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Dr. Pamela Adkins, Thesis Supervisor 

ABSTRACT 

Lameness is an economically important and common disease of cattle.  Foot disease is 

the most common cause of cattle lameness; however, there are few publications regarding 

lameness in cow-calf operations. The objectives of this study were to describe the most 

commonly isolated bacteria from septic foot lesions of adult beef cattle and determine the 

antimicrobial susceptibility patterns of the isolated bacteria. Fifty-four cattle ≥ 18 months 

of age diagnosed with a sole abscess or distal interphalangeal joint sepsis that were 

presented to the MU VHC from cow-calf operations were enrolled. Abscess fluid 

samples were cultured under aerobic and anaerobic conditions and isolates were 

identified using MALDI-TOF mass spectrometry or partial genome sequencing. In vitro 

antimicrobial susceptibility testing was performed on isolates (n = 96) when a particular 

species was isolated from ≥ 5 samples. Fifty of the 54 samples were polymicrobial. 

Trueperella pyogenes (n=22/54) and Streptococcus uberis (16/54) were the most 

commonly isolated bacteria. Eighty-one of the 96 tested isolates were resistant to ≥ 1 

antimicrobial and multidrug resistance was identified in 38/96 isolates. Overall, 

resistance to oxytetracycline (n=50/96) and tylosin (40/96) was common while resistance 

to ceftiofur (5/96) was rare among all tested isolates. Septic processes of the foot in adult 

beef cattle are often polymicrobial and likely opportunistic in origin and antimicrobial 

resistance is common.  
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CHAPTER ONE 

INTRODUCTION 

 

This thesis is written in the alternative format. It consists of this introduction, a review of 

the literature, one manuscript, and a conclusion. The manuscript is written in scientific 

publication format and formatted to be submitted to the Journal of Veterinary Internal 

Medicine.    

 

Lameness is an economically important and common disease of cattle that has substantial 

welfare implications. In addition to the cost of treatment, labor, and facilities, lameness 

has a direct impact on animal production as it is associated with decreased feed intake, 

reduced average daily gain, decreased milk production, reduced fertility, and decreased 

carcass weight.1 The estimated worldwide prevalence of lameness in cattle ranges from 

1.1% to 54.8%.1-2 The most common cause of lameness is foot lameness, representing 

approximately 90% of lameness cases in dairy cattle and 70% in feedlot cattle.3-4 

According to survey data from the National Animal Health Monitoring System 

(NAHMS), lameness was the most common reason stated for antimicrobial usage in beef 

cows and the second most common reason for antimicrobial usage in dairy cattle, second 

only to mastitis.5-6  

The majority of research on lameness has been performed in dairy cattle with only a few 

studies evaluating feedlot and feeder cattle and even fewer investigating lameness among 

cow-calf operations.  
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Cow-calf operations represented nearly two-thirds (63%) of the 94.8 million cattle in the 

United States in 2020. Beef cows and replacement heifers over 500 pounds represented 

68% of the cow-calf population (or 43.2% of the total cattle population),7 and therefore a 

large portion of the U.S. herd has not been appropriately evaluated regarding lameness. 

Therefore, the aim of this research was to increase the knowledge base regarding 

lameness in adult cattle from cow-calf operations. The specific objectives of this research 

were to: 1) collect and describe the most common bacterial species associated with sole 

abscesses and deeper septic processes of the foot in adult beef cattle originating from 

cow-calf operations, and 2) describe the antimicrobial susceptibilities of the cultured 

microorganisms to antimicrobials commonly used in food animal medicine in the United 

States.  

 

Chapter two is a review of the literature related to lameness in cattle and antimicrobial 

usage with a focus on septic processes of the bovine foot, common bacteria associated 

with abscesses in beef cattle, and antimicrobials used in beef cattle. The majority of 

scientific studies regarding lameness in cattle have been performed in dairy cattle. There 

are a few studies describing lameness in feedlots and feeder cattle, and at this time, there 

is a paucity of research on lameness in cow-calf operations. 

 

The research presented in Chapter three describes collection, identification, and 

antimicrobial susceptibility testing of bacteria from septic lesions of the bovine foot. 

Fifty-four abscess fluid samples were taken from sole abscesses and distal 
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interphalangeal joint fluid between June 2019 and October 2020 and cultured in aerobic 

and anaerobic environments. The cultured organisms were identified using matrix-

assisted laser desorption/ionization time of flight mass spectrometry or16S rRNA partial 

gene sequencing. Antimicrobial susceptibility testing was completed on organisms of the 

same genus and species identified 5 or more times using the broth microdilution method 

to determine minimum inhibitory concentrations. The majority of the samples had 

polymicrobial growth. Trueperella pyogenes, Streptococcus uberis, Bacteroides 

pyogenes, Proteus vulgaris, Escherichia coli, Peptoniphilus indolicus, Proteus hauseri, 

Bacillus cereus, Cellulosimicrobium cellulans, and Morganella morganii were the most 

commonly identified bacteria. Most of the organisms demonstrated resistance to a least 

one commonly used antimicrobial, and over one-third were resistant to three or more 

tested antimicrobials (multi-drug resistance). The results of this study suggest that sole 

abscesses and distal interphalangeal joint sepsis are commonly polymicrobial 

opportunistic infections, and multi-drug resistance is common. 

 

The appendix contains detailed materials and methods for sample collection and bacterial 

isolation, storage, identification, and antimicrobial susceptibility testing.   
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CHAPTER TWO 

LITERATURE REVIEW 

 

2.1 Introduction 

Lameness is an economically important and common disease of cattle that has substantial 

welfare implications. Lameness is one of the major concerns of welfare audit programs, 

such as the National Dairy FARM (Farmers Assuring Responsible Management) 

Program, due to the severe pain that is often associated with this condition.1 The 

economic impacts of lameness are broad. In addition to the cost of treatment and labor, 

lameness has a direct impact on animal production. Lameness is associated with 

decreased feed intake, reduced average daily gain, decreased milk production, reduced 

fertility, and decreased carcass weight due premature culling.2  

 

The estimated worldwide prevalence of lameness in cattle ranges from 1.1% to as high as 

54.8%.2-3 The wide variation in prevalence is associated with different environments and 

housing, feeding practices and nutrition, types of footing, median age of the herd, and 

genetic predisposition for certain hoof conditions.3 In general, dairy cattle have a higher 

prevalence of lameness than beef cattle, in part due to concrete flooring and a diet higher 

in fermentable carbohydrates. Other reasons for the large range in lameness prevalence 

include variability in detection and diagnosis. Lameness is often underreported by 

producers and inexperienced observers, compared to independent and trained observers.4 

Finally, the method of determining lameness can also lead to variations of reported 

prevalence. Subjective methods, such as locomotion scoring, can have poor inter-
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observer consistency and poor diagnostic sensitivity, and may result is a lower reported 

prevalence than more objective automated methods.2 However, the automated methods 

have been developed primarily for dairy cattle, and frequently have poor applicability to 

beef cattle maintained on pasture.  

 

By far the most common cause of lameness in cattle is foot lameness, representing 

approximately 90% of lameness cases in dairy cattle and 70% in feedlots.5-6 Foot lesions 

can be broadly divided into two categories: infectious and non-infectious. Infectious 

lesions of the foot include interdigital phlegmon (informally known as foot rot), 

papillomatous digital dermatitis, and heel erosions. Non-infectious lesions can be further 

divided into metabolic and non-metabolic causes. Laminitis is a sequela of metabolic 

disturbance, and predisposes the animal to many other lesions, including white line 

disease, sole disease (sole ulcers, false soles, bruises), screw claw, and hoof wall fissures. 

Non-metabolic lesions include traumatic injuries, interdigital fibroma, and fescue foot.7 

Many of the aforementioned lesions can lead to septic processes of the foot, such as 

abscesses, distal interphalangeal joint sepsis (septic arthritis) and/or septic tenosynovitis 

if not treated early. 

 

According to the 2007 National Animal Health Monitoring System (NAHMS) beef cow-

calf report, lameness was the most common reason for antimicrobial usage in beef cows. 

Antimicrobial administration for lameness in cows occurred in 10.1% of operations, and 

the most common antimicrobial administered was tetracycline, which was used in 7.8% 

of operations.8 Similarly, according to the NAHMS 2002 dairy report, lameness was the 
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second most common reason (behind mastitis) for antimicrobial usage in dairy cattle. Of 

dairy cows treated for lameness, 64.9% were treated with an antimicrobial and 

tetracycline was the most commonly used antimicrobial (42.2% of lameness cases), 

followed by cephalosporins and penicillin.9  

 

The majority of scientific studies regarding lameness in cattle have been performed in 

dairy cattle. Furthermore, most of the lameness detection methods in use were developed 

for dairy cattle housed on concrete surfaces. There are studies evaluating lameness in 

feedlots and feeder cattle, but at this time there is a paucity of research on cow-calf 

operations. Cow-calf operations represent nearly two-thirds (63%) of the 94.8 million 

cattle in the United States in 2020. Beef cows and replacement heifers over 500 pounds 

represented 68% of the cow-calf population (or 43.2% of the total cattle population),10 

and therefore a large portion of the U.S. herd has not been appropriately evaluated 

regarding lameness.  The focus of this literature review is on beef cattle lameness, 

including a broad overview of common lesions associated with lameness with a focus on 

septic processes of the foot and treatment of these processes.  

 

2.2 Beef cattle lameness in the United States 

The 2011 NAHMS feedlot report found that over 90% of feedlots with >1000 head had 

cases of lameness.11 The 2007 NAHMS beef cow-calf report found that 5.4% to 31.6% of 

operations that sold (culled) at least one cow for purposes other than breeding did so due 

to physical unsoundness (e.g., injury or lameness), with larger herds (200 or more 

animals) being more likely to have culled a cow due to lameness than smaller herds (1 to 
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49 animals). Overall, 1.3% to 3.6% of cows sold (culled) for purposes other than 

breeding were sold due to physical unsoundness, including injury and lameness. Again, 

larger herds (50 or more animals) were more likely to sell a cow due to lameness than 

smaller herds (1 to 49 animals). The same report found an 8.4% death loss of animals 

with lameness and that lameness was the most common disease condition that would 

prompt a producer to contact a veterinarian.12 Others have also reported that lameness 

accounted for one of the top 3 veterinary service-related expenditures in beef cow-calf 

herds in California.13 

 

2.3 Lesions associated with beef cattle lameness 

2.3.1 Lesion distribution 

The majority of lesions associated with lameness occur in the foot, and lesions of the foot 

are most commonly found in the pelvic limbs.3,7 In a study of cows and heifers ≥ 18 

months of age from 12 Norwegian beef cow-calf herds, lesions were found in 29.6% of 

animals, with 95.6% of the lesions occurring in the pelvic limbs. Bulls were not included 

in the study. Infectious lesions occurred 9.8 times more frequently in the pelvic limbs 

than the thoracic limbs. Non-infectious lesions were 7.6 times more frequent in the pelvic 

limbs than the thoracic limbs. Claw distribution (lateral versus medial) was not recorded 

in that study.3 A retrospective analysis of 745 records of lameness cases in beef cattle 

were presented to the teaching hospital at Auburn University for hoof trim or lameness 

found 513 of the cases had foot lesions. Lesions in the pelvic limbs were more than twice 

as common as in the thoracic limbs and of the pelvic limb lesions, ~95% occurred in the 

lateral claws.7 Lesions were distributed more equally between the claws of the thoracic 
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limb, with 58.3% in the lateral claw and 41.7% in the medial claw. Unlike the Norwegian 

study, the Auburn study included both male and female cattle of all ages, provided they 

originated from a beef herd. Approximately 35.7% of the animals were identified as adult 

males, and approximately 7.2% of the cases were identified as yearlings and calves. 

Ninety-six cases (12.9%) had unrecorded signalments. Lesion distribution by sex of 

animal was not described except for digital dermatitis, which more commonly affected 

cows.  

 

In the Auburn study, non-infectious lesions represented ~82% of cases and were far more 

common than infectious lesions. Screw claw was the most common cause of foot 

lameness, followed by vertical fissures, interdigital fibromas, and abscesses. Abscesses 

followed by digital dermatitis and heel erosions were the most common cause of 

infectious lesions, but were less common than non-infectious lesions. The authors noted 

the low occurrence of interdigital phlegmon was likely due to this condition being treated 

by the producer versus presenting to a referral hospital.7 Comparatively, the Norwegian 

study found laminitis-related lesions in 11 of the 12 herds recorded (92%), and infectious 

lesions in 4 of the 12 herds (33%). Screw claw, asymmetrical claw growth, white line 

disease, sole ulcers, sole hemorrhage, and false soles were the only recorded non-

infectious lesions; digital dermatitis and heel-horn erosions were the recorded infectious 

lesions. Interdigital phlegmon, hoof wall fissures, abscesses, and interdigital fibromas 

were not found.3 These two studies are retrospective and observational in nature. Outside 

of these two studies, the remaining literature on lameness in beef cow-calf operations 

includes studies of smaller population. There are currently no studies available looking at 
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lesion distribution among lame beef cattle breeding stock outside of producer surveys 

(NAHMS data, which does not include data about beef bulls) and referral hospitals.  

 

 

2.3.2 Infectious vs Non-infectious Foot Lesions 

Infectious lesions of the foot are diseases of the skin, subcutaneous tissues, and semi-soft 

heel bulb that result from bacterial ingress into macerated or disrupted skin. Non-

infectious lesions are diseases of the hard, horny hoof wall and sole, lamina, corium, and 

structures contained within the hoof capsule. Non-infectious lesions may eventually 

result in infectious disease of the foot by allowing entry of infectious agents through 

abnormal hoof wall, and infectious and non-infectious lesions may occur concurrently in 

the same hoof. 

