, glucosida group 

Mg2, and P. trehalosi group Pt. 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 gap indicates the direction of transcription.
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ATGGCAATTA AAATTGGTAT TAACGGCTTT GGCCXÎTATCG GTCGTATCGT TTTCCGTGCA GCACAACACC GTGATGACAT CGAAGTGGTA GGTATCAACG
#65

ACTTAATCGA TGTTGATTAT ATGGCTTATA TGCTGAAATA TGATTCAACT CACGGTCGTT TTGACGGTAC TGTTGAAGTT AAAGACGGTC AATTAGTAGT 

.TAACGGTAAA GCGATCCGCG TAACAGCTGA GCGTGACCCG GCTAACTTAA AÀTGGAATGA GATCGGTGTT GATATCGPAG TTGAAGrAAP AGGTTTaTTr 

e TT^ATGATGjAAACTQCTCG tÇ^MCACafflaiî  ̂ TG M ™ U # « Ô m B CIOT&TAiIAAGATGCAAC ACCTATGTTC GTAAACGGCG

nA'^GTTATTCACG, AAAAATTCGG
.........
gcgaAagact ggcgtgotgg tcgtggcgcg

GT^TTAAC Cÿ^A'ÿOqpT TTCCGTGTTC 

CAGAWkATOA
TOCAGrmATTCAi^GACT TCAATOGTGC AACTGAAACT TCAGTATTTG ATGCAQCAOC AGGTATCGCASTATTAOGClW

TTAACTGATA CTTTCGTTAAiATTAGTATCT '̂ T A C G A T A  ACGAAGTTGG CTACTCAAAC AAAGTATTAG ACTTAGTTGC TCACGTATAT AACTACAAAG
^  #66

GTTAA

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 M hl, 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

P rim e r"

u se

P r im e r

N o.

P rim er*

n a m e
S tra in s" S eq u en ce  (S ' to  S')'^ P osition"

T h re e  s ta g e s  o f  seq u en c in g  (F ig u re  2 .10A )

#64 G ap/F/1 A TG G T T T TG G T C G T A TC G N o t show n

P, S I #65 G ap/F/1 Mhl, Mgl G CC G TA TCG TA TTCC G TG 41-58

S2 #68 G ap/F /2 Mhl, Mgl G TT T T A A C C G G T C C G T C T 352-369

S3 #74 G ap/F/3 Mhl, Mgl G TG T T C C A A C C A C T A A C G 695-712

P ,S 1 #66 G ap/R/1 Mhl, Mgl A C C C G T T TG T TA T C G T A C C A 950-931

#67 G ap/R /1 G TT T G A G T A A C C C G T T T C N ot show n

S2 #69 G ap/R /2 M hl, Mgl T TC G C T G C A C C T G T T G A T 638-621

S3 #75 G ap/R /3 Mhl, Mgl A C C T G T T G C T T C A A C T G C 294-277

T w o s ta g e  o f  seq u e n c in g  (F ig u re  2 .10B )

P ,S 1 #65 G ap/F/1 Mhl, M gl, Pt G C C G TA TCG TA TTCC G TG N ot show n

S2 #167 G ap/F /2 Mhl, M gl, Pt T G A C A A C T G T T C A C G C A A N ot show n

P ,S 1 #66 Gap/R /1 M hl, M gl, Pt A C C C G T T TG T TA T C G T A C C A N ot show n

S2 #168 G ap/R /2 M hl, M gl, Pt G T T G C G T G A A C A G T T G T C N ot show n

“ P: P C R  am plification , S I : F irs t stage o f  sequencing, S2: Second stage o f  sequencing , S3: T hird  stage 

o f  sequencing

* G A P/F /1: G A P/Forw ard /1 , G A P/R /1: G A P/R everse/1

"Mhl: M. haemolytica iso lates P H 2, PH 8, PH 66, PH  196, PH 202, PH 232, PH 238 , P H 278, PH 284,

PH 292, PH 296, PH 338, PH 388, PH 396, PH 398, PH 484 , PH 494, PH 526, 

PH 540, PH 550, PH5B8, PH 598, PH 706, P H 786 

Mhl: M. haemolytica isolates PH 470, PH 30, PH 376, PH 346, PH 50, P H 56, P H 372 , PH 392 

Mgl: M. glucosida isolates PH 290, PH 344 

Mgl: M. glucosida isolates PH 240 , PH 496, PH 498, PH 574 

Pt: P. trehalosi isolates PH 246, P H 252, PH 254, PH 68 

" Positions of the gap primers for M. haemolytica group Mhl only are shown. Nucleotide position 

coiTesponding to the first 5 ' bp of the primer within gap of contig 156 of the M . haemolytica genome 

sequence as of 01/02/04 (see Figure 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 (Figure 2.10). Three primer pairs were used to sequence gap in M. 

haemolytica group M hl and M. glucosida group M gl (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 Pt (Figure 2. lOB). The optimum annealing 

temperature for all the PCRs was 50 °C. The positions of representative M. 

haemolytica group M hl primers on the nucleotide sequence of the gap gene of M. 

haemolytica 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 ignd)

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 closely 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/#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 specific 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#239#240 #255 o r  #256

ATG
g n d

TAA
34482bp ♦ J

#257 #243
^ __ 1 . ^ J j  35936bp

#242 #241

-------------------- . . .  --------  M h. M g. Pt: PCk (24U/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.

A TOTCACAAA A AGOCGATAT CGGCGTGATT n n A C T r r .C C G  TA A TG G G TCA  A A A T T T A A T T  .TTGAATATOA ATGACAACGO C TTTA A A G TG  GTGGCGTACA
#238 '' ê ï i9  ^  i l U  ^

A CCG CA CTA C TTCA A A A G TG  G A TG A G TTCT TA GAAGGTOC GGCGAAAGGC ACGA A CA TTA  TC G G T G C T T A  CTC G TTA G A A  G ATTTAGCGG CGAAGTTGGA

lA A A A CCG CG T AAAGTGATGC TAATGGTGCG TG C C G G T G A G ' G T G G T G G A T C . A G T T T A T C G A ^G G C T C T T C T G  C C A C A T T T A G  AAGAAGGCGA C A TC A T C A T T

GATGGCGGTA A C TC A A A C T A 'T C C G G A C A C C  A A C C G CCG TG  TG A A A G CG TT AGCGGAAAAA G G C A TTC G C T. T T A T C G G C T C  AG G TG TA TCG  GGCGGCGAAG• ‘"I" -t'
iA G G G T G C T C G  TCACG G G CCG  TCA A TTA TG C  CGGGCGGTGA TG A A TC TG C G  T C G C A A T A T O 'T G A A G C C G A T  TTT C C A A G C A  A TTTC A G C C A  AAACCGACAA

lA G G T G A G C dT J T O T T O T G A C T  G G GTTGGTCG T G A C G O A G C A ;G O G C A T T T T G  TGAA A A TG O T T C A C A A C G G T ' A TC G A A TA TG  G ÇG ATATGCA G T T A A T T T G T' V'* , ' ' ? ...V/ ' ' ' '
O A A GÇCTACC A A TTC TTA A A  A G A T G G T T T A ^Q G T T T A A G CT A TG ATGAAAT G C A CG AAATC TTTA A A G A G T GGAAAAACAC CGAATTAGAC A G C TA TTTG G

#255 or #256 ' .4 ^--1, ' .'-wv ' '
TG G A TA TTA C  C A C T G A T A T T ' C T T O C C T A g ^ J ^ ^ g ^ g g ^ ^ ^ g ^ ^ g g g C G A G C C A  TTGG TA G A G A  A A A TTC TC G A  C A CCG CA G G T CAAAAAGGAA CGGGTAAATG.̂ ■̂ ■#257 ... ; y;
G A C TG G TA TT A A C G C C C T T G , A T.TTCGGCAlt »TC C A TTA A CA  C T G A T T A C C G fA G T C G G T A T T  CG C C C G TTG C  G T A T C T G C G W T T A A A G A T C A  A CGTGTTGCG 

f G C TTC A A O A T TG T T T A A C A A  AGAAATTGGT AAAGTTGAAG G C G A C A A A A A A G T A T G G G T A  GAAGCGGTAC G C C G TG C O TT A C T T G C T T C C  A AAATCATCT

C TTA TG C A C A  A G G C TTTA TO . T T G A T T C G T G ^A G G C T T C T G A  G CA A TTC G G T TG G GACATCA A CTACGGCAA T A C C O C C C TA  TTA TG G C G TG  A AOGTTGTAT
% ' -.at, ' ^  #243

J A T C Ç G C A G C - C G T T T Ç T T A G  Q C A A C A T T C G .T G A T G C G T A T  GAAGCCAACÇ C A T A T T T A O T  G T T C T T A G G C 'T C A G A C C C A T  A CTTCAAAGA TA TTTTG G A A  

'A A C TG CTTG G  CAOATTG G C G  TAAAGTAGTG G CA A A A T C G G 'TGGÀAATCGG T T T A C C T G T A  C C T T G TA TG G  C G TC A G C C A T T A C C T T C T T A  GATGGCTACA
#242 “ . ' V.

CCTCG G CA CG  t t t a g c o g c a '  a a c t t a c t c c  a a g c a c a a c g  t g a c t a c t t t  g g t g c t c a t a  c t t a t g a g c g  t a c a g a c a a a  g c t c g c g g t o  a g t t c t t c c a

#241
C A CCAACTGG ACAGGACGTG GCGGTAATAC CG CA TCG A CC A CTTA TG A TG  TG TA A

Figure 2.13 Nucleotide sequence of the gnd gene of Af. 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

P rim e r"

use

P r im e r

N o.

P rim er*

n a m e
Iso la tes" S eq u en ce  (S ' to  3')*^ P osition"

#238 G nd/F/1 A A G G Y G A Y A TCG G Y G TTA 1 1 -2 8

#239 G nd/F/1 T C G G Y G TT A TY G G C TT A G 2 0 - 3 7

P ,S 1 # 240 G nd/F/1 Mh, Mg, Pt G G C TTA G C SG TR A TG G G 3 1 - 4 7

S2 #255 G nd/F /2 Mh, Mg G CTA TG A TG A A A TG CA CG 638 - 655

S2 #256 G nd/F /2 Pt G C T A C G A TG A A A TG C A A G 638 - 655

P ,S 1 #241 G nd/R /1 Mh, Mg, Pt R T A G TC R C G T TG T G C T TG 1347 -1330

#242 G nd/R /1 G C C A C Y A C T T TR C G C C A 1 2 3 2 - 1216

#243 G nd/R /1 A TA C A A C C T T C A C G C C A 1 1 0 0 - 1084

8 2 #257 G nd/R /2 Mh, Mg, Pt C C G T C T T C G T C TT T G T A 733 - 727

"P : PC R  am plification , S I: F is t stage o f  Sequencing, S2: Second stage o f  sequencing  

* G nd/F /1: G nd/F orw ard /1 , G nd/R /1: G nd/R everse/1

"Mh: M. haemolytica isolates PH2, PH66, PH 196, PH202, PH278, PH292, PH296, PH494, PH588, PH706 

Mg: M. glucosida isolate PH344 

Pt: P. trehalosi isolate PH246 

'^R: G +A . S: G +C , Y: C +T

"N ucleo tide  position  co rresponding  to the firs t 5' bp  o f  the prim er w ithin gnd o f  contig  160 o f the M. 

haemolytica genom e sequence as o f  01 /02 /04  (see F igure 2.13)
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2.3.2.2.6 GIucose-6-phosphate-l-dehydrogenase igôpd)

Since a GenBank sequence was not available and the genome sequence was not 

published at the time for the M. haemolytica g6pd gene, three forward (#206 to #208) 

and two reverse (#290 and #210) primers were designed within the conserved regions 

of the aligned g6pd 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 sequencing of the g6pd 

gene in 10 representative isolates of M. haemolytica (Figure 2.14). Attempts to 

amplify g6pd in P. trehalosi and M. glucosida with the six primer combinations failed.

Therefore, additional forward (#385 and #395) and reverse (#386 and #396) 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 sequence of the g6pd gene of M. haemolytica are 

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

23.2.2.1 Malate dehydrogenase {mdh)

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 closely 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

g 6 p d
IMS---------------------------------------------- , -------------------------- ,-------- ,-----r - M30312bp .4 JI ^  ^   ̂ I 31799bp

#259 #396 #210 #386 #209

M h: PC R  (2 0 7 /2 1 0 )

Figure 2.14 Diagrammatic representation 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 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.

A TO A A TG CTG  AAA A TA G CTG  T A T C G T C A T T  T T T G G T O C T T  C C G G TG A C TT A A C T T T T C G T  A A A TTA A TTC  C T O C T C T T T A  T A A C T T A T A T  AAGATTGGCA
#395 #206'" #305 ^  à

I GA» T G G G C 0 A ')< 1 C A T T » T T C C ; O T C C JA O jB T G i T T T C T C G T T C  AGAATTA A CC G A C G A A TC TT TCCG CCA A A A  .A A TG C G TG A T G C G TTA G TÇ A  AATTTG A A A A
‘ïçiATT “ *4. ' ..r'' -- 1 ’ -

AGCAAGCGGT GA A G A A T T A G ' A TA A A TTTTG  C G A A C A T C T T  TA TTA C C A A G  X T G T A A A T A C ’^C TCTG A TG CA  ?G T G G A T T A T O  C C A A G TTG Ç T Q Ç C T C G T C T T  

VOATGAOCTAC • A C O A TA A A TIfi'TC A A A C A O C C  O G TAACACGC T T T A T T A C C T  C T C C A C G C C A  vC C A A G T T T A T  A T G G C G T G A T  T C C G G A A TG T T T A G C C G C TC  

A C G G CTTA A C TA CCGAAGAG T T T G Û C T G G A -A A CG G A TTA T TGTTG A A A A A  C C A T T C G G C T  A CO A TA TC G A  AA CCG CCA A A  A A ATTAGACG TACAAATCCA•* |Ti i ' ", ^  .
JC A A A T G C T T T .G A A G A G C A T p  AAATCTA CCG  TA TC G A C C A C  TA T T T A G G T A  A A G A A A C G G T .A C A A A A C T T A . C T C G T T T T A C  G T T T T T C T A A  C G O C T T A T T T  

G A A C C G C T T T  O G A A CCG TA A \ TTTTA T.TG A T ;TA TG TG G A A A  TTA CCO G G G C AG A A TCCA TC G O CGTTGAAG A T C G TG G C G G  "T T A C T A T G A T  GGCTCGGGGG 

CAATGCGTGA*- T A T G T T C CAA A A C C A C TTA T .TG C A A G T A T T  A G C C A TG G TT GCAATGOAG ÇV CA CÇG G CA A T^ T A T T A A T O C T  A A T T C A A TO C ^O TG A TO A A G T

CG CA AAAGTG C T A T A T T G C T  T G C A T C C G T T . AACTGAAGAA GACG TTA A A C A CA A TG TQ G T. G TTA G G TC A G  T A T G C T C G T G . GCACGGTAGA CGGCAAAGAA
,S- \ f   ̂ ' -•

: G T G C C G G C T T ; J \C T T G G A A G A  AAAA)GGCGTG C C G G C T G A T T  'C C A A C A C T G A  A A C C T T T A T O  G CGGTAAAAT G T A A A A TC G A  TA A C TO G C G T TGOGCAGGTG
' : "  - ''-'.''A;, +  . V \
* T G C C G T T C T A  TO TG C G A A C C  GGTAAACOCT TA CC A A C C C O  TGTGACGGAA A T C G T A A T T C  A TTT.TAAAAC T A C A C C A C A C  C C G G T A T T T A  GCCAAAATGC

T'.,: (/%"' ' t '  ■/:. - S  '
J.TCCGGAAAAT A A A T T G A T T A .T T C O T G T G C A  ACCGGACGAA G G C A TTTC A A  T G C G T T T C G G  CTTGAAAAAA C C G G G A G C A O : G C T TTG A A G C  GAAAGAAOTC

1:. ■ . ' '  .... :  W f  ' '
' t c a a t g g a t t  T C C G C T A T T C  T G A TTTA A G T i.TC A TC A TC A A  G C T T A C T C A C C G C TTA TG A A -*c g c t t a c t a t  t a g a c g c a c t  t a a a g g t g a t  gc a a c c t t a t

f  f 9  " & #396"
T T G C C C G T A C .T G A T G C T G T A  C A C G C T T G T T  G G A A A TTTG T G CA A CCG A TT T TA G C C TA C A  A A G CTA A TCG  T G G G C G TG TG  T A TG A A TA TG  AATCCGGCAC

TTG O G G G CCA  A C CG A GGCAG A TAAATTAAT CGCCAGACAC G GCAAAGTAT GGCGAAAACC G T C C G G T ACA ATGAAGAAGA AAGTGTAA
^  #210 #386 2Ô9

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 

g6pd gene of M. haemolytica, M. glucosida, and P. trehalosi

P rim e r"

u se

P r im e r

N o.

P rim er*

n a m e
Iso la tes" S eq u en ce  (S ' to  3 ')'^ Position"

#206 G 6pd/F/1 T T T T Y G G Y G C V T C H G G Y G 2 9 - 4 6

P ,S 1 #207 G 6pd/F/1 Mh C H G G Y G A Y Y TM A C TY A TC G 4 1 - 5 9

#208 G 6pd/F/1 TG R STG A R V A Y TTY TC C G 1 0 4 -1 2 1

#385 G 6pd/F/1 T T T T G G Y G C D T C H G G K G A 3 0 - 4 7

#395 G 6pd/F/1 TA TC G TA A TTTTC G G C G C 2 1 - 3 8

S2 #258 G 6pd/F /2 Mh GCA A TG CG TG A TA TG TTC 7 0 0 -7 1 7

#209 G 6pd/R /1 G C C A C Y A C T T TR C G C C A 1478 - 1461

P ,S 1 #210 G 6pd/R/1 Mh TTTB G C G A T B A R T TT R T C R G C 1437 - 1417

#386 G 6pd/R/1 TTW C G C C A Y A C TT T G C C 1467 - 1451

#396 G 6pd/R /1 TA A V C G Y TC A TA A G CG G 1266 - 1250

S2 #259 G 6pd/R /2 Mh T G C G A C T TC A TC A C G C A 804 - 788

"P : PC R  am plification , S I :  F irst stage o f  sequencing , S2 :Second stage o f  sequencing  

* G 6pd/F /1: G 6pd /F o rw ard /l, G 6pd/R /1: G 6pd/R everse/1

"Mh\ M. haemolytica isolates PH2, PH66, PH196, PH202, PH278, PH292, PH296, PH494, PH588, PH706 

Y: C+T, V: A +C+G, H: C +T +A , M : C +A , R: G +A , 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 . 

haem oly tica  genome sequence as of 01/02 /04  (see Figure 2.15)
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'1
4

(A) M. haemolytica PH2

28937bp

C T " r r
ATG

mdh
TAA

#246
< --------------  PH2: PCR (244/246)  ►

^ 1 1  29905bp

#189 #188 #190

(B) M. haemolytica PH2 

#186E #253

ATG
mdh

#254 #252 #189

TAA

< ----------- PH2; PCRl (186/254) ---------- ►

----------- PH2: PCR2 (253/189) ----------- P-

(C) M. haemolytica {Mh), M. glucosida {Mg), and P. trehalosi {Pt) 

#186 #265#266

r rr_______________
mdh

ATG TAA

Mh; PCR (265/267)
#323#268#267 #190

 ►
Mg: PCR (186/268)

Pt: PCR (186/190)

Figure 2.16 Diagrammatic representation 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, (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 aiTows 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 mdh indicates the direction of transcription.
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ATGTGTCAAA GTAAAAÔàfiUfiCCdlïIàJiÛ ïfiCIfiCôi
_^186 #265 #187'#19i#.ÇQATATTÎCC !. OC|TaTTACaC*p^GGAATTTC

m

GCCTTATTAT TAAAACTCAA TTTACCGGCT AAATCTGAAT 

>C^TAAACAÇ,,C»rrATTCÇG_ATOœœ^
 ̂■rt'.'-Ÿ'-'*'■■ ■ n 253

^AGCGAÀTACC TTTGTGGCTG'AAGCGAAAGA

CTAGAGCAGT

^ç||<;^TCTdcA(^ip̂ ^  ,TTATGCTTAT QtAÇÜÎTjÜllK#^
.̂GÏçkTTCTTTG CTTACCCGAT TCGTTTAGGT ACAAATGGTG TGGAAAAAGT TCTACCTATC GGCAATCTCA GCGAATTTGA AAAAGATCAA

^  #323#268^ 1567^ HS9
TAATTCCTGT ATTAAATGAT GAAATTCAGT TAGGACAAAC TTTTAATAAA 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

P r im e r  " 

use

P r im e r

N o.

P r im e r  * 

n a m e
Is o la te s  " S eq u en ce  (5 ' to  3 ') P o s itio n  "

P ,S #186 M dh/F/1 Mh (PH 2), Mg, Pt A A G T T G C W G T W Y T A G G T G 1 7 - 3 4

#187 M dh/F/1 C G C A G G Y G G T A TY G G T C A 3 6 - 5 3

#191 M dh/F/1 G C A G G T G G K A T W G G W C A 3 7 - 5 3

P ,S #244 M dh/F/1 Mh (PH 2) T W T K C B G G T G A A G A T C C 1 8 3 - 2 0 0

#245 M dh/F/1 G C R C G TA A A C C K G G TA T 250 - 266

P ,S #253 M dh/F/1 C TTG TA C C R C C TA C TG C 389 - 406

P , s #265 M dh/F/1 Mh T G T W Y T A G G T G C Y G C A G G 2 4 - 4 1

#266 M dh/F/1 G C A G G Y G G W A T Y G G T C A 3 7 - 5 3

#188 M dh/R /1 CCTA A TTCA A TA TCY G CA CG 944 - 925

p. s #189 M dh/R /1 G G T A R R A T T T C T T C H A C R C C 866 - 847

p,s #190 M dh/R /1 Pt RCCY AA TTCA ATATCYG C 945 - 928

p,s #246 M dh/R /1 Mh (PH 2) A C T T C B G T V C C B G C A T T T 662 - 645

P,s #267 M dh/R /1 Mh TCC A C R C C A T T TK T A C C 854 - 838

#252 M dli/R/1 CCG G CA TTTTG G A TA CG 653 - 637

P ,S #254 M dh/R /1 Mh (PH 2) C C A A T C A C A G G C A C T C T T

P ,S #268 M dh/R /1 Mg K TA C C T A A R C G A A Y C G G 842 - 826

s #323 M dh/R /1 Pt T TA C C T A A A C G C A C A G G C 842 - 825

'"P : P C R  am plification , S: Sequencing  

* M dh/F /1 : M dh/Forw ard /1 , M dh/R /1; M dh/R everse/1

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

Mg: M. glucosida isolate PH344 

Pt: P. trehalosi isolate PH246 

^W : A+T, Y: C+T, K: T+G, B: C+T, R; G +A , V: A +C +G

"N ucleo tide  position  corresponding  to the first 5 ' bp o f  the p rim er w ith in  mdh o f  con tig  178 o f  the M. 

haemolytica genom e sequence  as o f  01 /02 /04  (see F igure 2.17)
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primers were tested in nine combinations (#I86/#188, #186/#189, etc) by PCR with M. 

haemolytica isolate PH2 to determine the optimum primer pair and annealing 

temperature. The primer pair #186/#!89 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 (#252 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 

PH2 with primer pairs #186/#254 and #253/#189 (Figure 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. haemolytica, 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/# 190 was used for PCR and sequencing of the mdh gene in one 

isolate of P. trehalosi (Figure 2.16C). The internal primer #323 was designated 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.S IViannitol-l-phosphate dehydrogenase (mtlD)

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

1 0 1
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regions of the aligned mtlD sequences from closely related species of M. haemolytica 

(see section 2.3.1.2) (Figures 2.18 and 2.19, and Table 2.11). The primers were 

tested in four combinations (#362/#364, #362/#365, etc) by PCR with M. haemolytica 

isolate PH2 to determine the optimum primer pair and annealing temperature. The 

primer pair #363/#364 was used for PCR and for the first stage of sequencing of mtlD 

in 17 isolates of M. haemolytica, six isolates of M. glucosida, and one isolate of P. 

trehalosi (Figure 2.18). The optimum annealing temperature for the PCRs was 55 °C 

for M. haemolytica and P. trehalosi and 58 °C for P. trehalosi. 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 sequence of the 

mtlD gene of M. haemolytica are shown in Figure 2.19, and the details of all primers 

are listed in Table 2.11.

2.3.2.2.9 Phosphomannomutase (pmm)

Since a GenBank sequence was not available and the genome sequence was not 

published at the time for the of M. haemolytica pmm gene, two forward (#215 and 

#216) and two reverse (#217 and #218) primers were designed within the conserved 

regions of the aligned pmm  sequences from closely related species of M. haemolytica 

(see section 2.3.1.2) (Figures 2.20 and 2.21, and Table 2.12). The primers were 

tested in four combinations (#215/#217, #215/#218, etc) by PCR with M. haemolytica 

isolate PH2 to determine the optimum primer pair and annealing temperature. The 

primer pair #216/#218 was used for PCR and sequencing of the pmm  gene in 30 

isolates of M. haemolytica group M hl and four isolates of P. trehalosi, and the primer 

pair #215/#218 was used for PCR and sequencing of the pmm  gene in two isolates of 

M. haemolytica group Mh2 and six isolates of M. glucosida (Figure 2.20). The 

optimum annealing temperatures were 50 °C for isolates PH246 and PH254, 52 °C for

1 0 2
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#362 #363 #370

mtlD
ATG TAA

29496bp
#372 #371 #365 #364

<-------------------------------------------- Mh, Mg, Pt: PCR (363/364)  ►

Figure 2.18 Diagrammatic representation of the mtlD gene of M. haemolytica 

isolate PHL213 (complementary contig 121 of the genome sequence as of 22/4/04) 
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 mtlD indicates the direction 
of transcription.

ATGAACGCAC TCCATTTTGG TGCCGGTAAT ATCGGGCGTG GCTTTATCGG CAAATTGCTTxGCTGATGCTC. QCATTTTCGT GACTTTTGCC GATATTAACC
#362 "  #363 ^

AAACTCAAAT CGACCAAATC AACCAAAACA AGCAATACGG CGTCAAAATC GTGGGCGATO ACAGCCGTGT OGAAATTGTC AAAAACATTG CGGCAATTAA
i a . . ......
CTCGAAAGACiGAAAATGCCG^TGATTGAGCAjAGTGAAAAAC ACCGATTTAA TTACCACCGC AGTCGGCCCO:AATGTGCTTG GCTTTATTGC CCCACTGTTC 

GCCAAAGCGT TÀGTGGCTCG TGTGGi^GT GGCAACACÇC AACCGCTGAA CATTATCGCC TGTGAAAATA TOGTGCGTCG CACAACTTTC TTTAAAGGTA

AAATTTTTCA GCATTTAACT GCOSAqCAGC AAGCAGAAATiTCAAAAAOTG,GTTGGTTTTG .TTGATAGTGC^GGTGGACAGA ATTGTACCAC CTGCCGAGCC

AÀTGGATTAA .AGAOGCGÀTT^GÇGATy^qO'AAATCAAAAC TCAGOTGAAa';GCCACAATGG AAGAGAOCOG i.TIQÇTGTGÇTQ ATTAAACGTT ACGQCTTCGA 

CCCÀCAAGCC CATTCAGCGT ATATCGAAAA AATCCTCAAA CGTTTTGCCA ACCCGTACTT AAACGATGAC OTAAACCGTO. TAGGGCGTGA GCCAATCCGC

sAAAÇTGAGCG AAAACGACCG CTTGATCAAA CCGTTGCGTG GCACGTTGGA ATATGQCTTA CCGTATCAAA ACTTGGTCAA AGGCGTGGTG ATGGCATTGC
- .X.', #365' v

AAT^ G C A A  TGAOQAAGAC CCACAAOCGG TCGAACTTGC CGAATTTATT GCAAATCACG GTGTGGCGGC AGCGGTGGAA AAATACACCG GTTTAACCGA
#364

CCAAGCGGTC ATTGCTCAAG TGGTGGAATT ATATCAATAA

Figure 2.19 Nucleotide sequence of the mtlD gene of M. haemolytica isolate 

PHL213 (complementary contig 121 of the genome sequence as of 22/4/04) 

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 2.11 Details of primers used for PCR amplification and sequencing of the 

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

P rim e r"

u se

P r im e r

N o.

P rim er*

n a m e
Iso la tes" S eq u en ce  (5 ' to  3’Ÿ P osition"

#362 M tlD /F/1 T G G T G C C G G T A A T A T Y G 1 8 - 3 4

P,S1 #363 M tlD /F/1 Mh, Mg, Pt G G R C G T G G M T T TA T C G G 3 4 - 5 0

S2 #370 M tlD /F /2 Mh, Mg, Pt G G A TT G TG G A T C A A A C C C 548 - 565

P, S I #364 M tlD /R /1 Mh, Mg, Pt G R TC W TC C T C A T TG C G A T 1021 - 1004

#365 M tlD /R /1 C C A TA TTY C A A SG TG C C A 956 - 939

S2 #371 M tlD /R /2 Mh, Mg G C C A TC A G G TTA TC G G TT 623 - 606

S2 #372 M tlD /R /2 Pt A TG A C G G G A A T TT C G C C 590 - 574

"P : P C R  am plification , S I :  F irs t stage o f  sequencing, 82: Second stage o f  sequencing  

* M tlD /F /1 : M tlD /F orw ard /1 , M tlD /R /1: M tlD /R everse/1

"Mh\ M. haemolytica isolates PH2, PH66, PH 196, PH202, PH278, PH292, PH296, PH494, PH588, PH706 

PH540, PH8, PH398, PH232, PH396, PH484, PH598 

Mg: M, glucosida isolate PH344, PH290, PH240, PH574, PH496, PH498 

Pt: P. trehalosi isolate PH246 

'^Y: C+T, R: G +A , M : C +A , W: A+T, S: G +C

" N ucleo tide position  correspond ing  to the  first 5 ' bp o f  the prim er w ith in  mtlD o f  con tig  121 o f  the M. 

haemolytica genom e sequence  as o f  01 /02 /04  (see F igure 2.19)
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#215 #216

r jC L
pmm

IM G ________________________________________________ L __________________________________   t a a I
29496bp %%9bp

Mh2,Mg: PCR (215/218)

#218 #217

—►
M hl, Pt: PCR (216/218)

Figure 2.20 Diagrammatic representation of the pmm gene of M. haemolytica 

isolate PHL213 (contig 171 of the genome sequence as of 22/4/04) 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 pmm indicates the direction of 
transcription.

ATGGGTATGA ACCGTGTTTT GGTGGCACAA GCTGCCAGCG GTTTAGCTGG GTTTATTAAA GGTTATGATA AAGAGCCGTC AATTGTTATT GGTTATGACG
GTCGTAAAAA TTCCGATGTG TTTGCCCGTG ACACCGCTGA AATTATGGCA GCGGCAGGCA TTAAAACGTA CCTGCTTCCT CGCAAATTGC CAACACCAGT
GCTTGCCTAT GCGATTCAAT ATTTTGATAC CACAGCCGGT GTGATGGTAA CTGCCAGCCA CAACÇÇAÇOGGAAGATAAÇG GCTATAAAGT TTATTTAGGT

#216 ^AAAGCCAACG GTGGCGGACA AATTGTTTCG,'CCGGCAGATA AAGAAATTCC TGCTCTGATT GATAAAGTAO XAGCAGGCGA TATTCGTGAT TTACCTCGTA 
GCCAAGATTT CACOGTGTTA GACGATGAAG^ TGGTAAATGC TTATATTGAG AAAACCGCCT CACTAGCCAA,ACGGCCAAAA GCCGAAATAA ACTACOTTTA 
CACTGCAATG.CACXKTGTGG GCTATG^<ÎT,,GTTAAGCAAA ACATTAGAAA AAGCCGGCTT ACCGCAACCG TATTTAGTTA GTGAGCAGAT TCAOCCGGAC

 ̂ A* ''' XM'' '• 7' ' . - - .
f GGTTCGTTCC CAACGGTTAA TTTCCCGAAC CCGGAAGAGA AAGGGGCGTT AGATTTAGCG ATTAAATTGG CGAAAGAGAA^'AAATGCCGAA TTTATTATCG 
CCAACGACœ■GGATGCTGAC CGTTTAOCGG TAGCCGTGCC TGATOCTCAA,GGCAACTQGA AACCACTGCA'TGGCAATGTX3 ATCGGCTGTT TCTTAGGCTG 

* GTATTTAGCCf AAACAATTCC ACGCACAAQG : TAAACAAGGC GTGTTGGCTT,, GCTCGTTAGT ATCCTCTCCG GCGTTAGCTG AAATTGCGAA AAAATATGGTAm*'- ‘ , -% %
klTAAGCTCGG^AÀGAAACCTT AACCGGCTTT AAATATATCG.GAAAAGTTGA AAACCTATTA TTTGGCTTTG ÂAGAAGCCTT AGGTTATTTG GTTGACCCAG
ACAAAGTGCG TGATAAAGAC GGCATTTCCG CTGCCATTAT GTTCTTAGAT TTAGTGTGCA GCCTCAAACA AGAAGGTAAA ACCCTTGCGG ATTACACCAC

#218CGAGTTTGTA CAAGAGTTCG GGGCTTATGT AAGCGGTCAA ATTTCGATCA GAGTTTGTGA TTTAGCCGAA ATCGGCAAAT TAATGACGGC GTTACGCAAC
AATCCTCCAA GCGAAATTGG TGGCTTTAAA GTGGCTGAGT TTATTGACCA TACCAAAACC ACACGCCAAA ATGACATTTT AGTGTTTGTG TTGGAAAATG
GCAGCCGTTT GATTGCTCGC CCTTCAGGTA CTGAGCCGAA AATTAAATTC TATTTAGATG CTCGTGGCAC AGACGCTGAA AACGCAGAGC AAGTGCTGGC
TCAGTTTGAC GAAAGTGTGC GTTCGCTGCT TCGCCAAGAA GAATACGGCA AACAAGATTG CTAA

Figure 2.21 Nucleotide sequence of the pmm gene of M, haemolytica isolate 

PHL213 (contig 171 of the genome sequence as of 22/4/04) showing locations of 
the PCR and sequencing primers for M. haemolytica group M hl. 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 2.12 Details of primers used for PCR amplification and sequencing of the 

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

Prim er"

use

Prim er

N o.

Primer*

nam e
Isolates" Sequence (5 ' to 3 ') Position"

P ,S #215 Pm m /F/1 M hl, Mg A C M G C A A G Y C A T A A C C C N o t show n

P ,S #216 Pm m /F/1 M hl, Pt C C C R C C A G A A G A TA A T G 264 - 281

#217 Pm m /R /1 C T T T G R C G R T C K G T T T T N o t show n

P,s #218 Pm m /R/1 Mhl+1, Mg, Pt G C W G A R A TR C C G T C TT T A T 1031 - 1 0 1 3

“ P: P C R  am plification , S: Sequencing

* P m m /F /l: Pm m /Forw ard /1 , Pm m /R /1: Pm m /R everse/1

"Mhl: M. haemolytica isolates PH2, PH30, PH50, PH56, PH66, PH196, PH202, PH232, PH238, PH278,

PH284, PH292, PH296, PH338, PH346, PH372, PH376, PH388, PH392, 

PH396, PH398, PH470, PH484, PH526, PH540, PH598, PH588, PH706,

PH8, PH202,

Mhl: M. haemolytica iso lates PH 494, P H 550

Mg : M. glucosida iso lates PH 344, PH 240, PH 290, PH 496, PH 498, PH 574 

Pt : P. trehalosi iso lates PH 246, PH 68, PH 252, PH 254 

'^M: C +A , Y: C+T, R: G +A , K; T+G, W: A + T

"N ucleo tide position  corresponding  to the first 5 ' bp  o f  the prim er w ith in  pmm o f  con tig  171 o f  the M. 

haemolytica genom e sequence as o f  01 /02 /04  (F igure 2.21)
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isolate PH6 8 , 54 °C for isolate PH252, 58 X  for isolates PH56 and PH232, 60 °C for 

isolate PH290, and 56 °C for the remaining 35 isolates. The positions of all primers 

on the nucleotide sequence of the pmm  gene of M. haemolytica are shown in Figure 

2.21, and details of all primers are listed in Table 2.12.

2.3.2.3 Genes encoding secreted proteins

2.3.2.3.1 Glycoprotease igcp)

Initially, two forward (#196 and #197) and two reverse (#198 and #199) primers were 

designed within the conserved regions of the aligned gcp sequences from M. 

haemolytica and closely related species (see section 2.3.1.2) (Figures 2 .2 2  and 2.23, 

and Table 2.13). The primers were tested in four combinations (#196/#198, 

#196/#199, etc) by PCR with M. haemolytica isolate PH2 to determine the optimum 

primer pair and annealing temperature. The primer pair #196/# 199 was used for 

PCR and for the first stage of sequencing of the gcp gene in 10 isolates of M. 

haemolytica, one isolates of M. glucosida, and one isolate of P. trehalosi (Figure 

2.22). The optimum annealing temperature for all the PCRs was 55 °C. The 

internal forward (#230) and reverse (#231 and #264) primers were designed for 

second and third stage sequencing of the gcp gene in P. trehalosi because the quality 

of original sequence data for P. trehalosi gcp was poor. The positions of all primers 

on the nucleotide sequence of the gcp gene of M. haemolytica are shown in Figure 

2.23, and the details of all primers are listed in Table 2.13.
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#196 #197 #230

m _____CL
gcp

ATG________________________________________________________________________________________________________TAA
1032b^ ^  ^   ̂  ̂ I 2009bn

#264 #231 #199 #198

Mh, Mg,Pt: PCR (196/199)

Figure 2.22 Diagrammatic representation of the gcp gene of M. haemolytica 

taxon 746 (U15958) 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 gcp indicates the direction of transcription.

ATGCGAATTT TAGGTATTGA AACCTCTTGT GATGAAACCG GTGTTGCCAT sTTATGATGAA GACAAAGGCT. TAGTGGCAAA CCAGCTTTAT AGCCAAATTG
 Î I 5 S ---------- ' — ■- l L A # -

-ATATGCACGC CGATTACpGT GGCGTAGTCC .CTGAACTGGC TTCTCGAGAC CATATCCX5TA AAACGTTGCC ACTAATTCAA GAAGCCTTAA AAGAGGCCAA

j TCTpCAACCC..,TCOGATATTO ACGGCATTQC „CT^TACTGCC (XXZCCAOGCT TGGTCGÙGOC TTTATTGGTC OGCTCAACCa ' TTGCCCGTTC GCTGGCTTAT

OCTTGGAATG tTTCOGGCATr;GQOCGTTCAC;CATATGGAAO GGCATTTACT TGCCCCAATG TTGGÀAGAAA ATGCCCCTQA ATTTCCGTTT GTGGCATTAT

TQAlnrrCAOO T9G>CACACC'CAACTOOTAA1AAaTTGACOGf'CGTTOGGCAA TACOAACTAC TCGGGÜAATp AATTGATGAT OCTOCCGGTG AAGCCTTTGA

CAA^CAOœf^CTifcTCq: QTTTGG^^IçœTGCCGÇr^ GTAQCGATQT ÇAAj^TTAOC:iCGWITCCGQÇ ÀCGÇCAAATC QTTTTAAATT CCCTCOTCCA 

ATGACCGACA : WCCGGQACT GGAITICAOT. rpÇTCCXXïT TAAAAACCTT TOCTGCOAAT ACGATTAAAG CCAATCTTAA TGAAAATGGT ' GAACTCGATG

?AGCAAACCAA ATGWATATTGCCCACGCAT^TCCAACAAGC CGTGGTTGAT ACTATTTTAÀ TTAAATGCAA'OCGAGCGTTA GAGCAAACCG GCTATAAACGy  . .. V .
CTTAGTAATG GCAGGCGGCG TAAtîTGCCAÀ JTAAACAATTA C(»GCAGACC. TTGCXX3AAAT ; GATGAAAAÀA’TTAAAAGGCG AAGTATTCTA CCCTCGCCCA

CAATTTTOCA' CTOACAACGG CGCAATGATT GCCTACACTG GCTTTCTTCG CTTAAAAACG ATGAACAAAC CGACTTAA
' fî9S

Figure 2.23 Nucleotide sequence of the gcp gene of M, haemolytica taxon 746 

(U15958) 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 2.13 Details of prim ers used for PCR amplification and sequencing of the 

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

P rim e r"

u se

P r im e r

N o.

P rim er*

n a m e
Iso la tes" S eq u en ce  (S ' to P osition"

P ,S 1 #196 G cp/F/1 Mh, Mg, Pt C H T G T G A T G A A A C N G G K G 2 6 - 4 3

#197 G cp/F/1 N G G K G TTG C B A TTTA TG A 3 8 - 5 6

P ,S 2 #230 G cp/F /2 Pt A G G A TC C A C TA TTG C TC G 370 - 387

#198 G cp/R /1 C CD G TR TA R G CA A TC A T 941 - 925

P ,S 1 #199 G cp/R /1 Mh, Mg, Pt G CA A TC A TK G C N C C R TT 9 3 2 - 9 1 6

S2 #231 G cp/R /2 Pt G A A G G C G TG TG C A A TA TC 7 3 2 - 7 1 5

S3 #264 G cp/R /3 Pt TC TA A C A TA G G A G C C A G C 365 - 348

“ P: P C R  am plification , S I :  F irst stage o f  sequencing, 82: Second stage o f  sequencing , S3; T h ird  stage 

o f  sequencing 

 ̂G cp/F /1: G cp /F orw ard /1 , G cp/R /1: G cp/R everse/1

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

Mg: M. glucosida isolate PH344 

Pt: P. trehalosi isolate PH246 

^H : C +T +A , N: C +T +G + A , K: T+G, B : C+T, D; A +G +T, R: G +A

N ucleo tide position  co rrespond ing  to the  firs t 5 ' bp  o f  the prim er w ithin gcp o f  the  M. haemolytica 

G enB ank  sequence  (U 15958) (see F igure 2.23)
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2.3.2.4 Genes encoding periplasm-associated proteins

2.3.2.4.1 Lipoproteins (plpA,plpB, and plpC)

Initially, two forward (#150 and #151) and two reverse (#152 and #153) primers were 

designed within the conserved regions of the aligned plpA sequences from M. 

haemolytica and closely related species (see section 2.3.1.2) (Figures 2.24 and 2.25, 

and Table 2.14). The primers were tested in four combinations (#150/#152, 

#150/#153, etc) by PCR with M. haemolytica isolate PH2 to determine the optimum 

primer pair and annealing temperature. The primer pair #150/#152 was used for 

PCR and sequencing of the pip A  gene in 10 isolates of M. haemolytica and one 

isolates of M. glucosida, and the primer pair #150/#153 was used for PCR and 

sequencing of the pip A gene in one isolate of P. trehalosi (Figure 2.24). To amplify 

the continuous plpB  and plpC  genes, two internal forward primers (#247 for M. 

haemolytica and M. glucosida and #248 for P. trehalosi) were designed as sequence 

data became available, and three reverse primers (#249 to #251) were designed within 

the conserved regions of the aligned continuous plpA, plpB, and plpC  genes from M. 

haemolytica and closely related species (see section 2.3.1.2). The primers were tested 

in three combinations (#247/#249, #247/#250, etc) by PCR with M. haemolytica 

isolate PH2 to determine the optimum primer pair and annealing temperature. The 

primer pair #247/#250 was used for PCR and for the first stage of sequencing of the 

plpB and plpC  genes in eight isolates of M. haemolytica group M hl and the primer 

pair #247/#249 was used for PCR and for the first stage of sequencing of the plpB and 

plpC  genes in two isolates of M. haemolytica group Mh2 and one isolate of M. 

glucosida (Figure 2.24). Attempts to amplify the plpB and plpC  genes in P. 

trehalosi with the three primer combinations (#248/#249, #248/#250, etc) were 

unsuccessful. The optimum annealing temperature for all the PCRs was 55 °C.
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#150 #151 #248 #247 #260 #269

plpA plpB plpC
ATG ....... ........................ . ----- TAA ATCl ,, TAA AJO. ---------------------------- ------TM

1708bp |2544bp2627bp 

#153 #152
3460bp 3521bp

#270 #261 #251 #250 #249
P t: P C R  (1 5 0 /1 5 3 ) ^

M h l+ 2 ,M g : PCR (1 5 0 /1 5 2 )

^ --------------------------------- Mhl: PCR (247/250)
Mh2, Mg; PCR (247/249)

Figure 2.24 Diagrammatic representation of theplpA ,plpB , andplpC  genes of M. 

haemolytica taxon 746 (L16627) 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 pip A, plpB, and plpC  indicates the direction of transcription.
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(plpA)
ATGAGTTTCA AGAAAATTTT AGGCGTTGCA TTGGTTTCTG CATTAGCATT AACCGCTTGT AAAGAAGAGA AAAAGGCAGA ATCTACCCGT GCTCCGGCAG
CTCAAGCTCC GGCTAAAATC AAAGTAGGGG TAATGTCAGG CCCTGAGCAT ACCGTTGCAG AACGTGCAGC ACAGATTGCA AAAGAAAAAT ATGGTTTAGA

#150 #151 "
AGTTGAGTTC GTTTTATTTA ACGACTACGC TTTACCGAAT ACTGCAGTAA GTAAAGGTGA TTTAGATGCA AACGCATTCC AACACAAACC ATATTTAGAT
AAAGACAGCC AATCAAAAGG TTTAAACAAC TTAGTGATTG TGGGTAACAC CTTTGTTTAT CCGTTAGCGG GCTACTCTAA AAAAGTGAAA AATGTGTCTG
AGTTAGCAGA AGGTGCGGTA ATTGCAGTAC CAAATGATCC TTCAAACTTA GCTCGTGCTT TGATTTTGAT TTTATTAGAA AAACTGGGGT TAATTAAATT
AAAAGATAAT ACCAATTTAT TCTCAACTTC AGTGGATATT ATCGAAAATC CGAAAAACTT AAAAATTAAA GAAGTGGATA CTTCAATTGC CGCAAACGTA
AGTGACGTAG ATTTAGCGGT GGTAAATAAC ACTTATGCCG GGCAGGTAGG CTTAAATACC CAAGATCACG GTGTATTTGT TGAGTCTAAA GATTCACCGT
ATGTGAATAT TATTGTGGCT CGCCAAGACA ATAAAGATGC AGCTAATGTA CAAAACTTTA TTAAATCTTA CCAAACCGAA GAAGTGTACC AAGAAGCACA

#248 " #247 #153
AAAACACTTT AAAGATGGTG TAGTAAAAGG TTGGTAA-----------------------------------------------------------------

(plpB) ^  #152
ATGAACTTTA AAAAATTATT AGGTGTAGCG TTAGTATCTG CCTTAGCACT TACTGCGTGT AAAGATGAAA AAGCACAAGC ACCTGCTACA ACAGCTAAAA

CTGAAAACAA AGCCCCATTA AAAGTGGGTG TGATGACCGG CCCTGAAGCC CAAATGACCG AAGTGGCAGT GAAAATTGCA AAAGAGAAAT ATGGCTTAGA

TGTAGAGTTA GTGCAGTTTA CTGAATACAC TCAACCAAAT GCCGCACTTC ATTCTAAAGA TTTAGATGCT AACGCGTTCC AAACGGTGCC TTATTTAGAG

CAAGAAGTGA AAGATCGTGG TTATAAATTA GCGATTATCG GCAATACGCT AGTATGGCCA ATCGCGGCTT ATTCTAAAAA AATTAAAAAC ATTTCCGAGT

TAAAAGACGG AGCGACTGTT GCGATTCCAA ACAATGCAAG TAATACTGCT CQTGCGTTAT TATTGCTTCA AGCTCACGGT TTATTGAAAT TAAAAGATCC

GAAAAATGTG_TTTGÇWÇCG_^AAAÇGATAT TATCGAAAAC CCGAAAAATA TCAAAATCGT ACAGGCGGAT ACCTCACTTT TAACCCGTAT GTTAGATGAT
#260 ^  #270GTAGAACTTG CGGTAATCAA CAACACTTAC GCAGGTCAAG CTGGGTTAAG TCCGGATAAA GACGGTATTA TTGTGGAATC TAAAGATTCA CCGTATGTGA#'

ATTTAGTGGT AAGTCGTGAA GATAATAAAG ATGACCCACG CTTACAAACT TTTGTGAAGT CATTCCAAAC CGAAGAAGTA TTCCAAGAAG CGTTAAAATT
ATTAACGGTG CATGGTGTGG TGAAAGGTTG GTAA-------------------- -----------------------------------------------

(p lpQ
ATGAAAATAA TGAAATTAGC CGGTGCAGTT GCAATTTTCT CGCTTTTTTT AACCGCTTGT AATGATAAAG CCGAAAAGTT GAAAGTCGGT GTGATTTCCG 

GCÇCTGAACA TAAGGTAATG GAAGTGGCGG CAAAAATTGC AAAGGAAAAA. TATAACCGTG ATGTTGAATT AGTGGTATJI_^25g^JJ^Jg_££ACGCCTAA
 ̂ #269 ^

r  TGCAGCTTTA GATAAAGGCG ATCTTGATTT GAATGCTTTC CAGCATAAAC CTTATTTAGA TAACCAAATT CAGGAAAAAG GCTATAAATT AGTGCCGGTC
' #261GGCAATAGTT TTGTTTATCC GATTGCGGCT TATTCCAAAA AAATTAAATC GCTGGCAGAG TTGAAAGATG GTGATACTAT TGCAGTOCCT AATGATCCGA

’ CTAATTTAGC CCGTGCTTTA ATTTTATTGG AAAAACAAGA TTTAATTAAG CTGCGAGCAG ATGCAGGCTT AAAAGCAACC AGTGTGGATA TTATTGAAAA

'■ CCCTCGTAAA TTGGTOATCC AAGAAATTGA AGCACCATTA TTGCCTCGAA CGTTGGACX3A TGTTGCCTTT TCGATTATTA ATACTACCTA CGCAGGCAAA

ACGGTTAACG CCAACCAAAG CGGAATATTC GTTGAAGACA AGGATTCGCC TTATGTGAAT TTAATTGTTG CCCGTGAAAA TAACCAACAT TCTGAAGCCG

TAAAAGATTT GGTGAAAGCC TACCAAACAG AAGAGGTGTA TAACAAAGCG AATGAAGAGT TTAAAGGGGC GATGATAAAA GGCTGGTAA-.---------
^  #25î #250

ATGTTACAGACCTGCTCC
--------

Figure 2.25 Nucleotide sequence of theplpA,plpB, and plpC  genes of M. 

haemolytica taxon 746 (L16627) 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 dashed lines indicate intragenic region (bases are not 

shown for simplicity) and the shaded area corresponds to the region of sequence that 

was analysed.
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Table 2.14 Details of primers used for PCR amplification and sequencing of the 

plpA,plpB, andplpC  genes of M. haemolytica, M. glucosida, and P. trehalosi

P rim e r"

u se

P r im e r

N o.

P rim er*

n a m e
Iso la tes" S eq u en ce  (5 ' to Position"

plpA

P ,S #150 P IpA /F /I M h l+2, Mg, Pt A G T A G G G G TA A T G TC A G G A 123 - 140

#151 PlpA /F/1 A TG T C A G G C C C T G A G C A A 133 - 149

P ,S #152 PlpATR/l M h l+2, Mg C C A A C C T TT T A C T A C A C C A 8 3 4 -8 1 7

P ,S #153 PlpA /R /1 Pt C A C T T C T T C G G T T T G G T A A 786 - 769

plpB  a n d  plpC

P ,S 1 #247 PlpB C /F/1 M h l+2, Mg G G C T C G C C A A G A C A A T A A A 7 1 7 -7 3 4

#248 PlpB C /F/1 C A TC A TTG TA G C TCG TG A A 708 - 725

S2 #260 P lpB C /F /2 M h l+2, Mg T G T T T G C Y A C C G A A A A C G B 509 - 526

S3 #269 PlpB C /F/3 M hl +2, Mg TTA CCG A TTA TG CCA CG C 1 7 0 -  186

P ,S 1 #249 PlpB C /R /1 M hl G G A G C A G G TC T G T A A C A T Flanking region

P ,S 1 #250 PlpB C /R /1 Mh2, Mg C CA G CC TTTTA TC A TC G C C 777 - 760

#251 PlpB C /R /1 G W A K G C T TT C A C M A A A T C C 7 1 4 -6 9 7

S2 #261 PlpB C /R /2 C CG G CA CTA ATTTATAG C C 289 - 272

S3 #270 PlpB C /R /3 M hl + 2 , Mg C G G G T T A A A A G T G A G G T B 5 8 7 -5 7 1

"P : PC R  am plification , S I: F irst s tage o f  sequencing , S2: Second stage o f  sequencing  

* P lpA /F /1: Pip A /F o rw ard /1, P lpA /R /1: P ip  A /R e verse/1 ,

P lpB C /F /1: P lpB C /Forw ard /1 , P lpB C /R /1: P lpB C /R everse/1 

^M hl: M. haemolytica iso lates PH2, PH66, PH202, PH278, PH296, PH494, PH588, PH706 

Mh2: M. haemolytica iso lates PH196, PH292 

Mg: M. glucosida iso late  PH344 

Pt: P. trehalosi iso late  PH68 

Y: C+T, W: A +T, K: T+G, M : C +A  

"N ucleo tide  position  correspond ing  to the  first 5 ' b p  o f  the prim er w ith in  plpA  (A ), plpB  (B), and plpC  

(C ) o f  the M . haemolytica G enB ank  sequence ( L I 6627) (see F igure 2 .25)
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Primers for the second and third stages of sequencing were designed as sequence data 

became available. The positions of all primers on the nucleotide sequence of the 

plpA, plpB, and plpC  genes of M. haemolytica are shown in Figure 2.25, and the 

details of all primers are listed in Table 2.14.

2.3.2.4.2 Lipoprotein iplpD)

The primer pair (#154/#155) was designed within the conserved regions of the aligned 

plpD  sequences from M. haemolytica and closely related species (see section 2.3.1.2) 

(Figures 2.26 and 2.27, and Table 2.15). This primer pair was used for PCR and 

sequencing of the plpD  gene in 11 isolates of M. haemolytica, one isolate of M, 

glucosida, and one isolate of P. trehalosi (Figure 2.26). The optimum annealing 

temperature for all the PCRs was 55 °C. The positions of all primers on the 

nucleotide sequence of the plpD  gene of M. haemolytica are shown in Figure 2.27, 

and the details of all primers are listed in Table 2.15.

2.3.2.5 Genes encoding outer membrane proteins

2.3.2.5.1 Heat modifiable outer membrane protein (ompA)

Initially, two forward (#464 and #465) and two reverse (#466 and #467) primers were 

designed within the conserved regions of the aligned sequences from M, haemolytica 

and closely related species (see section 2.3.1.2) (Figures 2.28 and 2.29, and Table 

2.16). The primers were designed in the two flanking genes (Figures 2.28) and 

preliminary PCR testing was earned out with representative isolates of M. 

haemolytica, M. glucosida, and P. trehalosi. Successfully amplified bands were 

partially sequenced by use of the same primers, and a second set of internal forward
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#154

plpD
ATG TAA

610bp ~  14Mbp

M-----------------------------------------------  Mh, Mg, Pt: PCR (154/155)  ►
#155

Figure 2.26 Diagrammatic representation of the plpD  gene of M. haemolytica 

taxon 746 (AF058703) showing locations of the PCR and sequencing primers.
The locations of the primers used for PCR and sequencing are indicated by bold 

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 plpD  indicates the direction of transcription.

ATGAAAATGG AAAAAAAAGC CCTTTTCCGT GGATTTTTAT TATCGACAGT GGCATTAGCA GTGGCTGCTT GTGGTAACTT.AAGTAAAGTG AGTGATGAAG
“Ti54 ^  .

GAACAACTGA A^CCCGGTA TTCÇÇGAWUV TCTCAGAATC TGAATTTAAC CACGATGGTT CAC^ATTT^ TTCATGGCCA AACTGGGAAA ACGTTCGTCA 

VAATTGAAAAAlGQGATGAACA AAGÀTG)ATT*î,ATATAATCTV ArTGGTÇGTC CTCATTTTCAVAGAAGGCTTA TATGGTGTTC GTGAATGGGA CTATGCATTC 

. AATTAcTOTG 'WVAATGGCGT ACATAAAATT TCXZCAATTTA Â ŷ rTTTATT CGATAAA^T JATGAATGCK AAAGTTTÇTT CTGGTATCCA AATGGATGTA

kATGGAAACTC-ATCATTTGCT TTAACTGfGCG » ATTTCTTATT COATTTCGAT AAAGCGACTT ' TAACTACAAA AGGTAAAGAA GTTGTTGATA ATGTTGCTCA

)^WiAATTAAAAÎQÇATCTAAAG C»OÛWà(AGT t .TAÀAGTAGCA GGCPATACAG AœGTTTAÛG "CTCTGCTGCT TATAACTTAG ACTTATCACA GCGTCGTTCT

x̂ AATACAGTOA AAGGTCGTTT AGTACAAcAA'GGCGTTACAG CACAAaTTGA AGCGGTAGÛT TATGGTAAAG CGAATCAAGT AAAAGCTTGT GATGGTGAAA

i* CTGGTCAAGC ATTAAAAGAT "KTTTACGCq^CTAACCGTCG TGTTGAAATT TCTGCAAATT GTGGTGTAAT GAAACAAAAT GAAGGTGGCA ATGTTGCAGG

TCCTAATGGT CCGGCTCCAC TTTATCAAAC CCCAGCATAT GATGGCAGTA AATAA

Figure 2.27 Nucleotide sequence of the plpD  gene of M. haemolytica taxon 746 

(AF058703) showing locations of the PCR and sequencing primers. 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 2.15 Details of primers used for PCR amplification and sequencing of the 

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

P rim e r"

use

P r im e r

N o.

P rim er*

n a m e
Iso la tes" S eq u en ce  (5 ' to  3')*^ Position"

P .S #154 PlpD /F/1 Mh, Mg, Pt A G T G G C T G C T T G T G G T A A 6 0 - 7 7

P .S #155 PlpD /R /1 Mh, Mg, Pt T T C A A C A C G A C G G T T A G G 747 - 730

"P : P C R  am plification , S: S equencing  

* P lpD /F /1; P lpD /Forw ard /1 , P lpD /R /1 : P lp D /R ev erse /1

"M/i: M. haemolytica isolates PH2, PH66, PH196, PH202, PH278, PH292, PH296, PH494, PH588, PH706,

PH550

Mg: M. glucosida iso late P H 344 

Pt: P. trehalosi iso late  PH 68 

" N ucleo tide position  corresponding  to the  firs t 5 ' bp  o f  the p rim er w ith in  plpD  o f  the M. haemolytica 

G enB ank  sequence (A F058703) (see F igure  2 .27)
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(A) M. haemolytica and M. glucosida ompA

#465 #464 #471,472#156M6^ #464 # y

' orfl
C A T ATG

142bp
#468

#158
J C L
ornpA

1274bp  ̂ I
#159

M h : 4 7 1 /4 7 3 , Mg; 47 2 /4 7 3

#4̂ 9

#157 #473 #466 #467

(B) P. trehalosi group Ptl amp A

#465 #474

j i î r
#479

orfl
A 1 £ L

ompAl

#480

j p C R l  (4 7 4 /3 9 4 ^ -------

#476,485 #424

J f l

#394

- l A A l

#486,477 
^ ------

(4 7 6 /4 7 7 ) [- ►

#482

ompA2

#394
jp C R 3  (4 2 4 /4 7 5 )1

(C) P. trehalosi group Pt2 ompA 

#465 #483 #424r
or/7

Am.
ompAl

#481
^ P C R l ( 4 6 5 / 3 9 ^

#484

#394 
 ►

T A Al

#424

A T G

#486,477 
^ -----

-^ P C R 2  ( 4 8 4 / 4 7 7 ) ^

#482

ompA2
- T AA)

#394
j p C R 3  ( 4 2 4 /4 7 5 ^

orf^:

#475

Figure 2.28 Diagrammatic representation of the ompA gene of M. haemolytica 

isolate 89010807N (AF133259) showing locations of the PCR and sequencing 

primers. (A) M. haemolytica and M. glucosida, (B) P. trehalosi group P tl, and (C) 

P. trehalosi group Pt2. 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 arrows above ompA, orfl (FAD-binding protein gene) and oif2 

(hypothetical protein gene) indicates the direction of transcription.
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(prfl)
--CAT--rrA G TTG CG G  TACTTCAG

(ompA) #471
ATGAAAAAAA CATTAOTTGC ATTAÇCAOTA TTATÇAGCAG CTGCAGTAGÇ TCAAG CCACAAGCTA ■ ACACTTTCTA COCAGGTGCT AAAGCTGGTT

.TCGGTCAAOG 
ACCAOCAGCA 

GGTAAAOAAG
W#9

IT AAÇTAAAAAC
..A

ATCAGCAACT 

CTOAAACAGT

TGATGCAGTT

AATCCAAGTT CAAGOTTCAA AAGAAGTAAC TATOTAA-

^  # 1 5 6  - - i p ; ' ,
GGATÇCGGTA TTAACCTCGG TATTAACCTC GGTATTAACC GTAACTCTGT

' ..-A é :TTAOGTxTATGACTACT TTGGTCGTGT TCGTGGTAAC

;CTTA*GCTSTjAAAACXyVAG CTACGAAGTT GTTCCTAACT
. '-"I#»?"

ATGTAiGATAA AQATTCACGC ATTAAAGTTC ACAACTTAAA...
TGTTGAATAT CÀATACTTAA ATCGTGTTGG TAACTTAGAT

ÀCTCAGTATC TGCAGGTTTA TCATACCGTT
 ,

TTCGCATTCA GCTCTGATGT TTTATTTGAT TTCGGTAAAT CAAGCTTAAA 

TAOGCTTAGC AAACCTAGCT ATCCAAGTTA ATGGTTACAC AGACCGCATC 

AGCTAATTAC'ATCQTTTCTA ÀAGGTACTAA CCCAGCTAAT GTAACAGCTG 

AAAGGTCGTA AÀGCATTAAT CGCTTGCTTA GCACCAGATC GTCGTGTTGA
(orf2)

-------------------- TTA--------- TAGAGAGC CTTAACCAGC
5475

Figure 2.29 Nucleotide sequence of the ompA gene of M. haemolytica isolate 

89010807N (AF133259) showing locations of the PCR and sequencing primers 

for M. haemolytica. The primers used for PCR and sequencing are in bold type. 

Dashed lines indicate flanking regions of ompA gene (nucleotides are not shown for 

simplicity). The shaded area corresponds to the region of sequence that was 

analysed.

118



CHAPTER 2: MATERIALS AND METHODS

Table 2.16 Details of primers used for PCR amplification and sequencing of the 

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

P r im e r  “
u se

P r im e r
N o.

