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Infectious bovine keratoconjunctivitis (IBK) represents the most common ocular disease
of cattle. Moraxella bovis (M. bovis) is the only bacteria proven to cause IBK under
experimental conditions. A closely related bacteria, Moraxella bovoculi (M. bovoculi) is
cultured from IBK lesions more frequently than M. bovis, and is suspected to cause IBK,
although a causal relationship between M. bovoculi and IBK has not been confirmed
experimentally. Two distinct genotypes were recently characterized in M. bovoculi based
on whole genome sequencing. Genotype 1 M. bovoculi appears to represent a potential
pathogen whereas genotype 2 M. bovoculi appears to represent a nonpathogenic normal
flora of the ocular and oropharyngeal surface based on frequencies of isolation from IBK
outbreaks and normal animals. We demonstrated that M. bovoculi isolates can be
accurately classified according to genotype using a novel matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) biomarker
model. Some genotype 1 strains of M. bovoculi possess operons encoding for a repeatsin-toxin (RTX) exotoxin that is a known virulence factor for a number of veterinary
pathogens. A separate MALDI-TOF MS biomarker model was developed that accurately
characterized M. bovoculi isolates according to the presence or absence of the RTX

exotoxin. Together, these biomarker models can be used to screen for isolates that are
genotype 1 and RTX + which are more likely to represent potential pathogens. To assess
the efficacy of two different IBK vaccine formulations, we performed a 5-year
randomized clinical control trial in a cow/calf herd in eastern Nebraska. Vaccine
treatments included a commercially available M. bovis vaccine, as well as an autogenous
vaccine that incorporated antigens from M. bovis, M. bovoculi, and Mycoplasma
bovoculi. The incidence of IBK in both treatment groups did not differ from that of a
negative control vaccine group. Additionally, when we examined the humoral immune
response of vaccinated calves to a known M. bovis virulence factor, the relative levels of
specific antibodies did not correlate to disease status.
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CHAPTER 1
Literature review
History and economic impact
Infectious bovine keratoconjunctivitis (IBK) is the most commonly diagnosed ocular
disease of cattle worldwide.1 First formally described in the veterinary literature in 1889
as “not a new disease by any means,” Billings described outbreaks in cattle in central and
eastern Nebraska of a disease he termed at the time, keratitis contagiosa.2 Today, IBK is
often referred to colloquially simply as “pinkeye” by veterinarians, cattle producers, and
lay persons, although the disease is not the same as the human disease with the same
name. In a national survey of cattle producers, IBK was ranked #3 in a list of the most
important animal health challenges facing the industry with 12.5% of producers calling it
the most significant challenge.3 While IBK is seen in all types of cattle and environments,
it is classically seen as a disease of calves and yearlings in both beef and dairy breeds.
Among beef cattle, Hereford cattle traditionally have a higher incidence of IBK while
tropical breeds of cattle (Bos indicus) appear to be less susceptible.4-6 The heritability of
IBK susceptibility appears low among Herefords, suggesting genetic selection alone
would not be a reasonable disease mitigation strategy.4
In the limited number of studies that have examined the economic impacts of IBK on the
cattle industry, losses are significant, although estimates vary depending on the
parameters examined.1,7,8 These studies put the economic impact between $150 - $226
million dollars in the United States.7-9 A large portion of the costs to cattle producers
associated with IBK stem from the labor and drug costs of treatment and the decrease in
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animal performance (i.e., weight gain) in affected animals. The majority of the research
in the area of economic impact is fairly dated, and given the rise of cattle values and costs
of production, the true cost in today’s cattle market is likely substantially higher. A study
by Cobb et al.10 reported calves with IBK weighed 33 lbs less at weaning compared to
unaffected herd mates. The current average Nebraska feeder cattle price for calves with a
live weight of 500-600 lbs is $185.15/cwt.11 A 33 lb loss in weaning weight for a calf in
this range currently would represent a $61.10 value loss per case of IBK, factoring in
only the sale price and not accounting for any previous treatment costs. Beyond
economics, the pain associated with IBK represents an animal welfare concern as well.12
Historically, IBK has not had a widely-accepted case definition, which further
complicates the issue of assigning an economic value to the disease. It is not uncommon
for cases of eye trauma or foreign bodies present around the eye to induce clinical signs
that are confused with IBK, resulting in an incorrect diagnosis. A recent publication
attempted to propose an epidemiological case definition for IBK that includes; a herd
disease with high morbidity (minimum of 2% in calves, 0.6% in adult animals) with
clinical signs restricted to the eyes to include keratitis, conjunctivitis, or both, with at
least 10% of cases progressing to corneal ulceration.13 If producers, veterinarians, and
IBK researchers were to utilize a widely accepted case definition for IBK such as the one
proposed, this would likely lead to more accurate incidence and economic statistics as a
result.
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Clinical signs
IBK is predominantly a disease of the cornea. Clinical signs and lesions associated with
the disease display a spectrum of severity. Unilateral or bilateral epiphora,
blepharospasm, and photophobia are often seen in milder cases, with corneal ulceration,
buphthalmos, and rupture of the globe observed in more severe cases.14 The cornea is an
avascular structure composed of four distinct layers. These layers include the anterior
epithelium composed of a stratified layer of squamous epithelial cells, a fibrous stroma,
Descemet’s membrane, and a posterior epithelium composed of a single layer of
squamous to attenuated cuboidal epithelial cells.15 When present, ulcers are most often
centrally located and can range in size from pinpoint to 10+ millimeters in diameter.13 As
the name implies, IBK can involve inflammation of the palpebral and/or bulbar
conjunctiva, but this is not a consistent finding. None of these clinical signs are unique to
IBK, with other causes such as trauma, foreign bodies, ocular parasites such as Thelazia
spp., or even neoplastic diseases like squamous cell carcinoma causing similar clinical
signs.13,14 In experimental models, the initial clinical signs of corneal edema,
photophobia, and epiphora can be seen as early as one day post inoculation and can
progress to a serous to mucopurulent discharge with or without corneal ulceration that
can take up to 2 weeks to appear.1 The time required for healing is correlated with the
depth of the corneal ulcer (if present) and can take up to 2 months to fully heal in severe
cases or less than a week in simple cases with smaller lesions.13 Very severe lesions can
result in long term corneal scarring due to the extensive fibrosis required to repair the
severely damaged cornea. Although not common, severe lesions can even result in
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blindness that can be permanent. In the author’s experience, permanently blind animals
that are apparently pain free and display corneal scarring can perform relatively well in a
feeding setting if they are moved to very small pens with only a small number of pen
mates. The pain that some of these animals experience prior to getting to this stage,
however, poses an animal welfare concern and severely affected animals in obvious pain
are often euthanized instead.
The lack of specificity for these clinical signs is why it is so common for ocular disease
diagnoses to default to IBK. Incorrect diagnoses are an obvious problem when trying to
study the causality, epidemiology, pathogenesis, and/or treatment efficacy of infectious
diseases. Incorporating morbidity minimums in the proposed case definition, if widely
accepted by veterinarians and researchers, will hopefully result in better standardization
to improve IBK statistics and our understanding of the disease in the future.
Etiology
Moraxella bovis
A bacterial etiology for IBK has been suspected ever since Billings’ original IBK
description, in which he described clusters of microorganisms present on the corneal
surface of an IBK affected eye as viewed under a microscope.2 Thus far, Moraxella bovis
(M. bovis) is the only bacterium capable of reproducing IBK in experimental models.16-20
Therefore, it is regarded as the only etiology with experimental evidence for causality of
IBK in cattle. Interestingly, M. bovis is only isolated from approximately 20% and 60%
of IBK cases using bacterial culture and PCR methods, respectively.21,22
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M. bovis possesses two main virulence factors, a secreted exotoxin that is a repeats-intoxin (RTX) toxin, and a type IV pilus surface protein.18,23-25 All RTX toxins are
exotoxins that have amino acid sequences with numerous aspartate and glycine repeats
and they serve as virulence factors of a number of veterinary pathogens.26 The leukotoxin
of Mannheimia haemolytica represents likely the most well studied and characterized
RTX toxin.27 The RTX toxin of M. bovis is also called hemolysin, cytolysin, or cytotoxin
in the scientific literature. M. bovis RTX exotoxins are secreted in a type 1 secretion
system (T1SS) dependent manner and results in cytopathic effects of bovine neutrophils
and erythrocytes.23,28,29 The toxin gene (mbxA), is under the control of an operon and is
not present in all M. bovis strains although when present, it is well conserved in RTX
positive strains.28,30 The importance of RTX as a virulence factor for M. bovis is
highlighted by the fact IBK-like lesions were induced using cell supernatant from an
RTX positive M. bovis culture alone, without bacterial cells present in the inoculum.18
Also, M. bovis RTX appears necessary for virulence as those strains without RTX genes
are not cytotoxic and do not produce disease.31
Pili, also known as fimbriae, are well characterized in numerous bacterial species with
roles in motility, adherence, and pathogenesis.32 The type IV pilus protein expressed by
M. bovis is crucial for adherence to corneal epithelial cells and plays a role in the
formation of a biofilm.33,34 Like RTX, pili are a necessary virulence factor since nonpiliated strains have been shown to be nonpathogenic.24 The diversity within M. bovis pili
has led to the characterization of seven distinct serogroups with inhibition of adherence
being serogroup specific.35 Whether there are differences in the pathogenesis or
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antigenicity of the different serogroups in field strains is not well characterized. It has
been postulated that in calves that are vaccinated and subsequently challenged, the
predominant serogroup of the pilus protein that is expressed by the isolates in the
inoculum is capable of switching to that of another serogroup in situ.36 Beyond the
serogroup diversity, gene inversion capabilities within M. bovis pili allow for two forms
of the protein to be expressed that are called Q (quick) and I (intermediate) with the Q
form more efficient at corneal adherence.37,38 The ability to manipulate the overall Q and
I form of expression, coupled with the potential for serogroup variability allow for an
exceptional repertoire of antigens for M. bovis. This strategy is well suited for a pathogen
when it comes to immune evasion, particularly on a mucosal surface, where adaptive
immune mechanisms are already thwarted. Additionally, the presence of biofilms poses
an obvious hurdle to the action of antibiotics at the site of infection.
M. bovis strains have also been shown to express hydrolytic enzymes that are postulated
to help initiate or exacerbate ocular tissue damage early on in IBK.39 These enzymes
include esterases, lipases, phosphatases, leucine and valine aminopeptidases, fibrinolysin,
and phosphoamidases. Additionally, a portion of the strains examined produced
hyaluronidase, catalase, and a cysteine aminopeptidase.
Moraxella bovoculi
Moraxella bovoculi (M. bovoculi), another closely related gram negative bacterium was
initially characterized after being recovered from the eyes of calves experiencing an
outbreak of IBK in California in 2002 in the absence of M. bovis.40 So far, attempts to
reproduce IBK in calves by inoculating animals with M. bovoculi have been
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unsuccessful.41 In diagnostic case submissions at the Nebraska Veterinary Diagnostic
Center where a single agent was recovered by aerobic culture of IBK eye swabs, M.
bovoculi was isolated at a much higher rate than M. bovis (64% vs 22%).21 Similar results
were obtained using PCR where clinical samples submitted to the Kansas State
Veterinary Diagnostic Laboratory were more likely to contain M. bovoculi (75.9%) than
M. bovis (60.3%) as well.22 These results could be from a number of potential factors.
Observational studies lack temporality and the isolation of M. bovoculi at a higher rate
may be a secondary result of the lesion, as opposed to a cause of the lesion. The species
and/or strains of bacteria that cause IBK may depend on the geographic location of the
animal as a result of regionally specific diversity between and within bacterial species. It
is also possible that M. bovoculi represents a true pathogen under certain conditions, and
experimental disease simply has not been proven yet. Despite a lack of proof of
causation, a commercial M. bovoculi bacterin vaccine that is marketed for the prevention
of pinkeye in cattle was conditionally licensed by the USDA (USDA CVM code:
2A77.00, Addison Biological Laboratory, Inc. #355). M. bovoculi is also incorporated
into the vast majority of autogenous vaccine formulations intended to combat IBK. The
fact that commercial and autogenous vaccines incorporating M. bovoculi are widely used
suggests that at least a portion of the cattle industry regards M. bovoculi as a presumptive
pathogen.
Like M. bovis, M. bovoculi possesses both pili and an RTX toxin that serve the same
purposes of adherence and cytopathic effects respectively.42,43 Also like M. bovis, the
RTX gene in M. bovoculi (mbvA), is highly conserved with almost 99% sequence
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homology and is responsible for hemolytic activity on blood agar.44 The two RTX toxins
from M. bovis and M. bovoculi are different enough that cross reactivity of antibodies
does not take place, thus implying that any efficient antibody response in vivo would
need to be specific for each RTX sequence and structure.42 Further complicating the
interpretation of this virulence factor within Moraxella spp., is the fact that evidence of
interspecies mosaicism has been shown with remnants of RTX sequences from M. bovis,
found within the genome of M. bovoculi.45
The pili of M. bovoculi share some similarities to that of M. bovis pili with a few key
differences. The utility of pili for adherence and biofilm formation in M. bovoculi appear
similar to that of M. bovis.46 The pili within M. bovoculi are substantially different in
sequence compared to M. bovis, with only 38% sequence homology between the two
species.43 This would suggest any pili specific humoral reactivity would be unlikely to
cross react between the two species and would also require a specific antibody response
for each species. While there are a few small variable regions within mbvA among M.
bovoculi strains, the intra-species pili diversity overall is minimal.47 It is unknown if
these few small variable regions in M. bovoculi pili are of any importance clinically.
Whole genome sequencing of a large number of M. bovoculi isolates led to the distinction
of two genotypes based on more than 127,000 single nucleotide polymorphisms.45,48
Strains from each genotype (genotypes 1 and 2) have been isolated from the eyes and
upper respiratory tract of healthy animals, while only genotype 1 strains have been
associated with IBK lesions. To date, only genotype 1 M. bovoculi possess RTX toxins
although not all genotype 1 strains do. These genomic studies have shown much larger
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genomic diversity within genotype 1 when compared with genotype 2 strains. This may
provide evidence, at least in part, for discordant observations with M. bovoculi causality
and vaccine efficacy for M. bovoculi vaccines. No genotype 2 RTX+ strains have been
observed yet, further supporting the idea that genotype 2 strains are unlikely to represent
a potential pathogen. The difference in hemolytic activity between RTX + and RTX- M.
bovoculi isolates is shown in Figure 1.

Figure 1. 1: RTX dependent M. bovoculi hemolysis. Strain Mb58081, M. bovoculi,
Genotype 1, RTX +, exhibiting beta hemolysis on blood agar (left). Strain Mb58090, M.
bovoculi, Genotype 1, RTX -, exhibiting gamma hemolysis (right).
Moraxella ovis
Yet another related bacteria, Moraxella ovis (M. ovis) has historically been suspected to
play a role in infectious keratoconjunctivitis disease pathogenesis of several domestic
species of ruminants including cattle, sheep, goats, and wildlife species such as mule deer
and Shiras moose.49-52 Virulence factors similar to those found in M. bovis and M.
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bovoculi have been proven for M. ovis, including biofilm formation, hemolysis, and the
presence of complete RTX operons.42,53,54 However, like M. bovoculi, experimental
reproduction of IBK using M. ovis has been unsuccessful.55 Prior to the discovery of M.
bovoculi, M. ovis was isolated from cases of IBK at a much higher rate than M. bovis.54
However, since the original description of M. bovoculi, the isolation of M. ovis from IBK
samples is very low in comparison to the other Moraxella spp.21 Given this discrepancy,
and the biochemical similarities between M. bovoculi and M. ovis, it is likely that older
studies claiming to involve M. ovis, may have been with M. bovoculi. Given the most
recent data,21 it appears that M. ovis is actually quite rare in IBK lesions, and cattle in
general, and most likely does not play a significant role in IBK pathogenesis.
Other IBK associated agents
Outside of the Moraxella spp. of bacteria, Mycoplasma bovoculi (Myco. bovoculi) and
bovine herpesvirus-1 (BoHV-1) are also frequently associated with IBK. Myco. bovoculi
was originally characterized after being isolated from an outbreak of IBK.56 The
likelihood of Myco. bovoculi representing a potential pathogen in IBK is difficult to
determine since it can be very often found in normal as well as diseased eyes of
cattle.22,57,58 Experimental studies have been able to induce low levels of conjunctivitis,
but not the same clinical signs of traditional IBK, and no corneal ulcerations.59
Altogether, the clinical signs associated with a pure Myco. bovoculi infection are
distinguishable from those classically seen in IBK. Finding the agent associated with both
normal and diseased eyes, and a lack of experimental causal evidence is also true of
BoHV-1 when it comes to IBK.22,60,61
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Environment
As mentioned previously, the majority of IBK cases happen in cattle that are grazing
grasses in the summertime.1,62-64 Consistent seasonality of IBK has led to several
environmental factors being variably associated with IBK. During this time of year, dusty
conditions and tall grasses have been implicated as risk factors for the development of
IBK.65 For grasses, the seed heads are thought to induce corneal irritation when they
become loose and lodged in the conjunctiva where they can irritate and cause microabrasions to the corneal surface, allowing for a more efficient colonization by M. bovis.
The most studied environmental factor associated with IBK has been flies, and the face
fly (Musca autumnalis) in particular. The prevalence of IBK has been shown to be
directly correlated to overall fly load.66-68 The role for face flies is considered to be twofold.62,67 First, they are able to serve as mechanical vectors transferring disease causing
agents between cattle. Second, their presence on the surface of the eye results in
microscopic abrasions that decrease the integrity of the corneal epithelial layer. In the
United States, peak face fly season occurs at the same time we see the majority of IBK
cases and the two have shown to be correlated when considered in time and place.69,70
Besides the time and place association with IBK, face flies have been shown in an
experimental setting to harbor M. bovis and transmit the bacteria mechanically to the eyes
of cattle.71
Ultraviolet (UV) radiation has been proposed as a risk factor in the development of IBK
as well since the majority of cases take place in summer and the fact that experimental
studies have shown UV radiation enhances the adherence efficiency of M. bovis,
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presumably from damage incurred by the corneal epithelial layer.72-74 UV radiation has
been suspected to increase the number of dark corneal epithelial cells in calves exposed
to radiation experimentally and M. bovis shows preferential adherence to these dark cells
over light cells.75,76 Peak UV radiation in the summer coincides with peak fly season,
when grasses are tall, and dust is often an issue, although none of these risk factors
appear fully necessary or sufficient, as cases of so-called “winter pinkeye” have been
described as well.77
Diagnosis
The poor understanding surrounding IBK causality, coupled with a historical lack of a
standard case definition, makes the diagnosis of IBK complicated. Hopefully, the
proposed case definition mentioned previously (or something similar) will be widely
adopted by the industry to streamline and standardize the disease entity that is IBK. One
challenge is that cattle producers are responsible for the vast majority of clinical IBK
diagnoses in cattle. It is uncommon for routine individual cases of IBK to be diagnosed or
treated by veterinarians. With the exception of larger outbreaks or exceptionally severe
individual animal cases, a veterinarian’s role most commonly involves developing a
working relationship with the animal owner so they are capable of observing clinical
signs and utilizing adequate treatment regimens that most often will involve antibiotic
treatment and developing prevention strategies. In a large, or more severe outbreak with
excessive morbidity, a veterinarian may be called upon to assess the need for mass
treatment and/or to confirm the diagnosis. Beyond the already discussed clinical signs, a
physical exam and laboratory microbiological techniques are most often utilized by