 

2.3.2.1 Non-infectious lesions 

2.3.2.1.1 Laminitis 

Laminitis is a diffuse aseptic inflammation or degeneration of the suspensory tissues that 

attach the hoof capsule to the distal pedal bone. These suspensory tissues include the 

insensitive hoof wall lamellae and the innervated laminar, coronary, perioplic, and solar 

corium responsible for creating the hoof wall. Laminitis can be acute, subclinical, or 

chronic, but the pathogenesis is similar for all three forms. Disruption of the digital 

circulation occurs due to vasoactive substances that cause vasoconstriction, thrombosis, 

congestion of the corium, and eventual rotation or sinking of the distal phalanx and 

compression of the digital cushion as the lamellae stretch, separate, and blunten.14 The 
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primary difference between equine and ruminant laminitis is the underlying etiology. 

Equine laminitis is most frequently due to an inflammatory process, such as endotoxemia. 

The tip of the distal phalanx rotates downward as the lamina separate, and can eventually 

perforate the sole. Ruminant laminitis however is more often associated with a 

degenerative non-inflammatory process that cause the lamina to weaken and stretch and 

the distal phalanx to sink within the sole and compress the digital cushion.14 Rumen 

acidosis due to a highly fermentable carbohydrate diet has been commonly association 

with laminitis in cattle; however, causation has been difficult to determine.15 The 

peripartum period has been implicated as a risk factor for laminitis due to the production 

of hormones that weaken connective tissues.16 Clinical signs of acute laminitis include 

lameness in all limbs, a tentative gait, frequent shifting of weight while standing, and an 

arched back. Signs of subsolar hemorrhage can be noted by a red or yellow discoloration 

in the sole of the hoof within days. Chronic laminitis can occur secondary to chronic 

subclinical laminitis or an acute laminitis episode, and is most commonly seen as 

abnormal hoof growth. The abnormal hoof and sole wall and diseased lamellae 

predispose to many other hoof lesions, which include white line disease, sole 

hemorrhage, sole bruises, sole ulcers, and screw claw.17  

 

2.3.2.1.2 Fescue foot 

Fescue foot is a disease of livestock consuming endophyte or ergot toxins in pasture 

grasses that cause a form of laminitis due to peripheral vasoconstriction. Clinical signs of 

acute fescue foot start with a red line at the coronary band with edema that may progress 

to a gangrenous process with purple-black discoloration and sloughing of the skin of the 
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coronary band and lower limb. The tail and ear tips may have similar lesions. The degree 

of lameness and severity of lesions vary from sub-clinical to severe. Tall fescue (Festuca 

arundinacea) is a cool-season grass native to Europe and introduced to the United States. 

The endophyte fungus Neotyphodium coenophialum infects fescue, and releases ergot 

alkaloids, the most important of which is ergovaline. Perennial ryegrass (Lolium perenne) 

infected with the endophyte fungus Epichloë festucae that produces lolitrem B also 

induces peripheral vasoconstriction. Overgrazing endophyte-infected pastures increases 

the probability of clinical disease, as the fungus concentrates in the crowns and basal leaf 

sheaths. In a study by Tor-Agbidye and Blythe, cattle fed 825 ppb ergovaline and 1,800 

to 2,000 ppb lolitrem B developed clinical signs within 42 days. Based on the findings of 

the study, the authors approximated ergovaline dietary levels of 400 to 750 ppb and 

lolitrem B levels of 1,800 to 2,000 ppb in feed as threshold values for disease. Equally 

important to toxin concentration was cold environmental temperatures.18 However, it is 

also known that different cattle breeds have different levels of tolerance to fescue 

toxicosis, and even within breed different individuals have varying degrees of 

susceptibility. Brahman cattle demonstrated better milk production than Angus cattle 

long term on endophyte-infected tall fescue pastures, and Brahman x Angus crosses 

performed better than the pure breed animals. Senepol steers were less susceptible to heat 

stress and had better average daily gain than their Hereford steer peers when fed an 

endophyte-infected diet.19 Within breed, genetic variation for tolerance to fescue 

toxicosis exists. In Angus cattle, a recent study identified that a single polymorphism in 

dopamine receptor D2 gene, responsible for regulating secretion of prolactin, that could 

be associated with resistance to fescue toxicosis.20 Diagnosis is determined based on 



 
 
 

13 
 

clinical signs and demonstration of exposure to high endophyte levels. Treatment of 

severe cases is unrewarding and euthanasia may be necessary; less severe cases are 

treated with corrective hoof trims to encourage normal hoof shape and weight bearing, 

and treatment of any secondary lesions that develop from the laminitis-like syndrome. 

Animals with acute, severe disease should be immediately removed from the suspected 

pasture once clinical signs of acute fescue foot are appreciated. Producers can also choose 

to select for cattle with genetic tolerance to fescue toxicosis to improve their herd over 

time.  

 

2.3.2.1.3 White line disease, sole hemorrhage, and sole bruises 

White line disease is one of the most common hoof lesions observed in both beef and 

dairy cattle. The white line is created by the joining of the lamellae of the hoof capsule 

and the corium lamellae as it curves around the edge of the pedal bone before attaching to 

the solar lamellae. The resulting junction and the lack of overlying horny wall results in a 

point of weakness that can allow separation and relatively easy route of penetration for 

foreign material, bacteria, and fungi into the hoof capsule.21 Exposure to high amounts of 

moisture in the environment of the foot, e.g., from standing in mud or water, can soften 

the hoof wall and allow for increased wear and risk of damage to the white line. It also 

has been hypothesized that twisting foot motions or abnormal foot loading that might 

occur on unpredictable terrain could predispose to an increased incidence of white line 

disease.22 Sole hemorrhage and sole bruises can result from hemorrhage associated with 

laminitis, abnormal weight bearing, or traumatic injury. Lameness associated with these 
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lesions may be subclinical to moderate, depending on the location and severity of the 

lesion. 

 

2.3.2.1.4 Sole ulcers 

Sole ulcers occur most often in the lateral claws of the pelvic limbs.23 The pathogenesis 

of sole ulceration can be due to mechanical factors such as increased wear rate of the sole 

and abnormal weight bearing, or metabolic factors leading to laminitis and rotation of the 

apex of the distal phalanx or sinking of the distal phalanx at the flexor tuberosity. 

Regardless of the pathogenesis, abnormal compression of the corium and sole leads to a 

full-thickness horn defect.23 Depending on where the abnormal compression is, the ulcer 

may be in claw Zone 4 (a “Rusterholtz” sole ulcer), Zone 6 (heel ulcer), or Zone 5 (toe 

ulcer) (Figure 2.3.2.1.4, Figure 2.3.3.2). In dairy cattle, sole ulcers are associated with 

increased cow standing time, certain types of bedding that cows find less comfortable, 

and housing on rough surfaces.22 The authors of the current study suggest that similar 

activity in beef cattle would likely increase the chance of sole ulcers in these animals as 

well; this could occur due to increased standing from heat stress due to atmospheric 

conditions alone, or in combination with ingestion of endophyte-infected fescue.18 

Lameness associated with sole ulcers can be mild to severe depending on the location of 

the ulcer.  
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Figure 2.3.2.1.4 Claw zone diagram24 

 

 

2.3.2.1.5 Screw claw 

Screw claw (or corkscrew claw) is a conformational defect of the bovine hoof. The lesion 

is most commonly seen bilaterally in the lateral claws of the pelvic limbs but can occur in 

the other claws or in a single claw. The abaxial hoof wall of the affected claw curls under 

and becomes the primary weight-bearing surface, especially on the plantar caudal surface 

of the hoof. The axial hoof wall is displaced and a fold develops in the wall. The claw 

curls axially and then dorsally, creating a “corkscrew” appearance (Figure 2.3.2.1.5).  
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Figure 2.3.2.1.5. Bilateral screw claws of the lateral pelvic claws of a beef cow 

 

The distal phalanx of the affected claw is often thinner and longer than the other claw of 

the same foot, with an abaxial to axial curvature. Screw claw may be heritable; however, 

the overall heritability is generally low and is estimated to be 0.05.25 Other factors such 

as nutrition, housing, claw trimming, claw shape, age, and body weight seem to play a 

larger role in the development of this lesion.26 Screw claw has been reported in both dairy 

and beef cattle, primarily in Holstein, Angus, Norwegian and Swedish Red, Ayrshire, 

Finncattle and Brown Swiss cattle.26 Screw claw is also highly correlated with laminitis 

and associated changes of the horn quality and distal phalanx.26-27 The abnormal weight 

bearing predisposes to several other hoof lesions including sole ulcers, abscesses, bruises, 

and hemorrhage. Clinical manifestation in younger animals carries a stronger index of 

suspicion for a genetic component, while manifestation in older animals is more likely 
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acquired. Screw claw is diagnosed based on appearance of the claw and is treated with 

hoof trimming to correct the weight bearing abnormality; however, the underlying 

pathology is still present and regular hoof trimming will likely be necessary. In addition, 

due to the possible heritability of the condition, breeding affected animals to produce 

seedstock is inadvisable.26 

 

2.3.2.2 Infectious lesions 

2.3.2.2.1 Interdigital phlegmon 

Interdigital phlegmon is an infectious bacterial disease of beef and dairy cattle with a 

worldwide distribution and is the most important infectious lesion of the bovine foot.7 

This disease has many other common names, including bovine foot rot, interdigital 

pododermatitis, interdigital necrobacillosis, and foul in the foot. Many studies have been 

performed attempting to experimentally reproduce the lesions found with naturally 

occurring bovine interdigital phlegmon, but despite this the full pathogenesis and the 

interactions of the bacteria involved are not fully understood.28 Fusobacterium 

necrophorum appears to be the primary bacterium associated with this condition, but 

several other organisms such as Porphyromonas levii, and Prevotella intermedia have 

been implicated.29 F. necrophorum is a Gram-negative anaerobic bacterium that is 

ubiquitous in the bovine environment and has been found in the gastrointestinal tract of 

healthy cattle. Infection requires the normal surface of the bovine epithelium to be 

disturbed. The full pathogenic mechanisms of F. necrophorum are not understood, but 

the major virulence factor appears to be a leukotoxin with specific cytotoxic activity 

against ruminant neutrophils, macrophages, hepatocytes, and epithelial cells.28,30 At high 
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concentrations, this leukotoxin induces cell lysis, while at lower concentrations it induces 

cell apoptosis. Cell lysis with release of lysosomal enzymes and reactive oxygen species 

is hypothesized to result in local tissue necrosis and anaerobic conditions.28 P. levii and 

P. intermedia are closely-related Gram-negative anaerobic bacteria that were previously 

classified together as Bacteroides melaninogenicus. P. levii produces an enzyme that 

destroys bovine immunoglobin G2, which potentially could reduce the host’s ability to 

opsonize the organism for neutrophil-mediated phagocytosis.31 P. intermedia produces 

biofilms and beta-lactamases, both of which can limit antimicrobial efficacy.32 However, 

the extent to which the virulence factors of P. levii and P. intermedia play a role in 

bovine interdigital phlegmon remains to be fully elucidated.28  

 

The clinical signs of interdigital phlegmon include variable-grade acute lameness, usually 

affecting one limb initially, symmetrical swelling between the claws of the same foot, 

erythema, malodor, pain, necrosis and sloughing of the interdigital skin (Figure 

2.3.2.2.1).  
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Figure 2.3.2.2.1. Interdigital phlegmon of the right thoracic limb demonstrating necrosis 

and sloughing of the interdigital skin 

Generalized weight loss and muscle loss in affected limbs may be present if the lesion is 

subacute and/or chronic. If secondary invasion of the lesion has occurred by other 

bacterial pathogens such as Trueperella pyogenes there may be subcutaneous abscesses 

in the surrounding tissues with or without fistulous tracts. Cases that not treated or that 

are treated without success may result in extension of the infection into the bone, joint, 

ligaments, and tendons of the adjacent digit, resulting in septic arthritis and tenosynovitis. 

Diagnosis of interdigital phlegmon is made based on lesion location and characteristic 

clinical signs and odor. Systemic antimicrobials are the treatment of choice for 

uncomplicated interdigital phlegmon, and many of the antimicrobials labeled for bovine 

use are labeled for this indication.28 
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2.3.2.2.2 Sole, toe, and heel abscesses 

Incursion of foreign material into the hoof capsule through the white line, a defect in the 

hoof wall, or through traumatic injury to the hoof can allow ingress of microbial 

pathogens. The foreign material and microbes initiate an inflammatory response, with a 

migration of white blood cells and fluid from the dermal vessels through the basement 

membrane and germinal epithelium to form an abscess. The abscess causes separation of 

the germinal and cornified epithelium. As the abscess forms, it causes rapidly increasing 

pressure on the underlying dermis.33 Lameness associated with abscesses varies 

depending on chronicity and location of the lesion, but is often severe early in the disease 

process and improves if the abscess breaks open externally (Figure 2.3.2.2.2).  

  

Figure 2.3.2.2.2. Sole abscess of the right medial claw 
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Due to the relative densities of the surrounding tissue, infection of the deeper soft tissue 

structures may occur as opposed to the abscess opening through the hoof wall as the 

pressure follows the path of least resistance. Sole bruises or sole hemorrhage may also 

allow for aseptic (“sterile”) abscessation due to poor perfusion and pressure. Little is 

written in the literature regarding the organisms isolated from hoof abscesses in bovine. 

