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Footrot is a bacterial infection that primarily affects 
the interdigital skin, leading to a well-defined clinical 
disease characterized by lameness. This condition 
poses significant concern for both animal welfare and 
the economic sustainability of sheep farming world-
wide (1). The clinical presentation of footrot can range 
from mild interdigital dermatitis, which is considered 
a benign form of the disease, to more severe manifes-
tations, such as heel underrunning, sole and abaxial 
wall separation, and, in advanced cases, the complete 
detachment of the hoof capsule, known as virulent 
footrot (2).

Footrot is a  contagious, multifactorial, and poly-
microbial hoof disease of ruminants, influenced by 
different factors, including host susceptibility, farm 
management practices, environmental conditions, the 
virulence of Dichelobacter nodosus, and the presence 
of co-infecting bacteria, such as Fusobacterium nec-
rophorum (3). Dichelobacter nodosus, an anaerobic 
Gram-negative bacterium, is recognized as the main 
causative agent of this pathology (3, 4). Besides sheep, 

other domesticated animals, such as cattle, goats, and 
South American camelids, as well as wild ruminants, 
can harbor D. nodosus. However, clinical signs are 
rarely expressed in these species (5). Moreover, 
D. nodosus cannot induce the disease independently, 
requiring the presence of Fusobacterium necrophorum, 
another anaerobic bacterium. Other bacterial species, 
such as Treponema spp. and Arcanobacterium pyo-
genes, have also been associated with footrot (6, 7). 
Additionally, microbiota studies, along with the cul-
tivation of aerobic and anaerobic bacteria from both 
healthy and diseased feet, have revealed the presence 
of other microorganisms, including Bacteroides spp., 
Porphyromonas spp., Clostridium spp., Prevotella 
spp., and Peptostreptococcus spp. (3, 8).

Moreover, the infection with Dichelobacter nodo-
sus appears to induce a shift in the composition of the 
bacterial community, transitioning from predominantly 
Gram-positive aerobic taxa in the first period of disease 
to predominantly Gram-negative, anaerobic taxa as the 
pathology progresses (7).
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Summary

The microbial community plays a key role in animal health, influencing immunity, metabolism, and disease 
resistance. Ovine footrot is a  complex bacterial disease involving Dichelobacter nodosus, Fusobacterium 
necrophorum, and other members of the hoof microbiome. This study investigated bacteriome dynamics in two 
sheep management systems – seasonal migration (System A) and permanent indoor housing (System B) – and 
their association with two clinical forms: interdigital dermatitis (ID) and virulent footrot (VF). A total of 371 
bacterial strains were identified from 80 samples collected in many flocks of sheep located in Transylvania. 
System A showed dominance of Gram-positive bacteria (53.41%), while System B was characterized by a higher 
prevalence of Gram-negative bacteria (62.86%). ID lesions were predominantly associated with Gram-positive 
bacteria (65%), whereas VF lesions were largely linked to Gram-negative bacteria (75.4%). These findings 
illustrate shifts in bacterial landscape during footrot progression and suggest that management practices may 
influence the composition of disease-associated bacteriota.
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This study aimed to investigate the role of bacterial 
communities in the pathogenesis of ovine footrot by 
characterizing the hoof microbiota of sheep managed 
under two contrasting farming systems: seasonal mi-
gration and permanent housing. Comparative analysis 
of these systems was performed to identify differences 
in microbial composition associated with management 
practices. Furthermore, the study explored the poten-
tial contribution of specific bacterial taxa to disease 
development and evaluated the relationship between 
management factors, bacterial diversity, and footrot 
clinical evolution.

Material and methods
Sample collection. This study was conducted between 

January and December 2024 in ten Turcana sheep flocks 
located in Transylvania, Romania, which were managed 
under two distinct farming systems. The first system fol-
lowed a seasonal migration pattern known as transhumance, 
a traditional practice involving the movement of livestock 
between grazing areas according to seasonal changes. 
During spring (April-May), shepherds leave their villages 
and gradually move toward mountain pastures, where they 
remain throughout the summer, living in temporary shel-
ters. In autumn (September-October), the animals descend 
from the mountains, and during winter (November-March), 
sheep graze on plains or in sheltered valleys, depending on 
precipitation levels. The diet of sheep raised under Roma-
nian transhumance systems varies seasonally, shifting 
from nutrient-rich alpine pastures in summer to hay-based 
rations in winter, which are supplemented with cereals. The 
second system involved permanent housing, with sheep kept 
indoors throughout the year, with a deep straw bedding on 
the floor. In this system, animals reside in stable barns and 
occasionally graze near the farm, with their diet primarily 
consisting of silage and cereal grains.

The year 2024 in Transylvania was characterized by 
a  strongly above-average thermal regime, with tempera-
tures well above climatological averages, a record heatwave 
summer, a very mild winter, and unevenly distributed pre-
cipitation marked by episodes of atmospheric instability 
and torrential rainfall.