13
practitioners when diagnosing IBK. A thorough physical exam in this context would
involve a detailed examination of the globe itself as well as surrounding conjunctiva. A
physical exam should be able to rule out ocular disease caused by foreign material lodged
within the conjunctiva.78 Confirmation of a corneal ulcer using fluorescein dye placed on
the surface is also an excellent diagnostic technique to differentiate true ulceration from
corneal edema and/or scarring.13 Restriction of clinical signs to the eye is an important
component of the proposed case definition for IBK.1,13,78 Therefore, lesions or clinical
signs in or on other parts of the body are either evidence that the disease is not IBK, or
evidence that there is more than one disease process at play. Fluorescein dye uptake only
takes place in true ulcerations and is an easy test to perform that can help in confirming
or ruling out the presence of a corneal ulcer in all mammals including humans.79,80
Microbial culture or molecular diagnostic techniques are often cited as diagnostic tools
for diagnosing IBK, but these results should always be carefully interpreted in clinical
context. Since a number of bacterial and viral agents can be found on the eye of both
healthy and diseased cattle, isolating an individual agent from an eye with a lesion does
not necessarily prove causality in an individual case due to temporality. Nonetheless,
culture of IBK suspected eyes is often requested in submissions to diagnostic
laboratories. This issue with assigning causality based solely upon isolation of an agent
post lesion development has been discussed and argued against recently in the veterinary
literature.81 Interpreting PCR results of samples from diseased eyes poses the same
conundrum. That is, it is impossible to know if the presence of Moraxella spp.,
Mycoplasma spp., or BoHV-1 for example, represents an agent that was at the location
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prior to lesion development, is a consequence of lesion development, or if it is a true
cause of the lesion since these organisms are all also found on the corneal surface of
normal calves without IBK.58
Immune response
The eye and surrounding conjunctiva represent a unique mucosal surface, particularly
compared to the alimentary tract. While protected somewhat by the eyelid, the eye is
directly exposed to the environment and any potential foreign substances at a higher rate.
Much of what we know about mucosal immunity in general from the alimentary, urinary,
and reproductive tracts holds true for the ocular and periocular surfaces. Most of the
research in bovine mucosal immunology has been focused on these other mucosal
surfaces,82 and therefore some assumptions and correlations to what we know about
ocular immunology in other species are required when we consider the bovine eye.
Together, the conjunctival-associated lymphoid tissue (CALT) and lacrimal drainageassociated lymphoid tissue (LDALT), form what are collectively referred to as the eyeassociated lymphoid tissue (EALT).83 When the eye is closed, the corneal surface is in
close proximity to CALT which aids in its ability to detect corneal antigens, promote
secretory IgA, and even prime effector immune cells.83-85 Microfold cells (M cells) are
cells that line mucosal surfaces and specialize in antigen uptake which have been
observed in cattle.82 Cells that are morphologically similar to M cells in the alimentary
tract are suspected to be responsible for the antigen detection at the level of the CALT.86
Therefore, short contact times are possible during normal blinking while extended
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surveillance of the corneal surface is possible when the eye is closed for extended periods
of time such as while the animal is sleeping.
In cattle, the lacrimal glands are responsible for maintaining a moist surface of the cornea
and also serve as a reservoir for IgA secreting plasma cells.87 Lysozyme is another
immunologically relevant product of lacrimal glands in animals, although the
concentration of lysozyme appears to be lower in lacrimal secretions of cattle compared
to other animals.88 While antibodies are often assumed to be important in mucosal
infections, little is known about their importance in the context of IBK and cattle.84 For
example, vaccination, as well as natural and experimental infections with M. bovis, have
been shown to increase both IgA and IgG in tears and serum, yet commercially available
M. bovis vaccines have traditionally produced poor results in terms of preventing IBK.8992

The fact that Moraxella spp. are also found in normal eyes and likely represent normal
flora in many cases, may explain, at least in part, the historically poor efficacy of these
vaccines. While these bacteria possess numerous suspected virulence factors as
mentioned above, the commensal role they serve may inhibit adequate adaptive immune
responses due to mucosal tolerance. Mucosal tolerance refers to the lack of an
appreciable immune response to commensal bacteria and has been described previously
in cattle.82 Due to this tolerance, it is proposed that mucosal surfaces only develop a
directed immune response to potential antigens after the mucosal barrier (i.e., corneal and
conjunctival surface in the case of IBK) is penetrated. Recent studies in humans have
shown that mucosal tolerance can be broken by the presence of antigens in immune
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complex form which promotes a more robust adaptive immune response.93 Whether or
not the same mechanism for breaking mucosal tolerance is present in cattle has not been
studied, but further study may be warranted.
Prevention
Vaccination
Utilizing vaccines to prevent IBK is a commonly used strategy among cattle producers in
the United States. There are currently numerous fully licensed M. bovis based vaccines
commercially available, a conditionally licensed M. bovoculi based vaccine, and
autogenous vaccine formulations available from vaccine manufacturers. Studies on the
efficacy of different commercial and autogenous vaccine formulations have traditionally
had mixed results, regardless of the specific antigen(s) used or the route of
administration, with some even observing an increase in IBK incidence among
vaccinated animals.81,91,92,94,95 In contrast, when experimental vaccine formulations are
studied, they often show a vaccine benefit.96,97 Recently, Maier et al.96 discussed the
discrepancies of vaccine results seen in experimental vs natural conditions and proposed
that it could be the result of other (yet to be proven) causal organisms not being present in
the vaccines, insufficient time between vaccination and exposure to M. bovis, poorly
antigenic strains used, an insufficient sample size, and poorly designed studies. The
recently characterized diversity both between and within Moraxella spp. of bacteria may
also be a factor due to the presumed wide variety of surface antigens and potential
vaccine-to-wildtype mismatches that could lead to an ineffective immune response.45,48
Environment
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In addition to vaccination, fly control is commonly used as a preventative measure by
producers since the correlation between fly load and IBK incidence is well proven.66,67,70
Fly repellent tags placed in the ear(s), topical pour-on insecticides, and the feeding of
insect growth regulators that are incorporated into the feed ration are the most commonly
used methods of fly prevention. One of the issues with fly tags or pour on insecticides in
the beef industry is the length of time the products effectively repel flies is often shorter
than the grazing period. Therefore, to effectively control flies the cattle should be worked
in the middle of summer, which is often not logistically possible when cattle are spread
out on large expanses of grazing allotments far from working facilities.
Treatment
With no reliable vaccine options available, cattle producers rely on treatment of IBK
cases for effective management to minimize economic losses. Currently, tulathromycin
and oxytetracycline injectable formulations are the only drugs with approved label
indications in the United States for the treatment of IBK caused by M. bovis in cattle.98,99
However, many different drugs are used by producers and veterinarians alike in an extralabel manner for the treatment of IBK. A relatively recent meta-analysis comparison of
antibiotic treatment for IBK found the majority of antibiotics that were studied proved
effective in treating IBK, specifically when they looked at healing time and ulcer
severity.100 The usage of ancillary non-steroidal anti-inflammatory drugs (NSAIDS) and
corticosteroid treatments are often incorporated into treatment regimens in addition to
antibiotics, although the efficacy of these additional drugs is not well understood.101 A
single subconjunctival injection of a penicillin and dexamethasone mixture (3 or 4:1

18
ratio) is commonly performed by producers and veterinarians, but a study by Allen et
al.102 showed subconjunctival injections provided no benefit over untreated cases in terms
of healing time or corneal ulcer severity.
Much like conjunctival injections, the use of eye patches to cover affected eyes has
historically been done without much evidence of any benefit besides anecdotal reports.
This technique involves gluing the edges of a denim type material around the eye to
block the sunlight and theoretically prevent disease transmission to other calves. These
patches are left to fall off on their own which usually takes place 1-3 weeks after
placement. A recent study, has shown using patches did have a benefit in terms of time
for corneal ulcer healing (10 days vs 14 days in untreated calves) and average daily gain
after IBK diagnosis.103
While there are proven efficacious treatment options for IBK, the logistics of treatment
can still be problematic for cattle producers. This is particularly true for beef production
systems in the Great Plains and the mountain west where cattle are often a substantial
distance from any working facilities and may not be visually inspected with much
frequency. In recent years, remote drug delivery systems or “dart guns” have become
increasingly more popular for the treatment of diseases like IBK when cattle are in a
grazing situation.104 However, the reliability of adequate drug delivery can be
problematic using these methods.105 Additionally, the usage of remote delivery systems is
in contrast to the Beef Quality Assurance (BQA) guidelines over concerns of inaccurate
delivery, injection site lesions, and darts that remain in the field for extended periods of
time.106 Whether or not cattle are treated for IBK by producers has been shown to mainly