 

2.3.2.2.3 Septic arthritis and tenosynovitis 

Septic arthritis of the distal interphalangeal joint (DIPJ) is a common complication of 

both infectious and non-infectious causes of foot lameness in cattle and is one of the most 

frequently identified causes of lameness in feedlot cattle.34 Sepsis of the DIPJ and septic 

tenosynovitis of the flexor tendons can occur secondary to interdigital phlegmon or with 

ascending infection associated with white line disease, penetrating traumatic injuries to 

the sole or interdigital space, or sole ulcers.35 In a study of 19 cases of DIPJ joint sepsis at 

Kansas State University, the primary lesions associated with DIPJ sepsis were most 

commonly sole abscesses (47.4% of animals), followed by penetrating wound to the 

coronary band (15.8%), interdigital phlegmon (15.8%), sole ulcer (10.5%), and vertical 

fissure (10.5%). Most of the animals in the study were Angus or Angus crossbred cattle 

over 4 years of age.35 Another study of beef breeding bulls found similar results, with a 

mean age of 3.6 years in affected animals.36 Clinical signs of DIPJ sepsis in cattle usually 

include severe single-leg lameness with swelling of the coronary band of one claw 

(Figure 2.3.2.2.3). 
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Figure 2.3.2.2.3. Distal interphalangeal joint sepsis of the pelvic left medial claw with 

swelling of the medial coronary band 

 In one study, 95% of animals with confirmed DIPJ sepsis had a lameness score of ≥ 4 on 

a 5-point scale where 5 is most lame, and a lameness score of ≥ 4 significantly (p < 0.01) 

increased the probability of diagnosis of septic arthritis of the DIPJ by 85.7%.35 Draining 

tracts may be present. Similar to other foot lameness lesions, the pelvic limbs were more 

commonly affected than the thoracic limbs, and the lateral claws of the pelvic limb was 

the most commonly affected claw.7,35 Diagnosis of septic arthritis is often presumptive 

and based on notable swelling, the presence of a deep wound in the hoof capsule, ability 

to directly palpate bone or joint space, malodorous fluid, and/or necrotic bone. A 

confirmatory diagnosis is generally made by radiographic imaging of the affected joint, 

though diagnosis using ultrasonographic examination has been described in dairy cattle.37 

Definitive diagnosis of sepsis requires positive bacterial culture, or visualization of 

neutrophils and bacteria on cytology. In the Kansas State University study, approximately 

58% (11/19) of cases diagnosed with DIPJ sepsis and 70% (14/20) of controls presented 
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for other causes of lameness had received at least one dose of parenteral antimicrobial 

prior to admission, either by the producer or a referral veterinarian.  

 

 

2.3.3 Diagnosis and treatment of beef cattle lameness lesions 

2.3.3.1 Lameness scoring 

Subjective assessment of lameness has traditionally been done through visualization of 

the bovine gait and posture to assign a locomotion score. The most popular and well-

known systems were developed for dairy cattle housed on flat, hard surfaces.38 The 

literature has conflicting data regarding the efficacy of the locomotion scoring system. In 

some studies, it has been found that trained observers can utilize the changes in gait and 

posture to determine the affected limb(s), and often the affected claw with reasonable 

accuracy.39 Other studies have reported that these systems utilize different grades and are 

not completely interchangeable, and inter-observer consistency is generally poor and 

variable.2 More objective automated methods of evaluating lameness were created for 

dairy cattle in containment facilities to meet these challenges, and include pressure-

sensitive flooring, weight platforms, accelerometers, and indirect measures such as milk 

production.2 However, both the subjective lameness scoring and the objective automated 

lameness scoring methods have proven difficult to apply to beef cattle systems, and even 

to some degree to dairy cattle in a pasture-based system.40 Models for beef cattle have 

been developed that utilize a simplified version of the dairy cattle lameness scoring 

systems that rely on less nuanced changes in animal gait and stride; these models may be 

easier to use and subject to less inter-observer variation.34,39 Regardless of its 
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shortcomings, locomotion scoring is still the first and primary method of selecting cattle 

for further evaluation for lameness lesions, especially in beef cattle. 

 

 

2.3.3.2 Corrective hoof trimming 

Corrective hoof trimming is the primary method of definitively diagnosing as well as 

treating most of the causes of bovine foot lameness. The Toussaint Raven method 

described in 1985 is still widely used.24 In short, the goal of this method is to shorten the 

toe and spare the heel, while restoring appropriate weight-bearing on the hoof walls, 

flattening the sole, and encouraging mild axial concavity. Abnormal horn should be 

removed around lesions to allow for normal hoof growth. As part of the corrective hoof 

trim for a lesion affecting a single claw, application of a wooden or rubber block with 

glue onto the healthy contralateral claw of the same limb is often used to improve 

locomotion (Figure 2.3.3.2). The block allows for improved weight-bearing on the limb 

while providing pain relief.41  
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Figure 2.3.3.2. Wooden block on contralateral claw with sole ulcer of lateral claw 

 

While corrective trimming is an important treatment measure, excessive hoof trimming 

can create lameness and removal of excess sole horn has been associated with the 

development of ulcers, thin soles, and white line disease.42  

 

2.3.3.4 Antimicrobial treatments of lameness lesions 

In general, antimicrobials are reserved for infectious diseases of the foot and are not a 

first-line treatment for the majority of lesions. In addition, sole abscesses or lesions where 

deeper soft tissues are not affected are most appropriately treated by opening and 

draining the lesions, similar to abscesses at other locations on the body. Despite many 

lesions not having an indication for antimicrobials, many producers treat bovine lameness 

with antimicrobials without knowing the definitive diagnosis.8,35 If the lesion is primarily 

infectious, such as interdigital phlegmon, or affects deeper structures of the foot, such as 
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DIPJ sepsis, antimicrobials may be indicated. Many of the antimicrobials labeled for 

bovine use have interdigital phlegmon as a labeled indication. However, the treatment of 

abscesses, infected ulcers, and distal interphalangeal joint sepsis constitute extra-label 

drug use (ELDU) and as such any prohibitions or restrictions on ELDU extra-label drug 

use must be followed. As the organisms primarily responsible for sole abscesses and 

DIPJ sepsis in beef cattle are unknown, a broad-spectrum antimicrobial is often utilized.8  

 

2.4 Antimicrobials in beef cattle in the United States 

Antimicrobials used are commonly used in beef cattle in the United States, both as feed 

additives and parenterally for the treatment of disease. In the 2008 NAHMS Beef 

antimicrobial study looking at cow-calf operations in the United States, 11.9% to 31.6% 

of cow-calf operations used antimicrobials as a feed additive, depending on herd size and 

location.8 The most common indication for use of feed-grade antimicrobials was 

prevention and treatment of respiratory disease. More than two-thirds of operations 

(68.0%) used oral (non-feed additive) and/or injectable antimicrobials to treat disease in 

their beef animals, and operations with 50 or more animals were more likely to treat their 

cattle than smaller operations (less than 50 head). The most common indication for oral 

or injectable antimicrobials for all beef cattle was respiratory disease, but the most 

common indication for antimicrobial use in beef cows was lameness. Injectable 

antimicrobials were more commonly used than oral antimicrobials for treatment of 

individual animals for disease. In total, 10.1% of cow-calf operations used an injectable 

antimicrobial to treat lameness in 2007. By far the most common antimicrobial used, both 

by the percentage of operations using and by disease treated, was tetracycline. For the 



 
 
 

27 
 

10.1% of operations that administered an injectable antimicrobial to their beef cows for 

lameness, 7.8% of the total operations (or 77.2% [7.8%/10.1%] of operations that 

administered an antimicrobial for lameness) administered tetracycline. Macrolides and 

florfenicol were both used in 0.9% of total operations that administered antimicrobials for 

lameness, and non-cephalosporin beta-lactams were used in 0.3% of operations.8 

 

Fecal samples submitted by beef producers have been evaluated for antimicrobial 

resistance.8 While limited to bacteria found in feces, resistance to some of the most 

commonly used antimicrobials, in particular tetracycline and non-cephalosporin beta-

lactams, was noted. Several organisms demonstrated multi- or pan-antimicrobial drug 

resistance to tested antimicrobials. This study focused on bacteria associated with public 

health concerns – namely Salmonella, Campylobacter jejuni, Enterococcus, E. coli, and 

Clostridium difficile.8 While fecal microbes are often resistant to antimicrobials, they also 

represent the organisms with the most antimicrobial susceptibility data available in the 

literature. The majority of the literature regarding bovine antimicrobial resistance is 

written regarding either the gastrointestinal tract or the respiratory tract associated with 

bovine respiratory disease. There is much less data on antimicrobial resistance for other 

organisms from other sites. There are several reports of mastitis and metritis pathogen 

antimicrobial susceptibility, and a report on Trueperella pyogenes isolated from 

abscesses from multiple body sites.43-45 However, there is a general paucity of data 

regarding antimicrobial resistance among pathogens in cattle from subcutaneous and joint 

infections, such as with foot lesions. 
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2.5 Conclusions 

There is a paucity of research and literature regarding lameness in adult cattle on cow-

calf operations, as the majority of research has focused on dairy cattle. Lameness in beef 

cattle is apparently common based on available data, and the most common cause of 

lameness appears to be caused by diseases of the foot. Many diseases of the bovine foot 

are non-infectious, but can predispose to secondary infectious lesions that may require 

treatment with antimicrobials. However, the causative organisms of the deeper septic 

processes are not well characterized, and thus tailoring therapy including use of 

antimicrobials is hampered by the lack of empirical evidence.  
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ABSTRACT 

Background: Lameness is an economically important and common disease of cattle and 

foot disease is the most common cause of cattle lameness. There is limited data available 

regarding lameness in cow-calf operations.  

Objectives: Describe the most commonly isolated bacteria from septic lesions of the feet 

of adult beef cattle and the antimicrobial susceptibility patterns of the isolated bacteria.  

Animals: Fifty-four cattle ≥ 18 months of age from cow-calf operations presented to a 

veterinary teaching hospital and diagnosed with a sole abscess or distal interphalangeal 

joint sepsis were enrolled. 

Methods: In this prospective convenience sampling, abscess fluid samples were cultured 

under aerobic and anaerobic conditions. Isolated bacteria were identified using MALDI-

TOF mass spectrometry or 16s rRNA gene sequencing. Antimicrobial susceptibilities 

were performed on isolates when species was identified from ≥ 5 samples. 

Results: Fifty of the 54 samples were polymicrobial. Trueperella pyogenes (n=22/54), 

Streptococcus uberis (16/54), and Bacteroides pyogenes (14/54) were the most 

commonly isolated bacteria. Eighty-one of the 96 tested isolates were resistant to ≥ 1 

antimicrobial; multidrug resistance was identified in 37/96 isolates. Resistance to 

oxytetracycline (n=50/96), tylosin (40/96), and florfenicol (37/96) were commonly 

identified among tested bacteria. Resistance to ceftiofur (5/96) was rare.  

Conclusions and Clinical Importance: Septic processes of the foot in these adult beef 

cattle were frequently polymicrobial and the isolated bacteria were resistant to at least 

one antimicrobial with over one-third being multidrug resistant. While simple sole 

abscesses do not require antimicrobial treatment, deeper septic processes of the foot are 
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often treated with antimicrobials. Culture and susceptibility of lesions may be warranted 

in cases refractory to treatment.  

 

3.1 INTRODUCTION 

Lameness is an economically important and common disease of cattle that has substantial 

welfare implications due to the severe pain that is often associated with these conditions.1 

The economic impacts of lameness are broad. In addition to the cost of treatment and 

labor, lameness is associated with decreased feed intake, reduced average daily gain, 

decreased milk production, reduced fertility, and decreased carcass weight.2 The 

estimated worldwide prevalence of lameness in cattle ranges from 1.1% to 54.8% 

depending on location and purpose of cattle.2-3 By far the most common cause of 

lameness in cattle is disease of the foot, representing approximately 90% of lameness 

cases in dairy cattle and 70% in feedlots.4-5 Foot lesions can be broadly divided into two 

categories, those with non-infectious or infectious causes. Non-infectious lesions are 

diseases of the horny hoof wall and sole, lamina, corium, and structures contained within 

the hoof capsule. Infectious diseases include lesions of the skin, subcutaneous tissues, 

and semi-soft heel bulb as a result of bacterial ingress into macerated or disrupted skin.4 

Many foot lesions of both infectious and non-infectious origin can lead to deeper septic 

processes, such as abscesses, distal interphalangeal joint (DIPJ) sepsis (septic arthritis) 

and/or septic tenosynovitis. The causative organisms of these septic processes have not 

been well described. Because some of these deeper infections often require antimicrobial 

therapy, understanding the bacteria involved will help guide treatment decisions.  
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According to the 2007 National Animal Health Monitoring System (NAHMS) report, 

lameness and/or foot rot was the most common disease condition in beef cows that 

producers were treating with antimicrobials. Antimicrobial administration for lameness in 

beef cows occurred in 10.1% of operations. The most common antimicrobial 

administered was tetracycline, which was used in 7.8% of all cow-calf operations.6 

 

The majority of studies that have evaluated lameness in cattle have been performed in 

dairy cattle, and many of the lameness detection methods used in these studies were 

developed for use in confinement dairy cow facilities on hard surfaces as opposed to on 

pastures. While there are studies on lameness in feedlot and feeder cattle, there is a 

paucity of research on cow-calf operations. However, in 2020, cow-calf operations 

represented 63% of the total cattle population in the United States. Beef cows and 

replacement heifers over 500 pounds represented 68% of the cow-calf population (or 

43.2% of the total cattle population).8 Therefore, understanding lameness in adult cattle 

from cow-calf operations will help better guide diagnosis and treatments for this large 

portion of the cattle population. The objectives of this study were to describe the most 

common bacterial species isolated from sole abscesses and deeper septic processes of the 

foot in adult beef cattle originating from cow-calf operations and presented to a 

veterinary teaching hospital, and to describe the antimicrobial susceptibility of the 

cultured microorganisms to commonly used antimicrobials in the United States. 

