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ABSTRACT 

Bacteria-attributed thrush infections of horse hoofs could be detrimental to animal performance. 

Fusobacterium necrophorum (leukotoxin-positive, lktA+) and Dichelobacter nodosus (fimbrial-

protease-exporter-positive, fimA+) bacteria were documented to associate with thrush 

symptomatic horse positively (i.e., partially) and negatively, respectively, following gene-

specific PCR detections. However, the availability of non-F. necrophorum bacteria in horse 

thrush has been unexplored to date. The present study explored thrush prevalence and its 

associated bacteria in rodeo horses. A total of 16 separate swabbed and non-swabbed (i.e., 

scraped frog skin) samples were randomly acquired from rodeo horses of three independent open 

pen raisers between September 2022 and May 2023. Hoof’s indigenous bacterial suspensions 

were cultivated anaerobically and aerobically, and isolated colonies were separately streaked for 

purification. Bacterial genomes were extracted using the bead collision method and identified 

using 16S rRNA gene sequencing. Of 16 hoof samples, 11 were healthy and five were sickened, 

and the latter were more prevalent at moderate temperature (i.e., 75-85 °F, 67%) or combined 

moderate and dry conditions (67%). 41 phenotypically-variant bacteria were differentially 

detected in healthy (30) and sickened (11) hoofs. Of 18 bacterial DNAs analyzed, six (33%) lktA 

positive isolates, presumptive of F. necrophorum availability, were from healthy (5) and 

sickened (1) hoofs. Subsequently, 16S rRNA bacterial identification exhibited non-F. 
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necrophorum bacteria, including animal/human pathogens. The present comparative study 

reveals potential positive correlations (i.e., odds ratio>1) between thrush prevalence and ambient 

conditions (i.e., temperature and humidity). This discovery could improve currently emerging 

thrush management knowledge and prevent infection-associated performance and prolonged 

chemical treatment complications. 

Keywords: Thrush-causing bacteria, Fusobacterium necrophorum, Rodeo Horse, Leukotoxin 

(lktA) Gene, Temperature, Humidity, Pathogen, Correlation 

1. INTRODUCTION 

1.1 Thrush disease, prevalence, and the causing agent: Thrush, a microbial health-threatening 

disease (i.e., lameness) of hoof disorder, if left careless, is common in field animals, including 

food and gaming animals, and is attributed to environmental conditions such as wet floors, flax 

bedding, and poor horn quality (1). Both bacteria and yeast could contribute to thrush 

development in food and gaming animals. These animals include cattle (2), swine (3), sheep (4), 

and horse (5) hosts. Infection of animals (i.e., non-horse animals) could be attributed to 

combined bacterial infections (4) or infections with a single bacterial genus and species (5). 

Dichelobacter nodosus and Fusobacterium necrophorum are Gram-negative, anaerobic footrot-

causing bacteria in food animals, causing hoof disorder and eventually leading to lameness and 

decreased productivity if left untreated (2,4). Remarkably, F. necrophorum has been reported in 

human infections with multiple manifestations, such as ontogenic, leg, throat, and bacteremia 

complications (Lemierre’s syndrome). These conditions could lead to hemiparesis (i.e., semi-

paralysis), hearing damage, and life-threatening disease (i.e., death) (6). Hence, F. necrophorum 

could possess multi-mammalian cross-infectivity (i.e., including humans and animals). 

1.2 Thrush-causing bacteria in the horse: Recently, Petrov and Dicks (5) reported the 

exclusive contribution of F. necrophorum to horse thrush, as opposed to infectious bacteria 

mixtures detected in other lame animals (2,4). Previous work by Shinjo et al. (7) discovered that 

this bacterium causes in-vitro and in-vivo hemolysis. The disease could readily be notable 

phenotypically by the infected hoof’s blackening (8) and rotten odor (9) symptoms. 

