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A B S T R A C T

Footrot is a contagious foot disease mainly affecting sheep. It is caused by the Gram-negative anaerobic
bacterium Dichelobacter nodosus. Warm, wet environmental conditions favour development of footrot,
and under perfect conditions, it takes just 2–3 weeks from infection to manifestation of clinical signs.
Affected sheep show lameness of various degrees and often graze while resting on their carpi. Local
clinical signs vary in severity and extent from interdigital inflammation (benign footrot) to underrunning
of the complete horn shoe in advanced stages of virulent footrot. Laboratory diagnosis ideally involves
collection of four-foot interdigital swab samples followed by competitive real time PCR, allowing for
detection of the presence of D. nodosus and differentiation between benign and virulent strains.
Laboratory-based diagnostics at the flock level based on risk-based sampling and pooling of interdigital
swab samples are recommended. The list of treatment options of individual sheep includes careful
removal of the loose undermined horn, local or systemic administration of antimicrobials, systemic
administration of non-steroidal anti-inflammatories (NSAIDs) and disinfectant footbathing. Strategies
for control at the flock level are manifold and depend on the environmental conditions and the
procedures traditionally implemented by the respective country. Generally, measures consist of
treatment/culling of infected sheep, vaccination and prevention of reinfection of disease-free flocks.
Gaining deeper insight into the beneficial effects of NSAIDs, screening for eco-friendly footbath solutions,
developing better vaccines, including the development of a robust, reproducible infection model and
elucidation of protective immune responses, as well as the elaboration of effective awareness training
programs for sheep farmers, are relevant research gaps.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Ovine footrot is a clinically well-defined contagious foot disease
of sheep caused by the Gram-negative anaerobic bacterium
Dichelobacter nodosus (Dewhirst et al., 1990). Besides sheep, other
domesticated animals such as cattle, goats and South American
camelids, as well as wild ruminants, may harbor D. nodosus, but
expression of clinical signs is rather rare in these animals. Footrot
has been described to occur in sheep-producing countries
worldwide (Bennett et al., 2009a). The economic and welfare
impact of the disease on sheep farming and affected animals
respectively is considerable. The identification of the molecular
mechanisms underlying disease pathogenesis, in particular the
paramount role of AprV2 in bacterial virulence, was a stepping
stone in understanding factors that influence disease outcomes

(Kennan et al., 2014). Moreover, it contributed to the diagnosis of
virulent strains using real time PCR, which in turn enabled
progressive disease control in recent years in different parts of the
world (Stauble et al., 2014b). Despite the progress and diverse
control strategies that have been developed and implemented in
the past, ovine footrot prevalence is still high.

This review describes the current state of knowledge relating to
aetiology/bacteriology, virulence/pathogenesis, clinical signs and
diagnostics, laboratory diagnostics, epidemiology, economics,
treatment and control of ovine footrot.

Aetiology and bacteriology

D. nodosus is the primary aetiological agent of ovine footrot and
was first described as Fusiformis (Bacteroides) nodosus (Beveridge,
1941). The species is the only member of the genus Dichelobacter
which together with Cardiobacterium and Suttonella belongs to the
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nds (Dewhirst et al.,1990). Cells exhibit limited motility leading to
preading of colonies on solid media (revealing a 'fuzzy' appear-
nce). The species is anaerobic but aerotolerant and therefore
esists a certain level of oxygen exposure.

It is assumed that D. nodosus can only successfully infect
nterdigital skin in combination with physical injury, poor claw
ygiene, moist environmental conditions or infection with other
icroorganisms (Thomas,19622). Typical lesions of footrot contain
acterial members of various other genera such as Fusobacterium
ecrophorum and different Treponema species besides D. nodosus
Frosth et al., 2015; Maboni et al., 2017; Gelasakis et al., 2019).
urrently, only F. necrophorum has been convincingly shown to
ontribute to the clinical outcome, however it acts as a secondary
nvader and not as driver of the infection, even though its role as an
nitiator of infection with D. nodosus, or a synergistic action of both,
as been suggested (Winter, 2008; Bennett et al., 2009a; Clifton
nd Green, 2016; Witcomb et al., 2014).
Microbiome studies indicate that the amount and composition

f the bacterial population undergoes some dynamic changes
epending on the clinical state (Calvo-Bado et al., 2011b; Maboni
t al., 2017; McPherson et al., 2019). Numbers of virulent D. nodosus
re highest in feet with interdigital dermatitis at a very early stage
f clinical disease and decrease afterwards, probably as a result of
ubsequent mixed infections (Stauble et al., 2014a; Witcomb et al.,
014, 2015; Maboni et al., 2016).
The genome of D. nodosus is relatively small with 1.4 MB and has

 GC content of 44.4% (Myers et al., 2007). Genome sequences
erived from 103 globally distributed isolates revealed that they
ere highly conserved with >95% sequence identity (Kennan et al.,
014). This study further indicated that the species forms two
istinct clades, showing a bimodal population structure which is
lobally conserved and correlates with benign and virulent
henotypes and genotypes. Despite a rather conserved genome,
. nodosus is naturally transformable allowing horizontal gene
ransfer (HGT; Kennan et al., 1998, 2001). Phage-like structures
ave also been detected phenotypically as well as genetically in D.
odosus and these are likely to mediate transduction (Gradin et al.,
991; Myers et al., 2007; Cheetham et al., 2008). Moreover,
enomic islands known as mobile genetic elements are part of the
. nodosus genome (Rood, 2002).