 

3.2 MATERIALS AND METHODS 

3.2.1 Cattle enrollment and study design 
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This was a prospective, convenience sample, descriptive study. Adult beef cattle ≥ 18 

months of age or older from cow-calf operations that were presented to the University of 

Missouri Veterinary Health Center for hoof trim or lameness evaluation and diagnosed 

with a sole abscess or distal interphalangeal joint sepsis between June 1, 2019 and March 

31, 2020 and June 1, 2020 and October 31, 2020 were enrolled in the study. Animal 

signalment, presenting complaint, lesion type, lesion location, duration of clinical signs, 

and previous antimicrobial treatments were recorded. Each animal was only sampled 

once and only one site was sampled per animal.  

 

3.2.2 Sample collection and bacterial identification 

For all enrolled cases, the abscesses were located and opened during corrective hoof 

trimming procedures. Once identified, the area around the abscess was aseptically 

prepared using chlorhexidine-soaked gauze sponges followed by isopropyl alcohol-

soaked gauze sponges. After aseptic preparation, abscess fluid samples were collected 

with a flocked swab that was inoculated into 1 mL liquid Amies medium (ESwab, Copan, 

CA). All fluid samples were processed the same day as collection. Samples were plated 

on two 5% sheep blood agar plates (Columbia blood agar [CBA]; Remel, Lenexa, KS), 

two Columbia nalidixic-acid with 5% sheep blood agar plates (CNA; Remel, Lenexa, 

KS), and one MacConkey agar plate (MAC; Remel, Lenexa, KS). One CBA and CNA 

plate and the MAC plate were incubated at 37°C in 10% CO2. The second CBA and CNA 

plate were placed in an anaerobic chamber (Mitsubishi AnaeroPack System, Thermo 

Fisher Scientific, Waltham, MA) to create a microenvironment with < 0.1% oxygen. The 

anaerobic chamber containing the plates was incubated at 37°C. Plates were read at 24 or 
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48 hours. Morphologically distinct colonies were isolated and subcultured onto 5% CBA 

and returned to incubate in either aerobic or anaerobic conditions, as applicable, in 10% 

CO2 at 37°C for 24 or 48 hours. All pure culture isolates were stored at -80°C in 

phosphate buffered glycerol until further analysis. 

 

 Isolates were speciated using matrix-assisted laser desorption/ionization time-of-flight 

(MALDI-TOF) mass spectrometry according to the manufacturer’s guidelines (Bruker 

Daltonics, Billerica, MA). Briefly, representative bacterial colonies were transferred in 

duplicate onto a MALDI target plate, overlaid with 0.7 µL 70% formic acid and allowed 

to dry, then overlaid with 1 µL MALDI matrix solution (α-cyano-4-hydroxycinnamic 

acid in 50% acetonitrile and 2.5% trifluoroacetic acid) and allowed to dry at room 

temperature. Plates were run on a Microflex LT/SH mass spectrometer (Bruker 

Daltonics). Spectra were assigned a score based on similarity with spectra from the RUO 

Biotyper database (Bruker Daltonics). Cut points used for species identification were ≥ 

2.0 and genus identification were ≥ 1.70 and < 2.0.   

 

Bacterial isolates that were not identified using MALDI-TOF (cut point < 1.7), were 

identified using16S ribosomal RNA partial gene sequencing.9 Briefly, isolates were 

cultured on CBA at 37⁰C for 24 to 48 hours and then a single representative colony was 

inoculated into 100 µL of 1-X Tris-EDTA. Standard PCR was performed, using an initial 

denaturation step of 15 minutes at 94⁰C.  The V4 region of the 16s rRNA gene was 

amplified using previously described universal primers.10-11 Post-PCR, a PCR 

purification kit (PureLink PCR Purification Kit; Invitrogen, Carlsbad, CA) was used to 
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prepare the DNA for sequencing following manufacturer’s instructions. The prepared 

DNA was submitted for Sanger sequencing at the University of Missouri DNA Core 

Facility. Sequences were identified using the National Center for Biotechnology Institute 

nucleotide database (www.ncbi.nlm.nih.gov).12 The modified CLSI method was used for 

diagnosis, assigning species at >99% identity, regardless of the similarity score 

difference, and genus at >90%.13  

 

3.2.3 Antimicrobial susceptibility testing 

Susceptibility testing was performed on isolates when the same species of bacteria were 

isolated from ≥ 5 abscess fluid samples. The minimum inhibitory concentrations (MIC) 

for 18 antimicrobials representing 11 antimicrobial classes were evaluated using a 

commercially available 96-well broth microdilution plate (Sensititre Veterinary Plate 

BOPO6F, Thermo Fisher Scientific, Waltham, MA). The antimicrobials evaluated are 

commonly used in bovine and porcine medicine and include ampicillin, ceftiofur, 

chlortetracycline, clindamycin, danofloxacin, enrofloxacin, florfenicol, gentamicin, 

neomycin, oxytetracycline, penicillin, spectinomycin, sulfadimethoxine, tiamulin, 

tilmicosin, trimethoprim-sulfamethoxazole, tulathromycin, and tylosin tartrate.  

 

Isolates were grown on CBA for 24 to 48 hours at 37⁰C under aerobic or anaerobic 

conditions as indicated by the bacterial species being grown.  Isolated colonies were 

transferred to sterile deionized water and adjusted to a 0.5-McFarland standard. Ten 

microliters of the resulting solution were inoculated into Mueller-Hinton broth (Thermo 

Fisher Scientific, Waltham, MA) for aerobic isolates and Brucella broth (Thermo Fisher 
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Scientific, Waltham, MA) for anaerobic isolates and mixed using a vortexer. An 

automated inoculator (Sensititre auto-inoculator, Thermo Fisher Scientific, Waltham, 

MA) was used to inoculate the 96-well plates. Trays were incubated under aerobic or 

anaerobic conditions at 37°C for 24 to 36 hours. The MIC was reported per the 

manufacture’s guidelines (Thermo Fisher Scientific, Waltham, MA) and the Clinical and 

Laboratory Standards Institute (CLSI). Isolates were classified as resistant, intermediate, 

or susceptible according to CLSI VET08. For bacterial species that do not have 

established breakpoints for any bovine disease for the antimicrobial tested, human data 

breakpoints were used according to CLSI M100. Antimicrobials that were included on 

the microdilution plate that are used in porcine medicine only or would be illegal to use 

for the purpose of controlling bovine foot infections were excluded from interpretation, 

which includes clindamycin, danofloxacin, gentamicin, neomycin, spectinomycin, 

tiamulin, trimethoprim-sulfa, chlortetracycline and enrofloxacin. No valid breakpoints 

existed for tilmicosin for any of the bacterial species and therefore no interpretation was 

attempted.  No valid breakpoints existed for tilmicosin for any of the isolated bacterial 

species selected for susceptibility testing and therefore no interpretation was attempted. 

Data for bacteria with known intrinsic resistance to tested antimicrobials was excluded 

for these antimicrobials (Bacillus cereus has intrinsic resistance to beta-lactams; 

Bacteroides pyogenes has intrinsic resistance to ampicillin and penicillin). Multidrug 

resistance was defined as acquired resistance to three or more classes of antimicrobials.14 

Enterococcus faecalis ATCC 29212, Escherichia coli ATCC 25922, Staphylococcus 

aureus ATCC 29213, Streptococcus pneumoniae ATCC 49619, and Trueperella 

pyogenes ATCC 19411 were used as reference strains for batch controls.  
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3.2.4 Data analysis 

Data was analyzed with commercially available software (Excel, Microsoft, Redmond, 

WA) using pivot tables and reported as descriptive data only. 

 

3.3 RESULTS 

3.3.1 Animals 

Fifty-four animals from 46 farms were enrolled in the study. The median age for the 49 

of 54 animals for which it was recorded was 6.3 years (range: 1.5 to 12 years). Angus 

(n=34/54; 63%) was the most common breed; crossbred (10/54; 18.5%), Charolais (3/54; 

5.6%), Brangus (2/54; 3.7%), Beefmaster (1/54; 1.9%), Hereford (1/54; 1.9%), Limousin 

(1/54; 1.9%), Red Poll (1/54; 1.9%) and Simmental (1/54; 1.9%) were also represented. 

Bulls (n = 26/54; 48%) and cows (28/54; 52%) were approximately equally represented. 

Animals were most commonly presented in the month of July (n = 13/54; 24.1%). Over 

half (n = 28/54; 51.9%) of the cases were presented in the summer (June through 

August), and 37.0% (20/54) presented in the fall (September through November). The 

remaining 6 cases were presented in the spring and winter with 5.6% (3/54) in the spring 

(March through May) and 5.6% (3/54) in the winter (December through February). The 

most common presenting complaint was lameness (n = 46/54). Five animals presented for 

swelling of the foot, and 3 animals were presented for hoof trim with no lameness 

reported by the owner. The median duration of clinical signs prior to presentation as 

noted by the owner was 14 days (range: 0 to 390 days). Twenty-one animals had been 

treated with antimicrobials for lameness within 6 months prior to presentation (median: 
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10 days [range: 1 to 150 days]); oxytetracycline (n = 14/21; 66.7%) was the most 

commonly administered antimicrobial, followed by tulathromycin (3/21; 14.3%), 

tilmicosin (2/21; 9.5%), ceftiofur (1/21; 4.8%), and penicillin (1/21; 4.8%). Three 

animals were treated with >1 antimicrobial in sequence prior to presentation. Of the 21 

animals treated with antimicrobials, owners reported no improvement of clinical signs in 

12 animals. Six animals improved with antimicrobial treatment, and 3 owners were 

unsure if clinical signs had improved with treatment. Other treatments administered by 

owners prior to presentation included systemic non-steroidal anti-inflammatories (n = 

5/54; 9.2%), topical copper naphthenate (2/54; 3.7%), and previous hoof trim (1/54; 

1.8%).  

 

Thirty-six animals were diagnosed with a sole abscess and 18 animals with DIPJ sepsis. 

Lesions were diagnosed slightly more often in the thoracic limbs (n=29/54; 53.7%) than 

the pelvic limbs (25/54; 46.3%). Lesions were equally distributed between the medial 

(14/29; 48.3%) and lateral claws (15/29; 51.7%) of the thoracic limbs, and predominantly 

in the lateral claws of the pelvic limbs (20/25; 80%).  

 

3.3.2 Sample collection and bacterial identification 

Fifty of the 54 samples had polymicrobial (> 1 bacterial isolate) growth (median: 7.1 

bacteria [range: 1 to 13]). Two samples had no significant growth. Four hundred and 

thirty-nine isolates were identified by colony morphology on culture and submitted for 

further analysis with MALDI-TOF and 16s rRNA sequencing. Bacteria identified to the 

species level represented more than once within one sample were removed. After analysis 
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and removal of duplicates within samples, 370 bacterial isolates remained 

(Supplementary Table 1), with 350 of the 370 isolates (94.6%) identified to at least the 

genus level. Twenty isolates (20/370; 5.4%) were unable to be identified to the genus 

level with the methods used. Trueperella pyogenes (n = 22/54; 40.7% of cases) was the 

most commonly isolated bacteria, followed by Streptococcus uberis (16/54; 29.6%) and 

Bacteroides pyogenes (14/54; 25.9 Trueperella pyogenes (n = 1/2) and Streptococcus 

dysgalactiae (1/2) were the only species isolated from samples with a single bacterial 

genus and species isolated. Table 1 lists the 10 species identified from ≥ 5 samples and 

subjected to susceptibility testing.  

 

3.3.3 Antimicrobial susceptibilities 

One hundred (100) isolates were selected for antimicrobial susceptibility testing (Table 

1). Among the 100 isolates, 4 isolates did not grow on the susceptibility plates and were 

therefore excluded from the interpretation (3 Bacteroides pyogenes isolates and 1 

Peptoniphilus indolicus isolate). MICs were evaluated for ampicillin, ceftiofur, 

florfenicol, oxytetracycline, penicillin, sulfadimethoxine, tulathromycin, and tylosin. A 

total of 84/96 isolates were found to be resistant to at least one antimicrobial while 12/96 

(12.5%) were pansusceptible. Multidrug resistance (MDR) was found in 37 isolates 

(38.5%). None of the isolates were panresistant to all antimicrobials tested (Table 2). All 

tested Escherichia coli, Morganella morganii, Proteus vulgaris, and Proteus hauseri 

isolates demonstrated MDR. Over half of the isolates (n=50/96; 52%) demonstrated 

resistance to oxytetracycline. Approximately one-third or more isolates had acquired 

resistance to tylosin (40; 41.7%), florfenicol (37; 38.5%), penicillin (36; 37.5%), 
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sulfadimethoxine (36; 37.5%), ampicillin (32; 33.3%), and tulathromycin (31; 32.3%). 

Ceftiofur had the least resistance noted (n = 5/96; 5.2%).  

 

3.4 DISCUSSION 

The findings of this study suggest that septic processes of the foot in beef cattle are 

primarily the result of polymicrobial opportunistic bacterial infection, and antimicrobial 

resistance is common. Some of the organisms alleged in previous studies to cause DIPJ 

sepsis by extension from interdigital soft tissue infections, such as Fusobacterium 

necrophorum with interdigital phlegmon, were isolated infrequently. Many of the 

bacteria commonly isolated from abscesses of other areas of the body in cattle, especially 

Trueperella pyogenes, Bacteroides pyogenes, and Escherichia coli were also found in 

these septic foot lesions.15-17 Some degree of in vitro antimicrobial resistance was noted 

for the majority of the isolates tested, and resistance to oxytetracycline, the most 

commonly used antimicrobial in bovine medicine,8,18-19 was present in over half of the 

bacterial isolates tested. The least amount of resistance was observed to ceftiofur.  

