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ABSTRACT 
 

 Moraxella bovoculi is a Gram-negative microorganism that has shown potential to aide 

in the pathogenesis of infectious bovine keratoconjunctivitis (IBK) or ‘pink-eye’ in cattle. An 

ocular disease, IBK has shown to cause a significant economic loss to the cattle and dairy 

industry with reported losses of AUD 21 million annually to the beef industry in Australia.1 

Infected animals show symptoms of keratitis, conjunctivitis, corneal ulceration and in severe 

cases, IBK can lead to permanent blindness.2 

 Currently, the only known cause for IBK is the Gram-negative bacterium Moraxella 

bovis. However, M. bovoculi is a recently isolated bacterium from calves which could also play 

a role in the pathogenesis of IBK with reports suggesting it may play a role in host 

colonisation.2-4 Currently, no investigations on the lipooligosaccharide (LOS) structure of M. 

bovoculi have been completed which is a major virulence factor found in Gram-negative 

bacteria.3,5,6 This following study aimed to further understand the biological role of LOS in M. 

bovoculi as well as compare it to the previously studied Moraxella species, M. bovis and M. 

catarrhalis. The first aim investigated the growth profile and biological activity of Moraxella 

bovoculi. The second aim investigated the extraction and purification of the LOS of M. 

bovoculi leading to the eventual analysis of the oligosaccharide structure using NMR 

spectroscopy. 

 An investigation into the biological role of LOS in M. bovoculi examined the growth 

and biological activity. The growth characteristics of M. bovoculi showed that the bacterium 

reached its stationary phase at 15 hours. This information was exploited to optimise the yield 

of viable bacteria for future isolation and purification of LOS. Endotoxin activity was 

quantified using a Limulus Amebocyte Lysate (LAL) assay. The endotoxin activity of M. 

bovoculi is identical to M. bovis Epp63 Lgt2Δ strains but smaller than Mb25, L183/2 and 
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Epp63 M. bovis strains as well as the wild-type M. catarrhalis O35E strain. An Auto-

aggregation assay that measured sedimentation rates in liquid media were found to be similar 

to M. catarrhalis 035E strain. The percentage of adherent bacterial cells to HeLa and Chang 

cells was examined and revealed significantly decreased percentages towards all strains except 

the mutant M. bovis Epp63 Lgt2Δ and M. catarrhalis O35EkdtA strains. Susceptibility to the 

hydrophobic agents Tween 20 and Triton X-100 was analysed using a disk diffusion assay at 

a concentration of 5%. M. bovoculi is less sensitive to Tween-20 when compared to all M. bovis 

strains but is more sensitive when compared to M. catarrhalis O35E. M. bovoculi is less 

sensitive to Triton X-100 when compared to M. bovis Mb25, and M. catarrhalis O35EkdtA 

strains but is more sensitive when compared to M. bovis L183/2, Epp63Lgt2Δ and M. 

catarrhalis O35E. Susceptibility to a selection of nine antibiotic agents was also examined 

using a disk diffusion assay. M. bovoculi saw a significantly higher susceptibility to 

chloramphenicol when compared to M. bovis Epp63 strain. Conversely, M. bovoculi saw a 

significantly lower susceptibility to nalidixic acid when compared to M. bovis L183/2 strain. 

M. bovoculi presented a significantly higher susceptibility to novobiocin and polymyxin B 

when compared to M. bovis Mb25, L183/2, Epp63 and the mutant Epp63 Lgt2Δ strains. 

However, M. bovoculi saw a significantly lower susceptibility to rifampicin when compared to 

M. bovis Mb25 and Epp63 Lgt2Δ strains. Lastly, M. bovoculi saw a significantly higher 

susceptibility to vancomycin when compared to M. bovis Mb25, Epp63 and Epp63 Lgt2Δ but 

is not when compared to M. bovis L183/2. It was also analysed here that β-lactamase activity 

was observed in M. bovoculi when comparing Ampicillin and Penicillin G to the β-lactamase 

inhibitor, Amoxicillin/Clavulanic Acid presenting with a higher susceptibility. Lastly, a 

bactericidal assay using bovine serum was conducted using bacterial cell counts. No difference 

is observed between the concentrations 0% and 25% for M. bovoculi. 
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 The LOS of M. bovoculi was extracted using three protocols sequentially to identify 

which protocol would acquire the highest and purest yield to use for NMR analysis. These 

protocols included phenol/chloroform/petroleum ether method, the phenol/EDTA/TEA 

method and the hot phenol/water method in that order. It was determined that the hot 

phenol/water method gave the highest yield of LOS material once it was liberated of nucleic 

acid and protein contamination using DNase, RNase and Proteinase K. An SDS-PAGE 

confirmed that M. bovoculi was devoid of an O-antigen due to absence of higher molecular 

weight banding patterns confirming it to be a LOS structure. LOS was subjected to mild acid 

hydrolysis to cleave the Lipid A from the Oligosaccharide. The oligosaccharide was then 

purified further using size exclusion gel chromatography that determined the oligosaccharide 

to be high in molecular weight as it travelled down the Bio-gel P4 rapidly. The pure 

oligosaccharide sample was examined using 1H NMR spectroscopy for purity. Pure 

oligosaccharide samples were analysed using an Avance Bruker 600 MHz spectrophotometer 

using 1D and 2D NMR experiments. Spectral assignment of M. bovoculi determined that the 

oligosaccharide structure contains six sugar residues in addition to the Kdo residue. A central 

trifunctional α-glucopyranose residue is determined to be linked to the O-5 of the Kdo. The α-

glucopyranose is linked to two β-glucopyranose residues at the four and six position carbons. 

The α-glucopyranose is also linked to a β-galactopyranose at the three-position carbon which 

extends to a α-galactopyranose from its six-position carbon. The α-galactopyranose extends 

further to another α-galactopyranose residue at the four-position carbon. The oligosaccharide 

of M. bovoculi had unusual features such as it is devoid of heptose residues as previously seen 

in species like M. bovis and M. catarrhalis. However, the structure did not contain any N-

Acetylglucosamine residues unlike serotypes A and C of M. catarrhalis, and N-

Acetylgalactosamine resides unlike M. bovis Epp63 and Mb25 strains.7,8 
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CHAPTER I: INTRODUCTION TO MORAXELLA 

BOVOCULI AND THE LIPOPOLYSACCHARIDE OF 

GRAM-NEGATIVE BACTERIA 
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1.1. MORAXELLA BOVOCULI AND INFECTIOUS 

BOVINE KERATOCONJUNCTIVITIS 
 

 Although most bacterial organisms are harmless to the human body as well as some 

sharing a symbiotic commensal relationship to humans particularly in the gastrointestinal tract, 

a small number of harmful bacteria exist to proliferate and infect the body with their key role 

to ultimately cause illness.9-11 The following thesis investigates the pathogenic bacterial strain 

Moraxella bovoculi and its role in disease particularly an investigation into its virulence factor, 

the lipopolysaccharide (LPS) which is present in most Gram-negative bacteria.12,13  

 

1.1.1. Historical Context 

 M. Bovoculi is a Gram-negative Gammaproteobacteria from the Moraxellaceae family 

that has been associated to cause infectious bovine keratoconjunctivitis (IBK) or colloquially 

known as “pinkeye” in cattle.3-5 This eventually can lead to blindness and its significant 

economic impact warrants for a broader investigation of the pathogenesis of the disease.2,14,15 

The strain was initially isolated in 2002 by Angelos et al.2,16 Historically, the Gram-negative 

bacteria Moraxella bovis is the only known species to cause symptoms of IBK within cattle. 

However, it has been reported that only a small number of IBK cases involving ocular 

secretions have isolated M. bovis while M. bovoculi is repeatably obtained from these 

secretions.16 M. bovoculi has also been historically identified to be the infectious agent that 

leads to infectious keratoconjunctivitis within Eurasian tundra reindeer, however this was 

recently dismissed by Tryland et al. in 2009 who outlined the cause to be due to Cervid 

herpesvirus 2 and later confirmed in 2017. M. bovoculi alone was not able to cause clinical 

symptoms related to infectious keratoconjunctivitis within reindeer and therefore ruled out as 

a potential causative agent.17  
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1.1.2. Infectious Bovine Keratoconjunctivitis and Current Causes 

 IBK is the most common ocular disease associated with cattle. It occurs throughout the 

world affecting all populations. All breeds of cattle are susceptible to the disease; however, it 

has been previously reported that there was a lower incidence of IBK occurring within cattle 

who present with periocular pigmentation and Brahman cattle.18,19 Cattle who present 

symptoms of IBK commonly exhibit corneal ulcers, photophobia, keratitis, excessive 

lacrimation, corneal oedema, blepharospasm and conjunctivitis. Severe cases of IBK include 

corneal scarring, rupture of corneas and even permeant blindness. Healing of eyes varies 

towards every cattle.2,7 IBK has been shown to be more susceptible towards younger cattle but 

still affects all ages. The consequences of pain and decreased vision lead to decreased appetite 

within affected cattle.1 

 Currently, the only known cause for IBK has only been associated with the Gram-

negative bacterium Moraxella bovis. This organism is the only known causative agent for IBK 

as the bacterium fulfils Koch’s postulates.16,20 However, new reports suggests a recently 

discovered bacterium (Moraxella bovoculi) could be associated with the pathogenesis of IBK. 

Over the years, many bacteria have been reported to be isolated from cattle affected by IBK, 

but no other bacteria other than M. bovis satisfied Koch’s postulates as well as not fitting its 

morphology of being diplobacillus and a Gram-negative rod.16 The problem here lies within 

that only 28% of cases of IBK present with M. bovis isolations while strains such as Neisseria 

(branhamella) catarrhalis commonly referred to as Moraxella catarrhalis today, was reported 

in 45% of all cases for example.21  

 Pathogenesis is highly influenced by environmental factors and cattle, which are the 

reservoir for the disease. Factors that can lead to infection and disease include young calves, a 

poor immune system of the host, deficiencies in nutrients, UV radiation, a high population of 

face flies, warmer climates, irritation to the eye due to pasture conditions and certain breeds 
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that are predisposed to the disease by lacking pigments in the eye. Other factors also include 

injury to eyes from tall grass and weeds, and irritation to the eye from the wind. Another 

important predisposing factor that can lead to IBK is the presence of other pathogens or 

bacterial species. These include species of Mycoplasma, Chlamydia, Moraxella and 

Acholeplasma. The Infectious Bovine Rhinotracheitis (IBR) virus has also been shown to be a 

factor that influences M. bovis infection.18,19,22 Transmission plays an important role in 

controlling of disease. It can be spread from cattle to cattle by direct contact with animals that 

have been infected as well as the hands of animal handlers and their equipment that can carry 

fomites. The spread of infection from infected cattle to new hosts is also predominantly caused 

by Musca autumnalis (face fly), Musca domestica (house fly) and Stomoxys calcitrans (stable 

fly). These vectors spread the infection as they feed of the highly infectious nasal and ocular 

discharge of IBK affected cattle.23-26  

 Once cattle have been infected with the pathogen, clinical symptoms for IBK can 

appear two or three days later varying between animals and the conditions they are currently 

in.27,28 Infected cattle can present symptoms of IBK in one, or both eyes.27 Corneal damage is 

due to haemolytic toxins that leads to the lysis of blood cells found within both M. bovis and 

M. bovoculi.29 This ultimately leads to injury of the epithelial cells on the cornea and ulcer 

formation.30-32 Other virulence factors that influence pathogenesis involved in M. bovoculi and 

M. bovis pathogenicity include their pili structures (fimbriae) and LOS structure. The pili 

structure (type IV) of M. bovis are extended fibres made of polypeptide subunits. They possess 

an important role in bacteria to bacteria interaction as well as attach to the epithelium of the 

host.5,33,34 The role of the LOS/LPS in M. bovoculi is still unknown. 

 Even though current treatment is available for IBK in the forms of antibiotic therapy 

and vaccination, these factors create a difficult environment to control the disease by using 

antibiotics alone thus rendering them unsuccessful.35,36 Controlling IBK infections within large 
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populations would not only be beneficial towards the health and well-being of cattle but also 

the beef and dairy industry which sees significant economic losses due to IBK every year. The 

prevalence of the disease is exhibited in worldwide cattle populations leading to estimated 

report losses of USD 200 million from the United States beef industry and AUD 21 million 

from Australian beef and dairy farmers annually.1,24 A further AUD 1.5 million has been spent 

on treatment and control.35 

 

1.1.3. Current Treatments  

  Treatment for IBK can be broken down into antibiotic therapy and vaccination. The 

development of antibiotics to combat IBK infections already exists but comes with 

disadvantages and difficulty making prevention a preferable method of treatment. Antibiotic 

treatment of IBK uses oxytetracycline, ceftiofur and florfenicol. However, ceftiofur is not 

labelled for treatment in Australia. The disadvantage of using antibiotics to treat infection is 

the emergence of antimicrobial resistant that could render them unusable. Tetracycline 

resistance has already been reported in isolates of M. bovis in studies from the United 

States.22,37,38 Treatment using antibiotics has also found difficulty controlling the spread of 

infection. This could be due to an incorrect administration route, intervention of infection is 

delayed, regularity of treatment control for the spread of infection by flies, separating infected 

cattle with healthy cattle and the reduction of dust.35,37 Preventative vaccination for IBK is 

available, however vaccines today only contain antigens from M. bovis strains such as pilin 

based vaccines. The efficacy of these commercial vaccines is questionable as they fail to 

contain farm-based strains of M. bovis isolates and fail to contain organisms such as M. 

bovoculi which has shown to aid in the pathogenesis of IBK.23,28 A field trial involving the 

vaccination against antigens of M. bovis strains using a pilin-cytotoxin recombinant vaccine 

saw increased isolations of M. bovoculi, more frequently than M. bovis observing that using 
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recombinant vaccines of M. bovis and M. bovoculi could be important when both strains are 

found within one herd.39,40 Following this, recombinant vaccines combining both M. bovis and 

M. bovoculi strains have also been trialled. A randomised control field trial using 107 beef 

steers examined the efficacy of recombinant M. bovis pilin-cytotoxin-Moraxella bovoculi 

cytotoxin subunit vaccine in 2012 but concluded it was not effective in the prevention of 

naturally occurring IBK.41 

 

1.1.4. Relationship of Moraxella bovoculi to IBK and Moraxella bovis 

 Originally isolated in 2002 in northern California during a drug efficacy trial on IBK 

affected cattle, a similar strain to M. bovis was isolated possessing characteristics of being 

Gram-negative, haemolytic and cocci in shape. Certain cases also presented M. bovis with this 

mystery bacterium alongside each other.2,38 Biochemical and molecular examination revealed 

the unknown isolate was distinguishable to M. bovis and Moraxella ovis (another species of 

Moraxellaceae which has been implicated in the infection of infectious keratoconjunctivitis 

(IKC) in sheep and goats) and was classified as Moraxella bovoculi.16,42 It was hypothesised 

that this novel bacterium had been previously circulating in cattle populations since 

determining that M. bovis was a causative agent of IBK.2,16 Biochemical testing of M. bovis 

and M. bovoculi indicated they were both catalase and oxidase positive as well as being non-

motile.2 IBK related to M. bovoculi infection has not been shown to reproduce the symptoms 

found in M. bovis infections such as corneal injury but reported to have a pathogenic role.3 This 

parallels with M. bovis observations that present with asymptomatic carriers within 

populations. It was reported by Galvão et al. that adult dairy cows who exhibited ulcerative 

conjunctivitis were examined to have an M. bovoculi isolate that presented with corneal 

ulceration in the absence of M. bovis.43  
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 The factors that contribute to the pathogenesis of IBK concerning M. bovoculi originate 

from an operon called Repeats-in-Toxin (RTX) that has also been investigated in M. bovis.2,5,44 

It was reported by Angelos et al. that an entire operon (mbyCABD) was identified within M. 

bovoculi with RTX operon genes possessing a high degree of identity to M. bovis which 

suggests that this operon could have a role in pathogenesis of IBK.6,44 This factor has shown to 

suppress the immune system of cattle by encoding for known cytotoxins that destroy epithelial 

cells of the cornea and neutrophils through lysis as well as encoding for pili that aides in 

attachment of corneal cells.3,5,30,34,44  

 The genes of M. bovoculi that play an important role in host invasion have varying 

degrees of similarity between M. bovis. For example, two genes encode for the pili of M. bovis 

while there is only one gene that encodes for the pili of M. bovoculi.5,45 Furthermore, only 38% 

of the gene sequence is identical to M. bovis. This signified that bacterins that are effective 

towards pilins in M. bovis would be an insufficient method of protection for IBK.5,46 Homology 

of M. bovoculi and Moraxella catarrhalis, which is a pathogen associated with otitis media in 

young children, is also present for the genes that encode for phospholipase B and the adhesion 

McaP (a dual functional adhesion).47,48 Genes for antibiotic resistance are present in M. 

bovoculi. The BRO β-lactamase gene responsible for the production of β-lactamase, an 

inhibitor of β-lactam antibiotics is 95% similar to the gene on M. catarrhalis.5,49 The location 

of the gene is found in a region known as gatA and gatB with previous studies showing that 

horizontal gene transfer through transformation has led to duplicates expressing this gene for 

β-lactamase.49,50 Lateral Gene transfer may have occurred in M. bovoculi for this phenomenon 

to occur. The process of how this occurred is unknown at this time, but analyses have shown 

that the gene does not occur on the locus gatAB for an M. bovis strain (Epp63).5 However, this 

report did not mention the degree of identity towards its proposed lipopolysaccharide (LPS) or 

lipooligosaccharide (LOS) which is a major virulence factor involved in Gram-negative 
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bacterial pathogenesis. The external membrane of Gram-negative bacteria is highly decorated 

with LPS/LOS and is said to make up 75% of the surface membrane and 5-10% of the overall 

dry weight of a bacterium.51,52 The LOS structure of wild-type M. bovis Epp63, Mb25 and 

L183/2 strains have been studied comprehensively and was presented that they could play a 

major role in the pathogenesis of IBK.7,53-55 The LOS of Moraxella catarrhalis has also been 

studied identifying a high degree of identity to the nucleotides responsible for the biosynthesis 

of the LOS. It has previously been reported by Faglin et al. that the LOS of M. bovis Epp63 

strain had similar gene sequences to Moraxella catarrhalis serotype B strain when comparing 

the genes responsible for LOS assembly.53 Currently, the LPS or LOS structure of M. bovoculi 

is unknown with no studies identifying its role in the pathogenesis of IBK. There is currently 

ongoing research in the development of a vaccine for M. catarrhalis targeting the conversed 

PK epitope on its LOS structure responsible for molecular mimicry allowing the pathogen to 

evade the immune system.56,57 With the elucidation of the LOS/LPS structure of M. bovoculi, 

a similar strategy can be developed towards it along with M.  bovis guiding future efforts to 

improve vaccines towards IBK infections.  
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1.2. CHARACTERISTICS OF GRAM-NEGATIVE 

BACTERIA 
 

 Distinguishing bacterial species is an important part of investigating their behaviour. 

The first degree of separation is based on their cell wall designated to either being Gram-

positive or Gram-negative respectively strained either violet-purple or bright red using Gram 

staining techniques.58,59 Bacteria can also be characterised based on morphology (size, shape, 

colony formation) and biological activity (growth conditions, biological niche, oxidase or 

catalase positivity).60 Figure 1.1 outlines the striking difference between these cell envelopes 

and the complexity with structures that are known mechanisms for pathogenesis.59  

 

Figure 1.1. Cell envelopes from Gram-positive and Gram-negative bacteria. Abbreviations 

include; CAP: covalently attached protein; IMP: integral membrane protein; LP: lipoprotein; 

LPS: lipopolysaccharide; LTA: lipoteichoic acid; OMP: outer membrane protein; WTA: wall 

teichoic acid. Adapted from Silhavy et al.59 

 

 A striking difference seen between the structures is the presence of the 

lipopolysaccharide (LPS), a major component of the outer membrane of Gram-negative 

bacterial species that is widespread throughout the membrane. Most if not all Gram-negative 

bacteria possess this structure which has been shown to be an important virulence factor in 

bacterial pathogenesis.12,13,61 
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1.2.1. The Lipopolysaccharide Structure (LPS) 

 The LPS or endotoxin is a major virulence factor found on the outer membrane of most 

Gram-negative bacteria. Very few exceptions do not contain an LPS structure such as 

Treponema pallidum or Borrelia burgdorferi for example. Conversely, Listeria 

monocyotogenes has been identified to be the only Gram-positive bacteria to contain an 

authentic lipopolysaccharide. The LPS has shown to contribute to pathogenesis in disease and 

has yet to be investigated for M. bovoculi.12,13,62 The structure of the LPS can be distinctly 

divided into three parts that consist of the lipid A connected to the core oligosaccharide through 

the Kdo linker molecule and O-antigen or O-polysaccharide in order from the membrane to the 

exterior of bacteria.12,51 Certain bacteria are devoid of the outermost structure, the O-antigen 

and therefore are designated as rough or semi-rough as opposed to smooth LPS.63 In other 

words, they are also known as LOS due to their lower molecular weight.64 LOS can be further 

divided into two types known either as semi-rough containing the outer-core or rough which 

does not.12,13,62,65 M. bovis and M. catarrhalis strains present with semi-rough endotoxin 

structures designating them as being LOS. Interestingly, both these strains have also exhibited 

to be devoid of heptose residues that connect to the Kdo. Instead, they are replaced with an α-

D-glucopyranose connected to the Kdo at the 5-position oxygen.8,54,66 The characteristics of 

the LPS allow it to achieve pathogenesis by being able to evade immune responses from host 

organisms, protection against chemical attacks, bacteria structural stability and integrity for the 

membrane and eliciting strong immune responses in mammals making it a crucial component 

when focusing on pathogenic Gram-negative bacteria.13,62 The mutation or removal of LPS has 

shown to greatly affect its biosynthesis and overall pathogenicity.13,54,62,67  In many cell types, 

an immune response is mostly shown to be caused by the binding of the LPS to the CD14/TLR4 

complex as well as an MD2 protein. In contrast, Gram-positive bacteria elicit an immune 

response by binding to TLR2.68  
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1.2.1.1. The Lipid A and Kdo 

 The LPS is composed mainly of three parts. The first being a lipid A structure which 

anchors the LPS into the outer membrane surface of bacteria and has indicated to be responsible 

for a large portion of the overall toxicity of the LPS structure.66,69,70 Due to its hydrophobic 

nature, it is the innermost component of the LPS and is a component of the cell interior.71,72 

The connection between the Lipid A and the inner core oligosaccharide is achieved through 

the linker molecule 3-Deoxy-D-manno-oct-2-ulosonic acid (Kdo). The Kdo is highly 

conserved throughout Gram-negative species with its role being that it supplies additional 

negative charge to the LPS structure. This allows cross-links to be formed resulting in LPS 

structure stabilisation.12,73 

 

1.2.1.2. The Core Oligosaccharide and Repeating O-Antigen 

 The core oligosaccharide is present in all Gram-negative bacterial species but is 

structurally dissimilar between strains. Linked by the Kdo, the core is comprised of 

monosaccharide molecules such as hexose or heptose structures and may also contain 

components such as amino acids or phosphates.13,69 The saccharide structures in LPS are 

mostly pyranose form hexose based structures. For example, these residues could be composed 

of Glucose (Glc), Galactose (Gal) and N-acetylglycosamine (GlcN) for hexose structures, and 

L-glycero-D-manno-heptose (an aldose), a late intermediate in lipid A biosynthesis, a part of 

the cell interior. The core oligosaccharide is split into two parts. Rough LOS does not contain 

an outer core oligosaccharide while semi-rough do.70,74-77 Different serotypes of the same 

bacterial species such as M. catarrhalis have highly similar oligosaccharide but are structurally 

distinct by the addition or subtraction of residues.72 Figure 1.2 shows the complete LPS 

structure for Escherichia coli 0111:B4. It is seen that the core oligosaccharide structure 

contains a heptose linked to the Kdo. 
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Figure 1.2. E. coli 0111:B4 Lipopolysaccharide structure. (Hep) L-glycerol-D-manno-heptose; 

(Gal) galactose; (Glc) glucose; (KDO) 2-keto-3-deoxyoctonic acid; (NGa) N-acetyl-

galactosamine; (NGc) N-acetyl-glucosamine Adapted from Magalhaes et al.78 
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 The last major component of LPS typically found in most Gram-negative bacteria is a 

repeating O-antigen or O-chain structure. This structure varies in size between bacteria 

normally composed of 4 to 40 repeating units.51,66 The O-antigen maintains the hydrophilic 

domain of LPS and plays a role in antigen determination of the specificity of each bacterial 

serotype. For species like Actinobacillus pleuropneumoniae, the O-antigen has been shown to 

aid in adherence to mammalian cells.12,13,75 Certain species like M. bovis and M. catarrhalis do 

not possess an O-antigen and are instead denoted as being rough or semi-rough phenotypes 

otherwise known as LOS which are distinguished from LPS structures that have a smooth 

feature.70,77,79  

 

1.2.1.3. Lipopolysaccharide Structure in Relation to Moraxella bovis and 

Moraxella catarrhalis  

 Studies have shown that synthesis of the LPS structure is facilitated by the down 

expression of transferase enzymes. Particularly, the biosynthesis of the oligosaccharide 

structure of M. bovis and M. catarrhalis is enabled by glycosyltransferase (lgt) genes attached 

individually by a different translated glycosyltransferase enzymes.7,54,79,80 Each type of 

glycosyltransferase is generally exclusive to an acceptor and donor as well as being specific to 

a certain glycosidic linkage.80 This leads to the building blocks of oligosaccharide or 

polysaccharide structures. Disrupting the normal function of the genes that code for these 

enzymes halts biosynthesis of the oligosaccharide core and results in a truncated 

structure.77,79,80 

 M. bovis strains Epp63 and Mb25 are composed of eleven residues including the Kdo 

while L183/2 consists of one less residue at the terminal end devoid of a (1S) N-

acetylgalactosamine. Interestingly, M. bovis is devoid of an initial heptose residue. Instead, the 

Kdo is linked to a bifunctional α-4,6 linked D-glucopyranose at the five-position oxygen as 
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seen in figure 1.3 (A). This is constant throughout all three strains. M. bovis is also devoid of 

an O-antigen designated as being semi-rough in shape.7,53-55  M. catarrhalis shares the same 

trait of being devoid of heptose on its oligosaccharide like M. bovis. However, in this case, a 

central trifunctional α-D-glucopyranose is linked to the five-position oxygen of the Kdo. The 

trifunctional α-D-glucopyranose is linked to three β-D-Glucopyranose residues at the 3,4 and 

6 position carbon as seen in figure 1.3 (B). These unique structural features that are not 

commonly seen in other bacteria.13,54,70,74 

 

Figure 1.3. Oligosaccharide structures for M. bovis Epp63 (A) and M. catarrhalis Serotype B 

(B) showing the glycosyltransferase enzymes and the residues that make up the structures. 