irulence and pathogenesis

Severity of the disease depends on the virulence of the strain,
nvironmental conditions (temperature, moisture) and host
actors (Graham and Egerton, 1968; Bishop, 2015; Mucha et al.,
015). Since the genome of D. nodosus is rather stable and
onserved, genes including those encoding virulence traits do not
ppear to be transferred between strains. Moreover, many
cientific efforts to find and define virulence traits in D. nodosus
ave been rather cumbersome and inconclusive mainly due to the
bsence of appropriate genetic tools for D. nodosus (Billington et al.,
996; Kennan et al., 2011). The ‘virulence-related locus’ (vrl) was
uggested to contain genes encoding virulence traits, since it was
nitially assumed to be correlated with virulence, but later shown
o just represent remnants of a prophage (Katz et al., 1991; Haring
t al., 1995; Billington et al., 1999). Similarly, genomic islands
arbouring the virulence associated protein (vap) regions did not
eveal coding sequences of any pathogenicity-related function
Katz et al., 1991; Kennan et al., 2014). One of the integrase genes

with virulence in some studies, but not confirmed in others
(Cheetham et al., 2006; Dhungyel et al., 2013b; Kennan et al., 2014).

According to the current state of knowledge, virulence of D.
nodosus is only determined by extracellular proteases and type IV
fimbriae. Type IV fimbriae encoded by fimA confer adhesion to host
cells and also produce a flagella-independent motility referred to
as twitching motility (Han et al., 2008). Furthermore, proteases are
secreted by a type II-related secretion process that directly involves
components of the type IV fimbriae secretion machinery (Han
et al., 2007). Finally, these fimbriae are the basis for serotyping and
the classification of isolates into 10 serogroups named A to I and M
(Claxton et al., 1983; Chetwin et al., 1991; Dhungyel et al., 2015,
2002). While it is not difficult to imagine that motility and
adhesion are essential for virulence and pathogenesis, however
there are no specific serotypes associated with strain virulence
even though outbreak-specific serotypes can be found (Kennan
et al., 2001; McPherson et al., 2018; Wani et al., 2019).

D. nodosus produces at least three extracellular serine
proteases. Virulent strains express two acidic proteases, the
heat-stable AprV2 and AprV5, and the basic protease BprV. Benign
strains produce corresponding proteases AprB2, AprB5 and BprB.
However, a role in virulence has only be shown for AprV2 in the
seminal work of Kennan et al. (2010). Further studies showed that
presence of the gene for AprV2, but not those for the other two
proteases AprV5 and BprV, were associated with flocks having
virulent footrot (Stauble et al., 2014b).

Infection dynamics indicate that virulent strains outcompete
benign strains at the start of an infection (Stauble et al., 2014a;
Kuhnert et al., 2019). This could indicate different strategies of the
two virulotypes of D. nodosus with the benign strain representing a
member of the physiological microbiome of the hoof, while the
virulent strains are more aggressive. After progressive control of
ovine footrot via elimination of virulent strains through diagnosis
of infected animals/flocks and treatment or removal of infected
animals, benign strains persist and might replace the niche of the
virulent strains (Allworth and Egerton, 2018b; Locher et al., 2018).

Clinical signs and clinical diagnostics

The clinical signs of footrot may vary from mild interdigital
dermatitis (benign footrot), underrunning of the heel, to separa-
tion of the sole and abaxial wall, resulting in underrunning of the
toe including complete separation of the hoof capsule (virulent
footrot; Table 1; Figs. 1–6; Egerton et al., 1969; Egerton and
Parsonson, 1969; Depiazzi et al., 1998; Abbott and Egerton, 2003).
The degree of clinical signs depends, besides the presence/absence
of the protease AprV2, on environmental conditions, and on
differences in host susceptibility (Graham and Egerton, 1968;
Billington et al., 1996; Depiazzi et al., 1998; Zhou and Hickford,
2000). Sheep of all ages and sexes are susceptible to footrot. It
usually takes 2–3 weeks from the beginning of infection to the
manifestation of the disease (Kuhnert et al., 2019). Virulent footrot
is very painful and represents a relevant animal welfare problem
(Ley et al., 1994). Affected sheep often stand on three legs and
exhibit lameness on ambulation, and sometimes eat while resting
on their carpi (Fig. 7).

Individual lame sheep can best be identified by observing or
recording the animals walking in a single line, for example in yards
or when entering a race, barn or milking parlor. This can be done by
observing the sheep’s gait and using an appropriate locomotion
anking the vap regions, the intA gene, was found to be correlated
2 See: Buller N and Eamens G (2014). https://www.agriculture.gov.au/sites/
efault/files/sitecollectiondocuments/animal/ahl/ANZSDP-Ovine-footrot.pdf
Accessed 18 February 2021).