19
be dependent upon: the size of the operation with smaller operations more likely to treat
IBK cases; how many times the animals are gathered near a working facility in a year;
and the pain level that IBK causes as perceived by the producer.107
The future of IBK research
While much has been learned about IBK since it was originally described over 130 years
ago, we still have large knowledge gaps that need filled if we are to progress in
decreasing overall prevalence of this disease in cattle. One of the first complicating
factors of IBK research that was discussed here was the lack of a standard case definition
for the disease. Poorly defining the disease increases the likelihood of misdiagnoses,
particularly by producers, and makes interpreting incidence data difficult at best and
makes it potentially misleading. The newly proposed case definition of IBK by Kneipp,13
could help minimize the variability in what is considered IBK if it is accepted by
practitioners and veterinary researchers.
An efficacious vaccine for the prevention of IBK remains a large void in our management
of the disease. As we continue to decipher what microorganisms or other factors
represent true causes of the disease, as well as the variability within and between these
microorganism species, the number of potential vaccine targets is likely to increase.
Determining which potential antigens provide adequate protection will be crucial in any
future vaccine formulations. Additionally, a better understanding of the roles that innate
and adaptive immunity play in IBK could help steer the direction of vaccine formulations
in terms of antigens used, adjuvants, timing of vaccination, and routes of administration.
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CHAPTER 2
Rapid differentiation of Moraxella bovoculi genotypes 1 and 2 using MALDI-TOF
mass spectrometry profiles
Hille et al., Journal of Microbiological Methods (2020)
DOI: 10.1016/j.mimet.2020.105942
Abstract
Moraxella bovoculi is the most frequently isolated bacteria from the eyes of cattle with
Infectious Bovine Keratoconjunctivitis (IBK), also known as bovine pinkeye. Two
distinct genotypes of M. bovoculi, genotype 1 and genotype 2, were characterized after
whole genome sequencing showed a large degree of single nucleotide polymorphism
(SNP) diversity within the species. To date, both genotypes have been isolated from the
eyes of cattle without clinical signs of IBK while only genotype 1 strains have been
isolated from the eyes of cattle with clinical signs of IBK. We used 38 known genotype 1
strains and 26 known genotype 2 strains to assess the ability of matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) to accurately
genotype M. bovoculi strains using mass spectrum biomarkers. Mass spectrum data was
analyzed with ClinProTools 3.0 software and six models were developed that classify
strain genotypes with accuracies ranging from 90.6% - 100%. Finally, using four of the
most genotype-specific peaks that also exhibited high peak intensities from the six
automated models, we developed a customized model (UNL assisted model) that had
recognition capability, validation, and classification accuracies of 100% for genotype
classification. Our results indicate that MALDI-TOF MS biomarkers can be used to
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accurately discriminate genotypes of M. bovoculi without the need for additional
methods.
Introduction
Infectious bovine keratoconjunctivitis (IBK) represents the most common ocular disease
of cattle in the United States and worldwide.1,2 This disease, often referred to simply as
“pinkeye” by cattle producers and veterinarians has been shown to have a significant
economic impact on the beef industry due to increased labor and treatment costs as well
as decreased weight gain in affected calves.1,3 Moraxella bovis is capable of producing
IBK experimentally and is regarded as the causative agent of IBK.4,5 However, other
bacteria and viruses are frequently isolated from the eyes of cattle with IBK lesions.
These microbes may have a potential role in the pathogenesis of IBK in the absence of M.
bovis and include Moraxella bovoculi, Mycoplasma bovoculi and infectious bovine
rhinotracheitis virus.6-9
A recent large-scale retrospective study found that among diagnostic laboratory
submissions from cases of cattle with IBK throughout the United States, M. bovoculi was
the only bacteria isolated in 64% of cases while M. bovis was the only bacteria isolated in
only 22% of cases.10 This is similar to a recent study showing detection of M. bovoculi
using PCR based methods in more than 75% of samples submitted to a veterinary
diagnostic lab.11 M. bovoculi possess repeats-in-toxin (RTX) type toxins that are highly
similar to M. bovis and cause lysis to bovine cells in vitro, and also possess pilin genes
that may facilitate colonization of ocular conjunctiva.12-14 To date, attempts to
experimentally reproduce IBK using M. bovoculi have been unsuccessful.15 In addition,
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vaccination of cattle using M. bovoculi antigens or autogenous bacterins to prevent IBK
have shown mixed results in terms of efficacy.6,16 Recently, the USDA granted
conditional approval of a M. bovoculi bacterin for IBK prevention (USDA CVM code:
2A77.00, Addison Biological Laboratory, Inc # 355) highlighting the potential
importance of the contribution of these organisms to IBK.
One confounding observation to understanding the contributions of these organisms to
IBK is a large amount of genomic diversity amongst circulating strains of M. bovoculi.
Recently, an analysis of 246 M. bovoculi genomes highlighted >127,000 SNPs shown to
represent two distinct genotypes and evidence for intraspecies recombination with
Moraxella bovis RTX genes.14,17 Strains of both genotype 1 and genotype 2 were isolated
from the eyes of cattle without clinical signs of IBK. Only genotype 1 strains were
isolated from the eyes of cattle exhibiting clinical signs of IBK although the strains were
isolated prior to the discovery of genotype 2 and the isolation methods used would have
preferentially selected for genotype 1 strains. More than 23,000 SNPs were shown to
delineate the two genotype strains. As genotype 1 strains of M. bovoculi are primarily
associated with bovine IBK lesions to date, rapid differentiation of these two genotypes
would be clinically relevant and useful to diagnostic laboratories.
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDITOF MS) is a commonly used technique for the rapid and accurate identification of
bacteria in diagnostic and research settings.18-20 MALDI-TOF MS has been successfully
used to distinguish M. bovis and M. bovoculi isolates at the species level.21 MALDI-TOF
MS has increasingly been used to accurately classify isolates within a species into
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specific subtypes and/or genotypes using bioinformatics analysis to develop “models”
that distinguish strains using biomarker peaks in mass spectrum profiles.22-25
Since genotype 1 M. bovoculi strains are more frequently associated with IBK lesions,
being able to rapidly discriminate genotypes for outbreak investigations, downstream
susceptibility testing, and autogenous vaccine formulation would be useful for veterinary
diagnostic laboratories. Currently there are no methods besides genomic sequencing to
determine the genotype of M. bovoculi. Therefore, we evaluated the ability of MALDITOF MS models to accurately classify M. bovoculi strains according to their genotype.
Such a model would be portable and could be freely shared with other diagnostic
laboratories using MALDI-TOF MS platforms with ClinProTools software. Additionally,
defining genotype-specific peaks within a model would enable diagnostic laboratories
with MALDI-TOF MS capability, but without access to ClinProTools software, the
ability to visually inspect spectra data and manually assign genotypes.
Materials and methods
Strains and bacterial culture conditions
A collection of M. bovoculi isolates was used for this study that had been previously
identified to the species level using PCR and MALDI-TOF MS techniques.10,21 In
addition, the isolates had previously undergone whole genome sequencing and been
classified as either genotype 1 strain or genotype 2 strain, as well as having the presence
or absence of an encoded recombinant repeats-in-toxin (RTX) element that are likely the
result of recombination with M. bovis.14 The samples chosen for this study (n = 64)
included 38 genotype 1 strains from 11 different states and 26 genotype 2 strains from the
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state of Nebraska (Table 1). From frozen stocks, bacteria were plated on tryptic soy agar
with 5% sheep blood (Remel, Lenexa, KS) and incubated at 37°C in 5% CO2 for 24
hours before being passed onto a blood agar plate and incubated an additional 24-48
hours prior to MALDI-TOF MS analysis.
MALDI-TOF MS spectra
Spectra from MALDI-TOF MS analysis of strains used in this study was obtained using
both the extraction method and smear method as previously described and recommended
by the manufacturer.26 To briefly summarize, 2-3 bacterial colonies from a 24-48 hour
incubated plate were dissolved in 300 µl HPLC water before adding 900 µl of absolute
ethanol. The solution was then centrifuged (2 minutes at 16,000 x g) and the supernatant
decanted prior to allowing the sample to air dry. Next, the pellet was dissolved in 25 µl of
70% formic acid and 25 µl of acetonitrile and centrifuged (2 minutes at 16,000 x g).
Finally, 1 µl of the sample was placed on the target plate and allowed to air dry before 1
µl of α-cyano-4-hydroxycinnamic acid matrix solution (Bruker Daltonics, Billerica, MA)
was placed onto the target plate well. After the wells were dry and matrix crystallization
had occurred, the plates were analyzed by MALDI-TOF MS using a MALDI Biotyper
system (Bruker Daltonik) in positive linear mode with a mass range of 2 -20 kDa m/z
with a laser frequency of 60 Hz and calibration using Bacterial Test Standard (Bruker
Daltonik). Additional machine settings included ion source 1 voltage 20.00 kV, ion
source 2 voltage 18.10 kV, lens voltage 6.05 kV and a pulsed ion extraction time of 170
ns. Spectra from 8 technical replicates were used to formulate a main spectrum profile
(MSP) for each strain used in this study using Biotyper software (Bruker Daltonik).
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The smear method of spectra acquisition involved transferring a single colony onto the
target plate using a wooden applicator and allowing the smeared sample to air dry before
applying 1 µl of α-cyano-4-hydroxycinnamic acid matrix solution to the well. After the
wells were dry, the samples were analyzed as described above for the extraction method.
Model generation, validation, and classification
Bacterial strains from each genotype were randomly assigned to separate groups for
model generation, external validation, and classification (Table 1). The model generation
group spectra were input with genotypes known to the software to initially develop the
models. External validation involved inputting spectra from different isolates with
genotypes known to the software as an initial test of the model capability. Classification
involved inputting spectra with genotypes unknown to the software. The accuracy of the
models for the classification group spectra was manually calculated. Finally, a smear
classification group for each genotype was used to test the models using the smear
method of sample preparation and the resulting novel spectra. Due to a limited number of
genotype 2 strains available, the genotype 2 smear classification group included strains
previously used within the model generation groups (Table 1).
ClinProTools 3.0 software (Bruker Daltonik) was used to analyze spectra for the presence
of potential genotype specific peaks. To generate the spectra analysis models, three
classification algorithms were used including genetic algorithm (GA), quick classifier
(QC), and support vector machine (SVM). Next, flexAnalysis software (Bruker Daltonik)
was used to visually inspect the spectra from each strain to determine the presence or
absence of the discriminatory peaks from all GA, QC, and SVM models. Peaks with
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substantial discriminatory power and peak intensity were incorporated into the UNL
assisted model. The UNL assisted model was developed using the GA algorithm and
manually determining the number of peaks used and the exact m/z of peaks within the
model using the “Force Peak into Model” function within ClinProTools.
Results
ClinProTools automated models
The six automated models developed in this study are summarized in Table 2. The GA
algorithm does not compare all possible peak combinations but instead compares a
number of random combinations and the final result is the combination that most
accurately separates the generation spectra datasets. The random nature of the GA
algorithm is evident by the differences in peaks used among the GA models. Therefore,
three GA models (GA1, GA2, GA3) were developed to increase the likelihood of a GA
model determining peaks with substantial discriminatory power that may be suitable to be
included in an assisted model. As shown in Table 2, all six automated models were able
to accurately distinguish between the two M. bovoculi genotypes.
Peak visualization using flexAnalysis software
Spectra from 56 strains representing the combined library of generation (G), external
validation (Ext. V), and classify (C) groups were manually examined using flexAnalysis
software to look for the presence or absence of peaks used in each of the six automated
models (Table 3). In addition, the “mass list” function within flexAnalysis was used for
each spectra to compare the relative intensities of the respective peaks. Peaks m/z 3492,
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8580, and 9057 had 100% sensitivity and specificity between the two genotypes (Table
3).
UNL assisted model
Four mass peaks m/z 6650, 8580, 9057, and 9971 were chosen to be included in the UNL
assisted model. These peaks were chosen due to their high degree of discriminatory
power as well as their high relative peak intensity. While peak m/z 3492 had 100%
sensitivity and specificity, it was omitted from the assisted model because the average
peak intensity was much lower (data not shown). Pseudo-gel representations and spectra
views of the four peaks incorporated into the UNL assisted model are shown in Figure 1.
The UNL assisted model was 100% accurate in recognition capability, cross validation,
external validation, classification, and smear method classification (Table 2). Two
dimensional peak distributions using different combinations of the four peaks used in the
UNL assisted model show well-differentiated genotype specific strain clusters
(Supplementary Figure 1).
Discussion
Using ClinProTools software we developed six distinct automated models that were able
to accurately classify M. bovoculi strains according to known genotypes with accuracies
ranging from 90.6% - 100%. Using the peaks derived from these six models, the custom
UNL assisted model was developed and was 100% accurate across all strains using both
the extraction method and smear method of bacterial preparation. Additionally, analyzing
the spectra using the 2D peak distributions and gel views within ClinProTools showed
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the peaks used in the UNL assisted model display large discriminatory power between
genotypes.
While the extraction method has been shown to yield higher MALDI-TOF MS
identification scores when compared to the smear method,26 it is also substantially more
time consuming. Therefore, the speed of the smear method makes it an attractive
diagnostic tool provided the resulting MALDI-TOF MS spectra allows for accurate
model classification. As described above, using the smear method did not affect the
accuracy of the UNL assisted model as both the extraction and smear method resulted in
100% genotype classification.
The potential importance of manually visualizing and inspecting spectra when generating
MALDI-TOF MS classification models was highlighted in our case by the peak m/z
8580. This peak was only incorporated into one automated model (GA3) yet had
sensitivity and specificity values of 100% as well as a large relative peak intensity. This
is due to the fact that as mentioned above, the GA algorithm uses a fixed number of
random peaks combinations and chooses the best of those random combinations for the
final model. That is, the algorithm does not test all possible peak combinations. This
saves on computing time as computing all possible peak combinations for an entire
spectra would take exponentially more computing time yet this method still often results
in an accurate model. This was the case in our study as all three automated models using
the GA algorithm (GA1, GA2, GA3) had 100% accuracy regardless of spectra group or
bacterial preparation method. Despite the first three automated GA models having 100%
accuracy, it is likely that over time the UNL assisted model will prove more accurate as it
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incorporates only the “best of the best” peaks from the automated models. A much larger
collection of bacterial strains with known genotypes would be required to test this
hypothesis.
The potential effect of environmental conditions on MALDI-TOF MS results has been
previously described.27 During the smear method model evaluation portion of this study,
the relative air humidity appeared to initially effect the spectra and corresponding model
results. Bruker Daltonik recommends an operating humidity range of 15-80%. The first
attempt to analyze spectra obtained by the smear method was performed the first week of
June in Nebraska during a period of high humidity. The spectra ID scores for these
MALDI runs were abnormally low and the GA, QC, and SVM models all had accuracies
of approximately 50% for spectra genotype classification (data not shown). It was
subsequently determined that unrelated samples run on the same machine that day were
also resulting in uncharacteristically low MALDI ID scores. After a recalibration and
laser adjustment to the instrument, the MALDI spectra obtained using the smear method
resulted in library based matching ID scores (Bruker biotyper) that were substantially
higher (Supplementary Table 1) and the spectra used for the model classification results
that were reported in this paper. The original smear method spectra data and classification
results for the models from the initial attempt were not shown here as the data was
determined to be unrepresentative of a properly calibrated and tuned mass spectrometry
machine due to the humidity changes and subsequent inadequate laser operation. Our
experience in this case highlights the potential effect environmental conditions can have
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and the importance of instrument adjustment on MALDI-TOF MS results and quality
control.
The UNL assisted model developed in this study provides an accurate method of M.
bovoculi genotyping that is both time and economically efficient as it can be performed
without the need for nucleic acid-based methods and uses data that is collected during
bacterial identification. In addition, the characterization of peaks with high genotype
discriminatory power allows for the manual inspection of spectra to determine genotype
status without the need for additional software. The .XML files containing the
ClinProTools models as well as the spectra collected and described in this study are
freely available upon request by contacting the corresponding author. The UNL assisted
model has potential to serve as a valuable tool for diagnosticians, cattle producers,
veterinarians, and vaccine manufacturers in an effort to ensure that M. bovoculi strains
included in autogenous pinkeye vaccines are genotype 1. Preferential inclusion of
genotype 1 strains of M. bovoculi in an autogenous vaccine formulation may be preferred
as genotype 1 M. bovoculi appear to be more highly associated with IBK than genotype 2
strains.
The models developed in this study allow rapid genotyping but do not differentiate RTX
status. The presence of RTX operons is regarded as a putative virulence factor among
Moraxella spp.13. The relative importance of RTX toxins in IBK pathogenesis is not clear
as even genotype 1 RTX- strains have been isolated from cases of IBK, albeit at a lesser
rate than genotype 1 RTX+ strains.14 Development of a modeling system to classify
isolates as either RTX+ or RTX- would require a larger pool of known genotype 1 RTX-
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strains than is currently available. Such a model would be advantageous in the future to
assess the relative importance of RTX within the pathogenesis of IBK and also as
potential components of autogenous IBK vaccine formulations.
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Table 2. 1: Relevant isolate characteristics of the 64 M. bovoculi isolates used in this
study. Isolates were randomly assigned to the respective groups. Model group
abbreviations: G: generation, Ext. V: external validation, C: classify, SC: smear method
classify.

Table 2. 2. Spectra analysis results for each model developed in this study. Models GA1, GA2, GA3, QC1, QC2, and SVM were
automatically generated using ClinProTools software. UNL assisted model was generated by manually forcing the chosen peaks from
flexAnalysis visual inspection into a custom model using the GA algorithm and the “Force Peak into Model” function. Number in
parentheses represents the relative weight assigned to each peak within the respective model. GA: genetic algorithm, QC: quick
classifier, SVM: support vector machine.
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Table 2. 3. The presence of discriminating peaks within all genotype 1 (n=30) and genotype 2 (n=26) isolates used in the model
generation, validation, and classification steps of this study. * signifies mass peaks used in the custom UNL assisted model.
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Figure 2. 1: ClinProTools gel view of the mass peaks of m/z 6550, 8580, 9057, and 9971
representing the four peaks utilized in the UNL assisted model (Fig 1a). Spectra view of
discriminating peaks m/z 6550 (1b), 8580 (1c), 9057 (1d), and 9971 (1e). Red line:
average genotype 1 spectra. Green line: average genotype 2 spectra.
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Supplementary Figure 2. 1: ClinProTools 2D peak distribution view of all combinations
of peaks used in the UNL Assisted model using the model generation spectra. 6550 x
9057 (1a), 6550 x 8580 (1b), 6550 x 9971 (1c), 8580 x 9057 (1d), 8580 x 9971 (1e), and
9057 x 9971 (1f). Ellipses represent the standard deviation for each spectra group and
peak combination.

Isolate Number

Average Biotyper
ID score before the
machine adjustment

Average Biotyper
ID score after the
machine adjustment

Difference

68495
68499
68500
68502
68503
68504
68505
68485
68486
68487
68488
68489
68490
68492
68496

2.11
1.97
2.07
1.96
1.93
2.22
2.14
1.92
1.92
2.01
1.86
2.06
1.92
2.18
1.93

2.51
2.54
2.57
2.58
2.54
2.49
2.50
2.37
2.49
2.34
2.15
2.50
2.44
2.46
2.34

+0.40
+0.57
+0.50
+0.62
+0.61
+0.27
+0.36
+0.45
+0.57
+0.33
+0.29
+0.44
+0.52
+0.28
+0.41