Adapted from Faglin et al.53 

 

 The backbone oligosaccharide of M. catarrhalis is composed of eight sugar residues 

including the Kdo. M. catarrhalis is mainly made of three serotypes (A, B and C) that are 

connected to the centre terminal β-D-Glucopyranose at the two-position carbon. Serotype A 

sees the addition of an extra N-acetyl-D-glucosamine giving a total of nine residues. This 

serotype makes up 61% of clinical isolates. Serotype B sees the addition of three residues to 

the oligosaccharide with the addition of an α-D-glucopyranose, β-D-galactopyranose and α-D-



18 
 

galactopyranose making up a total of eleven residues. This structure is outlined in figure 1.4 

and makes up 29% of all clinical isolates. Lastly, serotype C acquires an extra α-D-

galactopyranose, β-D-galactopyranose and an N-acetyl-D-glucosamine to its overall structure 

also giving a total of eleven residues. This serotype makes up 5% of clinical isolates.8,66,72,80 

These three serotypes outline the structural differences seen in a single species showing change 

in the core oligosaccharide.72 The pathway of oligosaccharide and lipid A biosynthesis of M. 

bovis and M. catarrhalis is comparable. Both species present with similar glycosyltransferase 

genes having a degree of similarity and gene arrangement (figure 1.4).53  

 

 

Figure 1.4. Side by side Gene sequences composition for LOS biosynthesis of M. bovis Epp63 

(A) and M. catarrhalis Serotype B (B). Lines and numbers between sequences indicate 

homologues and protein sequence percentage identity. Adapted from Faglin et al.53 

 

 It has been identified in this study (chapter two) using preliminary data that M. bovoculi 

possesses a high degree of identity to the lgt6 nucleotide sequence of M. catarrhalis strain 7169 

as once again, no investigations have been undertaken to identify the LOS or LPS structure of 

M. bovoculi. 
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1.3. AIMS, OBJECTIVES AND SIGNIFICANCE OF THIS 

RESEARCH PROJECT 
 

 Gram-negative bacteria contain an LPS component on their outer membrane which is 

of great interest due to their ability to influence the pathogenesis of bacteria in mammals 

particularly.13,54,80 LPS varies in different bacterial Gram-negative bacterial strains with 

changes to the core oligosaccharide structure being evident within the same bacterial 

species.12,13,55,81. There are two main aims to this overall project that investigates the LOS or 

LPS structure of M. bovoculi.  

 The first aim investigates the growth and biological activity of the bacteria using an 

array of different assays. The growth profile of M. bovoculi will be examined to optimise the 

bacteria for future culturing for LOS/LPS extraction. Following this, biological assays will be 

undertaken to investigate the biological activity and role of LOS in M. bovoculi. Endotoxin 

toxicity will be quantified using a Limulus Amebocyte Lysate (LAL) assay. An auto-

aggregation assay will measure sedimentation rates in liquid media using optical density. An 

adherence assay will measure the percentage of bacterial cells that adhere to HeLa and Chang 

epithelial cells. Susceptibility to the hydrophobic agents Tween 20 and Triton X-100 is 

analysed using a disk diffusion assay. Antibiotic susceptibility using a selection of nine 

antibiotics is also assessed by a disk diffusion assay. Lastly, a bactericidal assay using bovine 

serum is conducted using bacterial cell counts. The resulting observations will be compared to 

previous studies on Moraxellaceae species; M. bovis and M. catarrhalis. 

 The second aim investigates LOS/LPS structure of M. bovoculi by understanding the 

proper methods to extract and purify the bacteria leading to analysis using SDS-PAGE and 

NMR spectroscopy. Before the oligosaccharide structure can be analysed, the bacterium must 

be extracted and purified. M. bovoculi must be cultured in bulk and will be subjected to three 

different extraction protocols sequentially. These protocols are the Phenol-Chloroform-
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Petroleum ether (PCP) method, the Phenol/EDTA/triethylamine method and the hot 

phenol/water method. LPS/LOS samples will be purified by the liberation of proteins and 

nucleic acids using DNAse, RNAse and Proteinase K. Following this, M. bovoculi LOS/LPS 

will be visualised using a 12% SDS-PAGE gel. After the gel has been silver stained, the 

presence or absence of an O-antigen will be revealed thus giving a clear indication of whether 

the structure is LOS or LPS. M. bovoculi will be cleaved of the lipid A structure liberating the 

oligosaccharide (OS). Cleavage is necessary for further purification using size exclusion 

chromatography. Fractions from size exclusion chromatography will be analysed using 1H 

NMR spectroscopy on a 400 MHz NMR. Pure fractions will either be combined or a individual 

fraction used to investigate the structure of OS M. bovoculi using 1H and 13C NMR 

spectroscopy on a 600 MHz NMR. Spectral data of M. bovoculi will be assigned using 1H 

NMR, 1H13C-HSQC, 1D-selective COSY, TOCSY, and NOESY experiments. Three important 

pieces of information will be identified here. How many saccharide residues and what type are 

on the OS of M. bovoculi, the 1H and 13C chemical shifts for all residues including the Kdo, 

and the linkages of the residues. This information will give clear indication that the OS is 

devoid of a heptose residue, similarly to what is seen in M. bovis and M. catarrhalis.7,8 

 Successful elucidation of the OS structure of M. bovoculi can lead to the development 

of glycosyltransferase mutants which has shown success in M. catarrhalis O35E and M. bovis 

Epp63 strains.8,53,69,82 If the development of glycosyltransferase mutants is successful, hopeful 

future advancement for the treatment of IBK can be progressed. 
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1.4. RESEARCH DESIGN AND RATIONAL OF 

EXPERIMENTAL PROCEDURES 
  

  This study is composed of three important chapters that result in three different sets of 

results. Chapter two uses preliminary genetic data that shows the basis of this research and the 

significance to the previously studied bacteria M. catarrhalis strain 7169 and its 

glycosyltransferase lgt6 nucleotide. Chapter four analyses the growth and biological activity of 

M. bovoculi in relation to M. bovis and M. catarrhalis wild-type and mutant strains. Lastly, 

chapter five outlines the process that is taken to extract and purify the LOS/LPS leading to the 

elucidation of the oligosaccharide of M. bovoculi using NMR spectroscopy. These experiments 

will be completed alongside each-other with the growth profile investigated at the beginning 

to optimise the growth for future culturing of M. bovoculi. 

 

1.4.1. Preliminary Genetic analysis 

 The preliminary genetic data forms the basis of this study and is presented in chapter 

two. The nucleotide sequence of the Lgt6 glucosyltransferase for M. catarrhalis 7169 strain 

was compared to M. bovoculi Strain 237T (BAA-1259) using the draft genome sequence 

supplied by Calcutt et al.5  

 

1.4.2. Bacterial Growth and Activity Analysis of Moraxella bovoculi 

 The experimental procedures presented within chapter four of this project primarily 

investigate the growth and biological activity M. bovoculi. The growth characteristics of M. 

bovoculi will be initially investigated to understand the growth phases better. This would allow 

for future culturing to be optimised for extraction of the LOS/LPS. The growth phases (lag 

phase, log phase, stationary phase and death phase) would be represented here.11 The biological 
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activity of bacterial species can be understood using a variety of assays and experiments. 

Quantification of endotoxin will be investigated using a Limulus Amebocyte Lysate (LAL) to 

assess toxicity.83 Limulus Polyphemus is a horseshoe crab that has amebocytes in the blood that 

produces LAL. The assay uses a chromogenic method to quantify the amount of endotoxin 

(LPS/LOS) present by catalysing a proenzyme called Factor C from the LAL to cleave the 

chromogenic substrate. This results in the release of p-nitroaniline which forms a pink/purple 

colour that can be measured using a spectrophotometer.84,85 Previous studies have examined 

that truncated M. catarrhalis O35E and M. bovis Epp63 strains present with decreased levels 

of endotoxin.7,69,82 Biological activity can also be examined using an auto-aggregation assay 

assessing sedimentation rates in solution. Certain bacteria possess mechanisms to aggregate for 

survival. M. catarrhalis strains 7169 and 49143 have been previously examined using an auto-

aggregation assay, and M. bovoculi will follow these procedures.48,86 Adhesion to mammalian 

cells is necessary for pathogenic bacterial species to colonise their host thus causing infection. 

This mechanism is promoted by certain structures such as pili. It has previously been identified 

that M. bovoculi possesses one pili gene but its role in pathogenesis is unknown.5 An adherence 

assay can be used to quantify this property by measuring the percentage of bacterial cells that 

adhere to epithelial cells. The ability for bacterial cells to adhere to Chang and HeLa cell lines 

was previously examined on M. catarrhalis O35E strain and M. bovis Epp63 strain identifying 

that truncated structures have decreased levels of adherence percentages.7,69,82 

 Susceptibility of bacterial species are quantitative measures examining the sensitivity 

of the species to certain agents. These agents can be detergents (Benzalkonium chloride), 

surfactants (Triton X-100), antimicrobials (penicillin), antiseptics (ethanol), disinfects (UV-

radiation) and mammalian serum (human plasma). Anti-microbial susceptibility testing is an 

essential way to identify the correct agent to use for the microbe being examined.35,87-89 

Antimicrobial resistance has already been reported in isolates of M. bovis in studies from the 
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United States.22,37,38 Genetic studies have also presented that M. bovoculi could present with a 

highly similar genetic identity to the BRO β-lactamase gene of M. catarrhalis being 95% 

similar.5 The following project investigates the susceptibility of M. bovoculi using a range of 

agents including two hydrophobic surfactants, nine antibiotics and bovine serum.  

Susceptibility to hydrophobic agents was assessed using the surfactants, Tween 20 and Triton 

X-100 and will be conducted using a disc diffusion assay measuring the zone of inhibition. 

Tween 20 is a polysorbate surfactant used as a common laboratory detergent and washing 

reagent in immunoassays.  Triton X-100 is a non-ionic alkylphenoxyl-ethoxylate and is used 

in laboratory settings as a detergent as well used in lysis buffers and DNA extraction.90,91 

Susceptibility to the antibiotic agent’s chloramphenicol, nalidixic acid, novobiocin, polymyxin 

B, rifampicin and vancomycin will be assessed using a disc diffusion assay measuring the zone 

of inhibition. These antibiotic agents were purposely selected as they have been previously 

studied agents against M. bovis and M. catarrhalis strains and it would be interesting to identify 

changes to the zone of inhibition to M. bovoculi. Previous studies have examined the 

susceptibility of these bacteria to truncated mutants.7,69,82 Polymyxin B has been shown to 

affect cell wall or membrane of bacterial species.92 Vancomycin affects RNA synthesis and the 

bacterial cell membrane.93 Chloramphenicol has been shown to inhibit ribosomes of bacteria 

particularly the 50S subunit.94 Rifampicin suppresses RNA synthesis resulting in cell death.95 

Novobiocin inhibits the function of DNA gyrase.96 Lastly, nalidixic acid is effective in binding 

to DNA thus interfering with RNA synthesis.97 Examining the β-lactamase activity of M. 

bovoculi will be undertaken in this study as well. β-lactamase inhibits the activity of the 

antibiotics that contain a β-lactam ring ultimately negating its effects. However, antibiotics can 

be combined with β-lactamase inhibitors such as clavulanic acid to bypass this mechanism.98 

This study will use the antibiotics ampicillin and penicillin G against amoxicillin/clavulanic 

acid to examine this. Isolates of M. bovoculi have already been examined using an array of 
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antibiotics.6 However, the study did not include the previously stated agents (except 

ampicillin). Lastly, susceptibility to bovine serum will be examined using a bactericidal assay. 

This investigates the complement-mediated killing of bacteria administrated at different 

percentages.  Previous studies have examined the susceptibility of M. bovis and M. catarrhalis 

to bovine and human serum respectively.7,69,82 Figure 1.5 (A) below shows the wildtype LOS 

structure of M. bovis and its truncated Lgt2 counterpart (B). Epp63 Lgt2 has seven residues 

while the wildtype structure has eleven. Figure 1.5 (C) shows the wildtype LOS for M. 

catarrhalis Serotype B strain O35E. The truncated O35EkdtA mutant of M. catarrhalis has the 

core oligosaccharide and the Kdo removed as seen from the diagram due to a 3-Deoxy-d-

manno-2-Octulosonic Acid Transferase mutation, the enzyme responsible for the addition of 

the Kdo. The O35E wildtype structure has ten residues while the Kdo mutant has no residues 

thus making it highly truncated. 

 

 
Figure 1.5. Wildtype M. bovis Epp63 strain (A) and M. bovis Epp63 Lgt2 mutant (B) adapted 

from Singh et al.7 Wildtype M. catarrhalis Serotype B O35E strain (C) pinpointing the position 

where the O35EkdtA mutant stops biosynthesis adapted from Peng et al.99 
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1.4.3. Structural Analysis of Moraxella bovoculi  

 Elucidation of the core oligosaccharide is a laborious task with every step treated with 

extreme caution. This involves identifying the proper extraction and purification method 

involved to give the highest and purest yield to analyse the structures using 1D and 2D Nuclear 

Magnetic resonance (NMR) spectroscopy.  

 

1.4.3.1. Extraction and Purification of Lipopolysaccharides 

 Analysing bacterial oligosaccharide requires the extraction of the LPS/LOS from the 

bacterial cell wall to isolate it and further purify the compound. Throughout this project, three 

methods will be utilised that all use Phenol as the main component of LOS isolation. The first 

extraction procedure was the Phenol-Chloroform-Petroleum ether (PCP) protocol first 

employed by Galanos et al. in 1969 which is useful for extraction of LOS.100 The second 

method will be the Phenol/EDTA/triethylamine solution to extract LOS as well first employed 

by Ridley et al.101 The third and last protocol will be the hot phenol/water method first 

employed by Westphal and Jann in 1969 which is useful for the extraction of both LOS and 

LPS.102 This method is more aggressive when compared to the other methods.103 When 

acquiring the LPS/LOS of a new bacterial strain, it is not possible to identify whether which 

method is appropriate for extraction and therefore all three have to be employed. Purification 

of LOS/LPS will involve the removal of co-extracted material such as nucleic acids and 

proteins. Further purification of crude extracts includes using size exclusion chromatography 

that separates molecules based on weight.7,54 However, this requires the LPS/LOS to be devoid 

of the lipid A component due to its hydrophobic nature attaching itself to the column not 

allowing it to move downwards. Cleavage of the Lipid A and oligosaccharide components can 

be facilitated using acetic acid. The last stages of structural analysis involve the use of NMR 
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to identify the purity of samples and analyse the saccharide residues within the LOS/LPS of M. 

bovoculi. This includes the residues on the OS of M. bovoculi, the chemical shifts and links 

between all residues. 

  

1.4.3.2. SDS-PAGE Analysis 

 Identifying the phenotype of the endotoxin on Gram-negative bacteria can be achieved 

before NMR studies can be conducted using SDS-PAGE electrophoresis followed by silver 

staining of the gel.64 A smooth or rough phenotype is normally attributed to the molecular mass 

of the endotoxin with smooth denoting to LPS while rough or semi-rough identifying as LOS. 

Performing a typical 12% SDS-PAGE displays that LOS migrates faster and sits at the bottom 

of the gel due to the lower molecular weight.65 This is opposed to LPS that displays a ladder 

on the gel attributed to their larger molecular weight composed of a repeating O-antigen. This 

banding pattern observed by LPS is polydisperse and is largely accountable to the O-antigen 

and the different number of repeating units found within the structure.75 These structures can 

be identified using a silver staining technique developed by Tsai and Frasch in 1982.104 Figure 

1.6 displays an SDS-PAGE developed by silver staining technique. Figure 1.6 (A) represents 

the migration of Gram-negative LOS while figure 1.6 (B) represents the migration of Gram-

negative of LPS with distinctive polydisperse banding pattern.65 

 
Figure 1.6. SDS-PAGE developed by subsequent silver staining technique. (A) Migration of 

Gram-negative LOS. (B) Migration of Gram-negative of LPS with distinctive banding pattern. 

Adapted from Fomsgaard et al.65 
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1.4.3.3. Liquid State Nuclear Magnetic Resonance Spectroscopy 

 The second half of the twentieth century has seen a revolution in analytical chemistry 

mainly due to the development of Nuclear Magnetic Resonance (NMR) which has been used 

routinely to analyse otherwise complex chemical compounds and molecules. NMR requires 

the natural intrinsic spin of an electron. The spectrometer delivers a strong magnetic field to 

which to the nuclear spins are exposed and then excited by a radiofrequency pulse sequence. 

These responses of the spins are recorded by the NMR spectrometer during the free induction 

decay. After Fourier transformation, a frequency spectrum is acquired. Many important 

parameters can be acquired from this spectrum about the structure of the molecule as well as 

the purity. Experimentation using NMR equipment yields spectral data on structural 

information or yields information to facilitate resonance assignment.105-108 The following study 

will use both types of experiments to elucidate the oligosaccharide structure of M. bovoculi. 

These include 1H NMR acquired on a Bruker Avance 400 MHz spectrometer and 1D COSY, 

1D TOCSY, 1D NOESY and 2D 1H13C-HSQC on a Bruker Avance 600 MHz spectrometer. 

Using these NMR experiments, structural features of carbohydrate residues in an 

oligosaccharide can be elucidated. These include stereo configuration of anomeric carbon 

(α/β), stereo configuration of all carbons (monosaccharide identification), residue sequence, 

cycle size (pyranose/furanose/linear), and carbon skeleton size, and sugar type 

(aldose/ketose).109-113 Both 1-Dimensional and 2-Dimensonal spectra have advantages when 

investigating an unknown compound. It is advantageous to start with 1D spectra to understand 

the number of anomeric protons and anomeric configuration from coupling constants of all 

carbohydrate residues. Further elucidation of the structure using 2D NMR can provide 

additional information towards the structure. The acquiring of data in 2 dimensions leads to a 

decrease in chemical shift overlap which assist in the assignment process, however the region 

of the spectrum containing the carbohydrate ring signals will still be significantly overlapped 



28 
 

because of the narrow chemical shift range over which they resonate. One convenient method 

of identifying spin systems of carbohydrates is to use reporter resonances, for instance the 

anomeric resonances, to selectively irradiate these resonances to obtain TOCSY, COSY and 

NOESY data, one by one, so the complexity of the spectra is significantly reduced. The 1D 

selective TOCSY can elucidate the 1H resonances for each ring system. The 1D selective 

COSY can elucidate the H1-H2 resonance for each ring system. Strong NOE’s from residues 

can be acquired using 1D NOESY experiments. This informs the linkage analysis between 

sugar residues thus providing important information about the oligosaccharide structure. The 

carbon resonances of each carbohydrate ring system are then obtained by acquiring 2D 

experiments such as a 1H13C HSQC and 1H13C-HSQC TOCSY. 2-Dimensional spectra such as 

a 1H13C-HSQC NOESY can be used to further confirm the strong NOE’s between the 

carbohydrates.109-112 

 

1.4.3.3.1. 1H NMR 

 One of the most commonly used experiments in NMR is the 1D proton NMR. A quick 

and simple procedure, it provides the chemical shifts of all protons within the sample. Each 1H 

has a different chemical shift, and each corresponding signal may be split into multiplets due 

to scalar couplings. All samples in this project were dissolved using deuterium oxide (D2O). It 

is important to note that each proton has a different chemical shift. A limitation of this 

procedure is as the number of spins increases, so does the complexity of the spectrum thus 2D 

NMR has to be recorded to reduce the amount of spectral overlap between protons. Therefore, 

this experiment is mainly used to analyse the purity of a sample in this study before structural 

and resonance experiments are conducted. Determining the structure of a compound is a 

challenging task and can only be completed by assigning resonance to a corresponding atom 

allowing restraints to be applied. With this in mind, 1D correlation experiments can be further 
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utilised in structural assignment of OS. These will be all completed on a Bruker Avance 600 

MHz spectrometer.110,112 

 

1.4.3.3.2. 1D COSY 

 A 1D COSY (COrrelation SpectroscopY) experiment is used to identify a group of 

spins connected between two or three bonds known collectively as spin systems. These 

correlations are acquired using the scalar couplings in 1H spins.110,112 

 

1.4.3.3.3. 1D TOCSY 

 A 1D TOCSY (TOtal Correlation SpectroscopY) experiment is utilised to correlate 

same spin-system 1H resonance protons. However, to contrast a COSY experiment, the 

separation of these pairs of spins cannot have three bonds or more. It is important to note that 

spectral data will include information produced from a COSY experiment. This information is 

important as it is useful in spin systems that are connected. Sequential resonance is acquired 

through TOCSY experiments.110,112 

 

1.4.3.3.4. 1D NOESY 

 A 1D NOSEY (Nuclear Overhauser SpectroscopY) experiment uses the dipole-dipole 

coupling of protons finding correlations of spins that are separated from one another. Structure 

determination of compounds exploits the dependence on the distance of nuclear Overhauser 

(NOE) effect to allow spectral assignment and pieces together this information by providing 

information on the distance between their spins.110,112 
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1.4.3.3.5. 2D 1H13C-HSQC 

 A 2D 1H13C-HSQC (Heteronuclear Single Quantum Coherence) experiment reveals 

correlations between proton and carbon single bonds. Since the separation of resonances is 

observed in two dimensions, it makes it much simpler to identify correlations when compared 

to a 1D spectrum. Normally proton spectral data is observed on the X-axis and carbons on the 

Y-axis of spectra. The limitation of this experiment is the increased time to acquire the data 

when compared to simple 1D proton NMR.  It should also be stated here that carbon-12 has a 

spin equal to zero and therefore does not exhibit an NMR signal. The less abundant rare natural 

isotope carbon-13 does exhibit an NMR signal but only has an abundance of 1% in nature. 

Compounds can also be labelled with carbon-13 during experiments. Naturally abundant 

carbon-13 can still be used but comes with the limitation of a longer timeframe to acquire 2D 

HSQC spectra. This is dependent on the quantity of the sample being investigated where larger 

samples have a shorter processing time compared to smaller molecules with a significantly less 

concentration.109,110,112 Figure 1.7 on the next page shows the 1H NMR spectrum overlaid with 

the 1H–13C HSQC spectrum of the oligosaccharide of M. bovis Epp63. The resonances of all 

groups are presented. 

 
Figure 1.7. 1D 1H NMR spectrum of the OS from M. bovis Epp63 WT overlaid with an edited 
1H–13C HSQC spectrum. Resonances of hydroxymethyl groups are drawn in grey.  Adapted 

from De Castro et al.54 
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1.5. RESEARCH QUESTIONS AND HYPOTHESES  
 

 The established structural characteristics of the cell surface LOS/LPS of M. bovoculi at 

this moment have not been studied regarding its core oligosaccharide, and the current research 

is very lacking towards the structure and activity of its LOS/LPS. Additionally, the relationship 

of M. bovoculi to previously studied Moraxella species is lacking. In general, many gaps will 

be further understood within this study. Through this, it should be most importantly stated that 

the biological activity and susceptibly of Moraxella bovoculi Strain 237T (ATCC® BAA-

1259) will be compared to the previously studied bacteria Moraxella catarrhalis and Moraxella 

bovis from the studies listed below. This list includes not only wild-type strains but truncated 

mutant strains from both bacteria.  

 

Table 1.1. Wild-type and Mutant Moraxella Strains applied to this study for comparative 

Purposes 

Bacterial Species Wild-type Strain/s Mutant Strain/s Source Article 

1. Moraxella bovis 

Epp63 Epp63 Lgt2Δ Singh et al.7 

Mb25 - Singh et al.7 

L183/2 - Singh et al.7 

2. Moraxella catarrhalis 

O35E O35EkdtA 
Peng et al.67,69,82 

Slevogt et al.86 

7169 - Luke et al.114 

49143 - Saito et al.48 

 

  

 The overall objective of this research is to determine significant similarities to these 

previously studied bacteria largely comparing significant changes to their lipooligosaccharide 

structures. In stating these aims and objectives for the following study, these overall research 

questions will be answered at the discussion of this study: 
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“Is there a significant difference between Moraxella bovoculi to the previously studied 

Moraxellaceae bacteria, Moraxella catarrhalis and Moraxella bovis, when investigating 

its growth and biological activity? 

“Is the LOS/LPS structure of Moraxella bovoculi comparable to Moraxella catarrhalis 

and Moraxella bovis strains being devoid of a heptose residue and absent of an O-

antigen?’ 

 

 These central questions will be answered within this thesis and discussed further in 

chapter six. Starting in chapter two the genetic significance is outlined of the overall study 

relating to the similarities found within the previously studied bacterium M. catarrhalis strain 

7169. Therefore, to conclude this review, it is hypothesised that there is a significant difference 

when comparing the growth and biological activity of M. bovoculi to previously studied 

bacteria and that M. bovoculi will be devoid of a heptose residue as well as an O-antigen making 

it LOS. The alternate hypothesis is that there is no significant difference when comparing the 

growth and biological activity of M. bovoculi to previously studied bacteria and that both M. 

bovoculi will not be devoid of a heptose residue and an O-antigen making it LPS. 
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CHAPTER II: PRELIMINARY GENETIC ANALYSIS  
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2.1. OVERVIEW 
 

 M. bovoculi is a recently identified bacterium that infects the eyes of cattle and 

contributes to the bovine condition IBK.2,16 Calcutt et al. reported a draft genome sequence in 

2014 which verified that this strain belongs to the Moraxella species (ATCC BAA-1259 or 

strain 237T). This genome sequence identifies key similarities and differences to already 

identified Moraxella species such as M. bovis and M. catarrhalis and most importantly revealed 

features that could play an important role in colonisation of hosts in pathogenesis.5 The 

proposed pilin gene sequence of M. bovoculi presented as being 38% similar to those in M. 

bovis. This shows that if M. bovoculi were to aide in pathogenesis, protection against pilin-

based bacterins would not provide adequate protection against IBK. It also showed a 

relationship to M. catarrhalis such as McaP adhesion and a BRO- β-lactamase gene which was 

95% similar to that of M. catarrhalis.  