Within each selected flock, all animals were systemati-
cally examined for signs of lameness, with particular focus 
on any clinical indicators of footrot. Sheep included in the 
study exhibited lesions corresponding to various stages 
of footrot progression, which made it possible to perform 
a comprehensive analysis of bacterial communities associ-
ated with the disease. Some animals presented interdigital 
dermatitis (ID), the initial stage of footrot, characterized by 
inflammation of the interdigital skin, a pink to reddish dis-
coloration, accumulation of necrotic debris, and a pungent 
odor. In contrast, more advanced cases exhibited detach-
ment of the hoof horn from the underlying dermal tissues, 
exudation of a  greyish, purulent material, and a  strong 
malodor indicative of necrosis. These clinical signs are con-
sistent with severe bacterial infection, which, if not treated 
promptly, can lead to pronounced lameness and consider-
able economic impact. Throughout the study, a total of 80 
samples were collected and subjected to microbiological 

analysis. Samples were collected only from sheep pre-
senting lesions, with animals showing varying degrees of 
lameness being selected from each flock. Since each sheep 
had lesions on only one limb, a single sample was collected 
per animal, thus avoiding pseudoreplication of the bacte-
rial strains isolated at this level. To ensure a representative 
approach, half of the samples (n = 40) were collected from 
sheep raised under a seasonal migration system, while the 
remaining 40 samples were collected from sheep housed 
in a permanent indoor system.

Tissue samples were collected from the interdigital space 
of sheep affected by footrot, with one sample taken per 
affected foot. Sampling was performed using Amies trans-
port medium swabs (HiMedia Laboratories, India), with 
charcoal for anaerobic bacteria and without charcoal for 
aerobic organisms. Swabs were carefully rotated within the 
interdigital space and, when applicable, inserted into deeper 
hoof lesions. After collection, samples were transported 
to the laboratory under appropriate biosafety conditions. 
Microbiological processing was initiated within 4 to 10 
hours post-collection.

Isolation of anaerobes. Anaerobic bacteria were initially 
inoculated in liquid medium by suspending each swab in 
a tube containing a thioglycolate broth (HiMedia Labora-
tories, Germany), which supports bacterial growth under 
reduced oxygen conditions. An essential consideration in 
cultivating anaerobic bacteria in broth cultures is the choice 
of culture tubes, as parameters such as oxygen permeability, 
tube material, and cap design significantly influence anaero-
bic conditions (9). To ensure strict anaerobic conditions, 
Hungate tubes (Bellco Biotechnology, USA), specifically 
designed to minimize oxygen exposure and maintain strict 
anaerobic conditions, were employed in this study. Fol-
lowing inoculation, the tubes were incubated at 37°C for 
48-72 hours. Secondary cultures were performed on solid 
media, specifically Brucella blood agar (BioMaxima S.A., 
Lublin, Poland). Each plate was inoculated using material 
from the enriched thioglycolate cultures. The selection of 
appropriate culture media is critical to ensure the success-
ful isolation and growth of clinically relevant anaerobic 
bacteria. Brucella blood agar was selected for its broad-
spectrum capability as an enriched, non-selective medium 
that supports the growth of most clinically significant 
anaerobic species (10, 11). After the initial incubation, 
colonies were visually inspected and selected based on 
their morphological characteristics, including color, size, 
margin, elevation, and hemolysis pattern. For each sample, 
one representative colony per morphotype was selected to 
capture bacterial diversity while avoiding duplication of 
bacterial taxa. Selected colonies were subcultured to obtain 
pure isolates prior to identification with MALDI-TOF MS 
or the API 20A system. Sub-cultured plates were incubated 
anaerobically at 37°C for a minimum of 48 hours. Anaerobic 
conditions were achieved using an anaerobic jar equipped 
with the AnaeroCult® system (Merck KGaA Darmstadt, 
Germany) (12), which effectively removes oxygen while 
simultaneously generating carbon dioxide to create an opti-
mal environment for anaerobic bacterial growth. Before 
the application of definitive identification techniques, the 
colonies were subjected to a series of preliminary evalu-
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ations, including macroscopic colony morphology, Gram 
staining, catalase activity, fluorescence under UV light, and 
an aerotolerance test.