1.3 Detection of F. necrophorum: To date, both molecular (i.e., gene-specific PCR) (4,5) and 

culture-based (10-12) methods are available for detecting and isolating F. necrophorum, 

respectively. Gene-specific detection polymerase chain reaction (PCR), namely leukotoxin A 

gene (lktA), helps accelerate the detection of F. necrophorum in animals with thrush disorder 

(4,5), by which an amplicon size of ~400 bases signifies the bacterium prevalence. Culture-based 

detection/isolation is feasible with commercially available agar base media, including Brain 

Heart Infusion agar (12), Fusobacterium Egg York Agar (FEA) (10), and JVN Agar (11), in 
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which the two latter media are supplemented with Brucella Agar base and egg yolk and 

Fastidious Anaerobe Agar base (FAA), respectively. These agar media are supplemented with 

antibiotics (10,11), animal erythrocytes (10,11), and anaerobic incubation at 37 °C. Additionally, 

the subspecies of this bacterium, such as F. necrophorum subsp. Necrophorum and F. 

necrophorum subsp. funduliforme, could be readily determined with their differential hemolytic 

activities (7). 

1.4 Predictive model: Metadata of microbial communities from various ecosystems is broadly 

available and has allowed the development and application of predictive model frameworks 

(13).Predictive food microbiology has earned interest in the food industry due to its simple 

protocol to generate valuable predictions and analyses (14) necessary to preserve food safety and 

quality (15). Additionally, predictive microbial ecology is used for interspecies relationship 

predictions (16), enabling bacterial infection and pathogenesis studies. Holzhauer et al. (1) 

documented thrush-conducive environmental conditions, including wet floor, straw bedding, 

permanent pasturing (no indoor shelter) housing strategy, and poor horn quality, with no regard 

for predictive model, temperature and/or bacteria (7) role(s).  

1.5 Present study: The horse thrush-causing bacterium F. necrophorum was previously detected 

using lktA gene-specific PCR exclusively, rendering mischaracterization of other horse-

associated facultatively anaerobic infectious bacteria (i.e., lesion causing bacteria), including 

Corynebacterium sp. (17) and Staphylococcus sp. (18). The present study comparatively 

analyzed horse hoofs for thrush, lktA gene, F. necrophorum, and other bacteria availabilities. 

Rodeo horse hoofs were randomly separately collected at various time points from three 

independent local sources, cultivated, and isolated bacteria were analyzed for lktA gene 

availability. Further, presumptive correlations were established between thrush and environment 

conditions, including temperature, humidity, lktA gene availability, and hoof-associated bacteria 

(i.e., confirmed by 16S rRNA bacterial identification). 

2. MATERIALS AND METHODS 

2.1 Sample collection: A total of 16 visibly healthy (11) and sickened (5) hoofs (Figure 1) were 

randomly separately collected (i.e., swabbed or scraped) at sixtime-points between September 

2022 and May 2023 from three independent groups (i.e., JT, 11; Raven, 3; Kade Goemer, 2) of 

rodeo horses raised in open pens in Alabama(i.e., JT and Kade Goemer) and Missouri (i.e., 

Raven), pre- and post-removing of dirt embedded within the central and collateral frogs (Table 

1). Environmental conditions, including temperature (i.e., mildly, 65-75 °F; moderately, 75-85 

°F; extreme, 85-95 °F) and humidity (i.e., dry, wet) were recorded (Table 1). Temperature ranges 

(°F) on sampling days were aggregations of two-week temperatures (i.e., 7-day before and after 
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the day of sampling) acquired online from Accuweather.com (i.e., 2023 samples) and 

weatherspark.com (i.e., 2022 samples).    

2.2 Classification criteria for healthy and sickened hoofs: Healthy and sickened horse hoofs 

from thrush infections were dictated by sensorial means (i.e., according to the justification of the 

horse raisers), including visibility of frog’s blackening formation (Figure 1) and a notable thrush-

mediated odor. Detectable (i.e., notable frog blackening and odor) and non-detectable (i.e., non-

notable frog blackening and odor) thrush was classified as healthy and sickened hoofs, 

respectively (Figure 1). 

 

Fig. 1: Healthy (Panel A) and diseased hoof (Panel B) with no visible thrush-infected 

symptom and with visible thrush-infected symptoms (i.e., blackening of hoof and notable 

smell), respectively. 

Table 1: Hoofsamples, temperature, and humidity. 