 The following study progresses the hypothesis that M. bovoculi could have a strong 

degree of identity to the glycosyltransferase gene sequences found for other Moraxella species 

such as M. catarrhalis and M. bovis.  These strains are unique when compared to other Gram-

negative bacteria as they are devoid of a heptose residue linked to the Kdo, and instead, have 

an α-D-glucopyranose at this position. This phenomenon is attributed to the lgt6 

glycosyltransferase gene. Both M. bovis and M. catarrhalis also are devoid of an O-antigen 

and have a semi-rough phenotype.7,53,66,115 Faglin et al. reported that M. bovis Epp63 has similar 

protein homologues to M. catarrhalis strain 7169 reported by Schwingel et al.53,70 For example, 

Lgt1, Lgt3 and Lgt6 for M. bovis showed amino acid sequences of 81%, 79% and 78% similar 

to M. catarrhalis respectively.53 On examination of the genome sequence of M. bovoculi strain 

BAA-1259, it is expected to have a high degree of similarity to M. catarrhalis strain 7169 lgt6 

glycosyltransferase gene. This glycosyltransferase is responsible for the addition of the glucose 

residue directly linked to the Kdo of M. catarrhalis.8,66 
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2.2. METHODOLOGY OF SEQUENCE ALIGNMENTS 
 

 The nucleotide sequence alignments were obtained from the National Center for 

Biotechnology Information (NCBI) database using a nucleotide Basic Local Alignment Search 

Tool (BLAST) of the lgt6 glycosyltransferase on M. catarrhalis (7169). The gene from which 

the Lgt6 glycosyltransferase enzyme sequence is translated from (Figure 2.1.) also contains 

the acyltransferase gene responsible for the addition of the lipid A directly before it. The entire 

gene contains 2563 DNA base pairs with nucleotide sequence responsible for encoding to lgt6 

lies between base pairs 917 and 1663. The base pairs between the starting and ending base 

translate into 248 amino acids that make up the Lgt6 glycosyltransferase of M. catarrhalis 

(7169). Using this sequence, a protein BLAST search can be run by entering the entire amino 

acid sequence into the “Query Sequence” box (Figure 2.2.) and searching the database for Non-

redundant Protein Sequences (nr). Alternatively, the protein ID (ABX82330.1) leads to the 

same outcome. 
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ORIGIN       

        1 gtgcttggtt ttttaagata tgtaccgctg tcagtcctgc atggattggc ggcgtgtgcg 

       61 tcttatattt cctatcattg caggcttagt atttatcgca gtatccaagc caatttaatc 

      121 ttggttcacc ccaagatgcc agacgcacag cggcaaaaac tcgccaaaca aatcctaaaa 

      181 aatcagctca tcagtgcagt cgacagtctt aaaacttggg caatgccacc aaaatggtct 

      241 atcgcacaaa ttaaaacggt tcatcatgaa gatatcctaa tcaaagcact tgccaatcca 

      301 agtggcatgc ttgccattgt gcctcatatc ggcacttggg agatgatgaa tgcttggctc 

      361 aatacctttg gctcccctac tatcatgtat aagcccatca aaaatgcggc ggtagatcgc 

      421 tttgttttac aggggcgtga aagactaaat gccagccttg tacccacaga tgctagtggt 

      481 gttaaggcaa tttttaaaac actcaaagca ggtggattta gtatcatact gcccgaccat 

      541 gtacctgatc catcaggtgg tgagattgct cctttttttg gtattaaaac cctaaccagt 

      601 acgctggcgt caaagcttgc tgcaaaaact ggttgtgctc ttgttggctt aagctgtatt 

      661 cggcgtgaag atggcgatgg ttttgaagtt ttttgttatg aattaaatga tgaacaactt 

      721 tattcaaaaa ataccaaaat tgcaaccact gctttaaatg gtgcgatgga acaaatgatt 

      781 tatccacatt ttttgcatta tatgtggagc tatcgtcggt tcaagcatac accactatta 

      841 aataatcctt atttacttaa tgaaaatgag ctaaaaaaaa tagccataaa gcttcaagcc 

      901 atgtcaaagg atagttatga gtgataccaa ctacatcatc tgtatgaaat ggggtaccaa 

      961 atacggtgct gaatatgtca atcgcttata taatatggtc aagcgtaatc tgactttacc 

     1021 atttacgatg gtgtgtctaa ccgacaacag cacaggcatt cgtgatgaaa tcacctgcta 

     1081 tcccatccca gagctaaatt taccaagcga tatcccagag cgtggctgga aaaaactcac 

     1141 cacttttaag cctgacttat atgggctaaa aggaactgca ctatttttgg atattgatat 

     1201 tgtaatcatt gataatattg atgctttttt tactcacaaa gcccaacatg atgacagtgt 

     1261 gatgattatt cgtgattgga agaaaccatg gcgaatggtg ggtaatagtt ctgtgtatcg 

     1321 cttcaaggtc ggatatcaga cttatccaca tttattggaa tattttgaac aaaattttga 

     1381 gaaaatccgc aaagaggttc gccatgaaca agccttttta tcaaattatc tcagagaaca 

     1441 tcaccattta gaatattggg attcatcttg gtgcgtaagc tttaaatacc actgtctaca 

     1501 aaagattcct atggcgtatt ttgtaccacc caaaaagccc atcaatgcca aaattgtcat 

     1561 ctttcatggt gagattaacc cgcctgatgc catcgctggc ggtggtggca aatggtatcg 

     1621 tcatgtattg ccaagcaaat ggattaagga tgcatggcaa tgatgacatc atatcacaca 

     1681 gctgttatga tgtattaatc attttgtctt ataatcagtc atggcaatca gattttgaca 

     1741 ccagcctttg taaacacaaa gcaaataaat cagccaatac aattgataaa agtattcaat 

     1801 taaaaaccct ctaccaaaca aacgattttg atttggttga ttaaatctgc cgataaacct 

     1861 catcaaaagg cacacgaaat cgctcacccc aaaccccttt ttcggtgcga tagccacatg 

     1921 agataatcat attaacttca gcctctttgg gtaaattgag tagattttta accaacttac 

     1981 tgtcaaagcc ttccatcgga caggtatcag cacctgctgc actcattgcc agcataaaag 

     2041 tttgagcagc taacgcacag cttttatgca ccataatacg cacatcagcc acagatacac 

     2101 gatcataggt tggtttaaat ttttggattg ctaaaaatgc cgtactgcgt aaacttggta 

     2161 caccaaaagt tgtacgataa attgtcggca ttagtacgcc ataatatttt tgcatacgct 

     2221 gaattctggc tccttgccgc ttgggtgggc tgtaggtttt gatattatga cgctcaaata 

     2281 ataacgctga tttggctctt tggcgatata aatcttggcg tgtcacaaaa acaaccattt 

     2341 gtgatgcact ggcagccgct tgttgcgaca ggcaagcttt ggtaagtttt ttgagcatat 

     2401 cggggtttgt gatgtgataa aattcataca actgcatatt tgagctgctg ggtgatagct 

     2461 gtgcaagctt taggcaatcg atcaccaatg tcggatctag cggtctattt gagtcataat 

     2521 cacgcaccgc acggcgatac tcaacagcct gtttaaattc cat 

 

 

 

 

Figure 2.1. Moraxella catarrhalis strain 7169 putative lipid A biosynthetic acyltransferase, 

Lgt6 (lgt6), and putative nitroreductase genes, complete cds. The sequence highlighted in 

yellow contains the gene that encodes for the glycosyltransferase Lgt6 amino acids, 248 amino 

acids in length. The nucleotides highlighted in red are the start and end points of the lgt6 gene 

sequence.70 

 

 

  



37 
 

ORIGIN       

    1 msdtnyiicm kwgtkygaey vnrlynmvkr nltlpftmvc ltdnstgird eitcypipel 

   61 nlpsdiperg wkklttfkpd lyglkgtalf ldidiviidn idaffthkaq hddsvmiird 

  121 wkkpwrmvgn ssvyrfkvgy qtyphlleyf eqnfekirke vrheqaflsn ylrehhhley 

  181 wdsswcvsfk yhclqkipma yfvppkkpin akivifhgei nppdaiaggg gkwyrhvlps 

  241 kwikdawq 

 

Figure 2.2. Translated nucleotide sequence of Moraxella catarrhalis 7169 Lgt6 (Protein ID: 

ABX82330.1) 

 

 The amino acid sequence as seen in Figure 2.2 was compared against the organisms 

Moraxella bovoculi (taxid:386891). The algorithm PSI-BLAST (Position-Specific Iterated 

BLAST) was used for this experiment. The sequence alignments were presented using Clustal 

Omega for multiple sequence alignments comparing the Lgt6 glycosyltransferase of M. 

catarrhalis to the hypothetical protein sequences. The output used for this study was ClustalW. 

Table 2.1. Colour Codes for Clustal Omega Sequences  

Amino Acid 

Residue 
Colour Property 

AVFPMILW RED Small (Small + Hydrophobic  (incl.aromatic -Y)) 

DE BLUE Acidic 

RK MAGENTA Basic - H 

STYHCMGQ GREEN Hydroxyl + Sulfhydryl + Amine + G 

Others GREY Unusual Amino/Imino Acids etc 
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2.3. RESULTS FROM NCBI BLAST ANALYSIS 
 

 M. bovoculi produced four amino acid sequences that showed significant alignments to 

Lgt6 glycosyltransferase of M. catarrhalis. The results showed that all four sequences had an 

88% similarity to the Lgt6 glycosyltransferase as well as having significant expected (E) 

values. The E value is a measure of frequency, not probability, however it is still representative 

of chance. For example, an E value of 1e-3 indicates that there is 0.001 chance that two 

sequences would exist in the database purely at random.116 Table 2.2 shows that there is very 

little chance that these four sequences would occur at random to the Lgt6 glycosyltransferase 

of M. catarrhalis. Figure 2.3 on the next page shows the alignment of the amino acid sequences 

of the four Lgt6 proteins with the asterisks indicating fully conserved residues. Sequence four 

(WP_036362715.1) belongs to the M. bovoculi strain 237T.5 

Table 2.2. Sequences producing significant alignments for M. bovoculi  

 

Description 
Max 

Score 

Total 

Score 

Query 

Cover 

E 

Value 
Identity Access 

1. Hypothetical protein 

(M. bovoculi) 
471 471 100% 

7e-

172 
88% WP_046696609.1 

2. Hypothetical protein 

(M. bovoculi) 
471 471 100% 

1e-

171 
88% WP_046698182.1 

3. Hypothetical protein 

(M. bovoculi) 
470 470 100% 

3e-

171 
88% WP_046699224.1 

4. Hypothetical protein 

(M. bovoculi strain 237T) 
468 468 100% 

3e-

171 
88% WP_036362715.1 

 

  Compared to studies by Faglin et al. in 2015, Lgt6 from M. catarrhalis has a higher 

identity percentage to M. bovoculi when compared to M. bovis Epp63 which had a 78% 

similarity.53 Currently, the LOS/LPS of M. bovoculi has not been investigated. This 

information can be further used to identify the structural characteristics of this bacteria as well 

as can be used to identify putative glycosyltransferase enzymes including the 
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glycosyltransferase responsible for adding a glucose to the Kdo. Investigation into the 

LOS/LPS structure is taken further in chapter five where the extraction and purification of M. 

bovoculi BAA-1259 LOS/LPS is achieved. NMR analysis of the purified oligosaccharide 

elucidated its structural features. 

 

 

Figure 2.3. Graphic Summary of alignment scores of Lgt6 to the four alignments of Moraxella 

bovoculi. Refer to Table 2.1 for the colour coding for the sequence alignments. * (asterisk), 

indicates positions which have a single, fully conserved residue. : (colon), indicates 

conservation between groups of strongly similar properties. . (period), indicates conservation 

between groups of weakly similar properties.  
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2.4. SUMMARY AND SIGNIFICANCE OF RESULTS 
 

 The LOS/LPS structure of M. bovoculi has yet to be described in the literature. From 

the nucleotide sequence examination, M. bovoculi appears to possess at least one putative gene 

product with a high similarity to the glycosyltransferase genes in to Moraxella catarrhalis 

7169.115 This includes the presence of a glycosyltransferase homologue of Lgt6, the 

glycosyltransferase responsible for the addition of a glucose residue to the Kdo rather than a 

commonly found heptose residue in Gram-negative bacterial species. The nucleotide is 

translated from a 2563bp gene that houses the acyltransferase for Lipid A synthesis as well as 

a nitroreductase gene. The lack of a heptose residue linked to the kdo and an O-antigen on the 

exterior of the endotoxin has already been identified for other members of the Moraxellaceae 

family such as M. catarrhalis and M. bovis. This study hypothesises that M. bovoculi is also 

heptose-less and absent of an O-antigen.  
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CHAPTER III: MATERIALS AND METHODS 
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3.1. MATERIALS 

 

 

3.1.1. Bacterial Strains 

 M. bovoculi (ATCC® BAA-1259) was purchased from the American Type Culture 

Collection (ATCC) and arrived as freeze dried.  

 

3.1.2. Reagents 

 Table 3.1 is a list of all reagents used in this study as well as their abbreviations and 

supplier. Unless otherwise stated, all solutions were freshly prepared using filtered 0.2 µM 

Milli-Q water. Reagents were sterilised by autoclaving for 20 minutes at 121 °C. 

Table 3.1. List of Reagents  

 

Reagent Abbreviation Supplier 

Acetic Acid (Glacial) AcOH Chem-Supply 

Acetone -  Sigma 

Acrylamide - Sigma 

Ammonium Hydroxide NH3 Sigma 

Ammonium Persulfate APS Sigma 

Amoxicillin/clavulanic acid AMC Oxoid 

Brain Heart Infusion BHI Oxoid 

Brain Heart Infusion Agar BHI Agar Oxoid 

Chloramphenicol C Oxoid 

Chloroform CHCl3 Sigma 

Citric Acid CA Sigma 

Deoxyribonuclease DNase Sigma 

Deuterium Oxide 99% D2O Sigma 

Deuterium Oxide 99.9998% D2O Aldrich 

Diethyl ether DEE Sigma 

Ethanol EtOH Chem-Supply 

Formaldehyde (37%) FA Sigma 

Glycine Gly Sigma 

Gelatine - Sigma 

Gram Staining Kit Reagents  Sigma 
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- Gram′s crystal violet Solution 

- Gram′s iodine Solution 

- Gram′s Decolorizer Solution 

- Gram′s safranin Solution 

Hydrochloric Acid HCl Sigma 

Isopropanol (99.9%) - Chem-Supply 

Laemmili Sample Buffer - Sigma 

LAL Kit Reagents: 

- LAL Reagent Water 

- Limulus Amebocyte Lysate (LAL) 

- E. coli Endotoxin Standard 

- Chromogenic Substrate 

- Buffer S for Color-stabilizer 

- Color-stabilizer #1 

- Color-stabilizer #2 

- Color-stabilizer #3 

- 

Genscript 

Magnesium Chloride Hexahydrate MgCl2(6H2O) Sigma 

N,N′-Methylenebis(acrylamide) - Sigma 

Nalidixic Acid NA Oxoid 

Novobiocin NV Oxoid 

Penicillin G P Oxoid 

Periodic Acid - Sigma 

Phenol PhOH Sigma 

Phosphate Buffered Saline PBS Sigma 

Polymyxin B PB Oxoid 

Proteinase K Pro-K Sigma 

Ribonuclease A RNase Sigma 

Rifampicin RD Oxoid 

Silver Nitrate AgNO3 Sigma 

Sodium Dodecyl Sulfate SDS Sigma 

Sodium Hydroxide NaOH Sigma 

Tetramethylethylenediamine TEMED Sigma 

Tris(hydroxymethyl)aminomethane Tris Sigma 

Triton X-100 

Trypsin 

TX-100 

- 

ChemSupply 

Sigma 

Tween 20 T20 ChemSupply 

Vancomycin VA Oxoid 
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3.2. METHODS FOR THE GROWTH AND BIOLOGICAL 

ACTIVITY OF MORAXELLA BOVOCULI 
 

 The first set of experimental procedures presented here examine the growth and activity 

of Moraxella bovoculi. The growth profile was initially conducted to better understand the 

growth phases (lag phase, log phase, stationary phase and decline phase) of M. bovoculi to 

optimise the yield of viable bacteria for future isolation, purification and structural studies of 

LPS. Following this, biological assays were undertaken to investigate the biological activity 

and role of LOS and OS in M. bovoculi. Endotoxin toxicity was quantified using a Limulus 

Amebocyte Lysate (LAL) assay. An auto-aggregation assay measured sedimentation rates in 

liquid media using optical density. An adherence assay measured the percentage of bacterial 

cells that adhered to HeLa and Chang epithelial cells. Susceptibility to the hydrophobic agents 

Tween 20 and Triton X-100 was analysed using a disk diffusion assay. Antibiotic susceptibility 

using a selection of nine antibiotics was also assessed using a disk diffusion assay. Lastly, a 

bactericidal assay using normal bovine serum was conducted using bacterial cell counts. The 

resulting observations were compared to the previous studies on Moraxellaceae species; M. 

bovis and M. catarrhalis.  
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3.2.1. Preparation of Media 

 Broth and agar medium was used to culture M. bovoculi. Brain Heart Infusion agar (47 

g/L, Oxoid CM1136) dissolved in Milli-Q water was autoclaved at 121 °C for 20 minutes.  The 

autoclaved media was used to prepare sterile agar plates that were stored at <4 °C. Brain Heart 

Infusion broth (37 g/L, Oxoid CM1135) dissolved in Milli-Q water was autoclaved at 121 °C 

for 20 minutes and stored at <4 °C until required. 

 

3.2.2. Long-Term Storage of Bacterial Cells Using Glycerol Stocks 

 Freeze-dried M. bovoculi obtained from ATCC was inoculated onto BHI agar plates 

and grown overnight at 37 °C. Bacterial colonies were scraped from the agar plate and mixed 

with 25 mL autoclaved BHI broth giving a homogenous solution of bacteria. Glycerol (25 mL) 

was diluted in Milli-Q water (25 mL) and autoclaved at 121°C for 20 minutes giving a 50% 

(v/v) solution of glycerol. Homogenous culture (500 μL) was mixed with 500 μL of 50% 

glycerol solution in a cryogenic screw cap tube. The total volume (1 mL) had a final 

concentration of 25% glycerol. The solution was gently mixed before being placed in a -80 °C 

freezer for long-term storage.  

 

3.2.3. Growth Profile Analysis of Moraxella bovoculi 

 A growth profile analysis of M. bovoculi was initially conducted to optimise the 

bacterial yield for future culturing of LOS/LPS for extraction and purification. M. bovoculi 

glycerol stock was initially inoculated in 50 mL liquid BHI media overnight at 37 °C. A 1:50 

ratio of the overnight culture (1 mL) was aliquoted into 50 mL fresh BHI media in triplicate 

and shaken at 200 rpm at 37 °C. Growth was monitored every 30 minutes by removing 1 mL 

of culture and measuring its optical density using a UV spectrometer at OD600nm until readings 



46 
 

became steady and bacteria reached stationary phase with each time point recorded. The 

average of each time point was calculated. This experiment was performed in triplicate with 

the average optical density being calculated. 

 

3.2.4. Limulus Amebocyte Lysate Assay 

 Endotoxin quantification of M. bovoculi was undertaken using a Limulus Amebocyte 

Lysate (LAL) assay. The assay was performed using the ToxinSensor™ Chromogenic LAL 

Endotoxin Assay Kit (GeneScript, New Jersey, United States). An overnight culture was grown 

in BHI agar media at 37 °C. A single colony was selected and inoculated into 500 µL of LAL 

reagent water and serially diluted to 10-15. Following this, 25 µL of M. bovoculi serial dilutions 

were dispensed into an Eppendorf tube and mixed with 25 µL reconstituted LAL and then 

incubated at 37 °C for 10 minutes. Following this, 25 µL of the reconstituted chromogenic 

substrate was added and mixed with swirling. The samples were incubated at 37 °C for 6 

minutes. The reaction was halted by adding 125 µL of stop solution 1 and mixed. Next, 125 

µL stop solution 2 was added and mixed. Finally, 125 µL stop solution 3 was added and mixed. 

A volume of 200 µL from each sample was pipetted into a single well on a 96 well plate 

(Corning star, Sigma-Aldrich). The absorbance of this plate was measured at OD540-550nm using 

a microplate reader. This experiment was performed in triplicate with the average optical 

density calculated. 

 

3.2.5. Auto/Self-aggregation 

 The ability for M. bovoculi to auto-aggregate for survival was examined using an auto-

aggregation assay to assess its sedimentation rates. M. bovoculi was inoculated into 50 mL of 

liquid BHI broth overnight at 37 °C.  The overnight culture (1500 µL) was mixed with fresh 
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BHI broth (1500 µL) and pipetted into cuvettes that were sealed with Parafilm.  The optical 

density was measured using a spectrophotometer at 600 nm every 15 minutes for 4 hours to 

test for aggregation of bacteria. The cuvettes were left in the spectrophotometer at room 

temperature for the remainder of the experiment. A one-way ANOVA was utilised to assess 

the rates of change in aggregation provided by Saito et al.48 Slevogt et al.86 This experiment 

was performed in triplicate.                        

                            

3.2.6. Adherence Assay 

  Cell adhesion is an important property that drives pathogenesis forward allowing 

pathogenic bacteria to colonise and invade a host.86 An adherence assay can be used to quantify 

this property by measuring the percentage of bacterial cells that adhere to epithelial cells. The 

ability for bacterial cells to adhere to Chang and HeLa cell lines was previously examined on 

M. catarrhalis and M. bovis by Peng et al.67 and Singh et al.7 respectively. Cells derived from 

HeLa and Chang cell lines (Sigma-Aldrich) were cultured in Eagle’s minimal essential medium 

supplemented with 10% heat-inactivated foetal bovine serum at 37 °C with additional 

supplementation of 5% CO2 for 24 hours. Cell lines were seeded into a 24 well tissue culture 

plate (Corning star, Sigma-Aldrich) at a rate of 2 x 105 to 3 x 105.  At the same time, bacterial 

colonies of M. bovoculi were grown overnight in 10 mL of broth media to stationary phase at 

37 °C and 200 rpm.  Bacterial cultures were then collected by centrifugation at 6000 rpm for 

10 minutes at 4 °C and washed with 5 mL of PBS (pH 7.0) twice. The cells were resuspended 

in 10 mL of PBS afterwards. Approximately 2.5 x 105 of bacterial cells were inoculated on to 

the epithelial cells and further centrifuged at 200 rpm for 5 minutes. Following centrifugation, 

the cells were incubated at 37 °C for 30 minutes. The monolayers that had become infected 

were washed with PBS five times. Any bacteria that did not adhere to epithelial cells were 

removed. The epithelial cells were removed from the support by treatment with PBS containing 
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0.5 mM EDTA and 0.05% trypsin. The suspension of cells was diluted in PBS using serial 

dilutions and subsequently spread on to BHI agar plates to quantify the number of viable cells 

presented post incubation. Adherence to epithelial cells was quantified as a percentage of 

current bacterial counts relative to the amount of M. bovoculi cells originally added. The data 

was examined against previously studied adherence percentages with a subsequent one-way 

ANOVA to identify statistical significance. This experiment was performed in triplicate. 

 

3.2.7. Susceptibility to Hydrophobic Agents 

 Two different agents were used to test the susceptibility M. bovoculi against mild 

surfactants. The first agent was Tween 20, a mild surfactant. The second agent was Triton-

X100, a much stronger agent when compared to Tween 20. Hydrophobic agent susceptibility 

was examined using a disk diffusion assay measuring the zone of inhibition (ZoI). The zone of 

inhibition is the diameter of where no bacteria proliferated on agar around the antibiotic disk 

measured in millimetres (mm). M. bovoculi was inoculated into 50 mL of liquid BHI broth 

overnight at 37 °C. Following this, 100 µL of bacterial suspension was lawn cultured on BHI 

agar plates. Blank 6 mm diameter disks were coated with 20 µL of either Tween 20 or Triton 

X-100 at nine different concentrations (1.25%, 2.5%, 5%, 10%, 15%, 20%, 25%, 50% and 

100%) diluted with Milli-Q water. The disks were gently pressed against the agar with the 

coated side of the disk facing down and incubated at 37 °C overnight. Following this, the zone 

of inhibition was measured in millimetres. This susceptibility test was conducted in triplicate 

and examined against the zone of inhibition at 5% (w/v) for M. bovis, and M. catarrhalis strains 

from previous data using a one-way ANOVA to identify statistical significance.7,82 
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3.2.8. Susceptibility to Antibiotic Agents 

 The susceptibility of M. bovoculi to different anti-microbial agents included the use of 

antibiotic disks to examine the zone of inhibition, similar to that presented for the hydrophobic 

agent susceptibility assay. M. bovoculi was inoculated into 50 mL of liquid BHI broth and 

incubated overnight at 37 °C. The overnight culture (100 µL) was lawn cultured on BHI agar 

plates. Antibiotic disks (Oxoid) were gently pressed on to the agar containing the suspension. 

The plates were incubated overnight at 37 °C. Sensitivity to antibiotic agents was assessed by 

measuring the zone of inhibition which is the diameter of no growth around the antibiotic 

including the disk in the measurement. This susceptibility test was conducted in triplicate. At 

this moment, it cannot be stated whether an antibiotic for M. bovoculi is susceptible, 

intermediate or resistant to the agents as no standard has been created. Table 3.2 outlines the 

list of antibiotics investigated.  This susceptibility test was conducted in triplicate and examined 

against the zone of inhibition for M. bovis, and M. catarrhalis strains from previous data using 

a one-way ANOVA to identify statistical significance.7,82 

 

Table 3.2. List of Antibiotic Agents (Oxoid) 

Antibiotic Agent Concentration 

Novobiocin 5 µg 

Nalidixic Acid 30 µg 

Polymyxin B 300 IU 

Rifampicin 5 µg 

Vancomycin 30 µg 

Amoxicillin/clavulanic acid 30 µg 

Ampicillin 2 µg 

Penicillin G 10 IU 

Chloramphenicol 10 µg 
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3.2.9. Bactericidal Assay 

 Complement-mediated lysis was assessed using a bactericidal assay performed on agar 

plates at three different serial dilutions. Normal bovine serum (Sigma), diluted Dulbecco’s 

phosphate buffered saline (pH 7.0) contained 0.05% 1 M gelatine to a final volume of 1000 µL 

at six different concentrations (0%, 0.5%, 2.5%, 5%, 12.5% and 25%) and a heat-inactivated 

control (HI) as outlined in Table 3.3. This was conducted in individual Eppendorf tubes. 

Inoculation of M. bovoculi cultures (10 µL of 106 CFU) was carried out to each Eppendorf tube 

and incubated for 30 minutes at 37 °C. This allowed complement-mediated lysis to take full 

effect. Once completed, serial dilutions (10-3, 10-4 and 10-5) were undertaken taking into 

account that the bacteria had already been diluted by two-fold when placed in the reagents 

containing the sera. Following this, 100 µL of all serial dilutions were lawn cultured on to 

separate agar plates. All dilutions were incubated overnight at 37 °C. The resulting colonies 

were counted. This experiment was performed in triplicate. 