Supplementary Table 2. 1: Organism (best match) average Biotyper ID scores for each isolate within the smear method classify (SC)
group before and after Bruker Daltonik performed a recalibration and laser adjustment on the machine. N = 4 spectra for each isolate.
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CHAPTER 3
MALDI-TOF MS biomarker detection models to distinguish RTX toxin phenotypes
of Moraxella bovoculi strains are enhanced using calcium chloride supplemented
agar
Hille et al., Frontiers in Cellular and Infection Microbiology (2021)
DOI: 10.3389/fcimb.2021.632647
Abstract
Moraxella bovoculi (M. bovoculi) is the bacterium most often cultured from ocular
lesions of cattle with infectious bovine keratoconjunctivitis, also known as bovine
pinkeye. Some strains of M. bovoculi contain operons encoding for a repeats-in-toxin
(RTX) toxin, which is a known virulence factor of multiple veterinary pathogens. We
explored the utility of MALDI-TOF MS and biomarker detection models to classify the
presence or absence of an RTX phenotype in M. bovoculi. Ninety strains that had
undergone whole genome sequencing were classified by the presence or absence of
complete RTX operons and confirmed with a visual assessment of hemolysis on blood
agar. Strains were grown on Tryptic Soy Agar (TSA) with 5% sheep blood, TSA with 5%
bovine blood that was supplemented with 10% fetal bovine serum, 10 mmol CaCl2, or
both. The formulations were designed to determine the influence of growth media on
toxin production or activity, as calcium ions are required for toxin secretion and activity.
Mass spectra were obtained for strains grown on each agar formulation and biomarker
models were developed using ClinProTools 3.0 software. The most accurate model was
developed using spectra from strains grown on TSA with 5% bovine blood and
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supplemented with CaCl2, which had a sensitivity and specificity of 93.3% and 73.3%,
respectively, regarding RTX phenotype classification. The same biomarker model
algorithm developed from strains grown on TSA with 5% sheep blood had a substantially
lower sensitivity and specificity of 68.0% and 52.0%, respectively. Our results indicate
that MALDI-TOF MS biomarker models can accurately classify strains of M. bovoculi
regarding the presence or absence of RTX toxin operons and that agar media
modifications improve the accuracy of these models.
Introduction
Infectious bovine keratoconjunctivitis (IBK) is the most common ocular disease in cattle
(Brown et al. 1998). IBK has a substantial economic impact including costs associated
with treatment as well as decreased weight gain in affected animals and impacts animal
welfare by causing pain and blindness (Dewell et al. 2014, Killinger et al. 1977).
Moraxella bovis (M. bovis) is the only bacterium that has reproduced IBK-like lesions in
a variety of experimental models (Aikman et al. 1985, Henson and Grumbles 1960).
Other bacteria are often associated with IBK, but so far none have produced disease
experimentally. The most notable and frequently isolated of these associated bacteria is
Moraxella bovoculi (M. bovoculi) (Angelos, Spinks et al. 2007). While M. bovoculi has
been unsuccessful at inducing IBK experimentally (Gould et al. 2013), it is more
frequently isolated from IBK lesions when compared to M. bovis, using both aerobic
culture and molecular detection techniques (Loy and Brodersen 2014, Zheng et al. 2019).
Despite the lack of proven causation for M. bovoculi in IBK to date, in 2017 the USDA
approved the first conditionally licensed M. bovoculi based vaccine product to be
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marketed for the prevention of IBK (USDA CVM code: 2A77.00, Addison Biological
Laboratory). Recently, whole genome sequencing of M. bovoculi has revealed a large
degree of diversity within the species that led to the characterization of two distinct
genotypes (genotype 1 and genotype 2) separated by over 23,000 single nucleotide
polymorphisms (Dickey et al. 2018). To date, only genotype 1 M. bovoculi have been
isolated from IBK lesions while both genotypes have been recovered from animals
without clinical signs.
Strains of M. bovis have been shown to produce an exotoxin belonging to the repeats-intoxin (RTX) class of exotoxins that is cytopathic to bovine erythrocytes and neutrophils
(Angelos et al. 2001, Clinkenbeard and Thiessen 1991). In M. bovis, this RTX toxin,
encoded by mbxA within an operon, is often referred to by several names including
cytolysin, hemolysin, or cytotoxin. RTX toxins are known virulence factors in a variety
of veterinary pathogens, including species within the family Pasteurellacea (Linhartova
et al. 2018). A well-studied example of this is the leukotoxin produced by Mannheimia
haemolytica (Frey 2019). These RTX toxins are secreted in a calcium-dependent manner
via a type I secretion system (T1SS) responsible for translocating the toxin from the
cytosol to the exterior (Linhartova et al. 2018) Like M. bovis, some M. bovoculi strains
also contain a complete RTX operon that produces an RTX toxin, cytotoxin A encoded
by mbvA (Angelos, Ball, et al. 2007). Like mbxA produced by M. bovis, mbvA of M.
bovoculi is responsible for hemolytic and lytic activity on bovine cells (Angelos, Spinks,
et al. 2007, Cerny et al. 2006). Within M. bovoculi, only the disease associated genotype
1 strains have been shown to possess the RTX operon, although not all do (Dickey,
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Schuller, Loy and Clawson 2018). Besides RTX toxins, both M. bovis and M. bovoculi
express a type IV pilus, a known virulence factor in other bacterial pathogens (Angelos et
al. 2021). These similar potential virulence factors between the two Moraxella species
highlight the relevance of continued investigation into the diversity within M. bovoculi
and how this diversity may impact IBK pathogenesis.
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDITOF MS) is an approach that is increasingly being applied to the identification of
prokaryotes and eukaryotes.(Clark et al. 2013, Karger et al. 2019, Khot and Fisher 2013,
Seng et al. 2009). MALDI-TOF MS has replaced or supplemented more traditional
biochemical identification methods as it is faster and increasingly more accurate as
databases become mature. Using spectrum profiles generated from MALDI-TOF MS,
biomarker models have been developed that are capable of differentiating subspecies and
genotypes within a given bacterial species (Loy and Clawson 2017, Mani et al. 2017,
Perez-Sancho et al. 2018). Recently, a MALDI-TOF biomarker model was developed
that accurately distinguishes M. bovoculi genotypes 1 and 2 (Hille et al. 2020). This
model allows for the screening of strains for potential disease associated genotypes
without the need for genome sequencing.
Genotype 1 M. bovoculi strains isolated from IBK associated eyes have been found with
a higher frequency of the RTX operon than those isolated from unaffected eyes (Dickey,
Schuller, Loy and Clawson 2018). While it can be suspected based on a hemolytic
phenotype, confirming the presence or absence of an RTX operon requires PCR or
genomic sequencing (Angelos et al. 2003). In this study we evaluated the utility of
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MALDI-TOF MS biomarker models to accurately classify M. bovoculi strains regarding
the presence or absence of an RTX operon among strains that had previously undergone
whole genome sequencing and thus whose RTX operon status was known. Such a model
would allow for an additional screening tool to characterize strains more likely to
represent disease associated strains.
In addition to traditional tryptic soy agar (TSA) with 5% sheep blood agar culture
conditions, we also compared biomarker model accuracies using three additional growth
agar formulations to determine if agar formulation could improve model accuracy. The
hemolytic activity of hemolysin produced by M. bovis has been shown to decrease when
extracellular calcium is rendered unavailable (Billson et al. 2000, Clinkenbeard and
Thiessen 1991). Calcium has also been shown to promote efficient post translational
modification and excretion of RTX toxins from the cell via the T1SS in Bordetella
pertussis (Bumba et al. 2016). We hypothesized calcium may be a limiting factor in the
production of RTX for M. bovoculi using the traditional culture conditions. Additionally,
in the authors’ experience, Moraxella sp. isolated from cattle grow subjectively better on
agar that utilizes bovine red blood cells vs traditional sheep’s blood agar.
Material and methods
Bacterial strains
The 90 M. bovoculi strains used in this study had previously been identified to the species
level using both PCR and MALDI-TOF MS techniques as previously described (Loy and
Brodersen 2014, Robbins et al. 2018). The strains also underwent whole genome
sequencing which enabled characterization to the genotype level as well as the presence
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or absence of an RTX operon element (Dickey et al 2018). Included were 45 genotype 1,
RTX negative and 45 genotype 1, RTX positive strains obtained from a total of 18
different states within the US (Table 1). Hemolytic activity on blood agar containing 5%
sheep blood was confirmed for all RTX positive strains and was absent in all RTX
negative strains. All 90 strains were used in the models developed from TSA with 5%
sheep erythrocytes and a subset of 70 strains were used in the models developed from
TSA with 5% bovine erythrocytes.
Culture conditions
From a library of frozen stocks, M. bovoculi strains were plated on either TSA (Becton,
Dickinson & Company, Sparks, MD) with 5% sheep blood (Remel, Lenexa, KS) or TSA
with 5% defibrinated bovine blood (Colorado Serum Company, Denver, CO).
Additionally, the agars using bovine blood were supplemented with either 10% fetal
bovine serum (Colorado Serum Company), 10 mmol CaCl2 (Fisher Scientific, Waltham,
MA), or both. After the strains were plated they were incubated in 5% CO2 at 37° C for
24 hours prior to being passed once on the same agar formulation for an additional 24
hours prior to MALDI-TOF MS analysis.
MALDI-TOF MS
MALDI-TOF MS spectra were obtained for each of the strains listed in Table 1 according
to the manufacturer’s recommendation using the formic acid-ethanol extraction method
that has previously been described (Hille, Dickey, Robbins, Clawson and Loy 2020, Khot
et al. 2012). Spectra were collected on a linear MALDI-TOF MS (Bruker microflex,
Bruker Daltonik, Billerica, MA) using settings and calibrations as described previously
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(Hille, Dickey, Robbins, Clawson and Loy 2020). For the sheep’s blood media models,
strains were spotted three times on the target plate and analyzed once for each spot well
resulting in three spectra per strain. For the bovine blood models, the strains were spotted
five times each and analyzed twice per well resulting in 10 spectra per strain. This
yielded a total of 970 unique spectra being analyzed for this study.
Biomarker models
ClinProTools 3.0 software (Bruker Daltonik) was used to analyze the spectra for the
presence of RTX phenotype specific, discriminatory peaks. To develop biomarker
models, three spectra classification algorithms were used that included support vector
machine (SVM), genetic algorithm (GA), and quick classifier (QC) methods. M. bovoculi
strains were randomly assigned to separate groups according to RTX status to develop
the biomarker models which included model generation, model validation, and model
classify groups (Table 1). Spectra from the model generation groups were input into
ClinProTools 3.0 software (Bruker Daltonik) according to their known RTX status to
develop the models. The model validation step used spectra that were input with the RTX
status known to the software as a test of accuracy of the developed models. Finally, the
classification step involved inputting spectra with genotypes unknown to the software
and allowing the models to classify them. The accuracy of the models to classify spectra
was then calculated manually based on individual spectra as well as using the majority
classification from a strain’s spectra profile. When the study was expanded to assess
different agar formulations, the number of isolates used in the model classification groups
was reduced by 10 for each genotype to minimize the extra culture time and
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computational power required to do the study yet still allow for accuracy comparisons
across all models. The isolates removed were chosen at random and resulted in a total of
70 isolates being used for the bovine blood agar portion of the study as opposed to the 90
isolates used in the sheep blood agar portion. When a model classified half of the spectra
from a given strain as RTX – and half of the spectra as RTX +, this was counted as an
incorrect classification by the model. Sensitivity, specificity, negative predictive value,
and positive predictive value were also calculated manually using the genomic
sequencing RTX classification as the gold standard.
Results
TSA + 5% sheep blood SVM model
The SVM method proved the most accurate for this study overall and is the focus of the
remainder of the paper. The parameters and accuracy of all models developed in this
study across all culture conditions and biomarker model development methods are
included as supplementary material (Supplementary Table 1). The SVM model
developed using TSA + 5% sheep blood yielded individual spectra classification
accuracies of 50.7% for RTX – strains and 66.6% for RTX + strains (Table 2). In terms
of the presence or absence of RTX, these statistics would correlate to specificity and
sensitivity, respectively, when interpreting the model result as a diagnostic assay. When
all spectra for an individual strain were classified, and the majority model classification
was used for the final strain phenotype interpretation, these accuracy values increased
slightly to 52% for RTX -, and 68% for RTX + strains. This equates to a negative
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predictive value of 61.9% and a positive predictive value of 58.6% when using the
majority classification.
TSA + 5% bovine blood + 10 mmol CaCl2 SVM model
We tested the same MALDI-TOF MS biomarker model development methods using
strains grown on TSA + 5% bovine blood supplemented with either 10% fetal bovine
serum (FBS), 10 mmol CaCl2, or both. The addition of CaCl2 alone to the bovine blood
agar resulted in the most accurate model (Table 2). The two most common peaks
incorporated into the models in this study had m/z values of at or very near 3971 and
7530 (Supplementary Table 1). Using these peaks, when we examine 2-dimensional plots
within ClinProTools 3.0, the different culture conditions show more defined clustering
and less overlap in the spectra of strains grown on bovine blood plates with CaCl2 when
compared to those grown on the sheep blood plates (Figure 2).The models developed
incorporating FBS are summarized in the supplementary material (Supplementary Table
1). Using the bovine blood agar and 10 mmol CaCl2, the specificity and sensitivity
increased to 73.3% and 93.3% respectively (Table 2). Additionally, the negative
predictive value and positive predictive value increased to 91.7% and 77.8% respectively.
All the CaCl2 supplemented bovine blood plates displayed subjectively larger colonies
with a more visually prominent zone of hemolysis suggesting either an overall increase in
RTX production per bacterial cell, an increase in RTX hemolytic activity, an increase in
cellular division, or a combination of the three (Figure 1). The most discriminatory peaks
incorporated into the models in this study often had subtle differences between RTX
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groups that were not always easily discernible by visually examining the spectra alone,
regardless of the agar formulation used (Figure 3).
Discussion
Here we have described a group of biomarker models developed using ClinProTools 3.0
software that are capable of correctly phenotyping most M. bovoculi genotype 1 strains
for RTX. Across all models, the RTX phenotype specificity ranged from 26.7% - 86.7%
while the sensitivity ranged from 46.7% - 93.3%. The most accurate model overall was
the SVM model developed using strains grown on TSA + 5% bovine blood supplemented
with 10 mmol CaCl2, which had a specificity and sensitivity of 73.3% and 93.3%,
respectively. Regardless of the biomarker model algorithm used, the usage of agar
incorporating bovine blood and CaCl2 substantially outperformed sheep blood agar.
Since secretion of RTX toxins utilizes a calcium-dependent T1SS, the extra calcium may
result in an overall increase in RTX production, although confirming this would require
more investigation and was outside the scope of this study. Additionally, mammalian
erythrocytes vary in the composition of their membranes (de and Van Deenen 1961), and
the species of erythrocyte has shown to affect activity of other toxins (Bhakdi et al.
1984). This increase in hemolysis may increase nutrient or other factor availability that
enhances model performance.
MALDI-TOF MS biomarker models often highlight discriminatory peaks between
groups of spectra that are different enough in their m/z value that they can be discerned
even without the use of computer models. For instance, within M. bovoculi a strong peak
at 9057 m/z is specific for genotype 1 whereas a peak at 6550 m/z is specific for
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genotype 2 (Hille, Dickey, Robbins, Clawson and Loy 2020). Having strong
discriminatory peaks such as these allows those without ClinProTools 3.0 software to
differentiate groups by manually examining spectra. This was not the case for the current
study and highlights the need for biomarker models and their algorithmic approach to
analysis when spectra peak differences may be subtle between groups.
The SVM model developed in this study using bovine blood agar and CaCl2 provides an
efficient method of RTX phenotyping for M. bovoculi without the need for PCR or
genomic sequencing. A negative predictive value of 91.7% means that RTX – strains can
be classified accordingly with acceptable accuracy. While the importance of RTX toxins
in the pathogenesis of IBK is not fully known, they are regarded as likely important
virulence factors and RTX + strains are overrepresented in cases of IBK (Angelos, Ball
and Hess 2007, Dickey, Schuller, Loy and Clawson 2018). The ability to classify RTX –
strains in this manner may prove beneficial in the formulation of autogenous vaccines for
IBK as this will allow vaccine manufacturers to eliminate any RTX – strains from
consideration and include only strains that are more likely to represent disease associated,
RTX + strains within the vaccine formulation. With hemolysis shown to be RTX
mediated in M. bovis, an RTX phenotyping MALDI-TOF MS biomarker model for M.
bovis analogous to the one described here for M. bovoculi, would provide the same utility
for vaccine formulations that choose to include M. bovis. Developing an M. bovis model
would benefit from a library of sequenced M. bovis isolates whose RTX status is defined,
unless hemolytic activity alone was used to assume RTX status. Here, we focused solely
on M. bovoculi given our in-house library of previously sequenced isolates in order to
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examine the biomarker phenotyping proof-of-concept since the known presence of RTX
components allowed us to avoid using hemolysis alone to classify RTX presence. In
addition to its relevance to IBK, this study also serves as a blueprint of methods and
proof-of-concept for utilizing MALDI-TOF MS spectra and biomarker models to
distinguish strains of bacteria based on their ability to produce secreted exotoxins. Such
methods could prove beneficial in differentiating other bacterial pathogens of both
humans and animals that possess secreted exotoxins as virulence factors. Beyond being a
proof-of-concept, the methods described here also reduce the time required to classify a
M. bovoculi isolate by RTX status based solely on hemolysis. The gross appearance of
hemolysis is often not readily apparent until 48 hours of growth while the MALDI-TOF
MS biomarkers models we developed here use colonies that were grown for only 24
hours.
A major limitation for this study is the inability to assure only a single variable, in this
case RTX presence or absence, differentiates the groups of isolates. It is possible that
some of the peaks incorporated into the models developed here represent isolate
components unrelated to RTX itself. We have mitigated the likelihood of this limitation
affecting the overall study interpretation by: 1) utilizing only genotype 1 strains for the
entire study, and 2) incorporating a large number of isolates and spectra within each
group, and 3) utilizing geographically diverse populations of isolates for both RTX status
groups.
Project funding
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Group

Strain Number

RTX +/-

State

Model Generation

57909
58026
58036
58058
58065
58079
58094
58122
60479
68507
57851
57855
57904
57917
57922
58001
58015
58027
58080
58119
57861
57876
57923
58034
58054
58075
58090
60476
68485
68511
57860
57870
57884
57891
57993
58030
58035
58053
58063
58088
57881

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

Nebraska
Oklahoma
Iowa
Nebraska
Indiana
Kansas
Nebraska
Nebraska
Nebraska
Nebraska
Montana
Ohio
California
Nebraska
Indiana
Montana
Illinois
Virginia
Minnesota
Nebraska
South Dakota
Nebraska
Minnesota
Nebraska
Kansas
Nebraska
Illinois
Nebraska
Nebraska
Nebraska
Iowa
Nebraska
Indiana
Wisconsin
Nebraska
Kansas
Illinois
Montana
Minnesota
Minnesota
Nebraska

Model Validation

Model Classify

70
57883
58028
58047
58067
58086
58123
60481
68486
68512
68513
68542
68552
68554
68555
58029*
58037*
58044*
58055*
58091*
58108*
60478*
68528*
68529*
68541*
57854
57863
57865
57879
57894
57903
57905
57906
57918
57919
58009
58016
58039
58097
58101
57857*
57871*
57873*
57878*

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Nebraska
South Dakota
Virginia
Nebraska
Virginia
Iowa
Nebraska
Nebraska
Nebraska
Nebraska
Nebraska
Nebraska
Nebraska
Nebraska
Wisconsin
Nebraska
Oklahoma
Kansas
Nebraska
Nebraska
Nebraska
Nebraska
Nebraska
Nebraska
Nebraska
Indiana
Nebraska
Oklahoma
Kansas
California
Iowa
Montana
North Dakota
Washington
Montana
Illinois
Kansas
South Carolina
Ohio
Texas
Nebraska
Nebraska
Nebraska

71
57887*
57892*
57894*
58010*
58011*
58069*

+
+
+
+
+
+

Wisconsin
Indiana
Kansas
Tennessee
Illinois
Nebraska

Table 3. 1: The biomarker model group, RTX status, and state of origin for the 90 M.
bovoculi strains used in this study. All strains were used in the development of models
using TSA + 5% sheep erythrocytes. Strain numbers with an asterisk signify strains
omitted from the TSA + 5% bovine erythrocyte model development portion of this study.
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Culture Conditions

Recognition
Cross Validation
RTX – External Validation
RTX + External Validation
RTX – Classify per spectra
RTX + Classify per spectra
RTX - Classify majority
spectra
RTX + Classify majority
spectra
NPV: Classify majority
spectra
PPV: Classify majority
spectra

TSA + 5% sheep
rbc

TSA + 5% bovine
rbc + 10 mmol
CaCl2

100%
91.69%
23.3%
83.3%
50.7%
66.6%

100%
99.23%
67%
83%
67.3%
90%

52%

73.3%

68%

93.3%

61.9%

91.7%

58.6%

77.8%

Table 3. 2: Accuracy of SVM models developed in this study using TSA + 5% sheep blood
and TSA + 5% bovine blood supplemented with CaCl2. NPV: negative predictive value.
PPV: positive predictive value.