Sample IDa Sourceb Healthc Mildd Moderated Extremed Humiditye 

1 JT H –  – √ D 

2 JT S – – √ D 

3 JT H – – √ D 

4 JT H – – √ D 

5 R S – √ – D 

6 R S – √ – D 

7 JT S √ – – W 

8 JT S √ – – W 

9 JT H √ – – W 

10 JT H √ – – W 

11 R H – √ – D 
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12 KG H √ – – W 

13 KG H √ – – W 

14 JT H √ – – D 

15 JT H √ – – D 

16 JT H √ – – D 
a The ID is numerically chronologically assigned according to sample collection and processing time (i.e., 

September’22, samples 1-4; October’22, samples 5-8 and 11; November’22, samples 9 and 10; May’23, samples 12-

16).  
b Three sample suppliers, including JT, Raven (R), and Kade Goemer (KG) 
c H, healthy hoofs (i.e., horse thrush were not visibly or odorly detectable); S, sickened hoofs (i.e., horse thrush were 

visibly and odorly detectable) 
d √, Ambient temperature during which horse hoof was collected. Mild, 65-75 °F; moderate, 75-85 °F; extreme, 85-

95 °F 
e D, dry condition during which horse hoof was collected; W, wet condition during which horse hoof was collected 

2.3 Hoof bacterial isolation, culture and storage conditions: Inoculated swabs or frog skin 

scrapes containing hoof bacteria were homogenized in buffered peptone water (BPW, 0.1% w/v, 

pH 7.4), the bacterial solution dilutions were inoculated on a complex medium, Brain Heart 

infusion agar (BHI, Difco, Detroit, MI, USA) (12), and aerobic and anaerobic (i.e., anaerobic gas 

pak was used) (AnaeroGenTM 2.5L, ThermoFisher, Waltham, MA, USA) incubation were 

conducted at 35 °C for 48 h or until visible bacterial colonies formed. Bacterial colonies with 

visibly distinctive phenotypes were streaked for purification on fresh BHI agar, and isolated 

bacterial colonies were cultured in fresh BHI broth (35 °C, 16 h) followed by pelleted cells (12k 

RPM, 3 min) resuspended in fresh BHI supplemented with 10% sterile glycerol prior to long 

term storage at -70 °C. Prior to experimental analyses, thawed bacterial cultures were inoculated 

into sterile fresh BHI broth (inoculant dilution 1/100) and incubated at 35 °C for 16 h followed 

by another subculture in sterile fresh BHI broth (inoculant dilution 1/100).Bacterial isolates of 

horse hoofs were identified following one-directional sequencing (i.e., primer 515F) (Table 2) in 

an Applied Biosystems 3730 DNA analyzer (ThermoFisher, Waltham, MA, USA), DNA 

nucleotide chromatogram clean-up (i.e., MEGA X, https://www.megasoftware.net/), and the 

Blastn identification (i.e., megablast) of National Center for Biotechnology Information (NCBI). 
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Table 2: Primers used in this study 

Gene ID Primer pair Amplicon 

size (bp) 

Melting 

temp. (°C)  

Annealing 

temp. (°C) 

Source 

16S-515  F-GTGCCAGCMGCCGCGGTAA 
900 

65.2 56 
(4) 

16S-1391 R-GACGGGCGGTGTGTRCA 59.8 56 

lktA 
F-ACAATCGGAGTAGTAGGTTC 

400 
51 59 

(1) 
R-ATTTGGTAACTGCCACTGC 53.4 59 

 

2.4 DNA extraction, gene-specific PCR, and electrophoresis conditions: Genomes of fresh 

bacterial cultures (16 h) were extracted in accordance to Tiong et al. (19). Briefly, bacterial 

pellets were washed twice with sterile deionized water prior to resuspension in Tris buffer 

solution (10 mM, pH 7.4) containing glass beads (500 µm) and subject to bead-collision cell 

lysis and DNA unleash following vortex collision (max speed, 1 min), cooling (4 °C, 2 min), 

repeat vortex collision, final cooling (4 °C, 4 min), and centrifugation (12K RPM, 2 min). After 

centrifugation, lysate supernatants were aspirated and kept at -70 °C. PCR was conducted 

according to the gene-specific conditions described by Bennett et al. (i.e., lktA gene) (4) and 

Tanner et al. (i.e., 16S rRNA gene) (20) (Table 2). PCR reactions containing forward and reverse 

primers (0.4 µM) (Table 2) were prepared according to the GoTaq Flexi DNA Polymerase’s 

instructions (Promega, Madison, WI, USA) and conducted in a thermal cycler (Veriti Thermal 

Cycler, Applied Biosystems, ThermoFisher, Waltham, MA USA) in accordance to Tiong et al. 