 

Table 3.3. Reagent Compositions of Bovine Serum for Bactericidal Assay 

 0 0.5 2.5 5 12.5 25 HI (25) 

Bovine Serum (µL) 0 5 25 50 125 250 250 

DPBS (µL) 995 990 970 945 870 745 745 

Gelatine (µL) 5 5 5 5 5 5 5 

Total Volume (µL) 1000 1000 1000 1000 1000 1000 1000 
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3.3. METHODS FOR EXTRACTION, PURIFICATION 

AND STRUCTURAL ANALYSIS OF MORAXELLA 

BOVOCULI  
 

 The second set of protocols presented here analyse the techniques for the extraction and 

purification of M. bovoculi LOS/LPS. M. bovoculi was cultured in bulk before being subjected 

to extraction. The extraction of M. bovoculi LOS/LPS has not yet been investigated. Therefore, 

three extraction procedures were employed to sequentially to identify which protocol would 

acquire the highest and purest yield to use for NMR analysis. These protocols include the 

phenol/chloroform/petroleum ether protocol, the phenol/EDTA/TEA protocol and the hot 

phenol/water protocol completed in that order. Following this, crude extracts from each 

procedure were purified of nucleic acid and protein contamination using DNase, RNase and 

Proteinase K to identify which protocol acquired the highest yield. This was taken in two 

directions. Firstly, the purified LOS/LPS was applied to a 12% SDS-PAGE to identify the 

presence or absence of an O-antigen after it had been silver-stained. Secondly, the sample was 

cleaved of the lipid A portion using mild acid hydrolysis. Cleavage was necessary for further 

purification using size exclusion chromatography which separated molecules base on size. OS 

fractions were analysed using 1H NMR spectroscopy on a 400 MHz NMR for purity. Once it 

was identified that the OS sample attained a high degree of purity, it was ready for structural 

analysis. If need be, the sample can be taken back to the last three steps if nucleic acids and 

proteins (DNase, RNase and Proteinase K treatment), lipid A (mild acid hydrolysis treatment) 

and other contaminating substances (size exclusion chromatography) are still found on spectral 

data. Refer to Figure 3.1 for a flowchart of all procedures. Exchangeable protons were removed 

from the sample using D2O multiple times before analysis was conducted using 1H and 13C 

NMR spectroscopy on a 600 MHz NMR. Spectral data of M. bovoculi was assigned using 

gradient 1H NMR, 1H13C-HSQC, 1D-selective COSY, TOCSY, and NOESY spectra. 
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Figure 3.1. Flowchart of extraction and purification of LOS/LPS leading to SDS-PAGE 

analysis and structural analysis of OS using NMR spectroscopy. Parts, adapted from De Castro 

et al.103  
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3.3.1. Bacterial Culturing Methods 

 M. bovoculi from glycerol stock was initially inoculated into 200 mL BHI broth media 

and incubated with shaking at 200 rpm and 37 °C overnight. Once the initial growth reached 

stationary phase (determined by measuring optical density at OD600nm), 20 µL of the broth 

culture was heat fixed on to a glass slide and Gram-stained to test for contamination. On 

confirmation of purity, bacteria were inoculated at a rate of 1:50 in 10 L of BHI broth. M. 

bovoculi cultures were grown overnight with shaking at 200 rpm and 37 °C. Bacteria were then 

killed using 0.5% phenol (w/v) and incubated for a further 1 hour at room temperature with 

shaking at 200 rpm. The cultures were tested for contamination using 20 µL of the broth culture 

that was heat fixed on to a glass slide and Gram-stained. Following confirmation of purity, bulk 

phenol bacteria were transferred to 250 mL centrifuge jars (previously been autoclaved at 121 

°C for 20 minutes) and centrifuged at 7000 rpm for 20 minutes at 10 °C. The wet cell mass that 

collected at the bottom was transferred to 50 mL falcon tubes and lyophilised until dry, and 

weighed. Initially, 5 g of dry cell mass was used to identify the appropriate method of LOS/LPS 

extraction. 
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3.3.2. Extraction of Lipopolysaccharides 

Throughout this project, three methods were used that all use Phenol as the main component 

of LOS extraction. The first two methods were the Phenol-Chloroform-Petroleum ether (PCP) 

and Phenol/EDTA/triethylamine that do not disrupt the bacterial cell wall. The advantage of 

using these two methods is lower amounts of contaminants particularly nucleic acids which are 

not co-extracted.100,101 On the other hand, the third protocol, the hot phenol/water extraction 

method breaks open the cell releasing intracellular nucleic acid components, and therefore, 

higher amounts of contaminants are present. The advantage of the hot phenol/water method is 

the complete extraction of crude LOS/LPS while the previous two methods could produce 

incomplete extraction.102 Extracted material from the hot phenol/water extraction produces 

LPS/LOS that is present either in the aqueous or phenol phase post centrifugation which is 

detailed later in this section. These three protocols were used sequentially starting with the PCP 

method and hot phenol/water method placed at the end of the sequence. The terms LOS and 

LPS are used interchangeably here as it was unknown at this stage whether M. bovoculi 

endotoxins are LOS or LPS. 

3.3.2.1. Phenol-Chloroform-Petroleum Ether Extraction 

 The first method used to extract LOS/LPS was the Phenol-chloroform-petroleum ether 

(PCP) solvent mixture first introduced by Galanos et al.100 The method has been reported 

suitable for the isolation of LOS. The following protocol follows the original method with a 

few modifications. The homogenous extraction solution was prepared to contain 90% phenol, 

chloroform and petroleum ether (hexanes) in a 2:5:8 (v/v) ratio. Crystal phenol (9 g, 99%, 

Sigma) was melted down using a temperature of 50 °C with 1.1 mL of water until the mixture 

was completely liquid and transparent. The liquid phenol was added to a solution containing 

25 mL of chloroform and 40 mL of hexanes where it was slowly mixed giving a clear 
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homogenous solution. This provided a total mixture of 75 mL. Heterogeneous solutions were 

corrected with the addition of supplementary solid phenol until a clear solution was achieved. 

It was essential to keep the mixture below 50 °C as higher temperatures can lead to evaporation 

of chloroform and petroleum ether. The mixture was cooled to <10 °C and used immediately.  

 The PCP extraction procedure was conducted in a fume hood.  An ice water bath (10± 

2 °C) was prepared with and a large magnetic stirrer bead placed inside, and with an electric 

magnetic stirrer placed underneath set to 400 rpm. Finely ground dry bacterial cell mass (5 g) 

was placed in a 50 mL stoppered round bottom flask. The flask was placed in an ice bath then 

20 mL of extraction mixture was slowly added to the falcon tube and vigorously mixed for 30 

minutes while strictly maintaining the temperature within 10±2 °C. Additional extraction 

solution was added to the viscous solution. The cell mass slurry was centrifuged for 10 minutes 

at 5000 rpm at a temperature of 10 °C. The supernatant, which is yellow or brown, was 

collected. The LOS is contained here. The precipitate that remained was suspended in the 

extraction solution and centrifuged once more with the supernatant being collected and pooled 

with the previous centrifugation. The pellet was saved for future extraction procedures. 

Chloroform and petroleum ether were removed from the pooled supernatant using a rotary 

evaporator leaving the 90% phenol and water. The LOS was precipitated out of the supernatant 

with the dropwise addition of distilled water until no further precipitation was witnessed 

followed by centrifugation at 10 °C for 5 minutes at 5000 rpm. Care was taken here to avoid 

phase separation. The precipitate was washed with 80% aqueous phenol twice then with a 

mixture of 5:1 (v/v) diethyl ether: acetone five times until the phenol odour was not present. 

Further removal of phenol was facilitated by using a 1000 MWCO dialysis tubing cellulose 

membrane in 8 L of Milli-Q water overnight. Small amounts of phospholipids can be present 

in the sample from this extraction procedure. These were removed using 90% aqueous ethanol 

to wash the sample. The left-over ethanol was removed using repeated Milli-Q water washings 
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and subsequent centrifugation for 10 minutes at 5000 rpm at a temperature of 10 °C. This was 

repeated three times. The sample was dissolved in Milli-Q water and lyophilised until 

completely dry. 

 

3.3.2.2. Phenol/EDTA/TEA Extraction  

 The second method of LPS/LOS extraction employed was a Phenol/TEA/EDTA 

mixture first introduced by Ridley et al.101 It is suitable for isolation of LOS or LPS. The same 

bacterial cell pellet from the PCP extraction was washed with Milli-Q water five times before 

use. The method was conducted with no modifications to the original, and thus, 5 g of crystal 

phenol (99%) was melted at 50 °C until clear. Milli-Q water was added until a volume of 100 

mL was created giving a 5% phenol solution.  A 0.25 M Ethylenediaminetetraacetic acid 

(EDTA) solution was prepared by dissolving 7.3 g of EDTA in 100 mL of Milli-Q water. The 

solution was sonicated to dissolve the salt and mixed with the 5% phenol solution. 

Triethylamine (TEA, Sigma) was added until a pH of 6.9 was reached as indicated by pH 

indicator strips. 

 The bacterial pellet from the previous extraction (see section 3.3.2.1. Phenol-

Chloroform-Petroleum Ether Extraction) was suspended in 25 mL of extraction buffer, then 

incubated at 37 °C for 1 hour with shaking at 300 rpm. The solution was centrifuged at 8000 

rpm for 1 hour. The supernatant was collected, and the pellet extracted a second time using 25 

mL of extraction buffer, incubated at 37 °C for 1 hour with shaking at 300 rpm. The solution 

was centrifuged again at 8000 rpm for 1 hour with the supernatant collected. The pellet was 

saved for the final extraction. The supernatants were pooled and dialysed against 7-8 L of Milli-

Q water and 100 mM of sodium chloride (NaCl) using a 1,000 MWCO cellulose dialysis tubing 

membrane. The water was exchanged twice over the three days with the first water exchange 

conducted at 6 hours. The dialysate was lyophilised. The 100 mM NaCl is added during dialysis 
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to avoid rupture of the membrane by the EDTA which causes turgidity. The ionic strength of 

the NaCl facilitates EDTA removal. 

3.3.2.3. Hot Phenol/Water extraction 

 The final method of LPS/LOS extraction employed in this sequence is a hot 

phenol/water extraction first introduced by Westphal and Jann with no modifications.102 This 

method works well with dry cells and is not selective towards LOS or LPS. The same bacterial 

cell mass from the Phenol/EDTA/TEA extraction was washed with Milli-Q water five times 

before use. The 90% phenol extraction solution was prepared by heating 18 g of crystalline 

phenol (99%) at 50 °C and mixing it with 2.2 mL of Milli-Q water until the mixture was 

completely liquid and transparent.  

 The bacterial pellet from the previous extraction (see section 3.3.2.2. 

Phenol/EDTA/TEA Extraction) was suspended in 20 mL of water at the same time. The 

suspended cell mass and 90% phenol solution were heated at 10 minutes at 68 °C concurrently. 

The phenol solution was slowly added to the wet cell suspension giving a milky white colour. 

The rest of the phenol solution was added and vigorously stirred at 600 rpm for 30 minutes at 

68 °C. The solution was cooled to <10 °C and centrifuged at 3500 rpm for 45 minutes at 10 

°C. The solution was separated into four layers. Leftover debris from the cells sedimented to 

the bottom. The bottom liquid layer contains phenol and some LOS/LPS. The middle layer 

contains a milky white interphase. The top layer is yellow to brown and contains either semi-

rough or smooth LPS. The top water layer was transferred to 50 mL falcon tubes and kept 

separate. An equal volume of Milli-Q water heated to 68 °C was added to the remaining 

material (milky interphase, phenol phase and cell debris) and vigorously stirred at 600 rpm for 

30 minutes at 68 °C. The solution was cooled to <10 °C and centrifuged at 3500 rpm for 45 

minutes at 10 °C. The upper water layer was collected and pooled from both extractions. The 

phenol phase (dark brown) that resides between the milky interphase and the cell debris was 
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also obtained using a glass pipette and transferred to a separate 50 mL falcon tube. LOS might 

also be present in this layer. Both the water phase and phenol phase were dialysed at 200-300 

rpm against 7-8 L of Milli-Q water using a 1,000 MWCO dialysis cellulose tubing membrane. 

A first water exchange was performed at 6 hours of dialysis with subsequent exchanges 

performed every 12 hours for four days or until the phenol smell had disappeared. The dialysate 

was lyophilised. The three extraction procedures have been completed at this point as seen in 

Figure 3.1.and the residual bacterial cell pellet can be discarded. 

 

3.3.3. Qualitative Analysis of Carbohydrates 

 Throughout the extraction and purification process, the presence of carbohydrate was 

examined by charring a small sample of either LOS or OS after every procedure using a thin-

layer chromatography (TLC) plate (Merck). Less than 1 mg of carbohydrate was dissolved in 

Milli-Q water and spotted on to a dry TLC plate (diameter of 0.1 cm). The spot was blow dried 

and soaked in an ethanol/sulfuric acid mixture (95:5 v/v). The plate was blow dried once more 

before being placed on a hot plate. The presence of carbohydrates was indicated by the forming 

of black char on the spotted area in a matter of seconds.  
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3.3.4. Purification of Lipopolysaccharides from Proteins and Nucleic Acids 

 Removal of nucleic acids and proteins was facilitated directly after the extraction 

procedures. Extraction procedures can co-extract materials such as proteins and nucleic acids 

leading to contamination. Purification of LOS/LPS was facilitated using DNAse, RNAse and 

proteinase K from the protocols described by De Castro et al. with modifications.103 Due to the 

non-selective nature of the hot phenol/water extraction method the higher yield of extract could 

possess a large portion of these contaminants when compared to the PCP and 

phenol/EDTA/TEA methods that are not as aggressive.  

 Proteins and nucleic acids were removed using a 75 mL digestion buffer. This buffer 

was made using 100 mM Tris (25 mL), 50 mM NaCl (25 mL) and 10 mM MgCl2 hexahydrate 

(25 mL) corrected to a pH of 7.5 using 10 M HCl and pH indicator strips. Crude LOS/LPS 

extract from the three extraction procedures was dissolved in 9 mL of digestion buffer. 

Following this, 0.5 mL of DNAse (Sigma, 2 mg/mL Milli-Q water) and 0.5 mL RNAse (Sigma, 

2 mg/mL Milli-Q water) were added the solution. The mixture was incubated overnight at 37 

°C without stirring. The following day, 0.1 mL of proteinase K (Sigma, dissolved in Milli-Q 

water at a rate of 5 mg/mL) solution was added and further incubated for 5 hours at 55 °C in a 

water bath. The sample was dialysed at 200-300 rpm against 7-8 L of Milli-Q water using a 

12,000 MWCO dialysis cellulose tubing membrane for three days changing the water twice 

per day. The sample was lyophilised until dry. From here, a small sample of LPS/LOS was 

used for SDS-PAGE analysis for the presence O-antigen (section 3.3.5) while the bulk of the 

sample was cleaved off the Lipid A portion of LPS/LOS using mild acid hydrolysis as 

described in section 3.3.6. 

 



60 
 

3.3.5. SDS-PAGE Analysis 

 A sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis 

was conducted to determine the presence or absence of an O-antigen in M. bovoculi. LOS 

migrates further down and more rapidly when compared to LPS that is more scattered 

throughout the band. The samples for SDS-PAGE analysis were taken from the most successful 

extraction protocol after it had been cleared of proteins and nucleic acids.64,117 

 

3.3.5.1. Hand-casting Polyacrylamide Gels 

 Polyacrylamide gels were cast by hand using a kit supplied by Bio-Rad. A line was 

marked 1 cm underneath the comb to outline where the separating (resolving) gel started. A 

12% stacking gel was made using the volumes presented in Table 3.4 with TEMED (Sigma) 

and APS (Sigma) mixed last. The mixture was instantly pipetted between the glass plates up to 

the marked line using a Pasteur pipette. Isopropanol was overlayed on top of the solution to 

allow any bubbles to escape as well as to level the gel. After 30 minutes, the gel was 

polymerised. The isopropanol was removed using filter paper. A 4% stacking gel was made 

using the volumes presented in Table 3.4 with TEMED and APS mixed last. The mixture was 

instantly pipetted between the glass plates up to the brim making sure no bubbles formed. The 

comb was placed on top which creates the wells of the polyacrylamide gel. After 30 minutes, 

the gel was polymerised. Gels were kept in Milli-Q water at <8 °C until used. Table 3.4 shows 

the volumes used to make 10 mL solutions for both gels.  
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Table 3.4. Volume of Separating and Stacking Gels 

 

Reagent 12% Separating Gel 4% Stacking Gel 

diH2O 6 mL 3.35 mL 

Acrylamide/Bis (30%, 37.5:1, w/v) 1.32 mL 4.0 mL 

Tris-HCl, (0.5M, pH 6.8) - 2.52 mL 

Tris-HCl (1.5M, pH 8.8) 2.5 mL - 

SDS (10%, w/v) 100 µL 100 µL 

TEMED 10 µL 10 µL 

Ammonium Persulfate (10%, w/v) 50 µL 50 µL 

Total Volume 10 mL 10 mL 

 

3.3.5.2. SDS-PAGE Protocol 

 LPS/LOS samples in water (7.5 µL) were mixed with an equal volume of Laemmli’s 

solution (7.5 µL, Bio-Rad) containing 0.1M Tris-HCl buffer (pH 6.8), 2% (w/v) SDS, 20% 

sucrose (w/v), 1% 2-mercaptoethanol(v/v), and 0.001% bromophenol blue (w/v). The final 

solution was placed heated in an oven at 100 °C for 5 minutes before being applied to the wells 

(6 mm wide) of the previous hand cast gels. An unstained broad range SDS-PAGE molecular 

weight marker (Bio-Rad, 15 µL) was also loaded into the gel. The gel was subjected to 

electrophoresis at 12 mA for the 4% stacking gel and 25 mA once the sample reached the 12% 

separating gel until they had run to the bottom. The samples were run in 1X running buffer 

containing 3% Tris, 14.4% glycine (Sigma) and 1% SDS (Sigma).  

 

3.3.5.3. Silver-Staining of Gel 

 The gel was fixed, stained and developed from a modified technique originally from 

Tsai and Frasch.65,104 During every step of staining and developing procedures, the gel was 

shaken at 60 rpm on an orbital shaker. The gel was oxidised in a 100 mL solution containing 

40% ethanol, 5% acetic acid and 0.7% periodic acid (NaIO4, Sigma) at room temperature for 

20 minutes. Following this, the gel was washed three times with Milli-Q water for 10 minutes. 
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The gel was stained for 10 minutes with a silver stain solution (150 mL) containing 142 mL 

Milli-Q water, 0.7 mL 4 M NaOH, 2 mL 25% aqueous ammonia (NH3) and 5 mL 20% silver 

nitrate (AgNO3, Sigma) prepared beforehand. The gel was washed three times with Milli-Q 

water for 10 minutes. Development of colour was facilitated by reduction using a developing 

solution containing 200 mL Milli-Q water with 10 mg citric acid and 0.1 mL of 37% 

formaldehyde. Bands on the gel appeared minutes later. Development of colour was stopped 

using 10% acetic acid for 1 minute followed by repeated washing with Milli-Q water. 

 

3.3.6. Cleavage of Lipopolysaccharides Using Acid Hydrolysis 

 Cleavage of the Lipid A and oligosaccharide was necessary before size exclusion 

chromatography can be conducted. LOS/LPS from every successful extraction procedure was 

subject to mild acid hydrolysis using 10 mL of 1% acetic acid (2 mg/mL of LOS/LPS) and 

incubated for 2 hours at 100 °C as previously described from Phillips et al. with no 

modifications.118 The sample was centrifuged at 4 °C for 20 minutes at 5000 rpm. The 

supernatant contained the oligosaccharide which was removed and placed into a 50 mL falcon 

tube. The Lipid A pellet was washed with 3 mL of Milli-Q water and centrifuged at 4 °C for 

20 minutes at 5000 rpm twice. The supernatant from the three centrifugations were pooled and 

lyophilised until dry. Material from both the lipid A and oligosaccharide were weighed. 

 

3.3.7. Size Exclusion Chromatography 

 At this point during the purification process, the Lipid A has been removed leaving only 

the oligosaccharide remaining. Only LOS/LPS from the hot phenol/water method was used for 

this protocol. This method was adapted previously from Singh et al. with no modifications.7 A 

Bio-Gel P4 (polyacrylamide, Bio-Rad, 100 g, fine polyacrylamide beads for size exclusion 
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chromatography, 45–90 µm wet bead size, 800–4,000 MW fractionation range) was used with 

water as eluant and a water fractionation column collector (Waters: The Fraction Collector II) 

set at 45 drops/tube for 120 tubes. The Bio-gel (column) was initially flushed and equilibrated 

using Milli-Q water overnight. Purified oligosaccharide (20 mg) was dissolved in 1 mL Milli-

Q water and placed on top the gel allowing it to passage through under gravity feed. After one 

hour, a Milli-Q water-filled reservoir was placed on top of the column and the material 

fractionated via passaging through the column collection upon elution. Larger size materials 

travel faster down the column while smaller materials take longer. It is unknown where the 

material will be available within the 120 tubes on the initial fractionation, so all fractions must 

be collected. Following this, the test tubes were sealed with Parafilm, frozen and lyophilised 

for two days. Test tubes were examined for LOS/LPS material fluffy white colour and tested 

for carbohydrates using the protocol outlined in 3.3.3. Positive samples were progressed 

through to 1H NMR studies. 

 

3.3.8. 1H NMR Spectroscopy and Removal of Exchangeable Protons 

 All tubes that contained material were firstly assessed for carbohydrates (OS) as 

outlined in section 3.3.3. Positive results were analysed further for purity using 1H NMR 

spectroscopy. Lyophilised fractions that identified as containing carbohydrate material were 

dissolved in 500 µL of 99.9% D2O (Sigma) and placed in a 5 mm diameter NMR tube using a 

Pasteur pipette and capped off. Samples were run using a 400 MHz NMR at 293 K with a 

sweep width of 20.02 ppm and 8012 Hz. The pulse sequence used was zg30 from the Bruker 

pulse sequence library with 256 scans acquired and a mixing time of 120 ms. Spectral data 

were analysed for the purity of OS. At this stage, fractions can either be combined or a single 

tube used for further study. For this study, only a single fraction was progressed further. The 

removal of exchangeable protons in the sample is necessary before analysis. This includes any 
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water that is acquired from moisture in the air. The chosen sample was dissolved in 3 mL of 

99.998% D2O (Sigma) and lyophilised. Three D2O exchanges were completed. The exchange 

of protons was conducted a fourth time in 1 mL of D2O before being lyophilised once more. 

The OS was filled with Argon18 before taken off the freeze dryer and wrapped with parafilm. 

The OS was taken instantly into a glove bag (Sigma) filled with nitrogen. Under the glove bag, 

the OS with dissolved in 200 µL 99.998% D2O (Sigma-Aldrich) before being placed in a 3 mm 

Shigemi NMR tube, capped and sealed with Parafilm.  

  

3.3.9. Structural Analysis of Oligosaccharide using NMR Spectroscopy  

 Following the removal of exchangeable protons using D2O exchanges, 1H and 13C NMR 

spectral data were recorded on a Bruker Avance spectrometer with a TXI cryoprobe operating 

at 600 MHz and 150 MHz, respectively at 298 K. Chemical shifts were reported in ppm (1H 

2.225 ppm and 13C 31.45 ppm) with acetone used as an internal reference. Assignment of 

spectral data was accomplished by recording gradient 1D and 2D NMR with the following 

parameters. For 1H NMR, spectral width was set to 15.98 ppm and 9590 Hz with 64 scans 

acquired and a mixing time of 120 ms. For selective 1D-COSY, 1D-TOCSY and 1D-NOESY, 

spectral width was also set to 15.98 ppm and 9590 Hz with 128, 256 and 512 scans respectively 

acquired. 1D-selective COSY and TOCSY experiments had mixing times ranging from 15 to 

180 ms while 1D-NOESY experiments had mixing times of 400 and 500 ms. For 1H13C-HSQC, 

spectral width was set to 12.02/165.00 ppm and 7212/24901 Hz respectively with 80 scans 

acquired at a 90° pulse length of 8.5 µs and mixing times of 15, 45, 60 and 120 ms. Spectral 

data was acquired using unmodified pulse sequences from the Bruker pulse sequence library. 

For 400 MHz experiments this was zg30 (1H NMR). For 600 MHz experiments, these included 

noesygppr1d (1H NMR), selcogp (1D-COSY), selmlgp (1D-TOCSY) mley, selnogp (1D-

NOESY) and hsqcedetgpsisp2.3 (1H13C-HSQC) dipsi. 
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CHAPTER IV: RESULTS FOR THE GROWTH AND 

BIOLOGICAL ACTIVITY OF MORAXELLA BOVOCULI 
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4.1. GROWTH PROFILE OF MORAXELLA BOVOCULI 
 

  The growth characteristics of Moraxella bovoculi were examined as currently there are 

no literature reports of this information. These experiments were initially conducted to optimise 

the bacterial yield for future culturing of LOS/LPS for extraction and purification. Figure 4.1 

displays the growth curve for wild-type M. bovoculi in BHI at 37 °C and represents the OD600nm 

of the cells measured for 18 hours. The study was conducted in triplicate with the average 

OD600nm calculated at every time point. The first 5 hours of growth are indicative of the lag 

phase in which bacteria are adapting to the new environment. The OD600nm at this stage only 

increases from 0 to 0.2. For the next 5 hours, the bacterial growth is exponential signifying the 

log phase. The bacteria are now dividing rapidly as observed by the steep gradient of the curve. 

At this stage, the OD600nm increased fivefold from 0.2 to 1.2.  Following this, the growth started 

to decline as nutrients become scarce and bacteria started to compete for survival in the media. 

At the tenth hour, the rate of change in OD600nm starts to decrease quickly. This decrease 

signified that the bacterial growth was entering the stationary phase of growth. M. bovoculi 

reached a maximum OD600nm of 1.65 signifying that the bacteria entered the decline phase.  
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Figure 4.1.  Growth curve of wild-type M. bovoculi over 18 hours against OD600 with SEM 

error bars. 
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4.2. LIMULUS AMEBOCYTE LYSATE (LAL) ASSAY 
 

 Endotoxin quantification of wild-type M. bovoculi was examined using a Limulus 

Amebocyte Lysate assay. The toxicity of Gram-negative bacteria is known to be due to the 

Lipid A portion of lipopolysaccharides.13,62 A ToxinSensorTM Chromogenic LAL Endotoxin 

Assay Kit from GenScript USA (Cat. No. L00350) measured endotoxin activity for this assay.  

The endotoxin activity of M. bovoculi was quantified using a single whole colony. M. bovoculi 

from the glycerol stock was inoculated on to an agar plate containing BHI and incubated 

overnight at 37 °C. A single colony was taken from the agar plate and inoculated into the LAL 

reagents. A standard curve was constructed using the E. coli standard (appendix 1) from the kit 

was used to compare the endotoxin units measured for M. bovoculi (EU/mL). The study was 

conducted in triplicate with the average endotoxin units calculated. Table 4.1 shows the 

endotoxin units taken from a single whole colony for wild-type M. bovoculi and previous 

results from other members of the family Moraxellaceae for comparison. 

Table 4.1. Average endotoxin units for M. bovoculi and previous results from other 

members of the Moraxellaceae family 

Bacterial Species Average Endotoxin Units (EU/mL) 

THIS STUDY 

Wild-type M. bovoculi   

- BAA-1259 

 

3.0 × 103 

PREVIOUS STUDIES 

Wild-type M. catarrhalis 

- O35E (Peng et al.)69 

- O35EkdtA (Peng et al.)82 

 

3.7 × 103 

6.0 × 102 

Wild-type M. bovis 

- Epp63 (Singh et al.)7 

- Epp63 Lgt2Δ (Singh et al.)7 

- Mb25 (Singh et al.)7 

- L183/2 (Singh et al.)7 

 

3.8 × 103 

2.9 × 103 

8.9 × 103 

1.3 × 104 

 

 The endotoxin activity of M. bovoculi was compared against the wild-type M. bovis 

strains Mb25, L183/2 and Epp63, as well as the truncated oligosaccharide Epp63 mutant 
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Lgt2Δ. The endotoxin activity was also compared against the wild-type M. catarrhalis O35E 

strain and its truncated Kdo mutant strain O35EkdtA. Refer to Figure 1.5 in section 1.4.2 that 

outlines the structural difference in wild-type and mutant strains. When comparing M. bovoculi 

to previous studies, it was observed that it contains a similar endotoxin activity as M. 

catarrhalis O35E (3.7 × 103 EU/mL) and M. bovis Epp63 (3.8 × 103 EU/mL). The Epp63 

mutant strain Lgt2Δ (2.9 × 103 EU/mL) showed approximately same endotoxin activity as M. 

bovoculi (3.0 × 103 EU/mL). M. bovis Mb25 showed a three-fold (8.9 × 103 EU/mL) increase 

in endotoxin activity to M. bovoculi while M. bovis L183/2 showed almost a five-fold (1.3 × 

104 EU/mL) increase in endotoxin activity when compared to M. bovoculi. For M. catarrhalis, 

the Kdo mutant O35EkdtA strain showed a five-fold decrease (6.0 × 102 EU/mL) in endotoxin 

activity to M. bovoculi. An unpaired independent t-test using a 95.00% confidence interval 

analysed that M. bovoculi was statistically significant to M. catarrhalis 035E (t(3) = 9.391, p 

= 0.0026), M. catarrhalis 035EkdtA (t(3) = 32.2, p ≤ 0.0001), M. bovis Epp63 (t(3) = 10.73, p 

= 0.0017), M. bovis Mb25 (t(3) = 79.16, p ≤ 0.0001) and M. bovis L183/2 (t(3) = 134.2, p ≤ 

0.0001). M. bovis Epp63 lgt2Δ (t(3) =1.342, p = 0.2722) did not show statistical significance 

to M. bovoculi. 
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Figure 4.2. Endotoxin units of M. bovoculi compared to previously studied Moraxella species 

quantified using the LAL assay supplied by Genscript®. Average of the triplicate data are 

presented with error bars. SEM was not available for previous studies.  

ns = p≥0.05, * p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001. 
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4.3. AUTO–AGGREGATION ASSAY 
 

 The ability of M. bovoculi to auto-aggregate in solution for survival was examined 

using sedimentation rates. This has previously been studied for other Moraxella strains M. 

catarrhalis O35E and M. catarrhalis 49143.119 Sedimentation rates of M. bovoculi were 

monitored by measuring the OD600nm in 15-minute intervals until a time of 300 minutes was 

reached. This experiment was performed in triplicate with the average time taken.  
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Figure 4.3.  The rate of Auto-aggregation of M. bovoculi over the course of 300 minutes 

measured at an optical density of 600nm. 