P r im e r  * 
n a m e

Iso la te s  " S eq u en ce  (S ' to  3 O '' P o sitio n  "

Mh a n d  Mg ompA

#464 O m pA /F/1 C C R G A R G C A T C G G T G T T N ot show n

P #471 O m pA /F/1 Mh C C A G T T G C G G T A C T T C A G Flanking region

P #472 O m pA /F/1 Mg C C A G T T G A G G T A C T T C A G N ot show n

S I #156 O m pA /F/1 Mh, Mg C T C A A G C A G C T C C A C A A G 5 0 - 6 7

82 #158 O m pA /F /2 Mh, Mg T A G G T G C T G G T C T T G A G T 5 1 5 -5 3 2

S3 #469 O m pA /F/3 Mh, Mg T TA G A T G C A G C A C A C G C T 820 - 837

#466 O m pA Æ /1 G A C G SC T G A R C A A C G T A A N ot show n

#467 O m pA /R /1 TG M A C A T A A Y C K C C C C A C N ot show n

P #473 O m pA /R /1 Mh, Mg G C T G G T T A A G G C T C T C T A Flanking region

S I #157 O m pA /R /1 Mh, Mg G T T T G C T T C A C C G T A A C C 1 0 2 0 - 1003

S2 #159 O m pA /R /2 Mh, Mg G A G C A G C T A A T TC A G G A G 559 - 542

S3 #468 O m pA /R /3 Mh, Mg G TA A C C A C C G A A T A C A C C 225 - 208

Ptl  a n d  Pt2 se g m e n t 1 o f  ompA ' a n d  ompA "

P #465 O m pA i/F /1 Pt2 A C T C G M A C C C A A C G Y T C N ot show n

P, S I #474 O m pA i/F /1 Ptl G TA T C A G T G G C A A G C G A A N ot show n

S I #483 O m pA i/F/1 Pt2 C TC G G C A TA A C TA TC A G C N ot show n

S2 #479 O m pA i/F /2 Ptl G T G A T G G T C C A A C T G C T T N ot show n

S2 #424 O m pA i/F /2 Pt2 G G T G C T A A A G C T G G T T G G N ot show n

S I #394 O m pA i/R /1 Ptl, Pt2 A G C G T G TG C TG C A T C TA A N ot show n

S2 #480 O m pA i/R /2 Ptl T G C C A C G A A C A C G A C C A A N ot show n

S2 #481 O m pA i/R /2 Pt2 G A A C G C G A C C G A A G T A G T N ot show n

Ptl a n d  Pt2 se g m e n t 2  o f  onipA ' a n d  ompA "

P #476 O m pA a/F /l Ptl G T G C TG G C A A T T A C G G A A N ot show n

P ,S 1 #484 O m pA z/F /l Pt2 T C C A G T A G C A G C T C C T G A N ot show n

S I #485 O m pA ^/F/l Ptl T C G A C T T C G G T A A A G C A N ot show n

P #477 O m pA z/R /l Ptl+Pt2 C C T G C T T T G G T T T G C T C T N ot show n

S I #486 O m pA z/R /l Ptl+Pt2 C C G TA TTTA C C A C C G TT N ot show n

Ptl a n d  p /2 se g m e n t 3 o f  ompA ' a n d  ompA "

P ,S 1 #424 O m pA s/F /l Ptl+Pt2 G G T G C T A A A G C T G G T T G G N ot show n

S2 #482 O m pA 3/F/2 Ptl+Pt2 C C A G T T G C T G A G C C A G A N ot show n

P ,S 1 #475 O m pA s/R /l Ptl+Pt2 T A T G C A A G C TG G C T A A G G N ot show n

S2 #394 O mpA3/R/2 Ptl+Pt2 A G C G T G TG C TG C A T C TA A N ot show n
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"P : P C R  am plification , S I ; F irst stage o f  sequencing , S2: Second stage o f  sequencing , S3: T hird  stage 

o f  sequencing

* O m pA /F /1 : O m pA /F orw ard /1 , O m pA /R /1: O m pA /R everse/1

M. haemolytica isolates PH2, PH8, PH66, PH196, PH202, PH232, PH238, PH278, PH284, PH292,

PH296, PH338, PH388, PH396, PH398, PH484, PH494, PH526, PH540, PH550, 

PH588, PH598, PH706 

Mh2: M. haemolytica isolate PH470

Mh3: M. haemolytica isolates PH30, PH376, PH346, PH50, PH56, PH484, PH372, PH392 

Mgl \ M. glucosida isolate PH290 

Mg2\ M. glucosida isolate PH344 

Mg3: M. glucosida isolates PH240, PH496, PH498 

MgA: M. glucosida isolate PH574 

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

" Positions of the ompA primers for M. haemolytica only are shown. Nucleotide position corresponding to the 

first 5' bp of the primer w ithin ompA o f con tig  160 o f  the M. haemolytica genom e sequence  as o f 

01 /02 /04  (F igure 2.29)

1 2 0
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primers (#471 and #472) and a reverse primer (#473) specific for individual isolates 

were designed (Figure 2.28), The primer pairs #471/#473 and #472/#473 were used 

to amplify ompA in M. haemolytica and M. glucosida, respectively (Figure 2.28A). 

During the course of these preliminary experiments, difficulties were encountered in 

sequencing the ompA gene of P. trehalosi, despite the fact that definite PCR products 

were obtained. The results led us to suspect that two tandem ompA genes were 

present. Consequently, it became necessary to adopt a more complex sequencing 

strategy in which the omp A genes were amplified and sequenced as three separate 

overlapping fragments (Figure 2.28B and C). The primer pairs #474/#394, 

#476/#477, and #424/#475 were used to amplify ompA in P. trehalosi group Ptl 

(Figure 2.28B), and the primer pairs #465/#394, #484/#477, and #424/#475 were used 

to amplify ompA in P. trehalosi group Pt2 (Figure 2.28C). The optimum annealing 

temperature for all PCRs was 56 °C. Internal sequencing primers were designed as 

sequence data became available. The positions of representative M. haemolytica 

group M hl primers on the nucleotide sequence of the ompA gene of M. haemolytica 

are shown in Figure 2.29, and details of all primers are listed in Table 2.16.

2.3.2.5.2 Transferrin binding proteins (tbpB and tbpA)

Various primers were used to amplify and sequence the continuous tbpB and tbpA 

genes in 32 M, haemolytica, six M. glucosida, and four P. trehalosi isolates (Figures 

2.30 and 2.31, and Table 2.17). Of these, four forward (#426a, #192a, #193a, #223a) 

and three reverse (#198a, #224a, and #19la) primers have been shown to amplify 

transferrin binding protein genes in several members of the Pasteurellaceae 

(Ogunnariwo & Schryvers, 1996). However, the remaining PCR primers were 

designed within conserved regions of the aligned sequences of M. haemolytica and 

closely related species (see section 2.3,1.2 ). The primer pairs #426a/#224a,

1 2 1
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Figure 2.30 Diagrammatic representation of the tbpB and tbpA genes of M. 

haemolytica taxon 75985 (PHU73302) showing locations of the PCR and 

sequencing primers. (A) M. haemolytica groups M hl to Mh4 and M. glucosida 

group Mg, (B) M. haemolytica group MhS, (C) M. haemolytica group Mh6, (D) M. 

haemolytica group M hl, and (E) P. trehalosi groups P tl and Pt2, The locations of 

the primers used for PCR and sequencing are indicated by bold 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 arrows above tbpB and tbpA indicate the direction of transcription.

1 2 2



CHAPTER 2; MATERIALS AND METHODS

(A ) M. haemolytica g roups Mhl-Mh4 and M. glucosida group Mg

#291#426a,375 #123.429 428̂ 9 #33^1 # 223^#!^3  n'^6

#332

tbpB
I T

g

#290 #125 #224a

P C R  I (4 2 6 a/2 2 4 a ; 3 7 5 /2 2 4 a)

tbpA

#339 #334
...I ,

#292 #127 #374#198a,287

PC R 2 (2 2 3 n /1 9 8 a: 2 2 3 a /  2 8 7 )

(B ) M. haemolytica g roup  Mh5

#399 #426 #379 #428 #223a #126 #291 #333 #338

tbpB tbpA

#427 #380

^ P C R l  (3 9 9 /3 8 0 )

#377 #134

H p C R 2  (379/339)1-

#339

-►

#361 #292

- jpC R 3 (2 2 3 a/ 2 8 7 ) h

(C ) M. haemolytica g roup  Mh6

#42ga #124 #132 #447
r ^  r *  r  c _

#449.454 #456

tbpB

#351 #191a 
"4PCRl(426]^Ia)"K

#4^ # ^

#448

4 P C R 2  (1 2 4 /4 4 2 )f

#450 #453,442,460 #458
4-J

#455

(D ) M. haemolytica g roup Mh7

jp C R 3  (4 4 9 /4 5 2 7 1

#127

#452

|P C R 4  (456/3ÔÔ)T

#287

-►

-™jüi
#462,300 

 ►

#346 #290
■̂ P C R l  (3 3 7 /2 9 0 ) ►

M---------

#423 #398 #367 #360 #292

----------------------------1 P (ÏR 7 (3 4 5 /Ï9 8 a^  I-------

#131

#337 #345 #192a.378 #130 #350 #359 #361 #397 #422

tbpB tbpA

#198a

(E ) P. trehalosi g roup  PtJ and Pt2

#335,

#287#342 #224a #339 #292 #127#348 #344 #334

tbpB
TA A

tbpA

P C R  I (3 3 6 /2 2 4 a o r3 3 5 /2 2 4 a )

P C R 2  (2 2 3 a/2 8 7 )
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[ tbpB)
ATGTTTAAAC TTAAAAGTAO TTTTGTACTG CTTAATGCOO CGCTACTTGC TGCTTGTTCC TCAAATGGTG GAAGCTTTCA TG TTCAATCT OCCAAAGTTO AATCTCAAAC OCAAACTACC

« 4 2 6 a ^
CCCAAAAAGC CAAOTTTACA AOATGATAAT AOTAACOCAA OACGTACAOT AAOCOCTTCT OAAACTGAAO CTTTATTOCA OCCOGGOTTT OGTTTTTCAO CCAAAATTCC OCOTCOTAAT

CTCCTTCCGC AGGGGAAGOA AGATGTAOCC CCTATTOGTG ATATAAAAGA OATTACTOGA GATCTGCCAA AAATTCCOTA TOAAGAAGAG GTTAAAGCGT GCGOTAOTAO TOCTGATGOA

TTTAOCCATA CTCATOATAO AAATCATAAO TTGTATACAA OAOATTTTAA TTTTG TTCQ T TCCOOCTATO TTOTOCATTC TGOTCCAAAA CCTOAAATAA AGCCTAAAGA AATTTTGACA

ACAGGTOCAC ATOOGTATCT TTACTATTTA OGTATAGAOC COCCCAAAOC AATACCTACC CAAAAACTAA CTTATAAAOO ATATTOOOAT T J J ^ ^ J ^ J g ^ ^ J g C O O C T A A  OOOGAQAOAT
# 1 2 3  ^

AOTAATATTT T T C T A A T T ^  C Q C i ^ j^ ^ T C  AATAGTQGCG CCATACCOOA AAATAOTCAC OATATTAATO TTOATGATTC TGAAAAACCA ATCOGOCATA CAGGAOAATT TACOOCTGAT

TTTOCTAATA AAACTTTAAC TOOAACATTO GTTCOTAATO GOTATOTTAO TCOTAOCAAA OAOCAAAAAA TTACAACAAT TTACOATATT GATGCOAAAA TTAAAGGTAA TCOCTTTTCT

OGTAAAGCAA ACCCAAAAAA ACCOATOATC CTTATTTTTO GOAAAAOCTC CACGACACTT OAAGGTOGAT TTTTTOOTGO GOAGGCTCAA OAACTTOCCO GTAAATTCTT AGCTQATGAT

AAGTCOGTAT TTO TTO TTTT TOCTOOCACA CGAOATOCTA AAAAAOATOA TAOTOAATCT OCCTTTOATG CTTTCCCAAT TAAACTTAAA GATTTAAATA AATCTOAGAT
#290

CACATTTGAT TATTAACAAT A A O C A O A T T g ,^A C IIA IlÛ ^ JÛ À A fiC C rA C A  AAAAOCTTTG CCGAGATOAA ATTTGATOAT TTGGTTACCC OTACTATTGA TOOAAAAACO
#289

TATCGAGTTT CAGTCTOCTO TAATAATTTA QATTATOTCA AATTTOOOAT TTATACCCAO OGAAATAATA OTOATACTOC TCTCCAAOAA TATTTAGTAG GAOAACGTAC AOCTCTOOCA

OATTTOCCAA CAOOOACAOT AAAATATCOA GGTACTTGGG ACGOOOTAAT OTACAOTAAA TCTOOCTCGG CAGGOGTTGA ATCOCCAAGT AACAGCOAAA OTOGTACTCO TTCACTATTC

GATOTAQATT TTGTCAATAA AAAAATTAAT 6GCAAGCTGA TTGCTAATOA TGOTOTTGAA OAACOCCCAA TOCTGACACT GGAAOCCAAT CTOAAAOOGA ATGGTTTTGO AOGCACAGCC

AAAACGOGCA A TTCTOOTTT TAATCTTOAT CCCAAAAGTA COAATGOTOO CACOGTAGOG CATATAAATA CTCAATTTOA AGOOOOCTTT T A T O O CC C% ^^,,,^ggC (y^CgQ ,^^% % ^G T G G T
#331

ATTGTACAAA ATACAOAAAC GQATAAAGAT AOACTCA OJA^JTA ÇA TTÇgg^^gggA A AA CO T CAAATAGAAA AATAA ---------------------------------------------------------------------------------------------------------

{tbpA)  *^25
ATOATAATGA AATATCATCA TTTTCGCTAT TCACCTOTTO CCTTAACAOT O TTATTTOCT CTTTCTCATT CATACGOTGC TGCOACTGAA AATAAAAAAA TCOAAGAAAA TAACOATCTA

OCTOTTCTOO ATOAAOTTAT TOTOACAGAO AOCCATTATO CTCACOAACO AGTGAAAAAT TATCACGAAA TGAGTAAAAA TCAAATTCTT
# 2 2 3 #

OGTATTCGTG ATTTAACTCQ CTATOACCCT GGTATTTCGO TOGTOOAACA AGGTCGCGOT OCAAOTAGTO OCTATOCCAT TCOAGGTGTA OATAAAAACC OTQTCAOCTT ACTTGTTGAT

OOGCTACCAC AAOCGCACAG TTATCATACO CTAOOTTCAO ATOCTAATOG T m nT nr% »T T  xxrr.xr.XTTr. AOTATGAAAA CATTCOTTCA ATTGAGTTAA OCAAAOOAGC AAOTTCTOCOTaynràyj'̂ jATrifcriATTri

CATAATATTC OOCGTATAAC CGOCTTTOAA AATCOCTACO ACTTTACCCA AATTCCOCAC AOAATOCTCC TOGAGOATCT CCTTTTA A TT GTOOAAOATA CTTOCCCAAC ATTAOATTOT

ACTCCTCOTO CAAOOOTTAA GTTOAACCGC OATAATTTCC CAOTGAOAAC ATTTCCGGAA TATACGCCTO AAGAQCGCAA ACAGCTTGAO CAOATTCCTT ATCOCACTGA OCAOCTCTCA

GCCCAAOAAT ATACCOOTAA AOATCGCATT OCACCAAACC CTTTAGATTA CAAOAOTAAT TCTG TTTTTA  TOAAGTTTOO CTATCACTTC AACTCOTCTC ATTATCTTOG COCAATCTTA

GAAQATACAA AAACACOCTA CGATATCCGT G A T A T G C A A ^^ fiC £ # f iC S X ^C S A S A & A ^ ^^  OACQATATTA ACTTATCACT TAOOAACTAT GTTTATOAAC OOOATAATAT TTTAGATOOC
#291

TTAOTOTTCA AOCCAAGGAT Ç P C iX À IÛ f if l-U Û C Û C IA I^  OCCATOTOAA OTTTTTTCAT GAACGTCACC ACAAACOTCG TTTAGOATTC ACCTATAAAT ATAAACCAOA OAATAATCGC
#334

TGOTTOOATA OCATTAAACT CAOTGCGOAT AAACAAOATA TTGAACTATA TAGCCOOCTA CATCGCTTOC ATTOTAOCGA TTATCCTOTO GTAOATAAAA ATTOCCOCCC OACTTTOOAT

AAATCTTOGT CTATQTATCG AACTOAOCOT AATAATTACC AAGAAAAOCA TCGTOTCATT CATTTAGAAT TTGATAAAGC GCTAAATGCT OGTCAAGGCG TATTTAACCA AACCCACAAA

CTGAATTTAG GOTTGOOCTT TQATCOATTT AATTCOCTTA TQGATCATOO OGATATGACT TTATACCAGC TACCOCOOTA OAOGGCGTTT AOATAATCCA
# 333

TATATTTATC O C C Q C O A T g^ _A Ç G Ç A ^^ T ^gA g;A gQ O T A T  CTTTCTOTAA TAATACACOC GOCGACATCT TAAACTOTGA ACCGCOTAAA ATTAAAOGCO ATAOCCATTT TOTTAOCTTC 

COCOATCTAO TOATAAGCOA OTATGTOOAT TTGOOATTAO OGOTOCGTTT TGATCAACAT COATTTAAAT CTOATOATCC OTOOACACTT AGCCGAACTT ATCOAAATTO OTCTTOGAAT

OOTOOOATTA COCTTAAACC AACAOAOTTT GTATCOCTTT CTTATCGCAT TTCAAACOOT TTTAOAOTOC CTOCATTCTA TGAACTTTAT OOTAAACOTO ATCATATTOO GCTTAAAGAT

AACGAATATG TGCAACGCOC OCAACQTAOC CACCAOTTAG AOCCAOAAAA ATCOACTAAT CATOAGATTO OAGTTAOCTT TAAAQGTCAA T T T n C T T A rr  ̂ T y T n T G A t^ T A T T T g C O T

AATAACTATA AAAATATOAT TOCGACAOCA TGTAAAAGAA TAATACAAAA ATCACACTGT TTCTATAACT ACCATAATAT T C A \g ^ [g % ^ jiC ,& C y 4 k A C g -G 0 * T A A A T T T  AOTCOCTAAA 

TTTOACTTAC ACOOTATTTT ATCTATOCTO CCAOATOOTT TTTATTCATC AGTTGCTTAT AACCGTOTAA AAOTAAAAOA OCQOAAACTA ACCGACTCAA OACTCOATAO COTAAACQAT

CCTATTCTAO ATGCOATTCA OCCAOCACOC TATOTOCTTO OATTCGOCTA COATCACCCA GAAOAAAAAT GQOGAATTGG CATTACTACC ACCTATTCTA AAGCCAAAAA COCCGATOAG

OTOGCAGOCA CACQTCATCA COONATACAT COCOTTGATT TAOGTOOCAA ACTQACCOOT TCTTOGTACA CCCATGATAT TACCGOTTAC ATCAATTATA AAAACTACAC CTTACGTOOA

GGAATTTATA ATGTOACTAA TCGTAAATAT TCCACTTOOO AATCAGTGCG CCAATCCOOT GTOAATGCAO TAAACCAAOA CCQOGOTAOC AATTACACTC O A T T T G G C G C J J ^ g g g g ^ f l^
^ #198#

AATTTCAGTT TACCATTTGA AATOAAGTTT TAG

Figure 2.31 Nucleotide sequence of the tbpB and tbpA genes of M. haemolytica 

taxon 75985 (U73302) showing locations of the PCR and sequencing primers for 

M. haemolytica group M hl. The primers used for PCR and sequencing are in bold 

type. Dashed lines indicate intergenic region between tbpB and tbpA (nucleotides 

are not shown for simplicity). The shaded area corresponds to the region of 

sequence that was analysed.
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Table 2.17 Details of primers used for PCR amplification and sequencing of the 

tbpB and tbpA genes of M. haemolytica, M, glucosida, and P. trehalosi

Primer “ 
use

Primer
No.

Primer * 
name Isolates Sequence (5' to 3')'̂ Position ^

M. haemolytica groups M hl-M h4  and M, glucosida group 7% for PCRl (426a/224; 375/224)
P ,S 1 #426a T bpB/F/1 M hl, MH4, Mg T G G T G G A A G C T T T G A B 66 - 80
P ,S 1 #375 T bpB /F/1 Mh2+MH3, C TG C C A A A G T T G A A T C T C N ot show n
S2 #123 T bpB /F /2 M hl+2,4, Mg TTA C TA C C G A TG C G A G A A B 572 - 589

S2 #429 T bpB /F /2 Mh3, TCTA A TTC C G C A G G C A TC N ot show n

S3 #289 T bpB /F /3 M hl-4, Mg C C A C TT A TT G C G G A A G G B 1 1 2 0 -1 1 3 6

S4 #331 T bpB /F /4 M h l-4, Mg C T A A G G C G A C G G A A T T A G B 1658 - 1675

P ,S 1 #224a TbpB /R /1 M hl-4, Mg C A A TCTC A TTA A TTG C A C C A  4 3 0 - 4 1 2

S2 #125 T bpB /R /2 M hl-4, Mg C CG C CG A A TG TA A TA C TG B 1 7 3 0 - 1716

S3 #290 T bpB /R /3 M hl -4, Mg G CA TTC C C G A A A G TA TC C B 1088 - 1071

S4 #332 T bpB /R /4 M hl-4, Mg A TA TTG A TG CC TG C G G A B 6 3 5 -6 1 8
M. haemolytica groups Mhl~Mh4  and M. glucosida group Mg  for PCR2 (223a/198a; 223a/287)
P ,S 1 #223a TbpA Æ /1 M hl-3, Mg A G T A A C T G G C T T G G G G A A A 1 8 0 - 197

S I #133 TbpA /F/1 Mh4 G G T G C A A G TA G TG G C T A T N o t show n
S2 #126 T bpA Æ /2 M hl-4, Mg A A G A C C TC T T A T G C C A G C A 5 7 7 - 5 9 4
S3 #291 TbpAÆ^/3 M hl-4, Mg A CG C CA G C TTA C TA TA C A  1 1 2 0 - 1136

S4 #333 T bpA /F /4 M hl-4, Mg CCA A TA TA C C A A A G G C G G A  1623 - 1640
S5 #338 TbpA7F/5 M hl-4 Mg G G T T A C C TT G A T G T G A G C A 2 1 3 4 -2 1 5 1
P, S I #198a TbpA /R /1 Mhl-3, Mg A A A TT T C T C C C C G G A G C A  2765 -2 7 4 9
P #287 TbpAvR/1 Mh4 A C T G A A A T T Y C K C C C Y G G N ot show n

S I #374 TbpA /R /1 Mh4 A C T G A A A T T TC T C C C C G G N ot show n

S2 #127 T bpA /R /2 M hl-4, Mg C C C G TTTA G TG C TA C A TC A  2 2 6 2 -2 2 4 5

S3 #292 T bpA /R /3 M hl-4, Mg C G T T TC A A T A C T G C G T G G A 1 7 1 6 - 1699

S4 #334 T bpA /R /4 M hl-4, Mg A TA G C G CA A C C C A TA A G G A 1239 - 1222

S5 #339 T bpA /R /5 M hl-4, Mg G T G T C G G T G A G T T G C A A T A  6 7 8 -6 6 1

M. haemolytica group Mh5  for PCRl (399/380)
P ,S 1 #399 T b p B l/F /1 Mh5 C TT C A A A C G G T G G T A G T N ot show n

S2 #426 T b p B l/F /2 MhS C A G G T C C TA C A G G G TA T G N ot show n

P ,S 1 #380 T b p B l/R /1 MhS G C C A G A C C A A A A G T A T C C N ot show n

S2 #427 T b p B l/R /2 MhS G C C A G C A T T A C T T C C T TC N ot show n

M. haemolytica group MhS for PCR2 (379/339)
P ,S 1 #379 T b p B 2 /F /i MhS G G T G A A G A C A A G G T C G A A N ot show n

S2 #428 T bpB 2/F /2 MhS C C G A TG C TG A C A TTA G A N ot show n

P #339 T b p B 2 /R /l MhS G T G T C G G T G A G T T G C A A T N ot show n

S I #134 T b p B 2 /R /l MhS A TA G C C A C TA C TTG C A C C N ot show n

82 #377 T bpB 2/R /2 MhS C A G C TT G C G G A C C A T A A N ot show n

M. haemolytica group Mh5 for PCR3 (223a/287)
Prim ers are identical to Mhl~Mh4 and Mg PC R 2 prim ers except fo r #361 

S4_________ #361 T bpA /R /4  MH5_________C A C G G A TA TCG TA G CG TT N ot show n
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Table 2.17 (continued)

Primer " 
use

Primer
No.

Primer * 
name Isolates Sequence (5̂  to 3')*̂ Position

M. haemolytica group Mh6 for PCRl (426a/191a)
P, S I #426a T b p B l/F /1 MH6 T G G T G G A A G C T T T G A N o t show n

S2 #124 T b p B l/F /2 MH6 A C T G A T G C A A G A A A A G G G N ot show n

P ,S 1 #191a T b p B l/R /1 MH6 C C A A A A A A TC C A C C T TC N ot show n

S2 #351 T b p B l/R /2 MH6 A CA TA C C C A TG TG C A C C T N ot show n

M. haemolytica group Mh6 for PCR2 (124/442)
P #124 T b p B 2 /F /l MH6 A C T G A T G C A A G A A A A G G G N ot show n

S I #132 T b p B 2 /F /l MH6 G T C G TA C TA C A G A G C A A G N ot show n

S2 #447 T bpB 2/F /2 MH6 G TG C A A TA TC G C G G A A C T N ot show n

S3 #449 T bpB 2/F /3 MH6 C G G C G G C T G A A A A T G A A A N o t show n

P #442 T b p B 2 /R /l Mh6 C SSR K A A A G A TC A TA G C G N o t show n

S I #453 T b p B 2 /R /l Mh6 G C A G C G G C A A TA G A TTG T N ot show n

S2 #450 T bpB 2/R /2 Mh6 T TC C T A A G C C G G T TA C C T N ot show n

S3 #448 T bpB 2/R /3 MH6 A A G A G T G A G C G A G T A C C A N ot show n

M. haemolytica group Mh6 for PCR3 (449/ 452)
P #449 T b p A l/F /1 MH6 C G G C G G C T G A A A A T G A A A N ot show n

S I #454 T b p A l/F /1 Mh6 T A C G C T C A C G A A C G T C A A N ot show n

S2 #456 T b p A l/F /2 Mh6 C TC A C T C T G A A G C C A A T N ot show n

S3 #457 T b p A l/F /3 Mh6 C TG C G TTA TA G C C G TG TA N ot show n

S4 #459 T b p A l/F /4 Mh6 T G G A C A C T T A G T C G A A C N o t show n

P ,S 1 #452 T b p A l/R /1 Mh6 A C G A TG TA TA C C G TG G TG N ot show n

S2 #455 T b p A l/R /2 Mh6 G CC G G TA C TC TA A A TC C A N o t show n

S3 #458 T b p A l/R /3 Mh6 C TA C A A T G C A A G C G G T G N ot show n

S4 #460 T b p A l/R 4 Mh6 A A T G A T C C T C C A G G A G C A N ot show n

M. haemolytica group Mh6 for PCR4 (456/300)
P #456 T b p A 2 /F /l Mh6 C TC A C T C T G A A G C C A A T N ot show n

S I #461 T b p A 2 /F /l Mh6 G A T C G C A A C G G C T T G T A A N ot show n

P #300 T b p A 2 /R /l Mh6 A C T C G T G C A G C A A C A A T G N ot show n

S I #462 T b p A 2 /R /l MH6 C CG TG G TA C A TTA C G C A A N ot show n

M. haemolytica group Mh7 for PCRl (337/290)
P ,S 1 #337 T bpB /F/1 Mh? C TTA A TG C G G C G C TA C T N ot show n

S2 #345 T bpB /F /2 Mh? G G TG C A C A TG G G TA TG TT N ot show n

P ,S 1 #290 T bpB /R /1 Mh? G C A TTC C CG A A A G TA TC C N ot show n

S2 #346 T bpB /R /2 Mh? G A T G C C T G C T G A A T C A G T N ot show n

M, haemolytica group Mh7 for PCR2 (345/198a)
P #345 T bpB/F/1 Mh? G G TG C A C A TG G G TA TG TT N ot show n

S I #378 T bpA /F/1 Mh? C TC A A G A A C T T G C C G G T A N ot show n

82 #130 TbpAÆ^/2 Mh? A C G T A C C G A A T T TC A G T C N ot show n

S3 #350 T bpA /F /3 Mh? T A G A T A G C A A G C G G G C A A N ot show n

S4 #359 T bpA /F /4 Mh? A TA TG G TTC TG G TG C G C T N ot show n

S5 #361 T bpA /F /5 Mh? C A C G G A TA TCG TA G CG TT N ot show n

86 #397 T bpA /F /6 Mh? A G G G T T G G G C T T T G A T C G N ot show n
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Table 2.17 (continued)

P r im e r  " 
u se

P r im e r
N o.

P r im e r  * 
n a m e

Iso la te s S eq u en ce  (5 ' to  3 ')'^ P o s itio n  ^

87 #422 T bpA /F /7 Mh7 G G T T A C C TT G A T G T G A G N o t show n
81 #198a T bpA /R /1 Mh? A A A T T T C T C C C C G G A G C N ot show n

82 #131 T bpA /R /2 Mh? C C G T TT A A C A C C A C A T C T N ot show n

S3 #292 T bpA /R /3 Mh? C G T T TC A A T A C T G C G T G G N ot show n

8 4 #360 T bpA /R /4 Mh? T A G T A A G C C T G C G T T T G C N ot show n

85 #367 T bpA /R /5 Mh? G C T G G C A T A G G C A G TT T T N ot show n

86 #398 T bpA /R /6 Mh? A G G C A A C A G G T G A A T A G C N ot show n

87 #423 T bpA /R /7 Mh? G T T A C T T G G C G A TT C A G C N ot show n

P. trehalosi g ro u p  Ptl a n d  Pt2 fo r  P C R l  (335 /224 ; 336/224)

P ,S 1 #335 TbpB /F/1 Pt2 G G Y G G W A G Y T T T G A TG T N o t show n

P ,S 1 #336 TbpB /F/1 Ptl C G G C G G TA G T T T TG A T G T N ot show n

82 #341 T bpB /F /2 Ptl+Pt2 T A C G A C C G A TG C A A G A A N ot show n

S3 #343 T bpB /F /3 Ptl+Pt2 C C T C T G A T T G C A G A A G G T N ot show n

8 4 #347 T bpB /F /4 Ptl+Pt2 G G A G G C A C C G TC A TA C A T N ot show n

P ,S 1 #224 T bpB /R /1 Ptl+Pt2 C A A TCTC A TTA A TTG C A C C N ot show n

82 #342 T bpB /R /2 Ptl+Pt2 T G C A C A A T T C C A C C A A G C N ot show n

S3 #344 T bpB /R /3 Ptl+Pt2 A C C A A C G G T G G G C A TA A N ot show n

84 #348 T bpB /R /4 Ptl+Pt2 A G A T T C A C G T C T C G A C T G N ot show n

P, trehalosi g ro u p  Ptl a n d  Pt2 fo r  P C R 2  (223a/287)
P rim ers are  iden tica l to  Mhl-Mh4 and Mg PC R 2 prim ers

'’P: P C R  am plification , S I : F irs t stage o f  sequencing, 82: Second stage o f  sequencing , S3: T hird  stage 

o f  sequencing, S4: Forth  stage o f  sequencing

* T b p B /F /l: T bpB /F orw ard /1 , T bpB /R /1 : T bpB /R everse/1 ,

T bpA /F /1: T bpA /Forw ard /1 , T bpA /R /1 : T bpA /R everse/1  

"M A i: M . haemolytica iso lates PH2, PH66, PH232, PH296, PH588, PH30, PH376, PH346, PH8, PH396,

PH484, PH50, PH388 

Mh2: M. haemolytica iso lates PH540, PH338, PH238, PH398 

: Mh3: M. haemolytica iso lates FH56, PH284 

Mh4: M. haemolytica iso lates PH706, PH278, PH372 

Mh5: M. haemolytica iso lates PH494, PH292, PH392, PH526, PH598 

Mh6\ M. haemolytica iso lates PH550, PH202, PH470 

Mh7: M. haemolytica iso lates PH 196, PH786

Mg: M. glucosida iso lates PH344, PH290, PH240, PH496, PH498, PH574 

Ptl : P, trehalosi iso lates PH246, PH68 

Pt2: P. trehalosi iso lates PH252, PH254 

 ̂Positions of the tbpB and tbpA primers for M. haemolytica group Mhl only are shown. N ucleotide position  

correspond ing  to the first 5 ' bp o f  the p rim er w ith in  the tbpB (B) and tbpA (A ) gene  o f  the M. 

haemolytica G enB ank  sequence (PH U 73302)
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#375/#224a, and #223a/#198a were used for PCRs and for the first stage of 

sequencing of tbpB and tbpA in M. haemolytica group M hl to Mh4 and M. glucosida 

(Figure 2.30A). The primer pairs #399/#380, #379/#339, and #223a/#287 were used 

for PCR and for the first stage of sequencing of tbpB and tbpA in M. haemolytica 

group Mh5 (Figure 2.30B). The primer pairs #426a/#191a, #124/#442, #449/#452, 

and #456/#300 were used for PCR and for the first stage of sequencing of tbpB and 

tbpA in M. haemolytica group Mh6 (Figure 2.30C). The primer pairs #337/#290 and 

#345/#! 98a were used for PCR and for the first stage of sequencing of tbpB and tbpA 

in M. haemolytica group Mh7 (Figure 2.30D). The primer pairs #336/#224a and 

#223a/#287 were used for PCR and for the first stage of sequencing of tbpB and tbpA 

in P. trehalosi groups P tl and Pt2 (Figure 2.30E). The optimum annealing 

temperature of the PCRs was 55 °C in most cases, but 50 °C (PCR 223/287 for PH246,

PH252, PH254, PH6 8 ), 52 °C (PCR 399/380 and 379/339 for PH494, PH292, PH392,

PH526, PH598), 56 °C (PCR 345/198 for PH196 and PH786), 57 °C (PCR 335/224 

for PH252, PH254), and 58 ^C (PCR 456/300 for PH550, PH202, PH470 and PCR 

223/287 for PH706, PH278, PH372, PH494, PH292, PH392) were also used.

Internal sequencing primers were designed as sequence data became available. Also, 

first stage sequencing primers were redesigned when the sequences were poor. The 

positions of M. haemolytica group M hl primers on the nucleotide sequence of the 

tbpB and tbpA genes of M. haemolytica are shown in Figure 2.31, and details of all 

primers for M. haemolytica, M. glucosida, and P. trehalosi are listed in Table 2.17.

2.3.2.S.3 Capsule transport protein {wza)

Initially, two forward (#234 and #235) and two reverse (#236 and #237) primers were 

designed within the conserved regions of the aligned wza sequences from M. 

haemolytica and closely related species (see section 2.3.1.2) (Figures 2.32 and 2.33
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(A ) M. haemolytica g roups Mhl-Mh4

#235 #262j271 #313

wza
4 2 7 8 b p

#322, 263

-------------------- |Mh4: PCR (234/273)h

(B ) M. glucosida g roups M gl -Mg2 

#312

Mhl-3; PCR (234/237)

(C ) P. trehalosi g roup  Pt 
#311

#324,262

#325,263

Mgl-2; PCR (312/237)

#314

#315

Pt: PCR (311/273)

_XAAl
wzf<\TG

#273 #237 

 ►

3 0 2 2 b p  3 0  M, I

l f Z 3 0

#237

wza wzf
T̂Ci .................... ___ ___  TAA \TG

wza wzf
ATG ........................................... \T G

#273

Figure 2.32 Diagrammatic representation of the wza gene of M. haemolytica 

taxon 746 (complementary GenBank sequence AF170495) showing locations of

the PCR and sequencing primers. (A) M. haemolytica groups M hl to Mh4, (B) M. 

glucosida groups M gl and Mg2, and (C) P. trehalosi group Pt. 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 wza indicates 

the direction of transcription.
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ATGAAACAAA AAAAATTAAA TACTACATTA TTATTTATAA CATTATCATT

TCTTAGCAAG TAATGA^T ACAGCTGW^ CGCAGTTGCC 

■ ATCT(XACGrClsSTtS(aN3 Û » , t i T ^

TGAAGTCAAT
■te

AGGTMiTAAT CAACAAATGC

GGTQTOTTCG:jrAyTC^^ TATTCCTTTT.;ACACAATTAO
î:-1àV 
ATTACGATAA

AATTTCAGCC TGCTCTAGCC TACCA^GTC CGGCCCAAGC TATAGCGAAA
#234

TTAATCAAGT TAGATAACAT CACCGTACAA AACTTATACC AAGAOCAACA
■ '■ M-'y-'--JipS TAATOTAGGC GATATATTAG AAATATCCAT TTGGGAAGCG 

~FA'ACCCAATTAC CTCAGCAAAT GGTGAACAAA AATQGAACGG 

;'ATCAAATTGT TCQGAGCTTG AGCCGTAAAG CTAATCAACC

TAAGTGCCAA tAaTGACCGT
. :  

AGTGCGTTCA ÀTGÜCGTTTG
‘ -  W -A : S J S ï ' f t & ■  JL

:ttatagc.''tttaccggAt taggagcagt

-,__- _ - .TTAATTG ATGAGCGTTC AGACCCTCGT
-v' '' * , Æ

CCAAGCTCAA TGOCGTAAAA AAGGTTATGC AGAGGGAATG GACGTTCCAA

CTGTTTATCA 6GTGAATTTA TTAAAACCGC'AATCAATGTT TTTATTGCAG CGTTTCCCTA TTCAAGATAA AGATATTGTA TATGTGTCGA ATGCTCCACT

GTCTGAATTT CAAAAATTCT TGAGAATGAT TTTCTCCATT ACTACACCAA #237TTACAGGTAC AGCTAATACA ATTAGAGCGT ACTAA

Figure 2.33 Nucleotide sequence of the wza gene of M. haemolytica taxon 746 

(complementary GenBank sequence AF170495) showing locations of the PCR 

and sequencing primers for M. haemolytica group M hl. 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 2.18 Details of primers used for PCR amplification and sequencing of the 

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

P r im e r  “ 
u se

P r im e r
N o.

P r im e r  * 
n a m e

Iso la te s  ^ S eq u en ce  (5 ' to  3')^^ P o s itio n  *

M. haemolytica e ro u o s  Mhl-MIi3 (234/237) a n d  Mh4 (234/273)
P ,S 1 #234 W za/F/1 M hl -Mh4 C TG C TC T A G C C T A C C A A C 60-77

#235 W za/F/1 G A A C A G TTA A TG TA G G C G N ot show n

S2 #262 W za/F/2 M hl CCA A G G A A A TA G C A TTC G 555-572

S2 #271 W za/F/2 Mh2+Mh3 CTG A TG TTA C G G TTA TC C N ot show n

82 #313 W za/F /2 Mh4 C A G T T G G T G G T G C A A G T G N ot show n

#236 WzaÆt/1 G T T A G C C A C A A C A A A G G G N ot show n

P ,8 1 #237 W za/R /1 Mhl-Mh3, T C T T G A A TA G G G A A A C G 1067-1051

P ,S 1 #273 W za/R/1 Mh4 G G M G C A TTCG A C A CA TA N ot show n

82 #263 W za/R /2 Mhl, Mh3, Mh4 c t t g t a c c r c c t a c t g c 625-619

82 #322 W zad l/2 Mh2 T TG T G C C G C C T A C T G C T N o t show n
M . glucosida g ro u p s  MglanA Mg2 (312/237)

P ,S 1 #312 W za/F/1 Mgl +Mg2 TG TTC TA G C C TA C C TA C N ot show n

82 #262 W za/F/2 Mgl C CA A G G A A A TA G C A TTC G N o t show n

82 #324 W za/F /2 Mg2 A C A G T G G T T C G T G A A G G T N ot show n

P. 81 #237 W za/R /1 Mgl+Mg2 TC T T G A A TA G G G A A A C G N o t show n

82 #263 W za/R /2 Mgl C TT G TA C C R C C TA C TG C N ot show n

82 #325 W za/R /2 Mg2 T A C C G C C TA C A G C TG C A A N o t show n

P. trehalosi g ro u p  Pt (311/273)

P ,S 1 #311 W za/F/1 Pt TCTA G C C TA C C TA C C TC G N ot show n

82 #314 W za/F/2 Pt G C T G C A G T A G G T G G T T C N ot show n

P ,8 1 #273 W za/R/1 Pt G G M G C A TTCG A C A CA TA N ot show n

82 #315 W za/R /2 Pt G ATA CG G CTCTG CG A TTA N ot show n

“ P: P C R  am plification , S I : F irs t stage o f  sequencing , S2: Second stage o f  sequencing  

* W za/F/1: W za/Forw ard /1 , W za/R /1: W za/R everse/1

'^Mhl: M. haemolytica iso lates PH 2, PH 66, PH 196, PH 202, PH 278, PH 292, P H 296, PH 494, PH 706,

PH 8, PH 30, P H 238, PH 346, PH 372, PH 376, PH 388, PH 392, PH 396, 

PH 398, PH 470, PH 484, PH 526, PH 540, PH 550, PH 598 

Mh2: M. haemolytica iso lates PH 56, PH 238, PH 338 

Mh3: M. haemolytica iso lates PH 50, P H 232, PH 284 

Mgl\ M. glucosida iso lates PH 344, PH 498, P H 240 

Pt\ P . trehalosi iso lates P H 246, P H 252, PH 254, PH 68 

'^M: C +A , R: G +A

® Positions of the wza primers for M, haemolytica g roup  M hl only are shown. N ucleo tide position  

corresponding  to the first 5 ' bp  o f  the p rim er w ith in  the wza gene o f  the M. haemolytica G enB ank 

sequence (A F 170495) (see F igure 2.33)

Mh4‘. M. haemolytica isolates PH 588 

Mg2: M. glucosida iso late  PH 496
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and Table 2.18). The primers were tested in four combinations (#234/#236, 

#234/#237, etc) by PCR with M. haemolytica isolate PH2 to determine the optimum 

primer pair and annealing temperature. The primer pair #234/#237 was used for 

PCR and for the first stage of sequencing of the wza gene in M. haemolytica groups 

Mhl-Mh3 (Figure 2.32A). Attempts to amplify wza in M. haemolytica groups Mh4, 

M. glucosida, and P. trehalosi with the four primer combinations failed. Therefore, 

additional forward (#311 and #312) and reverse (#273) primers were designed. The 

primer pairs #234/#273, #312/#237, and #311/#273 were used for PCR and for the 

first stage of sequencing of wza in M. haemolytica group Mh4 (Figure 2.32A), M. 

glucosida (Figure 2.32B), and P. trehalosi (Figure 2.32C), respectively. Attempts to 

amplify wza in M. glucosida isolates PH574 and PH290 with the primers were 

unsuccessful. The optimum annealing temperatures for the PCRs were 45 °C for M. 

glucosida group Mg2, 51 °C for P. trehalosi, 52 "̂ C for M. haemolytica groups Mhl~ 

Mh3, and 55 °C for M. haemolytica group Mh4 and M. glucosida group M gL  Internal 

sequencing primers were designed as sequence data became available. When the 

sequence data were poor, the first stage sequencing primers were redesigned. The 

positions of representative M. haemolytica group M hl primers on the nucleotide 

sequence of the wza gene of M. haemolytica are shown in Figure 2.33, and details of 

all primers for M. haemolytica, M. glucosida, and P. trehalosi are listed in Table 2.18.

2.4 SDS-PAGE analysis of P. trehalosi OmpA proteins

P. trehalosi outer membrane proteins (OMPs) were separated by sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using the SDS discontinuous 

system (Laemmli, 1970) as described previously (Davies et al., 1992). After 

stacking in a 4% (w/v) gel, OMPs were separated in 12% (w/v) resolving gels. A 

total of 25 pg protein was loaded per lane (25 pi). Electrophoresis was peiformed
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in buffer comprising 25 mM Tris/HCl, 192 mM-glycine and 0.1% SDS (pH 8.3), at a 

constant current of 20 mA per gel through the stacking gel and 30 mA per gel through 

the resolving gel. Proteins were visualized by staining with Coomassie blue.

2.5 Characterization of temperate phages

2.5.1 Optimum concentration of mitomycin C for bacteriophage induction

To determine the optimum concentration of mitomycin C for the induction of 

temperate bacteriophages in M. haemolytica, M. glucosida and P. trehalosi, different 

concentrations of mitomycin C (final concentration of 0, 0.01, 0.05, 0.1, 0.2, 1.0, and

2.0 pg/ml) were tested with four isolates. M. haemolytica serotype A1 isolates PH2, 

PH280, PH342, and PH372 were selected because isolates of this serotype were 

previously shown to produce temperate phages (Froshauer et al., 1996; Richards et al., 

1985). For each isolate, 200 pi of overnight BHIB culture were inoculated into 20 

ml of prewarmed BHIB in seven conical flasks. The cultures were mixed by 

swirling and 1 ml was removed from each flask to measure the optical density (OD) at 

660 nm in a spectrophotometer (Helios Thermo Spectronic). The flasks were 

incubated at 37 “C with shaking at 120 rpm and further OD readings were measured at 

60 min intervals. When the OD value was over 0.2, increasing volumes (0, 2, 10, 20, 

40, 200, and 400 pi) of mitomycin C solution (O.lmg/ml) were added to each group 

of seven flasks and incubation was continued. To monitor the extent of bacterial 

lysis, ODô6o readings were taken at 30 min intervals during the incubation period.
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2.5.2 Induction of bacteriophages in M. haemolytica, M. glucosida, and P. 

trehalosi isolates

Thirty two M. haemolytica, six M. glucosida, and four P. trehalosi isolates (Table 2.1) 

selected for previous comparative nucleotide sequence analysis were tested for the 

presence of temperate phages by mitomycin C induction (0.2 pg/ml final 

concentration). For the first 12 isolates (PH2, PH6 6 , PH196, PH202, PH246, PH278,

134

PH292, PH296, PH344, PH494, PH588, and PH706), 0.2 ml of an overnight BHIB 3

culture were inoculated into 20 ml of prewarmed BHIB in each of two conical flasks, 

but 2.0 ml of overnight culture was used for the remaining 30 isolates so that the 

mitomycin C could be added sooner. The flasks were incubated until the ODeeo 

value of the culture reached a value of 0.2 or greater at which point 40 pi of 

mitomycin C solution (0.1 mg/ml) were added to one of each pair of flasks. The 

mitomycin C treated and untreated (control) cultures were incubated for 6  to 7 h and 

ODeeo readings were measured at 30 min intervals. If there was no sign of induction 

with 0.2 pg/ml of mitomycin C for a particular isolate, the experiment was repeated 

with a higher concentration of mitomycin C.

2.5.3 Preparation of phage samples

After phage induction by mitomycin C treatment, the lysates were centrifuged at

4,000 X g for 20 min at 4°C and the supernatants were filtered through 0.2 p m  

membrane filters (Millipore) to remove bacterial cell debris. These phage 

preparations were immediately used for plaque assay (Section 2.5,4.2) or stored for 

short periods (less than five days) at 4 °C before electron microscopy (section 2,5.5) 

and DNA isolation (section 2.5.6).
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2.5.4 Host range of bacteriophages

The host range of induced bacteriophages was examined by plaque assay using 

appropriate indicator strains.

2.5.4.1 Preparation of overlay indicator plates

A base layer of BHIA (1 %) was poured into a standard petri dish and allowed to 

solidify. The plate was dried in a 37 °C constant temperature room for 20 min.

One hundred microlitres of an overnight culture of each indicator isolate were 

inoculated into 3 ml of molten soft agar (0.7 % w/v agar) at 56 °C, containing 2 mM 

CaCE, mixed, and immediately poured onto the base layer. The overlay plates were 

dried in a laminar-flow hood for 2 0  min before use.

2.5.4.2 Plaque assays

Five microlitres of each phage sample (filtered supernatants) were spotted onto each 

plate seeded with each of the indicator isolates. The plates were incubated at 37 °C 

overnight and examined for plaques. The plaque assays were earned out on the 

same day as phage induction to avoid the possible reduction of phage activity with 

time.

2.5.5 Electron microscopy by negative staining

Five to ten millilitres of phage sample (filtered supernatants) were centrifuged at

20,000 X g for 3 h at 4 °C. The supernatant was carefully removed and the pellet 

was slowly resuspended in 0.5 to 1.0 ml of 0,1 M ammonium acetate buffer (pH 7.3)

135



CHAPTER 2: MATERIALS AND METHODS

at 4°C overnight. Five microlitres of phage suspension were dropped onto a glow- 

discharged carbon-coated 200 mesh copper grid. After 10 s of adsorption time, 

excess fluid was removed by touching the rim of the grid with a piece of filter paper 

and a drop of the staining solution, Nano van (Nanoprobes), was placed on the grid

and excess fluid was immediately removed by touching the rim of the grid with a (

piece of filter paper. The grid was air-dried and imaged using a LEO 902 electron 

microscope (Zeiss) at 80 kV using different magnifications (20,000 to 250,000 x).

2.5.6 Isolation of bacteriophage DNA

Bacteriophage DNA was prepared with a Wizard lambda DNA purification kit 

(Promega). Ten millilitres of phage samples (filtered supernatants) were treated with 

DNase (Promega) and RNAse (Promega) (both at 1 pg/ml final concentration) for 30 

min at 37 °C. After adding 4 ml of phage precipitant (33 % polyethylene glycol and

3.3 M NaCl), the samples were mixed gently, placed on ice for 2 to 3 h, and 

centrifuged at 10,000 x g for 10 min at 4 °C. The pellets were resuspended in 500 

pi of phage buffer (150 mM NaCl, 40 mM Tris-HCl [pH 7.4], 10 mM MgS0 4 ), and 

treated with proteinase K (Promega, lyophilized powder) (50 pg/ml final 

concentration) for 1 h at 56 °C. The samples were transferred to 1.5 ml 

microcentrifuge tubes, centrifuged at 1 0 ,0 0 0  x g for 10  s to remove any insoluble 

particles, and the supernatants were transferred to clean microcentrifuge tubes. The 

supernatants were mixed with 1 ml of purification resin and the mixtures were 

transferred to syringe barrels attached to minicolumns. The resin/lysate mixtures 

were forced through the minicolumns, and the minicolumns were washed with 2  ml of 

80 % isopropanol and centrifuged at 10,000 x g for 2 min. Phage DNA was eluted 

by adding 100 pi of distilled water preheated to 80°C and centrifuging at 10,000 x g 

for 20 s. The phage DNA was examined by agarose gel electrophoresis and stored at
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4°C .

In some experiments, larger volumes (40 ml) of phage sample were used. The phage 

samples were treated with 9 ml of phage precipitant and centrifuged as described 

above. The pellets were resuspended in 700 pi of phage buffer and phage 

suspensions were treated with 6  pi of nuclease mixture (0.25 mg/ml of DNase I and 

RNAse A) for 30 min at 37 °C. The phage samples were treated with SDS (0.5 % 

final concentration) and EDTA (20 mM final concentration) for 15 min at 70 °C.

The phage DNA was purified with Promega minicolumns as described above.

2.5.7 Restriction endonuclease digestion

Bacteriophage DNA was double digested with 1 pi of each of the restriction enzymes 

Hindlll and Clal (Promega). The final 20 pi reaction mixture contained 5 pi of 

phage DNA and 9 pi distilled water (PH2, PH376, PH786) or 14 pi of phage DNA 

and no distilled water (PH56, PH8 , PH398, PH284, PH6 6 , PH484, PH344, PH252, 

PH396, PH196, PH292, PH296, PH392, PH598, PH388, and PH238) together with 2 

pi of lOx buffer E, 2 pi of Ix bovine serum albumin (1 pg/pl), and 1 pi of each 

restriction enzyme (1 U/pl). The reactions were incubated at 37 °C for 3 h and the 

digested DNA was assessed by agarose gel electrophoresis. Five (PH2, PH376, 

PH56, PH8 , PH398, PH284, PH6 6 , PH484, PH344, and PH252) or nine (PH196, 

PH786, PH396, PH292, PH296, PH392, PH598, PH388, PH238) microlitres of 

digested DNA were run in 0.8 % (w/v) agarose gels containing ethidium bromide (0.5 

pg/ml) at 100 V for 1 h and visualised and photographed under UV light.
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2.5.8 Genomic analysis of bacteriophages from M , haemolytica bovine A1 isolates

2.5.8.1 Restriction endonuclease assays

Six different restriction endonuclease (RE) assays were carried out with bacteriophage 

DNA obtained from M. haemolytica isolate PH2. Five RE assays were single 

digestions with restriction enzymes Hindlll, Clal, Hpall, PstI, and Rsal (all from 

Promega) using buffers E, C, A, H, and C, respectively. One RE assay was a double 

digestion with restriction enzymes Hindlll and Cla I using buffer E. The 20 pi 

reaction mixture contained 4 pi of phage DNA, 11 pi of distilled water, 2 pi of lOx 

buffer, 2  pi of bovine serum albumin (1 pg/pl), and 1 pi of restriction enzyme (1 

U/pl). The reactions were incubated at 37 °C for 3 h. The reannealing of cohesive 

ends of digested fragments was avoided by heating the samples for 10 min at 70 °C 

and cooling immediately on ice. Five microlitres of each sample were run on a 

0.8 % agarose gel containing ethidium bromide (0.5 pg/ml) at 100 V for 1 h and 

visualised and photographed under UV light.

2.5.8.2 Construction of bacteriophage genome from M. haemolytica isolate 

PHL213

Using six different digested fragment patterns of PH20 representing phages of bovine 

serotype A1 and A6  M. haemolytica isolates, the prophage genome was searched 

within the unfinished genome sequence of the bovine serotype A IM . haemolytica 

isolate PHL213 (www.hgsc.bcm.tmc.edu/projects/microbial/mhaemolytica). Twelve 

contigs of PHL213 (as of 10/04/01) containing phage related genes were kindly 

provided by Dr. S. K. Highlander (Baylor College of Medicine, Houston, Texas).

Each of them was examined for putative digested fragments of six different RE
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enzyme by using a restriction map generator program, NEB Cutter 

(http://tools.neb.com/NEBcutter2) and one contig, Contig C243 (as of 10/04/01), was 

suspected to be associated with the prophage genome. Blast analyses of the contig 

C243 (4978 bp) against the phage sequence databanks (http://salmonella.utmem.edu/ 

phage) identified that the contig C243 contain genes similar to those of phage P2. 

Since the genetic organization of contig C243 genes was similar to that of the 

corresponding region of phage P2, the flanking genes of the regions of phage P2 were 

thought to be similar to the flanking region of contig C243 of M. haemolytica isolate 

PHL213. As expected, three additional contigs C19, C358, and C359 (as of 

10/04/01) that contained genes similar to phage P2 genes were identified by a blast 

analysis with the flanking genes of phage P2 against M. haemolytica database.

These contigs have been updated and the most recent contigs (as of 01/02/04), C91 

(updated from C243), C137 (updated from C19), and C150 (updated from C358 and 

C359), were used for the construction of phage genome. The order of C150, C91, 

and C l37 was similar to the genetic organization of the complete P2 phage genome.

To confirm that these contigs are associated with phages from M. haemolytica PH2 

(bovine A l), and to determine the size of the gaps between C150 and C91, and 

between C91 and C l37, two forward #504 and #506 and two reverse #503 and #505 

primers were designed to amplify the gaps as shown in Figure 2.34. The primer pair 

#505/#506 was used to amplify the segment A region and the primer pair #503/#504 

was used to amplify the segment B region in the phage DNA of M. haemolytica 

isolate PH2 (as described previously - see section 2.3.1.3). The optimum annealing 

temperature of the two PCRs was 55 °C and details of the primers are listed in Table 

2.19.
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2.S.8.3 Presence of the PH20 phage genome among M, haemolytica, M, 

glucosida, and P, trehalosi isolates

The existence of the PH 20 phage genome among isolates of M. haemolytica, M. 

glucosida, and P. trehalosi was examined by PCR amplification of segment B, using 

the primer pair #505/#506 and an annealing temperature of 55 “C, in bacterial DNA 

from 42 isolates.
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Segment A 

#506

Segment JB 

#504

Contig 91Contig 150 Contig 137

#505 #503

Figure 2.34 Diagrammatic representation of the contigs 137, 91 and 150 of M. 

haemolytica isolate PHL213 showing positions of PCR primers.

Table 2.19 Sequence of primers used to amplify segments A and B in phage DNA 

from M. haemolytica isolate PH2 (see Figure 2.34)

Primer No. Sequence (S' to 3')

503
504
505
506

AGATCCAGCGTGCAACTT
CTAGCACCAGCACAATCA
AGCAAGAGCAAGATCGTC
CAATAGTGCCAAGTCGGA
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3.1 Comparative sequencing analysis

Details of the 19 genes studied are given in Table 3.1. Two genes {plpB and ompA) 

were completely sequenced whereas the remaining 17 genes {recA, aroA, asd, galE, 

gap, gnd, g6pd, mdh, mtlD, pmm, gcp, plpA, plpC, plpD, tbpB, tbpA, and wza) were 

partially sequenced. Seven genes {recA, asd, mdh, gnd, gcp, galE, and pip A) were 

sequenced in 12 representative isolates of M. haemolytica (10), M. glucosida (1), and 

P. trehalosi (1). Nine genes {aroA, gap, mtlD, pmm, plpD, ompA, tbpB, tbpA, and 

wza) were sequenced in more than 12 representative isolates of M. haemolytica, M. 

glucosida, and P. trehalosi because the preliminary analysis of 12 isolates of these 

genes showed evidence of recombination or other interesting points (discussed in each 

gene section). Three genes (g6pd, plpB and p lpQ  were sequenced in less than 12 

representative isolates because of unsuccessful amplifications.

The amino acid sequence of each gene of M. haemolytica isolate PH2 was compared 

with the amino acid sequence of the corresponding gene in seven members of the 

Pasteurellaceae including M. glucosida isolate PH344, P. trehalosi isolate PH246, A. 

pleuropneumoniae isolate 4074, H. ducreyi isolate 35000hp, H. somnus isolate 2336,

P. multocida isolate PM70, and H. influenzae isolate KW20 (Table 3.2). The 

sequence data for M. glucosida and P. trehalosi are from this study, whereas those of 

the other five species are from the GenBank database (Table 3.2). Each of the genes 

from M. haemolytica isolate PH2 showed amino acid identity with the conesponding 

genes of M. glucosida (93 to 100 %), P. trehalosi (63 to 94 %), A. pleuropneumoniae 

(38 to 93 %), H. ducreyi (62 to 92 %), H. somnus (31 to 91 %), P. multocida (50 to 

90 %), and H. influenzae (34 to 91 %). However, there was no Gap homologue in A. 

pleuropneumoniae, no G6 pd homologues in M. glucosida and P. trehalosi 

(unsuccessful amplification in this study), no MtlD homologues in H. ducreyi and
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Table 3.2 Comparison of the proteins encoded by M. haemolytica isolate PH2 

with the corresponding proteins of seven members of the Pasteurellaceae

Protein and organism Protein " 
identity (%)

GenBank 
accession No.

DNA repair and recombination proteins
RecA

M. glucosida isolate PH344 10 0 This study
P, trehalosi isolate PH246 88 This study
A, pleuropneumoniae isolate 4074 90 ZP_00134135
H. ducreyi isolate 35000hp 89 NP„872986
H. somnus isolate 2336 79 ZP_00132641
P. multocida isolate PM70 77 NP_246756
H. influenzae isolate KW20 77 NP_438757

Metabolic enzymes
AroA

M. glucosida isolate PH344 96 This study
P. trehalosi isolate PH246 85 This study
A. pleuropneumoniae isolate 4074 81 ZP_00134045
H. ducreyi isolate 35000hp 71 NP_873807
H. somnus isolate 2336 80 P_00132008
P. multocida isolate PM70 74 NP_245776
H. influenzae isolate KW20 78 NP_439734

Asd
M. glucosida isolate PH344 10 0 This study
P. trehalosi isolate PH246 93 This study
A. pleuropneumoniae isolate 4074 93 ZP_00134096
H. ducreyi isolate 35000hp 81 NP_873349
H. somnus isolate 2336 91 ZP_00131937
P. multocida isolate PM70 8 6 NP_246571
H. influenzae isolate KW20 91 NP_438806

GalE
M. glucosida isolate PH344 99 This study
P. trehalosi isolate PH246 88 This study
A. pleuropneumoniae isolate 4074 81 ZP„00204476
H. ducreyi isolate 35000hp 80 NP_873335
H. somnus isolate 2336 80 ZP_00133678
P. multocida isolate PM70 77 Q9CNY5
H. influenzae isolate KW20 76 NP_438515

Gap
M, glucosida isolate PH344 1 0 0 . This study
P. trehalosi isolate PH246 91 This study
A. pleuropneumoniae isolate 4074 - -
H. ducreyi isolate 35000hp 92 NP 873724
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Table 3.2 (continued)

Protein and organism Protein " 
identity (%)

GenBank 
accession No.

H. somnus isolate 2336 90 ZP 00131873
P. multocida isolate PM70 90 NP_245861
H. influenzae isolate KW20 85 NP_438174

Gnd
M. glucosida isolate PH344 1 0 0 This study
P. trehalosi isolate PH246 90 This study
A. pleuropneumoniae isolate 4074 89 ZP_00135245
H. ducreyi isolate 35000hp 8 6 NP_873339
H. somnus isolate 2336 90 ZP_00131777
P. multocida isolate PM70 87 NP_246493
H. influenzae isolate KW20 91 NP„438711

G6 pd
M. glucosida isolate PH344 - This study
P, trehalosi isolate PH246 - This study
A. pleuropneumoniae isolate 4074 88 ZP_00135250
H. ducreyi isolate 35000hp 84 NP_873342
H. somnus isolate 2336 82 ZP_00131780
P. multocida isolate PM70 83 NP_246488
H. influenzae isolate KW20 82 NP_438715

Mdh
M, glucosida isolate PH344 98 This study
P. trehalosi isolate PH246 72 This study
A. pleuropneumoniae isolate 4074 65 ZP_00135237
H. ducreyi isolate 35000hp 63 NP_872857
H. somnus isolate 2336 31 ZP_00122604
P. multocida isolate PM70 60 Q9CN86
H. influenzae isolate KW20 60 NP„439366

MtlD
M. glucosida isolate PH344 96 This study
P. trehalosi isolate PH246 89 This study
A. pleuropneumoniae isolate 4074 82 ZP„00348359
H. ducreyi isolate 35000hp - -
H. somnus isolate 2336 62 ZP_00133150
P. multocida isolate PM70 64 Q9CLY7
H. influenzae isolate KW20 - -

Pmm
M. glucosida isolate PH344 99 This study
P. trehalosi isolate PH246 90 This study
A. pleuropneumoniae isolate 4074 92 . ZP„00134557
H. ducreyi isolate 35000hp 83 NP_873912
H, somnus isolate 2336 90 ZP_00131762
P. multocida isolate PM70 88 NP 246011
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Table 3.2 (continued)

Protein and organism Protein " 
identity (%)

GenBank 
accession No.

H. influenzae isolate KW20 86 NP 438900

Secreted proteins
Gcp

M. glucosida isolate PH344 1 0 0 This study
P. trehalosi isolate PH246 88 This study
A. pleuropneumoniae isolate 4074 8 6 ZP_00135231
H, ducreyi isolate 35000hp 76 NP_873041
H. somnus isolate 2336 83 ZP_OOI32762
P. multocida isolate PM70 77 NP_246175
H. influenzae isolate KW20 76 NP„438688

Periplasm-associated proteins
PlpA

M. glucosida isolate PH344 1 0 0 This study
P. trehalosi isolate PH6 8 85 This study
A. pleuropneumoniae isolate 4074 81 ZP_00133876
H. ducreyi isolate 35000hp 72 NP_873577
H. somnus isolate 2336 79 ZP„00204652
P. multocida isolate PM70 59 NP_246668
H. influenzae isolate KW20 69 NP„438778

PlpB
M. glucosida isolate PH344 1 0 0 This study
P trehalosi isolate PH6 8 -
A. pleuropneumoniae isolate 4074 59 ZP„00133875
H. ducreyi isolate 35000hp - -
H, somnus isolate 2336 - -
P. multocida isolate PM70 - -
H. influenzae isolate KW20 - -

PlpC
M. glucosida isolate PH344 10 0 This study
P. trehalosi isolate PH6 8 - -
A. pleuropneumoniae isolate 4074 59 ZP_00204591
H. ducreyi isolate 35000hp - -
H. somnus isolate 2336 - -
P. multocida isolate PM70 - -
H. influenzae isolate KW20 - -

PlpD
M. glucosida isolate PH344 10 0 This study
P. trehalosi isolate PH6 8 85 - This study
A. pleuropneumoniae isolate 4074 89 ZP_00134888
H, ducreyi isolate 35000hp - -
H. somnus isolate 2336 42 ZP 00204642
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Protein and organism Protein “ 
identity (%)

GenBank 
accession No.