Identification of anaerobic bacteria with API 20A 
system and MALDI-TOF MS. Identification of the 
anaerobic bacterial strains isolated from clinical samples 
was performed using the commercially available API® 20A 
system (bioMérieux, France), a standardized miniaturized 
test kit specifically designed for the biochemical charac-
terization of anaerobes. Bacterial isolates were suspended 
in API® 20A inoculation medium to a turbidity equivalent 
to the 3.0 McFarland standard. The suspension was then 
used to rehydrate the dehydrated substrates present in 
each of the 20 microtubes of the API® 20A strip. The test 
strips were incubated under strictly anaerobic conditions at 
37°C for 24 hours. In this system, metabolic activity of the 
bacteria induces colorimetric changes in the media, which 
occur either spontaneously or after the addition of specific 
reagents (e.g., BCP, XYL, HER). While most anaerobic 
species yield interpretable biochemical profiles within 24 
hours, reliable identification of certain slow-growing strains 
requires extended incubation for up to 48 hours at 37°C for.

Following incubation, the biochemical reactions were 
assessed visually and interpreted using the API Reading 
Table. Final bacterial identification was conducted using 
the bioMérieux identification software. In addition to the 
20 biochemical tests, three morphological and staining 
parameters – spore formation (SPOR: +/−), Gram stain 
reaction (GRAM: +/−), and cellular morphology (coccus 
shape, COCC: +/−) – were also recorded and included in 
the final identification profile.

The MALDI Biotyper® Sirius System (Bruker, Ettlingen, 
Germany) identifies bacterial strains using mass spectrom-
etry by matching the acquired spectra with reference spectra 
stored in its database. The analysis was performed in accor-
dance with the manufacturer’s instructions.

Identification of aerobic bacteria. Each specimen was 
initially inoculated into nutrient broth to evaluate the pres-
ence of aerobic bacteria in footrot lesion samples (Oxoid, 
UK). The inoculated broth was incubated at 37°C for 24 
hours under aerobic conditions to promote the growth of 
oxygen-dependent bacterial species. Following this enrich-
ment step, the cultures were streaked onto nutrient agar 
plates using sterile inoculating loops to isolate individual 
bacterial colonies. The inoculated agar plates were incu-
bated aerobically at 37°C for 24-48 hours. After incubation, 
colonies exhibiting distinct morphological characteristics 
were selected and subcultured onto fresh nutrient agar plates 
using the same aseptic techniques. This step was critical to 
obtaining pure cultures, ensuring that each isolate repre-
sented a single bacterial strain. Pure colonies were subse-
quently subjected to biochemical identification procedures 
to determine the species involved in the aerobic component 
of the footrot lesions.

Following primary isolation, bacterial identification was 
performed using appropriate biochemical profiling systems, 
including API20E, API50CHB, APIStaph, or APIStrepto 
(BioMérieux SA, Marcy-l’Étoile, France), selected based 
on the morphological and staining characteristics of each 
isolate. Macroscopic and microscopic examinations were 
first conducted to assess colony morphology, Gram reac-

tion, and cellular arrangements. In addition, catalase and 
oxidase tests were employed as preliminary screening tools 
to assist in genus-level differentiation and guide the selec-
tion of appropriate API systems.

API system strips were prepared and inoculated follow-
ing the manufacturer’s instructions. After incubation at 
37°C for 24 hours, biochemical reactions were recorded 
and interpreted using the APIWEB identification software 
(bioMérieux, France), an online platform that compares 
phenotypic profiles to an extensive reference database to 
predict species identity (13).

Statistical analysis. Data were compiled using Microsoft 
Office Excel 2021 and statistically analyzed with Graph-
Pad Prism 8 (GraphPad Software, San Diego, CA, USA). 
Descriptive statistics were used to illustrate the proportions 
of various bacterial findings in the two management sys-
tems. Fisher’s exact test analyzed the association between 
lesion stage (interdigital dermatitis and virulent footrot) and 
bacterial presence at the flock level.

Results and discussion
In this study, 371 bacterial species (n = 371) were 

identified in association with various pathological con-
ditions. Of these, 161 bacterial strains (n = 161) were 
detected in samples obtained from sheep raised under 
a seasonal migration system (System A), whereas 210 
bacterial strains (n = 210) were identified in samples 
collected from the feet of sheep housed permanently 
indoors (System B). The results of Fisher’s exact test 
performed to examine the association between the 
bacterial type (Gram-positive vs. Gram-negative) and 
the system used (System A vs. System B) revealed 
a statistically significant association between the two 
variables (p = 0.0008), indicating that the distribution 
of Gram-positive and Gram-negative bacteria differed 
significantly between the two systems.

In System A, Gram-positive bacteria were more 
prevalent (53.41%) than they were in System  B 
(37.14%). Conversely, System B showed a  consid-
erably higher proportion of Gram-negative bacteria 
(62.86%) compared to System A (46.58%) (Fig. 1).