(19) PCR cycle step 1, 1 cycle of DNA denaturation at 95 °C for 5 min; step 2, 40 cycles of 

sequential denaturation at 95 °C for 1 min, annealing at primer-specific temperature (Table 2) for 

40 s, and extension at 72 °C for amplicon size-specific time; step 3, 1 cycle of extended 

extension at 70 °C for 10 min followed by infinite holding at 4 °C. Amplicon availabilities were 

dictated on a DNA electrolyzed agarose gel (1.6%) pre-stained with a GelStarTM Nucleic Acid 

Gel Stain (stain dilution 0.005/50) (Lonza Walkersville Inc., Walkersville, MD, USA) following 

UV transillumination.  

2.5 Hoof health and ambient condition correlation: A sample size of 16 horse frogs was 

estimated (21) to statistically evaluate thrush prevalence and the correlation between thrush and 

temperature and between thrush and humidity, respectively using descriptive statistics and binary 

logistic regression analysis (22) with 5% (i.e., P <0.05) level of significance.  

The horse hooves were recorded as healthy or sickened. Temperature was classified into three 

categories: mild, moderate, and extreme. Humidity was recorded as wet or dry. Since the 

response variable healthy/sickened status is binary and the predictors variables temperature and 

humidity are categorical, binary logistic regression analysis was used to estimate the correlation 
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between healthy/sickened status and temperature and humidity, respectively. Utilizing binary 

logistic regression, the Maximum Likelihood Estimates (MLEs) for the regression parameters 

was determined. Subsequently, the probabilities associated with the horse’s healthy or sickened 

status based on the specified environmental conditions were deduced. Minitab Statistical 

Software was used for the validation and analysis of the data. 

3. RESULTS AND DISCUSSION 

3.1 Thrush prevalence in rodeo horses: Holzhauer et al. (1) reported that thrush prevalence 

could be attributed to environmental conditions. Horse hoofs were randomly analyzed for thrush 

symptoms, including hoof blackening (8) and notable rotten odor (9), as noted previously. Of 16 

samples evaluated, five indiscriminately possessed positive thrush symptoms in all conditions 

(i.e., temperature, 65-95 °F; humidity, dry or wet) examined (Table 1), as confirmed by the 

availability of frog blackening (Figure 1) and rotten odor, in which three and two were from dry 

(i.e., 3/10, 30%) and wet (i.e., 2/6, 33%) environments, respectively (Table 1), and two, two, and 

one were from 65-75 °F (i.e., mild temperature, 2/9, 22%), 75-85 °F (i.e., moderate temperature, 

2/3, 67%), and 85-95 °F (i.e., extreme temperature, 1/4, 25%), respectively. Combined 

temperature and humidity, such as mild/wet, mild/dry, moderate/dry, and extreme/dry exhibited 

two (i.e., 2/6, 33%), zero (0/3, 0%), two (2/3, 67%), and one (1/4, 25%) sickened hoofs, 

respectively (Table 1), thereby suggesting a positive correlation between moderate temperature 

or combined moderate temperature/wet conditions and thrush acquisition in rodeo horses which 

conforms with bacterial temperature-dependent reactivity documented by Tiong and Muriana 

(23). 

3.2 Prevalence of thrush-causing bacteria. Prior work documented the exclusive association 

between the thrush-causing bacterium F. necrophorum and hoof thrush availability and that it 

could be readily indicated by the lktA gene availability (5). Subsequently, both healthy and 

sickened horse hoofs were analyzed for thrush-associated bacteria. A total of 41 phenotypically 

distinctive bacteria isolates (i.e., 36 anaerobic; 5 aerobic) were differentially acquired from 11 

healthy (32) and five sick (10) hoofs (Table 3).  
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Table 3: Hoof bacteria isolated in this study 