 

The breed of animals presented for hoof trim were representative of the general bovine 

hospital population, with Angus being represented the most frequently More lesions were 

found in the feet of the thoracic limbs than feet of the pelvic limb, which is in contrast to 

other reports.3,7,20 This could be due to the relative lack of data regarding beef cow-calf 

operations compared to dairy and feedlot cattle. In dairy cattle, weight distribution 

between thoracic and pelvic limbs varies depending on stage of lactation and pregnancy, 

with increased weight-wearing on the pelvic limbs during peak lactation and increased 
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weight-bearing on the thoracic limbs during late gestation.21 Beef cattle may carry weight 

differently due to differences in body conformation. Bulls especially have increased 

weight-bearing on the thoracic limbs due to heavy muscling in the neck. In this study, 

bulls represented approximately 50% of the cases and could be partially responsible for 

the increased number of lesions observed in the thoracic limbs; however, bulls were not 

over-represented in the cases with thoracic limb lameness. Thoracic limb lameness may 

be easier for producers to identify than pelvic limb lameness due to the associated head 

motion present with thoracic limb lameness, which could create a bias in this study due to 

the convenience sampling method. The distribution of lesions between the medial and 

lateral claws was similar to that found in a large retrospective study of beef cattle 

lameness,7 with the lateral claws affected more commonly than the medial claws, 

especially in the pelvic limbs.  

 

Animals were most commonly presented in the summer and fall months, with nearly one 

quarter of cases presented in July. Time of year may have some affect on the bacteria 

present in the environment and the lesions that are observed, as a moist environment 

predisposes to softened hoof wall.22 However, due to the time period samples were 

collected, the months of June through October were represented in both 2019 and 2020, 

allowing for more cases to be represented during these months. Additionally, research 

restrictions placed due to the Covid pandemic precluded sample collection from April 1, 

2020 through May 31, 2020, and animals presented during that time with sole abscesses 

or DIPJ sepsis were unable to be enrolled.  
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Trueperella pyogenes was the most commonly isolated bacteria. This is a facultative 

anaerobic commensal opportunist present on the skin and mucous membranes of the 

upper respiratory tract, urogenital tract, and gastrointestinal tract of many animals.15 T. 

pyogenes is found in many infectious diseases of cattle, such as sinusitis, chronic 

bacterial pneumonia, and subcutaneous abscesses; however, T. pyogenes is generally not 

considered a primary pathogen, and usually represents a chronic disease where the 

primary pathogen has been overgrown due to delay in diagnosis.23 In a study of 

antimicrobial resistance patterns to T. pyogenes in cattle, sheep, and goats, low MIC90 

values were found for penicillin, amoxicillin, ceftiofur, enrofloxacin, and gentamicin. 

Isolates that originated from cattle demonstrated increased resistance to oxytetracycline 

compared to isolates that originated from sheep and goats; however, there was large 

variation in antimicrobial susceptibility profiles. Bacterial culture and susceptibility were 

recommended when T. pyogenes is suspected or isolated.24 The Trueperella isolates 

found in the current study were similar to those characterized in the previously studies,24 

with frequent resistance to oxytetracycline and variable resistance to other antimicrobials.  

Therefore, antimicrobial susceptibility testing may be prudent given the lack of 

predictable antimicrobial resistance patterns. 

 

The bacterial order Enterobacterales was frequently represented in the isolated 

organisms. This order of bacteria includes the families Budviciaceae, 

Enterobacteriaceae, Erwiniaceae, Hafniaceae, Morganellaceae, Pectobacteriaceae and 

Yersiniaceae.25 This finding was expected, as these Gram-negative bacilli are commensal 

organisms found in bovine feces and are common in the environment.26 The primary 
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method of infection for many sole abscesses and DIPJ sepsis is incursion of bacteria and 

foreign debris from the environment through hoof wall defects into the underlying lamina 

and soft tissues.27 Antimicrobial resistance was common among study isolates within the 

Enterobacterales order. Previous work evaluating antimicrobial resistance among 5,793 

fecal samples taken from 173 U.S. cow-calf operations from regions across the U.S. 

found 16.6% of E. coli had some degree of antimicrobial resistance, and 5.3% had MDR, 

which is comparable to the results of the present study. Among isolates from the 

aforementioned larger U.S. study, resistance to tetracyclines (16% of resistance E. coli), 

sulfamethoxazole (6.7%), and streptomycin (6.5%) were most common.6 A feedlot study 

examining antimicrobial resistance in E. coli found that co-resistance to oxytetracycline 

and ampicillin were strongly correlated.28 In the current study, ampicillin and 

oxytetracycline co-resistance was found in the majority of E. coli isolates. Further, all 

evaluated Proteus species and Morganella morganii demonstrated MDR. This result is 

similar to other studies, as MDR in Proteus species has been well described.26 The 

reasons for the high percentage of MDR Enterobacterales in this study could include 

selection pressure in animals previously treated with an antimicrobial and transmission of 

resistance genes between bacteria, especially in the intestinal and fecal environment 

which is especially conducive to gene transfer.29 

 

Sole abscesses were diagnosed more often than DIPJ sepsis, which is similar to other 

studies.7 It is important to note that antimicrobial administration is not recommended for 

most simple sole abscesses in which the deeper structures are not affected. The primary 

method of treating such abscesses is corrective hoof trimming with drainage. Giving 
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antimicrobials unnecessarily selects for antimicrobial resistance. However, once the 

deeper soft tissue structures are compromised, as is the case for deep abscesses and DIPJ 

sepsis, antimicrobial administration is often used as adjunctive therapy. Veterinary 

evaluation of suspected soft tissue infections should be conducted prior to antimicrobial 

administration to confirm the indication for antimicrobial intervention and support 

judicious use principles. The cases in the present study generally had polymicrobial 

growth, and Gram positive, Gram negative, aerobic, and anaerobic bacteria were 

prevalent. This would suggest that a broad-spectrum antimicrobial should be selected for 

empirical treatment. Further, many of the isolated bacteria demonstrated resistance to 

antimicrobials commonly used in bovine practice. The majority of isolates showed in 

vitro susceptibility to ceftiofur, a third-generation cephalosporin, suggesting that this 

would be the empirical treatment of choice for septic foot lesions in cattle, at least in 

cattle in presented to our practice. However, cephalosporins are listed by the World 

Health Organization as critically important to human medicine30 and thus judicious use is 

necessary. In the United States, cephalosporins have restricted extra-label drug use in 

cattle31 and extra-label use is permissible only for therapeutic indications not included on 

the product label, provided all other directions on the label are followed; this includes 

either antimicrobial susceptibility testing, or previous treatment with a labeled 

antimicrobial that demonstrated lack of efficacy. Hence, bacterial culture and 

susceptibility of these lesions is recommended to direct antimicrobial therapy rather than 

adopting widespread empirical use of ceftiofur. If bacterial culture and susceptibility is 

not pursued, choosing as lower indication antimicrobial such as ampicillin or penicillin is 
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recommended as they had less resistance noted than oxytetracycline and follow judicious 

use principles.  

 

Two samples obtained did not have demonstrable growth. This could be due to lack of 

bacteria present (a sterile abscess), overly-vigorous cleaning around the lesion site 

disrupting the sample site prior to sample collection, or the presence of fastidious 

organisms that did not grow under the conditions and time frame provided. For the 

polymicrobial samples, certain organisms may have been overrepresented. Quickly-

growing, swarming bacteria could have overwhelmed other organisms, leading to loss of 

slower growing, more fastidious isolates. Selective-media CNA agar plates were chosen 

to reduce swarming bacteria, which improved collection of many isolates. Other methods 

such as 16S rRNA gene amplicon sequencing to assess the microbiome may provide a 

more thorough evaluation of all bacterial species present in the samples; however, this is 

unlikely to assist with determining treatment recommendations in the field.  

 

The major limitation in this study was the lack of valid MIC breakpoints for 

antimicrobials in bovine abscesses and joint infections. The use of human breakpoints 

could lead to erroneous interpretation due to differences in pharmacodynamics and 

pharmacokinetics in a different species. The bovine breakpoints available were 

predominantly investigated in metritis, mastitis, and bovine respiratory disease, and 

different strains of bacteria could be present in these diseases versus the current study. 

The isolates in this study were not strain-typed and duplicate bacterial species within 

samples were removed; different strains of bacteria may demonstrate different 
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antimicrobial susceptibilities, and were not evaluated in this study. In vitro antimicrobial 

susceptibility also does not guarantee in vivo success, particularly in the face of biofilm-

forming bacteria, which were commonly identified in the present study.32 In vivo clinical 

outcome data was limited in the present study and predominantly presented as a 

subjective interpretation of clinical improvement following antimicrobial administration 

by the owner prior to presentation. This created a selection bias for poor response to 

antimicrobials since the majority of the animals were presented for lameness with 

approximately half of the animals having received antimicrobials prior to presentation. 

Additionally, due to the convenience sampling at a treatment hospital, a selection bias 

was created for animals that the owner was willing to spend resources on for treatment. 

Finally, only bacteria able to be cultured on the selected media were studied and any 

potential bacteria unable to be cultured (such as spirochetes) and fungal or protozoal 

organisms were not evaluated.  

 

In conclusion, the majority of foot lesions in cattle are non-infectious and do not warrant 

antimicrobial treatment. Deeper infections of the soft tissue structures of the foot, such as 

deep sole abscesses and DIPJ sepsis, may warrant antimicrobial treatment. Prior to 

administering or recommending antimicrobial therapy, veterinary inspection of the foot is 

recommended, including corrective hoof trim and diagnosis of a lesion indicating 

antimicrobial treatment. Sole abscesses and DIPJ sepsis of beef cattle originating from 

cow-calf operations and presenting to a single teaching hospital were most commonly 

polymicrobial and due to opportunistic commensal organisms. Antimicrobial resistance 

to at least one antimicrobial product is common, particularly against oxytetracycline. In 
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cases where antimicrobial use is warranted, culture and antimicrobial susceptibility 

testing is recommended prior to antimicrobial treatment due to the wide variety of 

bacteria and resistance patterns recorded. If culture and antimicrobial susceptibility 

testing is not pursued, usage of a lower-index antimicrobial such as ampicillin, 

sulfadimethoxine, or penicillin is recommended as empirical treatment. Ceftiofur is not 

recommended for primary empirical treatment due to the human- and animal-health 

importance of this drug. 
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the isolates for this study. As no antimicrobials are labelled for foot sepsis all were 

ELDU. 

 

INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE (IACUC) OR 

OTHER APPROVAL DECLARATION  

All cattle were cared for in accordance with the Guide for the Care and Use of 

Agriculture Animals in Research and Teaching. The research protocol was reviewed and 



 
 
 

54 
 

approved by the University of Missouri Office of Animal Care Resources (ACUC-9603). 

Informed consent was obtained from the owners of the cattle enrolled in the study.  

 

HUMAN ETHICS APPROVAL DECLARATION 

Authors declare human ethics approval was not needed for this study.  

  



 
 
 

55 
 

REFERENCES 

1. Federation, N.M.P. FARM Program Animal Care. 2021  June 10, 2021]; 

4.0:[Available from: https://nationaldairyfarm.com/dairy-farm-standards/animal-

care/. 

2. Alsaaod, M., M. Fadul, and A. Steiner, Automatic lameness detection in cattle. 

Vet J, 2019. 246: p. 35-44. 

3. Fjeldaas, T., et al., Claw and limb disorders in 12 Norwegian beef-cow herds. 

Acta Vet Scand, 2007. 49: p. 24. 

4.         Murray, R.D., et al., Epidemiology of lameness in dairy cattle: description and 

analysis of foot lesions. Vet Rec, 1996. 138(24): p. 586-91. 

5. Miskimins, D., Predominant causes of lameness in feedlot lameness and stocker 

cattle. Proceedings of the 12th International Symposium on Lameness in 

Ruminants, Orlando, Florida, USA, 9th-13th January 2002, 2002: p. 147-151. 

6. United States Department of Agriculture, A.P.H.I.S., Veterinary Services, 

National Animal Health Monitoring System, Beef 2007-08: Antimicrobial drug 

use and antimicrobial resistance on U.S. cow-calf operations, 2007-08. USDA 

APHIS Veterinary Services: Fort Collins. p. 99. 

7.        Newcomer, B.W. and M.F. Chamorro, Distribution of lameness lesions in beef 

cattle: A retrospective analysis of 745 cases. Can Vet J, 2016. 57(4): p. 401-6. 

8.         “Animals and Animal Products: Livestock.” Publication | Cattle Economics, 

Statistics and Market Information System, United States Department of 

Agriculture Economics, Statistics and Market Information System, 2020, 

usda.library.cornell.edu/concern/publications/h702q636h?locale=en.  



 
 
 

56 
 

 

9.        Jensen, M.A., J.A. Webster, and N. Straus, Rapid identification of bacteria on the 

basis of polymerase chain reaction-amplified ribosomal DNA spacer 

polymorphisms. Appl Environ Microbiol, 1993. 59(4): p. 945-52. 

10.      Sipos, R., et al., Effect of primer mismatch, annealing temperature and PCR cycle 

number on 16S rRNA gene-targetting bacterial community analysis. FEMS 

Microbiology Ecology, 2007. 60(2): p. 341-350. 

11.      Walters, W.A., et al., PrimerProspector: de novo design and taxonomic analysis 

of barcoded polymerase chain reaction primers. Bioinformatics, 2011. 27(8): p. 

1159-61. 

12.      Information, N.C.f.B. Basic Local Alignment Search Tool. 2021; Available from: 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=Blast

Search&LINK_LOC=blasthome. 

13.      Park, G., et al., Evaluation of four methods of assigning species and genus to 

medically important bacteria using 16S rRNA gene sequence analysis. Microbiol 

Immunol, 2015. 59(5): p. 285-98. 

14.      Magiorakos, A.P., et al., Multidrug-resistant, extensively drug-resistant and 

pandrug-resistant bacteria: an international expert proposal for interim standard 

definitions for acquired resistance. Clin Microbiol Infect, 2012. 18(3): p. 268-81. 