Figure 3. 1: Representative back-lit blood agar plates streaked with strain #57905 after 48 hours incubation in 5% CO2 at 37 °C on
TSA with 5% sheep blood (A) and TSA with 5% bovine blood and 10 mmol CaCl2 (B). Care was taken to ensure the thickness of the
bovine blood agar within the petri dish was like that of the commercial sheep blood agar.
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Figure 3. 2: ClinProTools 3.0 2-D plots incorporating the two most common and highest weighted peaks in the study. A: M. bovoculi
strains grown on TSA + 5% sheep blood. B: M. bovoculi strains grown on TSA + 5% bovine blood with 10 mmol CaCl2. Red X: RTX
– strains. Green circle: RTX + strains.
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Figure 3. 3: Spectra of the two most discriminatory peaks 3971 m/z and 7530 m/z, compared between the sheep blood agar and bovine
blood agar plus CaCl2 formulations. Red line: average RTX – spectra for the group of model classify strains. Green line: average RTX
+ spectra for the group of model classify strains.
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SVM

GA

QC

Peaks Used (m/z)

21630.98
22431.00
39701.93

39701.73
21630.55
30300.66
69550.66
22430.48

3484
3970
6405
6621
6970
7010

Recognition Capability
Cross Validation
RTX – External
Validation
RTX + External
Validation
RTX – Classify per
spectra
RTX + Classify per
spectra
RTX – Classify
majority
RTX + Classify
majority

100%
91.69%

100%
98.36%

91.67%
88.30%

23.30%

26.70%

20%

83.30%

83.30%

90%

50.70%

68%

64%

66.60%

69.30%

72%

52%

68%

60%

68%

72%

72%

SVM

GA

QC

Peaks Used (m/z)

34230.46
51410.52
52600.60
64060.50
64920.46
66380.65
74950.84
75320.83
83180.48
85700.45
102420.44
109100.65
150500.66

106720.2
32200.09
69560.39
51420.23
87970.34

3451
7532

Recognition Capability
Cross Validation

100%
94.98%

99.50%
93.27%

80%
78.11%

TSA + 5% sheep
blood

TSA + 5% bovine
blood + 10% FBS
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RTX – External
Validation
RTX + External
Validation
RTX – Classify per
spectra
RTX + Classify per
spectra
RTX – Classify
majority
RTX + Classify
majority

69%

75%

73%

65%

73%

63%

80.70%

69.30%

75.30%

55.30%

55.30%

70.70%

86.70%

73.30%

86.70%

46.70%

46.70%

80%

SVM

GA

QC

Peaks Used (m/z)

39721.64
42110.78
61950.74
67970.72
73970.62
75341.08
119450.74
150601.08

21630.70
33110.14
39721.53
93761.01
150601.06

2869
3972
4211
4307
7397
7534
10676

Recognition Capability
Cross Validation
RTX – External
Validation
RTX + External
Validation
RTX – Classify per
spectra
RTX + Classify per
spectra
RTX – Classify
majority
RTX + Classify
majority

100%
99.23%

100%
100%

98.5%
96.49%

67%

53%

80%

83%

99%

72%

67.3%

59.3%

48.7%

90%

87.3%

70.7%

73.3%

60%

53.3%

93.3%

93.3%

80%

SVM

GA

QC

39701.22

29060.39

3309

TSA + 5% bovine
blood + 10 mmol CaCl

Peaks Used (m/z)
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43380.64
56510.55
67930.60
75301.06
138540.59
150540.95

39701.46
43380.48
50580.38
75291.06

TSA + 5% bovine
blood + 10% FBS + 10
mmol CaCl

3970
4209
4711
5651
6622
6793
7529
8610
15054

Recognition Capability
Cross Validation
RTX – External
Validation
RTX + External
Validation
RTX – Classify per
spectra
RTX + Classify per
spectra
RTX – Classify
majority
RTX + Classify
majority

100%
96.91%

100%
100%

92.05%
90.47%

51%

41%

54%

98%

91%

98%

41.30%

48.70%

24.6%

96.70%

90.00%

94.7%

33.30%

46.70%

26.7%

93.30%

86.70%

93.3%

Supplementary Table 3. 1: Model parameters and accuracy statistics for RTX phenotype
classification of all models developed in this study. Superscript numbers signify relative
weights of each peak within the respective SVM and GA models. SVM: support vector
machine. GA: genetic algorithm. QC: quick classifier.
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CHAPTER 4
A 5 year randomized control trial to assess the efficacy and humoral response of
commercial and autogenous vaccines for the prevention of infectious bovine
keratoconjunctivitis
A manuscript to be submitted for publication in Animals
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Abstract
A randomized control trial was performed each year from 2016 through 2020 to assess
the efficacy and antibody response induced by autogenous and commercial vaccine
formulations against infectious bovine keratoconjunctivitis (IBK). The trial utilized a
cow/calf herd housed at the Eastern Nebraska Research, Extension, and Education Center
(ENREEC) that has historically experienced a high incidence of IBK in calves during the
summer. Calves were randomly assigned each year to receive either an autogenous
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vaccine, a commercial vaccine, or a sham vaccine that consisted only of adjuvant. A total
of 1,198 calves were enrolled in the study. Calves were administered the vaccines
according to label directions approximately 21 days apart, just prior to turnout to summer
pastures. Treatment effects were analyzed for IBK incidence, retreatment incidence, 205
day adjusted weaning weights, and antibody response to the type IV pilus protein (pili) of
Moraxella bovis (M. bovis) as measured by a novel indirect enzyme linked
immunosorbent screening assay (ELISA). No significant differences were observed
between any of the treatment groups in cumulative IBK incidence (P = 0.27) or IBK
retreatments (P = 0.21). Calves receiving the autogenous vaccine developed a stronger
antibody response to a full-length recombinant pili (rPilA) antigen (P = 0.001), but the
antibody levels were not significantly correlated to protection from IBK (P = 0.25). The
results of this study indicate that in this herd, the protective effect of IBK for the
autogenous or commercial vaccine formulations did not differ significantly from that of
the sham vaccine.
Introduction
Infectious bovine keratoconjunctivitis (IBK) is the most commonly diagnosed ocular
disease of cattle.1,2 Cattle producers, veterinarians, and lay persons refer to the disease
simply as “pinkeye”, although this colloquial term can include non-infectious diseases of
the eye such as foreign bodies, trauma, or intraocular diseases. The subjectivity of the
term pinkeye may be due to a lack of a widely accepted case definition for IBK. Clinical
signs for IBK often include epiphora, blepharospasm, conjunctival swelling, and
photophobia with more severe cases including corneal ulceration, buphthalmos, and

81
potentially rupture of the globe.3,4 Recently, an epidemiological case definition was
proposed for IBK that included; a disease with high morbidity (at least 2% in calves or
0.6% in adult animals) that rapidly disseminates within a herd (average time course of 30
days), with animals displaying clinical signs that are restricted to the eye(s) to include
keratitis and/or conjunctivitis, with at least 10% of the lesions displaying corneal
ulceration.4 IBK has a significant impact on the cattle industry due the need for
antibiotics, labor required for carrying out treatments, decreased feed efficiency,
decreased average daily gain, costs associated with prevention strategies, and animal
welfare concerns.1,5,6
To date, Moraxella bovis (M. bovis) is the only bacterium with a proven causal
relationship to IBK, with the disease being reproduced experimentally after ocular
inoculation of cattle.7,8 A closely related Gram negative bacterium, Moraxella bovoculi
(M. bovoculi) is isolated from IBK lesions with a greater frequency than M. bovis9, but
thus far has failed to produce IBK-like disease in an experimental model.10 Additionally,
there are other bacteria and viruses that are occasionally associated with IBK outbreaks,
but they too lack proof of causation for IBK. The most notable of these other associated
agents are Mycoplasma bovoculi and bovine herpesvirus-1, both of which appear capable
of inducing ocular disease, but with clinical signs that differ slightly from those most
frequently associated with IBK.11,12
Utilizing vaccination as a prevention strategy for IBK is relatively common among
producers within the United States. There are numerous fully USDA licensed M. bovis
based commercial vaccines available, a single conditionally approved M. bovoculi based
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vaccine (USDA CVM code: 2A77.00, Addison Biological Laboratory, Inc. # 355), as
well as laboratories that offer custom autogenous vaccine formulations that can include a
variety of antigens.13 Studies examining the efficacy of these vaccines in field trials have
historically had mixed results, even occasionally exhibiting an increase in IBK incidence
among vaccinated animals compared to unvaccinated animals.14-18 Organisms that are
often associated with IBK lesions, yet remain unproven as causative agents, suggest the
disease may be multifactorial in terms of etiology and this may explain the lack of
efficacy seen with vaccines that use a limited number of antigens. Vaccines that use a
large number of antigens within a formulation may be inhibiting the response to
individual antigens as well. This phenomenon has been previously shown in a study that
examined antibody titers in animals vaccinated with monovalent or multivalent fimbrial
antigens, some of which included fimbriae from a strain of M. bovis.19 In this study, the
antibody levels to individual antigens decreased as the number of fimbrial antigens in the
vaccine increased. There may also be other factors such as virulence factors, and
environmental or host associated risk factors that have yet to be discovered. Additionally,
recent work in Moraxella spp. obtained from bovine eyes has shown substantial genetic
diversity within, and between species, as well as evidence of intraspecies
recombination.20,21 Taken together, these facts point to a large number of possible
etiologies for IBK, and thus a large number of potential vaccine antigen candidates.
Both M. bovis and M. bovoculi express a type IV pilus (pili) protein that enable the
bacteria to adhere to the corneal surface.22-25 Pili have been shown to play a critical role
in the formation of biofilms by M. bovis.25 Given the relatedness of the species, the ocular
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microenvironment in which they inhabit, and the evidence for pili in M. bovoculi, the
same pili role is likely true for M. bovoculi, although this has not been confirmed. Seven
serogroups have been described with respect to M. bovis pili, and protection from disease
in a challenge model using pili based vaccines was shown to be serogroup specific.26,27 In
a separate study, animals vaccinated with a monovalent M. bovis vaccine and challenged
with isolates from the same serogroup, had isolates recovered from the eyes 6 days later
that expressed pili of a different serogroup, presumably as a result of immunological
pressure.28 Two forms of the M. bovis pilus protein, Q (quick) and I (intermediate) have
been shown to be the result of gene inversion of the pilus gene.29,30 The Q form has been
shown to be more efficient in corneal attachment and therefore, more pathogenic. These
two forms further increase the variability of antigens possible for M. bovis. An
exceptionally large repertoire of surface antigens that can be variably expressed poses a
potentially severe obstacle to efficacious vaccine development. Too few antigens within a
formulation would be problematic if the antigens do not produce sufficient cross
reactivity, whereas too many antigens within a formulation runs the risk of minimizing
the immune response to antigens individually.
The objective of this study was two-fold. First, a randomized controlled trial was
designed to examine potential differences in efficacy, measured by cumulative IBK
incidence, among calves vaccinated according to label indications using a commercial
vaccine, an autogenous vaccine, or a sham vaccine containing adjuvant only. IBK
incidence was the primary outcome studied. Detailed health records for the calves also
allowed us to examine secondary outcomes including vaccine effect on IBK treatment
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success and weaning weight. Additionally, we obtained serum samples before and after
vaccination treatments that we used to assess vaccine treatment effect on the IgG
antibody response to M. bovis antigens. If the vaccines showed no differences in IBK
incidence, comparing the antibody response induced by the different vaccine
formulations could potentially determine whether the lack of efficacy was due to a
vaccine failure, or a vaccine response failure. In this context, a vaccine failure could be
concluded if the vaccinates responded to the vaccine with a strong antibody response, yet
the response was not protective. A vaccine response failure could be concluded if only a
fraction of animals had an antibody response, yet those that responded were protected
from disease. We chose to examine the response to M. bovis pili as it was present in both
vaccine formulations and the pili of M. bovis has been well characterized. We examined
the antibody response to both the whole type IV pilus protein in recombinant form, as
well as to six different possible variable regions within the pilus protein. If a particular
vaccine formulation were to promote a more robust antibody response to this known M.
bovis virulence factor, this knowledge would be beneficial in guiding current vaccine
strategy use, as well as help shape the formulation of future vaccines.
Materials and methods
Animals and data collection
The calves used for this study were the annual offspring of a beef teaching herd owned by
the University of Nebraska-Lincoln that are housed and managed at the Eastern Nebraska
Research, Extension, and Education Center (ENREEC) in Saunders County, Nebraska.
The number of calves enrolled in the study each year varied as a result of normal beef
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cow herd management and encompassed 1,198 calves in total, averaging 240 per year.
The breed of calves was composed of approximately 18% purebred Angus, 1%
Simmental, and 81% cross-bred with varying genetic influences of Angus, Red Angus,
Simmental, and Gelbvieh breeds. The age of calves at the initial vaccination ranged from
10 to 98 days. The calves were monitored for clinical signs of IBK by ENREEC staff
throughout the grazing period and IBK cases were recorded on the date they were
observed. The ENREEC staff all had previous personal experience recognizing disease in
cattle and were provided specific training regarding the diagnosis of IBK for this study.
For this study, a diagnosis of IBK was made in animals that displayed clinical signs
confined to the eye(s) that included; corneal edema, conjunctivitis, epiphora,
blepharospasm, corneal ulceration, or corneal neovascularization. The data of interest for
this study that were collected for each calf included calf ID number, date of birth,
incidence(s) of IBK by date, sex, hide color, breed, and weaning weight. Weaning
weights were used to calculate 205 day adjusted weaning weights that were standardized
for calf age and age of the dam per Beef Improvement Federations recommendations.
Calves that died for any reason prior to weaning, were excluded from analysis. Data from
years that exhibited a burden of IBK consistent with the epidemiologic case definition
proposed by Kneipp4 was included in the final analysis. Data from 2016 and 2018 was
therefore omitted due to a low incidence of IBK during those years. All calves were
treated with a macrolide antibiotic in the summer of 2018 due to an outbreak of
pneumonia, which most likely affected the incidence of IBK that year. The number of
calves included in the final data analysis from 2017, 2019, and 2020 totaled 672. The
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protocols involved in this study were reviewed and approved by the Institutional Animal
Care and Use Committee of the University of Nebraska (#1174).
Vaccine treatments
In 2016, calves were randomly assigned to one of the three vaccine treatment groups. In
the following years, maternal half siblings received the same vaccine treatment as their
dam. Eligible calves were examined and ensured to be free of IBK-like lesions prior to
study enrollment. The calves received either 2 mL of a commercially available M. bovis
vaccine per label instructions (Boehringer Ingelheim Vetmedica, St. Joseph, MO), 3 mL
of a custom autogenous vaccine containing M. bovis, M. bovoculi, and Mycoplasma
bovoculi antigens with a proprietary oil-in-water adjuvant emulsion per label instructions
(Phibro Animal Health Corporation, Teaneck, NJ), or 3 mL of a sham vaccine containing
only the oil-in-water adjuvant to match the highest dosage volume of vaccine (Phibro
Animal Health Corporation). Isolates included in the annual autogenous vaccine
formulation were chosen based on surface protein electrophoresis conducted by the
vaccine manufacturer and biotyping results using matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-TOF MS) profiles. The utility of
MALDI-TOF MS biotyping based on a mean spectrum profile (MSP) dendrogram has
been previously described.31 Isolates with differing profiles were used to maximize
antigenic diversity within the vaccine. In subsequent years, calves received the same
vaccine treatment as their dam when possible. When cows were culled, the calf from the
replacement cow received the same vaccine treatment as the culled cow line to keep
vaccine treatment numbers close to the same year-to-year. When the herd of cows was
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expanded in a given year, new animals were randomly assigned to a vaccine treatment
group. Animals were processed individually in a hydraulic squeeze chute and the
vaccines administered subcutaneously in the neck according to label directions. Animals
received an initial dose of their respective vaccine treatment, followed by a second dose
approximately 21 days later. The timing of the second dose varied slightly (+/- 5 days)
depending on staff availability and weather. Blinding of the cattle processing staff was
achieved by a third party transferring the vaccines to bottles without identifying
information that were labeled either treatment 1, treatment 2, or treatment 3. Treatment
number assignments were randomized each year and the key to treatment assignments
was held by a third party. Purebred calves were grazed separately until the end of the
breeding season in early to mid-July, after which all calves were comingled throughout
the remainder of the grazing period. The herd was split into grazing groups per the
normal grazing management protocol of the farm without regard to the vaccine treatment
group of any of the calves.
Blood collection
Paired serum samples were obtained from a subset of 20 calves from each treatment
group, each year. The first serum sample was obtained immediately preceding the first
dose of vaccine treatment and the second serum sample was obtained 2-3 weeks after the
second vaccine dose. Each animal’s head was restrained using a halter and serum samples
were obtained from the jugular vein. Whole blood was allowed to clot, then centrifuged
to allow harvesting of the serum which was then stored at -80°C until testing.
Moraxella bovis pilA sequencing and alignments
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Twenty-eight Moraxella bovis strains selected for whole genome sequencing were
cultured from frozen stocks on chocolate agar plates containing 1% bovine hemoglobin
and growth/nutrient supplements (Hardy Diagnostics, Santa Maria, CA, USA) at 37 C
with 5% CO2. The strains were passaged on chocolate agar twice, followed by single
colony inoculation into liquid BHI (pH 7.3). Most strains were inoculated into 50 mL
BHI and cultured with shaking at 37 C with 5% CO2, then harvested at an O.D. of
approximately 0.4, however, some were inoculated into 2 mL BHI, cultured for several
hours, and then transferred to 50 mL BHI where they were also harvested at an OD of
0.4. Genomic DNA was extracted from the isolates using Qiagen 100/G gravity-flow
anion-exchange columns (Qiagen, Valencia, CA, USA) according to the manufacturer’s
instructions and previously described modifications.32 Single molecule real-time libraries
were constructed using either a SMRT Bell 1.0, 10-20 kbp prep kit for sequencing on a
PacBio RSII instrument, or a SMRT Bell Express Template prep kit 2.0 for sequencing
on a PacBio Sequell instrument, according to the manufacturer’s instructions (PacBio
Biosystems, Menio Park, CA, USA).
Whole genome assembly was initiated with either PacBio RS HGAP Assembly version 3
or 4. In both cases, an expected genome size of 2.5 MB or larger was used for the
assembly based on the 2.8 MB genome size of M. bovis strain Epp63 (CP030241). Single
contigs generated by the assemblies of that approximate length were checked for
accuracy in terms of both sequencing errors and their ability to be closed, by mapping
PacBio sequence reads used for assembly of the contig on to it in Geneious Prime
(version 2021.2.2 or earlier). The mapped reads on each end of HGAP 3 assembled
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contigs were used to identify redundant sequence that indicated redundant coverage of a
circular chromosome. For HGAP 4 assembly contigs, mapped reads at the end of the
contig were used to check that the chromosome had been closed correctly in the assembly
process. Also, within Geneious Prime, pilA sequence within contigs of the 28 strains was
identified with either a blast search using the pilA sequence of M. bovis strain Epp63, or
searches using smaller portions of pilA. Once pilA was located on a contig, a check was
done for sequencing errors including homopolymers, and other anomalies, at the relevant
contig site using the mapped PacBio reads for each sequenced strain. The pilA sequence
for each strain was then extracted from the contig and placed into MacVector (version
18.1.5 or earlier) and translated into protein sequence. An alignment of pilA protein
sequence from the 28 isolates sequenced in this study, as well as Epp63, and eight
available M. bovis pilA protein sequences in NCBI, was generated in MacVector using
ClustalW.
Enzyme Linked Immunosorbent Screening Assays
An indirect enzyme linked immunosorbent screening assay (ELISA) was developed to
screen serum from a subset of calves (N = 15/treatment/year) for the presence of IgG
immunoglobulins specific for the type IV pilus protein of M. bovis strain Epp-63 (300)
(Epp63).33 A custom full length recombinant protein (rPilA) (GenScript USA Piscataway,
NJ), with a total length of 157 amino acids was used as target antigen for the rPilA
ELISA. A 38 amino acid section of the pilus sequence was randomly scrambled, and a
synthetic peptide with the scrambled sequence (GenScript USA) was used as negative
control antigen. Additionally, the pilus sequence of Epp63 obtained from a previous
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project, 33 was compared to an additional 36 newly sequenced M. bovis isolates. Among
the 37 isolates, a variable region spanning amino acids 61-70 was identified and six
different sequences were represented among the group at this location (Supplementary
Figure 1). This variable region was predicted to be a likely B cell epitope by BepiPred 2.0
epitope predicting software (http://www.cbs.dtu.dk/services/BepiPred/index.php).34
Synthetic peptides 13 amino acids in length were developed (GenScript USA) for each of
the six possible sequences at this location including several amino acids that flanked the
variable region. The rPilA ELISA protocol was adapted to utilize these pilus peptides as
antigen in order to screen for potential variability in antibody response to the six
sequence variants. The sequences of antigens for both the rPilA and peptide pilus ELISA
are summarized in Table 1.
A more detailed discussion of the ELISA protocol, troubleshooting, and validation steps
is described in appendix A. Briefly, Immulon 2 HB 96 well flat bottom plates (Thermo
Fisher Scientific, Waltham, MA) were coated with 100 µl of 10 µg/mL (1 µg) of antigen
in phosphate buffered saline (Thermo Fisher) with 0.05% w/v NaN3 (Sigma Aldrich, St.
Louis, MO) and incubated overnight at 4°C. Remaining binding sites within the wells
were blocked with 135 ul of ChonBlock buffer (Chondrex Inc., Woodinville, WA) for
one hour at room temperature. Serum samples diluted 1:400 (rPilA) or 1:200 (pilus
peptides) in ChonBlock buffer (Chonrex Inc.) to a final volume of 100 µl were incubated
for two hours at room temperature. Secondary antibody steps used 100 µl of a 1:5,000
dilution of peroxidase-conjugated rabbit anti-bovine IgG (H+L) (Jackson
Immunoresearch, West Grove, PA) in ChonBlock detection antibody buffer (Chondrex,
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Inc.) incubated for 1 hr at room temperature. A 100 µl volume of 3,3’,5,5’tetramethylbenzidine substrate (Seracare Life Sciences, Milford, MA) was introduced to
each well and the plate was placed on a plate rocker for 10 minutes at room temperature.
After ten minutes, the peroxidase reaction was stopped by the addition of 100 µl of 2M
H2SO4 (Sigma Aldrich). Light absorbance results, as measured by optical density (OD)
were obtained using an Epoch2 microplate reader (BioTek, Winooski, VT) with a
measurement wavelength setting of 450 nm. Results were normalized by subtracting the
OD signal to the scrambled peptide from the antigen of interest OD signal. Each assay
had duplicates for both the antigen of interest and scrambled (negative control) antigen
for each serum sample tested. Plates were washed three times with tris buffered saline
solution containing 0.05% v/v tween (Fisher Scientific) between the antigen, blocking,
primary antibody, and secondary antibody steps. Plates were washed five times after the
secondary antibody incubation step. A negative control primary antibody sample of a
1:400 dilution of fetal bovine serum was included on each plate.
Statistical analysis
Analysis of treatment effect on IBK incidence was performing using SAS analytics
software and used a binary logistic regression model with a logit link where the resulting
predicted probability was the probability of IBK of the calf. The logit link then related the
linear predictor to the predicted probability. The following formula represented the binary
model used:
𝑦𝑖𝑗𝑘𝑙𝑚 ~𝐵𝑖𝑛𝑎𝑟𝑦(𝑝𝑖𝑗𝑘𝑙𝑚 )
𝑝𝑖𝑗𝑘𝑙𝑚
𝜂𝑖𝑗𝑘𝑙𝑚 = log (
) = 𝜂 + 𝜏𝑖 + ℎ𝑗 + 𝑠𝑘 + 𝑏𝑙 + 𝑡𝑚
1 − 𝑝𝑖𝑗𝑘𝑙𝑚
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Symbols are defined as follows: 𝜂 is the overall intercept, 𝜏𝑖 is the effect of the 𝑖 𝑡ℎ
treatment, ℎ𝑗 is the effect of the 𝑗 𝑡ℎ hide color, 𝑠𝑘 is the effect of the 𝑘 𝑡ℎ sex, 𝑏𝑙 is the
effect of the 𝑙 𝑡ℎ breed makeup (purebred Angus vs crossbred of varying genetic
background including Angus, Red Angus, Simmental, and Gelbvieh), and𝑡𝑚 is the effect
of the 𝑚𝑡ℎ year. Year was treated as a random effect, while treatment, hide color, sex,
and breed were fixed effects. For analysis on treatment effect on retreatment rates, the
binary model was used and only calves that developed IBK were analyzed.
ELISA data used a multivariate analysis without binary transformation. The ELISA value
was the response and the ELISA assay type was the predictor. The following formula
represents the model used:
𝐸𝐿𝐼𝑆𝐴𝑁𝑢𝑚𝑏𝑒𝑟 = 𝑒𝑛 + 𝜏𝑖 + ℎ𝑗 + 𝑠𝑘 + 𝑏𝑙 + 𝑡𝑚 + 𝑒𝜏𝑛𝑖
Where 𝑒𝑛 is the effect of the 𝑛𝑡ℎ ELISA type and 𝑒𝜏𝑛𝑖 is the interaction between the
ELISA type and the potential treatment effect. All other variables are as defined above.
A linear model was used to examine the effect of treatment on 205 day adjusted weaning
weight. The model used was: 𝑤𝑖𝑗𝑘𝑙𝑚 = 𝜏𝑖 + ℎ𝑗 + 𝑠𝑘 + 𝑏𝑙 + 𝑡𝑚 , with symbol
abbreviations as described above.
To determine the utility of rPilA ELISA results as a predictor of IBK, the binary model as
above was used and considered only the rPilA ELISA factor. The resulting equation was
as follows:
𝜂𝑖 = log (