  

 Figure 4.3 shows the change in optical density over 300 minutes. It is apparent that M. 

bovoculi slowly aggregates until ~240 minutes. This reveals that M. bovoculi aggregates as a 

survival mechanism in solution.86 The rate of change of OD was calculated (OD600nm/min) and 

compared to the previously studied Moraxella strains, M. catarrhalis O35E and M. catarrhalis 

49143.48,86 
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Table 4.2. Comparative Auto-Aggregation Rates of Moraxella species. 

 

Bacterial Species Genotype 
Calculated Rate 

(Abs/min) 
Source 

M. bovoculi BAA-

1259 
Wild-type 6.1 × 10-4 This Study 

M. catarrhalis 

49143 
Wild-type 5.0 × 10-3 Saito et al.48 

M. catarrhalis O35E Wild-type 2.8 × 10-3 Slevogt et al.86 

 

 The rate of change of OD for M. bovoculi is much smaller than M. catarrhalis O35E 

and M. catarrhalis 49143, suggesting that M. bovoculi takes longer to aggregate. A one-way 

ANOVA revealed that there was statistical significance between the groups (F (2, 3) = 576849 

p < .0001). A Bonferroni post hoc test (α of 0.05) showed significance of M. bovoculi to M. 

catarrhalis 49143 (p < .0001) and M. catarrhalis O35E (p < .0001). These results present that 

M. bovoculi might not possess similar qualities of aggregation to that of previously studied 

Moraxella species. 
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4.4. ADHERENCE ASSAY 
 

 The ability of M. bovoculi to adhere to the epithelial cell lines HeLa and Chang was 

examined. This was quantified as a percentage of bacterial cells that were able to adhere to 

HeLa and Chang epithelial cell lines. Bacterial cell counts were taken and compared to the 

original amount inoculated. This was performed in triplicate. It was shown that 30.6 ± 4.5% of 

bacterial cells adhered to HeLa cell lines while 16.0 ± 1.7% of bacterial cells adhered to Chang 

cell lines. M. bovoculi BAA-1259 was compared to seven previously studied Moraxella strains 

that included M. catarrhalis O35E, M. catarrhalis O35EkdtA69,82, M. catarrhalis 7169114 (only 

for Chang cells) M. bovis Epp63, M. bovis Epp63 Lgt2Δ, M. bovis Mb25 and M. bovis L183/2.7 

There is no published data examining the adherence of M. bovis to Chang cells.  Table 4.3 

presents the average of these results as well as the source the data was acquired.  

Table 4.3.  Percentage adherence of M. bovoculi compared to other previous studied wild-

type and mutant strains from the Moraxellaceae family 

 

Strains 

 

Genotype 

 

HeLa Cells % 

 

Chang Cells % 

 

Source 

M. bovoculi BAA-1259 Wild-type 30.6 ± 4.5 16.0 ± 1.7 This study 

M. catarrhalis O35E 
Wild-type 

O35EkdtA 

42.6 ± 7.6 

19.0 ± 6.3 

44.0 ± 6.6 

20.6 ± 6.4 
Peng et al.69,82 

M. catarrhalis 7169 Wild-type Unknown 23.5 ± 3.1 Luke et al.114 

M. bovis Epp63 
Wild-type 

Lgt2Δ 

47.5 ± 1.4 

36.7 ± 4.6 

42.5 ± 1.4α 

Singh et al.7 
32.4 ± 1.8 α 

M. bovis Mb25 

M. bovis L183/2 

Wild-type 

Wild-type 

59.2 ± 2.2 

70.0 ± 3.8 

50.8 ± 3.0 α 

66.7 ± 6.0 α 

α Unpublished Data 

 Initially, the adherence of M. bovoculi to HeLa and Chang cells can be compared using 

an unpaired independent samples t-test. Using a 95.00% confidence interval, there was no 
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significant difference between Chang and HeLa cell lines for adherence to M. bovoculi (t(2) = 

2.736, p = 0.1116). 

 Adherence to HeLa cells for M. bovoculi was compared to all Moraxella strains except 

for M. catarrhalis 7169 to probe the influence of the oligosaccharide structure (refer to figure 

4.4). M. bovoculi had a decreased percentage of adherence to M. bovis Mb25, L183/2, Epp63, 

Epp63 Lgt2Δ and M. catarrhalis O35E strains but an increased percentage of adherence 

compared to M. catarrhalis O35EkdtA strain. A one-way ANOVA comparing these strains to 

M. bovoculi showed a statistical significance when comparing adherence to HeLa cells (F(6, 7) 

= 80.66, p < 0.0001). A Bonferroni post hoc test (α of 0.05) revealed that there was a significant 

difference between M. bovis Epp63 (47.5 ± 1.4 %, p = .0092), M. bovis Mb25 (59.2 ± 2.2 %, p 

= .0003) and M. bovis L183/2 (70.0 ± 3.8 %, p < .0001). No significance was found between 

M. catarrhalis O35E (42.6 ± 7.6 %, p = .0658), M. catarrhalis O35EkdtA (19.0 ± 6.3 %, p = 

.0753) and M. bovis Epp63 Lgt2Δ (36.7 ± 4.6 %, p > .9999).  

 Adherence to Chang cells for M. bovoculi was examined against all M. catarrhalis and 

M. bovis strains (refer to figure 4.4). M. bovoculi had a decreased percentage of adherence 

when compared to all Moraxella strains. This includes Mb25, L183/2, Epp63, Epp63 Lgt2Δ 

for M. bovis and O35E. O35EkdtA and 7169 M. catarrhalis strains. A one-way ANOVA 

comparing these strains to M. bovoculi showed statistical significance when comparing 

adherence to Chang cells (F(7,8) = 806.7, p < 0.0001). A Bonferroni post hoc test (α of 0.05) 

revealed that there was a significant difference between M. catarrhalis O35E (44.0 ± 6.6 %, p 

< 0.0001), M. catarrhalis O35EkdtA (20.6 ± 6.4 %, p = .0185) M. catarrhalis 7169 (23.5 ± 3.1 

%, p = .0006), M. bovis Epp63 (42.5 ± 1.4 %, p < .0001), M. bovis Epp63 Lgt2Δ (32.4 ± 1.8%, 

p < .0001), M. bovis Mb25 (50.2 ± 3.0 %, p < .0001) and M. bovis L183/2 (66.7 ± 6.0 %, p < 

.0001).  
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Figure 4.4. Representation of the percentage of adhered M. bovoculi (Black) bacterial cells to 

HeLa and Chang cell line with SEM error bars. ns = p≥0.05, * p≤0.05, ** p≤0.01, *** p≤0.001, 

**** p≤0.0001. 

 

 

 

 

 

 

 

 

 

 

 

 



76 
 

4.5. SUSCEPTIBILITY TO HYDROPHOBIC AGENTS 
 

 The susceptibility of M. bovoculi to hydrophobic agents was assessed using the 

surfactants, Tween 20 and Triton X-100. This was conducted using a disk diffusion assay 

measuring the zone of inhibition (mm). Discs were coated with the agents that were diluted to 

different percentages that include 1.25%, 2.5%, 5%, 10%, 15%, 25%, 50%, 75% and 100%. 

This assay was performed in triplicate with the average of each zone of inhibition calculated. 
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Figure 4.5. Zone of Inhibition of different concentrations of Triton X-100 and Tween 20 

hydrophobic agents measured in diameter for wild-type M. bovoculi. Note: Values that show 

susceptibility to agents include the paper disc (6 mm) in the measurement.  

  

 Figure 4.5 represents the zone of inhibition with the increasing concentration of 

surfactants. For Tween 20, the growth of M. bovoculi was not inhibited at a 1.25% and 2.5% 

concentration. The zone of inhibition at 5% concentration was 14.7 mm while the zone of 

inhibition at 100% concentration was 18.3 mm. For Triton X-100, the growth of M. bovoculi 

was not inhibited at 1.25% concentration. The zone of inhibition at 2.5% concentration was 

14.0 mm while the zone of inhibition was at 100% concentration was 20.7 mm. 
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α Sensitivity was assessed by measuring the diameter of the zone of growth inhibition. Mean 

value (±SEM) calculated. The data represent the averages of three separate experiments. Data 

compared to M. bovoculi BAA-1259 using one-way ANOVA. * p≤0.05, ** p≤0.01, *** 

p≤0.001, **** p≤0.0001. 

 

 

 Previous studies from Peng et al. using M. catarrhalis O35E and O35EkdtA and Singh 

et al. using M. bovis Mb25, L183/2, Epp63 and Epp63 Lgt2Δ examined the zone of inhibition 

at a concentration of 5%(w/v).7,69,82 M. bovoculi had a decreased zone of inhibition compared 

to the four M. bovis strains (Mb25, L183/2, Epp63 and Epp63 Lgt2Δ) when comparing Tween 

20 susceptibility but an increased zone of inhibition when compared to the M. catarrhalis O35E 

and M. catarrhalis O35EkdtA for Tween 20. M. bovoculi had a decreased zone of inhibition 

compared to M. bovis Mb25 and M. catarrhalis O35EkdtA strain when comparing Triton X-

100 susceptibility but had an increased zone of inhibition when compared to the M. bovis 

L183/2, Epp63, Epp63 Lgt2Δ and the M. catarrhalis wild-type strain O35E for Triton-X100. 

 For Tween 20 (5% w/v), there was statistical significance between the groups when 

compared to M. bovoculi (F(6, 8) = 1221, p < .0001). A Bonferroni post hoc analysis (α of 

0.05) revealed there was a significant difference between Mb25 (17.0 ± 0.9 mm, p < .0001), 

L183/2 (16.0 ± 0.9 mm, p = .0005), Epp63 (22.2 ± 0.5 mm, p < .0001), Epp63 Lgt2Δ (22.4 ± 

0.3 mm, p < .0001) and O35E (11.5 ± 0.5 mm, p < .0001). The only strain that was not 

statistically significant was the M. catarrhalis mutant O35EkdtA (14.2 ± 0.3 mm, p = .3313). 

Refer to Table 4.4. 
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 For Triton X-100 (5% w/v), a statistical significance between the groups when 

compared to M. bovoculi (F(6, 8) = 833.9, p < .0001). A Bonferroni post hoc analysis (α of 

0.05) revealed there was a significant difference between Mb25 (18.4 ± 0.6 mm, p < .0001), 

L183/2 (14.1 ± 1.1 mm, p < .0001), Epp63 Lgt2Δ (15.8 ± 0.9 mm, p = .0099), O35E (15.5 ± 

0.5 mm, p = .0013) and O35EkdtA (24.5 ± 0.5 mm, p < .0001). The only strain that was not 

statistically significant was the M. bovis wild-type strain Epp63 (16.4 ± 0.9 mm, p > .9999). 

Refer to Table 4.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



79 
 

4.6. SUSCEPTIBILITY TO ANTIBIOTIC AGENTS 
 

 The antibiotic susceptibility of M. bovoculi was investigated using a standard disc 

diffusion assay against nine antibiotics measuring the zone of inhibition (mm). These agents 

included novobiocin (30 µg), nalidixic Acid (30 µg), polymyxin B (300 IU), rifampicin (5 µg), 

vancomycin (30 µg), chloramphenicol (10µg), amoxicillin/clavulanic acid (30 µg), Ampicillin 

(2 µg) and penicillin G (10 IU). Amoxicillin/clavulanic acid, ampicillin and penicillin G 

examined the β-lactamase activity of M. bovoculi while novobiocin, nalidixic Acid, polymyxin 

B, rifampicin, vancomycin and chloramphenicol were compared to previously studied data 

from the Moraxella family. These strains included M. bovis Mb25, L183/2, Epp63 and Epp63 

Lgt2Δ strains, and M. catarrhalis O35E and O35EkdtA strains.7,69,82 M. bovoculi was examined 

using the same concentration of each agent to these strains. No data was available for M. 

catarrhalis O35E and M. catarrhalis O35EkdtA strains when comparing chloramphenicol and 

nalidixic acid. Therefore, these antibiotics were compared to the four M. bovis strains.67,69,82 

 Table 4.5 gives the average of a triplicate study testing the susceptibility of M. bovoculi 

towards nine antibiotics. The results show that the combined antibiotic amoxicillin/clavulanic 

acid (42.7 ± 1.0) had the highest zone of inhibition. This was followed by rifampicin (35.3 ± 

0.5), novobiocin (29.3 ± 0.3), nalidixic Acid (26.0 ± 0.2), penicillin G (26.0 ± 0.3), 

chloramphenicol (26.0 ± 0.8), ampicillin (24.7 ± 0.5), polymyxin B (22.0 ± 0.4) and 

vancomycin (14.7 ± 0.3) which had the smallest zone of inhibition.  

 It was shown here that M. bovoculi could possess β-lactamase activity. The 

amoxicillin/clavulanic acid (42.7 ± 1.0) antibiotic had a much higher zone of inhibition when 

compared to the β-lactam antibiotics penicillin G (26.0 ± 0.3) and ampicillin (24.7 ± 0.5). 
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Table 4.5. The sensitivity of Wild-type M. bovoculi to a panel of Antibiotic Agents with 

the Zone of Inhibition measured.  

 

Antibiotic Agent M. bovoculi avg. (SEM.) mm 

Novobiocin (5 µg)  15.3 ± 0.3  

Nalidixic Acid (30 µg)  26.0 ± 0.2 

Polymyxin B (300 IU)  22.0 ± 0.4  

Rifampicin (5 µg) 15.7 ± 0.5 

Vancomycin (30 µg) 

Chloramphenicol (10 µg) 
 14.7 ± 0.3 

26.0 ± 0.8 

Amoxicillin/clavulanic acid (30 µg)  42.7 ± 1.0 

Ampicillin (2 µg) 24.7 ± 0.5 

Penicillin G (10 IU)  26.0 ± 0.3 

 

 M. bovoculi was compared with published data for the M. bovis strains Mb25, L183/2, 

Epp63, Epp63 and the glycosyltransferase mutant Epp63 Lgt2Δ from Singh et al.7 M. bovoculi 

was also compared to the M. catarrhalis strain O35E and its truncated mutant O35EkdtA from 

Peng et al.82  

 For chloramphenicol (10 µg), there was statistical significance against all four M. bovis 

strains (F(4, 6) = 14.63, p = .0030). A Bonferroni post hoc analysis (α of 0.05) revealed there 

was only a significant difference with Epp63 (22.3 ± 0.9 mm, p = .0042). There no significant 

difference between Mb25 (24.0 ± 0.9 mm, p = .0902), L183/2 (23.8 ± 0.7 mm, p = .0585) and 

Epp63 Lgt2Δ (25.4 ± 0.3 mm, p > .9999). These results show that M. bovoculi has similar 

susceptibility to all strains of M. bovis except to Epp63 where it was more susceptible to the 

antibiotic agent to chloramphenicol 

 For nalidixic Acid (30 µg), that there was statistical significance against all four M. 

bovis strains (F(4, 6) = 11.57, p = .0055). A Bonferroni post hoc analysis (α of 0.05) revealed 

a significant difference was between L183/2 (29.5 ± 0.3 mm, p = .0056). There was no 

significant difference between Mb25 (27.7 ± 0.5 mm, p = .1801), Epp63 (27.0 ± 0.3 mm, p > 

.9999) and Epp63 Lgt2Δ (27.0 ± 0.1 mm, p > .9999). These results show that the biological 
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activity of M. bovoculi has similar susceptibly towards all strains of M. bovis except for L183/2 

for nalidixic Acid. 

 For novobiocin (5 µg), there was statistical significance using a one-way ANOVA (F(6, 

8) = 527.1, p < .0001). A Bonferroni post hoc analysis (α of 0.05) revealed a significant 

difference between Mb25 (10.5 ± 0.3 mm, p < .0001), L183/2 (13.8 ± 0.5 mm, p = .0002), 

Epp63 (11.1 ± 0.3 mm, p < .0001), Epp63 Lgt2Δ (18.1 ± 0.3 mm, p < .0001), O35E (13.8 ± 

0.3 mm, p = .0002) and O35EkdtA (16.1 ± 0.3 mm, p = .0217). M. bovoculi was more 

susceptible to this antibiotic when compared to the four M. bovis strains and M. catarrhalis 

O35E, but less susceptible when compared to the O35E mutant O35EkdtA. 

 For polymyxin B (300 IU), there was statistical significance using a one-way ANOVA 

(F(6, 8) = 93.96, p < .0001). A Bonferroni post hoc analysis (α of 0.05) revealed a significant 

difference between Mb25 (22.0 ± 0.4 mm, p = .0001), L183/2 (15.3 ± 0.5 mm, p < .0001), 

Epp63 (19.4 ± 0.3 mm, p = .1683), Epp63 Lgt2Δ (19.2 ± 0.3 mm, p = .0898), O35E (11.5 ± 

0.5 mm, p < .0001) and O35EkdtA (15.5 ± 0.0 mm, p < .0001). Interestingly, M. bovoculi was 

more susceptible to this antibiotic when compared to the four M. bovis strains and both the M. 

catarrhalis O35E wild-type and O35EkdtA mutant. This shows that M. bovoculi has increased 

sensitivity to this antibiotic. 

 For rifampicin (5 µg), there was statistical significance using a one-way ANOVA (F(6, 

8) = 1818, p < .0001). A Bonferroni post hoc analysis (α of 0.05) revealed a significant 

difference between Mb25 (16.8 ± 0.3 mm, p = .0016), Epp63 Lgt2Δ (17.1 ± 0.5 mm, p = .0003), 

O35E (22.1 ± 0.3 mm, p < .0001) and O35EkdtA (29.0 ± 0.5 mm, p < .0001). There was no 

significance when comparing M. bovoculi to L183/2 (15.6 ± 0.3 mm, p > .9999) and Epp63 

(16.3 ± 0.1 mm, p = .0681). These results present that M. bovoculi was less susceptible when 

compared to the M. bovis strains Mb25 and Epp63 Lgt2Δ, and the M. catarrhalis strains O35E 

and O35EkdtA. 
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 For vancomycin (30 µg), there was statistical significance using a one-way ANOVA 

(F(6, 8) = 928.2, p < .0001). A Bonferroni post hoc analysis (α of 0.05) revealed a significant 

difference between Mb25 (7.0 ± 0.1 mm, p < .0001), Epp63 (9.4 ± 0.5 mm, p < .0001), Epp63 

Lgt2Δ (17.1 ± 0.5 mm, p = .0003), O35E (6.0 ± 0.0 mm, p < .0001) and O35EkdtA (8.2 ± 0.3 

mm, p < .0001). There was no significance with L183/2 (14.1 ± 0.5 mm, p = .1258). This 

revealed that M. bovoculi was more susceptible to the M. bovis strains Mb25, Epp63 and Epp63 

Lgt2Δ and the two M. catarrhalis strains O35E and O35EkdtA. 
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4.7. BACTERICIDAL ASSAY 
 

 A bactericidal assay using bovine serum investigated whether the bacteria can resist 

complement-mediated lysis. This acquired defence mechanism of bovine serum activates this 

pathway during the proliferation of infectious bacterial species where the lysis of the cell wall 

occurs.68 Using colony counts, a bactericidal assay measured the percentages of bacterial cells 

(log CFU) that resisted complement-mediated lysis at different concentrations of serum (0%, 

0.25%, 2.5%, 5%, 12.5% and 25%). This effect was quantified using a classic colony forming 

unit agar plate protocol with growth subsequently being measured by CFU/mL completed in 

triplicate.  
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Figure 4.7. Bactericidal assay at different concentrations of bovine serum against M. bovoculi. 

HI = Heat inactivated. 

 

 Figure 4.7 shows the bactericidal assay observed for M. bovoculi at different 

percentages of bovine. A paired t-test identified that there was no significant difference 

between a concentration of 0% and 25% bovine serum on bacterial counts (t(2) = 1.281, p = 

0.3287) for wild-type M. bovoculi.  
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CHAPTER V: THE STRUCTURAL ANALYSIS OF 

MORAXELLA BOVOCULI  
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5.1. OVERVIEW OF RESULTS 
 

 The results presented in chapter five have been conducted to gain knowledge of the 

glycan structures present on the cell surface of M. bovoculi. Initially, only 5 g of bacterial dry 

cell mass was collected to test the efficacy of the three lipooligosaccharide extraction protocols. 

The phenol/chloroform/petroleum ether (PCP), phenol/EDTA/TEA and hot phenol/water 

methods were performed in sequential order with the residual cell debris (pellet) from the PCP 

method being as the starting material for the phenol/EDTA/TEA method. Likewise, the 

residual cell pellet from the phenol/EDTA/TEA method was used for the hot phenol/water 

method. LOS was successfully extracted using all three protocols. The crude LOS from all 

three methods were liberated from proteins and nucleic acids separately using DNase, RNase 

and Proteinase K with repeated dialysis cycles. SDS-PAGE analysis of the LOS fractions 

determined that M. bovoculi doesn’t contain an O-antigen. This was confirmed by no banding 

patterns on the SDS-PAGE. The LOS from the three extraction protocols were then separately 

subjected to mild acid hydrolysis to cleave the lipid A separately to liberate the oligosaccharide. 

It was identified post acid hydrolysis that the hot phenol/water method provided with the most 

significant mass of oligosaccharide. The OS from the hot phenol/water method was purified 

further using size exclusion chromatography. OS samples were analysed using 1H NMR 

spectroscopy to assess purity. The hot phenol/water method was used to generate more 

substantial amounts of crude LOS which was purified and cleaved of lipid A. Preliminary 

spectral assignments of M. bovoculi were determined on a purified sample of OS. Figure 3.1 

from section 3.3 has been replicated here to assist the reader to follow the procedures.  
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Figure 5.1. Flowchart of extraction and purification of LOS/LPS leading to SDS-PAGE 

analysis and structural analysis of OS using NMR spectroscopy. Parts adapted from De Castro 

et al.103  
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5.2. EXTRACTION OF 

LIPOPOLYSACCHARIDE/LIPOOLIGOSACCHARIDE 
 

 Bacterial cells were cultured until 5 g of dry cell mass was obtained. Three sequential 

extraction protocols were used to process the bacterial cells. This included the Phenol-

Chloroform-Petroleum ether (PCP) method, the Phenol/EDTA/triethylamine (EDTA/TEA) 

method and the hot phenol/water method. Expected yields of crude LOS from dry cell mass 

range from 0.1% to 6% (WLPS/WDRY-CELLS).103 Higher yields could be indicative of other 

contaminants such as proteins and nucleic acids making purification of LPS/LOS difficult.103 

 The crude LOS extracted using the PCP method produced 37.90 mg of crude LOS 

(0.76%). This low yield could be due to the fact that this method does not break open the 

bacterial cell which has the advantage that protein and nucleic acid contamination is reduced 

compared to other methods. Low LOS yield is also common with this method because LOS 

extraction is incomplete.103 The same bacterial cell pellet was used for LOS extraction in the 

next protocol. The phenol/EDTA/TEA method is similar to the PCP method as it also does not 

break open the bacterial cell wall but has the disadvantage of incomplete LOS extraction. The 

crude LOS extracted using this method produced the highest amount of LOS (145.60 mg 

present (2.91%)) post extraction. This yield is within the expected range, but it could also be 

indicative of a large amount of protein and nucleic acid co-extracted. The same bacterial cell 

pellet was then used for LOS extraction in the hot phenol/water method which breaks open the 

bacterial cell wall. An advantage of this method is higher yields of LOS, but a disadvantage is 

co-extraction of more contaminants such as proteins and nucleic acids. The crude LOS 

extracted using the hot phenol/water method was found in both the aqueous layer and phenol 

layer. Crude LOS extracted from the aqueous layer was 128.40 mg (2.66%) and crude LOS 

extracted from the phenol layer was 6.5 mg (0.13%). It is evident that even though LOS was 

present in the phenol layer more than 95% of the crude extract was found in the aqueous layer. 
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A drop of material from the phenol phase was spotted onto a TLC plate and did not char black 

showing that the material was not LOS. This was later confirmed in section 5.3. Figure 5.2 

illustrates the differences in mass size (mg) of the LOS extracted from the three extraction 

protocols including both layers from the hot phenol/water method.  
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Figure 5.2. Mass (mg) of crude extract collected from the three extraction protocols, the PCP 

method, the phenol/EDTA/TEA method and the hot phenol/water method for M. bovoculi. 
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5.3. PURIFICATION OF LIPOPOLYSACCHARIDES 

FROM PROTEINS AND NUCLEIC ACIDS 
 

 Removal of proteins and nucleic acids from crude LOS was undertaken using DNase, 

RNase and proteinase K with repeated cycles of dialysis. Depending on the method of 

extraction used, these contaminants could be as high as 80% by mass of the crude extract. This 

is mainly dependent on the nature of the extraction procedure used, its selectivity of the 

extraction media and disruption of the cell wall since LOS are present on the outer cell wall.103 

All three protocols (including the phenol phase of the hot phenol/water method) produced crude 

LOS extract, and therefore all were subjected to protein and nucleic acid degradation and 

removal separately.  

 The PCP protocol produced 16.80 mg of LOS after purification. It was previously stated 

that the PCP method does not open the bacterial cell giving fewer contaminants such as nucleic 

acids and proteins. For this method 44.3% of the original 37.90 mg of crude extract was LOS. 

The phenol/EDTA/TEA method, which produces crude LOS by not breaking open the bacterial 

cell wall gave 8.68 mg of LOS after purification. Therefore, only 5.9% of the original 145.60 

mg of crude LOS extract was recovered post-purification. The low yield of LOS extracted 

using this method suggests it might not optimise M. bovoculi LOS extraction. The hot 

phenol/water method for the aqueous layer produced 31.84 mg of LOS after purification. The 

aqueous layer contained 24.8% LOS of the original 128.40 mg of crude extract. Therefore, 

more than three-quarters of the crude extract contained proteins and nucleic acids. These 

findings agree with literature observation that this method is more aggressive in co-extracting 

contaminants such as nucleic acids and proteins.103 As stated previously, it was demonstrated 

using a drop of material from the phenol phase spotted onto a TLC plate that there was no 

carbohydrate material as the spot did not char black. This was confirmed post purification as 

no LOS was produced.  
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 Figure 5.3 shows the mass of LOS obtained from each of the extraction protocols. The 

hot phenol/water had the highest mass of LOS post-purification. The advantage over the PCP 

and phenol/EDTA/TEA methods is complete extraction occurs.100-103 The hot phenol/water 

method was subsequently used for the extraction of LOS for M. bovoculi.  