P. multocida isolate PM70 78 NP 245523
H. influenzae isolate KW20 - -

O uter m em brane proteins
OmpA

M. glucosida isolate PH344 93 This study
P. trehalosi isolate PH246 69 + 63* This study
A. pleuropneumoniae isolate 4074 65 ZP_00134486
H. ducreyi isolate 35000hp 62 + 63* NP_872672 +
H. somnus isolate 2336 63 ZP„00132943
P. multocida isolate PM70 51 NP„245723
H. influenzae isolate KW20 52 NP_439322

TbpB
M. glucosida isolate PH344 94 This study
P. trehalosi isolate PH246 78 This study
A. pleuropneumoniae isolate 4074 38 ZP_00135181
H. ducreyi isolate 35000hp " -
H. somnus isolate 2336 34 ZP_00122045
P. multocida isolate PM70 - -
H. influenzae isolate KW20 34 NP„439158

TbpA
M. glucosida isolate PH344 98 This study
P. trehalosi isolate PH246 94 This study
A. pleuropneumoniae isolate 4074 45 ZP_00135182
H. ducreyi isolate 35000hp -
H. somnus isolate 2336 50 ZP_00122044
P. multocida isolate PM70 - -
H. influenzae isolate KW20 40 NP_439157

Wza
M. glucosida isolate PH344 96 This study
P. trehalosi isolate PH246 70 This study
A. pleuropneumoniae isolate 4074 79 ZP_00133758
H. ducreyi isolate 35000hp - -
H. somnus isolate 2336 - -
P. multocida isolate PM70 50 NP_245715
H. influenzae isolate KW20 - -

P ro te in  id en tity  (% ) w as ca lc u la te d  ag a in s t p ro te in  o f  M, haemolytica iso la te  P H 2
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H. influenzae, no TbpB and TbpA homologues in H. ducreyi and P. multocida, and no 

Wza homologues in H. ducreyi, H. somnus, and H, influenzae.

The nucleotide and amino acid sequence diversities of the 19 genes were determined 

separately for M. haemolytica isolates and also for all M. haemolytica, M. glucosida, 

and P. trehalosi isolates (Table 3.3). The nucleotide and amino acid diversities of 

recA, asd, galE, gnd, g6pd, mtlD, gcp, and plpD  within M. haemolytica (0.2 to 0.8 % 

and 0.0 to 1.4 %, respectively) were relatively low, while the corresponding 

diversities of aroA, gap, mdh, pmm, plpA, plpB, plpC, ompA, tbpB, tbpA, and wza 

within M. haemolytica (2.3 to 45.2 % and 0.5 to 49.8 %, respectively) were relatively 

high. In the case of the aroA, gap, pmm, ompA, tbpB, tbpA and wza genes, which 

were sequenced in a larger number of M. glucosida and P. trehalosi isolates, the 

nucleotide and amino acid sequence diversities were also determined separately for 

isolates of M. glucosida and P. trehalosi. With the exception of ompA ' (12.3 % and

10.8 %, respectively), the nucleotide and amino acid diversity was relatively low in P. 

trehalosi (0.7 to 2.3 % and 0.0 to 1.6 %, respectively). The higher diversity of 

ompA'in P. trehalosi was due to variation in one isolate (PH254), since the other 

three isolates were highly conserved (0.9 and 0.2 %, respectively). In contrast, the 

corresponding diversities were higher in M. glucosida (0.8 to 16.0 % and 0.0 to 

7.5 %) and were even higher in M, haemolytica (2.3 to 45.2 % and 1.0 to 49.8 %, 

respectively). The reasons for this will be discussed later.

The numbers of synonymous substitutions per 100 synonymous sites {ds) and the 

number of nonsynonymous substitutions per 100 nonsynonymous sites (J/v) (Nei & 

Gojobori, 1986) were estimated for the 19 genes (Table 3.3). When the nucleotide 

diversity was > 1 %, the d/dN ratios were also calculated. A high ds/d[̂  ratio 

indicates that natural selection at the molecular level is purifying (conservative).
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Table 3.3 Nucleotide and amino acid sequence diversity, and values, and 
d/d;^ ratios for conserved genes of M. haemolytica, M, glucosida, and P. trehalosi

G en e  a n d  o rg a n ism  " N o o f  p o ly m o rp h ic  sites M ean  ±  SD

(N o. o f  s tra in s )  N u cleo tid es  (% ) A m ino  ac id s  (% ) tIs ds

G en es  en co d in g  D N A  re p a i r  a n d  re c o m b in a tio n  enzym es
recA
Mh{\Q) 2 (0.2) 0 (0.0) 0.39 ± 0.02 0.00 ± 0.00 -
M h {\Q )^M g {\) + P t{\)  1 5 7 (1 9 .4 ) 

G en es  en co d in g  m e tab o lic  enzym es

33 (12.2) 19.10 ± 3.12 1.30 + 0.22 14.69

aroA
Mh (32) 46 (3.7) 11 (2.7) 4.54 ± 0.79 0.36 ± 0.11 12.61

A ^ ( 6 ) 94 (7.6) 15 (3 .6) 12.22 ± 1.40 0.67 ± 0.18 18.24
Pt{A) 28 (2.3) 5 (1 .2 ) 4.69 ± 0.96 0.26 ± 0.11 18.04
Mh (32) + Mg (6) +  Pt (4) 3 6 0 (2 9 .1 ) 80 (19.4) 32.68 ± 3.45 2.90 ± 0.34 11.27
asd
M î( lO ) 5 (0.6) 3 (1 .1 ) 0.45 ± 0.31 0.13 ± 0.08 -
Mh{\Qt) + M g{\) + P t{\) 158 (1 8 .7 ) 23 (8.2) 22.25 ± 4.27 1.03 ± 0.20 21.60

galE
M A (IO ) 4 (0.4) 3 (1 .0 ) 0.09 ± 0.09 0.13 ± 0.08 -
Mh(\Q) + M g{\) + P t{\) 2 1 4 (2 2 .9 ) 4 0 (1 2 .9 ) 28.60 ± 5.48 1.53 ± 0.25 18.69

gap
Mh (32) 20  (2.3) 3 (1.0) 2.93 ± 0.71 0.05 ± 0.03 58.60
Mg (6) 60 (6.9) 0 (0.0) 13.42 ± 1.77 0.00 ± 0.00 -
Pt(4) 6 (0.7) 0 (0.0) 1.50 ± 0.59 0.00 ± 0.00 -
Mh (32) + Mg {6)+ Pt (4) 1 7 0 (1 9 .5 ) 28 (9.7) 16.52 ± 1.78 1.20 ± 0.24 13.77

gnd
Mh{\Q) 2 (0.2) 0 (0 .0) 0.34 ± 0.23 0.00 ± 0.00 -
Mh{\Q) + Mg {\) + P t{\) 2 3 4 (1 8 .3 ) 41 (9.6) 17.96 ± 2.04 1.10 ± 0.17 16.33

g6pd
Mh (10) 5 (0.4) 2 (0.4) 0.38 ± 0.24 0.12 ± 0.08 -

mdh
M ft(lO ) 36 (4.6) 4 (1 .5 ) 4.05 ± 0.74 0.14 ± 0.07 28.93
Mh{\Q) + M g{\) + P t{\) 261 (33.5) 76 (29.2) 29.39 ± 4.38 3.76 ± 0.42 7.82

mtlD
M hiXl) 7 (0.7) 4 (1 .3 ) 0.26 ± 0.15 0.14 ± 0.07 -
Mg (6)
M h ( \l)  + Mg {6) + P t{\) 259 (27.2) 53 (16.7) 11.36 ± 7.67 1.60 ± 0.28 7.10

pmm
Mh (32) 94 (12.9) 15 (6.2) 9.44 ± 1.47 0.60 ± 0.21 15.73
Mg (6) 39 (5.3) 0 (0.0) 10.74 ± 1.75 0.00 ± 0.00 -
Pt{4) 5 (0.7) 1 (0.4) 1.20 ± 0.56 0.09 ± 0.09 13.33
Mh (32 ) +  Mg (6) +  Pt (4) 193 (26.5) 

G en es  en co d in g  sec re ted  p ro te in s
3 4 (1 4 .0 ) 34.13 + 5.27 1.74 ± 0.34 19.61

gcp
Mh{\t)) 2 (0.2) 2 (0.7) 0.00 ± 0.00 0.10 ± 0.07

m  (10) + M g ( 1 ) 4  P U L 228 (26.2) 3 7 (1 2 .8 ) 8.42 ± 1.90 1.79 ± 0.26 4.70
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Table 3.3 (Continued)

Gene and organism " No of polymorphic sites Mean ± S D ^
d / d f

(No. of strains) Nucleotides (%) Amino acids (%) ds

Genes encoding oeriniasm-associated nroteins
plpA
Mh (10) 25 (4.0) 1 (0.5) 3.89 ± 0.88 0.04 ± 0.04 97.25
M h i m  + M giD  + P til) 154 (24.7) 30 (14.4) 27.89 ± 6.93 1.95 ± 0.36 14.30

plpB
Mh (10) 57 (6.9) 9 (3.3) 6.31 ± 0.91 0.31 ± 0.10 20.35
Mh (10) + Mg (1) 61 (7.3) 10 (3.6) 6 .76 ± 0.98 0.31 ± 0.10 21.81

plpC*
Mh(9) 41 (5.4) 6 (2.4) 5.13 ± 0.90 0 .26 ± 0.10 19.73
Mh (9) +  Mg (1) 44  (5.8) 7 (2.8) 8.04 ± 1.34 0 .32 ± 0.11 25.13

plpD^
Mh (10) 5 (0.8) 3 (1.4) 0.16 ± 0 .16 0.35 ± 0.19 -

Mh (10) + Mg (I) + Pt (1) 135 (20.7) 
Genes encoding outer membrane proteins

36 (16.6) 20.82 ± 4.35 2.18 ± 0.38 9.55

ompA*
Mh (31) 49 (4.3) 28 (7.4) 0 .84 ± 0.31 1.33 ± 0.30 0.63
Mg (6) 26 (2.3) 7 (1.9) 3.28 ± 0.80 0.65 ± 0.24 5.05
Pt' (4) 1 4 0 (1 2 .3 ) 41 (10.8) 17.86 ± 2.13 4 .09 ± 0.62 4.37
P t" (6) 9 (0.8) 0 (0.0) 1.84 ± 0.57 0.00 ± 0.00 -

Mh (31) + Mg (6) + Pt (10) 438 (38.5) 150 (39.7) 19.71 ± 1.68 7.62 ± 0.70 2.59
tbpB
Mh (32) 758 (45.2) 278 (49.8) 57.56 ± 7 .98 12.71 ± 0.77 4.53
Mg (6) 54  (3.2) 18 (3.2) 4.41 ± 0.73 0.73 ± 0.18 6.04
Pt(4) 14 (0.8) 9 (1 .6 ) 0.80 ± 0.35 0.40 ± 0.12 2.00
Mh (32) +  Mg (6) +  Pt (4) 850 (50.7) 299 (53.6) 68.16 ± 7.07 12.09 ± 0.67 5.64

tbpA
Mh (32) 687 (25.0) 168 (1 8 .3 ) 26.01 ± 1.68 2.69 ± 0.21 9.67
Mg (6) 23 (0.8) 1 0 (1 .1 ) 0.68 ± 0.18 0.18 ± 0.06 3.78
Pt(4) 3 4 (1 .2 ) 7 (0.8) 2.39 ± 0.45 0 .20 ± 0.07 11.95
Mh (32) + Mg (6) + Pt (4) 727 (26.5) 185 (20.2) 21.60 ± 1.32 2.74 ± 0.23 7.88

wza
Mh (32) 241 (24.9) 45 (14.0) 33.57 ± 3.20 1.76 ± 0.30 19.07
Mg (4) 155 (16.0) 24 (7.5) 46.95 ± 6.60 2.29 ± 0.44 20.50
Pt(4) 1 4 (1 .4 ) 4 (1 .2 ) 1.97 ± 0.67 0.37 ± 0.20 5.32
Mh (32) + Mg (4) + Pt (4) 414  (42.9) 118 (36.6) 56.18 ± 4.96 5.87 ± 0.56 9.57

" Mh: M. haemolytica. Mg: M, glucosida, Pt: P. trehalosi

* ds and  rep resen t the num ber o f  synonym ous substitu tions per 100 synonym ous sites and the 

n um ber o f  nonsynonym ous substitu tions per 100 nonsynonym ous sites, respective ly .

ds/ds, w as ca lcu la ted  w hen nucleo tide d iversity  w as > 1 %.

* Iso la te  P H 202  has been  rem oved  from  the Mh calculation  because th is iso la te  has a  nucleotide 

in sertion  in  the  m idd le  o f  plpC, w hich  d isrup ts the reading fram e.

® Iso lates P H 494  and PH 550 have been  rem oved  from  the Mh calcu lation  b ecau se  these  iso lates have a 

13 nucleo tides dele tion  in the m iddle  o f  plpD, w hich disrupts the read ing  fram e.

* Pt' ind icates P. trehalosi ompA' and Pt" indicates P. trehalosi ompA".
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acting against mutations resulting in amino acid replacements. Conversely, a 

ratio of < 1 indicates that selection is diversifying and favours amino acid replacement. 

Four metabolic enzyme genes, aroA, gap, mdh, and pmm, had relatively high d/d^  

ratios in M. haemolytica (12.61 to 58.60) whereas two outer membrane protein genes, 

ompA and tbpB had relatively low dfd^  ratios in M. haemolytica (0.63 and 4.53, 

respectively). The dfdis ratios of the other outer membrane protein genes, tbpA, and 

wza, were 9.67 and 19.07, respectively. The reasons for this will be discussed later.

3.1.1 Details of nucleotide analyses for specific genes

3.1.1.1 Genes encoding DNA repair and recombination enzymes

3.1.1.1.1 Recombinase A (recA)

The recA gene, encoding recombinase A, was selected because it plays an important 

role in DNA repair and recombination and because it has been used previously for 

population studies (see section 1.6.1.1). The partial sequence of recA (810 

nucleotides [73%]) was determined in 10 M. haemolytica isolates, one M, glucosida 

isolate, and one P. trehalosi isolate (Table 3.4). Five different recA nucleotide 

sequences, each representing a distinct allele, were identified, and the alleles were 

assigned to three subclasses, recAl to recA3, based on their overall sequence 

similarities (Table 3.4).

The polymorphic nucleotide and inferred amino acid sites within the five recA alleles, 

with respect to recAl.l, are shown in Figure 3.1. Nucleotide sequence analysis 

indicates that the M. haemolytica recAl-iyp& alleles, M. glucosida recA2J allele, and 

P. trehalosi recAS.l allele have 2, 9, and 157 polymorphic nucleotide sites,
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Table 3.4 Distribution of recA alleles among 10 M. haemolytica isolates, one M. 

glucosida isolate, and one R. trehalosi isolate

I s o la te E T “
C a p s u l a r
s e r o ty p e

H o s t
s p e c ie s

recA
a l le le

G e n B a n k  
a c c e s s io n  n o .

M . haemolytica
P H 2 1 A l B o v in e recA l.l A Y 837586

P H 6 6 10 A 1 4 O v in e re a A 1.2 A Y 837587

P H 7 0 6 11 A 1 6 O v in e recAL2 -

P H 2 9 6 12 A 7 O v in e recAl.3 A Y 837588

P H 588 15 A 13 O v in e recAl.3 -

P H 4 9 4 16 A 2 O v in e recAL2 -

P H 1 9 6 18 A 2 B o v in e recAl.3 -

P H 2 0 2 21 A 2 B o v in e recA 1.3 -

P H 2 7 8 21 A 2 O v in e recAI.3 -

P H 2 9 2 22 A 2 O v in e recAl.3 -

M . glucosida
P H 3 4 4 1 A l l O v in e recA2.1 A Y 837589

P. trehalosi
P H 2 4 6 2 T 4 O v in e recAS.I A Y 837590

E a c h  sp e c ie s  h a s  a  d if fe re n t M L E B  sc h e m e  (D a v ie s  et a l ,  1 9 9 7 a ; 1 9 9 7 b ).
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(A) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3  

1 1 2 2 4  5 5 5 6 6 6 7 7 7 8 8 8 9 0 0 1 1 1 1 2 2 2 2 3 4  4 4 5 5 5 5 6 6 6 6 6 7 8 8 8 9 9 0 1 1 1 1 2 2 3 3 3 4  5 5 6 6 7 7 8  9 0 1 2 3 3 3 3 4  5 

1 3 8  9 6 8 1 5 2 1 4 8 0 6 9 1 6 8 1 4  7 6 2 8 1 4  7 9 0 3 6 9 8 4  7 8 0 3 4  6 0 2 3 5 8 4 2 3 5 2 8 1 0 3 6 9 2 9 1 4  7 3 3 8 2 3 0 6 2 1 9 8 7 0 3 6 9 5 1  

r e c A l .1  ATAGGTTGACTCTACCTACTTATTGATATAGGTTATATTAGGGGTCATGTCTCACATATCCGGAGGAAGCTGTCTGTAT

r e c A l . 2  ......................................................................................................................................................................................................................................

r e c A l . 3  ................................................................................................................................................................................................................................C .

\recA2. l \ ...........................................................................................................................................................................T ...............................A C --------C .

r ecAS .1  GACTCACAGAAACGTTCCTCCGGCTGCTCTTAGATCTCCTCTATAACAACACAGTTCGCTGAACAAGTATCACTCTACC

3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7  

6 6 6 7 7 7 8 0 1 2 3 4  5 6 6 7 7 7 8 8 9 9 9 2 2 3 3 4  4 5 5 6 6 7 8 0 0 0 1 1 2 3 3 3 4  4 5 6 6 7 8 8 9 9 0 0 0 1 2 2 3 3 4  4 4 5 5 5 5 6 6 7 7 7 8 8 8 8  

0 6 9 0 2 5 7 5 1 0 5 8  9 2 8 5 6 7 7 9 3 5 8 5 8 4  7 0 9 2 5 4  7 9 0 0 3 7 2 5 4  4 7 9 4  6 7 1 3 2 1 7 3 9 0 1 2 7 1 3 0 2 0 5 8 0 3 6 9 3 8 1 4  7 0 4  6 9  

r e c A l .1  TGACTAGTCCATACTGCGTGATCAACTCCATTCTGTTTCACGACGGGATCTGTCCAACGGGCATCCTAGTCCCTTGAG

r e c A l . 2  ...................................................................G ............................................................................................................................................................

r e c A l . 3  .................................................................. G ............................................................................................................................................................

\recA2. l\ . T T . . . A .............................................G ........................................................................................................................................... T ..............

r ecA3 .1 ATCTAGACTAGCGTCAATCAGATTCTATATACACTCCGAGAATGACTGGTGACGATGTCATTGCTACGTGATACATTT

( B )  1112222222222222222
2 2 4 5 5 6 6 7 8 8 5 6 9 0 0 1 1 1 1 2  34 44  5 5 5 6 6  

1 3 6 9 0 4 0 4  5 1 2 7 5 8 9 5 4  3 8 2  3 5 6 1 4 1 4  7 5 6 8 0 2  

R e c A l . 1 IKDALSYWNGID GAIA SDVIS EIQ EANSHFNA

R e c A l . 2  ..............................................................................................

R e c A l . 3  ..............................................................................................

| R e c A 2 . 1 | ..............................................................................................

R e c A 3 . 1  VTQTILFLITDVNKNVSAEILNQVMQSSAQLKS

Figure 3.1 Distribution of polymorphic nucleotide (A) and amino acid (B) sites 

among the recA alleles of M. haemolytica, M. glucosida, and P, trehalosi. Allele 

designations are shown to the left o f each sequence. The M. glucosida and P. 

trehalosi alleles are highlighted within the green and yellow boxes, respectively.

The vertical numbers above the sequences represent the positions o f polymorphic 

nucleotide and amino acid sites fi-om the 5 'end o f the partial gene sequence. The 

dots represent sites where the nucleotides or amino acids match those o f the first 

(topmost) sequence (i.e. recAl.l).
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62

100

recA 1.1

y recAI.2

hw n w w  '
\recA I.3

II

III PH246/ET2/T4

recA2.1 

recA3.1

0.02

Figure 3.2 Minimum evolution (ME) tree for the recA gene of M. haemolytica, M. 

glucosida, and P, trehalosi. The tree was constructed with Jukes-Cantor correction 

for nucleotide substitutions and the complete deletion option for handling gaps. 

Bootstrap values (1000 replications) o f > 50 only are shown. Bovine M. 

haemolytica isolates are highlighted in red, ovine M. haemolytica isolates in blue, M. 

glucosida in green, and P. trehalosi in yellow. Electrophoretic types (ETs) have 

been described in separate schemes for M. haemolytica, M. glucosida, and P. 

trehalosi (Davies a/., 1997a; 1997b).
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respectively (Figure 3.1 A), Amino acid sequence analysis detected less variation 

than nucleotide sequence analysis (Figure 3.IB). Two amino acid variants were 

identified among the five recA alleles; the M. haemolytica (recA7-types) and M. 

glucosida (recA2.1) alleles have identical amino acid sequences while the P. trehalosi 

recAS.l allele has 33 variable amino acid positions compared to the M. haemolytica 

(r^cA7-type) and M, glucosida {recA2J) alleles. There was no evidence of 

intragenic recombination within any of the recA alleles.

Pairwise differences in nucleotide sequences indicated that the M. haemolytica recAl- 

type alleles are highly conserved (1 to 2 polymorphic sites), whereas the M. glucosida 

recA2J allele shows moderate divergence from the M. haemolytica recA7-type alleles 

(7 to 9 polymorphic sites), and the P. trehalosi recAS.l allele exhibits substantial 

divergence from both the M, haemolytica r^cA7-type alleles (156 to 157 polymorphic 

sites) and the M. glucosida recA2.1 allele (151 polymorphic sites).

The recA tree topology (Figure 3.2) shows three distinct phylogenetic lineages, I to III, 

corresponding to the three species, M, haemolytica {recAl), M. glucosida (recA2), and 

P. trehalosi {recA3), respectively. This phylogeny is in good agreement with those 

based on 16S rRNA sequence analysis (Davies et aL, 1996) and MLEE (Davies et ah, 

1997a) and indicates that recombination has not affected the evolution of recA,

3.1.1.2 Genes encoding metabolic enzymes

3.1.1.2.1 5-enolpyruvyIshikimate 3-phosphate synthase {aroA)

The aroA gene, encoding 5-enolpyruvylshikimate 3-phosphate synthase, was selected 

because it is an important housekeeping gene for bacterial growth (see section 1 .6 .2 .1).

156



CHAPTER 3: RESULTS

The partial sequence of aroA (1239 nucleotides [95 %]) was determined in 32 M. 

haemolytica, six M. glucosida, and four P. trehalosi isolates (Table 3.5). Twenty 

different aroA sequences, each representing a distinct allele, were identified, and the 

alleles were assigned to five subclasses, aroAl to aroA5, based on their overall 

sequence similarities (Table 3.5). M. haemolytica was represented by aroAl to 

aroA3 type alleles, M. glucosida by aroA4 type alleles, P. trehalosi by aroA5 type 

alleles

The polymorphic nucleotide and inferred amino acid sites within the 16 aroAl- to 

aroA4-tyipQ alleles of M. haemolytica and M. glucosida are shown in Figure 3.3. The 

P. trehalosi araA5-type alleles were excluded because they are highly divergent from 

both M. haemolytica and M. glucosida (Table 3.6) and there was no visible evidence 

of recombination. Visual inspection of the nucleotide sequences of the aroAP  to 

aroA4-iypQ alleles indicated that the M. haemolytica aroA7-type alleles are highly 

conserved, whereas the M. haemolytica aroA2J and aroA3~typ& alleles have diverged 

from the aroAl-typ& alleles due to intragenic recombination (Figure 3.3A). The 

aroA2.1 allele (ovine serotype A2 isolates of ETs 19 to 22) contains a recombinant 

segment (green, nucleotides 330 to 565) that is identical to the corresponding region 

of the aroA3-iyp& alleles. The aroA3-type alleles (serotype A14, A16, A7, and A2 

isolates of ETs 10 to 14 and ET18) contain divergent recombinant segments (yellow, 

nucleotides 42 to 565) that have possibly been derived from an external source.

The nucleotide substitutions in the recombinant segments were mostly synonymous 

because only four and seven amino acid changes occurred within the green and 

yellow regions, respectively (Figure 3.3B), suggesting strong selective constraint for 

amino acid replacement within the aroA gene of M. haemolytica.
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Table 3.5 Distribution of aroA alleles among 32 M. haemolytica, six M, glucosida, 

and four P. trehalosi isolates

Is o la te E T “
C a p s u la r
s e ro ty p e

H o st
species

aroA
a lle le

G e n B a n k  
access ion  no.

M. haemolytica
PH2 1 A1 Bovine aroAl.l AY847793
PH30 1 A1 Bovine aroAl.l -

PH376 1 A6 Bovine aroAl.l -

PH346 1 A12 Ovine aroAl.3 AY847794
PH540 2 A1 Bovine aroAl.l AY847795
PH338 3 A9 Ovine aroAI.3 -

PH388 4 A7 Ovine aroAI.3 -

PH 50 5 A5 Ovine aroAI.3 -
PH56 5 A8 Ovine aroAl.3 -

PH238 5 A9 Ovine aroAU -
PH8 6 A1 Ovine aroAl.6 AY847796
PH398 7 A1 Ovine aroAl.6 -
PH284 8 A6 Ovine aroAl.7 AY847797
PH232 9 A6 Ovine aroAl.7 -
PH66 to A14 Ovine aroA3.I AY847798
PH706 11 A16 Ovine aroA3.1 -
PH296 12 A7 Ovine aroA3.3 AY847799
PH396 13 A7 Ovine aroA3.3 -
PH484 14 A7 Ovine aroA3.3 -
PH588 15 A13 Ovine aroAl.3 -
PH494 16 A2 Ovine aroAl.5 AY847800
PH550 17 A2 Bovine aroAl.5 -
PH196 18 A2 Bovine aroA3.2 AY847801
PH786 18 A2 Bovine aroA3.2 -
PH526 19 A2 Ovine aroAl.l -
PH598 20 A2 Ovine aroAl.l -
PH202 21 A2 Bovine aroAl.4 AY847802
PH470 21 A2 Bovine aroAl.4 -
PH278 21 A2 Ovine aroAl.l AY847803
PH372 21 A2 Ovine aroAl.l -
PH292 22 A2 Ovine aroAl.l -
PH392 22 A2 Ovine aroAl.l -

M. glucosida
PH344 1 A l l Ovine aroA4.1 AY847804
PH498 3 A l l Ovine aroA4.1 -
PH240 5 A l l Ovine aroA4.1 AY847805
PH496 7 UG3 Ovine aroA4.3 AY847806
PH574 10 UG3 Ovine aroA4.5 AY847807
PH290 16 UG3 Ovine aroA4.4 AY847808

P. trehalosi
PH246 2 T4 Ovine aroAS.l AY847809
PH252 4 TIO Ovine aroAS.l AY847810
PH254 15 T15 Ovine aroA5.3 AY847811
PH68 19 T3 Ovine aroA5.4 AY847812

Each species has a different MLEE scheme (Davies et al, 1997a; 1997b).
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(A)

a r o A l . 1
a r o A l .2
a r o A l . 3

aroAl
a r o A l . 6
a r o A l . 7

aroAS. 1

atoAS.3
aroA4. 1
aroA4.
aroA4. 3
aroA4, 4
a ro A 4 .5

1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 4  4 4 4  4 4 4  4 4 4 4  4 44  4 4 4  4 4 44  5 5 5 5 5 5  
2 3 4 4 5 6 6 9 9 0 1 1 1 2 4 5  6 6 6 6 9 9 9 0 1 3 4 4 5 5 5 6 6 6 7  7 7 8 9 0 0 1 3 3 3 3 4  44 6 9 0 1 2 2 2 3 3 4  5 5 6 6 6 7 7 7 8 8 8 9 9 0 1 1 2 4 5  
1 3 2 8 7 0 3 6 9 3 4 7  9 0 1 3 2 5 8  9 1 6 8 4  9 7 3 9 0 2 5 1 7 8 0 6 9 5 1 0 3 8 0 2 8 9 0 2 6 3 3 4  7 0 3  9 2 5 2 0 6 2 3 4 0 1 7 0 6 9 5 8 7 3 9 9 0 2  
CACCTTTCCGGTAATACTCTACACTTTGGTACACGCCAGAAGTAAATCAACCAGAAGTACAGGCGCCTGCAGCGCCGC 

................................................................................. T ...................................

. . GTCCAGG. AC GTCC. . TC 

. . GT CCAGG.ACGTCC. . TC 

. . GT CCAGG.ACGTCC. . TC
T T G .C C C ..............G.  . C T . T C
T T G .C C C _____ CGT.  C T .T C
T T G .C C C _____ CG T.  C T .T C
. C G . C  T .C G T .C T C T C

T G . . .ATAAG. 
T G . . .ATAAG. 
T G . . .ATAAG.

. T C ■ • GAGCC. G T . G T . . . . . . . . . GA .

. T C .  . G A G C C .G T .G T ..........................GA. . .

. T C .  . G . G C C . G T . G T ..........................GA. . .
.  ............ ........................ GG. . . .  GGTGG. . CT TGAC. T G .
. G C C ........... A . T .  . T .  . G G --------- GGTGG. . CTTGAC. TG.
.G C C ........... A . T .  . T .  . G G --------- GGTGG. . CTTGAC. TG.
.G C C  G . A .  . . A . G  GGT. G. .C TTG AC .  TG. . . C T T .  . T G . G A

. .C T  

.TCT  

.TCT

TAT 
.A T 
.A T  
. . T  
. . T  
. . T

ATAA
ATAA
ATAA

. C G . C C A  C G T . C T . T C G .  .G C.ATA AG . . T T C . . G . . G G T _____ C T T G A C . T G . A . C T . C . T G . T . . T . T

aroAl

aroAl
a r o A 2 .1

aroA3

aroA4
aroA4
aroA4
aroA4

5 5 5 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 7 7 7 8 8 8 8 8 8 8 8 8 8  9 9 9 9 9 9 9 9 9 9 9 9 9 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2  
5 6 8 1 1 2 3 4  5 6 7 8 1 1 3 3 3 6 6 7 8 8 9 9 0 0 1 2 3 4 8 8 8 9 0 0 0 0 1 3 5 6 7 7 8 9 9 4 4 5 6 6 7 7  8 8 8 8 8 0 3 3 4 5 6 6 6 8 9 9 0 1 2 2 2 2 3  
6 5 8 5 8 4  9 8 3 6 8 7 1 7 2 5 8 8 9 4 3  9 2 8 1 4 9 8 7 3 2 5 6 1 3 6 7  9 3 9 4  9 2 5 7 3 9 4  9 0 1 9 5 7 3 5 6 7 9 1 5 7 3 8 1 4 7 2 4 7 9 5 1 4  7 8 9

1 TGCTTCCTCACTTAGGACTTAGAAGCGCGCAGGTGATCCTGAACCAACCACCGCAAGGAAACGACTCAAAGAGGCTT
2  ......................................................................................................................................................................................................................................

. A ................................................................................................................................................................................................................................

. A .................................................................................. G .........................................................................................................................................

. A ...................................................................................................................................G .........................................................................................

. A ................................................................................................................................................................................................................................

. A ................................................................................................................................................................................................................................

.......................................................................................................................
. A ........................................................................................ A ................................................. G .............................................................................
. A .............................................................................................................................T ...............................................................................................
C A T C . T A . T T . C C .  . A T T G A G T G . A . T .A T .................GTTCC. . . T G C .A C .  . A . G T A . T T C . A . T C .  . GGCGACTCC
C A T C . . A . T T . . C . . A T . G A G T G . A G . . . T . . . C . . G T T C C . . . T G C . A C . . A . G T A . T T C . A . T C . . GGCGACTCC 
C A T C . . A . T T . . C . . A T . G A G T G . A G . . . T . . . C . . G T T C C . . . TG CTA C.A A .G T A A T . CAAG. C T . GGCGACTCC
. A .................. G T ..............C . G .............................................AGG. . .C G T .A G C . A C .  . A . G T A . T T C . A . T C .  . GGCGACTCC
CATCC. A C . T . C A G A .T . G A G T G G A . . T . T . A . C . . GT TCC. CTTGTTAC. . A T G T A . T . C T A . T . . G . G C G A . T C .

(B)

I <

1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 3 3 3 3 3 3 3 3 3  
3 4 6 6 8 8 1 1 1 1 3 4 5 5 6 8 1 1 5 6 9 0 5 5 5 5 6 6 6 7  
5 0 4 8 3 4 1 3 4  6 5 8 5 7  9 9 3 8 7 3 6 3 0 4  7 9 2 3 7 9  

r  a r o A l . l  AQYDKVEKSIANASDGNTSKDSTTRVEVEN
a r o A l . 2 ............................V ........................................................
a r o A l . 3 ............................................ S ........................................
a r o A l . 4  ...........................................S .........................................
a r o A l . 5 ............................................S ........................................
a r o A l .  6 ...............................Y . . . S .........................................
a r o A l .  7 ........................................... S ........................................
a r o A 2 . 1__________ _______________
a r o A 3 .  1 . R . . N I  AT A ...............S .

. R .  . N I A T A ................ S .

. R .  . N I A T A ................S .........................................

. R  AV. . . T .S K M A N .A N .  . I V . D H
. R . E  A V . . V T . S K M A N . A N . . I V . D H
. R . E ____ AV. .V T .S K M A N .A N .  SXVI .Q
S R . E -------A  T E S .  . A . . A N .  . I V . D H
. R C E N I . . A . . . T T . S K . A N . A N . . I V . . H

a ro A 3 .2 
V. aroA3. 3

. N. . S .

aroA4. 1
aroA4 2
aroA4 3
aroA4 j
aroA4

Figure 3.3 Distribution of polymorphic nucleotide (A) and amino acid (B) sites 

among the aroA alleles of M. haemolytica and M. glucosida. Allele designations 

are shown to the left of each sequence. The Roman numerals I and II correspond to 

the major lineages of Figure 3.4. The M. glucosida alleles are highlighted within the 

green boxes. The coloured shading indicates sequence identity and putative 

recombinant segments in alleles that are otherwise different. The vertical numbers 

above the sequences represent the positions of polymorphic nucleotide or amino acid 

sites fi-om the 5'end of the partial gene sequence. The dots represent sites where the 

nucleotides or amino acids match those of the first (topmost) sequence (i.e. aroAl.l)
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CHAPTERS: RESULTS

y  aroAl.3

>• aroA2.l

III
t

VOA4.2 

aroA4.3 

aroA4.4

aroA4.S 

■ PH246/ET2/T4 a v A S . t

PH252/ET4n-10 aroAS.2

PH2S4/ET1S/T15 am AS.3

PH68ÆT19/T3 aroAS.4

Figure 3.4 Minimum evolution (ME) tree for the aroA gene of M. haemolytica, M. 

glucosida, and P. trehalosi. The tree was constructed with Jukes-Cantor correction 

for nucleotide substitutions and the complete deletion option for handling gaps. 

Bootstrap values (1000 replications) of > 50 only are shown. Bovine M. 

haemolytica isolates are highlighted in red, ovine M. haemolytica isolates in blue, M. 

glucosida in green, and P. trehalosi in yellow. Electrophoretic types (ETs) have 

been described in separate schemes for M. haemolytica, M. glucosida, and P. 

trehalosi (Davies et al., 1997a; 1997b).
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Pairwise differences in nucleotide and amino acid sequences between representative 

pairs of the five allele types of M. haemolytica, M. glucosida, and P. trehalosi ranged 

from 12 to 295 (1.0 to 17.0 %) nucleotide sites and 3 to 63 (0,7 to 15.3 %) amino acid 

positions (Table 3.6).

The aroA tree topology (Figure 3.4) shows three distinct phylogenetic lineages, I to III, 

corresponding to the three species, M. haemolytica {aroAl to aroA3), M. glucosida 

(aroA4), and P. trehalosi (aroA5), respectively. This phylogeny is in good 

agreement with those based on 16S rRNA sequence analysis (Davies et a l, 1996) 

and MLEE data (Davies et a l, 1997a). However, the M. haemolytica isolates are 

represented by three clusters, A, B, and C, which correspond to aroAl-iyp&, aroA2,l 

type, and aroA3~iypo alleles, respectively.

3.1.1.2.2 Aspartate-semialdehyde dehydrogenase iasd)

The asd gene, encoding aspartate semialdehyde dehydrogenase, was selected because 

the Asd protein is essential in the biosynthesis of cell wall material and some amino 

acids (see section 1.6.2.2). The partial sequence of asd (846 nucleotides [76 %]) was 

determined in 10 M. haemolytica isolates, one M. glucosida isolate, and one P. 

trehalosi isolate (Table 3.7). Seven different asd nucleotide sequences, each 

representing a distinct allele, were identified, and the alleles were assigned to three 

subclasses, asdl to asd3, based on their overall sequence similarities (Table 3.7).

The polymorphic nucleotide and inferred amino acid sites within the seven asd alleles, 

with respect to allele asd l.l, are shown in Figure 3.5. Nucleotide sequence analysis 

indicates that the M. haemolytica asdl-typ^t., M. glucosida asd2J, and P. trehalosi 

asd3J alleles have 7, 14, and 150 polymorphic nucleotide sties, respectively
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Table 3.7 Distribution of asd alleles among 10 M. haemolytica isolates, one M. 

glucosida isolate, and one P. trehalosi isolate

I s o la te E T “
C a p s u la r
s e r o ty p e

H o s t
sp e c ie s

asd
a lle le

G e n B a n k  
a c c e s s io n  n o .

M . haemolytica
P H 2 1 A 1 B o v in e a sd l.l A Y 837573
P H 66 10 A 1 4 O v in e a sd l.l

P H 7 0 6 11 A 1 6 O v in e a sd l.l

P H 2 9 6 12 A 7 O v in e asdl.2 A Y 8 37574
P H 5 8 8 15 A 13 O v in e asdl.2

P H 4 9 4 16 A 2 O v in e asdl.3 A Y 837575
P H 1 9 6 18 A 2 B o v in e asdl.4 A Y 837576
P H 2 0 2 21 A 2 B o v in e asdl. 5 A Y 837577
P H 2 7 8 21 A 2 O v in e asdl.5

P H 2 9 2 22 A 2 O v in e asdl.5 -

M . glucosida
P H 3 4 4 1 A l l O v in e asd2.1 A Y 837578

P. trehalosi
P H 2 4 6 2 T 4 O v in e asdS.l A Y 837579

E a c h  sp e c ie s  h a s  a  d if fe re n t M L E E  s c h e m e  (D a v ie s  et al., 1 9 9 7 a ; 1 9 9 7 b ).
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/ A \  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 4  4 4 4 4 4 4  4

2 2 2 3 3 4 7 7 7 8 8 8  9 9 9 0 0 0 1 2 3 3 4  4 4 5 5 5 6 6 7 7 7 8 0 0 0 1 1 1 2 3 4  5 5 5 6 6 7 7 8 8 9 9 9 0 1 1 3 3 4  5 6 6 7 7 8 9 0 0 1 1 1 2 2 2  

34 9 1 4 7 4  6 5 2 3 4 0 1 4  3 7 8 0 2 8 1 7 0 6 3 4 7 0 3 6 2 5 1 4  7 3 0 4  7 3 6 9 8 4 0 0 3 5 1 4  6 9 2 9 1 8  9 0 5 8 0 9 8 7 1 9 2 8 1 9 2 8 1 4  7 0 3 9  

a s d l . 1  TGACTCGTTTGTGCACGATACCTATTTCATCTTTATCACTCCTCTAAGCTTCGGCTTCACCTACACTCTACGTTAATCC

a s d l . 2 ......................................................................................................................................................................................................................................

a s d l . 3 ........................................................................C ..........................................................................................................................................................

a s d l . 4  ......................................................................................................................................................................................................................................

a s d l . 5 .............................................................................................................................T .....................................................................................................

I a s d 2 . 1 \ .......................................G T ....................... C .  . . G .  . C C C .C .  . . C .  . . T ...............................C _____T ....................................................

a s d S . l  ACGTCTACCAACCGCTACCCTTCC. . CTTCTC . CCCTCA. TTCTAGGAAGCTCCA. GATT. CTATTATCGTAAAGGCTA

4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8  

3 3 4 4 7 7 8 8 8 8 8  9 9 9 9 9 9 0 1 1 1 1 3 5 5 5 5 6 6 7 7 7 8 8 8 9 9 0 1 1 3 3 4  4 5 6 9 0 0 1 1 3 4  5 5 5 6 6 7 8 8 8 9 0 0 0 0 1 1 1 1 2 3 3 3 3 4  4 4 

2 5 1 7 1 4 0 1 2 3 9 0 2 3 4  5 84  0 3 4  5 7 2 5 8 9 6 7 0 3 6 5 7 8 4 7  6 6 8 7 9 2 5 1 0 3 0 2 4  7 5 1 0 3 9 2 8 7 0 3 6 2 2 4  7 8 0 2 3 9 2 1 4  6 7 0 3 6  

a s d l . l  TCCGTATGAAAGTAGCATAAAATTGTAGTGACCAGCTGTATAAGCTTTATCTCTAACCACATGATGTACGCGTTGCCTA

a s d l . 2 .............................................................. G ....................................................... G ........................................................................................................

a s d l . 3 .............................................................. G ....................................................................................................................................................................

as d l  . 4  .............................................................. G . . . . A .....................................................................................................................................................

a s d l . 5 .............................................................. G ....................................................................................................................................................................

\asd2.  I l .............................................................. G . T .............................................................................................................................................................

asd3 . 1  ATGAAGCATTGCATCAGAGGGCGGTAC. AACTTCATGACTCT. ATCCCGCTCTCTGTTGTCCCTAACTAATACCCGTCG

111111111222  
1 2 2 3 4  4 6 8 8 9 0 6 6 7 7 8 8 9 9 6 7 7  

2 2  5 7 3 4 8 7 4  5 7 0 1 4 2 9 7 9 1 6 8 1 9  

A s d l . l  EWGEKIEKDHSEDNDKREEIAC

A s d l . 2 ..........................................E ...................

A s d l . 3 ................T ......................E ....................

A s d l . 4 ..........................................E . H ..............

A s d l . 5 ..........................................E ...................

l A s d 2 . l | ......................................... E ....................

A s d 3 . 1  QITATQ.A EKNDIQ AEQ.D ALES

Figure 3.5 Distribution of polymorphic nucleotide (A) and amino acid (B) sites 

among the asd alleles of M. haemolytica, M. glucosida, and P. trehalosi. Allele 

designations are shown to the left of each sequence. The M. glucosida and P. 

trehalosi alleles are highlighted within the green and yellow boxes, respectively.

The vertical numbers above the sequences represent the positions of polymorphic 

nucleotide and amino acid sites fi-om the 5 'end of the partial gene sequence. The 

dots represent sites where the nucleotides or amino acids match those of the first 

(topmost) sequence (i.e. asdl.l).
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y  asd l.l

asd 1.2

asd 1.3

asd 1.4

r  asdl.5

asd2.1

JIL PH246/ET2AT4 asdS.l

0.02

F ig u re  3 .6  M in im u m  ev o lu tio n  (M E ) tre e  fo r  th e  asd gen e  o f  M . haemolytica, M. 

glucosida, a n d  P. trehalosi. The tree was constructed with Jukes-Cantor correction 

for nucleotide substitutions and the complete deletion option for handling gaps. 

Bootstrap values (1000 replications) of > 50 only are shown. Bovine M. 

haemolytica isolates are highlighted in red, ovine M. haemolytica isolates in blue, M. 

glucosida in green, and P. trehalosi in yellow. Electrophoretic types (ETs) have 

been described in separate schemes for M. haemolytica, M. glucosida, and P. 

trehalosi (Davies et al., 1997a; 1997b).
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(Figure 3.5A). Amino acid sequence analysis detected less variation than nucleotide 

sequence analysis (Figure 3.5B), Five amino acid variants were identified among 

the seven asd alleles; 3,1, and 21 variable amino acid positions were detected in the 

M. haemolytica asdl-iype^, M. glucosida asd2.1, and P. trehalosi asdS.l alleles, with 

respect to the M. haemolytica a sd l.l allele, respectively. There was no evidence of 

intragenic recombination within any of the asd alleles.

Pairwise differences in nucleotide sequences indicated that the M. haemolytica asdl- 

type alleles are highly conserved (two polymorphic sites), whereas the M. glucosida 

asd2.1 allele shows moderate divergence from M. haemolytica asdPtyp& alleles (12 

to 14 polymorphic sites), and the P. trehalosi asdS.l allele exhibits substantial 

divergence from both the M. haemolytica asdl-iypQ alleles (148 to 150 polymorphic 

sites) and the M. glucosida asd2.1 allele (148 polymorphic sites).

The asd tree topology (Figure 3.6) shows three distinct phylogenetic lineages, I to III, 

corresponding to the three species, M. haemolytica {asdl), M. glucosida {asd2), and P. 

trehalosi (asdS), respectively. This phylogeny is in good agreement with those 

based on 16S rRNA sequence analysis (Davies et al., 1996) and MLEE (Davies et al., 

1997a) and indicates that recombination has not affected the evolution of asd.

3.1.1.2.3 UDP-galactose 4-epimerase (galE)

The galE gene, encoding UDP-galactose 4 epimerase, was selected because the 

enzyme is involved in carbohydrate metabolism as well as LPS biosynthesis (see 

section 1.6.2.3). The partial sequence of galE (933 nucleotides [92%]) was 

determined in 10 M. haemolytica isolates, one M. glucosida isolate, and one P. 

trehalosi isolate (Table 3.8). Six different galE sequences, each representing a
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Table 3.8 Distribution of galE alleles among 10 M. haemolytica isolates, one M. 

glucosida isolate, and one P. trehalosi isolate

Isolate ET" Capsular
serotype

Host
species

galE
allele

GenBank 
accession no.

M, haemolytica
PH2 1 A1 Bovine g a lE lJ AY837580
PH66 10 A14 Ovine galEl.3 AY837581
PH706 11 A16 Ovine galE l.l -
PH296 12 A7 Ovine galEl.3 -
PH588 15 A13 Ovine galE l.l -
PH494 16 A2 Ovine g a lE l.l -
PHI 96 18 A2 Bovine galEl.4 AY837582
PH202 21 A2 Bovine galEl.3 -
PH278 21 A2 Ovine galEl.3 -
PH292 22 A2 Ovine galEl.2 AY837583

M . glucosida
PH344 1 A ll Ovine galE2.1 AY837584

P. trehalosi
PH246 2 T4 Ovine galE3.1 AY837585

“ Each species has a different MLEE scheme (Davies et a l ,  1997a; 1997b).
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y AX 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3
^ * 1 1 1 1 2 3 3 3 3 4 4 4 5 6 6 6 7 7 7 8 8 8 9 9 9 0 0 1 1 1 2 2 5 5 5 5 6 6 6 8 9 9 0 0 1 1 2 2 3 3 3 3 3 3 4  4 4 4 5 6 6 7 7 8 8 8 8 8 8 9 0

3 2 3 5 8 1 0 1 3 6 2 5 8 4  3 5 9 2 5 6 0 4 8 0 6 9 2 8 1 4 7 0 6 2 6 7 9 2 3 5 2 2 5 1 7 0 9 2 5 1 4  5 6 7 8 0 6 7 9 2 1 7 0 6 0 1 2 3 6 8 8 3  
g a l E l . l  TATATACGATACGATCTCTGTAGGGGGCCGCACATTACAAAGACCTTACCCAGAGAACTCCACGGTATGACA

g a l E l . 2  ..................................................................................................................................................................................................................
g a l E l . 3  ..................................................................................................................................................................................................................
g a l E l . 4 .......................................................................................................................................................................................................A . . .

| g a J E 2 .  l\ .CGTAG..................... C . C ------- G . A . A . .  .AT G . . C  G . A . . . C . . . T  G ..............................G .............
ga lE3.1  CCGTA. ACGCGTAGGG. TAAA. ATTAAATATGTCCCGTC. C . T T G . GGT. GGCGA. TTGTTGATACGC. TTT

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6  
0 0 0 0 1 1 2 3 3 3 3 4  5 5 6 6 6 6 6 6 7 7 7 7 8 8 8 9 1 1 2 3 4  4 5 5 5 6 6 6 7 8 8 8 8 9 9 0 0 0 1 1 1 3 4  44  5 6 7 8 8  9 9 9 9 0 0 0 0 0 1  

6 7 8 9 8 9 4 0 3 6 9 5 1 7 0 1 2 3 6 9 3 4  5 9 0 1 7 0 4 7 0 2 2 4  4 5 6 2 5 8 4 0 3 4  7 5 8 1 4  7 0 3 9 1 3 6 9 2 1 6 5 8 1 4  8 9 0 1 3 4 7 2  
g a l E l . l  CAATCAGTAGGTTGGATTCGGTGTCTTCTGCTCTGTTCCAAGAGTCCCGAGTACACTCCCGTGCTTACTCTG
g a l E l . 2  ..................................................................................................................................................................................................................
g a l E l . 3  ..................................................................................................................................................................................................................
g a l E l . 4  ..................................................................................................................................................................................................................

| q a i £ 2 .  1 \  G ............... C A ......................................................................................................G . . . T G --------T . A A .  . . G _____ C

ga lE3 .1  AGGGG. ACGAAACAAGAGTAACTAACAACAAGTAACCTTGTAGACTTTATCAGTGTGTTTAAATCGCTAGCA

6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 9 9 9 9 9 9  
1 2 2 2 3 3 3 4 5 5 6 6 7 8 8 8 9 9 9 0 1 1 3 4 4 4 5 6 7 7 7 8 8 9 9 9 0 0 1 1 1 1 1 1 2 2 2 3 3 3 4 4  4 5 5 5 6 6 6 6 8 8 9 9 0 0 0 1 1 2  
5 2 4  7 0 1 6 2 1 4  6 9 2 4  5 7 0 3 6 8 1 4  6 1 5 7 0 2 1 2 4  3 9 6 7 8 1 7 1 2 3 4  6 9 2 6 8 1 4 7 0 3 6 5 6 7 4  7 8 9 5 8 1 4 1 6 9 5 6 1  

g a l E l .1  GGCTTATTTGCCGACTTCACGCGCTACTGCAACGCCACACTATACGGATCCGCCGTCCGCAGAGGCGGCA
g a l E l . 2  ...............................................................A ....................................................................................................................... A .............

g a l E l . 3  ...........................................................................................................................................................................................A .............
g a l E l . 4  .................................A ..................................................................................................................................................... A .............

\galE2. l\ C ................ CC. . T T .  . C A ................................. T ......................................................... T ......................................A .............

g a l E 3 . 1 AATCCGC. C A T. CCA. GTGAAT. TCTTGATGTGCAACTCAAGGGTTAGATTATTACTTAAGAGCATATTG

/ g \  1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3

1 1 2 2 2 3 5 5 6 7 8 8 9 9 0 0 0 2 2 2 5 5 6 0 0 0 0 1 2 3 4  6 7 7 7 7 8 9 0  
5 0 1 2 6 7 0 1 5 1 9 0 3 4  6 1 3 7 1 5 7 2 8 2 0 1 2 8 1 9 6 6 6 1 2  68  60 1  

G a l E l . 1 LNESEVEDKQRERWKNIIVSVLVLPQGNLDVATIVDVAE
G a l E l . 2 .........................................................................................I .....................K

G a l E l . 3 ..................................................................................................................K
G a l E l . 4 .......................................I ....................................................................... K

| G a l E 2 . l |  V ............................................ V ..............................................................K
G a l E 3 . 1  VKQCKENAQPAKWT. N G .E T N T F I R S E S D I E . QQVLETNK

Figure 3.7 Distribution of polymorphic nucleotide (A) and amino acid (B) sites 

among the galE  alleles of M. haemolytica, M, glucosida, and P. trehalosi. Allele 

designations are shown to the left of each sequence. The M. glucosida and P. 

trehalosi alleles are highlighted within the green and yellow boxes, respectively.

The vertical numbers above the sequences represent the positions of polymorphic 

nucleotide and amino acid sites fi-om the 5'end of the partial gene sequence. The 

dots represent sites where the nucleotides or amino acids match those of the first 

(topmost) sequence (i.e. galE l.l).
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y g a lE l.l

galE l.2

y  galE l.3

galE l.4  

galE 2.1 
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Figure 3.8 Minimum evolution (ME) tree for the galE gene of M. haemolytica, M, 

glucosida, and P. trehalosi. The tree was constructed with Jukes-Cantor correction 

for nucleotide substitutions and the complete deletion option for handling gaps. 

Bootstrap values ( 1000 replications) of > 50 only are shown. Bovine M. 

haemolytica isolates are highlighted in red, ovine M. haemolytica isolates in blue, M. 

glucosida in green, and P. trehalosi in yellow. Electrophoretic types (ETs) have 

been described in separate schemes for M. haemolytica, M. glucosida, and P. 

trehalosi (Davies et al., 1997a; 1997b).
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distinct allele, were identified, and the alleles were assigned to three subclasses, galEl 

to galE3, based on their overall sequence similarities (Table 3.8).

The polymoiphic nucleotide and inferred amino acid sites within the six galE alleles, 

with respect to galE l.l, are shown in Figure 3.7. Nucleotide sequence analysis 

indicates that the M. haemolytica galEl-iypc,, M. glucosida galE2.1, and P. trehalosi 

galE3.1 alleles have 4, 41, and 200 polymorphic nucleotide sites, respectively (Figure 

3.7A). Amino acid sequence analysis detected less variation than nucleotide 

sequence analysis (Figure 3.7B). Six amino acid variants were identified among the 

six galE alleles; 3, 3, and 37 variable amino acid positions were detected in the M. 

haemolytica galEl-iypQ, M. glucosida galE2.1, and P. trehalosi galE3.1 alleles, with 

respect to the M. haemolytica ga lE l.l allele, respectively. There was no evidence of 

intragenic recombination within any of the galE alleles.

Pairwise differences in nucleotide sequences indicated that the M. haemolytica galEl- 

type alleles are highly conserved (one to three polymorphic sites), whereas the M. 

glucosida galE2J  allele shows moderate divergence from the M. haemolytica galEl- 

type alleles (40 to 41 polymorphic sites), and the P. trehalosi galE3.1 allele exhibits 

substantial divergence from both the M. haemolytica galEl~iyp& alleles (199 to 200 

polymorphic sites) and the M. glucosida galE2.1 allele (191 polymorphic sites).

The galE tree topology (Figure 3.8) shows three distinct phylogenetic lineages, I to III, 

corresponding to the three species, M. haemolytica {galEl), M. glucosida (galE2), and 

P. trehalosi {galE3), respectively. This phylogeny is in good agreement with those 

based on 16S rRNA sequence analysis (Davies et al., 1996) and MLEE (Davies et al., 

1997a) and indicates that recombination has not affected the evolution of galE.
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3.1.1.2.4 Glyceraldehyde-3-phosphate dehydrogenase igap)

The gap gene, encoding glyceraldehyde-3-phosphate dehydrogenase, was selected 

because it is a housekeeping gene that has undergone gene transfer between 

eubacteria and eukaryotes as well as between different species of eubacteria (see 

section 1.6.2,4). The partial sequence of gap (870 nucleotides [87 %]) was 

determined in 32 M. haemolytica, six M. glucosida, and four P. trehalosi isolates 

(Table 3.9). Nineteen different gap sequences, each representing a distinct allele, 

were identified, and the alleles were assigned to six subclasses, gapl to gap6, based 

on their overall sequence similarities (Table 3.9)

The polymorphic nucleotide and inferred amino acid sites within the gapl- to gap5- 

type alleles of M. haemolytica and M. glucosida are shown in Figure 3.9. P. 

trehalosi gnpd-type alleles were excluded because they are highly divergent from both 

M. haemolytica and M. glucosida (Table 3.10) and there was no visible evidence of 

recombination. Visual inspection of the nucleotide sequences of the gapl- to gap5- 

type alleles (Figure 3.9A) indicates that M. haemolytica gapl to gap2-iypQ alleles are 

relatively conserved, whereas the M. haemolytica gap3J allele has diverged from the 

M. haemolytica gapl- to gap2-iyp& alleles due to intragenic recombination. The 

gap3.1 allele (A2 isolates of ETs 19 to 22) contains a recombinant segment (yellow, 

nucleotides 339 to 612) that is very similar to the corresponding region of the M. 

glucosida gap3.2 and gap3.3 alleles. The M. glucosida isolates contain five allele 

types that have complex mosaic structures: gap2.4, gap3,2 and gap3.3, gap4.1, and

gapS.L The gap2.4 allele (UG3 isolate of ET 16) is very similar to the M. 

haemolytica gap2-iypù alleles, indicating that assortative (entire gene) recombination 

has occuned. The gap3.3 allele (A ll isolate of ET 5) contains a recombinant 

segment (red, nucleotides 417 to 768) that is very similar to the corresponding region
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Table 3.9 Distribution of gap alleles among 32 M. haemolytica, six M. glucosida, 

and four P. trehalosi isolates

Isolate ET" Capsular
serotype

Host
species

gap
aliele

GenBank 
accession no.

M. haemolytica
PH2 1 A l Bovine gap 1.1 AY839682
PH30 1 A l Bovine gap 1.2 AY839683
PH376 1 A6 Bovine gap 1.1 -

PH346 1 A12 Ovine gap 1.1 -

PH540 2 A l Bovine gapl.l
PH338 3 A9 Ovine gap 1.1 -

PH388 4 A7 Ovine gapl.3 AY839684
PH50 5 A5 Ovine gapl.l -

PH56 5 A8 Ovine gapl.l -

PH238 5 A9 Ovine gapl.l -

PH8 6 A l Ovine gapl.l -

PH398 7 A l Ovine gapl.l -

PH284 8 A6 Ovine gapl.l -

PH232 9 A6 Ovine gapl.l -

PH66 10 A14 Ovine gapl.4 AY839685
PH706 11 A16 Ovine gapl.l -

PH296 12 h i Ovine gap2.1 AY839686
PH396 13 h i Ovine gap2.1 -

PH484 14 h i Ovine gap2.1 -

PH588 15 A13 Ovine gap2.5 AY839687
PH494 16 h i Ovine gap2.6 AY839688
PH550 17 h i Bovine gap2.6 ~

PH196 18 h i Bovine gap2.3 AY839689
PH786 18 h i Bovine gap2.2 AY839690
PH526 19 h i Ovine gap3.1 AY839691
PH598 20 h i Ovine gap3.1 -

PH202 21 h i Bovine gap3.1 -

PH470 21 h i Bovine gap3.1 -

PH278 21 h i Ovine gap3.1 -

PH372 21 h i Ovine gap3.1 -

PH292 22 h i Ovine gap3.1 -

PH392 22 h i Ovine gap3.1 -

M. glucosida
PH344 1 A l l Ovine gap3.2 AY839692
PH498 3 A l l Ovine gap3.2 -

PH240 5 A l l Ovine gap3.3 AY839693
PH496 7 UG3 Ovine gap 5.1 AY839694
PH574 10 UG3 Ovine gap4.1 AY839695
PH290 16 UG3 Ovine gap2.4 AY839696

P, trehalosi
PH246 2 T4 Ovine gap6.1 AY839697
PH252 4 TIO Ovine gap6.2 AY839698
PH254 15 T15 Ovine gap6.4 AY839699
PH68 19 T3 Ovine gap6.3 AY839700

Each species has a different MLEE scheme (Davies et al., 1997a; 1997b).
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Figure 3.9 Distribution of polymorphic nucleotide (A) and amino acid (B) sites 

among the gap alleles of M. haemolytica and M. glucosida. Allele designations are 

shown to the left of each sequence. The Roman numerals I to IV correspond to the 

major lineages of Figure 3.10. The M. glucosida alleles are highlighted within the 

green boxes. The different colors indicate nucleotide sequence identity and putative 

recombinant segments in alleles that are otherwise different. The vertical numbers 

above the sequences represent the positions of polymorphic nucleotide or amino acid 

sites from the 5'end of the partial gene sequence. The dots represent sites where the 

nucleotides or amino acids match those of the first (topmost) sequence (i.e. g a p l.l)
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gvj-'

-PH246Æ TÏCr4 gap«.l

gap i  t

J  PH252/ET4n-|0 gap6.2 

JlpH6«ÆTI9/TS
P H 2M Æ T IM 3 g a p U

F ig u re  3 .10  M in im u m  ev o lu tio n  (M E ) tre e  fo r  th e  gap gen e  of M. haemolytica^ M. 

glucosida, a n d  P. trehalosi. The tree was constructed with Jukes-Cantor correction 

for nucleotide substitutions and the complete deletion option for handling gaps. 

Bootstrap values (1000 replications) of > 50 only are shown. Bovine M. 

haemolytica isolates are highlighted in red, ovine M. haemolytica isolates in blue, M. 

glucosida in green, and P. trehalosi in yellow. Electrophoretic types (ETs) have 

been described in separate schemes for M. haemolytica, M. glucosida, and P. 

trehalosi (Davies et al., 1997a; 1997b).
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of the gapSJ  allele (UG3 isolate of ET 7) and a recombinant segment (blue, 

nucleotides 810 to 861) that is identical to the corresponding region of the gap3.2 

allele. The gap4.1 allele (UG3 isolate of ET 10) has a recombinant segment (green, 

nucleotides 1 to 363) that is identical to the corresponding region of the M. glucosida 

gap2A  allele and the M. haemolytica gc2p 2 -type alleles.

The nucleotide substitutions within the recombinant segments of M. haemolytica and 

M. glucosida isolates are all synonymous changes and the recombination events do 

not lead to any amino acid changes (Figure 3.9B). This suggests that there is strong 

selective constraint against amino acid replacement acting on the gap gene of M. 

haemolytica and M. glucosida.

Pairwise differences in nucleotide and amino acid sequences between representative 

pairs of the six allele types of M. haemolytica, M. glucosida, and P. trehalosi ranged 

from 3 to 140 (0.3 to 16.1 %) nucleotide sites and from 0 to 25 (0 to 6.4 %)amino acid 

positions (Table 3.10).

The gap tree topology (Figure 3.10) indicates that lineages I and II each includes 

isolates of both M. haemolytica and M. glucosida, whereas lineages III to V are 

associated exclusively with M. glucosida (III and IV) or P. trehalosi (V). For 

example, the M. haemolytica gapl- and gap2~lypt alleles and the M. glucosida gap2.4 

allele cluster together in lineage I, and the M. haemolytica gap3.1 allele and the M. 

glucosida gap3.2 and gap3.3 alleles cluster together in lineage II. This topology is 

clearly different from that based on 16S rRNA sequence analysis (Davies et al., 1996) 

and MLEE data (Davies et al., 1997a) and provides strong evidence that horizontal 

DNA transfer and recombination have disrupted the phylogeny of the gap gene in M. 

haemolytica and M. glucosida.
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3.1.1.2.5 Pliospliogluconate dehydrogenase ignd)

The gnd gene, encoding 6 -phosphogIuconate dehydrogenase, was selected because it 

exhibits high levels of variation in E. coli and S. enterica in spite of its housekeeping 

nature (see section 1.6.2.5). However, Gnd was shown to be monomorphic in the 

MLEE study of M. haemolytica (Davies et aL, 1997a). The partial sequence of gnd 

(1281 nucleotides [88  %]) was determined in 1 0  M. haemolytica isolates, one M. 

glucosida isolate, and one P. trehalosi isolate (Table 3.11). Five different gnd 

sequences, each representing a distinct allele, were identified, and the alleles were 

assigned to three subclasses, gndl to gnd3, based on their overall sequence 

similarities (Table 3.11).