In cases of interdigital dermatitis, the bacterial 
population was predominantly composed of Gram-

Fig. 1. Distribution patterns of Gram-positive and Gram-ne-
gative bacterial isolates stratified by husbandry system. Error 
bars represent the standard error of the mean
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positive bacteria, while Gram-negative bacteria were 
more frequently associated with virulent footrot, the 
second stage of the disease. Among the 180 bacterial 
isolates from ID lesions, 65% were Gram-positive 
and 35% were Gram-negative. In contrast, of the 
191 bacterial isolates from VF lesions, 75.40% were 
Gram-negative and 24.60% were Gram-positive 
(Fig. 2). The results of Fisher’s exact test performed to 
evaluate the association between bacterial Gram type 
and lesion type in ovine foot disease demonstrated 
a  statistically significant relationship between these 
variables (P < 0.0001), indicating that the distribution 
of Gram-positive and Gram-negative bacteria differed 
significantly between interdigital dermatitis (ID) and 
virulent footrot (VF). This pattern suggests 
a  predominance of Gram-positive bacteria 
in ID lesions and a clear shift toward Gram-
negative bacteria in VF.

The composition of the bacterial com-
munity in samples taken from sheep 
raised in the seasonal migration system 
(System A). A total of 161 bacterial strains 
were identified from samples collected from 
sheep reared under a  seasonal migration 
system (n = 40). Table 1 summarizes the dis-
tribution of these bacterial strains in the two 
stages of pathology observed in this system.

Aerobic bacterial strains were classified 
into six families (Enterobacteriaceae, Pseu-
domonaceae, Bacillaceae, Streptococcaceae, 
Micrococcaceae, and Staphylococcaceae). 
Among these, the most dominant family was 
Enterobacteriaceae, accounting for 25.46% 
(n = 41) of all strains identified. This family 
comprised four distinct genera: Escherichia, 
Enterobacter, Klebsiella, and Serratia. The 
second most representative bacterial fam-
ily identified was Bacillaceae, accounting 
for 16.14% of all bacteria detected. This 

family consists of Gram-positive, rod-shaped, spore-
forming bacteria known for their resilience in various 
environmental conditions (14). Within the Bacillaceae 
family, the only identified genus was Bacillus, with 
26 strains of Bacillus subtilis detected in the samples. 
Other aerobic bacterial strains identified in the samples 
included Pseudomonas aeruginosa, Micrococcus 
spp., Streptococcus spp., and Staphylococcus spp. 
Pseudomonas aeruginosa accounted for 15.52% 
(n = 25) and Micrococcus spp. for 9.31% (n = 15) of 
the total bacteriota identified. Streptococcus spp. was 
represented by two species, Streptococcus uberis and 
Streptococcus intermedius, each identified in 5 samples 
collected from the feet of sheep. Additionally, at the 
lesional level, bacteria from the Staphylococcus genus 
were identified. Among them, Staphylococcus aureus, 
Staphylococcus sciuri, and Staphylococcus simulans 
collectively accounted for 6.2% of the total bacterial 
flora.

The anaerobic bacteriota identified in the samples 
included Dichelobacter nodosus and Fusobacterium 
necrophorum, each comprising 1.24% of the total 
bacterial population. These two bacterial species are 
recognized as the primary pathogens responsible for 
footrot lesions in sheep (4, 15). However, although 
characteristic footrot lesions were present, successful 
isolation of these bacteria was not always possible. 
Specifically, only 2 strains of Fusobacterium nec-
rophorum and 2 strains of Dichelobacter nodosus were 
successfully isolated across all samples. Among the 
anaerobic isolates recovered from foot lesion samples, 
the most prevalent species was Prevotella intermedia, 
accounting for 44.11% (n = 15) of the total anaerobic 

Tab. 1. Stage-specific bacterial profiling of footrot lesions in sheep raised 
in the seasonal migration system

Isolate % Interdigital 
dermatitis

Virulent 
footrot

Escherichia coli 11.18 (n = 18) 8 10

Klebsiella pneumonie   3.10 (n = 5) 2 3

Serratia spp.   4.96 (n = 8) 5 3

Enterobacter cloacae   6.21 (n = 10) 3 7

Pseudomonas aeruginosa 15.52 (n = 25) 5 20

Bacillus subtilis 16.14 (n = 26) 18 8

Micrococcus spp.   9.31 (n = 15) 10 5

Streptococcus uberis   3.10 (n = 5) 5 0

Streptococcus intermedius   3.10 (n = 5) 5 0

Staphylococcus aureus   3.10 (n = 5) 5 0

Staphylococcus sciuri   1.86 (n = 3) 3 0

Staphylococcus simulans   1.24 (n = 2) 2 0

Dichelobacter nodosus   1.24 (n = 2) 1 1

Fusobacterium necrophorum   1.24 (n = 2) 0 2

Peptostreptococcus spp.   9.31 (n = 15) 10 5

Prevotella intermedius   9.31 (n = 15) 3 12

Total n = 161 85 76

Fig. 2. Distribution patterns of Gram-positive and Gram-  
negative bacterial isolates stratified by lesion stage
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flora. An equal number of isolates (n = 15) 
were identified as Peptostreptococcus spp. 
Thus, out of the 34 anaerobic strains iden-
tified, 30 were these two taxa, indicating 
their potential significance in the microbial 
landscape of footrot lesions. All bacterial 
species in the two lesion stages are repre-
sented in Figure 3. In ID lesions, the most 
prevalent bacterial genera were Bacillus 
subtilis (n = 18), followed by Micrococcus 
spp. (n = 10) and Peptostreptococcus spp. 
(n = 10). In VF lesions, the most frequently 
identified bacterial strains were Pseudomonas 
aeruginosa (n = 20), followed by Prevotella 
intermedius (n = 12).