 

P
C

P

P
h

e
n

o
l/
E

D
T

A
/T

E
A

H
o

t 
P

h
e
n

o
l/
W

a
te

r

0

5

1 0

1 5

2 0

2 5

3 0

3 5

4 0

M
a

s
s

  
(m

g
)

 

 

 

Figure 5.3. Mass (mg) of LOS obtained from the extraction procedures post-liberation of 

proteins and nucleic acids. Note: No LOS was found in the phenol phase of the hot 

phenol/water method. 
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5.4. SDS-PAGE 
 

 An SDS-PAGE with a 4% stacking gel and 12% separating gel was used to assess the 

LOS based on its size. The results of this experimental procedure show whether the cell surface 

lipoglycan structure could be LOS (semi-rough or rough) or LPS (smooth). LOS migrates to 

the bottom of the gel while LPS form banding along the gel indicative of an O-antigen.65,104 A 

sample (7.5 mg) of LOS from the hot phenol/water extraction method was subjected to a 12% 

SDS-PAGE followed by silver staining with silver nitrate. 

 

 

Figure 5.4. (A) Moraxella bovoculi post purification visualised on silver stained 4% stacking 

gel and 12% separating gel SDS-PAGE. 1. Broad Range Size Marker. 2. LOS of M. bovoculi 

from hot phenol/water extraction with no O-antigen present. (B) Exemplar SDS-PAGE stained 

using silver nitrate. 1. LPS from smooth form Pseudomonas aeruginosa serotype 0:3/9. 2. LOS 

from rough form Pseudomonas aeruginosa serotype 0:3/9. Adapted from Fomsgaard et al.65 

  

 Figure 5.4 (A) shows that M. bovoculi LOS did not have an O-antigen since no banding 

patterns for the O-antigen were present. The lipid A and core oligosaccharide accumulated at 

the bottom of the gel. This is being compared to the LOS (rough) and LPS (smooth) of 
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Pseudomonas aeruginosa serotype 0:3/9 a member of the Pseudomonadales order from Figure 

5.4 (B) visualised using an SDS-PAGE and silver staining adapted from Fomsgaard et al.65 
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5.5. ACID HYDROLYSIS 
 

 Removal of the Lipid A portion of the LOS was conducted using mild acid hydrolysis. 

This is was necessary as Lipid A cannot travel down the polyacrylamide gel for size exclusion 

chromatography due to its hydrophobic nature. The lipid A also complicates NMR as it is 

insoluble in D2O. LOS from all extraction protocols were hydrolysed separately. LOS produced 

from the PCP method liberated 5.68 mg of oligosaccharide which was 33.8% yield of the 16.80 

mg LOS subjected to cleavage. This shows that 66.2% of the mass (11.12 mg) was lipid A. 

LOS produced from the phenol/EDTA/TEA method liberated 3.58 mg of oligosaccharide 

which was 41.2% yield. This shows that 58.8% of the mass (5.10 mg) was lipid A. LOS 

produced from the hot phenol/water method liberated 14.89 mg of oligosaccharide which was 

46.8% yield. This shows that 53.2% of the mass (16.95 mg) was lipid A. LOS extracted from 

the hot phenol/water method (aqueous layer) produced the most oligosaccharide. 
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Figure 5.5. Oligosaccharide mass (mg) of extraction procedures post acid hydrolysis for M. 

bovoculi. 

 



95 
 

5.6. SIZE EXCLUSION CHROMATOGRAPHY WITH 1H 

NMR SPECTROSCOPY TO CONFIRM PURITY 
 

 OS from the hot phenol/water method was further purified using size exclusion 

chromatography, using a Bio-gel that separates molecules based on size and a Water’s fraction 

collector with Milli-Q water as the eluant. It was unknown where the OS might be within the 

120 tubes collected as this was the first size exclusion chromatography protocol that has been 

implemented for M. bovoculi. For this reason, an initial exploratory procedure using 22 mg of 

OS was conducted to identify the location of M. bovoculi OS in the eluted fractions.  
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Figure 5.6. Size exclusion chromatography of M. bovoculi. (A) Initial procedure using M. 

bovoculi shows fractions with high and low OS yield from 22 mg of OS. (B) Colour diagram 

of exploratory SEC procedure showing OS yield of fraction collector (refer to figure legend). 
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 Figure 5.6 (A) shows that the OS is large in molecular weight and travels down the 

column rapidly, observed between tubes 8 and 25 (Figure 5.6, B). This was determined by 

spotting a small piece of OS on to a TLC plate and charring it observe the presence of 

carbohydrates. These were examined further using 1H NMR spectroscopy to determine if 

remnant contaminants were still in the sample.  

 

 

Figure 5.7. 1H NMR spectrum of M. bovoculi oligosaccharide. Fraction 21 of the initial size 

exclusion chromatography procedure. Remnant lipid A acyl groups are still present. 

 

 Figure 5.7 shows the 1H NMR spectrum data fraction 21 (refer to appendix two for all 

other spectral data). It was revealed that acyl fatty acid chains were still present in the sample 

and lipid A removal was not completed. The combined OS fractions (8-25) were subjected to 

mild acid hydrolysis and repurified using dialysis and SEC.   



97 
 

A

B

C

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4

0

1

2

3

4

5

T u b e   #

O
S

  
M

a
s

s
  

(m
g

)

1 2 3 4 5 6 7 8 9 10

11 12 13 14 15 16 17 18 19 20

21 22 23 24 25 26 27 28 29 30

31 32 33 34 35 36 37 38 39 40

 

Figure 5.8. Size exclusion chromatography of M. bovoculi. (A) Final procedure using M. 

bovoculi showing fractions with high and low OS yield from 15 mg of OS. (B) Colour diagram 

of final procedure showing OS yield of fraction collector (refer to legend). 

 

 

 Figure 5.8 (A) shows the repurified OS was present in the tubes between 8 and 21 with 

higher masses of OS present between 17 and 20. The tube with the most significant mass of 

OS was 19 at 3.9 mg tubes 17, 18 and 20 contained 1.4 mg, 2.6 mg and 2.8 mg respectively. 

These were examined further using 1H NMR spectroscopy (refer to Appendix two for all other 

spectral data). Figure 5.9 on the next page shows the 1H NMR spectrum for tube 19 of the final 

SEC procedure. As stated, tube 19 had the highest mass and was the least contaminated OS 

sample and therefore used for subsequent NMR analyses. The OS material of tube 19 was D2O 
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exchanged as outlined in methodology 3.3.8 before being analysed using NMR spectroscopy 

for assignment of the OS.  

 

Figure 5.9. 1H NMR spectrum of M. bovoculi oligosaccharide. Fraction 19 of the final size 

exclusion chromatography procedure. Acyl Lipid A groups have been removed.  
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5.7. NMR SPECTROSCOPY STRUCTURAL ANALYSIS 

OF M. BOVOCULI OLIGOSACCHARIDE 
 

 M. bovoculi oligosaccharide sample was analysed on a 600 MHz Avance Bruker NMR 

spectrometer at 298 K. This study used an array of NMR experiments to acquire the data to 

elucidate the oligosaccharide structure of M. bovoculi. These included the 1D 1H experiments, 

1D COSY, 1D TOCSY and 1D NOESY as well as the 2D experiment 1H–13C HSQC. Figure 

5.10 presents the full 1H NMR spectrum overlaid with the 2D 1H–13C HSQC spectrum for M. 

bovoculi. See Appendix Three for full page spectra. 

 

Figure 5.10. 1H NMR spectrum and the 1H–13C HSQC spectrum of M. bovoculi oligosaccharide 

fraction 19 from 0 to 6 ppm. 

 

 Figure 5.11 shows the 1H NMR spectrum of the oligosaccharide from wild-type M. 

bovoculi overlaid with an edited 1H–13C HSQC spectrum between 4.4 and 5.1 ppm in the 1H 

dimension, and 94 and 107 ppm in the 13C dimension. Six anomeric signals are evident in the 

spectrum (labelled from A-F). From these, the H-1 and C-1 chemical shift positions of the 

constituent sugar residues were identified. Refer to Table 5.1 for a full list of all 1H and 13C 

NMR chemical shifts. 
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Figure 5.11.  Anomeric region of M. bovoculi oligosaccharide 1D 1H NMR spectra overlaid by 

2D 1H13C-HSQC spectra. The peak labels refer to the anomeric 1H and 13C chemical shifts of 

the OS sugar residues. 

 

 The 1H NMR spectrum in the anomeric region provides some data towards assignment 

of the oligosaccharide. In general, anomeric protons with coupling constants of 3-4 Hz are 

typical of monosaccharides in the α-anomeric pyranose configuration accompanied by 

chemical shifts of >4.70 ppm. Sugar residues in the β-anomeric pyranose configuration have 

in general anomeric resonances of less than 4.70 ppm and coupling constants of 7-8 Hz. 

Therefore, M. bovoculi is indicated as containing three α-configuration sugars, as indicated by 

the resonances at 5.06 ppm (3.96 Hz), 4.83 ppm (2.15 Hz) and 4.81 ppm (2.07 Hz), with two 

β-configuration sugars indicated at 4.60 ppm (8.18 Hz) and 4.41 ppm (7.97 Hz). There is a 

sixth sugar present at 4.92 ppm with a coupling constant of 8.02 Hz. This is an unusually high 

anomeric 1H chemical shift for a β-anomer.109,111,112 By irradiating these anomeric chemical 

shifts (A-F) it is possible to assign the rest of the structure using selective spectra such as 1D 

NOESY and 1D TOCSY. 
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 Assignment of the 1H and 13C chemical shifts for H-2/C-2 in the six identified sugar 

residues were acquired by overlaying the 1D COSY spectra with the 2D 1H–13C HSQC 

spectrum. A 1D COSY experiment identifies 1H protons that are attached to the irradiated 

proton (H-1) by two or three bonds. These are otherwise known as geminal (two bonds) or 

vicinal (three bonds).54,109,110,112 Therefore, only the resonances of H-2 are seen. This is shown 

in Figure 5.12 which shows the chemical shift of each H-2/C-2 for every residue. 

 

Figure 5.12.  H-2 and C-2 chemical shifts of M. bovoculi oligosaccharide using six overlaid 1D 

COSY spectra (black), overlaid by 2D 1H13C-HSQC spectra.  
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 While a 1D COSY experiment generally correlates protons via geminal or vicinal scalar 

spin couplings, a 1D TOCSY experiment shows all protons within a spin-system. This means 

that the H-3/H-4/H-5 and the two H-6 protons for each spin-system can be assigned using a 

selective 1D TOCSY experiment. Assignment for the 1H and 13C chemical shifts for H-3/C-3 

and H-4/C-4 is not straightforward and they can often be mistaken for each other. These are 

the two remaining peaks on the TOCSY spectra that have not been assigned. An excellent way 

to confirm these shifts is to identify glycosidic linkages within the structure using selective 

NOESY spectra.54,109,110,112 Albeit these chemical shifts can also be determined using 1D 

TOCSY spectra overlaid with a 2D 1H13C-HSQC spectra. Figure 5.13 shows the proposed 

chemical shifts of each H-3/C-3 and H-4/C-4 residue. Definitive 1H assignments are yet to be 

confirmed and therefore maybe interchangeable.  
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Figure 5.13.  H-3/C-3 and H-4/C-4 chemical shifts of M. bovoculi oligosaccharide using 1D 

TOCSY spectra (black), overlaid by 2D 1H13C-HSQC spectra. Spectra have been labelled with 

corresponding residues.  
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 Assignment of the 1H and 13C chemical shifts for H-5 and C-5 protons can be acquired 

by overlaying the 1D TOCSY spectra with the 2D 1H–13C-HSQC spectrum. Quite often the H-

5 ring proton TOCSY peaks have a characteristic multiplet shape in the glucose 

spectra.54,109,110,112,120 This is seen in Figure 5.14 which shows the chemical shift of each proton 

and carbon at the five position for every residue. 

 
Figure 5.14.  H-5 and C-5 chemical shifts of M. bovoculi oligosaccharide using six overlaid 1D 

TOCSY spectra (black), overlaid by 2D 1H13C-HSQC spectra.  
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 Assignment for the 1H and 13C chemical shifts for H-6 and C-6 (CH2) protons can be 

acquired by overlaying the 1D TOCSY spectra with the 2D 1H–13C HSQC. The chemical shifts 

of the hydroxymethyl groups have an opposite sign to the other methane signals in an edited 

1H–13C HSQC spectrum.54,109,110,112,120 In this case, they have been presented in green in Figure 

5.15 which shows the chemical shift of each H-6 proton and C-6 carbon for every residue. 

 
Figure 5.15.  H-6 and C-6 chemical shifts of M. bovoculi oligosaccharide using six overlaid 1D 

TOCSY spectra (black), overlaid by 2D 1H13C-HSQC spectra. Resonances of hydroxymethyl 

(CH2) groups have an opposite sign concerning those of the other signals and are drawn in 

green. 
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 Determining the Kdo chemical shifts were somewhat difficult for the H-3 (CH2) and 

H-4 protons. H-3 is a methylene group and should typically be presented around 1.5-2.5 

ppm.54,109,110,112,120 However, the peaks around here should present with a negative signal as 

shown in green in Figure 5.16. These peaks were not as evident as in previous assignments of 

Moraxella species. Normally, this is the starting point when elucidating the Kdo residue 

making it difficult to progress further. Therefore, the chemical shifts of all the remaining Kdo 

resonances were deduced by comparison to the literature and assignment by difference after 

accoutring for all the other resonances. The H-4 signal could not be deduced here.54 

Figure 5.16.  Kdo chemical shifts of M. bovoculi oligosaccharide using 1H NMR spectrum 

(black), overlaid by 2D 1H13C-HSQC spectrum.  
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 Table 5.1 presents the chemical shifts of the residues for the 1H and 13C NMR 

resonances for M. bovoculi oligosaccharide and partially for the Kdo residue. Assignments are 

given in Figure 5.17 with a 1H NMR (red) spectrum overlaid with a 2D 1H13C-HSQC spectrum 

(blue and green). Now it remains to determine the glycosidic linkages of the sugars. These 

linkages were obtained by matching the 1D TOCSY spectra with the 1D NOESY spectra to 

find strong NOE’s between residues (couplings). 

Table 5.1. 1H and 13C (italics) NMR chemical shift data (ppm) for OS of wild-type M. 

bovoculi (D2O, 298 K). 

 

Residue H1 (JH1H2)/C2 H2/C2 H3/C3 H4/C4 H5/C5 H61/H62/C6 

A (α-Glu) 5.06 (3.96 Hz) 3.73 3.84 4.22 4.35 4.10, 3.97 

 99.5 72.6 74.2 75.0 69.7 67.1 

B (β-Glu) 

 

4.92 (8.02 Hz) 3.25 3.45 3.46 

 

3.39 3.63, 3.86 

 100.9 73.0 69.1 

 

75.8 69.6 60.6 

C (α-Gal) 4.83 (2.15 Hz) 3.90 3.77 3.58 

 

3.58 3.68, 3.81 

 99.3 69.9 70.6 66.8 66.6 60.9 

D (α-Gal) 4.81 (2.07 Hz) 3.98 3.94 3.76 

 

3.64 3.87, 3.71 

 99.7 69.8 69.8 70.7 

 

66.5 65.6 

E (β-Gal) 4.61 (8.18 Hz) 3.29 3.40 3.46 3.51 3.91, 3.64 

 101.4 73.1 75.9 73.9 73.9 65.0 

F (β-Glu) 4.42 (7.97 Hz) 3.22 3.32 3.43 3.37 3.84, 3.65 

 102.3 73.1 72.9 69.5 75.9 60.6 

 3 4 5 6 7 8 

K (α- Kdo) ? ? 4.01 3.97 3.73 3.55, 3.71 

 ? ? 75.6 68.5 70.8 62.9 

Note: Question marks indicate the Chemical shift is unknown. 
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 The structure of the OS was elucidated in order of the anomeric protons by identifying 

the glycosidic linkages between the six residues. Assignment of residues was guided by the 

previous elucidation of wild-type M. bovis strain Epp63 outlined by De Castro et al.54 

 Residue A is an α-glucose residue JH1H2 = 3.96 Hz. Spectral assignment of the 

resonance of this sugar residue was achieved by irradiating the anomeric resonance at 5.06 

ppm. Figure 5.18 on the next page shows that the three residues had anomeric NOE’s to the 

ring protons of A. These strong NOE’S included the H-3 of A at 3.46 ppm (E1→A3), to the H-

4 of A at 3.46 ppm (B1→A4), and to the H-6 of A at 3.83 ppm and 3.65 ppm (F1→A6). A did 

show strong NOE’s towards the K5. This indicated that residue A is an α-3,4,6-glucopyranose.  

 Residue B is a β-glucose residue JH1H2 = 8.0 Hz. Spectral assignment of this sugar 

residue was achieved by irradiating the anomeric resonance at 4.92 ppm. Residue B is a rather 

unusual residue showing a JH1H2 coupling constant of 8.02 Hz despite its chemical shift being 

greater than 4.70 ppm. The selective NOESY showed a strong correlation towards H-4 of A 

(B1→A4) showing that residue B is glycosidically linked to A4 sugar. To further analyse the 

structure, it was identified that residues C or D were not linked to B as no correlation was seen 

between the spectrum of B and the NOSEY spectra of C and D as shown in Figure 5.18. This 

suggested that residue B is a terminal β-glucose and C and D were either linked to F or E 

together or separately. This indicated that residue B is an β-4-glucopyranose.  

 Residue C is an α-galactose residue JH1H2 = 2.15 Hz. Spectral assignment of the 

resonance of this sugar residue was achieved by irradiating the anomeric resonance at 4.83 

ppm. Examination of the selective NOESY from H-1 of C revealed a strong NOE to the H-4 

of D at 3.76 ppm (C1→D4) which implied that residue C is glycosidically linked to residue B 

which can be seen in Figure 5.18 on the next page. This indicated that residue C is an α-4-

galactapyronose. 
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 Residue D is an α-galactose residue JH1H2 = 2.07 Hz. Spectral assignment of the 

resonance of this sugar residue was achieved by irradiating the anomeric resonance at 4.81 

ppm. A selective NOESY of D revealed a strong correlation towards residue E at the H-6 

position (3.91 ppm and 3.64 ppm) which can be seen in Figure 5.18 on the previous page. This 

suggested that there is a glycosidic linkage between D1 and E6. This indicated that residue D 

is an α-6-galactapyronose. 

 Residue E is a β-galactose residue JH1H2 = 8.18 Hz. Spectral assignment of the 

resonance of this sugar residue was achieved by irradiating the anomeric resonance at 4.61 

ppm. It was revealed previously using a selective NOESY of E that there is a strong NOE 

correlation towards residue A at the H-3 position (3.46 ppm, E1→A3) which can be seen on 

the Figure 5.18 on the previous page. This indicated that residue E is an β-3-galactopyranose. 

 Residue F is a β-glucose residue JH1H2 = 7.97 Hz. Spectral assignment of the resonance 

of this sugar residue was achieved by irradiating the anomeric resonance at 4.42 ppm. Residue 

F was assigned in a similar manner to B and showed a correlation to the H-6 protons of the 

branched residue A (3.83 ppm and 3.65 ppm, F1→A6) which can be seen on the Figure 5.18 

on the previous page. Interestingly, the NOESY spectrum of residue F had a strong NOE 

towards the anomeric proton of residue E. This was a clue towards identifying the distance 

between residues F and E.  This was further confirmed by matching peaks of the NOESY 

spectrum overlaid with the 1H13C-HSQC spectrum. A strong peak was identified as seen from 

the green NOESY F spectrum of Figure 5.19. This could suggest the two residues are in close 

proximity to one another (<5Å) but are not connected. This indicated that residue F is an β-6-

glucopyranose. 

 All residues are confirmed to be in the pyranose ring form using the by 2D 1H13C-

HSQC spectra. Ring closures have a chemical shift of 71-73 ppm for α-anomers and 74-76 

ppm for β-anomers.109-112 
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Figure 5.19. 1H NMR TOCSY of the residue A (red) overlaid with the 1H NMR TOCSY of the 

residue F (purple) and the 1H NMR NOESY of the residue F (green) and the 2D 1H13C-HSQC 

spectra (blue) of the OS presenting a strong NOE to the anomeric of residue E.  

 

 Residue K is the Kdo residue. Difficulty was found when assigning K due to the 

absence of peaks around 2-3 ppm. However, difficulty in identifying NOEs to the Kdo residue 

from A suggested more analysis using NMR spectroscopy of oligosaccharide had to be 

completed as it is unknown at what position the link is made. However, previous NMR studies 

of M. bovis and M. catarrhalis showed that the Kdo was linked an α-glucose residue at the O-

5 of the Kdo.54,72 At this moment, this is proposed position of the Kdo to residue A of the 

oligosaccharide of M. bovoculi. Appendix three contains a full 1H NMR spectrum and a 2D 

1H13C-HSQC spectrum of the OS of M. bovoculi. 

 Even though L-configuration saccharides do not occur in nature, the D-configuration 

structure must be confirmed using Gas chromatography–mass spectrometry. This experiment 

was not applied here and therefore, the absolute configuration of the residues remains 

unknown.110,112 Therefore, the residues are only proposed to be D-configuration sugars. 
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 Taken together, the spectra suggested that the central structure was the α-glucose 

residue A with six sugar residues arranged as below in Figure 5.20 as the proposed 

oligosaccharide structure of M. bovoculi. Figure 5.20 shows the chemical structure in chair 

form on the next page. 

 

Figure 5.20. The proposed schematic structure of the oligosaccharide from M. bovoculi. Letters 

reflect those used during the NMR assignment (Table 5.1). 
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Figure 5.21. The proposed chemical structure of the oligosaccharide from M. bovoculi. Note: 

The absolute configurations have yet to be confirmed.  
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CHAPTER VI: DISCUSSION AND FUTURE DIRECTIONS 
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6.1. OVERVIEW AND GENETIC ALIGNMENT OF 

MORAXELLA BOVOCULI 
 

 Moraxella Bovoculi is a Gram-negative Gammaproteobacteria that has been found to 

contribute to cause infectious bovine keratoconjunctivitis (IBK) or “pinkeye” in cattle.3-5 Cattle 

who present symptoms of IBK commonly exhibit corneal ulcers, photophobia, keratitis, 

excessive lacrimation, corneal oedema, blepharospasm and conjunctivitis. The prevalence of 

the disease is exhibited in worldwide cattle populations leading to estimated losses of USD 200 

million from the United States beef industry and AUD 21 million from Australian beef and 

dairy farmers annually.1,24 Currently, no studies have been completed identifying the 

lipooligosaccharide (LOS) structure of M. bovoculi, a major virulence factor found in Gram-

negative bacteria.3,5,6 There were two aims this study set out to achieve. The first to understand 

the growth and biological activity of LOS in M. bovoculi. The second to extract and purify the 

LOS of M. bovoculi leading to the analysis of the oligosaccharide structure using NMR 

spectroscopy. These aims were based on a genetic study of the LOS biosynthesis locus of M. 

bovoculi as outlined in chapter two. 

  The study progressed the hypothesis that M. bovoculi could potentially have a strong 

degree of identity to the glycosyltransferase gene sequences found for other Moraxella species 

such as M. catarrhalis and M. bovis.  The LOS of these strains are unique because when 

compared to other Gram-negative bacteria, they are devoid of a heptose residue linked to the 

Kdo, and instead, have an α-D-glucopyranose at this position. This is attributed to the lgt6 

glycosyltransferase gene, which encodes the Lgt6 glycosyltransferase enzyme. It was observed 

that M. bovoculi contained four hypothetical glycosyltransferase proteins that were all 88% 

similar to Lgt6 of M. catarrhalis 7169. This high degree of similarity was expected as both 

bacteria are part of the Moraxellaceae family. For example, the lgt6 glycosyltransferase gene 
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of M. bovis Epp63 strain is 78% similar to lgt6 glycosyltransferase of M. catarrhalis 7169 

strain.  
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6.2. GROWTH PROFILE AND BIOLOGICAL ACTIVITY 

OF MORAXELLA BOVOCULI  
 

6.2.1. Growth Profile of Moraxella bovoculi  

 The growth characteristics of Moraxella bovoculi were examined as currently there are 

no literature reports of this information. These experiments were initially conducted to optimise 

the bacterial yield for future culturing of LOS/LPS for extraction and purification. Previous 

studies have cultured M. bovoculi was Brain heart infusion media at 37 °C with no added 

supplementation.3 

 The growth characteristics of Moraxella bovoculi were presented in Figure 4.1 showed 

that the first 5 hours of growth are indicative of the lag phase in which bacteria are adapting to 

the new environment. The OD600nm at this stage only increases from 0 to 0.2. For the next 5 

hours, the bacterial growth is exponential signifying the log phase. At this stage, the OD600nm 

increased fivefold from 0.2 to 1.2.  Following this, the growth started to decline as nutrients 

become scarce and bacteria started to compete for survival in the media. At the tenth hour, the 

rate of change in OD600nm starts to decrease quickly. This signified that the bacterial growth 

was entering the stationary phase of growth. M. bovoculi reached a maximum OD600nm of 1.65 

signifying that the bacteria entered the decline phase. These results are compared to the 

previously studied Moraxella species M. bovis and M. catarrhalis wild-type strains which show 

similar results. The growth of wild-type M. bovis strains has been studied by Singh et al. 

(2018)7 on Epp63, Mb25 and L183/2. M. bovis L183/2 strain has a similar growth to WT M. 

bovoculi reaching stationary phase at an OD600nm of ~1.6 after 15 hours. Figure 4.1 illustrates 

that both bacteria have an extended lag phase when compared to the M. bovis strains Mb25 and 

Epp63 that reached stationary phase between 8-9 hours with a peak OD600nm of 1.2 and 1.0 

respectively. Similar results were presented in the study by Peng et al. (2005)69 who examined 
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growth for the wild-type M. catarrhalis strain O35E. Although the strain reached a similar 

OD600nm at stationary phase, the time taken to reach this peak was only 7-8 hours giving rise to 

the observation that the growth period of M. bovoculi is double that of M. catarrhalis being 

around 15 hours. Studies have also been completed on growth for M. catarrhalis strain 7169 

which had similar results to M. catarrhalis O35E achieving maximum growth at around the 8-

hour mark.121 Interestingly, even though M. bovoculi takes twice as much time to complete a 

growth cycle, M. bovis and M. catarrhalis are more fastidious micro-organisms demanding 

more nutrients. Most strains of M. bovis require supplementation of 5% horse blood while 

certain strains of M. catarrhalis require growth on 5% chocolate agar (blood cells lysed at 56 

°C) and 5% CO2.
7,8,53,55 Identifying the growth profile of M. bovoculi established the 

groundwork for future culturing of larger amounts of bacteria. This was important for the LOS 

extraction and purification to produce a significant amount of purified oligosaccharide material 

for ongoing studies. 
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6.2.2. Endotoxin Quantification 

 The toxicity of the endotoxin in both LOS and LPS in Gram-negative bacteria arises 

from the hydrophobic Lipid A moiety which can be accurately quantified using a Limulus 

Amebocyte Lysate assay.13,62 It was identified in this study that M. bovoculi BAA-1259 had an 

average endotoxin activity of 3.0 × 103 EU/mL. Studies from Peng et al. have quantified the 

endotoxin activity (EU/mL) for both M. catarrhalis O35E  (3.7 × 103) and its Kdo mutant 

counterpart O35EkdtA (6.0 × 102).82 It was observed in this study that complete removal of the 

core oligosaccharide and Kdo from M. catarrhalis O35E resulted in a dramatic decrease in 

total endotoxin activity. Additionally, Singh et al. also examined this by comparing the 

endotoxin activity between the Moraxella bovis strains Mb25 (8.9 × 103), L183/2 (1.3 × 104) 

and Epp63 (3.8 × 103). The endotoxin concentration was also examined for truncated Epp63 

strains such as Lgt2Δ (2.9 × 103) which contains seven sugar residues instead of the usual 

eleven found on M. bovis Epp63.7 A significant difference between endotoxin activity to M. 

bovoculi shows dissimilarity between strains while non-significance implies that there is an 

association between the two strains whether that be a biological difference or structural one. 