The polymoiphic nucleotide and inferred amino acid sites within the five gnd alleles, 

with respect to gndl.l, are shown in Figure 3.11. Nucleotide sequence analysis 

indicated that the M, haemolytica gndl-typo, M. glucosida g n d l.l, and P. trehalosi 

gnd3.1 alleles have 2, 30, and 218 polymorphic nucleotide sites, respectively (Figure 

3.11 A). Amino acid sequence analysis detected less variation than nucleotide 

sequence analysis (Figure 3.1 IB), Three amino acid variants (A to C) were 

identified among the five gnd alleles. There were no amino acid variations among 

the M, haemolytica gndl-iypQ alleles, which corresponds to the MLEE data at the 

Gnd locus (Table 3.11). In contrast, 1 and 41 variable amino acid sites were detected 

for M. glucosida g nd l.l and P. trehalosi gnd3.1 respectively. There was no 

evidence of intragenic recombination within any of the gnd alleles.

Pairwise differences in nucleotide sequences indicated that the M. haemolytica gndl- 

type alleles are highly conserved (one to two polymorphic sites), whereas the M. 

glucosida g nd l.l allele shows moderate divergence from M. haemolytica gndl-type
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Table 3.11 Distribution of gnd alleles among 10 M. haemolytica isolates, one M. 

glucosida isolate, and one P. trehalosi isolate

I s o la te E T "
C a p s u la r
s e ro ty p e

H o s t
sp e c ie s

G n d *
a lle le

gnd  a lle le  
(a m in o  a c id  ty p e

G e n B a n k  
a c c e ss io n  n o .

M. haemolytica
P H 2 1 A l B o v in e 3 g n d l.l  (A ) A Y 839648

P H 6 6 10 A 14 O v in e 3 g n d l.l  (A ) -

P H 7 0 6 11 A 16 O v in e 3 g n d l.l  (A ) -

P H 2 9 6 12 A 7 O v in e 3 g n d l.l  (A )

P H 588 15 A 13 O v in e 3 g n d l.l  (A )

P H 4 9 4 16 A 2 O v in e 3 gndl.2 (A ) A Y 839649

P H 1 9 6 18 A 2 B o v in e 3 g n d l.l  (A ) -

P H 2 0 2 21 A 2 B o v in e 3 gndl.3 (A ) A Y 839650

P H 2 7 8 21 A 2 O v in e 3 gndl.3 (A ) -

P H 2 9 2 22 A 2 O v in e 3 gndl.3 (A ) -

M. glucosida
P H 3 4 4 1 A l l O v in e 3 g n d l.l  (B ) A Y 839651

P. trehalosi
P H 2 4 6 2 T 4 O v in e 3 gndS.l (C ) A Y 839652

" E a c h  sp e c ie s  h a s  a  d if fe re n t M L E E  s c h e m e  (D a v ie s  et al., 1 9 9 7 a ; 1 9 9 7 b ). 

* G n d  a lle le s  a s  d e f in e d  b y  M L E E  (D a v ie s  et al., 1 9 9 7 a ; 1 9 9 7 b ).

" B a s e d  o n  th e  in f e r re d  a m in o  a c id  s e q u e n c e  (F ig u re  3 .1 IB ) .
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|0nd2 . l| .D.......................................
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Figure 3.11 Distribution of polymorphic nucleotide (A) and amino acid (B) sites 

among the gnd  alleles of M. haemolytica, M. glucosida, and P. trehalosi. Allele 

designations are shown to the left o f each sequence. The M. glucosida and P. 

trehalosi alleles are highlighted within the green and yellow boxes, respectively.

The vertical numbers above the sequences represent the positions o f polymorphic 

nucleotide and amino acid sites from the 5 'end of the partial gene sequence. The 

dots represent sites where the nucleotides or amino acids match those o f the first 

(topmost) sequence (i.e. gndl.l).
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> gn dl.l

III

gndl.2 

>■ gndl.3 

gnd2.1

PH246/ET2rr4 gnd3.1

0.02

Figure 3.12 Minimum Evolution (ME) tree for the gnd gene of Af. haemolytica, 

M. glucosida, and P. trehalosi. The tree was constructed with Jukes-Cantor 

correction for nucleotide substitutions and the complete deletion option for handling 

gaps. Bootstrap values (1000 replications) of > 50 only are shown. Bovine M. 

haemolytica isolates are highlighted in red, ovine M. haemolytica isolates in blue, M. 

glucosida in green, and P. trehalosi in yellow. Electrophoretic types (ETs) have 

been described in separate schemes for M. haemolytica, M. glucosida, and P. 

trehalosi (Davies et al., 1997a; 1997b).
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alleles (30 to 31 polymorphic sites), and the P. trehalosi gndS.l allele exhibits 

substantial divergence from both the M. haemolytica gndl-iypo. alleles (218 to 219 

polymorphic sites) and the M. glucosida gn d l.l allele (224 polymorphic sites).

The gnd tree topology (Figure 3.12) shows three distinct phylogenetic lineages, I to 

III, corresponding to the three species, M. haemolytica (gndl), M. glucosida ignd2), 

and P. trehalosi (gnd3), respectively. This phylogeny is in good agreement with 

those based on 16S rRNA sequence analysis (Davies et al., 1996) and MLEE (Davies 

et ah, 1997a) and indicates that recombination has not affected the evolution of gnd.

3.1.1.2.6 Glucose-6 -phosphate-l-dehydrogenase ig6pd)

The g6pd gene, encoding glucose-6 -phosphate 1-dehydrogenase, was selected 

because G6 pd is an important metabolic enzyme (see section 1.6.2.6) and has been 

shown to be variable in the previous MLEE study of M. haemolytica (Davies et ah, 

1997a). The partial sequence of g6pd (1353 nucleotides [91 %]) was determined 

only in 10 M. haemolytica isolates because all attempts to amplify g6pd in M. 

glucosida and P. trehalosi were unsuccessful (Table 3.12). Four different g6pd 

nucleotide sequences, each representing a distinct allele, were identified, and the 

alleles were assigned to the same subclass, gôpdl, because their sequences are very 

similar (Table 3.12).

The polymorphic nucleotide and inferred amino acid sites within the four g6pd alleles, 

with respect to gôpdl.l, are shown in Figure 3.13. Nucleotide sequence analysis 

indicates that the M. haemolytica g6pdl-iypt alleles have five polymoiphic nucleotide 

sites (Figure 3.13A). Amino acid sequence analysis detected less variation than 

nucleotide sequence analysis (Figure 3.13B). Three amino acid variants were
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Table 3.12 Distribution of g6pd alleles among 10 M. haemolytica isolates

I s o la te E X "
C a p s u la r
s e ro ty p e

H o s t
sp e c ie s

G 6 p d *
a lle le

g6pd  a lle le  
(a m in o  a c id  ty p e  ‘̂ )

G e n B a n k  
a c c e s s io n  no .

M . haemolytica 
P H 2 1 A1 B o v in e 3 gôpdl.l (A ) A Y 839653

P H 6 6 10 A 14 O v in e 3 gôpdl.l  (A ) -

P H 7 0 6 11 A 16 O vine 3 gôpdl.l  (A )

P H 2 9 6 12 A 7 O v in e 3 gôpdl.2  (B ) A Y 8 39654

P H 5 8 8 15 A 13 O v in e 3 gôpdl.2  (B ) -

P H 4 9 4 16 A 2 O v in e 2.5 gôpdl.4  (C ) A Y 839655

PH  196 18 A 2 B o v in e 3 gôpdl .2 (B ) -

P H 2 0 2 21 A 2 B o v ine 2.5 gôpdl.3  (C ) A Y 8 3 9 6 5 6

P H 278 21 A 2 O v in e 2.5 gôpdl.3 (C ) -

P H 2 9 2 22 A 2 O v in e 2 .5 gôpdl.3  (C ) -

E a c h  s p e c ie s  h a s  a  d if f e re n t M L E E  sc h e m e  (D a v ie s  et al., 1997a). 

G 6 p d  a lle le s  a s  d e f in e d  by  M L E E  (D a v ie s  et aL, 1997a).

B a se d  o n  th e  in fe rre d  a m in o  a c id  s e q u e n c e  (F ig u re  3 .1 3 B ).
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(A )  111
7 9 2 2 2
6 1 0 8 9
93975 

g 6 p d l .1 TAAGC 
g 6 p d l . 2 CG..A 
g ô p d l. 3 CGC . G 
g ô p d l . 4 CGCAG

(B) 34
03
52

GGpdl.l KA 
G6pdl.2 ED 
G6pdl.3 EG 
Gôpdl.4 EG

Figure 3.13 Distribution of polymorphic nucleotide (A) and amino acid (B) sites 

among the g6pd alleles of M. haemolytica. Allele designations are shown to the left 

of each sequence. The vertical numbers above the sequences represent the positions 

of polymorphic nucleotide and amino acid sites from the 5 'end of the partial gene 

sequence. The dots represent sites where the nucleotides or amino acids match those 

of the first (topmost) sequence (i.e. gôpdALl).
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g ô p d l.l

II
PH 29##T*2/A 7

IPH5H8/ET15/AI31 

[PH196/ET18/A2 | ^

>■ gôpdl. 2

> gôpdl.3

I M l W E T 1 6 /A 2  I gôpdl.4

0.0005

Figure 3.14 Minimum evolution (ME) tree for the g6pd gene of M. haemolytica.

The tree was constructed with Jukes-Cantor correction for nucleotide substitutions 

and the complete deletion option for handling gaps. Bovine M. haemolytica isolates 

are highlighted in red, and ovine M. haemolytica isolates in blue. Electrophoretic 

types (ETs) have been described for M. haemolytica (Davies et al., 1997a)
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identified among the four g6pd alleles and two variable amino acid positions were 

detected. There was no evidence of intragenic recombination within any of the g6pd 

alleles.

The relationship between G6pd (MLEE) allele types and inferred amino acid types of 

the g6pd alleles of M  haemolytica is shown in Table 3.12. As expected, there was a 

correlation between the G6pd (MLEE) allele types and the inferred amino acid types E

of the g6pd alleles of M. haemolytica. However, nucleotide sequence analysis (four |

alleles) and amino acid sequence analysis (three protein types, A to C) were more 

discriminating than MLEE analysis (two alleles).

The g6pd tree topology is shown in Figure 3.14. Isolates of ETs 1, 10, and 11 cluster 

together in lineage I, isolates of ETs 12, 15, 18 cluster together in lineage II, and 

isolates of ETs 16, 21, and 22 cluster together in lineage III. With the exception of 

isolate PI-1494 of ET 16, lineages I, II, and III of the g6pd gene tree correspond to 

lineages A, B, and C, respectively of the MLEE tree (Davies et al., 1997a) and 

indicates that recombination has not affected the evolution of g6pd. In the MLEE 

tree (see Figure 2.1) isolate PH494 of ET 16 appears to be more closely related to 

isolates of ETs 12, 15, and 18 (lineage B), whereas in the gene tree (Figure 3.14) 

isolate PH494 of ET 16 is more closely related to isolates of ETs 21 and 22 (lineage 

III)

3.1.1.2.7 Malate dehydrogenase {mdlt)

The mdh gene, encoding malate dehydrogenase, was selected because it has been used 

in other molecular evolutionary studies (see section 1.6.2.7) and Mdh has shown to be 

polymorphic in the previous MLEE studies of M. haemolytica, M. glucosida, and P.
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trehalosi (Davies et al., 1997a; 1997b). The partial sequence of mdh (780 

nucleotides [80 %]) was determined in 10 M. haemolytica isolates, one M. glucosida 

isolate, and one P. trehalosi isolate (Table 3.13). Eight different mdh nucleotide 

sequences, each representing a distinct allele, were identified, and the alleles were 

assigned to three subclasses, tndhl to mdh3, based on their overall sequence 

similarities (Table 3.13).

The polymorphic nucleotide and inferred amino acid sites within the eight mdh alleles, 

with respect to m dhl. 1, are shown in Figure 3.15. Nucleotide sequence analysis 

indicates that the M. haemolytica mdhl-type, and mdh2.1 alleles, M. glucosida mdh2.2 

allele, and P. trehalosi mdh3.1 alleles have seven, 31, 49, and 229 polymorphic 

nucleotide sites, respectively (Figure 3.15A), However, the M. haemolytica mdh2. ! 

allele contains a recombinant segment (green, 507 to 748bp) that is almost identical to 

the corresponding region of the M  glucosida mdh2.2 allele, although the rest of these 

two alleles are different. Amino acid sequence analysis detected less variation than 

nucleotide sequence analysis (Figure 3.15B). Five amino acid variants were 

identified among the eight mdh alleles; 2, 2, 4, and 70 variable amino acid sites were 

detected in the M  haemolytica mdhl-type and mdh2.1 alleles, M. glucosida mdh2.2 

allele, and P. trehalosi mdh3.1 alleles, respectively.

The relationship between Mdh (MLEE) allele types and inferred amino acid types of 

the mdh alleles of M. haemolytica is shown in Table 3.13. As expected, there was a 

correlation between the Mdh (MLEE) allele types and the inferred amino acid types 

of the mdh alleles of M. haemolytica. However, nucleotide sequence analysis (six 

alleles) and amino acid sequence analysis (tliice protein types, A to C) were more 

discriminating than MLEE analysis (two alleles). Surprisingly, isolate PH588 was 

not differentiated by MLEE.
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Table 3,13 Distribution of mdh alleles among 10 M . haemolytica isolates, one M . 

glucosida isolate, and one P. trehalosi isolate

I s o la te E T "
C a p s u la r
s e ro ty p e

H o s t
sp e c ie s

M d h *
a lle le

mdh a lle le  
(a m in o  a c id  ty p e  ")

G e iiB a iik  
a c c e ss io n  no .

M. haemolytica
P H 2 1 A1 B o v in e 3 mdh] .1 (A ) A Y 839657

P H 6 6 10 A 14 O v in e 3 mdh 1.4 (A ) A Y 839658

P H 7 0 6 11 A 16 O v in e 3 mdh 1.5 (A ) A Y 839659

P H 2 9 6 12 A 7 O v in e 3 mdh 1.4 (A ) -

PFI588 15 A 13 O v in e 3 mdh2.1 (C ) A Y 8 3 9 6 6 0

P H 4 9 4 16 A 2 O v in e 3 mdh 1.2 (A ) A Y 839661

PH  196 18 A 2 B o v ine 4 mdh 1.3 (B ) A Y 8 39662

P H 2 0 2 21 A 2 B o v in e 3 m dhl.2 (A ) -

P H 2 7 8 21 A 2 O v in e 3 mdh 1.2 (A ) -

P H 2 9 2 22 A 2 O v in e 3 mdh 1.2 (A ) “

M. glucosida
P H 3 4 4 1 A l l O v in e 1.8 mdh2.2 (D ) A Y 839663

P, trehalosi
P H 2 4 6 2 T 4 O v in e 1 mdhS.J (E ) A Y 839664

" E a c h  s p e c ie s  h a s  a  d if f e re n t M L E E  s c h e m e  (D a v ie s  et al., 1997a; 1 9 9 7 b ). 

 ̂ M d h  a lle le s  a s  d e f in e d  b y  M L E E  (D a v ie s  et ah, 1 9 9 7 a ; 1997b ).

B a s e d  o n  th e  in fe r re d  a m in o  a c id  s e q u e n c e  (F ig u re  3 .1 5 B ).
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(A) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  
1 1 1 1 2 2 2 2 3 3 3 3 4 4 4  4 4 5 5 5 5 6 6 6 7 7 8 8 9 9 9 9 9 0 0 0 1 2 2 2 2 2 2 3 3 3 3 4 5 5 6 6 6 6 6 6 7 7 7 7 7 8 8 8 8 9 9 9 0 1 1 1 1 2 2 2 2 3 3 3 4 4 4 4  

2 3 9 3 5 6 8 1 2 4 7 4  6 7 9 0 2 5 8 9 0 1 2 4 4  6 9 6 8 2 4 0 3 4  6 9 2 6 8 7 0 2 3 5 6 9 2 5 7 8 7 0 9 0 3 4 5 8 9 1 2 4  6 7 0 4  6 9 0 2 8 1 0 3 6 9 2 6 7 8 1 2 4 3 7 8 9  
m d h l . 2 AATTACCCTAACCATTAGTAAATTCTCTCGTAAATAGTATACTATAAACCATGAGAGACAAAATCGGCGTTTCTGGGACATGCCACG
m d h l . 2  ...............................................................................................................................................................................................................................................................
m d h l . 3  ...............................................................................................................................................................................................................................................................
m d h l . 4 ...............................................................................................................................................................................................................................................................
m d h l . 5  ...............................................................................................................................................................................................................................................................
m d h 2 . 1  G ........................................................................... G ......................G T .......................G ......................T ....................T .......................................................

\ m d h 2 . A .............................................G .................................. A . G .......................G  T .  . . C ............................................G . . .A TC A CT . . .A .T .G T C
m d h 3 . 1 GTCGGTAGCCGTACGCCTAGGGAGTATGG.GTGGCTTGGC.. CCGTG.AA.GTGCCTTTGCGGCACTTTAAAG.. TTG AT. T T T . TT

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4  4 4 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5  
5 5 5 5 5 6 6 6 6 7 7 8 8 8 8 9 9 0 0 1 1 1 1 2 2 2 3 3 3 3 4 4 4  4 5 5 6 7 9 9 9 9 0 0 0 1 1 1 1 2 2 2 2 3 3 3 3 3 4 4 4 5 5 5 5 5 6 6 6 6 6 7 7 7 7 8 8 8 9 9 0 0 0 0 1 1 1  
2 5 6 7 8 1 4 5 6 4  6 4 5 8 9 0 1 0 6 0 2 4 5 1 4 7 0 3 6 9 1 2 3 6 4 7 0 5 1 2 7 9 2 5 8 1 2 4 5 3 4  6 9 0 2 3 5 8 4  7 8 1 2 3 8 9 0 1 2 3 8 1 2 7 8 3 6 9 5 8 4 7 8 9 0 3 7  

m d h l . 1  TCACTCGCAGCCAGAAATTATCATTCGACCTTACGAACAACTCTTAAATTATAGGATCGTGGCGACGTAAGATAAGTGCACCACATC
m d h l . 2  ....................................................................................................................................................................................................... G ....................................................
m d h l . 3  .................................................................................T ..........................................................................................A ....................G ....................................................
m d h l . 4 ................................................ G .................................................................................................................................................. G ....................................................
m d h l . 5  ............................................... G ................... T ............................................................................................................................ G ....................................................
m d h 2 . 1  ............................................... G .

b d h 2 . 2 l  CA A T  G  GC
m d h 3 . 1 . GGGATA. GATTCAGCGG. GGGGCATTTTTCCGGTTGACGTATCGTTGCGTGTTTGAA. A . CTAGTAAGG. TAGCAA. TGAGGT. GT

5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7  
1 2 2 3 3 4 4 4 5 5 5 5 6 6 6 6 7 7 7 7 7 8 8 8 8 8 9 9 0 0 0 2 2 3 3 3 4 4 5 5 7 7 7 7 8 8 8 8 9 9 9 9 9 9 9 0 0 0 1 1 1 1 1 2 2 2 2 2 3 4 4 4 4 4 4 4 5 5 6 6 6 6 6 6 7 7 8  
9 3 5 1 7 2 5 6 0 1 2 6 0 1 8 9 0 3 4 7 9 0 2 3 4 5 2 4 0 6 9 4 7 0 6 9 2 5 5 7 2 4 5 9 0 1 7 9 0 1 2 3 4  7 9 1 4 5 0 1 4 7 8 3 4 7 8 9 1 1 4 5 6 7 8 9 1 2 1 2 4  6 8 9 0 1 0  

m d h l . 1 TCGAATATTTACAGCAAACACGGCAACTCCCTGAATTCTAAGAGAAATTGGTTGGGCCTCGAGCACGTAATAATGCAACCCCGGCAT
m d h l . 2  ...............................................................................................................................................................................................................................................................
m d h l . 3  ............................................................A ...............................................................................................................................................................................................
m d h l . 4 .............................................................................................. A ............................................................................................................................................................
m d h l . 5  ..............................................................................................A .............................................................................................................................................................
m d h 2 . 1 

\m d h2 .  ^
m d h 3 .  1 ATATGACCGACACCGC. . GGT. AGCTAGT. AAATGAC. CCTC. CGTTGCTCAGTAAG, GTTGCTGGAAT. GGGA. AGGAAAGCCGT.

11111111111111111111111111111222222222222222222222  
t  '  1 1 1 2 2 3 3 4  4 4 5 5 5 5 6 6 7 7 8 8 8 9 9 9 0 0 1 1 1 3 3 4 4 4 5 5 5 5 5 5 5 7 8 8 8 8 8 9 9 9 9 9 9 2 2 3 3 3 3 3 3 3 4 4 4 4  4 4 5 5 5 5 5 5

1 5 3 7 8 6 8 2 6 1 2 6 4 5 8 9 2 4  6 8 3 6 9 2 5 7 4 5 4 5 6 1 8 2 4 5 0 1 3 4 5 7 8 0 1 2 4 6 7 0 2 3 4 5 8 5 7 0 1 2 3 4 5 7 0 2 3 4 8 9 0 1 4 5 6 7  
M d h l . 1 ESNKSSVILTDTTEKDW TATTHVAKIAIIPNTIANEADVNKYTVNLLEQQIEQHGELG1.VRAIDIRYDNANTSPA
M d h l . 2 ..............................................................................................................................................................................................................................
M d h l . 3  ......................................................................................................... K ...........................................K ..................................................................
M d h l . 4 ..............................................................................................................................................................................................................................
M d h l . 5 ..............................................................................................................................................................................................................................
M d h 2 .1  ........................ I ................................................................................................................................................................................. I .............

k d h 2  . 2 l  I ....................................V .Y .......................................................................................................................................... I ...........
M d h 3 . 1  GAQGTA. W . AKAPQGLLDSIGRIVAVGTVARSLSE. LGKDNNVETDIAAEV. AKARRSVLKGS HVE FEGDGKYAR

Figure 3.15 Distribution of polymorphic nucleotide (A) and amino acid (B) sites 

among the mdh alleles of M. haemolytica, M. glucosida, and P. trehalosi. Allele 

designations are shown to the left of each sequence. The M. glucosida and P. 

trehalosi alleles are highlighted within the green and yellow boxes, respectively.

The green shading indicates sequence identity and putative recombinant segments in 

alleles that are otherwise different. The vertical numbers above the sequences 

represent the positions of polymorphic nucleotide and amino acid sites fi-om the 5'end 

of the partial gene sequence. The dots represent sites where the nucleotides or amino 

acids match those of the first (topmost) sequence (i.e. mdh 1.1).
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Figure 3.16 Minimum evolution (ME) tree for the mdh gene of M. haemolytica, 

M. glucosida, and P. trehalosi. The tree was constructed with Jukes-Cantor 

correction for nucleotide substitutions and the complete deletion option for handling 

gaps. Bootstrap values (1000 replications) o f > 50 only are shown. Bovine M. 

haemolytica isolates are highlighted in red, ovine M. haemolytica isolates in blue, M. 

glucosida in green, and P. trehalosi in yellow. Electrophoretic types (ETs) have 

been described in separate schemes for M. haemolytica, M. glucosida, and P. 

trehalosi (Davies et al., 1997a; 1997b).
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Pairwise differences in nucleotide sequences indicated that the M. haemolytica mdhl- 

type alleles are highly conserved (one to five polymorphic sites), whereas the M. 

haemolytica mdh2.1 allele (30 to 35 polymorphic sites) and the M  glucosida mdh2.2 

allele (46 to 49 polymorphic sites) have diverged form the M. haemolytica mdhl-iypQ 

alleles, and the P. trehalosi mdhS.l allele exhibits substantial divergence from the M. 

haemolytica mdhl-typQ (225 to 229 polymorphic sites) and mdh.2.1 (233 polymorphic 

sites) alleles, and from the M, glucosida mdh2.2 allele (235 polymorphic sites).

The mdh tree topology (Figure 3.16) shows tlnee distinct phylogenetic lineages, 1 to 

III. With the exception of M  haemolytica isolate PFI588 {indh2.1) which clustered 

with M. glucosida (mdh2.2) in lineage II, the three lineages corresponded to the three 

species M  haemolytica {mdhl), M, glucosida {mdh2), and P, trehalosi {mdh3), 

respectively. This phylogeny is, with the exception of isolate PH588, is good 

agreement with those based on 16S rRNA sequence analysis (Davies el a i,  1996) and 

MLEE (Davies et al., 1997a).

3.1.1.2.8 Maniiitol-l-phosphate dehydrogenase (mtlD)

The mtlD gene, encoding mannitol-1-phosphate, was selected because MtlD has been 

shown to be polymorphic in the previous MLEE studies of M  haemolytica, M. 

glucosida, and P. trehalosi (Davies et al., 1997a; 1997b). The partial sequence of 

mtlD (951 nucleotides [83 %]) was initially determined in the 'standard' set of 10 M. 

haemolytica isolates, one M. glucosida isolate, and one P. trehalosi isolate.

However, an additional seven M. haemolytica and five M. glucosida isolates, which 

showed variation in this gene in the MLEE study (Davies et al., 1997a), were 

examined (Table 3.14). Twelve different mtlD nucleotide sequences, each
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Table 3.14 Distribution of mtlD alleles among 17 M. haemolytica isolates, six Af. 

glucosida isolates, and one P. trehalosi isolate

Is o la te E T "
C a p s u la r
s e ro ty p e

H o s t
sp ec ie s

M tlD *
a lle le

mtlD  a lle le  
(a m in o  a c id  ty p e  ^)

G e n  B a n k  
a c c e ss io n  n o .

M . haemolytica

P H 2 1 A1 B ov ine 3 m tlD l.l  (A ) A Y 839665

PH 540* 2 A1 B ov ine 2.5 m(lD1.2 (B ) A Y 8 39666

P H 8 ' 6 A1 O v in e 4 mtlDl.6  (E ) A Y 8 39667

PH 398* 7 A1 O v in e 4 mllDl.6  (E ) -

PH 232* 9 A 6 O v in e 4 mtlDl.6  (E ) *-

P H 6 6 10 A 14 O v in e 3 m tlD l.l  (A ) -

P H 7 0 6 11 A 16 O v in e 3 m tlD l.l (A ) -

P H 2 9 6 12 A 7 O v in e 2.5 m llD l.4{P) A Y 839668

PH 396* 13 A 7 O v in e 2.5 mtlD1.4{D) -

PH 484* 14 A 7 O vine 2.5 mtlDl.4  (D ) -

P H 5 8 8 15 A 13 O v in e 3 mtlDl.5  (A ) A Y 8 3 9 6 6 9

P 1-1494 16 A 2 O v in e 3 m tlD l.l  (A ) -

PH  196 18 A 2 B o v in e 3 m tlD l.l  (A ) -

PH 598* 20 A 2 O v in e 4 mtlDl.3  (C ) A Y 8 39670

P H 2 0 2 21 A 2 B ov ine 3 mllDl .1 (A ) -

P H 278 21 A 2 O v in e 3 m tlD l.l  (A ) -

P H 2 9 2 22 A 2 O v in e 3 m tlD l.l  (A ) -

M , glucosida

P H 3 4 4 1 A l l O v in e 1 mtlD2.1 (F) A Y 839671

PH 498* 3 A l l O v in e 1 mtlD2.1 (F) -

PH 240* 5 A l l O v in e 2 mtlD2.3 (H ) A Y 839672

PH 496* 7 U G 3 O v in e 2 mtlD2.5 (J) A Y 839673

PH 574* 10 U G 3 O v in e 2 mtlD2.2 (G ) A Y 839674

PH 290* 16 U G 3 O v in e 1.5 mtlD2.4 (1) A Y 839675

P, trehalosi
P H 2 4 6 2 T 4 O v in e 1 mtlD3.l (K ) A Y 8 3 9 6 7 6

" E a c h  s p e c ie s  h a s  a  d if f e re n t M L E E  s c h e m e  (D a v ie s  et at., 19 9 7 a ; 1 9 97b ).

* M tlD  a l le le s  as d e f in e d  b y  M L E E  (D a v ie s  et al., 1 9 9 7 a ; 1997b).

" B a s e d  o n  th e  in fe rre d  a m in o  a c id  s e q u e n c e  (F ig u re  3 .1 7 B ).

* a d d it io n a l  is o la te s
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(A)
m t l D l .1 
m t l D l . 2  
m t l D l . 3  
m t l D l .4 
m t l D l . 5  
m t l D l ■ 6

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3  
1 1 1 2 2 2 2 3 3 3 4  4 4 5 5 6 6 7 7 8 9 9 9 0 0 1 1 2 2 3 3 3 3 4 4  4 5 5 6 6 6 7 7 7 8 8 8 9 9 9 9 9 9 0 0 1 1 1 1 2 3 4  4 4 5 5 6 6 7 7 8 8 8 8 9 9 9 0 0 1 2 2 3 3  

4 6 7 9 2 8 9 1 4 5 6 0 2 8 2 5 8 2 4 0 3 8 9 4 0 4  9 2 5 1 4 0 6 0 1 2 5 0 1 4 3 9 3 5 8 1 4 8 3 8 9 0 1 2 5 6 8 1 7 0 3 6 9 8 1 0 6 9 2 8 3 4 3 9 2 5 7 8 3 4 5 6 9 5 4 7 0 3  
TGCTTTCCTTTGCCTTCATCCCAACACGCCCGTAAACCGAGCATCGTCGACACCTTATCACCGTCCGCCGTGGTCCCCCGCCCAGTCA

m t i o i C. . . .CGT
C. .. .CGT

m t l D l . l c... .CGT
mtlD2 i c... .CGT
m t i o l I . .CGT

, .T... ..AT.C.. .
. . C • . ..GT... , ..C.. ..AT.C.. ,
. . C.A, ..AT.C.. ,> . . C ■ . . . ■ ■ . ■ . C ■ . . .T. .. . .G. • C. . .. .T... ...T.C.... . . C • . . .-- C..TT....
. . c . .. , .TC,.. .T. . . . C. . • • . .T. .. . .G

mtlD3.1  .ATAAAGTCCA.T.CCTGGTTTC.T.TCTTTT.CGCTAAGCTCAGAGAAGTGTTGCG.AGT.ACTAATTAC.TCTT.T.ATTAGAA.T

m t l D l .1 
m t l D l . 2  
m t l D l . 3  
m t l D l . 4  
m t l D l .5  
m t l D l . 6
judajJt

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 4  4 44  44 4 4 4  4 4 4 4 4 - 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6  
3 3 3 4  4 4 4  6 6 6 6 6 7 7 7 7 7 7 7 8 8 8 8 9 9 9 9 9 9 0 0 1 1 1 1 2 2 3 3 4 4 4  4 - 1 2 2 2 2 2 2 3 3 3 4 4 5 5 5 5 6 6 6 8 9 9 0 0 0 0 0 1 3 3 3 3 3 4 5 5 6 6 6 6 6 7 7 7  
4 6 9 5 6 7 8 0 1 4  6 9 2 3 4 5 6 8 9 1 3 5 8 0 3 4 7 8 9 2 5 1 5 6 8 0 3 5 8 1 4 7 8 - 9 0 1 2 5 8 9 0 7 8 3 6 2 5 7 8 1 4 7 8 1 7 0 6 7 8 9 2 3 6 7 8 9 5 1 7 0 1 3 6 9 0 2 5  
ATCAGGTGCTATCGAGCGCACGATAAGTGTTTAGGGGAATCG— CCGCTGCGTACGAAGCCGGCTCAAACCTCCTGGGCACGCCCGC 

.............................. (D)......................................

m t l D3 . 1

TA. 
TA. . 
TA. 
TA. 
TA.

CAAACGCTTGCGA.GAA.CGC.. 
CAAACGCTTGCG..GAA.CGC.. 
CAAACGCTTGCG..GAA.CGC.. 
CAAACGCTTGCG..GAA.CGCC. 
CAAACGCTTGCG..GAA.CGCC.

.GGGTC...CG...—

.GGGTC...... —

.G.GTC... G.... —-

.G.GTC...... —

.GGGTC...G....—

 ■......C.T. ■......C. . .
•......C. . .
-. . .T C.T.

...... CT.

...... CT.

...... C. .

. . . . . . . . CT.

...... CT.

.T.
.T..A..
 A. .
 A. .

T.TGTGC. .AA. .CA. .A.....GG. .TATACGTCACA.GAGA AGTTAAA. .GGTG.ATTAATCACGT.TCTT.AAATGT.TATAT
11111

6 6 6 6 6 7 7 7 7 7 7 7 7  7 7 7 7  7 7 7 7 7 7 7 7 7 7 7 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 0 0 0 0 0 0  
7 8 8 8 9 0 0 1 1 2 2 2 3 3 4  4 4 5 5 6 6 7 7 8 9 9 9 9 0 0 1 1 1 1 2 2 2 2 3 3 3 4  4 4 5 6 7 7 7 7 8 8 9 0 0 1 1 2 2 2 3 3 4  4 5 5 5 6 6 6 6 7 7 8 8 8 8 9 9 9 0 0 1 1 1 2  
8 1 5 7 6 2 5 5 7 0 1 3 3 5 1 4 7 0 6 0 5 4 7 6 2 5 8 9 1 7 0 5 6 9 1 2 3 5 5 7 8 0 6 9 5 4 0 3 6 9 2 5 1 0 3 2 8 1 5 7 0 6 5 7 1 7 8 0 3 7 9 2 8 1 5 8 9 3 6 9 5 7 1 6 7 3  

m t l D l . 1 CGTACGCGCGAAGGTGTGCAGCAGTTGCGATGCCACCATAGGCACTCCGCACCTAGCCCGCCGTAGCTCTGACATCACGCCTGCAA
m t l D l . 2  ..............................................................................................
m t l D l . 3  ............................. G.
m t l D l . 4  ..............................................................................................

.T....................... T.6
t GT. ...GA.G. .G.......... G........ __ G. . ..C.......
.T. ...GA.G. .C.T....... .AG.G -- G---G.

mtlD2. ÿ AT. .T...TA......G..GA.G. .GAT...........GT......... . . . .G.T. .AG.G -- G...TG.
mtlD2. 4 __ A...... ...G..G. . Ĝ T̂. G .........G.......... . ...G... .AG.G -- G---G.
mtlD2. r? ■ ■ .GA.G. . . . .G... . . .TG __ G___G.
mt lD3 . i AACGTAT.TACGCAAC.ATGAG.AAC..A..CGT.TGGGC.TTGTCATATGTTCTATTTATTA.GAAAT.A...CACTAGTCA..T

(B)
MtlDl.l MtlDl.2 
MtlDl.3 
MtlDl.4 
MtlDl.5 
MtlDl.6

1 1 1 1 1 1 1 1 1 1 1 1 1 - 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3  
1 1 1 2 2 3 4 4 5 5 6 6 6 6 8 9 9 1 1 2 2 2 2 2 2 3 3 3 4 5 - 7 7 7 8 0 0 1 3 4 4  4 5 7 7 7 7 8 1 2 3 3 3 4  

7 9 1 3 8 1 7 2 4 7 5 8 0 3 4 5 8 6 8 2 6 1 5 6 7 8 9 0 2 3 0 0 - 3 4 7 6 0 3 3 9 1 5 9 4 2 4 5 9 0 6 9 0 6 9 1
RFTATDKKKANIQNTDVTPTGHEQQAEIKVA PAEDNLGKEITGDPSAIYQVAQ
.......................... [D]...................
...........................  G...... ..................... E.....  P.............

G  E  T .  . . I .S A N C E .E K .Q .  . — ............................A ..............................
G .................................. T .............. S A N C E .E K .Q . . ......................  A ................
G --------E ....................T .............. S A N C E .E K .Q . . .....................  MA______ S ___________ V .
G . . V ........................ T _____ L S A N C E .E K .Q L .......... .................S .  . . A ...............................
G ................................. T ..............S A N C E .E K .Q L .......... .............................A .............S ..............

M t l D 3 .1  G H I.A .Q .R E Q M K S V E A . .S R N  V .Y T  S N .E V . .Q Q .A A .A A . . HTA. H

Figure 3.17 Distribution of polymorphic nucleotide (A) and amino acid (B) sites among 
the mtlD alleles of M. haemolytica, M. glucosida, and P. trehalosi. Allele designations are 
shown to the left of each sequence. The M. glucosida  and P. trehalosi alleles are highlighted 
within the green and yellow boxes, respectively. The vertical numbers above the sequences 

represent the positions of polymorphic nucleotide and amino acid sites from the 5'end of the 
partial gene sequence. The dots represent sites where the nucleotides or amino acids match 

those of the first (topmost) sequence (i.e. m tlD A I.l). Note: Nucleotides 448 to 519 (segment 
D) of m tlD I.2  represents a duplicated DNA segment that is identical to nucleotides 376-447 

(CAGCAAGCAGAAATTGAAAAAGTGGTTGGTTTTGTTGATAGTGCGGTGGACAGA 
ATTGTACCACCTGCCGAG). Similarly, amino acids 150 to 173 (segment D) of MtlD 1.2 

represents a duplicated amino acid segment that is identical to amino acids 126 to 149 
(OQAEIEKWGFVDSAVDRIVPPAE).
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Figure 3.18 Minimum evolution (ME) tree for the mtlD  gene of M. haemolytica, 

M. glucosida, and P, trehalosi. The tree was constructed with Jukes-Cantor 

correction for nucleotide substitutions and the complete deletion option was used for 

handling gaps. Bootstrap values (1000 replications) o f > 50 only are shown.

Bovine M. haemolytica isolates are highlighted in red, ovine M. haemolytica isolates 

in blue, M. glucosida in green, and P. trehalosi in yellow. Electrophoretic types 

(ETs) have been described in separate schemes for M. haemolytica, M. glucosida, and 

P. trehalosi (Davies et al., 1997a; 1997b).
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representing a distinct allele, were identified, and the alleles were assigned to three 

subclasses, mtlDl to mtlD3, based on their overall sequence similarities (Table 3.14),

The polymorphic nucleotide and inferred amino acid sites within the twelve milD 

alleles, with respect to m tlD l.l are shown in Figure 3.17. Nucleotide sequence 

analysis indicates that the M. haemolytica m//D7-type, M. glucosida mtlD2-type, and 

P. trehalosi mtlD3.1 alleles have 7, 104, and 210 polymorphic nucleotide sites, 

respectively (Figure 3.17A). Amino acid sequence analysis detected less variation 

than nucleotide sequence analysis (Figure 3.17B). Eleven amino acid variants were 

identified among the twelve mtlD alleles; 4, 22, and 34 variable amino acid sites were 

detected in the M. haemolytica mtlDl-iypQ, M. glucosida mtlD2-type, and P. trehalosi 

mtlD3.1 alleles, respectively. There was no evidence of intragenic recombination 

within any of the mtlD alleles.

The relationship between MtlD (MLEE) allele types and inferred amino acid types (A 

to K) of the mtlD alleles of M. haemolytica is shown in Table 3.14. As expected, 

there was a correlation between MtlD (MLEE) allele types and the inferred amino 

acid types of the mtlD alleles of M. haemolytica and M. glucosida. However, 

nucleotide sequence analysis (6  alleles for M. haemolytica and 5 alleles for M. 

glucosida) and amino acid sequence analysis (5 protein types for both M. haemolytica 

and M. glucosida) were more discriminating than MLEE analysis (3 alleles for both M. 

haemolytica and M. glucosida).

Excluding the duplicated segment of mtlDl .2, pairwise differences in nucleotide 

sequences indicate that M  haemolytica mtlDl-iype alleles are highly conserved (1 to 

4 polymorphic sites), whereas the M. glucosida mtlD2~type alleles, which are 

themselves relatively divergent (25 to 34 polymorphic sites), shows moderate
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divergence from the M. haemolytica mtlDl-iypQ alleles (58 to 6 8  polymorphic sites), 

and the P. trehalosi mtlD3.1 allele exhibits substantial divergence from both the M. 

haemolytica mtlDl-type, alleles (209 to 212 polymorphic sites) and the M. glucosida 

mtlD2-Xype alleles (213 to 221 polymorphic sites).

The mtlD tree topology (Figure 3.18) shows tlu’ce distinct phylogenetic lineages, I to 

III, corresponding to the tlnee species, M  haemolytica (mtlDI), M. glucosida {m(lD2), 

and P. trehalosi (mtlD3), respectively. This phylogeny is in good agreement with 

those based on 16S rRNA sequence analysis (Davies et a i, 1996) and MLEE (Davies 

et al., 1997a) and indicates that recombination has not affected the evolution o f mtID.

3.1.1.2.9 Phosphomannomutase (pmm)

The pmm  gene, encoding phosphomannomutase, was selected because it is a 

housekeeping gene but is also involved in EPS biosynthesis (see section in 1.6.2.9). 

The partial sequence of pmm (729 nucleotides [50 %]) was determined in 32 M. 

haemolytica, six M. glucosida, and four P. trehalosi isolates (Table 3.15). Nineteen 

different pmm  sequences, each representing a distinct allele, were identified, and the 

alleles were assigned to six subclasses, to pmm6, based on their overall 

sequence similarities (Table 3.15).

The polymoiphic nucleotide and infeiTed amino add sites within pmrn7- to prnmS- 

type alleles of M. haemolytica and M. glucosida are shown in Figure 3.19. P. 

trehalosipmm6 type alleles were excluded because they are highly divergent from 

both M. haemolytica and M. glucosida (Table 3.16) and there was no visible evidence 

of recombination. Visual inspection of tlie nucleotide sequences of the pm m l- to 

pmm5-type alleles (Figure 3.19A) indicates that M. haemolytica isolates contain three
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Table 3.15 Distribution of pmm  alleles among 32 M. haemolytica, six M. 

glucosida, and four P. trehalosi isolates

Iso late E T "
C a p su la r
sero type

H ost
species

pmm
allele

G en B ank 
accession no.

M. haemolytica
PH2 1 Al Bovine piiiin I . I AY84783 1
PH 30 1 Al Bovine pmm} .1 -
PH376 1 A6 Bovine pmm !. I -
PH346 1 A12 Ovine pmm 1.3 AY 847832
PH540 2 Al Bovine pmm 1.1 -
PH338 3 A9 Ovine pmm! .3 -
PH388 4 A7 Ovine pm III 1.1 -
PH 50 5 A5 Ovine pmm4.I AY847833
PH56 5 A8 Ovine pmm4.3 AY847834
PH238 5 A9 Ovine pmiii4.I -

PH 8 6 Al Ovine pmm4.1 -
PH398 7 Al Ovine pmm4.l -
PH284 8 A6 Ovine pmm4.3 -
PH 23 2 9 A6 Ovine pmm4.3 -
PH 66 10 AI4 Ovine pmm4.l -
PH706 11 A16 Ovine pmm4.2 AY847835
PH296 12 A7 Ovine pm ml.} -
PH396 13 A7 Ovine pm ml.} -
PH484 14 A7 Ovine pmmi .1 -
PH588 15 A13 Ovine pmmS.J AY847836
PH494 16 A2 Ovine pmm4.4 AY847837
PH550 17 A2 Bovine pmm4.5 AY 84783 8
PH 196 18 A2 Bovine pmm 1.4 AY847839
PH786 18 A2 Bovine pmml .4 -
PH526 19 A2 Ovine pmm 1.2 AY847840
PH598 20 A2 Ovine pmm 1.2 -
PH202 21 A2 Bovine pmm 1.2 -
PH470 21 A2 Bovine pmm 1.2 -
PH278 21 A2 Ovine pmm 1.2 -
PH372 21 A2 Ovine pmm 1.2 -
PH 292 22 A2 Ovine pmm 1.2 -
PH392 22 A2 Ovine pmm 1.2 -

M. glucosida
PH344 1 All Ovine pmm3.2 AY84784I
PH498 3 A ll Ovine pmm3.2 -
PH240 5 All Ovine pm III 3.3 AY847842
PH496 7 UG3 Ovine pmm3.1 AY847843
PH 5 74 10 UG3 Ovine pm nû.l AY847844
PH290 16 UG3 Ovine pmm3.4 AY847845

P. trehalosi
PH246 2 T4 Ovine pmmô.l AY 847846
PH252 4 TIO Ovine pmm6.2 AY847847
PH254 15 T15 Ovine pmm6.3 AY847848
PH68 19 T3 Ovine pmm6.4 AY 847849

" Each species has a d ifferent M L E E  schem e (D a v ie s  el al., 1997a; 1997b ).
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pmm3.1Dmm3.
pmm 3pmm3.4

(A)

{ pmml. 1 
pmml.2  
pmml.3  
pmm y  4 

II \pmm2.1

_____
r  pmm4.1 
I pmm4.2

IV - s  pmm4.  3
pmm4.4 

L  pmm4.5
V pmmS. 1

{pmml. I 
pmml.2 
pmml.3 
pmml.4 
pmm2.1 
pmm3.1

111111111111111111111222222222222222222  
2 2 3 3 5 5 6 6 7 7 9 9 9 9 9 0 0 0 1 1 3 4 5 5 5 5 5 6 7 7 8 8 8 9 9 9 0 0 0 0 1 1 2 2 4  6 6 7 7 7 8 8 8 9  

34 7 0 3 1 4  3 9 2 5 4  678  9 2 3 4 4 7 2 1 0 3 7 8 9 8 4  7 0 1 6 0 1 2 1 4 7 9 3 9 2 6 0 1 6 3 6 9 0 2 9 7  
TCCTCGAATTGGCGATTCGTTGCGAGCTGCCACCCGGCAAACCTACAACCACGTT 
.T............................... T.... G.T...........

................................T ................AC...................................... A .................................................C.

 T ....................................................................................A .  . G T .T T C .  . G ...............C.
 T .................................................................. T .............A .  . G T .T T C .  . G .................C .
C . . . . . . . . . . . . . . . . . .  A C . . . G . . . . . . G T . . A . . G T . T T C . . G . . . . . . C .
............................. T .................................................................A. . G T . T T C . T G .............AC.
............................. T .................................................................A .  . G T . TTCCTG.............AC.
...................T .  . . T .................................................................A. . G T . T T C . T G .............AC.
.................................................................................................. A. .G T . T T C . T G ..............AC.
..................................................................................................A .  . G T . T T C . T G ..............AC.

2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 4 4 4  44 444 44 444 44 4 4 4 4 5 5 5 5 5 6 6 6 6 6 6 7 7 7 7 7  
9 9 0 0 0 0 1 2 2 3 3 4  4 6 6 7 8 8 8 8 0 1 1 2 2 3 5 5 6 6 7 7 8 8 8 8 9 9 9 0 0 0 1 4 1 1 6 6 8 9 0 1 1 1 2  
8 9 0 2 3 6 8 1 4  6 9 5 8 3 6 8 2 4 5 7 2 4 7 3 9 5 0 3 2 5 1 4 0 3 4  9 2 5 8 1 4 7 6 3 5 9 0 6 4 6 5 1 4 7 6  
AGTAGGCTGTTGCGGGAATGTTCCGTACTTCCAACTCTGCCTCATTATCCTTCAG
..................................... A ................
............................................. C..T.C...

Pim3.2
pmm3.3
B m 2 . i

II

{ pmm4.1 
pmm4.2 
pmm4.3 
pmm4. 4 
pmm4.5  

V pmmS.l

A ......AC........TC..CCTG.
.A.T...C.C..TC...CCCT.....

.TCA.. 

.TCA.. 

.TCA.. 

.TCA.. 

.TCA.. 

.TCA..

A . . . . . C . . . . TC 
. . T . . . CAC. .
. . T . . . C A C . .
. . T . . , CAC. .
. . T . . . C A C . .
. . T . . . C A C . .

. .TC. ... A

(B) 111
'  ^ 2 3 3 3 5 6 6 7 7 8 9 9 0 0 2

1 2 3 5 3 4 8 0 6 9 4 7 0 1 8  
pmml.1 EGDRARENMEPYSEK
pmml.2  W.S
pmml.3

pmm2.1 . Q .  . . . H . . .
pmm3.1 . Q .  . . . H . . .
pmm3.2 . Q .  . . . H . . .
pim3. 3 . Q .  . . . H . . .
pmm3. 4 . Q .  . . . H . . .
pmm4.1 . C . . Q .  . . . H . . .
pmm4. 2 . C . . Q .  .1j . . H . . .
pmm4.3 DC. . Q .  . . . H . . .
pmm4. 4 . Q .  . . . H . . .
pmm4.5 
pmmS. I

. Q .  . . . H . . .

Figure 3.19 Distribution of polymorphic nucleotide (A) and amino acid (B) sites 

among the pmm  alleles of M. haemolytica and Af. glucosida. Allele designations 

are shown to the left of each sequence. The Roman numerals correspond to the major 

lineages of Figure 3.20. The M. glucosida alleles are highlighted within the green 

boxes. The coloured shading indicates nucleotide sequence identity and putative 

recombinant segments in alleles that are otherwise different. The vertical numbers 

above the sequences represent the positions of polymorphic nucleotide sites fi-om the 

5'end of the partial gene sequence. The dots represent sites where the nucleotides or 

amino acids match those of the first (topmost) sequence (i.e. pm m l.l)
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► pm m l.l

y  pm m l.2

pmm4.2

pmm4.S

pmmo.l
PH Z4<n;T2/T4

P H 252Æ T 4/T I0  pmm6.2 

P H 2 S 4 Æ T IS n 'IS  

PH 6H /ETI9/T3 pmm6 4

F ig u re  3 .20  M in im u m  e v o lu tio n  (M E ) tre e  fo r  th e  pmm  g en e  o f  M . haemolytica, 

M. glucosida, a n d  P. trehalosi. The tree was constructed with Jukes-Cantor 

correction for nucleotide substitutions and the complete deletion option was used for 

handling gaps. Bootstrap values (1000 replications) of > 50 only are shown. 
Bovine M haemolytica isolates are highlighted in red, ovine M haemolytica isolates 

in blue, M. glucosida in green, and P. trehalosi in yellow. Electrophoretic types 

(ETs) have been described in separate schemes for M haemolytica, M. glucosida, and 

P. trehalosi (Davies et al., 1997a; 1997b).
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major allele types, pm m l,pm m 4, and pmm5. The M. haemolytica pmml-type alleles 

are relatively conserved, whereas the pmm4-type alleles and pmmS.l allele have 

diverged from the M. haemolyticapmml-type alleles, due mainly to intragenic 

recombination. In particular, allele 5.1 isolate PH588 has diverged substantially 

from M. haemolytica alleles. The pmm4-type alleles (ovine A l , A5, A6 , A8 , A9, 

A14, A16 isolates of ETs 5 to 11 and bovine A2 isolates of ETs 16 and 17) contain a 

recombinant segment (yellow, nucleotides 191 to 385) that is very similar to the 

corresponding region of the M. glucosida pmm3.4 allele. The pmmSA  allele (ovine 

A13 isolate of ET 15) contains a highly divergent segment (green; nucleotides 24 to 

504) that has possibly been acquired from an external source by recombination. 

Interestingly, the pmm4-iype alleles and pmmS.l allele contain segments (red, 

nucleotides 507 to 726) that are identical, or nearly identical, in all alleles. In 

addition, allele pmml. 4 contains a segment (red, nucleotides 615 to 726) that is 

identical to the corresponding region o fpmm4-iype and pmmS.l alleles. M  

glucosida isolates contain two major allele types, pmm2 and pmm3. M. glucosida 

alleles pmm3.2 to pmm3.4 have identical segments (yellow, nucleotides 191 to 306) 

but allelespmm3.2 andpmm3.3 differ from allele pmm3.4 between nucleotides 318 to 

726 (blue segment).

The nucleotide substitutions within the recombinant segments of the M. haemolytica 

and M. glucosida isolates are mostly synonymous changes (Figure 3.19B) and result 

in three and eleven amino acid changes within the yellow and green recombinant 

segments, respectively. The conserved amino acid sequence within the yellow 

recombinant region of the M. haemolytica pmm4~type alleles and the M. glucosida 

pmm3-type alleles also suggest that the segment originated from the same source 

(possibly M. glucosida).
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Pairwise differences in nucleotide and amino acid sequences between representative 

pairs of the six allele types of M. haemolytica, M. glucosida, and P. trehalosi (Table

3.16) ranged from 18 to 150 (7.4 to 61.7 %) nucleotide sites and from 0 to 28 (0 to 

11.5 %) amino acid positions.

The pmm  tree topology (Figure 3.20) indicates that M. glucosidapmm.2- (lineage II) 

and pmm3- (lineage III) type alleles ai'e more closely related to M  haemolytica 

pmml-type (lineage 1) alleles than are the M. haemolytica pmmA- (lineage IV) and 

pmm5~ (lineage V) type alleles. P. trehalosipmm6-type alleles represent a more 

distantly related lineage, VI. This gene tree topology is clearly different from that 

based on 16S rRNA sequence analysis (Davies et a l, 1996) and MLEE (Davies el al., 

1997a) and provides strong evidence that horizontal DNA transfer and 

recombination have disrupted the phylogeny of the pmm gene in M. haemolytica and 

M. glucosida. .

3.1.1.3 Genes encoding secreted proteins

3.1.1.3.1 Glycoprotease igcp)

The gcp gene, encoding glycoprotease, was selected because glycoprotease is one of 

the secreted putative virulence factors of M. haemolytica (see section 1.3.1.2). The 

partial sequence of gcp (870 nucleotides [89 %]) was determined in 10 M. 

haemolytica isolates, one M. glucosida isolate, and one P. trehalosi isolate (Table

3.17). Five different gcp sequences, each representing a distinct allele, were 

identified, and the alleles were assigned to three subclasses, gcpl to gcp3, based on 

their overall sequence similarities (Table 3.17).
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Table 3,17 Distribution oigcp  alleles among 10 M. haemolytica isolates, one M . 

glucosida isolate, and one P. trehalosi isolate

I s o la te E T "
C a p s u la r
s e r o ty p e

H o s t
sp e c ie s

gcp
a lle le

G e iiB a n k
a c c e s s io n  no .

M. haemolytica
P H 2 1 A l B ov ine gcp 1.1 A Y 839677

P H 6 6 10 A 1 4 O v in e -

P H 7 0 6 11 A 1 6 O v in e g c p lJ -

P H 296 12 A 7 O v in e gcpl. I -

P H 5 8 8 15 A 13 O v in e gcp 1.1 -

P H 4 9 4 16 A 2 O v in e gcp 1.3 A Y 8 3 9 6 7 8

PH  196 18 A 2 B ov ine g c p / .2 A Y 8 39679

P H 2 0 2 21 A 2 B ovine gcp 1.3 -

P H 2 7 8 21 A 2 O vine gcp l.3 -

P H 2 9 2 22 A 2 O v in e gcp 1.1 -

M . glucosida
P H 3 4 4 1 A l l O v ine g q p 2 T A Y 8 3 9 6 8 0

P. trehalosi
P H 2 4 6 2 T 4 O vine gcp 3.1 A Y 839681

" E a c h  s p e c ie s  h a s  a  d if f e re n t M L E E  s c h e m e  (D a v ie s  et al., 1997a ; 1 9 9 7 b ).
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111111111111111111111111111112222222222222222222222222223 
1122334 5666788899900222223334445555666666678999000012223344 44 55677777888990 

66948095736921470392501369278124037901356787035814 57625814 0369287034 69025473 
g c p l . 1 TGACGGGTTCCTCACTAGTACGTGAATAACTAGCCGCACCTCGCCGCCACTGTGCCACCTGGTTTGATGCGTCAGA
g c p l . 2  .............................................................................................................................................................................................................................
g c p l . 3  ..............................................................................................................A ...........................................................................................................

[qcp2.  I I ....................................CG......................... G ................................................ A ................................................ T ...........................................

gc p3 .1  CCCTACACATACTTACGTGTTACCCTCCTACTAAATACGTCAATTTAGTGCAGAAACTTCCTCAGATCCTACTGCG

3333333333333333333333333333344 4444444 44444444444444445555555555555555555555 
001123333445555556777789999990001122223444555667778899000001222234444 4566667 
6928804 5928124 5789258 94 34 56792381704 56214 70365914 70328124 78 60128701239214 570 

g c p l .1  TCAGGCGATGGATATGAACCACACGGCGTGCCACGTCATCTACTCCCACTGTCAGAGAACTCCGTTAAATTCCAAG
g c p l . 2  .............................................................................................................................................................................................................................
g c p l . 3  .............................................................................................................................................................................................................................

\ g cp2 .1 \ ..................................................... T ...................... C _____ T T . . . C . C . . . T ............. A C ............. G . G ............. C ............................
gc p3 . 1 GTTACTCTCCCCCGCTGGTAGTTAAATACCATGGTAGT. ACGTCTATGGCA. TTAGTTCTAAAAC. GTTACATCCA

5555555666666666666666666666666667777777777777777778888888888888888888888888 
7788899011122222333344 4 4 55567778900111233334 5678 99900000111112222223334 4 6667 
3625814 9258124 780134 568915702584 62824734 56847213589014 570124 604 578 90176914 70 

g c p l .1  AGCTCCTTGTGTAACATCTATGACCGGATTCACTTTATCTAGGCTACCAAGCACCTGGAAGAAATAAAAACTTCTC
g c p l . 2  .................................................................................................................A ........................................................................................................
g c p l . 3  .............................................................................................................................................................................................................................

\q c p 2 .  1| G  ACAAC . C .................... C . . . T , .  GCC.................................................................................................................................. C .

g cp 3 .1  GCTCTAC. TCA. CTGCCTGG. CGTACA. . . ACAACATCT. GCAACCAAGCCAGTTATACTTCGCATGGCGTGCTGT

( B )  11111111111222222222222222
1145555691123333677801111344 6777777 

6709634 565402012358041802698567124 567 
G c p l . 1  DKVDELQPSAVAEIDGVQMKSKKNNEELLEAEMKKLK
G c p l . 2 ................................................................................S ......................

G c p l . 3 .................. T ....................................................................................
|G c p 2 . 1 | ..........................................................................................................
G c p 3 . 1  HQIEAITAQSIPLVENIKVQKVHHDQQI.QQTFQSYG

Figure 3.21 Distribution of polymorphic nucleotide (A) and amino acid (B) sites 

among the gcp alleles of M, haemolytica, M. glucosida, and P. trehalosi. Allele 

designations are shown to the left of each sequence. The M. glucosida and P. 

trehalosi alleles are highlighted within the green and yellow boxes, respectively.

The vertical numbers above the sequences represent the positions of polymorphic 

nucleotide and amino acid sites fi-om the 5'end of the partial gene sequence. The 

dots represent sites where the nucleotides or amino acids match those of the first 

(topmost) sequence (i.e. gcp 1.1).
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gcpl. I

gcp l.2

lU PH246/ET2/T4

> gcpl.S

gcp2.I

gcpS.I

0.05

Figure 3.22 Minimum evolution (ME) tree for the gcp gene of M. haemolytica, M. 

glucosida, and P. trehalosi. The tree was constructed with Jukes-Cantor correction 

for nucleotide substitutions and the complete deletion option was used for handling 

gaps. The complete deletion option was used for handling gaps. Bootstrap values 

(1000 replications) of > 50 only are shown. Bovine M. haemolytica isolates are 

highlighted in red, ovine M. haemolytica isolates in blue, M. glucosida in green, and P. 

trehalosi in yellow. Electrophoretic types (ETs) have been described in separate 

schemes for M. haemolytica, M. glucosida, and P. trehalosi (Davies et al., 1997a; 

1997b).
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The polymorphic nucleotide and inferred amino acid sites within the five gcp alleles, 

with respect to gcpJJ  are shown in Figure 3.21. Nucleotide sequence analysis 

indicates that the M. haemolytica gcpl-type, M. glucosida gcp2J, and P. Irehalosi 

m dhSJ  alleles have 2, 31, 219 polymorphic nucleotide sites, respectively (Figure 

3.21 A). Amino acid sequence analysis detected less variation than nucleotide 

sequence analysis (Figure 3.2IB). Four amino acid variants were identified among 

the five gcp alleles; 2, 1, and 37 variable amino acid sites were detected in M. 

haemolytica gcpl-type, M, glucosida gcp2.1, and P. trehalosi gcp3.1 alleles, 

respectively. There was no evidence of intragenic recombination within any of the 

gcp alleles.

The pairwise differences in nucleotide sequences indicated that the M. haemolydca 

gcpl-type alleles are highly conserved (1 to 2 polymorphic sites), whereas the M. 

glucosida gcp2J  allele shows moderate divergence from M. haemolytica gcpl-type 

alleles (30 to 31 polymorphic sites), and the P. trehalosi gcp3.1 allele exhibits 

substantial divergence from both M. haemolytica (218 to 219 polymorphic sites) and 

M. glucosida (217 polymorphic sites).

The gcp tree topology (Figure 3.22) shows thi'ee distinct phylogenetic lineages, I to Ml, 

corresponding to the tliree species, M. haemolytica {gcpl), M. glucosida {gcp2), and P. 

trehalosi {gcp3), respectively. This phylogeny is in good agreement with those 

based on 16S rRNA sequence analysis (Davies et al., 1996) and MLEE (Davies et al., 

1997a) and indicates that recombination has not affected the evolution o f gcp.
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3.1.1.4 Genes encoding periplasm-associated proteins

3.1.1.4.1 Lipoproteins (plpA^plpB, and plpC)

The contiguous plpA,plpB, and plpC  genes, encoding lipoproteins Pip A, PlpB, and 

PlpC, were selected because the lipoproteins are highly immunogenic and are 

presumably subject to immune selection (section 1.3.2.3.1). The partial sequence of 

pip A (624 nucleotides [75 %]) was determined for 10 M. haemolyiica isolates, one M  

glucosida isolate, and one P. trehalosi isolate, whereas the complete sequence oi'plpB 

(831 nucleotides) and the partial sequence of plpC  (771 nucleotides [99 % |) were 

determined for only 10 M  haemolytica isolates and one M. glucosida isolate (Table

3.18). Attempts to amplify plpB  andplpC  in P. trehalosi were unsuccessful. Four, 

five, and seven different nucleotide sequences, each representing a distinct allele, 

were identified forplpA^ plpB, andplpC, respectively (Table 3.18). The contiguous 

plpA,plpB, andplpC  genes (plpABC) of M. haemolytica and M  glucosida have nine 

different sequences which were designated alleles plpABC L I , etc (Table 3.18).

The polymorphic nucleotide and inferred amino acid sites within the m m  plpABC 

alleles, with respect to plpABC 1.1, are shown in Figure 3.23. The number of 

polymorphic nucleotide sites within the M. haemolytica plpABClAyxiC., M. glucosida 

plpABC2.1, and M. haemolyticaplpABC3.1 alleles are 0,3, and 29 in plpA, 2, 13, and 

55 in plpB, and 4, 37, and 39 inplpC, respeetively (Figure 3.23A). The plpABC2.1 

allele of M. glucosida, which is divergent from M. haemolytica in 16S rRNA and 

MLEE studies, has a recombinant segment (yellow, nucleotides 1 to 1292) that is 

almost identical to the corresponding region of the M. haemolytica plpABC 1-Xy\>Q 

alleles. The M. haemolyticaplpABCS.l allele has diverged substantially from the M 

haemolytica plpABC 1-iy^Q alleles presumably due to the acquisition of a large DNA
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Table 3.18 Distribution of plpA^plpB, and plpC  alleles among 10 M. haemolytica 

isolates, one M. glucosida isolate, and one P. trehalosi isolate

Isolate ET" Capsular
serotype

Host
species

plpA

allele

plpB

allele

pipe
allele

plpABC
allele

GenBank 
accession no.