2

scoring system. Alternatively, novel digital technologies like
sensors, computer-assisted vision techniques, infrared thermog-
raphy and reaction-force measuring platforms may be used
(Gelasakis et al., 2019). In order to classify the severity and extent
of the lesions in a standardised procedure, a scoring system for the
subjective assessment of footrot was developed (Egerton and

https://www.agriculture.gov.au/sites/default/files/sitecollectiondocuments/animal/ahl/ANZSDP-Ovine-footrot.pdf
https://www.agriculture.gov.au/sites/default/files/sitecollectiondocuments/animal/ahl/ANZSDP-Ovine-footrot.pdf
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Roberts, 1971). All four feet must be examined. In order to
distinguish more clearly between the different stages of the
disease progression, alternative scoring systems have later been
developed, representing modifications of the original scoring
system (Table 1; Stewart and Claxton, 1993; Welsh et al., 1993;
Woolaston, 1993; Whittington, 1995; Conington et al., 2008; Kaler
et al., 2009; Foddai et al., 2012).

On the basis of the characteristic changes of the hoof horn, the
associated behaviour and the typical, distinctive strong foul odour,
virulent footrot can be diagnosed with adequate accuracy by trained

deformed or show localized anomalies, such as cracks and
discoloration of the horn. Such animals can remain carriers and
pose a great risk to the flock, as they can maintain the infection
cycle (Winter, 2008).

Likewise, chronically infected carrier animals often do not have
modified interdigital skin, because the pathogens are located in
horn pockets which are difficult to detect (Bennett et al., 2009a).
For this reason, it is difficult or even impossible to diagnose such
carrier animals by clinical examination alone, and diagnostic
procedures must be extended to include laboratory analysis.

Fig. 1. Healthy, dry foot.

Table 1
Swiss scoring system for footrot adapted from Stewart and Claxton (1993). The definitions are given in the table and the corresponding clinical findings are shown in the
figures. The duration is an approximate indication and depends strongly on the infection pressure and predisposing factors (Strobel et al., 2014).

Score Clinical findings Disease duration Figure

0 Healthy, dry foot 1
1 Moist and inflamed interdigital space with some hair loss 2
2 Extensive skin inflammation, damaged horn in the interdigital space 3�4 days 3
3 Detachment of the axial horn wall, underrunning of the horn towards the sole 4
4 Underrunning (including separation) expands to the outer horn wall (abaxial), pododerma heavily affected 7�14 days 5
5 Removal of the hoof capsule (complete separation), extended pododerma lacerations >21 days 6

Fig. 2. Humid and inflamed interdigital space with some hair loss.

Fig. 3. Extensive skin inflammation, damaged horn in the interdigital space.
farm personnel (Kaler and Green, 2008a,b; Phythian et al., 2016).
In advanced stages, the hoof horn in the interdigital and heel

area is undermined and loose. In severe cases, the whole hoof horn
detaches (Kennan et al., 2011; Winter, 2004a). In rare cases, slow
spontaneous healing may eventually occur, which is unacceptable
from an animal welfare viewpoint. The hooves may remain
3

Laboratory diagnostics

Culture and phenotypic identification

D. nodosus is a fastidious, difficult to grow bacterium. Besides
anaerobic conditions, specific nutrients have to be provided in
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rder to grow the organism. Primary isolation is especially

steps on agar plates using the same procedure as used for primary
isolation (Fig. 8, Panel B). Once in pure culture, the organism can be
propagated on less complex and commercially available media,
such as Brucella agar with 5% sheep blood, hemin and vitamin K1.
These cultures can be rapidly identified/confirmed as D. nodosus by
MALDI-TOF MS (Locher et al., 2018).

Virulent strains can be phenotypically discriminated from
benign ones using the gelatine gel thermostability test which
differentiates heat-stable and heat-labile extracellular proteases
corresponding to AprV2 and AprB2, respectively (Palmer, 1993).

Sampling

The simplest way to sample the interdigital space is by using a
cotton swab, either dry or moistened with sterile water. The swabs
can then be used directly for template preparation in appropriate
lysis buffer (Stauble et al., 2014b), or directly be used for culturing
of the pathogen. For culture, a moistened swab and immediate
plating on hoof-agar plates at the site of sampling is recommended,
which are then placed into anaerobic jars and transported to the
laboratory to minimize the time of oxygen exposure (Locher et al.,
2018). Alternatively, transport media like Transwab Amies
Charcoal (Medical Wire and Equipment) can be used which allow
transport to the laboratory where culture and lysate preparation
can then be performed. We isolated D. nodosus from foot swabs
kept in charcoal transport medium for more than a week
(unpublished data).

Pooling has been shown to be an easy, efficient and cost-
effective way to probe individual sheep and entire flocks (Greber
et al., 2018). For this purpose, samples are collected using a single
swab, including all four feet. Pools consisting of up to 10 swabs
(representing 10 animals) can be used in a single PCR. Three such
pools collected on a risk-based manner are recommended for
confidently testing at flock level (Greber et al., 2018).

Molecular identification

PCR is the method of choice for rapid and specific molecular

ig. 5. Underrunning (including separation) expands to the outer horn wall
abaxial), pododerma heavily affected.

ig. 4. Detachment of the axial horn wall, underrunning of the horn towards the
ole.

ig. 6. Removal of the hoof capsule (complete separation), extended pododerma
amages.