To explain this further, it can be stated that statistical non-significance is just as important as 

significant ones, showing that the strain that is being compared to M. bovoculi could possess 

structural similarities between one another. An oligosaccharide structural similarity could 

indicate that OS length affects endotoxin activity. 

 Un-paired independent t-tests identified that all strains were significantly different 

expect for Epp63 Lgt2Δ which had a mean difference in endotoxin concentration of only 0.1 × 

103 EU/mL. These included M. catarrhalis 035E, M. bovis Epp63, M. bovis Mb25 and M. bovis 

L183/2 which all had significantly higher endotoxin activity and M. catarrhalis 035EkdtA 

which had a significantly smaller endotoxin activity. Studies from Singh et al. and Peng et al. 

suggest that alterations to the oligosaccharide structure of M. bovis and M. catarrhalis 
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respectively may influence the toxicity of the lipid A structure ultimately decreasing their 

overall toxicity.7,69,82 The Epp63 Lgt2Δ mutant has a total of seven saccharide residues 

including the Kdo. The structural analysis presented in chapter five of this study using NMR 

spectroscopy investigated the oligosaccharide structure of M. bovoculi and concluded that it 

also possessed seven saccharide residues including the Kdo. The wild-type M. bovis Epp63 

strain has eleven sugar residues including the Kdo.7 This further identified that a truncated OS 

structure can alter the endotoxin activity of the Lipid A moiety. However, when compared to 

Mb25 which has a similar LOS structure to Epp63, it had a much higher amount of endotoxin 

activity (8.9 × 103). This showed that other factors might play a role in toxicity for this M. bovis 

strain. The lower level of toxicity seen in M. bovoculi could be attributed to another factor 

separate from oligosaccharide truncation. One such idea is represented by Singh et al. which 

suggested that it could be changes to Lipid A structure, however, this has not been investigated 

for M. bovis. Peng et al. have examined M. catarrhalis O35E and showed that the 

glycosyltransferase mutant had a higher endotoxin concentration when compared to the Lipid 

A deficient mutant.67,69 At this moment, further investigation is required to analyse if 

oligosaccharide truncation can influence Lipid A toxicity. This would require the formation of 

glycosyltransferase mutants, analogous to the studies of M. bovis and M. catarrhalis.67,69  
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6.2.3. Auto/Self-aggregation 

 The ability of M. bovoculi to auto-aggregate in solution for survival was examined here 

using sedimentation rates. This has previously been studied on the Moraxella strains M. 

catarrhalis O35E and M. catarrhalis 49143.119 Sedimentation rates of M. bovoculi were 

examined by measuring the OD600nm in 15-minute intervals until a time of 300 minutes was 

reached. It was revealed that M. bovoculi undergoes self-agglutination in solution maybe as a 

survival mechanism. There was statistical significance when comparing wild-type M. bovoculi 

between M. catarrhalis 49143 and M. catarrhalis O35E. These results show that M. bovoculi 

might not possess similar qualities of aggregation to these other Moraxella species due to its 

lower rate of change in OD600nm. This could be a result of different mechanisms the bacteria 

undergo to survive in solution. However, this can also be attributed to the experimental 

procedures when investigating M. bovoculi auto-aggregation. When compared to M. 

catarrhalis O35E by Slevogt et al.86 and M. catarrhalis 49143 by Saito et al.48, this protocol 

used for M. bovoculi examined auto-aggregation for 300 minutes using 15-minute intervals. 

This is because stable readings were not taken until the 240-minute mark where M. bovoculi 

was still slowly decreasing in OD600nm. Stable readings were achieved much earlier for both M. 

catarrhalis strains. Slevogt et al. examined the OD600nm for 180 minutes with 60-minute 

intervals.86 This was similarly shown for the protocol outlined by Saito et al. using M. 

catarrhalis strain 49143.48 Here it was seen that readings were taken at 30-minute and 60-

minute intervals for a total of 180 minutes, comparable to that of Slevogt et al. The smaller rate 

of change in OD600nm and increased time to acquire stable readings could indicate that survival 

in solution takes longer for M. bovoculi when compared to both M. catarrhalis strains.  
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6.2.4. Adherence Assay 

 The ability of M. bovoculi to adhere to the epithelial cell lines HeLa and Chang was 

examined and quantified as a percentage of bacterial cells that were able to adhere to the cell 

lines. Bacterial cell counts were taken and compared to the original amount inoculated. M. 

bovoculi was compared to seven Moraxellaceae strains that were previously studied as well as 

cell lines for M. bovoculi. Initially, HeLa and Chang cells were compared to each other using 

an unpaired independent samples t-test. This identified that there was no significant difference 

between HeLa (30.6 ± 4.5%) and Chang (16.0 ± 1.7%) cell line adherence to M. bovoculi. This 

is important as the HeLa cells that were derived from human cervical carcinoma cells which 

are epithelial do not relate to IBK while Chang cells are conjunctival cells. Even though they 

are human derived, they still show a relationship to IBK, and therefore no significant difference 

between HeLa cells means that both cells can be used to analyse M. bovoculi further between 

other bacterial species.  

 Studies from Peng et al.82 and Singh et al.7 also examined adherence to these cell lines 

using M. catarrhalis (O35E and O35EkdtA) and M. bovis (Mb25, L183/2, Epp63 and Epp63 

Lgt2Δ)strains respectively. These studies observed if truncations of the OS of M. catarrhalis 

O35E and M. bovis Epp63 would affect adherence to HeLa and Chang cell lines. M. catarrhalis 

7169 strain also examined adherence to Chang cells, but no studies for HeLa cell lines were 

found in literature.122 It should also be noted here that the data gathered for the M. bovis strains 

adhering to Chang cells is unpublished.  

 For HeLa cell lines, comparing the adherence of these M. bovis strains to M. bovoculi 

(30.6 ± 4.5%) showed that there was a significant difference between M. bovis Epp63 (47.5 ± 

1.4%), M. bovis Mb25 (59.2 ± 2.2%) and M. bovis L183/2 (70.0 ± 3.8%,) which had a higher 

percentage adherence. Conversely, no significance was reported between M. catarrhalis O35E 

(42.6 ± 7.6 %), M. bovis Epp63 Lgt2Δ (36.7 ± 4.6%) which presented with a higher percentage 
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of adherence and M. catarrhalis O35EkdtA (19.0 ± 6.3%) presenting with a smaller percentage 

of adherence. The comparison between M. bovoculi and M. bovis Epp63 Lgt2Δ is interesting 

once again. It was already seen by Singh et al.7 that truncation of the LOS produced in less 

adherence to the cell lines. It was reported in chapter five that both M. bovoculi and Epp63 

Lgt2Δ share the same number of sugar residues on their core oligosaccharide meaning that the 

OS moiety can play a role in adherence. However, as previously stated, other factors can be 

involved in the adhesion of bacteria to cell lines particularly conjunctival cells. It was reported 

in 1993 by Ruehl et al. that M. bovis Epp63 adhesion could be attributed to its pili structure 

and not the LOS.33 M. bovis and M. bovoculi do not share the same number of pili encoding 

genes. M. bovis contains phase variation between two pilin genes while M. bovoculi only 

contains a single pilin gene.5,33,45 It was also noted that the pilin sequence of M. bovoculi was 

only 38% identical to that of M. bovis indicating that they could play a different role in 

adherence to hosts. However, when comparing adherence of M. bovoculi to HeLa cells against 

the two M. catarrhalis strains, it was shown that the percentage was smaller than the wild-type 

O35E but greater than the Kdo mutant O35EkdtA. It was reported by Fitzgerald et al. that the 

carbohydrate moieties of M. catarrhalis could mediate adherence to host cells.123 The M. 

catarrhalis O35E is a serotype A strain that contains nine sugar residues including the Kdo on 

its OS structure while the O35EkdtA only contains the lipid A structure. M. bovoculi lies in 

between these two containing the Kdo and six sugar residues. This is consistent with what is 

witnessed in this result indicating that the LOS of M. bovoculi might play a role in cell adhesion 

and not the pilin structures. Fewer sugars residues could indicate that there less adherence to 

epithelial cells. 

 Adherence to Chang cells for M. bovoculi was compared against all M. bovis and M. 

catarrhalis strains. Comparing these strains to M. bovoculi (16.0 ± 1.7%) showed that there 

was statistical significance between M. catarrhalis O35E (44.0 ± 6.6%), M. catarrhalis 
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O35EkdtA (20.6 ± 6.4%) M. catarrhalis 7169 (23.5 ± 3.1%), M. bovis Epp63 (42.5 ± 1.4%), 

M. bovis Epp63 Lgt2Δ (32.4 ± 1.8%), M. bovis Mb25 (50.2 ± 3.0%) and L183/2 (66.7 ± 6.0%). 

Interestingly, M. bovoculi had reduced adherence to conjunctival cells to all strains, even the 

truncated Lgt2 mutant of M. bovis Epp63 and truncated Kdo mutant of M. catarrhalis O35E. 

These results show that M. bovoculi might not play a role in cell adhesion to further progress 

pathogenesis of IBK but rather aides M. bovis in the progression of the disease. This is 

important for future studies as it might give rise to ways to target these strains. 
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6.2.5. Susceptibility to Hydrophobic Agents 

 The susceptibility of M. bovoculi to hydrophobic agents was assessed using the 

surfactants, Tween 20 and Triton X-100. Figure 4.5 represents the zone of inhibition with the 

increasing concentration of surfactants. For Tween 20, the growth of M. bovoculi was not 

inhibited at a 1.25% and 2.5% concentration. The zone of inhibition at 5% concentration was 

14.7 mm while the zone of inhibition at 100% concentration was 18.3 mm. For Triton X-100, 

the growth of M. bovoculi was not inhibited at 1.25% concentration. The zone of inhibition at 

2.5% concentration was 14.0 mm while the zone of inhibition was at 100% concentration was 

20.7 mm. These results indicate Triton X-100 was a much stronger agent than Tween 20 for 

M. bovoculi. 

 Previous studies from Peng et al. using M. catarrhalis O35E and O35EkdtA and Singh 

et al. using M. bovis Mb25, L183/2, Epp63 and Epp63 Lgt2Δ examined the zone of inhibition 

at a concentration of 5%(w/v) for both agents.7,69,82 M. bovoculi had a decreased zone of 

inhibition compared to the four M. bovis strains (Mb25, L183/2, Epp63 and Epp63 Lgt2Δ) 

when comparing Tween 20 susceptibility but an increased zone of inhibition when compared 

to the two M. catarrhalis (O35E and O35EkdtA) strains for Tween 20. This indicates that OS 

length might not play a role against Tween 20 but rather other factors. M. bovoculi had a 

decreased zone of inhibition compared to M. bovis Mb25 and M. catarrhalis O35EkdtA strain 

when comparing Triton X-100 susceptibility but had an increased zone of inhibition when 

compared to the M. bovis L183/2, Epp63, Epp63 Lgt2Δ and the M. catarrhalis wild-type strain 

O35E for Triton-X100 indicating it was more sensitive to this agent when compared to these 

strains. 

 For Tween 20 (5% w/v), it was analysed that there was statistical significance between 

Mb25 (17.0 ± 0.9 mm), L183/2 (16.0 ± 0.9 mm), Epp63 (22.2 ± 0.5 mm), Epp63 Lgt2Δ (22.4 

± 0.3 mm) and O35E (11.5 ± 0.5 mm). Conversely, the only strain that was statistically non-
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significant was the M. catarrhalis mutant O35EkdtA (14.2 ± 0.3 mm). For Triton X-100 (5% 

w/v), it was analysed that there was statistical significance between Mb25 (18.4 ± 0.6 mm), 

L183/2 (14.1 ± 1.1 mm), Epp63 Lgt2Δ (15.8 ± 0.9 mm), O35E (15.5 ± 0.5 mm) and O35EkdtA 

(24.5 ± 0.5 mm). Conversely, the only strain that was statistically non-significant was the M. 

bovis wild-type strain Epp63 (16.4 ± 0.9 mm). The results showed here statistically differ 

between all strains when compared to M. bovoculi. The underlying mechanisms behind 

resistance or susceptibility towards these agents could be a direct effect of how the bacteria 

operate, but this is unknown at this stage. Singh et al. examined that truncation of Epp63 

increased the zone of inhibition for Triton X-100 but not for Tween 20 for example.7 Therefore 

it is difficult at this time to understand whether removal of sugar residues would affect its 

ability to withstand these agents. As the concentration of these agents increased, so did the zone 

of inhibition showing that these agents affect M. bovoculi. Like most previous results, it would 

be interesting to show differences between truncated M. bovoculi mutants if their generation 

was to be successful.  
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6.2.6. Susceptibility to Antibiotic Agents 

 The antibiotic susceptibility of M. bovoculi was investigated using a standard disc 

diffusion assay against nine antibiotics measuring the zone of inhibition (mm). These agents 

included novobiocin (30 µg), nalidixic Acid (30 µg), polymyxin B (300 IU), rifampicin (5 µg), 

vancomycin (30 µg), chloramphenicol (10 µg), amoxicillin/clavulanic acid (30 µg), ampicillin 

(2 µg) and penicillin G (10 IU). Amoxicillin/clavulanic acid, ampicillin and penicillin G 

examined the β-lactamase activity of M. bovoculi while novobiocin, nalidixic Acid, polymyxin 

B, rifampicin, vancomycin and chloramphenicol were compared to previously studied data 

from the Moraxella family. These strains included M. bovis Mb25, L183/2, Epp63 and Epp63 

Lgt2Δ strains, and M. catarrhalis O35E and O35EkdtA strains.7,69,82 M. bovoculi was examined 

using the same concentration of the agent to these strains. No data was present for both M. 

catarrhalis strains when comparing chloramphenicol and nalidixic acid, therefore these were 

only compared to the four M. bovis strains.67,69,82 

 It was examined here that M. bovoculi could possess β-lactamase activity. The 

amoxicillin/clavulanic acid (42.7 ± 1.0) antibiotic had a much higher zone of inhibition when 

compared to the β-lactam antibiotics penicillin G (26.0 ± 0.3) and ampicillin (24.7 ± 0.5). 

Studies from Calcutt et al. have already shown that M. bovoculi might contain a BRO β-

lactamase gene that codes for a β-lactamase enzyme, 95% identical to M. catarrhalis.5 β-

lactamase inhibits the activity of the antibiotics that contain this ring ultimately negating its 

effects.124,125 However, antibiotics can be combined with β-lactamase inhibitors such as 

Amoxicillin/clavulanic acid to bypass this mechanism.98 However, the antibiotics used to 

identify β-lactam activity did not contain the same concentration of antibiotic agent. 

Amoxicillin/clavulanic acid had a much higher concentration (30 µg) compared to ampicillin 

(2 µg) and penicillin G (10 IU) This could have affected the overall result. Studies have shown 

that different concentrations can increase or decrease the zone of inhibition of a bacterial 
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species.87 Future studies would aim to curb this by utilising antibiotics with the same 

concentration to effectively identify the difference in the zone of inhibition for antibiotics that 

do contain β-lactamase inhibitors and those that do not. 

 Antibiotic agent susceptibility of M. bovoculi was compared to the previously studied 

Moraxella bovis strains Epp63, Mb25, L183/2, Epp63 Lgt2Δ from Singh et al.7 and the 

Moraxella catarrhalis strains O35E, O35EkdtA from Peng et al.82 These strains were 

compared to M. bovoculi using novobiocin, nalidixic Acid, polymyxin B, rifampicin, 

vancomycin and chloramphenicol of the same concentration.  

 For chloramphenicol (10 µg), it was analysed that there was a significant difference 

between Epp63 (22.3 ± 0.9 mm) while Mb25 (24.0 ± 0.9 mm), L183/2 (23.8 ± 0.7 mm) and 

Epp63 Lgt2Δ (25.4 ± 0.3 mm) were not significant. These results suggest that the susceptibility 

of M. bovoculi could be similar to the M. bovis strains when comparing chloramphenicol and 

affects the bacteria in a similar way meaning the underlying mechanism behind the 

susceptibility to this agent could be similar. For nalidixic Acid (30 µg), it was analysed that 

there was statistical significance between M. bovis L183/2 (29.5 ± 0.3 mm) while there was no 

significant difference between Mb25 (27.7 ± 0.5 mm), Epp63 (27.0 ± 0.3 mm) and Epp63 

Lgt2Δ (27.0 ± 0.1 mm). Once again, as comparably seen for chloramphenicol, only one strain 

was significant meaning both bacteria are equally sensitive to nalidixic acid. However, the 

reasons as to why are unknown at this time, therefore, no conclusions can be made. 

 The next two antibiotic agents, novobiocin (5 µg) and polymyxin B (300iu) showed 

different behaviour to the previous two antibiotics. For novobiocin, there was statistical 

significance between Mb25 (10.5 ± 0.3 mm), L183/2 (13.8 ± 0.5 mm), Epp63 (11.1 ± 0.3 mm), 

Epp63 Lgt2Δ (18.1 ± 0.3 mm), O35E (13.8 ± 0.3 mm) and O35EkdtA (16.1 ± 0.3 mm). M. 

bovoculi is significantly sensitive to novobiocin when compared to wild-type M. catarrhalis 

and M. bovis strains but significantly less sensitive to the mutant strains Epp63 Lgt1Δ and 
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O35EkdtA. Furthermore, if the length of the OS were to play a role in antibiotic susceptibility 

to vancomycin, truncation of the OS increases sensitivity. M. bovoculi contains fewer sugar 

residues compared to its wild-type counterpart strains but equal or more to the mutant strains. 

For polymyxin B (300ui), there was statistical significance between Mb25 (22.0 ± 0.4 mm), 

L183/2 (15.3 ± 0.5 mm), O35E (11.5 ± 0.5 mm), O35EkdtA (15.5 ± 0.0 mm), Epp63 (19.4 ± 

0.3 mm) and Epp63 Lgt2Δ (19.2 ± 0.3 mm). M. bovoculi was highly sensitive to Polymyxin B 

with a zone of inhibition higher than even the two mutant strains. 

 For rifampicin (5 µg), a statistical significance between Mb25 (16.8 ± 0.3 mm), Epp63 

Lgt2Δ (17.1 ± 0.5 mm), O35E (22.1 ± 0.3 mm) and O35EkdtA (29.0 ± 0.5 mm). Although, it 

was seen here that there was no significance when comparing M. bovoculi to L183/2 (15.6 ± 

0.3 mm) and Epp63 (16.3 ± 0.1 mm). M. bovoculi closely related to the M. bovis strains for 

this antibiotic while the two M. catarrhalis strains had a much larger zone of inhibition. This 

could indicate they share a common feature to the mechanism of sensitivity of rifampicin. 

Lastly, for vancomycin (30 µg), there was a statistical significance between Mb25 (7.0 ± 0.1 

mm), Epp63 (9.4 ± 0.5 mm), Epp63 Lgt2Δ (17.1 ± 0.5 mm), O35E (6.0 ± 0.0 mm) and 

O35EkdtA (8.2 ± 0.3 mm). Once again, the only strain that did not show significance was 

L183/2 (14.1 ± 0.5 mm). Interestingly, M. bovoculi and M. bovis L183/2 had a much larger 

zone of inhibition when compared to all other strains including the mutant strains identifying 

that M. bovoculi could share a feature to L183/2 classifying them with a similar sensitivity to 

vancomycin. The OS of L183/2 is different to Epp63 and Mb25 which were not as sensitive to 

vancomycin. Interestingly, the truncated Epp63 strain was more sensitive to this agent. This 

further indicates that the OS could play a role in susceptibility to this antibiotic agent. 

 When assessing antibiotic susceptibility towards bacterial species, it is hard to 

understand the underlying mechanisms a strain might use to combat these agents and therefore, 

it is inconclusive to say that the LOS of M. bovoculi plays a role in resistance or susceptibility 
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to these six chosen antibiotics, but significant and non-significant difference cannot be fully 

ruled out. Future studies using successful truncated glycosyltransferase mutants might provide 

additional insight into whether the OS length of M. bovoculi affects resistance or susceptibility 

to certain antibiotic agents. 
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6.2.7. Bactericidal Assay 

 A bactericidal assay using bovine serum investigated whether the bacteria can resist 

complement-mediated lysis. This acquired defence mechanism of bovine serum activates this 

pathway during the proliferation of infectious bacterial species where the lysis of the cell wall 

occurs.68 It was identified if there was no significant difference between a concentration of 0% 

and 25%. This result showed that increased concentration of serum and therefore increased 

complement activation to M. bovoculi does not increase its sensitivity in serum. It would be 

interesting to identify whether truncated mutants of M. bovoculi would have decreased bacterial 

cell counts under 25% serum concentration as presented in Singh et al. for M. bovis Epp63 

mutants and Peng et al. for M. catarrhalis O35E and its mutant counterpart.7,69,82 It is difficult 

to identify statistical differences between previously studied M. bovis and M. catarrhalis 

species as percentages or bacterial cell counts are not stated for the studies presented in Peng 

et al.67 and Singh et al.7 Although, they can be compared in a qualitative manner identifying 

the survival of wild-type strains at 0% concentration and 25% concentration. When comparing 

bactericidal assays to the previously studied M. bovis species (Epp63, Mb25 and L183/2) from 

Singh et al.7 it can be observed that in a qualitative manner, concentrations are relatively similar 

with the survival of bacteria being similar across all dilutions. When comparing bactericidal 

assays to the previously studied wild-type M. catarrhalis O35E strain by Peng et al.82, the 

results presented here parallel to what is witnessed in wild-type M. bovoculi with all 

concentrations maintaining a high level of survival. It has been previously reported that M. 

bovoculi contains known pathogenesis factors that lyse and kill neutrophils. This includes the 

cytotoxin encoded from the RTX operon similar to what is seen in M. bovis strains. This could 

relate to why they possess increased survival at all concentrations. It is important to note a 

bactericidal assay is more informative when comparing Gram-negative bacteria to their 

truncated LOS counterparts as previously described. At this stage, an investigation into 
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complement-mediated lysis was made to assess whether M. bovoculi can attain a high level of 

survival at high concentrations of bovine serum as well as compare it to previous literature. 
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6.3. STRUCTURAL ANALYSIS OF MORAXELLA 

BOVOCULI 
 

 Acquiring pure OS from crude LOS of M. bovoculi was broken down into six individual 

steps. Bacterial culturing, extraction of crude LOS, protein and nucleic acid degradation, 

liberation and dialysis, lipid A cleavage, size exclusion chromatography and NMR 

spectroscopy or qualitative carbohydrate analysis. This all leads to the structural analysis of the 

oligosaccharide using NMR spectroscopy. This process has previously shown promising 

results when dealing with Moraxella or related species of bacteria albeit is not limited to this 

order.7,53,54 For example, liberation and degradation of nucleic acids and proteins using DNase 

RNase and Proteinase K can be administered prior to extraction of LOS or LPS.77,126  

 

6.3.1. Extraction of the Lipooligosaccharide  

 Bacterial cells were cultured until 5 g of dry cell mass was obtained. Three sequential 

extraction protocols were used to process the bacterial cells. These included the Phenol-

Chloroform-Petroleum ether (PCP) method, the Phenol/EDTA/triethylamine (EDTA/TEA) 

method and hot phenol/water. It was an important part of this study to identify which method 

acquired the highest mass of crude LOS to reach the end goal of purified OS. This was achieved 

by initially experimenting with the same bacterial dry cell mass against three protocols in 

sequential order. Once the initial investigation was conducted, a greater amount of bacterial 

dry cell mass was produced to give a higher yield of crude LOS and thus a higher yield of 

purified OS. The PCP method produced 37.90 mg of crude LOS (0.76%). This low yield could 

be due to the fact that this method does not break open the cell which has the advantage that 

protein and nucleic acid contamination is reduced compared to other methods. Low LOS yield 

is also common with this method because extraction is incomplete.103  The phenol/EDTA/TEA 
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produced the highest amount of crude extract with 145.60 mg present (2.91%) post extraction. 

The hot phenol/water method produced LOS in both the aqueous layer and phenol layer. Crude 

LOS extracted from the aqueous layer was 128.40 mg (2.66%) and crude LOS extracted from 

the phenol layer was 6.5 mg (0.13%). It is evident here that even though LOS was present in 

the phenol layer more than 95% of the crude extract was present in the aqueous layer using this 

method. 

 These findings support the way these protocols function. This low crude LOS yield 

from the PCP method could be due to the fact that this method does not break open the cell 

wall. Low LOS yield is also common with this method because extraction is incomplete.103  

What is surprising is that the second method (phenol/EDTA/TEA), which also does not break 

open the cell produced the highest amount of crude LOS extract. This finding suggested that 

the sample contained a high number of contaminants even after repeated dialysis cycles.  

Repeated dialysis was necessary to filter out any remnant EDTA salts. It was later identified 

that a large number of proteins and nucleic acids were co-extracted. The hot phenol/water 

method is harsher compared to the other two methods exposing the crude extract to a higher 

amount of protein and nucleic acid contamination due to cell rupture. The hot phenol/water 

method can produce crude LOS/LPS in two phases (top aqueous phase and phenol phase) 

during extraction. LOS/LPS is obtained within the top water phase for most bacterial species, 

however, certain bacteria Yersinia enterocolitica serotype 0: 9 presents with LPS in both 

phases.102,127 It was confirmed that no crude LOS was extracted in the phenol layer for M. 

bovoculi. These findings were consistent with the previous studies of Moraxella species such 

as M. bovis and M. catarrhalis. Prior LOS extraction of Moraxella species has given successful 

results for the first and third methods (PCP and hot phenol/water). Extraction of wild-type 

strains of M. catarrhalis was conducted using the hot phenol/water method. It was reported by 

Peng et al. that LOS was produced using the hot phenol/water method for M. catarrhalis O35E 
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while LOS was produced using the PCP method for the Kdo truncated mutant strain M. 

catarrhalis O35EkdtA as the hot phenol/water method was not succesful.82 This shows that the 

extraction protocol can depend on the LOS structure thus one method might not be appropriate 

while another method would be. This was also evidently true for a lipid A truncated mutant M. 

catarrhalis O35ElpxA.69 The PCP method was successful in this report for the mutant, but the 

hot phenol/water method was not. The Moraxella bovis strains Mb25, L183/2 and Epp63 

produced crude LOS using the hot phenol/water method.7 However, it was reported here that 

only 22 mg of crude LOS was produced for L183/2 and 25 mg for Mb25. M. bovoculi produced 

much larger amounts of crude LOS for the hot phenol/water, although it seems it was highly 

contaminated because more proteins and nucleic acids were co-extracted. 
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6.3.2. Purification of Lipooligosaccharides from Proteins and Nucleic Acids 

 The degradation and liberation of proteins and nucleic acids are essential when 

purifying oligosaccharide. Proteins and nucleic acids can be co-extracted along with crude LOS 

leading to a high number of contaminants which can increase the difficulty of analysing OS. 

