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Abstract 

The opportunistic pathogen, Rhodococcus equi, is a robust soil saprophyte present in the 

environment of horse-breeding farms and an important cause of pulmonary disease in foals at 

endemic farms. As an effort to prevent severe disease, endemic farms rely on early identification 

of lung lesions using thoracic ultrasonographic screening (TUS) of foals and administration of 

antimicrobials in foals with sonographic evidence of pulmonary abscesses or consolidations 

irrespective of clinical signs. This method of screening and treating has led to the overuse of 

antimicrobials and has been linked to the emergence of multidrug resistant (MDR)-R. equi in both 

clinical and environmental R. equi isolates. The implementation of judicious use of antimicrobials 

at endemic farms is crucial for mitigating antimicrobial resistance (AMR); however, the long-term 

impacts of the overuse of antimicrobials is unknown. Here, we investigate the main challenges to 

preventing R. equi disease, finding alternative treatments, and the potential of long-term impact of 

antimicrobial residue accumulation in the environment of farms on MDR-R. equi mitigation 

strategies.  
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Chapter 1 

Introduction 

Rhodococcus equi is a facultative intracellular pathogen commonly found in the 

environment of horse-breeding farms. R. equi is known to cause subclinical to severe pneumonia 

in foals following inhalation of aerosolized virulent R. equi from soil in their environment. The 

pathogen then invades and replicates within alveolar macrophages ultimately causing pneumonia. 

While it has been shown that many foals with subclinical signs of R. equi pneumonia 

spontaneously recover, thoracic ultrasonographic screening (TUS) in foals is often used at horse-

breeding farms endemic with R. equi pneumonia to early detect lung lesions and prevent the 

development of severe R. equi pneumonia. Following TUS, antimicrobials are often administered 

to foals if lung lesions are detected despite the absence of clinical signs of the disease. The most 

common antimicrobial treatment for clinical or subclinical rhodococcal pneumonia is the 

combination of a macrolide and rifampicin. The widespread overuse of antimicrobials to treat foals 

with subclinical pneumonia is strongly associated with the emergence of antimicrobial resistance 

(AMR) in the environment of horse-breeding farms and in clinical isolates from foals in central 

Kentucky. In 2017, efforts were taken by many farms in central Kentucky to reduce reliance on 

the “screen-and-treat” approach to subclinical pneumonia, but it is unknown if it is possible to 

mitigate AMR in the environment of horse-breeding farms by reducing antimicrobial use. Recent 

literature points to the possibility that bacteria evolve to adapt to fitness costs conferred by carrying 

AMR mechanisms, allowing for the persistence of antimicrobial resistant bacteria in the 

environment despite selective pressure from antimicrobials. Moreover, the accumulation of 

antimicrobial residues in the environment following treatment of animals could play an important 

role on maintaining selective pressure over long periods of time.  
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Our studies focused first on identifying the main challenges in controlling AMR at horse-

breeding farms and second on investigating the effects of farm practices, such as antimicrobial use 

and use of TUS, and accumulation of antimicrobial residues in the soil on the presence of R. equi 

carrying antimicrobial resistance genes (AMRGs) in the environment of horse-breeding farms. 

The specific aims and hypotheses are as follows: 

- Specific Aim  1: to describe current knowledge of the emergence of MDR-R. equi in the 

United States and challenges to providing guidance for antimicrobial use practices  

(chapter 2); 

- Specific Aim 2: to determine time trends on antimicrobial use in foals, and prevalence of 

R. equi carrying AMRGs and antimicrobial residues in the environment of horse-breeding 

farms (chapter 3);   

Hypothesis 1: antimicrobial use, prevalence of R. equi carrying AMRGs, and antimicrobial 

residues in the environment of horse-breeding farms will be significantly lower in 2021 

compared with 2017; and   

- Specific Aim 3: to evaluate the effects of farm practices, antimicrobial residue in the soil, 

and their interactions over time on the proportion of R. equi carrying AMRGs in the soil of 

horse-breeding farms (chapter 3);  

Hypothesis 2: Farm practices, such as the use of TUS, and number of foals treated with 

antimicrobials, and the concentration of antimicrobial residues are positively associated 

with the presence of R. equi carrying AMRGs in the soil.   
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Abstract 

Rhodococcus equi, a gram-positive facultative intracellular pathogen and a soil saprophyte, is one 

of the most common causes of pneumonia in young foals. It poses a threat to the economy in 

endemic horse-breeding farms and to animal welfare annually. Many farms use thoracic 

ultrasonographic screening and antimicrobial treatment of subclinically affected foals as a 

preventive measure against severe R. equi infections. The wide use antimicrobials to treat 

subclinically affected foals has contributed to the emergence of multidrug resistant (MDR)-R. equi 

in both clinical isolates from sick foals and in the environment of horse-breeding farms. 

Alternatives to treat foals infected with MDR-R. equi are scarce and the impact of the emergence 

of MDR-R. equi in the environment of farms is still unknown.  The aim of this review is to discuss 

the emergence of MDR-R. equi in the United States and the challenges faced to guide antimicrobial 

use practices. Reduction of antimicrobial use at horse-breeding farms is essential for the 

preservation of antimicrobial efficacy and, ultimately, human, animal, and environmental health.  

 

Keywords: Antimicrobial resistance; Equine; One Health; Rhodococcus equi  
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2.1. Introduction 

 Rhodococcus equi is an environmental organism with the ability to survive and replicate 

intracellularly within a host.1 The gram-positive, soil-born actinobacterium commonly causes 

respiratory illness in animals and immunocompromised humans.2,3 The phylum Actinomycetota 

is composed by mostly gram-positive bacteria that are adapted to terrestrial and aquatic 

environments and are essential for agriculture due to its contribution to soil ecosystems.4 The 

phylum includes members of the genera Mycobacterium, Rhodococcus, Nocardia, and 

Corynebacterium, all sharing the characteristics of carrying a mycolic acid cell wall of importance 

for survival in hostile conditions, including within macrophages.5–8 Elimination of R. equi from 

the environment is deemed not possible and not recommended given R. equi benefits to the 

ecosystem. Therefore, foals are exposed to potentially virulent R. equi present in the environment 

beginning the first day of life. R. equi is known to cause severe pneumonia in foals worldwide. 

Horse-breeding farms endemic with R. equi disease routinely experience economic loss and 

decline in animal welfare as foals are exposed to the pathogen’s natural environment during early 

development.1 The morbidity of R. equi infections in horse farms is unknown because most 

diagnosis of R. equi infections are presumptive. Foal mortality depends on disease severity and 

detection time, and studies have reported case-fatality rates as low as 0.5% out of the 2,756 foals 

diagnosed with pneumonia 9 to 80% in older studies.10The lack of effective preventative measures 

at farms endemic with R. equi pneumonia has been an issue in the past and persists in present day. 

Consequently, endemic farms, as an attempt to prevent severe R. equi pneumonia, resort to a 

method known as “screen-and-treat” to detect and treat subclinical pneumonia in foals.11–13 This 

preventative measure involves using periodic thoracic ultrasonographic screening (TUS) for early 

detection of subclinical pneumonic lesions in foals. If pulmonary lesions are detected, 
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antimicrobials are then administered to prevent onset of clinical signs.12,13The use of antimicrobial 

therapy to treat subclinically affected foals at horse-breeding farms across the United States has 

contributed to the emergence of multidrug resistant (MDR)-R. equi in the environment which 

poses a threat worldwide to animal and human health as horse movement may potentially 

contribute to the spread of antimicrobial resistance (AMR) genes geographically.14–22 The 

emergence of AMR in R. equi may impair treatment of affected foals because of the lack of 

antimicrobials that are effective against R. equi in vivo,23 however more studies are needed to 

understand the impact of emergence of MDR-R. equi on clinical outcomes. To the authors’ 

knowledge, only one retrospective observational study18 has been published demonstrating the 

association between AMR and the outcome of foals infected with R. equi. More studies are needed 

to evaluate outcomes of foals infected with the different genotypes of MDR-R. equi found in the 

environment and their respective minimum inhibitory concentrations (MIC) for each antimicrobial 

that could potentially be used to treat these infections. A large-scale epidemiological study in this 

context, could help better advise antimicrobial use practice in endemic horse-breeding farms. 

The purpose of this review is to summarize and put in context the current knowledge about 

the emergence of MDR-R. equi in horse-breeding farms in the United States, the challenges to find 

alternative treatment and prevention, and potential AMR mitigation strategies. 