Strain IDa 16S ID Sample ID Healthb Tc Hd lktAe Samplingf Cultureg 

THT1 Klebsiella sp. 1 H E D X SS A 

THT2 Streptococcus sp. 1 H E D √ SS A 

THT3 Streptococcus sp. 1 H E D X SS A 

THT4 Lactococcus sp. 2 S E D X SS A 

THT5 Streptococcus sp. 2 S E D √ SS A 

THT6 Streptococcus sp. 1 H E D X SS ANA 

THT7 Streptococcus sp. 1 H E D √ SS ANA 

THT8 Streptococcus sp. 2 S E D X SS ANA 

THT9 Staphylococcus sp. 2 S E D X SS ANA 

THT10 Raoultella sp.  3 H E D √ S ANA 

THT11 Enterobacter sp. 3 H E D X S ANA 

THT12 Klebsiella sp. 3 H E D X S ANA 

THT13 Klebsiella sp. 4 H E D √ S ANA 

THT14 Enterobacter sp. 4 H E D X S ANA 

THT15 Streptococcus sp. 4 H E D X S ANA 

THT16 Streptococcus sp. 4 H E D √ S ANA 

THT17 Staphylococcus sp. 4 H E D X S ANA 

THT18 Staphylococcus sp. 4 H E D X S ANA 

THT19 Vagococcus sp. 5 S M D ND S ANA 

THT20 Vagococcus sp. 5 S M D ND S ANA 

THT21 Vagococcus sp. 6 S M D ND S ANA 

THT22 Vagococcus sp. 6 S M D ND S ANA 

THT23 Vagococcus sp. 7 S Mi W ND S ANA 

THT24 Vagococcus sp. 7 S Mi W ND S ANA 

THT26 Corynebacterium sp.  8 S Mi W ND S ANA 

THT27 Lactococcus sp. 9 H Mi W ND S ANA 

THT28 Priestia sp. 9 H Mi W ND S ANA 

THT29 Bacillus sp. 9 H Mi W ND S ANA 

THT30 Bacillus sp. 10 H Mi W ND S ANA 

THT31 Brevibacterium sp. 11 H M D ND S ANA 

THT32 Rhodococcus sp. 11 H M D ND S ANA 

THT33 Bacillus sp. 12 H Mi W ND S ANA 

THT34 Bacillus sp. 12 H Mi W ND S ANA 

THT35 Bacillus sp. 13 H Mi W ND S ANA 

THT36 Bacillus sp. 13 H Mi W ND S ANA 
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THT37 Bacillus sp. 14 H Mi D ND S ANA 

THT38 Bacillus sp. 14 H Mi D ND S ANA 

THT39 Enterococcus sp. 15 H Mi D ND S ANA 

THT40 Lactococcus sp. 15 H Mi D ND S ANA 

THT41 Bacillus sp. 16 H Mi D ND S ANA 

THT42 Bacillus sp. 16 H Mi D ND S ANA 
a THT1 – THT5, bacteria isolated using aerobic plate count; THT6 – THT42, bacteria isolated using anaerobic jars 
b H, healthy hoofs (i.e., horse thrush were not visibly or odorly detectable); S, sickened hoofs (i.e., horse thrush were 

visibly and odorly detectable) 
cAmbient temperature (T) recorded during sample collection. Mild (Mi; 65-75 °F), moderate (M; 75-85 °F), extreme 

(E; 85-95 °F) temperatures. 
d Ambient humidity (H) recorded during sample collection. D, dry; W, wet 
e√, lktA-positive bacterial strain; X, lktA-negative bacterial strain. ND, not determined. 
fHorse hoof bacteria were acquired either by swabbing (S) or frog skin scraping (SS) following dirt cleaning out. 
gBacterial isolates were cultivated either aerobically (A) or anaerobically (ANA). 

3.2 Prevalence of lktA gene: Gene-specific amplification of 18 bacterial genomes (i.e., THT1-

THT18) (Tables 2,4) revealed six lktA positive isolates (Figure 2) from healthy (i.e., THT2, 

THT7, THT10, THT13, THT16) and sickened hoofs (i.e., THT5) (Table 4), suggesting the 

presumptive availability of F. necrophorum (5) and Staphylococussp. (24) as they were 

previously evident to possess the gene, including the equine thrush-causing bacterium F. 

necrophorum (5). 