Statistically non-significant differences 
were identified in both the isolation rates 
and bacterial population variability between 
interdigital dermatitis (ID) and virulent foot-
rot (VF) lesions. The unpaired t-test yielded 
a P value of 0.7551 (t = 0.3148, df = 30), 
indicating that the mean difference between 
the two groups (–0.5625 ± 1.787) was non-
significant. The 95% confidence interval for 
the difference ranged from –4.212 to 3.087, 
which includes zero, further supporting the 
absence of a true effect.

Additionally, the F-test for equality of 
variances resulted in a  P value of 0.3878 
(F  =  1.577, df = 15, 15), showing no sig-
nificant difference in variance between the 
groups. This suggests that the spread or dis-
persion of bacterial values was comparable 
in both lesion types. Together, these results 
indicate that the central tendency and vari-
ability of the bacterial presence are statisti-
cally similar between ID and VF lesions in 
the conditions analyzed.

The composition of the bacterial com-
munity in samples collected from sheep 
housed permanently indoors (System B). 
The bacteriological analysis of 40 samples 
collected from sheep housed permanently 
indoors on litter identified 210 (n = 210) 
bacterial strains (Tab. 2).

The most representative bacteria with po-
tential pathogenicity identified in the samples 
belonged to the Enterobacteriaceae family, 
with a total of 80 strains detected. This family 
included four different genera: Aeromonas, 
represented by two species: Aeromonas 
hydrophila/caviae and Aeromonas veronii, 
Escherichia, with Escherichia coli species, 
Enterobacter, and Klebsiella. The species 
identified from the Enterobacteriaceae family account-
ed for 38.09% of all bacteria detected in the samples 
collected from sheep housed indoors. The second most 
frequently isolated Gram-negative bacterial genus was 

Pseudomonas, represented by two species: Shewanella 
putrefaciens and Pseudomonas aeruginosa. Together, 
these species accounted for 10.33% (n = 25) of all 
bacteriota identified from the hoof samples. Another 

Tab. 2. Stage-specific bacterial profiling of footrot lesions in permanently 
housed sheep

Isolate % Interdigital 
dermatitis

Virulent 
footrot

Escherichia coli 11.90 (n = 25) 10 15

Aeromonas hydrophila/caviae   4.76 (n = 10) 5 5

Aeromonas veronii   5.57 (n = 15) 5 10

Enterobacter cloacae   5.57 (n = 15) 5 10

Klebsiella pneumoniae   5.57 (n = 15) 5 10

Shewanella putrefasciens   5.57 (n = 15) 5 10

Pseudomonas aeruginosa   4.76 (n = 10) 2 8

Acinetobacter iwoffi   4.76 (n = 10) 0 10

Acinetobacter radioresistant   4.76 (n = 10) 0 10

Enterococcus faecium   4.76 (n = 10) 8 2

Kocuria rosea   8.09 (n = 17) 12 5

Micrococcus spp.   4.76 (n = 10) 10 0

Rothia mucilaginosa   0.95 (n = 2) 2 0

Staphylococcus sciuri   3.80 (n = 8) 5 3

Streptococcus uberis   1.42 (n = 3) 3 0

Bacillus cereus   2.38 (n = 5) 5 0

Aerococcus spp.   1.42 (n = 3) 3 0

Dichelobacter nodosus   1.90 (n = 4) 2 2

Fusobacterium necrophorum   2.38 (n = 5) 2 3

Prevotella spp.   6.19 (n = 13) 3 10

Peptostreptococcus spp.   2.38 (n = 5) 3 2

Total n = 210 95 115

Fig. 3. Relative abundance of bacterial genera and species in the micro-
flora of hoof samples from sheep maintained under system A, stratified 
by lesion stage. The left bar shows the proportion of bacteria associated 
with interdigital dermatitis, whereas the right bar shows the proportion 
of bacteria associated with virulent footrot
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Gram-negative bacterial genus identi-
fied in the samples was Acinetobacter, 
comprising two species: Acinetobacter 
iwoffi and Acinetobacter radioresistens, 
with 10 strains of each species isolated. 
Enterococcus faecium was also identi-
fied in 10 samples collected from hoof 
lesions. Staphylococcus sciuri is another 
Gram-positive bacterium isolated from 
the samples collected from footrot le-
sions, with 8 strains identified at this  
level. Other Gram-positive taxa belong-
ing to the Bacillaceae, Streptococcaceae, 
and Aerococcaceae families were also 
detected, but their prevalence within 
the total bacterial population was com-
paratively low. Specifically, five iso-
lates were attributed to the Bacillaceae 
family, while Streptococcaceae and 
Aerococcaceae were each represented 
by three strains.