2.2. R. equi Pathogenesis and Immunity in Foals 

 R. equi most commonly causes pyogranulomatous bronchopneumonia in foals between 3 

and 24 weeks of age,1,24 however extrapulmonary disorders, such as abdominal lesions, 

polysynovitis, and uveitis can also occur 24–27 and are associated with worse prognosis.24 Foals are 

initially exposed to R. equi through contact with the farm’s environment.1,3,28 Frequently, infection 

occurs through inhalation of the pathogen and the time frame between exposure and infection is 
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highly dependent on the initial dose and virulence of the R. equi.1 Aerosolization and increased 

concentrations of airborne R. equi due to dry climate and density of animals in paddocks are 

associated with higher infection rates. 29 Concentration of airborne R. equi is higher in enclosed 

spaces, such as in stalls, 30,31 however, the higher density of animals can increase the aerosolization 

of R. equi in paddocks.32  

Younger foals (<3 weeks of age) are more susceptible to the disease, likely due to the 

immature neonatal immune system.33,34 The mechanisms of immunity against R. equi in foals 

remains not fully understood. Adaptative T-cell responses are largely responsible for immunity 

against intracellular pathogens, however, the complex combination of innate and adaptative 

immunities is believed to play an important role in responding to R. equi infections in foals.15 After 

inhalation, the alveolar macrophages engulf and phagocytize R. equi. However, virulent strains of 

R. equi are often able to overcome phagocytosis and replicate within the macrophages ultimately 

causing infection leading to pyogranulomatous pneumonia frequently observed early in the disease 

development during ultrasound surveillance.1,2,11 Pathogenicity in R. equi is conferred by a 

virulence gene (vapA) inserted in a conjugative virulence plasmid (pVAPA) adapted to equine 

hosts.1,35,36 The presence of vapA is necessary for establishment of infection by preventing the 

maturation of the phagosome to the stage of fusion of vacuoles containing R. equi with 

lysosomes.37 Lung consolidation after heavy intrabronchial challenge can occur as early as within 

3 days,36 however, the incubation period under field conditions is unknown. Clinical signs may 

develop in later stages of the disease, making the identification and treatment of clinically affected 

foals challenging.38 Therefore, the use of TUS has become important for the early identification of 

presumed R. equi infections.11–13 The use of ultrasonographic screening to detect presumptive R. 
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equi in foals, however, may lead to the increase of antimicrobial use in endemic farms and 

contribute to emergence of MDR-R. equi. 20 

2.3. Antimicrobial Therapy 

 Macrolides are the most common treatment against R. equi infections. The main 

mechanism of action for macrolides is the inhibition of bacterial protein synthesis by binding to 

the bacterial 50S ribosomal subunit.39 Macrolides commonly used in treatment of foals are 

erythromycin, azithromycin, clarithromycin, tulathromycin and gamithromycin.15,40–43 In a 

retrospective study, survival of foals with severe R. equi pneumonia was superior when treated 

with macrolides and rifampicin compared to foals treated with trimethoprim-sulfamethoxazole, 

chloramphenicol, oxytetracycline, and a combination of penicillin and gentamicin.26 Therefore, 

the traditional treatment of choice remains to be macrolide monotherapy or the combination 

therapy of macrolide and rifampicin since the 1980’s.23 Further, in a retrospective study, the 

combination of clarithromycin and rifampicin was significantly more effective than erythromycin 

or azithromycin combined with rifampicin especially in foals with severe pneumonia.44 Therefore, 

the combination of clarithromycin or azithromycin with rifampicin has been most commonly used 

due to convenience of administration, efficacy, and drug distribution.38,44  

The benefits of using macrolides and rifampicin in combination are under investigation. 

Evidence in favor of the use of the combined therapy includes the synergy observed in vitro, in a 

case series, and in a study using historical controls.45–47 Evidence against this combined use is 

based on more recent in vitro studies showing that the use of rifampicin decreases concentration 

of macrolides in plasma and bronchoalveolar lavage fluids,48,49 and that there are no differences in 

disease recovery when using macrolides alone versus in combination with rifampicin.50–52 Because 

resistance is more likely to occur with macrolide monotherapy than in combination with rifampicin 



 

   18 

in vitro,53 the combined therapy is still most commonly used, however the role of rifampicin on 

minimizing the occurrence of macrolide resistance is unclear. Large-scale, randomized, blinded, 

clinical trials are needed to evaluate the safety and efficacy of combining these antimicrobial 

classes to treat R. equi infections. In vitro studies evaluating the drug interactions between 

macrolides and rifampicin are lacking. The antagonism between rifampicin and macrolides, if 

exists, is potentially an important factor for R. equi AMR. Recent studies have discovered that 

drug interactions in bacterial disease treatments may affect the evolution of resistance.54,55 

Therefore, studies evaluating not only drug interactions, pharmacokinetics and 

pharmacodynamics, but also the potential for AMR selection are needed to efficiently assess best 

antimicrobial therapy for R. equi infections in foals.  

 The combination of macrolides and rifampicin is shown to be highly efficient in treating 

pneumonia in foals as well as other R. equi infections, improving the survival rate of affected foals. 

However, the impact of the emergence of MDR-R. equi on treatment outcomes at endemic farms 

is unknown. The current efficacy of these antimicrobials to treat R. equi infections may be impaired 

due to the increasing AMR prevalence in R. equi, potentially increasing mortality of animals due 

to treatment failure.18 Alternative antimicrobials to the macrolide and rifampicin combination were 

found to be effective against R. equi in vitro, however no research has been conducted to evaluate 

the effectiveness of alternative antimicrobials to fight infections with MDR-R. equi. Clinical trials 

are still pending to evaluate the pharmacokinetics and dynamics of antimicrobials to be used 

against MDR-R. equi infections in foals, and to compare outcomes associated with MIC values of 

isolates. Interpretation criteria for R. equi susceptibility is currently unavailable at Clinical & 

Laboratory Standards Institute (CLSI) and European Committee on Antimicrobial Susceptibility 

Testing (EUCAST) guidelines, and extrapolations from other species and pathogens are used to 
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evaluate R. equi susceptibility. However, this approach is not ideal, and it may lead to uninformed 

use of antimicrobial to treat infections. A recent paper has found that the Epidemiological Cutoff 

(ECOFF) value for isolates of R. equi is similar to Staphylococcus aureus. 56 While ECOFF values 

are important to differentiate between wild-type and organisms that acquired AMR mechanisms, 

clinical decisions should not be based on ECOFF values. Therefore, more epidemiological and 

clinical studies are needed to better inform antimicrobial use practices. Moreover, many foals that 

are irresponsive to antimicrobial therapy are infected with susceptible strains of R. equi to both 

macrolides and rifampicin, thus treatment failure should not be used as an indicator of presence of 

resistant strains.23 Other factors including antimicrobial concentration on the infection site, contact 

time, concentration of bacteria, and host characteristics could interfere with the association 

between antimicrobial treatment and outcome.57 Therefore, adequate diagnosis of infections and 

characterization of R. equi strains causing the disease is important for optimal treatment and 

recovery. Additionally, records on proper diagnosis and strain characterization aid in providing 

guidance for treatment regimens by demonstrating trends of AMR in R. equi. The main challenge 

with studies associating MIC with outcomes in foals lies on the availability of information about 

the timing of R. equi isolation to determine if foals were originally infected with MDR-R. equi 

from the environment or if the R. equi isolates have become resistant after initiation of 

antimicrobial treatment. Close collaboration with the farms and clinicians is necessary to 

investigate this association.  

The definitive diagnosis of rhodococcal disease should be based on R. equi culture and 

amplification of vapA from tracheobronchial aspirate samples from foals presenting with clinical 

signs of lower respiratory tract disease, cytological evidence of septic airway inflammation, or 

radiographic/ultrasonographic evidence of bronchopneumonia.38 To determine R. equi clinical 
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isolates susceptibility to antimicrobials, isolates should be subjected to antimicrobial susceptibility 

testing to determine the level of susceptibility to a panel of antimicrobials.20 Currently, 

interpretation for susceptibility to erythromycin and rifampicin is based on human MIC criteria for 

S. aureus.16,18,20,44 However, the applicability of the breakpoint extrapolation is not always possible 

because of the lack of breakpoints for some antimicrobials and the fundamental differences of 

physiology and acquired mechanisms of resistance between R. equi and S. aureus. The treatment 

of foals affected with confirmed MDR-R. equi strains is challenging. Resistant strains to 

macrolides and rifampicin were shown to be susceptible to gentamicin, linezolid, 

fluoroquinolones, vancomycin,18,58,59 chloramphenicol, minocycline, and trimethoprim-

sulfamethoxazole 18 in vitro, however, their efficacy to treat affected foals is not yet well described. 

Additionally, some of the above-mentioned drugs, such as linezolid and vancomycin, are 

considered critical agents for human health, and their use should be restricted.60 The use of 

doxycycline has been suggested as a good alternative to the use of macrolides and rifampicin, and 

it was found to be adequate to treat infections caused by susceptible strains in foals, however, its 

safety and effectiveness against MDR-R. equi remains unproven in clinical settings.52 Because of 

the lack of clinically proven alternative antimicrobials to treat foals infected with MDR-R. equi, it 

is of utmost importance that we preserve the efficacy of macrolides and rifampicin and mitigate 

the emergence of resistance through implementing the judicious use of these antimicrobial classes. 