Table 4: IktA PCR amplicon availability in bacteria (THT1-18) isolated  

from healthy and sickened horse hoofs 

Bacterial ID lktAa Sample ID Healthb 

THT1 X 1 H 

THT2 √ 1 H 

THT3 X 1 H 

THT4 X 2 S 

THT5 √ 2 S 

THT6 X 1 H 

THT7 √ 1 H 

THT8 X 2 S 

THT9 X 2 S 

THT10 √ 3 H 

THT11 X 3 H 

THT12 X 3 H 

THT13 √ 4 H 
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THT14 X 4 H 

THT15 X 4 H 

THT16 √ 4 H 

THT17 X 4 H 

THT18 X 4 H 

THT18 X 4 H 
a √, lktA-positive bacterial strain; X, lktA-negative bacterial strain 
b H, healthy hoofs (i.e., horse thrush were not visibly or odorly detectable); S, sickened hoofs (i.e., horse thrush were 

visibly and odorly detectable) 

 

Fig. 2: Gene-specific PCR detection of lktA in THT1-18 isolates. Lanes 1, “+” control (i.e., 

non-specific amplicon of lktA primers); 2, “-” control; 3, THT1; 4, THT2; 5, THT6; 6, 

THT7; 7, THT4; 8, THT5; 9, THT8; 10, THT9; 11, THT3; 12, THT10; 13, THT11; 14, 

THT12; 15, THT13; 16, THT14; 17, THT15; 18, THT16; 19, THT17; 20, THT18; M, 1Kb 

DNA ladder. The dashed lines represent lktA amplicons (i.e., lktA-positive isolates) 

3.3 Confirmed bacterial identity: Subsequently, 16S rRNA gene bacterial identification 

revealed that none of the bacterial isolates (i.e., 41 isolates) (Table 3), including the lktA-positive 

isolates (i.e., THT2, THT5, THT7, THT10, THT13, and THT16) (Table 4), was F. 

necrophorumor lktA-positive Staphylococcus sp. (i.e., VHT9, VHT17, and VHT18 were lktA-

negative Staphylococcus sp.) (Table 3). In fact, lktA gene was differentially detected in 

Streptococcus sp. (i.e., 4 of 8 isolates exhibited detectable lktA amplicons), Raoultella sp. (i.e., 1 

isolate), and Klebsiella sp. (i.e., 1 of 3 isolates exhibited detectable lktA amplicons) isolates 

(Tables 3,4), thereby agreeing with Narayanan et al. (25) report on the availability of other lktA-

carrying bacteria and suggesting the presence of truncated or altered lktA gene sequence as 

previously observed in other bacteria species studied by Tiong and Muriana (23). Ludlam et al. 

(26) revealed the source-dependent lktA availability (i.e., lktA-positive or -negative) in other 

bacterium (i.e., F. necrophorum) which could elucidate the absence of the gene in the isolates 
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(i.e., Streptococcus sp., Klebsiella sp., and Staphylococcus sp.) and its non-viability essential 

role, as demonstrated in the viable lktA-negative strains (i.e., Streptococcus sp. and Klebsiella 

sp.) (Tables 3,4) by PCR (Figure 2) in which only 50% and 33% of the isolates were lktA 

positive (Tables 3,4), respectively. 

Of 41 bacterial isolates (Table 3), 13 bacteria species with diverse prevalences (Figure 3) and 

functions (Table 5), including animal pathogens, human pathogens, plant growth promoting, 

antimicrobial, probiotic, animal and human symbionts, were identified (in this study), in which 

historically known animal and human pathogens (Table 5), Vagococcus sp. (27,28) and 

Corynebacterium sp. (29,30), were differentially exclusively recovered from sickened hoofs 

(Figure 3); thereby suggesting for the first time the presumptive association of hoof thrush in 

rodeo horse and mammalian infectious lesion- (27,28), cytotoxic-causing (29) Vagococcus sp. 

and Corynebacterium sp. bacteria. Klebsiella sp., Raoultella sp., Enterobacter sp., Bacillus sp., 

Priestia sp., Brevibacterium sp., Rhodococcus sp., and Enterococcus sp. were exclusively in 

healthy hoofs (Figure 3), whereas Streptococcus sp., Staphylococcus sp., and Lactococcus sp. 

were differentially acquired in both healthy and sickened hoofs (Figure 3). Interestingly, the 

lktA-positive isolates (i.e., THT10, Raoultella sp.; THT13, Klebsiella sp.) (Table 4) were 

exclusively acquired from healthy hoofs (Figure 3), thereby confirming its indirect contribution 

to thrush infections (26).  