Fig. 7. A ewe and lamb with typical clinical signs of severe foorot: the ewe is
standing on three legs and the lamb is grazing while resting on both carpi.
hallenging. Agar plates containing hoof powder have proven
eneficial for this purpose (Thomas, 1958; Stewart and Claxton,
993; Locher et al., 2018). The sample is streaked on part of the agar
late and a grid pattern is then made into the agar using a sterile
oothpick (Fig. 8, Panel A). Typical colonies grow slightly beyond
he grid allowing the operator to pick them for further purification
4

diagnosis especially of infections with fastidious bacteria like D.
nodosus. Several PCRs have been described based on the 16S rRNA
gene, fimA or intA (La Fontaine et al., 1993; Liu and Webber, 1995;
Dhungyel et al., 2002; Cheetham et al., 2006; Belloy et al., 2007;
Frosth et al., 2012). However, none were able to discriminate
between virulent and benign D. nodosus. The subsequent
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introduction of a competitive real-time PCR enabled discrimina-
tion of virulent from benign strains based on the presence of aprV2
and aprB2, respectively (Stauble et al., 2014a). This discrimination
of benign and virulent strains is based on a dinucleotide difference
at positions 661/662 (TA/GC) resulting in a single amino acid
difference (Tyr92Arg) in the mature AprV2 and AprB2 proteins,
respectively (Riffkin et al., 1995; Kennan et al., 2010, 2014; Stauble
et al., 2014a,b). The same target site was further explored in the
development and optimization of LAMP-based assays for isother-
mal in-field testing (Best et al., 2018b, 2019a,b). Recently, a real-
time PCR was developed, allowing differentiation of live and dead
virulent D. nodosus, to assist the assessment of different disinfec-
tion protocols and to monitor sanitation programs (Hidber et al.,
2020).

Typing

For epidemiological studies, typing of D. nodosus is paramount.
Virulotypes can be identified based on the presence of the AprV2
and AprB2 proteins and their genes aprV2 and aprB2 in phenotypic
and genetic assays, respectively, as described above (Palmer, 1993;
Stauble et al., 2014a). Molecular serotyping based on ‘surface
antigens’ now known as type IV pili encoded by fimA can be
achieved by a multiplex PCR from cultured bacteria (Dhungyel
et al., 2002) or directly from foot swabs (Best et al., 2018a),
replacing the laborious slide agglutination test (Claxton et al.,
1983).

Several molecular typing methods have been described for D.
nodosus in the past. Restriction fragment length polymorphism
(RFLP) based on PCR amplicons of the gene for the major outer
membrane protein Omp1 was developed to study field cases of
footrot in Nepal (Ghimire and Egerton, 1999). This was followed by
classical pulsed-field gel-electrophoresis (PFGE) applied to a large
collection of Australian isolates (Buller et al., 2010). These methods
were succeeded by typing based on DNA sequence data, which
provides globally comparable data that can be readily exchanged.
Amplification and sequencing of the Pgr protein encoding genes
pgrA and pgrB, which contain repeat regions, proved useful to
discriminate D. nodosus strains from different countries (Calvo-

available at pubMLST.org (Blanchard et al., 2018). All these
techniques have certain advantages and disadvantages; however
sequence data are generally superior as they can be fully exchanged
and compared between laboratories. It is expected that whole
genome data will replace the methods above and become the gold
standard, and a basis for population analyses and other epidemio-
logical studies (Kennan et al., 2014).

In summary, classical diagnosis by culture and phenotypic
virulence assessment including serotyping is time and cost
intensive, is not routinely done and is limited to a number of
specialized laboratories. Real-time PCR of pooled samples is a cost
and time efficient approach for routine diagnosis. Furthermore, it
allows analysis of high sample numbers and may detect positive
animals/flocks even before manifestation of clinical signs. This
strategy, focusing on detection of virulent D. nodosus, is currently
applied in the Swiss national footrot control program with
expected costs of approximately 100 Euro per flock tested. For
more research-oriented epidemiological studies, a series of
genotyping methods are available with whole genome sequence
analysis providing the most compelling information.

Epidemiology and economics

The first reports of ovine footrot date from the end of the
eighteenth century (Delafond, 1838) and today the disease is
prevalent worldwide. However, investment in footrot research
mainly occurs in countries with intensive sheep production and
climate conditions that favour footrot. As such, studies on
prevalence estimates have been mainly reported from Australia
(Dhungyel et al., 2013a; Raadsma and Egerton, 2013), Bhutan
(Gurung et al., 2006a), Great Britain (Green and George, 2008;
Winter et al., 2015; Winter and Green, 2017), Greece (Gelasakis
et al., 2013b, 2015), India (Sreenivasulu et al., 2013; Wani et al.,
2015, 2019), Iran (Azizi et al., 2011), New Zealand (Wild et al.,
2019), Norway (Gilhuus et al., 2014; Groneng et al., 2015), Sweden
(König et al., 2011) and Switzerland (Friedrich et al., 2012; Greber
and Steiner, 2013; Locher et al., 2018; Zingg et al., 2017; Ardüser
et al., 2019). Although prevalence estimates are manifold,
comparisons between countries and studies are difficult, because