15.       Pohl, A., A. Lubke-Becker, and W. Heuwieser, Minimum inhibitory 

concentrations of frequently used antibiotics against Escherichia coli and 

Trueperella pyogenes isolated from uteri of postpartum dairy cows. J Dairy Sci, 

2018. 101(2): p. 1355-1364. 



 
 
 

57 
 

16.      Kanoe, M., K. Nouka, and M. Toda, Isolation of obligate anaerobic bacteria from 

bovine abscesses in sites other than the liver. Journal of Medical Microbiology, 

1984. 18(3). 

17.       Scanlan, C.M. and T.L. Hathcock, Bovine rumenitis - liver abscess complex: a 

bacteriological review. The Cornell Veterinarian. 73(3): p. 288-297. 

18. United States Department of Agriculture, A.P.H.I.S., Veterinary Services, 

National Animal Health Monitoring System, Dairy 2002. Part IV: Antimicrobial 

use on U.S. dairy operations, 2002. USDA APHIS Veterinary Services: Fort 

Collins. p. 61 pp. 

19. United States Department of Agriculture, A.a.P.H.I.S., Veterinry Services, 

National Animal Health Monitoring System, Feedlot 2011. Part IV: Health and 

health management on U.S. feedlots with a capacity of 1,000 or more head. 

USDA APHIS Veterinary Services: Fort Collins. p. 109 pp. 

20.       Shearer, J.K., S.R. Van Amstel, and B.W. Brodersen, Clinical diagnosis of foot 

and leg lameness in cattle. Vet Clin North Am Food Anim Pract, 2012. 28(3): p. 

535-56. 

21.       Chapinal, N., A.M. de Passillé, and J. Rushen, Weight distribution and gait in 

dairy cattle are affected by milking and late pregnancy. J Dairy Sci, 2009. 92(2): 

p. 581-8. 

22.       Barker, Z.E., et al., Risk factors for increased rates of sole ulcers, white line 

disease, and digital dermatitis in dairy cattle from twenty-seven farms in England 

and Wales. J Dairy Sci, 2009. 92(5): p. 1971-8. 



 
 
 

58 
 

23.       Murray, G.M., et al., The bovine paranasal sinuses: Bacterial flora, epithelial 

expression of nitric oxide and potential role in the in-herd persistence of 

respiratory disease pathogens. PLoS One, 2017. 12(3): p. e0173845. 

24.       Galán-Relaño, Á., et al., Antimicrobial susceptibility of Trueperella pyogenes 

isolated from food-producing ruminants. Vet Microbiol, 2020. 242: p. 108593. 

25.       Adeolu, M., et al., Genome-based phylogeny and taxonomy of the 

‘Enterobacteriales’: proposal for Enterobacterales ord. nov. divided into the 

families Enterobacteriaceae, Erwiniaceae fam. nov., Pectobacteriaceae fam. nov., 

Yersiniaceae fam. nov., Hafniaceae fam. nov., Morganellaceae fam. nov., and 

Budviciaceae fam. nov. International Journal of Systematic and Evolutionary 

Microbiology. 66(12). 

26.       O'Hara, C.M., F.W. Brenner, and J.M. Miller, Classification, identification, and 

clinical significance of Proteus, Providencia, and Morganella. Clin Microbiol 

Rev, 2000. 13(4): p. 534-46. 

27.       Mülling, C.K.W., Theories on the pathogenesis of white line disease - an 

anatomical perspective. Proceedings of the 12th International Symposium on 

Lameness in Ruminants, Orlando, Florida, USA, 9th-13th January 2002, 2002: p. 

90-98. 

28.       Platt, T.M., et al., Antimicrobial susceptibility of enteric bacteria recovered from 

feedlot cattle administered chlortetracycline in feed. Am J Vet Res, 2008. 69(8): 

p. 988-96. 



 
 
 

59 
 

29.       Alexander, T.W., et al., Effect of subtherapeutic administration of antibiotics on 

the prevalence of antibiotic-resistant Escherichia coli bacteria in feedlot cattle. 

Appl Environ Microbiol, 2008. 74(14): p. 4405-16. 

30.       Collignon, P.C., et al., World Health Organization Ranking of Antimicrobials 

According to Their Importance in Human Medicine: A Critical Step for 

Developing Risk Management Strategies to Control Antimicrobial Resistance 

From Food Animal Production. Clinical Infectious Diseases, 2016. 63(8): p. 

1087-1093. 

31.       F.D.A, 21CFR. April 1, 2020. 

32.       Olson, M.E., et al., Biofilm bacteria: formation and comparative susceptibility to 

antibiotics. Can J Vet Res, 2002. 66(2): p. 86-92. 

 

  



 
 
 

60 
 

Table 1. Bacterial species isolated from ≥ 5 of 54 cases and subjected to antimicrobial 

susceptibility testing 

Bacterial genus and species  n =  % of Cases 
Trueperella pyogenes 22 40.7% 
Streptococcus uberis 16 29.6% 
Bacteroides pyogenes 14 25.9% 
Escherichia coli 10 18.5% 
Proteus vulgaris 10 18.5% 
Peptoniphilus indolicus 7 13.0% 
Proteus hauseri 6 11.1% 
Bacillus cereus 5 9.3% 
Cellulosimicrobium cellulans 5 9.3% 
Morganella morganii 5 9.3% 
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Table 2. Antimicrobial susceptibility patterns of bacteria species isolated from ≥ 5 samples as determined by CSLI VET08/M100 
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Bacteria Number %   AMP CEF FFN OXY PEN SUL TUL TYL MDR Pansusceptible 
Bacillus cereus* 2 40%     S R  S S S No 0 
Bacillus cereus 1 20%     S R  R S S No 0 
Bacillus cereus 1 20%     S S  R R S No 0 
Bacillus cereus 1 20%     S S  S R S No 0 
  5   Percent S     100% 60%   40% 40% 100%     

                 
Bacteroides pyogenes§ 1 9%    S S R  R R R Yes 0 
Bacteroides pyogenes 1 9%    S R S  S R R No 0 
Bacteroides pyogenes 1 9%    S S R  S R R No 0 
Bacteroides pyogenes 3 27%    S S S  R S S No 0 
Bacteroides pyogenes 5 45%    S S S  S S S No 5 
  11   Percent S   100% 91% 82%   36% 73% 73%     

                
Cellulosimicrobium cellulans¶ 1 20%    R   I S I I No 0 
Cellulosimicrobium cellulans 1 20%    R   I S I S No 0 
Cellulosimicrobium cellulans 1 20%    R   R S I S No 0 
Cellulosimicrobium cellulans 1 20%    R   R S S S No 0 
Cellulosimicrobium cellulans 1 20%    I   R S R R Yes 0 
  5   Percent S   0%     0% 100% 20% 60%     
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Table 2., continued. Antimicrobial susceptibility patterns of bacteria species isolated from ≥ 5 samples as determined by CSLI 
VET08/M100 

Bacteria Number %   AMP CEF FFN OXY PEN SUL TUL TYL MDR Pansusceptible 
Escherichia coli 1 10%  R R R R R S R R Yes 0 
Escherichia coli 2 20%  R S R R R R S R Yes 0 
Escherichia coli 1 10%  R S R R R S R R Yes 0 
Escherichia coli 3 30%  R S R R R S S R Yes 0 
Escherichia coli 3 30%  R S R S R S S R Yes 0 
  10   Percent S 0% 90% 0% 30% 0% 80% 80% 0%     

                
Morganella morganii 4 80%  R S R R R R R R Yes 0 
Morganella morganii 1 20%  R S R S R S R R Yes 0 
  5   Percent S 0% 100% 0% 20% 0% 20% 0% 0%     

                
Peptoniphilus indolicus 2 33%  S S S R S S S S No 0 
Peptoniphilus indolicus 1 17%  S S S I S S S S No 0 
Peptoniphilus indolicus 3 50%  S S S S S S S S No 3 
  6   Percent S 100% 100% 100% 50% 100% 100% 100% 100%     

                
Proteus hauseri 5 83%  R S R R R S R R Yes 0 
Proteus hauseri 1 17%   R S R S R S R R Yes 0 
  6   Percent S 0% 100% 0% 17% 0% 100% 0% 0%     

                
Proteus vulgaris 1 10%  R I R R R R R R Yes 0 
Proteus vulgaris 1 10%  R S R R R R R R Yes 0 
Proteus vulgaris 8 80%  R S R R R S R R Yes 0 
  10   Percent S 0% 90% 0% 0% 0% 80% 0% 0%     
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Table 2., continued. Antimicrobial susceptibility patterns of bacteria species isolated from ≥ 5 samples as determined by CSLI 
VET08/M100 

Bacteria Number %   AMP CEF FFN OXY PEN SUL TUL TYL MDR Pansusceptible 
Streptococcus uberis 1 6%  R S R R R R R R Yes 0 
Streptococcus uberis 1 6%  I S R R R S S R Yes 0 
Streptococcus uberis 2 13%  S S S R S R S S No 0 
Streptococcus uberis 12 75%  S S S S S R S S No 0 
  16   Percent S 88% 100% 88% 75% 88% 6% 94% 88%     

                
Trueperella pyogenes 1 5%  S S R R S S S S No 0 
Trueperella pyogenes 1 5%  S S R I S R R R Yes 0 
Trueperella pyogenes 1 5%  S S R I S S I R No 0 
Trueperella pyogenes 5 23%  S S S R S S S S No 0 
Trueperella pyogenes 1 5%  S S S R S S I I No 0 
Trueperella pyogenes 5 23%  S S S R S R S S No 0 
Trueperella pyogenes 1 5%  S S S R S S S R No 0 
Trueperella pyogenes 1 5%  S S S S S R S S No 0 
Trueperella pyogenes 4 18%  S S S S S S S S No 4 
Trueperella pyogenes 2 9%  S S S I S S S S No 0 
  22   Percent S 100% 100% 86% 23% 100% 68% 86% 82%     

 

R = resistant, I = intermediate, S = susceptible. 

*Bacillus cereus has intrinsic resistance to ampicillin (AMP), ceftiofur (CEF), and penicillin (PEN) 

§Bacteroides pyogenes has intrinsic resistance to ampicillin (AMP) and penicillin (PEN) 

¶No breakpoints available for ampicillin (AMP), florfenicol (FFN), or oxytetracycline (OXY) for Cellulosimicrobium cellulans
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SUPPLEMENTARY MATERIALS  

Supplementary Table 1. All bacterial organisms isolated 

Organism n =  % of Samples 
Trueperella pyogenes 22 40.7% 
Isolate not identified 20 37.0% 
Corynebacterium spp 19 35.2% 
Streptococcus uberis 16 29.6% 
Bacteroides pyogenes 14 25.9% 
Escherichia coli 10 18.5% 
Proteus vulgaris 10 18.5% 
Bacillus spp 9 16.7% 
Bacteroides spp 8 14.8% 
Streptococcus spp 8 14.8% 
Trueperella spp 8 14.8% 
Peptoniphilus indolicus 7 13.0% 
Proteus spp 7 13.0% 
Bacillus cereus 6 11.1% 
Peptoniphilus spp 6 11.1% 
Proteus hauseri 6 11.1% 
Pseudomonas spp 6 11.1% 
Cellulosimicrobium cellulans 5 9.3% 
Morganella morganii 5 9.3% 
Anaerovorax spp 4 7.4% 
Corynebacterium xerosis 4 7.4% 
Porphyromonas levii 4 7.4% 
Porphyromonas spp 4 7.4% 
Arthrobacter gandavensis 3 5.6% 
Bacillus pumilus 3 5.6% 
Cellulosimicrobium spp 3 5.6% 
Clostridium spp 3 5.6% 
Corynebacterium amycolatum 3 5.6% 
Corynebacterium glutamicum 3 5.6% 
Desemzia spp 3 5.6% 
Enterobacter cloacae 3 5.6% 
Enterococcus faecalis 3 5.6% 
Helcococcus spp 3 5.6% 
Ignatzschineria indica 3 5.6% 
Klebsiella oxytoca 3 5.6% 
Lelliottia amnigena 3 5.6% 
Macrococcus spp 3 5.6% 
Providencia rettgeri 3 5.6% 
Serratia fonticola 3 5.6% 
Staphylococcus epidermidis 3 5.6% 
Acinetobacter spp 2 3.7% 
Aerococcus viridans 2 3.7% 
Alcaligenes faecalis 2 3.7% 
Bacillus altitudinis 2 3.7% 
Bacillus lichenformis 2 3.7% 
Bacillus megaterium 2 3.7% 
Clostridiales spp 2 3.7% 
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Supplementary Table 1, continued. All bacterial organisms isolated 