It is worth noting that the present bacterial work (Figure 3; Table 5) demonstrated the presence 

of horse symbiont and lesion-causing bacteria, including Enterococcus sp., (i.e., symbiont) (31), 

Rhodococcus sp. (i.e., symbiont) (32), Corynebacterium sp. (i.e., causes lesion) (17), and 

Staphylococcus sp. (i.e., causes lesion) (18), as documented previously; thereby confirming the 

legitimacy of bacterial culture data (in this study) from the sample size restriction (i.e., 16 hoof 

samples examined). However, the latter lesion-causing bacterium (i.e., Staphylococcus sp.) was 

acquired in both healthy (i.e., no visible thrush symptoms) and sickened (i.e., with visible thrush 

symptoms) hoofs (Figure 3; Tables 3,5), which could be attributed to bacterial infectivity- (33), 

disease onset time- and host immunity status-dependent symptom development (34). Further, the 

availability of an obligate aerobic bacterium (i.e., Priestia sp., Brevibacterium sp., and 

Rhodococcus sp.; presence) (Table 5) and F. necrophorum (i.e., absence) in this study implyfor 

the first time the availability of an anaerobic Brevibacterium sp. in a mammalian host (i.e., 

horse) and other thrush-causing agents (i.e., Vagococcus sp. and Corynebacterium sp.), 

respectively (Figure 3; Tables 3,5), attributed to the anaerobic cultivation method adopted in this 

study (i.e., BHI agar base, ~37 °C, anaerobic) (12). Additionally, the availability of common 

bacterial species in both acquisition methods (i.e., swabbing vs scraping) (Table 3) demonstrated 

for the first time the effectiveness of swabbing method as opposed to the counterpart, as 

demonstrated by the number of bacterial species isolated (13 species, swabbing; 4 species, 
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scraping) (Table 3). This could be attributed to the immense contact areas of the bacterial 

acquisition of the swabbing method. 

 

Fig. 3: Distribution and frequency of bacterial species detected in healthy,  

sickened, and both healthy and sickened hoofs 
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Table 5: Bacterial isolate ID, function, and prevalence 

16S ID Functiona Oxb Healthc #d 

Klebsiella sp. AP, HP (35) FB (36) H 3 

Streptococcus sp. AP, HP (37) FB (38) H, S 8 

Lactococcus sp. AP (39) FB (40) H, S 3 

Staphylococcus sp. AP, HP (18) FB (41) H, S 3 

Raoultella sp. AP, HP (42) FB (43) H 1 

Enterobacter sp. HP (44) FB (44) H 2 

Vagococcus sp. AP (27), HP (28)  FB (27) S 6 

Corynebacterium sp. AP (17,29), HP (30)  FB (45) S 1 

Priestia sp. PGP (46), AN (47,48) AB (49) H 1 

Bacillus sp. PR (50), AP, HP (51) AB/FB (52) H 10 

Brevibacterium sp. HP (35) AB (35) H 1 

Rhodococcus sp. AP, HP (54), AS (32) AB (32) H 1 

Enterococcus sp. AS (31), HS (55), AP (56), HP (55), AN (57) FB (56) H 1 
a Bacterial function(s) reported according to literatures. AP, animal pathogen; HP, human pathogen; PGP, plant 

growth promoting; AN, antimicrobial; PR, Probiotic; AS, animal symbiont; HS, human symbiont 
b Bacterial oxygen requirement. AB, obligate aerobic bacterium; FB, facultative anaerobic bacterium 
c H, healthy hoofs (i.e., horse thrush were not visibly or odorly detectable); S, sickened hoofs (i.e., horse thrush were 

visibly and odorly detectable) 
d #, number of detections of each bacterial species in 41 bacterial isolates 