Moreover, few epidemiological studies have collected data on the criteria used to decide when to 

treat foals with antimicrobials and what antimicrobials and combinations are used across different 

farms and geographic regions. Information on the treatment criteria in different farms is necessary 

to evaluate the impact of antimicrobial use practices on strategies to mitigate the spread of AMR 

in horse-breeding farms. 
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2.4. Development of Resistance to Macrolides 

 AMR in R. equi has rapidly emerged in clinical strains in the last two decades,16,18,20 and 

is highly prevalent in the environment of endemic horse-breeding farms in Kentucky,14,21 The most 

relevant epidemiological studies demonstrating the emergence and mechanisms of MDR-R. equi 

are presented in Fig. 1. The first report of AMR in R. equi was a study demonstrating the 

development of AMR to rifampicin and erythromycin in a foal treated with antimicrobials for 

pneumonia caused by R. equi in 1994.61 In that case, increased MIC was observed in isolates 

recovered from the sick foal after 8 weeks of treatment. Initially, the foal responded positively to 

the antimicrobial treatment but a relapse of clinical signs occurred 7 weeks after the initiation of 

treatment and led to euthanasia.61 In 1996, another report showed emergence of rifampicin 

resistance in virulent and avirulent R. equi isolated from lesions and intestinal contents of foals 

treated with antimicrobials.62 

The excessive use of antimicrobials due to the treatment of subclinically affected foals in 

endemic farms is hypothesized as one of the most important factors contributing to the emergence 

of AMR in R. equi. Subclinical R. equi pneumonia is highly prevalent in horse-breeding farms 

worldwide, reaching up to 100% of the foal population.12,51,63,64 While most clinically affected 

foals require antimicrobial therapy to recover from the disease, most subclinically affected foals, 

i.e., foals that do not present clinical signs of the disease, but have evidence of presumptive R. equi 

pulmonary infection, have been noted to recover spontaneously without antimicrobial 

intervention.1,64 Recently, a study demonstrated a decrease in over 30% of the number of foals 

treated without increasing mortality when treating only foals with large lung lesions instead of 

treating the all subclinically affected foals. 9 The application of the findings from this study needs 

to be approached with caution because the standard values for treatment of foals may vary among 
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farms.15 Therefore, a careful observation of each farm’s characteristics and risk factors for R. equi 

pneumonia such as density of animals and management of newborn foals, should be considered to 

develop a targeted approach to decrease antimicrobial use while maintaining the health and welfare 

of the horses. The monitoring of foals with TUS is an important tool to screen for subclinical 

disease allowing for close observation of foals for clinical signs of rhodococcal pneumonia. But 

its use as a tool to identify subclinical infections with the purpose of establishing preventative 

antimicrobial treatment is not recommended due to the risk of AMR development. The first 

retrospective study exploring the association between antimicrobial use in subclinically affected 

foals and AMR showed that AMR increased significantly in R. equi clinical isolates from foals 

submitted to diagnostic laboratories in Texas and Florida after 2001, when “screen and treat” was 

implemented 18. Supporting this finding, a study in 2013 reported a 40% increase in AMR in 

isolates from foals 7 years after the implementation of “screen and treat” in one farm 16. Later, a 

similar increasing trend in AMR was found in samples from foals submitted to diagnostic 

laboratories in Kentucky.20 Other studies including clinical isolates of foals collected between 

2011 and 2017, reported that prevalence of AMR to macrolides and rifampicin ranges from 15% 

to 24% of the isolates.17,65 Macrolides remains the drug of choice in most treatment plans 

worldwide. Therefore, the rise in R. equi AMR threatens foal welfare and health due to the limited 

antimicrobial therapy alternatives and because foals infected with antimicrobial resistant-R. equi  

have a higher odds (odds ratio, 6.9; 95% confidence interval, 1.3 to 37) of non-survival compared 

with foals infected with susceptible isolates.18 

The presence of the gene erm(46) in clinical isolates and both erm(46) and the novel 

erm(51) genes in environmental isolates confer resistance to macrolides, lincosamides, and 

streptogramins B (MLSB).66–69 Both erm(51) and erm(46) are inserted in conjugative elements 
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capable of horizontal gene transfer (HGT) to susceptible R. equi and actinobacterial members of 

the environmental microbiota.66,67,69 While most erm(51)-positive R. equi strains found are 

avirulent, most R. equi carrying erm(46) also carry the virulence gene vapA, allowing these 

resistant genotypes to potentially cause disease in foals.69 VapA is inserted in a plasmid, called 

pVAPA and the HGT of erm(46) was shown in vitro to become more efficient when inserted in 

the pVAPA plasmid.67 Therefore, the potential of rapid HGT of these resistant genes to current 

susceptible bacterium poses a threat of further emergence of MDR-species of veterinary and public 

health importance. A recent study revealed that R. equi strains that carry pRErm46 had increased 

MIC to trimethoprim-sulfamethoxazole, doxycycline, tetracycline, streptomycin, and 

spectinomycin in addition to macrolides.70 These resistances were attributed to the Class 1 

Integron’s sulfonamide (sul1) and aminoglycoside (aaA9) adjacent to the tetRA determinant 

inserted on pRErm46.35,70  Previously, pRErm46 remained isolated within the clonal strain 2287.35 

However, a new clone (G2016) of MDR-R. equi carrying erm(46) has emerged,14 suggesting a 

shift in antimicrobial pressure over time and migration of MDR-R. equi genotypes through the 

United States.14,15,66 Moreover, the clonal strain 2287 has been recently isolated from horses in 

Ireland, suggesting that the MDR-R. equi that has been circulating in the United States since the 

2000s has spread internationally likely through movement of equids.22  

 The emergence of novel MDR-R. equi genotypes in the environment 69 of horse-breeding 

farms is concerning. MDR-R. equi was found in a high prevalence in the environment of farms in 

central Kentucky (76%; 76/100 farms) and the number of foals treated with macrolides and 

rifampicin was significantly associated with resistance.21 Thus, it is believed that the mass 

antimicrobial treatment of foals has increased the selective pressure in the environment due to 

post-treatment shedding of MDR-R. equi and antimicrobial residues in the soil. Whole genome 
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sequencing supports this hypothesis, demonstrating that MDR-R. equi carrying erm(51) were 

confined in a clonal population.69 The environment is known to be the main source of infection for 

foals, and exposure of foals to MDR-R. equi in both stalls and paddocks was found to be constant 

throughout the breeding season in endemic farms.71 This constant exposure, starting from birth 

through the most susceptible periods of a foal’s life, potentially increases the risk of MDR-R. equi 

infections in foals. The infection with MDR-R. equi is known to increase the odds of death due to 

treatment failure,18 however, mortality trends in endemic farms and its association with the 

concentration of MDR-R.equi in the soil are yet to be evaluated. Moreover, resistant organisms 

can adapt to persist in the environment,72 which allows survival in complex populations, such as 

the environment of horse-breeding farms, independent of constant selective pressure. In vitro and 

soil plot experiments in different conditions show none to limited fitness cost of carrying erm(46), 

erm(51) and rpoB mutations on R. equi.73–76 Little is known about the evolutionary dynamics of 

R. equi to compensate for fitness cost. Therefore, it is not possible to predict if MDR-R. equi would 

be outcompeted in the environment in the absence of antimicrobial pressure. In practice, measures 

to decrease antimicrobial use might fail in mitigating AMR due to these adaptative abilities of 

MDR-organisms to persist in the environment. Continued surveillance of antimicrobial use and 

AMR trends in the environment of farms and in clinical isolates of foals is necessary to understand 

these complex dynamics and to prevent MDR-R. equi infections in foals.  

2.5. Antimicrobial Resistance Prevention and Discussion 

 Currently, due to the absence of efficient preventative methods for R. equi disease in foals, 

severe pneumonia caused by R. equi remains an extensive issue in endemic horse-breeding farms. 