Fig. 8. Primary culture (Panel A) and pure cultures (Panel B) of Dichelobacter nodosus on hoof agar plates.
Bado et al., 2011a). Multiple locus variable number tandem repeat
(VNTR) analysis (MLVA) based on four loci was developed to study
the diversity of a global collection of isolates (Russell et al., 2014)
and further used to analyze the within flock dynamics of D. nodosus
(Smith et al., 2017). Finally, a classical multi-locus sequence typing
scheme (MLST) based on 7 loci was established and is publicly
5

of different case definitions (clinical footrot vs. presence of D.
nodosus), designs (e.g. surveys vs. laboratory diagnostics) and
study populations (e.g. farms vs. market) used.

Footrot impacts animal health and welfare, and consequently
leads to substantial economic losses for the sheep industry. Direct
costs are caused by reduced reproduction in ewes (Wassink et al.,
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010b), increased fattening time of lambs (Nieuwhof et al., 2008a;
ärdi-Landerer et al., 2017), and reduction in milk yield (Gelasakis
t al., 2013b, 2015) and wool quality (Marshall et al., 1991). In
ddition, treatment, prevention and control represent indirect
osts as high as the direct costs (e.g. in UK, where indirect costs
ccounts for >£10 million of the £24 million annual costs;
ieuwhof and Bishop, 2005) or higher amounts, as for example
n Switzerland (Zingg et al., 2017). Intangible costs related to
educed welfare for footrot affected sheep also occur, but are
hallenging to estimate. In an expert elicitation undertaken in
witzerland, intangible annual costs were estimated at CHF33
illion for the Swiss sheep population (Zingg et al., 2017).
owever, as these costs are caused by consumers perceptions of
nimal welfare, they are difficult to accurately estimate and are
ighly dependent on the respective society.
Sheep are the main host affected by footrot with all ages and

oth sexes being susceptible. There is evidence that some breeds,
uch as Merinos (a popular breed in Australia and New Zealand for
ool production), or brown-headed meat sheep (a Swiss multi-
urpose breed), are more susceptible than others; however such
ndings could not be confirmed by other studies (Emery et al.,
984; Greber and Steiner, 2013; Ardüser et al., 2019; McPherson
t al., 2019). For some breeds (such as Swiss White Alpine, Texel or
cottish Blackface) studies successfully identified genetic markers
ndicating varying resistance towards footrot, yet there is no
onclusive quantification of the role of genetics leading to
esistance (Skerman and Moorhouse, 1987; Escayg et al., 1997;
ieuwhof et al., 2008b; Ennen et al., 2009; Gelasakis et al., 2013a;
ucha et al., 2015; Niggeler et al., 2017). It is argued that other

actors, notably the environment and management, are more
mportant than the genetics of the host that accounts for 15–25% of
he resistance (Raadsma and Egerton, 2013; Gelasakis et al., 2019).

The epidemiological relevance of ungulates other than sheep
as explored in several countries. Cattle co-grazing with footrot
ffected sheep in Norway were identified as carriers for the
irulent strain of D. nodosus for a period of up to 10 months
Knappe-Poindecker et al., 2014). However, in two countrywide
tudies in Switzerland, where co-grazing of cattle and sheep is rare,
nly the benign strains were diagnosed in cattle (Alsaaod et al.,
019; Ardüser et al., 2019). Dichelobacter nodusus was also detected
n cattle in New Zealand, however at a low prevalence and at that
ime, a distinction between the virulent and benign strain was not
erformed (Bennett et al., 2009b). Goats can be experimentally
nfected by D. nodosus (Ghimire et al., 1999), and presence of the
gent could be detected in flocks with lame goats (Bennett et al.,
009c; Groenevelt et al., 2015). In another study, only the benign
trains of D. nodosus were found in goats (Ardüser et al., 2019). The
ole of goats in footrot epidemiology therefore needs some more
nvestigation. Only one study investigated the presence of D.
odosus in domesticated South American camelids, identifying a
ow to moderate prevalence of 1.5% and 7.4% for virulent and
enign strains, respectively (Ardüser et al., 2019). Virulent and
enign types of D. nodosus have also been detected in free-ranging
ild ungulates, and virulent types were also associated with severe
linical signs (Belloy et al., 2007; Volmer et al., 2008; Wimmershoff
t al., 2015; Moore-Jones et al., 2020). However, in comparative
tudies on the prevalence of D. nodosus in various species, it has
een concluded that footrot in wildlife should be irrelevant
pidemiologically for ovine footrot (Ardüser et al., 2019; Moore-
ones et al., 2020).

for 7–10 days (Whittington, 1995; Green and George, 2008; Azizi
et al., 2011), leading to high within-flock prevalences (Friedrich
et al., 2012; Greber et al., 2016; Ardüser et al., 2019; Kuhnert et al.,
2019). Seasonal dependency of the prevalence was demonstrated
in several studies, with lower prevalences during dry seasons
(Friedrich et al., 2012; Angell et al., 2018; Ardüser et al., 2019).
However, it was pointed out that the seasonality of footrot is not
only caused by the climate, but also the production cycle of the
ewes (Gelasakis et al., 2019). Iatrogenic transmission of D. nodosus,
e.g. through trimming knives (Locher et al., 2018), may also play a
role in disease spread within flocks. Transmission of footrot
between flocks occurs particularly through migration of infected
sheep or through contamination of the environment during
markets or exhibitions (Green and George, 2008; Grøneng et al.,
2014; Locher et al., 2018). Genetic typing of D. nodosus revealed the
important role of animal migration between countries, for example
from Denmark to previously footrot free Norway (Gilhuus et al.,
2014; Russell et al., 2014). In Bhutan, farms with a migratory
background were found to have an increased odds to be infected
(Gurung et al., 2006a).