M. haemolytica
PH2 1 A1 Bovine pip A1.1 plpBl.] plpCl.l plpABCl.l AY8478I3
PH66 10 A14 Ovine plpALl plpBL2 plpCI.4 plpABCl.3 AY847814
PH706 11 A16 Ovine plpAI.I plpBl.I plpCl.2 plpABCl.2 AY8478 i 5
PH296 12 A7 Ovine plpAl.I plpBl.l plpCl.4 plpABCl.6 AY847816
PH588 15 A13 Ovine pip A LI plpBl.I plpCl.4 plpABCI.6 -
PH494 16 A2 Ovine plpA I . I plpBl.l plpCl.3 plpABC 1.5 AY847817
PH 196 18 A2 Bovine pip A 2.1 plpBS.l plpC2.2 plpABC 3.1 AY847818
PH202 21 A2 Bovine pip A 1. / plpBl.l plpCl.5 pip ABC 1.7 AY847819
PH278 21 A2 Ovine plpAl.l plpBl.l plpC.l .4 pip ABC 1.6
PH292 22 A2 Ovine plpAI.l plpBl.3 plpCl.4 plpABC 1.4 AY 847820

M. glucosida
PH344 1 All Ovine plpA 1.2 plpB2.l plpC2.l plpABC2.l AY847821

P, trehalosi
PH68 19 T3 Ovine pip A 3.1 - AY847822

 ̂Each species has a different MLEE scheme (D a v ie s  et a i ,  19 9 7 a ; 19 9 7 b ).
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CHAPTER 3: RESULTS

segment by assortative recombination that includes all three genes. The recombinant 

segment of the M. haemolytica allele plpABC3.1 has probably been derived from M. 

glucosida, since the green region of the M. haemolytica plpABCJ .1 allele (nucleotides
.'I

1293 to 2262) is very similar to the corresponding region of the Ad. glucosida A

plpABC2.1 allele (Figure 3.23A). In addition, the plpABC 1.7 allele (isolate PH202) 

has a nucleotide insertion at position 2125 inplpC, which disrupts the reading frame.

Amino acid sequence analysis detected less variation than nucleotide sequence 

analysis (Figure 3.23B). Six amino acid variants were identified among the nine 

plpABC  alleles; Ad. haemolyticaplpABClAy^Q, Ad. glucosidaplpABC2.L and M. 

haemolyticaplpABC3.1 alleles have 0, 0, and 1 variable amino acid sites inplpA, 1,1, 

and 8 variable amino acid sites in plpB, and 2, 4, and 5 variable amino acid sites in 

plpC  (excluding dACie plpABC 1.7).

TheplpA,plpB, andplpC  tree topologies are shown in Figure 3.24. The previously 

constructed phylogenies based on 16S rRNA sequence analysis (Davies et al., 1996) 

and MLEE (Davies et a l, 1997a) indicate that Ad. haemolyiica isolates are closely 

related, but have diverged from A4, glucosida and P. trehalosi. In plpA, plpB, and 

plpC, this is true for all of the Ad. haemolytica isolates with the exception of isolate 

PH 196. TheplpA,plpB, andplpC  genes of M. haemolytica isolate PH I96 have 

diverged from those of the other A4, haemolytica isolates (Figure 3.24 A to C). The 

plpA and plpB  genes of A4, glucosida isolate PH344 are more closely related to the 

majority of the A4, haemolytica isolates than are the pip A and plpB  genes of M. 

haemolytica isolate PH 196 (Figure 3.24 A and B). l\\QplpC  gene of Ad. glucosida 

isolate PH344 and A4, haemolytica isolate PH 196 cluster together in lineage II (Figure 

3.24C). These findings suggest that horizontal DNA transfer and recombination 

have occurred in the plpA,plpB, and plpC  genes of A4, haemolytica isolate PH 196 and 

Ad. glucosida isolate PIT344, and disrupted the phylogenies of these genes.

2 1 0



CHAPTER 3: RESULTS

3.1.1.4.2 Lipoprotein (plpD)

The plpD  gene, encoding lipoprotein PlpD, was selected because the lipoprotein has a 

highly immunogenic nature (see section 1.3.2.3.2) and is presumably subject to 

immune selection. The partial sequence o fplpD  (651 nucleotides [76 %]) was 

determined in 10  M. haemolytica isolates, one M. glucosida isolate, and one P. 

trehalosi isolate (Table 3.19). An additional M. haemolytica isolate, PH550, was 

examined because the inferred amino acid sequence of the plpD gene in the closely 

related isolate PH494 has an abnormal termination codon due to nucleotide deletions 

(see below). Eight differentplpD  nucleotide sequences, each representing a distinct 

allele, were identified, and the alleles were assigned to two subclasses,/z/pD/ and 

plpD2, based on their overall sequence similarities (Table 3.19).

The polymorphic nucleotide and inferred amino acid sites within the eight plpD 

alleles, with respect to plpD L l are shown in Figure 3.25. Nucleotide sequence 

analysis indicated that the M. haemolyticaplpDl-iygQ, M. glucosidaplpD1.7, and P. 

trehalosiplpD2.1 alleles have 5, 5, and 131 polymorphic nucleotide sties, respectively 

(Figure 3.25A). In addition, thep lp D lA  allele (isolates PH494 and PFI550) both 

have 13 nucleotide deletions, between nucleotides 507 to 519, which disrupts the 

reading frame. Amino acid sequence analysis detected less variation than nucleotide 

sequence analysis (Figure 3.25B). Five amino acid variants were identified among 

the seven of eightplpD  alleles; 3 ,1 , and 32 variable amino acid positions were 

detected in the M. haemolyticaplpDl-iy^gQ, M. glucosidaplpDl.7, and P. trehalosi 

plpD 2J  alleles, respectively. The 13 nucleotide deletion in plpDl.4  caused a sudden 

change in amino acid sequence from position 169 and a stop codon at position 178.

Pairwise differences in nucleotide sequences indicated that the M. haemolytica plpD l-

2 1 1



CHAPTER 3: RESULTS

Table 3.19 Distribution of plpD  alleles among 11 M. haemolytica isolates, one M. 

glucosida isolate, and one P. trehalosi isolate

I s o la te E T "
C a p s u la r
s e ro ty p e

H o s t
sp e c ie s

plpD
a lle le

G e n B a n k  
a c c e s s io n  n o .

M . haemolytica
P H 2 1 A1 B ov ine pIpD Ll AY 847823

P H 66 10 A 1 4 O v in e plpD LI -

P H 7 0 6 11 A 1 6 O v in e p lpD l.l -

P H 2 9 6 12 A 7 O v in e plpD l.2 A Y 8 47824

P H 5 8 8 15 A 13 O v in e plpD l.6 A Y 8 47825

P H 4 9 4 16 A 2 O v in e plpD lA A Y 8 47826

P H 550* 17 A 2 B o v in e plpD lA -

P H  196 18 A 2 B ov ine plpD l.5 A Y 8 4 7 8 2 7

P H 2 0 2 21 A 2 B ov ine plpDJ.3 A Y 847828

P H 2 7 8 21 A 2 O vine plpDl.3 -

P H 2 9 2 22 A 2 O v in e plpD l.3 -

M . glucosida
P H 3 4 4 1 A H O v in e A Y 8 4 7 8 2 9

P. trehalosi
P H 68 19 T3 O v in e plpD2.1 A Y 847830

" E a c h  sp e c ie s  h a s  a  d if fe re n t M L E E  sc h e m e  (D a v ie s  et aL, 1997a ; 1 9 9 7 b ). 

' Additional isolate (see text)
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1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3  

1 1 1 2 2 3 3 3 3 4 4 5 5 6 6 6 7 7 8 9 1 1 3 3 3 3 4 5 5 5 5 6 6 7 7 7 8 8 9 9 2 3 4 4 7 8 9 9 9 1 2 3 3 3 3 3 3 4 4 4 4 4 4 5 5  

1 6 7 2 3 4 0 4 0 3 6 9 2 8 4 7 0 6 9 5 8 4  64 7 0 1 2 5 1 3 6 7 9 0 5 3 4  7 0 9 7 8 5 7 3 6 6 8 1 4  7 8 7 0 1 4  5 6 8 0 1 2  6 7 8 1 4  

p l p D l .1  TTAGAGAATACGAGCAAATCTAACTAAAGCATATCTCTTTCGTTTATTTAATAACTTCATGCTACTCT

p l p D l . 2  ............................................................................................................................................................ T .....................................

p l p D l . 3  .........................................................................................................T ................................................................... A .................

p l p D l . 4  .........................................................................................................T ................................................................... A .................

p l p D l . 5  .............................................................................................................................................................................. A ...................

p l p D l . 6 ................................................................................................................................................................................ AA..............

h l p D l .  1 ................................................................................................................ C --------C ...........................................A ...................

p lpD 2 . 1 CCGATCCTATTTTATTGGCTCTTTACGCTTGCTCTC. A C . TCCCCTCCCTGCTT, GAGCAAACGAATC

3 3 3 3 3 3 4 4 4 4 4 4  4 4 4 4 4  4 4 4 4 4 4 4 4 4  4 4 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 6 6 6 6 6 6 6  

6 7 7 8 8 9 0 2 2 2 3 3 3 3 4 4  4 4 5 5 5 6 6 6 7 7 8 8 0 0 0 0 1 1 2 2 2 2 3 3 4 4 6 6 6 7 7 7 7 8 8 9 9 0 1 1 2 2 2 3 3 3 3 4 4  55  

3 7 8 7 8 0 2 0 1 2 3 5 8  9 0 1 4  7 3 7 9 1 5 6 1 7 3 8 1 4  5 7 3 6 0 2 7 8 1 7 4  5 1 5 7 0 1 2 3 4  5 5 7 3 5 8 5 7 8 0 1 8 9 0 1 1 4  

p l p D l . 1 CCGTAAATCAGATAAAAATGACCTATCCACTAGTTTCATTGTACATGAAATATATTGAATGCATTTA

p l p D l .2  ...................................................................................................................................................................................................

p lpD l  . 3 .....................................................................................................................................................................................A ..........

p lpD l  . 4 ......................................................................................................................................  A .....................

p l p D l .5  ...................................................................................................................................................................................................

p l p D l . 6 ........................................................................................................................................................................
] plpDl . A ...............................................................T ................... C ........................................................................................................

p l p D 2 . 1 TACAGTGAGCTTAGGTTGAATATCTCTTGTCTACGGTGGACACGGGACTTACCTACCTGAA.TGACG

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2  

14  5 5 6 1 1 1 1 2 3 4  4 4 5 5 5 6 6 7 7 7 7 7 7 7 7 7 8 8 8 8 8 8 8 9 9 9 9 9 9 9 9 9 9 0 0 0 0 0 0 0 0 0 0 1 1 1 1  

3 7 1 4  3 8 6 1 3 4  6 6 0 1 5 7 3 4  6 3 9 0 1 2 3 4 5 6 8 9 0 1 2 4 7 8  9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4  5 6 7 8 9 0 1 3 4  

P l p D l . 1 KEEKNPGSFATATQAKVAYALSQRRSNTKARLVQTAQIEAVGYGKANQVKACDG— ETGAL
P l p D l . 2 .............................................................................................................................................................- - ..............

P l p D l . 3  L .  . . T  —  . . . E .

P l p D l .  4 ............ L . . . T ..............................FLIQLKLV*

P l p D l . 5 ......................... T .................................................................................................................................— ............

P l p D l . 6 ......................... N .................................................................................................................................— ............

| P l p D 1 . 7 | ......................... T .................................................................................................................................— ............

P l p D 2 . 1 EADRY. AAYNEDAASGIEHV............. A .M  Q. . .EMT. . . L .  . . H  E .  YAHAS.E

Figure 3.25 Distribution of polymorphic nucleotide (A) and amino acid (B) sites 

among the plpD  alleles of M. haemolytica^ M. glucosida^ and P. trehalosi. Allele 

designations are shown to the left o f each sequence. The M. glucosida and P. 

trehalosi alleles are highlighted within the green and yellow boxes, respectively.

The vertical numbers above the sequences represent the positions o f polymorphic 

nucleotide and amino acid sites fi*om the 5'end o f the partial gene sequence. The 

dots represent sites where the nucleotides or amino acids match those o f the first 

(topmost) sequence (i.e. plpD l.l). The * in the amino acid sequence o fp lpD l.4 

indicates a stop codon.
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0.02

II
PH68/ET19A’3

y  pIpD L l 

plpD I.2  

r plpDI.3

p ip  D 1.4

pip D 1.5

pip D 1.6 

plpD l. 7 

plpDI.1

Figure 3.26 Minimum evolution (ME) tree for the plpD  gene of M, haemolytica., 

M. glucosida., and P. trehalosi. The tree was constructed with Jukes-Cantor 

correction for nucleotide substitutions and the complete deletion option for handling 

gaps. Bootstrap values (1000 replications) of > 50 only are shown. Bovine M. 

haemolytica isolates are highlighted in red, ovine M. haemolytica isolates in blue, M. 

glucosida in green, and P. trehalosi in yellow. Electrophoretic types (ETs) have 

been described in separate schemes for M. haemolytica, M. glucosida, and P. 

trehalosi (Davies et al., 1997a; 1997b).
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type and M. glucosidaplpDL7 alleles are highly conserved (1 to 8 polymorphic sites), 

whereas the P. trehalosi plpD2.1 allele exhibits substantial divei-gence from both 

species (128 to 132 polymorphic sites).

TheplpD  tree topology (Figure 3.26) shows two distinct phylogenetic lineages, 1 and 

IT M. haemolytica plpDl-iypo and M. glucosida plpDL7  alleles cluster together in 

lineage I, whereas P. trehalosi plpD2.1 represents the more distantly related lineage 11.

3.1.1.5 Genes encoding outer membrane proteins

3.1.1.5.1 Heat modifiable outer membrane protein {ompA)

The ompA gene, encoding the heat modifiable outer membrane protein OmpA, was 

selected because of its possible role in bacterial pathogenesis and host specilicity (see 

section 1.3.2.4.1. The complete sequence of ompA (1,104 to 1,137 nucleotides) was 

determined in 31 M. haemolytica, six M. glucosida, and four P. trehalosi isolates 

(Table 3.20). M  haemolytica and M. glucosida isolates contain a single ompA gene, 

but P. trehalosi was shown to possess two tandemly-arranged ompA genes, designated 

ompA ' and ompA ” (Figure 2.27). Twenty two different ompA sequences, each 

representing a distinct allele, were identified, and the alleles were assigned to ten 

subclasses, ompAl to ompAlO, based on their overall sequence similarity (Table 3.20). 

Of these, four subclasses, ompAl to ompA4, occur in M  haemolytica, three subclasses, 

ompAS to ompA7, are present in M. glucosida, and three subclasses, ompA8 to 

ompAlO, are associated with P. trehalosi. The molecular masses of the inferred 

amino acid OmpA sequences of M. haemolytica, M. glucosida, and P. trehalosi varied 

from 39,135 to 40, 528 Da (Table 3.20). Since these proteins contain a putative 

signal sequence of 19 amino acids (1,855 Da) (Zeng et al., 1999), the predicted

215



CHAPTERS: RESULTS

Table 3.20 Distribution of ompA alleles among 31 M. haemolytica, six M. 
glucosida, and four P. trehalosi isolates

Isolate E T "
C apsular
serotype

Host
species

ompA * 
allele

M olecular mass 
of protein (Da)

Gen Bank 
accession no.

M. haemolytica
PH2 1 Al Bovine ompAl.I 40,460 AY244653
PH30 1 Al Bovine ampAI. I 40,460 -
PH376 1 A6 Bovine amp A 1.1 40,460 -
PH346 1 A12 Ovine amp A 2.1 39,778 AY244658
PH540 2 A l Bovine ompAl.2 40,472 AY244654
PH338 3 A9 Ovine oinpAl.l 39,778 -
PH388 4 A7 Ovine ompA2.1 39,778 -
PH50 5 A5 Ovine a nip A 2.1 39,778 -
PH56 5 A8 Ovine a nip A 2.2 39,794 AY244659
PH 23 8 5 A9 Ovine amp A 2.1 39,778 -

PH8 6 A l Ovine amp A 2.1 39,778 -
PH398 7 A l Ovine ompA2.1 39,778 „
PH284 8 A6 Ovine ontpA2.1 39,778 -
PH232 9 A6 Ovine amp A 2.1 39,778 -
PH66 10 A14 Ovine amp A 2.1 39,778 -
PH706 11 A16 Ovine ompAl.l 39,778 -
PH296 12 A l Ovine amp A4.1 39,151 AY244662
PH396 13 A l Ovine onipA4.I 39,151 -
PH484 14 A l Ovine amp A4.1 39,151
PH588 15 A13 Ovine ompA4.2 39,179 AY244663
PH494 16 A2 Ovine amp A 1.4 40,528 AY244656
PH550 17 A2 Bovine amp A 1.5 40,062 AY244657
PH 196 18 A l Bovine amp A 3.1 39 ,911 AY244661
PH786 18 A l Bovine - -
PH526 19 A l Ovine a nip A 2.3 39,798 -
PH598 20 A l Ovine ompA2.3 39,798 -
PH202 21 A l Bovine oinpA 1.3 40,460 AY244655
PH470 21 A l Bovine ompAl.3 40,460 -
PH278 21 A l Ovine ompA2.3 39,798 AY244660
PH372 21 A l Ovine ompA2.3 39,798 -
PH292 22 A l Ovine ompA2.3 39,798 “•
PH392 22 A l Ovine amp A 2.3 39,798 -

M. glucosida
PH344 1 A ll Ovine amp A 5.1 39,135 AY 244664
PH498 3 A ll Ovine a nip A 5.1 39,135 -
PH240 5 A ll Ovine amp A 7.1 39,233 AY244666
PH496 7 UG3 Ovine ompAô.l 39,233 AY244665
PH 5 74 10 UG3 Ovine ompA 7.1 39,233 -
PH290 16 UG3 Ovine ompAô.l 39,233 -

P. trehalosi
PH246 2 T4 Ovine amp A 8.1 

oinpA 10.1
38,633
37,978

AY582755

PH252 4 TIO Ovine oinpA8.2 
otnpA 10.2

38,633
37,978

AY5 82756

PH254 15 T15 Ovine ompA9.1
ompAlO.4

38,662
37,978

AY582757

PH68 19 T3 Ovine ompA8.3 
amp A 10.3

38,844
37,978

AY 5 8275 8

Each species has a different MLEE schem e (D a v ie s  et al., 1997a; 1997b ).
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molecular masses of the putative mature proteins varied from 37,280 to 38,673 Da.

217

The polymorphic nucleotide sites within the ompAl- to ompA 7-type alleles of A4. %

haemolytica and A4, glucosida, with respect to ompAJ.I, are shown in Figure 3.27.
f

The P. trehalosi ompAS- to ompAlO-typQ alleles were excluded because they are 

highly divergent from both A4, haemolytica and A4, glucosida and there was no visible
;,;î

evidence of intragenic recombination. There was a relatively high degree of
7

nucleotide variation between ompAl-Xypo and ompA2-XypQ alleles, but alleles
!

representing each group contain only one to three polymorphic nucleotide sites.

Visual inspection of the nucleotide sequences of the ompAl- to ompA 7-type alleles 

indicates that there was no evidence of intragenic recombination within A4, 

haemolytica alleles om pAl.l to ompAS.I, but recombinant segments were present in 

A4, haemolytica ompA4~ and A4, glucosida ompA5-typQ alleles. The M. haemolytica 

ompA4.1 and ompA4.2 alleles (serotype A7 and A13 isolates of ETs 12-14) contain 

recombinant segments (green and yellow) that are identical to the corresponding 

regions of the A4, glucosida ompA5.1, ompAô.l, and/or ompA7.1 alleles. The A4, 

glucosida alleles ompA5.1 to ompA7.1 are similar to each other but contain regions 

(yellow and blue segments) that differ due to recombinational exchanges.

Pairwise differences in nucleotide and amino acid sequences between representative 

pairs of the 10 allele types o fM  haemolytica, A4, glucosida, and P. trehalosi (Table 

3.21) ranged from 8 to 304 (0.7 to 26.7 %) nucleotide sites and from 0 to 122 (0.0 to

32.3 %) amino acid positions.

The ompA tree topology (Figure 3.28) indicates that the A4, haemolytica lineages I to 

III and A4, glucosida lineage IV are closely related, whereas P. trehalosi lineages V 

and VI, representing ompA’ ompA", respectively, are highly divergent from

- :



CHAPTER 3: RESULTS

HVl HV2 HV3 HV4

22222  3 3 3 3 3 3 3 3 3 3 3 3 3 3  3334
01779  0 0 0 1 1 1 1 1 2 2 2 2 3 3  3363
70694 23 6 0 1 2 8 9 2 3 7 9 1 2  6908 0178 4251

f o m p A l . l  CC AACTATTAATCCCGGAACCT CTCCT CTATCTTGAAAAAC GTGC CAAT ATTT TATCTGGAACCAAGA TAACCTGCCTCTCA
I o m p A l . 2

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
88 3 3 4 4 4 4 4 4 5 5 5 5 6 6 7 7 7 7 7 7
13 69 0 2 3 4 8 9 3 4 5 6 6 9 0 2 5 7 8 9

4444 5555 5 6 6 6 6 6 6 6 6  66666 6 6 6 8 8 8 8 8 8 8 9 9 9 0 0  
6668 0889  9 0 0 1 2 2 2 3 3 3 3 3 3 3 3  47 0 5 6 6 6 7 9 5 7 9 3 5  

56 8 4 0 2 3 1 3 4 5 6 7 8 9  8 5 4 5 4 6 8 3 7 7 7 0 5 3

J V  o m p A l . 3  
I o m p A l . 4  

o m p A l . 5

o m p A 2 . 1 
o m p A 2 . 2  
o m p A 2 . 3  
o m p A 3 . 1

CGAGGAGGTGGATAAC. ATA 
CGAGGAGGTGGATAAC. ATA 
CGAGGAGGTGGAT. AC. ATA 
C.AA.AGGTGAATA. . CATA

I o m p A 4 . 1
T  o m p A 4 . 2

m p A 7 . 1 T . .TC
AATGAAAATCT. CG ACTT 
AATGAAAATCT. CG ACTT

• G.C
.GCC

I
. . .T .  
• T .T .

• A , A . . T _____C.
• A . A . . T _____C.
• A .A . . T _____ C ..............................T .

C T G ..C ..T C ..T G  
C T G . .C . .T C . .T .

Figure 3.27 Distribution of polymorphic nucleotide sites among the 14 ompA 

alleles of M. haemolytica and M. glucosida. Allele designations are shown to the 

left of each sequence. Roman numerals I to IV represent the major allele classes and 

lineages in Figure 3.28. The M. glucosida alleles are highlighted within the green 

box. The numbers above the sequences represent the positions of polymorphic 

nucleotide sites. The dots represent sites where the nucleotides match those of the 

first (topmost) sequence. Gaps are indicated by dashes. Green, yellow, and blue 

shaded boxes highlight identical, or nearly identical, segments of DNA in class III and 

IV alleles. HVl to HV4 represent the hypervariable domains.

218



I
00

en;
u

I
%
%)ê
I«
î
0'tH

14-4
o

a
1
2

I
I
U

i
1
o
d

I
0>

1
i
(S
fÔ
sg

I
I
%;
T3g

1

ss
I%1
01
XI
d«
o»îg
.5
i

i
&)

£

3

1

31

3
1

K

1

3
1

•o
1

31
M

i

3
1

1

rn
CNm

<N CN

CN
'T

un
'T

oo

m
oM

(N CN

w
OO

m
oo

o\ o\ rn 
vn Tl- Th rn C9 (N

O
m
C'

m
(N

O

w
C-

p

d -
t-"

oo oo
<N(N

N- t-4 OO un m m
NO vn vn rn rn rn rn
CT d- d CN CN d d
,— 1 NO vn o ON OO ooo ON ON ON OO oo oo

T--1 oo un
NO un d
m (N IN
CN CN

T—4 oo un
d d
m CN L-
CN CN T—4

O
(N
ON

<N
rn

OO
'=:f

NO m 
ÇN (N
ONoi NO

CN

w
OO

Cf
OO

un (N NO rn
'T d d O

NO d

NO

m
ci
NO
CN

ON

ON

NO
CN

CN

<TN rn

CNl
rn
NO
m

O
o

p

ON

oi m
rn

r-
'T
mvn

r\|
in
CN

r— 4 NO 4— 4
d d CN
M ON un

CN rn

nT rn

ON

mOO

\q
o

oiCN
NOOO

O O ' ^ C N J O O O V O N O OO N O N O N O O O O O O O O T h

ON

lo
rn

O

r-m
CN

o

On
rn
(N

cT

à
ï ï
CN

O
ON

NO
CN

CN
ON

OO
M

rn
oO')

rn

un unN ĉi d
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ompAI.I

P H 2 4 4 - l/E T 2 m  ompA& I 

P H 25M /E T 4/T 10  ompAS2 

PH 69-1/ETI9/T3 ompAS.3

PH 254-I/E T IS /T IS  nmpA9.l

}
ompA/.j

ompAl.4

ompAI.5

ompA2 /

ompA2.2

rompA2.3

onrnAi. /

ompM.I

ompM.2

ompAS. I

ompAo. I

ompA7. !
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. P H 254-2 /E T I5/T I5  ompA/0.4 .

-ompA "

Figure 3.28 Minimum evolution (ME) tree for the ompA gene of M. haemolytica, 

M, glucosida, and P. trehalosi. The tree was constructed with Jukes-Cantor 

correction for nucleotide substitutions and the complete deletion option for handling 

gaps. Bootstrap values (1000 replications) of > 50 only are shown. Bovine M. 

haemolytica isolates are highlighted in red, ovine M. haemolytica isolates in blue, M. 

glucosida in green, and P. trehalosi in yellow. Electrophoretic types (ETs) have 

been described in separate schemes for M. haemolytica, M. glucosida, and P. 

trehalosi {DdiVics et al., 1997a; 1997b).
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M. haemolytica and M. glucosida and are as divergent from each other as they are 

from the M. haemolytica and M. glucosida lineages. Lineage I is associated 

exclusively with bovine M  haemolytica isolates, with the exception of the atypical 

ovine isolate PPI494 (ET 16), whereas lineages II and III are associated exclusively 

with ovine M. haemolytica isolates, with the exception of the atypical bovine Isolate 

P H I96 (ET 18).

The nucleotide and amino acid sequence analysis of M. haemolytica and M. glucosida 

indicates that the majority of polymorphic sites occur within four hypervariable 

regions, HVl to HV4 (Figures 3.27 and 3.29). The hypervariable domains contain 

higher nucleotide and amino acid substitutions (35 and 57 %, respectively), whereas 

the remaining regions are highly conserved and contain a low percentage of 

nucleotide and amino acid substitutions (3 and 1 %, respectively). Domains HV1, 

HV2, and HV4 were characterized by amino acid deletions and/or insertions (Figure 

3.29) that accounted for the molecular mass variation of OmpA described in Table 

3.20.

The locations of the four hypervariable regions within the M. haemolytica and M. 

glucosida OmpA proteins, in relation to the |3-strands and surface-exposed loops of 

the transmembrane domain, were identified by secondary structure prediction (Jones, 

1999; McGuffm et al., 2000), aligmiient with the tlrree-dimensional structural models 

of the E.coli OmpA protein (Arora et al., 2001 ; Pautsch & Schulz, 1998), and 

comparison with the proposed secondary structure model of the P5 (OmpA) protein of 

H. influenzae (Webb & Cripps, 1998). The OmpA protein of M  haemolytica isolate 

PH2 contains four surface exposed loops and eight P-strands regions. The four 

hypervariable regions are located at the distal ends of the surface exposed loops 

(Figure 3.30). The r/Udv ratios for the hypervariable domains HVl to HV4 ranged
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Figure 3.29 Distribution of polymorphic amino acid sites among the 14 ompA 

alleles within the transmembrane domain of the OmpA proteins of M. 

haemolytica and M. glucosida. Protein designations are shown to the left of each 

sequence. Roman numerals I to IV represent the major allele classes. The M. 

glucosida alleles are highlighted within the green box. The vertical numbers above 

the sequences represent amino acid positions. The dots represent sites where the 

amino acids match those of the first (topmost) sequence (i.e. om pAl.l). Gaps are 

indicated by dashes. HVl to HV4 represent the hypervariable domains within the 

surface exposed loops 1 to 4. Shaded regions represent predicted membrane- 

spanning p-strand structures.
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Figure 3.30 Proposed secondary structure of the N-terminal transmembrane 

domain of the OmpA proteins of M. haemolytica and M. glucosida. The sequence 

is based on OmpAl. 1 of isolate PH2. The hypervariable domains are shown in red.
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from 0.34 to 0.78 (i.e < 1), whereas the coiTesponding value for the combined 

conserved regions was relatively high at 35.17 (Table 3.22). These data provide 

strong evidence of selective constraint against amino acid replacement in the 

conserved parts of the gene and of diversifying selection in the hypervariable regions.

The comparison of the MLEE and ompA trees (Figure 3.31) indicate that distantly 

related isolates have identical or almost identical alleles. This suggests that these 

alleles have undergone horizontal transfer and assortative (entire gene) recombination. 

Distantly related bovine isolates (PH2, PH540, PH550, and PH202; ETs 1, 2, 17, and 

21) and one ovine isolate (PH494; ET 16, which has previously been shown to have 

bovine properties (Davies & Donachie, 1996; Davies et a l, 2001), in the MLEE tree 

clustered together in the ompA tree to fonn a single major bovine lineage, 1.

Similarly, distantly related ovine isolates of lineages A and C (PTI338, PT1388, PH56, 

PH8, PH398, PH284, PH232, PH66, PH706,PH56; ETs 3 to 11 and PH526, PH598, 

PH278, PH292; ETs 19 to 22) in the MLEE tree clustered together in the ompA tree to 

form the major ovine lineage, II. The atypical bovine isolate PH 196 represents a sub 

branch of lineage II. Ovine M. haemolytica isolates of lineage B together with 

certain M. glucosida isolates (PH344 and PH498; ETs 1 and 3) in the MLEE tree 

clustered together in the ompA tree to form lineage III. Other M  glucosida isolates 

clustered together in the ompA tree to form lineage IV.

For the two tandemly arranged ompA' ecaé ompA" genes of P. trehalosi, putative 

ribosome-binding and promoter sites were identified upstream of the start codons of 

ompA' mid ompA”, and potential inverted repeat terminator sequences were present 

downstream of the stop codons of ompA ' and ompA ” (Figure 3.32). The ompA ' 

alleles were assigned to two subclasses, ompA8 (pmpA8.1 to ompA8.3) and ompA9 

{ompA9.1), whereas the ompA” alleles consisted of a single subclass, ompAl 0
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MLEE Tree

G en etic  d is tan ce

ompA Tree

ET Isolate C apsu lar
serotype

1 PH2 A I.A 6

z PH540 Al

3 PH338 A9
4 PH388 A7
5 PH56 AS, A8, A9

6 PH8 A l

7 PH398 Al

8 PH284 Al
9 PH232 A6

10 PH66 AI4

II PH707 AI6

12 PH296 A7

13 PII396 A7
14 PH484 A7

15 PH588 AI3
16 PH494 A2

17 PH550 A2

18 PH I96 A2
l4 ÿ lu iz é f à

20 PH598 A2
21 PH202 A2
i l PH278 A2
22 PH292 A2

M. glueesU a

ET Isolate ompA 
allele

Figure 3.31 Comparison of MLEE tree (left) and ompA tree (right). (Left) 

Phylogenetic relationships o f 178 M. haemolytica and 16 M. glucosida isolates based 

on electrophoretically demonstrable variation o f 18 housekeeping enzymes (Davies et 

al., 1997a). (Right) Phylogenetic relationships o f ompA genes fi*om 31 M. 

haemolytica and six M. glucosida strains. Both trees were constructed by the 

unweighted pair group method using arithmetic average (UPGMA). Red boxes 

represent the bovine isolates. Blue boxes represent the ovine isolates. Green boxes 

represent the M. glucosida isolates.
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1 AGACGCTCTGCATAA.CTATCAGCAATATCGCCTGCGAAATGTTGGTGTTTGAGTTCGGCGAGAAATTGCTGAACTTCAGGGGM.ATTTGTGG7VftTAÏGGG 

1 0 1  TAAGATGAGGGATCATTTTGTTTACTGCACTAAAAAGGAAATGAGTGTGATATTAGCAAGAAATTGGGGGGCTTTTAAGCGTTTAATTGATTAAAAAA'TA

3 0 1  ________
E A

4 0 1  TAAT t c t t t c t a t g t g g g t g c t a a a g c t g g t t g g g c t a c t t t c c a c c a t g g t g t t a a t c a a t t t a a ï a g c a a a t a t g c g a a g g a t g a a c g ï t  a t a g t g a t

N S F Y V G A K A G H A T F H H G V N Q F N S K Y A H D E R Y S D  
5 0 1  GGTCCAACTGCTÏATGGCATTAATCGTAACTCAGTAACTTACGGTGTGTTTGGTGGTTATCAAATTATTGATAACTÏAGCGGÏTGAGCTAGGTTATGACT 

G P T A Y G I N R N S V T Y G V F G G Y Q I I D N L A V E L G Y D  

6 0 1  ACTTTGGTCGTGTTCGTGGCAACGTTGGTGATCGCCGAGCGTTTAAAGACACTAAACACGGTGCTCATATTAGCTTAAAACCAAGCTATGAAGTTGTTTC 
Y F G R V R G N V G D R R A F K D T K H G A H I S L K P S Y E V V S  

7 0 1  AGGTTTAGATCTTTATGGTAAAGTAGGTGCTGCATTAGTTCGTAATGATTACAAAGACTACTATGCTAATGGCACAAAAGATAAATCACATAACCTTAAA 
G L D L y G K V G A A L V R N D Y K D Y Y A N G T K D K S H N L K  

8 0 1  ACTTCTTTAATTTTAGGTGCAGGTGTTGAGTATGCTATTACTCCTGCATTAGCTGCACGCCTTGAGTATCAATGGTTAAGCCGTGCTGGC71ATÏACGGAA 
T S L I L G A G V E Y A I T P A L A A R L E Y Q W L S R A G N Y G

9 0 1  a a g c a g a a g c t a a a g c g g g t a a t g t a a c t g a t t t a c g t t a t a g c c c a g a t g c t c a c t c t g t a t c t g c a g g t t t a a c t t a c c g t t t c g g t c a a g g t g c t g c
K A E A K A G N V T D L R Y S P D A H S V S A G L T Y R F G Q G A A  

1 0 0 1  ACCAGTTGTTGCTGAGCCAGAAATCGTAACTAAAAACTTTGCATTTAGCTCTGAÏGTATTATTCGACTTCGGTAAAGCAAACTTAAAACCAGCTGCAGCA 
P V V A E P E I V T K N F A F S S D V L F D F G K A N L K P A A A

1 1 0 1  g c a t c t t t a g a t g c a g c a c a c g c t g a a a t c c a a a a c t t a g g t t t a g c a g c t c c g g c t a t c c a a g t a a a t g g c t a t a c a g a c c g t a t t g g t a a a g a t g c g c

A S L D A A H A E I Q N L G L A A P A I Q V N G Y T D R I G K D A
1 2 0 1  c a a a c t t a g c a t t a t c a c a a c g t c g t g c a g p a t c t g t a g c g a a c t a c a t g g t a t c t a a g g g t g t a g c a c c a g a a t c t a t c a c t g c g g t a g g t t a c g g t a a

P N L A L S Q R R A E S V A N Y M V S K G V A P E S I T A V G Y G K  
1 3 0 1  a g c a a a c c c a g t a a c t g g c a a c a c t t g t g a t g c a g t g a a a g g t c g t a a a g c a t t a a t c g c t t g c t t a g c a c c g g a t c g t c g t g t t g a a t t a c a a g t t c a a  

A N P V T G N T C D A V K G K K A L I A C L A P D R R V E L Q V Q  
14  0 1  G r :T T r’TA ftA G aA G TTr;raA TC TfifiTTTr.P!r,TTA G A aG rC TA flA TTTA TTTftA A P ;A f l r G r G ^ TT T T TTC G G rG T T TTTTG TA A A TTTTA TTT.TAflGCAAAQ g I/- P 17 n 7.7 * ^  -K
1 5 0 1  GCAAAT‘1

A N A  A P E A N

1 7 0 1  CTGTATATGTTGGTGCTAAAGCTGGTTGGGCTTCATTCCATGACGGTATCAGCCAAATCGACCACAAAAACGGTGGTAAATACGGTATCAATAAAAATTC 
S V Y V G A K A G W A S  F H D G I S Q I D H K N G G K Y G I  N K N S  

1 8 0 1  TGÏAACTTACGGTGCATTTGTTGGTTATCAAATTATTGATAACTTAGCAGCTG71AGTAGGTTATGAATACÏTTGGTCGTGTTCGTGGTTTAGAGCAAACC 
V T Y G A F V G Y Q I I D N L A A E V G Y E Y F G R V R G L E Q T

1 9 0 1  a a a g c a g g c g g t t c t a a g a a a a c t t t c c g t c a c t c t g c g c a c g g t a c t a c t a t c g c a t t a a a a g g t a a c t a c g a a g t t a t c a g c g g t t t a g a t a c t t a t g

K A G G S K K T F R H S A H G T T I A L K G N Y E V I S G L D T Y  
2 0 0 1  CAAAAGCTGGTATCGCTTTAGTAAATAACAGCTACAAAACTGTGAATGTAGATACTAAAGTGCCAACCAAAACTTCACGTTTCCAAAGCTCTTÏAATCTT 

A K A G I A L V N K S Y K T V M V D T K V P T K T S R F Q S S L I L  

2 1 0 1  AGGTGCTGGTGTTGAGTATGCAATTACTCCATCTTTAGGTGCACGTATTGAGTATCAATGGTTAAATAACGCAGGTAAAGCAAGCTACGCGACTCTTCGT  
G A G V E Y A I T P S L G A R I E Y Q W L N N A G K A S Y A T L R  

2 2  0 1  CGTATGGGCGTTGAAGGTTCTGATTACGGTCCAGACATCAGCTCTGTATCTGCAGGTTTAACTTACCGCTTTGGTCAAGGCGCTGCACCAGTTGCTGAGC  
R M G V E G S D Y R P D I S S V S A G L T Y R F G Q G A A P V A E  

2 3 0 1  CAGAGATCGTAACTAAAAACTTTGCATTCAGCTCTGATGTGTTATTCGATTTCGGTAAAGCGAACTTAAAATCAGCTGCAAAACAATCTTTAGAYGCAGC 
P E I V T K N F A F S S D V L F D F G K A N L K S A A K Q S L D A A  

2 4  0 1  a c a c g g t g a a a t c c a a a a c t t a g g t t t a g c a a c t c c a g c t a t c c a a g t a a a t g g t t a t a c a g a c c g t a t t g g t a a a g a t g c a c c a a a c t t a g c a t t a t c a

H A E I Q H L G L A T P A 1 Q V M G Y T D R Ï G K D A P N L A L S  
2 5 0 1  c a a c g t c g t g c a g a a t c t g t a g c g a a c t a c a t g g t a t c t a a a g g t g t a g c a c c a g a a t c t a t c a c t g c g g t a g g t t a c g g t a a a g c a a a c c c a g t a a c t g

Q R R A E S V A N Y M V S K G V A P E S I T A V G Y G K A N P V T  
2 6 0 1  GCAACACTTGTGATGCAGTGAAAGGTCGTAAAGCATTAATCGCTTGCTTAGCACCGGATCGTCGTGTTGAATTACAAGTTCAAGGTTCTAAAGAAGTTTC 

G N T C D A V K G R K A L I A C L A P D R R V E L Q V Q G S K E V S  
2 7 0 1  TATGTAATAGATr.TTTGAGGTAAGr.TTGAAAAACGGCATCAT T '^^A TG G G G TTTTTGTTTTTCTTACTTGAATAATGCTTTTAAGTTCTGCTTCATTTTA

Figure 3.32 Nucleotide sequence of the P. trehalosi isolate PH246 ompA ' and 

ompA " genes, together with the deduced amino acid sequences of the OmpA’ and 

OmpA” proteins, respectively, encoded by these genes. The numbers (left) 

correspond to nucleotide positions within the GeiiBank sequence (AY582755). The 

* in the amino acid sequences indicate stop codons. The proposed promoters (-35 

and -10 regions) and the putative ribosomal binding sites (RBS) are underlined in 

bold. The putative N-terminal signal sequences of the OmpA’ and OmpA" proteins 

are underlined. Inverted nucleotide repeats are indicated by opposing arrows.
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{ompAlO.l to ompAlO.4) (Figui'e 3.28), Nucleotide and amino acid analyses of 

o/Mprt ’ indicate that allele ompA9.1 is highly divergent, whereas alleles ompAS.l to 

ompA8.3 are highly conserved (0.9 and 0.2 % nucleotide and amino acid diversity, 

respectively). The corresponding analyses of ompA " show that all four ompAlO-typo 

alleles are highly conserved (0 .8  and 0 .0  % nucleotide and amino acid diversity, 

respectively). The sequence comparison of the two OmpA homologs of P. trehalosi 

indicates that the major tliree subclasses, OmpAS, OmpA9, and OmpAlO contain 

significant amino acid variation in their N- terminal regions, particularly in the 

surface-exposed regions, whereas the C- terminal regions are highly conserved 

(Figure 3.33).

The expression of two OmpA proteins, OmpA and OmpA", by P. trehalosi was 

confirmed by SDS-PAGE analysis of OMPs after heating the samples at 80, 90, and 

100°C (Figure 3.34). The OmpA protein undergoes a characteristic shift from low- 

to high-molecular-mass forms after heating at 100°C. Two low-molecular-mass 

proteins (29 to 30 kDa) were clearly visible for isolates PFI6 8 , PH246, and PH252 at 

80 and 90°C, whereas these were transformed to two high-molecular-mass proteins 

(37 to 39 kDa) at 100°C (Figure 3.34, lanes 1 to 9, arrows). However, only one low- 

molecular-mass band was present in isolate PH254 at 80 and 90°C (Figure 3.34, lanes 

10 and 11, arrow), although two bands, of 29 and 39 kDa, were present at 100°C 

(Figure 3,34, lane 12, arrows). The most probable explanation for this difference is 

that the single 29-kDa band present at 80 and 90°C consists of both proteins (OmpA' 

and OmpA"), which in this isolate differ in their heat modification properties. Thus, at 

lOO^C the 29-kDa band presumably corresponds to the OmpA protein OmpA9.1 

(since this band and protein were not present in any of the other isolates), whereas the 

39-kDa band represents the OmpA" protein OmpA 10.4.
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Figure 3.33 Distribution of polymorphic amino acid sites among the eight ompA 

alleles of the OmpA’ and OmpA” proteins of P. trehalosi. Protein designations 

are shown to the left of each sequence. The vertical numbers above the sequences 

represent amino acid positions. The dots represent sites where the amino acids 

match those of the first (topmost) sequence (i.e. ompAl.l). Gaps are indicated by 

dashes. The locations of the surface exposed loops 1 to 4 and periplasmic region are 

indicated by arrows. Shaded regions represent predicted membrane-spanning P- 

strand structures.
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10 II 12 13 kD a

#*# 4mrnm # 0# mm ### mm mm mm m$m # #  # #

W#w# m»#iw mmwR '****»''«

80 90 100 80 90 100 80 90 100 80 90 100 °C

PH 68 PH 246 PH 252 PH 254

F ig u re  3 .34  C o o m assie  b lu e -s ta in e d  S D S -P A G E  O M P  p ro file s  o f  P. trehalosi 

iso la tes . The isolates include PH68 (lanes 1 to 3), PH246 (lanes 4 to 6), PH252 

(lanes 7 to 9), and PH254 (lanes 10 to 12) after heating at 80 °C (lanes 1, 4, 7, and 10), 

90 “C (lanes 2, 5, 8, and 11), and 100 ”C (lanes 3, 6, 9, and 12). Molecular mass 

standards (ovalbumin, 43 kDa; carbonic anhydrase, 30 kDa) are shown in lane 13.

Only the relevant part of the gel is shown. Arrows indicate the low- and high- 

molecular-mass forms of the two OmpA proteins in each isolate. The transition is 

clearly seen between 90 and 100 °C. Only one band is present in isolate PH254 at 80 

and 90 'C, whereas two bands occur at 100 °C (see the text for further explanation).
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3.1.1.5.2 Transferrin binding proteins {tbpB and tbpA)

The tbpB and tbpA genes, encoding the transferrin binding proteins TbpB and TbpA, 

were selected because of the specificity of the transferrin receptor for ruminant 

transferrin and their utility as vaccine antigens (see section 1.3.2.4.2). The partial 

sequences of tbpB (1677 nucleotides [95 %]) and tbpA (2748 nucleotide [98 %]) were 

determined in 32 M. haemolytica^ six M. glucosida, and four P, trehalosi isolates 

(Table 3.23). Nucleotide sequence analysis of the tbpB and tbpA genes identified 28 

imique tbpB sequences, 20 unique tbpA sequences, and 29 unique continuous 

sequences for the tbpB and tbpA genes. These unique sequences were designated as 

individual alleles (Table 3.23).

Transferrin binding protein B (TbpB). The 28 tbpB alleles could be classified 

into six subclasses, tbpBÎ to tbpB6, based on their overall sequence similarities (Table 

3.23). Of these subclasses, tbpBl, tbpBS, tbpB4, and tbpB6 occur in M. haemolyiica, 

tbpB2 is present in both M. haemolytica and M. glucosida, and tbpB5 is associated 

with P, trehalosi.

The polymoiphic nucleotide sequences within the tbpBl- to tbpB3-XypQ alleles of M. 

haemolytica and M. glucosida are shown in Figure 3.35. M. haemolytica tbpB4- and 

tbpB6-typQ alleles and P. trehalosi tbpB5-iy^Q alleles were excluded because they are 

highly divergent from the tbpBl- to tbpB3-type alleles of M. haemolytica and M. 

glucosida (see below) and there was no visible evidence of intragenic recombination. 

Visual inspection of the distribution of polymorphic nucleotide sites among the tbpB 

alleles revealed that intragenic recombinational exchanges have occurred within 

tbpBl-, tbpB2~, and tbpB3-type alleles because runs of nucleotides representing 

recombinant segments were present (Smith, 1999). The aligned tbpBl-, tbpB2-, and
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Table 3.23 Distribution of tbpB and tbpA alleles among 32 M. haemolytica^ six M. 

glucosida^ and four P. trehalosi isolates

Iso la te E T "
C ap su la r

sero type

H ost

species

Alleles * G cnB ank  

accession no.tbpB tbpA tbpBA
M. haemolytica

PH2 1 A1 Bovine tbpBLl tbpAI.l tbpBA 1 AY850230
PH30 1 A1 Bovine tbpBL2 tbpAJ.J tbpBA2 AY850231
PH376 1 A6 Bovine tbpBl.l t bp A 1.1 tbpBA 1 -
PH346 1 A12 Ovine tbpB2.l tbpAl.5 tbpBAS AY850232
PH540 2 A1 Bovine tbpBl.3 tbpAl.l tbpBA4 AY850233
PH338 3 A9 Ovine tbpB2.1 tbpAl.5 tbpBA3 -
PH388 4 A7 Ovine tbpB2.2 tbpAl.5 tbpBA5 AY850234
PH50 5 A5 Ovine tbpB2.2 t bp A 1.5 tbpBA5 -
PH56 5 A8 Ovine tbpBl.5 tbpA 1.3 tbpBA6 AY850235
PH238 5 A9 Ovine tbpBl.4 tbpAl.2 tbpBA 7 AY850236
PH8 6 A1 Ovine tbpB2.2 t bp A 1.4 tbpBAS AY850237
PH398 7 A1 Ovine tbpB2.2 t bp A 1.4 tbpBA8 -
PH284 8 A6 Ovine tbpB2.2 t bp A 1.4 tbpBAS -
PH232 9 A6 Ovine tbpB2.2 tbpAl.4 tbpBAS -
PH66 10 A14 Ovine tbpBî.6 t bp A 1.5 tbpBA9 AY850238
PH706 11 A16 Ovine tbpBlJ tbpAl .7 tbpBAlO AY850239
PH296 12 A7 Ovine tbpB2.4 t bp A 1.6 tbpBAll AY850240
PH396 13 A7 Ovine tbpB2.4 t bp A 1.6 tbpBA 11 -
PH484 14 A7 Ovine tbpB2.4 t bp A 1.6 tbpBAll -
PH588 15 A13 Ovine tbpB2.3 tbpAl.4 tbpBA12 AY850241
PH494 16 A2 Ovine tbpBô.l tbpA4.1 tbpBA 13 AY850242
PH550 17 A2 Bovine tbpB4.1 tbpA6.1 t bp BA 14 AY850243
PH 196 18 A2 Bovine tbpB3.I tbp A 5.1 tbpBAlS AY850244
PH786 18 A2 Bovine tbpB3.2 tbpAS.l tbpBA16 AY850245
PH526 19 A2 Ovine tbpB6.2 tbpA4.2 tbpBA17 AY850246
PH598 20 A2 Ovine tbpB6.3 tbpA4.2 tbpBAlS AY850247
PH202 21 A2 Bovine tbpB4.2 t bp A 6.1 tbpBA 19 AY850248
PH470 21 A2 Bovine tbpB4.3 tbpA6.1 tbpBA20 AY850249
PH278 21 A2 Ovine tbpBl.8 tbpA 1.8 tbpBA21 AY 850250
PH372 21 A2 Ovine tbpBl.8 t bp A 1.8 fbpBA21 -
PH292 22 A2 Ovine tbpB6.2 tbpA4.2 tbpBA17 -
PH392 22 A2 Ovine tbpB6.2 thpA4.2 tbpBA 17 -

M. glucosida
PH344 1 A ll Ovine tbpB2.9 tbpA2.4 tbpBA22 A Y 850251
PH498 3 A ll Ovine tbpB2.9 tbpA2.4 tbpBA22 -
PH240 5 A ll Ovine tbpB2.6 t bp A 2.1 tbpBA23 AY850252
PH496 7 UG3 Ovine tbpB2.5 tbpA2.3 tbpBA24 AY850253
PH574 10 UG3 Ovine tbpB2.7 (bpA2.5 tbpBA25 AY850254
PH290 16 UG3 Ovine tbpB2.8 tbpA2.2 tbpBA26 AY850255

P. trehalosi
PH246 2 T4 Ovine tbpBS.I tbpA3.2 tbpBA27 AY850256
PH252 4 TIO Ovine tbpB5.2 t bp A 3.1 tbpBA28 AY850257
PH254 15 T15 Ovine tbpB5.3 tbpA3.3 tbpBA29 AY850258
PH68 19 T3 Ovine tbpBS.l tbpA3.2 tbpBA27 -

I

Each species has a different MLEE scheme (Davies et al., 1997a; 1997b).
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Figure 3.35 Distribution o f polymorphic nucleotide (A) and amino acid (B) sites 

among the tbpB alleles o fM  haemolytica and M. glucosida isolates o f lineages 1 and 

II. Allele designations are shown to the left o f each sequence. The Roman 

numerals correspond to the major lineages o f Figure 3.36. The M. glucosida alleles 

are highlighted within the green box. The coloured shading indicates nucleotide 

sequence identity and putative recombinant segments. The vertical numbers above 

the sequences represent the positions o f polymorphic nucleotide or amino acid sites 

fi-om the 5 'end o f the partial gene sequence. The dots represent sites where the 

nucleotides or amino acids match those o f the first (topmost) sequence (i.e. tbpB l.l).
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tbpB3-iype allele sequences (Figure 3.35A) clearly show visible evidence of 

mosaicism. There was no evidence of intragenic recombination within M. 

haemolytica alleles tbpB l.l to tbpBl.6, but recombinant segments were present in 

tbpBl.7  (yellow, nucleotides 1507 to 1626) and tbpBl.8 (blue, nucleotides 942 to 991 

and yellow, nucleotides 1507 to 1694). The M. haemolytica tbpB2.1 to tbpB2.4 

alleles and the M. glucosida tbpB2.5 to tbpB2.9 alleles had similar overall sequences 

but also possessed small putative recombinant segments (red, nucleotides 103 to 182 

and 410 to 426; blue, nucleotides 942 to 991; and green, nucleotides 1416 to 1609).

In particular, the M. glucosida tbpB2.9 allele contains a recombinant segment (green, 

nucleotides 1416 to 1609) that is very similar to the corresponding region of the M. 

haemolytica tbpB3-iype alleles.

Amino acid sequence analyses of the tbpBl- to tbpB3~ type alleles of M. haemolytica 

and M. glucosida (Figure 3.35B) indicated that the majority of nucleotide 

substitutions that occur in the recombinant segments result in amino acid changes.

The relatively low d^d}^ ratio for M. haemolytica (4.53) and M. glucosida (6.04) tbpB 

alleles indicates that constraint against amino acid replacement is, overall, relaxed in 

the TbpB protein (Table 3.3).

The distribution of the tbpB alleles among M. haemolytica, M. glucosida, and P. 

trehalosi isolates indicates that, in general, the same subclass, i.e., tbpBl to tbpB6, is 

associated with isolates representing closely related ETs. However, certain 

subclasses are associated with distantly related ETs (Table 3.23) suggesting that 

assortative (entire gene) recombinational exchanges between unrelated isolates have 

frequently occurred in the evolution of the tbpB gene. For example, subclass tbpBl 

is associated with M. haemolytica isolates of ETs 1, 2, 5, 10, 11, and 21; subclass 

tbpB2 is associated with M. haemolytica isolates of ETs 1, 3 to 9, and 12 to 15 but
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CHAPTER 3: RESULTS

also with M. glucosida isolates; subclass tbpB4 is associated with M. haemolytica 

isolates of ETs 17 and 21; and tbpB6 is associated with M. haemolytica isolates of ETs 

16, 19, 20, and 22. Subclasses such as tbpBS (bovine A2 isolates of ET 18), tbpB4 

(bovine A2 isolates of ETs 17 and 21) and tbpB6 (ovine A2 isolates of ETs 19, 20, and 

22) contain highly divergent host-specific sequences (Table 3.23) that have possibly 

been acquired from external sources by assortative (entire gene) recombination.

Pairwise differences in nucleotide and amino acid sequences between representative 

pairs of the six allele types of M  haemolytica, M. glucosida, and P. trehalosi ranged 

from 47 to 629 (2.8 to 37.5 %) nucleotide sites and from 33 to 233 (5.9 to 41.8 %) 

amino acid positions (Table 3.24).

The tbpB tree topology (Figure 3.36) indicates that the M  haemolytica ibpBl- and 

tbpB2~typQ alleles form two clusters, A and B, in lineage I. However, cluster B also 

contains the M. glucosida alleles tbpB2.5 to tbpB2.9. The M. haemolytica tbpB3- 

and tbpB4-type alleles represent lineages II and III, respectively, and are more 

distantly related to the M. haemolytica tbpBl and tbpB2~type alleles of lineage I than 

are the M. glucosida tbpB2-type alleles. The P. trehalosi tbpB5-type alleles 

represent lineage IV but the M. haemolytica tbpB6-iy^e alleles represent lineage V 

which, surprisingly, is more divergent than the P. trehalosi alleles. This is clearly 

very different from the tree topologies based on 16S rRNA sequence analysis and 

MLEE (Davies et al., 1996; 1997a) which show that M. glucosida has diverged from 

M. haemolytica and that P. trehalosi has further diverged from both species. The 

data provide strong evidence that horizontal DNA transfer and recombination have 

played important roles in the evolution of tbpB.

Alignment of the N-terminal (amino acid sites 1 to 339) and C-terminal (amino acid
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ihpBI. I

lhpBl.2

thpB U

lhpBl.4

thpBI.S

IhpBI 6

IhpBl. 7

IhpBI a

lhpB2.1

>  lhpB2.2

lhpB2J

lhpB2.5 

lhpB2.6 

lhpB2. 7 

IhpBI a

lhpB2.9

thpBS. I 

lhpB3.2 

lhpB4.1 

ihpB4.2 

thpB4.3

991 PHI46ÆT2/T4 

PH68/ETI9/T3
lhpB5.1

'“ F  PH252/ET4/TI0 ihpB}.2

PH254/ET15/T15 lhpBS.3

ihpBô. /

thpB6.2

thpB6.3

Figure 3.36 Minimum evolution (ME) tree for the tbpB gene of M. haemolytica., 

M. glucosida., and P, trehalosi. The tree was constructed with Jukes-Cantor 

correction for nucleotide substitutions and the complete deletion option for handling 

gaps. Bootstrap values (1000 replications) of > 50 only are shown. Bovine M. 

haemolytica isolates are highlighted in red, ovine M. haemolytica isolates in blue, M. 

glucosida in green, and P. trehalosi in yellow. Electrophoretic types (ETs) have 

been described in separate schemes for M. haemolytica, M. glucosida, and P. 

trehalosi (Davies et al., 1997a; 1997b).
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sites 340 to 678) regions of the inferred amino acid sequences of six representative 

TbpB proteins of M. haemolytica, M. glucosida, and P. trehalosi revealed that several 

identical or similar amino acid sequences were present in the N- and C-terminal 

halves of the same protein (Figure 3.37).

Recently, two transferrin binding sites were identified in the N- terminal half of TbpB 

in meningococcal isolate B16B6 by a sequence-based prediction method based on 

hydrophobicity/hydrophilicity profiles and confirmed by site-directed mutagenesis 

(Renauld-Mongenie et al., 2004). The corresponding transferrin binding sites were 

located in the conserved regions of the inferred amino acid sequences of six TbpB 

proteins of M. haemolytica, M. glucosida, and P. trehalosi (Figure 3.37). In 

particular, there was no variation in the two amino acid sites conesponding to the 

sites used for site-directed mutagenesis in N. meningitidis TbpB (i.e. R in site 1 and Y 

in site 2 )

Transferrin binding protein A (tbpA) The twenty tbpA alleles could also be 

classified into six subclasses, tbpAl to tbpA6, based on their overall sequence 

similarities (Table 3.23). Of these subclasses, tbpAl, tbpA4, tbp5, and tbpA6 occur 

in M. haemolytica, tbpA2 is present in M. glucosida, and tbpA3 is associated with P. 

trehalosi (Table 3.23).

The polymorphic nucleotide sequences of the alleles representing subclasses tbpAl to 

tbpA4 of M. haemolytica, M. glucosida, and P. trehalosi, with respect to tbpA l.l, are 

shown in Figure 3.38. The M. haemolytica subclasses tbpA5 and tbpB6 were 

excluded because they are highly divergent from the subclasses tbpAI to tbpA4 (see 

below) and there was no visible evidence of intragenic recombination. Visual 

tbpA2-, tbpB3~, and tbpA4-type alleles because runs of nucleotides representing
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Figure 3.37 Comparison of the inferred amino acid sequences corresponding to 

the N-terminal regions (N) and the C-terminal regions (C) of the six TbpB 

proteins of M. haemolytica, M, glucosida, and P. trehalosi. Numbers (left) 

represent the amino acid positions fi-om the 5' end o f the protein. The shaded regions 

indicate the positions where amino acid sites are identical or similar. Similar 

residues are defined as Y, F and W; V, L, 1 and M; K and R; D and E; S and T; P and 

A (Renauld-Mongenie et al., 2004). Red boxes in the N-terminal region indicate 

putative transferrin binding sites similar to the corresponding sites o f the N. 

meningitidis TbpB protein (Renauld-Mongenie et al., 2004). Red lines indicate 

amino acid sites used for site-directed mutagenesis of the N. meningitidis TbpB 

protein.
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. 1 CCAGCACCTATCACTAGG TAAGCCCGCCAAGGCTGTCCTGCAATCGGTCGACAGGTAGTTTAAGATCAAGCCTCACTTCCCCCCGTCTTCTACCTAATCCAGGGTC

TCCTA
T  A . .TTCTCCT.C.T . .G .T . . .A . . .

AACC..TA. 
fKAGOBaOMJCt'T . C . TAATA TGA. .

A , . . . . . . . . .  .GCCGTAGCA. C. .A .T .................T.TT.TCC. . . TAATCCTTG. A. .G
CCGTAGCA.C.TA......................T .TT.TCC. . . TAATCCTTG. A. .G

Figure 3.38 Distribution of polymorphic nucleotide sites among the tbpA alleles 

of M. haemolytica, M. glucosida, and P. trehalosi. Allele designations are shown to 

the left of each sequence. The Roman numerals correspond to the major lineages of 

Figure 3.39. The M. glucosida and P. trehalosi alleles are highlighted within the 

green and yellow boxes, respectively. The black vertical arrow represents the 

mature amino acid terminus of TbpA identified in M. haemolytica hi 96 (U73302).

The coloured shading indicates nucleotide sequence identity and putative recombinant 

segments. The vertical numbers above the sequences represent the positions of 

polymorphic nucleotide sites fi-om the 5'end of the partial gene sequence. The dots 

represent sites where the nucleotides match those of the first (topmost) sequence (i.e. 

tbpAl.l).
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■!
recombinant segments were present (Smith, 1999). The M  haemolytica tb p A lJ  to 

tbpAl.3 alleles are conserved, but the M. haemolytica tbpAl.4 to tbpAl.6  alleles
:#

contain a recombinant segment (blue, nucleotides 1308 to 1470) that is identical to the

corresponding region in various other isolates of M. haemolytica and P. trehalosi.

The M. haemolytica tbpAl.7  allele contains a recombinant segment (yellow; 

nucleotides 1186 to 1839) that is identical to the corresponding region of allele 

tbpA4.1. The M. haemolytica allele tbpAl.8  contains a recombinant segment (yellow, 

nucleotides 1186 and 1680) that is identical to the corresponding region of alleles 

tbpAl.7  and tbpA4.1, but also a short recombinant segment (red, nucleotides 1693 to 

1839) that is identical to the corresponding region of allele tbpAA.2. The M. 

glucosida tbpA2-type alleles contain a recombinant segment (green, nucleotides 772 

to 2246) that is almost identical to the corresponding region of the P. trehalosi tbpA3- 

type alleles. Finally, the M. haemolytica tbpA4.2 allele contains a recombinant 

segment (grey, nucleotides 772 to 1174) that is almost identical to the corresponding 

region of the tbpA2- and tbpA3-\ype alleles of M  glucosida and P. trehalosi, 

respectively.

The distribution of the tbpA alleles among M. haemolytica, M. glucosida, and P. 

trehalosi (Table 3.23) indicates that tbpAl-iy^pe alleles are associated with M. 

haemolytica isolates of ETs 1 to 15 whereas tbpA4~, tbpA5-, and tbpA6-type alleles 

are associated with M. haemolytica isolates of ETs 16 to 22. The tbpA5.1 and 

tbpAô.l alleles are associated with bovine M. haemolytica isolates of ETs 18, and 17 

and 2 1 , respectively, and these differ at 1 0 .2  % and 19 % of nucleotide sites from the 

M. haemolytica tbpA l.l allele, respectively (Table 3.25). The isolates also have 

distinctive tbpB genes that differ at 9.3 % (tbpB3.1) and 15.1 % (tbpB4.1) of 

nucleotide sites from tbpB l.l, respectively (Table 3.24). The tbpAS.l and tbpA4.1 

alleles of P. trehalosi and ovine M. haemolytica A2 isolates differ at 4.7 % and 3.6 %
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of nucleotide sites from tbpA Ll, respectively. However, these isolates contain 

tbpBS.I and tbpBô.l alleles that differ at 23.5 % and 37.5 % of nucleotide sites from 

tbpB l.l, respectively. These different levels of diversity between tbpB and tbpA of 

P. trehalosi and M. haemolytica isolates of ETs 19,20, and 22, with respect to other 

M. haemolytica isolates, indicates they are derived from different external sources.

Pairwise differences in nucleotide and amino acid sequences between representative 

pairs of the six allele types of M. haemolytica, M. glucosida, and P. trehalosi (Table 

3.25) ranged from 52 to 570 (1.9 to 20.7 %) nucleotide sites and from 23 to 142 (2.5 

to 15.5 %) amino acid positions.