There is still a lack of low-risk, high-reward treatment and prevention for R. equi pneumonia in 

foals. However, there are many alternative routes of treatment and prevention that should be 
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considered. First, the use of the “screen-and-treat” method should be approached with caution as 

it potentially increases antimicrobial use in farms, is consistently linked to AMR, and does not 

have consistent data to support the prevention of clinical R. equi pneumonia.9,11,15,19–21,64,66 

Moreover, the sole use of ultrasound for subclinical signs of pneumonia is not effective for 

determining a diagnosis and treatment regimen. Clinical signs, pathogen identification, and 

susceptibility testing are highly recommended for a definitive diagnosis of R. equi pneumonia and 

to serve as guidance for appropriated treatment.1,9,20 Regardless of the lack of interpretation criteria 

for R. equi, antimicrobial susceptibility testing is recommended to improve knowledge of the 

circulating strains and better guide antimicrobial use practices. Antimicrobial use should be 

reduced and only used in clinically affected foals to preserve the viability of important 

antimicrobials for both animals and humans. Foals have the potential to spontaneously recover 

from subclinical pneumonia without antimicrobial use, therefore, close monitoring of lung lesions 

and the overall clinical assessment of foals would significantly reduce antimicrobial use in 

endemic farms and the risk of developing MDR-R. equi infections.1,9,64 Travel of horses and people 

from MDR-R. equi endemic farms should be approached with caution, and the adoption of 

biosafety measures are recommended to reduce the potential spread of resistance genes through 

fomites within the United States and worldwide.11,14,22  

 Prevention of R. equi infections is likely the most effective approach to mitigate AMR and 

losses due to R. equi disease. Vaccination is a promising approach to prevent disease, but most R. 

equi vaccine candidates tested to date have not been sufficiently effective. A recent vaccine 

candidate based on the highly conserved bacterial polysaccharide PNAG yield immunogenicity in 

vaccinated mares and protection of their offspring against R. equi infection however, the timing 

and dosing as well as the addition of an adjuvant is still under investigation to improve this 
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vaccine’s efficacy.77 The use of hyperimmune plasma has also been explored extensively to 

prevent R. equi infections in young foals. Initially, studies demonstrated that the administration of 

hyperimmune plasma protected foals against experimental and natural infections.78,79 However, 

subsequent studies have found contradictory results on its efficacy to protect foals from R. equi 

infections.80–82 Advantages of using hyperimmune plasma include the potential reduction of R. 

equi shedding in affected foals, resulting in decreased environmental contamination with virulent 

R. equi and the potential decrease of contamination in foals.82   

 Additional alternative treatments include the use of bacteriophages, gallium maltolate 

(GaM), and the use of alternative antimicrobials. Bacteriophages have been used in the place of 

antimicrobials in many cases and the in vitro experiments against R. equi prove worthy of further 

research in the treatment of foals.83 The use of GaM has been studied in vitro and in vivo as a 

potential treatment of R. equi infections in foals. GaM successfully inhibits the proliferation of R. 

equi in vitro extracellularly and within macrophages.84–86 The administration of GaM as a 

treatment for subclinical disease in foals was non-inferior to treatment with macrolides.84 The use 

of GaM as an alternative to antimicrobials to treat subclinically affected foals would potentially 

significantly reduce antimicrobial pressure. However, GaM used as a chemoprophylactic failed in 

decreasing the cumulative incidence of R. equi pneumonia in foals.87 Finally, the use of 

antimicrobials, such as doxycycline, in place of macrolides and rifampicin suggests potential for 

reduction of resistance in some in vitro studies.40,52 While the use of other antimicrobials is 

efficient in treating severe pneumonia in foals and other potential infections caused by MDR-

strains, alternative antimicrobial use is not a permanent solution. It is worth noting that overuse of 

doxycycline could potentially co-select for macrolide resistance because the transferable element 

carrying erm(46) also carries sulfonamide (sul1) and aminoglycoside (aaA9) resistance genes 
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adjacent to the tetRA determinant inserted on pRErm46.14,35,68 MDR-R. equi strains carrying 

pRErm46 had increased MIC to trimethoprim-sulfamethoxazole, doxycycline, tetracycline, 

streptomycin, and spectinomycin in addition to macrolides.70 Therefore, shifting antimicrobial 

classes to treat R. equi disease in foals with the aim of decreasing AMR should be approached with 

caution and further investigation of the resistance co-selection is needed. 

2.6. Conclusion 

Judicious use of antimicrobials in horse-breeding farms should be adopted immediately to 

prevent the further spread of AMR globally. The use of TUS may be useful to detect and monitor 

subclinically affected foals but should not be used as a decision factor to treat with antimicrobials 

without considering clinical presentation. More studies are needed to establish interpretation 

criteria for R. equi susceptibility to antimicrobials and to investigate the association of MIC with 

the outcome of infected foals to improve guidance for antimicrobial treatment. Challenges to 

accomplish these important studies can be overcome with close collaboration between 

veterinarians, diagnostic laboratories, farms, and researchers that would provide temporality and 

contributing factors for AMR development. Research on the persistence of antimicrobial residue 

and MDR-R. equi in the environment due to shifts in antimicrobials used to treat R. equi infections 

is essential to predict the efficacy of mitigation strategies. Combined efforts to provide alternative 

measures of prevention and treatment for R. equi disease are vital to preserve the efficacy of 

critically important antimicrobials and to protect the health of humans, animals, and the 

environment. 
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Fig 2.1. Timeline representation of important studies showing the emergence of multidrug 

resistant (MDR)-R. equi and discovery of its antimicrobial resistance (AMR) mechanisms. The 

list is not exhaustive but rather the compilation of studies deemed fundamental on the 

understanding the epidemiology of MDR-R. equi emergence by the authors. Studies are color-

coded by their design nature: cyan blue represents case reports; orange, retrospective studies; 

brown, prospective studies; and purple represents studies focusing on molecular mechanisms of 

AMR or experimental studies.  

Kenney D. G., et al
Development of resistance to rifampicin and erythromycin in a foal treated for R. equi pneumonia.
Takai S., et al
Development of resistance to rifampicin in a foal treated for R. equi pneumonia; 91% (90/99) of virulent R.
equi from lesions and 55% (11/20) from intestinal contents were found resistant to rifampicin.
Giguère S., et al
The overall prevalence of Antimicrobial resistance (AMR) in submissions received from Florida and Texas
between 1997 and 2008 was 3.7% (12/328). Odds of non-survival was 6.9 times higher for foals infected with
resistant R. equi compared with foals infected with susceptible isolates.
Burton A. J., et al
AMR emerged after 7 years of subclinical treatment of R. equi in a farm in KY. Prevalence of resistance
increased approximately 40% after implementation of antimicrobial treatment of subclinically affected foals.
Anastasi E., et al
Identification of erm(46) conferring resistance to Macrolides, Lincosamides, and Streptogramins B in R. equi.
Huber L., et al
Retrospective study including 2,169 foal isolates from diagnostic labs in KY between 1995 and 2017.
Rifampicin resistance first detected in 2000 and erythromycin in 2004; Significant increase in AMR between
2007 and 2017, with 13.6% of isolates resistant to erythromycin and 16.1% resistant to rifampicin.
Álvarez-Narváez S., et al
Identification of the multidrug resistant 2287 R. equi clone and its dissemination in clinical isolates from foals
in Kentucky, Florida, and Texas.
Huber L., et al
Cross sectional study showed that 76/100 horse breeding farms in Kentucky had multidrug resistant-R. equi in
soil samples. Number of foals treated with antimicrobials was significantly associated with resistance in soil.
Huber L., et al
Presence of resistant-R. equi in the farm environment found to be constant throughout the breeding season.
Concentration of resistant-R. equi was higher in paddock soil and air compared to stalls.
Huber L., et al
Discovery of the novel erm(51)-encoding resistance to MLSB in R. equi isolates from soil of horse-breeding
farms. Erm(51) is inserted in a transposon (TnErm51) capable of horizontal gene transfer. Isolates carrying
erm(51) are closely related genetically and were likely selected by antimicrobial exposure in the environment.
Erol E., et al
Retrospective study showing from 256 necropsied foals (2011 to 2019) with rhodococcosis, resistance to
Rifampicin, Azithromycin, Clarithromycin, and Erythromycin was found in 22.65%, 16.01%, 14.84% and
15.23% of isolates, respectively.
Álvarez-Narváez S., et al
Found that actinobacterial members of the environmental microbiota can both acquire and transmit the R.
equi pRErm46 plasmid and thus potentially contribute to the maintenance and spread of erm(46)-mediated
macrolide resistance in equine farms.
Álvarez-Narváez S., et al
Treatment with macrolides, but not Gallium maltolate, decreased microbiome abundance and increased
frequency of resistance genes in fecal samples. In absence of antimicrobial pressure, resistant R. equi was
outcompeted by susceptible strains in soil.
Álvarez-Narváez S., et al
Identification of the multidrug resistant G2016 R. equi clone carrying a novel rpoB mutation in clinical
isolates from foals in Kentucky, Florida, Texas, and New York.
Huber L., et al
Cohort study showed that farms using thoracic ultrasound had higher resistant R. equi in the environment than
farms that do not indicating that the “screen-and-treat” method to prevent R. equi pneumonia contributes to
emergence of AMR.
Erol E., et al
Linkage between the presence of the multidrug resistance plasmid, pRERM46, with resistances to various
classes of antimicrobials, including trimethoprim-sulfamethoxazole, doxycycline, tetracycline, streptomycin,
and spectinomycin in addition to macrolides.
Val-Calvo J., et al
Reports the international spread of the multidrug resistant 2287 clone known to circulate in the US since
2000s.
Lord J., et al
Retrospective study showing susceptibility of R. equi from foals submitted to University of KY diagnostic lab.
Overall resistance was constant over time from 2012-2017; resistance to macrolides and rifampicin was 15.6%
and 24%, respectively.
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Abstract 

Recent studies have focused on understanding the role of the environment on the selection and  

maintenance of antimicrobial resistance (AMR). Antimicrobial residues excreted following 

antimicrobial treatment enhance resistant microbial communities in the environment and have 

long-term effects on the selection and maintenance of antimicrobial resistance genes (AMRGs). 