Long-term immunity within sheep after disease does not exist
(Egerton and Roberts, 1971). Healthy sheep carrying virulent D.
nodosus could be detected in several studies (Stauble et al., 2014a;
Locher et al., 2015; Kraft et al., 2020), however in most cases, sheep
developed clinical signs at a later stage unless treated. Although
the role of healthy carriers in footrot epidemiology is unclear,
detection of virulent D. nodosus through laboratory diagnostics
may detect carrier animals before clinical signs occur, which is
important in disease surveillance and control.

Treatment of ovine footrot

Strategies for treatment of footrot in sheep vary between and
within different production systems. Depending on the flock size,
type of husbandry, management resources or climatic factors, a
multifaceted approach to treatment may be required. In general,
prompt treatment within 3 days of onset of lameness is highly
effective at reducing the prevalence of footrot related lameness
(Green et al., 2012; Winter et al., 2015; Green and Clifton, 2018;
Prosser et al., 2019).

Foot trimming

Functional foot trimming restores the ideal shape of the hoof
and improves the gait of the animal (Gelasakis et al., 2019). If
lameness due to footrot is present, careful and minimal foot
trimming may be helpful for diagnostic confirmation (Winter,
2008, 2011). A significantly higher prevalence of footrot was
observed in flocks when routine foot trimming was performed
more than once a year (Wassink et al., 2004; Kaler and Green,
2009). This observation might be the result of increased
transmission of D. nodosus due to congregation of diseased and
sound sheep, or poor foot trimming techniques that increase
disease susceptibility or increase disease duration. A positive
association between footrot prevalence and foot trimming
frequency was found in a longitudinal study (Green et al.,
2007). Excessive trimming provoked a delay in healing and
recovery because of physical damage to the sensitive dermis of the
foot, causing pain and granulomatous proliferations (Kaler et al.,
2010b). Grouping sheep for routine claw trimming can enhance the
Footrot is a multifactorial disease transmitted to susceptible
heep via an environment that is contaminated by infected sheep
Abbott and Lewis, 2005). D. nodosus can persist in wet soil up to 24
ays (Cederlöf et al., 2013), whereas low tenacity is found in dry
nvironments (Clifton et al., 2019). Under ideal conditions (i.e.
arm and wet), both pastures and stables may stay contaminated
6

transmission of D. nodosus via direct contact of infected feet (Green
and George, 2008). It is essential to avoid the transmission of D.
nodosus at claw trimming by decontaminating trimming equip-
ment after each animal by wiping the blade at least once with a
disposable disinfecting towel containing 60% ethanol. When
combined with an additional bath in a 4% formaldehyde solution
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and a second (mechanical) cleaning with a disinfectant towel a
higher reduction of D. nodosus was achieved (Locher et al., 2018). It
was further recommended that personnel should change dispos-
able gloves after each animal handled, and all horn trimmings must
be collected and disposed with household waste (Locher et al.,
2018).

Footbathing

The use of footbaths is one of the popular control measures for
footrot, although acceptance by sheep farmers is variable (Härdi-
Landerer et al., 2019; Wassink et al., 2010a). Footbaths should be
constructed in a race, with gates available at both ends, to facilitate
keeping animals in the footbath solution for the required time
period (Figs. 9 and 10; Gelasakis et al., 2019). However, there is no
consistent information available defining minimal or maximal
duration and frequency of footbathing (Skerman et al., 1983a,b;
Bulgin et al., 1986; Malecki and Coffey, 1987; Parajuli and Goddard,
1989). The duration recommended in the literature is very variable
and ranges from merely walking through with only a few seconds
of contact with the solution to 1 h of contact time. The footbathing
procedure in general consists of removal of mud and manure from
the hooves by walking first through a clean water bath. This
enables the subsequent bath solution, containing the disinfectant,
to penetrate the hoof horn. The solution level in the bath should be
at least 6 cm deep, and sheep should stand in the bath for at least 10
min. After bathing, sheep must remain on a firm and clean floor
until the hooves are dry (Reed and Alley, 1996; Skerman et al.,
1983a). The most commonly used disinfectants for footbaths are
solutions of zinc sulphate, formaldehyde or copper sulphate
(Winter, 2011; Härdi-Landerer et al., 2019).