Anaerobic bacteria constituted 
12.85% of the bacteriota recovered 
from the hoof samples. The anaerobic components 
of the bacterial community included Dichelobacter 
nodosus, Fusobacterium necrophorum, Prevotella 
spp., and Peptostreptococcus spp. The most fre-
quently isolated anaerobic genus was Prevotella, 
comprising 48.14% (n = 13) of the anaerobic isolates. 
Fusobacterium necrophorum was detected in five 
samples, while Dichelobacter nodosus was identi-
fied in four. Additionally, Peptostreptococcus spp., 
a  Gram-positive anaerobe, was isolated from five 
samples. Figure 4 shows the distribution of all bacte-
rial types across the lesion stages. In ID lesions, the 
most prevalent bacterial genera were Kocuria rosea 
(n = 12), followed by Micrococcus spp. (n = 10) and 
Escherichia coli (n = 10). In VF lesions, E. coli was 
the most frequent (n = 15), followed by Aeromonas 
veronii, Enterobacter cloacae, Klebsiella pneumoni-
ae, Shewanella putrefaciens, Acinetobacter iwoffi, 
Acinetobacter radioresistant, and Prevotella spp., each 
represented by 10 strains.

The unpaired t-test performed to compare the bac-
terial values between interdigital dermatitis (ID) and 
virulent footrot (VF) lesions showed that the isolation 
rate was 5.476 for VF and 4.524 for ID. Although VF 
showed a slightly higher mean, the difference between 
the two groups (0.9524 ± 1.239) was statistically 
non-significant (t = 0.7688, df = 40, P = 0.4465). The 
95% confidence interval for the difference (–1.551 to 
3.456) includes zero, indicating no reliable difference 
between lesion types.

Additionally, the F-test for comparing variances 
yielded a value of F = 2.140 with P = 0.0967, suggest-
ing that although there was a numerical difference in 
variances, this was statistically non-significant at a con-
fidence level of 0.05. The effect size (R2 = 0.01456) 

indicates a very small effect, meaning that the lesion 
type accounted for only about 1.5% of the variance in 
bacterial values.

The findings indicate that both systems create envi-
ronmental conditions conducive to the development of 
lesions characteristic of footrot and support the prolif-
eration and virulence expression of associated bacterial 
populations. Animal hooves are exposed to a  wide 
spectrum of microorganisms, including commensal 
Gram-positive bacteria, such as Streptococcus spp., 
Staphylococcus spp., Bacillus spp., and Micrococcus 
spp. In addition, Gram-negative bacteria of fecal origin, 
such as Escherichia coli, Klebsiella spp., Enterobacter 
spp., and other Enterococcus species, are frequently 
present in the hoof environment. Opportunistic resi-
dents of the hoof capsule, such as Acinetobacter spp., 
can further contribute to the bacterial diversity (16). 
The pathogenic potential of this bacterial community 
is strongly influenced by environmental conditions, 
including hygiene, ambient temperature, precipitation 
level, high humidity, as well as the structural integrity 
of the interdigital epithelium (1). This study character-
ized the bacterial communities associated with footrot 
lesions in sheep raised under two distinct husbandry 
systems: seasonal migration and permanent indoor 
housing with bedding. The bacterial communities 
identified on the feet of sheep housed permanently in-
doors exhibited greater taxonomic diversity compared 
to those associated with sheep raised under a seasonal 
migration system. Notably, disease progression was 
accompanied by a marked shift in bacterial composi-
tion – from a predominance of Gram-positive bacteria 
in ID (the early stage of footrot) to a dominance of 
Gram-negative taxa in under-running lesions, which 
characterize the more advanced and virulent stage of 

Fig. 4. Relative abundance of bacterial genera and species in the microflora 
of hoof samples from sheep maintained under system B, stratified by lesion 
stage. The left bar shows the proportion of bacteria associated with interdigital 
dermatitis, whereas the right bar shows the proportion of bacteria associated 
with virulent footrot
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the disease. This transition mirrors microbial succes-
sion patterns observed in other polymicrobial infec-
tions across both human and veterinary contexts, where 
disease onset is frequently associated with increased 
bacterial diversity and compositional shifts. Such pat-
terns have been documented in various host-pathogen 
systems and are thought to reflect a generalized re-
sponse to the breakdown of homeostasis at the affected 
body site (7, 17-19).