The tbpA tree topology (Figure 3.39) indicates that the M. glucosida tbpA2-iype 

alleles (cluster B) are closely related to the M. haemolytica tbpAl-iyçe alleles (cluster 

A) and together comprise lineage I. The P. trehalosi tbpA3-Xy^e alleles and the M. 

haemolytica tbpA4-tyTpe alleles together represent the diverse lineage II. The M. 

haemolytica alleles tbpAS.l and tbpAô.l represent two lineages, III and IV, that are 

both highly divergent from the tbpA alleles of other M. haemolytica isolates, as well 

as from M. glucosida and P. trehalosi isolates. The tbpA topology is clearly 

different from those based on 16S rRNA sequence analysis and MLEE (Davies et al., 

1996; 1997a) which show that M. glucosida has diverged from M. haemolytica and 

that P. trehalosi has further diverged from both species. The data provide strong 

evidence that horizontal DNA transfer and reeombination have played important roles 

in the evolution of the tbpA gene.

The locations of the tonB box, 21 p-strands and eleven surface-exposed loop regions 

(LI to L l l )  were identified in the inferred amino acid sequences of the tbpA alleles of 

M. haemolytica, M. glucosida, and P. trehalosi (Figure 3.40) based on alignment with
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ihpAl.I
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{ppAi.2

fhpAi.5
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thpAi.6
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thpAl.S
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thpA2.2
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Figure 3.39 Minimum evolution (ME) tree for the tbpA gene of M. haemolytica, 

M, glucosida, and P. trehalosi. The tree was constructed with Jukes-Cantor 

correction for nucleotide substitutions and the complete deletion option for handling 

gaps. Bootstrap values ( 1000 replications) of >50 only are shown. Bovine M. 

haemolytica isolates are highlighted in red, ovine M. haemolytica isolates in blue, M. 

glucosida in green, and P. trehalosi in yellow. Electrophoretic types (ETs) have 

been described in separate schemes for M. haemolytica, M. glucosida, and P. 

trehalosi (Davies et a i, 1997a; 1997b).
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Figure 3.40 Amino acid sequence alignments of the tbpA alleles of 
M. haemolytica, M. glucosida, and P. trehalosi. The Roman numerals I to IV 

represent the major allele classes and lineages of Figure 3.38. The green boxes 

indicate M. glucosida alleles and the yellow boxes indicate P. trehalosi alleles. The 

vertical numbers above the sequences represent the positions o f amino acid sites from 

the 5 'end o f the gene. The dots represent sites where the amino acids match those o f 

the first (topmost) sequence (i.e. tbpA l.l). The black vertical arrow represents the 

mature amino acid terminus o f TbpA identified in M. haemolytica hi 96 (U73302).

The white box represents the conserved TonB box. Gaps are indicated by dashes.

Ll to Ll 1 represent the surface-exposed loops 1 to 11. VI and V2 represent variable 

domains that are not located within the loop regions. The shaded regions represent 

predicted membrane-spanning ^-strand structures.
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CHAPTER 3: RESULTS

the hypothetical topology model of gonococcal TbpA (Boulton et ah, 2000), and 

secondary structure prediction (Jones, 1999; McGufRn et a l, 2000). With the 

exception of the variable regions VI and V2, polymorphic amino acid sites occurred 

more frequently in the surface-exposed loop regions than in the N-terminal plug 

region or p-strand regions. The ratios were calculated for the loop regions, Ll 

to L l l ,  the two variable regions, VI and V2, and the remaining conserved regions of 

the sequences (Table 3.26). The ratio for L3 (3.5) and for the variable regions 

VI (1.4) and V2 (1.4) were relatively low whereas those for L2 (11.1), L4 (26.6), L6  

(30.8), and L l l  (17.0), together with the remaining conserved regions (18.1) were 

relatively high, suggesting that different regions of the TbpA protein are subject to 

different degrees of evolutionary constraint.

Nucleotide variation and mosaic structure within the tbpB and tbpA genes. The

tbpB and tbpA genes of M. haemolytica, M. glucosida, and P. trehalosi isolates were 

classified into 13 groups based on sequence similarity (Table 3.27). Group 1 is 

associated with both bovine and ovine M. haemolytica isolates, whereas groups 2 to 5, 

12, and 13 are associated exclusively with ovine M. haemolytica isolates and groups 9 

and 10 are associated exclusively with bovine M. haemolytica isolates. The tbpB 

and tbpA genes of ovine M. haemolytica isolates PH278 and PH372 of ET 21 (group 

4) are very different from those of closely related bovine M. haemolytica isolates 

PH202 and PH470 of ET 21 (group 10) and ovine M. haemolytica isolates PH292 and 

PH392 of ET 22 (group 13). The distribution of polymorphic nucleotide sites within 

the tbpB and tbpA genes of 13 representative isolates of M. haemolytica, M. glucosida, 

and P. trehalosi is shown in Figure 3.41. The mosaic structure o f the tbpB and tbpA 

genes in these isolates is shown schematically in Figure 3.42. The data show that 

intragenic recombination has been frequent in the tbpB and tbpA genes o f M. 

haemolytica, M. glucosida, and P. trehalosi. M. haemolytica isolates PH 196 and
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CHAPTER 3: RESULTS

Table 3.28 Distribution of wza alleles among 32 M, haemolytica, four M. 

glucosida, and four P. trehalosi isolates

Iso la te E T “
C a p su la r

sero type

H ost

species

wza * 

allele

G enB ank  

accession no.

M. haemolytica
PH 2 1 A1 Bovine w zal.l A Y 847850
PH 30 1 A1 B ovine w zal.l -
PH 376 1 A6 Bovine w zaLl -
PH 346 1 A 12 O vine wza33 A Y847851
PH 540 2 A1 Bovine w zal.l -
PH 338 3 A9 O vine wza9.2 A Y 847852
PH 388 4 A 7 O vine wza3.1 A Y847853
PH 50 5 A5 O vine wza4. / A Y 847854
PH 56 5 A8 O vine wzo9.l A Y 847855
PH 238 5 A9 O vine wza 9.2 -
PH 8 6 A1 Ovine wza2.I A Y 847856
PH 398 7 A1 Ovine wza2.1 -
P H 284 8 A 6 Ovine wza2.2 A Y 847857
PH 232 9 A 6 O vine wza2.3 A Y 847858
PH 66 10 A 14 O vine wza5.1 A Y 847859
PH 706 11 A 16 O vine wzaS. 1 -
PH 296 12 A 7 O vine wza 3.1 -
PH 396 13 A7 O vine wza3.l -
PH 484 14 A7 O vine wza3,l -
PH 588 15 A13 O vine wza7.I A Y 847860
PH 494 16 A2 O vine wza3.4 AY847861
PH 550 17 A2 B ovm e wza3.4 -
PH  196 18 A 2 B ovine wza3.2 AY847862
PH 786 18 A2 Bovine wza3.2 -
PH 526 19 A 2 O vine wza 3.4 -
PH 598 20 A2 O vine wza3.4 -
PH 202 21 A2 B ovine wza 3.4 -
PH 470 21 A2 B ovine wza3.4 -
PH 278 21 A2 O vine wza3.4 -
PH 372 21 A2 O vine w>za3.4 -
PH 292 22 A2 O vine wza 3.4 -
PH 392 22 A 2 O vine wza 3.4 -

M. glucosida 
PH 344 1 A l l O vine wza6.1 A Y847863
PH 498 3 A l l O vine wza6.1 -
PH 240 5 A l l O vine M>za6.2 A Y 847864
PH 496 7 UG3 O vine wzaS. 1 A Y 847865

P. trehalosi
PH 246 2 T4 O vine wza 10.1 A Y 847866
PH 252 4 TIO O vine wza 10.3 AY 847 867
PH 254 15 T15 O vine wza 10.2 A Y 847868
PH 68 19 T3 O vine wza 10.4 A Y 847869

Each species has a different MLEE schem e (D avies et al.̂  1997a; 1997b).
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wza9.2 .CA.GT . . ..C.G. .GC. ..A..T..AAT .GG.TG..G.TAC___ . .AT. . .G.G..C..A..CC. ATGCTCA.C...C.A .TCTAGGT
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wza2

1 G.

.C.G..CTAC..GT. 

.C .G ..CTAC..GT. 

.C.G..CTAC..GT.

.TACTAC...A..C.A..G.A..A 

.TACTAC...A..C.A..G.A.TA 

.TACTAC...A..C___ G.A.TA
C.G.C.G..CGGTGA.G..C...G.A....AGG
C.G.C.G. .CGGTGA.G. .C. . .G.A... AGG
C.G.C.G..CGGTGA.G..C...G.A....AGG.T
C.G.C.G..CGGTGA.G..C...G.A....AGG.T
C.G.A. AATT. TT. CCG.............CT. G . T
. .G.V.1C. : .ITT;::: :. ; ..... . .ggt
. .G.C.C TT.........GGAG. .0. .T.G.A.]
. . GAC^«C. . . .TT. . . . . . . ̂ ^GGAG. . C . . T . G . A.
..G.ACAAT..GTTC.G..CC A..C.CA.CCT..A.TTTGTGTGGTcC

GGG ACTTACG...CC.C3  G.GC..GA.CG....G.G. _
.1 GCGGCAG.CCA.TC.GG........ CGSAG. .0. .T.G.A
.2 GCGGAAG.CCA.TC.GG.........gG&G. .C. .T.G.A

T .A .A. . .C____G.A.
. . G . C . • ■ . G . A , . A  
T . G . C . . . . G . A . . A

 ACA.GA. .AGA.T.AT G  A
IT.A.GAACTGGAG.A
. f . G . C  G . A .  . A;
pTAA.C....G.A..Ai

Figure 3.43 Distribution of polymorphic nucleotide sites among the wza alleles of 

M. haemolytica and M. glucosida. Allele designations are shown to the left o f each 

sequence. The Roman numerals correspond to the major lineages o f Figure 3.44.

The M. glucosida alleles are highlighted within the green boxes. The coloured 

shading indicates nucleotide sequence identity and putative recombinant segments.

The vertical numbers above the sequences represent the positions o f polymorphic 

nucleotide sites fi-om the 5 'end o f the partial gene sequence. The dots represent sites 

where the nucleotides or amino acids match those o f the first (topmost) sequence (i.e. 

w zal.l).
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CHAPTER 3: RESULTS

alleles. Since the 5' region of the wza gene is close to the variable capsular 

biosynthesis region and the wzai-type alleles are most common in M. haemolytica 

isolates, the upstream segments of w za l.l and the wza2~typc alleles (green) have 

possibly been acquired by horizontal transfer. The wza2-iypQ alleles contain unique 

sequences in the 3 ' region of the gene which may be also have been acquired by 

horizontal transfer. The wzaS-type alleles are highly conserved and only single 

nucleotide substitutions occur. The wza4.1 allele differs from the wza3-type alleles 

mainly due to two recombinant segments (yellow, nucleotides 1 to 219, and 678 to 

777) although single site substitutions are also present. The M. haemolytica wzaS.l 

allele is similar to the M. glucosida alleles wza6.1 and wza6.2 due to a recombinant 

segment (light blue, nucleotides 270 to 750). The M. haemolytica wza7.1 allele 

contains a recombinant segment (blue, nucleotides 1 to 324) that is almost identical to 

the corresponding region of the M. glucosida alleles wza6.1 and wza6.2, but the 

remainder differs from any wza alleles. The M. glucosida allele wzaS.l contains a 

recombinant segment (red, nucleotides 1 to 138) that is almost identical to the 

corresponding region of the M. haemolytica wza9-typQ alleles, and also contains a 

recombinant segment (orange, nucleotides 819 to 903) that is almost identical to the 

corresponding region of the M, glucosida wzaô-typc alleles as well as the M. 

haemolytica wza9-typQ alleles. The M. haemolytica wza9~typQ alleles contain a 

recombinant segment (grey, nucleotides 753 to 966) that is almost identical to the 

corresponding region of the M. glucosida wza6-iypQ alleles.

The distribution of wza allele types among isolates (Table 3.28) indicates that the 

wza3-typQ alleles occur in a broad range o f M. haemolytica isolates of serotypes A2,

A7, and A12 and ETs 1,4, 12-14, and 16-22, whereas the w zal.l allele occurs in 

bovine M. haemolytica isolates of serotypes A1 and A6  and ETs 1 and 2, the wza2- 

type alleles occur in ovine M. haemolytica isolates of serotypes A1 and A6  and ETs 6 -
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9, the wza4J allele occurs in an ovine M. haemolytica A5 isolate of ET 5, the wzaS.l 

allele occurs in ovine M haemolytica A\A  and A16 isolates of ETs 10 and 11, the 

wza7J allele occurs in an ovine M. haemolytica A \3  isolate of ET 15, and the wza9- 

type alleles occur in ovine M  haemolytica isolates of serotypes A8 and A9 of ETs 8 

and 9. The wzad-type alleles occur in M. glucosida serotype A ll isolates of ETs 1,3, 

and 5, whereas the wzaS.l allele is present in an untypeable (UG3) M. glucosida 

isolate of ET 5. These alleles {wza6.1, wza6.2, and wzaS.l) are divergent except for 

a recombinant segment (orange) that is also similar to the corresponding region of the 

M. haemolytica wza9-type alleles.

Pairwise differences in nucleotide and amino acid sequences between representative 

pairs of the 10 allele types of M. haemolytica, M. glucosida, and F. trehalosi ranged 

from 21 to 297 (2.2 to 30.7 %) nucleotide sites and from 5 to 98 (1.6 to 30.4 %) 

amino acid positions (Table 3.29).

The wza tree topology (Figure 3.44) shows that lineages I, II, and IV are associated 

exclusively with M. haemolytica and lineage VI is associated with P. trehalosi, 

whereas lineages III and V consist of isolates of both M. haemolytica and M. 

glucosida. Lineage I is associated with M. haemolytica wzal- and wz«2-type alleles, 

lineage II with M. haemolytica wza3- and wza 7-type alleles, lineage IV with M. 

haemolytica wza 7-type alleles, and lineage VI with E. trehalosi wzalO-typQ alleles. 

Lineage III is associated with the M. haemolytica wzaS.l allele and M. glucosida 

wzaô.l and wza6.2 alleles and lineage V is associated with the M. glucosida wzaS.l 

allele and M. haemolytica wza9.1 and wza9.2 alleles.

The positions of variable inferred amino acid sites within the Wza protein of M. 

haemolytica and M. glucosida correspond to the locations of three hypervariable

257



CHAPTER 3: RESULTS

>  wzaX4

h>»9./

VI

•ta9.2

PH24S/ET2/T4 wmlO.1

I -  PH 2S4/ETI5/TIS wailQ.2

—  PH 2S2/ET4/TI0 w m llk}

—  PH6HÆT19/T3 wailO.4

Figure 3.44 Minimum evolution (ME) tree for the wza gene of M. haemolytica, M. 

glucosida, and P. trehalosi. The tree was constructed with Jukes-Cantor correction 

for nucleotide substitutions and the complete deletion option for handling gaps. 

Bootstrap values (1000 replications) of > 50 only are shown. Bovine M. haemolytica 

isolates are highlighted in red, ovine M. haemolytica isolates in blue, M. glucosida in 

green, and P. trehalosi in yellow. Electrophoretic types (ETs) have been described 

in separate schemes for M. haemolytica, M. glucosida, and P. trehalosi (Davies et al., 

1997a; 1997b).
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Figure 3.45 Distribution of polymorphic amino acid sites among the wza alleles 

of M. haemolytica and M. glucosida. Allele designations are shown to the left of 

each sequence. The Roman numerals correspond to the major lineages of Figure 3.44 

The M. glucosida alleles are highlighted within the green boxes. The numbers above 

the sequences represent amino acid positions. The dots represent sites where the 

amino acids match those of the first (topmost) sequence (i.e. w zal.l). HVl to HV3 

represent the hypervariable domains. Shaded region represents a common domain of 

the polysaccharide bio synthesis/expo rt protein.
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regions, HVl to HV3 (Figure 3.45). The secondaiy structure prediction (Jones,

260

1999; McGuffin et al., 2000) indicates that the three hypervariable regions are located
%

within the helices and coils of the 5' and 3' ends of the Wza protein sequence. In 

contrast, the remainder of the Wza protein sequence, particularly the common 

domains of polysaccharide biosynthesis/export proteins (grey region), are highly 

conserved. The relatively low dg/dn ratios for the HV1 (3.93), HV2 (5.26), and HV3 

(5.91), in contrast to the high d/d}., ratio for the conserved regions (43.84) indicate that 

the variable regions are subject to different degrees of evolutionary constraint 

compared to the conserved regions (Table 3.30). Amino acid divergence in the 

conserved regions is subject to a higher degree of selective constraint in comparison 

to that in the hypervariable regions.

3.1.2 Phylogenetic relationships among 10 M. haemolytica isolates based on the 

concatenated sequences of seven conserved genes

The conserved genes recA, asd, mtlD, galE, gnd, g6pd, and gap were selected for 

analysis of the concatenated nucleotide sequences because the variation that occurred 

in each gene was due mainly to point mutation and there was no evidence of 

horizontal DNA transfer and recombination. The seven sequences of each gene for 

the 10 M haemolytica isolates were concatenated to provide an in-frame sequence of 

7044 nucleotides. There were 24 polymorphic nucleotide sites and pairwise 

differences raged from 1 to 12 nucleotide sites. A minimum-evolution tree was 

constructed from the concatenated sequences (Figure 3.46). The tree shows that 

isolates PH2, PH706, and PH66 cluster together in lineage I, PH296, PH588, and 

PHI 96 cluster together in lineage IT, and PH494, PH202, PH278, and PH292 cluster 

together in lineage III. The tree topology (Figure 3.46) is very similar to that based 

on MLEE (Figuie 2.1). With the exception of isolate PH494, lineages I, II, and III of
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II 77

III

0.0002

Figure 3.46 Minimum evolution (ME) tree for the concatenated sequences (7044 

bp) of the seven conserved genes recA, asd, mtlD, galE, gnd, g6pd, and gcp of M. 

haemolytica. The tree was constructed with Jukes-Cantor correction for nucleotide 

substitutions and the complete deletion option for handling gaps. Bootstrap values 

(1000 replications) of > 50 only are shown. Bovine M. haemolytica isolates are 

highlighted in red, and ovine M. haemolytica isolates in blue. Electrophoretic types 

(ETs) have been previously described in M. haemolytica (Davies et al., 1997a; 

1997b).
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the concatenated sequence tree correspond to lineages A, B, and C, respectively, of 

the MLEE tree. In the MLEE tree (Figure 2.1) isolate PH494 appears to be more 

closely related to isolates PH296, PH588, and PHI96 (lineage B), whereas in the 

sequence tree (Figure 3.46) isolate PH494 is more closely related to isolates PH202, 

PH278, and PH292 (lineage III). In particular, the bovine and ovine A2 isolates 

PH202 and PH278 have identical sequences which suggests that they have common 

origins.

3.2 Characterization of temperate phages

3.2.1 Optimum concentration of mitomycin C

The optimum concentration of mitomycin C required to induce bacteriophages was 

determined in four serotype A1 M. haemolytica isolates (PH2, PH280, PH342,

PH370) by adding increasing volumes of mitomycin C (final concentration of 0, 0.01, 

0.05, 0.1, 0.2, 1.0, and 2.0 pg/ml) to early logarithmic phage cultures and measuring 

the OD660 at regular intervals. The data for isolate PH342 (Figure 3.47) indicates 

that the minimum concentration of mitomycin C required to give complete lysis was 

0.1 pg/ml. The results for isolates PH2, PH280, and PH370 were similar to those for 

isolate PH342 (data not shown). A final mitomycin C concentration of 0.2 pg/ml 

was selected for subsequent experiments because this concentration resulted in more 

rapid lysis than a concentration of 0.1 pg/ml.

3.2.2 Induction of bacteriophages in M. haemolytica, M. glucosida, and 

jp. trehalosi isolates

Thirty two M. haemolytica, six M. glucosida, and four P. trehalosi isolates
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S 0.8I
CQCJ 0.6

0 .4

0.2

2 4 6 8 100 12 14 16

Tim e o f  incubation  (h)

F ig u re  3.47 In f lu e n ce  o f  m ito m y c in  C c o n c e n tra tio n  on  th e  lysis k in e tic s  

( in d u c tio n  o f  b a c te r io p h a g e s )  o f  b o v in e  M. haemolytica iso la te  PH342 (s e ro ty p e  

Al). The cultures were treated with 0.00 ug/ml (—$—)(control), 0.01 ug/ml 

( -X— ), 0.05 pg/ml ( ), 0.1 pg/ml (—A—), 0.2 pg/ml (—■—), 1.0 pg/ml

(———), and 2.0 pg/ml (—i— ) final concentration of mitomycin C. The arrow 

indicates the point at which the mitomycin C was added.
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representing various ETs, serotypes, and host species, were tested for phage induction 

with a final mitomycin C concentration of 0.2 pg/ml. The addition of mitomycin C 

induced lysis in 26 of the 32 M, haemolytica isolates, in one of the six M. glucosida 

isolates, and in two of the four P. trehalosi isolates. Tliree different lysis patterns 

were identified in the 42 cultures of M. haemolytica, M. glucosida, and P. trehalosi 

based on the final ODeeo values 6-7 h after addition of mitomycin C (Figure 3.48). 

Complete lysis was represented by a final ODeeo value of 0.4 or less (Figure 3.48A), 

partial lysis by a final ODeeo value in the range 0.4 to 1.0 (Figure 3.48B), and no lysis 

was represented by no reduction of the final ODeeo value (Figure 3.48C). Complete 

lysis occurred in 20 M. haemolytica isolates, partial lysis in six M, haemolytica 

isolates, one M. glucosida isolate, and tliree P. trehalosi isolates, whereas no lysis was 

detected in six M. haemolytica isolates, five M. glucosida isolates, and one P. 

trehalosi isolate (Table 3.31).

The isolates that were not induced by 0.2pg/ml mitomycin C treatment were 

subsequently tested with higher concentration of mitomycin C (0.5, 1.0, and 5.0 p 

g/ml). Cultures of M. haemolytica isolates PH202, PH494, and PH550 were 

partially lysed with 1.0 pg/ml mitomycin C and cultures of M. glucosida isolate 

PH574 and P. trehalosi isolate PH254 were partially lysed with 0.5 pg/ml mitomycin 

C (Table 3.31).

3.2.3 Phage morphology

The 30 cultures that were lysed with 0.2 pg/ml mitomycin C were examined by 

electron microscopy (EM) for the presence of bacteriophage particles. Intact phage 

particles were detected in 26 cultures, but no phages were detected in the cultures of 

M  haemolytica isolates PH232 and PH706, and P. trehalosi isolates PH246 and PH68.
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The cultures of isolates PH484, FH598, and PH372 contained two types of phages, 

but the remaining 23 cultures contained only one type of phage. All phages had 

icosahedral heads as evidenced by the presence of capsids with hexagonal outlines, 

but three diSerent tail morphologies occurred (Figure 3.49). The differences in tail 

morphologies were used to classify the phages into one of three phage families, 

namely Myoviridae, Siphoviridae, and an unrecognised family. The classification of 

the phages, including head and tail dimensions, from M haemolytica, M. glucosida, 

and P. trehalosi are shown in Table 3.31.

Bacteriophages from 11 M haemolytica isolates had long, flexible, and non- 

contractile tails and were classified as Siphoviridae (Figure 3.50 and Table 3.31).

The phages had three different head types; an elongated head (Figure 3.50A-C), a 

small-sized isometric head (Figure 3.50D), and a normal-sized isometric head 

(Figure3.50E-F).

Bacteriophages from 14 M. haemolytica isolates, one M. glucosida isolate, and one P.
.'l [

trehalosi isolate had contractile tails and were classified as Myoviridae (Figure 3.51 

and Table 3.31). These phages varied in the size of their head and tail shapes 

resulting in four distinctive types: a normal sized isometric head (Figure 3.51A-E), a 

large-sized isometric head (Figure 3.5IF), a small-sized isometric head (Figure 

3.5IG), and a large, well defined base plate (Figure3.51H-I).

Bacteriophages from two M. haemolytica isolates, PH 196 and PH786, had heads 

similar to those of the Siphoviridae, Myoviridae, and Tectiviridae, but had unique 

noncontractile, short, thick tails that aie unique to these phages and represent an 

unrecognized phage family type (Figure 3.52). Rough spherical particles were also 

detected in the lysates of PH 196 and PH786 and, in most cases, intact phages were
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Table 3.31 Properties of bacteriophages induced in 32 M. haemolytica^ six M. 

glucosida, and four P. trehalosi isolates representing various ETs, serotypes, and 

host species.

Strain ET Serotype Host
species

Type of ®
lysis

No of 
phage types

Phage ^ 
family

Head size ^ 
(nni)

Tail size ^ 
(nm)

DNA
isolation

RE
type

PCR(^
band

M. haemolytica
PH2 ! Al Bovine Complete 1 Siphoviridae 53x63 175 X 7 Yes A +

PH30 1 Al Bovine Complete 1 Myoviridae * 55 x55 156 X 18 No ND +§

PH376 1 A6 Bovine Complete 1 Myoviridae 55 X 55 151 X 15 Yes A 4-

PH346 1 A12 Ovine No ND ND ND ND ND ND 4-

PH540 2 Al Bovine Complete 1 Myoviridae * 55 X 55 151 X 18 No -

PH338 3 A9 Ovine No ND ND ND ND ND ND +

PH388 4 A7 Ovine Complete 1 Myoviridae 60 X 60 157 X 17 Low yield ND +

PH50 5 AS Ovine Complete 1 Siphoviridae 48 x48 166x9 No ND 4-

PH56 5 A8 Ovine Complete 1 Siphoviridae 58 X 58 170 X 9 Yes B -

PH238 5 A9 Ovine Complete 1 Siphoviridae 56 X 56 233 X 8 Low yield ND “

PH8 6 Al Ovine Complete 1 Siphoviridae 58x58 207 X 8 Yes C -

PH398 7 Al Ovine Complete 1 Siphoviridae 58 X 58 207 X 8 Yes C -

PH284 8 A6 Ovine Complete 1 Siphoviridae 58x58 199 X 8 Yes D

PH232 9 A6 Ovine Partial 0 ND ND ND ND ND 4-

PH66 10 A14 Ovine Partial 1 Myoviridae 61 X 61 162 X 19 Yes E 4-

PH706 11 A16 Ovine Partial 0 ND ND ND ND ND -

PH296 12 A7 Ovine Complete 1 Myoviridae 64 X 64 144 X 17 Yes F 4-

PH396 13 A7 Ovine Partial 1 Myoviridae 57 X 57 133 X 17 Yes G 4-

PH484 14 A7 Ovine Complete 2 Myoviridae 57 X 57 133 X 17 Yes G 4-

Myoviridae * 43 X 43 150 X 20 No " 4-

PH588 15 A13 Ovine No ND ND ND ND ND ND -

PH494 16 A2 Ovine No* 0 ND ND ND ND ND 4-

PH550 17 A2 Bovine No * 0 ND ND ND ND ND 4-

PH196 18 A2 Bovine Complete I Unknown 60 X 60 40 X 12 Yes H -

PH786 18 A2 Bovine Complete 1 Unknown 60 X 60 40 X 12 Yes H -

PH526 19 A2 Ovine Partial 1 Myoviridae * 43 x43 150 X 20 No ND 4-

PH598 20 A2 Ovine Complete 2 Myoviridae * 43 x43 150 X 20 No - 4-

Siphoviridae 58 X 58 196 X 8 Yes 1

PH202 21 A2 Bovine No* 0 ND ND ND ND ND 4-

PH470 21 A2 Bovine Partial 1 Myoviridae * 53 X 53 144 X 20 No ND -

PH278 21 A2 Ovine Complete 1 Myoviridae * 53 X 53 157 X 19 No ND 4-

PH372 21 A2 Ovine Complete 2 Myoviridae * 68 X 68 168 X 14 No ND 4-

Siphoviridae 58 X 58 166 X 6 No ND

PH292 22 A2 Ovine Complete 1 Siphoviridae 58 X 58 196 X 8 Yes I 4

PH392 22 A2 Ovine Complete 1 Siphoviridae 58 X 58 196 X 8 Yes 1 +
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Table 3.31 (continued)

Strain ET Serotype Host
species

T)'pe of " 
lysis

No of 
phage types

Phage * 
family

Head size ^ 
(nin)

Tail size  ̂
(iim)

DNA
isolation

RE
type

PCR*^
band

M. glucosida 
PH344 1 A ll Ovine Partial 1 Myoviridae 53 X 53 127 X 15 Yes J 4

PH498 3 All Ovine No ND ND ND ND ND ND -

PH240 5 A ll Ovine No ND ND ND ND ND ND -

PH496 7 UG3 Ovine No ND ND ND ND ND ND -

PH574 10 UG3 Ovine No* 0 ND ND ND ND ND -

PH290 16 UG3 Ovine No ND ND ND ND ND ND -

P. trehalosi
PH246 2 T4 Ovine Partial 0 ND ND ND ND ND -

PH252 4 TIO Ovine Partial 1 Myoviridae * 62 X 62 139x20 Yes K -

PH254 15 T15 Ovine No* 0 ND ND ND ND ND -

PH68 19 T3 Ovine Partial 0 ND ND ND ND ND -

" 0.2 pg/ml mitomycin C was used. Complete lysis, final OD̂ ao of 0.4 or less; partial lysis, final OD̂ go of 0.4 - 

1.2; No lysis, final ODeeo is the same as the control.

* At higher concentrations of mitomycin C (1.0 pg/ml - PH202, PH494, and PH550 and 0.5 pg/ml - PH574 and 

PH254) partial lysis was observed.

^ and Based on electron microscopy (see Figure 3.49).

* Only contracted tail forms were found and the measurements are based on these.

 ̂PCRs were carried out for all 42 isolates with primer pair 505/506. This primer pair amplifies tail genes of 

phage from bovine M. haemolytica A\ isolate PHL213 (see Appendix I).

§ PGR band of larger size (approximately 1980 bp) than expected (approximately 700 bp) (see section 3.2.9.6) 

ND: Not detennined
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Isometric head Elongated head

J l .

Extended sheath Contracted sheath

At:

Figure 3.49 Diagrammatic representation of morphological types of temperate 

phages from M. haemolytica^ M, glucosida^ and P, trehalosL (A) Siphoviridae 

type (long noncontractile tail), (B) Myoviridae type (contractile tail), and (C) 

unrecognized family type (short tail). Measurement details are also indicated (a, 

head width; b, head height; c, tail length; d, tail width).
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Ï:

Figure 3.50 Negatively-stained electron micrographs of Siphoviridae-type phages 

of M. haemolytica. Phages are from M. haemolytica isolate PH2 (elongated head) 

(A to C), PH50 (small isometric head, 48 nm) (D), PH392 (normal isometric head, 58 

nm) (E), and PH292 (normal isometric head, 58 nm) (F). Bar = 100 nm.
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£

Figure 3.51 Negatively-stained electron micrographs of Myoviridae-typt phages 

of M. haemolytica. Phages are from M. haemolytica isolate PH66 (head, 61 nm) (A 
and B), PH388 (head, 60 nm) (C), PH376 (head, 56 nm) (D), PH376 (abnormal 
phage) (E), PH372 (head, 68 nm) (F), PH598 (head, 43 nm) (G), PH484 (prolonged 
base plate) (H), and phage tails from isolate PH484 (I). Bar = 100 nm.
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A

Figure 3.52 Negatively-stained electron micrographs of an unrecognized family 

type of phages of M. haemolytica. Phages are from M haemolytica isolate PH 196 

(A and B) and PH786 (C). Bar = 100 nm.

Figure 3.53 Negatively-stained electron micrographs of phage head-like 

structures of M. haemolytica. They are from isolate M. haemolytica isolate PH494 

(A), M haemolytica isolate PH202 (B), P. trehalosi isolate PH254 (C), and spiral 

structure from M. haemolytica isolate PH398. Bar = 100 nm.
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relatively rare because the heads and tails were separate structures. In this respect, 

the hexagonal heads and rough spherical particles are similar to colicin K (Bradley,

1967) and the tail like objects are similar to Plectrovirus virions of Inoviridae.

The isolates that were lysed with higher concentrations of mitomycin C (M.

haemolytica isolates PH202, PH494, and PH550, M. glucosida isolate PH574, and P.
I

trehalosi isolate PH254) were also examined by electron microscopy. Typical phage
1Î

particles were not observed in these isolates, but many spherical particles were 

present (Figure 3.53A to C). In addition, spiral structures (Figure 3.53D) were 

commonly seen in cultures of M. haemolytica isolates PH30, PH50, PH66, PLI238,

PH292, PH396, and PH398 and P. trehalosi isolate PH246.

3.2.4 Phage DNA isolation

Electron microscopy unambiguously identified lysogenic phages from 24 M. 

haemolytica isolates, one M. glucosida isolate, and one P. trehalosi isolate.

However, phage DNA was successfully isolated from only 17 (65 %) of the 

corresponding lysates (Table 3.31). These included 15 M. haemolytica isolates (PFI2,

PH376, PH56, PH8, PH398, PH284, PH66, PH296, PH396, PH484, PH196, PH786,

PH598, PH292, and PH392), one M. glucosida isolate (PH344), and one P. trehalosi 

isolate (PH254). Of these, isolates PH484 and PLI598 produced two phage types, 

whereas the remaining isolates produced one phage type (Table 3.31). However, 

restriction endonuclease analysis of isolates PH484 and PH598 suggested that DNA 

representing only one phage type was isolated (see section 3.2.5). The phages were 

designated as PH20, PH3760, PH560, PH80, PH3980, PFI2840, PH660, PH2960,

PH3960, PH4840, PH1960>, PH7860, PH5980, PH2920, PH3920, PH3440, and 

PH2540, respectively.
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The yield of phage DNA varied for different isolates. For example, 10 ml of phage 

lysate were used to recover DNA from 11 phages (PH20, PH3760, PH560, PH80, 

PH3980, PH2840, PH660, PH3960, PH4840, PH3440, and PH2460), but 50 ml of 

phage lysates were required to obtain a similar amount of DNA from six phages 

(PH2960, PH1960, PH7860, PH2920, PH3920, and PH5980). Attempts to 

isolate phage DNA from the remaining nine lysates (PH30, PH540, PH388, PH50, 

PH238, PH526, PH470, PH278, and PH372) were unsuccessful. Yields of DNA 

were extremely low from 50 ml of lysate for two isolates (PH388 and PH238) 

whereas no DNA was recovered from the remaining seven lysates.

3.2.5 Restriction endonuclease analysis

The 17 samples of bacteriophage DNA were characterized by restriction endonuclease 

analysis using two different restriction enzymes, Hindlll and Clal. Eleven distinct 

restriction enzyme (RE) patterns (A to K) were observed among the 17 phages 

(Figure 3.54 and Table 3.31). RE types A to 1 were represented by M haemolytica 

isolates, RE type J was represented by M. glucosida isolate PH344, and RE type K 

was represented by P. trehalosi isolate PH252.

Phage of the same RE types occurred only in closely related M. haemolytica isolates 

(Table 3.31). For example, RE type A phages were associated with isolates PH2 and 

PH376 (bovine Al and A6 isolates of ET 1), RE type C phages were associated with 

isolates PH8 and PH398 (ovine A6 isolates of ETs 8 and 9), RE type G phages were 

associated with isolates PH396 and PH484 (ovine A7 isolates of ET 13 and 14), RE 

type H phages were associated with isolates PHI96 and PH786 (bovine A2 isolates of 

ET 18), and RE type 1 phages were associated with isolates PLI598, PLI292, and 

PH392 (ovine A2 isolates of ETs 20 and 22).
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10 11 M

2216
12216

Figure 3.54 Restriction enzyme (RE) patterns of phage DNA from M. 

haemolytica (lane 1- 9), Af. glucosida (lane 10), and P. trehalosi (lane 11) isolates 

digested with Hindlll and Clal. The phages and their RE types in lanes 1-11 are 

as follows: 1, PH2d) (type A); 2, PH56<D (type B); 3, PH80 (type C); 4, PH2840 

(type D); 5, PH66C) (type E); 6, PH2960 (type F); 7, PH4840 (type G); 8, PH7860 

(type H); 9, PH3920 (type I); 10, PH344d) (type J); 11, PH2520 (type K). One Kb 

DNA markers are shown in the end lanes (M).
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Although M. haemolytica isolates PH484 and PH598 produced two types of phages, 

the RE types of their phage DNA samples (G and I, respectively) were identical to 

those of phage DNA samples from isolates that produced only one phage type.

These results indicate that only one type of phage DNA was recovered from isolates 

PH484 and PH598. The same RE types C, G, H, and I were associated with 

morphologically identical phages, whereas RE type A occurred in heterogeneous 

phage families {Siphoviridae and Myoviridae) (Table 3.31).

3.2.6 Determination of host range of bacteriophages

The host range of induced bacteriophages and non-induced cultures representing 42 

isolates was examined by plaque assay using the same 42 indicator isolates (Table

3.31). Lysates from 13 of 32 M. haemolytica, one of six M. glucosida, and one of 

four P. trehalosi isolates caused zones of lysis (plaques) on certain sensitive indicator 

isolates (Table 3.32). The plaques caused by lysate of isolate PH376 on indicator 

isolates PH30, PH540, PH8 and PH398 were clear but all other plaques were faint 

(Figure 3.55). There was a correlation between the lysates and sensitive indicator 

strains. For example, M. haemolytica, M. glucosida, and P. trehalosi lysates caused 

plaques only on indicator isolates of their own species. Furthermore, M. 

haemolytica isolates PH30 (bovine A l) and PH376 (bovine A6) caused plaques 

mostly on serotype Al and A6 strains, whereas M haemolytica isolates PH598, 

PH470, PH278, and PH392 (ovine A2) caused plaques mostly on serotype A2 isolates 

(Table 3.32).

3.2.7 Comparison of M. haemolytica bovine serotype Al and A6 strains

In the first series of experiments described above, M, haemolytica isolates PH2, PH30,
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Table 3.32 Lytic spectra of lysates of M. haemolytica (MA), M. glucosida (Mg), 

and P. trehalosi {Pt) isolates against indicator isolates

t .

Mh lineage A Mh lineage B Mh lineage C Mg Ft 
-M  M  ►

Indict
Lysate

PH30
(Al)

PH2/ET1/A1

PH30/ET1/AI

PH346/ET1/A12

PH540/ET2/A1

PH338/ET3/A9

PH50/ET5/A5

PH238/ET5/A9

PH8/ET6/A1

PH398/ET7/A1

PH706/ET11/A16

PH494/ET15/A2

PH550/ET17/A2

PH196/ET18/A2

PH786/ET18/A2

PH526/ET19/A2

PH598/ET20/A2

PH202/ET21/A2

PH278/ET21/A2

PH372/ET21/A2

PH292/ET22/A2

PH392/ET22/A2

PH344/ET1/A11

PH498/ET3/A11

PH252/ET4/T10

PH376P
(A6)

idîW

H388
(A7)

PH50
(AS)

PH284P
(A6)

PH56
(A8)

H296P
(A7)

H396
(A7)

PH598
(A2)

PH470
(A2)

PH278
(A2)

PH292
(A2)

PH392
(A2)

PH344P
(All)

H252
(TIO)

" The indicator isolates are shown with their ETs and serotypes. The ETs have been

described separately for M. haemolytica, M. glucosida, and P. trehalosi (see Davies et

a i, 1996a; 1996b).

clear plaque zone; faint plaque zone; -, no plaque zone
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-  f #  -
PH372<I>

PH196

H PH3720) PH3460  ̂ PH338 0

r
PH388«> -ÎPM396® " ‘ PH3924»

Figure 3.55 Plaque assays showing (A) a clear plaque (lysate of isolate PH376 on 

indicator isolate PH30) and (B) faint plaques (lysates of isolates PH396, PH388, 

and PH470 on indicator isolate PH 196).
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PH376, and PH540, which represent bovine Al and A6 isolates of ETs 1 and 2, 

showed significant variation in phage morphology, DNA yield, and host range (Tables 

3.31 and 3.32). Since isolates of ET 1 are the major causes of bovine pasteurellosis 

(Davies et ah, 1997a), seven additional isolates were characterized in further detail. 

The properties of 11 M. haemolytica isolates representing serotypes Al and A6 of ETs 

1 and 2 are shown in Table 3.33.

3.2.7.1 Phage morphology

Electron microscopy was carried out for two additional isolates, PH280 and PLI560, 

that underwent lysis after mitomycin C treatment. Bacteriophages from isolates 

PH280 and PH560 had contractile tails and were classified as Myoviridae (Table 3.33). 

These phages were, morphologically, indistinguishable from those of isolates of PH30, 

PH540, and PH376.

3.2.7.2 Host range

The host range of phages from the 11 isolates was examined by plaque assay using the 

same range of indicator strains. Four different patterns of lysis, A -D, were observed 

for the lysates (phages), whereas three different patterns of lysis, I to III, were 

observed for the indicator isolates (Table 3.34). When the lysis patterns of phage 

and indicator isolates were combined, six different combinations (lytic types) were 

apparent (Table 3.35). Interestingly, there were strong correlations between the lytic 

types and celLsurface characteristics (capsule and OMP-type) of the isolates (Table 

3.35). For example, lytic types 1, 2, and 3 are associated with isolates of serotype 

Al and OMP type 1.1.1; lytic type 4 is associated with isolates of serotype Al and 

OMP type 1.1.3; and lytic types 5 and 6 are associated with isolates of serotype A6
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Table 3.34 Lytic spectra of lysates from seven serotype A1 and four serotype A6 

isolates of M. haemolytica against the same indicator isolates. A - D represent the 

lytic patterns of the lysates (phages); I - III represent the lytic patterns of the indicator 

isolates.

BA A B B C DA A B B
Lysate

PH280 PH26 PH560FH2 PH540 PH554 PH524 PH8I2PH30 PH376 PH564Indict

PH2
PH280

+PH26
PH560»
PH30
PH540
PH554
PH376
PH524

IlH
PH564
PH812

i ,  faint plaque zone, clear plaque zone; -, no plaque zone

Table 3.35 Cell surface characteristics and lysis patterns of serotype A1 and A6 

isolates of M. haemolytica

Strain ET Serotype LPS OMP Lysate Indicator Combined
type type (Phage) strain lytic type

PH2
PH280

PH26

PH560

PH30
PH540
PH554

PH376
PH524

PH564

PH812

A1
A1

A1

A1

A1
A1
A1

A6
A6

A6

A6

lA
lA

lA

2A

2A
2A
2A

lA
lA

lA

2A

1.1.1
1 . 1 . 1

1 . 1 . 1

1 . 1 . 1

1.1.1
1.1.3
1.1.3

1.1.4
1.1.4

1.1.4

1.1.4

A
A

B

B

C
A
A

D
B

B

B
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1

t

and OMP type 1.1.4.

3.2 J .3 Phage DNA isolation and RE assay

Phage DNA was successfully isolated from lysates of isolates PH280, PH26, PH560, 

PH524, PH564, and PH812 in addition to isolates PH2 and PH376 (Table 3.32). 

However, attempts to isolate phage DNA from isolate PH554 were unsuccessful as 

was the case for isolates PH30 and PH540 (Table 3.33). Interestingly, these three 

isolates are associated with the same indicator isolate pattern II (Table 3.34). The six 

additional phage DNA preparations were analysed by RE assay using the two 

restriction enzymes Hind IIII and Clal. The RE assay showed that all phages from 

bovine A1 and A6 isolates have identical RE types, i.e. RE type A (Figure 3.56).

3.2.8 Comparison of M. haemolytica serotype A2 isolates

In the first series of experiments described above, M haemolytica strains, PIT202, 

PH470, PH278, and PH372, which represent serotype A2 isolates of ET 21, showed 

significant variation in phage induction, morphology, and host range (Tables 3.31 and

3.32). Since ovine A2 isolates of ET 21 represent a large proportion of isolates 

associated with ovine pasteurellosis, four additional isolates (PH204, PH208, PH714, 

and PH776) were characterized in further detail. The properties of bacteriophages 

induced in eight M. haemolytica isolates representing serotype A2 of ET 21 are shown 

in Table 3.36.

3.2.8.1 Phage morphology

Electron microscopy was carried out for three additional isolates, PH208, PH714, and
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Ml 1 M2 Ml 1 2 Ml M2

12216

9 416

M M

2036

1636

K* J Ï, J VmW ^
i.,ri \ #

i 1 ! I I J  ! -j I J
 ̂ \ i

H  23130

"  12216

—  9416

—  7126

—  5090

—  4072

■■ 3054

2036

mm 1636

Figure 3.56 Restriction enzyme (RE) patterns of phage DNA from serotype A1 

and A6 isolates of M. haemolytica digested with Hindlll and Clal (A)

Preliminary examination of the phages PH2(D (lane 1) and PH376 (lane 2). (B)

Subsequent examination of the additional phages PH260 (lane 1), PH28O0 (lane 2); 

PH560(D (lane 3), PH524<I) (lane 4), PH564(D (lane 5), and PH8120 (lane 6). 1 Kb

DNA markers and phage X, markers are shown in lanes labelled Ml and M2, 

respectively.
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The host range of bacteriophages from four additional isolates was examined by 

plaque assay using the indicator isolate PHI 96, which had previously been shown to 

be sensitive for PH470 and FH278. Zones of lysis (plaques) were observed for the 

lysates of isolates PH208 and PH776 (as with PH470 and PH278), but no plaques 

were visible for isolates PH204 and PH714 (as with isolates PH202 and PH372).

3.2.8.3 Phage DNA isolation

Attempts to isolate phage DNA from the four additional ovine serotype A2 isolates 

were unsuccessful, as they were with isolates PH202, PH470, PH278, and PH372.

3.2.9 The genome of RE type A phages

3.2.9.1 Prophage genome from M. haemolytica PHL213

Of the 11 different RE types (Figure 3.54), the RE type A prophage genome was 

identified within the unfinished genome sequence of the bovine serotype A1 M  

haemolytica isolate PHL213 (www.hgsc.bcm.tmc.edu/microbial). Using RE cutting 

sites and Blast analysis (see section 2.5.8.2), three contigs joined in the order C150-
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PH776, that underwent lysis after mitomycin C treatment. The isolate PH204 was 

not induced by 0.2 pg/ml mitomycin C treatment, as was the case for isolate PH202.
,1

Bacteriophages from isolates PH208, PH714, and PH776 had contractile tails and
"■

were classified as Myoviridae. However, the head and tail sizes of these phages 

were slightly different (Table 3.36).

1
3.2.8.2 Host range

http://www.hgsc.bcm.tmc.edu/microbial
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Figure 3.57 Diagrammatic representation showing position of the proposed 

prophage genome in M, haemolytica isolate PHL213 genomic data (contigs 150, 

91, and 137 of the genome sequence as of 01/02/04). The range of the contigs are 

indicated by arrows and the numbers indicate the positions of the first and last bases 

of the contigs and the positions of the attL, cos, and attR sites. Bacterial genomic 

DNA is shown in grey, and prophage DNA in white. The locations of the primers 

used for PGR are indicated by small arrows and the locations of the phage integrase 

gene, int, and bacterial genes, apall, tRNA^^}, and gap, are shown by stippled lined 

boxes.

Contig 150 Contig91 Contig 137
M-------------1---------------   HN----------- HN-------------H ---------- >1
Ibp 30381 bp S2376bp Ibp 5l90bp I bp 096]bp 7202bp 4 1708bp

attL #506 #504

c t , .................. U ..
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3.2.9.3 Cohesive end (cos) sequences

Examination of the M. haemolytica PHL213 prophage sequence revealed that it 

contains a 19-bp segment that is homologues to the corresponding cos sequence of E. 

coli P2 phages. The cos site indicates that the PHL213 prophage DNA is able to be

288

Î

C91-C137 (as of 01/02/04) were identified to contain a segment that represents a P2- 

like prophage genome of PHL213. Positive PCR amplification of PH20 and 

PH3760 with primer pairs (#506/#505 and #504/#503) designed in the end of each 

contig of M  haemolytica PHL213 (Figure 3.57) confirmed this arrangement and 

provided an approximate size of the unsequenced gaps between Cl 50 and C91 (300 

bp), and between C91 and C l37 (250 bp).

3.2.9.2 Identification of attachment sites {attL and attR)

To identify the homologous attachment sites attL and attR within the bacterial genome, 

the sequences of the two end contigs C l 50 and C l 37 were aligned and compared.

Two 197 bp homologous regions were identified in each contig (Figure 3.58). The 

homologous region in contig C l 50 starts from 14 bp upstream of the 3' end o f the 

tRNAvai gene and finishes 28 bp downstream of the start codon of the phage int gene. | |

Based on the crossover points of other phages that always occur at the upstream end 

of the duplication (Campbell, 2003), the first 48 bp of identical residues (one 

mismatch) of the homologous regions o f C l 50 and C137 were proposed as the attL 

and attR core sequences, respectively. The sequence of the proposed prophage attL 

site of M. haemolytica isolate PHL213 is similar to that of the P. multocida isolate 

LFB3 (Pullinger et aL, 2004) and that of the Streptococcus thermophilus isolate Sfi21 

(Bruttin et a l, 1997) (Figure 3.59).
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V 30731  t RNAyai  _____________________

CTAAGTTCCTTTTTCCAATa6aATGCACACCGTTAA|CGCGACTaTaGCTCfiGTTGGTTAGRGCACCfiCCTTGfl.CflTGG0|G
* *  *  -k-k -k-k *  *  *  *  * * *  *  * * * *  k k k  k k + * + *  +  k k

— AATATTGCTTGTCAGGAAaAATCGTTATTCTTTAATTGCATATACaTATaCTGCACATTATAG-ATTTTAACTTATTG'̂ 7103
SttL v'IA H 'ÎH

IgGGGTCACTGGTT— CGAGTCCAGCTAGTCGCACCkTTATTTTTAAGCCTGAATATCCCCATTCAGGCTTAACCGCAAAA
*  -k-k k k  k  k  * * * * * * * * * * * ^ * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * *  *  *  *

a t a a a t a a t g a t t a t t c g t g c g a g c t a g t c g c a c c a t t a t t t t t a a g c c t g a a t a t c c c g a t t c a g g c t t t a a t c t t a c c

attR

ATACCCCTTATAAATCAATAGCTTATTGiATTTAAAACACTTCCCCAAGTGTAGCATAACATCAATAAAAACATCATTTTT
* * *  * * * * * * *  * * * * * *  * * * * * * *  * *  * *  *  * *  *  *  * * *  * * *  * * * * * * * * * * * * * * * * * *

ATA CTTATAA-TCAATA----------------- ATTTAAATCATCTCTCAAAAAGCAATATAGCATTAATAAAAACATCATTTTT

________________________________________________V31027_______________________________

GATATGAAAACTTGATATTTATTGATCGTxk'ATGATCTCTATTAACATTCCTTTQCACACATT T G C A - - - - " C A c iT
* * *  *  * * * * * * * * * * * * * * * *  * * * * * * *  *  * * * * * * * * * *  * * *  * * *  * * * *  *  *  k k k k  k k

CATA-GGAAACTTGATATTTATTAATCGTTTGTAGTCTCTAATAATATTTATTTACACAAAATAAACTGCAAAGAGCAAG
''7385

  1̂11
ITAAA-CTGCACACATACACAAAGGA------ATAAAAAAATGCCTACTATTATTAAGAACGGCAACAAATACCGAGCACAAljT

k k k k k k k

aaaatctgccttactgtgcttagttcctgtttgtaggaaattgattttatgggaaaacgcgactatattcaatttattgt
''7486

Figure 3.58 Comparison of the nucleotide sequences of contigs C150 and C137 

of M. haemolytica isolate PHL213 in the vicinity of the attachment sites (attL and 

attR). The homologous regions are shown in bold type. The numbers above and 

below the sequences indicate the bases of each contig. The asterisks indicate 

residues that are identical in the two sequences. The underlined sequences of contigs 

C l50 and C l37 represent the attL and attR sites, respectively. The tRNAmig^riQ and 

the 5' end of the phage integrase (inf) gene are represented by boxes. The inverted 

repeats are indicated by arrows.
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circularized by pairing complementary cohesive ends (cos) after entering the host cell 

(see Figure 1.7). The cos sequences of PHL2130 and P2 phage are compared in 

Figure 3.60.

3.2.9 4 Proposed RE type A phage genome

A putative PHL2130 phage genome (Figure 3.61) was constructed based on the 

positions of the attL, attR, and cos regions (Figure 3.59 and 3.60). The three contigs 

C137, C91, and C l 50 were reverse complemented due to the nature of phage 

integration (see Figure 1.7). The proposed genome size of PHL2130 phages was 

approximately 34,505 bp. The hypothetical RE profile of the proposed PHL213 <F 

genome (Figure 3.62A and Table 3.37) corresponds to the RE assays of PH20 

(Figure 3.62B) and confirmed that RE type A phages represent the P2-like phage 

PHL2130.

3.2.9.S Bioinformatic analysis and identification of phage encoding sequences

Both strands of the phage genome were analyzed to identify open reading frames 

(ORFs) and details are summarized in Table 3.38. The amino acid sequences 

deduced from the phage ORFs were compared to the contents of the phage database. 

Thirty three of 47 ORFs showed homology to published phage genes and functions 

could be provisionally assigned. O f these, 25 ORFs resembled proteins encoded by 

the P2 phage of the Myoviridae. Aligmnent of the M. haemolytica PHL2130 and 

the E. coli P2 phage genome showed very similar genetic organisation (Figure 3.63). 

Thus, M. haemolytica RE type A phages represent new members of the P2 phage 

family.
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P H L 2130 cos  

P2 cos

G G C G A G G T G A G G G A T A G A C  
******* * * * * * *
G G C G A G G C G G G G A A A G C A C

Figure 3.60 Comparison of the cos sequences from M. haemolytica prophage 

PHL213^ and E. coll prophage P2. The asterisks indicate residues that are 

identical in the two sequences.
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1-C137
N------------- H k -

417C8bp Ibp

rC91

34790bp

cosL

1-C150

250Ns inserted
I

5190bp Ibp

300N inserted 
 #  ......

rC137
—
2i546bp 34808bp 

34568bp

attP cosR

T ?
Ibp 6979bp 7230bp 12419bp 12720bp 34264bp 3450Sbp

Figure 3.61 Diagrammatic representation showing the proposed PHL213# 

phage genome. The tliree contigs were reverse complemented. Based on the size 

of the PCR products the gaps between reverse complemented contigs rC137 and rC91 

and rC91 and rC150 are approximately 250 and 300 nucleotides respectively (see 

section 3.2.9.1). The range of the contigs are indicated by the anows and the 

numbers indicate the positions o f the first and last base of each contig and the first 

base of cosL, attP (attachment sits of phage), and cosR sites. The phage genome starts 

at the first base of the cosL site and ends at the last base o f the cosR site (Appendix 1). 

The numbers below the proposed phage genome indicate the position of the first and 

last bases of the contigs in the proposed phage genome.
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(A)

10000 T

5000

1000:

5 0 0 -

1 0 0 -

M2 Ml 1 3 4 5 6 Ml M2

Figure 3.62 Predicted fragment patterns of the putative PHL2130 in a virtual 

gel generated by NEB cutter (A) and restriction fragment patterns of PH 20  

DNA in a 0.7% agarose gel (B). The restriction enzymes used in lanes 1 -6 were as 
follows: 1, Hindlll; 2, Clal; 3, Hindlll & Clal; 4, Hpall; 5, PstI; 6, Rsal. 1 Kb DNA 

markers and phage X markers are shown in lanes Ml and M2 lanes respectively. 
Corresponding predicted and actual bands for each enzyme of PHL2130 and PH20, 
respectively, are numbered.

Table 3.37 The size and position of restriction fragments of putative PHL2130.

H indlll (a/agctt) Clal (at/cgat) H indlll & Clal Hpall (cc/gg) PstI(ctgca/g) Rsal (gt/ac)

1 10925 (9989-20913) 15843 (1-15843) 9988 (1-9988) 3591 (8387-11977) 20651 (12737-33387) 3235 (6319-9553)

2 9928(1-9989) 9918(24588-34505) 5855(9989-15843) 1970(16310-18279) 9033(1-9033) 3212(20330-23541)

3 4838 (29668-34505) 8328(15844-24171) 5070(15844-20913) 1205 (6553-7757) 2639 (9034-11672) 2234 (30411-32644)

4 3736 (25932-29667) 416(24172-24587) 4838 (29668-34505) 1086(15224-16309) 1118(33388-34505) 2211 (10898-13108)

5 2514(20914-23427) 3736 (25932-29667) 1083 (22590-23672) 1064 (11673-12736) 2155 (4164-6318)

6 2504(23428-25931) 2514 (20914-23427) 1042(13105-14146) 2120(26613-28732)

7 1344 (24588-25931) 993 (30709-31701) 2020(16787-18806)

8 744 (23428-24171) 868 (5456-6323) 1885 (24695-26579)

9 416(24172-24587) 857(12248-13104) 1861 (32645-34505)

10 805 (32254-33058) 1678 (28733-30410)
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Table 3.38 Bioinformatic analysis of ORFs of the putative PHL2130 of M. 
haemolytica

orf Coding region Length (aa) Protein description Homologous gene (aa length) % Identities/Range faal
Reverse coniplemciitary sequence of Contig 137 (34790bP“41768bp>
cosL 34790-34808 Cohesive end P2 cos

orn 34995-36035 (-) 346 Portal protein P2 pliage Q (344) 56/316
orf2 36044-37882 (-) 612 Terminase P2 phage P (590) 55/578
orf3 37996-38823 275 Capsid scaffolding protein P2 phage O (284) 43/273
orf4 38837-39865 342 Major capsid precursor P2 phage N (357) 55/344
crf5 39875-40564 229 Terminase P2 phage M (247) 40/220
orf6 40676-41191 171 Capsid completion protein P2 phage L (169) 38/160
orf? 41188-41400 70 Essential tail gene P2 phage X (67) 52/70

Reverse complementary sequence of Contig 91 (lbp-5190bp)
orfl 1-86 (Partial) 28 (Partial) Lysin HP I Phage Lys (186) 73/26
crf2 87-542 151 Affects timing o f  lysis P2 phage LysB (141) 28/139
orO 373-666 97 Hypothetical protein P2 phage 81 (100) 25/48
orf4 691-912 73 Hypothetical protein P2 phage 82 (74) 34/73
crf5 909-1394 161 Tail completion P2 phage R (155) 41/158
orf6 1387-1845 152 Tail completion P2 phage S (150) 36/146
orf? 2213-5125 970 Putative tail length P2phageT (815) 26/706

Reverse complementary sequence of Contig 150 (lbp-21546bp)
orfl 234-839 201 Baseplate assembly protein P2 phage V (211) 40/204
or£2 839-1174 111 Baseplate assembly protein P2phage W (!I5 ) 50/75
orB 1171-2088 305 Baseplate assembly protein P2 phage J (302) 53/300
crf4 2075-2707 210 Baseplate assembly protein P2 phage I (176) 45/172
orfS 2710-4989 759 Tail fiber protein P2 phage H (669) 39/218
orf6 5489-6871 460 Tail sheath P2 phage FI (396) 44/395
orf? 6880-7386 168 Tail tube P2 phage Pil (172) 40/172
orfS 7465-7779 104 Tail protein P2 phage E (91) 35/80
orf9 7983-8330 115 No homology
orflO 8332-8769 145 Tail protein P2 phage U (159) 47/129
orfl! 8769-10007 412 Tail protein P2 phage D (387) 50/374
orfl 2 10190-10999 (-) 269 No homology
o ifl3 11031-11303 (-) 90 No homology
orfl 4 11391-11801 (-) 135 No homology
orfl 5 11819-12337 (-) 172 No homology
orfl 6 12341-13084 (-) 247 Cl repressor protein D3 phage cl (223) 29/222
orfl? 13151-13363 70 Cro protein 0 3  phage cro (73) 32/49
orfl 8 13347-13631 91 Recombination protein c2 phage e l 5 (179) 32/52
orfl 9 13462-13707 {-) 81 Not known 03  phage orf56 (38) 38/54
orf20 13727-13897 (-) 56 No homology
orfZl 13840-14112 90 No homology
orf22 14195-14527 110 Transcription regulator Mu phage ner (75) 31/58
orf23 14540-14833 97 No homology
or£24 14985-15227 80 No homology
orf25 15224-15556 110 No homology
crf26 15553-17913 786 DNA replication P2 phage A (586) 37/424
orf27 17926-18258 77 No homology
crf28 18258-18710 150 SSB protein A l l 8 phage ssb (160) 33/159
orf29 18721-19053 110 predicted 17.3 kDa protein 029  phage gp55 (151) 40/70
orBO 19043-19312 89 No homology
orfil 19287-19577 96 No homology
orB2 19905-20057 50 No homology
orB3 20307-21377 (-) 356 Integrase P2 phage int (337) 71/251

attP 21546-21499 Phage attachment site
Reverse complementary sequence of Contig 137 (34568bp"34808bp)
cosR 34789-34808 19 P2 cos
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3.2.9.6 Prevalence of RE type A phages in M. haemolytica^ M. glucosida^ and P. 

trehalosi

To determine whether the RE type A phages are present in other isolates of M. 

haemolytica, M  glucosida, and P. trehalosi, PCRs were carried out with 32 M  

haemolytica, six M  glucosida, and four P. trehalosi strains, using the primer pair 

#505/#506 (see Figure 2.34 and Table 2.19). A 700 bp (approximate size) DNA 

fragment was amplified not only in the two M. haemolytica isolates, PH2 and PH376, 

in which RE type A phages has been induced, but also in a further 19 M. haemolytica 

isolates and in one M  glucosida isolate (Figure 3.64, lane 1 and Table 3.31).

However, a 1980 bp (approximate size) o f DNA fragment was amplified in one M, 

haemolytica isolate, PH30 (Figure 3.64, lane 2) and no DNA fragments were 

amplified in the remaining 10 M. haemolytica, five M. glucosida, and four P. 

trehalosi isolates (Figure 3.64, lane 3 and Table 3.31).
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M

122 6

Figure 3.64 PCR assay with primer pair #505/#506. The M. haemolytica isolates 

in lanes 1 to 3 are as follows: 1, PH2; 2, PH30; 3, PH540. The one Kb DNA marker 

is in lane M.
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4.1 Comparative sequence analysis of nineteen genes of various 

functions of M. haemolytica, M, glucosida, and P. trehalosi

Previous population genetic studies of M. haemolytica, M. glucosida, and P. trehalosi, 

based on MLEE, provide an evolutionary framework with which to compare the 

evolution of selected genes (Davies et al., 1997a; 1997b). The previous study 

(Davies et al., 1997a) indicates that distinct evolutionary lineages of M. haemolytica 

are differentially adapted to cattle and sheep. Comparative sequence analysis has 

been shown to be an effective method of understanding the evolution of bacterial 

species (Field et at., 1999; Kondrashov, 1999; Spratt & Maiden, 1999).

Comparative sequence analysis of the leukotoxin operon of M. haemolytica has 

shown that host switching, together with horizontal DNA transfer and recombination, 

have played important roles in the evolution of the leukotoxin and associated proteins 

(Davies et al., 2001; 2002).

In the present study, comparative sequence analyses of nineteen genes of various 

functions were carried out in M. haemolytica to investigate in further detail the roles 

of host switching, horizontal DNA transfer, and recombination in the evolution of M. 

haemolytica. The corresponding genes were also analysed in the closely related 

species M. glucosida and P. trehalosi, previously shown to be the origin of leukotoxin 

DNA in isolates of M. haemolytica (Davies et al., 2001; 2002).

4.1.1 Comparative sequence analysis of genes encoding DNA repair and 

recombination enzymes {recA)

The nucleotide and inferred amino acid sequence analysis of recA (Figure 3.1) 

indicated that this gene is highly conserved in M. haemolytica and there was no
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protein is involved in many important functions related to cell viability including 

recombination and DNA repair (Kowalczykowski et a l,  1994; Radman et al., 2000)

glucosida has diverged from M. haemolytica, and P. trehalosi is further diverged from 

both M. haemolytica and M. glucosida (Davies et al., 1996).