Repeated daily footbathing in a 15–18% zinc sulphate solution
with surfactant combined with prolonged exposure to dry
environment eradicated footrot in sheep (Jelinek et al., 2001). In
a follow-up study, however, the eradication associated with D.
nodosus strain A198, which produced deep, covert lesions that
facilitated the survival of D. nodosus, failed (Jelinek and Depiazzi,
2003). Instead, Greber et al. successfully eliminated virulent
strains of D. nodosus from 28 sheep flocks using a 10% zinc sulphate
disinfectant solution within 6–19 weeks of weekly footbathing,
without the use of antibiotics and with minimal culling of animals
(Greber et al., 2016). In several other studies, a walk-through
footbath filled with zinc sulphate resulted in a reduction in
prevalence of clinical footrot but not in complete eradication (Cross
and Parker, 1981; Skerman et al., 1983a,b; Bulgin et al., 1986;
Parajuli and Goddard, 1989; Allworth and Egerton, 2018a). An
alternative method for footrot control is repeated walk-through
footbathing in formaldehyde (Winter, 2008). It should ideally be
used as a 2–5% solution, but not exceed 5%, as this may cause hoof
cracks by hardening the horn when used repeatedly (Härdi-
Landerer et al., 2019; Winter, 2004b, 2011). The effect of
formaldehyde is reduced by organic material such as mud or
faeces and therefore the footbath needs to be changed more often
as compared to copper- and zinc sulphate solutions (Winter,
2004b).

Copper sulphate solution as footbath is effective and cheap; its
solubility is satisfactory and remains active even in the presence of

Fig. 10. Sheep in a stand-in footbath, filled with 4% formaldehyde.
Fig. 9. Sheep waiting in a race, with gates at both sides.
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organic matter (Gelasakis et al., 2019). Reed and Alley (1996)
determined the efficacy of a copper based footbath preparation
and used it for the progressive eradication of ovine footrot. Copper
sulphate should not be disposed in water drains, as it is highly toxic
both to sheep and wildlife. In a clinical report, sheep were
separated and kept without water for at least 17 h before
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ndergoing a footrot treatment in a 5% copper sulfate footbath
olution. The deprivation of drinking water was the decisive
anagement failure that contributed to the intake of the copper
olution resulting in acute poisoning (Ortolani et al., 2004).
ormaldehyde is carcinogenic and copper- and zinc sulphate are
nvironmental pollutants. A recent study by Hidber et al. (2020)
ested in vitro and ex vivo alternative disinfectants, which are non-
arcinogenic, environmentally acceptable and suitable for licens-
ng for future use as footbath solution in a footrot control program.
hey found one registered commercial biocide (Desintec) con-
aining organic acids and glutaraldehyde was suitable for that
urpose.

ntimicrobials

For many years, antimicrobials have been used for effective
reatment of footrot. Wassink et al. (2010b) concluded that prompt
ystemic and topical antibacterial treatment of sheep with footrot
educed prevalence and incidence, and improved health, welfare
nd productivity. Antibiotics of different classes of active
ubstances have been used in numerous studies that demonstrated
linical cure rates with oxytetracycline (Grogono-Thomas et al.,
994; Rendell and Callinan, 1997; Piriz et al., 2001; Sagliyan et al.,
008; Kaler et al., 2010a; Wassink et al., 2010b; Kaler et al., 2012;
trobel et al., 2014), florfenicol (Strobel and Stauch, 2014),
moxicillin (Duncan et al., 2012), penicillin-streptomycin (Sagliyan
t al., 2008), lincomycin and spectinomycin (Venning et al., 1990),
nrofloxacin (Kaler et al., 2012), gamithromycin (Forbes et al.,
014; Strobel et al., 2014; Kraft et al., 2020) and erythromycin (Piriz
t al., 2001). Tilmicosin has not been recommended for the
limination of footrot in flocks (Angell et al., 2016). Although the
se of most of the above-mentioned antibiotics has contributed to
uccessful treatment of footrot, we should not overlook the
mportant point that The World Health Organization has classified
ertain antimicrobial classes as ‘Highest Priority Critically Impor-
ant Antimicrobials’ to ensure that these critically important
ntimicrobials are used prudently both in human and veterinary
edicine.3 Due to increased political and societal pressure,
ntibiotic usage should be reduced, especially the use of macro-
ides (erythromycin, gamithromycin, tilmicosin) and quinolones
enrofloxacin), which should only be applied in justified cases
Green and Clifton, 2018).

onsteroidal anti-inflammatory drugs (NSAIDs)

NSAIDs are underutilized in sheep. They should immediately be
dministered if signs of pain are recognised (Lizarraga and
hambers, 2012). However, treatment with the NSAID flunixin
eglumine did not change the time to recovery from lameness of
heep with footrot (Kaler et al., 2010a). Nevertheless, one should
ot be discouraged by the result of this study. With animal welfare
spects in mind, further research on the analgesic effect of NSAIDs
n sheep are warranted.

isease prevention and control

Control interventions against footrot at the farm level include
egular footbathing and trimming, antibiotic usage (systemic or
opical), culling of chronically infected animals, vaccination, and
enetic selection for resistance (Abbott and Lewis, 2005; Bennett

treatment and control of the disease in a flock; therefore, some
aspects concerning the use of footbaths have been presented in the
section ‘treatment of ovine footrot’. To prevent footrot-free farms
from acquiring the disease, quarantine and testing of newly
purchased animals are essential. This should be accompanied with
avoidance of co-mingling with other flocks on pasture or during
exhibitions.