In this study, the majority of bacterial strains identi-
fied belonged to the Enterobacteriaceae family, repre-
senting 25.46% of all bacteriota in the samples from 
sheep raised under the seasonal migration system and 
38.09% in the samples from sheep housed permanently 
indoors. The most prevalent bacterial species identified 
was Escherichia coli, a  Gram-negative, rod-shaped 
bacterium commonly found in the lower intestinal tract 
of warm-blooded animals and typically excreted into 
the environment with feces (20). Potentially pathogenic 
E. coli strains are capable of surviving and proliferat-
ing in various environments, where their growth is 
influenced by both biotic factors, such as microbial in-
teractions, nutrient availability, and biofilm formation, 
and abiotic factors, including temperature, water avail-
ability, pH, and solar radiation (21). The high isolation 
rate of this bacterium under both systems indicated the 
occurrence of fecal contamination, poor hygiene condi-
tions, and high humidity, essential conditions involved 
in the pathogenicity of tissue destruction. The role of 
E. coli in the pathogenesis of footrot remains uncertain, 
but its presence has been documented in hoof lesions 
of calves, suggesting a potential involvement in tissue 
damage and secondary infections (22).

Another pathogen from the Enterobacteriaceae fam-
ily often identified was Klebsiella spp., an opportunis-
tic pathogen that can be found in the environment (23, 
24), in the gastrointestinal tract of animals, and on the 
skin of healthy individuals as a benign colonizer (25). 
In this research, a high proportion of Klebsiella strains 
were isolated from samples collected from sheep raised 
under seasonal migration. However, certain strains of 
this genus were also isolated from sheep kept perma-
nently indoors. To date, there are no reports demon-
strating the pathogenicity of Klebsiella species in the 
interdigital skin of ruminants. In the dairy industry, 
Klebsiella pneumoniae – one of the most common 
causes of mastitis – has been the subject of numerous 
studies (26-28). The detection of this bacterium in 
footrot lesion samples is concerning, as K. pneumoniae 
is recognized as a major reservoir of resistance genes, 
facilitating their transfer from environmental sources 
to clinically significant bacteria. Additionally, some 
isolates may harbor acquired antimicrobial resistance 
(AMR) genes or plasmids, enabling their dissemina-
tion across environmental, human, and animal matrices 
(29). Alongside this pathogen, other bacterial species, 
including Enterococcus faecium, Staphylococcus au-
reus, Acinetobacter baumannii, Pseudomonas aeru-

ginosa, and Enterobacter spp. (30, 31) have also been 
isolated from footrot lesions. These organisms belong 
to the ESKAPE group, a cluster of pathogens known 
for their ability to evade antimicrobial treatments and 
frequently exhibit a multidrug-resistant (MDR) phe-
notype (30, 31).

Animal skin is not a  sterile environment since it 
harbors a diverse array of commensal microorganisms 
(32). P. aeruginosa, a ubiquitous bacterium commonly 
found as part of the normal skin microflora, can be-
come an opportunistic pathogen when the integrity 
of the skin barrier is disrupted, potentially leading 
to infections (33). P. aeruginosa is primarily an en-
vironmental organism, and according to Al-Tememe 
and Abbas’s study (34), more strains of this genus 
were isolated from environmental samples when 
compared to those taken from healthy sheep. In the 
present study, a significant number of P. aeruginosa 
strains were isolated from the hooves of sheep in both 
raising systems, with a notably higher prevalence in 
under-running lesions. This finding underscores the 
opportunistic nature of P. aeruginosa, which is capable 
of colonizing compromised interdigital skin and ex-
ploiting tissue damage to establish infection. Another 
member of the Pseudomonas genus identified at the 
hoof level was P. putrefaciens, a bacterium that, based 
on phylogenetic studies, was reclassified in 1985 to 
the genus Shewanella (35). Shewanella putrefaciens is 
a natural component of marine microflora and is com-
monly found in moderate and warm climates, where it 
thrives in aquatic environments rich in organic matter 
and is rarely pathogenic (36). The pathogenicity of 
Shewanella species remains unclear, partly because 
they are often found in polymicrobial infections. 
Nevertheless, accumulating evidence indicates that 
some species are pathogenic for humans or animals 
(37). In the veterinary context, this bacterium has been 
described primarily in studies focusing on its isolation 
from various food sources rather than as a direct patho-
gen in animals (38). In contrast, in human medicine, S. 
putrefaciens has been associated predominantly with 
skin and soft tissue infections (36).

Another Gram-negative bacterium isolated exclu-
sively from sheep housed permanently indoors was 
the Aeromonas genus, commonly found in freshwater, 
sewage, and soil (39). The presence of Aeromonas in 
the feces of horses, cattle, and sheep was reported in 
several studies (39), and it has long been recognized 
as a pathogen of amphibians and reptiles (40).