4.1.2 Comparative sequence analysis of genes encoding metabolic enzymes {aroA, 

asd, galE, gap, gnd, g6pd, mdh, mtlD, and pmm)

Genes encoding metabolic enzymes are subject to either neutral or purifying selection 

since variations in these genes have no advantage or even lead to fatal consequences 

(Musser, 1996). This was also the case for metabolic enzyme genes of M. 

haemolytica. The aroA, asd, galE, gap, gnd, g6pd, mdh, mtlD, and pmm  genes of M. 

haemolytica have low dN values (0 .0 0  to 0.60) due to purifying selection based on 

functional constraint. The asd, gnd, g6pd, and mtlD genes also have very low ds 

values (0.26 to 0.45). This supports the view that synonymous substitutions are also 

subject to purifying selection due, for example, to codon bias (Jordan et a l, 2002).

The aroA, gap, mdh, and pmm  genes of M. haemolytica have high ds values (2.93 to 

9.44) but nucleotide sequence analysis of these genes indicates that this variation is 

due to horizontal DNA transfer and recombination. The high djds values of aroA 

(12.61), gap (58.69), mdh (28.9), and pmm (15.73), in particular, indicate that 

purifying selection is acting on these genes and constraining amino acid changes.

evidence of recombinational exchange. This is not surprising because the RecA

and is highly conserved within diverse bacterial species (Karlin et al., 1995). The :
Ï

recA tree topology agrees with 16S rRNA sequence analysis which shows that M.

y

Because the aroA, gap, and pmm genes showed evidence of recombination in the 

preliminary analysis of 12 isolates, a total 32 M. haemolytica, six M. glucosida, and
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four P. trehalosi isolates were examined. The mdh gene showed limited evidence of 

recombination in the preliminary analysis of 12  isolates and additional isolates were 

not examined.

In the case of aroA, isolates of ETs 10 to 14 and ET 18 {aroA3-lyp& alleles) contain 

an almost identical recombinant segment that has been derived from an unknown 

source (Figure 3.3). The donor could not be identified, but it must be a closely 

related species because the recombinant segment is less divergent than the 

corresponding region of P. trehalosi. Since isolates of ETs 10 and 11 (MLEE 

lineage A2), 12 to 14 (MLEE lineage B), and 18 (MLEE lineage B) are distantly 

related, the recombinant segment probably indicates a ’hot spot' region which is 

susceptible to horizontal DNA transfer and recombination. This recombinant 

segment acts as a donor for a second recombinant event, which occurred in isolates of 

ETs 19 to 22 {aroAl.l).

In the case of gap, the identical recombinant segments in M. haemolytica isolates of 

ETs 19 to 22 {gap3.1) have most likely been derived from the same source, M. 

glucosida (Figure 3.9). Since isolates of ETs 19 to 22 are closely related, the 

common recombinant segment probably reflects a common origin rather than a 'hot 

spot' region. In addition, M. glucosida isolates of ETs 10 (PH574, gap4.1) and 16 

(PH290, gap2.4) contain recombinant segments or entire genes that are probably 

derived from M. haemolytica, suggesting that interspecies recombination has also 

occurred in this gene.

In the case of pmm, distantly related isolates of ETs 5 (MLEE lineage A l), 6  to 11 

(MLEE lineage A2), and 18 (MLEE lineage B) have very similar sequences (pmm4~ 

type alleles) that have numerous nucleotide sites in common with the pmm3-typG
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alleles of M  glucosida (Figure 3.19). This suggests that/?mm4-type alleles may
I

originally have been derived, by assortative and/or intragenic recombination, from M. I

glucosida isolates. In addition, the unusual divergent sequences of pmm (pmmS.l) 

as well as mdh (mdh2.1) in isolate PH588 suggests that this isolate is more susceptible %

to horizontal DNA transfer and recombination than other M. haemolytica isolates.

:
Since the Gnd, G6 pd, Mdh, and MtlD enzymes have been used in the previous MLEE

•i
Study of M. haemolytica (Davies et al., 1997a), their MLEE allele types were 

compared with the nucleotide and inferred amino acid sequence types of the 

corresponding genes. In particular, the mtlD gene of additional isolates of M. 

haemolytica and M, glucosida that showed variation in the MLEE study were 

sequenced. The MLEE allele types of each enzyme reflect the nucleotide and amino 

acid sequence variations, but MLEE analysis was less discriminating than nucleotide 

and amino acid sequence analysis. I

In conclusion, intra- and interspecies recombinational exchanges have not occurred 

frequently in the metabolic enzyme genes (as they have in surface-exposed protein 

genes). Nevertheless, they are important mechanisms for promoting allelic diversity 

in certain metabolic enzyme genes of M. haemolytica. However, amino acid 

replacement within these genes is highly constrained due to strong purifying selection.

The low rate of recombination within the majority of housekeeping enzyme genes 

suggests that the dendrogram generated by the MLEE data provides an accurate 

indication of the phylogenetic relationships of M. haemolytica isolates. This is also 

indicated by the fact that the tree topology based on the concatenated sequences of 

seven highly conserved genes (Figure 3.46) is very similar to that based on MLEE 

(Figure 2.1). Low rates of recombinational exchanges in metabolic enzyme genes 

are also seen in other clonal bacterial populations such as Salmonella and E. coli
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(Boyd et al., 1994; Nelson & Selander, 1992). However, frequent recombination in 

housekeeping enzyme genes has been described in non-clonal bacterial populations 

such as Neisseria species (Feil et al., 1995; Feil et al., 1996; Zhou et al., 1997).

4.1.3 Comparative sequence analysis of genes encoding secreted proteins igcp)

The gap gene was shown to be highly conserved in M. haemolytica because only two 

nucleotide and two amino acid polymorphic sites were found (Figure 3.21). This 

finding is clearly very different from another secreted protein, the leukotoxin, which 

is highly divergent and has a complex mosaic structures due to extensive horizontal 

DNA transfer and intragenic recombination (Davies et al., 2001 ; 2002). In addition, 

the M. haemolytica bovine serotype A l isolate PH2 and the M. glucosida isolate 

PH344 have identical Gcp amino acid sequences and the P. trehalosi isolate PH246 

has a similar Gcp amino acid sequence (8 8  % identity) (Figure 3.2IB). Previous 

studies have shown that M. glucosida possesses the gcp gene but has no Gcp activity, 

whereas P. trehalosi has no gcp gene or Gcp activity (Abdullah et a l, 1990; Lee et al., 

1994; Watt et al., 1997). However, a high percentage of amino acid identity (76 to 

100 %) was also detected in Gcp in various members of the Pasteurellaceae (Table 

3 .2 ) and may reflect an important common role for this protein in bacterial 

pathogenesis.

4.1.4 Comparative sequence analysis of genes encoding periplasm-associated 

proteins (plpA,plpB,plpC, sindplpD)

The three lipoprotein genes, plpA, plpB, and plpC, are highly conserved among nine 

M. haemolytica isolates. In contrast, the pip A, plpB, and plpC  genes of
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M. haemolytica isolate PH 196 have diverged from the con’esponding genes of other 

M. haemolytica isolates due to a large recombinant segment derived from M. 

glucosida. However, the high djd^ values of plpA (97.3), plpB  (20.4), and plpC  

(19.7) of M. haemolytica suggest that amino acid replacements are strongly 

constrained by purifying selection.

Although the plpA, plpB, and plpC  genes of M. haemolytica and M. glucosida were 

successfully amplified and sequenced, only the plpA gene was amplified in P. 

trehalosi. The other two genes could not be amplified in P. trehalosi despite many 

attempts. This suggests that P. trehalosi only contains the plpA gene. This 

situation is common in other members of the Pasteurellaceae which also do not 

contain plpB and plpC  (Table 3.2). Of seven selected members (Table 3.2) of the 

Pasteurellaceae, only M. haemolytica and A. pleuropneumoniae contain contiguous 

pip A, plpB and plpC  lipoprotein genes whereas the remaining species contain only a 

single lipoprotein gene that is similar to pip A.

Sequence analysis of the fourth lipoprotein gene, plpD, indicates that this gene is also 

highly conserved in M. haemolytica with low ds (0.16) and d^ (0.35) values. The 

location of PlpD in the cell wall is not known, but it is probably located in the 

periplasmic space since the C-terminal end of PlpD has significant identity to the 

corresponding periplasm-spanning region of OmpA (Pautsch & Schulz, 1998). In 

addition, the N-terminal end of PlpD contains typical lipoprotein sequences (Nardini 

etal., 1998).

Cooney & Lo (1993) examined the inferred amino acid sequences of PlpA, PlpB, and 

PlpC and suggested that all three lipoproteins should be localized to the inner :!

membrane in spite of a high antibody response to these proteins. They explained
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that the three lipoproteins may be released as a result of cell lysis or membrane 

turnover and stimulated an antibody response due to their highly immunogenic nature 

(Cooney & Lo, 1993). Lipoproteins are exti'emely immunogenic because ester- 

linked fatty acids aie located at the amino-terminal end of the lipoproteins (Melchers 

et ah, 1975). Based on these views, it seems reasonable that the PlpA, PlpB, PlpC, 

and PlpD proteins are highly conserved in M. haemolytica because there is no 

selective pressure driving variation of these proteins from, for example, the immune 

system.

4.1.5 Comparative sequence analysis of genes encoding outer membrane 

proteins (ampA, tbpB, tbpA, and wza)

In contrast to the various genes described above the surface-exposed protein genes, 

ompA, tbpB, tbpA, and wza, are highly divergent due to extensive recombinational 

exchanges. The patterns of amino acid variation in different regions of these 

proteins vary, indicating that different regions are under different selection pressures. 

Presumably, this variation in related to different structures and functions. Therefore, 

the amino acid diversity of different proteins depends not only on the degree of 

nucleotide diversity generated by recombination but also on evolutionary constraints 

imposed by the function of the encoded gene product. In general, conserved amino 

acid regions correspond to important structures that are maintained by functional 

constraint (purifying selection), whereas highly variable amino acid regions reflect 

diversification that is in some way advantageous to the organism.

4.1.5.1 Heat modifiable outer membrane protein gene (ompA)

Nucleotide variation of ompA. The ompAl- and ompA2~typQ alleles are associated
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exclusively with bovine and ovine isolates of M. haemolytica, respectively, and have 

very different nucleotide sequences (Figure 3.27). There was no evidence that 

intragenic recombination has occuned between these two subclasses. However, the 

association of identical, or nearly identical, ompAl- and o/?%pA2-type alleles with 

divergent lineages of M. haemolytica clearly suggests that assortative (entire gene) 

recombination has been an important factor in the evolution of ompA in these isolates 

(Table 3.20). In contrast, the ompA4-\.ypQ alleles associated with M. haemolytica 

isolates of ETs 12 to 15 (serotypes A7 and A13) have recombinant segments (green) 

that have probably been derived from M. glucosida.

Molecular evolution of OmpA in relation to structure and function. Comparison 

with secondaiy structure prediction models of the H. influenzae OmpA protein (Webb 

& Cripps, 1998) and with 3D structural models of the E. coli OmpA protein (Arora et 

al., 2001; Pautsch & Schulz, 1998; Pautsch & Schulz, 2000; Webb & Cripps, 1998) 

indicate that the transmembrane domain of OmpA in M. haemolytica and M. 

glucosida consists of eight membrane-spanning regions and four relatively long, 

mobile, hydrophilic surface-exposed loop regions (Figure 3.29). Sequence analysis 

of the ompA gene of M. haemolytica and M. glucosida indicates that different regions 

of the gene have different nucleotide and amino acid diversity. The four surface- 

exposed loop regions are highly variable, whereas non-loop regions are highly 

conserved. Different selection pressures acting on the loop and non-loop regions 

account for this variation. The djd^  values of < 1 (0.34 to 0.77) for the surface- 

exposed loop regions indicates that diversifying selection is acting on these parts of 

the molecule. In contrast, amino acid replacement is highly constrained within the 

non-loops regions {dsld^ = 35.17) because these parts of the molecule correspond to 

the membrane-spanning and periplasmic domains and cannot tolerate excessive amino 

acid change. Similar patterns of nucleotide and amino acid diversity have also been
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described in other OmpA proteins (Diiim et ah, 1997; Yuan et al., 1989).

However, the OmpA protein of M. haemolytica is the first in which a host-specific 

pattern of sequence variation has been described. The exclusive association of the |

OmpAl- and OmpA2-type proteins with bovine and ovine isolates of M. haemolytica, 

respectively, together with evidence that the ompAl- and ompA2~iyp& genes have 

undergone horizontal transfer between isolates of divergent phylogenetic lineages, 

indicates that OmpA is under strong selective pressure from the host and plays an 

important role in host-pathogen relationships. It has been shown that the OmpA 

proteins of other pathogens function as ligands, are involved in binding to specific 

host cell receptor molecules, and play a role in adherence and colonization (Dabo et 

aL, 2003; Hill et aL, 2001; Millman et al., 2001; Prasadarao, 2002; Reddy et ah,

1996; Torres & Kaper, 2003). In view of this, it is proposed that the four surface- 

exposed loops of the M. haemolytica OmpA protein are involved in binding to host- 

specific receptors. This would account for the variation in the surface-exposed loop 

regions between the bovine OmpAl-type and ovine OmpA2-type proteins and also for 

the amino acid conservation within each class. Clearly, the surface-exposed loops of 

OmpA need to be different in bovine and ovine isolates if cattle and sheep have 

different receptor molecules, but they would also need to be conserved within each 

class if they are involved in binding to specific bovine (OmpAl-type) or ovine 

(OmpA2-type) receptor molecules. The locations of the four hypervariable domains,

HVl to HV4, at the distal ends of the corresponding loops (Figure 3.30) provide 

further evidence to support the hypothesis that these regions are involved in receptor 

recognition and binding. Confirmation of this hypothesis will require the production 

of genetically modified isolates and the development of appropriate in vitro adherence 

assays. In a similar way, receptor binding of the variable loop regions of the related 

Opa protein determines tissue tropism in Neisseria (Bos et ah, 1999; Popp et aL,
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1999; Virji et a l, 1999).

jP. trehalosi produces two OmpA homologs. The present study has demonstrated i||

that P. trehalosi produces two OmpA homologs which are encoded by different 

tandemly arranged genes, ompA' and ompA” (Figure 3.32). In contrast, M. 

haemolytica and M. glucosida produce only one OmpA protein. A retrospective 

examination of the OMP profiles of a wide range of P. trehalosi isolates (Davies &

Quirie, 1996) indicated that the expression of two OmpA homologs is coimnon in this 

species. However, it is not unusual in Gram-negative organisms since the presence 

of two OmpA homologs has been described in Aeromonas salmonicida (Costello et al.,

1996) and Haemophilus ducreyi (Klesney-Tait et al., 1997). It seems likely that a 

common underlying mechanism is responsible for generating tandem ompA genes in 

certain bacterial species and that the expression of two OmpA homologs provides a 

selective advantage to these organisms. The two OmpA homologs of P. trehalosi 

have significant amino acid variation in their N- terminal regions, particularly in the 

surface-exposed regions, whereas the C- terminal regions that are located in the 

periplasmic membrane are highly conserved (Figure 3.33). This is similar to the two 

OmpA proteins of A. salmonicida and H. ducreyi (Costello et al., 1996; Klesney-Tait =

et al., 1997). Whether the differences in the surface-exposed loops of the two OmpA !

proteins reflect functional differences during pathogenesis remains to be determined.

It has been suggested that the two ompA genes of A. salmonicida and H. ducreyi have 

arisen by gene duplication (Costello et al., 1996; Klesney-Tait et al., 1997). Based 

on the relatively low level of homology between the two OmpA proteins of A. 

salmonicida, Costello et al. (1996) concluded that such a gene duplication event 

occurred in the distant evolutionary past. However, the data presented here suggest 

an alternative possibility. The presence of very different ompA-type alleles in
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isolates PH6 8 , PH246, and PH252 (ompAS.l to 8 J)  compared to that in isolate PH254 

{ompA9J), and the occurrence of very similar ompA "-type alleles in the same four 

isolates {ompAlO.l to 10A), indicate that one or other, or both, of the ompA8- or 

ompA9-typQ alleles has been acquired by horizontal transfer (Figure 3.28). The low 

frequency of occurrence of the ompA9J allele suggests that this allele has probably 

replaced an ompA8-typQ allele, not vice versa, by horizontal gene transfer. In 

addition, the low level of similarity between the ompA' and ompA" alleles, in contrast 

to the high degree of similarity among the ompA8- and ompA70-type alleles, is 

consistent with acquisition by horizontal transfer rather than by gene duplication. If 

one of the ompA genes had arisen by duplication in the distant past, we would also 

expect to see more divergence among alleles representing each of the ompA types, but 

this is not the case. Therefore, horizontal DNA transfer, rather than gene duplication, 

might account for the second ompA gene in this, and probably other, bacterial species.

4.1.5.2 Transferrin binding protein genes {tbpB and thpA)

Nucleotide variation of tbpB and tbpA, The contiguous transferrin-binding protein 

genes, tbpB and tbpA, are highly divergent in M. haemolytica due to extensive 

horizontal DNA transfer and recombination (Figures 3.41 and 3.42). The diversity 

of these two genes varies among the different groups of M, haemolytica (Figure 3.41).

For example, M. haemolytica isolates of groups 1 to 4 have similar tbpB and tbpA !

genes except for short recombinant segments due to intragenic recombination. M. 

haemolytica isolates of group 5 have different tbpB genes from M. haemolytica 

isolates of groups 1 to 4 because they have been derived by assortative recombination 

from M. glucosida isolates of groups 6  to 8 . Bovine M. haemolytica A2 isolates of 

groups 9 (ET 18) and 10 (ETs 17 and 21) have divergent tbpB genes that have been 

derived from unknown sources (Figures 3.41 and 3.42). The tbpB tree topology
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suggests that the group 9 and 10 donors are less diverged from M. haemolytica 

isolates of group 1 than are those of P. trehalosi isolates (Figures 3.36). Ovine M. 

haemolytica isolates of groups 12 and 13 (ETs 16, 19, 20, and 22) have extremely 

divergent tbpB genes {tbpBô.l to tbpB6.3) that have been derived from unknown 

sources and are, surprisingly, more divergent than P. trehalosi isolates (Figure 3.36). 

However, these isolates have much less nucleotide diversity in tbpA (3.6 %) than in 

tbpB (37.5 %), with respect to isolates of group 1, suggesting that the tbpA gene has 

been derived from isolates that are more closely related to M. haemolytica isolates of 

group 1 than to the donors of the tbpB gene (Figures 3.41 and 3.42). The tbpA gene 

of P. trehalosi isolates were also shown to contain recombinant segments that have 

been derived from M. glucosida (Figure 3.38).

Molecular evolution of TbpB and TbpA in relation to structure and function.

The TbpB protein of M. haemolytica, which is thought to be fully surface-exposed 

(Gray-Owen & Schryvers, 1996), has extremely high amino acid diversity (49.8%) 

and a relatively low djd^, ratio (4.53) throughout the protein. This suggests that 

heterogeneity of TbpB has a selective advantage to the organism, such as evasion of 

the host immune system. The TbpB protein of M. haemolytica serotype A l isolates 

appears to be readily accessible to antibody at the cell surface (Potter et al., 1999). 

The comparative sequence data indicate that TbpB heterogeneity in M. haemolytica is 

due to extensive horizontal DNA transfer and recombination (Figure 3.35). In 

particular, the tbpB genes of bovine and ovine A2 isolates (except for the ovine 

isolates of ET 21, group 4) (Figure 3.41) have been acquired from different unknown 

sources, likely to be species more divergent than M. glucosida (groups 9 and 10) or P 

trehalosi (groups 12 and 13). Recombinational exchange is thought to confer a 

selective advantage on pathogens by generating antigenic variation in cell surface 

antigens (Hobbs et al., 1994; Li et al., 1994; Mooi & Bik, 1997; Rich et al., 2001;
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Spratt et al., 1992). Surface-exposed protein genes of M. haemolytica such as ompA 

(this study), tbpA (this study), and wza (this study), and secreted protein genes of M. 

haemolytica such as IktA (Davies et al., 2001), show evidence of recombinational 

exchange. However, M. haemolytica TbpB (49.8%) has much higher amino acid 

variation than OmpA (7.4%), TbpA (18.3%), Wza (14%), and LktA (16%). In 

contrast to TbpA, TbpB is not essential for the internalisation of transferrin-bound 

iron (Anderson et al., 1994). In bovine isolates of P. multocida it has been shown 

that TbpA alone is capable of mediating iron acquisition from bovine transferrin 

without the involvement of TbpB (Ogunnariwo & Schryvers, 2001). Nevertheless, 

most pathogens produce TbpB as well as TbpA because TbpB plays a role in 

increasing the efficiency and specificity of the transferrin receptor (Anderson et al., 

1994; Boulton et al., 1998; Gray-Owen et al., 1995; Irwin et al., 1993).

As described previously (Ogunnariwo et al., 1997), the TbpB protein of M. 

haemolytica has several identical amino acid sequences in both the N- and C-terminal 

halves of the molecule (Figure 3.37). This indicates that TbpB has a symmetrical 

structure, as has transferrin (Tf). Tf is composed of two homologous lobes (C and N 

lobes) and each lobe can bind a single Fe molecule (Baker & Lindley, 1992).

M'szarin et al. (1995) proposed that the TbpB receptor probably evolved in parallel to 

Tf in order to bind both Tf lobes (Mazarin et al., 1995). This hypothesis has been 

reinforced by the binding of both lobes of Tf by TbpB in M. haemolytica serotype A l 

(Ogunnariwo et al., 1997) as well as other bacteria (Alcantai'a & Schryvers, 1996; 

Boulton et al., 1999; Renauld-Mongenie et ah, 1997). Recently, two domains 

involved in transferrin binding were identified in the N- terminal half of TbpB from 

the meningococcal isolate B16B6 (Renauld-Mongenie et al., 2004). The 

coiTesponding domains were also identified in the conserved regions of the inferred 

amino acid sequences of TbpB in M. haemolytica, M. glucosida, and P. trehalosi
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suggesting a general functional role for these domains. Furthermore, single amino 

acids in each domain, previously identified by site-directed mutagenesis in N. 

meningitidis (Renauld-Mongenie et ah, 2004), were conserved in all three species.

Consistent with other bacterial TbpA proteins, M. haemolytica TbpA proteins are less 

divergent than the TbpB proteins and have similar amino acid sequences to the TbpA 

proteins of M. glucosida and P. trehalosi (Figure 3.40). This is because TbpA is a 

transmembrane protein and is less surface-exposed than TbpB (Gray-Owen & 

Schryvers, 1996). In addition, TbpA is more important for transferrin-iron 

acquisition than TbpB (Cornelissen & Sparling, 1996; Comelissen et al., 1997; Rokbi 

et a l, 1993). To understand the structure of TbpA in M. haemolytica, M. glucosida, 

P. trehalosi, sequence alignments and secondary structure predictions were carried 

out in relation to the previously proposed gonococcal TbpA model (Boulton et a l, 

2000). The N-tenninal plug domain and the C-terminal p-barrel domain were 

identified in the TbpA proteins of M. haemolytica, M. glucosida, and P. trehalosi 

(Figure 3.40). The C-terminal p-barrel domain is composed of 11 surface-exposed 

loop regions and 21  membrane-spanning regions (the last and 2 2 nd p strand is 

missing because the sequence was partial). The plug occludes the pore formed by 

the barrel until transferrin binds the TbpA from outside the bacterial cell (Ferguson & 

Deisenhofer, 2002; Usher et a l, 2001).

As expected, most amino acid diversity occurred in the surface-exposed loop regions, 

but two additional variable segments were identified in the plug and membrane- 

spanning regions, respectively. The first additional variable segment is located 

within the plug region associated with TbpA of ovine M. haemolytica isolates of 

groups 12 (tbpA4.1) and 13 (tbpA4.2) and P. trehalosi isolates of group 11 {tbpAS.l to 

tbpA3.3) and is due to its location adjunct to TbpB (Figure 3.40). These
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hypervariable sequences in the N-terminal plug region were continuations from TbpB 

and interestingly stopped just before the TonB box. This suggests that amino acid 

replacement is highly constrained within the TonB box that is required for interaction 

with TonB. The second additional variable region (V2) is located in a membrane- 

spanning domain, but the reason for this is not clear.

Recently, several functional domains were identified among eleven surface loops in 

the gonococcal TbpA protein (Boulton et al., 2000). Loops 3, 4, 5, and 8 were 

associated with transfemn binding, and loops 2, 9, and 11 were important for TbpA- 

TbpB interaction. In the case of the M. haemolytica TbpA protein, the transfenin- 

binding domains corresponding to loops 3,5, and 8 have high amino acid diversity 

(23.8% to 28.1%) and low dsld^miios (3.5 to 6.2), whereas loop 4 has relatively low 

amino acid diversity (15.7%) and high dsfd^ ratio (26.6). Loop 4 is homologous to 

the coiTesponding regions of other bacterial TbpA proteins (Cornelissen et al., 2000) 

suggesting that loop 4 is likely to be constrained by the common function of 

transferrin binding. Bovine M. haemolytica isolates of group 1 and ovine M. 

haemolytica isolates of groups 2 to 5 have identical, or almost identical, sequences in 

these transferrin binding domains (Figures 3.41 and 3.42). This suggests that the 

transferrin binding receptors of bovine M. haemolytica serotype A l isolates of group 

1 and ovine M. haemolytica isolates of groups 2 to 5 do not discriminate between 

ovine and bovine transfemn (Yu et al., 1992), although they are able to discriminate 

between ruminant transferrin and transfemn from other species (Gray-Owen & 

Schryvers, 1993; Ogunnariwo & Schryvers, 1990; Schryvers & Gonzalez, 1990; Yu & 

Schryvers, 1994). However, bovine and ovine M. haemolytica serotype A2 isolates 

may still be able to discriminate between ovine and bovine transferrin because they do 

have sequence variation in the transferrin binding domains.
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In contrast to these transferrin binding domains, TbpA-TbpB interaction domains |
I

(loops 2, 9, and 11) are relatively conserved (16.7 to 17.2%) and have relatively high 

djd^ ratios (9.8 to 17.0) among M. haemolytica, M. glucosida, and P. trehalosi.

These loop regions are also more homologous with the corresponding loop regions of 

other bacterial TbpA proteins than are other loops (Cornelissen et al., 2000), 

indicating conserved TbpA-TbpB interactions. Indeed, there is evidence for 

conserved interactions between heterologous receptors from different bacterial species 

such as the human pathogens N. meningitidis and H, influenzae, and the porcine 

pathogen A. pleuropneumoniae (Fuller et a i,  1998; Gray-Owen et al., 1995; Irwin et 

a l, 1993). The most conserved loop among M. haemolytica, M. glucosida, and P. 

trehalosi TbpA was loop 6 . The low amino acid diversity (4.5%) and high ds/dn 

ratio (30.8) clearly suggests that amino acid replacement is highly constrained within 

this loop, but its function has yet to be identified.

Vaccine candidates. Recombinant TbpB from bovine M, haemolytica serotype A l 

has previously been shown to be capable of inducing an effective immune response in 

cattle (Potter et a l,  1999). In addition, the antibodies produced in response to this 

recombinant TbpB appeared to cross-react with the TbpB from several different 

serotypes, suggesting that recombinant TbpB bovine M. haemolytica serotype A l may 

serve as a broadly crossreactive vaccine (Potter et a l, 1999). Nucleotide sequence 

analysis of tbpB from different isolates of M. haemolytica indicates that the inferred 

amino acid sequence of TbpB in isolates of groups 1 and 4, including the major 

bovine A l (ET 1) and ovine A2 (ET 21) lineages, respectively, is relatively conserved 

(0.2 to 5.9 % amino acid diversity). However, the corresponding sequence of TbpB 

in M. haemolytica isolates of group 13, including another major ovine A2 lineage (ET 

22), is highly diverged from TbpB in M. haemolytica isolates of groups 1 and 4 (41.8 

to 42.8% amino acid diversity). Therefore, a vaccine based on TbpB from a single
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isolate is highly unlikely to protect the host from all other M. haemolytica isolates.

In addition, continuous recombinational exchanges in tbpB may limit TbpB utility as 

a vaccine antigen for long periods.

4.1.5.3 Capsule transport protein gene (wza)

Nucleotide variation of wza. The wza gene of M. haemolytica was selected because 

it is located within the conserved capsular transport region but is adjacent to the 

capsular biosynthesis region (Figure 1.2) (Roberts, 1996). The homologous gene 

(ctrA) of N. meningitidis was shown to be conserved among different meningococcal 

serogroups (Frosch et at., 1992). However, nucleotide sequence comparison of the 

wza gene from M. haemolytica isolates representing different lineages indicates that 

the gene is highly divergent in M. haemolytica due to frequent intragenic and 

assortative (entire gene) recombinational exchanges

The sequence diversity pattern con'elates strongly with the capsular types of the 

isolates (Figures 3.43 and 3.44). For example, class I sequences are associated 

exclusively with M. haemolytica serotypes A l and A6 , class II with M. haemolytica 

serotypes A2, A5, A7, and A12, class III with M. haemolytica serotypes A14 and A16 

and M. glucosida serotype A ll , class IV with M. haemolytica serotype A13, and class 

V with M. haemolytica serotype A8 and A9 and untypeable M. glucosida (UG3).

These findings suggest that wza diversity in M. haemolytica is related to the location 

of wza next to the highly polymorphic capsule biosynthetic region (Figure 1.2) that is 

responsible for the different capsular types (Lo et al., 2001). Similarly kpsS and 

kpsT, which are located in the conserved capsule transport (region 1) and 

phospholipid substitution (region 3) regions of group I I E. coli capsule clusters, 

respectively, showed a marked divergence at the C -termini (Pavelka et at., 1994; Petit
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et al., 1995). Since the 3' ends of kpsS and kpsT (complementary gene) are located 

at the junctions between regions 1 and 2 and 2 and 3, respectively, the divergence of 

these genes is thought to have arisen through recombination involving the 

polymorphic capsule biosynthetic region. In addition, a housekeeping gene, gnd, has 

also been shown to be highly variable due to its location next to the highly 

polymorphic rfb genes that are involved in LPS biosynthesis and are subject to 

diversifying selection (Bisercic et a l, 1991; Nelson & Selander, 1994; Thampapillai 

et al., 1994).

Molecular evolution of Wza in relation to structure and function. In Gram- 

negative bacteria, a complex capsule transport system exists to allow the transport of 

high molecular weight capsular polysaccharide products across both the inner and 

outer membranes of the cell wall (Paulsen et a l, 1997; Whitfeld & Roberts, 1999).

As a member protein of this system, the wza gene was highly divergent in M. 

haemolytica and M. glucosida due to a lai'ge number of recombinational segments 

derived from each other or from unknown sources (Figure 3.43). However, most 

amino acid replacement was highly constrained (djd^ of 19.07 in M. haemolytica and 

20.50 in M. glucosida, respectively), suggesting an important function for Wza in the 

translocation of capsular polysaccharide molecules across the outer membrane 

(DeRosa et a l, 2000). These data also suggest that the high degree of nucleotide 

diversity observed in the wza gene of M. haemolytica and M. glucosida is primarily 

due to its close proximity to the capsule biosynthetic region and is not necessarily 

because of positive selection acting on Wza. In fact, comparative sequence analysis 

of Wza in other Gram-negative bacteria indicates that the Wza protein is highly 

conserved (Paulsen et al., 1997; Rahn et al., 1999; Whitfeld & Roberts, 1999).

Therefore, different capsule types share a common mechanism of export.
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The amino acid sequence of Wza in M. haemolytica and M. glucosida was 

particularly conserved in the central region {dsfd̂ i ratio of 43.84) because this region of 

the protein is involved in capsular polysaccharide transport (Figure 3.45). In 

contrast, amino acid replacement is less constrained in the three variable regions at the 

N- and C terminal ends of the protein {dJdifXdAios of 3.93 to 5.91), indicating that 

these parts of the molecule have less structural importance. Electron microscopy of 

the E. coli Wza protein has shown that the protein is morphologically similar to the 

secretin protein family which is composed of the C-terminal domain embedded in the 

outer membrane and the N-terminal domain located in periplasm (Genin & Boucher, 

1994; Russel, 1998). Although it is not clear whether the Wza protein of M. 

haemolytica and M. glucosida has surface-exposed loop regions, the pattern of 

diversity in Wza is clearly different from that of OmpA and TbpA which contain long, 

surface-exposed loop regions (Figures 3.29 and 3.40).

4.1.6 Emergence of new M. haemolytica pathogenic isolates

The bovine A1/A6 isolates of ET 1 and the ovine A2 isolates of ETs 21 and 22, which 

are responsible for the majority of bovine and ovine disease, respectively (Davies et 

ah, 1997a), may have emerged relatively recently. Insufficient time has elapsed for 

equilibrium to have been achieved between pathogen and host. It is proposed that 

host switching and acquisition of specific genes necessary for adaptation to a new 

host has led to the emergence of these pathogens (Figure 4.1). For example, bovine 

A1/A6 isolates of ET 1 possibly evolved from an ovine ancestral serotype A l2 isolate 

of ET 1, since they have identical electrophoretic types (Davies et al., 1997a) and 

similar aroA, gap, and pmm alleles to those of the A12 isolate. An ovine ancestral 

isolate may have acquired the serotype Al or A6 capsular genes from an ovine Al or 

A6 isolate. A common origin for bovine and ovine Al and A6 isolates is also
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suggested by the possessions of very similar IktA (Davies et al., 2001), tbpA, and wza 

alleles. This isolate may then have crossed into cattle and adapted to the bovine 

environment by acquiring bovine-specific genes, such as ompA, from bovine serotype 

A2 isolates. This may be a relatively recent evolutionary event, since the bovine 

A1/A6 isolates of ETs 1 and 2 have recombinant segments in wza that are identical to 

the corresponding regions of the ovine Al and A6 isolates of ETs 6 to 9 (Figure 3.43, 

wzal.l and wzal.l to wza2.3) and almost identical ompA genes to those of bovine A2 

isolates of ETs 21 and 17 (Figures 3.27 and 3.28, ompAl.l, ompAl.3, and ompAl.5)

On the other hand, the major ovine A2 pathogens (ETs 21 to 22) may have emerged 

from a bovine ancestor similar to serotype A2 isolate of ET 21. Ancestral bovine 

isolates may have crossed into sheep and adapted to the ovine environment by 

acquiring ovine-specific genes such as ompA. Subsequently, they evolved into two 

different ovine serotype A2 pathogen types by acquiring different recombinant 

segments in other virulence genes. As a result, ovine A2 isolates of ETs 21 and 22 

have closely related electrophoretic types (Davies et al., 1997a) and identical 

sequences in the genes aroA2.1, gap3.1, pmml.2, and wza3.4, but they have very 

different sequences in the transferrin binding protein genes (this study) and the 

leukotoxin genes (Davies et al., 2001; 2002), For example, ovine serotype A2 

isolates of ET 21 have tbpBl.8, tbpAl.8, IktAlO.l, and lktBl.2 alleles, whereas ovine 

A2 isolates of ET 22 isolates have tbpB6.2, tbpA4.2, lktA8.1 or lktA8.2, and lktB5.3 

type alleles. Ovine serotype A2 isolates of ET 21 have very different ompA, tbpB, 

tbpA, IktA, IktB, and aroA alleles from bovine serotype A2 isolates of ET 21 although 

they are on the same MLEE lineage.

These data support the previously proposed view that M. haemolytica diversity and 

pathogenicity have been triggered by the transmission of isolates from cattle to sheep
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CHAPTER 4: DISCUSSION

and vice versa, which is probably linked to the domestication of these species (Davies 

et a/., 2001; 2002).

4.1.7 Genetic diversity of M. haemolytica, M. glucosida, and P. trehalosi

Calculations of the mean genetic diversity per locus (H) of M. haemolytica, M. 

glucosida, and P. trehalosi (Davies et al., 1997a; 1997b) indicate that M. glucosida {H 

~ 0.485) is more divergent than M. haemolytica {H = 0.297) and P. trehalosi {H -  

0.289). Consistent with these data, P. trehalosi showed the lowest level of diversity 

in most of the genes examined compared to M. haemolytica and M. glucosida (Table

3.3). Davies et al. (1997b) suggested that this could be due to a recent evolutionary 

origin although another possibility was a low effective population size.

However, the four outer membrane protein genes ompA, tbpB, tbpA, and wza of M. 

haemolytica were more divergent than those of M. glucosida and P. trehalosi (Table

3.3). The higher diversity of these genes in M. haemolytica could be explained by 

the ability of this pathogen to infect multiple host species. M. haemolytica is 

frequently recovered from cattle and sheep, whereas M. glucosida occurs mostly in 

sheep, and P. trehalosi occurs only in sheep (Biberstein & Thompson, 1966; Quirie et 

al., 1986). The transmission of M. haemolytica isolates into new hosts has led to the 

acquisition of new genes, such as ompA, tbpB, tbpA, IktA, and IktB, by horizontal gene 

transfer and resulted in rapid diversification of the species. However, the small 

sample size of M. glucosida (six isolates representing ETs 1, 3, 5, 7, 10, and 16) and P. 

trehalosi (four isolates representing ETs 2, 4, 15, and 19), in contrast to the larger 

sample size of M. haemolytica (42 isolates representing different MLEE lineages), 

might also account for lower diversity of these genes in M. glucosida and P. trehalosi, 

although the isolates were selected to represent divergent lineages in each species.
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In particular, the wza gene was sequenced in only four M. glucosida isolates because 

amplification failed in two M, glucosida isolates of (ETs 10 and 16) presumably due 

to primer incompatibility (sequence diversity or absence of the primer site). Thus, 

the wza gene of M. glucosida may be more divergent than that of M. haemolytica.

4.2 Temperate bacteriophages of M. haemolytica, M, glucosida, and F. 

trehalosi

Temperate bacteriophages were studied in M. haemolytica, M. glucosida and P. 

trehalosi because they might be associated with the horizontal DNA transfer and 

recombination events described in the first part of this thesis.

4.2.1 Examination of bacteriophages

Electron microscopy. Temperate phages were shown to be prevalent in M. 

haemolytica. After induction with mitomycin C, electron microscopy indicated that 

24 of 32 M. haemolytica isolates (75 %) produced temperate bacteriophages. In 

contrast, a relatively low rate of lysogenic isolates were associated with M. glucosida 

(one of six) and P. trehalosi (one of four). These findings at least suggests that 

bacteriophages could be responsible for the high levels of recombinational exchanges 

that have occuned in some genes of M. haemolytica rather than those of M. glucosida 

and P. trehalosi. It is well documented that bacteriophages play important roles in 

horizontal DNA transfer in bacteria (Brussow et al., 2004; Canchaya et al., 2003b).

With the exception of phages from M. haemolytica isolates PH 196 and PH786, 

temperate phages from M. haemolytica, M. glucosida, and P. trehalosi belonged to 

common virus families (Van Regenmortel et al., 2000). Phages with long.
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contractile tails are members of the Myoviridae, and phages with long, noncontractile 

tails are members of the Siphoviridae. Within the same family, size differences in 

head and tail assemblies further discriminate between the phages (Table 3.31) and 

suggest that identical phages occur only in closely related isolates, thereby providing 

further support to the evolutionary relationships based on MLEE data. PH8 (ET 6) 

and PH398 (ET 7) phages have identical Siphoviridae phages; PH396 (ET 13) and 

PH484 (ET 14) phages have identical Myoviridae phages. Isolate PH598 (ET 20) 

contains both Siphoviridae and Myoviridae phages; the Siphoviridae phages are 

identical to those of isolates PH292 and PH392 (ET 22), whereas the Myoviridae 

phages are identical to those of isolate PH526 (ET 19)

Phages from M. haemolytica isolates PH 196 and PH786 have short thick tails and 

could not be classified. Their head and tail sizes are similar to phage PRDl of the 

Tectiviridae family (Grahn et al., 2002), but they differ from this phage by being 

lysogenic, having a much larger DNA size, and having detachable tails. Indeed, 

separate forms of heads and tails were more commonly seen by electron microscopy. 

The tail-less heads of this phage are similar to phage-like colicin K (Bradley, 1967) 

but they differ from colicin K by having DNA.

Host range of bacteriophages. Thirteen of 32 M. haemolytica, one of six M. 

glucosida, and one of four P. trehalosi lysates were able to produce a zone of lysis on 

a sensitive indicator isolate (Table 3.32). For M. haemolytica, the plaque assay was 

a less sensitive method for the detection of temperate phages than electron 

microscopy which detected 24 temperate phages. The lower detection rate by plaque 

assay could be explained by a lack of sensitive indicator isolates for temperate phages 

since phages can be detected only if an appropriate host for the phage is available or 

by host cell immunity against similar or identical phages. Appropriate hosts are
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isolates that have compatible phage receptors. The plaque patterns (Table 3.32) 

indicate that sensitive indicator isolates are closely related to the original host isolates, 

and are likely to contain identical phage receptors. In particular, phage lysates from 

isolates PH30 and PH376 produced lysis zones exclusively on serotype Al and A6 

isolates, and phage lysates from isolates PH598, PH470, PH278, and PH392 produced 

lysis zones exclusively on serotype A2 isolates. These findings suggest that capsule 

may act as a phage receptor for these phages. In general, bacteriophages infecting 

encapsulated bacteria produce capsule depolymerase to degrade the capsular 

polysaccharide layer and to reach the cell surface (Hughes et a l, 1998; Pelkonen et a l, 

1992). Phage depolymerase enzymes have shown to be highly specific and subtle 

changes in capsular polysaccharide composition prevent them from degrading the 

polymer (Hughes et a l, 1998).

Surprisingly, phages induced from closely related isolates and having identical RE 

types (types A [PH20 and PH3760], H [PH3960 and PH4840], and I [PH5980, 

PH2920 and PH392<F]) were associated with different indicator isolates (Table 3.32). 

This suggests that phages of the same RE type do not have identical genomes.

Variation in the phage genes encoding the proteins Cro and Cl, which control 

immunity (see section 1.8.6), or phage attachment proteins, may cause the different 

lysis patterns. Alternatively, the lysis zones may be due to other factors such as 

bacteriocins encoded by each lysate. Some bacteriocins are very small and cannot 

be identified by electron microscopy, although they can be induced by mitomycin C 

and produce lysis zones (Bradley, 1967). There is also a possibility that lysis zones 

were caused by mitomycin C-treated cultures. Some indicator isolates may be very 

sensitive to mitomycin C and grow slowly on the spot where the mitomycin C treated 

lysate was dropped since most lysis zones were very faint (Figure 3.55B).
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Restriction endonuclease assays. Although electron microscopy detected 24 M. 

haemolytica, one M. glucosida, and one P. trehalosi lysates containing temperate 

phages, phage DNA was successfully isolated from only 15 M. haemolytica lysates, 

one M. glucosida lysate, and one P. trehalosi lysate. The failure of phage DNA 

isolation in the other isolates could be explained by lower yields of DNA, since there 

was variation in the amount of DNA obtained from the 17 positive samples.

However, another possibility is that some of the phages detected by EM might be 

bacteriocins rather than phages. Bacteriocins are thought to be derived from 

prophage genomes (Bradley, 1967). They are inducible by mitomycin C and have 

typical phage morphology but they lack DNA (Bradley, 1967).

The RE assay detected 11 RE types (RE types A to K) based on restriction enzyme 

patterns among the 17 phage DNA samples (Figure 3.54). There was a conelation 

between RE pattern and MLEE electrophoretic type (ET) because, of five RE types 

(types A, C, G, H, and I) associated with more than one M. haemolytica isolate, the 

same RE type was present in closely related isolates. For example, RE type A was 

associated with bovine serotype Al and A6 isolates of ET 1, RE type C with ovine 

serotype Al isolates of ETs 6 and 7, RE type G with ovine serotype A7 isolates of ETs 

13 and 14, RE type H with bovine serotype A2 isolates of ET 18, and RE type I with 

ovine serotype A2 isolates of ETs 20 and 22.

4.2.2 RE type A phages

M. haemolytica serotype Al and A6 isolates of ET 1 are responsible for the majority 

of bovine disease and their vimlence factors have been well studied (section 1.3). 

However, phages of M. haemolytica have received little attention and only two studies 

have previously reported the induction of temperate bacteriophages from bovine M.
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haemolytica serotype A l isolates (Froshauer et al., 1996; Richards et al., 1985). 

Richards et al. (1985) reported that phages were inducible from 15 bovine M. 

haemolytica serotype Al isolates by UV light. The phages were of two 

morphological types (contracted and noncontracted forms), and none of the phages 

produced lysis zones on the same range of indicator isolates (Richards et al., 1985). 

Froshauer (1996) reported that phages were inducible from 14 bovine M. haemolytica 

serotype Al isolates by mitomycin C or danofloxacin and that phage DNA gave the 

same restriction endonuclease pattern. In the present study, phages induced from 

seven representative bovine M. haemolytica serotype Al isolates were compared to 

each other. They showed significant variation in morphology, host range and DNA 

content. The phages of bovine serotype A6 M. haemolytica isolates were also 

compared with those of bovine serotype Al M. haemolytica isolates (discussed below).

As described previously (Richards et al., 1985), two different morphological types, 

contracted and noncontracted forms which are thought to be Myoviridae and 

Siphoviridae, respectively, were identified in five bovine M. haemolytica serotype Al 

isolates and one bovine M. haemolytica serotype A6 isolate. Richards et al. (1985) 

reported that both phage types were seen together in lysates of the same isolates and 

suggested that the two morphological forms may represent the same phage. The 

addition of 5 mM EDTA increased the concentration of the contracted forms. This is 

clearly different from the present study since two phage types were seen separately in 

different isolates without the addition of 5 mM EDTA (Table 3.33). Only 

noncontracted forms (Siphoviridae) occurred in the lysate of isolate PH2, whereas 

only contracted forms (Myoviridae) occurred in the lysates of isolates PH280, PH560, 

PH30, PH540, PH554, and PH376.

As suggested previously (Richards et al., 1985), phage lysates from bovine M.
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haemolytica serotype Al isolates PH2, PH280, PH540, and PH554 did not produce 

lysis zones on the other A 1 indicator isolates, but phage lysates from bovine M. 

haemolytica serotype A 1 isolates PH26, PH560, and PH30 produced lysis zones on 

several Al indicator isolates (Table 3.34). This suggests that the seven M. 

haemolytica serotype Al isolates selected for phage study represent a more diverse 

range of M. haemolytica isolates than the 14 and 15 isolates previously selected in 

two studies (Froshauer et al., 1996; Richards et al., 1985). The seven M. 

haemolytica isolates (this study) were chosen because they had different LPS or OMP 

types (Table 3.35). Plaque assays with phage lysates from 11 M. haemolytica 

serotype Al and A6 isolates of ETs 1 to 2 on the same range of indicator isolates 

showed six different lysis patterns (Table 3.35). There was a correlation between 

lysis patterns and OMP types suggesting that OMPs might act as receptors for these 

phages. For M. haemolytica isolates of ETs 1 and 2, plaque assays were more 

discriminating than other typing methods since six variants were identified by plaque 

assay whereas only two variants were identified by each of serotyping, LPS typing, 

and MLEE analysis and three variants by OMP typing (Table 3.35).

As suggested previously (Froshauer et al., 1996), restriction endonuclease analysis 

with phage DNA isolated from eight bovine M. haemolytica serotype Al and A6 

isolates revealed that all of the phages had identical RE types (Figure 3.56). This 

suggests that they have very similar, if not identical, phage genomes. This was 

unexpected because variation was detected in their host range and morphologies. In 

particular, the contracted and noncontracted phage types represent different phage 

families, Myoviridae and Siphoviridae, respectively (Van Regenmortel et al., 2000). 

However, there is substantial evidence that phage taxonomy based on morphology 

does not reflect evolutionary relationships because phage genome diversity has been 

influenced by frequent horizontal DNA transfer (Lawrence et al., 2002).
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4.2.2.1 Bacteriophages of bovine M. haemolytica serotype A l isolate PHL213

In view of the likely importance of phages in bovine M. haemolytica serotype Al and 

A6 isolates an attempt was made to identify the genome sequence of the type A 

phages from the published unannotated genome sequence of M. haemolytica isolate 

PHL213. A complete prophage genome sequence was identified from the bacterial 

genome sequence (in three different contigs) and sequence analysis of the prophage 

genome identified putative cos, attL, and attR regions (Figures 3.58 and 3.60). This 

allowed the construction of a hypothetical PHL2130 phage genome (Figure 3.61).

In addition, the six restriction endonuclease profiles of the putative PHL213<F 

genome were identical to the corresponding enzyme profiles of PH20 and provided 

strong evidence that the PHL2130 phage corresponds to the RE type A phage.

The genetic organization (ORFs) of phage PHL2130 was very similar to that of the 

P2 phage of E. coli (Table 3.38 and Figure 3.63). Therefore, the RE type A phages 

of M, haemolytica represent new members of the P2-like phage family. In addition 

to the sequence homology, RE type A phages have hexagonal heads and long 

contractile tails that are very similar to those of P2 phages (Bertani & Six, 1988).

The genome size is also in a similar range to that of the P2 phage family. For 

example, the phage DNA size is about 34.5 kb in PHL2130, 33.5 kb in P2 (GenBank 

accession number NC_001895), 35.6 kb in OCTX (GenBank accession number 

NC„003278), and 32.4 kb in HPl (GenBank accession number NC_001697).

I This study indicates that temperate phages are more common in M. haemolytica 

isolates than they are in M. glucosida and P. trehalosi. This suggests that phages 

may confer a selective advantage to M. haemolytica by carrying virulence factors.
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However, no virulence factors were detected within the prophage genome of 

PHL2130, indicating that this phage does not appear to be involved in the horizontal 

DNA transfer of virulence genes. However, this phage may be involved in the 

transfer of genes that flank the phage genome although this was not investigated.

The remaining 10 RE type phages were not examined. Whether they are involved in 

specialized transduction or generalized transduction remains to be determined.

4,3 General conclusions and further work

Comparative sequence analysis of 19 genes of various functions in M. haemolytica, M. 

glucosida, and P. trehalosi indicates that each gene has varying degree of nucleotide 

sequence diversity. There was no evidence of recombinational exchanges and only 

single site nucleotide substitutions occurred in the recA, asd, galE, gnd, g6pd, mtlD, 

and gcp genes of M. haemolytica and the tree topologies were similar to that based on 

16S rRNA. In contrast, there was evidence of varying degrees of recombinational 

exchanges in aroA, gap, mdh, pmm, plpA, plpB, plpC, plpD, ompA, tbpB, tbpA, and 

wza of M. haemolytica. In particular, the outer membrane protein genes ompA, tbpB, 

tbpA, and wza have undergone recombinational exchanges because they have different 

tree topologies which indicate different evolutionary histories. The transmission of 

M. haemolytica isolates form cattle to sheep and vice versa may have triggered many 

of these recombinational exchanges. Although there was no direct evidence that M. 

haemolytica bacteriophages carry foreign gene segments, the phage induction rate of 

M. haemolytica was much higher than that of M. glucosida and P. trehalosi. This 

corresponds to the fact that horizontal DNA transfer and recombination have occurred 

more frequently in the evolution of M. haemolytica than in M. glucosida and P. 

trehalosi, and strongly suggests that prophages play an important role in the evolution 

of M. haemolytica.
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Further studies will be necessary to determine whether the eleven different RE type 

phages identified in this study are directly involved in the evolution of M. haemolytica. 

Comparative sequence analysis of additional genes such as the capsule biosynthetic 

genes will also contribute to a better understanding of the evolution of M. haemolytica. 

The use of micro-array could also contribute to our understanding of the evolution of 

M. haemolytica.

Inferred amino acid sequence analysis of M. haemolytica OmpA, TbpB, and TbpA 

provides evidence that these proteins are involved in host specificity and virulence. 

Structure and function studies of these proteins will be important to confirm and 

understand virulence and host specificity in these proteins.

M. haemolytica Gcp, PlpA, PlpB, and PlpC, OmpA, and TbpB proteins have 

previously been shown to be protective antigens (Dabo et al., 1994; Potter et al.,

1999; Shewen et al., 2003; Zeng et al., 1999), but little attention has been paid to the 

diversity of these genes. Further studies are required to examine the significance of 

antigenic vaiiation of these proteins in relation to their potential use in vaccines.

"1 
?
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APPENDIX

r C o n t i g  1 3 7  ( 3 4 7 9 0 b p - 4 1 7 6 8 b p )

iGGCGAGGTGAGGGATÂGACfcGCGCGGGGTTGGAGGTGGTGAAGTCGTTGAAAAATÀAAGGAAAAATTATTTTTTAAGTGTATTTTATTTGTTGTTTTGATATAATAAATTGCCGA

AATATATAATCTAATCAGGCAAAACTTTTGCTTTATATATTAAAAAAGCCCCAATCTAGGAGCTGTATTGTCAGTTTGTAAAGATCTGTTTTATTGTGTCCGCTG’TAACAATTTA
orfl (Portal protein)

GACGGTTTAAATTTGATAACCTCTTGACCTAACCACTGATTAAACTCTTTCAATCGCTCTTGCAA'TGQCTCAATCTCGGTGATAAAAAACACCTCGGCAGCATCAGCCACGTTGC

CAAAACCGCCGGTGTTATTTGGGATAATCCCCATCAGTTGTGGTGGCACACGGTGAGCAGCTAACACATCATCACGGCTCACGTTCTTGATATTAAAAAACTCATCTTTTGCCGA

CACATCAGCAATCGGAATAATCTGTATTCCATCTTTCTTGCCGTTTGGTGCGTGGACOAACAAGTTTTTAAAATTCCCCACCCCTTTTGACTGCTTGAGCTGCTGGCGAATATTT

TCAACATCTTCTTGTTTTTGTGACGCATCGCTCATATAAAACACAAAGCCGGCGTGAGCTCCATTTAAAAAATACTTACGGCGAAACAGAGTAGCACTCTCATTTAACCACGCAG

ATTGCAGGGCCGAAAGATATyGTGGCAAGCCGTAAATATCTTGATTAATATCAGGCTCAAGCAAGTGATAGATTGAGCCTTTGGCAAATTCGTGTTCTTGGTGATCGAATCGTTG

t g g c a c a t a g t a a a a t t g a c c a g c c t c t a a a c c c t t t c g c a c a t a t t t t g c c a a a g g t g a t t c g a t t c g c t g t a c c t g c c c a a g g c g a t t t c g c a c c a c c t c a a a a t a g g c g t t g

CCAAATACTAAATAATCTTTAACAAACGATGACAAATCACGGCGTGATAAATAACGGCTATCAACCTCGCAAGTGGAAAGCAAAATAT'n'GCTTTGGTGATGATCGCACTTTCGT

g q t g t g t t g a t q a c c t t a a c g a t t t c g c c a a g c c a t c a a a g c t c a t c g g t g g g t t a t a c c a t t t c t c a t a c a t c g c c g a a c a c t c c a a a t a a t t g a g a a t a t c g g c a c g g t c t a a

c a c c g g a a t c g g g t c a c c a a a a c t g a a a a t t t c g g t t t g t g c t t g c g g t t g t a a g c g g t c a t t t t g g g t t a a a t t t t t g c g c a a t t g t t t t t t c a t t t t t t g t c c t a a t c a t c t a

a a a a a t c t a c t g t g c c g g t c g t t t c t t c c a g t t t c c c a t c a a a c q g c t c a t t a a t a a a t a c c t g c a a g c a a g c c c a c g c a a g g t c g g c g t g g c t t g c c t c t t c c o a a c g g t c t g c
orf2 (Terminase)

CACATAAGTCACTTGCCGTCCGC'rGTTGGTGATCTGTTTT'ITAATTGCCATAAAACTCGCACCAACCTCAACAGCGTGCATTGAGTCAAATTCAAA'rCGTCCTTTGCTGATAATA

TCCAAGCCrrTTAGTACCATCTTGGATTTCAGCTCTACGTTGTAAGTAAGAGCCACCGCATCTGGTCGTTCTTTTTTGACGATTTCATAAACACCGACACCAAGCCCTGTGGTAT

CAATCGCCAGTCTGGTCACGT'rATATTTTGCACAAATAGCGACAATTTCTGCCGCTTGTTCGGCAAAATCAGCCCCTTTAAAAGTGCGATACTCTAATAGTCGGAATTTCCCGCC

g t c c a c t t t c g g c g g a g c g a t t a c c a c c a a c g c c g a g c g g t c g c c g g t g t a a g a c g g g t c a t a c c c a a c c c a t a c c t c t t t a t t g c c g a a t g g g c g t t g g t a g c c g t c c g t g a a t

ACATAATCTCGCCACACCTCCATCGAGTCCACAAGGCAACGTTGCATCATCGTGAACTTGAACACAGACTGGTTATCATCAATAAACTCACACAl'AAAGAGCTGCTCGAACTCAT

CGGGCGAGTTTTCCAGTTTGAGn'GCTCAATATCAAACAGGTTACAGCCACCTGCCTCGGCATCGTAGATATTCACGATTTGTCGCCATTGGCCGTCTCCGCATTTTTTGCCGTT

TTTCAAGTTGGCGTGAGAAATATCAATTTCCACCTGTTCCGCTTTCGGACGTTTGCGGTTAAACAGCTTGCCCGACCAAAGCAGATAGGCGGAATGGGTAATGCTCGAAGGGGTA

g a a a a a t a a g t a a t c c g a t a t t g t t t t t g g c t c g c c a t a c c c g c t g c c a c t t t g c g g a t t t c c t c a a a g c g g t t t a c c c a a a a g a t t t c a t c a a a a t a g a g a t t g c c g t g g t a a g

ACTGTGCCGTTTTCGAGTTrGTACCCAAGAAAATTAGTTGAGACTCGTTCGGCAAGGTAATGGTTTCGCCTTTTAGCTCCACATCGGCAACCCGTTTGGCGTATGCCACAATATA

g g c t c t a a a t t g c a a t g c c t g t t t t t t c g a g g c g g a a a t a a a a a t c t g a t t t c t a c c g g t t a c t a a c g c a t c a Ac t a a c g c c t c g t g a g c a a a a t a a t a a g t c g c t c c a a t t t g a

CGACTTTTAAGAATATTGCGGATTCGATGAGTCAGCCCAGCTTCGTGCCATTTTTTCTGATAATGGAACATTCCGTCTAAAAAGCCGTTTATCAACAGTTCGGCTTGCTCTI'CGG

AAATGGCATTTTGCTCGGGCTTTTTGCGGTCGCCTTTATTACGGTTTTTAATATTTGGGTTGAGGTCGGCTTCATTACCTCCGCCGTTAGAATA'rrTTTTGATTCGTGCTGTACT

TTCCAACAACCGACGTAAAGCATCCATTTCTTTGTAGTCGTTATTGTTTTTGCTCTCTTTCATAATCAGCAAATTCAGCCG'rGATTCCAGTGTGGCTTCCACACGTCCAACGGGG

c t g a t t t c g t c c c a t t t c t c t c g c t t t t t c c a a c t t g c a a t g g t a g a g a c g g g a a t a t t t a g c t g a c g a g a a a t t t c g g t c a c g g t g t a a c c t g c c c a a t a c t t t g a t t g a g c c t

CTCGTTTATCGTGTAGAGGGTTGGCAGCCAACACCTCGTA'TTCAGTGATTGTATTTTCATTTTCCATAGGTGCGATTATCAAAAATCCACCTTGTTTAAGCATTTGCTTGAGGCT

GTGAAACCCGATTTAACACGTACCACACATTGAAACCGCCGGCACAAAACAAGATCATAAATCCGATTTTTACCCCTCCCCTTTAGAGCAAGGAAAAACAGATGACAACAAAATC

CAAATGGTTTGTGGTAGCAACGGAAGGAGCAACTACAGATGGACGCGAAATTAGTCGTGAATGGCTCACGCAGATTGAAGAAAACTACGACCCGAAAAATAACTATGGTGCTCGT 
orf3 (Capsid scaffolding protein)

ATTAACCTTGAGCATTTCCGCTGGCGTTGGTTTGAGAAAGATGACCCGCATTCTTACAGCTATGGCGAÎGTGTTAGCGGTTAAAACAGAAGAACGTGAAGACGGCAAATTACAGT

TACTGGCAGAAATCGCCCCAACCGAAGCCTTAGTGAAGTTAGTCAAAGACAAGCAGAAAGTTTATACCTCTGTGGAAATTGACCTTAATTTrGCGGACACAGGCGAGGCGTATTT

AGTTGGTTTGGCGGTGACTGATACACCQGCAAGCCTCGGCACGGAATACCTCACATTTTGTQCCGGTGCAACCCA'TAACCCACTAGCAGACCGCAAGCAAAAGCCGGAAAACCTT

GTGAGTGAGGCAGTAGAGGCGAATTTAGAATTTACTGCTGAACCTGAAAAAGGTGCGTGGCTGGAGAAATTTAAGGCGATGTTTACCAAAGCCAAAACCGACAATGACGGCAAAT

TTGCCGAACACGAAAAGGCAATGGAACTGTTAGCTGAGCAATTTAGCAAAGTTTCGACAGAAAACGACCGCTTGCAAACTGAACTAAGCACATTGCAAATCGAATTTACCGAATT

GCAAAAACAAGCGGGCGAATTTGCCGAAAAATTTGCAAAACTGGAACAAGAACCGTCTGCCAATTACACCCCACGCCCAAAAGCCACTGGTGCGAAAGCAGGTGATGTACAAACC

G A T T T T T ^ TTGAGGATCACGAATQAAAGATTTAACCC'rrGAAAAATATAACGCCTACCT'rGCACGCCAAGCTGAATTAAACAACTTGCCGTTTAATGCATTGGCAACCGGCATT^  jipj. j ....
AAATTCACAGTGCAACCATCGGTACAGCAAAAGCTGTATGAAAAGGTGCGTGAAAGCTCTGATTTCTTAAAATCTATCAGCTTTGTGTTTGTTGATGAGCAAACCGGTGAAACCT

t a g g t t t a g a t t c a g c t c a c a c c g t g q c c a g c a c c a c c g a t a c c a g c g g t q a c g g t q a a c g c a a a a c c a c c t c t a t t g c g a a g t t g q t a t g ^ c a a a c c t a c c a c t g c c a a c a a a t

c a a t t t t g a c a c c c a t a t c a a t t a t a a a c a g t t g g a t a t g t g g g c g a a a t t c c c t g a t t t t c a g c a a a a a g t g g c g a a t g t t g c g g c a a a a c a a c g c a a a c g t g a c t t a a t t a t g

ATCGGCTTTAACGGCACAAGTCGTGCGGCAACCAGTGATCGCAACAGCAACCCGTTATTGCAAGATGTGGCAAAAGGCTGG'ITGCAGAAAATGCGTGAAGATGCCAAAGAGCGTG

TAATGAATGGCGAAAGCACAGACAACCAAG'TT'TrAGTCGGCAAAGGTCAAGAGTATGCCAATCTTGACGCACTCGTAATGGACGCCACCGAAGAACTTATTGATGAATGGCATCG

t g a t g a c a c c g a t t t a g t g g t g a t t a c c g g t c g c a a g t t g c t t g c g g a t a a a t a t t t c c c g a t t g t g a a t c a g c a a a a c g c a c c a a c c g a a g a a c t t g c c g c t q a t a t t g t g a t c

t c a c a a a a a c g c a t t g g g g g c t t a a a a g c g g t g c g t g t g c c g t t c t t c c c g g c g a a t g c g a t t t t a a t c a c t a a g c t g g a a a a t t t a g c c a t c t a t g t g c a a g a g g g g a c a a c c c

g c a a g c a t a t t g a g a a c g t g c c g a a a a a a g a c c g t a t t g a a a c c t a c g a a t c a g a a a a t a t c g a c t a c g t t g t c g a a g a t t a t g g c t g t g c g g c a t t a a t c g a a a a c a t t a c a c t

c a a a g a t a a a g a g t a a g g t c g a a c t a t g c g a a t g a g t c c g g c t c g g g c t c a t t t t t t g c g q a a a a c c g c a g a a a g t g a g t c t g c a a c c c c a a a c c g a g a a a a c c t t g a a g g c t t a
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CAAGGCTflTGACTTAGTTTTAGCCCAACTTAAAGCCCATCAACGCCAATTAAAGAAARTCCAGTCGATTGAGCGAAAGATTGAGITTAAACGCAACAATT'rTGAGCAATACCGAC

c t t g g g t g g a a g g c t c c c t t g c c a a a g g c t c c g g t g t g c a a g a c a c g g t t a t c a c c a c a a t g c t g a t t t g g t c g a t t g a t a t t g g c g a t t a c c c a a c c g c c c t t g c g a t t g c t c a