Removal of proteins and nucleic acids was undertaken using DNase, RNase and proteinase K 

followed by repeated dialysis cycles over three days to make sure no proteins or nucleic acids 

were present. Depending on the method of extraction used, these contaminants could be as high 

as 80% by mass of the crude extract. This is largely dependent on the nature of the extraction 

procedure used, its selectivity of the extraction media and disruption of the cell wall since LOS 

are present on the outer cell wall.103 

 The PCP protocol produced 16.80 mg of LOS after purification. For this method 44.3% 

of the original 37.90 mg of crude extract was LOS. The phenol/EDTA/TEA method gave 8.68 

mg of LOS after purification. Therefore, only 5.9% of the original 145.60 mg of crude LOS 

extract was recovered post-purification. Lastly, the hot phenol/water method for the aqueous 

layer produced 31.84 mg of LOS after purification while no LOS was produced for the phenol 

layer. The aqueous layer contained, 24.8% of the original 128.40 mg of crude extract was LOS.  

 Previous studies have used DNase, RNase and proteinase K to purify LOS/LPS. This 

was however conducted at different stages of the process. Rezania et al. treated whole cells 

with DNase, RNase and proteinase K prior to extraction using the hot phenol/water method.128 

The study determined that elimination of contaminating proteins and nucleic acids before 

extraction enhanced the purity of LPS. Furthermore, it reported that performing the extraction 

procedure afterwards eliminated residual enzymes added previously. It is evident in this report 

that alternating the extraction and purification of LOS/LPS led to less co-extracted material 

such as proteins and nucleic acids, nevertheless, thorough dialysing of the LOS gave purified 

material LOS and subsequently OS. This method is also only beneficial when using the hot 
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phenol/water method. Other methods are not as harsh, and the extraction solution does not open 

the cell co-extracting other material such the PCP method developed by Galanos et al.100 A 

similar process was undertaken by Davis and Goldberg examining LPS from Gram-negative 

bacteria, but there was no mention of dialysing the sample.126 Furthermore, other studies have 

also used ultracentrifugation to purify LPS/LOS from proteins, but the disadvantage of this 

method is nucleic acid contaminants might still be present. Lower yields of LOS/LPS are also 

a disadvantage of this method.129  
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6.3.3. SDS-PAGE  

 Gram-negative bacteria express either smooth LPS, which is composed of a lipid A, 

core oligosaccharide and an O-antigen or a rough LOS which lacks the O-antigen. This can be 

visualised on an SDS-PAGE gel that has been silver stained. LOS migrates to the bottom of 

the gel while LPS form banding along the gel indicative of an O-antigen.65,104 A sample of LOS 

from the hot phenol/water extraction method was subjected to a 12% SDS-PAGE followed by 

silver staining with silver nitrate. It was confirmed that M. bovoculi LOS did not have an O-

antigen since no banding patterns for the O-antigen were present. The lipid A and core 

oligosaccharide accumulated at the bottom of the gel. The absence of an O-antigen has been 

previously identified in other Moraxella species. Moraxella catarrhalis and Moraxella bovis 

also possess a semi-rough LOS with no O-antigen present.7,130 This result further establishes 

the similarities between M. bovoculi and other Moraxella species and would help guide future 

studies by identifying ways to treat IBK.  
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6.3.4. Acid Hydrolysis and Size Exclusion Chromatography of Moraxella 

bovoculi Oligosaccharide 

 Removal of the Lipid A portion of the LOS was conducted using mild acid hydrolysis. 

This is was necessary as Lipid A cannot travel down the polyacrylamide gel for size exclusion 

chromatography due to its hydrophobic nature. LOS from all extraction protocols were 

analysed separately. LOS produced from the PCP method had 5.68 mg of oligosaccharide 

which was 33.8% of the 16.80 mg prior to cleavage. This shows that 66.2% of the mass (11.12 

mg) was lipid A. LOS produced from the phenol/EDTA/TEA method had 3.58 mg of 

oligosaccharide which was 41.2% of its previous weight. This shows that 58.8% of the mass 

(5.10 mg) was lipid A. LOS produced from the hot phenol/water method had 14.89 mg of 

oligosaccharide which was 46.8% of its previous weight. This shows that 53.2% of the mass 

(16.95 mg) was lipid A. LOS extracted from the hot phenol/water method (aqueous layer) 

produced the most oligosaccharide as well as having the highest ratio of OS to lipid A. 

Characterisation of lipid A is also an important part of the structural analysis of LOS/LPS. The 

lipid A has previously been elucidated for M. catarrhalis by Masoud et al. which is composed 

of dodecanoic acid, decanoic acid, 3-hydroxydodecanoic acid, D-glucosamine, ethanolamine 

and phosphate groups.72 A similar process can be used to identify the lipid A structure of M. 

bovoculi for future research. This could also be completed in conjunction with M. bovis lipid 

A characterisation which has not been elucidated yet.7  

 LOS from the hot phenol/water method was further purified using size exclusion 

chromatography. This has been previously used to purify Moraxella bovis and Moraxella 

catarrhalis.7,53,131 Using a Bio-gel that separates molecules based on size and a Water’s fraction 

collector with Milli-Q water as the eluant. Two runs were completed. An initial run was 

completed to identify the location of the OS within the 120 tubes and to identify whether any 

of the previous purification steps had to be repeated such as acid hydrolysis. It was determined 
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that OS was present in the first 20 tubes by spotting a small piece of OS on to a TLC plate and 

charring it to observe the presence of carbohydrates and confirmed using 1H NMR 

spectroscopy. This indicated that the OS is high in molecular mass as it eluted rapidly. 

However, it was observed that there was an incomplete liberation of lipid A. Figure 5.7 shows 

the spectral data for fraction 21 which revealed that acyl fatty acid chains were still present in 

the sample. This was most likely an issue with insufficient acetic acid, inadequate washing of 

sample during centrifugation, centrifugation time, or incubation time for hydrolysis to take full 

effect. This problem was overcome by combing the OS fractions (8-25) and further subjecting 

them to mild acid hydrolysis with repurification using dialysis and SEC. This is important for 

future processing of M. bovoculi OS. Modifying these variables could lead to decreased 

processing time. This also is beneficial as OS is not lost due to repeated purification procedures. 

A second final run was conducted using the repurified OS. OS was present in tubes between 8 

and 21 with higher masses of OS present between 17 and 20. The tube with the greatest mass 

of OS was 19 at 3.9 mg tubes 17, 18 and 20 contained 1.4 mg, 2.6 mg and 2.8 mg respectively. 

Figure 5.9 on the shows the spectral data for tube 19 of the final SEC procedure. As stated, 

tube 19 had the highest mass and was the least contaminated. The OS material of tube 19 was 

D2O exchanged and analysed using NMR spectroscopy for assignment of the OS.  
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6.3.5. Structural Analysis of the Oligosaccharide of Moraxella bovoculi 

 This overall aim of this study was to elucidate the oligosaccharide structure of M. 

bovoculi mainly identifying the saccharide residues present within the structure as well as the 

Kdo linker molecule.  It was revealed using NMR spectroscopy that the oligosaccharide of M. 

bovoculi is a branched structure containing six anomeric signals in the spectrum labelled from 

A-F. These include residue A which is an α-glucose residue (5.06 ppm), residue B which is a 

β-glucose residue (4.92 ppm), residue C which is an α-galactose residue (4.83 ppm), residue D 

which is an α-galactose residue (4.81 ppm), residue E which is a β-galactose residue (4.61 ppm) 

and residue F which is a β-glucose (4.42 ppm). The Kdo was assigned as residue K. It was 

identified that residue A is the central branched structure which is an α-(→2,4,6)-glucose 

residue directly linked to at the position 5 oxygen of the Kdo (residue K).   

 Residue A is a part of the inner core region that replaces a commonly found heptose 

residue. In fact, no heptose residues were present in the spectrum for M. bovoculi, a key 

similarity to other Moraxella species such as M. bovis and M. catarrhalis which have both been 

confirmed to be devoid of heptose residues.54,77,80 This also confirmed the hypothesis presented 

at the start of this study which stated that M. bovoculi did not contain any heptose residues in 

its oligosaccharide structure. M. catarrhalis is also highly branched containing a central 

trifunctional α-glucose connected to three β-glucose residues at the 3,4 and 6 position as well 

as an O-5 linked Kdo. M. bovoculi contains two β-glucose residues (residues F and B) and an 

α-galactose structure (residue C). Compared to M. bovis, the inner core region contains only 

two linked residues that are both β-glucose residues. Other bacteria of the Moraxellaceae 

family have reported being devoid of heptose residues on their core oligosaccharide. 

Acinetobacter baumannii and Acinetobacter lwoffi are examples of such.132,133 Heptose-less 

core oligosaccharides of LOS in Gram-negative bacteria is an interesting feature often only 

rarely found. This feature could be indicative of a relationship shared within the Moraxellaceae 
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family not commonly found in other species. The five species of bacteria mentioned above 

could retain this function within their biosynthesis and could relate back to the genetic 

similarity of the lgt6 glycosyltransferase gene that is responsible for the addition of glucose 

linked to the Kdo replacing the commonly found heptose residues. The presence of the lgt6 

gene has been confirmed within M. catarrhalis and M. bovis.53,54,80 It has also been identified 

that other bacterial genera such as Psychrobacter and Acinetobacter species could contain lgt6 

homologs using bio-infomatic searches.54 Compared to the oligosaccharide structure of M. 

bovis (Mb25 and Epp63) and M. catarrhalis (serotypes A and C) no N-Acetylgalactosamine or 

(GalaNAc) N-Acetylglucosamine (GlcNAc) residues were present on the terminal ends of M. 

bovoculi. An unusual anomeric proton coupling constant was presented at residue B. The 

coupling constant (JH1H2) of B was 8.02Hz despite having a chemical shift greater than 4.70 

ppm and therefore was designated as being a β-Glucose residue. It is unknown why this unusual 

coupling constant occurred within in M. bovoculi and is not present in M. bovis or M. 

catarrhalis.54,80 

 This is the first study that has focused on the virulence factor, the lipooligosaccharide 

of M. bovoculi and its connection to IBK. It is unknown whether different LOS glycoforms 

would be present on M. bovoculi. This phenomenon has already been identified with the 

oligosaccharide elucidation of M. bovis and M. catarrhalis. Previous studies have also 

identified large genomic differences between M. bovoculi isolates.3 This could show that these 

differences are present within the LOS structure as well and are not uniform across multiple 

strains.  
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6.4. LIMITATIONS OF STUDY 
 

 Throughout this study, there were limitations that could have affected the results that 

were observed. Even though some of them were addressed, notable limitations in this study 

must be stated. The limitations of this study can be broken down into two parts. Those present 

during the biological analysis of M. bovoculi examining the growth characteristics and 

biological activity, and those present during the extraction, purification and structural analysis 

of M. bovoculi  

 

6.4.1. Limitations Presented in the Biological Analysis of Moraxella bovoculi  

 To effectively understand the role of LOS in M. bovoculi, truncated oligosaccharide 

mutants must be successfully constructed. Comparative studies between the wild-type strain 

and the truncated mutants would increase understanding of the biological activity of the LOS 

and whether OS chain truncations play a role in growth or biological activity. At this time, the 

OS of M. bovoculi is still being elucidated thus glycosyltransferase mutants had not been 

constructed. Comparative studies were completed using previously studied results of other 

Moraxella species. Although it is still interesting to understand the difference between M. 

bovoculi and the Moraxella species, M. bovis and M. catarrhalis, it is difficult to analyse 

differences and similarities between them as they are different species and behave in a different 

way this could influence the result. Furthermore, when dealing with data that has previously 

been published for comparative studies, it is important to note the different conditions the 

methods were conducted under. These differences can include the fact that the studies were 

conducted in different laboratories or handling differences when it comes to methodologies 

and the equipment that is accessible. Although this would not be an issue with the studies 

acquired for Singh et al.7 due to being completed in the same lab group, issues can arise when 
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studies are conducted in different lab groups or institutions. These issues can only be minimised 

as much as possible by replicating the methodology. It is unknown whether other influences 

affect the results. Although the results presented in chapter four play a key role in possibly 

identifying the role of LOS, deeper insight should be placed on the construction of mutants and 

comparing them to the wild-type strain. 

 Another limitation of this study was the epithelial cell lines used in the adherence assay. 

Since IBK affects the eye of bovine, it would have been beneficial to use cell lines derived 

from the same mammal to give. The first cell line used in this study to examine adherence were 

HeLa cells derived from human cervical carcinoma cells although are epithelial do not relate 

to IBK. The second cell line used in this study to examine adherence were Chang cells which 

are human conjunctiva derived cells. Although these cells are derived from the conjunctiva, 

they are human-derived cells and not indicative of the true biological circumstance. These cell 

lines were used in this study to keep in line with previously studied Moraxella species by Singh 

et al. for M. bovis strains and Peng et al. for M. catarrhalis. This allowed this study to identify 

relative differences or similarities to these strains since no variables were changed. Future 

studies would aim to examine adherence further by using bovine conjunctival cells to assess 

the adhesion of M. bovoculi to epithelial cells. 

 When testing for antibiotic susceptibility, it would be beneficial to use a similar 

concentration of antibiotics across all agents to keep the assay parallel between them.  

However, the concentrations were based on a comparative study and thus were left as the same 

concentration, therefore, keeping a strict control between them.  
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6.4.2. Limitations Presented in Structural Analysis of Moraxella bovoculi  

  This main area of this study was to identify the correct extraction and purification 

procedures leading to the goal of purified M. bovoculi oligosaccharide. The hot phenol/water 

method produced the highest mass of purified OS. However, the order of those procedures 

could have been further analysed. It would have been interesting to identify if a higher yield of 

LOS would be gained by switching the purification and extraction procedures outlined in 

studies such as Rezania et al. It was identified in this study that whole cells were treated with 

DNase, RNase and proteinase K before extraction of LPS using the hot phenol/water method.128 

Elimination of contaminating proteins and nucleic acids before extraction enhanced the purity 

of LPS. Furthermore, it reported that extracting LPS afterwards eliminates residual enzymes 

added previously. It would be interesting to apply this method to M. bovoculi and determine 

whether a higher yield of purified OS would be obtained.  

 Identifying the appropriate extraction procedure for LPS extraction of M. bovoculi 

required the use of three methods. Two methods did not disrupt the cell (PCP and 

phenol/EDTA/TEA) while one method which was examined last (hot phenol/water) does due 

to its harsh procedure. However, before this was conducted, the bacterial cells were killed using 

0.5% phenol before lyophilisation which lyses the cells open. Historically, carbolic acid 

(phenol) at low concentrations has been used as a skin disinfectant.88,89 Lysis of cells releases 

intracellular components and thus could mean increased contaminants such as proteins and 

nucleic acids. This could have been an explanation for the high number of contaminants found 

in the PCP method and phenol/EDTA/TEA methods even though they are not as harsh as the 

last method. 

 Extraction and purification of core oligosaccharide is a laborious task with extreme 

caution required to be taken at every step of the method. Overall, it took between 4-5 weeks to 

obtain purified OS using the hot phenol/water method. Bacterial culturing took 3 days, 
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extraction of LOS took one week when taking into account dialysis cycles. This was similar to 

protein and nucleic acid degradation and liberation also using repeated dialysis cycles. Size 

exclusion chromatography takes two days to fully complete, and 1H NMR studies can take one 

week before an acceptable purity is reached. This includes every lyophilisation step which can 

take anywhere between one to two nights depending on the mass of the material and shape of 

the reservoir the material is inside. Future studies would aim to try and cut this timeframe down 

by altering the methods without sacrificing purity.126 For example, modifying the cleavage of 

lipid A using mild acid hydrolysis would decrease purification time as this step would not have 

to be repeated as already seen in this study. Extraction and purification can also be applied in 

conjunction with each other, but this comes at a disadvantage of lower yields.100,102,128 Other 

studies have also omitted lyophilisation steps in favour of successively washing the cells in 

acetone, ethanol and diethyl ether or petroleum ether.134 Dehydration of a large number of cells 

or LPS can take up to three days sometimes depending on the reservoir thus this could decrease 

the time it takes to reach purified OS. However, the advantage of freeze-drying the material is 

acquiring an accurate mass of dry cells or LPS/LOS devoid of any water. It has also been shown 

that when the bacterial cell mass is dried beforehand, higher yields of LPS are extracted.135 

Past studies have also omitted important dialysis steps from the procedure in favour of 

ultracentrifugation, but this came at a cost of purity.129 Dialysis is an important step that 

liberates most if not all contaminants from the sample and should always be included. This also 

places a large importance on qualitatively examining samples of material for carbohydrate by 

charring it on a TLC plate. This would identify problems early during the process that need to 

be addressed. 

 Other experimental procedures should have been implemented in the research design 

early on the study to better understand the LOS of M. bovoculi. Such experiments include 

detection of a capsular polysaccharide using cetylpyridinium bromide as described previously 
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by DeAngelis et al.136  Capsular polysaccharides are important when determining the 

pathogenicity of a bacterial species.135 It has previously been shown that the M. bovis strains 

Mb25 and L183/2 possessed a capsular polysaccharide.7,55 Even though it was later identified 

using NMR analysis that M. bovoculi did not contain a capsular polysaccharide, it would have 

been beneficial information as if problems were to arise during extraction and purification, 

ways to combat those problems would have been in place.  

 Detection of the location of phosphate groups on the LOS could have been implemented 

using phosphorus NMR (31P NMR).137 Phosphate groups can be found on either the lipid A or 

core oligosaccharide and indicate that the negativity charged phosphate group(s) are crucial to 

the biological activity in LOS/LPS such as the stability of the outer membrane.13,62 Previous 

studies have shown that dephosphorylation of LPS structures leads to detoxification which can 

be used to apply new strategy’s to treat LPS induced diseases.138 

 Lastly, a limitation from the SDS-PAGE is the inability to produce banding for LOS 

produced from the PCP extraction method the phenol/EDTA/TEA extraction method. 

Although it is predicted that the result would most likely be similar, it would have been 

beneficial to use LOS samples from the PCP and the phenol/EDTA/TEA to identify if LOS 

was extracted and not smooth-type LPS. Certain bacteria such as E. coli O-111 strain, 

Salmonella typhimurium and Pseudomonas aeruginosa have shown to produce both smooth 

and rough LPS depending on the extraction method.129,139 It would have been interesting to 

identify whether the LPS/LOS produced from these two methods was the same LOS to that 

presented in the hot phenol/water method. Interestingly, the hot phenol/water method is 

suitable for the extraction of LPS while the PCP and phenol/EDTA/TEA methods are suitable 

for LOS extraction. This could indicate that M. bovoculi does not possess a smooth-type LPS 

with an O-antigen. 
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6.5. FUTURE DIRECTIONS 
 

 Before undertaking this project, no previous studies on the LOS of M. bovoculi were 

conducted. Successful elucidation of the core oligosaccharide of M. bovoculi would allow 

future studies to focus on strategies to generate glycosyltransferase mutants, truncated LOS 

structures. If the generation of glycosyltransferase mutants are successful for M. bovoculi 

identification of changes to the OS moiety could be undertaken. This has already been 

successfully implemented in many strains of Moraxella catarrhalis and Moraxella bovis in 

previous studies by mutation of the glycosyltransferase genes, the genes responsible for the 

building blocks of the oligosaccharide structure. Truncation of the OS structure has shown to 

alter growth and biological activity when compared to wild-type strains.7,69,82 For example, 

through the insertion of a kanamycin resistance cassette, mutagenesis of the glycosyltransferase 

genes is achieved as previously implemented by Faglin et al.53 Luke et al.140 and Schwingel et 

al.70  

 Following the successful mutation of M. bovoculi wild-type strain, comparative 

biological studies examining growth and activity can be implemented to identify significant 

changes. These studies would show the role of the OS moiety in M. bovoculi. This could 

eventually lead to creating recombinant vaccines using both M. bovis and M. bovoculi strains 

to combat pathogenesis of IBK. 

 Confirmation of the purity of the OS was achieved using NMR spectroscopy, a robust 

method of acquiring information on the compound, however other methods can be further 

employed to confirm the structure of the compound and better assess its purity. These methods 

can include high performance liquid chromatography (HPLC) or liquid chromatography–mass 

spectrometry (LC-MS). Additionally, further analysis of purity can also be achieved using high 

resolution mass spectrometry (HRMS). These experiments were not completed due to time 
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constraints, however a sample of M. Bovoculi has been sent to overseas collaborators for sugar 

and linkage analyses using gas chromatography–mass spectrometry. Additional MS analysis 

will be completed for the publication of this structure. 

 Future studies using M. bovoculi would aim to decrease the extraction and purification 

timeframe in order to yield oligosaccharide faster without sacrificing the purity. This could 

include using larger reservoirs to freeze dry material and identifying key problems early on 

such as modification of acid hydrolysis to cleave the lipid A. It would also be interesting to 

identify if the same LOS structure is present from the other successful extraction methods (PCP 

and phenol/EDTA/TEA) even though very little crude LOS was present.  

 Chemical shift confirmation using 2D experiments such as 2D-HSQC-TOCSY or 

1H13C-HMBC (Heteronuclear Multiple Bond Correlation) can also be used to further elucidate 

the oligosaccharide structure of M. bovoculi. A 2D-HSQC-TOCSY is a hybrid inverse 

experiment that consists of an initial HSQC pulse train followed by a TOCSY mixing sequence. 

This allows all correlations between protons that possess a resolved coupling to each other to 

appear. A 2D 1H13C-HMBC experiment incorporates the 1D-COSY spectra by giving proton 

and carbon correlations which are separated by bonds of two, three and four. HMBC 

experiments provide higher detection to protons as opposed to carbons. This allows for long-

range coupling constants to be measured.109-113 
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6.6. CONCLUSIONS 
 

 Moraxella bovoculi is a Gram-negative microorganism that has shown potential to aide 

in the pathogenesis of infectious bovine keratoconjunctivitis (IBK) or ‘pink-eye’ in cattle. An 

ocular disease, IBK has shown to cause significant economic loss to the cattle and dairy 

industry with reported losses of AUD 21 million annually to the beef industry in Australia.1 

Infected animals show symptoms of keratitis, conjunctivitis, corneal ulceration and in severe 

cases, IBK can lead to permeant blindness.2 

 The following study aimed to understand further the biological role of LOS in M. 

bovoculi comparing it to the previously studied Moraxella species, M. bovis and M. catarrhalis. 

The first aim was outlining the growth profile and biological activity of M. bovoculi. The 

second aim outlined the steps taken to extract and purify the LOS of M. bovoculi leading to the 

analysis of the oligosaccharide structure using NMR. 

 The biological role of LOS in M. bovoculi was studied by examining the growth and 

biological activity. The growth profile of M. bovoculi showed that the bacterium reached its 

stationary phase at 15 hours. This information was exploited to optimise the yield of viable 

bacteria for future isolation and purification of LOS. Endotoxin toxicity was quantified using 

a Limulus Amebocyte Lysate (LAL) assay. The endotoxin activity of M. bovoculi was identical 

to M. bovis Epp63 strain but smaller to Mb25 and L183/2 M. bovis strains. An Auto-

aggregation assay measured sedimentation rates in liquid media were similar to M. catarrhalis 

035E strain. The percentage of adherent bacterial cells to HeLa and Chang cells was examined 

and revealed significantly decreased percentages towards all strains except the mutant M. bovis 

and M. catarrhalis. Susceptibility to the hydrophobic agents was analysed using a disk 

diffusion assay at a concentration of 5%. The zone of inhibition for Triton-100 was 

significantly different to all M. bovis strains except for Epp63. The zone of inhibition for Tween 

20 was significantly different to all M. bovis strains and M. catarrhalisO35E but was not 
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significant against the M. catarrhalis O35EkdtA mutant. Antibiotic susceptibility using a 

selection of nine antibiotics was also examined using a disk diffusion assay. M. bovoculi had a 

significantly higher susceptibility to chloramphenicol when compared to M. bovis Epp63 

strain. Conversely, M. bovoculi had a significantly lower susceptibility to nalidixic acid when 

compared to M. bovis L183/2 strain. M. bovoculi showed a significantly higher susceptibility 

to novobiocin and polymyxin B when compared to M. bovis Mb25, L183/2, Epp63 and the 

mutant Epp63 Lgt2Δ strains. However, M. bovoculi had a significantly lower susceptibility to 

rifampicin when compared to M. bovis Mb25 and Epp63 Lgt2Δ strains. Lastly, M. bovoculi 

had a significantly higher susceptibility to vancomycin when compared to M. bovis Mb25, 

Epp63 and Epp63 Lgt2Δ but was not when compared to M. bovis L183/2. It was also analysed 

here that β-lactamase activity was observed in M. bovoculi when comparing ampicillin and 

penicillin G to amoxicillin/Clavulanic Acid presenting with a higher susceptibility. Lastly, a 

bactericidal assay using bovine serum was conducted using bacterial cell counts. No difference 

was observed between the concentrations 0% and 25% for M. bovoculi. 

 The LOS of M. bovoculi was extracted using three protocols sequentially to identify 

which protocol would acquire the highest and purest yield to use for NMR analysis. These 

protocols include the hot phenol/water protocol, phenol/chloroform/petroleum ether protocol 

and the phenol/EDTA/TEA protocol. Here it was identified that the hot phenol/water method 

gave the highest yield of material once crude LOS was liberated of nucleic acid and protein 

contamination using DNase, RNase and Proteinase K. From here an SDS-PAGE confirmed 

that M. bovoculi was devoid of an O-antigen due to absence of higher molecular weight banding 

confirming it to be a LOS structure. Further acid hydrolysis was used to cleave the Lipid A 

from the Oligosaccharide. The oligosaccharide was then purified further using size exclusion 

gel chromatography where samples were examined using 1H and 13C NMR spectroscopy. 

Spectral assignment of M. bovoculi determined that the oligosaccharide structure compromised 
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of six sugar residues in addition to the Kdo. The unusual feature of this oligosaccharide 

includes the fact that the oligosaccharide is devoid of heptose residues previously seen in 

species like M. bovis and M. catarrhalis.7,8 

 Overall, it appears from this study that M. bovoculi may have striking similarities to 

that of M. catarrhalis and M. bovis species. However, further work must be completed to 

identify whether similar procedures previously implemented can be used to develop solutions 

to combat IBK. This most importantly includes the development of glycosyltransferase mutants 

analysing the differences in bacterial activity and susceptibly that could forward knowledge on 

how to properly treat IBK. 
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APPENDIX 1: ENDOTOXIN STANDARD CURVE 
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APPENDIX 2: 1D SPECTRAL DATA PERFORMED ON 

400 MHZ BRUKER NMR SPECTROMETER 

 
 

 
Solvent: D2O (500 µL) 

Temperature: 298 K 
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M. bovoculi Procedure 1: Fraction 11 
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M. bovoculi Procedure 1: Fraction 15 
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M. bovoculi Procedure 1: Fraction 16 
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M. bovoculi Procedure 1: Fraction 21 
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M. bovoculi Procedure 2: Fraction 17 
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M. bovoculi Procedure 2: Fraction 18 
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M. bovoculi Procedure 2: Fraction 19 
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M. bovoculi Procedure 2: Fraction 20 
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M. bovoculi Procedure 2: Fractions 17-20 
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M. bovoculi Procedure 2: Fractions 17-20 

(Stacked) 
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APPENDIX 3: 1D AND 2D SPECTRAL DATA 

PERFORMED ON 600 MHZ BRUKER NMR 

SPECTROMETER 

 
 

 
Solvent: D2O (200 µL) 

Temperature: 298 K 
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M. bovoculi 1H NMR Spectrum 
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M. bovoculi 2D 1H13C-HSQC Spectrum 
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