Organism n =  % of Samples 
Clostridium sporogenes 2 3.7% 
Enterococcus spp 2 3.7% 
Helcococcus ovis 2 3.7% 
Morganella spp 2 3.7% 
No significant growth* 2 3.7% 
Ochrobactrum spp 2 3.7% 
Proteus mirabilis 2 3.7% 
Pseudomonas stutzeri 2 3.7% 
Siccibacter turicensis 2 3.7% 
Sphingomonas spp 2 3.7% 
Streptococcus dysgalactiae 2 3.7% 
Vagococcus fluvialis 2 3.7% 
Achromobacter piechaudii 1 1.9% 
Acinetobacter towneri 1 1.9% 
Actinomyces hyovaginalis 1 1.9% 
Aerococcus spp 1 1.9% 
Aeromonas bestiarum 1 1.9% 
Aeromonas eucrenophila 1 1.9% 
Aeromonas spp 1 1.9% 
Arcanobacterium pluranimalium 1 1.9% 
Bacillus safensis 1 1.9% 
Bacillus subtilis 1 1.9% 
Brachybacterium conglomeratum 1 1.9% 
Buttiauxella ferragutiae 1 1.9% 
Citrobacter braakii 1 1.9% 
Citrobacter freundii 1 1.9% 
Clostridium bifermentans 1 1.9% 
Clostridium butyricum 1 1.9% 
Clostridium sphenoides 1 1.9% 
Cutibacterium acnes 1 1.9% 
Desemzia incerta 1 1.9% 
Eggerthella hongkongensis 1 1.9% 
Enterococcus casseliflavus 1 1.9% 
Enterococcus gallinarum 1 1.9% 
Enterococcus thailandicus 1 1.9% 
Erysipelotrichaceae spp 1 1.9% 
Exifuobacterium spp 1 1.9% 
Fusobacterium necrophorum 1 1.9% 
Fusobacterium ulcerans 1 1.9% 
Globicatella spp 1 1.9% 
Kocuria spp 1 1.9% 
Lactococcus lactis 1 1.9% 
Leclercia adecarboxylata 1 1.9% 
Lysinibacillus fusiformis 1 1.9% 
Lysinibacillus spp 1 1.9% 
Microbacterium spp 1 1.9% 
Myroides spp 1 1.9% 
Ochrobactrum intermedium 1 1.9% 
Paenibacillus spp 1 1.9% 
Pantoea agglomerans 1 1.9% 
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Supplementary Table 1, continued. All bacterial organisms isolated 

Organism n =  % of Samples 
Pantoea ananatis 1 1.9% 
Paraeggerthella hongkongensis 1 1.9% 
Paraeggerthella spp 1 1.9% 
Parasclostridium benzeolyticum 1 1.9% 
Petrimonas spp 1 1.9% 
Porphyromonas somerae 1 1.9% 
Proteus penneri 1 1.9% 
Providencia spp 1 1.9% 
Pseudescherichia spp 1 1.9% 
Pseudomonas caeni 1 1.9% 
Pseudomonas denitrificans 1 1.9% 
Pseudomonas flexibilis 1 1.9% 
Pseudomonas koreensis 1 1.9% 
Psychrobacter pasteurii 1 1.9% 
Psychrobacter piechaudii 1 1.9% 
Psychrobacter spp 1 1.9% 
Raoultella ornithinolytica 1 1.9% 
Rhodococcus hoagii 1 1.9% 
Rhodococcus spp 1 1.9% 
Rothia terrae 1 1.9% 
Shewanella profunda 1 1.9% 
Shewanella spp 1 1.9% 
Staphyloccous chromogenes 1 1.9% 
Staphyloccous xylosus 1 1.9% 
Staphylococcus haemolyticus 1 1.9% 
Staphylococcus hominis 1 1.9% 
Stenotrophomonas maltophilia 1 1.9% 
Streptococcus xylosus 1 1.9% 
Tessaracoccus spp 1 1.9% 
Tissierella spp 1 1.9% 
Vagococcus lutrae 1 1.9% 
Virgibacillus spp 1 1.9% 
Yersinia entertocolitica 1 1.9% 
Yersinia intermedia 1 1.9% 
Yersinia kristensenii 1 1.9% 
Total isolates 370 

 

 

*Two of 54 samples did not grow any bacterial isolates. 
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CHAPTER FOUR 

CONCLUSIONS 

 

Foot lameness lesions are most commonly non-infectious in origin, and antimicrobial use 

is warranted only when an infectious etiology or infectious of the soft tissues of the claw 

has been diagnosed by adequate veterinary inspection of the foot. The primary treatment 

for non-infectious lesions and sole abscesses in cattle is corrective hoof trim and 

antimicrobials are indicated only in cases of primary infectious lesions (such as 

interdigital phlegmon, digital dermatitis, and heel erosion), or in cases where the deeper 

soft tissue structures of the foot are infected such as deep sole abscesses where bleeding 

occurs and DIPJ sepsis. This research found sole abscesses and DIPJ sepsis of beef cattle 

originating from cow-calf operations in Missouri and presented to a single teaching 

hospital are most commonly polymicrobial and due to opportunistic commensal 

organisms. Antimicrobial drug resistance to at least one antimicrobial is common, 

particularly against oxytetracycline. In cases where antimicrobial usage is warranted, 

culture and antimicrobial susceptibility testing is recommended prior to antimicrobial 

treatment due to the wide variety of bacteria and resistance patterns demonstrated. If 

culture and antimicrobial susceptibility testing is not pursued, usage of a lower-index 

antimicrobial such as ampicillin, sulfadimethoxine, or penicillin is recommended to 

follow judicious use principles. Ceftiofur is not recommended for primary empirical 

treatment due to the human- and animal-health importance of this drug.  
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APPENDIX A 

METHODS 

 

A.1 Sample Collection and Bacterial Culture 

A.1.1 Abscess Fluid Sample Collection 

Each animal enrolled in the study was only sampled once, thus each sample represents an 

individual animal. Animals with multiple lesions had a sample site chosen at random. 

The surface was cleaned prior to sample collection to reduce peripheral contamination of 

the sample. The abscess site was often opened during the corrective hoof trim process. 

Upon identification of the abscess, the hoof trim was temporarily discontinued until the 

abscess fluid was obtained. The tissue surrounding the abscess site was aseptically 

prepared with a gauze sponge soaked in 2% chlorhexidine scrub. The chlorhexidine scrub 

was removed with a gauze sponge soaked in 70% isopropyl alcohol. Abscess fluid was 

collected with a flocked swab and stored in 1 mL liquid Amies medium (ESwab, Copan, 

CA) until processed. The corrective hoof trim was completed once sample collection was 

finished. All abscess fluid samples were processed the same day. 

 

A.1.2 Abscess Fluid Sample Cultures 

Samples were vortexed and 10 µL aliquots of each sample were plated on two blood agar 

plates containing 5% sheep blood (Columbia Blood Agar [CBA]; Remel, Lenexa, KS), 

two Columbia nalidixic-acid with 5% sheep blood agar plates (CNA; Remel, Lenexa, 

KS), and one MacConkey agar plate (MAC; Remel, Lenexa, KS) using a flame sterilized 

loop and streaked for isolation. After plating was completed, one CBA plate, one CNA 
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plate, and the MAC agar plate were incubated at 37°C in 10% CO2 for 24 hours. The 

second CBA plate and second CNA plate were placed in an anaerobic chamber with an 

anaerobic sachet and anaerobic indicator (Mitsubishi AnaeroPack System, Thermo Fisher 

Scientific, Waltham, MA) to create a microenvironment of less than 0.1% oxygen. The 

anaerobic chamber containing the plates was incubated at 37°C for 48 hours. Plates were 

examined at 24 and 48 hours, and different bacterial colonies were identified based on 

colony morphology – including size, color, texture, and presence of hemolysis. 

Morphologically distinct colonies were isolated and subcultured onto CBA and returned 

to incubate in either aerobic or anerobic conditions, as applicable, in 10% CO2 at 37°C 

for 24 or 48 hours. All isolated colonies were further subcultured as needed to isolate 

morphologically distinct colonies.  Isolated colonies were stored in phosphate buffered 

glycerol at -80⁰C until further analysis (A.2.1). 

 

 

A.2 Matrix-Assisted Laser Desorption/Ionization Time-of-Flight (MALDI-TOF) 

Mass Spectrometry Techniques 

A.2.1 Direct Transfer Method 

Isolates were plated on CBA, streaked for isolation, and incubated for 24-48 hours at 

37°C in either an aerobic or anaerobic environment as needed. The following instructions 

for the direct transfer method were used according to manufacturer’s instructions (Bruker 

Daltonics, Billerica, MA): 

Chemicals and Materials Required 
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• α-cyano-4-hydroxycinnamic acid (HCCA) matrix solution (Bruker Daltonics, 

Billerica, MA) 

• 70% formic acid (Sigma-Aldrich, St. Louis, MO) 

To prepare samples using the direct transfer method per manufacturer’s instructions: 

1. Spread a uniform thin film from a single bacteria colony directly onto a cleaned 

MALDI target (MSP 96 target polished steel, Bruker Daltonics, Billerica, MA) 

with a sterile wooden toothpick. 

2. Overlay each sample position (= spot) with 0.7 µL 70% formic acid and allow it 

to dry.  

3. Overlay each sample position with 0.7 µL matrix solution and allow to dry at 

room temperature. 

a. A homogenous preparation should be observed. The samples are now 

ready for the classification process and can be inserted into the MALDI-

TOF mass spectrometer.   

 

A.2.2 MALDI-TOF Mass Spectrometry 

Samples were analyzed using a Microflex MALDI-TOF mass spectrometer (Bruker 

Daltonics, Bremen, Germany) with Flex Control software. A MALDI target with 

prepared sample positions was additionally prepared with Bruker Bacterial Test Standard 

(Bruker BTS, part #255343, Billerica, MA) at two sample positions per target for 

calibration and control. The mass spectrometer was calibrated using the automatic 

calibration and validation procedure before starting the classification run. MALDI 

Biotyper Realtime Classification runs were performed on the prepared positions. The 
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Biotyper matching algorithm computed three separate values for three fundamental 

characteristics of the sample and the reference spectra. First, the number of signals in the 

reference spectrum that had a closely matching partner in the unknown spectrum were 

calculated. Second, the number of signals in the unknown spectrum that had closely 

matching partners in the reference spectrum were determined. Third, the symmetry of the 

matching signal pairs was computed. If high- and low-intensity signals of the unknown 

spectra closely matched the high- and low-intensity signals of the reference signals, this 

resulted in high symmetry. For each of the three characteristics, a complete match 

returned a value = 1, and no matches returned a value = 0. The three values were 

multiplied together, and the results normalized to 1000. The score value was the common 

(decadic) logarithm of this result. The minimum score value was 0, and the highest score 

value was 3 (= log 1000). The higher the score, the more probable the classification of the 

species. Isolates identified using the direct transfer method (A.2.1) with score values ≥ 

2.0 were considered probable classification at the species level, and were stored as 

described (A.3) for further analysis. Isolates with Score values < 1.70 were considered 

not identified or not in the database and were stored as described (A.3) for future 16S 

rRNA gene sequencing (A.4). Isolates identified with score values ≥ 1.70 and < 2.0 were 

subcultured and submitted for the ethanol/formic acid extraction method (A.2.3). Isolates 

with score values ≥ 1.70 and < 2.0 following ethanol/formic acid extraction were 

considered probable classification at the genus level.  

 

A.2.3 Ethanol/Formic Acid Extraction Method 
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Isolates were plated as for the direct transfer method (A.2.1). The following instructions 

for the ethanol/formic acid extraction method were used:  

Chemicals and Materials Required 

• HPLC-grade water 

• Absolute ethanol 

• 70% formic acid (Sigma-Aldrich, St. Louis, MO) 

• HPLC-grade acetonitrile (Sigma-Aldrich, St. Louis, MO) 

• HCCA solution (Bruker Daltonics, Billerica, MA) 

Equipment and Tools Required 

• Vortex mixers, pipettes, pipette tips 

To prepare samples using the ethanol/formic acid extraction method per manufacturer’s 

instructions: 

1. Dispense 300 µL ultra-pure water into a sterilized 1.5 mL tube (Thermo Fisher 

Scientific, Waltham, MA). 

2. Transfer biological material (from a single colony) into the tube. 

3. Generate a uniform suspension of cells in the tube by pipetting up and down 

followed by mixing using a vortex mixer for at least one minute. 

4. Dispense 900 µL of pure ethanol into the tube and mix the suspension for at least 

one minute using a vortex mixer. 

5. Centrifuge the tube at 13,000 rpm for 2 minutes and carefully remove the 

supernatant without disrupting the pellet using a pipette.  

6. Repeat step 5 and dry the pellet for a few minutes at room temperature until all 

residual ethanol is gone. 
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7. Add 1-80 µL of 70% aqueous formic acid to the pellet and mix thoroughly by 

pipetting up and down followed by mixing using a vortex mixer. Add an equal 

volume of 100% acetonitrile to the tube and mix carefully.  

a. The volume of 70% formic acid and acetonitrile added to the pellet should 

be proportional to the amount of biological material transferred in step 2.  

 Small 
colony 

Large 
colony 

1 µL 
inoculation 

loop 

10 µL 
inoculation 

loop 
Formic 
acid 

1-5 µL 5-15 µL 10-40 µL 30-80 µL 

Acetonitrile 1-5 µL 5-15 µL 10-40 µL 30-80 µL 
 

8. Centrifuge the tube at 13,000 rpm for 2 minutes. 

9. Pipette 1 µL of microorganisms extract supernatant onto a cleaned MALDI target.  

10. Allow the sample positions to dry at room temperature. A uniform preparation 

should be observed. 

11. Within 10 minutes, carefully overlay each sample position with 1 µL matrix 

solution.  

12. Allow the sample positions to dry at room temperature. 

a. The samples are now ready for the classification process and can be 

inserted into the MALDI-TOF mass spectrometer for classification (A.2.2) 

 

 

A.3 Storage of Isolates 

All isolates were subcultured on CBA with 5% sheep blood. A purified isolation streak 

was used, and several colonies of each unique isolate were picked for storage in a 15 x 45 
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mm glass screw cap vial (Thermo Fisher Scientific, Waltham, MA) containing 2 mL 

phosphate buffered glycerol (A.3.1) at -80°C for future analysis.  

 

A.3.1 Preparation of Phosphate Buffered Glycerol 

Reagents 

• Potassium phosphate, monobasic (0.1 M) 6.8 g/500 mL dH2O (Thermo Fisher 

Scientific, Waltham, MA) 

• Potassium phosphate, dibasic (0.1 M) 8.8 g/500 mL dH2O (Thermo Fisher 

Scientific, Waltham, MA) 

• Glycerol (Thermo Fisher Scientific, Waltham, MA) 

The pH of the dibasic potassium phosphate was adjusted to 7.0 – 7.05 with the 

monobasic potassium phosphate. Glycerol was mixed with the buffer at a 60:40 ratio, and 

mixed by heating and stirring. A total of 2 mL of the phosphate buffered glycerol solution 

was dispensed into 15 x 45 mm glass screw cap vials (Thermo Fisher Scientific, 

Waltham, MA) and autoclaved. Vials were stored at 4°C until used.  