𝑝𝑖
) = −0.4152 − 1.0714 ∗ 𝑥 = 𝜂 + 𝛽𝑒 𝑥
1 − 𝑝𝑖

Leading to the probability of IBK being defined as:
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𝑃(𝐼𝐵𝐾) =

1
1+

𝑒 −[−0.4152−1.0714∗𝑥]

=

1
1

+ 𝑒 −[𝜂+𝛽𝑒 𝑥]

Results
IBK incidence
As mentioned previously, data from 2016 and 2018 was omitted form analysis after they
did not meet the epidemiological IBK case definition due to low incidence of IBK. Over
the 3 years of data analyzed, the majority of cases were diagnosed in the peak summer
months of July, August, and September with some variation between years (Figure 1).
The cumulative incidence for IBK cases over the entire study, regardless of vaccine
treatment group, was 28.4% with 191 cases being diagnosed among the 672 calves. The
yearly incidence ranged from 18.4% to 43.5% with 2020 having more than double the
number of IBK cases than either 2017 or 2019 (Figure 2). Calves that received the
autogenous vaccine formulation tended to have a lower rate of IBK but this difference
was not statistically significant (Figure 3). Additionally, sex of the calves had no impact
on IBK incidence while hide color was marginally significant and breed makeup
(purebred compared to crossbred) was highly significant (Figure 4). Mean probability
estimates of IBK development for all treatment group and phenotype combinations in the
study are summarized in Table 2.
Retreatment
Of the calves that developed IBK during the study, we examined the number of calves
that required retreatment and whether or not the need for retreatment was different among
the vaccine treatment groups. Retreatment was defined as cases of IBK that did not
respond or whose clinical signs worsened after a post treatment interval of 72 hours.
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Cases that met this definition were treated with a different antibiotic for a second time.
The autogenous vaccinates required retreatment at a lower rate than both the commercial
and sham group although the difference was not significant (Figure 5). Hide color was
not significant while sex was marginally significant and breed was significant, which are
in agreement with results seen in overall IBK incidence. (Figure 6). Over the 3-year
period, there were 54 IBK cases that required retreatment. Mean probability estimates for
retreatment of all treatment group and phenotype combinations in the study are
summarized in Table 3.
Pili antibody response
Serum collected after the second vaccination was used to assess the antibody response to
a full-length recombinant PilA protein (rPilA) as well as to six synthetic peptides that
represented a hypervariable region within the PilA protein. In the rPilA ELISA assay, the
autogenous vaccinates resulted in a significantly higher average antibody level than the
commercial and sham groups which were not different statistically (Figure 7). Age had an
effect on the rPilA ELISA OD result for both the autogenous and commercial treatment
groups, with older calves having a higher ELISA OD result (Figure 8). The comparative
results between the vaccine treatment groups varied among the different rPilA peptide
variants (Figure 9). The autogenous group had significantly higher antibody levels to the
B peptide while having significantly lower antibody levels to the C, D, and E peptides. In
the B, C, D, and E assays, the commercial and sham groups were equal. The average
antibody level to the Epp63 and 57939 peptide variants were equal among all treatment
groups. All peptide variant and rPilA ELISA OD results are summarized in Figure 10.
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Since the response to the Epp63 variant was the same among the treatment groups, this
peptide variant was used to assess the change in response after vaccination. The change
in the pre-vaccination to post-vaccination serum antibody levels to the Epp63 peptide
varied widely with a large number of calves from each treatment group displaying a
decrease in antibody level after vaccination, and the commercial vaccine group having a
much larger average change in antibody level after vaccination (Figures 11 and 12).
Additionally, the percentage of calves who responded to the vaccine, which was defined
as a calf that had an increase in Epp63 peptide specific antibodies after vaccination, was
49%, 68.9%, and 60% for the autogenous, commercial, and sham treatment groups
respectively (Figure 13).
Pili antibody response and IBK incidence
Determining whether the pili specific antibody level was correlated to IBK incidence, and
whether or not the ELISA OD result can accurately predict IBK risk was assessed.
Animals that developed IBK had a tendency to have a lower antibody levels to the rPilA
antigen, although not to a significant degree (Figure 14). When assessing the utility of the
ELISA to predict disease probability, two methods were used. In the first approach, a
classification tree was created with a single node. This method resulted in a theoretical
optimum cutoff value of 0.1335 for the rPilA ELISA OD result, which predicted the
likelihood of IBK with 65.4% accuracy (Table 4). In the second approach, the logistic
regression model equation was used and only considered the rPilA ELISA OD result in
calculating the probability of IBK. The resulting curve and equation are shown in Figure
15. The poor classification accuracy of 0.1335 as an ELISA OD cutoff value, and the

96
flatness of the resulting curve using the binary model indicate that neither of these
methods would be useful clinically, and the rPilA ELISA OD value is not a reliable
predictor of IBK susceptibility.
Calf performance
The 205 day adjusted weaning weights were not significantly affected by IBK diagnosis.
The interaction between treatment and IBK was marginally significant with autogenous
and sham treatment groups having decreased adjusted weaning weights in calves with
IBK, while the commercial treatment group had an increased average weaning weight in
calves with IBK (Figure 16). Retreatment rate had a marginally significant effect on 205
day adjusted weaning weights. The interaction between vaccine treatment and
retreatment cases was also marginally significant with autogenous and commercial
treatment groups having decreased adjusted weaning weights in calves that required
retreatment (Figure 17). As expected, sex had a highly significant effect on 205 day
adjusted weaning weights (data not shown).
Discussion
The current study is unique compared to previous IBK vaccine efficacy trials in that we
were able to study 3 separate years of health data in a herd that historically has had issues
with IBK, used three vaccine treatment groups which allowed us to simultaneously
compare the two most common vaccine formulation types to a negative control under
field conditions, incorporated Mycoplasma bovoculi antigens into the autogenous vaccine
formulation, and examined the pili specific antibody response induced by each treatment
group. While calves vaccinated with the autogenous formulation experienced a
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decreased incidence of IBK over the entire study compared to those vaccinated with the
commercial and sham formulations (24.5% vs 30.06% vs 30.3% respectively), and the
autogenous formulation had less IBK cases requiring retreatment compared to the
commercial and sham formulations (21.4% vs 27.9% vs 34.3% respectively), these
results did not meet the threshold for statistical significance. The herd experienced peak
IBK incidence in the middle of summer and had a higher cumulative incidence of IBK
among bull calves, both characteristics being consistent with previous epidemiological
studies of IBK. The effect of purebred vs crossbred makeup on IBK incidence and
retreatment rate was substantial, with crossbred cattle experiencing a substantially higher
incidence of IBK (30.2% vs 19.6%) and a higher likelihood of retreatment (30.8% vs
9.1%) compared to purebred calves. It isn’t clear if these results are due to breed
influence or not since the calves were grouped into only two groups being either purebred
or crossbred. A more detailed analysis incorporating the degree of heterozygosity in the
crossbred calves would be required to more closely examine breed influence on IBK,
since the crossbred animals alsohad large genetic influences of the Angus breed found in
the purebred calves.
No significant differences were observed for treatment effect on cumulative IBK
incidence, but there were interesting trends that matched between the incidence of IBK
and the antibody response to M. bovis pili. These trends may help guide future vaccine
formulations and experimental studies for IBK under field conditions. As mentioned, the
autogenous vaccinates had the lowest cumulative incidence of IBK. Also, the antibody
levels to the rPilA antigen, as measured by ELISA, was significantly higher in calves
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vaccinated with the autogenous formulation, and animals free of IBK tended to have
higher antibody levels although this correlation was also not significant. An interesting
result of the ELISA data analysis was the lack of a difference between purebred and
crossbred calves antibody levels (P value = 0.7558) despite the highly significant
differences in IBK incidence. This result suggests that additional factors besides humoral
immunity (at least to pili epitopes) account for these differences and may warrant further
study. Since the ELISA OD values did not significantly correlate to disease protection, it
was not surprising that attempts to predict IBK probability using the rPilA ELISA OD
values were not accurate enough to be of any practical value. These results could be
explained by several different possibilities including 1; the type IV pilus is a poor
protective antigen for M. bovis and other surface antigens may be more protective or 2;
the antibody response specific for the type IV pilus was below a protective threshold, 3;
M. bovis isolates in diseased eyes expressed a different type of pili or 4; M. bovis was not
a significant pathogen in IBK cases during this study. Previous studies have shown, at
least under experimental conditions that an immune response to the M. bovis pili can be
protective against experimental M. bovis inoculation.27 This would suggest the first
explanation is the least likely. The discrepancy in our results compared to previous
studies may also be due to the field conditions under which this study was performed.
The antibody response to the different peptide variants that represent a hypervariable
region within M. bovis pili, and that were predicted B cell epitopes, was performed to
assess potential differences in antigenicity and/or protection. As with the rPilA antigen,
the autogenous group had a significantly higher antibody levels to the C, D, and E
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peptide variants. Since the decreased IBK incidence among autogenous vaccinates was
not significant, it is unclear if the increased response to these peptides is clinically
relevant. The relative abundance of isolates that possess the different pili variants in situ
in the field is not known. If these variants are regionally specific, or if they are
disproportionately represented among virulent M. bovis isolates, then a vaccine
incorporating specific pili variants would warrant investigation for potential protection
given we have shown that they are indeed antigenic.
The proportion of animals that did not respond to the autogenous and commercial
vaccines (51.1% and 31.1%), as determined by Epp63 peptide ELISA OD results
compared between paired serum samples, indicate that the lack of IBK protection may be
due to a vaccine response failure. It is possible that the lack of response to the vaccines
led to a higher bacterial load in the eyes of non-responding calves, potentially serving as
a greater source of pathogens and overwhelming any immune response in those calves
that had responded. A study that is capable of determining antibody response status, then
subsequently grouping calves accordingly in separate locations for the remainder of the
grazing period could test this hypothesis. However, the fact that 60% of the negative
control group had an increase in rPilA antibody levels after being injected with adjuvant
only raises the question as to whether or not the vaccines are responsible for the antibody
level changes at all. It is possible that all, or some, of the increase in antibody levels is
due to natural exposure at the ocular surface, and not the vaccine itself. However, the
higher rPilA ELISA results in post vaccination serum in both the autogenous and
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commercial vaccinates compared to the sham group would suggest that the vaccines are
responsible for at least some of the resulting antibody response.
One unexpected result in the analysis for this study was the fact that IBK diagnosis,
regardless of vaccine treatment, did not have an effect on weaning weights whereas this
effect has been shown repeatedly in previous IBK epidemiological studies. One potential
explanation for this result, is that the average severity of IBK cases diagnosed by the farm
staff in the current study was lower compared to other studies. The farm used for this
study is well staffed, with knowledgeable management, and the calves are visually
examined with greater frequency than the vast majority cow/calf herds due to the number
of employees available. It is possible that the staff members were diagnosing these cases
of IBK at an earlier disease stage, and potentially minimizing any impact of the disease
by treating these calves earlier in the time course of disease. In cases of retreatment, the
weaning weight was affected by IBK diagnosis in both of the vaccinated groups, which
would support the hypothesis of early diagnosis for first treatments, since cases of
retreatment presumably represent the most severe cases. These more severe cases may be
more analogous to cases of IBK on other farms, where the cases are potentially diagnosed
later in the disease process.
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Figure 4. 1: Cumulative IBK incidence by month for the years 2017, 2019, and 2020.
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IBK Incidence by year
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Figure 4. 2: Annual and total study incidence of IBK for all calves regardless of vaccine treatment groups. Percentages calculated as
the number of IBK diagnoses per calves enrolled each year.