The environment is the main source of Rhodococcus equi infections of foals. Consequently, an 

increase in R. equi carrying transferable AMRGs in the environment is potentially a major 

contributor to the increase in infections with multidrug resistant (MDR)-R. equi in foals. In this 

study, we found that the presence and concentration of macrolide residues in the environment at 

horse-breeding farms and the use of thoracic ultrasonographic screening (TUS) for early detection 

of subclinically affected foals with R. equi infections were strongly associated with the presence 

of R. equi carrying AMRGs in the environment of horse-breeding farms. Our findings indicate that 

the use of TUS contributed to historically higher antimicrobial use in foals, leading to the 

accumulation of antimicrobial residues in the environment, and to enhancing R. equi populations 

carrying AMRGs. Because of the potentially long-term effects of antimicrobial residue 

contamination in the environment, it is likely that the persistence of  MDR-R. equi infections in 

foals will continue.    
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3.1. Introduction 

Rhodococcus equi is a soil saprophyte commonly found in the environment of horse-

breeding farms. This facultative intracellular pathogen is known to cause severe pneumonia in 

foals.1,2 Foals contract R. equi after inhalation of aerosolized virulent bacteria which then invade 

and replicate within the alveolar macrophages ultimately causing pneumonia.3 R. equi infections 

are endemic at many horse-breeding farms. Consequently, many farms choose to use thoracic 

ultrasonographic screening (TUS) to identify foals with subclinical pneumonia to prevent severe 

disease and death from this insidious disease. 2,4–6 Detection of subclinical R. equi pneumonia using 

TUS has become a routine procedure at many horse-breeding farms in central Kentucky, USA. 

Foals that are found to have subclinical lesions in the lungs are treated with antimicrobials, a 

practice known as the “screen-and-treat” method. The combination of rifampicin with a macrolide 

such as azithromycin, clarithromycin, or erythromycin is the most common treatment for 

subclinical (and clinical) pneumonia in foals.7–9 While many foals with subclinical pneumonia are 

treated with antimicrobials prophylactically, most foals with subclinical rhodococcal pneumonia 

recover spontaneously. 4,10–13,37,39 

In the past decade, emergence of multidrug resistant (MDR)-R. equi isolated both from 

foals14 and their environment15 at horse-breeding farms has been reported, likely due to the increase 

in antimicrobial use to prevent R. equi infections. Since then, investigators have shown that treating 

subclinically affected foals might not be necessary to prevent severe R. equi disease in an effort to 

curb the “screen-and-treat” practice at horse-breeding farms. It is believed that efforts to reduce 

antimicrobial use at horse-breeding farms may result in decreased prevalence of MDR-R. equi, 

reducing the risk of MDR-infections in foals.12-13,39-40 However, MDR-R. equi might persist in the 

environment by compensatory mutations 16–19 or by constant pressure due to the accumulation of 
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antimicrobial residues20–22 in the environment following historical overuse of antimicrobials; even 

small concentrations of antimicrobials in the soil can drive the spread antimicrobial resistance 

genes (AMRGs) between bacteria.23 If this persistence of R. equi carrying AMRGs and 

antimicrobials in the environment occurs at endemic farms, reducing antimicrobial use at farms 

might not be sufficient to prevent MDR-R. equi infections in foals.  The purposes of this study are 

to compare rates of antimicrobial use, prevalence of R. equi carrying AMRGs, and the 

concentration of antimicrobial residues at horse-breeding farms in Kentucky over time and to 

determine the effect of antimicrobial use and antimicrobial residue accumulation on the prevalence 

of R. equi carrying AMRGs found in the environment at horse-breeding farms.  

3.2. Materials and Methods 

3.2.1. Farm Selection 

The horse-breeding farms located in Kentucky that previously participated in an 

epidemiological study conducted by our group15 were re-enrolled for this study. From the original 

100 farms enrolled in 2017, 83 agreed to participate in this study. Client consent for participation 

was obtained from each farm.  

3.2.2. Questionnaire Collection 

A survey was administered to each farm gathering information about overall farm 

demographics, such as location, number of foals born, acreage, number of years raising horses; 

and on overall farm history pertinent to R. equi infections, such as antimicrobial treatment rates, 

incidence of pneumonia in foals, mortality, and management practices to prevent the disease. 

Information was collected for each year during the period from 2018 to 2021.    
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3.2.3. Sample Collection 

Sample collection took place between June and July of 201715 and 2021. A total of 9 

surface soil samples from 3 paddocks commonly used to house mares and foals in each farm were 

collected with a hand shovel that was cleaned and disinfected with alcohol wipes between farms. 

The soil samples from each location of the individual farms were evenly combined in a sterile 

collection bag for each respective farm totaling a composite sample of approximately 140 grams 

per farm. The collection bag was then sealed in a larger plastic bag to avoid cross-contamination 

between farms. The soil samples were stored at -80ºC before transportation to Auburn University 

and sample processing. 

 

3.2.4. Sample Processing 

3.2.4.1. R. equi Quantification 

For each individual soil sample from 2017 and 2021 of each farm, the soil samples were 

thawed and 1 gram was measured in preparation for 10-fold serial dilutions using a 10-mM 

solution of phosphate buffered saline (Ultra-Pure PBS-TweenÒ pH 7.5, VWR Life Science). The 

serial dilutions were then plated on a series of selective media for R. equi quantification. The series 

of agar plates consisted of NANAT agar, NANAT agar with erythromycin (8 µg/mL), and 

NANAT agar with erythromycin (8 µg/mL) and rifampicin (50 µg/mL).15 R. equi colonies from 

each plate were identified with characteristic colony morphology24 and the colony forming units 

(CFU) were recorded. The colonies recorded from the NANAT agar plates represented the CFU 

of the total population of R. equi in 1 gram of soil. The colonies selected in the NANAT agar plates 

with added erythromycin and/or rifampicin represented the R. equi potentially carrying AMRGs 

in 1 gram of soil. The R. equi colonies from the NANAT agar plates containing erythromycin 



 

 45 

and/or rifampicin were tested for the detection the species-specific gene, choE,24 and the possible 

presence of the virulence gene, vapA3 using conventional PCR. The presence of macrolide AMRGs 

was determined by PCR-amplification of erm(46)25 and erm(51).26 ETEST® strips were used to 

measure minimum inhibitory concentration (MIC) for the following antimicrobials: azithromycin,  

clarithromycin, clindamycin, doxycycline, erythromycin, quinupristin-dalfopristin, rifampicin, 

tetracycline, trimethoprim-sulfamethoxazole, and vancomycin.  

3.2.4.2. Antimicrobial Residue Quantification 

The presence of antimicrobial residue in the soil samples for each farm and year was 

evaluated through antimicrobial extraction and mass spectrometry.  Antimicrobial extraction was 

modified from a previously described protocol.27 Briefly, 1 gram of farm soil was combined with 

3 milliliters of methanol in a 15 milliliters conical tube and mixed well for 10 minutes. The sample 

was then wrapped in foil to avoid light degradation and placed in a shaking incubator overnight at 

room temperature. After incubation, the sample was centrifuged at 10,000 G for 30 minutes. The 

supernatant was placed into a glass vial and dried down with nitrogen gas dispensed from an 

evaporator (Reacti-Vap®, Thermo Fisher Scientific, USA) in a dark room. The dried sample was 

reconstituted with 150 microliters of a 50% methanol solution and vortexed for 5 minutes. Once 

reconstituted, the sample was transferred to a 2-milliliters microcentrifuge tube and centrifuged at 

10,000 G for 30 minutes. The supernatant was then transferred to a new 2-milliliters 

microcentrifuge tube. The reconstituted samples were then submitted for mass spectrometry. 

Standard curves were constructed for each antimicrobial of interest by spiking a known gradient 

concentration into sterile soil. Standards were purchased commercially, and specifications for each 

antimicrobial are included in Supplementary Table 3.1.  
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Analysis was performed on a Vanquish UHPLC system (Thermo Fisher Scientific, USA) 

coupled with a quadrupole orbitrap mass spectrometer (Orbitrap Exploris 120, Thermo Fisher 

Scientific, USA) with electrospray ionization (H-ESI using Xcalibur software (V4.4.16.14)). 

Injection of 10 microliters of the sample or standard was made on a C18 column (SymmetryShield 

RP18, 3.5 µm, 4.6x150mm, Waters) held at room temperature with a 1 mL/min flow rate of mobile 

phase solution A (99.9% water with 0.1% formic acid) and solution B (99.9% methanol with 0.1% 

formic acid). The gradient began at 25% B, held for 2 minutes followed by a linear ramp to 65% 

B at 7 minutes, 95% B at 8 minutes and held for 1 minute, then back to 25% B for a total analysis 

time of 14 minutes. The flow was diverted to waste for the 1.8 minutes of analysis and at 9 minutes. 