 

 

A.4 Polymerase chain reaction techniques 

A.4.1 Colony PCR preparation 

Isolates were plated on CBA by isolation streak and incubated for 24-48 hours at 37°C in 

10% CO2 in either an aerobic or anaerobic environment as required by the 

microorganism. After incubation, a single colony was picked from CBA and inoculated 

into 100 µL of 1X Tris-ethylenediaminetetraacetic acid (EDTA;TE) (Promega, Madison, 
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WI, USA) in a 1.5 mL sterilized tube (Thermo Fisher Scientific, Waltham, MA). Colony 

preparation tubes were prepared immediately prior to polymerase chain reaction.  

 

A.4.2 Polymerase chain reaction 

Reagents 

• GoTaqGreen master mix (Promega, Madison, WI) 

• Molecular grade H2O (Nuclease-Free Water) (Sigma Aldrich, St. Louis, MO) 

• PCR Primers (Integrated DNA Technologies, Coralville, IA). Primers were 

ordered as dehydrated oligos and rehydrated with 1 mL of nuclease free water 

once received. 

G1: GAA GTC GTA ACA AGG  

L1: CAA GGC ATC CAC CGT 

All required reagents were removed from the freezer and thawed at room temperature 

(~22oC). The GoTaqGreen was placed on ice. A quantity of PCR master mix sufficient 

for the number of samples being tested was prepared and aliquoted into 1.5 mL sterilized 

tubes as described below, and each tube was kept on ice.   

Master mix for Colony PCR (23 µL per sample x number of samples): 

1. 9.5 µL nuclease free water 

2. 12.5 µL GoTaqGreen 

3. 0.5 µL forward primer  

4. 0.5 µL reverse primer  
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After all reagents were added to create the master mix, the tube was inverted several 

times to mix the solution.  A total of 23 µL of the master mix was added to each PCR 

reaction tubes (Molecular Bio Products PCR tubes and tube strip; Thermo Fisher 

Scientific, Waltham, MA). Then, 2 µL was added to each PCR reaction tube.  

The PCR reaction was done using an Eppendorf Mastercycler (Eppendorf, Hamburg, 

Germany). The thermocycler conditions were as follows: 94°C for 15 minutes followed 

by 35 cycles each at 94°C for 30 s, 55°C for 30 s, and 72°C for 1 minute.  The run was 

completed at 72°C for 5 minutes and then held at 4°C. 

 

A.4.3 Horizontal Gel Electrophoresis 

All PCR amplicons were visualized using horizontal gel electrophoresis. Aliquots (3 µL) 

of each amplicon were run in a 1% agarose gel as below.  

Materials 

• 0.5X Tris-borate- Ethylenediaminetetraacetic acid (EDTA;TBE) buffer (diluted 

from 10X Stock, Bio-Rad Laboratories, Hercules, CA) 

• Agarose (Molecular biology grade, Gold Biotechnology, Olivette MO) 

• Gel box 

• Power supply 

• Ethidium bromide (Bio-Rad Laboratories, Hercules, CA) 

• Molecular weight size standard (100 bp DNA ladder, Invitrogen, Carlsbard, CA) 

 



 
 
 

77 
 

The following instructions were used. 

1. Prepare gel by mixing agarose with 0.5X TBE.  To make a 1% gel, add 1 gram of 

agarose to 100 ml of 0.5X TBE buffer.  

2. Microwave on high until the mixture is boiling and the gel is completely 

dissolved.  

3. Cool the mixture to approximately 50˚C. 

4. Add 5 µL ethidium bromide (10 mg/mL) to each 100 mL of liquid agarose gel. 

Swirl to mix. 

5. Pour the mixture into the casting tray.  Immediately add the well combs to the gel 

and let it stand at room temperature (~22oC) to solidify. 

6. Once solidified, remove the well combs and place the gel into the gel box and add 

enough 0.5X TBE buffer to submerge the gel.  

7. Add 5 µL molecular weight size standard (DNA ladder) to the first and last gel 

wells.  

8. Add 3 µL of sample to individual gel wells.  

9. Electrophorese the gel for approximately 45 minutes at 100 volts.  

10. View the gel using UV transillumination and photographic recording. 

 

A.4.4 PCR Purification 

Post-PCR, a PCR purification kit (PureLink PCR Purification Kit; Invitrogen, Carlsbad, 

CA) was used to prepare the DNA for sequencing. The manufacturer’s directions were 

followed as below.  
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1. Add a total of 4 volumes of Binding Buffer B2 (provided in kit) to one volume 

PCR product.  For example, if there is 20 µL of PCR product, 80 µL of Binding 

Buffer B2 should be added and thoroughly mixed.   

2. Pipette samples into a PureLink Spin Column in a collection tube (provided in 

kit). Centrifuge the column at > 10,000 x g for 1 minute.  Discard the flow 

through.  

3. Place the spin column back into the collection tube.  Add 650 µL of Wash Buffer 

W1 (provided in kit).  Centrifuge the column at > 10,000 x g for 1 minute.  

Discard the flow through. 

4. Place the spin column in a clean 1.7 mL tube (provided in kit).  Add 50 µL of 

elution buffer (provided in kit) and incubate at room temperature for 1 minute.  

Centrifuge at maximum speed for 2 minutes.  The tube now contains the purified 

PCR product.   

5. Store tubes at 4˚C for immediate use and -20˚C for long-term storage. 

   

A.4.5 Sanger Sequencing 

All Sanger sequencing was done at the University of Missouri DNA Core (216 Bond Life 

Sciences Center). Samples were prepared according to the DNA Core guidelines, 

http://dnacore.missouri.edu/sangersequencing.html. Directions were followed as listed 

below: 

1. Single Sample Submission 
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a. Submit samples in 1.5 mL tubes. The core specifically requires Thermo 

Fisher Scientific (Cat. #05408129) 1.5 mL tubes.  

b. Mix a total volume of 16 µL, including template and primer, in a 1.5 mL 

tube.  

i. PCR product: 50-275 ng  

ii. Primer: 15-26 pmol of a single primer 

iii. Molecular grade water to complete 16 µL 

2. Place sequence orders online using the DNA Core’s dnaLIMS system 

(http://128.206.82.15/cgi-bin/dna/password.cgi) 

3. Label samples according to DNA Core instructions and place in the white 

refrigeration unit located across from room 211 Bond Life Sciences Center. 

4. View sequence results at http://128.206.82.15/cgi-bin/dna/password.cgi.  

5. Blast sequences using NCBI nucleotide BLAST 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=Blast

Search&LINK_LOC=blasthome 

 

A.4.6 Sequence Identification 

Sequenced genes were assigned species and genus using the modified Clinical and 

Laboratory Standards Institute method. Species identification was assigned when the 

similarity score was ≥ 99%, regardless of the differences in similarity scores. Genus 

identification was assigned when the similarity score was ≥ 90% but < 99%. Sequences 

with a similarity score <90% were not identified [50].  
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A.5 Antimicrobial Susceptibility Techniques 

Susceptibility testing was performed on all isolates belonging to a bacterial species that 

was identified from five or more abscess fluid samples (A.1). Isolates were thawed, 

plated on CBA by isolation streak, and incubated for 24-48 hours at 37°C in 10% CO2 in 

either an aerobic or anaerobic environment as required by the microorganism. 

 

A.5.1 Antimicrobial susceptibility plates 

The Sensititre Antimicrobial Susceptibility Testing System (Thermo Fisher Scientific, 

Waltham, MA) was used to determine minimum inhibitory concentrations. The 

antimicrobials on the Sensititre plate included ampicillin, ceftiofur, chlortetracycline, 

clindamycin, danofloxacin, enrofloxacin, florfenicol, gentamicin, neomycin, 

oxytetracycline, penicillin, spectinomycin, sulfadimethoxine, tiamulin, tilmicosin, 

trimethoprim-sulfamethoxazole, tulathromycin, and tylosin tartrate.  Three-to-five 

distinct colonies were selected and placed into 4 mL of sterile deionized water and 

vortexed. Inoculum density was tested with a nephelometer and adjusted to 0.5 

McFarland standard. Once correct density was achieved, 10 µL of inoculum was 

inoculated into 2% Mueller Hinton broth (aerobic isolates) (Thermo Fisher Scientific, 

Waltham, MA) or Brucella broth (anaerobic isolates) (Thermo Fisher Scientific, 

Waltham, MA) and vortexed. An automated inoculation delivery system was used to 

inoculate a 96-well broth microdilution plate with bovine and porcine-specific FDA-
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approved antimicrobials (Sensititre Veterinary Plate BOPO6F) (Table A.5.1.1). A plastic 

film (provided with the kit) was placed over the plates for aerobic, facultative anaerobic, 

and obligate anerobic bacteria. Holes were punctured in the film over the wells for 

facultative anaerobic and obligate anaerobic bacteria only. The plates were incubated for 

24-48 hours at 37°C in 10% CO2 in either an aerobic or anaerobic environment as 

required by the microorganism. The following standard reference American Type Culture 

Collection (ATCC) strains were used on each of the lot numbers of broth microdilution 

plates for validation: 

• Enterococcus faecalis ATCC 29212 

• Escherichia coli ATCC 25922  

• Staphylococcus aureus ATCC 29213 

• Streptococcus pneumoniae ATCC 49619 

• Trueperella pyogenes ATCC 19411 
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Table A.5.1.1 Sensititre BOPO6F Veterinary Plate Layout 

CEF 
8 

TIA 
32 

CTET 
8 

OXY 
8 

PEN 
8 

AMP 
16 

DANO 
1 

SXT 
2/38 

TYL 
4 

TUL 
4 

CLI 
16 

SUL 
256 

CEF 
4 

TIA 
16 

CTET 
4 

OXY 
4 

PEN 
4 

AMP 
8 

DANO 
0.5 

SPE 
64 

TYL 
2 

TUL 
2 

CLI 
8 

ENRO 
2 

CEF 
2 

TIA 
8 

CTET 
2 

OXY 
2 

PEN 
2 

AMP 
4 

DANO 
0.25 

SPE 
32 

TYL 
1 

TUL 
1 

CLI 
4 

ENRO 
1 

CEF 
1 

TIA 
4 

CTET 
1 

OXY 
1 

PEN 
1 

AMP 
2 

DANO 
0.12 

SPE 
16 

TYL 
0.5 

TIL 
64 

CLI 
2 

ENRO 
0.5 

CEF 
0.5 

TIA 
2 

CTET 
0.5 

OXY 
0.5 

PEN 
0.5 

AMP 
1 

NEO 
32 

SPE 
8 

TUL 
64 

TIL 
32 

CLI 
1 

ENRO 
0.25 

CEF 
0.25 

TIA 
1 

TIA 
0.5 

GEN 
16 

PEN 
0.25 

AMP 
0.5 

NEO 
16 

TYL 
32 

TUL 
32 

TIL 
16 

CLI 
0.5 

ENRO 
0.12 

GEN 
8 

GEN 
4 

GEN 
2 

GEN 
1 

PEN 
0.12 

AMP 
0.25 

NEO 
8 

TYL 
16 

TUL 
16 

TIL 
8 

CLI 
0.25 

POS 

FFN 
8 

FFN 
4 

FFN 
2 

FFN 
1 

FFN 
0.5 

FFN 
0.25 

NEO 
4 

TYL 
8 

TUL 
8 

TIL 
4 

POS POS 

AMP = ampicillin. CEF = ceftiofur. CTET = chlortetracycline. CLI = clindamycin. 

DANO = danofloxacin. ENRO = enrofloxacin. FFN = florfenicol. GEN = gentamicin. 

NEO = neomycin. OXY = oxytetracycline. PEN = penicillin. SPE = spectinomycin. SUL 

= sulfadimethoxine. TIA = tiamulin. TIL = tilmicosin. SXT = trimethoprim / 

sulfamethoxazole. TUL = tulathromycin. TYL = tylosin tartrate. POS = positive control.  

 

A.5.2 Antimicrobial Minimum Inhibitory Concentration Evaluation 

Incubated broth microdilution plates were manually evaluated. The MIC was reported as 

the lowest concentration of antimicrobial that inhibited visible growth, as determined in 

accordance with the manufacturer’s guidelines (Thermo Fisher Scientific, Waltham, MA) 

and in accordance with the Clinical and Laboratory Standards Institute (CLSI). Isolates 

were classified as resistant, intermediate, or susceptible according to CLSI VET08; for 

bacterial species that did not have established cattle breakpoints for the antimicrobial 
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tested, human breakpoints were used out of CLSI M100. Antimicrobials used in porcine 

medicine only (clindamycin, danofloxacin, gentamicin, neomycin, spectinomycin, 

tialumin, and trimethoprim-sulfa) or illegal to use for the purpose of controlling bovine 

foot infections (chlortetracycline and enrofloxacin) were excluded from the 

interpretation. No valid breakpoints existed for tilmicosin and therefore no interpretation 

was attempted. No valid breakpoints existed for ampicillin, florfenicol, or oxytetracycline 

for Cellulosimicrobium cellulans and therefore no interpretation was attempted for those 

antimicrobials. Multidrug resistance was defined as resistance to three or more classes of 

antimicrobials.51 For bacteria known to possess inherent resistance to certain 

antimicrobials, those antimicrobials were not included in the calculation of multidrug 

resistance; this included inherent resistance of Bacillus cereus to beta-lactam 

antimicrobials (ampicillin, ceftiofur, and penicillin in the analysis) and penicillin 

resistance in Bacteroides pyogenes (ampicillin and penicillin).   
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