106

IBK incidence by vaccine treatment group
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Figure 4. 3: Annual and total study incidence of IBK diagnosis by vaccine treatment group. Percentages calculated as the number of
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IBK diagnoses per calves enrolled each year. Vaccine treatment did not affect IBK incidence (P value = 0.2654).

IBK incidence by sex, hide color, and breed
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Figure 4. 4: Cumulative incidence of IBK diagnosis by sex, hide color, and breed. Percentages calculated as the number of IBK
diagnoses per calves in each respective variable category. Sex was not significant (P value = 0.2054). Hide color was marginally
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significant (P value = 0.0811). Breed was significant (P value = 0.0103).

Retreat percentage by vaccine treatment
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Figure 4. 5: IBK retreatment percentages among the vaccine treatment groups. Percentages represent the number of calves retreated
divided by the number of total IBK cases for that treatment group x 100%. Differences were not significant (P value = 0.21).
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Retreat percentage by sex, hide color, and breed
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Figure 4. 6: IBK retreatment percentages by sex, hide color, and breed. Percentages calculated as the number of retreatments per
diagnosis of IBK in each respective variable category. Sex was marginally significant (P value = 0.058). Hide color was not
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significant (P value = 0.107). Breed was significant (P value = 0.012).

Figure 4. 7: Line plot comparing rPilA ELISA OD readings by vaccine treatment group. Bars that do not intersect treatment lines
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indicate a significant difference. (P value = 0.0013).

Figure 4. 8: ELISA OD result to the rPilA antigen by calf age and treatment. Age had an effect on rPilA ELISA OD values for the
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autogenous and commercial vaccine treatment groups. P value = 0.0046.
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Figure 4. 9: Line plots showing ELISA OD values to each of the six peptide variants (B,
C, D, E, Epp63, and 57939) by treatment group. Bars that do not intersect treatment lines
indicate significant difference. P values = B peptide: 0.0025, C peptide: 0.0001, D
peptide: 0.0038, E peptide: 0.0142, Epp63 peptide: 0.5223, 57939 peptide: 0.0742.

Figure 4. 10: ELISA OD data summary for all peptide variants and full length rPilA by treatment group. Error bars indicate 95%
confidence limits.

114

Antibody level percent change pre to post vaccination by treatment
2500
2000
1500
1000

% change

500
0
-500
-1000
-1500
-2000
-2500

Individual Calves
Autogenous

Commercial

Sham

Figure 4. 11: Change in Epp63 peptide antibody levels from pre-vaccintion to post-vaccination. Percent change was calculated as the
difference in pre-to-post ELISA OD values, divided by the pre-vaccination ELISA OD value, x 100%.
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Average antibody level change after vaccination
200.00%
174.40%

180.00%
160.00%
140.00%
120.00%
100.00%
80.00%
60.00%

51.60%

40.00%
20.00%
5.33%
0.00%
Autogenous

Commercial

Sham

Figure 4. 12: Average change in Epp63 peptide antibody levels by treatment group.
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ELISA responders by treatment group
80%
68.90%

70%

60%

% of calves

60%
50%

49%

40%
30%
20%

10%
0%
Autogenous

Commercial

Sham

Figure 4. 13: Percent of vaccine responders by Epp63 peptide ELISA OD value. A
responder was defined as an animal that had an increase in antibody level after
vaccination. Values for the treatment groups are – Autogenous: 48.9%, Commercial:
68.9%, and Sham: 60%.
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Figure 4. 14: ELISA OD results to the rPilA antigen in animals that developed IBK vs those that did not. P value: 0.25. Error bars
signify one standard deviation from the mean.
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Figure 4. 15: Curve correlating the rPilA ELISA OD result with the probability of IBK development. The resulting line equation for
the probability of IBK is:
1
1 + 𝑒 −[−0.4152−1.0714∗𝑥]
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𝑃(𝑃𝑖𝑛𝑘𝑒𝑦𝑒) =
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Figure 4. 16: Average 205 day adjusted weaning weight by treatment group and IBK
diagnosis. P value for IBK effect = 0.3296.
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Figure 4. 17: Average 205 day adjusted weaning weight by treatment group and
retreatment. P value for retreatment effect: 0.0613. P value for treatment and retreatment
interaction = 0.0995.

122
Antigen

Amino Acid Sequence

MNAQKGFTLIELMIVIAIIGILAAIALPAYQ
DYISKSQTTRVVGELAAGKTAVDAALFEG
Recombinant full length PilA
KTPKLGKAANDTEEDIGLTTTGGTARSNL
(rPilA)
MSSVNIGGAFATGAGTLEATLGNRANKDI
AGAVITQSRDAEGVWTCTINGSAAPGWKS
KFVPTGCKEH
Epp 63 variable region peptide
TPKLGKAANDTEE
Type B variable region peptide
KPVMAKTDKAEE
Type C variable region peptide
TPVLNKASDTENE
Type D variable region peptide
EPVLQANNADTSK
Type E variable region peptide
TPVLNEASSTSKE
Type 57939 variable region peptide TPVVNPSADGIAE
Scrambled peptide
NLWGEANPNSGNGCSAQALSGLQPAQMT
KVGDTKCSLT
Table 4. 1. Sequences of rPilA and PilA peptide ELISA antigens used in this study.
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Phenotype combination

Estimate

Standard Error

Mean

SEM

Autogenous Red Purebred Heifer

-2.1504

0.5213

0.1043

0.0487

Autogenous Red Purebred Bull

-1.9227

0.5195

0.1276

0.05782

Commercial Red Purebred Heifer
Autogenous Black Purebred
Heifer
Sham Red Purebred Heifer

-1.8686

0.5228

0.1337

0.06056

-1.8173

0.4863

0.1398

0.05847

-1.811

0.5167

0.1405

0.0624

Commercial Red Purebred Bull

-1.6409

0.5156

0.1623

0.07012

Autogenous Black Purebred Bull

-1.5895

0.482

0.1694

0.06784

Sham Red Purebred Bull
Commercial Black Purebred
Heifer
Sham Black Purebred Heifer

-1.5833

0.5147

0.1703

0.07273

-1.5354

0.4892

0.1772

0.07133

-1.4779

0.487

0.1858

0.07366

Autogenous Red Crossbred Heifer

-1.4421

0.4436

0.1912

0.06861

Commercial Black Purebred Bull

-1.3077

0.4791

0.2129

0.08028

Sham Black Purebred Bull

-1.2501

0.4825

0.2227

0.08352

Autogenous Red Crossbred Bull

-1.2144

0.4449

0.2289

0.07854

Commercial Red Crossbred Heifer
Autogenous Black Crossbred
Heifer
Sham Red Crossbred Heifer

-1.1603

0.4428

0.2386

0.08044

-1.109

0.4393

0.2481

0.08194

-1.1028

0.4368

0.2492

0.08173

Commercial Red Crossbred Bull

-0.9326

0.4377

0.2824

0.0887

Autogenous Black Crossbred Bull

-0.8813

0.438

0.2929

0.09072

Sham Red Crossbred Bull
Commercial Black Crossbred
Heifer
Sham Black Crossbred Heifer

-0.875

0.4379

0.2942

0.09093

-0.8272

0.4399

0.3042

0.09311

-0.7696

0.4388

0.3166

0.09493

Commercial Black Crossbred Bull

-0.5995

0.4322

0.3545

0.09889

Sham Black Crossbred Bull

-0.5419

0.4372

0.3677

0.1017

Table 4. 2: Predicted probability of IBK development (Mean x 100%) for each
combination of treatment, hide color, breed, and sex in order from smallest to largest
probability.

124
Phenotype combination

Estimate

Standard Error

Mean

SEM

Autogenous Red Purebred Heifer

-2.1701

0.4955

0.015

0.01876

Commercial Red Purebred Heifer
Autogenous Black Purebred
Heifer
Autogenous Red Purebred Bull

-2.0225

0.4997

0.02156

0.02579

-1.8284

0.4459

0.03374

0.03344

-1.784

0.4704

0.03721

0.03821

Sham Red Purebred Heifer
Commercial Black Purebred
Heifer
Commercial Red Purebred Bull

-1.7388

0.4703

0.04104

0.04138

-1.6808

0.4419

0.0464

0.04293

-1.6364

0.4752

0.05088

0.04969

Autogenous Black Purebred Bull

-1.4423

0.4214

0.0746

0.05941

Sham Black Purebred Heifer

-1.3971

0.4264

0.0812

0.06411

Sham Red Purebred Bull

-1.3527

0.4481

0.08808

0.07161

Commercial Black Purebred Bull

-1.2947

0.4176

0.09771

0.07206

Autogenous Red Crossbred Heifer

-1.1273

0.2628

0.1298

0.05553

Sham Black Purebred Bull

-1.011

0.4057

0.156

0.09708

Commercial Red Crossbred Heifer
Autogenous Black Crossbred
Heifer
Autogenous Red Crossbred Bull

-0.9796

0.2509

0.1636

0.06196

-0.7856

0.2447

0.2161

0.07169

-0.7412

0.2441

0.2293

0.07399

Sham Red Crossbred Heifer
Commercial Black Crossbred
Heifer
Commercial Red Crossbred Bull

-0.6959

0.2268

0.2432

0.07103

-0.638

0.2145

0.2618

0.06982

-0.5936

0.2322

0.2764

0.07768

Autogenous Black Crossbred Bull

-0.3995

0.2311

0.3448

0.08514

Sham Black Crossbred Heifer

-0.3542

0.2228

0.3616

0.08346

Sham Red Crossbred Bull

-0.3098

0.2143

0.3783

0.0815

Commercial Black Crossbred Bull

-0.2519

0.2

0.4006

0.0773

Sham Black Crossbred Bull

0.03185

0.2171

0.5127

0.08658

Table 4. 3: Predicted probability of retreatment (Mean x 100%) for each combination of
treatment, hide color, breed, and sex in order from smallest to largest probability.
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Pinkeye

Cutoff OD Value
ELISA<0.1335

ELISA>=0.1335

Yes

16

28

No

18

71

Table 4. 4: Classification results using the optimum calculated rPilA ELISA OD cutoff of
0.1335. The resulting classification rate has an accuracy of 65.4%.
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Supplementary Figure 4. 1: Formatted alignments of M. bovis type IV pilus proteins. Figure credit – Mike Clawson.
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CHAPTER 5
Overall Conclusions of the Dissertation
Value of the research
In chapters 2 and 3 of this dissertation, we utilized recent advancements in the
understanding of Moraxella spp. genomics to develop two novel MALDI-TOF biomarker
models that can be used to provide practical information on strain differentiation to
researchers, diagnosticians, and veterinarians alike. The information gained from utilizing
the models can be used to advance our understanding of M. bovoculi as a potential
pathogen, characterize isolates obtained from ocular lesions, examine epidemiologic
strain information, and guide the formulation of autogenous vaccines. The genotyping
model represents the first method for M. bovoculi genotype characterization that does not
require molecular methods. Utilizing the MALDI-TOF genotyping model to promote
inclusion of only genotype 1 M. bovoculi in autogenous vaccine formulations may help to
promote more efficacious autogenous vaccines in the future since only genotype 1
isolates have been found in diseased animals to date. The same utility applies to the RTX
biomarker model described in chapter 3. Both of these models may also be useful to help
veterinarians determine the likelihood an isolated strain is more likely to be an
opportunistic pathogen as the cytopathic role of RTX exotoxins is well characterized in a
number of veterinary pathogens.1,2 Therefore, preferential inclusion of RTX+ M. bovoculi
that are more likely to represent potential pathogens, may help the vaccine formulation
more closely mimic the natural disease state.
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The randomized control trial included in this body of work was unique and provides new
comparisons of vaccine efficacy under field conditions, over multiple years using a
consistently managed herd with known genetic characteristics. This study advances the
understanding of IBK vaccine efficacy and the conclusions can be a part of an evidencebased medicine approach to animal health and disease prevention. The current study
showed no statistically significant protective effect for either the autogenous or
commercial vaccine formulations over the sham vaccine. These results are consistent
with previous studies that examined similar formulations separately and found no benefit
of protection over negative control treatments.3-6 Therefore, utilizing vaccination as a
prevention strategy to minimize IBK may not be economically justified using an evidence
based medicine approach, at least using current formulations and under conditions similar
to those that have been studied.
The majority of IBK vaccine efficacy studies, including the current study, do not show a
detrimental effect of vaccination, so the economic cost of the vaccine would be the
largest negative factor associated with future use of vaccines. Simply put, the current
return on investment for IBK vaccine use appears to be poor in the management system
studied.
Beyond the primary outcome of IBK incidence by vaccine treatment, the control trial in
this study led to interesting conclusions surrounding secondary outcomes. One such
outcome was the significant differences in IBK observed between crossbred animals and
purebred animals. Also, the proof of antigenicity of pili after vaccination, and the
comparison of the antibody response between vaccine treatments is a novel aspect of this
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study. While there was not a significant correlation between pili specific antibody levels
and IBK incidence, the tendency for IBK cases to have lower antibody levels suggests
that humoral immunity may still be at play in terms of protection. The development of
this new ELISA protocol can be utilized in current and future studies that examine the
antibody response to pili antigens. Given that the antigen used is a recombinant protein, it
is likely that the protocol can be easily modified to be used with other antigens as well
when assessing the antibody response of cattle.
Future directions
Beyond the immediate utility of the results of this research, this body of work can play a
role in guiding future research surrounding IBK, Moraxella spp., and other veterinary
pathogens. The genotyping MALDI-TOF MS biomarker model we developed here can be
used to confirm the suspected differences in genotype 1 vs genotype 2 M. bovoculi in
terms of their potential role in IBK pathogenesis. Genotype 2 M. bovoculi were more
recently characterized, and prior to this discovery, bacterial isolation methods used to
characterize isolates obtained from the eyes of cattle would have preferentially selected
for genotype 1 M. bovoculi. Therefore, the current genotyping model can be used to
survey future isolates in an attempt to confirm the suspicion that only genotype 1 isolates
are found in IBK lesions, or that they at least represent the vast majority.
The improved accuracy of the RTX biomarker model using the CaCl2 supplemented agar
suggest that increased production of RTX via the T1SS is not only calcium dependent,
but that production can be increased in an artificially high CaCl2 microenvironment. This

131
concept, and potentially the exact agar formulation developed in the current study, may
prove useful when studying other RTX exotoxin producing bacteria, such as M. bovis.
Despite the lack of significant IBK protection seen in the vaccines used in this research,
the results trend towards a benefit of the autogenous vaccine formulation in terms of
disease protection and disease severity in that the likelihood of retreatment was reduced
in the autogenous group. Additionally, the antibody levels were significantly increased in
the autogenous group as well. It is possible that the autogenous vaccine provides a real
benefit in regard to these outcomes but that the benefit was too small to be captured given
the number of calves in the current study. A study with a longer time frame could
effectively test this hypothesis.
The calves vaccinated with the commercial vaccine in this study responded at a higher
rate to the Epp63 pili peptide variant when compared to the autogenous and sham group
(68.9% vs 48.9% vs 60% respectively). In addition, the average percent increase in
antibody level strongly favored the commercial vaccinates over the autogenous and sham
groups as well (+174.4% vs +5.33% vs 51.6% respectively). These results, interpreted
with the fact that the post vaccination antibody levels were the highest in the autogenous
group, suggests that the adjuvant formulation may have played a large role in the
animals’ response to the vaccine. The fact that the commercial treatment group vaccine
response rates were better, yet the commercial vaccinates still had lower average
antibody levels, could be explained if the commercial vaccine adjuvant promoted antigen
recognition and processing better than the autogenous vaccine adjuvant. Incorporating the
current commercial vaccine adjuvant formulation into an autogenous vaccine with the
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same antigens used here, and comparing the response rates would effectively test this
hypothesis.
Calves that developed IBK in this study tended to have lower rPilA antibody levels. Yet,
there were no differences in rPilA antibody levels between the breed groups despite the
highly significant differences in IBK incidence between them. These results question the
role of humoral immunity in IBK protection, at least to pili, and suggest there are other
mechanisms at play that rendered the purebred animals less susceptible to IBK.
Confirming the significant difference in breed IBK incidence will allow for other
parameters to be compared between the breed groups in an attempt to explain the IBK
incidence differences. If there are confirmed anatomical or genetic differences that can be
associated with IBK protection, these differences could potentially be exploited and
utilized to prevent IBK in the future. Such anatomical or genetic differences would be
valid to pursue given the current study results.
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APPENDIX A
Development of ELISA platform for the detection of immune responses to
opportunistic bacterial pathogens in cattle: rPilA and peptide PilA ELISA
development and validation
Objective
The objective of this project was to develop an indirect ELISA to measure the antibody
response of beef calves to recombinant and synthetic antigens representing the type IV
pilus outer membrane protein of Moraxella bovis. This objective has several challenges
including sero-reactivity to a normal flora antigen and a lack of non-bovine source
blocking reagents for assay development. An adequate assay should provide accurate,
and repeatable results with minimal variability in positive signal replicates and minimal
background signal.
Antigens
Antigen