The mass spectrometer utilized positive mode for the entire analysis time and negative mode was 

used from 8.3 to 9.3 minutes. The positive mode scan range was 100-1000 m/z with resolution of 

120,000, standard AGC target, 70% RF lens, maximum injection time 100 ms, mild trapping 

enabled, with EASY-IC on at the run start. The negative mode was used for analysis of 2,5-

dichlorothiophene-3-sulfonamide and resolution was set to 60,000 and the maximum injection 

time was set to auto, all other parameters were the same as the positive mode settings. The spray 

voltage was 3400 V in positive mode and 2800 V in negative mode, the ion transfer tube 

temperature was 350°C, and the vaporizer temperature was 320°C. The processing method 

required a mass tolerance of less than 5.1 ppm. 

3.2.5. Data Analysis 

Data were analyzed using descriptive and inferential methods. For descriptive purposes, 

categorical data were presented as fractions and proportions, and non-normally distributed data 

were presented as median and interquartile ranges (IQR). For inferential purposes, paired 

comparisons of non-parametric data were performed using Wilcoxon signed-rank tests; 
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generalized mixed-effects models were used to evaluate the effect of macrolide residues and year 

on R. equi carrying AMRGs in soil samples with farm identification number as the random factor 

to account for repeated measurements (2017 and 2021). In the first model, in which the log-

transformed R. equi carrying AMRGs was the outcome variable, a negative binomial mixed-effects 

model was used; and in the second model, in which the categorical presence or absence of R. equi 

carrying AMRGs was the outcome variable, a logistic mixed-effects model was used. All variables 

were transformed to categorical: antimicrobial residue was transformed to the binary presence or 

absence of residue, and the outcome was transformed to binary presence or absence of R. equi 

carrying AMRGs. No interaction terms were included in the best fit model. Odds ratios (OR) were 

calculated by exponentiating model coefficients and standard errors (SE). For all analysis, 

statistical significance was set to p-value < 0.05. 

3.3. Results 

Of the 83 farms included in the study, 86% (71/83) completed a questionnaire in 2017, and 

29 out of these 71 farms (41%) completed a questionnaire in 2021. Loss-of-follow-up was 

dependent on the outcome of antimicrobial use in this study, therefore, questionnaire data are only 

represented descriptively. Because TUS is a variable of high interest based on previous 

epidemiological studies,66 we contacted farms that did not originally respond to a questionnaire in 

2021 and were able to collect data about TUS practices for further inferential analyses. This second 

follow-up effort yielded complete paired data for  TUS from 56 farms. 

When including only farms that fully responded to questionnaires in both 2017 and 2021 

(n = 29 farms), the proportion of foals treated with antimicrobials and the number of farms treating 

foals with antimicrobials increased from 10 to 12.4% and from 66 to 79%, respectively (Table 

3.1). Density of horses and foals per acre decreased slightly and mortality of foals from any cause 
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remained virtually inexistent (Table 3.1). Considering the 56 farms that provided data regarding 

TUS from both years, the number of farms using TUS decreased from 77% (43/56) in 2017 to 66% 

(37/56) in 2021.  The majority of farms (57%; 32/56) reported using TUS during the preceding 

decade, 14% (8/56) reported not using TUS in the preceding decade, 27% (15/56) reported using 

TUS in the period between 2014 and 2017 but not since 2017, and 2% (1/56) indicated they started 

using TUS after 2017 (Table 3.1). 

Of the 83 farms for which soil samples were obtained and processed, no differences in the 

overall percentage of R. equi carrying AMRGs were found between 2017 (median, 0.05%; IQR, 

0-0.3%) and 2021 (median, 0.03%; IQR 0-0.3%; p = 0.76; Table 3.2). The number of farms with 

R. equi carrying AMRGs identified in soil samples was  63% (52/83) in 2017 and 55% (46/83) in 

2021, and this difference was not significant (p = 0.43; Table 3.2, Figure 3.1). Regarding change 

in proportion of R. equi carrying AMRGs in the soil from 2017 to 2021, 39% of the farms (32/83) 

have an increased R. equi carrying AMRGs proportion, 36% (30/83) have decreased and 25% 

(21/83) have remained free of R. equi carrying AMRGs ; 11% (9/83) of the R. equi carrying 

AMRGs proportion increased from zero in 2017, and 18% (15/83) of the R. equi carrying AMRGs 

proportion decreased to zero in 2021 (Table 3.2, Figure 3.1).  

 Mass spectrometry was used to measure the concentration of ampicillin, azithromycin, 

clarithromycin, cycloheximide, doxycycline, erythromycin, sulfonamide, tetracycline, and tylosin 

in soil samples from 2017 and 2021 from 83 farms. Antimicrobial traces were found for 

azithromycin, clarithromycin, and erythromycin only. A combined sum of the macrolide residue 

amount found for each farm and each time-period was used as the primary outcome variable 

representing antimicrobial residue contamination in the environment. The combined amount of 

macrolide residue was not statistically significantly different between 2017 (median, 1.6 ´ 10-5 
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µg/µL; IQR 2.0 ´ 10-6 – 2.9 ´ 10-4 µg/µL) and 2021 (median, 1.3 ´ 10-5 µg/µL; IQR 0 – 9.5´ 10-5 

µg/µL; p = 0.08)  (Table 3.3, Figure 3.2).   

The odds of finding R. equi carrying AMRGs at farms increased significantly by 3.6-fold 

(95% CI, 1.2-10.5, p = 0.03) when macrolide residue is present in the environment versus absent. 

The odds of finding R. equi carrying AMRGs in 2021 compared with 2017 was 0.75 (95% CI, 0.3-

1.7, p = 0.45) and not statistically significant  (Table 3.4). Macrolide residue was positively and 

statistically significantly (estimated OR, 1.1, SE, 0.5, p = 0.02) associated with log-transformed 

percentage of R. equi carrying AMRGs, and year was not statistically significantly associated with 

log-transformed percentage of R. equi carrying AMRGs (estimate, 0.2, SE, 0.3, p = 0.48; Table 

3.4, Figure 3.3). 

The odds of finding R. equi carrying AMRGs at a farm increased significantly by 5.4-fold 

(95% CI, 1.2- to 23.9-fold, p = 0.03) at farms that used TUS for at least 4 years versus farms that 

reported not using TUS during the preceding 4 years. The odds of having AMRGs did not change 

significantly in 2021 compared with 2017 (OR, 0.8; 95% CI, 0.3-2.1; p = 0.63; Table 3.5). The 

use of TUS and year was not statistically significantly associated with log-transformed percentage 

of R. equi carrying AMRGs (estimate, 0.7; SE, 0.4, p  = 0.08; and estimate, 0.03; SE, 0.3, p = 0.99, 

respectively; Table 3.5, Figure 3.4).  

Moreover, the odds of finding antimicrobial residues in a farm increased 6.4-fold (95% CI, 

0.8-52.5, p = 0.09) at farms that used TUS for at least 4 years versus farms that reported never 

using TUS or at least in the last 4 years. The odds of having of antimicrobial residues did not 

change significantly in 2021 compared with 2017 (OR, 0.4, 95% CI, 0.1-1.5, p = 0.18; Table 3.6).  
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3.4. Discussion 

In this study, the presence of macrolide residues was positively associated with the 

environmental presence of R. equi carrying AMRGs at horse-breeding farms. These AMRGs are 

known to cause resistance to first-line antimicrobials used for the treatment of rhodococcosis in 

foals. Interest has been growing for investigating the environment as a potential source of selection 

for AMR and as an important contributor to the global AMR crisis. Recent reports show that the 

contamination of the environment with antimicrobial residues is an important driver of AMR28–30 

and the role of the environment as a reservoir for AMR is generally underrepresented in action 

plans to mitigate AMR.31 The development of AMR in microbials is considered to be a natural 

evolutionary process, but the presence of antimicrobials stimulates the AMR mechanisms of 

pathogens.32 Antimicrobials, including macrolides, can persist in the environment for long periods 

of time, establishing an antimicrobial pressure sufficient in maintaining the selection of MDR-

organisms.20–22 Studies have shown that animals treated with antimicrobials can shed antimicrobial 

metabolites for weeks after discontinuing therapy, and the antimicrobial residues in soil can drive 

the selection of resistant organisms.33 Therefore, mitigating AMR without understanding the role 

of environmental contamination with antimicrobial residues might not be possible. The 

environment is the main source of infection for foals with R. equi.41-43 Therefore, the selection of 

MDR-R. equi in the environment of horse-breeding farms is likely a strong contributor to the 

increase of MDR-R. equi infections seen in foals in recent decades.14  Because of the potential 

long-term effect of antimicrobial residues in the environments of microbial communities reported 

in this study, infections from MDR-R. equi will likely continue to increase. Apart for the potential 

long-term selection of MDR-R. equi and its detrimental effect on equine health, the accumulation 

of antimicrobial residues establishes constant antimicrobial pressure for the enhancement and 
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spread of MDR-pathogens with the potential to threaten humans and other animals through contact 

or consumption of contaminated food and water.34 Moreover, the accumulation of residues can 

have ecotoxicological effects, interfering with the normal microbiome of soils and plants and 

affecting agricultural yield.35,36 Therefore, the existence, persistence, and impact of antimicrobial 

residues in diverse systems and its potential to cause adverse health effects is an emerging global 

crisis, one worthy of collaborative, interdisciplinary mitigation efforts.  