3.4 Thrush and the causing factors relatedness: Hoof thrush and the presumptive causing 

factors were evaluated for environment-thrush prevalence relatedness’s, including temperature 

vs. symptomatic thrush (i.e., sickened hoof) and humidity vs. symptomatic thrush (i.e., sickened 

hoof). For the regression for healthy or sickened status and temperature (Table 1), with Extreme 

being the reference level, the P-values for the moderate temperature (M) and mild temperature 

(Mi) were 0.287 and 0.913, respectively (Table 6). Since the P-values are greater than the level 

significance 0.05, they are not statistically significant. The odds ratios for M relative to E was 

6.0000 which indicates sickened hoof is more likely when it is M relative to E. The odds ratio for 

Mi relative to E and for Mi relative to M were 0.8571 and 0.1429, respectively, which indicates 

sickened hoof is less likely at Mi relative to E and also less likely at Mi relative to M. For the 

regression for healthy or sickened status and humidity (Table 1), with dry being the reference 

level, the P-value for wet is 0.889 (i.e., >0.05) which is not statistically significant. The odds 

ratio for wet relative to dry was 1.1667 which indicates that the sickened hoof is more likely 

when it is wet, conforming with Holzhauer et al. (i.e., non-rodeo horses) (1) report. 
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Table 6: Hoof health status and environmental condition relatedness/correlation 

# Conditions correlated P-value Odds ratio 

1 M/E 0.287a 6 

2 Mi/E 0.913a 0.8571 

3 Mi/M NAa 0.1429 

4 Wet/Dry 0.889b 1.1667 

a Significant relatedness, P<0.05, was determined with reference to E 
b Significant relatedness, P<0.05, was determined with reference to Dry 

Mi, mild temperature; M, moderate temperature; E, extreme temperature 

NA, not applicable (due to its absence in all samples studied in this study) 

Collectively, symptomatic thrush infections (i.e., sickened hoofs) are differentially prevalent in 

both ambient conditions (i.e., temperature and humidity) examined (Table 1), and could be 

negatively correlated to lktA (Figure 2; Tables 3,4) and F. Necrophorum bacterium (i.e., not 

detected in this study) (Table 4) which their positive correlation was established by Bennett et al. 

(4) and Petrov and Dicks (5), respectively. It is noteworthy that thrush-positive prevalence could 

closely be prompted by moderate temperature (i.e., 75-85 °F, 67% thrush prevalence; odds ratio 

6, M/E vs. <1, Mi/E or Mi/M) (Tables 1,6) or combined moderate temperature/dry conditions 

(i.e., 67% thrush prevalence) (Table 1), that environmental humidity does not seem to 

differentially play a major role in causing thrush prevalence (i.e., dry, 30%; wet, 33%; odds ratio 

1.1667, Wet/Dry) (Tables 1,6), and that Vagococcus sp. (27,28) and Corynebacterium sp. (29,30) 

could be non-lktA thrush causing bacteria in rodeo horses as they were exclusively isolated in 

sickened hoofs (i.e., thrush hoofs) in this study (Figures 2,3; Tables 3-5) and possess skin lesion 

(27,28) or cytotoxic (29) implications in mammals, including animals, fish, and humans (Table 

5). 

4. CONCLUSION 

Attributed to the natural co-inhabitant of both horse and thrush-causing bacteria, bacterial horse 

thrush is inevitable. The present study reveals for the first time bacterial horse thrush prevalence 

in rodeo horses (Table 1), its negative association with lktA(Table 4) and F. Necrophorum 

bacterium (Table 3), and that Vagococcus sp. and Corynebacterium sp. could be novel thrush-

causing bacteria (Figure 3; Table 5), as their pathogenesis were previously implicated in 

environmental non-horse animals (27-29) (Table 5). It is worth noting that the present study 

correlating environmental temperature and humidity (Table 6) with thrush prevalence could 

improve the thrush control guidelines of Holzhauer et al. (1). Further work involving large 
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sample sizes of hoofs’ bacteria, especially sickened hoofs, could warrant the relatedness of 

bacteria (i.e., non-F. necrophorum), horse thrush, and environmental conditions, and this 

information could improve or develop a predictive model for thrush preventive management and 

mitigate horse thrush-attributed performance complications (1,5). 
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