Recombinant full length Epp63
PilA (rPilA)

Epp 63 variable region peptide
Type B variable region peptide
Type C variable region peptide
Type D variable region peptide
Type E variable region peptide
Type 57939 variable region peptide
Scrambled peptide

Amino Acid Sequence
MNAQKGFTLIELMIVIAIIGILAAIALPAYQ
DYISKSQTTRVVGELAAGKTAVDAALFEG
KTPKLGKAANDTEEDIGLTTTGGTARSNL
MSSVNIGGAFATGAGTLEATLGNRANKDI
AGAVITQSRDAEGVWTCTINGSAAPGWKS
KFVPTGCKEH
TPKLGKAANDTEE
KPVMAKTDKAEE
TPVLNKASDTENE
EPVLQANNADTSK
TPVLNEASSTSKE
TPVVNPSADGIAE
NLWGEANPNSGNGCSAQALSGLQPAQMT
KVGDTKCSLT
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Initial assays
From previous experience developing ELISA assays to synthetic and recombinant
proteins, starting points for antigen concentration, primary antibody concentration,
secondary antibody concentration, incubation times, and reagents of choice were all
estimated for an initial proof of concept. We planned to adjust a single variable at a time
thereafter to work towards a protocol that provided an adequate positive signal while
minimizing background signal. The majority of issues that were encountered in
development required numerous troubleshooting assays to determine a solution. The
assays described below are a condensed version of this process to highlight a few of the
issues in development and the remedies that were used to correct the problem. One of the
major issues with interpretation of assays in this project was the lack of true positive and
negative control serum. For our “positive control” serum, we used serum from calves
immunized with concentrated type IV pilus protein as well as calves vaccinated with
commercial a Moraxella bovis bacterin vaccine that uses Epp63 as the parent strain in
development. Fetal bovine serum (FBS) is often cited as a negative control serum in the
literature, however, we determined that the low protein level in FBS made it a poor
representation of a true negative control serum. As a negative control antigen, we used a
peptide that represented 38 amino acids from the Moraxella bovoculi type IV pilus
protein that were scrambled in sequence.
Initial protocol:
Antigen: 2 µg/well in TBS, 90 mins at 37°C
Block: 2% fish gel in TBS-T, 2 hours, 37°C
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Primary antibody: Serial dilutions starting at 1:50, 1 hour, 37°C
Secondary antibody: 1:1200 in TBS, 45 miutes at 37°C
TMB (3,3’,5,5’-tetramethylbenzidine substrate): 7.5 minutes on shaker

Serum
Dilution
1:50
1:100
1:200
1:400
1:800
1:1600
1:3200
1:6400

FBS
(negative
control)
0.323
0.298
0.205
0.163
0.218
0.182
0.144
0.256

FBS
(negative
control)
0.291
0.23
0.243
0.234
0.221
0.224
0.153
0.157

6986
(2014 +
control)
0.813
0.589
0.537
0.228
0.2
0.189
0.178
0.223

6996
(2014 +
control)
0.787
0.495
0.312
0.196
0.19
0.144
0.179
0.152

Figure 1: Proof of concept for diluting primary antibody worked, as absorbance readings
decreased as the sample was diluted further. However, the negative control signal is
approaching the positive control serum already at 1:400 dilution, suggesting nonspecific
binding of the FBS immunoglobulins. Variants of this protocol were attempted which
manipulated incubation times and temperatures without success. Also, wells without
antigen in subsequent assays also showed the same signal as those with antigen,
confirming the wells were not being efficiently blocked by the 2% fish gel solution.
Problem: Poor binding site blocking leading to nonspecific binding
We performed numerous assays with different variants of blocking solutions including
2% fish gel in TBS without tween or PBS and normal rabbit serum (NRS) at numerous
dilutions in PBS, TBS and TBS-T. None of these combinations performed any better than
2% fish gel in TBS-T as a blocking agent. When the primary antibody (serum) was
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omitted within the protocol, the nonspecific binding was reduced but still observed. The
conclusion from these experiments was that the negative control signal was the result of
nonspecific binding of both the primary antibody within the serum as well as the
secondary antibodies. Searching the literature for viable options, we found a recent
ELISA publication that described the enhanced blocking ability of a novel, commercially
available blocking agent called ChonBlock1 (Chondrex Inc, Woodinville, WA). When
ChonBlock was used as a blocking and sample diluent, the nonspecific signal was
drastically reduced (Figure 2).
Epp63 (1ug/well)

Scrambled Peptide (1 ug/well)

7042
Pre
(1:200)

7042
Post
(1:200)

7043
Pre
(1:200)

7043
Post
(1:200)

7042
Pre
(1:200)

7042
Post
(1:200)

7043
Pre
(1:200)

7043
Post
(1:200)

0.232
0.084
0.251
0.087

0.458
0.139
0.327
0.101

0.139
0.071
0.158
0.066

0.271
0.088
0.283
0.092

0.073
0.046
0.079
0.049

0.095
0.053
0.108
0.053

0.083
0.054
0.076
0.047

0.143
0.062
0.155
0.064

7148
Pre
(1:200)

7148
Post
(1:200)

FBS
(1:200)

FBS
(1:200)

7148
Pre
(1:200)

7148
Post
(1:200)

FBS
(1:200)

FBS
(1:200)

0.221
0.079
0.185
0.072

0.43
0.122
0.364
0.112

0.091
0.049
0.086
0.05

0.089
0.05
0.079
0.048

0.068
0.047
0.073
0.042

0.121
0.059
0.117
0.042

0.051
0.042
0.051
0.042

0.053
0.042
0.054
0.042

Figure 2: The incorporation of ChonBlock as a blocking agent dramatically decreased
the amount of nonspecific binding in wells with the scrambled peptide vs wells
containing the Epp63 peptide variant. Pre: pre-vaccination, Post: post-vaccination.
Problem: Minimal antigen coating
The first several assays that used ChonBlock showed minimal signal in all wells. It was
determined that the antigen coating of the wells was very poor. After trying different
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combinations of antigen diluent, using PBS with 0.05% Na Azide an antigen diluent in
combination with ChonBlock as blocking agent provided the greatest amount of positive
signal while maintaining minimal signal in the scrambled peptide wells.
Problem: Edge effect
Edge effect in ELISA assays refers to an artificially increased signal in wells that are on
the outer edge of the plate. The importance of accounting for edge effect has been
highlighted in a recent publication that focuses on the diagnosis of Borreliosis in
humans.2 From the beginning of development of this assay, an often subtle, but constant
edge effect was noted (Figure 3). The decreased time it takes peripheral wells to warm
when placed in an incubator is often suspected as the root cause of edge effects. Omitting
utilization of the outer ring of wells, and performing incubations at room temperature,
and using room temperature reagents eventually eliminated the edge effect.

7098
Pre
0.305
0.249
0.285
0.292
7223
Pre
0.609
0.635
0.629
0.667

7098
Post
0.48
0.433
0.426
0.408
7223
Post
0.157
0.189
0.162
0.213

Epp 63 Peptide 1ug/well
7076
7076Post
Pre
0.361
0.737
0.321
0.602
0.317
0.524
0.282
0.488
7212
7212
Pre
Post
0.628
0.313
0.493
0.301
0.629
0.335
0.678
0.376

7140
Pre
0.294
0.292
0.257
0.219

7140Post
0.763
0.611
0.53
0.544

FBS

Blank

0.046
0.047
0.048
0.046

0.045
0.045
0.043
0.046

7098
Pre
0.095
0.087
0.094
0.1
7223
Pre
0.091
0.098
0.099
0.102

Scrambled peptide 1 ug/well
7098
7076
7076
7140
Post
Pre
Post
Pre
0.156
0.086
0.27
0.084
0.162
0.083
0.278
0.083
0.16
0.077
0.251
0.078
0.165
0.087
0.258
0.073
7223
7212
7212
FBS
Post
Pre
Post
0.064
0.152
0.087
0.044
0.062
0.143
0.093
0.045
0.066
0.159
0.095
0.043
0.071
0.162
0.103
0.045

7140
Post
0.16
0.135
0.159
0.145
Blank
0.044
0.044
0.045
0.044

Figure 3: An example ELISA result displaying the edge effect. Note how the majority of peripheral wells have the highest value in
their respective group of four wells that were treated identically in the protocol.
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Problem: Finicky antigen diluent performance
Midway through our data acquisition for the rPilA ELISA, we made a new batch of PBS
with 0.05% Na Azide and experienced a drastic reduction in signal. We were able to
deduce the problem was that the specific PBS stock solution was made by a different
company. When we were able to obtain the same original PBS stock solution (Thermo
Fisher, catalog # BP399-4), the signals increased to normal ranges. Figure 4 displays the
difference in signal observed using the two PBS solutions as antigen diluent reagents.
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Figure 4: Two plates treated identically except for the use of different PBS formulations
in the antigen diluent step. Top half of plates: negative control antigen. Bottom half:
Epp63 PilA.
Validation
Using the final protocol, the signal to the PilA peptide is significantly higher in animals
immunized with purified type IV pilus than the signal observed to the scrambled peptide
(Figure 5).

Figure 5: Signal of serum from calves immunized with concentrated type IV pilus to
Epp63 PilA peptide and negative control scrambled peptide. N = 48 ELISA duplicates.
Error bars: +/- 1 SD. P value = < 0.00001.
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When ELISA signals from bacterin vaccinated calves are compared to unvaccinated
calves, we saw a significant increase in the post-vaccine serum compared to pre-vaccine
serum. Serum from unvaccinated calves showed no significant increase in ELISA signal
in pre-vaccine vs post-vaccine serum (Figure 6).

Figure 6: A significant increase was observed in pre vs post serum from vaccinated
animals (N = 36). No difference in signal was observed over the same pre to post time
interval in an unvaccinated animal.
Final NVDC research lab M. bovis ELISA protocol:
Antigen coating: 100 µl of 10 µg/mL (1 µg) antigen in PBS with 0.05% Na Azide.
Incubate overnight at 4°C. Include equal number of PilA and scrambled antigen wells per
sample to be tested.
Wash plate 3X in TBS-T
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Block: 135 µl of ChonBlock, incubate 1 hour at room temperature
Wash plate 3X in TBS-T
Primary antibody: 100 µl of 1:200 final dilution (for peptide ELISA) or 1:400 final
dilution (for rPilA ELISA) in ChonBlock. Incubate 2 hours at room temperature.
Wash plate 3X in TBS-T
Secondary antibody: 100 µl of rabbit anti-bovine IgG HRPO 1:5,000 dilution in
ChonBlock secondary antibody diluent. Incubate 1 hour at room temperature out of direct
light.
Wash plate 5X in TBS-T
TMB: 100 µl of TMB substrate. Incubate 10 mins on plate agitator at room temperature.
H2SO4: Immediately stop reaction by adding 100 µl of 2M H2SO4
Results: Read plates at a reference wavelength of 450 nm.
*Normalize sample results to scrambled signal.
*Reagents should be brought to room temperature prior to mixing and placement in
wells. During secondary antibody incubation period, TMB can be allocated into 15 ml
conical tubes and kept in a dark place at room temperature prior to the peroxidase
reaction step. Do not mix TMB until ready to use.
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Figure 1: Photographs of the oral cavity of a 22 month-old Husky at the initial
presentation in February (A) and approximately 8 weeks later when the lesion recurred
(B). The initial presentation displayed a more extensive ulcerative and necrotic mucosal
surface while the recurring lesion was more proliferative, yet also ulcerated.
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History
A 22 month-old female Siberian Husky with a history of chewing on sticks and wood
mulch initially presented in February with the primary complaint of fetid breath of three
days duration. Upon oral examination, extensive sublingual necrotizing ulcerative
stomatitis was observed along the right side and ventral aspect of the tongue (Figure 1a).
The lesion was suspected of being infected secondary to a penetrating wound given the
animal’s history of chewing on wooden items. The animal was anesthetized and the
lesion was debrided and closed. The animal was started on oral antibiotics and antiinflammatories. The lesion appeared to completely heal after the original procedure.
Approximately 8 weeks later, the animal presented again with complaints of fetid breath.
Gross Findings
Oral examination at the second presentation yielded a proliferative and ulcerative lesion
at the original site along the right sublingual area (Figure 1b). The animal had stopped
eating almost 24 hours prior to presentation and was reluctant to allow the oral
examination. A surgical biopsy was obtained and the tissue submitted to the Veterinary
Diagnostic Center at the University of Nebraska-Lincoln for histopathologic examination.
Histopathologic Findings
The sections display mutifocal areas of liquefactive necrosis surrounded by large
numbers of macrophages, eosinophils and lesser numbers of neutrophils that form
coalescing granulomas (Figure 2). The areas of necrosis are often centered on distinct
foci of brightly eosinophilic, denatured collagen that form radiating projections. Several
variably sized areas of granulation tissue are occasionally present at the periphery of the
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granulomas. A large portion of the overlying epithelium is ulcerated. Adjacent areas of
intact epithelium are moderately hyperplastic with sporadic orthokeratotic hyperkeratosis.
Blood vessels throughout the expanded submucosa are prominent including hyperemic
arterioles and congested venules. A Gram stain performed on the sections revealed no
bacteria.

Figure 2: Photomicrographs from sections of a recurring oral lesion. A - Sections display
coalescing granulomas within the expanded submucosa (asterisks) and an ulcerated
epithelial surface (top of image). H&E stain; bar = 500 µm, 40X total magnification. B –
Higher magnification of the left granuloma from Fig 2A showing a moderately
circumscribed foci of brightly eosinophilic denatured collagen (asterisk) surrounded by
large numbers of eosinophils and macrophages. H&E stain; bar = 250 µm, 100X total
magnification.
C – Brightly eosinophilic aggregates of denatured protein and necrotic cellular debris are
surrounded by large numbers of macrophages (black arrows) and eosinophils (red
arrows). H&E stain; bar = 100 µm, 200X total magnification.
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Morphological Diagnosis and Case Summary
Morphologic diagnosis: Oral mucosa; necrotizing and ulcerative stomatitis, eosinophilic
and granulomatous, chronic, focally extensive, marked
Case summary: Canine oral eosinophilic granuloma in a Husky dog.
Comments
Canine eosinophilic granuloma represents a relatively rare disease with an apparent
predisposition reported in Siberian Huskies and Cavalier King Charles spaniels although
other breeds have been reported as well.1,2 The most common presentation is that of
proliferative and ulcerative lesions within the oral cavity as was observed in this case.
Cutaneous lesions in the skin, eyelids, and external ear canal have also been reported.3-5
While the cause is unknown, the apparent breed predilection suggests a familial defect in
the regulation of eosinophil migration.6 Cytological specimens from these lesions have
shown large numbers of eosinophils associated with neutrophils and macrophages as
would be expected but are not sufficient to definitively diagnose the lesion.1 The lesions
are more easily diagnosed via histology and the presence of characteristic flame figures
(eosinophilic denatured collagen) surrounded by cellular debris and large numbers of
eosinophils and macrophages such as seen in this case.7
Some canine eosinophilic granuloma lesions have been reported to clinically respond
well to steroid therapy.1,3 After the surgical biopsy results in this case, the animal was
treated with prednisone (0.22 mg/kg) q 12 hours for 5 days followed by an additional 20
days q 24 hours. The lesion healed fully and has not returned since the prednisone
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treatment regimen began which has been approximately 10 weeks at the time of this
writing.
This report describes a classic case of canine eosinophilic granuloma in a breed
previously shown to be predisposed to lesion development. While uncommon, canine
eosinophilic granuloma should be considered a differential diagnosis when sublingual
ulcerative lesions are observed, particularly in the Siberian Husky and the Cavalier King
Charles spaniel.
References:
1. Bredal WP, Gunnes G, Vollset I, et al. Oral eosinophilic granuloma in three cavalier
King Charles spaniels. J Small Anim Pract 1996;37:499-504.
2. Madewell BR, Stannard AA, Pulley LT, et al. Oral eosinophilic granuloma in Siberian
husky dogs. J Am Vet Med Assoc 1980;177:701-703.
3. Vercelli A, Cornegliani L, Portigliotti L. Eyelid eosinophilic granuloma in a Siberian
husky. J Small Anim Pract 2005;46:31-33.
4. Knight EC, Shipstone MA. Canine eosinophilic granuloma of the digits treated with
prednisolone and chlorambucil. Vet Dermatol 2016;27:446-e119.
5. Poulet FM, Valentine BA, Scott DW. Focal Proliferative Eosinophilic Dermatitis of
the External Ear Canal in Four Dogs. Veterinary Pathology 1991;28:171-173.
6. Munday JS, Lohr, C.V. and Kiupel, M. Tumors of the Alimentary Tract. In Tumors in
Domestic Animals, 2016.
7. Gross TL, Ihrke, P.J., Walder, E.J., Affolter, V.K. Nodular and Diffuse Diseases of the
Dermis with Prominent Eosinophils, Neutrophils, or Plasma Cells. Skin Diseases
of the Dog and Cat: Clinical and Histopathologic Diagnosis, 2005;342-372.