Studying the association between antimicrobial use and resistance is challenging due to 

lack of data on antimicrobial use and potential response bias to questionnaires. Therefore, 

independent methods to assess the antimicrobial pressure in certain settings are needed. In this 

study, the recovery of data about antimicrobial use in foals from enrolled farms through the 

collection of questionnaires was limited, but antimicrobial residue measurements in the soil served 

as an unbiased source of information on existing antimicrobial pressure in the environment of 

farms. Antimicrobial residue was a strong predictor of AMR in the environment at horse-breeding 

farms in this study and our results are consistent with previously reported effects of antimicrobial 

residues on the amplification of antimicrobial resistant communities in the environment.28 Several 

previous studies have shown irrefutable evidence of the increase in resistant R. equi likely driven 

by the overuse of antimicrobials in foals.14,15,37-38 Thus, prudent antimicrobial use at horse-breeding 

farms has been recommended to mitigate AMR and protect foal health. However, reducing 

antimicrobial use alone might not be sufficient to fight the spread of MDR-R. equi at horse-

breeding farms. Because our data on antimicrobial use in this study were limited, it was not 

possible to establish if antimicrobial residues persisted over time without antimicrobial use in 

animals, or if the presence of antimicrobials in the environment was due to constant antimicrobial 

use. However, the snapshot of this strong association between antimicrobial residues and AMR 
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indicates that management of environments and herds at horse-breeding farms can help control 

and limit the spread of MDR-R. equi. Practices, such as delimiting antimicrobial contaminated 

areas and avoiding contact of horses, establishing a washout time after antimicrobial therapy is 

discontinued before animals are reintroduced to the herd, and choosing effective antimicrobials 

that have a shorter half-life in the environment might contribute to AMR mitigation at horse-

breeding farms. However, information on the shedding rate and persistence of the various 

antimicrobial residues in the environment after therapy in foals is unknown. It is also important to 

note that previous studies have reported environmental factors such as soil texture and mineral 

components can affect the recovery rate and persistence of antimicrobial residues and AMRGs in 

the environment.44-46 Therefore, enforcing such practices is not yet indicated because more studies 

investigating the rate of residue shedding, its persistence, its potential to establish antimicrobial 

pressure and drive AMR, and if the contact with MDR-R. equi in the soil is a risk factor for its 

acquisition by foals are needed. 

In this study, we found that farms continue to use TUS as a screening method for R. equi 

infections. TUS was previously identified as a risk factor for the presence of MDR-R. equi in the 

environment at horse-breeding farms37 and in this study, TUS continues to be an important risk 

factor for AMR at horse-breeding farms.  Due to the limited access to data about antimicrobial use 

at participating farms, it was not possible to establish whether TUS was associated with increased 

rate of antimicrobial treatment at farms. However, the use of TUS at farms has been associated 

with overuse of antimicrobials in foals in past studies.37 In this study, we found that the use of TUS 

during the preceding 4-year period may have contributed to the presence of antimicrobial residues 

in the soil of farms, albeit not significantly (p = 0.09). Considering the long half-life of macrolides 

in the environment, it is possible that the use of TUS and consequently the historic use of 
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antimicrobials is sufficient to maintain antimicrobial pressure over the subsequent years, 

increasing AMR rates in farms that have used TUS compared to farms that have never used TUS 

in the past. Recent studies have shown that the use of TUS is associated with higher rates of 

antimicrobial use at farms37 and does not contribute to better survival and recovery of foals 

subclinically affected with R. equi pneumonia.13 Therefore, the evidence demonstrates that TUS 

not only has no proven effect of preventing severe R. equi disease in endemic horse-breeding 

farms, but also may contribute to the long-term accumulation of antimicrobial residues and 

selection of MDR-R. equi in the environment, increasing the risk of infections with MDR-R. equi.  

3.5. Conclusion 

We report that antimicrobial residues in the soil are an unbiased measurement of 

antimicrobial pressure and are strongly associated with AMR of R. equi at horse-breeding farms. 

Antimicrobial residues might persist in the environment establishing continuous selection of 

MDR-R. equi in the soil of farms. Farms have continued to rely on TUS, a practice known to 

increase antimicrobial use in foals at farms where R. equi infections of foals are endemic. The 

historic use of antimicrobials at these farms may have set an existing antimicrobial pressure that 

has persisted over time, contributing to the selection of R. equi carrying AMRGs. Given the current 

prevalence of MDR-R. equi and antimicrobial residues in the environment of farms, the prevalence 

of MDR-R. equi infections in foals will likely continue to increase due to the constant exposure to 

foals. However, more studies are needed to better predict the effect of historic use of antimicrobials 

on selection of MDR-R. equi and if the exposure of foals to MDR-R. equi in the soil is a risk factor 

for infections with these resistant pathogens.  
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Tables 

 Data from Farms with Questionnaire (29 farms) 2017 2021 

Proportion of foals treated with any antimicrobial  

(median, IQR) 

10.00 (0-20.00%) 12.38 (3.50-27.21%) 

Proportion of foals treated macrolides (median, IQR)  0.00 (0-10%) 1.66 (0-6.95%) 

Proportion of foals treated rifampicin (median, IQR) 7.14 (0-19.59%) 6.64 (0.83-18.09%) 

Number of farms treating foals with any antimicrobials (%) 19/29 (65.5%) 23/29 (79.3%) 

Number of farms treating foals with macrolides (%) 11/29 (37.9%) 20/29 (68.9%) 

Number of farms treating foals with rifampicin (%) 18/29 (62.1%) 22/29 (75.86%) 
 

Number of farms using TUS (%) 21/29 (72%) 24/29 (83%) 

Density of animals/acre (median, IQR) 0.85 (0.61-1.15) 0.62 (0.44-1.06) 

Foal mortality (median, IQR) 0.00 (0-0.00) 0.00 (0-0.002) 

TUS in Farms Over Time  (56 farms)  N (%) 

Farms that use TUS in 2017 

Farms that use TUS in 2021 

Farms that have used TUS in the last decade 

Farms that have not used TUS in the last decade 

Farms that did use TUS from 2014-2017 but discontinued use of TUS after 2017 

Farms that did not use TUS from 2014-2017 but began use of TUS after 2017 

43/56 (77%) 

37/56 (66%) 

32/56 (57%) 

8/56 (14%) 

15/56 (27%) 

1/56 (2%) 

Table 3.1. Overall antimicrobial treatment, farm density, mortality, and use of TUS over time in 

29 farms from which questionnaire was available for both years (2017 and 2021). TUS over time 

from recovered questionnaire data in 56 farms.  
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MDR-R. equi in Farms N (%) Proportion MDR-R. equi (median, IQR) 

Farms with MDR-R. equi in 2017 52/83 (63%) 0.05 (0.00 – 0.30) 

Farms with MDR-R. equi in 2021 46/83 (55%) 0.03 (0.00 – 0.33) 

Farms with increased MDR-R. equi  32/83 (39%) 0.30 (0.10 – 1.11) 

Farms with decreased MDR-R. equi 30/83 (36%) 0.00 (0.00 – 0.30) 

Farms remained MDR-R. equi free 21/83 (25%) 0.00 (0.00 – 0.00) 

Farms that increased from zero MDR-R. equi  9/83 (11%) 0.20 (0.07 – 0.90) 

Farms that decreased to zero MDR-R. equi  15/83 (18%) 0.20 (0.05 – 0.30) 

Table 3.2. Descriptive data of the percentage of farms where MDR-R. equi was found, decreased 

or increased over time. For each farms categorization, the median and interquartile range (IQR) 

proportion MDR-R. equi is shown.  