ATACGTTTTAATGCACGATTTCGCAATGCCGGAGCAGTTTGAACGCACACCGGCAACCGCCTTGGTTGAAGAGCrrGCAGAGGCGGCAAAGAAAGCCCGAGACCAAAAACAGCCG

TTTGAGGCAGCCGTGCTGAAAGAGGCAAACGACCTCACCGCTGAATTTGATATGCCCGACCCAGTGCGAGCCAAATTACTGCGTGAGCTAGGCGAGCTAATCCAAGAGGCAGAGC

CACAAACCGCCCTTGAACACTATCAAAGAGCGATAGCCCTCGACCCTCAATGCGGTGCAAAAGGCTTGCGAGACAAGTTAGAAAAGCAACTTGCCAAACAAGCCGAAGAGCCGAA

ACCAGCAGAAGAACAGAATGAGTAGGCGAAAGCCGAAATAGAGCGTATCCACGCCAGCCAAGGOGCGGATTrTAAAGGGTGATTTATTCATTTTGCACCCTTTTAAAATCCCCAC

CCCTTACCTTACGGAAACCTTATGGAACAACGCAATCACGTTATTAGTATCCCGAAAGTGAATGGCTATGAATCCAGCAAAAATGCGATCAAGCCCACCGCAGAATCTGATGAAA 
offS (Capsid completion protein)

CTAtrCACCAATAATGGCTTTTTTCCGAACATTGAGCTACTGGAGGTGCGAAATGCAATGCGGATTGATGGCACGGTCATTAATGAGCGGCTAAAACAAGCGGTGATTGAGGCAAT

GGCAACAGTCAATGCCGACTTAAAAGCCTATCGCCTCAATGCAGAGCAAGCAi:AAAAAGCGAACTTGCAAGCCTGTGATGATGAGCAAATCAACGGCGAAAGCGTGCTGGTrTAC

AAATATAAACGAGCGGTCTATTGCCTTGCAGTAGCGAACCTTTACGAACGCTACCGCAGTTATGACAGCACCAAAGACGGCCACGACAAAGCCGAAGAGCTAGAAAGTACCGCCG

G'rGATTTGAAACGAGATTACCACTITGCCGTGCGTGATATTTTGGGCGAAAACCGAATGATTAGTGAATTGATATGAACACCTTGATTGCACGCCAAGACGACACCTTAGACGAG
orf7 (Essential tail gene)

CTGATCTTTCtGGCACTACGGGCAAACGGCAGGCTTAGTCGAGCAAGCCTTAGAATATAACCCCGAACTGGCTCA'rTTGCCACGTTTGCCGATCGGCACTGTAGTTACAATGCCGQ

ATATTAAGAACCGTTTTGCAACGGTGGCGAGATCCAGCGTGCAACTTGGGGATTAGAGAATATGCACAAAGCTGAACAAGCCTCCTAT'TTTGGGGCAATTTTTGGC'rTTT’rTGGT

AGCCTCACCCTATCTGATTGAGGGGTGGTAGTGAGTATTCTGGTAGCTATTTGAACCTTATTACTTAATTGGGCATACCGAGCCAAAGAATACAAACTlSAAAGAGCGAGAA'rTTG

AGCTAAAGCTACAAAACCAAGGGAGAGAGCGTGAGTAAAAGTGTAAAAGTTGGCGTATTTGTCTGCTCCGTTGCAGCTATTATCGGGACGGTAAAGCAATATTACAGCTCCGAAA

TCCGCACCAGCGAGACAGGCTTAGCCATTATCGGCGAGGCGGAGGGTTCAGACGTATCCGTATAATGCCCGCCGAAGAAMlTMMHNMtTOmtmMHMNNMNNMMHNNNMMNMMMIJHH

rContIg 150 (I-5190bp) 

orfl (Lysin)
AGGTAAAGTGC:TAAGAGGTTTGAAAATCCGCCGAGAAAAAGAAAAAGCCCTGTGTCTCGGGCAGGAGGTTMtATGATTGTCAAACTCTGCCAAATGACCAATAAGCATCTCAGCC

'  orf2 (Affects liming of lysis)
CGCTAATGATrGTGCTGGTGCTAGTTGGCGTATTAGCCAATTTCGIGCAGTTTCGCCAAAACGAAAGCCTGAAAGCAGACTTACAGGCACGCACCACGCAAAACCAACTGATTCA

AGCCGATAACCGCAATTTAGCCAATCAGCTTGAAAACAGCCAAATACAGCTTGAGGCGTATCAAAAACAGG'tGGACGACCTCAATCAGAAAGTGTTAGCCAAAATgAAACAAGCG

GAGCAACGAAGTAATGAAATCCTrAACGAACTGGAAAAGCATAAAAAGTGGGCTGATTCTGCCGTGCCTCCTAGCGTTGGCAAGCTGCTCAACCAACGAAAGCGTGCGGTATCAC 
orf3 (Hypothetical protein)

ACCCrCAAATCGAACCCGATAATCTGTCCGAAAA13GCT(SGAGTGCCAAACACCGGCAACCGAGATTAACACCAACGGTGATCTTGTCAAAGCACTAGACAAAAGACTCAACACCA

TTGAGGTATGCCAAGTCATCATCGAATCGTTCGAtjCATTGCATCGAGCAATACAACAAAATCAACCAAGGCGAGTGATCGCCTTTTTTAATAAGGACGACTATG'rCAGACCAAAT

COACCGAGCCAACGAAÏTAGCCGAAAAAGCCAGAGAGGCGGCACTTGCAAAAATTCTGCAAAATCAGACCGCTTGCACl^lAGCCTTTTTGAGTGTGAGGATrGCGGAGAGCCAATC 
orf4 (Hypothetical protein)

CCCGAAAAACGCCGAGAAATtSGTTATTGGTTGCACCCGTTCXtAtrTGAGTGCCAAACCATTTACGAGCATAAGCAAAAAGGCTACCGCAGATGATTAAACCTGATCGCTtrGCGAGC
otf5 (Tail completion)

c g t g c t c a c a c a a a c c a t t g a t a t a t t c c a a g c t a a c c c c g a a a a g c t g a t t t t g c a a t a t g a c a a a g g c a a a a t t a a a a g c a a a g g g a g c c a a a g c c a t t c g t t t g a a t a c c a c

TACGATTTAGAGCTAATCGTGGTGGAITTTCCGTATCACCCCGACGTQTTGTTTGTGCCAGTGCTAAA'ITTTGTGCGAAATGAACAATGGGAGCTACTGCAAAACCCGGAACTAC

AAGACAAAATCGAATTTGAAATCGACCACAACAATCACGAGAGCTACGATATTTATATCC<3CCTCCCQCTTACC0AGCGGGTGATCGTGAAAGAGCAAGACGGACACCTAACTGC

AACCCACGCCGATGAACCGAACCTTGCCGATGTTTCGCCATTTACCCGTTTAACCQAATATGAGGTTTACCTCAAAGACGAGCTGATTTATCAGTGGGCAGAGCCAAATGAGTGA

ACCGATCGAACAAGTAAAAACCGCCTTTGATAGCTTACTGAATAATATCAGCAAACCTCGCAGACGGTTGATGTATCAACAAATCGGGCGAGAGCrrTGCCCGAAGCCAACGCAGA 
orf6 (Tail completion)

CGGATTAAAGCACAACAAAACCCAGACGGCTCGGCATACGAGCCACGCAAAAAGCCGAAGAAAGGGGTAAAAAGCAAAATTAAATCGGGCAAGATGTTTGACAAAATTACCCAGC

CACGTTTTATGCGGCTACGCCTTQAAAGCGAAGGTGTCAGCTTAGGTTATGAGGGTGG'rGATGCGGTCATCGCCCGAATCCACCAACAAGGCTTAATCGQACGAGTGCGGAAAGA

TTGGGATTTAAAAGTGAAATATGCCAGCCGTGAGTTGCTAGGTTTTACTGATGACGATCTGCAGATGATTGAGGATTATATGATTAATATTTTGGCTOGTAGCTytATGATGAAr

AGAAACTTTTGCAAAAAAGCGGTCAATTTTGACCGCTT(3AGTTATTGATTAACGCTTTGTCTATCTGAATGATACCAACAAAGAAACCCTAAAATAGCTGAAAAAATCAATGCTA

TCAAAATAAAAGTATTGAGTGGTAACAATACATAAAGTGAGATCAGAATAACGATAATAGAGAGCCCAACCATATTTGCCAATAATGAAAGCAGGCTTAAAAATACTGTTGTAAC

TACACCAAAAATiGGCAGCAAAGGTTGTAAAACCTATTGCCAATAATGCACCGAAACCAATTAACCCAAGTAAGATAAATAAGATTTCCATAGATTTTCCCTTAGCCATACTACAA

TTAAGGTTATAATATGAGGAATAATTTAAAAATTÇAAGTAGTTCTTTCTGCGTTAGATAAATTAACCGCACCATTTAAGAGTGTGGTAAAACAGACGGAGAAATTATCTCAATCT 
ûrf7 (Putative tail length)

TTAAAAGTACAGAGAGATGAATTAAAAGCA-TTGQAAAAAACACAAAGTAAAATGCAATCATTTAAAAAAATGGACGATAGCATTAAGAAATCCAATGAAACTATACTCAAACAGA

TTCAGCTTGGAGTGCAAGAGCCGCATTTTrAGATAAAGATTTTGAAAAAATGCAAAGAGAATAT.GAAAAAC.TCGGTGCATCTATTTCAAGTGTCAGCCGAAAAAGAACAGAAGAA

AATCGGGCATTAAAGGATTCTCGCCATCAACAAGCTAAGCAACTTTTATATTn'CGTAGTTTAAGACGTGAATTGAGAGCAAGCGGCATTAATATTAAAGCTTTTGCTCAAAGCG

GrTGAAAGAGGGGGTAAATOTGAACAAT'rTAATGCTATTTTAGAGGTAACCGAG(3GAAGTGCTGAAAAAGCCAAGCAAAGTTTTGATTGGGTTAAACAATTTGCAGTAGATACCC

CCTCAAACCTTGATGAAGCAATGGAAGCCTTTGTAAAGTTAAGAGCATACGGTCTTGATCCTACCAATGGCrTACTACAAACATTAGGTGATACAGGTGCTGCAATGGGTAAG.CC
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TGTAATGCAAGCAGTTGAGGCAATAGCAGATGCTTTAACGGGTGAQAATGAACGCTTAAAAGAATTTGGTATTAAAGGAAGTGTAGTTAAAGGTACAAATATTATOGAGTATGCC

TACACTGATAAATTAGGCAAACAACAAGTCGCAAAAGTAAACAAAAATAACCGAAAAGAAATTGAGCAAACCCTAACCCGTATO'TTTAACGAAAAATATGCTGGAGCAATGGAAA

AACAAGCTAAAACGCTAGTTGGTATTTGGGCAAAAATTGAAGATTATTGGACAAA'rTTCCAAATGCAAGTGAl’GGAATCGGGAGCATTTGACTGGA'rTAAAAATAAATTGCAATG

GGTGTTAGACAGTTTAGATAAAATGGCTGAAAATGGCGAGTTGCAAAAATGGGCTGAAGATGTCGGAGCCGTTA'TTCAAGAAACAGTACAAGGC'rTATGGGCTTTTGGTGAAAAA

ATTATTGAAGTGGTTAAATGGTTAGCGAGCTTGGCACGGGAGAATAAAGGGCTAATTGCAACATTCGTTAAATGGTCTGCTATTCTTGGCTCTAGTTTAACGGTGCTAGGAGCTr

TTGCAGTGGTGGCAAGTTTTGCATTATATCCTGTAQCAAGAT'rGGCTCTTGGTATCGGCAAATTTACAGGTGCAAGCACCTTATTAAATAAGGCATTATTTGATAGTAATGATAA

attccgattattcaataaatcactttattcatcaggcactacggctgcttttgttaaatcaaaatttaatcagttagcaactttaccaaatgtgctgqgaagtagttttaataaa

TTAGGCGGTGGCATCAAAATGCTAATTCCACAGCTTAAAACAAAAGTATTYTGGCTCAATATGCTAAAAGGTATTTTAGGCAAGrrGTGGAGTGCAATCCGTTTTATTTTCTCAC

cgttgaaattattacttggtattttctcgccgattggcttagcgattacagctatttcggtagcaggggtagcgttatatagaaattgggagaaggtcagagccttttttggagg

ctttttgcaaggattatctaaaggtcttgcaccagtattagagagatttaaacctttaggaaaactatttgaaactatatcaaactgggttaaatctacgtttaagtggttatcc

gatttattaaccccagcggataaaacatcggaaagtttagataaagcgagttctgcaggagaaaaattcgggcttgcattggctggtgcaatagacttggtaacatcacctgttc

agtggctagtcgatcagtttaagtggatttctgaaaatatgccgagttgggacactattggtgagggtgtaaaaaaggcagctactgcaattgttcccaccgagcacgccaagca

gattactaaaacggcagaaatgtcaaacaatatgtatgaccccaattatactccaccacaacttgagcaaaaatggattggtggcttggttggtaacggtaaaggaagaggtttt

GCCACAGGCGGCTACACCGGCAATGGTGGCAAATATGAGCCTGCCGGTATTGTGCATAAGGGCGAGTATGT'AAa'GACCAAAGAGGCAACTGCACGCTTGGGTGTGGCAAATCTTA

ACCGGTTAAATTATGGCAAAGTTGCTGGGCTAACTGCACTTGCGTCAAGTGTTGCGTTTGCTCAACCAATGCCTGCGGTCAAAATCGACAGCAGACCACCGCTGACGQCAAGCeA

ACCAAGCCCAACAGTTGCACCGGTGTCGCAAAATATCCATATCACCATCAACGCCACCGGTGGGCAAGACCCACAAGCAATCGCCCGACTGGTTGCAATGGAGTTGGAAAAACAA

CAACGCCAAGCAcjAGCAAGAGCAAGATCGTclrrTGAGAGACAGGGGCT^TTTGACAAAGTAGAATGAAAAGCGGACAATGCTCTAAATTGTCCGCTTTTTATAGGAACAAAAn 
Printer # 505

NNNHÎWTKNNNNNhmNHNNMJNNNNNNNNNhlKNNNNNimKîramsiNNNNNimNNNNNNtlNhmNNMJNNNNNKtmtmhmNNIlNNNNNfMN^^
rContig ISO (1.21546bp)

NNI'INNNI#]I#)mtmimmmH]9imiiNNtW 4tmmt4Nmmmi41\mm4NmmmilIlim4NNNNHNNtmNGATATCAGTTCACTGCAGTAGTTCATCATACGATATCCATAAGAGG

CAGATGAAGTAATTATCTTACCTATCATTCACAGTAGCCGACTTTACCCACGCCCATAATCAGTAAGCGACCTAATCGGTCGCTTTTTCTTTGCCTGTTAAAACCCATTTCACAC

CTCGCATTTATACCCAAAGCCTTTCGCCCT'raGCAAAATATCCTCA’rTTTTTAACCGCT'IG'rAATTGTAAAAATQAGTOAGCCAAACCACGCCGAACAAATCCGCCGTTTAGACA
____________________  orfl (Baseplate assembly protein)

ATATTfjTCCGACTTGGCACTATTdcCGAGGTGGATTTAACCACAGCGACTGGACGGGTCAATTCGGGCGGTATTACGACCGATTTCTTACCGTGGCTGACttTTTCQTGCCGGTAC 
P rim er # 506

ATCGCAAACGTGGTCAGCTCCAACAGTTGGCGAGCAATGCGTGGTGTTAAGCGTGAGTGGTGAATrTACCACAGGCGTGATCTTATTTGGGATTTACACCCAAAACGCCCCGAGC

CAATCCGCCGATGAGCATCTATTCCGCTTTTCGGACGGTGCAGAAATCAGCTACAACACCGCAAGCGGTCAATTAACCGTAAAAAA'rTGCAAAGTGGTGATTGTGCAGGCGACAG

AATCTATCACGCTCGACACGCCCACQGTTAAGGCCACAAAAAATGTCGTGATTGGGGGCAACCTATCCGTGAAAGGCACAACCTCATCGCAA<5GTGCAATCAGCACACAAGGGGC

GGTAACAGCAAAAGGCGATGTATCAGGGGCGGGAATCAGTTTAGGCAGCCACCATCACATTGAGCAAGGTGACGGCAGACCAACTAGCGGAGCAAAACCATytTGAACCGAGAAA

CAGGCGAACAGCTTGAAGACGAAGTAGAGCATATCtAAGCAGTCTATCAAAGATATa’TTGCTGACGGCAAAAGGCAGTCGGGTAATGCGGCGAACCTATGGCAGTAATCTCTACAA 
otfZ (Baseplate assembly protein)

GCTAACTGATAAACCGATTGCCGCAAGTCTGATTATGCAACTCTCCGCTGCGTGCGTGATGGCGTTGCAGCAATGGGAGCCACGTATAGCGATCACCCGATTTAAAGT(3GAATTT

GCCGAAGATAACTACAATAAGCTGATTTGCACCTTAGATTTTACCCTTAAGCACCGAAAAA'rCAGCATCAAAGGAATGCGTTTTACAC'TATGAGCGAAATTGTCGATTTATCCAA 
' *̂ orf3 (Baseplate assembly protein)

ACTCCCCGCCCCGAAAGTACTGGAAGAATTGGACTATGAAACCTTAljrGGCAGAGCGGAAAGCCAAGTTTTTATCCCTCTACCCAGAAAGCGAACGAGCGGTAATGGCTGCACGG

TTAGCGTrGGACTCTGAGCCtTATCACCAAGTTACTACAAGAAAATTGCTATTTGCAGCTACTCGAACGCCAACGCATTAATAGTGCGGCTCAAGCCACAATGCTTGCTTATGCTA

CCGGTACGGATTTAGATGTCATCGCAGCCAACTTTAATGTTGAGCGGCTTGTAGTGCAAGCTGAAGACTTAACTGCAAGCCCGCCyATCGTCGAAGAGTTAGAGCCTGAl’GATGA

rrTCCGTCAGCGTGTGCAGTTAAAAATTGAAAGTGTTTCGGTTGCCGGTCCACGGAAGGCTTACACCrrrCACGCCCyrGTCTGCTAACGGAAAAATTGCCGATGTGTCCgTCATA

tcaccacagccagcttatgtaacggtaacgctgctttctcgtgatggcaacggagccgtagcctcagaaatcatcaatgcggccaaaattgctctcaatgatgaagaggttagac

CGATTGCCGATAGAGrAACCGTGCAAGGGGCAAGCATTGTGGAATATGAAATTAATGCGGTGTTGCATCTCTACCGTGGACCTGAGAAAQAGCCTATTTTAAAAGCGGCAAAAGC

taacttagaggcttacatcaaccaaacaaaacgcattggacgagatgtgactcactcaggtatccacgccgccttgcacgttgccggtgtgcaaaatgtggaaattttgcagccg

AGAACTGATTTGGTGCTGACACCTTACCAAGCCGGTTATTGTGTCAATTACACGCTAAATG'rTGAGGTGAGCGATGAATACAGTTytAGCATTATTGCCACCCGGTTCATCACTT
orf4 (Baseplate assembly protein)

TTtSGAAAAACGAGCTGCCGAATGTTTGCAACAAGCGGTACAAAATCCGATTAAATTTGCAAA'rrTGATTAATCCACACAAATGCCCCGTGAAA'rTTTTGCCCTATCTTGCGTGGG

CCTTATCGGTGGATTATT(3GGAAGAGCATTGGAGTGAAGAATTAAAAAGAGAAACCATTA'ITCGATCTTTTGAAGAACACCGAAAGAAAGGCACAGCAAGTGCAGTGCGAAGAAT

TGTGGAATCTCTCGGCTATGCTTTTGAAATCCtjTGAGTGGTTTGCGGAAAAACGGCAACGGCAGCCCGGGACGTTTAGGGTTTT’rGTTGAGTTAAAAGATAAAGGGATTAGCGAA

AAAATCTACCAAGAATTAGAAAGGTTGATTGAAGATGCAAAACCGGTATCAAGGCACATCACAGAATTAGCAGTATCAGCCACCTCAAAAGGCAAAGCAAATATTrTTAGTGGAG

CACACAGTGGCGAAATTATTACGA'ITTATCCACCTAAAAAGCTCCCTGTTATTGTCATTAAAAGCAAAATGGATTrATTTAGTGCAACAAACAGTGGCGAAATTATTACGATTTA

TCt^AATAAGAGGTMAAATGGAACAAAAAyATAAAACAATATTAACCCATCACGGTGAGCGAGTGATCGTTGAGGCTCTTGCAAATAAQATACCAGTGCCACTTAAGGAAATGG 
orfS (Tail fiber protein)

ctataggagatggtaacgggtcatcaataactccaagtgcatctcaaaccacacttgtaagagaagtttatcgtgcggaaattacagatttgctagaagacccgcaaaatcgcca

TCAGATGATTGCTGAATTACTAATCCCAGAAAATGTAGGTGGATTTATTGTCCGAGAAATAGI^GTTATTTGATGAACAAGGTGGTTTGGTTGtyrG'rAGCAAATTGCCCTGAAAAT
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TATAAGCCTGTATTAGAACAAGGCAGTGGTAARGTCCAATATTACCGAATGATTTTACAAGTTAGTAGTAGTGATGCGGTCACCTTATCGATTARCAATAATATTGTTTACGCCA

c a a g a a c t g a g t t t a a c g a a t t t g t a a a t a a c t t g a g t a g t c c t g a t g g c t a t a a a c a c a t c g g a c g c t g c a a a t c g g t t g c g g a g t t a c g t a c t a t c c g c c c a a c g g a a c a c g g

TCAGCGTATTTTGGTGGATGCTTACTATGAGGACGGCACAACAGGCGGTGGGGAGTTTGTGGCTGATTTGCAGGATTTAGTTACGCCTGATOATGGTGGGGTTTGTTTTG'rTGTG

AATAATAATGGGGGGCGGTGGAAGCGTGrrGACCTTTCACATCTTACATTATTTGATTTTGGGGCCGTCGGTGACGGQGTAACAAATGATGAATCAGCATTTGTAAATGCTATGA

g a t a t t c t c a a t t t t t t a t c g a a a a c g g t a c a t t t c g t a t c a a c a a t g c c g t t a a t t c t g t t c g c g a t a a t g t g a a a a t t t t g g g c a a t a a g a c c g g c a a a t t a g t a t t a g g t g c

AGGTATCCAGCAAGCAGGGGCCGAAGTTTTTAATATTAATCACAGCAATTATTTTATCTCGGGTTTTTATATTGAAACACCGAACAAAGCAATTGGTATTCGATrrAAGTCTTTG

GATGATGCTGGTGTTAAAAATCTCCATATTGACAATGTTGTGTT'rAATGGCACCTTCTACGGGGTCAGGGCAGGTGAAAGTA'rTCAGGCGGATACTAATTACCCAAGTGATAATG

TGATTGTACAAAACTGCCAATCGTATTGTOGTTCAGGTAATGCGGGACATrATCTCTGCACCAAAGTTAAAGGTGTGCGATTTTTTAACAATATAGCAATTGGAGG'rCGCAATGT

ATCAGCTTACGGTGCAACATCTTGCTCTGATATTTTCATTTTTGGTAATCGTGAACAGGGGA'IGGCAGTCACGACAGTCQATGTGGAAGCGGGCGTACAAGTGGAAGATG'rACAA

ACTGGCGAATGTQTGGTAGCGAATAATATTTTCAGACACGATATTTGGATGTCTGGTGCTAAAAATGCCATTATCAACAGTAACCTCTGCCGTCGCTTGCGTGTCACA'rCAGGTA

a t c c g a c t g a c a c a g g c a g c a a c a a t g t a g a a t t t t c a a a t a a t c a a g c a a a a t c t a t t g c a a t a t c g a a a t a t g g t t c t t t c g a t a a t c c t t c a t t g t t t a t t g a t a a t a t c a a

t t t t a t t a a t a a c a t t t t g g a g c c c a g t g a a t t t a a t c a a g a t g t g t a t a t t g a c q g g a c a a t t t t a a a a c a g t g c c a a t t t a t t a a t a a t c g t t g t a t t a g c a a g t c t a a g c a a

t a t t c t g t c a g a c t t g c t c g c a a t a a t c c g t t c t t a a a t t t a a c a t t t a a g a g t a a t a a a t t a t c o g a c a a t c c t g c g a t t a t a t c a g g t a a g c a a g g t g t t a t t t t c t g c g a t g

ATTTGAGCTTAGGAGTAAATAAGCACAGATTAAGATTGCGA'TTTTCATCGCCGATTAATTTTACTCTTAATCAAGAATGGCAAAAAATGCCGTTI'GACAGAGTCTTAAATGATAT

CAATGGTCATGTTGATATTGTCAGTGGTCAATTTATTGCAAGGACAGGCGGGACTTTTCATTTAAAAGGTAAAATAACGGTTACAAATTCATCGGAAGATGTGCTGAATTTATAT

CAACTCAGGCTGTTAATAAATAACGAAGAGAAAGAAAGACTGATTAATCAAAGTGTTTCACCTAAAAACAGCAAATCAAATACAAATGGTATGACAACAATCAATTTTGATACTG

TAGTTTATTI’AAAAGTAQGTGACATTGTTGATTTGCAGTATAAAACAACGCATGAGTTGACATTACTGTCAGACTCATTTTTATCTCAAATTTATGTGACTCAGGAGTTTTAAGT

GACTAAAAAACACTACTGCACAGGCTGGCGTAGCGCACCAGCCAATATCAACAGTTGCTGTCATCAACATGACCGAGACTACGGCATTCGTGGCACAGTAACACGAGCAGATGCT

GATAAACGCTTACGTGAGTGTATGATTAAAAATGGCAATCCAATTAGGGCTTGGTTATTTTGGCTAGTTGTGAGAGCTTTTGGTTOCCGTTTTTATAAAAATAAGGAGATTAAGA

TTGAGAAATAAAGATAATACTGCAAGCAAGCAAGCAAGCAAGCAAGCAAGCAAGCAAGCAAGCAAGCAAGCAAGCAAGCAAGCAAGCAAGCAAGCAAGCAAGCAAGCAAGCAAGC

AAGCAAGCAAGCAAGCAAGCAAGCAAGCAAGCAAGCAAAGTGTAGCGCAATTTAAACAAGCTCCGCTACCTTTTCCAGCAGCCGTTGTTACCGTGGTGCAATGCTTGCGGAAAAG

CCGAAAAAGCGTTGGCGTTTTTGGTATGCGTTTGTGAATGGCTTGTTTTTTGATAAAAAGCATTGC’rATGCAGCCTATAAAGCGGAGGTGTATCGAAAACAGTATCCACCGGAGT
orf6 (Tail sheath)

TTACCGAAATCACTTAATCCTGTTAAACCCCATTTCACAGCCCGAACCGCTCGCAACCCGAGCGGTTATTTTTTAAAGTTTACCCCAACATTCAACCCTAACCTTTCCCAATTAA

GGAATACTATGTCAATTTTAGATACCTATCTACACGGTGTTGAGGTGGTTGAGGTCAATGCAGGTGGTGTCACCATTTCCACCGCTGCTACTTCGGTTATCGGAGTAGTTTGCAC

CGGAGACCAAGCCGATGCCGAGACTTTTCCGCTGAATACGCCCGTTTTAATTACTAACCCGTTAAATTACCTTGAAAAAGCAGGTAGCACCGGCACGTTACGCCGCACACTTAAT

TCGATTGGCTCAATCGTTAAAACGCCAACGGTGATCGTGCGAGTTGCCGAGTCGGACGATAGCGACACCTTAACTGCAAATATTGTCGGCACGCAGGAAAACGGCAAATTTACCG

GTATTAAGGCGTTATTAACCGCTCAATCAACCGTGTTTGTTAAGCCGAAATTGCTTTGTGTACCACAGCACGATAATCAAGCCGTTGCGACCGAACTATTAAGCGTGGCTAAAAA

GCTGAATGCGTTTGCGTTTATTTCAGACAACGGTGCAACCACCAAAGAACAGGCATATACCTATCGCCAGAATTTCTCTCAGCGTGAAGGAATGATGATCTTCGGTGACTGGAAA

TCTTATAACACTGATAAAAAAGCCTATGATACCGATTATGCAGTGGCCCGAGCTTGTGCGTTGCAAGCCTATATCGACAAAACTGTCGGCTGGCATAAAAACATCTCAAACGTAG

AGCTAGACGGTGTAACCGGTATCACTAAAGCGGTAGAGTTTGATATTAACGAGAGCTCAACCGAGGCAAACTACCTGAACGAAAAAGGCATTACCATTTGCTTAAACCATAACGG

TTTCCGCTATTGGGGTTCCCGCACTCrrGCCACCGATACCCGCTGGGCGTTTCAGCAGTCGGTGCGGACGGCTCAAATCATTAAAGAGACAATCGGAGCAGGCTTAGCTTGGGCG

g t g g a t a t g c c a c t c a c a c c g t t g c g t g t g a a a a c a a t g c t a g a g g c g a t t a a c a a c a a g c t a c g c t c t t g g g c a t c g g g t c a t g a c c c t c g g a t t t t a g g t g c t c g t g t g t g g g

t a g c t g a a g a g a t c a c c g c a g a t a t t a t c a a a t c a g g c a a a t t t g t t a t t a a a t a c g a t t a c c a t t g g a t t c c g t c c c t c g a a a g c c t a g g c t t a g a g c a a c g g g t c a a t g a t g a

a t a t g t a g t g g a t t t a g t c a a t a c a c t t a a a g c g t t a t a g a g g t a a a a a t g g g a t t a c c g g c a a a a c t t a a g a a t t t t a a t t t t t c g g t g g a c g g c a c a a g c t a t t t g g g c g a a a
ort7 (Tail tube)

CCACCGAAGTCACACAGCCGAAACTGGCTATGCAACTTGAAGACyACCGAGCAGGCGGAATGATTGCCCCTGTQGGTGTCAATATGGGTTTAGAGAAACTGGAGCTTGAGTTCAA

AATCGGCGGACACGAAGAGGATTTGCTCAAGCTATTTGGTGGCTCAATCAGTGGTAATGCGTyCCGTTTCAACGGTGCGTACCAGCACGACGATGACGATTCAGTCGATGCGGa'A

GAGTTAGTCTGCCGTGGGCGAATCGCTGAAATTGACGAAGGCTCAAGCAAAGCCGGTGATGACACCGAGCATAGCTATAAAGCCTCGCTAACCTAyTACAAAAAAACGGTGAACG

g t g t c g a t a t t a t c g a a a t c q a c a c c c t c a a c c a a a t t t a c a t t g t c g a t g g c a a a g a c c g c t t a g c g g a a a t t c g t a a g g c a a t g g g t t t a t ^ a t t t t c c c c t a a a t t t t c c c

AAAGCCCCTTCCCCyTTTTTCAAGGGGCTTTTAATGATAAATAATTAAGGATTAAACAATGAAAAAAGTAACATTAAAACAAGGCATTTTGCGTGGTGAAAAACGTATTACCGAG
orfS (Tail protein)

a t t g a g g t g c g t a a g c c a t t a a c c a a a c a a c t g c g t g g c a c a a a t c t t a c c t c a t t a a t g c a g t t a a g c g t t g a t g a g t g g t g t a t t g t a c t g c c a c g c a t t a c c a c g c c a a a a t

TAGACAAAGCCGATTTrGCCACAAyGTCISGCAGCGGATTTGCTAAAACTCTCCGGCAAAGCCTTAGATTTAATGAGCGAAGACTTCGATGAGGCAGACGAAGAGGACAGCGAAGA

ACAGGGAAAGGGCGAGATTyTAGCCTAATTCCACAG'ITTGTTGATGACGCTA'rrGCTGATATTGCTACCGTGrrTCATTGGACACCCAACACCTTTGATGAAATGACGATTGTCG

AGCTAGGGCAATGGCGAGAAAAGGCCCGCTTACGAAATGGGGTGGAAAGTTAAAACAAGCGGTCGTTTTTCGCAAAAAATTTGCAAAACTCGACCGCTTGCTATAAGGATTTTAA

AATGGAAA’rrAAAACAGTTACATTCAGTAAAGyGATTACAGCAyTCATTTTTCATATCATTACGTTATTTGTTTTyACTCAACTTAATGAGCAAGCTCAAGCTACCTTTATGTTC 
oif9 (no homologue)

TTTTGGTGGTTCTTCATTTCTCTGCGATTCATCCTTGTAGTTGGAATAATGyGTQTTGG'rATTGAAGAACTTAAAATTCAGGAATGCCGACAAACAAAAGCTTATGCTTGTTTTA

GTTTCATATCCAATTTTGCGTTATGCTTGCAGTTTGTTTACTTrGAGCATCTTATTGCGGCAATTTTATTTTTGATTTCTTACATCATATAyCATAGCCAAACTGyAACGATTAA
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A T i^ TATGCTCCAACAATTCGCAATGATGTCGCTAGGCTATTTTGTGTITATGCGATTGACAATCCCTTATCAAGACACCAGCCGAGAAATGAACTGGTCGCACGTTCAAAATGA 
^  orf 10 (Tail protein)

TGTGGTTGGGGCAATGCCAAAAAGCCAATTTACCGGCAAGGCAGGGGAGACAATGGAGATTTCAGCCGAGCTACGCCCTGAAATTACCGGGGGCAAAATGTCAATCCTTGCCCTT

GAGATGATGGCAGAGCAAGGCTCGGCTTATCCGTTGATTAGTGGTTCAACCTTTATGGTGCTAGGCTGGTTTGTGATTGATCGAATCAGCGAGCAGGAAACCACCTTTrTTGCAG

ACGGCACGCCCCGGGCAATTAGCTTTTCGATGTCGCTTAAACGGGTTGAyGATAGTCTGCTCGCCAATATTATTGATGAGGTCGCAGGGTTTATTTAATGGATTTTTTAACAGAG
orfl 1 (Tail protein)

CTAACCAATCATAACCACCGCACACCGGCTGTTTCGGTGACGGTTCGCCCAAAGCCAAGCAAAGATAATGAGGGCGAAAAAGCCAAAGATATTTCCACCCTGATCACGCACCGCT

TAATTCAACTCACCTTAACCGACAACCGAGGCTTTGAGGCAGACCAGCTGGATTTAGAGCTGGACGACACTGATGGCTTACTCGCTTTGCCAAGTCGAGGAGCGAT'ITTATCGGT

CGGGTTAGGCTGGCAAAACAGCCCCCTGACCTACAAGGGCGAATACACGGTGGACGAGCTAACCCACGATGGCCCACCTGATAAAGTCACGATTCGGGCAAGAAGTGCTGATTrG

CGAGGCACGCTGACCAATCGCCACGAGCGGAGCTTTCACCœACCACCATTGGTAAAATTGTGAAACAGATCGCCGAAGAGAACAAACTCAAGCCGATGGTGGGCAAGGAGTTTG

AAAACGAAGAGGTGAAACACATTGACCAAACAAACGAAAGCTCTATTAATCTCTTGCAACGCCTCGCAGAACAATTTGATGCCATTGCTACCGTGAAAAACGGCAATTTGATTTT

CATTAAAGCCGGAAACGCCACAACCGCAAGCGGTAAACTGTTACCCCTGTTTCGCATTACCCGCAGTTCGGGGGATTCCCATAGCTTTTCGATTllCCGAAGGGGATAACTACAAA

GCGGTTAAAGCCTATTGGCACAACACGCAAACCGGCAAGCGAGGCGAGGTGACGTGGGACGAAAACAGCCAAGTTAAAAAAGTGACTAAGCCCACAAyGCGGAAAAAGACTAAAG

TAAAACGTGGGGCAGACGGCAAGCCGATAAAAGGCAAAGACGGCAAGAGCATTAAAGAGACCGTCTTTGTAAAAGGCAAAGGCAGGCAAGTTAATGCAGTGGTGCAAAGTAAACC

GATTGAAAGTGATAGCGAGGCAATTAAAACCCTACCCCATACITACGCTACCGCACAATCAGCGATyAATGCTTGTAAACGGAATTTTGAAAAACTACAACGAGGTGTGGCAACT

TTTAGCCTAACTCyiTGCCGAGGGCAATGCGGAGCTTATCCCCGAATTACCGGTTCAGGTTTCAGGCTTTAAGGCGGAGATTGATAGCAACGAGTtSGATAATTTCGCAGGTTACGC

a c a g t t t a a a t a a a g g t g g t g g g t t t a c g a c a g c g t t a g a g a t g g a g t t g a a g c c g a a g t c t g a a g a c t a a c g c t a t t t t t a t a a a a t c a c t a t a a a a a a g c c t t g c a t c t c t q a

t c t t g a a c a a g t a a t a t t a a t c a a a g t t a c a g a t t t a t t t a c a t a a a a c a c a a a g a a t c a t a g g g g c g g c t a c t t t g t g t g a t t c c g c c c a g t g a g g a a a t t g g g c g t t g t t t t a

CACATATAAGTCCTTGAGGACACTCACCGTGCAGGCTGGAAGGTCTGCTCTTTCTTTTTTAATAGTGGGTATTTAAGTTTTG'ITTCTCTCGTTCTTACTATTCTAGGTCCTTTTG
orf 12 (no homologue)

TAGGGTCGTAAAAATACCAAATATTAAATT'rCTTTTCCTCCTG'rAAAGTATCATAAGTTAATTTATCCCAACCTAGGTGCAAAGCAATCCAyTTTGTTAGTTCTTTTTTACGTTC

c g a t g t a a t a t c a t t t t g a t a g c t a c t t a a t a t t g c t c c t a a t a a t a a a t c g c a t a g t t g a a c g c c a g a t g a t t t a c g a g a a t c t a c t t c g t t t a a t g c t a g a a t a g c a t t t g c t

ACGGCAGTCTTTTTACGAATTATATTATTAGCGATAATGTGCATTGCCTCAyCAGCTTTATTGTATTrAAAAGGTAGATCATCAACAGATAAAACAAACCTATTTATrCTGTTTT

TATATAAGGATTGTTCAATTTTGTTGCAAATCAATAAATTAAAATGCTTCTGTTTTGCCATTTCATAATCACCQTTATGAAAAGCTTTATTGACAATAGCTTGTTGAACTACAAy

ACAGTTAAAAAATAAATAATCAGCCTGAAAGAAAAAACTAACCAATTCACGATAAAATTCACTAAAGCGTTTAGAAirTTGTACCTTGCCATTTTATTTCATCAGTGCAATAGTGC

TTTTCTCGTAATTTCTGTATTTCT'TTTTCAAATAAGCTAATrTTATCyTCTCTTA'rCCATAATGCACCGAAAGCATAAAAAGGCTTACCGCTTATACCGGATTCATlXCAAAATA

AGTGCCAAACTGACTGGTTATTCATCATTACCCCTTTTAATCAQGCACAACGCCTGTCTCTAATTTGAAGTTTTTTTAGATTTTGATTTATCTGATTTCTTATCGTCTTTTTTCT
orfl 3 (no homologue)

CGGACTTTCCTTTCTTGCCACAAACATTTTCACAAGGTATGCCATCGTTATCTCTATCTAATCGACCGGCATTGCA*rTGATTTAAATAAAACTTTQCTTGCTCGCAAGATTGCAT

TTCTTTGCAGTAAGGGATAGGGTCATTGCAGCTATAAGCCAAAGCCATAGGCGAAATAACAAATAAAATCGAGAGGACTAATTTTTTCATTATGAACCCCATTATAAAATATAGT

ATTAACTGTGTAGTAAAAAGGTTTCTTCATTAATGATTAAATACAAAGAGACAGAATAATCTGTCCCrrTATGTATTACTGACATTTAGCTTTGCCAAGATCAACCCAATCACCTG
orfl4 (no homologue)

TTTGGACTAGTTTTTTTATATCGATyACCCTAACCAACACACCTTTACCTTTAAAyCCGTGGTCGTATAAAACTyGGCAAACATATTCGGCGTAGCCATCTCTT'l'TCGTGCCGTC

ATCAAAAACTCCAACCTTAAAGAyAAATGGTGCAGTCCAAGTCGCATCTTTTACCTTTGGCTCTTCATCACTGATAAAAATTTGCTTTACrTTATTACGAGCAAGT'rCGAGGCTA

TCGGCTTGTACAtjGCAATGCAAATAGTGATAGTGCAAGTAGTGTAAGTGCTTTTTTCATATCGGTTTCCCCTATTGATTTGATGTTTAATTCTTCTATGTAATTGTTAGTTTTTA

GTTTAGATGATTTTGGTATAAACATCTATTGAGAAGTCAAACCTAATCCGGCACAACGCCAGTTTC'TAACATATA'rAAAAATTCTTCATCATCGATGATTTTAATTCCTAACTTT
orfl5 (no homologue)

TCAGCTTTTGCTAGTTTTGCTGGTCCAACAGTTTTCGACTCTTTATCGAAAATTAAAAAATCAACTGCACCAGTTACGTTTTGTACTACTCTCAAATCATTATCTACTGCTAGTT

GAATTAATTCATTT'FTTCTAGCTTGCTTAAATCCAGTAAAACACAAACCGATTTTATAGATCGGTGTTATTTTTTCTTTTCGTTGCTGGTTCAGAAGAGAATl^AAATAGATAAAA

CACATCTTGAGGAATAyrTTTGGCATAATrTTCGGCAAGAGCTAAATCATCAAATTGTTTAATAATGCGATCAGCTCTTAATGTGATAACTCTATTTTTCrGAATACAGTAACCT

TTGAAGTAAAGGTCA'rCAATATTCAAATTAGAAA'rCGAATAAACTCCAATTTGTTTATGTGATGTAATATAGACAAGATGAGTTAGAT'rTyQATGyyCCATCACCTAAACCCTCC

TAATATGCCCTTGCATAAAT'rCCACTTTACCGTGAATTTGGAATTTATGCTCATTTTCTGATGTGATTCTCCACTCTTTATAAAGCGGATTGTCGGAAA'rGACTAACAATTCATC 
orfl 6 (Cl repressor protein)

ACCGGCGAACTGCAAGCGTTTTACATATAAGTTTTCGCCATAGCTGAAAACATAGACACCATCGCCTTGATAAGCGGATTTAGTI3GTATCTACGAACAGCAAATCACCGTTACCG

ATAGTTGGCTCCATTGAGTCGCCATCTACATTAATAATTGATAAGCCTTTGGCATTTGCACGTTGAAAGACTTGTGCAAAATAGGCATTTTCAAATTCTACTGCGTGCGTGTAAG

CGGTTAAGTCTCCCGTGACAAAACTACCATTGCCGGCAGAGGCATATACATCTAACACCTCAAGTCGAAQCATTGAGCTTTCI2TCTTCATAAGCGGTCGGATTTTTTCCGATTTT

CGCAAAATCTGGTGCyrTCGCCTTTGCCGGT'rTyGAGCCAATTTACA'rCGACATCTAGGACGTTTGCAATTyCATAAATCCTTGTCSGGA'n'TCGAGTTTGTCCAT'IGAGGATTTTA

AAAACAGATGGCTGTGAAACACCTATTyGTTCTOCAAATrTTTCCTGTGTTAAACCTTTTTGGTCTAAAACGATTTTCAAACOACTTGCCAAAGTATCCATTAGGAACTCCTTAT

'TrTTGATOAGTATATAACTAAAGGTATAGAAATAAAAATTCATrTGGTTATTGATTTTTTATTTCTTTGGTTAyATTATTATAACCATTCAATAACCAISGGTTATA'l'TTATGACT

AATAAGAAAATTCAGAAAGCTATTGAACTTGTAGGAACACAAACAAAATTAGCTGAAGCTTGTGGAGTTAGTCAGCCTACGGTCTTGAAATGGCTAAACGGAGGCGGAATTTCCG 
orfl? (Cro protein)

CTQAATATCTACTAAAAATCGAAGCTGCCACAAACGGGCAGGTAACAATTCGTGAAATTTGyGAGGAGTTtSGGAAATGCAACAGCAAAATAAAAGCCCTGAACAGGCAGGGCTAG
orfl 8 (Recombination protein)

CGAGTGGGAAATTTACTGTAAGACGTAATCAAGACGGTAAATI3GCGTTTAGATTTGACCTTGTTGGATTTTGGTATTAGTTCGCCAGAAACGACTCAAGCTCGTTGCAAATTGCT

' ' '  orfl9 (Not known)
t c a a g a g c t t c a g c t t c c t c t t c t t c a a g g t c a a g g t c a t t t a a a t a c y g t c g g c g t g a a c g t t c g a a a a g c c g g t c c a g t c g t t t g c g t t g g t a g t c t g t t a a g c g a c c t t t t a
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AATCATCAAGflATAATGTTTTTGGCGTT'TAGTTGATGGCGTaAG'ITTTCAACTTCAACAGTCAGTTCAATAATTTGATCTTCAGTATTCATAAAflTTTCCTTTTGGAGGG'n'AAA

c a a t a t c t a a a a c a t a a c c a a a a t t c g a c t g c t t g t c t a t g g g g a t a g a t a a g c c g a a a t c a a c g t a a a g a a t g t t a a t a g a g c c t t g g g g a a g g c g t a g g g g a a a t a a t g a a t t  
orfZO (no homologue)

TAGACCACACCTGTACAAATyGCAAAAGTAAAAATTTACGGGTTCGTACATCTGAAAAAATCGGTTTGCTGACTATTCAGGCTGTTACTTATTGTAATAACTGCGGCACAGAGCA 
orf21 (no homologue)

ACTTGTGCAAAGTCAAATTATCCGTGTTCGCACACCGATTTATAAAGAGCGACCGGAAGCAATGCGTATTAATAAATGCTTGATGGAAGCCGATTTGAACACGCCGGA'rTTGTrC

GATGGCGTTGTGGCAGACCAACCTAAGCAAGACTAATCCCAATTTTTAAACAATCGTCAAAATAAGCCTTATTTGCATAGGOCGAQATTTTTGCACCCTAAATTCAGGAATTTGA

ACAATGAGTAAGCAATTATATTACCGACACAAATCACGTTGGAACAGACTTAACCGCCTyAAGAAGATGAATAAACGTCGCCTTAA'TCTGTTTTTGCAAGAAAAGCGGGTGGCOA 
or(22 (Transcription regulator)

a t t t a g a a a g c c g g t t a g c t g a t g a a g t a g a g c t g g c a a a g c t g a a t a g t q a g c a g a t t g g c g a t t t a c t g c a a g c g t t g g a g t t a a a a g t g a a t c g g t t a a t t c g c g a a a a t g a

AAAGCTGAAAGCCCGTGTGATTAAtXtTGGAAAAAGTCAAACAGACCCAAAAGCAAGGTTTGTTTGCAATGTTTAAAAAGGTGTTGGGTAGCAAGGGTAATCCTTAGTAAGAGGTA

GATATGGATTTCGTGGCAACGTATCAAAAGATACGCATTAACACTAATCACAAQCAATTTACTTGCAATCACTTAGGCGAGATTTGGGGGAAtSGAAAACGACQATTTTAAACG'rT 
orf23 (no homologue)

TCTTACTACGAGTCGCATTCTTGCAGGATAACCCCGAGCCGAAACCTrGGGGAGCQTATTCCCCACAAGAAAAACGCCTTTTACATAGTTTTAGCTTGTGGTTAGAGCAGATAGC

AGATTTTCAGCGAGTAATGAAAAGAGAATCAAAACTGCGTGAAAAACATATTAACGCACCGGATTAGAAGGAGTAAATATGAGCCGTAACCGTGAATTGTGyQAGTTTTTTCACA

AACTGTGGTGCAAAACCGGTAATCGCTATGCTTATCGCCGGTATCAAGTGTTTTTTCAGCGTTATCAAAACGAATGTTTAGTGAATGAGTAGAGGGTAGAAAAATGTCATTAATT

a c t g t g a a c g a t t a c a a a a t c a a g a a a g a t a t t t t a g a t g c a g a c g g c a a g c c g t g t t a t c a g t t g t a t c a a g g c g a a g a g c t a t t g c g t g a t a c c a c c a a t t t a a g c g a a a t c a  
orf24 (no homologue)

TCGCTTATATGTTTATTCGTGCCGAAGATAAACCGTTTGATGAGTTGTATAACCATATCATCAACCAAGAAGCAGGAGCTAAAACAGATATTAAATTTACGGyAACGGTGAGATG

AGCCAGATTACTAAATCCGCTTACACACATATTCACCCAAAC'TGGCAAGCCCCGAGAGGTAACACTyACCGGATTGAGCGATATGAGCTAAAACGGCGGTATGCCTTATTTTGTA 
"  orf25 (no homologue)
ATGGTGAGAGI3GTAGTTTTATATAAAGACCCAACACACCCCAATAAGAACGTAGAGAGCCATATAGAAAGTGATGTTTTGTTGTTATGGCTACTGAAAAATGAATTAGGGTGGAG

CGGTAATATTAAAGAGCCGTTAAGCCCTCAAGATGTTGAGAATATCCGCTTGTTAGAGCAAGCATTTTGTTTAACTTATAACGGAACTTTCATTAAATGAATTATCAGAATGAGA
orf26 (DNA replication)

TTCTATCTGCTAClAGAGGCTTTCGCAATAGGTGTTTCACTCCCACCTGTTGCCGQTGC'rrCTGCTTGTGCATTAGAGCTTCATTCTGATCGTTTATAyCAAGCGTTCAAACAGCC

TTACACTTCAATGGTCCAGCAAGAATTATTCTCGAAAGACCCTATTCACGAACCGTTACGCCAATCTTATTTTGAGCGTT'TGCC'rCGTtXtCTTAGCAGAQCA'rrTCGGCAGACAG

TATAAGCAAAAGCTACATTACCAAAGCCAATACGACACAGCAGACTGGTTCAAAGCt3GAAATGGCACGCAAAATGCCACGCaTTGAGGCAGTTATTAGCCAGTA'rTGCGATGTAT

TCGATTTTCrTGAAGCAATCCCATCAAGATrTAGATTTTTTAOCTGAATTAGATAGTAA'rGTTTATyTCGGTGCCGGTGTTGATACGCAACAAGCGGTACAAAAAATTAAACAAGA

TGCCGAAGTGAAAGGTATTCAACTGCCrrATGCACCTTTGCCGTTTAGAGAATAGCTCTCGCTATTTAAAAGCTCACGGCATTCGCCCGCTTGCTTACCAAACCGAAGAACAAATC

AAACAGCTTGCCTTAGGTATTGCTTATCGTGTTCCKtCAAATrCAGCAAGATAACATCGAGCAGAATATGCACAAAGCGACAGATGGCGACACAGCCTATAGTGTGTTGCTTGAAT

GCTATC13GGCAATGATGGGAGACMTAAATAAGCTCAAGATTGATTCGCCTTATCAGAAAAAAGCGAGAAA13GGTAGATTAACTGAAGAGGAAATTACCACAGGCTTTTTAAAAAT

GACCTGTGAAAAATGGTGGACTAGAAAGTTATCTAAAATTGCCX3AACAGATGAAAGAGCATTTAGCTATTGCGTGCGGTATGGTGAATATGCTTTCGCCTTACTGTyCAAATGCT

CGCTTGAAAGCGTTTGAGGCTCAACGCAAGGCGAATATTGATTATTTGAAATCAATGATCATTCCCAATATCGCCGAGCCGGAAGAGCAACTTTCATTATTTGAAACGTGGTTGA

AGTCTGCCTCTAACCCGAAAATTAAACGCCTTGAATTACTCACTCGTATGAATGGATTTGAGCGTTATGCAGATAAGCAAGGGCACGAGGGGTGGTTTATyACCTTGACTGCTCC

GTCTAAGTATCACGCAATGCTTTCAAGAACCAGTAOCGTGAACCCGAAATGGAATGGAGCAAGCCCTGCGGAAACACAGGTTTACCTTGTGAATACTTGGGCGAAAATCCGTGCC

AAACTCAACCGTGAGGGCGTAATGGCTTACGGTTTTCGAGTGGCTGAACCTCACGCTGACGCTACCCCACACTGGCATTTAATTCTATTCACTCGTCCGGAAGATATGGAAAAGC

TTCGCCGCGTGTTCTTGAGTTATGCCTTAGAGGTCGATGGCACAGAAGCCGGTGCQAAAAAATACCGTTGCAAATTCAAGCGTATTGAGAAAGAGAAAGGCTCGtXAACOGGCTA

t t t a g t g a a a t a t g t t t c t a a a a a c a t t g a c g g t t t t g g a a t g g a c g g c g a g c t t t c a g a c g a g g c a a a t a t t c a g g c g a a a g a g a a t g c c g c t c g t g t a g q a g c g t g g t c t a g c

g t t t g g t g t a t t c g a c a g t t c c a g c a g t t a g g t a a t a t t c c g a t c a g c t t a t g g c q t g a g t t a c g c c g t t t g g g g a g t g t a g a g c a a g a a g a t g a a a c t t t a g a g a a a c t c c g t g

t g a t t g c a g a t a g c g g t g a g t g g g a c g t t t t c a c c g a a g a a t t a g g c g g t g c g t t g g t t a a a c g t g c c g a t t t a g t t g c a c g t a t t a c t t a t a c c g a a c g c a a a a g c g a a a c c g g

t g a g g c g t t a t a t a c g a t g t a t c a a q a g c c a t c a t t a a a a g t o a g c g g c a t t a t t a a c a t t a a a a a c g g t g t g c a g a t t a a t a c a c g c c c g a a a g a g t g g a g c a t t c a a c t t a a a

CCTAAAAACTGGGAGGAGCAACAATTACAGAAAAAATTAGAAAATGCAACCGAAACGGAACGAGCGGAGGTTAAACGTAAATACTACGAGAAGTTAtaGGTTTAACGAAGAGGCTA

TCœTTrATTAGGGGAGCTTGCTCCCCCTTGGACTTGTGTCAGTAACTGyACCÎGGGTCAAAAAATAATCAGATTAGTGAAGAGGCTCGAAATTGCCTAAGAAATGAACTGATTAC

AATGCGAGGACGGGTTACTGAACATCAAATAGACGATTTACTAAACGGCAAGCGGTTAAAAA'ITTGGGGAAATTCGCAAAAAACAATGTTTGTGAGTTATAGCCGTGGGCGTTTA

ATTGAGCATATTGTTGATAATTATGAGAGÏTrTTTGAAyTAGGATA'rTAAGAAAATGG'rTAAATTTAT'rCGTTTAAATTTGATTAATTATTTCATTGAGAAAGATGAATATGGAG
orf27 (no homologue)

AACC(3GTGCGTTI3CAGAGCGTTTCGTTATGATGAGATTATTCAAACTAAGTTTATTGAAGOATTTCGAGAGGGAGAGATACCAGCTGATGATTATGGATTTGAAGATTGQAATGG

TTCGGTTCTGATTTTAAATGAAGAAGGACGTAAATATTTTGAGAACTATCTT'rrTI3ATGTAAAGAAGAATTATTGTAGAGCAAGGGATAACTATGTATATGTCTTGGAAACTTTA

GACGAAATTGAAATGAAGTTAGGATTATTGGAGGCGAAATAATGAACTTAGTCACATTAGTCtjGACGTTTGGGGCAAGACCCTGATATTAGAACAATGCAAAATGGTGAGAAAGC

TGCGGCTTTATCGGTAGCGACCTCTGAAAAGTt3GACAGATAAGCAAACAGGTGTGAAGAAAGAAAGCACCGAATGGCATAGGGTGGTGCTTTATCGCCGATTAGCTGAAATCGCC

GAATTGTATGTAAAAAAAGGGCATTTGGTATCAATTATCGGGAAAA’TTAAAACCCGAAAATCGACGGATAGCAACGGTGTTGAGCGGAGTATTACAGAGATTATTGCCGAGCAGA

TGCAAATGCTCAGTAGTGGTGAGAAAAATACGCCAAATACGCCAAATAAGGCAGAAAATAAACCGCAACCAAAGCAGAAAAATCAAGACGTGATGACTGCGGACGAGCAGAAAGA

TATTCCGCAGTTTGATGATGATATTCCGTTTTAGGGGGTGAATAAT0AGAGAAT(3GGAAAAACAAATGCCATTTAGTGCAAATTTACATATAAGACCTACAGGAAAATTTGAAGT
^  orf29 (predicted 17.3 kDa protein)

GAAAAATGTAAACATAGAACAAATAATCGGAGAACGTGGCAAAAATTACGGCAACTTTGA'TGATQTTGCCACAATQAGCCAGCAGTTAAAAGCAGTGTyGCyGGATACCAATACT
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CAACTTAAACCACATCAAAAAGAGGCAGGCGAGATGATCTCCTTGAAACTGGCTCGCATTTTTGCAGGrrGTAATCCGGACTATGAAGATAACTGGCGAGAyATTGCGGGTTATG

CGGyGCTGGGAGGGAAATTAAATGAAAAAyAAAATGGGGAGTAAATTTATACGAGTCAGAGTTGAGCATCCACAGCGGAAAAAAGAAGATATTGAGCTTGTGCAGGATGTGGTTG 
orf30 (no hom ologue)

CTTATCATATTTTTAATCTTTTTAAATTTGAGGAAAGTGGGTTACGGGGGTTTAGTCAGTATGATTTGGAAATTGATGTGAAAGTTAAGCCAGTGTTAGAACAAAAAGAAATGCC

TGTAGAyOTTTGGATTGATGATTTAGGTGGTAAAAATGGAACAATTACAAGCGGTCAGTAATGAGCAAGTTTTTGCAAAACTTTGTGAGGTTGAGCGGTTATTAAAAACCAAAGG
arf31 (no homologue)

GGTGAATGAGCATAGCCGTGAATTGTGGGATTTGGGCGATGTAGCAGCATATyrCGGCTACACTAAAGAACACACCAGCCGAAGTGTTGTATCTAGTCCACATTTTCCGAAACCG

ATTGCCCTTGACGGCTTACGAGGCAAGGGCAGGGGGGCGAAGAAGTGGGTATCCGGTGAAGTGGTGAAATTTTGTTTGATGTGGAAGGTGAAGTGATGATAAAAAAGATAA'I'TTT

AGATGCTTGTTGCGGTAGCCGAATGTTTCACTTTAATAAGCACAACCCCTCGGTATTGTTTGCTGACAATCGGGAATCCCTGTATCGAAAATTTTAAATGTTATCGAATACCAAC

CTATCTATGGGCATAAAAGCGGTAAACATAACAAAACGCArrGGCTGGCA'rTTGTAAAGATGGATAATAACGATTA'rrTGTAAAGTATTTCAAAATACAAAAGCCGATAAAT'rTC

ATTATTTATCGGCTTTTGTTTTATGGGTTGTTTTGCTTGAATTGTTGAATAGCTTGAATAATCAGCTGGTTTTGTGGAATGTTGAGTTTTTGGCTAAGTACTTCGATTTCTGCGA
oif32 (no homologue)

TCACCTCAAGCGGTAGTTTAAAGGATTTTTGCyTTATTCCTCGTTTTGCCTCGCTTTTAGCTTGGATTTCATTTCTTGACATTGCCATAATOTA'rCCCTATTATAAATTTTGTTG

MGAGCTGGGAGCTTTCACCCCCAGCGAGTTGCyTCAGATTAGTAAGCTGGGGAGCTAAGGACTAATAAGAAGACAACTAGGATAATGTATTTAAACATTGTGCTATCCTyCTTC

ATTTCGTAAGGTTTAAGCCTTACGCTCACTTTCAAGCTGTCTCTTGAAAGTGAGGTTATTATAATGTAGGGTATCCTACATTGCAAGTAATAAATACAAAAAAGCCGATAAATTT

TCGTTTATCGGCTT’rrG T T T'raATTGCA.GTTTGCTCACAAGTTCTGAAATATCCGGGTTATAGTAGGTATTTTGCAAAATAClTAAATCTCGATGCCCCGATACTTTGGCAAGCT 
0,03 (Iniegmse)

CCATTACCGTCAGATATTTAGACAAACGTGTGAGTGCCrCTCGCCGTGTGTCGTGAAAATGCAaATCGGCAyTGTGTAGATTGGCTTTTTG'TTTCAGCTTGCGAAAATTCGAATC

AAGGCTGCGACyGGTGAGCTGGAAAACACTGTTTTGCTTGTTCGGTTCAAGTTGTGCCAACrGATTTAAAATTGCTATTGCTTTGGTTGAGAGTGGCACGGTGCGTGAATAACCG

TTTTTGGTTTGTGGCAAAAATGCGGTGCGTGCCTGCAGGTTTATATGTTCCCATTTTAAACCAGCAATTTCACCCGCTCGCATTGCAGTCyCAATCGCAAATAATAGTGCTGCTC

CGGCTCTTTGTTGCATTAATAGCGGTGGCTGGTTAGGGCTGTAGCCGGAGACAAAAATCAGT'TTGTCTATCTCCTCATCGCTATATCGGCGAGTTCTTGCTGGTGGCGTTTTGAT

TTTTTCCAGCGTTTTTAGAGGATrTTCTTTGAGATAATCCCA'ryCCATTGC'rTTTGTAAAGAGTGCCGATAAAG'IGGCTCTTTCTCTTGAGACGGAAACCGGCTGCAC'ITCTTGC

AAGCGyTGGTTTTGCCATTGGCGTAAATGCTCTTTGGTGAGTGCCGGTAATGGTATATTTCCCAAGTyGCTGCCGGCAATTCTTAGCAGGCGATAGCGTTCTTCCCTTTTGCCAC

G'rTTGGTCGGAGTGACCTCTTTGAGGTATTTGTCGATTAATTCGGCAAAAAGAATGTTCGGGGTGGTGTTATA'rTCTCCGGCATCAATTTGAGCCTCTAAAGCGTAAGCCCAGCG

GTTTGCCTCTGTTTTGGTGCTGAAAGTGGCAGTTTTATAAATGCCTTTTTTGCGGACTTGTGCTCGGTATTTGTTGCCGTTCTTAATAA'TAGTAGCCATT'rT'rTTATTCC'rTTGT

GyATGTGTGCAGTTTAAGTCTGCAAATGTGTGCAAAGGAATCTTAATAGAGATCATAAAGATCAATAAA‘rA'rCAAG'rTyrCATATCAAAAATGATGTTT'ITATTGATG'rTATGCT
r C o n t i g

ACACTTGGGGAAGTGTTTTAAATCAATAAGCTATTGATTTATAAGGGQTATTTTTGGGGT'jAAGCCTGAATGGGGATATTCAGGCTyAAAAAyAAyGGTGCGACTAGC'jcGCACC 
1 3 7  ( 3 4 5 6 8 - 3 4 8 0 8 b p )  a t tP
AATAATCATTATTTATCAATAAGTrAAAATCTATAATGTGCAGTATATGTATATGCAATTAAAGAATAACGATTTTTCCTGACAAGCAATATTTTTGCGTTGAGGTGCGTAAAAT

TGCGTAAAAAGATCGAGTTTTTAAGATCGCTTTGCGATTATATGGGGCTTGTAGGGATCGCCTTTTTGCATTTGCGTATAAATCGACAAATTAAGTGTGcdGGCGAGGTGAGGGAl 
______  cosR

Appendix I Genome sequence of PHL2130 of M. haemolytica showing 

locations of ORFs and attP, cosL cosR, and primer sites. The ORFs are 

underlined with arrows which indicate the direction of transcription (see Table 3.38). 

The attP, cosL, cosR, and primer sites are shown in boxes.

GLAS
UNh'7
UBr/'
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