The overall aim of control programs is either to limit the
incidence and severity of the disease, or the eradication of the
disease from the flock. While the former often is the first step for
the latter, in regions with ideal climatic conditions for footrot
transmission, eradication is challenging (Abbott and Lewis, 2005).
In these regions, it needs thorough, well communicated and often
labor intensive management programs that focus on different
measures, such as on the antibiotic usage in the UK (Grant et al.,
2018; Wassink et al., 2010b) or footbathing in Norway or
Switzerland (Greber et al., 2016; Vatn et al., 2012). In all programs,
culling of chronically infected sheep is considered as essential
measure for success (Winter, 2011; Witt and Green, 2018), up to
total destocking of infected flocks that was a strategy that was well
received by farmers with flocks of less than 500 sheep during the
New South Wales footrot eradication program in Australia (Mills
et al., 2012).

Another control strategy is genetic selection for resistant
individuals within breeds, either based on genotypes (Dukkipati
et al., 2006; Bishop and Morris, 2007; Niggeler et al., 2017), or
phenotypes by the selection of good hoof quality or indirectly by
culling of chronically infected animals (Bennett and Hickford,
2011).

Vaccination to control and eliminate footrot on flock level has a
long and successful tradition in Australia (Dhungyel et al., 2014).
An essential step was the finding that parallel vaccination against
several serogroups of D. nodosus lacked the development of cross-
immunity between serogroups, and produced immunological
competition, and thus unsatisfactory results (Hunt et al., 1994;
Raadsma et al., 1994; Schwartzkoff et al., 1993). Therefore,
identification of circulating serogroups is key for successful
eradication of footrot using vaccination (Abbott and Lewis,
2005; Dhungyel et al., 2015; Lacasta et al., 2015; McPherson
et al., 2018; Wani et al., 2019). It has been shown in several
countries, such as Australia (Dhungyel et al., 2008, 2013a), Bhutan
(Gurung et al., 2006b) and Nepal (Egerton et al., 2002), that
elimination of the disease using mono- or bivalent vaccines (i.e.
against one or two serogroups, respectively) could be reached
within four years. The immunity developed through such vaccines
lasts for 12–16 weeks, which is long enough to protect the flock
during the season of footrot transmission in the Australian context
(Thorley and Egerton, 1981; Stewart et al., 1986). To avoid
immunological competition between vaccines, a serial approach
of bi- or monovalent vaccines at three-month intervals was shown
to be effective in eradication of footrot from flocks with multiple
serogroups (Dhungyel et al., 2013a; Dhungyel and Whittington,
2009). Multivalent vaccines are also available (Gelasakis et al.,
2019). However, the duration of immunity produced by them is
reduced to 10 weeks and vaccination rarely leads to complete
elimination of the disease (Abbott and Lewis, 2005). Yet,
multivalent vaccines can be used as a supportive control strategy
(Ennen et al., 2009; Härdi-Landerer et al., 2012). Side effects are
swelling at the vaccination site, particularly with oil type adjuvants
and after use of improper injection techniques (Walduck and
nd Hickford, 2011). There is no clear distinction between
3 See: World Health Organization, Food Safety, Highest Priority Critically
portant Antimicrobials https://www.who.int/foodsafety/cia/en/ (Accessed 18

ebruary, 2021).
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Opdebeeck, 1996; Härdi-Landerer et al., 2012). Overall, vaccination
is highly effective in flocks with few identified serogroups and
regions with periods of footrot non-transmission. Attempts to
develop a vaccine producing immunity across serogroups have so
far been unsuccessful (Myers et al., 2007; Dhungyel et al., 2014),
but should be pursued in the future.

https://www.who.int/foodsafety/cia/en/
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In summary, it has been shown that several approaches can lead
to disease elimination of footrot within flocks (Kraft et al., 2020). In
addition to epidemiological success, decisions for or against
certain strategies, also depend on other considerations such as
avoiding the use of critically important antibiotics (Kraft et al.,
2020), the best means of communicating control strategies to
farmers and increasing their disease awareness (Wassink et al.,
2010a; Best et al., 2020), and cost-effectiveness (Friedrich et al.,
2012; Winter and Green, 2017; Zingg et al., 2017).

Conclusions

The fact that footrot was first described more than 180 years
ago, and yet it is still endemic in many countries, explains the
complexity of the disease and the considerable number of
scientific studies on it. Although remarkable progress has been
made in the past decade in many areas of footrot research such as
laboratory diagnostics or whole flock antimicrobial treatment,
there are still ample topics for further study. These include
investigations on the beneficial effect of NSAIDs; the screening for
effective but still eco-friendly footbath solutions as a preventive
as well as a treatment tool; the development of robust and
reproducible infection/challenge models for footrot (an ex vivo
model would be most desirable); increased in-depth knowledge
of the immunological mechanisms involved, to assist the
development of more effective multivalent vaccines, and the
elaboration of effective awareness training programs for sheep
farmers.
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