 

Antimicrobial Residue in Farms N (%) Macrolide Residue (median, IQR; µg/µL) 

Farms with macrolide residue in 2017 64/83 (77%) 1.6 ´ 10-5 (2.0 ´ 10-6 – 2.9 ´ 10-4) 

Farms with macrolide residue in 2021 53/83 (64%) 1.3 ´ 10-5 (0.00 – 9.5´ 10-5) 

Farms with increased macrolide residue 26/83 (31%) 7.0 ´ 10-5 (2.0 ´ 10-5 – 2.6 ´ 10-4) 

Farms with decreased macrolide residue 43/83 (52%) 3.0 ´ 10-5 (1.0 ´ 10-5 – 9.0 ´ 10-5) 

Farms remained macrolide residue free 14/83 (17%) 0.00 (0.00 – 0.00) 

Farms that increased from zero macrolide residue 5/83 (6%) 1.0 ´ 10-5 (1.0 ´ 10-5 – 2.0 ´ 10-5) 

Farms that decreased to zero macrolide residue  16/83 (19%) 3.0 ´ 10-5 (0.00 – 4.0 ´ 10-5) 

Table 3.3. Descriptive data of the percentage of farms where macrolide residue was found, 

decreased or increased over time. For each farms categorization, the median and interquartile range 

(IQR) concentration of macrolide residue is shown.  
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Negative Binomial Model   Estimate SE P-value 

Year 2021 (reference: 2017) 0.22 0.30 0.48 

Presence of residue (reference: absence)  1.12 0.51 0.02* 

Logistic Model   OR 95% CI P-value 

Year 2021 (reference: 2017) 0.75 0.33-1.65 0.45 

Presence of residue (reference: absence) 3.55 1.19-10.52 0.03* 

Table 3.4. Estimates, standard errors (SE), and p-values generated from negative binomial mixed-

effects model with log proportion MDR-R. equi as outcome and farm identification as random 

variable. Odds ratios (OR) and 95% confidence intervals (CI) generated from logistic mixed-

effects model with presence or absence of MDR-R. equi as outcome and farm identification as 

random variable. * represents p-value < 0.05. 

Negative Binomial Model   Estimate SE P-value 

Year 2021 (reference: 2017) 0.003 0.34 0.99 

 Have used TUS at least in the last 4 years 

(reference: never used TUS or stopped this practice 

for at least 4 years)  0.73 0.43 0.08 

Logistic Model   OR 95% CI P-value 

Year 2021 (reference: 2017) 0.79 0.31-2.05 0.63 

Have used TUS at least in the last 4 years (reference: 

never used TUS or stopped this practice for at least 

4 years) 5.43 1.24-23.89 0.03* 

Table 3.5. Estimates, standard errors (SE), and p-values generated from negative binomial mixed-

effects model with log proportion MDR-R. equi as outcome and farm identification as random 

variable. Dataset contains 56 farms that have provided information on TUS use for both periods 

(2014-2017 and 2018-2021). Odds ratios (OR) and 95% confidence intervals (CI) generated from 
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logistic mixed-effects model with presence or absence of MDR-R. equi as outcome and farm 

identification as random variable. * represents p-value < 0.05. 

 

Logistic Model   OR 95% CI P-value 

Year 2021 (reference: 2017) 0.44 0.14-1.46 0.18 

Have used TUS at least in the last 4 years (reference: 

never used TUS or stopped this practice for at least 

4 years) 6.36 0.76-52.52 0.09 

Table 3.6. Odds ratios (OR) and 95% confidence intervals (CI) generated from logistic mixed-

effects model with presence or absence of macrolide residues as outcome and farm identification 

as random variable. Dataset contains 56 farms that have provided information on TUS use for both 

periods (2014-2017 and 2018-2021). * represents p-value < 0.05. 

Antimicrobial Standard CAS-No. Brand 

2,5-Dichlorothiophene-3-sulfonamide 53595-68-9 Aldrich Chemistry 

Ampicillin 69-53-4 Sigma-Aldrich 

Azithromycin 117772-70-0 European Pharmacopeia 

Clarithromycin 81103-11-9 European Pharmacopeia 

Cycloheximide 66-81-9                VWR Life Science 

Doxycycline hyclate 24390-14-5 U. S. Pharmacopeia 

Erythromycin 114-07-8 U. S. Pharmacopeia 

Tetracycline hydrochloride 64-75-5 Sigma-Aldrich 

Tylosin 1401-69-0 Sigma-Aldrich 

Supplementary Table 3.1. List of antimicrobial standards used to create standard curves for 

mass spectrometry analysis. The antimicrobial concentrations used for the construction of 

standard curves were adjusted to the following gradient: 5 µg/mL, 1 µg/mL, 0.5 µg/mL, 0.1 

µg/mL, 0.05 µg/mL, 0.01 µg/mL. 
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Figures 

 

 

Figure 3.1. Dumbbell plots with the change in proportion of resistant MDR-R. equi in each farm 

between 2017 (orange) and 2021 (blue).  
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Figure 3.2. Dumbbell plots with the change in concentration of macrolide residue in the soil from 

each farm between 2017 (orange) and 2021 (blue).  
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Figure 3.3. Boxplot showing the proportion of MDR-R. equi in farms where macrolides were 

present or absent color-coded by year, 2017 (blue) and 2021 (orange).  
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Figure 3.4. Boxplot showing the proportion of MDR-R. equi in farms that use or do not use TUS 

color-coded by year, 2017 (blue) and 2021 (orange).  
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Chapter 4 

Conclusion 

The opportunistic pathogen, R. equi, is a robust soil saprophyte present in the environment 

of horse-breeding farms. Its ability to survive and replicate within the alveolar macrophages of 

foals with immature immune systems commonly leads to R. equi pneumonia at Rhodococcus-

endemic farms. Even with the possibility of spontaneous recovery from R. equi infections in foals 

without antimicrobial intervention, many endemic farms rely on the “screen-and-treat” method in 

the absence of alternative efficient methods of disease prevention. This method consists of the use 

of thoracic ultrasonographic screening (TUS) of foals and preventative use of antimicrobials if 

lung lesions are detected regardless of the presence of clinical signs of disease. This approach has 

led to the historical overuse of prophylactic antimicrobials which have been proven to be a major 

contributor to the rise in antimicrobial resistance (AMR) in both clinical isolates cultured from 

sick foals and soil from horse-breeding farms. While the reduction of nonessential antimicrobial 

use is imperative to prevent further spread of AMR, the identification of safe, cost-efficient, and 

effective alternatives to prevent and treat rhodococcal disease are needed to maintain the health 

and wellness of foals. Possible alternatives of prevention not associated with the increase of 

antimicrobial use include the implementation of proper biosafety procedures during equine 

transport, vaccine development, and the administration of hyperimmune plasma. Additionally, 

treatment alternatives to help mitigate AMR include bacteriophage therapy, gallium maltolate, and 

judicious use of antimicrobials. Future studies on the above-mentioned alternatives are needed to 

provide evidence of their efficiency level in the prevention of R. equi infections and therefore, 

their ability to mitigate the spread of multidrug resistant (MDR)-R. equi in horse-breeding farms. 

In addition to the scarcity of effective alternative prevention and treatment methods for foals, the 
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environmental impact the historical overuse of antimicrobials has on the maintenance and 

persistence of MDR-R.equi is not fully understood. Is reducing antimicrobial use and relying on 

alternative methods enough to mitigate MDR-R. equi persistence in horse-breeding farms? 

As an effort to explore the possibility of mitigation of MDR-R. equi infections, we 

collected soil samples and questionnaires from 2017 to 2021 after advising farms to use caution 

when using TUS and administering antimicrobials to foals with subclinical cases of suspected R. 

equi infection. Due to loss of follow-up on antimicrobial use data in questionnaires, we 

retroactively collected as many responses on TUS practices as possible. In our studies, we found 

that macrolide residue was positively associated with the presence of R. equi carrying AMRGs in 

the soil of horse-breeding farms. Measuring antimicrobial residues found in the soil provided an 

unbiased estimation of antimicrobial pressure in the environment. This finding is consistent with 

a previous study demonstrating animals treated with antimicrobials shed antimicrobial metabolites 

into the environment. Therefore, the persistence of antimicrobial residue in the farm environment 

may establish a continuous and long-term selection for MDR-R. equi. It is known that foals are 

exposed to R. equi through the inhalation of the aerosolized bacterium from the soil in horse-

breeding farms. Therefore, the continuous selection for MDR-R. equi may contribute to the 

maintenance and potential increase of MDR-R. equi infections in foals. Additionally, antimicrobial 

residue has also been shown to disrupt the existing microbiomes of soils and plants potentially 

causing a negative impact of yield in the agriculture sector. Therefore, the existence, persistence, 

and impact of antimicrobial residues in diverse systems and its potential to cause adverse health 

effects is an emerging global crisis worthy of collaborative, interdisciplinary mitigation efforts.  

This study is the first to provide evidence that the accumulation of antimicrobials in the 

environment following the treatment of foals might be an important factor contributing to the long-
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term maintenance of MDR-R. equi in the soil, indicating that mitigation of MDR-R. equi without 

understanding the role of environmental contamination with antimicrobial residues may not be 

possible. Moving forward, this study could help inform measures to reduce the spread of MDR-R. 

equi in horse-breeding farms. For example, in addition to prudent use of antimicrobials to reduce 

antimicrobial metabolites being shed into the environment, animals requiring antimicrobial 

therapy could be quarantined to an area separate from other farm animals for an antimicrobial 

washout period before returning to the unaffected herd. Consideration of the environmental half-

life of antimicrobials could also lead to a decrease in antimicrobial contamination in the 

environment. Further studies will be needed to determine appropriate antimicrobial washout 

periods in addition to determining the environmental half-life of appropriate antimicrobial therapy 

before these practices are implemented in farms.  