Among the Gram-positive bacteria, the Bacillaceae 
family was the most predominant in samples from 
sheep raised under the seasonal migration system, 
while the Micrococcaceae family emerged as the 
dominant group in sheep from the permanent housing 
system. These bacterial species are common inhabit-
ants of the skin of both humans and animals, and may 
sometimes produce proteolytic and collagenolytic 
enzymes that disintegrate the skin (41).
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Bacillus species are aerobic, spore-forming, rod-
shaped bacteria that are widely distributed in nature 
(42). They have been isolated from both the interdigital 
space of healthy cattle and lesions associated with bo-
vine interdigital dermatitis (43). Similarly, they have 
been found on the interdigital skin of sheep (44) and 
in horses’ hooves (16).

Micrococcus is a bacterial genus that forms part of 
the normal microbial community residing on the skin 
and external surfaces of animals. In studies focused on 
characterizing skin microflora, Gram-positive coccoid 
bacteria from the Micrococcaceae family were iden-
tified as the most prevalent microorganism in sheep 
flocks from various regions (45). Under certain condi-
tions, depending on ecological, medical, host-related, 
and microbial factors, these commensal microorgan-
isms can frequently act as opportunistic pathogens and 
contribute to the development of various diseases (46). 
Consequently, these bacteria can be classified as minor 
pathogens in the context of this disease. Enterococcus 
faecium, another Gram-positive bacterium, was iso-
lated exclusively from the bacterial population of sheep 
hooves in System B. These bacteria are likely a part 
of the normal hoof flora and typically do not pose any 
significant risks under healthy environmental condi-
tions. However, they may proliferate when the hoof 
becomes weakened or infected (47). Several studies 
have reported the involvement of E. faecium in the 
hooves of horses (47) and cattle with ID (17, 19).

Dichelobacter nodosus is the primary microbial 
agent responsible for causing footrot in small rumi-
nants (3) and is often found in association with Fu-
sobacterium necrophorum, another Gram-negative 
bacterium frequently isolated from footrot lesions 
(3, 15). F. necrophorum, a normal inhabitant of the 
animal alimentary tract (48), is also commonly de-
tected in oral (49) and fecal material (50) and has 
been implicated in the development of foot abscesses 
in sheep (5, 51). Although these anaerobic bacteria 
were not detected in every sample, their absence in 
culture does not rule out their presence at the lesion 
site, as they may not have had the optimal conditions 
for growth in the laboratory environment. D. nodosus 
was isolated from 4 out of 50 samples in System B and 
from 2 out of 50 samples in System A. F. necropho-
rum strains were isolated predominantly from under-
running lesions, which are associated with the more 
advanced stages of the disease. These findings show 
that an increased load of D. nodosus plays a key role 
in the pathogenesis of footrot, while Fusobacterium 
necrophorum may act as a secondary invader. While 
these observations are consistent with previous reports 
suggesting that D. nodosus initiates the infection and 
F. necrophorum contributes to lesion progression, the 
low number of isolates in this study limits the strength 
of such inferences. Therefore, these results should be 
interpreted cautiously and viewed as indicative of pos-
sible associations rather than definitive pathogen roles. 

This interpretation aligns with prior studies showing 
D. nodosus to be more abundant in feet affected by ID 
than in more advanced footrot (8, 52).

This study offers novel insights into bacterial com-
munities associated with the sheep hoof and consti-
tutes a comparative analysis of microbial distribution 
across two distinct management systems, stratified by 
lesion stage. Statistical analysis revealed a significant 
variation in the relative abundance of Gram-positive 
and Gram-negative bacteria between the two sys-
tems. Specifically, the seasonal migration system was 
characterized by a  predominance of Gram-positive 
bacteria, whereas the permanent indoor housing sys-
tem exhibited a higher prevalence of Gram-negative 
organisms. Concerning the lesion type, Gram-positive 
bacteria were more frequently isolated from interdigital 
dermatitis lesions, while Gram-negative bacteria were 
associated predominantly with virulent footrot cases.

Nonetheless, comparative analysis of the relative 
abundance of bacterial taxa in interdigital dermatitis 
and virulent footrot lesions – regardless of the man-
agement system – revealed no statistically significant 
differences in either mean abundance or variability. The 
composition and abundance of the bacterial community 
exhibited variability across different flocks, a variation 
likely influenced by the management system in place 
or potentially determined by the disease stage.

These findings suggest that the management system 
may influence the relative abundance of Gram-positive 
and Gram-negative bacteria. The statistically sig-
nificant findings (low p-value) indicate an association 
between the type of system and observable differences 
in the bacterial profile, potentially reflecting the influ-
ence of housing conditions on the bacterial community 
structure and their implications for animal health.
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